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ABSTRACT OF THE THESIS 
 

Fuel flexibility analysis of conventional and low-NOx gas water heater burners on 

renewable fuel introduction 

By 

Shiny Choudhury 

Master of Science in Mechanical and Aerospace Engineering 

University of California, Irvine, 2019 

Professor G. Scott Samuelsen, Chair 

 

 Residential water heating is the single most significant end-use for natural gas 

in California-- more than half of the net energy consumption for a typical Californian 

household goes into fulfilling hot water demands. Aided by cost-effective natural gas 

available in the state, about 90% of water heaters are natural gas-fueled storage tank 

systems, with 40-50-gallon capacity. In order to decarbonize residential spaces, a strong 

focus on water heating is essential.  

This research focuses on the impact of renewable fuel (biogas and renewable 

hydrogen) injection into pipelines for gas-fired storage water heaters. Two representative 

models of storage water heaters were chosen for experiments. First, a conventional storage 

unit; meeting 40 ng/J NOx emission requirement, second, a low-NOx storage water heater 
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meeting 10 ng/J NOx emission requirement. This research answers how much CO2/H2 

content in natural gas can be tolerated without loss of critical performance parameters with 

reliable operation.  

Characteristics like ignition delay, flashback, blow-off, ignition, flame structure, 

and emissions (NO2, N2O, NO, CO, CO2, UHC, and NH3) at different concentrations of 

CO2/H2 mixed with natural gas is investigated. The study found less than 10% H2 tolerance 

for both the water heaters, less than 15% CO2 tolerance for low-NOx water heater and no 

CO2 tolerance for the conventional storage model.  NOx/NO emission reduction is achieved 

for both the water heaters with increased CO2/H2 and a simultaneous CO/UHC increase is 

observed. Further, both the water heater emission and stability performance were simulated 

using a chemical reactor network (CRN).
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1.  INTRODUCTION 

1.1 Overview  

Baltimore, Maryland, in 1816 became the first city in the United States, to use 

manufactured natural gas to light its streets with natural gas. In the 19th century world, 

natural gas was used almost exclusively as a source of light, but with Robert Bunsen's 

invention in 1885 of the Bunsen burner vast new opportunities to use natural gas opened. 

In 20th century, elaborate pipelines began to be laid and this led to the advent of natural gas 

use for heating and cooking. United States saw a rapid expansion in use of natural gas for 

appliance such as water heaters, cooking ranges, processing and manufacturing plants, and 

boilers for electricity generation [1]. 

Today, natural gas is a vital component of the world's supply of energy. In 2017, 

31.8% of the primary energy production in U.S was using natural gas, followed closely by 

petroleum at 28%, then coal at 17.8%. All the above energy sources constitute ‘fossil fuels’, 

which emit greenhouse gases (GHG) that trap heat in the atmosphere. This additional 

trapped heat has been shown to increase the average global temperature of the earth’s 

surface, a phenomenon termed ‘Global Warming’. 2016 was the warmest year on record, 

and every one of the past 40 years has been warmer than the 20th century average [2]. 

Certain consequences of global warming are inevitable today, including growing wildfire 

risks, severe heat waves and increasing sea levels, but we can retard the rate of future more 

horrifying consequences.  We must significantly reduce the heat trapping emissions into 

the atmosphere, and even though natural gas is one of the cleanest, safest, and least 
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polluting of most energy sources; the whole picture is presented without inclusion of 

drilling and extraction of natural gas from wells, and its transportation in pipelines which 

results in methane leakage [3]. Methane which forms the primary component of natural 

gas, is 34 times stronger than CO2 at trapping heat over a 100-year period and 86 times 

stronger over 20 years [4].  

Ninety-nine percent of the natural gas used in the United States comes from North 

America. Because natural gas is the cleanest burning fossil fuel, it is playing an increasing 

role in helping to attain national goals of a cleaner environment, energy security and a more 

competitive economy. The two million-mile underground natural gas delivery system has 

an outstanding safety record. 

Residential water heating is the single most significant end use for natural gas in 

California. Natural gas is used to heat water in nearly 90 percent of homes and represents 

49 percent of the average 354 therms of annual household consumption per the 2009 

Residential Appliance Saturation Survey. Nearly 90% of California’s 12.3 million 

households use natural gas water heaters, with 2,111 million therms consumed yearly 

overall.  According to the Energy Information Administration (EIA), an average California 

household could see its annual natural gas water heating consumption drop 35 percent 

using an advanced water heater combined with an improved distribution piping system. 

Current focus from climate change mitigation polices incentivizes gas-fired 

appliances, by not accounting for their emissions into the net count. The hope is--most 

emission reduction will result from adopting increasingly energy efficient electric 

appliances, run by cleaner grids. 
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1.2 Goals 

The goals of this research are (1) to establish the operational limit of water heating 

appliances (conventional and low-NOx storage water heater) operated on mixtures of 

renewable fuels and natural gas (biogas and hydrogen enriched natural gas), (2) to provide 

direction regarding equipment modifications to allow higher levels of renewable fuels to 

be used, and (3) to assess the impact of renewable fuel injection into natural gas on the 

emission of NO2, N2O, NO, CO, CO2, UHC, and NH3.  

 

1.3 Objectives 

To meet the goals of the research, the following four objectives were established: 

• Establish fuel composition of interest, design and fabricate fuel mixture 

delivery mechanism, and choose appropriate analyzers for emission 

measurement  

• Conduct experiments to test performance and emission characteristics 

of each water heater on various blends of simulated biogas (NG+CO2) 

and hydrogen enriched natural gas (NG+H2)  

• Establish numerical models and evaluate impact of fuel composition on 

emission and stability  

• Analyze data and provide physical insights  
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2. BACKGROUND  

2016 was the warmest year on record, and every one of the past 40 years has been 

warmer than the 20th century average [1]. Anthropogenic activities are likely to increase 

global temperature by 1.5˚C between 2030 to 2052 under “business as usual” scenarios [6]. 

Subsequently, artic warming, coastal and fluvial flooding, warm-water corals at risk of 

extinction, effect on the terrestrial ecosystem, tourism decline, and increasing heat-related 

morbidity and mortality, are in sight and inevitable [6]. Get active, get connected, get real, 

and don’t get down; are the timeless and timely recommendations from Peter M. Vitousek 

in his 1994 work on global warming. He compellingly put, ‘We’re the first generation with 

the tools to see how the Earth system is changed by human activity; at the same time, we're 

the last with the opportunity to affect the course of many of those changes’ [7].  

Greenhouse Gas or GHG emissions are the single most important factor in global 

warming, they result in the proverbial ‘thickening’ of our atmospheric blanket and that 

results in trapping of additional heat [8] . In U.S the recent trends in GHG emissions show 

a decrease in the gross values. Yet a 1.3% increase occurred in 2017 emissions compared 

to the baseline 1990’s level (which is widely used as the reference year from emission 

abatement policies [9]). California stands as a world leader in its aggressive climate change 

goals and actions. Since 2007, California has seen a consistent decrease in GHG emissions. 

The state’s 2020 target [10], of bringing down the emissions to the 1990’s level was 

achieved in 2016 [11].  Increasing the share of renewables through extensive deployment 

of wind, solar and geothermal energy has a direct impact in lowering of gross emissions. 

California also has the highest venture capital investment in renewable energy and was 
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titled ‘Epicenter of the US CleanTech Market’ in 2013 [12]. About 10.4 million people 

worldwide were employed in the renewable energy industry globally in 2017, primarily in 

solar and bioenergy industry [13]. California similarly has successfully deployed 

investment in renewables, all the while increasing its GDP. 

Furthering California’s climate change commitment, in 2005, Executive Order 

(EO) S-3-05 set an ambitious goal of reducing GHG emissions in 2050 to 80% of 1990’s 

levels [14]. More recently, in 2016, a 40% decrease from 1990’s emissions level by 2030 

was mandated by the passage of Senate Bill 32 (SB 32) [10]. In 2016, the majority of GHG 

emissions was led by transportation sector (41%), but building heating resulted in 7% of 

the emissions directly from residential spaces [15]. Decarbonizing Californian homes, in 

both space heating and water heating, can directly target emission reduction.  

Very few works have looked at combustion performance or emissions on biogas or 

increased hydrogen on water heating appliances in an urban setting. However, use of biogas 

in farms, to the end of creating a self-reliant setting has been investigated [16] [17]. These 

studies do not look at emissions per se and focus mainly on global efficiency gains and 

becoming self-reliant by utilizing farm manure.  Biogas is deemed a lucrative source of 

energy in developing nations, primarily because of the readily available organic waste. 

Utilization of biogas  in all aspects of rural energy fulfillment was investigated in Nigeria 

[18]. India provides subsidies for setting biogas plants [19]. The use of biogas specifically 

in water heating and its impact on emissions has been sparsely investigated. Similarly, for 

increased hydrogen impacts in water heating application very few studies exist. With 

hydrogen economy gaining momentum, the impact on end use should be thoroughly 
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investigated. A proof of concept storage water heater functioning on catalytic combustion 

of hydrogen was an interesting find [20], also one of the very few studies available on gas 

water heater functioning on hydrogen. Since countries like United Kingdom are going full 

force on hydrogen admission to its pipelines, the 2019 study by the Institute of Engineering 

and Technology (IET) summaries ‘In the domestic sector the conversion of existing natural 

gas appliances to operate on 100% hydrogen is not viable and so their replacement would 

be required’[21], necessitating thorough research. 

The following sections are background on the fuel considered in current research, 

water heating technologies and regulations around the water heaters in California.  

 

2.1 Biogas 

Biogas is a gaseous fuel produced from biomass via anaerobic digestion of organic 

matter and is primarily composed of methane and carbon dioxide, with some trace 

compounds. Biogas from landfill is composed of 45-55% methane, 30-40% carbon 

dioxide, and about 5-15% nitrogen. Biogas sourced from sewage digesters has 55-65% 

methane, 45-35% carbon dioxide and less than 1% nitrogen. Similarly, biogas from 

digesters has 60-70% methane, 30-40% carbon dioxide, and less than 1% nitrogen [22] 

[23]. Depending on the source of biogas, we can also find trace compounds like sulfides, 

siloxanes, halogenated compounds, and aromatics. For instance, certain varieties of 

aromatics, heterocyclic compounds, ketones, halogenated aliphatic, terpenes, etc. are found 

in landfill sourced biogas as compared to other sources [24].  
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A 2015 study by E3 showed the role of decarbonizing pipelines with ‘decarbonized 

gas’, which includes biogas, hydrogen and renewable synthetic gases produced in a manner 

of low GHG emission approach. The E3 study concludes that- ‘decarbonizing sectors 

which are otherwise difficult to electrify, including but not limited to certain residential 

and commercial end uses, like cooking, space, and water heating will be a step closer to 

achieving the ambitious 2050 emission reduction mandate’ [25]. Renewable natural gas 

(RNG) or biomethane is a direct product of anaerobic digestion and can be upgraded from 

biogas by removal of CO2, hydrogen sulfides, oxygen and siloxanes [26]. Biomethane can 

then be used as vehicle fuel in natural gas engines or can be directly injected into the 

existing pipelines, with little or no variation in end-use.  Some of the biomethane upgrade 

technologies like, membrane separation, pressure swing adsorption (PSA), amine 

scrubbing, and water wash are technologically mature and currently in use. These are 

usually deployed individually but can sometimes be installed in a series with one another 

[26]. 

