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Optimal Design of Distributed Energy Systems

—Focusing on Approach in Consideration of Hierarchical Relationship
Between Design and Operation—

IS
Ryohei Yokoyama

Abstract To attain the highest performance of distributed energy systems, it is necessary to ra-
tionally determine types, capacities, and numbers of equipment in consideration of their operational
strategies corresponding to seasonal and hourly variations in energy demands. In mixed-integer
linear programming (MILP) approaches to the optimal design of the systems, integer variables are
used to express the selection, numbers, and on/off status of operation of equipment, and the number
of these variables increases with those of equipment and periods for variations in energy demands,
and affects the computation efficiency significantly. In this article, past studies on MILP approaches
are first reviewed briefly. Then, a formulation of an optimal design problem is presented, which is
followed by a solution approach utilizing the hierarchical relationship between design and operation
variables proposed to solve the optimal design problem efficiently, which includes a hierarchical
branch and bound method, a method of evaluating lower bounds for efficient bounding operations,
their implementations into open and commercial MILP solvers. Finally, illustrative and practical
case studies on the optimal design of cogeneration systems are presented to show the validity and

effectiveness of the proposed method.

Keywords Distriburted energy systems, Optimal design, Optimal operation, Mixed-integer linear

programming, Branch and bound method, Hierarchical approach
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Number of

periods Equipment/utility Candidate Number Capacity
Gas engine cogeneration unit #1 2 50.0 kW
9(3x3) Gas-fired auxiliary boiler - - -
Purchased Electricity Electricity maximum demand - - 50.0 kW
electricity > > demand City gas maximum demand — - 13.0 Nm’/h
Gas engine . Gas engine cogeneration unit #1 1 25.0 kW
Purchased cogeneration unit 18 (3%6) Gas-fired auxiliary boiler #1 1 99.0 kW
city gas —)——>@1 Hot water Electricity maximum demand - - 80.0 kW
> demand City gas maximum demand - - 10.0 Nm?
Gas-fired — Gas engine cogeneration unit #1 1 25.0 kW
auxiliary boiler - 36 (3x12) Gas-fired auxiliary boiler #1 1 99.0 kW
m Heat El_ectricity mgximum demand - - 80.0 kW
> disposal City gas maximum demand — — 13.0 Nm’/h
B7 BB RS AT A (FAEY
Cravril—vavyATL) ®3 SEAHH L 281 5ROk
Conventional method Proposed method
Number of ::(liunon Compu- :I(l)(llutlon Compu-
periods s tation time s Case tation time
objective objective
x10°yensy ° %10 yen/y s
. . I 1.9
Optimal Optimal
. o 9 (3x3) 3072.4 i 13
R1 EAFH 1 I2B T 2k 1045 1045 0.7
Equipment Capacity/performance* Candidate Feasible Optimal ! >3
quip pacity/p 18 (3%6) T0.54 3600.0% IPO " 11 45
] #1 #2 : - I 2.0
Gas engine  Max. power output kW 250  35.0 - ; I 92
cogeneration Max. hot water output kW 384 527 36 (3x12) Feasible 3600.0* Optimal 1l 74
unit Power generating efficiency ~ 0.335  0.340 10.90 10.49 I 4.6
Heat recovery efficiency 0515 0511 *Attains limit for computation time
Gas-fired #1 #2
auxiliary Max. hot water output kW 99.0 198.0
boiler ____Thermal effciency 0886 0500 F4 EAH L1251 B MRS L ORDEEARED K

*At rated load level

Number of optimal

Number of candidate solutions .
operation problems

I;;[ir:,];:r of Removed Removed Renewed
All atupper  atlower . All Solved
level level incumbents
9(3x3) 246 171 73 2 2214 347
18 (3x6) 203 136 61 6 4428 663
36 (3x12) 190 133 54 3 8856 1052
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Receiving device

