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Abstract—We consider the control structure design for a heat
exchanger network (HEN), where a stream is split into parallel
lines which are heated individually before they are merged
together again. The objective is to find a control structure which
maximizes the final temperature. We consider two scenarios,
where (Scenario 1) the flow rates and the heat transfer coefficients
are considered as disturbances, and (Scenario 2) where the hot
stream temperatures are treated as additional disturbances. In
both scenarios it is found that controlling linear measurement
combinations gives very good performance, and that including
flow measurements in the combinations gives little advantage over
using only combinations of temperature measurements.

Index Terms—Control structure selection, Self-optimizing con-
trol, Heat exchanger networks, Optimization

I. INTRODUCTION

With growing markets and limited natural resources, it is
increasingly necessary to use the available resources in the
best possible way. In many cases, this can be directly translated
into re-using energy. Important tools for re-using energy are
heat exchanger networks (HENs), which are operated such that
a maximum amount of energy is transferred from one set of
process streams to another.

It has been shown in [1], [2], that if there are no stream
splits in the heat exchanger network, then optimal operation
of the HEN can be considered and modelled as a linear
program (LP), where the optimal operation point is always at
constraints. In particular this means that the available degrees
of freedom should be used for

1) keeping required target temperatures at their setpoints

2) meeting active constraints (i.e. fully opening or closing

of some bypasses and utilities)
Since the stream parameters such as temperatures and flow
rates change under operation, the task of achieving optimal
operation can be re-formulated as finding the set of active
constraints corresponding to the current operating conditions.

However, when streams are split, the optimal operating point
will generally no longer be at constraints; and the optimal
split will not remain constant because of disturbances such as
changing temperatures of the streams, changing flow rates, or
change of heat transfer properties due to fouling.

One approach for adjusting the split optimally is to peri-
odically solve a numerical optimization problem to find the
optimal setpoint values for some set of controlled variables
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(real-time optimization (RTO)) [3]. A good choice of con-
trolled variables (CVs) will reduce the necessity to update the
setpoints, while a poor choice will require frequent setpoint
updates to remain close to optimality.

The RTO approach relies heavily on a good process model
and the ability to solve the optimization problem online. Fur-
thermore it is necessary to obtain good estimates of the model
parameters. All these factors render the online-optimization
approach relatively expensive.

Therefore, it is desirable to find controlled variables, which
do not have to be updated often. A control structure which, in
spite of varying disturbances, gives an acceptable loss without
the need to adjust the setpoints for the controlled variables
is called “self-optimizing” [4]. In such a control structure
the setpoints of the controlled variables need to be updated
very infrequently, or not even at all. For a recent overview of
available methods for control structure design using the self-
optimizing control ideas, we refer to [5] and the literature cited
therein.

The contribution of this work is to study the effect of
different self-optimizing control structures for a HEN with
stream split, and in particular to evaluate the necessity of
relative expensive flow measurements. Our paper is structured
such that in the next section we present some basic concepts
for finding self-optimizing variables. In Section III we intro-
duce the heat exchanger network, and Section IV contains the
simulation scenarios and results. Our paper is closed with a
discussion and conclusions in Section V.

II. CONTROLLED VARIABLE SELECTION

In this paper we apply local controlled variable selection
procedures from self-optimizing control [4], [6], [7]. We
assume that optimal operation corresponds to minimizing
a scalar cost function, and for local optimality around the
nominal optimum, it can be approximated [8] as

Juu Jud Au
JE Jaa || Ad |
(1)

Here, J is the scalar approximation of the nonlinear cost
function, Au € R™ and Ad € R™ denote the inputs and the
disturbances in deviation variables, respectively. J,, = 227‘2]
denotes the positive definite Hessian of the cost function

rgin J(Au, Ad) := [AuT AdT] [
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with respect to the degrees of freedom wu, and Jyug = 535,

Jad = 6 PP 7 denote second order partial derivatives with respect
to [u,d]? and [d,d]T, respectively.
The model is linearized around the nominal optimum, such
that
Ay = GYAu+ GYAd + An?, ()

where Ay denotes the n,-dimensional measurement vector,
GY = g” and GY = g % are gain matrices of appropriate sizes,
evaluated at the nominal operating point. Finally, An¥ € R™v
denotes the measurement noise or implementation error.