For using biomethane in residential spaces, the quality and composition must be 

upgraded. Different countries and even regions within countries have different 

requirements for upgrading biogas to biomethane, which can then be injected directly into 

the gas grids. The regulations are made keeping in mind, less compromise is made on 

heating value delivered and various health and system-level damage possible due to the 

gas composition. The regulations vary widely. European Union standards, for instance, 

allows <2% CO2, with no strict regulation on the heating value requirement, however, 

Italian regulations allow less than 0.5% CO2, within a Wobbe Index of 47.32 - 52.33 MJm-

3 [27].  Switzerland and Germany allow <6% CO2 in biomethane for gas grids [28].  More 
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recently the Bioenergy Association of California (BAC) and other similar organizations 

have been pushing for lowering the minimum heating value requirements for pipeline gas 

in the state, reducing testing and purification requirements before injecting renewables, and 

allowing injection of variable BTU biogas wherever appropriate [29]. If favored, all the 

recommended steps by BAC for biogas injection will increase investment in biogas 

production and infrastructure. 

The US has high renewable methane potential. Biogas can be sourced from many 

organic sources like landfill, wastewater, and animal manure, industrial, institutional and 

commercial organic waste.  Biogas can be produced from lignocellulosic biomass [30], 

also, there is attention in biofuel and biogas production from various kinds of algae [31]. 

In the US, 5% of the natural gas utilized in the electric power sector and 56% of the natural 

gas is transportation can be directly replaced with biogas [32].  California has the highest 

methane potential in the US, amounting to >10,000 tones/yr. Aided by high amounts of 

animal manure and landfills, California can benefit hugely by investing in biogas use. The 

recent passing of two bills the Assembly Bill 3187 (AB 3187) [33]  and the Senate Bill 

1440 (SB 1440) [34]  favor investing in biomethane infrastructure and investing more in 

Renewable Natural Gas (RNG). Bioenergy is the 2nd largest job creator among renewables 

with more than 3.07 million people working in the sector [13].  

2.2 Hydrogen enriched natural gas 

In 1783 Antoine Lavoisier names hydrogen as a standalone element. In 1834 

Faraday’s law of electrolysis published.  In 1874 Jules Verne in The Mysterious Land 

envisages ‘water will one day be employed as fuel, that hydrogen and oxygen of which it 
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is constituted will be used.’ In 1970, John Bockris and Lawrence W. Jones hypothesize a 

‘hydrogen economy’ [35] [36]. Moving ahead to 2013, a 2 MW power-to-gas installation 

in Falkenhagen pumping 360 cc/hr. hydrogen into natural gas grid [37], and in 2017, the 

‘Hydrogen Council’ formed for an expedited hydrogen economy [38]. Today, hydrogen is 

envisioned to provide a clean, secure and reliable energy future [39]. When produced using 

renewable energy, hydrogen facilitates a reduction in carbon dioxide emissions [40] and 

hence can be considered a ‘greener’ alternative to fossil fuel. Current greenhouse gas 

(GHG) trajectory exceeds the global warming limits posed by the Paris agreement [41] 

[42], and thus a greener future needs expedited global deployment of all the clean 

technology solutions we have.  

Renewable energy like solar and wind by nature are fluctuating and intermittent for 

useful power generation. Prior this intermittent nature of power generation was localized 

to smaller power grids with high renewable power generation, but with a growing 

percentage of renewables in regional and national grids, these fluctuations become 

prominent. Batteries, compressed air, flywheels, capacitors, etc., are suited for short term 

storage of intermittent power, but fail to provide reliability in long term storage [43]. 

Hydrogen in this scenario can play a unique role. Using power-to-gas, intermittent 

electricity is utilized to produce hydrogen via electrolysis and then stored in pressure 

vessels for future use.  

The stored hydrogen, in turn, can be utilized to generate electricity via fuel cells or 

combustion during intermittent operation.  Apart from stabilizing grids, the hydrogen 

produced can be directly injected into the existing natural gas grids to decarbonize the 
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pipelines [44]. Hydrogen mixed with natural gas is not a new concept, it has roots at the 

beginning of natural gas grid establishment.  ‘Town gas’ or ‘water gas’ had 30-50% 

hydrogen by volume [45]. Even though hydrogen content eventually phased out in the US, 

some areas like Hawaii, Southeast Asia, and China still continue the use of gas with 

significant blends of hydrogen (going up to 80% in some cases) [46] [47] [48]. A 2015 

study by E3 showed the role of ‘decarbonized pipeline gas’, which includes biogas, 

hydrogen and renewable synthetic gases produced using a low GHG emission approach. 

The E3 study concludes that- ‘decarbonizing sectors which are otherwise difficult to 

electrify, including but not limited to certain residential and commercial end uses, like 

cooking, space, and water heating will be a step closer to achieving the ambitious 2050 

emission reduction mandate’ [25].  

Preliminary studies have shown that transport of hydrogen admixed mixtures in 

natural gas pipelines is possible in the current infrastructure [49] [50], though detailed 

analysis and experimentation is required for actual implementation [51]. Hydrogen and 

natural gas differ widely in chemical and physical properties and this has an effect on safe 

transition with regards to transportation, utilization, and maintenance of gas network 

integrity [52]. The NATURAHLY project by European Commission (6th framework), was 

aimed at investigating scenarios under which hydrogen can be injected into natural gas 

pipelines within acceptable ramifications on safety, durability and end-use appliance 

performance [53]. Blending hydrogen into natural gas pipelines at low concentrations can 

be viable without significantly impacting the durability of pipelines and end-use 

application [44]. Table 1 shows the hydrogen limits reported by various studies pertaining 

to end-use/domestic appliance performance.  As shown, significant variation in the 
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estimated maximum concentration of hydrogen that can be injected into the pipeline is 

evident.  

Table 1.  Maximum H2 limits pertaining to residential appliance reported by various 
studies 

Study Year Country H2 % Consideration 

Haeseldonckx et 

al.[54] 
2006 EU 17% General end use 

De Vries et al. [53] 2006 EU 

~50% Lean appliance operation 

<10% Rich appliance operation 

Melaina et al.[44] 2013 US 5-15% 
Spanning all domestic 

appliances 

Jones et al.[55] 2018 UK 30% 
Spanning all domestic 

appliances 

Zhao et al.[47] 2019 US 15% Cooktop burner 

The Future of 

Hydrogen (IEA) [56] 
2019 ~Global 5% General end use 

 

 

2.3 Water heating technologies 

In California, a vast number of water heaters are atmospheric and natural gas fed 

models, even though they are inefficient due to high standby losses (20-35% of annual 

water heater energy) [57]. These models are popular in meeting higher water flow rate 

requirement for limited periods of time.  Aided by cost effective natural gas available in 

the state, about 90% of water heaters are natural gas-fueled storage tank systems, with 40-

50-gallon capacity. Roughly 6% of units are electricity based and 4% are propane gas 

(liquefied petroleum gas or LPG) water heaters [58]. Due to the wide usage of storage 
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water heaters, two representative models were chosen for experiments in this research. 

First, a conventional storage unit; meeting 40 ng/J NOx emission requirement is considered.  

Second, a low-NOx storage water heater meeting 10 ng/J NOx emission requirement is 

studied. Both water heaters are rated 38,000 BTU/hr. with 40-gallon capacity. These two 

models span the state’s water heater distribution with non-retired (conventional) and future 

(low-NOx) models. 

 

2.3.1  Burner Configuration 

Oxides of nitrogen or NOx play an important role in the formation of smog, the 

degradation of atmospheric visibility and the acidification of rain [59]. In combustion 

devices, the main source of nitrogen for NOx formation is air, both primary and secondary, 

required for the combustion of gaseous fuel. NOx being a notorious pollutant, many states 

have regulated NOx emissions from combustion devices [60]. It is widely accepted that 

reducing peak combustion temperatures, below 1810K substantially precludes NOx 

formation, by reducing thermal NOx. However, reducing peak temperature might result in 

products of incomplete combustion (PIC), for example, CO, UHC, etc. and reduced thermal 

efficiency of the process. Another method for reducing NOx is premixing the air-fuel 

mixture before combustion. It’s a challenging optimization problem, and many 

technologies have been developed to reduce NOx emissions for water heater burners.   

NOx emission for water heating was initially regulated to ≤ 40 ng/J and for this, a 

widely used peripheral flame burner was adopted [61]. This burner discharges the fuel/air 

mixture to the periphery of the burner. The flame formed, as a result, interacts with a 



13 

 

secondary plate which provided secondary air and acts as a heat sink which eventually 

reduced peak flame temperature of the flame.  

 

 

 

Figure 1. Schematic of a Rheem PROG40-38N RH62 Water Heater burner 

assembly [62] 

 

The secondary plate, crucial to this design, optimized the need for sufficient 

secondary air for CO emission reduction, while maintaining low flame temperatures which 

reduced NOx emissions. Figure 1 shows the burner assembly of a conventional water 

heater. While this design is ubiquitous in water heater burners, NOx regulations resulted in 

new concepts to reduce emissions.  Rule 1121, `Control of Nitrogen Oxides from 

residential type, natural gas-fired water heaters’, adopted in 1999 by South Coast Air 

Quality Management District (SCAQMD) regulates NOx for present water heater 

technologies ≤ 10 ng/J. A class of Low-NOx burners was developed to meet these 

requirements. 
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 In 1991, Alzeta with sponsorship from SCAQMD, and A.O Smith developed the 

first low-NOx burner that met the 10ng/J requirement [63]. This was composed of layers 

of fiber screen on the combustion surface, and a large portion of the energy was given off 

as radiant energy from the fiber screen. Burner surface temperature subsequently dropped 

and stayed within 1100K- 1650K which is less than the open flame burner temperature and 

hence reduces thermal NOx formation. One important consideration for radiant screen 

burners is that the flame stays on the burner surface, or else the flame will be lifted, and 

the surface becomes non-radiant. A narrow range of 0.8 - 1.2 equivalence ratio () for 

natural gas needs to be maintained for the avoidance of non-radiant conditions. Generally, 

storage water heaters are natural draft and do not have a blower attached for exhaust 

venting. Power venting is common in recent models of water heaters like the tankless water 

heaters.   

  

Figure 2. Schematic of a Rheem 6G40-38FN4 Water Heater burner [64] 

Figure 2 shows a schematic of a low-NOx burner assembly. Many models of low-

NOx emission water heater burners were invented in the 1990s. Polidoro developed a 

hyper-stoichiometric, stainless-steel burner that limited excess air by premixing air-fuel 
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mixture outside the burner [65]. A lot of current low-NOx water heater technologies are 

atmospheric burners and are sold as ‘radiant head’ and ‘ultra-low-NOx’.           

 

 

Figure 3. Schematic of a typical conventional water heater (Left) and low-NOx 

burner (Right). 

 

Figure 3 (Left) shows a schematic for a typical storage-tank water heater burner, 

also known as “pancake burner”. Primary air entrainment occurs with the nozzle fuel 

stream into the burner enclosure. Secondary air entrainment occurs when the flame is 

established in the air rich enclosure. Generally, high levels of premixing is assumed for the 

primary air-fuel mixture, though it is a partially premixed operation with high mixing due 

to the geometry of the burner. The primary air-fuel mixture is rich in composition (>1), 

but overall equivalence ratio, including secondary air is lean in operation (<1) [66]. 

Radiant screen burner/ Low-NOx burner has an overall equivalence ratio on the leaner side 

(<1) and expends around 32.5% of the fuel energy in the form of radiation [67]. Both 

primary excess air and radiation aids in decreasing the flame temperature which 

subsequently reduces the NOx emissions. 
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2.3.2  Emission Regulations 

As mentioned above, Rule 1121 is one widely accepted regulation for water heater 

emission compliance for Californian homes.  It applies to manufacturers, retailers, and 

installers of natural gas-fired water heaters, with heat input rates ≤  75,000 BTU/hr. [68]. 

