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ABSTRACT 

We study the impact of switching from combustion heating to electric heating in processes com-
prising high temperature reaction/separation sequences, where the heat supporting the reac-
tion(s) is substantially provided by combusting a reaction byproduct (fuel gas). A canonical pro-
cess structure is defined. It is shown that the conventional combustion- based process presents 
significant interactions. An asymptotic analysis is utilized to investigate and compare the dynamic 
responses of the conventional and electric process configurations. It is demonstrated that the 
dynamic behavior of the two processes exhibits two timescales, with the faster corresponding to 
the evolution of the temperatures of the units with high heat duty, and the slow time scale captur-
ing the variables involved in the material balance. A simplified ethylene cracking process example 
is used to demonstrate these findings. 

Keywords: Energy Systems, Process Design, Process Electrification

INTRODUCTION 

Process electrification using electricity generated 
by renewable sources has emerged as one of the routes 
for decarbonizing manufacturing processes [1,2]. Elec-
trification may involve a complete change of processing 
technology (e.g., utilizing electrochemical reactions) [3] 
or upgrades and modifications of existing technology. Of 
particular interest in the latter area is the electrification of 
process heating, whereby existing combustion heaters 
are replaced with electric heating technologies [1,2]. 

Electrification can in principle eliminate combustion-
heating-related CO2 emissions and has the potential co-
benefits of affording more precise/localized heating and 
providing additional degrees of freedom for operation 
and control [4]. Nevertheless, it presents several chal-
lenges. From a design perspective, electric heating may 
disrupt existing process integration structures, which rely 
on, e.g., combusting process-generated waste streams 
(“tail gas” or “fuel gas”) to generate heat [5]. From an op-
eration and control perspective, electric heating must ac-
count for the availability of renewable electricity, which 

may fluctuate during the day [6]. Motivated by the above, 
in this work, we provide a rigorous analysis of the design 
and process dynamics implications of electrified process 
heating in the context of integrated process systems. We 
note that there are other sources of CO2 emissions in 
chemical/petrochemical processing (including scope 2) 
emissions, that are not accounted for in this work.  

A prototype process structure with reaction, sepa-
ration, and recycle is defined. It is shown that the con-
ventional combustion-based process presents signifi-
cant interactions due to the impact of the downstream 
units (via the heating value of the fuel gas) on the up-
stream units.  An asymptotic analysis is utilized to inves-
tigate and compare the dynamic responses of the two 
process configurations. It is demonstrated that the dy-
namic behavior of the two processes exhibits two time 
scales, with the faster corresponding to the evolution of 
the temperatures of the units with high heat duty, and the 
slow time scale capturing the variables involved in the 
material balance. A simplified ethylene cracking process 
example is used to demonstrate these findings. 

https://doi.org/10.69997/sct.134037
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PROTOTYPE PROCESS 

A system of 𝑁 process units, each with mass holdup 
𝑀, mass fraction 𝑥, and mass specific enthalpy 𝐻, con-
nected in series is considered. The feed stream, of mass 
flow rate 𝐹଴ has mass specific enthalpy 𝐻଴ and contains a 
reactant with mass fraction 𝑥଴. The reactant undergoes a 
high-temperature, endothermic transformation in the 
first unit. Processing units 2, … , i - 1 follow, and heat is 
eventually removed/recovered from the resulting pro-
cess stream in unit i. Finally, the product stream is ob-
tained in unit 𝑁, along with a waste stream of flow rate 
𝐹ோ.  The waste (“off gas”, “tail gas” or “fuel gas”) stream 
can be used as a fuel but does not have any economic 
value. Two process configurations are considered: 

 A conventional, integrated design (Figure 1), 
whereby the majority of the heat required for the 
endothermic transformation occurring in Unit 1 is 
provided by combusting the fuel stream (possibly 
combined with a fresh fuel stream of mass flow rate 
𝐹௙). The rate of heat generation by combustion is 
given by 

𝑄௖௢௠௕  ൌ  𝜆௙𝐹௙ ൅ 𝜆ோ𝐹ோ            (1) 

where 𝜆௙ and 𝜆ோ refer to the heating values of the 
fresh fuel and the fuel gas, respectively. 
Combustion of fuel gas occurs in air, and a flue gas 
stream is generated (not shown in the figure). 

 An electrified process configuration (Figure 2), 
whereby the heat required for the endothermic 
transformation in Unit 1 is provided by electric 

heating. In this case, other means to process the 
waste gas stream must be identified. 

