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Abstract

:

It is becoming increasingly important to develop effective combustion technologies for low calorific industrial gases (LCIG) because of the rising energy demand and environmental issues caused by the extensive use of fossil fuels. In this review, the prospect of these opportunity fuels in China is discussed. Then, the recent fundamental and engineering studies of LCIG combustion are summarized. Specifically, the differences between LCIG and traditional fuels in the composition and fundamental combustion characteristics are described. The state-of-the-art combustion strategies for burning LCIG are reviewed, including porous media combustion, flameless combustion, oxy-fuel combustion, and dual-fuel combustion. The technical challenges and further development needs for efficient LCIG combustion are also discussed.
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1. Introduction


The amount of energy consumed globally has risen 17-fold in the past century, and the primary contributors to air pollution are emissions of CO2, CO, SO2, and NOx from the burning of fossil fuels. Currently, fossil fuels with a carbon footprint, e.g., coal, oil, and natural gas, provide 85% of the world’s energy needs [1]. To address the high energy demand in the industrialized world and achieve the goal of carbon neutralization, it is also important to make efficient use of low calorific industrial gases (LCIG), in addition to developing the advanced combustion technology of non-carbon fuels such as hydrogen and ammonia [2,3].



Low calorific industrial gases can be mainly divided into three categories: biogas, syngas, and byproduct gas. Biogas is a clean and sustainable energy source that is often produced from waste treatment, primarily agricultural waste, sewage sludge, and industrial organic waste streams [4]. Methane, hydrogen, carbon dioxide, nitrogen, and hydrogen sulfide are the main components of biogas. Biogas is essentially a low-grade natural gas with a heat value varying from 5.0 to 7.5 kWh/m3, with increased methane concentration, which is the result of organic breakdown in the absence of molecular oxygen. Syngas is often generated by gasifying coal or by reforming biogas, which is mostly made up of hydrogen, carbon monoxide, and carbon dioxide [5]. Since syngas composition varies greatly with different production processes, the low calorific value of syngas varies between 1.0 and 2.6 kWh/m3. Byproduct gas comes from a number of industrial processes in the metallurgy, steel, and chemical industries [6]. Blast furnace gas (BFG), coke oven gas (COG), converter gas, tail gas, cracked gas, pyrolysis gas, and other typical byproduct gases are mostly composed of H2, CO, CH4, N2, and H2O. In comparison to methane, Table 1 shows the typical compositions and key characteristics of low calorific industrial gases. Despite being produced from a variety of processes, low calorific industrial gases share similar characteristics in having the major energy sources of H2, CO, and CH4.



The rapid economic expansion in China has led to drastically rising energy consumption, which has led to a significant increase in the production of low calorific industrial gas sources. There are already more than 30.5 million residential biogas digesters in China, and they produce 12.4 billion m3 of biogas annually, which is equal to 19.0 million tons of standard coal [7]. In China, about 600 downdraft biomass gasification facilities are operational, and can provide syngas to over 209,600 households [8]. There are already more than 260 blast furnaces in China with effective volumes of more than 1000 m3, which generate a significant amount of byproduct gases [9]. In this circumstance, China foresees the great opportunity and challenge in the efficient use of low calorific industrial gases.



Considering that low calorific industrial gases contain many combustible components, it is most common and effective to use these gases by direct combustion in gas turbines, internal combustion engines, and specific burners. For example, Blakey [10], Wright [11] et al. reviewed the application of low calorific industrial gases in gas turbines. Singh [12], Pradhan [13] et al. conducted systematic studies on the utilization of low calorific industrial gases in internal combustion engines. Huang [14], Song [15] et al. adopted specific burners to achieve stable and efficient combustion of low calorific industrial gases. Among a number of issues raised by the dilution of combustible gases with inert components, the most serious challenges involve lower flame temperatures and, consequently, lower burning rates, tighter stability bounds, and lower combustion efficiencies. To facilitate the efficient combustion of low calorific industrial gases, numerous tailored combustion techniques have been developed and used in practice. In accordance with the aforementioned literature, the current study offers up-to-date information on the efficient combustion of low calorific industrial gases.



The following sections will cover the composition and combustion characteristics of LCIG, state-of-the-art combustion strategies of LCIG, and the technical challenges for fuel-flexible stable LCIG combustion.




