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The intermittent nature of solar energy limits its further deployment to applications where firm supply and constant output is required. While energy storage is a viable option to increase solar share, in itself is not sufficient without an additional dispatchable energy source. Combustion of both fossil-based and renewable fuels can provide the demand ready energy source required and lends itself to hybridization with tower based Concentrated Solar Thermal, CST, energy. The Hybrid Solar Receiver Combustor, HSRC, is a novel technology that integrates both sources of energy in one device and offers tangible benefits in increased solar share, thermal efficiency and reduced capital and operation costs. This paper reports a brief review of the different findings from experimental and computational research carried out at the Center for Energy Technology of the University of Adelaide into optimizing the HSRC design, developing the first-of-a-kind laboratory-scale HSRC unit and evaluating its performance under different fuels, operating conditions and modes of operation. It highlights the benefits and need for utilizing MILD combustion in the HSRC to match the heat transfer characteristics and stability required to achieve similar operational range and efficiency from both sources of energy. A 5-kWel xenon-arc solar simulator and the combustion of a wide variety of fuels are used as the energy sources. This paper reports on the effectiveness of MILD combustion under these conditions and in particular it discusses flame stability envelop and its relation to heat extraction, temperature and pollutant emissions. It also reports on thermal efficiency, heat losses and heat flux distribution within the cavity for all fuels and operating conditions. It is found that the HSRC thermal performance is similar under the three operation modes (solar, combustion, and combined) and that operating under MILD combustion mode allowed fuel flexibility, homogeneous heat distribution and very low emission of NOx and CO. Also found that H/C ratio plays a minor role in the radiated energy to the heat exchanger within the cavity. Future research and further technology development need is also discussed in this paper.
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INTRODUCTION

Concerted effort has been spent on carbon abatement from the energy generation sector over the last two decades. The majority of the investment has targeted the power generation sector as it accounts for more than third of carbon emission (IEA, 2018). Renewable power from wind, solar PV, and hydro have made a tangible impact on carbon emission worldwide. Multiple agencies have predicted that almost all of electricity generation will be carbon neutral by the year 2050, consistent with meeting current commitments to COP21 (http://www.cop21paris.org). However, decarbonizing the power sector alone will not be enough to keep the CO2 level in the atmosphere below 350 ppm to prevent the atmosphere temperature from rising above 2 degrees (https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement). Hence, beyond electrical energy, the two major energy sectors that should be targeted are the industry and transport sectors (Philibert, 2017). Philibert (2017) notes that electricity makes up to 26% of industry needs and the rest is in the form of thermal energy, almost half of it is at temperatures above 400°C. Similarly, transport is a major contributor to carbon emission, and while electric vehicles are likely to play a role in the light duty transport market, alternative fuels that can utilize existing internal combustion technologies will also be needed. The above highlights the need for generating renewable thermal energy at temperatures above 400°C and the production of alternative renewable fuels to replace fossil fuels.

Concentrating Solar Thermal (CST) technologies are promising avenues to generate high temperature thermal energy as well as alternative fuels, termed solar fuels (Kodama, 2003; Romero and Steinfeld, 2012; Agrafiotis et al., 2014). CST inherent intermittency is incompatible with industry needs of firm dispatchable supply and processes that require constant operating conditions (Jafarian et al., 2013, 2014). Thermal energy storage is one avenue to store heat using molten salts, phase change material or sensible energy storage. Thermal storage in locations of excellent solar resource can double the solar share from 20 to 40% (Nathan et al., 2017, 2018). Nonetheless, storage alone will never be sufficient to guarantee firm supply from a CST system, without solar multiples of more than 50 times, even at the best solar locations (Kueh et al., 2015). This finding highlights the need for the coupling of CST systems with other dispatchable source of energy to guarantee firm supply and constant output. Nathan et al. (2014) proposed the concept of combining CST and combustion as a means to solve this problem. The “hybrid” system capitalizes on CST low CO2 emissions feature and harnesses stored chemical energy in fuels via combustion. This allows to use CST when needed while also encompassing the utilization of a wide range of fuels (including alternative, renewables low-carbon, and/or carbon-free fuels) and technologies able to offer a trade-off between the net cost and the net level of CO2 mitigation.

