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Abstract

This review examines vapor extraction and 

treatment strategies to optimize vapor manage-

ment in in-situ thermal remediation (ISTR) projects, 

aiming to enhance efficiency and minimize risks. It 

addresses critical operational challenges identified 

in hundreds of completed ISTR projects, comparing 

various vapor extraction techniques (SVE, MPE, ho-

rizontal extraction wells) and vapor treatment tech-

nologies (VGAC condensation polishing, thermal/

catalytical oxidation, and C3 cryogenic treatment). 

The findings emphasize that appropriate selection 

of vapor treatment technology, informed by conta-

minant concentration and type, significantly affects 

project cost-effectiveness and regulatory complian-

ce. High-concentration scenarios favor C3 techno-

logy, achieving lower operational costs and superior 

efficiency, while moderate concentrations benefit 

from oxidation methods.

Keywords: In situ Thermal Remediation, Va-

por treatment, C3, Oxidation, VGAC

Resumo

Esta revisão examina estratégias de ex-

tração e tratamento de vapores para otimizar 

o gerenciamento de vapores em projetos de re-

mediação térmica in situ (ISTR), com o objetivo 

de aumentar a eficiência e minimizar riscos. São 

abordados desafios operacionais críticos identifi-

cados em centenas de projetos de ISTR concluí-

dos, comparando várias técnicas de extração de 

vapores (SVE, MPE, poços horizontais) e tecno-

logias de tratamento de vapores (condensação 

com polimento por carvão ativado granular, oxi-

dação térmica/catalítica e tratamento criogênico 

C3). Os resultados enfatizam que a seleção ade-

quada da tecnologia de tratamento de vapores, 

com base na concentração e tipo de contami-

nante, afeta significativamente a relação custo-

-benefício do projeto e o cumprimento regulató-

rio. Cenários de alta concentração favorecem a 

tecnologia C3, que alcança menores custos ope-

racionais e maior eficiência, enquanto concen-
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trações moderadas se beneficiam dos métodos 

de oxidação.

Palavras-chave: Remediação térmica in 

situ, Vapor tratamento, C3, Oxidação, VGAC

1.  Introduction

In-situ thermal remediation (ISTR) was ori-

ginally developed as a vapor extraction enhan-

cement technology to improve the removal of 

volatile and semi-volatile contaminants from 

soil and groundwater (Udell, 1996). Traditio-

nal remediation methods, such as Soil Vapor 

Extraction (SVE) and Multi-Phase Extraction 

(MPE), often struggle with low extraction effi-

ciency in low-permeability soils and at sites with 

non-aqueous phase liquids (NAPLs). In contrast, 

thermal remediation significantly increases con-

taminant volatility and mobilization by heating 

the subsurface, leading to the production of lar-

ge volumes of steam and contaminated vapor, 

which must be efficiently extracted and treated. 

Over the past two decades, ISTR has been suc-

cessfully implemented in hundreds completed 

projects, demonstrating its high efficiency in 

remediating high-concentration source zones 

within a short duration of 3 to 12 months—a 

timeline significantly faster than traditional re-

mediation solutions such as pump-and-treat, 

bioremediation, chemical injection, and moni-

tored natural attenuation (Horst et al., 2021).

Unlike traditional SVE and MPE projects, 

thermal remediation generates aggressive vapor 

and steam production rates that can be orders 

of magnitude higher than conventional extrac-

tion methods (Office, 1995). This high vapor 

flux demands well-designed vapor extraction 

systems capable of handling peak production 

rates. However, in many field applications, va-

por extraction and treatment capacity are often 

underestimated or improperly designed, leading 

to serious consequences. Undersized extraction 

systems can cause contamination redistribution, 

where volatilized contaminants migrate to othe-

rwise clean areas, condense beneath structures, 

or even escape into the atmosphere, resulting in 

regulatory violations and secondary pollution. 

These risks highlight the necessity of selecting 

the right vapor treatment methods, ensuring 

sufficient system capacity, and maintaining ope-

rational flexibility to handle varying vapor loads 

throughout the remediation process.

