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Integration of the energy conversion system

Creative engineers ?
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MILP formulation

Operating cost

min ( CQw@—I— Cel+E+ — Cel_E_)
RTaywafw7E+7E_

w= |
1
Fixed maintenance Clw w + (

= w=1 Investment

Nw

Subject to : Heat cascade constraints

S s+ 3 urt B~ B =0 Y=L,
w=1 s=1

Feasibility R, > () Vr=1,...n. R =0:R =0 E">0;E" >0

Nyr41
Electricity consumption Electricity production
T w Nw
ET—E.>0 Et—E.—E =0
Ew T c — Ew T & —
w=1 w=1

Energy conversion Technology selection

frinwyw < (fu) < fmazwy yw € 10,1}



Linearisation of non linear function

LCAPEX,, CAPEX,, = CL«(f, Y ~ CIl, -y, + CI2, - f,

fmin, -y, < f < fmin, -y,

fmin,, fmax,,



Piecewise linearisation of non linear function

JCAPEX CAPEX, = Cl(f,) » Z CIl, ;- Y + Z C12,,;f,

fmle le<f <fmle V. Vi
e —
CIZW,Q
CIZW,1
)
=
@)
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; fmax, = fmin,
fmin,, 1 : fmax,,,



MILP problems
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Mixed Integer Problems

e MILP

— Mixed Integer Linear Programming problems
* Linear constraints & objective
* continuous and integer variables

e MINLP

— Mixed Integer Non Linear Programming
problems
* Non linear constraints & objective
* continuous and integer variables



MILP : Branch & Bound Method

e Solve LP at each node

min F=2x, - 32;- 22,- 31,4

—start with integer variables = continuous 5.C. X 42,424 2,22

10X, + 3z, + 3z,+ 42,5 10
0<%z <1 Vi=1,..,3 X2 ()
21,2y, 2,=0,1
e Progressively “integerify” by systematically
adding constraints (Branch)
zi=1or0foriin Nodes 0<z; <1 Vj#i () a0
=the objective Is worsening @/

e when a set where all zi is integer /
— define the bound (the objective function o @)

will never be worse then this value @/ \

e re-explore the branches

— cut the three exploration when the
objective function reaches the bound



MILP : Branch & Bound Method

min F=2x, - 3z, 22,- 31,
S.C. X, +7,+ L+ 722
10x, + 3z, + 3z,+ 42, 10
X2 ()
=5 F=-6.667 2,2,2,=0,]
x,=0 x,=0
7=(0,1,1) 7=(1,0.333,1)

=-6
x,=0
z=(1,0,1)




MILP optimization

e Linear programming

— optimum defined by constraints
* max/min
* Pinch points
— Cost may create strange results
* if electricity is cheaper than the fuel, a heat pump becomes an electrical heater

— Integer variables for technology selection
* Can be used to select among options

e Heat balance constraints
— If the hot and cold utility have not the appropriate levels no solution is found

—max flows may prevent to close the balance
Yi - fmzn < f < Yi - fmaoc

1. < 0.000001 - 17000"000
is y; = 0.000001 =? O or 1

— max flows may prevent convergence

e Additional constraints
— have to be satisfied
e Need to analyze solutions



Logical constraints

4
Atleast | of 4 Yy, =1
i=1

4
At most | of 4 Sy, sl
=]

)’I OI")’Z ;’14‘)’2:1
ifyl theny2 y,=y
if yl then noty2 Ys={-y,)



Generating order list of Integer Sets Solutions

e Integer cut constraint
— assuming that we know already k solutions

— problem k + | i1s defined by adding to the
previous MILP problem the integer cut
constraint

ProblemFt1 -

Problem”

where yf value of y; in solution of problem k



Results : Balanced composite curves
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Evaluate : the Integrated Composite Curves

The goal is to understand the solutions

Hot and cold streams

Sub-set A
Nk NAw na

RAK = Rret-2 (2 fu Gy +2 Q;r) - Rn 41
r=k w=1 i=1

Nk NBw ng — ———
RBkP: 0=>Rief=- 2 (Z quwr +2 Q) —> <
r=kp w=1 i=1 )