Rule 6 (Last Amended: November 7, 2007) from Bay Area Air Quality Management 

District adopted on April 1, 1992, has a clause essentially similar to Rule 1121 with a 

distinction of mobile and non-mobile homes [69].  The salient points of current gas water 

heater regulations, as relevant to this research work are summarized below in    Table 2:  

 

   Table 2.  Regulation chronology on water heater NOx emissions 

Date NOx* (ng/J) NOx* (lb/bBTU) NOx (ppmv @ 3% O2) 

Until July 1, 2002 40 71 55 

On and after July 1, 

2002 

20 35 30 

On and after January 1, 

2006 

10 17.5 15 

  *Calculated as NO2 equivalent 

Various auxiliary regulations apply for emissions from residential appliances and 

hence by default to water heaters. Rule 409 (Amended August 7, 1981) [70] by Air 

Resource Board (ARB) says, ‘A person shall not discharge into the atmosphere from the 

burning of fuel, combustion contaminants exceeding 0.23 gram per cubic meter (0.1 grain 

per cubic foot) of gas calculated to 12 percent of carbon dioxide (CO2) at standard 

conditions averaged over a minimum of 15 consecutive minutes.’ Rule 74.11 (November 

11, 2009) from Ventura County Air Pollution Control District, essentially adopted clauses 
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in Rule 1121 and made a revision to remove the word ‘residential’ from its provision and 

applied the 10ng/J NOx emission regulation for both commercial and residential spaces 

alike [71]. Rule 69.5.1 (Effective July 1, 2016) again by ARB [72]applies to natural gas-

fired water heaters with a rated input capacity of ≤ 75,000BTU/hr. in San Diego County. 

This regulation has similar NOx emission limits as Rule 1121 of 10 ng/J for non-mobile 

homes but allows 40 ng/J emissions for water heating units in mobile homes. The most 

recent standard, published by American National Standard Institute (ANSI) in 2017 [73], 

regulates residential storage water heaters.   

Most regulations for water heaters pertain to NOx emissions. Carbon monoxide 

(CO) is not strictly regulated, however, it is generally agreed that carbon monoxide 

emissions be below 800ppm  (@ 3% O2 )  [74]. Carbon monoxide is proven to have serious 

health effect and can even lead to death at higher concentrations and long exposures [75], 

NOx is tagged as a health concern likewise; though levels of indoor NOx concentrations are 

not strictly regulated [76]. Generally, storage water heaters are installed in basements of 

typical households or at least away from inhabitants for proper ventilation and aeration. 

Additionally, from July 1st 2003 all residential water heaters with storage capacity 50 

gallons or less have to be flammable vapor ignition resistant (FVIR) certified, this makes 

sure that the water heaters do not accidentally end up igniting unattended combustible 

vapor in its vicinity [73].  

2.4 Numerical Methods 

Stability and a detailed emission analysis by exploring chemical kinetic 

mechanisms is explored in this study. Equivalent chemical reactor network for combustion 
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is a computationally attractive and precise method to that end. S.L. Bragg introduced the 

concept of using chemical reactor networks for modelling combustion reactors as a series 

of idealized perfectly stirred reactors (PSR) and plug flow reactors (PFR) [77]. Rector 

network development varies from utilization of a few reactors for simulation [78] [79] to 

filling up of volumetric space with hundreds of idealized reactors [80] [81].  

In this research we focus on emission simulation by utilizing a few idealized 

reactors. This study builds on a previous research work by Colorado et al. [82] and 

circumvents the need to perform a CFD simulation. On a fundamental level, if boundary 

conditions are met, we should be able to precisely model pollutant emission from reactor 

networks. Manual reactor network for chemistry simulation lower computational time 

drastically, where CFD or automatic CRN based on it can take days. The reactor networks 

in this study were built by observing the reactor networks of similar burners in previous 

work and detailed geometry and mechanism of present burners. GRI 3.0 reaction 

mechanism was used for all reactor networks in this research [83]. In order to develop the 

CRN, the first step is dividing the combustor volume into the distinct regions or zones. 

Each of the zones is characterized by the particular physical properties of the flow and the 

flame behavior. The two basic models used to build the network of reactors are the perfectly 

stirred reactor (PSR) and the plug flow reactor (PFR).  

 

2.5 Summary  

Regulations drive the market. Concerning climate change, a 2018 study ‘World 

Energy Outlook’ by the International Energy Association (IEA) concluded that ‘the 
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world’s energy destiny lies with decisions and policies made by governments’. Appliance 

in areas where relatively hydrogen rich fuel is supplied are designed and catered to satisfy 

safety concerns with reliable performance [47].  There is no reason why we cannot build 

new appliances or retrofit old ones to perform reliably on high hydrogen content. As a first 

step, we should look for inspiration from functioning devices in areas like Hawaii, China 

or Southeast Asia. Eventually, regulations will determine the course of market evolution, 

and hope is that the right policies will lead us to a hydrogen economy.  It is evident from 

Table 1. that answering for a maximum limit of hydrogen admission into pipelines within 

acceptable safety and performance in end-use (specifically residential appliances), is a 

work in progress.  

Similarly, for biogas, the E3 study of 2015 showed the role of decarbonizing 

pipelines with ‘decarbonized gas’, which includes biogas, hydrogen and renewable 

synthetic gases produced in a manner of low GHG emission approach. The E3 study 

concludes that- ‘decarbonizing sectors which are otherwise difficult to electrify, including 

but not limited to certain residential and commercial end uses, like cooking, space, and 

water heating will be a step closer to achieving the ambitious 2050 emission reduction 

mandate’ [25]. 

As reasoned, renewable fuel introduction in pipelines for end use application is 

promising. However, the impacts on end use is only beginning to be understood. Since the 

highest limit of CO2/H2 admission will be driven by the least tolerant end-use 

operation, more work is required to establish a practical limit. This research 

investigates water heating performance and operation of two representative models, the 
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low-NOx storage and the conventional storage, on higher renewable fuel introduction to 

natural gas pipelines.  
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3.  APPROACH  

The goals of this thesis work are to investigate the mechanisms that give rise to 

various emissions (NO2, N2O, NO, CO, CO2, UHC, and NH3) from two representative gas 

water heater models (conventional storage and low-NOx storage) in north America 

operating on mixtures of natural gas and renewable gas (biogas and hydrogen enrichment).  

To that end, both the conventional storage water heater and low-NOx storage water heater 

models are experimentally and numerically evaluated.  

 

The following sequential tasks were carried out to answer the questions posed 

previously: 

• Task 1 – Establish fuel composition of interest, design and fabricate fuel 

mixture delivery mechanism, choose appropriate analyzers for emission 

measurement 

• Task 2- Conduct experiments to test performance and emission 

characteristics of each water heater on various blends of simulated biogas 

(NG+CO2) and hydrogen enriched natural gas (NG+H2)  

• Task 3- Establish numerical models and evaluate impact of fuel 

composition on emission and stability 

• Task 4- Analyze data and provide physical insights 

A description of various tasks is explained in detail below: 
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3.1 Task 1 

Establish fuel composition of interest, design and fabricate fuel mixture delivery 

mechanism, choose appropriate analyzers for emission measurement:  

To investigate the impact of higher renewable fuel introduction in natural gas on 

emissions and stability of water heater burner, binary mixtures of renewable fuel and 

natural gas were tested under this task.  

Since the fuel of interest is established in the prior sections as increased biogas and 

increased hydrogen in natural gas, a binary mixture of natural gas and carbon dioxide (to 

simulate biogas) and natural gas and hydrogen were considered in the present study. A 

mixing panel with appropriate selection of sonic orifice was designed for creating precise 

binary blends of fuel mixture on site.  

Hydrogen addition to natural gas pipelines has been proposed to decarbonize 

pipelines and decrease the C/H ratio of fuel mixture in general. This will have implications 

like decrease in the net CO2 emissions and increased efficiency of grids due to higher H2 

creation due to intermittent power generation in renewable grids vis power-to-gas scenario. 

However, blending hydrogen into pipelines may have grave implications on end use 

applications owing to the characteristic differences in hydrogen and natural gas. This 

prompts a closer look on end use applications, and for this study on water heating in 

California on higher hydrogen fuel.  Similarly, biogas which is primarily a renewable fuel 

can help in decarbonizing pipelines. Since the primary composition of biogas is CH4 and 

CO2, a reference operational state for water heaters operating on natural gas was first 

established, and then experiments with mixtures of natural gas and CO2 were conducted to 
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simulate biogas addition to pipelines. Further an array of analyzers were chosen for 

emission measurement.  

 

3.2 Task 2 

Conduct experiments to test performance and emission characteristics of each water 

heater on various blends of simulated biogas (NG+CO2) and hydrogen enriched 

natural gas (NG+H2):  

 Conventional storage water heater and low-NOx storage water heaters are 

experimentally tested on natural gas to establish base combustion and operation 

performance, then both the water heaters are tested on blends of natural gas and CO2 and 

natural gas and hydrogen. All the experiments are conducted to simulate fuel blend delivery 

in status quo pipeline; hence delivery point pressures are kept invariant per fuel blend. The 

burner flames were optically accessible via small quartz window at the base of both water 

heaters but were hard to monitor. Emissions were taken via various analyzers, details of 

which are summarized in later sections. Operational limits and emissions within and 

beyond the safe limit are investigated for both the low-NOx and conventional storage water 

heaters. For the conventional water heater, we were able to monitor emissions beyond the 

safe limit of operation. 
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3.3 Task 3 

Establish numerical models and evaluate impact of fuel composition on emission and 

stability: 

Numerical model suitable for establishing accurate chemistry of conventional and 

low-NOx storage water heater burner need to be determined. The mechanism of flame 

formation, geometry of burner, levels of mixing and governing physics of both the burners 

differ and hence for an accurate determination the following queries are addressed: 

1. Explore literature for combustion mechanism of both burners. 

2. Identify reaction mechanism ideal for chemistry simulation of individual 

burners 

3. Identify area of interest for simulation and create a virtual geometry. 

4. Simulate and reason accurate mechanism (chemical reactor network) for 

individual burners. 

 

3.4 Task 4 

Analyze data and provide physical insights: 

Data on emission and stability limits from both experiments and simulations will 

be analyzed and reasoned. Insight based on physical and chemistry effects will be discussed 

and various observations and recommendations will be made. This task will be conducted 

in parallel with experimental work.  
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4. METHODOLOGY 

California pipelines provide gas service pressure to the service delivery point 

(typical residential spaces) at 8” water column or approximately 2 kPa, unless special 

residential spaces or higher BTU/hr. [84] requirements demand higher delivery point 

pressures. Typically, residential appliances are designed to feed fuel at the delivery point 

pressure, hence extending, typical water heaters are designed for fuel supply under 10.5” 

w.c. (2.62 kPa)  In a future where the composition of gas supplied will have increases 

concentrations of renewables, a fixed gas supply pressure is expected. Simulating the 

explained scenario, experiments were conducted with fuel mixtures supplied to the water 

heaters at 8” w.c. (2kPa).  

 

4.1 Instrumentation and data acquisition 

For measurement of emissions, a Horiba PG-350 analyzer was used for NOx, NO, 

CO, CO2, and O2, a Horiba MEXA-QCL 1400 was used for NO2, N2O, NO, and NH3, and 

finally, a Horiba FMA 220 for unburnt hydrocarbon (UHC) was used. The data from all 

analyzers were logged simultaneously with a National Instrument CompactRIO data 

acquisition system interfaced with the DAQ device using LabView. A thermocouple was 

used to monitor water temperature. Due to tight insulation of the combustion chamber, no 

access to the flame was available for temperature measurements. A small quartz window 

allowed for visualization of the flame.  However, the inner window surface for the low-

NOx water heater was fouled which precluded clear images. 
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Emission samples were collected 3” below the top of the central flue, consistent 

with the methodology of Singer et al.[85]. A stainless-steel probe was used with Teflon 

tube and Swagelok fittings. Since the water heaters are the ‘non-condensing’ type, the 

emissions are wet initially. Emission measurements were made on a dry basis; hence, a 

water dropout/condenser system was used just before the sample was admitted into the 

analyzers. Information on the uncertainty of emissions and range of measurement can be 

found briefly in Table 3 and also in a detailed manner in Zhao et al. [43] work on cooktop 

burner.  

