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hstract

The Korea National Cleaner Production Center (KNCPC) affiliated to the Korea Institute of Industrial Technology (KITECH) has
arted a 135 year. 3-phase EIP master plan with the support of Ministry of Commerce. Indusiry, and Energy (MOCIE). A total of 6
dustrial parks. ineluding industrial parks in Ulsan citv. known as the industriul capital of South Korea, are planning projects Lo find the
usibility ol shifting existing industrial parks to cco-industrial parks. The basic survey shows that Ulsan industrial complex has been
mtinuously evolving from conventional industrial complexes to cco-industrial parks by spontaneous industrial symbiosis. This paper
seribes: the Korean national policies and the developmental activities of this vision to drive the slobal trend of innovation for
mverting the existing industrial parks to eco-industrial parks through inter-industry waste, energy. and material exchange in Ulsan
dustrial compleses. In addition, the primary and supportive components of the Ulsan EIP pilot project. which will be implemented for

vears is elaborated with its schedules and cconomic henefits.
2007 Llsevier Ltd. All rights reserved,

ey Eeo-industrin] parks: Industrial symbiosis: Sustainable development: Policies: Industrial networks: South Korea

Introduction

In 1962, Ulsun was appointed as a special industrial park
South Korca and since then, several industrial complexes
ve been established without considering the environ-
antal mpacts. Ulsan has grown up 1o be the industrial
pitul of Korca, with a strong hold of petrochemical,
mferrous metal. ship building and automobile industries
ig. 1), There are 504 industrial parks in South Korea. out
which 34 are large scaled industrial Tacilities accounting
I 2/3rd of the total land for industrial parks (164.440
res ). One among them is a cluster of complexes located in
san City, which was been often described as the
oflutant’s department store”™ and “the country’s most
Nuted city™. Recently, awareness cumnpaigns followed by
ingent environmental standards and legislations have
‘Corresponding author, Tel: +8232 259 1050: fax: + 82522210152,
Femail wildress: parkhsio ulsan ae ke (H =S, Park).

-4797 % - gee front matter ©0 2007 Vlsevier Lid. All rights reserved.
SO0 16, jenviman, 2006, 1 2,045

motivated these industrics to adopt suitable technologies
that lead to cleaner production and abatement of all forms
of pollution (Park et al. 2004). After the Rio Earth
Summit in 1992, a comprehensive approach was taken Lo
improve the environmental. social and business perfor-
mance in Korean industry by applving the concepts of
cleaner production and industrial ecology. Ulsan industrial
complexes has been continuously evolving from conven-
tional industrial complexes to eco-industrial parks, based
on sustainable development policies adopted by existing
mndustries (Lowe. 2001: Chiu. 2003; Park el 4l.. 2004: Lowe
and Chiu. 2003).

An cco industrial park (EIP) is “an industrial system
which conserves natural and cconomic resources: reduces
production. material. energy, insurance and treatment
costs and habilities: improves operating efficiency. quality.
worker health and public image: and provides opportu-
nities [or mcome generation from use and sale of wasted
materials™ (Cote and Hall. 1995). Lowe (1996) pointed out
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Fig. 1. Map af Ulsun industrial complexes.

that “EIP conjoins the principles of mixed use devclop-
ment. recycling business and by-product exchange in
coordination with green technology companies that makes
eco [riendly produets™. There have been substantial efforts
to formulate strategics and enforce regulations that could
change this scenario. Additionally. there are many combi-
nations of sustainable development programs.  which
basically take the following forms (Lowe, 2001):

By-product exchange (BPX)—a set of companies seek-
ing to utilize each other’s by-products (energy, water,
and materials) rather than disposing them as waste.
Eco-mdustrial network (EINy—a set ol companies
collaborating to improve their environmental. social.,
and cconomic performance in a region.

Eco-industrial park or estate (EIP/ELE) - an industrial
park developed and imaged as a real estate development
enterprise but seeking higher and balanced environ-
mental, economic. and social benefits as well as business
excellence.

The Kalundborg industrial symbiosis has been envi-
sioned as a standard model for the sustamable develop-
ment of EIPs in the world (Ehrenfeld and Gertler, 1997).
This had a strong effect on the rapid planning and
implementation of EIPs in Europe and America n the
early 80s. The prime objectives behind this have been “to
reduce, recover. reuse and recyele wastes keeping in mind
thie cconomic and social benefits”. Furthermore. it also
improves relationships with external parties. facilitates
development of new products, opens new ventures. seeks
opportunities and maintains a sale and clean work
environment (Avres and Ayres. 1996: Esty and Porter,
1998; Chertow. 2000: Mirata, 2004). Industrial Symbiosis
(IS) in UK was inspired by the Mexican by-product
synergy programme (Business Council for Sustainable
Development {BCSD). 1999). The case of the Landskrona

industrial symbiosis programme in Sweden was well
appreciated by managers who concluded that “being a
part of the network has helped them with valuable ideas on
alternative ways for addressing their current environmental
concerns and that they now anticipate the same for their
potential [uture problems™ (Mirata and Emtairah. 2005).
In developing countries. the concept of IS has shown to
improve international cooperation, introduce new con-
cepts. tools and technologics, teach new lessons [rom
experiences and involves government participation in
international environmental treaties and conventions (Chiu
and Yong, 2004). In Australia, o Synergy Industrial Park
master plan was laid using a consultative process largeting
on the layout of a lood processing industry. This layout
fcatured a common denominator in order Lo share the
infrastructure. which took nearly 5 years to develop the
concept. However, some lessons were learned that could be
common to the development of any EIP. They include “the
importance of an industrial catalyst, & synergy trust,
coordination ol” key industries and utilizing plavers. the
need for strategic planning that has foresight and flexibility
and developing community oriented development™ (Ro-
berts. 2004). Three projects. viz.. ccology programme, mini
parks and alternative fuel through long range planning
constitute the integrated component ol EIP development in
Singapore’s Jurong Island (Yang and Lay. 2004).

This article describes the strategies adopted by the Ulsan
Industrial Complex in response to the Korean national EIP
program. The strategy covers two levels. the first level
referred to the national environmental policies stimulating
sustainable development and the industrial policies pro-
moting ceo-friendly industrial structures in South Korea.
The second level of strategy Focuses on the regional level of
[S in Ulsan industrial complex together with its economic
effects. The regional level adopled the policy-structure-
technology (PST) approach (Chiu. 2003. 2005) wherein
success factors for EID were classified into primary and
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supportive components. The dilferent development strate-
tes for its successtul implementation are also addressed
~omprehensively,

. National level: Korean policies supporting EIP and their
alient features

o Envivonmmental policies stimudating sustainable
ceefapmetit

The policies pertaimmg Lo sustainable environmental
cvelopment focuses on fulfilling the goals of environ-
wental conservation and 1o develop an investment plan 1o
nprove the existing environmental infrastructure Facilities.
he environmental policy entitled “ Environmental Vision
[ strives 1o provide a pleasant living space and pursue Lo
alance conservation and development within the scope of
wironmental capacity and o prepare [or assistance
ructure (MOL, 2004). The five principles that were
roposed to enable their implementation are mentioned
+ follows: (i) principle of prevention. (i) principle ol
armony and integrity. (in) principle of charging polluter
1d recipient. (iv) principle ol utilizing economic incen-
ves, and (v} principle ol opening information and getting
sidents involved (Lee et al. 2005). Further. this pohey
rengthencd its initiatives in preserving the nutural
sources by implementing steps that considers the water.
roand soil environment, An aggregate volume based
gulation for sufficient supply ol clean water. introducing
giotal based management for air pollution and building
ean produetion system lor reducing and recveling solid
astes  were proposed. For the natonwide ellective
iplementation of environmental policies. various relorm
easures are taken. It 1s proposed to establish a green
ross  National Product (GNP) and  benchmark  for
istainability to achieve eco-lriendly development through:
troduction of an environmental agreement. strengthening
¢ regional environmental management syvstems (EMS)
rough standards and promotion ol regional Agenda 21.
he updated version of this policy sets the goul as “to
aximize the conservation ol the natural environment by
mimizing consumption of resources and 1o estiblish a
ciety of justice that cqually guarantees quality of life for
I people™. The primary objective was henceforth to
‘hieve economic stability for better hving stundards.
clal maturity that provides equal opportunity and a
althy environment that conserves the ecological eapacity,
hnically.  the strategies  larget 1n establishing an
vironmentally sustainable national innovation system.
ster o market foundation for environmental imdustry and
vironmental science and technology throueh the rational
form ol environmental regulation. The first Presidential
mmmission on Sustainable  Development (PCSD) was
rned ay aninter ministry regulatory authority o foculize
rmeny between environmental policies and other na-
mal policies. constitute rapid action plans tor Agenda?|
W assay strategies o cope up with global environmental

regulations, A long-term vision named The Third Com-
prehensive National Environmental Plan was also prepared
by the Ministry of Envitonment (MOE) for the year
2006-2013 with four major goals having different strate-
gies. These strategies [ocus on the following themes:
providing sale and quality living conditions. conserving
the natural eco-system. effective utilization ol natural
resources, seeking eco-friendly economy. estabhishing en-
vironmental justice. strengthening cooperation with Asian
countries and initiating global sustamable development.
The environment-Iriendly  business management policy
promotes preventive solutions to environmental pollution
that arises during production processes, Additionally. a
corporate environmentul mlormation disclosure syslem
and an eco-labeling system has been introduced and
implemented to stimulate the environment-friendly pro-
duction and consumption.

2.20 Policies promoting eco=friendlv industiial structures

2200 Industrial policies

The manuvfacturing industry would play a significant role
in the growth of the Korean cconomy in the luture, Henee.
the MOCIE has been concentrating its policy capabilitics
to expand the development base such as mdustry supply
and demand and the murkel base (technology, manpower
and deregulation). so as to achieve world class competi-
tiveness. A rapid shift i ecconomic growth strategy from a
capital and external growth driven strulegy to innoyation
and qualitative arowth driven strategy has been planned.
The latter includes: (i} developing source and core
technologies: (i) strengthening the combination ol basic
sciences with industrial technology: (i) knowledge and
information intensive technigues: (iv) high-guality batch
production with a “Koreu Premium™ brand: and (v)
mterlinking technical groups for joint resedarch. The 2010
Industrial Vision of Korea also focuses on strategies Lo
address the salient features that would enable Korea 1o
emerge as one of the four industrial superpowers hy 2011,
The most striking feature of this policy pertaining to our
locus is chapter 30 of Agenda 21. in which the role of
business [or the support of Agenda 21 is defined. 1L states
that the mvolvement and cooperation of business organi-
zations are vital factors in achieving the objectives of
Agenda 21, sustainable development.

Industrial environmental policy has drastically changed
alter the Mimstry of Commerce. Industry. and Fnergy
(MOCIE] enacted "APEFIS’, an Act to Promote Environ-
mental Friendly Industrial Structure, in Decenvber [095.
Based on the APEFIS. the MOCIE established an
institutional system for cleaner production (CP) and
EMS based on ISO 14001 as an implementing tool. The
first comprehensive master plan for environment Iriendly
industrial development was made and operated based on
APEFIS. This plan includes: streamlining the supporting
svstem.  CP tansfer and  dissemination,  prometing
environmental mdustry. and stimulating environmental
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Table 1
Dxctatls of the sis industrial complexes chosen for the present EIF study

Lacation of industrial comples Lund aren (acres)

No, of companies

Pypical industrics

Banwol and Siwha, Seoul TRG0 5400
Mipo and Onsan, Ulsan 13700 00
Yeousu 7736 |49
Cheongiu 110 200
Machun., Chilso and Sangpycong 1450 351)
mn Jinhae, Haman and Jinju

Pohang 4970 2X)

Textile. dving. chemical processing, incinerators. pulp and
paper mill ete.

Non ferrous metals, steel, metal manulacture, automuobile,
ship building. petrochemicals, refinerv. incineratars. ete.

Petrochemical industry. refinery; ete.

Pulp and paper. electronics. non lferrous metals. metal
processing. food processing. petrochenicals. ele.

Steel: metal finishing, non ferrous metals, food processing.
chemical industries, ete.

Cement, steel industry, metal processing, fine chemical
mdustry. waste disposal, etc.

management. The CP transfer and dissemimation deals
with technology transfer. international collaborative pro-
jeets., supply chaim environmental management (SCEM).
EMS and eco-industrial parks (EIP).

2.2.2. Energy policies and newer straregies

The Korean government has made significant efforts to
regulate energy supply and demund und energy prices.
Since Korea has few natural resources. dependence on
overseas sources has risen from 87.9% in 1990 to 98.8% in
2005, The share of energy imports among lotal imports
also increased [rom 135.6% in 1990 to 25.8% in 2005. The
five major industries that contribute to this policy are:
petroleum, natural gas, clectricity. nuclear power and coal
industry. The total energy demand is expected Lo merease
by 3.2% uannually by the end of 2010. This figure is
substantially lower than the expected annual economic
growth rate of 6%. There has been a new shift in paradigm
in mamtaining the existing energy policy guidelines of
Korea. The strategies adopted include: (i) shifting from
government-led to market-driven policy. (11) management
of eneray demand. and (iii) industry energy characteristics.
The visions are to follow international environmental
regulations. open new ventures with private sectors. reform
existing technologies and to block economic globalization.

2.3. The Korean EIP development strategies—itransition
Sfrom 1P to EIP

The Korea National Cleaner Production Center
(KNCPC) and the Korea Institute ol Industrial Technol-
ogy (KITECH) started a |3-year, 3-phase project titled.
‘Eco-industrial Park (EIP): construction [or establishing
infrastructure of cleaner production in Korea® with the
support of MOCIE. The six industrial complexes that are
included under this closed domain of EIP study are given in
Table 1 (Lee. 2005).

The first phase (2006-2010) of the developmental
plan strives to perform trial projects for two idustrial
parks in order to shift them to EIPs. with prior
understanding of the material and cnergy flow analysis,
input and outpul of raw matenals, products, by products
and wastes. An energy efficient BPX network would
be created wusing the basic concepts of industrial
ecology. Pollution moniloring syslems are o be installed
to envisage the existing wastewaler and wasle Lreal-
ment systems. Additionally, an integrated EMS would
emerge together with detailed analysis ol the ifra-
structure. Sustainable education and awareness campaign
would also be conducted. The development so far has
envisioned for further phases that would upgrade the
existing manpower resources in conjunction with an
organizing group that manages the operation on a timely
basis.

The second phase (2011-2015) would provide con-
ceptual 1deas and  disseminate understanding of the
designed concept to 20 other industrial parks. It would
also help in spreading the EMS and sustain a balance
between the different key factors that are likely to
fluence economic growth. A system ol common sharing
and practice, common purchase and common  Lrans-
portation system would be organized to establish an
enlarged infrastructure that s capable of handling

joint ventures. The third phase (2016 2020) would over-

view the faws and constraints envisioned in the
carlier phases and strive to rework and reinvent the
existing system of practice. The performance indicators
would be analyzed and evaluated by an expert commitlee
to redesign any missing components and infrastructure.
The ultimate aim would idealize and pave the way Lo
provide zero discharge in all process industries within the
EIP.

The Ulsan EIP would expand on these themes and
provide ample opportunities to establish a more convenient
and user friendly symbiotic system.
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Tihle 2
Korean FIP construction plan

Calegories Ist veur 2nd vear ird year Hth veur Sth yeur Total

Tevhumadogr des elepmitent

By-product exchange 174 a4 345 348 435 1652
Provess analysis and oplimization a7 174 130 390
Altermilive riw material 174 348 4335 435 433 1826
Muterial cvele modeling 43 3 43 130
Waler pineh expansion 43 B 43 130
Technedogy transfer

Pracess dingnosis and analysis 234, 34K 348 ERIY)
Iniegrated EMS 87 261 148
Inter-industry CMS 43 157 200
Infrasiructure

By-product and wasle recyele DB 87 87 87 &7 e
EIT* professional education N7 87 43 43 261)
Integrated Recyeling Pilot Plant 74 867 %67 17349 3632
Integrated resource recycling system |30 K70 73 2739
Comprehensive Water reuse Network R0 | 304 2174
Total TET [ 632 2521 3652 62000 14,783

Naore: Uit 100008, 1 USRS = ==1000 Wons.

3. Regional level: the Ulsan EIP pilot project development
strategy

The "Korean Eco-lndustrial Park Model is character-
ized by a cluster of inter-networking businesses. which
perform  individual and collective cleaner production
program prior to by-products exchange network. within
an EMS framework (Chiu, 20035).

Under such f(ramework. the KNCPC and Korea
Industrial Complex Corporation will be the main national
actors in implementing the dilferent phases and strategi-
cally supervising the development and implenientation
programmes. Meanwhile, the regional eco-industrial devel-
opment (EID) team has ample resources for planning.
decision making and implementation of an EIP project
comprising of personnel with appropriate management and
rescarch skills, which include experts having idustrial.
academic and adnimistrative experiences. At this phase an
open approach is taken to explore the precondition
required for allocation of budget and seeking potential
mvestors. Moreover. the active participation [rom different
investing groups such as existing-industries, civic commu-
nity groups. governmental and non-governmental organi-
zations and institutional groups are sought to enhance the
process of plunning and implementing, The local govern-
ment however would play a significant role in the
developmental activities since 1t eventually muanages the
extensive housing, municipal services and major infra-
structure in Ulsan. It also acts as a developer and a
reguldatory authority as evident from the TEDA Urban
Industrial Complex in China (Koenig, 2003). The involve-
ment ol stakeholders represenis a broad domain and a
diversificd group 1o collaborate and improve issues
pertaining to create cffective and appropriate solutions.

“People preconceived notions ol industrial zones as
towering monoliths belching cloudy of black smoke from
their peaks are difficult to overcome™ (Koenig. 20035).

The compendious construction plan of the Korean
ETP programme is shown in Table 2. and the EIP plan
charted out for Ulsan City focuses on the following key
strategies:

Primary component of EID deals with resources inter-
action wherein resources (material, eneray. water. and
information Aew) are optimally directed lor utilization in
the system (Chiu. 2003, 2005).

e Implementing ceological constraints Lo protect indigen-
ous flora and fauna and to maintain natural ecological
stability.

® Providing uppropriate sewer syslem. proper mainte-
nance and clean constructional practices.

e Pollunon monitoring and abatement programs—sys-
tematic elfort.

e Appropriate rainwater harvesting methods Lo be prac-
ticed together with runolf management.

e Ultilizing renewable energy sources and conversion ol
wasle mto energy.

Supportive component ol EID deals with the system
element inter-relationship. This component  generales
sufficient conditions for the EID primary actions to take
place (Chiu., 2003. 2005).

e Clearly understanding the policies outlined by the MOE
in Korea and secking relevant information about
international cooperation.

e Specifving the project site and evaluating the potential
ol collaborators.
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e Cstablishment of a work strategically
evaluates the economics,

@ Creation ol a multi faceted community that lives in
social harmony and understanding with cach other,

@ Public litigation measures and awareness coneerning
legislations, resource recovery and natural environment
together with environmental education,

& Organizing different groups that would supervise.
munage and provide adequate analysis and support for
the above-mentioned strategics.

group that

The most critical Tactors evolved [tom the consultation
work done by Indigo Development (Lowe and Chiu, 2003)
states that the success ol the Korean EIP programme can
be disunguished based on policy, structural (mianagement
and organizational), and technological based (PST) lactors
. They arc highlighted as Tollows:

® Good cooperdation among the national agencies with
responsibility for EIPs,

@ Fuch pilot industral park requires an adequate munage-
menl structure for coordination and cooperation sup-
porting the transition to an EIP.

& Both public management authorities and business
associations require capacity development and educa-
tion so they can participate effectively in the EIP
initiative.

® Businesses in the park need to be involved [rom the
beginning of the planning process. They are the ultimate
actors in the system,

® The high level planning process (or the transition to EI1Ps
must be supported by a strong bottom up planning
process, i.e.. a dialogue between top down and bottom up.

® An cvolving long-term vision of the whole system is
required to make effective decisions about the specilic
strategies used in each phase of the transition.

o An EIP is much more than an exchange of by-products
among companics.

e Strong support to the growth ol the environmental
technology and services cluster will provide Korean
industrial parks with many ol the solutions they require.

e (ireen chemistry is an important licld for petrochemical
EIPs as well as customers using chemicals.

e Resource based policies.

e Policy in support of the EIP initiative should take an
integrated view of all aspects of cleaner production as
complementary to cco industrial strategies.

e National policy should support excellent management
of the eco-industrial park initiative and individual
industrial parks.

3.4 Status of industrial complexes

There are two national industrial complexes. Ulsan
Mipe and Onsan industrial complexes. four agricultural
and mdustrial estates i Ulsan. Ulsan industrial complex,
the core site for automobile, shipbuilding and petrochem-

ical industries and Onsan complex come together to form a
horizontally integrated industrial system (Fig. 2. Tables 3
and 4). These complexes have been performing together
sinee 1975, and have plaved a significant role in improving
the Korean economy.

3.2 Pollutants generated from Ulsan indusirial complexes

Table 5 summarizes the different pollutants generated
from Ulsan industrial complexes. The rate of generation of
these pollutants is found to be alarming as evident from
their relatively high emission loads. Tt is clearly evident
that, apart from the convenuonal air pollutants like SO,
and NO,, the volatile organic compounds (VOCs) also
contribute  significantly in depleting  the atmospheric
quality in Ulsan region. VOCs are defined as “any
compound of carbon, excluding CO. CO-, carbonic acid,
metallic carbides or carbonates. which participates in
atmospheric  photochemical reactions™  (Nunez, 1998).
These VOCs. even in low coneentration range have been
found to be carcinogenic. cause damage to the liver and
kidney and paralyze the central nervous system (Martin ¢l
al.. 1998: Murata ¢t al., 1999). This accounts lor a very
high percentage of the total air pollutants emitted from
Korean industries. Though significant efforts have been
made in many fields to improve the environmental quality,
Ulsan is still sullering daily from pertinent environmental
issues. The strict environmental regulations enforced on
process industries have also led o the shutdown of some
companies who have violated the law. At this articulate
moment, & urgent changeover ol mdustrial complexes to
EIP would keep motivating these companies and provide
sustainable development of industnal parks.

3.3. Current industrial syvmbiosis ar Ulsan industrial parks

Ulsan industrial complex were origimally developed as
conventional industrial estate, with collective energy
providers (or electricity. steam and water. However, this
spontancous transition of industrial park to EIP was
mcited by economic benefits and regulatory constraints.
The mtroduction of the concept of EIP and demonstrating
the BPX syslem evoked nation-wide interest in Korea.
especially among municipalities, business managers, and
citizens, The different materials that were transferred to
and from different companics and their economic benefits
are highlighted in Table 6. The present collaboration
among industries in Ulsan includes seven parmers. whose
industrial profile is described below:

(i) Koentee Lrd.: Koentee is an environmental manage-
ment company that specializes in incineration and
sanitary landfll operations of wastes in Ulsan. 11 has
an ineineration capacity of 300 tons;/day together with
a landfill volume of 2.245,128 m” which covers a land
area of 138460m°. A total of 39 different types of
wastes are handled using suitable pre-processing
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Fig. 2. The present status of industeial symbiosis at Mipo, Onsan industrial complexes in Ulsan.
Table 3 Table 4

Stutus of Ulsan/Mipo and Onsan national industrial estates

Lics Ulsan Mipo Onsan
Area (1000 m~)

Total (k') 40,340 15.237

[Factory area (ki) 34.567 13.422
Construction 1975:.6. 23 1974, 4, |
No, of companics

Maoved in 558 212

In operation 485 158
Waler supply capacity (m/day) G410 340.000
Wastewater (m”idav) 250,000 150.000
Production (100 mallion §) 443 59
Employee (person) 87494 9716

techniques. The incineration facility includes two
rotary kilns facilitated with appropriate air pollution
control equipments like electrostatic precipitators. wet
scrubbers and selective catalyltic reduction systems,
On the other hand, it has a wastewaler treatment

Classification of industries in Mipo and Onsan national industrial park

of Ulsan

Category Ulsan Mipo Onsan Totul
Food products 9 £}
Textile products 5 | [¥]
Wood papers 13 3 16
Petrochemical 103 52 157
Nonmetallic 24 9 33
Steel 8 [3 21
Machinery 144 43 192
Eleciric, electronic 45 3 44
Transport equipment g7 28 125
Others 13 2 15
Services 54 23 it
Tatal 522 |78 700

Duta as on April 2004,

plant that has a field capacity to treat 441.5m’/day ol
wastewater that includes leachates from landfills. Its
contribution to environmental awareness and coneern
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Tuhle 3

Pollutants generated from Ulsan industrial complexes

ity

Alrtumt; ton)

Wastewater (unit: m*/day) Solid waste” (unit: woniday)

50, NO- TSP VOC

Gieneration Discharme Creneriil Hazardous

Lsan (ratio)
Kl.\TL‘il

22849 (24.6)

927730

82971 (15.8)
32,599

63.56Y (6.1)

1045332 699,214

R2.666 (11.58)

296,611 (10.2)
2914546

307.216.18.7)
4.226.321°

345,234 (234)
L4T7.L60°

6672 (3,3)
204,42%

Sorree: MOE (2003),

“Data for air and general solid waste are fram 2001,

"Air emissions are hased on fuel consumption,

“Neglecting generation ratio of Kwangyang complexes, accounting
wastewater from Ulsan industrial complexes are-accounting for 27.0%

Fable 6
Industrial symbiosis in Ulsan industrial complexes in 2004

for aver 50" ol total und discharge ratio 3,4%, generation and discharge of
and 24.2% of the total. respectively,

Material From To Sold/frec Investment (10.000%) Revenue (10.0008/vr)

Pure waler SK Corp. Koentec

Steam Koentee SK Corp. Sold 209 411

Steam SK Corp. Ulsan Pactlie

Taeyoung Ind Corp

Zn recovery [.S-Nikka Koreasine Sold 461

Cu recovery Korcazing 1.5-Nikko Sold 1739

Steam LS-Nikko Hunkuk Paper Sold 606 ann

Biogas Y-WW1 SK Chemicul Sold 26

Wiasle MecOH Samsung O-WWT Free 130
huas paved the way to get accredited with 1SO-14001 (i) SK Chemicals  Corp.: SK  Chemicals {ocuses on
and their research facility has obtamed several patents specialty chemicals and life science products in
to its credit, the most acknowledged one is the addition to ils strong petrochemical base. 1t manu-
invention of the leachate leakage detection system. factures the high performance PETG resin (SK Y-

(ii) SK Corp.: SK Corp. is a world class company wilh GREEN") and is making rapid and steady progress in
more than 30 years ol experience in the global oil the polyurethane business. [t produces specialty
market. It has a 34% share in the domestic market chemicals for environmental. industrial and informa-
with total annual sales of 212 million barrels, tion technology applications as well as in the arca of
meluding 60 million exported barrels. In addition, biotechnology and life science for developing synthetic
their lubricant brand named Z/C. was named No. 1 and natural drugs. Some of them include: polyester
for the sixth consecutive vyear in the National acoustic and thermal msulations. biocides. flame-
Industrial Power Brand survey conducted by the retardant polyester core materials. coolants/anti-
Korea Management Association Consulting. SK Corp freeze. chemicals for water treatment. carbon fiber
supplies nearly 620,000 tons ol asphalt products to the composite materials, liguid photopolymers, anti-can-
domestic market. It has developed and commercia- cer agents, anti-ulcerales, ete. It was chosen as the best
lized a modilied polymer asphalt product called company 1 2004 for Energy Saving and Collabora-
Superphalt tepresenting a new dimension in the tion Energy Saving and was awarded the Minister
growing construction technology in Korea. The Prize for Environment Management by MOCITE.
operation of Korea's first naphtha cracker (capable (iv) LS-Nikke Corp.: LS Nikko produces 99.5% pure

of producing 100.000 tons of ethylene a year), located
al the Ulsan Complex was mitiated in March 1973 by
SK Corp. It produces MTBE (200,000 tons). ethylene
(730,000 tons), propylene (480.000tons) and buta-
diene (100,000 tons) per year. contributing signifi-
cantly te the international petrochemical industry.

copper anode and 99.99% pure electrolytic copper
cathode through the process of electrolytic refining. In
addition. with other elements extracted from copper
concentrate such as iron. sulfur, gold and silver. it also
produces LS-Ferrosand through smelting and high
purity precious metals through a precious metal
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process. This company currently has the capacity to
produce a total 510.000 tons ol electrolytic copper
cathode a year. The Onsan Smelter and Refinery. is
the only plant in the world that produces pure sulfuric
acid by using sulfur dioxide gas generated during the
copper smelter process. [t produces sulluric acid,
liquid sulfur trioxide, liquid sulfur dioxide, gypsum
and liquid argon,

(v) Kereazine Corp.: The major products of Koreazinc
Corp are gold, silver. palladium, platinum. copper.
cadmium, sulfuric acid and bismuth ingot, etc. The
Onsan Refinery operates the refining facililies for both
zinc and lead. This refinery adopts the zinc residue-
processing technology that maximizes the recovery of
valuable metals from zinc residue and changes the slag
environmentally sustainable. The construction of the
zinc and lead refinery together in one plant has
generated the synergy effects such as higher recovery
ratio of valuable metals. use of various types of raw
materials and lower waste discharge. Improvised
technologies such as the Top Submerged Lance
(TSL) systems are being used to solve the disposal
problem ol residues generated during the refining
process. All these efforts for preserving the environ-
men!t collectively contributed to the award of Envir-
onmental New Technology by the Ministry of
Environment in 2002.

(vi) The Ulsan metropafitan city: This governmenl organi-
zation has a major hold in implementing the visions of
the Ulsan EIP. Tt promotes (o review successive ways
in executing standards/emission limits and to control
the total amount of emission by evaluating and
analvzing the capacity of the local atmospheric
environment. They provide superior companies with
mileage through evaluating their investment on
environment management and aulonomous conven-
tions. It promotes acquisition of 1SO-14001 authenti-
cation over the environmental administration and
holds nationwide nalure preservation seminars and
awareness campaigns. Additionally, it also helps to
expand the existing drainage treatment facilities.
strengthen the inspection of the quality of water [rom
different sources, inspect water purification plants.
ameliorate the quality of water around the sea areas
and on the shores of rivers, facilitate the reduction of
household waste by imposing graded charges, pro-
mote recycling and improve independent financial
capability of cleaning budgets.

(vii) KOWACQO: The Korea Water Resources Corporation
15 an integrated waler management enterprise focusing
on water-utilization and flood control having both
[SO-9001/14001. KOWACO is also targeting its
operations for the implementation of remote control
operations in electricity generation facilities. develop-
ment of multi-purpose dams and the operation of
water gates throughout the nation by using remote
control facilities. Apart from these. it is also involved

in the development of technology to ensure sustain-
able water resource management. water supply
systems. water quality analysis, water (reatment
equipments and facilities. In 2005, it was awarded
the prestigious Korea Environmental Prize for water
quality management.

Over a very short period of time, these partners
spontaneously developed a series of bilateral exchanges.
which also include a number of other small companies
(presently 39). It simply evolved as a collection of one-to-
one deal that made environmental and economic benefits
for pairs of participant in cach.

3.4. Action plan for Ulsan EIP

The pilot project focuses on the symbiotic transfer of
wasle arising out [rom industries such as: spent caustic
wastewater, waste plastics, steam and sludge. The forecast
for the next 5 fiscal years in terms of the implementation of
the pilot project is given in Table 7(A, B), while the
expected economic benefits are highlighted in Table 8. A
total of 39.9 billion won would be saved through the
participation of five major industries in Ulsan. Addition-
ally it has been predicted that 56 projects would be
completed by the 5th vear (2010) through the transfer of
water, energy, solid and other industrial wastes.

3.4.1. Primary component of the pilor  study—ithe
metabolism on resources

The pilot project is to expand the feasible IS by intra-
plant innovations and approaches. and inter-plant colla-
boration for improving environmental and economic
performance. by both individual companies and collective
industrial system. Fig. 3 is the proposed EIP to be
implemented with the existing IS network.

3.4.2. Supportive component of the pilot  study—1the
stakeholder interaction, cooperation, and coordination

An EIP project not only comprises of the hardware
factors, e.g. technology: but also the software component,
Le. stakeholder involvement. At an estate level. coopera-
tion among the tenants is an essential success factor;
however, coordination at a higher level is also of great
contribution to the success. This project was involved by
several key stakeholders who arc very helpful in the
understanding and coordination of this industrial estate.
The core team was led by the Ulsan University, and
consisted of the KICOX (Estate Management Authority of
Korea) and the city government’s environmental division.
Additionally. local and regional NGOs showed special
interest to participate in the developmental activities of this
project.

Anchor tenants provide a very strong supply chain
network for vertical integration of industrial parks. More-
over, many basic internal management systems such as
Responsible Care and compliance with local laws already
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Table 7

Yearly torecast ol industrial symbiosis network through the EIP project

(&) Status of individual profects

Resource lst year Ined veur ird vear 4th vear Sth year Total projects (Nelworks)
\"‘I o — JI; -II']

Energy 22y

Other 22

(BY Cumudativie vearty svimhiosis for the next 5 vears

Resource Current Ist year 2nd yeur drd vear 4th vear Sth yeur
Water 3 31 32 as 36 37
Waste 2 2 2 i 7 !
Energy 6 d 4 f 7 8
Other 0 0 ] ] ] 2
Total 39 349 40 47 50 36
lable ¥

Economic benelits through the additional industrial symbiosis network planned (Unit ¢ billion won)

Participation Target material Content Expected profit (vear)
SK Co. Spent caustic wastewaler Liguid incineration cost saving 14.2
Replacement carbom source in sewige (reatment plant l.43
SK Chemicals Co, Industrial wastewater Reuse of boiler water 15
Industrial water Line up 100,000 ton/day
Energy Co. Combustible wuste plastic Incineration cost 37
Product sale 5107
Hanwha Corp, Lud VCM (material) Material reuse 0.1
Steam Reduction (.09
SGR Tech: Co. Petrochemical wastewater sludge Processing cost saving via recycling 0,18
Sale of biological resource -
Total 399

exist in the supply chain. The location of Ulsan to the
neighboring city. Kveongju, an UNESCO world heritage

site, 18 also considered to be a positive asset for this °

industry-nature symbiosis model. The call lor a harmo-
nious built-environment and natural ecosystem 15 very
strong in the civil society. It is further sirengthened with the
local government’s initiative of creating “Eco-Polis Ul-
san”. Aside from the principal component. the following
arcas could be explored in the process of developing the

Ulsan EIP: @

e Considering the large-scale business units in the region, °

there 15 sizeable opportunity to introduce environmental

service providers into the region; this ignites another rise
of business life cycle in the region.

Considering the strong supply chain network ol the
anchor tenants, Le. the two conglomerates; the network
can evolve to include stakeholder interactions on the
resource low ol the general industries in the complex.
stand-alone industries around the complex and the
industries within proximity ol the regionfeco-polis
Ulsan.

Information network should be in place to support the
metabolic resource llow m the primary component.
For the retroliting component, green design of the
existing complexes (or landscape ccology and green
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architecture) has to be planned in conjunction with eco-
tourism development projects of the neighboring city,
[{}"COI'I.E]‘LL

e Awareness and Preparedness for Emergency at Local
Level (APELL) can be implemented in parallel to
responsible care in petrochemical complexes. APELL
is not & solution and not the beginning to the end.
instead a slepping stone for imtegrating local community
partnership proarammes.

Propped by the existing symbiosis network and the
aradually evolving sustainable development concept in
the region. Ulsan industrial complexes are expected to be
able to better materialize future opportunities by incorpor-
ating three success [actors; (1) econoniic incentives (o
participating industries: reduction of cost or creation of
new revenue through BPX practices. (ii) imnovarion and
technolog)y diffusion: new or existing technology that can
substuntiate resource synergy throughout the complexes.
and (i) institutional supports: continued government
supports for ellicient Lransition toward EIP.

Further rescarch directions would be targeted o build 4
collective user-friendly data and information system o
expand material and energy networks. Considering the
diverse clusters of industries in Ulsan, an overarching
performance metrics such us eco-efficiency indicator that
includes productivity, emission reduction and socictal
prospects should be developed and implemented. both at
the individual industry as well as the EIP levels. All these
alorementioned strategies would endeavor after the success
of integrating the presently ¢nvisioned EIP plan to the Eco-
Polis Ulsan master plan.

4, Conclusions

Ulsan industrial complex was originally developed as
conventional industrial estales, with a collective energy
provider such as electricily. stecam and water. and 1S
evolved due to stringent environmental regulations and
economic bencfits. Since mid 1990s, this network developed
spontaneously on a one-lo-one basis which resulted in the
present industrial symbiotic network. In order to be the
industrial capital of Korea, in 2004. “*Eco-Polis Ulsan™ was
declared based on “The Master plan of Eco-Polis Ulsan™,
in which the Ulsan EIP Pilot project was included as one of
the action plans. Ulsan eco-industrial park development
can be achieved by expanding the existing BPX uand eco-
industrial network (EIN). Thus by considering the
metabolism on resources and the stakeholder’s interaction.
cooperation and coordination, system analysis including
industrial metabolism. input output analysis. environmen-
Lal evaluation and fexibility analysis must be conducted in
detail tor potential networking. In addition, Ulsan EIP
project must be associated with the regional strategic
environmental technologies and businesses to upgrade
environmental technologies. To gel the public support.
education. publicity and leadership for Ulsan EIP arc also

highly required. Additonally. this developmental phase
and lesson learnt hitherto, requires priority bused planning
system. rapid action with right intellectual support to
understand the economics and managerial aspects of the
LIP,

Acknowledgements

This project work was initiated through the research
Grants (2005-B052-01) supported by the Korea National
Cleaner Production Center (KNCPC) and the Ministry of
Commerce. Industry. and Energy (MOCIE) of Scuth
Korea. We greatly ucknowledge the management of
different industries located in the Ulsan/Mipo-Onsan
industrial park complex for their collaborative efforts and
cooperation in sharmg relevant information. We also
mention our special thanks to Mr, Ernest A, Lowe, Mr.
Andreas W. Koenig and Prol. Sungwon Suh for their
inspired comments on the Ulsan EIP programme.

References

Ayres. RUL Avres. Lo, 1996, Industrial Feology: Towards Closing he
Maternals Cyele. Edward Elgar Publishers. London.

Business Council for  Sustainable  Development, 999, By-product
Synergy: A Demonstration Project in Tampico. Gulf of Mexico,
Altamira.

Chertow, M.R.. 2000. Industrial symbiosis: literature and taxonony.
Annual Review of Energy und the Environment 23, 313 337,

Chine ASF. 2003, Strategy Tor TID in Asia Pacific: an overview far
Koreun NCPC. [n: Proceedings of the First Internationul Conference
on Eco-Industrial Park. Seoul. Korea,

Chiue ASFL 2005 Traming Package for NCPC on CP/Environmental
Management ol Industrial Fstates, Ver 3.3, UNEP/InWEnt Puris,
France. Chup: swww.uneptic, org; peind-estates;event 5.

Chiu. AS F. Yong. G 2004, On the industrial ecology potential in Asian
developimg countries, Journal of Cleaner Production 12, 1037 1045

Cote. R.P.. Hall . 1995, Industrial parks as ceosystems, Journal of
Cleaner Production 2, 4146,

Lhrenfeld. J.. Gertler. N..
evolution of interdependence at Kalundborg, Journal of Industrial
Ecology 1. 67 T79.

Esty. C.D. Porter, M.E.. [998. Industrial ecolopy and competitivensss:
strategic implications for the firm, Journal of Indusirial Ecology 2.
3543,

Koenmg. AW 2005: The eco-industrial park development
Chinese government officiuls and industrial park managers. EMCP,
EL-China,

Lee, K., 2005, Establishment ol cco-industrial parks for infrastructure of
cleaner production in Korea. In: Presentution Manuals at the Korei
Nationul Cleaner Production Center, South Korea.

Lee. O Koh, J. Jeong. H., 2005, Vision and changes of sustainabla
development: experiences ol Korea. Int Proceedings of the Interna
tional Warkshop on Climate Change and Sustainable Development.
Seoul. South Korea, pp. 23-37.

Lowe. FLAL 2001 Eco-industral Park Handbook for Asian Developing
Countries. A Report Lo Asian Development Bank. Environment
Department. Indigo Development. Qakland, CA.

Lowe, E.AL Chin. ASF. 2005 Consultant’s Report on Korean EIP
Project. Koren National Cleaner Production Centeér,

Lowe, Wolo 1996, The Source of Value: An Lxecutive Brieting and
Sourcebook on Industrial Ecology (PNNE-10943), Pacific Northwest
National Laboratory. Richlund. Washingron,

1997 Industrial ecology in practice  the

a guide lor



H.-8. Park et al. | Jowrnal of Environmental Management 87 (2008) 113 13

Martin, M.A. Keuning, 8., Janssen. D.B. 1998 Handbook on
Biodegradation and Biological Treatment of Hazardous Organic
Compounds, second ed. Academic Press. Dordrecht.

Ministry of Environment, MOE, 2003. Strategies for Sustainable
Development of Eco-Industrial Park. Republic of South Korea,

Ministry of Environment, MOE, 2004, Green Korea 2004—Building an
BEeo-community for the 218t Century, Republic of South Koreu.

Mirata, M.. 2004. Experiences from early stages of a national industrial
symbiosis programme in the UK: determinants and coordination
challenges. Journal of Cleaner Production 12, 967983,

Mirata, M., Emtairah, T.. 2005, Industrial symbiosis networks and the
caontribution to environmental innovation: the case of the Landskrona
industrial symbiosis programme, Journal of Cleaner Production 13,
9931002

Murata, M.. Tsujikawa, M.. Kawanishi, 8., 1999, Oxidative DNA damage
by nunor metabolites of toluene may lead to carcinogenesis and

reproductive dysfunction. Biochemical and Biophysical Research
Communications 261, 478—483.

Nunez, C., 1998, VOCs: sources, definitions and considerations for
recovery. In: EPA, Volatile Organic Compounds (VOC) Revovery
Seminar. September 16-17. Cincinnati, OH.

Park, H-S.. Choi. S-M.. Lee. S-Y.. 2004. Pilot project for the
development of eco-industrial park in Ulsan. In: Proceedings of the
First International Environmental Symposium for Eco-Polis Ulsan,
Ulsan. Korea.

Roberts, B.H.. 2004. The application of industrial ecology prineiples
and planning guidelines for the developmenl of eco-industrial
parks: an Australian case study. Journal of Cleaner Production 12,
997-1010.

Yang, P.P.-J. Lay, O.B. 2004, Applying ccosystem concepts 1o the
planning of industrial areas; a case study of Singapore’s Jurong lsland.
Journal of Cleaner Production 12, 1011-1023.



Joneeral of

Environmental
NManagement

]jL-SEW ER

Journal of Environmental Management 87 (2008) 14 25
www.elsevier.com locute jenyomn
Water stress. water transfer and social equity in
Northern China—Implications for policy reforms
Ximing Cai g
Fen Te Chow Hvdrosvstens Laborarory, Depavtment of Civil and Eivirommental Enginceritg.
Universicy of Minois ar Urbana-Chanpaign, Urbana, 1L 61801, U5A
Received 3 May 2006; received in revised [orm 27 November 2006: accepted 31 December 2006
Available online 6 March 2007
Abstract

Water stress in Northern China is characterized with major, inefficient irrigation water use and rapidly growing non-agricultural water
demands, as well as limited water quantity and declining water quality. Water use in the region is undergoing transfer from agricultural
to municipal and industrial sectors. Currently. part of the economic loss and environmental damage due to water stress can be considered
as 1w consequence of water transfer failures. including the current transfers, which hurt farmers” livelihood and income, and the needed
{ransfers. which industry and cities have been waiting for hut have not received. This paper starts with a discussion of the causes ol water
stress in Northern China. which is fundamental to understand the necessity and complexity of agricultural water transfers, ollowing
thal. it reviews water translers in Northern China s a4 cause for concern over the secial stability. economy and environment of the
region. Based on an integrated analysis of economic, environmental. fiscal and sociul implications, this paper begins by identifying
critical barriers to smooth water redistribution; and ends with implications for policy reforms. ensuring that farmers can and will save
water. It is concluded that the decisions of waler reallocation under water stress should be shared by communities at all levels. from the

local to the national. to cnsure equal access of water. especially the availability of the basi¢ water need [orall groups.
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1. Introduction

While China’s rapid economic development is impress-
wve, water stress m Northern China 1s a widely recognized
crisis. Water stress occurs when the demand lor water
exceeds the available amount during a certain period or
when poor quality restricts its use. One of the common
indicators of water stress is per capita renewable water;
1000 m* per capila is recognized as a critical level for severe
water scarcity (Engelman and LeRoy. 1993). The three
major basins in Northern China. Huai. Hai. and Huang
Yellow (the 3-H basins) as shown in Fig. 1, have 520, 470,
and 530 m” per capita. respectively. which are less than half
ol the water scarcity threshold (Cai and Roscgrant. 2005).
Water stress in the region is also reflected in other
indicators. In 1997 the 3-H basins contained about 40%
of the country’s agricultural land and produced 32% of the
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country’s GDP. but had less than 8% of the country’s
water resources (CAE. 2001).

Water stress in Northern China has intensified water
use conllicts between upstream and downstream areas and
also between agriculture, which is still the largest water
consumer. and the municipal and industrial sectors (M&1).
which have been growing [ast. Water stress has also caused
deterioration of fresh water resources in terms of quantity
(aquifer over-exploitation and dry rivers. ete.) and quality
(cutrophication, organic matter pollution. saline intrusion,
ele.). If left unresolved. such problems may worsen until
they threaten social stability. The Chinese Government
has initiated strategic changes lo reform water resources
allocation. especially Lo transfer agricultural water to other
sectors. During the coming adjustment period. agriculture
will collide head-on with industry. cities. and ecosystems.
Agriculture faces the most difficult adjustment. in order (o
ensure that sufficient walter is available for essential uses
in cities and industries. The critical question is how Lo
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Fig. 1. The 3-H Basing (Huai, Hai and Huang) in Northern China.

implement new allocation policies, which cause the least

disruption to agricultural output and the livelihoods of

[armers (especially poor [armers).

This paper reviews water transfers in Northern China as
a cause for concern over the social stability. economy and
environment of the region. Based on an integrated analysis
of economic. environmental, fiscal and social implications,
this paper attempts to begin by identifying critical barriers
to smooth water redistribution; and ends with implications
for policy reforms from a perspective of social equity.
Social equity mmplies that the decisions of water realloca-
tion under waler stress should be shared by communities at
all levels, from the local to the national, to ensue equal
access of water, especially the availability of the basic water
need (Gleick, 1996), for all groups. However, to under-
stand the necessity and complexity of the agricultural water
transfers, it is first necessary to discuss the causes of water
stress in Northern China.

2. Causes of water stress in Northern China

The limited water availability due to low rainfall and
runoll and the uneven temporal distribution has been
recognized as a natural cause ol water stress in Northern
China (CAE, 2001). Research has also found that runofl
generation in the region shows a declining trend during
recent decades. Compared to the annual average during
1956-1979, average precipitation in the 3-H basins
decreased by 9.6%, runolf decreased by 23.8%., and flow
(0 the ocean decreased by 38.6% (CALE. 2001). At the
regional scale, surface runoff generation within Hebei
Province hag declined by 65% and inflow declined by 72%
compared to the average in the 1950s (Li and Wet, 2003).
The impact of global climate change on waler availability
in this region needs further monitoring. As in many other
regions in the world, the impacts of human activities on
runoff generation include deforestation. agricultural and
urban development, and groundwater overdraft. Accord-
ing to the assessment of the Chinese Academy ol Science

(CAS. 2005). in Northern China during 1988-1999,

vegetation coverage (percentage of the total land) de-
creased from 38% to 32%, and urbanized area increased
from S5.0~B2% to 6.5~9.5% (varying over castern,
western and central parts). Around urban areas agricultur-
al land has been converted to urban; on the other hand. in
mountain areas. which were the primary areas of runoff
generation. forest and grassland is being replaced by
cropland due to growing populatien in rural area. This
land use conversion reduces soil water storage and
increases flooding.

Starting in the early 1950s, the practice of developing
engineering facilities to catch and redistribute water has
dominated water resources manuagement in Northern
China. Huge engineering cfforts have been made to catch
the precipitation and runoff in the region. In 1995, the
reservoir storage of the 3-H basins was 1.6 times of their
Lotal annual runofl (Rosegrant et al.. 2002). Water storage
and water diversion and extraction engineering lacilities
can easily control all renewable water in Northern China.
One can understand the scope of the stream flow regulation
by imagining that gates crossing many rivers in this region
are used to divert floodwater for groundwater recharge in
the dry floodplains. Since no more water can be caught
for use within the region, engineering now turns tlo
trans-boundary water transler projects. For example, the
south-north water transfer (under construction), will
transfer 38-48 billionkm® of water (comparable to the
total annual runoff in the Hai River and more than that of
the Colorado River) from the Yangtze River in southern
China to Northern China (mainly for the urban and
industrial region in the Hai River Basin) over a distance of
more than 1000 km.

Water resources engineering development in Northern
China is impressive and has indeed supported growing
water demands. However. it is widely believed that there is
less potential today than before for engineering left within
the region. Even the Ministry of Water Resources (MWR)
has attempted to change the engineering-dominated walter
management. A new strategy has been proposed. called
resource-based water management. which is an economic-
theory approach centered on water demand management
(Wang, 2003).

Indeed, the water stress problem in Northern China
should be re-examined from a water demand management
perspective given excessive and still growing demand due to
population growth. food demand increase, and industrial
and municipal development. According to the assessment
ol CAE (2001). between 1980 and 1999, water use in
Northern China (withdrawal) has increased by 41.7 km’
(CAE. 2001), which is about the average total annual
runell in the Hai River Basin, and 1.3 times of thal in the
Colorado River Basin. In 2004, the total water withdrawal
in the 3-H basins was 137 billion m?, which was 70% of
the tetal annual runoff in the basins. Water demand,
particularly M&I. will continue to increase (Hai River
Conservancy Commission. 2005). According (o a medium
projection made by CAE (2001). in the 3-H basins, between
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1097 and 2010, water demand will increase by 13.0km’
(8%): and between 1997 and 2030, 31.4 km® (20%). For the
same region, Rosegrant et al. (2002) made a business-as-
usual projection of the water demand increase between
1995 and 2025 as 49km”, close to the high projection of
CAE. The continuous increase will make the water supply
system more vulnerable.

Agriculture is the largest water user in Northern China.
In the 3-H basins, agriculture was responsible for 84% of
total water consumption in the region: the fraction declined
in recent years but it is still over 75% (Rosegrant et al..
2002). Like in many other countries and regions. low
irrigation water-use efficiency is accused to be responsible
for water stress at present. According Lo the statistics in the
Annual Book of Water Resources in China over 85% of
the irrigation is done through overflow methods and open
water channels (MWR, 2004). Starting from the middle
1990s, the Chinese government has greatly increased
investment for irrigation system updating. However, the
implementation of advanced irrigation technologies [aces
many technical dilficulties (Henry. 2004) and social-
cconomic blocks, which will be discussed later in this
paper.

Moreover, many Chinese researchers believe that water
pollution is the biggest cause of water stress, particularly
Northern China (e.g., Jiang et al.. 2004). Due to rapid
industrial and municipal development and a large increase
in agricultural fertilizer and pesticide use in the past two
decades, cases of downstream users receiving polluted
water from upstream lands have dramatically increased.
During 1980-2004, sewage water discharge doubled in the
3-H basins, and it increased by 160% and 140% in
the Huai and Huang River, respectively, according to the
annual water resources bulletins ol the 3-H basins (Huai
River Conservancy Commussion, 2005: Yellow River
Conservancy Commission, 2005),

3. Water transfer and social equity

Under water stress. conflicts in water allocation and the
damages to the public environment have intensified, and a
pressing concern for “‘social equity” has appeared in
Northern China. Social equity implies fair access to
resources and livelihood: the concept of what is “fair”
reflects the ethical values shared by the society, as well as
economic values associated with resource uses. Social
equity also reflects a principle that each citizen regardless
of economic statuses or personal traits deserves and has a
right to be given fair treatment by the political system,
giving special attention to the needs of weak and vulnerable
populations. In the context of resource allocation. social
equity refers to a bundle of rights and duties of
government, collective. and/or individuals, which are
applied to protect weak and vulnerable populations in
society. With social equity in water resources in mind, it is
interesting to see that Chinese Government is promoting a
national strategy called “building a harmonious society™.

Challenges of social equity in water allocation under
aggravated water stress are worth great attention. since
water 18 a basic resource for life and production 1n society,
and is an essential part of any harmonious society.

3.1. Setoral water use conflicts

With water supplies in Northern China declining in
absolute and quality-adjusted terms and water resources
already over-allocated, one of the key questions facing
water managers and residents will be how to meet growing
demand in the M&l sectors. According 10 CAFE’S assess-
ment based on various statistics, during 1980-1999. in
Northern China, the fraction of agricultural use decreased
from 84% to 73%. while the [raction of M&I water use
increased [rom 22% to 28%. The assessment and projec-
tion of Mé&l fraction in the 3-H basing are shown in
Figs. 2(a. b)

One clear opportunity to meet the growing M&I demand
is through change in inter-sectoral allocations. In the
competition for scarce water, local authorities generally
give higher priority to industry than agriculture, while
municipal and domestic uses receive the highest priority.
This is because water used in industry has a much higher
economic value, and China’s local officials want to
facilitate growth in industrial production more than
agriculture. Hence. when there is a decision to be made
on whether water should be sent to an industrial facility or
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Fig. 2. M&I fraction in the 3-1 basins: (a) individual basins in 1998 and
2004 (sources:bulletins of 3-H basins): (b) 3-H basins together in 1997
(assessment) 2010, and 2030 (projections) (Sowree: CAL, 2001).
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kept lor agriculture, industry often wins out (Lohmar et al..
2002). Sectoral transfers have already occurred within large
basins, provinces, cities, or counties. Table | compares
waler uses by sector in two periods (1988-1992 and
2002-2004) in the Yellow River Basin. In the middle and
lower parts of the basin, agricultural water use decreases
significantly while industrial and domestic increases dra-
matically. The only increase ol agricultural water occurs
the upper basin. but the increase is relatively small, Table |
also illustrates & common upstream-downstream water
allocation problem. In the Yellow River. more than half of
the runoff generated by rainfall comes from the upper
recach and fewer people live there, therefore, upstream
water users suffer less water stress. Furthermore, upstream
provinces such as Ningxia and Inner Mongolia (autone-
mous region) are less urbanized and irrigation has a more
important economic role than in the middle and down-
stream provinces. This explains why there is an increase of
irrigation water use in the upper reach (Table 1). The
double threat of continuous increase of waler use in the
upstream provinces and increasing local M&I water use
has escalated the agricultural water shortage in down-
stream provinces. In 1987, the State Council of China
issued the ““Water Allocation Programme™ along the
Yellow River, which specifies water withdrawal quotas
for cach province along the basin. For example, the
downstream Shandong Province can withdraw 7.0km’.
about 19% of the total allowable water withdrawal in the
basin. However, the actual water withdrawal by Shandong
depends on how much those upstream provinces withdraw,
as well as the runoff generated in a specific year. The
Yellow River Conservation Commission (YRCC) has been
responsible for the realization of this policy, but actual
waler allocation has not followed the rules until the policy
was strengthened in most recent years (o prevent flow
cutofls i downstream main channel. YRCC has also

Table 1
Yellow river water uses by sector (billion cubic meters), 1988 1992 and
2002-2004

Years Reach  Total Agricultural  Industrinl  Domestic
L1988-1902"  Upper 1301 1238 0.51 0.22
Middle 544 471 7 0,38 0.28
Lowear 12:18 11.24 0.55 .38
Basin 30.72 28.39 1.45 .89
2002-2004"  Upper  17.34 1571 1.42 0.41
Middle 571 4.16 0.97 (.58
Lower 8,44 .04 0.82 (.38
Basin 31.69 2691 321 1.57
Dilference Uppar 344, 7% 179%, 849
Middle 5% —13% 1535% 108 %
Lower =3l% —3T% 49% 4%
Basin 1%, — 805 121%, T7%

"Data from Chen (2002),
"YRCC Water Resources Bulleting of 2002-2004.

improved the monitoring system including monitoring
facilities and institutions along the River.

3.2, Agricultural water transfers

Agricultural water transfers have occurred in large
irrigation districts of China. Hong et al, (2001) presented
such an example with the Zhanghe Irrigation District
located in northern Hubei Province. Although this area
belongs to Central China. it is on the boundary of
Northern China and represents typical agricultural water
transfers in large irrigation districts in China. As shown in
Fig. 3. there has been substantial reallocation of water
from agriculture to hydropower generation and industrial
and domestic uses over the past several decades, especially
during the 1980s and 1990s. In late 1970s. agriculture
covered 80% of total water use in the region; while around
the middle 1990s. agriculture only used less than 25% of
the water and non-agriculture used over 75%. This sharp
decline in water supply for agriculture led to a 40% decline
in irrigated rice area (Fig. 4). Although, the irrigated area
decline is considerable (40%), it is much less than the
decline in deliveries of irrigation water (about 67%).
Moreover, the crop yield per hectare has doubled from
the 1960s to 1990s (mainly due to the use of hybrid rice),
and the yield per cubic meter of water supplied has tripled.
which shows that there have been considerable water
savings. A number of factors have contributed to the water
saving, including new irrigation techniques (e.g., alternate
wetting and drying at the farm level, canal lining, etc.),
development of alternate sources such as rainfall harvest by
small reservoirs, groundwater. and reuse of return flow, as
well as crop pattern change from two to one crops of rice.
It is believed that the sharp reduction of irrigation water
has forced farmers to adopt cost-effective water-saving
techniques. Meanwhile. the government investment in the
improvement of irrigation systems and adoption of the new
technology (e.g.. hybrid rice) has played a critical role in
maintaining the livelihood of farmers in the area. A major
challenge is to identify those practices thal could be
successlully extended to other regions. both inside and
outside China.

Large and medium irrigation districts in China often use
reservoirs for flow regulation (ie.. storing water in wet
periods and releasing water in dry periods) for irrigation
water supply, and some of the reservoirs also have other
functions such as hydropower generation and flooding
control. Water transfers are often implemented through
modification of reservoir operations. For the Zhanghe
[rrigation District, reservoirs and diversion canals were
originally designed for irrigation. bul now larger priorities
are given to hydropower generation and urban water
supply. Consequently. reservoir release is driven by energy
demand and domestic water use liming instead ol crop
water requirements. Such reservoir function and operation
changes might have [(ar-reached impacts il they are
extended to other parts of China. In the summer of 2000,
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Fig. 3. Annual water allocations for irrigation and other uses (in the unit of million cubic meter [mem]) Zhanghe Irrigation District. 1963-1998 (Source:

Hong et al., 2001).
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Fig. 4. Irrigated area (mainly rce) in Zhanghe Irrigation District.
1966-1998 (Source: Hong et al., 2001).

the author of this paper visited a county in northeastern
Hubel Province, which was hit by a serious drought in
that vear. The county has a medium-size irrigation district
fed by a reservoir. Farmers used to get water from the
reservoir through canals when drought occurred. However.
in that year, farmers did not get water for quite many days.
Ponds for drinking water dried up in most villages.
Farmers complained that the reservoir authority tried to
hold water as long as possible for the newly developed tour
business at the reservoir site, unfairly withholding the
farmers’ water.

Agricultural water transfers are even more needed and
have been undertaken much more extensively around
urban areas. A typical case about Beijing municipality
and neighboring agricultural counties was described by
Peisert and Sternfeld (2004). The administration of Beijing
includes several agricultural counties such as Miyun.
Huairou and Yanging. To protect waler quantity and
quality supplied to the Beijing municipality. restrictions
have been established for land and water uses and
agricultural development in those counties. The cause of
the urban-rural water conflicts sparked by Beijing’s

growing municipal water demands is the burden of
restructuring the counties’ agricultural sector. In 2001,
the government of Miyun county announced it would
completely abandon growing cereals. and instead develop
perennial cultures, mainly [ruit trees. Another major shift
in the county’s agricultural sector coming in 2001 was a
complete ban on chemical fertilizers within the next
5 years, in favor of organic fertilizers. Miyun’s land
conversion and organic programs are in line with a general
restructuring of Beijing’s agricultural policy. as announced
in March 2001: Grain-growing areas will be reduced to
save ground water. and more trees will be planted. Animal
breeding and ‘highly efficient’ agriculture with modern
water-saving irrigation methods will be developed. It is
predicted that the water used in agriculture will drop to
353% of the city’s water consumption in 2010 from 43% in
1998, and the figure will continue to drop to 28-30% in
2020. Regulations lay out some compensation and alter-
native economic development strategies lor the counties.
including funds for cereal to fruit field conversion and
organic programs. However, these have not yet been fully
carried out. Peisert and Sternfeld (2004) argued that there
is still a long way to go for the transition of land use and
other agricultural practices to be completed, due to the
current lack of an institutionalized compensation system to
replace the current ad hoc downstream—upstream compen-
sation payment occurring annually. Peisert and Sternfeld
(2004) think that any format of payment in the system
“must be transparent and include mechanisms to directly
reward upstream farmers and cities for protecting the
watershed ™.

Agricultural water use reduction also has other causes.
For example, On the North China Plain, prolonged
extraction of ground water for industry has greatly lowered
the water table under many urban districts. which enforced
farmers in and around these urban regions to draw their
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water from deeper and deeper wells (Lohmar et al.. 2002).
Another cause is the quality degradation of agricultural
water caused by industrial wastewater discharge. Although
industrial wastewater treatment capacily has grown tre-
mendously n the past several years, in most cities a large
portion of industrial effluents are still discharged directly
into rivers. Surface-water is often too polluted to be used
for irrigation. Following the Environmental Protection
Law of China (approved in 1989), all provinces have
established quotas of pollutant discharge in wastewater for
urban communities and various industrial sectors. How-
ever, “local officials often sidestep legislation and regula-
tions designed to curb such pollution in order to keep local
industries profitable” (Lohmar et al, 2002). Effective
inspection and monitoring is needed to ensure the full
execution of those regulations.

There is evidence that agricultural water transfers
requested by local industry were denied despite the fact
that industry is generally a higher value use (Lohmar et al.,
2002). Upstream irrigation districts that have built their
own reservoirs and canal systems have little incentive (o
provide water to industrial centers. since their own
agricultural activities would be adversely affected. For
example, several major cities in Henan Province failed to
access water from reservoirs controlled by local agricultur-
al authorities; as a result they had to shut down some
factories even as rice production was expanded in the
region. These conflicts usually represent the divergent goals
and interests of the urban construction authorities versus
the local water resource burcaus and agriculture burcaus.

Finally. it is noticed that several large-scale agricultural
waler transfers have been undertaken to restore ecological
systems in Northern China. The most high-profile example
occurs with the Yellow (Huang) River. Due to excessive
river diversion and a prolonged drought eycle, flow cutoffs
had been experienced in the main channel downstream
from 1972 to 1998. Flow in the main channel was cutolT in
21 of 30 vear with both the duration ol time and the
distance [rom the river mouth increasing cach year. The
flow interruption left users i Shandong and Henan
Provinces without their traditional sources of surface
water, and more seriously, it precluded sediment flushing
to the ocean and threatened the downstream ecosystems
(Li. 2002). Starting from the vear 2000, the Yellow River
Conservation Commission (the basin management author-
ity under MWR) has undertaken firm administrative
measures to prevent the river cutoffs, including water
withdrawal monitoring and more strict execution of the
“Water Allocation Programme™ with the provinces in the
upstream ol the basin. The status of the river has since been
improved, and there has been no absolute flow cutoff in
recent years. Meanwhile, irrigation water withdrawal by
the upstream provinees has declined. According to a news
report from MWR (MWR. 2005). irrigation districts in
Ningxia reduced water withdrawals by 2.2km” during
2001-2005, which is about one-quarter of the total with-
drawal by Ningxia in 2000,

Another example of agricultural water transfer to
ecosystem has occurred in the Hei River Basin. an inland
basin in northwestern China (Liu et al.. 2005). The Hei
River flows from the upstream Gansu Province to down-
stream Inner Mongolia region, where the river water feeds
the Erjina Oasis and traditional pasturelands around the
Oasis. Starting from the early 1980s, large expansion in
irrigation water diversion in the middle stream of the basin
has resulted in downstream ecosystem degradation includ-
ing a shrinking oasis area, declining vegetation coverage,
and a complete dry-up of the outlet lake. The environ-
mental change threatens the homeland of more than
one million people who depend on the pastureland for
livestock breeding. In the late 1990s, the Chinese govern-
ment initiated activities for the ccological restoration
of the region, including annual flow releases to downstream
by administrative order. These activities followed institu-
tional development including activating the “Gansu-Inner
Mongolia Water Allocation Plan (GIWAP)™ approved by
State Council and establishing the Burcau of Hel River
Management, an agency that 18 authorized to coordinate
and supervise the implementation of the new water
allocation plan. These releases have prevented further
degradation of the downstream ecosystem, Meanwhile
middle stream irrigation water withdrawal is required to
decline by one-quarter, which has led to significant crop
pattern change and also stimulated irrigation system
updating with financial support [rom the central govern-
ment (Liu et al. 2003). In Zhangye City. the major
agricultural district in the middle stream of the Hei River
Basin, the shares ol agricultural land were 63% cropland.
16% forestland, and 19% pastureland in 1999: and recently
the shares were adjusted to 52%, 26%. and 22%:; during
2000-2003, respectively: canal lining was improved lor
58S km of mamn canals and 1160 km of branch canals, and
advanced irrigation systems such as low-pressure pipe,
drip, and sprinkler systems were established for 29,000 ha
(10% of the total irrigated area in the district). Moreover,
in 2000 the MWR approved an experimental program for
waler conservation in Zhangye. which is the first program
for testing comprehensive waler demand management
measures in China. The program is intended for determin-
ing both primary water use rights and water use permits
and facilitating both water trade and public participation
in water allocation.

3.3. Dilemumas in water transfers

Given the growing supply/demand imbalance in North-
ern China. it will be increasingly difficult if not impossible
to meet new water demands from one sector without
decreasing supplies to another. Since agriculture is now by
far the largest consumer ol water resources i the region
and appears to have relatively low economic output leyels.
meeting growing industrial and domestic demands is likely
going to mean 4 reduction in supplies to the agricultural
sector. However, agriculture in China, as in many other
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countries, holds a special place in rural livelihoods and
national food security, so it remams a high priority.
Furthermore, the rural agricultural sector that is most
impoverished and has probably benefited least from recent
economic growth. Shifting water away from those already
relatively disadvantaged has clear implications for equity
and, perhaps, social stability. At the same time, it is
industrial growth, which is dependent on increasing water
supplies, which is seen as the driving force in powering
China’s transformation to a modern, world-class economy.

The premise for successful water transfers out of
agriculture is that farmers can use less water while food
production is not atfected. There is no doubt that advanced
irrigation technology is needed to replace traditional
gravity systems. Starting (rom the mid-1990s, the Chinese
government has significantly increased investment for
irrigation system updating. and low-flow irrigation such
as drip and sprinkler is now gaining ground in China
(Henry. 2004). However. the implementation of advanced
irrigation technologies means a higher cost for water, and it
is up to farmers to pay at least part of the cost. The
question is whether farmers can afford the cost of advanced
irrigation technology, and if farmers will and can pay a
waler price thal is closer Lo the true value of water. The
answer might be no, given the current low income of
farmers due to low food prices and high costs of
agricultural inputs such as fertilizer. If water prices cause
lower or negative net profits from irrigated agriculture, it
may lorce Farmers simply to use less water and give up high
crop yields.

There is a “dead lock™ with agricultural water manage-
ment in China, which blocks effective agricultural waler
savings and smooth water transfers. The dead lock exists
with the following conflicts, which are inter-related to each
other: (1) farmers are wasting water even as they suffer
waler shortage themselves and leave increasing industrial
and municipal sectors thirsty (Henry. 2004): (2) the society
needs agricultural water savings. but farmers may not
afford the costs of water savings and because of low profits
from crops their willingness-to-pay for water is much lower
than the true water value; (3) the national policy of food
sell=suflficiency requires the maintenance of high crop yields
and production that depend on irrigation, even when the
governmenl can nol maintain the required water for
agriculture given the growing requirements of non-agri-
cultural sectors. China must break this dead lock. which
will continue to damage the country’s growing economy.

Difficulties also exist with the governance of walter
transfers in China. Current water transfers follow the
priorities of local government that are often driven by
short-sighted economic profits. There is no formal institu-
tion for mediation. so large water disputes between
agriculture and other sectors (and also between regions)
often are resolved by the government in an ad hoc, case-by-
case fashion. Ideally, water transfers would go through
markets based on a deal made by both water buyers and
sellers and without negative social impacts (Rosegrant and

Binswanger. 1994). The establishment of water rights is the
pre-request of water markets. In recent years, rescarchers
and government officers begin to embrace the modern
concept of water right and water market (e.g.. Wang, 2003:
Liu, 2004). In China, water right is a kind of usufruct right
and only the nation has the property right of natural
resources. There is no clear delineation of the usulruct
right, formal and consistent institutional support [or
water rights does not exist. and thus no mechanism
for economically efficient water rights (rading cxists,
Although. the China Water Law approved in 1988 and
amended in 2002 pro\iidEs codes for water allocation and
use, current water use rights, both their identification and
supervision, are heavily manipulated by the powerful water
bureaucracy. Conflict resolution related to water rights is
usually handled by administrative measures as individual
cases. following some government guidelines such as the
Implementation Measures for Water Use Permit Systems
(1ssued by the State Council in 1993), This system. which
lacks a consistent legislative framework, may not guarantee
the security of water rights and is subject to high
transaction costs. as well as social-economic loss with the
two sides involved in water transfer. Furthermore, the
current water use permit for agriculture is defined as a
collective right for farmers in a town or even in a county,
and individual farmers need to share the water right within
their group. This may add to the difficulty of water right
management and affect the efficiency of waler right in
water allocation. This situation has given rise to grass-rool
institutions in China. called water users associations
(World Bank. 1997). Morcover, in recent years, in rural
regions of the country, individual farmers are involved in
small pilot trials of waler right (ransfers, which are
different from sporadic trades at the village level. The
purpose of those experiments is to develop formal and
institutionalized in nature from the bottom level to higher
levels (Turner and Hildebrandt. 2005). Several specific
examples of the water right trade developments are
discussed by Turner and Hildebrandt (2005) and Liu
(2004), which will be summarized later in this paper. Local
government is involved in the initial market development,
but the challenge remains to build a bottom-up mechanism
that allows [armers at the root level to be actively involved.

3.4. Consequences and risks in water transfers

On one hand, farmers lose water that they once used
without appropriate compensation; on the other hand,
cities and industry are thirsty and expect to access more
waler, Both situations have resulted in significant negative
consequences to the regional economy and environment.
Huge losses of food production and economic losses in
industry due to water shortage have been reported every
vear by national and provincial statistics. According to the
estimate by MWR, food production loss in the country is
25-30 million tons, and economic loss in industry is about
200 billion RMB. For the future, risk of even more serious
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socio-economic and environmental loss is apparent if
current practices continue (Jiang et al., 2004).

The government has made various efforts in adequate
and/or equitable water supply across the country, particu-
larly in compensating (armers who have lo reduce
irrigation water use significantly and in assisting the
agricultural areas to undertake new development strategies,
Examples include the compensation to farmers in the
middle stream of the Hei River Basin (Liu et al., 2005) and
farmers in Mivun County, Beijing (Peisert and Sternfeld.
2004). However, whether the compensation is sufficient to
maintain farmers’ income and livelihood and whether it
can be [ully carried oul, remains a concern. It has
been noticed that farmers in Northern China have
been struggling to reduce the income loss due to water
shortage. One effort is using wastewater for irrigation.
Irrigated warea using waste water increased [rom 42
thousand hectares in 1963 to 3.6 million hectares in 1998,
ol which the major is in Northern China, surrounding large
cities such as Beijing and Tianjin (Li et al.. 2005). Using
waste water for irrigation has brought up a high risk
of soil contamination (CER. 1999). Moreover farmers sell
most of the agricultural products such as vegetables and
[ruitg irrigated by wastewater to urban consuniers. which
closes the “pollution cycle™ between cities and nearby
agricultural areas.

Another effort for farmers to reduce food production
loss is te scek help from private entreprencurs to use
deep wells in order to restore irrigation (Lohmar et al.,
2002). Obviously such approaches are neither sustainable
nor adequate regarding public health. When there is no
way to sustain irrigation, the problem is not only with
farmers’ income and the way they depend for life, but
also, more seriously, with the national food production
target. China never wants to sece a large reduction of
food production m Northern China as predicted by
Brown (1995).

Moreover, drinking water supply in rural area of North-
ern China is connected with the irrigation systems. Accord-
ing to Li et al. (2005), water quality for drinking water in
China is worsening due to reasons including excessive use of
chemicals. In those rezions where irrigation water is polluted
or is largely reduced in quantity. drinking water will be
affected in both quantity and quality. The most notorious
age ¢ the extremely high cancer rate in a number of villages
located along some tributaries of the Huai River. Farmers
have used the rivers running around their villages for
drinking and irrigation hundreds of years. but now they find
that not only the water directly taken [rom the rivers, but
also the water pumped from wells nearby the rivers, is
poisonous (news report. visiting a cancer village in the Huai
River Basin, hup://www.people.com.cn/GB/14576/33320/
13321/33754/2919537 html, in Chinese). One could not
guestion the importance of industrial water users. which
have contributed to local economy; however, industrial
water use that ignores the existence ol downsiream farmers
could deplete the basic needs of clean. healthy water for the

farmers. giving the lact that currently the larmers do not
have any treatment lacilities for drinking water supply.

When effective water transfer does nol occur under
water stress, water stress usually causes deterioration of
both water quantity and quality. It is not difficult to
understand why instream flow and deep groundwaler has
been depleted and polluted in Northern China given the
following facts: although agricultural water savings have
not yet been implemented, part of the irrigation water has
already been transferred. and although M&I has received
some water from agriculture, it is still not fully supplied.
Therefore both sides, to sustain irrigated agriculture under
the current irrigation technology level and to maintain fast
growth of economy, drive excessive water withdrawal from
rivers and aquifers. For local governments, the strong wish
for economic development always overrides the responsi-
bility of environment protection.

So far in Northern China the environment. not the
furmers, has borne the largest sacrifices [rom water stress.
From the limited text of this paper. one sees the drying
Yellow River, the second largest river in China, the nearly
“closed” Hai River (litile flow discharge to the ocean).
groundwater depletion in the North China Plain. and
ecosystem degradation in the downstream of the Hei River.
In addition. for many rivers, there is not enough water
available for pollutant dilution, which has partially caused
the water quality problem, and groundwater overdraft in
coastal areas has caused seawater intrusion. Hebei
Province, located in north of the Yellow River and
covering a major part of the Hai River Basin, is a typical
case of the changed water environment in Northern China.
According to Li and Wei (2003), the province changed
itself from a water-rich region in the 1950s to a water-poor
region at present. Filty years ago, Hebei had perennial
rivers with over 3000-km long navigation channels, large
lakes including the well-known Baiyangdian Lake, and
widely distributed wetlands. and the region suffered
frequent disasters of flooding and waterlogging (associated
with land salimization). Today, rivers are dry most of the
time, lakes and wetlands have shrunk and even disappeared
(including the Baiyangdian Lake, “pear]” on the land ol
North China), and the region suffers damages caused by
water shortage every vear. Such a change is caused hy
excessive water consumplion, as well as regional climate
variability and environmental change.

4. Implications for policy reforms

Some choices must be made. Even il inmtially paintul.
properly conceived policies executed correctly can bring
tremendous long-term benefits. Since farmers are the least
able to cope with the policy changes needed Lo rationalize
waler supply. the key solution is then to help farmers to get
ready for the changes, which essentially means that farmers
eanr and will save water. First of all, it is important Lo
replace traditional low-efficiency irrigation systems by
advanced irrigation systems. which has been occurring
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since the 1990s (Henry, 2004). This will strengthen the
physical feasibility for farmers to save water while
maintaining production. The concern is whether the
traditional focus on water supply engineering during the
pagt 50 vear can be switched to water management centered
on cllicient water uses (Boxer, 2001). Second, [armers may
nol volunteer to save water unless they must pay higher
waler prices that at least partially reflect (he costs of
irrigation system updates and the economic value of water.
The economic value of water is much higher when water is
allowed to transter between agricultural and other sectors
than when water use is constramned within agriculture
(Briscoe, 1997). Currently what farmers can afford for
walter is far below the true economic value ol walter in
Northern China. Under their current income level. farmers
are the least able to cope with the price hikes to rationalize
water supply. Therefore, agricultural water saving in China
15 not only a technological problem. but also a socio-
economic problem. which is related to national and
regional agricultural policies and markets and even the
international food markets. For policy makers in China.
efficient agricultural water use needs to be considered
within the [ramework of the nation's gross economy.
A research question is that at what level of income,
farmers’  willingness-to-pay to water will match the
economic value of water assessed from the gross economy
of Northern China. Starting in 2006, the Chinese govern-
ment stops levying agricultural taxes. The impact of this
change will be positive and broad although it will take time
to emerge. It is expected that such measures. if they are
stable, will enable farmers to pay a reasonable price for
water so that water prices can become an effective
economic incentive for water saving.

Third. an institutional establishment is needed to allow
fFarmers and other groups to fairly exchange water. The role
ol government in water transfers has been demonstrated in
this paper. At least for now and in the [oreseeable future,
administrative means ol walter allocation will take the lead
with other means such as water markets as a supplement
(Turner and Hildebrandt, 2005). Appropriate governance
is still needed to guide and manage the ongoing water
transfers. In particular, the mechanism is expected to
provide a negotialion and mediation mechanism [for
officials and representatives from competing sectors (o
resolve the conflicts, and to protect the benefits of all,
especially the weak groups. Many provinces and munici-
palities are promoting reforms to merge the functions of
dilferent water management units into a single authority,
called Water Affairs Bureau (WAB). At the root level of
irrigation management, the government has been sponsor-
ing the development of water users associations (WUA).
who not only take charge of water allocation among
individual farmers within & WUA, but also represent a
group ol farmers (World Bank, 1997).

