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Abstract 
 
In this research, a support vector regression and Monte Carlo simulation-based interval two-stage programming (SVRMC-ITSP) 
method was developed through integrating support vector regression (SVR) and Monte Carlo simulation into a two-stage interval-
stochastic programming (TISP) framework. The developed SVRMC-ITSP method can effectively tackle dynamic, interactive and 
uncertain characteristics of municipal solid waste (MSW) management systems. It can also be used to simulate waste generation 
rates to provide relevant their PDFs for the consequent optimization. The method can improve previous studies in terms of 
uncertainty reflection and simulation. The developed method was applied for planning of Beijing’s MSW management system. 
The results indicated that the SVRMC-ITSP method performed better than the original TISP model in its capability of improving 
the credibility of computed results. Uncertainties that can be expressed as both intervals and PDFs can be tackled through the 
introduction of SVR, Monte Carlo simulation, and TISP. The approach was valuable for supporting the adjustment of the existing 
waste allocation patterns, and the capacity planning of the city’s waste management system. 
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1. Introduction 

 
The amount of municipal solid waste (MSW) 

generated annually in China is increasing rapidly 
(Yang et al., 2011). Averagely, China is annually 
producing over 150 million tons of MSW. Also, this 
amount is still increasing at an annual rate of 8-10%, 
resulting in many challenges to decision makers for 
wisely managing MSW (Cheng et al., 2007). 
However, multiple uncertainties may exist in real-
world MSW management systems, such as cost 
parameters, capacity limits, and waste-generation 
rates (Chen et al., 2011; Gunalay et al., 2012). 
Therefore, models in which inherent uncertainties can 
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be effective handled are increasingly being relied upon 
to inform and support MSW management in China. 

Two-stage interval-stochastic programming 
(TISP) model (Maqsood and Huang, 2003) is effective 
for handling uncertainties expressed as probability 
distribution functions (PDFs) and discrete intervals 
(Li et al., 2008; Sun et al., 2010). The TISP can 
generate desired alternatives for MSW management 
system under multiply uncertainties. However, it may 
encounter difficulties due to the requirements on PDFs 
of relevant parameters such as waste-generation 
levels. Comparatively, Monte Carlo (MC) simulation 
is effective in tackling uncertainties described as 
PDFs. The major components of a MC simulation 
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include a numerical model, a probability distribution 
function, a random number generator, a sampling rule, 
a scoring value, an error estimator, as well as variance 
reduction techniques (Qin and Huang, 2009). An 
essential issue to obtain good MC simulation results is 
that the numerical model has a high computational 
accuracy.  

In general, traditional numerical methods for 
predicting waste generation mostly counted on 
demographic factors, which may be taken as fixed 
over time or might be projected to change with time 
(Li et al., 2008). This may cause major disparity for 
large-scale MSW management systems such as the 
one in Beijing that is characterized by large 
population, rapid economic development, and large-
scale consumptions. Also, normally, three typical 
factors (i.e., total population (TP) as a direct cause of 
MSW arises, gross domestic product (GDP) as the 
widely-available economic parameter indicating the 
ability to consume and produce goods, and 
consumption level of individual residents (CLIR) 
assessing the level of consumerism) can be considered 
as the major driving factors to the waste generation 
(Ali Abdoli et al., 2012; Dyson and Chang, 2005). 
They may fluctuate frequently over the planning time. 
As a result, the relationship between response variable 
(i.e., waste generation level) and the explanatory 
variables (i.e., TP, GDP and CLIR) is quite 
complicated with nonlinear and dynamic properties.  

Intelligence models, such as artificial neural 
networks (ANN) and support vector regression (SVR), 
are the potential tools for forecasting the quantity of 
waste generation as the input of optimization model 
(Chen et al., 2017; Noori et al., 2009). These data-
driven models can model waste generation 
fluctuations without having to depend on the complete 
perception of MSW generation process (Abbasi et al., 
2012; Ghinea et al., 2016). Kumar et al., (2011) used 
the ANN model to estimate the quantity of waste 
generation generated in the Eluru city, India from 
2010 to 2026, where results showed good coincidence 
between observed data and predictions. However, the 
ANN may suffer from many disadvantages, including 
the need for a large number of training samples, 
difficulty in obtaining a stable solution and the danger 
of over-fitting.  

Compared to ANN models, SVR is powerful 
for dealing with the problems with small quantity of 
statistic samples, nonlinearity, high dimension, and 
local minima (Vapnik, 1999). Moreover, it is a novel 
learning machine based on statistical learning theory, 
and which adheres to the principle of structural risk 
minimization seeking to minimize an upper bound of 
the generalization error, rather than minimize the 
training error (the principle followed by ANN) 
(Bouhouche et al., 2012; Chen and Wang, 2007; 
Wieland et al., 2010). Recently, SVR has achieved 
great success in nonlinear regression problems due to 
its many attractive features and promising 
generalization performance. However, few researches 
that focused on SVR technique for the prediction of 
waste generation level were reported. 

Therefore, one potential approach for 
improving the modeling calculation accuracy and 
reflecting uncertainties expressed as PDFs and 
discrete intervals for MSW management systems is to 
introduce the SVR and MC simulation into the TISP 
framework. This will lead to a SVR and MC interval 
two-stage programming (SVRMC-ITSP) method. The 
proposed SVRMC-ITSP method will be used for 
planning MSW management system in Beijing, China. 
 
