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ABSTRACT 

 
ADAPTIVE DYNAMIC PROGRAMMING FOR HIGH-DIMENSIONAL,  

MULTICOLLINEAR STATE SPACES 

 

 

 

BANCHA ARIYAJUNYA, PhD 

 

The University of Texas at Arlington, 2012 

 

Supervising Professor:  Victoria C. P. Chen  

 Dynamic programming (DP) is a mathematical programming method for optimizing a 

system changing over time and has been used to solve multi-stage optimization problems in 

manufacturing systems, environmental engineering, and many other fields. Exact solutions are 

only possible for small problems or under very limiting restrictions, but computationally practical 

approximate DP methods now exist. Most continuous-state problems require discretization of 

the state space. A design and analysis of computer experiments (DACE) approach for 

approximate DP uses experimental design and statistical modeling to approximate the value 

function in continuous-state problems. However, ideal experimental designs are orthogonal, and 

when the state variables are correlated, ideal experimental designs will not appropriately 

represent the state space. In this dissertation, the Atlanta ozone pollution problem, which is 

known for having a multicollinear state space, is selected as our case study. For complex 

applications like air quality, the state transitions are not given as closed form equations.  Rather, 

an advanced photochemical air quality, such as the Atlanta Urban Airshed Model (UAM), can 
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represent state transitions.  However, the UAM is computationally impractical to be used directly 

in DP.  Therefore, in adaptive DP (ADP), statistical metamodels are developed to provide 

computationally practical surrogates for state transitions.  In the dissertation, three types of state 

transition metamodels for the Atlanta UAM are developed and implemented in ADP.  The first 

type ignores the inherent collinearity between ozone concentrations at different times and 

monitoring sites and constructs metamodels that have deliberately high variance inflation 

factors (VIFs).  The second type addresses the multicollinearity using classical regression 

analysis techniques to yield low VIFs.  Finally, the third type develops metamodels that 

orthogonalize the state space.  Results are compared under the base case of the Atlanta case 

study and 50 random hypothetical scenarios. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background 

 Dynamic Programming (DP) is a mathematical programming method used to solve a 

multi-stage optimization problem by breaking it down into a recursive sequence of decision 

steps over time. Developed by Bellman (1957), DP has been widely used in engineering, 

economic, social science and many other fields (Bertsekas, 2005, Adda & Cooper, 2003, 

Burkhauser, Butler, & Gumus, 2004). In this study, we focus on Stochastic DP (SDP), which 

involves uncertainty. The objective of an SDP problem is to minimize the expected cost (or 

maximize expected benefit) sequentially over several time stages subject to certain constraints. 

For a given stage, decisions are made based on current states of the system to minimize cost 

(or maximize benefit), and states then evolve to next stage based on the chosen decisions, the 

current states, and the realization of some uncertain components. The system’s dynamics are 

represented by a state transition function. The SDP optimal solutions at a given time stage 

provide the minimum expected cost (maximum expected benefit) from the given time stage 

forward through the end of the time horizon. The basic elements of SDP used above can be 

described as follows: 

1. Stage usually represents a particular point in time of the problem’s planning horizon. 

The sequential nature of making decisions in DP evolves through a series of consecutive 

stages. The DP optimization problem is decomposed by these stages. The time horizon can be 

an infinite, but this dissertation focuses on the finite and discrete time horizon SDP problem. 

2. A state variable holds information required to fully understand the system in order to 

making an appropriate decision at a particular stage. It also includes information that we need to 
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describe how the system evolves over time. Defining the state of the system is the most 

important part of DP problem (Powell, 2011). From a practical point of view, Powell (2011) 

defines the set of state variables as “the minimally dimensioned function of history that is 

necessary and sufficient to compute the decision function, the transition function, and the 

contribution function.” In order words, the set of state variables should be kept as small as 

possible to reduce the computational effort and mitigate the curse of dimensionality issue. If 

some state variables are never needed for making decisions, representing system dynamics, or 

contributing to the objective function, then those state variables should be dropped from the 

problem. State variables can be discrete, but the focus here is on the continuous state variable 

case. 

3. A decision variable is a control or action that is chosen when the system is in a given 

state to minimize cost (or maximize benefit) for a particular time stage. Decision variables also 

represent how we control the system, and the resulting decision impacts how the system 

evolves to the next stage. In DP, a set of decision rules across the range of states is referred to 

as a policy for choosing an action. 

4. The state transition represents the dynamics of the system. This function describes 

how the system evolves from one state to another as a result of the decisions and some 

uncertainties.  

5. The objective function specifies the return/contribution (cost or benefit) being 

optimized over a time horizon. Since in an SDP problem, the objective function is sequentially 

optimized by stage, the return generated from one stage of the system is called the stage 

return. The total return accounts all previous stage returns by accumulating them in some 

manner. The purpose of an SDP problem is to determine the optimal expected total return 

achieved for each possible state of the system and store them as the future value function or 

cost-to-go function. This function provides the optimal return to operate the system as a function 

of the state variables from a given stage to the end of the time horizon. 
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To solve continuous-state problems, the state space is discretized and the future value 

function is approximated. For example, one could use a finite grid to discretize the state space, 

and then interpolate the optimal value function between grid points. However, in high-

dimensional problems, a straightforward grid of points, corresponding to a full factorial 

experimental design, will grow exponentially as the number of state variables increases. This is 

one form of the “curse of dimensionality” that makes DP computationally intractable. Chen, 

Ruppert, and Shoemaker (1999) recognized that more efficient state space discretization can 

be achieved by using methods from  design of experiments (DoE), where Chen et al. proposed 

the use of orthogonal array experimental designs in place of the full factorial design. This 

approach is based on design and analysis of computer experiments (DACE) from Chen, Tsui, 

Barton, and Meckesheimer (2006), where for DP the computer experiment is the optimization 

that occurs in each stage of the DP. To approximate the continuous future value function, Chen 

et al. employed a regression splines method.  

Ideal experimental designs typically assume orthogonality (Chen et al., 2006), 

therefore, DoE will not appropriately represent the state space when the state variables are 

highly-correlated, as shown in Figure 1.1 (left figure). It is difficult to design an appropriate 

experimental design for the correlated case, since DoE provides ideal designs that are “square” 

(or circular), as shown in the right figure. To handle this multicollinearity issue, the state space 

can be orthogonalized by using an appropriate data mining  technique before conducting DACE. 

 

 

Figure 1.1 Correlated state space vs. Ideal designed space. 
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Additionally, in extremely high-dimensional SDP problems with more than 100 state 

variables, directly conducting DACE-based DP would require an extremely large experimental 

design under the assumption that all 100 or so state variables are important. However, often in 

practice, not all of these state variables are important, and it is not known in advance which 

ones should be maintained. Hence, data mining feature selection techniques with small 

exploratory experimental designs would provide important dimension reduction to reduce state 

space representation and DP computation. 

Therefore, the research objectives in this dissertation are to apply data mining 

techniques: (1) to address multicollinearity in a DP state space, so as to enable the use of ideal 

experimental designs, and (2) to reduce the dimensionality of a high-dimensional DP problem. 

The case study of very high-dimensional SDP problem with highly correlated state variables is 

represented by an Atlanta ground-level ozone pollution problem (Yang , Chen, Chang, Murphy, 

& Tsai, 2007, Yang, Chen, Chang, Sattler, & Wen,  2009). In this case study, there are initially 

more than 500 variables over four time stages and ozone concentration variables at different 

locations and times are very highly correlated.  It should be noted here that this case study uses 

the old ozone pollution standard that limits maximum hourly ozone to 0.12 parts per million.  In 

order to compare against prior published results, this standard is maintained.  For more recent 

work on identifying control strategies for ozone pollution, see Sule, Chen, and Sattler (2011). 

1.2 Research Methodology Overview 

These are two main issues, high dimension and multicollinearity, in SDP that this 

research seeks to address. Because the state transition function is a model representing the 

dynamics of the system, it is a function that can be used to determine the required variables that 

should be maintained to keep the SDP problem as small as possible. In this dissertation, data 

mining techniques are applied for modeling the state transition function. Data mining techniques 

are employed in this study for two purposes: (1) to orthogonalize a DP state space and enable 

the use of ideal experimental designs, and (2) to reduce the dimensionality of a DP problem. 
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In the next chapter (Chapter 2), the previous work related to this research is reviewed 

and a brief background of the data mining techniques used in this study is described.  In 

Chapter 3, the Atlanta ozone pollution problem case study is introduced, including setting up the 

SDP problem and determining an metamodel of the complex air quality computer model, which 

is computationally impractical to use directly as the state transition function. Also in Chapter 3, 

various types of data mining techniques are explored in a preliminary study on the Atlanta 

ozone problem. In Chapter 4, general procedures for developing the state transition function are 

described for two different situations (low and high multicollinearity) in the first section, and then 

test cases for state transition modeling for the Atlanta ozone pollution problem are shown in 

another section. In Chapter 5, the proposed state transition functions are implemented in an 

adaptive DP (ADP) process, and tested under the base air quality case and 50 random 

hypothetical scenarios. Finally, in Chapter 6, conclusions and future work are discussed. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Previous Study 

 This dissertation focuses on continuous-state SDP with a discrete and finite time 

horizon. The SDP formulation can been seen in (2.1), The objective is to minimize expected 

cost (E[ct(.)]) over T discrete stages, subject to certain constraints (t), where the expected 

value is taken over a random vector (t) with known probability distribution that models the 

stochasticity in the system. For a given current stage (t), the state variables (xt) specify the 

state of the system at the beginning of stage t, and the initial state of the system is represented 

by x1. The state transition function (ft(.)) defines the transition of the state variables from the 

current stage (xt) to the next stage (xt+1). 

 

     (2.1) 
 
 
 
 

Given the state xt of the system at any stage t, we can solve for the future value 

function (Vt(xt)) using the Bellman (1957) recursive equation (2.2), and the optimal policy ut 

obtained from solving (2.2) is used to control the system at time stage t.  
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The previous studies that are closely related to this dissertation include the work of 

Chen et. al. (1999), Tsai, Chen, Beck, and Chen (2004), Yang et al. (2007) and Yang et al. 

(2009). 

Chen et. al. (1999) introduced a solution method using a statistical perspective on the 

high-dimensional, continuous-state SDP problem, and applied their method to inventory 

forecasting problems. This solution method use statistical experimental design for discretization 

of the state space and uses statistical modeling for future value function approximation. This 

DACE-based SDP solution method from Chen et al. (1999) is shown in Figure 2.1. In each DP 

stage t, an experimental design is used to specify values of the state variables, which are the 

predictor variables. The optimization computer experiment is solved for these designed state 

values to obtain the optimized objective value (future value), which is the response variable. 

Then a statistical model is constructed to estimate the future value function based on this 

dataset, with input (predictors) variables values taken from DoE and output (response) variables 

taken from optimization. More specifically, orthogonal arrays (OA) of strength 3 were used to 

discretize state spaces and multivariate adaptive regression splines (MARS) models were used 

to approximate future value functions. 

 

1. For each stage t: Use DoE to sample N points from the state space  N

tjt 1
x .   

2. In each stage t = T − 1, . . . , 1: 

   (a) For each sampled state point xjt, j = 1,… , N, solve the minimization problem (1), where t < T − 1,     

        the future value function )(1 tV is estimated by )(ˆ
1 tV . 

   (b) Construct the estimated )(ˆ tV  via a statistical model using the data from step 2(a). 

 
Figure 2.1 A general algorithm for solving continuous-state SDP problem (Chen et al., 1999). 

 

Tsai et al (2004) utilized the continuous-state SDP solution approach based on the 

OA/MARS method (Chen et al., 1999) on a wastewater treatment system with up to 20 

dimensions. Tsai et al. extends the OA/MARS method by focusing on improving MARS to be 
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more flexible and more robust. The improved version of MARS used automatic stopping rules to 

reduce computational time and enabled a flexible implementation of MARS. In addition, a robust 

MARS algorithm was developed to give priority to lower-order terms to reduce the complexity 

and improve the robustness of the approximation model. 

Yang et al. (2007) and Yang et al. (2009) developed a decision making framework 

(DMF) to solve a continuous-state SDP problem using similar structure to the approach 

developed by Chen et al. (1999). However, the dimension of the problem in Yang et al., which is 

the Atlanta ground-level ozone pollution studied in this dissertation, initially is more than 500. In 

this problem, the complex air quality model used to simulate ozone concentration over time is 

computational impractical to directly use as the state transition function in the DACE based SDP 

solution method. Hence, DACE methods, specifically Latin hypercube experimental designs and 

stepwise regression statistical models, were employed to construct state transition function 

metamodels as surrogates for the complex air quality model in the DP problem. To obtain the 

metamodels, Yang et al. (2007) proposed two phases: an exploratory mining phase and a 

metamodeling phase. After these two phases, dimension of the SDP problem was reduced to 

25. 

2.2 Data Mining for Computer Experiment 

 Data mining methods are employed in this study for two purposes: (1) to orthogonalize 

a DP state space and enable the use of ideal experimental designs, and (2) to reduce the 

dimensionality of a DP problem. In this research, feature selection and feature extraction data 

mining techniques are utilized and described as follows. 

2.2.1. Feature Selection 

 Feature (variable) selection data mining techniques are used to reduce the size of a DP 

problem by identifying the important subset of the original features. The feature selection 

techniques used in this study include stepwise regression, regression trees (Breiman et al., 

1984), and a multiple testing procedure based on the false discovery rate (FDR, Benjamini & 
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Hochberg, 1995). These techniques have been studied by Shih, Pilla, Kim, Rosenberger, and 

Chen (2006), who found that FDR worked well for the Atlanta ozone pollution problem from 

Yang (2004). 

2.2.1.1 Stepwise Regression     

Stepwise regression is an automatic variable selection procedure that uses forward 

selection and backward elimination processes. As in the forward-selection process, variables 

are added one by one to the model if they are statistically significant. Then all of the variables 

already included in the model are evaluated and insignificant variables are deleted. These 

forward selection with backward elimination processes are repeated until none of the variables 

outside of the model are significant. In this study, the significance level threshold for a variable 

to enter or to stay in the model was specified at 0.05. 

 2.2.1.2 Classification and Regression Trees 

Classification and regression trees (CART) developed by Breiman , Friedman, Olshen, 

and Stone (1984) have become a very popular data mining tool for supervised learning. The 

CART forward algorithm uses binary recursive partitioning to separate the variable space into 

rectangular regions based on the similarity of the response values. In this research, regression 

trees are conducted using CART software from Salford Systems (www.salfordsystems.com). 

For variable selection, this software provides “variable importance scores.” The variable that 

receives a 100 score indicates the most influential variable for prediction, followed by other 

variables based on their relative importance to the most important one. However, there are 

some different options for calculating the scores, and selecting the threshold of the scores to 

identify important variables may be subjective. 

2.2.1.3 Multiple testing procedure based on the false discovery rate (FDR) 

Variable selection using FDR usually divides a dataset into c groups based on a 

categorical response variable. For each predictor variable (xi), we test for differences in the c 

samples, using a t-test or F-test. For an n-dimensional problem, a collection of hypothesis tests 
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and the corresponding p-values ሼ݌௜ሽ௜ୀଵ
௡ , where pi is the p-value of testing the null hypothesis for 

variable xi (where a rejected null hypothesis corresponds to a significant variable). In the 

literature, it is standard to choose a p-value threshold () and declare the variable xi is 

significant if and only if the corresponding p-value pi  . The FDR is defined as the “expected 

proportion of false positives among all the hypotheses rejected” (Benjamini & Hochberg, 1995). 

For a given series of hypotheses (Hi), p-values (pi), and ordered p-values (p(i)). The general 

FDR-procedure to identify significant variables is shown as follows. 

1. Choose a fixed , where 0    1. 

2. Find ଓ̂ ൌ max	ሾ݅:	݌௜ 	൑ 	
௜

௠
∙
ఈ

గబ
ሿ, where ߨ଴ሺൌ 	

௠బ

௠
ሻ  denotes the proportion of true Hi. 

3. If ଓ̂ 	൒ 1,  =  {All rejected Hi with pi < p(i)} with FDR()  . 

    If ଓ̂ ൌ 0, do not reject any hypothesis since  = . 

In this study,  = 0.05 and  ߨ଴ = 1 are prespecified. 

2.2.2. Feature Extraction 

 Feature extraction data mining techniques attempt to create new orthogonal features 

based on transformations of the original features that can provide useful information for 

modeling (Kim, 2009). The new orthogonal features are linear combinations of the original 

features. Feature extraction can be used for both dimension reduction and orthogonalization. 

Principal component analysis (PCA) and partial least squares (PLS) are the feature extraction 

techniques used in this dissertation. Brief descriptions of PCA and PLS are given in the 

following sections. 

2.2.2.1 Principal Component Analysis (PCA)     

 PCA can be seen as a method to compute a new coordinate system formed by the 

latent variables or principal components (PCs) or scores, which are orthogonal. Typically in 

practice only a few of the most informative PCs are used. In PCA, correlated original variables 

(X) with n rows (samples or observations) and p columns (variables) are transformed to 

uncorrelated (orthogonal) PCs (Z) which are linear combinations of X and are defined in (2.3). 
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Each consecutive PC is orthogonally chosen in descending order of the proportion of explained 

variation in X. 

              Z = XE ,               (2.3) 

 where E = [E1, E2,…, Ep],  Z = [Z1, Z2,…, Zp]. 

 The eigenvectors of the covariance matrix of X are E = [E1,E2, …,Ep], with 

corresponding ordered eigenvalues (λ1>λ2>…>λp), where λi represents the variance of Zi. 

Therefore, the first PC, Z1, accounts for the most variation in the original data X. The second 

PC, Z2, is orthogonal to the first, and explains the next largest variation in the data, and so forth. 

If the original data X has p dimensions, PCA produces p PCs. The PCs describe the latent 

structure of X and can be used as regressors to predict a response in the regression model. 

  2.2.2.2 Partial Least Squares (PLS) 

The model structures of PLS and PCA are very similar, except that the new orthogonal 

variables (PLS components, Z) are chosen to maximize the covariance between X (predictors) 

and Y (responses). PLS can be considered as a compromise between PCA, which finds 

maximum variance in modeling X, and ordinary least squares, which finds maximum correlation 

in modeling Y. The covariance of X and Y combines high variance of X and high correlation with 

Y. The PLS components Z are obtained by searching for a weight vector w that maximizes the 

covariance between the scores of X and Y shown in (2.4), then regressing Z on X and Y by 

(2.5)-(2.6), and finally the prediction model Y using the original X can be defined by (2.7). P and 

Q are loading matrices, and E and F are residual matrices. PLS components Z can be extracted 

from many algorithms but in this study, PLS based on Wold, Sjӧstrӧm, and Eriksson (2001) was 

used, where each PLS component Z and weight w are orthogonal (Zi
TZj=0, wi

Twj=0; i ≠ j). 

 Z = Xw ,                            (2.4) 

     X = ZPT + E ,                                      (2.5) 

                                 Y = ZQT + F ,                                      (2,6) 

           Yhat = ZQT =  Xw QT  =  X Bhat ,                (2.7) 
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           where Bhat  =  w QT .  

In general, PLS is better for prediction than PCA because the new orthogonal predictors Z are 

selected by incorporating information in Y. 
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CHAPTER 3 

 
COMPARISON OF METHODOLOGIES 

  

One of the main reasons for this research is to enable the use of ideal experimental 

designs for a DACE based SDP solution method when the state variables are highly correlated. 

The Atlanta ground-level ozone pollution problem from Yang et al. (2009) is selected as our 

case study because ozone state variables at different monitoring stations and at different time-

periods are highly correlated. In addition, the air quality computer model used in the Atlanta 

ozone problem, called the Atlanta Urban Airshed Model (UAM), is computationally impractical to 

use directly in the SDP implementation. Therefore, more efficient approaches are studied. 

 In this chapter, the Atlanta ozone pollution case study is introduced in section 3.1 

including spatial and temporal representation of the Atlanta ground-level ozone problem, state 

and decision variables, objective function and constraints for SDP implementation, and some 

details about the UAM model. In section 3.2, various metamodels of the UAM that incorporate 

feature selection and feature extraction data mining techniques are proposed, evaluated, and 

selected to be used in the next chapter. 

3.1 Atlanta Ozone Pollution Problem Case Study 

 Natural ozone that exists in the upper atmosphere (stratosphere) is good for our earth. 

This ozone protects the earth from harmful UV rays. However, ozone that is generated at 

ground-level is a harmful pollutant because ground-level ozone irritates the human eyes and 

nose and damages vegetation. Ground-level ozone is not directly emitted, but is formed by the 

chemical reactions of volatile organic compounds (VOCs) and nitrogen oxides (NOx) in sunlight. 

Hence, ozone rises during the day and falls at night. Therefore, in order to control ground-level 

ozone, it is necessary to control emissions of NOx and VOC. However Atlanta is “NOx-limited,” 
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The objective of the Atlanta ozone pollution problem is to minimize the cost of 

preventing ozone from exceeding the US EPA standard limit, which was 0.12 parts per million in 

this research (and more recently has been decreased, see http://www.epa.gov/air/criteria.html). 

To reduce ozone concentrations, emission controls are applied to specific areas and times. 

Since ozone rises during the daytime when the sun is present, only time periods from 4 a.m. to 

7 p.m. are considered as potential time periods for reducing emissions. For the ozone pollution 

SDP approach, five 3-hour time periods are defined: time period 0 is from 4 a.m. to just before 7 

a.m., time period 1 is from 7 a.m. to just before 10 a.m., time period 2 is from 10 a.m. to just 

before 1 p.m., time period 3 is from 1 p.m. to just before 4 p.m., and time period 4 is from 4 p.m. 

to just before 7 p.m. Time period 0 is an initialization period. The SDP stages (t) are based on 

time periods 1 through 4. 

3.1.1. State Variables and Decision Variables 

 At time stage t, the known state variables describe the status of all the factors at the 

beginning of SDP stage t that may have an impact on ozone concentrations. A sequence of 

decisions must be made in the four time stages to minimize the total cost to achieve ozone 

attainment goals. According to the SDP formulation in Chapter 2, state and decision variables of 

the Atlanta ozone problem can be defined as follows.  

State variables (࢞௧) at time t include all historical information on ozone concentrations 

and NOx emissions at various spatial locations across the metropolitan Atlanta area. In other 

words, the initial set of potential state variables for SDP stage t includes information related to 

ozone air chemistry occurring from time periods 0 though t - 1. 

 Decision variables (࢛௧) are the actions to be chosen in SDP stage t to control the 

amount of emissions at various locations and times over the course of the day in order to 

minimize the reduction of emissions needed to prevent an ozone exceedance. 
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3.1.2. Objectives and Constraints 

 The main goal of the Atlanta ozone pollution problem is to maintain the ozone level to 

satisfy the US EPA standard limit. Although the current ground-level ozone standard has been 

changed, in this study, the one-hour EPA ozone standard of 0.12 ppm still has been used in 

order to compare the SDP results with Yang et al. (2009). According to Yang et al., the objective 

in each of the SDP stage was set up using following criteria. 

(1) If the ozone levels are unable to satisfy the EPA standard, then find the control 

policy to minimize the ozone levels. 

(2) If the ozone levels can satisfy the EPA standard, then find the control policy using 

the least expected cost. 

Instead of using strict constraints, Yang et al. use a penalty approach to prioritize more 

on satisfying the EPA standard. The objective cost function ܿ௧ሺ∙ሻ can be divided into two parts, 

the emission reduction cost function ܿ௘ሺ∙ሻ and the penalty cost function ܿ௠௔௫ሺ∙ሻ. The SDP 

objective cost function in each stage t (t = 1,2,3,…,T ) can be formulated as follows:  

                    ܿ௧ሺ࢞௧, ࢛௧, ઽሻ 	ൌ ߙ	 ∑ ௧ܹ
௜ܿ௘൫ݑ௧

௜൯௨೟
೔∈࢛೟

	൅ ߚ	 ∑ ܿ௠௔௫ሺܱ௧
ௌሻௌ  ,      (3.1) 

 

where ܿ௘ሺ∙ሻ is the quantic function (3.2) of decision variable ݑ௧
௜  in ࢛௧ and corresponds to the 

fraction of emission reduced at the emission source ݅. Let ௧ܹ
௜ be a scaling factor for the 

emission source ݅. ܿ௠௔௫ሺ∙ሻ is the quartic function (3.3) of the predicted maximum ozone level 

ܱ௧
ௌ at monitoring station S. In order to satisfy both objective criteria defined above, the ߙ and ߚ 

values should be chosen such that the penalty cost dominates the emission reduction cost 

when the maximum ozone levels exceed the EPA limit.  

                    ܿ௘ሺݑሻ 	ൌ 		 ൝
	ݑ																														,	0 ൑ 0,			
ଷݑ4 െ 	0							,	ସݑ4 ൏ 	ݑ	 ൏ 0.5,
ݑ െ 	ݑ																,	0.25 ൒ 0.5,

      (3.2) 
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In the emission reduction cost function (3.2), ݑ is the fraction of the nominal emissions 

to be reduced and is defined as ݑ௧
௜ ൌ ሺܯ௧

௜ െ ௧ܧ
௜ሻ/ܯ௧

௜, where ܯ௧
௜ is the nominal emission (base 

case) at source ݅ in time period ݐ, and ܧ௧
௜ is the corresponding amount of the emission 

reduction. Because different emission sources may have different amounts of nominal emission, 

the emission reduction cost for each source ݅ should be scaled using the corresponding scaling 

factor ௧ܹ
௜ which can be defined as ௧ܹ

௜ ൌ ௧ܯ
௜/ܯ, where ܯ is the total nominal emissions 

summed over all ܯ௧
௜ for each time period.  

ܿ௠௔௫ሺݔሻ 	ൌ

		ቐ
ݔ																																																																																																																				,	0 ൑ 0.118,
2.5 ൈ 10ଵଵሺݔ െ 0.118ሻଷ െ 6.25 ൈ 10ଵଷሺݔ െ 0.118ሻସ	,							0.118 ൏ ݔ	 ൏ 0.12,
10଺ሺݔ െ 0.119ሻ	,																																																																																											ݔ	 ൒ 0.12.

    (3.3) 

 
In the penalty cost function (3.3), ݔ is the maximum ozone level in ppm for each of the 

monitoring stations.  

 For the SDP constraints, the lower and upper limits of emission amounts of a particular 

source and time period were provided by Dr. Michael Chang at the Georgia Institute of 

Technology. The nominal emission value is the upper limit of emissions or the maximum 

amount of emissions realized in the UAM without any control actions. Therefore, the lower and 

upper bounds of the state and decision variables are also specified by UAM data. 

3.1.3. Atlanta Urban Airshed Model (UAM) 

At each SDP stage, an air quality model, such as the Atlanta UAM, is needed to 

evaluate the emission action strategies to determine resulting ozone concentration based on 

state and decision variables. The UAM may be utilized as a state transition function (࢞௧ାଵ) to 

predict the initial ozone state variables for the next SDP stage.  
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 The UAM is an advanced three-dimensional photochemical air quality grid model that 

encompasses a 160 x 160 kilometer square region containing the Atlanta metropolitan area. In 

the 1990’s, It was widely used in support of the Clean Air Act Amendments 1990 (CAAA-90) for 

non-attainment areas to demonstrate their ozone control implementation plans (Georgia state’s 

SIP 2001). Advanced photochemical air quality models help government decision-makers 

simulate air pollution emissions, chemical reactions, and atmospheric transport in order to 

evaluate the performance of emission control strategies. 

However, direct use of the UAM model in the SDP implementation to calculate ozone 

concentrations and state transitions is impractical because it is computational expensive and 

requires very large amount of input data. Therefore, a more efficient model is needed to be 

utilized as a surrogate for the UAM model within the SDP implementation. Following the work of 

Yang et al. (2007), this dissertation develops a surrogate model or metamodel of the UAM to be 

used as a prediction model for ozone concentrations based on relationships between emissions 

and ozone. The process of developing the metamodels is discussed in section 3.2. 

 The error terms in the metamodels are used to estimate the stochastic components ε in 

SDP.  It is assumed that these errors follow a normal distribution with mean zero and variance 

σ. Therefore, the variances σ are estimated by the mean square errors (MSE) of the 

metamodels. Additionally, all stochastic components in the system are assumed to be 

independent. Instead of using a continuous normal distribution directly in SDP, the two-point 

discrete distribution based on the standard normal variable (Z) from Chen et al. (1999) was 

used and shown in following table. 

 

Table 3.1 Estimated distribution of the errors. 

z P[Z = z] 

-1 0.5 

1 0.5 
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approach is studied in the presence of a highly correlated state space. In this section, various 

data mining techniques are proposed, including feature selection to reduce dimension and 

feature extraction to handle multicollinearity.  These techniques are evaluated for 

implementation in the DACE based SDP. 

3.2.1. Evaluation Study on Orthogonalized Metamodel Development 

 In extremely high-dimensional problems with more than 100 state variables, directly 

conducting DACE based SDP would require an extremely large experimental design. Generally, 

not all of these state variables are important. Hence, data mining feature selection techniques 

provide important dimension reduction to reduce computation. Additionally, when the state 

variables are highly correlated, the ideal experimental design space will not represent the highly 

correlated state space. To handle this issue, the state space can be orthogonalized by using a 

feature extraction data mining technique before conducting DACE. 

Feature selection data mining techniques are used to reduce the size of the DP 

problem by identifying the important subset of features. The feature selection techniques used 

in this study include stepwise regression (Hocking, 1976), regression trees (Breiman et al., 

1984), and FDR (Benjamini & Hochberg, 1995).   

Feature extraction data mining techniques are used for both dimension reduction and 

orthogonalization by transforming the original features into new orthogonal features and 

extracting the useful information for modeling. Principal Component Analysis (PCA) and Partial 

Least Squares (PLS) are the feature extraction techniques used in this research. 

In an evaluation study, 19 modeling approaches are proposed which are shown in 

Table 3.2. Most of approaches start with a feature selection procedure to reduce the dimension 

of the original problem, such as using stepwise regression, FDR, or regression trees. Then 

orthogonalization and dimension reduction are performed using PCA or PLS. For example, 

approach A-3, first used stepwise regression on the original dataset to select a significant 

subset of state variables, then used PCA on the selected subset to make them orthogonal, and 
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finally conducted stepwise regression again of the original response on the orthogonal 

predictors (PCs) to select a final subset of significant PCs.  

  

Table 3.2 Proposed Data Mining Modeling Approaches. 

Approach Pre-Feature Selection Feature Extraction Post-Feature Selection 
A-1 Stepwise Regression   
A-2 Stepwise Regression PCA  
A-3 Stepwise Regression PCA Stepwise Regression 
A-4 Stepwise Regression PLS  
B-1 FDR w / (2)Categorized Response   
B-2 FDR w / (2)Categorized Response PCA  
B-3 FDR w / (2)Categorized Response PCA Stepwise Regression 
B-4 FDR w / (2)Categorized Response PLS  
C-1 FDR w / Continuous Response   
C-2 FDR w / Continuous Response PCA  
C-3 FDR w / Continuous Response PCA Stepwise Regression 
C-4 FDR w / Continuous Response PLS  
D-1 Regression Tree   
D-2 Regression Tree PCA  
D-3 Regression Tree PCA Stepwise Regression 
D-4 Regression Tree PLS  
E-1 - PAM Sites – PCA  Stepwise Regression 
E-2 - PCA  Stepwise Regression 
F - PLS  

 

3.2.2. Evaluating the Metamodels 

Each proposed approach is evaluated on the Atlanta ozone data described above (500-

Latin Hypercube design points with ozone concentrations from the UAM) to predict ozone levels 

for time stage 1 to time stage 4. Table 3.3 shows the numbers of variables involved in the 

Atlanta ozone SDP problem after the mining phase in Yang et al. (2007). In each stage, the 

metamodel uses both state and decision variables as initial predictors. It should be noted that 

the original dimension of the SDP state space prior to the mining phase is over 500. 

For the Atlanta ozone problem, non-point sources of emissions are controlled 

separately in the 5 x 5 grid areas. These comprise 25 non-point source decision variables. 
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Initially, there are a total of 102 point sources, but after the mining phase in Yang et al. (2007) 

only 15 were statistically significant; thus, the number of point source decision variables 

maintained in this study is 15. In each time stage, there are 40 potential decision variables that 

the decision-maker must control. These decision variables are kept and considered as state 

variables in the next time stage. Past monitored ozone level information from the four PAMS 

sites are additional state variables, so the numbers of potential state variables occurring in each 

time period are 44 variables. For example in time stage 4, the state variables entering stage 4 

include all previous ozone levels at all stations and all previous NOx emissions, i.e., ozone 

levels and emissions from time periods 0, 1, 2, and 3 yield 176 state variables. The 40 decision 

variables are the reductions in NOx emissions for each grid region (5 x 5 = 25) and 15 point 

sources in time period 4.  

 

Table 3.3 Number of Predictors for the Atlanta Ozone Problem. 

 
State Space (xt) 

(Past Ozone & NOx) 
Decision Space (ut) 

(NOx emission) 
Total # Predictors 

Stage-1 44 (40 + 4) 40 (5 x 5 + 15) 84 
Stage-2   88 (44 x 2) 40 128 
Stage-3 132 (44 x 3) 40 172 
Stage-4 176 (44 x 4) 40 216 

 

In the evaluation study, all of the proposed metamodels were constructed separately by 

time stage to predict only the ozone level at the Conyers monitoring station using the initial 

dataset shown in Table 3.3. Each modeling approach was evaluated using following 

performance measures.  

- Model R2 measures how well the model fit to the data. 

- Number of variables left in the model represents ability to reduce dimension. 

- Variance Inflation Factor (VIF) indicates degree of multicollinearity. 

- Percent of prediction error (%Error) based on 10-fold cross-validation to measures 

model prediction accuracy. 
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All evaluation results of the proposed metamodeling approach can be seen in Appendix 

A. However the results for the Conyers station at stage 4 are shown in the Table 3.4. The 

results show that approaches that start with stepwise regression have higher R2 and lower 

error, but they are not the best in term of dimension reduction. FDR and regression trees are 

very good in dimension reduction but they are less accurate. The approach that incorporates 

feature extraction methods, including PCA and PLS, are able to handle multicollinearity, 

indicated by VIFs equal to 1, which means that the approach provides an uncorrelated state 

space. Because the main goal in this study is to create an uncorrelated state space with better 

accuracy and a minimal dimension metamodel, approaches with VIF greater than 1 are first 

removed and then the rest of the approaches are ranked and selected in the next section. 

 

Table 3.4 Results of Various Modeling Scenarios for the metamodel of Conyers stage 4. 

 

 

 

 

A‐1 Stepwise 0.9841 26 (1.04 ‐ 44.9) 0.76287

A‐2 Stepwise‐PCA 0.9841 26 1 0.76287

A‐3 Stepwise‐PCA‐Stepwise 0.9841 25 1 0.76405

A‐4 Stepwise‐PLS 0.9841 9 1 0.76289

B‐1 FDR 0.9628 9 (1.05 ‐ 56.15) 1.09164

B‐2 FDR_PCA 0.9628 9 1 1.09164

B‐3 FDR_PCA_StepwiseReg 0.9627 8 1 1.08940

B‐4 FDR_PLS 0.9627 7 1 1.09064

C‐1 conFDR 0.9548 9 ( 1.003 ‐   1.185) 1.25593

C‐2 conFDR_PCA 0.9548 9 1 1.25593

C‐3 conFDR_PCA_Stepwise 0.9548 9 1 1.25593

C‐4 conFDR_PLS 0.9548 4 1 1.25641

D‐1 Tree 0.9676 12 ( 1.01 ‐  12.10) 1.03436

D‐2 Tree_PCA 0.9676 12 1 1.03436

D‐3 Tree_PCA_Stepwise 0.9675 11 1 1.03789

D‐4 Tree_PLS 0.9676 9 1 1.03437

E‐1 PCA‐Stepwise 0.9864 167 1 1.03480

E‐2 PAMsSites‐PCA‐Stepwise 0.9836 26 (1.03 ‐ 6.31) 0.78045

F PLS 0.9877 7 1 1.09891

Approaches R
2 Vars. left 

in model VIF % Error
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3.2.3. Selecting Metamodel 

 After eliminating the approaches that do not meet our main criteria of creating an 

uncorrelated state space, there are 14 modeling approaches left. These approaches are ranked 

from the best to the worst separately by the three other criteria which are shown in Table-3.5. 

The left table is ranked by the number of variables in the model, which indicates dimension 

reduction ability. The middle table is ranked by percent prediction error, and the last table is 

ranked by model R2. 

 The desired modeling approach should be accurate with fewer dimensions. Even 

though conFDR-PLS is very good in dimension reduction, it is the worst for prediction accuracy. 

Overall, stepwise regression with PLS seemed to perform well across all criteria (dimension 

reduction, orthogonality, and accuracy).Since an objective of the study is an orthogonal model, 

it was decided to keep Stepwise-PCA and Stepwise-PLS for later study. 

 

Table 3.5 Ranking Results of the Scenarios for the metamodel of Conyers stage 4. 

 

The results of this study were published in Ariyajunya, Chen, and Kim (2010).  

.   

conFDR_PLS 4 Stepwise‐PCA 0.76287 PLS 0.9877

FDR_PLS 7 Stepwise‐PLS 0.76289 PCA‐Stepwise 0.9864

PLS 7 Stepwise‐PCA‐Stepwise 0.76405 Stepwise‐PCA 0.9841

FDR_PCA_Stepwise 8 Tree_PCA 1.03436 Stepwise‐PCA‐Stepwise 0.9841

Stepwise‐PLS 9 Tree_PLS 1.03437 Stepwise‐PLS 0.9841

FDR_PCA 9 PCA‐Stepwise 1.03480 Tree_PCA 0.9676

conFDR_PCA 9 Tree_PCA_Stepwise 1.03789 Tree_PLS 0.9676

conFDR_PCA_Stepwise 9 FDR_PCA_Stepwise 1.08940 Tree_PCA_Stepwise 0.9675

Tree_PLS 9 FDR_PLS 1.09064 FDR_PCA 0.9628

Tree_PCA_Stepwise 11 FDR_PCA 1.09164 FDR_PLS 0.9627

Tree_PCA 12 PLS 1.09891 FDR_PCA_Stepwise 0.9627

Stepwise‐PCA‐Stepwise 25 conFDR_PCA 1.25593 conFDR_PCA 0.9548

Stepwise‐PCA 26 conFDR_PCA_Stepwise 1.25593 conFDR_PCA_Stepwise 0.9548

PCA‐Stepwise 167 conFDR_PLS 1.25641 conFDR_PLS 0.9548

* VIF > 1 are removed.

* Ordered by better to worse

Approaches*
Vars. left 
in model Approaches* % Error Approaches* R2
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CHAPTER 4 

METAMODEL AND STATE TRANSITION FUNCTIONS DEVELOPMENT 

  

In the SDP formulation in Chapter 2, the state transition function is the function that 

describes how the state of the system evolves from the current time stage to the next. This 

function represents the dynamics of a system as a function of state and decision variables and 

uncertainty. The state transition function can be stationary, i.e., the same for all stages, or it can 

be non-stationary, i.e., changing from stage to stage. Typically, in the DP literature, the state 

transition is known. This dissertation employs adaptive DP (ADP) to address the more 

challenging case of non-stationary state transitions and estimation of unknown system 

dynamics via data mining statistical models. The state transition function is generally 

represented by (4.1), 

   ࢞௧ାଵ ൌ ௧ࢌ	 ሺ࢞௧, ࢛௧, ઽሻ ,      (4.1) 
 

where at the beginning of time stage t+1, the state of the system (࢞௧ାଵ) is determined by the 

state (࢞௧ ) at time t, the decision (࢛௧ ) that made at time t, and random variable (ઽ). 

 In this chapter, a general procedure for developing state transition functions are 

described for two different situations (low and high multicollinearity) in section 4.1, and then in 

section 4.2, three test cases for state transition modeling are demonstrated for the Atlanta 

ozone pollution case study. 

4.1 State Transition Function Modeling 

In this research, it is assumed that the state transition function is unknown, so it is 

necessary to estimate state transition functions by utilizing real data from the system itself or 

perhaps from a simulation of the system dynamics. Even if a computer simulation model is 
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available for complex system, like an airshed, it may be too computationally impractical to 

directly embed within an SDP implementation. For the DACE based SDP solution method, this 

issue is further complicated by the presence of multicollinearity of the state space; however, 

statistical data mining methods can help. The degree of multicollinearity is defined by the 

variance inflation factor (VIF) from regression modeling (Kutner, Nachtsheim, & Neter, 2005). 

The general rule of thumb is that VIFs greater than 4 need further investigation, while VIFs 

greater than 10 indicates serious multicollinearity that requires correction (Kutner et al., 2005). 

In this research, low and high multicollinearity are the cases where VIFs are less than 4 and 

VIFs are greater than 10, respectively. The general state transition function modeling procedure 

for ADP is given for two multicollinearity cases in the next section. 

4.1.1 Low Multicollinearity Case 

For a given SDP problem that does not have serious multicollinearity issues, the state 

transition model can be developed as follows (see Yang et al., 2007). 

1. Initialization Phase: Identify the stages (t = 1, 2, 3, …, T), state variables, and 

decision variables of the system including the modeling space (boundary of state and decision 

variables). 

2. Data Collection: For each time stage t, collect data on system dynamics as it evolves 

through the time stages, and collect data on system performance (i.e., metrics related to cost or 

benefit objectives).  This may be based on purely observational data or may be collected via 

controlled experiments.  When a computer simulation is available, controlled experiments, i.e., a 

DACE process, are possible.  For example, for the Atlanta ozone case study, Yang et al. (2007) 

used experimental design to control the initial state of the system and the decision variables in 

each stage, and subsequent states evolved via the simulation.  

3. Mining Phase: Utilize feature selection data mining techniques to eliminate state and 

decision variables that clearly do not influence state transitions or system performance.  This is 

a dimension reduction step.  Further dimension reduction may occur in the next phase. 
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4. Modeling Phase: Construct statistical prediction models of the future state outputs 

and system performance as a function of the current state and decision design inputs shown 

previously in (4.1). Uncertainty modeled from the statistical analysis is combined with the 

prediction models to incorporate random disturbances in the state transition and system 

performance. These stochastic prediction models serve as state transition functions and metrics 

for cost or benefit objectives in the SDP implementation. If the system dynamics are simulated 

by a complex computer model, these models are also referred to as a surrogate models or 

metamodels of the complex computer model. This phase may involve additional data collection 

on only those variables selected by the Mining Phase, so as to enable more accurate modeling. 

Yang et al. (2007) implemented two phases of data collection. 

For a high dimensional SDP problem, the Mining Phase is important for reducing the 

dimensionality of the problem. The developed state transition models are employed directly 

within ADP process that employs a DACE based experimental design to discretize the state 

space.  Since ideal experimental designs assume the controlled variables can be varied 

independently, in DACE based SDP, this implies the state variables are assumed to be 

uncorrelated.  If the state variables exhibit low multicollinearity, then ideal experimental designs 

can still be applied in practice. 

4.1.2 High Multicollinearity Case 

 If the state variables have high multicollinearity, then ideal experimental designs for 

direct discretization of the state space are inappropriate. Classical regression analysis methods 

recommend assessing variance inflation factors (VIFs) to evaluate the impact of multicollinearity 

in a specific regression model (Kutner et al., 2005).  High VIFs indicate that the variances of the 

parameter estimators are inflated due to the high multicollinearity, leading to undesirable 

models.  Careful variable selection can potentially yield regression models with low VIFs that 

mitigate the impact of the high multicollinearity in the data. 
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An alternate approach proposed and developed in this dissertation is to modify the 

representation of the state variables.  By transforming the state variables to an orthogonalized 

set, ideal experimental designs can now be applied to the orthogonalized state variables. In this 

case, the state transition modeling in the previous section must be modified to incorporate 

orthogonalized state variables. To achieve orthogonalization, feature extraction data mining 

techniques are used to transform the state space into one in which the state variables are 

uncorrelated. In addition, feature selection data mining techniques, including those used by 

Yang et al. (2007) and Shih et al (2006), are used to reduce the dimension of the state space.  

This integrated feature extraction and feature selection problem to handle high dimensions with 

multicollinearity is shown as follows. Phases 1, 2, and 3 are the same as before, 

4. Orthogonalization Phase: Orthogonalize the selected state variables (࢞௧) into 

orthogonal state variables (ࢠ௧) using a feature extraction technique. This phase may involve 

additional data collection on only those variables selected by the Mining Phase, so as to enable 

more accurate modeling.  For the analysis in this dissertation, only the second (larger) data set 

from Yang et al. (2007) is employed. 

5. Modeling Phase: Backward from stage T – 1 to 1, construct statistical prediction 

models of ࢠ௧ାଵ and system performance as a function of ࢠ௧ and decision variables (࢛௧). 

Uncertainty modeled from the statistical analysis is combined with the prediction models to 

incorporate random disturbances (ઽ) in the state transition and system performance. The 

stochastic state transition function is shown in (4.2).  

௧ାଵࢠ    ൌ ௧ࢌ	 ሺࢠ௧, ࢛௧, ઽሻ.       (4.2) 
 

Because the ࢠ௧ are orthogonalized state variables, ideal experimental designs 

employed within a DACE based SDP solution method are now appropriate.  Decision variables 

were not orthogonalized because they are not part of the experimental design process.  In 
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addition, for optimization purposes, it was considered more practical to maintain the decision 

variables in their original form. 

4.2 Test Cases for State Transition Metamodeling  
for the Atlanta Ozone Pollution Problem 

In the SDP implementation of Yang et al. (2007), the metamodels are used to predict 

ozone concentrations and evaluate control strategies. Ozone concentrations are both state 

variables and metrics for system performance in this case.  Because the system dynamics late 

in the day depend on the system states early in the day, ozone concentrations and emissions 

from multiple time periods and locations/sources are maintained among the state variables as 

the system evolves. The ozone state variables are highly correlated, across both time and 

location. The main objective of this study is to address multicollinearity in the SDP state space. 

Three test cases for state transition modeling for the Atlanta ozone study are demonstrated.  

