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The integration of intermittent renewable energy sources into the electricity market requires flexible and efficient technologies that compensate for the fluctuating electricity demand. A circulating fluidized bed (CFB) boiler is a suitable solution due to its fuel flexibility, but the thermal inertia of the fluidized bed can have negative effects on the load following capabilities. This study investigates the influence of the operating parameters of the fire side on the speed of load changes on the waterside. Co-combustion of lignite, straw, and refuse derived fuel (RDF) was carried out. In a 1 MWth pilot CFB combustor fifteen load changes were performed with a varying step input of the primary air, the secondary air, and the fuel mass flow. The step input of the primary air had a large influence on the load ramps, as it strongly affects the solids concentration in the upper furnace. The step size of the fuel mass flow had a positive effect on the load change rate. Based on the results, concepts were developed to accelerate load ramping by controlling the hydrodynamic conditions and the temperature on the fireside.
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INTRODUCTION
The usage of renewable energy sources in the energy sector is necessary to mitigate climate change (Edenhofer et al., 2011). Fluctuating energy sources such as solar and wind play a decisive role in this context. The worldwide installed capacity of power from wind and photovoltaics increased from 183 GWel in 2009 (Paraschiv et al., 2014) to 1,096 GWel in 2018 (Renewables, 2019). These technologies have in common that they are not suitable for baseload operation due to their fluctuating electricity supply (Paraschiv et al., 2014). One way to integrate these intermittent energy sources into the energy market is to use conventional technologies that can provide electrical energy on demand. The demand for the ability of these technologies to perform faster load cycling operations will increase as the development of fluctuating energy sources progresses. Faster load changes become necessary and the minimum load of the technologies must be reduced. At the same time, the CO2 emissions of these processes should be as low as possible, i.e., they require high efficiency and they should be able to utilize fuels from renewable sources such as biomass and waste-derived fuels. Carbon capture processes such as chemical looping (Ströhle et al., 2014; Ströhle et al., 2015; Ohlemüller et al., 2017; Ohlemüller et al., 2018), calcium looping (Helbig et al., 2017; Hilz et al., 2019; Haaf et al., 2020; Ströhle et al., 2020), or integrated gasification combined cycle (Descamps et al., 2008; Cormos, 2012; Heinze et al., 2018; Heinze et al., 2019) can be used for this purpose, but retrofitting power plants or building new plants is costly and time-consuming.
CFB combustion of solid fuels can be a cost-effective and rapidly applicable option for this particular task. It is a highly efficient technology (Grace et al., 1997; Oka, 2003; Lockwood, 2013) and is suitable to combust solid fuels with very different mechanical, physical, and chemical properties (Walter and Epple, 2017; Peters et al., 2020). It can be used both on a small scale (Yates and Lettieri, 2016) for decentralized solutions and on a centralized level with an electrical power of up to 600 MWel (Jäntti et al., 2012; Lyu et al., 2019). CFB co-combustion of several fuels can reduce operating costs by responding to regional and seasonal fuel availability and has a large potential for CO2 emission reduction at low costs (Sami et al., 2001; Hansson et al., 2009; Werther, 2009; Al-Mansour and Zuwala, 2010). The most common approach for co-combustion is direct co-combustion (Al-Mansour and Zuwala, 2010; Basu et al., 2011), where the fuels are combusted in the same furnace, which causes low capital costs for retrofitting existing power plants.