A. Exact local method
The goal is to find a set of controlled variables (CV)

Ac = HAy, 3)

where Ac € R™, and H is a measurement selection or
combination matrix of size n, X n,, such that controlling the
CVs at constant setpoints, Ac = 0, results in acceptable loss

L = J(H,Ad, An¥) — J,p(d) )

in spite of varying disturbances Ad and noise AnY. In [6] it
is shown that solving the convex optimization problem

nin [HY ||
s.t. &)
HGY = JY/?

leads to a H which locally minimizes the average and worst
case loss. Here ||-||» denotes the Frobenius norm,

=[FWy Wy (6)

denotes the augmented optimal sensitivity matrix where [’ =
Oy°Pt/dd, and the matrices W, and W, denote diagonal
scaling matrices of appropriate dimensions, with

Ad =Wyd and AnY = W,un? (7

such that )
iy, <.

The local average loss resulting from a given control struc-
ture represented by H can be evaluated using ([6], (7D

Remark 1. The matrices F = a%;pt and GY can be obtained
by re-optimizing the process and a finite difference approxima-
tion, or as done in this work, by using the efficient sensitivity
calculation routines in sIPOPT [9]. The software provides
the sensitivity of the KKT solution with respect to parameters
(disturbances d). As sIPOPT re-uses the matrix factorizations
from the NLP solver IPOPT [10], the sensitivities are obtained
by a simple backsolve. Similarily, the inverse of the reduced
Hessian J,,, can be easily obtained from sIPOPT.

JY2(HGY)

uw

2
1HY’ ’ 9)
F

'Our definition of the average loss is slightly difgerent from [7], where it is
defined as L = gt ’Jl/ 2( HGy)*lHY’ ‘ . Although this definition
Y nq)

is formally correct, one may reduce the loss arbitrarily by adding (unused)
measurements, n, — oco. To avoid this, we define the average loss as in (9).

B. Null-space methods

If there is no noise, and we have sufficient independent
measurements (n, > n, + ng), then H may be chosen in
the left null space of F. In this case we have HF = 0,
and since W,y = 0, we also have that HY = 0. Hence
the local loss from (9) is zero. In practice, however, there
will always be measurement noise (W,» # 0), and the CVs
obtained from the null space method will cause a loss, which
can be unacceptably high. Alstad et al. [6] present the extended
null-space method, which selects H in the null-space of F'
(optimal disturbance rejection), and uses the remaining degrees
of freedom to minimize the effect of noise. We, however,
aim at minimizing the combined effect of disturbances and
noise. Therefore, we use Eq. (5) for determining candidates
for controlled variables.

C. Selecting subsets of measurements

The above expressions for optimal measurement combina-
tions are valid for controlled variables ¢ which contain a given
set of measurements y. However in practice it is often desirable
to use subsets of the available measurements, because the
performance does not improve significantly beyond including
a certain number of measurements, while installation and
maintenance costs increase.

For finding the best subsets of measurements, branch-and-
bound methods have been developed [11], [12], [13]. Recently
[14] proposed a method to implement certain structural con-
straints on H.

In this paper we will not dwell on the available methods, but
rather investigate some sets of controlled variables for a HEN
with a stream split. For finding sets of measurements, we use
the freely available software b3av.m [13] for MATLAB™,

III. HEAT EXCHANGER NETWORK

A. Process description

We consider the HEN in Fig. 1, where a feed stream with
temperature T and heat capacity wy is split into 6 lines, which
are heated independently before they are merged again. The
structure of this HEN is the same as the structure of the HEN
for feed pre-heating of the crude oil distillation unit at the
Mongstad refinery in Norway. The objective is to adjust the
feed split such that the end temperature is maximized,

minJ = —T¢pq. (10)