 

Table 3.  Analyte range and calibration levels for experiments on low-NOx and 
Conventional Water Heater 

Analyte Sample 

Location 

Equipment Range Accuracy 

Carbon 

Dioxide (CO2) 

3” below the top 

of the central flue 
Horiba PG-350 0-10 Vol% 

±1% of the full 

range 

Oxygen (O2) 
3” below the top 

of the central flue 
Horiba PG-350 0-25 Vol% 

±1% of the full 

range 

Carbon 

MoNOxide 

(CO) 

3” below the top 

of the central flue 
Horiba PG-350 0-500 ppm 

±1% of the full 

range 

Nitric Oxide 

(NO) 

3” below the top 

of the central flue 
Horiba QCL 0-250 ppm 

±1% of the full 

range 
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Nitrogen 

Oxide (NOx) 

3” below the top 

of the central flue 
Horiba PG-350 0-250 ppm 

±1% of the full 

range 

Unburnt 

Hydrocarbon 

(UHC) 

3” below the top 

of the central flue 
Horiba FMA 220 0-100 ppm 

±1% of the full 

range 

Ammonia 

(NH3) 

3” below the top 

of the central flue 
Horiba QCL 0-50 ppm 

±1% of the full 

range 

 

 

4.2 Testing Procedure 

A gas storage water heater provides hot water on demand by combusting gaseous 

fuel (natural gas, propane, etc.) at a thermostatically controlled temperature. The hot 

exhaust encounters the storage tank base and the central flume (aided with baffles) to heat 

water via heat transfer. The burner unit is equipped with a standing pilot light, a 

thermocouple, a spark igniter, and various other accessories to facilitate safe operation. A 

separate fuel line feeds directly to the pilot light. When a tap is turned on, hot water flows 

from the top of the water heater to fulfill demands, and simultaneously cold water replaces 

the deficit at the bottom of the tank all the while enhancing mixing between the two (hot 

and cold-water stream). This prompts the thermostat to open the main burner gas valve on 

and relight the main burner aided by the standing pilot.  

Table 4. Summarizes the burner operation procedure for both the water heaters. The 

procedure for testing is consistent with Singer et al. [85] work on fuel interchangeability 

for appliances. Figure 4. Is a schematic of the experimental setup. A set point temperature 
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of 150°F (65.6 °C) was fixed for experiments. Operational limits and emissions within and 

beyond the safe limit were investigated for both the low-NOx and conventional storage 

water heaters. For the conventional water heater, we were able to monitor emissions 

beyond the safe limit of operation. The procedure for the same is summarized in the table 

below.  

Table 4.  Burner operation procedure for CO2/H2 admission testing 

 Operation Procedure 

Within safe limit  

1. Test for cold start operation for each fuel mixture (NG+CO2/H2) to 

observe initial ignition behavior 

2. Observe for a stable pilot operation for 5 mins (300s) following 

ignition, then allow the tank to achieve set point temperature of150°F 

(65.6 °C) 

3. When the main burner goes off, leave water heater on stand-by for 15 

mins (900s) and observe pilot behavior 

4. Draw 10 gallons (37.8 L) of water (25% of total volume of a 40-gallon 

tank) to create temperature deficit in tank. This will prompt the main 

burner to turn on. Observe pilot and main burner behavior during relight 

(with hydrogen, instability is highly probable during this stage). 

5. Allow the tank to achieve set point temperature and repeat procedure 

per fuel blend  

6. Collect emissions during all stages (1-5) 

Beyond safe limit 

1. Cold start with 100% Natural Gas 

2. When the main burner turns on, slowly control the fuel blend by 

increasing hydrogen or carbon dioxide and decreasing NG to the 

desired blend via the gas control panel. 

3. Observe for a stable flame formation for 5 mins (300s), then take 

emissions for the 15 mins (900s) 

4. Before the main burner goes off when set-point is about to reach draw 

10 gallons of water to create temperature deficit and keep the main 

burner on. 

5. Repeat Step 2. For a higher CO2/H2 emission testing. 
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Figure 4. Experimental setup schematic 

 

4.3 Numerical Simulation 

4.3.1 Low NOx Storage water heater 

The low-NOx storage water heater was designed to meet the strict NOx regulations 

of ≤ 10 ng/J for residential units with heat input rates ≤  75,000 BTU/hr. [68]. For achieving 

low levels of NOx three methods were adopted, (1) premixing fuel and air before 

combustion, (2) lean operation at burner head, and (3) utilizing a radiant screen to decrease 

peak flame temperature. 
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 Virtual Combustion Chamber 

A typical radiant burner is shown in Figure 5. For this research a low-NOx storage 

water heater rated 38,000 BTU/hr. and a 40-gallon capacity was chosen for experiments. 

The geometry is composed of a burner structure with radial fuel ports and a flame spreader 

which evenly distributes the flame on its surface [86]. A brief description of the history of 

low-NOx burner development and configuration if given in Section 2.3.1.  

 

Figure 5. Radiant screen burner 

 

For accurate blow-off prediction and chemistry modelling, the area of interest for 

combustion was identified. Figure 6 represents a schematic for the low-NOx water heater 

under consideration in this research, on the right is our area of interest. Since the low-NOx 

water heater relies on high levels of premixing and radiant energy emission from the burner 

screen, it was easy to create a network of idealized reactors to simulate accurate emissions 

and stability for the burner.  
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Figure 6. Schematic of a typical low-NOx water heater burner (Left) and area of 

interest for simulation (Right) 

 

 

 . Boundary Condition 

For emission simulation, focus on the fuel air premixing, equivalence ratio, burner 

surface radiation losses and post flame region are simulated. We get excellent agreement 

with this region of interest. Table 5 gives a detailed summary of the boundary condition 

for the area of interest upon which the reactor network is modeled and optimized.   
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Table 5.  Boundary condition 

Boundary Name (type) Details 

Premixed injector (mass flow inlet) Premixed air-fuel mixture 

Mass flow rate injector  

Constant pressure delivery (2kPa) 

Equivalence ratio (ɸ) 

Initial temperature---300K 

Burner surface  Radiant energy---32.5% 

Temperature range---1200-1650 K  

 

 CRN model 

Radiant screen burner/low-NOx water heater burner has an overall equivalence ratio 

on the leaner side (<1) and expends around 32.5% of the fuel energy in the form of 

radiation [67]. Both primary excess air and radiation aids in decreasing the flame 

temperature which subsequently reduces the NOx emissions.  Using experimental trend and 

burner behavior a reactor network made of two PSRs, one PFR, a fuel-air inlet and a 

secondary air inlet is created to match the trends. The CRN represents a mixing zone 

(PSR1), a premixed reaction (PSR2) with secondary air supplied at flame front and the 

zone downstream of PSR2, which is considered the immediate post flame; a PFR describes 

this region better than a PSR. The temperatures in the post flame are uniform and the flow 

velocity vectors is unidirectional (perpendicular to the surface) therefore it is ideally 

represented with a PFR (PFR1).  

The post flame region is important regarding the time the species spend in that zone.  

At that point the combustion products are mainly carbon dioxide (CO2), water (H2O), 

remaining of oxygen (O2) and nitrogen (N2); also a lower proportion of pollutant species 
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like NOx and products of incomplete combustion like carbon monoxide (CO) and unburned 

hydrocarbon (UHC) appear in that region.  The reactions at that point are slow compared 

to the active flame region (PSR1). The long residence time in that region will help to 

oxidize the remaining CO into CO2, but also will help to increase the NOx emissions if the 

temperature conditions are favorable for the nitrogen chemistry. Since we are focusing on 

the fuel delivery and near flame region, a manual CRN saves computational time and yields 

precise pollutant trends. 

 

                         

Figure 7. Manual CRN visualization to burner flame  

The CRN Results for NOx and CO are compared to the experimental trends 

obtained. The reaction mechanism used to model the reactions was the GRI 3.0 [87].  With 

the aim of studying the sensitivity of the results to the reaction mechanism the mechanism 
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developed by UC San Diego was also tested.  UC San Diego mechanism under predicts 

NOx for our reactor network.  Hence the rest of the results will be estimated using GRI 3.0. 

Figure 7 and Figure 8 illustrate the manual CRN used for this study on low-NOx water 

heater. 

 

Figure 8. CRN for low-NOx water heater burner 

 

Specifics of the various inputs for the CRN are summarized in the table below. The 

table includes, residence time, volume of combustion zone, pressure and heat loss values 

by reactor name.  

 Table 6. Details for parameters of reactors in CRN for low-NOx water heater 

 PSRs units PSR1 PSR2  PFR units PFR1 

Res. Time s 0.005 5 End point cm 4 

Temperature K 600 1400 Area cm2 314 

Pressure atm 1 1 Pressure atm 1 

Heat Loss % 2 32 Heat loss % 0 

Volume cm3 1400 10000    
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Since the density of CO2 and H2 are very different from the density of natural gas, the 

mass flow rate of air-fuel mixture will vary with varying mixture composition. 

Simultaneously, the equivalence ratio at burner head varies. Table 7. summarized the 

equivalence ratios and mass flow rates of various mixtures with CO2 and H2 addition to 

natural gas.  

Table 7.  Change in Equivalence ratio and air-fuel flow rate at low-NOx burner head  

% of 

CO2/H2 

NG+CO2 NG+H2 

Mfuel(g/s)  Mfuel(g/s)  

0% 0.234 0.847 0.234 0.847 

5% 0.240 0.668 0.226 0.674 

10% 0.246 0.602 0.219 0.656 

15% 0.252 0.548 NA NA 

 

All emissions are on a dry basis and indicates that the water from the combustion 

products is removed before the combustion products are analyzed with the gas analyzer.  

This presentation (ppmdv) is representative of the measures in the field and is also typical 

of units found in regulatory or permit limits.   

The CRN results for emissions and lean blow off limits were obtained using ANSYS 

Chemkin 19.2 and the GRI 3.0 reaction mechanism [87].  While it is recognized that the 

specific chemistry mechanism used can influence the absolute values of the emissions 

predicted [88], the trends are generally insensitive to the mechanism used.   
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4.3.1 Conventional storage heater 

Conventional storage water heaters were the first to incorporate NOx reduction 

mechanisms. When regulations maintained ≤ 40 ng/J from residential water heaters with 

heat input rates ≤ 75,000 BTU/hr., various mechanisms were adopted for reducing NOx. 

A few were, (1) rich primary air-fuel premixing, (2) lean operation at burner head, (3) 

secondary air entrainment to established flame, and (4) a secondary plate to act as heat sink 

and decrease peak flame temperature. 

 

 Virtual Combustion Chamber 

A typical pancake burner conventional storage water heater is shown in Figure 9 

(left). For this research a conventional storage water heater rated 38,000 BTU/hr. and a 40-

gallon capacity was chosen for experiments. The burner flame receives both primary and 

secondary air. The air-fuel mixture is rich at the burner head, with ~3.5 for natural gas.  

 

 
 

Figure 9. Pancake burner assembly (left), burner schematic (right) 
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For accurate blow-off prediction and chemistry modelling, the area of interest for 

combustion was identified. Figure 10 represents a schematic for the conventional water 

heater under consideration in this research, on the right is our area of interest.  

 

 

 

 

 

   

Figure 10.  Schematic of a typical conventional water heater burner (Left) and area 

of interest for simulation (Right) 

Since the conventional water heater relies on high levels of premixing and rich operation 

at inlet and lean operation overall, a network of idealized reactors (Figure 8) similar to the low-

NOx water heater was utilized to simulate accurate emissions and stability for the burner. Since 

the density of CO2 and H2 are very different from the density of natural gas, the mass flow rate 

of air-fuel mixture will vary with varying mixture composition. Simultaneously, the 

equivalence ratio at burner head varies. Table 8 summarized the equivalence ratios and mass 

flow rates of various mixtures with CO2 and H2 addition to natural gas.  
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Table 8. Change in Equivalence ratio and air-fuel flow rate at conventional burner head  

% of 

CO2/H2 

NG+CO2 NG+H2 

Mfuel(g/s)  Mfuel(g/s)  

0% 0.234 0.685 0.234 0.685 

5% 0.240 0.555 0.226 0.549 

10% 0.246 0.475 0.219 0.539 

15% 0.252 0.448 NA NA 
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5.  RESULTS 

5.1 Fuel Composition 

Pipeline Natural Gas delivered across residential spaces allow for some deviation 

in composition and already has in it some percentage of carbon dioxide along with higher 

hydrocarbons [47], air and other components in micro amounts (Table 9).  

