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The growth of global population and economy continually increases the waste volumes and consequently creates challenges to
handle and dispose solid wastes. It becomes more challenging in mixed rural-urban areas (i.e., areas of mixed land use for rural
and urban purposes) where both agricultural waste (e.g., manure) and municipal solid waste are generated. The efficiency and
confidence of decisions in current management practices significantly rely on the accurate information and subjective judgments,
which are usually compromised by uncertainties. This study proposed a resource-oriented solid waste management system for
mixed rural-urban areas. The system is featured by a novel Monte Carlo simulation-based fuzzy programming approach. The
developed system was tested by a real-world case with consideration of various resource-oriented treatment technologies and the
associated uncertainties. The modeling results indicated that the community-based bio-coal and household-based CH, facilities
were necessary and would become predominant in the waste management system. The 95% confidence intervals of waste loadings
to the CH, and bio-coal facilities were 387, 450 and 178, 215 tonne/day (mixed flow), respectively. In general, the developed system
has high capability in supporting solid waste management for mixed rural-urban areas in a cost-efficient and sustainable manner
under uncertainty.

1. Introduction costs, and their interactions, as well as other general uncer-
tainty sources such as incomplete information, measurement
and sampling errors, subjective judgement, assumptions and
approximation, and dynamics of environmental conditions
[5-8]. These uncertainties affect the relative optimization
and decision making processes, leading to significant com-
plexities and compromising the confidence and efficiency of

decisions [4, 9-11].

Solid waste is causing significant environmental problems
in urban and suburban areas and consequently leading to
numerous adverse health and environmental impacts around
the world [1]. The concerns in handling and disposing solid
waste are growing with the continuous increases of waste
generation in the world, which is closely correlated with
the growth of population and the economy [2]. Due to the

rising waste generation rates and the lack of available space in
landfills, urban communities and even some rural areas are
facing some critical challenges in developing effective solid
waste management systems particularly and partly due to the
existence of various uncertainties in the system [3, 4]. These
uncertainties may arise from a variety of possible sectors
including waste generation rates, disposal capacity, treatment

To address challenges from uncertainties, a number of
optimization methods have been developed to handle differ-
ent types of uncertainties in solid waste management in the
past decades. Among these methods fuzzy programming and
stochastic programming are widely reported in the literature
[4, 8, 12-19]. Fuzzy techniques can be used to express the
possibilistic uncertainties where vagueness of parameters is



characterized by membership functions [16, 20, 21]; stochastic
techniques are able to handle the probabilistic uncertainties
where the probability distributions can be used to represent
random variability of parameters [22-24]. Nevertheless, both
techniques have their own drawbacks: membership func-
tions may lead to a loss of information when inappropriate
subjective judgments have been made and/or when some
parameters can be better represented by stochastic variables,
while defining of probability distribution can be affected
by the limited amount of data [20, 21, 25]. Furthermore,
possibilistic and probabilistic uncertainties can frequently
coexist in environmental systems such as municipal solid
waste (MSW) management systems. It is necessary to develop
integrated fuzzy and stochastic techniques to handle such
cases, and one attempt has previously been made [26]. How-
ever, some difficulties have been reported in finding effective
linkages between these two techniques and in appropriately
interpreting optimized results from their outputs. For exam-
ple, fuzzification and defuzzification are challenging when
the stochastic distributions are involved. Thus, possibilistic
and probabilistic uncertainties are usually treated separately
(2,20, 21, 27, 28].

Recently, some approaches have been developed to simul-
taneously deal with possibility and probability [4, 29, 30].
However, these approaches treat probabilistic uncertainties
based on limited, discrete probability distributions and are
unable to simultaneously handle continuous probability and
subjective information [2, 21]. In practice, system variables
usually include both subjective and objective information
(or dual uncertainties) [2, 31]; therefore, the incorporation
of fuzzy set theory and Monte Carlo simulation becomes
necessary and valuable [21, 32, 33]. Monte Carlo simulation
can address continuous probabilistic uncertainties by using
probability density functions (PDFs) [34-36]. Therefore, the
integration of fuzzy programming approaches with Monte
Carlo simulation can be promising in addressing the limi-
tations of treating possibilistic and continuous probabilistic
uncertainties. However, challenges still remain in finding
optimal solutions to the new coupled problem of the fuzzy
programming and Monte Carlo simulation.