This review examines vapor extraction and 

treatment strategies based on insights from over 

50 completed ISTR projects across various conta-

mination scenarios. The paper discusses key va-

por extraction approaches, including SVE, MPE, 

and horizontal SVE for pneumatic control, em-

phasizing their effectiveness in managing vapor 

mobilization. Additionally, it evaluates various 

vapor treatment technologies, such as condensa-

tion with activated carbon polishing, thermal oxi-

dation processes, and C3 compressed cryogenic 

treatment, providing an in-depth comparison of 

their application ranges, operational challenges, 

and cost considerations. By addressing common 

pitfalls and best practices in vapor management, 

this review aims to optimize thermal remediation 

efficiency and mitigate risks associated with va-

por handling failures.
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2.  Heating Strategies in In-Situ Thermal 

Remediation

ISTR relies on the application of heat to mo-

bilize contaminants, increase their volatility, and 

facilitate efficient extraction. The selection of an 

appropriate heating method is crucial, as it di-

rectly influences the rate and extent of contami-

nant removal. Various thermal approaches have 

been developed, each with unique mechanisms 

and applicability based on subsurface conditions, 

contaminant properties, and project objectives. 

These technologies have been successfully im-

plemented in full-scale remediation projects, de-

monstrating high efficiency in treating a range 

of contaminants, including chlorinated solvents, 

petroleum hydrocarbons, and persistent organic 

pollutants (U.S.A.C.E., 2014).

Thermal conduction heating (TCH) is one of 

the most effective methods for remediating low-

-permeability formations (Sun et al., 2024). This 

approach involves the installation of heater wells 

that transfer thermal energy into the subsurface 

via conduction, achieving temperatures between 

100°C and 350°C (Yargeau; Bierschenk, 2007) 

(Baker et al., 2006) (Hansen et al., 1998). A key 

advantage of TCH is its ability to generate uniform 

heating even in heterogeneous geological forma-

tions, ensuring the complete mobilization of con-

taminantseven from fine-grained soils such as clays 

and silts. TCH systems can operate using two pri-

mary heating sources: electrical heating elements 

or combustible fuel-based Gas Thermal Remedia-

tion (GTR) systems (Geckeler, 2016). Electric resis-

tance heating elements are typically powered by 

grid electricity or onsite generators and are com-

monly used for smaller treatment areas. In contrast, 

GTR systems use gas-fired burners fueled by natu-

ral gas (NG), propane, diesel, liquefied petroleum 

gas (LPG), or other combustible fuels to generate 

heat. GTR systems are often preferred for large-s-

cale projects due to their higher energy efficiency 

and lower operational costs per unit of heat deli-

vered. The choice between electric and GTR-based 

TCH depends on site-specific factors, such as fuel 

availability, energy cost, and logistical constraints. 

However, the energy-intensive nature of TCH re-

quires careful project planning to optimize energy 

consumption and operational efficiency.

Electrical resistance heating (ERH), in con-

trast, relies on the movement of an electric current 

through the subsurface, generating heat through 

the soil’s electrical resistance. This method is par-

ticularly effective in saturated zones, where the 

presence of water enhances conductivity and fa-

cilitates even heating (Nunez Garcia et al., 2023). 

ERH typically achieves temperatures up to 100°C, 

making it well-suited for sites where contaminants 

must be mobilized at or near the boiling point of 

water. However, this temperature limitation renders 

ERH unsuitable for the remediation of semi-volatile 

organic compounds (SVOCs), which require higher 

temperatures for effective removal. Furthermore, 

ERH performance is strongly dependent on soil 

electrical properties, requiring additional site in-

vestigation to characterize conductivity variations. 

This introduces greater complexity in system design 

compared to TCH, as adjustments must be made 

to accommodate heterogeneous subsurface condi-

tions and optimize electrode placement for effec-

tive heating.
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Steam-enhanced extraction (SEE) repre-

sents another widely applied thermal method, 

particularly in high-permeability formations (Da-

vis, 1998). This technique involves the injection 

of steam into the subsurface, where it sweeps 

through the contaminated zone, displacing and 

volatilizing organic compounds. SEE has been 

particularly effective in the remediation of pe-

troleum hydrocarbons and non-aqueous phase 

liquids (NAPLs), such as diesel, gasoline, and coal 

tar. The rapid heating capability of SEE enables 

the efficient mobilization of contaminants, but 

its effectiveness is highly dependent on soil per-

meability. In low-permeability formations, steam 

migration can be limited, requiring additional en-

gineering controls to ensure uniform treatment.