The high fuel flexibility is made possible by a large proportion of inert particles in the fluidized bed, e.g., sand and ash. However, the high thermal inertia of this material slows down the load following capabilities of the plant (Lockwood, 2013). Modern CFB boilers are reported to have maximum load following capabilities of 4–7% MCR/min (maximum continuous rating per minute) (Mills, 2011; Lockwood, 2013), which is comparable to pulverized coal (PC) boilers. The start-up and shut down times are longer than for comparable PC boilers (Mills, 2011; Lockwood, 2013). Novel approaches must be developed to keep up with the constantly growing demand for faster load change rates. It has been found that the thermal inertia of the furnace refractory walls has a large impact on the transient behavior of the furnace (Park and Basu, 1997; Peters et al., 2020). When modeling a CFB combustor, the heat capacity and the thermal conductivity of the bed material must be modeled correctly to reflect the dynamic behavior (Zheng et al., 1997; Alobaid et al., 2020). This implies that the bed material is of great importance during load following operation. Concepts with thermal energy storage units were developed to utilize the storage capacity of the bed during load changes (Arias, 2016; Stefanitsis et al., 2020). Control strategies for the waterside were proposed to improve the transient operation of a CFB boiler (Henderson, 2014). Majanne et al. (Majanne et al., 2017) suggested using the energy storage capacity of the drum boiler to produce extra steam by a sudden decrease of the drum pressure. Beiron et al. (Beiron et al., 2019) investigated the settling times on the waterside in dependence of changes of the boundary conditions (e.g., heat input to the waterside) by numerical simulation. The carbon inventory inside the bed has a major impact on the load following capabilities of a CFB boiler, as it damps any changes in the fuel feeding rate. Gao et al. (Gao et al., 2017) and Tourunen et al. (Tourunen et al., 2003) proposed to take into account this carbon inventory as an energy storage to accelerate the boiler response time by a suitable control strategy, e.g., burning the carbon with additional primary air. The carbon inside the bed depends on the combustion conditions and can be adjusted e.g., by co-combustion of coal and biomass (high volatile content). Liu et al. (Liu et al., 2019) successfully tested the concept of adding pulverized coal to the CFB furnace during a load increase to accelerate the response time of the cold side.
Many studies investigate the behavior of the furnace during transient operation but do not examine how the operating parameters of the fireside determine the speed of the load change at the waterside. There is no study focusing on the impact of e.g., the fuel mass flow, the combustion air, or the fuel type on the load ramps. This study aims to fill this gap of knowledge by presenting CFB co-combustion experiments in pilot scale. The focus is on the heat transfer to the waterside in the furnace during dynamic operation and it is examined which operating parameters have the greatest effect on the transition phase between two steady-state conditions. Fifteen load changes with three different fuel mixtures were carried out with changing step inputs for the fuel mass flow, the primary air, and the secondary air. It is shown that the load changes can be accelerated by controlling the hydrodynamic conditions and the temperature inside the furnace.
EXPERIMENTAL
Experimental Setup
Figure 1 shows a flow diagram of the experimental setup. The CFB furnace has an inner diameter of 590 mm and a reactor height of 8.6 m. The insulating refractory of the furnace was designed according to industrial standards with a thickness of 355 mm. The reactor contains cooling lances, which can be inserted from the top. The immersion depth of these lances can be varied to keep the furnace temperatures in a suitable range for CFB combustion at thermal loads of up to 1 MWth. Solid particles are recirculated to the bottom of the furnace by a cyclone, a standpipe, and a loop seal. The combustion air was supplied at four positions. The electrically preheated primary air was injected via 30 nozzles through the nozzle grid to maintain homogeneous fluidization over the cross-sectional area. Air streamed through the start-up burner during the tests for cooling purposes and to prevent the backflow of particles into the burner unit. At the elevation of 2.74 m above the nozzle grid, the first secondary air injection was located. Additional secondary air was injected at 6.0 m height. Bed material was regularly extracted through the bottom of the furnace by a screw conveyor. Solid samples were taken regularly for analysis from the bottom ash, the circulating ash, and the fly ash.
[image: Figure 1]FIGURE 1 | Experimental setup–flow scheme of circulating fluidized bed combustor and periphery.
