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We illustrate the application of a graph reduction method developed recently to analyze complex energy-integrated pro-
cess networks. The method uses information on the energy flow structure of the network and the orders of magnitude of
the different energy flows to generate, automatically, information on the time scales where the process units evolve,
canonical forms of the reduced models in each time scale, and controlled variables and potential manipulated inputs
available in each time scale. Representative examples of reactor-heat exchanger and distillation column networks are
considered to illustrate the method and develop insights on effective control strategies for these processes. © 2014
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Introduction

High energy efficiency has become a critical need in mod-
ern chemical plants. Energy integration has been an active
topic of research,'” as it enables reduction in external utility
consumption and, thus, provides cost benefits. It involves
coupling of heating and cooling requirements of a plant to
transfer energy from an energy source to an energy sink.
However, energy-integrated chemical plants are difficult to
operate and control, especially in the context of transitions
between different operating points. Several analysis and con-
trol approaches have been recently proposed for such process
networks. These include passivity/dissipativity-based meth-
ods,>™ distributed control,®’ quasi-decentralized control,>?
plantwide control,m’ll and hierarchical control.'>'3

In previous work,'>' we have identified two prototype
energy-integrated networks, those with large energy recycle
compared to the external energy flows, and those with large
energy throughput. The disparate magnitudes of energy flows
in such networks were shown to be at the origin of a two-
time scale behavior and a segregation of flows that can be
used as manipulated inputs in the different time scales.
Exploiting these features, we developed model reduction
methods using singular perturbations and a hierarchical con-
trol strategy wherein different control objectives are
addressed in different time scales.

In practice, complex energy-integrated chemical plants
consist of combinations of energy recycle and energy
throughput networks, often with large energy flows, thus
showing the potential of multi-time scale energy dynamics.'?
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A detailed mathematical analysis through successive applica-
tion of singular perturbations can, in principle, be used to
analyze such networks. However, such an analysis becomes
cumbersome as the size of the network increases. To this
end, we have proposed a generic and scalable graph-
theoretic framework which can be used to analyze such net-
works.'®!” The developed framework relies on knowledge of
the energy flow structure in the network and the orders of
magnitude of the different energy flows to generate informa-
tion on (1) the time scales where each unit evolves, (2) the
form of the reduced order models in each time scale, and (3)
controlled outputs and potential manipulated inputs available
in each time scale. Such information allows us to develop a
hierarchical control strategy for such networks.

In the present work, we consider two different classes of
such networks which are common in process systems:
reactor-heat exchanger networks and energy-integrated
distillation column networks. For representative cases of
such networks, we illustrate the application of the graph
reduction method, compare it with the analytical, singular
perturbations-based reduction, and identify and discuss
insights on the dynamic structure of such networks that
affect their control.

Graph Reduction for Complex Energy-Integrated
Networks

In this section, we describe briefly the main features of
the developed graph reduction framework (for details see the
Refs. 16, 17).

The energy dynamics of a generic complex energy-
integrated network, which consists of N units and energy
flows, h;, spanning m orders of magnitude, can be described
by the following equations
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where the energy flows of different orders of magnitude are
indexed by i. ¢ are small parameters, which are defined as
ratios of nominal steady state flows (¢;=ho/h;;), such that
& < 1 and ¢41/e < 1. In the subsequent analyses, we
assume ¢ to be equal to 1. H is the vector of enthalpy of
the N process units, g; are vectors with contributions from
the energy flows of O(1/e;), and F; are the corresponding
selector matrices such that F;(j,k)=1 if the energy balance
equation of the unit k£ includes the j-th element of g; and O
otherwise. u; represent scaled energy flows that can be used
as manipulated variables.

Note that Eq. 1 is a singularly perturbed system with mul-
tiple small parameters. Model reduction can be performed
sequentially by considering each time scale t,=t/¢; (starting
from the fastest) and setting the small parameter ¢; to 0, to
obtain reduced models of the slow and fast dynamics in this
time scale. For each time scale t;, the description of the
dynamics can be obtained in the limit & — 0 as

dH;
d‘CI‘

=(F]F;)g;(Hu;)

where H;=F!H represent the unit enthalpies evolving in the
time scale 7;, and g, represents the correspondingly adjusted
vector. Quasi-steady state constraints for the time scale t;
can be identified as g;(H;,u;)=0. Differentiating these con-
straints with respect to time, we obtain

If the constraints are linearly independent, the matrix 9g;/d
H; is nonsingular, and we get dH,/dr=0. This implies that the
enthalpies H; evolve only in the time scale 7; and not in slower
ones. If the constraints are linearly dependent, the matrix 9g;/0
H; becomes singular, and the i-th time scale dynamics of H; are
accompanied by a slower evolution in subsequent time scales.
The model of the slower dynamics in this case is an index two
differential algebraic equation (DAE) system with the dynamic
equations being the differential equations, the quasi-steady
state constraints being the algebraic equations, and the limiting
terms lim o g,/¢; being the algebraic variables, where g, rep-
resents the linearly independent subset of the quasi-steady state
constraints. Large throughputs, splitting, and mixing structures
give rise to linearly independent constraints,'* whereas large
recycles give rise to linearly dependent constraints.'>

The above reduction can be performed in a graph-theoretic
framework. The energy flow structures of complex energy-
integrated process networks can be represented as energy flow
graphs with nodes corresponding to the individual units of the
networks, and directed and weighted edges corresponding to
the energy flows. In this setting, energy recycles and through-
puts are energy flow cycles and energy flow paths, respectively.
Energy flows with different orders of magnitude can be distin-
guished by using lines of different thickness (corresponding to
different edge weights) in such graphs. Also, we use nodes with
solid borders to represent normal nodes (i.e., nodes for the pro-
cess units), and nodes with dashed borders to represent auxil-
iary nodes (i.e., nodes for external energy sources/sinks).

Figure la shows an energy flow graph for a large recycle
network. Such networks can be equivalently represented as a
single composite node R. Figure 1b shows an energy flow
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Figure 1. Composite units for prototype networks.

graph of a network with large energy throughput. The units in
such networks can be clustered to form a single composite
node 7. Such clustering reduces the complexity in the repre-
sentation of the networks and facilitates graph reduction. In
the following sections, networks with large energy recycle
and networks with large energy throughput will be referred to
as prototype recycle and prototype throughput, respectively.

The algorithm for the graph-theoretic analysis is included
in Appendix (adopted from the Ref. 17). The algorithm has
been implemented as a computational tool written in C++
to automate this graph reduction analysis and has been used
in all examples studied herein. In what follows, we briefly
describe the graph reduction and analysis method and its
implementation through the algorithm.

Complex networks comprise of combinations of energy
recycles and throughputs, some of which are prototype. The
developed graph reduction method begins with a user speci-
fied classification of the energy flows in classes of distinct
orders of magnitude, W. Starting with the largest flows which
correspond to the fastest dynamics, and proceeding to all sub-
sequent classes of flows, it first extracts a subgraph, using the
subroutine InducedSubgraph, corresponding to each time
scale. It thus identifies the units evolving in each time scale
(those with nodes in that subgraph) and proceeds to identify
prototype patterns, using the subroutine SmallestElementary-
Cycle, and simplify them through clustering using the subrou-
tine GraphReduce. Throughput blocks are removed from the
original energy flow graph, before proceeding to the subse-
quent time scales, as the energy dynamics of all the units of
prototype throughputs evolve in a single time scale.

