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Abstract The exploration and exploitation of shale gas resources has been seen as a game changer in recent years which has
affected the world natural gas industry and gas market significantly. Furthermore, as the relatively cleanest fossil energy, develop-
ment of shale gas resources is expected to play an important role in the world’s projected transition towards a low-carbon energy
future. In this case, the large-scale extraction of shale gas resources could be inevitable in future. However, extracting shale gas
resources is not an entirely environmental benign issue. Numerous studies have shown that shale gas development may have
some serious environmental impacts, for example, methane leakage and huge water consumption. Of these, water-related issues
are a fundamental and longer lasting obstacle. Better water resource management has been seen as one of the most effective
measures for dealing with water-related issues.

This paper focuses on the management of wastewater allocation and reuse in shale gas development. Uncertainties in the
process of wastewater allocation and reuse could affect the final optimization results considerably, therefore, this paper first gives
a detailed description and analysis of the process of wastewater treatment and reuse and related uncertain factors. Secondly,
a bi-level programming model with uncertainty is established for wastewater management for shale gas development, where
economic and environmental benefits are upper-level and lower-level objectives respectively, fuzzy and interval programming
is used to deal with uncertainties from the amount of produced wastewater and others in transportation, treatment, and reuse of
produced wastewater. After the model is established, algorithms based on satisfaction and interaction are used for solving the
model. Finally, the established model is used in a case study to show its effectiveness.

The results show that one main plan of wastewater allocation and reuse always exists for each drilling point, and this plan
is mainly affected by economic factors, capacity of wastewater treatment facilities as well as the relative position of the upper
and lower objective functions. Besides, the consideration of those uncertainties does make the result more objective and closer to
reality. In addition, tolerance of the uncertainty in the amount of produced wastewater can improve the overall degree of satisfac-
tion, which is good for providing the optimal results. Finally, a comparison of results from the established bi-level programming
model and those from two traditional single objective programming models shows that the proposed model in this paper could
achieve a trade-off between economic and environmental benefits, and this trade-off is more in line with reality.
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Fig. 1 Water resources flow in the process of shale gas development
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Table 2 Cost parameters for different wastewater treatments
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i=3 HWTP2(j=2) [4.9,5.3]
UID(j=3) [3.9,4.5]
HWTP1(j=1) [5.8,6.3]

i=4 HWTP2(j=2) [3.4,3.9]
UID(j=3) [2.5,3.0]
HWTP1(j=1) [2.9,3.5]

i=5 HWTP2(j=2) [2.8,3.4]
UID(j=3) [6.8,7.3]
AhERE A SR AN A S AR /(ETC /A
HWTP1(j=1) [3.5,4.3]
HWTP2(j=2) [2.9.3.7]
UID(j=3) [1.2,1.9]

*3 EKEIRHEXSH

Table 3 Relative parameters for wastewater reuse

AP SOt K B /% K Bl R /(56T /4
HWTP1 [0.76, 0.81] [1.1, 1.6]

HWTP2 [0.70, 0.76] [0.9, 1.3]
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G3 WA 7= H BEK T B SR AOARME . A n] RE(ELAN
. XAEAS R T AL A 1A = AR RO X e
WK E T RER, BARIEACH F=(5490,5750,6000),

Fz4 HWIPAEFHEKE., UIDLEFHEKESHHH
AAEAEKEARSH

Table 4 Treatment and reuse capacity of HWTP, UID and
drilling points

HWTP b= H PR A Y L FR /(F/f /K

WTP(HWTPI) 12 000

WTP(HWTP2) 11 400

UID Ab 8 7= H R A ) L FR /(i /R

UID(UIF) 5753
ISR BN ¥ S A YT VPN

DW?* [3800, 3970]
DW; [2900, 3110]
DW;: [3500, 3500]
DW; [4000, 4100]
DW; [3300, 3500]

RS5 TREBEEREAFHEBEM: H/X)

PARCZEHE, LT3 T — 2B B0 XA A
KR N ERF R . [RIRE, AT LIRS 207 H R K B Y
BERFIR . RSB ERAR], AR K™ &
ST AR N X RS, ansk 5 R

32 EBISHER

FRAE 2.2 FBArEE LAY, 7 Lingo #1445 R
AT, HA 3.1 RS, R Ar R AT 45 N
FEAHE BT o N (A S0 o BUERAE ] 0.5 5] 1 Z [1])
AN TRV, 15 7= HA R K AR = AN ) Ak B 5 5150 it 22 i)
B3 BE 7 5 VA S e Ab RS [T K B9 Be i 58, 45
m 6 .