The flue gas and fly ash left the reactor through the cyclone and streamed to the flue gas path. After the cyclone, the content of the main gas components was detected with an NDIR (nondispersive infrared) sensor (CO2, CO, NO, and SO2) and a paramagnetic sensor (O2). Then, the gas was cooled in a two-path tube bundle and membrane wall heat exchanger unit. The flow rate of the flue gas was measured by a venturi. It entered the fabric filter at approximately 170 °C to separate the fly ash from the gas. FTIR units (Fourier-transform infrared spectroscopy) were installed before and after the filter to measure the main gas components (CO2, O2, H2O) as well as some minor species in the flue gas (e.g., CO, SO2, NOx, and HCl). The clean flue gas left the system to the atmosphere by an induced-draft fan and a stack. The ID fan maintained a constant pressure after the cyclone of around -1 mbar.
The solid fuels and sand entered the reactor via the return leg that connects the loop seal and the riser of the furnace. Three different fuel feeding systems were used for the fuels: crushed lignite, pelletized straw, and RDF fluff. The lignite was fed by a screw conveying system capable of transporting fuels with a size of up to 30 mm with a large volumetric flow rate. The straw pellet feeder was equipped with a twin-screw conveyor, which was able to dose difficult fibrous material due to its self-cleaning ability. The physical properties of RDF fluff were very inhomogeneous and it had a very low volumetric heating value. The RDF was fed by a speed-controlled conveyor belt, which was capable of dosing high volume flows of the fuel with strongly fluctuating physical/mechanical properties. All solid feeding systems were weighed to determine the mass flow by calculating the mass loss over time.
The temperatures, the pressures, the mass flow rates, and the gas composition were measured continuously inside the furnace, the peripheral systems and the flue gas path, to monitor the experiment. The relevant measurement devices and their location in the plant are listed in Table 1.
TABLE 1 | Measurement devices of the CFB pilot plant.
[image: Table 1]The flow scheme of the cooling system is shown in Figure 2. Relevant design parameters are presented in Table 2. The flue gas and particles were cooled inside the furnace by cooling lances. In the experiments, three of five cooling lances were immersed into the reactor at a depth of 6.0 m each. The mass flow of cooling liquid through the cooling lances and the flue gas cooler as well as the inlet temperatures of the cooling system was kept constant. The mass flow rate of liquid through the lances was measured twice before and after the cooling lances. The temperature of the cooling lances sub-system was measured several times: before the lances, at the outlet of each lance, and after the individual streams of the lances were combined again. The cooling liquid streamed downwards through an inner duct of the lances and was preheated thereby. From the bottom of the lances, the cooling liquid streamed upwards in the gap between the inner duct and the outer duct. The outer surface of this duct was in direct contact with the particles and gas inside the furnace. The subject of this publication is the heat transfer to the cooling lances in the furnace during dynamic operation. Therefore, the flue gas cooler is not described in detail here. After leaving the subsystems “cooling lances” and “flue gas cooler”, the liquid was cooled to a setpoint of around 110°C.
[image: Figure 2]FIGURE 2 | Flow scheme of the cooling system.
TABLE 2 | Properties of the cooling lances and cooling liquid.
[image: Table 2]Solid Fuels
The dynamic tests were conducted with three fuel mixtures, namely crushed lignite, a mixture of lignite and straw, and a mixture of lignite and RDF. Fuel samples were taken regularly during the tests and the samples were combined for analysis to have a representative test sample. The origin of the crushed lignite was West Germany. The straw originated from the North-Western part of Germany and contained plant residues of e.g., barley, wheat, oats, and rye. The RDF fluff was mainly produced from domestic waste and the main components were plastics, biogenic material (also paper/cardboard), and textiles. The analysis results are shown in Table 3. All fuels had a heating value of 10–15 MJ/kg, while other properties differ strongly. Nearly half of the lignite and RDF consisted of water, while the moisture content of the straw pellets was much lower. RDF and straw have a similar content of volatiles in the dry state of the fuels, which was significantly higher than for lignite. The lignite contained very little ash, while the ash content of straw and RDF were in an expectable range. The three fuels differed strongly in their size, shape, and density, which can potentially complicate the homogeneous fluidization of the fuels. The CFB combustion technology is particularly suitable for the co-combustion of such kinds of fuel mixtures with different properties.