Furthermore, it is significantly difficult to design a suc-
cessful solid waste management system due to complexities
and uncertainties, especially in mixed rural-urban areas.
These areas face a special challenge in treating and disposing
agricultural residues and livestock manure, which may have
much higher loadings than the common MSW stream.
At the same time, manure can also be a potential valu-
able resource through resource-oriented recovery techniques
(such as composting, CH, generation, and bio-coal gen-
eration). Unlike traditional solid waste management sys-
tems which treat the solid waste as burden, the resource-
oriented solid waste management system treats it as potential
resources or materials that can be used for reproduction.
Under this perspective, the solid waste management system
can be sustainably run by profit driven sectors rather than
difficultly maintained by cost controlling from some admin-
istrative departments, and therefore can be easily controlled
by the market [2, 8]. Therefore, resource-oriented solid waste
management is a promising and potentially a preferred
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solution in the future. The resource-oriented concept is espe-
cially important for mixed rural-urban areas where livestock
breeding exists. It can minimize environmental impacts with
maximizing the economic benefits for mixed rural-urban
areas and increase the motivation of application by different
sectors (e.g., government and industry) [2, 37]. Although
there are some attempts in applying resource-oriented waste
management methods for industrial solid waste, studies
targeting agricultural and municipal solid waste in mixed
rural-urban areas are still insufficient [2, 38].

The Monte Carlo simulation-based fuzzy programming
(MCFP) model is a new mathematical approach which has
been recently developed [2]. However, the previous study
only applied a simplified hypothetical case without further
testing, particularly by real-world problems. In this study,
the MCFP model is further defined with a resource-oriented
solid waste management concept, to form a resource-oriented
solid waste management system supported by Monte Carlo
simulation-based fuzzy programming (RSW-MCEFP) system
for better supporting solid waste management in mixed rural-
urban areas when possibilistic and continuous probabilistic
uncertainties coexist in real-world applications. Another key
objective of this new method is to reduce the amount of
solid waste by recovering materials and energy from solid
waste. In short, the objectives of this study are (1) to
develop a resource-oriented solid waste management system
for a mixed rural-urban area supported by a Monte Carlo
simulation-based fuzzy programming (RSW-MCEFP) and (2)
to conduct feasibility and efliciency tests as well as a trade-
off analysis through a real-world case study of solid waste
management in the town of Shuangcheng in Northeast
China. This approach is expected to efficiently handle various
uncertainties in a complex system with fewer additional cons-
traints and provide a powerful tool to generate a set of feasible
decision alternatives for local decision makers to improve the
efficiency and confidence in managing solid waste in mixed
rural-urban areas.

2. Methodology

In the MCFP approach, a Monte Carlo simulation approach
is introduced to handle the probabilistic uncertainties (con-
tinuous and discrete) [2]. By assigning random values to
the uncertain parameters, the probabilistically uncertain
information becomes deterministic one in a single loop of
Monte Carlo simulation. Consequently, the original prob-
lem with dual uncertainties (coexistence of possibilistic
and continually probabilistic uncertainties) becomes a fuzzy
problem. Subsequently, a fuzzy programming approach based
on the fuzzy-stochastic-interval linear programming (FSILP)
method [10] is introduced to handle the possibilistic uncer-
tainties, converting the fuzzy problem into a conventional
linear problem.

In the FSILP approach, the Nguyen’s method is used to
convert the fuzzy and/or fuzzy stochastic linear programming
problems into the conventional linear programs (LPs), by
measuring the attainment values of fuzzy numbers and/or
fuzzy random variables, as well as the superiority and infe-
riority between triangular fuzzy numbers/triangular fuzzy
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stochastic variables [39]. An attainment value is a degree of
attainment of the fuzzy goal. It is considered to be a concept
similar to a degree of satisfaction of the fuzzy decision when
the fuzzy constraint is replaced by the fuzzy expected payoft.
It can also be interpreted as a possibility of attainment of the
fuzzy goal. The FSILP approach is advanced from the Nguyen
method [39] in different situations of relations in demand
(left-hand-side, LHS) and resource (right-hand-side, RHS) as
well as the introduction of interval programming. Although
the FSILP approach is capable of handling the coexistence of
uncertainties, its efficiency will decrease when the number of
discrete probabilities increases. In addition, when the proba-
bilistic uncertainty is described as a continuous distribution,
integration is required in numerically processing the opti-
mization, leading to difficulties. Furthermore, some of the
distributions may not be integrable, making the optimization
unachievable.

