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ABSTRACT

Heat integration to minimise energy usage in mulfpse
batch plants has been in published literature forenthan two
decades. In most present methods, time is figegriori
through a known schedule, which leads to suboptimsililts.
The method presented in this paper treats time aariable,
thereby leading to improved results. Both directl amdirect
heat integration are considered together with dpttion of
heat storage size and initial temperature of hdatage
medium. The resulting model exhibits MINLP struetuwhich
implies that global optimality cannot generally g@aranteed.
However, a procedure is presented that seeks doafiglobally
optimal solution, even for nonlinear problems. Heates from
the heat storage vessel due to idling are alsoidemsl. This
work is an extension of MILP model of Majozi [1]hweh was
more suited to multiproduct rather than multipugodsatch
facilities. Optimising the size of the heat storagssel as well
as the initial temperature of the heat storagel ftiécreased the
requirement for external hot utility for an induatrcase study
by 33% compared to using known parameters.

INTRODUCTION

Batch processes are commonly used for the manuéaofu
products required in small quantities or for spkgiand
complex products of high value. Typical industrieslude
food, pharmaceuticals, fine chemicals, biochemicalsd
agrochemicals. Approximately half of all productitacilities
make use of batch processes [2]. Batch operatiengemerally
run on a smaller scale compared to continuous tipesaand
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utility requirements are therefore considered Isigmificant.
Energy consumption is commonly estimated to be ab#%uto
10% of total costs [3,4,5]. Some batch industriestbwever,
have a much higher utility requirement than othefsr
example, utility requirements in the food industbyeweries,
dairies, meat processing facilities, biochemicahntd and
agrochemical facilities contribute largely to thetal cost
[6,7,8,9,10,11,12,1]. Although the energy savinddamable
through heat integration may not be as large inmtade as in
the continuous case, energy savings have often heglected
in batch processes in the past and large percestagegs are
possible.

NOMENCLATURE

Sets

J [ {j1] isaprocessing unit}

NS [ { jcl ] is a processing unit which may
conduct tasks requiring heatingl J

N [ { jnl jp is a processing unit which may
conduct tasks requiring cooling}] J

P [-] { p| p is atime point}

S [] { S|S is any state}

Sn,j [ { Sin,j |Sn,j is aninput stream to a
processing unit}(] S

U] [] {U]u is aheat storage unit}



Continuous variables

Al(u)
Aqlu)
oS, P)

L(u)
Q(SI njr U p)
Qloss(u p)
Raony, (U)
Reony, ()
Ris(U)
Res(U)

)

Rot(
(Sn,jc* )

W(u)
M(Snj.u.p)
w(ﬁn,j U, p)

Binary variables

X(Sn,jc ! sn-jh ! p)

[m?]
[m?]

[kwh]

[m]
[kwh]
[kw]
[°C/kW]
[°C/kW]
[°C/kW]
[°C/kW]

[°C/KW]
[kWh]

[°C/h]

[°C]

[°Cl
[°C]

(hl
(hl
(h]
(h]
[m’]
[ton]
[°C]

[m]

[0:1]

area for convective heat transfer from
heat transfer medium

area for convective heat transfer to
environment

external cooling required by unijh
conducting the task corresponding to
state §, j, at time point P

height of heat storage vessel

heat exchanged with heat storage unit
U at time point p

rate of heat loss from idle heat storage
unit

convective resistance of heat transfer
medium

convective resistance of ambient air

conductive resistance of insulation

conductive resistance of heat storage
vessel
thermal resistance for heat storage unit

external heating required by unjE
conducting the task corresponding to
state §, j at time point P

rate of temperature drop in heat storage
unit U due to heat losses

steady state temperature equal to the
final temperature in the heat storage

vessel, T; (u, p)

initial temperature in heat storage unit
U at time point p

final temperature in heat storage utit
at time point p

time interval over which heat loss takes
place

time at which heat storage unit
commences activity

time at which heat storage unit ends
activity

time at which a stream enters urjit

volume of heat storage unit
capacity of heat storage unit

Glover Transformation variable

Reformulation-Linearisation variable

1 — ifunit j; conducting the task
corresponding to stat§, i is
integrated with unitjh conducting the
task corresponding to stasg, i at

time point P
0 ~ otherwise
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Y. p)