TABLE 3 | Fuel properties (a.r. = as received, n.a. = not analyzed).
[image: Table 3]Experimental Procedure
One target of the experiments was to evaluate the parameters that have the highest influence on the dynamic behavior of the heat transfer inside the furnace during load following operation. Therefore, fifteen load changes were carried out with three different fuel mixtures: lignite, lignite and straw, and lignite and RDF. The series of load changes started for every fuel mixture at a thermal load of ∼60% (with respect to the maximum load: 100%). After a stabilization time, the load was increased to ∼80%. At the beginning of the load step, the overall combustion air (primary and secondary air) was adjusted according to the setpoint of the chosen load (e.g., 80% combustion air at 80% load). Simultaneously, the fuel mass flow was continuously adjusted to keep the excess air factor ([image: image]) at approximately 1.1. The fuel mass flow fluctuates over time due to its varying properties such as density, particle size, moisture content, or flow characteristics. Therefore, the excess air factor was subject to fluctuations, in particular shortly after adjusting the primary air. With the same procedure, a series of load steps was performed from 80 to 100%, to 80% to 60%, and to 100%. Exemplary for the three test series Figure 3 illustrates the procedure of the load change from ∼60 to ∼80% load for the co-combustion tests with lignite and straw. Figure 3A shows the setpoint changes for the fuel and air mass flow rates. Figure 3B presents the corresponding response of the bed temperature, the temperature at the reactor top, and the heat transfer to the cooling lances during this load increase. While the heat transfer increases according to the setpoint, the bed temperature decreases from 815 to 765°C, and the temperature at the top increases from 600 to 650°C. The bed temperature decreases due to the higher entrainment of bed particles at higher loads. The combustion reactions shift to the freeboard and the cooling of bed particles is more efficient because of increasing contact to the cooling lances and the walls of the furnace in the upper reactor. Peters et al. (Peters et al., 2020) describe in detail the temperature profiles at part load conditions and the corresponding influencing variables.
[image: Figure 3]FIGURE 3 | Experimental procedure: Load change from 436 to 568 kW load (lignite and straw co-combustion). (A) Step input (B) Step response.
The share of straw was kept in a range of 21–23%; the percentage is calculated based on the thermal load. The share of RDF in the tests was between 19 and 22%, except for the load change from 60 to 100% thermal load, where the share was approximately 16%. The pressure sensor directly above the nozzle grid at 0.11 m was used to control the inventory inside the furnace. Bed material was extracted every time the pressure reached 60 mbar. By this control strategy, the pressure was kept between 50 and 60 mbar. Table 4 shows the boundary conditions of the dynamic tests series with the three fuel mixtures.
TABLE 4 | Boundary conditions of dynamic test series with lignite, straw, and RDF.
[image: Table 4]Furnace Response to a Step Input
Exponential decay of a first order system can be used to model the response of a CFB furnace to load steps mathematically. The response can be described with the following equation:
[image: image]
[image: image] is the initial value and [image: image] is the final value of the examined variable [image: image], e.g., the temperature in the furnace or the heat transfer to the cooling lances. [image: image] is the characteristic time constant of the first order system. When the time [image: image] equals [image: image], 63.2% ([image: image]) of the overall response of the system is done. The time constant [image: image] is a suitable parameter to describe the response of the CFB furnace to a load step. The time constant can be determined by measuring the time it takes to reach 63.2% of the final value. Figure 4 exemplarily shows a step response of the heat transfer to the cooling lances to a certain step input (thermal load changes from 80 to 100%) with three different time constants.
[image: Figure 4]FIGURE 4 | Step input and step response of a first order system with exponential decay. (A) Step input (B) Step response.