The Hybrid Solar-Receiver-Combustor (HSRC) concept is a cost-effective and efficient method to utilize combustion to compensate for the variability and intermittency of the solar resource for applications in high-temperature processes (Nathan et al., 2014). Of the possible CST technologies available, the tower system with a large heliostat field and a cavity receiver are the most suitable to achieve the required high temperature and to contain the combustion products and achieve exhaust heat recovery. Cavity receivers trap the radiation via the aperture and reduces re-radiation inherent in tubular and bill-board style receivers (Goswami and Kreith, 2007). This single device concept allows three modes of operation namely; solar-only, combustion-only and a mixed-mode. A sketch of the HSRC concept is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Schematic diagram of the conceptual design of the Hybrid Solar Receiver Combustor, HSRC. Adapted from Lim et al. (2016a).


Lim et al. (2016a,b,c, 2017a,b) have identified an HSRC configuration that achieves similar thermal performance in the combustion-only mode to that of a stand-alone combustor through an efficient use of the sensible heat from the combustion products. They showed that such a system has the potential to lower the capital cost by up to 21%. They also estimated that the HSRC can achieve up to a 19% reduction (depending on the natural gas price) in the levelized cost of electricity relatively to an equivalent cavity receiver with a back-up, stand-alone combustor. This estimate could be low as it only considers, as stated by Nathan et al. (2017), “the first three of the following five potential benefits that were identified by Nathan et al. (2014), as being: (1) reduced heat losses by reducing the total area heat exchange surfaces; (2) avoided start-up and shut-down losses associated with the need to warm-up the combustion system prior to its use; (3) reduced total infrastructure by the need to construct only one device instead of two; (4) increased capacity to manage thermal shock associated with short-term fluctuations in solar resource by using combustion to compensate for any reduction in Concentrating Solar Radiation (CSR); and (5) potential to harvest the solar resource at a lower total flux, owing to the possibility of supplementing the solar resource with combustion”. While a movable shutter can be used to seal the aperture during combustion-only operations, the simultaneous use of both the solar resource and the fuel is needed to harness the potential benefits (4) and (5). This, in turn, results in a combustion process directly-irradiated by CSR. As highlighted by Nathan et al. (2017), “this is a unique combustion regime, given that CSR can readily achieve fluxes some three to five times higher than is found in conventional systems (2–4 MW/m2 compared with the 800 kW/m2 of a gas turbine). The radiation also extends right through the visible spectrum, while irradiation from combustion systems is typically dominated by the infra-red spectrum”. Therefore, new fundamental understandings of these interactions are needed to progress the technology development.

Dong et al. (2016) and Medwell et al. (2011) investigated the influence of CSR on the structure of laminar jet flames and in particular soot propensity. They found that most of the radiation is absorbed by the fuels, ethylene in this case, that peak soot volume fraction increased by up to 250% and that the overall soot volume fraction increased by 55%.

Based on the techno-economics work of Lim et al. (2016a,b,c, 2017a,b), Chinnici et al. conducted multiple studies (Chinnici et al., 2017a,b, 2018a,b,c, 2019a,b) to investigate design concepts of an experimental HSRC system that can work under a variety of fuels, is suitable to hybridization with CSR and achieves equivalent high thermal efficiency for all three modes of operation. Chinnici et al. (2018a) proposed the use of MILD combustion (de Joannon et al., 2012; Evans et al., 2017, 2019) in the cavity due to its stability, fuel flexibility, efficient use of low-carbon and carbon-free, renewable fuels (Derudi et al., 2007; Parente et al., 2008; Ayoub et al., 2012), low emission and enhanced and semi-homogenous heat transfer. This paper provides a review of the different findings from the experimental and computational research into optimizing the HSRC design and evaluating its performance under different fuels and operating conditions.