Z(ﬁn,j ,u

Parameters
CP

E(ﬁn,i)

TU
AT min
Tooout

T(ﬁn,J)

WL
WU

p)

[0:1]

[0:1]

[kd/kg°C]

[kWh]

[kW/m?C]
[kwW/m?C]
[kw/meC]
[kw/meC]

[

[m]
[m]
[m]
[°C]

[°C]
[°C]
[°C]
[°C]
(h]

[ton]
[ton]

1  ifstate S is used inunitj at
time point P
0 ~ otherwise

1 « ifunit j conducting the task
corresponding to stat§j, ; is

integrated with storage unil at time
point P
0 ~ otherwise

specific heat capacity of heat storage
fluid
amount of heat required by or removed

fromunit j conducting the task
corresponding to stats,, i

convective heat transfer coefficient for
free convection of liquids

convective heat transfer coefficient for
free convection of gases

thermal conductivity of insulation

thermal conductivity of heat storage
vessel
any large number

inside radius of heat storage vessel
outside radius of heat storage vessel
outside radius of insulation

operating temperature for processing
unit j conducting the task

corresponding to stat§,

lower bound for heat storage
temperature

upper bound for heat storage
temperature

minimum allowable thermal driving
force

steady state ambient temperature

duration of the task corresponding to
state S, ; conducted in unit]j
lower bound for heat storage capacity

upper bound for heat storage capacity

PROBLEM STATEMENT AND OBJECTIVES

The problem addressed in this work can be stated as

follows:

Given:

0] Production scheduling data,

capacities, durations of

tasks,

interest, product recipes, cost of starting materand
selling price of final products,

(i)  Hot duties for tasks requiring heating andccduties for
tasks that require cooling,

(i)  Costs of hot and cold utilities,

(iv)  Operating temperatures of heat sources antidireles,

(v)  Minimum allowable temperature differences, and

including equipment
time horizon of



(vi)  Design limits on heat storage,

Determine:

(i) An optimal production schedule where the objexts
to maximise profit, defined as the difference betwe
revenue and the cost of hot and cold utilities.

(i)  The optimal size of heat storage availablevad as the
initial temperature of heat storage.

MATHEMATICAL MODEL

The model is based on the superstructure in Fiyure

e

in I ic
5 u
External oo (g4 External
Cooling >\ _Hot Unit StHea‘ Cold Unit Heating
orage|

e

Figure 1 Superstructure for mathematical model
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In addition to the necessary short term schedulimgstraints
[13], Constraints (1) to (22) constitute the heategration
model, useful for multipurpose batch processes fiitd batch
sizes. Both direct and indirect heat integratioa ewnsidered.
The formulation is based on previous models inlifeeature
[14,1]. These models could not
multipurpose facilities, but were ideal for muliiuct cases.

Constraints (1) and (2) are active simultaneouslg ansure
that one hot unit will be integrated with one caidit when
direct heat integration takes place, in order tonpdiy

operation of the process. Also, if two units areb® heat
integrated at a given time point, they must botlati&ve at that
time point. However, if a unit is active, it mayevpte in either
integrated or standalone mode.

> S0 .S, D)< Vs )

Sin, jc

O pD Pv Sn,th Sn,j (1)
PR CRERE B S

Sin.ih

U pDP' Sn,ch Sn,j (2)

Constraint (3) ensures that only one hot or coli isnheat
integrated with one heat storage unit at any gaitime.
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adequately address

ZZ(Sn,jc,u. p)+ ZZ(Sn,jh u,p)<1

S”‘ic S"‘vjh
OpOP, ulu 3)

Constraints (4) and (5) ensure that a unit caninutlsaneously
undergo direct and indirect heat integration. Tbdndition
simplifies the operation of the process.

z)((sin,jc 1Sin, j, o p)+ Z(an,jc U p)S L
Sin,ih

UpOP, s, 0S,;, ubu (4)

z X(ﬁn,ic +Sin,j, » F’)* Z(Sm'h U, F’)S 1
Sin, jc

UpdP, s§,;08,;, ubu (5)

Constraints (6) and (7) quantify the amount of heatived
from or transferred to the heat storage unit, rethpedy. There
will be no heat received or transferred if the bjnaariable
signifying use of the heat storage vess&{t,n,j U, p), is zero.