The purpose of these test cases is to test the impact of different state transition and 

cost metamodels within SDP. In SDP, these metamodels are used to predict future behavior of 

the system (e.g. ozone). If the state variables are orthogonal, then the metamodels are valid 

over the entire state space. However, if the state variables are correlated, then the metamodels 

are only valid within the correlated space. Because SDP can attempt to predict behavior using 

any part of the state space, extrapolation (and poor prediction) can occur. For a state space 

with high multicollinearity, it is possible to craft a low multicollinearity metamodel using a subset 

of the state variables by carefully tracking VIFs. For such metamodels, extrapolation may not be 

a problem, depending on the level of muliticollinearity. 

All test cases are based on the same Atlanta ozone problem which is known for a highly 

correlated state space. The difference in these cases is how they address multicollinearity. The 

High-VIF test case does not address multicollinearity and allows high VIF metamodels. The 

Low-VIF test case addresses the multicollinearity problem by carefully crafting regression 

models to obtain low VIF metamodels. The orthogonalized cases including the Stepwise-PCA 

and the Stepwise-PLS test cases address multicollinearity by orthogonalization. These test 
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cases of the High-VIF, the Low-VIF, and the orthogonalized cases are demonstrated in Sections 

4.2.1, 4.2.2, and 4.2.3, respectively. 

4.2.1 High-VIF Test Case 

In this section, high-VIF state transition models are deliberately developed to represent 

a worst case outcome of using the low multicollinearity modeling process in the presence of 

high multicollinearity. The High-VIF model forces all ozone state variables in the model. 

Stepwise regression for feature selection is applied only to select emission variables.  

The summary of the High-VIF ozone models is shown in Table 4.1. For example, the 

High-VIF ozone model for the Yorkville site at time stage 1 (ykM3p1), has all four ozone state 

variables occurring in time period 0 (cyM3p0, skM3p0, tkM3p0, and ykM3p0), then stepwise 

regression selects 13 emission variables, for a total of 17 variables are included in the ykM3p1 

model, The highest VIF for this model is 62.1101, which is very high. 

 

Table 4.1 Summary of the High-VIF Ozone State Transition Functions. 

 

 

Max Ozone 

Reg. Model

# Forced

 Vars.

# Selected

 Vars.

# Total Vars.

in model

Model 

R‐Square
 Root MSE Max VIF

cyM3p1 4 7 11 0.2682 0.000686 1.08587

skM3p1 4 11 15 0.9864 0.000642 17.85896

tkM3p1 4 5 9 0.9612 0.001240 62.00896

ykM3p1 4 13 17 0.9945 0.000022 62.16101

cyM3p2 8 9 17 0.9937 0.000336 30.21039

skM3p2 8 10 18 0.2642 0.005560 69.71315

tkM3p2 8 10 18 0.6370 0.002700 69.4942

ykM3p2 8 20 28 0.9993 0.000023 163.6091

cyM3p3 12 14 26 0.9846 0.000649 76.98236

skM3p3 12 28 40 0.9920 0.001020 75.97847

tkM3p3 12 17 29 0.9747 0.001060 74.85089

ykM3p3 12 15 27 0.9994 0.000032 1366.4426

cyM3p4 16 24 40 0.9847 0.001270 95.77446

skM3p4 16 26 42 0.9930 0.000895 86.51176

tkM3p4 16 43 59 0.9891 0.000789 92.46303

ykM3p4 16 32 48 0.9994 0.000017 374.81606
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4.2.2 Low-VIF Test Case 

 Yang et at. (2007) constructed ozone state transition functions using a regression 

modeling approach for which most of the models achieved R2 greater than 0.90 but VIF values 

in 3 of the 16 models are very high (VIF > 20), indicating serious multicollinearity in those 

models. To reduce VIFs in the models without incorporating an orthogonalization approach, 

these ozone state transition models should be revised. Table 4.2 shows summary results of all 

16 ozone state transition functions for four PAMS sites and four time periods. Labeling rules for 

emission and ozone variables shown in Table 4.2 are the variable labels used in the computer 

codes. The first two letters in each variable label stand for the type of emission source, with “sq” 

standing for square region source from the 5 x 5 grid in Figure 3.1, and “pt” standing for point 

sources. If the type is “sq”, then the following two numbers concatenated with an underscore 

indicate the coordinates of square region in the 5 x 5 grid. If the type is “pt”, then the following 

number indicates the index of the point source. The letter “p” followed by a number identifies the 

time period. For example, “sq4_2p1” is the emission quantity within square (4,2) occurring in 

time period 1, and “pt4p3” is the point source index number 4 occurring in time period 3. Ozone 

variables are labeled similarly, where the first two letters indicate PAMS sites (cy = Conyers, sk 

= South DeKalb, tk = Tucker, and yk = Yorkville). For example, “cyM3p1” is the maximum ozone 

(M3) at the Conyers site in time period 1.  

From Table 4.2, the VIF values of the ozone models tkM3p2, ykM3p2, and ykM3p3 are 

23.69, 106.64, and 407.03 respectively which indicate serious multicollinearity that needs 

correction. In addition, some predictors in the model, namely tkM3p1 and tkM3p2, are not 

significant, as indicated by the p-values of 0.1750 and 0.2335, respectively, so these models 

also require correction. The models (tkM3p1, tkM3p2, ykM3p2, and ykM3p3) are revised and 

the results are shown in Table 4.3. The high-VIF models (tkM3p2, ykM3p2, and ykM3p3) are 

corrected by identifying the highly correlated group of predictors in the models, and then 

removing some of them, refitting and re-evaluating the models. The process is repeated if VIFs 
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greater than 4 still remain. The tkM3p1 model was revised by using stepwise regression to 

select only statistically significant predictors at a significance level of 0.05. 



 

 

Table 4.2 Summary of Ozone State Transition Functions from Yang et al (2007). 

 

 

Table 4.3 Summary of Revised Ozone State Transition Functions. 

 

Max Ozone 

Reg. Model

Model 

R‐Square
 Root MSE

Max 

p‐value

Max

VIF

# Vars.

in model

cyM3p1 0.2646 0.000685 0.0224 1.01485 7 sq4_2p1 sq2_3p0 sq1_3p1 sq2_5p0 sq1_4p1 sq3_1p1 pt4p1

skM3p1 0.9855 0.000659 0.0072 1.00748 7 sq3_3p1 sq4_3p1 sq4_3p0 pt64p0 skM3p0 sq5_3p0 sq1_2p1

tkM3p1 0.9607 0.001250 0.1750 1.03554 7 sq4_3p1 sq3_3p1 tkM3p0 pt5p1 sq4_4p1 ykM3p0 skAMp0

ykM3p1 0.9942 0.000023 0.0027 1.01581 7 sq1_3p1 sq2_3p0 sq1_3p0 sq2_3p1 sq1_4p1 pt30p0 pt64p0

cyM3p2 0.9935 0.000338 0.0056 1.24377 7 sq4_2p1 sq4_2p2 cyM3p1 sq4_2p0 sq3_2p1 sq5_4p1 sq3_2p2

skM3p2 0.1954 0.005750 0.0364 1.03064 7 sq3_3p2 pt15p0 sq4_4p0 pt63p0 sq3_5p1 sq5_4p1 skM3p1

tkM3p2 0.6080 0.002770 0.2335 23.69384 7 sq4_3p1 skM3p1 tkM3p1 sq4_3p2 pt5p0 sq4_3p0 sq3_5p1

ykM3p2 0.9992 0.000025 <.0001 106.64782 7 ykM3p1 sq1_4p1 sq1_4p2 sq1_3p2 sq1_3p1 sq1_3p0 sq2_3p0

cyM3p3 0.9808 0.000709 <.0001 1.01795 7 sq3_2p1 sq3_2p2 sq4_2p3 sq3_2p0 cyM3p2 skM3p1 sq3_2p3

skM3p3 0.9692 0.001940 <.0001 1.02966 7 sq3_3p2 sq3_3p3 sq3_3p1 sq3_3p0 sq3_2p3 sq3_2p2 pt6p1

tkM3p3 0.9536 0.001410 <.0001 1.3483 7 sq3_3p2 sq3_3p1 skM3p2 sq4_3p2 sq3_3p3 sq4_3p3 tkM3p2

ykM3p3 0.9990 0.000041 <.0001 407.03335 7 ykM3p2 ykM3p1 sq1_3p2 sq1_3p1 sq1_4p2 sq1_3p3 sq1_4p1

cyM3p4 0.9625 0.001920 0.0021 3.44082 7 sq3_2p3 cyM3p3 tkM3p3 sq3_2p2 skM3p3 sq3_3p1 sq4_2p3

skM3p4 0.9801 0.001460 <.0001 1.57076 7 skM3p3 sq3_3p3 sq3_3p4 sq3_2p3 sq3_2p2 pt6p3 pt5p2

tkM3p4 0.9308 0.001880 <.0001 1.56751 7 sq3_3p3 sq3_3p4 sq3_4p2 sq3_4p1 skM3p3 sq2_4p2 sq2_4p1

ykM3p4 0.9624 0.000130 <.0001 1.01661 7 sq1_4p4 sq1_4p3 sq1_4p2 sq1_3p4 pt4p3 sq1_4p1 pt3p3

Variables in the model

Max Ozone 

Reg. Model

Model 

R‐Square
 Root MSE

Max 

p‐value

Max

VIF

# Vars.

in model

tkM3p1 0.9603 0.001250 0.0259 1.01605 5 sq4_3p1 sq3_3p1 tkM3p0 pt5p1 sq4_4p1

tkM3p2 0.6069 0.002770 0.0052 1.02819 6 skM3p1 tkM3p1 sq4_3p2 pt5p0 sq4_3p0 sq3_5p1

ykM3p2 0.9987 0.000031 <.0001 1.01281 6 sq1_4p1 sq1_4p2 sq1_3p2 sq1_3p1 sq1_3p0 sq2_3p0

ykM3p3 0.9978 0.000059 <.0002 2.33132 5 ykM3p2 sq1_3p2 sq1_4p2 sq1_3p3 sq1_4p1

Variables in the model

33 
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4.2.3 Orthogonalized Test Case 

To handle multicollinear state spaces, various metamodeling methods were developed 

and evaluated in the previous chapter. Two candidates (Stepwise-PCA and Stepwise-PLS) that 

perform well across all criteria were selected to develop the transition metamodels for the 

Atlanta ozone problem.  

4.2.3.1 Stepwise-PCA Model 

 This modeling approach uses stepwise regression to reduce dimensionality and then 

uses PCA for orthogonalization to handle multicollinearity in the state space. In the ozone 

pollution problem (refer to Yang et al., 2007), the ozone level at site (S) occurring in time t is 

defined as ܱ௧
ௌ. The modeling process is described as follow. 

1. For each ozone model, stepwise regression is used to select the statistically 

significant state and decision variables. 

2. In each stage (t), the union of selected state variables (࢞௧) and the union of selected 

decision variables (࢛௧) from the four ozone models are taken separately to determine the set of 

variables that are maintained in each SDP stage. 

3. The state variables in each stage (࢞௧) are transformed into orthogonal state 

variables (ࢠ௧) by PCA.  

4. The orthogonal state transition model is constructed backward from the last time 

stage (T) to time stage 1. For the last stage (T), only ozone variables (்ܱ
ௌ) are modeled as a 

function of the orthogonal state variables (்ࢠ) and decision variables (்࢛) by stepwise 

regression.  After adding uncertainty ε, the model can expressed as in (4.3):                                          

                    	்ܱ
ௌ ൌ ்ࢍ		 ሺ்ࢠ, ்࢛ሻ ൅ 	ε . (4.3) 

5. For stage t = T - 1 to 1, the ozone variables ܱ௧
ௌ, and the orthogonal state variables 

of the next stage ࢠ௧ାଵ are separately modeled as a function of the orthogonal state variables 
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 and the decision variables (࢛௧) by stepwise regression. The state variables of the next (௧ࢠ)

stage (ࢠ௧ାଵ) are modeled only if they are required by the next stage to predict the ozone level 

(ܱ௧ାଵ
ௌ ). Finally, after adding uncertainty, the Stepwise-PCA models for stage t are represented 

by (4.4) and (4.5): 

  ܱ௧
ௌ ൌ ௧ࢍ		 ሺࢠ௧, ࢛௧ሻ ൅ 	ε , (4.4)                                   

௧ାଵࢠ    ൌ ௧ࢌ	
௭ሺࢠ௧, ࢛௧ሻ ൅ 	ε . (4.5) 

The Stepwise-PCA model seems to include a lot more state variables than the original 

Yang et al. (2007) and the Low-VIF models, so it was decided not implement the Stepwise-PCA 

model in the Atlanta ozone problem. Only the Stepwise-PLS model is implemented for the 

orthogonalized case. 

4.2.3.2 Stepwise-PLS Model 

 The Stepwise-PLS modeling process starts with the same procedure used in the 

Stepwise-PCA approach, which is using stepwise regression to select important variables. 

However, the orthogonalization process uses PLS instead of PCA. Since PLS performs fitting 

and transformation simultaneously during the modeling process, state (࢞௧) and decision (࢛௧) 

variables cannot be separately addressed in PLS-model fitting. Since it is desired to 

orthogonalize only the state variables, the modeling process of the state transition with PLS in 

each stage is divided into two phases. First, ozone variables are modeled as a function of 

orthogonalized state variables. Second, the residuals from the first phase are modeled as a 

function of the decision variables. The following procedures are the Stepwise-PLS modeling 

process. 

1. For each ozone model, stepwise regression is used to select the statistically 

significant state and decision variables. 
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2. In each stage (t), the union of the selected state variables (࢞௧) and the union of the 

selected decision variables (࢛௧) from the four ozone models are taken separately to determine 

the set of variables that must be maintained in each SDP stage. 

3. The orthogonal state transition model is constructed backward from the last time 

stage (T) to time stage 1. For the last stage (T):  

Phase (1): Only ozone variables (்ࡻ ) are modeled as a function of the orthogonal 

state variables (்ࢠ) by PLS. Only the subset of ்ࢠ that minimizes the predicted residual sum of 

squares (PRESS) based on Voet’s test (van der Voet, 1994) are maintained. After adding 

uncertainty, the first phase model is shown in (4.6) 

்ࡻ	  
ሺଵሻ

ൌ ்ࢍ		
ሺଵሻሺ்ࢠሻ ൅ 	ε. (4.6) 

Phase (2): The residuals of the last stage model ሼ்ࡻ െ	ࢍෝ்
ሺଵሻሺ்ࢠሻሽ are modeled as a 

function of the decision variables (்࢛) by stepwise regression. The second phase model is 

defined as ்ࡻ
ሺଶሻ

 and is shown in (4.7) after adding uncertainty: 

்ࡻ  
ሺଶሻ

ൌ ்ࢍ		
ሺଶሻሺ்࢛ሻ ൅ 	ε.    (4.7) 

The final ozone state transition model for the last stage (்ࡻ ) is represented by (4.9) 

்ࡻ     ൌ ்ࡻ		
ሺଵሻ

൅ ்ࡻ
ሺଶሻ

, (4.8) 

		்ࡻ        ൌ ෝ்ࢍ ሺ்ࢠ, ்࢛ሻ ൌ ෝ்ࢍ
ሺଵሻሺ்ࢠሻ ൅ ෝ்ࢍ

ሺଶሻሺ்࢛ሻ . (4.9) 

4. For stages t = T - 1 to 1:  

Phase (1): The ozone variables (ࡻ௧ ) and future orthogonal state variables (ࢠ௧ାଵ) are 

simultaneously modeled as a function of the current orthogonal state variables (ࢠ௧) by PLS. 

Only the subset of ࢠ௧ that minimizes the predicted residual sum of squares (PRESS) based on 
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Voet’s test (van der Voet, 1994) are selected. The future orthogonal state variables (ࢠ௧ାଵ) are 

modeled only if they are required by the next stage to predict (ࡻ௧ାଵ
ௌ ) and (ࢠሺ௧ାଵሻାଵ).  After 

adding uncertainty, the first phase models are shown in (4.10) and (4.11): 

௧ࡻ
ሺଵሻ

ൌ ௧ࢍ		
ሺଵሻሺࢠ௧ሻ ൅ 	ε , (4.10) 

௧ାଵࢠ
ሺଵሻ ൌ ௧௭ࢌ	

ሺଵሻሺࢠ௧ሻ ൅ 	ε .    (4.11) 

Phase (2): Residuals from both models ሼࡻ௧ െ	ࢍෝ௧
ሺଵሻሺࢠ௧ሻሽ and ሼࢠ௧ାଵ െ ෠௧௭ࢌ

ሺଵሻ
ሺࢠ௧ሻሽ 

are separately modeled as a function of decision variables (࢛௧) by stepwise regression and 

these residual models are defined as  ࡻ௧
ሺଶሻ

  and ࢠ௧ାଵ
ሺଶሻ   respectively. The second phase 

models are shown in (4.12) and (4.13) after adding uncertainty: 

௧ࡻ
ሺଶሻ

ൌ ௧ࢍ		
ሺଶሻሺ࢛௧ሻ ൅ 	ε ,    (4.12) 

௧ାଵࢠ
ሺଶሻ 	ൌ 		 ௧௭ࢌ

ሺଶሻሺ࢛௧ሻ ൅ 	ε . (4.13) 

The final ozone model (ࡻ௧ ) and final state transition function (ࢠ௧ାଵ) are represented 

by (4.14) and (4.15), respectively: 

௧ࡻ ෝ௧ࢍ   =  ሺࢠ௧, ࢛௧ሻ  =  ࢍෝ்
ሺଵሻሺࢠ௧ሻ  + ࢍෝ்

ሺଶሻሺ࢛௧ሻ , (4.14) 

,௧ࢠ෠௧௭ሺࢌ   =  ௧ାଵࢠ ࢛௧ሻ  =  ࢌ෠௧௭
ሺଵሻ
ሺࢠ௧ሻ   +  ࢌ෠௧௭

ሺଶሻ
ሺ࢛௧ሻ .  (4.15) 

Table 4.4 – Table 4.7 show summary results of Stepwise-PLS modeling for Atlanta 

ozone problem. The Stepwise-PLS metamodel in matrix form can be seen in Appendix B. 

Most of the ozone models, R2 are greater than 0.9. The ozone models (cyM3p1, 

skM3p2, and tkM3p2) achieve R2 less than 0.7 but they are comparable with the ozone models 

in Yang et al. (2007). All VIF values in PLS-Phase (1) model are equal to 1 indicated that all 

state variables in the models are orthogonal. The modeling of ozone model and state transition 

functions in stage-4 (Table 4.4), the union set of the stepwise selected state and decision 
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variables are considered as initial predictors xt4 and ut4 respectively. There are initially 81 state 

variables and 14 decision variables. PLS select 9 orthogonal state variables (Zpls4_1 – 

Zpls4_9) in Phase (1), and stepwise regression selects a maximum of 3 decision variables in 

Phase (2). Those 9 selected orthogonal state variables need to be maintained and modeled as 

a function of xt3 and ut3 in stage-3. In stage-1 (Table 4.7), there are 25 selected orthogonal 

state variables, which is the maximum number of state variables selected by Stepwise-PLS.  

Hence, the effective dimension of the SDP in this ADP process is 25. 
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Table 4.4 Summary of the Stepwise – PLS Ozone and State Transition Functions for Stage-4. 

 

 

 

Table 4.5 Summary of the Stepwise – PLS Ozone and State Transition Functions for Stage-3. 

 

 

 

 

Response Var.

Max. Ozone/

Transition 

# Initial

xt4

# Initial

ut4

# Initial

Vars.

# Selected

zt4 (1)

# Selected

ut4 (2)

# Selected 

Vars.

Model 

R‐Square

 Root 

MSE

# Selected

zt4 (1)

Model 

R‐Square

 Root 

MSE
VIF

# Selected

ut4 (2)

Model 

R‐Square

 Root 

MSE

cyM3p4 2 11 0.9795 0.00142 0.97467 0.001579 2 0.1885 0.00141

skM3p4 3 12 0.9858 0.00123 0.97967 0.001474 3 0.2996 0.00122

tkM3p4 3 12 0.9469 0.00165 0.67084 0.004103 3 0.8388 0.00164

ykM3p4 2 11 0.9231 0.00019 0.64664 0.000398 2 0.7823 0.00018

Initial Predictor Variables Phase‐(1) + Phase‐(2) Model Phase‐(1) PLS (Multiple‐Response) Phase‐(2) Residual of PLS

81 14 95 9 9 1

VIF

(Max)

1.00012

1.00741

1.01707

1.00161

Response Var.

Max. Ozone/

Transition 

# Initial

xt3

# Initial

ut3

# Initial

Vars.

# Selected

zt3 (1)

# Selected

ut3 (2)

# Selected 

Vars.

Model 

R‐Square

 Root 

MSE

# Selected

zt3 (1)

Model 

R‐Square

 Root 

MSE
VIF

# Selected

ut3 (2)

Model 

R‐Square

 Root 

MSE

cyM3p3 3 17 0.9430 0.00124 0.8850 0.00175 3 0.5061 0.00122

skM3p3 2 16 0.9318 0.00291 0.6789 0.00630 2 0.7875 0.00287

tkM3p3 2 16 0.9156 0.00191 0.8988 0.00209 2 0.1651 0.00189

ykM3p3 1 15 0.9735 0.00021 0.9732 0.00021 1 0.0096 0.00020

Zpls4_1 12 26 0.9667 0.33071 0.7433 0.90653 12 0.8702 0.32593

Zpls4_2 14 28 0.9493 0.32087 0.6464 0.83484 14 0.8565 0.31621

Zpls4_3 17 31 0.9480 0.26542 0.4443 0.85260 17 0.9065 0.26154

Zpls4_4 19 33 0.9664 0.24974 0.6429 0.79780 19 0.9058 0.24607

Zpls4_5 17 31 0.9325 0.33760 0.4684 0.93046 17 0.8730 0.33266

Zpls4_6 17 31 0.9562 0.25509 0.7810 0.56055 17 0.8002 0.25136

Zpls4_7 19 33 0.9364 0.29066 0.6743 0.64474 19 0.8047 0.28639

Zpls4_8 19 33 0.9291 0.31745 0.7252 0.61243 19 0.7418 0.31278

Zpls4_9 21 35 0.9546 0.25957 0.6779 0.67630 21 0.8591 0.25574

1.05556

1.05501

1.06805

1.03135

1.04211

1.04548

1.04183

1.04830

Initial Predictor Variables Phase‐(1) + Phase‐(2) Model Phase‐(1) PLS (Multiple‐Response) Phase‐(2) Residual of PLS

77 27 104 14 14 1

1.00425

1.00065

1.00489

1.00000

VIF

(Max)

1.03301
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Table 4.6 Summary of the Stepwise – PLS Ozone and State Transition Functions for Stage-2. 

 

 

 

 

 

 

 

 

 

Response Var.

Max. Ozone/

Transition 

# Initial

xt2

# Initial

ut2

# Initial

Vars.

# Selected

zt2 (1)

# Selected

ut2 (2)

# Selected 

Vars.

Model 

R‐Square

 Root 

MSE

# Selected

zt2 (1)

Model 

R‐Square

 Root 

MSE
VIF

# Selected

ut2 (2)

Model 

R‐Square

 Root 

MSE

cyM3p2 2 25 0.9348 0.00109 0.55289 0.002849 2 0.8541 0.00106

skM3p2 4 27 0.2847 0.00554 0.15302 0.005999 4 0.1553 0.00541

tkM3p2 2 25 0.6466 0.00268 0.63524 0.002719 2 0.0313 0.00262

ykM3p2 3 26 0.9690 0.00016 0.70699 0.000480 3 0.8943 0.00015

Zpls3_1 17 40 0.9294 0.38581 0.65160 0.841894 17 0.7975 0.37649

Zpls3_2 16 39 0.9493 0.32188 0.70498 0.763294 16 0.8281 0.31412

Zpls3_3 17 40 0.9392 0.39000 0.51961 1.076335 17 0.8734 0.38059

Zpls3_4 19 42 0.9469 0.33551 0.66695 0.823492 19 0.8406 0.32737

Zpls3_5 23 46 0.9715 0.22046 0.69152 0.707544 23 0.9076 0.21507

Zpls3_6 21 44 0.9557 0.26637 0.68448 0.694804 21 0.8595 0.25988

Zpls3_7 22 45 0.9595 0.27725 0.62603 0.822364 22 0.8916 0.27048

Zpls3_8 20 43 0.9653 0.23755 0.56770 0.820498 20 0.9197 0.23178

Zpls3_9 22 45 0.9464 0.29718 0.66180 0.729094 22 0.8415 0.28993

Zpls3_10 22 45 0.9406 0.30363 0.59807 0.771066 22 0.8521 0.29622

Zpls3_11 27 50 0.9662 0.21978 0.65908 0.678261 27 0.9010 0.21436

Zpls3_12 25 48 0.9534 0.24363 0.59064 0.702705 25 0.8861 0.23764

Zpls3_13 24 47 0.9683 0.20054 0.71087 0.589871 24 0.8902 0.19563

Zpls3_14 24 47 0.9486 0.29720 0.61231 0.795624 24 0.8675 0.28991

1.08157

1.07075

1.08480

1.07646

1.06902

1.06717

1.06380

1.08611

1.04602

1.04338

1.07408

1.08048

1.05347
1

Initial Predictor Variables Phase‐(1) + Phase‐(2) Model Phase‐(1) PLS (Multiple‐Response) Phase‐(2) Residual of PLS

56 30 86 23 23

VIF

(Max)

1.00093

1.00877

1.00009

1.00483

1.05335
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Table 4.7 Summary of the Stepwise – PLS Ozone and State Transition Functions for Stage-1. 

 

Response Var.

Max. Ozone/

Transition 

# Initial

xt1

# Initial

ut1

# Initial

Vars.

# Selected

zt1 (1)

# Selected

ut1 (2)

# Selected 

Vars.

Model 

R‐Square

 Root 

MSE

# Selected

zt1 (1)

Model 

R‐Square

 Root 

MSE
VIF

# Selected

ut1 (2)

Model 

R‐Square

 Root 

MSE

cyM3p1 5 30 0.2759 0.00070 0.06424 0.000787 5 0.2262 0.00068

skM3p1 2 27 0.9184 0.00159 0.07675 0.005351 2 0.9116 0.00155

tkM3p1 3 28 0.9149 0.00188 0.04726 0.006260 3 0.9106 0.00183

ykM3p1 4 29 0.9551 0.00007 0.07803 0.000294 4 0.9513 0.00006

Zpls2_1 18 43 0.9612 0.29832 0.12089 1.391971 18 0.9558 0.29047

Zpls2_2 12 37 0.9276 0.41252 0.23702 1.321665 12 0.9050 0.40179

Zpls2_3 20 45 0.9826 0.20116 0.85759 0.562857 20 0.8777 0.19584

Zpls2_4 20 45 0.9511 0.33884 0.16524 1.370479 20 0.9415 0.32988

Zpls2_5 23 48 0.9724 0.20212 0.29045 1.000064 23 0.9611 0.19674

Zpls2_6 22 47 0.9483 0.29226 0.27594 1.067945 22 0.9286 0.28449

Zpls2_7 23 48 0.9554 0.24048 0.42128 0.845325 23 0.9230 0.23408

Zpls2_8 26 51 0.9768 0.17808 0.42978 0.858858 26 0.9594 0.17331

Zpls2_9 23 48 0.9831 0.14942 0.53723 0.761896 23 0.9634 0.14544

Zpls2_10 23 48 0.9833 0.15368 0.55119 0.776067 23 0.9627 0.14959

Zpls2_11 25 50 0.9761 0.17277 0.24187 0.946389 25 0.9684 0.16815

Zpls2_12 24 49 0.9688 0.20216 0.33873 0.907207 24 0.9529 0.19676

Zpls2_13 25 50 0.9527 0.24015 0.69686 0.591502 25 0.8439 0.23374

Zpls2_14 24 49 0.9739 0.17679 0.31980 0.879453 24 0.9616 0.17207

Zpls2_15 24 49 0.9443 0.25277 0.44521 0.777570 24 0.8997 0.24603

Zpls2_16 25 50 0.9842 0.13632 0.64515 0.629220 25 0.9555 0.13268

Zpls2_17 22 47 0.9648 0.19580 0.60793 0.637968 22 0.9102 0.19060

Zpls2_18 18 43 0.6782 0.54311 0.37516 0.742330 18 0.4851 0.52880

Zpls2_19 25 50 0.9844 0.13428 0.52856 0.719374 25 0.9670 0.13070

Zpls2_20 23 48 0.9672 0.19380 0.56545 0.687585 23 0.9244 0.18865

Zpls2_21 25 50 0.9583 0.22100 0.52436 0.726800 25 0.9124 0.21509

Zpls2_22 23 48 0.9741 0.17066 0.52709 0.710687 23 0.9451 0.16612

Zpls2_23 19 44 0.9145 0.30748 0.42800 0.779354 19 0.8506 0.29936

1.06148

1.03533

1.06042

1.04190

1.06517

1.06291

1.06282

1.05637

1.06605

1.06654

1.05913

1.06491

1.05578

1.06798

1.06528

1.06242

1.05964

1.03773

1.06349

1.05859

1.06132

1.05204

Initial Predictor Variables Phase‐(1) + Phase‐(2) Model Phase‐(1) PLS (Multiple‐Response) Phase‐(2) Residual of PLS

32 29 61 25 25 1

VIF

(Max)

1.00398

1.00333

1.00249

1.00713

1.05031
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CHAPTER 5 

COMPUTATIONAL RESULTS 

   

 The continuous-state SDP problem for the Atlanta ozone problem has been solved 

using an algorithm shown in Figure 2.1 (Chen et al., 1999). To address multicollinearity in SDP 

state spaces, three types of state transition function modeling were discussed in section 4.2, 

namely state transition metamodels with high VIFs, low VIFs, or othogonalized using a 

procedure such as Stepwise-PLS model. Table 5.1 summarizes the numbers of state as well as 

decision variables for these three types of metamodels, as implemented in the Atlanta ozone 

SDP problem.  The list of state and decision variables for each metamodel type can be seen in 

Appendix C. Lower and upper bounds for all state and decision variables are shown in 

Appendix D. 

 
Table 5.1 Summary of Number of State and Decision Variables for All Methods. 

 

 

Yang Low‐VIF High‐VIF Stepwise‐PLS

# Decision variables 40 3 3 12 7

# State variables 176 19 19 92 9

# Total variables 216 22 22 104 16

# Decision variables 40 9 9 30 25

# State variables 132 23 21 82 14

# Total variables 172 32 32 112 39

# Decision variables 40 9 9 31 28

# State variables 88 25 23 59 23

# Total variables 128 34 34 90 51

# Decision variables 40 17 17 29 29

# State variables 44 17 16 34 25

# Total variables 84 34 34 63 54

Stage‐2

Stage‐1

Stage Variables
# Initial 

Variables.

State Transition Modeling Methods

Stage‐4

Stage‐3
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Previous metamodels by Yang et al (2009) have a slightly different set of state variables 

than the Low-VIF model, but the decision variables are identical. The High-VIF model includes 

the most of both state and decision variables. All variables included in the Yang et al. and Low-

VIF models are a subset of the variables in the High-VIF and Stepwise-PLS models. The 

dimension of an SDP problem is determined by the maximum number of state variable across 

all stages; therefore, the SDP dimensions for Yang et al, Low-VIF, High-VIF, and Stepwise-PLS 

are 25, 23, 92, and 25, respectively.  

 SDP implementations for all state transition modeling methods are described in Section 

5.1. After using a backward SDP solution method to approximate the future value functions, a 

forward SDP re-optimization in a “real-time” simulation is used to re-solve for the optimal 

decisions.  Re-optimization has been found to be more accurate (Tejada-Guibert, Johnson, & 

Stedinger, 1993) and is described in Section 5.2. Computational results on optimal control 

policy are presented for 50 random hypothetical scenarios and the Atlanta base case are shown 

in Section 5.3. Finally, verification of each of these metamodels is given in Section 5.4.  

5.1 Backward DP Solution for the Future Value Function of the Atlanta Ozone Problem 

The backward DP solution method solves the problem starting from the last stage and 

moves backward until all stages have been solved, as described in Figure 2.1. Following Yang 

et al. (2009), a low-discrepancy sequence by Sobol´ (1967) was employed to discretize state 

space, and multivariate adaptive regression splines (MARS) models were used to approximate 

future value functions of the Atlanta ozone problem. The 2000 designed points from the Sobol´ 

sequences were generated using the Sobol´ dataset generator obtained from the website:  

http://people.sc.fsu.edu/~jburkardt/cpp_src/sobol_dataset/sobol_dataset.html. At each design 

point, a non-linear programming was used to solve for an optimal solution and a commercial 

optimization library (NAG E04) was utilized as the optimization module in solving the SDP for 

the Atlanta ozone problem. The three different types of modeling methods for the state 

transition function, from Section 4.2, are implemented in the Atlanta ozone problem separately. 
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In each stage, the solution of the backward SDP process is the MARS approximation of the 

future value functions for each stage. For visualization purposes, a 3D mesh plot of each 

future value function and the corresponding MARS approximation in each stage are 

generated, but only two state variables can be plotted and the other variables are fixed at the 

midpoint of their possible range. Mesh plots in Figures 5.1 – 5. 4 illustrate the future value 

functions and their MARS approximations for the Atlanta ozone SDP problem using the Low-

VIF metamodels. The plots show that the MARS approximations seem to mimic the future 

value function appropriately. Unlike the previous study (Yang et al., 2009), which allows 

MARS approximations to fall negative, in this study the negative MARS values are truncated 

to zero because a negative cost is not realistic. Since the NAG optimization module requires 

convexity of the objective function, the mesh plots of the future value functions in stage 1 

(Figure 5.4) and stage 2 (Figure 5.3) exhibit a non-convexity issue. To address the potential 

for local optima, multiple starting points are implemented with the optimization module to 

achieve better optimal costs. Although the use of many starting points increases the chance 

of getting close to the global optimal cost, this study is limited to two starting points (midpoint 

and lower bound) and an additional ten random points within the ranges for computational 

reasons. Figure 5.5 – 5.8 compare the optimal costs when using multiple starting points. The 

use of multiple starting points tends to achieve better optimal costs than using only one 

starting (middle) point, especially in stage 1 and stage 2. Adding ten random points tends to 

improve optimal costs more on average. Therefore in this SDP implementation, the 

optimization module includes the two plus ten random starting points for stage 1 and stage 2. 
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              (a)                       (b) 

Figure 5.1 Future value function (a) and MARS approximation (b) using Low-VIF model for stage 4. 
 
 

     
                 (a)                         (b) 

Figure 5.2 Future value function (a) and MARS approximation (b) using Low-VIF model for stage 3. 
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                 (a)                      (b) 

     
                 (c)                         (d) 

Figure 5.3 Future value function (a, c) and MARS approximation (b, d) using Low-VIF model for stage 2. 
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                 (a)                         (b) 

     
                 (c)                         (d) 

Figure 5.4 Future value function (a, c) and MARS approximation (b, d) using Low-VIF model for stage 1. 
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Figure 5.5 Solved optimal cost using multiple starting points for stage 1. 

 

  

  
Figure 5.6 Solved optimal cost using multiple starting points for stage 2. 
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Figure 5.7 Solved optimal cost using multiple starting points for stage 3. 

 

  

  
Figure 5.8 Solved optimal cost using multiple starting points for stage 4. 
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Table 5.2 SDP implementation setup for all runs. 

DOE for state spaces discretization 2000-Point Sobol' Sequence

Ozone threshold 
0.12 ppm 

(modeled in penalty functions)

Negative coefficients in ozone models. Truncated to zero

MARS approximation algorithm MARS ASR-II

Maximum basis functions for MARS 2000

Maximum order of interaction in MARS 2

Number of knots 35

Non-linear optimization library NAG Fortran Mark 15

Starting point in optimization  
(stage 1 and stage 2) 

Midpoint, Lower Bound, and 10 Random Points.

Starting point in optimization  
(stage 3 and stage 4) 

Midpoint and Lower Bound.

Running environment 

Workstation with dual 2.6G AMD
AtIon processors and 3GB memory;

CentOS 4.9
gcc version 3.4.6 20060404 (Red Hat 3.4.6-9)

 
 
 

Table 5.3 Number of MARS basis functions and running times.  

 

 

 
 
 

Metamodel Stage
Number of 

State Vars.

Number of 

 Decision Vars.

Number of Basis functioin 

selected by MARS
Fitting MARS

(hh:mm:ss)

Solving SDP

(hh:mm:ss)

Total Running time

(hh:mm:ss)

Low‐VIF Stage‐1 16 17 394 0:53:31 1:07:57 2:01:28

Low‐VIF Stage‐2 23 9 1853 50:09:49 0:16:44 50:26:33

Low‐VIF Stage‐3 21 9 104 0:02:47 0:05:21 0:08:08

Low‐VIF Stage‐4 19 3 90 0:02:30 0:00:32 0:03:02

Total time (hh:mm:ss) 51:08:37 1:30:34 52:39:11

High‐VIF Stage‐1 34 29 1296 30:01:51 0:59:32 31:01:23

High‐VIF Stage‐2 59 31 300 1:01:09 4:40:24 5:41:33

High‐VIF Stage‐3 82 30 227 0:54:26 0:23:25 1:17:51

High‐VIF Stage‐4 92 12 182 1:57:53 0:02:24 2:00:17

Total time (hh:mm:ss) 33:55:19 6:05:45 40:01:04

Stepwise‐PLS Stage‐1 25 29 1354 24:27:20 29:49:16 54:16:36

Stepwise‐PLS Stage‐2 23 28 964 7:57:58 27:54:13 35:52:11

Stepwise‐PLS Stage‐3 14 25 215 0:07:14 4:32:07 4:39:21

Stepwise‐PLS Stage‐4 9 7 72 0:00:32 0:03:58 0:04:30

Total time (hh:mm:ss) 32:33:04 62:19:34 94:52:38
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5.2 Forward Re-optimization for Optimal Control Policy of the Atlanta Ozone Problem 

 In this study, the forward re-optimization technique is chosen to solve for the optimal 

control policy (Tejada-Guibert et al., 1993). The re-optimization algorithm is delineated in Figure 

5.10. Given the initial state vector for stage 1 (x1), the re-optimization algorithm solves for the 

optimal control policy (ut) forward stage by stage until all stages have been solved. As 

demonstrated for this ozone problem, the optimal control policy for given initial emissions and 

ozone levels occurring prior to time period 1 is the decision on how emissions should be 

reduced at specific locations and times over the course of the day.  

 
 
 
 
 
 
 
 
 
 
 

Figure 5.10 Re-optimization algorithm for solving for the optimal control policy (Yang et al., 2009). 
 
 

Since 4 time periods have been considered in the Atlanta ozone problem, the optimal control 

decision will consist of 4 decision vectors (u1, u2, u3, u4) for a given initial state vector (x1). 

5.3 Comparing Results 

 The SDP implementation using the three different metamodel types are evaluated for 

two cases on the initial state vector. The first case assumes the Atlanta base case scenario that 

initiates the first day of the ozone episode on July 31, 1987.  The second case considers 50 

random initial scenarios.   

5.3.1 Base Case Results  

 The initial emissions and ozone levels entering the first time period are taken from the 

nominal values on July 31, 1987 and the re-optimizaion algorithm is executed to determine 

1. For stage t = 1,…,T-1 
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optimal control decisions. Then, this optimized policy is simulated in the Atlanta urban airshed 

model (UAM) to calculate the ozone level as a best representation of the actual ozone level.  

Emission reductions from the optimal control policies for the base case using different 

metamodels are illustrated in Figure 5.12 – 5.15 and summarized in Table 5.4. The optimal 

control policy using the Low-VIF metamodels requires a lower daily total of emission reduction 

of 27.66%, followed by the Stepwise-PLS metamodels that require 36.63%, and the High-VIF 

metamodels that require the most of reduction of 47.03%. In general, all three require emission 

reduction mostly in time periods 2 and 3 (from 10AM to 4PM). 

 The resulting maximum ozone level trajectory using both the metamodels and the UAM 

are shown in Figure 5.11. The primary y-axis on the left side indicates the maximum ozone 

level, and the secondary y-axis on the right (side) indicates the percentage of emission 

reduction. The “BASE CASE” line represents the maximum ozone level when no control action 

has been taken. The “UAM-LVIF,” “UAM-HVIF,” and “UAM-PLS” lines represent the actual 

ozone level simulated by the UAM when using the optimal control policy from the Low-VIF, 

High-VIF, and Stepwise-PLS metamodels, respectively. The “LVIF,” “HVIF,” and “PLS” lines 

represent the ozone level predicted by the Low-VIF, High-VIF, and Stepwise-PLS metamodels, 

respectively. According to Figure 5.11, the High-VIF metamodels are the least accurate models 

and always overestimate the maximum ozone levels; as a result they require more emission 

reduction than necessary. The Low-VIF metamodels seem to perform the best but slightly 

underestimate the ozone levels, which can cause lower emission reductions than necessary in 

time periods 3 and 4. The Stepwise-PLS metamodels perform better than the High-VIF models 

but slightly overestimate the ozone levels in time periods 2 and 4, which may lead to a more 

(stringent) emission reduction policy in time period 3. 
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5.3.2 The 50 Hypothetical Scenario Results   

 The base case results represent only one specific situation and its optimal policy is 

optimized for only the base case. To illustrate how the dynamic nature of SDP handles different 

situations, 50 hypothetical scenarios are generated and tested. To generate the 50 hypothetical 

scenarios, the 50 initial emissions are randomly generated based on the ranges of emissions 

from the base case, then these initial emissions are used as the inputs to run UAM in order to 

obtain the 50 initial ozone levels. The data for the 50 hypothetical scenarios can be seen in 

Appendix E. 

 The optimal control policies for the 50 hypothetical scenarios are obtained by the same 

procedure used in the base case, and their solutions corresponding to the Low-VIF, High-VIF, 

and Stepwise-PLS metamodels are shown in Appendix F, G, and H, respectively. The average 

emission reduction of the optimal control policies using the different metamodels are illustrated 

in Figure 5.17 – 5.20 and summarized in Table 5.5. The emission reduction requirements for the 

optimal control policies averaged across the 50 scenarios are comparable to that required by 

the base case. 

The average maximum ozone level trajectory from both the metamodels and the UAM 

are shown in Figure 5.16. In the 50 scenarios, on average, the High-VIF model still performs the 

worst, and the Stepwise-PLS seems to perform close to the Low-VIF model. The major 

difference between the Low-VIF and the Stepwise-PLS models occurs in time period 4, in which 

maximum ozone level is underestimated by the Low-VIF model, but overestimated by the 

Stepwise-PLS model. The maximum ozone level in time period 4 using the Low-VIF model is 

actually over the EPA limit of 0.12 ppm, indicating that the optimal control policy in time periods 3 

and 4 from using the Low-VIF model may not be enough to maintain ozone within the regulatory 

required limit. Therefore, emission reduction on locations that are excluded from the Low-VIF 

model but required in the Stepwise-PLS model may be considered as the potential locations that 

require more (stringent) emission reduction in order to reduce the maximum ozone level.  
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Table 5.5 Average optimal emission reduction across 50 hypothetical scenarios. 

 
 
 

 
       (a)              (b) 

 
       (c)                 (d) 

Figure 5.16 Maximum ozone levels and optimal emission reductions for the 50 scenarios using   
(a) Yang et al., (2009), (b) Low-VIF, (c) High-VIF, and (d) Stepwise-PLS metamodels. 
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5.4 Verification of the Metamodels 

 The most desirable optimal policy for the Atlanta ozone problem is the policy that 

requires the minimum emission reductions necessary to maintain maximum ozone level within 

the EPA standard. However, the computational results of the ADP process are affected by the 

accuracy of the metamodels because they are included in SDP as state transition functions. 

The best optimal policy results from the SDP implementations alone may not be enough to 

justify the best overall results. Therefore, the accuracy of the metamodels should be examined. 

the first, the deviations between the metamodels and the UAM is examined for the optimal 

control policies. Second, the deviations under random control policies are also examined. 

5.4.1 Deviation of Metamodels on the Optimal Control Policy 

 The optimal control policies of the 50 hypothetical scenarios from section 5.3.2 were 

simulated in the UAM to obtain the maximum ozone levels and then were compared with the 

maximum ozone levels predicted by metamodels. The deviation of maximum ozone levels in 

each monitoring station between the metamodel predictions and the values from UAM are 

calculated, and the average absolute deviation is shown in Figure 5.23 and Figure 5.24. The 

deviations are also summarized by station and by stage in Figure 5.21 and Figure 5.22. 

The deviation results show that the Low-VIF model is the most accurate model, 

followed by the Stepwise-PLS model and then the High-VIF model. Deviations of the Stepwise-

PLS models are mostly comparable to the Low-VIF models. However, some ozone models in 

time period 1 (skM3p1 and tkM3p1) using the Stepwise-PLS method deviate from UAM more 

than other methods.  

The maximum ozone level occurs in stage-4. The results for stage-4 show that the Low-

VIF model always underestimates ozone at Tucker, by -5.09% on average, and underestimates 

ozone at Conyers by -1.08% on average.  The Stepwise-PLS model, on average, overestimates 

ozone at Tucker and Conyers by 0.21% and 5.19%, respectively. This will affect the optimal 

emission reduction policy as discussed earlier in section 5.3. 
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(a)      (b) 

Figure 5.21 Summary of deviation between metamodels and UAM for the 50 scenarios using  
optimal policies by station (a) and by stage (b). 

 
 

 
   (a)       (b) 

Figure 5.22 Summary of ABS-deviation between metamodels and UAM for the 50 scenarios using 
optimal policies by station (a) and by stage (b).
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Figure 5.23 Average deviation between metamodels and UAM for the 50 scenarios using optimal policies. 

 

  
Figure 5.24 Average ABS-deviation between metamodels and UAM for the 50 scenarios using optimal policies. 
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5.4.2 Deviation of Metamodels on the Random Control Policy 

 Unlike section 5.4.1 that examines the accuracy of the metamodels for only the 

specific case of the optimal policy, this section will verify the metamodels to cover entire 

modeling space by using randomly chosen emission reductions. Using the same verification 

procedure, the random control policies of the 50 hypothetical scenarios from section 5.3.2 

are simulated in the UAM and then compared with the predicted ozone from the 

metamodels. In addition to the deviation for the optimal policy, “PLS-2” shows the random 

policy results from the Stepwise-PLS metamodel that includes negative coefficients in 

ozone model computation.  