Next, it constructs the canonical forms of the original full
order dynamic model as well as the reduced order dynamic
models for the energy balance variables (enthalpies) in each
time scale. The energy balance equations for the full order
model (or the reduced models) are derived based on the con-
nectivity information of the energy flow graph (or subgraph)
using the subroutine Ebalance. For the reduced model, the
method also predicts the linear independency of the quasi-
steady state constraints from the existence of auxiliary nodes
connected to individual composite nodes. Specifically, if
there exists no auxiliary node connected to a composite node
in a subgraph, the quasi-steady state constraints resulting
from the corresponding dynamic model of that composite
node are linearly dependent. In this case, the composite node
is added to the set PureRecycles and the corresponding time
scale is added to the set RecycleTimes. For a specific time
scale, Constraint represents the linearly independent con-
straints obtained from the previous time scale, and DAE rep-
resents the contribution of the previous time scale dynamics
to the current time scale dynamics.
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Finally, the method classifies the control objectives and the
manipulated inputs available in each time scale. Specifically,
the enthalpy of any node in a subgraph can be controlled in the
corresponding time scale using any edge in the same subgraph
as the manipulated input. Note that if a composite node does
not have any auxiliary node connected to it (i.e., a prototype
recycle composite node), one cannot simultaneously control
the enthalpies of all the units, comprising that composite node,
as the dynamic equations in this case are linearly dependent.
Thus, all but one of the units for such a composite node can be
controlled in the corresponding time scale, and the remaining
unit can be controlled in the subsequent time scale.

To present the results obtained from the graph-theoretic
analysis, we use the following notations:

1. 7;: The i-th time scale defined by t/¢;, where & is a
small parameter.

2. G: The original energy flow graph of the network.

3. 'H;: The subgraph of G corresponding to the time scale
7;. It contains all and only the energy flows of the order of
magnitude i.

4. T (7;): The set of nodes whose enthalpy evoles in the
time scale 7.

5. Y(t;): The set of nodes whose enthalpy can be
controlled in the time scale t;.

6. U(t;): The set of edges which can be used as a
manipulated input in the time scale t;.

In what follows, we analyze relevant example chemical
process networks using this graph-theoretic framework.

Energy-Integrated Reactor-Heat Exchanger
Networks

For processes with high temperature reactions, there are
opportunities for energy integration as the outlet stream of
the reactor, which is at high temperature, can be used to pro-
vide energy to other process streams; such integration can be
achieved through heat exchangers, thus forming reactor-heat
exchanger networks. In what follows, we analyze two typical
examples of such networks.

Toluene hydrodealkylation process

Process Description. Let us consider a design alternative
(alternative 1) of the toluene hydrodealkylation (HDA)
process proposed by Terrill and Douglas18 as shown in
Figure 2. In this process, the reactant mixture is preheated in
a feed-effluent heat exchanger (FEHE), where the mixture is

Purge
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Figure 2. Toluene hydrodealkylation process.

We first perform the detailed mathematical analysis using
singular perturbations as the model reduction tool. Then, the
graph-theoretic analysis is applied, and the results are com-
pared. Finally, via numerical simulations, the energy dynam-
ics of the process is investigated to confirm the analysis
results.

Detailed Analysis. In this analysis, we focus on the reaction
part of the process, where we observe the following features, which
give rise to a potential of multi-time scale energy dynamics:

1. The reactant mixture is completely vaporized in the
FEHE, indicating that a large amount of energy is recovered
through the FEHE.

2. There is a large material recycle fed back to the reactor.

Remark 1. Note that the separation part of the network,
which consists of three distillation columns, is not included in
the analysis. The reason is that the energy integration in that
part is dominated by large energy throughputs, which do not
lead to time scale multiplicity in the energy dynamics. More
detailed justification and examples of energy-integrated distil-
lation column networks that lead to time scale multiplicity in
the energy dynamics can be found in the subsequent section.

The governing equations of the energy dynamics of the
network can be written as follows

dTm _R(Tcp_Tm) + Frf(th_Tm) + Fhf(Thf_Tm) +Ftr(Ttr_Tm)

completely vaporized, and is further heated using a furnace. dt Vo Vi Vin Vi
It is then fed to an adiabatic plug-flow reactor where the fol- dT. F(Tp=T.)  Oree
lowing reactions occur a v, + pC, V.
C¢HsCH;+H, — CcHe+CH,4 Reaction 1 de _ F(TL'_Tf) n Or
2C¢Hs=(CsHs), Reaction 2 dt Vy PCpVy
dT, F(T;—T,) AH-r
where benzene, which is the main product of the process, is a v, oC,
produced through an irreversible exothermic reaction ar, F(T,~T,) ©
(AH{=—41.826 kJ/mol). The reactor effluent is cooled using DTy Th) | Zree
the FEHE and the cooler, and is fed to the separator. A majority dt Vi PCpVi
of the vapor outlet of the separator is compressed, and fed back dly _F(Ty=Ta) _ Qu
to the reactor, while the residual vapor stream is purged. The dt Ve pCyVe
liquid outlet of the separator goes through a series of distillation dTy, R(Ty—Ty) Fp(Ty—Ty) Fi(Ty—Ty)
columns. In the stabilizer column, hydrogen and methane gas ar Vo + Vo + Vo
are removed from the liquid stream. In the product column, dT.,, R(T,—T.,) w
benzene product is produced as the distillate. Diphenyl is the d—;" = Af/ L+ v
bottoms of the recycle column, and the distillate of the recycle K PEpYe
column, which is the unreacted toluene, is recycled. (@)
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Figure 3. Energy representation of the reaction part of
the HDA process.

with
F:R +Fgf+Fhf+Ftr
(TriTc') - (Th 7Tm)
ln[(Tl‘_Tr)/(Th_TmH

where the subscripts m, ¢, f, r, h, cl, sp and cp are used to repre-
sent the mixer, the cold channel of the FEHE, the furnace, the
reactor, the hot channel of the FEHE, the cooler, the separator,
and the compressor, respectively. Also, subscripts ff, if and tr are
used for the toluene feed stream, the hydrogen feed stream and
the toluene recycle stream, respectively. V is the volume of the
unit, and Q is the duty. F is the volumetric flow rate, and R is the
volumetric flow rate of the gas recycle. W is the power input to
the compressor. U represents the overall heat-transfer coefficient
and A is the heat-transfer area. AH=[AH,, AH,]" is the vector of
the heats of reaction and r=|[ry, rﬂT is the vector of the reaction
rates, where the subscripts 1 and 2 correspond to the reaction 1
and reaction 2, respectively.