These constraints are active over the entire tiorezdin, where
p is the current time point and-1 is the previous time point.

Q(Sn,jc 1Us p—l):W(U)Cp(TO(U, p_l)_Tf (U, p))z(ﬁn,jc,U. p—l),
0pOP,p>p0, §,, 0, ulu ®)

Q(S“-Jh U p_l):W(u)cp(Tf (u: p)_TO(u’ p‘l))z(ﬁn,jh U, p—1),
U pOP, p>p0, Sn,thSn,p ulu @

Constraint (8) quantifies the heat transferrechoheat storage
vessel at the beginning of the time horizon. Thdialn
temperature of the heat storage fluidiigu, po).

Qlsij, . pO)=W(u)e, (T (u, p1)-To(u, p0))2ls;, ;. .u. pO)
0Sp;,0Sn;, udU @8)

Constraint (9) ensures that the final temperatdréhe heat
storage fluid at any time point becomes the initshperature
of the heat storage fluid at the next time poirttisTcondition
will hold regardless of whether or not there waathetegration
at the previous time point.

To(u, p) =T (u, p-2),
OpOP, ullU )

Constraints (10) and (11) ensure that temperatdréheat
storage does not change if there is no heat irtiegravith the
heat storage unit, unless there is heat loss frenheat storage



unit. M is any large number, thereby resulting in an dbvera

“Big M” formulation. If either z(anyjc,u,p—l) or

Z(ﬁn,jh U, p—l) is equal to one, Constraint (10) and Constraint

(11) will be redundant. However, if these two binaariables
are both zero, the initial temperature at the pewsitime point
will be equal to the final temperature at the cottéme point if
heat losses are ignored. If heat losses are caoesidehe
temperature will drop over the interval for whichetvessel
remains idle.

Tolu, p=1)<T; (u, p)+AT(u, p-1)At(p)

+ M[Zz(an,k’u’ p-1)r el p_l)}

Sf‘vjc S“‘ih
OpOP,p>p0, udU (10)

Tolu, p=1)=T; (u, p)+AT(u, p-1)t(p)

_ M[ZZ(%;C'“’ P 3ol p_l)}

S”‘ic S”vjh
OpdP,p>p0, udu (112)

Constraint (12) ensures that minimum thermal dgviorces
are obeyed when there is direct heat integratidwdsn a hot
and a cold unit.

T(vaih)_T(Sn,jc)Z ATmin -M (l_ X(Sn,jc’Sn,jh P _1)),
U pDPvp> pO, Sn,jc’Sn,thSn,j (12)

Constraints (13) and (14) ensure that minimum tla¢dnving
forces are obeyed when there is heat integratidh thie heat
storage unit. Constraint (13) applies for heat gragon
between heat storage and a heat sink, while camistfi4)
applies for heat integration between heat storagt a heat
source.

T (u, p)—T(sm’jc)z AT™M — M (1— Z(Sn,jc u, p—l)),
0pOP,p>p0, §,;.0S,;, ulU (13)

Tlsn;, )-Tr w p)zaT™ -Ml-7s, | u, p-1))
UpOP,p>p0, s,;0S,;, ubu (24)

Constraint (15) states that the cooling of a heatce will be
satisfied by either direct or indirect heat inteégna as well as
external utility if required.

) C""(ﬁnJh )

Elsinj, Msn.j,» )= Qlsinj,.
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+ Z _ misn {E(Snl ) (Sin Jh)}x(smjc'smih' p)v

OpOP, s,;,0S,;, udU (15)

Constraint (16) ensures that the heating of a biedt will be
satisfied by either direct or indirect heat inteégna as well as
external utility if required.