The structure of the two process configurations 
shown in Figures 1 and 2 is the same as far as material 
processing is concerned. From a steady state design 
point of view, it is important to ensure that the product 
streams resulting from the two configurations are the 
same (in terms of composition 𝑥  and enthalpy 𝐻 ), and 
that the amount of heat recovered 𝑄௢௨௧ is the same. To 
this end, the rates of energy input to both processes 
must be the same, and the following condition must be 
met: 

𝑄ത௖௢௠௕  ൌ  𝑄ത௘௟௘௖     (2) 

where the overbar denotes steady-state values. Note 
that the above condition assumes that heating is 100% 
efficient, that is, all the heat generated by combustion (as 
defined in equation (1)) or by electricity is transferred to 
the process. Heat transfer efficiency is lower in practice. 

DYNAMIC ANALYSIS AND TIME SCALE 
DECOMPOSITION 

The dynamic model of the process is based on the 
following assumptions: each unit is well-mixed, has con-
stant holdups, constant physical properties, and has no 
heat loss. With these assumptions, the model of the con-
ventional process shown in Figure 1 can be written as: 

Unit 1 :  

ௗ௫భ
ௗ௧

 ൌ  
ଵ

ெభ
ሾ𝐹଴𝑥଴ െ 𝐹ଵ𝑥ଵ ൅ 𝑓ଵሺ𝑥ଵ,𝐻ଵሻሿ   

 
Figure 1: Structure of integrated process using combustion of fuel gas as the heat source. Black lines denote 
material streams connecting process units, grey lines denote streams of material used as fuel, red lines denote 
energy flow. 

 
Figure 2: Structure of process with electric heating. 
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ௗுభ
ௗ௧

 ൌ  
ଵ

ெభ
ሾ𝐹଴𝐻଴ െ 𝐹ଵ𝐻ଵ ൅ 𝜆௙𝐹௙ ൅ 𝜆ோ𝐹ோ ൅ 𝑔ଵሺ𝑥ଵ,𝐻ଵሻሿ 

Unit 2 :  

ௗ௫మ
ௗ௧

 ൌ  
ଵ

ெమ
ሾ𝐹ଵ𝑥ଵ െ 𝐹ଶ𝑥ଶ ൅ 𝑓ଶሺ𝑥ଶ,𝐻ଶሻሿ   

ௗுమ
ௗ௧

 ൌ  
ଵ

ெమ
ሾ𝐹ଵ𝐻ଵ െ 𝐹ଶ𝐻ଶ ൅ 𝑔ଶሺ𝑥ଶ,𝐻ଶሻሿ   

⁝          (3) 

Unit i :  

ௗ௫೔
ௗ௧

 ൌ  
ଵ

ெ೔
ሾ𝐹௜ିଵ𝑥௜ିଵ െ 𝐹௜𝑥௜ ൅ 𝑓௜ሺ𝑥௜ ,𝐻௜ሻሿ   

ௗு೔
ௗ௧

 ൌ  
ଵ

ெ೔
ሾ𝐹௜ିଵ𝐻௜ିଵ െ 𝐹௜𝐻௜ െ 𝑄௢௨௧ ൅ 𝑔௜ሺ𝑥௜ ,𝐻௜ሻሿ  

Unit 𝑁 :  

ௗ௫ಿ
ௗ௧

 ൌ  
ଵ

ெಿ
ሾ𝐹ேିଵ𝑥ேିଵ െ 𝐹ே𝑥ே െ 𝐹ோ𝑥ோ ൅ 𝑓ேሺ𝑥ே ,𝐻ேሻሿ

          ௗுಿ
ௗ௧

 ൌ  
ଵ

ெಿ
ሾ𝐹ேିଵ𝐻ேିଵ െ 𝐹ே𝐻ே െ 𝐹ோ𝐻ோ ൅ 𝑔ேሺ𝑥ே,𝐻ேሻሿ 

The model of the electrified process in Figure 2 can 
be written in a similar fashion, replacing the sum 𝜆௙𝐹௙ ൅
𝜆ோ𝐹ோ  (which represents 𝑄௖௢௠௕ ) in the energy balance of 
Unit 1 in equation (3) with 𝑄௘௟௘௖. 

