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(18f)

Ty <t <ty VieI™VseS (18g)

my"y, <my, <mp>y,Vike I YseS (18h)

e{0,1} YieI™™VseS (18i)
Bk A, R e Ry, =1, WLHEsD
XA AR, Blo Mim, REEHm, M. Mz
N, BT HAl O X AR B AR R . E 2, R
Voo = 1o W 53 X0 AT 20 SR S% AR 04 1 s 4R AT, R]
FT A HoAt 73 IX o (R 20 ROR A ER A 2% . —on AR R AR
Hmes R TR RE, (R AR T B P R e A R A
POk S EMmME RS, QERE, RESXAZR, ZHE
BT REF[32].

3.2.2. 1 SR S

43 BX McCormick $ AWK T 77 sl B B AR R 5t
NI E R ol i LN S S Wi i 2 NPV ES T L 4
WIE SRR ZE, FRATHASE AT DUFE T SR 8 21— AN el 4T
fift DAL, ARSCHEH T —Fhids Sl s Sk ok kAR L Az
BIAG, FRAERUD IS SO L SRR 1% 0 T 18 3T d R 2
B R ER O AR R n UGEAE, R
n—1IRIIEREG R —RIBSH e (0<e<l) KHPR
FOBRMN ERMTR, RFEREAT SRE. BT
B P B 5 i U A S & LIS, DAGE IR K 7 [34].
N T R IR R AT AT, ST S R SN R I
AR IO SR AR [T (9D 11I°F384
SR I B 32 KT I, SRR ZE.

R E R TR R AR RN . SR
BAVE T E AT IEAE N B ARk B B 5L, DB )
PE o AT VRS, BT DUE R BRI 5 — AN &b g . ]
AT AR AT DUIE R DU 77 A3 8 [ 8 M McCormick 77 ¥4
3B PR SRR S B T R, R e R E T
I

3.3, PR AL A 7 VA S

Bl 1 E MR T %46 McCormick J77%, ALH5 4 Bt Mc-
Cormick £ AR S 4 5035 . B2 WoR T BT B A Ao
EINEERRE . SRR E AR R, MR T M-
Cormick IR IR 2] | — AN HARKREC N 5. N 1 naE Mc-
Cormick FASBYERE, R il BE ¥ a] A7 48347 4l 43 AAS 1)
kA I 5, I 4 BE McCormick 753K Al . [FIRT,
AfLMRE — AT E N B b B3, IR S BARRECE
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R L5t

1:
2:

A A A A

14:

15:

16:

17:
18:
19:

inputs: J, o, &', ¥, UB=10°, LB=0"
n<1; m’rzin,ini - m;};in,m;ax.lm — m Vik e Ipipc; T;nin Jni T;nin,

gmanint  pmax ;g Tode

if n=1 then
Solve (18) and get H™, m,, t,, obj; LB<—obj
else
Solve (17) and get H", m, t,, 0bj; LB<—obj
end
Fix m,, reoptimize (13) with (9), and obtain a feasible solution and
obj; UB<«—obj

1
it
- E |H,.‘,;“ - CmyT;
pipe
| Z7ve |\ e

if JH™ < 5 then

break;
end
mil min ,ini . ipe
mp" — max{(l - 8”) mymiy ‘}, Vik e ™"

ma: : max,ini . ipe
mys mm{(l + e”) My, g™ ‘}, Yik e TP%

T;mn - max{(l _ g”) ,L_f,,[‘mm,m }7 vl - Inode

i

_L_’mux — mm{(l + gn) Ti’,[_max,mn}, Vi e Inudc

8”+I‘78n-1€

n<—n+1

end while

# UB: upper bound; LB: lower bound.

mmax

m A

McCormick estimators

Piecewise McCormick

Feasible region of

G A RS 25 o RTAT A AT UL [ R o B AR
it E B —3 (132) ~ (13e) FIX (9g) 1531,
T WA, RRICR R B AT R B
N B, FERUEE bRk EOR ST I AT AT R A
AL

4. BHIERZ

ARFTHE T UM R R, WZR 2 s .

RICAERANRAEAE RGP IR T IR, — /Mg
MRS, WEB3FTR, BAH A6 B&RIH ) RGN
— AN A X IRBE R G . 6 MR RGN
A TR BN AN R o 8 T p 1) X S R R G R AR R [
AW — A Xt R G AT B S I[7]. REH Rk &
BAEFAAECHP KHHLA . = A g, —DiERER
JI RGN X S R GE (0 CHP HLAH . —ANMERE B b =
MRS RS R R E 4 s . SHREN
£'=0.02, k=0.01, §=0.0001. H—MREAMERS, H
— AN 118 S HL ) RGN — AN K [ T B 1Y) 33 749 A
XIRAE R G R [4]. 118 ELEH ) RELAE 69 ja 24k 5 4
M A T 337 X IR R T 25~28 53K
HERE, TEREESIRN S . RS AN CHP HLALAN
—AMEBRERLT . XIS LS R G I VRN ER 0L 22 S