METHODS

This section describes in brief the methods employed by Chinnici et al. (2017a,b, 2018a,b,c, 2019a,b) in the design, development and testing of the first-of-a-kind HSRC unit. A combination of numerical and experimental analyses was performed with the aim to achieve a proof-of-concept of the HSRC technology while also advancing current fundamental understanding of MILD and mixed processes.

Computational Fluid-Dynamic (CFD) was employed both in the initial design optimization of the device (geometry, selection of the most appropriate combustion technology) and to better understand the influence of the two main modes of operation (combustion-only and solar-only) and fuel type on heat transfer, thermal performance and combustion characteristics within the HSRC. To this aim, a 3-D CFD RANS model of a HSRC unit was developed using commercial codes to identify an optimized configuration and to complement the experimental investigation. A Monte-Carlo ray tracing method was used to describe the heat transfer from CSR. The MILD process was modeled using the Eddy Dissipation Concept (EDC) for turbulence-chemistry interactions, simplified and detailed mechanism for the chemistry, and the Discrete Ordinate (DO) approach for the radiation. Additional details of the model set-up and mesh can be found in Chinnici et al. (2017a,b, 2018b). In the design stage, the influence of several geometrical and operating parameters on the performance of the device was assessed to identify an optimized HSRC configuration for further experimental tests. In particular, the influence of the length-to-diameter (L/D) cavity ratio, the shape of the outlet section of the cavity, the annular jet arrangement, the heat exchanger (HX) design, and the type of combustion mode (conventional vs. MILD) were investigated. In a second stage, the CFD model of the optimized HSRC configuration was validated against experimental data and further numerical analysis was carried out to better understand the heat transfer mechanisms within the device.

Based on the initial design optimization, a 20 kW laboratory scale MILD HSRC (Figure 2) was developed, built and tested. All the details of the experimental set-up and rig can be found in Chinnici et al. (2018a), so that only the key features are summarized here. The device retains all the characteristics of conventional tubular solar receivers, i.e., an insulated cavity (with a length-to-diameter cavity ratio, L/D = 3) with an opening to allow CSR into it, and a heat exchanger (HX) carrying out the heat transfer fluid, HTF (air). In addition, the device features a combustor with a unique annular jet arrangement (Long et al., 2017, 2018a,b), which generates an intense recirculation of hot products needed for the establishment of the MILD regime, and a conical outlet section for the exhaust. For solar-only operations, the aperture was open while it was sealed by a conventional swirl burner (used to pre-heat the cavity prior to switch to MILD combustion) for combustion-only and combined modes (Chinnici et al., 2018a). A 5 kWel xenon-arc solar simulator and the combustion of a wide variety of fuels, namely natural gas (NG), liquefied petroleum gas (LPG), hydrogen (H2), and their blends (H2/NG, H2/LPG with different H2%) were used as the energy sources for the three modes. The total power input, Pin, the equivalence ratio, ϕ, and the total HTF flow rate (QHTF) were varied in the range 10–20 kWth, 0.8–1, and 150–1,000 slpm, respectively. Table 1 summarizes all the key operating conditions investigated by Chinnici et al. (2017a,b, 2018a,b,c, 2019a,b).


[image: Figure 2]
FIGURE 2. Schematic diagram of the 20-kW laboratory-scale MILD HSRC showing left) a side-view and right) an end-view. Adapted from Chinnici et al. (2018a).



Table 1. Experimental operating conditions for all the modes of operation investigated by Chinnici et al.
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The device features a series of N-thermocouples to continuously measure the inner wall cavity temperature, the total heat transfer rate through each section of the HX, the total heat extracted from the HX as well as the total and specific (radiative, convective, conductive) heat losses. A portable gas analyser was also employed to continuously monitor the composition of the exhaust stream. Details of these measurements together with their accuracies and definition of warm-up and steady-state conditions can be found in (Chinnici et al., 2018a).

