
IN-SITU BIOREMEDIATJON AND UNCERTAINTY 
ANALYSIS OF CONTAMINATED GROUNDWATER 

一 A SIMULATION-OPTIMIZATION APPROACH 

by 

RAM KAILASH PRASAD 

Department of Civil Engineering 

Submitted 

n fulfillment of the requirements of 

the degree of 

Doctor of Philosophy 

e
 輿

叫
い
『

N
l

ーノ
し
ク
が
一

r  

o
t
h

慧
戸
価

毎
》
一
 

Indian Institute of Technology, Delhi 
August 2007 



ンUu トい～ 

TI-! 
s:了6 ・コ 2又・6 
PAA一 r 

r，マ。春買L鯛L 



TO 

A imighか GOD 



Certifficate 

OEis is to certify that the thesis entitled "IN-SITU BIOREMEDIATION AND UNCER- 

TAINTY ANAl了SIS OF CONTAMINATED GROUNDWATER 一 A SIMULATION . 

OPTIMIZATION APPROACH" being submitted by Mr. Rani Kailash Prasad to the 

Indian Institute of Technologき・， Delhi for the award of the degree of Doctor of Philosophy 

is a bonafide record of research work carried out by him under my supervision and guidance. 

The thesis work, in my opinion. has reached the requisite standard fulfilling the requirements 

for the degree of Doctor of Philosophy. 

The results contained in this thesis have not been submitted, in part oi‘んII, 1.0 any other 

University oi・Institute for the a凧・ard of any degree or diploma. 

(Shashi Mathur) 

Professor 

Department of Civil Engineeing 

Indian Institute of Technology, Delhi 

Hauz Khas, New Delhi-i i 0016 



Acknowledgements 

It gives me great pleasure in expressing my regards and profound sense of gratitude to my 

supervisor Prof. Shashi Mathur for his invaluable guidance, care, aLection and constant en- 

couragement throughout the course of this research work. His door has always been open for 

useful suggestions and advice, as well as for stimulating discussions. His keen interest towards 

my personal welfare is also thankfully acknowledged. 

I wish to extend my sincere thanks to the past and present heads of the department of Civil 

Engineering, Prof. K. G. Sharma and Prof. A. K. Nagpal for the facilities extended to me・ I 

thank the members of my SRC Prof. S. N. Sinha, Prof. Ashok Gupta and Prof. S. V. Veeravali 

for sparing their valuable time. 

I am grateful to the Director, North Eastern Regional Institute of Science and Technology, 

Niijuli, Arunachal Pradesh for sponsoring me on deputation for three years to pursue Ph・D 

programme under the quality improvement programme of AICTE. My special thanks are due 

to my senior colleague Prof. S. K. Singh, who has been the source of inspiration and encour- 

agement at my parent institute. 

I wish to thank Dr. Virginia Johnson, Lawrence Livermore National Laboratoiy, Liver- 

more, USA for providing answers to many of my technical questions by E-mail, time to time. 

These helped mne to develop a good understanding and knowledge of the subject. 

111 



'v 

I want to record my gratitude to the faculty members of Civil Engineering Department for 

their help and giving me an opportunity to carry out this research work here. Thanks are also 

due to the staL of Civil Engineering Department especially Mr. Rajveer Agrawal and Mr. 

B加am Chand for providing me helpful co-operation throughout this research work. 

I would like to thank to all my fellow research scholars Mr. Brijesh Yadav, Mr. D. L. 

Parmar, Mr. Amardeep Singh, Mr. Amitabh Srivastava, Mr. P. P. Lodha, Mr, S. Chakma, 

Mr. Ravi Kumar, Mr. Debajit Satapathy, Mr. Ch. Sudhcer. Mr. Shailendra Kumar Jamn, 

Mr. Thinlas T, Mr. Shishir Gaur, Mr. G. P. Vadodaria and Mr. Sandeep for their support, 

co-operation, friendship, and for making my time enjoyable. 

I wish to record my deep sense of gratitude to my parents for their blessings which have 

enabled me to travel journey of my academic life from a village (which even today lacks basic 

infras伽ctures like i・oads and electricity) to TIT Delhi, a temple of higher study. Last, but not 

the least, I express special thanks to my wife Mrs. Anita for her relentless support, my daugh- 

ters Nupur and Juhi and son Ashutosh who had to bear me sitting with computer during this 

research work. 

