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Abstract—Greenhouse gas Sulfur Hexafluoride (SFs) is widely
used in Chinese electric power corporations. The corporations
need to establish the reverse logistics network for SFg recovery to
reduce greenhouse gas emissions. For managing SFs waste and
filling the research gap from theoretical and empirical research
perspective in reverse logistics network design, we designed a
comprehensive multi-layer reverse logistics network, including
recycle points, recycle/distribution centers, and the SFg treatment
centers. The network was mathematically modeled as a bi-
objective and multi-layer fuzzy mixed-integer nonlinear
programming model under return quantity uncertainty to
minimize the total cost and maximize the comprehensive
evaluation values of the SF¢ treatment centers. With the cloud
model, the method of fuzzy mathematical programming and the
interactive non-inferior set estimation method, we obtained the
optimal solution which determined transportation quantities of
SF¢ and the location of facilities. The proposed model was
validated by a real world case study, which indicates that the
emissions of SFg will be reduced by 270.23 tons of gaseous SF.

Keywords—SFg; sulfur hexafluoride; reverse logistics network
design; electric power corporations; uncertainty; the cloud model

l. INTRODUCTION

At present, the SF¢ electrical equipment operated for more
than 20 years, are in the repairing period, which caused lots of
SFe to be replaced. It greenhouse effect of SFg is about 23900
times as much as that of CO,. Accordingly, Recycling and
reusing SFg can reduce the adverse greenhouse effect.

In recent years, a host of scholars at home and aboard does
research mainly on recycling and processing SFs. Such as J.
Zhang, J.Z. Zhou, Q. Liu, G. Qian, and Z.P. Xu demonstrated
that the waste electroplating sludge can be potentially used as
an effective removal agent for SF™. I. Matito J. Alvarez J.
Gutierrez, M. Daoblare, A. Martin, and S. Calero stated that
zeolites BEC, ITR, IWW, and SFG are regarded as the most
promising materials for a nitrogen-sulfur hexafluoride mixture
separation!?). Moreover, electric experts from China presented
some views of SFg recycling. Z. Liu and Y.M. Wang put
forward to some suggestions about waste management of SFg,
according to the recovery status of SFg in Inner Mongolia
western region®.. Previous studies have demonstrated that the
researches are focused on purging SFe. Correspondingly, there
is less study on the management of SF4 recycling in the present,
and lack of related experience in the practice field.

Based on the aforementioned considerations, an FMINLP
model under risk is presented for mathematically expressing
the reverse logistics network for SFg recycling and reusing in
Chinese power grid enterprise. From the subjects, the purpose
and innovation of this model was to fill the research gap from
the dual—theoretical and empirical research perspective in
reverse logistics network design.

Il.  STRATEGIC NETWORK DESIGN FOR SFg RECOVERY IN
CHINESE ELECTRIC POWER CORPORATIONS

A. Problem definition

Based on the provincial forward logistics network, the
reverse logistics network for SFg recovery in Chinese electric
power corporations is set up. The network is multi-layer,
consisting of recycle spots, recycle/distribution centers and the
SFe treatment centers.

As illustrated in Fig. 1, the proposed network is integrated
forward flow and reverse flow. In the reverse flow, local power
supply companies collect and store SFg waste in their own
recycle spots. When the SFg reaches a certain amount, it is
shipped to recycle/distribution centers and equivalent and
qualified SFg is taken back from the SFg treatment center to
recycle/distribution centers in the forward flow annually. It is
noted that new SFg from suppliers equals to SFg waste in the
first year. Except the first year, some new SFg is purchased
annually because SFg waste cannot be completely purified.
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Fig. 1. Reverse logistics network for SF¢ recovery in Chinese electric power
corporations
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One of the objectives of the proposed model is to minimize
the total cost of the system including transportation, purchasing,
storing, processing and fixed cost. In addition to minimizing
total logistic costs, the standards on site selection of the SFg
treatment center are taken into consideration, which made the
model built more in line with the actual situation. As a
consequence, taken network costs and evaluation values into
account, the reverse logistics network is designed.

B. Model formulation

To support the presentation of the proposed mathematical
model, the following notations are used in the formulation of
the FMINLP model.

