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Abstract 
For decades, wet scrubbers have been used to control particulate matter (PM) emitted by bagasse-fired boilers in the sugarcane 
industry. This choice was justified by their acceptable performance in meeting environmental standards, the abundance of 
water resources, and the fact that their operation was simpler and less expensive than other dry cleaning operations. However, 
the progressive tightening of PM emission limits, as well as the need for more rational water and wastewater management 
in these applications, has changed this aspect of the industry. Despite the extensive technical literature on wet scrubbers, the 
lack of up-to-date indicators of their performance in sugarcane industries has prevented the optimization of wet scrubbing 
processes. This paper clearly shows that the use of wet scrubbers can result in significant water and heat losses, as well as 
high operating costs for wastewater treatment stations (WTSs). Mass and energy balances were determined for a typical 
ethanol-sugar plant operating in Brazil, which is the world’s largest sugarcane producer. The key boiler and scrubber perfor-
mance indicators were evaluated experimentally over the course of a crop season and were compared to the legal particulate 
emission and water quality requirements in Brazil. The boiler processed an average of 114.8 t/h of bagasse containing 46.8% 
moisture and generated 4.75 t of gas and 28.2 kg of PM for each ton of dry burned bagasse. Of the total PM (ash and soot), 
68% was collected as dry material in the grate, heat exchangers, and multicyclone; 25% was collected in the wet scrubber; 
and 7% was emitted to the atmosphere, in compliance with the Brazilian standards. The operation of the WTS linked to the 
gas cleaning system was inefficient, using 70% of the water to convey the dry PM retained in the boiler, heat exchangers, and 
multicyclone and only 30% to operate the wet scrubber. Evaporation caused the loss of 10.5% of the scrubbing water to the 
atmosphere. The transportation of moist cake (7.9 t/h, 78% wb) for disposal in fields resulted in significant fuel costs and 
water losses. The operation of the WTS accounted for 62% of the total capital expenditure of the cleaning system, while the 
wet scrubber accounted for only 38%. This work provides updated performance indicators and alternatives for optimizing 
a gas cleaning system to promote more rational water and wastewater management and savings for the sugarcane sector.
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Graphic abstract
Required collection efficiencyfor bagasse boilers based on the inlet PM concentration and emission limits imposed in Brazil, 
China, and most countries
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Introduction

Sugarcane (Saccharum officinarum) is one of the most effi-
cient crops in the world for producing sugar, ethanol, and 
energy (FAO 2019). Sugarcane processing exceeded 1,840 
million tons (Mt) in the 2017–2018 season, with Brazil, 
India, and China accounting for 63% (Sahu 2018). Brazil 
alone accounted for 48% (633.3 Mt) of harvested sugar-
cane, as well as 26% (27.2 Mm3) of ethanol and 26% (37.9 
Mt) of global sugar production (GAIN-USDA-FAS 2018). 
During the same time period, Brazil produced 165.6 Mt of 
sugarcane bagasse, and its complete combustion in boilers 
and cogeneration plants produced 301 Mt of heat energy as 
steam and 71.5 TWh of electric energy (EPE 2018). Propor-
tional product and processing profiles have been reported for 
India (Tsiropoulos et al. 2014), South Africa (IRENA 2019), 
and China (Peng et al. 2014).

Despite the obvious benefits to the economy and the 
renewable energy matrix, the massive amount of sugar-
cane processing could have negative environmental con-
sequences (Zhao and Li 2015). During fermentation, car-
bon dioxide is produced and released into the atmosphere 
at a rate of 956 kg per metric ton of ethanol. Vinasse, a 
dark brown, acidic byproduct with high organic and sulfur 
contents, is produced in a volume proportion of 12:1 to 

ethanol during distillation (Fuess and Garcia 2014). Fur-
thermore, boiler and cogeneration plant operations emit up 
to 5 t of flue gases into the atmosphere and produce up to 
30 kg of particulate matter (PM; soot, char, and ash) per 
metric ton of burned bagasse (Teixeira et al. 2007). Fig-
ure 1 reports the overall numbers for sugarcane processing 
in Brazil during the 2017–2018 season.