Often the target during operation is to change the heat transfer to the cooling system as fast as possible to adjust the electrical input/output of the boiler during fluctuating electricity demand. Therefore, the derivation of the heat transfer over time must be considered. This study focuses on the heat transfer inside the furnace. The characteristic load ramp of the heat transfer to the cooling lances is calculated by dividing the difference in heat transfer between 0 and 63.2% by the time constant [image: image]:
[image: image]
The heat transfer to the cooling lances can be calculated by the enthalpy difference at the cold side of the cooling system, see Eq. 2.3. [image: image] is the volume flow rate, [image: image] is the inlet temperature and [image: image] is the outlet temperature of the cooling liquid. The pressure is constant and the temperature change of the cooling liquid is moderate, therefore the density [image: image] and the heat capacity [image: image] of the liquid are assumed to be constant:
[image: image]
The heat transfer depends on the temperature difference between the hot and the cold side and on the heat transfer coefficient [image: image], see Eq. 2.4. The temperature [image: image] is the average temperature in the furnace between 1.55 and 8.21 m height, where the cooling lances are located (Eq. 2.5). This temperature is estimated by the arithmetic mean of the temperature measurements in this area. [image: image] is the average of the inlet and outlet temperature of the cooling liquid (Eq. 2.6). By combining these equations, the heat transfer coefficient can be estimated by Eq. 2.7.
[image: image]
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The heat transfer coefficient calculated with Eq. 2.7 is not based on the logarithmic mean temperature difference as usual for heat exchangers. The temperature at the lower end of the tube-in-tube cooling lances is not measured, so the logarithmic mean cannot be calculated accurately. Furthermore, combustion reactions take place in the area of the cooling lances, in particular at the secondary air injection point. Therefore, the derivation of the logarithmic mean temperature difference is no longer valid. For these reasons, a simple average temperature difference between the furnace and the water-side was used to calculate the heat transfer coefficient. As this temperature difference is very high at all locations of the heat exchanger surface, the deviance between logarithmic mean temperature difference and the applied calculation method is very small. This approach is considered sufficient to determine the heat transfer coefficient with reasonable accuracy to compare different operating points. Nevertheless, the calculation of the heat transfer coefficient must be considered as a qualitative determination.
It is also mentioned here, that the calculated heat transfer coefficient represents a combination of the heat transfer from the furnace to the tube, the heat conduction inside the tube, and the heat transfer from the tube to the cooling fluid. According to Gnielinski (Gnielinski, 1995), under the given conditions, the heat transfer coefficient from the tube to the liquid can be estimated to ∼1920 W/(m2K). This is one order of magnitude larger than the overall heat transfer coefficient from the furnace to the fluid, as is shown in Chapter 3.1. Thus, it can be concluded that the heat transfer from the furnace to the tube dominates the overall heat transfer mechanism and an estimation of the heat transfer coefficient using Eq. 2.7 is reasonable to investigate the heat transfer inside a furnace.
The solids concentration in the splash zone and the freeboard has a large influence on the heat transfer to the cooling lances. It is estimated by Eq. 2.8, where [image: image] is the pressure difference between 1.1 and 8.03 m, [image: image] is the standard acceleration due to gravity, [image: image] is the cross section of the furnace, and [image: image] is the volume of the furnace from 1.1 to 8.03 m.
[image: image]
RESULTS AND DISCUSSION
The transferred heat to the waterside in the furnace directly depends on the heat transfer coefficient [image: image]. In the following, important parameters that determine [image: image] are presented to provide a basis for further investigations. Afterward, the influence of the primary air, the thermal load, and the excess air factor on the load ramps are assessed. Based on these results, concepts for accelerated load ramps are developed.
Heat Transfer Coefficient
The time derivative of Eq. 2.4 is shown in Eq. 3.1. It is concluded that load changes are faster when the heat transfer coefficient and the temperature difference between the hot and the cold side changes more rapidly. Therefore, it is important to understand the influence of reactor conditions on the heat transfer coefficient.