Table 9.Natural gas composition as 
suppled to UCI Combustion Lab 
(UCICL) 

Natural gas content 

Content Molecular 

Formula 

Molecular 

Fraction 

Methane CH4 95.8% 

Ethane C2H6 1.4% 

Propane C3H8 0.4% 

Iso-

butane 

C4H10 0.05% 

n-butane C4H10 0.05% 

Iso-

pentane 

C5H12 0.025% 

n-

pentane 

C5H12 0.025% 

C6 C6H14 0.017% 

C7 C7H16 0.017% 

C8 C8H18 0.016% 

Carbon 

dioxide 

CO2 1.9% 

Oxygen O2 0% 

Nitrogen N2 0.3% 

 

Table 10.Characteristics for CH4, H2, and, 

CO2 

Property Unit CH4 H2 CO2 

Density kg/m3 0.648 0.0813 1.784 

Viscosity 10-5 

Pas 

1.11 0.89 1.50 

Laminar Flame 

Speed 

m/s 0.4 2.1 NA 

Low 

Flammability[89] 

𝜙 0.53 0.14 NA 

Vol % 5 4 NA 

High 

Flammability[89] 

𝜙 1.6 2.54 NA 

Vol % 15 75 NA 

Ignition Energy 10-5 J 33 2 NA 

Lower Heating 

Value[90] 

MJ/m3 34.0 10.2 0 

MJ/kg 49.9 120.1 0 

Higher Heating 

Value[90] 

MJ/m3 37.8 12.5 0 

MJ/kg 55.5 142.1 0 

Adiabatic Flame 

Temperature 

K 2226 2318 NA 

Wobbe Index MJ/m3 51.9 48.5 0 
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For our study, we use natural gas sourced from SoCal Gas to UCI Combustion 

Laboratory, it has a methane content of 95.8% and can be assumed to have properties 

similar to pure methane. Energy content and other characteristics of methane, carbon 

dioxide and hydrogen has been summarized in Table 10. Water heater operation and 

emissions were monitored with 100% methane and pipeline natural gas operation in a prior 

work [91]. Little to no variation was concurred and hence pipeline natural gas was utilized 

to understand the impacts of hydrogen admixing with natural gas for storage water heaters. 

A control panel was designed with suitable sonic orifices [91] to blend fuels (NG+H2/CO2) 

on a volumetric basis. The ‘fuel-mixture’ or percentages used in the study should be 

assumed as on a volumetric basis. 

 

5.2 Biogas Testing 

5.2.1  Impact of CO2 Admixing 

Biogas composition lies on a wide spectrum, depending on where is sourced from, 

hence it can be quiet challenging to find the right upgrading technology for a given source. 

Due to various incentives, both environmental and economic, biogas is seen as a widely 

used viable technology for the future energy market. Under current regulations of 

upgrading biogas to Renewable Natural Gas (RNG), which can then be directly injected 

into pipeline allows for small deviation from pipeline-quality natural gas. This adds the 

cost of upgrading on top of sourcing and infrastructure to support RNG production. 
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We perform a calculation similar to one in one by Zhao et al [47], to determine 

under the current regulation how much CO2 in natural gas will be tolerated in pipelines 

based on Wobbe Index and heating requirements. Equations (1-3) are used for the 

determination of Wobbe Index, the heating value of fuel mixture and Wobbe Index of the 

fuel mixture.  

 

 
Wobbe Index =

Higher Heating Value

√Fuel Specific Gravity
 

(1) 

 

 

 HHVMix = (1 − x%)HHVNG + x%HHVCO2
 (2) 

 

 

 
WIMix =

HHVMix

√
(1 − x%)ρNG + x%ρCO2

ρAir

 
(3) 

 

As shown in Figure  11., according to Wobbe Index regulations <5% CO2 can 

be injected directly into pipelines. According to heating value, it is even lower than 

that (<3% CO2). 
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Figure  11.  Heating value and Wobbe Index variation with NG+CO2 

mixtures. 

 

For this research natural gas and carbon dioxide (CO2) were mixed at various 

concentrations to simulate biogas. A mixing panel was designed with appropriate sonic 

orifice distribution for critical control of required gas mixture flow rates [91]. All 

residential appliances fall within a range of FAR (fuel to air) ratio for required operation. 

As mentioned above in the burner configuration, the low-NOx water heater burns lean at 

the burner head. At constant pressure delivery, changing the fuel composition changes 

the air/fuel ratio at the burner head and hence the equivalence ratio [53]. In this study, 

increasing CO2 content in natural gas increases the overall mass flow rate of the fuel and 

hence the FARact, simultaneously FARstoic increases faster according to Eq (4) and hence 

decreasing the overall equivalence ratio.  
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 =  

FARact

FARstoic
 

(4) 

 

Assuming complete combustion of the fuel, we can calculate the equivalence ratio 

by measuring the CO2 concentration in the exhaust. As can be seen in     Table 11, the 

equivalence ratio decreases with increasing CO2 concentration. The CO2 % in exhaust was 

measured experimentally using Horiba PG-350 analyzer. 

    Table 11. Equivalence Ratio () shift for low-NOx water heater on CO2 addition  

Fuel Composition CO2 [Vol%]  

100% NG 
8.44% 0.847 

95% NG+5% CO2 
7.95% 0.668 

90% NG+10% CO2 
7.53% 0.602 

85% NG+15% CO2 
7.19% 0.548 

 

5.2.2  Ignition, flame characteristic and safe limit of operation 

For the low-NOx water heater beyond 10% CO2 addition, the pilot operation 

becomes unstable and the probability of blow off increases. At both 5% and 10% CO2 

addition a stable though increasingly flat flame is observed, and pilot operation is stable 

both during idling and relight of the main burner. At 15% CO2, a stable but almost flat 

flame was observed at the burner head. The pilot was sustained during idling but blows off 

as soon as gas flows through the fuel port when relight is attempted. This experiment was 
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repeated thrice and each time a similar observation was recorded. Hence a reliable limit of 

operation as 10% CO2 for the low NOx water heater is reported.   

For the conventional gas storage water heater, a stable flame is established up to 

25% CO2 addition, with the flame becoming increasingly shorter beyond 30% CO2 addition 

Figure 12. A stable pilot operation, on the other hand, could not be established even at 5% 

CO2 addition. One reason for the low tolerance could be the pressure difference (hence 

higher flow rates) requirement of both CO2 and natural gas to create a mixture of fixed 

composition. We speculate the high flow rate of fuel mixtures might be blowing off the 

pilot. On visual examination, we confirmed our speculation as the pilot blows off just 

before relighting of the main burner. Higher limits for CO2 addition with premixed blends 

of gas cylinders might be possible. 

                 

Figure 12.  Flame shape for conventional water heater with increasing CO2 

content 
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Limit for safe and reliable operation is determined (Table 12). The determination is 

assuming no change in status quo water heaters in residential spaces. Hence, with 10% CO2 

concentration low-NOx models will operate reliably and for the conventional models, 

further research is required, though a modification of pilot light is speculated to increase 

the limit of CO2 introduction. 

Table 12. Safe limit of operation 

 

 

5.2.3 Energy Efficiency 

 Energy Efficiency of water heater units is calculated according to ASHRAE 

118.2 [92]. An energy factor (EF) is the typically used metric for energy efficiency 

determination for appliances [93]. It combines the thermal efficiency and standby 

efficiency for residential appliance units. For every dollar spent on a water heater, EF 

dollars will be translated to heating water and (1-EF) dollar will be wasted. For a gas 

storage water heater the EF is calculated over a 24 hour period, with 6 equal volume water 

draws, input-output water temperature measurements and fuel energy input. The 

Water Heater CO2 limit 

Low NOx gas storage water heater 10% 

Conventional gas storage water heater 0% 
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determination also takes into account, standby losses and recovery efficiency. Recovery 

Efficiency (RE) is the energy absorbed by water to reach a set point temperature to the 

energy produced during combustion per hour [94].  

For this research, a setpoint temperature of 150 °F (65.6 °C) is used and kept 

invariant for all the tests (Eq. (5)). During water heater operation, when the setpoint 

temperature has reached the main burner goes off and a pilot flame is sustained for relight 

purposes. For recovery efficiency calculations 10 gallons (37.8 L) of water is drawn after 

idle operation of 15 mins (900 s) after setpoint temperature was reached. Assuming 

negligible losses during ignition and idling, the time in minutes taken by the water heater 

for reaching the setpoint temperature is compared.  

 

 
Recovery Efficiency =

∆m. ∆T. Cp

t. m˚. ∆Hrxn
˚

 
(5) 

  ∆Hrxn
˚ = ∑ ∆Hf

˚

all
(products) − ∑ ∆Hf

˚

all
(reactants) 

(6) 

 

The plot below shows the change in recovery efficiency of the storage water heater 

with an increasing CO2 percentage. Till 10% CO2 addition there is little compromise on 

recovery efficiency (~76%), though there is a decreasing trend with increasing CO2. This 

makes sense since the additional CO2 in fuel mixture absorbs a part of the combustion 

energy. The heating time required to reach a setpoint temperature increases gradually from 

13.5 mins with 100% NG to 19 mins with 10% CO2 addition. 
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Figure 13. Recovery efficiency and heating time as a function of CO2 addition for 

low NOx water heater 

 

5.2.4  Emissions 

The Clean Air Act of 1970 [95] steered the Environmental Protection Agency 

(EPA) to establish national emission standards for stationary combustion sources and 

hazardous air pollutants. Due to the ambiguity in emission reporting methods, in 1978 the 

EPA came up with a comprehensive, standardized review for emission correction and 

reporting [96]. Correction methods are based on what concentrations or experiment 

parameters are known, such as, pollutant concentration, fuel type, fuel energy content, O2 

concentration, CO2 concentration, effluent volumetric rate, fuel input rate, etc. To avoid 

the effect of dilution, the engine and gas turbine industry has adopted correcting emissions 

to 15% O2 in exhaust [97]. Pollutant concentrations for boilers, heaters, and ovens are 

generally corrected to 3% O2 in the exhaust.  
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In the present work, emissions are reported using three correction methodologies, 

(1) corrected to 3% O2 in the exhaust as Eq. (7)  (primarily used for stationary combustion 

systems, automobiles, etc. [96]), (2) corrected to 12% CO2 in the exhaust (used for 

correction of pollutants in the oxygen-rich environment) as Eq. (8) [98], and (3) calorific 

correction, which is the mass of pollutant per unit energy of fuel as Eq. (9) (generally used 

for low heating load burners).12% CO2 correction is also popularly known as “air-free” 

correction since it is stoichiometric quantitatively [47]. Calorific correction of pollutants 

to nanograms of the analyte to per unit Joule of fuel energy is widely accepted for emission 

reporting in residential appliances [85]. Calorific/energy corrections eliminate the effect of 

emission fluctuations based on stoichiometric water content, which has been shown to 

work against the favor of hydrogen-rich fuel. It is also deemed useful for fuel 

interchangeability studies since it relates emission levels to the energy of fuel and removes 

the dependence of CO2 or O2 concentration. Both HHV (higher heating value) and LHV 

(lower heating value) can be used for calorific correction, but the water heaters in the 

present work are non-condensing and therefore the actual heating load consumed was 

observed to be the LHV. However, since HHV is used in formulation of regulations for 

water heating appliances we use HHV for calorific corrections in our research. 

