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Solid particles have been shown to be an effective heat transmission as well as thermal storage medium for falling particle receiver based solar power systems at temperatures up to 1,000°C. The temperature distribution on the surface of the falling particle receiver is critical. High temperatures, thermal shocks, and temperature gradients produce substantial stresses on the receiver due to high, fluctuating, and non-homogeneous solar flux. To this effect, the optimum control of the heliostats’ aiming points is one of the obstacles that must be overcome. The flux distribution on the receiver surface must be carefully managed to avoid dangerous flux peaks or excessive temperature gradients which might result in local hot spots resulting in damage of the receiver’s internal components over time. To overcome this problem, specifying multiple aiming points on the receiver aperture may control the solar flux distribution. In this study both single and multi aiming points strategies are applied by assigning a group of heliostats to a specific aim point on the receiver, resulting in a uniform flux distribution over the receiver surface. Engineering software packages SolarPILOT, SOLTRACE and MATLAB are used in combination to get the optimal flux distribution. The results showed that the flux distribution is improved significantly after employing the multi aiming points strategy at the expense of greater spillage.
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INTRODUCTION
By 2050, the global energy demand is projected to increase by more than 66% based on 2011 global energy demand (IEA, 2014). Several countries around the world have agreed to decrease carbon emissions to keep global average temperature rise well below 2°C, according to the Paris Agreement (United Nations, 2015). A reliable, sustainable, and cost-effective carbon-free energy production is required to meet tomorrow’s energy demands. In 2020, the share of renewable energy in global electricity generation reached 28.6% (IEA, 2021) and must reach 65% to meet the goal of reducing CO2 emissions to the limit as per ETP 2014 2°C Scenario (IEA, 2014). Under the Saudi Vision 2030, the goals for the Kingdom’s National Renewable Energy Program (NREP) were revised to generate 27.3 GW of renewable energy by 2024 and 58.7 GW by 2030 with a capacity of 2.7 GW from concentrated solar power (CSP) (Middle East Business Intelligence, MEED, 2019).
New technology in CSP is being developed in Saudi Arabia by the authors and in other countries (Abdelrahman et al., 2019; Al-Ansary et al., 2020; Alaqel et al., 2021; Xie et al., 2022) which is the solid particle heating receiver based CSP systems. A Particle Heating Receiver (PHR) is a direct absorption central receiver with a falling curtain of particles heated directly by a concentrated beam of sunlight from a heliostat field (Wang et al., 2021). The PHR was initially developed in the 1980s by Sandia National Laboratories as a way to increase the operating temperature of solar central receivers above the highest achieved temperature of 557 ̊C with molten salt as a heat transfer medium (Falcone et al., 1985).
A 1.3MWe CSP plant using the PHR technology is being designed by the authors and going to be built in the northern border province of Saudi Arabia. The plant will serve as a pre-commercial demonstration plant for larger plants that would use the same technology in the future. The PHR, shown in Figure 1, consists of five panels inside a cavity with a rectangular aperture of 2.3 m in height and 2.7 m in width, and each panel is tilted at 15° (Sarfraz et al., 2021). The cavity depth is 1.4 m at the center of the receiver. The solar field in the design of the plant consists of 9,907 Heliogen heliostats with a total reflective area of ∼15,000 m2. The Heliogen heliostat is an octagon like shape with a reflective area of 1.5 m2.
[image: Figure 1]FIGURE 1 | PHR design of the 1.3 MWe CSP plant.
Typically, the entire heliostats aim at a single point which is at the center of the cavity opening (aperture). The spillage, in this case, will be at the minimum, but the concentrated solar flux will be very high in the middle panel of the receiver. The solar flux distribution on the receiver panels is critical since flux peaks or excessive temperature gradients might result in local hot spots and, as a result, the receiver’s internal components will be damaged over time (Salomé et al., 2013). Additionally, the unbalanced flux distribution results in a large difference in the heat input between the panel, thus insufficient heating of the particles at the low solar flux areas.