This corresponds to minimizing the energy required for the
crude oil distillation unit. The heat exchanger network has 30
measurable temperatures and 14 flows. Thus, the potentially
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Fig. 1. Heat exchanger network
available measurement vector is
Yy = [T07 Tenda TlAa ThlAv T}?fA»
Typ, Tig, ThiB, Thon, Thsp,
Tre, Tic, Thic, Thec, Thae,
Top, Tip, Thip, Thep, Tisp, Thap, (a1

Tig, Thie, Tig,

Tor, Tip, Thir, Thors Tite, Tiap,

WA, Wh1A, WB, Wh2B, WC, Wh2C,

WD, WhiD, WhaD, WE, Wh1E, WE, WhiF, WhaF| -

We assume that all temperature measurements have an uncer-
tainty (noise) of +/-1°C, that is W,sr = 1°C I30x30, Where
I350x30 denotes the identity matrix of dimension 30 x 30.

The flow measurements are assumed to have an uncertainty
of 2% of the nominal value, resulting in Wyv., =
diag(0.64,0.96,0.92,1.85,0.48,0.72,0.59,2.37,0.68,0.77,
1.60,1.11,0.94,3.50) kW/K. The resulting overall noise
weighting matrix is

12)

Wny - |: WnyT 0 :| .

0 Wnyw

B. Heat exchanger network model

The heat exchangers are modelled with simple energy
balances. We present the model of the heat exchanger in the
first line (A) in detail here; the heat exchangers on the other
lines are modelled analogously. The main assumptions are
incompressible fluids and constant specific heat capacities in
all flows.

The energy balance around the cold and hot sides give
Qa1 =wa(Tag —To) = wpar (Ti% — Thar), (13)

where () 41 denotes the heat, wa = macp is the heat capacity
flow rate (product of the mass flow rate m 4 ; and the specific

heat capacity cp) of stream A, wpa; is the heat capacity
flow rate of the hot stream hAl, and T)i(” and T'x denote the
temperatures of stream X at the inlet and outlet of the heat
exchanger, respectively.

The transfered heat is calculated as

Qa1 = UAL ATy, (14)

where the logarithmic temperature difference is calculated
using the Underwood approximation [15]:
15)

(ATin)'? = S(AT)Y? + (AT2) ')

1
2
where ATy = T, — Taq and ATy = Ty a1 — Tp denote
the temperature differences on the two sides of the heat
exchanger. This approximation is very close to the logarithmic
mean temperature, while it has better numerical properties.
In particular, it is still defined when AT} = AT5, while the
exact logarithmic mean temperature is not, which can cause
problems during the optimization.
An energy balance around the mixer gives

1
Tona=— Y, wT, (16)
Wo, A B F
and a mass balance around the splitter:
wo= Y  w. (17)

i=A,B,...,F
C. Degrees of freedom analysis and nominal optimum

Under operation, the hot flow rates and temperatures are
given, as well as the feed temperature 7. Since the total feed
flow rate is fixed, the flow in 5 of 6 lines can be set freely. The
sixth flow is given from the law of mass conservation. Thus,
there are 5 degrees of freedom, and we need to find n. = 5
controlled variables. The nominal parameter values are listed
in Table I, and the corresponding optimal measurement values
are given in Table II.

IV. SIMULATION SCENARIOS

We consider two scenarios: In Scenario 1, the varying
disturbances are assumed to be only the flow rates of the
feed and the hot streams, and the heat transfer UA in all
heat exchangers. In Scenario 2 the temperatures of incoming
streams are considered as additional disturbances.

For both scenarios, we consider different choices of CVs,
including single measurements and selected measurement
combinations. Their performance is compared in terms of the
average loss L calculated from equation (9).