Sets

W: Fixed set of points for recycle spots, i € W.R: Sets of the
candidate points for recycle/distribution centers, j € R.P: Sets
of the candidate points for the SFg treatment centers, m €
P.Y: Fixed sets of suppliers of SFe, b € Y.

Parameters

A;: Quantities of SF¢ waste from recycle point i (4;:is a fuzzy
number).v: Storage cost per unit of SFe.t;: Transportation cost
for a unit of SF; waste from recycle point i to the
recycle/distribution center j per km. tj,: Transportation cost for
a unit of SFg waste from recycle/distribution center j to SFg
treatment center m per km. t,,: Transportation cost for per unit
of new SFg from supplier b to SFg treatment center m per km.
dij: Distance between recycle point i and recycle/distribution
center j.dj,: Distance between recycle/distribution center j and
SFg treatment center m. dyy,: Distance between supplier b and
SFe treatment center m. Jyi,: The smallest store capacity in
each recycle/distribution center. Jnax: The largest store capacity
in each recycle/distribution center. f: Fixed cost of opening SFg
treatment center m. p: Disposal cost per unit of SFg waste.rg:
Discount rate. o. Exhaust gas purification rate.C: Purchasing

cost per unit of SFs. E,: The comprehensive value of SFg
treatment center m. T: Service lives of SFg treatment center.

Decision variables

Xij: Quantity of SF¢ shipped from recycle point i to
recycle/distribution center j. Xjn: Quantity of SF¢ shipped from
recycle/distribution center j to SFs treatment center m. Xopm:
Quantity of new SFg shipped from supplier b to SFg treatment
center m.

e

_ {1 if arecycle/distribution center j is selected
0 otherwise

D,
_ {1 if a SF6 treatment center is opened at location m
0 otherwise

In terms of the notations, the mathematical formulation of
the network is described by the two objective functions
followed by the set of constraints.

Objective function
Min 0, =
ZkET ZiEW ZjEZ

tijxijdij

2tjmxjmd;
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The first objective is to minimize the total cost. The costs
are comprised of the transportation costs, storage costs in
recycle/distribution centers, purchasing costs from supplier,
processing costs and fixed costs for the SFg treatment center.

Max 0,=Ymep Em * Din (2)
Constraints:
YmDm=1,VmeP (3)
Yixij=A4;,VieEW 4)
2iXij = XmXjm Dm ,Vj ER 5)
YbXbm = X Xjm*Dm, Vm € P (6)
5 min < ZiXij < 5 max Vj € R (7)
S;€{0,1},vj €R ®)
D, €{0,1},vm € P 9)
Xij 2 0, X5, = 0, %, = 0 and integer (10)

Constraint (3) insures only one SFg treatment center is
selected. Constraint (4) ensures all the SFs waste is shipped to
the recycle/distribution centers. Constraint (5) requires all the
SFe waste is shipped from the recycle/distribution centers to the
SFg treatment center. Constraint (6) stipulates that the new SF
from supplier should be as big as the quantity of SFg waste in
the first year. Constraint (7) restricts the store capacity of the
recycle/distribution centers. Constraint (8) and (9) represents
the binary variables. Constraint (10) enforces the non-
negativity restriction on the decision variables.

C. Fuzzy constraint sharpening

Due to the constraint (4) with fuzzy parameter 4; , it makes
the FMINLP model be solved difficultly. As in [4] the fuzzy
equality is translated into pos{zjxij =Al-} > 1. pos{.}
represents the possibility of the event, A represents the given
confidence level.

Lemma 1 &; = (I;, m;,1;) is triangular fuzzy number. For an
arbitrary A(0 <A< 1), pos{z=4d;} =1 is true when and
only when there is a set of inequalities as follows:

ZS(l—A)T‘i‘Flmi ( )
ijijZ(l—/l)li-l'lmi 12
ijijS(l—/l)ri+/1mi ( )

The FMINLP model is translated into mixed-integer
nonlinear programming (MINLP) model because the constraint
(4) is replaced by constraint (12). The MINLP can be settled by
the LINGO.
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D. The interactive NISE

The NISE method is a form of the weight sums method,
which is applied to resolve bi-objective mathematical
programming and generate the Pareto optimal set.

