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Abstract: The world produces a huge amount of urban construction waste each year. Scientific
planning of the construction waste recycling path is urgently needed to improve the recycling of
construction waste. Existing construction waste recycling models do not pay sufficient attention to
the uncertainty of the recycling quantity, which limits their ability to provide support for solving
practical problems. The purpose of this paper is to solve the problem of uncertain recycling quantities
in optimizing the urban construction waste recycling path. Thus, this paper first builds a recycling
model for a deterministic environment with the economic objective as the decision criterion and
the transportation flow, construction waste treatment capacity and capability, and environmental
and social impact as the constraints. Then, a robust optimization method is adopted to optimize the
deterministic model for the uncertainty of the recycling quantity. The data of this paper are from
Nanjing, China. The validity of the model and the evolution of the recycling path are tested based on
the data of Nanjing. The findings of this paper are as follows: Firstly, the robust model is cost-effective
in the face of uncertainty in supply. Secondly, the robust model has greater total treatment capacity.
Even in the worst-case scenario, it can guarantee a higher treatment capacity. Thirdly, both models
follow the proximity principle which reduces the transportation costs and only slowly increases
the total cost of the robust model. This paper provides a scientific and convenient tool to plan the
recycling path of construction waste in large cities.

Keywords: construction waste; recycling path; uncertainty; robust optimization

1. Introduction

The world produces a huge amount of urban construction waste each year. The
Asia-Pacific region accounts for 23% of global construction waste generation, and China
is the largest producer of construction waste in the East Asian region [1]. As in many
other countries around the world, the construction industry is a pillar of China’s economy,
but it also places a heavy burden on the environment [2,3]. The urbanization rate in
China has increased by approximately 30% in the last two decades, which results in an
enormous amount of construction waste. Approximately 30-40% of the world’s annual
construction waste is reportedly generated in China [4]. This situation will likely become
even more critical with the rapid growth of the construction industry and increasing levels
of urbanization [5]. Therefore, how to scientifically dispose of the massive amount of
construction waste generated in the city and improve its reutilization rate has become an
urgent problem to be solved in the construction industry. Implementing a comprehensive
conservation strategy, promoting the economical and intensive use of all types of resources,
and accelerating the construction of a waste recycling system are important measures to
accelerate the transformation of China’s green development.

The study of the existing construction waste recycling system shows that China
has basically reduced construction waste, but the reutilization rate of construction waste
remains low [6]. At present, the construction waste reutilization technology of China is
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relatively mature [7,8], so to improve the construction waste recycling efficiency is to solve
the problem of low reutilization rate of construction waste. The low recycling efficiency
is due to various reasons, among which the most critical problem is the difficulty of
recycling raw materials due to unreasonable transport path planning [9,10]. Construction
waste recycling has multiple links, and high complexity and uncertainty in the recycling
environment [11]. Therefore, construction waste recycling path planning is a strategic
decision and the first task of construction waste management.

The purpose of this paper is to solve the problem of uncertain recycling quantities
in optimizing urban construction waste recycling path. There are many scholars working
on construction waste recycling, but there are very few studies on the optimization of
construction waste recycling path considering uncertainties [12]. And existing research
on the optimization of construction waste recycling path in uncertain environments has
obvious shortcomings in model design and optimization, which limits its ability to provide
decision support for solving practical problems. Referring to previous literature [13], the
hypotheses of this paper were developed with the following in mind: (1) disregarding
the illegal part; (2) transport without loss and at the same speed; (3) costs are linearly
related to distance and quantities; (4) no difference in technology, but treatment capacity
and capability are limited; (5) no direct landfill [14]. Based on previous research, this study
investigates four aspects of construction waste recycling: (1) the method to ensure that
the majority of construction waste is recycled; (2) the impact of uncertainties in waste
recycling; (3) the characterization of the impact of uncertainties on the transport path;
(4) the optimization of the transport path considering the uncertainties.

This paper investigates the robust optimization of construction waste recycling in
an uncertain environment and explores the influence of uncertainty on the total cost and
recycling path selection. Based on the reality in China, this paper first builds a recycling
model in a deterministic environment with the economic objective as the decision criterion
and the transportation flow, construction waste treatment capacity and capability, and
environmental and social impact as the constraints. Then, the model is optimized by
a robust optimization method to solve the uncertainty of the recycling quantity in the
construction waste recycling path model. Finally, the validity of the model and evolution
of the recycling path are examined in terms of total cost and treatment capacity.

