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Abstract

Anaerobic digestion of sugarcane vinasse is integral to enhancing ethanol distilleries’ envi-
ronmental and energy performance by converting organic waste into biogas; however, the
flammable and toxic nature of biogas has led to significant safety concerns, particularly in
anaerobic bioreactors where biogas is produced and stored. This study provides a com-
parative risk assessment of different anaerobic reactor configurations—a covered lagoon
biodigester (CLB), a continuous stirred-tank reactor (CSTR), an upflow anaerobic sludge
blanket reactor (UASB), and an anaerobic structured-bed reactor (AnSTBR)—processing
vinasse, focusing on fire, explosion, and hydrogen sulfide (H,S) toxicity hazards. Jet fire
scenarios posed the most severe threat, with fatal outcomes extending up to 66 m, while
the fireball scenario exhibited no lethal range. The risks to human life from explosions
were minimal (1.2%). H;S toxicity was identified as the most critical consequence, with
particularly severe impacts in CLB systems, where the hazardous zone was up to 20 times
larger than in AnSTBR. Therefore, the design of anaerobic bioreactors for vinasse treatment
must primarily address the risks associated with HyS-rich biogas, as reactor configuration
plays a key role in mitigating or amplifying these hazards—high-rate systems such as
AnSTBR and UASB demonstrating safer profiles due to their compact design and lower
gas storage volumes.

Keywords: sugarcane biorefineries; HyS toxicity; hazards; fire; risk; explosion

1. Introduction

Finding sustainable solutions to interconnected challenges such as population growth,
energy scarcity, and climate change is one of the major challenges of the 21st century.
The global population has increased drastically over the last century, largely driven by
industrialization supported by fossil fuels (oil, coal, and natural gas). However, in addition
to being finite, these energy sources are central contributors to the current environmental
crisis through greenhouse gas (GHG) emissions [1,2]. In this context, biofuels derived from
renewable biomass have emerged as strategic alternatives for supporting the transition to
cleaner energy systems [3]. Among them, biogas produced through anaerobic digestion
(AD) is a versatile energy carrier that simultaneously enables energy generation and
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environmentally adequate waste treatment [4]. Depending on the purification level, biogas
can be used for heat and power cogeneration or upgraded to biomethane (bioCHy; >90%
CHy) as a substitute for natural gas (NG) [5,6].

Brazil, the world’s largest producer of sugarcane ethanol, holds significant potential
for biogas generation within the same agroindustrial chain. During the 2022-2023 harvest,
31.3 billion liters of ethanol were produced [7], generating roughly 12 L of vinasse per liter
of ethanol [8]. This corresponds to an estimated 375.6 billion liters of vinasse in a single
season. The energetic potential of the biogas obtainable from this residue (14,486 GWh)
would allow the substitution of 20% of national NG consumption or 90% of the electricity
produced by coal-fired thermoelectric plants [9]. It is worth noting that the Brazilian
sugarcane mills are located mostly in the southeast region (higher population density) and
the season occurs in the months that show a lower rainfall index (April-November). Both
factors might favor the electrical energy supply for the Brazilian matrix as a complementary
source to avoid coal thermoelectrical power plants during the dry season, once the energy
matrix depends almost completely on the hydroelectrical power plants [6].

Sugarcane vinasse is characterized by high concentrations of organic matter and
sulfate (50427), both of which strongly influence biogas production and composition [10].
The availability of soluble and easily degradable organic matter such as carbohydrates,
lactic acid, and glycerol [11,12] makes vinasse a great source of methane (CHy4) production
through AD. Methane is responsible for the energetic value of biogas and presents a
lower heating value (LHV) of 35.82 MJ-Nm~3 [13]. Conversely, the presence of SO42~
stimulates the activity of sulfate-reducing bacteria, producing hydrogen sulfide (H,S) as
an end-product in both liquid and gaseous phases. H,S is a highly corrosive and toxic
compound that can inhibit microbial activity [14]; impair gas utilization equipment through
corrosion caused by sulfuric acid (H,SO4) formation when it reacts with water vapor [15,16];
and contribute to acid rain formation by releasing sulfur dioxide during combustion [17].
Biogas generated from vinasse typically contains 55-65% CHy, 35-45% CO,, and 1-4.5%
H,S (10,000—45,000 ppm) [18], highlighting the relevance of H,S management.

Beyond technological implications, the composition of biogas poses critical safety
risks. The bioenergy sector (i.e., ethanol, biodiesel, biomass, and biogas) records the
highest number of accidents resulting in severe injuries and fatalities in biogas facilities [19].
Quantitative analyses reveal that accident rates in Europe have grown faster than the sector
itself [20—-22]. In these risk assessments, the “critical event” are biogas leakages, which may
lead to explosive mixtures when CHy is released into the atmosphere in the presence of
air and potential ignition sources [20-22]. For biogas composed of 60% CH, and 40% CO,
explosive atmospheres may form at concentrations between 8.5% and 20.7% of the mixture
in air [23].

In turn, H,S poses severe risks to human health, even at relatively low concentrations.
High-level exposure can lead to olfactory paralysis, respiratory failure, and death [22]. H,S
is the second leading cause of inhalation-related fatalities after carbon monoxide [24], and
lethal concentrations are reported at approximately 300 ppm [25]. Quantitative studies
confirm that intoxication by H,S is one of the main causes of death in accidents in biogas
plants. Even moderate exposures can trigger acute symptoms such as headaches, dizziness,
and eye irritation [22], underscoring the need for strict monitoring. The critical unit in
biogas plants is the anaerobic reactor due to the high concentration of biogas produced
and stored [26]. Moreover, in a quantitative study [20] almost all accidents occurred in
anaerobic reactors integrated with or without gasholders.



