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Abstract
Natural gas furnaces are the most common space heating equipment in the U.S. residential and commercial 
building markets. However, current residential natural gas condensing furnaces generate substantial acidic 
condensate as well as significant emissions of sulfur oxides (SOx), nitrogen oxides (NOx), carbon 
monoxide (CO), hydrocarbons (HC), and methane (CH4) contributing to environmental degradation of air, 
water, and soil. This paper describes a novel solution to reduce the environmental impact of natural gas 
condensing furnaces based on the technology of monolithic acidic gas reduction (AGR) catalyst for SOx 
trapping, NOx redox to nitrogen, and oxidation of formic acid, CO, HC, and CH4. This technology offers a 
new condensing natural gas furnace with both ultra-clean flue gas and neutral condensate. A prototype of 
the condensing gas furnace with the AGR component is demonstrated to have condensate with pH=7, NOx 
emissions of 1-2 nanograms/joule, and an annual fuel utilization efficiency (AFUE) of 96%. The AGR 
component and the AGR-enabled furnace were tested for long-term reliability and durability, as well as for 
SOx storage and regeneration activity. In addition, this paper provides new data on measurements of the 
specific acidic gas content in natural gas condensing furnaces. 

Key words: Furnace, Acidic gas reduction, Acidic condensate, NOx Emissions, Catalyst

Highlights:

 A furnace with ultra-clean flue gas and neutral condensate is demonstrated
 99.9% of acidic content was removed from the furnace condensate 
 The AGR-enabled furnace resulted in condensate pH of 7
 The AGR-enabled furnace achieves NOx emissions of 1-2 ng/J
 The AGR component and AGR-enabled furnace were broadly tested
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1. Introduction

The U.S. has more than 118 million homes and 5.5 million commercial buildings. Approximately 47 million 
U.S. households use natural gas furnaces as their main heating source. U.S. Energy Information 
Administration (EIA) data indicate that 43% of residential energy (equivalent to 2.62 quadrillion BTUs) is 
consumed by space heating in the United States [1]. Improved efficiency and performance of residential 
gas furnaces is vital for achieving energy savings, reducing greenhouse gas emissions, and meeting the 
stringent regulatory requirements for pollutant emissions [2]. 

Prior to the 1980s, representative residential furnaces achieved an annual fuel utilization efficiency (AFUE) 
of only 60% [3]. An effective approach for improving furnace efficiency is to decrease the temperature of 
the combustion exhaust or flue gas by using a low-cost heat exchanger (HX) to preheat cold air for space 
heating. However, sulfur, nitrogen, and carbon, which typically exist in natural gas or its combustion 
products, form acidic gases (e.g. SO3, SO2, NO2, NO, formic acid, etc.) in the flue gas. Once the flue gas 
cools below the dew point of its constituents, the acidic gases condense and combine with water present in 
the combustion products to produce acidic solutions that cause corrosion and fouling problems. The first 
condensation corrosion in furnaces was reported as early as 1901 [4]. The acid dew point of SO3 could be 
as high as 115-150°C under natural gas combustion conditions. Two strategies are typically used to avoid 
corrosion and fouling due to acid condensation: (1) maintaining the exhaust above the dew point 
temperature, which limits the maximum furnace efficiency; or (2) using corrosion-resistant stainless-steel 
alloy materials to construct HXs, which results in a significant cost penalty. Non-condensing furnaces adopt 
the former strategy, and most U.S. homes still use non-condensing units with an AFUE of about 80% or 
less due to the release of flue gas at temperatures exceeding 160°C to the outdoor environment [5]. Up-to-
date condensing furnaces employ the latter technology and achieve more than 90% AFUE by capturing the 
latent heat from the condensing vapor and reducing flue temperature to less than 40°C while avoiding the 
corrosion and fouling issues [6]. The corrosion-resistant stainless-steel alloys are ferritic stainless-steel 
alloys with a high chromium and molybdenum content, as the high chromium content provides general 
corrosion protection, and the molybdenum provides resistance to pitting corrosion that can occur in stainless 
steels [3]. Condensing furnaces are expensive compared to non-condensing units. Lutz et.al. [7] and Lekov 
et.al. [8] reported that condensing furnaces’ payback time could be more than ten years. The market 
penetration of condensing furnaces is limited by a higher furnace cost and expensive installation and 
maintenance costs. 