In order to proceed with the analysis, the following 

scaled entities are defined: 𝑢௝ ൌ
ிೕுೕ
ிതೕுഥೕ

, 𝑗 ൌ 1, … ,𝑁, 𝑢௥ ൌ
ிೃுೃ
ிതೃఒഥೃ

, 

𝑢௤ ൌ
ொ೚ೠ೟
ொത೚ೠ೟

. 

Then, the following assumptions are made, that per-
tain to steady state operation (the overbar denotes again 
steady state values): 

 Let 𝑘ଵ ൌ
ிതభுഥభ
ிതೃఒഥೃ

 , and assume that 𝑘ଵ ൌ 𝒪ሺ1ሻ , meaning 

that the amount of energy leaving unit 1 via flow is 
of comparable magnitude to the energy provided 
by combusting the waste gas. 

 Let 𝑘଴ ൌ
ிത೑ఒഥ೑
ிതబுഥబ

 , and assume that 𝑘଴ ൌ 𝒪ሺ1ሻ , meaning 

that the amount of heat provided by combusting 
fresh fuel is small and comparable with the amount 
of heat provided by convection by the feed stream. 

 Let 𝜀 ൌ ிതబுഥబ
ிതೃఒഥೃ

≪ 1, meaning that the energy input from 

the feed stream is small compared with the amount 
of energy provided by combusting the fuel gas. 

 Let 𝑘௝ ൌ
ிതೕுഥೕ
ிതೃఒഥೃ

, 𝑗 ൌ 1, … , 𝑖 െ 1 , and assume that 𝑘௝ ൌ

𝒪ሺ1ሻ, meaning that the amount energy leaving unit 
𝑗 ൌ 1, … , 𝑖 െ 1 via flow is of comparable magnitude to 
the energy provided by combusting the waste gas 
stream. 

 Let 𝐼௝ ൌ
ிതೕுഥೕ
ிത೑ఒഥ೑

, 𝑗 ൌ 𝑖, … ,𝑁 , and assume that 𝐼௝ ൌ 𝒪ሺ1ሻ , 

meaning that the amount energy leaving unit 𝑗 ൌ
𝑖, … ,𝑁 via flow is of comparable magnitude to the 

energy provided by combusting fresh fuel feed. 

 Let 𝐼ఘ ൌ
ிതೃுഥಿ
ிത೑ఒഥ೑

 , and assume that 𝐼ఘ ൌ 𝒪ሺ1ሻ , meaning 

that the amount of energy contained in the waste 
stream is of comparable magnitude to the amount 
of heat provided by combusting fresh fuel feed. 

With these definitions and assumptions, the model 
becomes: 

Unit 1 :  

   
ௗ௫భ
ௗ௧

 ൌ  
ଵ

ெభ
ሾ𝐹଴𝑥଴ െ 𝐹ଵ𝑥ଵ ൅ 𝑓ଵሺ𝑥ଵ,𝐻ଵሻሿ   

 
ெభ

ிതబுഥబ

ௗுభ
ௗ௧

 ൌ  𝑢଴ ൅ 𝑢୤𝑘଴ ൅
௚భሺ௫భ,ுభሻ

ிതబுഥబ
൅

ଵ

ఌ
ሺ𝑢୰ െ 𝑘ଵ𝑢ଵሻ  

Unit 2 :  

   
ௗ௫మ
ௗ௧

 ൌ  
ଵ

ெమ
ሾ𝐹ଵ𝑥ଵ െ 𝐹ଶ𝑥ଶ ൅ 𝑓ଶሺ𝑥ଶ,𝐻ଶሻሿ   

 
ெమ

ிതబுഥబ

ௗுమ
ௗ௧

 ൌ  
௚మሺ௫మ,ுమሻ

ிതబுഥబ
൅

ଵ

ఌ
ሺ𝑘ଵ𝑢ଵ െ 𝑘ଶ𝑢ଶሻ   

⁝           (4) 

Unit i :  

   
ௗ௫೔
ௗ௧

 ൌ  
ଵ

ெ೔
ሾ𝐹௜ିଵ𝑥௜ିଵ െ 𝐹௜𝑥௜ ൅ 𝑓௜ሺ𝑥௜ ,𝐻௜ሻሿ  

 
ெ೔

ிതబுഥబ

ௗு೔
ௗ௧

 ൌ െ𝐼௜𝑘଴𝑢௜ ൅  
௚೔ሺ௫೔,ு೔ሻ

ிതబுഥబ
൅

ଵ

ఌ
ሺ𝑘௜ିଵ𝑢௜ିଵ െ 𝑘௤𝑢௤ሻ 

Unit 𝑁 :  