Biomass 2025, 5, 79

30f20

Despite the wide variety of anaerobic reactor technologies available for biogas pro-
duction, there is a lack of studies examining how design parameters affect the safety
performance of systems operating with sugarcane vinasse. The large volumes and high or-
ganic loads of vinasse require large-scale reactors, whose configuration directly affects both
processing efficiency and potential hazards. Moreover, no previous study has evaluated
the specific risks posed by the high H,S concentrations commonly found in biogas from
vinasse digestion and their implications for worker health and plant safety. Therefore, this
study aims to fill this gap by assessing how different reactor designs impact the risks of
fire, explosion, and HjS toxicity in biogas production from sugarcane vinasse.

1.1. Technological Pathways for Anaerobic Digestion of Sugarcane Vinasse: Anaerobic Bioreactors

Despite the huge energy potential inherent in AD sugarcane vinasse, its utilization
remains limited, with only 10 industrial-scale biogas production plants out of 355 distilleries
across the Brazilian territory [27]. Among these biogas production plants, the most applied
technologies are the covered lagoon bioreactors (CLBs) and continuous stirred-tank reactors
(CSTRs) [5,27], albeit with constraints on organic loading rate processing capacity. CLB
systems can withstand a maximum organic loading rate (OLR) of 2.0 kg-COD m~3 d !,
while these values should reach no more than 5.0 kg-COD m 2 d~! in CSTRs [28]. Despite
these limitations, CLB technology has found widespread adoption in Brazilian sugarcane
biorefineries and in ethanol-producing regions across Asia (e.g., India, Pakistan, Thailand,
and China) due to its simplicity, low implementation costs, and operational ease [27]. In
turn, CSTR technology demands higher investment and operational costs than CLB, but it
is mostly adopted for co-digestion along with other organic by-products from the sugar
and ethanol production chain (e.g., filter cake and/or straw) [5,27].

In the 1980s, significant efforts were made to scale up high-rate anaerobic bioreactors
in Brazil, which are particularly suited for effluents with high organic matter concentra-
tions, such as sugarcane vinasse. Among the various anaerobic bioreactors explored, the
implementation of upflow anaerobic sludge blanket (UASB) reactors for sugarcane vinasse
biodigestion began in 1986 with a mesophilic UASB system in Sao Paulo. Subsequent
advancements in 1987 introduced a thermophilic variant at the Sao Martinho distillery, re-
sulting in increased gas production compared to mesophilic processes. However, challenges
related to operational costs and scalability hindered widespread industrial adoption during
the late 1980s and early 1990s [5,27]. Despite these obstacles, ongoing research continues to-
day, focusing on scaling up high-rate AD bioreactors that combine suspended and attached
biomass growth. Promising developments include the anaerobic structured-bed reactor
(AnSTBR) [29-32], which shows potential at the bench scale, and a new pilot-scale hybrid
anaerobic bioreactor (HaNR) [33], which combines both granule- and biofilm-forming
consortia. In this context, a schematic representation of each technology is presented in
Figure 1, followed by a description of each technology in the subsequent subsections, as
the reactor configuration is the only variable assessed in the present study.
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Figure 1. Schematic representation of anaerobic bioreactors available for vinasse biodigestion. (a) Cov-
ered lagoon bioreactor; (b) continuous stirred-tank reactor; (c) upflow anaerobic sludge blanket
reactor; (d) anaerobic structured-bed reactor.

1.1.1. Covered Lagoon Biodigesters (CLBs)

CLBs are very common in many developing countries due to their low cost and simple
operation [27,34]. CLBs are typically applied for agro-industrial wastewaters (e.g., pig and
cattle farming, dairy industry) with low solid concentrations (0.5-2%) and high hydraulic
retention time (HRT) to guarantee the contact needed between the microorganisms and
substrate (i.e., organic matter) [27,35]. Therefore, the maximum OLR applied in this technol-
ogy is limited to approximately 2 kg-COD m~3 d ! [28]. The CLB is a configuration with
a horizontal flow often with no agitation or heating system, which limits the rate of bio-
chemical reactions and consequent biogas yield compared with other configurations [34,36].
Demanding huge volumes, sometimes hundreds of thousands of cubic meters, to achieve
the HRT required for the biological process, requires periodic cleaning due to the solid’s ac-
cumulation [34,37]. It consists of an anaerobic lagoon covered with a plastic or high-density
polyethylene (HDPE) membrane to store the biogas produced; however, in many cases,
the reactors do not present an adequate covering, showing many issues related to biogas
leakage for the atmosphere [37,38].