Various studies were carried out to extend the market penetration of high efficiency condensing furnaces 
to replace old inefficient residential furnaces, including component optimization, low-carbon fuels, system 
innovation . In the component optimization, Wu et.al. [9] carried out CFD to optimize and accelerate the 
chamber design of next-generation gas furnace in reducing the cost and development cycle. Tu et.al. [10] 
assessed the effects of furnace chamber shape on the moderate or intense low-oxygen dilution combustion. 
Belosevic et.al. [11] presented experimental investigation and modeling of flow and heat transfer processes 
in a household furnace, showing considerable energy savings. Yin et.al. [12] reported the impact of duct 
flow resistance on residential heating energy use in systems with various blowers. For low-carbon fuels, 
Zhao et.al. [13], Omari et.al. [14], and Jiru et.al. [15] explored the influence of renewable biogas, hydrogen, 
and biofuels on the performance of a residential furnace. Chandrasekaran et.al. [16], Kakareka et.al. [17], 
and Tashtoush et.al. [18] characterized and compared emissions in residential furnaces using various 
alternative fuels. In the system innovation, Addo–Binney et.al. [19] developed an integrated system 
consisting of a natural gas furnace and a heat pump, showing significant reductions in energy consumption, 
greenhouse gas emissions, and operating cost. Gluesenkamp et.al. [20] and Abu-Heiba et.al. [21] proposed 
a self-powered condensing furnace that imports no electricity, i.e. a power cycle integrated into the furnace 
generates all the electrical power needed, and the heat rejected by the power cycle contributes to space 
heating. Elias et.al. [22] showed that upgrading old non-condensing residential furnaces with high-
efficiency condensing units is beneficial in reducing both heating expenses and carbon emissions. Milcarek 
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et.al. [23] introduced a residential furnace integrated with a micro-tubular SOFC stack to create a micro-
CHP system in exploring high efficiency. 

However, these emerging furnace technologies inevitably generate substantial acidic condensate, as well as 
NOx, CO, HC, and methane emissions, exaggerating long-term environmental issues related to soil, water, 
and air. California is enacting new standards for residential and commercial furnace emission levels (14 
nanograms/joule (ng/J) or less), to limit the amount of NOx emissions released into the air [24]. U.S. EPA 
regulations require 40 ng/J of NOx or less. Acidic condensate removal and treatment has also been 
identified as an issue related to greater installation and maintenance costs. The combination of a higher 
furnace cost and expensive installation and maintenance costs limits the market penetration of condensing 
furnaces. All these issues are a direct result of the acid content in the natural gas combustion exhaust. 
Consequently, to develop ultra-clean and efficient condensing furnaces while reducing the furnace’s capital 
cost as well as reducing installation and maintenance cost related to acidic condensate treatment, a novel 
acidic gas reduction (AGR) catalyst can play a critical role. Advanced catalysts for acidic gas trapping and 
reduction have been successfully and widely applied in automobile emissions control [25, 26]. The 
innovative AGR technology is capable of substituting less expensive materials for the high alloy stainless 
steels used in current condensing heat exchangers, as well as the reduction of installation and maintenance 
costs. Developing a low-cost AGR using acidic gas trapping and reduction technologies is a feasible 
pathway to make furnaces more efficient, simpler and less expensive. Based on the authors’ knowledge, 
there is no currently or previously existing AGR technology for the condensing furnace application.

Therefore, in this paper, a cost-effective AGR catalyst component is developed to allow a new condensing 
natural gas furnace with ultra-clean flue gas emissions and neutral condensate. The novel AGR-enabled 
condensing gas unit aims to achieve an effectiveness of approximately 100% for SOx trapping, more than 
95% for NOx redox, and oxidation of formic acid, CO, HC, and CH4 oxidation, leading to neutral 
condensate [27]. The neutral condensate enables the potential of a simpler and less expensive furnace design 
and installation. The paper describes the development of the AGR component, a prototype of an AGR-
enabled furnace, as well as evaluation of the AGR-enabled furnace performance over various operating 
conditions including a 400-hour long-term test. The paper also addresses furnace condensate acidity and 
chemistry analysis, as well as its impact on alloy corrosion. 

2. Methodology and Experimental Setup

2.1.AGR Component and AGR-Enabled Condensing Furnace

Figure 1 shows the AGR catalyst sample which was fabricated based on a monolithic substrate washcoated 
with TiO2 Anatase, CuO and a small amount of Platinum (Pt). The key chemical reaction mechanism of 
SOx adsorption, NOx redox to N2, and CO/HC/CH4/formic gas oxidation is also displayed in Figure 1. The 
key material composition recipe is listed in Table 1. In the authors’ lab benchmark reactor tests with the 
small sample size that is 2 cm diameter by 5 cm long, the results have shown that the catalyst sample enables 
not only adsorption of SOx, NOx redox to N2, but also oxidation of CO, hydrocarbons (including 
formaldehyde) and methane. In the benchmark reactor tests at 250°C, 100% of CO is oxidized to CO2. A 
regeneration approach for the AGR catalyst was also demonstrated to restore the catalyst capacity for SOx 
following extensive SOx trapping. This is described in more detail in subsequent sections of the paper.

The full-size AGR component fabrication and assembly are shown in Figure 2(a) and 2(b). The prototype 
component consists of a 2-liter shell canister and accessory parts in addition to the monolith catalyst. A 
non-toxic silica fiber mat is added between the shell canister and catalyst to fix the catalyst to the shell and 
avoid any vibration. Two connection cones (i.e., a divergent and convergent cone) are used to connect the 
shell canister and monolith catalyst with the accessory parts. In addition, a metal net mounted in each cone 
is used to enhance the mixing effect of flue gas and prevent the horizontal movement of the catalyst. Other 
accessory parts include several elbows, tubes and bolted flange clamps, which are used to connect the AGR 
component to the furnace HXs (see Figures 2(c) and 2(d)).  As shown in Figure 2(c), the bolted flange 
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clamps allow easy replacement of the catalyst component while the holes along the horizontal tubes are 
used for attachment to the primary HX tubing of the natural gas furnace. This design aims to meet the need 
for repeated catalyst monolith installation and disassembly. Figure 2(e) shows a prototype 2-liter AGR-
enabled condensing furnace which was retrofitted to a commercial non-modulating condensing furnace 
with a nameplate rating of 23.4 kW (80 kBTU/h) and 92% AFUE. The retrofit also included a condensing 
HX with an enhanced surface. 