Monte Carlo simulation is a class of computation inten-
sive algorithms based on randomization. These methods can
provide near equivalent results to deterministic algorithms,
making it a complement to the theoretical derivations. Monte
Carlo simulation is especially suitable for problems with mul-
tiple probability distributions, while handling these distribu-
tions becomes complicated if using numerical methods. Due
to incomplete or insufficient information from the literature
and historical data as well as the subjective judgement, many
input parameters are difficult to characterize by utilizing
probability distributions for numerical applications. In many
cases, the obtained probability distribution may be still
uncertain where each data point contains a degree of belief,
leading to dual uncertainties of possibility and continuous
probability [29]. Consequently, in order to effectively tackle
such dual uncertainties, fuzzy programming and Monte
Carlo simulation need to be combined. However, the fuzzifi-
cation and defuzzification processes in the conventional fuzzy
programming are still difficult in such integration.

The FSILP approach can easily convert a fuzzy problem
into a crisp deterministic problem without conventional
fuzzification and defuzzification processes, which makes it
significantly easier in coupling with the Monte Carlo simula-
tion. The random values of the parameters are firstly assigned
in each Monte Carlo simulation trial according to the prob-
ability distributions of parameters. Therefore, the parameters
with probabilistic uncertainties become deterministic in a
single loop of Monte Carlo simulation, leaving possibilistic
uncertainties in the problem and leading to a fuzzy problem.
Such fuzzy problem is then solved by the fuzzy programming
from the FSILP approach. Finally, a group of solutions can be
collected to present the most frequent occurrences of results
under the different kinds of uncertainties in parameters.

Consider a fuzzy stochastic linear problem as follows:

min f=CX (1a)
st. Y (K,.j)wxj < (E,.)w, i=1...,m (Ib)
=1
X; 20, weQ, (1c)

where C € {R}" is the matrix of coeficients in the objective
function and (4,),, € {RY"™", (B)), € {R}Y™ are matrices of
constraint coefficients with fuzzy random variables defined
on a probability space (Q,F,P). Assume that all fuzzy
numbers are in a form of f = (t,67,8"), where 6~ and 8" are
the lower and upper spreads of the membership function as
follows:

X, ={H1t=(6,6"),6,8" >0}, (2)
t—y .
max(O,l—T>, ity<t
1, ifa=0,b=0, t=
e (X,) = yoty g
max(O,l— 5 ), ify<t
0, otherwise.
©)

According to the Monte Carlo simulation, deterministic
values for parameters will be assigned to all the random
variables in each trial (the Ith trial) out of N trials based on the
distributions of the parameters. Therefore, for the Ith trial,the
Problem (la)-(1c) can be converted to a fuzzy problem as
follows:

min f=CX (4a)
s.t Z(Zij)zxjg(j)z’ i=1,...,m I=1,...,N
=1
] (4b)
X; >0, (4¢)

where (Kij)l € {RY™", (B), € {R}Y™! are the matrices of
constraint coeflicients with fuzzy variables defined on a series
of fuzzy membership functions with the assigned random
variables in the /th trial.

According to the fuzzy programming from the FSILP
approach, the fuzzy terms in the Problem (4a)-(4c) can be
converted as follows [10]:

min f:CX+Z/\}—ZAi (5a)
k=1

i=1
<J’

s.t.

M=

((A“,.j)wxj + 5in1‘>

N | =

1

5b
+0p +Si—(1§i1)w> = A, oo

(5¢)



A< % (Zs;jxj N 5@) (5d)

A; < % (Zaxjxj + 5%) (5e)
j=1

- - 1 432 1 .2
ijaxj>6;j)831}) gllc’Ai’)Lk’pf’pk’Si 2 0,
(5f)
w e Q,

where A} € {R}**" and A2 € {R}"*' are matrices of control
decision variables corresponding to the degree (membership
grade) to which X solution fulfils the fuzzy constraints; A} j €
{A}*¥" and ;ﬁ( ;€ {A}"" are matrices of positive and negative

coefficients in the constraint, respectively; B} € {R}"**! and
B; € {R}"" are matrices of positive and negative RHS; and

S; € {R}™! is the matrix of the slack variables. Furthermore,
the constraints of /\1! < (1/2)(2?:1 8;J_Xj + 8;;) and /\i <
(1/ 2)(2;;1 0. X it (SEZ) are added because A represents the
) k

attainment of the memberships of LHS and RHS which is also
equivalent to the overlap of these two memberships on one
side spread.

After N trials are finished, the sets of results can be

obtained as follows:

fl,opt = {f (le,opt) > le,opt 2 0} >

I=1,...,M;

(6)
i=1,....7,

where M is the number of the feasible solutions after N
trials of the Monte Carlo simulation, and Z is the number of
decision variables.