  ௗ௫ಿ
ௗ௧

 ൌ  
ଵ

ெಿ
ሾ𝐹ேିଵ𝑥ேିଵ െ 𝐹ே𝑥ே െ 𝐹ோ𝑥ோ ൅ 𝑓ேሺ𝑥ே ,𝐻ேሻሿ 

ெಿ

ிതబுഥబ

ௗுಿ
ௗ௧

 ൌ  𝐼ேିଵ𝑘଴𝑢ேିଵ െ 𝐼ே𝑘଴𝑢ே െ 𝐼ఘ𝑘଴𝑢ఘ ൅
௚ಿሺ௫ಿ,ுಿሻ

ிതబுഥబ
 

This model is a singularly perturbed system of ordi-
nary differential equations in standard form, and it is ex-
pected to have a dynamic behavior featuring two time-
scales7. The framework presented by Baldea and 
Daoutidis [7] is employed to study the dynamic behavior 
via an asymptotic analysis using singular perturbation ar-
guments. 

Its dynamic behavior is analyzed below, starting 
from the fast timescale. To this end, a new “stretched” 
time variable is defined as: 

τ ൌ
ଵ

ఌ
     (5) 

With this, the model (4) becomes: 

Unit 1 :  

   
ௗ௫భ
ௗఛ

 ൌ  ε
ଵ

ெభ
ሾ𝐹଴𝑥଴ െ 𝐹ଵ𝑥ଵ ൅ 𝑓ଵሺ𝑥ଵ,𝐻ଵሻሿ   

 
ெభ

ிതబுഥబ

ௗுభ
ௗఛ

 ൌ ε ሾ𝑢଴ ൅ 𝑢୤𝑘଴ ൅
௚భሺ௫భ,ுభሻ

ிതబுഥబ
ሿ ൅ 𝑢୰ െ 𝑘ଵ𝑢ଵ  

Unit 2 :  

   
ௗ௫మ
ௗఛ

 ൌ  ε
ଵ

ெమ
ሾ𝐹ଵ𝑥ଵ െ 𝐹ଶ𝑥ଶ ൅ 𝑓ଶሺ𝑥ଶ,𝐻ଶሻሿ  
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ெమ

ிതబுഥబ

ௗுమ
ௗఛ

 ൌ  ε 
௚మሺ௫మ,ுమሻ

ிതబுഥబ
൅ 𝑘ଵ𝑢ଵ െ 𝑘ଶ𝑢ଶ   

⁝           (6) 

Unit i :  

   
ௗ௫೔
ௗఛ

 ൌ  ε
ଵ

ெ೔
ሾ𝐹௜ିଵ𝑥௜ିଵ െ 𝐹௜𝑥௜ ൅ 𝑓௜ሺ𝑥௜ ,𝐻௜ሻሿ  

 
ெ೔

ிതబுഥబ

ௗு೔
ௗఛ

 ൌ ε ሾെ𝐼௜𝑘଴𝑢௜ ൅  
௚೔ሺ௫೔,ு೔ሻ

ிതబுഥబ
ሿ ൅ 𝑘௜ିଵ𝑢௜ିଵ െ 𝑘௤𝑢௤ 

Unit 𝑁 :  

  ௗ௫ಿ
ௗ௧

 ൌ  ε
ଵ

ெಿ
ሾ𝐹ேିଵ𝑥ேିଵ െ 𝐹ே𝑥ே െ 𝐹ோ𝑥ோ ൅ 𝑓ேሺ𝑥ே,𝐻ேሻሿ 

ெಿ

ிതబுഥబ

ௗுಿ
ௗ௧

 ൌ ε ሾ𝐼ேିଵ𝑘଴𝑢ேିଵ െ 𝐼ே𝑘଴𝑢ே െ 𝐼ఘ𝑘଴𝑢ఘ ൅
௚ಿሺ௫ಿ,ுಿሻ

ிതబுഥబ
ሿ 

An expression of the dynamics in the fast time scale 
can be obtained by considering the limit case 𝜀 → 0 , 
which corresponds to the limit where the amount of heat 
obtained from combusting the tail gas is infinitely higher 
than the amount of heat derived from the combustion of 
fresh fuel. The fast dynamics thus take the form: 