2. Literature Review
2.1. Design of the Construction Waste Recycling Path in a Deterministic Environment

Without considering the uncertainty of the recycling environment, the design of the
recycling path for construction waste mainly considers two aspects: (1) the flow among
supply sites, treatment plants, and landfill sites, and the waste treatment capacity and
capability of all sites; (2) the demands of construction waste recycling stakeholders [15,16].
Stakeholders in construction waste recycling include the construction side (supply side),
treatment plant (demand side), and local government, all of which have different interests.
The construction side needs lower costs to dispose construction waste; treatment plants
need more raw materials for production. However, because of the high cost of disposal, the
construction sides are often reluctant to send construction waste to treatment plants, which
are located very far away from them. Instead, they choose to dispose the waste in landfill
sites, which causes a shortage of raw materials for treatment plants. Therefore, the main
objective in the design of the construction waste recycling path is the economic objective of
the stakeholders [17]. In addition, the government will intervene in the construction waste
recycling as necessary based on environmental and social objectives [18]. Based on these
considerations, scholars have mostly used transportation flow, and construction waste
treatment capacity and capability as the main constraints.

Most scholars use economic, social, and environmental criteria as the decision criteria
of the construction waste recycling path model in a deterministic environment, but there
are some differences in the combination of decision criteria. For example, Pan considered
the conflict between the objectives of different stakeholders and the dynamic decision-
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making environment of the construction industry, and they developed a multi-period
multi-objective mixed-integer linear programming model using economic criteria such as
the profit and cost as the decision criteria [19]. Galan used the total cost and environmental
impact as decision criteria and used optimization models to determine the corresponding
allocation paths [20]. Li constructed an optimization model for regional construction
waste reduction and logistics recycling using economic, environmental, and social criteria
as decision criteria [21]. There is currently an imbalance in these three main decision
criteria (economic, social, and environmental) [22]. Economic criteria are the key criteria
that are commonly considered in the design of the construction waste recycling path and
the main objective of the recycling model. Referring to the regulatory documents on
construction waste disposal issued by various cities in China, the government requires that
construction waste recycling does not exceed a certain limit in terms of environmental and
social objectives instead of pursuing the lowest environmental and social impact. Therefore,
this paper argues that economic criteria should be used as the decision criterion, and
environmental and social impact should be the limiting constraints to construct the model.

2.2. Optimizing Construction Waste Recycling Path in an Uncertain Environment

In practice, there are many uncertainties in the construction waste recycling envi-
ronment, so some scholars have examined the optimization of the construction waste
recycling path in uncertain environments. Barros developed a two-stage model for the
problem of increasing the supply of sand from construction waste and used a heuristic
algorithm to optimize it [23]. Shi considered the uncertainty of waste yield and proposed
a multi-objective model that combined the genetic algorithm and probabilistic robust
optimization [24]. Hiete studied the optimization of construction waste recycling paths
based on the uncertainty of construction waste landfill costs [25]. Rahimi studied the uncer-
tainty of recycling demand and developed a multi-objective multi-period mixed-integer
programming model [26]. Trochu considered the uncertainty in the quality of recovery and
used scenario analysis to assess the impact of uncertainty on the recovery pathway [27].
The current research results on the optimization of the construction waste recycling path in
uncertain environments mainly focus on the uncertainty of the recycling quantity, quality,
and demand. However, this paper only considers the uncertainty of the quantity based on
the following considerations: (1) as long as the quality of reutilization products reach the
required standards, they are not different from the products supplied by general material
suppliers; (2) a large quantity of materials is used in new construction, renovation and
expansion, and decoration and renovation projects in China, and the reutilization products
produced by treatment plants only account for a small proportion; (3) reutilization products
are supported by government subsidies and policies, so the uncertainty in demand for
reutilization products has less impact on the construction waste recycling path. Therefore,
the uncertainty of the recycling quantity is key to the optimization of the construction waste
recycling path.

2.3. Optimization Methods

Some researchers assume that the probability distribution of uncertain parameters on
the supply side of construction waste is known and use stochastic programming to solve
it [28]. However, in practice, the quantity of recycled construction waste is influenced by the
front-end and a combination of disposal charging mechanisms and systems for reduction,
reutilization, and landfill. In the real world, it is difficult to obtain sufficient information on
uncertain parameters and variables. As a result, the probability distribution of construction
waste generation is often difficult to accurately estimate in advance. Another group of
researchers has argued that the probability distribution of uncertain parameters on the
supply side of construction waste is unknown, and a sensitivity analysis can be used to test
the immunity of facility siting to changes in parameters and to assess the corresponding
changes in costs [23]. In addition, if the model has multiple parameters of uncertainty, the
study can use a scenario analysis to compare and select the optimal decision behavior in
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a set of contexts [25]. However, to find an optimal solution, the proposed methods must
rely on at least a given set of parameters. Furthermore, the sensitivity analysis and scenario
analysis are post-optimization methods that do not address the effects of uncertainty in
the planning phase. To overcome these limitations, Gabrel and Alumur introduced robust
optimization in solving the uncertainty problem, where they argued that the robust solution
had better worst-case performance than the solution of the deterministic model [29,30]. The
advantages of robust optimization are that the distribution of uncertain parameters does
not need to be estimated, and bounds on the uncertainty set can be derived from coarse
historical data [31]. This method can improve the robustness of the model and reduce
the worst cost or regret value of parameter variation. Some scholars have introduced
robust optimization methods to explore the problem of optimizing the construction waste
recycling path in uncertain environments, but the relevant research results are relatively
few and not sufficiently in-depth.