The management of water and wastewater by sugarcane 
industries is a constant source of concern, especially given 
that the majority of Brazil’s 400 ethanol plants are located 
above the Guarani aquifer system, one of the world’s larg-
est freshwater reservoirs. Sugar and ethanol production 
require large amounts of water, which could deplete this 
resource. The excessive use of underground freshwater by 
sugarcane industries, as well as the contamination of this 
aquifer with pesticides and process effluents, affects Brazil 
and neighboring countries that rely on the aquifer. Invest-
ment in best practices and reuse technologies resulted in a 
decrease in freshwater use from 15 to 21 m3/tcane over the 
last four decades to 1–2 m3/tcane in recent years (Moreira 
2007). The target for the coming years is 0.5–1.0 m3/tcane, 
and zero discharge has been proposed, even though the 
target can be met by incorporating process wastewater into 
vinasse for irrigation of the sugarcane crop (Stone et al. 
2010).
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One sector of the sugarcane process that has not signifi-
cantly improved in recent decades is the cleaning of the flue 
gases emitted from steam boilers and cogeneration plants 
(Mann 2017). PM is the most critical contaminant due to its 
high generation rate (Teixeira et al. 2007), followed by nitro-
gen oxides (NOx) (Sahu et al. 2015), sulfur dioxide (SO2), 
and volatile organic compounds (VOCs) (Zhang et al. 2020). 
A wet scrubber (spray tower and impingement types) is the 
most commonly used device to control PM in bagasse boil-
ers, and it is sometimes preceded by a multicyclone (Boshoff 
and Yeo 1999).

Wet scrubbers have been used for decades around the 
world based on the assumption that water is readily available 
and that their operation is simpler and more inexpensive for 
use in sugarcane industries than are dry cleaning technolo-
gies (Singh and Shukla 2014). The PM collection efficiency 
of scrubbers is also reportedly sufficient to meet the current 
Brazilian and international emission standards (Moor 2007).

Currently, the cost of water intake for industries in Brazil 
is still relatively low, and wet scrubbers are used with lit-
tle consideration of water and energy losses and without a 
thorough assessment of economic viability. However, this 
scenario is rapidly changing, as taxes on water intake and 
discharge have gradually increased in recent years, while 
the capital and operational costs of novel dry cleaning 
devices have decreased over time. Furthermore, studies 
have revealed the presence of dioxins and furans in bagasse 
combustion flue gases carrying fly ash (Yive and Tiroumale-
chetty 2008). Because of water recirculation, the absorption 
of these highly toxic and carcinogenic pollutants in the water 
of wet scrubbers could contaminate the entire sugarcane pro-
cess and the environment (due to wastewater discharge in a 
field or in aquatic systems). If scrubbing water contamina-
tion is confirmed, the use of this technology may be jeopard-
ized in the near future.

The literature on the performance of wet scrubbers in the 
sugarcane industry is limited and out of date. In this con-
text, this paper describes a systematic experimental study 
conducted in the wet scrubbing unit of a sugarcane plant 

in Brazil. The water and heat balances associated with the 
scrubber operation were evaluated, and all losses were iden-
tified and quantified. The capital and operational costs of gas 
cleaning and wastewater treatment were calculated. Alterna-
tives for reducing water demand were evaluated, allowing 
the mitigation of environmental impact.

Experimental work

The agroindustrial unit studied in this work is located in 
the Brazilian state of Minas Gerais and started operating 
in 2009. In the 2016–2017 season, 2,742,366 t of sugar-
cane was crushed; this value increased to 3,166,907 t in the 
2017–2018 season, when cogeneration reached 260 GWh 
with a surplus of 160 GWh. Figure 2 shows the plant’s com-
bined stages of steam generation, gas cleaning, and water 
treatment.

A vertical water tube boiler with a nominal capac-
ity of 200 t/h of steam at 490 °C and 75 bar (7.5 MPa) 
and a nominal power of 190 MW is part of the system. 
Bagasse from the milling section is pneumatically fed 
into the combustion chamber, where it burns partly on 
a fixed grate and partly in suspension due to secondary 
airflow. The flue gases exchange heat within the combus-
tion chamber to produce steam and then pass through the 
economizer and air preheater units to raise the tempera-
tures of the feed water and air, respectively. Following 
the heat exchange stages, the flue gases are cleaned by 
two devices in sequence: first, a multicyclone unit (with 
12 parallel tangential-inlet cyclones) to remove coarse 
PM (char and ash) and then a low-energy scrubber (spray 
tower) before exhausting to the atmosphere. In Brazil, fed-
eral and state regulations require maximum emission limit 
values (ELVs) for this combustion source of 200 mg/Nm3 
for PM and 350 mg/Nm3 for NOx (on a dry basis with 8% 
excess O2) (CONAMA 2006, 2011). There is no require-
ment to measure CO for boilers with capacities greater 

Fig. 1   Main products and 
byproducts of the Brazilian 
sugarcane industry during the 
2017–2018 season
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than 10 MW. Figure 3 describes the actual steam genera-
tion and flue gas cleaning devices and stages found in the 
production plant being analyzed.