2. Composition and Combustion Characteristics of LCIG


2.1. Composition Characteristics


The fundamental combustion characteristics of LCIG are quite different from those of traditional gaseous fuels, considering their complexity in the mixture composition. Typical composition ranges of biogas, syngas, coke oven gas, and blast furnace gas are listed in Table 2. As shown, the variable components in biogas are mainly CH4 and CO, with a variation range of about 10%. Combustible components (CH4, H2, CO) in syngas and byproduct gases from different sources vary significantly, and the variation range of H2 can reach 20% at most.



Flame structures, such as flame height and standoff distance, have a positive correlation with the H2 content in LCIG, which contributes to the augmentation of blowoff velocity [16]. CH4 content in LCIG has more effects on the combustion temperature than CO content. Thermal diffusivity is affected by increasing inert content in LCIG, which also lowers the combustion temperature and laminar flame speed [17]. Differences in CH4 content and H2 content in LCIG will cause changes in chemical reaction paths during combustion, and thus affect the ignition delay time and laminar flame speed. For H2-rich LCIG, it has been discovered that the reactions OH + HO2 = H2O + O2 and HO2 + H = OH + OH are crucial. For CH4-rich LCIG, the reactions CH2O + OH = HCO + H2O and CH4 + HO2 = CH3 + H2O2 are crucial [18]. Increasing the H2/CO ratio in LCIG causes an increase in flame length and flame temperature.



Since certain LCIG are highly loaded with components containing sulfur and nitrogen, the direct burning of these LCIG generally results in unacceptable emissions. During the combustion process of LCIG, the pollutant emissions are mainly NOx and CO. Fuel NOx and thermal NOx are the two main causes of NOx emissions. Fuel NOx is produced by the oxidation of nitrogen-containing compounds, such as HCN and NH3, which may be formed during gasification. Thermal NOx is produced in appreciable amounts at high combustion temperatures, when molecular nitrogen in the combustion air is oxidized. The main source of CO emission is from incomplete combustion of LCIG, especially for LCIG with high CO contents.




2.2. Fundamental Combustion Characteristics


Compared with traditional gaseous fuels (CH4 and H2), when burning LCIG, the chemical reaction rate is slower and the chemical reaction intensity is lower, resulting in low combustion efficiency, narrow flammable range, and high combustion instability. As for the fundamental combustion characteristics, the impact of LCIG composition on ignition delay time, flame instability, and laminar and turbulent flame speeds are summarized here. The ignition delay time of low calorific industrial gas is mainly affected by the H2 content in LCIG. Higher H2 content leads to shorter ignition delay time. The ignition delay time of LCIG is also sensitive to the initial temperature and pressure of the LCIG combustion system [19].



Laminar flame speed increases nonlinearly with an increase in H2 concentration in LCIG. Laminar flame speed noticeably increases with equivalence ratio. Flame instability increases with the CO2 concentration in LCIG, but decreases with a decrease in the equivalency ratio. High pressure, high H2 concentration, and low equivalence ratio are the conditions under which the cellular flame self-accelerates. Markstein length and hydrodynamic instability both decrease with a rise in LCIG initial pressure, while the thermal mass diffusion instability has no effect [20]. For autoignition-assisted laminar flame propagation, the scaling laws for H2/CO/CH4 have been developed to characterize the negative temperature coefficient (NTC) behavior, with one branch indicating flame propagation, and the other indicating autoignition-assisted flame propagation [21].



For turbulent flame speed, the ratio of turbulent flame speed to laminar flame speed exhibits a nonlinear declining trend with H2 concentration in LCIG, and the growth rate progressively declines. The influence of turbulence on the flame speed steadily declines as the H2 concentration of LCIG approach 50% [22]. CO concentrations in LCIG have a significant impact on the turbulent flame structure. Reduced turbulent flame speed and enhanced combustion instability result from an increase in CO concentration. These effects increase when the equivalence ratio decreases [23].





3. Combustion Strategies of LCIG


For stable combustion of low calorific industrial gases, the commonly used combustion strategies include porous media combustion, flameless combustion, oxy-fuel combustion, and dual-fuel combustion. Among them, porous medium combustion and flameless combustion increase the flame temperature of LCIG through preheating, and enhance flame stability and combustion efficiency. Oxy-fuel combustion and dual-fuel combustion improve chemical reaction intensity during the LCIG combustion process by changing oxidants and adding high-calorific-value fuels, in order to achieve stable combustion of LCIG. Some representative LCIG combustion strategies are summarized in Table 3.