The energy representation of the reaction part of the net-
work is shown in Figure 3. The orders of magnitude of the
energy flows are determined based on the sensible heat con-
tent of the flows as shown in Table 1. ¢ and & are small
parameters (&, < ¢ < 1), which are the ratios of the energy
input through the toluene feed stream (dy,) to the rate of
energy recycle through the gas recycle (hg) and the rate of
energy transferred inside the FEHE (hs;), respectively, that is

Orec =UA

8= [FypCp(Ty —Trer )]
[RPCP (TCp ~Trer )]s

[FypCp(Tyr —Trer )]
Qr("(,’.s

where Ty is a reference temperature, and subscript s repre-
sents a steady state value.
We define the O(1) steady state ratios

]

k; :
[FirpCp(Tyy—Trer )
k= [FpCp(Tn—Tret )],
" [RPCp(Tfp_Tref )]\
k'l: [FpCp(Tt'l_Tref)]s
‘ [RpCp(Tep—Trer )
ko= [FpCp(Te—Tret )],

¢ Qrec,s
k.=

and O(1) scaled energy flows

_ FipCp(Tyy—Trer )

Wi
[FiypCp(Tiy—Tret )]

[FPCP (Th—Tret )}s

k=2t s

[RPCp(Tfp_ ref )]\

k\‘ — [RPCP(TYp_Tref)L

v [RpCp(Tep—Trer )]
= [FpCp(Ty—Trer )]

Qrec,s

[FpCp(Tr—Trer )]
Qreqs

_ FupCp(Thy—Trer)

[FippCp(Tir —Trer )] T FupCo (T =Tt )],
_ Ftrpcp(Ttr_Tref) _ Qf
Uy = Ugp = ——
[Ftrpcp (Ttr _Tref )}5 Qf,x
AH - I'V,- ch
Upr= — Ugel— —
" [AH : rVr]s ot Qc[.x

_ FppCp(Ts—Ter)
Up=
[FPPCP(TJ_Tref )]\

Uy = Uep

U= chp(Tm_Tref)
" (FpCp(Tin—Trer )]

[FpCp(Ter—Tret )]

_ Qrec

Ugrec =
Orec s

= chp(Tf_Tref)
T PG (T =Tt )

= Flpcp(Ts_Tref)
[Flpcl)(Ts_Tref)]v

R/)Cp (Tcp —Tret )

[RpCp(Tep—Trer )

FpCp (Th _Tref )

u‘[: _—
] [FpC,, (Th—Trer )]s

Yo = RPCP(TSP_Tref)
v [Rpcp(Tw_Tref)]v

_ FPCP(TC_Tref)

[FpCp(Te—Tret )]

w= chp(Tr_Tref)
' [FPCP(TI'_Tref )]s

The energy dynamics equations in 2 thus become

Table 1. Summary of Orders of Magnitude of the Energy
Flows of the HDA Process Reaction Part

_ [FurpCp(Thy —Trer )]

_ [Ftrpcp(Ttr_TTEf )}5

h k T
" FpCy(Ty—Ter )] " pCop(Ty—Ter )],
AH -rV,
kllf: Qfﬁs khr: [ r ]S
(Fi pCp(Tyy—Trer )] [FypCp(Ty—Trer )]
Ocis kp= [FPPCP(TS_Tref )]s

k g=
T FypCo(Ty—Teer )]
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Energy Flow mC,T(kW) Order of Magnitude
hy 6676 O(1/er)
hy 33183 O(1/e)
hs 33746 O(1/e)
hy 36036 O(1/er)
hs 10102 O(1/er)
he 8249 O(1/e)
N7a 4993 O(1/er)
hap 1996 o(1)
h7e 688 (1)
hg 5642 O(1/e)
dia 523 o(1)
dip 179 o(1)
di. 331 (1)
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dt €1
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dt Vc[ € clUcl
sp [Frf( i ref )]s kc[uc/_ksp“:p
—kpup—k
dt Vor o pitp =it
dTCp _ [FU"(TV'_Tref)L ks,,usp—uv,, +kwuw
dt VCP &1
3)
or, equivalently, in a vector form
dT _i e @
dt =7 & &

with

T= [Tm7 Tc'a Tf) Tr» Tlu Tcla Tsa T('p]T

1 0;xs |
0:x6
Fo=1[0x1 DLx 02x3
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| 03x3 I3x3 |
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where I is the identity matrix, and 0 is a matrix with all
entries equal to 0.

Note that Eq. 4 suggests possibly three-time scale energy
dynamics. We follow a sequential application of singular per-
turbations for deriving approximate models in each time scale.

Let us define the fast time scale 1,=¢/¢,. Substituting this
into Eq. 3 and taking the limit & — 0, we obtain the
description of the energy dynamics in the fast time scale

dT

dr, 28> ©)

We note that only the temperatures of the FEHE, the fur-
nace and the reactor evolve in the fast time scale (i.e.,
To={T.,Tf,T,,T)}). From Eq. 5, we identify the quasi-steady
state constraints, g, =0, and it can be verified that these equa-
tions are not linearly independent. Thus, we take a linearly

independent subset g,, which is defined by g,=B»g,, with
Ve 0 0
0 1/Vs 0
By=[Fiy(Tyy =Tt )], 0 0 v,
=1V =1V, =1}V
Ugrec —Kele

g2= kL.u(.—kfuf
keuy—keu,
Now, we take the same limit & — 0 in the slow time

scale ¢, and obtain
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which describes the energy dynamics after the fast boundary
layer. The limiting terms represent the differences between
the large energy flows, which are indeterminate yet finite.
These terms can be represented by a set of algebraic varia-
bles z, to obtain the following DAE system

dT <

d[ ZO ,F gl+F2B2Z2 (6)

0=g,

The algebraic variables z, can be evaluated by differenti-
ating the constraints in Eq. 6

—(Lr,8,8,) {Z —Lr, g,gz} 7

where L represents the Lie derivative, which is defined as

rooh(X)=Juf
where h(x) is a vector, f(x) is a vector (or a matrix), and Jp

{g’;} is the jacobian matrix of h.

Using the solution for z, in Eq. 7, we can rewrite Eq. 6 as
follows

dT
- Z Fg, F,B;(Lp;8,8,) [Z ﬁFg,gz} )

0=g,

or, in a slightly rearranged form
) W
— =N ¥
a2 ©)

where F; and g, represent the correspondingly adjusted
selector matrices and vectors, respectively, given as

R 1 0;x5
Fo=|03x1 13x1 03x4
042 Lixs

80=[Fo (Tyr —Trer )]

1 0;xs
03x1 I3x; O3x4

5>
Il

04x2 Lixs
§1 = [th (Trf_Tr'ef)]s

Uep— km Up
Vm

V
kmum _khuh + 711 (kmum _ucp)

8FpC
Vet V4V, + z}OA Ly,
Vet VetV 8FpC,
%(“('p_kmum)—'_ l;) (kmum khuh)
X 8FpC
Vet VetV + L2y,

kyuy, — ke
V{‘l
kclucl - ksp Usp
Vip
ch

where 1 is a matrix with all entries equal to 1.

Note that the dynamic equations after the fast boundary
layer (i.e., Eq. 9) are also in a singularly perturbed form,
indicating that further model reduction can be performed.