3. Materials and Methods
3.1. Case City Overview

In this paper, Nanjing is selected to test the model. Nanjing is the core city of the
Yangtze River Delta economic zone in China, with 11 districts and a large population
(9,343,400 inhabitants at the end of 2022). The urbanization rate has increased by nearly
10% in the last 10 years, and the rate of urban expansion has increased, which results in
a large amount of construction waste. According to the Nanjing Municipal Construction
Committee, in 2021, Nanjing received 2.08 million tons of construction waste and release
1.95 million tons with a reutilization rate of 94%. In 2022, the Ministry of Ecology and
Environment of China issued the “Work Plan for the Construction of Waste-free Cities in
the 14th Five-Year Plan Period”, and Nanjing was included in the list of Waste-free Cities in
the 14th Five-Year Plan Period. How to improve the level of reutilization of construction
waste is an urgent issue for Nanjing’s urban construction waste management. At present,
there are 19 candidate sites for treatment plants in Nanjing (all sites are taken from the 14th
Five-Year Plan for Harmless Treatment of Domestic Waste in Nanjing) and 5 landfill sites
(all sites are outside Nanjing and selected by government). To facilitate the calculation, the
center of each district is assumed to be the supply site, and Figure 1 shows the locations of
the supply sites, treatment plant candidate sites, and landfill sites.

i

Nanjing 0 600km A
[

Figure 1. Location of construction waste disposal facilities in Nanjing.

3.2. Model Parameters and Data Sources

The robust optimization model for the construction waste recycling path involves
11 parameters. Table 1 shows the sources of the relevant parameters.
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Table 1. Data sources.

Symbols Meaning Data Sources
; Supply sites The data are from the map of Nanjing, selected from the
PPy center of each administrative district [32].
. Candidate sites for treatment plants The data are from the “14th Five-Year Plan for Harmless
J P Treatment of Domestic Waste in Nanjing” [33].
Urban construction waste supply (tons/year) = number of
inhabitants or households in the city or region x number of
. Supply of construction waste at point i people or households per unit construction waste
i PPy P generation base (0.5-1.0 t/year). The data are from Nanjing
Statistical Yearbook 2021 [34], with a value of 0.5 t per capita
construction waste generation.
r Rate of residue The rate of residue is 10%, the unit transportation cost is
o) Unit transportation costs CNY 1/t, the unit treatment cost at the treatment plant is
c3 Unit treatment cost CNY 15/t and the unit landfill cost at the landfill site is CNY
Cy Unit landfill costs 150/t. The data are from the January 2022 investigation.
. The data are from the public information on disposal sites
m Landfill sites . o .
published by the Nanjing Municipal Bureau of Urban
Vin Maximum capacity of the landfill at point m Management [35].
1 Co;sttFuctlon costs of the treatment plant at The data are from the environmental impact reports of
pomt/ . . .. various construction waste reutilization projects [36].
G]- Design capacity of treatment plant at point j
di D%stance from po¥nt ! to po%nt] The data are from Google Maps [37].
djm Distance from point j to point m

3.3. Single-Objective Planning Model in a Deterministic Environment

In reality, there is a high degree of uncertainty in the quantity of construction waste
to recycle. To improve the reliability and operational efficiency of construction waste
recycling in an uncertain environment, this paper develops a robust optimization model for
an unknown probability distribution of the construction waste recycling quantity. In the
first stage, a single-objective planning model is developed for a deterministic environment
to minimize the total cost (including the construction cost of building a construction
waste treatment plant, treatment cost, transportation cost, and landfill cost) by reasonably
planning the location of construction waste treatment facilities and allocating the transport
paths of construction waste. In the second stage, the model is transformed into a robust
optimization model using a robust optimization method.

3.3.1. Underlying Hypotheses of the Model

In order to facilitate the building of the model, a simplification of the real environment
is made in this paper. It includes recycling process, transportation speed, treatment technol-
ogy, treatment site capacity, treatment site volume, and cost. The following 10 hypotheses

are made in this paper.

Hypothesis 1. lllegal landfills and long-term stockpiling of construction waste are excluded.

Hypothesis 2. There is no loss of total construction waste during recycling, disposal, and landfill

after generation.

Hypothesis 3. The speed is fixed for all vehicles during transport.

Hypothesis 4. Treatment plants have treatment costs, which are linearly related to the volume of

construction waste.
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Hypothesis 5. Transportation costs are linearly related to the quantity and distance; the cost per
unit distance transported per unit mass of construction waste is known and does not change over a
period of time.

Hypothesis 6. Landfill costs are linearly related to the volume of construction waste.

Hypothesis 7. Construction waste treatment facilities and landfill sites have capacity constraints.

Hypothesis 8. The total treatment capacity of plants can satisfy the maximum generated amount
of construction waste.

Hypothesis 9. Treatment plants use the same treatment technology.

Hypothesis 10. All generated construction waste is transported to a treatment plant before being
sent to a landfill.