I am grateful to GOD, the creator and the savior, who guided me through all the good and 

diffficult times. Once again thanks to all near and dear ones. 

R,'<. Pr& 斌 
August 2007 
	 (RAM KAルASH PRASAD) 



Abstract 

An in-situ bioremediation system requires the location and pumping rates of the extraction 

and injection wells in addition to the quantiひ and type of electron acceptors, microo稽anism 

and nutrient.s for e能C万ve clean up of contaminated aquifeパ． It is important to determine the 

optimal well locations as well as optimal pumpingrates for an in-situ bioremediation system to 

remediate th:e contaminated aquiたr in a cost effectiveケ manner. In this stuみa niethodolo留

五）r an optimal in-situ bioremediation system design is developed. 

A bioremediation model is ガおt developed using U.S. Environmental 片otection Agenの／ 

(USEPA) devel叩ed so丑ware BIOPLUME lIT, which 戸elds 山e spatial and temporal distri- 

bution of contaminant concentration under 功e deガned initial and boundary conditions. The 

developed mnodel is then used to study an in-situ bioremediation problem of Shieh and Per- 

alta (200の． The model is validated りcomp而ng the simulation results 而th the results of 

Shieh and Peralta ('2005), which are found to be in close agルement. A sensitivity anaケsis 

is also conducted to observe the model output '山en it is subjected to changes in 山e aquifer 

parameters・ 

A neural network embedded Monte Carlo 翌叩roach is used to determine the potential well 

locations for two diiたrent scenarios. In the ガおt scenaガo only oxygen is considered as terminal 

electron acceptors while both oxygen and nitrate are taken in the second case. A regrouping 

or clustering of the preselected well locations into potential well locations is achieved, which 

in turn results into a considerable reduction in 山e 直mension of the problem since 山e redun- 

dant well locations are eliminated. Once the potential well locations are identified, an artilcial 
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neural netwoi承 and genetic alg面thm (ANN-GA) methodology is adopted to determine the 

optimal well location and pumping rates ofinjection and extraction wells to achieve a near op- 

timal cost of 功e in-situ 加oremediation system. The results show that the costs associated with 

the proposed management solution is consistent 面th 山ose resulting from other optimization 

techniques which other面se use linked bioremediation simulation models. The computational 

burden ofMonte Carlo simulations and genetic algorithms is managed within 山epractical time 

伽me り卿刃acing the BIOPLUME III simulation model 面th a trained ANN model. This in 

turn results into a considerable reduction in the number ofsimulations involved. Furthermore, 

a penalty parameter-less appr叩ch adopted in this stuみ does not require any penalty coefiFi- 

dient and has been Ibund to 駅吐 well for an in-situ bioremediation problem. A considerable 

肥duction in the optimalりstem cost is んrther achieved if both oxygen and ni如te are used as 

terminal electron acceptoお in comp血son to a scenaガo 面ere only oxygen is used as an termi- 

na] electron accepto工 It is ルrther observed that an optimal 伽nsient pumping strat喫び results 

in a reduction of the pumping costりabout 20%in comp面son to cases 晒ere a steady state 

pumping strate幻げs adopted. 

An ANN-GA technique is furthけadopted to estimate 功e uncertainties in ou叩ut quantities 

due to imprecision in input parameters．月ve different cases involving radial 丑ow to a well, 

one-dimensional solute tran叩ort in steaみ uniform ガ。曳 a two-dimensional heterogeneous 

steaみガ。叱 at叩－dimensional solute transport and a two-dimensional unsteady groundwater 

丑ow to demonstrate the 面ciency and effectiveness of the developed alg面thm respectively 

are considered. The result shows that one could successfully measure the uncertainties asso- 

cia ted 而ih groundwater 月ow and contaminant transpon simulations in addition to achieving a 

considerable reduction in computational effort using ANN-GA framework as compared to the 

p叩ular vertex me山od. 

凡rthermore, a human health risk assessment model taking a number of ルme直al alterna- 

tives is also sta直ed. Later, difi汁ent combinations of pump-and-treat remediation systems are 
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compared with the biorenlediation s trat嘩W・乃e computed 化sidual risk and the costs associ- 

ated with the reduction of the ris鳥 are used as paramet郎 forjustiication of a better remedial 

alternative. The bioremediation method is found to be a much better remedial alternative even 

when the parameter uncertainties in aquiferparameters prevail compared to otherpopular haz- 

ardous waste clean up strat昭les. 
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