Let us define an intermediate time scale t,=¢/¢;. Substi-
tuting this into Eq. 9 and taking the limit ¢; — 0, we obtain
the description of the intermediate energy dynamics

dT .

b

dt 181 (10)
0=g,

Note that all the temperatures evolve in this time scale.
The quasi-steady state constraints of the intermediate time
scale dynamics are identified as g, =0, which are linearly
dependent. A linearly independent subset g,, defined as
¢,=B,g,, is taken, with

Bl = [Ft/"(thfTref )}v

i Uy + kg Uy + Koty T [ VL B 0 o |
Vm m
V] Vh
Kagttr =Rnrttny = 3= (kg + kit 1ty) v | o
m —
8FpC , . 80Cy 830Gy
Vet VeVt lfA 2y, Vet Vit Vot =28Vi Vet VetV =28V,
Vo4 Vi+V, 8FpC Vet Vp+V, 8FpC,
L vf = (Rngttng + Kerter 1)+ == (Kgptgr =Kt Vi 7. o0
X - x 8pC 8pC
8FpC Vot Vet V4 -2y, »
Vet Vit V, + UpA Ly, ! vA ! UA
_ Kgetttger 0 0 vi 0
VC[ cl
—kpup—kju; 0 0 0 L
VS[? pr
Kovtty, 1 1 R
L ch i L Vep Vep Vep Vep |
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We take the same limit ¢; — O in the original time scale ¢,
and obtain the description of the energy dynamics after the
intermediate boundary layer

ar_. . oo (. g,
— =Fyg,+FB;| lim =~
d 08p T b (ngl0 81 )
0=g,
Ozél

We define another set of algebraic variables z; to repre-
sent the limiting terms, and obtain

dar .. . -
o =Fog,+tF Bz,
0-g, an
0=g,
z, can be computed by differentiating the constraints in Eq. 11

(Lpg,21) (12)

Zl:_([:]:‘IB]él)

Using the solution of Eq. 12, the description of the slow
energy dynamics is obtained

%:ﬁ‘ogo_ﬁlBl(ﬁﬁlBIél)_l(ﬁﬁogoél)
0=g, (3
Ozél
or in a rearranged form
T
0=g, 14
Ozél

where Fi) and g’o are the correspondingly adjusted selector
matrix and vector, respectively. The exact forms of F, and
g, are not presented here for brevity.
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Table 2. Node List of the HDA Energy Flow Graph

Normal Nodes Auxiliary Nodes

Index Unit Index Unit

1 Mixer 18 Toluene feed stream

2 FEHE-Cold 19 H, feed stream

3 Furnace 20 Furnace source

4 Plug-flow reactor 21 Heat of reaction

5 FEHE-Hot 22 Cooler sink

6 Cooler 23 Purge stream

7 Separator 24 Compressor power input
8 Compressor 25 S-Condenser sink

9 Stabilizer (S) 26 P-Condenser sink

10 S-Condenser 27 R-Condenser sink

11 S-Reboiler 28 S-Reboiler source

12 Product column (P) 29 P-Reboiler source

13 P-Condenser 30 R-Reboiler source

14 P-Reboiler 31 Methane product stream
15 Recycle column (R) 32 Benzene product stream
16 R-Condenser 33 Diphenyl product stream
17 R-Reboiler

In summary, the energy dynamics of the FEHE, the fur-
nace and the reactor evolve over all three time scales,
whereas those of the mixer, the cooler, the separator, and the
compressor evolve in the intermediate and slow time scales.

Graph-Theoretic Analysis. Let us now proceed to the
graph-theoretic analysis. The HDA process network can be
represented as an energy flow graph G, as shown in Figure 4.
The node list is provided in Table 2. The graph reduction
framework is applied to the network using the information in
Figure 4 and Table 1 to obtain the following results.

The subgraph corresponding to the fast time scale Hj,
with the largest magnitude O(1/¢;) flows, is shown in Fig-
ure 5a. The units evolving in this time scale are the nodes of

(a) with the largest
energy flows

(b) with the intermediate energy flows

(c) with the smallest energy flows

Figure 5. Subgraphs of the HDA reaction part energy
flow graph.
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‘Ha, that is, T,={2,3,4,5}. This subgraph contains a proto-
type recycle, which can be simplified as a single composite
node R,. Figure 5b shows the subgraph for the intermediate
time scale H;. A subset of the units which evolve in this
time scale are given by 7,={1,Ry,6,7,8,12,13,14}. This
subgraph has one prototype recycle which can be clustered
to form a composite node R,. Also, a prototype throughput
is identified, which is simplified as a single composite node
T, and it is removed from the original energy flow graph G.
Lastly, the slow time scale subgraph Hj is shown in Figure
S5c. The units evolving in this time scale are given as
T0={R2,9,10,11,15,16,17}.

We conclude that, based on the result above, the network
is expected to exhibit three-time scale energy dynamics, and
the time scales wherein each unit evolves are summarized in
Table 3. Note that this result matches the outcome of the
detailed mathematical analysis.

The full order dynamic model equations are obtained as

dH 1 1

1
—=—g +—g +— 15
ar z 2o o g1 & 5] (15)

with
[ kig—1u1g—1+kio—1u19-1+kig—1116-1 ]
0
kao-3t20-3
ka1—4un1—4
go=hig—1,
0
—ke-22Us-22
—k7—gut7—9—k7-23U7-23

ko4—glizs—g

[ —ki—quy—p+hkg—ug—1 |
ki—au1-2
0
0
g =his—1
—ks—6l5—6
ks—qus—6 —ke—7U6—7
ke—7u6—7—k7-gU7-8
| k7-gu7—g—kg—1ug—1 |

0
—ky—3up—3+ks—ous—
ko—3ur—3—k3—4u3—4
k3—qu3—4—kg—s5u4-5
g =hig—1,
kg—sug—s—ks—ous—>
0
0

0

where h;—; represents the energy flow from the i-th node to
the j-th node. Note that Eq. 15 has the same canonical form
as Eq. 4.
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Table 3. Summary of Time Scale Analysis for the HDA
Process

Evolution in Each Time Scale

Enthalpy Fast Intermediate Slow
H, X O (0}
H, O O (6]
Hj (e} O (0}
Hy O O O
Hs (¢} O (0}
Hs X O (6]
H; X O (0}
Hyg X O O
Hy X X (0}
Ho X X O
Hyy X X (0}
Hy» X O X
Hi; X O X
Hiy X (6] X
His X X (0}
He X X O
Hy; X X (0}

The dynamics of the reduced order model for the fast time
scale is given as

dH2 !
an 2 (16)

with
—ka—3up—3tks—aus—>
ko—3ur—3—k3—4u3—4

!
g =hig—1
3-4U3—4 k45145

kg—sug—s—ks—ous—>

where H,={H,,H3,Hs,Hs}. The quasi-steady state con-
straints, which are not lineary independent, are given as g/2=0.
Note that, by premultiplying Eq. 5 by F}, we can rewrite Eq. 5
so that it is in the same canonical form with Eq. 16.