The procedure of the method is presented below™.

Stepl: Solve the singular objective programming problem
only including the first objective, we can get point B(f;", f3).
f.is the optimal value of the first objective, f,is obtained by
bringing f;" into the second objective.

Step2: In the same way, solve the singular objective
programming problem only including the second objective, we

can get point A(fy, £27).

Step3: The weight coefficients of two objective functions
can be gained by the NISE method, which makes bi-objective
programming problem be transformed into singular objective
programming problem.

By the LINGO, we can obtain point C(fy, f>). fiand f is
optimal solution of the model.

Step4: The decision makers are asked whether they agree to
the point C. If the decision makers think that f, is too large,
seeing point C as point A and going back to Step3 to obtain the
new weight coefficients. Conversely, regarding point C as
point B and going back to Step3.

Eventually, the interactive bi-objective decision model can
generate the optimal coordinate solution by interacting to the
decision makers until they are satisfied.

I1l. COMPREHENSIVE EVALUATION OF THE SFg TREATMENT
CENTERS USING THE CLOUD MODEL-BASED APPROACHES

The cloud model is used for evaluating the SFg treatment
centers with the index system for site selection because it can
integrate ambiguity with randomness and transform between
qualitative concepts and their quantitative expressions, which
becomes a new evaluation method for site selection.

A. Basic concept of the cloud model

Let U be universe of discourse expressed by quantitative
digits, and C be a qualitative concept in U. If the definite
parameter x €U is a random occurrence in C, and certainty

u(x) €0,1] of x to C is the random number with steady
tendency!®.

u(x):U - [0,1] x = p(x) (13)

Then, the distribution of x in U is defined as a cloud and
each (x, u(x)) is named as a cloud drop.

VxeU

The three digital characteristics of cloud are used to
quantitatively reflect feature of the cloud model. Expected
value (Ex) represents the most representative point of
qualitative concept. Entropy (En) is determined by both
randomness and ambiguity of the concept, which reflects
association between randomness and ambiguity, and
uncertainty degree of the concept. Hyper Entropy (He) is
considered as the uncertainty degree of En, which represents
discrete of sample data.
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B. Normal cloud generators

1) Forward normal cloud generator (CG)

Forward normal cloud generator (CG) is used to generate
the cloud drops (x, u(x)) given the cloud descriptors Cloud (EX,
En, He), which is the transformation from the qualitative
knowledge to its quantitative representation. The number of
cloud drop is N. Procedure includes following steps:

Stepl: The En; in normal distribution randomly is generated
whose expectation is En and variance is He? denoted by
En=NORM(En,He?) i € N.

Step2: The x; in normal distribution is randomly generated
whose expectation is Ex and variance is En;, denoted by
xi=NORM(EX, En;) i € N.

_(xi—Ex)2

Step3: Calculate y; = e 25" i € N.

Repeat steps 1-3 until N cloud drops satisfy the requirement.

2) Backward cloud generator (CG™)

Given a set of samples, backward cloud generator can
transform quantitative values into qualitative concepts given
represented by three descriptors of cloud drops Cloud (Ex, En,
He). The procedure includes following steps:

Stepl: Calculate samples average Ex, which is the
expectation of the collected data, and calculate sample variance.
The number of samples is n.

1

Ex = -Yi1 X (14)
2= =3 — 0 (15)

Step2: Calculate En.
En=\/§x%2?=1|xi—Ex| (16)

Step3: Calculate He.
He = Vs2 —En? (17)

After gaining the three descriptors of cloud drops Cloud
(Ex, En, He), we operate CG so as to get the cloud model graph.

C. Calculation for comprehensive cloud mode

The comprehensive cloud model is a higher-level cloud
model which is generated through combining some cloud
models of the same type. The algorithm of comprehensive
cloud model without weights is in the following formula.

Ex = Ex1Eni+ExyEn,
Eny+En,
En=En, + En, (18)
HeiEni+HezEn
He = 2815 2EM;
Eny+En,

Suppose a criterion is composed of n sub-criteria. The
cloud models of sub-criteria are C; (Ex, En, He), C, (Ex, En,
He),..., C, (EX, En, He), respectively, and the weight values of
each sub-criterion are vy, vy,...,v, respectively. The algorithm of
weighted comprehensive cloud model is in the following
formula.

