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ABSTRACT 

The dynamic control of Heat Exchanger Network is significant for developing energy efficient and safe 
industrial processes. In this project, the hot stream's inlet temperature is considered uncertain because it 
is common in industries. The cold stream is bypassed around the heat exchanger.  This project aims to track 
the setpoint temperature of the mixed stream by manipulating the bypass fraction of the cold stream 
around the Heat Exchanger given uncertainty in the inlet temperature of the hot stream. The control is 
implemented in Nonlinear Model Predictive Control (NMPC) framework. The uncertainty in the optimal 
control problem (OCP)is dealt by using scenario tree based approximation as well as affine policy based 
method. The model of the system considered is based on the first principles model, i.e. dynamic model of 
shell and tube heat exchanger.  The Orthogonal collocation technique is used to discretize the first princi-
ples model into the system of algebraic equations. The results show that for the possible scenarios of un-
certainty, the control variable efficiently tracks setpoint using input from uncertain optimization. The per-
formance of the proposed control method is also demonstrated using step-change in setpoint. In compari-
son, considering the same scenarios of uncertainty used, the graph of the control variable simulated using 
input obtained from deterministic optimization shows the control variable deviates from the setpoint as 
time passes. 
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INTRODUCTION  

In industries, nearly 80% of the total energy consump-
tion is related to heat transfer [1]. For efficient heat transfer 
and energy intensified processes, it is obvious that the design 
and dynamic control of the Heat Exchanger Network (HEN) 
play an important role [3]. This saves million dollars to the 
chemical industries. Generally, the outlet temperatures are 
controlled by manipulating flow rates. But, when the flow rates 
are set by process requirements in HEN, bypass control is 
adopted widely [6]. Bypass control provides very tight temper-
ature control since the dynamics of blending a hot stream 
(stream through the heat exchanger) and a cold stream (by-
passed stream) is very fast. 

In literature, the bypass control of HEN was formulated 
using deterministic approaches like LQR [7]. For HENs, the 
optimal bypass location was selected by calculating the non-
square Relative Gain Array [1]. But, the control problem of the 
Heat Exchanger Network is considerably challenging because 
of the highly nonlinear dynamics, disturbances in inlet tem-
peratures of streams [5]. 

This project aims to track the setpoint temperature of the 
mixed stream by manipulating the bypass fraction of the cold 
stream around the Heat Exchanger given uncertainty in the 

inlet temperature of the hot stream. The control is imple-
mented in Nonlinear Model Predictive Control (NMPC) 
framework. At each sampling instant the uncertain Optimal 
Control Problem (OCP) is solved for the entire Prediction 
horizon (tp). The Prediction horizon is divided into N control 
horizon intervals of uniform length, and the bypass fraction is 
assumed to be constant in an interval [2]. For bound con-
straints on input (bypass fraction), the uncertainty is handled 
by deriving robust counterparts using the Affine Control Pol-
icy approach i.e. the input is assumed to be an affine function 
of uncertainty. The uncertainty in algebraic equations of the 
model is handled by assuming scenarios of possible uncer-
tainty [4]. The Receding horizon implementation of MPC is 
implemented using MATLAB and the optimization is done us-
ing GAMS. 

PROBLEM STATEMENT 

The system considered in this research work is Heat Ex-
changer Network. Generally, for efficient heat integration pro-
cess streams are used for heat exchange along with utilities in 
industries. The desired out temperatures of the streams are 
controlled by using bypasses, and manipulated these bypass 
fractions around the heat exchanger. The simple Heat 
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Exchanger Network with single heat exchanger, a hot stream, 
and bypassed cold stream is given by Figure 1. The Figure 1 
also shows the objective of the current research work.     

 
Figure 1. Simple HEN showing bypassed cold stream and 

objective. 

It’s common that the inlet temperatures of process 
streams are corrupted by the disturbances. So, to ensure safe 
processes and we achieve target out temperatures of the 
streams the control problem of HEN is formulating consider-
ing these disturbances. In this work, we aim to track the set-
point temperature of the mixed stream by manipulating the 
bypass fraction of the cold stream around the Heat Exchanger 
given uncertainty in the inlet temperature of the hot stream. 

