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Thermal Oxidation 

Introduction 

This document provides a status review of thermal oxidation as a 
biosolids processing technology.  Thermal oxidation is defined as 
the combustion of the organic solids in wastewater sludge or 
biosolids to form carbon dioxide and water.  The remaining solids 
are an inert material commonly called ash.  There are two common 
types of thermal oxidation technologies: fluid bed (FB) and multiple 
hearth (MH).  There are a variety of references available that 
provide detailed descriptions of these two technologies, notably 
"Wastewater Solids Incineration Systems" WEF Manual of Practice 
No. 30 (2009) and “Solids Process Design and Management” 
(Chapter 17: Thermal Oxidation)(2012) so this fact sheet will only 
provide a brief overview of these alternate thermal oxidation 
designs.   

In terms of sheer numbers, there are many more MH systems in the 
United States, some dating back to the 1930s.  FB systems were 
introduced to the municipal market in the early 1960’s and became 
popular due to their simpler operation, reduced emissions and 
improved efficiency in terms of fuel consumption.  Virtually all new 
thermal oxidation systems built in municipal applications over the 
past two decades use FB technology, but a substantial number of 
MH systems remain in operation and it is expected that these will 
continue to be operated for years to come. 

 

Process Summary 

While FB and MH systems both accomplish thermal oxidation of 
sewage sludge/biosolids, there are several key process differences 
between these technologies, and each is described in the sections 
that follow. 

Fluid Bed Technology 

The FB thermal oxidizer is a vertical refractory-lined steel cylinder 
consisting of a windbox section at the bottom of the furnace into 
which combustion air is introduced, a bed section just above the 
windbox where the solids are fluidized along with the bed material 
(sand), and a freeboard section above the bed zone where 
combustion is completed.  The windbox and fluidized bed section 
are separated by a refractory arch, metal plate or metal air 
distribution piping.  The windbox type designation is determined by 
the temperature of the combustion air as it is introduced into the 
bed zone, with less than 200oF being classified as a cold windbox, 
600oF to 900oF being classified as a warm windbox, and above 
1,000oF being considered a hot windbox.  The nozzles used to 

distribute air into the bed from the windbox below are called 
tuyeres.   

Solids and auxiliary fuel are typically injected directly into the bed, 
though some FB units have over-bed solids feed.  Combustion 
begins in the bed and completes in the freeboard, with the burning 
solids and exhaust gas moving co-currently through the furnace.  
Exhaust gas (including ash) exits the FB furnace at the top of the 
freeboard zone and then passes through energy recovery facilities 
(if included in the system design) before it is treated in air pollution 
control equipment.  The most common form of energy recovery in a 
FB system is a combustion air preheater, which is typically a shell 
and tube heat exchanger used to preheat fluidizing air/combustion 
air to the desired process temperature.  Downstream of the air 
preheater, other supplemental energy recovery devices have 
sometimes been installed, such as waste heat recovery boilers, 
thermal fluid heaters, exhaust gas re-heaters or water heaters.  Ash 
is commonly removed in a slurry form via the wet scrubbing system, 
although some designs have a dry ash removal system upstream of 
the wet scrubbers, such as a cyclone, multiclone or baghouse.  Dry 
ash systems facilitate beneficial reuse of ash, for example as an 
admixture in construction materials applications or as a fertilizer 
amendment based on increased phosphorus and potassium content 
in the ash.  

FB systems typically operate at 40-50% excess air and exhaust 
temperatures of from 1,450oF to 1,600oF.  Due to the relatively low 
excess air levels that can be achieved with FB systems, coupled 
with their ability to utilize very high (up to 1,200oF) air preheat 
temperatures, FB systems can operate without auxiliary fuel (or 
nearly so) with 26-30% feed solids content. This is referred to as 
autogenous combustion.  Normal residence time of a solid fuel 
particle within an FB system ranges from 1 to 5 minutes and the gas 
detention time at high temperature ranges from 5 to 8 seconds, 
which is responsible for the very low levels of Carbon Monoxide 
(CO) and Total Hydrocarbons (THC) in FB exhaust.  FB systems all 
have a fluidizing air blower and some systems also have an induced 
draft (ID) fan.  The latter are referred to as “push-pull” systems and 
normally operate at a negative pressure from the freeboard zone of 
the furnace through to the inlet of the IF fan.  In the absence of an 
ID fan, the system is referred to as a “push” system and operates 
under positive pressure through to the final exhaust stack.  