Fourth, delineation of secure and consistent water rights
for various water users will be the basis for equitable water
transfers among farmers and other groups. According to

Wang (2003). implementing water rights and water markets
seems to be a long-term target for the so-called “resource-
based water resources management’ being promoted by
the MWR in recent vears. Although formal water markets
are still in the experimental stage in China. they are
increasingly playing an mmportant role to solve waler
conflicts (Turner and Hildebrandt, 2005: Liu. 2004). Water
researchers and managers in the western world might be
curious about the rapid spread of the western economics
based water management approaches in China. which have
even not been very successtul in their countrics. Given the
extensive studies and practices sponsored by the govern-
ment of China, the results and impacts might be worth of
attention as time goes on. The involvement of government
and administrative institutions in the markets under
development is particularly interesting. There are some
demonstration examples for market-based water alloca-
tions, which have been widely posted and discussed in
China (Liu, 2004), A typical example of agricultural water
right transfer to M&I in China has occurred in areas along
the Yellow River. the Inner Mongolia Autonomous Region
and Ningxia Hui Autonomous Region. In these regions,
agricullure uses more than 93% of the water, with the aged
irrigation infrastructure resulting in lower water use
efficiency. During the past decade, as many other regions
in China, there has been growing M&I demand under rapid
cconomy development, and the total water usage in these
regions has reached their allocated guota determined by
Water Allocation Programme applied to the main channel
of the Yellow River. Therefore, water transfer becomes a
critical issue for the economic development in the region,
To guide, formalize, and promote water rights transfer, the
MWR issued the Guidelines for Tentative Waler Rights
Transfer in Mongolia Autonomous Region and Ningxia
Hui Autonomous Region along the Yellow River Main
Stream. Following the Guidelines, the Yellow River Water
Resources Commission formulated the “Yellow River
Water Rights Transfer Management Procedures (Tenta-
tive).” particularly applied to the upstream regions. The
procedures include guarantecing the domestic nceds,
matching the basic ecological water requirements, adapting
advanced irrigation systems. and realizing compensations.
By May 2004, eight large industrial projects in the two
regions have signed agreements of intent for water rights
transfer. with a total compensation of 360 million RMB,
Other transfers have occurred between administrative
regions. In Zhejiang province, water use right trading was
mtroduced between two cities, Dongyang and Yiwu in
2002. Dongyang is relatively rich in water resource while
Yiwu is short in water supply. The two cities, through
consultations, signed an agreement on transferring the
water use right of Hengjin Reservoir of Dongyang to Yiwu
at an agreed-upon price. Another example is with the
Zhanghe flowing through Shanxi, Henan and Hebei. The
three provinces. have settled their dispute over water
allocation through an agreement. Changzhi City in Shanxi
provinee, located in the upper stream of the river. agreed to
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supply water from its five reservoirs to Hebei and Henan at
a mutually acceptable price. Through these demonstration
translers, the involvement of government as a regulator is a
sign that local governments start to build up more formal
markets based on the informal markets. which have existed
for long time. On the other hand, it also shows the
important role of government in the waler transfers
between sectors and between regions. Local governments
usnally act as buyers or sellers in the trades between two
administrative regions. Although water markets are certain
to develop further in China, there is no doubt for people
both inside and outside China that water markets will
simply supplement the administrative allocation methods
in the foreseeable future belore consistent water rights are
mature in China,

Fifth, given the current serious situation ol environ-
mental flow depletion, it is critical to restore, at least
partially, environmental flow to prevent irreversible en-
vironmental disasters. Facing the risk ol environmental

damage, China is beginning to recognize the spirituality of

“human harmony with nature.” which is rooted with
Chinese historical ethics of Confucius. This is a philosophy
emphasizing education, mastery of natural phenomena,
discipline, and social harmony. as well as Taoism, a
philosophy of non-mterference (Li et al. 2004). As
illustrated by the environmental flow restoration in the
Yellow River and the Hei River. projects have been
initialized in Northern China. Although current measures
under administrative orders impose large transaction costs,
they show some positive signs for the restoration of
environment. The challenge will be to convert the short-
term emergency measures into long-term. sustainable water
management and regional development plans (Liu et al..
2003). To balance environmental flow requirements and
offstream water consumption will be a long-term strategy
in Northern China [rom generation (o generation,
Finally, there will be some challenges for national
agricultural policies facing unavoidable agricultural water
transfer. A major tension behind the water stress is the
premise of flood sell~sufficiency in China, which is
important for China with a population of 1.4 billion, but
also for the entire world given the concern of Brown
(1995) —*“who will feed China?" However. there is no
doubt that with the growth of" China’s economy. the
solutions to the problems related water and food must be
Hexiblé. When there is no way to hit all targets of food
production. environment restoration and non-agricultural
water demand. a compromise solution must be found. In a
preliminary study, Cai and Rosegrant (2004) explored
some strategics for sustainable groundwater use in North-
ern Chma given the fact that groundwater depletion is
already a serious problem in the region. It was found that
(o reduce the current groundwaler use o a sustainable level
by 2005, Taod production in the Hai and Huang (Yellow)
River Basins would decline by 15% and 9%. respectively.
Although improvements of walter use efficiency directed at
overdrafting basing could. in theory. compensate the food

production declines, they would be unlikely in reality due
to technology constraints. In light of this lact, will it be
possible for the Chinese government to reconsider the [ood
sell sufficiency policy. taking into account food production
conditions in China, food security, environmental sustain-
ability. as well as international food markets? This paper
concludes with a potential alternative that could eliminate
the growing water stress in Northern China and provide
smooth water transfers between agriculture. thirsty cities,
industry. and the dried-up environment. It should be taken
as a research suggestion, not a policy to challenge the
national food self-sufficiency policy. The international
communily 1§ now exploring the policy implications of
“virtual water flow™ (Allan, 1998). which basically means
water is transferred from one country or region to another
with food export/import. The concept of virtual water links
a large range ol sectors and issues that revolve around
relieving pressures on water resources, ensuring [ood
security. developing global and regional water markets.
In the fluture, higher international food demand may
increase food commodity prices, which will hurt poorer
countries that must import food. The ideal result of a
global strategy of virtual water flow is that more food will
be produced in those countries with enough water for crop
growth. so that the impact of higher demand (increasing
prices) will be balanced by the impact of higher production
(decreasing prices) in the international market. Hoekslra
and Hung (2002) identified China as one of the top ten
countries that import virtual water. Regarding such an
international virtual water market, China faces both
challenges and epportunities. China's recent ascension to
the World Trade Organization may provide larger oppor-
tunities to begin discussing such options. A better under-
standing of the role of water in economic growth n
Northern China, the trade-ofls between equily and
efficiency in sectoral water allocation, and the range of
possibilities for institutionalizing water allocation decisions
would serve Lo betler inform upcoming critical decisions on
inter-sectoral transfers.

5. Conclusions

Water stress in Northern China 1s characlerized wilh
major, inelficient irrigation water use and rapidly growing
non-agricultural water demands, as well as limited water
quantity and declining water quality. Waler usc in the
region 1s undergomg (ransfer from agnicultural to M&I
sectors. Currently part of the economic loss and environ-
mental damage due to water stress can be considered
as a consequence of water transfer failures. ineluding
the current transfers which hurt larmers™ livelihood and
income. and the needed transfers, which industry and cities
have been waiting for but have not received. Successful
waler transfers in Northern China imply thal farmers usc
less water to produce even more [ood. However, currently
farmers cannot alTord the costs of water savings and their
willingness-to-pay to waler is far below the economic value
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of water assessed from the gross cconomy of Northern
China.

Policy implications for successful water transfers include
the improvement of irrigation systems, the use of feasible
water prices. establishment of effective water management
institution, delineation of secure and consistent water
rights, restoration of environmental flow. and reconsidera-
tion of national agricultural policies. These long-term
planning strategies allow people in China to take time to
perform trial-and-errors. Due to the strong water bureau-
cracy in China and the need of capacity building in water
management, a “smooth” water transfer will take a long
time—although some gradual progress can be expected.
Whereas some actions are needed right now to avoid
serious social instability. First of all, the basic water needs,
including those for drinking and ordinary living (Gleick.
1996), should be protected firmly for farmers and also for
residents in cities. For this purpose. some transfers that
deplete farmers” waler below their basic needs should be
prohibited, and for the same purpose, some transfers must
be undertaken to ensure the basic needs of residents in
cities during drought periods. It will be necessary for
government agencies to conduct careful monitoring and
quick responses to water transfer events that impact the
basic needs of humans.
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Abstract

This paper presents a practical risk assessment methodology to provide drinking water infrastructure (DWI) decision-makers with an
ohjective risk assessment tool. The purpose of this risk assessment tool is to maintain the desired level-ol=service or svstems reliability
[7(/1]. while manuaging the financial uncertainty ol the expected budgetary impact within the capital improvement program (CIP). The
goal ol this paper is 1o demonstrate the value of an objective risk assessment tool for estimating the DWI decision-maker’s seusitivity Lo
the risk of systems failure (R). The objectives are to; (1) incorporate probability of systems fatlure [p(f)) into the C1P budgetary analysis
process and (2) evaluate the affects ol p(f) on the expected CIP budgetary outcome, The magnitude of the expected budgetary impact is
managed through the DWI decision-maker’s sensitivity to R, which is represented by the level of the rate of reinvestment (RR). The
expected result of the proposed risk assessment (ool demonstrates that by proactively managing £ to maintain a desired r(f) will
effectively manage the impact of uncertainty on the expected budgetary outcome within the CIP. The expected contribution of the
practical risk assessment methodology is to provide DWI decision-makers with the ability to reduce budgetary uncertainty when
allocating limited financial resources among competing operational. repair. maintenance. and expansion activities within the CIP. The
conclusions of the paper reveal that i DWI decision-makers assume risk-avoidance positions through proactive asset management (AM)

strategies. they will achieve positive affects on expected budgetary outcomes.

i 2007 Elsevier Lrd. All rights reserved.,

Reviwords: Risk assessment: Assel management

1. Introduction

Under their current philosophy drinking water infra-
structure (DWI) decision-makers attempt to manage the
risk of systems failure (R) through deterministic trial and
error approaches that provide inefficient solutions (Wu
clal., 2001). These deterministic trial and error approaches
typically exclude uncertainty and access individual DWI
component [ailures as a [unction of age. length, and service
for u given distribution network configuration at a specific
poinl in time (Silinis and Stewart. 2003). The algorithms
for these methods generally use simple performance
deliciency prioritization rules to setup skeletal preventative

“Corresponding author. Tel.: +434 384 7845: fax: 434 386 5690,
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maintenance (PM) programs (Quimpo and Wu. 1997:
MecKay et al.. 1999). These skeletal PM programs are then
further enhanced by incorporating linear or power laws
that enable PM activities to be calibrated against historic
DWI component failures (Franks. 1999),

Historically, Hastak and Baim (2001) found that the
chosen methods for managing a systems performance were
driven by politically sensitive solutions that chose DWI
expansion alternatives lor economic development activities
rather than optimizing tradeolfs among compeling DWI
maintenance. repair, and rehabilitution activities to main-
tain a desired level-of=service or systems reliability [#()].
This lack ol interest for managing r(f) was acerbated by the
practical issues of actually estimating R that include: (1)
evaluating the benefits for optimal financial tradeoffs
among competing DWI reactive and proactive mainte-
nance activities (Silinis and Stewart, 2003); (2) selecting the
optimal rate of reinvestment (RR) over the life cvele ol
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critical DW1 components (Booth and Rogers, 2001); (3)
identifying a set of optimal rehabilitation improvements [or
a given distribution network configuration (Wu et al.,
2001); (4) prioritizing the efficient allocation ol limited
financial resources to maintain a desired r(f) and extend the
service life of critical DWT components: and (5) analyzing
the interrelationships among complex risk faclors and
associated DWI component costs (Hastak and Baim,
2001).

The lack of ability to actually estimate R within the
existing DWI methoeds requires developing new methods
that: (1) facilitate integrated solutions through systems and
multi-objective decision analysis techniques (Stern and
Kendall, 2001); (2) incorporate complex environmental
influences such as soil type, trench construction. water
chemistry, piping material, etc. within existing methods
(Franks, 1999): and (3) optimize tradeoffs between r(/) and
associated costs among competing DWI scheduled main-
tenance (SM) and emergency repair (ER) activities (Wu et
al., 2001). Accurately estimating R will provide DWI
decision-makers with a time-dependent snapshot of the
physical deterioration of the critical DWI components.
This time-dependent snapshot ultimately provides deci-
ston-makers with an efficient maintenance and rehabilita-
tion roadmap lor reliable systems operations at the lowest
possible cost (McKay et al., 1999).

Although history suggests that few DWI decision-
makers were interested in a probability formulation for
estimating R. new financial rules. such as the General
Accounting Standards Board (GASB) Rule 34 issued in
June 1999, are changing their mindset. GASB-34 requires
public services. such as DWI utilities. to develop viable
asset management (AM) programs (Booth and Rogers,
2001). The purpose of these AM programs are to preserve
the life and [unction of critical assets by optimizing the
allocations of limited DWI operational, maintenance. and
capital resources. Stern and Kendall (2001) and Booth and
Rogers (2001) concluded that the implementation of a
viable AM program for DWI1 will result in fiscal savings of
20-40%.

These potential fiscal savings, alone, provide sulficient
justification for DWI decision-makers to develop new AM
programs that incorporate attributes for uncertainty. These
AM programs utilize methods, such as integrated quality
approaches. to facilitate coordinated and comprehensive
processes that cstimate R for managing DWI assets (Stern
and Kendall. 2001). The integrated quality approach of
AM programs seeks (o maintain a desired r(f). while
111fuimi'ziug the total cost lor owning and operating the
DWI  aggets. However. before an integrated quality
approgch can be implemented by DWI decision-makers.
l}icy must understand the role that uncertainty plays in the
estimation of K.

This paper preseits a practical risk assessment metho-
dology for estimating R to provide the DWI decision-
maker with an objective risk assessment tool. The purpose
ol this objective risk assessment tool is to maintain the

desired r(f). while managing the financial uncertainty of the
expected budgetary outcome within the CIP. The magni-
tude ol the expecled budgetary outcome is managed
through the DWI decision-maker’s sensitivity to R, which
is represented as the level of the systems” RR. The expected
result of the proposed risk assessment tool demonstrates
that by proactively managing R to maintain the svstems’
rif) will effectively manage the uncertainty of the DWI
systems’ expected budgetary outcome within its” CIP.

The limitations of the proposed objective risk assessment
tool are that the: (1) underlying principles are applicable to
only DWI. Additional theories would need to be evaluated
for other industries: (2) decision response alternatives only
evaluate three discrete risk sensitivities rather than
evaluating a stochastic distribution of risk sensilivities;
and (3) value is demonstrated through a generic example
caleulation rather than actual case study. The objective risk
assessment tool needs to be verified and validated through
the application of extensive case study analyzes.

The paper’s discussions of the practical risk assessment
methodology begin with an overview of the concepts of risk
analvsis. Next, the existing methods for estimating R are
evaluated and combined within the proposed risk assess-
ment methodology. Next, the applicable theories for
estimating R and r#(f) are formulated into the objective
risk assessment tool. Finally, the value of the objective risk
assessment tool is demonstrated through a set of example
caleulations for a conceptual DWI system to show the
ability of the DWI decision-maker to manage the expected
budgetary outcome within the CIP.

2. Risk analysis concepts

Traditional risk analysis is undertaken to improve the
quality of information that the DWI decision-maker
utilizes by examining the uncertainty of decision response
alternatives. The risk analysis is performed by calculating
the magnitude of risk for an individual risk factor and/or
cumulative risk. The cumulative risk is represented by the
summation of the individual risk factors times the relative
weight of the respective risk lactors (Haslak and Baim.
2001). A comprehensive risk analysis should quantitatively
understand the risk factors. their intermediate/final impacts
on cost, and the actions o mitigate their impact (Ezell
et al.. 2000).

Haimes (1998) suggests that risk assessment looks al what
can go wrong as well as its likelihood and consequences.
Hastak and Baim (2001) define imfrastructure nsk as the
product ol the probability of system failure p(f) and
associated costs of returning the system to service. This
mathematical relationship is represented as R = p(f)xC.
where R 15 defined as the risk ol infrastructure system
failure: p(/f) is defined as the likelihood or probability of the
systems” failure: and € is defined as the economic-value of
returning the failed system Lo service. The economic-value of
an DWT's p(f) is calculated as the total service expenditures
in terms ol equipment, material, and labor costs that are
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neeessary 1o return the system 1o its normal operating
condition.

DWI  systems’ uncertainty or R s delined as the
likelihood or probability that the DWT utility [ails to
provide water on-demand o 18 customers. The DWI
decision-maker either: (1) waits until critical DWI compo-
nents fail and then expeditiously completes un ER activity:
or (2) performs SM activities on eritical DWI components
prior Lo its lailure. These are receptlacle decision response
alternatives that provide the DWI decision-maker the
ability to balance the expected CIP budgetary outcome on
an annual basis.

The decision response alternatives for the deterministic
SM activities are the known or controllable costs that can
be delayed by the DWI decision-maker in response to their
atfect on the expected CIP budgetary outcome. However,
delaying 8SM acuivities on critical DWI components
adversely affects the p(f) over the life of the DWI systen.
Correspondingly. as the p(f) rises. the level of the stochastic
IR activities increases. Lauer (2001) found that balancing
stochastic ER activities with deterministic SM activities is
the key to minimizing the overall DWI maintenance and
repair (MR) costs.

The decision response alternatives for the stochastic ER
activities are uncertain or uncontrollable costs that are

determined by the p(/). It is the randomness in the level of

the ER activity costs that create the R for the DWI
decision-maker regarding its cumulative affect on the
expected CIP budgetary outcome. This situation is
acerbated further by the fact that ER aclivily costls are
paid at overtime or premium rates. These premium rates
are charged for the ER activities because they reguire
immediate attention causing incredsed costs for shifting,
expediting. and/or providing extra personnel. matenals,
and equipment on a moments notice. The € ol the
premium cost of the stochastic ER activity tvpically range
from 1.5 to 2.0 times the cost ol the deterministic SM
activity.

This proposed objective risk assessment tool defines the
DWI  decision-maker’s sensitivity 1o R by specaifying
corresponding levels of RR. A risk assessment 1s perlormed
utilizing threc decision response alternatives that are based
on desired risk-sensitivity in terms of low, medium. or high
RR. The goual of the objective risk assessment tool 18 to
demonstrate the value of estimating the DWI decision-
maker's sensitivity to R. The objectives are to: (1)
incorporate pif) into the CIP budgetary analysis process:
and (2) evaluate the allects of p(f) on the expected CIP
budgetary outcome.

3. Existing methods

Many professional and governmental agencies have
published assessments and projections for the nation’s
DWI needs over the next 20) vears, These need assessments
have shown that the current DWI 18 in a state of general
disrepair and substantial funding above the current levels

will be required to maintam the DWI at acceptable #(f)
through cost-cffective CIP. To further compound the
current needs dilemma the DWI competes for himited
resources with the other critical public infrastructures for
transportation.  schools, wastewater, solid-waste, and
energy,

The American Socicty ol Civil Engineers (ASCE)
published their Report Card on America’s Infrastructure
in March 2001, This ASCE (2001) report gave America’s
infrastructures an overall grade of D+ and identificd a
S-year total infrastructure investment need of $1.3 trillion.
Specificallv. the DWI consisting ol approximately 34,000
community water systems (CWS) will face un annuul
investment shortfall of §11 billion for replacement and
compliance requirements. The ASCE repor( recommended
immediately increasing the federal funding levels by an
additional $3 billion per year under the Safe Drinking
Witer Act (SDWA). The ASCE (2001) report also
recommended the creation of 4 water trust fund to ensure
sustainable funding for the projected infrastructure needs
as well as a source of associated mnovative limancing
mechanisms  to develop public/private partnerships to
encourage a steady influx of new capital lor technological
advancement.

The Environmental Protection Agency (EPA) completed
its /999 Drinking Water Infrastriucture Needs  Survey
(DWINS) in February 2001, The EPA (2001) report
surveyed approximately 54.000 CWS and 21400 not-
lor-profit non-community water systems (NCWS) for their
respective infrastructure needs. The EPA (2001) report also
documented a 20-year capital investment need of §150.9
billion for public water systems that are cligible to receive
funding under the State Revolving Fund (SRTF) program.
The EPA (2001) report found that S31.2 billion is directly
attributable to specific SDWA regulations. The EPA (2001)
report also documented that the average age of the DWI
network is estimated to be hetween 30 and 100 vears.

The continued aging or deterioration of the DWI
network is the primary reason for the projected hnancial
needs as documented in the Walter Infrastructure Network
(WIN) Coalition report entitled, *“Safe and Clean Warer for
the 215t Centuryv: A Renewed National Commitmient 1o the
Water and Wastewater Infrastrucrure” in April 2000 and in
its follow-up report entitled. = Water Infrastructure NOW:
Reconmendations for Clean and Safe Water in the 21st
Ceprry™ in February 2001, These WIN (2000, 2001)
reports argue for a combination ol federal, non-federal.
and private solutions for the resolution of the mfrastrue-
ture-funding shortlall. The WIN (2000) report suggests
that the economic and political history ol general mlra-
structure investment has precedent for providing clean
water under the Clean Water Act (CWA) and safe water
under the SDWA.

The WIN (2001) report recommends a number of ways
the federal government might take a leadership role.
including research grants, water trust funds. low-interest
loans, and incentives lor private nvestment. Without a
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significantly enhanced federal role in financing the drinking
water and wastewater inlrastructure, critical investments
will not oceur. Failure to meet the clean and safe water
investment needs of the next 20-years risks reversing the
environmenial. public health, and economic gains of the
last three decades. Since lederal government subsidy
programs are down 75% from 1986 levels. local govern-
ments and ratepayers must {und approximately 90% of the
clean and sale water infrastructure costs while grappling
with competing needs for new schools, law enforcement.
and social services (WIN. 2001).

The current financial health of the nations CWS sector
is documented by the EPA's 1995 Nation-wide Community
Water Systemi Survey which was compleled in January
1997. The results of the EPA (1997) survey revealed that
the CWS sector spent $32 billion from 1986 to 1995 on
CIPs. On average the 1995 CWS sector’s AM activities
spent approximately 20% on water quality (WQ) com-
pliance, 30% on MR activities, and 50% on scheduled
replacement (SR) improvements. On average the 1995
CWS sector completed MR activities on approximately 2%
of their respective piping networks: In addition, the 1995
CWS sector completed SR activities on approximately 2%
ol their respective piping networks. The WQ, MR, and SR
activities within the CIP compete for the same AM
program dollars.

The aging of the DWI system. along with increasing
competitive pressures and customer demands, are forcing
public water services to develop effective AM programs
such as the GASB-34 requirements for maintaining service
elficiency and product reliability while meeting quality
standards and containing service costs (Booth and Rogers.
2001). The public water services are looking to AM
programs to provide integrated solutions to improve the
service efficiency and product reliability by balancing the
MR activitics s a function of the SM and ER needs (Stern
and Kendall, 2001). It 1s generally accepted that as the
DWI system ages the occurrence of stochastic ER activities
increases due to the adverse impact of physical. chemical,
and biological deterioration forces. Additionally. as the
requency of stochastic ER activities increases. the SR
improvements of the aging DWI system become the more
viable option (Silinis and Stewart, 2003).

DWI needs may range [tom stochastic ER activities for
maintaining the #(f) to SR improvements for creating new
apacity for present and projected demand. The ability to
pay may range [rom public drinking water utilities with
strong bases of commercial and affluent users to those with
large bases of government services and low-to-moderate-
income residential users, Managing the DWI requires
decision-makers to manage the old as well as to build the
new. They must know about governance. public health,
cnginecring, operations, and p@litics as well as economics
and finance. The DWI problems discussed in the public
forum are only 3% technical; 93% ol the focus is on
hinance, public acceptance, and environmental impacts.
I'here are abundant opportunities in the DWI arena to take

lead roles in defining issues, creating solutions, explaining
Lo public. and leading the holistic implementation process.
Grigg (1999) and Means (2001) stressed that communicai-
ing the critical nature of DWIs WQ. MR. and SR activities
under the CIP is paramount for the fundamental survival,
public-health protection, economic development. and
quality of life of America’s people.

Craun and Calderon (2001) emphasized the importance
ol adequately maintaining DWI1 systems. Craun and
Calderon (2001) found that since 1995 DWI deficiencies
have been responsible for 453% of all waterborne disease
outbreaks reported by the nation’s 54.000 CWS. The DWI
system deficiencies involved chemical and microbial con-
tamination through cross-connections, back siphonage,
inadequate separation. contaminated storage facilities,
water main repairs. water main construction, and meter
installation (Craun and Calderon, 2001). To reduce the risk
of waterborne disease cutbreaks more attention needs to be
placed on the preventing of contamination of the distribu-
tion system through an optimal combination of corrective,
preventative. and proactive maintenance policies.

The DWI system is aging. which contributes to water-
borne disease outbreak and reduced r(f). Sulficient CIP funds
consisting ol WQ, MR. and SR budgetary components
should be allocated for the routine inspection, repair, and
expansion of water mains and storage facilities as well as the
SR of the older infrastructure. To reduce the potential for
distribution svstem outbreaks and failures. drinking water
utilities must maintain adequate waler Ppressures, repair
leaking mains, maintain chlorine residual, adopt cross-
connection programs, include inspection programs. ade-
quately disinfect afler construction work, and increase
corrosion control efforts (Craun and Calderon. 2001).

Scharfenaker (2001) complements the growing body ol
related research by estimating the nation’s projected invest-
ment need to replace burted DWI pipes and associated
appurtenances. Scharfenaker (2001) forecasts DWI repair
and replacement expenditures based on how such assets wear
oul over their expected life spans. The historic investment
pattern lor US drinking water utilities shows: (1) local
revenue financing is resulting in a steady accumulation of
“invisible replacement liability™ through deflerred MR
decisions: (2) changes in pipe manufacturing techniques has
resulted in a significant drop i life expectancy: (3) specific
short-term facility upgrades concentrated on compliance
with the stringent SDWA water quality standards over the
last 25-years; and (4) demographic change places a severe
financial strain on public DWI systems and has resulted in
the projected “replacement gap” in many areas of the
country. Scharfenaker (2001) estimates DWI expenditures 1o
be approximately 5250 billion over the next 30 years.
Drinking water utilities must develop innovative ways to
close this “replacement gap™ Lo ensure the continued delivery
ol sale water by transitioning from & path of repairing their
pipe networks to cost-effectively replacing huge amounts of
buried infrastructure that is now al the end of s life
(Scharfenaker, 2001).
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Scharlenaker (2001) recommends three steps to close the
“replacement gap™ and associated “affordability gap™ (1)
developing a comprehensive local strategy to assess the
condition of the infrastructure: (2) reforming state pro-
srams so that they are required to use federal funds in a
limely. efticient, and effective manner: and (3) increasing
lcderal ussistunce by expanding the existing SRIF programs
and ereating new (unds to stimulate research for more
ellicient mandagement and technologies. Fatlure Lo accu-
rately predict the approprate RR for the DWI system risks
severe p(f) detertoration adversely affecting the financial
stability of the public drinking walter utilities.

Optimizing the financial tradeotfs between the compeling
corrective. preventative. and proactive mamtenance activities
of the AM program subject to nummizing the adverse
impacts on the expected CIP budget oulcome emphasizes the
importance of DWI system maintenance m the ellectivencess
of the overall system safety and reliability (Stern and
Kendall, 2001 Silimis and Stewart. 2003). Many quantitative
analysis methodologies utilize mathematical representations
to model the complex physical. chemical. and biological
deterioration processes that adversely affect the DWTs #1(/)
(Quimpo and Wu 1997 McKayv et al.. 1999; Franks. 1999:
Wu et al., 2001; Stern and Kendall, 2001: Silinis and Stewart.
2003). These quantitative analysis methodologies provide
objective and repeatable procedures to justuly CIP budgets
that effectively allocate dollars. extend asset life, and plan
programs o maintain the systems’ (7). However. they do not
incorporite risk assessment into their respective quantitative
analysis methodologies.

More recent quantitative analysis methodologies incorpo-
rate risk assessment and management techniques to facilitate
decision analysis by highlighting tradeofTs among individual
risks factors and associated mitigation cost impacts (o
clfectively manage infrastructure assets (Hastak and Baim,

2001: Ezell el al.. 2000). However, the stochastic nature of

the DWI systems” deteriorution processes adds considerable
complexity to these quantitative analvsis methodologies
requiring substantial technical and modeling expertise. While
the required DWT system mvestment 15 daunting in size. it
credles an opportunity Lo sensitize the consumers and
decision-makers ol the opportunities ol strategic  risk
mdnagement as communities dilfer in their DWI needs.
ability (o pay. and ability to manage #(f). This paper
demonstrates an objective risk assessment tool for maintain-
ing a desired r(/) while managing the expected CIP budgetary
outcome. The ability to manage (/) by mimmuzing the p(f)
may range from instituting high remvestment strateges 1o no
remvestment strategies due to Iimited budgets.

4. Theory

The discontinuation of the current state of disrepair of

the DWI system requires the prioritization of corrective.
preventative. and proactive maintenance activities within
the C'IP? budgeting process to ensure the effective allocation
of limited resources (Li and Haimes. 1992). The DWI

system 18 now nearly 100 yvears old with at least 26% of the
drinking water mains constructed of unhned east iron and
steel piping. These drinking watcr mains have greatly
reduced carrying capacities and are rated in poor condi-
tion adversely impacting the current DWT systems™ 1)
(Kirmeyer el al.. [994).

The priontization ol
proactive maintenance activities within the CIP budgeting
process is the basis [or the development of the DWT risk
assessment  tool. The DWI sk assessment  tool  1g
characterized by three risk-sensitive decision  response
alternatives. which are described in Table 1.

The Nufl or corrective decision response assumes thal the
pf) is high and decision-maker’s risk sensitivity is low
because low levels of SM or PM activities are planned to
mitigate the pif) due to infrastructure deterioration. The
associated r(f) s adversely affected because the ER or
corrective mamtenance activities are performed only alter
the DWI svsiem [ails.

The Traditional or  preventative  decision  response
assumes that the pif) 1s medium and decision-maker’s risk
sensitivity s medium because medium levels of SM or PM
activities are planned to mitigate the p(/) due to inlra-
structure deterioration. The associated r(f) remaing stable
since the level ol ER or corrective maintenance activides is
muarginally reduced by the SM activities.

Fially. the Straregic or proactive decision response
assumes that the p(/) is low and decision-maker’s risk
sehsitivity s high because high levels of SM or PM
activities are planned to prohibit the p(f) due o nfra-
structure deterioration. The #(/) increases since the level ol
ER or corrective maintenance activities is substantially
reduced by the SM activities,

The basic relationships between an infrastructures’
maintenance [requency (ME) and systems’ performance
are discussed in detail by Nelson et al. (1999) in an EPA
report entitled: = Optimization of Collection System Main-
tenance Lreguency and System Performance.” These re-
lationships are diagramed in Fig. 1.

The Nelson et al. (1999) methodology involves the
following assumptions:

carrective, preventative, and

(1) The average mlrastructures” life expectancy is assumed
to be 100 vears with a salvage value of 23%,. The

Tahle |

Deseription of the drinking water mfrastructure (DW1) decision response
alternatives a5 o function of the level of the probabbty ol svstem [alure
piL sk sensivity: ol the deciston-maker. and expected level @l 1he

CIMErLCney. feplr activities

Decision responses M Risk Emergency
sensilivily repairs

Null (eorrective) High Low High

Traditional Medium Medium Medium

[prevenlative)

Strategic (proadlive) Low High L
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Fig. 1. Graphical representation of the lingar relutionships hetween the

DWI systems’ age (yedrs) and level-of-serviee (% likesnew performance) as

u Tunction of the system degradation und reinvestment rates. Sonrce:

Nelson, R.E.. Hsiung, P.H.. and Witt, A.A.. Optimization of collection

sistens meaintenance Jrequency and system performance. EPA Cooperalive
Agreement No, CX-824902-01-0. Washington, DC. February 1999,

average infrastructures’” unit value is assumed to be
$100 per linear foot of pipe. The rate of the
infrastructures’ deterioration is assumed to be $0.73
per linear foot per year. Based on these assumptions the
rate of system degradation (SD) is represented by the
following linear relationship: 8D = §100—($0.73%.X),
where the (x-axis) value is equal to the average age of
the infrastructure network in vears.

(2) The r(f) or associated (y-axis) value is assumed to be the
percentage of the “like new™ systems’ performance. The
“remaining” svstems” value is a function of the average
MF and systems’ age. The percentage of the “like-new™
systems” performance is assumed to represent the
infrastructures” current r(/). The infrastructures” MF
is assumed to be the number of years Lo return the
infrastructure to 100% or a “like-new™ systems
performance level given a specific level-of-maintenance
activities as represented by the chosen level ol RR.

(3) Infrastructures” MR program is defined as ongoing ER
and/or SM activities that include actions that retard or
correct the deterioration ol the inlrastructure system.
The infrastructure systems’ level of maintenance or RR
is defined as the percentage of systems’ rehabilitated
within a given time period or MF.

(4) The infrastructures’ RR Is assumed to be the inverse of
its” maintenance frequency (MF). The RR or |/MF
determines the level-of~maintenance activities or per-
centage ol the total infrastructure rehabilitated to
return the system to “like-new™ condition in a given
period of time. For example, a RR = 2% will return
the system to a “likenew™ systems’ performance
condition in MF = 1/0.02 = 50 years.

Fig. 1 1g utilized to estimate the expected infrastructure
systems” 1) given the average rate of system degradation
(8D) and reinvestment (RR) assumptions that are specified

in the EPA (1997) survey. The methodology steps include:
(1) drop a vertical line from the end of the 2% RR line to
the corresponding point on the SD line; (2) draw
a horizontal line to the desired level-of-service [%
“like-new™ systems’ performance or r(f)] axis; and (3) note
that the r(f) [y-axis] value is intersected at 65%. which
represents the current infrastructure systems’ r(f). There-
fore, given the assumed rate of SD with a 2% RR the
overall inlrastructure systems” r(f) is expected to perform at
65% of the performance level of a similar “like-new”
infrastructure system.

The basic inlrastructure relationships defined by Nelson
et al. (1999) is applicable to critical infrastructures. such as
DWTI systems. The r(f) for DWI systems may be defined as
the probability that the DWI system operates correctly
throughout a specified period of time given the system is
operating at the start of the lime period (Haimes, 1998).
The p(f) lor DWI systems may be defined as the probability
that the DWI system fails during a specified period of time
given the system is operating at the start of the time period.
The relationship between DWI systems’ 1(f) and p(f) values
may therefore be expressed as the p(/) = 1—r(/). Given this
simple relationship. the systems’ #(f) or p-axis value
calculated in Fig. 1 can be expressed as the systems’ p(f)
value over a given I/MF or RR. For example. given the
DWT's average rate of SD in Fig. 1 with a 2% RR [rom the
previous example, a DWI systems’ r(f) value is estimated to
be 65% of the “like-new™ systems’ performance level. The
systems’ p(f) value within the 50-year MF period is
estimated to be 35%. This means that a DWI system with
a 2% RR is operating at a r(f) that is 35% below the 100%
systems’ performance level. In other words. the DWI
system has a 35% chance of failing to operate at least once
throughout the associated 50-year MF period. Therefore,
the level of financial reinvestment plays a crucial role in the
maintenance of the systems’ #(/).

Guignier and Madanat (1999) found that. historically.
the level of financial reinvestment through Lhe infrastruc-
tures’ CIP budget is broken down into competing main-
tenance and improvement activities. Additionally, the EPA
(1997) survey found the CIP budgel for DWI systems is
broken down into: (1) WQ activities for meeting the
systems’ regulatory requirements: (2) MR activities lor
meeting the systems’ customer requirements; and (3) SR
improvement activities for meeting the systems” economic
development requirements within the AM program. The
MR activities consists of CIP budgetary line-items that are
broken down as SM and/or ER activities. The ER activities
retard and/or correct infrastructure deterioration after the
system has failed. The ER activities are stochastic in nature
and vary widely from one year to the next because they are
based on risk [actors such as infrastructure age, malterial,
leakage. water quality, etc. The WQ. SM. and SR activities
consist of CIP budgetary line-items that arc compliance,
maintenance. and replacement activitics that improve
and/or functionally alter the infrastructure system return-
ing it to a “like-new™ condition state. The budgelary
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line-item amounts for these WQ. SM., and SR aclivitics are
determined by the DWI decision-maker [or each budgetary
cyele.

The DWI decision-making problem mvolves balancing
the financial wradeolls between the deterministic WQ.
SM, and SR activities and expected adverse impact
from the stochastic level of the ER activities. while
maintaining the current r(f). As explained carlier, the C
of the stochastic ER activities are quite expensive relative
lo the more cost=cftective WQ. SM. and SR activities,
The DWI decision-maker must answer the following
question: What is the optimum level of the SM activitics
that will maintain the current #(f). while mimmizing
the adverse atfects of the € f(rom the expected level
ol ER activities on the CIP budgetary outcome? There-
fore. the DWI decision-maker must accurately estimate
the expected level of ER activities relative to a chosen level
o' SM activities within thc MR component of the CIP
budget.

To answer the above question a practical risk assessment
methedology is used to develop an objective DWI risk
assessment tool to estimate the impact of p(/) on the
expected CIP budgetary outcome. The following CIP
budgetary assumptions were made for a conceptual DWI
system:

(1) Annual Water Quality (WQ) Compliance Activity

Costs
WQ (5ivr) = Labor—Malerial + Equipment as-
pects.
WQ (S/¥r) = (5/h. S/, $ievent) x (# h. # I, #/
cvents).

(2) Annual Scheduled Replacement (SR) Improvement
Activity Cosly

SR (8/yr) = Labor—+ Material + Equipment as-
pects,
SR ($/vr) = (S/h. $/1. Srevent) x (# h, # 1L 7/
events).

(3) Annual SM Activity Costs
SM (§/yr) = Labor + Material + Equipment as-

pects,
SM (Siyr) = ($/h. §/If, $levent) x (# h, # If. #/
evenls).

(4) Annual Emergency Repair (ER) Activity Costs with
C = 1.5 premium factor
ER (§/yr) = 1.5 x SM.,

(3) Average CIP Costs with ne risk assessment factors
CIP ($/yr) = (0.20):xWQ + (0.3)%(ER 1 SM) +
(0.50)%SR. where assumed component coeffi-
cients must sum to | for a balanced budget.

(6) Annual Maintenance and Repair (MR) Activity Costs
MR ($/vr)= 0.3 (ER+SM). where coefficient
constrained in assumption 3.

MR (8/yr) = (0.3=h)%LER + (h)*:SM, where b is
the selected level of SM activity costs,

MR (S/yr) = (0.3=h)%(1.3SM )+ (h)=(SM).
MR (S/y1) = [(0.3—D)k(L.5) - (5] (SM).

(7) Probability of Systems® Iailure as a function Systems’
Reliability

PUY = 1-rtf).

(8) Risk (R) from Stochastic Emergency Repair (ER)

Activity Premium (osts

R (Siyr) = p(f)xC.
ER (${yr) = p{H%[1.5%SM],
ER ($/vr) = [p(fik ] S%k(0.3—m]%SM. where b is
the selected level o SM aclivily costs.

(V) Average CIP Costs with risk assessment faclors
CIp (Siyr) = (0.20)=WQ ~ (0.30)xMR +
(0.50)%SR. where assumed component coeffi-
cients must sum to 1 for a balanced budget.
CIP (§/vr) = (0.20)xWQ+(0.3)*(LR +8M)+
(0.50)%SR.
cip ($/vr) = (0200 WO+ (0. 3-h)%
(1.3%=SM)+ (h)]#=SM +(0.50)#SR,
CIP  ($/yr) = (0.20)%WQ + (0.3 ) { p(f)1.5)
HSM A+ (h)ESM +((0.30)% SR,
CIP (Siyr) = 02%7T 1 0.3% T 0.3% 7. where 7T
represents the §/)9 values of the WQ. SM. and
SR components.

(10) Objective DWI Risk Assessment Tool

CIP(T) = (02T + [p(f )] 50,3 — by
+ (byT + (0.5)%T. where T in §/yr. (1)

Eq. (1) provides the mathematical foundation for the
objective risk assessment lool, The WQ, ER, SM, and SR
component coefticients for the conceptual DWI systems” CIP
budget are based on national averages (rom the EPA (1997)
survey. Therefore. the assumed values of these coefficients are
specific to the drinking waler scctor. Actual values for these
coefficients for an individual drinking water utility will need
to be verified and validated on a case-by-case basis. The WQ
and SR component coefficients are assumed to be constani
AM activities within the CIP budgel of the conceptual DWI
system. The ER and SM component coefficients of the MR
component are assumed (o be competing activities within the
CIP budgel of the conceptual DWT system.

The objective risk assessment tool assumes that under
normal conditions the DWI decision-maker will re-allocate
limited financial resources between the competing ER and
SM activities of the MR component within the CIP budget
of the conceptual DWT system. The efficient allocation of the
financial resources for the MR component is based on the
decision-maker’s understanding ol the compeling needs 1o
maintain the current /) and balance the expected total CIP
budget. The objective risk assessment ol allows the DWI
decision-maker to set the RR in accordance with his/her level
of risk-sensitivity (low. medium. and high) and determine its
mmpuact on the expected CIP budgetary outcome.

5. Example calculation

To demonstriate the utiization of the objective risk
assessment tool for the conceptual DWI sysiem, as
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illustrated by Eq. (1), three typical DWI risk-sensitive (low,
medium. and high) decision response alternatives are
outlined in Table 1 and defined as follows:

(1) NULL (Corrective): The decision-maker’s risk-sensi-
tivity level is low and selects a RR of 1% that equales
to a systems’ MF of 100 years. Then using Fig, 2. the y-
axis value for the #(/) equals 25%. The corresponding
p(7) is calculated as [=0.23 = 0.75 or 73%.

TRAD (Preventative): The decision-maker’s risk-sensi-
tivity level is medium and selects a4 RR of 2% (hat
equates to a systems’ MF ol 50 years. Then using
Fig. 2. the y-axis value for the r(f) equals 63%. The
corresponding p(f) is calculuted as 35%.

STRAT (Proactive): The decision-maker’s risk-sensi-
tivity level is high and selects a RR of 5% that equates
to a sysiems” MF of 20 vears. Then using Fig. 2. the
y-axis value for the r(/) is 85%. The corresponding p(/)
is caleulated as 15%.

(2

ed

Next, the DWI decision-maker sets the level (0) of SM
activities and caleulates the associated level (0.3—h) of ER
activities relative to his/her risk-sensitivity. It 1s assumed
that the more risk-sensitive the DWI decision-maker the
higher the level of SM activities within the MR component
of the CIP budget. The three DWI risk-sensitive decision
response alternatives with associated levels of SM and ER
activity are shown in Table 2.

The selected level (h) of the SM activities represents the
ability of the DWI decision-maker (o manage (he
magnitude of adverse affects on the expected total budget-
ary oulcome. The magnitude of adverse affects on the
expected total budgetary outcome is mitigated by decreas-
ing the expected level (0.3-h) of the ER activities within
the MR component of the CIP budget. In other words.

100 =
90 1
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30
JI(_ ===l {1%%)

=== Traditional {2%) |

10 1/ - —
/ —— Slragetic (5%) ,I

] T ' T T T i

20 30 40 50 60 70 80 90 100
System Age (yrs)

—— Systain Degradation ($fiyr) |

Level of Service (%)

Fig 2. Graphical representanon of the three DWI risk-sensitive decision

vesponse aleraative reinvestment tate (%) assumptions as u function of

(he systems™ age (vears), level-ot=service (Yo like-new performanee). and
rata of systom daerndation. Sonree: Nelson, RE.. Hsung. PLHL. and Wi,
AN {)I.{Jn'."m':mftm ”."r‘ cotlocedon NLwECn R EOHTee Iﬁ'('q’mﬂn g5 ceaiel S1sfem
pertorninee. EPA Cooperative Agreement No. CX-8Z4902-01-0. Wa-
n;hl'ngtnn. D thruur)-‘ [

(dowrral of Envivenniental Managenient &7 1 2008 26 =1

(5]
i

Tuable 2

Thtee DWT risk-sensitive decision response allernatives as 4 function of
the level () ol scheduled maintenance, and associated level (0.3-4) of
emergency repatr activities withm the maintenance and repiir component
ol the capital impravement program budget

Decision response alternutive SM=1b ER = 0.30—b
Null (low risk-sensitiviry) 010 .20
Traditional (medium risk-sensitivity) (.20 010
Strategie (high risk-sensitvily) 023 oS

there exists a correlation such that as the selected level (b)
of SM activities increases the level (0.3—0) of ¢xpected ER
dctivities decreases within the MR component of the CIP
Budget. By increasing the level of SM activities through a
higher RR. the DWI decision-maker is effectively mana-
aing Lhe systems’ (/) by decreasing the expected level of the
costly ER activities,

Finally. using Eq. (1). as developed under the conceptual
DWI system’s CIP budgetary assumptions, the expected
total CIP budgetary outcome is caleulated lor each of the
DWI risk-sensitive decision response allernatives:

Expected Tatal CIP Budgetary Outcome
= = T(S/yr) = 0.2%T 4 [p/ 31 .58(0.3 — h)jeT

4 (T + 0.53%7 . given 0.0<h< 0.3, (2)

The objective risk ussessment tool caleulates the adverse
alleets of three risk-sensitive (low. medium. and high)
decision response alternatives on the expected total CIP
budgetary outcome. The results of this demonstration of
the DWI risk assessment tool are shown in Table 3.

6. Discussion

The results of the above demonstration reveal that the
implementation of SM activities as part of the MR
component can have a favorable impact on the expected
total CIP budgetary outcome. An important resull Lo note
from Table 3 15 that under the DWI risk ussessment tool
assumplions increasing the level of SM activities [rom
h=0.20 0.25 imposes very little marginal impact
(1.95-0.96 on the expected total CIP budgetary outcome.
This result suggests that a threshold level exists for which
changes to the level of SM activities have insignificant
impact on the expected total CIP budgetary ontcome. This
result coincides with the Lauer (2001) rule-of-thumb. which
suggests that the overall costs of the MR companent can he
minimized when the following breakdown is utilized: The
MR component breakdown should be 2/3 of the costs arc
for SM activities and 1/3 ol the costs are for ER activities
within the DWI1 CIP budget.

Intuitively. the DWI decision-maker assumes that as the
level of RR increases the r{f) increases and the pif)
decreases proportionally. However, for the p(f) Lo deercase
the expected level, of ER activities must be managed to an
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Tahle 3
Pemonstration results of the DWI sk assessment lool for evaluating the
expected total capital improvement budgetary oulcome

impact of the three DWI msk=sensinve decision response alternatives on the

Decision response alternative Rate of reinvestment R 2N M ER SR Wi C1P hudgetl impact
Null (leww Tisk-sensitivity) [ %% 23% 0.73 0,10 0.20 0.50 0.20 103w T
Tradivonal tmedivm risk-sensitivity) 2% Hhita .33 10,20 (IR 0.50 0.20 (195 %

Strategie (high risk-sensitivily) 3% R3% 0.135 0235 .05 0.30 0.20 NGOG T
acceplable level o have a favorable impact on the expected 1.20

total CLIP budeetary outcome. The DWI decision-maker
manages R through eptimal tradeoflfs belween the levels of
the ER und SM activities within the MR component of the
CIP budget. The DWI decision-maker utilizes the drinking
waler sectors” mlrastructure and budgetary relationships
that are illustrated in Fig. 2 and Eq. (1). respectively, to
assume dilferent levels for SM activitics lor each risk-
sensitive decision response allernative under constant #(f)
assumptions. The DWI risk  assessment ool clearly
olfers the decision-maker a practical risk  uassessment
methodology 1o proactively muanage the expected total
CIP budgelary outcome.

Now supposc that the DWI risk-sensitive decision
response alternative and associated level (h) ol SM
activitics are held constant. How will the systems™ (/)
and associated p(/f) affect the expected otal CIP budgetary
outcome? This sensitivity analysis s graphically displaved
in Fig. 3. The sensitivity analysis results show that under
the DWI risk assessment tool assumptions. the p(f) does
not negatively impact the expected total CIP budget
outcome until the p(f) exceeds 0.67 indicating that a
minimal r{f) ol (.33 should be maintained at all times. This
phenomenon is explained because as the p(/) approaches
unity the mmpaet of the premium rates (1.5 2.0) [rom the
expected ER dctivily costs become more significant thereby
ofTsetting the benefits of the risk-reduction through the SM
aclivities.

Now suppose the systems’ r(f) and associated p(f) are
held constant across the DWI risk-sensitive decision
response alternatives. How will the DWI risk-sensitive
decision response alternative and associated level (A%) of
SM activities alfect the expected total CIP budgetary
outcome? This sensitivity analysis is graphically displayed
in Fig. 4. The sensitivity analysis shows under the DWI risk
assessmient tool assumptions, the impacts from the level of
SM activity costs on the expected lotal CIP budgetary
outcome over the complete range the p(f) values are
partitioned by the risk-sensitive decision response alter-
natives. As the level of the SM activities increase within the
MR component. the overall magnitude of the expected CIP
budgetary impact stabilizes over the entire pi(f) range. This
phenomenon occurs because the variability in the stochas-
tic ER activity costs 15 mitigated by risk-reduction through
the SM activities.

Under the DWI risk assessment tool assumptions. the
magnitude of the expected tolal CTP budgetary impacts can

£
~ 1.00
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=)
]
=1
L]
o |
o |
T 0.80 ] f
° | +Nu|l@_|3’:&b—0.ual [
{ } —— T1ad @ 2% & b=0.20
|
|~ Strat @ 5% & b=0.25]
(- |
0.60 T T T T 1

0.10 0.50 0.67 1.00

Probability of System Failure

Fig, 3. Sensitivity analvsis for the DWT risk assessment lool showing the
impaets of the probability of system Gaiture p(f) on the expected wtal
capilal improvement program hudectary autcome for each of the DWI
risk-sensitive decision response allernatives,

1.20 ‘
L
g
iy r
< 1.00 & @ 2 A
-
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o
ot ——pif) @ 0.00
= 0.80 +— pif) @ 0.
= —&—pif) @ 0,10
= —e—plf) @ 0.50
—a~nif} @ 0.67
—a—pif) @ 1.00
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Fig. 4. The sensitivity analvsis for the coneeptual water infrastructure rsk

assessment tool showing the impacts of the level of scheduled muintenance
activities on the total capital mprovement progrant budget over the
complete range the probability of system lailure values [or each ol the risk-
sensitive decision response alternatives.

be migrated by increasing the level of SM uctivities within
the MR component regardless of the p(/). In the same vain,
the magnitude of the expected total CIP budgetary impacts
can be migrated by increasing the owverall DWI's RR
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regardless of the p(/). Therefore. the DWI decision-maker
may elect to take either a pay now or pay later approach to
ensure that the appropriate r(f) is maintained through an
adequate RR throughout the life of the DWI,

7. Conclusions

The goal of the paper is to demonstrate the value of an
objective risk assessment tool for estimating the DWI
decision-maker’'s sensitivity to R. The purpose of the DWI
risk assessment tool is to provide the ability lor the
decision-maker to maintain a desired »(f), while managing
adverse impacts on the expected total CIP budgetary
outtcome. The objectives of this paper are to: (1)
incorporate p(f) into the CIP budgetary analysis process
and (2) evaluate the affects of p(f) on the expected CIP
budgetary outcome.

The usefulness of the objective risk assessment tool was
demonstrated by defining three risk-sensitive (low, med-
ium, and high) decision response alternatives that are
encountered by the typical DWI decision-maker. To use
the DWTI risk assessment tool the decision-maker manages
R by selecting the RR and determining the associated r(f)
from Fig. 2. Next, the associated p(f) is calculated as
I —r(f). Then, the decision-maker sets the level (b) of SM
activities such that (0.00</#<0.30) and calculates the
associated level of the ER activities as {p(f)#1.5%(0.3—5)].
Finally. using Eq. (1), the expected total CIP budgetary
outcome is determined as a percentage of the total CIP (7)
budget.

The CIP budgetary assumptions of the conceptual DWI
system extends the MF and systems™ performance relation-
ships developed by Nelson et al. (1999) to the public
drinking water sector. The CIP budgetary assumptions of
the conceptual DWI system also extends the utilization of
the EPA (1997) survey’s average budgetary coefficient
breakdowns lor the WQ, MR. and SR components of the
CIP to include p(f) as a risk assessment aspect within the
DWI decision-making process. The DWI risk assessment
tool validates Lauer (2001)s rule of thumb that the optimal
breakdown of the MR component of the total CIP budget
should be 2/3 SM activity costs and 1/3 ER activity costs.

Thig paper concludes that the DWI systems” r(f) directly
affects the p(f) which in turn, afltects the expected level of
ER activities. The DWI decision-maker can minimize his
expected total CIP budgetary impact by maintaining a
minimum (/) or maximum p(/) threshold through the
selection of an adequate RR. Optimizing the associated
tradeofls between the corresponding levels of ER and SM
activities within the MR component will mitigate the
adverse impacts of the expected total CIP budgetary
outcome. When applied to the DWI risk-sensitive three
decision response alternatives. the DWI risk asses-
sment ool reveals that by selecting an adequate RR
to ensure an acceptable r(f), the decision-maker can
antficipate the expected impacet on the total CIP budgetary
oulcome.

i

Every DWI decision-maker must meet annual budgetary
constraints under their respective CIP budgets. The DWI
decision-maker effectively manages p(f) by selecting an

appropriate level of the RR for the DWI system. The

selected level of the RR maintains a corresponding level of
SM activities, which has a significant impact on the
expected total CIP budgetary outcome. DWI decision-
makers must use practical risk assessment methods, such as
the objective DWI risk assessment tool, as a means to
effectively reduce R by efficiently allocating lLmited
financial resources. This means developing risk-avoidance
positions through optimal tradeoffs among competing
corrective, preventative, and proactive maintenance activ-
ities within the context of a cost-effective AM program
over the entire lifecycle of the eritical components of the
DWI system. Finally, the authors acknowledge that Lhe
proposed objective risk assessment tool needs additional
verification and validation Lo assess ils applicability al the
systems level.
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Abstract

The use of low-cost adsorbents was mvestigated as o replacement for current costly methods of removing metals from agueous
salution. Removal of copper (1) [rom aqueous solution by different adsorbents such as shells of lentil (LS). wheat (WS). and rice (RS)
was investigated. The equilibrium adsorption level was determined us o function of the solution pH. temperature, contaet time, nitial
adsorbate concentration and adsorbent doses. Adsorpuon 1sotherms ol Cu (11) on adsorbents were determined and correlated with
common isotherm equations such as Langmuir and Freundlich models, The maximum adsorption capacities for Cu (1) on LS, WS and
RS adsorbents at 293, 313 and 333 K temperature were found to be 8,977, 9,310, and 9.588: 7.391. 16,077, and 17.422: 1.834, 2.314. and
2954mgg L respeetively, The thermodynamic parameters such as free cnergy (AGY). enthalpy (AZ") and entropy changes (AS”) for the
adsorption of Cu (H) were computed to predict the nature ol adsorption process. The Kinetics and the faclors controlling the adsorpiion
process were also studied. Locally available adsorbents were found to be low-cost and promising for the removal of Cu (1) from agueons

solution,
> 2007 Clsevier Lrd. All rights reserved.

Kepwards: Adsorption: Adsorpliion modeling: Low-cost adsorbents: Heavy metals: Adsorption of copper (11)

1. Introduction

The contaminittion of water by toxic heavy metals
through the discharge of industrial wastewater is a world-
wide environmental problem (Ajymal ¢t al.. 2003). Their
presence in streams and lakes has been responsible for
several health problems with animals, plants and human
beings. Numerous metals such as Sb, Cr. Cd. Cu. Pb. Ilg,
ele. have toxie effects on human and environment (Taty-
Costodes et al. 2003). Since copper is o widely used

material, there are many actual”or potential sources of

copper pollution. Copper may be found as a contaminant
in food, expecially shellfish. liver, mushrooms. nuts. and
chocolate. Brielly, any processing or container involving
copper material may contaminate the products such as
food. water or drink. Copper is essential to human lile and

""Cnrl'c:-pwudiug auther, Tel.: 90412 2488535053 164
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health bul, ke all heavy metals, is polentially toxic as well,
For example, continued inhalation of copper-contaming
sprav is linked with an increase in lung cancer among
exposed workers (Yu et al.. 2000). The permissible limit of
Cuis 25mg L™" in water (Prasad and Freitas, 2000).
Various technologies exist Tor the removal of such
metuls, They include filtration, chemical precipitation. ion
exchange. adsorption using activated carbon. electrode-
position and membrane process. All these methods are
generally expensive (Low et al.. 2000). Recently. Bailey
et al. (Bailey et al.. 1999) reviewed a wide variety of low-cost
adsorbents for the removal of heavy metals, A low-cost
adsorbent is defined as one which 1s abundant in nature, or
15 i by-product or waste malerial from another mdusiry.
The review concluded 1hat these
mvolved the use of activated carbon and 1on-changers.
The cost of these biomalerials is negligible compared wilth
the cost of activated carbon or jon-cxchange resins that are
in the range of approximately $2.0-54.0/ke (Ferro-Grareta
et al. 1988). The removal of heavy metals from industrial

low-cost  processes
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wastewater is considered an important application of
ddsorption processes usig suilable adsorbent.

At present, there is growing inlerest m using low-cost,
commercially available materials for the adsorption of
heavy metals. A wide variety of materials such as rice husk
(Ajmal et al., 2003), modified cellulosic materals (Okiei-
men et al. 1985). fiy ash (Panday et al.. 1985). wheal brean
(Bulut and Baysal, 2006), modified bark (Gloaguen and
Morvan, [997), sawdust (Ajmal et al.. 1998). pine burk
(Al-Asheh and Duvnjak, 1998). animal bones (Al-Asheh
el al, 1999). holly oak (Prasad and Freitas. 2000), modified
sawdust of walnut (Bulut and Tez. 2003) and tea-industry
wasle (Cay et al, 2004) are being used as low-cosl
allernatives Lo expensive adsorbents,

The aim ol this paper is (o assess the ability of low-cost
adsorbents such as shells of lentl (Lens culinaris Mediko),
wheat (Triticum durum Desf) and rice (orvza sariva L) Lo
adsorb Cu (1) from agucous solution. The effect of the
solution pH. temperature, contact time, initial adsorbate
concentration and adsorbent doses on the removal of Cu
(I1) was studied. The thermodynamic parameters lor the
adsorption Cu (IT) have also been computed and discussed.
The kinetics and the lactors controlling the adsorption
process were also studied.

2. Materials and methods
2.1 Adsorhenis

Shells of lentil (LS). wheat (WS) and rice (RS) used as
adsorbent were supplied Irom the South-castern Anatoha
of Turkey. The chemical and physical characteristics ol the
adsorbents are presented i Table 1. For the experimental
studies, only the adsorbents were washed several times with
double distilled water to remove surface impurities. The
process was [ollowed by air drying at 383 K for 24 h. The
adsorbents were sieved through 0.6 mm sieve and used as
such without any pretreatment.

Tahle 1
Physical and chemical propertics of adsorbents used in the experiments

Chemical charaeteristic Percent
LS WS RS

Muoisture content 6.58 .40 346
Water soluble components (morganwe matter) 812 2233 646
Insoluble components (organme mutier) TENS T304 RU4
Ash eontent u.18 288 2280
Total lass ol 1gnition SU28 8845 7253
C content 3353 44549 31.37
I content 4.067 .30 6493
nH 303 6.05 5.98
Physical characteristics

Surface area (BET) im g ") (.19 067 (.83
Bulk density (gem ) .49 0,36 (1.38
Particle size (mm) (.60 .60 (60

2.2. Chemicals

All chemicals [Cu(NO+1)s- 3H-0. HCL NaOH, NaHCO,
and Na>COy)| were purchased from Merck, All the
compounds used to prepare reagent solutions were of
analytic reagent grade. The 1000mgL 'of stock solution
ol Cu (11) was prepared by dissolving Cu{NOj); - 3H-0 in
double-distilled water.

2.3, Apparatus

Absorbance values were measured with a Unicam Mode!
929 atomic absorption spectrometer (AAS). A pH-meter
(Jenway 3010) and shaker (Nuve ST 400) were used Tor pH
adjustment and shukig, respectively. Elementul analysis
was carried out with an EA 1108 Fisons imstruments. The
surface area was determined by a single-point Ny gus
adsorption method by using a model micromeritics Flow
Sorb 11. 2300,

2.4 Procedure

The effect of initial concentration on the adsorption by
adsorbents from aqueous solution was investigated for a
kinetic study, whose initial concentration was known. In
addition, 2.0 g samples of adsorbent were mixed with
100 mL samples of Cu (11), and then mixtures were shaken
{agitation speed = 130 rpm). Suspensian was centrifuged in
centriluge test tubes for Smin at 2000 rpm. Absorbance
was measured with AAS. Moreover. the effects of
temperature, adsorbent doses, contact ume and pH on
the adsorption of Cu (11} by adsorbents from solution
aqueous were similarly investigated. The effect of pH on
the adsorption phenomenon was studied by adding either
(.1 N HCl or NaOH in Cu (II) solution. Then, an isotherm
study for Cu (1) was investigated. First, 1.0 g samples of
adsorbent were mixed with 100 mL samples ol solutions of
different initial concentration (25 500mgL ') preparcd
from stock solutions of Cu (II) and shaken lor their
equilibrium contact times at different lemperatures. (293,
303. and 333K) and 150 rpm. The equilibrium concentra-
tion of Cu (11) was determined by AAS. The experiments
were repeated twice for each point.

3. Results and discussion
34 C H analvsis

Elemental analysis was carried out with an EA 1108 Fisons
instruments. A sample of adsorbents was put in an oven at
1273 K under oxygen in order to obtain a quick and complete
combustion. H-O and CO- were released and conducted in a
copper oven at Y23 K. then passed through a 2 m column with
helium vector gas. and analyzed by a catharameter detector.
The results of analysis are shown in Table 1.
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3.2, Other chemical—phvsical characteristics

Characteristics of the adsorbents such as bulk density,
moisture content, ash content. solubility in waler (inor-
ganic and organic matter), total loss ol ignition were
determined. The ash content was determined by burning it
in a lurnace at 1173 K (Ricordel et al.. 2001). The results
are summarized in Table 1.

3.3. pH of adsorbent surface

The sample of 1.0 g of dry adsorbent powder was added
to 30 mL of water and the suspension was stirred overnight
to reach equilibrium. Then. the pH of slurry was meuasured.
The results are shown in Table 1.

3.4, Functional groups dosage

Knowing the chemical structure of the used adsorbent is
important to understand the adsorption processes, The
adsorption capacity of adsorbent is strongly influenced by
the chemical structure of their surface (Ricordel et al.
2001). The oxygenated surface groups were determined
according to the method by Bohem. First. 1.0g of
adsorbent was placed in S0ml. of each of the following
.05 N solutions: sodium hydroxide. sodinm curbonate.
sodium  bicarbonate, and hydrochloric acid, Vials were
sealed aund shaken for 24 h and then Sml of each filtrate
was pipetted: the excess of the base or acid was titrated
with 11O or NaOI. as required. The numbers of acidic
sites of vurious tvpes were calculated on the assumption
that NaOH ncutralizes carboxylic, phenolic. and lactonic:
Na.C'O; neutralizes carboxyhe and lactonie groups: and
NaHCO;, neutralizes only carboxylic groups (Adib et al.
1999). The number ol surface basic sites was calculated
from the amount of hydrochlone acid which reacted with
the adsorbents: the results of Bohem titration (numbers of
actdic und basic groups) are summarized in Table 2.

3.3, Contact time

The contact (ime experiments were carried out at 293K
temperature, The dependence of adsorption of Cu (11) with
time 1g presented 1n Fig. 1. The adsorption increased with
increasing contact time. and the equilibrium was attained
alter H]'I.‘_;L](;n:c'_ lor 3h. Thercfore, in cach -cxpcrimem. the

T"J]'.l](.‘ 1
Resulte of Bochm ttration (mmel g i)

Sample Carboxylie Lactonie Phenalic Busic Acidic
L3 043+ 0051 0.386 0.00 1.OTH
WS [N [h20 (had2? RRALN [BELR
Rg 0166 0076 1312 0.00 1454

shaking time was set to 3h. The reason for LS that not
constant after 3h is due Lo the expermmental mistake.

3.6. Effect of pH

The pH of the agueous selution is an important
controlling parameter in the adsorption process (Taty-
Costodes et al.. 2003). Therelore. the effect of hydrogen ion
concentration was examined from solutions al pH ranging
from 2 to 9. Fig. 2 summarizes the uptake of Cu (I1) shells
of LS, WS and RS used as adsorbent at various pH values.

At lower pH values. the H:O 7 1ons compete with the
metal ions for the exchange sites in the adsorbent. There is
an increase in metal ions uptake as the pH value increases
from 2 Lo 6. The peak percentage adsorption of Cu (11) was
attamed at pH 6.0, After that. the sharp decrease
adsorption o Cu (1) s due to the Cu(ll) begins Lo
precipitate us Cu(OT1),.

One of the reasons for the metal ions adserption
behavior of the bio-adsorbent (LS, WS, and RS) is that
the adsorbents surface contains a large number of active

81 o B —
——1L5 I
—m WS J'
2 |
* —&— R3S |
& |
E |
= |
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0 L T T 1
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Iige 1o Effeet of contaet time on the adsorpuon off Cu (1)
80
—=— W5
604 —&—LS
) —¢—RS
i
(@3]
E 40+
o
@
Q
20 -
0 T T T T
0 2 4 6 8 10 12

Fig. 2. Elffect of pI on the adsorpion of Cu (11).
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sites, The metal uptake depends on these active sites as well
as on the nature of the metal 1ons 1 solution. The affinities
Of the surface sites of LS. WS and RS depend on the nature
of ions, This may be further explained in relation to a
competition effect between the H3O 7 and Cu (I1) ions. At
low pH values, the concentration ol nmetal ions, hence the
former tons occupy the binding sites on the LS. WH and
RS. leaving metal ions free in solution. When the pH
increases, the concentration HzO ' jons decreases. and the
giteg on the adsorbent surface mainly turn into dissociated
forms (Fig. 3a) and can exchange H;0O ' jons with metallic
ions in solution (Fig. 3b) (Taty-Costodes et al.. 2003).

In other respects. the property ol the adsorbents to
uptake mctal ions can also be explained by Lthe carbonyl
groups (C=0) or the hydroxyl groups (OH) of polvphe-
nols. The oxvegen ol each carbonyl and hydroxvl group is

considered a strong Lewis buse because ol the presence ol

its viacant douhle electrons. Thanks o this doublets. the
oxygen base makes a4 complex ol coordination with the

OH R1

2H,0(1)

2H,0(2)

chemical entities low in electrons (metal 1ons. for example)
(Fig. 4) (Prasad and Freitas, 2000)

3.7, Effect of adsorbent dosage

Adsorbent dosage Is an important parameler because 1l
determines the capacity of an adsorbent for a given initiul
concentration of the adsorbate. The effect of adsorhent
dosage (adsorbent prepared in different batches) was
studied on Cu(ll) removal, keeping all other experimental
conditions constant (Table 3). The results show that, as the
adsorbent concentration increases, percentage adsorption
generally increases, bul the amount adsorbed per unit mass
ol the adsorbent decreases considerably. The decrease n
unit adsorption with increase mn the dose of adsorbent is
basically due to adsorption sites remaining unsafurated
during the adsorption rcaction (Raji and  Anirudhan.
1997).

O_
el

+ 2H;0%(aq)

R1
HO
WD ol
Ss
'|
OH R1
‘_\MH

+ 2H,0%ag)

OH R1

Fig. 3, Mechanism of hiosorption: (a) represents the first stuge of ion-exchunge (deprotonation). while (b) shows attachment (adsorption) of the metal
cations ontp the deprotonated active sites on the sawdust surfuce (Taty-Costades et al,, 2003), Syimbol M is o metal ion of charge 2

Fig. 4. Formalion of metal complexes with the funcuonal groups on the adsorbent surfice.
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luble 3

Effect of adsorbent dosage on the adsorption of Cu (11 with the different minal concentrations (T = 293 K. contuet time = 3 h)

Adsorbent Adsorbent o= 100mglL ! ¢, =200mgL™" .= 500mel. ™"
dosilge (g
o, dmue ) | Gy (meg % A e Imge ) Yot
0.5 9.56 47.79 .40 23,50 15,62 15,62
Ll 6.72 67.20 8.44 42.20 14.54 20.08
L8 20 392 THAR 5.8 5178 1456 5522
0 2.4 85,76 268 53,60 .38 BRHIE)
5.0 |09 87.36 .37 462 5.57 #4013
3 b3 2L33 6.30 16.25 1400 1100
1.0 2,71 22.03 s6d 2820 914 18,28
W5 24 114 2374 4.97 49 63 4.74 P804
40 0.61 24.35 129 458 429 34,08
8.0 0.19 3110 117 46.70 3.21 31,28
0.5 (L4t 232 0.72 [.80 L78 178
14 074 1.39 0.28 |40 260 7.20)
RS 2:0 [.0u 2181 0.u3 9,30 233 9.30
4.0 (.59 35.40 (.91 I8.25 .45 162
8.0 0,44 35.23 (.72 K65 0.93 14,92
3.8 Effect of initial Cu(ll) concentration 0.8 |
Ihe equilibrium sorption capacity ol the biomass for *LS
Cu(ll) 1on increased with a rise m nitial 1on concentration, 0.4 0 WS
as also shown in Table 3. Ton removal is higly concentra- -
tion dependent. This increase m loading capacity of the z ARS
biocadsorbent with relation te metal jons concentration is & 0 4
probably due to a high driving force for muss transfer. In g B
fact, the more concentrated the solution is. the better the
adsorption. At 203 K when the initial metal ions concen- e .
tration was increased from 100 to 00 mg L ', the loading
capacity ol dried adsorbent increased [rom 6.72 to 08 . .
14.54mg of Cu(ll) per gram of LS, 2.71 to 9.14mg of 7o aQ 60 an 120 150
Cufll) per gram of WS and 0.74 1o 3.60 mg of Cu(ll) per t(min)

gram of RS (Tuble 3).
3.9, Adsorption Kineties

It is well known that the rate of the sorption process is
modified by several parameters such as the structural
propertics of the adsorbent (e porosity, specific area.
particle size, ele.), the properties ol the metallic ions (ionic
radius. number ol coordination. and speciation). metallic
fons concentration, chelates formation between metallic
tons. and the adsorbent. ete. This 1s why. intraparticular
diffusion was also studied in the present work. Tempera-
turcand stirring speed were constant lor all experiments. In
order to determine the adsorption kinetics ol Cu(IT) 10ons.
the first-order and second-order kinetics models were
checked. The first-order rate expression ol Lagergren based
on solid capacity 18 generally expressed as follows (Taty-
Costodes ¢t al., 2003).

l0g(q., — g,) =logy,, — Kspl/2.303, (1)

where g 15 the amount adsorbed (mg g~ ') at equilibrium.
0, the amount adsorbed (mgge ') at time 1 and kpy the
wdsorpion rute vonstant (min Y. The straight line of the

Fig. 5. Pseudo first-order sorption kineties of Cu (1) on LS, WS and RS,

plot ol loglg.,—¢,) versus time (Fig. 5) suggest Llhe
apphecability of the Lagergren equation for the present
system (Bulut and Tez. 2003). The values of k- were
determined from the slope of the plots and are given in
Table 4.

Recently. Ho and Mc Kay (Mc Kay and Ho, 1999) have
reported that most of the sorption systems followed a
second-order kinetic model which can be expressed as

Ly =1/kosy

iy

g (2)

where hpg 18 the adsorption rate constant (gmg. Lin ).
The plot of 1/g, versus time (Fig. 6) is similar a4 shown in
(Weber and Morris).

The values of k,, were determined by the slope of the
plot and are given in Table 4,

The rate constant for intraparticle diffusion (k) is given
us (Dogan et al.. 2004 )

g, = kit (3)
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Table 4

Adsorplion Kinelic parameters of Cu (11) on LS. WS and RS (7 = 293 K. adsarbent -

g g O = if)t’imgl__ll

Adsorbent Fiest-order kinetie model Second-erder kinelic model Intrapartcie diffusion
f(n[”njﬂ I} o Imag "y IS ’!‘.I“ {gmg II'r'lfn_lj ifey fmg:.‘_.'} » i 1_|r|5_g.'| min lIJ} »
LS 016 4.4449 a3 433 % 1T i [ Lhysy 1) 343 {).9493
Wil IRIRE:! 1.707 (1834 18,44 % 107 3903 [EROISISS 1449 017
kS (1011 I.747 0917 189 5 1077 388 (1,933 187 0,935
120 -
8 I
* |5 |
—— LS '
s 6 WS
4 ——
3 80 A RS |
E‘ = ‘ —h— RS
()]
; 4 .
T k= | )
= 40 |
2 ;
| |
|
| f
a . . ] | 0 T T T
0 100 200 300 400 0 2 .- L 20
t(mim) 12 (min'i2)
liig. & Pseudo second-order sorption kinetics of Cu (1) on LS, WS and g, 7. Intraparticle diffusion plots of Cu (I} on LS, WS and RS,

R5.

where ¢, is the amount adsorbed (mgg ') at time ¢ (min).
The plots of ¢, versus 1'7 for different adsorbents are
shown in Fig. 7. All plots have a similar general trend and
initial curved parl. Tollowed by a linear one and then a
plateau. The iniual curved part may be attributed o the
bulk difTusion: the linear one to the mtraparticle diffusion
and the plateau to the equilibrium. This indicates that the
transport of Cu(ll) ions from solution through the particle
solution interface imto the pores ol the particles as well as
the adsorption on the available surface of adsorbents are
both responsible for the uptake ol Cu(ll) ions (Yu et al.,
2000),

ki (mgg 'min is characteristic
adsorption in the region. where mtraparticle diffusion is
rate-controlling. The extrapolation of the lincar curve parts
of the plots back to the axis provides the mtercepts, which
arc proportional to the extent of the boundary layer
thickness, i.c. the larger the intercept. the greater the
boundary laver eflfect (Khraisheh et al. 2004), The
deviation ol the curves from the origin also indicates that
mtraparticle transport is not the only rate lmiting step
(Yu et al., 2000). The values of rate constants (A,y) of LS.
WS and RS were 0.343, 0.149. and 0.187Tmgg L
respectively (Tabhle 4).

N lor the rale of

3.4 Adsorption model

The equilibrium adsorption of Cu (11) was studied as a
[unction of concerntration (the initial Cu(ll) concentration

is in the range of 25-500 mg L ). The amount of Cu (I1)
adsorbed (g.,) has been plotied against the equilibrium
conceration (C,y) for the adsorbents and is shown in Fig. 8
for Cu (11).

Several isotherm models are available, [n this study the
Langmuir and Freundlich adsorption isotherms were
emploved (Magdy and Dailullah. 1998).

The Lungmuir isotherm can be represented by following
equation:

Yog = Qb Cog /1 +hCyys ()

where ¢ (Img g " is the amount of Cu (11) adsorbed per unit
mass of adsorbent particles at equilibrium and C (mg 1Y
15 the equilibrivm fliquid phase concentration of Cu (1), f is
the equilibrium constant (L mg ') and O, is the amount of
adsorbate required 1o form a monolayer (mgg ).

The linearized equation of Lungmuir 1s represented as
follows:

Cuq .-"fqe-\'. = ].f"l’} )Qm - (Iu\[ .-";Qm' (

L

)

Hence, a plot Cy/¢., versus Cy should be a straight line
with a slope 1,0, and intercept as 1/0,;h. Their values are
summarized in Table 3.

The Freundlich model was also used to model the
observed phenomena as given by the lollowing eguation:
A
oy = Ky C i (6)

where ¢ is the amount of Cu (11) adsorbed per unit mass
of the adsorbent and n, K; are constants. Eq. (6) may be
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4
12 RS
LS
r!!__,,p-—f”‘?.'
2= g 4 ‘,—f'_ __’ =" d’d___‘-i‘
™ ~ =
E’ E 24 .//')1 _w =
= /’ 5
o L ’___“_Ar—’
4 ,,//
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o
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o
B & 7 et
v . &
o u /J,f
-
c ‘ % _
‘—é ~ /
T 4 -
D 4293 K 1313K 4333 K
400
Ceq {mgL‘1}
I'ig. & lsotherms of Cu (1) adsorption from selution at different temperatures.
lable 3
Freundlich and Langmuir isatherm constants for adsorption of Cu (11) onto LS, WS and RS
Adsorbent (k) Freundlich costants Langmuir constants
K " R O (mzp 'y b I
tLmg by (Lmol™)
293 f).648 1769 0.993 8977 .01y 1207 0.5980
LS 313 1.202 2.578 0.964 9510 0,022 13498 faxl
RER! 1138 2867 (.50 9.385 (041 26035 0.999
2_‘}-'1 (L0719 101G (rul2 7.391 o6z 127 1,923
Wo 313 (03 - Y.394 453 [6.077 (h.004 254 0701
333 0z 13,428 0.945 17.422 0.003 k% U833
283 (R A 2787 11,996 |.854 (L0 1 s |_F.L;_“)|
(6] 33 (148 2816 0.920 2314 0016 1017 0,087
33 0130 R R (1938 2954 fL01R 1143 1,087

lineanzed via a logarithmic plot as follows:

log G = log K+ (1/n)log Cyy. (7)

The parameters Ay and p were calculated and the resulis
are presented in Table 5.

Adgorption 1zotherms of Cu (1) on LS, WS and RS are
shown in Fig. 8 The Langmuir isotherms for RS and LS

are obeved better than the Freundlich isotherms at 313 and
333K. which is evident from the value of regrescion
coclficients (R). The adsorption isotherm of WS Is obeyed
by the Freundlich isotherm at 313 and 333, The adsorption
ol Cu (1) increased with increase in temperature (Tahle 3).
Langmuir model 1s an indication ol surface homogencity ol
the adsorbent.
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Tahle &
Previously reported adsorption capacitics of various low-cost adsorbents

tor Cu (11

Low-cost udsorbents Adsarption Reference

capacity tmgg ')

Diatomite 27.55 Gaballah et al.. 1997

Modilicd diatomite 53,50 Gaballah et al,, 1997

Fly ash 1.34 Pandav et al,, 1985

Qawecust 1.79 Yu et al., 2000

Peiil 1207 Babel and
Kurniawan. 2003

Low-rank Turkish couals 1.62 Karabulut et al,. 2000

Tea-mdustry wasle 8.64 Cavel al., 2004

1S (Shells of lentil) 959 In this study

W (Shells ol whent) 17.42 In this study

RS (shells of rice) 2.95 In this study

Table 7

Values of thermodynamic parameters for the adsorption ol Cu (1) on LS,
W5 and RS

Adsarbent T (K) —AG" Al AS!
(kJmol™ ] (kImol™ I] (Jmol™ 'K

293 17.286

LS 313 15.848 15.373 111
333 21,775
293 11,800

WS 33 14,401 18.791 105
333 15:953
293 15.956

RS 313 18.021 10.054 #9
333 19,493

As seen in Table 5 and Fig. 8. the maximum adsorption
capacities for Cu (II) on LS, WS and RS adsorbents at 293,
313 and 333 K temperature were found to be 8.977. 9.510
and 9.588; 7.391. 16.077 and 17.422; 1.854, 2.314 and
2.954meg ', respectively.

By comparison ol the results obtained Irom this study to
the previously reported work (Table 6) on adsorption
capacities of various low-cost adsorbent in aqueous
solution for Cu (IT) ions. it can be stated that our findings
are well,

The free energy of adsorption (AG") can be related with
the equilibrium constant K (L mol™"). corresponding to the
reciprocal of the Langmuir constant. b. by the following
equation (Silva et al.. 2004):

AG" = —=RT Inh. (8)

where R is the gas universal constant (8.314Jmol 'K )
and T is the absolute temperature. Also. enthalpy (AH")
and entropy (AS”) changes can be estimated by the
[ollowing equations. respectively.

nbh=AS"/R— H"/RT 9)

Thus. a plot of In & versus 1/ 7 should be a straight ling,
AH" and AS" values were obtained from the slope and
intercept of this plot. respectively. AG", AH" and AS” were
obtained from the Egs. (8) and (9) and are given in Table 7.
Negative values of AGY indicate the feasibility of the
process and spontaneous nature of the adsorption with a
high preference of Cu (1I) for all adsorbents. Positive value
ol AH" indicates the endothermic nature of the process.
while positive value of AS” reflects the alfinity of the
adsorbents for the Cu (IT) 1ons and suggests some structual
changes in adsorbate and adsorbent (Panday ct al.. 1983).

4. Conclusion

The following conclusions ecan be drawn buased on
investigation of Cu (II) removal by LS, WS and RS.

First, LS, WS and RS appears to be a promising
adsorbent for removal of Cu (1T) from aqueous solution. At
these adsorption fevels. a process using LS. WS, and RS for
the removal and recovery of a heavy metal is potentially
more economical than current process technology,

Secondly, adsorption of Cu (11) is dependent on its initiul
concentrations. the amount of adsorbent. time of contact,
temperature and pH of the metal solution. maximum
removal of Cu (IT) on LS, WS, and RS are at pH about 0.0.
The removal of Cu (IlI) increased with increase in
temperature.

Thirdly, isothermal data of Cu (1) adsorption on
adsorbents can be maodeled by both Freundlich and
Langmuir isotherm. The capacity of adsorbents [for
adsorption of Cu (II) can be caleulated by using these
models. The maximum adsorption capacitics for Cu (I1) on
LS, WS, and RS adsorbents al 293, 313, and 333K
temperature were found to be 8.977. 9510, and 9.38%;
7.391, 16.077, and 17.422; 1.854, 2.314, and 2.954mgg
respectively. The maximum adsorption capacities for other
metals may be very different.

As it can be seen from these values. removal efficiency of
the adsorbents increases and f(ollows the order
WS> LS>RS.