40



ATLANTIS
PRESS

Ex

_ ExX1XU1+EXpXVp+ - +EXp XVUp

v1tva+-tvp

2 2
1% Un
EFn=———=FEn, + -+ En
V1240242 L 1240y 242 T (19)
2 2
vy v
He = —— 2H€1+"'+#Hen
v14+vc+-tup V14+v4+-tuy

In conclusion, qualitative evaluation is described by the
cloud model, which can significantly reduce subjective of
evaluation. Qualitative concepts can be transformed to
quantitative data with the cloud model so that it can improve
accuracy of qualitative evaluation and provide objective and
accurate standard for the final decision.

IV. ILLUSTRATIVE EXAMPLE

In the section, a real example for SFg recovery in Province
N, China is presented to demonstrate the validity and
applicability of the proposed mathematical model. Province N
is composed of nine cities and each of them has a distribution
center denoted by Ry, R»...Rq in the forward logistics network
for electric power materials. Every distribution center is
responsible for transporting supplies to the some warehouses in
the same region. There are 44 warehouses denoted by W;,
W,...Wy, respectively. Making full use of the existing
distribution centers and warehouses, N provincial electric
power company planned on taking warehouses as recycle spots
and considering distribution center as recycle/distribution
centers. All liquefied SFgs waste store in the cylinders to
transport. For the sake of simplicity, the assumption is that
each cylinder is filled with 50 kg liquefied SFs.

First of all, evaluating SFg treatment center with the cloud
model to acquire the comprehensive value E,. And then, the E,
of each SFg treatment center is brought into the FMINLP
model to resolve transportation quantities of SFg, the location
of facilities, maximum evaluation value and minimum total
cost.

A. Comprehensive evaluation of the SF4 treatment centers

1) Index system for site selection of the SFg treatment
centers

Taking the main factors affecting site selection of the SFq
treatment center including natural environment, management
environment, and the conditions of infrastructures,
environmental protection and so on into consideration,
specialists eliminated the index whose values are no significant
differences between the three candidates and established the
index system for site selection of the SFg treatment centers. The
index system is made up of two criteria including natural
environment and the conditions of infrastructures and each
criterion is composed by some sub-criteria.

The G1 method is a kind of the subjective weighting
method. The weights of index can be acquired through
qualitative sorting and rational judgment of importance ratio
between the adjacent indices. The index system for site
selection of the SFg treatment centers and corresponding
weights are given in Table I. The fundamental principle and
steps of G1 method are shown in [7].
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TABLE I. THE INDEX SYSTEM FOR SITE SELECTION OF THE SF¢
TREATMENT CENTERS AND WEIGHTS
Criteria Weights Sub-criteria Weights
Natural 0.4 The distance between the SFs | 0.525

environment (V,) treatment center and nearby

residents (V1)

Hydrologic condition (V;,) 0.15
Terrain condition (Vy3) 0.225
Geological condition (V1) 0.1
The conditions of | 0.6 Communication condition | 0.1667
infrastructures (V21)
(V2) Traffic convenience (Vy,) 0.5836

Power, water, gas, supply | 0.2501
capacity and heating capacity

(Va3 )

2) The determination of evaluation set

The evaluation set is a measure of determining where every
candidate stands, which makes every candidate gain the final e
valuation. With the model-driven method based on the golden s
ection, the evaluation set consists of five ranking grades. The fi
ve ranking grades (‘good’, “fair’, ‘normal’, ‘low’, ‘lower”) of th
e qualitative factors are thus quantitatively expressed by five cl
oud models Cloud1(1,0.1031,0.013), Cloud2(0.691,0.064,0.00
8), Cloud3(0.5,0.039,0.005), Cloud4(0.309,0.064,0.008) and ClI
oud5(0,0.1031,0.013) respectively. The cloud drops of these cl
oud models lies on a 0 to 1 scale.

3) Comprehensive evaluation based on the cloud model

Since index system for site selection of the SFg treatment
centers is constitutive of qualitative indices, specialists gave
each qualitative index a score. The score including the highest
mark and the lowest mark are made up of interval [60,65),
[65,70), [70,75), [75,80), [80,85), [85,90), [90,95) and [95,100].
The specialists selected an interval for grading every
qualitative index.