2. Methodology 
 

When uncertainties of the model’s right-hand 
sides are expressed as random variables and decisions 
need to be made periodically over time, the study 
system can be formulated as the following two-stage 
stochastic programming model (Li et al., 2008) (Eq. 
1): 
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where jx  and jhy  are the first- and second-stage 

decision variables respectively; h  are random 

variables with probability levels hp , where h = 1, 

2,…, v and 1hp  . Through introducing the interval 
parameter programming to quantify those 
uncertainties presented in terms of interval values, the 
two-stage stochastic programming model can be 
transformed into the following two-stage interval-
stochastic programming (TISP) model (Maqsood and 
Huang, 2003) (Eq. 6): 
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 (10) 

 
where: superscript “±” means interval-valued feature; 
the “–“ and “+” superscripts represent lower and upper 
bounds of an interval parameter/variable, respectively. 
The TISP model has numerical solutions only when 

the PDFs of the random variable (i.e. 
h ) is known. 

In MSW management systems, the waste generation 

rate (denoted as 
h ) is a random variable. The PDFs 

of waste generation rate can be obtained through MC 
simulation. Also, SVR is a numerical model and can 
assist MC simulation in producing hundreds or 
thousands of possible outcomes of waste generation 
over the planning horizon. This approach that SVR 
and MC simulation are incorporated into the TISP 
framework can be named as SVR and MC based 
interval two-stage programming (SVRMC-ITSP) 
method. Fig. 1 illustrates the general framework of the 
SVRMC-ITSP method. The solution algorithm can be 
summarized as follows:  

Step 1: The topological structure of three inputs 
to one output for the SVR model is constructed, where 
three inputs of SVR include TP, GDP and CLIR and 
one output means the waste generation rate. As a 
constructive learning procedure based on the 
structural risk minimization principle with the aims at 
minimizing the true error, the detailed descriptions of 

SVR model can be found in Smola and Schölkopf, 
(2004).  

Step 2: The surveyed records of TP, GDP, 
CLIR and waste generation rate can be used to 
calibrate and validate the SVR model constructed. The 
data point from 1979 to 2003 can be regarded as the 
training sets, while the data point from 2004 to 2008 
can be regard as the testing sets. The purpose of 
calibration and validation is to set the regularization 
constant C and the kernel parameters. The optimal 
values of parameter C are determined by employing a 
grid-search in a n-fold cross validation approach, 
where the searching range was designed as follows: C 
=2q, q=-10, -9, …, 0, …, 9, 10. Additionally, the 
polynomial kernel can help SVR enhance the accuracy 
for predicting the waste generation rate in Beijing (Dai 
et al., 2011). 

Step 3: In this study, three random variables 
(i.e. Gv (v = 1, 2, 3)), including the growth rate of TP 
(G1), the growth rate of GDP (G2) and the growth rate 
of CLIR (G3) are assumed to be independent random 
variables and normally distributed. Therefore, 
Kolmogorov-Smirnov (KS) test can be used to 
estimate the probability distribution functions, means, 
and standard deviations of random variables Gv 
(Massey, 1951). The data for statistical analysis is the 
time series of Gv collected from 1980 to 2008. The null 
and the alternative hypotheses for the KS-test are: H0: 

2( ,  )v v vG N  : , and H1: not H0. 
 

 
 

Fig. 1. Framework of SVRMC-ITSP 

20,  1,2,..., ;  1,2,...,jhy j n h v   

Identifying the probability distribution of Gv 

Pass KS 
test ?

Normal 
distribution 

No
Changing 

distribution

Yes

Monte Carlo Simulation

Three equations:

1(1 )n
k k nP G P   

3(1 )n
k k nF G F   

2(1 )n
k k nC G C  

Monte Carlo 
sampling for  Gv 

SVR model calibration and 
validation

Inputs

TP, GDP, CLIR

Output

waste generation rate

SVR model

Predicate the  
waste generation  

during the 
planning periods

Two-stage interval-stochastic 
programming (TISP) model

Obtain the values of        under 
different  probability levels  

hkw
 Fitting the PDFs of kw

SVR and MC interval two-stage programming (SVRMC-ITSP) method

Optimal solutions for SVRMC-ITSP method Generation of decision alternatives



 
Dai et al./Environmental Engineering and Management Journal 18 (2019), 2, 329-348 

 

 332

 
Step 4: If normality test fails, non-normal (e.g., 

uniform and gamma) distributions may be assumed 
and tested for the Gv. If normality test passes, Monte 
Carlo random samples for each probability 
distribution of Gv can be undertaken.  

Step 5: Data points of TP, GDP and CLIR from 
2011 to 2015 as the inputs of SVR model are 
calculated through the formulas of geometric series: 

1(1 )n
k k nP G P    , 3(1 )n

k k nF G F     and 

2(1 )n
k k nC G C    , where kP , kF  and kC  are the 

value of TP, GDP and CLIR in period k, respectively; 

n denotes the interval time; and 1G , 2G  and 3G  (i.e. 
Gv) are generated from Monte Carlo random samples. 
The output of the verified SVR model is the waste 
generation rate from 2011 to 2015, where the training 
sets are from 1979 to 2008. 

Step 6: Steps 4 and 5 are repeated N times. 
Thus, N samples of annual waste generation rate from 
2011 to 2015 can be obtained. KS-test is used to 
identify the distributions of annual N samples, where 
three candidate distributions, including Normal and 
Lognormal distributions, are considered first. 

Step 7: If KS-test fails, other distributions (i.e., 
gamma distribution) may be assumed and tested for 
fitting the PDFs of waste generation rate in the 
planning horizon. If passes, make a discretization for 
the fitted PDFs and calculate the interval values (i.e., 

waste generation rate, 
kh ) under given probability 

levels. Fig. 2 shows the relationship between PDFs 
and intervals, where f(x) is the probability distribution 

function; ,minkw  and ,maxkw  (the minimum and 
maximum value among the N samples, respectively) 
are the lower and upper bound of annual waste 
generation rate, respectively. Suppose the interval 

,min ,max,k kw w    are divided into v  sections with the 

probability levels 
 kh

kh

w

h w
P f x dx




  , h = 1, 2,…, v. 

