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The chemical industry’s activities are often controversial due to the high risks that they represent. Over the 
past decades, serious industrial events affecting lives, facilities and environment have heightened society's 
awareness of the negative effects of technology. Among the most hateful events in the chemical industries are 
the phenomena of thermal runaway that often result in operator errors. Predicting and controlling them is 
essential to the processes design and safe operation. The objective of this work is to develop a method for 
early detection of malfunctions in a chemical reactor based on a reference model, before resulting in a critical 
event. For this, the reaction of perhydrolysis of formic acid to peroxyformic acid by hydrogen peroxide is used 
as a test case to simulate the reaction in abnormal operating mode. This exothermic reaction is composed of 
several secondary decomposition steps. The kinetic model of the reaction was determined in order to simulate 
the reaction in an abnormal mode with defects related to operator error. The detection method has been 
validated by simulation data. A performance analysis of the proposed detection method was carried out 
showing the robustness and the efficiency of this method, in presence of various errors due to the operator. 
The proposed method can contribute to the safety of chemical reactors in the chemical industry. 

1. Introduction 

Since the industrial revolution especially in chemical engineering, a large number of the accidental events 
around the whole world have occurred leaving behind them so many deaths, injuries, disabled people and 
environmental damages. Several scientific studies have been done on the problem of accidents in the 
chemical industries, wanting to understand the reasons that lead to these events and trying to find relevant 
solutions to reduce this great risk. Balasubramanian and Louvar (2002) have revealed that 26% of the major 
petrochemical plant accidents are due to thermal runaway. Dakkoune et al. (2018) found that 25% of events in 
the chemical industry in France are due to thermal runaway. This dangerous phenomenon is often 
encountered in the chemical industry whose consequences remain harmful and still responsible for many 
accidents in the world. This critical scenario is becoming a serious problem in the chemical industry (Jiang et 
al., 2016a). In particular, thermal runaway can result in an explosion, a high gas and / or vapor emission that 
can be flammable and / or toxic. The outbreak of the reactor and the explosive combustion of the emitted 
gases may lead to the destruction of buildings and the formation of secondary fires, which can aggravate the 
overall consequences by domino effect (Hemmatian et al., 2014). From a chemical engineering viewpoint, 
thermal runaway occurs when the heat-flow rate released by the reactions becomes higher than the one 
exchanged with the surroundings. Hence, the thermal accumulation increases and the reaction temperature 
keeps rising, which speeds up the heat-flow rate released (Jiang et al., 2016b). The catastrophic accidents in 
Seveso (1976) and Bhopal (1984) are also due to thermal runaways. This phenomena often results from 
operator errors that could occur if the system is poorly controlled. This result is corroborated by Dakkoune et 
al.(2018) for a study done on the causes of runaway accidents in France and for the same study done by 
Saada et al. (2015) in United Kingdom. These errors can be due to a lack situation awareness (Nazir et 
al.,2012). A minor error between humans or between humans and machines increases the risk, which can 
lead to an event (Nazir et al.,2013). Preventing the accidents is an important challenge. System monitoring is 
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one possible effective solution. The purpose of monitoring is to alert and inform the user of the appearance of 
faults so that they can react as quickly as possible. For this reason, this work focuses on the first phase of 
monitoring which is the detection of defects in chemical reactors. In the literature, several studies have 
focused on the development of methods for early detection of runaway reactions in batch and semibatch 
reactors. These methods are based either on a model of the reaction kinetics (Pierri et al., 2008) and on 
estimation techniques (Benkouider et al., 2009) or on artificial intelligence like Principal Component Analysis 
(Choi et al., 2005) and Neural Networks (Zhang, 2008). In this context, a detection method based on the 
kinetic reaction model using a dynamic detection threshold is proposed in this paper. The practical case of 
perhydrolysis of formic acid by hydrogen peroxide is considered to validate the method using different 
performance criteria. This paper is organized as following. Section 2 is about the presentation of the problem 
statement, the explanation of the reaction and the considered defects. Section 3 describes the method of 
detection used in this work. Section 4 is devoted to the evaluation of the performance of this method based on 
the simulations carried out. Finally, the conclusions are given in Section 5. 