[image: image]
Figure 5 shows the relation between solids concentration from 1.1 to 8.03 m (splash zone and freeboard) and the heat transfer coefficient [image: image]. It is shown, that [image: image] strongly depends on the solids concentration in this area, which is consistent with the findings in literature also for large CFB boilers (Wu et al., 1987; Molerus and Mattmann, 1992; Wirth, 1995; Grace et al., 1997; Molerus and Wirth, 1997; Breitholtz et al., 2001; Oka, 2003; Dutta and Basu, 2004). As the entrainment increases, more particles get in contact with the heat exchanger surfaces. Thereby, particle and gas convection becomes more relevant.
[image: Figure 5]FIGURE 5 | Heat transfer coefficient vs. solids concentration.
Besides the solids concentration, it is not obvious from Figure 5 if the type of fuel influences the heat transfer coefficient. The heat transfer coefficient is of higher magnitude in the lignite tests at the same solids concentration. However, the temperature is significantly higher in the lignite tests, which is probably the main factor for the increased [image: image] in Figure 5. Figure 6 illustrates the temperature dependency of the heat transfer coefficient at similar solids concentrations. The temperature in the upper reactor has a major impact on the heat transfer coefficient. The heat transfer coefficient rises at elevated temperatures due to the increasing influence of the heat transfer by radiation (Biyikli et al., 1987; Grace et al., 1997; Dutta and Basu, 2004; Khavidak et al., 2015). The reason for the different temperature levels is described in another publication, in which the experiments are examined with the focus on the steady-state operation of co-combustion (Peters et al., 2020).
[image: Figure 6]FIGURE 6 | Heat transfer coefficient vs. upper furnace temperature.
Influence of Primary Air
The difference of the primary air before and after the load step is called primary air step. Its influence on the load ramp is shown in Figure 7. The primary air step is shown in relative values in percent. Scaling was performed with the maximum primary air flow of all tests, i.e., 580 Nm3/h. The load ramp refers to the heat transfer to the cooling lances in the furnace. In the co-combustion tests, the load changes were faster when the primary air was changed to a greater extent. This was valid for load reductions as well as load increases. For load increases, there is a strong variation of the results, especially for the two straw tests with the highest primary air steps, where the load changes are significantly slower than with RDF at comparable primary air step changes. These deviations show, that there must be also other important parameters influencing the load ramps. During the lignite tests, mainly the secondary air was changed during the load changes, while the primary air was changed only slightly. Therefore, the primary air variation in the lignite tests was too small to see an influence. However, the load ramps were in a similar corridor for all three fuel mixtures. The primary air strongly influences the entrainment of particles from the bed to the freeboard, which affects the change of the heat transfer coefficient. The entrainment from the bed must be increased rapidly during load increases to accelerate the load change. For load reductions, it is vice versa. Besides the primary air, also other factors have an influence on the entrainment, such as the volatile content of the fuel, the bed temperature, or the size and density of the bed material.
[image: Figure 7]FIGURE 7 | Influence of the primary air step on the characteristic load ramp.
Influence of Thermal Load
The heat transfer to the cooling lances depends on two parameters: the heat transfer coefficient and the temperature difference between the hot gas side and the cold water side, see Eq. 2.4. It is expected that the thermal load has a large influence on the furnace temperature, therefore the size of the thermal load step should influence the characteristic load ramp.
Figure 8 shows the relation between the thermal load step and the temperature response in the upper furnace. At increasing thermal loads, the average temperature in the upper part of the furnace rises which is due to increasing entrainment of particles causing a more homogeneous temperature profile (Peters et al., 2020). The furnace temperature affects the heat transfer in two ways. There is a direct effect of a larger temperature difference to the cold side. Additionally, the heat transfer coefficient increases with the furnace temperature, as shown in Figure 6. Thus, by controlling the furnace temperature, the load ramps can potentially be accelerated. An increasing temperature should have a positive impact on a load ramp during load increases, while a decreasing temperature should accelerate load reductions.
[image: Figure 8]FIGURE 8 | Influence of the thermal load step on the response of the upper furnace temperature.