Early FB systems used almost identical designs and process 
configurations.  Over the past 25 years, a number of process 
innovations and modifications have been made to the traditional FB 
system designs aimed at improving performance, fuel flexibility or 
reliability; increasing system capacity; meeting stricter emissions 
limits; and/or recovering energy or byproducts for recycling.   

  

https://www.e-wef.org/Store/ProductDetails.aspx?productId=5304
https://www.e-wef.org/Store/ProductDetails.aspx?productId=5304
https://www.e-wef.org/Store/ProductDetails.aspx?productId=18173
https://www.e-wef.org/Store/ProductDetails.aspx?productId=18173
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Some key FB process modifications have included: 

 The addition of “overfire” air to the freeboard zone, 
providing increased gas-phase mixing in the freeboard 
and enabling the air to be staged between the bed and 
freeboard to match heat release and reduce auxiliary fuel 
input. 

 Providing ductwork and control valves to enable a portion 
of the combustion air to bypass the main air preheater, 
thus providing increased operating flexibility and control 
of combustion air preheat temperature.  

 Use of dry ash collection systems, thus enabling the ash 
to be recovered for beneficial reuse and/or reducing the 
ash load on the wet scrubber.  Biosolids characteristics 
are changing, as enhanced nutrient removal systems are 
applied.  For example, biological phosphorus removal 
increases the biosolids phosphorus and potassium 
contents, much of which stay with the ash and impart 
additional value as a slow-release fertilizer.  

 Feeding of sludge/biosolids above the bed, rather than 
injecting it directly into the bed zone.  Whatever the feed 
system, it should be properly maintained and operated as 
designed.  

 Use of natural gas instead of fuel oil as the main 
operating auxiliary fuel used to control bed temperature.  
Gas is often used for overbed burners to start up the 
process, but has been injected directly into the bed as 
auxiliary fuel in some cases.  

 Use of superficial velocities within the bed zone higher 
than the traditional three (3) feet per second benchmark 
used in the earliest FB designs and continued for many 
years.  This can enable the system to process more 
capacity in the same size bed.  Over time, though, bed 
chemical composition and particle size distribution 
changes, which can affect fluidizing velocity and fluidizing 
air requirements, so flexibility should be required to 
permit fluidizing air flow adjustments over time.  Modern 
Olivine bed materials wear differently than their 
predecessor silica sand medias and the ash from modern 

nutrient removal biomasses tends to agglomerate more 
and remain in the bed.   

 Use of extended freeboard height to provide increased 
gas phase contact time and minimize bed material losses 
resulting from entrainment of bed materials in high-
velocity localized gas jets erupting from the surface of the 
bed.  

 Provision of means for removing oversized inert material 
from the bed zone while the FB system is in operation.  
This enables the operator to remove bed material quickly 
while it is hot, to maximize uptime and facilitate 
management of bed composition via removal of used 
media and addition of makeup media, both while the 
system is operating.  

 Introduction of secondary energy recovery to produce 
steam or heated thermal fluid and use of the recovered 
energy for power generation, building heat or thermal 
dewatering (scalping) of the feed to achieve nearly 
autogenous combustion. 

 The application of a variety of improved air pollution 
control devices, such as multiple venturi wet scrubbers, 
wet electrostatic precipitators, baghouses, and secondary 
(post-combustion) systems, such as carbon adsorption 
systems for Mercury (Hg) removal or SCR/SNCR 
systems for reducing NOx emissions. 

 The addition of eutectic modifier chemicals such as 
limestone, lime, and kaolin clay, to raise the ash 
softening and melting temperatures of ash from 
enhanced nutrient removal biomasses.  Limestone or 
lime also serves to neutralize acid gases related to the 
sulfur in biomass and can potentially mitigate corrosion 
and/or erosion.  Controlling SO3 is also proven to 
improve carbon adsorption where carbon is applied for 
mercury and/or dioxin/furan removal.  
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A schematic of a typical modern fluid bed system is presented in Figure 1. 