2. Problem statement 

2.1 Reaction model 

In this paper, an exothermic reaction in a batch reactor under isoperibolic mode has been study. It is the 
reaction of perhydrolysis of formic acid by hydrogen peroxide (Eq 1). The normal operating conditions of this 
reaction are given in Table 1 and a numerical model of the temperature variations is reported in Figure 1. The 
product of the reaction which is peroxyformic acid is widely used in green chemical industry as intermediates 
for the production of epoxidized vegetable oils (Leveneur et al., 2012). 
HCOOH + H2O2 ↔ HCOOOH + H2O       (1) 
The kinetic expression of this reaction is determined by Zheng et al.( 2016).   
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where 	is the parameter of association of the formic acid and KC the equilibrium parameter of the 
perhydrolysis reaction and […] represents the concentration of the chemical compound in mol/l. kPerh is the 
reaction rate constant for the reaction of perhydrolysis determined by modified Arrhenius equation for  

Tref=67 °C as follows: 
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The kinetic parameters and thermodynamic constant given by: k0=0.15 L.mol-1.s-1, Ea=150000 J/mol and  
∆HR=-5580 J/mol. 
The corresponding reaction presents a several secondary decomposition reactions (Eq 4 and Eq 6) allowed to 
increase the heat of the reaction that is clearly visible when the normal operating conditions of the reaction are 
exceeded. The presence of hydrogen peroxide as a reagent in the reaction increases its level of risk, because 
The decomposition of hydrogen peroxide (Eq 4) can occur in the presence of some metals (at the ppm level) 
or when the reaction is beyond normal operation, which can lead to thermal runaway accidents (Fauske Hans 
K., 2006). 
HCOOOH → CO2 + H2O                       (4)           

The kinetic expression of this reaction is  ][1,1, HCOOOHkR decdec =    (5)           

where kdec,1 is the reaction rate constant for the first reaction of decomposition of peroxyformic acid determined 
by modified Arrhenius equation with k0=0.00121 s-1, Ea=80500 J/mol and ∆HR=-230000 J/mol.   
HCOOOH→ HCOOH+ ½ O2      (6) 

The kinetic expression of this reaction is ][2,2, HCOOOHkR decdec =     (7)         

where kdec,2 is the reaction rate constant for the second reaction of decomposition of peroxyformic acid 
determined by modified Arrhenius equation with k0=0.0001 s-1, Ea=80200 J/mol and ∆HR=-153000 J/mol.     
H2O2 → H2O+ ½ O2     (8) 
The kinetic equation of the hydrogen peroxide is determined by Vernières-Hassimi et al. (2017). The kinetic 
expression of this reaction and Arrhenius parameters are detailed for the following cases. 

1) In the case of spontaneous decomposition:    ][ 22tan OHkR sponteousspon =      (9)            

where kspont is the reaction rate constant for the spontaneous decomposition of hydrogen peroxide determined 
by modified Arrhenius equation with k0=0.0000924 s-1, Ea=150000 J/mol and ∆HR=-95000 J/mol. 

2) In the case of decomposition by copper sulfate: yCucatalyzedbeousspondec RRR += tan3,   with 
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where kA and kB are the reaction rate parameters for the reaction of decomposition of hydrogen peroxide 
catalyzed by copper sulfate. These parameters are determined by modified Arrhenius equation with 
k0A=0.0163 L².mol-2.s-1, k0B=0.0035 L².mol-2.s-1, EaA=162000 J/mol, EaB=69700 J/mol, and ∆HR=-93200 J/mol.
  After 
establishing the material balance for a batch reactor, the differential equations for these reactions are:
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The energy balance in the batch reactor is expressed by the thermal accumulation in the reactor, which is 
equal to the Reactions Heat-Flow Rate and the Heat Exchange to the Heat Carrier. The differential equation is 
given by: 
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R
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  with   Δ−= eactionRRactionrx HVRq ..Re                (12) 

where mR  and CPR are respectively the initial mass and reaction heat capacity of the reaction mixture, U is the 
overall heat-transfer coefficient, A is the heat transfer area and Tj is heat carrier temperature circulating in the 
reactor jacket. 

2.2 Defects 

When the reaction occurs in an abnormal mode, it is characterized by the occurrence of one fault affecting the 
parameters of normal operating conditions. The dysfunctional scenarios selected in this study are based on 
the operator's errors according to the studies carried out in this field (Dakkoune et al., 2018). This is the most 
common cause in the chemical industry and may lead to thermal runaway scenarios. The operator errors 
considered in this study are: 
Fault 1: errors in the initial charge, i.e. the initial concentrations of reagents (hydrogen peroxide and formic 
acid) rather 0.3 mol / l. 
Fault 2: presence of small amounts of impurities (metals such as copper sulfate) due to insufficient cleaning of 
the reactor for example. 

Table 1: Normal operating conditions 

Parameters of system  Values  
Sample volume 1.2 L  
Initial concentration of formic acid FA 2.5 mol/l  
Initial concentration of hydrogen peroxide HP 3 mol/l  
Jacket temperature 70°C  
Initial temperature of reaction Tr 70°C  
Initial concentration of copper sulfate (impurity) Cu 0 mol/l  

 
 

 
Figure 1: Simulated mixture temperature (Tr) during the perodrolysis of acid formic. 
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3. Detection method 

The detection method is based on the computation and use of a dynamic threshold. This threshold is 
computed according to the two following principles. 