The deviation of maximum ozone level in each of the monitoring stations between 

the metamodel predictions and the values from the UAM are calculated, and the average 

absolute deviation results can be seen in Figure 5.27 and Figure 5.28. The deviations are 

also summarized by station and by stage in Figure 5.25 and Figure 5.26. 

The deviation results using random control policies are mostly in agreement with the 

results using optimal policies. Additionally, allowing negative coefficients in the Stepwise-

PLS model does improve the accuracy of the model, especially for the skM3p1 and tkM3p1 

ozone models, which previously had high deviations. 
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(a)        (b) 

Figure 5.25 Summary of deviations between metamodels and UAM for the 50 scenarios using random 
policies by station (a) and by stage (b). 

 
 

 
(a)       (b) 

Figure 5.26 Summary of ABS-deviation between metamodels and UAM for the 50 scenarios using 
random policies by station (a) and by stage (b). 
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Figure 5.27 Average deviation between metamodels and UAM for the 50 scenarios using random policies. 

 
 

  
Figure 5.28 Average ABS-deviation between metamodels and UAM for the 50 scenarios using random policies. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE RESEARCH 

 

6.1 Conclusions 

In this dissertation, highly correlated state spaces in the high-dimensional continuous-

state SDP solution methods were explored. The Atlanta ground-level ozone pollution problem 

from Yang et al. (2009) was selected as our case study because ozone state variables at 

different monitoring stations and at different time-periods are highly correlated. The Atlanta 

Urban Airshed Model (UAM) is computationally impractical to be used directly in the SDP as the 

state transition function. Therefore, in the ADP process, three types of statistical metamodels 

were developed as surrogates of the UAM, High-VIF models, Low-VIF models, and 

orthogonalized Stepwise-PLS models. All cases were developed on the Atlanta ozone pollution 

case study with highly multicollinear state variables. 

If the high multicollinearity in the data is ignored, then metamodels with high VIFs are 

possible.  High-VIF models were deliberately generated to test this worst case.  The previous 

metamodeling from Yang et al. (2007) had some high-VIF models.  With careful revision Low-

VIF models could be developed. Finally, Stepwise-PLS metamodeling transforms the state 

variables to a set of orthogonalized variables, eliminating the problem of multicollinearity.  

All three types of metamodels, Low-VIF, High-VIF, and Stepwise-PLS, were 

implemented in the SDP for the base case of the Atlanta case study and for 50 random initial 

scenarios. According to the implementation results, Table 6.1 provides a summary of the 

advantages (pros) and disadvantages (cons) the different metamodels for this multicollinear 

SDP problem.  
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Table 6.1 Pros and Cons for Transition Metamodels. 

Transition 
Metamodel 

Pros Cons 

High-VIF 

 N/A  High-VIF state space. 
 Least accurate metamodels. 
 Always overestimated the ozone level. 
 Required too much emission reduction. 

Low-VIF 

 Low-VIF state space. 
 Most accurate metamodels. 
 Required lower emission reduction. 
 Lower computational time. 

 Slightly underestimated the ozone level. 
in time period 4. 

 Actual ozone level (UAM) in time 
period 4 slightly violated EPA limit on 
average. 

 Excluding these highly correlated 
variables from the model can give the 
false impression that these excluded 
variables are unimportant. 

 The modeling requires special effort to 
yield low VIF metamodels. 

Stepwise-PLS 

 State space is orthogonal. 
 Slightly less accurate than the Low-VIF 

model. 
 Required comparable emission 

reduction to the Low-VIF model 
(except in time period 3). 

 The PLS approach allows important 
variables to be maintained in the state, 
even if they are correlated. 

 The Stepwise-PLS approach can be 
automated. 

 Slightly overestimated the ozone level 
in time period 4. 

 More computational effort. 

 

The results show that the High-VIF model is less accurate than other models and 

always overestimates the maximum ozone level. Consequently, its subsequent optimal policies 

may require too much emission reduction. The SDP optimal policy using the Low-VIF 

metamodel tends to require lower emission reduction than using any other metamodels. Even 

though the Low-VIF model is the most accurate, the predicted maximum ozone level in time 

period 4 using the Low-VIF model, on average, is slightly underestimated and the actual ozone 

is above the EPA limit of 0.12 ppm, indicating an minor ozone exceedance. Parameters in the 

cost objective can be modified to provide more margin of error to better prevent this.  The 
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optimal control policies when using the Stepwise-PLS model require comparable amounts of 

emission reduction to the Low-VIF model except in time period 3, in which more emission 

reduction was required due to overestimation of the ozone level for the Stepwise-PLS model in 

time period 4. 

In the Low-VIF modeling case, one is essentially avoiding combinations of variables 

that are highly correlated.   Excluding these highly correlated variables from the model can give 

the false impression that these excluded variables are unimportant.  The PLS approach allows 

important variables to be maintained in the state, even if they are correlated. In terms of 

automated nature of the modeling process, the Low-VIF modeling requires special effort to yield 

low VIF metamodels. By contrast, the Stepwise-PLS approach can be automated. 

For solving a SDP problem with a multicollinear state space, the comparison results 

suggest that the Low-VIF models should be considered first, primarily due to the SDP 

computational effort. An orthogonalization type method, such as the Stepwise-PLS model, 

should be considered when accurate Low-VIF models cannot be constructed, or an automated 

process is desired. 

6.2 Future Research 

 As discussed earlier in Chapter 5, there are at least two issues that should be 

addressed more appropriately in solving the current SDP problem. The first issue was the 

presence of non-convexity in the MARS future value function approximations. In theory, the 

future value function is convex and the objective function of the optimization should be convex.  

However, due to nonconvexities generated by interaction terms in the MARS model, the 

approximated future value function can be non-convex.  This complicates the optimization, 

which requires multiple starts in an attempt to seek the global optimum, Shih (2006) and Shih et 

al. (2012) developed convex versions of MARS.  Use of these convex versions would eliminate 

the need to solve a non-convex optimization.  Alternately, Martinez, Martinez, Rosenberger, and 

Chen (2011) developed a global optimization method for a non-convex piecewise linear MARS 
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function. In future work, the methods by Shih et al. and Martinez et al. may be able to address 

the optimization issues for the Atlanta ozone pollution case study. 

Another important issue is the metamodels.  As explained in Yang et al. (2007), the 

inaccurate metamodels are due to curvature in the relationship when NOx is high.  Ozone 

generation is low when NOx concentrations are dominant, but allowing such relationships to be 

represented in the state transition metamodels could allow the optimization to reduce ozone by 

increasing NOx emissions, which is clearly undesirable. To alleviate this issue in this 

dissertation, all negative coefficients associated with decision variables are truncated to zero 

but this approach degrades the accuracy of our models, especially, when the key decision 

variables have been truncated. For the future work, a monotonic ozone transition function 

without negative coefficients should be explored. For example, we may modify MARS to select 

only basis functions with non-negative coefficients. 

In addition to addressing these issues, when it is difficult to obtain low VIF models, the 

Stepwise-PLS approach should be employed. The Stepwise-PLS model has been shown to be 

a good potential model to handle multicollinear state spaces. However, the Stepwise-PLS is 

slightly less accurate than the Low-VIF model. To improve the Stepwise-PLS approach a 

modeling approach that permits interactions between the decision variables (u) and the state 

variables (x) should be explored. 
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APPENDIX A 

EVALUATION RESULTS OF VARIOUS MODELING SCENARIOS  
FOR THE METAMODEL OF UAM AT CONYERS STATION  
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Table A.1 Results of Various Modeling Scenarios for the metamodel of Conyers stage 1. 

 

 

Table A.2 Ranking Results of the Scenarios for the metamodel of Conyers stage 1. 

 

 

 

 

 

A‐1 Stepwise 0.2646 7 (1.0006 ‐  1.0137) 1.08925
A‐2 Stepwise‐PCA 0.2646 7 1 1.08925
A‐3 Stepwise‐PCA‐Stepwise 0.2597 4 1 1.09229
A‐4 Stepwise‐PLS 0.2636 1 1 1.08741
B‐1 FDR 0.2219 3 (1.003 ‐ 1.008) 1.10580
B‐2 FDR_PCA 0.2219 3 1 1.10580
B‐3 FDR_PCA_StepwiseReg 0.2208 2 1 1.10352
B‐4 FDR_PLS 0.2205 1 1 1.10384
C‐1 conFDR 0.1894 1 1 1.13779
C‐2 conFDR_PCA 0.1894 1 1 1.13779
C‐3 conFDR_PCA_Stepwise 0.1894 1 1 1.13779
C‐4 conFDR_PLS 0.1894 1 1 1.13779
D‐1 Tree 0.1937 2 1.00061 1.13840
D‐2 Tree_PCA 0.1937 2 1 1.13840

D‐3 Tree_PCA_Stepwise 0.1937 2 1 1.13840
D‐4 Tree_PLS 0.1936 1 1 1.13890
E‐1 PCA‐Stepwise 0.2476 20 1 1.15553
E‐2 PAMsSites‐PCA‐Stepwise 0.2646 7 (1.002 ‐ 1.014) 1.08925
F PLS 0.3048 1 1 1.18912

Approaches R
2 Vars. left 

in model VIF % Error

Stepwise‐PLS 1 Stepwise‐PLS 1.08741 PLS 0.3048

FDR_PLS 1 Stepwise‐PCA 1.08925 Stepwise‐PCA 0.2646

conFDR_PCA 1 Stepwise‐PCA‐Stepwise 1.09229 Stepwise‐PLS 0.2636

conFDR_PCA_Stepwise 1 FDR_PCA_StepwiseReg 1.10352 Stepwise‐PCA‐Stepwise 0.2597

conFDR_PLS 1 FDR_PLS 1.10384 PCA‐Stepwise 0.2476

Tree_PLS 1 FDR_PCA 1.10580 FDR_PCA 0.2219

PLS 1 conFDR_PCA 1.13779 FDR_PCA_StepwiseReg 0.2208

FDR_PCA_StepwiseReg 2 conFDR_PCA_Stepwise 1.13779 FDR_PLS 0.2205

Tree_PCA 2 conFDR_PLS 1.13779 Tree_PCA 0.1937

Tree_PCA_Stepwise 2 Tree_PCA 1.13840 Tree_PCA_Stepwise 0.1937

FDR_PCA 3 Tree_PCA_Stepwise 1.13840 Tree_PLS 0.1936

Stepwise‐PCA‐Stepwise 4 Tree_PLS 1.13890 conFDR_PCA 0.1894

Stepwise‐PCA 7 PCA‐Stepwise 1.15553 conFDR_PCA_Stepwise 0.1894
PCA‐Stepwise 20 PLS 1.18912 conFDR_PLS 0.1894

* VIF > 1 are removed.

* Ordered by better to worse

Approaches*
Vars. left 
in model Approaches* % Error Approaches* R2
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Table A.3 Results of Various Modeling Scenarios for the metamodel of Conyers stage 2. 

 

 

Table A.4 Ranking Results of the Scenarios for the metamodel of Conyers stage 2. 

 

 

 

 

 

 

A‐1 Stepwise 0.9937 10 (1.009 ‐ 1.260) 0.33001
A‐2 Stepwise‐PCA 0.9937 10 1 0.33001
A‐3 Stepwise‐PCA‐Stepwise 0.9937 10 1 0.33001
A‐4 Stepwise‐PLS 0.9934 3 1 0.34289
B‐1 FDR 0.9894 3 (1.01 ‐ 1.23) 0.45582
B‐2 FDR_PCA 0.9894 3 1 0.45582
B‐3 FDR_PCA_Stepwise 0.9894 3 1 0.45582
B‐4 FDR_PLS 0.9894 1 1 0.45582
C‐1 conFDR 0.9900 6 ( 1.01302 ‐  1.24359) 0.45066
C‐2 conFDR_PCA 0.9900 6 1 0.45066
C‐3 conFDR_PCA_Stepwise 0.9900 6 1 0.45066
C‐4 conFDR_PLS 0.9897 3 1 0.45497
D‐1 Tree 0.9894 4 (1.00064 ‐  1.23411) 0.45593
D‐2 Tree_PCA 0.9894 4 1 0.45593

D‐3 Tree_PCA_Stepwise 0.9894 4 1 0.45593
D‐4 Tree_PLS 0.9894 3 1 0.45652
E‐1 PCA‐Stepwise 0.9946 110 1 0.42443
E‐2 PAMsSites‐PCA‐Stepwise 0.9935 14 (1.02 ‐ 2.11) 0.34485
F PLS 0.9947 10 1 0.43429

Approaches R2 Vars. left 
in model VIF % Error

FDR_PLS 1 Stepwise‐PCA‐Stepwise 0.33001 PLS 0.9947

Stepwise‐PLS 3 Stepwise‐PCA 0.33001 PCA‐Stepwise 0.9946

FDR_PCA 3 Stepwise‐PLS 0.34289 Stepwise‐PCA 0.9937

FDR_PCA_Stepwise 3 PCA‐Stepwise 0.42443 Stepwise‐PCA‐Stepwise 0.9937

conFDR_PLS 3 PLS 0.43429 Stepwise‐PLS 0.9934

Tree_PLS 3 conFDR_PCA 0.45066 conFDR_PCA 0.9900

Tree_PCA 4 conFDR_PCA_Stepwise 0.45066 conFDR_PCA_Stepwise 0.9900

Tree_PCA_Stepwise 4 conFDR_PLS 0.45497 conFDR_PLS 0.9897

conFDR_PCA 6 FDR_PCA_Stepwise 0.45582 FDR_PLS 0.9894

conFDR_PCA_Stepwise 6 FDR_PLS 0.45582 Tree_PLS 0.9894

Stepwise‐PCA 10 FDR_PCA 0.45582 FDR_PCA 0.9894

Stepwise‐PCA‐Stepwise 10 Tree_PCA_Stepwise 0.45593 FDR_PCA_Stepwise 0.9894

PLS 10 Tree_PCA 0.45593 Tree_PCA 0.9894
PCA‐Stepwise 110 Tree_PLS 0.45652 Tree_PCA_Stepwise 0.9894

* VIF > 1 are removed.

* Ordered by better to worse

Approaches*
Vars. left 
in model Approaches* % Error Approaches* R2
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Table A.5 Results of Various Modeling Scenarios for the metamodel of Conyers stage 3. 

 

 

Table A.6 Ranking Results of the Scenarios for the metamodel of Conyers stage 3. 

 

 

 

 

 

 

A‐1 Stepwise 0.9847 21 (1.02 ‐ 1.10) 0.51086
A‐2 Stepwise‐PCA 0.9847 21 1 0.51086
A‐3 Stepwise‐PCA‐Stepwise 0.9846 20 1 0.51669
A‐4 Stepwise‐PLS 0.9846 3 1 0.52170
B‐1 FDR 0.9659 3 (1.004 ‐ 1.011) 0.75258
B‐2 FDR_PCA 0.9659 3 1 0.75258
B‐3 FDR_PCA_Stepwise 0.9659 3 1 0.75258
B‐4 FDR_PLS 0.9652 1 1 0.75727
C‐1 conFDR 0.9727 7 ( 1.00281 ‐  1.01647) 0.72409
C‐2 conFDR_PCA 0.9727 7 1 0.72409
C‐3 conFDR_PCA_Stepwise 0.9727 7 1 0.72409
C‐4 conFDR_PLS 0.9727 2 1 0.72316
D‐1 Tree 0.9659 4 ( 1.00605 ‐ 1.01342) 0.75327
D‐2 Tree_PCA 0.9659 4 1 0.75327

D‐3 Tree_PCA_Stepwise 0.9659 3 1 0.74759
D‐4 Tree_PLS 0.9659 2 1 0.75677
E‐1 PCA‐Stepwise 0.9871 135 1 0.71002
E‐2 PAMsSites‐PCA‐Stepwise 0.9848 21 (1.01 ‐ 1.32) 0.50636
F PLS 0.9879 11 1 0.71337

R2 Vars. left 
in model VIF % ErrorApproaches

FDR_PLS 1 Stepwise‐PCA 0.51086 PLS 0.9879

conFDR_PLS 2 Stepwise‐PCA‐Stepwise 0.51669 PCA‐Stepwise 0.9871

Tree_PLS 2 Stepwise‐PLS 0.52170 Stepwise‐PCA 0.9847

Stepwise‐PLS 3 PCA‐Stepwise 0.71002 Stepwise‐PLS 0.9846

FDR_PCA 3 PLS 0.71337 Stepwise‐PCA‐Stepwise 0.9846

FDR_PCA_Stepwise 3 conFDR_PLS 0.72316 conFDR_PCA 0.9727

Tree_PCA_Stepwise 3 conFDR_PCA 0.72409 conFDR_PCA_Stepwise 0.9727

Tree_PCA 4 conFDR_PCA_Stepwise 0.72409 conFDR_PLS 0.9727

conFDR_PCA 7 Tree_PCA_Stepwise 0.74759 FDR_PCA 0.9659

conFDR_PCA_Stepwise 7 FDR_PCA 0.75258 FDR_PCA_Stepwise 0.9659

PLS 11 FDR_PCA_Stepwise 0.75258 Tree_PCA 0.9659

Stepwise‐PCA‐Stepwise 20 Tree_PCA 0.75327 Tree_PCA_Stepwise 0.9659

Stepwise‐PCA 21 Tree_PLS 0.75677 Tree_PLS 0.9659
PCA‐Stepwise 135 FDR_PLS 0.75727 FDR_PLS 0.9652

* VIF > 1 are removed.

* Ordered by better to worse

Approaches*
Vars. left 
in model Approaches* % Error Approaches* R2
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Table A.7 Results of Various Modeling Scenarios for the metamodel of Conyers stage 4. 

 

 

Table A.8 Ranking Results of the Scenarios for the metamodel of Conyers stage 4. 

A‐1 Stepwise 0.9841 26 (1.04 ‐ 44.9) 0.76287

A‐2 Stepwise‐PCA 0.9841 26 1 0.76287

A‐3 Stepwise‐PCA‐Stepwise 0.9841 25 1 0.76405

A‐4 Stepwise‐PLS 0.9841 9 1 0.76289

B‐1 FDR 0.9628 9 (1.05 ‐ 56.15) 1.09164

B‐2 FDR_PCA 0.9628 9 1 1.09164

B‐3 FDR_PCA_StepwiseReg 0.9627 8 1 1.08940

B‐4 FDR_PLS 0.9627 7 1 1.09064

C‐1 conFDR 0.9548 9 ( 1.003 ‐   1.185) 1.25593

C‐2 conFDR_PCA 0.9548 9 1 1.25593

C‐3 conFDR_PCA_Stepwise 0.9548 9 1 1.25593

C‐4 conFDR_PLS 0.9548 4 1 1.25641

D‐1 Tree 0.9676 12 ( 1.01 ‐  12.10) 1.03436

D‐2 Tree_PCA 0.9676 12 1 1.03436

D‐3 Tree_PCA_Stepwise 0.9675 11 1 1.03789

D‐4 Tree_PLS 0.9676 9 1 1.03437

E‐1 PCA‐Stepwise 0.9864 167 1 1.03480

E‐2 PAMsSites‐PCA‐Stepwise 0.9836 26 (1.03 ‐ 6.31) 0.78045

F PLS 0.9877 7 1 1.09891

Approaches R
2 Vars. left 

in model VIF % Error

conFDR_PLS 4 Stepwise‐PCA 0.76287 PLS 0.9877

FDR_PLS 7 Stepwise‐PLS 0.76289 PCA‐Stepwise 0.9864

PLS 7 Stepwise‐PCA‐Stepwise 0.76405 Stepwise‐PCA 0.9841

FDR_PCA_Stepwise 8 Tree_PCA 1.03436 Stepwise‐PCA‐Stepwise 0.9841

Stepwise‐PLS 9 Tree_PLS 1.03437 Stepwise‐PLS 0.9841

FDR_PCA 9 PCA‐Stepwise 1.03480 Tree_PCA 0.9676

conFDR_PCA 9 Tree_PCA_Stepwise 1.03789 Tree_PLS 0.9676

conFDR_PCA_Stepwise 9 FDR_PCA_Stepwise 1.08940 Tree_PCA_Stepwise 0.9675

Tree_PLS 9 FDR_PLS 1.09064 FDR_PCA 0.9628

Tree_PCA_Stepwise 11 FDR_PCA 1.09164 FDR_PLS 0.9627

Tree_PCA 12 PLS 1.09891 FDR_PCA_Stepwise 0.9627

Stepwise‐PCA‐Stepwise 25 conFDR_PCA 1.25593 conFDR_PCA 0.9548

Stepwise‐PCA 26 conFDR_PCA_Stepwise 1.25593 conFDR_PCA_Stepwise 0.9548

PCA‐Stepwise 167 conFDR_PLS 1.25641 conFDR_PLS 0.9548

* VIF > 1 are removed.

* Ordered by better to worse

Approaches*
Vars. left 
in model Approaches* % Error Approaches* R2
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STEPWISE-PLS METAMODELS AND TRANSTION FUNCTION
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Stepwise-PLS Metamodels and Transtion Functions  (Stage-1). 
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Stepwise-PLS Metamodels and Transtion Functions (Stage-2). 
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Stepwise-PLS Metamodels and Transtion Functions (Stage-3). 
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Stepwise-PLS Metamodels and Transtion Functions (Stage-4). 
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Table B.1 Coefficient Matrix of Stepwise – PLS Metamodel (Phase-1) for Stage-1. 

 

 

 

 

 

i  = 1 0.0350572982 ‐0.0316803730 ‐0.0050999380 0.0015675277 0.0075060307 0.1519456683 ‐0.6060468510 0.0673756310 0.0037512673 0.0541239146 0.0737867350 0.0383425216 0.0141850794 ‐0.0697587180

i  = 2 0.0062157710 0.0550459674 ‐0.0439306580 ‐0.0140485810 ‐0.0037927860 ‐0.0359066030 ‐0.1040012950 ‐0.1104767130 0.1725466506 0.1679326811 0.1042159539 0.0168711630 ‐0.2351609690 0.4647825059

i  = 3 0.0585604446 ‐0.0580653400 ‐0.0379455630 ‐0.0140395880 0.0121335746 0.0863408852 0.0283097198 ‐0.0699575440 ‐0.0515827260 0.1601613229 ‐0.0419341670 ‐0.2243602850 0.2600823839 0.1821582058

i  = 4 0.0554318391 ‐0.0801419770 ‐0.0747259040 ‐0.0038638850 ‐0.0645199360 0.2208568247 0.0964085734 ‐0.1596226310 ‐0.2539557820 ‐0.1608552360 ‐0.1010459240 0.0943434042 ‐0.2811550500 ‐0.0787796190

i  = 5 0.0870662545 ‐0.0599396660 0.0247864919 0.0696719849 ‐0.1283052950 0.1043526535 0.0374969293 0.1168798352 0.0845462551 ‐0.2076835180 0.3748576094 ‐0.1636586090 0.2376948874 ‐0.1601875510

i  = 6 0.0348666711 ‐0.0192225140 ‐0.0637171830 ‐0.0639707250 0.1292527224 0.0575156720 ‐0.0337048740 ‐0.0646025490 0.1718821272 0.0076021352 0.1748437532 ‐0.2625653450 0.1213102485 0.2084188547

i  = 7 0.0374660284 ‐0.1054753350 ‐0.0020617940 ‐0.0500656110 0.0363224787 0.1514170312 0.0373867090 0.0645053154 0.1179417323 ‐0.0879860350 0.2003922049 0.2945580318 0.1901053783 ‐0.0051720210

i  = 8 0.0397913936 ‐0.0311497900 ‐0.0403261400 ‐0.0674729710 0.1019549416 0.0312209534 ‐0.0088341340 ‐0.0464263400 0.0144452777 ‐0.0656301260 ‐0.1521804140 0.0645587950 0.1395814028 ‐0.0712387900

i  = 9 0.0491016428 ‐0.0474684620 0.0403161213 ‐0.1236323090 0.1078070432 0.0341312097 0.0136690936 0.0808137094 0.0647194577 0.0702112279 0.0523528865 0.2024273713 0.1454915935 ‐0.0642418070

i  = 10 0.0450219106 0.0250047293 ‐0.0050081870 ‐0.0489623200 0.0787110243 ‐0.0180657850 ‐0.0114554660 ‐0.0213850950 0.0373159176 ‐0.0763795260 ‐0.0710280290 0.1669623133 0.0667397974 0.1186027260

i  = 11 0.0674137043 ‐0.0217190380 ‐0.0365736340 0.0648312887 ‐0.0389282990 0.0689571010 0.0120176080 ‐0.0439367250 0.1690147309 ‐0.0037623850 ‐0.1714403080 0.0278117830 ‐0.0691827960 ‐0.0172740260

i  = 12 0.0342737226 0.0176446282 ‐0.0289180100 ‐0.0561304170 0.0229212850 ‐0.0056220350 0.0051338451 ‐0.0642097840 ‐0.0917986840 0.0842531206 0.1206996326 ‐0.1027388000 0.1075705176 ‐0.1206335580

i  = 13 0.0523421814 0.0781673267 ‐0.0094869120 0.0180170335 ‐0.1026346760 ‐0.0747658860 ‐0.0811362470 ‐0.0891055910 ‐0.1554979560 0.1006433469 ‐0.1599606240 0.1222762236 0.1587168726 ‐0.0258408940

i  = 14 0.0924685563 0.0497463588 ‐0.0077782570 ‐0.0320557860 0.0256412605 ‐0.0405151850 ‐0.0205189850 ‐0.0251424820 ‐0.0462706610 ‐0.0360310930 0.0549699048 ‐0.0770663560 ‐0.0297782440 ‐0.0317700970

i  = 15 0.0089852760 ‐0.0590374480 ‐0.0080297820 ‐0.1015505050 0.1327001625 0.0942266285 ‐0.0077316220 0.0422073764 ‐0.0603551490 ‐0.0028069850 ‐0.0611968750 0.1495685455 0.0510097237 0.0658370293

i  = 16 0.0593151198 ‐0.1091285870 ‐0.0047106410 ‐0.1043534490 0.0537354739 0.1572277509 0.0467110237 0.0540812391 0.0999336830 ‐0.0088160140 ‐0.0910579130 0.0429472333 ‐0.0645901930 ‐0.0899810260

i  = 17 0.0770204970 0.0360262840 ‐0.0075949050 ‐0.0321557930 0.0337304167 ‐0.0015193130 ‐0.0283944010 ‐0.0900407870 ‐0.0517806110 ‐0.1822412020 0.0379351052 0.0325270163 0.0581235666 0.0949806625

i  = 18 0.0127670760 ‐0.0236346780 0.1136278397 0.0046084081 ‐0.0163083930 ‐0.0269340980 0.0301486183 0.1611197388 ‐0.0487512290 0.0316764524 0.0113948889 ‐0.0441838940 0.0341117508 0.0454482742

i  = 19 0.0225102853 0.0192403926 0.0748295842 0.0340220157 ‐0.0589068660 ‐0.0471889700 ‐0.0354201140 0.0336456567 0.0106739532 ‐0.1182833490 ‐0.0704547240 0.0253399893 0.0892148951 0.0640532922

i  = 20 0.0409461915 0.0675977312 0.0604363842 ‐0.0598987000 0.0658679135 ‐0.0976892470 0.0028925513 0.0181614999 0.0538544534 ‐0.0709418350 0.0008349386 ‐0.0264519330 ‐0.0768078070 ‐0.0697977660

i  = 21 0.0430474681 ‐0.0580455670 0.0079488067 0.0296581144 ‐0.0381546960 0.0824898148 ‐0.0277292680 0.0210506310 ‐0.0672443210 ‐0.0870494890 ‐0.0302578870 ‐0.0023180040 ‐0.0731954720 0.0602904926

i  = 22 0.0203773938 0.0305128019 ‐0.0226540860 0.0303491982 ‐0.0354740120 ‐0.0413748450 ‐0.0200549050 ‐0.0134034450 0.0676285126 0.0122830725 0.0175417326 ‐0.0105490470 0.0052722538 ‐0.0326253820

i  = 23 0.0034073416 ‐0.0154564820 ‐0.0024721660 ‐0.0314850300 ‐0.0046626260 0.0307807553 ‐0.0005346600 ‐0.0155375390 ‐0.0337956470 0.0022283568 0.0186584869 ‐0.0360083650 0.0126866158 ‐0.0545895580

i  = 24 0.0476928376 0.0167344725 0.0052709354 0.0440732678 0.0027817936 0.0022146268 0.0411131314 ‐0.0104730960 ‐0.0154608230 ‐0.0176821080 ‐0.0344362260 0.0108585405 0.0176361352 ‐0.0298120840

i  = 25 0.0214989325 0.0146429721 0.0039747119 0.0142957723 ‐0.0136611670 ‐0.0138307620 ‐0.0166483050 ‐0.0137953180 0.0016329669 0.0223353133 0.0045634762 ‐0.0092755190 0.0119783300 ‐0.0169274820
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Table B.1 Coefficient Matrix of Stepwise – PLS Metamodel (Phase-1) for Stage-1 (Continued). 

 

 

 

 

 

i  = 1 0.0561254749 0.1319537060 0.0081660302 0.0164588515 ‐0.0237824790 ‐0.0105156080 0.0131324899 0.0303540690 0.0423014926 0.0432241783 0.0459749024 0.0128134752 0.0180569688

i  = 2 ‐0.0376029340 ‐0.0243640990 0.0999024541 0.0094260629 ‐0.0323639990 ‐0.0623152320 ‐0.1214954730 ‐0.0586147080 ‐0.3921636600 0.0499956254 0.0741865697 0.0977349875 0.0615580666

i  = 3 0.0161023244 ‐0.2681017300 0.2673100810 ‐0.0721116810 ‐0.1467921630 ‐0.2088043070 0.0657024114 0.0225346534 0.1520001635 0.1720598074 ‐0.0008778540 0.2558738889 0.0662522013

i  = 4 ‐0.0358807150 0.2064966349 0.3614829921 0.0670079135 0.0022971761 ‐0.1537969510 ‐0.2653007280 0.0431383266 ‐0.0137654410 0.2104439669 0.2016342958 ‐0.0708699370 ‐0.1186665120

i  = 5 0.1121766066 0.0066761892 0.0901203310 ‐0.1385103620 0.2496446368 0.1546053987 ‐0.0918802200 ‐0.1002947110 ‐0.2386315670 0.1924363863 ‐0.0291652090 0.2294954146 ‐0.2526616950

i  = 6 ‐0.3297187240 ‐0.0465947250 0.0072116902 0.2379405578 0.2163582412 0.0531641932 ‐0.2279954560 0.1869249900 0.2471468595 0.0066067354 0.0394975163 ‐0.3747090850 ‐0.2200391480

i  = 7 ‐0.0242483250 ‐0.1233264690 0.0435245385 ‐0.1312379300 ‐0.1751099140 ‐0.2078437420 ‐0.3009508440 0.0604843723 0.1180326818 ‐0.4453678590 0.2978467404 0.1371014035 0.0291242199

i  = 8 0.1468770149 ‐0.1491809820 ‐0.3332578620 0.1408372964 0.1263666432 ‐0.0409757520 ‐0.4325355060 ‐0.0605318240 ‐0.1002379250 0.2765919335 ‐0.0827433150 0.0138270955 0.2585901509

i  = 9 ‐0.0154851470 0.0658310694 0.1960761938 ‐0.0785184900 0.0338544815 ‐0.4184471440 0.0917075591 ‐0.1718513530 0.0125442902 0.1615312854 ‐0.2999105860 ‐0.1861039370 0.0166718308

i  = 10 ‐0.0246601280 0.0991866107 0.3707608886 ‐0.1241703670 ‐0.0036084300 0.4154558922 ‐0.1872620590 0.1083165142 0.0943229091 ‐0.0972685850 ‐0.3816536900 0.1164926952 0.1373415125

i  = 11 ‐0.0393868380 ‐0.0311426190 ‐0.2325021860 ‐0.1758234770 ‐0.1761264600 ‐0.1901885880 0.0300147535 0.4265209019 ‐0.0769862470 0.1155579383 ‐0.2654399840 0.0533947017 ‐0.2483056090

i  = 12 0.0526973812 ‐0.0188597610 0.0735340643 0.2484270383 ‐0.3532408030 0.0953027701 ‐0.1260983810 0.0509467710 ‐0.1195125740 ‐0.0431253270 ‐0.0917159320 ‐0.1078920660 ‐0.1009436770

i  = 13 ‐0.0700868460 ‐0.0309276300 0.0117976521 0.1491339138 0.1655547322 0.0310595339 0.0000848083 0.1207357865 0.0245806212 ‐0.0343350850 0.0540243454 0.1786220630 ‐0.1811777330

i  = 14 0.1111956888 ‐0.1561104970 0.1125059661 ‐0.0226019360 0.1566469455 ‐0.0629290600 0.0301301540 0.2047252435 ‐0.0991900150 ‐0.1520007020 ‐0.0319810200 ‐0.1286701270 0.1343006249

i  = 15 0.1359872058 ‐0.2024971080 0.0042213607 ‐0.0605798500 ‐0.0090124370 0.1512464449 0.0687596518 0.0221796638 ‐0.0636852080 0.1588399775 0.1185653677 ‐0.1641555540 ‐0.1516376830

i  = 16 ‐0.1104471540 ‐0.0294825870 0.0210748918 0.1379554730 0.0629899449 0.0366314287 0.1192201432 ‐0.0693990660 ‐0.1522705370 ‐0.0424264250 ‐0.0408299560 0.0720244935 0.0211344359

i  = 17 0.0141468652 0.0281979489 ‐0.0681298720 0.0673901660 ‐0.0667535650 0.0087682599 0.1647863296 0.0029204042 0.0571617281 0.0640585156 0.0057567392 0.0505236504 0.0855368401

i  = 18 ‐0.0114624970 0.0297564612 ‐0.0182387400 0.0672764550 0.0054353519 0.0322927709 0.0081072835 0.0245866851 0.0244044124 0.0384632663 0.0126725566 0.0166082736 0.0544749813

i  = 19 ‐0.1073594520 0.0203169939 ‐0.0186426890 ‐0.0307296690 ‐0.0063632890 ‐0.0128157930 0.0123216065 ‐0.0927948040 ‐0.1385425310 ‐0.0232986940 ‐0.0119919670 ‐0.1320689120 ‐0.0677151850

i  = 20 ‐0.0359473240 ‐0.0292249520 ‐0.0148439640 0.0169925520 ‐0.0099217700 0.0092459403 ‐0.0252601090 ‐0.0437557050 0.0628491097 ‐0.0023951220 0.0316525151 0.0272805809 ‐0.0814613800

i  = 21 0.0146153809 ‐0.0431273840 ‐0.0087663720 0.0237219109 ‐0.0162237150 ‐0.0737711840 ‐0.0785451020 ‐0.0369404310 0.0733818893 0.0223399525 ‐0.0561436430 ‐0.0162896260 ‐0.0380823020

i  = 22 ‐0.0296056210 ‐0.0429783020 0.0048241291 0.0587846090 ‐0.0299700070 ‐0.0387888100 ‐0.0372054720 0.0484344793 ‐0.0165120010 0.0855144213 0.0102852901 ‐0.0351847960 0.0144299916

i  = 23 ‐0.0509341600 0.0215658117 ‐0.0656132740 ‐0.0068133220 0.0355232870 0.0233932954 ‐0.0589362560 ‐0.0371819110 ‐0.0044394720 0.0288082394 0.0713695356 0.0038939614 0.0629180196

i  = 24 0.0810218146 0.0538180394 0.0178699363 0.0087651708 ‐0.0089509780 0.0309964350 ‐0.0405222990 0.0125810150 ‐0.0416863360 0.0142010050 0.0083586970 0.0533204046 0.0111200163

i  = 25 0.0506525770 ‐0.0367278910 ‐0.0517610060 0.0616777012 0.0687173134 ‐0.0489051200 0.0319666520 ‐0.0467197790 ‐0.0094759940 ‐0.0003948310 ‐0.0229523910 ‐0.0022294820 ‐0.0030324930
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Table B.2 Coefficient Matrix of Stepwise – PLS Metamodel (Phase-2) for Stage-1. 

 

i  = 0 5.424300E‐04 8.360000E‐03 7.710000E‐03 ‐5.382200E‐04 1.342610E+00 ‐2.981790E+00 ‐1.228260E+00 1.207260E+00 1.960800E‐01 1.957280E+00 ‐1.757140E+00 ‐6.852300E‐01 5.555500E‐01 ‐2.124210E+00

i  = 1 0 0 0 0 5.490000E‐06 0 ‐3.590000E‐06 ‐3.390000E‐06 3.070000E‐06 ‐5.340000E‐06 ‐4.600000E‐06 2.290000E‐06 3.416000E‐05 1.445000E‐05

i  = 2 1.089050E‐08 0 0 3.213511E‐08 ‐1.432800E‐04 1.406000E‐05 0 ‐1.086000E‐05 1.289000E‐05 ‐5.440000E‐06 ‐9.240000E‐06 ‐1.405000E‐05 2.110000E‐06 1.455000E‐05

i  = 3 ‐5.507220E‐09 0 0 6.372570E‐10 ‐1.917000E‐05 ‐3.580000E‐06 5.820000E‐06 7.810000E‐06 ‐1.819000E‐05 1.698000E‐05 3.748000E‐05 4.202000E‐05 ‐1.240000E‐05 0

i  = 4 0 1.736534E‐08 0 0 6.020000E‐06 0 1.564000E‐05 ‐4.590000E‐06 1.898000E‐05 ‐2.242000E‐05 0 7.780000E‐06 1.030000E‐05 ‐1.739000E‐05

i  = 5 0 0 0 0 0 0 ‐5.690000E‐06 7.940000E‐06 ‐5.650000E‐06 6.630000E‐06 ‐1.484000E‐05 3.310000E‐06 ‐1.119000E‐05 6.940000E‐06

i  = 6 0 0.000000E+00 0 7.700370E‐10 ‐3.810000E‐06 2.230000E‐06 0.00000134 ‐0.00000138 0.00000341 ‐5.070000E‐06 ‐2.170000E‐06 8.920000E‐06 0.00000598 0.00000137

i  = 7 0 0 0 0 3.200000E‐06 2.190000E‐06 ‐8.749650E‐07 ‐3.710000E‐06 ‐8.448220E‐07 ‐1.121000E‐05 3.000000E‐06 3.950000E‐06 3.870000E‐06 6.780000E‐06

i  = 8 ‐7.558600E‐09 0 0 0 0 0 0 0 0 2.680000E‐06 0 0 0 0

i  = 9 0 0 0 0 7.104126E‐07 0 0 ‐5.997670E‐07 ‐7.360000E‐06 0 4.040000E‐06 ‐4.830000E‐06 2.954349E‐07 0

i  = 10 0 ‐2.707880E‐08 7.656057E‐09 0 4.224508E‐07 5.110000E‐06 1.070000E‐06 3.980000E‐06 ‐6.814160E‐07 2.567850E‐07 ‐8.368350E‐07 ‐5.298020E‐07 ‐5.847870E‐07 1.070000E‐06

i  = 11 0 0 0 0 0 0 0 ‐3.540000E‐06 ‐5.660000E‐06 ‐1.051000E‐05 2.960000E‐06 3.390000E‐06 0 9.850000E‐06

i  = 12 0 0 0 0 5.220000E‐06 0 1.549000E‐05 8.320000E‐06 3.531000E‐05 0 1.844000E‐05 ‐1.285000E‐05 ‐2.017000E‐05 ‐3.367000E‐05

i  = 13 ‐2.213810E‐08 0 0 0 5.680000E‐06 0 2.326000E‐05 2.220000E‐06 0 2.721000E‐05 1.073000E‐05 8.830000E‐06 1.347000E‐05 1.948000E‐05

i  = 14 0 0.000000E+00 ‐1.079200E‐07 0 2.450000E‐06 1.231000E‐05 8.462583E‐07 ‐1.941000E‐05 0 4.500000E‐06 1.920000E‐06 7.626011E‐07 0 ‐3.220000E‐06

i  = 15 0 0 0 0 0 0 0 0 0 0 0 0 0 0

i  = 16 0 0 0 0 ‐4.750000E‐06 0 0 5.320000E‐06 5.810000E‐06 0 3.180000E‐06 5.850000E‐06 0 ‐1.305000E‐05

i  = 17 0 0 0 9.476480E‐10 5.730000E‐06 0 ‐1.139000E‐05 0 0 ‐4.190000E‐06 ‐1.267000E‐05 0 3.480000E‐06 2.243000E‐05

i  = 18 0 0 0 0 0 0 ‐2.300000E‐06 0 3.320000E‐06 0 ‐3.240000E‐06 ‐3.040000E‐06 7.150000E‐06 0

i  = 19 0 0 0 0 0 ‐8.410000E‐06 3.060000E‐06 ‐2.630000E‐06 2.190000E‐06 ‐1.091000E‐05 2.950000E‐06 ‐5.520000E‐06 4.140000E‐06 1.273000E‐05

i  = 20 0 0 0 0 1.930000E‐06 0 2.440000E‐06 0 4.010000E‐06 1.550000E‐06 0 ‐2.130000E‐06 ‐7.620000E‐06 ‐3.480000E‐06

i  = 21 0 0 0 0 8.505382E‐07 0 0 ‐2.530000E‐06 ‐5.950000E‐06 ‐5.050000E‐06 ‐7.586750E‐07 1.200000E‐06 ‐6.905030E‐07 2.410000E‐06

i  = 22 0 0 0 0 1.230000E‐06 1.190000E‐06 ‐5.275770E‐07 ‐9.824470E‐07 7.012939E‐07 ‐7.170000E‐06 0 8.811924E‐07 ‐2.620000E‐06 2.990000E‐06

i  = 23 1.626434E‐09 0 0 0 1.230000E‐06 ‐1.400000E‐06 ‐1.070000E‐06 ‐1.410000E‐06 2.440000E‐06 ‐7.200000E‐06 3.290000E‐06 ‐1.300000E‐06 ‐5.200000E‐06 2.640000E‐06

i  = 24 0 0 ‐1.352130E‐08 0 0 7.480000E‐06 4.230000E‐06 0 5.080000E‐06 ‐7.500000E‐06 1.016000E‐05 ‐6.050000E‐06 1.250000E‐06 ‐7.260000E‐06

i  = 25 0 0 0 0 0 0 ‐3.050000E‐06 ‐9.600000E‐06 ‐5.340000E‐06 ‐3.810000E‐06 ‐1.165000E‐05 1.098000E‐05 1.087000E‐05 ‐1.760000E‐06

i  = 26 0 0 0 0 0 0.000000E+00 0.000000E+00 0 0.000000E+00 0.000000E+00 0.000000E+00 9.673192E‐07 0.000000E+00 0.000000E+00

i  = 27 0 0 0 0 0 3.864000E‐05 ‐1.311000E‐05 0.000000E+00 1.775500E‐04 ‐6.272000E‐05 1.293400E‐04 ‐2.005000E‐05 ‐1.199700E‐04 5.850000E‐05

i  = 28 0 0 0 0 0.000000E+00 ‐0.00009113 ‐0.00004841 0.00008794 ‐4.731000E‐05 0.00007405 ‐6.783000E‐05 ‐1.797300E‐04 ‐2.034200E‐04 ‐2.251000E‐05

i  = 29 0 0 0 0 1.807000E‐05 0 0 0 4.284000E‐05 0 1.477000E‐05 1.089000E‐05 1.692000E‐05 3.197000E‐05

0.00067832 0.00155 0.00183 0.00006338 0.29047 0.40179 0.19584 0.32988 0.19674 0.28449 0.23408 0.17331 0.14544 0.14959
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Table B.2 Coefficient Matrix of Stepwise – PLS Metamodel (Phase-2) for Stage-1 (Continued). 