The results show that adsorbents which have a very low
economical value may be used effectively for removal of Cu
(1) ions from aqueous systems for environmental cleaning
purpose.
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Abstract

The present study investigates the immobilization of Pb(1l). Cd(IT) and Ni(II) on clays (kaolinite and montmorillenite) in aqueous
medium through the process of udsorption under a set of variables (concentration of metal jon, amount of clay. pH. time and
lemperature of interaction). Increasing pH fivours the removal of metal ions till they are precipitated as the insoluble hydrosides.
The uptake is rapid with maximum adsorption being observed within 180min for Phi1l) and Ni(Il) and 240 min for Cd(I[). A number of
available models like the Lagergren pseudo first-order kinetics: second-order kinetics. Elovich cquation. liquid film diffusion and
intra-particle diffusion are utilized to evaluate the kinetics and the mechanism of the immobilization interactions. Two isotherm
equations due to Langmuir and Freundlich showed good fits with the experimental data. Kaolinite and montmorillonite have
considerable Langmuir monolayer capacity with respect to Pb(IT). Cd(Il) and Ni(Il). the values being in the range ol 6.8-11.5mg/yg
{kaolinite) and 21.1-31.1 mg/g (montmorillonite). The Freundlich adsorption capacity follows a similar order. The thermodynamics of
the immaobilization process indicales the same to be exothermic with Ph(IT) and Ni(II), but endothermic with Cd(I1). The interactions
with Ph{Il) and Ni(Il) are accompanied by decrease in entropy and Gibbs energy while the endothermic immobilization of Cd(IT) is
supporled by an merease in entrapy and an appreciable decrease in Gibbs energy. The results have established good potentiality lor
kaolinite and montmorillonite to remove heavy metals like Ph(I1), Cd(IT) and Ni(1I) [rom aqueous medium through adserption-mediated
immobilization.

i 2007 Elsevier Lid. All rights reserved.

Kerwords: Kaolinite; Monimorillonite; Adsorplion kineties; Metal ions: Enthalpy

1. Introduction

Heavy metals are detrimental to the environment
because ol their non-biodegradable and persistent nature.
The toxicity of these metals is enhanced through accumu-
lation in living lissues and consequent biomagnification in
the food chain (An et al., 2001). Lead is an important metal
[rom the viewpoint of environmental toxicology as the
metal finds its way into air and water from a multitude of
sources (ATSDR. 1999a) Tlike lead smelter. battery
manuflacturer, paper and pulp industry. boat and ship fuel
and ammunition industry, ete. Lead toxicity effects on the
nervous system. the blood circulation system. cardiovas-
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cular system. vital organs like the brain and the kidneys,
and on restricted development of 1Q. etc. have been well
documented (Marino et al. 1989).

The toxic effects of cadmium have received as much
attention as those of lead. [ts sources in the environment
are metal plating. smelting and mining industries. cad-
mium-nickel battery manulacture, phosphate [lertilizer,
paints. and pigments manufacture, and alloy industries
(Kadirvelu and Namasivayam, 2003). Cadmium poisoning
leads to lung, liver and kidney damage, bone lesions,
cancer and hypertension, and the dreaded itai-itai disease.
which are accentuated in case of calcium deficiency
(ATSDR. 1999b). The other heavy metal, Ni(11) is released
into the atmosphere during nickel mining and by industries
that make or use nickel, nickel alloys. or mickel com-
pounds. oil-burning power plants. coal-burning power
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plants, and trash incinerators. Chronic bronchitis. redueed
lung funetion. and cancer of the lung and nasal sinus. etc.,
are consequences of Ni(Il) contamination. Carcinogenicity
of nickel has also received international attention
(ATSDR, 2003).

Adsorption is one of the most effective and economical
tlechniques used to remove heavy metals from water (Tran
et al,, 1999), Adsorption immobilizes the contaminants
separating them from the aqueous phase and the con-
taminant-loaded adsorbent can be safely disposed off or
the contaminant could be recovered. The clay minerals.
being important constituents of soil, have been playing this
role always by taking up various contaminants as water
flows over soil or penetrates underground. The process of
immobilization takes place either through ion exchange or
adsorption, or a combination of both. Clays are hydrous
aluminosilicates which make up the colloid fraction
(<2um) of soil, sediment, rocks and water (Pinnavaia,
1983). The high specific surface area, chemical and
mechanical stability, layered structure, high cation ex-
change capacity (CEC), Bronsted and Lewis acidity. etc..
have made the clays excellent materials for adsorption
(Tanabe, 1981).

A large number of studies have been reported on use of
clays for metal ion removal from agueous solution: Zn(II)
with natural bentonite (Mellah and Chegrouche, 1997),
and illite (Echeverria et al., 2002), Mn(II), Co(11). Ni(1I)
and Cu(Il) with raw kaolin (Yavuz et al., 2003), Co(lI)
with sepiolite (Kara et al., 2003), ete. Various forms of
modified clays have also been used: Na-exchanged
bentonites for Cr(LLl), Ni(II), Zn(IT), Cu(ll) and Cd(1I)
(Alvarez-Ayuso and Garcia-Sanchez, 2003). surfactant
modified montmorillonite for Cu(IT) and Zn(II) (Lin and
Juang. 2002), 1:10 phenanthroline-grafted Brazilian bento-
nite for Cu(ll) (De Leon et al., 2003).

The present work was undertaken to explore the
feasibility of using kaolinite and montmorillonite for
removal of Pb(I1), Cd(II) and Ni(II) in single batch system
from aqueous solution by adsorption under various
environmental conditions.

2. Materials and methods

2.1, Adsorbate solutions

The adsorption experiments were conducted by using
synthetic effluents containing Pbh(Il). Cd(I1I) and Ni(II)
scparately. The stock solution containing 1000mg of
Pb(Il), Cd(II) and Ni(Il) per liter was prepared by
dissolving Pb (NOs)» (Glaxo. Mumbai. India), Cd
(NQ3)7 - 41,0 (Qualigens, Mumbai, India) and Ni(NOs), -
6H.0 (Qualigens. Mumbai. India). respectively. in 11 of
double distilled water and were used to prepare the
adsorbate solutions by appropriate dilution. The pH of
the aqueous eolution of Cd(1I) as prepared was 5.5 while
that of the agueous solution of Ni(II) and Pb(II) as
prepared was 5.7.

2.2. Clay adsorbents

Kaolinite. KGa-1b (K) and Montmorillonite, SWy-2
(M) were obtained from the University of Missouri-
Columbia. Source Clay Minerals Repository, USA. Both
the clays were calcined at 773 K for 10 h before using them
as adsorbents.

2.3, Characterization of clay adsorbent

2.3.1. XRD measurement
XRD measurements were taken with Phillips Analytical
X-ray spectrometer (PW 1710) using CuKu radiations.

2.3.2. Surface area

The surface areas for the clay adsorbents were estimated
utilizing the Sears’ method (Sears. 1956). A sample
containing 0.5¢g of clay was acidified with 0.1 N HCI to
pH 3.0-3.5. The volume was made up to 50ml with
distilled water after addition of 10.0g of NaCl The
titration was carried out with standard 0.1 M NaOH in a
thermostatic bath at 298 +0.5K to pH 4.0, and then to pH
9.0. The volume. V. required to raise the pH from 4.0 10 9.0
was noted and the surface area was computed [rom the
following equation:

S(m*/g) = 32V — 25. (1)

2.3.3. Cation exchange capacity

The CEC of the clay adsorbents was estimated by using
the copper bisethylenediamine complex method (Bergaya
and Vayer, 1997). Filty milliliter of 1 M CuCl; solution was
mixed with 102ml of | M ethylenediamine solution to
allow for the formation of the [Cu(en),]* ™ complex. The
slight excess of the amine ensures complete formation of
the complex. The solution is diluted with water to one liter
to give a 0.05 M solution of the complex. 0.5 ¢ of a dry clay
sample was mixed with Sml of the complex selution in a
100 ml flask, diluted with distilled water to 25ml and the
mixture was shaken for 30 min in-a thermostatic water bath
and centrifuged. The concentration of the complex
remaining in the supernatant is determined by iodometric
method. For this, 3ml of the supernatant was mixed with
Sml of 0.1 M HCl to destroy the [Cu(en)]”~ complex and
KI salt was added at 0.5 g per ml of solution. The mixture
was titrated with 0,02 M Na»S-0; solution with starch as
indicator. The CEC was calculated from the following
formula:

CEC(meq/100 g) = MSV(x — y)/1000m (2)

such that M is the molar mass of the complex, S the
concentration of the thio solution, I the volume (ml) of the
complex taken for iodometric titration. m the mass of
adsorbent taken (g). x the volume (ml) of thio required for
blank titration (without the adsorbent). and y the volume
(ml) of thio required for the titration (with the adsorbent).
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2.4 Advorption experiments

The bateh adsorption experiments were carried out in
100 m] Erlenmeyer Hasks by mixing clay and 30 ml aqueous
solution of metal 1ons and agitating the mixture in a
constant temperature water hath thermostatl for a desired
Ume interval, The mixture was centrifuged (Remi R 24,
20000 rpm) and the metal jons remuining unadsorbed in
the supernatant liguid were determined with Atomic
Absorption  Spectroscopy  (Varian  SpectrAA 220, air-
acetyvlene oxidizing (lame. Ph(Il): lamp current ImA.
wavelength 217.0 mm, slic width 1.0 nm. optimum working
range 0.1 30.0 ug/ml: Cd(ID): Lamp current 4 mA. wave-
length 2288 nm. slit width 0.3 nm. optimum working range
0.02 3.0 pg/ml. Ni(l)y: lamp current 4mA. wavelength
232nm. slit width 0.5nm, optimum  working range
0.02-3.0pg/ml). The experiments were repeated with

different clay amounts. adsorbate concentration. pll of

the medium, interaction tme and temperature. For
maintaining pH ol the medium, either 0.01 N NaOH or
0.0IN TINO. was added dropwise before carrving out
adsorption and the pH was monitored bhoth before and
alter adsorption. The following conditions were main-
tained for the different sets of experiments:

(1) Effects ol pH:

Ph{IT}: Clay 2g/1. Ph(Il) 50 mg/1. temperature 303 K.
interaction time 180 min. pH 1.0 6.0 at unit
intervals

Cdell): Clay 2 gfl, Cd(IT) 50mg/l, temperature 303K,
interaction ume 240 min, pH 1.0-10.0 at unit
intervals

Ni(l): Clay 2g/. Ni(1T) 30 mg/l. temperature 303 K.
interaction time 180 min, pH 1.0-10.0 at unit
intervals

{i1) Kinetics:

Phill): Clay 2 /1. Pb(Il) 50 mg/l. temperature 303 K. pH
5.7, time 20. 40, 60. 90, 120, 150, 180, 240, 300,
360 min

Cd(ll); Clay 2 g/l. Cu(11) 30mg/l. temperature 303 K. pH
3.5, time 20, 40, 60, 90. 120. 180. 240. 300. 360 min

Ni(I1): Clay 2¢/1. Ni(1l) 50 mg/l. temperature 303 K. pH
5.7, time 20, 40, 60. 90. 120, 150, 180, 240. 300.
360 min

(iii) ElTects ol adsorbent amount:

Ph(ll): Pb(Il) 50 mg/l. temperature 303 K. pH 3.7, time
I80min. Clay 2. 3. 4. 5. 6.¢/1

Cd(IT): Cd(11) 30 mg/l. temperature 303 K., pH 3.3, time
240 mn. Clay 2. 3. 4. 3. 6 g/l

Ni(lLy; Ni(Il) 50 mg/1 temperature 303 K. pH 3.7, time
[80min. Clay 2. 3. 4, 5, 64/l

(iv) Effects of adsorbate concentration and adsorplion

isotherm:

Phill): Clay 2 g/l temperature 303 K, pH 3.7, time
180 min, Pb(1l) 10, 20, 30, 40. 50 mg/l

Cd(Ily: Clay 2 g/l. temperature 303 K. pH 5.5, time
240 min, Cd(LL) 10, 20, 30. 40, 30 mg/l

Ni(IT): Clay 2g/l, temperature 303 K. pll 5.7, time
[80min. Nit1ly 10, 20. 30, 40. SOmg/l

(v) Thermodynamics:

Pb(I): Clay 2g/l. time 180 min. pH 5.7, temperature 303,
JOR. 313 K. PhiLly 10, 200 30, 40, S0 mg!/l

Cd(IT): Clay 2g/1. time 240 min, pH 3.3, temperature 303,
308, 313 K. Cd(Il) 10, 20, 30, 40. 50 mg/l

Ni(IT): Clay 2/, time [80min, pH 3.7, tlemperature 303.
308. 313 K. Ni(Il) 10, 20. 30, 40, 50 mg/1

The amount, ¢. of metal ions adsorbed per unit mass of
the adsorbent and the exienl ol adsorption (%) are
computed [rom the expression

g=(Cy —C;)in
— ) x 100/C,

Yoadsorption = (',

where ¢ (mg/l) and C, (mgl) are metal ion concentrations
belore and after adsorption for time £ and m(g) 1s the
amount of clay adsorbent taken for 11 of solution.

2.5, Theoretical foundation

The adsorption cquilibrium 1s usually deseribed by an
1sotherm equation whose parameters express the surface
properties and allinity of the adsorbent, at a pre-set
temperature and pH. The following two widely used
isotherms (Freundbich. 1906: Langmuir, 1918) are usually
applied:

(a)Freundlich isotherm : ¢, = K CL. (3)

(b)Langmuir isotherm : C. /g, = 1 /(b)) + (1 /¢ )Ces  (4)

e adsorbate  al
equilibrinm in the liquid phase and ¢, is the corresponding
coneentration of the adsorbate in the solid phase. The
Freundlich coefficients, Ky and #. arc, respectively, related
to adsorption capacity and adsorption intensity of the solid
adsorbent. Similarly, b and ¢, are Langmuir cocfficients
representing the equilibrium constant for the uadsorba-
te-adsorbent equilibrium and the monolayer capacity of
the solid. The linear Freundlich and Langmuir plots are
obtained by plotting (1) log g, vs, log C. and (i) C.ige vs.
C.. respectively, from which the adsorption coelficients
could be evaluated.

The Langmuir equation is also used to obtain Ry, the
dimensionless equilibrium parameter or the separation
factor (Hall et al.. 1966} (rom the expression
Ry = 1/(1 4+ by), (3)
where Cy i1s the initial concentration of the adsorbate. The
shapes of the isotherms are indicated by Ry values (Ho.
2003) as 0< R <1 indicates favorable adsorption. and
Ri=1, Ry =1 and 0 represent unfavorable. linear and
irreversible isotherm. respectively.

Adsorption normally 15 fwo-stage process consisting
of (a) rapid removal of the adsorbate from the liquid
phase through adsorption. and (b) much slower uplake

where . 1s the concentration of the
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continuing till the equilibrium is established (Ho and
MeKay. 1999a), Kinetics lor clay metal interaction was
studied thoroughly in this work by applying the following
equations and models. Lagergren equation (Lagergren.
189%: Ho. 2004) was applied first assuming pseudo first-
order kinetics, where the number of metal ions outnumbers
the number of adsorption sites on clay surface. The
expression (or the first-order rate constant, &y, is given by
the differential rate law

deg, fde =k (¢, —4)) (6)

which on integration under the boundary conditions of

t=0tot=tand g, = 0to g, = ¢, gives a linear expression
In(q, — ¢,) = In q. — &yt (7

The values of &y can be obtained from the slope of the plot
of log(g.—¢,) vs. 1. The validity of the first-order kinetics
and hence the Lagergren equation could be tested by
comparing ¢, values oblained from the intercepts of the
plots with those obtained. I the validity is weak. the
kinetics can be tested lor Tollowing second-order mechan-
ism (Ho and McKay, 1999b: Ho et al, 2001) as per the rate
law:

dg, /dr = katq. —q,) . (%)

where k- is the second-order rate constant. For the
boundary conditions, r =0 1o f= ¢ and ¢, =0 to ¢, = ¢
the integrated linear form of the equation is written as

tig, = l,-*’(f\'qu,_} + (1 /gt (9)

The plot of rig, vs. 1 gives a lincar relationship. allowing for
computation of ¢. and k5. The validity can again be tested
by comparing values of g. obtained from the plots and
[rom experiment.

When the adsorbate 1ons and the surface sites interact
chemically through 2 second-order mechanism. the appli-
cition of the Elovich equation. given by

dg,/di = 7 expl—fig,) (10)

may be more appropriate (Ho and McKay, 1998). The
Elovich coelficients, o and ff, are known to represent the
initial adsorption rate (g/mgmin®) and the desorption
constant (mg/emin). respectively. These coefficients are
computed from the plots of ¢ vs. lnr the integrated form
of Eq. (”))

For a porous substrate. there is-also the possibility that
the diffusion of adserbate species into the pores is the rate
determining process. The intra-particle diffusion rate
constant (4;) is @iven by the equation (Weber and Morris,
1963)

g, =kt". (Lh

The plots of g, ve. 17 vield straight lines passing through
(he origin and the rate constant. &; can be obtained from
the slope. The mechanism of the interactions may also be
ooverned by the slow transport of the adsorbate ions from
thie liquid phase up to the adsorbent surface. In such cases.
the ligmd h[lm diffusion model (Bovd et al., 1947)
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represented as
In(l — F)y = —kpd, (12}

should have wvalidity. £ is the [racuenal atlaimment ol
equilibrium (F = ¢,/¢.). ki 1s the adsorption rate constant.
The plot of —In (1—F) vs. ¢ should be a straight line with
zero intercept.

The thermodynamic parameters for the adsorption
process. AH (kI/mol). AS (J/K mol) and AG (kJ/mol) were
evaluated using the equations (Abou-Mesalam. 2003)

AG= —RT In K. (13)
AG = AH — TAS, (14)
In Ky=AS/R—-AH/RT. (15)

where Ky 1s the distribution coefficient ol the adsorbale
(=y./C.. [ the absolute temperature (K), R (gzas
constant) = 8.314 x 10" kJ/K mol. The plots of In K, vs.
1T could be utilized to ind AH and AS which help to
obtain AG.

3. Results and discussion
3.1 XRD study

The XRD spectra of the clays are given in Fig. 1. The
calcined kaolinite (K) and montmorillonite (M) samples
vielded, respectively. 13 and 7 peaks in the range of 1-30°
(26). The basal spacing is 7.15A (20 = 12.35") and 10.09 A
(260 = 8.75") with an intensity of 69.7% uand [2.05%.
respectively, for kaolinite and montmorillonite and the
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Fig. | XRD patterns lor (@) kiaolinite (K) und (b) monunontlonie (M.
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corresponding Uip widths were 0.10 (2() = 12.35%) and 0.24
(26l = 8.75 ). These wvalues are in agreement with the
reported values (Grim, 1968, pp. 126-159) showing that
the structural features of both kaolinite and montmorillo-
nite have not undergone any significant change after
calcination at 773K (Grimi. 1968. pp. 298-329: Ghosh
and Bhattacharyya. 2002).

311 Swface area and cation exchange capacity of the
clay

The specific surface arcas of kaolinite (K) and mon-
tmorillonite (M) (both caleined at 773 K) were found to be
3.8 and 19.8m’/g. respectively, compared to the values of
3.1 and 13.71112_.-’5 for the uncalcined kaolinite and
montmorillonite. The surlace area of montmorillonite is
almost five times that of kaolinite and calcination has
resulted in marginal increase in the specific surface arca.
The values are in agreement with those reported in the
literature, ie. 5-25m%g for kaolinite (Volzone et al.,
1999) and 15.5-82.0m*/g for montmorillonite (Grim. 1968.
pp. 463-463; Ravichandran and Sivasankar, 1997). Tt is (o
be noted that specific surface arca depends on particle size
distribution, particle shape. and number distribution of
cracks and pores in the material. and therefore. cannot be
represented as a general characteristic of a particular type
ol material (Grim. 1968, pp. 463-463),

The CEC wvalues lor kaolinite were measured as
13.4meq/100 g (uncaleined) and 11.3meq/100 g (calcined),
while those [or montmorillonite were found to be
225 0meq/100g (uncaleined) and 153.0meq/100g (cal-
cined). These values arc within the range specified by Grim
(1968, pp. 188-189). Tt is clear that heat treatment has
resulted in a decrease in the CEC indicating that some of
the cation exchange sites are lost.

3.2, Adsorprion of Pb(I1,), Cd( 11} and Ni(1l)

All the adsorption experiments were done in (riplicate
under the same conditions and the concentrations of the
adsorbate in the aqueous phase and in the solid phase were
computed from the averages of experimentally determined
metal ion concentration in the aqueous phase after
adsorption. These values were then used in all subsequent
treatment and analysis of data.

321 Effects of pH

Adsorption of Ph(I1). Cd(II) and Ni(Il) on kaolinite and
montmorillonite showed a continuous increase right from
pH 1.0 (Fig. 2). The experiments with Ph(II) could not be
continued bevond pH 6.0 duc to the low solubility of Ph(I1)
hydroxide. which has also been observed by other workers
(c.g. Jain and Ram, 1997). With Ni(Il). the amount
adsorbed on unit mags increased slowly up to pH 8.0 after
which there was a much rapid rise indicating precipitation
of Ni(IT)-hydroxide and related species (Bayat, 2002).

Cd(Il) adsorption showed a gradual increase in the pH
range of 1.0 10.0 with no indication of precipitation of
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Fig. 2. Amount of metal ton adsorbed per unil mass (g.) on clavs a1 303 K
db different pHs (K kaolinite, M mentmarillonite),

Cd(IT)-hydroxide. This was in conformity with the results
ol a blank experiment without the presence of the clays.
Mathialagan and Viraraghavan (2002) carried out adsorp-
tion of Cd(1l) on perlite up to pH 9.0 without observing
any significant precipitation of the hydroxide. Similar
observation has been recorded by Evans et al. (2002) when
carrying out Cd(11) adsorption on chitosan-based crab
shells. Tt has been reported that Cd(Il) uptake increases
above pH 6.0 when the ions are likely to be bound strongly
to hydroxyl groups on the edges of the clay mincrals
(Angove et al., 1998: Coles and Yong. 2002). However, in
the present work, such high rate of adsorption of Cd(II) at
pH = 6.0 was not observed.

The adsorption experiments were carried out down 1o
pH 1.0 when the possibility of dissolution of the clay
substrate had to be considered. Such possibility can be
ruled out as the amount adsorbed showed the same pattern
of variaion even at the low pHs (as otherwise, with the
clay gradually disappearing due to dissolution, adsorption
would have come down more rapidly). This is in agreement
with the observations of (i) Khan et al. (1995) on
adsorption of Sr(II) on bentonite in the pH range
[.5-8.5. (ii) Lin and Juang (2002) for adsorption of Cu(l1l)
and Zn(Il) on sodium dodecylsulfate modified montmor-
illonite at pH 1.5 and above, and (iii) De Leon et al. (2003)
who carried out adsorption of Cw(Il) on pillared and
delaminated bentonite in the pH range 1.5 12.5.

Fig. 2 shows that (1) montmorillonite takes up more of
the metal ions than kaolinite at a particular pIl (for
example, the amount of Cd(Il) adsorbed on montmorillo-
nite was almost 17 umes of that adsorbed on kaolinite
al pH 1.0. but with increase in pH. this came down to
~3 times only at pH 10.0), (ii) uptake of Pb(Il) on both
the clays is more in comparison to Cd(IT) and Ni(II).
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(i) kaolinite takes up more Ni(Il) than Cd(ll). while
montmorillonite has the reverse order. re. it takes up more
CA(T1) than Ni(IL).

The varations in amount adsorbed with pH could be
cxplained on the basis of competition between the metal
ions and H10 " jons for adsorption sites on clay surlace. At
very low pllL. the number of H:O ' ions exceeds that of the
metal ions several times and the surlace s most likely
covered with H,Q' 1ons, which account for less adsorp-
tton. Tt is also possible that oxygen atoms ol Lthe clay
surface interact with water in an acidic medium forming
some aqua compleses (Mathialagan and Viraraghavan,
2002) as follows:

MO +H —OH 25 M — OHY + OH-.

This surlace charge interacts repulsively with approach-
ing metal ions and prevents them [rom reaching the surface
and thus. the adsorption was not much at low pll. In an
alkaline medium. the clay surface becomes negatively
charged favouring M “~ uptake

—MOH +0OH = - MO™ + H,0,

—MO™ M@ — M —O o M=t

When the pH increases. more and more H:0  ions leave
the clay surfuce making the sites available to the metal 1ons.
which now increasingly bind to clay surfuce (Taty-
Costodes et al., 2003) through a mechanism  similar
to that of exchanse interactions (H' /Pb -. H'/Cd "~
H ' /Ni ") (Singh etal., 1993). As the pH becomes alkaline.
precipitation of the insoluble metal-hydroxides may appear
as apparently higher metal ion removal (Yu et al.. 2001:
Bayvrameglu ct al., 2003).

322 KEffecis  of  adsorbent  amount  and  adsorbure
contceniralion

Amount of metal ion adsorbed per unit mass of clay
decreased with high clay loading (Fig. 3). Similar results
have been reported by other authors (e.g. Cu(ll) by
sawdust, Yu ef al.. 2000; Cr (I11) by ion exchange resins,
Rengara) et al,, 2003). This may be atiributed to two
reasons: (1) a large adsorbent amount ellectively reduces
the unsdturation of the adsorplion sites and correspond-
ingly, the number of such sites per unit mass comes down
regulting in comparatively less— adsorption at  higher
dadsorbent amount. and (1) higher adsorbent amount
creates particle aggregation, resulting n a decrease mn the
fotal surface area and an merease in ditfusional path length
botl of which contribute o decrease in amount adsorbed
per unit mass (Shukla et al., 2002).

Amount of metdl wns adsorbed per unit mass of clay
adsorbents increased gradually with more and more metal
iong i the adsorhate solution (Figo 4). At low metal ion
lading, the ratio of the number ol metul ions to the
number of available &l.dsorpll'on sites 15 small and conse-
quently. adsorption 18 independent of inital concentration,
but as the concentrutivn of metal ions increases. the
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situation changes and the competition for adsorption sites
becomes fierce. As a resull, the extent of adsorption comes
down considerably, but the amount adsorbed per unit mass
of the adsarbent rises. Similar results have also bheen
reported by other workets (e.g.. Ni(11) by bagasse fly ash.
Gupta et al.. 2003).

All the results show thal montmorillonite siands aparl
due to its large adsorption capacity with respect to all the
three metals. Being 2:1 clay type. montmorillonite has high
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surface charges resulting {rom the spread of isomorphous
substitution n tetrahedral and octahedral sheets. whereas
I:1 layered kaolinile has little isomorphous substitution.
This explains the higher capacity of montmorillonite to
adsorb cations (Chantawone et al.. 2003).

123 Effecis of mreraction time and kinetics of adsorption

The metal ions mnteracted with the clays rapidly and
within 40 min. the maximum uptake was observed (Fig. 5).
Afterwards. the interactions slowed down und approached
equilibrium in nearly 180 min for Pb(IT) and Ni(II), but

took almost 240min for Cd(ll) under the given sel ol

experimental conditons.

Attainment of equilibrium is influenced by several
factors including the nature of the adsorbent and the
adsorbate. and the interactions between them. Jain and
Ram (1997) have reported that a quasi-stationary state is
obtained within 453 min of shaking river bed sediments with
Ph(Il). Tran et al. (1999) have reported 60-70% Cd(1I)
removal by silica gel within 50min ol interaction
although cquilibration required another 135min. Similar
obgervations have been reported by other authors
(Bayat, 2002: Kadirvelu and Namasivayam, 2003). For
Ni(IT) adsorption on almond husk activated carbon
(Hasar. 2003) and on IRN77 cation-exchange resin
(Rengaraj el al,, 2002), the equilibrium was obtained in
almost 180 min.

Initially, the rate of adsorption on the bare surface was
very high. but as the sites got covered with the metal ions.
the rate decreased. The rate now becomes predominantly
dependent on the rate at which metal ions are transported
from the bulk liquid phase to the adsorbent-adsorbalte
interface. The kinetics of the interactions is thus likely to be
dependent on different rate processes as the interaction
lime increases (Yu et al., 2000).
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Fig: 5. Amount of metal ion adsorbed per unit mass (g.) on clays for
different time intervals ar 303 K (K kaolinite, M montmorillonite),

0.8

O Phill-k W PBLEM € Cdil-K

0.4 1 & CATM A IR & NITM

A

=04 1

0.8

log (ge-qt) (mgfg)

20 6l a0 1440 L&0 220

Time (min)

Fig, 6. Lagergren pscudo first-order plots for metal lons adsorbed on
clavs at 303K (K kaohnite. M monimorillonile, experimental pH for
P11} 5.7. Cd{11): 5.5, Ni{ll): 5.7).

The pseudo first-order plots of log (g—¢,) vs. 1 as per
Lagergren equation arc given in (Fig. 6). The plots had
good linearity and vielded the first-order rate constant in
the ranges of 1.9 x 10 —2.6 x 10 "min ' for kaolinite and
1.9 x 107°-3.1 x 10" min~"' for montmorillonite (Table 1)
with respect to the three metals. The rate constants are in
the order of Cd(ll)=<Ni(ll)<Pb(Il) for kuaolinite¢ and
Cd(11) < Ph(IT) = Ni(I1T) for moentmorillonite.

On testing the validity of the first-order kinctics. it
turned out that ¢, values obtained from the Lagergren
plots compare poorly with the experimental ¢. values
(Table 2) with both positive and negative deviations (range:
—83.8 to +60.4%). Therefore. despite having high linearity
of the Lagergren plots, the interactions do not appear (o
have followed first-order kinetics. The second-order plois
of t/q. vs. 1 (Fig. 7) are linear (R: 0.99) and the rate
constant. ks varied from 2.2 x 1072 4.0 x 1077 g/mg min
for kaolinite and from 3.0 x 107°-8.4 x 10° g/mgmin for
montmorillonite, respectively (Table 1). From the con-
sideration of the clay—metal interactions. the second-order
rate constants are in the order of Ni<Pb(II) < Cd(II) for
kaolinite and Cd{11) < Ni(II) < Ph{II) for montmorillonite.

The comparison of ¢. values (experimental and those
obtained from the slopes of the second-order plots) 1s given
in Table 2 and the two sets now show much betler
agreement (deviations from —135.7 to +25.0%). Mentmor-
illonite gave the least deviation for Ph(11) and Ni(11), while
kaolinite showed [00% agreement for interactions with
Cd(IT). The deviations still existing might be due to the
uncertainty inherent in obtaining the experimental .
values and also due to the actual process being not in
exact conformity with either first-order or second-order
kinetics.

Interactions of Pbh(I), Cd(II) and Ni(11) with kaolinite
and montmorillonite also viclded good, linear Elovich plots
(g, vs. In 1. Fig. 8) with correlation coefficients of 0.98-0.99
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Table |

First-order rale constant, second-order rate constant, Clovich coefficients. intra-particle dilTusion rate constant and liqud ilm dilfusion rate constant for

adsorption of metal fons at 303K (elay 2g/0, initia] metal concentration 3 mg/l. pH 3.7 Tor Pb(ll). 3.3 for Cdilh. 3.7 for NitIl}, K kaolinite. M

montmarillonite)

Parameter PhH(LI) Cd(IT) NI}
K M K M K M
First-nrder K% 107 {min~ ") 31 24 LY b9 26 3
R 0,99 (.99 .98 0.74 0.97 .97
Second-order k> =107 (wmg 'min ') 3.3 5. 4.4 a0 L7 33
i 11,99 (IR (huu 094 [0 14949
Elayich w107 (eme ) (E 244 36,8 939 234 IR
Bimzgg 'min") 1.3 1.6 1.3 1 1.8 1.9
R 01,98 (1,98 (1.9% 0,98 (1499 0.0y
Intra-particle diffusion i 10" (mg e min " 33 33 25 2.0 39 4.2
Intercepts 1.0 17.2 11,2 1%.5 1.0 0.1
R 093 (Lu3 (42 (I (193 93
Liquid film diffusion Sy s 10 (min Y ) Il 1.5 1.9 2.6 30
Intercepls —.5 L1 —{).2 15 —.6 03
R 0,99 (.99 (1499 .98 098 ()97

Table 2

Eaperimental and computed ¢, vilues from Lagergren and second-order
plats for adsorption of metal iens at 303K (clayv 2e/l. imnal menl
concentration 30 gl pH 3.7 for Ph(l). 3.5 for Cd(11). 5.7 for Ni{1l). K
kaolinite, M montmorillonie)

Metal 1on Clay Fxpt g. (mgle) Deviation (%)

Lagergren Sccond-order Lagergren Second*order

Phill) K 53 RA 6.4 +60.4 — 2018
™ ZhF RS 22,3 —615.4 +2L
Cdidy K 4.0 49 4.0 F2E s 8]
Mo 216 35 8.2 —%3.8 137
Nl I 32 60 6.5 +32.7 +25:0
i &7 124 6.3 =2 0 5:d
80

Orbilli-h B PBOTEM @ Null-K
& NIHD-M A CAITK & CdTTM
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Fig. 7. Second-order plot for mewal iony adsorbed on clays a1 303K (K

Kiaalinite. M montmorillonie. experimental pH for Philly: 3.7, Cdill); 5.5,
N 871

gt (mg/g)
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Fig. 8 Flovich plots for metal ons adsorbed on clavs at 303K (K
kaelinite. M montmorillonite, experimental pH for Phill): 5.7, Cd(ll): 5.5,
Ni(lI): 5.7)

(Table 1). The Elovich equation describes predominantly
chemical adsorption on highly heterogeneous adsorbents.
but the equation does not propose any detinite mechanism
for adsorbuale-adsorbent interaction (Ho and McKay,
19958). The coetficients depended significantly on the
amount ol adsorbent with  being much more sensitive.
As z represenis the initial rute of adsorption and it is seen
that with all the three metal ions, montmorillonite had a
much higher initial rate of uptake than kaolinite. This
might be due to very high surface arca and CEC of
montmarillonite compared to those of kaohnite. Similar
results are also obtained by Ho and McKay (2002) for
adsorption of Cu(ll) on peat.

In adsorption from solution, diffusion from the solid-h-
quid interface to the nterior of the solid particles plays u
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Fig. 9. Intra-particle diffusion plots {or metal 1on adsorbed on clays at
303K (K kaolinite, M montmerillonite. experimentit]l pH lor Ph(IT): 3.7,
Cd(Tl): 5.5, Ni(Thy: 5.7).

very important role. Whether the process of adsorption is
controlled by this type ol intraparticle diffusion. is tested
by plotting ¢, vs. 7 (Fig. 9) as in Eq. (11). The plots were
lincar with regression coefficient of 0.93 for Pb(ll). 0.88
and 0.92 for Cd(11) and 0.95 for Ni(1l) adsorption (Table
1). Significantly. however. the plots do not have zero
intercept (varies from —1.0 to + [8.5) and thus. despite
being linear, they do not fit into Eq. (11). Thus, intra-
particle diffusion 1s not likely to be the controlling fuctor in
determining the kinetics of the processes and the large
intercepls suggest that the process was largely of surface
adsorption.

Applying the liquid film diffusion model. it is observed
that the plots of —=In(1-F) vs. ¢ (Fig. 10) are linear (R:
0.97-0.99) (Table 1) with verv small intercepts (—0.6 to
+1.1). Thus. although the plots do net exactly pass
through the origin. the small intercepts indicate that liquid
film diffusion might have some role to play n the kinetics
ol adsorption of Ph(IT). Ni(Il) and Cd(I1) on kaolnite and
montmorillonite.

Testing of different Kinetic models is important because the
valid model indicates the possible mechanism ol adsorption
of the heavy metals on kaolinite and montmorillonite. In the
present case, the second-order model gives the best possible fit

lo the experimental data and therefore, it 1s likely that

adsorption of the metal ions on kaolnite and montmorillo-
nite follows a second-order kinetic mechanism.

3.2.4. Adsorption isothern

The adsorption data follow the empirical Freundlich
isotherm (R: 0.99) (Fig. 11). The Freundlich coefficient. n.
remains between .49 and ().72 with respect to interaction
of Ph(ll). Cd(Il) and Ni(Il) with both the clays in
conlormity with the requirement of n< 1.0. The Freundlich
adsorption capacity, Ky (Table 3), 15 large for montmor-
illonite (Ph(IT): 7.5, Cd(1I): 6.8, Ni(lI): 3.4mg'" """ a)
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compared to that of kaolinite (Ph(Il): 0.4, Cd(ily 0.4
Ni(Il): 0.9mg'" "™ 1""/g). This is in agreement with the
experimental results where montmorillonite has been found
to adsorb much more than kaolinite.

The Langmuir isotherm, applicable strictly to chemi-
sorptive monolayer [ormaton. has also been found to be
equally applicable (Fig. 12) (R: 0.98-0.99) lor the present
work. The equilibrium coclficient. A. 1s large with values of
20.7-70.1 (Table 3) for metal ion—kaolinite systems, dnd
even larger for metal ion montmorillonite systems
(29.6-137.7) l/g. The large values show that the equilibrium

Clay(solid phase) + M(I)(agueous phase)
= Clayssve » M(11)
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Tabhle 3

o
W

Freundlich and Langmuir coefficients lor adsorption of metal ions a1 303K (clay 2 g/ anital metal concentration 102 200 300 400 30mg/l pEl 3,7 for PhIT).
3.5 for Cdel)e 5.7 for Nitll), tme 180 nun for Ph{l). 240min for Al T80 min for Nt ). K kaolhinie. M montmorilonire)

Meral ion Clay Freundbch coelfivients hle™h Langmuir coelficients
K (mg_' i Ny " " R i g ) Ry e

Phill) N 4 07 0,49 20.7 1.5 00021 a9
M 73 1.7 (1.949 310 3l [ENEIERRE (.98
CdeIm K .4 (L6 .99 37,3 8 .0013 1,99
M ff (he (.44 29.6 3007 L 14 (R0
NICHY K (1.9 (L5 1499 Tl 74 RCH i (499
M 34 .5 1,494 137.7 21.1 0.0003 0.99
8 247 and 0.0191 g and that of i as 1.027, 1.652 and 0.634,
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Fig. 12, Langmur plots for metal jons adsorbed on elays at 303 K (mtial
metal fons 10, 200 300 400 S0mg/l) (K kaohnite, M montmorilonite,
esperimental pH Tor PhiLbe 3.7, Cdibe 5.5 Nully 3.7)

i5 shifted predominantly 1o the right-hand side, 1.e. towards
the formation ol the adsorbate adsorbent complex. The
largest value of *A" wus obtained for Ni(ll) montmorillo-
nite indicate that the nteractions were the strongest
between Ni(IT) and monunorillonite. The monolayer
capuacity. ¢y, is appreciably large with values of 6.8
(kaolinite Cd(lly) to 3.1 (monunerillonite ... ... P=
bl mgig.  The  separation  lactor, R (values
0.0003 0.0021). also indicates that the adsorption of the
metal ions is favoured on the clay adsorbents.

Values of the adsorption coeflicients in similar ranges
have been reported by other workers. Taty-Costodes et al.
(2003) rom studies of adsorption of Pb(il) and Cd(II) on
sawdust, found Langmuir adsorption capacily. ¢,. be-

(R =091 0.99) for Pb(Il) adsorption. In case of Cd(ll).
g was from 6.72 to 1527 mg/a lor the same pH range
(K = 093-0.99) Bavramoglu el al. (2003) have reported
Freundlich adsorption capacity. K as 0.32-1.291/g for
adsorption of Ph(II) on white-rot fungus. In another work.
Al-Subu (2002) studied the adsorption of Pb(Ilj on
decaying leaves of cypress, cinchona. and pine and
reported the Freundlich adsorplion capacity as 0.416.

respectivelyv. Chen et al. (2001) have reported ¢, of
28.26myg g (R=0999) and Ky of 3.3211lig (R=10.962)
for adsorption of Ni(IT) on peat. These values are quite
close to the values found in the present work.

3.2.5. Effect of temperature and thermodynaniic pardameters

Adsorption of Pb(Il) and Ni(Il) decreased as the
temperature was increased from 303 to 313K (Fig. 13).
The interactions are thus exothermic and the metal 1ons
leave the solid phase al higher temperature (Echeverna el
al.. 2003). With increase in temperature, the solubility of
the metal ions in the aqueous phase 1s likely to merease
with the resultant decrease in metal 1on concentration in
the solid phase. The trends demonstrated a tendency to
escape [rom the solid phase (clay adsorbent) to the bulk
solution phase with the rise i temperature (Singh et al.
[998) the excess energy promoting desorption rather than
adsorplion.

Cd(Il) adserption on the clays lollows o dilTerent
pattern. Increase i temperature [rom 303 to 08 K has
the result of enhancing Cd(11) adsorption, but the trend
reverses between 308 and 313 K. The process is controlled
by the adsorbate—adsorbent uand adsorbate adsorbate
forces and it is clear from the results that the first one
becomes weak in comparison lo the latter as the
lemperalure increases.

Exothermic adsorption of Pb(11) ions has been observed
on china clay and wollastonite (Yadava et al.. 1991).
However. the adsorption ol Pb{ll) on peat (Ho and
McKay. 1999b) have been reported as endothermic. The
endothermic interaction ol Cd(Il} on bagasse Ay ash
(Gupta et al., 2003) und kaolinitc (Angove el al.. 1998)
have been reported earlier. But Singh et al. (1998) reported
exothermic nature ol Cd(11) adsorption on hematite. T'he
exothermic nature of Ni(Il) adsorption has been observed
by Abou-Mesalam (2003) using synthesized silico-antimo-
nate ion exchanger as an adsorbent. Endothermic adsorp-
tion of Ni(Ill) on canola meal has also been rt:purl;r:d
(Al-Asheh and Duvnjak. 1999).

The thermodynamic parameters. AL, AS and AG. Tor the
adsorption process. are computed from the plots of In K
vs. 1/ (Table 4). For Phill)—clay and Ni(ll)-clay systems.
AH values are in accordance with the exothermic nature of
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lable 4

Thermodynaime data for adsorption of metal ions (elay 2000, inttial metul
concentration 10, 200 30, 40, 50me:l pH 57 for Phill). 5.3 For Cd(11).
[ 8Omin for NI, time IRO min for PhiID, 240min for A 180 min for
Nitlle K kaolinite, M montmorillonite)

Metal won Clay AH (kdimol) AS (/K mol) —AG (kJimal)

IR MWK 313K Meun

PR(IT) K —38.9 —200.7 635 6df6 6306 646
M =35 —116.3 352 338 364 35N
CadIn) ke 250 66.3 20000 204 207 204
M 46.2 1473 446 454 4ol 454
NI(11) IN —37.9 —118.2 418 436 432 4206
M 459 45|

—45.1 — 1404 444 451

mteractions (Pb(1l)-kaolinite: —38.9 kJ/mol: Ph(IT) mont-
morillonite: —31.5 kJymol: Ni(IT) kaolinite: —37.9 kI'mol;
Ni(1T) montmorillonite: —45.1 kJ/mol). In accordance with
the endothermic nature ol Cd(I1)-clay interactions. AH
values were found 1o be positive (Cd(ll) kaolimte: 25.0
kJ/mol: Cd(11) mentmorillonite: 46.2 kJ/mol). From the
magnitude of the adsorption enthalpy. A, moderately
strong metal 1on—clay bonding could be expected as was
observed by other workers (Gupta et al.. 2001).

For Pb(ll) and Ni(ll) adsorption. entropy decreased
during the process (AS: —=209.7 to —116.31 K mol) leading
o a stable configuration. Since stability is associated wilh
an ordered arrangement. it is ebvious that Pb(ll) and
Ni(IT) ions in aqueous solution are in much more chaotic
distribution than they are in the adsorbed state. Thus,

Ph(Il) and Ni(lI) have strong affinity towards the clays
(Echeverria et al.. 2003). For Cd(Tl), however, adsorption
1s accompanied by an increase in entropy (Cd(Ih—kaolinite:
66.3; Cd(IT)-montmorillonite: 473 J/K mol) indicating
considerable change in surface conhguration due to the
interactions and the strong affinity of Cd(II) towards the
clay surface 15 supported by entropy increase(Abou-
Mesalam, 2003).

CGribbs energy decreases in all the cases ol adsorption of
Ph(Il). Cd(11) and Ni(1l) on kaolinite and montmorillonite
and therefore. the interactions are spontancous. The meuan
decrease 1 Gibbs energy in the temperature range
303 313K was from =204 to —64.0kl/mol considering
all the systems (Table 4),

Thermodynamic data on metal adsorption on clays dare
scarce. Yavuz et al. (2003) have found that AH. AS and
AG for adsorption of Cu(ll) on Turkish kaolinite are
3952 kImoel. 11.71/K mol and 4.61 kl/mol, respectively.
Echeverria et al. (2003) have reported that AH, AS and
AG for adsorption of Ni(Il) on illitc have values of

Fle.8k]l'mol. + 58 I'mol K and  —1.04 kl/mol,
tivelv. AH. AS and AG Tor Cu(ll) adsorption on
surfactant-modified montmorillonite were reported  as
7.05k1mol. 9091 K mol and —9.66 k) mol. respectively
(Lin and Juang. 2002), These values are comparatively
smaller than the wvalues obtained in the present study
indicating the Pbh(Il)—clay. Cd(ih—clay and Ni(ll)—clay
adsorption complexes to be much more stable with the
clays holding these melal 1ons strongly Lo the surlace. 1t 1s
to be noted that the present experiments were carried oul
only over a small temperature mterval ol just 107
(303 313K) due to the comparatively high ambient
temperature. which however should not mtroduce much
uncertainly in imterpretation of the thermodynamic results.

respec-

4. Conclusion

Both kaolnite and montmorillonite are capable of
removing metal ions [Pbtil), Cd(ll) and Ni(ll)] (rom
aqueous solution, The adsorption capacity of montmor-
lonite 18 much more than kaoelinite for all the three metal
lons. Adsorption increases with pH till the metal ions arc
precipitated out as metal hydroxides. Although dilferent
kinetic models were tested for clay-metal ion inleractions. it
was found that the second-order kinetic model gave the
best fit with the experimental data and therefore, the
adsorption followed a mechanism based on second-order
kinetics.

[sotherm-fitting vields good results with both Langmuir
and Freundlich equations indicating that while the inter-
actions are predominantly chemical in nature. the adsorp-
tion sites ar¢ non-uniform and non-specific in nature. This
is in conformity with the existence ol dilferent types ol
possible adsorption sites on clay surface with considerable
difference in energy if the site is on an edge or is located n
a defect position. The adsorption coclficients agree well
with the conditions supporting favorable adsorption. The
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Langmuir monolayer capacity is large particularly lor
montmorillonite in conlormity with its capacity to take up
more of the metal fons. The interactions are thermodyna-
mically Tavorable and are accompanied by decrease in
Ciibbs energy.
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Abstract

Waste management strategies in mining projects will depend toa lurze extent on the characteristics of the operationdl process. the type
ol ore and prevailing socio-environmental conditions. amongst other issues. The expenditures required by the manugement scheme and
the implementation of remediation programs will be determined by the extent that the abeve issues were considered in the planning phase
ol the project. Several works have been published in the literature concerning the analvsis of waste management programs und
environmental impaets assoctated with urinium projects around the world, However. the vast majority do not report a comprehensive
assessment integrating the vartous relationships among operational process. environmental impael. remediation stralegy and costs, This
study, divided into two papers. presents a detailed eritical analysis of the waste muanagement strategies adopted in two uranium
production centres in Brazil, 1.e., the Pogos de Caldas Project (Part 1) and the Caetité Praject (Part 11). The operational processes are
deseribed and the environmental impacts of the generated wastes as well as the adopted management strategies and costs are examined.
Also.in Part 1T, o comparison between both production centres is made emphasizing the impacts ol environmental and social-cconomical

Issues on the overall assessment,
2007 Published by Flsevier 1.td.

Kevwordy: Uranium mining: FEpvironmental management: Remediition: Acid drainige

1. Introduction

Uranium production plants may give rise lo huge
amounts of wastes that encompass both mining and
milling processes. Mining waste can be defined as the
materials that result from the exploration. mining and
processing of substances from mines and quarries. Tt may
consist of natural materials without any modification other
than erushing (ordinary mining -vaste, unusable miner-
alized materials) or of materials generated during the ore-
processing and enrichment phases. possibly containing
chemical, inorganic and organic additives: overburden and
topsoll may dalso classified as waste (NEA. 2002).

*Corresponding author Institute of Radiation Protection and Dosi-
metry (FRID). Ay, Salvador Allende s/n, Recreio. Rio de Janeiro. R CEP:
22TH0-100. Bragdl. Tel: + 3521 34118087 fax: +3521 24422699,
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Generally speaking. the volume of waste rock will
usuilly exceed the volume of the ore extructed. For
underground mines. &« much smaller amount of waste rock
will typically be generated. While the uranium content in
these materials may not be significant in economic or
mining lerms. the radionuchde (including its long-hved
progenies) content may be sulficient te pollute surface and
groundwater. or present a direct exposure huzard (dust.
radon) to the adjacent communily.

Alter the mining operations take place uranium has to be
extracted from the ore. Both alkaline and acid leaching
may be used i the extraction of uranium [rom the ore
using one of a variety of leaching systems. The mosi
frequently used ones are:

® Lcaching in tanks.
® [n witu leaching. or
@ Heup leaching.
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The heap leach and i situ leach systems are, generally
speaking. more appropriale when low grade ore deposits
arc involved (Diehl, 2004). Under these conditions the
profits arising from the operdations will not match the
capital investments to be made in a leaching tank.
Conversely. this situation is changed when one deals with
high grade deposils. in which a decrease in the leaching
efficiency would result in significant economic losses.

Leaching i tanks involves erushing and grinding ol the
ore o a very fine gram size (70 um) i order to form a
slurry when the ore is mixed with an acid or alkaline
solution. The leaching process may involve a series of up Lo
12 tanks. One of the most significant disadvantages of this
technique (besides the high energy consumption) 1s the type
ol wastes that result [rom the leaching operations. The
adequate management of these wastes (talings) 1s still a
challenge to be faced. especially when long-term aspects are
taken into account.

The in sitn leach involves the direct imjection of a
leaching solution into the ore body and subsequent
recovery ol the solution enriched in uranium. The
advantage of this method is that the excavation of an
open pit or underground mine is not necessary. Asa result,
the amount of mining wastes produced is minimal.
However the potential contamination of nearby aquifers
is a problem to be considered.

Heap leaching is @ method for recovering uranium from
mined or crushed ores of typically low grade. without going
through the milling process. Pads with an impervious
bottom liner lo collect the leaching solution are con-
structed. These heaps may either be left in place alter
leaching is complete or the material may be removed o a
disposal site to make room for fresh ore. Although the
relatively coarse-sized materials. comprised of rocks ran-
ging in size [rom boulders or cobbles to gravel. may be less
redactive than the milled materials. many of the radioactive
and chemically active constituents. such as sulfides will
remain in the residues.

When tailings are generated in the uranium production
process. lerrestrial deposition is the predominant method
of disposal utilizing geomorphological depressions or
valleys. The principle of tailing dams (or ponds) is o
dispose of the tailings in an accessible condition that
provides for their future reprocessing (once improved
technology or a significant increase in price makes it
profitable). Other disposal methods such as underground
backfilling or deep water disposal (lakes and sea) may also
take place. Actually, the vast majority ol tailing lacilities
arve designed as permanent disposal facilities. In the past,
there was little or no care taken lo isolate the tailing
materials from their environment.

Identification of the environmental risks associated with
the exploitation of mines and ore processing plants not
only requires the characterization and quantification of the
different types of waste. and a knowledge of the processes
used, but also an assessment ol the vulnerability of the
specific environments, dependent on the geological and

hvdrogeological conditions and peripheral targets. or
instance, typical environmental problems arising from mill
tailings are radon emissions, windblown dust dispersal, and
the leaching ol contaminants, including radionuclides,
heavy metals and arsenic. into surface and ground waters
(TAEA, 2004).

Mining and milling wastes can affect the environment
through one or more of the intrinsic characteristies. e.g..
(1) its chemical and mineralogical compesition, (i) ils
physical properties. (1) its volume and the surface
occupied. or (iv) the waste disposal method.

Besides these parimfetcrs. one must also take into
account extrinsic ones such as (i) chmatic conditions liable
to modify the disposal conditions, (ii) geographic and
geological location, or (i) existing targets liable to be
affected (human health and his environment).

Management of mining waste disposal [(acilities must
take into consideration long-term environmental issues,
because these structures will more than likely survive both
the mine and the mining company. This situation raises a
legal problem with regard to the responsibility for
maintenance and repair of these facilities since liability,
under most laws. cannot be endless. Even where the [acility
becomes a long-term structure, it is slll necessary to
provide permanent monitoring and inspection  system.
Closure and after-care operations are (herefore of para-
mounl importance to reduce, as far as possible. the long-
term environmental risks.

Most of the works in the literature treal these aspects
reported above in an isolated way. This study presents a
critical analysis of the waste management stralegies
employed in two uranium production centres in Brazil,
The objective of this work is to perform an integrated and
comparative assessment ol the waste disposal methods
used by two uranium mining and milling facilities in Brazil.
It was aimed to show how the operational process,
environmental conditions and social-cconomical settings
may affect dramatically the management options and
also to stress the need for an integrated and comprehensive
evaluation of these aspects. Part I extends the study of
the Pocos de Caldas Site. Part II covers the Caetite
Production Centre.

2. Methodology

The methodology used in this paper is depicted in Fig. 1.

[nitially, the data from the operational process were
collected to allow us to understand, the distribution and
fate of the different potential contaminants amongst the
generated wastes as well as their chemical form in these
materials. The second step was to perform an inventory ol
the amount of wastes generated by past and present
operations. The wastes were characterized regarding the
radioactive and non-rudioactive contaminant content and
the probable mobilization and transporting mechanisms
were defined. Subsequently, the potential impacts of the
deposited wastes were assessed. Environmental media to be
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Fig, 1. Location map.

alfected were taken into consideration and the potential
exposures of members ol the public were assessed. both in
the operational and post-operational scenarios. Finally.

remediation strategies were proposed for each particular

situation under the perspective of a cost-effectiveness
analysis.

3. Site description and assesment of quantities of generated
mining wastes

The Pocos de Caldag mining site is located in the Minas
Gicrais state. in the southern region ol Brazil (latitude 21
45 8 und longitude 46" 35" W), 180 km northwest from Sio
Paulo city and 360 km southwest from Rio de Janeiro the

lwo major citics in the country. It occupies an arca of

about 15km*. The location map is shown in Fig. 2 where

the city ol Pocos de Caldas (200.000 mhabitants) can be
identified being located 20 km north from the mining site.
The two major water courses which receive the releases of
the miming and milling operation are the Antas River that
fHows in the direction of Pocos de Caldas city and the
Soberbo river which flows in the direction of the city of
Caldas Average annual precipitation is 1800 mm/vear. The
mine covers an area of 2.0 ki, The mineralized zone was
located at about 200m below surface and the mine ares
was divided nto three dilferent ore bodies (A. B and E) for
the purpose of nuning operations. The vre grade in respect
to uranium varied between 675 to 1705 ppm. The uranium
deposit 15 defined as being ol low grade associated with a
primary mineralization of Zr-rure earth elements (REE)-U-
Th-Mo (bodies A and B) and a secondarv minerdlization
caused by hydrothermal processes (body E). Uranium
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occurs in the form of pitchblende, although brannerite
(UTi0,) was alse identified in marginal proportions
(Waber et al.. 1991). The rocks have varying proportions
ol malic and neleline syenite minerals. Chemical composi-
tion of the rocks is shown in Table |- Auention must be

called to the high contents of sullur. occurring as pyrite

that varies from 5637 Lo 18961 ppm. The occurrence of

pyrite 1 the rock has an important bearing in the
generation of acid drainage as it will be discussed below
in this text.

The Pogos de Caldas Project was mlended to produce
S00 ¢ UsOyfyear and 275 Uyear of calcium molybdate as u
by-product. The operations gave rise 10 [Wo main sources
ol contuminants to the environment: the waste rock piles
(WRP) and the taihing dam.

Alter 13 years (1982-1997) the uwranium mining and
milling operations huve ceased. However. the chemical
plant in charge ol the liguwid efMuent treatment 1s sull active.
The overall management svstem ol these elfluents is shown
in Fig. 3. 1t can be seen that the drainage [rom the WRP is
pumped to the mine pit. From there. the drainage is
pumped (o Lhe chemical treatment plant. In the past the
slurry from the drainage treatment was deposited in the
tailing dam. Recentlv, due to the exhaustion of the capacity
of the tailing dam te receive additional wastes. the
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Avergge composition and standard deviaton of rocks from the theee ore

bodies of the Pogos de Caldus minge

Llement Body A Body B Body E
SI0- (") S54+0.53 53383 SS=2 64
(= T} fer== 20} L= 14}
ALOq (%) 2. 7=hed 20200 2 el B
=T} (o= AN (=14}
Fe-tot (%u) 26160 4 HEL 568 a4 6
=Tl {1 = 2U) (=14
Fimyg kg J48n 172 JITR=2457 R RE IR
=Tl =13 {ir=44)
Th (mz ke b+ 46 Yh-+8Y Als-Hun2
(n=T) tn —20) {n ]
L (mgika) B+ 57 53R —93R 279 L ely
(=:1) (n =20 n=12)
Zn (mgkyg) 253=47 3TN+ 66 SU2 41360
(ir=7) (= 20) e —"1
Simg kg 86162544 18961 — 18025 5637 L 5321
fn=7) (= 19} (=1
Zy (mg kg 1708 =873 4337113 [R10EES s
=T (=20 (=14

Sedree: Wabar et ul (1991},

| WASTE ROCK PILE %] [WaSTE ROUK PILE 4]

I—‘ MINING AREA }—T

~_ IDRAINAGE WATIR]
. LIREA TMIENT !

| TAILINGS POND

SETTLING POND |

SETTLING IMOND 2

SOBERBO CREEK }—Dl YVERDE RIVER

Fre, 3 Owerall effluent management streams of Mogos de Caldus mining
site.

precipitate from the chemical treatment has been deposited
i the mine open pit. The efuent from the tailing dam is
treated with BaCl, to remove radium isotopes [rom the
solution. The solids (precipitate) settle in two holding tanks
and the overflow is discharged into the environment.
Table 2 shows the amount ol wasle rocks deposiled in
the different piles. piles number 4 und 8 being the largest.
These two piles together contain about 60%, of the total
amount of rocks removed during mining operations. The
relevant aspect of the WRP 4 15 that all the draimnage
percolating from the system is collected in a holding pond
al the toe of the dump. Table 3 shows the chemical
composition of the drainage coming from WRP 4. The
oxidation of pyrite in the rock material explains the low pH
values in the drainage. It can also be seen that uranium
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Tahle 2
Volume. mass und areas ol the wuste rock pales at the Pogos de Caldas
Mg site

Waste-roek pile Volume (10°m) Muss (107 1) Ared (10" m5)

WRP-I 44 106 BN
WRP-2 b 2358 2.0
WRE-4 124 RO 5.7
WRP-7 2.4 AN 5.3
WRIT-H 148 i B tle! h
Tatal 418 [05.2 .9
Tuble 3

Chemical compaosition off WREP 4 drainage (1= 21)

Parimeler Averige Minmimum value Maximum value

TR (Bl (1,29 0.14 .58
= (By/L) 175 7 i3
Al fmgil) 96 il 161
Fmp/Lo a9 5] 167
Mn {mg/L) i3 fr.6 0A
pH 3,30 29 a7

activity concentration much higher than that of “"Ra. [t
means that the first is being preferennially mobilized
relatively Lo the second assuming that both of them have
identical activity concentration in the rock (i.e. they arcin
secular equilibrium).

Zenaro (1989) studicd the speciation of U (V1) in the
mining waters ol Pocos de Caldas mining site. The
dominant species of U '" were the uranyl fluoride com-
plexes and uranyl ion. However, the author suggested that
in lower pH values the sulphate complexes would be of
mote relevance, At higher pH values the formation of
carbonate and phosphate complexes would play a sig-
nificant role. The simulations conducted by the author was
in pll 5.2 and the concentrations of F. PO; . SO; and
LIO3 were, respectively. 0.5meL ' 5. 7puel ' 24mel ™!
and 3.1 pg L= respectively.

In order to investigate the speciation ol the U (VI)
compounds in the acid drainage of WRP 04 the computa-
tional code MINEQL (Westull et al., 1976) was uscd. The
inpul data were the same as those reported in Table 3. The
results reveal that u precipitate of BaSOy would be formed.
This would explain the low concentrations of 23%Ra in the
acidic waters as 1t would be co-precipitating as Ba(Ra)S0O,.
As for uranium the modeling results indicated  the
following distribution of uranium species: UO- (33.9%):
UO-F (R.3%). UOA(SO), (9.7%) and UO-SO, (27%),
Fernandes et al. (1998) reported PR concentrations in
sampling location out of the influence of the mining and
milling plant discharges in the range of 0.02-0.25Bq L.
As the average YU concentrations in the acid drainage is
ordere of magnitude hoher than the background values the
reledse of these waters into the environment without prior

treatment cannol be warranted. The high concentrations of
Al and F and the low pH values reinlorce the need of
chenucal treatment ol these waters.

The occurrence ol high radionuclide concentrations n
the drainage from WRP 4 was first reported by Amaral
et al. (1988). Fernandes et al. (1998). Fernandes and
Franklin (2000) investigated the main processes responsible
for contaminant mobilization and transport from the WRP
4 and discussed sound managenient options for these
drainages, The dissolution of K-feldspar and kuolinite,
along with the oxidation of pyrite by O, and Fe' were
simulated by meuns of geochemical modeling, The results
revealed intrinsic oxygen rates (IOR) on the order ol
10" kg(Oy)m s ' (being the IOR the rate of consump-
tion ol oxvegen by the material in the waste under the
conditions which apply to thal material). It was estimuled
that more than 300 vears would be necessary [or the
contaminant concentrations in the drainage to decrease Lo
aceeptable values, The significance of these lindings to the
management strategies is that permanent solutions will
have to be applied instead of the collection and treatment
scheme presently in place.

Regarding the tailings. it was estimated that in the period
between 1982 and 1992 approximately 2.03 x 10°1 of
wasles were deposited in the 1ailing dam. The amounts of
the dilferent materials deposited in the tailing dam are
depicted in Table 4. Sulphate is precipitated as CaS0O, and
plays an important role in the immobilization ol 2l R,
It results from the neutralization of the acid eflluents with
lime. Pyrolusite used to be added to the process Lo aid in
the oxidation of U* —U"". The addition of phosphatic
rock was introduced to recover Mo as a by-product of the
uranium production. The average elemental composition
of the deposited wastes 15 shown in Tuble 3. Iernandes
et al. (1996) submitted the tatlings (o a simple leaching test
with HCl (L3M o assess the potential mobility of the
contaminants present in the tailings. They found out that
virtually all the Mn present in the tailings was solubilized.
As it will be discussed Turther in this text Mn is a critical
contaminant amongst the chemical elements present in the
tailings. Amongst Lhe radioactive conlaminants the solu-
bilization of “"Ra, “"Ra. ~'Pb, U and *¥Th were,
respectively. 39%., 16%. 65%. 7%. 1" and 21%. The
higher solubilization of "Th in relaton o U results
from the fact thut vranimi was already removed from the

Tuble 4
Inyventory of the wastes deposited in the wilings Jdam

Material Mass (1)

Milled ore L764970

Sulfide 33168
Pyrodusite 5040
Phosphatic rock 7T
Lime [ G5
Toval 2452013
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Table §
Average composilion ol the wastes in the tailings dam

Species Concentration (%)
Zr0), 0.15
M)y (.02
AL, 234
K T2
Si0- 54.0)
al) (.25
507 23
s (.5
Fe.(3, 3.9
Mn 0,02
P} 0.09
u 0.018
Ih 0,00
“Ra (Bygje) P4
0phy By ) 34
R (Bgiz) 1.4

Sowree: Fernundes e al, (1996),

ore 1n Lhe leaching process and selectively extracted by an
arganic solvent.

Fernandes et al. (1996) deseribed the main geochemical
mechanisms taking place i the tailings environment. It
was suggested that oxygen diffusion would be taking place
through the first I-m laver of the tailings. In addition to
this it was observed thal metals and radionuclides are
not uniformly distributed in the solid material {rom the
tailing dam. The possible mechanisms accounting for this
observalion are: (a) the accumulation of fines. including
precipitates of gypsum and metal hydroxides. in the lower
zome because of settling processes during initial deposition
of the tailings; (b) the precipitation. co-precipitation and
adsorption of major metals and trace radionuchdes from
neutralized process water; and (¢) pyrite oxidation.
leaching and desorption ol metals and radionuclides in
the top upper zone. producing highly acidic, high total
dissolved solids (TDS) pere waler which predominantly
migrates downwards (solute transport) with precipitation.
co-precipilation and absorption, occurring in the neutra-
lized buffer zone (re-deposition). In summary. as infiltrat-
ing water moves down through the tailings. it attains
a basic pH because of excess lime not vet leached from
the system.

The depletion of metals and radionuchdes like Fe. Al
and U in the upper layers was probably related to acid
leaching resulting from the residual pyrite oxidation of the
tailings. In fuct. the authors reported X-ray diffractograms
showed the existence of pyrite in the tailings even after the
H,80, attack. Oxidation of sulphide minerals in the
tatlings requires the availability of both oxygen (air) and
water, Thus it is suggested that most of the sulphide
oxidation will be concentrated in the aerated portion of the
lailing dam.

Differently from Fe, Al and U. Ra isotopes and *""Pb

presented a different profile caused by the increase of

sulphate concentration in solution duc to the dissolution ol
sulphate from tailings. which indueces the re-precipitation
ol radium. The direct precipitation ol Ra. in the form ol
sulphate, however. does not seem to be the most probable
mechanism to explain the radionuelide activity merease in
solid phase. being the co-precipitation with Ca a much
more probable mechanism. This might happen in a
gypsum-containing soil and particularly uranium tailings.
which is the case in the Pocos de Caldas. Thus, the different
shapes of *'"Pb and “*Ra behavior in the tailings may be
attributed to the immobilization caused by sulphate.

In the upper zone, pll would be as low as 3.0, However,
pH values increase with depth (varying in the range of
3.0-6.0). a consequence of the imtroduction ol the milling
effluent with high plI values (in the range between 10 and
12) during the operation of the industrial plant. Tt wag
postulated that this region of (he (ailing dam would
function as a buffer zone that would neutralize the acidic
percolating waters moving downward. As a result. the
migrating elements would precipitate in this higher pH
zone. It was also estimated that the release of untreated
walters from the tailing dam into the environment. would
result in doses as high as 8.0mS/y. This value is
unaceeplably higher than the primary limit established by
the Brazilian regulatory authority, i.e.. 1.0mS/y.

4. Identification and analysis of the potential environmental
impacts associated with mining and milling wastes

Deposited wastes may cause environmental impacts
through different pathways as shown in Fig. 4. The extent
ol these impacts will determine the need lor remedial
actions to reduce the exposures to acceptable levels. Both
radiological and non-radiological impacts must be taken
mnto account. As for example. the removal of heavy metals
from the effluents will also imply in the decrease of
radionuclides from these materials,

Regarding the Pogos de Caldas site, the release of acid
drainage from the WRP directly into the environment will
affect the quality ol the receiving waters. Regarding the
tatling dam. 1t has already been mentioned that the direct
release ol untreated efffuents into the recciving walter-
bodies will result in unacceptable doses to members of the
public. In addition. one can expect contamination of
groundwater due Lo the mfiltration of contaminated
discharges. Exposure to radon and to gamma radiation
may also result it houses are constructed directly over the
tailings in a [uture seenario of unrestricted use of the site.
As a result. all of these exposure pathways shall be
considered in the definition of the best strategy of
remediation.

The impacts of the release of acid drainage from the
WRP into rivers may be assessed by a simple model of
dilution (mixing zone model). One can assume that il the
concentrations are low ecnough at this point, turther
populations would not be unduly exposed 1o the released
contaminants, As a result, it was considered that a critical



H M, Fernumdex et al. | Jowrnal of Envirommental Management 87 (2008 39 72 ()

| Tailings I External Lxposure 1o Gamma Radiation

¥

ke
| Exhalution fe
B0 N

Metcorology |

|

I

Cover

| I oo B s T Jedrock
PR ES S ‘_’ H}dlulnymlL’mlde

|
S ! |
|
|

Ri. Oxveen
Diffusion/ External
Gamma Radiation

Infilteation Flux

X |

| Aquifer
Hydrology

Flux/ Dase

| Post Operational Phase

‘ Infiltration
Runoll
1

i Wnaer

Superticial ‘

Release PR

: R

I luxl :

B i :
Receiving Water MI
body Hydrology 4
No Operational Phase

Release Criteria

k.

l Mo I|

- |

Yes

Contanmination’ Dose
| P %
| Release Criteria

Contamination/ Dose !
Release Criterin No

Yes l

Yes l

Eig 4 Pathway analysis scheme for environmentul impact nssessment of disposed wastes.

group (i.¢. group of the most exposed individuals) would be
located within the zone of mixture of the acid drainage and
river waters. The mixing zone model s represented by

{(-..l'."_:l’-l' i Qri\-ur] Iz {(1’“. e Q\’ﬂ}
Qr]\ur i Q'\‘”-

where € is Lthe concentration (mg/L or Bg/L). O the flow
(11135 1'_},

Table 6 shows the results of the simulation and makes a
comparison with Brazilian Standards. Average contami-
nants concentrations i the clfluents were the same as
those presented m Table 3. It can be seen that sulfate
concentrations would not exceed the value established in
the lezislation but F and Al would.

Due to the focation of the dischurge point. the only
exposure pathway predicted is the direct ingestion of
waters. Assuming an ingestion rate of 2L/d by an
individual and the dose conversion factor (DCF) of
4.5 x 107 8v/Bq for an adult (IAEA. 2001) the radiologi-
wl dose due 1o - would be equal to 0.21 mSv/y. This
dosc cannot be regarded as negligible. as it corresponds to
2%, of the 1 mSv;y dose limit established in the Brazilian
fegislation. As per ““Ra a dose as low as 0.0022 mSv/y can
be estimated (using a DCF equal to 2.8 = 107 "Sv/Bq). As 4
result. the remediation sirategy would be governed by the
concentrations of uranium and the non-radioactive con-
taminants present in the drainage and will have to produce
reductions in the contaminant loads in such a way that the
standards would not be exceeded.

Regurding the tailing dam. the contanunation of
aroundwater in 1ts area of influence was assessed by meuns
ol the code GWSCREEN (Rood. [994). The code was
developed for the assessment of the groundwater pathway
from leaching of radioactive and non-radioactive sub-

(1)

Cuy =

3-‘\'lr

Tuble 6
Compatison belween estumated contaminant concenlrations in river
waters and legil Bruzilian standards

Contanunant Estimated value Brazlian stundard

1_:11gL'|'| fma L}
50, Eh 230
F 467 L4
Al 453 .14

stances Irom surface or buried sources. It simulates the
transit of contaminants through different media. 1.e.. the
source itsell, the unsaturated zone and Lhe saturated zone.

For modeling purposes. it was assumed that the tailings
environment (i.e. the contaminated zone) was homoge-
nous. For the sake of conservatism, the values ol the
coeflicient of distribution. Ky for the whole contaminated
zone were then represented by the ratios of radionuclide
concentrations in the tailings (in Bqkg™'") 1o those in the
seepage water (in Bq L") in the upper layers of the tailings.
Le.. giving Lhe lowest values Ky. The adopted Ky values lor
the contaminuted zone were those reported by Fernandes
ot al. (1996) MU =350Lkg ' *"Ra =800Lkeg" and
H0ph =200 Lkg .

For the saturated zone the Ky values used for “*U and
2Ry were those reported in TAEA (2001): 50 and
SO0 L kg respectively. As this publication does nol
present Ky value for “10pb in freshwater it was assumed
as being the same of ~“°Ra.

In fact. our aim in this assessment was not to achieve
accurate estimates of the concentrations in the aquifer
underneath the tailing dams. Instead. we were mainly
interested in knowing the transil time [rom the contami-
nated zone to the aquifer. If this short

time  were
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(i.e. decades) more realistic simulations would have to be
done. However, if the transit time was long enough (above
1000 years), even when conservative assumptions are made
1o preclude the need of the implementation ol remedial
actions, then the simulations should not need 1o be
repeated and the contamination pathway would be
excluded from further consideration. The assumption of
the same value of Ky, for all the radionuclides leads to a
conservative approach.

The transit time through the unsaturated zone was
calibrated based on the knowledge of the time it took for
sulfate antons to reach the aquiler. Since the operator runs a
monitoring program that includes the sampling of under-
ground water beneath the tatling dam., it was possible to
cstablish the time since the initial deposition of the tailings
for the anion to reach the aquifer. Sulfate concentrations in
the aquifer have varied from 21 1o 296mgL '. Table 7
shows the inpul parameter values to the model and Table §
shows the results obtained for the studied radionuclides.

It can be seen that a very long period of time will be
necessary for the contaminants o reach the aquifer. 1t was
found that the 2'"Ph already exiting in the tailings. due to
I8 relatvely short half-life (22y). will never reach the
aquiler. However, the GWSCREEN software does not
correctly take into account the decay of radionuclides as
they move through the environment. II' the time for the
observation of the initial concentration of “**Ra in the
aquifer is taken into account, ie.. 4500 vears, it can be
cstimated that roughly the §5% of the initial amount of

Table 7
Iiput values Tor the simulation of groundwater contamination due to the
seepage waler of the Pogos-de Caldas tilings dam

Parametler  Description Value

L Source lenglh 432 (m)

W Source width 432 (m)

3 Source thickness [2(m)

P Percolation rate 058 (my™")

Oc Volumetrie moisture 0smim!
conlent in contaminated
rone

Qu Vaolumetric moisture 0l mim™
content in unsaturated
zone

P Bulk density ol (he I 44 (gem ™)
contanunated rone

P Bulk density of 1.5a(em )
unsaturdted zone

A Longitudinal dispersivity 45 (m)

A Transversal dispersivity 37 {m)

[ Saturated pore velocity 520wy !

2y Initial aetvity in source YU = (101 Ci
volume

Ry = 138 Ci
*ph = 186 Cj
Ky, Distribution coellicient in 11 Lkg © (assimed as being

saturated zone cqual forall the radionuclides)”

TThe ussumption of the same value ol K, for all the radionuclides leads
0@ conservative approach,

Table 8

Predicted peak concentration values i groundwater under the influence of
the Pogos de Caldas Tailings dam and time for observation of the peak
concentration and (ransit time af contaminants w reach groundwater

Radionuclide Coneentration Time lor peak Contaminznt
peah (Bg/L) coneentration (y) transit tme (v)

=1y (.28 7700 4400

25Rn 7:43 7800 4500

Hiph ) B

Mn 800

“Ra will be converted leading to the generation of #!“Pb,
This amount will be distributed through the water flow
path and part of it may eventually reach the aquifer and
will be added to the amount of *'"Pb to be observed in
groundwater resulting from the decay of —"Ra. For the
non-radioactive contaminants, it was estimated that Mn is
expected to reach the aquifer in 800 vears,

The contamination of groundwater by contaminants in
tailings deposited in impoundments will depend on a series
of local variables turning the comparison between different
sites not straightforward. However. some works available
i the literature came to lairly similar resulls as those
obtained in the present study. Davey and Grenn (1994)
report that the movement ol radioactive contaminants in
the tailings of the Olympic Duam site ceases within 40em
from the contact of the tailings with the soil being the *°Ra
and ""Pb concentrations in the tailings (5001500 Bq/kg)
equivalent to those observed in the present work. Similarly.
Silhanek and Kurokawa (1984) report 20Ra contamina-
tion 18 not expected to take place in aquifers beneath
uranium tailing dams. however, contamination [rom As.
Se, Mo, cyanide and Cr (which are not an issue at Pogos de
Caldas) may take place. Rogers et al. (1982), adopted a
leaching model that took into account meteorological data,
infiltration rates, solubility limits and equilibrium coelfi-
cients. Contrarily 1o the results obtained in this study it was
estimated that radium peak concentration would be
observed m 105 years. The leaching rates these authors
determined for Ra and U were in the range of
10710y, while those predicted by the model in this
work varied between 107 and 10 *y '

The other pathways to be considered are exposure (o
radon and gamma radiation. The scenario considered in
these cases was 4 house built directly over the tailings. In
such a situation. an individual might inhale radon gas
released from the tailings as well one might be exposed to
external radiation from the gamma emitters present in the
tailings. The external gamma and radon exposure assess-
ment of the code RESRAD (Yu et al. 1993) was used. The
results from the exposure Lo radon are shown in Fig. 5.

[t can be seen that initial doses do not allow the
unconditional use of the arca for dwelling purposes. The
decrease of the dose with time is a consequence of “““Ra
decay. Regarding the exposure Lo external gamma radia-
tion. the shape of the dose vs. time curve is very similar to
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Fig, 5 Time dose evolution due to raden exposure.

that of the radon. The elfective dose estimated for the first
year iy 8.0mSv (i.e. 20% of that estimated lor radon
exposure). Veska and Eaton (1991) reported effective dose
1o individuals exposed to (ailings in a similar scenario to
thad used in this work as varving between 42 and
73mSvy . However ““Ra concentrations in the tutlings
were 4 20 umes higher than those observed in the presenl
work. These assessments suggest as opposed o ground-
waler contamination observation that, remediation should
be employved at the site to reduce potential exposures o
radon and external gamma radiation,

5. Application of potential remediation strategies
3.1 General conceprs

A number of strategies are available in the remediation
of contaminated land. Some of them can be considered to
be well-established and have been successiully applied to
tredt radiodctive waste sites. others show considerable
promisc in laboratory and/or field teials. Table 9 sum-
marizes some ol these strategies.

In determining the leasibility ol applying technologies in

Tuble 9 Tor a particular contuminated site. a number of

factors must be taken into aceount including:

e The characteristies ol the site,

@ [he risk to the public.

e The performance and cost of the technique to be
applied. and

® The exposure ol the worklorce during remediation

W r'}\' '

The impact of the dilferent categories ol remediation
technologies may be deseribed us follows:

® Romoval of sources and sepuration technologies reduce
the input of radionuclides into groundwater pathwayvs
and reduce the level of radon emissions by removing the
parcnt nuclides with @ proportionate decrease in the
magnitude of all exposure pathways:

Fahle Y
Main approaches to rentedintion of waste contaninated areus

Removal of source e Bulk removul
Surfice serping
e Turf cutting

Contuinment e Cupping
o Subsurface barriers

Immoblizanon & Cemeni-hased solidifieanion (i site and ex: sitin)
e Chemical immobilization Gn sifi el ex siti)

Separation o Soil washing
@ Flotatiun
Chenieal solvent extraction

e |mmobilization and containment (except capping) tech-
nologies reduce input to groundwater. and therefore
have a significant impact on the off-site terrestrial and
aquatic exposure  pathwavs (ingestion and  external
irradiation). but have little impact on radon emissions;

e Cuapping reduces the input of radionuclides into ground-
waler and also reduces radon emissions in a manner
proportional to the thickness of the surface barner.

Removal of source material and capping of the waste arca
reduce external irradiation both on-site und ofl=sile. in the case
ol capping this presumes thal the covering material remains
mtact. For extreme intrusion scenarios. where penetration of
the cap may be assumed. the on-sile external radiation
pathway will not be reduced. Immeobilization and containment
approaches. other than capping. lend 1o reduce oll=site external
irtadiation. but may have little effect on-site as they may not
provide adequate shicldmg agamst gamma radiation.

3.2, Costs evaluation

Table 10 depicts the costs of remediation aclivities thal
were carried oul from 1997 (o 2001 regarding only one of
the waste rock piles (WRP 4). 1t can be seen that the high
expenditures were practiced in relation to the pile reshap-
ing. clay layer application (at the top of the pile) and
revegetation (grass+trees). Because ol the lack of a more
accurate evaluation of the uspects mnvolved on the acid
drainage generdation. it turned out that the adopted
measures did not prove to be effective.

[n addition to remediation costs of rock pile those
related 1o acid waler neulralizalion have o be taken into
account. As reported by the mine operator these expendi-
tures involving acid drainage originated in the mining site
(al] waste rock piles included) amounted o about LSS 3.0
million from 1984 1o 2004.