ElSinj, WlSin,i.+ P)= Qlsin,j, U p)+ stlsn, p)

+Z mln {(Sln,ic)’E(Sn,jh)}x(smjc’ﬁn,jhyp),

m ic nylh
Sin, jn

OpOP, s, 0S,;, ubu (16)

Constraints (17) and (18) ensure that the timeshath units

are active are synchronised when direct heat iatiegr takes
place. Starting times for the tasks in the integgtainits are the
same. This constraint may be relaxed for operatreqsiring

preheating or precooling and is dependent on tbegss.

tu(ﬁn,jh’ p)Ztu(Sn,jC' p)_ M (\1_ X(ﬁn,jc ’Snrjh’ p))
UpOP, s i.+Snj,H S (17)

tu(ﬁn,jh ' p)Stu (Sn,ic ! p)+ M (1_ X(Snljc’sn!jh ! p))
UpUP, sq.Sni,H S (18)

Constraints (19) and (20) ensure that if indirezthintegration
takes place, the time a unit is active will be éqaahe time a
heat storage unit starts either to transfer orivedeeat.

tu(sln,jvp)ZtO(Sn,jvuv p)_M(y(Sn,jvp)_Z(sln,jvuv p»
OpOP, ulU, s,;0S,; (19)

t(Sin,j P)<to(Sn, 1, )+ M (Ylsin ;. P)= 2lsin .U, P))
OpOP, udU, s,;0S,; (20)

Constraints (21) and (22) state that the time winesat transfer
to or from a heat storage unit is finished will mode with the
time the task transferring or receiving heat hasisfied
processing.

tu(ﬁﬂj ’ p_1)+r($n,j)y($n,j’ p_l)th (ﬁn,j U, p)
_M(y(Sn,jv p_l)_ Z(ﬁn,jvlah p—l))
OpUP,p>p0, ublU, s,;0S,; (21)

tu(Snj P =)+ 7{sn, WS, = 1) <ty 8,0 )
M(y(&nyj,p—l)_Z(ﬁn’jyu!p_l»
OpUP,p>p0 ublU, s,;0S,; 22)



Constraints (6), (7) and (8) have trilinear terrasufting in a
nonconvex MINLP formulation. The bilinearity resaly from
the multiplication of a continuous variable with knary

variable may be handled effectively with the Glover

transformation [15]. This is an exact linearisatieohnique and
as such will not compromise the accuracy of the eho@ihe
transformation procedure for Constraint (7) lead€onstraint
(23).

Q(Snvjh U, p _1) :W(u)cp(rl(srhjh U, p)_ rz(sn:jh U, p _1))’
O pOP, p>po, gn’thSn’j, udu (23)

The heat storage capacitw(u), is also a continuous variable

and is multiplied with the continuous Glover trarshation
variable. This results in another type of bilinggriwhich
results in a nonconvex model. A method to handie ih a
Reformulation-Linearisation technique [16] as dssed by

Quesada and Grossmann [17]. This is demonstrated fo

Constraint (23), resulting in Constraints (24)30)(

Let

W(U)rl(ﬁn,jh u,p)= q’l(sn,jh u,p) (24)

With lower and upper heat storage capacity and ¢eatpre
bounds known

wh <w(u)swY (25)
T <Ty(s, .U p)<TY (26)
Then
W (S0, )2 WIS U, P TW(U)-WTE  (27)
WiSn ;. U P)2 WU (s 5 U, )+ TOW(U)-WITY  (28)
(S 1.t P)SWOTL (S, 5 U, p)+ T W(U)-WUTE  (29)
WiSn ;. U D)W S0 U p)+TOW(U)-WATY  (30)

This is an inexact linearisation techniqgue andeases the size
of the model by an additional type of continuousiatdle and
four types of continuous constraints.

The final completely linearised form of Constra{i@) can be
seen in Constraint (31).

Q(Sn,ih u,p-1)= Cp(wl(ﬁn,jh u,p)- Wz(ﬁn,jh u,p-1))
UpOP,p>p0, s,;0S,;, ubuU (32)

153

The full linearisation procedure is carried out &ach of the
trilinear terms resulting from Constraints (6), (@hd (8).
Bounds on the heat storage capacity will be detethby the
available space in the plant, as batch plants lysopkrate in
limited space.

