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Abstract

In the past decade, the rapid growth of industry and agriculture have also increased the
quantity of water requirement in Chou-Shui Alluvial Fan. To fulfill the water demand becomes
a great challenge for the present water supply system. Since the surface water is influenced
significantly by the hydrological condition that varies greatly in time, depending only on surface
water system has high water deficit risk during drought period. On the other hand, groundwater
is a much more stable resource than surface water and it is a good alternative water resource
to reduce water deficit during drought period. Therefore, the long term purpose of this study
is to develop a surface and subsurface conjunctive-use management model that can facilitate to
increase the water allocation capability and reduce the water deficit risk in Chou-Shui Alluvial
Fan during drought period. To do so, the groundwater characteristic of Chou-Shui Alluvial Fan
should be familiar first. Two steps include the development of steady numerical model and the
estimation of the recharge potential have been purposed.

First, MODFLOW 2000 which is one of the most famous models for groundwater simulation
is used to construct a steady model of Chou-Shui Alluvial Fan. The average observed water
level are used in the calibration process. After calibration, the spatial distribution of the
calibrated recharge quantity mostly centralizes at the proximal area on the top aquifer. The
spatial distribution of the calibrated pumping quantity is related with the distribution of the
manufacturing districts. Second, the estimation of the recharge potential is determined by
using a factor based method which modified from DRASTIC, a groundwater pollutant potential
model and seven factors including land use, surface soil, river density, average annual rainfall,
correlation between rainfall and groundwater storage, variation of storage for unit aquifer area
and hydraulic conductivity are used. The estimation result indicates that the high recharge
potential zone locates in the proximal area include, Shetou township, Tianzhong township,
Xizhou township, Ershui township, Citong township and Linnei township. The distribution of
the estimation is similar with the one of the steady numerical model.

Keywords : Chou-Shui Alluvial Fan, groundwater characteristic, steady numerical model con-
struction, model calibration, recharge potential and DRASTIC
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Integrating Evolution Algorithms with Linear Programming to the Conjunctive Use of
Surface and Subsurface Water

Liang-Cheng Chang Yu-Wen Chen Chen-Che Pan
Department of Civil Engineering, National Chiao Tung University, Taiwan, ROC

ABSTRACT

Surface water resources are strongly influenced by hydrological conditions, and using only
surface water resources as water supplies may have higher shortage risk than before because
of the climate change caused by the global warming. Conjunctive use of surface and
subsurface water is one of the most effective water resource practices to increase water supply
reliability with minimal cost and environmental impact. Therefore, this paper presents a novel
stepwise optimization model for optimizing the conjunctive use of surface and subsurface
water resources management.

At each time step, a two level decomposition approach was proposed to divide the
nonlinear optimal conjunctive use problem into a linear surface water sub-problem and a
nonlinear groundwater sub-problem. Because of the two level decomposition approaches, a
hybrid framework is used for the implementation of the conjunctive use model. In the hybrid
framework, evolution algorithms, Genetic Algorithm (GA) and Artificial Neural Network
(ANN), and Linear Programming (LP) are used for model solving. GA and LP are respectively
used for determining the optimal pumping quantities and reservoir allocation, and ANN is
used for the groundwater simulation. In the groundwater simulation, this study uses an ANN
to simulate groundwater response and greatly reduce computational loading for unconfined
aquifers, unlike conventional “response matrix method” or “embedding method”. Because of
the very high performance of LP, the usage of LP for the linear surface water sub-problem can
significantly decrease the computational burden of entire model.

In this study, four cases have been demonstrated. Case #1 is a pure surface water case and
others are conjunctive use cases. In Case #2, “surface water supply firstly” is the supply
principle between surface water. In Case #3 and #4, the “Index Balance” theory is the supply
principle and different operation curves used in different cases respectively. The case result
has been compared as below. First, the case comparison between Case #1 and #2 indicates that
a small but reliable groundwater supply can significantly decrease the water supply risk. With
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“surface water supply firstly” policy, an additional groundwater supply, whose maximum
supply capacity is just 8.67% of the total water demand, can significantly decrease the
shortage index (SI) from 2.93 to 1.54. Second, these comparisons between Case #2 and #3 or
#2 and #4 demonstrate that extending the principle of “rule curve” operation to groundwater
supply can dynamically balance the use of groundwater and surface water resources.
Therefore, the “rule curve” operation for groundwater also can further increase the operating
efficiency of water supply. Because of the higher operating efficiency of the proposed model,
the SI can significantly decrease to 1.13 or 0.79 depend on different rule curve of groundwater.
Finally, because of the usage of the hybrid framework and ANN, the computational efficiency
of proposed model is higher than other models with purebred framework or traditional
groundwater simulation. Therefore, the proposed model has ability to extend to solve a
complicated large field problem and also will be a valuable tool for conjunctive surface and

subsurface operations planning.
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Introduction

1. The changing climate make the happen frequency of water supply
shortage increases than before.

2. Only using surface water resource is easily effected under extreme
climate condition and also associates with high supply risk.