Figure 1: A sample of AGR catalyst and reaction mechanism

Table 1: The material composition of AGR catalyst
Cell density 400 cpsi

TiO2 loading 2.0~3.2 g/in3 (Anatase TiO2)
Pt loading 0.03~0.07 g/in3Materials & 

composition Cu loading 0.4~0.7 g/in3

TiO2 surface area 50~90 m2/g

Figure 2: AGR-enabled condensing furnace retrofitted to a commercial 23.4 kW (80 kBTU/h) condensing 
furnace; (a) AGR catalyst; (b) AGR housing; (c) overall AGR component and accessory parts; 
(d) AGR integration with furnace primary HX; (e) a prototype AGR-enabled furnace.
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Figure 3: Comparison of furnace heating-air flow patterns with or without the AGR component; (a) a 

baseline furnace; (b) the retrofitted furnace integrated with AGR.

The AGR assembly and integration design deliberately consider the configuration and HX size of the 
natural gas furnace with the integration of AGR component to minimize the cost penalty added to the new 
furnace. In addition, a computational fluid dynamics simulation was carried out by using Ansys Fluent to 
evaluate the AGR integration on furnace flow patterns and heat transfer performances [28]. Figure 3 shows 
the simulated heating-air flow movement inside the furnace with AGR component. The simulation 
assumptions for furnace configuration, geometric size, flow rates and temperatures used in the simulated 
furnace are measured from the tested furnace. Although the AGR component can alter heating-air flow 
movement, the results show that the pressure drop due to AGR component is very small, indicating limited 
impact of AGR component on overall heating-air flow performance. Please note that the prototype aims to 
demonstrate proof of concept for the AGR-enabled furnace performance and the optimization of 
commercial product is not the scope of current study. The authors acknowledge that there is a significant 
optimized space for the AGR assembly and integration in the potential design of OEM new furnace 
products.

2.2.Furnace Experimental Setup

The furnace experimental setup and testing procedure followed the requirements for instruments and testing 
provided in ANSI/ASHRAE Standard 103-2017 [29]. Figure 4(a) shows the testing system for the AGR-
enabled condensing furnace which was set up in a furnace testing chamber. In the experimental testing 
system, a vertical supply test plenum was installed above the furnace unit. An extended casing and 
horizontal vent pipe with the same cross-sectional area as the vent pipe is connected to the furnace flue gas 
exit above the top of the furnace. The key work during the experimental setup included (1) adding an 
electrical power meter; (2) installing thermocouples for temperature measurement of the flue gas, supply 
air, and the unit jacket surface; (3) adding a natural gas flow meter; and (4) adding flue gas sample tubes. 

(a) (b)
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Figure 4: (a) the AGR-enabled 23.4 kW ( 80 kBTU/h condensing furnace testing system: (1) plenum, (2) 
combustion & emissions analyzer; (3) flue gas exit; (4) natural gas pipeline, (5) condensate 
collection, (6) returning airflow, (7) burners, (8) type-T thermocouples, (9) burner airflow, (10) 
manometer, (11) damper, (12) extended casing and horizontal vent pipe; (b) the AGR-enabled 
furnace with thermocouples; (c) the AGR flue gas sample tubes and thermocouples

The thermocouples for flue gas temperature measurement include six type-K probes for detecting high 
temperature flue gas variation along the unit’s primary HX and the inlet and exit of the AGR. The 
measurement range and uncertainty of the type-K probes are 0 to 1038°C and +/- 2.8°C. Figure 4(b) shows 
type-K thermocouples and two gas-sampling tubes installed before and after the AGR component to 
measure and monitor flue gas temperature and composition. Figure 4(c) shows the details of these 
instruments at the exit of the AGR component. A type-T thermocouple is installed at the flue gas exit of the 
unit, and another type-T thermocouple is installed at 1.5m along the vent pipe after the flue gas exit from 
the unit. In addition, eleven type-T thermocouples are added to measure the temperature on the furnace’s 
exterior panel surfaces, including upper and lower positions on the left- and right-side panels, front and 
back panels, top and bottom panels, and on the blower shell. To measure the supply heating air flow 
temperature in the plenum, a set of type-T thermocouples are used to construct a thermocouple grid 
arrangement in a test plane perpendicular to the axis of the plenum. Finally, one type-T thermocouple is 
used to measure returning air temperature (or room air temperature). In the testing system, a Bacharach 
PCA 400 combustion & emissions analyzer is used to record O2, CO2, CO, and NOx concentrations with 
the uncertainties of 0.1%, 0.1%, 3 ppm, and 3 ppm, respectively. A natural gas flow meter with the 
uncertainty of 0.5% is used to directly record the fuel consumption. A manometer is used to monitor that 
the pressure drop of heating supply air flow is within the range required by the furnace manufacturer of 
0.28-0.8 inches of water column. The temperature difference between the supply air flow and return air 
flow is also monitored to ensure that ΔTsupply is within the range required by the test standard of 
ANSI/ASHRAE Standard 103-2017. A Labview-based data acquisition graphical user interface was 
developed to automatically recorded the data at a frequency of 1.0 Hz. The condensate collection was 
performed manually, so it was independent from the data acquisition system. The mass error associated 
with the measuring instrument is not exceed ±0.1% of the quantity measured. 