Each of these heating methods has distinct 

advantages and limitations, and their selection must 

be tailored to site-specific conditions (Crownover 

et al., 2022). TCH and ERH are particularly well-

-suited for low-permeability soils, while SEE excels 

in high-permeability formations where steam can 

effectively displace contaminants (Davis, 1997). In 

recent years, newer thermal approaches have been 

explored, including microwave heating (Jones et 

al., 2002), solar-powered (Wang et al., 2024), win-

d-assisted, and geothermal heating technologies 

(Horst et al., 2018), which aim to enhance energy 

efficiency and reduce carbon footprints in remedia-

tion projects. Additionally, smoldering-based reme-

diation methods such as Self-Sustaining Treatment 

for Active Remediation (STAR) have emerged for 

specialized applications, particularly in treating hi-

gh-carbon contaminants like coal tar and creosote 

(Grant et al., 2016) (Zanoni et al., 2019)2019. Whi-

le these newer technologies are still undergoing 

optimization for widespread implementation, they 

hold promise for increasing the sustainability of 

thermal remediation (Parker et al., 2017).

3.  Subsurface Vapor Extraction System

Effective vapor extraction is critical in ISTR 

to ensure the safe and efficient removal of mobi-

lized contaminants (Triplett Kingston et al., 2010). 

As thermal treatment generates large volumes of 

contaminated steam and vapor, a well-designed 

extraction system is required to prevent uncon-

trolled contaminant migration, subsurface con-

densation, and atmospheric emissions. As shown 

in Figure 1, vapor extraction systems in ISTR typi-

cally involve SVE in the vadose zone, MPE in the 

saturated zone, and horizontal or shallow SVE 

wells for pneumatic control. 

SVE is widely used to remove volatilized con-

taminants from the vadose zone (Engineers, 2002). 

In ISTR applications, the system applies a vacuum 

to extract vapors and steam from the heated sub-

surface, preventing contaminant migration. The 

efficiency of SVE depends on the proper spacing 

and placement of wells to ensure uniform vapor re-

moval while preventing pressure buildup that could 

force contaminants into adjacent clean areas. In 

addition to vertical vapor extraction wells, horizon-

tal or shallow SVE wells are often used for pneu-

matic control and condensate collection. Horizon-

tal SVE wells placed beneath insulation layers help 

prevent vapor accumulation near the surface, en-

suring that mobilized contaminants are efficiently 

removed before they can condense and cause se-

condary contamination. These wells are particularly 
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important in thermal projects where surface insula-

tion is used to retain heat in the subsurface, as the 

temperature gradient between the heated zone 

and the ambient environment can cause significant 

vapor condensation. In sites covered by existing in-

frastructure, short SVE wells may be necessary to 

provide localized vapor extraction, ensuring effecti-

ve contaminant removal without disrupting surface 

conditions (Heine; Steckler, 1999).

MPE plays a crucial role in the enhanced 

extraction of non-aqueous phase liquids (NAPLs) 

during thermal remediation (Engineers, 1999). As 

the subsurface temperature rises to 40–70°C, the 

viscosity of NAPLs decreases significantly, allowing 

for enhanced mobility and extraction efficien-

cy. MPE facilitates the direct removal of NAPLs 

in liquid form before they fully volatilize into the 

vapor phase, reducing the burden on vapor tre-

atment systems. By removing NAPL-phase con-

taminants at elevated temperatures, MPE lowers 

the residual concentration of contaminants in the 

soil, minimizing the risks associated with excessi-

ve vapor-phase contamination, unexpected che-

mical transformations, or byproduct formation 

due to extreme heating. Without MPE, aggressi-

ve thermal treatment could lead to higher vapor 

concentrations, potential hydrolysis reactions, or 

the formation of undesirable secondary compou-

Figure 1: Conception of Heating and Vapor Extraction System during ISTR (Source: prepared by the author)
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nds, complicating treatment processes. Instead of 

targeting full dewatering, which is impractical in 

low-permeability saturated zones, MPE in thermal 

remediation focuses on creating a controlled de-

pression cone along the extraction wells to esta-

blish a preferred vapor and steam pathway within 

the saturated zone. This ensures that volatilized 

contaminants and steam are collected at depth 

rather than relying on upward migration into the 

vadose zone, which could lead to uncontrolled 

contaminant redistribution. By maintaining a de-

dicated vapor collection zone within the saturated 

layer, MPE prevents upward contaminant move-

ment, reducing the risk of secondary vapor plume 

formation or re-condensation in unwanted areas.