Figure 9 shows the influence of the thermal load step on the characteristic load ramp of the cooling lances. In Figure 9A, the step changes with low primary steps are presented. There is a trend toward faster load changes when the thermal load experiences a larger load step, which is potentially due to the higher temperature increase, see Figure 8. It does not seem to matter whether the load is reduced or increased. With a similar primary air step and a similar change in the thermal load, the load ramps are of similar order of magnitude. Figure 9B shows the tests with higher primary air steps. The trend toward faster load changes can also be observed, although there is a greater variation in the characteristic load ramps for load increasing steps. Therefore, the results indicate that further parameters need to be considered. From both figures it is concluded, that the influence of the thermal load step on the load ramp seems to be less than the influence of the primary air step.
[image: Figure 9]FIGURE 9 | Influence of the thermal load step on the characteristic load ramp. (A) Low primary air step (0–15%) (B) High primary air step (15–30%).
Influence of Excess Air Factor
Another option to control the temperature in the furnace during load changes is to control the excess air factor ([image: image]). During steady-state operation, the excess air factor must be high enough to ensure a high combustion efficiency and low CO emissions. However, when lowering the excess air factor during a load increase, the temperature increase in the furnace should be accelerated. This strategy could be favorable for load increases, while it is vice versa for load reductions. As discussed in Chapter 2.3, the fuel mass flow in the pilot tests is adjusted permanently to keep the excess air factor ([image: image]) at approximately 1.1, while the combustion air flow is adjusted only once for every load step. The fuel mass flow fluctuates over time due to its varying properties, which causes variations in [image: image], especially after a load step is performed. This typical behavior can be utilized to determine the influence of the excess air factor on the load ramps. To investigate the potential effect, the excess air factor directly after the load change is calculated as an average value between 2 and 5 min after the load step input. The excess air factor before the load step is then subtracted from this value:
[image: image]
Figure 10 shows the influence of [image: image] on the load ramps for load increases. With a low oxygen level after the load step (low [image: image]), the temperature rises and the load changes should be faster. The fastest load ramp is measured with a low [image: image], which supports the theory of accelerated load ramps by a reduced excess air factor. In the tests with a high thermal load step and a high primary air step, the characteristic load ramps are lower because there is high surplus oxygen directly after the load change, which causes lower temperatures and decelerates the load ramps. The variations in Figure 7; Figure 9 can be explained by the presented results. The results show how important it is to control the fuel mass flow rapidly and accurately, especially during load changes. It becomes apparent that the load change behavior can only be explained by including all three parameters: primary air, thermal load, and excess air factor.
[image: Figure 10]FIGURE 10 | Influence of the excess air factor on the characteristic load ramp during load increases.
For load reductions, lower temperatures should favor fast load changes. Therefore, there is a potential load ramp acceleration with an increasing [image: image] (more surplus oxygen). Figure 11 shows the results for load reductions. For load changes with a low primary air step, there is a trend toward accelerated load ramps with an elevated [image: image], which supports the theory. For the tests with a high primary air step, the influence of the excess air factor cannot be determined conclusively as the difference between the two test points is too small. More tests are necessary to investigate the effect further and make conclusive and solid statements.
[image: Figure 11]FIGURE 11 | Influence of the excess air factor on the characteristic load ramp during load decreases.
Influence of the Fuel Type
Figure 7; Figure 9 show no significant influence of the fuel mixture on the load ramps. The load ramps are lower for the lignite tests compared to the co-combustion test, but this is due to the low variation of the primary air in these tests. Figure 5 shows that the heat transfer coefficient is higher in the lignite tests at the same solids concentration. This is mainly due to the higher temperature in these tests. The entrainment has a significant impact on the heat transfer coefficient. Fuels with high volatile content, such as straw and RDF will potentially cause higher entrainment of particles due to the high amount of gas, which is released in the bed by pyrolysis. It is therefore likely that high-volatile fuels lead to an increased heat transfer coefficient. However, there is no direct impact of the absolute value of the heat transfer coefficient on the load following behavior. A load change is accelerated by a larger time derivative of the heat transfer coefficient and the furnace temperature, see Eq. 3.1. It must be concluded that within the presented range of parameter variation, no influence of the type of fuel on the load ramps is identified.