Unit 1 :   
ௗ௫భ
ௗఛ

 ൌ  0    

      ெభ

ிതబுഥబ

ௗுభ
ௗఛ

 ൌ 𝑢୰ െ 𝑘ଵ𝑢ଵ    

Unit 2 :   
ௗ௫మ
ௗఛ

 ൌ  0  

   
ெమ

ிതబுഥబ

ௗுమ
ௗఛ

 ൌ  𝑘ଵ𝑢ଵ െ 𝑘ଶ𝑢ଶ   

⁝           (7) 

Unit i :   
ௗ௫೔
ௗఛ

 ൌ  0  

   
ெ೔

ிതబுഥబ

ௗு೔
ௗఛ

 ൌ 𝑘௜ିଵ𝑢௜ିଵ െ 𝑘௤𝑢௤   

Unit 𝑁 :  ௗ௫ಿ
ௗఛ

 ൌ 0   

          ெಿ

ிതబுഥబ

ௗுಿ
ௗఛ

 ൌ 0  

The system of equations in (7) suggests that the 
variables whose dynamic response exhibits a fast com-
ponent are the mass specific enthalpies (equivalently, 
temperatures) 𝐻ଵ ,…, 𝐻௜  of units 1, … , 𝑖 . Based on the as-
sumptions made above, Unit 1 has a significant rate of 
heat input (via either combustion or electric heating). 
Heat is then conveyed to units 2, … , 𝑖 until it is removed 
from Unit i at a rate 𝑄௢௨௧ . Thus, units 1, … , 𝑖  represent a 
high energy throughput path through the process (Figure 
3) [8]. 

 
Figure 3 The fast component of the dynamics captures 
the energy balance of the units located in the high energy 

throughput pathway of the process. 𝑄௜௡ represents either 
𝑄௖௢௠௕ or 𝑄௘௟௘௖ 

The above arguments suggest that 𝑄ത௢௨௧ is of com-
parable magnitude to 𝑄ത௜௡; in the case where endothermic 
reactions occur in units 1, … , 𝑖, the overall energy balance 
of the process suggests that the two quantities would 
differ by the heat consumed by the reactions (as 
reflected in the terms 𝑔௜ሺ𝑥௜ ,𝐻௜ሻ). 

The dynamics in the fast time scale are influenced 
by the rate of energy input to the process (as reflected 
by the term 𝑢୰ in equation (7)), the rate of energy removal 
(term 𝑘௤𝑢௤ in equation (7)), and are not influenced by the 
rate of raw material input, the production rate and the 
rate at which fuel is provided from external sources. 

It is of note that, even though the dynamics of the 
variables in the energy balance of units 1, … , 𝑖  are fast, 
the dynamic response of the individual units may be dif-

ferent; in other words, the time constants  
ெೕ

ிതబுഥబ
, 𝑗 ൌ 1, … , 𝑖 

in equations (7) may be quite different. 
The slow component of the dynamics evolves in 

time scale t. Considering the same limit 𝜀 → 0 in the orig-
inal (slow) time scale t gives rise to the following con-
straints: 

0 ൌ 𝑢୰ െ 𝑘ଵ𝑢ଵ  (8a) 

0 ൌ 𝑘ଵ𝑢ଵ െ 𝑘ଶ𝑢ଶ  (8b) 

   ⁝ 

0 ൌ 𝑘௜ିଵ𝑢௜ିଵ െ 𝑘௤𝑢௤  (8c) 

These constraints correspond to a quasi-steady 
state of the fast dynamics and describe a manifold/sub-
space where the slow dynamics of the process evolve. 
By considering these constraints and substituting (8) in 
equation (6), the slow component of the dynamics can be 
described as: 

Unit 1 :  

   
ௗ௫భ
ௗ௧

 ൌ  
ଵ

ெభ
ሾ𝐹଴𝑥଴ െ 𝐹ଵ𝑥ଵ ൅ 𝑓ଵሺ𝑥ଵ,𝐻ଵሻሿ   

 
ெభ

ிതబுഥబ

ௗுభ
ௗ௧

 ൌ  𝑢଴ ൅ 𝑢୤𝑘଴ ൅
௚భሺ௫భ,ுభሻ

ிതబுഥబ
    

Unit 2 :  