Specially, 
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R w

P f x dx


   are 

much less than hP . Because 1 1v
h hP   is a 

requirement for calculating the two-stage stochastic 

programming model, LP  and RP  can be approximately 

integrated into 1P  and vP , respectively. Then, we have 
Eqs. (11-13): 
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calculation principle, under given probability levels, 
the interval waste generation rate can be calculated as 
follows Eqs. (14-16): 
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Step 8: Import the interval waste generation 
rate calculated into TISP model. Then, TISP can be 
transformed into two deterministic sub models that 
correspond to the lower and upper bounds of desired 
objective function value (Huang et al., 1992). The 

objective function value corresponding to f 

 is 
desired first because the objective is to minimize net 

system costs. The sub model for f 

 can be firstly 

formulated as follows (assume that 0b  , and 0f   ) 
(Eq. 17): 
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Fig. 2. Relationship between probability distribution function and interval 
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(17-23). 
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Step 9: Through integrating solutions of the two sub 
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3. Case Study 
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urban districts of Beijing, which contains six districts 
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3.0] tonnes will be used to estimate the transportation 
costs. 

The main approaches for waste treatment 
include landfilling, composting, incineration and 
comprehensive treatment. There are seven landfills 
(i.e., Asuwei, Liulitun, Jiaojiapo, Wangzuo, Anding, 
Dadushe and Gaoantun) around the six urban districts 
for disposing the MSW. These landfills have an 
overall cumulative capacity limit. According to the 
Beijing Environmental Sanitation Development 
Report, the existing landfills are able to accept waste 
till 2015. The four composting facilities with the total 
designing capacity of 4250 tonne/day are used to 
service the study system. The residue ((23, 28) % of 
original waste) from composting facilities will be 
finally disposed by landfills. Besides, revenue can be 
obtained from compost produced by the adoption of 
the composting technology. There will be four 
incinerators used to service the study system with the 
total designing capacity of 4600 tonne/day in the 
beginning of 2011. The waste flow can be reduced to 
78, 82% by incinerating technology, and the residue 
will be finally transported to landfill. In addition, the 
combustion heat could be collected to generate power 
or provided to local resident for heat supply. Revenue 
can be obtained from electrical power/heating 
generated by incinerator heat. Nowadays, there are 
three comprehensive treatment facilities to service the 
urban districts with the total designing capacity of 
4200 tonne/day. They updated the recycling facilities 
many years ago due to the two principal functions, 
such as compaction and recycling the MSW. After the 
adoption of an integrated approach, perishable goods 
and combustible materials can be used. Thus, the 
residue ((10, 15) % of original waste) from 
comprehensive treatment facilities will be finally 
disposed by landfills. 

According to the Beijing statistical yearbook 
from 1980 to 2009, the data of the time series of waste 
generation rate, TP, CLIR and GDP from 1979 to 2008 
can be collected. The study time horizon is 5 years 
(from 2011 to 2015), which is further divided into 
three periods (i.e., the first period is 2011, the second 
period includes 2012 and 2013, and the third period is 
from 2014 to 2015). Tables 1 and 2 contain regular 
costs for allowable waste flows, operating costs for 
waste management facilities, and penalty costs for 
surplus waste flows, as well as revenues from waste 
management facilities over the three planning periods 
(Xi et al., 2010).  

The capacity-expansion options and relevant 
capital costs for different waste management facilities 
are shown in Table 3. It is indicated that the expansion 
costs decrease along with time. Since the planning 
problem under consideration is dynamic with multiple 
stages, discount factors are necessary for each period 
to obtain a total present value for the object function. 
In this research, all the cash flows are counted in year 
2010 dollars. The customized model can be presented 
as follows (Eq. 31): 
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subject to (Eq. 32-55): 
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(Landfill capacity constraint)(Eq. 32) 
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(Composting facility capacity constraint) (Eq. 33) 
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(Incinerator capacity constraint) (Eq. 34) 
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(Comprehensive treatment facility capacity 
constraint)(Eq 35) 
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(Mass balance constraint) (Eq. 36) 
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(Residue constraint)Eqs. (37-42) 
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(Diversion rate) Eqs. (43-45) 
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(Non-negativity constraint) Eqs. (46-49) 
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(waste management facilities can be expanded once 
within each period k) Eqs. (50-52) 
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1,  if  comprehensive treatment facility is expanded

,
0, if otherwise
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(Binary constraints) Eqs. (53-55) 
The detailed nomenclatures for the variables 

and parameters of Eqs. (31-55) are provided in 
Appendix. 
 
4. Result analysis 
 

In this research, three models, including SVR, 
ANN and multiple linear regression (MLR), were 
considered as the alternative destination to extract as 
much information as possible from the historical data 
to identify an appropriate regression relationship 
between TP, CLIR, GDP and waste generation rate. 
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Table 1. Costs and revenues for allowable waste flows (present values) (Unit: $/tonne) 
 

 Planning period 
 k = 1 k = 2 k = 3 
 Cost Revenue Cost Revenue Cost Revenue 

For landfill 
Asuwei landfill (9.27, 9.65) (3.41, 3.26) (8.47, 8.85) (2.91, 2.76) (7.37, 7.75) (2.11, 1.96) 
Liulitun landfill (9.22, 9.61) (3.59, 3.42) (8.42, 8.81) (3.09, 2.92) (7.32, 7.71) (2.29, 2.12) 
Jiaojiapo landfill (9.96, 9.31) (3.41, 3.53) (9.16, 8.51) (2.91, 3.03) (8.06, 7.41) (2.11, 2.23) 
Wangzuo landfill (8.75, 10.38) (3.45, 3.25) (7.95, 9.58) (2.95, 2.75) (6.85, 8.48) (2.15, 1.95) 
Anding landfill (9.63, 9.11) (3.33, 3.29) (8.83, 8.31) (2.83, 2.79) (7.73, 7.21) (2.03, 1.99) 
Dadushe landfill (8.95, 10.3) (3.52, 3.56) (8.15, 9.50) (3.02, 3.06) (7.05, 8.40) (2.22, 2.26) 
Gaoantun landfill (8.66, 10.34) (3.64, 3.35) (7.86, 9.54) (3.14, 2.85) (6.76, 8.44) (2.34, 2.05) 