DYNAMIC MODEL OF HEN  

The shell and tube dynamic model of the Heat Exchanger 
i.e., the system considered in this research work is given in this 
section. Hot stream flows through shell side, and cold through 
tube side. Counter current flow is assumed. 𝑚1 is the flow rate 
of hot fluid. If F2 is the total flow rate of cold fluid, its flow rate 
through Heat exchanger is given by, 

  m2 = F2(1− 𝑢)                                                                       (1) 

Here 𝑢 is the bypass fraction. 𝑀1 and 𝑀2 are the flow 
rates per unit area of hot fluid and cold fluid respectively in 
Heat exchanger. The model is given by following system of 
PDEs, and these PDEs denote energy conservation in unit ele-
ment. 

Shell side: 

𝜕𝑇1(𝑥,𝑡)

𝜕𝑡
=

𝑚1

𝑀1

𝜕𝑇1(𝑥,𝑡)

𝜕𝑥
+
𝜋𝑑𝑜𝐾𝑜

𝑀1𝐶𝑃1
[𝑇 

𝑤𝑜(𝑥, 𝑡) − 𝑇1(𝑥, 𝑡)]          (2) 

Tube outer wall: 

𝜕𝑇 
𝑤𝑜(𝑥,𝑡)

𝜕𝑡
=

2𝜆𝜋

𝑀𝑤𝐶𝑃𝑤𝑙𝑛(𝑟2/𝑟1)
[𝑇 

𝑤𝑖(𝑥, 𝑡) − 𝑇 
𝑤𝑜(𝑥, 𝑡)]              (3) 

+
𝜋𝑑𝑜𝐾𝑜
𝑀𝑤𝐶𝑃𝑤

[𝑇1(𝑥, 𝑡) − 𝑇 
𝑤𝑜(𝑥, 𝑡)] 

Tube inner wall: 

𝜕𝑇 
𝑤𝑖(𝑥,𝑡)

𝜕𝑡
=

2𝜆𝜋

𝑀𝑤𝐶𝑃𝑤𝑙𝑛(𝑟2/𝑟1)
[𝑇 

𝑤𝑜(𝑥, 𝑡) − 𝑇 
𝑤𝑖(𝑥, 𝑡)]               (4) 

+
𝜋𝑑𝑖𝐾𝑖
𝑀𝑤𝐶𝑃𝑤

[𝑇2(𝑥, 𝑡) − 𝑇 
𝑤𝑖(𝑥, 𝑡)] 

Tube side: 

𝜕𝑇2(𝑥,𝑡)

𝜕𝑡
=

𝑚2

𝑀2

𝜕𝑇2(𝑥,𝑡)

𝜕𝑥
1 +

𝜋𝑑𝑖𝐾𝑖

𝑀2𝐶𝑃2
[𝑇 

𝑤𝑖(𝑥, 𝑡) − 𝑇2(𝑥, 𝑡)]         (5) 

heat transfer coefficient at outer wall: 

1/𝐾𝑂 =
1

𝐾1𝑚1
+ 𝑅𝑜                                                                     (6) 

 

heat transfer coefficient at inner wall: 

1/𝐾𝑖 =
1

𝐾2𝑚2
+ 𝑅𝑖                                                                                (7) 

In the current work, the above system of PDE is first dis-
cretized into system of ODE, and then the system of ODE is 
discretized into system of nonlinear equations using Orthogo-
nal collocation technique. The Orthogonal collocation tech-
nique is given section 0  

METHODOLOGY 

The methods used to address bypass control of HEN un-
der uncertainty are described in this section. The problem is 
solved under nonlinear model predictive control framework 
using multistage uncertain optimization techniques. The Op-
timal Control Problem is given by ,  

                                 
 

min
∆𝒖

 ∫ (𝑇2,𝑜(𝑡,𝜁)−𝑇𝑠𝑡(𝑡))
 2
+∑ 𝛼(∆𝑢 (𝑛,𝜁))

2𝑁
𝑛=1

𝑡_𝑃

𝑡=0 (8) 

𝑠. 𝑡. 