To assess the performance of the device for each case investigated, Chinnici et al. defined an “absorption efficiency” (ηabs), i.e., the ratio of the heat absorbed by the HX to the total thermal input. To assess the effects of heat recovery on the performance of the device, they also defined a “potential thermal efficiency” (ηth), assuming that 80% of the sensible heat in the exhaust stream is recovered. The energy balance of the system for each mode, together with the details regarding the measurements and calculations of each efficiency and heat loss terms can be found in Chinnici et al. (2018a, 2019b).



KEY RESEARCH FINDINGS

As discussed in section Methods, the research into the HSRC and its operation involved initial design optimization and experimental testing. This section presents the key findings from the experimental and computational research into optimizing the design and evaluating the HSRC performance under different fuels and operating conditions at laboratory-scale. The experimental rig described in section Methods was used to investigate the effect of mode of operation, fuel type and heat extraction on the stability and thermal performance characteristics of the device.


Computational Analysis
 
Influence of Geometry and Modes of Operation on Performance

The geometrical parameters are essential for achieving the desired thermal efficiency and operation flexibility of the device. The reasons for this dependency relates to the importance of high rate of recirculation and reactants injection separation to achieve MILD combustion conditions. It also relates to the different heat transfer modes between the solar resource (radiation) and combustion (mostly convection). Ensuring the capture and distribution of solar radiation as well as the enhanced recirculation rate for MILD combustion requires careful selection of the aspect ratio of the diameter and the length of the device.

Figure 3 presents the combined effects of varying the length-to-diameter cavity ratio (L/D, for a fixed D), outlet shape (with and without cone), and mode of operation (MILD, conventional combustion, and solar-only mode) on the calculated thermal performance of the device, employing NG as fuel. Here, Pin was fixed to 12 kW for all cases (with ϕ = 0.9 for combustion operations) and a fixed temperature (Tcoil = 1,000 K) was applied as boundary conditions to the HX. It can be seen that the cavity length strongly influences the performance of the device. In particular, it was found that, for a conical outlet section, relatively long cavities (L/D ≥ 3) are required to achieve similar performance under the different modes while for all the other configurations the values of ηth were predicted to be lower for combustion operations than for the solar-only modes. This because, for combustion-only and mixed operations, the predicted values of the heat losses due to the unrecovered heat from the exhaust are greater than the convective heat losses under solar-only mode. Also, it can be seen that the shape of the outlet section is a key design parameter. In particular, for HSRC geometries with a circular outlet section, a cavity of sufficiently length (L/D > 5) is needed to achieve similar performance under the different modes. This because the use of a conical outlet enhances the recirculation of hot products into the device, which leads to an increase in the convective heat transfer rate. Figure 3 also shows that, for a fixed HSRC geometry, the MILD regime provides a better match with the solar-only mode in terms of performance in comparison with conventional combustion processes.


[image: Figure 3]
FIGURE 3. Calculated values of the thermal efficiency, ηth, as a function of the length-to-diameter cavity ratio, L/D, by varying the shape of the outlet section, mode of operation and combustion type (MILD vs. conventional).


Figure 4 presents the influence of the air jets arrangement on the calculated value of the recirculation rate factor, Kv (Chinnici et al., 2017b), for MILD operations and for a fixed value of L/D (L/D = 3) and shape of the outlet section (conical). Here, the azimuthal angle of the air jet, β, was varied while fixing its inclination angle (α = 30°). It can be seen that the design of the annular burner arrangement significantly influences Kv, and hence the recirculation of hot products within the device and the rate of convective heat transfer. In particular, it was found that the maximum peak value of Kv (6.3, which is a value higher than that of conventional MILD burners) was generated for a value of β = 5°. This configuration also features a value of Kv > 3 for more than 35% of the device length. Therefore, this burner configuration was selected for further experimental investigation.