Assume that there is no uncertainty existing in the
coefficients of the objective function (C); the final solution
can be stated as follows [2]:

E(fou)=1{f(E (Xj,opt>);E(Xj’0pt) >0},

I=1,...,M.

7)

The full details about the MCFP approach as well as the
solution algorithms can be found in [2].

3. The MSW-MCFP System

3.1. System Analysis for the Solid Waste Management in the
Town of Shuangcheng. The city of Shuangcheng is a county-
level city under the administration of Harbin, the capital city
of Heilongjiang Province in Northeast China. The city has
2,200 km? of cropland and is ranked as one of the top five crop
production bases in China. The livestock and dairy sectors are
rapidly developing and becoming dominant industries in the
city.

There are more than 290,000 cows on dairy farms in
the city, making it an important location for dairy livestock
breeding in China. However, the fast growth of livestock
has not been accompanied with appropriate regulations,
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management practices, and treatments/disposal of manure
and wastewater from dairy farms. Consequently, most of the
livestock manure, is dumped at various locations surrounding
the villages, occupying large land areas, releasing bad odour,
and even burying and blocking roads. Properly managing
rural waste, especially livestock manure has been identified
as a top priority by the local governments, the agrofood
industry, and the public.

This study targets the town of Shuangcheng, which is
the administrative and economic centre of the city of
Shuangcheng and also a mixed rural-urban area. Accord-
ing to the historical census of the town, the information
about household, population, natural growth rate, and cattle
stocks from 2000 to 2007 is collected [40]. The number of
households ranges from 65,053 to 76,561, and the mean value
is 69,859 with standard deviation of 4,382. The population
ranges from 181270 to 183206, and the mean value is 181,838
with standard deviation of 599. The natural growth rate
ranges from 1.33%o to 6.54%o, and the mean value is 4.84
with standard deviation of 1.81. The number of cattle ranges
from 12,689 to 22,636, and the mean value is 17,959 with
standard deviation of 3,613. It is estimated that the ratio of
population between the urban and rural areas in the town is
2:1[40]. Correspondingly, based on the assumption that the
future growth rate of population remains the same level as the
period from 2000 to 2007, the distributions for the population
and cattle number within the planning period (2011-2015) can
be determined (Figure 1).

It is reported that the generation rate of MSW in the
rural area is 0.55 to 0.65kg per capita per day, and which
in the urban area is 1.1 to 1.3 kg per capita per day [41, 42].
Furthermore, the generation rate of manure from cattle is 5
to 15kg per cattle per day [41, 42]. By involving possibility
uncertainty, the membership functions for the loading of
MSW and cattle manure are shown in Figure 2. For the sake
of simplicity, symmetric triangular fuzzy numbers are used.

3.2. Development of a Resource-Oriented Solid Waste Manage-
ment System. According to the system analysis (e.g., param-
eters and their functions as well as interactions among them)
of the current situation of solid waste management, a system
framework for resource-oriented solid waste management is
proposed for the town of Shuangcheng (Figure 3). Over the
5-year planning period (2011-2015), the existing landfill and
composting facilities will be available to meet the requirement
of MSW treatment and disposal. Detailed operational and
economic information has been collected in Tables 1 and
2 [40], including capacities, operation and maintenance
costs, residue rates, revenues, and transportation costs of the
proposed facilities (i.e., community-based bio-coal produc-
tion and composting, household-based CH, generation and
composting). Finally, a penalty rate of $500/tonne waste is
assigned for dumping solid waste in nondesignated areas.
Currently, the most critical and challenging problem in
the mixed rural-urban area of the town of Shuangcheng
is how to deal with a huge amount of livestock manure
(especially cow dung). In the proposed system, manure can be
utilized for the methane generating, composting and bio-coal
manufacturing. After this, only a small residual is left and can
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FIGURE I: Probability distributions of the annual population from the (a) urban and (b) rural areas as well as (c) the number of livestock in

the town of Shuangcheng from 2011 to 2015.

be used as fertilizer for farming, leading to substantial reduc-
tion of solid waste in the system. Furthermore, individual
farmers can be driven by market incentives and form small
firms to collect waste and send them to the waste treatment
facilities such as composting plants and bio-coal generating
plants. As a result, the farmers can get direct benefits from
selling or collecting cattle manure; meanwhile, the treatment
plants can generate profits by selling products or service (e.g.,
compost, bio-coal, and CH,).