�̇�(𝑡, 𝜁) = 𝑓(𝑥(𝑡, 𝜁), 𝑢(𝑛, 𝜁), 𝜃)         𝑥(0) = 𝑥𝑜                (9) 

The Heat exchanger model is given by 𝑓(𝑥(𝑡), 𝑢(𝑡), 𝜃)  

𝑇2,𝑜(𝑡, 𝜁) = 𝑢(𝑛, 𝜁)𝑇2,𝑖(𝑡) − (1 − 𝑢(𝑛, 𝜁))𝑇
′
2,𝑜
(𝑡, 𝜁)    (10) 

∆𝑢𝑚𝑖𝑛 ≤ ∆𝑢(𝑛, 𝜁) ≤ ∆𝑢𝑚𝑎𝑥                                                 (11) 

𝑥𝑚𝑖𝑛 ≤ 𝑥(𝑡, 𝜁) ≤ 𝑥𝑚𝑎𝑥                                                           (12) 

𝜁  indicates primitive uncertainty in inlet temperature of 
hot stream. The objective function is given by Equation (8 ), 
the first term of objective function indicates setpoint tracking, 
and second term indicates controller effort term. Here 𝑇𝑠𝑡 is 
the setpoint of control variable (the mixed stream tempera-
ture). Equation (9) represents HEN model, and Equation (10) 
represents mixed stream temperature constraint. Equation(11) 
and Equation(12) represent bounds on change in input and 
states respectively. Here 𝑥 is vector containing all the states of 
the model.  

The steps involved in converting above intractable (be-
cause of the uncertainty considered) optimal control problem 
to tractable is shown by Figure 2.     



 

Manchikatla et al. CSChE Sys Control Trans 1:34 :41 (2021) 36 

 
Figure 2. Steps of converting intractable OCP to tractable 

Discretization of model 
The orthogonal collocation technique is used to discre-

tize the system of ODEs into system of nonlinear equations.  
The model of the Heat Exchanger Network is represented by 
this system of nonlinear equations from now on. For demon-
stration purpose, the Orthogonal collocation technique is ap-
plied to single Heat Exchanger model in this section. At each 
time instant, we assume that the prediction horizon (𝑡𝑝)  is 

divided into 𝑁 (control horizon) intervals. The input is as-
sumed to be constant in 𝑛𝑡ℎ (𝑛 =  1,2, . . . , 𝑁) interval, and it is 

denoted by 𝑢(𝑛). Each 𝑛𝑡ℎ interval is divided into 𝐾 +  1 inter-
vals using 𝐾 collocation points.  The state vector at 𝑘𝑡ℎ(𝑘 =

 1,2, . . . , 𝐾) collocation point, 𝑙𝑒𝑛𝑡ℎ(𝑙𝑒𝑛 =  1,2, , ,13) spatial dis-
cretization point, and in 𝑛𝑡ℎ interval is denoted by 𝑇𝑙𝑒𝑛,𝑛,𝑘. 

 
Figure 3. Polynomial approximation of state profile across finite 

element with 3 collocation points 

The states in each finite element are approximated using 
Lagrange interpolation polynomials.  The states are given by, 

[

𝑡 = 𝑡𝑛−1 + ℎ𝑛𝜏

𝑇𝑙𝑒𝑛(𝑡) = ∑𝑙𝑘(𝜏)𝑇𝑙𝑒𝑛,𝑛,𝑘 

𝐾

𝑘=0  

]    ∀𝑡 = [𝑡𝑛−1 , 𝑡𝑛],  𝜏

= [0,1]          (13) 

𝑙𝑘(𝜏) =

∏
(𝜏−𝜏𝑗)

(𝜏𝑘 −𝜏𝑗)

𝐾
𝑗=0, 𝑗≠𝑘                                                                     (14) 

The approximated derivative of states at these colloca-
tion points is equated with ODE model, and the HEN model 
now is given by, 
         

∑𝑇1, 𝑙𝑒𝑛, 𝑛, 𝑘
𝑑𝑙𝑗(𝜏𝑘)

𝑑𝜏

𝐾

𝑘=0

= ℎ𝑛 [
𝑚1

𝑀1

[𝑇1(𝑙𝑒𝑛, 𝑛, 𝑗) − 𝑇1(𝑙𝑒𝑛 − 1, 𝑛, 𝑗)]

[𝑥𝑙𝑒𝑛 − 𝑥𝑙𝑒𝑛−1]
+
πdoKo

M1Cp1 
[Two

len, n, j

− T1(len, n, j)] ]   

𝑙𝑒𝑛 =  1,2,3, . . . ,13.   𝑛 =  1,2,3, . . . ,𝑁.   𝑗 =  1,2,3, . . . , 𝐽          (15)     