3.1. Porous Media Combustion


One of the most practical solutions for efficient combustion of LCIG is porous media combustion (PMC) [31]. A porous substance is one that has interconnected spaces that allow combustible gases to readily pass through the medium. As an internally self-organized mechanism of heat recovery, PMC varies significantly from homogeneous flames for the following reasons:




	(1)

	
The complex and diverse inner surface of the porous medium results in efficient heat transfer between the reactant flow and the inert solid;




	(2)

	
Dispersion of the reactant flowing through a porous media promotes effective heat transfer and diffusion between the two phases.









As a result, an internal mechanism for energy recovery is engaged. This procedure makes it possible to have stable combustion under a variety of reactant velocities, oxygen-to-fuel ratios, and power loads. The possibility of NOx and CO generation diminishes as the combustion efficiency increases.



Porous medium burners typically have two major zones. In the first zone, the inflowing combustible mixture is preheated by the hot porous solid matrix, which also serves as a flame arrester. In the second zone, flame is stabilized throughout a wide range of equivalence ratios and inflowing velocities. Varied porous media, such as metal foils, combs, ceramic pebbles, and ceramic foams can produce different porous matrix characteristics [32].



The internal heat recovery of porous medium burners and the high heat capacity of porous matrices are effective methods to overcome the challenges of burning LCIG stably. Extensive research has been conducted on the impacts of operational conditions on stable operating limits, locations of the reaction zone, temperature distribution, and radiation efficiency for PMC. Research shows that combustion stability in PMC is sensitive to LCIG gas components (e.g., H2 content), which relates to changes in certain critical combustion characteristics, primarily laminar flame speed and adiabatic flame temperature [33]. Porous medium burners yield both high power density and low pollutant emissions. However, the influence of porous media materials and shapes, and their distribution on PMC performance is significant, which still necessitates further study. Recently, Al-Hamamre et al. [34] compared SiC and Al2O3 porous structures and discovered that compared to Al2O3, the use of SiC increases the propensity of flashbacks due to its superior radiation characteristics. Some new porous media structures [15] and air preheating methods [35] have also received considerable attention.




3.2. Flameless Combustion


Flameless combustion is defined as a combustion regime for which the flame is invisible, stable, with high combustion efficiency, low temperature gradients, and emits very few pollutants (CO and NOx) [25]. Figure 1 shows the flameless combustion regime as a function of the recirculation rate and temperature of the reactants [26]. As shown, the flameless combustion regime can be distinguished as a regime that operates at high temperatures of diluent, and at relatively low oxygen contents (direct consequences of recirculation/dilution). When the O2 concentration is quite low (12% or below), flameless combustion is possible only if the reactants are above the auto-ignition temperature of the mixture.



In order to achieve a flameless combustion regime, the following three steps are often necessary [27]:




	(1)

	
Produce a stable flame and operate the combustor in the classic flame mode. Continuously increase the combustor temperature until it exceeds the fuel’s auto-ignition temperature;




	(2)

	
Increase the velocity of inflowing reactants, in order to raise the recirculation ratio, which causes the flame front to vanish and the mean temperature of the combustor to drop;




	(3)

	
Diminish the visible and audible flame, and the reaction region spreads towards the downstream of the combustor. The whole combustion chamber enters flameless combustion mode.









With the benefits of flameless combustion, low calorific industrial gases can be efficiently combusted in the flameless mode. Recently, many studies have been reported in this area. Results show that an increase in hydrogen in LCIG increases the high-temperature region of the flameless combustion field. A reduced oxygen level in LCIG facilitates the formation of flameless combustion [28]. Investigations on NOx emission in the flameless combustion of LCIG demonstrate that the NNH path for the low oxygen concentration (3%) and the thermal NOx mechanism for the high oxygen concentration (21%) are the most prevalent NO generation pathways for burning LCIG. When the oxygen concentration is between 3% and 21%, the most prevalent NO generation pathways are the NNH route for hydrogen concentrations up to 5%, the CO2 path for hydrogen concentrations from 5% to 10%, and the thermal NOx mechanism for hydrogen concentrations greater than 10% [36].




3.3. Oxy-Fuel Combustion


The oxy-fuel combustion strategy [37] is a common technology used for the efficient combustion of low calorific industrial gases, and is widely applied in various combustion systems to capture CO2 and control NOx emissions. In this approach, oxygen is used as the oxidant for burning LCIG rather than air. Thus, the laminar flame speed increases, the heat release rate increases, the flammability limit is widened, and NOx emissions are greatly reduced, as shown in Figure 2.