Water is used to remove all PM retained or collected dur-
ing the process. The boiler grate is steam cleaned, and the 
condensed slurry, which contains ash, char, and unburned 
bagasse, is discharged into a drainage channel with recircu-
lating water from the treatment station. Dry particles col-
lected in the economizer, air preheater, and multicyclone 
settle into the same channel, where they mix with the slurry 
stream leaving the spray tower scrubber. The whole slurry 
stream is collected in a tank and pumped to a rotary sieve 
at a wastewater treatment station (WTS) for coarse solid 
removal. The sieved slurry is treated with polymers in a 
sedimentation tank, and the clarified water phase is stored in 
a reservoir for recirculation in the process. The settling tank 
sludge is pumped to a continuous vacuum belt filter, where 
the char/ash cake is formed, dewatered, and discharged 
into trucks for disposal in a composting yard. The WTS is 
cleaned on a regular basis to remove excess sludge and to 
refill the water lost in the scrubber and ash cake. Figure 4 
describes the wastewater treatment station in more detail.

A complete mass balance was determined for the steam 
generation plant to evaluate the water used to clean the flue 
gas. The data are based on a sugarcane crush rate of 476 t/h 
and a bagasse generation rate of 250 kg/t cane. The overall 
heat balance in the steam generation and gas cleaning pro-
cesses was also determined using experimental data from the 
plant as well as thermodynamic parameters and equations 
from the literature (Lovero 2017). The balance included the 
thermal energy in all solid, liquid, and gas flows, as well 
as the heat generated in the bagasse combustion with 30% 
excess air, the latent heat for the production of steam and 
evaporation of the scrubbing water, and the heat losses by 
convection to the atmosphere on the external surface of 
each piece of equipment. The bagasse composition used in 
the combustion calculations was obtained from the litera-
ture (Rein 2007) and is given as follows (dry basis): car-
bon, 46.5%; hydrogen, 5.8%; oxygen, 44.5%; sulfur, 0.05%; 
nitrogen, 0.32%; and ash, 2.8%. The theoretical higher heat-
ing value (HHV) of bagasse (46% moisture, wet basis) was 
9940 kJ/kg (Lovero 2017). The entire set of equations and 
assumptions, as well as the adopted and calculated values, 
are fully described elsewhere (Lovero 2017).

Fig. 2   Combined stages of 
steam generation, gas cleaning, 
and water treatment associated 
with a typical bagasse-fired 
boiler in Brazil
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The cyclone collector used in the plant was made up of 12 
units connected in a parallel flow. Figure 5 shows the most 
important dimensions of each cyclone unit.

These cyclones have geometrical proportions similar to 
those of standard high-throughput Stairmand cyclones, as 
they are referred to in the literature (Coury et al. 2004). The 
efficiency (ηi) by particle size (dpi) for a multicyclone group 
can be calculated using the Iozia and Leith model (Coury 
et al. 2004).

The overall collection efficiency (ηo) of the multicyclone 
arrangement (i.e., the collected fraction of the total mass 
entering it) was calculated from the grade efficiency (ηi) by:

(1)�o =
∑

(

wi�i

)

where wi is the mass fraction of particles with diameter dpi 
at the inlet of the multicyclone.

The PM concentration at the multicyclone exit (Co) was 
obtained as:

where Wi is the total PM mass flow rate at the multicy-
clone inlet and Q is the volumetric flow rate of the flue 
gases. To enable comparison with the Brazilian PM ELV 
(200 mg/Nm3) (CONAMA 2006, 2011), the exit concen-
tration Co must be corrected for the normalized pressure 
(101.325 kPa), temperature (273 K), and O2 concentration 
(8% on a dry basis). Based on the geometrical proportions 
of the cyclone and its operational conditions, the pressure 

(2)Co =
Wi(1 − �o)

Q

Fig. 3   Details of the steam generation process under study
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drop through the parallel arrangement of cyclones was esti-
mated using equations presented by Coury et al. (2004). 
The possibility of increasing the number of cyclone units 
working in parallel while keeping the geometrical propor-
tions (Fig. 5) and inlet gas velocity of each cyclone constant 
was investigated. To maintain the same operational power 

input, the pressure drop in the multicyclone arrangement 
was also fixed at the theoretical value estimated for a 12-unit 
installation (667 Pa). The number of simulated units for the 
arrangement ranged from 12 (the actual device) to 350. The 
PM size distributions at the inlet and outlet flows of each 
cleaning device (multicyclone and wet scrubber) were not 

Fig. 4   Details of the wastewater treatment station coupled to the steam generation plant

Fig. 5   Geometrical proportions 
and main useful dimensions of a 
12-unit multicyclone installed in 
the flue gas treatment unit
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experimentally evaluated in this work because Brazilian 
Resolutions 382/2006 and 436/2011 require the evaluation 
of only PM concentrations exhausted to the stack. Instead, 
two hypothetical size distributions were used in this work to 
represent the limit conditions (finest and coarsest) reported 
in the literature for PM emissions by sugarcane bagasse boil-
ers (Teixeira et al. 2007). Figure 6 shows the cumulative size 
distribution (Fig. 6a) and the mass frequency (Fig. 6b) as a 
function of the particle size of the PM considered.