5.3 Remediation optiviy

Removal ol the source. 1.e.. returning the tailings and the
waste-rock material back Lo the open pit 15 one ol the
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possible solutions to be assessed. The costs related to this
option bhased on MENID (1995) are: hauling ol the
materials US$  1.5/tonrock: landfill operations— USS
30/tonrock. and revegetation—USS 35000/ha. A rough
estimation ol the overall cost for this option. taking only
into account the material deposited in the WRP 4, would
he about USS 70 million. This seems to be a very high
cxpenditure. therclfore this option would not be recom-
mended as an effective strategy (o remediate the site.
[mmobilization techniques. as stated above. may be
cffective in reducing migration of radionuchides from
tailings. but not from the WRPs. In addition, radon
cxhalation and gamma exposure would not be addressed
by this strategy, As a result of the above considerations,
eapping would be the preferred strategv. In order to
evaluate the elfectiveness ol capping. the impact of the cap
on acid drainage must be determined, First, one has to take
into consideration that acid drainage is a result of pyrite
oxidation, The supply of oxyvgen is the limiting force in
pyrite oxidation. Bacterial activity may also play an

Tuble 10
Summiary of the expenditures of the remedial actions of the WRP -4

Activity Cost (US§)
Reshuping 287,191
Clay Layer 171,442
Revegetation  grass 175812
Revegetation—Irees 06.419
Drainage work 33082
Garden maintenunce 75.643
Wells drilling 35,612
Technical cansultancy 35.944
Dikes construction 4018
Support activities 60,330
Total 996,103

Table 11
Significance of the IOR value magnitude

mmportant role in the process (Egs. (2) and (3))

FeSy + 8H>0 + 14Fe’ — 28047 + 13Fe® + 16l (2)

Fe*t  J0b+ Ht — & 43H50 G)

The oxvgen removed from the system in the process ol

pyrite oxidation will ercate a concentration gradient mn the

rock pore spaces. A high oxygen demand will promote a
pressure gradient inside the pile that will fead to the
transport of air mass into the pile as a result of oxygen
removal. At lower oxygen demands the (ransport of oxygen
into the pile will be governed by diffusion. Ritchie (1994)
introduced the concept of IOR. which is simplv the rate of
oxvgen consumption in the material forming the pile in the
prevailing conditions. The most practical unil Lo express
the TOR is kg (O-)m~*s 7" Table 11 shows some values of
IOR and relevant characteristics associated with thesc
values.

As has been demonstrated by Fernandes et al. (2000),
IOR wvalues applicable to WRP 4 of the Pogos de Caldas
mining site are of the order of 107" kg(O-)m ™25 !. In such
a situation diffusion dominates the process. Providing
more oxvgen Lo the system, in an attempt to speed up the
oxidation process will not be an elfective stralegy since not
all the oxygen provided o the system would be consumed
under these conditions, Le., low TOR values. In such cases
capping the WRP with a material with a lower oxygen
diltusion coclticient than the rocks forming the pile would
be an effective manner to halt the input of oxygen into the
system and consequently reduce the concentration of
contaminants in the drainage. According to Ritchie
(1995) the attenuation factor will depend more on the
propertics of the capping malerial than on the properties of
the waste material. The practical problem to be addressed
1s 1o design an appropriate capping system in such a way

IOR Time for pyrite Time for the Time lor the consumption of  Heat Sulfate Relevance of the IOR
kem ™ s~ consumpticn consumption of rock O initially present in rock pore Generation  concentration in the
{vear) bearing carbonates spaces Rate (Wm ) dramage (mg/L)

Fi 0.167 2.44d 124 Rate observed in laboratory
experiments of biological
oxidation

=" 1.67 Adw 0.9d 12.9 = Rate necessary for running
bio-oxidation heaps.

- 6.7 (o6 v 3w 129, Effective extremely high rates
for some waste-rock piles.

" 167 057w 131w 0.129 21,600 Rarte typically Tound mn
waste-rock: ]1”0'.\'

=" 1.670 63Ty 2.52y 0013 2160 Typically low rates found in
some waste-rock piles

TR 16,700 657y 252y 216 Rite associated with
marginal covirommental
prohlems

Sewrce: Ritchie (1993),
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that 18 physical stability can be maintained in the long
lerm.

For a cap ol mactive material with thickness equal 1o X,
and diffusion coeflicient 2. the oxidation rate can be
determined using the following expression (sce Ritchic.
[9935):

GOR = V2GS (Wa+n—a2+n—1). ()

W I'IL‘I'L‘.

L (x) (s*n) |
T \DS \2Gy)

GOR s the global oxidation rate (kgg. m g ., X the
thickness of the inactive material cap (m). S* the Intrinsic
Oxidation Rate (kg m Yehy. €y the oxygen concentra-
tion in air (kem 7). D the Total oxvgen diffusion
coeflficient in the pile (m°s ). D, the Oxvgen diffusion
coefficient in the cap material (m”s™").

With the aid ol Eq. (4)., values of GOR were simulated as
well as the sulfate load for dilferent capping thicknesses
while varving values ol oxygen diffusion coefficients, [t was
assumed that the infiliration rate would be ol the order ol
S0% of the total precipitation (equivalent to 0.85ma~"). It
hias been demonstrated, however, thatl the inliltration rates

ran

may be reduced to values as low as 1-53% of the total
precipitation rates with an effective cap (Harries, 1490).
The resulting values are presented in Table 12 and pictured
m Fig. 6.

It 15 well known that costs of remediation Increase
linearly with the attenuation of the environmental impacts.
Fig. 6 suggests thut capping the WRP 04 with a material
with an oxygen diffusion coefficient of 107 m’s~ ! and a
thickness of 0.5m (option 4) would be the most effective
solution to reduce the concentrations of contuminants in
the drainage leaving the system because inercasing the
thickness of the capping material or using malterials with
lower oxygen diffusion coefficients will not be
effective than what is obtamed [rom option 4, Regarding
WU activity concentrations, it was assumed that the
radionuclide varies linearly with sullate as suggesied by
Fernundes (2000). Il the same reduction level is applied to
the other contaminants (e.z. Al and F-) the concentrations
in the mixing zone will be lower than the Brazilian
legislation standards.

One ol the issues regarding the cappmmg of waste rock
piles has to do with the erosion of the capping material. IT
clay is used as the capping matenal some sort ol protective
barrier should be applied. A general scheme to be put in
place n those situations is a three laver harrier consisting

maore

Tahle 12
Madel results of U and SO7 in the drainage of the WRP (04 for varving oxvgen diffusion coefficient and thickness of the cipping matend!
Remedial Option | 2 3 4 5 6 7 § Y
Dif. Coef (m*s™ ") [ Eac1p I 1™ 1 w107 I x 1™ Lx 1p™" D Pgp="" g
Thick (my) _ 0.3 Lo 20 0.3 1.0 2.0 0.5 [.0 20
GOR keims " (= 107" 180 22 1l (h20) 0.1 (02 24 1.6 (1,038
[SOL) mel ! 247 154 78 32 16 5.0 A7 .58 0,79
(U] Bg/L 44 26 13 34 2.7 1.3 (.63 (.27 (.13
Sulfate Concentration X Remedial Option
A5()
A0
250) \\
S 200 ‘
£ \
2 150 .
100
S0
0 - - — ' ' __T____.' ’ $
1] 1 2 3 4 3 6 7 b ] 11}
Remedial Option

Fig 6. Sulphate concentration viridtion in the draingge of the WRP-4 with different remedial options.
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of a bottom granular layer. an intermediale one—
the capping material itself, and a third laver consisting
ol gravel to protect the capping layer against crosion.
Table 13 depicts the costs related 1o the application ol cach
one of these layers to WRP 4. The costs are based on
MEND (1993). The total cost would be about USS 10
million for the remediation of only one of the existing
waste rock piles in the Pocos de Caldas mining site. These
costs may be reduced if a less costly capping material (clay)
can be obtained (rom neighbor borrowing areas.

Clearly. the ligures from MEND (1995) are based on
Canadian unit costs that may not be appheable to the
Brazilian context. The merit of this approach is to give a
cost perspective based on the experience of a developed
country that holds a closer relationship to other similar
countries in the world. Basing the calculations on Brazilian
unit costs could lead to biased conclusion due to the
eventual associated lower values of the used material and
labor costs. Despite this a4 rough estimate can be made and
a figure of USS 3 million would be achieved by using a cost
rate of US$ 5 per m” of manually compacted clay, This
value represents 30% ol the cost estimate based on the
Canadian experience.

Harries (1990) reports that rehabilitation costs at the
Woodlawn site in Australia. with similar problems to those
of Pocos de Caldas were of the order of US$22.000 ha.
IAEA (1994) reports that decommissioning  strategies
adopted in different countries show average capital costs
in the range of USS 3-15 mullion depending on the
complexity of the installation. Reported costs for remedia-
tion of waste rock piles were LSS 0.30/1 of deposited
material. Applying this ligure to waste rock pile 04 we
would have a value of about USS 7.0 million. which 1s
parallel with the estimated costs presented in Table 13,

Another strategy that could be applied to mitigate the
impacts of acid drainage generated by pyrite oxidation in
WRP 04 would be the economical recovery of uranium
present in the drainage. Presently these drainages. along
with the drainage from the other waste rock piles are
being pumped to three main ponds and then neutralized
with lime. The resulting slurry 18 deposited i the open pit.
Table 14 presents the volumes being treated: the average
uranium concentration in those waters and the resulting
loads of U,

Table 13
Formution costs for a three laver capping svstem to he applied to the
WRP-A s a0 remediation solution for the abatement of acid drainage

generabion

USS'm™ m’ Fatal (LISS)

107 108w 10°

Lower layer (sand type material) 3.5 56.5
Intermediate laver (compacted clay) 11 56,510 6,22 0"
Lipper laver (gravel) A 56,5« 170 = 10°

Total - 98 10"

Tahle 14
LI-238 activity concentrations. volume ol drainage teated and U-238 load
in the acid drainage of Pogos de Caldas mining site

Pand T Volume of water 2811 Load
(mgl ') treated per vear (L) a)

1 16,6 89100 16

2 24 2 Y Lt

3 802 39 0 4.0

Total 24

[t can be seen (rom Tuble 14 that approximately 300 of
WU are disposed as waste per year. This figure represents
30% of the average annual production ol the Pocos de
Caldas lacility. The challenge here is o establish an
efficient way to extract uranium from these waters, The
ionic exchange technigue has been adopted in similar
situations elsewhere and s a mature technology. The mest
important exchangers use synthetic polvmers to which the
active functional groups are attached. lonic inorganic
exchangers. or zeolites. are also available (MEND, 1095),
Critical to the success ol 1onic exchange resins in reating
acid drainages is to identily the exchangers that will exhibit
a specifie selectivity for the metal of interest over those that
are not to be separated like Fe. Al and Ca. MEND (1993)
makes an assessment of the removal of metals from acid
mine drainage. It is concluded that most ol the investigated
resins do not show a well-defined selectivity for the metals
of interest—Sh, Cd, Cu. Ni and Zn—and that only the co-
extraction of Fe was an obstacle for the application ol
resins Lo acid dramage.

The use ol ionic exchange resins in the extraction of
uranium from water has been reported by several authors
(Rosenbaum and George, 1971 Garrido cl al.. 1981: Gow,
1983; Rhumer. 1983). Naden et al. (1985) estimated that
capital costs involving the construction of an ion extraction
plant would be about US$ 1.6 million,

The propesed scheme to be applied in the case ol the Poc
05 de Caldas site would have to include the removal of iron
Irom solution. That should be achieved by means of the
aeration ol the solution and the elevation of the pH 1o 4.3,
Of concern here is the fact that iron removal by oxidative
precipitation is hkely to remove also at least some of the
uranium (by e.g. sorption on the [resh precipitates). This
issue will have to be examined in detail when the tests of the
recovery scheme. The overall treatment process is shown in
Fig. 7.

[t it is assumed that the process has an efficiency ol 90%
and il the costs of uranium in the international market are
laken into account. ie.. USS 40/kg. it can be roughly
estimated that about US$ 1.2 million would be gained with
the recoverv of uranium from the acid drainage, It was
reported by the operator that about US$ 2.6 million were
spent on water treatment or approximately S 145,000 per
vear. As a result it can be proposed that the revenue
obtained with uranium recovery could be deposited in
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Fig. 7. Lrunium recovery scheme from aend dranmiige.

a fund to be used in Tulure remediation of the site. It must
be appreciated that with the termination of the secondary
supply of uranium in the international market (represented
by the highly enriched uranium—HEU—detained by the
former Soviet Union Countries) prices of the commodity
will increase. making the recovery ol the metal even more
attractive.

Regarding the remediation ol the tailing dam. capping
seems to be the most appropriate course ol action. Capping
will reduce radon emissions, will shield agumst the
exposure to gamma radiation and additionally will prevent
the dilfusion ol oxygen into the talings. As a resull
oxidation of pyrite will be reduced.

The computational code RESRAD (Yu et al., 1993) was
used to examine the effect of application of a cap material
over the lailings. As input dita, a material with the same
propertics ol that used in the waste rock remediation was
tested. i.e., a material with an oxvegen diffusion coefficient
of 107" m"s . For the purpose of our estimates radon
diffusion coethicient was assomed as being equal to
10 “m’s ' (Chauhan and Chakarvarti, 2002). Fig, 8
displays the resulls.

11 can be seen that the cap would reduce the doses (both
cxposure to radon and gamma  radiation) to  values
virtually equal to zero. The increase after 1000 years
18 due 1o the erosion of the cap material. In the ubsence
ol site-specilic  information  the erosion  rate  of
6.0% 10 ma" wag adopted. According to Yu et al.
(1993) (his value would be typical of a soil not subjected 10
practice. Values in the range of
107 10 ma " are reported in the literature and depend.
besides the vegetation, on the slope of the lund. its use and
[}r‘}‘)’t‘ l_'.‘l" Cé'll'l I‘I"IlltCI'll.‘_lk.

The cosis associated with this strategy are estimated as
being on the order of approximately USS 3.7 million if the
same scheme used in the application ol a cover in the WRP
04 15 adopted in the tailing dam. Additional geotechnical
work would be required for the tailing dam as opposed to
the WRP. and this additional work may result in extra
Costy not projected in this work. Details of the application
of dry cover to a tailing dam can be seen in Leoni el al.

(2004).

any agricultural

4 |
3 L
== |
=
Z o2t
B Rn Diffusion cosfficient = | ox 107" m" s '
| Rt Lmaniition coetTicient = 0,1
0 { 4 '
1) 100 10000
Years

Fig. 8 Effect ol capping the wailing dam with u compacted clay laver

6. Conclusions

This puper presented an analysis ol the waste manage-
ment strategies adopted as it proposes course ol action
to be put m place in the future m the uranium pro-
duction center of Pocos de Caldas. It was observed
that due to a lack ol a careful initial planning. significant
expenditures are necessary to mitigate the envirommental
impacts associated with two of the most relevant con-
taminant sources. 1e.. the taling dam and the wastle-
rock piles. Additional expenditures wall have to be put in
place to remediate the site from an effectiveness and
long-term  perspective. [t was
characteristics of the ore (occurrence ol pyritic material).
climatological conditions (high precipitation rates) and
social-economicul issues (existence of population groups
and mtensive agriculture activities in the ncighborhood of
the mining site) together contribute to the existence of
potential scenarios that may lead lo unacceplably high
exposures to radiation not only in the present but alse
in the future. The long-term component of the contaminant
emisstons into the environmentl. for instance preclude
the adoption of active controls, eg.
strategies due to economic consideration. Instead. passive
controls have to be put in place. In the case ol he
waste-rock piles it was demonstrated that
these entities with a material layer with an oxyeen diffusion
coefficient of 10 "m’s ' and 0.5m (hick will bring
the contaminant down to marginal
The same principle can be applied to the ailing dam (in
which pyrite is still present), Covering the tailings with a
1.0 m thick clay layver will also prevent radon emissions as
well ds providing shield against gamma radiation. Modcl-
ing of the transport of contaminants to groundwaters
showed that contamination ol this medium by radio-
nuchdes and heavy metals will not be relevant, As an
alternative route 1o deal with the remediation of the
contaminant  sources. it was demonstrated that Lhe
recovery ol uranium from the acid drainage waters would
be cconomically feasible and the revenues coming from this
process should be invested in the overall remediation plan
ol the mining site,

demonsirated  that the

collect-and-treat

Cco VEring

releases levels.
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Abstract

Landfill disposal and waste-to-energy (WTE) incineration remain the two principal options for managing municipal solid waste
(MSW). One critical determinant of the aceeptability of these aptions is the different health risks associated with each. In this analysis
relving on published data and exposure modeling, we have performed health risk assessments for landfill disposal versus WTE treatment
options for the management of New York City’s MSW. These are based on the realistic scenario of using & waste transter station (WTS)
in Brouvklyn and then transporting the untreated MSW by truck to a landfill in Pennsylvania or using ¢ WTE facility in Brooklvn and
then transporting the resultant ash by truck 1o o landfll in Pennsylvania, The overall results indicate that the individual cancer risks for
both options would be considered generally aceeptable. although the risk from landfilling is approximately 3 times greater than [rom
WTE treatment: the individual non-cancer health risks for both options would be considered generally unaceeptable, although once
again the risk from landfilling is approximately 5 times greater than from WTE treatment. Il one considers only the population in
Brooklyn that would be directly alfected by the siting of cither ¢ WTS or a WTE lacility in therr immediate neighborhood. individual
cancer and non-cancer health risks for both options would be considered generally acceplable, but risks for the former remain
considerably higher than for the latter. These results should be considered preliminary due to several imitations of this study such as:
consideration of risks only from inhalation exposures: assumption that only volume and not compaosition of the waste stream is altered
by WTE trcatment: reliunce on datu from the literature rather than actual measurements of the sites considered. assuming comparability
of the sites, However, the results of studies such as this. in conjunction with ecological. socioeconomic and equity considerations, should
prove useful to envirommental managers, regulators. policy makers. community representalives and other stakeholders in making sound
and dceeptable decisions regarding the optimal handling of MSW.

0 2007 Clsevier Lid. All rights reserved.
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there are two principal options for managing such MSW
landfill disposal or incineration in waste-to-enersy (WTE)
[acilities (Landreth and Rebers. 1997: Williams. 2003).

1. Introduction

Despite inercased cfforts to prevent. reduce, reuse and

recyele waste, the appropriate management of municipal
solid waste (MSW) remains a major environmental issue
(Landreth and Rebers, 1907 Williams. 2005). Currently.
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However. concerns have been raised in the past that
emissions from both lundfills and incinerators muay pose
environmental health risks that make both options icss
than optimal (Rushton. 2003). Both of these technologies
have been improved in the last 20 vears., Modern landlills
are required by Subtitle D rules (Lee et al., 2000) to include
a4 non-permeable liner at the bottom. be capped at the top.
and contain and treal emissions as much as possible
(Landreth and Rebers. 1997: Williams, 2005), WTE
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laeilities. through the implementation of EPA Muximum
Achievable Control Technology (MACT) standards. have
reduced emissions of certain hazardous materials including
heavy metals and dioxins by a factor of almost 100
(Williams. 2005), Nevertheless. there isa continuing debate
over which option, landhll disposal or WTE (reatment.
poses less risk to the environment and human health. the
latter concern usually being the most important lor
affected populations (Rushton. 2003).

The present study 1y a preliminary attempt to quantify
and compare the health risks from landf(ll disposal and
WTE (reatment using the principles ol risk assessment. The
study focuses on one hypothetical scenario of MSW
management in New York City (NYC). which generates
large amounts of MSW and is searching for more effective
methods for its handling. NYC currently exports most of
its MSW to out-of-state landfills that are constrained by
decreasing capacity and thus charge increasing tipping fees
(Tammemagi. 1999). On the other hand. there is consider-
able community resistance to siting a WTE facility in NYC
due in large part o concerns over associated potential
health risks {Tammemagi. 1999). Therefore. a comparison
of the health risks for these two aptions could be uselul lor
environmental managers, regulators and policy makers, as
well as other concerned stakeholders including the allected
communities, in terms of reaching consensus regarding the
most aceeptable option for the future handling of MSW.

2. Methods

The objective of this study was to use risk assessment
methodology (NRC. 1994) to estimate and compare the
human  health impacts ol inhalation exposure from
emissions from landfll disposal and WTE treatment of
managing one million tons of MSW in 1 year in NYC.
Based on the literature (Landreth and Rebers. 1997:
Rushton, 2003; Williams, 2003). it was assumed that
inhalation represents the most significant route of expo-
sure; although indirect pathways of exposure are know to
exist, they could not be adequately considered in this study
due to a lack of relevant data on the sites.

The study thus considered two specific options: (1) siting
ol a waste transfer station (WTS) in Greenpoint. Brooklyn,
[or collection of MSW with transportation via diesel trucks
Lo final disposal in @ landfill in Dunmore. PA: or (2) siling a
WTE Facility in Greenpeinl. Brooklyn. for combustion and
electricity generation. with transportation via diesel trucks
[or the resultant ash o final disposal in a landfll in
Dunmore, PA (see Fig. [). The first option represents the
predominant method ol MSW disposal in NYC. Currently.
TI% of all of NYC's MSW and all of Brooklyn's MSW is
iransported via trucks to landfill disposal in PA. OH or VA
(Tammemagi, 1999). The sccond option has the advantage
of reducing the volume of the waste stream that requires
landfill disposal by up to 90% (Tammemagi. 1999); in this
study. we assumed a relatively conservative reduction ol
the volume of MSW by 80%, using the WTE optlion.

200 WTS scendario

Greenpoint. Brooklyn, was chosen us the particular site
for facility placement because it represents a typical mixed-
use municipal neighborhood containing multiple industrial
facilities and residential dwellings. More importantly_ il has
been considered by the city as a potential location Tor a
large marine WTS that could handle this seale of MSW
volume: in anticipation ol such a siting, the NYC
Department of Sanitation
environmental impact statement for this facility which
includes an assessment of the hazardous exposurcs and
estimated resultant health risks associated with the [acility
which we could use for direct comparison o the risks
associated with a WTE [acility at the same site (NYC DOS,
2005). This s one of the few. 1’ not only. health-risk
assessments for a WTS available in the literature. This
study estimated typical exposures to pertinent hazardous
agents from a WTS (benzene. formaldehyde. 1.3-butadiene.
acetaldehvde. benzo(a)pyrene, propylene. acrolein, toluene,
xylenes. anthracene,  benzo(ajanthracene,  chrysene,
naphthylene, pyrene.  phenanthrene.  dibenz{a.h)anthra-
cene) and used accepted unit cancer and non-cancer risk
lactors [or cach to caleulate mdividual cancer and acute
and chronic non-cancer health risks (NYC DOS, 2005).
Thus, the imdividual cancer risk and the sum ol the
individual acute and chronic non-cancer risk values from
this report were used directly in this study in combination
with similar risk values for landfilling (from the literature
as described below) and truck transportation (caleulated as
described below) in the evaluation of the first option.

has recently prepared un

2.2, Landfilling seenario

Although no health-risk assessments specific to landfill
facilities for NYC MSW such as the one in Dunmore. PA,
have been performed. health-risk assessments have been
performed previously for typical modern MSW landfill
facilities that include impermeable liners, leachate collec-
tion and gas emission collection for power generation. A
study by Manca et al. (1997) was chosen for use in this case
because of similarities to the Dunmore site in terms ol the
technology employed, environmental conditions and re-
ceptor distribution. This study estimated (ypical exposures
from pertinent hazardous agents from a landfill facility
(1.1-dichloroethane. chloride.  bromodichloro-
methane. [, 1-dichloroethylene, [,1,2.2-tetrachloroethane.
methylene chloride. trichloroethylene, 1.2-dichloroethane,
[.1.2-trichloroethane, chloroethane. benzene. methyl mer-
captan, ethyl mercaptan, hydrogen sulfide, iron, zine, lead)
and used accepted cancer and non-cancer unit risk factors
for each to calculate individual cancer and non-cancer
health risks (Manea et al.. 1997). Thus, the individual
cancer and non-cancer risk values from this study were
used m the present study, adjusted for the difference in
waste volume between the (wo studies (0.6 versus 1.0
million tons for the Manca study and our study,

vinyl
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Koyatone Landfill, Dunmora, PA

) 79 2 5] 19 m
e ——

Fig. 1. Map illustrating the siting of a WTS or WTE facility at Greenpoint, Brooklyn (center triangle) in New York City and a landfilling facility in
Dunmore. PA (inset) for disposal of MSW or WTE ash (adapted from DeAngelo. 2004).

respectively), in combination with similar risk values for a
WTS (as described above) and truck (ransportation (as
described below) in the evaluation of the first option. In
addition, similar cancer and non-¢ancer risk values were
used in the present study. adjusted for the difference in
wasle volume reduction for WTE treatment (as noted
above, assumed to be 80%). in combination with similar
risk values for WTE (calculated as described below) and
truck transportation (as described below) mn the evaluation
of the second option. In this case. an additional assumption
was made that only the volume, not the nature of the
hazardous components, of the MSW was altered by the
WTE freatment: this is clearly an over-simplification
because in some cascs, c.g., embedding of the ash in lime
would raise the pH and inhibit metal contaminant
mobility. Thus. one might expect the total concentration

of hazardous materials to vary somewhat after WTE
treatment. but these potential changes were ignored in this
first approximation due to a lack of relevant data. It should
be noted that these changes would likely decrease the risks
associated with landfilling ash so that not taking this into
account represents a worst case scenario. providing an
upper bound on the associated risks.

2.3. Truck transport scenario

One of the current sites lor landfill disposal for NYC
MSW is in Dunmore. PA, approximately 190 miles [rom
Greenpoint. A box model incorporating vertical and
horizontal dispersion and wind speed was used (o estimate
the exposures and resultant health impacts from diesel
truck transport of the MSW or WTE ash (estimating 20 ton
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transported per truck) over this route (Derwent et al..
1995). The model assumes a unilorm  distribution of
emission of pollutants along the route with vertical and
horizontal dispersions of 1000 and 3000 m. respectively.
chosen based on cstimates [rom studies ol mixing depths
over the northeastern USA (Berman et al., 1999). Average
wind speed Tor NY. NJ and PA was oblained [rom the
1996 Wind Energy Resource Atlas of the USA (NREL.
1996). The diesel pollutants of major concern were
considercd to be nitrogen oxides (NO.) and particulate
matter (PM) with emission rates based on 1998 EPA
emissions standards for new trucks (US EPA. 2002).
Ground level exposure concentrations for NO, and PM
were caleulated [rom these emission rates applied to the
box model, and average annual concentrations were
converted 1o mdividual cancer and non-cancer health-risk
values through multiplication by unit cancer (for PM) and
non-cancer (for NO. and PM) risk factors taken from the
published literature (CA OEHHA. 2005: US EPA. 2005).

24 WTE seenario

For the WTL lacility. major pollutants of concern were
considered to be: dioxins and related compounds (com-
hined as TEQ). mercury. cadmium, lead, PM. HCL SO,
and NO, (NRC, 2000: Rushton, 2003). Emission [actors
lor each were taken from the EPA Performance Data for
Large Municipal Waste Combustors at MACT (US EPA,
2000) to generate emission rates for | million tons MSW
processed. These emission rates. along with typical WTE
[acility characteristics (e.g.. a stack height of 85m)(EBI
USA. 2003). were used (o calculate ground level concen-
trations using a standard Gaussian plume air dispersion
model (Boudet et al.. 1999) with reflection, using the
McElroy-Pooler values and incorporating wind rose data
(speed. direction and lemperature) for nearby LaGuardia
airport from the National Climate Data Center and
NOAA. in 100m” grids around the WTE facility (Wark
clal.. 1995; NOAA. 2005). Average annual concentrations
for each pollutant were converted Lo individual cancer and
non-cancer risk values through multiplication by unit
cancer and non-cancer risk [actors tuken from the
published literature (US EPA. 1997, 2005: CA OEHHA.
2005).

For each specific step above (WTS. landfill of untreated
MSW or ash. transport of untreated MSW or ash, WTE).
individual cancer and non-cancer risk values for cach
pollutant ol concern were summed to vield total individual
cancer and non-cancer risk values. Then, flor ecach
treatment option (WTS untreated MSW transport,/landfill
or WTE/ash transport/landfill). total individual cancer and
non-cancer health risks were calculated and compared.

3. Results

The individual cancer and non-cancer health risks lor
each specific step (WTS. landfll of untreated MSW or ash.

transport of untreated MSW or ash, WTE) arc presented in
Table 1. Acceptable excess cancer risks for the general
population are usually considered to be less than one excess
cancer case per 10,000-1.000,000 people (1.OL—M (0
[LOE—06)(NRC. 1994). For the steps of WTS. unlreated
MSW transport. ash transport, and WTE. 1he excess
cancer risks are well below this range, and For untreated
MSW landfill and ash landfill. they are still well within thig
dcceptable range. Aceeptable non-cancer risks are usually
considered to have a Hazard Quotient less than 1.0 (e,
Chronic Daily Intake is less than the Reference Dose.
which is defined as thit chronic dose that is unlikely to
resull in deleterious health effects with an adequate margin
ol salety) (NRC., 1994). Once again, for the steps of WIS,
untreated MSW transport, ash transport, and WTL, the
non-cancer risks are well below this value. Flowever. in this
case. the untreated MSW landfill and ash landfill ure above
this value. and the former is well above.

The total individual cancer and non-cancer health risks
for cach treatment option (WTS/untreated MSW trans-
port/untreated MSW landfill or WTE/ash transport/ash
landfill) derived by summing the appropriate items from
Table 1 are presented and compared in Table 2. For the
both options, the individual cancer risk is within the
acceptable range (4.0E—-05 and 7.9E—06, respectively), bul
the individual non-cancer risk is well above the acceptable

Table 1
Individual health risks associated with various handhng methads for NY O
MSW!

Lndividual non-
cancer risk

Indivicdual
«cancer nisk

Method

WTS in Brooklyn 1L AE—07 4.6E—01
Transport to PA - Untreated  3.9E-07 32004
Landfill MEW

WTE Ash TRE—s LLOR—=04
Landfilling in PA  Untreated TO9F -3 1.2E=01

MEW

WITE Ash T.RE-06 23E+00
WTE in Brooklyn 6,6E—08 0 AFE-04

“Based on handling one million tons of MSW in 1 year.

I'able 2
Comparison of individual health risks assoeiated with land(ill disposal
versus WTE weatment for NYC MSW*

Individuil non-
cancer risk

Oplion Individual cancer risk

Landfill disposal 4.0E-05 LL2E 01
WTE treatment TY9E-06 2AE+00
Riutio of landfill 3.0 52
digposdl 1isk-WTE

treatment risk

“Based on handling one million tons of MSW in 1 vear,
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value of 1.0 (1.2E+01 and 23E-+00, respectively).
However, lor both individual cancer and non-cancer risks.
the first option yields risks that are higher than the second
option. approximately by a factor ol 5 (5.0 for cancer risk
and 5.2 for non-cancer risk).

4. Discussion and conclusions

Based strictly on the outcome of the health-risk
assessments, one would conclude that WTE treatment is
a better option than landlilling for NYC MSW due to the
differences in non-cancer and cancer health risks noted
above. Furthermore, it should be noted that more
expensive lechnology currently exists (and is mandated
for use to meet the more stringent European Union
cmissions standards) that would make the WTE emissions
even lower, thus further favoring this option [rom a health
risk perspective.

However. the limitations of this study should be kept in
mind. First, the landfill risk estimates were not based on a
NYC landfill but were based on literature estimates of
typical municipal landfill chemicals of concern, although
the particular study chosen is similar to others in the
literature (as described below) and there is no reason to
assume that a NYC landfill would dilfer significantly from
these. Second, the box model used for truck transport
exposures is relatively simple and does not incorporate the
impact of meteorological conditions (other than wind) and
terrain type which could alter the exposures to pollutants.
In addition, many NYC landfill sites are farther away than
Dunmore, PA. so exposed populations at risk could be
larger. Converscly, as diesel truck fleets for transport of
untreated MSW or WTE ash age and are replaced by
trucks that meet more stringent 2004 cmissions standards,
the corresponding exposures and health risks should
decrease. As noted, we have used a relatively conservative
assumption of only 80% reduction in waste volume from
WTE treatment. Larger reductions i volume from WTE
treatment, which are clearly achicvable with state-of-the-
art [acilities (Landreth and Rebers, 1997; Williams, 2005),
would resull in even bigger differences between the two
MSW management options, further favoring the second
option. Also, as noted, it 15 likely that WTE treatment
would alter not only the volume of waste but also the
composition of the waste to be landfilled. and this may
conceivably result mn even lower health risks from land-
filling WTE ash compared to untreated MSW (Landreth
and Rebers, 1997: Williams, 2005). again (urther favoring
the second option. The health-risk assessment for the WTS
was based on a study for a proposed marine WTS. which
would invelve less truck traffic, at least in the immediate
viemity, and alteration in the transportation-associated
risks because subsequent truck-based transport routes
would be different. Finally. other plume dispersion models
are available (Derwent el al.. 1993) that might provide
different, and perhaps better, estimates of exposures and
risks from a WTE facility.

Nevertheless, despite the uncertainties and assumptions
involved in this study, the results are in reasonable
agreement with those from other studies in the literature.
For example, a health-risk assessment of a WTE facility in
Montgomery County., MD. with a similar pollution
emission profile, estimated cancer risks ranging [rom
1.O7E—07 to 2.41E—08 based on aclual emissions dala,
compared to a cancer risk of 6.55E—08 in this study, which
is right in the middle of this range (Rao et al., 2003). As
noted above, health-risk values from other landfill studies
also agree reasonably with those used lor this study (e.z., a
cancer risk of 2.0E—05 compared to 4.0E—05 here)
(Redlfearn and Roberts. 2002). Eschenroeder and wvon
Stackelberg (1999) compared the health risks from landfills
and WTE facilities and found cancer risks for the former of
1.1E—05 and for the latter of 4.0E—06. similar to those
from this study. Finally, a study by the Ontario Ministry of
the Environment (1999) estimated cancer risks ranging
from 4.0E—06 to L.OE—05 for landfills and 4.7E—08 to
2.3E—07 for WTE [acilities, similar to those from this
study. Therefore. although this study cannot be considered
definitive in terms of the health risks for landfill or WTE
facilities, its results are consistent with others and thus
plausible.

However, it must also be recognized that the cancer and
non-cancer disease risks in this study are distributed across
dilferent populations (those around the landfill, those
along the truck route. and those around the WTS or WTE
[acility). A mere critical issue [or environmental managers,
regulators, policy makers and community representatives
in NYC could be the difterence in health risks posed only
by siting a WTS as opposed to a WTE facility to the
population in their immediate neighborhood. Even by this
comparison, a WTS is a less healthy option than a WTE
facility for the neighboring population, although for both
the risks are within acceptable limits. For example, the
individual non-cancer nisk from a WTS (4.6E—-01) 15 727
times higher than that from a WTE luacility (6.3E—04), and
the individual cancer risk from a WTS (L.3E—-07) is 2 times
higher than that from a WTE facility (6.6E—08). in Lhis
population.

Given the limitations of the current study noted above, it
is still possible that these results alone are insufficient for
making decisions on MSW handling options that are
acceplable to all stakeholders. Additional studies of this
nature. however, can be used to help further refine the
decision-making process. Future studies could address the
limitations of the current study. for example. by using
different dispersion models. multi-compartment and/or
scenario analyses, inclusion of secondary pathways of
exposure to pollutants, emissions dala Itom actual facil-
ities, sensitivity analyses that vary the parameters of the
models, and statistical uncertainty analyses such as Monlte
Carlo methods for better quantification of the range of
uncertainties in the risk estimates. among others. Finally,
innovative approaches to health risk assessment based
on molecular epidemiologic methods could incorporate
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biomarker measurements as estimates of the actual
absorbed doses of pollutants of concern [rom these
facilities in exposed populations. For example, in previous
studies of workers at NYC’s former MSW incinerators. we
were able Lo identify elevated levels of biomarkers for metal
(lead) and organic (dioxins) contaminants of incinerator
ash in some individuals (Schecter et al.. 1991; Malkin et al.,
1992). more recent studies have followed up on this
approach and confirmed elevated levels of dioxins in
incinerator workers in other countries (Kumagai and
Koda, 2005, Shih et al, 2006). Although it should
be recognized that emissions for lead and dioxins have
likely decreased in recent years (Chang and Lin, 2001;
Chang et al., 2001; Domingo et al., 2001: Meneses et al.,
2004), applying similar approaches for measuring
biomarkers in exposed populations around current state-
of-the-art facilities may still be useful in providing more
persuasive evidence for (or against) the choice of particular
options for MSW management based on health considera-
tions (Gonzalez et al., 2000). For example, it would be
useful to recruit a population in Greenpoint now before
a facility is sited there and measure the relevant biomarkers
and then again alter the facility is in operation; this
could help define more precisely the contaminant burden
due to the facility as opposed to other confounding
SOUrces.

In the final analysis, though, such health considerations
will be only one, albeit an important one, of the
considerations of environmental managers, regulators,
policy makers, community representatives and other
stakeholders must take into account in chooesing options
for MSW handling. Ecological impact on non-human
populations may be a significant concern in certain
situations. Broader economic and social impacts and
considerations of environmental justice and equity will
also remain central issues in any future decision-making on
MSW management. Thus, as has been discussed in detail
clsewhere, the issue of NYC's MSW has multiple dimen-
sions, including ethical, political, technological, policy and
managerial elements (Cohen, 2006). However. progress to
date has been stymied primarily because the politics of
siting of MSW facilities, particularly “not-in-my-back-
yard” self-interest politics, tends to dominate the other
aspects. Therefore, it is unlikely that a resolution of NYC’s
MSW problems will be forthcoming in the absence of
considerable community-based environmental education
efforts. As out-of-state landfill options become more
restricted and their tipping fees increase [urther, such
educational efforts will be useful as communities are forced
to face the trade-offs of the various MSW management
options. such as hosting a WTS versus a WTE facility
(Cohen. 2006). Scientific considerations, such as the
comparative health risk assessment presented here, will
need to be part of these educational efforts so that they can
play a meaningful role in influencing the political dialogue
in arriving at solutions for the optimal handling of MSW in
NYC and elsewhere.
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Abstract

This study demonstrates that data envelopment analysis (DEA) can be a useful tool to assess the relative efficiencies of water supply
swslems and (o establish benchmarks with which to measure progress in the management ol water resources, Frontier elficiency models
measure the efficiency of water use in the Palestinian Territories (West Bank and the Gaza Strip). At the municipality level. suffieient data
lor the vears 1999-2002 were available to estimate efficiency and stability scores. The Gaza Strip cfficicncy scores were considerably
lower than those of the West Bank. Waler losses were the major source of the inefficiency as indicated by the large slacks of this input.
The relative sizes of the municipalities affect efficiency scorves httle. Palestinian policy makers should focus on cebuilding the
infrastructure of the water networks, beginning with the most DEA inefficient municipalities in order to minimize water losses,
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1. Introduction to Palestinian water management

The purpose of this study is to evaluate the efficiencies of
the water supply systems by applying data envelopment
analysis (DEA) to 33 Palestinian municipalities. It 18 shown
that water shortage crises can be alleviated by improve-
ments in the management of the domestic water sector. The
needs for improvements in water network mfrastructure
are assessed to aid water management decisions. The
evaluation of water use efficiency factors allow policy
makers (o monitor improvement programs and to make
better management decisions. Critically. the alleviation of
the water supply crisis will improve the prospects for a
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peaceful settlement of other issucs involving the Palestinian
Territories. Gestures by the Israeli and Palestinian autho-
rities toward political stability can also stimulate more
progressive and enlightened water management policies.
Rather than being perceived as an obstacle 1o progress and
permanent peace. solutions o these problems can help
motivate broader commonalities of interest.

The rest of this paper is organized as follows. Section 2
describes the physical geography and the water manuge-
ment by the Palestiman Authority. Section 3 describes the
DEA methodology. Section 4 describes the data and
Section 5 reports the empirical results. Finally. Section 6
provides conclusions and policy recommendations.

2. Physical geography and water management

The Palestinians took control of their major cities and
small towns 1 the beginning ol the 1990s: they did not
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control the aquifers under the West Bank. unlike Gaza.
where they did control the aquifer. Salt water from the
Mediterranean Sea was polluting the wells in Gaza (Sabbah
and Isaac, 1995). In addition, the aguifer in Gaza was
polluted from pesticides, lertilizers, and raw sewage (Green.
1993). It is evident that more water is being used than can be
replenished. Many studies have found water shortages in the
area and have Tocused on the waler conflicts and ways to
split the water among the Middle Eastern countries
(Dolatyar and Grayv 2000, Rowland. 2000). With the lack
of waste treatment plants and the lack of storage of annual
rainfall (besides the aquilers). a huge water crisis looms.

The Palestinians need to think in a “sustainable way,” and
they need to protect their water resources (Sabbah and Isaac.
1995). The population is increasing at an alarming rate, while
the aquifers are being depleted and polluted. The Palestinian
sector faces limiled access 1o water and a seriously
deteriorating waler distribution problem (e.g.. losses of
40-60% in most municipalities estimated by the World
Bank, 1993). The Palestinians and the Israelis simply do not
have enough water for their current populations and
agricultural  production {Rouyer, 2000). Current water
management practices need to be revised. Too little 1s known
or pursued with regard to the potential for improvements in
the efficiency of domestic water use and management in this
region. In other countries in the region. such as Saudi
Arabia, water management conservation changes need to be
made immediately. since groundwater resources are being
depleted (Al-Tbrahim, 1990). In general, Wood (2003) also
suggests the focus should be on efficiency of water use.

The Palestinian Territories consist of the West Bank and
Guza Strip. The West Bank has an area of 5545km”, and
Gaza Strip has an area of 365km?, for a total arca equal to
5910km®. thus shightly smaller than the State of Delaware
(Elmusa, 1997). West of the Gaza Strip is the Mediterranean
Sea, east is Israel, and to the south is Egypt. On the other
hand, the West Bank is surrounded by Isracl to the north.
south. and west, and by Jordan to the east. The Palestinian
areas aceount for about 22% ol historical Palestine. Many
Isracli scttlements, which were built after the 1967 war. exist
among the Palestinian cities, villages, and refugee camps.

The West Bank is mostly mountainous in the middle
section with dry valley country in the Jericho area. More
than three million Palestinians live in cifies, villages, and
refugee camps in the Palestinian- Territories, and over
200,000 Israeli settlers live in settlements. About 2 million
people live in the West Bank and 1.2 million people live in
the Gaza Strip. The Isracli settlers had considered the West
Bank ag part of the greater lsrael. Presently these settlers
have full Israeli citizens’ rights, and they enjoy the
protection and support of the Isracli government.

The area has a short rainy winter season and is considered
semiarid, The annual range of rainfall in the West Bank is
400-600 mm, and the annual rainfall in Gaza ranges Irom
330 to 400mm in the north and 130-200 in the south
(Elmusa, 1997). The major water sources are the coastal
aquifer under Gaza and three mountain aquifers under the

West Bank (the Northern Aquiler. Eastern Aquifer, and
Western Aquifer). They have a safe reliable yield of 140), 125.
and 350 mem, respectively. The potential of ground water
from Gaza is 65mem/year. and currently more than
100 mem of fresh water is being pumped, which has resulted
in pollution of the aguifer from seawaler intrusion. Rain
infiltrates directly through the fractured rocks and the
porous soil (Haddad, 1998). The Palestinians have been
denied access to the surface water from the Jordan River.

According to the Palestinian Water Authority (2002),
there are multiple agencies that manage the water supplies
in the West Bank on micro- and macrolevels. The main
agency in charge of water management is the West Bank
Water Department. This department was [ormerly under
the control of the Israeli Civil Administration; that is,
under the control of the military governor. The origin of
the West Bank Water Department was the Jordanian
Natural Resources Authority, which controlled the West
Bank from 1948 1o 1967. After signing the Oslo 11
agreement in 1993, the Palestinian Water Authority, which
is part ol the Palestinian National Authorily, was given the
charge of administrating, operating, and maintaining the
waler department. In addition. other non-profit municipal
and local councils manage water. In the main cities, there
are waler departments that are in charge of water supplies.
The main municipalities are Nablus, Qalgilia, Salfit.
Jericho. Jenin. Tulkarm. and Hebron. There also exist
independent institutions that are owned by the munici-
palities. and they include Jerusalem Water Undertaking for
Ramallah and Al-Bireh Districts; Water and Sanitation
Authority for Bethlehem. Beit Jala, and Beit Sahur; and
finally. Joint Services Water Council for West Jenin
Villages. In addition, there are some other small munici-
palities and couneils that have their own wells and springs.
In the Gaza Strip. the Palestinian Water Authority is the
main agency in charge of water. Many municipalitics
administer the distribution of water to the public. The
municipalities and village councils have their own wells,
and they distribute water to the public. United Nations
Relief and Waorks Agency (UNRWA ) manages water from
wells for the refugees in the camps (World Bank, 1993).

There are variations in water cmmumplion in cach area
especially between the West Bank and the Gaza Strip. The
agencies responsible for the management of water re-
sources are also dilferent. The Palestimiun Water Authority
lacks the central control of water distribution in the
municipalities, Because of the current political instability
the PWA only provides general guidelines and works with
the different local municipalities.

3. DEA methodology

As water resources decline and the population inereases,
managers operale under tighter budget constraints and
must use these resources more efficiently. Performance or
efficiency evaluation can be done using DEA. Ag a frontier
estimation technique developed by Charnes ¢t al. (1981),
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performance measures are simple output-to-input ratios
that are used as efficiency measures (Stolp, 1990). DEA can
use multiple inputs and outputs to determine summary
efficiency scores that can be used to evaluate the relative
efficiency of the Palestinian municipalities. These munici-
palities have responsibility for transferring the inputs into
outputs in order to become more efficient (Cooper et al.,
2002). Unlike regression analysis, DEA does not assign a
uniform weight for each input and output (Cooper et al..
2002). DEA does assign separate weights for inputs and
outputs for cach individual municipality such that the
efficiency score of that municipality is maximized. The
Charnes Cooper Rhodes (CCR) model is the basic DEA
model which assumes constant returns to scale (CRS). It is
aleo input oriented (i.e.. inefficiency measured as surplus
inputs) or oulpul oriented (i.c..
deficient outputs) (Charnes et al., 1994),

The BCC model (Banker et al. 1984) is also input
oriented or output oriented, but it utilizes a variable returns
to scale frontier (VRS) and additionally can indicate returns
to scale (RTS). We selected the input orientation so that
inefficiencies are measured as excess inputs. The third
maodel. the additive model (Charnes et al.. 1983) also utilizes
the VRS frontier. but it is non-oriented since it has both
input and output slacks (Le.. minimizes the mputs and
maximizes the outputs simultaneously). The slacks are
defined as the excess in the inputs and the shortage mn the
outputs. These twoVRS models measure only technical
efficiency, not scale efficiency. DEA measures relative
efficiency of the dilferent municipalities under consideration,
and tests the decision cases with slightly different criteria
(Cook et al., 1996). The additive model allows for the
improvements associated with the input reduction and the
output augmentation. A decrease in an input and/or an
increase in an output are considered an improvement. and
thev can be calculated by identifying the radial distance
toward the calculated frontier (Charnes et al., 1994).

The BCC and the additive model have the same
frontiers, but provide different pieces of information. The
BCC provides input-orientated efficiency scores, while the
additive model provides cfficiency rankings of the munici-
palities. The BCC input-oriented model can be expressed in
the Tollowing equations; where x; and y,; are inputs and
outputs, and S7 and ST are the corresponding slacks:

m )
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inefficiency measured as

Here £ >0 is 4 non-Archimedean element smaller than any
real number. Therefore, it cannot be represented as a real
number. See Ali and Seiford (1993). The software utilized
did not require the Archimedean infinitesimal to be
specified. The DMU,, is considered efficient if and only
the two conditions are mel (Cooper et al.. 2002)

(i 0 =1 and
(i) all slacks are zero.

RTS can be identified in the following dual form of model
(1), above.
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where RTS is increasing, constant or decreasing according
to whether the coefficient g =0. (A good discussion of
RTS can be found in Cooper et al., 2006.)

The additive model primal below dichotomizes the
municipalities as efficient (i.c., on the fronticr) or inefficicnt
(i.e.. below the frontier):

min  (—elst —els)

5.t
Yi-§t =Y,
o . 3)
Xi+s =X
eli=1,

where ¥ and X are the matrices of the outputs and inputs,
and s~ and s~ are the shortfall in production and excess
consumption slacks. For this model efficiency is achieved if
and only if all slacks are zero. Efficiency scores also
supplied in Table 7 measure the amount of inefficiency n
each influenced output in the form of non-zero scale. The
e’ is the summation vector.

In order 1o test for stability or sensitivity of the solutions
with respect to data changes we modily (3) and then use the
results for ranking the DMUs with respect lo this
robustness. Two additional linear programs must be
computed in order to rank the dichotomized municipali-

“ties, one for efficient and one for inefficient municipalities.

For these purposes two additional linear programs are
computed. following Charnes et al. (1992, 1996).

For an efficient municipality the stability index defines the
largest “radii” in which all simultaneous perturbations
(increase in inputs and decrease in output components) that
will not cause a change to the efficiency status from technically
efficient to technically inefficient, The larger the stability
index, the more robustly efficient the municipality 1s said to
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be, or. the more the efficiency [rontier has been “pushed out”
by this efficient municipality. The following linear program
can be used to measure the stability index in Egs. (4) and (5).
or 6, for the technically “efficient™ municipalities:
min
sl

VE — st —Bdy = ¥,
XEh 4 5 0d; = X,
eli=1.

Ao, 2,

(4

where Y8 and X are the matrices of inputs and outputs,
respectively. with the test municipality j omitted: dy and d; are
veclors  of  weights set equal (o unity such (dy =
(1.1,...;1y and &," = (1.1.....1)). For the purpose of illustra-
tion see Cooper ¢l al, (2004, pp. 78-80) for discussion. The
e . * - . .

stability index value, # is referenced as a solution value for the
individual municipality being measured as in Egs. (4) and (5).

For the incfficient municipalitics the stability index can
be determined by solving the lollowing linear program:
max fl
5.k

Vo —igh — U.[ZJU = 1"_{':

Xi+s0d; — X,
;

(3)

eld=1,

AwF s 00,

where all notations are defined above. For inefficient
municipality;. the stability index (¢/). defines the necessary
minimum [avorable perturbations (decreases in inputs and
increases in outputs) that must be undertaken to cause the
municipality to become virtually elficient. The larger the
stability index is. the further the municipality lies from the
frontier and the more robustly inefficient it is. By negating
the stability index for inefficient municipalities, they can be
rank ordered from highest to lowest stability index values.
See Charnes et al. (1989) for specifying the principle on
which DEA rankings can be based and see Cooper et al.
(2001) for supporting this method of ranking. Raab and
Lichty (2002) provide an explanation and a recent
application of this approach. See Table 7 for the efficiency
scores and stability index resulis.-

Extant DEA applications have addressed waler resource
management problems in other countries such as Ghana,
Japan. Mexico, Texas. and the UK (Akosa et al.. 1995;
Aida et al., 1998 Anwandter, 2000; Sanders. 1999;
Thanassoulis. 1999, 2000. 2002). No DEA water applica-
tions haye been applied to the Palestinian Territories. As
Alzoga et al. (1905) indicated. the DEA method can
combine the input and output factors to define a single
elficiency score. This score was used to evaluate the water
supplies and wastewater projects in Ghana. Resource poor
countries need o manage their domestic water supply
efhciently. Akosa et al. (1995) recommended DEA as a

method to be used in poor countries as a tool to compare
the efficiency of different types of waler lechnologies.

Aida et al. (1998) used the DEA additive model in the
form of RAM (range adjusted measure) model to evaluate
the water systems in 108 cities in the Kanagawa Prefecture
and Kanto Region in Japan. Their inputs included the
number of emplovees, operating expenses before deprecia-
tion, net plant and equipment. population. and the length
of pipes. Their outputs included waler billed and operating
revenues. They showed that DEA could help in conducting
performance and efficiency audits. and demonstrated that
it can be useful in evaluating the efficiency of the water
sectors in industrialized countries.

Some management scientists favor the DEA approach over
regression analysis (Cubbin and Tzanidakis, 1998; Feroz
et al.. 2001). DEA concentrates on the individual ebservation
as represented by the optimization for each observation
instead of the central tendency estimation of parameters that
are associated with “single optimization statistical approaches™
(Charnes et al., 1994). DEA estimates relative efficiency by
emploving observed data to establish benchmarks on the
[rontier using a criterion of Pareto optimality. This means that
efficiency 1s attained il and only if any increase in inputs or
decrease i outpuls is not possible without worsening the levels
of ather inputs or outputs (Cooper et al.. 2002; Charnes et al..
1994, 1985:; Akosa et al.. 1995: Chang et al., 2004).

An additional strength of this approach iz its use of
multiple inputs and outputs (Stolp. 1990: Cubbin and
Tzanidakis, 1998). Traditional regression approaches do
specify a unique functional relationship for all of the
municipalities examined while DEA allows cach munici-
pality to formulate its own optimum production relation-
ship (Stelp, 1990: Cubbin and Tzanidakis, 1998; Bowlin,
2004). Inefficiency occurs only in terms of excess inputs or
a shortfall of outputs (Cooper et al.. 2002: Bowlin, 2004). It
also identifies the benchmark or “best practice™ entities of
the efficiency set used to evaluate each decision making
unit (DMU) or entity and the benchmarks are useful as
means of setting standards (Cooper et al, 2002). One
disadvantage of DEA is that it is subject to significant error
when outliers are present (Charnes et al., 1994). Because of
these differences regression analysis and DEA may give
somewhat different results (Cubbin and Tzanidakis. 1998).

4. Data

The data of this simple modecl is provided by the
Palestinian Water Authority as follows:

Input Water  Water  Maintenance  Salary of
(I): losses and and others (I) Workers
(1) energy (1)
(1
Outpur  Total
(O): revenue
(O)
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There are four inputs to our DEA model. The (1) stands
for Input and the (O) stands for Output. Total revenue
represents the single output. The cost of water bought and
cnergy costs were combined because they both measure the
mumicipalily’s expenses by buying its water from Mekoroth
(the lsraeli water company), private wells. and shared
wells. Energy cost is also added since il reflects the
energy expended to produce the water. Maintenance and
other expenses include the cost of maintaining the
operations, materials, and other miscellaneous expenses.
Salary represents the wages for both the managerial
and non-managerial staff. The water losses are defined
as the differences between the water supplied to the
customers and the actual amount consumed. This is
usually measured in cubic meters. The water loss values
in cubic meters were converted to New Israeli Shekels
[INIS). These inputs were chosen since they were available
for most of the municipalities and they act as indicators of
the operational performance of the municipalities. For
cxample. minimizing water losses and related expenses help
insure less scarce resources are being wasted relative to the
maximum value of oulput. The model’s sole output of
revenue equals the value of water according to water
billing, not the revenue collected combined with other
revenues.'

The raw data used to generate the efficiency scores are
given in Tables 1-4. These cover the years from 1999 to
2002, and they were collected in formats used by the
Palestinian Water Authority and other agencies. The water
losses were converted to NIS instead of using the physical
measurement of cubic meters. In this cross-sectional
analysis, each vear is considered as a separate cross section.
The data were for 31 municipalities that existed in 1999, 30
existed in 2000, 27 existed in 2001. and 33 existed in 2002.
Identical data sets were not available for all the years.
However. the input and output data are consistent for each
year. The Gaza Strip municipalities are the same through-
out the period of analysis, 1999-2002, but data for some
municipalities in the West Bank were missing and
unobtainable. The size of the municipalities varied
considerably since both very small and very large
municipalities were included. For example. the water
revenues range from hundreds of thousands to millions
of NIS. There was an increase in the water revenue for cach
of the different municipalities from 1999 to 2002.

4.1. Data analysis using the BCC model

Table 5 shows the BCC Eq. (1) scores. population. water
losses, and scale cfficiency coefficients for the different
munieipalities from 1999 to 2002. The BCC model
measurcs technical eflficiency and scale efficiency. The

'Other revenues include the income from replacement of the water
meters, income from new services. income from private contribufions,
revenue {rom stakeholder contributions, and income from water sold in
tanks and bulk. We preferred a fairly narrowly defined output measure to
determine the performance of the DMUSs.

RTS analysis is based on the sign of ;t* in Eq. (2), and
represents the intercept on the frontier. The negative sign
for ;" indicates increasing returns (o scale (IRS) or the
hyperplane intercept the output axes below the origin. The
positive sign for u° indicates decreasing returns to scale
(DRS) or the hyperplane intercepts the output axes above
the origin. Although both small and large communities
were just as likely to be on the frontier, the larger
municipalities overwhelmingly exhibit IRS and the smalicr
ones exhibit DRS.

Table 6 shows the efficiency scores and the slacks input
for the different municipalities from 1999 to 2002. In this
cross-sectional analysis, each year is independent. The most
frequently appearing slacks were [or waler losses in almost
every single year. Gaza Strip municipalities” slacks for
water losses were more dominant than in the West Bank.

4.2, Data analysis using the additive model

The same data in Tables 1-4 were analyzed using the
additive model. Table 7 shows the efficiency scores and
the radius of stability values (¢"'s in Egs. (4) and (3)) for the
West Bank and Gaza Strip for 1999 to 2002. For efficient
municipalities on the frontier the stability index defines the
largest symmetric increases in mputs and decreases in
outputs that would just maintain the status of technical
efficiency (i.e., by what distance the (rontier was pushed
out by that particular municipality) as mentioned pre-
viously in the DEA methodology. Section 3. For inefficient
municipalitics below the frontier, the stability index defines
decrease in inputs or increase in outputs that would just
maintain the status of technical inefficiency (i.c., by what
distance the data can be altered in order for it to reach the
frontier). Once (he stability index is known for each
municipality, they can be ranked from most robustly
technically efficient to most robustly inefficient. To do so,
the stability indexes for inefficient municipalities are first
determined. These firms can then be rank ordered from
highest to lowest based on their stability index values. A
general mathematical and graphical representation of the
stability index [or both efficient and mefficient municipa-
lities can be found in Raab and Lichty (2002). Cooper et al.
(2001) shows that this sensitivity model legitimately can be
used for efficiency rankings.

4.3. Discussion of the empirical resulis

The differences in results may reflect changes in the
political atmosphere. In 2000, the Intifada (the Palestinian
uprising) started in the West Bank and Gaza Strip, and this
led to civil unrest in the Occupied Territories. People who
used to work in Israel lost their jobs. and the whole
Palestinian economy was placed in a vulnerable position.
The unemployment rate in the West Bank has increased
during the study period from 9.5% to 28.2%, from 1999 to
2002, respectively. On other hand. the unemployment rate
in the Gaza Strip rose from 16.9% to 38% from 1999 (o
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Tahle |
Water Dats Tor the West Bank and Guza Strp in 1909

Municipality (1) Water losses” (1) Water and (11 Maint and others' (1) Salary of {0) Tolal revenue
(NIS) energy’ (N1S) (N1S) workers! (NIS) INIS)
Jenin | 665,909 1,324,283 439985 GH1.744 4.062.473
Qitbativa G, 250 a7 000 43,000 [ 00 NU3 300
Tuhus 191763 RIS 349,856 138148 3TT.214
Tulkurm | 830,831 LGS0 742400 1070708 4,308,240
Anabia 461503 L4000 [EEET] 203347 (3007
Ouloglya THT.RO6 HA.000 187000 490000 2 301.688
Avaun 43,187 254,259 200,061 31831 SHl.094
Nitblus 1899031 [2. 188430 LTTR2010 4 587.387 25,044 49%)
Salh 3731606 T2OHIS 60,718 4,000 FRARE
Ramallah HA34. 206 259874167 14.287.353 THI33Y 43,708, 100
Beitunyu 470,832 1330169 190.200) 267964 2153381
W.Bani Zud 38404 LR O 33.674 36132 519,216
Jericho 4632518 INARTR 1,749,404 440,304 [LA18.398
Bethlichem 3330909 R 11077 361,350 1011432 9987343
Dura 162,139 333041 79.223 263.939 344392
Crinzn 5421715 4.124.034 969.952 2277949 14,003,171
Ralih 1,132,013 8429672 241046 S14.836 4.205.4460
Beit Hanun 536, 78S 23R.S07 RIS [ERAAE] | 0440, 253
Beit Lahia 616,681 437 RS 171,225 300,623 | . TTY9.823
Jahulia 2029891 1.344.963 362423 82T 3715985
El Burei 142935 9758792 36,938 39925 1072884
Nuservul HHA Vs 2282463 44.763 261102 2004062
Zuwadia N6l T88.079 Yl 53,790 Q48952
Magha 123309 475.005 15,645 63,625 GRT.013
Dier Al Balah [ 340,802 1.314.485 131910 371315 2459403
Kl Yunis 4,593,862 3046442 403,809 Q19.%12 94.348. 744
Qurura 403,144 [44,528 30,736 113774 484,008
Abazsan Jadida 33046 266,519 BRI 24278 21348
Abassin Kul-u'al 190.35] T6.427 15,531 (4 KA 3 513,887
ARV G723 402014 [2.349 ST.904 497619
Bani Suhaha 138243 1044711 [6.528 117821 (131,496
Mean | 400944 237634 743,336 852,335 4439 577
Total 43420 257 FlLE46.811 23,105,404 17, 122295 137.620.8%]

NIS 18 defined as New Tsracl Shekel (the Tsrael currency).

"Waler loss values are defined as the differences between the water supplicd to the customers and the actual amount constmed,
"Cost ool witter bought and energy used were combined because they measure how much the municipality spends on buving its water.
Mamtenanee and ofher expenses mclude the cost of maintaining the operations. materiads, and other miscellancous expuenses,

ISitary reprosents the wages (or botl the managerial and non-managerial stuff:
“The total revenue eguals the value ol water aecordme - the water billing (see foomote 1)

2002 (Palestinian Central Burcau ol Statistics. 2004),
People could not travel between the eities. and tourism
was devastated. This decline was accelerated by reductions
i investment in the infrastructure of the Palestinian cities,
including the water sector. In [80f 33 mumcipalities the
maintenanee und other expenses declined in 2002 compared

to 1000 and these declines were mostly in the larger

municipalities. The percentage reduction ranges [rom 7%
to 98%. The percent of people paying their billings also
declined. Thig sector. already m need of repair and
rehuilding. worsened. The impact of civil unrest Is more
obviows m the Gaza Strip where the economy is weaker.
the unemployment higher. and the population more
crowded than in the West Bank.

The Palestinian sector faces a deteriorating walter
distribution problem in the West Bank and the Gaza Strip
with losses of 40%-60% in most municipalitics (World

Bank. 1993). Begimning the 1990s. the World Bank (1993)
estimates Palestimans need at about $5300 600 million
dollars to rehabilitate and expand the water and sewerage
systems. Urgent needs include improvement in the quality
ol water supply especially in Gaza, veduction in water
pollution and rehabilitation and expansion in water supply
in the West Bank.

[xcessive water losses or “Unaccounted for Water”
(UFW) is the greatest contributor to mefficiency. Many
municipalities exhibited excesses in this input that appear
1o be the result of old and deteriorating water networks
according to the waler losses in Table 5 and the slacks in
Table 6. Actual water losses values in cubic meter per year
are given in Table 5. However. these vilues are nol
parentages and some municipalities with high water losses
are still efficient. For example, Gaza water losses in 1004
were 8. 149956 cubic meters per vedr. bul percentage wise
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Tuble 2
Water Data for the West Bank and Gaza Strip in 2000

Municipality (1} Water losses” (1) Water and

(1) Maint and others® (1) Salary of (0) Total revenue®

(NIS) energy” (NIS) (NIS) workers® (NIS) (NIS)
Jenin 1,011,838 771,697 862.572 1.313.224 4.337.092
Qabativa 292,679 830,446 5840 121.620 635,052
Tubas 168,752 354.208 69,193 155,381 521.232
Tulkarm 1,808,510 1.877.609 381.492 1,24{),009 5.877.378
Anabta 502,178 133.440 99.763 164,876 696,197
Oalgilyva 395,043 739,850 221.148 385,740 2.:239.875
Azzun 359,779 321,123 29092 43,371 617.716
Nablus §,678.546 10,420,874 608,795 5,509,969 20.557,691
Salfit 332326 646,645 25.686 154,152 970,356
Ramallah 6,797,131 27.300.653 9.743.916 12.595.3231 48.030.735
Bettunya 551.132 1.871.108 229,521 229,700 2,526,674
Tericha 1.052.106 140.940 198 973 306814 1,911,743
Bethlehem 4,432,141 10.341.555 835,395 1.390.746 12.088.763
Halhul 160.846 696767 40,774 87.922 315,969
Guaza 8,283,180 3.796.788 1.082.097 2,292,151 13.592.779
Rulah 1,274,190 789.828 209448 754.351 4,491,507
Beit Hanun T15.567 312,959 102,186 178.382 1,167.853
Beit Lahia 1.235467 440,772 171.098 395382 1.932.572
Jabalia 1.354.623 1,380,725 1.427.048 646,528 4,112,853
El Bureij 33R066 1.518.345 13.239 51,585 1. 163.601
Nuseirat T58.056 2,451,672 38.456 233470 2.126.176
Zuwadia B.882 847 446 21.702 66,277 021,508
Muaghazi 474.525 649,858 31.383 T4118 Ti302
Dier Al Balah 1,157,129 1.398.308 181,630 392 402 2.474.602
Khan Yunis 6.056.213 1.308.721 346,166 1.337.353 4,505,283
Qarara 152,839 133,542 41,967 123301 330981
Abassan Jadida 83,205 326,584 6Y70) 52.849 297112
Abassan Kubra 45,145 654,427 13.997 72477 939,631
Khazaa 40,971 504.029 18.211 T1.980 5600.324
Bani Suhalia 434,119 1.241.459 43.020 172,708 1,255,352
Mean 1.647.606 2.474.089 570,699 1.022.875 4,785,806
Total 49,428,185 74.222,670 17.120.978 300.686.249 143.574.173

NIS is defined as New Isracli Shekel (the Israeli currency).

“Water loss values are defined as the differences between the water supplied (o the customers and the actual amount consumed.
PCost of water hought and energy used were combined because they measure how much the mu nicipality spends on buying its water,
“Maintenance and other expenses include the cost of maintaining the eperations, materials, and other miscellaneous expenses.
“Sulary represents the wages for both the managerial and non-managerial staff.

“The total revenue equals the value of water according to the water billing (see footnote 1).

they were 38% ot the total water supplied. In Khan Yunis
the actual water losses were 2,753,448 cubic meters per
year, but that was 51% of the total water supplies. Water
losses in this region are very high compared to those typical
of developed countries and less or about the same as those
in less developed countries. For example, a survey of 47
municipalities in California revealed that the average water
losses were about 10%, and the range was 3% to less than
30% of the total water supplied (Department of Water
Resources, 2004). Southern California has a Mediterra-
nean-like climate similar to that of the Middle East

According to the World Bank Group (2004), the types of

water losses are physical and administrative losses due to
water theft, for example. In Ramallah and the surrounding
communities the causes of water losses or unaccounted for
waler from 1991 to 1994 included damage to main pipelines
(0.38%). damage to distribution networks (50.74%),
inaccuracy of meters (42.90%). waler losses due to theft

(3.80%), and washing of new lines and reservoirs (0.18%).
The main losses occur from losses between the main supply
lines and the customers, called network losses (Jerusalem
Water Undertaking, 2003). In the West Bank, deteriorating
water networks mainly caused the water losses. Reecent
reductions in these excess inputs in this region are
considered an improvement. In the Gaza Strip. water
losses decreased in 2002 compared to 1993 when they were
about 45% (World Bank Group, 2004). In 2002, the
average was around 33% and this improvement coincided
with the establishment of the Palestinian Water Authority
m 1994 when improvements were made to the water
networks.

The size of the municipality is not correlated with
efficiency in our study. In some cases. the smaller
municipalities were efficient though they were a fraction
of the size of the larger municipalities. These findings are
similar to those reported by Aida et al. (1998) when they
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Table 3
Water Data for the West Bank und Gaza Steip i 2001

Municipality (1 Water losses” (1) Water and (11 Muint and others® (1) Salary of 100} Tatal revenue®
(NIS) energy” (N1S) (NIS) workers® (NIS) INIS)
Tubuas 116307 665,302 55,705 169,903 722432
Tulkarm 1.899,.42 |.5339.357 290,516 1,299,642 44198 452
Anabita 298903 142,990 ITRNZ 214426 TOR67Y
Qulglva 401,931 741,273 146871 ITR2TS 2142088
Azziin 181,153 304660 166,253 43.711 6lh. 3849
Niblus 1 16770637 12,224,203 2,799,098 SHRTNIR 23,924 680
Salfit 3837 T3 URD 42,764 FERATR DE5. 746
Ramiillah TA9T IR7 IRE3139 5486154 14,229 U440 47 300843
Bueir Zeil 69,5359 SIS 16832 37.063 RIR.U6Y
Beitlnvi 1050127 2017838 04069 284.900 2440481
Rethlchem T131.4992 L1, 147421 1.331.51] 2.393,1535 S5.6052.704
Gzl 6,660L262 1819923 633070 1.364.173 [0.047.227
Rilith F.339.482 1274412 193 459 | 463,042 2148290
Beit Hanun Shi |64 7400 fh6d74 201,179 374,368
Beit Lahia L.39¢.252 S 711 160177 393043 87465
Jaba |, 377.7400) 1143046 | 420,853 TH 143 1746136
El Bureij 60324 1815828 13,702 41,174 638482
Nuseiral 1353 565 2.306,606 34,620 81734 |.093, 708
Juwndia 234,589 527388 24,223 67.799 350,408
M hiazi 491605 SYOLTR2 23,283 79.27% 44238
Dier Al Balah s 454 186,574 | 26.706 412,127 e S R b
Khan Yunis SB93.T708 NG R 747988 1,738,275 2071 403
LB HTHTE] 395,198 [46,784 43300 | 78.3649 312894
Abassan fadida 69,945 315,763 6133 S0, 144 #4320
Alassan Kubra 197,593 GIS8T77 11378 92507 333174
Khizay 71,402 656,359 [2.284 075 F34 NS4
Bani Suhali 254,604 043,120 25,342 135801 U RS
Mean 2009 2757449 529,499 |.241.603 4.213.841
Total 54173047 T4 451,114 14.206472 33.523.284 L1AT73.7149

NIS Is defined as New Israeli Shekel (the Isracli currency).

"Water loss values are delined as the differences between the water supplied o the customers and the peruitl amount consumed.
"Cast of witler hought and energy used were combined because they measure how much the municipality spends on buving its water,
“Maintenince and other expenses include the cost of maintaming the operations, materials, and other nuscellaneous expernses,
HSalary represents the wipes lor both the muhagerial and non-managerial staff,

“The total revenue equils the vilue of watér according to the wiler billing (see foatnate 1),

examined the large water suppliers versus the smaller ones
in Japan. However. they used RAM in their DEA
estimates. which is a modified type ol the additive model
Lo compensate tor the dilferences in sizes. and they also
used different sets of inpuls and outpuls. However. we used
the basic BCC model. and additive model lor our case
study. The BCC model produced the RTS values (1 's) as
ghown i Table 5. Municipalities with larger populations
showed IRS and municipalitics with smaller populations
showed DRS. The deercasing RTS lfor the smaller cities
means that they had proportionately less revenue. and
increasing RTS meuns increasing the inputs by 1% result in
revenue inerease of greater than 1%, There was low
negative corrclation between the BBC efficiency scores in
Table 5 and the percent water losses for all the different
Vears.

In summary, water losses were the main cause of

inefficiency. and these losses must be remedied to allow
for the Palestinian water sector to meetl demands at present
and in the future. Water use inclficicncy was more a resull

ol physical factors and less a result of inadequate
muanagement, According Lo the slucks generated by the
BCC model. most of the mefficiencies were caused by
exeess losses of water. The lack of political stability may
have contributed to the destabilization of the water sector
through lack of revenue collections and resulting deficits in
the water budget (especially prevalent in the Gaza Strip)
and through the physical destruction of the water nelwork.
The latter will likely contribute to continuing water losses
and damage the [uture infrastructure of the Palestinian
cities. In addition. since personal incomes are jeopardized,
investment in the water sector will be minimal, All of these
factors will tend to either maintain, or, more likely. lead to
an increase in water lossés,

5. Conclusions and policy recommendations
This study found that most ol the inefliciencies in the

water supply systems of the Palestinian Territories were
caused by excess losses of water. Theretore. the main focus
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liable 4
Water Duta for the West Bank and Guza Strip in 2002

Numcipality (1) Water Josses” (1) Water and

(1) Muaint and others' 111 Salary of () Total revenue®

I NIS) energy” (NIS) (INTS) \\-m'kg:l'ﬁ" (NIS) (INIS)

Jenin Fl3.802 LTAT. 182 2949 3f 1,381,258 4,908 642
Qabaliva 3655400 343,665 30,000 172,000 s304
Tuhus 270,045 892,952 43,704 119,505 TaRZTT
Tulkarm |, THS. 98 1.161.039 324,390 N26,. 362 5,332,066
Anahla 730,023 198.720 132,134 176,803 630014
Qalgilya T3K.325 R16.637 421473 403,694 24600918
Azzun 2893232 407467 [29.992 333 T27.638
Nablus 4025111 [ 2257088 360,285 20298834
Salfit 412,492 792105 42,74 52 LO15.133
Ramallah T.761.274 20:731:136 4421 544 16,359,757 41681400
Beir Zeil GU_IR0 T14.000 19,297 72,245 1L 146,133
Beitunya SRR R 1.949.020 73254 2900842 249424
W.Bani Zuid 21019 33h.744 72432 CITRER TI6.5539
Jericho Yod 244 2300692 21095 81937 1.325.161
Bethlehem 4843865 Y, 327.241 433,833 LO73.787 10433, 730)
Halhul 140,410 651.215 48969 278,584 021,155
[Dura 147.041 H24Y.3499 45.295 182097 RO7.976
Gz 6668998 3.3K0.537 899,203 2 IFTTTS FL6aT70.303
Ratuh 2% 6,694 1,219,631 3307 1.633.311 1. TRN.2NT
Berl Hanun 822510 419581 74358 240,284 TO3348
Beit Lahia 1.594 862 HlE. 749 190L737 403,990 898912
Jahalia 1904326 237539 276804 R3NLOYG L807_367
El Bureij 464934 LL187.631 21641 44404 04,629
Niuseirat 1.107.971 21 TS2.E70 3 47 197,392 1,100,324
Zuwadia 230.323 SHLRUG 2707 70.949 236.484
Mgl (] 7.394 906, 144 23070 HEL R 403,079
Dier Al Balah TOR IO [.124.334 144,407 400.572 RELERII]
Khan Yuns f562,139 LO22.023 AT (S RERIY 1,842 084
Qarara 400,106 936494 42811 204910 247803
Abassun Judida 117273 470,337 SUR6 33827 93,275
Ahussin Kubra 29 143 1659760 12816 [O8.81Y 231604
Khivsa 54963 THI03 61 An 477 163,744
Bani Suhalia 407,84 1 4R4.591] 374 197853 247,449
Mestnt 1,773,892 2.430.568 296983 92163 3.926.79]
Tutal SH.A3R.450 ROL208. 738 QRS 36,041 446 1295841 [2
NIS s defined as New lsraeli Shekel (the Israeli currency),

SWater loss values are delimed s the differences between the water supplied 1o the customens ind the actual amount comsumed.
"Cost of water bought and energy used were combined because they measure how much the municipulity spends on buyiig its water,
“Maintenance and other expenses include the cost of maintaining the operations. materiuls. and other miscelluncous expenses.
”S:‘llar} represents the waees for both the manugerial and non-managerial stafl

“T'he total revenue equals the value ol water according to the water billing (see [ooinole 1)

ol Palestinian water management should be on repairing
the infrastructure so that the water supply systems [unction
properly. Water losses need to be reduced to about 10%.
which 15 common in the developed countries, within the
next five years. The water consumption of the Palestinian
people should be raised 1o meel or exceed the minimum
water requirement of 100L per person per day as
recommended by the World Health Organization. Palesti-
nian water management authorities should attempt to
establish a better mechanism 1o monitor water losses and
to define specific water losses according to the cause. In
same cases, the cause could be the deterioruting networks,
and in others. it might be¢ inaccuracy in waler meler
readings. A water data bank located in a centralized
location for all of the districts in the West Bank and Gaza

Strip would alse lead to appropriale water management
strategies.

Deficiencies in the data available For this study may have
erroneousty influenced results. especially water losses. For
example. Jericho was only 94.3% efficient, and had 80%
water losses in 1999 when vou convert 1.587.617 cubic
meters to percentages. These water losses disappear by
2000. The low water loss values lor 2000 and 2002,
however. put the Jericho municipality on the [rontier with
100% efficiency and zero slacks (see Table 5). Note that no
waler data Tor Jericho existed lor 2001, Water loss data
may be too high or too low duc to metering problems. On
one hand the meler readers may be charging people for air
going through the pipes when water s not continuously
flowing. On the other hand. they maw be accurately
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Table 5
The populiation, water losses. BCC efficiency scores. and seale (¢%) values [rom 1999 1o 2002

N4

80

Municipality Population Water losses (cubic meters) Efficiency seore RTS" (1)
1999

Gaza W4 NIS 9. 748193 | G
Ramallah HL000 2. 753,448 | s
Kl Yunis 152,893 2931818 0,637 I
Rufah 120296 [.806.173 | 1
Jubalia 112.339 3222008 (L763 |
Nablus LOB81Y 2,295,151 | @
Bethichem 78000 1,645,914 | 1
Nuseirat 46,234 416,719 ! 1
Dier Al Balah 4682 1. 160,130 ().430 |
Tulkirm 36,860 [L742.998 0681 =
Qalgilya 34947 628,175 0:840 D]
El Bureij 14,097 227:233 | D
Beit Luhia 33.936 628.672 {1LR9s B
Jenin 27.000 810772 ms1 |
Bani Suhalia 26,040 61886 1.963 |
Marghazi 25,444 Y5859 | D
Abassun Kubra 19.907 132,690 816 8]
Bew Hunun 18,837 467288 | D
Qabativa 159406 73783 0770 [B]
Zuwadia 14,0181 IR.838 | |
lericho 12,835 I.387.617 0.943 {B]
Tubus [ 1600 H1.386 | D
Quarara 11.224 A5.393 | (B]
Beitunya [0:334 146,594 (L82T 1
Khuzay Y3RG 43.048 0,994 D
W.Bani Zmd B790) 24,224 1 |
Anabla B0 46,9860 | D
Salfi 7767 159,804 0.853 I
Azzun G467 26702 I 1
Abassan Judidy ATIY 37901 | D
Dura [ 200 43753 0.570 D
2000

Gitzat HK.633 9888052 | |
Ramallith 215000 2812096 | |
Khan Yunis 158,244 32320065 (1608 I
Nablus 145,622 2,748,628 I I
Jahabia 116.271 2425689 0,954 i
Rethlehem R4.710 1.545.687 | I
Tulkirm 63,077 [.459.716 (1.946 I
Nuseirat 47,853 417,509 I 1
Dicr Al Buluh 46246 L4 a0 (802 |
Jenin 42690 425,060 | (5]
Reit Lahid 35123 |.235.650 (802 I
Qulgilva 34,4907 534.945 1),880 ]
El Burci| 34997 179,956 I D
Bani Suhalia 052 312044 (L6833 1
Muaghaa 20,335 272520 0.7R2 |
Abassan Kubra 20,604 7 34403 | D
Bewt Hanun 19,494 (08,770 0.942 ]
Halhal 18.154 (8. 739 0,778 (B]
Jericho [7.068 673,396 1 D
Oabativa 17010 126,361 1 12
Zuwadia 14574 ARS8 | D
Tubi 13.626 04,439 0,927 (5}
(arura 1617 207 832 ] D
Beitunyi 16,871 154414 | !
Iz 9713 27414 | D
Salfi 82231 134,630 (1.894 D
A nabia TO74 [34.510 | [B]
Aczun 0746 [17.333 | D
Ahussan Jadida 3079 53393 I o
Ralal 125 1.820.272 | (D]
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Tahle 5 (continued )
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Municipality Population Water losses (cubie meters) Efficiency seore RIS ()
2031

Gizi 422,936 #,149.956 | I
Ramallah 235,000 3.100.027 1 1
Mablusy 163000 2,192,449 | |
Kl Y unis 163,783 3.670,151 .370 b}
Rifih |28 864 2,340,523 (1452 (B
Tabulia 120,341 2571227 (1449 D
Bethlehem w0000 31400071 0.405 |
Fulkarm (2000 1.351.735 0,999 I
Nuseirat 49,5328 1471573 ST |
Dier Al Baluh 47.804 863.008 (0.384 (B}
Qalgilva 40.000 460,631 1 I
Beit Lahia 3.353 1.369.250 1360 1>
El Bureij 34997 302,563 1 13
Bani Suhalia 27.805 194971 0,387 D
Mughazi b Lo RS 1) 0).660 1)
Ahassan Kubra 21.325 132:532 (1867 D
Beit Hanun 200179 T43.620 0.851 1B
Beitunya 17,000 N1.460 | |
Suwadia 15084 112.483 0.767 D
Tubas 14000 62010 0.731 D
Quarira 12,024 320,328 | D
K hazaa 10055 41.490 0.977 1>
Sallit SO0 1355814 0.707 D
Anabta 8000 [H5.032 | [B]
Azzun ARO0 107,228 1 D
Beir Zeit 6458 26,754 | ]
Abassan Jadida 6147 45.509 1 D
2002

Ciaza 437.739 8,158,497 | 1
Rumalluh 247083 L [97.225 1 1
Nablus 1 70000 23533849 ! |
Khan Yunis 169.514 3787045 (.227 D
Rafiah 133374 2.056:569 0:.228 D
Jabalia 134552 3.352.671 (L3758 (B
Bethlehem #0L000 2,022,758 1 |
Tulkarm 6E.000 1.328.403 1 1
Nuserrit 51.261 T 737 .556 [B]
Dier Al Baluh 49,540 1.277.879 0.302 (B]
Jenin 95 272,165 | I
Beit Lahia 37.625 1367820 11441 D
Qalgilya 34.997 37503 0838 |
El Bure) 34.997 JR7.638 | D
Bani Suhalia 78872 229.206 0:332 D
Mughuzi w21 315,683 0.617 L
Abassan Kubra 22,07 I 14,550 [.697 D
Beit Hanun 20.883 740.722 0674 D
Jericho 18.239 671464 | |
Qubutiya 15.000 175,393 (1884 D
Halhul 18.000 38.996 0,799 N
Bertunyu 17.000 85915 0,960 I
Zuwadia 15.612 109907 0,578 (B]
Dura 15,000 45227 0.784 D
Tubas 14.400 119919 0803 1>
Qurara 12.445 340,554 | L
BirZeil 12,000 IR33T 1 |
W.Bani Zmd 12,000 21422 1 (B
Salfit 11000 172.233 0.709 D
K hazan 10,407 20,218 | 1
Anabia 1L000 215907 | D
Azzun 7.140 103.210 1 D
Abassan Tadida 6362 61410 1 1>

“Constunt Returns to Scale (C), Increasing Returns 1o scale (1. and Decreasing relurns o scale (1),
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recording the volume of water being consumed. Some ol
the municipalities were being supplied from their own wells
and others trom outside sources. For this reason both the
energy used to pump water and purchased water costs were
combined as one input. However. these imaccuracies might
differ belween municipalities, mtroduecing indccuracies in
the final unalvsis. There 1s a need for a unified water cost
system o correct for these differences, and such a system
currently does not exist.