An assumption is placed that the demands of the corre-
sponding products or services in the market are much higher
than the production from the system. After the collectors
transfer the dung to enterprises, products such as the organic
fertilizer, methane, and bio-coal can be sold back to farmers.
Since the costs of these products are postulated to be less than
the chemical fertilizers or coal and electricity, the farmers
may save their money by utilizing these recycled products and
therefore increase their incomes.

3.3. Development of an MCFP Approach to Support Solid
Waste Management. According to the proposed resource-
oriented solid waste management system and the collected
information, the corresponding optimization model can be
developed as follows:

2 5
minimize f = ZZ (OPj + TRl.J.) X;j

i=1j=1

5
+ Z (OPj + Tsz)yj
j=1

2 5

£y (OP1 +TRL;) RM x;;

i=1j=2
5
+y (0P, + TRLj)Rij]-

j=2
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TaBLE 1: The operational and economic information for the existing and proposed facilities in the town of Shuangcheng.

Facilit . Capacity Running cost Residue from Residue from Revenue Transportation cost to
Y J (tonne/day) ($/tonne) MSW cattle manure ($/tonne) landfill ($/tonne)

Regional based landfill 1 16438 50 \ \ 0 \

Commgnlty—based biocoal ) 600 2000 03 0 2400 30

generation

Community-based composting 3 600 100 0.4 0.2 400 30

Household-based composting 4 150 80 0.4 0.2 400 60

Household-based CH, 5 150 80 0.5 0.3 500 60

generation

Directly dump 6 \ 500 0 0 0 0

j is the index for the facilities used in the approach.

TaBLE 2: The transportation cost from waste collecting areas to facilities.

Area Facility ij Transportation cost ($/tonne)
Urban Regional based landfill 1 60
Urban Community-based bio-coal generation 12 60
Urban Community-based composting 13 60
Urban Household-based composting 14 80
Urban Household-based CH, generation 15 80
Urban Directly dump 16 0
Rural Regional based landfill 21 60
Rural Community-based bio-coal generation 22 30
Rural Community-based composting 23 30
Rural Household-based composting 24
Rural Household-based CH, generation 25
Rural Directly dump 26
Note: i is index for the areas and j is index for the facilities used in the approach.
+ ixiﬁp + y6P Xij ¥ 20 (8f)
= b;=0or 1, (8g)

2 5 5
~ > 2 RE;x; — ) RE;y;
=2

i=1j=2
(8a)
subject to
5
Y x; 2 MG, Vi=1,2 (8b)
j=1
5
Y y;2CG (8¢)
j=1
2
D X+ SbCPy Vji=2,....6 (8d)

i=1

2 2 5 5
inl + ZZRijij + ZRC]-yj < CP, (8e)
i=1 j=2

i=1j=2

where

f=the net system cost, $/d;

i =the index of area, i = 1 for urban area andi = 2 for
rural area;

j = the index of facility, j = 1,2,...,6;

x;; = the municipal solid waste loading from area i to
facility j, tonne/day;

y; = the cattle manure loading from area i to facility
j, tonne/day;

b; = the binary variable for determining whether the
facility j will be required in the planning period: “1”
indicates that the facility will be required to install,
and “0” indicates that the facility is not necessary;

OP; = the operating cost of facility i, $/tonne;

TR;; = the transportation cost from area i to facility j,
$/tonne;



RM; = the residue rate from facility j by treating
municipal solid waste;

RC; = the residue rate from facility j by treating cattle
manure;

P = the penalty for the direct dump of waste or cattle
manure, $/tonne;
MG; = the municipal solid waste generation rate in
area i, tonne/day;

CG = the cattle manure generation rate in the town of
Shuangcheng, tonne/day;

CP; = the loading capacity of facility j, tonne/day;

TRL; = the transportation cost from facility j to the
landfill, $/tonne;

RE; = the revenue generated by facility j by treating
the waste, $/tonne.