Previous studies reveal that the whole heliostat field usually aims at a single targeting point which is usually at the receiver center, which results in maximum output power. However, this usually forms a Gaussian-like distribution shape with a high peak flux density in the middle (He et al., 2013; Farges et al., 2015). Numerous experimental and computational studies have been conducted to investigate the solar flux distribution. Reference (Röger et al., 2014) discussed most of the experimental techniques to measure solar flux density distribution on receivers. They applied various techniques to measure the flux distribution at the receiver of the solar tower at Plataforma Solar de Almeria. A novel experimental technique called the photographic flux mapping method was applied on the solar receiver operated by Sandia National Laboratories in New Mexico, USA (Ho et al., 2012). They found an excellent relative accuracy of 2% of peak flux when the other required parameters are precisely known. For computational studies, various software tools have been developed including HFLCAL (Schwarzbözl et al., 2009), MIRVAL (Leary and Hankins 1979), DELSOL (Kistler, 2009), SOLTRACE (Wendelin and Wagner, 2018), etc. Many investigators have used those software packages to estimate solar flux distribution (Mecit et al., 2014; He et al., 2019; Zhu et al., 2022).
For the optimization of the solar flux distribution, various investigations have been done and suggested either of the following three ways:
1. Optimum receiver and solar field system design (Li et al., 2020; Madadi Avargani et al., 2021)
2. Alternate methods of aiming (Garcí a et al., 2020; Acosta et al., 2021)
3. Modifying the heat transfer properties of the system by changing the operating conditions (Zhang et al., 2013; Rodríguez-Sánchez et al., 2018)
Single point aiming strategy, which was first suggested by reference (Vant-Hull, 2002), is investigated by various researchers (Sanchez-Gonzalez et al., 2017; Garcí a et al., 2020). However, the flux profile produced by this single-parameter aiming strategy is rather irregular, with different amplitudes along the receiver height. Reference (Belhomme et al., 2014) described an ant colony metaheuristic-based approach for optimizing the targeting multi points aim points, whose effectiveness was proved on a concentrated photovoltaic receiver test case. The flux-feedback closed-loop control law proposed by reference (Acosta et al., 2021) manipulates the swarm behavior of groups of multi aiming points for heliostats in the solar field. With a configuration of aiming points, the suggested controller can achieve a steady-state that is near to the best solution found using a hybrid optimization approach.
Literature review reveals that there is still a desire to improve solar tower aiming procedures, and this has yet to be applied to PHR systems. In this paper, the single aiming point strategy is examined and several multi aiming points strategies are proposed and assessed to have the receiver under the lowest possible maximum flux.
METHODOLOGY
Single Aiming Point Strategy
Single Aiming Point is a strategy where all the existing heliostats around the tower are aiming and reflecting the sunlight to the center of the aperture. There are 9,907 heliostats distributed in a radially staggered pattern around the tower with no blocking method for the radial spacing. Figure 2A shows the heliostat field layout generated by SolarPILOT (Wagner and Wendelin, 2018). The design point value of the Direct Normal Irradiance (DNI) for the plant is 733 W/m2 and the Sun position is at noon on the equinox. The design point parameters are used in all the simulations.
[image: Figure 2]FIGURE 2 | The heliostat field of the 1.3 MWe CSP plant generated by SolarPILOT.
The ray tracing is performed using the SOLTRACE to get the hit points on the aperture plane and the receiver’s panels. Those hit points are then uploaded in MATLAB to be organized in a format to plot the flux maps for the aperture and the receiver’s panels.
Multi Aiming Points Strategy
In this method, the heliostat field is divided into 7 clusters, from cluster 0 to cluster 6. Figure 2B shows the approximate zone location for each cluster. Since the reflected power of cluster 0 will always be delivered to the side panels and not to the central panel when it is aimed at the center of the aperture, the study will be limited to aiming the heliostats located in the middle group only which contributes to 78% (6,498 kW) of the total power delivered by the heliostat field. Hence, the heliostats in clusters one to six are grouped so that each cluster has equal power delivered to the receiver aperture (1,083 kW) with an acceptable margin of ±5%.