The amount ol piped water consumed is not a very good
indicator ol efficiency because the customers i this region
often rely on tanks of water for drinking because some of
the piped water is highly saline. In the Gaza Strip. the
model should contain an input te measure the drinkable
guality of the water. This could help Lo identify which of
the municipalitics have excess pollutants and lead to better
waler management. Al present. such data were not
obtainable (rom the municipalities. The districts may have
collected data but applying these data to smaller units is
troublesome. Further research needs Lo be done 1o look at
other variables in addition to the inputs and outputs used
in this study, One major potential input in the empirical
model might be a water pollution indicator to be
minimized. Another mput used in other studies is the
length ol pipes as 2 means of preventing water losses from
evaporation. Finally, the total revenue used as an output
has some bias because 1t was based on the value of the
water sold (billed) and not the actual collections (albeit
the two vartables could be good proxics lor cach other us in
the case of corporate accounting). Thus. the differences in
the revenue collected and the money owed by the customers
should be considered when checking for efficiency.

This research has highlighted the advantage ol using
DEA as a tool to evaluate water use efficiency in the
Zalestiman Terrtories. While improving the efficiency of
water uwse in the Palestinian Territortes 15 recomuended as
an essential part of the water management. it should be
considered along with other solutions such as desalination
projects and recycling. This study’s contribution is its focus
firet on the West Bank and Gaza as a whole. and then on
comparing them Lo cach other as separate units. It
coniributes some DLA-based elficiency  evaluations in
waler resources management that will help Palestiman
policy makers address such difficult resource allocuation
tesues as proposals to merge small municipalities.
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Abstract

This study was carried oul in one of the medium-sized public administrative towns in the southwestern part of Nigeria. [ts aim s to
highlight the effect of spatal distribution of settlements. population, and socio-economic activities on urban air temperature and
humidity in the town.

Temperature and relative humidity data from 1992 o 2001 were obtained {rom three meteorological stations in Akure, the
Admmistrative Capital of Ondo State, Nigeria, The stations are located within the Federal Ministry of Aviation. Akure Atrport (FMA).
[Federal University of Technology. Akure (FUTA) and Federal School of Agriculture (SOA). Air temperature und relative humudity
measurements were also obtained from 27 points. which were cited to include road junctions, markels. built up arcas. clc,. using sling
psvchrometer. The data were subsequently analysed for spatial and temporal variations using stutistical packages (SPSS and Microsofl
Excely and 1solines. Actual vapour pressure and dew point temperature were computed using Magnus conversion formulae,

The results obtained showed that spatal variation was insignificant. in terms of the temperature and humidity varmbles. The annual
mean temperature (T ) ranged hetween 219 and 304 C while minimum ( Tiy) and maximum (7, ) temperatures varied from 13 to
20 and 21.5-39.0 "C. respectivelv. Relative humidity (RH ). actual vapour pressure (£,) and dew point temperature (7] values also varied
fram 39.1% 10 98.2% 19.7 20.8am . and 17.3-17.8 "C. respectively. A significant relationship (p= 0.6; r<0.03) between Ty, £, and
Ty was observed while the daytime ‘urban heat istand” intensity (UHT) ramged between 0,5 and 2.5 C within the study period.

The study concluded that there is influence of urbun canopy on the microclimate of Akure. and hypothesizes that the urban dwellers
iy be subjected o some levels of weather related physiological disorderliness.

2007 Elsevier Ltd. All riphts reserved,

Kerwards: Admimstrative town: Temperature: Relative humidity: Spattal and temporal viriation: Spatial distribution and “urban heat ishimd?

I. Introduction

1.1 Sitnation

Nigerta 1s one of the few countries in tropical Africa
where urbanization is nol 4 recent phenomenon. Some
Nigerian towns are as old as some of the ancient cities in
Furope. These include cities such as Kano. Kalsina and

*C'ulTs_:_H[u.mdqu author, Tel, 1+ 234805398631,
E=ntil wededresses; havnick 2003w vahoo com (O.M. Akinbode).
anelndayvimie vahao com. oueludayinionmfe edung (AO, Eludayin,
toyinafiushacte yuhoo.com (AL Fashae).

O301ATHT % - see front matter ©0 2007 Elsevier Ltd. All rights reserved.
dov L0 LG/ jenvman 20070 L0

Sokoto in the northern part, which participated vigorously
i the worldwide commercial activities in the medieval
period. Others include the large settlements in the South-
western region such as Ado-Fkiti. Benin Clity, Ihadun.
Ovo. Iwo. Oshogbo, Ogbomesho. which were pre-colonial
towns {Onakerhoraye and Omuta, 1994). Some recent
towns have also emerged as medium-sized public admin-
istrative towns, Such public administrative towns include
Akure (Ondo State), Uvo (Akwa [bom State), Asaba
(Delta State). ele., whose declaration as adnministrative
capital cities have precipitated their growth. These towns
have served as [functional zones to the aredas outside
them. performing commercial. administrative, residential,
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religious and educational roles. Such rales have endeared
immigrants (o them. and sometimes leading to over-
population, over-utilization of the resources at the region
of highest population concentration, and stratification of
such towns into economic and occupational classes and
sub-classes. The central region. termed ‘core” is always the
maost developed and often acquires the lion’s share of the
community’s resource. The periphery, on the other hand.
suffers from inadequate resource ullocation, relative under-
development and under-population (Onakerhorave and
Omuta. 1994). The city core. as a result of population
concentration, intense transportation activity and surface
concretization within it could therefore cxhibil a micro-
climate different from other part of the same town, giving
rise to a condition ol greater core temperature difference
termed the “urban heat island’ intensity (UHI).

The UHI is the characteristic warmth of urban areus
compared to their outskirts. 1t is also often referred to as
the increase of air lemperature in the near-surface layer of
the atmosphere within eities relative to their surrounding
countryside (Voogt, 2002), It is so named because the
isotherms forms an island shaped pattern. The built-up
environment has been [ound to exacerbate heat stress.
particularly at night, during heat waves and provides a
preferential site for spread of vector borne diseases
(Sumuels, 2004: Svensson and Tarvainen. 2004).

The rapid pace of urbanization has been shown Lo be a
global problem present in most of the developing countries.
For instance, the urban populations in these countries have
grown by 40% between 1900 and 1975, Furthermore, there
1s every indication that the trend will contlinue for the next
30 years, adding approximately two billion people to the
urban population of the presently less-developed nations
(United Nations Environment Programme. 2002). Niger-
ia’s urbanization rate was conservatively put at 3% as at
1973 (Olowu, 1985) and by 1980 nearly 30% of the total
population has already been residing in urban centres, By
2005, approximately 60% of the populations in the Alrica
in general are expected to be urban. Nigeria's urban centres
have been growing at double the nautonal population
{estimated at 2.3%) and at double the rate of urban
mlormation in several countries ol Furope and America
(Olowu. 1985).

This paper presents a preliminary assessment of the
variations in the temperature and humidity in a Capital city
in southwest Nigeria. The area has been selected because ol
its rapid urbanization from 1976 until present. The results
presented arc 10 years (1992-2002) ol air lemperature and
humidity data from three established meteorological
stations. and daylume. periodic, observations laken from
I8 stations in the city in December 2002.

1.2, Problem
Previous studies (c.g. Adebayo. 1990 and Omoghai,

1983) have shown a local climate with spatial structure
such as heat island is Tormed within some medieval

Nigerian scttlements compared (0 outside open spaces.
Few of these studies are published. On the other hand,
studies ol urban climate are important hecauge they
investigate the allerations that the human actions pronoie
in the low atmosphere (Maitelli et al., 2002). For mstance,
the heat enussions [rom many anthropogenic sources add
to the warming of the built environment while the
vegetation in the suburban arca has been revealed 1o cool
the environment (e.g. Givoni, 1991 Samuels, 2004). The
high-rise buildings in the urban areas magnify the impact
of the built environment (Santamouris. 2001: Arnfield.
2003). trapping heal and distorting air movement. The
warming cffeet that results from this phenomenon could
affect. significantly. the comfort and the hveahility of the
urban people. For instance. over 10.000 people died of heat
wave in France m 2003 (Samuels, 2004) on which urban
heat islands add an additional stress. Heat islands m (he
atmosphere are best expressed at night under calm and
clear conditions when differential rates of radiative cooling
are maximized between urban areas and their surround-
ings, with cities cooling more slowly than their surround-
ings. Heat island magnitudes decrease with increasing wind
speed and cloud cover. Davtime heat islands may be
positive or negative depending on the particular character-
isties of the urban area and their surroundings (e.o.
Runnals and Oke. 2000).

While much information is available on this phenomen-
on and its effects on the people in the European and
American countries (e.g. Kilbourne, 1989; Kalkstein and
Greene. 1997 Hajat et al., 2002). the microchmate of
Nigerian cities has not been well documented, and little is
known about their effects. especially in the srowing state
capitals, which form the present focus ol socio-cconomic
erowth in the country.

1.3, Objective and hypothesis

The objective of this investigation is to assess the impact
of urbanization on the spatial and temporal variations of
temperature and humidity in Akure, a medium size.
growing arca that is the administrative and economic
capital of Ondo State in Nigeria. The conclusions are based
on the hypotheses that air in the urban canopy is usually
warmer than that in the countrvside (Oke, 1987), and that
there has been no net warming of the countryside (Nordli,
2001).

1.4. Study area

Akure is located on latitude 7°17N and longitude
S5'I8E. The urbanized land arca is approximately
41.2km”. It became an administrative and economic seal
to Akure South Local Government Autherity, and Ondo
State with the latter’s creation in 1976 from the old
Western Region. Since Lhen, the city has witnessed
immense growth in the size of buill-up arcas. number of
immigrants, transportation. and commercial activities. It
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experiences warm humid tropical climate. with averuge
rainfall of about I500mm per annum. Annual average
temperalures range between 21.4 and 31.1 “C. and its mean
annual relative humidity 1s about 77.1%. lis vegetation is
the tropieal rainforest wype (Ayoade. 1993: Oguntovinbo,
[982). Akure hes on a relatively at plamn of about 230m
above sea level within the Western Nigerian plains, The
pattern of land use distribution shows that about 63.7% 18
used Tor residential purposes while the remaining portions
are shared for industrial (2.1%). commercial (1.6% ). public
offices (14.4%), cultural or recreational (0.2%) and
cdueational purposes (14.8%). Unused or wvacant land
was 1.1 %,

The centrally located Oba or Erckesan market remains
the most important centre ol commereial activities in the
town, The arca also forms a node for a number of roads
linking other parts ol the town and nearby settlements. It
thus remains the primary céntral business district (CBD) of
the city. Secondary CBDs include Isikan and NEPA
markets located. respectively. at the southwest and south-
castern parts of Oba market. The residential zone extends
into lhe commercial zones and is densely populated around
these markets. with modern multi-storey buildings from the
post 1976 development. Another category ol residential
areas comprises the planned estates, including japo. Ala
and Alagbaka. which are government owned estates. and
Oluwatuyi Quarters. a private estate property.

The three meteorological stations are located surround-
mg the city: the Federal Ministry of Aviation. Akure
Airport, Tederal University of Technology. and  the
Federal School of Agriculture. Akure. These have been

FU0°E

designated us FMA. FUTA und SOA stations, respec-
tivelv. m this study (Fig. 1), The FMA and SOA are
located 1o the northeast while FUTA is al the northwestern
part of the town. They are all at the outskirts of the town.
charactenized by light forest vegetation and scatlered Lrees.
A Gmeling sp. plantation and experimental {arms (for
student) exist around the SOA, The natural vegetation is
regrowth following the ¢learing of the previous dense forest
COVET.

Tall buildings and tarred surfaces are found within the
environment ol the stations. and there are substantial
populations surrounding FUTA and SOA stations. thal
average between 10.000 and 5000, respectively. but which
vary with the programme schedules ol the institutions,
FMA. on the other hand. is surrounded by lewer buildings
mainly offices.

2. Materials and methods
2.1 Sample design, collection, and field observations

Field data were collected in December 2002, Twenty-
seven sampling stations were established based on the land
use map of Akure: three from cach ol Oke-Aro. and
Araromi districts (residential), Oba, Isikan and NEPA
markets (commercial). COOP (industrial). Oba [le and
Owo roads (vegelated and relatively undisturbed sites), and
Ondo-Ore Motor Park. Temperature and relative humidity
readings were obtained at road junctions, under overhead
bridges and open spaces o reflect the various character-
tstics of the roads in nine stations. along the two primary

SeIE
7

705N

{7025

T°15°N

Residential . . Commercial ., . E Relntively Undisturbed Area :]
Industrial _ L Recreational Other PubiclUses. ... .. .. .E
Rood ) S e Educational i oo Sampling Stations . | e .
BIEG e rmre w oo S StlFCE GEARILDIN @ Mmhhkrs

Fig, |. Land use map of Akure showing sumpling stalions.
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(Hesa Lo Oba-lle and Ondo o lghatoro) roads that traverse
the city (Fig. 1).

Air temperature and relative humidity at these stations
were made for 12 days between 09:00 and 18:00 local
standard time (LST) from 10 to 21 December 2002,
Although studies have revealed that UHI is more of a
nocturnal phenemenon, data for night periods could not be
security  reason and lack ol
unmanned recording instrument [or such measurements,
at the time of study. The instrument vsed for the daytime
temperature and relative humidity was the sling psychrom-
eter. consisting of both a dry and wet bulb thermomelter.
To take readings the instrument was whirled for a
minimum of 3min and watched at intervals until at least
two consecutive readings were equal. The difference
between the dry bulb (air temperature) and the wet bulb
readings was checked under appropriate columns in the
hygrometric tables to determine the equivalent relative
humidity, Readings were made bearing in mind all the
precaulionary measures in the instrument manual to
minimize possible errors.

In addition, a set of temperature and relative humidity
data from [992 1o 2001 were collected at the FMA, SOA.
and FUTA meleorelogical stations in Akure. This was the
only period when data were commonly available in the
three stations. Actual vapour pressure and dew point
temperature were computed using the Magnus formula
documented elsewhere (e.g. www.ist-ag.com/docs/ basics
humidity ¢ pdf).

collected  for standard

2.2, Statistical analysis

Data were generally subjected to statistical analysis using
SPSS (Version 11) and Microsoft Excel software while
descriptions of spatial variations are drawn as isolines.
Data used for the computation of regression equations
were first tested for normalily as expected for a parametric
statistic (Zar, 1992), and thoese that did not conform to the
assumplions were transformed to logarithms, Missing
values at some stations, particularly FUTA and the SOA
were replaced by hinear interpolation of the stations” time
series.

The comparison of sites. land uses. and time were
achieved using the one-way analysis of variance (ANOVA),
Lincar trends for each of the variables for the vears were
determined with least square linear regression method.
Means, standard deviations and ranges, which are mea-
sures ol central tendencies and dispersions, were used to
derive the mean annual temperature and relative humidity
from the mean monthly records and to test for dispersion
of the distribution of the data for analysis, In addition.
spatial  variability/heterogeneity of the wvariables were
determined using Principal Component Analysis (PCA)
(Zar, 1992), The results derived Irtom these analyses were
subjected to F-test statistics and the significance level was
aceepted at p = 0,03,

3. Results

3.0 Variations in the temperature and monidity around the
mieteorological stations

The mean and standard deviation values of the
temperature and humidity obtamed [rom the three
meteorological stations in Akure are presented 1n

Table 1. Table | shows that T ranged from 21.9 o
30.47°C, with the highest values at FMA and FUTA,
respectively. 7, ranged between 17.3 and 18.2 °C. while the
£, varied from 19.7 1o 20.8 gm . (Table 1). The results of
the one-way ANOVA reveals that all the station pairs are
dilferent in terms of retative humidity and vapour pressure,
except FMA and SOA. Significant differences occurred
only i the 7T,... between the FMA and the SOA
(p=0.01: r=0.05). and between SOA and FUTA
(p = 0.001: r = 0.05) (Table 2). RH also varied significantly
(p=<0.1: r = 0.05) between FMA and FUTA on the one
hand, and SOA and FUTA on the other hand (Table 2).

Fig. 2 shows the mean monthly temperatures and
humidity between 1992 and 2001, The monthly value of
mean temperature was highest (28,9 C) in February and
lowest (24.4 C) in August. Conversely. the highest relative
humidity was recorded 1 August (84.2%) and the Towest
in February (55.6%). 7y varied from 18.2°C in April
and May to 13.2 € in January, Comparison of the
variables using the Pearson corrclation coefficients shows
that the temperature variables (except 7)) were inversely
correlated with the humidity wvariables. 7., on the
other hand. correlated significantly with RH, £, and T
{Table 3).

In terms ol variability. the first two factors accounted for
96.7% of the total variance among the variables. £ 7).
RH and T, which are rclated to physiologic stress.
clustered together (Fig. 3). suggesting possible discomfort
among the people in the study area during some time of the
year. The dispersion [rom the T, and T\, suggest that £,
and 7 may not be temperature dependent (Table 4).

Tuhle |
Means and standard deviations of temperature and humidity values Froim
three meteorological stations in Akure between 1992 and 2001

Location T (€ Ty (C) Foen € €0 RH (") Elgm ™) 1, (°C)

FMA 7313 214 6.3 75 19.7 17.3
& 24 1.5 .4 1.9 (.15 —42.0)
FUTA 307 214 26001 Th6 0.0 7.5
| 1.8 |4 74 (.10 —48.7
SOA 7.3l 215 270 T 20.8 182
g 2%h .4 23 (.03 —54.0
Totul T 214 264 6.7 203 17.8
a 24 |6 17 2.2 016 41.4

1 s = maximum temperature; Ty = nuinimum lemperature:
Tinean = mean temperature: RH = relative humidity: £ = actual vapour
pressure: 7, = dew point temperature,
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Tahle 2

ANOVA and Schelfe multiple comparisons of the temperature and refative humidity values from three meteorological stations i Akure

Yarahles

Oyerll ANOVA

Scheffee Multiple Comparisons

Forulio F probubihiy! EMA I'MA S0A
FUTA SOA FLTA
Temperatyre
M s 2,754 ns" s 118 s
RS ETIRTEY s ns ne 0= s
Mesn 7591 001 ns 001 0,001
Relative humidivy 17,116 00 (00 s 0.007
Aclual vapour pressuire 1894 U037 002 s n=
Dew poanl lemperatiire NBK2 115 ns ns Hs
“The F-probabiliy is sieniticant tor the mean differences atthe p=0.05 level.
"ns indicates that mean difference is nat significant ut p< (.03,
1.00 - N
5 an i
s ( g | Max_Temp bd_Tarng
35 — + 80
T
30 ; I + 78
= i L 6
25 4% 50 |
I n i "
0 [ 40
T 2 ) L
{ 130 E‘ Min Temp
109 20 S 0.00 -
51 | % E | e 10
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L 050 - 5 |
mr BH (5 — === Tmgan ("C} —-a-= Tmin({"C} 0.50 E Td |
= E=x{gim?) —a— Tryaxi"C) B 11 5 |
T RH |
Fig. 2, Moathly distnbution of temperature and homidiy variahles in . ; ; ; i
Akure between 1997 and 2001 -0.25 0.00 0,25 0.50 0.75
comp2

Table 3

Results of the correlation of temperature and humidity varables in Akure.

Nigeria between 1992 anid 2001

i 1500 Houge RH E, T
i (1.930 s —.736 — (1495 —().487
ns () 510 ()00 —0.679
T ¥ (624 (620
KRH (943 (LY3N
E. 1) UG

32

within Akre

Variations wi the temperarwre and relative nanidiry

Figs. 4a and b show the diurnal variations in the mean
femperature and relative humidity values in different land
wse i Akure in December 2002, Highest mean temperature
values were obtamed at 15:00 ST in the residential.
industrial and commercial zones and 10:00 LST at the
Motor Park and the outskirts. Highest 7., (32,5 C) was
abiained at the around the CBD while the residential
landuse recorded the lowest (28 C), Fig. 3a shows that the
CBD, Molor Purk and saw mill heated more than the

Fig. 3. Result of PCA for emperature and hunvdity dati between |99
and 2007,

Table 4
Linecar trends i annual temperature and refabive humidity viues between
1992 5nd 2001

Dependan Ry [ F P
fintercepty  (slope)  probability value

Musimum 0,005 3.Ra3 00264 08" 1.95

lenmTperatiure

Mininium (L0003 213344 —0124 ns {1494

lemperatire

Mean temperature (L002 201067 (LOls ns [1.63

Relative Hunudity 0044 SO.0186 —0 33 0000 [t 2%

Dew point 0,208 9889 0468 ns 2.67

lemperiiure

Actual vapour 0191 —9 067 0804 ns 2,33

Pressurs

“ns mdicates that mean difference s not signifieant af p= {05

outskirts. Converselv, RH was highest at the outskrrt
(Fig. db). which appcared to contain lesser concretized
surfaces. automobile patronage and number of tall build-
ings. Similarly. temperature Nuctuated periodically along
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Fig. 4. Varmation patterns of temperature (i) and refative humidity (h) in Akure in December 2002,

the roads within the CBD and at junctions (Fig. 5a-¢) and
ity distribution was inversely related 1o RH (Fig. 6a e,
compare Fig. [}).

3.3 "Urban heat island’ phenomenon

Fig. 7a shows the summary of the daytime UHI pattern
observed. The close isotherms around the CBD suggested
warmer air temperature. The range of heat intensity was
0.5-2.5 C. The markets, which incidentally are the CBD,
formed the peak as expected. They receive over 70%

population of the population daily, The RH field formed
its peak towards the northern extremes (northwest and
northeast) (Fig. 7b).

4. Discussion

This investigation aimed at assessing the impact of
urbanization on the relative humidily and temperature in
Akure, Nigeria. The higher temperature and lower relative
humidity observed in the commercial area compared Lo
that obtained at the countryside. as seen in this study is
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similar to the pattern obtained in cities in other countries
such as Dhaka, Bangladesh (Hossain and Nooruddin.
1004}, Brazil (Maitelli et al, 2002) and Beyjing, China
(Svensson and Tarvainen. 2004). From this study. urbani-
zativn played a significant role in the distribution ol

temperature and relative humidity. The Motor Park and
commercial areas have higher mean average temperature
than the outskirts, These two areas also exhibited lower
relative humidity, Similar patterns of temperature and
relative humidity were demonstrated in the temperature



12 Q.M. Akinbode ¢t al. } dowrnal of Enviromunental Management 87 (2008 ) 95 /03
a b '
= UTA unttion lr ‘ UTA Junction
- Owo Ry |
v |
< X % \Stp ter's [
2 unction g = e |
5 |
II
b Ajegunle __—|
D\‘“ﬁ\ — —— KU e S —]
VS

Milbito: y area

G

e

=

> Z

Major Road........ ... ——

i
0 600 1200 1800 ﬂ 3&20 Metres

IBoilice & =55 swe 59w

Fig. 6. Relative humidity along the roud traverses in December 2000: (1) shaws mean divrnal variation and (b—e) are variatnons a1 09:00. 12:00 15:00 and

[K:00 b, respectively).

changes along the two major roads. which traversed the
city, The areas at the interior of the city were generally
warmer than the exterior. Oke (1987) suggested that the
gtructure and composition of the urban canepy and the
thermal properties o urban construction materials are the
main factors that determine the urban rural thermal
contrasts. The fact that urban areas tend to be warmer

has been well studied and documented (e.g. Oke, 1982
Arnfield, 2003; Samuels. 2004: Svensson and Tarvainen.
2004,

It is also known that the higher temperatures are often
associated with higher density urban dwellings. where it
forms an urban heat island. The davtime “heat island’
intensity at the time of this study is within the ranges
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reported of higger and older cities in Nigeria (e.g. Ibadan:
35 C (Adebavo. 1990). Benin City: 4 C (Omogbai,
1985)). The small magnitude of heat intensity in this study
may he explained by the phenomenon at the davtime hours
i which this study was conducted (e.g. Oke. [982:
McGregor and Nicuwolt, 1998; Runnals and Oke. 2000).

The main *heat island™ characteristics deseribed n some
studics outside this environment (Voogt, 2002) were also
observed 1n Akure at the time of this study. The CBD
contains closely spaced buildings. which ranged from 2 to 4
storeys and open market spaces where over 20,000 people

trade daily. These form the thermal sinks and urban hol
spots in the study area. Such properties have been observed
to be capable ol absorbing and emitting heat (Bornstemn
and Lin. 1999; Samuels, 2004),

The results of the one-way ANOVA performed sepa-
rately on cach land use type suggested that the mean
temperature did not vary significantly at different locations
within the town. Relative humidity and vapour pressure
did show. however. Generallv. there was 4 relative
uniformity in the mean temperature in Akure while the
distribution  of the relative lacal

humidity suggested
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influence. For example. less humid surfaces were obtained
in the commercial areas and Motor Park. This result is
stmilar to that obtained in the two cites of Cuiaba and
Verzea Grrande in Brazil (Maitelli et al.. 2002) in which the
temperature trend was found to be inversely proportional
to the relative air humidity. On the other hand. the results
ol the PCA showed thal the measures of absolute humidity
{vapour pressure and dew pomt temperature) are not
patterned by temperature influence. The appearance of the
minimum lemperature. vapour pressure and dew poinl
temperature in the PCA cluster confitms Adebayo’s (1991)
hvpothesis that minimum temperature may have been a
better indicator ol urban heat island in southwestern
Nigeria. It may also suggest that the people may be
discomiited phvsiologically during some period ol the veur.
Although the scope ol this study did not include this. 11
may [orm an hypothesis for subsequent study in the region.

In addition. diurnal variation existed i both  the
temperature and relative humidity ficlds within the city.
The trend 15 similar to those obtained in Dhaka,
Bangladesh (Samendra and Ayesha. 1994) where 15:00h
wits the warmest, While average temperature hus imcreased
from 00:00 to 15:00 and declined towards I8:00 LST. its
relative hunudity  has decreased. The twrends observed
suggest that the temperatures in Akure have not signifi-
cantly changed in the last two decades. The explanation for
this is not obvious but theoretical speculation may suggest
that effect of urban growth on temperature i this dared is
probably insignificant. [t may also be due to the location of
the monitoring network and the source area of their
measurements. The true explanation of this will. however,
not be known until the temperature data before Akure
became an administrative capital city in 1976 is analysed.
Nevertheless. the observed relative stability of temperature
variables does not imply that urbanization has no impact
on temperature. Relative humidity has, on the other hand.
reduced significantly in the past two decades, a phenom-
enon that may be explained by the increasing trend ol built
up areas i Akure.

5. Conelusions

The study has shown that Akure experiences a daytime
urban heat sland. [ts relative humidity has also signifi-
cantly declined from 1980 to 2001. The mean temperature
and relative  humidity wre influenced by commercial
activities in the CBD and urban growth over the vears.
suggesting an influence of urbanization. It has egually
upheld the hypothesis that relates mmimum temperature to
UHI and perhaps physiological stress in the tropics.
Equipment for collecting some data. espeetally nocturnal
weather data has been shown as a bane of some
meteorological researches in Nigerin, It is one of the
lactors that have limited the scope of this study.

Alkure is tvpical of most medium size state capitals. in
developing nations. to which the applicability of these
findings is anticipated. However. most urban settlements in

Nigeria lack reasonable number of metcorological stations,
4 condition that has hindered investigations mto the urhan
climate change. Inadequate and frivolous data from poorly
monitored few existing metcorological stations may have
also discouraged long-term studies in urban chmatology 1n
mosl Nigerian cities (Ayoade, 1993). Nonctheless, it is
hoped that this study will adequately fill a gap.
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Abstract

Turkey. due to its location in the Alpine-Himalayan belt. has numerous marble deposits. More than 250 marble types with different
colours and patterns have been produced from these deposits and one hundred ol these are well known around the world. One such well-
known marhle type is Afvon-Iscehisar. Afyon-Iscehisir is Palacozoic in age and has heen quarried since the era of the Roman empire.
The Afyon region 15 known as one of the most important marble production and processing centres in Turkey, The Alyon provinee.
which possesses 3.5% of explottable marble reserves (3.872.000.000 tonne) in Turkey. vields 9% of the total marble block production.
The 409 marble processing plants in Afvon produce 19% of the wotal slab in Turkey. As a result of marble production activities.
approximately 340,000 tonne of marble waste has accumulated in the area. While some of these unshaped marble blocks are re-used and
returned to the economy. the majority are discarded. There are two waste marble storage fields located in the Afyon-Iscchisar region. All
of the solid and fine-grained marble waste is stored in waste marble storage fields in Susuz Boguzi and in the nearby Iscehisar marble
quarries, The ecological effects of the marble waste. which were ance discharaed everywhere and exhibited visual pollution, has now been

reduced 1o a mimimal level.
0 2007 Elsevier Ltd. All rights reserved.

Kevwores: Isechisar-Alvon: Marble: Marble waste: Environmental pollution: Solid waste

I. Introduction

Many rich marble deposits in countries like Portugal.
Spain. Italy, Greece. Turkey, Iran and Pakistan are located
in Alpine-Himalayan belt, As a result of its geologicul
location. Turkey possesses very rich. natural stone reserves
in various colours and patterns. There are approximately
3.872.000.000m” of exploitable marble reserves of Turkey
(DPT. 2001) as summarised in Table L.

The Turkish Nuatural Stone Industry has proved its
consistency and continuity in the commercial arena by
supplying over 250 natural stone types in rich colours and
patterns. Approximately one hundred of these are well
known in the international market and are regularly

*C'm‘ruspunding author: Tel: +902722141949: fax: +90 2722135405,
Eemianil aeldress, mycelikioe akuedutr (M. Yavuz Celik),

O301-4797 /% - see front mintter © 2007 Flsevier Lid, ATl rights reserved.
do 101010/, jenvman. 2007.01,004

demanded. Some of these well-known commercial marbles
include Afvon White. Afvon Sugar, Afyon Tiger skin,
Supreme. Salome. Bordo Grizo (Eskischir). Elazig Cheery,
Hazar Pink (Elazmg). Aegeen Bordeux. Avhan Black. Milas
Lilac. Mugla White (Mugla), Usak Green. Usak White
(Usak). Dove (Balikesir)., Vize Pink (Kurklareli).

There are approximately 700 Turkish marble guarries in
operation. 90% of which are located in West Anatolia,
Afyon, Balikesir, Eskischir. Usak. Kiitahya. Mugla. Bursa,
Avdm and [zmir. The Turkish Natural Stone Industry has
shown steady development and has played an important
role in stone exporting. While the value ol Turkish marble
and natural stone exports was only 40 million USD in 1990,
it reached 188.7 million USD in 2000. 300 million USD 1n
2002 and 626 million USD in 2004 (IMMIB, 2002, 2005).

The Iscehisar (Alyon) marble quarry s one ol the
largest, ancient, Anatolian marble guarries. During the
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Luble |
Lxploitable marble reserves in Turkey (DPT, 20001)

Lowitlion Exploitable reserve (m?)
Rilileesir 1 300,000,000

Eskigehir Ga0,000,000)

Usuk SO0

Nigde 50,000,000

Kitrahiya 200,000,000

Mugla (81000000

Kirsehir 163000000

Alyon [25.000.000

Bursi | 33,000,000

Karklarel 33500000

Avdin SO0

Ankari 2,000,000

Tzmir L300.000

Fatal A HT2.000,600

Ronuan era. quarricd marble was sent cither as processed

marble or as blocks to coastal Aegean and Mediterranean
cities by river and sea. Therefore. numerous marble
monuments and artwork made from Iscehisar-Afvon
marble have been displayed in uncient cities in Turkey
and Europe and in museums today (lleri et al., 2001).
Iscchisar marbles were first quarried on the foundation ol
the ancient Dokimeion (now Isechisar) settlement and have
been well known [or 2300 years, Iscehisar marbles were
known in the world as “*Synnada marbles™ (now Suhut) by
lht.‘ Romans and “Dokimeion marbles™ i Anatolia (Gong

1971). During the later stages of the operation of the
Duk]mcmn quarries (235236 BC'), numerous white marble
blocks. and half~ or Tullv-processed murble artwork were
left in waste rubble, The most interesting of these are
human figures (Sodini, 2002).

In 2000. 110350 m°
fragmented marble were quarned at Iscchisar-Alyon.
During the same time period. the total block marble
production of Turkey was 1,100,000 m”, which means that
approximately 9% of block muarble production ook place
at Iscehisar-Afvon. Over 400 marble processing plants in
the region use at least one gang-saw or one ST (disc-
cutter). The slab production in these plants  was
6,011,000 m’ in 2000, which accounts about 23% of the
total slab production in Turkey (Kuscu et al.. 2001). These
figures underscore the importance of  Iscehisar-Afyon
marble products in the Turkish marble industry.

2. The characteristic of Iscehisar-Afvon marbles
2.4 The geology of Iscelisar-Afvon region

There are two lseehisar-Afvon marbles deposits located
23Km northeast ol Alyon on the Ankdra highway in the
Iscchisar district (Fig. 1) The first deposit 15 located on
Dangic Tepe and occupies a 500 % 1300m~ area. The
second deposit near Bacakale occupies a 1000 x 4500 m-
area. The thickness ol the marble deposits al Dangic Tepe

of block marble and 650.000m”* of
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15 100 m, and that at Bacakale reaches 260 m (Gilee, 1973:
Anil et al.. 1996). Quarrying operations are concentrated in
the northern part of the region (Fig. 5),

Palacozoic aged rocks, referred 1o as Afyon metamor-
phites. arc the oldest in the region, These rocks. usually
sedimentary in origin. completed their metamorphic
evolution in the pre-Mesozoic age (Tolluoglu et al.,
1997). Afvon metamorphites are usually brown and green
coloured. with a highly folded albite—chloriie—muscovite—
iotite quurtz schist at the base. Occasionally, metucon-
glomerate marble and cale-schist dppear in these schisly in
the form of large lenses and belts (Fig, 2), The thickness of
schist is estimated to be 2000 m. and the upper contact 15
discordant to the Tertiary units (Metin et al.. 1987).
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lscehisar marbles form in the upper layvers of meta-
morphic rocks (Fig. 2). The marbles. which originate from
limestone, are geologically indicated by different colours,
particle sizes and mineral compositions. In this respect.
marbles are divided into three units (Figs. 3 and 4). Afvon
Grey and Tigerskin marbles form the bottom unit, Afyon
Sugar and Alvon Kayvmak (Cream) form the central unit,
and the upper unit is formed by Afyon Vielet marbles
(Stmer et al, [997). The bottom unit exhibits grey
coloured marbles and white coloured, large caleite lenses
that form unique patterns. The central unit, in contrast, is
composed ol fine caleite minerals with the dominant colour
being white. The Alveon Sugar marbles are primarily white
in colour with yellow veins. The upper unit marbles have
purple and lilac colours. The cracks formed by lectonic
movements were {illed with yellow iron-oxide and white

f,f’f Afyon Violet
Upper Unit :rl:,. e " Afyan White
Middle Unit Afyon Sugar
Lower Unit T Afyon Grey
. h\‘h
*LHR Tigerskin

i 30 VMertical stratigraphical column-section of Tseehisar-Afyon marhles

and commercial names (Stmer ¢tal.. 1997),
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coloured wveins of calcite minerals, and have breccias
structure.

The Gebeciler Formation is named after the Gebectler
district. located just outside the study arca. After the
Mesozoic age, this area was subjected to erosion processes.
The Upper Middle Miocene-aged crystalline metamorphic
base of the Gebeceler Formation sedimented over during
this period. Deposits in this area generally appear ag 4
greyish to white colour, and are composed ol fing o thick-
layered conglomerate. sandstone, agglomerate, tull. tuffite.
marl. elay-limestone and silica-limestone units (Fig. 3)
{Metin ¢t al.. 1987; Celik and Sabah, 2002).

In the study arca. tuffs occupy a vast area to the
northwest of the marble deposits. Tulfs are dasitic with
white and cream colour and indicate thick layers in the
range of 50 150m, Tuffs are composed ol a mineral
assemblage of various crystals including quartz, plagio-
clases, biotite lamella and opak particles with glass cement.

The Karakaya basalt formatons are composed of
buasalt lava, which represents the youngest volcanism in
the field. and they are positioned on the surface of the
voungest fault zones. From the late Middle through the
late Upper Miocene. widespread terrestrial volcanism of
different stages dommated this region. Besang et al. (1997)
used the K/AT method w radiometrically date thesc
volcanic rocks and coneluded that their ages range lrom
14.75 million vears to 8 milhon years (Cevikbas et al..
1988).

Alluviums represent the youngest units in the study area.
2.2, Mineralogy and petrography

Iscehisar marbles originate from limestone rocks that
metamorphosed under heat and pressure. Examination ol
the marbles under the microscope indicates that the main
mineral component is calcite (more than 90%). The sizes of
calcite crystals vary in the range of 0.2 0.5mm, and
between 1000 and 1700 erystals per em” area. Medium-
sized calcite minerals are tghtly clamped with mo-
salc texture, and occasionally, granoblastic texture and

SW

1200 -
1150 1
1100 1
1050 -
1000 A

as0 A Upper Unit

Middle Unit at

. Lower Unit 0

NE

Fig. 4, Geolozical secuon ol an Iscehisar-Alvon marble deposit imodified from Stimer el al.. 1997).
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polysynthetic twinning are observed. Chlorite. sericite,
quartz and hematite are accessory ninerals.

[scehisar marbles have been divided into three units
based upon their colour and particle size. The light and
dark grey colourcd units 4t the base consist ol calcite and
muscovile minerals. Besides these compounds, chloride,
quartz and opak minerals are also present. Finely crystal-
lised white und yellowish-white marbles in the central unit
are composed of pure caleite minerals. Quartz constitules
approximately 0.2=0.8% of the central unit marbles, Purple
and violet upper unit marbles are made mainly of caleite.
and dolomite. muscovite: chlorite and quartz are also
observed as secondary minerals,

2.3 Chemieal characteristics
The results of the X-ray HAuorescence spectrometry

(XREF) chemical analysis of Iscehisar-Alyon marbles are
summarised in Table 2. The main chemical composition of

dodgrnad G Enveronsrentod Mésradgemeny 87 02008 0 106116 1

these marbles wis found to be 33.00%, Ca0, 43.536% COs
and 1.43"% other constituents, Therefore, calcium (or lime)
1s the main component of these marbles. Elemental analysis
revealed that the most prevalent metallic element of
Iscehisar-Afyvon marbles is Mg (0. 18%). with Fe. Mn, As
and Pb being present in lesser proportions (Table 3). The
physical, mechanical and technological specifications of
Iscehisar-Afyon marbles us described by IMMIR (1990) are
provided in Table 4,

3. Murble industry in the Iscehisar-Afyon region and
generation of marble waste

Marble waste, generated by quarries and processing
plants. can be divided by size into two main groups,
particles and pieces. Types of marble waste pieces include
Palladian. flat stone und slope rubble.

The proportion of marble discharged as waste during
block production at the quarries 15 equal 1o 40-60% of the
overall production volume (Celik, 1996). According to
2007 statistical data, there were 24 guarries in operation in
the Iscehisar-Afyon region. but the number ol operating
quarries Auctuates depending on markel conditions.
Reserve problems have arisen for marbles produced in
regions where many companies operite for 4 long period in
i very small area. The block productivity rate at Iscchisar
marble quarries ranges between [0% and 20%,. Despite
this very low block productlivity rale. quarrving operalions
still continue because even small, irregular-shaped, low-
stundard marble blocks can be processed and are in
demand all around the world,

As shown in Fig. 6, the marble processing plants in (he
Afyon region are concentraled in three areas. e.g.. Iscehisar
and surroundings. Susuz Bogazi, and the Afvon industrial
region. Around 409 muarble processing plants of different
operate i Alfvon and its suwrroundings,  These
companics process o variety of marbles from other parts
ol Turkey, as well as those quarried from the Isechisar
marble deposiis, Many ol these plants are equipped for
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EXPLANATIONS

i i A{( 9 § e S = Lletments i
P Egﬁ&/@] 2 | I 3 - l rﬁsﬁaﬁaﬁlﬁ cimen

.. = M 0.8
fidde 7 E=1® (B8]0 [=Sv 0.03

Ph <005
e, 3 Geologica] map of the marble area and quarry locutions. | sehast: 2 As = 0.008
marble: 3 marl. clay: 4 taff: 5 basali: 6 alloviom: 7 faull: 8 matorwiy: 9 Mun .01
Yuarry Jocation, 10 yillage,
Lible 2
The chemieal analvsts resulis of lseehisar-Alvon marbles
Calr Mg 51600, Al lea()- Na-() K-0O 80 [G@ 2

1 55400 .62 0,36 11,28 164 (.00 .47 0,116 43,50




110 M. Yaruz Celite, E. Sabal) | Jotwrnal of Envivonmental Mangigemen 87 (20080 J06- 116

Tuhle 4

Physicul, mechanical and technolegical specifications of Iscehisar-Afvon marbles (IMMIB. 1990

Alvon grev and Ugerskin

Alven sugar and white

Hiurdness (1) ) 4
Ul voliume u.l-'ei_gm {e/em) 2.71
Density (miem) 235
Porosity (%) 0.2
Water absorp. at atmospheric pressure (%) n.1
C'\_nnpru_‘hrii\c "\ll‘i.'l!}_ll]\ ”\El‘-&.‘i'{]_‘] 648
Comp. strength after freezing (kefcm®) 447
Strength to hlow (kelem?| ) Il
Strength o bending (kpff'em™) 63
Ratio ol Tullpess (%) 99,3
Degree of pores (%) 07
MAverge abrasion 1um' 0em ) 3.3
Average of tensile strength (kel'em?) 46
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Fig. 6. Map of marble waste starage field locations in the Iscehisar-Atyvon
and Susus Bogazn regions. (A) Isechisar marble deposil und guarry: (B)
Iseehisararea: (C) Susuz Bogazr area: (D) Alvon orunised industrial area;
(1) Iseehisar marble wuste storage field; (2} Susuz Bozus marble waste

storage field.

slab production with simple machinerv. like splitting
machines. Over 200 companies have at least one gang-
saw or one 8/T (dise cutter).

The wasle generalion rate at marble processing plants is
around 30-35% and this varies according to shape and
kind of blocks being cut (Kdose and Onargan, 1992). For
example while the proportion of waste in the form of dusi
and palladien in 303 x 305 x 10mm tile production per
im' block s 53%. it is reduced to 39% in
300 % 20mm x free length floor tile production (Oneng,
2001). Therefore. when the thickness of the product is

increased. the proportion of dust and palladien is reduced.
Some of this waste has been used for the production of
palladien. mosaic and square cement floor tile. However, as
most ol il cannot be sold. the unit cost for marble
quarrying and processing plants is high, It is estimated that
340.000 tonne of marble waste are produced annually by
the quarries and processing plants in the Iscehisar-Afvon
region (Sabah and Celik, 2001). In the long run, continued
production at this rate could resull m the accumulation of
millions of tons marble waste in the area,

340 Environmental impact of marble waste

There are five major arcas in which the environment is
mmpacted by marble waste that 1s generated from extraction
and processing work. These are (1) topography alteration.,
(2) land occupation. (3) surface and subterrancan water
degradation. (4) air pollution and (5) visual pollution.
Visual pollution is the product of the overburden and
production fragments gencrated at the quarrving sites.
However, marble waste in the form ol dust, palladien and
flat stone can be utilised as by-products (Kaliimpakos and
Panagopoulos. 1995 Kaliwmpakos et al | 1996). In general.
marble waste includes non-radivactive by-products. While
the waste does not induce climate changes, it does destroy
plant life.

Marbles usually contain the chemical compounds CaO,
MgO. SiO>. AlLO4 FeaOs, NasO. TiO» and P05 During
the cutting process, chemical compounds release no gases
that contribute to global warming and chmate changes.
Water can be used in the cutting process to capture dust.
This water does not produce wastewater beeause it s
recyeled after storage in sedimentation pools or tanks.
Topographical changes and disruptions take place in small
areas during marble quarrving operations: however. these
areas will be rearranged by ficld improvement works at a
later stage. Therefore. the environmental effeel 18 not
permanent, Furthermore no explosives or chenticals are
used during quarrying. and there is no radioactive
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substances released during the guarrying and cutting
processes (Glingdr and Oneng. 1999).

AL Dust waste of marhle

One of the major problems for the marble industry 18 the
produetion of fine particles (< 2mm) while cuttimg marble.
When o | n' marble block is cut into 2em thick slabs. the
proportion ol [ine particle production is approximately
253%. I'lis proportion increases with [em thick products
and  decreases with 3cm products (Kun, 2000). The
mujority of the marble processing plants in the Afyon
region use sedimentation ponds (o sepurate fine particle
[rom water. Few murble processing plants have wastewater
treatment facilities.

Unless it is stored properly, fine particles can cause mare
pollution than other forms of marble waste, The fine
particles can be casily dispersed after losing humidity,
under some atmospheric conditions. such as wind and rain.
The white dust particles usually contain CaCOy und thus
ean cause visual pollution. In order to ensure that marble
producers discharge of and store murble waste in appro-
priate locations in the region. the Union ol Muarble
Producers. Governorships of Afvon Provinee and the
Munieipality of Alyon jointly created two marble waste
storage facilities around the Susuz Bogazi and Iscehisur
Marble quarries (Figs. 6 and 7).

3020 Unifisation of marbfle waste ehunks

Slope rubbles are very small, amorphous. marble pieces
generated during guarrving. They are stored n certain
areas wround guarries. Some ol this waste 1s sent {o
crushing and sieving plants to produce marble mosaics that

o

are classified as 3 different aggregate sizes. There are 14

mosaic production plants in the Iscchisar district. all of

which use a erusher followed by a trommel sieve.
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Fio 7 Papoaraphical map of marble waste storage fields in lscehisar-

Afyvan and Sisue Bofus regions.

Flats stones are cul with diamond  dises [rom  the
hottoms and sides of the marble blocks rom which no
slabs cin be produced. This type ol wuste has u
considerable negative impuact on the environment. us nicely
coloured and patterned flat stones are purchased by small
marble workshops (o produce kitehen sinks, vases. candle-
sticks and marble souvenirs. The remaining parls are used
i aggregate production.

Pallediens. on the other hand., are the amorphous
remains left after cutting smooth marble slubs. The
majority of pallediens are used in buildings as flooring
material. Very small and unusable pallediens, however. ire
collected from processing plants and sent to muarble waste
storage felds (Figs. s and Y).

4, Marble waste storage field

The current marble storage field was brought into
existence in 1993 by the joint efforts ol the Union ol
Susuz Bogazi Marble Producers. Governorship of Afvon
Province and the Municipality ol Alvon in order to prevent
storage ol marble waste in inappropriate arcas and visual
pallution. The marble wasle storage area 18 2km away
from the Afven-Ankara highway (Fig. 7). Twentyv-eight
marble processing plants discharge thenr liquid and solid
marble waste in this storage ficld. which was originally
riverbed. A few murble processing plants in the region have
water treatment lacilities. The majority of processing plants
separate liquid (rom sohid wastes in sedimentation ponds.
which creates a larger amount ol liquid marble wastes than
water treatment facilities.

The geology ol the marble waste storage fields und 1ts
surroundings are shown in Fig. 9. The Susuz Bagazi lield is
located on the Palucozoic-age Afyon metamorphites and the
Neogene-age Gebeceler Formation. which s composed ol
marl and limestone. Nearly the entire surlace of the storage
ficld is covered by clavey soil with a thickness ranging
between 0.3 and 1.0m. Although faults exist m the dred.
there are none known o be in the marble storage held.
Generally, solid and relatively dry water treatment wasles
are dumped in the area to the north ol the sworage field
(Fig. 10). In the southern seetion of the storage lield, slurry
from the sedimentation ponds is dumped. There 18 4 2m-
high clayey soil barrier to hold the liquid marble wastes.

While clay and soils have a high cation exchange capucity
and can absorb @ high proportion of heavy metals and
cations, such as Ca, Mg, K and Na, the soils ure not as
elfective as in holding pollutants like C1 (Géondlli ef al.
1988). Although. no surface improvement work has been
carried out. since the particle size of the slurry is less than
SOpm (Fig. 11 it 1s later consohdated as g resull ol
accumulation. The waste in the water does not completely
sink to the eround. and much of it remains on the surtace
As the water on the surlace evaporates, then the liguid
wastes solidifv. Meanwhile, relatvely wel marble waste,
which is subjected Lo rain and snow will emk down into the
ground over time. The waste marble storage lields Tullill an
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Fig. 8. Geological map ol marble wuste storage fields in the Iscehisar-Afvon and Susuz Bogazr regrons and the location of underground water wells

around the region. L. Alvon metumorphites (schist): 20 Marble: 3. Meta-conglomerate: 4. Mark: 30 Lulf: 6, Limestone: 72 Alluvium; 8, Road: ¥, Prabahle

Faule 10, Fault: 11, Underground water well.
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Fig, H0 Overall view of (he solid marble waste storage field at Susuz BoZaz and slorage of solid waste.

important function to prevent storage of wasle n inap- sample taken from accumulation in the waste marble
propriate areas and prevent visual pollution in the region. barrier and contained suspended solid particles, and the

other three samples were slurry samples. which contained a
4.1, Features and characterisation of marble waste high proportion of solid wastc. The analysis ol the

wastewaler sample, which has a high probability to leak
Four different samples were taken [rom the Susuz  mto groundwater. indicated that the suspended solids
Bogazi marble waste storage field. One sample was a liguid amount to 34.800mg/l. The analytical results of marble
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Fig. 11, Partiele size distribution of dust wasle of marble stored at wastewater storage fields.

Tulsle 5
Chemical analyses esults of marble wastewater by using 1CP

Mg Nu

115C05 Cr

P 331764 194,34 188,03

30,0010 1.0

Table 6
Chemical analyses results of marble sturry waste

Tahle 7
Pollutant characteristics of leuked wuter (Ganilld et al.. TO88)

Sanmple | (mixed) Sample 2 {grey) Sample 3 (white} Parameter Unit Cieneral inlerval Typical data
Ntk .27 0,84 0.00 Ca mag, | 200-3000 1000
AlLD. 0.32 048 025 Mg mg | S-1300 280
Fe0s (03 0.09 0.00 cl ma | L0 3000 S0
Cal) 35,14 02 35.07 pH mg/| §:3-85 6.0
MgO 0,29 040 = 0.25 Total hardness mg/l 300-10.000 dau
i (10 0.23 0.27 CalC0,
K.0 0.07 007 (004 Total solid 200- 1000 500
N 0.0 0.00 0.00 materiuls in
CO 43.68 4342 3.8 SUSpEnsinn

waslewater. carried out by means of mmductively coupled
plasma (ICP) spectrometry, are shown in Table 5. The
proportion of solid waste [rom the mixed grey and white
coloured slurry samples were 79%. 77% and 77%,
respectively. and chemical analysis results of these samples
are given in Table 6.

The pollutant values of leakage water arc given in
Table 7. The dilution of leaked wastewater depends on the
distance it has travelled to reach groundwaler resouIces.
This is affected by factors such as dispersion, adsorption
and chemical conversions. which depend on the flow rate of
underground waler. In this respect, while the amount of Ca
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in liguid marble wasie at the waste storage arca was
S3 1T mg/l. it did not exceed 17.48mg/l in groundwater

(Table §).

The results ol p;ll‘licle size ﬂnﬂ|}-‘si5 of marble wastewaler.
which contains high proportion of solid materials (mixed,

arey and white), using the Malvern Master Sizer are given

Tiuble &
The snalysis of the well waters drilled by DSI for irrigation purposes (DSI 1970, 1999, 2001)
Well number DSi 1113 DSi 12995 DSI 54340 DS1 56718
Yeur 15970 1970 1994 20000
pH 7.20 740 6.30 7.00
EC (pm/cm) = - 2474 2600
Catian (mg1) Na 103 263 [1.530 1433
K 0.62 (.34 .80 0,53
Ca+Mg 3:50 f.80 14.28 17.48
Antons (mg:l) €O 0.00 0.00 (.00 1,00
HCO, 3.82 5.25 1381 17.20
Cl 1.12 0.80 6.31 921
SO, 221 3.57 .46 622
8000
3 29.404 Sample: Grey
6000 = Caleite (CaC0gz)
¥ 3
-9 E
Lo 3
=~ 40004
[ :
2 43.143
2000 ! 5
E 39.309 /47.487 D7.398
E 23.021 48.510
: Lo } j[ fl M N
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E Calcite (CaCOg3)
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el =
£y 3
bt ]
4000 -
- :
E 43.143
Ll 39 35!9,.-’f 57,398
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Fig, 12, XRD analyses of mixed. grey and white coloured marble waste samples.
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in Fig, 11, Eighty per cent of the particles were tound to be
less than 20 um in diameter.

X-ray diffraction (XRD) uanalyses on three samples
taken from the Susuz Bogazi waste marble storage field
where the solid material proportion was considerably high
revealed that calcite mineral was (he main component for
mixed, grey and white coloured samples; no other minerals
were present at detectable levels (Fig. 12).

4.2, The effects of marble waste on groundwvater

The Susuz Boguzt waste murble storage field 18 located
on a dry rverbed. The feld has a wavy surface
topographical profile. and the south and west areas of
the storage lield are plains covered with alluvium. The
Susuz Bogaa marble processing plants are situated on the
Mat area to the south. The Susuz village is situated 4km
wesl of the storage field on a flat area where several
underground water wells were opened by the DSI (State
Waterworks Department) for irrigation purposes. All of
these wells were drilled inside alluvium with depths ranging
between 30 and 150 m. The nearest wells to the murble
waste storage field are those numbered 1113, 12.995, 534,340
and 56,718, located to the north and west of the Susuz
Village. These wells were drilled in 1970, 1972, 1999 and
2001, respectively.  Lithologies of the wells numbered
54340 and 56.718 are represented graphically in Fig. 13,
and the chemical analysis results of samples Laken [rom
these wells are summarised in Table 8. According to the
analyucal results, there have been considerable increases i
the anion and cation amounts in the past 30 years. While
the amounts of Ca and Mg were 5.50 and 690 mg/l in 1970,
they have increased to 14.28 and 1748 mg/l. respectively.
The amount of Cl, an important indicator of water qualily.

115

increased from 112 and 0.80mg/l to 6.31 and 9.21 mg/l.
These data indicate that underground pollution has
increased due to the marble industry in the region.

5. Conclusions

The Iscehisar-Afvon region is one of the most important
centres for the marble industry. These nmiarbles are well
known in Turkey and throughout the world. and have been
used simee ancient times. The Iscehisar-Afyon region has 24
marble quarries and 400 marble processing plants, During
marble quarrying and processing. dust and pieces of
marble wastes are generated. Some ol this waste has been
used locally, and two marble waste storage helds are
located in Susuz Bogazi and Iscehisar.

The marble wiste storage fields examined in this study
are categorised as “apen solid waste storage felds.” and
they have not been subjected Lo any ground treatments.
Although the water analvsis results taken from the under-
ground wells 4km away (rom the Susuz Bogaz storage
field indicate a significant inerease in the amount of anions
and cations in the underground water, these levels are not
high enough to restrict water use. Most ol the waste
leakage into the groundwater is prevented. In the luture.
increasing marble production and marble waste will create
new stordge fields and contribute to increased underground
water pollution. By organising and controlling storage.
wuste leakage mto groundwater ean be
reduced Lo a minimum level. Therelore. any new slorage
fields constructed in the coming years should undergo a
carelul ground treatment,

As a result of major development trends in the
marble industry. there has been a significant increase in
the number ol marble quarries and processing plants.

preven ted or
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Consequently. parallel 1o this development trend. the
amount of marble waste has increased. Increases in
marble waste are inevitable as long as marble quarrying
and processing continues. When one considers that the
establishment and management ol marble quarries and
processing plants require a high investment cost. marble
waste products are economical losses. Rescarch on pos-
sible uses o’ marble waste products in various sectors
as  raw  material  and  additives should contribute to
bhoth the economy of the marble industry and the
cnvironment.
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Abstract

The reldation between human populdation growth and lund use change is much debated. Here we present a case study from Papua New
Guinen where the population has increased from 2.3 million in 1973 to 3.2 million in 2000, Since 85% ol the population relies on
subsistence agriculture, population growth affects agricultural land use. We assessed land use change m the Morohe province
(33,933 km") using topographic maps of 1975 and Landsat TM images of 1990 and 2000, Between 1975 and 2000, agricultural Tand use
increased by 38% and population grew by 99%,. Most new agricultural land was tuken trom primary [orest and the lorest area decreased
from Y.8 haperson ' in 1973 to 4.4 haperson ' in 2000. Tow! population change and total land use change were strongly correlaed,
Most of the agricultural land use change occurred on Inceptisols inareas with high rainfall (> 2300 mm vear ') on moderate o very steep
slopes (10=56%). Agricultural tand use changes in logged-over areas were in the vicinity of populated places (villages). and in close
proximily to roud access. There was consideruble variution between the districts but districts with higher population growth also had
larger increases in agricultural arcas. 10 s concluded that in the absence of improved frming systems the current trend of inercased

agriculture with rapid population growth is likely o continue.
(2007 Elsevier Lid. All rights reserved.

Aeperdy. Land use change: Populatian growths Agricultuntl expansion: Agro-ecological conditions: Papua New Guinea

1. Introduoction

Global land use has significantly changed in the past
decades. Historically, the driving force lor most land use
changes is population growth (Ramankutty et al.. 2002)
although there are several interacting factors involved
{Lambin et al., 2001. 2003). At the global and supra-
national scales, population growth is often used as a proxy
for land use change (Kok. 2004) But at lower scales a sel of
complex drivers dare important (Lambin et al.. 2001). Land
use change is mainly caused by human activities.

Objeciives for land unse change differ between the
developed and developing countries. In developed coun-
tries. land use change is based on economic reasons such as
farge-scale farming or urban development and an mcreas-

“Corteponding author, Tel: F 3137471713 faxs — 31317471700,
Fomanl didebveses Alfed Harteminkwurnl (A E. Hartemink)

D301-4797:8 - gee fronl matter ' 2007 Flsevier Ltd. All rights reserved.
deoi 10 016 jenviman. 2007.0 1006

ing need to conserve biodiversily and environmental
quality for current and future generations (Bouma et al.,
1998). whereas in the developing countries. rapid popula-
tion growth, poverty and the cconomic situation are the
main driving forces (Lambin et al.. 2003: Meertens et al..
1996: Ramankutty and Foley. 1999).

The need for inereased food production results. amongst
others. in the conversion of lorest and grassland to
cropland. A region or country’s ability (o supply lood is
determined by productive cropland. the ability to maintain
crop yields, or the ability to purchase imporied lood.
Globally, cropland decrcased from 0.75 ha person L in 1900
to 0.35haperson ' in 1990 (Ramankutty et al_. 2002) and
most of the production mereases m the past decades have
resulted from higher crop yields (Greenlund, 1997). There
are. however. large differences between dilterent countries
and regions— both in the extent that land use has changed
and human population and crop yields have increased.
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Some areas in the world appear to be more affected by
rapid land-cover change because thev are studied more
intensively (Lambin et al.. 2003).

Papua New Guinea is a developing country where
population has grown exponentially in the past decades.
About 85% of the population lives in rural areas and
depends on subsistence agriculture lfor their livelihoods.

Forcests cover more than 70% of the land arca and 97% of

the land is privately owned (Pat, 2003: Saunders. 1993).
The average population density in the highlands region is
22 persons km ~: whereas the national population density
is || persons km =, A national study showed little relation-
ship belween population growth and agricultural land use
change (McAlpine et al., 2001). Environmental and socio-
economic conditions differ markedly between provinces
and Lo obtain insight into land use changes at a lower scale,
we selected the Morobe provinee to investigate changes in
population in relation to land use change.

2. Study area, data and methods

2.1 Study area

The Morobe Province has nine districts and covers an
areg of 33.933km”, accounting for 7% of the total land
area in Papua New Guinea (Fig. 1). The population was
approximately 539000 1 2000. A major part of the
province is covered by primary forest. The topography
ranges from sca level to over 4000m a.sl. and plate
lectonics are active. The vast Markham Valley is domi-
nated by grassland that spans from Lae city westward

T Ningal et ol | dowrnal of Encicommental Management 87 (2008 117124

through Huon to Kaiapit district dividing the Saruwaged,
and Finisterre mountains to the north and the Highlands
mountain svstems to the south. These mountains and hills
comprise 77% ol the total land arca. In the lowlands, the
climate is hot and humid with an average temperature of
30 and a mean annual rainfall of about 2900 mm year '

Wau, Lae. Siassl, parts of Menyamya. and
Finschhalen districts are some of the wellest areas with
up to 3000 mm rain vear” '. Dominant soils arc Humitro-
pepts. Dystropepts. Troporthents and Rendolls (Bleeker,
1983). The provincial capital, Lae city, has 13% of the total
population in the province,

Huon

2.2, Topagraphic maps and Landsat inages

Topographic maps from 1975 and Landsal themaltic
mapper images of 1990 and 2000 were used Lo investigate
changes in land use. One topographic map sheet covers an
area S5 x 35km and 25 shects covered the whole
province. The map seale is 1:100,000 and  spatially
referenced to transverse mercator projection on Australian
geodetic datum of 1966 (AGD66). The geomcetric ac-
curacy is up to 40m horizontally and 17m vertically
with contour intervals at 40m. The topographic map
sheets were scanned at 300dpi scan resolution and
georeferenced to AGD66, which resulis m a spatal
resolution of 8.3 m.

The Landsat images fully covered the study area for both
1990 and 2000. Their overall spatial resolution was 28.3m,
however: the resolution for band 8 of ETM -+ for 2000 was
14.25m. which sharpens the other bands. Both images were
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geometrically corrected and orthorectificd by NASA 1o
form scamless mosaics or tles of 6 longitude and 5
latitude. The tiles were spanally relerenced (o universal
(runsverse mercator projection of 1984 (UTMS84). The
spectral bands in both imuges were reduced to 2 (green), 4
{near infrared) and 7 (short wave infrared). Band 21s uselul
for human-induced and vegetution dillerentiation: band 4
18 uselu! for vegetation types determination and band 7 is
sensitive o rock types. The mmages were reprojected Lo
AGDG66 and clipped 1o [t the study area. Both images

contained less than 10% cloud cover along the higher

altitude and mountminous arcas which are mostly under
forest. The areus under ¢loud cover were updated using a
combination of Papua New Guinea resource information
system (PNGRIS). forest information svstem (FIMS) and
agriculture systems (AGSYS) datasets (see Section 2.3) to
derive land use.

2.3, Auxifiary deia

In addition to the topographic muaps and Landsat
images, we used various data sets to improve the
assessment ol land use change. Auxiliary data sets for this
study were the PNGRIS, AGSYS. I'IMS and population
data. PNGRIS 15 a polyoon-based natural resource data set
with spatial units called resource mapping units (RMUs) in
Maplnfo and ESRI shuape formats. RMUs are based on
common set of geographic attributes which include fand-
form, geology. climate and administrative boundaries
(Betlamy and McAlpine, 1995). The RMU boundaries
are derived [rom 1:300,000 base maps called  tactical
pilotage charts (TPC) which contain appropriate topogra-
phical mformation (or mapping the distribution of natural
resources, The department of agriculture und livestack
(DALY 18 the custodian of the PNGRIS database and other
government departments and agencies acquire license to
use. Census data points are overluid with RMU polvgons
and through GIS spatial operations the RMU atiribute
tuble 15 updated with census data. The population i the
RMLI is assumed to he equally distributed.

AGSYS s a polveon-based agricultural systems data set

of Pupua New Guinea which ts ulso under the custody ol

DAL, The mapping units are based on agricultural svsten
o« common sel ol attributes such as crop  tvpes.
cultivation intcnsity. cn‘)pping pcric_)d. Futllow l_\-'pt:. Fallow
period, cash erop activity. soil  fertility  maintenance
teehnigue und other aspeets related to agriculture (Bourke
et al.. 1BO8.2002). AGSYS data were used for checking
digitized land use and identitying land use that was under
cloud cover on the satellite images.

FIMS 15 a4 polvgon-based forest data set compiled from
12100000 topographic maps and contains forest data such
as major forcst species and forest zones of Papua New
Citinea i Mapinto format. FIMS contains land use as a
lund cover type and this was used to check land use and
algo Tor areas under cloud cover.

2.4, Assessing fand wse change

'he land vse classification for this study was based on
the topographic muaps of 1975 as follows: (1) agriculture. (11)
forest. (111) grassland. (iv) plantation. (v) urban and (vi)
water: The [975 topographic maps were derived [rom
aertal photographs at scale 1:100,000 through photogram-
metry. These topographic maps show the six land use types
for 1975, Land use [or 1975 has been assessed by sereen
digtizing the scanned opographic images as background
maps. similar (o Li et al (2004), This was preferred above
adopting the existing 1975 land use map as @ base map
(McAlpine and Freyne. 2001). A copy of the digitized 1975
land use was used to update 1990 land use by using the
1990 Landsat image as background. Land use changes
were assessed visually and edited to 1990 land use in
Arc(1S. The procedure was repeated to assess land use
changes for 2000 by making a copy of 1990 land use and
the 2000 Landsat image as backeround.

The 3 band Landsat images when displayed in default
true colour showed shades of green for vegetation. and
lavender. magenta or pale pink For urban areas and bare
soils. Water is shown black to dark blue and cloud cover
shows white while cloud shadows as black. From the
image. water. urban. grassland and forest could easily be
distinguished and also plantation and agriculture covering
farger areas (=0.5ha) are easily identificd. but areas
smaller than 0.3ha were difficull. To update land use
bounduries for 1990 and 2000. image enhuncements were
used to recognize roads. huilt-up areas and plantations.
Band combinations and spectral enhancements of image
properties such as eolour. tone. brightness.
location and association (Dekker, 2004: Lillesand and
Kicler. 2000) were used to md land use
adjustments. Other topographic layers such as contours,
rivers. roads, and villages were used o refine boundary
determinations. The adjusted boundaries were overlaid
with AGSYS. PNGRIS and FIMS lavers to detect and

resolve conflicts such as geometric overlaps, attribute

strueture,

boundary

mismateh, or
AreMap.

The land use luyers and RMU were overlaid through
union GIS spatial operation. The compasite ol all Lryers
contained duata for querying and analyses. The attribule
table of the composite layver was imported into MS Access
and SQL queries were designed 1o extract information on
population and agricultural land use changes by province,
districts and for different environmental factors such az soil
quality, slope. altitude and rainfall,

Caleulating the spatial correlation surfaces between
population change and transitions Irom one land use
category to another (hereafter referred to us “Irom—10™)
was done using custom avenue seript o AreView. Thig
script uses & moving window 1o compule surface ol
correlation coefficients belween two grid themes. The size
of the moving window wus sel o I6km (136 cells or
measurements) and the overlapping arca was 5 km between

boundary inconsistencies und edited 1n
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windows. The percentage of maximum no-data for each
moving window was 10%. The grid cell size was 1 % | km.

3. Results
I General agricultural change

Agricultural land use imcreased considerably between
1975 and 2000 (Fig. 2). Most ol the expansion occurred at
the expense of primary forest, which decreased over the
same period (Fig. 3). Large areas remain under forest in the
Morobe Province. There is expansion in most land use
types but agriculture increased more than others (Table 1).
The annual gain in agricultural land use between 1975 and
1990 was 3%, compared to 0.9% between 1990 and 2000,
Annual loss in forest was (0.8% between 1975 and 1990, but
0.4% between 1990 and 2000. Between 1975 and 2000,
agriculture gained 15% [rom forest. which is the highest
compared to gains in other land use types.

The population ol Papua New Guinea more than
doubled from 2.3 million in 1975 to 5.2 million in 2000.
Average annual growth was 5.0%. The population of the
Morobe Province grew from 270.700 to 539.400: an
increase ol 99% or 4% growth per year. The average
agriculture arca was 1.8 ha person™' in 1975, but decreased
to 1.5 haperson ' in 2000. The forest area was more than
halved. from 9.8 ha person ' in 1975 to 4.4 ha person ' in

1975

Hilometers

2000. There was hitle change in grassland and plantations
area when expressed in heclare per person.

.20 Chunges on correlation surfuces between popudation and
fand use

The relationship between population change and from—
to land use changes were compared by running custom
Avenue script in ArcView (Fig. 4), The correlation
coefficient 15 scaled from —1 to 1.
classified in threée intervals: —I to 0.3 (strong negative
correlation). —0.5 to 0.5 (no significant corrclation), and
0.5 to 1 (strong positive correlation). Correlation between
total population change and total land use chanve 18
strongly  positive (64%) for Morobe Province. The
correlation between total population and forest to agr-
culture change is 31%. The change between tolal popula-
tion and forest to grassland was strong in certain districts.
Total population change and grassland to agriculture
change were positively correlated in highly populated
dreas.

The results were

3.3, Land use change and envivonmental conditions
Inceptisols are the dominant soils and cover about
54% of the Morobe province. We classified the soils using

expert knowledge in which soil physical and chemical

2

Fig: 2. Agricultural land use 1o 1975, 1990 and 2000 in the Morobe provinee of Papua New Guinea,

5 500 75 100

Maiomaters

mm Forest
Other

Fig, 3. Forest cover in 1975, 1990 and 2000 in the Morobe province ol Papua New Guinea.
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propertics were classified in three categories
moderate. good). and lound that about 41% ol the
Morobe provinee has soils of good quality and 33% soils
of moderate guality. More than 50%, ol the Morobe
province has steep o very steep slopes: 33% ol the
provinee is below 1200 m a.8.1. Precipitation in about 55%
of the province is moderately wet (1000 2500 mm vear ').
33% wel (25004000 mmyecar ') and 2% very wet
{ =400 mm yu:lr_l,l {Table 2).

(poor,

lable |

Land vse (in 1000 hay in the Morabe Province of Papua New CGuined
IO, 1990 andd 2000, based on tepograplie maps (1975) and Landsat
friages (1990 and 200101

Land use 107 DT 2000

1

Relating agricultural change to the environmental
conditions shows that most ol the change occurred in
moderately wet to very wet areas (= 2500 mm ram 5-cur_'\_

with fertile soil and on moderate 1o very steep slopes
(10 36%). Agricultural areas that are converted 1w other
land wse are mostly Molhsols, in dreas with about
10002300 mum rain per vear.

3.4 Agricultwral changes by districey

Expuansion of agriculture was observed in all districts of
the Morobe province, Rates of annual agricultural change
ranged (rom 0.1% in Kawpit to 10.3% in Siassi (Table 3).
Other districts that showed a signilicant change in
agriculture are Wau. Mumeng, Lue, Huon and Menyamya.
While agricultural decreased with
mcreasing population lor most districts, Siassi and Wau

areds  per  person

< 10 ha - < [000ha % * 1000ha, districts showed an increase in agricultural area per person.
] = A - Significant increases in agricultural changes on steep slapes
Agricullure 5001 15 T26.6 21 791 23 = ] B = ; II '_I
Frassi 3646.3 7 20 68 22287 66 are observed m Huon. Menyamya and Mumeng districts,
Girussland 2108 0 2764 N g while Siassi experienced a decline in land under agriculture
Plintation 347 | (3.2 2 3 n steeper areas.
Lrbyn £ <O. fid =01 : = The relationship between population growth and agricul-
i ) b 3 ! = <Y1 tural change by district showed that the largest change
Total 13933 1) 13933 [0 13933 [0 g T 4 : et £ Pt MRS
occurred in the Huon District. Menvamya, Wau and
da
“ '3 .
Megative. 118 MNegative 21 %
W Mo change 25 % <5 Mo change 48 %
& % W Positive 54 % W Fostive 31 %
B
| Briie
Total area and population change Population and forest to agriculture
Megative 16% Negative 355
< No change B8 3% Z Mo change 82 %
M Posifive 18% M Positve  38%
Population and forest to grassland Population and grassland to agriculture
Fig. «. Swrfice correhition chunges between (w) population amd total area, (b)) population and forest o agnculture. (¢) populuton amd farest 1o erasshind

Aand (b poputation and grassiand W agneulture,
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Lible 2

Environmental canditions and land use change in the Morobe Province of Papua New Guinen between 1973 and 2000

Classes Morobe provinee z'\_s__f'riL'L!]lLlr'c in 1973 Agriculture in 2000 Change in agriculture {%%)
(s TO00 R (= 1000 ha) o 1000 i)
Area Y Area W Area L Taial Annual
Sail order Alhsols 469 1 8.2 2 [ | 23 0.4
Entisols 1170.9 33 181.0 36 26018 a3 45 (B
Inceplisols 1833.0 34 196.5 3u 4035 o) 106 4.2
Mallisnls 3400 0 134 23 LS 14 —2 -1
Other soils B4 <l
Soil quality Poor 149.9 6 26.3 5 40,9~ a 36 2:2
Moderate | TRE_| 53 2474 S0 44718 57 ®1 3.2
Ciood 13932 41 2254 45 2085 s a2 1.3
Slope Gientle Lip o 10%% 4)8.9 Fe- 141.9 28 160.7 20 13 0.5
Maderate 10 340 519.2 15 459 ] 2.7 11 it} a2
Steep 35-50% 16220 4% 2187 44 3714 47 70 2.8
Very steep =569 8432 28 926 v [71.s 22 83 i4
Altitude Low 0 1200m 1873.0 33 3278 ht 3204 i 4 24
Muderale 1200 2400 m 1295.5 3N 1696 34 2624 13 33 2.2
High =2400m L £ [.7 < 3.2 < &3 5l
Rainlall {mm) Dry 1000 2500 1859.3 53 350.7 0 46001 58 11 168
Maoderale 23000 4000 [138.2 33 RE2 I8 193.00 25 19 387
Wet =000 SN 12 6l 12 1334 |7 122 419
Dutla source: PNGRIS.
Table 3
Agriculiural wrea in 1975 und 2000 with rate of changes by districts in the Marebe Provinee of Papua New Guinea
1975 2000 Rate of change (%« _\-'cur_l)
Distriet ha ha person ! bt ha person ! b ha person
Lanschhalen 487 |.3 84,743 1.3 2.7 0.0
Huon | 20,344 1.5 212184 12 il )
Kabwum 42.427 1,2 61,349 1.2 | .8 -4
Kaiapit 120,386 54 123,061 3.5 0.1 1.4
Liae 3258 0.2 61w 0.2 35 —
Menwvamya 05208 2.6 157,679 14 2.6 (4
Mumeng 13,103 |2 2HB24 NG —N:3
Sliss] 3763 0.3 13,472 1.0 10.3 4.1
Wan 47,080 |5 99297 .Y 4.3 1

Finschhalen districts show moderite changes while the other
districts show less moderate changes. Population growth
with no corresponding significant changes in agriculture 1s
observed in Lae and Kaiapit districts (Fig. 3). The total
agricultural change for the Morobe province between 1975
and 2000 was 38%, of which 6% occurred within logged-
over areas where [orest hus been cleared for commercial
logging. Agricultural changes within the logeed areas tend 1o
uppeur at gentler slopes. in the vicinity of populated places
(villages) and in close proximity to transport access (road/
sea). Fig. 6 shows a typical example on Siassi Island where
agricultural changes occurred on the fringes of logged-over
areas and on gentle slopes.

4. Discussion

Significant agricultural expansion was found between
1975 and 2000 and this comcides with rapid population

growth. Forest 1s cleared for agriculture as a result of
increasing population density, migrations. general econom-
ic situation or access W lund resources. About 6% of the
agricultural changes occur within logged-over areas.
Marked agricultural changes are in close proximity (0
villages where land use mlensity tends to be high (Bourke
et al. 1998) or within easy access 1o transport (Kok. 2004).
Clearing of forest takes place in populated arcas. or that
are closer to transportation access and are suitable for
agriculture.

There was a significant difference m  the
agricultural land use change between 1975 and 1990 (3%)
compared to 1990 and 2000 (0.9%). Land use changes arc
caused by a series of factors and often show a non-linear
pattern over time (Lambin et al.. 2003; Lepers el al., 2003).
Although we have no data to investigate the differences
between 1975-1990 and 1990-2000. the lower agricultural
expansion between 1990 and 2000 was possibly caused by

annual
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inereased access o alternate food sources such as store and
mrket, and increased off=farm income leading to less crop
cultivation. Much of Papua New Guinea was afTected by
[rost and drought during the 1997-1998 El Nino phenom-
ena (Bourke, 2000) which concomitantly increased import
of oraing (Blakenev and Cough. 2000: Bourke. 2000:

1
Lad

Gwaiseuk, 2000) and perhaps reduced the area under
cultivation.

The correlation of total population and forest Lo
grassland conversion is positive in certain areas. When
superimposed with lorestry data, most of the changed arcas
appear to have been logged. which means that logged-over
areas are succeeded by grassland. Also correlation between
total population change and grassland 1o agriculture
conversion shows a positive relationship n highly popu-
fated areas. In the logged-over areas, grusslund succeeds
logoing but it is subsequentlv converted to agriculture land.
Such sequence of conversions (forest-grassland-cropland)
are common in many tropical regions (Lepers et al.. 2005},

The strong posilive correlation belween total population
change and total land use change could mply lack of
technological development as new udreas are cleared to
increase crop production rather than improving current
furming techniques. People adapt to environmental condi-
tions in the absence of technology by mmproving their
farming technigues such as introducing new ¢rops or mixed
cropping (Bourke. 2001: Ohtsuka. 1995). Without im-
proved farming or soil fertulity management techniques, the
observed land use change may alfect the sustainability ol
agricultural production as u result of soil fertility depletion
(Hartemimk and Bourke. 2000), There was also nereased
culuvation on steeper slopes with inereased risk ol swil
erosion: it confirms other studies i1 tropical regions (c.o.
Kok. 2004: Pahari et al.. 2001 Pleffer et al.. 20035),

There wus variation in lund use change between the
districts of the Morobe Province and three patterns were
found. Firstly, Huon district had the largest change in both
population growth and agricultural land use. This could he
due to better access to transport and agro-ecological
conditions which allowed lor a rupid population growth
and an incredse in the area under agriculture. Maost of the
distriet is suitable for agriculture especially along the coust
and Markham valley. Tt is commonly [ound that areas with
good transport uaccess (sed. land. air) experience more
change (Verburg et al., 2004,

The second group ol districts (Menyamya. Wau and
Finschhualen) show moderate changes, Generally, these
districts have difficult terrains for accessibility but also
have high agricultural potential. Menyamya 18 known for
colfee production with other food crops duc o ity
favourable chimutic conditions. high rainfall and some
lertile soils, The same applies for parts ol Finschhalen iand
Wau distriets. Apparently. population growth keeps pace
with agricultural expansion in such areas.