   
ௗ௫మ
ௗ௧

 ൌ  
ଵ

ெమ
ሾ𝐹ଵ𝑥ଵ െ 𝐹ଶ𝑥ଶ ൅ 𝑓ଶሺ𝑥ଶ,𝐻ଶሻሿ   

 
ெమ

ிതబுഥబ

ௗுమ
ௗ௧

 ൌ  
௚మሺ௫మ,ுమሻ

ிതబுഥబ
     

⁝           (9) 

Unit i :  

   
ௗ௫೔
ௗ௧

 ൌ  
ଵ

ெ೔
ሾ𝐹௜ିଵ𝑥௜ିଵ െ 𝐹௜𝑥௜ ൅ 𝑓௜ሺ𝑥௜ ,𝐻௜ሻሿ  

 
ெ೔

ிതబுഥబ

ௗு೔
ௗ௧

 ൌ െ𝐼௜𝑘଴𝑢௜ ൅  
௚೔ሺ௫೔,ு೔ሻ

ிതబுഥబ
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Unit 𝑁 :  

  ௗ௫ಿ
ௗ௧

 ൌ  
ଵ

ெಿ
ሾ𝐹ேିଵ𝑥ேିଵ െ 𝐹ே𝑥ே െ 𝐹ோ𝑥ே ൅ 𝑓ேሺ𝑥ே ,𝐻ேሻሿ 

ெಿ

ிതబுഥబ

ௗுಿ
ௗ௧

 ൌ  𝐼ேିଵ𝑘଴𝑢ேିଵ െ 𝐼ே𝑘଴𝑢ே െ 𝐼ఘ𝑘଴𝑢ఘ ൅
௚ಿሺ௫ಿ,ுಿሻ

ிതబுഥబ
 

The model of the slow dynamics describes the evo-
lution of the variables in the material balance (notably the 
product composition 𝑥ே, influenced by the product flow 
rate 𝐹଴), as well as the evolution of the slow component 
of the energy balance of the process. 

 
Figure 4 Directed graph of the dynamic model of the 
prototype process. Nodes and edges specific to the 
integrated process using combustion of fuel gas as the 
heat source are shown in blue. Nodes and edges specific 
to electric heating are shown in red. The green and black 
nodes/edges are common to the two digraphs. 
 

OPERATIONAL IMPLICATIONS OF 
ELECTRIFICATION 

The implications of the analysis presented earlier 
are discussed in this section. The presence of a two time 
scale behavior suggests that these processes lend them-
selves quite naturally to a two-tiered control and opera-
tional decision-making structure.7 The management of 
energy use (including temperature control of Units 1, … , 𝑖) 
should be pursued in the fast time scale, while the control 
and management of production (in terms of production 
rate, product purity) should be pursued in the slow time 
scale [7]. The latter can also involve production schedul-
ing.  

The fast dynamics (7) of Units 1, … , 𝑖  means that 
changes in the rate of heat input to Unit 1 will be quickly 
reflected in the temperatures and compositions of units 
2, … , 𝑖 . The impact on units 𝑖 ൅ 1, … ,𝑁  will be apparent 
more slowly. In addition to deliberate operator (or control 
intervention), changes in the heat rate to Unit 1 can be 
caused by disturbances and constraints. The origin of 
these may be exogenous (from outside the process) or 
endogenous (from within).  

To further investigate the impact of these disturb-
ances and constraints on the heat rate, the structure of 
the two prototype processes is considered. Figure 4 

shows the directed graph (digraph) of the system model 
(3). The fundamental difference between the conven-
tional and electrified processes lies in the presence of a 
cycle in the graph of the conventional process, reflecting 
the fact that the heat rate provided to the Unit 1 depends 
on the composition 𝑥ே  of the waste stream. Consider 
equation (7), and specifically the term 𝑢୰, that reflects the 
energy input due to combustion of the tail gas.  The 

definition of 𝑢୰, i.e., 𝑢௥ ൌ
ிೃுೃ
ிതೃఒഥೃ

, indicates that  rate of en-

ergy input is a function of 𝜆ோ, the lower heating value of 
the waste gas. The lower heating value is a function of 
the composition of the waste gas, and hence of the vari-
able 𝑥ோ. 𝑥ோ is, in turn, affected by (effectively any and all) 
disturbances affecting the process, from Unit 1 to Unit N. 
Thus, a feedback effect is present, whereby variables in 
the downstream sections of the process impact the up-
stream units. Additionally, the dynamics of 𝑥ோ evolve ex-
clusively in the slow time scale, meaning that this feed-
back effect will occur over a long-time horizon. 