∑Two
𝑙𝑒𝑛, 𝑛, 𝑘

𝑑𝑙𝑗(𝜏𝑘)

𝑑𝜏

𝐾

𝑘=0

= ℎ𝑛 [
2𝜆𝜋

𝑀𝑤𝐶𝑝𝑤𝑙𝑛 (
𝑟2
𝑟1)

[𝑇𝑙𝑒𝑛,𝑛,𝑗
𝑤𝑖  

  − Two
len, n, j]

+
𝜋𝑑𝑜𝐾𝑜

𝑀𝑤𝐶𝑝𝑤
[𝑇1,𝑙𝑒𝑛,𝑛,𝑗 −T

wo
len, n, j] 

𝑙𝑒𝑛 =  1,2,3, . . . ,13.   𝑛 =  1,2,3, . . . ,𝑁.   𝑗 =  1,2,3, . . . , 𝐽          (16)     

∑Twi
𝑙𝑒𝑛, 𝑛, 𝑘

𝑑𝑙𝑗(𝜏𝑘)

𝑑𝜏

𝐾

𝑘=0

= ℎ𝑛 [
2𝜆𝜋

𝑀𝑤𝐶𝑝𝑤𝑙𝑛 (
𝑟2
𝑟1)

[𝑇𝑙𝑒𝑛,𝑛,𝑗
𝑤𝑜    − Twi

len, n, j]

+
𝜋𝑑𝑖𝐾𝑖
𝑀𝑤𝐶𝑝𝑤

[𝑇2,𝑙𝑒𝑛,𝑛,𝑗 −T
wi
len, n, j] 

𝑙𝑒𝑛 =  1,2,3, . . . ,13.   𝑛 =  1,2,3, . . . ,𝑁.   𝑗 =  1,2,3, . . . , 𝐽          (17) 

𝑙 ∑ 𝑇2, 𝑙𝑒𝑛, 𝑛, 𝑘
𝑑𝑙𝑗(𝜏𝑘)

𝑑𝜏

𝐾

𝑘=0

= ℎ𝑛 [
𝑚2

𝑀2

[𝑇2(𝑙𝑒𝑛, 𝑛, 𝑗) − 𝑇2(𝑙𝑒𝑛 + 1, 𝑛, 𝑗)]

[𝑥𝑙𝑒𝑛 − 𝑥𝑙𝑒𝑛+1]
+
𝜋𝑑𝑜𝐾𝑜

𝑀2𝐶𝑝2 
[𝑇𝑤𝑜

𝑙𝑒𝑛, 𝑛, 𝑗

− 𝑇2(𝑙𝑒𝑛, 𝑛, 𝑗)]] 

𝒍𝒆𝒏 =  𝟏,𝟐, 𝟑, . . . , 𝟏𝟑.  𝒏 =  𝟏, 𝟐,𝟑, . . . , 𝑵. 𝒋 =
𝟏,𝟐, . . . , 𝑱               (18) 

 
For all the case studies given in the paper, the discretized 

models as above are used as constraints after applying for all 
scenarios of possible uncertainty in solving uncertain Optimal 
Control Problem (OCP).   

Scenario tree based approximation 
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Figure 4. Simple Scenario tree structure 

To convert the intractable OCP given by Equations (8)- 
(12) to tractable, finite number of possible scenarios of uncer-
tainty are considered. For control horizon of 𝑁, if 𝑆 is the pos-
sible number of values 𝜁 can take in each interval, total num-
ber of scenarios over the entire horizon = 𝑆𝑁.  

The constraints of the OCP after applying scenario based 
approximation are given by,  

∑ 𝑥𝑖,𝑗,𝑠
𝑑𝑙𝑗(𝜏𝑘)

𝑑𝜏
 =  ℎ𝑖𝑓(𝑥𝑖,𝑘,𝑠 , 𝑡𝑖𝑘)      𝐾

𝑗=0                             (19) 

𝑘 = 1,2, . . ,  𝐾     𝑖 = 1,2, . . , 𝑁  ∀𝑠  ∀𝑥 ∈ 𝑥 

𝑇2,𝑜,𝑠 = 𝑢𝑠(𝑇2,𝑖) −  (1 − 𝑢𝑠) 𝑇
′
2,𝑜,𝑠                               (20) 

𝑥𝑚𝑖𝑛 ≤ 𝑥𝑖,𝑘,𝑠  
≤ 𝑥𝑚𝑎𝑥   ∀𝑥 ∈ 𝑥                                              (21)       

Robust Counterpart derivation  
The constraints given by Equation (11) are modified by 

deriving robust counterpart after applying affine control pol-
icy. The derivation proceeds as following, 

The uncertainty in 𝑇1,𝑖𝑛 is modeled as a function of a prim-
itive uncertainty 𝜁. 𝐴 and 𝐵 are bounds of 𝑇1,𝑖𝑛.  