1.1.2. Continuous Stirred-Tank Reactor (CSTR)

CSTRs are the most applied bioreactors for biogas production from agricultural plants
and can cover many kinds of substrates, including effluents with high solid concentrations
(3-16%) [35,37]. Compared with the CLB, the CSTR improves the rate of biochemical
reactions due to the (theoretically complete) mixing conditions, which improve the contact
between the substrate and microorganisms, as well as the temperature control, which en-
hances the growth rates for a defined temperature range (mesophilic or thermophilic) [34].
In this way, this reactor configuration can handle an OLR up to 5 kg-COD m~3 d~! [28].
On the other hand, this configuration demands higher operational costs related to power
consumption and mechanical parts maintenance [39]. The main drawback is that the HRT
is equal to the solids retention time (SRT), i.e., the microorganisms and the substrate remain
in the reactor during the same period; therefore, low HRT causes biomass washout [40]. In
practical terms, the organic matter conversion efficiency is intrinsically related to the bacte-
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rial growth rate, and once these rates are slow, large volumes of reactors are still required
to achieve suitable performance levels when processing high-strength wastewaters.

1.1.3. Upflow Anaerobic Sludge Blanket (UASB) Reactor

This reactor consists of a high-rate anaerobic reactor with granular sludge for wastew-
aters with a low solids concentration. In this configuration, the SRT is uncoupled from the
HRT due to the biomass (sludge) retention inside the reactor because of the granulation
and consequent high settleable capability of the sludge, in addition to the three-phase sepa-
rator [41]. This characteristic guarantees a high biomass concentration in the sludge blanket
(2060 g L~ 1) which provides high SRT (>30 days) even under low HRT (4-8 h) [42,43].
Therefore, the volume of the reactor decreases significantly in comparison to the former
configurations (CLB and CSTR), resulting in more compact units that can withstand higher
OLR levels (ca. 10 kg-COD m~3 d~1) [18]. On the other hand, the UASB requires a lengthy
start-up period due to biomass granulation, and the application of wastewaters with high
suspended solids concentrations (such as sugarcane vinasse) is restricted. Additionally, the
application of high effluent flows may lead to enhanced biomass washout [44—46].

1.1.4. Anaerobic Structured-Bed Reactor (AnSTBR)

AnSTBR is a high-rate anaerobic reactor with fixed film where packing media is
placed for attached bacterial growth and, therefore, the SRT is also uncoupled from the
HRT. The support material is fixed in stainless-steel rods that are located longitudinally
and intercalated in a way that in a way that the bed zone is not completely filled, which
ensures high porosity [30]. The packing material can be made of strips of polyurethane (PU)
foam [30-32] or plastic materials, such as low-density polyethylene (LPDE) rings [11,12,47].
Therefore, the AnSTBR combines the advantages of the anaerobic filters and prevents the
main limitation of fixed film reactors, i.e., the clogging of the bed zone due to biomass and
solids accumulation [29,30]. This configuration presents the main advantages of fixed film
reactors, including a short start-up period (once granulation is not required), good stability
of the process when applied to high organic loads due to biomass retention, and a higher
capacity to absorb toxic and organic loads [41,48]. Therefore, an OLR up to 25 kg-COD
m~3 d~! was reported [30]. However, it is important to stress that full-scale applications of
the AnSTBR in the case of vinasse are still unavailable, with numerous promising results
observed only in bench-scale reactors [29-32].

2. Materials and Methods
2.1. Design Criteria, Anaerobic Bioreactor Dimensions, and Biogas Characteristics

As previously discussed, each AD reactor configuration provides different condi-
tions for biochemical reactions, which impact the processing capacity and, consequently,
the volume of the reactors. In this study, the risks associated with the application of
each of the four reactor configurations in the treatment of sugarcane vinasse to obtain
biogas were evaluated. A distillery producing 205.5 x 10° tons/season of sugar and
214.5 x 103 m3/season of ethanol was used as the reference [10], resulting in a vinasse flow
rate (VFR) of 9187.5 m® d~!. The organic matter concentration (COD;y,,s.) Was defined
based on a distillery with the same production pattern (i.e., annexed distillery; sugar +
ethanol production), which results in 33.5 kg-COD m~3 [12]. The working volume (V)
of each reactor was calculated based on the applied OLR, according to Equation (1). The
design parameters and resulting reactor dimensions are shown in Table 1.

_ VFR X CODvinasse
OLR

Vi (1) (1)
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Table 1. Design parameters and dimension characteristics.

Bioreactor Configuration

Parameter Unit

CLB CSTR UASB AnSTBR
E)Org;;r)uc loading rate kg-COD m34d-1 ha 5a 102 25b
Working volume (V) m3 153,891 61,556 30,778 12,311
Headspace m? 141,579 € 46,783 3386 P 1354 b
Working height (Hyy) m 5d 6° 6f 6.5
Area m? 30,778 10,259 5130 1894
Dimension characteristics W x LorD(m)8 90 x 3424 114.3h 40 x 12841 40 x 47.4]
Total perimeter m 864 509 336.8 174.8

Notes: 2 Leme and Seabra [18]; ? Fuess et al. [49]; ¢ Tépparo et al. [34]; d McCabe et al. [50]; © Lemmer et al. [51];
f Chernicharo and Bress_ani—Ribeiro [43]; 8 W: width; L: length; D: diameter; h 1 tank of 114.3 m diameter; i 8 4+4)
modules: 20 x 32.1 m;J 6 (3 + 3) modules: 20 x 15.8 m.