For composting facility 

Liulitun composting 
(20.09, 
20.89) 

(6.70, 6.54] 
(18.29, 
19.09) 

(5.90, 5.74) 
(16.39, 
17.19) 

(4.80, 4.64) 

Nangong composting 
(19.15, 
19.92) 

(6.48, 6.33] 
(17.35, 
18.12) 

(5.68, 5.53) 
(15.45, 
16.22) 

(4.58, 4.43) 

Dongcun composting 
(19.30, 
20.08) 

(6.52, 6.36] 
(17.50, 
18.28) 

(5.72, 5.56) 
(15.60, 
16.38) 

(4.62, 4.46) 

Gaoantun composting 
(19.22, 
19.98) 

(6.85, 6.68] 
(17.42, 
18.18) 

(6.05, 5.88) 
(15.52, 
16.28) 

(4.95, 4.78) 

For incinerator

Asuwei incinerator 
3(0.98, 
31.76) 

(8.72, 8.51) 
(30.38, 
31.16) 

(7.92, 7.71) 
(29.58, 
30.36) 

(6.82, 6.61) 

Liulitun incinerator 
(31.33, 
32.11) 

(7.65, 7.47) 
(30.73, 
31.51) 

(6.85, 6.67) 
(29.93, 
30.71) 

(5.75, 5.57) 

Nangong incinerator 
(33.94, 
34.79) 

(8.66, 8.45) 
(33.34, 
34.19) 

(7.86, 7.65) 
(32.54, 
33.39) 

(6.76, 6.55) 

Gaoantun incinerator 
(31.91, 
32.71) 

(8.68, 8.48) 
(31.31, 
32.11) 

(7.88, 7.68) 
(30.51, 
31.31) 

(6.78, 6.58) 

For comprehensive treatment facility 

Asuwei comprehensive 
(37.29, 
38.41) 

(11.93, 
11.56) 

(36.69, 
37.81) 

(11.03, 
10.66) 

(35.89, 
37.01) 

(9.83, 9.46) 

Fengtai comprehensive 
(40.59, 
41.81) 

(12.99, 
12.58) 

(39.99, 
41.21) 

(12.09, 
11.68) 

(39.19, 
40.41) 

(10.89, 
10.48) 

Xitianyang 
comprehensive 

(37.09, 
37.18) 

(11.87, 
11.19) 

(36.49, 
36.58) 

(10.97, 
10.29) 

(35.69, 
35.78) 

(9.77, 9.09) 

 
Table 2. Costs and revenues for excess waste flows (present values) (Unit: $/tonne) 

 
 Planning period 
 k = 1 k = 2 k = 3 
 Cost Revenue Cost Revenue Cost Revenue 

For landfill 

Asuwei landfill 
(17.89, 
18.63) 

(3.41, 3.26) 
(16.34, 
17.09) 

(2.91, 2.76) 
(14.22, 
14.97) 

(2.11, 1.96) 

Liulitun landfill 
(17.72, 
18.46) 

(3.59, 3.42) 
(16.19, 
16.93) 

(3.09, 2.92) 
(14.07, 
14.81) 

(2.29, 2.12) 

Jiaojiapo landfill 
(20.67, 
19.33) 

(3.41, 3.53) 
(19.01, 
17.67) 

(2.91, 3.03) 
(16.73, 
15.38) 

(2.11, 2.23) 

Wangzuo landfill 
(15.94, 
18.91) 

(3.45, 3.25) 
(14.48, 
17.45) 

(.95, 2.75) 
(12.48, 
15.45) 

(2.15, 1.95) 

Anding landfill 
(19.32, 
18.28) 

(3.33, 3.29) 
(17.72, 
16.68) 

(2.83, 2.79) 
(15.51, 
14.47) 

(2.03, 1.99) 

Dadushe landfill 
(16.69, 
19.21) 

(3.52, 3.56) 
(15.20, 
17.72) 

(3.02, 3.06) 
(13.15, 
15.67) 

(2.22, 2.26) 

Gaoantun landfill 
(15.63, 
18.65) 

(3.64, 3.35) 
(14.19, 
17.21) 

(3.14, 2.85) 
(12.20, 
15.22) 

(2.34, 2.05) 

For composting facility 

Liulitun composting 
(32.05, 
33.34) 

(6.70, 6.54) 
(29.18, 
30.46) 

(5.90, 5.74) 
(26.15, 
27.43) 

(4.80, 4.64) 

Nangong composting 
(29.55, 
30.73) 

(6.48, 6.33) 
(26.77, 
27.96) 

(5.68, 5.53) 
(23.84, 
25.02) 

(4.58, 4.43) 

Dongcun composting 
(29.96, 
31.16) 

(6.52, 6.36) 
(27.17, 
28.36) 

(5.72, 5.56) 
(24.22, 
25.41) 

(4.62, 4.46) 
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Gaoantun composting 
(31.33, 
32.58) 

(6.85, 6.68) 
(28.39, 
29.65) 

(6.05, 5.88) 
(25.30, 
26.55) 

(4.95, 4.78) 

For incinerator 

Asuwei incinerator 
(48.01, 
49.20) 