According to the measurement of generation rates of MSW
and manure from cattle as well as the population of cattle
(Figures 1 and 2), it can be determined that the dual
uncertainties of possibility and continuous probability exist
in waste generation. Therefore, according to the algorithm
of MCFP, especially (5a)-(5f), the original model (Problem
(8a)-(8g)) can be converted as follows:

2 5
minimize f = ZZ (OPj+TRij)xij

i=1j=1

+

5
j=

1(0Pj +TR2j)yj

2 5

+> > (0oP, + TRLj) RM x;;

i=1j=2

5
+ Z(OP1 +TRLj)Rijj

=2

2
+ inGP + ysP

i=1

2 5 5 2
=Y Y RE;x;; - Y RE;y;+ Y A; + A!
j=2

i=1j=2 i=1
(9a)
subject to
5
Y x; -8/ -MG, =1}, Vi=1,.2 (9b)
j=1
5
Yy 8¢ -CG =N (9¢)
j=1
2
Y x;+y;<bCP, Vj=2,...,6 (9d)

i=1
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2 2 5 5
i= j=

i=1j=2
A <dMC vi=1,2 (9f)
22 <8< (9g)
X5 ¥; 2 0 (9h)
bj =0orl, (91)

where (SIMG are the spreads of membership function of the
MSW generation rates in Figure 2(a), which are 8¢ =
0.1 kg/capita/day for the urban area based on the fuzzy
membership function £} = (1.2,0.1,0.1) kg/capita/day,

and 8'° = 0.05 kg/capita/day for the rural areas based on

the fuzzy membership function £)' = (0.5,0.05,0.05) kg/
capita/day. 6 is the spread of membership function of the
manure generation rates from cattle in Figure 2(b), which
is 0°¢ = 5kg/cattle/day based on the fuzzy membership
function t“¢ = (10, 5, 5) kg/cattle/day.

The collected data were applied normality test by using
statistical tools (i.e., Minitab), and results showed that P
values are greater than 0.9. Therefore, the assumption has
been made that the population and the number of cattle
follow normal distributions. The population in the urban area
is assumed normally distributed according to Figure 1(a),with
a distribution function of N ~ (15, 1). While the population
in the rural areas is also normally distributed according to
Figure 1(b), with a distribution function of N ~ (7, 0.6). The
number of cattle is also normally distributed according to
Figure 1(c), with a distribution function of N ~ (2.5,0.12).
According to the distribution of parameters and the solution
algorithm of MCFP, the final optimization model for solid
waste management in the town of Shuangcheng can be solved
by programming software (i.e., MATLAB with LINDO API).

4. Results and Discussion

The modeling results indicate that all MSWS from both urban
and rural areas as well as the cattle manure initially flow to two
facilities: the community-based bio-coal and the household-
based CH, facilities, and then the residues from these two
facilities flow to the landfill for final disposal (Figure 4). The
mean values and 95% confidence interval of the MSW flows
from the urban area to the bio-coal facility are 195.1 tonne/day
and “175.17, 215.63” tonne/day, respectively. The mean values
and 95% confidence interval of the MSW flows from the
rural area to the CH, facility are 45.24 tonne/day and “39.98,
51.15” tonne/day, respectively. The mean values and 95%
confidence interval of the cattle manure flows to the bio-coal
facility are 270.66 tonne/day and “250.22, 291.84” tonne/day,
respectively. The mean values and 95% confidence interval
of the cattle manure flows to the CH, facility are 104.76
tonne/day and “97.71, 110.99” tonne/day, respectively. The
installations of the other proposed facilities are not suggested
in the planning period. The mean values and 95% confidence
interval of the optimal system cost are $-218,866/day and
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FIGURE 4: The probability distributions of (a) the MSW loading from the urban area and (c) the cattle manure loading to the community-
based biocoal facility as well as (b) the MSW loading from the rural area and (d) the cattle manure loading to the household-based CH,

facility.

“$-229,150, —209,010” day. In other words, the mean value
and 95% confidence interval of the optimal system benefits
are around $218.87 % 10°/day and $209.01, 229.15  10°/day,
respectively (Figure 5).

Since waste and cattle manure are innovatively treated
in the proposed management system as a type of recycled
resource, the landfill becomes the last choice for waste flow
even though the running cost is the lowest. The revenue
from selling the products (e.g., bio-coal and methane gas)
can cover the costs of operating and maintaining the facilities
such as the transportation cost for the wastes from the
households to the facilities, the residues from the facilities
to the landfill, and the running cost of treating the residues
in the landfill, leading to net benefits to the system. This

demonstrates the feasibility and sustainability of the pro-
posed system and the potential benefits to the local commu-
nity and environment.

The optimization results also indicate different loadings
of the waste generated from urban and rural areas. The MSW
preferentially flows to the community-based bio-coal facility
and then flows to the household-based CH, facility. For
cattle manure, both the household-based CH, facility and
the community-based bio-coal facility become destinations
because the net profits of these two facilities are higher
than the composting facilities. Although the household-
based CH, facility is more profitable than the community-
based bio-coal facility, the relatively high transportation
cost restricts the MSW loading from the urban area to the
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FIGURE 5: The probability distribution of the optimal system cost.