Original upper and
lower bounds of m and ¢

Selected piecewise
McCormick estimators

estimators reformulated model
me Tightened McCormick
estimators
Bound contraction
around McCormick <—| ® Objective lower bound
mmin solution . .
w it L S * Targeted feasible solution
g LT
(b)

&2 BIAXSLE

B 1. B4 McCormick /7M. (a) 7Bt McCormick $i A ; (b) AR A 5%

Model Formulation Feature Solver Optimum

. Bilinear solver in Gurobi ~ Global
Base Egs. (13a) - (13e) with the base model (Egs. (1a) - (1e)) Nonconvex

IPOPT Local

Reformulated Eqgs. (13a) - (13e) with the reformulated model (Egs. (9a) - (9g)) Nonconvex Bilinear solver in Gurobi ~ Global
Bilinear-removed Eqgs. (13a) - (13e) with the reformulated model (Egs. (9a) - (9¢), (9g)) Convex Convex solver in Gurobi ~ Global
McCormick Eqgs. (17a) - (17e) Convex Convex solver in Gurobi ~ Global
Tightening McCormick  Piecewise McCormick technique (Eqs. (18a) - (18i)) & Algorithm 1 Convex Convex solver in Gurobi ~ Global




Model reformulation and convex relaxation

Tightening McCormick algorithm

Does the solution satisfy the bilinear constraints?

B 2. PR T AT I SRR AR I o

Electric power system District heating system
. 270
Outer grid TU1 TU2 Pd3 ici
Hd1 HB Hd2 — —O—Electrlcﬂy —&— Heat 149

@@ © A £ 260
i1 2 i3 n5f [n6¥ 4An =3

o 250
©
nin2| |n3| |n4] n8 Hd3 K]
| L 4 i 2 Y 2>

4= i5 i6 CHP cj :g 240
©

Pd1 Pd2 % 230

B3, 6 KAL) RGN 8 11 2 G R L P2y R4 5 220
i)

210

0 3 6 9 12 15 18 21 24
HR[35] Time (h)

B 4. SR GRS .

Total heat load (MW)
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4.1. Rt

F3MEK 4507 B T P Fh S50 b I s L X EE .
HFH Gurobi9.0 H R XUE 11 SR fif 25 S At 1) = At A5 28 A0 B A
BERUAT DA SR 2 R i A . X AN B s DB L
ZE), XKW HE MR DURISA R R FE 7 = . IR
WHEISHRE, BEERE B M I ) AR AL S (i 7 H A5 e %L
FI 8N R FHf#, T McCormick A5 Y $2 46 1 56 S H b5 bR
BOR S i RESRAS R 0 S D0 A () IPOPT 3K A 1) S At 5
BUSRALE T H bR B A . B 46 McCormick B8 B 5
2R A HI R BRI SRARTRIERE T . 22538 K,
Gurobi HY R XUZ M SR il &5 SR AR LA R ARG FEIN AR . He
TR, IPOPT fE KRG o ekl s, 2R, il
A AT AL AR B, B 45 MeCormick 772 ] BLS H
T RIS R, KFRZEMXTEDN, FFHAT A
I8P SRl 4 AT ROR M o B T 93 Bt MeCormick £ A 1 5K
fi ik #2, %545 McCormick 77 725 Hh ) H At e 72 52 B b 40 2
PHRETY . R, S 4E McCormick J7 VA TE SR A B2 A1 LT
AR TTHH R R IF . #h4h, 5 Gurobi 9.0 H )73 3 € 5
o R RITIEMEL, B ) % 48 McCormick 77 %
AT LURZS Zy HAE T 5 T, DUE-E— B &5t 04

M TR FERT LA, w2 i s & O E e i

BB RRATEL, WMRIMEAPUR, KB iR
AN SRR DU R N RS R BT S TR R

®"3 MUK RS IO RAMRIEEEX LE

T HATHESR, WA BT DR . B
WA PR Ty 2 DL R S R A 38 1 JoR R

4.2. W4T

KleRmT MmN RS N ERLARFZMZHNX
OF) THIE B . Al R W LA R AR Z kR ox, AP
[H " emyr)/ H"o W3R4T LG B R B etk
T3 ) 7R # A T 1 McCormick 152 Y B AR 8%, (HiE =&
LA B AR ™ E (E6), AN TP &
GigfT. {HiE, B4 McCormick J7 i 3 [ 15 2 AH X 5%
No PN R G K B R R ZE S AN IS 0.358%, ST HAiR
ZEBINT 0.133%. VEAH A 22 H04l 3 5 AR 6 BT

4.3. RPUE T

ME7 (@) FTRLEH, BRB XA AL 17 3H %W
F R RE NI SRR FR AT s Rk, RS 1K
AR, S=3 MR ZERITA S X E PR =140
K HEAE ) McCormick £ 2, ANAFTEF XL FE. 40 X 5L
K, WEM I UTERE, THEN AR, 49X
o3 E2my, AT PLRAS LR EEARMSE R . Bl7 (b &
B, WIGAMERDN, BREOK, URSOR Y. B2, VI
EEEAELD, SEAREK, PAF LA T,

Regulation Model Value Gap * Solver time (s)
Base (global) 131 362.85 — 25.53
Base (local) 131 362.97 0 35.43

Variable mass flow rates Reformulated 131 362.85 0 13.15
Bilinear-removed 130 350.07 0.771% 0.05
McCormick 131211.97 0.115% 0.09
Tightening McCormick 131 359.59 0.002% 5.11

Constant mass flow rates — 132 329.46 — —

* Gap is defined as the relative difference value with respect to the value from the base (global) model.

