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DIERS (Design Institute for Emergency Relief Systems) methodology is the standard framework for sizing pressure relief systems under runaway reaction conditions. Its validated application, however, is largely limited to exothermic systems, where reaction rates are sustained by internally generated heat. This work addresses a key limitation by proposing a vent sizing methodology for endothermic decompositions that produce significant amounts of non-condensable gases but require external heat input. The approach is illustrated through a case study of aqueous formic acid exposed to fire conditions in a storage tank. Experimental characterization was conducted using low thermal inertia calorimetry (PHI-TEC II, Heat-Wait-Search mode) and Differential Scanning Calorimetry (DSC). Results confirm that formic acid decomposition is endothermic, yet generates substantial incondensable gases, as indicated by sustained pressure rise and residual pressure after cooling. The system is therefore classified as either gassy or hybrid under DIERS definitions, but it lies outside the scope of existing DIERS methodologies. Conversely, conventional data treatment based on standards for nonreactive systems may lead to either non-physical or poorly conservative vent sizing. To address this, a revised methodology is proposed based on signal processing of calorimetric data, identification of stagnation point, and evaluation of pressure and temperature derivatives under those conditions. This enables a physically consistent estimation of both gas and vapor generation rates despite the absence of exothermicity; moreover, the application to the formic acid system yielded venting requirements significantly higher than those derived from conventional fire boiling assumptions. The results demonstrated that endothermic gassy/hybrid systems can be treated within a DIERS-consistent framework when external heat input is properly considered. This work can be considered as a first tentative to extend the applicability of DIERS to a broader class of reactive systems and provides a rigorous basis for relief system design beyond current standards.
Introduction
Thermal runaway represents a major concern in process safety due to its potential to cause explosions in reactors or vessels, particularly in industries such as fine chemicals, pharmaceuticals, plastics production and processing (Copelli et al., 2014), and oil refining. Thermal runaway occurs whenever the rate of heat generation from a chemical reaction exceeds the cooling capacity of the system. This condition arises because the reaction rate, and thus the heat generation rate, increases exponentially with temperature, whereas the heat removal capacity typically follows a linear trend. Consequently, the system may rapidly reach conditions in correspondence of which the generated heat flux exceeds the removable one. For this reason, strict process control is essential to prevent conditions that may trigger a runaway reaction (Kummer et al., 2021).
The consequences of a thermal runaway triggering can vary in severity but, whenever an uncontrolled temperature rise occurs, even pressure increase uncontrollably in a closed environment, potentially resulting in either vessel or reactor explosion (European Commission, JRC, 2016). This phenomenon is governed by the relationship existing between temperature and pressure: in the presence of both vapor pressure and non-condensable gases at elevated temperatures, an increase in temperature leads to a corresponding increase in pressure. If the rate of pressure rise exceeds the discharge capacity of the venting system, the internal pressure may surpass the mechanical strength of the containment, ultimately causing an explosion (Liu et al., 2018).
To mitigate such events, both preventive and protective measures can be implemented as layers of defense against hazardous scenarios. One of the primary protective measures is the installation of a pressure relief system, which ensures the safe discharge of overpressure and prevents equipment rupture (Crowl et al., 2001). As highlighted in the Workbook for Chemical Reactor Relief System Sizing, when a runaway reaction is foreseeable, the design of a relief system is required (DIERS, 1998). This process involves identifying an appropriate system location and sizing it based on the worst credible scenario (epa.gov). These aspects are critical, as improper sizing may result in insufficient discharge capacity (Hare et al., 2011), potentially leading to equipment failure and severe consequences, including loss of life and assets. Proper relief system design requires a thorough understanding of the reaction system, and one of the most widely adopted methodologies is that developed by the Design Institute for Emergency Relief Systems (DIERS).
The widespread adoption of the DIERS methodology is largely due to its relative simplicity and its tendency to provide conservative results, particularly for gassy systems, thus ensuring adequate safety margins (Singh et al., 2016). However, as stated in the foreword of the DIERS methodology, the proposed sizing procedures are applicable exclusively to exothermic runaway reactions (DIERS, 1998). 
Consequently, systems involving endothermic reactions with pressure generation, despite the involvement of a decomposition reaction, can be neither classified as runaway (because reactions are endothermic) nor covered by a standardized, regulatory-recognized methodology. This lack of guidance contrasts with non-reactive systems exposed to external fire, for which well-established sizing approaches are available in current standards. Despite this, endothermic reacting systems may pose significant hazards to process safety, as they can generate substantial amounts of non-condensable gases and lead to high levels of vessel pressurization. The application of DIERS procedures developed for exothermic systems to such cases might therefore result in improperly sized relief devices and it might also lack regulatory validity, potentially leading to non-compliance, penalties, or operational restrictions. The aim of this work is to address this gap by proposing a methodology for relief system sizing in endothermic reaction scenarios, developed through an adaptation of the DIERS approach while maintaining a reasonable scientific basis.