The capital expenditure (CAPEX) and operational and 
maintenance (O&M) costs of the gas cleaning and wastewa-
ter treatment facilities were estimated to assess the economic 
impacts of the use of water in the wet scrubber (EPA 2002). 
As shown in Fig. 4, the WTS consists of several compo-
nents, including a rotary sieve, sedimentation tank, vacuum 
belt filter, centrifugal pumps, pipelines, and a metallic 
structure. The purchase and operating costs of all pieces of 
equipment were calculated in US dollars (US$) using cost-
estimating methodologies for air pollution control devices 
(Turton et  al. 2018), power plant performance (NETL 
2011), and water treatment facilities (NETL 2011). The cost 

analysis methodology was comparable to that proposed by 
Das (2020). The maintenance costs for the wet scrubber and 
the WTS were set at 5% of their respective capital costs. 
The annual operating costs included the costs for all electri-
cal devices (pumps, exhausters/fans, filters, etc.), as well as 
the costs of wastewater treatment for reuse and water losses 
(Lovero 2017). The plant is self-sufficient and sold its excess 
electric energy to the national grid in 2017 for US$60 per 
MWh. This amount was set as the base cost for all electrical 
items in the 5760-h-per-year operation period. Additional 
information about the equations and assumptions used in the 
cost analysis can be found in the supplementary files and in 
the literature (Lovero 2017).

Results and discussion

The mass balance of the process

Figure 7 shows the overall mass balance of the process, and 
Table 1 lists all critical performance indicators for the plant, 

Fig. 6   Coarsest and finest parti-
cle size distributions reported in 
the literature for PM emitted by 
bagasse boilers ( adapted from 
Rein, 2007)
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which burned 114.8 t/h of bagasse with 46.8% moisture (wet 
basis) on average and produced 237.5 t/h of steam at 484 °C 
and 65 bar (6.5 MPa). The process produced 1.72 t/h of dry 
PM, which corresponded to an average of 28.2 kg solids/t 
dry burned bagasse. The boiler grate and heat exchangers 
retained 20% of this total, the multicyclone collected 48%, 
the wet scrubber collected 25%, and the remaining 7% was 
released to the atmosphere in the flue gases. The mass flow 
rate of flue gases was 544.8 t/h (16.5 wt% humidity), with a 
generation ratio of 4.75 t gas/t bagasse. The emitted PM and 
NOx concentrations in the stack were monitored on a regular 
basis to ensure compliance with environmental regulations 
(CONAMA 2011).

The average water ratio used to clean the flue gases 
was 0.813 t/t cane crushed (3.4 t water/t burned bagasse 
or 1.6 t water/t steam produced), which is consistent with 
literature values for sugarcane processing in Brazil (CGEE 
2012). Nonetheless, these indicators do not imply rational 
use of water and could be reduced further by changes in the 

conveyor and treatment of collected ash in the WTS. The 
concentration of PM carried in the flue gases to the cleaning 
system, on the other hand, was higher than the average emis-
sion ratio reported in the literature (7.8 kg/t) (Teixeira et al. 
2007). Water losses were 27.4 t/h, with 44% evaporated in 
the wet scrubber, 20% in the moisture of the char-ash cake, 
and 36% with periodic WTS drainage. In the 2016–2017 
season, the char/ash cake produced was 6.92 t/h with 78% 
moisture (wet basis), for a total of 39,900 t and requiring 
nearly 4,000 trucks to dispose of the cake in the compost-
ing yard.

Notably, the water treatment station distributed 387.3 t/h 
of water, 70% of which was used to remove PM from the 
boiler, heat exchangers, and multicyclone, and only 30% was 
used to operate the wet scrubber. Although the ash collected 
in the boiler (ash tray) and the multicyclone was dry, it was 
discharged directly into a water channel that pumped the 
formed slurry to the WTS. The water stream used for this 
purpose accounted for the majority of the water recirculated 

Fig. 7   Process flowsheet with the mass balance for steam generation, flue gas cleaning, and wastewater treatment
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in the system (70%). This is an environmentally harmful 
procedure used in many ethanol plants in Brazil. In fact, 
the previously dry-collected material is dispersed in water 
for subsequent separation in vacuum filters, resulting in an 
ash cake with a high moisture level and thus water loss. The 
belief in the industry is that the wet transport of collected 
ash is safer, faster and less expensive because only pumps 
are used. Most industries are concerned that the handling 
and conveyance of dry hot ash may cause fires because of its 
easier dispersion in an industrial yard. However, such indus-
tries do not account for the costs associated with a larger 
WTS and greater recirculated water flows, nor do they plan 
to invest in optimized handling of dry ash to reduce disper-
sion and contamination.