 

 
Ci(@ ppmv 3% O2) = (Ci,ppm) ∗

20.95 − 3

20.95 − O2,msd(Vol%)
 

(7) 
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 Ci(@ ppmv 12% CO2) = (Ci,ppm) ∗
12

CO2,msd(Vol%) − CO2,amb(Vol%)
 

(8) 

 

 

 
Ci (

ng

J
) =

0.1 ∗ Ci,ppm

CO2,msd(%) − CO2,amb(%)

mol CO2

MJ Fuel
∗ Mi

g

mol
 

 

(9) 

 

The emissions from Low-NOx water heater are as shown in Figure 14, and for 

conventional storage are shown in Figure 15. Emission collection procedure has been 

explained in ‘Experimental Methodology’. The emission reported correspond to averaged 

concentrations over each burn cycle within standard variance. The three plots represent the 

three correction methods.  Each plot informs on the concentration of NOx, NO, CO and 

UHC as a function of CO2 content in NG+CO2 mixture. Since increasing CO2 content 

decreases the overall energy delivered to the combustion device, each plot shows a 

trendline informing the ‘Energy Content’ of the fuel mixture in BTU/hr. as well.  

For the low-NOx water heater burner, we observe a decrease in NOx and NO with 

increasing CO2 content. Simultaneously, CO and UHC increases. True to the design of the 

model, NOx emissions stay below 10ng/J. The safe limit of operation was determined to be 

10% CO2 in natural gas for the low-NOx burner. With respect to emissions for pure natural 

gas with calorific correction, NOx and NO decrease from 7.78 ng/J to 4.21 ng/J and 3.46 

ng/J to 0.6 ng/J respectively.  Simultaneously, CO and UHC increase from 11.85 ng/J to 
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52.2 ng/J and 12.13 ng/J to 27.17 ng/J respectively. Since the water heater units are closed 

and insulated, it was difficult to conduct a cold flow analysis to deduce equivalence ratio.  

However, by measuring the exhaust O2/CO2 concentrations from the central plume 

showed that the combustion was lean, with an overall equivalence ratio ~0.71. A similar 

level of mixing was shown in a previous study of a low-NOx burner as ~0.725 [67]. Since 

low-NOx water heater burners primarily rely on the radiative surface, lean combustion and 

flame spreading to lower the NOx emissions, the addition of CO2 further aids this 

mechanism. Since CO2 is inert in nature, its addition displaces per unit volume energy 

content of the fuel mixture. It also functions as a heat sink and lowers the flame temperature 

by increasing the heat capacity of the mixture. Around 32.5% of the fuel energy goes into 

radiation of the burner screen, which is shown to lower the flame temperature by ~400 K 

[67].   Higher temperatures are conducive to NOx formation, via the Zeldovich mechanism. 

CO emissions, on the other hand, goes up. This inverse relationship between NOx and CO 

is a common observation in combustion devices running on biogas.  
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(a) 3% O2 correction 

 
(b) 12% CO2 correction 

 
(c) Calorific correction 

Figure 14. Emissions for low NOx storage water heater with increasing CO2 

concentration 
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The conventional water heater the burner could not establish a flame even at 5% 

CO2 mixing. A main burner flame was sustained even at 40% CO2 addition (Figure 15), 

but the pilot blows off during relight. As mentioned earlier, partly the reason could be the 

huge difference in flow rates of the CO2 and NG which was required to make the mixture 

of fixed composition. To determine CO2 tolerance, further study with premixed CO2+NG 

mixture should be attempted. Emission data with 15 min burn cycles per fuel blend was 

collected for this model. Emissions with the three correction methods mentioned earlier are 

shown in Figure 15. Inspection of the exhaust O2/CO2 concentration showed the overall 

equivalence ratio of ~0.63. A previous study of ‘pancake burners’ showed the equivalence 

ratio of air-fuel mixture in the burner head is rich [66], whereas the overall equivalence 

ratio is towards the leaner side.  

A similar trend to the low-NOx water heater of decreasing NOx and NO and 

simultaneous increase in CO and UHC was observed for the conventional model. Fuel 

variability impact on residential appliances was conducted by LBNL [85] and for natural 

gas, the emissions reported are around 20 ng/J higher than what the LBNL study observed.  

We suspect this to be a unique behavior of our particular model.  Nonetheless, the trend of 

emissions is expected to be similar. With respect to emissions for pure natural gas with 

calorific correction, NOx and NO decrease from 85.9 ng/J to 72.8 ng/J and 58 ng/J to 47.2 

ng/J respectively.  Similarly, CO and UHC increases slightly but remain constant in 

magnitude. No N2O or NH3 was observed within the detectable ranges for both the water 

heater. 
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(a) 3% O2 correction 

 
(b) 12% CO2 correction 

 
(c) Calorific correction 

Figure 15. Emissions for conventional storage water heater with increasing CO2 

concentration 
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5.2.5  Methane Leakage 

Methane emissions from residential spaces were largely ignored in greenhouse gas 

inventory estimation; since they assumed complete combustion and hence minimal leakage 

[99]. An extensive study by Fisher et al. [100] in their 2018 study showed methane 

emission, both active (at steady state) and inactive (idle operation), from residential spaces 

being substantial and hence cannot be ignored in overall GHG quantification. Key findings 

include pilot operation as significant contributors of methane emissions both during active 

and inactive operation. Around 56-63% of Californian homes have water heating units with 

pilot lighting in them [101]. The two models of water heaters used in this study have pilot 

light for reignition, hence a methane leakage quantification was performed. 

 Methane emissions were monitored for a period of operation which included ignition, 

steady state operation, flame quenching and idle operation. For the natural gas operation, 

the fuel was supplied to both the water heaters directly through the pipeline and testing was 

conducted with no other tests requiring the use of natural gas in the testing environment. 

This allowed us to assume negligible methane emissions from fittings and pipelines in test 

zone and hence negligible background methane which had to be accounted for.  The 

emissions are averaged over 2 cycles of testing and represent continuous operation. As can 

be seen from Figure 16, both Low-NOx and the conventional water heaters emit fuel at 

steady state and idle operation. More methane is emitted at idle operation which correlates 

to pilot emissions, since the main burner fuel is turned off.  

Overall more methane is emitted by the low-NOx water heater both at steady and idle 

operation. The results clearly suggest that the methane emissions during idle operation can 
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be eliminated by electric ignition, all the while saving natural gas needed for pilot 

operation.  

 

Figure 16. Methane emissions for both the water heaters 

 

 

5.2.6 Biogas Simulation Results 

 Low-NOx storage water heater 

During the experiment, the fuel mixture is kept at 2,000 Pa (8 inches of water) to 

simulate the residential pipeline pressure. The test fuels are shown in Table 13 with 
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0

5

10

15

20

25

30

Low-Nox WH Conventional WH

M
et

h
a

n
e 

L
ea

k
a

g
e 

(p
p

m
)

Steady state Idle Operation



56 

 

            Table 13. Change in Wobbe Index with increasing CO2 in natural gas 

Biogas (NG+CO2) Wobbe index (BTU/scf) 

100% CH4 1361.7 

95% CH4 – 5% CO2 1250.38 

90% CH4 –10% CO2 1147.45 

 

CO2 in natural gas acts mostly like a diluent in the fuel and adds no additional heat 

generation. Figure 17 shows the effect of increased CO2 percentage on the adiabatic flame 

temperature (AFT) at the burner exhausted in simulation.  

 

Figure 17. Adiabatic flame temperature at CRN exhaust with increasing CO2 % 

As shown, CO2 injection into the fuel brings down the flame temperature, therefore, 

thermal NOx decreases, and CO increases due to the flame quenching effect from CO2. 

Figure 18 shows the emission of CO for the low-NOx water heater burner. We see a good 
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around the same blow off limit for the experiment. The shoot up of CO emission is a 

good indicator of blow-off. The CRN is able to accurately predict blow-off for our model.  

 

(a) 3% O2 in exhaust 

 

(b) Calorific correction 

Figure 18. CO emission from low-NOx water heater on CO2 addition (simulation vs 

experiments) 
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Figure 19 show the NO emissions with increasing CO2 %. Again, the model is able to 

accurately capture the magnitude and trend of NO emission. The simulation levels of NO2 

were of the order 10e-8 and hence the NOx emissions are proportional to the NO results. 

UCSD mechanism predicts lower NO and NO2 and hence NOx compared to GRI 3.0.  

 

(a) 3% O2 in exhaust 

 

(b) Calorific correction 

Figure 19. NO emissions from low-NOx water heater on CO2 addition (simulation 

vs experiments) 
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N2O levels were hard to measure, probably because they were below the least of 

the analyzer (Horiba QCL). However, Figure 20 shows the N2O trend with increasing CO2 

percentage.  

 

 
 

Figure 20. N2O levels simulated 
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ratio can provide additional insight.  
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entrainment via the mesh window at the base of water heater. For modification of 

burner further, measurement of primary and secondary air entrainment will aid 

further.  

4. The adiabatic flame temperature (AFT) decreases with increasing CO2 in natural 

gas, this was verified via simulation (Figure 17). Measurement of flame 

temperature in experiments might provide some insight.  

5. The simulation can precisely predict CO emissions both in magnitude and trend, 

the model also predicts blow-off at 15% CO2 addition which was similar to the 

experimental observation.  

6. Simulation predicts low levels of NO2; hence NOx emissions and trends are 

proportional to the NO emissions and trend. Exploring various mechanism and 

reactions and reaction rates can provide insight.  

7. Experiments were conducted with fuel blends which were created using a mixing 

panel with different sonic orifices and due to difference in gravimetric properties 

different fuel have different pressure storage and that might be worth exploring 

further in terms of equivalence ratio change with premixed fuel blends.  

 

 Conventional Storage 

For the conventional storage water heater, we see emissions changing rapidly for 

simulations as compared to experiments. Emissions for 100% natural gas was established 

in this research, however, with biogas addition or hydrogen addition the model captured 

trend but not the values (Figure 21).  
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Figure 21. NO emissions for conventional water heater 

 

A few observations made and directions for further research: 

1. The NOx emissions for the particular water heater model tested was about ~20 

ng/J higher than regulation. The influence of renewable fuel introduction hence 

shoes the trend to be expected with the change. It is possible that due to the 

uniqueness of the model studied, the model is not able to capture the appropriate 

boundary conditions.  

2. Since we could measure the emissions at the exhaust, we could reverse calculate 

the overall equivalence ratio. However, since the mixture at the burner head is 

rich, the study will benefit by experimentally investigating the air-fuel mixing 

at the burner inlet.  
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5.3 Hydrogen Testing 

Part of this thesis, specifically the hydrogen addition experiment results is accepted 

for publication in Elsevier- International Journal of Hydrogen Energy as a journal article 

named ‘Combustion performance of low-NOx and conventional storage water heaters 

operated on hydrogen enriched natural gas’ (Authors in order: Shiny Choudhury, Vince 

McDonell, and Scott Samuelsen) 

5.3.1  Impact of H2 admixing 

As can be seen from Table 10. the properties of methane and hydrogen vary widely. 

Due to this difference in physical and chemical properties, we simply cannot replace 

hydrogen into the existing natural gas pipelines. Before hydrogen plays the role of a major 

energy carrier in our world, we need to transition by utilizing the existing natural gas 

pipelines for end-use requirements [44]. Wobbe Index plays a vital role in fuel 

interchangeability discussions; this is because it gives us an insight into energy delivered 

at constant pressure gas supply. Wobbe Index is primarily beneficial in understanding the 

effects of fuel composition variation. For hydrogen admixing into natural gas pipelines, the 

Wobbe Index goes down owing to the low volumetric energy content of hydrogen [53]. 

This poses as a limiting factor for hydrogen injection since pipelines need to obey 

distribution requirements. Residential appliances operate within a range of air/fuel ratios 

and premixing levels.  