Numerous research has been reported on various aspects of oxy-fuel combustion technology, such as flame temperature, flame instability, the radiation impacts of CO2, and pollutant emissions, and attempts are being made to commercialize this technology through full-scale application [38]. The examination of flame instability diagrams as a function of the inflowing reactant velocities, thermal power, oxygen concentration, and preheated temperatures can reveal the flame instability limits and the stable combustion regimes attained under various oxy-fuel combustion circumstances. To improve thermal efficiency and LCIG flame stability, oxy-fuel combustion with fuel and/or oxygen preheating can be used to recover heat from the flue gas [37]. In this case, the oxy-fuel flame properties are significantly enhanced without using a high-calorific-value fuel. Considering the high flame temperature of oxy-fuel combustion, it is prone to produce a large variety of NOx when burning LCIG, since LCIG usually contains significant N2 content. Using O2/CO2 mixtures as the oxidant for oxy-fuel combustion is an effective solution [38]. It can reduce the flame peak temperature, leading to a dramatic reduction in NOx emissions. In the practical application of oxy-fuel combustion, pure CO2 is difficult to obtain. Considering that the flue gas contains a large amount of CO2 and H2O, the flue gas recirculation (FGR) strategy is widely used in the oxy-fuel combustion of LCIG. Due to the large specific heat of H2O, the flame temperature can be decreased more significantly using wet flue gas. Research results showed that even at a low H2O content in the flue gas, NOx emissions could be decreased by approximately 50%. When oxy-fuel combustion is combined with staged combustion strategy, NOx emissions can be further reduced.




3.4. Dual-Fuel Combustion


Another popular and common way for LCIG combustion is dual-fuel combustion [39]. This method increases the calorific value of the LCIG by adding high-grade fuel, or by burning the inflowing reactant in two stages; a high-calorific-value fuel is used to stabilize the flame during the combustion of LCIG–air mixtures. The high-calorific-value fuels commonly used in dual-fuel combustion include gasoline, diesel, hydrogen, methane, propane, etc.



The heat released In dual-fuel combustion comes from both high-calorific-value fuel and LCIG. On the basis of efficient combustion of LCIG, dual-fuel combustion aims to reduce the use of high-calorific-value fuel. To that end, the appropriate amount of high-calorific-value fuel to be used throughout the whole power range of operating circumstances must be limited in order to decrease specific high-calorific-value fuel consumption, and to provide efficient combustion performance at varying LCIG loads.



In traditional LCIG burners, dual-fuel combustion, on the one hand, supplies high-calorific-value fuel in the pilot stage, forming a stable high temperature zone and ignition source. On the other hand, LCIG is supplied in the main stage, which releases a lot of heat after ignition by the pilot flame. Internal combustion engines are the main subject of recent dual-fuel combustion research. Compression ignition (CI) engines [29,40], spark ignition (SI) engines [41,42], and direct injection spark ignition (DISI) engines [30,43] have been studied experimentally and numerically under LCIG operating circumstances. Such engines’ emissions and performance have been thoroughly examined and evaluated. In CI engines that burn biogas and diethyl ether, for example, biogas with a high methane concentration may successfully substitute diethyl ether and contribute up to 60% of total energy input. In SI engines, hydrogen blending with syngas increases flame speed and decreases distortion, resulting in flames that evolve closer to the spark plug. Blending methane with syngas increases CO and CO2 emissions, while potentially lowering NOx and unburnt hydrocarbon emissions. However, due to the complexity of dual-fuel combustion, more research in this area is still needed. The review papers of Mustafi et al. [44] and Qian et al. [45] provided comprehensive descriptions of the applications of biomass gas in internal engines, including effects of cylinder pressure, air-fuel ratio, engine life, engine knock, and engine emissions.





4. Technical Challenges


Fluctuating compositions and high concentrations of inert components in LCIG provide significant challenges in achieving stable combustion. The main technical challenges faced in the practical applications of burning LCIG include oscillating combustion, pollutant emissions, and system optimization.



4.1. Oscillating Combustion


Influenced by the production process of LCIG, the gas components and gas flow rates in the combustion chamber fluctuate obviously, which is prone to cause oscillating combustion [46,47]. Meanwhile, when there is a fuel switch during the combustion process, this causes dramatic changes in the gas composition, which lead to complex chemical kinetics and combustion instability [48,49].