The aim points of clusters from one to six will be changed based on five equally spaced horizontal points along the width of the receiver aperture. Figure 3 illustrates those aim points on the aperture. To avoid any high flux intensity on one side of the receiver, balancing the clusters between the right and left sides was taken into consideration where clusters one and two have the same effect and should not be aimed at the same side. The same restriction is applied to clusters three and four.
[image: Figure 3]FIGURE 3 | Aim points grid on the aperture.
Since the spillage is larger for the farther clusters, clusters one and two will have the lowest spillage compared to other clusters when they are aimed to the far left and far right. Hence, clusters other than one and two should not be aimed at the far left and far right as possible. Clusters five and six were set to be at the center or close to the center to prevent power slippage since they are the farthest clusters.
Table 1 shows the eight viable combinations of aiming options taking into consideration the previous constraints.
TABLE 1 | Combinations of aiming options.
[image: Table 1]The solar time start from 06:00 a.m. till 06:00 p.m., and if the 12 h has been divided into four intervals, then the intervals are 06:00 a.m. till 09:00 a.m., 09:00 a.m. till 12:00 p.m., 12:00 p.m. till 03:00 p.m., and 03:00 p.m. till 06:00 p.m. The collected solar power during the first and fourth intervals will be excluded from this study as they are weak and can be neglected. However, the study will be limited to the second and third intervals as they have the highest collected power. Since these two intervals have the same collected power but in an opposite way, the second period will be considered only. To get better visualization, three different times from the second interval will be studied which are 09:00 a.m., 10:30 a.m., and 12:00 p.m.
RESULTS AND DISCUSSION
Single Point Aiming Strategy
In single point aiming strategy, all the heliostats around the receiver tower are aiming/reflecting the sunlight to the center of the PHR panels.
Figure 4A,B show the flux maps on the aperture and the PHR panels at noon, respectively. It can be noticed from the flux maps that most of the concentrated solar energy is localized mainly at the center where there is relatively much less concentration at both sides (left and right). When all the heliostats are focused on the center of the aperture, the spillage will be minimum. The spillage was 5.7%.
[image: Figure 4]FIGURE 4 | Flux Map on the Aperture and PHR panels at 12:00 p.m. where all clusters are aiming to the center (Single Aiming Point).
The main issue here is that the flux distribution in the case of a single point aiming strategy is not balanced throughout the PHR panels. As a result, there will be substantial high intensity solar flux at the center, causing the central PHR panel to overheat and melt in the long run. Furthermore, the particles in the center could be overheated and the particles in the sides could not be heated sufficiently.
Figure 5A,B show the flux maps at 9:00 a.m. and 10:30 a.m., respectively. The flux maps are slightly shifted toward the lift side, but there is no significant difference between noon and morning/evening times regarding the uniformity of the solar flux.
[image: Figure 5]FIGURE 5 | Flux Map on the PHR panels at (A) 9:00 a.m. and (B) 10:30 a.m. where all clusters are aiming to the center (Single Aiming Point).
Multi Aiming Points Strategy
In this strategy, there are eight combinations of aiming options for clusters 1 to 6. Figure 6A shows the result of the ray-tracing simulation for cluster 0 only aiming to the center of the aperture. The simulation was performed to validate that the reflected power will not negatively affect the uniformity of the flux distribution since it will be delivered to the side panels and not to the central panel.
[image: Figure 6]FIGURE 6 | Flux Map on the PHR panels at 12:00 p.m. for (A) cluster 0 only and (B) all the clusters except cluster 0.