The design criteria for the CLB (90 x 342 x 5m; W x L x H,) were based on the
range of working height (3-5 m) and the “length/width” ratio (2:1-5:1) usually applied
for this bioreactor [50]. In turn, for the CSTR, any tank size can be applied as long as
the mixing process can be carried out [37]. Just one tank was considered in this study
as a conservative approach, ensuring that the direct hazards comparison was based just
on the OLR processing capacity. Therefore, the Hw was sized as 6 m based on a CSTR
design characteristic reported elsewhere [51] and the resulting area used to design the
diameter of the tank. The UASB has a hydraulic limitation once it is an upflow reactor
with granular-based microbial growth and then needs to fulfill an optimal upflow velocity
within 0.5-0.7 m h~! range [43] to guarantee the mass transfer from the substrate to the
sludge blanket as well as avoid biomass washout. Hence, the Hw was fixed at 6 m [43] and
the area was divided into 8 rectangular modules (642 m? each) that guaranteed an optimal
upflow velocity (0.6 m h~1). Finally, the design criteria for the full-scale AD of sugarcane
vinasse on the AnSTBR were adopted from previous research [49], resulting in a total of
6 modules of 316 m? (totalizing 1896 m?; 6 modules of 20 x 15.8 m).

The biogas composition considered was based on the range reported in the literature
for AD of the sugarcane vinasse in the Brazilian sugar and ethanol industry: 60% CH,; 37.5%
COy; 2.5% or 25,000 ppm H,S [18]. An internal pressure of 0.05 bar was considered, as it is
the typical operational pressure of anaerobic bioreactors [36]. Additionally, an overpressure
scenario of 1 bar was considered to evaluate the impact of a possible operational issue.
The headspace volume was defined based on the ratio of “headspace/working volume”
for each configuration reported elsewhere [34,49]. A sensitivity analysis regarding the
headspace-to-liquid ratio was not performed in this study. The headspace volume adopted
in the simulations was based directly on values reported in previous scientific publications
and used as fixed design parameters for each technology.

2.2. Risk Assessment
2.2.1. Probability and Consequence Analysis

The technical risk (RISK) related to the failure in the anaerobic bioreactor is expressed
as the product of the probability of occurrence of this failure (P;) and its consequences C;
(Equation (2)). When there is a high number of these failures, the risk is the sum of all risks
related to individual events [52,53].

RISK = Pfi X Ci (2)

n

i=1
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The consequences of the risk assessment process may include human fatalities or
monetary losses. In the case of human casualties, the consequences of hazardous events
associated with failures of technical installations can be determined by the severity of
human injuries. Probit functions were used to estimate them, linking the size of the
impact with the negative effects on people and the environment. The consequences of an
accident, which determine the level of injury, can include, for example, the impact of a
specific concentration of a chemical substance, an overpressure leading to an explosion
phenomenon, or a heat flux resulting in a fire phenomenon. The general form of the
equation for probit functions is shown in Equation (3) [52]. The exposure time assumed in
this study was 10 s for all cases. In Equation (3), the term P, is the probit function, which is
a measure of the percentage of humans injured or dead as a result of exposure to a given
type of load V; “a” and “b” are probit equation constants depending on the type of injury
and type of load; and, V is the measure of the intensity of harmful effects (dose).

P, = a+bln(V) 3)

2.2.2. Hazardous Event Scenarios

The safety assessment of anaerobic digestion systems involves analyzing two main
accident scenarios to evaluate the consequences of uncontrolled biogas releases. The first
scenario focuses on the partial rupture of the bioreactor, leading to biogas leakage through
openings of different sizes and pressures, and subsequent hazardous events such as fire,
explosion, or toxic exposure. The second scenario represents a more critical condition
characterized by the total structural failure of the bioreactor and the complete release of
stored biogas to the atmosphere. By comparing both scenarios, the analysis aims to identify
how variations in leak size and operating pressure influence the magnitude of hazardous
zones and potential risks to workers, providing key insights for preventive design and
emergency planning.

The identification of hazardous event scenarios was based on previous research that
applied event tree analysis (ETA) and identified the uncontrolled biogas leak as a criti-
cal event [22]. Figure 2 summarizes all hazardous events that follow the biogas leakage
from a partial rupture condition, like immediate ignition (jet fire), delayed ignition (explo-
sion), or no ignition (H,S intoxication). In this study, a 200 mm rupture was selected as a
conventional reference diameter widely used in risk assessment methodologies, whereas
a 1000 mm tear was included to represent more severe, yet realistic membrane failures
reported by operators of covered lagoons. Similarly, the pressures of 0.05 bar and 1 bar cor-
respond to typical operating conditions and an abnormal overpressure scenario, enabling a
broader evaluation of potential accident consequences.

Immediate ignition Delayed ignition Event Event
YES
Jet fire
Biogas leakage e Explosion
NO
Toxic cloud
NO Release ——

Non-essential
hazards

Figure 2. Event tree analysis for biogas leakage.
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The “Hazardous zone” (HZ; mZ) is the area where the consequence (fire, explosion,
or H,S toxicity) can result in some level of health injury or even death for the workers.
Meanwhile, the term “Potential hazardous zone” (PHZ; m?) considers the total perimeter
of each bioreactor (m) times the “Hazardous range” (m), i.e., the distance from the hole up
to the farthest point from each HZ on the different injury levels or death.

The complete rupture scenario was characterized by the total damage of each biore-
actor and the release of the whole biogas into the atmosphere. For this scenario, the
consequence analysis evaluated the fireball, explosion, and H;S toxicity in terms of poten-
tial injuries or death, and just the HZ and HR were calculated, since the complete rupture
causes consequences on the total perimeter of the bioreactor. Both scenarios (partial and
complete rupture) were tested using the PHAST v6.7 software.