For example, in the Shiheng steel plant of China, oscillating combustion of a hot air heater burning LCIG may result from the intrinsic interaction between mixing, kinetics and heat loss, inflowing flow rate and calorific value fluctuations, superposition of inflowing reactant fluctuations, and fuel switching, as shown in Figure 3 [48]. For the first type of LCIG oscillating combustion with high H2 concentration, periodic fuel burnout, fuel replenishment, and ignition processes result in an oscillating temperature of 28 K at 20 Hz in an industrial hot air heater, due to the intrinsic interaction between mixing, kinetics, and heat loss. The second type of oscillating combustion phenomena occur from the passive response to inflowing flow rate fluctuations and calorific value fluctuations. The superposed inflowing reactant fluctuations cause the phenomena of fuel burnout, fuel replenishment, and ignition in the third type of LCIG oscillating combustion. The most complicated oscillating combustion phenomenon is caused by the combination of chemical dynamics and abrupt composition variations in the fourth type of LCIG oscillating combustion during the fuel switching process.



Oscillating combustion has adverse effects on the combustion system, causing severe vibration of the combustion system, or increasing the generation of pollutant emissions. Thus, optimizing combustion organization and suppressing oscillating combustion are the core issues in designing LCIG combustion systems. In recent years, many scholars have made great efforts to develop oscillating combustion prediction models of LCIG [49,50,51], and to construct effective active control methods to eliminate or suppress the oscillating combustion in LCIG combustion systems [52,53].



For the oscillating combustion prediction of LCIG, prediction models for specific LCIG combustion scenarios have been proposed. For example, a prediction model using the nonlinear autoregressive moving average method (NARMAX) and neural network method was established to predict the long-term oscillations of LCIG combustion, which had been verified to be effective for the above four types of LCIG oscillating combustion [49,50]. Furthermore, this prediction model was optimized and accelerated using the active subspace method to meet the requirements of the oscillating combustion controller. Another 0D prediction model [51] was constructed to determine the autoignition and combustion mechanisms as well as the components of LCIG during the oscillating combustion of internal engines. For the active control strategy of LCIG, the core purpose of the control system is to ensure the stability of LCIG combustion. Since the H2 content in LCIG resulted in a high flame speed and combustion instability, an automatic controller [52] and an interactive controller [53] were developed to monitor whether the flame spreads to the fuel and air supply pipeline, and blocks flame propagation to restore a stable operating range by blowing the flame out of the supply pipeline without extinguishing the flame, thereby avoiding structural destruction of the fuel burner, and decreasing the time required to shut down the LCIG combustor.



Although there are prediction models and control strategies applicable to LCIG oscillating combustion, their adaptability and robustness are limited under the influence of complex LCIG components and diverse combustion scenarios. Prediction and control models with strong universality still need to be developed in the future, and the effectiveness of these models should be verified and improved in the specific LCIG combustion systems.




4.2. Pollutant Emissions


Previous findings [54] indicated that NOx emission levels in LCIG combustion varied dramatically, and depended a lot on both the specific combustion apparatus and its operating circumstances; in addition, emission levels depended on the quantity of fixed-nitrogen pollutants in the LCIG. The principal sources of CO during the combustion of LCIG were unburned CO in the LCIG and CO products from the incomplete combustion of carbon-containing components in the LCIG.



There appeared to be a trade-off relationship between NOx emissions and CO emissions for burning LCIG [55]. For example, under the dual-fuel combustion of internal engines, the emissions of NOx, CO2, and particulate matter significantly decreased. However, the hydrocarbon and CO emissions may become several times larger. Therefore, in order to ensure efficient combustion of LCIG, limiting the two main pollutant emissions of NOx and CO is a major challenge in the application of LCIG combustion.