Figure 6B explains how the flux distribution will be if all the heliostats, except the heliostats in cluster 0, are aiming at the center of the aperture. The flux map shows that the flux distribution is concentrated mainly at the center panel where there is less power at both sides (left and right) compared to the center. Additionally, this is a validation that these clusters are controlling the flux distribution among the PHR panels. Hence, adjusting heliostat aiming points in those clusters will uniform the flux distribution.
For Run#1, the focus points of clusters one and two are moved to the left and the right points of the aperture, respectively. The flux uniformity on the PHR panels is improved as illustrated in Figure 7A. The maximum flux on the central panel was decreased from 2.25 to 2.18 MW/m2. The spillage didn’t increase and stayed at 5.7% since clusters one and two are the nearest clusters to the receiver, thus have a small Sun image.
[image: Figure 7]FIGURE 7 | Flux Map on PHR panels at 12:00 p.m. for (A) Run#1 and (B) Run#2.
The clusters one and two were moved further away from the aperture center to the far left and far right in Run#2, respectively. Figure 7B displays the flux maps on the PHR panels. The maximum flux intensity was decreased even more to 2.02 MW/m2 at the central panel. However, the spillage increased to 6.4%. The increase in the spillage is due to that clusters one and two aim to points near the edge of the aperture. By comparing the flux maps of Run#1 and Run#2, the flux uniformity in the case of Run#2 is better. Moreover, the total power in the right and left panels increased by 1.6% compared with the total power in Run#1.
In Run#3, clusters three and four were moved with clusters one and two where clusters one and three aim to the left point and cluster two and four aim to the right point in the aperture. The flux maps on the PHR panels are shown in Figure 8A. The distribution of the solar flux on PHR panels was improved compared with the previous runs. the total power in the right and left panel slightly increased compared with the total power in Run#2. The spillage, in this case, is 6.0% less than Run#2 since there was no cluster in the far right and far left points of the aperture.
[image: Figure 8]FIGURE 8 | Flux Map on PHR panels at 12:00 p.m. for (A) Run#3, (B) Run#4 and (C) Run#5.
For Run#4, clusters one and two were moved to the far points in the aperture, and clusters three and four were kept in the same aim points as in Run#3. The solar flux was high along the horizontal axis in the PHR panels as shown in Figure 8B. Additionally, the total power in the right and left panel increased by 3.7% compared with the total power in Run#1 and 1.6% compared with Run#3. The spillage in this run is 6.8%. Since there are 4 clusters not aiming to the center of the aperture in this case, the spillage was expected to be more than the previous runs.
In the next run, which is Run#5, clusters three and four moved to the same aim points of clusters 1 and 2, respectively. Figure 8C shows the flux maps on the PHR panels. The solar flux is concentrated more to the left side due to the fact that the closer the cluster to the receiver the higher the flux concentration. Hence, clusters 1 and 3, which aim to the left side, are closer than clusters 2 and 4, which aim to the right side. The solar flux is distributed very well in this combination. However, the spillage is relatively high which is 10.1% because all clusters aim to the far side of the aperture except clusters five and 6.
The clusters five and six in all previous cases were aimed to the center of the aperture. The next three runs will be a replica of the previous three runs (Run#3 to Run#5) but with clusters five and six aiming to the left and right point of the aperture, respectively.
The flux map of Run#6 displayed in Figure 9A is comparable to the flux map of Run#3. The spillage increased to 7.8% compared with only 6.0% in the case of Run#3. the improvement of the flux uniformity, in this case, is very low whereas the spillage increased by about 30%.
[image: Figure 9]FIGURE 9 | Flux Map on PHR panels at 12:00 p.m. for (A) Run#6, (B) Run#7 and (C) Run#8.
In Run#7, the aiming of clusters five and six to the left and right improve the flux uniformity in PHR panels compared with the results in Run#4. The flux map for this case is shown in Figure 9B. The spillage increased to 8.6% compared with 6.8% in Run#4.