The intermediate time scale dynamics is given as

dH
= =g, +C2B222

du (17)
0=g,

with
| P

B2:
—1ix3

014
Co=| Lix4
03x3

where H,={H,,H,,...,Hs}. g;, which represents a linearly
independent subset of the quasi-steady state constraints, is
given as g/2=B2g/2. Z, is a vector of algebraic variables,
given as lim,,_, g; /€. The linearly dependent quasi-steady
state constraints of the intermediate energy dynamics,
g’1=g1+C2B222=0, are also given by the algorithm. It
can be shown that Eq. 17 has the same canonical form with
Eq. 6.
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Table 4. Summary of the Hierarchical Control Structure for
the HDA Process

Time Scale Controlled Output Manipulated Input
Fast Ts hs—»
Intermediate Ts he—2
Slow Ts hoo—3

Finally, the slow time scale dynamic model is given as

dH _
E =g0+C1B1Z1
- as
0=g,
with
I7x7
Blz
—1ix7
Ci=Izxs

The linearly independent subset of the quasi-steady state
constraints g~/1 can be defined similarly as is done in the
intermediate time scale dynamics, and Z; are algebraic varia-
bles, defined by lim, _g,/¢;. Note that Eq. 18 has the
same canonical form with Eq. 11.

Finally, the controlled outputs and the potential manipu-
lated inputs available in each time scale are obtained using
the algorithm. In the fast time scale (t), the enthalpies of
the FEHE, the furnace, and the reactor need to be controlled
(i.e., Y(12)={2,3,4,5}), and all but one out of four units
can be controlled simultaneously, noting that H, contains no
auxiliary node. Potential manipulated inputs in this time
scale include: U(ty)={2-3,3-4,4-5,5-2}.

The enthalpies of the mixer, the cooler, the separator, and
the compressor as well as the total enthalpy of the FEHE-
reactor recycle loop need to be controlled in the intermediate
time scale (i.e., Y(11)={1,R;,6,7,8}), and all but one out
of five can be controlled independently since, in H;, R, does
not have any auxiliary node connected to it. The following
set of potential manipulated inputs is given: U(t;)=
{1-2,6-7,7-8,8-1,5-6}. Lastly, the total network enthalpy
needs to be controlled in the slow time scale, and this can
be achieved using any small external flow.

Based on this information, a hierarchical control strategy
can be used to control the energy dynamics of the network.

Table 5. Nominal Values of the State Variables
and the Process Parameters

Parameter Value Parameter Value

Frr 0.0033m?/s Fur 0.0356m?/s
Frg 9.7x107*m? /s F, 0.0034m? /s
R 0.3087 m?/s UA 8.24X10° W/K
Vo 0.1m’ Ve 14.16 m?
Vy 8.5m’ Vi 110m?
Vi 14.16 m? Ve 8.5m’
v 8.5m? Vep 8.5m’
Trr 303 K Thr 303 K

Trx 457 K T 34391 K
Tcs 881.11 K e 896.03 K
Tg.s 940.60 K Tys 895.99 K
Ths 384.45 K Ters 317.55 K
Ty 317.55 K Teps 348.71 K
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Figure 6. Evolution of the furnace temperature.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

For example, it was shown that the energy dynamics of the
HDA network can be controlled using simple PI control-
lers,"” addressing different control objectives in different
time scales as summarized in Table 4. Also, the reduced

318.7 T T

31861

Temperature (K)
e
=
w

318.4}

100 200 300 400 500
Time (min)

Figure 7. Evolution of the separator temperature.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 8. Energy-integrated SOFC system.

models derived above can be used to design nonlinear
model-based controllers.

Simulation Study. To further validate the results obtained
using the graph-theoretic framework, we now perform numer-
ical simulations using the equations in 2, along with the equa-
tions of the material dynamics. For simplicity, we assume that
there is no phase change in the FEHE, and the holdups of all
units are constant. Also, we assume constant heat capacity
and density. Reaction rates are computed using the expres-
sions provided in the Ref. 20. The nominal values of the state
variables and the process parameters are given in Table 5.

We consider the open-loop responses of the system by
increasing the temperature of the furnace by 1%. Figure 6
shows the evolution of the furnace temperature. We note
that the furnace temperature quickly drops and then slowly
goes back to the steady state. Also, an intermediate time
scale dynamics is observed as shown in Figure 6b. The sepa-
rator temperature increases in a slower time scale compared
to the furnace, and then returns slowly to the steady state, as
shown in Figure 7, indicating that it evolves in the interme-
diate and the slow time scales. Note that the simulation
results are consistent with the results obtained using either
the detailed mathematical analysis or the graph-theoretic
framework.

Figure 9. Energy flow graph of the energy-integrated
SOFC system.

1004 DOI 10.1002/aic

Energy-integrated solid oxide fuel cell system

Let us now consider an energy-integrated solid oxide fuel
cell (SOFC) system with an external reformer,?! as shown in
Figure 8. In this network, both the outlet streams of the
SOFC are fed to a catalytic burner to achieve complete com-
bustion of methane, carbon monoxide, and unreacted hydro-
gen. Then, the outlet stream of the burner, which is at high
temperature, provides energy to the reformer, where endo-
thermic reactions occur, and the feed streams, resulting in a
tightly integrated configuration. The energy flow graph of
the network is shown in Figure 9, and all the nodes are listed
in Table 6. The various energy flows of the network span a
wide range of values from 0.256 to 49.098 kW. The orders
of magnitude of the energy flows are determined following a
similar procedure used in the previous example, as summar-
ized in Table 7. ¢ and ¢ are small parameters

Table 6. Node List of the Energy-Integrated SOFC System

Index Unit Index Unit

Normal Nodes

1 HE1-Cold 14 Splitter 2

2 HE1-Hot 15 HES-Cold

3 HE2-Cold 16 HES5-Hot

4 HE2-Hot 17 HEG6-Cold

5 Mixer 1 18 HEG6-Hot

6 HE3-Cold 19 Mixer 3

7 HE3-Hot 20 Splitter 3

8 Splitter 1 21 SOFC anode

9 HE4-Cold 22 SOFC cathode

10 HE4-Hot 23 Mixer 4

11 Steam reformer (SR) 24 Catalytic burner (CB)

12 SR jacket 25 HE7-Cold

13 Mixer 2 26 HE7-Hot

Auxiliary Nodes

27 Water feed stream 31 CB energy input

28 Methane feed stream 32 SOFC anode heat
of reaction

29 Air feed stream 33 SOFC cathode heat
of reaction

30 HEI1 sink
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Table 7. Summary of Orders of Magnitude of the Energy Flows of the Energy-Integrated SOFC System

Energy Flow mC,T(kW) Order of Magnitude Energy Flow mC,T(kW) Order of Magnitude
28 — 25 0.256 o(1) 17 — 19 27.751 O(1/e)
25 =5 0.447 o(l) 19 — 20 28.627 O(1/er)
27 — 1 1.049 O(1/¢) 20 — 22 25.764 O(1/e)
1—3 1.313 O(1/e) 22 — 23 30.768 O(1/er)
35 1.815 O(1/er) 24 — 18 49.098 O(1/e)
5—6 2.450 O(1/¢) 18 — 16 39.934 O(1/er)
6 — 11 3.901 O(1/¢) 16 — 14 39.722 O(1/e)
11 — 15 4.997 O(1/er) 13 -7 35.217 O(1/e)
15 — 21 5.215 O(1/er) 7 — 10 33.821 O(1/e)
21 — 24 6.231 O(1/¢er) 10 — 26 21.441 O(1/e)
29 — 8 8.768 O(1/¢) 26 — 4 21.163 O(1 /&)
8§ —9 7.891 O(1/e) 4 -2 17.195 O(1/er)
9 — 17 19.303 O(1/e) 2 — 30 16.710 O(1/e)

(6 < & < 1), which are the ratios of the energy input
through the methane feed to the energy input through the air
feed and the energy of the catalytic burner outlet stream,
respectively.