The linearised model is solved as a MILP, the smtubf which
is then used as a starting point for the exact MiNhodel. If
the solutions from the two models are equal, thetism is
globally optimal, as global optimality can be provier MILP
problems. If the solutions differ, the MINLP solutiis locally
optimal. The possibility also exists that no febsilstarting
point is found. The solution algorithm is shown grally in
Figure 2.

ExactMINLP is linearised using Reformulation-Linearisation
(Sherali & Alameddine, 1992)

l

@esulting MILP isthen solve@

l

(Solution from MILP used as starting solution for exact MINLP)

D"

MILP objective = MINLP objective MILP objective # MINLP objective
Globally Optimal Locally Optimal

Figure 2 Solution algorithm for Reformulation-Linearisation
technique

Heat Loss Considerations

Constraint (32), which is used in Constraint (10)d a
Constraint (11), accounts for heat loss from ae f#at storage
vessel. As the temperature drop of heat storagealbeat loss
will be minimal, it is assumed the temperaturetad fluid has
reached steady state and the rate of heat traimsfitie time
interval is constant. The heat storage vessel reagpresented
as in Figure 3.

AT(U, p) - QossLEuc; p)
p

OpOP,p>p0, udU (32)

The idle time for the heat storage vessel, when iseaeither
stored nor released, is defined by Constraint (33).

8(P) =tolsin, . P) -t (50, U p=1)

OpOP, p> po, Sn,thSn,jv uU (33)

The amount of heat lost to the environment is dfiadtin
Constraint (34).



insulation

vessel

Figure 3 Insulated heat storage vessel

- T, (u.p)-T,
Ul B0

OpOP,p>p0, udu (34)

out

T, is equal to the final temperature in the heatagiervessel,

W(u) =V(u) = /m2L(u)
0 ubu (39)

The radius of the tank is assumed to be fixed, ti¢ghheight of
the tank allowed to vary.

INDUSTRIAL CASE STUDY
The flowsheet for the process is shown in Figure 4.

——
SE1

SE2
Solid
} waste

SE3

EV2|

—

Figure 4 Flowsheet for the industrial case study

T¢(u, p) andT,,  is the steady state ambient temperature. The The STN for the process is shown in Figure 5 amdSBN is

total thermal resistance due to convection and woiioh is
given by Constraint (35) with each term defineddanstraint
(36).

Rot(U) = Roony, (U) + Ries(11) + R (1) + Regny, (1)

Oudu (35)

r, s
)
Rt (U) = h, Al(U) * 27TL(U)K,$ * 277L(U)kins * h3A3(U)

Oudu (36)

The internal area for heat loss by convection fritra heat
transfer medium is given by Constraint (37) and a&nea for
convective heat transfer losses to the environrgegiven in
Constraint (38).

Alu)=2mL(u)

OudOu (37)

Ag(u) =275 {u)

OuOu (38)

If the density of the heat transfer fluid is assdme be 1000

kg/m®, the volume in mwill be numerically equal to the mass

of the storage requirement in tons. This volumeajiien by
Constraint (39).
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shown in Figure 6. The scheduling data may be néthirom
Tables 1, 2 and 3 [13]. The plant consumes 55% @fsteam
utility in an agrochemical facility. Each of theit;mprocesses a
fixed batch size of eight tons, 80% of design capadhe
process requires three consecutive chemical remctighich
take place in four available reactors. Reactioakes$ place in
either Reactor 1 or Reactor 2 and takes two holite
intermediate from Reaction 1 is then transferretheei to
Reactor 3 or Reactor 4, where two consecutive imactake
place. Reaction 2 takes three hours and Reacti@ame hour.
Reaction 2 is highly exothermic and requires almmsé tons
of cooling water (equivalent to 100 kWh). For opnaal
purposes, these two consecutive reactions take jptaa single
reactor. Some of the intermediate from the firstttefse two
reactions can be stored in an intermediate bufek fprior to
the final reaction to improve throughput. Both gecond and
third reactions form sodium chloride as a byprodutihe
intermediate from Reaction 3 is transferred to ofiethree
Settlers, to separate the sodium chloride from aheeous
solution containing the active ingredient. Thisqass takes one
hour. This salt-free solution is then transferredohe of two
Evaporators, where steam (equivalent to 110 kWh)sid to
remove excess water from the product, which takesethours.
This water is dispensed with as effluent. The fipedduct is
collected in storage tanks before final formulatipackaging
and transportation to customers.
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EVAPORATION