Table 2 shows the symbols and meanings of the relevant parameters of the model.

Table 2. Parameter symbols and meanings.

Symbols Meanings
I Set of potential construction waste supply sites; each element of the set
is denoted by i
Collection i Set of potential construction waste treatment plants; each element of
the set is denoted by j
M Set of potential landfill sites; each element of the set is denoted by m
qi Amount of construction waste supplied at site
1 Construction cost of treatment plant j
G; Design treatment capacity at treatment plant j
r Rate of construction waste treatment residue
c Unit transportation cost; the transportation cost per unit mass of waste
2 is proportional to the distance traveled
c3 Unit treatment cost of treatment plant j
Parameter c4 Unit landfill cost of landfill m
Vi Maximum capacity of landfill m
djj Distance from i to j
dim Distance from j to m
ujj’ Transport capacity of construction waste from i to treatment plant j
” Actual amount of construction waste transported from i to treatment
g plant j
Ui Transport capacity of construction waste from j to landfill m
Ujm Actual quantity of construction waste transported from j to landfill m
.. X 1 if the treatment plant is established at j; 0 otherwise
Decision . . . . .
. T;; 1 if supply site i is assigned to j; 0 otherwise
variable / . S .
Y]-m 1 if the treatment plant is assigned to m1; 0 otherwise

3.3.2. Objective Function of the Model
(a) Facility construction costs

Because off-site sorting facilities and landfills are not considered, the construction
costs of the facilities are specifically the construction costs of treatment plants.

J
Facility construction costs = Z Xj*c @D

]

(b) Transportation costs
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Transportation costs include the transportation cost of construction waste and trans-
portation cost of residues, and the transportation cost of reutilization products is not
considered. The transportation cost of construction waste is the transportation cost per
unit weight of each type of construction waste from path 7 to j multiplied by the quantity
of waste. The transportation cost of residues is the transportation cost per unit weight of
residues from path j to m multiplied by the quantity of residues.

I ] I ]
Transportation costs = Y ) "gixcpxdij* T;j +) )
i i

ujj* co * djpy %1% Yjy  (2)

sMg

(c) Treatment costs

Treatment costs include the cost of construction waste disposal and final landfill of
residues. The model does not account for the cost of storage of construction waste in
logistics facilities.

I

) I ]
Treatment costs = Z Zqi 3% Ty + Z Z
ij i

§M§

Ujj* cy %1% Y 3)

(d) Total cost

The total cost includes the construction cost of plants, transportation costs, and treat-
ment costs, so the total cost is calculated as the sum of Equations (1)—(3). The objective of
the model is to minimize the total cost, and the objective function is as follows.

min Total cost = mm( j*xc1+ ZZ% * ok djj x T
o 4

I M
wijj x Co * djgy %1% Y+ ) Zui]‘*C4>k1’>ijm)
1 m

NM~
3M§ ><

+qul *C3 % Tz] +
j

\.Mw

3.3.3. Constraints of the Model

(a) Flow balance constraint
I I
Yoaix Ty =) u ()
i i
I M
P}t =) i ©)
1 m

Constraint (5) ensures that the amount of construction waste sent from supply point i to
treatment plant j is balanced with the amount of generated construction waste. Constraint
(6) ensures that the amount of residues sent to landfill m from treatment plant j is balanced
with the amount of residues generated by treatment plant j.

(b) Capacity and capability constraints

Uij < Ujj @)
I
Y uij < Gj (8)
i
M
Zujm <r*Gj )
m

Ujm < Ujp, (10)
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Z Ujim < Vi (11)
]

Constraint (7) ensures that the quantity transported from i to j does not exceed the
transport capacity from i to j. Constraint (8) ensures that the quantity transported from i to
j does not exceed the design capacity of treatment plant j. Constraint (9) ensures that the
amount of waste transported from j to m does not exceed the quantity of residues generated
at the design capacity of treatment plant j. Constraint (10) ensures that the actual quantity
transported from j to m does not exceed the transport capacity from j to m. Constraint (11)
ensures that the actual quantity transported to m does not exceed the capacity of landfill m.

(c) Environmental and social impact constraints

I ] M
Zqi * 10% 2 ZZujm (12)
i jom

Iy

Y o5 0.0021 < 4.61 % 8 % 365 (13)

20,000

1

Constraint (12) ensures that more than 90% of construction waste is recycled.

Constraint (13) ensures that NOx emissions do not exceed the specified limit. For ev-

ery 20,000 tons of construction waste processed, approximately 0.0021 tons of NOx are

generated, and the permitted emission standard is 4.61 kg/h, assuming an 8 h day and

365 days of operation. The annual emission levels of treatment plants must be less than the
maximum allowable emission level.

Tijr X], Y]m S {0,1} (14)

ui]-,ujm > O,Vj S ],VZ S I,Vm eM (15)

In addition to these three main components, it is necessary to ensure that the transport
time avoids peak traffic hours. For example, in the case city of Nanjing, the transport time
is set between 22:00 and 6:00 the next day. The transport path should be determined by the
local construction waste authority in conjunction with the traffic management department
and should generally avoid the main roads of the city. A receipt must be issued to the
landfill site for inspection by the construction waste authority.