One of the most important considerations 

in the design of vapor extraction systems for ther-

mal remediation is the reduced radius of influence 

(ROI) of extraction wells compared to non-thermal 

projects. In non-thermal SVE applications, the ROI 

of a single extraction well can extend between 5 

and 20 meters, depending on soil permeability. 

However, in thermally treated sites, the ROI is signi-

ficantly reduced to approximately 3–6 meters, ne-

cessitating a much higher well density. In thermally 

treated zones, higher vapor pressures necessitate 

denser extraction well networks and enhanced 

vacuum systems with significantly greater air-han-

dling capacities to ensure effective contaminant 

capture. Similarly, MPE wells require closer spacing 

in thermal applications to effectively maintain va-

por pathways and prevent groundwater rebound 

from disrupting extraction efficiency. Due to these 

constraints, the number of SVE and MPE wells in 

thermally treated sites is often increased by a fac-

tor of two to nine times compared to traditional 

non-thermal sites. Without sufficient well density, 

vapor can escape through unintended pathways, 

leading to fugitive emissions, contaminant redis-

tribution, or re-condensation in colder subsurface 

zones. Proper well spacing and system capacity are 

crucial to maintaining pneumatic control, ensuring 

contaminant removal efficiency, and achieving re-

medial goals within the expected project timeline.

4.  Vapor and Water Treatment System

The implementation of ISTR necessitates the 

integration of robust vapor treatment methodo-

logies to effectively manage the volatilized conta-

minants extracted from the subsurface. The selec-

tion of an appropriate vapor treatment method is 

paramount in ISTR projects due to the potentially 

high concentrations of contaminants present in the 

vapor phase, requiring efficient capture and treat-

ment to prevent atmospheric emissions and secon-

dary pollution. These vapor-phase contaminants 

encompass a diverse range of compounds, inclu-

ding hydrocarbons, chlorinated solvents, and fluo-

rinated compounds, each often requiring tailored 

treatment approaches to ensure effective removal. 

This section provides a comprehensive discussion 

of the three primary vapor treatment methods em-

ployed in thermal remediation: cooling and con-

densation with vapor-phase granular activated 

carbon (VGAC) polishing, oxidation secondary tre-

atment, and cryogenic compression and condensa-

tion (C3) technology. A process flow diagram (PFD) 

as in Figure 2 typically illustrates the major com-

ponents of each treatment approach, providing a 

visual understanding of the system configurations.
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4. 1.  Cooling-Condensation with Vapor-Pha-

se Granular Activated Carbon (VGAC) Polishing

Cooling and condensation, followed by 

VGAC polishing, represents a widely adopted 

vapor treatment strategy in thermal remediation 

processes. This method leverages the principle 

of phase change by cooling the extracted va-

por stream to induce the condensation of water 

and heavier hydrocarbon compounds. This initial 

step of condensation serves to significantly re-

duce the overall vapor load, thereby enhancing 

efficiency and extending the lifespan of the sub-

sequent VGAC polishing stage. The condensed 

liquid phase, containing a concentrated fraction 

of the contaminants, is then separated from the 

remaining vapor stream and subjected to appro-

priate treatment, as will be discussed in detail in 

subsection 4.5. The residual vapor stream, now 

with a reduced contaminant load, is then pas-

sed through a VGAC unit. The VGAC effectively 

removes the remaining volatile organic compou-

nds (VOCs) through adsorption onto the activa-

ted carbon media (Hatton et al., 2019). 