 

i  = 0 1.270560E+00 ‐2.126660E+00 2.153090E+00 2.778510E+00 8.858400E‐01 ‐1.613760E+00 7.906100E‐01 5.343000E‐02 ‐2.144700E+00 ‐1.800250E+00 9.194000E‐01 1.721400E‐01 ‐1.212640E+00

i  = 1 ‐3.404000E‐05 2.730000E‐06 ‐6.730000E‐06 ‐1.704000E‐05 1.782000E‐05 2.920000E‐06 5.920000E‐06 1.629000E‐05 ‐2.531000E‐05 6.310000E‐06 1.602000E‐05 ‐2.535000E‐05 0

i  = 2 2.890000E‐06 1.608000E‐05 ‐6.610000E‐06 0 6.090000E‐06 ‐9.110000E‐06 0 0 1.744000E‐05 0 ‐7.930000E‐06 ‐1.408000E‐05 1.311000E‐05

i  = 3 ‐2.163000E‐05 ‐2.564000E‐05 ‐2.720000E‐06 ‐2.650000E‐06 5.800000E‐06 1.013000E‐05 4.760000E‐06 0 1.100000E‐05 1.863000E‐05 ‐4.820000E‐06 ‐1.410000E‐06 3.470000E‐06

i  = 4 ‐1.689000E‐05 2.209000E‐05 2.800000E‐06 ‐2.329000E‐05 5.490000E‐06 ‐1.776000E‐05 1.160000E‐05 0 ‐3.380000E‐06 4.670000E‐06 1.309000E‐05 5.570000E‐06 1.007000E‐05

i  = 5 ‐1.140000E‐06 ‐4.890000E‐06 ‐8.930000E‐06 ‐2.013000E‐05 1.640000E‐06 1.053000E‐05 ‐3.210000E‐06 0 1.227000E‐05 1.009000E‐05 ‐1.224000E‐05 0 ‐6.460000E‐06

i  = 6 ‐7.723330E‐07 0.000000E+00 0.00000126 ‐7.880000E‐06 0.000000E+00 0.0000041 ‐8.410000E‐06 0 ‐7.100000E‐06 ‐1.720000E‐06 ‐0.00000229 ‐3.630000E‐06 0.00000734

i  = 7 6.280000E‐06 3.130000E‐06 ‐4.570000E‐06 4.070000E‐06 8.260000E‐06 ‐7.540000E‐06 5.150000E‐06 ‐3.800000E‐06 9.630000E‐06 3.520000E‐06 ‐3.120000E‐06 4.100000E‐06 0

i  = 8 0 1.770000E‐06 ‐2.090000E‐06 0 0 0 0 ‐5.200000E‐06 0 0 0 0 ‐3.430000E‐06

i  = 9 ‐2.790000E‐06 3.210000E‐06 ‐2.180000E‐06 ‐3.150000E‐06 ‐1.530000E‐06 ‐1.660000E‐06 ‐1.080000E‐06 0 ‐1.150000E‐06 ‐1.140000E‐06 ‐2.510000E‐06 ‐7.911850E‐07 3.790000E‐06

i  = 10 ‐4.292650E‐07 ‐2.210040E‐07 ‐2.011400E‐07 3.770793E‐07 ‐3.735880E‐07 9.109346E‐07 5.398109E‐07 0 ‐2.912150E‐07 0 ‐1.542040E‐07 2.020115E‐07 0

i  = 11 1.155000E‐05 ‐5.080000E‐06 ‐6.520000E‐06 ‐2.440000E‐06 ‐3.390000E‐06 ‐1.160000E‐06 0 3.510000E‐06 1.040000E‐06 1.850000E‐06 4.330000E‐06 ‐6.380000E‐06 ‐9.722360E‐07

i  = 12 0 0 0 1.313000E‐05 ‐5.356000E‐05 ‐2.990000E‐06 ‐1.695000E‐05 1.007000E‐05 5.126000E‐05 4.400000E‐05 1.309000E‐05 ‐6.500000E‐06 0

i  = 13 2.638000E‐05 4.085000E‐05 ‐4.090000E‐06 2.650000E‐06 6.270000E‐06 7.390000E‐06 0 1.442000E‐05 1.138000E‐05 1.300000E‐06 6.040000E‐06 0 0

i  = 14 ‐1.240000E‐06 ‐1.810000E‐06 ‐2.110000E‐06 ‐6.216320E‐07 8.715347E‐07 2.800000E‐06 2.880000E‐06 ‐2.620000E‐06 5.268635E‐07 ‐1.710000E‐06 ‐1.660000E‐06 8.560453E‐07 0

i  = 15 0 0 ‐6.051320E‐07 0 0 0 0 0 0 0 0 0 0

i  = 16 ‐8.780000E‐06 3.660000E‐06 ‐1.429000E‐05 0 ‐1.949000E‐05 ‐1.690000E‐06 ‐2.970000E‐05 6.560000E‐06 ‐5.510000E‐06 ‐3.349000E‐05 ‐2.125000E‐05 1.691000E‐05 ‐2.149000E‐05

i  = 17 ‐9.370000E‐06 2.180000E‐05 ‐1.065000E‐05 ‐4.972000E‐05 ‐8.790000E‐06 ‐8.390000E‐06 ‐4.450000E‐06 ‐7.550000E‐06 1.935000E‐05 ‐3.180000E‐06 1.847000E‐05 6.070000E‐06 ‐1.305000E‐05

i  = 18 ‐4.440000E‐06 ‐1.830000E‐06 0 3.450000E‐06 0 7.360000E‐06 ‐1.768000E‐05 ‐1.569000E‐05 1.467000E‐05 1.213000E‐05 0 0 2.511000E‐05

i  = 19 ‐1.604000E‐05 7.790000E‐06 ‐4.810000E‐06 8.220000E‐06 ‐1.788000E‐05 1.258000E‐05 0 ‐1.071000E‐05 0 1.025000E‐05 6.540000E‐06 1.846000E‐05 ‐2.540000E‐06

i  = 20 ‐3.010000E‐06 2.940000E‐06 ‐3.630000E‐06 ‐4.189880E‐07 6.310000E‐06 ‐2.250000E‐06 ‐1.060000E‐06 3.720000E‐06 ‐1.130000E‐06 2.390000E‐06 3.460000E‐06 4.250000E‐06 6.090000E‐06

i  = 21 ‐1.060000E‐06 2.720000E‐06 ‐2.620000E‐06 4.950000E‐06 1.230000E‐06 ‐3.28931E‐07 ‐2.410000E‐06 0 1.720000E‐06 1.740000E‐06 ‐3.580000E‐06 8.650000E‐06 ‐6.100000E‐06

i  = 22 ‐2.810000E‐06 1.130000E‐06 6.087100E‐07 2.360000E‐06 1.700000E‐06 0 8.081712E‐07 ‐3.470000E‐06 4.890000E‐06 ‐5.100000E‐06 ‐1.520000E‐06 ‐1.620000E‐06 3.250000E‐06

i  = 23 7.757425E‐07 1.350000E‐06 3.020000E‐06 1.730000E‐06 ‐5.532940E‐07 2.020000E‐06 4.900000E‐06 0 1.130000E‐06 0 ‐4.770000E‐06 1.130000E‐06 0

i  = 24 1.923000E‐05 ‐7.820000E‐06 3.760000E‐06 ‐6.720000E‐06 ‐1.517000E‐05 1.921000E‐05 5.170000E‐06 8.320000E‐06 ‐8.020000E‐06 8.450000E‐06 9.310000E‐06 ‐1.342000E‐05 1.274000E‐05

i  = 25 ‐1.395000E‐05 1.123000E‐05 0 ‐4.340000E‐06 ‐1.750000E‐05 1.585000E‐05 6.730000E‐06 3.840000E‐06 ‐4.070000E‐06 1.319000E‐05 6.480000E‐06 ‐2.010000E‐06 3.540000E‐06

i  = 26 0.000000E+00 0 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0

i  = 27 ‐3.956000E‐05 0.000000E+00 ‐1.224300E‐04 ‐1.186700E‐04 ‐5.086000E‐05 ‐9.910000E‐06 ‐5.153000E‐05 4.123000E‐05 1.016300E‐04 2.484000E‐05 ‐7.447000E‐05 8.207000E‐05 0.000000E+00

i  = 28 1.483600E‐04 ‐1.154300E‐04 1.849000E‐04 ‐4.484500E‐04 1.871700E‐04 1.544500E‐04 ‐1.608500E‐04 ‐9.970000E‐05 1.899300E‐04 ‐4.775000E‐05 9.511000E‐05 ‐8.723000E‐05 ‐2.166500E‐04

i  = 29 2.462000E‐05 5.244000E‐05 1.596000E‐05 ‐3.476000E‐05 ‐3.718000E‐05 ‐5.652000E‐05 ‐8.006000E‐05 ‐4.578000E‐05 ‐7.361000E‐05 3.192000E‐05 ‐1.675900E‐04 ‐1.319000E‐04 ‐5.238000E‐05

0.16815 0.19676 0.23374 0.17207 0.24603 0.13268 0.1906 0.5288 0.1307 0.18865 0.21509 0.16612 0.29936
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Table B.3 Coefficient Matrix of Stepwise – PLS Metamodel (Phase-1) for Stage-2. 

 

 

 

 

 

 

i  = 1 0.0460916002 ‐0.0206900310 ‐0.0370666930 ‐0.5166210210 0.1003230915 ‐0.1594744990 0.3618197584 0.1581337374 ‐0.0573101270 ‐0.0319661020 0.2131022779 ‐0.3551134750 ‐0.0267587580

i  = 2 0.0336858695 ‐0.0611961270 ‐0.4588087970 0.0126373569 0.4185226396 0.2315036566 0.1418218251 ‐0.2857451020 ‐0.0339012530 ‐0.0351194790 ‐0.0431557070 0.1121575972 ‐0.1990071030

i  = 3 0.2185707219 0.0444286454 ‐0.0266579050 0.0140375519 0.0922896680 ‐0.0057673300 ‐0.0944174410 0.2657987950 ‐0.3003864850 ‐0.2674876660 ‐0.2713181520 ‐0.0854146280 ‐0.2158926850

i  = 4 0.0098590053 ‐0.0563776710 0.1991635585 0.0012807934 0.1999953004 0.1453138122 0.0561712500 ‐0.1075660600 0.0330359540 ‐0.1110790490 ‐0.0775548490 ‐0.0637993560 0.2054812285

i  = 5 0.0365056866 0.1328768105 0.0702626646 ‐0.0761996280 0.1430432660 ‐0.4699403450 0.0069543740 ‐0.2794354860 0.0654181841 ‐0.1964790970 ‐0.1268221860 0.0061255552 0.2330693039

i  = 6 0.2075033629 ‐0.0158906420 ‐0.0992268370 0.0553016703 ‐0.0677335320 0.0239324962 0.0057528399 ‐0.0208749450 0.4126080150 ‐0.3276004910 ‐0.1476690660 ‐0.0621345730 0.0715759948

i  = 7 0.0710052051 ‐0.0051017110 0.0127974239 0.1851432033 0.0636267075 0.2413664964 ‐0.1939532920 ‐0.0346696360 ‐0.1766100590 ‐0.0653042500 0.3033435597 ‐0.1099543220 0.1618746997

i  = 8 0.1195665221 ‐0.0436796870 0.0340021343 0.2052783867 ‐0.1103300520 ‐0.1060251570 ‐0.2349229640 ‐0.1531608070 ‐0.1456458380 0.0075519249 ‐0.0971911520 0.1128899602 ‐0.0525644560

i  = 9 0.1050053381 0.1028886125 0.0794946606 ‐0.0535982070 0.1163031552 ‐0.1727895940 0.0138766802 0.0394489107 0.1768310417 0.2600193593 ‐0.1352686510 0.0672245400 ‐0.3372628180

i  = 10 0.1313366106 ‐0.0652847790 ‐0.0207353830 0.0237213682 ‐0.0271668560 ‐0.0856315410 0.0414266387 ‐0.1804347690 ‐0.1196320560 0.2534808218 0.0152587260 0.0032921050 0.0648991977

i  = 11 0.2824372611 ‐0.0382072530 0.0429097571 ‐0.1374683980 0.0409356468 ‐0.1027177950 0.1365705856 0.0774452581 ‐0.2579853470 ‐0.0278882560 ‐0.0096683540 0.3063230697 0.1824341868

i  = 12 0.3714351236 0.0857676339 0.0513463652 ‐0.0373404870 ‐0.0004411230 0.1007721650 0.0050677707 0.0781513705 0.1349501803 0.1590679541 0.1523305843 0.0024326400 ‐0.1350151290

i  = 13 0.0348500887 ‐0.1548534940 0.0042317704 ‐0.0462314440 ‐0.1396519580 ‐0.0963093230 0.0416302546 ‐0.1238348050 0.0277285634 ‐0.2663108270 0.2758700774 0.1703754755 ‐0.2160182990

i  = 14 0.0207467730 0.0758259163 0.0559072895 0.0150405721 0.1194084040 ‐0.1354302920 ‐0.1538588480 ‐0.0686412280 ‐0.0353653330 ‐0.0480053720 0.0967357631 ‐0.1513731830 ‐0.0720664890

i  = 15 0.1175937551 ‐0.0983173860 ‐0.0238255960 0.0421028058 ‐0.1563979820 0.0024933475 0.0589181913 ‐0.2041504890 ‐0.0527765400 0.0044347208 ‐0.1288912050 ‐0.2102211620 ‐0.0494211810

i  = 16 0.0250335303 0.0436521397 ‐0.1693313680 0.0295725898 0.0733216993 ‐0.0510970090 ‐0.0658576760 ‐0.0294434390 ‐0.0301016220 0.0088490924 0.0802706272 ‐0.0354800420 0.0144496056

i  = 17 0.0319771408 ‐0.1663012800 ‐0.1279299050 0.0082531240 0.0498129667 ‐0.0053193990 0.0067403143 0.0021655885 ‐0.0115489470 0.0501443339 ‐0.0794467190 ‐0.0074781220 0.0219384220

i  = 18 0.2309976848 0.0379392875 ‐0.0027126300 0.0035637841 0.0078521529 ‐0.0472359360 0.0250377169 0.0070121507 ‐0.0189873100 ‐0.0081185680 ‐0.0101149170 ‐0.0203952800 0.0020236928

i  = 19 0.0329799918 ‐0.0031323140 0.0051598711 0.0687487040 0.0100214329 0.0148308959 ‐0.0113276860 ‐0.0380225970 ‐0.0748125210 ‐0.0633080560 0.0826008051 0.0276566384 0.0667427638

i  = 20 0.0061434045 0.0634442785 0.0166647089 0.0625774197 ‐0.0113542400 0.0292566084 ‐0.0442620840 0.0263121696 ‐0.0066620030 0.0192685017 ‐0.0455398740 0.0018414965 0.0417039868

i  = 21 0.0153616440 0.0237287002 0.0232910580 ‐0.0151729410 0.0499611753 ‐0.0644091870 ‐0.0295198180 ‐0.0344440670 0.0304725437 0.0093858511 ‐0.0156115940 0.0126213327 0.0102385240

i  = 22 0.0457683285 0.0106665874 ‐0.0198833310 ‐0.0158302270 ‐0.0048014680 ‐0.0016525480 ‐0.0043132960 0.0041992000 0.0103595574 ‐0.0543221660 0.0415116380 ‐0.0192007710 ‐0.0374837240

i  = 23 0.0364669287 0.0188337537 ‐0.0164583870 0.0347828891 ‐0.0025643580 0.0485754179 ‐0.0378707050 0.0273894275 ‐0.0291711300 0.0309481038 0.0038868103 ‐0.0206721770 ‐0.0557617110
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Table B.3 Coefficient Matrix of Stepwise – PLS Metamodel (Phase-1) for Stage-2 (Continued). 

 

 

 

 

 

i = 1 0.2347636527 ‐0.1181980650 0.1118189239 0.0801984500 0.0574059797

i = 2 0.1354886097 ‐0.0365298580 0.0060915933 ‐0.0209641670 ‐0.1165412430

i = 3 0.0080584825 0.2107944341 ‐0.0861186100 0.0157069304 0.0887228628

i = 4 ‐0.1418602620 ‐0.0569465080 0.0086224879 ‐0.0509756150 0.4017700689

i = 5 0.0063600126 0.3657871490 0.2786080258 ‐0.0727924440 ‐0.0839344420

i = 6 0.0373292901 ‐0.1488618510 ‐0.1834610240 0.2325639594 ‐0.0286494700

i = 7 ‐0.0807643970 0.1728249139 0.1611965975 0.5133234472 ‐0.0768651530

i = 8 0.4206363394 ‐0.2828084510 0.2517426183 0.0329057089 0.1687422757

i = 9 ‐0.2312839070 ‐0.1273764980 0.1818024382 0.3681615750 0.1015972985

i = 10 0.1415387217 0.1682747353 ‐0.3949844670 0.1648267727 0.1094043886

i = 11 ‐0.1761840770 ‐0.2089393490 ‐0.0386728400 0.0320358017 ‐0.0872451610

i = 12 0.0027559844 0.1905273738 0.0349030333 ‐0.2185787400 ‐0.0033592090

i = 13 ‐0.0600713800 0.0154195762 ‐0.0597417250 0.0179982054 0.1861452624

i = 14 ‐0.0532203930 ‐0.0942266830 ‐0.1472577460 ‐0.0958307440 ‐0.2253092780

i = 15 ‐0.1467224950 ‐0.0448500780 0.0470919355 ‐0.0571355690 0.0111975804

i = 16 ‐0.0657709470 ‐0.0855197420 ‐0.0059579300 ‐0.0392601110 0.1299954507

i = 17 0.0834210369 ‐0.0050537640 ‐0.0047655310 ‐0.0324970920 ‐0.0894262830

i = 18 0.0371426582 0.0034021870 ‐0.0596721920 0.1199606590 0.0071306313

i = 19 ‐0.0165193930 0.0484918525 ‐0.0121653910 ‐0.0086012100 ‐0.0568255270

i = 20 0.0389622206 ‐0.0817695810 0.0197895951 ‐0.0025741410 ‐0.0392022420

i = 21 ‐0.0323970490 0.0062348528 0.0859138850 0.0180531572 ‐0.0405869270

i = 22 0.0580325297 0.0049211864 0.0374488388 ‐0.0912480470 ‐0.0073899890

i = 23 ‐0.0033898510 0.0630211027 0.0455976674 0.0304655351 ‐0.0034540290
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Table B.4 Coefficient Matrix of Stepwise – PLS Metamodel (Phase-2) for Stage-2. 

 

i  = 0 ‐4.610000E‐03 ‐4.520000E‐03 1.608900E‐04 ‐1.080000E‐03 2.071800E‐01 ‐8.190100E‐01 9.199600E‐01 ‐3.081400E‐01 9.831500E‐01 ‐2.646700E‐01 ‐7.882000E‐02 ‐1.176700E‐01 ‐3.429150E+00

i  = 1 0 0 0 0 0 5.056000E‐05 2.336000E‐05 0 ‐9.501000E‐05 ‐6.926000E‐05 7.204000E‐05 2.712000E‐05 2.245000E‐05

i  = 2 0 ‐6.643340E‐08 0 0 ‐1.405000E‐05 0 1.574000E‐05 0 0 0 ‐3.204000E‐05 5.290000E‐06 1.340000E‐05

i  = 3 0 0 0 3.515541E‐08 ‐8.210000E‐06 ‐4.720000E‐06 ‐4.588000E‐05 ‐2.156000E‐05 ‐4.330000E‐06 1.280000E‐05 1.931000E‐05 1.532000E‐05 ‐4.190000E‐06

i  = 4 0 0 0 3.288039E‐08 ‐1.042000E‐05 2.704000E‐05 ‐5.348000E‐05 ‐2.114000E‐05 ‐2.770000E‐06 ‐3.700000E‐06 ‐7.890000E‐06 ‐4.401000E‐05 9.370000E‐06

i  = 5 0 4.803761E‐08 0 0 4.840000E‐06 0 ‐9.760000E‐06 9.140000E‐06 ‐3.050000E‐06 ‐4.440000E‐06 1.144000E‐05 ‐7.120000E‐06 3.800000E‐06

i  = 6 0 0 0 0 0 0 0 0 0 5.960000E‐06 0 ‐9.090000E‐06 6.980000E‐06

i  = 7 0 0 0 0 ‐3.830000E‐06 0 6.280000E‐06 0 ‐4.980000E‐06 ‐6.970000E‐06 1.610000E‐06 1.213000E‐05 1.060000E‐05

i  = 8 0 0 0 0 0 3.210000E‐06 7.210000E‐06 ‐1.157000E‐05 ‐4.480000E‐06 2.900000E‐06 3.200000E‐06 ‐8.600000E‐06 1.114000E‐05

i  = 9 0 0 0 0 ‐5.462120E‐07 7.380000E‐06 2.640000E‐06 5.890000E‐06 4.090000E‐06 1.680000E‐06 ‐2.190000E‐06 3.190000E‐06 4.080000E‐06

i  = 10 0 1.485936E‐08 0 0 4.600000E‐06 ‐1.640000E‐06 ‐3.160000E‐06 2.670000E‐06 8.448230E‐07 8.342949E‐07 1.060000E‐06 6.393651E‐07 2.440000E‐06

i  = 11 0 0 0 0 0 ‐2.690000E‐06 2.020000E‐06 ‐3.940000E‐06 ‐8.950000E‐06 1.320000E‐05 ‐8.400000E‐06 0 4.570000E‐06

i  = 12 1.872175E‐08 0 0 0 0 ‐6.920000E‐06 0 6.350000E‐06 6.050000E‐06 1.141000E‐05 0 1.017000E‐05 0

i  = 13 2.252684E‐07 0 0 0 3.100000E‐06 0 0 3.630000E‐06 ‐2.200000E‐06 0 0 0 ‐7.630000E‐06

i  = 14 0 0 ‐8.984760E‐09 0 1.150000E‐06 0 ‐1.130000E‐06 0 0 0 0 ‐2.660000E‐06 1.150000E‐06

i  = 15 0 0 0 0 0 8.900000E‐06 0 0 ‐7.510000E‐06 0 0 ‐2.829000E‐05 0

i  = 16 0 0 2.518705E‐08 0 0 0 0 0 0 0 0 0 0

i  = 17 0 0 0 0 ‐2.640000E‐06 0 2.510000E‐06 1.970000E‐06 ‐2.790000E‐06 1.720000E‐06 ‐1.740000E‐06 2.220000E‐06 2.020000E‐06

i  = 18 0 0 0 0 ‐2.100000E‐06 0 0 2.590000E‐06 ‐2.760000E‐06 ‐3.130000E‐06 1.550000E‐06 6.360000E‐06 2.450000E‐06

i  = 19 0 0 0 0 ‐2.100000E‐06 1.990000E‐06 3.300000E‐06 ‐8.080050E‐07 ‐1.360000E‐06 2.910000E‐06 ‐2.600000E‐06 ‐3.710000E‐06 4.410000E‐06

i  = 20 0 0 0 0 ‐9.480430E‐07 ‐9.055790E‐07 0 ‐2.660000E‐06 ‐3.950000E‐06 7.837455E‐07 5.830000E‐06 1.710000E‐06 1.630000E‐06

i  = 21 0 0 0 0 0 6.170000E‐06 5.610000E‐06 0 ‐2.570000E‐06 ‐1.151000E‐05 1.064000E‐05 0 0

i  = 22 0 0 0 0 ‐2.760000E‐06 ‐6.270000E‐06 0 ‐4.260000E‐06 1.105000E‐05 ‐1.320000E‐05 7.020000E‐06 0 3.210000E‐06

i  = 23 0 0 0 3.910150E‐09 0 0 0 0 0 0 ‐9.090000E‐06 ‐1.576000E‐05 1.773000E‐05

i  = 24 0 0 0 0 ‐6.933300E‐04 0 0 ‐5.120900E‐04 ‐1.010000E‐03 0 ‐5.177900E‐04 0 0

i  = 25 0 0 0 0 0 ‐1.014000E‐02 7.960000E‐03 9.640000E‐03 ‐1.507000E‐02 ‐6.950000E‐03 ‐3.718000E‐02 0 2.648000E‐02

i  = 26 0 0 0 0 ‐7.004000E‐02 0 1.833000E‐01 ‐1.725000E‐01 2.497900E‐01 ‐9.960000E‐02 ‐1.711700E‐01 0 0

i  = 27 0 6.088078E‐07 0 0 0 ‐4.407000E‐05 0 ‐4.345000E‐05 1.606600E‐04 1.990900E‐04 ‐2.948000E‐05 ‐1.220100E‐04 ‐4.169000E‐05

i  = 28 0 0 0 0 ‐2.055000E‐05 ‐2.885000E‐05 ‐7.058000E‐05 4.096000E‐05 4.618000E‐05 ‐5.775000E‐05 1.073700E‐04 9.205000E‐05 ‐7.188000E‐05

0.00106 0.00541 0.00262 0.00015285 0.37649 0.31412 0.38059 0.32737 0.21507 0.25988 0.27048 0.23178 0.28993
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Table B.4 Coefficient Matrix of Stepwise – PLS Metamodel (Phase-2) for Stage-2 (Continued). 

 

i = 0 ‐3.111660E+00 ‐1.469700E‐01 2.259180E+00 ‐5.147300E‐01 ‐8.322000E‐01

i = 1 ‐6.394000E‐05 ‐7.486000E‐05 0 0 ‐4.983000E‐05

i = 2 2.041000E‐05 ‐1.111000E‐05 ‐1.597000E‐05 0 ‐4.770000E‐06

i = 3 3.271000E‐05 1.248000E‐05 ‐1.349000E‐05 3.060000E‐06 2.352000E‐05

i = 4 1.752000E‐05 ‐1.025000E‐05 8.670000E‐06 2.340000E‐06 ‐1.000000E‐05

i = 5 ‐1.388000E‐05 ‐4.960000E‐06 0 ‐8.980000E‐06 ‐2.304000E‐05

i = 6 ‐1.180000E‐05 ‐3.880000E‐06 ‐6.180000E‐06 3.170000E‐06 6.860000E‐06

i = 7 3.780000E‐06 ‐2.970000E‐06 ‐1.540000E‐06 1.219000E‐05 0

i = 8 0 8.950000E‐06 ‐9.070000E‐06 4.500000E‐06 2.310000E‐06

i = 9 5.600000E‐06 5.660000E‐06 3.890000E‐06 1.220000E‐06 5.469912E‐07

i = 10 1.220000E‐06 ‐1.130000E‐06 ‐2.230000E‐06 0 5.679722E‐07

i = 11 4.550000E‐06 2.980000E‐06 ‐2.960000E‐06 6.110000E‐06 ‐4.550000E‐06

i = 12 0 ‐1.151000E‐05 ‐8.520000E‐06 ‐3.031000E‐05 4.877000E‐05

i = 13 ‐3.050000E‐06 5.720000E‐06 ‐7.900000E‐06 1.482000E‐05 4.720000E‐06

i = 14 0 ‐1.790000E‐06 ‐1.310000E‐06 ‐1.240000E‐06 0

i = 15 ‐8.550000E‐06 1.378000E‐05 1.177000E‐05 ‐4.633000E‐05 2.337000E‐05

i = 16 ‐2.930000E‐06 0 0 0 0

i = 17 3.420000E‐06 ‐3.120000E‐06 ‐9.056690E‐07 ‐3.600000E‐06 ‐2.010000E‐06

i = 18 0 ‐3.820000E‐06 6.480000E‐06 2.030000E‐06 1.580000E‐06

i = 19 ‐1.560000E‐06 ‐2.070000E‐06 ‐1.820000E‐06 ‐3.540000E‐06 0

i = 20 1.500000E‐06 4.040000E‐06 1.920000E‐06 ‐1.990000E‐06 3.410000E‐06

i = 21 0 3.300000E‐06 ‐1.536000E‐05 ‐4.010000E‐06 ‐8.240000E‐06

i = 22 8.070000E‐06 5.270000E‐06 ‐1.563000E‐05 8.600000E‐06 ‐1.825000E‐05

i = 23 3.712000E‐05 2.380000E‐05 ‐1.802000E‐05 ‐2.262000E‐05 2.069000E‐05

i = 24 0 ‐2.680900E‐04 ‐1.070000E‐03 1.170000E‐03 2.940000E‐03

i = 25 1.314000E‐02 ‐1.473000E‐02 7.250000E‐03 8.670000E‐03 ‐3.186000E‐02

i = 26 1.759800E‐01 5.214000E‐02 ‐1.344800E‐01 9.839000E‐02 3.612700E‐01

i = 27 3.892000E‐05 1.293500E‐04 ‐1.572400E‐04 9.928000E‐05 7.518000E‐05

i = 28 1.817200E‐04 4.109000E‐05 ‐6.108000E‐05 ‐3.290000E‐05 1.081600E‐04

0.29622 0.21436 0.23764 0.19563 0.28991
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Table B.5 Coefficient Matrix of Stepwise – PLS Metamodel (Phase-1) for Stage-3. 

 

 

 

 

 

 

 

 

 

 

i  = 1 0.0154220120 0.5270868764 0.6052128131 ‐0.1413829990 0.5490727066 0.1195558978 0.0690586168 ‐0.3478333360 ‐0.0635235340 ‐0.1435425590 0.0045163718 0.0713448838 0.0511978958

i  = 2 0.5337053087 ‐0.0572521420 ‐0.0731047070 0.2945804971 0.0773010106 0.4167088229 ‐0.1801109070 0.2084634496 ‐0.3387112460 0.1400805608 0.0794127196 ‐0.0719267930 0.1755193968

i  = 3 0.0764920137 ‐0.1351226050 ‐0.1660924800 ‐0.5015653020 ‐0.1266062960 0.0805158301 0.1038907921 0.1164215962 ‐0.1830062060 ‐0.0146347130 0.0559203445 0.2696819588 0.1466297536

i  = 4 0.3140946722 0.0594081021 0.1279164746 ‐0.1834334980 0.1227956331 0.2077593707 0.1150757843 0.1552431529 0.0614691980 0.1349138573 0.1181093508 ‐0.2708605050 ‐0.3358730350

i  = 5 0.1269106820 ‐0.0355299800 0.0497008438 ‐0.0462028260 ‐0.0522053020 0.2018454159 0.0050073008 ‐0.2413001550 0.0822360285 0.4937976947 ‐0.3072604970 0.2348843474 ‐0.0898830950

i  = 6 0.1619292729 ‐0.0476942680 0.0400530465 ‐0.0592049870 0.0371311597 0.1374804092 ‐0.2509332730 0.2037867885 ‐0.0056574420 ‐0.4309020710 ‐0.3162004550 0.2385873308 ‐0.2803267410

i  = 7 0.0628347120 0.0924234541 0.0438955303 ‐0.0690011180 0.1273795459 ‐0.1473194670 ‐0.0851675740 0.0936663659 ‐0.0202635610 0.0545106833 ‐0.3455364870 ‐0.3221844240 0.2580443107

i  = 8 0.0139791722 0.0027197304 0.0261891780 ‐0.1646855850 0.0396515431 0.0885691882 0.3174537994 0.1468992509 0.1329109651 ‐0.0403543910 ‐0.0535944930 ‐0.0694319050 0.0267492715

i  = 9 0.0412816429 0.0487994745 0.1459665157 0.0446176411 0.0464448909 ‐0.0170920180 0.0623588778 ‐0.0017058720 0.0048645532 ‐0.0694860150 0.2382874830 0.1155858486 0.1826640116

i  = 10 0.0607568882 0.0406592217 0.0393992332 0.1315682752 0.0700933022 0.0938685515 ‐0.0614804690 0.1337069383 0.2583086609 0.0049685725 0.0741944456 0.0667516114 ‐0.0094973110

i  = 11 0.1746970295 ‐0.0681587230 ‐0.0881383360 ‐0.1158349950 ‐0.0146994300 0.0223144651 ‐0.1320364250 0.0428138216 0.0592877324 0.0089312459 ‐0.0297589490 0.0664690619 0.1984927881

i  = 12 0.0147530847 ‐0.2104186170 ‐0.1400660280 0.0662749423 ‐0.1654363250 0.1371606134 0.0774464779 ‐0.0916424160 0.0380088640 ‐0.0458625180 0.0364760930 ‐0.0397893680 ‐0.0120202100

i  = 13 0.1479517947 0.0037669081 ‐0.0531964080 0.1291110225 0.0146124395 ‐0.0569126940 0.1401760405 0.1003927089 ‐0.1208864690 0.0375673018 ‐0.0701365860 0.0781599506 0.0214829092

i  = 14 0.0092969564 0.0343033747 0.0379797755 0.0264705805 0.0361977272 0.0953522748 0.0631345670 ‐0.0312480080 0.0592457516 0.0222755042 ‐0.1256241500 ‐0.0119188970 0.0309237967
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Table B.6 Coefficient Matrix of Stepwise – PLS Metamodel (Phase-2) for Stage-3. 

 
 
 

i  = 0 ‐2.590000E‐03 ‐7.800000E‐03 ‐2.090000E‐03 ‐3.429000E‐05 ‐2.099250E+00 ‐3.820000E‐02 1.324120E+00 ‐1.101130E+00 ‐1.116060E+00 ‐4.198300E‐01 ‐2.069330E+00 ‐1.163230E+00 ‐1.424000E‐02

i  = 1 0 0 0 0 0 0 1.412000E‐05 9.980000E‐06 0 0 0 1.002000E‐05 ‐1.275000E‐05

i  = 2 0 0 0 0 0 0 ‐5.960000E‐05 ‐1.659000E‐05 1.652000E‐05 6.610000E‐06 2.824000E‐05 ‐6.250000E‐06 2.350000E‐06

i  = 3 0 0 0 0 0 4.640000E‐06 0 0 ‐7.950000E‐06 0 0 1.374000E‐05 ‐2.102000E‐05

i  = 4 0 0 0 0 0 0 4.460000E‐06 2.350000E‐06 5.020000E‐06 2.320000E‐06 4.090000E‐06 1.630000E‐06 0

i  = 5 0 0 0 0 3.900000E‐06 0 0 1.470000E‐06 ‐3.320000E‐06 ‐7.150000E‐06 2.540000E‐06 ‐8.210000E‐06 ‐3.370000E‐06

i  = 6 2.544104E‐09 ‐1.455540E‐08 0 0 1.180000E‐06 7.630000E‐06 0 3.200000E‐06 1.136000E‐05 ‐1.660000E‐06 0 1.040000E‐06 6.520000E‐06

i  = 7 0 3.782174E‐08 3.550458E‐09 0 5.560000E‐06 ‐3.520000E‐06 ‐4.471470E‐07 4.150000E‐06 3.470034E‐07 2.650000E‐06 9.363765E‐07 2.540000E‐06 ‐7.511410E‐07

i  = 8 0 0 0 0 1.940000E‐06 ‐1.110000E‐06 0 2.990000E‐06 ‐2.080000E‐06 ‐5.700000E‐06 2.400000E‐06 0 ‐1.880000E‐06

i  = 9 0 0 0 0 0 2.980000E‐06 7.970000E‐06 0 ‐8.310000E‐06 ‐6.420000E‐06 4.600000E‐06 ‐1.235000E‐05 8.080000E‐06

i  = 10 1.023808E‐07 0 0 0 3.720000E‐06 1.258000E‐05 2.850000E‐06 8.060000E‐06 ‐2.397000E‐05 0 0 0 ‐5.880000E‐06

i  = 11 0 0 1.656470E‐08 0 0 0 2.380000E‐06 ‐2.780000E‐06 0 0 3.700000E‐06 3.930000E‐06 ‐5.974980E‐07

i  = 12 0 0 0 0 0 ‐1.730000E‐06 1.580000E‐06 ‐1.370000E‐06 ‐1.410000E‐06 ‐1.430000E‐06 ‐2.510000E‐06 2.170000E‐06 5.160000E‐06

i  = 13 0 0 0 0 0 0 1.305000E‐05 ‐9.210000E‐06 0 ‐5.460000E‐06 7.360000E‐06 ‐9.560000E‐06 6.500000E‐06

i  = 14 1.220734E‐08 0 0 0 0 0 0 0 0 0 0 0 0

i  = 15 0 0 0 0 8.806692E‐07 1.180000E‐06 ‐2.570000E‐06 7.482307E‐07 0 7.373844E‐07 0 0 ‐5.680000E‐06

i  = 16 0 0 0 0 ‐9.141550E‐07 ‐9.932150E‐07 ‐2.050000E‐06 0 2.060000E‐06 2.950000E‐06 4.910000E‐06 2.300000E‐06 0

i  = 17 0 0 0 0 9.525749E‐07 0 ‐1.740000E‐06 ‐1.740000E‐06 ‐1.180000E‐06 0 1.950000E‐06 7.932426E‐07 1.300000E‐06

i  = 18 0 0 0 0 1.130000E‐06 0 ‐4.270000E‐06 ‐1.470000E‐06 ‐7.021190E‐07 1.770000E‐06 ‐1.330000E‐06 0 ‐2.480000E‐06

i  = 19 0 0 0 0 5.630000E‐06 ‐5.570000E‐06 0 8.710000E‐06 0 0 ‐1.010000E‐05 ‐2.440000E‐06 5.510000E‐06

i  = 20 0 0 0 0 0 ‐5.980000E‐06 0 4.110000E‐06 6.430000E‐06 2.250000E‐06 1.116000E‐05 ‐8.920000E‐06 9.040000E‐06

i  = 21 0 0 0 0 9.111247E‐07 0 ‐2.220000E‐06 0 0 ‐1.240000E‐06 ‐1.990000E‐06 ‐8.887940E‐07 ‐1.970000E‐06

i  = 22 0 0 0 0 0 0 3.740000E‐03 ‐6.570000E‐03 ‐4.920000E‐03 5.500000E‐03 ‐7.950000E‐03 1.443000E‐02 0

i  = 23 0 0 0 0 0 2.486000E‐05 2.614000E‐05 ‐4.086000E‐05 4.136000E‐05 5.259000E‐05 1.070500E‐04 8.309000E‐05 ‐3.330000E‐05

i  = 24 0 0 0 0 0 5.232000E‐05 0 0 0 ‐6.684000E‐05 1.717000E‐04 0 ‐2.067900E‐04

i  = 25 0 0 0 1.018569E‐08 ‐1.639000E‐05 ‐1.759000E‐05 ‐4.140000E‐05 ‐1.597000E‐05 1.780000E‐05 0 ‐2.937000E‐05 1.620000E‐05 1.048900E‐04

0.00122 0.00287 0.00189 0.0002039 0.32593 0.31621 0.26154 0.24607 0.33266 0.25136 0.28639 0.31278 0.25574
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Table B.7 Coefficient Matrix of Stepwise – PLS Metamodel (Phase-1) for Stage-4. 

 

 

Table B.8 Coefficient Matrix of Stepwise – PLS Metamodel (Phase-2) for Stage-4. 

 
 

 

i = 1 0.3358517266 0.4792883710 0.3166456184 ‐0.0137679870

i = 2 0.5052850070 ‐0.2860937110 ‐0.2368713700 ‐0.0086694440

i = 3 0.0030563475 0.0049466003 ‐0.1364275100 ‐0.6735887000

i = 4 0.1335561790 0.1391761831 0.3219817774 ‐0.0971187040

i = 5 0.2370737859 ‐0.0226738580 0.0056431146 0.0700737229

i = 6 0.0264281999 0.2075999308 ‐0.1268379610 0.0193701305

i = 7 0.0021467305 0.0543956307 0.0892329066 0.1746416600

i = 8 0.0373848760 0.0785234119 0.1090542283 ‐0.0669318760

i = 9 0.0930298236 ‐0.0367671460 ‐0.0035323440 0.0205036017
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i = 0 ‐1.640000E‐03 ‐7.783200E‐04 ‐5.220000E‐03 ‐7.447900E‐04

i = 1 0 ‐5.018880E‐08 ‐4.381580E‐08 0

i = 2 0 0 0 1.102282E‐08

i = 3 0 0 0 2.546440E‐08

i = 4 4.502947E‐09 ‐1.571670E‐09 0 0

i = 5 0 3.963724E‐09 1.965014E‐08 0

i = 6 3.844507E‐08 0 0 0

i = 7 0 0 ‐1.049900E‐08 0

0.00141 0.00122 0.00164 0.00018454
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APPENDIX C 

LIST OF STATE AND DECISION VARIABLES FOR ALL METHODS 
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Table C.1 List of Decision Variables for All Methods (Stage-1, Stage-2, Stage-3 and Stage-4). 

         

 
 

Decision Variables

(Stage‐1)
Zehua Low‐VIF High‐VIF

Stepwise

PLS

sq1_1p1

sq2_1p1  
sq3_1p1    
sq4_1p1

sq5_1p1

sq1_2p1    
sq2_2p1  
sq3_2p1    
sq4_2p1    
sq5_2p1 
sq1_3p1    
sq2_3p1    
sq3_3p1    
sq4_3p1    
sq5_3p1  
sq1_4p1    
sq2_4p1    
sq3_4p1    
sq4_4p1    
sq5_4p1    
sq1_5p1

sq2_5p1

sq3_5p1    
sq4_5p1

sq5_5p1  
pt1p1  
pt2p1  
pt3p1  
pt4p1    
pt5p1    
pt6p1    
pt9p1

pt12p1  
pt15p1 
pt21p1

pt23p1

pt30p1  
pt37p1

pt63p1  
pt64p1  

Decision Variables

(Stage‐2)
Zehua Low‐VIF High‐VIF

Stepwise

PLS

sq1_1p2  
sq2_1p2  
sq3_1p2

sq4_1p2

sq5_1p2  
sq1_2p2  
sq2_2p2 
sq3_2p2    
sq4_2p2    
sq5_2p2 
sq1_3p2    
sq2_3p2  
sq3_3p2    
sq4_3p2    
sq5_3p2

sq1_4p2    
sq2_4p2    
sq3_4p2    
sq4_4p2

sq5_4p2  
sq1_5p2  
sq2_5p2 
sq3_5p2  
sq4_5p2

sq5_5p2

pt1p2  
pt2p2  
pt3p2  
pt4p2  
pt5p2    
pt6p2  
pt9p2 
pt12p2

pt15p2 
pt21p2  
pt23p2  
pt30p2

pt37p2  
pt63p2  
pt64p2  

Decision Variables

(Stage‐3)
Zehua Low‐VIF High‐VIF

Stepwise

PLS

sq1_1p3

sq2_1p3  
sq3_1p3

sq4_1p3  
sq5_1p3 
sq1_2p3

sq2_2p3 
sq3_2p3    
sq4_2p3    
sq5_2p3

sq1_3p3    
sq2_3p3  
sq3_3p3    
sq4_3p3    
sq5_3p3 
sq1_4p3    
sq2_4p3  
sq3_4p3  
sq4_4p3  
sq5_4p3

sq1_5p3

sq2_5p3 
sq3_5p3

sq4_5p3  
sq5_5p3  
pt1p3  
pt2p3  
pt3p3    
pt4p3    
pt5p3  
pt6p3    
pt9p3

pt12p3

pt15p3  
pt21p3

pt23p3  
pt30p3  
pt37p3 
pt63p3  
pt64p3  

Decision Variables

(Stage‐4)
Zehua Low‐VIF High‐VIF

Stepwise

PLS

sq1_1p4  
sq2_1p4

sq3_1p4

sq4_1p4

sq5_1p4

sq1_2p4

sq2_2p4

sq3_2p4  
sq4_2p4  
sq5_2p4

sq1_3p4    
sq2_3p4

sq3_3p4    
sq4_3p4  
sq5_3p4

sq1_4p4    
sq2_4p4

sq3_4p4

sq4_4p4

sq5_4p4

sq1_5p4

sq2_5p4 
sq3_5p4

sq4_5p4

sq5_5p4

pt1p4 
pt2p4

pt3p4

pt4p4

pt5p4

pt6p4 
pt9p4

pt12p4

pt15p4 
pt21p4

pt23p4

pt30p4

pt37p4

pt63p4

pt64p4 
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Table C.2 List of State Variables for All Methods (Stage-1). 

 

 

 

 

 

 

 

 

State Variables

(Stage‐1)
Zehua Low‐VIF High‐VIF

Stepwise

PLS

cyM3p0  Zpls1_1

skM3p0    Zpls1_2

tkM3p0    Zpls1_3

ykM3p0   Zpls1_4

sq1_1p0  Zpls1_5

sq2_1p0 Zpls1_6

sq3_1p0  Zpls1_7

sq4_1p0  Zpls1_8

sq5_1p0 Zpls1_9

sq1_2p0 Zpls1_10

sq2_2p0 Zpls1_11

sq3_2p0    Zpls1_12

sq4_2p0    Zpls1_13

sq5_2p0 Zpls1_14

sq1_3p0    Zpls1_15

sq2_3p0    Zpls1_16

sq3_3p0    Zpls1_17

sq4_3p0    Zpls1_18

sq5_3p0    Zpls1_19

sq1_4p0  Zpls1_20

sq2_4p0  Zpls1_21

sq3_4p0  Zpls1_22

sq4_4p0   Zpls1_23

sq5_4p0  Zpls1_24

sq1_5p0  Zpls1_25

sq2_5p0   
sq3_5p0 
sq4_5p0

sq5_5p0 
pt1p0 
pt2p0 
pt3p0 
pt4p0 
pt5p0   
pt6p0 
pt9p0 
pt12p0 
pt15p0  
pt21p0

pt23p0 
pt30p0   
pt37p0

pt63p0   
pt64p0   
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Table C.3 List of State Variables for All Methods (Stage-2). 

   

 

 

 

 

 

State Variables

(Stage‐2)
Zehua Low‐VIF High‐VIF

Stepwise

PLS

cyM3p0  Zpls2_1

skM3p0  Zpls2_2

tkM3p0  Zpls2_3

ykM3p0  Zpls2_4

sq1_1p0  Zpls2_5

sq2_1p0 Zpls2_6

sq3_1p0 Zpls2_7

sq4_1p0 Zpls2_8

sq5_1p0 Zpls2_9

sq1_2p0 Zpls2_10

sq2_2p0 Zpls2_11

sq3_2p0    Zpls2_12

sq4_2p0    Zpls2_13

sq5_2p0 Zpls2_14

sq1_3p0    Zpls2_15

sq2_3p0    Zpls2_16

sq3_3p0    Zpls2_17

sq4_3p0    Zpls2_18

sq5_3p0 Zpls2_19

sq1_4p0  Zpls2_20

sq2_4p0  Zpls2_21

sq3_4p0  Zpls2_22

sq4_4p0   Zpls2_23

sq5_4p0 
sq1_5p0 
sq2_5p0

sq3_5p0 
sq4_5p0

sq5_5p0

pt1p0 
pt2p0 
pt3p0 
pt4p0 
pt5p0   
pt6p0 
pt9p0 
pt12p0 
pt15p0  
pt21p0

pt23p0 
pt30p0 
pt37p0

pt63p0   
pt64p0 

State Variables

(Stage‐2)
Zehua Low‐VIF High‐VIF

Stepwise

PLS

cyM3p1   
skM3p1   
tkM3p1   
ykM3p1  

sq1_1p1

sq2_1p1 
sq3_1p1

sq4_1p1

sq5_1p1

sq1_2p1 
sq2_2p1 
sq3_2p1   
sq4_2p1   
sq5_2p1

sq1_3p1   
sq2_3p1 
sq3_3p1   
sq4_3p1  
sq5_3p1 
sq1_4p1   
sq2_4p1   
sq3_4p1   
sq4_4p1

sq5_4p1   
sq1_5p1

sq2_5p1

sq3_5p1   
sq4_5p1

sq5_5p1 
pt1p1 
pt2p1 
pt3p1 
pt4p1 
pt5p1 
pt6p1   
pt9p1

pt12p1

pt15p1 
pt21p1

pt23p1

pt30p1 
pt37p1

pt63p1 
pt64p1 
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Table C.4 List of State Variables for All Methods (Stage-3).  