©
©
GO—

Figure 5 State task network of industrial case study

s11 }

Figure 6 State sequence network of industrial case study

Table 1Scheduling data for industrial case study
Mean processing

Unit Capacity Suitability time (h)
R1 10 RX1 2
R2 10 RX1 2
R3 10 RX2, RX3 3,1
R4 10 RX2, RX3 3,1
SE1 10 Settling 1
SE2 10 Settling 1
SE3 10 Settling 1
EV1 10 Evaporation 3
EV2 10 Evaporation 3

Table 2 Stoichiometric data for industrial case study

State Ton/ton output  Ton/ton product
sl 0.20
s9 0.25
s10 0.35
sl1 0.20
s7 0.7
s8 1

Table 3Scheduling data for industrial case study

State Storage capacity  Initial amount Revenue
(ton) (ton) (cu/ton)
sl unlimited unlimited 0
s2 unlimited unlimited 0
s3 100 0 0
s4 100 0 0
s5 300 0 0
s6 150 50 0
s7 150 50 0
s8 unlimited unlimited 0
s9 150 0 0
s10 150 0 0
s11 unlimited unlimited 0

The temperatures for the exothermic second rea¢fis0°C)
and endothermic evaporation stage (90°C) allowpfssible
heat integration.

Necessary heat integration data for the indust@de study

may be found in Table 4, with heating and cooling

requirements summarised in Table 5.

Table 4Heat integration data for industrial case study

Parameter Value
Specific heat capacit)(;p (kJ/kg°C) 4.2
Product selling price (cu/ton) 10 000
Steam cost (cu/kWh) 20
Cooling water cost (cu/kWh) 8
AT™ (c) 5
T L ¢C) 20
TV °C) 180
W*" (ton) 0.2
WY (ton) 1

Table 5Heating/cooling requirements for industrial caselgt

Heating/Cooling Operating
Reaction Type Requirement Temperature
(kwh) ()
RX2 exothermic 100 (cooling) 150
Evap. endothermic 110 (heating) 90




Heat integration in Figure 7 is indicated with avso One heat
storage unit was used and initially heat lossesewaot
included. Heat is transferred throughout the daratf a task.
The heat storage capacity and initial heat stotaggerature
were optimised. It can be seen from the resultsitligpossible
to reuse energy which was stored previously imptioeess.

For non-optimal values for the heat storage capaait initial
heat storage temperature, heat was stored, buensed over
the time horizon [1]. The results for different sagos are
summarised in Table 6.

Evap 2

Evap 1
Sett 3-

Sett 2

[J-

Sett 1

Unit Reac 4 RX3-
Reac 4 RX2-

Reac 3 RX3]

Reac 3 RX2

Reac 2 RXI I

Reac 1 RX1

8
 m—

8
—

T T T T
5 6 7 8 9 10 11

Time (h)

12 13 14 15

Figure 7 Schedule shows improvement in energy usage (no

heat losses)

The variation in temperature of the heat storagssele
disregarding heat losses, is shown in Figure 8.

145,

140 A

120 A

1
Temperature
°C
(°C) 80 A

60 1

54.091heat
stored

Hn+——m———T—————
3 4 5 6 7 8 9 10 11 12 13 14 15

Time (h)

heat
released

heat
stored

Figure 8 Temperature variation in heat storage vessel éab h

losses)

The solution procedure as described previouslyiin £ was

used in solving the MINLP problem for the case uilihg heat
storage. The result obtained from the linearisediehavas the

same as for the exact model meaning the resulingatavas
globally optimal. CPLEX 9.1.2 was used to solve lthearised
model, while DICOPT2 was used in the solution & MINLP
problem with CPLEX 9.1.2 as the MIP solver and CONas
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the NLP solver in GAMS 22.0. The problem was solesda
Pentium 4, 3.2 GHz processor with 512 MB RAM.