Concepts for Accelerated Load Ramps
Based on the knowledge gained, concepts can be developed to accelerate load ramps. Some of these concepts are introduced in this chapter, whereby only the speed of the load change is dealt with and other aspects that may occur (e.g., increased emissions by changing operating conditions: share of the primary air or excess air factor) are not discussed here. Moreover, in the following, the load change concepts are illustrated as step inputs. In large-scale boilers, a smoother ramping of the fuel and the combustion air might be advantageous to have better control over the operating conditions.
The impact of primary air on the load ramp can be utilized by the so-called concept of “boosted hydrodynamics”, illustrated in Figure 12. While the fuel mass flow rate increases according to the setpoint of the new load level, the primary air is increased above this setpoint to boost the entrainment and thereby the heat transfer coefficient. The secondary air must be increased below the setpoint to avoid negative effects such as cooling of the bed material by the increased excess air. After some minutes, both primary and secondary air are adjusted to the normal setpoint value. It is possible to use this concept for load reductions, by reducing the primary air below the targeted setpoint to reduce the entrainment (see Figure 12B). This concept has been successfully tested in pilot scale in the RFCS project Flex Flores (grant agreement n. 754032).
[image: Figure 12]FIGURE 12 | Concept of boosted hydrodynamics. (A) Load increase (B) Load decrease.
The experiments have shown that there is a positive effect of elevated load steps on the characteristic load ramps of the cooling system inside the furnace. This effect can be used by temporarily increasing (or decreasing) the thermal load above (or below) the new load level, see Figure 13.
[image: Figure 13]FIGURE 13 | Concept of elevated load steps. (A) Load increase (B) Load decrease.
The variation of the excess air factor during the load changes showed partly inconclusive results and the potential impact must be investigated further. However, despite this missing knowledge about the effect, a concept has been developed to use the dependence of the furnace temperature on the excess air factor to accelerate load ramps. During load increases, the combustion air is temporarily increased below the targeted setpoint to carry out the load change with a decreased excess air factor for a higher/faster temperature increase, see Figure 14. The concept can be used vice-versa for load reductions. It is recommended to follow this strategy by controlling the secondary air in order not to negatively influence the entrainment by a reduced or increased primary air.
[image: Figure 14]FIGURE 14 | Utilization of the excess air factor effect. (A) Load increase (B) Load decrease.
According to the experimental results, the concept of boosted hydrodynamics seems to be the most promising concept followed by the concept of elevated load steps. However, it might be most successful to have a combination of different concepts to accelerate load changes. The operating mode becomes more complicated with each concept so that automatic control systems will be crucial to keep control of all operational parameters.
CONCLUSION
Dynamic test series with three different fuel mixtures were carried out in a 1 MWth CFB combustor to investigate the influence of operational parameters on the load ramps. The most important parameters that have a significant influence on the load ramp were determined.
• The response of the waterside to a step input on the fireside of the CFB furnace is driven by the change of the hydrodynamic conditions and the furnace temperature.
• The primary air has a large impact on the entrainment of bed particles. A larger step input of the primary air causes a faster load change on the waterside.
• Load ramps on the cold side are faster with an increasing step size of the fuel mass flow. The fuel mass flow has a lower impact than the primary air.
• The results indicate that the overall load change behavior can only be explained by investigating at least three important step input parameters: primary air, thermal load, and excess air factor.
• The type of fuel mixture has an impact on the heat transfer coefficient due to different temperature levels, but the load ramps are not affected.
• Concepts were elaborated for the acceleration of load ramps by controlling the fireside conditions during the load changes.
The proposed concepts must be investigated further to assess their effectiveness on load ramp acceleration. Moreover, dynamic process simulations might be useful to test these and other concepts or a combination of several concepts before they can be applied to industrial-scale power plants.
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