1) The change in the initial concentration of the reagents (FA and HP) as well as the presence of an 
impurity (Cu) in small quantity can cause a rise in the maximum temperature of the reaction above 80 
° C. The behavior is considered as a faulty one if this maximal temperature reaches 80 °C. 

2) A marge of tolerance MT is considered in order to avoid false alarms (in particular during the first 
minute of the reaction during which the faulty and normal behaviors are very similar).   

Consequently the detection threshold DT(t) given in (Eq 13) defines a dynamic tolerance range: 
DLIMIT(t) = max [min [TFA(t), THP(t), TCu(t)], TNominal(t) + MT]   with :                                                      (13) 

• TNominal(t): temperature variation of the reaction for the nominal conditions. 
• TFA(t): temperature variation of the reaction that does not exceed 80 °C for the maximal acceptable 

concentration of FA that equals 2.66 mol.l-1. 
• THP(t): temperature variation of the reaction that does not exceed 80 °C for the maximal acceptable 

HP concentration that equals 3.22 mol.l-1. 
• TCu(t): temperature variation of the reaction that does not exceed 80 °C for the maximal acceptable 

Cu concentration that equals 0.013 mol.l-1. 

The definition of DLIMIT(t) aims to avoid non detections and false alarms. The use of the “min” operator in (Eq 
5) reduces the rate of non-detections: the dynamic tolerance range is constrained at each point t by the 
minimal value TFA(t), THP(t), or TCu(t). On the other hand, the use of the “max“ operator with the nominal 
temperature TNominal(t) plus the maximum noise (0.1 °C) reduces the rate of false alarms. Note that this 
condition delays the detection. Figures 2 illustrates DLIMIT(t) and TNominal(t). 

 
Figure 2: DLIMIT(t) compared to TNominal(t)(in left) and fault detection and decision (in right). 
 
The detection is performed by comparing the measured temperature with the dynamic threshold. Note that 
because of the noise, the measured temperature T is filtered using a N-points average filter f(T). 
The decision function D(t) is defined such that (Figure 2): D(t) = 1 if f(T(t)) > DLIMIT(t) or D(t) = 0, otherwise. 
A fault is finally detected at date t if D(k) = 1 for n successive points k ∈ {t-n+1,…t-1,t}. 

4. Results and discussion 

In order to evaluate the performance of the proposed detection method and to ensure that the system is well 
monitored, a set of 100 simulations with random conditions including faults were carried out. An uniform 
bounded noise of +/-0.1 °C is also considered. This level of precision is achieved with temperature sensors 
such as the Pt100 sensors used with calorimetric reactor. Such sensors have better accuracy than the ones 
used with industrial plants. An average filter with N = 10 points of measurement is used. By varying the margin 
of tolerance MT  (MT varies within [0 : 0.2]) as well as the number of consecutive measurement points n such 
that D(t) = 1 ( n varies within [0 : 20]). The performance of this detection method will be evaluated by 
calculating three main features: 
The non-detection rate (RND expressed as a percentage) is the ratio between the number of undetected 
defects and the number of defects experienced by the system (Figure 4). 
The false alarm rate (RFA expressed as a percentage) is the ratio between the number of nuisance detections 
and the number of alarms (Figure 4). 
The average delay to detection (ADD expressed in time units) is the time between the occurrence of a fault 
and the date of the alarm. This parameter gives an indication of the speed of detection (Figures 3 and 4).  
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Figure 3: Histogram of the detection delay for MT =0.1 and n=5. 
 
The performance of the detection method depends on two important parameters: 
The margin of tolerance MT and the number of consecutive measurement points n when the detection is 
validated have both a big influence on the characteristics of the detection as shown in the following figures. 

   

   
Figure 4:  Influence of the MT and n indicators on RFA (a), Influence of the MT and n indicators on RND (b), 
Influence of the MT and n indicators on ADD (c), Influence of MT in RFA, RND and ADD when n=10 (d). 

Figure 4 shows the influence of the margin of tolerance index and the number of consecutive measurement 
points on false alarm rates (Figure 4-a), non-detection rates (Figure 4-b) and on average delay to detection 
(Figure 4-c). From these 3 figures, we notice that when the tolerance margin increases, RFA decreases 
progressively. On the contrary, RND increases as well as the average delay of the detection. The same is 
observed when n increases, RFA decreases and RND increases. Figure 4-d, gathers together the 3 
performance parameters (RND, RFA and ADD) for different values of MT when n = 10 which seems to be a 
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suitable value (Figure 4-a, b, c). According to this figure, it seems that to have small values of RND and RFA, 
with a reasonable value of ADD, it is necessary to choose MT = 0.05. This value of MT give the best 
compromise in order to reduce strongly the false alarm rate without significantly degrading the non-detection 
rate and remaining within an acceptable average detection delay of 86 seconds.  
From the results found, it is clear that the parameters MT and n have a major influence on the performance of 
the detection, hence the need to make an early detection according to the desired priority goals and to focus 
on another tool that can improve the fault detection performances. 