A. Scenario 1. Flow rate and heat transfer disturbances

The flow and heat transfer disturbances for Scenario 1 are
given together with their numerical values in Table III. In the
next sections, we consider the performance of some selected
control structures.
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TABLE 1 TABLE 111
NOMINAL PARAMETER VALUES FLOW AND HEAT TRANSFER DISTURBANCES WITH MAGNITUDES FOR
SCENARIO 1
Symbol  Value Unit Description
To 133 °C Feed temperature Variable ~ Weighting in W;  Description
wo 225 kW/K  Feed heat capacity wo 11.25 kW/K  Feed heat capacity
T 4 300 °C Hot stream 1A temperature Wh1A 240 kW/K  Hot stream 1A heat capacity
Wh1A 48 kW/K  Hot stream 1A heat capacity UAa 13.10 kW/K  Heat transfer coefficient times area Al
UAg1 131 kW/K  Heat transfer coefficient times area Al UAp; 10.20 kW/K  Heat transfer coefficient times area B1
whlB 92.5 kW/K  Hot stream 1B heat capacity Wh2B 4.60 kW/K  Hot stream 2B heat capacity
UAp1 102.7 kW/K  Heat transfer coefficient times area B1 UApgs 8.90 kW/K  Heat transfer coefficient times area B2
T;LTQL B 270.3 oC Hot stream 2B temperature UAcq 8.40 kW/K  Heat transfer coefficient times area C1
UAps 88.64 kW/K  Heat transfer coefficient times area B2 Wh2C 1.80 kW/K Hot stream 2C heat capacity
whlC 35.8 kW/K  Heat capacity stream 1C UAcs 13.40 kW/K  Heat transfer coefficient times area C2
UAci 84 kW/K  Heat transfer coefficient times area C1 Wh1D 5.90 kW/K  Heat capacity stream 1D
T}igc 245 oC Hot stream 2C temperature UApy 13.30 kW/K  Heat transfer coefficient times area D1
UAco  133.6  kW/K  Heat transfer coefficient times area C2 Wh2D 1.70 kW/K  Heat capacity stream 2D
Tio, 226 oC Hot stream 1D temperature UAps 4.20 kW/K  Heat transfer coefficient times area D2
Wh1D 118.5 kW/K  Heat capacity stream 1D Wh1E 4.00 kW/K Heat capacity stream 1E
UAp: 1328 kW/K  Heat transfer coefficient times area D1 UAg 19.10 kW/K Heat transfer coefficient times area E1
Tin, 273.8 °C Hot stream 2D temperature Wh1F 2.40 kW/K  Heat capacity stream 1F
WhaD 33.9 KW/K  Heat capacity stream 2D UAp, 490 kW/K  Heat transffar coefficient times area 1F
UApa 41.6 kW/K Heat transfer coefficient times area D2 Wh2F 8.80 kW/K  Heat capacity stream 2F
Tin, 256.4 oC Hot stream 1E temperature UAps 22.40 kW/K  Heat transfer coefficient times area 2F
Wh1E 79.9 kW/K  Heat capacity stream 1E
UAg, 190.9 kW/K  Heat transfer coefficient times area El
in o .
Tiip 203 € Hot stream 1F temperature b) Null space method: If we neglect the noise and select
WhH1F 47.2 kW/K  Heat capacity stream 1F . i
UAp; 494 kW/K Heat transfer coefficient times area 1F H in the left null space of F, the performance of the plant with
T e 248 °C  Hot stream 2F temperature noise is dependent on which basis vectors of the null space
WhoF 175.1 kW/K  Heat capacity stream 2F . .
UArs 2241 KW/K  Heat transfer coefficient times area 2F are chosen for H. For two different sets of basis vectors H;
and H, we have
. TABLE II Lhpsrece gy = 19.1711°C
OMINAL OPTIMAL MEASUREMENT VALUES NullS (20)
LA piiSpace 1)) — 2.0702°C
Variable ~ Value [ Variable  Value ) ] ) ) )
Tond 255.676 °C | Thop 347350 °C The loss is very different for different choices of basis vectors
Tia 283.102 °C | Thg 251.430 °C of the left null space of F'. If there was no noise, Wy = 0,
Thia 200.358 °C | Thig 199.429 °C NullSpace _ 7 NullSpace _
. 261281 °C | Thw 244393 °C we would have L, (Hl) L ™" (Hz) = 0. We
T 5 231.824 °C | Ty p 164.622 °C do not further consider the issue of selecting the best basis
ThiB 206.632 °C | Th1p 165.818 °C vectors using the extended null-space method [6], because this
[e] o} . .
;“B gii?g?& Og ghQF i?zggég k\(;v K is beyond the scope of this paper, and because the exact local
2C . A 3L . .
Tio 213.075 °C | wp 45.9091 kKW/K method (Eq. (5)) selects the best (optimal) H in presence of
Thic 171.672 °C | w¢ 23.8251 kW/K noise and disturbances.
Thoc 224962 °C | wp 29.4667 kW/K . .
Tom 254.175 °C | wp 38 4364 KW/ .3) Qsmg subsets of measurements: "l?he.average .loss when
Tip 223745 °C | wp 55.4990 kW/K using different subsets of measurements in linear variable com-
Thip 203435 °C binations is shown in blue in Fig. 2. The largest reduction in