The entire furnace tests performed (following conditions specified in ANSI/ASHRAE Standard 103-2017) 
includes several steady-state cases, heat-up and cool-down tests, and cyclic tests. To accelerate testing in 
an optimal way, the steady-state, cool-down and heat-up cases are performed together in one test sequence, 
which the steady-state case is carried out first, followed by the cool-down and heat-up cases. The cyclic 
tests is completed in a separate sequence. The 30-minute steady-state testing starts after flue gas temperature 
variation in three successive 15-minute readings meets not more than 0.55°C. The steady-state testing lasts 

(a) (B)

(C)
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30 minutes, and condensate is collected during the 30-minute steady-state testing. Once the steady-state 
testing is completed, the burner is turned off. Flue gas temperature is measured at 1.5 and 9 minutes after 
the burner shut off. Then the burner remains off until equilibrium conditions are achieved, which is 
indicated by variations in the flue gas temperature of no more than 1.7°C between 3 successive reading 
taken 15 minutes apart. After the equilibrium conditions are achieved, the furnace turns on. Then flue gas 
temperature is measured at 0.5 and 2.5 minutes after the burner comes on. In the cyclic testing, the “on” 
cycle duration is 3.87 minutes and “off” cycle duration is 13.3 minutes. The on or off switch operation 
actions is not more than 6s. The condensate is also collected during the cyclic testing.

2.3.Flue Gas Chemistry Analysis

The flue gas used for acidity and chemistry analysis was sampled from flue gas sampling tubes shown in 
Figure 4. EPA Method 8 [30] is used to detect and identify any gas species that may contributing to the 
acidity of the condensate samples, and therefore implicated in corrosion of the heat exchanger. The EPA 
method can collect SO3 (gas) and H2SO4 (mist) separately from the SO2, allowing the ratio of SO2 : sulfuric 
acid to be determined.  Knowing both the SO3 and SO2 is critical because SO2 is relatively insoluble in 
water and will pass through the furnace as a gas, whereas SO3 and H2SO4 mist are very soluble in water 
and will likely condense on the secondary heat exchanger. In the test method, the flue gas is bubbled through 
impingers with different solutions in them that are chilled in an ice bath, and the H2SO4 mist is collected on 
a filter. The impingers are then measured to quantify the sulfur species. One of the concerns with the 
sampling of this furnace was that the SOx species were expected to be in very low concentration, so a long 
sampling period was required to accumulate enough volume of flue gas to make the measurement. Similar 
methods are used to accumulate enough NO2 and other acidic gases. 

2.4.Corrosion Tests with Acidic Condensate

A 1-inch Gamry isolation apparatus is used to perform corrosion testing of alloy samples, shown in Figure 
5. The alloy sample is first placed on a flat wooden stage and is secured to the Gamry isolation apparatus 
by a metal clamp. The bottom of the Gamry isolation apparatus is made of Teflon, which seals the one-inch 
diameter area of the alloy. This allows for containment of the liquid inside the apparatus. The acidic 
condensate of the furnace is added to the Gamry isolation apparatus with the top covered. The alloy surface 
is exposed to the condensate liquid for a minimum of 500 hrs. After the exposure, the alloy is dissected, 
and metallography studies are conducted to determine the depth of corrosion. SEM imaging and EDS 
analysis are performed to determine the corrosion products on the surface of the alloy. 

In the detailed corrosion testing, a section of the metal pipe (see Figure 5(a)) was cutout from the primary 
heat exchanger of the tested furnace; the pipe was first cut along the flow direction, and then was unrolled 
to form a flat test section (see Figure 5(b)). A circular area of the sample with 2.0 cm diameter was used 
for exposure to condensate liquids, as shown in Figure 5(c), and the yellow tape isolates the exposure area 
from the rest of the plate. Figure 5(d) shows more tape to make sure the liquid only contacts the circular 
area of the metal sample. In Figure 5(e), a clamped Gamry paint cell is placed over the area that is to be 
exposed. 100 mL of the condensate was added to the Gamry isolation apparatus with the top covered (see 
Figure 5(f)). Then the metal surface was exposed to the condensate liquid over a minimum of 500 hrs. 
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Figure 5: Metal sample and corrosion testing.