VGAC adsorption, while effective for a 

wide range of VOCs, possesses a finite adsorp-

tion capacity, and its efficiency can be influenced 

Figure 2: Process Flow Diagram (PFD) of Vapor and Water Treatment System for ISTR. 
(Source: prepared by the author)
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by factors such as temperature, humidity, and 

the presence of competing contaminants. The 

effectiveness of this treatment approach dimi-

nishes when confronted with higher VOC con-

centrations. Under such conditions, the VGAC 

media can become saturated relatively quickly, 

necessitating frequent replacement or regenera-

tion, which can significantly impact operational 

costs. Moreover, high concentrations of chlori-

nated or fluorinated VOCs can lead to premature 

breakthroughs in the VGAC unit, allowing these 

contaminants to escape the treatment process 

untreated. The need for periodic replacement or 

regeneration of the carbon is an inherent aspect 

of this technology, contributing to the overall 

operating costs. Consequently, for scenarios in-

volving high VOC concentrations or the presence 

of VOCs, it is often necessary to incorporate se-

condary vapor treatment technologies.

4. 2.  Oxidation Technologies for Vapor 

Stream Treatment

Oxidation stands as a highly effective secon-

dary methodology for the destruction of VOCs 

present in the vapor stream, ensuring adheren-

ce to stringent air emission standards (Baskaran 

et al., 2024). This approach is frequently imple-

mented when contaminant concentrations are 

elevated or when condensation alone proves in-

sufficient for adequate VOC removal. Oxidation 

processes achieve contaminant destruction by bre-

aking down organic compounds into less harmful 

substances, primarily carbon dioxide and water, 

through either combustion at high temperatures 

or catalytic reactions at lower temperatures.

4. 2. 1.  Direct Fired Thermal Oxidizers (DFTO)

Direct Fired Thermal oxidizers (DFTOs) ope-

rate at elevated temperatures, typically ranging 

from 850 to 1100°C, to ensure the complete 

combustion and destruction of VOCs. While of-

fering high destruction efficiencies (often excee-

ding 99%) and the ability to handle a wide range 

of VOCs, TOs are characterized by significant fuel 

consumption due to the high operating tempe-

ratures, leading to substantial long-term opera-

tional costs. Furthermore, the high-temperature 

combustion process in DFTOs can generate ni-

trogen oxide (NOx) emissions, necessitating the 

implementation of additional control measures 

to mitigate these byproducts. Different configu-

rations of thermal oxidizers exist, including di-

rect-fired thermal oxidizers, which are generally 

the simplest and often the least expensive type, 

and flameless thermal oxidizers, designed for safe 

operation below the lower flammability limit whi-

le maintaining constant operating temperatures 

(Donley; Lewandowski, 2000).

4. 2. 2.  Regenerative Thermal Oxidizers (RTO)

Regenerative thermal oxidizers (RTOs) re-

present an advancement in thermal oxidation 

technology, incorporating ceramic heat recovery 

beds to significantly enhance energy efficiency 

(Liu, 2024). By capturing and reusing heat from 

the exhaust stream to preheat the incoming va-

por stream, RTOs can achieve fuel savings of up 

to 95% compared to conventional DFTOs. RTOs 

are effective for treating moderate VOC concen-

trations, typically in the range of 1,000 to 2,000 

parts per million by volume (ppmv). However, 
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these systems require periodic cleaning of the 

ceramic beds to remove accumulated particu-

late matter and are not ideally suited for trea-

ting high levels of halogenated compounds. The 

combustion of halogenated compounds in RTOs 

can produce corrosive byproducts such as hy-

drochloric acid (HCl) and hydrofluoric acid (HF), 

which can damage the system components. Des-

pite these limitations, RTOs are versatile and can 

achieve high thermal efficiencies, making them 

suitable for a wide range of industries dealing 

with solvent fumes and odors. Potential drawba-

cks include susceptibility to plugging with high 

particulate loadings and the requirement for 

frequent maintenance of valves to ensure long-

-term operational reliability.

4. 2. 3.  Catalytic Oxidizers (CO)

Catalytic oxidizers (COs) offer an alternati-

ve oxidation approach by utilizing a metal catalyst 

to facilitate the oxidation reaction at significantly 

lower operating temperatures, typically between 

300 and 600°C (Zhang et al., 2016). This lower 

temperature operation translates to reduced fuel 

consumption compared to DFTO systems. COs are 

particularly well-suited for treating low to mode-

rate VOC concentrations, generally ranging from 

500 to 1,000 ppmv. However, the catalyst used in 

these systems is susceptible to deactivation when 

exposed to certain substances present in the va-

por stream, such as sulfur compounds, particula-

tes, or heavy hydrocarbons. This necessitates the 

implementation of strict pretreatment measures 

and frequent maintenance to ensure sustained 

performance of the catalytic oxidizer (Matros et al., 

1996). Catalytic oxidizers can achieve high VOC 

destruction efficiencies by heating and maintaining 

a polluted airstream at a specific temperature as 

it passes through the catalyst material. While of-

fering lower operating costs due to reduced fuel 

consumption, the initial capital cost of catalytic oxi-

dizers can be higher than that of thermal oxidizers.