We apply the graph-theoretic reduction to the network
using the information in Figure 9 and Table 7 as inputs. The
graph-theoretic algorithm checks the feasibility of the net-
work, based on the energy balance around all the normal
nodes as well as the composite nodes. Specifically, the high-
est order of magnitude among the edges entering the node N
should match with the highest order of magnitude among the
edges leaving the node N to have a feasible energy flow
structure around the unit N. In this case, the energy flow
structure around the recycle, consisting of nodes 24-18-16-
16-12-13-7-10-9-17-19-20-22-23, is infeasible as the recycle
has an energy output of O(1/¢;), but no energy input of
O(1/¢,). This infeasibility may originate from either inap-
propriately determined orders of magnitude or no clear seg-
regation of energy flows. To determine which is the case, we
remove the energy feasibility check and apply the algorithm
again.

(b) with the intermediate energy flows

Figure 10a shows the subgraph corresponding to the fast
time scale. The units evolving in this time scale are:
T7,={2,4,7,9,10,12,13,14,16,17,18,19,20,22,23,24,26}. A
prototype recycle is identified, and can be simplified as a
single composite node R;. Also, a prototype throughput is
identified and clustered to form a composite node 7. The
composite node 7 is then removed from the original energy
flow graph. The subgraph of the intermediate time scale is
shown in Figure 10b. A set of units evolving in this time
scale is identified as: 7,={1,3,5,6,8,11,15,21}. Lastly,
the slow time scale subgraph is shown in Figure 10c. The
following unit evolves in this time scale: 7¢={25}.

We note that the composite node R; has one energy output
of O(1/e,) (i.e., 10-26) and several energy inputs of O(1/¢)
(e.g., 33-22, 21-24). Although none of these energy inputs is
of O(1/¢;), the sum of the energy content of the inputs is
comparable to the energy content of the flow 10-26, implying
that there is no clear segregation of energy flows in the
network.

We conclude that, despite the tight energy integration
throughout the network, there is no process unit with

(c¢) with the smallest energy flows

Figure 10. Subgraphs of the energy-integrated SOFC energy flow graph.
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Table 8. Summary of Time Scale Analysis for the Energy-
Integrated SOFC Process

Evolution in Each Time Scale

Enthalpy Fast Intermediate Slow

OXOOOXKOOOOOXOOOXOOXOXXOXON
HKHEHEHEEOARHIHKHEEOAAXRHKORAHOXOONXONXO
I i e R i R R e R R e

multitime scale energy dynamics, as summarized in Table 8.
The outlet stream of the burner, which has the largest
amount of energy among all the process flows, provides
energy to other streams through seven heat exchangers and
the steam reformer, forming a pseudothroughput in the sense
that the throughput starts at a process unit, not an energy
source. The energy dynamics of the network is dominated by
this large energy throughput, hence the absence of time-scale
segregation in the energy dynamics.

Energy-Integrated Distillation Columns

Energy integration in distillation column networks has
been an active area of research, as distillation is one of the
most energy intensive processes in chemical plants, and has
resulted in various thermally coupled conﬁgurations.22 It has
been shown that the energy flow structures of such configu-
rations are combinations of energy recycles and energy
throughputs, showing a potential for multitime scale dynam-
ics."” However, the time scale properties of such configura-
tions are not clear a priori. In what follows, we apply the
graph-theoretic analysis to two different examples of such
networks.

Vapor recompression distillation

Vapor recompression distillation (VRD) represents a typi-
cal example of energy-integrated distillation column net-
works, where the condenser and the reboiler of the same
column are thermally coupled. Let us consider the so-called
direct VRD configuration, where the recompressed vapor
stream is directly used to heat the bottom liquid stream, as
shown in Figure 11. The top vapor stream of the distillation
column is compressed in the compressor to facilitate the heat

1006 DOI 10.1002/aic
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Y e

Figure 11. Direct VRD (1: Distillation column, 2: Com-
pressor, 3: Combined reboiler-condenser, 4:
Trim condenser, 5: Reflux drum, and 6: Aux-
iliary cooler).
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Figure 12. Energy flow graph of direct VRD.
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Table 9. Node List of VRD Energy Flow Graph Table 10. Summary of Orders of Magnitude of the Energy
Flows of the VRD

Normal Nodes Auxiliary Nodes
Index Unit Index Unit Order of Order of
— Energy Flow Magnitude  Energy Flow  Magnitude
1 ~n Distillation column  n+7 Column feed stream
n +1 Compressor nt+8 Bottoms stream itl—=i,1<i<9% O(1/2) 100 — 101 O(1/er)
n+2  RC-Condenser n+9 Compressor power input 1 —96 O(1/2) 101 — 1 O(1/21)
n+3 RC-Reboiler n+ 10  Trim condenser sink 96 — 97 O(1/e) 104 — 96 O(1/er)
n+4  Trim condenser n+ 11  Distillate 97 — 98 O(1/2) 99 — 105 O(1/e1)
nt5 Reflux drum n+12  Auxiliary cooler sink 98 — 95 O(1/2) 101 — 107 O(1/&1)
n+6  Auxiliary cooler i—it1,1<i<9% O(1/21) 99 — 100 o(1)
95 — 98 O(1/er) 102 — 48 o(1)
96 — 99 O(1/er) 100 — 106 o(1)
97 — 100 O(1/er) 95 — 103 o(1)

(c) with the smallest energy flows

Figure 13. Subgraphs of the VRD energy flow graph.
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Table 11. Summary of Time Scale Analysis for the Direct
VRD

Evolution in Each Time Scale

Enthalpy Fast Intermediate Slow
H, ~ Hos (¢} (¢} X
Hoe (6] O X
Hy; (e} (6} X
Hog O O X
Hoyo X (¢} X
Hioo X (6] X
Hio X (6} X

transfer to the bottoms stream. Then, the majority of the
compressed vapor goes through the combined reboiler-
condenser to vaporize the bottom liquid stream. The residual
vapor is condensed using a trim condenser. An auxiliary
cooler is used to regulate the temperature of the reflux. The
energy flow structure of this network can be transformed
into an energy flow graph G as shown in Figure 12. Note
that the distillation column is represented by n separate
nodes each of which corresponds to each tray of the distilla-
tion column with nf being the feed tray. All the nodes of the
energy flow graph are listed in Table 9. The following
aspects of this process lead to the segregation in the energy
flows:

1. The molar flow rates of the distillate and the bottoms
stream are much smaller compared to those of the reflux and
the top vapor stream (i.e., there is segregation in the material
flows), which results in a difference in the enthalpy content
of these streams.

2. The partial molar enthalpy of vapor streams is much
larger than the partial molar enthalpy of liquid streams, that
is, the latent heat recovered through the combined reboiler-
condenser is much larger than the sensible heat of any other
energy flow.