[image: Figure 4]
FIGURE 4. Calculated values of the recirculation rate factor, Kv, along the x-axis of the device, by varying the azimuthal angle (β) of the air jets, and for a fixed value of the air jet inclination angle (α). The case refers to MILD operations (fuel = NG) with L/D = 3 and a conical outlet.


Overall, the numerical analysis of the device indicates that the geometry design and the selection of the combustion regime are critical parameters that need to be taken into account to identify suitable, optimized HSRC configurations for which similar performance can be achieved in the different modes of operation.



Heat Transfer Analysis of MILD and Solar-Only Modes

To further assess how the mode of operation and composition of the fuel influence the dominant heat transfer mechanisms within the device, Table 2 reports the calculated values of the radiative ([image: image]), convective ([image: image]), and the total rate of energy absorbed by the HTF pipes, for solar-only operations (Pin = 12 kW, inlet peak flux = 1 MW/m2), and for five fuels (NG, LPG, H2, NG/H2 = 1/1 v/v, and LPG/H2 = 1/1 v/v) under MILD operations (Pin = 12 kW, ϕ = 0.9), for the optimized laboratory-scale HSRC configuration. The calculated values of ηth, mean absorption coefficient, αg, and normalized emissive source term, [image: image], are also reported. Here, Tg is the mean gas temperature within the cavity and the subscript r represents reference values (Tr = 298 K and ag, r = 1 m−1). It can be seen that the majority of the energy input is transferred by radiation under solar mode and by a combination of radiation and convection under MILD combustion. For combustion operations, the ratio [image: image] was found to be >1 for all the cases investigated. For the H2 case, the calculated values of [image: image] and Re were greater than those of LPG, NG, and fuel blends cases. This because of a higher flame temperature, despite a lower value of αg (Chinnici et al., 2018b). In addition, the NG case features the smallest value of Re (despite αgbeing the lowest) due to the lower adiabatic flame temperature (the emissive power is a function of Tg4). For the NG case, a higher value of [image: image] was calculated in comparison with the other cases, “owing to a greater inlet air jet momentum, which, in turn, leads to an increase in the recirculation rate” (Chinnici et al., 2018b). Overall, the analysis highlights that, for the geometry and operating conditions investigated, the H/C ratio of the fuel stream plays a minor role in the radiated energy to the heat exchanger within the cavity under MILD operations. This is mainly because the calculated mean equivalent optical length is relatively small (~0.2 m).


Table 2. Calculated values of the average absorption coefficient, ag, normalized emissive source term, Re, convective and radiative heat transfer rates, and thermal efficiency for all the cases analyzed here (Pin = 12 kW, ϕ = 0.9, boundary conditions HTF coils: Tcoil = 1,000 K).
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Experimental Analysis
 
Influence of Mode of Operation and Fuel Type on Wall Temperature, Heat Flux Distribution, and Pollutants Emissions

Figure 5 presents the axial distribution of the normalized wall temperature (inner layer), Tc/Tc, max, and normalized heat flux through the HTF coils, Q/Qmax, for combustion-only (MILD and conventional combustion), solar-only and mixed mode (MILD and solar simultaneously), for a fixed value of Pin (12 kW for combustion operations), ϕ (0.9) and QHTF (150 slpm), and for the NG case. Here, Qmax and Tc, max are the maximum peak of the heat flux and wall temperature, respectively. It can be seen that the combustion-only and solar-only modes feature two different heat flux distributions, indicating that there is a need to manage the challenges associated with it (e.g., thermal stresses on HTF pipes). Nevertheless, it can also be seen that the MILD regime features a relatively uniform flux, and that this characteristic is also preserved under mixed conditions. That is, the use of a MILD process reduces the risk associated with hot spots within the HSRC for both combustion and combined operations in comparison with conventional combustion processes.