4. 2. 4.  Gas Thermal Recirculating Oxidi-

zers (GTRO)

Gas Thermal Recirculating Oxidizers (GTROs) 

utilize oxidation through multiple GTR heating tu-

bes, harnessing extracted VOCs directly as fuel to 

optimize energy efficiency (Chen et al., 2022). This 

technology effectively destroys contaminants while 

simultaneously using the generated heat for soil re-

mediation, making GTROs particularly suitable for 

sites with varying vapor load conditions.

GTRO systems utilize vacuum blowers to 

draw in VOC-laden air for combustion, enhancing 

operational safety compared to oxidizers that rely 

on compressed-air supply systems, thereby redu-

cing the risk associated with explosive atmosphe-

res. Consequently, GTROs accommodate higher 

inlet VOC concentrations (in ppmv) than standard 

TO or RTO, both of which operate under positive 

pressure conditions.

Additionally, the modular design, charac-

terized by multiple independent heating tubes, 

allows GTROs greater flexibility in adjusting ope-

rational capacity to match fluctuations in vapor 

flow rates. This modular arrangement simplifies 

maintenance and repairs, as individual heating 

tubes can be serviced or replaced without signifi-

cantly disrupting overall system operation.
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Furthermore, the initial capital investment 

required for GTROs is typically lower than that 

for traditional oxidation systems. Thus, GTRO 

technology offers an economical and highly ef-

ficient oxidation-based solution, presenting dis-

tinct advantages.

4. 2. 5.  Scrubber Systems

Regardless of the specific oxidation tech-

nology employed, the treatment of halogenated 

VOCs necessitates the integration of scrubber 

systems. These systems are crucial for neutrali-

zing acidic gas byproducts, such as HCl and HF, 

that are formed during the oxidation of haloge-

nated compounds. The inclusion of scrubber sys-

tems adds to the overall complexity and cost of 

the oxidation-based vapor treatment approach. 

The selection of the most appropriate oxidation 

technology involves careful consideration of fac-

tors such as the type and concentration of VOCs, 

flow rate of the vapor stream, desired destruc-

tion efficiency, and economic considerations, in-

cluding both capital and operating costs.

4. 3.  Cryogenic Compression and Con-

densation (C3) Technology

Cryogenic compression and condensation 

(C3) technology is a high-efficiency vapor tre-

atment method that operates differently from 

oxidation-based approaches (Geckeler, 2016). 

The process begins with compressing the vapor 

stream to approximately 10 atmospheres, incre-

asing contaminant concentration. The compres-

sed vapor is then cooled to -40°C, causing VOCs 

to condense into a recoverable liquid phase. Any 

remaining vapor passes through an alumina ab-

sorption unit for trace contaminant removal be-

fore final VGAC polishing.

Unlike oxidation, which destroys VOCs, 

C3 technology removes them as a liquid phase 

through phase change, ensuring effectiveness 

regardless of inlet VOC concentration. This me-

ans C3 technology has no upper limit on influent 

VOC concentration, unlike oxidation, which has 

combustion and air permit limitations. Additio-

nally, C3 enables direct VOC recovery, particularly 

for hydrocarbons like TPH, reducing the need for 

combustion-based treatment and lowering emis-

sions. By capturing a significant portion of conta-

minants in liquid form, C3 minimizes the burden 

on VGAC and oxidation systems, reducing ope-

rational costs and maintenance demands. VOC 

reduction data further confirm C3’s robust per-

formance, showing influent concentrations exce-

eding 15,000 ppmv (beyond the detectable limit 

of most photoionization detectors [PID]) reduced 

to near non-detectable (ND) levels. These results 

underscore C3’s superior efficiency in high-con-

centration thermal remediation projects. Field 

data from multiple ISTR sites demonstrate C3’s 

efficiency in removing VOC mass. Table 1 shows 

that tons of NAPL-phase contaminants were re-

covered, achieving >95% removal for highly vo-

latile compounds such as Dichloroethene (DCE) 