The energy (heat) balance of the process

Figure 8 shows that the theoretical thermal power gen-
erated from bagasse combustion was 259  MW, with 
equivalent steam generation of 173.6 MW. The thermal 
efficiencies of the combustion chamber and of the steam 

generation were 67% and 73%, respectively, below the 
nominal supplier’s value of 82.8%. The combustion effi-
ciency based on the concentrations of CO and CO2 in the 
flue gas stream was not evaluated in this work because 
Brazilian Resolutions 382/2006 and 436/2011 require only 
the periodic measurement of carbon monoxide (CO) for 
boilers with a nominal power less than 10 MW (CONAMA 
2006, 2011). The dispersed thermal power was approxi-
mately 40.4 MW in the combustion chamber and approxi-
mately 8.4 MW in the economizer and air preheater units, 
accounting for nearly 18% of the total available heat; the 
multicyclone lost only 0.2 MW. The wet scrubber, on the 
other hand, resulted in a temperature drop of 60 °C in the 
flue gases, as well as the evaporation of 12.1 t/h (10.5%) 
of scrubbing water and a heat reduction of 10.2 MW. This 
energy loss could be minimized by combining dry cleaning 
technology with a heat exchanger. The total pressure drop 
through the multicyclone and wet scrubber was estimated 
to be 2.8 kPa. The annual electricity consumption by the 
exhausters associated with these two devices for a flue gas 

Table 1   Key performance parameters of the steam generation plant and the flue gas cleaning facilities
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flow of 151.3 kg/s (202.9 Am3/s at 148 °C/94.6 kPa) was 
4,650 MWh (70% fan efficiency).

Cost analysis

Figure 9 shows the itemized capital and operational costs 
for the cleaning process. The costs for the PM collection 
devices accounted for only 38% of the total CAPEX. The 
WTS, on the other hand, accounted for 62% of the CAPEX 
(US$1,475,600) and 24% of the annual operation costs 
(US$167,000/year), not including maintenance. The annu-
alized O&M costs reached US$96/ty (US dollars per ton of 
PM collected per year), which is comparable to the costs of 
a combination of a multicyclone (US$55/ty) and a Venturi 
scrubber (US$44/ty) given by Das (2020) for a cleaning sys-
tem with a similar gas flow capacity (92.1 Nm3/s dry basis).

The disposal of collected solids in the field could result 
in significant savings if dry gas cleaning technologies are 

used. As previously stated, the wet cake produced by an 
WTS can contain up to 80% moisture. As a result, the solid 
fraction actually transported by trucks from the WTS to a 
landfill or composting yard may be as low as 20%. In the 
current study, 8770 t of dry PM was collected during the 
2016–2017 season, resulting in 39,865 t of cake with 78% 
moisture. During the period, 3987 trips (17 trips per day) 
by 10 t trucks were required to transport the cake an aver-
age travel distance of 30 km to a composting yard. Despite 
the lower bulk density of dry solids (960 kg/m3) than of 
moist cake (1151 kg/m3), the water economy would be 
31.1 Mt, and the savings from the reduced fuel consump-
tion (excluding truck and equipment maintenance) with 
dry solids disposal would be US$33,489 per season, as 
shown in Table 2.

Fig. 8   Main heat flows in the 
bagasse boiler and in the flue 
gas cleaning system

Fig. 9   Costs associated with the acquisition, operation, and maintenance of the flue gas cleaning and wastewater treatment facilities
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Strategies to minimize water use in the gas cleaning 
process

As Fig. 10 shows, there are at least seven major constructive/
operational strategies reported in the literature to provide 
both compliance with PM emission limits and water reduc-
tion in bagasse-fired boilers.

The concept of the best available control technology 
(BACT) for PM removal could also be applied (Das 2020). 
The efficiency of fabric filters (FFs) at removing PM is com-
parable to or greater than the efficiency of a combination 
of a multicyclone (MC) and a Venturi scrubber (VS). This 
author also demonstrates that, depending on plant capacity, 
the annualized costs of an FF would be 4 to 32% lower than 
those of an MC + VS combination. Furthermore, the operat-
ing costs of scrubbers with freshwater, wastewater treatment, 
and wet cake disposal have not been computed using conven-
tional cost methodologies, which could increase the differ-
ence between dry and wet technologies. The development of 

more efficient (multi)cyclones is another effective strategy, 
especially if it can reduce or eliminate the need for a second-
stage wet collector (Boshoff and Yeo 1999). In fact, cyclones 
were among the first dry mechanical collectors used in South 
Africa (Allan and Fitzgerald 1972), Australia (Flood and 
Frew 1974), and the United States (EPA 1975) to control 
PM emissions from bagasse-fired boilers. The coupling of 
cyclones with wet scrubbers was a quick and logical choice 
for most Brazilian sugarcane industries to meet the more 
stringent emission limits, primarily favored by the availabil-
ity and low cost of freshwater for scrubbing and the lack of 
more stringent wastewater management regulations. As a 
result, optimization of multicyclones was no longer required 
or encouraged.