Case Study
The investigated case concerns the thermal decomposition of an aqueous solution of formic acid (85% w/w) subjected to an external fire in a storage tank (selected worst-case scenario, according to HazOp analysis). 
The vessel considered in this case study was a glass-lined steel tank with a total capacity of 20 m³, designed for pressures between −1 barg and 5 barg and a maximum temperature of 150 °C. The maximum filling level of the vessel was limited to 80% of the nominal volume by a high-level alarm and an interlock linked to the pump dedicated to loading the vessel itself with the formic acid solution. Anyway, the normal filling level was decided to be maintained below 55% for safety reasons.
Overpressure protection was ensured by a rupture disk with a set pressure of 1.0 barg (which can be also referred to as relieving pressure, for the sake of simplicity), to be sized assuming vapor generation due to fire-induced boiling of the stored solution. This choice was made because, according to both Differential Scanning Calorimetry (DSC) and Thermogravimetry (TG) investigations, the reactive system appeared to be endothermic but pressure generating. In the absence of a dedicated standard according to which carrying out a sizing of the relief system, ISO 4126 for non-reactive but vapor generating systems seemed to be the best alternative.
Referring to such a standard, the minimum required discharge area can be calculated according to Eq. (1) and Eq. (2):
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where:  is the minimum discharge area to be installed on the vessel [mm²],  is the mass flowrate of vapors to be discharged [kg/h],  is the discharge coefficient [-],  is the molecular weight of the relieving vapors [g/mol],  is the compressibility factor [-],  is the absolute relieving pressure [bara],  is the isoentropic exponent [-], and  is the relieving temperature [K].
For an 85% w/w formic acid solution, a reasonable estimate for the relieving vapor temperature at 2.0 bara is about 120–125 °C; and the vapor molecular weight can plausibly lie between 18 g/mol (water-rich vapor) and 46 g/mol (formic-acid-rich vapor). In the present case, an average molecular weight of 30 g/mol was considered. 
It is also important to underline that the value of  is not unique because it depends on both the vapor composition above the formic acid solution and the relieving temperature. In the calculation, an average value of 1.3 was assumed. 
In order to calculate the mass vapor flowrate to be discharged, it is necessary to refer to the worst-case scenario hypothesized for the storage vessel selected. API 521 (or “Raccolta E”) standard was selected for such a calculation. Particularly, an exposed vessel surface to a standard fire of 8 m2 was selected (it corresponds to half of the total lateral surface of an ideal cylinder of 20 m3 of volume and 2.5 m of diameter). Under such conditions, and considering a latent heat of 1050 kJ/kg for the 85% w/w formic acid solution, it was possible to calculate a vapor mass flowrate of approximately 812 kg/h. By applying Eq. (1), a rupture disk of a diameter equal to 6 cm is achieved. In this case, no safety correction factors were applied because the standard already considers them.
Concerning the thermal stability of the aqueous formic acid solution, it is well known that formic acid (HCOOH) can decompose through two primary competing routes: the first one regards a dehydration pathway producing carbon monoxide (CO) and water (H2O); the second one is a dehydrogenation pathway producing both carbon dioxide (CO₂) and hydrogen (H₂). The first pathway is typically endothermic (or weakly thermoneutral), favored at higher temperatures and in the presence of acidic or metallic surfaces; it is often dominant in gas-phase or low-water conditions. On the other hand, the second pathway is usually slightly endothermic (or mildly exothermic depending on conditions), favored in aqueous systems (as in this case study) and in the presence of catalytic surfaces (e.g., metals). In the presence of an external fire, the second pathway can be triggered inside a storage tank and, therefore, it is possible to observe a huge pressure increase during the accidental event. In such a case, the available discharge diameter of the rupture disk, calculated using ISO 4126, could not be enough for preventing the storage vessel breakdown. 
Experimental investigation
The thermal behavior of the system was investigated using low thermal inertia calorimetry (PHI-TEC II) under Heat–Wait–Search (HWS) conditions, with temperature steps of 10 °C, over a temperature range spanning from 30 to 180 °C (then, cooling was started). The chosen filling level was 53%.
Experimental results showed that the system did not exhibit a transition to adiabatic conditions within all the investigated temperature range (the HWS steps are clearly visible in Figure 1), indicating the absence of self-sustained exothermic decomposition (heat must be continuously provided). 
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Figure 1: Temperature and Pressure vs. time trend during a Heat-Wait-Search test in a PHI-TEC II calorimeter.
However, a significant increase in pressure was observed during the series of heating steps, along with a residual pressure after cooling (more than 35 bara), indicating the formation of non-condensable gases (see Figure 1). 