Table 6 Results for industrial case study (no heat losses)

Direct and
Direct and indirect
. indirect heat
No heat E]Itfc:atgiiit heat integration
integration c?nl integration — optimal
Y (Majozi, heat
2009) storage
capacity
Performance
index 131376.471 138 176.471 139776.471 139976.471
(cost units§
External
cold duty 400 300 100 100
(kWh)
External hot
duty 330 30 30 20
(kwWh)
Heat storage
capacity 2 0.524
(ton)
Initial heat
storage
temperature 80 54.091
(°C)
CPU time
2805.2 95396
(s)
Binar:
. y 194
variables
Time points 11

Heat Loss Considerations

Heat losses from the idle heat storage tank foirttiastrial
case study were included with the parameters ifeTabThe
time horizon of interest was decreased to 10 hourder to
reduce the solution time.



Table 7 Data for industrial
accounted for

case

study with heat losses

Parameter Value

Tank wall thickness (mm) 5
Insulation thickness (mm) 30

r, (m) 0.5

Iy (m) 0.505

f3 (m) 0.535

h (kwinec) 0.1

hy (kwin?ec) 0.02

Kyes (kw/m°C) 0.015

Kins (KW/m°C) 0.00005

T, (0 20

®out

The results may be obtained from Table 8.

Table 8 Results for industrial case study with heat logaken

into account

No heat loss Heat loss
Performance index 46258.824 46258.824
(cost units)
External cold duty 100 100
(kwh)
External hot duty 0 0
(kwh)
Heat storage capacity 0.524 0.530
(ton)
Height of heat storage 0.667 0.675
vessel (m
Initial heat storage 99.545 100.298

temperature (°C)

The Gantt chart for the case where heat losses fharheat
storage vessel were considered can be seen ineFgur
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Figure 9 Optimal schedule over shorter time horizon

As can be seen from the results in Table 8, thetashdime
horizon requires a higher starting temperature wéempared

to the horizon of 15 hours. This is due to the Is¢atage vessel
being unable to receive heat from the exothermictien
twice. However, heat is still able to be transféri® the
endothermic evaporation stage. The variation in the
temperature of the heat storage vessel with hesaefocan be
seen in Figure 10.
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Figure 10 Temperature variation in heat storage vessel with
heat losses considered

The heat losses from the heat storage vessel depebdth the
initial temperature in the vessel as well as theetover which
the vessel is idle. As can be seen from Figure th@,

temperature gradient is steeper from 5 to 7 hoyisty -

144.438)/2 = 0.281} when compared to 0 to 2 hof(i€0.298

— 100.057)/2 = 0.121} due to the higher initial fsmature in
the heat storage vessel. The capacity of the heage tank as
well as the initial temperature were increased wheat losses
were considered. The objective function and extehoh and

cold utility requirements were, however, unaffected



The temperature drop due to heat losses may bddeved
negligible for a well insulated heat storage vessar short
time horizons if temperatures are low.

CONCLUSIONS

Most heat integration methods discussed in thealitee
either rely on a predefined schedule or considéeeidirect or
indirect heat integration only, which both leadsaboptimal
results. Using both direct heat integration andired heat
integration, via heat storage, may significantiguee utility
needs in a batch processing plant [1]. Optimishregdize of the
heat storage vessel as well as the initial tempegaif the heat
storage fluid decreased the requirement for extdrogautility
for an industrial case study by 33% compared tongusi
suboptimal parameters. The temperature drop of sieahge
due to heat losses depends on the temperatureeirheht
storage vessel (a gradient of 0.281 for an inieahperature of
145°C compared to a gradient of 0.121 for an ihitia
temperature of 100.298°C). It may be consideredigibte for
a well insulated vessel over short time horizornteifiperatures
are low.
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