Choose a reference : pinch point of the procgss streams




1CC for utility system integration
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ICC for the integration of the fumes
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ICC for refrigeration cycle integration
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1ICC of the steam network
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COMBUSTION INTEGRATION : Plus-Minus

AIR PREHEATING
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Gas Turbine : fixed size

. Fuel
/

E =ngr, * 1t fyel o * LHV fire)

—)

~

T e =Th + M fuelpc + M fuelgr ™ (1-MGr,)
oPC 0 . : (1= )
M fuel pc + M fuelr NGr,

(Tya —To) (Tor - To)

06T =" fuely * LHY fuet * NG,

A
T(K) Air

4 H [ Pl
1 P2
- /

min w": T’GTe - 30 B 38% S

el nGr, =55-41%
-20 0 20 40 Qi) 60 Ngr =85%

Energy available or excess




Targeting model : combustion and gas turbine

Fuel
E — fgne,gmfuel,gLHVfuel)g

Post combustion ]
15 < 1y =)
Trad v
pe @ TOT, .
Q q Air
f g TOT,
C

t
@y

T'stack,



Targeting the optimal integration : model

e MILP formulation

Gas turbine g : hot stream from ToT to Tstack

4 [ *Yg < fg < yg* f§*"
Negt
Fuel S 19« LHV, - ;

balance s

Electricity Wo —

.
Part load

/ - .
ef?élency

Operating cost

| Y, x* 1CT, — IC,; =10
Investments ; ’ ! ’



Combustion model

Post combustion Hot stream from Trad to ToT

QP" = fé’c Mg * cpfy* (Trad —TOT,) f_cllr < Jy

02 balancen Post comb Air Fuels

prc4lizg»1~+fa,,41 za:fa-.nz(,41 i:f “\oz-)“
Heat aboventl'rad Fuels N .
Z (fe * (LHV, + (cpair * % x (Trad —Ty)))) — fair * CPair * (Trad — Tp)
! . al Post,comb  Preheating
_ Zfa * Mg * cpg * (Trad — TO,) — ZQZQ)C + Qprh, — Qraa =0
a=1

g=1

Heat from Trad to stack

e Fuels f{O‘Z
(',A‘,!r(pm, «(Trad—Tstack’ +Z fo* mf ¥ cpfe — CPair ¥ —5-) * (Trad — T'stack))
c=1 : air

Na

+ Z fa # Mg *cpy * (Trad — Tstack) — Qu = 0 (11
a=1



Outlet temperature calculation

Define n streams as segments

Stream i : from TP to T = T2 + AT /

Add linear constraints

\ 4

Jair = fai Fi—=1.....n (19a)
n;
Qprh Z faicpair.z'(n+l - T;) (19b)
1=1

fa; the Howrate of air preheated from T; to Tiyy.

CPairi the specific heat capacity of the air Howrate between T to T, 4.

Compute the temperature a posteriori

(1) solve the model and compute the optimal Howrates in each interval ( fa;);

(2) compute the resulting temperature To,. by solving from i =1 to n; .

To; — Yai- fa‘)fq;f';"l'+fa‘:'Ti" with Toy — Tay, the inlet temperature of

the stream a.



Steam network integration
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Steam cycle superstructure

e Systematic generation , Steam production
Expan5|on £

e Only T,P for each level X

— Mechanical power
wi,; = min((hi = hi),mis(hi = his (P, Ti, Pj)) ‘ chet .