The third group (Kabwum, Mumeng, Siassi and
Katapit) show varving changes between 5% and 10%, for
agriculture and population, respectively. Mumeng, Kih-
wum and Kaiapit expericnecd more population growth
compared o agriculture change which can be caused by
location specific agro-ccological  Silualions, daccess Lo
transport and off-furm activities. Katupit is the district
with the lowest agriculture change (0. 1%) and the
mountainous terrain constraints agricultural expansion.
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5. Conclusion

The area under agriculture in the Morobe province
mereased by 38% while population almost doubled between
1975 and 2000, The arca under agriculture was 1.3hap-
erson”' in 2000. compared to the global average of
(.33 ha pc.rsun" (Ramankutty ¢t al.. 2002). Most of the
agricultural growth was observed in wet fertile areas but also
on steep slopes. Increase in population density slightly reduced
the per capita arable land but imposes pressure on the
environment. In the absence of improved soil fertlity
management, improved farming system and increased crop
production, the current trend of increasing the agriculture area
ag a result of human population growth 15 likely to continue.
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Abstract

[n this paper, the utilisation of zeolites synthesised from (y ash (FA) and related co-disposal filtrates as low-cost adsorbent material
were investigated. When raw FA and co-disposal filtrites were subjected to alkaline hvdrothermal zeolite synthesis, the zeolites laujasite.
sodalite und zeolite A were formed. The synthesised zeolites were explored Lo estublish its ability to remove lead and mercury ions [rom
aqueons solution in baich experiments. to which various dosages of the synthesised zeolites were added, The test results indicated that
when increasing synthesised zeolite dosages of 5 20 g/L were added to the acid mine drainage (AMD) wastewater. the concentrations of
lead and mercury in the wastewater were reduced accordingly. The lead concentrations were reduced frem 3.23 1o 038 and 0,17 pe/kg,
respeetively, at an average pH of 4.5, after the addition of raw FA zeolite and co-disposal filtrate zeolite to the AMLD wastewater. On the
other hand. the mercury concentration was reduced from 047 to 0,17 ng/kg at pH = 4.5 when increasing amounts of co-dispesal filirate
zeolite were added to the wastewster. The experimental results had shown that the zeolites synthesised from the co-disposal filtrates were

cllfective in reducing the lead and mereury concentrations in the AMD wuastewater by 95% and 30%. respectively.

£ 2007 Elgevier Lid. All rights reserved.

Kewwords: Flv ash: Co-disposal reachion: Fyvdrothermal zenlites: Lead: Mercury: Absorpiion

1. Introduction

In South Afnea large guantities of flv ash (FA) are
produced annually in the combustion of coal for electricity
generation. This is due to the fact that coal with high-ash
conlent is used in power generalion producing approxi-
mately 22 Mt ol FA in 1997, Since only 5% of this FA was
re-used in 1997, there are increasing concerns about the
fate of the FA and the environmental consequences if
appropriate utilisution avenues are not investigated. The
main constituents of FA are primarily aluminosilicate
gldss, mullite (AlSi=Oys) and quartz (S104) (Woolard et
al., 2000; Somerset et al.. 2004). With these quantities ol
FA produced annually the possibility of zeohte production
from waste material that i3 readily available at the source
can be explored for FA utilisation in South Africa.

*C’-u'n::-:[‘_mndirlg anthor. Tel: | 27219892792, fax, | 272195930655,

Lol geefresy; vsomerselio oweac.za (V. Spmerset).
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Specific applications for the utilisation of FA are being
explored annually. Some of the strategies include: (1)
utilisation of FA in zeolite synthesis lor waslewaler
processing (Woolard et al., 2000; Somerset et al., 2004),
(i1) as an additive in the manufacturing of cement. concrete,
construction matertals and road pavements (Kae ct al,,
2000; Horiuchi et al., 2000); (i) use of FA i the removal
ol organic compounds from aqueous solution (Kao et al..
2000).

Zeolites containing the faujuasite structure play an
important role in petrochemical industries, Sites conlaining
natural deposits of the zeolite are scarce. with only six
small deposits in the world and a relatively bigoer sile
Jordan. In view of this, commercially useful fuujasite
zeolites are typically manufiactured (Singh and Dutta.
1998). When laujasites are prepared in laboratory experi-
ments, it sometimes tends to be metastable, quickly
disappeuaring to form more condensed structures. This 14
also a contributing factor to the scarcity of laujasile.
Faujasite may also contain cations of Ca®  and Mg?™
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accounting for 70-80% of the neutralizing cations m 1t
structure (Singh and Dutta. 1998),

Several studies (Woolard et al.. 2000: Seames. 2003:
Querol et al.; 2001; Hollman et al., 1999: Cheng-Fang and
Hging-Cheng. 1993} reported the conversion of FA into
ccolites by treatment ol the FA with concentrated NaOH
solutions at elevated temperatures and pressures, Other
modern techniques employ microwave radiation and lusion
with NauOH solutions. lollowed by hyvdrothermal treatment
of the FA and NaOH solution (Woelard et al.. 2000:
Somerset ¢l al.. 2004).

Lead is classified as a hazardous waste and is highly toxic
Lo humans. plants and animals. When animals and plants
arc exposed to it, it causes death of these species. whereas
in humans 1L causes anacmia, brain damage. mental
deficiency. anorexia. vomiting and malaise. Calcium
present in the bony tissues of mammals can be substituted
hy lead and 1t will accumulate there. Lead is also
commonly found in drinking waler. causing various tvpes
ol illnesses and serious health problems. Researchers have
shown that various low-cost adsorbents such as onion skin.
lea leaves and peal moss can be used 1o absorb lead (IT)
tons from solutiens in their native state. followed by
suitable further chemical treatment lor enhanced adsorp-
tion (Bulut and Baysal, 2005; Rahmuana et al.. 2005).

An increase m mercury pollution ol the environment has

been observed due 1o the increasing industrial use of

mercury. another toxic metal that 1s hazardous (o
mamimals, plant and anmmals. Mercury is mcluded in the
US EPA priority list of pollutants and has received great
attentton tor manv vears. When humans are exposed to
CXCL‘-F\Si\"C mercury concentralions. 1L causes CilFCillOgt‘-IliC.
mutagenic, teratogenic side elleets and also promotes
tyrosinemia, Furthermore. high concentrations ol mercury
cause impairment of pulmonary and kidney function, chest
pain and dyspnousea in humans. To effectively deal with
this increase in mercury pollution. clean-up technologies
are required that are capable of treating large volumes of
soil, walter or sediment contaminated with relativelv low
levels of mercury. Not only are effective technologies
required. but these technologies also need 1o reduce
mercury levels in a cost-effective manner (Von Canstein
el al.. 1999 Zhang et al., 2005).

Mercury and lead were chosen for the absorption studies
presented here. since they are known lor their toxicity to
the environment and to human health. Several techniques
such as solvent extraction. ion exchange. precipitation.
membrane separation, reverse osmosis. coagulation and
photo-reduction have been applied for effective reduction
O lead and mercury concenlrations lrom various aqueous
solutions. These listed techniques are not alwivs cost-
elfective since they require either high umounts ol energy
or large quantitics of chemicals. Adsorption is known to be
elfective in removing lead or mercury from wastewater by
using activated carbon: however, it is expensive for large-
seale application. Recently. more attention 1s being paid Lo
the use ol municipal sewage sludge. FA and zeolites

(natural or svnthetic) for the adsorption ol pollutants from
wastewater (Zhang et al.. 2003: Turan ctal.. 2005 Wooland
et al. 20009,

In a previous paper (Somersel el al., 2004) the resulis
oblained lor the conversion of raw FA und co-disposal FA
filtrates into zeolites by alkaline hvdrothermal treatment
with sodium  hydroxide (NaOfl) were established and
reporled. Following this it was reported in another paper
(Somerset et al. 2005by how eflicient the synthesised
zeolites were as compared to commercial zeolites, in
absorbing certain metal fon species from wastewalter as
the zeolite dosages were increased i baich experiments.
Using these results. Turther investigations were carried out
in this follow-up study to assess how the zeohtic matenals
syithesised  from  dilferent FA  starting  malerial  are
different in removing metal ton species [rom acid mine
drainage (AMD) wastewater. This paper thus focuses on
the absorption cfficiency of the different zeolites ebtained
during synthesis, to remove lead and mercury metal ion
species from mine waslewaler. The metal fon concentra-
tions of lead and mercury were investigated as increased
dosages ol the dilferent zeoliles were added to the
wastewater in a batched process, The ultimate aim was (o
mvestigate il the different zeolitic material can lower these
heavy metal coneentrations as increased dosages ol the
zeolites were added (o the wastewaler,

2. Materials and methods
2.1, Zeolite preparation

A novel approach was used in this study, which involved
the collection of co-disposal filtrates by using a co-disposal
reaction wherein FA was reacted with AMD in a specific
FA:AMD ratio (e.g. 1135, L4 1:5) (Somerset et al.. 2004,
2005a).

Fresh I'A and co-disposal filtrates were then prepared
for zeolite svnthesis. Thoroughly dried FA and co-disposal
filtrates were subjected 1o alkaline hydrothermal zeolite
synthesis. This involved fusing the sample with sodium
hvdroxide (NaOH) in a 1:1.2 ratio at 600 C for approxi-
mately 1-2h. The fused product was then mixed thor-
oughly with distilled water and the slurry was subjected to
aging for §h. After aging the slurry was subjected to
crystallisution at 100 'C for 24 h. In the next step. the solid
product was recovered by filtration and washed thoroughly
with deionised water until the filtrate had a pH ol 10-11.
The recovered product was then dried at a tlemperature of
70 C and prepared lor characterisation (Rayalu et al.,
2000: Somerset et al., 2004).

2.2 Elemental eharacterisation using X-rav fluorescence
CXRE) spectromelry

The chemical composition of the raw FA and co-
disposal liltrates that were used for zeolite synthesis was
evalwited usimg XRE spectrometry. A Phillips 1404 XRF
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Wavelength Dispersive Spectrometer equipped with an
array of six analysing crystals and htted with a rhodium X-
ray tube targel was used. A vacuum was used as the
medium of analyses to avoid inleraction of X-rays with uir
particles (Somerset et al.. 2004),

2.3 X-ray diffraction { XRD ) analysis

The mineralogy of each prepared zeolitle sample was
evaluated with a Phillips Analytical XRD spectrometer.
This instrimment was equipped with a graphite monochro-
mator and Cu-K# radiation samples were scanned for 26
ranging from 7 to 70. The datu hles presented by X Pert
Graphies & Identify data collection software were used Lo
identify the mimerals present in the samples (Somersel cl

al.. 2004).

24 Mercury and fead adsorption experiments

Mercury and lead absorption experiments were carried
oul on navigation AMD wastewater samples. Increasing
dosages ol the synthesised zeolites were added Lo the AMD
aliguots and batch experiments were carried oul in
duplicate at reom temperature, with continuous stirring
in PVC plastic contaners. To aliquots of 100 ml o AMD.
syithesised zeolite material was added in dosages ranging
from 0 to 20g/L. Alter 1h of continuous stirring. the
mixtures were filtered and the pH measured. while the fead
voneentration was determined, using inductively coupled
plasma muss (ICP-MS) spectrophotometry. The cold-
vapour dlomic absorption spectroscopy (AAS) technique
was used [or mercury detection using the 2537 nm
analytieal resonance line on the instrument.

3. Results and discussion
3.1 XRE spectromeryy results of starting materials

The raw FA and co-dispesal filtrates used for zeolite
synthesis were analysed by XRF spectrometry for quanti-
tative determination of its SiO> and ALOs content. From
the results in Table 1 it can be seen that the [S104]/|ALLO;]
ratio is 1.95 for both the raw FA and co-disposal filtrite
samples. Rayalu et al. (2000) have mdicated and found in
their zeohte svnthesis experiments that a [Si0]/[ALO,]
ralio higher than .38 success{ul in delivering [aujasite as
zeolitic material from FA sltarting material.

The results in Table | further show that the 5105 content
is higher in the co-disposal [iltrate than in the raw FA.
while the AlLD; content of the co-disposal filtrate material
wids [ower than in the raw FA. The CaO content of the co-
disposal filtrate was found to be lower than in the raw FA.
which wag atiributed to its consumption in the AMD
neutralisation reaction. The MgO content was found to be
relatively similar [or the raw FA and co-disposal filtrate
samples.

Table |
Chemieal composition of the fresh [y ash and co-disposal hltrate samples
as amlysed by XRF spectrometry

Oxide (wiq)

Samples

FA I Jirate
Si0) 149 3703
Tit)= 1.45 Al
Al 2637 23.52
CI@D? 0.3 (412
Fe-04T 5403 570
MO 0.6 (IRTE
Ni() (01 2
Mg€) 2,52 2.6
Cal 783 622
N0 1153 0,00
KO (63 054
PO- 0.38 .24
H-0) 011 ()44
Total U0 DR
Si/Al 1.95 |95

Comparison of FA and CDFiltrate

1400
1200_ - e el e e S e
1000
BOO
600 +
400
200
0- ; : | —

1

Intensity

Degrees 2theta (CuKa)

Fig. I, XRD patterns lor (uh ruw FA and (h) co-disposal iltrite sumples
The phases M (mullite) and Q (gudrte) were present o \he sample
miterial

a

320 XRD spectrometry resulty

XRD analysis was conducted on the raw FA and co-
disposul liltrate samples in order Lo determine the crystal-
line phases present i the initial material before and after
zeolite synthesis was performed. The XRD patterns of the
studied raw FA and co-disposal filtrate are shown in Fig. 1.
Fig. 1(a) shows that the predominant crystalling phases
present in the FA were quartz (Si0-) and mullite
(AlS51:0,3). For the co-disposal lilirale sample, quartz
and mullite were also present as shown in Fig. [(b). These
results also showed thal the mineralogies of the raw FA
and co-disposal filirate samples are relatively similar and
that the co-disposal filtrates are a rich souree of Si0. and
AlQ; for hydrothermal zeolite synthesis.

Alter hydrothermal zeolite synthesis, the mital material
was again subjected to XRD analysis m order to determine
whether hydrothermal zcolite synthesis ol the inilial
material was successful. The XRD pattern of the raw FA
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sample subjected (o zeolite synthesis 1s shown in Fig. 2.
indicating that the crysialline zeolite phase called faujasite
(F) hag been formed. For this sample the results have
shown that @ single zeolite phase can be obtained through
hydrothermal zeolite synthesis.

For the co-disposal filtrate sample used in the hydro-
thermal zeolite synthesis. the following XRD spectrometry
results were obtained. In Fig. 3 it can be seen that more
than one crystalline zeolite phase has been lormed. These
crystalline phases consist of faujasite (F). sodalite (S) and
zeolite A (A). Again. the co-disposal sample was also
successiully transformed into faujasite as zeolite crystalline
phasc. The [S10-])/[ALO;] ratio was thus a successful pre-
cursor in determining whether the chosen samples could be
transformed into laujasite as zeolite material.

In both Figs. 2 and 3 it can be seen that the mineralogical
phase mullite (M) 15 stull present in both the rzeolites
synthesised hydrothermally with the use of a FA sample:
NaOH ratio of 1:1.2. Other researchers (Singer and
Berkgaut, 1993 Lin and Hsi. 1995 Queral et al.. 1997)
have shown that when the NaOH concentration is less than
3.5 M. considerable quantities of mullite are still present in
the zeolites, due to the fact that mullite is relatively stable
under alkaline treatment. However, only when the NaOH

FA Zeolite

Intensity

Degrees 2 theta (CuKa)

Fig, 20 XRD pattern for zeolite sample obtained from raw FA. The
eeolitic phase F o (favjasite) was present in the sample  malerial.
M = mulhte,

concentration is more than 4M the mullite is indeed
digested (Singer and Berkgaut. 1095 Querol et al., 1007).

3.3, Lead m’_r.\'m‘p.ffr_m results

Two representative AMD sources were used in the whole
study. but only navigation AMD was explored in evaluat-
mg the absorption capacity of the synthesised zeolites to
reduce metal ion species. One of the major aims of the total
project studied was to use AMD and FA sources that are
close to cach other so as to reduce transporl cosis when
mdustrial-scale studies of laboratory bench experiments
were Lo be launched. This was in line with the objective of
reducing cost while exploring the use ol FA wasie [or the
synthesis ol a valuable product, For navigation AMD it
was found that the pH and electrical conductivity (EC) are
typical of an AMD source (Burgess and Stuetz, 2002). The
results of the ICP-MS, He-vapour and IC analysis of this
AMD source. as shown in Table 2. indicate that hish
concentrations of sulphate. iron, calcium and aluminium
species are present.

Since the pH of the solution plavs an important role in
the absorption process, the pH of the solution after contact
with the synthesised zeolites was monitored with the
experiments done al room temperature (21 'C). With the
AMD at an initial pH ol 2.64 und the synthesised zcolites
obtained at alkaline pH. the resulting pH after absorption
experiments was found to be in the region of 4.25-4 .88,

Before the absorption experiments were carried out, the
cation exchange capacity of the synthesised zeolites was
determined ina similar method as reported in a previous
paper. and the results were reported as the amount of
exchangeable Na o cations present in the zeolitic material
(Somerset et al.. 2005a). For the currenl synthesised
zeolites, it was found that zeolites synthesised from raw
FA had an amount of exchangeable Na' cations of
T1:35meqg/ 100 g, while the value for zeolites synthesised
from the co-disposable filtrate was 75.81 meg/100 g.
Tahle 2
ICP-MS. He-vapour and 1C analysis of the chemical composition of the
navigation AMD source

Co-disposal filirate zeolite Constituent Cone, (up/ke)
600

pH 264

L e o 1 EC (mS/cm) 445
i Bl e e ‘-5 L B 124 51
-E Cd 2.18
g 300 s i o S S 1783
E op0doo ] | A Co 640.30
g ﬂ J y Cu 320,31
100 + l \ AW w*ﬁ}qt; —————— Ph 3,36
| st He 0.49
f i T T T T T T Ni 42101
a 10 20 30 40 50 60 70 80 7n .
Degrees 2 theta (Cu Ka) Al 13.840.00
! - ; 5 . ; Ca 497.220.00
Fig. 3. XRD pattern obtained for zeohte sample obutined lrom co- Fe 1532 470,00
disposal Gltrate sample. The zeolitic phases I (faujasite), S (sodalite) and ‘;'(I)‘ I‘%\"é;;.():lj-n(]

A (zeolite Ay were present i the sample material, M = mullite.




17 Somerser ¢t al. ¢ Jonesal of Enteommental Manageniens 87 020080 125131 129

Although the amount of exchangeable Na  cations is high
for both types of zeolites, it was found lor this study that
zeolites from raw FA had a lower amount of exchangeable
Nu  cations compared (o zeolites {rom the co-disposable
iltrate material. These resulls are important as they ure
indicative of the extent to which the svnthesised zeolites
will be able to exchange some of the lead and mercury 1ons
in the absorption experimenty. A possible mechanism
whereby the ion-exchange process occurs in the zeolite
structure is one where the Ph* " (or Hg” ) cations replace
the Na 1ons as shown below:

Z-Nia + Phit — Z-Ph™ 4+ Na™

This process is controlled by Le Chatelier’s principle and
is pH and Na  concentration dependent (Woolard et al..
2000).

The results obtained for the removal ol lead 1ons lrom
the navigation AMD wastewater are displaved m Fig. 4.
The results in Fig. 4 indicate thut when the zeolite material
syithesised [rom raw FA. i Pb[A]. was added to the
AMD. a sudden drop in the lead concentration wis
observed followed by a relatively gradual decrease as more
zeolite material was added 1o the wastewater, The zeolite
malerial was elfective in reducing the lead concentration
from 3.23 to 0.38 pg/ke.

Similarly. a sudden initial drop in the lead concentration
was obscerved when zeolite material svinthesised from co-
disposal Gltrate. in Pb |B]. was added to the AMD. This
wus followed by a gradual decrease as the zeolite dosage
was increased. The zeolite material svathesised from the co-
disposal filtrate was effective in reducing the lead
concentration [rom 3.23 to 0.17pg'kg. The fact that a
lower lead concentration was obtained with this zeolite

Lead absorption results

3.50
—&— PbJA]
5.00: —=— Pb[B] [
£ 2.50 1
(=)}
2
£ 200
K
I
£ 1.50 1
g
§ 1004 N e
(5]
B e e Eimmepey ek
= =
0.00 +—— | :
0 5 10 15 20 25

Zeolite dosage (g/L)

Fio. 4. Rewlls shown for lead ahsorpiion from AMD wastewaler vs
ceolite dosuge (/1) added Lo wastewater. In PhIA] the results are shown
[or the addigen ol the colites svathesised from raw FA, and in Ph[B] the
rosults abtamed for the zeolites synthesised from the co-disposul filteate

el are showi,

material can be attributed to the [act that more than one
zeolite phase was present in the material alter synthesis,

The faet that the resulting pH of the solution after
interdaction ol the navigation AMD with the synthesised
zeolites was lound to be in the region ol 4.25 4.88 can be
related to the amount of alkaline material present in the
synthesised zeolites.

Since the synthesised zeolites contain sodium tons that
liave been added during synthesis and some calcium Irom
the FA starting material. these alkaline metals consume
acid by neutralisation during the absorption experiments.
With the final pH above 3.5 a favourable environment is
created for the precipitation of Ph™ -
Pb(OH)- at the end of the contact period. Therefore, the
increase in Pb’~ absorption us the zeolite dosage is
increased can be attributed o the precipitation of Pb*'
as Pb(OH)- at a pH above 3.5, Similarly. it was shown by
Erdem and Ozverdi (2005) that a pH ol 3.5 and higher is
favourable for the absorption of Ph™" using siderite in
their absorption studies.

ions mn the solution as

34 Mercury ahsorption restilty

Fig. 5 displays the results obtained for the removal of
mercury tons [rom the navigation AMD wastewater.

In the mercury absorption experiments, Lhe clTect ol pH
was also taken into account. With the pH after absorption
experiments in the region ol 4, 25488, it defimitely alfected
the absorption results for mercury with the use of
synthesised zeolites,

It was observed that as the zeolite material synthesised
[rom raw FA. in Hg[A]. was added to the AMD. an initial
merease in the mercury concentration was observed,
followed by a gradual decrease as zeolite dosage was

Mercury absorption experiments

0.70 —
—+— HalA]
0.60 =
—m— Hg[B]
5 \*H = N
> 0.580 “‘.—-—-—-—.__.._ 1
g -"_————__-
g N
"
£ 0301 — —\ =
E =
gl - _ e _
g 020 [ e— B
0.10
0.0G T L] 1
0.00 5.00 10.00 15,00 20.00 25.00
Zeolite dosage (g/L)

Fio: 5. Results shown for mereury absaorption from AMD wastewaler vi
cealite dosape (o L) added Lo wastewaler, Tin HefA) the restlts are shown
tor the addition of the zeolites synthesised fram raw FAC and i Ho[B] the
results oblamed (or the ccohtes synthesised rom the co-disposal filtrale
miaterial are shown.
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mereased. The initial increase can be attributed to mercury
ions already present in the wastewater or other possible ion
exchange effects not focused on in this study. The
wastewater had a final mercury concentration slightly
higher ut 0.50 pg/ke as when no zeolite material was added
o the wastewater. These results indicate that the zeolites
synthesiscd from raw FA were not able to lower the
mercury concentration in the absorption experiments.
while the use ol higher zeolile dosages te observe a
lowering effect needs 1o be Turther explored in a follow-up
study.

Betler results were obtained when the zeolite muaterial
synthesised [rom the co-disposal filtrate, in Hg[B]. was
added o the AMD as shown in Fig. 5. A gradual decrease
in the mereury concentrations was observed as the zeolite
dosage was increased from 0.5 to 20 g/L. This synthesised
zeolite material was elfective in reducing the mercury
concentrations from  0.47 o 0.17pg/ke. The results
obtamed can also be attributed to the fact that more than
one zeolite phuase was present in this material after
synthesis.

Furthermore, Zhang et al. (2005)
predominant species of mercury in solution is Hg(OH ),
ata pll of 4.5 and at a pH between 2 and 6 small amounts
of Hg(OH) are present. These data thus indicate that the
pH obtained during the abserpuon experiments was
favourable for mercury precipitation in the batch experi-
ments conducted,

found that the

4, Conclusions

This work has demonstrated that faujasite. sodalite and
zeolite A can be prepared from coal combustion FA and
co=disposal flirates by hydrothermal treatment ol the
starting material with NaOH. A novel approach was
followed by using the FA (o first neutralise the AMD in a
co-disposal reaction, thus treating the AMD. and then
using the obtained co-cisposal filtrates in svnthesising
value-added  zeolite material  from  the  by-products.
Furthermore. the zeolite material synthesised from the
co-dispoesal filtrate material has proved to be effective in
reducing the lead and mercury concentrations in naviga-
lion AMD wastewater. when increasing dosages of the
zeolite material were added 1o the wastewater.

[t was further illustrated that at an average pH of

approximately 4.3 at room temperature. excellent condi-
tions exist for the absorption of lead and mercury lons
from the navigation AMD using the synthesised zeolites
obtained [rom the co-disposal filtrate sample material. The
zeolite muaterial synthesised from the co-disposal filtrate
wias ellective in reducing the lead concenlration by 95%
from 3.23 to 0.17 pg/kg, while the mercury concentration
was reduced by 30% rom 0.47 to 0.17 ng/kg.

It is envisaged that this conversion of FA and co-
disposal filtrates into a heneficial product for further
wastewater (reatment could prove lo be cffective in

removing heavy metals such as lead and mercury [rom
industrial contaminated effluent waste streams.
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Abstract

Life cyele assessment (LCA) can be successlully applied to municipal solid waste (MSW) management systems to identity the overall
environmental burdens and to assess the potential environmental impacts. In this study. two methods used for cuwrrent MSW
management in Phuket. a province of Thailand. landfilling (without energy recovery) and incineration (with energy recovery). are
compared from both energy consumption and grecnhouse gas emission points of view. The comparisons are bused on a direet activity
consideration and also a life cycle perspective. In both cases as well as for both parameters considered. incineration was found to he
superior to landfilling, However. the performance ol incineration wus much better when a life eyele perspective was used. Also. land(illing
reversed to be superior to incineration when methane recovery and electricity production were introduced. This study reveals that a

complete picture ol the environmental performance of MSW management systems is provided by using « lifc cycle perspective.

{12007 Elsevier Ltd. All rights reserved.

Kevwords: Energy consumption: Greenhouse gis emission: Life eyele assessment: Municipal solid waste management

1. Introduction

Currently, Thailand is confronted with a high amount of
municipal solid waste (MSW) and its inappropriate
management. especially open dumping and non-sanitary
landfill. These problems pose harm to the environment as
well as human health. At the moment, major concerns
associated with waste management are not only public
health and sufety but also sustainable development. For
sustainable development. MSW munagement has to be
balanced between environmental effectiveness. economic
aftordability and social acceptability to ensure the gquality
ol life now and for coming generations. Concerning the
environmental sustamability of MSW management sys-
lems, energy and resource conservation and reduced
environmental impacts are desirable. To evaluate the
performance of MSW management systems. lile cycle
asscssment (LCA) is a uscful tool.

$(‘U1'TEHPOT\LHH;__' awthor. Tel.: + 66 24708309 10xd | 34
lax: + 6628729805,
E-mdil cidedresy: shabbir_giejgsee kmuttac.th (S.H. Gheewala).

0301-4797/% - sce front matter 0 2007 Clsevier Ltd. All rights reserved.
doi 10 1016/ envman. 2007 01003

LCA has been defined as a technique lor assessing the
environmental aspects and potential impacts associated
with a product. by compiling an mnventory of relevant
imputs and outputs of a product system: evalualing the
potential environmental impacts associated with  those
mputs and outputs; and interpreting the results of the
imventory analysis and mmpact assessment phases In
relation Lo the objectives of the study (ISO, 1997).

LCA 1s a4 methodology considering the entire life cycle ol
products and services from cradle to grave (from raw
material acquisition through production. use, and dispo-
sal). It is thus a holistic assessment methodology of
products and services. LCA has been proven lo he a
valuable tool to document the environmental considera-
tions that need to be part ol decision making lowards
sustainability (UNEP, 2003).

LCA has been successlully utilized in the field of solid
waste management to assess environmentlal impacis of
solid waste management systems (Harrison et al.. 2000). o
compare the environmental performance of different
scenarios for management of mixed solid waste (Denison.
1996; Mendes et al., 2004;: Finnveden et al., 2000: Arena
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et al.. 2003 Chaya and Gheewala, 2006 Wanichpongpan
und Gheewala, 2006} as well as of specific waste fructions
(Finnveden and Ekvall, 1998: Ross and Evans. 2003).

A systems approach does notalways need to use nmpact
assessment. In many cases, inventory data alone are
sulficient for an cvaluation (McDougall and White.
1098). The term life cvele inventory (LCI) is used to
indicate that 4 study has excluded the impact assessment
phuse (Fridriksson et al., 2002),

Lsing LCA. an MSW management syvstem is evaluated
based on a system wide or lile cycle perspective. A system
that generales energyv. such as incineration with energy
recovery. Is credited with reducing the amount of energv
(and the associated resource use and emissions) that would
otherwise need (o be generaled, typically at o power plant.
I MSW management systems are compared i isolation
without accounting lor the system-wide environmental
impacts.  referred in the study as o direct activity
consideration. such a limited perspective may nol provide
a complete pieture of environmental impacts.

This study demonstrates a life cyele perspective evalua-
tion of MSW management systems. Phuket, & provinee
i the southern part of Thailand, was selected as the
study site. Two methods currently used for MSW manage-
ment in Phuket. landfilling (withoul energy recovery)
and incineration  (with energy  recovery) uare  com-
pared [rom both the energy consumplion and the green-
house gas emission points of view. The comparisons arce
based on a direct activity consideration as well as a lile
cvele perspective. The resulls of this study reveal the
advantage of using a life cycle perspective in MSW gystem
evaluation.

2. Current Phuket MSW management

Phuket is an island province in the south of Thailand
stretehing 49 km from north to south and 19 km from east
to west with a total area of 570 km?. With beautiful beaches
along the western and southern parts of the island, Phuket
15 @ mujor tourist attraction.

MSW in Phuket 15 collected and transported to the
treatiient and disposal center. where it is weighed and
separated based on source and characteristics of the waste.
(o be managed by three methods—incineration. recyeling.
and landfilling. Flow of current Phuket MSW in a I-vear
period  (luly 2003 June 2004) oblamed from Phuket
Municipality 15 tllustrated in Fig. 1. OF the 133374 lons
ol MSW collected in the |-year period. an estimated 71%
was sent for burming in incineraior. 26% landbilled. and 3%
sorted and recovered for recyeling.,

A, Methodology

In this study. 2 comparison between the two methods
used [or current Phuket MSW management. landfilling
(without energy recovery). and incineration (with energy
recovery) is performed. The environmental burdens con-

stdered in the evaluation wre energy consumption and
greenhouse gas emission. To compare the two methods of
MSW  management. a fixed reference point for the
environmental evaluation. called functional unit, is defined
as | lon o MSW Lreated. For fairness ol comparison, the
same characteristics ol waste are assumed to be treated by
both landfilling and ncineration, Waste characlerization
mformation obtained [rom monthly reports of Phuket
ncimeration plant is illustrated in Table 1.

The evaluation includes uctivities that are of direct
concern - MSW management and also activities that
supply services o or interact with MSW management
methods as illustrated in Fig. 2. Direet and indirect
activities associated with MSW management mcthods
contributing to energy consumption and greenhouse gas
emission are listed in Table 2 and Fig. 2. Energy
consumption for ash munugement 1s included in the
calculations. however. greenhouse emissions dare nol since
the ash is inorganic in nuture. Based on the existing
practice that there is no gas collection and flaring system in
Phuket landfill and with the assumption ol 10% methune
oxidation i landhill cover (IPCC. 2001). Y0% ol the
methune produced is released to the atmosphere. Although
carbon dioxide is also emitted from the landfill. 1t is not
considered because. being of hiomass origin. it does nol
contribute to global warming. The landfll leachate is
treated by pond system. which is the comnion method in
Thailund. The energy and resource requirements are thus
neghgible. The mam mmpact from this system would be on
land wuse. which 15 not within the scope of this study.
Transportation i¢ nol included in the system boundary as
the collection and transportation of waste is common 10
both the waste management systems and hence will not
mfluence the comparative result.

Findings from the study are presented based on two sels
of boundary conditions (Table 2):

(1) a direct activity consideration. limited to only Lhose
processes that he within MSW management method
itsell” and

a life cycle perspective, considering direct activitics as
well as other processes interacting with MSW manage-
ment system. Since the function of landfilling is solid
waste management. whereas the function of incinera-
tion is solid waste management with electricity produe-
tion as a supplementary function, (o make the systems
comparable. the incineration is credited with the
avoided emussions [rom the allernalive process ol
producing an equivalent amount of eleciricity, The
average electricity mix of Thailand is used for caleulat-
ing the credits. Environmental burdens in the moditicd
system are the environmental loads from the incinera-
tion minus those from the conventional power planis.
In this way, both MSW management methods can be
compared based on the same (unction which s sohd
wasle management as ilustrated in Fig, 3 (Fimnveden
and Lkvall, 1998),

I3
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364 tons/day

Industries

Recyclable materials

33 141 tons 4 172 tons

Weighing
station
34 057 tons
93 ons/day
A 4
Landfilling 66 214 tons
181 tons/day
g
y

90 tons/day Il tons/day

Sorting

28 90Y tons
79 tons/day

-

Accumulation in refuse pit ——
3 842 tons
(Betore period 2 300 tons)

'_bl'

Wiastewalter
treatment plant

Bottom ash
15 505 tons
42 tons/day

8 167 tons as leachate
22 tonsfday

83 436 tons
233 tonsfday

Incineration

i End users
Flectricity

Fly ash .
1953 tons

5 tons/day
v

Fly ash Landfilling

Fig.
Table |
Phuket waste churacteristic
Waste conposition (%)
Plastie T
Faad 18.12
Wood/ prass 13.65
Paper 1145
Cloth 306
Rubher/ leather 1 85
Incombustible 15,44
Others 8.71
Wasie property
Density (keim™) 379

Muoisture content (%) 41
Low heating value (keal/kg)

Information aboul energy consumption of the MSW
management systems was collected from the actual
processes at the study site. The environmental parameters
contributed by direct activities. which were not available
in the study arca. were derived [rom literature. Fossil
CO, emitted from incineration system was calculated
by using emission factors lor various types ol plastics in

12 586 289 KkWh
34 389 KWhiday

I. Current Phuket MSW management system.

the waste (Harrison et al., 2000). CH, emitled {rom
landfill was calculated by using CHy emission factors of
different waste fractions in MSW (Sandgren et al.. 1996).
Energy consumption and emissions to air from the Thai
electricity production were obtained from the study of the
Thailand Environment Institute (TEIL 2003). In the TEI
study. the system boundary includes only the power
generdlion process in power plants, i.e. fuel combustion
and air pollution contrel, Extraction. processing and
transportation fuels. and construction of power plants
are not included. Data of encrgy and greenhouse gas
emissions relating to diesel production and lime production
were derived rom BUWAL 300 and ETH-ESU (1996),
respectively.

4. Results

The comparative information in this section includes the
cnergy consumption and the greenhouse gas emissions of
the two MSW management methods. landfilling (without
energy recovery), and incineration (with energy recovery).
The comparisons are based on a direct activity considera-
ton and a lile cycle perspective. The environmental
parameters are expressed per functional unit, which is
I ton of MSW treated.
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diagram of landfilling (indirect activities are indicated by dushed Tmes).

4.1 Energy consumption

The comparison between the energy consumption for
Tandfilling and memeration using a direct activity and a lile
cvcle perspective is illustrated in Table 3.

From Table 3. based on the direct activity consideration,
energy 1n the form of electricity and diesel reguired by all
processes related with the incineration is 354 MJ/ton of
MSW treated. whereas the electricity recovered [rom waste
combustion is 330 Md/ton of MSW (reated. The net energy
consumplion equals to —176 M /ton of MSW treated.

Although the energy consumed at the landfill by engines
for MSW spreading and compaction is less than that for
meineration. the effect of energy recovered from incinera-

# not traced back

Flow dingram lorenergy und greenhouse gas emission. {a) flow diagram of incineration (indirect activities are indicated by dashed hnés), (b) Now

ton compensates for the energy used thus making i
superior to landfilling.

With a life cyele perspective, the energy consumption is
quantified by adding the net amount of energy consumed
as in the direct activity consideration with the energy
consumed by all related activities listed in Table Z. Since
the methane gas generated in landfill 1s not recovered und
utilized lor energy. no credits from energy recovery are
accounted lor evaluation. Thus, the energy consumption in
lundfilling increases to be 30 MJ/ton of MSW treated.

In the case of incineration, 1438 MJ of primary energy
at power plants i1s aveided due to clectricity recovered
[rom the incineration. This is much more than that added
by other related activities, resulling in a nel encrgy
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Table 2
Direct and indirect activities assaciated with MSW muanagement methods
contributing to energy consumption and greenhouse gas emission

Environmental Description of direct and indirect activities

pararmeler

Incineration
Direct activity
Electricity und diesel oil used for MSW
combustion
Electricity used for leachale treatment
Indirect activity
Energy used for electricity production in power

Lnergy

consumption

plant

Energy used [or diesel production

Energy used for lime production
Lenedtilling
[ireet activity

Diesel oil used Ffor MSW spreading and
compaction
Indirect activity

Energy used lor diesel production
hicineration
[irect activity

Emissions from the meinerator arising from MSW
combustion

Emissions from combustion ol diesel used to

Greenhouse gas
emissin

operdle incinerato
Indireet activity
Emissions Irom conventional power plant
Emissions from diesel production
Emissions fram lime production
Landfilling
Direet activity
Landfill gas from MSW deeradation
Emissions from diesel engines during MSW
spreading and compiction
Indirect activity
Emissions from diese! production

| Incineration = Power Plant | =

Vool |

MSW Electricity Elcctricity MSW
mangagement p,-ﬂduu[i[,n p]‘ndm:!i:_m managancrt

Landfilling '

Fig. 3. System comparison from a life evele perspective.

consumption of — 1048 MJ/ton of MSW treated, This is
much less than that in the case of direct activity
consideration,

In both cuses. the incineration is the preferred method
over the landfilling based on energy consumption. How-
ever, incineration works out to be even more advantageous
when a lile cycle perspective is used.

4.2, Greenhouse gas emission
The greenhouse gases from the processes of MSW

management considered in the evaluation are fossil CO-.
CO, CHy, and NyO. For global warming. the reference

substance 13 CO5. All greenhouse gases are expressed in the
units of kg CO; equivalents/ton MSW treated, The
equivalency factor [or potential contributions from green-
house gases Lo global warming over a time horizon of 100
years are | for carbon dioxide. 2 for carbon monoxide, 23
for methane, and 296 lor nitrous oxide (Ramaswamy et al..
2001). The comparison between the greenhouse gas
emission from landhlling and incineration using a direct
activity and a life cyele perspective is illustrated in Table 4.

For direct activity consideration, amount of greenhouse
gases emitted from the MSW management system itsell is
accounted. With this consideration, landfilling produces
more greenhouse gas emission (in CO- equivalents) than
incineration. For landfilling, the maximum contribution.
[311kg COzeq./ton MSW treated, is from methane pro-
duced during MSW degradation. For incineration. the
most important greenhouse gas is fossil carbon dioxide
from MSW (plastic portion) combustion contributing
736 kg COseq./ton. MSW  (reated. the remaining heing
from CO. Although biodegradable wusle fraction is also
burnt in the incinerator. the carbon dioxide emitted is not
accounted for in the evaluation because. being of biomass
origin and hence part of the global carbon cycle. it does not
contribute to global warming,

With a life cycle perspective, amount of ereenhouse gases
cmitted [rom the MSW management itsell along with those
Irom all related acuvities listed in Table 2 are accounted.

For incineration. the amount of greenhouse gas emis-
sions in the life cyele perspective case is less than that in the
direct activity case because of the avoided electricity
production from conventional power production resulting
in avoided greenhouse gas emissions. After adding the
greenhouse gas emissions from the indirect activities and
the credits from avoided conventional electricity produc-
tion. incineration produced the net greenhouse gas emis-
sion of 637kg CO~eq./ton of MSW treated.

For landfilling. the greenhouse gas emissions in the life
cycle perspective case is equal to that in the direct activity,
1313 kg COzeq./ton of MSW treated, due 1o a very slight
effect on greenhouse gas emission from the indirect
activities,

Incineration performs better than landfilling [or both
direct activity as well as life cyele perspective. However, as
before, the life cycle perspective offers more advantage (o
incineration due the conventional electricity production
displaced. Landfilling would similarly  benefit  from
methane collection and energy conversion as discussed
later in this study.

5. Interpretation

A closer analysis of the results from the previous section
revealed that icineration required a large amount of
cnergy for waste combustion. This may be due to high
moisture content of the waste to be burnt (41%). The
performance of the incineration in the case of energy
consumption might be better if more biodegradable waste
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Tabile 3
Energy consumption of imcimeration and landlilling.

Activities Ml ton of MSW treated

Direct uetvily consideration Life eyele perspective

Incineration Landfilling Incineration Landfilling

MSW combustion {electricily) 3 L
MSW combustion (diesel) 20 20
Lepchite Ircilmen| lt.']n'-u'll’l"t.‘ily} 12 Fe

Ash management (diesel) I1 I

Enerey recovery {elecinatiy) —530)

MESW spreading and compaction {diesel} 22 23
Electricity production (prunary energy) — 458

Lime production 46

Dicsel production 10 7
NEt gpergy consumplion [ 76 22 — 1045 30

Table 4

Gireenhouse gas emission ol incineration and landtilling.

Activities ke COL eqoton o MSW treated

Direct activity consideration Lile cycle perspective

Ineineration Landfilling Incineration Landfilling

MEW combustion TA7 737
MSW desradation 1311 1311
MEW spreading ind compuction 2 2
Lime production I3}

Diesel production (.2 0.3
GG avoidance due to energy recovery 109

Net greenhouse gas cuission 737 1313 637 1313

is separated before sending to the incinerator. In terms ol greenhouse gases are reduced resulting 1n 4 net greenhouse
greenhounse gas emissions, high amount ol fessil carbon gas emission of only 657 ke CO-eq./ton o MSW treated,
dioxide is emitted due to plastic burning. This performance based on direct activity consideration, as a consequence of
might be improved by increasing the percent efficiency of  reduction of CHy emitled [rom landfill. Credits obtained
plastic separation. The energyv recovered [rom wusle from electricity production from the recovered methane
incineration, however, would be decreased because a large leads to further reduction of greenhouse gas when

fraction with high energy content is separated out. Thus. considered in life cvcle perspective. Aboul 39% ol green-
the strategy of plastic separation to be treated by either house gas reduction is obtained resulting in net greenhouse
landfilling or recycling should be ussessed wgainst the  gas emissions of 34 ke COseq.iton of MSW  treated.
strategy ol imeineration including plastic [raction. Reduction of greenhouse gas cmissions by recovering

The emission of greenhouse gas from landfilling, which s landfill gas und producing electricity makes landfilling
dominated by methune, would besubstantially reduced by preferable to incineration. The same trend reversal ig
introduction of pus collection and flaring system to converl observed for the case of cncrgy. When the mcethane is
the methane gas o carbon dioxide which, being of biomuss  collected and electricity produced. landhll turns out to

origin, will not contribute to global warming. Additional perform betler than incineration in a lile cycle perspective.
credits can be obtained il the collected methane is utihized  In this case. the net energy consumption of landfill s
as an Cncergy source, — 1494 Mljton of MSW treated, as compared to
For the purpose of estimation, the heating value ol — 1048 MJ/ton of MSW treated lor incineration.

methane 185 setat 30 MJkg. Tois assumed that 50% of CH,y

produced is collected to produce electricity by an engine 6. Conclusions

with 33% efficiency and 10% of uncollected CH, is

oxidized in landfill cover, Therefore, 43% of CHy is This study compares energy consumption and green-

emitted to the atmosphere. Results from the analysis of  house gas emissions from landfilling (without eneroy
landfilling with energy recovery indicate that 30% of  recovery) againstincineration (with encrgy recovery) buased
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on @ direct activity (base case) consideration and a life cycle
perspective, For both cases and both parameters, incinera-
tion was found to be superior to the landfilling. However.
landlilling reversed to be superior when landfll gas is
recovered [or electricity production.

This study demonstrates that a complete picture of the
environmental performances of MSW management sys-
tems is provided by using a life eyele perspective. Life cycle
assessment could serve as an invaluable tool for assessing
environmental sustainability of waste management sys-
tems. single as well as integrated ones.

The results ol this study are dependent on the actual
MSW characteristics and management in Phuket provinee.
The results of the environmental evaluation in other arcas
may be different due to MSW characteristics. technology.
spatial and temporal factors, and related information.
Also, an Integrated waste management system based on
separation of waste, with different waste fractions going to
different waste management lechnologies. would be more
cificicnt than a single option such as incineration or
landfilling. However, in the case of small communities
where only 4 single option may he economically viable. the
results of the study are ol direct relevance.
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Abstract

Landil siting is a difficult, complex. tedious. and protracied process requiring evaluation of many different criteria. This paper
presents i fuzzy multicritenia decision analysis alongside with o geospatial analysis for the selection of landfill sites. It employs a 1wo-
stage analysis synergistically to form a spatial decision support system (SDSS) lor waste management in a fust-growing urban region.
south Texas, The first-stage analysis makes use of the thematic mups in Geographical information system (GIS) in conjunction with
environmenlal, biophysical. ecological. and socioeconomic variables leading (o support the second-stage andlysis using the luzzy
multicriteria decision-makimg (FMCODM) as o ol [vdifters from the conventional methods of mtegrating GIS with MCDM for lundfill
selection becavse the approach follows two sequential steps rather than a Full-integrated scheme. The ease study was made for the ity of
Harlingen 1n south Texas, which is rapidly evolving into o large urban aren due to its vantage position near the US-Mexico borderlands.
The purpose of GIS was to perform an initial serecning process tocliminate unsuitable land Tollowed by utilization of FMCDM method
1o identily the most sultable site using the information provided by the regional experts with reference to five chosen criteria. Research
findings show that the propesed SDSS may aid tn recognizing the pros und cons ol potential arcas lor the localization of landfll sites in
any study region. Based on initia) GIS sereening and hinal FMCDM asscssment, “site [ was selected as the most suitable sile for the new
landBIl in the saburban arca of the City of Harlingen. Sensitivity analysis was performed using Monte Carlo simulation where the
deeision werghts assoctated with all criteria were varied to investigate their relative mpucts on the rank ordering of the potential sites in
the second stage. Despite variations of the decision weights within a range of 20%,. it shows that ~site 17 remains 1S comparative
advantage in the final site selection process.

1 3007 Blsevier Lrd. All rights reserved.

Kevivords: Fuzzy MCDM: Geographic information systems; Decision support systent: LundAll siting: Solid wiste manygement

underline a ereater than ever need for effective manage-
ment and planning of urban regions (O'Meara, 1999).
Innovative approaches to urban land use planning and

1. Introduction

New approaches to the sustainable planning. design. and

management of urban regions witl depend upon improve-
ments in owr knowledge of the causes. chronology. and
impacts of the urbanization process and their driving forces
(Klpstermann, 1999 Tonglev ef al. 2001). Worsening
conditions of crowding, housing shortages. insufficient or
obsolete infrastructure, inereasing urban eclimatological
and ecological prohlems. and the issues of urban security

"Currc.ﬁi'wnumg, auther. Tel.l 1407 75347521,
f=tmait tefefress: nehangoe mail.uetedn (N-B. Chang).

DT =4 7970 - see [ronl mutier 0 2007 Elsevier Lud, Al sights reserved,
dens 0 TES Jenviman 2007 01 011

management. such as sustainable development and smart
erowth. have been proposed and widely discussed (Amer-
ican Planning Association, 2002: Kaiser et al., [995]).
Landfill selection in an urban area is @ critical issue in the
urban planning process because of ils enormous impact on
the economy, ecology. and the environmenltal health ol the
region. Landfill site selection can generally be divided into
two main steps: the identification of potential sites through
preliminary screening. and the evaluation of heir
suitability based on environmental impact assessment,
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Nomenclature

Sy average fuzzy appropriateness index rating of
allernative

W, average importance weight of criterion

Giie Cigie Pio Copn Ay By triangular fuzzy numbers

@ and @ fuzzy additien and [uzzy multiplication
0])e|‘atm'

F; luzzy appropriate indices of s alternatives

Uy Fyy opumistic utility for each appropriate index F;

If LigF)  pessimistic utility for each appropriate index £

R total index of rating attitude

¥ the index of rating attitude ol an individunl
decision muaker

n total number ol allernatives

I total number of criteria

i total number ol decision makers

o index of rating atlitude

L candidate sites for landfill

E experts

C crileria

economic feasibility, and engincering design. and cost
comparison (Charnpratheep et al. 1997). As a conse-
quence. landill siing 1s o difficult. complex. tedious, und
protracted process (Allanach. 1992). Many siting faclors
and criteria should be carelully organized and analyzed.
An initially chosen candidate site may be later abandoned
because opposition arises due to previously neglected but
important  lactors. Such o delay increases costs and
postpones the final decision of o landfill site. The "not in
my backyard™ (NIMBY) and “nol in anyone’s backyard™
(NIABY) phenomena is becoming popular nowadays
creating a tremendous pressure on the decision makers
involved in the selection ol a landfill site. Other issues
related to the availability of land. public acceptance.
mereasing amounts of waste generation complicate the
process of sclection ol a suilable site for landfll. An
mappropriate waste facility may adversely affect the
surrounding environment and other cconomic and socio-
cultural aspects.

Criteria and methodologies used for the initial screening
arc so pragmatic that areas arc excluded as matters of
soetal and environmental significance without removing
large numbers of technically advantageous sites from
consideration. The criteria used for preliminary screening
are primarily to examine the proximity ol potential sites
with respeet to geographic objects that may be affected by
the landfill siting (e.g.. groundwater wells) or that may
alfect landfill operations (e.g.. areas with steep slopes).
Methodologies used dre normally based on a composite
suitability analysis using thematic map overlavs (O Leary
et al. 1986) and their extension to include statistical
analysis (Anderson and Greenberg, 1982). With the
development ol geographical mformation systems (GIS).
the landiill siting process is increasingly based on more
sophisticated spatial analysis and modelng. Jensen and
Christensen (1986) demonstrated the use of 4 raster-based
GlS wilth its associated Boolean logic map algebra 1o
identify potential waste sites based on suitability of
topography and proximity with respect to key geographic
features, while Keir et al. (1993) discussed the use ol both
raster-based and vector-based GIS for the full-scale site
selection process. Sener et al. (2006) integrated GIS and
multicriteria decision analysis (MCDA) to solve the landfill

site selection problem and developed a ranking of the
potential landfill areas based on u variety of criteria. The
utilization of GIS for a preliminary screening is normally
carried out by classifying an individual map, based on
selected criteria. into exactly defined classes or by creating
buffer zones around geographic features 10 be protecied.
All map layers are then intersected so that the resulting
composite map containg two distinet areas. For example, if
screening criteria nvolve the provision of a protective
bufter around certain types of spatial objects. the arca
outside the intersected boundary is considered suitable and
that inside is unsuitable. The two distincet classes separated
by a sharp boundury reflect the representation of, and GIS
operalions on, geo-referenced data based on a binary true
or false Boolean logic, With the aid of this functionality.
GIS have been used in order to facilitate and lower the cost
ol the process of selection of sites for building sanitary
landfills in the last lew years (Siddigui et al., 1996; Kao
et al.. 1997).

Advanced algorithms, however. may further help justify
the uncertainty in siting new landfills. Several approaches
were proposed for multicriteria decision-making (MCDM)
and the relevant methods were developed and applied with
more or less success depending on the specific problem. In
the past. analytic hierarchy process (AHP) introduced by
Saaty (1980). was one of the useful methodologies. which
plays an important role in selecting alternatives (Fanti
et al.. 1998: Labib et al.. 1998: Chan ct al., 2000). AHP is
an analytical ol enables people to explicitly rank tangible
and intangible criteria against each other for the purpose of
selecting priorities. The proeess involves structuring a
problem [rom a primary objective to secondary levels of
criteria. and alternatives. Onee the hierarchy has been
established. a pair-wise comparison matrix of each element
within each level is constructed. The AHP allows group
decision-making. where group members can use their
experience, values and knowledge to break down a
problem into a hierarchy and solve it by the AHP steps.
Participants can weigh cach clement against cach other
within each level. each level is related 1o the levels above
and below it and the enuire scheme is ted together
mathematically. For evaluating the numerous criteria,
AHP has become one of the most widely used methods
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for the practical solution of MCDM problems (Cheng,
1997 Akash et al.. 1999: Chan et al.. 2000). The main
difficulty urises in the estimation ol the required input data
that express qualitative observations and preferences. The
AHP 18 mainly used 1n nearly erisp decision applications. It
does not tuke into account the uncertuinty associated with
the mapping of people’s judgment Lo an evaluation scale
(Chen. 1996: Hauser and Tadikamalla, 1996: Cheng. 1997).
In arder to overcome the shortcomings of the AP, [uzzy
sel principle is used to mtegrate AHP to determine the best
alternative (Chen, 1996: Hauscr and Tadikamalla, 1996:
Levary and Ke. 1998).

Fuzzy sct theory was developed and extensively applied
i previous deende (Zadeh., 1965), 11 was designed 1o
supplement the mterpretation of linguistic or measured
uncertainties lor real-world uncertain phenomena, These
uncertamtics could ormnate with non-statistical character-
istics 0 nature that refer to the

absence ol sharp

bounduries in information. However. the muin source ol

uncertainties involving in a large-scale complex decision-
making process may be properly described via fuzzy
membership [unctions, The practical applications of fuzzy
multicriteria decision-making (FMCDM) reported in the
Iiterature have shown advantages in handling unguantifi-
able/gualitative criteria and obtained quite reliable results
(Altrock and Krause, 1994; Teng and Tzeng. 1996: Baas
and Kwakernauk. 1997, Mcintyre and Parfitt. [99%: Tang
el al.. 1999), Fuzzy linguistic models permit the translition
of verbal expressions into numerical ones, thereby dealing
quantitatively with imprecision in the expression of the
importance ol each criterion. FMCDM utilizes Iinguistic
variables and luzzy numbers o ageregate the decision
makers’ subjective assessment about criteria weightings
and appropriateness of alternanive candidate sites versus
sclection criteria to obtain the final scores  luzzy appro-
priatencss indices.

FExtended application can be found m developimg u
decision support system (DSS) (Kuo et al, 2002). The
propesed DSS consists of four components: (1) hierarchical
structure development for fuzzy AHP. (2) weights deter-
mination, (3) data collection. and (4) decision-making
(IKuo et al.. 2002). Therefore. the mtegration ol luzzy sel
and ALLP gives o much better and more exact representi-
tion of relationship between criteria and alternatives (Lee
et al. 199%: Chiadamrong. 1999 Yu and Skibniewski.
[999: Choi and Oh. 2000: Karsak and Tolga, 2001).
FMCODM  methods been environmental
planming and decision-making processes i order to clarily
the planning process, (o avord varous distortions, and o
manage all the information. criteria. uncertamtics, and
mportance ol the criteria, This  paper  presents  an
integrated approach to construct o spatial decision support
system (SDSS) for the selection of landfill sites via a two-
stige analysis svocrgistically. The first-stage analvsis makes
use of the thematic maps i GIS in conjunction with
environmental. biophvsical. ecolomeal. and socioeconomic
variables leading o support the sceond-stage analysis using

have used In

CO0R G 29 Fss 141

FMCDM as o ool I essence. in the first stage. the
geogruphical duata were anulyzed using GIS and a4 data
matrix  wis credted that combines the environmental,
trunsportation. public health. social. and economic eriteria
for the selection ol seven-candidate sites. 1L cventually
generdtes Lhe ranking of all seven-candidale sites in a
prelerential order based on dillerent criteria mvolved
collectively in o FMCDM analysis, The case study was
made for the aty ol Harlingen i south Texas. which 18
rapidly evolving intoy a large urbun arca due Lo its vantage
position near the US—-Mexico borderlands.

2. Background and study site

The Lower Rio Grande Valley (LRGY or Valley),
comprised of Cameren, Willacy, Hidaleo. and Starr
counties, 18 located at the southernmost tp of Texas ulong
the US Mexico border, The Office of Muanagement and
Budget (OMB) ranks Metropolitan statistical area (MSA)
according to their population and cconomic growth.
Cameron County. at the tip of Texas. comprises
3266 km” (1276 square miles) and includes the 28th MSA.
Brownsville-Harlingen-San Benito. Hidalgo County. the
largest of the three LRGV counties, covers the western hall
af the region with an area of 3963 km~ (1348 square miles).
This county is mostly urbanized. containing the McAllen-
Edinburg-Mission MSA. the 4th fastest growing urcas in
Texas. Both of the LRGV'S MSAg are experiencing i
developmental change due to their strategic location und
economic ties with the US Mexico borderland. The North
American bree Trade Agreement (NAFTA) that was
enacted 1n 1994 has inereased trade throughout America.
The Valley. with a total area of 9216 km™ (3600 square
miles). has emerged as a warehouse and transportation
center between Central America and the US (TSHA. 2003).
The increasing number o maquiladoras. or twin plants.
having manufacturing industries both in the MSAs of the
Valley and in nearby Revnosa and Matamoros, Mexico.
are positively influencing the cconomie development in Lhe
region. This has been o catalyst lor further growth in other
Vallev cities located i between these two MSAS. Ag 4
resull. the population of the LRGY is growing al i
tremendous pace and yurd waste. food waste. and brosohds
waste production is increasing over tme. Fig. 1 indicates
the study ares along with the waste disposal sites. The
arca’s population has increased by 30.8% m the last 10
vear due to the NAFTA cconomic impact. 11 1s expected
Lo contnue growing al an estimated rate of 4%, per vear in
the coming vears. The population 1s projected to be over
L7 million people in 2022 (LRGYDC. 2002).

Solid waste management (SWM) is at the forefront ol
cnvironmental concerns in the LRGV. South Texas. The
complexity in SWM drives urea decision makers 1o look (or
mnovative and  forward-looking  solutions to  address
vartous waste management options. The LRGY 1§ lacing
the dillicult reality of siung new landhlls due 1o their large
capital costs and local protests, like those seen a¢ 4 result of
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Legend:
@ Cities
A |andfills

HIDALGO

THO1727 - Hidalgo County Landfill

TXONA56R - City of Fdinburg | andfill
TX02304 - City of Edinburg Landfill (new)

TX01948 - BFI Regional Disposal Facility
[~ TX02305 Willacy County Landfill (propesed)

T ;
/ us 77
' Raymondville

WILLACY

TXD1273 - Brownsville Navigational District

Lig, 1. Map ol Seuth Texas indicating the facility loeation ol the study arey.

Willacy County’s intentions to site a new landfill. The hotly
contested landfill permit process culminated in a hearing
August 1, 2005 with the decision pending whether to allow
the process to continue amid community resistance (Del
Valle, 20035). Adding to the complexity of the issue, the
realization by local residents of the economic value of their
ecosystem from tourism dollars generated from bird
walching enthusiasts means siting future landfills could
beconme more contested.

The ability to give planners more options will allow lor
compromise surrounding potential disposal alternatives.
Privately owned landfills have been viewed 1 a negatlive
light as of late due to litigation against (Browning-Ferris
Industries) BET that has essentially jeopardized its long-
term ability 1o operate and that closed the C&T land{ill
(Pierson, 2004). These underpinnings place an emphasis on

giving regional planning partners like the council of

government “Lower Rio Grande Development Councal”
as many possible alternatives 1o consider in their planning.
The political and environmental chimate surrounding SWM
mm the LRGV lends itsell 1o analysis thal embraces
uneertainty in as many possible decision making levels as
possible. In order o better inform area decision makers
about their options to cope with the mounting municipal
solid waste (MSW) generation and a general lack of landfill
space. a SDSS needs to be developed 1o address regional
planning around issues of waste routing and the hotly
contested SWM facility site selection. The study location
(Harlingen) is one of the fastest growing c¢ities in the
LRGYV. Presently the cily generates huge amount of selid
waste that is disposed off at B.F.l. Landfill in Donna at
high cost per ton. which is expected Lo increase in the next 7
year of period of contract. The transportation cost of ton
of solid waste is also high. Due to these huge costs of waste
disposal. the city has plans on starting its own landfill.

Development ol a landfill in Harlingen can possibly
cause environmental impacts on the soil, groundwater,
surfuce water. regional air quality, atmosphere. biodiver-
sity, and landscape. Besides these environmental impacts,
there are those relaled to the economy, employment,
attainability and valuation of different areas. services.
safety. and health. A landfill in this region can also affect
many of the endangered and threatened species that occur
at their northernmost limit in the LRGV. In light of such
circumstances, there is acute necessity for a carelul
selection of a landfill site in order to preserve the ccologicul
and environmental quality that's unique to the LRGYV.

3. Case study

Landhill siting 18 a complicated process requiring a
detailed assessment over a vast arca to identify suitable
location for constructing a landfill subject to many
different criteria, GIS offers the spatial analysis capabilities
to quickly eliminate parcels of land unsuitable for landfill
site. This study emploved GIS 10 perform a sereening
process that led to identification of a couple suitable
candidate sites based on given criteria. The suitability
criteria are defined with the focus to minimize any potential
health risks from direct or indirect contamination due to
the proximity ol a landlill site with respect lo kev
gcographic leatures. Thus. the first-stage analysis using
GIS 15 essential for the inual identihcation of a couple
suttable landfill sites prior o undertaking lurther analyses
or lield mnvesugations. Although, the initial screening is
based on criteria related to environmental and ecological
factors involved in the site selection process, there are
certain criteria. such as impact on historical markers.,
public comlort, and economic factors for which data arc
not alwayvs readily available, which cannol be included
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the first stage. A second-stage analysis based on a handlul
of suitable sites from  the initial GIS screening wis
performed with the objective of including the opinions of
domain experts in the region through a I'MCDM
approach. FMCDM was useful in addressing the issue of
lack of availability of data for certain important crileria as
well as to incorporate human judgment into the selection
process that can prove usetul 1n solving political debates in
the future. The second-stage analysis using FMCODM was
apphied Lo rank the proposed candidate sites and summur-
iz¢ the linal selection. Such method followed in the process
of identifying the most suitable landfll site 1s described in
the next two sub-sections. To ease the illustration. the
lollowing sub-sections would delineate or review the
methods briefly and then come up with the results and
discussions directly. The list of variables and parameters
that were vsed in the FMCDM analysis 18 summarized in
Nomenclature,

21 Data collection and analyyiy

GIS data sets of land-use. rivers. wellunds. rouads,
demography. wildlife parks. airports. soil tvpes. ground-
water wells, and digital elevation models (DEMs) were
collected for the Cameron. Hidalgo and Willacy counties
from dilTerent sources. such as Texas Natural Resources
Information Systems (TNRIS), Texas
Transportation. US Geological Survey (USGS), and US
Environmental Protection Agency (USEPA). They were
summarized as shown in Table |, Geographical features
required fir the first-stage analysis could be extracted by
using ArcGIS" software. For example, to obtain GIS data
sets of buffer zone, the lund in the LRGV was classified by
creating buffer zones around geographic features to be
pratected using literature values widely used i landfill
selection process. The buller maps were then converted
into raster maps ol uniform grid sizes and the raster
caleulator available in spatial analvst tool in ArcGIS" was
wlilized 1o eliminate unsuitable land parcels bused on the
different eriteria leading to identification of seven potential
landfill sites in the first stage.

Tuhle |
Gl map lavers used 1o the study -

Data Seule Duila source
Rivers Laaou o0 EPA
Lakes [ERE I EPA
Wetland [ 250000 ERA
Latid usefand cover 12230000 EPPA
Roads 1100 000 EPA

TWDB (Texus Witer
Development Board)

Grownd water wells

Urhan arens 134000 LEPA
Soil map STATSGO 12300060 LiSGS
Diaital elevation maodel [250000 EPA basins

1=2000 000 Tiger data

Coun iy census duta

Department of

3.2

Application of GIS in landfill candidate site selection

Fig. 2 illustrates the typical procedure applying the GIS
for initial landfill siting. The landfll site selection process
was completed in lwo stages with the first stage ulilizing
GIS o adentifly a lew candidute sites that were luter ranked
using FMCDM method in the second stuge. There are
several dilferent critenia involved in the selection ol a
landlill site in the fArst stage. Literdlure review wus
conducted to identify the most unportant criteria. Accord-
ing to Dikshitet al. (2000). a landfill site must be situated at
a lair distance away from biophysical elements such uas
water. wetlands. critical habitats. and wells to reduce the
risk of contamination from landfll. Different studies used
different buffer distances [rom stream and rivers based on
the size of the watershed. such as butfer of 0.8 km (Siddigu
et al., 1996), 180 m (Zeiss and Lefsrud. 1995) and 2 3km
(Lin and Kuao, 1999). Considering the size of Harlingen
city. a buffer distance of 1 k was used for river svstem in
this studv.

Proximity of a landfill to a groundwater well is an
important environmental eriterion in the landfill site
selection so that wells may be protected Irom the runoll
and leaching of the landfill. For this study, groundwater
wells data were obtained [rom Texds Water Development
Board (TWDB). and a buffer distance of 30m from the
wells was used to prevent caontamination from landhll due
to leuching ol pollutants. Slope is also an important factor
when siting o landfill since higher slopes would increuse
runolt o pollutants from the landhll, and thereby
increasing the contumination zone area (Lin and Kao,
1999). Lin and Kao’s (1999) study suggested that a slope
less than 12% would be suitable for the prevention ol
contaminant runoll. Based on this study. regions with
slope greater than 12% were defined as unsuitable for a
landfill site. DEM data sets with 30 M resolution obtained
from USEPA basins data source were used (o caleulate the
slope percentage area wide. In addition, the landfill should
be situated al w significunt distance away from urban
residential arcay due to public concerns. such as aesthetics.
odor (Tagans et al.. 2003), noise. decrease in property
value (Zeiss and Lefsrud. 1995). and health concerns.
which may avoeild contamination of [freshwaler agquilers
through leaching (Nagar and Mizra. 2002), Urban buffers
may range from 130m (Lin and Kao. 1999) to Skm (Zeiss
and Lefsrud. 1995). A buffer distance of 3 km was chosen
for the study area,

Economic considerations include finding the most cosi
effective route for transporting wastes and locating the
most suitable land for the candidate sites haged on land
value (Siddiqui et al.. 1996). Developments on or 100 close
to existing road and rail networks would hinder transpor-
tation and may have an impact on tourism in the region
(Zeiss and Lefsrud. 1995). Baban and Flannagan (1995)
used a 30-m buffer for roads, while Dikshit et al. (2000)
used a 1-km bufTer in his study. However, a study done by
Lin and Kao (1999) stated that a 1 km buffer was too lar
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GIS Duta Collection

STAGET l

Conversion to Raster Maps
of uniform grid sizes

.

Using Raster Map Calculator in ArcGIS to eliminate
unsuitable land from each raster based on the

selection criterta

.

Overlay of Rasters to produce suitable sites
based on the defined criteria

.

Identitication of seven candidate siles

STAGEII

Obtaining Expert Judgments on the
suitability of seven candidate sites

;

Assessment of weight for the criteria by the experts

|

Tl El PN

EC HM

18

Preference ratings ol sites using fuzzy

values based on different criteria

'

Fuzzy Multieriteria Decision Making for
identification of the most suitable site

Fig

188
EC = ceconomicdl Tmpact, HM = impact on historieal markers,

from roadways, and would result in incurring more
economic costs to the project over the long term by
constructing new roads. Considering the huge cost of
transportation. a 75-m buffer for roads was finally selected
for this study.

The different constraint maps developed in this study
include an environmental constraint map. a stream
constraint map, a wells constraint map, a slope constraint
map. an urban constraint map, a water body constraint
map, and a ransportation constraint map. The obtained
constraimed map layers are overlaid as shown in Fig. 3. and
final constraint maps were developed with the candidate
sites, as shown in Fig. 4. Fig. 5 shows the seven-candidate
sites in GIS. which are subject to advanced assessment in
the second-stage analysis.

2. Flowchart of the methodology. Nore: EI =environmental and ceological impact. TI = transportation issucs, PN = public nuisance,

Besides, ecological assessment study states that the
region is divided into several ccoregions based on topo-
graphic, climatic and edaphic lactors. and plant commu-
nity similarities. These ecoregions are characterized by high
summer temperatures, high evaporation rates. and periodic
droughts. The seven-candidate sites are currently in use as
agricultural cropland and have been clearcd of native
vegetation. Soils have a direct effect on the Lypes of
vegetation and ultimately the animal species that will occur
in an area. The US Department of Agriculture (1977 and
1982) rated the potential for soil types throughout
Cameron and Willacy counties o provide clements of
habitat for various species of wildlife. The soils are also
rated on their potential for wildlife species Lo occur. Based
on the criteria of the US Department of Agriculture (1977,
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Fig, 5. Mup showing the candidate sites for fandfill with different constraimts.

Tahle 2
Comparison of seven-candidate sitey using potential for elements of wildlife habitat

Site | Site-2 Site 3 Site 4 Site 5 Site 6 Site 7
Soil tvpe” 1 1 I I 1 | | 2
Caveruge " 03 99 99 106 100 100 9 17
Grains Good Ciood Goad Crood Coad Good Cievond IFutr
Girasses road Good Good Good Good Good Good Fair
Herbaccous plants Fuir Fair Fuir Fair I-air lair Fair Fair
Shruhs Good Grood Good Good Good Good Goad Fair
Wetland plants Poor Poor Poor Poor Poar Poor Poor Crood
Shallow wetlands Very poor Very poor Very poor Very poor Very poor Very poor Very poor GCiood

*1—Ravmondville clay loam. 2 Mercedes clay,

1982), @ raling of good indicates that the kind of habitat is
casily established and maintained. A rating of fair indicates
that the kind of habitat can be established with moderately
mlensive management. A poor rating indicates that the
habitat tvpe can be established. but with intensive and
dilficult management. A very poor rating indicates that
ereating or maintaiming the habitat type is impractical or
impossible.

The terrain in south Texas 18 quite flat and all candidate
sites arc managed as agrnicultural land al present excepl site
7. Future landfill to be built in this area should be designed
as a plain-type rather than a gully-type landfill so that soil
thickness was not an obvious issue on site. Thus. the
proposed criteria did not include sotl thickness and depth

to bedrock. which may hamper the excavatibility of the site
in some cases.

The potential for elements ol wildlife habitat to occur
and their ratings are compared across the seven-candidate
sites in Table 2, Table 3 lists and compures the potential for
tyvpes of wildlife species to occur in the seven-candidate
sites, Based on the eccological assessment study. all
candidate sites are similar in soil type and similar i the
potential for wildlife habitat and wildlife species. Because
of the similarity between all sites. the polential effects on
endangered and threatened species are the same for all
candidate sites. Candidate sites 1-6 would result in the
same ecological effect of any actions, Candidate site seven
is slightly different than the other six sites because an
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Tahle 3
Comparison ol potentind (vpes of wildlile species ocetr m Lhe seven-candidate sites

Siee | Nite 2 Site 3 Site 4 Site 3 Site b Site 7
Sord type” | | 1 | | | I 2
Converape 'y 95 99 94 100 100 100 74 17
Rangeland Wildhe Iy Fuir Fuir Finr Fair Fur Far Fair
Open land Wildlife Crond Goud Good Gond Goud Giood Ciood Fair

Woetlhnd Wildlire Very powi Very poor Very poor

Very poor Very poor Very poor Very poor Crond

—Raymondville clay loam. 2 Mercedes clay.

additional soil type oceurs there. This soil type is better
suited lor the potential occurrence of wetland habitat and
wetland wildlife species than the predomimant soil type
[ound in the other candidate sites. [t is commonly known
that wetlands are un  important component of the
ecosystem and are diminishing across the country. There-
fore. candidate site seven would be the most ecologically
sensilive site by any action because of the potential impact
on wetland habitat,

3.3, Fuzzy mudtieriteria decision-maling

The second-stage analyvsis for landfll site selection
requires having a careful evaluation of the advantages
and disadvantages of different candidate sites with respect
to different predetermined criteria because landfill siting is
a complicated process that leads to different impacts in the
area. Due to lack of crisp duta. the evaluation ol different
alternatives against different criteria requires assessiment
using fuzzy numbers. FMCDM method is therefore chosen
for ranking different landfill sites for Harlingen city based
on decisions given by a group ol experts. Lxperts or
planners were called on for participating in a questionnaire
survey using linguistic variables or Tuzzy numbers (o give
the preference ratings for cach individual candidate sites.

Chang and Chen (1994) proposed a new MCDM
method to solve the distribution center location selection
problem under luzzy environment. The ratings ol cuch
alternative and the weight of criterton are deseribed by
linguistics variables that can be expressed i Lriangular
fuzzy numbers. The evaluation value ol each facility site is
also expressed in a triangular fuzzy number. By calculating
the difference of evaluation value belween each pair of
candidate sites, a fuzzy preference relation matrix is
constructed (o represent the intensity of the preferences
of onc planl location over another. Then. a stepwise
ranking procedure is proposed to determine the ranking
order of all candidate locations. When conducting the
mmlerence, trigngular Muzzy numbers (TFN) are commonly
used by the experts o describe vagueness and ambiguity in
the real-world system. Many methods. such as max. min.
median. addition. multiplication. and mixed operators. are
aviilable to aggrcgate TI'Ns. Related literature can be
found in ('Kuurnull'm and Gllpl‘:l, 1088: Paeck et al.. ]“)‘_“2).

The experts can employ an assumed weighling  sel
1= {Very poor, Poor. Tair. Good, and Very good] to

evaluate the uappropriatencss ol the allernatives versus
various criteria. The membership functions of the linguistic
values in the weighting set 7 represented by the
approximate reasoning of (riangular luzzy numbers are
shown 1n Fig. 6. I one does not agree with the assumed
preference rating svstem, one can give his own rating by
using the trigngular fuzzy number, showing perception ol
the linguistic variables, importance” and “appropriateness’

The dilferent criteria that were selected for evaluating
the merits ol the different landfill sites are: (1) environ-
mental and ecological impact. (2) transportation issues, (3)
impacts on historical markers. (4) economic impacts ol the
Jandfill und (5) public nwisance. These criteria are described
below. Transportation ol waste loads from the hauling
station Lo the landhill causes disruption of tratfic within the
city limits that cannot be clearly quantified in the decision-
making process. thereby requiring [uzzy description of the
criterig. Similarly, the possible impacts that can be caused
by landfll on historical markers in terms of uaesthetieal
impairment; bad odors etc. are critical and vague and
henee. require fuzzy concepts (o represent the importance
ol historical makers on the landfill selection process, lhe
criterion of economical impact reflects the possibility of
decrease in land value in the neighborhood and alse in the
farming productivity ol the region, thereby affecting the
economy of the city directly. which is also vague in many
other ways. Public nuisaunce is another vigue bul impaortant
factor that refers to the feeling ol discomlort caused 1o the
public due to the construction and operation of a landfill in
the middle of a populous place.

The decision objective is to select the most appropriate
fandfill from seven different candidate sites. The different
alternatives are defined as L= L1, L2. L3. L4, L3, LD,
L7} and the decision eriteria are defined us € = (Tl EL
PN. EC. HM}. Tl = transportation  1gsues,
El = environmental and ecological impact. PN = public
nuisance. LC = economical impact. HM = historical mar-
kers!, Linkage between different alternatives with different
eriteria is shown 1 Fig. 7. There is o committee of two
experts (El and E2) who are called on for assessing the
appropriateness of “m’ aliernatives (L1, L2 L3, 14, .3,
L6, L7}) under each of *&" eriteria (| T, EL PN. EC. HM )
as well as the immportance weight of the eriteriu.

Lel 8y (fi= 1o 25 ciliib= 1 2 el =1, 20000 e e
raling Liﬁ-ﬁi_gn(.‘d to alternative A, by expert £, under
criterion C. Let 1, be the weighl given (o C, by decision

where
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Alternatives

L = Candidate sites (Alternatives) = (L1 12131413, L. L7]

C = Criteriae [T EL PN, EC, HM|

El = Envirenmental and ecological tmpact, TI = Transportation issues,
PN = Public muisance: EC= Economical hapact, HM = hnpacr on
historical narkers.

Fig. 7. Description of decision-making process.

maker £, The rating S;,; ol n experts or each alternative vs.
each criterion 1s aggregated. Each pooled rating is further
weighted by weight 17, according Lo the relative importance
of the & c¢riteria. Then the final score F,. fuzzy appropriate
index. of alternative A, is obtained by aggregating Sy and
W, which is finally ranked to obtain the most suitable
alternative (Chang and Chen. 1994). The experts give their
own preference rating for the dilTerent alternatives and
weights for different criteria by using the triangular [uzzy
numbers. Tables 4 and 5 present the rating done by the two
experts compuring the seven alternatives (i.c.. candidate
sites) against the fve criteria. The weights assigned to the
different criteria for decision-making are presented in
Table 6.

Following the method developed by Chang and Chen
(1994). this paper utilizes mean fuzzy operator to aggregale
the expert’s assessment. Lel & and @ be the uzzy addition

where S;,; is the average fuzzy appropriateness index rating
of alternative A; under criterion €}, and W, is the average
importance weight of criterion €. Thus. the fuzzy
appropriateness index F; of the ith alternative can be
obtained by ageregating S,,; and W,. expressed as

Ei=[(SneW))e(Snd Wa)d-@
(Sg @ Wl /k). (3)

Let Siy = (g 047 piy) and Wi; = (¢4, ayy. by) be triangular
fuzzy numbers. Then F; can be expressed as

= (¥ ) (4)
where
Y= Z (gpei/k). Q= Z (O3, /K),
i=1—=k =1k
L= Z (]J,l',fhf,"llrf\')a
==k

Onp = Z (Opi/n),  p, = Z (,:_J,-U-;’H}.
n

= j=1—n
G = § (01 /).
i=1—n
Op= Z ley/n). py= Z (P /n).
=1=n =1—-n
a = E (ag/n)
=1=n
for i=12....0001=12... .k j=12. .1
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Table 4
Fvaluation of different alternative against all eriteria by expert L)
Criteria Alternatives

Site | Site 2 Site 3 Site 4 Site 5 Site 6 Site 7
1 (06, 0.7, 0.8) (.6. 0.7, (L8) (6, 0.7 0.8) (0,60 0,7, 0.8y (b, 0,7, 0.8) (0.6, 0.7, 0.8) (06, (L7, 4.8)
PN (0.9, 095, 1.0) (04, 0.5, 1.6) {04 (L5, 0.6) (0.4 (15, 1.6} (o4, 0.5, 0.6) (4 0.5, 0.6) (0.4, 0.5, 0.6)
El (0.7, (L85, 1Y) (0.6, 0,65, 0.75) (4 043, 0.535) ({130, (.35, (Lob) (0.4, (145, 0.35) (0.5, 055065 (5, 035, 0L65)
¢ (0.65. 0,75, 0.8) (040, 0.45,(.5) (L5, 0.53, 0.65) (0,35, 0.6, 0,65) (.55, 0.6, 0.65) (DLS0, (L6, 0,75 (L5, (ol 10.75)
HM (0.50. 060, 0.73) (0.35, 0.6, 065} (11535, 0.6; 0.65) (0,35, 1.6, 0.63) (L33, (L6, (L63) (.33, (b, (1L65) (055, (Lh, 1L63)
Tahle 5

Evaluation

o different alternative against all eriteria by expert E2

Site 4

Site §

Site 6

Site 7

(43, 0.3, 0.535)
(.35, 0.4, 0.45)
(0.30, (.35, 0.40)
(.3 (.53 0.60)
(45, (1.5, ().35)

(0.4, 0435, 0.5)
(1.5 .35, (.60)
{130, 035, (L60)
(L6, 063, 0.7)
(0.45. 0.3, 0.35)

(0.5, 0:55. 0.6)
(0.5, 1.35.0).6)
(OL30, 135, ()40
(0.5, 0,55, (160
(0.45. 0,5. 0.55)

(0.3, 0.35. 0.4
(035, (04, 045)
(L35, (L6, (L63)
(0.5, (1.55. 0.6)
(0.45; 0.5, 0.55)

Criteria Alternalives

Site | Site 2 Site 3
TI (0,35, 0,6, 0.7(0) (0.35. 0.4, 0.45) (0.4, 045, 0.5)
P™ (0.4, 045 0.5) (5 .35, 11.6) (4, 043, 0.3)
El (.75, (L8, (L85 (1.5, 0.35, 0.60) (.55, D61, 0.65)
BEC (.7, 0.75, 08 (0.4, 045, 0.5 (6, 0.63, 0.7)
HM (0.45, 0,5, 01.55) (0.435. 0.3, 0.35) (045, 1.5, (1.35)
Table 6
Weights ol dilferent criteria by Lwo experts
Criteria Experts

El £

Ti (0.8, 0.9, 0.93) (0.8. 0.9, 0.95)
PN (04,095 1) (073, L8, 0.9
El (0.7, 075, (1) (083, 0.9, (.949)
LC (0.8, 0.9, 0.95) (0.7, 0,75, 0.8)
HM (045, 1155, 0.0) (0435, 0,55, 0.6)

Based on the aggregation functions. the fuzzy appro-
priate indices are obtained and presented in Table 7. This
information may help justify the final ranking among these

seven-candidate sites. Therefore, Lthe ranking values of

fuzzy appropriate indices Tor the alternatives were com-
puted based on the method developed in Chang and Chen
(1994),

Lét Fy (i =125
m alternatives. The maximizing Set M = [(x. [, (x) veR]
with

) {-'_-"' ),-’}{-‘:_-- ):!
_r’jm("".) i h { . T N

0 otherwise
and minimizing set G = = {(v. f, (¥))Ixe R} with

(v — x2) /() —x5), & <<,

.f“ {'T.) =

(] otherwise,

where  x) = inf S,

Ixifale) >0 for 1= 1.2,....91.