     

State Variables

(Stage‐3)
Zehua Low‐VIF High‐VIF

Stepwise

PLS

cyM3p0  Zpls3_1

skM3p0  Zpls3_2

tkM3p0  Zpls3_3

ykM3p0  Zpls3_4

sq1_1p0  Zpls3_5

sq2_1p0 Zpls3_6

sq3_1p0 Zpls3_7

sq4_1p0 Zpls3_8

sq5_1p0 Zpls3_9

sq1_2p0 Zpls3_10

sq2_2p0 Zpls3_11

sq3_2p0    Zpls3_12

sq4_2p0  Zpls3_13

sq5_2p0 Zpls3_14

sq1_3p0 
sq2_3p0 
sq3_3p0   
sq4_3p0

sq5_3p0

sq1_4p0 
sq2_4p0 
sq3_4p0 
sq4_4p0

sq5_4p0

sq1_5p0 
sq2_5p0

sq3_5p0 
sq4_5p0

sq5_5p0

pt1p0 
pt2p0 
pt3p0 
pt4p0 
pt5p0 
pt6p0 
pt9p0 
pt12p0 
pt15p0

pt21p0

pt23p0 
pt30p0 
pt37p0

pt63p0

pt64p0 

State Variables

(Stage‐3)
Zehua Low‐VIF High‐VIF

Stepwise

PLS

cyM3p1 
skM3p1   
tkM3p1 
ykM3p1  

sq1_1p1

sq2_1p1 
sq3_1p1

sq4_1p1

sq5_1p1

sq1_2p1 
sq2_2p1 
sq3_2p1   
sq4_2p1

sq5_2p1

sq1_3p1  
sq2_3p1 
sq3_3p1   
sq4_3p1

sq5_3p1 
sq1_4p1   
sq2_4p1   
sq3_4p1   
sq4_4p1

sq5_4p1

sq1_5p1

sq2_5p1

sq3_5p1 
sq4_5p1

sq5_5p1 
pt1p1 
pt2p1 
pt3p1 
pt4p1 
pt5p1 
pt6p1   
pt9p1

pt12p1

pt15p1 
pt21p1

pt23p1

pt30p1 
pt37p1

pt63p1 
pt64p1 

State Variables

(Stage‐3)
Zehua Low‐VIF High‐VIF

Stepwise

PLS

cyM3p2   
skM3p2   
tkM3p2   
ykM3p2   

sq1_1p2 
sq2_1p2 
sq3_1p2

sq4_1p2

sq5_1p2 
sq1_2p2 
sq2_2p2

sq3_2p2   
sq4_2p2

sq5_2p2

sq1_3p2   
sq2_3p2 
sq3_3p2   
sq4_3p2   
sq5_3p2

sq1_4p2   
sq2_4p2   
sq3_4p2   
sq4_4p2

sq5_4p2

sq1_5p2 
sq2_5p2 
sq3_5p2 
sq4_5p2

sq5_5p2

pt1p2 
pt2p2 
pt3p2 
pt4p2 
pt5p2   
pt6p2 
pt9p2

pt12p2

pt15p2

pt21p2 
pt23p2 
pt30p2

pt37p2

pt63p2 
pt64p2 
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Table C.5 List of State Variables for All Methods (Stage-4).  

   

State Variables

(Stage‐4)
Zehua Low‐VIF High‐VIF

Stepwise

PLS

cyM3p0  Zpls4_1

skM3p0  Zpls4_2

tkM3p0  Zpls4_3

ykM3p0  Zpls4_4

sq1_1p0  Zpls4_5

sq2_1p0 Zpls4_6

sq3_1p0 Zpls4_7

sq4_1p0 Zpls4_8

sq5_1p0 Zpls4_9

sq1_2p0

sq2_2p0

sq3_2p0 
sq4_2p0

sq5_2p0

sq1_3p0

sq2_3p0 
sq3_3p0

sq4_3p0

sq5_3p0

sq1_4p0 
sq2_4p0 
sq3_4p0 
sq4_4p0

sq5_4p0

sq1_5p0

sq2_5p0

sq3_5p0 
sq4_5p0

sq5_5p0

pt1p0 
pt2p0 
pt3p0 
pt4p0 
pt5p0

pt6p0 
pt9p0

pt12p0 
pt15p0

pt21p0

pt23p0

pt30p0

pt37p0

pt63p0

pt64p0 

State Variables

(Stage‐4)
Zehua Low‐VIF High‐VIF

Stepwise

PLS

cyM3p1 
skM3p1 
tkM3p1 
ykM3p1 

sq1_1p1

sq2_1p1

sq3_1p1

sq4_1p1

sq5_1p1

sq1_2p1 
sq2_2p1

sq3_2p1 
sq4_2p1

sq5_2p1

sq1_3p1

sq2_3p1 
sq3_3p1   
sq4_3p1

sq5_3p1

sq1_4p1  
sq2_4p1   
sq3_4p1   
sq4_4p1

sq5_4p1

sq1_5p1

sq2_5p1

sq3_5p1 
sq4_5p1

sq5_5p1 
pt1p1 
pt2p1 
pt3p1 
pt4p1 
pt5p1 
pt6p1 
pt9p1

pt12p1

pt15p1 
pt21p1

pt23p1

pt30p1 
pt37p1

pt63p1 
pt64p1 

State Variables

(Stage‐4)
Zehua Low‐VIF High‐VIF

Stepwise

PLS

cyM3p2 
skM3p2 
tkM3p2 
ykM3p2 

sq1_1p2 
sq2_1p2

sq3_1p2

sq4_1p2

sq5_1p2

sq1_2p2 
sq2_2p2

sq3_2p2   
sq4_2p2

sq5_2p2

sq1_3p2 
sq2_3p2 
sq3_3p2 
sq4_3p2

sq5_3p2

sq1_4p2   
sq2_4p2   
sq3_4p2   
sq4_4p2

sq5_4p2

sq1_5p2 
sq2_5p2

sq3_5p2 
sq4_5p2

sq5_5p2

pt1p2 
pt2p2 
pt3p2 
pt4p2 
pt5p2   
pt6p2 
pt9p2

pt12p2

pt15p2

pt21p2

pt23p2 
pt30p2

pt37p2

pt63p2 
pt64p2 

State Variables

(Stage‐4)
Zehua Low‐VIF High‐VIF

Stepwise

PLS

cyM3p3   
skM3p3   
tkM3p3   
ykM3p3 

sq1_1p3

sq2_1p3 
sq3_1p3

sq4_1p3 
sq5_1p3

sq1_2p3

sq2_2p3 
sq3_2p3   
sq4_2p3   
sq5_2p3

sq1_3p3 
sq2_3p3 
sq3_3p3   
sq4_3p3 
sq5_3p3 
sq1_4p3   
sq2_4p3 
sq3_4p3 
sq4_4p3 
sq5_4p3

sq1_5p3

sq2_5p3

sq3_5p3

sq4_5p3 
sq5_5p3

pt1p3 
pt2p3 
pt3p3   
pt4p3   
pt5p3 
pt6p3   
pt9p3

pt12p3

pt15p3 
pt21p3

pt23p3 
pt30p3

pt37p3

pt63p3

pt64p3 
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APPENDIX D 

LOWER AND UPPER BOUNDS OF ALL STATE AND DECISION VARIABLES 
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     Table D.1 Lower and Upper Bounds of All Ozone State Variables. 

 

Period Ozone Min Max

p0  cyAMp0 0.01871 0.01926

p1  cyAMp1 0.05157 0.0528

p2  cyAMp2 0.06731 0.07645

p3  cyAMp3 0.07289 0.08918

p4  cyAMp4 0.08832 0.11926

p0  skAMp0 0.01476 0.02182

p1  skAMp1 0.03795 0.06288

p2  skAMp2 0.09323 0.1107

p3  skAMp3 0.10071 0.12355

p4  skAMp4 0.11554 0.13068

p0  tkAMp0 0.02016 0.02174

p1  tkAMp1 0.05853 0.06224

p2  tkAMp2 0.07947 0.0939

p3  tkAMp3 0.08988 0.11309

p4  tkAMp4 0.10079 0.12895

p0  ykAMp0 0.03355 0.03374

p1  ykAMp1 0.06301 0.06346

p2  ykAMp2 0.08365 0.08648

p3  ykAMp3 0.08998 0.0915

p4  ykAMp4 0.0927 0.09396

p0  cyM3p0 0.01979 0.02122

p1  cyM3p1 0.05249 0.0552

p2  cyM3p2 0.06686 0.08669

p3  cyM3p3 0.07 0.09637

p4  cyM3p4 0.10035 0.15205

p0  skM3p0 0.01933 0.0223

p1  skM3p1 0.04355 0.06085

p2  skM3p2 0.07658 0.11223

p3  skM3p3 0.08524 0.14338

p4  skM3p4 0.09986 0.14935

p0  tkM3p0 0.0197 0.02611

p1  tkM3p1 0.04461 0.06659

p2  tkM3p2 0.09015 0.1164

p3  tkM3p3 0.09821 0.13573

p4  tkM3p4 0.10551 0.14388

p0  ykM3p0 0.03625 0.03634

p1  ykM3p1 0.0702 0.07148

p2  ykM3p2 0.08175 0.08605

p3  ykM3p3 0.08233 0.08819

p4  ykM3p4 0.0933 0.0967
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Table D.2 Lower and Upper Bounds of Initial Emission Variables. 

 

Period Emission Min Max

p0 sq1_1p0 9.66507 4832.534

p0 sq2_1p0 25.89392 12946.96

p0 sq3_1p0 26.91656 13458.29

p0 sq4_1p0 38.0638 19031.9

p0 sq5_1p0 11.39615 5698.074

p0 sq1_2p0 25.31859 12659.3

p0 sq2_2p0 32.80566 16402.83

p0 sq3_2p0 228.9769 114488.4

p0 sq4_2p0 35.87039 17935.21

p0 sq5_2p0 20.50761 10253.81

p0 sq1_3p0 22.46705 11233.52

p0 sq2_3p0 56.58833 28294.17

p0 sq3_3p0 436.3238 218161.8

p0 sq4_3p0 123.2852 61642.62

p0 sq5_3p0 16.72785 8363.926

p0 sq1_4p0 31.92705 15963.52

p0 sq2_4p0 51.54295 25771.48

p0 sq3_4p0 75.43491 37717.45

p0 sq4_4p0 93.64388 46821.95

p0 sq5_4p0 35.91177 17955.9

p0 sq1_5p0 31.42341 15711.7

p0 sq2_5p0 25.61034 12805.17

p0 sq3_5p0 16.9294 8464.698

p0 sq4_5p0 16.88412 8442.062

p0 sq5_5p0 30.65759 15328.79

p0 pt1p0 265.2148 132607.4

p0 pt2p0 269.3769 134688.5

p0 pt3p0 302.2846 151142.3

p0 pt4p0 312.115 156057.5

p0 pt5p0 91.54986 45774.93

p0 pt6p0 103.5711 51785.57

p0 pt9p0 26.38951 13194.75

p0 pt12p0 116.2514 58125.71

p0 pt15p0 275.1748 137587.4

p0 pt21p0 0 0

p0 pt23p0 0.05498 27.492

p0 pt30p0 11.06203 5531.013

p0 pt37p0 0 0

p0 pt63p0 6.29568 3147.84

p0 pt64p0 13.43842 6719.208
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Table D.3 Lower and Upper Bounds of Emission Variables for Stage-1 and Stage-2. 

 

Period Emission Min Max Period Emission Min Max

p1 sq1_1p1 22.116 11057.99 p2 sq1_1p2 17.15996 8579.976

p1 sq2_1p1 66.08985 33044.89 p2 sq2_1p2 50.01805 25009.02

p1 sq3_1p1 78.03279 39016.42 p2 sq3_1p2 64.49807 32249.05

p1 sq4_1p1 50688.54 50688.54 p2 sq4_1p2 75.94629 37973.15

p1 sq5_1p1 28.37495 14187.48 p2 sq5_1p2 22.29067 11145.33

p1 sq1_2p1 68.43769 34218.83 p2 sq1_2p2 54.21173 27105.86

p1 sq2_2p1 96.66035 48330.18 p2 sq2_2p2 75.59088 37795.45

p1 sq3_2p1 551.9965 275998.2 p2 sq3_2p2 446.1924 223096.3

p1 sq4_2p1 100.5936 50296.8 p2 sq4_2p2 78.86349 39431.75

p1 sq5_2p1 54.97054 27485.27 p2 sq5_2p2 44.29789 22148.96

p1 sq1_3p1 59.80548 29902.73 p2 sq1_3p2 46.70567 23352.83

p1 sq2_3p1 164.2707 82135.38 p2 sq2_3p2 126.8336 63416.76

p1 sq3_3p1 1274.602 637300.2 p2 sq3_3p2 974.8786 487439.6

p1 sq4_3p1 364.1879 182093.9 p2 sq4_3p2 284.2981 142148.9

p1 sq5_3p1 43.77184 21885.93 p2 sq5_3p2 36.72416 18362.08

p1 sq1_4p1 92.16656 46083.31 p2 sq1_4p2 77.53512 38767.54

p1 sq2_4p1 145.6088 72804.38 p2 sq2_4p2 112.0928 56046.38

p1 sq3_4p1 234.3535 117176.8 p2 sq3_4p2 186.5653 93282.63

p1 sq4_4p1 274.7352 137367.6 p2 sq4_4p2 211.7902 105895.1

p1 sq5_4p1 97.56876 48784.35 p2 sq5_4p2 75.91461 37957.29

p1 sq1_5p1 87.54062 43770.31 p2 sq1_5p2 69.05902 34529.5

p1 sq2_5p1 67.05792 33528.95 p2 sq2_5p2 49.9189 24959.43

p1 sq3_5p1 45.23076 22615.39 p2 sq3_5p2 35.03601 17518

p1 sq4_5p1 48.82424 24412.1 p2 sq4_5p2 38.10293 19051.48

p1 sq5_5p1 89.218 44609 p2 sq5_5p2 71.32199 35660.99

p1 pt1p1 265.2148 132607.4 p2 pt1p2 265.2148 132607.4

p1 pt2p1 269.3769 134688.5 p2 pt2p2 269.3769 134688.5

p1 pt3p1 302.2846 151142.3 p2 pt3p2 302.2846 151142.3

p1 pt4p1 312.115 156057.5 p2 pt4p2 312.115 156057.5

p1 pt5p1 91.54986 45774.93 p2 pt5p2 91.54986 45774.93

p1 pt6p1 103.5711 51785.57 p2 pt6p2 103.5711 51785.57

p1 pt9p1 26.38951 13194.75 p2 pt9p2 26.38951 13194.75

p1 pt12p1 116.2514 58125.71 p2 pt12p2 116.2514 58125.71

p1 pt15p1 275.1748 137587.4 p2 pt15p2 275.1748 137587.4

p1 pt21p1 0.78812 394.062 p2 pt21p2 0.78812 394.062

p1 pt23p1 0.05498 27.492 p2 pt23p2 0.05498 27.492

p1 pt30p1 11.06203 5531.013 p2 pt30p2 11.06203 5531.013

p1 pt37p1 0.00222 1.11 p2 pt37p2 0.00333 1.665

p1 pt63p1 6.29568 3147.84 p2 pt63p2 6.29568 3147.84

p1 pt64p1 13.43842 6719.208 p2 pt64p2 13.43842 6719.208
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Table D.4 Lower and Upper Bounds of Emission Variables for Stage-3 and Stage-4. 

Period Emission Min Max Period Emission Min Max

p3 sq1_1p3 18.11205 9056.023 p4 sq1_1p4 24.20892 12104.46

p3 sq2_1p3 51.86191 25930.96 p4 sq2_1p4 69.3261 34663.04

p3 sq3_1p3 66.16741 33083.69 p4 sq3_1p4 77.68313 38841.59

p3 sq4_1p3 78.46716 39233.59 p4 sq4_1p4 105.5735 52786.78

p3 sq5_1p3 23.29167 11645.82 p4 sq5_1p4 29.98914 14994.56

p3 sq1_2p3 56.35691 28178.46 p4 sq1_2p4 71.33415 35667.06

p3 sq2_2p3 77.86413 38932.05 p4 sq2_2p4 100.8285 50414.28

p3 sq3_2p3 454.6599 227330 p4 sq3_2p4 566.3564 283178

p3 sq4_2p3 81.15749 40578.75 p4 sq4_2p4 103.7663 51883.16

p3 sq5_2p3 45.79075 22895.36 p4 sq5_2p4 56.39738 28198.68

p3 sq1_3p3 48.4517 24225.86 p4 sq1_3p4 61.85406 30927.02

p3 sq2_3p3 130.1247 65062.32 p4 sq2_3p4 168.876 84438.01

p3 sq3_3p3 997.8658 498932.7 p4 sq3_3p4 1314.98 657489.6

p3 sq4_3p3 290.9413 145470.8 p4 sq4_3p4 375.0222 187511.1

p3 sq5_3p3 38.09953 19049.75 p4 sq5_3p4 45.11403 22557.02

p3 sq1_4p3 79.59383 39796.9 p4 sq1_4p4 89.98418 44992.09

p3 sq2_4p3 115.0645 57532.23 p4 sq2_4p4 148.7417 74370.84

p3 sq3_4p3 190.5626 95281.33 p4 sq3_4p4 239.6858 119842.9

p3 sq4_4p3 217.078 108539 p4 sq4_4p4 283.5426 141771.3

p3 sq5_4p3 78.37529 39187.65 p4 sq5_4p4 99.92738 49963.7

p3 sq1_5p3 71.21631 35608.16 p4 sq1_5p4 88.51586 44257.96

p3 sq2_5p3 51.79794 25898.96 p4 sq2_5p4 70.57362 35286.78

p3 sq3_5p3 36.14161 18070.8 p4 sq3_5p4 47.27283 23636.42

p3 sq4_5p3 39.23457 19617.29 p4 sq4_5p4 50.41827 25209.14

p3 sq5_5p3 73.00446 36502.26 p4 sq5_5p4 88.87865 44439.29

p3 pt1p3 265.2148 132607.4 p4 pt1p4 265.2148 132607.4

p3 pt2p3 269.3769 134688.5 p4 pt2p4 269.3769 134688.5

p3 pt3p3 302.2846 151142.3 p4 pt3p4 302.2846 151142.3

p3 pt4p3 312.115 156057.5 p4 pt4p4 312.115 156057.5

p3 pt5p3 91.54986 45774.93 p4 pt5p4 91.54986 45774.93

p3 pt6p3 103.5711 51785.57 p4 pt6p4 103.5711 51785.57

p3 pt9p3 26.38951 13194.75 p4 pt9p4 26.38951 13194.75

p3 pt12p3 116.2514 58125.71 p4 pt12p4 116.2514 58125.71

p3 pt15p3 275.1748 137587.4 p4 pt15p4 275.1748 137587.4

p3 pt21p3 0 0 p4 pt21p4 0 0

p3 pt23p3 0.05498 27.492 p4 pt23p4 0.05498 27.492

p3 pt30p3 11.06203 5531.013 p4 pt30p4 11.06203 5531.013

p3 pt37p3 0.00333 1.665 p4 pt37p4 0.00333 1.665

p3 pt63p3 6.29568 3147.84 p4 pt63p4 6.29568 3147.84

p3 pt64p3 13.43842 6719.208 p4 pt64p4 13.43842 6719.208
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Table E.1  50 Random Initial State Variables. 

 

No. sq1_1p0 sq2_1p0 sq3_1p0 sq4_1p0 sq5_1p0 sq1_2p0 sq2_2p0 sq3_2p0 sq4_2p0 sq5_2p0

1 2303.104 1905.028 10533.81 16218.22 2571.76 3343.62 12870.51 12993.28 3761.387 8899.054

2 1298.47 2149.318 11820.63 12490.53 2467.109 1647.891 8697.465 31129.57 15587.39 5006.995

3 2815.874 8060.137 8248.995 746.2565 100.8425 8261.546 2355.258 209.6023 15606.79 8339.509

4 332.9034 9895.315 9372.886 13882.02 458.5998 953.6513 3543.272 34646.42 7949.344 2975.525

5 4406.811 2687.85 6574.846 17670.24 2369.911 12154.88 15796.4 61774.49 6600.32 7499.214

6 1018.746 10015.09 79.81646 15750.04 5638.715 5777.021 15924.8 80608.3 15912.98 4728.248

7 1310.509 11490.44 1991.603 6688.819 1927.762 6439.939 4165.321 114076.5 17786.31 9710.635

8 1626.58 5212.601 7202.364 11351.81 1706.581 11341.13 7520.771 57700.6 17016.3 8888.803

9 4404.433 5424.409 1686.642 15380.88 1288.611 2329.439 10158.8 83027.45 14874.09 4026.118

10 356.7467 9447.687 5070.004 7668.126 3013.478 1659.97 163.9288 56684.29 1930.574 773.5077

11 1068.05 1765.693 13032.77 6891.172 4048.375 356.4133 9396.611 108499 16370.38 2667.021

12 3506.636 9344.151 3966.843 16794.72 103.6649 8519.736 1287.129 72381.04 17323.49 2478.075

13 394.0318 3358.906 1227.905 841.096 2944.135 10536.9 8047.802 33937.82 3551.373 4254.821

14 713.289 7958.497 12657.75 12462.06 4470.831 11730.62 14784.36 87603.29 14833.97 3383.805

15 2763.572 1456.257 5178.053 9750.065 4490.872 9554.054 9490.879 53340 13639.97 6687.081

16 64.61126 8442.08 5397.524 9846.902 278.8801 8228.146 13559.9 50532.14 8987.211 8013.649

17 108.7428 10066.37 9586.215 11854.33 2770.136 10897.54 8872.06 77642.32 11786.87 6775.587

18 1279.297 7997.02 7643.056 4801.306 2444.534 1017.97 3038.379 35665.48 14857.84 8141.991

19 989.7981 517.4843 5588.349 15323.02 2321.802 3269.617 14921.66 3709.056 750.8733 1938.617

20 1968.101 8147.256 8906.452 4921.841 1484.605 7588.351 737.5513 56795.93 2117.099 1186.742

21 1563.083 8143.836 10466.29 18023.19 3426.317 9923.006 5086.173 13809.78 5340.133 4349.663

22 1985.25 10343.65 7069.81 17296.13 5589.621 1398.323 15602.27 44500.58 15437.25 899.3729

23 4366.416 1170.663 4335.411 4852.14 5003.059 6330.91 15287.09 75089.35 14597.39 6920.042

24 4405.439 7097.842 5919.253 3342.709 1394.393 10123.16 15268.74 101851.4 6457.087 713.199

25 227.4708 12587.58 7771.444 8746.619 5110.406 11091.35 9809.535 31451.35 3764.462 7140.44

26 1128.308 7061.337 6100.013 14454.98 2740.597 3924.723 3324.381 76637.07 717.2471 4709.491

27 2975.68 12539.03 4919.77 14797.04 5005.473 10492.35 5237.685 20548.72 6560.157 4150.481

28 4539.396 12141.31 8232.929 14690.49 4923.279 11741.85 9759.789 44394.23 14269.36 5141.856

29 3220.267 11103.82 5902.329 8426.259 1928.202 7230.427 12036.83 16470.62 2660.002 4482.153

30 3794.614 4352.859 2143.931 1223.188 1757.117 6668.777 5237.991 79846.48 5060.096 9927.046

31 2856.662 6759.212 12796.41 17448.44 217.9114 241.3449 9129.294 64414.96 5305.332 4078.492

32 2364.742 803.1501 11026.81 11974.23 4100.702 2274.804 987.8903 71277.13 15400.02 7803.961

33 2100.086 11907.05 5604.685 6661.937 366.1321 10176.79 11267.26 24724.81 15258.02 7491.757

34 3581.546 5421.73 6042.025 1375.42 3787.53 3795.742 5345.386 34395.37 3858.545 4714.349

35 1121.221 4796.074 8561.486 11674.15 5269.293 12596.75 8642.291 30658.15 17127.56 3542.193

36 2118.059 2724.054 4801.768 3133.695 4658.703 1350.697 8538.447 72969.47 908.7851 4052.5

37 4203.899 1418.658 3907.908 3253.278 576.4381 6252.571 5855.161 18490.3 17909.86 1912.983

38 1063.04 11576.94 5764.469 16394.77 5557.903 6320.27 13917.48 1803.445 13437.42 6863.596

39 4430.47 2908.302 5797.66 13361.41 3555.297 4950.619 11790.74 77868.34 16112.31 5995.424

40 1514.197 8032.689 1084.763 3179.366 3525.269 9435.436 2930.258 50137.92 2057.118 3569.298

41 3535.067 5636.342 11782.46 13566.03 5070.017 12122.35 12388.08 11238.12 8681.934 9268.611

42 2096.286 9581.094 10623.01 11869.19 1998.381 8663.857 6326.665 18596.79 9784.592 9672.828

43 3420.887 11444.55 11088.26 3260.785 3679.978 3953.204 8156.651 3409.395 11358.68 8692.264

44 2745.584 10096.45 3032.585 6299.601 3040.181 8061.239 15855.29 41338.12 16216.23 6777.232

45 707.0372 3058.264 5953.159 15862.39 2457.876 11067.37 6225.761 102249.6 15897.81 10139.61

46 3493.346 10050.17 6649.43 5757.188 1621.178 12500.92 8451.116 69649.37 7115.808 3422.907

47 286.6717 10948.87 4602.166 16134.3 2154.283 7061.301 1928.418 82996.87 939.826 3986.964

48 3984.951 10809.39 5060.941 8505.781 1141.015 4354.43 7728.262 71489.98 10945.59 1732.477

49 2408.047 10875.99 9114.138 11819.09 5400.705 12436.69 2196.17 68768.88 14295.24 1158.067

50 1455.595 10003.51 998.5794 14568.48 5328.977 6583.079 15418.21 24752 7249.566 7517.197
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Table E.1  50 Random Initial State Variables (Continued). 

 

No. sq1_3p0 sq2_3p0 sq3_3p0 sq4_3p0 sq5_3p0 sq1_4p0 sq2_4p0 sq3_4p0 sq4_4p0 sq5_4p0

1 5643.982 14054.29 191880.7 28951.16 298.2929 6237.435 16771.14 16434.7 27408.54 8322.58

2 8348.211 12876.66 127797.4 36113.11 5355.412 2609.645 9169.12 25033.01 17399.87 15291.52

3 4673.727 7352.868 45355.94 18779.76 4202.056 15188.89 17818.42 20431.86 15869.49 15349.08

4 5208.221 26491.4 28369.06 52082.42 6509.6 6738.65 15667.06 17379.93 20501.5 482.4838

5 1231.937 3376.223 93416.35 39940.74 4299.435 9495.907 20516.39 35670.85 27685.82 12332.55

6 4122.465 5992.901 190205.6 22434 4443.971 11957.85 12298.5 35580.85 28284.23 17297.99

7 2043.508 9584.958 147028.4 37980.72 2356.824 6673.502 7331.455 10892.53 9681.814 13343.53

8 5461.418 7632.525 7292.63 53074.73 1954.208 2207.672 21491.41 13887.15 25528.89 4972.787

9 5544.363 25491.78 216973.7 48110.29 835.0889 38.31121 9860.45 6279.346 22710.71 9798.807

10 3296.519 631.1727 78332.19 18188.63 4504.379 14190.66 2263.079 33648.61 45477.01 2605.504

11 8617.164 23916.67 73566.27 39498.94 7024.667 7888.44 12456.53 26718.14 17419.15 5968.421

12 7806.413 19857.15 53122.56 2885.165 6304.528 9826.834 24751.67 23439.88 36146.27 2441.568

13 3712.444 2515.445 191929.2 28043.77 2014.329 13174.35 10499.46 18317.99 25882.88 4922.532

14 7703.421 980.9023 5610.182 717.5473 685.3976 4421.116 8451.326 6709.185 17099.31 9449.759

15 796.0234 11232.56 46676.86 9208.104 2475.656 14238.19 4406.93 19209.4 3134.888 11036.66

16 8098.486 1787.68 97590.37 8118.453 8239.519 12347.83 3033.79 10154.83 40711.35 4160.257

17 1471.225 23321.36 106703.3 60213.96 1816.342 7134.176 17050.14 22228.52 7558.667 3182.474

18 4114.919 10988.53 21482.98 16663.06 1440.168 8699.139 24877.92 21135.3 21723.83 6323.913

19 3770.428 8101.693 82053.83 29184.92 4842.631 15289.99 20451.46 782.8976 17972.79 5200.752

20 5853.099 16895 108431.9 41714.92 4258.581 12120.87 25204.04 34844.27 26087.5 9803.999

21 4738.826 21049.1 81256.09 54506 318.2336 14504.04 13178.72 18765.81 20314.87 1645.184

22 7673.62 15091.97 81884.03 60379.14 859.1042 6908.254 10896.02 24932.04 6572.758 6482.867

23 10432.46 25853.16 104925.7 17778.94 6872.775 7969.496 22747.2 28969.34 2706.064 11978.26

24 8734.615 18223.87 217421.6 15486.85 7321.556 12454.69 1123.403 25010.06 37955.05 1931.887

25 9879.181 14164.86 122888.2 35809.01 3465.625 8705.745 24252.14 5918.366 36500.23 3966.295

26 4440.833 14558.16 210086.1 28631.29 4607.571 14339.96 6013.915 10165.52 39760.42 4113.735

27 3108.695 14361.91 95141.03 19841.59 5424.17 1610.298 13616.33 24991.47 43185.06 7817.628

28 8928.812 22660.64 187133 4727.79 7097.427 3219.114 20803.92 22220.46 8331.667 1657.261

29 8059.54 26858.02 170334 36032.33 1587.769 1451.859 11639.65 33325.64 7704.034 3200.363

30 6255.923 27805.4 6408.374 7219.05 8108.355 5620.766 2937.314 17415.6 12114.64 205.4774

31 6750.29 26537.89 68981.68 37482.51 4070.311 4544.541 17849.97 19523.13 12500.88 8522.485

32 2165.589 24779.31 214905.5 58572.47 7283.828 5650.115 2602.688 13943.09 1948.24 11423.3

33 9450.646 8610.203 49870.1 42551.04 7857.61 4382.099 6577.274 6635.13 12279.45 6698.059

34 49.75257 1563.78 17817.45 2364.215 4820.118 6286.588 6024.262 9269.572 37048.52 10840.79

35 5247.653 6462.79 208722.2 15589.11 6005.779 11274.27 9073.133 23269.64 38715.92 854.8479

36 7144.555 19286.55 184517.3 24634.67 8220.16 3957.582 3719.779 14861.98 3450.929 5663.469

37 4526.929 17845.38 71993.84 58848.75 4250.301 7872.901 9388.657 9780.747 8151.469 9170.083

38 8443.704 15815.29 65504.17 15775.73 280.2265 9223.964 12633.15 8317.119 2858.317 2160.182

39 4399.19 11633.94 5230.659 13905.82 8064.162 9612.286 4283.764 16808.79 42939.69 16379.15

40 9542.618 17696.86 142262.3 21248.41 6681.205 7406.113 20242.15 25231.09 22993.36 11925.69

41 2685.252 4399.346 61729.66 17149.56 7539.598 1149.495 19425.38 964.111 15538.69 16892.38

42 7864.82 6823.585 17236.83 6620.14 5286.022 5213.189 8659.732 21346.73 26799.9 16494.46

43 856.1854 20010.94 4594.225 55050.04 4818.291 15836.41 2607.265 15716.31 35939.68 8280.704

44 9826.439 14461.58 202015.7 10953.33 6497.961 559.5501 3939.294 30343.37 24546.57 2724.1

45 10312.35 11525.98 124257 31255.87 7772.29 15176.12 2834.059 1594.781 39449.79 17402.5

46 3517.789 11365.79 152839.8 57003.24 7495.012 8982.481 5880.362 13302.81 23776.58 5765.428

47 6792.6 20116.18 183963.9 12048.88 2215.946 8198.86 14097.41 29567.56 39464.89 12382.59

48 4762.177 5488.892 178474.9 28647.06 691.745 9076.204 9221.186 24361.31 27396.15 119.9348

49 6145.284 8303.971 5895.308 58560.45 3950.521 1736.447 3946.688 8437.975 37737.82 5586.082

50 1475.907 5413.144 205877.7 36342.31 6204.497 14718.91 15029.28 37592.83 9216.563 16036.86
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Table E.1  50 Random Initial State Variables (Continued). 

 

No. sq1_5p0 sq2_5p0 sq3_5p0 sq4_5p0 sq5_5p0 pt1p0 pt2p0 pt3p0 pt4p0 pt5p0

1 10753.93 9680.199 4299.878 6965.297 10788.31 67974.19 108928.2 93771.43 48573.9 8694.366

2 7714.591 10367.28 5879.09 2509.112 4036.628 24561.62 9470.657 114876 103190 24074.42

3 4738.78 2983.286 7036.06 7619.274 14039.74 122372.9 85458.26 72085.32 4589.293 22209.9

4 4608.514 836.717 3786.921 4797.194 244.0879 9923.896 132308.7 28650.01 50897.2 25440.38

5 6887.047 8117.688 7689.992 4771.308 8996.192 40649.36 110762.7 24891.88 122867.5 25040.25

6 8204.988 5536.173 2686.445 6022.832 10578.33 108951.6 107877.5 99568.15 144907.3 29719.88

7 15365.79 4601.474 6803.35 3298.36 7291.144 91962.46 13674.87 139276 124533.5 13898.85

8 12420.68 2069.296 168.2014 4680.113 3608.229 108420.2 12833.53 141160.3 114433.8 16799.52

9 1018.63 2798.974 8092.166 6697.848 11793.1 127067.4 31066.9 116919.6 78934.69 18183.54

10 278.6896 666.024 3159.134 1732.392 5077.38 119649.3 120561.3 144217.2 150390.4 4627.178

11 9677.667 3137.904 4267.715 7700.099 13125.33 10123.59 67842.1 58838.63 83935.52 7607.376

12 10434.54 11273.78 2855.966 3406.228 8139.563 107429.9 27466.99 115702.5 81647.67 18972.57

13 10307.78 2415.886 6432.922 3055.273 7826.033 47440.17 33285.74 22895.05 28802.42 28890

14 2833.908 6813.721 2076.051 3816.308 612.6833 105257 108994 27214.31 77566.34 11000.5

15 9468.586 3343.329 7785.389 2698.669 6524.525 19463.44 86867.75 115080.7 108184.3 19486.65

16 2971.733 8401.855 6009.665 5742.044 8599.294 116034.1 39779.23 109840.4 51103.8 24892.4

17 929.2167 7620.534 6558.336 4526.513 4810.063 14809.47 67521.32 18722.38 89656.84 14029.15

18 5803.819 12753.25 499.0008 222.7946 8321.058 39594.49 77899.46 70385.27 88076.55 7029.85

19 2850.917 12787.01 7495.597 8007.464 10628.86 778.2013 3227.617 93871.33 94884.94 29975.2

20 12893.74 3824.713 4227.454 7307.604 14837.24 58139.96 23405 50832.54 31731.27 8577.711

21 3821.522 2472.805 7976.372 6539.761 10065.3 14525.1 93527.55 126943 127402.9 10949.55

22 10670.99 11675.15 4506.814 1405.477 13170.22 4923.766 9931.233 45698.73 71058.63 25014.85

23 4174.235 9984.541 4376.33 7045.066 12009.21 118674.5 80350.52 123032.2 148762.7 8384.286

24 133.5584 7684.188 3636.506 3177.456 13227.17 131657 111518.2 85843.7 97425.94 3162.899

25 3465.76 4601.685 3970.707 908.7155 11576.08 128985.1 58786.63 127650.9 32288.66 8341.041

26 13463.62 10170.47 1804.897 4291.511 7596.712 38040.92 11785.02 10682.43 144460 9823.539

27 14370.41 5176.695 6806.425 1388.253 13108.36 96527.23 21502.97 44970.17 59225.08 5344.732

28 7391.234 5766.42 1815.373 5211.375 10491.55 85435.88 114707.4 46873.13 107262.6 23253.19

29 14520.21 12030.34 5359.209 967.008 6459.779 109865.4 5834.848 665.2215 125688.8 3201.836

30 12314.21 4632.302 2136.111 6646.701 894.4529 23771.03 115159.7 92355.46 89602.9 23053.15

31 14680.19 12611.84 6315.725 4707.761 5453.126 98046.53 119735 151037.8 68243.14 7844.594

32 2175.716 900.527 1266.145 5091.403 12455.21 73433.79 55717.06 131082.6 154646.4 41994.13

33 8190.327 6533.744 235.8889 6687.887 4249.762 119182.7 30940.23 51377.72 132157 42204.9

34 14013.21 11292.49 3605.779 308.1139 9028.849 108770.1 1530.732 114324.3 85577.83 2827.223

35 5407.587 11443.97 2265.602 7558.152 10342.2 112594.4 23136.78 49533.55 38733.41 17131.76

36 9711.802 599.0831 1461.133 3918.702 7593.668 1088.573 119778 100326.2 52726.18 31157.63

37 7896.096 1112.736 8357.303 6139.975 14207.2 126737.4 108731.8 58627.88 20100.28 5602.257

38 12325.82 8016.56 7662.091 2441.2 10611.29 32840.73 68367.18 60879.26 76767.82 2171.29

39 7286.205 9064.668 6310.934 6886.687 5066.295 27287.96 15718.78 106368.5 48657.71 14289.02

40 4179.078 6944.877 8125.675 4190.094 10665.14 15781.78 16210.9 67497.85 114749.5 1105.943

41 6354.809 6481.395 2926.645 2639.645 2271.763 128654.7 116651.9 111407 43395.62 10883.82

42 9754.228 12068.53 5405.459 7829.975 5296.603 72808.18 14424.7 80153.69 148657.7 1483.857

43 524.8434 11157.74 3337.603 954.9522 5772.279 47739.18 18411.83 11555.48 50844.23 28639.31

44 7108.869 4001.925 2274.558 2752.83 1490.238 100464.2 40691.36 133321.6 64940.14 26629.31

45 7826.865 12122.21 2578.023 3307.331 14029.36 1768.579 86956.53 150624.6 51046.91 23908.82

46 14642.79 748.6616 7725.88 3732.756 3442.065 82921.61 92966.4 18123.23 80799.81 3702.155

47 12785.02 10981.73 8116.531 7246.074 12197.04 1549.977 104345.4 108307.7 152106 11706.52

48 4382.82 3914.153 3492.514 561.439 11674.78 19604.07 70424.54 126541 121226.4 23469.49

49 8577.911 1996.311 5314.238 3946.156 6263.416 31301.1 113281.7 79425.94 91872.12 42990.47

50 3441.339 4167.098 1731.707 1996.16 6838.047 75346.64 45994.41 124794.8 125643.3 9783.211
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Table E.1  50 Random Initial State Variables (Continued). 

 

No. pt6p0 pt9p0 pt12p0 pt15p0 pt21p0 pt23p0 pt30p0 pt37p0 pt63p0 pt64p0

1 2321.697 11175.83 22379.47 14527.56 0 11.80048 1592.017 0 2672.793 6340.916

2 24246.88 5190.169 434.6988 53184.51 0 15.93264 4884.721 0 2646.28 1650.671

3 4117.402 5614.011 28811.77 69196.81 0 25.61931 4734.274 0 1593.405 1021.219

4 30518.92 1864.429 1859.116 136303.4 0 10.76404 5253.12 0 1173.358 4087.721

5 11252.78 9446.253 17327.75 94078.56 0 18.26366 5023.193 0 410.0982 29.89597

6 28522.15 5613.464 12267.98 51042.78 0 1.617375 3441.224 0 1579.58 1778.432

7 17457.03 2205.44 24204.87 108673.1 0 13.03407 3215.247 0 2089.985 6367.115

8 36827.79 3728.106 50725.11 34731.76 0 21.3906 4172.067 0 3147.212 1836.677

9 28336.44 7641.663 21138.28 37702.2 0 2.72095 690.3987 0 360.6066 4350.561

10 25273.69 9325.438 20793.16 38720.74 0 21.86879 4820.461 0 2530.859 1233.321

11 20099.29 10527.05 32399.05 100489.6 0 27.19422 2494.688 0 72.28366 5318.197

12 19527.3 1584.341 4502.518 43474.36 0 7.038821 1603.122 0 1078.267 1533.957

13 6118.014 10640.45 12773.1 98282.6 0 0.340886 946.1628 0 62.02184 807.29

14 35646.08 5117.973 32020.55 129476.3 0 26.47956 5368.18 0 680.3802 2354.739

15 4857.957 8183.181 53176.8 50493.28 0 24.26207 5404.345 0 3049.169 622.4321

16 32184.69 7726.049 16388.44 40590.21 0 18.65489 3693.222 0 2593.685 4663.597

17 38141.31 9715.492 56766.13 129827.5 0 7.743101 5340.098 0 703.138 5565.534

18 13311.34 5537.844 33230.11 42742.21 0 21.37954 1132.537 0 2217.719 6290.915

19 48431.09 2544.738 47627.35 7767.482 0 5.98791 4183.525 0 1435.886 868.5813

20 33540.51 12924.58 46300.12 56401.95 0 16.41565 2990.666 0 2154.929 5043.223

21 20455.04 7040.994 45191.81 28831.96 0 22.80377 1519.368 0 2168.647 2494.518

22 34714.58 1476.608 31651.52 80965.65 0 9.924166 2299.975 0 2469.417 1217.274

23 9312.862 13057.16 25144.19 127262 0 10.39249 4865.112 0 1790.02 1358.529

24 28957.64 7249.909 42757.51 135442 0 8.845321 4195.519 0 2137.484 6037.467

25 30437.28 2576.659 7597.993 97337.67 0 1.231549 20.95208 0 1719.435 1696.593

26 12546.74 9418.413 49886.9 27472.7 0 16.89032 133.1022 0 1999.088 1771.181

27 38558.26 4065.189 19194.85 113041.4 0 16.00493 5104.93 0 209.8166 5775.544

28 19829.67 12142.94 31889.24 66129.04 0 17.71054 3096.172 0 1413.585 3716.636

29 10611.77 3573.316 14035.27 8263.63 0 9.124784 4847.861 0 2783.679 1233.325

30 26555.72 11893.47 23388.6 136078.5 0 25.59504 3620.563 0 1405.735 898.6151

31 10787.34 2788.457 7974.33 123339.2 0 27.48705 679.916 0 1862.449 5200.296

32 14877.32 8235.126 37052.38 30284.44 0 24.25995 4038.388 0 2096.853 5634.473

33 28355.74 13128.76 31375.98 9326.281 0 16.68041 3866.093 0 1918.274 334.8915

34 31724.93 4708.299 3835.367 51118.61 0 0.142526 5484.474 0 2050.426 2743.361

35 16900.45 5854.366 35554.5 106040.3 0 19.11486 1750.656 0 2114.979 3296.39

36 34117.63 3839.634 56477.07 47610.89 0 24.04839 3750.102 0 196.5228 340.3505

37 31401.61 2565.405 47700.59 132668.8 0 12.46075 5013.052 0 3090.708 1442.016

38 13038.68 5142.689 48440.2 45150.36 0 10.65963 2926.758 0 939.806 3923.917

39 25360.52 2130.384 21095.32 109093.5 0 11.93237 2051.534 0 1740.617 1364.339

40 32314.99 7075.293 33199.17 86884.36 0 15.06274 2428.773 0 2646.359 6464.854

41 19647.85 3547.114 17724.13 78201.46 0 8.170834 249.8784 0 392.4326 2293.215

42 15518.93 5657.801 54984.14 118672.1 0 12.98342 582.0042 0 2112.765 3159.412

43 12503.63 4324.469 15566.61 133950.7 0 11.2025 0.768605 0 2513.773 354.2542

44 14025.68 10979.53 51425.11 57178 0 24.95184 5440.096 0 20.25831 5570.335

45 8832.287 9367.267 47156.26 28121.44 0 18.76357 928.5287 0 1281.763 109.4371

46 44263.96 2227.692 3024.46 32570.28 0 22.66903 3605.315 0 2748.479 500.4277

47 47465.65 7941.049 49019.94 54511.63 0 20.86106 2594.611 0 3069.692 2092.36

48 50094.26 9676.154 2530.212 5145.713 0 13.0754 1843.223 0 3027.909 6323.843

49 9279.933 8079.044 31215.92 39096.73 0 17.04868 2659.494 0 865.7515 5914.812

50 26317.49 9382.636 33608.3 16335.12 0 5.595035 3958.344 0 2412.214 6707.238
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Table E.1  50 Random Initial State Variables (Continued). 

No. cyM3p0 skM3p0 tkM3p0 ykM3p0

1 0.020669 0.019924 0.02196 0.036292

2 0.019883 0.020692 0.021377 0.03627

3 0.019883 0.021818 0.022158 0.036299

4 0.02035 0.021946 0.020196 0.036295

5 0.020447 0.021046 0.021066 0.036326

6 0.01987 0.019763 0.022692 0.036303

7 0.019794 0.020205 0.02132 0.03632

8 0.019825 0.022146 0.020084 0.036293

9 0.019912 0.019417 0.020923 0.036292

10 0.020947 0.021252 0.022279 0.03631

11 0.019851 0.02115 0.021039 0.036268

12 0.019813 0.021522 0.023702 0.036275

13 0.020701 0.01987 0.022044 0.036307

14 0.019914 0.022075 0.023503 0.036276

15 0.019963 0.02166 0.022891 0.036329

16 0.020274 0.021024 0.023505 0.036272

17 0.020073 0.020831 0.019936 0.036324

18 0.019913 0.022029 0.022217 0.036303

19 0.021124 0.021346 0.021656 0.036306

20 0.020918 0.020871 0.021004 0.03629

21 0.020538 0.02133 0.020197 0.036299

22 0.01989 0.021239 0.019861 0.036276

23 0.019924 0.020859 0.022432 0.036254

24 0.020457 0.019356 0.023773 0.036267

25 0.020668 0.020755 0.021382 0.036258

26 0.021132 0.019525 0.022147 0.036301

27 0.020449 0.021136 0.022228 0.036311

28 0.019937 0.019902 0.025004 0.036266

29 0.020835 0.02019 0.021494 0.036273

30 0.020558 0.022091 0.022739 0.036287

31 0.02054 0.021348 0.021143 0.036283

32 0.019891 0.019476 0.020315 0.036319

33 0.019897 0.021699 0.020801 0.036262

34 0.020656 0.022081 0.023424 0.036335

35 0.019821 0.019663 0.023679 0.036295

36 0.021103 0.01986 0.022379 0.03628

37 0.019789 0.021434 0.019923 0.0363

38 0.019971 0.021559 0.022385 0.03627

39 0.019862 0.02211 0.022333 0.036301

40 0.020928 0.02046 0.022375 0.036261

41 0.020296 0.021584 0.022295 0.036315

42 0.020216 0.02213 0.022913 0.036274

43 0.020103 0.02233 0.019963 0.036329

44 0.019858 0.019721 0.024165 0.036259

45 0.019871 0.020531 0.021648 0.036255

46 0.02041 0.02027 0.020242 0.036308

47 0.021099 0.019838 0.023862 0.036283

48 0.020133 0.019939 0.021941 0.036298

49 0.019936 0.022131 0.019765 0.036288

50 0.0204 0.019716 0.021571 0.036324
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Table F.1 Solution of 50 Hypothetical Scenarios for Low-VIF Model (Stage-1). 