𝑇1,𝑖𝑛,𝑖 =  𝐴𝜁𝑖 + (1−  𝜁𝑖)𝐵      ∀𝑖                                      (22) 

𝜁𝑖 𝜖 [0,1] ∀𝑖                                                                                (23)  

𝜁𝑖 ∈ 𝛯 = {𝜁:𝑊 ∙ 𝜉 ≥ ℎ𝑢}                                                (24) 

Consider the constraint, 

∆𝑢 (𝑖, 𝑠) ≤ ∆𝑢𝑚𝑎𝑥                 𝑖 = 1,2, . . , 𝑁   ∀𝑠                   (25) 

Apply Linear Decision rule, 

∆𝑢𝑖 
𝑇 ∙ 𝜉i−1 ≤ ∆𝑢𝑚𝑎𝑥           𝑖 = 1,2, . . , 𝑁                              (26) 

Here, 𝜉i−1 = [1; 𝜁1 ; 𝜁2 ; … . . ; 𝜁𝑖−1]  

∆𝑢𝑖 
𝑇 contains affine rule parameters 

To avoid change in dimension of 𝝃i−𝟏 as 𝑖 changes, the 
truncate operator is introduced. 

(∆𝑢𝑖 
𝑇 ∙ 𝑃𝑖

𝜉
) ∙ 𝜉  ≤ ∆𝑢𝑚𝑎𝑥                                                           (27) 

Robust counterpart and Apply constraint on 𝝃: 

{

max
𝜉

−𝑊 ∙ 𝜉 ≤ ℎ𝑢
  (∆𝑢𝑖 

𝑇 ∙ 𝑃𝑖
𝜉
) ∙ 𝜉} ≤ ∆𝑢𝑚𝑎𝑥                          (28) 

 𝑖 = 1,2, . . , 𝑁  

Introduce a dual variable 𝜦𝑖  and apply duality to inner LP 
problem: 

{

min
𝛬𝑖 , 𝛬𝑖 ≥ 0

−𝑊 ∙ 𝛬 = (∆𝑢𝑖 
𝑇 ∙ 𝑃𝑖

𝜉
)
𝑇

  ((−ℎ𝑢)𝑇𝛬𝑖)} ≤ ∆𝑢𝑚𝑎𝑥         (29) 

           𝑖 = 1,2, . . , 𝑁  

Drop the minimization operator 

{
 
 

 
 

 
((−ℎ𝑢)𝑇𝛬𝑖) ≤ ∆𝑢𝑚𝑎𝑥

𝛬𝑖 ≥ 0

−𝑊 ∙ 𝛬 = (∆𝑢𝑖 
𝑇 ∙ 𝑃𝑖

𝜉
)
𝑇

  

}
 
 

 
 

𝑖 = 1,2, . . , 𝑁                          (30) 

Equation (30) is used as constraint in tractable OCP.   

Tractable Optimal Control Problem 
The final form of Optimal Control Problem, which is 

tractable is given by,  

 ∑  𝑁
𝑖=1 ∑ (𝑇2,𝑜,𝑖,𝑘(𝜁

∗) − 𝑇𝑠𝑡)
 2

+∑ 𝛼(∆𝑢 (𝜁
∗, 𝑖))

2𝑁
𝑖=1

𝐾
𝑘=0  

𝒖 
 

𝑚𝑖𝑛 (31) 

s.t. 