Optimization of multicyclones

Determining the parameters representative of both the gas 
and PM phases emitted from bagasse-fired boilers may be 

Table 2   Costs associated with the wet and dry disposal of char/ash cake from the bagasse boiler in the current study
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the most difficult aspect of multicyclones optimization. 
Based on an elemental analysis of the bagasse, the com-
bustion stoichiometry, the air-to-bagasse ratio, and the tem-
perature and pressure of a flue gas stream, the mass flow 
rate, main chemical composition (CO2, O2, N2, and H2O), 
and physical properties (density and viscosity) of the gas 
phase can be theoretically predicted. For most vertical 
water tube boilers, temperature and pressure are currently 
well established: T = 150–170 °C (after heat recovery sys-
tems) and P = Patm = 90–101 kPa. The particulate phase con-
tained in flue gases, on the other hand, contains fractions 
of inorganic material, soot, and char (carbon residues), as 
well as unburned bagasse particles with a wide range of 

compositions, concentrations, and particle size distribu-
tions. According to the literature, the mineral ash content of 
dry bagasse ranges from 2 to 10% by weight (Rein 2007). 
Organic and inorganic particle densities range from 300 to 
600 kg/m3 and 1900 to 2800 kg/m3, respectively. The actual 
values are determined by the fly ash composition, but the 
range 1600–2000 kg/m3 has been reported most frequently 
in the literature on gas cleaning (Rein 2007). The concen-
tration of PM in the flue gases released by the furnace is 
also highly dependent on the mineral content and the carbon 
fraction left over after bagasse combustion (Lora and Her-
vas 1999). Values ranging from 1000 to 30,000 mg/Nm3 
have been reported (Moor 2007; Rein 2007), while the value 

Fig. 10   Main strategies to comply with PM emission limits and minimize the water consumption in wet scrubbers coupled to bagasse-fired boil-
ers
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found in this study was 4133 mg/Nm3. Because of the wide 
variability in PM concentration, the collection efficiency 
required to meet the legal standard limits is also variable, 
influencing the selection of the cleaning technology with 
the best benefit–cost ratio. The overall collection efficiency 
(ηo,R) required to meet a given PM stack ELV is given as:

where Ci is the concentration of PM in the flue gases enter-
ing the cleaning device and ELV is the legal maximum stack 
emission allowed for boiler operation, with both correspond-
ing to standard conditions (for example, mg/Nm3 at 1 atm 
and 273 K, dry basis). Most countries set ELV levels ranging 
from 120 to 350 mg/Nm3. In Brazil, CONAMA Resolutions 
382/2006 and 436/2011 impose an ELV of 200 to 280 mg/
Nm3 on a dry basis with 8% O2 for bagasse combustion 
in sources installed after 2007 (CONAMA 2006, 2011). 
As a result, depending on the actual value of Ci (1000 to 
30,000 mg/Nm3) and the ELV ranges, the overall efficiencies 
required for boilers range from 65 to 99.6% in most countries 
and from 72 to 99.3% in Brazil, as illustrated in Fig. 11. The 
most stringent ELV for biomass boilers is found in China 
(80 mg/Nm3) (Zhang et al. 2020), where the PM collector 
efficiency must be between 92 and 99.7%. In the current 
study, Ci = 4133 mg/Nm3, and ELV = 200 mg/Nm3, resulting 
in an overall PM collection efficiency of ηo,R = 95.2%.

The required overall collection efficiency (95.2%) is not a 
constraint for most available dry cleaning devices (cyclones, 
barrier filters, electrostatic precipitators, and so on), but the 
high variability in the PM size distribution in flue gases from 
bagasse boilers may limit the viable options. Table 3 shows 

(3)�o,R =

(

Ci − ELV
)

Ci

100%

the main flue gas stream parameters, and Fig. 12 shows the 
results of simulations of a multicyclone collector with a vari-
able number of units.