§= U = i FP

xs = sup 8,

a11) be the fuzzy appropriate indices ol

Defining the optimistic utility Uy, (F;) and pessimistic
utility UgA F;) for each appropriate index F; as

U (F7) = sup(f y(x) A [ yy(x)) and (3)

Ug(F) =1 —sup(f m(x) A S glx)). (6)
For i = 1.2..... where A means min.

Ranking value U'({F;) of fuzzy appropriale indices is
defined as:

Up(F)) =aUy(Fy)+ (1 —)Ug(F), 0=z<l. (7)

The value 7 is an index of raling attitude. It reflects the
expert’s risk-beuaring attitude. Let B = (¢. a. b) be o normal
triangular fuzzy number. The index ol rating attitude of an
individual expert is defined as ¥ = (¢—¢)/(h—¢) (Chang and
Chen. 1994). If ¥=>0.3. it implies that the expert is a risk
tover. II' ¥ < 0.5. the expert is a risk averter. II' ¥ = 0.3, the
attitude of expert 15 neutral to the risk. Thus, the 1otal
index of rating attitude. R. with the evaluation data of
mdividuals can is shown as

koo
R=143" "ay— ey)/hy — )

= |

ook i

+ Z Z Z(u,,,— — i) [ Pig — i) (fen - mkn).

i=l =1 j=I : [x]
From Egs. (4). (6) and (8), the ranking values U,(F) can
be approximately expressed as
Ur(F) = R(Z; —x\)x2 —xy — O, + 7))
+ (1= Rl —(x2— YV ) /(x2 —xy + O, + V)]
()
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luhle 7

'|—-'uu_v '.:1.1-[11"_3pri'.11\:11u:'~r- indiees for the seven alternatives

Alternatives Iruzzy appropriateness imdex
Site 1 (0:453363. 033988, (1,63963)
Site 2 (03405, (142463, 0.51308)
Site 3 (034713, 043275, 0.52353)
Site 4 (033163, 041638, 0.49888)
Nite » (0L.35523. 04415, 0.533055)
Site 6 (034425, 0,434, 03311

Sile 7 [(L33525, (L4235, (L52023)
Tuble &

Rankirig values of the different alternatives

Alteratives Ranking vilues

Site | (). 786689
Qite 4 () 380556
Sile 3 0.371734
Site 3 (1:342253
Site 6 (. 340457
Site 7 0310792
Site 2 0. 266668

And the ranking values of the (uzzy appropriatencss
indices lor allernatives are presented in Tahle 8. Sie |
exhibits the highest potential in this site selection process.

4. Discussion
4.1, Advantages and disadvaniages of the approach

The methodology followed in this paper dilTers from the
conventional methods of integrating GIS with MCDM [or
landfill selection because the approuch lollows two
sequential steps rather than a full-integrated scheme. In
the first stage. GIS-based analysis of spatial data has been a
new specialized process, capable of analvzing complex
problem of evaluating wvarious geospatial features for
targeting potential areas lor siting landfills. While GIS
offers unique capacities for automating geospatial analysis
[or sereening all possible sites. data availability can prove
1o be a limiting lactor in its application for selection of a
landfill. Landfill selection process can lead to situations in
which certain criterta. such as public nuisance. economic
factors and impacts on historical markers, may cause
increased ambiguities in the decision making process due (o
lacking sulficient information. The candidate sites obtained
in the first stage can be narrowed down using a prescribed
MCDM process. Multicriteria  evaluation is  primarily
concerned with how to combine the information from
several criteria to form a single index of evaluation. In case
of Boolean criteria, the solution usually lies in the union
(logical OR) or intersection (logical AND) ol conditions.
However. for continuous factors in crisp MCDM process,
a weighted linear combination 1s a usual technique (Voogd,
1983). As the criterta are measured at diflerent scales, they

are stundardized and transformed such that all factor maps
are positively  correlated with  smtability.  Establishing
factor weights is the most complicated aspect. for which
the most commonly used technique 1s the pair-wise
comparison matrix. In response to the vague (fuzzy)
conditions. domain experts in the second stage gol
mvolved. By including the expert opinion and combining
them with the power of Tuzzy and MCDA vielded a crystal
structure very much dependent of the screening values of
data sets. This can be enormously advantageous in solving
controversial political debates in the future. The advantage
ol this method is therefore placed upon the capability to
incorporate the knowledge ol the domain experis in the
uncertain decision making process when there is a lack ol
crisp information related to certain eriteria, such as public
nuisance and impact of landfll on historieal markers.
However, the disadvantage of this method is that the
selection of the best candidate site 18 dependent on the
judgments of the domain experts and can be sensilive 1o
changes in the decision weights associated with criteria, In
certain situations. two cxperls may have contradicting
Judgments about suitability of a candidate site. Hence, il is
required to assess the extent of dilference or similarity
between the two experts in association with decision
weights, Where the experts are [oreed o give ranks to the
pre-defined candidate 7 sites, the selections are only made
among these (i.e.. site 1 is better than all other 6 sites). But
some might argue that it may not be the very best ideal
case. If the screening process is loosened a little bit may be
a candidate site § will appear and may be al some criterion
it will score more. To respond Lo this challenge, a field
check was done in the carly stage and in the middle of this
study to ensure that site 1 would also be the approved one
at the field eventually.

In this study the decision weights are provided by the
decision mukers as a triangular fuzzy number and therefore
overlap of the triangular fuzzy sets (shown in Fig. 8) 1s used
as a similarity measure belween the two experts. The
overlap measure indicates the extent to which the two
experts agree upon cach other lor the importance of a
particular criterion in the selection ol a landfll. The
overlap measure for the cach of the criteria was estimated

Membership
Value

1.0

Criteria {Overlap Measure %)
Transportation tmpact ( 105 ) Public Nuisance (0% ) Ecological Tmpact (0% )
CEconomic Factor (0% ) Impact on Historical Markers ( 050

Fie. 8. Mustration of similarity measure hetween bwo expers.
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mdhematically
such overlap measure lor the erterin T1 and HM are 100%,
whereas there was no overlap between Lthe weights for the
eriteria PN, EI and EC indicating that there 18 & murked
difference between the experts in their judgments of the
impertance of the three criteria (PN, El and LC) in the
selection of a landhll. The discrepancy in the judgment
helween two experts can have u significant impact on the
selection process. which can be mmninnized by having more
experts o provide assessment ol the decision critera
weights, The overlap measure can thus provide vital
information related to the similarity between the experts
involved in the decision making process.

4.2, Sensitivity analysis

In o landfll selection process, it becomes necessary Lo
assess the reliability of the method involved i adentifica-
tion of the best candidate site. A small perturbation in the
decision weights may have a significant impact on the rank
ordering of the sites and subsequently change the best
choice. Therefore. sensitivity analvsis using Monte Carlo

simulation was performed to determine the probability of

changes in rank ordering. Hence. the decision weights were
svstematically varied Lo investigate the relative
the weights on the rank ordering ol the landfill sites, The
weights for the five different criteria provided by the
experts as triangular [uzz
20% provided that @ latin hypercube sampling ol the
mputs was used (o conduet such a simulation. The results
of 100 simulations were shown in Fig. 9. 11 can be observed
that sitel still completely dominate all the other sites
despite a certain degree ol vartations in the decision
weights, With the aid ol 100 simulation runs, 1L indicates
that the ranks ol the seven-candidate sites remained the
same as shown in Table § except [or candidate sites 2 and 7.
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as illustrated in the figure. The values of

impacts of

y selwere varied within « range ol
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Candidate site 7 occupied the last rank 49 tmes out of the
100 stimulations replacing site 2. thus demonstrating the
fact that site 7 and site 2 perform identically with respect to
the decision criteria selected according to the two experts.
I'he fact that the perturbation of the deelsion weights hasa
small impact on the ranking ol the candidate sites reveuls
ol dommation of the candidate sites is
in the decision weights

that the degree
almost independent ol changes
associated with selected criteria.

5. Conclusions

The increasing generation of MSW in the LRGY is one
of the greatest challenges faced by governmental autho-
rities, In order to mitigate the impuacls on Lthe enyironment
and public health. a cluim. which requires a fast decision-
making process regarding the final disposal of the MSW,
motivates this study. Research findings show thal a SDSS,
featuring a well-structured architecture and the computa-
tionul power. improves the application potential in urban
and regional plinning, and gives essential support to the
decision-maker in the assessment of the waste management
problem so thal a higher level of understanding can be
reached in regurd Lo environmental decisions. In order to
gain an all-inclusive perspective, the process ol decision-
making consisted of a two-stage analysis, beginning with
an inttial site sereening followed hy o detailed assessment ol
the suitability ol the candidate sites using ¢ FMCDM
approach guided by a panel of experts i the site selection
process. The first-stage analysis was successful in pre-
liminary
sensitive areas while retaining sullicient ureas lor [urther
evaluation at the same time. Within the recovered luzzy
reaion in the second-stage analysis, MCDM methed
smoothly incorporated the mformation provided by two
leading to Ffulfill the ranking of the seven

landhill site sereening leading (o exclude the

experts

0.67

| A ) Site 1

0.62 4

0.67

0.52

0.47

0.42

Ranking Values (FAl)

0.37

60 a0 100 120

Simulation Runs

Fig, 90 Monte Carlo simulation showmg the changes o rambkinge values of the candidate sites.
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alternatives with respect Lo [ive dilTerent criteria. All the
criterta were eventually aggregated 1o select the most
suitable site in terms ol ratings given the fact that luzzy set
theory may aid in justification of the uncertainty in
decision-making. In consequence. a SDSS may strengthen
the generation and evaluation of alternatives by providing
an msight of the problem among the varied objectives and
granling essential support to the proeess ol decision-
making under uncertainly (Malcezwki, 1999; Sharili and
Van Herwiynen. 2003), With such an efTort. it is concluded
that “sile 17 located near highway 77 closer to Camer-
on-Willacy boundary is the most suitable site for landfill
based on an imntegrated GIS and FMCDM analysis. A
sensitivity analyvsis was conducted Lo assess the reliability of
the ranking of the candidate sites using a Monte Carlo
simulation by changing the decision weights associated
with sclected criteria. The results indicated that the
candidate site | sull completely dominate the other sites
despite variations of the decision weights within a range of
20%. Overall. GIS thus offered the meuans to identify seven
potential landfill sites based on well-defined criteria, which
were later ranked according to the preferences provided by
two domain experts that were based on their experiences
and knowledge of the dvnamics of the Lower Rio Grande
Valley using I'MCDM. FMCDM ollered the capacity 1o
incorporate the opinions of the domain experts that can be
uselul i the future to settle political debate regarding the
site selection. Such procedure was eventually proved useful
in the case study identifying [avorable areus for waste
disposal in a fast-growing urban region in south Texas.
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Abstract

This article investigates allitudes towards co-management of protected areas in Sweden. at the natonal, county and loeal level. In
Sweden. protected arcas are still primarily designated and managed hierarchically—u practice increasingly contested by people living
close to them, including indigenous Sami reindeer herders whose économic activities are located within protected areas. The general view
eould. on the contrary. he anticipated to be pro-state since protected areas are considered 1o be ol natonal interest. For democratic
reasons. however, the opinions of the whole population should be considered. In order to measure both local and general views, this
study 18 based on u two-sample survey of 8868 respondents. The objectives are to map and cxplain attitudes regarding who should
manage protected areas in Sweden, and 1o test the uselulness of a multi-level quantitative method. Such an approach 1s unusual in co-
management literature that is empirically mainly based on local case studies. The explanatory ambition sets oul W test three hypotheses
drawn from common-pool resource theory: resource dependency. common understanding, and trust. Perhaps surprisingly, the results
show that o considerable majority ol the respondents (at all levels) wish to sec sclf- or co-management. All three hypotheses are
important to understand attitudes toward the management of protected arcas. bul not always in the way that the theory aniicipaies,

(2007 Elsevier Lid. All rights reserved.

Kevwords: Co-munagement: Prolected areas: Swedish mountain region

1. Introduction

The overall aim of this study is to map and explain the
attitudes towards who should be involved in the manage-
ment ol Swedish protecled arecas—28 national parks and
about 2700 nature reserves (Naturvardsverket. 2006a).
covering n total about 10% of the land surface (SCB.
2006). About 90% of the national park surface and 84% of
the nature reserve surface is found in the mountain region
(Naturvardsverket. 2006b). The first national parks were
designated in 1909, and since the mid-twentieth century the
amount ol protected areas has increased tenfold. Even
though recent government recognition of the importance of
local involvement (Skr. 2001/2002. p. [73). nature con-
servation is still a traditional. hierarchic business run by
central and county authorities. This practice is increasingly
contested as small, relatively marginalized communities

el - 4600 TRO6ISS: fux: + 4690 TRE 6081
L-miail address: annazachrissona pol.umu.se,

0301 -4797/% - see [ront matter © 2007 Elsevier Lid. All rights reserved.
don 0 1010/ jenviman. 2007.01.010

and the indigenous people. the Sami. are demanding more
miluence on how large nature reserves and national parks
are managed (Radelius, 2002).

This situation must be viewed in the light of interna-
tional developments during the last decades: something
that can be described as a paradigm shift has actuallv
taken place m nature conservation ideology. It is slowly
being recognized that for a protected area to be legitimate
in the eyes of local populations, they need to be involved in
the decision-making process (Nepal and Weber. 1995:
Ghimere and Pimbert. 1997). This is emphasized in, lor
instance. the Agenda 21 (Secuon 15.3), the UN Convention
on Biological Diversity (article 8 (j)) and in the 1LO
Convention 169 (concerning indigenous peoples” rights).
Co-management procedures are believed to have the
potential to reconcile clashing interests by establishing
conflict resolution arenas (Pinkerton, 1989). In this way,
both conservation and development goals could potentially
be achieved. One important question 1s, however, whether
these local demuands are representative of the general
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opinion m the country, Nature conservation is not done
hrst and foremost o protect the environment lor local
people. but o protect important natural assets. both lfor
biodiversily reasons and For Future generations. Hence. the
opimions of all citizens, not onlv the local population.
should be heard and considered.

One common way Lo ehcil opimions is Lhrough random
sample surveys. Such o guantitative approach is rather
unusual v the context ol studving and analysing pre-
requisites for co-management, but could possibly result in
new, important msights. Co-management literature relies
mainly on numerous local case studies. either designed as
single-vase studics or as comparisons ol multiple cases.
General attitudes. however, have been much less analvsed,
even though these ought to influence the sucecess ol co-
management initiatives, Understunding the role ol api-
nmons 15 crucial to the realization ol lTully demoeratic
processes in cases dealing with complex, multiple-use
natural resources of national and global mterest.

The co-management field of research actually has a
general lack of theory. not least due to the lack ol a clear
and concise definition of the notion of co-management
itsell {(Pinkerton. 1989: Campbell. 1096; Berkes. 2002).
Nevertheless. researchers such as Jentoft (2003) state that o
broad definition is necessary smee co-management will not
look the same n dilferent settings, In Sweden. co-
management ol protected arcas Is a rather new phenoni-
enon and s forms vet to be established. and therelore it
nkes sense W ask the citizens who they wish to include in
the decisions aboul management rules for protected areas.'
In this survey this has been done. as o way 1o narrow down
the broad concept ol co-management norder to apply it
on Swedish protected areas.

Quantitative methods, such as regression and factor
analyses, are uged Lo bring together multiple variables in
order 16 control for spunous relationships. Here. logistic
regression analysis s applied (o investigate whal luclors
might explain the preferred management solution in
Sweden. What characterizes opponents and advocates of
dilferent management forms? [n answering this question,
three hypotheses will be tested. derived {rom the more
general field af common-pool resource research twhich co-
management is part of). and hereby the potential of a
quantitative survey approach for analvses of common-pool
resouree management can be evaluated.

Thus, the objectives in this article are twolold: to map
and explain the attitudes regarding who should manage
protected wreas. and o test the usefulness of quantitative
melhods inoa research held where such an approuch is
nnusual. Seetion | outhnes the theoretical
deputture, while the methodological considerations are
found in Section 2. In Section 3. the empirical results ire
exposed: the support for the principal management

T shonld be noted thougel thal co-management s ot thal new as o
phanairenan 1 Sweden_ fhere tre eximples of comanuged Jakes. (oresis

atd otler notbaral resourees,
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solutions is reported and logistic regression analvses arve
used 1o expluin these chotees. Section 4 contains the general
discussion of the results and the conclusions.

2. Protected areas, local resistunce and co-managenment

The estublishment and management o protected areas
are statutory and mternational obligations (or states. as
shown lor example by the LN Convenlion on Biologicil
Diversity and the Habitats Directive of the Europeun
Union. Tt s sull one of the major strategies Lo achieve
wildlife conservation and protection of biodiversity, since
protected ureas are seen us a4 powerful means lor ensuring
the continuity ccosvstems and  the [Tuture
availability of Hmied nutural resources (Mulder and
Coppalillo. 2003: Gorenllo and Brandon. 2006), Often,
liowever, proposals [or establishing protected areas are mel
with protests from local residents living in. or close by, (the
ared insquestion (Stevens. 19971 Since the majority of tand
areas proposed lor protection are so-called pristine ceo-
systems and areas with high nature values (for reereation
andor bodiversity) they are mostly situated 1 rural areas
(Brandon et al,. 1998). Some people in these areas may lear
that the protected aren will severely restrict their economie
activities. which are often based on natural resources. and
also their freedom of access (Brechin el al.. 2003 ). The lirst
empirical question to be answered is. thus. whether there 1s
i difference in locul populations” coneerns in urhan
compared to rural areuds.

ol fragle

21 Prorecred areas as commonspoot resourees

Qstrom (1990, p. 3 defines common-paol resources as
i natural or man-made resource system that is sufficiently
large as w0 muke it costly (but not impossible) (o exelude
patential beneficiitries from obtaining benefits from ity
tse™. These resources all share two important characier-
stics: (1) subtractabihity or rivalry, which means that
consumption ol resource units removes these units Lrom
those availuble 1o others and (2) dilficulty in excluding
patentiul beneficiaries Itom access Lo Lhe resouree system.
whiclh creates a risk of Iree riders who may use the resouree
without contributing (o (Berkes, 1089
Ostrom. 1990: Ostrom et al.. 1994). Preventing decess by
users who do not follow the rules is costly. which makes
exclusion costs a core problem lor the muanagement of
commons. There 15 also a lmit (o the number ol resource
units that can be produced by a common-pool resouice.
When this limit g approached. crowding ellects are
produced. and in the Tong run the reproduction capability
ol the resource may be destroved (Ostrom. 1900),

Protected ureas may bhe considered a8 comman-poal
resources. Anttila (1999) has suggested thut e vast,
sparselv  populated mountain  landseape  in
Sweden fits Ostrom’s definition ol a commons. These
protected areas are non-excludable sinee they are nearly
impossible (o parcel and lenee . not only phyaeally and

its provision

northern
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acsthetically, but also politically, since the mountains are
thoueght of as belonging to evervone. according to the
Lraditional right of public access.” These areas also have the
characteristic 01\:suhlructubi]it}-‘. since they are defined areas
ol land that could potentially become overused—in
particular in the sense ol being too crowded,

According to Hardin (1968). degradation is inevitable
whenever many individuals use a scarce resource in
common, He termed this situation a “tragedy ol the
commons’. The (ragedy was illustrated with the example
ol the rational herder who adds more and more animals Lo
the common grazing lands. The herder will immediately
recetve Lhe direct benefit of his own animals while he will
only bear a small share of the costs resulting Irom
overgrazing. Almost a decade earlier. Gordon (1934,
p. 133) concluded that “everybody’s property is nobody’s
property”, The solutions to avoid this tragedy that both
Hardin and Gordon came up with were privatization or
centralization ol management decision-making. Unul the
19805 other scholars generally agreed with their analyses.
but then a shift in research priorities began to occur. Many
hook-length studics and edited volumes concentrating on
both examples of self-management and co-management
have been produced since then. leading to a serious
rethinking of the common-pool resource problem (McCay
and Acheson, 1987: Berkes. 1989: Pinkerton, 1989; Ostrom.
1990; Bromley. 1992; Ostrom et al.. 2002). A rich case-study
literature has also evolved to document cooperation on
commeon-pool resources (Lam, 1998 Wade. 1988: Gibson
ct al, 2000), Much of this research has been aimed al
showing under what circumstances more focally based forms
of meanagement appear and succeed. and it is clear thal
alternatives exist to privatization and centralization,

5

2.2. Self-management and co-management

In the groundbreaking “Governing the Commons™
Ostrom (1990, p. 25) discusses sell-organization. which is
defined as o group ol principals can organize themselves
voluntarily to retain the residuals of their own elforts™.
Jentolt and McCay (2003, pp. 298 299) describe the same
type of management as “communily-based management
[...] a highly decentralized management system wherebv
some or all authority rests at the local community level ™. In
this article, such a management solution will be referred to
as welf-management. In the Swedish context. it seems
reasonable to include management at the municipal and
sub-municipal level as self-management (specificallv. mu-
nicipalities, Sami communities. I any, and within local
populations). The municipalities are included because they
have in gencral a rather independent position in relation to

“T'he Swedish term “the right of public access™ means that everyone has
the rght 1o use the countryside. but this Ireedom must not infringe upon
the freedam of others. The lundseape or animal lile 15 not to be damaged.
and consideration lor both landowners and for others who are out in' the
countryside must be shown (Nalurvirdsverket. 2006¢).

the central government. and local eroups have quile good
possibilities to miluence this level.

Co-management research can be considerad ag 4 sub-
ficld of common-pool resource research (Pinkerton, 1989;
Baland and Platteau. 1996: Jentolt. 1998). Co-management
has been defined as “‘the sharing of power and responsi-
bility between government and local resource uscrs”
(Berkes et al., 1991). which means that it covers a wide
range of arrangements at the interface between the state,
the civil society and the private sector. [Uis often pointed o
as a solution for the future by common-pool resource
theorists (see for instance Berkes. 1989: Berkes and Folke.
[998; Dietz et al. 2002). In Sweden, co-management of
protected areas would. in accordance with the discussion
above about the role of the municipalitics. mean that the
Swedish Environmental Protection Agency andfor county
administrative boards would share power with municipa-
lities and/or local users (and potentially also other actors
such as research institutions).

2.3 The TAD-framework

The Institutional and Development Analysis (LAD)
framework has been used extensively in the efforts to
better understand common-pool resources (see for instance
Oakerson. 1992: Imperial. 1999, Carlsson, 2000: Rudd,
2004). Tt outlines lavourable conditions for robust com-
mon-pool resource management in terms of five contextual
components:  biophysical and technological attributes,
exogenous attributes (the macro-economy for instance).
organizational/institutional attributes and. finally, commu-
nity attributes (Edwards and Steins. 1999; Deolsak and
Ostrom, 2003). Since, the focus of this study is the opinions
ol the Swedish people on management issues, il only
concerns the community attributes, und therefore the
others will not be Turther discussed here.

The community attributes are: (U1) users are dependant
on the resource system for a mujor portion ol ther
livelihood, (U2) users have a common understanding of
the resource and of how their actions affeet each other and
the resource, (U3) users’ relations are built on trust and
reciprocity (direct communication), (U4) users are able 1o
determine access and harvesting rules without external
authorities countermanding them, and (U3) users have prior
organizational experience and local leadership (Ostrom,
2000). Two more attributes are often discussed as well. but
the results on their impact arc ambiguous. These are the
extent of heterogeneity in the community (ethnicity. gender.
and interests) (Baland and Platteau, 1996; Bardhan and
Dayton-Johnson. 2002) and the size ol the commumty
(Ostrom. 20035), In this study, only the first three atlributes:
(U1). (UU2), and (U3). will be tested smee the data material
does not include any measures for the other conditions.

2.3.1. The dependency hypothesis
Resource dependency, Ul. is considered a crucial
factor lor understanding local common-pool resource
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management. Baland and Platteau (1996, p. 287) express
Lthis eriteria as follows: “the more vital the resource for
survival the gredater the chances af success™. Carrus et al.
(2005, p. 240) propose that the designation of a protected
arcd may be conceived as “u type of commons dilemma,
particularly for those local stakeholders who derive
their daily sustenance [rom the exploitation of natural
resources within the protected area™. Residents must
choose whether to comply with the regulations and limit
their individual exploitation of natural resources within the
protected areas. Research on rural resistance against
carnivores confirmy this idea; catile owners. such ay sheep
farmers and reindeer herders who lose animals to
carmivores, and  people primary sectors
(agriculture, forestry. reindeer herding. and
mining). are the strongest oppenents ol carnivores (Wilson.,
[1997: Svarstad. 2003). Stoll-Kleeman (2001) advances the
idea that it may just be the impression of facing restrictions
on traditional day-to-day activities due 1o nature conservi-
tion regulations that triggers emotional and  cultural
drivers. To summarize this argument, it seems plausible
that individuals with a high degree ol dependence (real or
imagined) on the resources in gquestion would be lavouring
self~ or co-management in which they could expect a higher
degree ol influence.

mvolved In
fishing,

Hyxpothesis 1: Those mvolved in, or dependent on. the
exploitation of natural resources are more positive towards
sell-management/co-management than those who are not.

2320 The common understanding hvpothesis

That resource users have a shared image ol how the
resouree system operdates and how it is alfected by their
actions. U2, s another important asset ol success(ul
common-pool management (Gibson et al.
2000). The ‘use’ of protected areas is traditionally non-
consumptive; it is about activities such as hiking and skiing
for the purpese of recreation. At the same time, these areas
have often been used For hunting. fishing, agriculture, cle.

resoulce

before becoming protected, und with the new paradigm of

how protected areas are 1o be managed the acceptance [or
continued consumptive use has increased (Folke. 2006).

Such use should, nevertheless, not threaten the amms ol

protection. In conservation debales. urban people are often
believed Lo represent the purist” view on protected areas as
protected from all kinds of activities, while rural people
represent  (he consumptive users, This view is highly
simplistic; neither rural communitics nor urban centres
can bhe congidered us unitary actors or groups (Skogen and
Krange., 2003). Heberlein and  Eresson (2003)  have
suggested that the categories urban and rural are too
bhroad as there are various viewy within both that are
related o previous experiences, such as where you grew up,
affecting your opmion. However. Stoll-Kleeman (2001)
has shown how local resistance agains! the designation and
management of protected areas is formed by group

processes  encouraging  social identity  logether  with
communication and perception barricrs  between  Lhe

involved groups. She gives evidence thut “‘there are
powerful emotional and cultural drivers that divide nature
conservationists and local land users and residents into two
camps, mainlained by stereotyping and group bonding™
(Stoll-Kleeman, 2001).

In the present study, it s dilficult to measure the degree
ol common understunding correctly since different user
groups cannot be discerned. Respondenty living in urban
and rural areas who could be expected to represent
different uses to some degree (or at least opinions as
discussed above) can. however. be distinguished. Local and
national—that will be primarily urban—views will thus be
analysed here. This simplification does not imply that these
two groups are considered o be homogenous, but that a
majority within cach group probably shares a similar view
on the particular issue of protected areus.

Hypothesis 2: II' people living close to protected arcas and
people living i cities have 4 common understanding of
whether protected areas should be designated. why they are
mportant, and what activities should be allowed 1n them.
sell= or co-munagement will be preferred.

2.3.3. The trust hypothesis

The criteria U3 states that users who (rust each other
are more likelv to socceed 1o ereale institutions for
managing common-pool resources (Dolsak and Ostrom,
2003). Ostrom (1998, p. 14) has stated that “the individual
attributes that are particularly important in explaining
behavieur in social dilemmas include the expectations
individuals have about others’ behaviour (trust)”. This
further underlines the essentinl role that trust may play.
Trust alfects human relations so that an individual who
expects that her initiative to cooperale will be reciprocated
is more willing to do just that. which mn turn would
[oster self-management regimes. Trust 1s nol only necessary
for self~munagement to succeed, but also for democratic
practices in general. For instance. Rothstein (2003) has
found & correlation between trust in other people and
trust in public institutions such as the parliament and
the police. From his results it is, however. not possible Lo
decide in which direction this correlation works. e if
it is trust in other people that leads to more trust in
institutions or the other way round. He also shows that
individuals with a high level ol trust in other people have
i more positive view on democracy. while those who have
i low level of trust only have confidence for a very
small number of persons. This could be interpreted as
though the ‘low-trusters’ would prefer self-management
since il presumably could involve people they 1rust,
Co-management, on the other hand, requires cooperation
between different levels and therefore it would imply
that its supporters trust not only other people in general.
but also politicians and the democracy. The hypothesis
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that can be formed with the help of Ostrom and Rothstein

1s thus:

Hypothesis 3: Persons with a low level of trust in other
peaple in general. politicians and democracy are more
positive towards sclf-management. while those with a
high level of trust in fellow human bemngs. politicians
and democracy are more positive towards co- or state
].'l'.li.llli.lgC]llCl'll.

3. Methodology

The analysis in the present study is based on a mail
survey conducted by the Mountain Mistra Programme,
carried out in collaboration with the five northernmost
counties and the Swedish Environmental Protection
Agency during March and April 2004. Respondents were
contacted a maximum of four limes (pre-warning. ques-
tionnaire, 1st and 2nd reminder). The survey covered
opinions about protected areas. carnivores. and fishing
hunting. It consisted of two random samples taken from
the national population register: the first consisting of 130
permanent inhabitants [6-65 vears old from each munici-
pality in the Tour northernmost counties Dalarna. Jimt-
land, Viisterbotten. Norrbotten (in total 7800). and the
second included 1067 persons [Tom the rest of Sweden. The
response requency was 63% in the mountain counties and
7% in the second sample of 1067 mdividuals. As it is used
in this text. the term “national sample™ actually refers Lo
hoth samples since together they represent the general view
of Swedes. when the answers [rom the four mountain
counties are weighed in relation to their proportion of the
population. Answers [rom the mumicipality sample are also
weighed according lo population when thev are used for
regional comparisons.

The dependent varable 1s constructed [rom the following
question: Which of the following institutions should deeide
management rules for protected areas—the state. the
county administrative board. the municipality. the local
population. and/or the Sami communities?’ Three oul-
comes will be examined and. in accordance with the
managemenlt solutions outlined in the theory section. they
are: self-, co- and state management. These are constructed
as dichotomous or dummy vartables (0 [or absence of a
management alternative and 1 for its presence). As logistic
regression analvsis is the preferred tool to use when dealing
with categorical. non-continuous variables such as dummy
variables (Pampel, 2001). this is the method employed here.
It can, Tor instance. be used to analyse how different factors
influence individuals® choices between different alternatives.

“The Sami communibies dre the legislative units for the organization of

reindeer herding. which is the only way to access immenmorial Sami rights
ol not only remdeer herdimg but also lishing and hunting on “traditionally
used lund’, Sdmi connnunitics are not allowed o engage in amy other
geonomic activities than reindeer herding. All this js specilied in the
Remndeer Herding Act (SFS 1971, p. 437)

The response frequency for this particnlar question was
somewhat lower than (or the survey as a4 wholc: 2.3% of
those who replied did not answer this question and 14.4%,
did not have any opinion. Drop out analyses show. first of
all, that women and unemployed are somewhat oyer-
represented among those answering that did not have any
opinion. Secondly. highly educated and people with high
incomes are under-represented. Among those who did not
answer the question at all. many had not rephed to the
demographic questions either, but women and people with
high incomes are over-represented.

4. Results

In order to investigate whether Swedes want co-manage-
ment at all. dummy variables were constructed for all 31
theoretically possible combinations of the actors men-
tioned in the survey as potential protecled darca managers.
These were labelled under three main categories according
to the definitions above: sell-management (all combina-
tions including the municipality andjor the local popula-
tion and/or the Sami communities), co-management (state
and/or county administrative board AND municipality
and/or population and/or Sami communitics), and stale
management (slate and/or county admimstrative hoard).
These three “uggregated” management solutions were then
used as dependent variables for the regression analyses.
The results are summarized in the continuum in Fig. 1.
which shows that self- and co-management solutions have
a strong support ameng Swedes—about 653%, The county
adminmistrative board is a slightly more popular co-
managentent partner than the state; 17% ol the respon-
dents include the county administrative board. 13.3% the
state and 9.5% both. State management, which is the
general rule today. is preferred only by 8%, thus
constituting a clear minority. This must be interpreted as
though Swedes wanl more diverse actors to be involved in
the management of protected areas: 25% even wish to have
sell-management and thus an enurely locally controlled
management.

4.1 Urbaitfrural cleavages?

The basic assumption behind the discussion about
protected arcas is thal popular resistance develops in rural
areas where protected areas are most often established. In
Sweden. protected arcas are highly concentrated to the
mountain region. which means that land use confliets due to
the designation of protected arcas ought to be more acute
there than in other parts of the country. The mountan
region is located in the western municipalities of the four
northern-most counties of Sweden: namely in Dalarna.
Jimtland. Visterbotten, and Norrbotten. In order to test
the assumption about urban/rural cleavages, the frequen-
cies of resistance are compured between the mountain
region. the mountain counties and the national sample.
The analysis thus aims to reveal possible urban/rural
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Self-management
n= 119 (25%)

Co-management
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State management
=84 (189 )
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cleavages between the mountain region and the national
level. but also within the mountain counties where urban
centres are located at the coast.

The results show that the attitudes in the mountain
region are indeed different from the national sample
(Table 1). First, it should be noted that the dropout is
about 9% lower in the mountaing than nationallv. Thus.
one explanation to why the mountain region distinguishes

itsell could be that its inhabitants have more experiences ol

protecled areas and therelore more firm opinions aboul its
management, While self-management is preferred by 38%
ol the respondents in the mountain region. only about 23%,
in the national sample and 29% in the samples from the
countics support this alternative. By contrast. the slate
management alternative 18 prelerred by slightly  lower
numbers in the mountain region sample—about 3% less
than in the other samples. However. the support [or co-
managemenl 18 more or less the same m all samples—just
above 40%.

In order to identify outhiers in the mountain region.
municipality frequencies are also anualvsed (see Table |).
For comparison, (wo non-mountain mumcipalities from
euch county are included (marked with italics in the table).
Two outliers can be discerned among the mountain
municipalities; Sorsele. situated 1 Visterbotten, and
Malung. in Dalarna, with 33% and 54% ol respondents.
respectively, supporting sell-management. Are. a ski resort
municipality in Jimtland. shows the lewest support (27%)
for sell-management. Morcover, the support for self-
management is about 10-20% lower in the non-mountain
municipalities.

4.2. Explaining the differences and testing the hyvpotheses

42,1 Urban/rural impuct

[0 [urther examine the resulls of the above descriptive
analysis, the regression analyses were begun by testing the
explanatory power of the assumed urban/rural divide
between primarily the mountain region and the rest of
the country. First. a general variable measuring the degree
ol urbanization where respondents hive was ereated. The
results of these logistic regressions are shown in Table 2
(round a), showing that the degree of urbanization is only
significant for state management. [herealter 1 dummy
vatiable for respondents living in and outside of the
maountam :'e‘ginn was constructed (round b), which pl'm-’ed
(o be significant for the self-management solution. When
compating both variables at the saume time (round ¢). the
urbanization variable becomes significant lor state man-
ggement and the mountain variable lor sell-management.

Table |
Support for the three management alternatives i Sweden. the mountam
counties wid the mountiin nunicipahtes (")

Sample Self- - State
mimugemen| manidgement M e gelment
Sweden 5 40 | &
Mountaln region 3k 41 14
Average counties 249 42 17
Dl 32 41 |4
Alvdalen Bl 42 &
Mulung 54 2 11
Mura an 31 17
Falinr 2 #2 18
Famthand 26 46 15
Iirjedalen 40 37 16
-\ re a7 45 13
Bery 3 37 }7
Krakam 30 40 23
Strevmsund A2 B 10
Oxtersiid 20 31 14
Bidoke 20 3 I
Visterhotten A 40 (K]
Storunian 42 37 Il
Sorsele 55 35 4
Daoyrolen 43 A0 u
Vithelmini 40 40 7
Limed N 3N 22
Siteellefiea 2 43 16
Norrbotten 29 4% 21
Arjeplog 34 32 [
Jokkmokk i 44 :!
Gallivare 38 42 20
Kirumu 40 41 k2
T g 30 a3
Pitea 2 41 2

State management supporters thus tend Lo live in more
urbanized areas. while self-management supporters tend 1w
live in the mountain region. It 5. however. obvious thal
there is a need for complementary explanations due (o the
very low R--values (ranging from 0.000 to at most 0.004)
that measures the overall fit of the lested model.

42,

Departing Irom the theoretical considerations presented
above. three subsequent logistic regression analyses were
conducted (o test the hypotheses. In a very first test ol the
overall regression model. both the wrbanization and
mountain variables were included in order to control their
reul effects when compared Lo alternative hypotheses. Only
the urbunization variable turned out to be significant and
therelore the mountain variable was excluded 11 the model

Overall regression model



1o

-

I'able

urhanization gnd mountain variables

Loaistic regression analyses

cmenl

4

Stale mana

Co-minaeeiment

agement

3]
=
£ it
2=
[T
=
S Z
= =

0.000 (0,032

—(L047 (0.026)

—044 (0,026

(RO E (0,028

0,475 (0,235

e
(2l
o
T

(LOES (00335

319y

—0,458 (0,

237)

—(1.229 (1)

—{, 168 (0,229

32)*

(480 (1.2

(BT

(0.1

286

{1

o

— .61

—0.076 (L0322 0094 (0.098)

R (0.0096)

!

.0

Ri6

2y

e

(Q_[22)A%=

g

3)

127

S

(003

SH27

o=
o]
7

[SRYTEN|

027

027

Constant

£
-
=
5.
3]
.
Pl
e
g

i

n, {B-vilues: SF within brackets.)

=
=
£

and ¢ heth urha

mountanmn,

urbanization. Iy

ds were conducted for each dependent varahble:

L Auehrisson | Jowrnal of Envivonntental Manvgeneat §7 (200810 154 164

presented here (see Table 3). Background demographic
variables were included in order to validate the results.

The effect of the urbanization model 18 actually
strengthened in the overall model, but for etfer manage-
ment solutions. When lested alone, urbanization was only
significant for the state management outcome. but when
tested together with the other hypotheses it is significant ut
the 0.001-level for co-management and at the (0.05-level for
self-management. Hence, co-management seems o have
more support in less urbanized arcas, while sel-munage-
ment quite surprisingly tends fo be more frequently
preferred in more urbanized arcas.

Dependency ( hypothesis 1); Three variables were used to
measure the effect of dependency: current or former
employment in primary sectors (agriculture, [orestry,
fisheries. reindeer herding or mining). how often house-
holds eal game meal that someone in the household has
hunted. and how important respondents lind fishing and
hunting to be for household economies. Emplovment in
primary sectors tends to make people more supportive of
co-management, while those emploved in other sectors
scem Lo support self-management. The latter resull is
somewhat surprising. in particular since the effect is high
(B-value —0.490) as is also the significance level (0.001).
However, the Irequency ol consumption of game meat is
only significantly related  to state  management;  the
tendeney is that the less often game meat is consumed,
the greater the odds Tor approval ol state management.
Co-management advocates tend to state that fishing and
hunting are economically important. while advocates of
state management seem (o think (he contrary. The
hvpothesis 1s thus venfied for co-management, which is

shown to be preferred by resource dependent people, but

not lor sell-management. It is also supported by the results
for state management supporters: they do not consume
much game meat and do not think that fishing and hunting
are important for household economies.

Common wnderstanding ( hypothesis 2): Another three
variables were used to measure the common understanding
hypothesis. The first one considers the opinions on the
quantity of protected areas m Sweden—whether there is
too little, enough or too much protected nature. The
findings indicate that self-management supporters think

that there is too much protected nature in Sweden. Those

respondents who prefer state management oppose this view
and tend to answer that there is Loo little protected nature.
These results are significant at the 0.001-level and B-values
are rather high (0.389 and —0.308 for sell- and siale
management respectively), which proves an important
effect of this particular variable. The second variable
measures Lthe degree of importance respondents assign to
protected areas in the mowntain region for sulislying their
general need of nature experiences. Co-management
supporters assign a high and significant importance Lo
those areas (B-value 0.272). while state management
supporters tend to consider them less important (—0.319).
For self-management advocates this varnable 15 not
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Logistic repression analyses—he three munagement solutions (B-values. 8L within brackets)
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Independent variables

Sell~munagement

Co-management

State mahapemeni

Urhan rural
Urbamization

Dependency
Primary sectors
LUse of some meal
Impaortance hunting and lishing

Common understanding
PA guantity
Importance PA mountiins
PA snowmobiling

Trust
Trust in other people
Trust in § politicians
Satisfuetion 8 demoeracy

Demographic variubles
hIE
Age
Lidueation

Constant
R (Nugelkerke)

(L0 (0.030)=

— (400 (O 15yt
060 (0,058)
—{.054 (0.037)

389 (0060 ) t==
—0.079 ((1.043)
D287 (D4R yE=%

D30 (013
—(LAREF*F 1 0.076)
0,093 (0.078)

(1420 (096 F==
0,019 {0.003)*=
—0. 419 (D.04Gyk==

— 1350 {0 4R+
0171

122 (033
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— L3532 (L H0G =
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0074 ((LO83)
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D073 (0.043)
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(083
529

0076 (.04

DS (021 54y
0165 (00765
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0308 (0004 F#
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0,162 (0035

U6l (0 130)%=
0070 (0.079)
(L3822 (00908

370 (0 0] ##
(LO23 (D00 xs
{0,384 (0.055)k==

—0.023 (0.322)
().132

5291

N 5291

Levels of significunee: =0, 03-level, *#=0001-level: =##0.00 [-level.

significant.  The third variable measures  opinions
about whether snowmobiling should be allowed in
protected areas. It s significant for all three management
solutions, Co- and state management advocales ure agaimnst
this. while sell-management supporters would like to allow
snowmobiling,

These results imply that the hypothesis cannot be
verified. since the differences are seemingly considerable.
However. these results must be mnterpreted with caution:
the hypothesis is actually supported when simple frequen-
cies arc analysed separately for the mountain region
and the national samples. The majority views are mote or
less the same in both samples, which mmply that the degree
of commaon understanding 15 high. and co- and self-
muanagement are also supported by both samples. Also
when frequencies for supporters-ol the different manage-
ment solutions are compared separately. the differences
appear Lo be rather negligible. Even so. there are important
minerities in the mountain region. in particular with
regard to whether snowmobiling and hunting should be
allowed in protected areas (33% for snowmobiling and
40% for hunting). For other forms of use of protected
areas (such ag fishing. commercial activities. fire and
tenting) the support is about 10% higher in the mountain
rcgi@n than nationally. It is worth noting also that a
majority of Swedes want riding and fishing to be allowed in
protected areas, and that these areas were designed to
factlitate visits,

Trust (hypothesis 370 Also the effect of trust was
measured by three variables: general trust for other people.
confidence for Swedish politicians. and satisfaction with
democracy. Co-munagement 15 supported by respondents
who tend to trust other people. while sell-management and
state management supporters have less trust in others. The
significance levels are high (mostly 0.001). as well as the
effects (B-values ranging from 0.311 to 0.332). which are
among the highest in the model. Co-management advo-
cates ulso uppear to have significant confidence in Swedish
politicians. although they are less satisfied with the Swedish
democratic system. In contrast, self-management suppor-
ters lend not to trust politicians. and state management
supporters appear satistied with the democratic system.
Most of these results arve also highly significant and with
rather high B-values, The hypothesis is partly verilied lor
all three management solutions, but for co- and state
management the results contradiet theory to some extent.

Demographic variables: Sex. age and education level are
all highly significant to explain preferences for self- and
state management. but nol lor co-management. Women,
older people and less educated tend to prefer scll-manage-
ment. while men. younger people and highly educated
choose state management.

Finally. it is also needed o take into consideration how
well the model describes, or fits, the observed data. Several
measures of “zoodness of fit” exist. and each of them may
give different results. There is considerable disagrecmont
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about which is best. and nonc of them has the scemingly
stratghtlorward interpretation that the multiple regression
coefficient, R?, has (Buttolph-Johnson, 20053). According Lo
Pampel (2001. p. 50). “Rescarchers should use these
measures as only rough guides without attributing greal
importance 10 a precise figure™. 1 have chosen to rely on the
Nagelkerke R*. which certainly does not represent ex-
plained variation. For my model it suggests that the
proportional improvement when adding the independent
vartiables 18 (1169 (or about 17%) for the sell-management
solution. 0,132 (about 13"%) for the stale management
solution. and (L0835 (about 8.5%) for the co-management
solution. These values show that this model can partly
explain why people want sclf-, co- or state management.
but since they are quile low further studies are needed Lo
fully understand what characterizes supporters of different
munagement solutions.

3. Discussion

Urban rural divisions are often discussed in relation to
issues o nature conservation such as protected areas and
carmivores. and the results of this study first pointed in this
direction too. Simple frequencies showed that people in the
mountain region. where the great majority ol pretected
areas are lound. actually had a slightly dilferent view.
Here. the support for sell~management is almost ten
pereent higher than in the rest of the country. including
the counties where the mountuing are situated. Then.
however. the logistic regressions showed that the degree of
urbanization is actually more important: co-management
lend to be preferred by people living in more rural areas
while sell-management actually seems to be supported by
urban dwellers. These results are contradictory, but
strengthen the view of rescarchers such as Heberlein and
Lricsson who suggest that the categorization urban rural is
too broad. Cities, in particular. are home to such diverse
pepulations that gencralizations are difficult. The ellects
( B-values) ol the urbanization variable are also rather low.
which implies that the other three hypotheses might better
explain which characteristics are important to understand
support for different management solutions.

The first hypothesis concerned the impact ol resource
dependency and it was only supported to a certain extent.
for co- and state management. It has heen proposed that
employment in primary sectors has an impact on attitudes
toward conservation issues. and it can be seen as a
dependency-related factor. For example. if a person is
working in forestry. a bin on cutting down trees will
restrict his ability 1o find work. This lactor was shown Lo
have some impucl: co-managemenl supporters are more
often employed in these sectors compared to self-manage-
mentl supporters, Co-management advocates also think
that hunting and fishing s important for the households’
cconomies. which strengthens the result that they are to
some extent dependent on natural resources. Nevertheless.
the only direct measure of dependency —namely, the

consumption ol meat that someone i the lfamily has
hunted—proved not significant for co-management.” 11
was reversely significant for state management; the less
game meal is consumed: the higher is the support for the
state. Sell-management supporters, who were assumed 1o
be resource dependent, appear less dependent on natural
resources. This result corresponds with the previous one
that they tend to live in more urban areas.

Rural location and resource dependency are common
explanations in the [literature o why people oppose
protected arcas, but in this study. this kind of people tend
to choose co-management. One reason 1o why the theory is
not being verified could be that the salience ol natural
resources aflter all is quite low in a welfare state such as
Sweden. Another reason could be that the nature of the
resource—whether it is complex and multiple-use or more
simple and single-use—may alfeet which solutions are
preferred. If the resource-dependent users in this survey
have realized that nuture conservation is a global interest,
they might accept the need for government to be involved
together with them in g co-management arrangement. With
a less complex common-pool resource, self-management
might have had more support among lhe resource-
dependent users,

The second hypethesis of common understanding, as
[ormulated in Section 2.3.2. is being undermined by the
result that urban/rural s a too broad calcgorization.
It needs 1o be reformulated o capture whether common
understanding exists among all the relevant user groups
(such as hunters, hikers. reindeer herders. cte). Never-
theless. the regressions did underline the mujor differences
between advocates of dillerent management solutions:
their opinions on the amount ol prolecied areas and their
usage. To recall, self~management supporters tend o think
that there are too many protected areas and thal more
activitics should be allowed. while co- and state manage-
ment supporters tend to think the opposite. In general,
however. the Swedish population wants to change the
current protected area policy only lo some extent; they
would like riding and fishing to be allowed in these areas
and that they were designed Lo facilitate visits. More
substantial change s demanded flor in management
structure —the majority wants protected areas to be co-
or sell-managed.

While this view supports that protected areas ure
mmportant and that therr primary objective 15 1o protect
nature. it also challenges the traditional “fortress” policy of
protected arcas stating that they should be kept as
untouched by humans as possible so that “pristine wild-
erness’ can be conserved. Perhaps it is time to stop just
saying that the new conservation policy has moved bevond

i ds somewhat surprising that this variable is not more signthcant. since
the use ol game meat is important,. For instanee, close (o hall of the
heuscholds in the mountain region regulacly consume game meal provided
by someone in the family, between 21% and 41% in the meuntain
counties, and 9% in the country a8 o whalo (see also Ericsson et al.. 2005),
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the wilderness idea, and actually start implementing it
This would require the establishment of regulationy for
protected areas that allow for certain use and of monitor-
ing mechanisms that give feedbuck on how the nature
protecltion objectives develop.

The third hypothesis considered the effect of trust and
wits partly verified by the results in this study: respondents

who prefer selt-management seem Lo have a low level of

trust n lellow human beings as well as in politiciuns. co-
nuunagement supporters lend to trust others and politicians
evenl though they arce not satisfied with how Swedish
democracy works. and state management advocates trust
others less bul ure mare satisfied with democracy. The
assumplions that are not vertlied are thul co-management
should imply trust in. or satisfuction with. the democratic
system, and that state management supporters should trust
otlier people. Why co-managenmient advocates tend not to
he sutishied with democracy 1s probably related to the fuct
that this policy domain has been (and still is) run by largely
centralized authorities in Sweden. When the democratic
system does not correspond o one’s ideals. 1t might be
natural to become dissatislied.

1L i, however. more difficult to understand  why
Rathstein is proved wrong in this cuse, namely that general
Irugl m democracy 18 not accompamed by trust in fellow
human beings. A possible explanation could be that the
central administration has implemented o policy. which
Satisfies state management supporiers. but not a mujority
of Swedes. Therefore, state management supporters might
want the state to keep the responsibility in order 1o
suarantee a contnuation of ‘their” policy., However, as
already discussed. the differences between these supporters
and others arve not that large. In Swedigh media though. the
reporting about nature conservalion issues often emphu-
sizes o polarization between the supposed two camps ol
local. rural people and nature conservationists. In accor-
dance. general perceptions on who thinks what about
nalure conservation might be distorted.

6. Conclusions

This study modifies the current emphasis on rural versus
urbun  views i1 mature conscrvation issues suggesting
that other variibles are more important to explain why
different management solutions are preferred. Three such
explunations were tested. First, resource dependency wus
shown to be related to support for co-management. but
not  sell-management, Second. common  understanding
was confirmed as important, and co- and self-management
are correspondingly preferred by an overwhelming major-
Wy of 03%. Demands for increased local influence on how
pi'o!cclcd arcas are managed thus not only come from
marsinalized communities. but are supported by the
goneral opinion in Sweden. Third. trust was  proven
signtheant as well. although not entirely as prescribed by
theory. Overall. common understanding and trust seem (o
be more important than resource dependency.,

Even il these explunations were shown Lo be impaortant,
the theoretical assumptions were not entirely fulfilled. Self-
and co-munagement supporters were assumed o have
similar characteristies, but they wctually differed substan-
tally. This suggests that il should be clartfied that sell-
and  co-management are  analytically
although both arc common property regimes. Sell-manage-
supporters  only  seem 1o trust  their
closest. would then be suitable for very small-seale
situations. Co-managemenl, on the other hand, would be
suttuble for more complex situations where user groups
need toomteract with governmental organizations whose
goals are decided by politicians, Self- or co-management is
thus a question ol scales,

Finally, the second objective m this study was 10 lest 1he
usefulness of guantitauve survey methods in co-mianage-
ment research. It did indeed prove to be an interesting
approach lor undertaking investigation of a resource of
national and local interest. However, it was difficult to
construct hypotheses 1o test on management of prolected
areas. which need to address multiple user groups ul
multiple scales, when the theoretical prescriptions seem Lo
apply primarily to sell~organization on the local level. In
order to further increase vur understanding of the vertical
linkages that connect self~organized layers o the poly-
centric system in which it is embedded. more research is
needed. Surveys matching the scales of the problem may be
one useful way to move lorward!

separale  entitics,

ment.  whose
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Abstract

The ain of this exploratory study is Lo examine the importance of measurement and use of environmental performance indicators
(EP1s) within manufacturing firms. Two research questions are investigated: (1) To what extent are firm charactertstics associated with the
importanee ol measurement of vartous categories of EPIs? (1) To what extent are lirm characteristics associated with clobal and specifie
uses of EPIs? More specifically. this paper exammes four uses of EPIs (e to monitor compliance. 1o motivate continuous improvement,
to support decision making. and (o provide data for external reporting) us well as four characteristics of lirms. namely environmental
strategy. Internationad Oreanization for Standardization (ISOY 13001 compliance. size. and ownership. This study contributes to the
environmental management accounting literature by collecting und analyzing empirical evidence that provides 4 hetter understanding of

the associations among firm characterstics and EPIs,
w3007 Elsevier Lid. All rights reserved.
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1. Introduction

The aim of this exploratory study is to examine the
importance of measurement and the use of environmental
performance indicators (EPIs) within manufacturing firms
in Canada. EPIs represent numerical measures providing
kKey information related 1o environmental issues. Several
reasons Justily the importance of EPls as a signilicant
component ol the environmental management svstem
(EMS) (Cekel et al.. [992; Figege et al.. 2002; Schaltegger
and Burritt, 2000; Epstein. 1994). First, organizations are
increasingly  being  held responsible for environmental
actions. as reflected by the growing number of faws.
regulations. and penalties 1 this area. Conseguently.
organizatons are now obliged o measure. control. and
disclose their environmental performance. Second. reliable
FPlg are mecessary to supply information for decision
making while cnsuring the attainment of environmental
ol:v_jrcctivcs. Third, the allocation of the organization’s

TCorvesponding author Tel: — Y 6567737 fax: — 1418656 7746,
Einiail deedelvensns Jenn-Franvois Hendooetboulaval.ea () -1 Llenrt).
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limited resources 1o environmental problem solving re-
quires persuasive evidence supporting the benelits of such
actions. The environmental system must therefore be able
to supply information concerning the cost of reducing risks
and concerning the meuasurement of this reduction. Lastly,
as several studies have demonstrated, performance indica-
tors are effective tools for improving business practices and
orgamizational performance (e.g.. Hoque and James. 2000:
Baines and Langlield-Smith, 2003: Luncr et al., 2003; Said
etal. 2003). Although no clear empirical evidence has been
provided. it i1s believed that EPIs may also have the
capacity to improve environmental performance.

In this study. we examine specifically the association
among lirm characteristics and two dimensions of EPIs,
namely the mmportance of measurement and use. This
choice has been motivated by numerous ctudies i the
management accounting literature that have examined
those two aspects of performance mdicators (e.g.. Scoti
and Tiesen. 1999: Ittner et al.. 2003: Hogque and James.
2000: Henri. 2006u. b Bisbe and Otey. 2004; Chenhall,
2003). Indeed. the importance of measurement and use of
indicators: constitute fundamental dimensions of any
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information svetem. While the former refers to the content
ol the information system (i.e.. what is measured). the
latter refers to the manner in which the information is used
by managers (1.e,, how it is used).

I'wo research questions are investigaled: (i) Te what
extent are firm characteristics associated with the impor-
tance of measurement ol various categories ol EPIs? (i1) To
what extent are firm charactleristics associated with global
and specific uses of EP1s? More speeifically. this paper
examines the importance of measurement of EPIs based on
two classifications (Le. linancial non-financial indicators.
and International Organization lor Standardization (ISQ)
14031 classification) and [our uses of EPIs (i.e. to monitor
compliunce., 1o mouvale continuous improvement, 1o
support decision making. and the provision of data for
cxternal reporting). Moreover. four firm characteristics are
analyzed, namely environmental strategy. [ISO 14001
compliance. size. and ownership. Two purposes motivite
the choice of these factors.

First, while numerous studics have examined the
relationships among those factors and various organiza-
vonal practices, systems or routines (e.g.. Melnyk et al..
2003: Sharma and Vredenburg. 1998: Marshall and Brown.
2003; Aragon-Corred, 1998). scanl attention has been
devoted to their association with EPIs. Globally. as
mentioned by Burritt (2004). the empirical literature is
lacking in the arca of environmental management account-
ing (EMA).

Secondly. rom a theoretical standpoinl. opposite view-

points can be provided 1o argue the presence or absence of

relationships among the [our firm characteristics and EPIs.
For mmstance. organizations [lollowing a4 more aclive
environmental strategy may place greater importance on

the measurement and use ol EPIs to favoer the alignment off

actions toward the attainment of environmental objectives.
HO“-’E\-"EI‘_ S[I'E]lt’gy and perl‘m'm:-mce measurement are two
dilferent concepls thal are not automatically lmked. The
literature offers various examples of lack of coherence
between strategy and perlormance indicators within
different organizations (c.g., Kerr, 1995 Itner and
Larcker, 2003). Moreover, lirms implementing SO 14001
standards. may  have the organizational resources and
structure to more effectively collect and report environ-
mental practices data. However, a firm mayv have devel-
oped various EPIs and used them mtensively while not
implementing 1SO 14001, Similarly, ISO 14001 standards
do not warrant the diversity ol EPIs as their extensive use
for various purpases cither.,

In terms of size, while larger organizations may have
more resources Lo invest in the development ol EPIs. those
resources are not necessarily allocated to environmental
Instead. top management may assign those
resources to other organizational priorities or critical
uncertainties, Lastly. while public firms may face more
pressure from various stakeholders to develop and report
EPIs, both public and private firms face similar regulatory
regimes. Hence. both types of firms may use EPIs to

ISSLCS.

manage their environmental impacts, In summary. there is
a need to collect and analyze empirical evidence to provide
a better understanding of the associations among the four
firm characteristics and EPIs.

2. Theory
2L Definition of EPIs

EPls represent numerical measures. financial or non-
financial. that provide key information ahout environ-
mental impact, regulatory compliance. stakeholder rela-
tions. and organizational systems (Veleva and Ellenbecker,
2000: Tiniteh et al., 1998: Chinander. 2001). EPIs reler 1o
the measurement ol the mnteraction between the business
and the environment (Olsthoorn et al.. 2001), They
represent the quantification ol the c¢ffectiveness and
efficiency of environmental action with a set of metrics
(Neely et al.. 1995). The indicators acl as surrogales or
proxies for organizational phenomena (Ljiri, 1973).

EPls are one component ol EMA. EMA cuan be defined
as the management of environmental and economic
performance through the development and implementation
ol appropriate environmental-related accounting systems
and practices. While this may mclude reporting and
auditing in some companies. EMA typically involves life-
cycle costing. full-cost acconnting. henefits assessment. and
strategic planning for environmental muanagement. The
EMA is considered in turn as one component of EMS. The
latter refers to the formal svstems and databases thal
integrale procedures and processes [or the training ol
personnel. monitoring, summarizing. and reporting ol
specialized  environmental performance  information (o
internal and external stakeholders of the firm (Melnyk
et al.. 2003). The two dimensions of EPIs that will be
examined in this study. namely the mportance of
measurement and use, are described next.

in‘]]'UF'.l’(H.’C'{’ (-_‘,J(I.".’F{’({.ﬁ'”.“(”!??(’."i‘|"

The importance of measurcement refers Lo the attention
devoted by firms to the quantification of various environ-
mental issues. Prior research has identified four dimensions
ol environmental performance that EPIs should measure:
internal. external. process. and result (Lober, 1996: linitch
et al.. 1998). To capture those four dimensions, two
classifications are examined in this study: (1) inancial and
non-financial indicators and (ii) [SO 14031 guidelines. The
distinction between financial and non-financial indicators is
a widely used classification in the current literature that
covers the four dimensions described above (e.g.. Baines
and Langfield-Smith. 2003; Said ct al., 2003; Kaplan and
Norton. 2001: Gosselin, 2003). The ISO 14031 guidelines
also refer (o the four dimensions and represent inlerna-
tional standards that are well recognized, accepted. and
implemented around the world. These two classiflications
are described in further detail below.
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224, Finuncial wid non-fimancial indicators
It spite of their capacity to present results of decisions in

a comparable measurement unit. to capture the cost of

trade-offs between resources and the cost of spare capacity.
and 1o support contractual relationships and capital
murkels, [inancial measures have been eriticized for several
reasons (Atkinson et al.. 1997: Epstein and Manzoni. 1997:
Fisher. 1992; Kaplan and Norton, 1992, [996). Those
critieisms live led Lo the emergence of non-financial
measures. In comparison with non-linancial measures,
financial measures are perceived as oo historical and
backward looking, lacking predictive ahility to explain
future performance, rewarding short-term or incorrect
behavior, lacking actionabilitv, lacking umely  signals,
being oo asgremited and summanized to guide managerial
action.  reflecting [unctions mstead ol cross-lunctionul
processes. and providing madequate guidance 1o evaludile
intangible assets (Imer and Larcker, 1998), However, the
link between improvement in non-financial measures and
profits 15 unclear and sometimes impossible 10 assess
directly.

In summary, both tvpes of information capture different
aspeets of the various lacets of organizational effectiveness.
The ends and outputs are revealed by lnancial measures
while the means and processes are reflected by non-
finuncial measures. Hence, both types of informution are
uselul for mandgers. In lermy of environmental perfor-
mance. given the nature and diversity of the factors
measured (e.g. monetary resources invested in the environ-

ment, atmospheric emissions, waste waler. the number of

environmental audits. the number of environmental non-
comphance ineidents). EPls  generallv  integrate both
linancial and non-financial measures,

222 IS0 14031 guidelines

A second possible grouping of EPIs is the classification
according to 1SO 14031 guidelines. This standard. a sub-
calegory of 180 14001
covironmental performance. 11 propeses guidelines for
the development of monitering and measurement tools
that evaluate the efficiency ol an environmental system.
This stundird proposes three categories ol EPIs (Bennett
and James. 1998: Murshall and Brown. 2003):

(1) Environmental condition indicators (ECIs): defined as
gpecitic expressions that provide information about the
focal. regional. national. or global condinion ol the

measures  Include (1) receptor

mdicators (e g ecotoxicity. hiological oxveen demand.

(i) sustainability indicators (e.g. emissions ol @

environment.  Those

substance per volume of production or per unit of

value added). and (i) proxy ECIS (e, mdicators that
cxpress cmisstons and waste data i terms ol their
L‘:lp;wiiy to enuse environmenlal d:lm:lge].

(2) Operational performance indicators (OPIs) provide

information about the environmental perlformance ol
an argamzation’s operations. They inelude (1) mput ol

concerns the evaluation of

materials, energy. and services. () operation ol
facilities and equipment and logistics. and (iit) outpul
of products. services. wasle. und emissions.
Manugement performance indicators (MPIs) provide
information about management’s efforts to influence
an organization’s environmental performance. Four
sub-cilegores are dentilied: (1) implementation ol
policies and programs, (i) conformity of actions with
requirements orexpectations. (1) communtly relations,
and (iv) environment-related financial performanice.

Tad

2.3 EPIs—use

Despite considerable nterest in the dilferent uses ol
performance mdicators in the management accounting
literature (g Atkmson et al, 1997: Henrr. 20064, b: liiner
cral. 2003 Simons. 2000} Tt attention has been devoled
to the varous Lypes of uses of EPTs in the EMA literature
(notable exceptions include Bennett and James (1998) and
Brinssoulis (2001). Indeed. despite a considerable body of
literature examining the generic use of various EPIs (i.e.,
elobal and undifferentinted use ol indicators). the specific
manner i which those mdicators are used by muanagers as
control mechanisms. motivation Lools. or communication
devices has been overlooked empirically. Four types of uses
are rellected n the accounting literature. namely monitor-
ing. attention-focusing und signuling. decision making, and
external reporting. From the overlup between the account-
ing and environment literatute. four main uses are reflected
and examined in this study: (1} Lo monitor compliance with
environmental policies and regulation. (1) to motivale
conlnuous mprovement, (1) to provide data lor intermal
degision making. and (iv) o provide data for external
reparting,

2.4 Firnr elhiaracteriseics

In this study. the relationships among [our contextual
factors and EPls are examined. namely environmental
strategy, 1SO 14001 compliance, size and ownership. First.
the environmental strategy is operationalized in  the
literature using several typologics (cg.. Ullmann. TUKS:
Hunt and  Auster. 1990: Roome. 1994: Harl. 1995
Clarkson. 1995). These classifications group organizations
according to the level ol deplovment of their organizational
strategy  al the environmental Jevel. Although  some
classifications are more detailed. the cutcgm'iz;i[iou used
by Ullmann (1983) advantageously presents a dichotomy
ol antitheteal levels of corporite envitommental stralcgy:
active and passive. Accordingly. passive organizations are
deseribed as having little or no manaserial involvenient.
little or no environmental management and integration,
little or no employee involvement and training, and tew or
no resources allocated oo environmenlal  performance.
Conversely. active organizations have medium or high
managerial mvolvement. partial or complete mtearation of
the environment  lunction, moderale or substantial
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emplovee mvolvement and tramming. and moderate or
considerable resources allocated 1o the altainment of
environmental objectives.

More specilically, various elements can be used (o
determine whether an organization follows an active or
passive environmental strategy based on components such
as flers and controls on emissions and discharges. residue
recyeling, use of environmental arguments in marketing.
environmental aspects in administrative work. periodical
environmental audits, purchasing manuals with ecologcal
guidelines. environmental seminars {or executives. environ-
mental traming for firms” employees, total quality program
with environmental aspects. pollution damage imsurance.
environmental management manuals [or internal use.
environmental analysis ol a product’s life cvele, participa-
tion in government-subsidized environmental programs.
and sponsorship of environmental events (Aragon-Correa.
1998).

Secondly. developed by the ISO. the ISO 14000 series of
gtandards addresses various aspects of environmental
management (Yeleva and Ellenbecker. 2000). The ISO
14001 specifies the need for an EMS that represents a
structured approach to setting and attaining environmental
objectives and largets, and demonstrating that they have
been achieved by management (Veleva und Ellenbecker.
2000). This voluntary set ol standards is intended to
cneourage organizations to svstematically address the
environmental  impacts  of  their  activities  (Pringle
el al.. 1998). In this study. we examine whether the firms
are [SO-compliant or not. Lastly, in this study. size is
defined as the total number ol emplovees within the firm.
Ownership refers to the public or private nature of the
organization.

3. Study design
3.1 Data collection

Data were collected using a survey design. A random
sample comprised of 1300 Canadian manulacturing
organizations was lormed based on the Scott’s Muanufac-
turing 2004 database. The sample contains organizations
that have 100 employees or more. and report sales of over
$20 million annually. These criteria are intended to ensure
that organizations are large enough for organizational and
strategic variables 1o apply (Miller. 1987) and that
management control systems are sufficiently developed
(Bouwens and Abernethy. 2000).

The questionnaire was first validated wsing a pre-test
administered (o various academics and managers. This pre-
test validated an understanding of cach of the measurement
mstruments. Then. the guestionnaire was sent to the CEO
or another member of the top management team (COO or
senior vice-president). A letter presenting the purpose of
the study and a sell-addressed stamped cnvelope was
mcluded with the questionnaire. Three weeks alter the
initial mailing, 300 organizations randomly selected [rom

among the non-respondents received o reminder by
telephone. All the other organizations that did not respond
to the questionnaire [ollowing the initial mailing and that
were not selected for the telephone lollow-up received a
replacement questionnaire,

The final saumple comprised 1447 organizations (con-
sidering wrong addresses, organizations that moved, cte).
In total. 303 usable gquestionnaires were received. for a
response rite of 20.9%. On average. organization size was
710 employees and the respondents had on average 13.7
vears  of experience  working  for  their  organization.
Appendix A presents a complete profile of the respondents.
An analvsis ol the non-response hias was performed fo
confirm the validity of the data. Initially, the comparison
between respondents and non-respondents with respect to
size. indusiry and geographical region did not reveal anv
significant dilferences. Moreover. the compurison between
the first and last 10% of respondents (the latter being used
as a proxy for the non-respondents) did not reveal any
significant differences in the responses obtained (or the
main constructs  of the study (e.g. EPls and firm
characteristics).

3.2, Measuremen! of constiuets

Table | presents the instruments used to measure the
various constructs as well as the descriptive statistics and
the correlations matrix. Respondents were asked about the
importance of measurement of EPIs using an instrument
developed based on the ISO 14031 standard (panel A). The
instrument included 13 items from the three categories
described above ranging on a seven-point Likerl-type scale.
Respondents were asked about the use of EPIs with an
instrument developed by Bennett and James (1998)
containing four items (panel B) and measured on a
seven-point Likert-type scale. Prior work suggests that
the various uses of management control systems are likely
to be correlated or exhibit overlap (Shields and Shields,
1998: Hansen and Van der Stede. 2004). Considering that
our objective is to examine the association among firm
characteristics and specific uses of EPIs. we remove the
common factor among the various uses ol EPIS and focus
on its “unique” element. In order to locus on the
unigqueness associated with each use. we [ollow the work
ol Hansen and Van der Stede (2004). Specifically. we use
the residuals from regressing each use of EPls on the other
three as key variables in the analyses. Appendix B presents
the initial work to determine whether the four uses were
correlated vet sullictently unigue to justily analvsis by
itself,

Respondents were asked about the type ol environ-
mental strategy implemented by their organizations using
an mstrument developed by Aragon-Correa (1998). which
includes 14 items (panel C), Answers were measured using
a seven-pomt Likert-type scale. Orgamzations that have an
above average mean score of environmental practices
compared wilth the total respondent population are
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Iahle 1
Measurement of variables and deseriptive statistics
(A) EPls—importance of measurement
f1) Spectfie medsures (Note: 1| = nol important at all, 7= very impartant )
EPIs Mean Std. Median  Min Max. IS0 14031 classification I'in‘nen-tin
Dey. clussification
EC] OP1 MPL Fin Nun-
Iin
Contormity with requirements or 570 [.u2 6.0 | 7 X X
expectilions
Inputs ol energy 5.30 [.67 .0 | 7 X X
Community relations 520 RANE 6. | 7 X X
Outputs ol solid waste 513 1.83 6.0 I 7 X X
Quitputs ol air emissions 50 i (] | T X X
Financial impact 4492 194 30 | 7 X X
Installation. t'\pL"r':-lIi:m. and mamtenanee 4:01 .68 A i 7 X X
of the physical Tucilities and cyuipment
Outpuls of waste water 479 237 (.0 | 7 X X
faputs of rayw malerials 4.76 i 5.0 | 7 X A
[nputs of water 4,76 22 A | 7 X X
Implementation of emvaronmental policies 472 204 30 1 7 X X
and programs
Inputs of auxdiary materals 4.60) 208 s | 7 X X
Indicitors providing imformition on the 373 231 4.0 | 7 X X
loseanl, regronal. or national condition of
the environment
Muean 4491 |.39 3:2) l 7
{§Es Crregories of measires (significan) i the (03 level, *¥significant at the 01 level)
15O (4031 indigiors Mean Sud. Dev: Mediun Min. M. Cerrelation matns {Peirson)
MPI oPl BT
Munagemen| perlormance mdicators (MPI) 3l 3 168 3.50 | 7 |
(}pemlinnal performance indicatars (OP1) 497 140 3.29 | 7 e |
Covirommental condition indicators (ECT) XD 231 4.0) I 7 G= e |
Financial non-linancial indieators Mein Std. Dev, Mediin Min. Mix, Correlation matrx (Pearson)
Fin Non [in
Financial 4.02 1.94 50 | 7 |
Nut=lnaead 4.91 .39 S.008 | T Gae |
(B) EPls—use (Nore: | = not used at all. 7 = used 1o a0 very great extent )
Use of enyironmental performance mdicators Mein Std Dev. Median Nin. Mk,
Muoniler internal complianee with environmental policies and regulations bR | 191 fl) | 7
Motvale conbnuous mmprovement Es s.16 178 0.0 1 7
Provide datu for internal decision-making 501 L7 30 | 7
Provide daw o extertul reporting 44K 205 3.0) | 7
Meun 4.99 |68 350 [ T
(€7) Environmental strategy (Veore: | = nol important al all. 7= very imporiant)
Eovironmental strategy Meun Std. Dev. Median Min. Max.
Fihers and controls on enissions and dihi_‘]‘ILLI'EL“S 3.76 (L) frl | pi
Besidue reeveling sS40 (] 6.0 | 7
Lse ol natural environmental arenments in markenng 363 | 4.0 1 7
Natoreal environmental uxpuulu in udl‘l'lil'lllﬂil'illi\"l'.‘ work S.Nﬂ IﬁZ —]—.U f ?
Pernodic naturil environmental audits 444 1 46 S0 [ 7
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Table | (continned)

(€ Environmental strategy (Nored | = nol important at all. 7 = very important)
Environmienlal stralegy Meun Std: Dew. Median Min. Max.
[‘urch:Lsing munual with t‘L‘o[_('l_l‘lIICilI guidelincﬂ 331 |75 R | T
Naturil environmental seminars for cxecutives 330 160 10 | 7
Natural environmental training for firm’s emplovees R L75 4.0 1 7
Total quality program with natura] enyvitonmental aspects 416 1,81 4.0 | 7
Polluton damage msurinee 384 2.01 4.0 1 7
Naturial enviconmental management manual Tor mternal use 417 2.06 4.0 1 7
Naotural environmenta! analysis of product hle eycle 332 L8 30 | I
Participation m governmenl-subsidized natural environmental programs 294 172 30 | 7
Sponsorship of natural envivonmental events 287 .67 3.0 1 7
Muili RECA 1.25 4.0 | 6.3
(D) 150 14001
N ¥
Siep 1 Not being considered 93 AT
Step 20 Future consideration S0 16,5
Step 30 Agsessing suitability 17 5.6
S'Fr'p 4 phﬂmin_s_: T imp!umcn\ 15 4.4
Step 5 Currently implementing 22 7.3
Stop 61 Suceesstully implemented 106 5.0
Total M3 (K1)
(E) Size
Meun Std. Dev, Median Min. Mux.
Number of emplovees (log) 257 A2 248 1.08 434
(F) Ownership
‘_\_' U.';I
Public (19 33
Privile (e 60T
Tolal 303 100y

considered to be active. whereas organizations with a mean
score below the average are considered to be passive. The
1SO 14001 comphance was measured using an instrument
developed by Melnyk et al. (2003). Respondents were
asked to identify the stages of development of the 1SO
14001 standard into six steps. Accordingly. organizations
situated 1 steps five (current/y implementing) and  six
(suceessfully implemented) are considered SO 14001
compliant (panel D). Size was measured by compuling
the natural log of the number of employees (panel E). This
measure is preferable o financial measures thal complicate
the comparison ol organizations with differing accounting
methods (Chenhall. 2003). Organizations situated above
the average size arc considered larger. whereas those
situated helow the average size are considered smaller.
Lastly, respondents were asked to indicate whether their
organization was privately owned or publicly traded
(panel F).

3.3. Dara analysis

Two types of analysis are used to examine the associa-
tions among the four contextual factors and the impor-
tance of measurement and use of EPIs. First, a correlation
matrix is used to provide preliminary evidence ol the
relationship between constructs. Then, analvses of variance
(ANOVAs) are performed to compare the mean score ol
EPIs using two groups for each contextual factor: active or
passive environmental strategy; 18O compliance or not,
large or small business: private or public ownership.

4. Results
4.1, Descriptive results

Table | presents the importance of measurcment of
various EPls and their classifications. The results presented
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r panel A suggest that overall, organizations devole
moderate miportance to the various EPls (4.91/7: s.d.
1.39). Specifically, the mdicdtors on which the munagers
devole the most mmportance Lo ure: those thal measure
conformily with requirements or expectations (3.70). inpuls
of energy (5.50), community relations (3.20), outpuls ol
solid waste (5.13). and oulputs of air emissions (3.10).
[ndicators that are considered least important are those
providing information on the local. regional or nationul
condition of the environment (3.75). measuring the impuls
of auxiliary materials (4.60), implementation of environ-
mental policies and programs (4.72). inputs of water (4.76).
inputs of raw materials (4.76), and outputs of waste
water (4.79). The large standard deviation for the majority
of the indicators indicates the dispersion ol results in the
sample.

According to  the SO 14031  classification.  the
results suggest that organizations devole most importance
o measurement of MPls (513 s.d. 1.68) followed
closely by OPIs (4950 s.id. 1.39). Organizations place
little importance on measurement of LECIs (375 s
2.31). The correlation malrix (Table 1. panel A) shows
that these three categories ol mdicators are significantly
correlated. These results sugpest that these cilegories

are  unigque  but also  complementary.  The  results
for the bnancial  and  non-linancial  classifications
show  that  organizations  place  similar  fmportuance

on the measurement of these two groups of indicators
(4.92sd. 194 wvso d9lsd. 139, The correlation
muttrix reveals a significant corrclation  between  those
calegories.  which reflects: their uniqueness and
complementarities.