Purchased EP - «. Electricity
electricity > . ” demand
Y Electricity for auxiliary machinery
aas turbine Electric compression
frigerator
Purchased —>0 generator re
citygas > > GT > _>’E' Cold
P
gggaUSt \r/ggg\t/%rr;/egéiler MO Cold water
0 L0 PC demand
—>[Bwl—  —[Rs|>—
Heat Yy '
. >»—| Steam absorption
disposal o refrigerator
Steam demand
Gas-fired
0O : Auxiliary machinery auxiliary boiler

B8 WHHEM2ICBIT AR ATL (HWAY—Evya—Lzxl—YaryiyATh)

F:6 WHRH 21T 2 EREHED > 2T LK

Equipment/utility Candidate  Number Capacity
N 21281 73 AN Gas turbine cogeneration unit #8 3 13.08 MW
§ 5 ﬁﬁﬁ $WJ EUS {%ﬁ%%ﬁ Gas-fired auxiliary boiler #2 1 7.86 MW
Equipment Capacity/performance* Candidate Electric compression refrigerator #1 1 528 MW
#1 ) ) #a Steam absorption refrigerator #3 4 20.72 MW
Max. power output MW 129 160 2.00 2.40 Receiving device - - 4.00 MW
Max. steam output MW 5.69 334 410 457 Electricity maximum demand - - 4.00 MW
Power generating efficiency 0.140 0.173 0.169 0.179  _City gas maximum demand - - 4.50 x10° Nm*/h
Heat recovery efficiency 0.617 0362 0.347 0.341
#5 #6 #7 #8
Gas turbine  Max. power output MW 293 350 354 436 S | - > 74 g
cogeneration Max. steam output MW 6.44 697 689 892 ﬁ 7 L)EH $1,ﬂ 218105 @#@Hﬁﬁ
unit Power generating efﬁciency 0.256 0.271 0.273 0.273 Conventional method Proposed method
Heat recovery efficiency 0.563 0.540 0.531 0.559 Solution Solution
# o #10 and Compu- 4 Compu-
Max. power output MW 523 532 objective ;atlon time objective Case ;atlon time
Max. steam ou-tput MW 891 9.05 x10° yen/ly x10° yen/ly
Power generating efﬁcwncy 0.301 0.306 Feasible 01672+ Optimal I 9451
Heat recovery efficiency 0.513 0.521 1.451 . 1.451 I 529.4
Gasl—f'ired #1 #2 #3 #4 *Attains limit for computation memory
auxiliary Max. steam output MW 524 655 786 9.82
boiler Thermal efficiency 092 092 092 0.92
Electric #1 #2 #3 #4 N — s RN S L vy H
compression Max. cooling output MW 2.82  3.52 422 528 § 8 ﬁﬁﬁ $WJ 2128 %{ﬁ%ﬁﬁé’:i’ K U\E’?ﬁ@ﬁﬁ Ftﬁﬂ:g
refrigerator  Coefficient of performance  4.57 473 476 5.04 0)%(
Steam #1 #2 #3 #4 _
absglptlon Max. co_olmg output MW 346 518 691 8.64 Number of candidate solutions Numb?r of optimal
refrigerator  Coefficient of performance  1.20 1.20 1.20 1.20 operation problems
*At rated load level Removed Removed
All  before at lower Renewed All Solved
incumbents
lower level level
636 171 463 14 45792 15708
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ST — AT & LTR(11)B X O(12)1c X 2 EBRIEZR 1T I HAICOWTHRET L, BRE R
DB ZHFARNS . s, BoBibilH % MacBook Air OS X 10.6.7 ETf79.

6 BIATRHEICI>THONERBEMBDOS 27T LR EZRT. E7TREr—AITBT3HW
Bifumifis X OErER 2R T, £, FH—DrHO MILP ¥ LN —% v -Gl o il
SR ZIT oG A ORR SR T, 72, REEBEED BB BB L TaRE s L
LOEIRS NS L )ic, B#HTZ I X =Y DflizREL L, TOYNN=ZHITH %05,
W ORGEALGIR I IO TR WRMZE L, Bh CillEAROHIREZEZ 2720, FIEL
7o, 2D, fHERE L TE SN EEMRIZROERIC 3L 7228, BoBROMRIEE21TH 2 L
TE ol —H, RFHEICE-T, Rzl cElcE2X91c%ns. 4, K
(1) B L (12)Ic & 2 REBREIGIICH S, FHERMZEHRTE S, X811k, ZoMHL L
T, B L2 REIRBEB OO 2B, TV VERITTREINLHE, BLXO ML
RVTHREINB, BEHINLEEROB, 7o K@ M EO 28E X WERIC#E)»
NIHE2RT, REBMFICE STV VERTE X O ML RVIZEWTZNZ26 8L
72 %L EoERIRDER L S, 35 YA O frewE I L 0o < B3 72 { 72 %