1) Open loop operation: Simply leaving the split at the
nominal optimal values results in an average loss of

Lo =0.3147°C (18)

Although this value is quite low, it may be reduced further by
controlling the right variables.
2) Controlling a combination of all measurements:
a) Exact local method: Using a combination ¢ = Hy of
all measurements y, for our scenario the average loss is

L ;1 =0.0284°C (19)

This is the locally best loss that can be achieved in this
scenario using a linear measurement combination.

the loss comes when increasing the number of measurements
from 5 to 6. The reason for this is that the disturbances may
enter the plant in all 6 lines. When using only 5 measurements
from 5 lines, the disturbance in the 6th line is not detected.
Adding a 6th measurement from the remaining line makes
it possible to detect disturbances affecting this line, too, and
therefore reduces the loss significantly.

Above a certain number of measurements the loss does not
significantly decrease further. From Fig. 2 it is evident that
the loss decreases very little for more measurements than 15,
and above 20 measurements the decrease in loss is hardly
observable?. The loss is very low for this scenario, and in

2It decreases slightly for some more measurements, but for the last 9
measurements it is completely flat. These last 9 measurements are the inlet
temperatures of the feed and the hot streams, which are assumed to be
constant. Thus they do not provide any further information for disturbance
rejection in Scenario 1.
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Fig. 2. Scenario 1 (Flow rate and UA disturbances): Loss for best

combinations of different number of measurements 7,

most practical cases, open loop operation will be sufficient.
However, if one wants to optimize performance further, it
does not seem reasonable invest in measurement equipment
for more than 10-15 measurements.

a) Only temperature measurements: Typically, not all
measurements are equally capital intensive. E.g. temperature
measurements are generally much cheaper than flow measure-
ments. Therefore we next consider cases with different sets
of temperature measurements. The relationship between the
average loss and the number of temperature measurements
included in the CVs is given in red in Fig. 2. The trend is very
similar to when flow measurements are used, too. After a sharp
initial decrease, the curve flattens out quickly. The average loss
resulting from using all temperature measurements is

Layr1 = 0.0335°C. 201

This is only little higher than when using all measurements,
including flows. Note that also here, the constant inlet tem-
peratures do not contribute to minimizing the loss.

b) Only specific temperature measurements: In many
practical cases we may have that the outlet temperatures of
the cold streams are measured, i.e.

y = [T1a,Tip, Top, Tic, Toc, Tip, Top, Tig, Tir, Tor]"
(22)
In this case the average loss using a linear combination is

LoutTempl = 0.0639°C 23)

c) Single temperature measurements: The simplest strat-
egy (beside open loop operation) is to control as many single
temperatures as there are degrees of freedom. The best set
gives a loss of

LgingieT1 = 0.3027°C (24)

TABLE IV
TEMPERATURE DISTURBANCES WITH MAGNITUDES FOR SCENARIO 2

Variable ~ Weighting in W;  Description

T0 13.0°C Feed temperature

T;ff A 30.0°C Hot stream 1A temperature
Trop 27.0°C Hot stream 2B temperature
Ty5e 24.5°C Hot stream 2C temperature
Ti5p 22.6°C Hot stream 1D temperature
135D 27.4°C Hot stream 2D temperature
Ty e 25.6°C Hot stream 1E temperature
Tyip 20.3°C Hot stream 1F temperature
T r 24.8°C Hot stream 2F temperature

with the measurements
y = [Tva, Ton, Tnac, Top, Tig)"

B. Scenario 2. Flow, heat transfer, and temperature distur-
bances

(25)

In this more general scenario, in addition to varying flow
rates and heat transfer coefficients, as in the previous section,
we assume that the stream temperatures are also varying in
the ranges given in Table IV. We proceed as in the previous
section with considering the different cases with different
measurements involved.