In the previous study,”™ a detailed mathematical reduc-
tion using singular perturbations was performed, and three-
time scale dynamics was documented, with the energy
dynamics evolving in the fast and the intermediate time
scales and the material dynamics evolving in the intermedi-
ate and the slow time scales. For illustration, we consider a
column with » =95 and nf=47, and we use the order of
magnitude information provided in the Ref. 23, summarized
in Table 10.

We apply the proposed graph reduction framework to
this network, using the information in Figure 12 and Table
10, focusing on the energy dynamics only. The resulting
subgraphs are shown in Figure 13. Figure 13a shows the
subgraph H, for the energy flows with the largest
magnitude O(1/e,) (corresponding to the fast time scale).
The wunits evolving in the fast time scale are
T,={1,2,...,97,98}. This subgraph contains one proto-
type recycle and can be simplified to obtain a single com-
posite recycle node R,. Figure 13b shows the subgraph H;
for the energy flow with the intermediate magnitude O(1/
¢1) (corresponding to the intermediate time scale). The
units evolving in the intermediate time scale are
71={R1,99,100,101}. Note that the composite node R; is
included in the intermediate time scale, implying that the
total enthalpy of the recycle (i.e., Hi+Hy+ --- +Ho7+Hog)
evolves in the intermediate time scale. A prototype recycle
is identified, and can be clustered to form a single compos-

23
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ite recycle node R,. Subsequently, a prototype throughput,
which can be replaced by a composite throughput node T3,
is identified, and removed from the energy flow graph
before we proceed to the slow time scale. Figure 13c
shows the subgraph H, for the energy flow with the small-
est magnitude O(1) (corresponding to the slow time scale).
Note that this graph contains only the auxiliary nodes and
the small energy flows, implying that no enthalpy evolves
in this time scale.

Based on the above result, this network is expected to
exhibit two-time scale energy dynamics as summarized in
Table 11. The canonical forms of the dynamic equations of
the original and the reduced models are also obtained. The
original model is given as

M1
E—g(ﬁggl*’ggz (19)
with

_ 0 _

0

0

k102—48U102-48
0
2o =N102-48, 0
—kos—103U95-103

0

0

0

—ko9—100499—100
k99—10099—100 —K100—1064100— 106
L 0 i
[ —ky—2u1—2+kio1-1t101-1 )
ki—au1-2—ko—3u>—3
ko—3uy—3—k3—4u3—4
k93—94193—94 — ko4 —95U94—95
k949519495 —kos—9gU95 98
g =hioa—4s5

—kog—99Uo6—99 +K104—96U104—96
—ko7- 100197100
ko5—98t95—98
k969919699 —k99—105U99—105

k97-100197—100 —K100— 101 4100— 101

L k1001014100~ 101 —K101-12101-1 —K101- 1074101 - 107
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Figure 14. Heat-integrated distillation column network
for five-component separation.

—k1 _961/{1796 +k27114271
—ky—1uz—1+kz_quz—

—k3—quz—2tks—3us—3

—ko4—93U94—93 +kos5—941195—04
— ko5 9419594 +kog—95198 95
g =hio2-43 —ki—oui—o+ks—1us—
k1-9611-96 —kos—97U96—97
ko6—971t96—97 — k9798119798
kg7-98U97—98 —kog—95U9g—95
0
0

0

ki—; in g;, g, and g,, which are the O(1) steady state
ratios, are defined as

hi-js
b
hg—1

hi—js
b
hos—og

hi—js
hi-96 s

ki-j=

repectively, whereas u;—; are defined as
hivjs

Ui—j=

where h;—; represents the energy flow from the i-th unit to the
Jj-th unit, and the subscript s denotes a steady state value. ¢; and
& are small parameters, which are the ratios of the nominal
energy input through the feed stream (i.e., ig—; ;) to the nomi-
nal energy flow from the distillation column to the reboiler
(i.e., hos—og ;) and to the compressor (i.e., -9 5), respectively.
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The fast time scale dynamics is given as

dH2 !
Th =F§g2 =2

|:I98><98 }

F2:

035908

where Hy={H\,H,,...,Hy7,Hog} and 1, = t/¢, is a stretched
fast time scale. The quasi-steady state constraints, g’2=0, are
identified as linearly dependent.

The intermediate time scale dynamics is given in DAE
form as

with

dH, _
——=g.+F,B
dar g 2bsz>

g,=0

Lo7x97
B2:
—1ix97
where Hy={H\,H>,...,Ho0, Hio1 }- g; represents the subset

of linearly independent constraints given as g,=Bg,. Z, is a
vector of algebraic variables, defined by

with

The quasi-steady state constraints for the intermediate time
scale are identified as g, +F,B,Z, =0, which are linearly inde-
pendent. This is consistent with the fact that the energy dynam-
ics of the network does not evolve in the slow time scale.

Note that the above equations have exactly the same
canonical forms with the equations derived using the detailed
mathematical analysis within the framework of singular per-
turbations in the Ref. 23.

Remark 2. The distillation column can be represented as
a single node (instead of separate nodes for each tray) to
analyze the time scale property of the dynamics of the over-
all enthalpy of the column. In this case, we obtain one

Figure 15. Energy flow graph of five-component
separation.
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Table 12. Node List of Five-Component Separation Energy

Table 13. Summary of Orders of Magnitude of the Energy

Flow Graph Flows of Five-Component Separation Network
Normal Nodes Auxiliary Nodes Order Order of
Index Unit Index Unit Energy Flow of Magnitude Energy Flow Magnitude
1 Distillation column 1 14 Feed stream 21 O(1/e2) 78 O(1/e1)
. 1—-3 O(1/&) 9—7 O(1/e)
2 DC1-Reboiler 15 Product stream (A)
5—4 O(1/e) 10 — 11 O(1/er)
3 PPX1-Hot 16 Product stream (B)
i g 4 -6 O(1/e) 13 — 10 O(1/er)
4 Distillation column 2 17 Product stream (C) 3 7 o017 14 1 o1
5 DC2-Reboiler 18 Product stream (D) - (1/22) N (1)
7—9 O(1/&) 1 -2 o(1)
6 DC2-Condenser 19 Product stream (E)
o . 311 O(1/e) 31 (1)
7 Distillation column 3 20 DC1-Reboiler source
. o 912 O(1/e)) 1— 10 o(1)
8 DC3-Reboiler 21 DC2-Reboiler source 1 12 o017 6 15 ol
9 PPX2-Hot 22 DC3-Reboiler source - (1/e2) - (1)
e ; 12 — 10 O(1/e,) 916 o(1)
10 Distillation column 4 23 DC2-Condenser sink 10 13 017 3 17 ol
11 PPX1-Cold 24 DC4-Condenser sink N (1/2) - (1)
45 O(1/e) 13— 18 o(1)
12 PPX2-Cold 6— 4 o(1/e 12 19 o1
13 DC4-Condenser — (1/e1) — ©)

equation for the dynamics of the distillation column, along
with six equations for the other process units, instead of a
set of equations which describe the energy dynamics of each
tray of the distillation column.