3. Results
3.1. Analysis of the Hazards Related to Failure of the Biogas Installation

The critical event is a failure related to the release of biogas from a partial or complete
rupture, which may lead to various hazardous final events. The further development
of hazardous event scenarios is related to the level of damage to the installation. The
process of immediate and delayed ignition may result in a jet fire or a fireball, an ex-
plosion, the movement of a cloud of hazardous H;S toxic concentration, or no hazard
whatsoever [53-55].

3.1.1. Fire

Hazards in biogas plants are significantly related to the geometry of the plant, the
parameters of its operation, and the composition of the biogas produced, i.e., the content
of flammable and /or toxic compounds. Fires caused by biogas ignition can occur in the
form of a jet fire in the case of partial rupture. A jet fire occurs when biogas released
from a pressurized source is ignited close to the source of the release. This type of fire
is characterized by a long and stable flame. Each of the fires has negative effects on
humans and the environment related to the direct impact of the flame and the generated
heat flux. For example, the lower values of this heat flux at 2.5 kW m~2 cause human
pain and the breaking of glass after a sufficiently long period of exposure. Higher values
at 12.5-15 kW m~2 cause first-degree burns and melting of plastics. In turn, values at
25 kW m~?2 cause significant injuries, and values above 37.5 kW m~?2 can result in human
deaths [56,57].

In the case of jet fire, the HZ regarding the heat flux after biogas release is equal for
all bioreactors evaluated (CLB, CSTR, UASB, and AnSTBR) in each condition of pressure
and hole size. In this scenario, the volume of the biogas stored in the headspace did not
impact the HZ; meanwhile, the hole size and pressure were the parameters that impacted
the range of the hazard (Table 2; HR). This phenomenon occurs because the main element
in the estimation of HZ is the mass flux in the hole, which is not affected by the biogas
volume stored. However, it should be noted that the volume of the gas will affect the
duration of the fire phenomenon. In the case of a greater volume of biogas, the duration of
its discharge will be longer and, therefore, it will affect the duration of the fire phenomenon
and the impact of its consequences.
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Table 2. Hazardous range (m) for jet fire heat flux (partial rupture).

Headspace Pressure 0.05 bar 1 bar

Heat Flux 200 mm 1000 mm 200 mm 1000 mm
25 kW m~2 23 130 55 279

12.5 kW m 2 16 83 30 126

37.5 kW m 2 7 63 15 66

On the other hand, the “Potential Hazardous Zone” (Figure 3; PHZ) was directly
affected by the perimeter of each bioreactor, i.e., geometry, which is intrinsically related
to the OLR utilized in each technology and the resulting volume required to vinasse
biodigestion. The PHZ with risks of death was up to 5-fold higher in the case of CLB in
comparison with the AnSTBR for both conditions of hole size (200-1000 mm) and pressure
(0.05-1 bar). The CLB achieved a PHZ with risk of death (i.e., 37 kW m~2) up to 57,024 m?.
Meanwhile, for the AnSTBR, this area decreased to 11,537 m? (1000 mm hole size; 1 bar).

22,500 120,000
o 200 mm (hole) and 0.05 bar 1000 mm (hole) and 0.05 bar
T 20000 — 105,000
E E
g 17 @ 90,000
R 1500 §
3 @ 75,000
§ 12500 3
5 T 60,000
& 10,000 8
— £ 45000
8 7500 —
L - -
c -
£ so00 g =0
]
* 2500 & 15000
0 0
2.5kw/m2 12.5 kw/m2 37.5 kw/m2 2.5 kw/m2 12.5 kw/m2 37.5 kw/m2
50,000 250,000
200 mm (hole) and 1 bar 1000 mm (hole) and 1 bar

Potential hazardous zone {m?)
~
w
°
8

E

o

13

o

2

”

3

o

-l

2

o

5
20,000 8 100,000

=
15,000 £ 75000
10,000 £ 50000
5000 - % 25000
0 0

2.5 kw/m2 12.5 kw/m2 37.5 kW/m2 2.5 kw/m2 12.5 kw/m2 37.5 kw/m2
ECLB mCSTR mWUASB m AnSTBR

Figure 3. Potential hazardous zones for jet fire heat flux.

The “fireball” consequences caused by a complete rupture impacted both the haz-
ardous area and range, resulting in the biogas volume stored in each bioreactor (Figure 4).
In this case, there is no risk of death in any bioreactor under any pressure conditions, which
is related, among other things, to the low storage pressure of biogas. The change in biogas
pressure has significantly expanded the areas associated with the negative impact of the
heat flux generated by the fire. For the first-degree burns (12.5 kW m~2), the CLB under
1 bar of pressure resulted in an area of 3886 m? (HZ) and a range of 35 m (HR). However,
the amount of pain caused by a 2.5 kW m~2 heat flux was considerably greater than that
caused by jet fire, mainly in the technologies with a lower processing capacity (CLB and
CSTR), which directly affected the reactor size and the resulting biogas stored. The CLB
technology achieved up to an area of 1.61 million m? (HZ) and a range of 717 m (HR) under
1 bar of pressure. Therefore, although a complete fire rupture (fireball) sounds like a very
serious accident, the heat flux would not cause any direct risk of death like the jet fire.
Conversely, the vicinity would be more affected since the heat flux could reach 508 to 717 m
(HR) in the worst-case scenario (CLB; 0.05 to 1 bar).
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Figure 4. Hazardous zone and range for fireball heat flux.