(8.72, 8.51) 
(47.07, 
48.27) 

(7.92, 7.71) 
(45.83, 
47.03) 

(6.82, 6.61) 

Liulitun incinerator 
(49.07, 
50.31) 

(7.65, 7.47) 
(48.13, 
49.36) 

(6.85, 6.67) 
(46.88, 
48.11) 

(5.75, 5.57) 

Nangong incinerator 
(57.61, 
59.05) 

(8.66, 8.45) 
(56.59, 
58.03) 

(7.86, 7.65) 
(55.23, 
56.67) 

(6.76, 6.55) 

Gaoantun incinerator 
(50.93, 
52.20) 

(8.68, 8.48) 
(49.97, 
51.24) 

(7.88, 7.68) 
(48.69, 
49.97) 

(6.78, 6.58) 

For comprehensive treatment facility 

Asuwei comprehensive 
(59.71, 
61.50) 

(11.93, 
11.56) 

(58.74, 
60.53) 

(11.03, 
10.66) 

(57.46, 
59.25) 

(9.83, 9.46) 

Fengtai comprehensive 
(64.36, 
66.29) 

(12.99, 
12.58) 

(63.41, 
65.34) 

(12.09, 
11.68) 

(62.14, 
64.07) 

(10.89, 
10.48) 

Xitianyang 
comprehensive 

(58.36, 
58.48) 

(11.87, 
11.19) 

(57.41, 
57.54) 

(10.97, 
10.29) 

(56.15, 
56.28) 

(9.77, 9.09) 

 
Table 3. Capacity expansion options and their capital costs for waste management facilities 

 

Expansion option Total capacity Capacity for residential waste
Expansion cost ($106) 

k = 1 k = 2 k = 3 
Composting facility 

Option 1 (e = 1) 282 t/d 200 t/d (2.93, 2.99) (2.82, 2.87) (2.64, 2.69) 
Option 2 (e = 2) 1142 t/d 800 t/d (11.11, 11.17) (10.66, 10.72) (10.01, 10.05) 
Option 3 (e = 3) 1428 t/d 1000 t/d (13.59, 13.65) (13.05, 13.11) (12.23, 12.29) 

Incinerator 
Option 1 (f = 1) 282 t/d 200 t/d (18.67, 19.87) (17.55, 18.67) (15.87, 16.89) 
Option 2 (f = 2) 1142 t/d 800 t/d (71.80, 73.02) (67.49, 68.62) (61.03, 62.05) 
Option 3 (f = 3) 1428 t/d 100 t/d (87.95, 89.15) (82.67, 83.80) (74.76, 75.78) 

Comprehensive treatment facility 
Option 1 (g = 1) 571 t/d 400 t/d (24.42, 25.54) (23.21, 24.26) (21.49, 22.47) 
Option 2 (g = 2) 1142 t/d 800 t/d (47.33, 48.45) (44.97, 46.03) (41.65, 42.64) 
Option 3 (g = 3) 1714 t/d 1200 t/d (68.19, 69.31) (64.78, 65.84) (60.01, 60.99) 

 
Also, the root-mean-square error (RMSE) was 

used to assess the fitting and generalization 
performances for the three models. Fig. 3 shows the 
comparison results of the observed value and 
predicted value calculated by SVR, ANN and MLR. 
For the training sets, the RMSE of SVR, ANN and 
MLR are 0.01, 0.02, and 0.13 respectively. For the 
testing sets, the RMSE of SVR, ANN and MLR are 
0.05, 3.77, and 0.17 respectively. The results indicate 
that (i) the order of fitting performance is: SVR > 
ANN > MLR; and (ii) the order of generalization 
performance is: SVR > MLR > ANN. Therefore, SVR 
model has the best predicting performance in 
comparison with the other models. 

Fig. 4 presents description statistics results for 
the time series of G1 to G3 from 1980 to 2008. It is 
indicated that the data points concentrate on the 
vicinity of mean, and most of them uniformly 
distribute in the interval of [mean- variance, mean+ 
variance]. Through the normality test for the three 
random variables, G1 to G3, the results indicated that 
the average KS-statistic value is 0.19, with the 
maximum and minimum values being 0.21 and 0.16, 
respectively. Given a significance level of 0.05, all of 
the statistic values are lower than the critical one 
(0.22). Therefore, it is judged the normality hypothesis 
can hardly be rejected. By using maximum likelihood 

estimation method, the distribution of G1 to G3 can be 
estimated as follows: G1 ~ N (0.024, 0.032), G2 ~ N 
(0.168, 0.0612) and G3 ~ N (0.153, 0.962). 

Fig. 5 presents the statistic histograms of the 
simulated waste generation rate in the planning 
horizon. Since these figures have approximately 
shapes of normal, gamma, poisson, and lognormal 
distributions, KS-test is used to find the best 
distribution. Fig. 6 shows the calculated SK-statistic 
values. As shown in Fig. 6(a), the maximum and 
minimum SK-statistic values are 0.099 and 0.045. 
Given a significance level of 0.05, all of the statistic 
values are higher than the critical one (0.0431); while 
given a significance level of 0.01, statistic value (i.e. 
waste generation in period 1) is lower than the critical 
one (0.0516). In Fig. 6(b), statistic value (i.e. waste 
generation in period 3) cannot pass the KS-test under 
significance level of 0.05. In Fig. 6(c), all of the 
statistic values cannot pass the KS-test. In Fig. 6(d), 
all of the statistic values pass the KS-test.  