R4 MRS PRI

Regulation Model Value Gap* Solver time (s)
Base (global) 1993 994.94 — 573.41
Base (local) — — >9999
Variable mass flow rates Reformulated 1993 995.64 0 398.87
Bilinear-removed 1984 432.11 0.480% 0.40
McCormick 1984 432.18 0.480% 0.48
Tightening McCormick 1993 806.97 0.009% 39.89
Constant mass flow rates — 1998 774.91 — —

* Gap is defined as the relative difference value with respect to the value from the base (global) model.
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Production output (MW)
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—A—HOHP 0= HB —4— PTU

TU
P2

—@— PCHP g —PSELL

47

—— m, —e—m

1 4 10 13 16 19 22 1 4 7 10 13 16 19 22
Time (h Time (h
(h) (@) (h)
120 —&— HeHP —O— HHB —— P1TU PZTU —0— PCHP  —g— _ PSELL 170 ——m. —e—m
47 48
= ~150
§ 100 .
= 80— o e od D130
> - -9 *—o =
‘g ) R R | %110
L oSSV VS S S S S e e i i e S U O Y
S 20 2 70
8 g
& OW 50
-20 30
1 4 10 13 16 19 22 1 4 7 10 13 16 19 22
Time (h) Time (h)
(b)
B 5. /NS ZR G A AN R R A S I R T A R
0.7

Error

Error

—@- Bilinear-removed

—@—McCormick

—— Tightening McCormick

6 8
Bilinear constraints

(a)

1.400
1.200
1.000
0.800
0.600
0.400
0.200

== Bilinear-removed

e \icCormick

== Tightening McCormick

JA AnaaVALAA SN

10

20

30 40 50 60
Bilinear constraints

(b)

70

B 6. LIS R AR 9D TR

RS MRS AP LRI FE(OD]AE 24 h WA % R6 KM T LML R RE(9DITE 24 h I %
Bilinear-re- . Tightening Mc- Bilinear-re- . Tightening Mc-
Errors McCormick ) Errors McCormick )
moved Cormick moved Cormick
Average errors 23.145% 2.278% 0.017% Average errors 66.732% 5.893% 0.133%
Maximum errors 67.873% 15.813% 0.040% Maximum errors 125.628% 21.572% 0.358%
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I —he—S=3
1E-2 IN —e—S=2
1E-3
®
<]
|

1E-4

1E-5

1 2 3 4 5 6 7 8
Iterations
(a)

B 7. NIRRT ST BE -
PRI KR . R 2R TR TIE (9D 1B HLI-F 1.

5. 4518

ASCHEH T — RIS RGBT L. N T
P80 ke [ A T - I R T R MR T, AR SO i i
A B B SRR AR A AT T B B, ARSCHI A
McCormick £, 2% F 5t 6 43 () W Z A T .y 1 31— A 4 /s
McCormick £2 5t (¥ A AT 38 (AR R, AT T —Fh o0 B
McCormick 77 72 RS 5 R 1 10 v e S AR B 1R A% it 3 7 o
N1 ARUEZE R ATYE, ASCER W 7 — Pl s Bk
HUH#E McCormick #5284 (30 54, FEAEBRITAS 3] 7 — A0l AT
fift. ZRBIWE AR, B4 McCormick J7 12 BE % L oK iR
WIS RGIBAT I, 15 33 2 SEPRIs AT 77 K B ATAT (1)
B . BEAh, 545 McCormick 755 B A "k, %R
HEHTRIMERBIE RN, W] i
BEAT T T AEARERERE, B4 McCormick J7 V% [
PEREFEAR KRR BE B T30 Flle 4 S e £ i 2 807
Fllo k5 R 50 R] DAL 00 7 5 AT RO
UIVSL IV =

AR SCKe B H AR R ARE N T % PR R4S DHS 1 H
AU AT REUR A P s AT AR . SR, W SR B e AR 1Y
PN BN T DLR R M B R LYo, T i 7 vt mT A
RN HBE RERHNBEER S RE. KREED
SRS T ERNETE A AN BN A BERY[15,17]. AR FL
AT DL IR T 30 B 25 73 A 501 FH BT 388 0736 S B S i 48 35F
W .

gL

ARITAEAS 3 E 5K W A &) &L 300 H (522300190008
HI o

—o—¢'=0.1,x=0.01
1E-2 —a—€'=0.1, k= 0.02
£'=0.08, k= 0.02
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1E-4
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(b)
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