 

sq1_2p1 sq1_3p1 sq1_4p1 sq2_3p1 sq3_1p1 sq3_3p1 sq4_2p1 sq4_3p1 sq4_4p1 pt4p1

1 16224.96 0 45991.14 69954.95 20438.63 613487.5 26649.46 95389.34 0 91071.41

2 34150.39 0 45991.14 23428.79 12794.11 0 732.925 28430.87 67762.48 26800.85

3 12571.69 0 6698.946 23636.43 36326.04 45988.22 10866.42 63696.26 68102.32 21515.8

4 22485.12 24961.81 0 44916.06 26880.05 517724.2 50196.21 111085.3 35197.29 62372.13

5 23041.8 22500.85 5246.769 44879.84 27507.12 501264.6 49930.39 110706.5 35178.47 62186.57

6 32930.56 15013.98 38468.04 5848.532 0 0 0 27169.14 23247.54 51405.18

7 30988.54 0 42465.36 17445.72 12320.88 6095.139 696.8622 24713.06 54169.95 62325.15

8 12571.69 0 6698.946 23636.43 36326.04 45988.22 10866.42 63696.26 68102.32 21515.8

9 34150.39 0 45991.14 22095.57 9386.804 0 0 26100.06 65580.94 42958.42

10 908.7837 27281.25 44127.26 13246.3 1551.059 568271.7 22231.03 159363.3 50012.25 91861.22

11 34150.39 0 45991.14 23043.41 0 0 0 0 67128.8 50942.47

12 34150.39 0 45991.14 22994.79 656.4513 0 0 16835.31 67046.24 44209.22

13 23125.46 13581.91 4118.88 44834.25 28144.26 493733 50051.6 109864.9 35154.84 61910.82

14 12571.69 0 6698.946 23636.43 36326.04 45988.22 10866.42 63696.26 68102.32 21515.8

15 12571.69 0 6698.946 23636.43 36326.04 45988.22 10866.42 63696.26 68102.32 21515.8

16 34150.39 0 0 0 0 0 0 0 0 0

17 34150.39 0 45991.14 23394.62 1023.362 0 0 22843.86 67706.57 29495.96

18 13264.52 0 11368.98 23634.13 36091.36 44001.12 9385.634 63290.74 68098.61 21568.39

19 34150.39 29842.92 45991.14 81971.11 38938.39 636025.6 50196.21 181729.7 137092.9 155745.4

20 34150.39 29842.92 45991.14 81966.59 37346.32 635917.9 46830.24 177884.1 137088.3 155745.4

21 21694.12 22383.15 24072.31 44955.81 27340.17 524043 46588.27 111606.3 35217.89 62310.64

22 27305.09 0 36229.96 23520.86 21100.78 14115.56 2279.753 43908.48 67913.44 25473.89

23 34150.39 0 45991.14 5988.491 31306.54 9994.779 16.14527 0 18230.47 28561.02

24 26256.01 26555.75 45991.14 75195.76 1663.933 636025.6 44756.91 76283.32 18391.74 122066.1

25 34150.39 29842.92 45991.14 81966.92 37296.62 636025.6 47096.57 176866.2 137088.6 155745.4

26 34150.39 29842.92 45991.14 81967.25 37378.78 636025.6 47307.56 176412.6 137089 155745.4

27 124.2144 0 45831.74 13118.25 30.78396 556235.6 2062.923 148127 49596.3 103856.9

28 34150.39 0 45991.14 23428.62 4634.448 0 0 26799.12 67761.93 28681.96

29 34150.39 1353.338 45991.14 34528.73 0 563124.2 0 50420.89 20797.45 129910.2

30 0 24988.61 0 13532.46 4367.537 567531.8 43383.45 162576.5 50943.19 82011.49

31 34150.39 29842.92 13979.14 25150.59 7292.442 566054.5 2525.251 170402.6 70491.42 26940.67

32 34150.39 0 45991.14 23244.07 0 0 0 40.42485 67458.07 35172.86

33 13312.56 0 11256.31 23634.04 36037.05 44148.33 8790.824 63262.7 68098.48 21580.88

34 24605.94 0 35376.36 12869.63 28828.96 576128.9 6726.895 126054.9 48771.82 72923.64

35 34150.39 0 45991.14 23052.77 12217.45 0 0 21017.1 67144.05 33859.33

36 34150.39 29842.92 45991.14 81675.67 8778.734 636025.6 0 69779.84 136797.4 155311.2

37 34150.39 0 45991.14 23181.97 12592.55 0 0 28026.25 67356.42 38891.56

38 16464.9 0 30288.12 23623.86 34695.16 36291.7 0 61417.54 68081.86 21883.79

39 34150.39 0 38279.56 15932.29 0 0 12613.93 0 21630.04 62500.87

40 3771.155 0 17888.2 12836.94 1341.463 566068.5 40410.11 135623 48675.38 93816.46

41 34150.39 29842.92 0 0 0 18802.27 0 0 0 155745.4

42 18158.02 0 45991.14 23618.6 34544.44 27554.31 134.5439 60426.95 68073.34 21915

43 34150.39 0 0 0 0 39.51261 50196.21 0 0 155745.4

44 34150.39 0 45991.14 23428.38 13039.72 0 0 28348.2 67762.89 26751.06

45 30183.99 0 41018.43 23397.82 16006.84 7510.583 1348.306 28186.86 67712.06 27463.78

46 34150.39 0 45991.14 0 0 74640.6 0 0 0 155745.4

47 34150.39 29842.92 45991.14 81922.4 19227.88 636025.6 0 139299.6 137044.2 155745.4

48 34150.39 0 45991.14 22463.94 0 0 0 0 66155.96 43682.05

49 12571.69 0 6698.946 23636.43 36326.04 45988.22 10866.42 63696.26 68102.32 21515.8

50 34150.39 0 8297.991 0 0 65.00462 40490.94 0 0 118588.4

Scenario 

No.

Emission Reduction (gm‐mol)
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Table F.1 Solution of 50 Hypothetical Scenarios for Low-VIF Model (Stage-1) (Continued). 

 

pt5p1 sq2_4p1 sq3_4p1 sq3_2p1 sq3_5p1 sq5_4p1 pt6p1

1 0 0 6617.911 71.20754 22570.16 27217.08 39665.83

2 12543.52 0 7132.786 49088.49 11852.79 30405.72 31945.22

3 12741.22 66614.84 7146.73 55653.66 19097.95 23651.24 32572.81

4 24618.76 55834.7 95846.87 135209.9 0 39837.54 20149.3

5 24582.56 57896.37 95810.67 130982.7 2175.555 29927.78 20173.28

6 3943.876 0 6609.826 90733.86 22570.16 48686.78 5602.318

7 9177.69 8840.272 6416.836 71230.44 1584.502 40203.43 23340.79

8 12741.22 66614.84 7146.73 55653.66 19097.95 23651.24 32572.81

9 11273.36 0 7043.38 19043.05 0 33065.15 28067.73

10 28531.06 69551.19 108594.4 74413.53 3802.145 0 23840.42

11 12177.87 0 7106.773 105510.8 0 0 31598.93

12 12132.97 0 7103.492 137147.9 22570.16 11987.05 31516.34

13 24536.92 56187.29 95765.08 146049.1 0 39016.65 20133.3

14 12741.22 66614.84 7146.73 55653.66 19097.95 23651.24 32572.81

15 12741.22 66614.84 7146.73 55653.66 19097.95 23651.24 32572.81

16 0 0 0 16172.39 22570.16 48686.78 0

17 12510.93 0 7130.443 61584.03 5089.752 34029.18 31806.18

18 12739.07 65274.51 7146.496 56170.88 22570.16 24938.75 32566.13

19 45683.38 72658.77 116942.4 275446.2 22570.16 48686.78 51682

20 45678.85 72658.77 116937.9 265679.2 22570.16 48686.78 51677.44

21 24658.5 51644.08 95886.71 129173.8 683.0074 34515.76 20223.92

22 12631.04 20952.37 7138.997 83616.41 3846.72 29044.3 32211.97

23 1725.578 0 17152.93 26805.22 22570.16 36097.35 0

24 41385.76 19221.67 23723.5 258360.3 8502.143 48686.78 12709.27

25 45679.17 72658.77 116938.2 266060.1 22570.16 48686.78 51673.61

26 45679.49 72658.77 116938.6 266218.5 22570.16 48686.78 51674.23

27 28038.2 1351.832 108101.6 69843.55 22570.16 0 22983.26

28 12543.48 0 7132.786 61940.9 4177.809 34644.06 32232.32

29 40697.71 0 24953.03 0 22570.16 0 38675.59

30 29636.52 69747.11 109700 170208.4 22570.16 48686.78 25483.47

31 13517.98 0 9739.618 117463.2 22526.76 31790.86 32705.59

32 12368.57 0 7120.248 67149.81 0 15382.53 31928.24

33 12738.98 65359.7 7146.496 57226.57 20551.96 13033.96 32565.77

34 27038.29 837.6144 107101.7 212619.6 0 16871.73 22534.65

35 12186.8 0 7107.476 64712.75 1728.901 32574.48 30725.26

36 45387.9 72658.77 116646.9 271756.1 22570.16 12279.17 51091.02

37 12309.43 0 7116.147 106010.1 0 48686.78 31123.59

38 12729.23 65213.87 7145.793 59545.23 15188.27 21546 32552.31

39 0 0 18688.76 45976.33 22570.16 48686.78 0

40 26936.17 72658.77 106999.6 177945.1 2978.175 8739.326 22888.65

41 0 0 0 0 0 0 0

42 12724.24 59394.54 7145.441 63437.63 21378.74 36063.49 32519.78

43 0 0 0 0 22570.16 48686.78 0

44 12542.65 0 7132.786 64347.6 0 27458.61 31960.4

45 12513.95 11577.93 7130.677 80020.99 2790.92 33603.25 31803.64

46 0 72658.77 0 0 0 48686.78 0

47 45634.72 72658.77 116893.8 235550.1 22570.16 37336.08 51633.32

48 11637.96 0 7067.167 87347.36 2628.067 14420.46 30624.74

49 12741.22 66614.84 7146.73 55653.66 19097.95 23651.24 32572.81

50 0 59861.14 0 35270.36 22570.16 39273.35 0

Scenario 

No.

Emission Reduction (gm‐mol)
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Table F.2 Solution of 50 Hypothetical Scenarios for Low-VIF Model (Stage-2). 

 

sq1_3p2 sq1_4p2 sq3_2p2 sq3_3p2 sq4_2p2 sq4_3p2 sq2_4p2 sq3_4p2 pt5p2

1 451.6904 0 222650.1 324116.1 0 127948.1 29122.88 43136.5 5919.889

2 11788.11 38690 204039 483529.8 38962.87 120729.6 47787.44 46052.52 6165.654

3 11792.97 17657.49 183311.5 463418.1 23749.66 109304.3 31992.56 46057.37 6166.524

4 5640.689 27174.07 222650.1 162605.5 39352.89 130921.6 37688.67 68398.37 17113.14

5 20966.45 1637.347 152317.2 400913.7 38018.28 86658.38 14058.11 36486.1 24395.15

6 23306.12 38690 222650.1 486464.7 39352.89 141864.6 55934.29 93096.06 45683.38

7 11788.56 35804.96 201944.1 477032.3 39352.89 121713.1 45987.57 46052.98 6155.95

8 11798.29 5612.92 174609.2 450126.1 2755.924 100458.3 19758.48 46062.68 6167.439

9 23306.12 38690 222650.1 486464.7 39352.89 141864.6 55934.29 93096.06 45683.38

10 20966.45 1637.347 152317.2 400913.7 38018.28 86658.38 14058.11 36486.1 24395.15

11 11792.97 21007.2 188492.3 468507.9 22680.71 111052.1 34383.56 46057.37 6161.168

12 11792.97 19572.8 186997.5 468092.6 22654.57 111058.4 34383.56 46057.37 6161.168

13 20966.45 1637.347 152317.2 400913.7 38018.28 86658.38 14058.11 36486.1 24395.15

14 11792.97 16750.41 182363.8 463319.1 24262.87 109304.3 31992.56 46057.37 6161.168

15 11792.97 17466.13 182932.9 463031.1 23432.28 109304.3 31992.56 46057.37 6166.524

16 23306.12 38690 222650.1 486464.7 39352.89 141864.6 55934.29 93096.06 45683.38

17 11792.97 22195.42 189180.1 467566.2 21204.54 111040.3 34383.56 46057.37 6161.168

18 11792.97 17271.13 182967.3 463412.7 24299.78 109378.9 32095.86 46057.37 6166.524

19 18191.9 38690 59014.99 147769.8 39352.89 141864.6 55934.29 25530.99 41894.04

20 20966.45 1637.347 152317.2 400913.7 38018.28 86658.38 14058.11 36486.1 24395.15

21 14873.58 23270.33 108719.3 383064.2 21932.25 127958 55934.29 23637.73 35254.02

22 11792.97 20097.09 186754.4 463467.3 22034.11 110502.7 33649.69 46057.37 6166.524

23 23306.12 38690 222650.1 486464.7 39352.89 141864.6 55934.29 93096.06 45683.38

24 294.3858 0 222650.1 394296.2 62.2233 15132.03 3937.258 10905.77 1820.332

25 20966.45 1637.347 152317.2 400913.7 38018.28 86658.38 14058.11 36486.1 24395.15

26 77.60145 0 222650.1 400287.8 0 7864.53 718.9069 11389.25 5697.651

27 20966.45 1637.347 152317.2 400913.7 38018.28 86658.38 14058.11 36486.1 24395.15

28 8482.192 38690 222650.1 463602.3 39352.89 139548.1 55934.29 32537.73 22478.24

29 20966.45 1637.347 152317.2 400913.7 38018.28 86658.38 14058.11 36486.1 24395.15

30 5639.732 35325.87 173786.7 158399.3 39352.89 125720.5 20443.65 68396.41 17111.4

31 5398.38 0 109623.9 424759.3 0 54381.19 25581.64 29548.21 15559.86

32 23306.12 38690 222650.1 486464.7 39352.89 141864.6 55934.29 93096.06 45683.38

33 11792.97 18002.37 183827.3 463684.7 21865.69 109373.5 32088.23 46057.37 6166.524

34 23210.28 0 162531.5 154704.1 20078.65 141853.4 55923.13 93000.26 45491.72

35 23306.12 38690 222650.1 486464.7 39352.89 141864.6 55934.29 93096.06 45683.38

36 20966.45 1637.347 152317.2 400913.7 38018.28 86658.38 14058.11 36486.1 24395.15

37 11792.97 20107.72 186853.4 467043.2 21982.14 111098.9 34383.56 46057.37 6161.168

38 8492.046 38690 222650.1 438595.2 39352.89 130109.3 55934.29 32547.06 22499.93

39 23306.12 38690 222650.1 486464.7 39352.89 141864.6 55934.29 93096.06 45683.38

40 20966.45 1637.347 152317.2 400913.7 38018.28 86658.38 14058.11 36486.1 24395.15

41 23306.12 38690 222650.1 486464.7 39352.89 141864.6 55934.29 93096.06 45683.38

42 11792.97 17987.21 183842.5 463064.2 24877.14 109997.4 32950.96 46057.37 6166.524

43 11793.69 19012.61 185141.1 464620.1 16965.04 141864.6 32417.06 46058.11 6166.615

44 23306.12 38690 222650.1 486464.7 39352.89 141864.6 55934.29 93096.06 45683.38

45 11789.23 33666.78 200353.6 475966.7 39352.89 118007.3 44012.33 46053.63 6156.774

46 23306.12 38690 222650.1 486464.7 39352.89 141864.6 55934.29 93096.06 45683.38

47 20966.45 1637.347 152317.2 400913.7 38018.28 86658.38 14058.11 36486.1 24395.15

48 11788.02 38690 207468.2 485213.5 39260.46 121143.4 47993.41 46052.42 6155.355

49 11792.97 17166.07 183121.2 464014.2 21786.71 109304.3 31992.56 46057.37 6166.524

50 23306.12 38690 222650.1 486464.7 39352.89 141864.6 55934.29 93096.06 45683.38

Scenario 

No.

Emission Reduction (gm‐mol)
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Table F.3 Solution of 50 Hypothetical Scenarios for Low-VIF Model (Stage-3). 

 

sq1_3p3 sq3_2p3 sq3_3p3 sq4_2p3 sq4_3p3 sq1_4p3 pt3p3 pt4p3 pt6p3

1 12063.85 209497.1 403360.6 40497.59 79937.22 19833.78 75395.22 77847.88 51682

2 0 201821.3 497934.8 40497.59 145179.9 2842.931 10797 15323.29 51682

3 2.882877 210800.6 497934.8 40497.59 145179.9 3.422533 0 2302.941 51682

4 12052.24 128651 497934.8 40497.59 145179.9 19822.2 75383.58 77836.18 51682

5 12070.17 201521 342956.9 40497.59 78368.47 19840.11 75401.42 77854.12 51682

6 12042.7 161654.4 497934.8 40497.59 145179.9 19812.65 75374.06 77826.66 51682

7 12043.18 186033.9 497934.8 40497.59 145179.9 19813.13 75374.51 77827.12 51682

8 0 226875.3 497934.8 40497.59 145179.9 0 0 0 51682

9 3421.418 196184.4 497934.8 40497.59 145179.9 2960.491 21345.83 26245.91 51682

10 12067.29 214732.1 352667.6 40497.59 79087.82 19837.24 75398.55 77851.31 48254.26

11 912.4186 209042.7 497934.8 40497.59 145179.9 1498.871 5692.472 10591 51682

12 11505.22 210665.8 497934.8 40497.59 145179.9 0 46984.85 49414.2 51682

13 12070.15 196303.5 352067.4 40497.59 78258.93 19840.11 75401.42 77854.12 51682

14 12043.26 226875.3 497934.8 40497.59 145179.9 19813.21 75374.51 77827.28 51682

15 10.65938 212955.5 497934.8 40497.59 145179.9 219.6789 0 2141.109 51682

16 12043.14 170185.8 497934.8 40497.59 145179.9 19813.09 75374.36 77827.12 51682

17 1322.538 210545.8 497934.8 40497.59 145179.9 2172.592 8251.16 12590.25 51682

18 0 212992.5 497934.8 40497.59 145179.9 0 0 0 51682

19 24177.41 226875.3 497934.8 40497.59 145179.9 39717.31 150840 155745.4 51682

20 12084.73 128724.2 274823.6 40497.59 74108.35 19854.67 75416.08 77868.79 28292.89

21 12067.31 226875.3 353855 40497.59 80001.52 19837.28 75398.55 77851.31 51682

22 0 193688.1 497934.8 40497.59 145179.9 0 0 4730.103 51682

23 12043.01 165437.1 497934.8 40497.59 143478.6 19812.97 75374.36 77826.97 51682

24 12056.85 119604.9 420360.8 40497.59 78022.54 19826.78 75388.12 77840.86 51682

25 12084.63 128378 276235.1 40497.59 74114.61 19854.59 75415.93 77868.64 28819.08

26 12060.19 119689.5 365907.8 40497.59 77135.89 19830.12 75391.44 77844.13 51682

27 12066.61 223068.2 357524.2 40497.59 79361.45 19836.57 75397.94 77850.53 51682

28 0 206603.4 497934.8 40497.59 145179.9 55.59627 0 2167.171 51682

29 100.1013 209795.8 497934.8 40497.59 145179.9 0 0 1184.32 203.1548

30 24177.41 226875.3 497934.8 40497.59 145179.9 39717.31 150840 155745.4 51682

31 12044.44 226875.3 430352.4 40497.59 85970.04 19814.4 75375.72 77828.37 28336.7

32 12044.37 162781.9 497934.8 40497.59 145179.9 19814.32 75375.72 77828.37 51682

33 163.3792 212458.3 497934.8 40497.59 145179.9 656.9672 2127.63 4257.561 51682

34 12034.85 202178.9 497934.8 11856.87 145179.9 19804.81 75366.2 77818.85 51682

35 12044.3 158429 497934.8 40497.59 145179.9 19814.24 75375.57 77828.22 51682

36 12067.97 150639.8 357627.5 40497.59 78878.2 19837.92 75399.3 77851.94 46067.67

37 94.96537 210029.5 497934.8 40497.59 145179.9 0 0 2092.731 51682

38 4.869398 207004 497934.8 40497.59 145179.9 73.78345 0 2186.522 51682

39 12048.95 167390.8 497934.8 40497.59 145179.9 19818.9 75380.26 77832.9 51682

40 12072.06 180618.7 330269.5 40497.59 77448.36 19842.02 75403.38 77855.99 51682

41 12042.84 171174.5 497934.8 40497.59 145179.9 19812.77 75374.21 77826.81 51682

42 2226.575 202817 497934.8 40497.59 145179.9 3657.693 13891.34 16968.76 51682

43 0 214716.1 497934.8 40497.59 145179.9 0 76760.19 81665.67 51682

44 12044.35 162608.2 497934.8 40497.59 145179.9 19814.28 75375.57 77828.37 51682

45 12043.3 187344.5 497934.8 40497.59 145179.9 19813.24 75374.67 77827.28 51682

46 12042.19 167903.4 497934.8 40497.59 128592.3 19812.13 75373.46 77826.19 51682

47 12070.7 160715.3 345792.8 40497.59 78459.82 19840.66 75402.02 77854.75 43976.25

48 0 207692.1 497934.8 40497.59 145179.9 0 0 2735.376 51682

49 12043.35 226875.3 497934.8 40497.59 145179.9 19813.32 75374.67 77827.28 51682

50 12044.15 158841.2 497934.8 40497.59 145179.9 19814.12 75375.42 77828.22 51682

Scenario 

No.

Emission Reduction (gm‐mol)
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Table F.4 Solution of 50 Hypothetical Scenarios for Low-VIF Model (Stage-4). 

 

sq1_3p4 sq1_4p4 sq3_3p4

1 0 4.31924064 656174.6208

2 0 0 563811.7968

3 0 0 477418.9783

4 0 0 225499.8656

5 0 0 528514.4676

6 0 0 406142.5032

7 0 0 558761.6192

8 0 0 506741.042

9 0 0 409621.9382

10 0 0 454525.1904

11 0 0 592445.4689

12 0 0 589422.3317

13 0 0 535253.0785

14 0 0 472927.6669

15 0 0 477962.7222

16 0 0 407498.9043

17 0 0 598128.809

18 0 0 476201.3076

19 0 0 224407.1179

20 0 0 515910.392

21 0 0 460015.2286

22 0 0 558242.2024

23 0.95873762 0 369776.7535

24 0 0 656174.6208

25 0 0 516183.9076

26 0 0 525436.7588

27 0 0 566178.1018

28 0 0 605228.3817

29 0 0 558265.2145

30 0 0 209183.6037

31 0 1.3497627 651277.6383

32 0 0 404707.2034

33 0 0 480451.9778

34 0 0 160234.8179

35 0 0 403468.493

36 0 0 417290.2394

37 0 0 592693.3424

38 0 0 481041.746

39 0 0 353008.1387

40 0 0 490385.9882

41 0.86595656 0 398313.1171

42 0 0 485293.7312

43 0 2.74451749 608323.1852

44 0 0 402628.8788

45 0 0 552696.9351

46 0 0 282958.5392

47 0 0 433991.1327

48 0 0 572085.6459

49 0 0 472816.5511

50 0 0 325616.4645

Emission Reduction (gm‐mol)Scenario 

No.
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Table G.1 Solution of 50 Hypothetical Scenarios for High-VIF Model (Stage-1). 

 

sq1_2p1 sq1_3p1 sq1_4p1 sq2_3p1 sq3_1p1 sq3_3p1 sq3_4p1 sq4_2p1 sq4_3p1 sq4_4p1

1 34150.4 29842.9 45991.1 81953.0 38938.4 636025.6 116942.4 50196.2 181727.2 137092.6

2 34150.4 0.0 10844.6 0.0 38938.4 636025.6 3032.4 50196.2 13412.3 0.0

3 34150.4 29842.9 5782.3 0.0 38938.4 636025.6 39896.2 50196.2 7245.3 578.7

4 31606.8 0.0 41189.8 0.0 12132.8 532047.5 41225.5 50196.2 12513.7 99587.3

5 34150.4 29842.9 7200.5 1775.6 38938.4 633528.0 67368.0 50196.2 33223.2 57261.5

6 34150.4 0.0 4441.8 29627.8 38938.4 636025.6 98713.5 50196.2 15890.4 4461.3

7 34150.4 29842.9 45991.1 81952.8 38938.4 636025.6 116942.4 50196.2 181724.4 137092.5

8 0.0 0.0 0.0 0.0 38938.4 636025.6 22340.5 50196.2 13819.7 0.0

9 34150.4 29842.9 26863.3 0.0 38938.4 636025.6 38112.3 50196.2 43967.8 5728.4

10 34147.5 29842.9 5016.0 0.0 38938.4 636019.2 10010.9 50196.2 15148.0 0.0

11 34150.4 0.0 10028.4 0.0 38938.4 636025.6 116942.4 50196.2 15710.2 0.0

12 34150.4 29842.9 45991.1 0.0 38938.4 636025.6 0.0 50196.2 68265.4 0.0

13 34150.4 29842.9 45991.1 81463.6 38938.4 636025.6 116941.5 50196.2 179997.3 137079.5

14 34150.4 0.0 0.0 59225.2 38938.4 636025.6 116942.4 50196.2 26217.3 0.0

15 34150.4 29842.9 10562.6 0.0 38938.4 635912.8 106161.2 50196.2 8430.8 0.0

16 34150.4 29842.9 44417.5 0.0 38938.4 636025.6 28769.1 50196.2 14785.8 0.0

17 33405.9 29842.9 20719.9 0.0 38938.4 636025.6 23495.7 50196.2 23721.2 22151.5

18 34150.4 29842.9 45991.1 81953.5 38938.4 636025.6 116942.4 50196.2 181729.7 137092.6

19 34150.4 29842.9 45991.1 0.0 38938.4 636025.6 116942.4 50196.2 22092.9 0.0

20 33640.4 0.0 33262.1 0.0 38938.4 636025.6 52279.1 50196.2 17409.1 69349.6

21 34150.4 29842.9 5175.9 0.0 38938.4 636025.6 18793.9 50196.2 13560.2 0.0

22 34150.4 0.0 0.0 0.0 38938.4 636025.6 0.0 50196.2 16028.6 0.0

23 34150.4 29842.9 6044.2 0.0 38938.4 636025.6 36850.0 50196.2 13653.8 9223.3

24 34150.4 0.0 10983.0 33087.1 38938.4 636025.6 68615.9 50196.2 34357.7 20507.3

25 34150.4 29842.9 45991.1 0.0 38938.4 636025.6 6717.7 50196.2 14980.3 0.0

26 34150.4 29842.9 8079.6 0.0 38938.4 636025.6 103584.6 50196.2 12371.5 28130.3

27 34150.4 29842.9 37762.7 0.0 38938.4 636025.6 51516.9 50196.2 49415.9 12068.4

28 34150.4 29842.9 45991.1 0.0 38938.4 636025.6 0.0 50196.2 54210.8 0.0

29 34150.4 29842.9 1186.9 0.0 38938.4 636025.6 82495.0 50196.2 14508.0 0.0

30 34150.4 29842.9 45991.1 0.0 38938.4 636025.6 86235.9 50196.2 22592.8 0.0

31 34150.4 0.0 37432.7 40872.7 38938.4 636025.6 5124.5 50196.2 34626.1 3100.7

32 34150.4 0.0 13814.1 38868.4 34041.0 636025.6 47073.0 50196.2 22839.1 87761.7

33 34150.4 0.0 8948.3 0.0 38938.4 636025.6 72077.7 50196.2 44079.7 20936.2

34 34150.4 29842.9 14693.6 0.0 26776.9 453681.3 30244.0 50196.2 65434.7 20765.0

35 34095.4 29842.9 6472.2 0.0 38938.4 634750.4 38677.0 50196.2 30522.8 75.6

36 34150.4 29842.9 45991.1 81950.7 38938.4 636025.6 116942.4 50196.2 181711.0 137092.5

37 0.0 0.0 43513.2 0.0 38938.4 636025.6 30978.0 50196.2 20443.5 3577.2

38 0.0 0.0 3213.6 12257.8 38938.4 636025.6 25757.2 50196.2 181729.7 6308.6

39 26794.5 29842.9 45991.1 0.0 38938.4 635194.6 60236.4 50196.2 14810.1 0.0

40 34150.4 0.0 35602.5 8176.2 38938.4 636025.6 91830.4 50196.2 95972.8 21699.3

41 34150.4 29842.9 3636.8 0.0 38938.4 636025.6 4960.3 50196.2 20102.1 0.0

42 0.0 0.0 25648.4 0.0 17135.2 527582.0 41285.7 50196.2 59311.6 93486.2

43 34150.4 29842.9 9050.7 0.0 38938.4 636025.6 43501.3 50189.9 24185.3 2.1

44 34150.4 29842.9 3722.7 0.0 38938.4 636025.6 60727.6 50196.2 16056.9 21632.1

45 34150.4 29842.9 45991.1 81953.6 38938.4 636025.6 116942.4 50196.2 181729.7 137092.5

46 34150.4 29842.9 0.0 0.0 38938.4 636025.6 0.0 50196.2 42444.1 0.0

47 34150.4 29842.9 45991.1 0.0 38938.4 636025.6 107283.8 50196.2 4280.1 0.0

48 34150.4 29842.9 45991.1 81953.7 38938.4 636025.6 116942.4 50196.2 181729.7 137092.5

49 30929.5 29842.9 3776.0 0.0 38938.4 636025.6 32183.0 50196.2 46462.4 8997.7

50 34150.4 29842.9 45991.1 81953.0 38938.4 636025.6 116942.4 50196.2 181729.7 137092.5

Scenario 

No.

Emission Reduction (gm‐mol)
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Table G.1 Solution of 50 Hypothetical Scenarios for High-VIF Model (Stage-1) (Continued). 

 

sq5_3p1 pt1p1 pt4p1 pt5p1 pt12p1 sq2_1p1 sq2_2p1 sq2_4p1 sq3_2p1 sq3_5p1

1 21842.2 132342.2 155745.2 45683.4 58009.5 32978.8 48233.5 72658.8 275445.7 21253.5

2 0.0 24000.5 0.0 45683.4 17743.7 3918.6 11836.7 64408.4 78525.4 18707.5

3 14607.7 71502.7 0.0 45683.4 23618.7 16525.3 31050.4 20944.7 81373.9 19043.3

4 19109.8 73762.7 29660.8 45683.4 56844.1 4199.9 12789.0 66196.1 23778.6 19062.1

5 21842.2 99469.7 6741.4 45683.4 58009.5 4177.4 12712.9 66055.9 110262.4 18423.4

6 0.0 132342.2 21541.2 45683.4 39385.0 813.9 7820.8 22493.0 42688.9 17323.5

7 21842.2 132342.2 155745.2 45683.4 58009.5 32978.8 48233.5 72658.8 275445.7 21221.3

8 0.0 130563.8 0.0 45683.4 18853.4 16646.9 33504.3 19317.8 10412.3 16288.9

9 13721.0 65500.0 2246.4 45683.4 27725.7 14364.6 26989.3 18426.6 71345.5 17261.1

10 21764.1 6574.1 1887.5 45683.4 56882.4 22471.7 4778.7 42665.3 79733.7 18883.3

11 0.0 132342.2 0.0 45683.4 1992.9 6246.2 5185.6 7403.8 85429.4 18336.5

12 21842.2 0.0 0.0 45683.4 58009.5 2602.9 9219.1 4608.9 227739.9 18048.3

13 21842.2 132341.3 155740.2 45683.4 58009.5 32978.8 48233.5 72658.8 275426.3 19374.8

14 0.0 26017.2 0.0 45683.4 0.0 740.6 5335.0 15607.4 0.0 22570.2

15 20761.6 76431.5 80263.6 45683.4 29015.0 29493.5 4886.6 49687.0 43000.2 18529.6

16 21842.2 20115.1 0.0 45683.4 57546.7 23934.9 3180.1 44128.4 13244.3 19699.4

17 15525.5 55326.6 6197.5 45683.4 25565.1 16444.8 30961.2 20895.4 58835.1 18893.6

18 21842.2 132342.2 155745.2 45683.4 58009.5 32978.8 48233.5 72658.8 275445.7 21282.5

19 21842.2 132342.2 0.0 45683.4 58009.5 924.7 2563.3 13516.7 35958.1 18571.4

20 13674.6 84624.9 18516.4 45683.4 55093.5 4188.0 12749.0 66122.5 77785.1 18170.4

21 21842.2 0.0 63226.9 45683.4 29379.7 29424.9 2968.8 49618.4 43102.4 18869.0

22 0.0 0.0 0.0 45683.4 0.0 1784.7 4641.6 41355.3 108352.5 18657.8

23 21842.2 40055.9 1987.9 45683.4 55108.6 12201.1 36116.5 3152.5 79559.0 19988.1

24 0.0 132342.2 25459.4 45683.4 41139.5 815.0 7859.6 22593.7 61554.2 19448.5

25 21842.2 7602.4 0.0 45683.4 58009.5 2640.1 12156.5 1097.8 80727.8 18770.4

26 21842.2 81159.3 0.0 45683.4 45337.1 24977.5 27055.9 3669.5 55676.0 19157.8

27 14028.0 82936.4 623.6 45683.4 23407.3 16537.3 31074.8 20952.1 77068.1 19205.9

28 21842.2 0.0 0.0 45683.4 58009.5 15624.7 9610.7 30475.0 0.0 18315.3

29 13018.6 53098.1 134328.8 45683.4 17840.2 29819.7 3169.0 50013.2 157930.0 21117.7

30 21842.2 56827.2 53113.9 45683.4 31423.4 29355.4 3675.2 49548.9 0.0 12582.1

31 0.0 116461.9 0.0 45683.4 11269.8 29021.5 5787.7 18259.4 85010.2 19210.2

32 16688.8 79509.8 24417.5 45683.4 56108.3 4195.0 12772.6 66165.9 45684.1 19041.4

33 4541.8 104096.1 0.0 45683.4 52491.9 3948.4 11938.5 64616.4 62657.4 18230.2

34 7964.4 62034.9 10769.2 45683.4 21652.0 16592.8 31106.1 20986.2 111403.6 17159.8

35 21787.5 63844.9 13.9 45683.4 18358.2 7093.0 21430.8 15118.2 73186.2 19337.7

36 21842.2 132342.2 155745.2 45683.4 58009.5 32978.8 48233.5 72658.8 275445.4 21057.5

37 0.0 68865.7 0.0 45683.4 37652.9 20328.7 38724.4 19556.3 57606.1 18755.8

38 201.4 36669.5 88.3 45683.4 31754.9 12048.5 33520.4 19508.5 68254.1 19791.2

39 20328.8 54157.0 33548.8 45683.4 47087.6 25515.1 20398.5 45708.6 89594.0 20134.2

40 2991.7 123846.6 0.0 45683.4 40218.9 2446.6 7744.2 30123.0 93835.5 17497.6

41 21842.2 18461.7 0.0 45683.4 58009.5 4030.9 12217.2 65127.3 82741.5 18790.9

42 19482.7 11908.4 28203.8 45683.4 51675.4 21008.0 37800.1 67477.4 55977.7 19151.1

43 16363.9 14865.4 44860.4 45683.4 31152.8 29307.4 3175.7 49500.9 3780.6 18927.1

44 21842.2 132342.2 29878.3 45683.4 21795.2 28889.0 28805.9 48356.5 85053.0 18774.8

45 21842.2 132342.2 155745.2 45683.4 58009.5 32978.8 48233.5 72658.8 275445.7 21282.6

46 21842.2 0.0 0.0 45683.4 58009.5 0.0 0.0 2590.3 275446.2 18971.3

47 21842.2 77506.4 113654.2 45683.4 23087.8 29699.3 4339.9 49892.8 69460.2 19244.7

48 21842.2 132342.2 155745.2 45683.4 58009.5 32978.8 48233.5 72658.8 275445.7 21282.8

49 10017.1 63932.5 6982.3 45683.4 22245.9 16573.2 31079.5 20974.1 100484.9 3820.1

50 21842.2 132342.2 155745.2 45683.4 58009.5 32978.8 48233.5 72658.8 275445.7 21281.6
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Table G.1 Solution of 50 Hypothetical Scenarios for High-VIF Model (Stage-1) (Continued). 

 

sq5_4p1 sq5_5p1 pt2p1 pt3p1 pt6p1 pt15p1 pt30p1 pt63p1 pt64p1

1 48686.8 40472.2 134419.1 150840.0 51682.0 137312.2 5520.0 3141.5 6705.8

2 14826.7 42486.7 15785.9 112896.2 44519.4 5800.8 1983.9 3141.5 6705.8

3 10391.1 17813.0 134089.4 21159.0 40265.1 126546.8 3022.6 3141.5 6705.8

4 16112.1 32347.5 16040.5 114683.9 46307.0 5837.3 3771.5 3141.5 6705.8

5 16009.5 33383.9 16020.4 114543.8 46166.9 5834.4 3631.4 3141.5 6705.8

6 11164.7 36763.0 69201.2 98170.9 40775.7 60065.3 428.6 3141.5 6705.8

7 48686.8 40363.3 134419.1 150840.0 51682.0 137312.2 5520.0 3141.5 6705.8

8 32922.8 0.0 63592.2 82313.9 37348.3 32085.0 226.0 3141.5 6705.8

9 9028.2 16846.0 129980.3 20369.4 36156.1 122454.2 2642.0 3141.5 6705.8

10 4551.6 39641.9 46828.8 19917.8 27622.2 35816.8 1119.2 0.0 6705.8

11 11192.6 8803.6 40289.8 20311.4 18955.8 41485.1 20.2 3141.5 6705.8

12 2659.1 42615.6 8438.4 1581.3 9116.5 8576.1 168.9 3141.5 6705.8

13 48686.7 31612.2 134419.1 150840.0 51681.9 137312.2 5519.9 3141.5 6705.8

14 6776.0 0.0 58656.0 87629.6 30230.4 50055.9 0.0 3141.5 6705.8

15 5422.9 34783.9 52981.9 18237.4 34643.8 41064.3 4868.5 0.0 6705.8

16 4820.4 39301.9 48355.2 10894.8 29086.0 39424.4 1650.4 0.0 6705.8

17 10359.6 22451.8 134008.9 21139.8 40184.6 126487.9 2942.1 3141.5 6705.8

18 48686.8 40556.8 134419.1 150840.0 51682.0 137312.2 5520.0 3141.5 6705.8

19 3023.3 43948.7 5314.5 33442.7 6494.5 3946.4 1030.9 3141.5 6705.8

20 16058.2 31449.8 16030.0 114610.3 46233.5 5835.8 3698.0 3141.5 6705.8

21 5414.1 290.3 52921.3 9059.3 34575.8 43512.0 4799.9 0.0 6705.8

22 5163.1 40385.3 12897.6 89843.1 21467.4 5356.7 1307.6 3141.5 6705.8

23 30408.3 30638.4 81609.8 63495.8 7734.2 58895.9 562.9 3141.5 6705.8

24 11230.5 28931.7 69348.8 98319.6 40923.2 60203.3 439.2 3141.5 6705.8

25 3892.7 41962.3 7626.6 6810.8 6422.8 5964.6 3420.2 3141.5 6705.8

26 47106.5 16434.6 101697.5 65680.1 12770.6 81741.4 4237.7 3141.5 6705.8

27 10395.8 15965.7 134101.5 21166.9 40277.2 126527.7 3034.6 3141.5 6705.8

28 3420.5 44519.8 37411.6 65351.2 15740.2 22188.0 937.4 0.0 6705.8

29 5464.8 32128.4 53271.6 10020.6 34974.2 43541.7 5194.6 0.0 6705.8

30 5405.4 0.0 52860.0 12595.0 34502.2 42527.6 4730.4 0.0 6705.8

31 30996.4 37208.5 61681.9 61568.7 44975.1 2590.1 190.4 3141.5 6705.8

32 16090.0 34600.8 16036.1 114653.7 46276.9 5836.6 3741.4 3141.5 6705.8

33 14965.3 35773.4 15814.9 113104.2 44727.3 5805.1 3443.2 3141.5 6705.8

34 10417.5 16145.4 134157.0 21166.7 40332.7 126643.8 3090.1 3141.5 6705.8

35 6727.8 14379.9 124248.1 19373.7 30423.8 116259.8 893.8 3141.5 6705.8

36 48686.8 39851.2 134419.1 150840.0 51682.0 137312.2 5520.0 3141.5 6705.8

37 33351.3 42550.5 64017.8 26260.5 48519.5 71420.5 234.8 3141.5 6705.8

38 33266.6 42963.2 63933.5 36930.7 24702.5 5817.5 232.9 3141.5 6705.8

39 4915.0 39276.5 49456.3 74501.5 30667.6 24166.7 3059.5 0.0 6705.8

40 10021.4 38005.8 6808.0 48367.3 22685.9 4250.6 3768.4 3141.5 6705.8

41 15340.6 42472.9 15888.1 113615.2 45238.3 5815.5 2702.8 3141.5 6705.8

42 41253.9 36042.3 18032.6 117612.1 21533.2 76853.7 3616.2 3141.5 6705.8

43 5399.1 24586.5 52816.9 10117.0 34457.9 43149.7 4682.3 0.0 6705.8

44 28751.6 18427.0 118029.8 18756.6 8714.1 38572.1 4975.5 3141.5 6705.8

45 48686.8 40553.9 134419.1 150840.0 51682.0 137312.2 5520.0 3141.5 6705.8

46 9325.0 44519.8 63916.2 46831.0 2663.2 9958.3 0.0 3141.5 6705.8

47 5449.3 0.0 53164.8 15744.3 34849.2 41917.9 5074.3 0.0 6705.8

48 48686.8 40551.2 134419.1 150840.0 51682.0 137312.2 5520.0 3141.5 6705.8

49 10409.8 16308.2 134137.4 21159.9 40313.1 126641.8 3070.5 3141.5 6705.8

50 48686.8 40567.4 134419.1 150840.0 51682.0 137312.2 5520.0 3141.5 6705.8
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Table G.2 Solution of 50 Hypothetical Scenarios for High-VIF Model (Stage-2). 

 

sq1_3p2 sq1_4p2 sq2_2p2 sq2_3p2 sq3_2p2 sq3_3p2 sq4_2p2 sq4_3p2 sq5_2p2 sq5_4p2

1 17706.1 15558.5 20489.8 11515.2 84560.2 296448.6 5068.9 118453.0 8811.4 37881.4

2 4.2 11.9 12.1 21.4 0.0 486464.7 39352.9 141864.6 9.6 37881.4

3 475.1 6253.6 30306.5 28197.4 0.0 478046.6 39352.9 141864.6 3423.7 37881.4

4 9603.8 17292.6 16761.4 29545.9 6923.3 486464.7 31594.4 141864.6 8953.0 37881.4

5 20517.8 20146.4 6251.4 19570.8 46294.0 471647.5 10192.1 141864.6 11396.9 37881.4

6 18080.0 15909.8 20474.6 11508.8 71112.4 486464.7 7350.3 141864.6 8791.9 37881.4

7 17695.3 15548.5 20489.1 11515.1 86794.1 314710.5 5279.0 120819.6 8810.9 37881.4

8 49.1 38.3 38.4 45.2 0.0 486464.7 39352.9 141864.6 16.2 37881.4

9 14143.1 29740.3 15996.3 4219.2 131816.7 486464.7 39352.9 138776.3 6059.7 37881.4

10 5533.4 34048.5 948.7 10563.2 81537.2 486464.7 25824.3 141149.2 8287.3 37881.4

11 1.5 0.0 0.0 0.0 222650.1 486464.7 1.9 141864.6 0.0 37881.4

12 17673.3 15528.7 20466.0 11508.2 30781.3 425971.5 24060.1 141864.6 8790.3 37881.4

13 17694.5 15547.7 20488.9 11515.0 87632.4 308468.4 5328.1 122373.1 8810.7 37881.4

14 19686.7 34941.1 16029.7 4202.2 78823.7 486464.7 39352.9 119336.6 6003.7 37881.4

15 23306.1 17282.9 5594.3 18187.3 222650.1 486464.7 3778.7 118568.7 10780.3 37881.4

16 0.0 0.0 0.0 0.0 0.0 486464.7 39352.9 141864.6 0.0 37881.4

17 0.0 0.0 4.0 6.7 0.0 486464.7 39352.9 141864.6 0.0 37881.4

18 17666.9 15521.9 20486.0 11514.3 82139.8 343522.1 6140.7 132104.4 8808.5 37881.4

19 11621.6 19314.5 18844.4 31629.6 162120.7 469549.1 19233.5 141291.3 11037.1 37881.4

20 1.8 8.9 16.8 9.2 0.0 486464.7 39352.9 141864.6 0.3 37881.4

21 0.0 0.0 0.0 0.0 0.0 486464.7 39352.9 141864.6 0.0 37881.4

22 17969.0 15805.3 20488.8 11513.6 75023.9 486464.7 5813.5 127280.7 8806.4 37881.4

23 252.5 0.0 0.0 0.0 0.0 486464.7 39352.9 141864.6 0.0 37881.4

24 23306.1 38690.0 5820.5 18062.1 222000.5 486464.7 4844.5 110317.4 10357.3 37881.4

25 17674.0 15529.3 20467.9 11508.7 44100.6 486464.7 14767.5 141864.6 8792.1 37881.4

26 17443.8 15324.2 20212.3 11432.1 2832.7 486464.7 39352.9 141864.6 8565.0 37881.4

27 475.2 6258.0 30324.6 28214.8 9063.3 443916.6 39352.9 140939.5 3427.8 37881.4

28 14021.1 29626.0 15999.1 4219.8 30256.5 486464.7 39352.9 117194.9 6063.1 37881.4

29 0.0 4.0 6.7 14.5 0.0 486464.7 39352.9 141864.6 3.0 37881.4

30 11617.2 19310.4 18843.4 31628.6 77541.8 486464.7 19333.9 141864.6 11036.1 37881.4

31 11655.5 19345.6 18832.2 31617.0 31988.7 486464.7 20817.4 131318.0 11024.1 37881.4

32 23306.1 38690.0 5791.8 18079.0 222650.1 486464.7 5248.3 103555.6 10412.8 37881.4

33 0.6 0.0 2.8 0.0 0.0 486464.7 39352.9 141864.6 0.0 37881.4

34 166.9 2144.3 10457.2 9713.5 0.0 486464.7 39352.9 141864.6 1128.5 37881.4

35 17684.0 15538.1 20484.0 11513.6 96301.1 486464.7 6512.8 141734.0 8806.5 37881.4

36 17704.2 15556.8 20489.7 11515.2 85950.7 298426.1 5105.9 119199.0 8811.3 37881.4

37 0.0 0.0 0.0 0.0 0.0 486464.7 39352.9 141864.6 0.0 37881.4

38 17882.8 15724.3 20490.7 11514.6 76207.2 306658.5 5109.4 118813.7 8809.5 37881.4

39 5749.9 34249.4 949.8 10561.4 7239.0 486464.7 27733.8 141864.6 8281.5 37881.4

40 23.4 15.0 12.2 24.6 0.0 422954.3 39352.9 141864.6 21.7 37881.4

41 11628.2 19321.0 18849.1 31634.2 103185.6 486464.7 19239.5 138641.4 11041.7 37881.4

42 0.0 0.0 0.0 0.0 0.0 486464.7 39352.9 141864.6 0.0 37881.4

43 474.8 6234.0 30226.9 28120.4 0.0 477398.8 39352.9 141864.6 3405.5 37881.4

44 0.0 0.0 0.0 1316.0 0.0 486464.7 39352.9 141864.6 0.0 37881.4

45 17695.2 15548.3 20489.1 11515.1 85110.8 311007.4 5285.7 121041.9 8810.9 37881.4

46 54.5 35.4 0.0 236.2 0.0 486464.7 39352.9 141864.6 58.2 37881.4

47 0.0 0.0 0.0 0.0 0.0 486464.7 39352.9 141864.6 0.0 37881.4

48 17679.8 15534.0 20486.9 11514.5 96436.3 364408.9 5779.4 129716.3 8809.2 37881.4

49 0.0 0.0 0.0 0.0 0.0 486464.7 39352.9 141864.6 0.0 37881.4

50 17706.1 15558.6 20489.8 11515.2 85304.7 302605.4 5072.3 118420.3 8811.4 37881.4

Scenario 

No.