1) Open loop operation: Operating the heat exchanger in
open loop with the nominal values for the splits, results in a
quite high average loss of

Lors = 2.2836°C. (26)

2) Controlling a combination of all measurements:
a) Exact local method: Using all available measure-
ments, the exact local method gives an average loss of

L 4y2 = 0.0318°C. 27)

which is just a little bit higher than the loss in Scenario 1.

b) Null space method: If we neglect the noise and select
H in the left null space of F, such that H F' = 0, the actual loss
with noise is again dependent on the choice of basis vectors
for H. Two examples are

L utispece (fry — 19.1711°C
LA sPece (g, = 2.0702°C

The loss is the same as in Scenario 1, since the same columns
of the null space have been selected, and the left null space
for Scenario 1 is contained in the null space for Scenario 2.
3) Using subsets of measurements: Plotting the number of
measurements used in the controlled variable versus the loss,
Figure 3 in blue, indicates that it is not necessary to include all
measurements, since the loss is not reduced significantly when
including more than 10 measurements. Moreover, we find that
above 10 measurements including flow measurements does not
give any significant advantage in terms of loss over using only
temperature measurements.
a) Only temperature measurements: Using only temper-
atures, the best combination results in a very small a loss of

Laurs = 0.0438°C. (29)

(28)
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b) Only specific temperatures measurements: Using only
the outlet temperatures of the cold streams, as in Eq. (22) gives
a loss of

LoutTeme = 16907900, (30)

which is very high. However, if we add some disturbance
measurements, namely the stream inlet temperatures,

y =[To, T1a, T} 7 4, T2, T, Toc, Thoe, Top, Tip,

Ty'ips Thap Tie, Tpi s Tor, Tir, T ps Thor)
the loss is reduced to
LoutTempZ[l S 0096100 (32)

Thus, measuring the disturbances (the stream inlet tempera-
tures) reduces the loss orders of magnitudes.

¢) Single temperature measurements: Controlling single
temperature measurements, leads to a loss of

Lgingier2 = 4.2459°C (33)
with the measurement set
Y= [Thia, T8, Thc,Top, ThiE] (34)

V. DISCUSSION AND CONCLUSIONS

This HEN case study shows clearly that the control structure
design has a strong impact on the performance. Especially in
cryogenic processes and systems which process large quan-
tities, like refineries, improving the average end temperature
just 0.5-1°C leads to significant economics savings.

Although the disturbances in Scenario 1 are included in
Scenario 2, we treated Scenario 1 separately, because it shows
that the stream inlet temperatures are the disturbances, which
have the strongest effect on the loss. If it could be guaranteed
that the inlet temperatures remain constant (Scenario 1), then
keeping the splits constant would most likely be sufficient.

The situation changes dramatically if the stream inlet
temperatures are varying (Scenario 2). Here an open loop
policy causes high loss, and controlling single measurements
performs even worse. In this case, however, controlling good
temperature measurement combinations can reduce the loss up
to around 2 orders of magnitude.

The relationship between the number of measurements
used and the loss, Fig. 2 and 3, shows that including flow
measurements does not reduce the loss significantly, provided
enough temperature measurements are available. Controlling
combinations of about 10 or more temperature measurements
results in a very small loss.

The null space method, which gives zero loss without noise,
has been shown to give very poor performance, sometimes
even worse than open loop operation, because the loss is
dependent on which set of null space basis vectors is chosen as
H. Thus, this case study clearly demonstrates how necessary
it is to take noise into account when finding H.
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