One advantage of combining cyclones in a parallel 
flow is that the dimensions of each unit are proportion-
ally reduced as Nc increases, resulting in a nearly constant 
space occupied by the multicyclone. On the other hand, 

Fig. 11   Required collection 
efficiency for bagasse boilers 
based on the inlet PM con-
centration and emission limits 
imposed in Brazil, China, and 
most countries

Table 3   Main parameters of the flue gas stream emitted by a bagasse 
boiler for simulation of the performance of PM cleaning devices

a In ppm, v
b After the air preheater

Flue gases Wet basis Dry basis

Temperature (°C) 14.8
Absolute pressure (kPa) 94.6
Molar mass (g/mol) 27.2 30.8
Gas density (kg/m3) 0.744 0.831
Gas viscosity (Pa s) 2.41 × 10−5

Mass flow rate (kg/h) 731,887 547.559
Volumetric flow rate, actual (m3/h) 123.1 92.1
Gas composition (% mol/mol)
 N2 59.2 79.2
 CO2 12.0 16.0
 O2 3.6 4.9
 H2O 25.2 –
 SO2

b 46.8 62.3
Particulate matter (PM)
 Particle density (kg/m3) 1600
 Mass flow rate (kg/h)b 1372
 Concentration, actual (mg/m3) 1872 2502
 Concentration, STP (mg/Nm3) 3092 4133
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an increase in Nc improves the cyclone’s overall efficiency 
(ηo). Figure 12 shows that, depending on the particle size 
distribution and the number of units Nc, a multicyclone 
can be the only cleaning technique required to control 
PM emissions within the standard limit for a process. The 
collection efficiency for the coarsest size distribution, 
extracted from Rein (2007), can reach 99.3% (Fig. 12a), 
and the normalized emission concentration (CN) can be as 
low as 22 mg/Nm3 (Fig. 12b). On the other hand, for the 
finest dust size distribution, extracted from Lora and Her-
vas (1999), an increase in Nc with a sufficient reduction in 
CN (from 578 to 197 mg/Nm3) to meet an ELV of 200 mg/
Nm3 results in a gain in efficiency (from 81.3 to 93.6%).

Improvements in multicyclone performance can reduce 
the water demand in wet scrubbers by lowering the 
required complementary collection efficiency to meet the 
ELV. In Fig. 12c, the overall efficiency (ηo) required for 
the wet scrubber to meet the ELV should be reduced from 
65% (actual device) to 0% (350-unit multicyclone), which 
can theoretically be accomplished without much recircu-
lating water and with lower water treatment costs. Another 
advantage of multicyclone optimization is the increased 
dry disposal of collected solids, which reduces fuel costs 
and the number of trips to the composting yard.

Fig. 12   Simulated performance 
parameters of multicyclones 
with an increasing number of 
parallel units: a overall collec-
tion efficiency; b normalized 
exit PM concentration; c com-
plementary efficiency required 
to meet an ELV of 200 mg/Nm3
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Replacement of wet scrubbers with other dry 
cleaning technologies

Ceramic filters and electrostatic precipitators are the two 
main dry cleaning technologies that can easily achieve 
the required ELV for bagasse boilers, as shown in Fig. 9. 
Ceramic filters emit as little as 2 mg/Nm3 of PM and are 
thermally stable at temperatures above 800 °C. There is 
no need to cool the flue gases, and no thermal heat energy 
is wasted. The use of hot gas filtration for fly ash removal 
instead of wet scrubbing increases the efficiency of coal gas-
ification by approximately 3% (Heidenreich 2013). Ceramic 
filters are already in use in advanced power generation sys-
tems, oil refineries, incinerator, metal refining, and metal 
recycling, where the demand for gas cleaning is driven by 
increased process efficiency, process intensification, product 
quality, and environmental legislation (Heidenreich 2013). 
For bagasse boilers, the exhaust gas temperature after the 
heat exchangers typically drops to 160–190 °C, and a variety 
of conventional flexible filtering media (glass fiber, polyphe-
nylene sulfide, polyamides, PTFE, and so on) can be used. 
In this case, the main disadvantage is the large filtering area 
required for operation. Face velocities of less than 2 cm/s 
are common for bag and ceramic filters. Because of the high 
prices of the filtering elements, the flow rate given in Table 3 
(731,887 m3/h at 148 °C) implies a total area of 10,165 m2, 
which may jeopardize the viability of this technology. The 
possibility of soot cake ignition on the filter surface has also 
been mentioned as a disadvantage of using barrier filters in 
conjunction with bagasse boilers (Rein 2007). However, the 
cost savings from eliminating water from the cleaning pro-
cess should be factored into an updated filter viability anal-
ysis (Lovero 2017). Electrostatic precipitators (ESPs) are 

another leading technology for controlling fine PM conveyed 
in hot flue gases. ESPs can operate with high efficiency (up 
to 99.5%) at temperatures above 500 °C and with low pres-
sure drops (100–250 Pa). ESPs are used in the cement and 
paper industries to control PM emissions from rotary kilns 
and recovery boilers, respectively. The main disadvantage 
of using ESPs in conjunction with bagasse boilers is the 
large size of the units. The high variability in particle size 
distribution and resistivity conveyed by flue gases causes 
fluctuations in an ESP, compromising its collection perfor-
mance (Jaworek et al. 2011).

