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ABSTRACT

A permeable reactive barrier (PRB) is an in situ, innovative and eco-friendly
remediation technology that comprises reactive materials to remove contaminants like
heavy metals and petroleum hydrocarbons from contaminated groundwater
environment. An effective implementation of PRB requires a thorough understanding of
the site specific conditions and the associated mass transport processes. Thus, there
exists a need to obtain optimal design parameters of PRB under varying distance of the
barrier from the source of contamination involving the least possible cost as well as

minimum time for remediation (project completion time).

A contaminant transport equation is numerically solved using a finite difference
approach with an alternate—direction implicit technique. The developed model is called
PRBFD. Later, the developed model is validated and found to perform well. Further,
PRBFD is used to simulate a hypothetical case of contamination due to heavy metals.
The PRBFD simulations yield the spatial variation (x and y direction) of metal
concentration for a duration of 4 years assuming a continuous reactive barrier (CRB)
placed near the source. A concentration of 100 mg/l of metal (Zn) is assumed at the
source and the distance along the length of the barrier from the source where the Zn
concentration reduces to a permissible limit of 5 mg/l is identified. The required length
and width of the CRB are subsequently determined after obtaining the plot of the

maximum relative concentration in both the x and y directions.

A sensitivity analysis is then conducted to see the impact of various hydraulic

parameters (hydraulic conductivity of the barrier, hydraulic gradient, longitudinal and

\



transverse dispersivity and retardation factor) on the design parameters as well as the
total cost of CRB. The maximum length and width of the barrier along with the total

cost to clean the metal contaminated site is thus determined.

Later, the PRBFD model is simulated for a BTEX contaminated site with initial
BTEX concentration of 100 mg/l and the spatial and temporal variation of the
contaminant is plotted up to a maximum period of 6 years. The results obtained are
further validated with Visual MODFLOW and a good agreement is observed.
Concentration contours are plotted in the absence of a barrier to observe the maximum
spread of the plume as it moves towards a monitoring well where a permissible

concentration of 1 mg/l is assumed.

Further, a continuous reactive barrier is placed at varying distance from the
source and the corresponding length, width and time of remediation required so as to
obtain a desired permissible concentration of 1 mg/l at the exit of barrier is determined.
A data set is thus generated that provides the length, width and time of remediation for

various locations of the barrier as it is moved away from the source.

Following this, a multi-objective optimization algorithm is developed to
minimize the two objectives (cost of CRB and the time of remediation) simultaneously.
Two different hybrid algorithms developed by combining evolutionary algorithms
called HYD-I and HYD-I11 are proposed in this study. HYD-I is developed by combining
Differential Evolution (DE), Particle Swarm Optimization (PSO) and Non-Dominated
Sorting Genetic Algorithm (NSGA-II). Similarly, HYD-II is developed by merging
Differential Evolution (DE), Particle Swarm Optimization (PSO) and Simulated

Annealing (SA) approaches.
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The design variables of this study are mainly the length and width of the barrier which
are provided to the HYD-I and HYD-II algorithms through an Artificial Neural Network
(ANN-1) model so as to achieve fast computations. The ANN-I model is developed by
providing approximately 204 sets of inputs (length and width of barrier) and output
(time of remediation) that are generated from PRBFD model for a random 204

locations of the barrier from the source.

Similarly, an Artificial Neural Network (ANN-II) model is developed to predict
an optimal distance of the barrier from the source for the provided optimal length and
width of the barrier as inputs. The two ANN models are used as proxy simulators in the

study and thus replace the simulator PRBFD.

Further, combining HYD-I with ANN-I yields a set of paretos of the cost and time
of remediation for three different population sizes of 25, 50 and 100. Similarly, HYD-II
is linked with ANN-I model to yield a separate set of paretos (cost and time) for a

population size of 25, 50 and 100.

The performance of both these hybrid multi-objective optimization algorithms is
checked by using four different performance analyzers. The performance analyzers
adopted in the study are Inverse Generational Distance (IGD), Spacing, Hyper-volume,
and Spread. The performance analyzers yielded a minimum mean value of IGD,
Spacing and Spread and a higher mean value of Hyper-volume for HYD-I compared to
HYD-II. This indicates that HYD-I performs better than HYD-II or it converges and

diverges very well compared to the algorithm HYD-II for a population size of 100.

vii



Later, HYD-I for a population size 100 is further compared with each one of the
evolutionary algorithms (NSGA-II, DE and PSO) which initially were combined
together to develop HYD-I. Finally, on comparison it is found that the hybrid algorithm

HYD-I still performs much better than the individual algorithms.

Subsequently, after establishing the fact that HYD-I performed well for a
population size of 100, a set of optimal design variables (length and width of the
barrier) are determined for the generated corresponding non-dominated solution (cost
and time). Using these design variables, the ANN-11 model is used to predict the optimal
distance of the barrier from the source. Thus a set of 100 optimal solutions for the
length, width, and distance of the barrier from the source along with the cost and time

of remediation are generated.

Furthermore, two post pareto approaches are used to determine the best
compromising solutions out of the available 100 optimal solutions. A fuzzy logic
approach with a maximum linear membership function yields the best optimal cost, time
of remediation, optimal length and width of the barrier as well as the optimal distance
of the barrier from the source. Similarly, a pseudo weight vector approach is also
applied by considering weightage for both the objectives (cost and time). A number of
best user specified optimal solutions considering different weightages to the cost and

time are suggested for final decision making.

Later, the entire procedure is repeated for different concentrations of BTEX at
source to develop design curves. A number of combinations of weights provided to the
cost and time are used to prepare design curves to obtain optimal length, width,

distance from the source and time of remediation for various finite source

viii



concentrations. Using these design curves, a decision maker could directly pick the
values of the optimal parameters for a known source concentration value and

subsequently compute the cost incurred.

Finally, a funnel and gate system is also designed so as to compatre its cost with

the cost obtained for a continuous reactive barrier.
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