CH, facility. In contrast, due to zero transportation cost for
waste and cattle manure loading to on-site CH, facility, this
facility becomes dominant in the rural area. Similar costs are
observed from the household-based composting facility and
the community-based bio-coal facility with consideration of
both running and transportation costs. However, there is no
residue from the community-based bio-coal facility, while
about 20% of residue from the household-based composting
facility, eventually leading to additional costs in transferring
and operating the residue from the composting facility to
the landfill. Therefore, some portions of cattle manure are
optimally loaded to the community-based bio-coal facility.

Based on the above results, it is recommended either
to increase the capacity of household-based CH, facility to
digest all the waste and cattle manure from the rural area
and locate the community-based bio-coal facility closer to
the town of Shuangcheng or to keep the current capacity of
the household-based CH, facility and locate the community-
based bio-coal facility between the urban and rural areas.
However, because the household-based CH, facility is easier
and more economical to install and operate (many house-
holds in the town of Shuangcheng already have CH, pits
installed), it is more profitable to increase the capacity of the
household-based CH, facility.

In order to further minimize the system cost or maximize
the system net profit, series of MCFP optimization processes
have been applied by changing the capacity of household-
based CH, facility from 150 to 600 tonne/day with increments
of 50 tonne/day. The results (Figures 6 to 11) indicate that
the optimal system cost keeps decreasing when the capacity
of household-based CH, facility increases from 150 to 450
tonne/day. When the capacity of CH, facility is 450 tonne/day,
the system cost becomes the lowest ($-2.23 * 10°/day). After
this optimal point, the system cost increases again, which
is because capacity of the facility is overdesigned and extra
maintenance and operational cost will be required (Figure 9).

The loading of cattle manure to the community-based
bio-coal facility keeps decreasing; meanwhile, the loading to

Mathematical Problems in Engineering

Probability ( 107°)

=25 -24 =23 =22 =21 -2 -1.9

Optimal system cost (10°$/ day)

--- 150tonne/day - -~ 350tonne/day

—— 200 tonne/day —— 400 tonne/day
250 tonne/day --— >450tonne/day
300 tonne/day

FIGURE 6: Probability distributions of optimal system cost with the
changing capacity of the household-based CH, facility.

the household-based CH, facility keeps increasing due to its
growing capacity. If the capacity of the household-based CH,
facility is equal or higher than 450 tonne/day, all the waste
from the rural area will be treated to produce CH, as the
renewable energy source (Figures 9 and 11).

Because the community-based bio-coal facility is dom-
inant in the urban waste flow, the capacity change of
household-based CH, facility does not affect the MSW load-
ing from the urban area to the community-based bio-coal
facility (Figures 7(a) and 10(a)). In contrast, the household-
based CH, facility is dominant in the rural waste (both
municipal solid waste from the rural area and the cattle
manure) flow. Because the capacity of the CH, facility is
always higher than the total loading of the rural MSW which
has the highest priory in flowing to the facility, the rural MSW
loading to this facility does not have notable changes with the
capacity change of the facility (Figures 7(b) and 10(b)).

Compared with the loading of cattle manure to the
community-based bio-coal facility, the loading to the
household-based CH, facility is dominant. When the
capacity of the household-based CH, facility is limited
for all the loadings of MSW and the cattle manure from
the rural area, the extra cattle manure will hypothetically
flow to the community-based bio-coal facility. Therefore,
with the increasing capacity of the household-based CH,
facility, the loading of cattle manure to the community-based
bio-coal facility keeps decreasing and the loading to the
household-based CH, facility keeps increasing. In addition,
when the capacity of the household-based CH, facility is
equal or higher than 450 tonnes/day, all the wastes from the
rural area (MSW and cattle manure) will be delivered to this
facility (Figures 8 and 11).
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In the case study, 1,000 trials were applied for the Monte
Carlo simulation, and optimization results were obtained
from 935 trials. The high ratio of optimization results
achievement demonstrates a high feasibility of the model
setting with the coverage of corresponding uncertainties. In
the case that the model is infeasible (e.g., some constraints
in the model conflict with the others), no solution can
be obtained for the optimization. This situation is very
common in many traditional optimization models (e.g., tra-
ditional fuzzy programming) considering multiple features
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FIGURE 8: Probability distributions of optimal cattle manure load-
ings to (a) the community-based bio-coal facility and (b) the
household-based CH, facility with the changing capacity of the
household-based CH, facility.