3. On the contrary, because the relationship between groundwater

resource and rainfall quantity is not so close, conjunctive use

between surface and subsurface water can make water supply

stable.

Methodology

A hybrid algorithm is proposed for the conjunctive use model of
surfaceand subsurface model.

@ Model Architecture

Artificial Neural Network: Ggroundwater system (the groundwater
transfer function)

Linear Programming :Gsurface water system (determine the reservoir
supply amount)

Genetic Algorithm :Gthe bridge between surface water and subsurface
water system (determine the pumping rates)

Genetic Algorithm
(Decision variable : pumping rates)

Linear Programming
(Decision variable: reservoir
supply amounts)

Artificial Neural Network
(groundwater transfer function)

figure1 : The model architecture for CUMM.

@ Model Objective Function (Original)

Ny Ng N
t _ t 2 T\ t t t t
=

b

X, :means water supply quantity of the k-th linkage at the t-th time step and
also is the decision variable

: means groundwater pumping quantity of the k-th well and also is one of the
decision variables

SHR. : means the ratio of water shortage to water demand for the i-th demand node

6Py, » means index value discrepancy between the m-th and the n-th reservoir

AP, : means index value discrepancy between surface water system and

groundwater system

SLsw; : means ratio of spare volume to system capacity for the j-th reservoir

sLy, : means ratio of spare volume to system capacity for groundwater system

wsn,j waarad st are assigned to present the priority between different sub-objects

k
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and Subsurface Water

@®Modified Model Objective Function for Hybrid Algorithm

The entire problem can be divided into a primary sub-problem and secondary
sub-problem.

Primary sub-problem (solved by Genetic Algorithm)

éUMM — mjn [J* (}_))t) —+ Q)GAPGAPE‘YS —+ a)SLSLtGW]
Pt

Secondary sub-problem (solved by Linear Programming)

Nd NS NS NS
J*(P) = min > wepy S HR' + w "N GAP! +w S
— =y S H,j Jj GAP S W.mn S L S W.i
X j=1 m=1 n=1 i=1

@Groundwater ANN model development

A recursive ANN model is used to simulate the relationship between groundwater level and
pumping. The training and verification data for ANN is collected from a numerical model,
MODFLOW 96, and groundwater system structure is shown as Fig. 2. The structure of the ANN
model for training stage and prediction stage are shown as Fig. 3. The input nodes contain
state variables, fz(t) , and decisionvariables , p(r) and the output nodes just contain state
variables, 7 + 1) In the prediction stage, the structure of recursive ANN model needs to be
modified as Fig. 3(b). Similar with the traditional numerical models, the results calculated from
output nodes are recursively assigned to the input nodes for the next step simulation.
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Dirichlet boundary condition (h
Dirichlet boundary condition (h= 80 m)

Input layer
(10 nodes)

No flow boundary condition

Numerical Cases

Three cases have been presented in this study (shown as Table 4. Case #1 is a case of surface
water independent operation and Case #2 and #3 are cases of conjunctive use operation. In
Case #2, the wells just supply while the surface system is empty by using "surface water supply
firstly” policy. In Case #3, the supply policy is determined by our proposed model, CUMM.

' . 4

I=VVer Ner NenN-L.Lne rar

Reservoir A Reservoir B

5.0 5.0
4.0 max storage max storage 4.0

7.0X107(m”) 5.0X107(m”)

3.0 3.0

2.0
1.0

2.0
1.0

Groundwater
system
IO ey Operation form Model usage
Required c;emand
7
1> 2 10" (mften-day) Case# 1  Surface water independent operation(SW) SWAM
Case#2 Decoupled conjunctive use operation(DCU) CUMM
< SEA ‘ Case#3  Coupled conjunctive use operation(CCU) CUMM
Case #1 Case #2 Case #3
Case type SW DCU CCU
Shortage index (SI) 2.93 1.54 1.13
Number of supply shortage step (SSSN) 135 125 111
Average requirement quantity (xX10° m>/10 days) 15,000 15,000 15,000

Average supply amount of surface water system 13,550 (90.33%) 13,550 (90.33%) 13,480 (89.87%)
(x10° m3/10 days)

Maximum supply productivity of groundwater system O (0%) 1,300 (8.67%) 1,300 (8.67%)
(x10° m>/10 days)

Average supply amount of groundwater system 0O (0%) 480 (3.20%) 680 (4.53%)
(x10° m3/10 days)

Average production efficiency of groundwater system 0% 36.87% 52.31%

Average supply amount of the conjunctive use system 13,550 (90.33%) 14,030 (93.53%) 14,160 (94.40%)

Cases Result

Comparing Case #1 and #2, an additional groundwater supply, whose maximum
supplycapacity is just 8.67\% of the total water demand, can significantly decrease
the shortageindex (Sl) from 2.93 to 1.54.