A variety of methods can be used to limit the pollutant emissions of LCIG. For CO emissions, dual-fuel combustion can significantly improve the flame temperature to reduce CO emissions [56,57]. For NOx emissions, both in-furnace and post-combustion control methods can be applied [58,59]. Low NOx burners, fuel and/or air staging, flue gas recirculation (FGR), and water dilution are examples of in-furnace control technologies. Selective non-catalytic reduction (SNCR) and selective catalytic reduction (SCR) are two post-combustion control procedures that require the injection of a reagent such as ammonia or urea. For fuel NOx management, fuel and/or air staging is the most effective approach, which may be achieved by physical staging (supplying oxidant in sections to regulate the local equivalence ratio) or aerodynamic staging (adjusting the space location of fuel and air mixing through jet, swirl, bluff body, etc.). Flue gas recirculation and water dilution are two typical strategies used for limiting peak flame temperatures inside the combustion chamber for thermal NOx reduction. Water dilution takes heat from the flue gas by vaporizing the water, whereas flue gas recirculation decreases peak flame temperatures by blending the reactant mixture with the flue gases.



Despite the above methods to suppress CO and NOx emissions during LCIG combustion, it is still difficult to achieve low pollution emissions under low load conditions, load switching conditions, and parameter fluctuation conditions. Therefore, on the one hand, it is necessary to further develop combustion strategies that consider both high efficiency and low pollutant emissions. On the other hand, reducing the component fluctuation and parameter fluctuation (pressure, flow rate, etc.) of LCIG in the supply process is equally important.




4.3. System Optimization


Considering the complex composition of LCIG and fluctuations in the gas supply pressure and flow rate, the parameters of different LCIG in the previous combustion strategies are significantly different. The combustion parameters of LCIG for specific application scenarios need to be optimized, which often requires a lot of experimental tests or numerical simulations. For example, in porous media combustion of LCIG, the material, size, and distribution of porous media are the core parameters to be optimized, because the flame temperature usually increases first and then decreases with increasing of porosity and pore density. The smaller pore density and the larger porosity of the porous media have great benefits for the quick startup of burning LCIG [60,61].



In view of the differences in thermodynamic characteristics of LCIG, several optimization methods for combustion parameters of LCIG have been proposed, which have important guiding significance for the efficient combustion of LCIG [62,63]. For example, LCIG were burnt in specific burners with a strong swirl nozzle in the incinerator combustion system of Dagang Petrochemical of China, as shown in Figure 4. A combustion state regulation strategy combined with an active subspace method was proposed to identify the optimal regulation path of combustion parameters, in order to increase the combustion state index [62]. In this regulation strategy, the combustion state index of LCIG was calculated with the non-adiabatic perfectly stirred reactor (PSR) model, which could further obtain the complete steady-state solution with the arc-length continuation method in the temperature–residence time parameter space. This combustion state index could quantitatively indicate the stable operation region of burning specific LCIG. The operating parameters of LCIG burners were optimized by another efficient algorithm [63] that adopted the heat recirculation rate and the thermal efficiency as the evaluation indicators, including the equivalent ratio (chemical parameter), Reynolds number (aerodynamic parameter), and gas channel number (geometrical parameter). Recently, other models based on LCIG combustion characteristics [64,65,66] have also been proposed, and demonstrated successful optimization of combustion parameters in burners and engines.



Although there are many strategies for optimizing the geometric structure and operating parameters of LCIG burners, these strategies can only be used to optimize specific combustion systems. When the combustion system considers heat loss and parameter fluctuations, the difficulty of system optimization further increases. At present, a large number of numerical and experimental studies are still needed to promote the development of universal optimization methods for LCIG combustion systems.





5. Conclusions


The large amount of low calorific industrial gas in China offers great opportunities for mitigating the demand on hydrocarbon fuel and reducing extra CO2 emissions. The combustion characteristics of LCIG are sensitive to H2 content, are and significantly different from those of traditional fuels in the following aspects:




	(1)

	
Low combustion efficiency;




	(2)

	
Narrow flammable range;




	(3)

	
High combustion instability.









The efficient combustion strategies of low calorific industrial gas for practical applications are mainly the following:




	(1)

	
Porous media combustion;




	(2)

	
Flameless combustion;




	(3)

	
Oxy-fuel combustion;




	(4)

	
Dual-fuel combustion.









At present, the key technical challenges for the efficient combustion of low calorific industrial gas include the following:




	(1)

	
Mitigation of oscillating combustion;




	(2)

	
Reduction in pollutant emissions;




	(3)

	
Optimization of operating conditions for fuel flexibility.