Therefore, it is judged the lognormal 
distribution hypothesis can hardly be rejected since all 
KS-statistic values are lower than or very near the 
critical ones given a significance level of 0.05. 
Assume that three levels (i.e., low, medium and high) 
of waste generation have the probability of 0.2, 0.6 and 
0.2, respectively, we can obtain the interval waste 
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generation rate based on quantile calculation principle 
described in the Step 7 of Methodology section. Table 
4 presents the probability levels correspond to 
different interval values of the  waste  generation rate   
( 

kh ), which are the input data of optimization 

framework. Table 5 shows the solution of optimized 
waste-flow allocation for the composting facilities. It 
is indicated that an excess flow can be generated if the 
allowable-waste-flow level is exceeded (i.e. excess 
flow=generated flow−assigned quota). The waste-
flow patterns (including  allowable  and  excess flows)   

 

would  vary dynamically due to temporal and spatial 
variations of waste-generation/ management 
conditions. Fig. 7 presents waste flows allocated to the 
landfills, composting facilities, incinerators and 
comprehensive treatment facilities during the entire 
planning horizon. Waste flows allocated to the 
composting facility, incinerator and comprehensive 
treatment facility would keep increasing with time. 
This is because the division rate is increased rapidly 
and the waste flow is transferred to those MSW 
management facilities under compulsion. 

 

 
 

 
 

 
 

Fig. 3. Comparison of the observed and predicted value with (a) SVR model, (b) ANN model, (c) MLR (note: MLR denotes 
multiple linear regression; Obs. denotes the observed value; Pre. denotes the predicted value) 
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Fig. 4. Description statistics results for the time series of (a) G1, (b) G2 and (c) G3 
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Fig. 5. Statistic histograms for the simulated waste generation rate in (a) period 1, (b) period 2 and (c) period 3 
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Fig. 6. SK- test results for different alternative distributions. (a) Normal distribution; 
(b) Gamma distribution; (c) Poisson distribution; (d) Lognormal distribution 
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Table 4. Simulation results of waste-generation rates and the associated probabilities 
 

Level of waste generation Probability Waste generation rate, khw

 (106 tonnes) 
k = 1 k = 2 k = 3 

h = 1 (low) 0.2 (4.78, 6.11) (7.95, 12.87) (9.15, 14.13) 
h = 2 (medium) 0.6 (6.11, 7.89) (12.87, 19.44) (14.13, 25.74) 

h = 3 (high) 0.2 (7.89, 10.11) (19.44, 29.30) (25.74, 47.31) 
 

Fig. 8 presents the optimal solution for facility 
expansions. For example, the Dongcun composting 
facility should be expanded by an increment of (0, 
286) tonne/day at the starts of periods 2 and 3, 
respectively, with 70% of the capacity (i.e., (0, 200) 
tonne/day) being dedicated to the residential waste. 
Thus, the capacity of Liulitun, Nangong, Dongcun and 
Gaoantun composting facilities for residential wastes 
would eventually be increased to (3200, 4200), (1000, 
1600), (1250, 1650) and (1200, 4200) tonne/day, 
respectively. However, the expansion capacity of 
Dongcun composting facility is less than other three 
composting facilities. The capacity of Asuwei, 
Liulitun, Nangong and Gaoantun incinerators for 
residential wastes would eventually be increased to 
(1000, 2000), (2000, 3000), 1000 and (1600, 3400) 
tonne/day, respectively.  

The expansion capacity of incinerators is less 
than that of composting facilities. This is because the 
incinerators have higher disposal costs and allotment 
of waste flows to the composting facilities would be 
more economical. The capacity of Fengtai 
comprehensive treatment facility for residential 
wastes would remain the status quo (i.e. 1600 
tonne/day),   while   the   capacity   of   Asuwei    and  

Xitianyang comprehensive treatment facilities would 
eventually be increased to (2800, 5200) and (1800, 
3800) tonne/day, respectively. 

The optimal value of objective function is 
$(1.33, 2.92) × 109, which denotes the system cost. 
The system cost includes expenses for handling fixed 
allowable waste flows, probabilistic excess flows, and 
expansions/developments of composting facilities, 
incinerators, comprehensive treatment facilities and 
landfills. The results indicate that the cost for facility 
expansions is $(207.2, 824.2) million (or (15.6, 
28.2)% of the total system cost); the regular cost for 
disposing/diverting allowable waste flows is $(918.7, 
1715.8) million (or (58.8, 69.2)% of the total system 
cost); the penalty cost for handling excess waste flows 
is $(202.3, 379.3) million (or (13.0, 15.2)% of the total 
system cost). In addition, the cost for waste landfilling 
is $(495.1, 896.6) million (or (30.7, 37.3)% of the total 
system cost); the costs for composting facilities, 
incinerators and comprehensive treatment facilities 
are $(219.5, 465.5) million (or (15.9, 16.5)% of the 
total system cost), $(265.9, 747.1) million (or (20.0, 
25.6)% of the total system cost) and $(347.7, 810.1) 
million (or (26.2, 27.7)% of the total system cost), 
respectively. 
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Fig. 7. Optimal waste-flow allocation pattern for (a) composting facility, (b) incinerator, 
(c) comprehensive treatment facility and (d) landfill 
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Fig. 8. Capacity planning for (a) composting facility, (b) incinerator and (c) comprehensive treatment facility 
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Table 5. Results of waste flow allocation for composting facility 
 

Period Facility 
Waste 

generation 
rate 

Allowable waste flow 
(t/d) 

Excess waste flow 
(t/d) 

Optimized waste flow (t/d)