and Vinyl Chloride (VC). Without C3, VGAC 

would experience rapid breakthrough of volatile 

VOCs, and oxidation systems would require hi-

gher fuel consumption and increased scrubber 

system complexity due to the extreme acid loads 

generated during oxidation of chlorinated VOCs.
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The primary limitation of C3 technology is 

its high energy demand, which scales with vapor 

flow rate. A system handling 100 standard cubic 

feet per minute (SCFM) requires approximately 80 

kilovolt-amperes (kVA), while 500 SCFM demands 

up to 380 kVA. This significant power consump-

tion makes energy availability a critical factor when 

evaluating the feasibility of C3 deployment. Des-

pite this, C3 technology serves as an effective pre-

-treatment step for high VOC loads, improving the 

efficiency and lifespan of downstream treatment 

units while reducing overall operating costs.

4. 4.  Comparative Assessment of Vapor 

Treatment Methodologies

Each vapor treatment method discussed of-

fers distinct advantages and limitations, making 

their applicability highly dependent on specific site 

conditions and contaminant characteristics. Selec-

ting an appropriate methodology, as summarized 

in Table 2, requires careful evaluation to ensure 

both effectiveness and economic efficiency.

Field studies demonstrate that utilizing 

VGAC alone is typically inadequate for thermal 

projects characterized by high concentrations of 

VOCs. VGAC functions optimally as a secondary 

or polishing treatment following primary methods 

such as oxidation or C3.

Oxidation technologies offer high destruc-

tion efficiencies for diverse contaminants, including 

those inadequately adsorbed by VGAC. However, 

oxidation incurs substantial fuel and operational ex-

penses, rendering it most economically practical for 

sites with moderate VOC concentrations. Conver-

sely, the C3 technology, despite higher initial capital 

investment, yields substantial operational cost savin-

gs at sites with elevated VOC concentrations by sig-

nificantly decreasing VGAC usage and eliminating 

fuel-related costs inherent to oxidation processes.

Cost comparison results shown in Figure 3 re-

flect two distinct vapor treatment scenarios: one for 

fuel-contaminated sites dominated by TPH and BTEX 

compounds (Figure 3a), and the other for chlorina-

ted solvent-contaminated sites (Figure 3b). In both 

cases, six vapor treatment methods are evaluated, 

where initial vapor handling is assumed to include 

condensation/cooling, followed by either polishing 

with VGAC, four types of oxidation technologies 

Table 1. VOCs Mass Collection At different Treatment Stages at Three different ISTR Projects 
Combined with C3 Technology

Case# Year
Treated Vol. 

(m3)
Duration 
(Month)

 Initial cooling-
condensation 

C3 Concentrated  
collection

VGAC 
Absorption 

Emission  
to Air 

1 2024 29,206 8
408-kg NAPLs;  
12-kg dissolved in 
6.8-ton water

2,810-kg NAPLs; 
14.5-ton water

140-kg <8-kg

2 2023 21,270 6
8,000-kg NAPLs; 
96-kg dissolved in 
251-tons water

6,430-kg NAPLs; 
5.4-ton water

258-kg <10-kg

3 2022 9,000 5
1,200-kg NAPLs; 
48-kg dissolved in 
171-ton water

2,620-kg NAPLs; 
3.8-ton water

412-kg <10-kg
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Table 2. Features Comparison of Three Different Vapor Treatment Technologies

Feature
Cooling-Condensation with 

VGAC Polishing
Oxidation Secondary

Cryogenic Compression and 
Condensation (C3)

Target 
Contaminants

Higher boiling points VOCs 
and SVOCs

Hydrocarbonsand 
Halogenated VOCs

Broad range VOCs

Typical 
Concentration 
Range

Low to Moderate Moderate to High No limit

Efficiency
Moderate (dependent on 
VOC type and concentration)

High Very High

Capital Cost Low Moderate to High High

Operating 
Cost

Varied (dependent on carbon 
replacement frequency)

High (due to fuel 
consumption and Corruption)

Low to Moderate (due to 
electricity consumption)