𝑇1,𝑖𝑛,𝑖 =  𝐴𝜁𝑖 + (1−  𝜁𝑖)𝐵                                                      (32) 

𝑢(𝑖, 𝑠) = (𝑢𝑖 
𝑇 ∙ 𝑃𝑖

𝜉
) ∙  𝜉𝑠  

𝑇
                                                       (33) 

∑ 𝑥𝑖,𝑗,𝑠
𝑑𝑙𝑗(𝜏𝑘)

𝑑𝜏
 =  ℎ𝑖𝑓(𝑥𝑖,𝑘,𝑠 , 𝑡𝑖𝑘)      𝐾

𝑗=0  𝑘 = 1,2, . . ,  𝐾      

𝑖 = 1,2, . . ,𝑁  ∀𝑠  ∀𝑥 ∈ 𝒙                                                        (34) 

𝑇2,𝑜,𝑠 = 𝑢𝑠  𝑇2,𝑖𝑛 −  (1 − 𝑢𝑠) 𝑇
′
2,𝑜,𝑠                                 (35) 

𝑥(0) = 𝑥𝑜                                                                          (36) 

𝑥𝑚𝑖𝑛 ≤ 𝑥𝑖,𝑘,𝑠  
≤ 𝑥𝑚𝑎𝑥   ∀𝑥 ∈ 𝑥                                        (37) 

{
 
 

 
 

 
((−𝒉𝑢)𝑇𝜦𝑖

1) ≤ ∆𝑢𝑚𝑎𝑥

𝜦𝑖
1 ≥ 𝟎

−𝑊 ∙ 𝜦 
1 ≤ (∆𝒖𝒊 

𝑻 ∙ 𝑃𝑖
𝜉
)
𝑇

  

}
 
 

 
 

𝑖 = 1,2, . . , 𝑁                        (38) 

{
 
 

 
 

 
((−𝒉𝑢)𝑇𝜦𝑖

2) ≤ − ∆𝑢𝑚𝑖𝑛

𝜦𝑖
2 ≥ 𝟎

−𝑊 ∙ 𝜦 
2 ≤ (−∆𝒖𝒊 

𝑻 ∙ 𝑃𝑖
𝜉
)
𝑇

  

}
 
 

 
 

𝑖 = 1,2, . . , 𝑁                     (39) 

The decision variables are Affine rule coefficients. This 
Optimal Control Problem in solved in receding horizon ap-
proach to implement uncertain Model Predictive Control of 
HEN.  

CASE STUDIES 

The performance of the proposed control method is 
demonstrated using two case studies. First is simple Heat Ex-
changer, and second is a Heat Exchanger Network. The opti-
mization is done in GAMS 25.1.1, and overall MPC is imple-
mented using MATLAB 2020a. The parameters of the Heat Ex-
changer and the streams are given in  

Single Heat Exchanger 
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Figure 5. Single Heat Exchanger system 

   The decision variable (bypass fraction of cold stream) 
is obtained by optimizing the uncertain OCP given in section 
0. Four scenarios of possible uncertainty are used in optimiza-
tion to obtain the value od decision variable. The prediction-
horizon of 20 is divided into 2 finite elements. The scenarios 
used in optimization i.e. possible scenarios of inlet tempera-
ture profiles of hot stream is given by Figure 6. Hot stream 
temperature profiles for the scenarios used in optimiza-
tionFigure 6. The corresponding bypass fraction profiles (de-
cision variables) is given by Figure 7. The control variable pro-
files for the scenarios used in optimization is given by Figure 
8. It shows that for the scenarios used in optimization, the 
control variable simulated using optimum input tracks the set-
point efficiently.  

To test the performance of the decision variables ob-
tained four random testing scenario profiles of the inlet tem-
perature of the hot stream are considered. These profiles are 
given by Figure 9. The control variable profiles obtained for 
the testing scenarios simulated using input from uncertain op-
timization is given by Figure 10. As expected, the control var-
iable deviates little from the setpoint because these scenarios 
are not used in optimization. To compare the performance of 
the uncertain MPC, the control variable profiles are generated 
using deterministic input for the testing scenarios. The corre-
sponding graph is given by Figure 11. The Figure 11 shows the 
control variable deviates from the setpoint as time passes us-
ing deterministic input. So the uncertain MPC has advantage 
over deterministic MPC. 

 

 

Figure 6. Hot stream temperature profiles for the scenarios used 
in optimization 

 
Figure 7. Optimum bypass fraction profiles for the scenarios 

used in optimization 

 
Figure 8. Control variable Profile for the scenarios used in 

optimization and input of uncertain optimization.  