FATLL a=0.5 [ B A B 5% 25 JE 0 AT 43 i ik
T PSRRI A R R BE A R K A B AT
52, N LURIARAFAE— e BB R KA BT 5 (] 2
FiR), HERTE S 3 200, Heghdhmm £ 2 b
5 FHRIEE HE HWTP, B F 0 i 5 2 R R 2 4
DrR R AL A AL FE . 7R S AR, B
05 2 B0 5 R KIE FE HWTP 93z 5 A Ab B 2% FHAR S T
Hiz 11 UID iz i AL 32 I &, HAT 0 25540
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J I, imEHWTP1 FIHWTP2 (138 fi A4k B A 22
4> 500 [6.4,7.81F1[5.7,7.1], iz 1l UID (3 i A ik
A Z A [8,9.2], Hid Wl /NT e, mixs TH
i3 A, RPN 1. 3 R4, RENEBEE
UID #4755 A0 PRAHXT T2 A HWTP A BB A 2650k
A T UID (AL RE I A B, (A AR Bt s AR 1Y

Table 5 Wastewater output under different degree of satisfaction (Barrel per day)

R o

Pk 0.5 0.6 0.7 0.8 0.9 1
WWG; [5683.75,5811.25]  [5696.5,5798.5]  [5709.25,5785.75]  [5722,5773] [5734.75,5760.25]  5747.5
WWG, [4408.75,4526.25]  [4420.5,4514.5]  [4432.25,4502.75] [4444,4491] [4455.75,4479.25]  4467.5
WWG; [5241.25,5343.75] [5251.5,5333.5]  [5261.75,5323.25]  [5272,5313] [5282.25.5302.75]  5292.5
WWG, [5990,6080] [5999,6071] [6008,6062] [6017,6053] [6026.6044] 6035
WWG; [5068.75,5136.25]  [5075.5,5125.5]  [5082.25,5122.75] [5089,5116] [5095.75,5109.25]  5102.5
WWG* [5807.5,5952.5]  [5822,5938] [5836.5,5923.5]  [5851,5909] [5865.5,5894.5] 5880
WWG; [4565,4665] [4575,4655] [4585,4645] [4595.,4635] [4605,4625] 4615
WWG! [5358.75,5446.25]  [5367.5,5437.5]  [5376.25,5428.75]  [5385,5420] [5393.75,5411.25]  5402.5
WWG, [6080,6170] [6089,6161] [6098,6152] [6107,6143] [6116,6134] 6125
WWG! [5172.5,5237.5]  [5179,5231] [5185.5,5224.5]  [5192,5218] [5198.5,5211.5] 5205
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®6 TEIHEEMEKSE(BAM: #8/X)
Table 6 Wastewater allocation under different degree of satisfaction (Barrel per day)
Rkl L
0=0.5 0=0.6 a=0.7 a=0.8 a=0.9 a=1
X, [4353.7,4691.4] [4691.4,4901.2]  [4691.4,4901.2]  [4750,4901.2] [4750, 4901.2] [4750, 4901.2]
Xy [0, 2476.9] [0, 2578.7] [22.3,2038.4] [276.4,2099.2] [119.8,2716.6] [0, 2705]
Xy, [2202.9, 2344.5]  [2226, 2464.6] [2144.2,2275] [1903, 2285.1] [2298.1,2529.5]  [2312.4,2549.8]
Xy [0, 0] [0, 0] [0, 0] [0, 0] [0, 0] [0, 0]
X5y [0, 0] [0, 0] [0, 0] [0, 0] [0, 0] [0, 0]
X [0, 584.6] [0, 0] [0, 0] [0, 0] [0, 0] [0, 0]
X5 [1207.7,4092.1,]  [1096.3,4380.3] [1687.7,4178.3]  [1649.5,3848.1] [1009.3,4071.6]  [1022.2,4380.3]
X, [81.2,87.7] [0, 70.7] [159.6,244.2] [259, 414.6] [0,5.8] [0, 0]
Xy [5394.7,5405.4] [5405.4,5774.6]  [5405.4,5540.5]  [5405.4,5466.7]  [5540.5,5555.6]  [5555.6,5774.6]
X, [4459.5,4605.3]  [4459.5,4929.6]  [4459.5,4729.7]  [4459.5,4666.7]  [4583.3,4729.7]  [4583.3,4929.6]
X3 [870.2 992.4] [920.8, 1005.1] [935.3,1017.9] [949.8, 972] [964.3, 984.8] [978.8, 997.5]
Xy [472.9, 724.1] [194.7, 745.5] [384.4,706.2] [470.5, 695.3] [413.6, 729.8] [234.7, 740.3]
X35 [2815.5,3155.7]  [2787.4,3140.8]  [2804, 3125] [2768.9,3102.5]  [2767.4,3095.6]  [2742.7,3090.1]
Xy [584.6, 685.3] [314.4, 593.6] [557.5, 602.6] [611.6, 640.3] [470.4, 575.5] [350.4,479.4]
X [567.2, 609.3] [249.4, 616] [455.8, 622.8] [525.3, 629.5] [468.8, 512.4] [275.4,519.2]
Yu [3526.5,3800] [3800, 3970] [3800, 3970] [3800, 3970] [3800, 3970] [3800, 3970]
Vo [0,2006.3] [0, 2088.7] [18.1,1651.1] [223.9, 1679.3] [97,2173.3] [0, 2164]
Vi [1784.3, 1899] [1803, 1996.3] [1736.8,1842.8]  [1541.4,1828.1] [1861.5,2023.6] [1873.1, 2039.8]
Ya [0, 0] [0, 0] [0, 0] [0, 0] [0, 0] [0, 0]
Vs [0, 0] [0, 0] [0, 0] [0, 0] [0, 0] [0, 0]
Viz [0, 444.3] [0, 0] [0, 0] [0, 0] [0, 0] [0, 0]
Vi [893.7,3110] [811.3,3110] [1248.9,3091.9] [1220.7,2886.1]  [726.7,3113] [736,3110]
Vi [60.1, 66.6] [0,50.2] [118.1, 180.7] [191.7,310.9] [0,4.2] [0, 0]
Vi [4000,4100] [4000, 4100] [4000, 4100] [4000, 4100] [4000, 4100] [4000, 4100]
Vsa [3300, 3500] [3300, 3500] [3300, 3500] [3300, 3500] [3300, 3500] [3300, 3500]