3.4. Robust Optimization Model in Uncertain Environments

Robust optimization is a minimization problem, where the idea is to consider the
worst-case optimization of uncertain parameters in a model. The most important thing to
consider in robust optimization is the problem of inscribing the uncertainty set into the
corresponding robust inequality. Robust optimization is semi-infinite and generally difficult
to directly solve, so the original model must be transformed into a robust optimization
model that can be solved in polynomial time. In this paper, we choose the interval robust
optimization method proposed by Soyster [38] to solve the problem.

Equations (16)—(25) are templates for robust optimization. The linear programming
problem considered by Soyster is as follows:

mincx +d (16)
st.Ax <b (17)

1<x<u (18)



Buildings 2023, 13, 2802

90f17

Assume that the uncertain parameters occur only in matrix A and the uncertainty
does not affect the elements of the columns in matrix A. Consider a coefficient matrix A
where row i is subject to uncertainty perturbation and the uncertainty parameter is in
column j. Assume that the uncertain parameters vary in a particular bounded closed

space, Upyy = { Zij - aij‘ < fzij}.tzij is the uncertain parameter in row i and column j,
a;j is the regular value unaffected by the perturbation, ;; is the fluctuation range, and
a;j = pajj.p € [0,1] is the level of uncertainty. When p = 0, 4;; = 0, there is no range

of fluctuation. When p € (0, 1], the uncertainty parameter Zi]- € [(1—p)ag, (1+p)aj],

where the relative deviation of ;ij froma;;is p. Let ;; = (a']ai”) be a [-1,1] symmetrically

i

distributed random variable with a robust reciprocal model as follows:

ming; * x; (19)
/ /
s.LY agxxj+ Y djjxy; < by, Vi (20)
j j
—Yj < X <Y, V) (21)
1<x<u (22)
yj =2 0,Vj (23)

Suppose that x* is an optimal solution to the problem. When the optimal solution is
obtained, yi= | x]-* |; then,

J J
S't'zaij*xj+2ﬁij* |X]’ < b, Vi (24)
j j

For any real value of the uncertain parameter Eij, the optimal solution is a feasible
solution as follows.

J J J J J
Z Ajj* Xj = Zai]-xj + Zﬂ,‘jﬁijx]' < Zai]-xj + Zﬁi]-‘x]-| <b; (25)
] ] ] ] ]

Thus, through the transformation of the robust correspondence inequality, there is
sufficient redundancy immune to uncertain perturbations between b; and iui jX; to provide
complete protection against them. In addition, the above equation sh()]ws a significant
gap between é a; jxj and b;, which makes the objective function too large and the results

]

too conservative for the minimization problem. However, construction waste recycling is
unique in that when recycling activities cannot continue, the accumulation of construction
waste can lead to greater losses, so it is necessary to ensure that recycling activities can
be maintained even in the worst case. Therefore, the conservatism of Soyster’s method
becomes an advantage for construction waste recycling, so this paper chooses to use
Soyster’s robust optimization method.

Based on the above discussion, as shown in Equation (26), this paper obtains a new
Constraint (27) by defining a new variable Z and introducing the objective function into
the constraint. For the uncertain parameters in Constraint (5), the model transforms the
equation constraint into a set of inequality constraints (28). This transformation has no
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effect on the formation of the feasible domain. Thus, the model in Section 2.1 can be
rewritten in the following form:
minZ (26)

J I ] 1]
Z}ZX]*Cl +qul*62*TZ]+ZZqZ*C3*Tl]
]

. Y (27)
I I M I ] M
+Zzzuij*C2*r*ij—|—222uij*c4*r*yjm
i jom i jom
I 1
Y aiTyj < ) uj (28)
i i

Next, a robust correspondence inequality is developed for constraints with uncertain
parameters using Soyster’s robust optimization techniques. This model can be rewritten

as follows:
J 1] 1]
Z?ZXj*Cl‘FZZqz*(CZ‘i‘CS) ZZ (C2+C3)*y1]

] t] j (29)

I ] M I ] M
+EZZ”1]*C2*7*ij ZZZMi]‘*Cz;*V*ij
i jom 1 ]m
—vij < Tij < yjj (30)

I I I
Y aiTi+ ) Givig < Y ujj (31)
i i i

In this paper, the amount of generated construction waste in each urban area is
defined as an uncertainty parameter, which is assumed to vary in a specific bounded closed

space; Upox = { 51’ —q;
§i is the range of fluctuations, and §; = pg;. p € [0,1] is the level of uncertainty. When
p = 0 and 4; = 0, the model is deterministic. When p € (0,1], uncertainty parameter