in complex systems (e.g., the system in the case study of
this paper). With the consideration of the full range of
uncertain conditions, the proposed approach can obtain as
many optimal solutions as possible under various conditions
with uncertainty and complexity, making it more advantage
from the traditional models. It is also worthwhile noting
that the solutions can provide three types of decision to
support decision makers at different levels to regulate, design,
manage, and operate the solid waste management system.
Firstly, the optimal distributions of the system investment
or cost (Figure 5) with the corresponding waste and cattle
manure flows (Figure 4) can provide a complete and clear
image to local authorities. This can help legislate or amend
related policies and regulations and further develop sound
strategies for the resource oriented solid waste management
in a mixed rural-urban area. Secondly, the ranges of most
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frequent occurrences (the 95% confidence intervals) can
assist facility managers to flexibly and effectively develop
the production/treatment schedules for different facilities.
Thirdly, the expected values of the optimal system cost with
corresponding settings (the average loadings) can be used
by facility operators (including individual farmers and their
groups) to optimize their productions/profits regarding the
solid waste management.

5. Conclusions

This study developed a resource-oriented solid waste man-
agement system for a mixed rural-urban area. The system
was featured by a resource-oriented management framework
and a Monte Carlo simulation-based fuzzy programming
(RSW-MCEFP). The resource-oriented solid waste manage-
ment concept was adopted for formation and enhancement
of the household and community stewardships and further
supported by the optimization of energy, resources, capi-
tal, and waste flows under uncertainties. The cooperative
stewardship was well reflected through resource-oriented
waste treatment and cyclic economy development, leading
to the independence and sustainability of the management
system and local economy. The system could emphasize
stewardship over the life span of solid waste including gener-
ation, collection, reusing, recycling, recovery, treatment, and
final disposal. Therefore, based on the assumption that the
optimum solution path is always followed in the real-world
application, the system could help optimize the total internal
waste flow and utilization recycling to achieve maximum
economic and environmental benefits in a mixed rural-urban
area.

The adopted Monte Carlo simulation-based fuzzy pro-
gramming (MCFP) approach determined the waste flow to
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area to the household-based CH, facility with the changing capacity
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the waste treatment and disposal facilities and supported
the decision-making process in determining the optimal
management strategy under uncertainties. This approach
could efficiently convert fuzzy problems to deterministic
ones and achieve the optimal solutions with fewer additional
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constraints, leading to significant reductions in system com-
plexity and computational efforts. These advantages could
help fuzzy programming easily and efficiently integrate with
Monte Carlo simulation. Consequently, the MCFP approach
could effectively tackle the coexistence of uncertainties in
forms of fuzzy sets and continuous probability distributions.

The developed RSW-MCEFP system was tested by a real-
world application of solid waste management in the town
of Shuangcheng, Northeast China. The modeling results
indicated that the community-based bio-coal facility and
the household-based CH, facility would be predominant in
the management system and recommended increasing the
capacity of the household-based CH, facility to digest all
the municipal solid waste from the rural area and cattle
manure in the mixed rural-urban area. The results also sug-
gested locating the community-based bio-coal facility close
to the urban area. In addition, the developed system could
provide three levels of the optimal results to help decision
makers effectively manage the system facilities. The first level
included the entire distributions of objective functions and
decision variables, which could provide decision support
to general policy makers (e.g., regulating and consulting
organizations) for long-term policy making and trade-off,
risk, and reliability analyses of the system. The second level
included the ranges of most frequent occurrences, which
could help project or system managers design and plan
the production in a medium arrangement. The third level
indicated the expected values of the optimal results, which
could directly provide decision alternatives to the system
operators for short-term operation (e.g., adjusting the facility
to minimize system cost).

The based assumption of the case study in this stage is
that the resource or money flow was only driven by the profit,
which may not occur in reality. Future study will focus on
analyzing and reflecting the complex relations in the market
in the developed system. In addition, the purpose of this case
study is to provide decision support for the future planning
of solid waste system. Most of the facilities in the proposed
system are yet to be installed, making the results difficult to
be analysed by solid evidence. The collection of detailed infor-
mation regarding the proposed facilities will further conduct
to make the approach more applicable in real-world decision
making. Future studies are also expected to closely investigate
the interactions and collective effects under different system
conditions, providing optimal alternatives in managing key
elements for a robust and sustainable development of solid
waste industries.
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