As mentioned above, the low-NOx water heater relies on high levels of premixing 

and operates lean (<1). With hydrogen addition at constant pressure, the equivalence ratio 

at the burner head will vary. Assuming complete combustion Table 14. Equivalence Ratio 
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() shift for low-NOx water heater on H2 addition. shows the change in equivalence ratio 

with increasing hydrogen content in natural gas for the low-NOx water heater (CO2 content 

in the exhaust was measured experimentally). As evident, with increasing hydrogen content 

the burner head air-fuel mixture is increasingly leaner. The air-fuel mixture for the 

conventional water heater is rich at the burner head as mentioned in the earlier section. 

With the addition of hydrogen it approaches near stoichiometric and then towards lean 

operation [102]. 

Table 14. Equivalence Ratio () shift for low-NOx water heater on H2 addition 

Fuel Composition CO2 [Vol%]  

100% NG 8.44% 0.847 

95% NG+5% H2 7.92% 0.674 

90% NG+10% H2 7.83% 0.656 

 

5.3.2 Ignition, flame characteristic and safe limit of operation 

For the Low-NOx water heater with increased H2 percentage in natural gas, the 

flame appears more dynamic, lengthened with yellow tips. One straightforward reasoning 

for the observation is higher reactivity of the fuel mixture due to hydrogen. Another reason 

for flame lengthening could be the increased volumetric flow rate of the resultant mixture 

due to the lower density of hydrogen at fixed delivery point pressures. The colored tips 

observed can be explained due to the presence of excited water molecules and, trace metal 

or metal oxide particles in the hydrogen cylinders due to embrittlement [103]. For the 

conventional storage water heater, a similar observation of flame being more dynamic on 
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hydrogen addition was seen (Figure 12). Each flame from individual fuel port for the 

pancake burner showed increased interaction downstream.  

For both for the low-NOx and the conventional storage water heater at 10% H2 

addition, the probability of failure due to instability increases. ‘Instability’ being used 

loosely to mean either flashback, blow-off, delayed ignition, etc. To determine a ‘safe limit’ 

of operation, testing methodology outlined in Table 4. was followed. Storage water heater 

burners have two modes of operation during steady-state: ‘main burner on and pilot on’ 

while heating the tank water to set-point temperature, and ‘main burner off and pilot on’, 

when set-point temperature has reached. In order to determine operational limit for safe 

operation on hydrogen addition we need to observe cold start ignition, main burner and 

pilot flame stability, relight, and, water heating time.  

In this experiment, below 10% H2 addition there were no issues with ignition for 

cold start for both the models. Thereafter, both the water heater burner function without 

any instability till the tank has reached set point temperature, following which the fuel 

supply shuts off and the burner flame goes off. After the first 15 mins (900s) of idle 

operation, 10 gallons (37.8L) of hot water was drawn to create a temperature deficit, during 

which relight of main burner is attempted by the standing pilot flame. With increasing 

hydrogen in natural gas, the relight time increases (ignition delay). At 10% H2, during 

relight a deflagration like event was observed for both the water heaters. For the same 

sequence of operation on 100% natural gas, relight occurs as soon as the cold water starts 

mixing into the tank signifying no issues with faulty fuel valve or in the purging of fuel gas 

from combustion chamber. Within the safe limit of hydrogen addition, the pilot operation 
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remains stable for both the water heaters, though it gets visibly shorter and duller in 

appearance. 

The low-NOx water heater has a primarily lean premixed operation at the burner 

head, and adding hydrogen to natural gas at constant pressure causes fluctuation in 

equivalence ratio (Table 14). In general, NG/H2-NG < 0 [53]. For the low-NOx water 

heater, during onset of instability there was a simultaneous spike in emissions of CO and 

NOx as can be seen in Figure 22. Simultaneously, the flame appeared turbulent and 

vigorous with numerous yellow tips. It’s well established that increasing hydrogen content 

in hydrocarbon fuel for premixed operation increases the burning speed, with high methane 

fuel being more sensitive to hydrogen than others [104].  Increase in burning speed will 

anchor the flame nearer to the burner surface which could overheat the burner and lead to 

failure [102]. Anchoring closer to the burner might also lead to exceeding the acceptable 

radiative mode. Flashback is generally characterized as ‘an uncontrolled upstream 

propagation of the flame, due to a local imbalance in the flow velocity and flame speed’ 

[105], and since we did see a flame, appearing more vigorous with delayed ignition, it is 

hard to conclude the event as flashback, though a loud  popping sound was unmistaken. 

Increased primary air, fuel accumulation in chamber, acoustic instability or a weaker pilot 

could have led to the ignition delay as a combination of factors or individually.  

For the conventional storage water heater however, a main burner flame seized to 

establish after the deflagration like event. The air-fuel mixture for the conventional model 

is rich at the burner head, and on increasing hydrogen the mixture approaches near 

stoichiometric composition. Like the low-NOx model, increasing hydrogen in fuel will 



66 

 

anchor the flame nearer to the fuel port which can possibly overheat the burner surface and 

lead to failure. To reason the observed instability using burning speeds, a precise 

measurement of equivalence ratio at the burner head is required. Since both the water 

heaters were tightly insulated with a small quartz window, we could not visually record the 

instability. Further research is required for conclusively deciding the cause of 

instability (flashback/delayed ignition), though the onset of it at 10% H2 addition is 

established in the current work. 

 

  

Figure 22. NOx and CO emission spike during relight for low-NOx burner at 10% 

H2 in natural gas 

 

Depending on the model type, age, and maintenance level of residential appliances 

the failure  propensity and maximum H2 tolerance will differ [44]. The maximum allowable 

H2 in gas-fired appliances varies widely based on the mode of operation, equivalence ratio, 

etc. Hence, an instability cannot be reasoned simply by comparing laminar flame speeds 
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and flow rate of fuel. For rich operation, H2 tolerance of <10% H2 was reported by 

NATURAHLY work [53]. For lean premixed operation, however, a higher tolerance 

between 30-40% H2 was reasoned in the same study. But the present work found an upper 

limit <10% H2 for both models of water heaters. Possibly premixed operation without a 

cyclic operation like the water heaters and without radiant fiber screen burners has higher 

H2 tolerance.  

        

Figure 23. Flame shape for conventional water heater with increasing H2 content 

 

The limit for safe and reliable operation is summarized in Table 15. The 

determination is assuming no change in status quo water heaters in residential spaces. 
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Hence, with <10% H2 addition for both the low-NOx and conventional storage water heater 

is expected to deliver reliable operation without instability.  

Table 15. The safe limit of operation 

Water Heater H2 limit 

Low NOx gas storage water heater <10% 

Conventional gas storage water heater <10% 

 

5.3.3  Emissions 

All the emissions reported are on a dry basis, which means the water produced in 

the exhaust was condensed out before emission measurements (Figure 4). For hydrogen 

rich fuel, the amount of moisture produced relative to hydrocarbon fuel is higher.     Table 

16 informs on the stoichiometric water content in hydrogen rich fuel assuming complete 

combustion. Since other pollutants or products of incomplete combustion are in parts per 

million levels, we can assume the water content of exhaust increases with increasing H2 

levels. Due to the increased moisture content, the relative emissions (NOx, NO, CO, UHC, 

etc.) on a dry basis appears higher for hydrogen rich fuel. If not considered, this bias can 

work against hydrogen fuel in terms of emissions regulation. Calorific/energy corrections 

eliminate the effect of water content and relate emission to the energy content of the fuel. 

Hence, the correct correction methodology is crucial while comparing combustion 

performance with different kinds of fuels. 
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    Table 16. Stoichiometric water content in hydrogen rich fuel 

Fuel Composition Water Content 

[Vol%]stoic 

100% CH4 19.01 

80% CH4+20% H2 20.017 

20% CH4+80% H2 27.22 

100% H2 51.54 

 

Figure 24 shows the hot and cold-water line connections and the exhaust hood. 

Emissions for the low-NOx and conventional water heaters are shown in Figure 25 and 

Figure 26 respectively. Around 2000 data points are averaged over each burn cycle at 

steady-state and reported in three correction methodology as mentioned above with 

standard deviation. Each plot informs on NO, NOx, CO, and UHC of the function of 

increasing H2 percentage in natural gas.  

 

 

Figure 24. Gas storage water heater and pipeline connection 
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Due to lower emission values of low-NOx water heater, clustered columns are used 

for emissions, while trendline is used for the conventional water heater model. The calorific 

correction plot for each water heater informs on the energy content (HHV) of the fuel 

mixture in MJ/m3.Addition of H2 for both the water heaters has a slight impact on the 

emission. Though fluctuations are observed, they roughly stay within the standard 

deviation for all H2 percentages. For the Low-NOx water heater, a decrease in NOx and NO 

emissions with increasing H2 content is observed. Simultaneously, the CO increases and 

UHC decreases. The NOx emissions stay below 10 ng/J, as required by regulation. NOx 

and NO in calorific correction vary from 7.7 ng/J to 6.5 ng/J and 3.5 ng/J to 1.6 ng/J 

respectively. CO and UHC vary from 11.8 ng/J to 15.8 ng/J and 12.1 ng/J to 4.1 ng/J 

respectively, though the UHC data fluctuates a lot.  

 For the low-NOx water heater, the combustion is primarily lean, with ~0.847 for 

natural gas.  When hydrogen is added into the fuel, the equivalence ratio goes down and 

the fuel volumetric flow rate increases at constant pressure. This results in lesser energy 

delivered per unit time relative to natural gas. Addition of H2 promotes the formation of 

OH and H intermediates which gives the overall mixture a higher burning velocity. This 

facilitates the flame anchoring closer to the surface as compared to natural gas flame, thus 

promoting better heat transfer and, hence cooling the flame.  The lowered flame 

temperature reduced NOx formation via the Zeldovich mechanism. Lower flame 

temperature aided with higher primary and secondary air entrainment with H2 addition 

increases the CO emissions slightly. Though as can be seen from the calorific correction 

plot, the emissions lie within standard deviation with 5% H2 addition. 
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(a) Calorific correction 

 
(b) 3% O2 correction 

 
(c) 12% CO2 correction 

Figure 25. Emissions for low-NOx storage water heater with increasing H2 

concentration 
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The conventional model burns fuel rich in the burner head but burns lean after 

secondary air entrainment which reduces emissions. The NOx emission for the 

conventional model is ~20 ng/J higher than the 40 ng/J requirement by regulation [68]. 

This behavior is suspected to be unique to the water heater model tested. Therefore, the 

emission reported should not be taken as a representation of hydrogen addition impact on 

absolute values, but rather be seen for the trend to be expected with hydrogen addition. As 

mentioned above, we could perform emission testing for the conventional model beyond 

safe limit of operation (procedure mentioned in Table 4). Within safe operation a slight 

increase in NOx with 5% H2 addition is observed but remains invariant within measurement 

uncertainty for up to ~30% H2 addition in the unsafe zone. NO follows a similar trend as 

NOx, whereas CO and UHC emissions stay below 20 ng/J.  With 30% H2 addition the 

energy delivered is ~20% lesser than 100% natural gas. Within the safe limit of operation 

(<10%) for the conventional water heater NOx and NO vary from 85.94 ng/J to 91.75 ng/J 

and 58 ng/J to 56.12 ng/J respectively. CO and UHC vary from 0.48 ng/J to 0.53 ng/J and 

14.97 ng/J to 12.68 ng/J. For both the water heaters, negligible amounts of N2O or NH3 

was observed.  
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(a) Calorific correction 

 
(b) 3% O2 correction 

 
(c) 12% CO2 correction 

Figure 26. Emissions for conventional storage water heater in both safe and unsafe 

limits of operation with increasing H2 concentration 
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5.3.4 Hydrogen Simulation Results 

 Low NOx storage water heater  

The operating conditions of different natural gas/H2 mixtures are shown in Table 

17. Compared to natural gas/CO2 mixture operating condition, the heating load doesn’t 

vary much due to the similarity of the Wobbe Index between natural gas and hydrogen. 