7, € [(1—p)gi, 1+ p)qi]-

< q,»}.qi is the conventional value unaffected by perturbations,

4. Results and Discussion

This paper examines the effectiveness of the robust optimization model by comparing
its performance with that of the deterministic model and investigates the reasons for the
effectiveness of the robust optimization model by analyzing the evolution of the recycling
path. In line with previous research, the robust optimization model and deterministic
model are identical in terms of the setting of parameters and decision variables but have
some differences in decision objective and constraints [39]. In the deterministic model,
uncertainty level p of parameter q (supply) in the decision objective and constraints is 0. The
deterministic model is transformed into the robust optimization model when p # 0. In this
paper, the three uncertainty levels of 0.3, 0.6, and 0.9 are selected for the comparison [24].
In addition, the hypotheses of the robust model and deterministic model are the same [40].
Due to the capacity and treatment capacity hypothesis and the cost linearity hypothesis, the
robust model may have more treatment plants, greater total treatment capacity, and greater
total cost than the deterministic model [41]. This is basically consistent with previous studies,
but different results may occur for different cases that are calculated in a different way.

For example, Tsai et al. used the fuzzy comprehension evaluation method to calculate
their results [42]. Bavaghar used Qazvin, Iran as the case city [43]. Compared with them,
this paper selects Nanjing as the case city and calculates results by using the robust opti-
mization method. Based on the data sources of the parameters in Table 1, the CPLEX12.10.0
(a software, International Business Machines Corporation, Armonk, NY, USA) toolbox in
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MATLAB 2023 Edition (an acronym for “MATrix LABoratory”, MathWorks, Natick, MA, USA)
was used to calculate Equations (4)—(31) to obtain the objective function values for different
uncertainty levels of supply quantity g, results of the selection of the treatment plant, and re-
sults of the residue allocation [41]. Due to the use of a different case and a different calculation
method, special results are obtained in this paper. Based on the results, the performance of the
two models is compared, and the evolution of the recycling path is analyzed.

4.1. Performance Comparison

In the following, the performance of the robust optimization model constructed in this
paper for an uncertain environment is compared with that of the model for a deterministic
environment. The differences between the models are mainly compared in terms of total
cost and treatment capacity.

4.1.1. Total Cost Comparison

This paper compares the total cost based on the results of the objective function values.
The objective function values of the total cost for different uncertainty levels of the supply
quantity q were obtained using MATLAB. Figure 2 shows the total cost of construction
waste recycling. When p = 0, the generated quantity of construction waste is fixed, and
the total cost of construction waste treatment is fixed at this time. When p # 0, the model
changes from deterministic to uncertain, and the objective function value rapidly increases.

250
Million CNY 222

200 180

142
150
100

46.9
50

0 0.3 0.6 0.9

p (uncertainty level)

Figure 2. Total cost of construction waste recycling.

According to Figure 2, the difference in cost between the deterministic model and the
robust optimization model is relatively large; in particular, the total cost increases rapidly
when moving from deterministic to uncertainty. This change indicates that the model is
designed to ensure the sustainability of the recycling process in the face of environmental
uncertainty at the expense of cost. The total cost of construction waste recycling increases
when uncertainty increases, but the total cost increases at a slower rate. Thus, the robust
optimization model outperforms the deterministic model in terms of cost savings.

4.1.2. Comparison of Treatment Capacity

This paper compares the treatment capacity based on the treatment quantity of each
treatment plant and the total treatment quantity. Figure 3 compares the total treatment
capacity of the models based on the results of treatment plant selection output from
MATLAB. The top horizontal coordinate is the total annual treatment capacity of the two
models, and the sum of the annual treatment capacity of each selected site is the total
annual treatment capacity of the models.

According to Figure 3, the total annual treatment capacity of construction waste for
the deterministic model is 5,274,650 tons, while the robust optimization model achieves
an annual treatment capacity of 7,804,650 tons. The maximum treatment capacity of
construction waste in the city increases after robust optimization. The vertical coordinates
are the annual treatment capacity of the candidate sites; the lower horizontal coordinates
indicate candidate sites 1-19, where a candidate site with a treatment capacity of 0 indicates
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that the point is not selected. The graph shows that the deterministic model has 14 treatment
plants, whereas the robust optimization model has 18 treatment plants. The increase in
maximum amount of construction waste disposal in the city is due to the choice of opening
more treatment plants, which optimizes the recycling path.

120
Million t/a
100
80
60

40

20

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

B Annual treatment capacity of every sites in certain model

B Annual treatment capacity of every sites in robust model

Figure 3. Comparison of the total model throughput. Note: X-axis represents treatment plants 1-19,
measurement unit of Y-axis is million tons per year.

4.2. Analysis of the Evolution of the Recycling Path

In the following, the recycling path of the robust optimization model constructed
in this paper for an uncertain environment is compared with that of the model for a
deterministic environment. The differences between the models are mainly compared in
terms of evolution of the recycling path.

4.2.1. MATLAB Calculation Results

In this paper, the evolutionary analysis of the recycling path is based on the allocation
results of the treatment plant and allocation results of the landfill. Tables 3 and 4 show the
results of opening and closing the construction waste treatment plants and the allocation
results of the landfill output by MATLAB. In Table 3, Qi(R)) indicates that the construction
waste generated at Q; is transported to the treatment plant at R;. In Table 4, R;(Ly;) indicates
that the resource treatment plant at R; is opened, and the residue at R; is sent to landfill Ly,.