[image: Figure 5]
FIGURE 5. Axial distribution for all modes of operation of (A) the wall cavity temperature normalized by its maximum value, Tc/Tc,max , and (B) heat flux through HTF coils normalized by its maximum value, Q/Qmax. Conditions for combustion operations: Pin = 12 kW, ϕ = 0.9, QHTF = 150 slpm, fuel = NG. Data from Chinnici et al. (2018a,b, 2019b).


Figure 6 presents the measured values of Tc, Q under stable MILD and mixed operations, for a fixed HTF flow rate (QHTF = 150 slpm) and by varying the fuel type (Pin = 12 kW and ϕ = 0.9). It can be seen that, regardless of the composition of the fuel and mode of operation, the cavity features uniform heat flux and temperature distribution. The substitution of NG with LPG or H2 leads to a relatively small increase in the measured values of Tc and Q (of up to 1.5 and 3.5%, respectively). In addition, the simultaneous addition of CSR and MILD combustion into the cavity does not alter the shape of the heat flux and wall cavity temperature. This indicates that the MILD regime of NG, LPG, H2, and their blends can be successfully established and sustained in a cavity collecting heat from multiple energy sources and in fluid/heat communication with the ambient through the aperture. It is worth noting that only a small fraction of ambient air (<10% of the inlet combustion air) was entrained into the device under mixed operations, for all the cases investigated.
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Figure 6. (A,C) Measured axial distribution of the wall cavity temperature, Tc, and (B,D) heat flux through the HTF coils, Q, for the MILD (A,B) and mixed (C,D) modes of operation, as a function of the fuel type, and for a fixed HTF flow rate (150 slpm), thermal input (Pin = 12 kW) and equivalence ratio (ϕ = 0.9). Data from Chinnici et al. (2018a,b); Chinnici et al. (2019a).


Figure 7 shows the influence of the mode of operation (MILD and mixed) and fuel composition on the NOx emissions, for a fixed value of Pin, ϕ, and QHTF (Pin = 12 kW, ϕ = 0.9, QHTF = 150 slpm). It can be seen that for stable MILD operations, ultra-low NOx emissions (<20 ppmv @ 3%O2) were measured for all the cases investigated. It can be seen that a variation in the fuel type only leads to a relatively minor change in the NOx emissions (the maximum NOx variation was ~6 ppmv, obtained by replacing NG with H2). Also, it was found that the NOx emissions exhibit almost a linear dependence on the percentage of H2 in the fuel stream. This trend is consistent with previous works in different MILD burner configurations. In addition, it can be seen that the presence of CSR does not alter the NOx emissions of the MILD process significantly. This further indicates that the fundamental characteristics of the MILD regime are preserved in the mixed mode. It is also worth noting that the CO emissions were <10 ppmv for all cases investigated, indicating that the residence time within the cavity is sufficient to enable complete conversion, and that the maximum recorded NOx value under MILD conditions was ~85% lower than that of conventional combustion (not shown).
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FIGURE 7. Measured NOx emissions for the MILD (A,B) and mixed (B) modes of operation, as a function of the fuel type, and for a fixed HTF flow rate (150 slpm), thermal input (Pin = 12 kW) and equivalence ratio (ϕ = 0.9). Data from Chinnici et al. (2018a,b); Chinnici et al. (2019a).




Influence of Mode of Operation, Fuel Type, and Heat Extraction on Thermal Performance and Heat Losses