Also, the controlled outputs and the potential manipulated
inputs available for each time scale can be readily identified.
The enthalpies of the distillation column, the compressor,
and the combined reboiler-condenser need to be controlled
in the fast time scale (7,), and all but one out of four units
should be controlled (i.e., Y(12)={1,2,...,97,98}) as no
auxiliary node is connected to R; in H,. Potential manipu-
lated inputs in this time scale include: U(t2)={1-96,
2-1,3-2,...,95-94,96—97,97—-98,98—95}.

The enthalpies of the trim condenser, the reflux drum, and
the auxiliary cooler as well as the total enthalpy of R need
to be controlled in the intermediate time scale (i.e.,
Y(t1)={R1,99, 100, 101}). The following set of potential
manipulated inputs is identified: U(7;)={96—99,97—-100,
99—-105,100—101,101—1,101—107,104—96}.

The reduced models obtained above can be used for deriv-
ing nonlinear model-based controllers for each time scale,
resulting in a hierarchical control strategy. Such controllers
are well suited for achieving robust transition performance of
the overall system (see the Ref. 23 for example case studies).

Heat-integrated network of distillation columns

Let us consider a distillation column network shown in
Figure 14, which was proposed as a solution to a five-

(a) with the largest energy flows

component separation problem.>* In this configuration,
four distillation columns are used, and the condensers of
the first and third columns are combined with the
reboiler of the fourth column through two process-to-
process heat exchangers (PPX1 and PPX2). The energy
flow graph of the network is shown in Figure 15. The
node list is provided in Table 12. The orders of magni-
tude of the energy flows are determined following the
information provided in the Ref. 15, and are summarized
in Table 13. We note that the energy flows of the net-
work span three different orders of magnitude. ¢ and &
are small parameters (& < ¢ < 1), which are the ratios
of the nominal values of the energy input through the
feed stream to the energy of the reflux of the distillation
column 2, and the duty of the reboiler of the distillation
column 1, respectively

o= hig—1
he—45
= hl471$5
h2072,5

We feed the information in Figure 15 and Table 13 to the
graph reduction algorithm. Figure 16 shows the obtained
subgraphs of the network corresponding to each time scale.
In the fast time scale subgraph, three large throughputs
(from the node 21 to the node 23, from the node 22 to the
node 24 and from the node 20 to the node 24) are identified,
and these throughputs need to be removed from the energy
flow graph before we proceed to the slower time scales as

(b) with the smallest energy flows

Figure 16. Subgraphs of the five-component separation energy flow graph.
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all the units in the throughput evolve in a single time scale
(fast time scale in this case). Note that all the normal nodes
are parts of at least one of three throughputs. The intermedi-
ate time scale subgraph is empty, and thus, not shown here.
Also note that, in the slow time scale subgraph, we only
have the energy flows of the smallest magnitude, and the
auxiliary nodes, implying that no unit evolves in those time
scales.

In summary, the energy dynamics of this network is
mainly driven by the large energy throughputs, with the
energy dynamics of every process unit evolving in the fast
time scale. This implies that no time scale hierarchy in the
energy dynamics exists that could be used to address energy
management. This is a common feature in such networks
due to the existence of large energy sources/sinks forming
large energy throughputs.

In the cases where we do not have multitime scale energy
dynamics, we cannot implement a hierarchical control strat-
egy as we did for the VRD and HDA examples. For such
cases, one can seek a way to decompose the network into
smaller subnetworks such that the units in the same subnet-
work interact strongly with each other, whereas the units in
different subnetworks interact weakly. Then, separate con-
trollers for each subnetwork can be designed, resulting in a
quasi-decentralized control structure.

Conclusions and Discussion

In this article, we illustrated the main features of a graph
reduction method that we have developed to analyze com-
plex energy-integrated chemical processes. Specifically,
using the connectivity information and the order of magni-
tude information as the inputs, the method can be used to
identify the time scales exhibited by the networks, to obtain
the canonical forms of the original and the reduced
dynamic models, and to classify the controlled outputs and
the potential manipulated inputs available in each time
scale.

We applied the framework to two different classes of
complex energy-integrated networks: distillation column
networks and reactor-heat exchanger networks. For each
class, we analyzed two example networks, one of which
turned out to exhibit multitime scale dynamics, whereas the
other did not. For the HDA example, we performed a
detailed mathematical analysis using singular perturbations
as the model reduction tool, as well as open-loop numerical
simulations, to validate the results obtained using the
framework. For the VRD example, we compared the results
obtained using the framework with the results documented
in the existing literature, which was obtained using a
detailed mathematical analysis within the framework of sin-
gular perturbations.

The proposed method has several advantages over a
detailed mathematical analysis. First, it is scalable and eas-
ily applicable to large complex networks. Also, the graph
theory algorithms are efficient and automated (it takes less
than a second, for all the cases, to run the algorithm on a
quad core Intel Xeon 3.2GHz 64-bit processor). Moreover,
information only on the connectivity of the network and the
orders of magnitude of the energy flows is required. The
method can be used to develop hierarchical control struc-
tures in cases with a segregation of energy flows leading to
multiple time scales, or to document that such multiplicity
does not exist.

AIChE Journal March 2014 Vol. 60, No. 3
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The graph-theoretic framework that we have developed is
currently being extended to complex networks combining
energy and material integration.
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Appendix: A Graph-Theoretic Algorithm for the
Analysis of Complex Energy-Integrated Networks

Algorithm: ComplexNetworkAnalysis(G, W)

1. Sort W in descending order
2. for i=1 to Size(W)=m do

3. u=WIi]

4, g”(uu)=hl,‘Y X Ebalance(G, p),
5. H, = InducedSubgraph(G, )
6. 7T (t,)=nodes € H,

7. for each node N € H, do

8. if N is a composite node then
9. add " N[k] to Y(t,)
10. else
11. add N to Y(t,)
12. end if
13.  end for

14, U(t,) = Edges in H,

15.  C = SmallestElementaryCycle(H,)
16.  while C # ¢ do

17. GraphReduce(G,C,u)

18. GraphReduce (H,,C,u)

19. C = SmallestElementaryCycle(H,)
20. end while

21.  if size(RecycleTimes) # O then

22. DAE,=C,-B,-z,-

23. Constraint, =g, (u,-)

24. if size(RecycleTimes) >1 then

25. AddConstraints,= Zj.":zi(R“y clelimes) AR ¥
26. end if

27. end if

28. if degree(N) =0 for any node N € H,, then

29. Add 1, to RecycleTimes

30. Add N; to PureRecycles

31. All but 1 out of N; should be controlled in this
time scale

32.  end if

33.  if degree(N) # O for all nodes N € H, then

34. Clear RecycleTimes, PureRecycles

35.  end if

36.  for all node N € H, such that degree(N) # 0 do

37. if N is a composite node then

38. Remove N[k] from PureRecycles

39. end if

40. Remove N from G

41. end for

42. end for

43. Energy balance equations are

44. % = Z,‘ivz[n;‘]/[l] glug’u(Hi u,)

45. for all p € W do
46.  Reduced order model in 7, is
dH,,
47. dr,
0=Constraint,+AddConstraints,

:gﬂ(H, u,)+DAE,

48. end for
49. return 7,),U
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