The data in Tables 3 and 4 were processed by ArcGIS 22.0 and plotted against four
levels of uncertainty in the supply of construction waste to obtain the changes in location
of treatment plants and allocation of transport paths, as shown in Figure 4.

Table 3. The paths from supply sites to treatment plants under different levels of uncertainty p.

Uncertainty p Qi(R))
0 Q1(R1R4R11)Q2(R17)Q5(R1)Q4(RgR13)Q5(Rg R12) Qs (RaR4R19)Q7(R1 R13R17)Qs(R17R18)Qo(RoR12)Q10(R7) Q11 (R7)

Q1(R1R2R4RgR9R11 R17R19)Q2(R1R2 R4 R R11 R12R15R18R19)Q3(R1RgR11 R13R17)Qa(R3R4RsR11R15R18)

0.3 Q5(R5RgR19R12R18)Q6(R2R3R4Rs R18R19)Q7(R1R4RgR11R13R17R18R19) Q8 (R5R14R18)Q9 (R1R2R3 R4 Rg RoR12R18R19)
Q10(R1RaRyRsR7RgR9R11R12R13R15R19)Q11(R1R2R4RgR7RgR9R11 R13R15R17R19)
Q1(R1R2R4R7RgR9R11 R12R19)Q2(R2R3R4R6R7R9R11 R12R15R18R19)Q3(R1R2 R4 RgR11 R13R15R17)Q4(R3R4R6R11 R13R15R17R18)

0.6 Q5(R5RgR19R12R14R18)Qs(RaR3R4ReR11 R12R15R18R19)Q7(R1R2 R4 RgR11 R13R15R17R18R19) Qs (R5R14R18)
Q9(R1R2R3R4RgR9R19R12R18R19)Q10(R1R2R4R6R7RgR9R11 R12R13R15R19)Q11(R1 Ra Ry ReR7RgRoR11 R13R15R17R19)
Q1(R1R2R4RgR9R11 R12R17R18R19)Q2(R2R3R4 R R11 R12R15R18R19)Q3(R1 R2 R4 R R11 R13R15R17) Qs (R3R4R11 R12R13R14R18)

0.9 Q5(R5RgR19R12R14R18)Qs(RaR3R4R12R14R18R19)Q7(R1 Ry Ry Rg R11 R13R17R18R19) Qs (R5R14R18)

Q9(R1R2R3R4RgR9R19R12R18R19)Q10(R1R2RgReR7RgRgR11R12R13R15R18R19)Q11(R1R2R4ReR7RgR9R11R13R15R17R19)




13 of 17

Buildings 2023, 13, 2802

Table 4. The paths from treatment plants to landfill sites under different levels of uncertainty p.

Uncertainty p Ri(Ly)

0 Ry (L3)R2(L4)R3(La)R4(L4)Rs5(L5)R7(L1)Rs(L3)Ro(L2)R10(L1)R11(La)R12(L2)Ra5(L1)Ris(L3)R19(La)

03 Ry (L3)Ro(L4L5)R3(La)Re(LyaLs5)Rs5(L3L5)Re(L1L5)R7(L1LaLs)Rs(L1L3)Ro(L2)R10(L1L2)R11(LaLs)R12(L2)R13(L1L3)
’ Ry4(L4L5)R15(L1 L3)R17(L1L3)Rag(LaLs)R19(LyLs)

0.6 Ry(LsLs)Ro(L4Ls)R3(LsLs)Ra(LaLs)Rs(LsLs)Re(L1Ls)R7(L1Ls)Rg(L1LsLa)Ro(L1L3)R10(L1L2)R11(LaLs)R12(LoL3)
' Ry3(L1L3)R14(L4L5)R15(L1L3)R17(L1L3)R18(L3Ls)Ri9(LaLs)

0.9 Ry(L3)Ro(Ly)R3(Lg)Ry(Lg)Rs5(LaLs5)Re(L1Ls)R7(L1LaLs)Re(L3)Ro(L2)R1o(L1L2)R11(Lg)R12(L2)R13(L1L3)R1a(LsLs)
’ Ry5(L1L3)R17(L1L3)R1s(L3)R19(LaLs)

4 Supply sites Q
= Candidate sites R
Landfill sites L
Route from Q to R

& Supply sitesQ
= Candidate sites R
®  Landfill sites L.

Route from Q to R
Route from R to L Route from R to L
I 6000001000000t [ 600000t-1000000¢
[ 4500001-600000¢ [ 450000t-600000¢
[ 300000t-450000t [T 300000t-450000¢
{1 150000t-300000¢ [71150000t-300000¢
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Route from Qto R
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I 600000¢-1000000¢
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0 10 20 30km

(d)
Figure 4. Location of treatment plants and allocation of transport paths under different levels of
uncertainty p: (a) p = 0; (b) p =0.3; (c) p = 0.6; (d) p = 0.9.