 
Figure 9. Scenarios used for testing of proposed control method 
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Figure 10. Control variable profiles obtained using testing 

scenarios and input of uncertain optimization 

 
Figure 11. Control variable profiles obtained using testing 

scenarios and input  of deterministic optimization 

Heat Exchanger Network  
The HEN considered for second case study of the current 

research work is given by Figure 12. This HEN is adopted from 
[1]. 

 
Figure 12.  Heat Exchanger Network for the second case study 

  For the HEN also, four scenarios of possible uncertainty 
are used in optimization to obtain the value od decision varia-
ble. The prediction horizon of 40 is divided into 2 finite ele-
ments. For this case study, we consider disturbances in H1 

stream, and the control variable is out temperature of C2 
stream. The scenarios used in optimization i.e. possible sce-
narios of inlet temperature profiles of hot stream is given by 
Figure 13. The corresponding bypass fractions profiles are 
given by Figure 14, Figure 15, and Figure 16. The control var-
iable profiles (the out temperatures of C2 stream) for the sce-
narios used in optimization is given by Figure 8.  

To test the performance of the decision variables ob-
tained four random testing scenario profiles are considered, 
and these profiles are given by Figure 18. For a step change in 
setpoint, the control variable profiles obtained for the testing 
scenarios simulated using input from uncertain optimization 
is given by Figure 19. For the step change in setpoint, the con-
trol variable profiles are generated using deterministic inputs 
for the testing scenarios. The corresponding graph is given by 
Figure 11,  which shows the control variable deviates from the 
setpoint as time passes using deterministic inputs.  

 
Figure 13. Hot stream (H1) temperature profiles for the scenarios 

used in optimization 

 
Figure 14. Optimum bypass fraction profiles of 𝑢1 stream for the 

scenarios used in optimization 
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Figure 15. Optimum bypass fraction profiles of 𝑢2 stream for the 

scenarios used in optimization 

 
Figure 16. Optimum bypass fraction profiles of 𝑢3 stream for the 

scenarios used in optimization 
 

 
Figure 17. Control variable Profile (C2 out temperature) for the 

scenarios used in optimization and input of uncertain 
optimization.  

 
Figure 18. Scenarios used for testing of proposed control 

method (in temperatures of H1 stream) 

 
Figure 19. Control variable profiles obtained using testing 

scenarios and input of uncertain optimization 

 
Figure 20. Control variable profiles obtained using testing 

scenarios and input  of deterministic optimization 
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Table 1: Parameters of the Heat exchanger and the streams.  

Parameter symbol Value 
Hot stream Flowrate  𝑚1 3.93 (kg/s) 
cold stream Flowrate  𝑚2 30.95 (kg/s) 
Specific heat capacity of hot 
stream 

𝐶𝑝1 4 ((kJ/(kg.K))) 

Specific heat capacity of cold 
stream 

𝐶𝑝2 2.5 (kJ/(kg.K)) 
 

heat exchage area S 230 (𝑚2) 
Outer diameter of tube 𝑑𝑜 25 (mm) 
Inner diameter of tube 𝑑𝑖 22.5 (mm) 

NOMENCLATURE  

Name symbol 
heat transfer coefficient at outer wall ko 
heat transfer coefficient at inner wall 𝑘𝑖 
Overall heat transfer coefficient 𝐾 
mass of wall of Heat Exchanger 𝑀𝑤 
Heat transfer rate 𝑄 
fouling resistance of outer wall of Heat Ex-
changer 

𝑅𝑜 

fouling resistance of inner wall of Heat Ex-
changer 

𝑅𝑖 
 

tube outer radius 𝑟𝑜 
tube inner radius 𝑟𝑖 
temperature of hot stream at inlet of Heat Ex-
changer 

𝑇1,𝑖  

temperature of hot stream at outlet of Heat Ex-
changer 

𝑇1,𝑜  

temperature of cold stream at inlet of Heat Ex-
changer 

𝑇2,𝑖  

temperature of cold stream at outlet of Heat Ex-
changer 

𝑇′2,𝑜  

temperature of mixed stream 𝑇2,𝑜  
Temperature of outer wall of Heat Exchanger 𝑇𝑤𝑜 
Setpoint of temperature of mixed stream 𝑇𝑠𝑡 
time coordinate 𝑡 
Temperature of inner wall of Heat Exchanger 𝑇𝑤𝑖 
Bypass fraction 𝑢 
Thermal conductivity of wall 𝜆 
Weighing term for Controller effort 𝛼 
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