Emission Reduction (gm‐mol)



 

 

 

118

Table G.2 Solution of 50 Hypothetical Scenarios for High-VIF Model (Stage-2) (Continued). 

 

pt1p2 pt5p2 pt15p2 pt37p2 sq1_1p2 sq1_2p2 sq1_5p2 sq2_1p2 sq2_4p2 sq2_5p2

1 23974.0 40161.3 58505.2 0.0 2087.1 23896.5 18220.6 16793.5 17517.4 24268.8

2 0.0 0.0 0.0 0.0 0.0 2.9 5.3 8.4 22.8 24410.3

3 64097.1 0.0 0.0 0.0 8532.0 17415.7 27162.0 23238.1 3780.6 24422.7

4 0.0 0.0 4269.2 0.6 2183.0 11427.0 15131.4 10438.9 25868.3 23424.9

5 996.5 0.0 0.0 0.0 3119.3 13600.8 22203.7 7199.1 24319.0 24811.2

6 0.0 0.0 31200.4 0.0 2078.8 23879.1 18203.3 16933.2 17505.5 24125.6

7 24045.6 41000.6 57303.4 0.0 2086.8 23895.8 18220.0 16828.8 17516.9 24125.6

8 0.0 0.0 0.0 0.0 0.0 7.8 35.9 84.0 0.0 24424.3

9 88379.5 45683.4 30521.0 0.0 5341.9 20734.2 14131.6 24959.0 38749.6 24138.1

10 61518.0 0.0 114488.5 0.0 6229.9 9900.9 17438.8 16554.7 44373.5 0.0

11 0.0 0.0 0.0 0.0 0.0 1.2 2.9 0.0 2.2 24414.9

12 3732.2 20281.9 21352.1 0.0 2075.8 23872.8 18196.9 16802.0 17501.2 23821.7

13 24030.8 41071.2 57090.0 0.0 2086.7 23895.6 18219.8 16830.8 17516.8 23194.2

14 54882.5 0.0 34407.2 0.0 5344.8 20737.1 14134.2 24959.0 38752.5 20984.1

15 4438.8 0.0 0.0 1.7 7236.5 13132.3 21709.9 24959.0 51068.6 16368.9

16 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 24408.4

17 0.0 0.0 0.0 0.0 0.0 0.0 2.6 0.0 0.0 24415.3

18 26211.8 45683.4 51758.6 0.0 2085.4 23892.8 18217.0 16915.9 17514.9 22928.2

19 21052.8 0.0 39512.6 0.1 4266.0 13510.4 17214.8 12527.4 27951.7 23699.5

20 0.0 0.0 0.0 0.0 1.2 0.8 0.0 0.2 14.1 24413.9

21 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 24132.4

22 10033.2 0.0 54219.6 0.0 2085.9 23893.9 18218.1 16858.7 17515.6 23494.1

23 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1428.3 24627.1

24 56654.8 45683.4 0.0 0.0 7237.9 13133.7 21711.2 24959.0 51069.9 3213.2

25 0.0 0.0 23730.8 0.0 2076.7 23874.7 18198.8 16808.2 17502.4 24445.3

26 0.0 0.0 0.0 0.0 1956.8 23618.9 17943.0 16466.2 17328.1 0.0

27 93494.2 28.2 9281.0 0.0 8550.1 17433.7 27180.1 23256.1 3781.5 24357.9

28 56813.5 0.0 36951.3 0.0 5345.7 20738.0 14135.0 24959.0 38753.4 24129.4

29 0.0 0.0 0.0 0.0 0.1 4.5 0.0 0.0 0.0 24409.9

30 21132.7 0.0 41144.3 0.0 4265.0 13509.4 17213.8 12539.4 27950.7 23186.6

31 0.0 0.0 22761.1 0.0 4253.5 13497.9 17202.4 12481.2 27939.3 22904.3

32 35204.9 38267.7 0.0 0.0 7239.0 13134.8 21712.4 24959.0 51071.0 23565.8

33 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.9 0.0 24425.9

34 0.0 0.0 0.0 0.0 2606.0 5809.2 9323.4 7908.5 1339.8 24642.7

35 1800.0 0.0 48927.7 0.0 2084.4 23890.8 18214.9 16857.5 17513.4 23070.3

36 23752.2 39584.9 58209.7 0.0 2087.0 23896.3 18220.5 16799.7 17517.2 20362.4

37 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 24181.5

38 24377.2 41512.7 58717.1 0.0 2087.1 23896.4 18220.5 16798.3 17517.3 24385.7

39 52221.3 0.0 108968.7 0.0 6225.7 9897.5 17434.7 15780.9 44369.3 23216.9

40 132342.2 45683.4 0.0 0.0 0.9 21.6 0.0 1.2 10.1 24401.3

41 35837.3 0.0 49284.6 0.0 4270.6 13515.0 17219.4 12536.3 27956.4 23559.8

42 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 23975.2

43 0.0 0.0 0.0 0.0 8452.4 17336.0 27082.4 23158.4 3776.6 24909.5

44 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 24329.6

45 24271.9 41725.6 57275.2 0.0 2086.8 23895.8 18220.0 16829.1 17516.9 24206.4

46 0.0 0.0 0.0 0.0 0.0 33.6 0.0 0.0 244.6 24411.8

47 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 24418.0

48 23317.8 39833.7 53371.4 1.7 2085.8 23893.7 18217.9 16874.0 17515.4 18030.7

49 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 24428.6

50 24114.1 40597.9 58488.8 0.0 2087.1 23896.5 18220.6 16793.4 17517.4 24185.6
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Table G.2 Solution of 50 Hypothetical Scenarios for High-VIF Model (Stage-2) (Continued). 

 

sq3_4p2 sq3_5p2 sq5_1p2 pt2p2 pt3p2 pt4p2 pt6p2 pt21p2 pt23p2 pt63p2 pt64p2

1 55882.7 4122.4 9784.6 2535.4 25244.2 47047.9 50040.4 227.4 17.4 1165.4 2847.4

2 0.0 7.8 0.0 17.4 11.6 0.0 0.0 0.1 0.0 0.4 0.0

3 65536.1 17368.1 1490.6 105010.4 63528.6 87436.1 36271.5 301.9 0.0 408.8 4763.1

4 13159.5 6642.8 3463.0 65110.7 74407.2 75773.9 29737.0 55.0 0.0 518.8 0.0

5 11466.7 6235.7 11081.9 18855.9 117941.9 143674.0 30705.8 258.1 2.7 3075.3 6498.7

6 50522.0 4114.5 9767.3 2535.2 26050.7 47036.5 50183.5 210.0 1.4 1151.0 6705.8

7 56073.8 4122.1 9784.0 2535.4 25400.8 47047.4 51682.0 226.7 16.7 1164.9 6569.2

8 0.0 11.5 6.2 36.5 475.8 146.1 32.6 0.0 0.0 0.0 0.0

9 0.0 1912.5 8432.1 53559.0 8530.6 106221.6 51682.0 371.0 1.9 2334.9 0.0

10 54649.5 3821.0 9583.2 67966.1 98575.5 121590.6 31308.5 215.0 10.9 1089.2 0.0

11 0.0 0.0 1.2 0.0 0.0 6.4 1.3 0.0 0.0 0.0 6705.8

12 45361.4 4111.6 9760.9 2535.2 25286.6 47032.3 43399.8 203.6 0.0 1145.7 0.0

13 56083.8 4122.0 9783.8 2535.4 25436.9 47047.3 51682.0 226.5 16.5 1164.7 6705.8

14 0.0 1912.8 8435.0 53561.6 8538.3 106224.4 51682.0 373.9 2.2 2337.8 0.0

15 81956.9 14679.5 5321.5 16545.1 55341.5 140814.4 51682.0 261.7 13.8 1470.3 6705.8

16 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 27.4 193.5 0.0

17 0.0 0.1 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

18 56237.8 4120.8 9781.0 2535.4 25903.8 47045.4 46703.9 223.7 13.7 1162.4 3883.5

19 42941.3 8726.1 5546.1 67194.2 76529.5 77857.2 32051.2 181.3 1.1 1555.4 6220.3

20 0.0 1.3 4.1 23.3 6.7 0.0 0.0 0.0 0.0 0.1 0.0

21 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

22 55807.4 4121.2 9782.1 2535.4 25599.1 47046.2 48727.4 224.8 15.1 1163.3 4932.3

23 0.0 0.0 0.0 64455.6 22456.0 46881.2 0.0 393.3 0.0 0.0 0.0

24 76729.8 14680.9 5322.9 16545.4 51928.9 140815.8 51682.0 263.1 15.1 1471.7 6705.8

25 47338.2 4112.5 9762.8 2535.2 25659.9 47033.5 48162.8 205.6 0.0 1147.3 0.0

26 0.0 3997.2 9507.0 2534.2 24348.1 46867.0 0.0 10.8 0.0 945.5 0.0

27 73646.8 17386.2 1493.8 105028.5 63545.4 87454.2 36289.5 319.9 14.3 411.9 4952.7

28 0.0 1912.9 8435.8 53562.4 8093.2 106225.4 51682.0 374.8 2.3 2338.6 0.0

29 0.0 1.9 0.9 0.0 12.4 17.6 0.0 0.0 0.0 0.4 0.0

30 42179.4 8725.1 5545.1 67193.1 76426.6 77856.3 31405.2 180.2 0.0 1554.3 6705.8

31 37134.1 8713.6 5533.6 67181.7 76450.8 77844.8 31704.1 169.0 0.0 1542.9 0.0

32 76199.3 14682.0 5324.0 16545.5 50637.1 140816.9 51682.0 264.2 16.3 1472.8 6705.8

33 0.0 0.8 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0 4794.1

34 0.0 5792.0 456.1 37393.2 22468.5 31056.4 12606.1 0.0 0.0 74.0 0.0

35 55182.5 4119.8 9778.9 2535.4 25859.2 47044.2 51682.0 221.7 11.7 1160.6 6705.8

36 55907.0 4122.3 9784.5 2535.4 25275.7 47047.7 51682.0 227.2 17.2 1165.3 3704.3

37 0.0 0.0 0.0 0.0 0.0 0.0 0.0 393.3 0.0 281.4 0.0

38 55903.3 4122.4 9784.5 2535.4 25264.9 47047.7 51026.3 227.3 17.3 1165.3 5520.8

39 52342.3 3819.3 9579.0 67961.9 98388.5 121586.6 30516.9 210.8 6.8 1085.9 0.0

40 0.0 0.0 17.1 0.0 110.0 0.0 0.0 0.3 0.0 0.1 0.0

41 45157.2 8730.7 5550.7 67198.8 76582.3 77861.9 32329.2 185.9 3.3 1560.0 6705.8

42 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

43 29727.8 17288.5 1476.5 104930.7 63454.4 87356.5 36191.8 222.2 0.0 395.4 0.0

44 0.0 0.0 0.0 1014.3 5760.6 31013.5 0.0 64.6 0.0 0.0 0.0

45 56075.4 4122.1 9784.0 2535.4 25403.7 47047.4 51682.0 226.7 16.7 1164.9 6705.8

46 0.0 0.0 13.1 180.2 45.2 0.8 0.0 0.0 0.0 0.0 0.0

47 0.0 0.0 0.0 2207.4 6240.7 524.4 0.0 0.0 0.0 0.0 0.0

48 56043.6 4121.1 9781.9 2535.4 25709.0 47046.0 47962.5 224.6 14.6 1163.1 6705.8

49 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

50 55875.4 4122.4 9784.6 2535.4 25243.0 47047.9 50756.6 227.4 17.4 1165.4 5558.6
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Table G.3 Solution of 50 Hypothetical Scenarios for High-VIF Model (Stage-3). 

 

sq1_3p3 sq1_4p3 sq2_4p3 sq2_5p3 sq3_2p3 sq3_3p3 sq4_2p3 sq4_3p3 sq5_1p3 sq5_5p3

1 4245.437 6161.436 51494.51 1164.417 171525.7 479768.2 40497.59 145179.9 11622.53 34183.27

2 24177.41 39717.31 57417.17 0 226875.3 476278.2 40497.59 145179.9 11622.53 36429.26

3 16031.37 21133.15 28948.15 7436.964 226875.3 404498.7 40497.59 105948.3 11622.53 22972.7

4 16474.21 21275.42 28973.81 6406.47 226875.3 443095.6 40497.59 130615.6 11622.53 23865.83

5 15202.11 20863.72 28895.85 7539.213 226875.3 425518.7 40497.59 107265.9 11622.53 22883.41

6 14802.39 20730.64 28866.16 5581.045 226875.3 469551.1 40497.59 123271.5 11622.53 24579.53

7 24147.51 39707.2 57414.75 25507.29 217156.1 468039.8 40497.59 145179.9 11622.53 36429.26

8 24177.41 39717.31 57417.17 0 226875.3 473247.6 40497.59 145179.9 11622.53 36429.26

9 24177.41 39717.31 57417.17 0 226875.3 470753 40497.59 145179.9 11622.53 36429.26

10 16991.19 21444.96 29008.56 7993.947 226875.3 421112.7 40497.59 106954.4 11622.53 22488.13

11 14178.52 20528.87 28828.13 8718.911 153673.3 453887.1 40497.59 119351.4 11622.53 21850.4

12 16648.59 21334.04 28987.56 7965.018 226875.3 436559.1 40497.59 101129.8 11622.53 22514.34

13 15411.57 20930.42 28907.18 7237.672 184037 417354.2 40497.59 130069.7 11622.53 23142.51

14 24177.41 39717.31 32931.68 0 179996.7 470059.5 40497.59 145179.9 11622.53 36429.26

15 12160 19881.54 28712.67 12773.19 118167.3 254494.6 22008.98 74208 6096.307 18344.72

16 0 0 16020.65 0 226875.3 472842.5 40497.59 145179.9 11622.53 36429.26

17 19905.32 22387.67 29186.56 4495.645 226875.3 483613.5 40497.59 125146.5 11622.53 25523.84

18 14699.69 20700.8 28864.61 6496.521 226875.3 374806.7 40497.59 96203.77 11622.53 23791.52

19 14932.51 20774.3 28876.35 7512.045 180893.1 418886.9 40497.59 114550 11622.53 22902.54

20 17351.53 21559.45 29027.71 5381.105 226875.3 468997.2 40497.59 120206.2 11622.53 24755.83

21 24177.41 39717.31 57417.17 0 226875.3 475095.2 40497.59 145179.9 11622.53 36429.26

22 21338.69 22852.3 29275.39 4949.473 226875.3 468585.1 40497.59 130428.7 11495.15 25126.33

23 24177.41 24559.1 29596.77 0 226875.3 477375.8 40497.59 145179.9 11622.53 30673.32

24 14839.04 20746.2 28873.59 9916.505 210994.3 388443.1 40497.59 105403.1 11510.13 20815.67

25 16623.3 21325.69 28985.72 7919.488 226875.3 437801.5 40497.59 106070.5 11622.53 22553.54

26 13136.91 20190.96 28763.18 5662.419 226875.3 474638.7 40497.59 118576.3 11622.53 24511.92

27 15333.49 20906.94 28904.83 7860.024 226875.3 408788 40497.59 101986.5 11622.53 22605.7

28 24177.41 39717.31 57417.17 0 226875.3 477092.9 40497.59 145179.9 11622.53 36429.26

29 14699.04 20700 28863.75 6889.356 226875.3 440673.3 40497.59 110646.3 11622.53 23447.96

30 15116.26 20834.87 28889.12 7050.759 226875.3 420531.9 40497.59 112614.2 11622.53 23305.82

31 19401.62 22224.34 29155.26 5078.631 226875.3 473682.2 40497.59 124150.7 11622.53 25016.68

32 16110.08 21157.98 28952.06 9484.976 226875.3 420301.9 40497.59 112528.1 11622.53 21188.39

33 14801.25 20733.99 28871.28 7661.094 226875.3 407399 40497.59 105146.4 11622.53 22778.58

34 17323.57 21551.77 29027.89 6469.534 226875.3 458524.1 40497.59 117087.3 11622.53 23811.96

35 15762.12 21046.11 28931.75 8360.832 226875.3 413328.3 40497.59 105074.9 11622.53 22169.83

36 15401.98 20925.05 28903.44 5947.852 171491.8 458781.6 40497.59 145179.9 11622.53 24259.18

37 24177.41 39717.31 57417.17 0 226875.3 475924.4 40497.59 145179.9 11622.53 36429.26

38 18662.56 21984.72 29109.41 6264.881 218515.5 477244.1 39485.88 139281.3 11218 23985.49

39 16480.2 21278.33 28975.47 6919.71 226875.3 406336.3 40497.59 109751.9 11622.53 23421.09

40 13906.39 20443.59 28815.36 7852.539 226875.3 416138.8 40497.59 100422.9 11622.53 22612.64

41 17250.99 21529.13 29024.61 7951.68 226875.3 417161.6 40497.59 108085.4 11622.53 22524.34

42 17846.71 21720.43 29059.01 5474.6 226875.3 477573.4 40497.59 121074 11622.53 24674.8

43 16575.84 21309.05 28981.06 6511.491 226875.3 442091.8 40497.59 111460.5 11622.53 23775.42

44 17950.49 21752.35 29063.1 4173.384 226875.3 481667.1 40497.59 127516.2 11622.53 25803.16

45 24163.43 39712.69 57416.19 25784.77 225127.6 492758.9 40497.59 145179.9 11622.53 36429.26

46 18797.69 22030.29 29120.23 6365.602 226875.3 478660.1 40497.59 114368.1 11622.53 23901.94

47 11322.27 19459.17 28614.98 2327.203 226875.3 475511.3 40497.59 138921.3 11622.53 27577.53

48 14867.99 20754.84 28874.33 8015.676 179389.1 389659 40497.59 116667.3 11622.53 22468.09

49 19392.97 22221.04 29154.05 4310.83 226875.3 471637.6 40497.59 125772.9 11622.53 25683.9

50 16076.72 21145.29 28947.34 6581.107 226875.3 464079.8 40497.59 145179.9 11622.53 23710.41
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Table G.3 Solution of 50 Hypothetical Scenarios for High-VIF Model (Stage-3) (Continued). 

 

pt5p3 pt30p3 pt37p3 pt63p3 pt64p3 sq2_1p3 sq2_2p3 sq2_3p3 sq3_4p3 sq4_1p3

1 45683.38 4546.742 0.29297 2587.666 0 2279.124 3422.906 59640.74 92724.93 39155.12

2 6194.355 0 0 3141.544 6705.77 25879.1 0 64932.2 95090.77 39155.12

3 42096.14 5519.951 0 3141.544 0 25879.1 19418.22 64932.2 82538.69 39155.12

4 34743.17 825.8079 0 3141.544 6705.77 25879.1 19415.88 64932.2 87600.99 39155.12

5 45683.38 5519.951 0 3141.544 0 25879.1 19418.06 58031.04 79542 39155.12

6 30793.67 0 0 3141.544 6705.77 25879.1 19413.19 64932.2 65180.15 39155.12

7 43376.37 3894.856 1.6617 3139.12 6705.77 25878.5 38853.6 64932.2 95090.77 39155.12

8 6153.615 0 0 3141.544 6705.77 25879.1 0 64932.2 95090.77 39155.12

9 0 0 0 3141.544 6705.77 25879.1 0 64932.2 95090.77 39155.12

10 37115.92 5519.951 0 3141.544 0 25879.1 19418.26 57605.85 70769.92 39155.12

11 35752.42 5519.951 0 3141.544 0 25879.1 19414.48 64932.2 68113.38 39155.12

12 45683.38 5519.951 0 3141.544 0 25879.1 19418.84 35912.32 65129.27 39155.12

13 45683.38 5519.951 1.6617 0 0 12928.53 19416.08 33334.16 81392.17 39155.12

14 6163.549 0 0 3141.544 6705.77 25879.1 19137.05 64932.2 95090.77 39155.12

15 23437.54 5519.951 0 2455.63 1043.473 15851.1 19426.66 33586.21 48500.77 21925.89

16 0 0 0 3141.544 6705.77 25879.1 0 64932.2 95090.77 39155.12

17 15547.5 1279.655 0 3141.544 5151.214 25879.1 19412.73 64932.2 69877.04 39155.12

18 45683.38 5519.951 0 3141.544 0 12930.89 19418.41 33732.67 65337.84 39155.12

19 43942.15 5519.951 0 3141.544 0 25879.1 19415.3 35034.82 81780.54 39155.12

20 29507.85 1787.07 0 3141.544 4534.793 25879.1 19414.52 64932.2 79652.05 39155.12

21 6158.33 0 0 3141.544 6705.77 25879.1 24.44933 64932.2 95090.77 39155.12

22 22459.01 2226.2 0 3141.544 6705.77 25879.1 19411.36 64932.2 83545.53 39155.12

23 6779.404 0 0 3141.544 6705.77 25879.1 19400.19 64932.2 78461.7 39155.12

24 36837.56 5519.951 0 3141.544 0 25879.1 19418.61 64932.2 67945.69 39155.12

25 37559.34 5519.951 0 3141.544 0 25879.1 19418.61 35878.42 73150.81 39155.12

26 25694.93 1968.161 0 3141.544 4314.8 25879.1 19415.06 64932.2 62535.8 39155.12

27 45683.38 5519.951 0 3141.544 0 25879.1 19418.84 62673.43 73945.93 39155.12

28 6210.193 0 0 3141.544 6705.77 25879.1 7.202429 64932.2 95090.77 39155.12

29 38865.52 5519.951 0 3141.544 0 16765.27 19417.52 64932.2 57611.48 39155.12

30 37533.61 5519.951 0 3141.544 0 25879.1 19416.62 38156.97 78656.17 39155.12

31 26565.25 0 0 3141.544 6705.77 25879.1 19413.12 64932.2 93427.73 39155.12

32 39241.2 5519.951 0 3141.544 0 25879.1 19417.13 64932.2 63386.38 39155.12

33 35674.78 5519.951 0 3141.544 0 25879.1 19418.72 64932.2 55605.52 39155.12

34 33276.59 2541.158 0 1979.415 1579.605 25879.1 19416.58 64932.2 68839.62 39155.12

35 36860.45 5519.951 0 3141.544 0 25879.1 19418.8 64932.2 71643.75 39155.12

36 45683.38 1347.499 1.256056 766.8957 0 12925.21 19412.77 36395.6 84057.09 39155.12

37 6140.432 0 0 3141.544 6705.77 25879.1 0 64932.2 95090.77 39155.12

38 45241.19 3371.75 0.646686 1918.945 0 25879.1 19413.74 63096.59 76874.88 38391.75

39 36520.66 5519.951 0 3141.544 0 25879.1 19417.28 32458.16 88216.41 39155.12

40 45683.38 5519.951 0 3141.544 0 25879.1 19419.07 64932.2 57216.53 39155.12

41 37019.97 5519.951 0 3141.544 0 25879.1 19417.98 64932.2 81822.84 39155.12

42 22704.78 2305.243 0 3141.544 3905.304 25879.1 19414.75 64932.2 56585.77 39155.12

43 45200.64 5519.951 0 3141.544 0 25879.1 19416.78 64932.2 82225.98 39155.12

44 21497.42 2185.397 0 3141.544 5423.026 25879.1 19412.14 64932.2 77798.06 39155.12

45 45258.59 5192.211 1.6617 3141.327 6705.77 25878.99 38854.07 64932.2 95090.77 39155.12

46 26824.61 1909.737 0 3141.544 4385.775 25879.1 19416.23 64932.2 65750.69 39155.12

47 1125.514 135.9965 0 3141.544 6631.489 25879.1 19406.89 64932.2 63074.14 39155.12

48 45683.38 5519.951 0.526636 3141.544 0 12929.93 19417.48 33540.73 62852.81 39155.12

49 15483.78 0 0 3141.544 6705.77 25879.1 19412.42 64932.2 69872.75 39155.12

50 45683.38 0 1.6617 0 0 12926.79 19414.32 33407.68 66929.7 39155.12
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Table G.3 Solution of 50 Hypothetical Scenarios for High-VIF Model (Stage-3) (Continued). 

 

sq4_4p3 sq4_5p3 sq5_3p3 pt1p3 pt2p3 pt3p3 pt4p3 pt6p3 pt15p3 pt23p3

1 9546.765 1723.654 1673.711 21502.56 22541.06 30751.26 33203.89 51682 23987.54 0.58448

2 0 0 0 1.193467 0 0 0.780288 51682 0 0

3 54152.06 9780.141 9496.948 66162.21 67200.67 75411.09 77863.8 50282.39 68647.17 4.858139

4 54149.78 9777.807 9494.605 66159.82 67198.38 75408.82 77861.46 39053.41 68644.83 4.14868

5 54151.95 9779.984 9496.777 66162.08 67200.54 75410.94 77863.64 51682 68647.03 4.675757

6 54147.07 9775.139 9491.938 66157.17 67195.69 75406.1 77858.8 45285.03 68642.22 2.632332

7 108321.4 19577.47 19011.06 132341.7 134418.6 150839.4 155744.8 51682 137311.7 26.84096

8 1.953702 0 0 0 2.963147 0 1.87269 51682 2.476573 0

9 0 0 0 12308.49 13006.87 19302.38 21630.35 51682 13994.84 0

10 54152.17 9780.2 9497.005 66162.34 67200.81 75411.24 77863.8 49898.4 68647.31 4.919089

11 54148.37 9776.414 9493.214 66158.49 67196.9 75407.46 77860.05 51682 68643.45 2.74175

12 54152.71 9780.788 9497.577 66162.87 67201.35 75411.69 77864.42 51682 68647.86 5.483362

13 54149.89 9778.003 9494.795 66160.09 67198.52 75408.97 77861.61 51682 68645.11 3.910545

14 53870.84 9499.143 9215.964 65880.95 66919.44 75129.97 77582.58 43827.58 68366.08 0

15 54160.53 9788.616 9505.406 66170.69 67209.16 75419.55 77872.22 26680.44 68655.7 13.30816

16 0 0 0 23913.23 25990.17 42411.13 47316.48 51682 28883.31 27.43699

17 54146.53 9774.648 9491.443 66156.77 67195.15 75405.65 77858.34 50524.54 68641.67 2.700072

18 54152.28 9780.357 9497.158 66162.47 67200.94 75411.39 77863.95 51682 68647.44 5.073621

19 54149.13 9777.218 9494.033 66159.29 67197.71 75408.22 77860.83 41919.75 68644.28 3.888194

20 54148.37 9776.473 9493.252 66158.49 67197.04 75407.46 77860.05 51420.95 68643.59 3.1003

21 243.453 29.75943 26.5363 177.4287 446.6271 0 843.959 51682 122.3152 0

22 54145.22 9773.314 9490.109 66155.31 67193.8 75404.29 77856.93 51304.02 68640.43 2.022421

23 54134.04 9762.113 9478.908 66144.17 67182.62 75393.1 77845.85 51682 68629.15 1.339053

24 54152.49 9780.553 9497.348 66162.61 67201.08 75411.54 77864.27 44528.65 68647.58 5.263728

25 54152.49 9780.553 9497.348 66162.61 67201.08 75411.54 77864.27 49993.32 68647.58 5.252429

26 54148.91 9777.002 9493.786 66159.03 67197.57 75407.92 77860.68 49688.88 68644.14 3.441696

27 54152.71 9780.769 9497.577 66162.87 67201.35 75411.69 77864.42 48028.32 68647.86 5.477616

28 41.24482 1.196655 0 0 72.73179 0 150.5955 0.983926 6.053846 0

29 54151.41 9779.474 9496.262 66161.54 67200 75410.49 77863.17 51682 68646.48 4.157478

30 54150.54 9778.572 9495.367 66160.62 67199.06 75409.58 77862.24 42132.9 68645.66 3.283425

31 54146.96 9775.041 9491.843 66157.17 67195.55 75405.95 77858.65 51682 68642.08 2.478294

32 54150.98 9779.062 9495.862 66161.15 67199.59 75410.03 77862.7 43540.43 68646.21 3.786693

33 54152.6 9780.651 9497.443 66162.74 67201.21 75411.69 77864.27 46147.16 68647.72 5.347002

34 54150.43 9778.532 9495.329 66160.62 67199.06 75409.58 77862.24 51682 68645.66 4.072995

35 54152.71 9780.749 9497.539 66162.87 67201.35 75411.69 77864.42 47751.37 68647.86 5.447017

36 54146.63 9774.687 9491.481 66156.77 67195.15 75405.65 77858.34 51682 68641.8 1.389171

37 0 0 0.038099 14.3216 0 0 29.96304 51682 0 0

38 54147.61 9775.688 9492.49 66157.7 67196.23 75406.71 77859.43 46654.5 68642.77 3.364498

39 54151.19 9779.219 9496.015 66161.28 67199.73 75410.18 77862.86 51682 68646.34 3.941666

40 54152.93 9781.004 9497.805 66163.14 67201.61 75412 77864.73 51682 68648.13 5.704288

41 54151.84 9779.906 9496.719 66161.94 67200.4 75410.94 77863.64 51682 68647.03 4.621873

42 54148.59 9776.688 9493.481 66158.76 67197.17 75407.61 77860.36 49852.88 68643.73 3.1174

43 54150.65 9778.729 9495.519 66160.75 67199.19 75409.73 77862.39 42359.09 68645.79 3.431936

44 54145.98 9774.06 9490.871 66156.11 67194.61 75405.04 77857.71 51682 68641.12 2.209175

45 108321.8 19577.94 19011.54 132342.1 134419 150839.9 155745.2 51682 137312.1 27.32785

46 54150.11 9778.179 9494.967 66160.22 67198.65 75409.13 77861.77 51682 68645.24 4.128171

47 54140.77 9768.822 9485.613 66150.94 67189.36 75399.75 77852.41 51682 68635.89 1.478052

48 54151.3 9779.415 9496.205 66161.41 67200 75410.33 77863.02 51682 68646.48 5.219906

49 54146.31 9774.354 9491.138 66156.37 67194.88 75405.35 77858.02 51682 68641.39 2.244309

50 54148.15 9776.257 9493.062 66158.36 67196.77 75407.31 77859.9 51682 68643.32 1.516349
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Table G.4 Solution of 50 Hypothetical Scenarios for High-VIF Model (Stage-4). 

 

sq1_1p4 sq1_3p4 sq1_4p4 sq2_5p4 sq3_2p4 sq3_3p4 sq4_2p4 sq4_3p4 pt1p4 pt6p4 pt15p4 pt64p4

1 434.8648 1759.005 2899.2 2050.585 45764.4 219053.2 19526.12 17633.92 11100.3 5351.21 11252.72 100.8217

2 0 0 0 0 282611.6 656174.6 51779.39 0 0 51682 0 0

3 84.27125 1959.474 2408.607 2329.986 375.494 554511.6 12669.56 8903.965 6401.887 5568.813 0 0

4 0 0 8.098576 0 282611.6 614978.3 51779.39 0 0 7937.744 0 0

5 0 0 0 0.564588 0 603969.3 0 0 20.55415 7937.744 0 0

6 3.328727 10.36055 55.92517 0 32547.35 581929.6 38584.62 0 0 7937.692 0 0

7 3.534502 0.556686 0 0.10586 0 217961.7 2.179093 0 19.49329 6674.021 0 0

8 0 0 0 0 282611.6 656174.6 51779.39 0 0 51682 0 0

9 0 0 0 0 0 656174.6 0 0 0.132607 51682 0 0

10 1.634102 0 0 1.729052 0 656174.6 5.136433 0 0 51682 0 0

11 0 0 0 0 0 656174.6 0 0 0 51682 0 0

12 0 0 0 0 0 656174.6 0 0 0 51682 0 0

13 1.985131 1.948402 5.80398 3.211097 0 247822.3 0 0 0.663037 7227.246 0 0

14 0 0 0 0 172851.9 532245.7 51779.39 0 0 7937.744 0 0

15 0 2.938067 5.80398 35216.21 0 656174.6 6.277862 0 0 0 15.96014 0.315803

16 0 0 0 0 282611.6 656174.6 51779.39 0 0 51682 0 0

17 0 0 0 0 282611.6 656174.6 51779.39 0 0 51682 0 0

18 0 0 2.834502 0 17.84021 276183.8 0 0 0.53043 7622.163 0 0

19 0.072627 24.37049 74.28194 23.99501 30.8664 477528.1 0 0 12.4651 7937.951 0 0

20 2.25143 0 0 2.611222 282611.6 656174.6 51779.39 0 1.989111 51682 0 0

21 0 0 0 0 282611.6 656174.6 51779.39 0 0 51682 0 0

22 0.617327 5.102958 0.314945 5.398877 0 656174.6 0 0 0 19931.07 0 0

23 0 0 0 0 282611.6 656174.6 51779.39 0 0 51682 0 0

24 0 0.865957 0 1.411471 0 531647.4 0 0 5.569511 7937.744 0 0

25 0 4.608126 1.124802 0 30695.36 656174.6 20823.31 0 8.884696 51682 0 0

26 0 2.133964 0 4.587281 282611.6 656174.6 51779.39 0 0 51682 0 0

27 0 0 0 9.562717 33349.31 525822 51779.39 0 21.21718 7937.744 0 0

28 0 0 0 0 282611.6 656174.6 51779.39 0 0 51682 0 0

29 0.302612 0 0 1.129177 165709.3 656174.6 51779.39 0 0.132607 51682 0 0

30 0 0 2.834502 9.42157 0 495304.7 0 0 72.13843 7937.537 0 0

31 0.32682 4.577199 6.343885 0 32179.5 656174.6 23734.16 0 0 51682 0 0

32 2.941384 0 2.339589 2.293641 16.14115 520819.9 0 0 3.04997 7937.744 0 0

33 0.883626 0 2.15962 0 83935.09 656174.6 51779.39 0 0 51682 0 0

34 0 0 0 0 282611.6 656174.6 51779.39 0 0 51682 0 0

35 0 3.371045 0 5.116583 0 656174.6 0 0 5.702118 51682 0 0

36 3274.644 3608.812 5424.066 4056.78 66057.22 254908.7 20920.48 33561.11 17778.81 7391.406 18403.28 496.1799

37 0 0 1.214786 0 248598.6 656174.6 51779.39 0 0 51682 0 0

38 0 0 2.15962 1.834913 26974.69 656174.6 16670.99 0 0 51682 0 0

39 0 4.113294 3.689351 5.010723 32547.63 399054.1 49359.04 0 0 7937.744 0 0

40 0 0 0 0 282611.6 656174.6 51779.39 0 0 51682 0 0

41 1.912505 0 0 0.529302 0 650520.9 2.282859 0 0 7937.744 0 0

42 0 0 0 0 282611.6 656174.6 51779.39 0 0 51682 0 0

43 530.5506 1405.788 1853.674 1368.421 121564.6 571883.1 51757.76 1789.231 12502.62 8447.728 12442.3 0

44 0 0 0 0 282611.6 656174.6 51779.39 0 0 51682 0 0

45 0 0 4.274249 0 0 139660.7 4.461952 0 16.44332 4705.03 0 0

46 0 0 0 0 24940.34 656174.6 14922.38 0 1.989111 51682 0 0

47 1.585684 0 0 0.141147 282611.6 656174.6 51779.39 0 2.652148 51682 0 0

48 0 0 0 0 16.14115 369824.1 0.933897 0 0 7937.744 0 0

49 0 2.505089 0 0 131182.5 656174.6 51779.39 0 0 51682 0 0

50 6.73008 10.63889 17.95184 8.080673 6.229916 312800 0 0 51.9821 7906.621 0 0

Emission Reduction (gm‐mol)Scenario 

No.
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Table H.1 Solution of 50 Hypothetical Scenarios for Stepwise-PLS Model (Stage-1). 

 

sq1_2p1 sq1_3p1 sq1_4p1 sq2_1p1 sq2_2p1 sq2_3p1 sq2_4p1 sq3_1p1 sq3_2p1 sq3_3p1

1 28737.3 14676.0 7132.6 10852.3 22746.8 49234.6 16231.7 33800.9 136813.7 100767.4

2 23375.8 6119.8 4326.5 9623.7 31900.7 47142.3 15503.3 35133.2 133843.4 101261.9

3 22726.1 0.0 26094.7 0.0 10915.9 65564.4 6351.0 25979.9 56557.6 40090.0

4 9802.8 0.0 23700.9 0.0 48233.5 30475.9 7798.7 38938.4 175209.2 108521.4

5 25621.2 9543.4 10484.9 5227.1 24125.2 46417.7 16741.2 34301.8 142694.7 100958.5

6 0.0 0.0 29131.7 32978.8 0.0 81971.1 0.0 0.0 0.0 0.0

7 19946.6 0.0 16128.6 21504.1 48233.5 72094.1 13246.7 28599.6 63820.2 247935.9

8 24610.6 2003.4 7518.8 9264.2 25125.7 48221.7 15275.1 35270.6 141634.3 101736.7

9 28178.7 29842.9 13224.3 17217.6 9411.9 25865.4 0.0 38938.4 43730.5 295361.9

10 26540.8 0.0 0.0 0.0 27545.4 46992.9 13347.1 35298.0 141992.0 102862.8

11 30094.8 15555.5 7628.7 10205.1 21601.0 48294.1 16852.6 34022.9 142272.7 101048.4

12 25907.3 0.0 5542.4 10896.2 23401.4 46013.7 20208.3 34057.9 144503.5 100968.1

13 26492.0 8447.5 7781.8 11938.4 20689.7 49578.6 17791.1 34028.5 141932.6 104221.5

14 27501.3 4551.5 15713.9 6217.2 24010.6 46736.6 14448.2 35549.5 142088.6 101159.3

15 0.0 0.0 45991.1 32978.8 0.0 31785.0 0.0 38938.4 0.0 83409.2

16 25338.2 7817.3 3793.7 20391.3 33139.7 60773.3 10190.8 36075.2 82348.5 101957.2

17 20243.1 9237.8 0.0 13572.5 22894.1 48335.3 18436.0 34831.9 141183.0 101079.0

18 14352.9 3738.0 12638.4 8280.0 21242.4 41173.2 21630.0 35251.9 145912.0 100826.6

19 34150.4 0.0 0.0 32978.8 32430.2 26857.1 0.0 26180.6 32235.5 45162.9

20 15812.3 0.0 8103.3 4910.1 29417.6 46640.3 17639.0 35037.3 144545.5 101893.5

21 13115.1 1995.9 0.0 13065.4 42782.1 41999.4 31114.0 37893.6 131918.3 101490.7

22 7434.1 0.0 8413.4 0.0 28773.5 42758.7 18950.0 35703.5 144406.1 101938.1

23 27474.9 2022.7 11059.0 6274.9 29274.6 46310.0 15992.9 34465.0 143321.7 101715.0

24 29401.1 14265.0 9133.6 9923.1 22638.4 48416.0 16604.9 34095.0 142267.1 101093.7

25 30349.8 6387.0 2526.1 22813.9 18235.8 46494.9 13541.8 29066.5 71959.6 80453.4

26 30094.8 15555.5 7628.7 10205.1 21601.0 48294.1 16852.6 34022.9 142272.7 101048.4

27 21585.5 8609.5 1115.7 17134.4 30448.7 45293.2 11485.7 24365.3 75192.9 108049.8

28 26535.5 7678.9 10643.6 8987.4 24593.8 47523.7 16679.8 34407.4 142879.6 101302.7

29 27993.6 11179.0 7944.6 8471.9 23242.5 47731.1 16569.1 34143.9 142694.7 101302.1

30 22217.1 6174.9 8769.9 3157.0 20690.4 45905.8 18252.0 34506.7 142780.5 101678.1

31 18236.0 0.0 2483.2 0.0 34338.1 44547.2 11264.8 34783.3 133646.6 96875.4

32 29969.6 15466.5 7587.1 10296.4 21668.6 48296.5 16874.9 34032.1 142250.3 101052.9

33 11613.6 0.0 9520.1 2017.8 24950.6 44826.9 17658.8 34903.5 143956.2 102741.7

34 0.0 576.5 6464.0 1812.2 33768.6 54289.0 0.0 35252.5 130274.7 105764.4

35 29737.9 9982.4 14349.5 14144.2 26090.0 49980.7 17320.4 34089.4 142580.7 101325.0

36 21313.1 0.0 517.8 676.3 29932.8 47427.8 15187.6 34307.9 143848.9 102123.5

37 13169.5 0.0 11476.5 4899.1 47503.9 5290.8 16665.3 14170.8 138730.2 87349.0

38 4299.7 0.0 0.0 4343.9 7612.5 36314.8 21441.9 34371.4 140597.3 99465.4

39 23113.8 4546.8 10493.1 4520.6 22236.2 45386.7 17548.9 33700.4 142395.8 100805.6

40 10472.2 0.0 143.9 19039.6 44499.8 52694.9 20365.6 31285.1 130771.8 100622.7

41 18883.9 0.0 0.0 7975.1 7090.4 35971.7 23308.0 31577.2 139857.9 95783.0

42 28781.4 11135.5 9733.2 9347.5 22958.5 47840.7 16853.7 33986.9 142152.0 100870.6

43 14559.6 4580.7 5156.4 8143.2 10168.7 24723.3 23779.3 30864.4 153456.7 95751.8

44 26752.3 8483.9 10238.8 16734.4 23366.5 49075.2 15454.5 34583.9 141486.3 101450.5

45 28416.8 17529.0 6827.5 10301.2 21784.9 48321.1 17618.3 34145.1 142136.0 101876.3

46 25843.2 12099.8 4691.7 13447.2 26474.3 51144.0 18667.2 34688.5 128374.8 101326.9

47 22999.9 11566.5 7257.6 7232.4 28063.4 44647.1 13443.8 35018.1 142236.5 101689.5

48 29684.8 12276.4 6293.8 10240.9 24833.6 48593.0 17038.7 34204.3 141774.5 101015.9

49 25830.0 2545.9 3531.9 15289.5 19988.4 49180.4 16893.3 35179.4 136219.2 97478.3

50 29790.1 10215.8 5017.3 8322.7 30741.7 59764.9 14602.3 32019.6 93815.9 153208.9
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Table H.1 Solution of 50 Hypothetical Scenarios for Stepwise-PLS Model (Stage-1) (Continued). 