Table 17 shows the change in flow rate and equivalence ratio with hydrogen addition to 

low-NOx water heater.  

 Table 17. Wobbe Index variation with H2 addition 

Hydrogen enriched natural gas (NG+H2) Wobbe index (BTU/scf) 

100% CH4 1361.73 

95% CH4 – 5% H2 1343.94 

 

With hydrogen addition there are two main factors at play; (1) the fuel mixture 

getting increasingly reactive because of hydrogen, and (2) the equivalence ratio going 

down quickly due to differences in chemical and physical properties of hydrogen and 

natural gas.  
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Figure 27. Adiabatic Flame Temperature (AFT) at CRN exhaust with increasing 

H2 % 

 

Figure 27. Provides insight into change in adiabatic flame temperature on hydrogen 

addition at the measured equivalence ratio.  
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b) Calorific correction 

Figure 28. CO emission from low-NOx water heater on H2 addition (simulation vs 

experiments) 

 

The CO/NO emission results comparison are shown in Figure 28 and Figure 29. 

The simulation shows that hydrogen injection can help decrease NO with a simultaneous 

increase in CO emission. The experiment data is a good match with the simulation result. 

There is a slight change in emissions with H2 addition, but the model is able to capture the 

trend. Again, the simulation levels of NO2 were of the order 10e-8 and hence the NOx 

emissions are proportional to the NO results. UCSD mechanism predicts lower NO and 

NO2 and hence NOx compared to GRI 3.0.  
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a) 3% O2 correction 

 

b) Calorific correction 

Figure 29. NO emission from low-NOx water heater on H2 addition (simulation vs 

experiments) 

 

Takeaways for further research on emission trends and burner modification to 

low-NOx water heater burner on hydrogen addition (NG+H2): 
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1. By measuring the CO2 and O2 concentration in exhaust stream with increasing H2 

in natural gas we see a decrease in equivalence ratio of the fuel-air mixture (    Table 

11), the combustion is increasingly lean. 

2. At constant delivery point pressure, the equivalence ratio falls quickly for 5% H2 

addition and falls slower for higher H2 %. Experimentally verifying the air-fuel 

ratio can provide additional insight.  

3. The AFT goes down with increase in H2, experimentally verifying flame 

temperature might provide extra insight.  

4. Simulation could predict emissions well, but since the flow dynamics are highly 

coupled with the chemistry in CHEMKIN it is hard to predict flashback. CFD of 

the burner can provide insight.   
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6. SUMMARY, INSIGHTS, CONCLUSIONS, AND 

RECOMMENDATIONS 

6.1 Summary 

Combustion performance and operability of conventional and low-NOx storage 

water heaters, as operated on mixtures of CO2 and natural gas mimicking the composition 

of biogas, were studied.  In practice, regulations based on Wobbe Index and Heating Value, 

limit the amount of CO2 in the natural gas pipeline to 6% and 3% (by volume), respectively. 

In the current study, these limits were expanded to assess the tolerance of these devices to 

higher levels which would enable further carbon reduction of pipeline gas.  Similarly, 

combustion performance and operability of low-NOx and conventional storage water 

heaters, as operated on mixtures of H2 and natural gas simulating hydrogen admixing into 

pipelines, were studied. As methane emissions are an ongoing problem for both types of 

combustion-based water heaters (primarily with pilot ignition); methane emissions were 

investigated at various modes of operation.  

 

6.2 Biogas-addition insights  

The study provides a number of insights regarding the tolerance of both devices to 

increased levels of CO2: 

• The more recently developed low-NOx water heater has a higher tolerance 

for CO2 content in natural gas at 10%.  Effectively no tolerance for CO2 
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content was observed for the conventional water heater. As a result, the 

Low-NOx, technology, while significantly reducing NOx emissions can also 

operate on higher amounts of CO2 compared to the conventional 

technology. 

• Due to the inert nature of CO2, no benefit is acquired in terms of shorter 

ignition time or thermal efficiency gains. Though within the safe limits of 

operation reported in the previous point no significant effect on ignition 

times or thermal efficiency, as expected. 

• For the Low NOx water heater beyond 10% CO2 addition, the pilot operation 

becomes unstable and the probability of blow off increases. At both 5% and 

10% CO2 addition a stable though increasingly flat flame is observed, and 

pilot operation is stable both during idling and relight of the main burner. 

At 15% CO2, a stable but almost flat flame was observed at the burner head. 

The pilot was sustained during idling but blows off as soon as gas flows 

through the fuel port when relight is attempted.  

• For the conventional gas storage water heater, a stable flame is established 

up to 25% CO2 addition, with the flame becoming increasingly more 

compact beyond 30% CO2 addition. Stable pilot operation, on the other 

hand, could not be established even at 5% CO2 addition which proved to be 

the limiting factor for operation of this device. This was unexpected and 

might be a consequence of the adopted experimental methodology in 

current research. 
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• A similar trend of NOx and NO decrease and CO and UHC increase with 

increasing CO2 percentage was observed for both water heaters.  

o Within the safe limit of operation for the Low-NOx water heater NOx 

and NO decreases from 7.78 ng/J to 4.21 ng/J and 3.46 ng/J to 0.6 

ng/J respectively. Similarly, CO and UHC increase from 11.85 ng/J 

to 52.2 ng/J and 12.13 ng/J to 27.17 ng/J respectively. 

o For the conventional water heater, even though pilot flame ceased 

to establish even with <5% CO2 addition, NOx and NO decrease 

from 85.9 ng/J to 72.8 ng/J and 58 ng/J to 47.2 ng/J respectively till 

10% CO2 addition. Similarly, CO and UHC increases slightly but 

remain constant in magnitude. 

• Methane emission was detected for both the water heater at steady state 

(main burner engaged) and ideal operation (pilot on, main burner 

disengaged). Emissions at ideal state for both water heaters are higher than 

the steady state signifying higher pilot emissions. Overall more methane is 

emitted by the low-NOx water heater both at steady and idle operation. 

• For the low-NOx water heater we were able to accurately simulate emission 

trend and magnitude on biogas addition with a simple reactor network, 

however for the conventional water heater more work is required to 

accurately determine the boundary conditions. 
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6.2.1 Conclusion 

• Low-NOx water heater can operate on higher amounts of CO2 in biogas as 

compared to conventional storage water heater which has no tolerance. 

The more recently developed low-NOx water heater has a higher tolerance for CO2 

content in natural gas at 10%.  Effectively no tolerance for CO2 content was observed 

for the conventional water heater. As a result, the Low-NOx, technology, while 

significantly reducing NOx emissions can also operate on higher amounts of CO2 

compared to the conventional technology. Additionally, a  similar trend of NOx and 

NO decrease and CO and UHC increase with increasing CO2 percentage is observed 

for both water heaters.  

• Fuel leakage is detected for both water heaters at various modes of operation, 

with highest emissions during idle operation (pilot on, main burner 

disengaged). 

Methane emission was detected for both the water heater at steady state (main burner 

engaged) and ideal operation (pilot on, main burner disengaged). Emissions at ideal 

state for both water heaters are higher than the steady state signifying higher pilot 

emissions. Overall more methane is emitted by the low-NOx water heater both at 

steady and idle operation. 
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6.3 Hydrogen-addition insights 

The current work provides several insights regarding the tolerance of both devices to 

increased levels of H2: 

• For both the low-NOx and conventional storage water heater a hydrogen tolerance 

of <10% by volume was observed. The more recently developed low-NOx model 

shows a further decrease in NOx emissions with increasing H2, whereas a slight 

increase in NOx emission is observed for the conventional model. 

• All the emissions reported in this research are on a dry basis, which means the water 

produced in the exhaust was condensed out before emission measurements. For 

hydrogen rich fuel, the amount of water produced relative to hydrocarbon fuel is 

higher. Due to the increased moisture content, the relative emissions (NOx, NO, 

CO, UHC, etc.) on a dry basis appears inherently higher for hydrogen rich fuels, 

requiring careful consideration of the correction basis used in reporting emissions 

levels. 

• For both the Low-NOx and conventional water heater with increased H2%, the 

flame appears dynamic, lengthened with yellow tips. Within the safe limit of 

hydrogen addition, the pilot operation remains stable though appears shortened and 

duller for both the water heaters. It is worth noting that at 10% H2 addition no issues 

with ignition from a cold start were observed, but during relight of the main burner 

after water draw, instability (flashback/ignition delay) was observed.  

• For the low-NOx water heater, the combustion is primarily lean, with ~0.84 for 

100% natural gas. Addition of H2 for both the water heaters has a slight impact on 
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the emission. For the Low-NOx water heater, a decrease in NOx and NO emissions 

with increasing H2 content is observed while. CO increases and UHC decreases. 

o Within the safe limit of operation for the Low-NOx water heater NOx and 

NO decreases from 7.7 ng/J to 6.5 ng/J and 3.5 ng/J to 1.6 ng/J respectively. 

Similarly, CO and UHC vary from 11.8 ng/J to 15.8 ng/J and 12.1 ng/J to 

4.1 ng/J respectively, though the UHC data fluctuates a lot. 

• The conventional model burns fuel rich in the burner head but burns lean after 

secondary air entrainment which reduces emissions. NOx emission for the model is 

~20 ng/J higher than the 40 ng/J requirement by regulation. This behavior is 

suspected to be unique to the water heater model tested. Therefore, the emission 

reported should not be taken as a representation of hydrogen addition impact on 

absolute values, but rather for the trend to be expected on hydrogen addition.  

o Within the safe limit of operation for the conventional water heater NOx and 

NO vary from 85.94 ng/J to 91.75 ng/J and 58 ng/J to 56.12 ng/J 

respectively. CO and UHC vary from 0.48 ng/J to 0.53 ng/J and 14.97 ng/J 

to 12.68 ng/J. 

• For the low-NOx water heater we were able to accurately simulate emission trend 

and magnitude on hydrogen addition with a simple reactor network, however for 

the conventional water heater more work is required to accurately determine the 

boundary conditions. 
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6.3.1 Conclusion 

• <10% H2 tolerance was established for both water heaters. 

For both the low-NOx and conventional storage water heater a hydrogen tolerance of 

<10% by volume was observed. The more recently developed low-NOx model shows 

a further decrease in NOx emissions with increasing H2, whereas a slight increase in 

NOx emission is observed for the conventional model. 

• Instability on H2 addition during relight of water heater is established, but not 

characterized. 

For both the Low-NOx and conventional water heater with increased H2%, the flame 

appears dynamic, lengthened with yellow tips. Within the safe limit of hydrogen 

addition, the pilot operation remains stable though appears shortened and duller for 

both the water heaters. It is worth noting that at 10% H2 addition no issues with ignition 

from a cold start were observed, but during relight of the main burner after water draw, 

instability (flashback/ignition delay) was observed.  

• Reactor network accurately predicted emissions for low-NOx water heater, 

and not for conventional water heater on both hydrogen and biogas addition. 

For the low-NOx water heater we were able to accurately simulate emission trend and 

magnitude on biogas and hydrogen addition with a simple reactor network, however 

for the conventional water heater more work is required to accurately determine the 

boundary conditions. 
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6.4 Recommendations 

Three broad recommendations are derived in this work: 

1. For higher tolerance on biogas for conventional storage water heater, 

modifying/replacing the pilot flame with a more robust design or electric ignition will 

benefit water heater operation. Modification of pilot in general for both the water 

heaters will lead to increased renewable fuel tolerance.  

2. For both the water heaters, low NOx and conventional storage, replacing the pilot flame 

with electric ignition will reduce methane emissions both during stable operation and 

idle operation.  

3. Manual reactor network is a computationally attractive option to simulate emissions 

and stability for lean premixed operations like low-NOx water, heater without having 

to dissemble the device. However, for conventional model, investing the level of fuel-

air mixing and level of premixing is essential for accurately modelling emissions. 
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