In order to address the variability in LCIG composition and industrial operating requirements, further studies are needed in the following aspects:




	(1)

	
Fundamental combustion characteristics under the industrial operating conditions;




	(2)

	
In situ adaptive control for burning LCIG;




	(3)

	
Optimization of LCIG combustion during operation.
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Figure 1. Schematic of different combustion regimes. 
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Figure 2. Effects of oxy-fuel combustion on combustion characteristics. (a) laminar flame speed; (b) adiabatic temperature. 
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Figure 3. LCIG oscillating combustion in the Shiheng steel plant of China. (a) hot air heater body; (b) LCIG burner; (c) first type oscillation; (d) second type oscillation; (e) third type oscillation; (f) fourth type oscillation. Reprinted from Ref. [48]. 
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Figure 4. LCIG oscillating combustion in the Dagang incinerator system of China. (a) LCIG burner; (b) temperature contour from CFD; (c) temperature evolution calculated from PSR; (d) optimal regulation path of combustion parameters. Reprinted from Ref. [62]. 
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Table 1. Typical compositions and key characteristics of LCIG compared with methane.
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Fuel

	
Methane

	
Biogas

	
Syngas

	
COG

	
BFG






	
Volume fraction (%)

	
H2

	
/

	
/

	
9

	
62

	
5




	
CH4

	
100

	
52

	
7

	
28

	
/




	
CO

	
/

	
/

	
14

	
6

	
23




	
CO2

	
/

	
40

	
20

	
4

	
23




	
N2

	
/

	
8

	
50

	
/

	
49




	
Calorific Value (kWh/m3)

	
9.94

	
5.17

	
1.44

	
4.75

	
0.95




	
Density (kg/m3)

	
0.67

	
1.20

	
1.18

	
0.38

	
1.27




	
Stoichiometric mixture fraction Zs (/)

	
0.34

	
0.48

	
0.20

	
0.24

	
0.88




	
Ignition delay time at 1200 K (ms)

	
45.50

	
51.90

	
0.93

	
0.32

	
0.15




	
Laminar flame speed (cm/s)

	
38.28

	
21.82

	
14.85

	
80.07

	
8.95
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Table 2. Typical composition ranges of LCIG.
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Fuel

	
Biogas

	
Syngas

	
COG

	
BFG






	
Volume fraction (%)

	
CH4

	
55–65

	
8–12

	
20–30

	
0–3




	
H2

	
0–1

	
35–45

	
50–70

	
1–5




	
CO

	
/

	
20–30

	
9–20

	
20–30




	
CO2

	
35–45

	
15–25

	
0–5

	
15–25




	
N2

	
0–3

	
3–5

	
1–11

	
60–75
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Table 3. Overview of LCIG combustion strategies.
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	Ref.
	Strategy
	Fuel
	Operating Conditions
	Findings





	[24]
	Porous media combustion
	Biogas
	Material: SiC, ZrO2;

Porosity: 10 ppi.
	SiC foam offered:

Wider working conditions;

Higher radiation efficiency;

Lower emissions.



	[15]
	Porous media combustion
	Syngas
	Porosity: 10–50 ppi;

Heat recirculation.
	Gradually varied porous media enlarged the flame stability limits and decreased CO emissions.



	[25]
	Flameless combustion
	Syngas
	Inlet Reynolds number: 10,000–15,000;

H2 content: 10–80%.
	Syngas enriched with H2 in the flameless regime was insensitive to the oxidizer dilution and inlet Reynolds number.



	[26]
	Flameless combustion
	Syngas
	H2 content: 0–20%;

O2 content: 3–21%.
	H2 enrichment and O2 augmentation influenced the NO emission characteristics and the dominant NO production route.



	[27]
	Oxy-fuel combustion
	BFG
	Load: 25–180 kW;

Preheat temperature: 300–850 K;

O2 content: 10–100%.
	Flame instability decreased by reactant preheating, and flame structure was affected by O2 content.



	[28]
	Oxy-fuel combustion
	Syngas
	Load: 15–21 kW;

Pressure: 0–10 barg;

Flue gas recirculation.
	Heat flow rate increased by a higher H2O fraction, and radical H had a significant impact on the NOx and SOx emissions.



	[29]
	Dual-fuel combustion
	Biogas
	Compression ignition engine;

Compression ratio: 12–18;

Dual fuel: diesel.
	Brake power, brake thermal efficiency, and NOx emissions were reduced, and noise increased slightly.



	[30]
	Dual-fuel combustion
	Syngas
	Direct injection spark ignition engine;

Engine speed: 1500–2400 r/min;

Dual fuel: CNG.
	Late injection of syngas improved combustion performance and emissions. Low calorific value resulted in operational limitations for direct injection system
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