5. Conclusions 

In this paper, a fault detection method based on reference a model was designed and applied to a batch 
reactor. The proposed method requires the kinetic model of the reaction. The detection method provides good 
results for numerous simulations and it allows early detection of the defect with an average delay of 86 
seconds, if we take into account that the reaction reaches its maximum temperature after 30 min. Then, the 
time to react and control the system is sufficient for the operator to react quickly in a correct way, by injecting 
the solvent into the reactor or by increasing the temperature of the reactor cooling for example. The future 
work is to confirm the proposed method by experimental tests and to continue the study by developing a fault 
isolation method. 

Acknowledgments 

This project AMED has been funded with the support from the European Union with the European Regional 
Development Fund (ERDF) and from the Regional Council of Normandie. 

References 

Balasubramanian, S.G., Louvar, J.F., 2002. Study of major accidents and lessons learned. Process Saf. Prog. 
21, 237–244.  

Benkouider, A.M., Buvat, J.C., Cosmao, J.M., Saboni, A., 2009. Fault detection in semi-batch reactor using 

the EKF and statistical method. Journal of Loss Prevention in the Process Industries 22, 153–161. 
Choi, S.W., Lee, C., Lee, J.-M., Park, J.H., Lee, I.-B., 2005. Fault detection and identification of nonlinear 

processes based on kernel PCA. Chemometrics and Intelligent Laboratory Systems 75, 55–67. 
Dakkoune, A., Vernières-Hassimi, L., Leveneur, S., Lefebvre, D., Estel, L., 2018. Risk analysis of French 

chemical industry. Saf. Sci. 105, 77–85.  
Fauske Hans K., 2006. Managing chemical reactivity—Minimum best practice. Process Saf. Prog. 25, 120–

129.  
Hemmatian, B., Abdolhamidzadeh, B., Darbra, R.M., Casal, J., 2014. The significance of domino effect in 

chemical accidents. J. Loss Prev. Process Ind. 29, 30–38.  
Jiang, J., Yang, J., Jiang, J., Pan, Y., Yu, Y., Zhou, D., 2016a. Numerical simulation of thermal runaway and 

inhibition process on the thermal polymerization of styrene. J. Loss Prev. Process Ind. 44, 465–473.  
Jiang, J., Jiang, J., Wang, Z., Pan, Y., 2016b. Thermal runaway criterion for chemical reaction systems: A 

modified divergence method. J. Loss Prev. Process Ind. 40, 199–206.  
Leveneur, S., Thönes, M., Hébert, J.-P., Taouk, B., Salmi, T., 2012. From Kinetic Study to Thermal Safety 

Assessment: Application to Peroxyformic Acid Synthesis. Ind. Eng. Chem. Res. 51, 13999–14007.  
Nazir, S., Colombo, S. and Manca, D., 2012. The role of Situation Awareness for the Operators of Process 

Industry, Chemical Engineering Transaction, 26, 303-308 
Nazir, S., Colombo, S. and Manca, D., 2013. Minimizing the Risk in the Process Industry by Using a Plant 

Simulator: a Novel Approach, Chemical Engineering Transaction, 32, 109-114 
Pierri, F., Paviglianiti, G., Caccavale, F., Mattei, M., 2008. Observer-based sensor fault detection and isolation 

for chemical batch reactors. Engineering Applications of Artificial Intelligence 21, 1204–1216.  
Saada, R., Patel, D., Saha, B., 2015. Causes and consequences of thermal runaway incidents—Will they ever 

be avoided? Process Saf. Environ. Prot., Bhopal 30th Anniversary 97, 109–115.  
Vernières-Hassimi, L., Dakkoune, A., Abdelouahed, L., Estel, L., Leveneur, S., 2017. Zero-Order Versus 

Intrinsic Kinetics for the Determination of the Time to Maximum Rate under Adiabatic Conditions TMRad 
Application to the Decomposition of Hydrogen Peroxide. Ind. Eng. Chem. Res. 56, 13040–13049.  

Zhang, J., 2008. Batch-to-batch optimal control of a batch polymerisation process based on stacked neural 
network models. Chemical Engineering Science, Control of Particulate Processes 63, 1273–1281. 

Zheng, J.L., Wärnå, J., Salmi, T., Burel, F., Taouk, B., Leveneur, S., 2016. Kinetic modeling strategy for an 
exothermic multiphase reactor system: Application to vegetable oils epoxidation using Prileschajew 
method. AIChE J. 62, 726–741.  

48