2.5.Demonstration of the AGR Regen Strategy

The proposed AGR component is capable of continuous SOx trapping until it is saturated. Typical sulfur 
concentrations in the natural gas pipeline are low, and a furnace has to run several years to degrade the 
AGR SOx trapping capability. Thus, an off-line method for AGR component SOx trapping and regen was 
adopted in the study. Figure 6 shows the full-scale SO2 trap experiment setup, which allows the AGR 
component removed from the new furnace to carry out its regeneration in an offline regen reactor. 

  

Figure 6: SO2 full scale trap experiment setup; (a) the entire flow reactor system; (b) a close-up of the 
full-size trap wrapped in insulation.

In the demonstration, a full-size 2-liter AGR catalyst sample was regenerated under synthetic furnace 
exhaust conditions of 4% H2, 13.6% H2O, and a balance of N2 (82.4%) at 250°C after completing a trapping 
testing case with elevated SOx exposure. 100ppm SO2 was considered in the trapping to accelerate SOx 
trapping process because SOx concentration from furnace flue gas is typically less than 1ppm. The synthetic 
furnace exhausts for SOx trapping consists of 6.7% O2, 8.0% CO2, 13.6% H2O, 66.7PPM C3H8, 200 PPM 

(a) (b)
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CO, 20PPM NO, and a balance of the rest of N2 besides 100PPM SO2. The testing space velocity is 
3000/hour. 

2.6.Annual Fuel Utilization Efficiency (AFUE) Analysis tool

An AFUE analysis tool for residential furnaces was developed by following ANSI/ASHRAE Standard 103-
2017. The analysis is a complex method based on the furnace configuration and specific components 
equipped, as well as detailed furnace testing and measurement data. This tool includes three worksheets: 
unit and configuration selection; geometry and measurement data input; and AFUE plus key results. The 
tool can be used to estimate the AFUE of both condensing and non-condensing furnaces with single-stage, 
two-stage, and step-modulating functions. The tool has been validated with experimental data from ORNL 
other commercial natural gas furnaces, including a 11.7 kW (40 kBTU/h) two-stage condensing furnace 
and a 23.4 kW (80 kBTU/h) non-modulating non-condensing furnace. The AFUE of the condensing furnace 
was rated at 96% while the tool evaluated a value of 95.9%. The AFUE of the non-condensing furnace was 
rated at 80% while the tool evaluated 84.0%. The results indicate the tool is reasonably accurate in the 
evaluation of new R&D modified furnace unit. 

3. Results

3.1.Acidic Content Tests of Baseline Furnace

The original non-modulating condensing furnace with a nameplate rating of 23.4 kW (80 kBTU/h) and 92% 
AFUE was tested as a baseline for comparison to later tests of the furnace as retrofitted with the prototype 
AGR component. The furnace testing followed ANSI/ASHRAE Standard 103-2017. In the tests, 
condensate and sampled flue gas emissions were collected at various heating capacity. Table 2 summarizes 
the acidity analysis of the condensate samples collected. The measured pH value varied within the range of 
3.42-3.76 while the measured formate concentration was 9-14 ppm. The test employed detects sulfate, 
nitrate, formate, acetate, and chlorine anions. However, both the sulfate and nitrate concentrations were 
very limited, with measured levels below the instrument resolution of 2 ppm, so it was not possible to detect 
the precise sulfate and nitrate levels. The detection of formate ion as the dominant species in the condensate 
is of particular interest for corrosion. Formic acid aggressively attacks steel, including stainless steel. 

Table 2 Acidic analysis for condensate samples
Heating capacity Condensate pH Formate Sulfate Nitrate

80,000 BTU/h 3.42 14ppm <2ppm <2ppm
80,000 BTU/h 3.55 9ppm <2ppm <2ppm
65,000 BTU/h 3.76 - - -

To better characterize and understand the acidic gas concentrations in the flue gas, flue gas sampling was 
carried out using EPA method 8. The results from the measurements are shown in Table 3. The flue gas 
sampling data were collected from upstream of the furnace condenser operating at 19.1 kW (65,000 BTU/h) 
and 23.4 kW (80,000 BTU/h) heating capacity. Each flue gas sampling covered more than five hours of 
furnace operation and nearly 2000 liters of flue gas samples were collected. The analyzed results revealed 
that the flue gas concentration of SO3/H2SO4 mist was no more than 0.57 µg/Liter-flue gas, whereas the 
SO2 concentration was 1.14-2.98 µg/Liter-flue gas, resulting in a SO2/SO3 ratio of >2.0, during the furnace 
operations. In addition to SOx species, there was interest in determining concentrations of formaldehyde in 
the gas phase since formic acid had been identified in the condensate. Formaldehyde is a common 
combustion product of natural gas, and formic acid is a partial oxidation product of formaldehyde. 
Measurement during 23.4KW (80,000 BTU/h) heating capacity conditions showed a formaldehyde 
concentration of 10 ppm in the flue gas. 