In the process with electric heating, the heat rate to 
Unit 1 is completely independent of the downstream units 
of the process and constitutes an additional degree of 
freedom for controlling/optimizing the process operation. 
On the other hand, given the goal of using renewable 
electricity for process heating implies that the rate of 
heat input may be subject to upper bounds that are lower 
than the nominal steady state value. 

CASE STUDY: ETHYLENE CRACKER 

Thermal cracking of hydrocarbon feedstock to ob-
tain ethylene is one of the most energy-intensive chemi-
cal processes and one of the largest carbon emitters in 
the chemical industry. Its decarbonization potential lies in 
replacing the conventional combustion-based furnace 
with an electric furnace [9]. Relevant research efforts are 
underway in both industry and academia [10,11]. 

Ethylene crackers are highly integrated, and the by-
products of the cracking reactions (methane, hydrogen) 
constitute an important fraction of the fuel used to heat 
the cracking reactor (which operates at high tempera-
tures, of around 900°C) [5,12], and the heating value of 
the fuel gas stream depends on its composition (and ul-
timately on the operation of the reactor, as argued 
above). 

Ethylene plants are complex and comprise exten-
sive separation sections. We use a simplified representa-
tion for the purpose of investigating the dynamic implica-
tions of electrified process heating. The model consists 
of three units: reactor, intermediate unit, and separator, 
with the latter two serving as a proxy for the separation 
section. The dynamics of each unit are represented by 
the material and energy balances, under similar assump-
tions as listed in developing the model (3), with the ex-
ception that holdups are not constant. 
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The reactor unit is fed with pure ethane. The com-
plex reactions occurring in industrial furnaces are ap-
proximated using a simplified two reaction scheme, a re-
versible reaction emulating the cracking transformation, 
and the degradation of product ethylene; we utilize me-
thane as a proxy of the hydrocarbon degradation prod-
ucts: 

𝐶ଶ𝐻଺ ↔ 𝐶ଶ𝐻ସ ൅ 𝐻ଶ       

𝑟ଵ ൌ 𝑘଴,ଵ𝐶஼మுల exp ൬
െ𝐸𝑎ଵ
𝑅𝑇

൰ , 𝑟 ଵ ൌ 𝑘଴,ିଵ𝐶஼మுర𝐶ுమ exp ൬
െ𝐸𝑎ିଵ
𝑅𝑇

൰ 

𝐶ଶ𝐻ସ → 𝐶௫𝐻௬       

𝑟ଶ ൌ 𝑘଴,ଶ𝐶஼మுర exp ቀ
ିா௔మ
ோ்

ቁ    (10) 

with 𝑟௠ referring to reaction m = 1,2 and -1. 
 

 
(a) Conventional Plant Configuration 

 
(b) Electrified plant configuration 

Figure 5. Structure of the ethylene cracker prototype 
model 

The product stream consists of unreacted ethane, 
product ethylene, and by-products methane and hydro-
gen. The reactor is modeled as a CSTR with the appro-
priate material and energy balances. 

The intermediate units (I.U.) are intended to capture 
the (largely physical) transformations occurring post 
cracking, including the product quench step (repre-
sented as heat exiting the block 𝑄௖௢௢௟ ). The material and 
energy balances follow first order dynamics. A signifi-
cantly larger holdup is used in the unit compared to that 
of the reactor, to reflect the large time constant of the 
separation section of an ethylene plant. 

In the separation block, by-products hydrogen and 
methane are separated from the product (in this case, 
ethane and ethylene) and recovered to use as fuel. The 
unit is modeled as a rate-based separation with vapor 
and liquid holdups, with by-product fuel gas exiting as 
the vapor stream and ethylene and unreacted ethane ex-
iting as the liquid product stream. 

In the conventional system, the fuel gas is recycled 
to be combusted in the furnace, providing heat for the 

cracking reaction. The fuel gas composition, which de-
termines the lower heating value (computed as a linear 
combination of individual heat values multiplied by their 
compositions in the fuel gas, 𝐿𝐻𝑉 ൌ ∑ 𝑋௩௔௣,௝௝ 𝐿𝐻𝑉௝ ), and 
the corresponding energy input to the reactor, depends 
on the performance of the reactor and separator. On the 
other hand, in the electrified system case, the energy is 
supplied to the reactor from a source outside the process 
and thus independent of the performance of the process 
itself. 