@ Comparing Case #2 and #3, the higher operating efficiency of the proposed model
make the system Sl significantly decrease to 1.13.

@ Because of the usage of the hybrid framework and ANN, the computational efficiency
of proposed model is higher than other models with purebred framework or traditional
groundwater simulation.

@ The proposed model has ability to extend to solve a complicated large field problem
andalso will be a valuable tool for conjunctive surface and subsurface operations
planning.
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Integrating Evolution Algorithms with Linear Programming to the

Conjunctive Use of Surface and Subsurface Water

Liang-Cheng Chang Yu-Wen Chen Chen-Che Pan
Department of Civil Engineering, National Chiao Tung University,
Taiwan, ROC
ABSTRACT

Surface water resources are strongly influenced by hydrological
conditions, and using only surface water resources as water supplies may
have higher shortage risk than before because of the climate change
caused by the global warming. Conjunctive use of surface and subsurface
water is one of the most effective water resource practices to increase
water supply reliability with minimal cost and environmental impact.
Therefore, this paper presents a novel stepwise optimization model for
optimizing the conjunctive use of surface and subsurface water resources
management.

At each time step, a two level decomposition approach was proposed
to divide the nonlinear optimal conjunctive use problem into a linear
surface water sub-problem and a nonlinear groundwater sub-problem.
Because of the two level decomposition approaches, a hybrid framework
is used for the implementation of the conjunctive use model. In the hybrid
framework, evolution algorithms, Genetic Algorithm (GA) and Artificial
Neural Network (ANN), and Linear Programming (LP) are used for
model solving. GA and LP are respectively used for determining the

optimal pumping quantities and reservoir allocation, and ANN is used for



the groundwater simulation. In the groundwater simulation, this study
uses an ANN to simulate groundwater response and greatly reduce
computational loading for unconfined aquifers, unlike conventional
“response matrix method” or “embedding method”. Because of the very
high performance of LP, the usage of LP for the linear surface water
sub-problem can significantly decrease the computational burden of
entire model.

In this study, four cases have been demonstrated. Case #1 is a pure
surface water case and others are conjunctive use cases. In Case #2,
“surface water supply firstly” is the supply principle between surface
water. In Case #3 and #4, the “Index Balance” theory is the supply
principle and different operation curves used in different cases
respectively. The case result has been compared as below. First, the case
comparison between Case #1 and #2 indicates that a small but reliable
groundwater supply can significantly decrease the water supply risk. With
“surface water supply firstly” policy, an additional groundwater supply,
whose maximum supply capacity is just 8.67% of the total water demand,
can significantly decrease the shortage index (SI) from 2.93 to 1.54.
Second, these comparisons between Case #2 and #3 or #2 and #4
demonstrate that extending the principle of “rule curve” operation to
groundwater supply can dynamically balance the use of groundwater and
surface water resources. Therefore, the ‘“rule curve” operation for
groundwater also can further increase the operating efficiency of water
supply. Because of the higher operating efficiency of the proposed model,
the SI can significantly decrease to 1.13 or 0.79 depend on different rule
curve of groundwater. Finally, because of the usage of the hybrid
framework and ANN, the computational efficiency of proposed model is
higher than other models with purebred framework or traditional

groundwater simulation. Therefore, the proposed model has ability to
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extend to solve a complicated large field problem and also will be a

valuable tool for conjunctive surface and subsurface operations planning.
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Introduction

1. The changing climate make the happen frequency of water supply
shortage increases than before.

2. Only using surface water resource is easily effected under extreme
climate condition and also associates with high supply risk.

3. On the contrary, because the relationship between groundwater

resource and rainfall quantity is not so close, conjunctive use

between surface and subsurface water can make water supply

stable.

Methodology

A hybrid algorithm is proposed for the conjunctive use model of
surfaceand subsurface model.