The probability of death resulting from various types of fires is shown in Figure 5
in the case of partial rupture (i.e., jet fire), because the fireball did not generate a level
of heat flux capable of causing human death. A 100 probability of human death was
noted for both analyzed levels of biogas pressure and the larger hole size (1000 mm) in the
event of a biogas jet fire. The range of areas associated with 100% human deaths will be
approximately 32 and 65 m for 0.5 and 1 bar, respectively. In the case of lower pressure
and a smaller diameter of damage (200 mm), the probability of human death will be no
more than approximately 55% and will extend to a range of about 5 m. In the case of higher
pressure, the probability will be about 90% and will extend to a range of about 16 m.
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Figure 5. Probability of human deaths caused by a heat flux from jet fire.

3.1.2. Explosion

An explosion is another type of hazard associated with the flammable properties of
biogas components. Under favorable conditions, it may be a consequence of the biogas
installation’s partial or complete failure. The negative effects of this phenomenon are
generated overpressure and flying debris from the ruptured installation. For example,
overpressure of 0.21 kPa causes large glass windows to crack, 4.8 kPa damages building
construction, and 20.7 kPa causes minor damage to heavy machinery and equipment.
Higher values of the overpressure generated by the explosion, i.e., at 99.9 kPa, 137.8 kPa,
and 199.8 kPa, result in 1%, 50%, and 99% human fatalities from lung damage, respec-
tively [57,58].
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For the partial rupture scenarios, the consequences of the explosion follow the same
pattern as jet fire. The hazardous range was equal among the bioreactors and was affected
just by the hole size and pressure (Table 3). However, no lethal consequence for the
considered pressure wave (199.8 kPa; 99% human death) occurred during the explosion
simulation. The PHZ (Figure 6) was also directly affected by the perimeter of each bioreactor,
i.e., geometry, which is intrinsically related to the processing capacity of each technology
and the resulting volume required for vinasse biodigestion.

Table 3. Hazardous range (m) of partial rupture for explosion consequences.

Headspace Pressure 0.05 bar 1 bar
Pressure Wave 200 mm 1000 mm 200 mm 1000 mm
4.8 kPa 36 159 41 198
20.7 kPa 14 60 15 79
199.8 kPa 0 0 0 0
40,000 180,000

200 mm (hole) and 0.05 bar 1000 mm (hole) and 0.05 bar
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Figure 6. Potential hazardous zones for explosion consequences (partial rupture).

Similarly to the fireball scenario, no HZ or HR were associated with a pressure wave
causing the death of humans in the complete rupture explosion simulations (Figure 7).
Nonetheless, the range covered by the pressure wave of 4.8 kPa (damage to building
construction) and 20.7 kPa (damage to heavy machinery and equipment) was considerably
greater than the consequences caused by the partial rupture pressure wave (Table 3) or even
the consequences of the fireball (Figure 4). In this case, considerable monetary loss and
impact on buildings in the vicinity can occur as a consequence of a complete rupture and
the following explosion. In this scenario, the HZ and HR were also affected by the reactor
size and resulting biogas stored in the headspace. The 4.8 kPa pressure wave covered an
area of up to 2.4 million m? and 877 m range under 1 bar of pressure and 1.57 million m?
and a 708 m range under 0.05 bar of pressure for CLB technology. Conversely, for the
high-rate AD bioreactors (UASB and AnSTBR), the consequences of the pressure wave
were 11- and 3.5-fold lower for HZ and HR, respectively.
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Figure 7. Hazardous zones and range for explosion consequences (complete rupture).

The probability of death as a consequence of partial or complete rupture followed by
an explosion and pressure wave was very low for all conditions (1.2%; Figure 8). However,
the distance from the bioreactor associated with this death risk increased, along with
the hole size (Figure 6; partial rupture) and the volume of biogas stored in the different
technologies (Figure 7; complete rupture). The overpressure scenario (from 0.05 to 1 bar)
did not significantly impact these distances, unlike in the jet fire scenarios (Figure 3). On
the other hand, unlike a fireball, despite the low probability, a complete rupture explosion
can result in human death.
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3.1.3. H,S Intoxication

Intoxication by HjS is one of the main causes of death in accidents in biogas
plants [20,22]. There is no report in the literature that evaluates the impacts of the high
H,S concentration usually found in the biogas evolved from vinasse on the health and
safety of workers and operators of sugarcane vinasse biogas plants. H,S is extremely toxic:
concentrations of 20-50 ppm can cause eye irritation (conjunctivitis) and lung irritation; con-
centrations of 150-200 ppm can affect one’s sense of smell and severely irritate the eyes and
lungs; 500 ppm may cause sudden loss of consciousness (“syncope”); and concentrations
above 1000 ppm are fatal [59].

Among the potential hazards presented in biogas plants in the partial rupture sce-
narios, H,S intoxication presented a higher HR (Table 4) and PHZ (Figure 9) with risk of
death. In this case, the pressure variation (0.05-1.0 bar) did not impact the area and range
of the risk of death, but the hole size increased (60-252 m; 200-1000 mm; Table 4). The
PHZ with death risks (1000 ppm; Figure 9) achieved an area that was up to 5-fold larger
(CLB vs. AnSTBR), which was up to 217,000 and 44,000 m? for CLB and AnSTBR (1000 mm,;
0.05-1.0 bar; Figure 9), respectively. The HZ values were also equal for 200 mm holes at
both pressures simulated (0.05-1.0 bar; Table 4) for all reactors considered in this study.
Additionally, the larger hole size tested (1000 mm) was equal to the “death HZ” (1000 ppm;
Table 4) and differed by 200 and 500 ppm at both simulated pressures (0.05 and 1 bar;
Table 4). In this case, i.e., 1000 mm and 200-500 ppm, the reactor configuration impacts the
hazardous range from a biogas leak in a partial rupture scenario, reaching higher values
for the technologies with higher amounts of biogas stored (low-rate AD bioreactors, i.e.,
CLBs and CSTRs).