 
Structure of matrix A for the integrated process 

 
Structure of matrix A for the electrified process 
 
Figure 6. Structure of system matrix A of the linearized 
process model 

Holdup and temperature controllers were imple-
mented in each unit to stabilize holdups and tempera-
tures. Simple P controllers that manipulate outlet 
flowrates were implemented for holdup control. For tem-
perature control, PI controllers were implemented to ma-
nipulate the heat supply to the units. An additional purity 
controller is implemented in the liquid phase of the 
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separator to control the mass fraction of the product eth-
ylene in the product stream by manipulating the temper-
ature setpoint in the intermediate units. 

An initial analysis focused on model  structure;  the 
two models (for the conventional and electrified pro-
cesses) were linearized around their nominal steady 
states. The structure of the system matrices A in both 
cases is shown in Figures 6. As shown in Figure 6a, the 
matrix for the linearized model of the integrated process 
features additional non-zero entries that correspond to 
the impact of the states related to the composition of the 
fuel gas on the heat input rate to the reactor, as dis-
cussed above and confirming the findings of the graph-
theoretical analysis and the structure of the graph in Fig-
ure 4. 

Subsequent simulations focused on process dy-
namics. As an example, a 5°C increase in the reactor tem-
perature setpoint, imposed at t = 1 h is shown and dis-
cussed.  

Figure 7 shows the behavior of reactor temperature 
in the two systems. In both systems, the controller set-
tings and the tuning parameters are identical, and the dif-
ference in the behaviors would arise solely due to the 
process structure. The reactor corresponds to Unit 1 in 
the theoretical analysis and is therefore a unit in the high 
energy-throughput path. Two-time scale behavior is ex-
pected in the integrated model with high energy recycle 
throughput via combustion of by-product fuel gas. In the 
electrified case, the setpoint is tracked accurately and 
quickly, corresponding to the fast dynamics of the tem-
perature variable. On the other hand, in the conventional 
case, the dynamic behavior is more complex, with the 
fast dynamics being followed by a slower evolution of the 
temperature towards the set-point, which, as explained 
earlier, is due to the (slow) feedback effect linking the 
composition changes in the reactor and separator to the 
heating value of the fuel gas. 

 
Figure 7. Reactor temperature profile subject to reactor 
temperature setpoint increase of 5 °C.  

CONCLUSIONS 

In conclusion, the effects of electric heating on pro-
cess structures and dynamics were studied theoretically 
and were demonstrated using simulation results. 
Through singular perturbation analysis, the multiple time-
scale behavior was predicted in conventional systems 
with mass- energy recycling via combustion of waste 
products, whereas such behavior was expected to dis-
appear in new electrified heating systems. The theoreti-
cal results were proven via simulations depicting a con-
ventional ethylene cracker model with tail gas recycle 
and an electric cracker model. 

DIGITAL SUPPLEMENTARY MATERIAL 

The Matlab implementation of the model is freely 
available on GitHub at https://github.com/Baldea-
Group/EthylenePlant/ .  
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NOMENCLATURE 

Acronym 
LHV  Lower heating value [kJ/kg] 

Uppercase 
A  Linearized system matrix 
𝐶  Concentration [mol/m3] 
𝐸௔  Activation Energy [kJ/mol] 
𝐹  Mass flowrate [kg/s] 
𝐻  Mass enthalpies [kJ/kg] 
𝐼  Scaled variable 
𝑀  Mass holdup [kg] 
𝑁  Total number of units in the prototype process 

model 
𝑄  Heating / cooling rate [kW] 
𝑇  Temperature [oC] 

Lowercase 
𝑓  Transformation in mass fraction in each unit 
𝑔  Transformation in mass enthalpy in each unit 
𝑖  Unit at which cooling occurs 
𝑢  Scaled input 
𝑘  Scaled energy flow 
𝑘଴  Rate constant 
𝑥  Mass fraction 

Greek Letter 
ε  Singular perturbation parameter 
𝜆  Heating value [kJ/kg] 
τ  Stretched time variable for the fast dynamics [s] 
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Subscript 
𝑐𝑜𝑚𝑏 Combustion 
𝑒𝑙𝑒𝑐  Electric heating 
𝑓  Fresh fuel stream 
𝑗  Units, streams [1,2,… 𝑖,… 𝑁] 
𝑚   Reactions [1,2,-1] 
𝑞  Heating / cooling flow 
𝑅  Recycle fuel gas flow 

Superscript 
⬚ഥ  Steady state  
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