— Hot & cold streams
e DTmin/2
e Level heat&mass balance fa4

‘ ‘ '/ Reheat

[1] F. Marechal and B. Kalitventzeff. Targeting the Steam eXtra‘Ctlon' Y

optimal integration of steam networks. Computers Y
and Chemical Engineering,23:s133-s136, 1999.
> @—




MILP model with the steam cycle

Heat cascade equation i=1. n =1, ng k=1,...,m
Z wawr+Zer+Rr+1 R —0 \V/Tzl,...,nr
we{(4,k);(ki);c} =l R, <0 VYr=1,..,n5R,,,, =0;R =0

Pressure level balance

OyT

ka'zwffw—l_kaw wak: waz fouz: Yw

Mechanijcal power balance
ft Wy — Z fwwpw =W
we{(4,7)} we{(k,i)}

Existence of heat exchange or expansion
Jmingyw < fu < fMazyey Yw € {0,1}



Integrated composite curve : steam network
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The refrigeration system

e Multi components

Multi pressure levels

Methane : | level

Ethylene : 3 levels

Propylene : 4 levels

Complex systems

&

METH1
ETH1
ETH2
ETH3
PROP1
PROP2
PROP3
PROP4

Cycle T evaporator (K)

136
171,6
199,25
212,51

233

248

277

291




Refrigeration effect : reference flow = flow in the condenser

Condenser : hot stream

qco,nd

(h)

-h'’

out _ comp out _ cond

Compression : mechanical power

ng’ -1
WCJ = {]’:i[ ((1 - ac,r (R))} (h(:ut _comp hsca; vap(Pniv" )))

ng" s—1
+ Yy at(P)* {H«l - a”(P,»}* Brs comp = Mogrrap (P)))
s=1 t=1
Werop_1= (1-0t1).(T-02).(1-a3).(h* -h) + a3(1-01).(1 -az).ﬁ%3 -h®) T

+ ap(T-0y). (h#-h) + a,(h! -ho)

(1-93).(1- %)

(1-012).(193).(1-04)

PROP,

Evaporation : cold stream

Qeva = (hout_cond - hsaz_vap(Pngf

)=

ng

=1

i

(- Ot”(P))} Pyt _1gPrer) = My (P,2))




Propylene cycle model

Heat load in the condenser

n,
r 2 : cr cr
Qcond = f * qcond

Py |
\=2 T

Mechanical power

n,
Wr _ E fc,r *Wc,r
c=1

PROP

%)PA \ K
PROPC 1 \@
% X

Wmed? PROPC _1

4
Wmec

N
Lal)

Wmec®

o (1t

%— Wmec”

IS}

(1)
%.(1-0).(1%)

(1-a).(1-0) W[necl

Evaporator PROP,

@ Condenser or under co
(1:0,).(1-0).(1-0%,)



Optimisation model

e Goal :to compute the optimal flow-rate in each effect

n,

. . . 300
Minimise (v,C1, + £,C2,) + Cel* EL ~ Cel, * EL,
kY wolw w=l
subject to : =1
heat balance of the temperature interval k \J
200 [
ny, n, n; n, n; n
Equwk + E Efc’rq;rnd,k - E Efc"CIS;Zk + E Oy + Ry —R, =0 I
= =1 ¢l =1 c=1 P .
r 34941 kW
ne

Q(kw)

n,
consumption:E f, *w, -
=1

fmin, y = f = fmax, yw,yws{O,l}
R, z0 Vk=1,..,n +1

100 — . . . . . .
ﬁooo 35000 Q 45000 50000 55000 60000 65000

70000

75000
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Integrated process and refrigeration system

IP&P&
i q
Propylene condenser : 319 K 1 I:l

T T T T T T —’
300 [~=wProp4 291K PROPC
T(K) ™ 277K

Props

' Proc_1 : intermediate condenser

. o5p t PR 248K ]
& ETHC 243K /—f Ethc

L 233K Propl .
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180kMeth
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After process modifications

Actual Optimized Simulation Off streams
Wmec VWmec Wmec Wmec
kW kw kW kW

PROP1 17297 12685 - 10924
PROP2 5314 4281 - 4114
PROP3 6598 4759 - 4589
PROP4 1489 377 - 357
PROP1_1 1520 2029 - 2061
PROP2_1 (0] (0} - (6}
Total propylene 32218 24131 26284 22045
ETHA1 919 705 - 281
ETH2 312 463 - 248
ETH3 1378 655 - 343
Total ethylene 2609 1823 2001 872
METHA" 746 655 655 (6}
Off streams contribution (0] (0} - -827
TOTAL 35573 26609 28940 22090

17%
38%