 

sq3_4p1 sq3_5p1 sq4_2p1 sq4_3p1 sq4_4p1 sq5_2p1 sq5_3p1 sq5_4p1 sq5_5p1 pt1p1

1 33714.5 9577.8 3763.3 43154.1 50220.1 14501.6 14526.6 15351.0 20459.7 77966.4

2 34687.0 19236.2 16970.2 39110.5 50321.5 9392.5 19254.9 11870.5 20519.5 79305.7

3 86064.8 0.0 14564.9 24733.5 55102.1 24259.5 0.0 62.4 1770.9 46940.1

4 29425.9 0.0 16077.7 61230.9 50660.1 19463.2 21842.2 14688.8 15718.5 61358.8

5 34956.4 8601.2 6644.7 39526.8 50235.6 12852.9 14487.7 15035.5 22433.1 76223.3

6 0.0 22570.2 0.0 0.0 119712.7 27430.3 0.0 48686.8 0.0 132342.2

7 10335.5 2064.2 22102.6 48179.5 13112.7 6398.0 21842.2 20249.8 1575.7 32074.8

8 33793.4 14438.4 7450.4 40910.9 50221.6 16124.2 20735.6 17105.2 22785.9 75595.1

9 0.0 4209.1 50196.2 73234.2 14672.6 1590.0 0.0 34193.8 26916.9 14545.6

10 30851.5 3563.7 3184.2 37871.3 50237.9 23501.4 11813.3 16560.2 25543.8 75313.7

11 35132.2 10057.3 4190.8 40635.3 50210.7 13812.0 14086.5 14067.7 19371.7 75782.5

12 37326.2 12078.3 507.2 39699.2 50198.4 160.3 16247.7 19307.5 25771.7 76743.2

13 34644.6 16591.6 12936.0 48337.4 50204.3 12024.1 6647.0 14904.6 16717.8 76604.2

14 30815.6 11149.0 9824.8 39414.4 50220.1 12105.7 11850.6 18047.5 25113.8 76658.0

15 0.0 22570.2 2787.6 0.0 79826.2 27430.3 0.0 48686.8 0.0 132342.2

16 20069.8 6024.8 2133.2 23457.7 51011.5 20090.9 17821.5 24325.6 15857.1 99829.9

17 32395.2 7902.2 0.0 40276.1 50194.8 19730.2 19866.8 17071.4 27298.3 76813.0

18 33879.4 2612.0 7789.6 44646.3 50237.5 7076.9 15331.8 16021.8 23978.1 77959.6

19 27215.5 22570.2 4752.1 0.0 48949.8 0.0 21842.2 0.0 0.0 132342.2

20 37684.9 9337.3 1947.7 40715.6 50223.5 16457.2 21299.7 18907.7 22345.7 73572.0

21 31917.7 8881.7 776.9 39567.7 50797.0 21563.8 21313.5 29082.4 16420.3 62852.6

22 33540.0 0.0 8854.8 44024.1 50274.5 14350.3 20833.2 15265.8 23431.5 76955.9

23 33548.8 12953.4 6606.9 41021.7 50213.1 9596.3 18465.8 16763.8 22270.2 77142.8

24 34766.2 8968.8 5129.4 40962.2 50210.6 14327.5 14906.5 14152.5 19469.5 75920.7

25 75534.5 19511.9 26077.7 20254.7 50526.6 15507.9 19277.9 31899.3 11833.8 104044.3

26 35132.2 10057.3 4190.8 40635.3 50210.7 13812.0 14086.5 14067.7 19371.7 75782.5

27 36232.1 22563.1 12088.1 18799.0 50185.9 6055.9 21842.2 9300.2 25525.2 98219.1

28 34033.7 6639.7 5900.2 41952.4 50208.5 14772.8 16340.7 14501.2 21063.6 76093.0

29 35127.3 9334.9 6306.3 40599.7 50223.9 14623.6 15664.7 14198.7 19849.9 76018.4

30 35161.0 5015.8 6324.7 42904.4 50221.9 8210.4 6181.9 15602.6 22517.6 75041.1

31 27461.2 14318.4 0.0 33644.4 50251.1 20236.1 7696.1 6376.8 29484.7 79789.5

32 35101.5 10136.0 4177.7 40669.0 50210.9 13838.1 14206.0 14114.3 19506.0 75798.8

33 31579.5 0.0 5978.0 44002.6 50215.4 9869.1 6439.9 16774.0 27263.2 77567.6

34 16595.8 22566.2 50196.2 45028.9 50284.8 26247.3 5043.1 9031.1 12514.6 87359.5

35 35597.7 4677.4 4889.1 41529.6 50219.0 15545.2 20372.8 13964.4 20615.7 76026.1

36 36712.9 0.0 113.4 40850.8 50236.2 11928.3 16605.2 12339.9 20758.6 74471.0

37 35022.9 11459.8 1921.4 35298.0 116005.2 6846.6 14460.2 14907.9 38802.6 72741.3

38 26416.3 1538.5 16685.4 53295.1 50418.4 3136.4 0.0 7257.5 17975.6 90734.9

39 36436.6 2880.1 8783.9 42270.7 50217.5 7854.7 7711.5 12517.6 23895.9 76646.0

40 26566.4 19338.5 5325.7 38744.1 50644.5 24479.4 21842.2 6643.9 6999.7 90931.5

41 36397.1 22570.2 3980.4 36611.6 50177.4 0.0 0.0 17866.0 23073.8 79414.9

42 34980.8 13087.7 5660.4 40047.9 50211.6 12388.6 13340.3 15010.0 20951.3 76199.8

43 38491.8 12567.8 9607.5 49501.1 50175.0 4457.7 14295.8 16470.3 26321.7 90702.1

44 32569.4 15059.7 12310.7 41721.2 50207.4 17262.3 15689.8 13892.6 22374.2 77114.9

45 35116.7 11015.7 4919.4 42741.3 50213.8 12556.6 13797.0 14748.1 19089.0 75866.2

46 31544.0 15886.9 10326.7 37663.2 50358.8 15436.6 17727.6 18311.5 21885.2 79093.8

47 28883.3 7372.8 2856.0 39203.0 50319.5 17155.2 16311.0 21484.1 20930.6 74211.1

48 34394.1 9496.5 799.2 40898.5 50229.0 16384.4 19179.6 14922.6 20911.7 75969.6

49 30080.3 1192.4 8691.2 37035.7 50137.1 11715.7 10640.2 15588.4 27265.4 76818.9

50 23149.2 6581.6 2988.4 33100.5 55015.2 18517.7 16833.8 9280.5 14953.3 95059.5
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Table H.1 Solution of 50 Hypothetical Scenarios for Stepwise-PLS Model (Stage-1) (Continued). 

 

pt2p1 pt3p1 pt4p1 pt5p1 pt6p1 pt12p1 pt30p1 pt63p1 pt64p1

1 31366.0 53413.4 155518.5 6085.2 40019.1 53442.2 5004.9 3141.5 4450.9

2 24938.5 50322.4 155745.4 13216.5 39034.3 53450.4 5520.0 3141.5 906.5

3 64181.8 113149.7 99718.1 0.0 5493.6 56307.4 0.0 1257.3 1552.7

4 31565.1 43832.9 142291.8 0.0 28121.2 52046.5 1768.4 3141.5 6183.8

5 29838.5 53547.6 155424.4 5228.4 40383.7 53488.4 0.0 3141.5 0.0

6 0.0 0.0 0.0 45683.4 39765.2 46620.8 5520.0 3141.5 6705.8

7 78900.8 2870.2 129978.7 19807.8 26995.9 37055.4 5520.0 3141.5 6705.8

8 28033.9 54110.8 154781.9 7578.7 39892.2 53509.5 3156.6 3141.5 781.1

9 0.0 0.0 5779.0 42181.4 0.0 31097.5 5520.0 938.8 820.3

10 28902.0 55521.2 155745.4 6661.8 37623.9 53304.5 1115.4 3141.5 6705.8

11 28775.7 53942.4 155456.7 6409.6 40345.6 53520.9 3103.1 2225.4 5668.4

12 31440.7 54359.2 155745.4 7608.5 45073.1 53427.4 0.0 0.0 1094.5

13 28813.6 54745.7 154959.6 13123.6 40059.8 53509.2 5375.4 101.7 4115.0

14 28282.6 53022.8 154889.9 3348.9 40428.6 53516.7 1775.3 3141.5 4064.3

15 0.0 0.0 0.0 45683.4 0.0 58009.5 0.0 0.0 0.0

16 42530.0 32241.4 155745.4 4469.7 30898.0 53248.0 5520.0 3141.5 4951.2

17 30311.6 54579.8 155745.4 3599.1 36087.4 53408.2 5520.0 3141.5 5414.5

18 32098.4 55196.3 155745.4 754.5 37576.3 53397.8 0.0 444.6 0.0

19 0.0 97820.4 0.0 0.0 4379.5 23459.9 5520.0 3141.5 6705.8

20 30999.8 55319.6 155574.5 7023.0 37055.1 53387.2 703.9 3141.5 4072.9

21 20095.3 69975.9 155745.4 1169.5 12140.1 52770.1 5520.0 3141.5 6146.1

22 32260.1 53133.6 154902.7 0.0 36401.0 53420.1 1909.0 2741.3 5491.5

23 30291.6 52050.8 154633.6 5336.7 42091.1 53427.4 1828.9 3141.5 340.9

24 28874.7 53773.0 155323.2 6071.7 40554.5 53534.5 5520.0 3141.5 1765.6

25 15136.3 27419.2 148935.8 25740.1 20936.6 51470.3 5520.0 3141.5 1032.0

26 28775.7 53942.4 155456.7 6409.6 40345.6 53520.9 3103.1 2225.4 5668.4

27 11498.9 47848.5 155741.2 28086.9 35727.4 54090.2 5520.0 2214.4 0.0

28 29905.2 53894.6 155293.4 4204.5 40613.5 53510.1 1361.9 3141.5 0.0

29 29202.6 53688.2 155107.0 6262.2 40121.1 53500.6 3003.5 3141.5 0.0

30 29655.7 54779.7 155745.4 8551.3 41668.2 53485.9 0.0 0.0 0.0

31 23416.9 48108.7 155745.4 12572.1 31485.4 53271.2 5520.0 3141.5 1228.8

32 28792.6 53958.3 155487.1 6421.2 40364.6 53520.5 4239.7 3141.5 5185.5

33 31522.5 53988.5 155745.4 7213.9 38642.2 53377.1 205.3 0.0 0.0

34 13316.1 45745.8 155354.0 37656.7 22571.3 53561.9 5520.0 3141.5 6693.2

35 29772.0 54335.2 155471.7 5782.5 42423.5 53607.0 4420.1 3141.5 0.0

36 30336.2 54255.7 155745.4 9535.7 42659.9 53426.2 4597.9 3141.5 1120.1

37 93551.8 127355.5 75449.6 5977.1 12108.5 52389.5 0.0 3141.5 6705.8

38 27871.6 53847.2 155745.4 2296.3 18440.9 52960.2 5520.0 0.0 6049.7

39 29892.5 54283.4 155745.4 10937.0 42683.7 53468.4 0.0 261.4 0.0

40 23133.0 51544.2 155745.4 6303.2 12113.5 53243.9 5520.0 3141.5 6705.8

41 22918.1 60446.6 155745.4 15095.3 33915.8 53170.7 5520.0 191.8 0.0

42 29183.6 53472.0 155609.5 6598.2 41069.0 53521.7 5520.0 3141.5 1029.4

43 35285.6 46417.0 155745.4 12953.7 35730.1 52295.9 2633.1 0.0 773.4

44 28416.6 53305.3 155200.1 6339.6 39415.8 53534.8 5520.0 3141.5 2668.8

45 28834.1 54293.8 155503.8 8028.1 40189.7 53507.9 5520.0 708.8 910.2

46 25959.1 58517.6 155745.4 8783.7 35287.4 53351.2 5520.0 3141.5 2523.2

47 32260.6 51874.0 155152.8 4762.0 42786.4 53471.9 4205.2 3141.5 3632.8

48 28959.6 54183.6 155745.4 5436.1 41027.7 53525.2 5520.0 3141.5 2672.1

49 26050.9 56526.8 155745.4 10942.5 38895.4 53493.9 5520.0 1278.9 1395.5

50 37296.1 35568.9 155520.2 4190.5 44214.4 35291.0 4544.5 3141.5 4499.2
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Table H.2 Solution of 50 Hypothetical Scenarios for Stepwise-PLS Model (Stage-2). 

 

sq1_1p2 sq1_2p2 sq1_3p2 sq1_4p2 sq1_5p2 sq2_1p2 sq2_3p2 sq2_4p2 sq3_2p2 sq3_3p2

1 4993.7 0.0 23306.1 0.0 34460.4 24959.0 5419.3 16463.5 24748.1 474850.0

2 8562.8 0.0 23306.1 6062.5 31447.4 24959.0 19627.6 773.6 60063.5 334371.4

3 8562.8 5126.4 23306.1 38690.0 34460.4 24959.0 63289.9 41001.8 84067.8 190799.5

4 8562.8 14296.6 23306.1 38690.0 34460.4 24959.0 32862.1 0.0 96732.8 338320.1

5 8562.8 8029.7 23306.1 38690.0 11906.6 22145.5 27033.4 30625.9 28647.8 388020.9

6 0.0 7479.0 23306.1 0.0 33159.6 18144.8 6323.0 32374.5 69149.4 414315.9

7 0.0 27051.6 8832.7 0.0 9291.3 0.0 21364.3 0.0 97228.9 482243.5

8 0.0 21929.3 19861.2 7983.2 30380.5 19809.0 37584.1 46129.5 57485.0 442191.6

9 0.0 0.0 23306.1 0.0 34460.4 11040.1 0.0 11046.8 157844.2 169524.7

10 5061.3 10842.7 14852.1 6665.5 10409.8 12160.6 7107.6 42591.1 88729.9 262216.2

11 8562.8 0.0 23306.1 23140.9 34460.4 23465.3 0.0 24982.7 114534.7 373855.0

12 8562.8 0.0 23306.1 0.0 34460.4 24959.0 38199.6 3435.0 61936.9 377504.4

13 8562.8 0.0 23306.1 38690.0 34460.4 24959.0 0.0 31536.5 110324.2 304654.1

14 8562.8 21063.1 23306.1 38690.0 34460.4 24174.0 56604.0 9494.6 38410.3 322243.9

15 3717.8 6701.2 23306.1 2765.6 34460.4 24959.0 31506.8 55934.3 85854.6 264755.3

16 4367.2 0.0 23306.1 0.0 34460.4 13805.6 21250.3 13141.2 18427.8 436156.1

17 8562.8 0.0 23306.1 13178.4 34460.4 24959.0 8737.1 16424.3 32654.2 456528.1

18 8562.8 0.0 23306.1 31289.4 34460.4 24959.0 1564.4 3649.3 113800.3 407010.1

19 7486.6 0.0 23306.1 0.0 34460.4 3757.8 5388.6 0.0 0.0 486464.7

20 8562.8 1904.9 23306.1 38690.0 34460.4 24074.4 63289.9 0.0 39358.4 444008.2

21 4896.7 0.0 23306.1 0.0 34460.4 5978.6 31986.0 3471.6 6206.5 379793.9

22 8503.0 6019.5 23306.1 38690.0 34453.8 18764.0 47884.4 29340.5 24038.6 371666.8

23 8562.8 0.0 23306.1 38173.2 34460.4 24959.0 24445.1 52696.1 86543.3 370495.5

24 8562.8 27051.6 23306.1 38495.0 34460.4 24959.0 13642.4 589.4 56898.9 460340.4

25 8562.8 0.0 23306.1 0.0 34460.4 18658.3 8803.6 0.0 7513.4 486464.7

26 8562.8 20341.4 23306.1 33240.7 34085.1 24959.0 63289.9 15488.8 67549.5 486464.7

27 0.0 0.0 23306.1 0.0 34460.4 24838.8 512.7 51057.7 87291.3 327302.0

28 0.0 24318.5 23306.1 0.0 34460.4 24314.0 0.0 25821.5 46010.9 486464.7

29 4597.9 0.0 23306.1 14396.0 34460.4 24959.0 0.0 580.2 120754.7 411123.6

30 8562.8 27051.6 23306.1 38690.0 34460.4 24959.0 1032.1 0.0 58898.5 486464.7

31 0.0 0.0 23306.1 0.0 34460.4 10243.7 4912.1 5658.4 73746.7 424764.1

32 8562.8 0.0 0.0 0.0 34460.4 24959.0 0.0 0.0 126815.1 415988.3

33 8435.6 0.0 22667.6 28428.6 34460.4 16905.4 14554.9 19146.6 120037.0 337873.6

34 8100.8 805.1 23306.1 28819.2 34460.4 24959.0 11972.6 0.0 54643.0 327120.7

35 8562.8 0.0 23306.1 38675.2 34460.4 24959.0 16340.1 0.0 28628.6 416033.6

36 4050.3 0.0 23306.1 38690.0 34460.4 24959.0 0.0 82.3 59557.6 486464.7

37 8562.8 19334.5 23306.1 38690.0 34460.4 24959.0 60309.9 0.0 54428.6 322865.4

38 8562.8 0.0 23306.1 11629.1 34460.4 18565.2 8520.6 14355.9 120764.0 354305.7

39 8562.8 0.0 23306.1 8854.3 34460.4 24959.0 29124.7 10519.1 132274.2 396476.5

40 8562.8 0.0 23306.1 1053.9 34460.4 24959.0 57888.7 0.0 54328.9 415222.5

41 530.4 0.0 23306.1 0.0 34460.4 24959.0 63289.9 28474.5 49512.2 253831.7

42 0.0 0.0 23306.1 0.0 19152.3 17963.0 21067.0 20955.8 32425.5 401707.3

43 7838.1 1101.8 16187.2 31867.8 33380.2 15262.9 15923.3 21905.1 118906.5 328963.7

44 0.0 0.0 23306.1 0.0 34460.4 24959.0 0.0 21707.1 103925.6 329812.8

45 8562.8 0.0 23306.1 15735.0 34460.4 24481.0 7613.6 18176.7 120536.3 380497.3

46 8562.8 0.0 23306.1 12901.1 34460.4 24959.0 638.0 25466.7 119572.3 390338.2

47 8562.8 0.0 23306.1 0.0 34460.4 24959.0 60221.8 11568.8 95941.7 468958.8

48 0.0 0.0 23306.1 10533.1 34460.4 24959.0 0.0 1672.8 121865.0 385242.5

49 7703.2 1144.8 15944.0 31885.9 33291.8 15246.3 15906.8 21921.7 118896.3 328878.4

50 6511.6 0.0 23306.1 0.0 34460.4 24959.0 0.0 0.0 97791.6 393383.3
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Table H.2 Solution of 50 Hypothetical Scenarios for Stepwise-PLS Model (Stage-2) (Continued). 

 

sq3_4p2 sq3_5p2 sq4_2p2 sq4_3p2 sq5_1p2 sq5_4p2 pt1p2 pt2p2 pt3p2 pt4p2

1 52468.5 17483.0 39352.9 112151.5 0.0 7803.4 83362.6 46595.9 0.0 37402.5

2 30927.8 17483.0 38770.8 106150.8 0.0 18766.3 41279.8 33031.5 0.0 25070.0

3 33758.4 17483.0 39352.9 70589.6 10534.7 9605.3 104465.9 38787.1 53677.3 85344.6

4 28054.0 17483.0 28255.5 103767.8 5347.3 10927.8 89266.1 58474.6 69722.8 69626.1

5 86862.7 17483.0 9799.4 123643.4 0.0 3891.0 36435.2 121214.5 8007.4 28905.0

6 82762.6 17483.0 29677.0 134636.0 0.0 0.0 41654.2 2836.7 0.0 51437.2

7 36873.8 17483.0 39352.9 141864.6 0.0 7605.5 24777.7 2307.2 0.0 0.0

8 55081.2 16308.9 31232.9 125270.7 2295.1 10709.5 36615.7 15578.5 6013.6 18996.4

9 8080.9 17483.0 39352.9 55068.5 0.0 8872.7 78247.6 15689.6 40141.1 64524.6

10 16594.1 17360.5 18523.5 86080.3 3517.8 33432.2 69932.0 89923.4 47242.2 147983.2

11 25682.9 17483.0 35944.0 49310.6 11123.0 0.0 16108.6 25144.5 135121.5 87900.9

12 38267.1 17483.0 39352.9 121014.5 0.0 14222.8 55801.2 30999.0 172.2 26659.5

13 15486.9 17483.0 39352.9 100244.5 992.3 244.3 83410.2 0.0 19126.5 79877.4

14 47544.5 17483.0 39352.9 108685.5 0.0 16785.0 72726.0 43504.4 15403.5 37396.8

15 93096.1 17483.0 39352.9 84099.4 50.8 23626.0 62048.2 32043.3 38967.1 45446.6

16 62836.2 17483.0 28049.7 132964.5 0.0 1813.3 24848.0 76411.1 315.7 16705.2

17 25624.7 17483.0 39352.9 141864.6 3269.8 11443.5 16007.6 0.0 0.0 21538.6

18 12924.5 17483.0 39352.9 60496.2 126.4 0.0 24563.7 22943.8 132910.6 79939.8

19 38847.6 17483.0 39352.9 131625.6 807.3 2902.7 15236.9 31563.3 0.0 3387.5

20 54472.0 17483.0 0.0 141864.6 0.0 0.0 89273.2 36852.9 0.0 48164.7

21 43482.9 17483.0 39352.9 115426.6 0.0 5449.3 24616.8 18508.2 0.0 11508.5

22 41208.1 10180.4 38580.8 119456.7 3338.2 8584.6 56328.7 40414.9 6243.5 45484.5

23 50829.4 17483.0 31946.1 114620.5 2172.4 8901.8 69801.1 32963.1 66055.8 76403.7

24 39299.2 17483.0 22129.3 141864.6 0.0 7160.4 47114.5 0.0 14008.9 17082.2

25 1961.3 17483.0 39352.9 141864.6 0.0 3397.7 38475.8 22351.3 0.0 16945.5

26 15842.1 17483.0 39352.9 141864.6 0.0 0.0 61539.0 55811.7 5380.1 30898.0

27 46553.6 17483.0 39352.9 103121.2 0.0 714.2 39984.6 0.0 0.0 66591.9

28 42526.2 17483.0 34732.6 141864.6 0.0 6672.4 29051.9 0.0 0.0 29015.5

29 18493.5 17483.0 39352.9 60736.5 6830.3 0.0 18957.3 16870.9 131461.3 79132.7

30 6979.9 17483.0 39352.9 141864.6 0.0 0.0 132342.2 26610.3 40501.9 0.0

31 18708.5 17483.0 39352.9 83092.3 0.0 0.0 27322.6 17711.0 79047.9 53187.5

32 0.0 13867.1 38612.9 122869.2 11123.0 23799.9 0.0 11460.2 36858.8 33302.2

33 27981.9 17483.0 26093.1 37310.5 4754.8 493.9 21736.3 40413.3 141656.2 90447.6

34 51105.6 17483.0 38483.3 105277.3 0.0 16858.9 48473.4 32298.2 0.0 30058.4

35 6088.4 17483.0 39352.9 132704.2 0.0 8489.3 58061.6 25511.9 0.0 26451.4

36 93096.1 17483.0 39352.9 141864.6 0.0 0.0 57848.5 0.0 0.0 0.0

37 37801.2 17483.0 39352.9 107033.1 3200.8 15709.8 79222.7 64402.1 14699.3 40577.4

38 25833.3 17483.0 33675.3 41647.6 0.0 0.0 19338.9 35740.9 137098.5 87746.8

39 32085.6 17483.0 39352.9 50955.4 0.0 0.0 17508.0 33531.4 124282.3 81908.7

40 55808.7 17483.0 39352.9 124351.9 0.0 10711.2 38780.8 42238.9 0.0 19754.7

41 55456.5 17483.0 38859.6 81264.8 0.0 23833.5 50495.4 62852.3 12539.8 45968.5

42 85490.4 17483.0 13736.1 55418.6 5346.8 23034.5 105393.7 122639.3 5880.9 32172.5

43 29166.5 16998.9 23699.9 34896.1 9738.2 932.2 21819.0 42294.6 143396.0 91782.9

44 42680.2 17483.0 39352.9 96552.8 0.0 14078.7 47758.7 38047.6 52173.3 66864.7

45 27151.5 17483.0 39352.9 49532.2 0.0 0.0 16610.1 27753.9 130658.6 85357.8

46 28731.3 17483.0 37436.9 52912.7 5577.0 0.0 11320.0 21869.5 128621.8 83339.7

47 49074.0 17483.0 39352.9 141864.6 0.0 8736.1 39714.6 19278.5 0.0 7100.0

48 21855.3 17483.0 39352.9 115505.4 0.0 0.0 35387.5 0.0 0.0 36357.3

49 29173.5 16826.0 23661.0 34874.7 9836.6 939.4 21815.0 42305.4 143415.1 91787.6

50 3125.1 17483.0 38087.9 124070.0 11123.0 0.0 54251.0 0.0 0.0 46889.5
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Table H.2 Solution of 50 Hypothetical Scenarios for Stepwise-PLS Model (Stage-2) (Continued). 

 

pt5p2 pt6p2 pt9p2 pt21p2 pt23p2 pt37p2 pt63p2 pt64p2

1 45683.4 51682.0 13168.4 0.0 11.4 0.0 3141.5 6705.8

2 45683.4 29078.7 13168.4 0.0 27.4 0.0 3141.5 6705.8

3 45683.4 51682.0 13168.4 393.3 18.9 0.0 0.0 6705.8

4 45683.4 51682.0 13168.4 393.3 27.4 0.0 0.0 6705.8

5 24263.9 51682.0 13168.4 393.3 26.3 0.0 0.0 6705.8

6 0.0 41464.4 13168.4 142.0 27.4 0.0 222.3 6705.8

7 45683.4 29121.1 13168.4 0.0 27.4 0.0 0.0 6705.8

8 36257.2 41018.1 13168.4 0.0 27.4 0.0 2493.3 5322.1

9 45683.4 26119.6 13168.4 0.0 0.0 1.7 3141.5 6705.8

10 27150.3 11538.3 13168.4 393.3 0.0 1.7 3141.5 6705.8

11 42953.6 26269.0 13168.4 0.0 27.4 0.0 3141.5 6705.8

12 45683.4 38186.0 13168.4 0.0 27.4 0.0 3141.5 6705.8

13 45683.4 49754.6 13168.4 0.0 20.4 0.0 0.0 6705.8

14 45683.4 51682.0 13168.4 16.5 27.4 0.0 0.0 6705.8

15 45683.4 0.0 13168.4 0.0 27.4 0.0 3141.5 6705.8

16 37065.7 51682.0 13168.4 0.0 27.4 0.0 213.2 6705.8

17 45683.4 51682.0 13168.4 0.0 27.4 0.0 3141.5 6705.8

18 45683.4 42833.0 13168.4 0.0 27.4 0.0 0.0 6705.8

19 45683.4 51682.0 13168.4 0.0 27.4 0.0 0.0 6705.8

20 45683.4 51682.0 13168.4 393.3 24.3 0.0 3141.5 6705.8

21 45683.4 51682.0 13168.4 0.0 27.4 0.0 3141.5 6705.8

22 45676.2 41885.9 7685.2 393.3 13.2 0.4 1306.2 6698.0

23 45683.4 51593.2 13168.4 0.0 6.2 0.0 709.7 6705.8

24 45683.4 51682.0 13168.4 0.0 27.4 0.0 3141.5 6705.8

25 45683.4 51682.0 13168.4 0.0 27.4 0.0 0.0 6705.8

26 45456.1 51682.0 13168.4 108.9 26.2 0.0 869.9 6705.8

27 45683.4 51682.0 13168.4 0.0 27.4 0.0 3141.5 6705.8

28 44848.7 41758.8 13168.4 0.0 27.4 0.0 3141.5 6705.8

29 45683.4 18960.0 13168.4 0.0 27.4 0.0 3141.5 6705.8

30 45683.4 0.0 13168.4 0.0 27.4 0.0 0.0 6705.8

31 42138.6 37626.7 13168.4 0.0 27.4 0.0 1940.9 6705.8

32 45683.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0

33 15982.1 21407.3 13168.4 0.0 16.9 0.0 2283.5 6705.8

34 45683.4 17356.1 13168.4 0.0 14.6 0.0 3141.5 6705.8

35 45683.4 51682.0 13168.4 393.3 0.0 0.0 3141.5 6705.8

36 45683.4 20362.1 13168.4 0.0 5.1 0.0 3141.5 6705.8

37 45683.4 38516.9 13168.4 393.3 21.8 0.0 0.0 6705.8

38 23845.0 19312.4 13168.4 0.0 27.4 0.0 2746.2 6705.8

39 45683.4 35279.6 13168.4 0.0 27.4 0.0 0.0 6705.8

40 45683.4 51682.0 13168.4 0.0 27.4 0.0 3056.0 6705.8

41 45683.4 27775.9 13168.4 0.0 27.4 0.0 0.0 6705.8

42 45683.4 51682.0 13168.4 0.0 27.4 0.0 0.0 6705.8

43 10776.6 19442.2 7015.0 315.0 0.0 0.0 353.8 6089.4

44 45683.4 25951.8 13168.4 0.0 1.8 0.0 3141.5 6705.8

45 45683.4 30941.4 13168.4 0.0 0.0 0.0 3141.5 6705.8

46 45683.4 30147.3 13168.4 0.0 18.2 0.0 3141.5 6705.8

47 45683.4 51682.0 13168.4 0.0 27.4 0.0 3141.5 6705.8

48 45683.4 51682.0 13168.4 0.0 27.4 0.0 3141.5 6705.8

49 10706.4 19402.8 6832.8 257.4 21.9 0.7 267.2 4841.9

50 45683.4 51682.0 13168.4 0.0 27.4 0.0 3141.5 6705.8

Emission Reduction (gm‐mol)Scenario 

No.



 

 

 

131

Table H.3 Solution of 50 Hypothetical Scenarios for Stepwise-PLS Model (Stage-3). 

 

 

 

sq1_3p3 sq1_4p3 sq2_1p3 sq2_3p3 sq2_4p3 sq3_2p3 sq3_3p3 sq3_4p3 sq4_1p3 sq4_2p3 sq4_3p3 sq4_4p3

1 24177.41 39717.31 25879.1 64932.2 57417.17 226875.3 497934.8 95090.77 0 40497.59 145179.9 0

2 24177.41 39717.31 0 64932.2 41190.37 226875.3 497934.8 95090.77 0 40497.59 114317.8 0

3 24177.41 39717.31 0 64932.2 57417.17 226875.3 497934.8 95090.77 1177.125 40497.59 145179.9 0

4 24177.41 39717.31 25879.1 64932.2 57417.17 226875.3 497934.8 95090.77 39155.12 40497.59 145179.9 0

5 24177.41 39717.31 25879.1 64932.2 0 226875.3 497934.8 95090.77 0 40497.59 145179.9 0

6 24177.41 39717.31 25879.1 64932.2 57417.17 226875.3 497934.8 95090.77 0 40497.59 0 0

7 24177.41 39717.31 25879.1 64932.2 57417.17 226875.3 497934.8 95090.77 0 40497.59 38279.19 0

8 24177.41 39717.31 6598.911 64932.2 22960.77 226875.3 497934.8 95090.77 0 40497.59 145179.9 0

9 24177.41 39717.31 25879.1 64932.2 57417.17 226875.3 497934.8 95090.77 0 40497.59 145179.9 0

10 24177.41 39717.31 0 64932.2 57417.17 226875.3 497934.8 95090.77 0 40497.59 145179.9 0

11 0 35273.82 25879.1 12147.72 3803.571 226875.3 497934.8 95090.77 0 31260.33 131080.8 0

12 24177.41 39717.31 25879.1 64932.2 0 226875.3 497934.8 95090.77 0 40497.59 145179.9 0

13 16978.35 39717.31 25514.3 63333.74 57225.53 226875.3 497934.8 95090.77 33794.6 39746.28 144665 107126.6

14 24177.41 39717.31 25879.1 64932.2 57417.17 226875.3 497934.8 95090.77 39155.12 40497.59 145179.9 0

15 24177.41 39717.31 25879.1 64932.2 57417.17 226875.3 497934.8 95090.77 8639.433 40497.59 145179.9 0

16 24177.41 39717.31 25879.1 64932.2 0 226875.3 497934.8 95090.77 0 40497.59 145179.9 0

17 24177.41 39717.31 25879.1 64932.2 0 226875.3 497934.8 95090.77 0 40497.59 53000.98 0

18 24177.41 39717.31 25879.1 64932.2 57417.17 226875.3 497934.8 95090.77 0 40497.59 145179.9 0

19 24177.41 39717.31 0 64932.2 0 226875.3 497934.8 95090.77 0 0 145179.9 0

20 24177.41 39717.31 25879.1 64932.2 0 226875.3 497934.8 28208.42 0 40497.59 145179.9 0

21 24177.41 39717.31 4341.854 64932.2 0 226875.3 497934.8 95090.77 0 0 145179.9 0

22 0 39717.31 20283.74 0 0 226875.3 497934.8 83016.15 0 4915.588 120763.2 0

23 24177.41 39717.31 25879.1 64932.2 57417.17 226875.3 497934.8 95090.77 0 40497.59 145179.9 0

24 24177.41 39717.31 25879.1 64932.2 57417.17 226875.3 497934.8 95090.77 0 40497.59 145179.9 0

25 24177.41 39717.31 3990.152 64932.2 0 226875.3 497934.8 95090.77 0 0 145179.9 0

26 24177.41 39717.31 0 64932.2 0 226875.3 497934.8 0 0 40497.59 145179.9 0

27 24177.41 39717.31 25879.1 64932.2 57417.17 226875.3 497934.8 95090.77 0 40497.59 145179.9 0

28 24177.41 39717.31 24913.35 64932.2 52423.94 226875.3 497934.8 95090.77 0 40497.59 61024.71 0

29 0 37507.38 25879.1 19532.55 57417.17 226875.3 497934.8 95090.77 0 39149.12 135224.9 0

30 24177.41 39717.31 25879.1 64932.2 57417.17 226875.3 497934.8 95090.77 0 40497.59 145179.9 0

31 24177.41 39717.31 25879.1 64932.2 57417.17 226875.3 497934.8 95090.77 0 40497.59 145179.9 0

32 24177.41 39717.31 0 64932.2 57417.17 226875.3 497934.8 95090.77 0 40497.59 126039 0

33 0 39717.31 25879.1 46623.59 52232.88 226875.3 497934.8 93357.03 0 40497.59 145179.9 75304.9

34 24177.41 39717.31 0 64932.2 0 226875.3 497934.8 95090.77 0 40497.59 145179.9 0

35 0 39717.31 25879.1 0 57417.17 226875.3 497934.8 95090.77 0 40497.59 145179.9 0

36 24177.34 39717.31 25879.1 64932.2 57417.17 226875.3 497934.8 95090.77 39155.08 40497.59 145179.9 108321.9

37 24177.41 39717.31 25879.1 64932.2 0 226875.3 497934.8 73991.48 0 40497.59 145179.9 0

38 24177.41 39717.31 25879.1 64932.2 0 226875.3 497934.8 95090.77 0 40497.59 145179.9 0

39 24177.41 39717.31 25879.1 64932.2 57417.17 226875.3 497934.8 95090.77 0 40497.59 145179.9 0

40 24177.41 39717.31 25879.1 64932.2 0 226875.3 497934.8 0 0 40497.59 145179.9 0

41 24177.41 39717.31 11457.08 64932.2 0 226875.3 497934.8 16365.14 0 0 145179.9 0

42 24177.41 39717.31 0 64932.2 0 226875.3 497934.8 95090.77 0 0 145179.9 0

43 12900.1 39717.31 25879.1 64932.2 57417.17 226875.3 497934.8 95090.77 0 40497.59 145179.9 95549.7

44 24177.41 39717.31 15967.79 64932.2 57417.17 226875.3 497934.8 94750.23 0 40497.59 145179.9 21859.32

45 0 39717.31 0 0 57417.17 226875.3 497934.8 95090.77 0 10205.15 145179.9 0

46 0 39717.31 25879.1 0 55243.02 226875.3 497934.8 95090.77 0 40497.59 145179.9 0

47 24177.41 39717.31 25879.1 64932.2 53227.27 226875.3 497934.8 95090.77 0 40497.59 108247 0

48 24177.41 39717.31 25879.1 64932.2 57417.17 226875.3 497934.8 95090.77 0 40497.59 145179.9 0

49 0 39717.31 0 0 0 226875.3 497934.8 95090.77 0 0 0 0

50 24177.41 39717.31 25879.1 64932.2 57417.17 226875.3 497934.8 95090.77 0 40497.59 145179.9 0
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Table H.3 Solution of 50 Hypothetical Scenarios for Stepwise-PLS Model (Stage-3) (Continued). 

 

 

 

 

sq4_5p3 sq5_5p3 pt1p3 pt2p3 pt3p3 pt4p3 pt5p3 pt6p3 pt15p3 pt23p3 pt30p3 pt63p3 pt64p3

1 0 1.46009 132342.2 134419.1 150840 155745.4 45683.38 17093.17 137312.2 0 5519.951 3141.544 0

2 0 0.511032 132342.2 134419.1 150840 0 45683.38 31973.76 137312.2 0 5519.951 3141.544 4362.587

3 19578.06 17626.32 132342.2 134419.1 150840 0 0 51682 0 0 5519.951 3141.544 0

4 19578.06 0 132342.2 134419.1 150840 0 0 51682 0 0 5519.951 3141.544 0

5 0 0 132342.2 134419.1 0 155745.4 45683.38 51682 137312.2 0 5519.951 3141.544 0

6 0 0 132342.2 134419.1 150840 155745.4 45683.38 51682 137312.2 0 5519.951 3141.544 0

7 0 0.730045 132342.2 134419.1 150840 155745.4 45683.38 51682 137312.2 0 5519.951 3141.544 0

8 0 0.584036 132342.2 134419.1 150840 155745.4 45683.38 20555.76 137312.2 0 5519.951 3141.544 0

9 0 0 132342.2 134419.1 150840 155745.4 45683.38 51682 137312.2 0 5519.951 3141.544 0

10 0 0 132342.2 134419.1 150840 155745.4 45683.38 51682 137312.2 0 5519.951 0 0

11 0 36203.38 132342.2 134419.1 150840 155745.4 45683.38 51682 127955.6 0 0 3141.544 6705.77

12 0 0 132342.2 134419.1 150840 155745.4 45683.38 0 137312.2 0 5519.951 3141.544 0

13 10544.29 36429 132342.2 134419.1 150840 155745.4 45683.38 51682 137312.2 0 0 3141.544 6705.77

14 19578.06 0 132342.2 134419.1 150840 0 0 51682 0 0 5519.951 3141.544 0

15 4319.825 16688.43 132342.2 134419.1 150840 81943.45 35603.51 51682 63538.96 0 5519.951 3141.544 0

16 0 0 132342.2 134419.1 0 0 45683.38 51682 135985.7 0 5519.951 3141.544 0

17 0 2.153633 132342.2 134419.1 150840 88639.41 45683.38 5891.126 6411.573 0 5519.951 3141.544 0

18 0 0 132342.2 64571.01 150840 155745.4 45683.38 0 137312.2 0 5519.951 3141.544 0

19 0 0 132342.2 134419.1 150840 155745.4 45683.38 51682 83753.99 0 5519.951 2167.165 6705.77

20 0 2.117131 132342.2 134419.1 150840 155745.4 45683.38 51682 0 0 5519.951 3141.544 0

21 0 5.32933 132342.2 134419.1 0 0 45683.38 51682 0 0 5519.951 3141.544 6705.77

22 0 36287.59 132342.2 134419.1 150840 155745.4 45683.38 51634.41 137312.2 0 0 3141.544 3525.998

23 0 0 132342.2 0 150840 155745.4 45683.38 0 137312.2 0 5519.951 3141.544 0

24 0 0 132342.2 134419.1 150840 155745.4 45683.38 51682 137312.2 0 5519.951 3141.544 0

25 0 0 132342.2 134419.1 0 0 45683.38 51682 0 0 5519.951 3141.544 6705.77

26 0 0 132342.2 134419.1 0 0 45683.38 51682 0 0 5519.951 3036.246 6705.77

27 0 0 132342.2 134419.1 150840 155745.4 45683.38 51682 137312.2 0 5519.951 3141.544 0

28 0 18126.37 132342.2 97443.36 87304.63 87516.73 45683.38 49342.02 92893.65 0 5519.951 3141.544 0

29 0 14745.27 132342.2 134419.1 150840 155745.4 45683.38 43138.78 137312.2 0 0 3141.544 6705.77

30 0 0 132342.2 134419.1 150840 43875.1 45683.38 2336.824 137312.2 0 5519.951 3141.544 0

31 0 0 132342.2 134419.1 150840 155745.4 45683.38 51682 137312.2 0 5519.951 3141.544 0

32 0 0.438027 132342.2 134419.1 150840 26879.97 45683.38 51682 137312.2 0 5519.951 3141.544 0

33 0 36336.98 132342.2 134419.1 150840 155745.4 45683.38 0 137312.2 0 5519.951 3141.544 6705.77

34 0 0 132342.2 134419.1 150840 0 45683.38 31950.14 137312.2 0 5519.951 3141.544 1846.096

35 0 15488.49 132342.2 1036.024 150840 155745.4 45683.38 0 137312.2 0 5519.951 3141.544 6705.77

36 19577.96 36429.26 132342.2 134419.1 150840 155745.4 45683.38 51682 137312.2 0 5519.879 3141.544 6705.77

37 0 0.474529 132342.2 134419.1 150840 155745.4 45683.38 51682 137312.2 0 5519.951 171.5919 0

38 0 0 132342.2 134419.1 150840 155745.4 45683.38 0 137312.2 0 5519.951 3141.544 0

39 0 0.657041 132342.2 134419.1 150840 106958.8 45683.38 0 137312.2 0 5519.951 3141.544 0

40 0 5.292828 132342.2 134419.1 0 0 45683.38 51682 0 0 5519.951 3141.544 5565.137

41 0 1.606099 132342.2 134419.1 0 0 45683.38 51682 0 0 5519.951 3141.544 6705.77

42 0 7.847986 132342.2 134419.1 6669.154 0 45683.38 51682 0 0 5519.951 1562.685 6705.77

43 0 36423.38 132342.2 134419.1 150840 155745.4 45683.38 49624.61 137312.2 0 5519.951 3141.544 4031.108

44 0 18189.22 108636.1 79090.97 91767.56 90906.93 45683.38 51682 85084.32 0 5519.951 936.4698 0

45 0 18108.77 132342.2 134419.1 150840 155745.4 45683.38 51682 137312.2 0 0 1890.974 6705.77

46 0 0 132342.2 134419.1 150840 155745.4 45683.38 51682 137312.2 0 5519.951 3141.544 6705.77

47 0 0.620538 132342.2 134419.1 150840 155745.4 45683.38 26041.77 137312.2 0 5519.951 3141.544 0

48 0 0 132342.2 134419.1 150840 106592.1 45683.38 51682 137312.2 0 5519.951 3141.544 0

49 0 0 132342.2 134419.1 150840 155745.4 45683.38 51682 137312.2 0 0 3141.544 6705.77

50 0 0 132342.2 134419.1 150840 155745.4 45683.38 51682 137312.2 0 5519.951 3141.544 0
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Table H.4 Solution of 50 Hypothetical Scenarios for Stepwise-PLS Model (Stage-4). 

 

sq1_1p4 sq1_3p4 sq1_4p4 sq3_2p4 sq3_3p4 sq4_2p4 sq4_3p4

1 0 0.896884 0 282611.6 396217 51779.39 0

2 0 3.742169 2.519557 282611.6 385864.9 51779.39 0

3 0 0 0 282611.6 656174.6 51779.39 0

4 0 3.154556 3.284423 282611.6 560637.4 51779.39 0

5 1.295177 0 3.464391 282611.6 422400.9 51779.39 0

6 0 0 0 282611.6 656174.6 51779.39 0

7 0 0.030927 3.464391 30207.16 623745.3 40624.51 0

8 1.46464 0 0 282611.6 319708.3 51779.39 0

9 0 0 0 282611.6 656174.6 51779.39 0

10 0 0 0 282611.6 656174.6 51779.39 0

11 0 4.515345 0 282611.6 518442.4 51779.39 0

12 0.871521 0 0 282611.6 436991.3 51779.39 0

13 0.012104 0 0 282611.6 439721.2 51779.39 13.87582

14 0 0.773176 0 282611.6 500737.5 51779.39 0

15 0 0 0 282611.6 656174.6 51779.39 0

16 0 0 1.664707 282611.6 537510.2 51779.39 0

17 0.919939 0 0 282611.6 388579.6 51779.39 0

18 0.738372 0.587613 0 282611.6 409723.2 51779.39 0

19 0 0 0 282611.6 656174.6 51779.39 0

20 0.859417 1.979329 2.249604 282611.6 503836.3 51779.39 0

21 0 0 0 282611.6 461597.1 51779.39 7.125422

22 0 3.340118 0 282611.6 290589.4 51779.39 3.187689

23 0.762581 0 0.494913 282611.6 478820.7 51779.39 6.937911

24 0.823103 4.020513 0 282611.6 492962.7 51779.39 0

25 0 1.731913 0 282611.6 517070.2 51779.39 0

26 0 0 0 282611.6 529185.8 51779.39 0

27 0 0 0.85485 282611.6 400066 51779.39 4.125244

28 0 0 0 30207.16 446396 49770.22 0

29 0 0 1.844676 282611.6 454287.8 51779.39 0

30 0.435761 0 0 282611.6 519069.6 51779.39 0

31 0 0 0 282611.6 517956.5 51779.39 0

32 0 0 0 282611.6 656174.6 51779.39 0

33 1.343595 0 3.104454 282611.6 404342.3 51779.39 0

34 0 1.298935 0 282611.6 487490.4 51779.39 0

35 1.258864 0 0 282611.6 528384.3 51779.39 0

36 0 0 1.979652 282611.6 499248.3 51779.39 0

37 0 0 0 282611.6 538216.4 51779.39 6.562889

38 0 1.670059 1.844676 282611.6 378988.2 51779.39 0

39 1.525162 0 0.764866 282611.6 443559.6 51779.39 9.375555

40 0 0.865957 0 282611.6 559586.1 51779.39 0

41 0.375238 0 0 282611.6 536684.4 51779.39 2.250133

42 0.980461 0 0.629889 282611.6 415489.4 51779.39 6.937911

43 0 0 0 282611.6 336820.1 51779.39 4.125244

44 1.22255 0 0 29956.27 578606.6 24048.73 0

45 0 0 0 282611.6 457269.6 51779.39 0

46 0.133149 0 2.249604 282611.6 535116.3 51779.39 0

47 0.447865 0.061854 0 282611.6 437758.5 51779.39 10.50062

48 0 0 0 30207.16 543227.8 49448.02 0.750044

49 0 0 5.129098 282611.6 600703.5 51779.39 0

50 1.68252 0 0 226956.7 656174.6 51779.39 0
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