Table 4. Hazardous range (m) of partial rupture for H,S intoxication consequences.

Headspace Pressure 0.05 bar 1 bar

H,S Concentration 200 mm 1000 mm 200 mm 1000 mm
200 ppm 141 878-5702 321 1587-735 ¢
500 ppm 101 530430 P 139 570-490 4
1000 ppm 60 250 60 252

Notes:  CLB/CSTR/UASB = 878 m; AnSTBR = 570 m; ® CLB/CSTR/UASB = 530 m; AnSTBR = 430 m;
¢ CLB/CSTR = 1587 m; UASB = 905 m; AnSTBR = 735 m; ¢ CLB/CSTR/UASB = 570 m; AnSTBR = 490 m.
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Figure 9. Potential hazardous zones for H,S intoxication (partial rupture).
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H,S intoxication was also associated with a larger hazardous zone, with a risk of
death reported to be among the consequences of a complete rupture scenario, according
to the evaluation performed in this study. On the other hand, the reactor configuration
and pressure variation increased considerably in HZ and HR (Figure 10). The “death HR”
(1000 ppm) increased up to 20-fold from the smaller (AnSTBR) to the bigger (CLB) reactor
at both pressures tested. The death HZ was up to 753 and 14,963 m? for the AnSTBR and
CLB reactors, respectively, under 0.05 bar of pressure. Meanwhile, the death HZ increased
to 2420 and 51,336 m? for the AnSTBR and CLB reactors, respectively, along with the
increased pressure (1.0 bar). It is worth highlighting the impact that the H,S concentration
could have on the vicinity of the biogas plant in the case of a complete rupture. The
lower concentrations considered in the simulations (200-500 ppm) can still be significantly
hazardous to human life. A range of up to 1.7 km was achieved in the case of a complete
rupture of a CLB under 1 bar of pressure. Meanwhile, the range of the high-rate AD reactors
in the same condition was between 148 and 248 m for UASB and AnSTBR. Therefore, the
reactor design parameters, i.e., OLR, significantly affected HZ and HR for H,S intoxication
in the complete rupture scenario.
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Figure 10. Hazardous zone and range for H,S intoxication (complete rupture).

The probability of human death as a consequence of a partial and complete rupture
followed by a toxic cloud of HjS at the sugarcane vinasse biogas site is extremely high
and is impacted by the hole size (Figure 11a,b) and reactor configuration (Figure 11b,c),
respectively. For the partial rupture scenarios, the overpressure scenario tested (from 0.05 to
1 bar) did not impact the probability of death as a function of the distance from the reactor
either, but the hole size increased significantly. The range of the hazard zone related to a
100% probability of human deaths increased from 20 to 80 m along with the hole sizes (200 to
1000 mm; Figure 11a,b). Though no differences in the death zone ranges among the reactor
technologies are presented for partial rupture scenarios (Table 4; 1000 ppm), the specific
construction of the equipment can make each reactor configuration more susceptible to
smaller or larger holes in the case of an uncontrolled biogas leak. In CLB technology, a
plastic or HDPE covering is fixed on the sides of the lagoon, which is often inadequate and
results in uncontrolled biogas leakage [37,38], resulting in greater susceptibility to larger
holes in the cover fixation areas. For the complete rupture simulations, the high-rate AD
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bioreactors, i.e., UASB and AnSTBR, presented a 100% probability of human death within
the 15-20 m range (0.05-1.0 bar; Figure 11c,d). Therefore, the complete rupture scenario of a
high-rate AD bioreactor resulted in a death zone similar to a biogas leakage from a 200 mm
hole size (Figure 9). On the other hand, the bigger bioreactor and biogas volume stored
(CLB) showed a 100% probability of human deaths within the 60-80 m range (0.05-1.0 bar;
Figure 11c,d) or 4-fold higher than the UASB and AnSTBR.
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Figure 11. Probability of human deaths from a toxic concentration of biogas. Partial rupture (a,b),
complete rupture (c,d).

4. Discussion

Technical risk assessment represents the integration of two components: the proba-
bility of occurrence and the magnitude of the consequences associated with hazardous
events. In biogas systems, the consequences of failure, driven by the physicochemical prop-
erties of CHy-, CO;-, and H;S-containing gas mixtures, include fire, explosions, and toxic
clouds. The extent of these impacts is strongly influenced by reactor geometry, operational
parameters (e.g., pressure), and the volume of biogas stored at the moment of failure.

The analysis of partial rupture scenarios (Figure 12a,b) demonstrated that the opera-
tional pressure and hole diameter govern the spatial extent of hazardous zones, although the
event frequency remains similar for the two leak sizes evaluated (200 and 1000 mm). Larger
openings increased the radius of toxic concentrations, with risks reaching 4.1 x 102 year~!
and extending up to 75 m at 1 bar. These findings highlight how even moderate overpres-
sures can exacerbate consequences, especially for reactors that temporarily accumulate
large volumes of compressible biogas.