@ Model Architecture

Artificial Neural Network: Ggroundwater system (the groundwater
transfer function)

Linear Programming :Gsurface water system (determine the reservoir
supply amount)

Genetic Algorithm :Gthe bridge between surface water and subsurface
water system (determine the pumping rates)

Genetic Algorithm
(Decision variable : pumping rates)

Linear Programming
(Decision variable: reservoir
supply amounts)

Artificial Neural Network
(groundwater transfer function)

figure1 : The model architecture for CUMM.

@ Model Objective Function (Original)
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X, :means water supply quantity of the k-th linkage at the t-th time step and
also is the decision variable

: means groundwater pumping quantity of the k-th well and also is one of the
decision variables

SHR. : means the ratio of water shortage to water demand for the i-th demand node

6Py, » means index value discrepancy between the m-th and the n-th reservoir

AP, : means index value discrepancy between surface water system and

groundwater system

SLsw; : means ratio of spare volume to system capacity for the j-th reservoir

sLy, : means ratio of spare volume to system capacity for groundwater system

wsn,j waarad st are assigned to present the priority between different sub-objects
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@®Modified Model Objective Function for Hybrid Algorithm

The entire problem can be divided into a primary sub-problem and secondary
sub-problem.

Primary sub-problem (solved by Genetic Algorithm)

éUMM — mjn [J* (}_))t) —+ Q)GAPGAPE‘YS —+ a)SLSLtGW]
Pt

Secondary sub-problem (solved by Linear Programming)

Nd NS NS NS
J*(P) = min > wepy S HR' + w "N GAP! +w S
— =y S H,j Jj GAP S W.mn S L S W.i
X j=1 m=1 n=1 i=1

@Groundwater ANN model development

A recursive ANN model is used to simulate the relationship between groundwater level and
pumping. The training and verification data for ANN is collected from a numerical model,
MODFLOW 96, and groundwater system structure is shown as Fig. 2. The structure of the ANN
model for training stage and prediction stage are shown as Fig. 3. The input nodes contain
state variables, fz(t) , and decisionvariables , p(r) and the output nodes just contain state
variables, 7 + 1) In the prediction stage, the structure of recursive ANN model needs to be
modified as Fig. 3(b). Similar with the traditional numerical models, the results calculated from
output nodes are recursively assigned to the input nodes for the next step simulation.
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Numerical Cases

Three cases have been presented in this study (shown as Table 4. Case #1 is a case of surface
water independent operation and Case #2 and #3 are cases of conjunctive use operation. In
Case #2, the wells just supply while the surface system is empty by using "surface water supply
firstly” policy. In Case #3, the supply policy is determined by our proposed model, CUMM.
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Reservoir A Reservoir B

5.0 5.0
4.0 max storage max storage 4.0

7.0X107(m”) 5.0X107(m”)

3.0 3.0

2.0
1.0

2.0
1.0

Groundwater
system
IO ey Operation form Model usage
Required c;emand
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1> 2 10" (mften-day) Case# 1  Surface water independent operation(SW) SWAM
Case#2 Decoupled conjunctive use operation(DCU) CUMM
< SEA ‘ Case#3  Coupled conjunctive use operation(CCU) CUMM
Case #1 Case #2 Case #3
Case type SW DCU CCU
Shortage index (SI) 2.93 1.54 1.13
Number of supply shortage step (SSSN) 135 125 111
Average requirement quantity (xX10° m>/10 days) 15,000 15,000 15,000

Average supply amount of surface water system 13,550 (90.33%) 13,550 (90.33%) 13,480 (89.87%)
(x10° m3/10 days)

Maximum supply productivity of groundwater system O (0%) 1,300 (8.67%) 1,300 (8.67%)
(x10° m>/10 days)

Average supply amount of groundwater system 0O (0%) 480 (3.20%) 680 (4.53%)
(x10° m3/10 days)

Average production efficiency of groundwater system 0% 36.87% 52.31%

Average supply amount of the conjunctive use system 13,550 (90.33%) 14,030 (93.53%) 14,160 (94.40%)

Cases Result

Comparing Case #1 and #2, an additional groundwater supply, whose maximum
supplycapacity is just 8.67\% of the total water demand, can significantly decrease
the shortageindex (Sl) from 2.93 to 1.54.

@ Comparing Case #2 and #3, the higher operating efficiency of the proposed model
make the system Sl significantly decrease to 1.13.

@ Because of the usage of the hybrid framework and ANN, the computational efficiency
of proposed model is higher than other models with purebred framework or traditional
groundwater simulation.

@ The proposed model has ability to extend to solve a complicated large field problem
andalso will be a valuable tool for conjunctive surface and subsurface operations
planning.
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