Figure 4a—d present the results for uncertainty levels p = 0, 0.3, 0.6, and 0.9, respectively.
p = 0 implies no fluctuation in the amount of construction waste generated per year, and
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p > 0 implies fluctuation in the amount of construction waste generated per year. A higher
uncertainty level makes it more expensive to maintain the recycling operation.

4.2.2. Analysis of Results

The following is a comparative analysis of the differences in construction waste
recycling under different levels of uncertainty in terms of the location of treatment plants
and allocation of transport paths.

(1) Comparison of treatment plant sites under different levels of uncertainty

A comparison of Figure 4a—d shows that the deterministic model is cheaper to build
than the robust optimization model due to fewer treatment plants. Therefore, in the face
of supply uncertainty, the robust optimization model is immune to supply uncertainty at
the cost of building additional treatment plants. When the level of uncertainty increases,
Figure 4b—d show no change in the construction of treatment plants, which slows the
growth of costs.

(2) Comparison of transport paths under different levels of uncertainty

In terms of transport paths, Figure 4a—d follow the approach of transporting and
landfilling near the site, while a few consider long-distance transport. The transport paths
in Figure 4b—d are more complex than those in Figure 4a because more treatment plants
have been opened, and more proximity sites are available. The lower transportation costs
of following the proximity principle enable more costs to be spent on the construction
and treatment of the treatment plant, which results in higher treated volumes, higher
reutilization rates, and a slower increase in total costs.

From the above analysis, the following basic conclusions can be drawn: Compared
to the deterministic model, the robust optimization model accounts for the uncertainty of
the generated amount of construction waste on the supply side in real environments. The
generation of construction waste in China’s large cities has been increasing due to the high
population absorption capacity. The advantage of the robust optimization model is that
it considers the worst case. Thus, even in the worst-case scenario, the recycling system
can guarantee a higher treatment capacity and a higher reutilization rate while ensuring a
lower growth rate of the total cost.

5. Conclusions

Scientific planning of construction waste recycling path is a priority for improving the
reutilization rate of construction waste. The existing construction waste recycling models
do not pay sufficient attention to the uncertainty of construction waste recycling quantity,
which limits their ability to provide support for solving practical problems. In this paper,
a robust optimization model for the construction waste recycling path was developed
by taking into account the uncertainty of the construction waste recycling quantity. This
paper first used the economic objective as the decision criterion, and the transportation
flow, construction waste treatment capacity and capability, environment impact, and social
impact were the constraints to build the recycling model in a deterministic environment.
Then, a robust optimization method was adopted to optimize the deterministic model, and
a robust optimization model was built to solve the uncertainty of the recycling quantity.
Then, the validity of the model was examined in terms of total cost and treatment capacity.
The evolution of the recycling path under supply uncertainty was analyzed to investigate
the reasons for model optimization. The main conclusions of this paper are as follows:

1. This paper built a deterministic model and robust model considering the reality of
Nanjing. The reality is generally consistent with our hypotheses. Hypotheses 1-3
hold. The robust model has a better total cost. From the deterministic model to the
robust model, the total cost increases rapidly. And the total cost increases at a slower
rate when uncertainty increases. Costs are linearly related to distance and quantities, so
the robust model has a greater total cost than the deterministic model. Hypotheses 4-6
hold. The robust model is cost-effective in the face of uncertainty in supply.
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2. The robust model has better treatment capacity. From the deterministic model to the
robust model, the total treatment capacity increases rapidly due to opening more
treatment plants. There is no difference in technology among the treatment plants, but
treatment capacity and capability are limited. The robust model has more treatment
plants, so it has greater total treatment capacity. Hypotheses 7-9 hold. The robust model
is immune to supply uncertainty at the cost of building additional treatment plants.
Thus, even in the worst-case scenario, it can guarantee a higher treatment capacity.

3. Both models follow the proximity principle, transporting and landfilling near the sup-
ply and treatment site, while a few other models consider long-distance transportation.
This is consistent with the hypothesis that there is no direct landfill. Construction
waste should be transported to treatment plants before landfilling. Hypothesis 10
holds. Compared with the deterministic model, the robust model has longer total
transportation distances. However, the total cost increases very slowly, because the
proximity principle significantly reduces the transportation costs and to some extent
offsets the construction and treatment costs of the treatment plants, and ultimately
achieves the optimization objective of the model.

The robust optimization model constructed in this paper is more in line with Chinese
reality and takes into account the uncertainty of construction waste supply; therefore, the
model can be used as a scientific tool for construction waste recycling path planning in large
cities similar to Nanjing. At the same time, the model has the advantage of being easy to
use. For the management of construction waste in other large cities, the model parameters
can be modified to match and optimize the local waste transport path. This paper only
investigates the uncertainty of the recycling quantity. For the subsequent study of the
robust optimization of the construction waste recycling path, the uncertainty parameter
can be increased to make the model more compatible with the actual situation.
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