Table 3 Chemistry analysis for flue gas samples
Heating capacity SOx SOx as SO3 SOx as SO2 Nitrate Formate
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Heating capacity µg/L-flue gas µg/L-flue gas µg/L-flue gas µg/L-flue gas µg/L-flue gas
80,000 BTU/h 1.71 <0.57 1.14 <0.57 1.43
65,000 BTU/h 1.98 <0.57 1.41 0.750 0.37

3.2.Corrosion Tests with Baseline Furnace Acidic Condensate

Because of considerable acidity (3 – 4 pH) of the condensate liquid, corrosion experiments were carried out 
with the condensate and alloy tubes cut from the heat exchanger of the condensing furnace. The condensate 
of the furnace was collected at two different heating outputs: 19.1 kW (65,000 BTU/h) and 23.4 kW (80,000 
BTU/h). In the 500-hour test, the alloy was exposed to the condensate liquid. The alloy was dissected after 
the exposure, and metallography studies were carried out to determine depth of corrosion. The figures below 
are the preliminary results showing high resolution optical images from metallography. Figure 7(a) shows 
a cross section of the unexposed cutout of the metal pipe used in the furnace primary heat exchanger. Figure 
7(b) shows a cross section of the sample exposed to 65,000 BTU/h condensate solution (pH=2.94). Figure 
7(c) shows a cross section of the sample exposed to 80,000 BTU/h condensate solution (pH=3.07). The 
results clearly show visible damage to the galvanized coating layer of metal after 500 hours of exposure. 
Therefore, it is confirmed that the acidic furnace condensate solution damages the protective layer of the 
furnace heat exchanger metal pipes. Here the pH values of the condensate samples are slightly different 
from Table 2 due to the usage of different instruments and collection timing, but still stay within a 
reasonable deviation.

Figure 7: Corrosion testing analysis of alloy materials with condensate from various heating capacity 
scenarios; (a) original protective coating layer; (b) corrosion damage with 65 kBTU/h 
condensate; (c) corrosion damage with 80 kBTU/h condensate 

Figure 8: SEM image on (a) protective AL layer and (b) elemental mapping.

Detailed scanning electron microscope (SEM) images with elemental mapping were also analyzed for the 
metal samples after they completed the 500-hour corrosion tests using the condensate collected from the 
condensing furnace operating at 65,000 BTU/h. The results are shown in Figures 8. The images show that 
aluminum forms a protective layer but it is clear that the protective layer is damaged (see Figure 8(a)). The 
oxygen map (see Figure 8(b)) shows that oxygen species are entering and creating crevices in the protective 
layer of the metal. The spectra of elements detected by the SEM-EDS instrument show that the major 

(a) (b) (c)

(a) (b)
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elements are Al and Fe. It is believed that small organic acids are the corrosive compounds, which corrode 
the metal surface. The results provide in-depth understanding of the alloy compatibility with the condensate 
solution. 

3.3.Fresh AGR-Enabled Furnace Tests

The retrofitted condensing furnace with the fresh AGR was tested over various gas input ratings ranging 
from 17.6 kW (60,000 BTU/h) to 23.4 kW (80,000 BTU/h). During all the tests, condensate samples were 
collected from both cold start and steady-state cases. Figure 9(a) shows a comparison of condensate acidity 
of the retrofitted AGR-enabled furnace with the original OEM furnace. The steady-state data confirm that 
the pH of the collected condensate at >22.0 kW (>75 kBTU/h) cases is slightly above 7 while the pH of the 
condensate collected from the OEM furnace is 3-4. This indicates that the AGR device removes more than 
99.9% of acidic content from the condensate. In the cold-start cases, the results show that the pH of the 
collected condensate is 6.3-6.5, which is slightly less than the steady-state data. The cold-start results still 
reveal that more than 99.9% of the acidic content from the condensate is reduced by the AGR. Inductively 
Coupled Plasma (ICP) analysis, a powerful chemical analysis method, was used to identify both trace 
amounts and major concentrations of all elements used in the AGR catalyst. The results show no detectable 
metals by ICP in all the condensate samples. This indicates that the AGR material and component is stable 
and reliable. 

The impact of AGR on NOx reduction is shown in Figure 9(b). Compared to 35-40 ng/J of NOx emissions 
from the original OEM furnace without the AGR, the AGR-enabled furnace emits 1-2 ng/J of NOx. Thus, 
the AGR reduces the NOx emissions by more than 95% in the furnace. New California state regulations for 
residential and commercial furnace emission require all furnaces installed as of October 2019 to meet 65% 
lower NOx emissions (from 40 to 14 ng/J or less) (Liberty 2020). Compared to the 14 ng/J limits under the 
new standards, the furnace integrated with AGR provides approximately 90% lower NOx emissions, 
achieving an ultra-clean flue gas while simultaneously enabling an eco-friendly condensate. 

  

Figure 9: (a) Condensate acidity and (b) NOx emissions comparison of the AGR-enabled condensing 
furnace with the original OEM furnace, as a function of the furnace heating capacity.