Figure 8 presents the measured values of ηabs and ηth for the different fuels considered here, under MILD and mixed operations (Pin = 12 and 15 kW, ϕ = 0.9), and by varying QHTF. The measured performance for conventional combustion and solar-only operations are also reported for comparison. A comparison of ηth under the different modes highlights that the device can achieve similar performance (up to ~90%) in all modes, with a maximum outlet HTF temperature (Tmax, HTF) >750°C. This despite the energy sources (CSR, chemical energy stored in fuels) collected into the device being different in nature and featuring different heat transfer mechanisms. Also, the values of ηabs are higher for the MILD regime than those of conventional combustion (up to ~5%), and similar to those of the solar-only mode. For mixed operations, a net thermal gain was found in comparison with combustion operations. In particular, despite a slight decrease in ηth (~2%), the specific fuel consumption, i.e., the fuel consumption per unit of useful thermal output to the HTF (Chinnici et al., 2018a), was reduced by up to 20%. It can also be seen that, for MILD operations, the replacement of NG or LPG with H2 leads to an increase in ηabs, of up to ~9%. This difference is attributed to a higher radiative heat transfer rate (due to a higher cavity temperature) rather than the convection term. In fact, for the H2 case, the inlet jet air momentum is ~45% lower than that of LPG and NG, which, in turn, leads to a lower recirculation rate within the cavity (and hence, a lower rate of convective heat transfer).


[image: Figure 8]
FIGURE 8. Measured values of absorption (ηabs) and thermal (ηth) efficiencies for (A) the different modes of operation, and (B) the different fuel analyzed under MILD conditions. Data from Chinnici et al. (2018b).


To further assess the influence of the mode of operation on thermal performance, Table 3 reports the values of the total and specific heat losses for the MILD and mixed operations, for the different fuels investigated here (Pin = 12 kW, ϕ = 0.9, QHTF = 150 slpm). The values for the solar-only mode are also reported for comparison. For solar-operations, the convective heat losses represent the main loss, ~45% of the total losses due to the relatively low cavity temperature. For MILD operations, the sensible heat in the exhaust represents the main loss, ~70% of the total losses. For mixed operations, the additional convective and radiative losses are relatively low (~5% of the total losses), which further explains the thermal net gain in comparison with combustion-only operations. Also, the convective term is similar for both MILD and mixed operations, which indicates that only a small amount of ambient air is entrained into the cavity through the aperture under mixed mode (~2.5% of the combustion air), for the geometry analyzed here.


Table 3. Measured values of the heat losses for the different modes of operation and fuel analyzed, conditions for combustion operations: Pin = 12 kW, ϕ = 0.9, QHTF = 150 slpm.
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Influence of Mode of Operation, Fuel Type, and Heat Extraction on Stability Characteristics

Figure 9 presents the stability maps (ηabs-H2% domain) for both MILD and MILD-solar processes for all the fuels investigated here, and for different values of the heat extraction (for a fixed value of Pin and ϕ). It can be seen that, regardless of the fuel composition and mode of operation, the stability maps feature three distinctive regions. For low to moderate values of the heat extraction, the MILD process can be successfully stabilized within the HSRC, which features no visible flame, ultra-low NOx (<20 ppmv) and a uniform temperature field. An increase in the heat extracted leads to the occurrence of a dynamic behavior, which features temporal oscillations of species and temperature, appearance of a reddish-colored flame and high CO emissions (up to ~1,000 ppmv). This well-known behavior is attributed to an insufficient amount of enthalpy needed to stabilize the MILD process. A further increase in the heat extracted leads to the conditions Tout < Tself−ign (being Tout and Tself−ign the exhaust temperature and the self-ignition temperature of the mixture, respectively) or τign> τres (being τign and τres the ignition delay time of the mixture and the mean gas residence time within the cavity, respectively), so that the combustion process can no longer be sustained.


[image: Figure 9]
FIGURE 9. Experimental stability maps for combustion-only and mixed operations, and for (a) NG/H2 and (b) LPG/H2 mixtures (Pin = 12 kW, ϕ = 0.9). The deduced boundaries for each system behavior are based on ~100 data points for each fuel. Typical in-furnace images for stable MILD and dynamic behavior are also reported (photos taken during combustion-only modes with the aperture open prior to switch to mixed operations). Data from Chinnici et al. (2018b).