Figure 1.  Fluid Bed Process Schematic 

Multiple Hearth Technology 

The MH thermal oxidizer consists of a vertical refractory-lined 
cylinder with a series of horizontal refractory brick hearths, stacked 
one atop the other.  Hearths either have a series of drop-holes 
around the periphery or a single large central drop-hole for material 
to pass downward through the furnace from one hearth to another.  A 
rotating center shaft extends the height of the unit and supports the 
rabble arms above each hearth.  Each rabble arm is equipped with 
teeth or plows which rake the solids across the hearth in a pattern to 
facilitate drying and burning.  Solids are typically fed into the top 
hearth and are plowed or “rabbled” from one hearth to the next.  
Generally, solids are plowed between a single inner drop-hole (“in 
hearth”) and multiple outer dropholes (“out hearth”) on successive 
hearths.  Solids feed is generally to an “in hearth” and there are 
typically an even number of hearths.  Sometimes the top hearth 
serves as an afterburner, or “zero-hearth”.  In that case, the solids 
feed passes directly through to the second hearth to begin the 
rabbling process.  Most of the ash is discharged from the bottom 
hearth and may be handled in dry form or slurried and handled in wet 
form.  Combustion air is typically introduced to the lower hearths and 
flows upward, countercurrent to the solids.   

From a process perspective, the MH is separated into three zones.  
The top hearths comprise the drying zone where water is 
evaporated.  The middle hearths comprise the combustion zone 
where the volatile solids are oxidized and the fixed carbon 
combustion is completed.  The bottom hearths comprise the cooling 
zone where the ash is cooled by incoming combustion air.  Some of 
the hearths in the drying zone and the combustion zone are 
equipped with auxiliary fuel-fired burners that are used selectively to 
provide additional thermal energy where required within the system.   

In operation, the hottest hearth in the combustion zone operates from 
1,400ºF to 1,600ºF and its location may move up or down from hearth 
to hearth within the furnace in response to changes in feed rate or 
characteristics.  Combustion air flow is adjusted to keep the hottest 
hearth below 1,600oF and normally falls in the range of 75-125% 
excess air.  Because of the configuration of MH systems, it is usually 
impractical to use any significant level of air preheat, as this would 
require still higher air flow rates to keep the hottest hearth cool.  

Often, the warm shaft cooling air is returned to the system 
combustion air fan or directly to the lower hearths.  Sometimes, a 
heat exchanger is used to provide low levels of combustion air 
preheat, but this is rare in a traditional MH system.  As the products 
of combustion move up through the drying zone, heat is transferred 
to the solids and the evaporation of water from the feed causes these 
gases to cool, resulting in exhaust gas temperatures at the top of the 
furnace often in the range of 900oF to 1,200oF, depending on feed 
solids content and the amount of auxiliary fuel added via the burners 
in the drying zone.  These temperatures are high enough to volatilize 
some of the organic content in the feed, but not high enough to 
complete combustion of the volatilized compounds, which translates 
to higher emission levels of CO and THC and the potential for odors 
in the exhaust stack.  As a result, MH furnaces are often equipped 
with afterburners, either as a “zero” hearth (above the feed hearth) or 
an external afterburner chamber located downstream of the furnace 
exhaust duct.  Ideally, afterburner temperatures would be at least 
1,400oF in order to minimize these emissions; however, many 
systems operate as low as 1,200oF and achieve acceptable 
performance with lower auxiliary fuel usage.  The normal residence 
time of a solids particle in a MH system is 40 to 60 minutes.  Energy 
recovery systems have sometimes been used with MH systems, 
most commonly to produce steam for power generation, plant 
heating or to meet other plant thermal loads.   

As with FB systems, a number of process innovations and 
modifications have been made to the traditional MH designs over the 
past few decades.  These innovations have typically been directed at 
making the process more efficient (reducing fuel consumption); 
increasing furnace exhaust gas temperature; meeting stricter 
emissions limits; and/or recovering energy of byproducts for 
recycling.  Some key MH improvements have included: 

 The addition of mixing jets to each hearth to improve gas 
mixing and promote heat transfer through the system. 

 The addition of piping and valves to enable controlled 
introduction of combustion air on individual hearths, rather 
than adding it all at the bottom of the furnace. 
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 The development of air-tight furnace designs to facilitate 
operation at reduced excess air levels (~40 to 60%) or in 
starved air combustion mode. 

 The development of the process modification involving flue 
gas recirculation to achieve higher exhaust temperatures 
and improved emissions without adding auxiliary fuel. 

 The development of the RHOX process modification 
whereby an afterburner was added following the wet 
scrubber using a regenerative thermal oxidizer to provide a 
more efficient means for reducing emissions of CO and 
THC. 