1 Liulitun composting Low [361.59, 463.33] 0 [361.59, 463.33] 
1 Nangong composting Low [100.03, 110.16] 0 [100.03, 110.16] 
1 Dongcun composting Low [91.34, 100.58] 0 [91.34, 100.58] 
1 Gaoantun composting Low [250.55, 432.69] 0 [250.55, 432.69] 
1 Liulitun composting Medium [361.59, 463.33] 0 [361.59, 463.33] 
1 Nangong composting Medium [100.03, 110.16] 0 [100.03, 110.16] 
1 Dongcun composting Medium [91.34, 100.58] 0 [91.34, 100.58] 
1 Gaoantun composting Medium [250.55, 432.69] 0 [250.55, 432.69] 
1 Liulitun composting High [361.59, 463.33] [234.08, 332.67] [595.67, 796] 
1 Nangong composting High [100.03, 110.16] [0, 0] [100.03, 110.16] 
1 Dongcun composting High [91.34, 100.58] [0, 0] [91.34, 100.58] 
1 Gaoantun composting High [250.55, 432.69] [0, 68.34] [250.55, 501.03] 
2 Liulitun composting Low [835.23, 1258.87] 0 [835.23, 1258.87] 
2 Nangong composting Low [231.07, 254.45] 0 [231.07, 254.45] 
2 Dongcun composting Low [210.97, 232.32] 0 [210.97, 232.32] 
2 Gaoantun composting Low [309.44, 810.85] 0 [309.44, 810.85] 
2 Liulitun composting Medium [835.23, 1258.87] 0 [835.23, 1258.87] 
2 Nangong composting Medium [231.07, 254.45] 0 [231.07, 254.45] 
2 Dongcun composting Medium [210.97, 232.32] 0 [210.97, 232.32] 
2 Gaoantun composting Medium [309.44, 810.85] 0 [309.44, 810.85] 
2 Liulitun composting High [835.23, 1258.87] [599.70, 903.87] [1434.93, 2162.74] 
2 Nangong composting High [231.07, 254.45] [0, 0] [231.07, 254.45] 
2 Dongcun composting High [210.97, 232.32] [0, 0] [210.97, 232.32] 
2 Gaoantun composting High [309.44, 810.85] [210.30, 582.19] [519.74, 1393.04] 
3 Liulitun composting Low [1338.24, 1911.01] 0 [1338.24, 1911.01] 
3 Nangong composting Low [448.73, 693.71] 0 [448.73, 693.71] 
3 Dongcun composting Low [461.99, 771.71] 0 [461.99, 771.71] 
3 Gaoantun composting Low [497.42, 1934.98] 0 [497.42, 1934.98] 
3 Liulitun composting Medium [1338.24, 1911.01] 0 [1338.24, 1911.01] 
3 Nangong composting Medium [448.73, 693.71] 0 [448.73, 693.71] 
3 Dongcun composting Medium [461.99, 771.71] 0 [461.99, 771.71] 
3 Gaoantun composting Medium [497.42, 1934.98] 0 [497.42, 1934.98] 
3 Liulitun composting High [1338.24, 1911.01] [960.85, 1372.11] [2299.09, 3283.12] 
3 Nangong composting High [448.73, 693.71] [258.28, 498.08] [707.01, 1191.79] 
3 Dongcun composting High [461.99, 771.71] [331.71, 554.09] [793.7, 1325.8] 
3 Gaoantun composting High [497.42, 1934.98] [357.14, 1389.32] [854.56, 3324.3] 

 
5. Conclusions 
 

The hypothesis test results indicate that the 
assumptions for simulated waste generation can be 
accepted statistically. However, this does not conclude 
that they are also acceptable under all the conditions. 
Therefore, the assumptions should be re-tested based 
on simulation results when the model is extended to 
other cities. If the normality test fails, other 
distributions may be assumed and tested for the waste 
generation.  

The developed SVRMC-ITSP method is 
formulated by incorporating the SVR and Monte Carlo 
simulation within a TISP framework. Three special 
characteristics make it unique compared with other 
optimization techniques: (i) it can simulate the PDFs 
of waste generation rate over the planning horizon; (ii) 
it can provide a linkage to pre-regulated policies 
(determined by authorities) that have to be respected 
when a modeling effort is undertaken; (iii) it is useful 

for tackling uncertainties presented as both 
probabilities and intervals. The developed SVRMC-
ITSP method represents a new effort to enhance the 
analysis accuracy in planning the MSW management 
system in the urban districts of Beijing, China. The 
Monte Carlo simulation results indicate that the 
random variable of waste generation rate would follow 
the lognormal distribution. The results of optimization 
method identify desired capacity expansion and waste 
flow-allocation plans.  

The main limitations of this research are as 
follows: (i) for the SVR model, selecting the kernel 
function is usually based on application-domain 
knowledge, which may add the disturbance to the 
prediction accuracy of waste generation rate; and (ii) 
except Monte Carlo simulation, fuzzy sets theory is an 
alternative tool to handle uncertainty, thus future 
studies on integrating the fuzzy two-stage stochastic 
programming into the SVRMC-ITSP framework are 
desired. 
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Appendix 
 
List of indexes, decision variables and parameters in 
Eqs. (31-55) is shown as follows: 
 
Indexes 
k - planning period, k = 1, 2, 3; 
c - name of composting facility, c = 1, 2, 3, 4; 
l - name of landfill, l = 1, 2, … 7; 
i - name of incinerator, i = 1, 2, 3, 4; 
z - name of comprehensive treatment facility, z = 1, 2, 
3; 
e - expansion option for composting facility, e = 1, 2, 
3; 
f - expansion option for incinerator, f = 1, 2, 3; 
g - expansion option for comprehensive treatment 
facility, g = 1, 2, 3; 
h - level of waste generation rate, h = 1, 2, 3; 
 