Advantages
Simple operation, relatively 
low capital cost for basic 
systems

High destruction efficiency, 
effective for halogenated 
compounds

VOC recovery; no inlet 
concentration/type limits; no 
by-products; high uptime; 
significant downstream load 
reduction

Disadvantages

Limited effectiveness at high 
concentrations, potential for 
breakthrough with certain 
VOCs

High fuel consumption; 
requires scrubbers for 
halogenated compounds; 
intensive maintenance and 
lower uptime

High capital investment, 
significant power consumption
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Figure 3: Cost Comparison for Different Vapor Treatment Technologies (Source: prepared by the author)

(DFTO, RTO, GTRO, CO), or C3 as a secondary treat-

ment. For chlorinated sites, Catalytic Oxidizers (CO) 

are excluded due to catalyst poisoning by haloge-

nated compounds, leaving five technologies under 

comparison. The cost estimates are based on 2025 

vendor quotes for equipment procurement, mate-

rials, and system rental, as well as technical and eco-

nomic data compiled from the U.S. EPA’s Air Pollu-

tion Control Cost Manual (Sorrels et al., 2017).

For fuel-type vapors, C3 becomes the most 

cost-effective option once inlet TPH concentrations 

exceed ~10,000 ppmv, as the condensed hydrocar-

bons can be recovered and potentially resold, redu-

cing net treatment costs. In contrast, oxidizers have 

upper concentration limits due to Lower Explosive 

Limit (LEL) concerns, which often require dilution at 

high concentrations, increasing operational costs. 

At concentrations below 100 ppmv, VGAC alone 

is typically sufficient. Between 100–10,000 ppmv, 

oxidation technologies—particularly GTRO—de-

monstrate the best economic performance due to 

manageable fuel use and high thermal efficiency.

For chlorinated vapor streams, VGAC alone 

remains viable under 100 ppmv. In the 100–2,000 

ppmv range, oxidation technologies (especially 

GTRO) show favorable cost-effectiveness. At higher 
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concentrations (>2,000 ppmv), C3 emerges as the 

preferred option due to its corrosion resistance, low 

maintenance requirements, and stable performance 

regardless of VOC reactivity or halogen content.

These concentration-dependent economic 

trends emphasize the importance of accurate site 

characterization and vapor profiling during techno-

logy selection. A balanced evaluation of inlet con-

centration, contaminant type, capital and operating 

costs, LEL limitations, and potential for resource reco-

very is critical to selecting the most appropriate vapor 

treatment strategy for each remediation project.

4. 5.  Water Treatment for Condensate Ma-

nagement

The process of vapor treatment, particularly 

methods involving cooling and condensation, ine-

vitably generates condensate that contains dissol-

ved contaminants and necessitates appropriate tre-

atment before discharge or further use. A typical 

water treatment train for managing this conden-

sate often includes a series of treatment steps to 

ensure compliance with regulatory discharge limits 

and prevent secondary environmental impacts. The 

initial stage typically involves settling tanks, where 

NAPLs can be separated from the aqueous phase 

through gravity settling. Following this, bag filters 

are commonly employed to remove any fine parti-

culate matter that may be present in the conden-

sate stream. The final polishing step often involves 

the use of liquid phase granular activated carbon 

(LGAC) to effectively reduce the concentrations of 

dissolved VOCs remaining in the water. Regular 

sampling and analysis of the treated condensate 

are essential to verify its quality and ensure that 

it meets the required regulatory discharge limits. 

Effective condensate management is critical for 

maintaining the overall efficiency and sustainability 

of the thermal remediation process. 

5.  Conclusion

The comparative analysis of vapor extraction 

and treatment methodologies highlights significant 

operational impacts on ISTR effectiveness, cost, and 

compliance. Projects frequently underestimate vapor 

generation rates, leading to system failures, regula-

tory issues, and secondary contamination risks. Ef-

fective thermal remediation demands thorough site 

characterization, appropriate heating technology se-

lection, and a robust vapor extraction system tailored 

to expected contaminant loads. Among vapor treat-

ment technologies, C3 consistently demonstrates su-

perior cost-efficiency at higher VOC concentrations, 

while oxidation processes are favorable at moderate 

concentrations. Ultimately, selecting optimal vapor 

treatment solutions is critical to achieving success-

ful remediation outcomes, reducing environmental 

risks, and controlling project expenditures.
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