The results of panel B suggest that overall, organizations
tend to make moderate use of EPLs (4997 s.d. Lo8).
Morc specifically, monitoring internal compliance with
environmental policies and repulations (5.31) is the most
frequent use ol environmental indicators in organizations.
followed by continuous improvement (3.16) and providing
data for internal decision making (5.01). The use of
environmental performance measurement  systems  [or
external reporting purposes (4.48) is less common in

also

4.2, Comparative resulrs

Table 2 presents: the correlation multrix between [PIs
dimensions and organizational characteristics while Tahle
3 presents the resulis of ANOVAS,

4.2.1. Envirommental straregy

First. the correlation matnx mdicated that environmen-
tal strategy has a strong correlation with the maportance of
measurement (675, p<.01) and use of EPIs (L6658, p<.01).
Morcover. the results of ANOVAs ulso suggest that the
type o environmental Stralegy 18 associated with the
importance ol measurement and the use of EPIs. Accord-
ingly. panel A suggests that organizations that adopt an
active environmental stralegy place more importance on
the measurement of EPRIs than organizations that adopt a
passive environmental strategy (5.59 vs. 4.08: p< 01). The
same finding can also be observed in relation w dillerent
components of ISQ 14031 elassitications and financialinon-
financial Indicators (p<.01). Regarding the use of EPIs
(panel B). the results suggest that orpanizations which
adopt an detive environmental strateey globally use EPls
significantly more than organizations with a  passive
strategy (3.860 vs. 3.97. p< . 01). Specifically. using the
residuals. the results suggest that two fndividual uses dilfer
significantly, Indeed. organizations reflecting an active
envirommentul strategy uppear o use EPLs more intensively
o motivite continuous mmprovement (p=.05) and 1o
provide data for decision making (p<.03) than organizd-

tions refleeting o passive strategy. No difference is observed

for the two other uses (ie. to monitor compliance and to
provide data for external reporting),

Those results are in line with two streams ol rescarch.
First, the managemenl accounting literature provides
considerable evidence supporting the relationship between
organizational strategy and the measurement and use of
performance indicators (e.g. Abernethy and Guthrie. 1994:
Gosselin, 2005: Hogue. 2004: Said ¢t al.. 2003). Sccond, the
environmental management literature provides insights
into the Iimk between environmental strategy and organizi-
tional routines, such as the measurement and use of EPIs

Orgamzanons. e.e. Hunt and Auster. 1990: Doonan et al. 2002:

Table 2

Correlution matrix
EPls—importince EPIs—use Enviranmental 1850 14001 Size Ownership
of tedsircinenl Stritesy

EPls—importance ol measurement [0

EPls isg JISREE 1.4

Livvironmental sirategy R fREE |1}

IS0 14001 A3 EE Ader= FluET [.0

Shec BT (RO s 3 [0

U\’\"llcrhhlﬂ LS DT A 0 A3 [y

ISO 00 tnd ewnership are dichotomous variables.
“Sigoilicant dl the U3 level, “FNignlicant at the 01 level,
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{A) Importance o measurement of EPIs (*p= 05, #fp= 01)

Environmental strategy 1SO 14007 compliant Size Orwnership
Active Passive Sig. Yes No Sig, Larger  Smaller  Sig. Public  Privale  Sig.
Numher af firms lol 142 128 175 133 176 119 184
Environmental condilion indicators 4.46 287 HH 4.24 3.39 ¥k 3.90 163 [OVET N 349 ¥
Opéerationi] performunce indicitors  5.56 4.19 b 542 4.63 =2 313 4.8 " 33T 4.0 P
Management performance indicators 3.94 413 iy 37 4.60 = 5.47 4.87 #5764 473 e
Financial idicators 3.50 4.21 i 543 53 bt 5200 74T ¥ 5.34 4.65 s
Non-tinancial indicators 360 406 o 343 4.51 i 514 4.73 - 540 4.39 e
Gilobal 3,39 4.08 i 544 4.32 *3 514 4.73 i 5.40 4.60 L
(B) Use of LPLs (*p< 03, ¥ p=.01)
Environmental strategy ISO 14001 compliant Size Ownership
Active Passive.  Siz. Yes N Sig Larser Smaller Sig, Public Private Sig
Number of firms 161 142 128 175 133 170 110 184
Maionitor internal comphance with environmental 07 —.18 s A5 —:k hd Rl 05 s —02 01 nos
policies and regulationy”
Motivale contimuous mprovement” A0 i k2 Rk —.6 s 2F O 02 02 nis
Provide data for internal decision-making” Ay —.10 * A7 —03 jis —.02 02 na A9 —06 s,
Proyvide duta [or extermal reporting” (1] —02 .5 A0 008 ns —.O8 N7 s 23 =17 F
Global” 5.86 e .80 437 ** 34h 40 = 555 4066

"Congidering the objective to analvze the specific uses off EPIs. those comparisans are conducted ysing the ‘unique” portion ol each usc. As previously
mentioned. the uniqueness is oblned by using residuals from regressing each use of EPIs on the other three uses.
“Considering the ohjective w analvze the elobul use of EPIs. those comparisons are conducted using both “unique” and “common’ portion of each nse,

i.es the daa provided by the respondents.

Henriques and Sadorsky, 1999). In sum. those streams of
suggest  that organizations that adopt an
active environmental strategy arc more likely to place
greater importance on the measurement of EPIs and to use
them extensively (1) to lavor the alignment of actions
toward the attainment of environmental objectives, (ii) to
molivate their senior executives to become mvolved in
environmental management, (iii) o promole employee
involvement, and (iv) to support the decision-making
process.

research

4.2.2. IS0 14001 compliance

The correlation matrix indicated a correlution between
IS 14001 compliance and both the importance of
measurement (331 p<.01) and the use ol EPIs (.446
p<01). The results of ANOVAs also suggest that
compliance to the ISO 14001 associated
with the importance of measurement and use of EPIs.
Accordingly, the ISO-compliant firms place greater im-
portance on the measurement of EPIs than do the
non-1SO-compliant  firms  (5.44 4.32;  p=.01).
The results obtained are similar for the two classifications
(p=.01). Regarding the usc of EPIs, the results suggest that

standard 18

Ve

the ISO-compliant firms glebally use EPIls significantly
more than the non-1SO-compliant firms (5.80 vs. 4.37;
p=.01). Specifically. the results suggest that only one
individual use differs significantly (lo monitor compliance
p<.05) while no dilference is observed for the three
other uses.

Thus. firms implementing ISO 14001 standards will
likely have the organizational resources and structure to
more effectively  collect environmental practices data
(Marshall and Brown. 2003). The existence of an EMS
thus suggests a higher level of lop management commit-
menl to environmental issues, and o greater likelthood that
the firm will establish goals for environmental impact
reduction as well as measuring programmalic mvestments
focused on achieving those goals (Marshall and Brown.
2003). In addition, the ISO-compliant firms arc more likely
to be aware of EPIs than those that are not. Indeed. they
are more likely to be aware of the 1SO 14031 guidelines
that propose a wide range of EPIs. Furthermore. since the
ISO 14001 standard requires thatl cach of the organiza-
tional processes has at least one objective and an indicator
that measures the attainment of this objective it is probable
that ISO-compliant firms place more importance on the



J-F Henrio M. Jowrneandt | Jowrnal of Encivommental Meaiwdgement 87 (20085 165176 173

measurement of EPls. which they use more thun non-iSO-
compliant firms o monitor internal compliance with
policies and regulations.

423 Size

The correlation matrix indicated a correlation between
size and both mmportance of measurement (187, p<.01)
and use of EPIs ((190. p=.01). The results of ANOVAyg
also suggest that size 1s associated with the importance of
measurement and the use of EPLs. Thus, larger firms place
more importance on the measurement of EPIs than do
smaller firms (514 vs, 4.73: p<.05). Regarding classifica-
tions. only the difference in ECI scores is not significant. In
the case of use, the results sugeest that glohally larger firmg
use EPIs more than smaller firms do (5.40 vs. 4.70: p<.01).

However. this finding does not apply to the four types of

use. Specifically. only the use of EPIs to motivate
continuous improvement is significantly different between
the two groups (p<.03).

Those results are m lme with common lindings in the
management  accounting  hierature  suggesting  that
larger organizations are more likely than smaller organiza-
tions to develop and use munagement control svsiems
(Chenhall, 2003). This phenomenon also seems to be
respect  to environmental management
control svstems. particularly BEPILs. Indeed. large organiza-
tons generally have more resources to invest in pollution
control. prevention technolomes, and the development
of  environmental performance  measurement  systems
(Marshall and Brown. 2003). 'urthermore. larger size is
assoctated with o rise in problems related o social
control. communication, and coordination (Merchant.
F981). Organizations thus face an exponential increase in
the number of channels that require a flow of information
for coordination purposes. which hinders communication
(Merchant.  1981).  Consequently.  as  organizations
grow, they tend to implement a more administratively
oriented control strategy that mvolves incrensed structur-
ing oF activitics, more formalized communication and
arealer use of standardized information for the evaluation
ol managerial performance (Bruns and Waterhouse. 1973).
These factors cncourage large organizilions to devote
more attention io  the ot performance
indicators and to use them as part of organizational
routines. organizalions are  maore
visthle to external stakeholders. such as environmental
interest groups, the community and governments. groups
which muy all exert pressure on these arganizations
(Litmann. [983). Hence. large firms may devole more
attention o the measurement of EPIs (o help munage
environmental issues.

observed with

measurement

Externally, large

424 Ownership

The correlaiion matrix indicated thal ownership is
corrclated  with - importance  of  measurement (278,
p=01) and wse of EPIs (.237, p=.01). Moreover,
the results of ANOVAs also suggest that ownership is

associated with the imporlance ol measuremenl and
use of EPIs, Consequently. publicly owned organizations
place more importance on the measurement ol EPIs
than privately owned orgamizations (540 vs, 4.00:
p=< .01}, This observation also applies to all the classilica-
tions. Regarding the use. publicly owned organizations
globallv use EPIs more than private orgamizations do (5.55
vs. 4.06: p<.01). Specifically. the results suggest that one
individual use differs significantly, numely external report-
ing (p<.03). No difference is observed specifically for the
three other uses.

Those results concur with arguments and conclusiony
provided in past research. For instance, Klassen and

McLaughlin  (1996) note that strong  environmental
management  resulls  In significant  positive  stock
market  performince. This result 15 corroborated by

Deutsch (1998). who observes that eco-efficient organiza-
tions  reward  sharcholders with  good  financial
performance. Thus. stronger environmental performance
can improve the value of the firm and attract new
stockholders (Melnyk et al.. 2003). This phenomenon is
confirmed by the advenl ol several mutual funds that
select stocks Tor portlolios based on their environmental
performance.  Consequently. public organizations  that
want o implement a green strategy that can help
creale value for shareholders are likely to contro! and
meusure the atlamment ol their environmental objectives
by developing EPIs,

[n addition. Doonan et al.
the three main seurces ol pressure reported by environ-
mental managers are the government and the general
public. Public organizations are increasingly responding
to these stakcholders” concerns and trunsmilling more
information through obligatory disclosure of financial
statements 1o sharcholders, than are. lor example.
private organizations. Therefore, in response to pressures
from these external stakeholders. public orgamizations
are more likely than priviate organizations Lo want Lo
environmental  imformation.
performance measurement  systems  are  thus  an
excellent means for public organizutions 1o gather envir-
onmental mlormation and disclose it to external stake-
holders.

(2002) show that two of

disclose Environmental

5. Conclusion

The objective of this exploratory study was to identify
assocutions among lirm characteristics and the importance
of meusurement of EPIs and their use. The resulls of this
study suggest three main conclusions. First. the importance
of measurement of EPIs is assoctaled with (i) lirms having
a more aclive environmental strategy, (i) 18O 14001
compliant firms. (i11) larger firms. and (iv) public firms.
Second. the global use ol EPIs is also associaled with a
more active environmental strategy. 1SO 14001 compli-
ance. larger firms and public firms. Third. the specifie nges
of EPIs are associated with different firm characteristivs: (1)
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to monitor compliance 18 associated with [SO-compliant
firms. (il) (0 motivate continuous IMprovement is asso-
clated with an active environmental strategy and larger
firms. (111) decision making 18 associated with an active
environmental strategy. and (iv) cxternal reporting s
associated with public firms.

Thig study contributes to the development ol knowledge
in the ficld of EMA. First. it enriches the empirical
literature, which is currently underdeveloped in this area

(Burritl, 2004), by providing evidence of associations

among various frm characteristics and EPLs. In addition.
this study provides a better understunding ol EPIs by
dilferentiating and specifically examining two lundamental
dimensions: the importance of measurement and use. Also,
thig study dilferentiates four uses ol EPIs and suggests that
global use and specific use of EPIS are not associated with
the same firm characteristics,

This study has also important business implications.
Indeed, managers should be aware that the measure-
ment and use of EPls: (i) support and communicate
the environmental strategy throughout the organization.
(i) support and ensure conformity of environ-
mental processes helping organizations to obtain and
maintain  the 15O 14001 certification. (iit) lormalize
complex environmental processes and procedures. (iv)
decentralize and support environmental information
systems. and (v) contribute to meeting stakeholders
cxpectations.

This study 18 subject 1o potential limitations. First.
this  study encompasses four organizational [actors
mfluencing the measurement and use ol EPIs i munuluc-
turing firms. Measurement of different firm characteristics
could lead to other interesting results. Moreover. the
interaction among frm characteristic has not  been
examined and could lead to different results. Second, the
number of items used
measurement of IPls may appear small and imprecise.
However. considering the scope ol the sample. a generic

defimition ol indicators (1.e. output of sohd waste. mputs of

energy) has been used to allow comparison between
different industries. The use of more precise indicators in
specific industries could lead to different results. Third.
using the survey method to collect data can create a
potential bias due lo common response and social
desirability. Finally. considering dafferences in the regula-
tions and market setings among different countries. results
may not be gencralized outside the scope ol the current
sample (i.e.. small-to-medium sized manulacturing lirms in
Canada).

This study opens many avenues For future research. As
previously mentioned. several other firm characteristics
organizational  structure.  organization life
cycle, presence of a green leader in the organization.
pressure [rom  stakeholders.  global  strategy  of  the
organization. and the structure of the board of directors
could be investigated 1o determine their mfluence on EPIs.
Maoreover, the interaction among the different firm

such as

ta measure the diversity of

characteristics could also be cxplored. In  addition,
other dimensions of EPls such as information quality and
EPIs updating process could also be examined o
determine how they are influcnced by firm characteristic,
Furthermore. the link between EPIs and existing database
compatibility. information providers. soliware iools.
and information characterstics (¢.g, aggregation, lme-
liness) could also be mvestigated. Considering  the
particular  economic  structure  in Canada.  specific
attention could also be devoted to small businesses (o
extend the discussion  related 10 the measurement
and use of EPIs in this tvpe of organization. Lastly, in
addition to  considering  lirm  charactensties.
research could assess the influence of EPIS on environ-
merital actions put forth by managers and cmployees,
along with the environmental and economic performance
of organizutions.

rl'f Lure

Appendix A

Description ol the sample (Table Al).

Tuhle Al

Deseripiion of the sample

Ity

SIC code 7
20 Food and kindeed products 26
21 Tebucen munulacturers |
22 Textile mill products ;
23 Apparel and othér estile products 5
24 Lumber and wood produets 42
25 Furniture and lxture 15
26 Paper and allied products 27
27 Printing and publishing 4
28 Chemicals and allied products 7
24 Petroleum and coal produets &}
3 Rubber and mise, plastics products 19
31 Leather and leather products 2
32 Stone, elay. glass, and conerele products Y
33 Primary metal industries 15
34 Fabnented meral prodocts 2%
35 Industrial machinery and equipment 3l
36 Electrical and electranic equipment 20
37 Transportation equipment 26
I8 Instrument and related products 4
39 Mise. manufacturig industries 4
Totul EIE
Size

Number ol employees &
== [0 7
Between 100 and 499 g2
Berween 300 and Y9y 63
Between 1000 and 4999 a5
= 300

Tail RIE
Average T10
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Appendix B
Analysis of the uses of EPIs (Table BI).

Table Bl
Antalysis of the uses ol EPLs

e |
Ly

{A) Correlation matrix (Pedarson) (signibhcant at the 08 level, **sigmbcant il the 01 level.)

(i) {if} {111) V)
(1) Manmtor compliance 1.0
(i1} Continuous improvement =0 B hd 1.0
(i) Dreciston-making JFhI## R30EE 1.0
(1v) External reporing L3677 HTLFEF L3R [0

Preliminary conelision; Al Tour uses are significantly correlated (p<01).

(B} Pactor analysis
0 Prineipal compenents

Components Figenvalue Virianee (%0} Cumulative (%)
| 3189 79.73 7913

2 A3 10.32 0005

i 240 6.0 96.05

4 A58 395 100.0

Profiveinary conclusion: Data suggest o one-component factor structure.

(i One=factor strueture

EPIs use Factor foading Linigieness
(1) Monitor complianee 901 RET
) Continuous improvement H3z 432
(111} Decision-miking 13 A6
(1y) External reporting 822 325

Conelugion: Although the four use loud an one factor. each use has some “unigueness™. e, a portion ol the variunee unexplained by the common fuctor.
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Abstract

To gain more insight into the interactions between unaerobic bacteria and reactor performances (chemical oxygen demand - COD. 2.4
dichlorophenol—2.4 DCP removals, volatile fatty acid— VFA, and methane gas productions) and how they depended on aperational
conditions the microbial variations in the anaerobic granular studge from an uptlow anaerobic sludge blunket (LASB) reaclor trealing
24 DCP was studied. The study was composed of two parts. In the first part. the numbers of methanogens and acedogens in the
anaerobic granular sludge were counted at different COD removal efficiencies. The relationships between the numbers of methanogens,
the methane gas production and VEA production were investigated. The COD removal efficiencies increased 1o 74% from 30% while the
number of total acedogens decreased to 10 from 30cfuml ', The number of total methanogens and acedogens varied between 11 5 107
and 10 10"MPN g " and 10 and 30cfu ml " as the 2.4 DCP removal efficiencics were obtained between 60% and 99%. respectively. 11
was seen Lhat, as the number ol total acedogens decreased. the COD removal cfficiencies increused. However. the number of fotal
methanogens increased as the COD removal efficiencies increased. Corrclations between the bacterial number and with the removal
elficiencies obtained in ditferent operational conditions were investigated, From the results presented i this paper o high correlation
between the nuniber of bacterin. COD removals, methane gas percentage, 2.4 DCP removals and VFA was observed. In the second part.
methanogen bacteria in the anaerobic granulite sludge were identified. Microbial observations and biochemical tests were applied 1o
identify the anaerohic microorganisms {rom the anaerobic granular studge. In the reactor wreating 2.4 DCP, Methanobacierium bryantii,
Methanobacteriin formicicumn, Methanobrevibucrer smithit, Methanococews voltae. Methanosareing mazel, Methanosarcing aeetivorans.
Muothanogenim bowrgense and Methanospivillum hungarei were identilied.

. 2007 Elsevier Ltd. All vights reserved,

Keyworidy, Upflow anaerobic sludge hlankel reactor (UASB): Methanogens: Acedogens: COD: VEA; Methane gas; 2.4 DCP

1. Introduction and a large amount ol biogas. ln anacrobic conditions.

many different groups of anaerobic bacteria work together

The upflow andcrobic sludge blanket reactor (LASB)
reactor is an advanced anaerabic treatment in biological
freaiment ol wastewaters that is characterized by an
anacrobic granular sludge with a notably high metubolic
activily and good biosalids settleabihity (Dolfing. 1987:
Grotenhuis, 1992).

The anaerobic treatment converts the organic-pellutants
(COD. BOD) in wastewater into a small amount of sludge

*Corresponding author, Tel, 90232453 1133 [ax: +90 232453 | 143,
Eomatl addvess=-delyasponzaio devedutr (1D.T. Sponzu ).

030147078 _ces front matter 4° 2007 Fleevier Lid. All rights reserved,
Joi 10 1006/ jenviman. 20070 1034

to degrade the complex organie pollutants to methane and
carbondioxide (Speece. 1996), The bivlogical degradation
of complex organic compounds takes place in several
consecutive biochemical steps. each performed by diltereni
groups  of specialized  bacterin. The acedogenic  and
methanogenic phases are most often the rate-limiting steps
(Grotenhuis, 1992).

The principal genera of microorganisms that have been
identified in anaerobie sludges include: the rods ( Methann-
bacterivm, Methianobacillus) and spheres (Metlianococcus.
Methanosarcing). They have very slow growth rates;
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therefore, their metabolism is usually considered as rate
limiting in the anaerobic treatment. The non-methanogenic
and mcthanogenic bacteria must be in a state of dynamic
equilibrium to maintain an anaerobic treatment system
which stabilizes the organic wastes efficiently (Doddema
and Vogels, 1978).

Hulshoff and Pol (1989) showed that the majority of
reaclors treating wastes with high volatile fatty acid (VFA)
levels contained two genera of acetoclastic methanogens.
namely Methanosareina and Methanothrix. The bacterial
population in the biomass is important during the reactor
start up since it significantly affects the acidification and
the methanogenesis (Mink and Patrick, 1977). Dolfing
(1987) studied the microbiological aspects of granular
methanogenic sludge treating sugar refinery wastewater. It
was Shown that the biomass consisted of a significant part
of acetoclastic methanogens. The microbiological composi-
tion consisted of the acetate utilizing methanogen
Methanothrix soehngenii, which is the predominant organ-
ism in UASB reactor depending on the composition of the
wastewater. The VFA concentration is also of importance
with respect to the ultimate bacterial composition ol the
granular sludge. When using a concentrated VFA solution
as feed a granular sludge was developed consisting mainly
of Methanosarcina rather than Methanothrix (Mink and
Patrick, 1977). With lower substrate concentrations.
Methanosarcina may develop under conditions of contin-
uous overloading. The granules developed on VFA
substrates with low VFA concentrations consisting mainly
of filamenteous Methanothrix. Anderson et al. (1994)
studied the changes in the microbial population of a
two-stage anaerobic digestion system. The numbers of
Methanosarcing and filamentous bacteria species de-
creased. whereas in the pre-acidification stage, only a few
Methanosarcina species were identified. Zhu et al. (1997)
studied the bacterial numeration in a laboratory scale
single- and two-phase UASB reactors. They isolated the
fermentative bacteria. H»-producing acedogenic bacteria
and methanogenic bacteria. Plumb et al. (2001) observed
that there was a methanogenic population dominated by
Methanosaeta, Methanobacterium and Methanosprillum in
textile industry wastewater. Morgan et al. (1991) studied
the methanogenic population dynamics during the start up
of a full-scale anaerobic sequencing batch reactor treating
swine waste. The reactor performance improved at a
volumetric sludge-loading rate (VSLR) of 1.7gVSS1 '
day~'. The number of Methanosarcina genus decreased,
while the levels of Methanosaeta from the acetate utilizing
methanogens remained low. Sponza (2002) studied the
enhancement of granule formation and sludge retainment
for tetrachloroethylene (TCE) removal in an UASB.
Microbiological — examinations indicated that the
granules were mainly comprised of Methanothrix- and
Meihanosarcing-like  bacteria. They were the main
methanogens on the inner surface of the granules.
plus a small amount of Methanobrevibacterium sp. and
Methanococcus sp. Smith and Mah (1978) studied the

characterization of microbial consortia in a terephtha-
late degrading anacrobic granular sludee system. The
microbial composition and spatial distribution in a
terephthalate  degrading anaerchic  granular  sludge
contained acetoclastic Methanosaeta and the hydrogeno-
trophic Methanospirilhun and some members of Methano-
bacteriacea.

Chlorophenols are widespread toxic compounds that
cause serious environmental problems all over the world
(Zinder and Mah. 1979). They are used in several indusiries
such as production of pesticides, in preservative chemicals
for wood. glue. paint, leather. and pulp materials
(Montenegro et al.. 2001; Schauer et al., 1982; Schmidl
and Ahring, 1999). Additionally, the chlorophenolic
compounds are often found in discharges of many
industries including petrochemical, oil refinery. In 1988,
EPA was notified of the death of a worker acutely exposed
to 2.4 dichlorophenol (2.4 DCP) and three more cases
concerning toxicity of 2.4 DCP (EPA US Environmental
Protection Agency (EPA). 2003).

Little is known about the relations between reactor
performances and anaerobic bacteria in UASB reactors
treating different toxic substances. No study was found
investigating the methanogenic consortia in UASB reaclors
treating 2,4 DCP at different operational conditions. Tt is
important to note that the ICs, value (The 2.4 DCP
concentration reduce the 50% of gas production compared
to control) of 2.4 DCP was found as 25 mg]_’
(Speece, 1996). Therefore, in this study 10mgl ''24
DCP was added to synthelic wastewater. As the OLR
increased the 2.4 DCP concentration will be increased and
toxicity will be reduced the removal efficiencies with COD
loading rate. Therefore 10mgl™"' 2.4 DCP cause toxicily
and reduce the removal efficiencies together with high
COD loading rates. Since the COD, 2.4 DCP removal
efficiencies and methane percentage decreased as the
COD and 24 DCP loading rates increased, it was
aimed to observe the effects of removal efficiencies on the
number of acedogen and methanogen bacteria. Further-
more, the relationships between the reactor performance
and microorganism numbers were evaluated. Ever run
was operated under steady-state conditions, However,
the reactor performance (COD. 24 DCP removals,
VFA production and methane percentage) varied at
different organic loading rate (OLR) and HRTs (hydraulic
retention time). Therefore. the specific objectives of this
research were:

I. lo obtain the bacterial number of methanogens and
acedogens in different COD and 2,4 DCP removal
efficiencies depending o operational conditions and

their relationships with COD, 24 DCP removal
efficiencies, VFA concentration and methane gas
productions,

P2

. to identify the methanogenic species in the anaerobic
reactor treating 2.4 DCP and to determine the variations
of methanogenic consortia.
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2, Materials and methods
2.1 Used micraorganisins

The sludge samples taken from the UASB reactors
treating 2.4 DCP under different operational conditions
were andlyzed for the number of methanogenic and
acedogenic bacteria. Furthermore. the dominant methano-
genic bacteria were identilied,

2.2, Propertios of UASB reactor ireating 2,4 DCP

Stainless-steel UASB reactors which had an internal
diameter of 90mm and a height of 1000 mm with a
volume of approximately 221 were used in this study.
Five evenly distributed sampling ports were instulled over
the top of the rcactors (sce Fig. 1), The studies were
conducted at 35+£2°C by means of a temperature-
controlled heater in the reactor. since the anaerobic
removal efficiencies (COD and VFA levels and decreased
methane gus productions) were reduced at low tempera-
tures m UUASB reactor,

2.3 Operating conditions and reactor performances
The 2.4 DCP treating UASB reactor was operated
through 125 days. Glucose was used as a carbon source in

this reactor and it was kept constant in influent between

—®= (s Dutlet

3000 and 3200mg " and Vanderbilt mineral medium was
used as a source of trace metals (Speece. 1996). The 2.4
DCP concentrations were Kept constant at 10 mgl™" while
the flow rates increased to 29 from 61 dav ", Therefore. the
organic loading rates increased to 3499 from 7.24g
COD1 ' day Similarly. the 2.4 DCP loading rates
increased to 0.116 from 0.024 g1 day'. The operating
conditions and Lhe performances of the UASB reactor are
summarized in Tahle |.

2.4 S_(’t’d’

2artially granulated anderobic sludee was used as seed in
UASB reactor and was taken from the methunogenic and
acedogenic reactors of Pakmaya Yeast Baker Factory in
Izmir. These sludges were mixed in a ratio ol 1:1 in UASB
reactor. The number of methanogens und acedovens varied
according to organic loadings applied to the UASB
reactor. Anaerobic sludge was ucclimated during the
start-up period through the continuous operation ol the
LIASB reactor.

3

3. Operation conditions and composition of syathetic
Wasrewder

One hundred and ten days [ollowing the start-up period,
when approximately 73% COD removal and 60% methane
production efficiencies were obtained at a flow rate ol 61
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Operational conditions and reactor performances for 2.4 DCP treating UASB reactor | (mean values, = 3)

Parainete Sampling dates

U September 2002 30 September 2002 25 October 2002 19 November 2002 13 December 2002
COD removal efficiency (%) 74 65 34 a7 Al
VFA concentrations (mg CH.COOHT Y 33043 50813 713.01 508,04 1284.74
2.4 DCP concenlrations (me 2.4 DCPl 'y 10 1t 1o 1 (K9]
2.4 DCP loading rate (2 2,4 DCPT day™) 0,024 0.06 0,062 N.076 0116
O day ') f 15 15 19 20
[TRT (h) 10 4 AT Alb 207
Organic loading rate (g COD " day ") 7.24 181 18.7 20.92 1404
FiM ritio (me CODme ' day ') (1515 0,713 2293 3375 6,734
Methane gas (I day™ ]) 4488 5.874 B4R 5.7 ‘?‘_.U‘-Q
Methane gas percentage (%) O8.88 92.50 01.89 8627 84,24
24 DCP removal efticiency (") 99.72 THA44 7344 7000 6l 60
Mean acedogen number (efuml y a0 23 20 13 10
Mean methanogen number (MPNg ') 105107 8% 10" S 107 3.5 1Y 11 s 10
pH T3 T4 7.0 6.3 6,0

day™'; the UASB reactor was started to operate with
I0mgl " ol 2.4 DCP concentration through 21 days. The
upflow rates were then increased from 1510291 day™'. The
LIASB reactor was operated through 20-25 days in cvery
upllow rate under steady-state conditions. The steady-state
conditions were defined as constant COD removal and
methane percentage in 5 conseculive days through the
operation. In every upflow rate run the reactor is under
steady-state conditions. However. the COD, 2.4 DCP
remoyals, VFA production and methane pereentage varied
at different upflow rates. The number of methanogen and
acedogen also varied depending to operational conditions.
The operation conditions and reactor performances are
illustrated in Table 1.

2.6. Sampling period

Biomass samples were taken from the sludge ol the
UASRB reactor at different COD removal efficiencies: VFA
concentrations, methane gas production and methane gas
percentages were obtained under different operational
conditions. Organic loading rates representing the different
removal elficiencies in UASB reactors are given in
Table 1. The chemical and the microbiological analysis
results are the mean of triplicate samplings. Three samples
were taken [rom the sludge and effluent samples during
each run. One milliliter of biomass was taken lrom the
UASB reactor and diluted. if necessary. during micro-
biological analysis. The samples were analyzed mmmedi-
ately in a half hour.

2.7, Analvtical procedures

COD in influent and effluent samples were measured
using closed Reflux colorimetric method (APHA-AWWA,

1992). Cumulative and methane gases were measured
by liquid displacement method (Bevdilli et al., 1998;
Razo-Flores et al., 1997). VFA were measured by a two-
stage titration method developed by Anderson and Yang
(1992). The temperature was measured automatically with
a digital heater held in the UASB rcactor, 2.4 DCP was
analysed with a spectrophotometer at 500 nm wavelength
in the samples centrifuged at [4000rpm for 23 min
(APHA-AWWA_ 1992).

2.8, Sample preparation

After sampling. the mixed liquor samples were immedi-
ately transferred to vials closed with a rubbed stopper,
transported to the Microbiology laboratory and stored at
4°C in a refrigerator.

2.9, Bacterial enumeration studies

2.9.1. Counting of viable methanogens

The viable methanogenic bacteria were counted by (he
Most Probable Number (MPN) method as described by
Sekiguchi et al. (1999), Zehnder and Brock (1979) and
Balch et al. (1979) using the media proposed for methano-
gens. A series of 10-fold dilutions were made using
Hungate tubes. The prepared dilutions from 10" up o
1071 were inoculated into triplicate Hungate tubes
containing butyl rubber septa. The inoculated tubes were
incubated at 37 'C lor 46 weeks. The positive tubes were
determined by measuring methane gas and the presence of
growth (DSMZ. 2003).

2.9.2. Counting of viable acedogens
The number of acid-forming bacteria in the anaerobic
granular sludge was enumerated using anaerobie deep agar
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technigque. DSMZ culture media were prepared for the
growth of these bacteria (Bryant. 1972). Standard colony
count method was nsed o count the number ol micro-
organisms in the solid culture media, When bacterta are
placed on a solid medium. ideally each colony s founded

by only a single bacterial cell. A single cell or a clump ol

cells growing into an wolated colony 1y termed a colony-
forming unit (chu) in milliliter sample.

240, Enrichment and isolation procedure for identification
of metharogenic bacleria

Enrichment cultures of methanogens were carried out in
alass methanogenic growth conditions
through 3 months of incubation period at 37 'C using ||
different methanogenic-specific culture media. Cultures
with active methune formation were identified using Zeiss
light microscope. All enrichment and isolation procedures
were carried out under strictly anaerobic conditions
(Williams et al.. 1989).

The composition of the media are given in Section 2.7
and 2,10 for the identification ol the genus given below
(Morgan et al.. 1990):

Methanesarcima sp.. Methanosphera sp.. Merhanococenus
sp... Methanobacterium sp., Methanospivillum sp.. Metha-
nogenim sp.. Methanothrix sp.. Merhanobrevibacrer sp..
Methanococcoides sp. and Methanolobus sp.

vessels  under

2400, Culture media for Methanosarcing sp.

The weight of the mmgredients of the media is given as
gram per liter in brackets: K-HPO, (0.348). KH-PO,
(0.227),  NILCl  (0.300). MgSO,-7H-0  (0.300),
CaCls - ZH-O (02500, NaCl (2.250). FeSOy - TH-O (0.002),
yeust extract (2), casitone (2), resazurine (0.001). NaHCO,
(0.850), eysteine HCT- H-0 (10.30). Na-S - 9110 (0.300),
vitamin - solution  [0Oml. trace element solution [ ml.
methanol 10ml and distilled water 1000 ml.

2402, Culture media for Methanosphera sp.

The weight ol the ingredients of the media 15 given
as gram per liter in brackets: Fe(NH,)-(804)- - TH-O
(0.002), NICl-6l1LO (0.0002), Nu-acetate - 3H-0O  (3).
veasl extracel (1), trypticase (1), resazurin (0.001). NaHCO;
(3). ovsteme-HC!-H-O  (0.30)  NuaaS-9H-0O  (0.30).
distilled water 900 ml. mecthanol 3ml, mineral solution
(containing K -HPO,. MeSO, . 7TH.0O. CaCl,-2H-0) 80ml,
NaaSeOy- SHAO 0.50ml. trace elements [0 ml, vitamin
solutton 10 ml.

20,3, Culrure media for Methanogenium sp.

The wetght of the ingredients of the media is given as
aram per liter in brackets: KCI (0.335). MgCl--6H-0 (4).
MeSOy- 710 (3.430), NHyCl (0.250). CaCls-2H.0
(0.140) g KL.HPO, (0.140). NaCl (18). Fe(NH)-(SO,)- -
THAQ (0.002), NaHCOy (3). Na-acetate (1) veasl extract
(2). trypucase (2). resazurin (0.001), cysteine-HCl- H.O
(0.5), Na-N-OHLO (500). distilled water (1000ml). trace

element  solution containing  FeSO4-TH-0. CoSO,
- TH-0. CuCls-2H-0. ZnSOys-7H-) and CuSO.- 3H-0
(10m) and vitamin solution containing lolic acid and
biotin (10ml).

2104 Ciltre media for Methanococcus sp.
The media used for Methanogenimm sp. was used without
veast extract. trypticase or sodium bicarbonatc.

2.10.5. Culrure media for Methanobacterivm sp.

The weight of the ingredients of the media is given as
gram per liter in brackets: KH-PQ, (0.5). MgS8Q), - TH-O
(0.4, NaCl (0:4). NH,Cl (0.4), CaCls-2H-0 (0.03).
FeSOy - TH-O {0.002), yeast extract. (1), Na-acetate (1.0),
Na-formate (2.0). NaHCO; (4), resazurin (0.001), cystei-
ne—HCIl-H-O (0.3), Na-S-9H-0O (0.3), distlled water
(940 ml). trace element solution and 1 ml fatty acid mixture
containing a mixture ol isovaleric acid and
isobutyric alpha-methylbutyric acid solution (20-ml).

vitleric.

2.00.6. Culture media for Methanospivillim sp.

The medium used lor Methanobacterivm was used and
VD gl_! isoproponal was added to this culture media. The
medium was reduced by adding 0.4 217" of sodium sullide
(04217

2007, Cultwre media for Methanaothriv sp.

The weight of the ingredients of the media 15 given as
gram per liter in brackets; KH-PO, ((1.3). NaCl (0.6),
MgCl>-6H-0 (0.1). CaCly-2H-0 (0.08), sodium acctale
(6.8). resazurine (0.001). KHCO; (6.8), cysteine HCI-H.O
(0.3). NaaS - 9H-0 (0.3). NH4C1 (1), trace element solution
containing  FeCly-6H,0O  (1.35), MnCl--4H-.0 (.0.1),
CoCly- 6H,0O (0.024), CaCl>-2H-0 (0.1). ZnCl. (0.025)
and CuCls - 2H-0 (0.01) (10ml) vitamin solution contain-
ing vitamin B12 (0.1). p-amibobenzoic acid (0.08) and,
n{ + )-hiotin 0.02 and nicotinic actd (0.2) (10ml). disulled
waler (1000 ml).

21008 Culture media for Methanohrevibacter sp.

The weight ol the ingredients of the media is given us
gram  per liter in brackets: NaCl (1). KCI (0.50).
MgCls-6H-0 (0.4), CaCls-2H50 (0.10), NHCT (0.30).
KH-PO, (0.20), NusSOy4 (0.15). casoamino acids (0.30),
veast extract (0.30). resazurine (0.005), NaHCO, (5.80).
trace element solution SL-10 (I ml). selenile-lungstale
solution (1 mb. vitamin selution (I ml) and distilled water
(1000 ml).

21009, Cultwre media for Methanococcoides sp.

Methanogenium culture media was used. Three grams
per liter of trimethylamine hydrochloride was added 1o the
alorementioned media.

210000 Culture media for Methanolobus sp.
Methanogenivm culture media was used.
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201 Identificarion of anaerobic bacteria species

Bacterial morphology was studied in a Zeiss light
microscope. The dimensions of methanogenic bacteria
were determined as bacterial cell width and length with
micrometric slide and ocular. Gram and capsule stainings
were carried oul for identification of methanogenic species,

242, Biochentical testys

In order to determine the biochemical characteristics
different biochemical tests was applied to the growth
colonies of methanogens (Morgan ¢t al.. 1990).

2.13. Statistical analysis

The regression and multiple regression analysis belween
1 (dependent) und x (independent) variables and ANOVA
test were carried out using Windows Excel (1998).

3. Results and discussion

3.4, COD, 2,4 DCP removal efficiencies and methane
pereentages in UASE reaciors

It was observed that the COD and 2.4 DCP removal
elficiencies decreased when the organic loading rates
{(OLR) were mnercased mm UASB reactor. The COD and
DCP removal efficiencies varied between 30% and 74%
while the OLRs increased from 7.24 1o 34.99¢CODI™!

98.88% when the organie loading rate rates decreased
from 34.99 to 7.24¢COD1 " day ' (see Table 1). When
the organic loading rates were increased from 7.24 o
34.99CODI™" dav™'. the methane gas productions
increased from about 4.48 to 9.041 day ', respectively
(see Fig. 2). The high organic loading rates increased the
methane gas productions while decreasing the percentage
of methane gas.

3.20 Toral momber of methanogens al varving merhane gas
percentages and methane productions

As the 2.4 DCP loading rate increased to 0.116 from
0.024 21 " day ! the methane gas percentages decreased to
about 83% from 98%. The corresponding COD loading
rates were 34.99 and 7.24¢1 ' day | The total number of
methanogens at varying methane gas percentages is
depicted in Fig. 3. Methane gas percentages were measured
at between 84.24% and 98.88% while the number of total
methanogen bacteria wis found to be between 11 x 10% and
10 % 10" MPN g Increases in the number of total
methanogens were observed as the methane gas produc-
tions mercased. The highest number of total methanogens
was determined when the methane gas percentage was
measured as 98.88%,. The organic loading rate and the
environmental conditions of the anaerobic reactor alfected
the number of methanogen bacteria. A strong exponential
reaction kinetic between the number of methanogens and
methane gas  percentages was obtained  with a high
regression coefficient (1= 3K+ 08x—SE+08. R* =0.87).

day™' (see Fig. 2). The 24 DCP removal efficiency The number of methanogens increased from 11x 10° to
decreased from 99% to 60% while the OLRs were 10 % 107 as the methane gas production increased from 4.48
increased (o 34.99 [rom 7.24¢CODI™' day'. The to 9.041 day '. A strong exponential reaction kinetic
methane gas percentage increased from 84.24%, 1o between the number of methanogens and methane gas
120 10
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Fig. 2. COID. 2.4 DCP and methane gas productions versus organic loading rate in UASB reactor.
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productions was obtained with o high regression coefficient
(' = [E+-08x—8E 1 08, R = 0.88) (sce Fig. 4).

3.3, Total number of methunogens ar different VEA levels

The total number of methanogens ur different VEA
fevels s shown in Fig. 3. VFAs concentration varied
between 331,43 and 1284.74mgl ' VFA production is an
mdicator of the presence of ucedogemic bacteria. As shown
in this figure the VEA production decreased to 33143 [rom
1284.74 mg | ' when the number of methanogens inereased
to 10 % 10" from 1 x 10" MPN g ' Therefore. the highest
number ol methanogens was observed al lowest VIA
productions. AL highest VEA coneentration. the pH of the
anaerobic UASB reactor decreased (0 6,00 6.5 (see Table 1),
As the VA increased the number o methanogens also
decreased. The prowth of methanogens was inhibited under
acidic conditions. A strong exponential correlation be-

tween the number ol lota}l methanogens and VFEA

production was observed with a regression coelficient of

R =086 (¢ = — 1L 06X+ 1 £+09).
I Buwmeraiion of total aeedogens af carving VEA levels

Enumeration of total acedogens at varving VEA levels
tv illustrated in Fig. 6. It was found that the VFA
concentration 1 the UASB system was related to the
number ol gcedogenic  bactern. A high  correlation
coelficient (Rj = 0.87) was obtained between the number
ol acedogens and VFEA production. As can be seen [rom
g, 0. as the number ol acedogenic bacteria imcreased to 30

indicates aeidogenic activity besides methanogenic activity,
which shows that methane gas 15 produced slowly in the
UASB reuctor.

350 Toral mnnber of methanogen and acedogen bacieria o
varving COD removal effrefencies

The number of methanogens wre an indicator of COD
removal efficiency and methane gus  produetion The
number of methanogens increased from 11 x 107 Lo
105 107 MPN & U ds the COD removal officiencics in-
creased  rom 30% 1o 73% (see Fig. 7). A Slrong
exponential correlation between the number of methano-
sens and COD removal efficiency was ohserved with a high
regression cocllicient (= 2E+07x—7E—08. R = (1.90).
However. it cun be coneluded that an inerease in acedogens
in anaerohic UASB  redctor allected the gsrowth af
methanogenic bacteria negatively. Therefore, the treatment
efficiency of the unaerobie system decreased. [n other
words. the steady state conditions Jailed since high number
ol aeedogens alfected the pH ol anacrobic UASB reactor.
Generallv. the pH of the system declined below 7.0
(see Table 1). Acidic conditions in the reactor aflected
the performance of the system for methanogenic bacteri.
IHowever. the existence ol acedogens are necessary for
anacrobic system. As shown i Fig, 7, the number of
acedogenic bacteria was 10cfuml ' in UASRB reactor while
the highest CODD removal efficiency (£ =74%) way
obtuimed. A low number of acedogens was usclul for
anaerobic svstem perlformaince.

The number ol total acedogens i reactor trealing 2.4
DCP at varying COD removal efficiencies is shown in
Fig. 8. Acedogens arc probably important in angerabic
ecosystents simce they may produce acetate Irom laclale,
H:. CO-. and methanol from the methoxyl or phenolic
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Fig. 7. Number of methanogens at different COD removal efficiencics.

compounds., Methanogens use these products as substrate
through methanogenesis.

The number of acedogens decreased to 10 from
30cfuml ' as the COD removal efficiencies decreased
from 30% to 74% (see Fig. 7). In other words. when the
number of total acedogens increased to 30 from
l0cfuml™!, the COD removal efficiency decreased to
30% from 74%. A strong linear correlation between the
number of acedogens and COD removal efficiency was

versus VEA production.

35
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- \
20 y =-0.4625x + 44.974

RZ=0.9805
15 W
10 4\%—

5 —
0 10 20 30 40 50 60 70 80
COD Removal Efficiency (%)
Fig. 8, Number of acedogens al dilferent COD removal elficiencies.

observed with a regression coefficient R® of (.98 (v =
0.4625x 1 44.971).

3.6. Enumeration of total methanogens at varyving 2,4 DCP
removal efficiencies

As the 2.4 DCP removal efficiencies increased from 60%
to 99% the number of total methanogens increased from
11 x 10" to 10 x 10" MPN ¢ !, Increases in the number of
total methanogens was observed as the 2.4 DCP removal
efficiencies increased from 60% to 99% (see Fig. 9).
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The 2,4 DCP loading rate and the environmental condi-
tions of anaerobic reactor affects the number of methano-
gens. A strong exponential reaction kinetic between the
number of methanogens and 2.4 DCP removal efficiencies
was observed with a high regression coefficient (v = 3£+
06x—2£+ 08, R* = 0.97).

3.7, Enumeration of total acedogens at varving 2.4 DCP
removal ¢fficiencies

The number of acedogens decreased to 10 [rom
30cfuml™! as the 2.4 DCP removal efficiencies decreased
[rom 99.72% to 60.60% (see Fig. 10). In other words, when
the number of total acedogens increased the 2.4 DCP
removal efficiency decreased. The number of methanogens
are an imdicator of COD and 2.4 DCP removal efficiencies
and methane gas production. However, it can be concluded
that an increase in acedogens in anaerobic UASB reactor
negatively affected the growth of methanogenic bacteria.
Therefore, the steady state conditions [ailed since high
number of acedogens affected the pH of anaerobic UASB
reactor, Acidic conditions in the reactor aflected the
performance of the system for methanogenic bacteria.
However. the existence of acedogens are necessary [(or
anacrobic system. A low number of acedogens was uselul
for anaerobic system performance in order to hydrolyze the

VFA to methane and carbondioxide as end products.
A strong linear correlation between the number of
acedogens and 2.4 DCP removal efficiency was observed
with a regression coefficient R of 0.89.

As the 2.4 DCP removal efficiencies decreased Irom
99.72% to 60.60% the total number ol acedogens
decreased to 10 from 30cfuml™'. A strong linear correla-
tion between acedogen numbers and 2.4 DCP removal
efficiencies was observed (y = 0.476x—14.04).

3.8 Biochemical iest results

3.8.1. Substrate utilization testy

The growth on methanol, methylamine, formate, 2
proponol, 2 butanol. ethanol. 2 methyl butyrate. butanol
was taken into consideration (o determine the methano-
genic species. For identification of Merhanobacterivm
bryantii. Methanobacterium formicicum. Methanobrevibac-
ter smithii and Methanobrevibacterter arboriphilicus species
formate, acetate and methanol tests were carried outl in
order to determine whether these organic substrates could
be used us carbon source.

3.8.2. Aminoacid biochemical tests

Amino acid biochemical tests were used [for the
identification of the members of Methanococcaceae [amily,
Leucine and isoleucine biochemical test was applied on the
methanogen cultures, Leucine and isoleucine are necessary
for growth of Methanococcus voltae. Therefore, the leucine
biochemical test proved positive (see Tuable 2). However,
leucine is not required for the growth of Methanococcus
vannielii. Therefore, the leucine biochemical test proved
negative.

3.8.3. Utilization of sulfur sources

Very different sulfur resources such as sulfide, elemental
sulfide were essayed in cullure media to identify the
methanogen species, especially the Methanococcus through
methanogenesis (see Table 3). Growth of methanogen
bacteria in sulfur containing media was assessed as positive
through the utilization of sulfur sources.

Table 2
Biochemical characteristics o’ Methanococeus species

Characteristics M. vannielii: M. voltae M. maripidadis M. jannaschii

lreegular coccus 4 i + |
Cell diameter (pm) | 1.5 I 1

Hs and €O - 3 n 1
Formate F I =
Acetate - - — -
Isolencine = B =

Leucine — -+ = =

Ca = +- - -
NH; + + { !

N2 + Nong
Alanmne — — + Nong
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Table 3
Machemical characternistics ol Methunococens species

Lable 3
Biochemical churacteristivs ol Merfanogeniu specics

L M. M. M.
vennielit voltae macipalidis

Clharaclersucs
Jetmitedsehii

Autotrophic growth — } {

Sullide - = T+ f

Elemental sulfur -t t | t

Thivsulfide = = =

Nultire - - -

Sulfute — — —

lemperature range 204 245 20 45 3086

()

pH runge TG 6.5 8 .58 Hlaf

Tuble 4

Biochenueal characteristics of Merthanoswrcing species

Churacieristics M M M M.
havkeri  muazel  aeetivetuns  cacoudite

Ha and COa = 7 f

Acetate + f— |

Methylumines f + + 2=

Methanol | | |

Single cells o small b B i

iggregales

Larpge agoregates - + + —

Cusls } +

Life eyele — | J _

Crus vicuoles + + £

Optimum temperatare {C) 3050 W40 3540 40

Optimun Nacl = +

Heteropolysaccharide in outer —+ + -

layer

3.8.4. Differences in physiological properties of
methanogens in diffevent environmental conditions

Some dilferences in the physiological properties of

methanotrophs (optimal values of pH. moisture. salinity.
optimum temperature) were take into consideration for
determination of the methanogenic species, For identifica-
tion of Merthanosareina species the growth of this bacteria
in the medium contaiming salinity was taken into con-
sideration. Methanosareing acetivorans lives in the medium
containing NaCl concentration higher than 0.2 molar
(sce Table 4). Methunosarcina acetivorans does not have
heteropolvsaccharide in the outer laver of the cell
However, other species of Merthanosarcing have hetero-
polvsaccharide in the outer layer of the cell. For
identification ol Methanosarcing mazei and Methanosarci-
na barkeri lormation of eyst was taken into consideration.
Small agercgates ol Methanosarcing mazei developed mito
eysts containing  individual coccoid elements with a
common wall. Cyst formatton was nol observed in the
growth of Methanosarcina burkeri (see Table 4).
ldentification ol Methanogenium  species was  done
by morphoelogical obscrvalion. Capsule and flagella Tor-

mation were taken into consideration for identification of

Methanegenium aggregans and Methanogeniun bourgense

M M. M. M. M. M
Caridel prarisigei olentang 1 tationds aggregeans Botrgernse
Flagella f : = + — -
Capsule - — - i
Pili + - - — - -
Requires & — - i +
aceline
Growth on  + + — + +
formate

Growth al — ~ - - -
6:C

Growth at 5t =

5.5

Tahle 6
Biochermical chavacteristics of Merhanofacrernm species

M. M M M. M-
Sformicicnnt wolfed  wliginosun alcaliphilun brvand

Heand CO- + + | | !
Formate } = —

Long rods + T + I I
Filaments | = — | +
Ciram staining Viriable 1 : — Virntlble
Moty - — — - 3=
Optimum 37 43 5565 37 40 37 37 39
temperiture ( C)

Optimum pH 6912

6H.6-78 TO-T 5 6.0-83 8091

Table 7

Biochemical characteristics of Methanobrevibacier species

Charactenistics M. rwmmanionn - M, sanihii M.

arboriphilicis

Morphology Cheal rod orcoceus Oval rod or coceus Short rod
Acetaie - = +

B vitamins = = +
Coenzyme M —

Methvlbutyrate

Aminoicids + T
NH, = + f

H- and COx £ = -

Formate f f
Bile inhibilion f - -

(Tuble 5). Methanogenium aggregans has a capsule while
Methanogeninm  bowrgense does not have a capsule.
The biochemical test results Tor Methunobacierium aind
Methanobrevibacter species are shown in Tables 6 and 7.
According to biochemical test results the identification ol
Methanobacterivun brvantii (Picture 1), Methanobacierium

Sormicicum (Picture 2), Methanoeoccus vannielii, Methano-

sarcing  mazei, Methanobrevibacter smithii (Picture  3),
Methanococeus  rvoliae. Methanosarcing  acetivorans
(Pictures 4-0), Methanosarcing acetivorans (Fig, 3), Metha-

nosarcing barkeri (Fig, 6) were performed.
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Picture | Medhunobacrevimm broandi, long rods or filaments cells. Magnilication 500 x

Pieture 2. Methanohacrermnn formicienni. long sods or llaments cells, Maghification 560 x ,

3.0, Multiple regression anel)sis

The multiple regression analysis was performed to
find out the correlation between 1 (dependent mria'bIBS'
methanogen (MPNg ') acedogen numbers (cfuml ')
and & (independent variables: COD removal cfficiency

(%), methane percentage (% ). VEA concentration (mgl ')
and 2.4 DCP removal cfficiency (%)).

The multiple regression analysis results showed that
high linear correlations were observed between x and p
variables, A high lincar relationship between methanogen
number. COD removal efficiency, methane percentape.
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Picture 4. Methanoeocets volige, coccoidal cells, Magnification 500 x .

VFA und 2.4 DCP concentrations was observed in reactor
treating 2.4 DCP (R"=0.97. R =0.98. df = 4. F = 30.08).
The relationships between .x and » variables in this Reactor
can be expressed as

1= — 38139530623 + 527447 064.5 X
+ 22450579 X2 — 75163479 X1 +6754321 Xy, (1)

Methanogen number (MPN g ') = —38139 530623+
527447064.5 COD removal efficiency (%)-+22450579
methane percentage (%) —73163479 VFA production
(mgl™") + 6754321 2.4 DCP removal efficiency (%) (Eq. (1)).

A high linear relationship between acedogen number,
COD removal efficiency. VFA concentration, 2.4 DCP
removal elliciency and methane percentage was observed in
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(80

Picture 5, Methanosareing acetivorans, individiual, irregular coccold cells forming smull and lirge nggregates, Magnification 500 x .

Picture 6. Metlanosarcing bavkeyi, individival. irregular coceoid cells forming sniall aggregates. Mugnilication 500 5 .

reactor treating 2.4 DCP (R*=0.79. R =0.80. df=4.
F— 18.09).
The relationships between x and p variables in this
Reactor can be expressed as
p= 196,642 — 2.178X | — 8B4E — (02X
+ 798 — 02X 5 + 626 — 01.X5. 2)

Acedogen number (cfuml™') = 1966422178 COD
removal  efficiency (% )—84£02 VFA  production
(mgl )+7.9£-02 24 DCP removal cfficiency (%) +
6.2E—0.1 methane percentage (%) (Eq. (2)).

Table 8 summarizes the number ol methanogen bacteria
and the dominated bacteria identified in different industrial
wastewalers.
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At i COD removal cfficiency ol 74% the number of
methanogen bacteria was higher i 2.4 DCP treating
reactor (10 x 10"MPNg '} compared (o the ice eream.
brewery and penta chlorophenol wastewater (4 x 10
Sx 10°MPNg 'y (Zhu et al. 1997: Montenegro et al..
2001: Suihko et al., 2005: Pearce el ul.. 2003). In the study
performed by Sponza and Ulukoy (2005), the highest
methanogenic  bacteria number (8 x 10'MPNg ') was
obtained at an organic loading rate of 7.24gCODI !

duy .

4. Conclusions

The aim of this study was o gain more insight into the
interactions  bhetween methanogen.
and the reactor performances depending on  dilferent
operational conditions in a UASB reactor (reating 24
DCP. It was observed that the reactor performances
were dependent on operational conditons and there were

acedogen  hucteriu

high corrclations  between  reactor performances and
anacrobic  microorganisms.  Operational  conditions  in
inuerobic  wastewater  treatment  plants  treating  the

complex organic compounds strongly influence the number
ol methanogens and acedogens. There was  evidence
that in the UASB reactor treating 2.4 DCP was hvdrolyzed
by acedogens 10 VFA wgether with COD. Methanogens
convert mtermediate subslunces 1o
methane and carbondioxide and glucose was preferred
as primary substrite. The churacterization of the bacteria
in granular sludge helped to get a better understanding
ol the role of bucterial group in the sludge of UASB
for 2.4 DCP degradation in different reactor performances,
The  maximuwm methanogen number  was  as
10 % 10°MPN ¢! and obtained at maximum COD. 2.4
DCP removals (74% and 99.72%,_ respectively) at low
YFA (331.43mg CH:COOHI™') and wi high methane
percentage (OR.88%%). The maximum acedogen number
was oblained as 30cfuml " at low COD. 24 DCP
removilds (30% and 60.60%, respectively). at high VFA
(128474 43ma CH,COOHI ') and at low methane
percentage (82.24%q). The reactor performances wias
adjusted with decreasing the HRT or increasing the upflow
rates. This resulis with imereasing ol COD und 2.4 DCP
[Oading rates which affect the number of anacrobic
microbial consortin in a UASB reactor treating 2.4 DCP
with glucose.

A high  locar between  methanogen
number and COD removal efficiency, methane percentage.
VEA concentration and 24 DCP removal efficiency
was obscrved i UASB reactor. According to biochemical
et the identification of  six methanogen  hacteria
wis perforued, The operational conditions allect the
microbial population m UASB reactor, Therelore, the
dominant  bacteria - numbers  will - be varied
the reactors containing high toxic substances and operated
at high organic loading rates depending to reactor
performance.

these arganic

relationship
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Abstract

The fy ash treated by H2SO4 was used as o low-cost adsorbent for the removal of a typical dye. methylene blue, from aqueous
solution. An increase in the specific surface aren and dye-adsorption capacity was observed after the deid treatment. The adsorption
isotherm and kineties ol the treated 1y ash were studied. The experimental results were litted using Langmuir and Freundlich isotherms.
It shows that the Freundlich isotherm is betler in deseribing the adserption process. Two kinetic models. pseudo-first order and pscudo-
second order, were employved Lo analyze the kinetic data, It was found that the pseudo-second-order model is the better choice to describe
the adsorption behavior. The thermodynamic study reveals that the enthalpy (AH") value is positive (3.63kI/mol). sugpesting an

endathermie nature of the adsorplion.
(2007 Elsevier Lid, All rights reserved.

Kepwerds: Fly ash; Methylene blue; Adsorption: Wastewater: Kineties model

1. Introduction

Dyes are widely used in various mdustries, such as
textiles, paper. plasties, cosmetics and leather. for coloring
their final product. The release of colored wastewalter [rom
these idustries may present an eco-toxic hazard and
introduce the potential danger of bioaccumulation. which
may eventually affect man through the food chain. Many
techniques have been used to remove harmful dves from
colored wastewater., and one of the powerful and con-
yenient  treatiment  processes s adsorption.  Activated
carbon 1s the most popular adserbent, which is capable
ol adsorbing many dyes with a ligh adsorption capacity
(Lin, 1993). But it is expensive and the costs of regenera-
tion are high hecause desorptich of the dye molecules is not
casily achieved (McKay et al., 1987). Various low-cost
adsorbents were therelore investigated as an allernative Lo
activated carbon (Ramakrishna and Viraraghavan, 1997),

Fly ash is a waste malterial originating in large quantities
from modern power stations. Allhnugh it has bheen

*Corresponding author Tel © + 86571 §7951307:
e+ BGITI 87952483,
E-mnif adevess: el zineduen (8L, Zhan).

O3071-4797 % - see front matter (0 2007 Esevier Lid. All rights reserved,
dor 010164 jenvman 200701001

successfully used as a mineral admixture in concrete and
brick production, there are still superfluous ly ashes in
some countries, causing environmental and disposal
problem. The vulization of ly ash as adsorbent for dye
removal from industrial wastewater could be rewirding
to both environment and economy. Thus many elforts
were attempted to make fly ash a cheap adsorbent for
dye removal in recent years (Li et al.. 2006; Wang el al.,
2006: Talman and Atun. 2006; Eren and Acar. 2006:
Mall et al.. 2005, 2006; Weng and Pan. 2006; Fungaro
et al., 2005: Kumar et al.. 2005; Janoes et al.. 2003).
Many works were locused on the absorption property
ol v ash, and some trealments were carricd out to
mprove its adsorption capacity. such as sonochemical
treatment (Wang and Zhu, 2003). microwave heating
(Wung et al,, 2005a) and -0 treatment (Gupta et al.,
2000). However, because of variations in coale from
different sources, as well as differences in the design ol
coal-fired boilers, not all the fly ash is the same. For
example. it may exhibit acid property (Wang el al., 2003h)
or show busic property (Mohan et al., 2002). Different fly
ashes may be dilferent in their adsorption behaviors. and
more efforts should be made to improve their adsorption
capabilities.
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In this work. one type of coal fly ash with basic property
was treated usmg HaSOy for the adsorption of basic dye
from aqueous solution. Methylene blue (MB). a typical
hasic dye usually used for dyeing and medical purpose, was
used as adsorbate. After investigating the effect of pH on
the adsorption of MB. we studied the adsorption isotherm
and Kinetics of" MB onto the treated flv ash. and then
simplified the pseudo-first-order and pseudo-sccond-order
kinetic models to fit the experimental findings.

3. Materials and methods
2.4 Iy ush

Raw Ay ash (R-FA) was provided fram Ningho Thermal
Powcer Plant in Zhejiang province. China. The R-FA was in
the form of spherical grayish particles with bulk density of
980 /1. and average particle size of 25 pum. This muterial
was Lreated with sulficient H-SO, solution (1 mol/L) at
50 C for 24 h: the sample was then washed several times
with distilled water. filtrated. dried at 105 °C tor 20 h, and
sieved 1o the particle sizes through 450 700 mesh. Finally,
the resulting product (H-FA) was stored in a closed
conltainer for further tests.

2.2, Characierization techniques

The pHuounen of 11y ash was meusured by using the
method recommended by Al-Ghouti et al. (2003) as follows:
3g of fly ash was mixed with 30 mL of distilled water and
agitated for 24h. Then the pH value of the mixture was
recorded with a pH meter. The zero point ol charge (pHpe)
of fly ash was estimaled by using the alkalimetric titration
method (Noh and Schwarz, 1989: Al-Ghouti et al., 2003).
Major oxide of fly ash was analyzed by X-ray florescence
(XRF) technique. SEM micrographs were obtained using
model SIRION microscope (Fei Company. Holland). For
the specific surface area and pore size evaluation, nitrogen
gas adsorption method was used. N» gas adsorption
desorption isotherms of [y ashes were measured al
=196 C using a model Autosorb-1 nitrogen-adsorption
apparatus (Quantachrome Corp.. USA).

2.3. Evalvation of MB

MB (Cl No. 52015) was AR-grade chemical. Its pH
value was 6.13 al the concentration of 2,675 % 10 *M. The
concentration of MB in each aqueous solution was
measured on an ET99731 UV visible spectrophotometer
(Tintometer GmbH. Germany) by measuring absorbance
al Zpay 0 065nm. A calibration plot was made in the
coneentration range of 3 x 107" 3% 10 "M for determina-
tion of the dye concentration.

To swudy the effect of pH value on the visible spectra of
MB solution. 2.675x [07"M of MB concentration was
prepared @l various pH values using | M HCl and NaOH
solution. The visible spectra of MB at different pH values

were obtained on the spectrophotometer once for several
hours alter the pH adjusted,

2.4 Adsorprion studies

Adsorption 1sotherm studies were carricd out in a set
of 230mL PE flask, where 1 g of flv ash and 100mL of
MB solution with different initial concentrations (2.075 x
1077-26.75 % 10 *M) were added. The solution with fly
ash was shaken at 130 rpmin an isothermal shaker for 72 h
to reach the equilibrium at constant temperatures (13, 35
and 55 °'C). The flasks were then taken from the shaker and
the equilibrium concentration of dye was measured. The
amount of dye uptake by fly ash, ¢, (mol/g). was obtained
as follows:

_ =1

g, - (1)

Th

where €, and €. (mol/L) are the initial and equilibrium
concentrations of dye in solution, respectively. and m. is
the concentration of fly ash (g/L).

Kinetic studies were performed in a 2dm? glass beuker.
where [7g of fly ash was added into 1.7dm’ of MB
solution with dilferent initial concentrations at varying
temperature. The glass beaker was equipped with baffles.
and an impeller driven by motor was adjusted on top of the
beaker to stir the dye solution and fly ash. The agitation
speed was fixed at 130rpm during the experiments. At
preset time intervals, the samples of 5em” were taken [rom
the solution and the conceniration was analyzed.

The dye solution was centrifuged at 2000 rpm for the
separation ol fly ash from the aqueous solution.

3. Results and discussion
3.4 Characterization of fly ash

The pHopuon values of R-FA and H-FA were found to
be 10.96 and 6.82. respectively. The cause of the decrease of
pHonon value after the treatment is the rémoval of basic
impuritics [rom the R-FA. Major oxide analysis shows that
the R-FA consists mainly of SiO (48.5%), ALO; (24.7%)
and Fea03 (9.0%). The pH,,.. is reported to be 8.2 and 2.3
for alumina and silica, respectively (Mohan et al., 2002).
The composite pH,,. of R-FA and H-FA was lound to be
5.9 and 6.4, respectively. The SEM photographs ol R-FA.
H-FA and adsorbed H-FA with MB are shown in Fig. 1. It
can be seen that the surface morphology of R-FA is slightly
changed by the H.SOy treatment. which is quite similar to
that of H-FA. Fig. I{a) and (b) clearly reveals the porous
texture ol {ly ash. while Fig. I(c) shows that the porous
surface is greatly changed upon adsorbing MB.

The textural characteristics ol fy ash were studied by
using the Ny adsorption method. The well-known Brun-
nauer—kEmmett-Teller (BET) equation was used for the
caleulation of specific surfuce arca. Sypp. pore volume, V,
and the average pore diameter. R. The results for R-FA
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Fig. | SEM paragraphs of (a0 R-FAL (b)) H-FA and (¢) H-PA adsarbed
MWL,

Table 1

Surtuce wred wnd pore siae of R-FA and H-FA

Adsarhent PO em ) Spir (mie) R nm|
R-1A FA1Z 1.780 12,12
H-FA §2:34 6.236 $:073

antd H-FA are given m Lable 1. It reveals that the aewd
treatment enhunces the surface arca and pore volume of the
R-FA. while decreases its average pore diameter. This may
be explained by the increasing micropore content of the
H-FA after the impurities and organics were removed by

H-SO, and water.

320 Effecr of pH on thie MB adsorption

Since the pH ol the adsorbate -adsorbent system plays an
important role in the whole adserption process. many

researchers studied the changes ol dyve adsorption on
adsorbent over a broad range of pH valucs. Janos ¢t al.
(2003) and Wang et al. (2005a.h) mvestigated the effect of
pH on the removal of MB from aqueous solution using fly
ash. Their reports showed that the adsorption cuapucity
enhinced with increasing phl. Especially. when the pH
vilue was higher than 10, the adsorption of MB would
increase steeply. Khraisheh et al. (2005) reported that the
maximum  percentage removal ol MB using dintomite
occurred ut basic pH (1012}, The phenomenon above was
usually explained by considering the pH,.. of the fly ush or
diatomite. ie. the solution pll above the pll,, fuvors the
adsorpuion of MB. However. the possihble change of MB in
hasic solution without any adsorbents may also lcad to the
steep merease of adsorption of MB. Thus the possibility
was lested by investigating the effect of pll on the visible
spectra ol MB solution without adsorbent.

Ag the spectra vanation at eiven pH may be ime
dependence. we recorded the visible spectra of MB solution
at interval time after the pH adjusted. Tt was found that the
absorbance ol the spectra was stable with pH varying in
acid solution while decreased with increasing pH value in
basic solution. Fig. 2 shows the spectra ol MB solution al
basic pH value (10.4-12) after the pH adjusted for 25h.
The value of absorbance decreases [rom .83 at pH 6.13 to
1.03 at pH 12 for the moenomer peak (665 nm),

The visible spectra of MB solution at pH 12 recorded at
different times are shown i Fig, 3. 1t can be seen that the
absorbance ol the MB solution decreases with tmie. The
Zs, 00 the MB solution at pH 12 shifts rom the monomer
peak (665 nm) Lo the dimer peak (6153 0m) alter 40 b, and
the absorbunce decreases to .78 alter 710 h. However. the
same investigalions al pH 2 and 4 showed that the MB in
actd solution was stable. Further, the study of MB 1 a
higher concentration of NaOH solution was carried out hy
Shawabkeh and Tutunji (2003). They mixed 2.7 mmol/L of
MB solution with equal volume of 2M NaOH solution

TS0 = | —— pH=6.13
o [ e pli=104
1600 [ PH-11.2
w——pH=11.3
=
A L[ pH=12.0
o0k
) L
E "
2 000+
g 800 -
How =
400 F
200
0
400 300 600 700 RO

Wavelength (nn)

Lig, 2, LEffect of pH on visibie spectrn of MB solution, MB concentrulion:
2.675%=3 M. recorded time: 23 1
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Fig. 3, Effect of time on visible speetra of MB solution at pH = 12.0. MB
concentration: 2.673e~3 M.

withoul adsorbent. It showed that the color of the solution
changed with time until it became clear after S days.

In short. the absorbance of MB solution at basic pH
decreases with time: the higher the pH value. the greater it
decrenses. The reason for speetra variation of MB in
INaOH solution may be the reaction of MB with NaOH
and the appearance of dimer (MB™)s.

From the above results. it may be concluded that the
above-mentioned steep increasing adsorption of MB at
basic pH (10-12) attributes not only to the pH.; of the
adsorbent but alse to the sclf-change of MB in the basic
solution.

It was found that the pH value of 10 mg/I. MB solution
mixed with 10 g/L R-FA was §.65, and it was 6.71 for the
H-FA. To compare the adsorption capability of H-FA with
the capability of R-FA. the pH value of the dye solution
with H-FA was adjusted to be 8.65 by NaOH solution,
Fig. 4 shows the dye removal of H-FA and R-FA at the
same pH value at various MB concentrations. The dye
removal ol H-FA is higher than that of R-FA in the same
pH solution, which indicates that the H-SO, treatment of
R-FA enhances its adsorption capacity. In addition. the dye
removal of H-FA without alkali added is lower than the dye
removal of R-FA due (o the basic property ol R-FA.

3.3, Adsorption isothermy

Fig. 5 depicts the amounts of MB uptake bv H-FA
against the equilibrium concentrations at various tempera-
tures. It reveals that the dye uptake increases on increasing
the dyve concentration from 0 to 0.2673mmol/L. Two
widely used isotherm models, Langmuir and Freundlich
isotherms, were employed o investigale the adsorption
behavior. The Langmuir isotherm can be written as

ohC.

= 4
¢ [+ hC.” (2)

Dye conc. X 107 M

Fig, 4. Ltfect of solution pH on dye removal of R-FA and H-FA,
Adsorbent concentration: 10¢/L, cquilibrium Lime: 72h, shuking speed;
[30rpm. 70 288 K.

I F
20 s e gt
g 19
\ﬂE I
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a2
= v 55°C
D S o 4 S (s Langmuir isotherm
—— Freundlich isotherm
12 0
Al IV SRR PPN UL ST Sl R Tl I (s U B I A
D 2 4 6 8 10 12 14 16 18 20 22 24 26
Cex10°M

Fig. 5 Fitting the experimental data by Langmuir and  Freundlich
isotherms at various temperatures. Adsorbent coneentration: 101,
equilibritmm tme: 72 he shaking spéed: 130 rpm,

where @ is the adsorption capacity corresponding to form a
complete monolayer and 4 is the Langmuir constant.

The Freundlich isotherm. which is empirical for hetero-
geneous surface energy. is wrillen as

gy =KC", (3)

where K is the extent of the adsorption and s 18 the degree
ol nonlinearity between dye concentration and adsorption.

The above two equations were then used for nounlinear
fitting of the experimental data m Fig. 5 by emploving a
commercial software Origin. The model parameters ob-
tained from the nonlineuar regression are given in Table 2,
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It can be seen from the correlation coefficient (R) that the
Freundlich model is better than the Langmuir model in fitting
the experimental isotherms. suggesting the helerogeneous
surface or pores for the adsorpuon of MB onto fly ash.

[t is known that the increasing temperature may decrease
the adsorption capacity of fly ash if it is exothermic, und
merease the capacity if 1t s endothermic. As shown
Fig. 5 and Table 2, both the adsorbed amount of dye (ge)
and the adsorption capacity (Q) enhunce with temperature.
indicating that the adsorption process was endothermic,

A comparison of adsorption capacities of M B on various
ly ashes is presented in Table 3. Tt can be seen that the My
ash in this study shows lower adsorption capacity than
others. Therefore. Turther work should be carried out 1o
improve the adsorption capacity.

3.4 Adsorption kKinericy

A number of experimental parameters are usually
considered in Kinetics studies for one adsorption process.
The elfect of dyve concentration and temperature on the
kmetics of MB adsorption onto H-FA was focused on n
this study.

Two well-known kinetic models. pseudo-lirst-order and
pseudo-second-order model, were employed to describe the
adsorption process. The pseudo-first order, proposed by
Lagergren (1898) for adsorption analysis. is expressed in
the [orm

ey
(T{’:f\'.l(qe—q, )i (4

Table 2
Langmuir and Freundlich constunts for the adsorption ol MB

where ks the rate constant of pseudo-first-order model
and ¢, is the amount ol solute adsorbed on the adsarbent at
tume . When rearrunging ¢, as the concentration form as
Eq. (1). and integrating over the concentration with time.
the following equation can be obtained:

C; ( NS ) Mistf.
L et o S (5)
(n (IJ (H \

where C, 15 dve concenlration al tme /.

The pseudo-second-order equation developed by Ho
(1995) and Ho and Mckay (1999) can be expressed as
"{‘1".' 5
KZI\HU}‘. — 43 s (6)
where A- is the rate constant of pseudo-second-order
model. When performmg as the previous model, the
following equation is obtained:
G, m,  gukat

S0 L Eh 7
(‘“ C'|| | 4 ({c[\'jf i

The above Eqgs. (5)and (7) were used for the curve fitting
ol the experimental results employving software Origin.

Fig. 6 shows the effect of initial MB concentration on the
adsorption rate. It can be seen that an increase in the initial
concentration leads to a faster decrease ol the MB
concentration in the solution. The rate of all the adsarption
decreases with time until it gradually reaches a plateau. The
higher the concentration. the faster the adsorption capacity
reaches and the plateau forms. This may attribute to the
gradual decrease in the concentration driving force with
time.

Temperature ( ) Langmuir model

Freundlich model

Qs 10" (malig) B 10" (Lomal) s Ko 10° (malig) Iin K
13 21344 T6t2 TS | 1474 0.1 7RS (1LU655
£ 2 I8R5 1.9310 09094 30206 01040 9003
33 Z2FUT [ 1193 0.8573 |.3737 113500 (LUR K
Tuhle 3
('mnp:u'is:m |J|‘.:I(]N|')]'|'IIJI{.!I'I u:lp:ll.‘ili&b ol lt'lr.,'lh_v]i_‘ui: blue on varipus H_\_ ashes
Adsorbent Temp. () Adsorption capacity (mmalig) Relerence
Sludge ash 54 1003 Weng and Pan (2000)
Bugisse [y ush Rl 00202 Gupta et al (20010)
(A 25 (0.0144 Viraraghavan and Ramakrishoa (1999)
CTA 22 (1.0 8D Janos et alo (2003)
CFA i (0046 Tanos et al (2003)
CEA treatad wath FINGO, £t LO2s Wung el al, (20050)
CUA heuted il 8500 C a0 14 Wang el ul. (2003h)
CEA atter sonochencal treaiment with U016 G040 Wang and Zhu (2005)
Nald]
CEA treated with H250, 15 00021 This study

CFA: eonl fly ach.
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Fig. 7 displays the effect of temperature on the dye
adsorption. As shown, the rate of adsorption increases with
il1cr‘.:1.~‘.ing tCI'i'].le‘ﬂt!_lT('_‘_ [l'!(','l.'ei'l-‘:‘t". (Jf l.emperulut‘e 1“| I\'T]Q\r\-"ﬂ
Lo mcerease the rate ol diltusion of the adsorbate molecules

o 2675¢ 107°M
1.0 e 5.024x 107°M
a0 1337% 100°M
Pseudo-first-order model
0.9 ----- Pseudo-second-order model
v
o
0.3
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Time (min)

Fig. 6. Elfect of initial concentration on the adsorption. Temperature:
15C.

1.00 o 15°C
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Fig. 7. Effect of temperature on the adsorption. Initial MB concentration:
BA24e—3 M.

Tuble 4
Parameters in the adsorption kineties at various inilial MB concentritions

across the external boundary layer and in the nternal pores
of the adsorbent particle. owing to the deerease m the
viscosity of the solution (Al-Qodah. 2000).

The kinctic parameters obtained from the nonlinear
regression are listed in Tables 4 and S. It can be seen that
the experimental adsorption Capacity (¢eegn) is in good
agreement with the calculated capacity (qcoy). The
adsorption rate parameters (&; and k.) and the adsorption
Capacity (¢eexp and ) increase with the increusing dye
concentration and temperature. Moreover. it shows that
the correlation coefficients (R”) of the pseudo-second-order
model are higher than that of the pseudo-first-order model,
which indicates a pseudo-second-order mechanism {or the
adsorption of MB onto the flv ash.

3.5 Thermodynamic parameters of adsorpiion

As the pseudo-second-order kinetic model is betier in
describing  the adsorption. the activation energy of
adsorption, £, was obtained from the pseudo-second-
order constant, A,. by using the following Arrhenius
type relationship (Ho and Mckay. 1999: Al-Ghouti et al..
2005):;

o — & —F ;
Cr= Ay CXI‘*(IRY‘)- (8)
where ky is the rate constant of adsorption. R is the gus
constant (8,314 J/mol K) and 7'is the solution temperature.

The corresponding plot of the values of In(k>) against
I/ T was drawn and then the data were regressed 10 oblain
the activation energy. The physisorption processes usually
have low activation cnergies (30 kJ/mol), while higher
activation energies (40-800 kJ/mol) suggest chemisorption
(Nollet et al,. 2003). As given in Table 6, the value ol £ was
found to be 542kJ/mol. We can conclude that the
adsorption ol MB may be physical in nature considering
that the value is in the typical activation energy runge lor
physisorption.

The thermodynamic parameters. such as enthalpy (AH"),
entropy (AS") and free energy (AG’) of activation, were
determined by using the following equations (Khan et al.,
1995; Shawabkeh and Tutunji. 2003):

g,  AS" AL’
log -

= e R L
¢, 2303R  2303RT ©)

Cy (107 M Yoo (107" molig) Pseudo-first-order model

Pseudo-second-order model

Yowa) (107 "mol K (10 gimol b el (107" ma); o (10" gimol R

gl i) 2) min)
2.675 1.209 0,903 0.0139 19532 (1.963 00313 0.9540
8,024 1.704 |65 0.0425 0.9674 1.862 (0391 0.9823
13:.37 |.944 1.738 01181 0.9714 1.893 (0, 1183 (.9RBY

Temperature: 13 C
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Fable 5
Paramelers in the adsorption kimehics il varous epetalires

el G (10 Ml g) Pseudo-first-order model Psendossecond-order model

ooy 110 “moliz) fyp 010" gimol miny " Qoo 110 "ol h= (10" 2 mol min) 7
|5 1.704 | .AR3 L0425 0674 |.862 (L3l 9823
33 755 [N 0.1y (L9807 [L9RT 0.0 146354
] 1817 RENTH 00645 {380 2144 0.0516 (CHEN

[nitial MB concentration: 8 (124¢ 3 M,

Tahle 6

The thermodyiamic paramelers of MB adsorption onte Ay ash treated by varous chemicals

Treated by b (kL imal) AH" (kFimaly ASY (Timol K) AG! kel Relerence
H-0 —47.082 825 =215 ©) =22280 (40 ) —20.6435 (30 °C) Guptit el als
(2000
NG, T 370.2 N30 O) =374 (40 ) Wang et al
(200150
1180} 342 S 451 —T705 (15 C) —RATHAS () 950 (55 C) This study
AG =AY — T ASY, (10) isotherm is  better than the Langmuir model. The

The linear plot of the values of logly, ;) against 1|7
revealed a straight line with regression coelficient (R) ol
0.98400. intercept of 2.4065 and slope of —293.81. The
values of A, AS". and AGY were then obtained and the
results are piven in Table 6. The negative values of AG"
reflect that the adsorption of MB onto lly ash is feasible
and spontaneous. The AG" value decreases from —7.65 to
=4 30 klimol when the temperature mereases [rom 13 1o
55 C. suggesting the more adsorbable ol dye with
Inereasing lemperaiure.

Table 6 compares (he thermodynamic parameters of
adsorption of MB onto treated fly ash with various
chemicals mvestigated by us and other researchers. It can
be seen that the A#” value reported by Gupta et al. (2000)
15 negative (—47.082kJ/mol). indicating the exothermic
nature of the adsorption. However. the Af” values
reported by Wang ct al. (2005b) and in this study are
T6.1 and 363 k1mol. respectively: the positive values
suggest he endothermic nature of the adsorption. In
addition. the low value of A2 in the present paper implics
that there was loose bonding between the adsorbate
molecules and the adsorbent surfice (Singh. 2000).

4, Conclusion

The HASOy treatment of (v ash increases the surlace arewd
and  pore volume, while decreases tts average pore
diameter. The adsorption capacity ol the fly ash enhances
with increasing pH yvalue in basic solution. which may be
explamed by considering the pH, . of the fly ash and by the
changes of MB in the basic solution. The isotherm study
sttows that the Freundlich model in fittng the adsorption

kinetics study reveuls that the adsorption behavior can be
deseribed using the pscudo-second-order model. Moreover.,
the positive value of enthalpy (AZI') suggests an endother-
mi¢ nature of the adsorption. and the low value ol £
(5.42 k) 'mol) mdicates that the adsorption process might
be mainly physical.
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