Final remarks on process optimization

According to the discussion in the preceding subsections, 
the operation of wet scrubbers coupled to bagasse boilers 
to control PM emissions is currently nonoptimized at many 
sugarcane production sites. As a result, water consumption 
increased, as did the costs of acquiring, operating, and main-
taining the WTS. The main problems with the gas cleaning 
process, as well as suggestions for optimization, based on 
the observations and simulations performed in this work are 
listed in Table 4.

Conclusions

Wet scrubbers have been widely used in sugarcane indus-
tries around the world to control particulate emissions from 
bagasse-fired boilers. In the past, the choice was justified 
by the acceptable PM collection efficiency of wet scrub-
bers, the availability of water resources, and the fact that the 
acquisition costs were lower than those for other cleaning 

Table 4   Summary of the problems exposed in the current study and recommendations for improving flue gas cleaning technology in the sugar-
cane industry

Problem Proposed optimization

Transport of dry ash collected in the boiler (ash tray) and the multicy-
clone via water recirculation (hydraulic transport), increasing the size 
and demand of the WTS

Removal and disposal of collected dry ash in precollectors without 
dispersion in water, as well as the use of a WTS

Low efficiency of precollectors (multicyclone) Improve the multicyclone efficiency through optimized design and siz-
ing to reduce wet cake accumulation in the WTS

Unnecessarily high flow rate of recirculated water in the WTS Replacement of the scrubbing technology with Venturi scrubbers to 
reduce the liquid/gas ratio and the water requirement for high collec-
tion efficiency

The use of high-efficiency dry collectors, such as ceramic filters, in 
place of wet scrubbers to control emissions from hot flue gases

Wet cake produced in vacuum filters with a high moisture content (up 
to 78% wb), increasing water loss and costs associated with cake 
transportation by trucks to a field

Improve solid–liquid separation devices in order to reduce ash cake 
moisture and the volume of cake transported to a field

Significant loss of thermal energy and water by evaporation in a wet 
scrubber due to the high temperature of the flue gas entering the 
scrubber (T > 160 °C)

Improve the heat transfer efficiency in the pre-air and economizer units 
to lower the flue gas temperature and heat losses. Use an additional 
heat exchanger to further reduce the temperature of the gas
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technologies. This paper demonstrated, using updated per-
formance indicators, that tightening PM emission standards 
and the need for compliance with water resource rationaliza-
tion has made the indiscriminate use of wet scrubbers unfa-
vorable. For a typical sugarcane production unit in Brazil, 
the mass and energy balances for bagasse combustion and 
flue gas cleaning were calculated. The following were the 
main findings:

•	 The boiler under investigation burned an average of 114.8 
t/h of bagasse (46.8% moisture) and produced 544.8 t/h 
of flue gases (81.7% dry gases, 18.3% vapor) and 1.72 t/h 
of PM (14.983 kg PM/t bagasse burned);

•	 The cleaning system handled on average 731,887 m3/h 
of flue gases at 148  °C with a PM concentration of 
1872 mg/Am3 (4133 mg/Nm3). Under these conditions, 
the required overall efficiency of the gas cleaning system 
to meet the ELV (200 mg/Nm3) was 95.2%, a value that 
other dry cleaning technologies could achieve;

•	 The wet cleaning system used 387.3 t/h of water, result-
ing in a water usage ratio of 3.4 t water/t burned bagasse; 
however, only 30% of the total water used in the gas 
cleaning process was directed toward the wet scrubber. 
The remaining 70% was used to aid in the transport of the 
PM retained in the boiler, heat exchangers, and multicy-
clone. Such auxiliary water use is unnecessary; eliminat-
ing this water use by implementing dry PM conveying 
methods could save significant capital and operational 
costs for the WTS;

•	 The water losses were 27.4 t/h, with 44% evaporated 
in the wet scrubber, 20% conveyed in the moist char-
ash cake, and 36% lost through periodic drainage of the 
WTS;

•	 Wet scrubbing caused a 10.5% evaporation loss and a 
10.2 MW thermal power loss. This energy transferred 
to water necessitated cooling in the WTS to enable safe 
water recirculation;

•	 The water lost in the ash cake would reach 31.1 Mt per 
season, and the fuel consumption savings would reach 
US$33,489 with the use of a dry solids disposal method;

•	 The WTS accounted for 62% of the CAPEX of the wet 
cleaning technology, while the wet scrubber accounted 
for just 38%. This total cost, not just the scrubber costs, 
should be used for viability analysis when comparing to 
other cleaning technologies;

•	 Improving the collection efficiency of the multicyclone 
could lead to a further decrease in water use and costs 
associated with wastewater treatment and with the dis-
posal of solids in the field;

•	 Other optimization alternatives are proposed, including 
replacing the scrubbing technology with Venturi scrub-
bers, improving the solid–liquid separation to reduce the 
ash cake moisture and increasing the heat transfer effi-

ciency in the pre-air and economizer units to reduce the 
heat losses.
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