Referring to an Antoine plot, the presence of a non-linear vapor type correlation among pressure and temperature can be observed (see Figure 2), further confirming the generation of incondensable gases together with the presence of vapors (prevalently, water and formic acid) during the HWS test. 
Particularly, calculating the linear correlation coefficient of the Antoine plot a value of 0.8857 was found. Such a value is quite high and suggested a strong contribution of the vapors to the overall pressure increase inside the system. Anyway, as a closed cell test was carried out, it was not possible to determine any effect of tempering due to the vapor contribution (in fact, only an open cell test would have been revealed such a behavior). 
All these findings indicate that the system should be classified as untempered hybrid according to DIERS definitions, despite the absence of any exothermic event.
[image: ]
Figure 2: Antoine plot for the investigated system.
Results and discussion
The analyzed system represents a non-conventional case within the framework of relief system design methodologies. While the system clearly exhibits hybrid behavior due to the generation of both non-condensable gases and vapors, the decomposition process is endothermic and driven by external heat input.
This combination of features distinguishes the system from both classical runaway reactions (exothermic and self-sustained), and non-reactive boiling systems (phase-change-driven pressurization).
The observed pressure increase is therefore the result of a coupled mechanism involving externally driven thermal decomposition, and vaporization of volatile components. 
Within this framework, it is possible to re-derive the fundamental equation for the mass flow rate to be discharged by either a bursting disk or a safety valve which makes use of closed cell test data collected with a low thermal inertia adiabatic calorimeter (as PHI-TEC II). The test to be carried out is always a standard HWS test, with heating steps varying from 5 to 10 °C. By differentiating with respect to time the ideal gas law (such an assumption represents a simplification; however, the further use of experimental calorimetric data compensates for non-ideal effects) reported in Eq. (3):
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where, for a liquid system (vessel or reactor):  is the pressure,  is the volume occupied by the gaseous phase,  is the number of moles within the gaseous phase (both vapors and non-condensable gases),  is the ideal gas constant, and  is the temperature; it is possible to derive Eq. (4):
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Considering that, just before the opening of the safety protection device (occurring at a pressure equal to the stagnation pressure  (which is generally equal to 10% more than the set pressure of the bursting disk or safety valve), and at a temperature equal to ), whatever vessel or reactor can be considered as a closed system where the following hypotheses hold true: i) boiling is suppressed because of the pressure increase due to either temperature or release of non-condensable gases; ii) the volume available for gases and vapors is approximately constant and equal to  (this means that whatever decomposition event is considered to be “just triggered” at the relieving pressure and ); iii) both liquid and vapor/gas phases are considered as ideal; it is possible to re-arrange Eq. (4) for simulating the pressurization phenomenon into a low thermal inertia calorimeter as in the following:
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where:  is the volumetric flow rate of both gases and, eventually, vapors generated by the phenomenon occurring during the heating process [m3/s];  is the rate of pressure rise at the stagnation pressure; and  is the rate of temperature rise at the same condition (corrected by the thermal inertia factor). Such a volumetric flow rate is theoretically independent of either the exothermicity or the endothermicity of the phenomenon under study and it can be scaled up to simulate what happens in case of a full plant vessel or reactor according to Eq. (6). 
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where:  is the volumetric flow rate of both gases and vapors at the full plant scale;  is the mass of liquid substance loaded into the vessel (or reactor) before the opening of the relief device; and  is the mass of liquid substance loaded into the test cell of the calorimeter. It is important to underline that the percentage of free volume available for the gas/vapor phase must be the same in between the test cell and the real vessel at full plant scale; otherwise, Eq. (6) cannot be correctly applied. Finally, it is possible to determine the effective mass flow rate at full scale,  [kg/s], by considering two limiting cases: two-phase (liquid and gas/vapor) and single-phase (vapor or gas) efflux. In case of discharge of a two-phase mixture, the average density of the stream to be unloaded can be calculated assuming a homogenous efflux, as reported in Eq. (7):
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where:  is the nominal volume of the vessel (or reactor) at the full scale.
Otherwise, in case of a single-phase mixture to be discharged,  can be calculated according to Eq. (8):
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where:  is the average molecular weight of the gases/vapors discharged during the phenomenon under study. In this case, using omega () method, it was possible to establish that a two-phase efflux was the most likely ( = 0.502). The required minimum discharge area of the rupture disk must be calculated by suitable taking into the real discharge capacity of the venting line. Table 1 reports the characteristics of the venting line together with the other required data suitable for the sizing according to what found processing PHI-TEC II experimental data (see Figure 2). 
Table 1: Characteristics of the venting line and PHI-TEC II data for sizing.
	PHI-TEC II test
	Full Scale Venting Line