 Introduction of secondary energy recovery to produce 
steam or heated thermal fluids and use of the recovered 
energy for power generation, building heat or other 
plant/process thermal loads.   

 The application of a variety of improved air pollution control 
devices, such as multiple venturi wet scrubbers, wet 
electrostatic precipitators, and secondary (post-
combustion) systems such as carbon adsorption systems 
for Mercury (Hg) removal or SCR/SNCR systems for 
reducing NOx emissions. 

 

A schematic of a typical modern multiple hearth system is presented as Figure 2. 

Figure 2.  Multiple Hearth Process Schematic 

Emissions Control 

Recent changes to the Federal regulations governing emissions from 
thermal oxidation systems, designated as sewage sludge 
incinerators (SSI) in the regulations, have affected both FB and MH 
systems to a significant degree.  In June, 2010, the EPA issued a 
proposed rulemaking on the definition of “solid waste”.  One of the 
key aspects of this rulemaking was the inclusion of sewage sludge 
under the solid waste definition.  The effect of this change was that 
sewage sludge incinerators, which had been regulated under Section 
112 of the Clean Air Act (CAA), would be regulated under the more 
stringent CAA Section 129 Maximum Achievable Control Technology 
(MACT) standards.  In October, 2010, the EPA issued proposed 
MACT standards for Sewage Sludge Incinerators (SSI), which 
included very strict limits on a variety of emissions.   

During the comment period, more than 80 agencies and individuals 
submitted detailed comments on the proposed regulations, along 
with thousands of comments on the related Boiler MACT rules.  As a 
result, the EPA requested an extension until July 15, 2011 from the 
court-ordered deadline of January 14, 2011 for issuance of final SSI 

regulations, to allow sufficient time to address the substantial number 
of comments and supporting data received on the proposed 
regulations.  This request was denied and the EPA was ordered to 
issue final regulations within one-month.  On March 21, 2011, the 
EPA published the Final Rules relating to the definition of solid waste 
and the MACT standards for SSI units.   

The SSI MACT standards are divided into two subcategories, one for 
MH and one for FB systems.  In addition, there are separate 
regulations for existing units and for new units.  These regulations 
retained many of the original requirements, but did make 
modifications to limits for certain pollutants and eliminated the 
beyond the floor level of control for mercury emissions that were 
included in the original rule.  Some of the adjustments to emission 
limits were apparently made to make them more consistent with the 
existing EPA 503 regulations governing sewage sludge incinerators.  
Lastly, while EPA indicated that it will be voluntarily reconsidering 
many of the other rules being finalized related to the Boiler MACT, it 
decided not to reconsider the final SSI MACT Rule.  This decision is 
still being adjudicated.  Table 1 presents a summary of the proposed 
limits for existing and new MH and FB incinerators

. 
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Table 1.  Summary of MACT Floor Limits for Existing and New SSI Units 
  (Corrected to 7% oxygen, dry basis) 

Pollutant Units 
Existing MH 
Incinerators 

New MH Incinerators Existing FB 
Incinerators 

New FB Incinerators 

Cd mg/dscm 0.095 0.0024 0.0016 0.0011 

CO ppmvd 3,800 52 64 27 

HCl ppmvd 1.2 1.2 0.51 0.24 

Hg mg/dscm 0.28 1.15 .037 0.0010 

NOx ppmvd 220 210 150 30 

Pb mg/dscm 0.30 .0035 .0074 0.00062 

PM mg/dscm 80 60 18 9.6 

SO2 ppmvd 26 26 15 5.3 

PCDD/PCDF TEQ (1) ng/dscm 0.32 .0022 0.1 0.0044 

PCDD/PCDF TMB (1) mg/dscm 5.0 .045 1.2 0.013 

1.  Must meet one of the two limits for PCDD/PCDF. 

2.  Source: 40 CFR Part 60.  Standards of Performance for New Stationary Sources and Emission Guidelines for Existing Sources: Sewage Sludge 
Incineration Units; Final Rule, Federal Register (Vol. 76, No. 54, 15372-15454), March 21, 2011. 