Complete rupture scenarios (Figure 12¢,d) reinforced the central role of the reactor con-
figuration. While the event frequency was identical for all technologies (4.1 x 10~* year™!),
the magnitude of the consequences varied markedly. High-rate reactors such as AnSTBR
and UASB exhibited hazardous radii of only 16-20 m due to their compact geometry and
minimal gas headspace. In contrast, low-rate, large-volume systems such as CLB exhibited
much larger impact areas (up to 100 m at 1.0 bar). The sensitivity of CLB and CSTR to
pressure increases, doubling the hazardous radius when pressurized from 0.05 to 1.0 bar,
emphasizes the compounding effect of volume and overpressure on consequence severity.
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A key finding is the strong agreement between the ranges of hazardous zones pre-
dicted in the risk assessment (Figure 12) and the results of the H,S toxicity simulations
(Figure 11). HyS emerged as the dominant threat, capable of generating lethal atmospheres
over extensive areas, independent of ignition. This reinforces that the design of vinasse AD
systems must prioritize the mitigation of HyS exposure risks above all other failure modes.
Reactor selection, therefore, directly influences safety performance: configurations with
small gas headspaces inherently limit the scale of toxic releases.
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Figure 12. Risks of human deaths from a toxic concentration of biogas. Partial rupture (a,b), complete
rupture (c,d).

The current widespread application of CLB for processing sugarcane vinasse in de-
veloping and ethanol-producing countries such as Brazil, China, Pakistan, Thailand, and
India [5,27] presents alarming safety risks. Biogas derived from vinasse contains exception-
ally high H,S concentrations, substantially increasing the likelihood of fatal intoxication in
the event of a partial or complete rupture. This hazard is further aggravated by structural
vulnerabilities inherent to CLB construction, making them highly susceptible to biogas
leakage [37,38]. To mitigate these severe safety risks, it is crucial to shift this market pattern
towards adopting high-rate anaerobic digestion systems like the UASB and AnSTBR. These
bioreactors offer a safer and more compact configuration for vinasse treatment, substan-
tially reducing the risks associated with the large volumes, high organic loads, and elevated
SO42~ concentrations characteristic of sugarcane vinasse. Prioritizing the development
and implementation of safer, high-rate bioreactor technologies is imperative to safeguard
human health and prevent potentially deadly incidents in these regions.

The 1980s witnessed significant advances in the tests of UASB technology in Brazil-
ian sugarcane distilleries, but the challenges related to operational costs and scalability
stunted widespread industrial adoption throughout the late 1980s and early 1990s [5,27].
Limitations in understanding the specific requirements of vinasse AD directly contributed
to this failure. A good example refers to the use of the UASB technology, observing the
need to install “secondary settlers” as a strategy to minimize the losses of non-granulated
biomass. However, the current scientific development beckons a resurgence of interest
and investment in the development and proliferation of high-rate AD bioreactors within
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sugarcane biorefineries. Current research, exemplified by the promising AnSTBR [29,30,49]
and the innovative pilot-scale hybrid anaerobic bioreactor HaNR [33], underscores the
viability and potential of these technologies. Currently, a critical limitation is the chemical
dosing for pH control to sustain a high-rate and stable biological process [29,49]. Therefore,
efforts must be made to overcome this operational limitation to develop technology that is
cost-competitive with the existing cheaper low-OLR technologies (CLB and CSTR).

5. Conclusions

This study investigated the impact of anaerobic bioreactor design parameters on
hazards such as fire, explosion, and Hj,S toxicity in biogas production from sugarcane
vinasse. The highest potential hazardous zone (PHZ) from partial rupture scenarios was
due to HjS toxicity (1000 ppm), with the covered lagoon biodigester (CLB) reactor showing
a PHZ up to 5-fold larger than the Anaerobic Structured Bed Reactor (AnSTBR) for a
1000 mm hole size (216,000 m? vs. 44,700 m?). Death risks from jet fires varied significantly
with hole size, increasing from 7 to 66 m as the hole size increased from 200 to 1000 mm
(0.05 bar). The CLB reactor had a PHZ up to 5-fold higher than the AnSTBR (57,024 m? vs.
11,537 m?; 1000 mm hole size at 1 bar). Complete rupture scenarios posed less risk of death
but could significantly impact the surrounding area with heat and pressure waves. Partial
rupture was more likely (4.0 x 1073 year’l) than complete rupture (4.0 x 104 year’l),
with hazardous ranges of 15-75 m and 20-80 m, respectively, depending on the reactor
configuration and pressure. These results highlight the critical role of reactor design in
managing hazards associated with sugarcane vinasse biogas production, emphasizing the
need for careful consideration of reactor configurations during the design phase to mitigate
the risks inherent to this high-organic matter and sulfate-rich feedstock.
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Abbreviations

The following abbreviations are used in this manuscript:

AD Anaerobic digestion
AnSTBR  Anaerobic structured-bed reactor
bioCH;  Biomethane

CLB Covered lagoon biodigester
COD Chemical Oxygen Demand
CSTR Continuous stirred-tank reactor

HR Hazardous range
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HRT  Hydraulic retention time

HZ Hazardous zone

PHZ Potential hazardous zone

OLR  Organic loading rate

SRT Solids retention time

UASB  Upflow anaerobic sludge blanket
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