	Parameter
	Value [Unit]
	Parameter
	Value [Unit]

	
	2.013 [bara]
	Total Horizontal Length
	7.80 [m]

	
	2.113 [bara]
	Total Vertical Length
	9.85 [m]

	
	113.200 [°C]
	N° of 90° curves (K=0.29)
	5 [-]

	
	7.229∙10-3 [K/s]
	N° of expansions (K=0.2)
	1 [-]

	
	9.017 [Pa/s]
	Diameter after expansion
	200 [mm]


According to what reported in Table 1 and considering a venting line of a maximum diameter of 200 mm (after expansion), a mass gas/vapor flowrate  of 2.469∙105 [kg/h] (the calculated flowrate represents a peak value derived from calorimetric data and it should be interpreted as a conservative upper bound, not sustained over long time scales) and an overall discharge capacity  of 4.292∙103 [kg/(m2 s)] were calculated (when a 6 cm diameter rupture disk is installed). Therefore, a minimum venting area equal to 1.598∙10-2 [m2], corresponding to an average diameter of about 14 cm (not corrected by a safety factor), is required. This means that the bursting disk actually installed onto the storage vessel seems to be not suitable for discharging the two-phase reacting mixture generated by an external fire. 
It is important to underline that the correlation used for calculating the mass flowrate is strictly dependent on the type test done (that is, closed or open test) but the nature of the reaction in terms of either exothermicity or endothermicity does not appear in the derivation of the final equation (see Eq. (7) or Eq. (8)). Moreover, an eventual non-ideal behavior of the system can be taken into account using the low inertia calorimetry data. This consideration supports the possibility to extend the proposed methodology to endothermic systems where a decomposition reaction occurs. Anyway, some open concerns still remain. Is  derived from the experimental test really suitable for describing the temperature evolution inside the system considering the hypothesis of an external fire? Is it necessary to change the amplitude of the heating steps in the standard HWS test carried to mime the real external heating? Answers to these questions should be addressed by carrying out a dedicated experimental campaign (which is beyond the scope of this work).
Conclusions
This work addressed a relevant limitation of current relief system sizing methodologies by focusing on endothermic reacting systems capable of generating significant amounts of non-condensable gases. Through the case study of aqueous formic acid exposed to external fire, it was demonstrated that conventional approaches based on non-reactive boiling assumptions may lead to non-conservative or physically inconsistent results. Experimental evidence confirmed that the system behaves as a hybrid one, characterized by simultaneous vaporization and gas generation, despite the absence of exothermicity. A revised methodology based on calorimetric data processing and evaluation of pressure and temperature derivatives at stagnation conditions was therefore proposed. The application of this approach highlighted that the required venting capacity can be significantly higher than that predicted by standard fire-sizing methods, leading to potential under sizing of protection systems. The results support the possibility of extending DIERS-based concepts to non-adiabatic and endothermic systems, provided that external heat input and gas generation mechanisms are properly accounted for. Nevertheless, further experimental investigations are required to validate the methodology under different heating conditions and to assess its general applicability. Overall, this work contributes to bridging a critical gap in current standards and provides a first step toward a more comprehensive framework for relief system design.
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