Figure 10(a) displays the comparison of AFUE between the original OEM condensing furnace and the 
AGR-enabled condensing furnace. The retrofitted unit achieves slightly better AFUE. The major reason is 
that the AGR installed in the retrofitted furnace is able to oxidize CO, HC, methane and formic acid. As a 
result, the furnace recovers energy from the unburnt fuel energy which typically is lost in the original OEM 
furnaces. This observation is confirmed by Figure 10(b), which shows the AGR inlet and outlet 
temperatures.  These clearly indicate that the temperature is significantly increased at the exit of the AGR. 
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Therefore, the monolithic AGR component enables the furnace to efficiently achieve not only SOx trapping 
and NOx redox to N2, but also performs formic gas/CO/HC/CH4 oxidation. Therefore, the AGR component 
can be utilized in a condensing natural gas furnace design to alleviate corrosion and long-term 
environmental issues associated with acidic condensates and flue gas emissions as well as enabling more 
efficient furnace operation. Existing commercial condensing furnaces employ air entrainment to control 
combustion temperature, energy efficiency and NOx emissions. With the air entrainment technology, 
however, it is hard to achieve SOx trapping and ultralow NOx emissions, and expensive stainless-steel 
alloys are required to avoid serious corrosion issues. 

  

Figure 10: Performance comparison between the retrofitted condensing furnace with the AGR and the 
original OEM condensing furnace at various heating capacities. (a) AFUE; (b) AGR inlet and 
outlet temperatures.

3.4.AGR regeneration impact on the performance 

Figure 11 shows an example of SOx release during regeneration activities after carrying out the 800-minute 
trapping experiment at 100 ppm SO2 exposure and 250°C. The full-scale SOx trap experiment was carried 
out in an offline regen reactor (see Figure 6). The data shown in a yellow color were collected during 
trapping of 100 ppm SO2 in synthetic furnace exhaust, and the data shown in a red color were collected 
during the regeneration phase. The observation shows minimal SO2 breakthrough during the trapping phase 
(i. e. < 3ppm), but an enormous amount of SO2 stored on the catalyst came off rapidly during regeneration. 
The results show that the SO2 concentration during regen hits over 10000 ppm. This indicates that offline 
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regeneration of a full size AGR is achieved at moderate temperatures. In the 800-minute trapping 
experiment, the amount of the trapped SOx is 0.35mole, which is equivalent to trapping furnace SOx 
emissions from the representative cities in US heating regions I-V for not less than 3 years. The average 
residential natural gas furnace in U.S. climate heating regions I-V is estimated to generate 0.07 ~ 0.1 mole 
SOx annually [31]. Furthermore, the amount of 0.35mole is not far from the threshold limit of the SOx 
storage capacity in the AGR. The authors estimated that the SOx storage capacity in AGR could cover at 
least 3 years of furnace SOx emissions. This means that regeneration events may be required every three 
years. Once the AGR degrades, the AGR component can be disassembled from the new furnace to carry 
out its regeneration and recycle the trapped SOx in an offline regen reactor. This also avoids environmental 
issues related to SOx slip. 

Figure 11: Off-line regeneration of a full-size 2-liter AGR component after carrying out the trapping 
experiment at 100ppm SO2 exposure and 250°C. 
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Figure 12: The comparison of (a) condensate acidity, (b) NOx emissions and (c) AFUE between the fresh 
AGR and the AGR experienced 3 regen events in the retrofitted furnace as a function of various 
steady-state heating capacities. 

To understand the impact of AGR regeneration activities on the AFUE, pH values, and emissions from the 
retrofitted furnace, a full-size AGR, which experienced the off-line AGR component regen events, was 
installed into the retrofitted furnace. The tested AGR experienced three off-line AGR component regen 
events after each trapping experiment at 100ppm SO2 exposure and 250°C. The accumulated SOx storage 
capacity in the AGR would be equivalent to 10 years of furnace SOx emissions. The results are shown in 
Figures 12(a)-12(c). ANSI/ASHRAE standard testing procedures were carried out at various heating 
capacity rates. Overall, the performance trend is similar to the fresh AGR tests that were conducted without 
experiencing regen events. The deviations are within the measurement resolution errors. The AGR 
subjected to regeneration activities functioned well – achieving both neutral condensate and ultra-low NOx 
emissions. Furthermore, the AGR that was subjected to regeneration activities achieved a slightly higher 
AFUE. 

3.5.400-hour reliability and durability test 

The condensing furnace with the AGR component was in operation for approximately 400 hours to 
understand the reliability and durability of the retrofitted unit and AGR component. During the test, a 
sample of condensate was collected, and its pH value was recorded daily. Figure 13 shows that the pH 
values of the condensate collected during the tested period. In general, the retrofitted furnace performed 
well. Some minor spikes in pH were observed over the testing period, but the deviations are still within a 
reasonable range. The recorded pH values remain around 7 during the tests, indicating 99.99% of acidic 
gas removal. The collected condensate remained colorless and did not include any deposits, which indicates 
there was no physical damage in the AGR catalyst component. All the furnace components, including fan 
and control, continued to operate normally. 
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Figure 13: The pH value of steady-state condensate samples collected from the retrofitted condensing 
furnace with the AGR component during a 400-hours of reliability and durability test. 
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Figure 14: Comparison of (a) pH values, (b) NOx emissions and (c) combustion condition of the retrofitted 
condensing furnace after 400-hour reliability and durability testing with the fresh OEM 
condensing furnace, the fresh retrofitted condensing furnace with fresh AGR at various heating 
capacities. 