Take evaluating candidate P; as an example. The 10
specialists gave every sub-criterion an interval as the score with
questionnaire and the intervals of score are normalized in the
form of sub-interval in [0,1]. Then, the intervals of each sub-
criterion are respectively translated into the cloud models of the
highest mark and the lowest mark with CG™. On the basis of
(18), the cloud models of the highest mark and the lowest mark
of each sub-criterion are converted into the comprehensive
cloud model of each sub-criterion.

Then, based on the (19), the final cloud model is P; (0.8452,
0.0503, 0.0096).

The calculations for final cloud model of candidate P, and
P; are similar to candidate P; and need not be repeated here.
Therefore, the final cloud model of three candidates are P,
(0.8452, 0.0503, 0.0096), P, (0.8369, 0.0553, 0.0064) and P;
(0.8730, 0.0444, 0.0066).With CG, the final cloud model graph
of three candidates can generate by MATLAB, which is given
in Fig. 2.

By virtue of the Ex best representing the qualitative concept
C, the evaluation values E, of candidate P;, P, and P; are
0.8452, 0.8369 and 0.8730.
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Fig. 2. The cloud model graph of five ranking grades and three candidates

B. The final decision

Because the average quantities of SFgs waste in each year
were estimated by the specialists according to the investigation
of various cities and counties, the quantities of SFg waste are
fuzzy and can be replaced by triangular fuzzy number4; =
(l;, m;, 7). liand r; represent minimum and maximum which
are might be possible and m; is the most likely number. The
average quantities of SFg waste are considered as m;. Assuming
that fuzzy membership mapped to the fuzzy center number
within the scope of 10%, the triangular fuzzy number of SFg
waste can be resolved.

The confidence level was set to 0.2 by the specialists,
storage cost f in each recycle/distribution centers is 80 Yuan
per cylinder, the fixed cost f for the SF¢ treatment center is 5
million Yuan, the processing cost ry is 2300 Yuan per cylinder,
the discount rate o is 10%, the exhaust gas purification rate is
98%, the unit price C of new SFg is 3400 Yuan per cylinder,
and the smallest store capacity J.,, and the largest store
capacity Jnax In each recycle/distribution center are 15
cylinders and 150 cylinders. The freight rates and distance
between facilities are also known.

With the weighted sums, the two different objective
functions are synthesized to a normalized objective function.
Then, program calculation is conducted on the model by
LINGO 12.0 software. Oy, is 15594210 and 0,,,;,, is 0.873.

When the objective function including only O, , the point B
is (1,0.91). When the objective function including only O,, the
point A is (1.23,1). Through constantly interacting with
decision makers, when two weight coefficients is 0.3 and 0.7
respectively, the total cost of logistics is 15814310 Yuan and
the comprehensive evaluation value of the SFg treatment center

is 0.873, decision makers are most satisfied. Ry, Ry, R4, Rs, Rg
and Ry are chosen as recycle/distribution centers, P3 is selected
as the Sk treatment center.

As a result, there are 4387 cylinders of SFg are recycled in
the next 10 years. A cylinder of liquefied SFg approximately
equates to 10 cubic meters of gaseous SFe. It means that the
emissions of SF4 will be reduced by 270.23 tons of gaseous SFg
which is the equal of 6458497 tons of CO,
(23900%270.23t=6458497t). As can be seen, SF4 recovery has
obvious environmental benefit for application.

V. CONCLUSION

Taking full advantage of the existing facilities in the
forward logistics network for electric power materials, the
reverse logistics network for SFg recovery in Chinese electric
power corporations was established, which considered recycle
spots, recycle/distribution centers and the SFg treatment centers.
In order to solve the optimal location of facilities and optimal
flows in the network, considered fuzzy recycle quantity, a bi-
objective and multi-layer FMINLP model was developed for
the reverse logistics network. The model integrated minimizing
total logistic costs and maximizing the evaluation value as the
final objective function.

The proposed reverse logistics network for SFg recovery
provided theoretical and practical basis for Chinese electric
power corporations. And it was profitable both in environment
and society.
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