 
The implications of the proposed regulations on existing and future 
SSI’s are still being evaluated and no consensus has been reached 
regarding the costs or feasibility of making the modifications that will 
undoubtedly be required to modify some existing MH and FB 
incinerators.  Many SSI’s will likely have to add some additional air 
pollution control equipment to meet one or more of these limits, 
notably Mercury and possibly NOx and/or SO2.   Systems with very 
old-style wet scrubbers may also need to upgrade these systems.  It 
would appear that the effect of these regulations may be that some 
SSI owners may elect to shut down their systems in favor of another 
biosolids management approach, rather than to implement costly 
capital improvements required to meet these regulations.  Owners 
considering the installation of new thermal oxidation systems will 
have to either design to meet these regulations or await final 
resolution of the legal challenges in anticipation of future potential 
changes.   

Future Trends and Directions 

Thermal oxidation is often the least expensive biosolids handling 
alternative for medium and large scale facilities and, therefore, 
satisfies the economic criteria which is a very important to most 
owners and operators.  Fluid bed emissions have been shown to be 
favorable with land application, drying, and composting when 
transportation emissions are considered.  Additionally, the product is 
pathogen free and inert and suitable for beneficial use, thereby 
making thermal oxidation an environmentally sound and sustainable 
biosolids management technique.  Since traffic is a problem in most 
cities, a reduction in hauling vehicle traffic could be considered an 
improvement in the quality of life for the neighbors to the facility.  This 
is certainly one of the benefits of adopting a thermal oxidation option.  

The biggest challenge is overcoming the negative perception of 
thermal oxidation both by the public and even by some regulators.  
Strongly vocal opponents of this technology, including regulators, 
may seek to either impose absolute bans on the use of thermal 
oxidation systems or, at the very least, to make it exceedingly difficult 
to be able to permit new or expanded facilities.   

The industry should promote the view that thermal oxidation is a 
means for harvesting the renewable energy value of the biosolids on 
a par with or perhaps even better than other biosolids management 
options, such as anaerobic digestion with beneficial use of digester 
gas for cogeneration or other purposes.  The best way to do this is to 
develop design configurations that take maximum practical 
advantage of the recoverable energy from thermal oxidation systems.  
If properly designed, thermal oxidation systems can be net energy 
positive, recovering more energy than is required to support the 
process both thermally and electrically.  Every new success story in 
this regard can go a long way towards improving the image of 
thermal oxidation as an important biosolids management technology 
that should be employed in cases where it is appropriate for the 
application.   

Integration of Thermal Oxidation with Other 
Biosolids Processes 

Another means for configuring a thermal oxidation system to 
maximize the beneficial use of the recoverable energy is through 
coupling it with other biosolids handling options to the mutual benefit 
of both technologies.  One example where two biosolids processes 
have been successfully combined is the pairing of anaerobic 
digesters with thermal drying.  In these systems, the digester gas is 
used as a fuel for the energy intensive thermal dryers and energy 
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can be recovered from the dryers to provide to heat the digesters.  
Thermal oxidation can be paired with dryers as well.  In Montreal 
(Quebec), exhaust gas from a multiple hearth has been used as heat 
source for hot recirculation gas in a direct type dryer.  The dried 
product is sold to a commercial fertilizer manufacturer.  Secondary 
energy recovery on FB systems can be used to make steam or 
heated thermal fluid to support drying systems.  Many others have 
used waste heat boilers for energy production or in combination with 
thermal conditioning systems or thermal dewatering systems to 
produce an autogenous or near autogenous operation.  The high 
grade waste heat available from most thermal oxidation systems is 
usable in a variety of ways and sometimes can be used more than 
once in a single application by cascading from high-grade to lower-
grade thermal loads. 

Another trend involving the thermal oxidation of wastewater residuals 
that is popular in Europe is to use the available bioenergy in biosolids 
as a fuel source for dedicated power generation facilities.  Generally 
this involves drying the residuals at a wastewater treatment facility 
and delivering the dried material to a power plant.  Most power 
generation stations in North America have not shown interest, in part 
because of their perceptions of biosolids and fears of additional 
regulations and also due to a reluctance to deal with multiple fuel 
streams in their systems. 

Through the application of creative engineering, thermal oxidation 
can be used as a building block in a variety of biosolids process 
chains.  It may not be the technology of choice in all instances, but it 
definitely has value in the marketplace and should be promoted in 
situations where it is appropriate. 
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Additional Resources 

 National Biosolids Partnership 

 Water Environment Federation 

 

 

For further Biosolids information, please see http://www.biosolids.org. 
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