6. BbHIC

AfgTld, MILP IS BB L 2L X —2 25 LA DOREHRIHCEL T, REEE S HHL
DA TEKGEHE X ONEMZRE O ENBRZ BT % Z &1 & > THERMIC L
ZIT) T DFHFEITOWTHI N L 72, Fric, BRAGGHES X OSEMRMEIC X - < H B Buso i
DHEME TREZFML, ZZ2FAL CHiEREL VIcE W TIRERELZIT) HEEZRRL
7o, £7, AFEZAEB I OREMO MILP Y L SN—ICFE L, FIcB&EIC k> TEHAMRKR
BBZMEICOEHTE2 X9 I L7, 5612, FIRNEXOEMANEHEMZEL T, A
FHEOZLMEE X OEIMEZ R L 72,

SHOMADIEE LTUTDO L) BNEEZEZ TS,

(1) TEAELZFNT =S AT AICB VT, TRLX—EHERZTClEadEI 2L —#K
MRNEAZINDEIEDRDH S, ZOEEICE, T2V XF—BEBOLMH2VIEELRLY
— B2 O o BN IS 2 @O WM IE 2GR 230 & 22 D, fA L - FiET
VR EE [ 7 & NS BRALERGER & X ONEHIREOBIES KT 2. 20 L) BEAICE
\} % Lo AR E &2 BT L 72w,

(2) AR E WO BLSD S, REMRZ T TR K-RNA MEZEIHL, BEREDZDICX
D% DIERERMT 2 2 EPEETH 2. KRR Mz 27201203, b
WA SN RE RN T 2 7o OflfEM: [1] ZMEIGEM L 2536, A8 L 72 »igofEEic
BT % B2 U s el R KIET 2 08038 2 [5, 16]. BN LAFETEIFOAD
BRIk o T K- RNA MEZEBRT 2 2 EBWEETH D, Z2OEIMEEZBE L,

(3) FHUZFN X =3 AT LOWMITZ A VX —FHERICKELSLELINDD, Z OGN
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KBOWTRIZRVY—FEHREHEET LI Ui, PHEFEEZEL VS, kL)%
WX —FBHBEOAHEEFMETICB VLTI vy 7 ARSI X 2 0B 2 L X —
AT LDUNR MEaatERRE L, WIEEtHE T VoA 2o TE L [19]. iV
PNA M RHEEHED MILP € TANOIRAZIT->TED, ZoR#E{LirHEICE T 2N L
7o RO ATREME 2 BRET L 72 s,

(4) FAN L = FEZ B2V X — > 2T LAORGHEBICHT 5121, FiEe LToNM
MZHERT 22T TREATITH S, HEtWNR 27 L omELEHRICHE R 7’0 7 5 4
BIOANT = 2HHMWICERTELZ L) ICTIHERH L, £, T2 HETEL

ODDL—=HFA VI 72— ABREATRTHL, COX)BHNTIERLDFFEL TS
BB R AR > A 7 & OPS-Design [22] IS/ L 7 Fik 2 HEEL 720,

(5) TEIZZN X —> 2T ADNDEH S 27 A D Rdaa EIC B W Ty, Gl X OE
GES &#%U@ﬁ%%%%%ﬁbfwék%z%h% BarbiuL, MNLFiErzs
fi> A7 L DR EHCEH L 72\,

%!I
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AL 2T EorHO MILP VL N—A~DFEEIZOWTlE, Zuse Institute Berlin ¥ 515
KiIcHFENEZE L CHIEW, 72, BEHO MILP Y v x—offifficowTix, IBM 74
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