Decision variables 

ckhXUC 

 - amount by which the target allowable flow 

level (i.e. ckTUC 

) is exceeded when the waste-

generation rate is khw

 with probability hP  
(tonne/day);  

ikhXUI 

- amount by which the target allowable flow 

level (i.e. ikTUI 

) is exceeded when the waste-

generation rate is khw

 with probability hP  (tonne/day);  

zkhXUZ 

- amount by which the target allowable flow 

level (i.e. zkTUZ 

) is exceeded when the waste-

generation rate is khw

 with probability hP  (tonne/day);  

lkhXUL

 - amount by which the target allowable flow 

level (i.e. lkTUL

) is exceeded when the waste-

generation rate is khw

 with probability hP  (tonne/day);  

clkYCL

 - residue for excess waste flow generated by 
composting facility c during period k (tonne/day);  

ilkYIL

 - residue for excess waste flow generated by 
incinerator i during period k (tonne/day);  

clkYCL

 - residue for excess waste flow generated by 
comprehensive treatment facility z during period k 
(tonne/day); 

cekBCE 

 - binary decision variable for composting 
facility c with expansion option e;  

ifkBIF 

 - binary decision variable for incinerator i with 
expansion option f;  

zgkBZG

 - binary decision variable for comprehensive 
treatment facility z with expansion option g; 

 
Parameters 
f 

 - system expected cost ($); 

kL  - length of period k (day); 

cCC 

 - initial capacity of composting facility c 
(tonne/day); 

lLC 

 - capacity of landfill l at the beginning of 
planning period (tonne); 

iIC

 - initial capacity of incinerator i (tonne/day); 

zZC 

 - initial capacity of comprehensive treatment 
facility z (tonne/day); 

cDUC 

 - distances from study area to composting 
facility c (km); 

iDUI 

 - distances from study area to incinerator i 
(km);  

zDUZ 

 - distances from study area to comprehensive 
treatment facility z (km); 

lDUL

 - distances from study area to landfill l (km); 

clDCL

 - distances from composting facility c to 
landfill l (km); 

ilDIL

 - distances from incinerator i to landfill l (km); 

zlDZL

 - distances from comprehensive treatment 
facility z to landfill l (km); 

kTR

 - unit traffic expense for allowable waste [$/ 
(kmꞏtonne)]; 

kETR

 - unit traffic expense for excess waste [$/ 

(kmꞏtonne)], k kETR TR  ; 

kCOC 

 - collection cost for allowable waste ($/tonne); 

kECOC 

 - collection cost for excess waste ($/tonne), 

k kECOC COC  ; 

ckOC 

 - operating costs of composting facility c 
($/tonne);  

ikOI 

 - operating costs of incinerator i ($/tonne); 

zkOZ 

 - operating costs of comprehensive treatment 
facility z ($/tonne);  

lkOL

 - operating costs of landfill l ($/tonne); 

ckEOC 

 - operating costs of composting facility c for 

excess waste ($/tonne), ck ckEOC OC  ; 

ikEOI 

 - operating costs of incinerator i for excess 

waste ($/tonne), ik ikEOI OI  ; 

zkEOZ 

 - operating costs of comprehensive treatment 

facility z for excess waste ($/tonne), zk zkEOZ OZ  ; 

lkEOL

 - operating costs of landfill l during period k for 

excess waste ($/tonne), lk lkEOL OL  ; 

cekECE 

 - capital cost of expanding composting facility 
c by option e ($/tonne);  
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ifkEIF 

 - capital cost of expanding incinerator i by 
option f in period k ($/tonne);  

zgkEZG

 - capital cost of expanding comprehensive 
treatment facility z by option g ($/tonne); 

ckRC

 - revenue of composting facility c ($/tonne);  

ikRI 

 - revenue of incinerator facility i ($/tonne);  

zkRZ 

 - revenue of comprehensive treatment facility z 
($/tonne); 

ckERC 

 - revenue of composting facility c because of 
excess waste ($/tonne); 

ikERI 

 - revenue of incinerator facility i because of 
excess waste ($/tonne);  

zkERZ 

 - revenue of comprehensive treatment facility 
z because of excess waste ($/tonne); 

ckFC

 - residue MSW rates (% of incoming mass to 
composting facility c); 

ikFI 

 - residue MSW rates (% of incoming mass to 
incinerator i); 

zkFZ 

 - residue MSW rates (% of incoming mass to 
comprehensive treatment facility z); 

kGC 

 - diversion rate of waste flow to composting 
facility c;  

kGI 

 - diversion rate of waste flow to incinerator i;  

kGZ 

 - diversion rate of waste flow to comprehensive 
treatment facility z; 

ckTUC 

 - allowable waste flow from urban districts to 
composting facility c (tonne/day); 

ikTUI 

 - allowable waste flow from urban districts to 
incinerator i (tonne/day); 

zkTUZ 

 - allowable waste flow to comprehensive 
treatment facility z (tonne/day); 

lkTUL

 - allowable waste flow from urban districts to 
landfill l during period k (tonne/day); 

clkTCL

 - residue for allowable waste flow generated by 
composting facility c to landfill l (tonne/day); 

ilkTIL

 - residue for allowable waste flow generated by 
incinerator i to landfill l (tonne/day); 

zlkTZL

 - residue for allowable waste flow generated by 
comprehensive treatment facility z to landfill l 
(tonne/day); 

hP  - probability of khw

 with waste-generation level h; 

khw

 - residential MSW generated by urban districts 

with probability hP  in period k; 

i


 - capacity rate of composting facility c for urban 
districts (% of the whole capacity);  

c


 - capacity rate of incinerator i for urban districts 
(% of the whole capacity);  

z 

 - capacity rate of comprehensive treatment facility 
z for urban districts (% of the whole capacity); 

l


 - capacity rate of landfill l for urban districts (% of 
the whole capacity); 

cekCCE  - amount of capacity expansion option e for 
composting facility c (tonne/day); 

ifkCIF  - amount of capacity expansion option f for 
incinerator i (tonne/day); 

zgkCZG  - amount of capacity expansion option g for 
comprehensive treatment facility z (tonne/day). 
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