Figure 14 shows the retrofitted condensing furnace performance after the 400-hour reliability and durability 
test. The unit’s pH values, and NOx emissions were tested at various heating capacities and compared the 
performance with historic data. Figure 14(a) shows that the pH of the collected condensate in all cases 
achieved a pH above 5 while the pH of the collected condensate at the heating capacity of >67 kBTU/h 
cases is close to 7. In contrast, the previous data measured from the fresh retrofitted furnace before the 400 
hour testing shows that the pH of the collected condensate at <75 kBTU/h cases is below 4. Figure 14(b) 
compares NOx reduction between the fresh and 400-hour AGRs. During the 400-hour test, the AGR still 
enabled 0-3 ng/J of NOx emissions from the retrofitted furnace. For comparison, the NOx emissions from 
the fresh OEM furnace without the AGR were 35-40 ng/J while emissions from the retrofitted furnace with 
fresh AGR were 1.0-2.3 ng/J of NOx. Thus, both fresh and 400-hour AGR components reduce more than 
90% of NOx emissions in the retrofitted furnace. These values are well under the 14 ng/J required by the 
new California standards. The unit’s AFUEs were also tested at various heating capacities. The observation 
reveals that the long-term operation does degrade the AFUE performance of the AGR-enabled furnace 
slightly but it remains close to the original furnace performance.

In addition, the authors observed that, compared to the fresh AGR-enabled furnace, the low NOx zone 
extended to low heating capacities in the 400-hour AGR-enabled furnace. The major reason is that after the 
400-hour reliability and durability test, the furnace seems to shift its operation to less lean combustion 
conditions (see Figure 14(c)). The AGR component clearly works better for NOx reduction close to or at 
stoichiometric conditions. This indicates that there exists substantial space to optimize condensing furnaces 
in achieving stoichiometric combustion. Consequently, condensing furnaces enabled with AGR component 
have potential to be designed into more compact and less expensive units. 

Conclusion

An ultra-clean and efficient natural gas furnace was demonstrated by employing an AGR component that 
can remove more than 99.9% of the acidic gas products of combustion. The AGR catalyst is fabricated with 
a monolithic substrate washcoated with low-cost TiO2 and CuO2 and includes the precious metal Pt. The 
AGR catalyst is capable of continuous NOx redox, oxidation of CO/HC/CH4 and formic gas, and trapping 
of SOx. In the experimental testing of a full residential furnace, the AGR technology offers the following 
benefits: (1) a neutral furnace condensate with a pH of ~7, allowing its safe release into the sewer system 
thus eliminating a second drainage system; (2) approximately trapping and removal of all SOx emissions; 
(3) NOx emissions nearly at 1-2 ng/J, more than 95% lower than new emissions standards in California; 
(4) the use of a low-cost heat exchanger as a condensing HX since the condensate is not acidic, avoiding 
the need for expensive stainless steel alloys; and (5) unburnt fuel energy recovery to boost efficiency. The 
AGR technology provides a potetnial transformative path for weatherized or non-weatherized natural gas 
condensing furnaces in meeting more restricted emission regulations and reducing environmental impacts 
of furnaces associated with soil, water and air. Moreover, it can help reduce furnace equipment cost as well 
as installation and maintenance costs leading to greater market penetration of high-efficiency condensing 
furnaces. 

The AGR component and AGR-enabled furnace performance were broadly tested for impact of long-term 
reliability and durability, as well as SOx storage and regeneration activity. The results show that the AGR 
component is appropriately integrated with natural gas furnaces, the acidic gases of SOx, NOx and formic 
gas/CO/HC will be continuously adsorbed, redoxed or oxidized, respectively, from the flue gas during a 
regular heating season, except for occasional regeneration activities for SOx trapping. The AGR 
regeneration does not impair the performance in achieving neutral condensate and ultra-low NOx 
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emissions, while the AGR subjected to regeneration activities continued to function well and achieved 
slightly AFUE. The 400-hour reliability and durability test of the retrofitted condensing furnace with the 
AGR component shows that the furnace unit remains achieves a neutral furnace condensate with a pH of 
~7 and enables 0-3 ng/J of NOx emissions. All the furnace components, including fan and control continued 
to operate normally during reliability testing. This indicates high reliability and durability of the AGR 
technology, as well as its highly compatibility with commercial furnaces in the market. 

Several practical challenges for the AGR technology are the reduction of precious metals, AGR component 
optimization and development of a compact design for integration into condensing furnaces. Expensive 
precious metals represent nearly 90% of the cost of the AGR component. While the current work 
demonstrates proof of concept for the AGR-enabled furnace, there is a need to optimize the AGR assembly 
and integration into the design of new OEM furnace products. In addition, the AGR technology can be 
applied not only for residential gas furnaces, but also for commercial rooftop units, gas heat pumps, gas-
fired water heaters, and combustion boilers, etc. 
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