Bt 3 T LR HAE g AL BT 48, WAL 1A

4 R R
ik,
Bl T

FE s HWTP H (i Hp—
205k, LIS 4 5], HWTP1 F1HWTP2 fY

AVFHEIR Z B HWTPAE b R B A7 R
it ALEEU"JE%

iz B AIAL B A 2 A1 43550 4 [9.33,10.6] F116.3,7.6], A

32 Hi 5 Ak AR 2 Rk [6.1,8],
Ab B RS A 22 1k [6.1,7.3],
SR F AT HWTPL (AR E &, (A5 2
A, AR E THWTPL BTSN, 523X FOANEA 2 Ve Y 52
M), HWTP Joik R 4 %) i) s AR A 37 =8, Ikis 1

HWTP2 H iz i 1
] LLE H, BSRHWTP2

IR K FEa i HWTP2,

Hix, &mumﬁm%mmm@ﬁ%,Tuk%
WEAFAE R /K 2 1) B BR 22 BIAR K K /b B 5 %8,
TFHEILFBA EZR TR, Hphgik l‘ilﬂ"]ﬁﬁ/{ﬁ%IE
T AR R, Fn, B 281k
HWTP2 ()% KK K [1207.7,4092.1], H EFRZES
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Y%, HEweam s 2UID, HEH TUIDAEAIR,
JIF LA KR B R K A0 1k HW TP BEA 4038, 1 HWTP1

HWTP2 ()5 /KK 8 25 8K T RO A 4 38 18
HWTP2 ()% KK B K [5394.7,5405.4], H EFRZES
AAEF /N, KB RN FA S 4 M5, HWTPI
1938 4 5 A0 B AS 4 [9.33,10.6], T HWTP2 (1432 i Fl
IR AA R [6.3,7.6], ATLLE i, HWTP2 A TCIS
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Fig.2 Allocation of wastewater and reused water when a=0.5
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Table 7 Objectives of upper and lower levels and their satisfaction under different values of «

HEEa
a=0.5 a=0.6 a=0.7 a=0.8 a=0.9 o=1
s . [189960.6, 190365, 191586.7, 191949.4, 191721.3, 191967.1,
LRV ILAR / SE0T [ [ [ [ [ [
250057.9] 247906.6] 248182.2] 248588.1] 248575.5] 248853.6]
15959.17, 15996.3, 16023.5, 16019.73, 16027.78, 16039.81,
BT B © [ [ [ [ [
16530.99] 16533.24] 16534.9] 16532.3] 16541.48] 16553.1]
WL [0.394, 0.449] [0.384, 0.443] [0.386, 0.437] [0.374, 0.429] [0.368, 0.425] [0.363, 0.422]

&8 a=0.5F=MRBMALTEILL

Table 8 Results comparsion of three optimization models

s LA/ ETT 5] FHZK /A HWTP1 [ H-F 2 /% HWTP2 1 HF I /%
B-M [189960.6, 250057.9] [15959.17,16530.99] 81 74
M1 [177839.4, 235901.6] [14959.2, 15186] 76 70
M2 [207222.7, 269335.8] [17500,18180] 81 70
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