For both MILD and combined operations, it can be seen that the combustion process can be stabilized in a wider range of conditions by substituting NG with H2 or LPG (the extension of the dynamic region reduces of ~60 and ~20%, respectively, in comparison with the NG case). This is attributed to thermo-kinetic effects rather than thermal only (Chinnici et al., 2018b) since the cavity temperature varied of only ~2% by varying the fuel composition. In addition, it can be seen that either the addition of H2 or CSR to the MILD regime enhances the stability of the combustion process, shifting the instability limits toward lower operating temperatures and reducing the extension of the dynamic region.





CONCLUSIONS

The current paper provided a review of the design, development, and testing of the first-of-a-kind Hybrid Solar Receiver Combustor technology, carried out at the Center for Energy Technology of the University of Adelaide. The key findings from the research into the HSRC and its operation are as follows:

- Technology Development: Despite the different nature of the energy sources and their different heat transfer contributions (radiation-dominated for CSR, combination of radiation, and convection for the combustion process), similar thermal performance can be achieved under the different modes of operation, for a wide range of operating conditions and fuel type. The experimental investigation showed that a net thermal gain can be achieved for very low solar fluxes (~6%) under combined mode, with a maximization of solar harness relatively to conventional tubular receiver and ~20% reduction in the specific fuel consumption in comparison with combustion-only operations. This confirms that the economic benefits estimated by previous techno-economic analyses are realistic in terms of LCOE and fuel consumption reduction. The use of MILD combustion for combustion-only and combined operations allows fuel flexibility/switchability, homogeneous heat distribution, very low emission of NOx and CO, and a better heat transfer match with CSR in comparison with conventional combustion processes. Nevertheless, the heat flux distributions for the solar and combustion-only modes of operation are significantly different for the present configuration, indicating that an appropriate design of the combustor and solar concentrating optics is required to minimize these differences and develop suitable control strategies for large-scale applications.

- Fundamental understanding: The main features of the MILD regime (ultra-low NOx, uniform temperature) are preserved in the combined mode (regardless of the fuel composition), despite the addition of CSR to the process and the heat/mass transport into and from the cavity through the aperture. The stability analysis revealed that both MILD and MILD-solar processes can be successfully stabilized in a wide range of heat extraction values. Also, the combustion process can be stabilized in a broader range of operating conditions by either adding CSR or H2 to the MILD regime. Furthermore, it was found that H/C ratio of the fuel stream only play a minor role in the radiated energy to the heat exchanger within the cavity and pollutant emissions.



FUTURE DIRECTIONS

A review of the key findings and current understanding of the influence of CSR on a combustion process also highlighted the need for further research to support the technology development. Particularly, the available experimental data are limited to a very low value of the solar-to-fuel, S/F, ratio (<10%) so that new data are required to assess the performance of the mixed mode at medium to high S/F values (10–50%). Also, all the data were collected under no wind conditions, so that the effects of wind speed and direction on the performance and stability characteristics of the device are presently not available. This is critical as the wind significantly influences the convective heat losses within a solar receiver. Data under well-controlled conditions (wind tunnel) are required to fill in this gap and for model validation. The use of active controls (e.g., sealing gas systems) to mitigate the effects arising from wind should be also investigated prior to scale-up. Measurements under transients loading are also needed to assess the system response in terms of performance and mechanical/thermal stresses. The use of different alternative fuels (e.g., syngas, ammonia) under MILD and mixed operations needs to be investigated to further the understanding of the influence of the fuel composition on performance.

The analysis also showed that a cavity of sufficient length (L/D ≥ 3) is needed to achieve similar performance under the different modes of operation. The calculated difference in the heat transfer rate between MILD and concentrated solar radiation implies that a different combustion technology, featuring higher radiative heat transfer rates, and heat fluxes similar to those of CSR (e.g., infrared radiant burners), may be required for direct hybridization of very short cavities or for solar receiver design different from tubular receivers (e.g., billboard receivers).
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