In the last case, which is Run#8, there were 4 clusters aimed to the far sides of the aperture and 2 clusters to the left and right sides. The solar flux was more intense in the sides than in the center of the PHR as illustrated in Figure 9C. The spillage, in this case, is 10.4% which is the highest spillage value among all the cases.
To evaluate and select the optimum cluster aim points combination among the cases, there are two selection criteria to identify the best option. The First one is evaluating the cases based on the spillage. The second criterion is evaluating them based on the flux uniformity which is represented by the maximum and average flux. Some cases look similar to each other. So, to quantify this criterion, a statistical approach is used to determine how much the power and average flux of each PHR panel differ from the mean of them for the 5 PHR panels which is called the standard deviation (STD). When the solar flux is not uniformly distributed, the STD value will be large.Table 2 summarizes the spillage values, power, maximum and average flux received by each PHR panel. Run#8 has the maximum spillage value among the options which is considered a disadvantage, but it has the lowest STD values for the power, maximum and average flux. On the other hand, Run#1 has the lowest spillage value, but it has the highest STD values for the others.
TABLE 2 | Spillage values, power, maximum and average flux received by each PHR panel.
[image: Table 2]Based on what has been mentioned above, Run#4 and Run#2 have the optimum clusters aim points combinations. This selection was based on a 50/50 weight for each criterion. If the STD of the average flux received by PHR panels is emphasized, then the selection would be based on 40/60 weight for spillage and STD of the average flux, respectively. Based on that, Run#8 and Run#4 would be selected. If the spillage is emphasized, then Run#3 and Run#4 would be selected. Considering the maximum flux, Run#4 and Run#2 would be selected for all the scenarios.
The power values in Table 2 for the far right and far left panels are less than one-sixth of the least power value of the other panels. This large deviation means that a good level of uniformity is not achieved and the STD reflects that. The average flux in the far panels is suffering from the same issue. To improve the flux uniformity even more, the cluster 0 aim point will be adjusted so that the right part of the cluster will aim at the left side of the aperture, and the left side will aim at the right side of the aperture. This would reflect more power to the far right and far left panels as shown in Figure 10. The adjustment of cluster 0 aim point will be applied for Run#2, 3, and 4 as they were previously selected as optimum cases.
[image: Figure 10]FIGURE 10 | Flux Map on the PHR panels at 12:00 p.m. for cluster 0 only with aim points adjusted.
Figure 11 shows the flux maps of the three runs with cluster 0 aim points adjusted. Table 3 lists the power, maximum and average flux values for the original runs and the runs with the cluster 0 aim points adjusted and represented with an extra letter A. the power and average flux values increased by 62–94% and the maximum flux increased by 33–54% in the far panels compared with the original runs. In the center panels, the maximum flux decreased by 2–13%. The same technique is applied to evaluate the additional runs. Run#2A and Run#4A would be selected as the optimum clusters aim points combinations, but when the spillage is emphasized, Run#3A and Run#4A would be selected. Considering the maximum flux, Run#4 and Run#2 would be selected for all the scenarios.
[image: Figure 11]FIGURE 11 | Flux Map on PHR panels at 12:00 p.m. for (A) Run#2, (B) Run#3, and (C) Run#4 with cluster 0 aim points adjusted.
TABLE 3 | Spillage values, power, maximum and average flux received by each PHR panel with the adjustment of cluster 0 aim points.
[image: Table 3]For the three scenarios, the case of Run#4A is the optimum case where it balances the flux distribution and spillage.
DISCUSSION
The implementation of the single aiming point strategy in the large scale PHR increases the power concentration and maximum flux intensity on the central panel which may result in an overheating of the particles and damage to the receiver. Also, the side panels may not be able to heat the falling particles sufficiently due to the low flux intensity. In contrast, the multi aiming points strategy reduces the power concentration and maximum flux intensity on the central panel resulting in a reduction by 46% of the average flux in Run#8 and by 17% in the optimum clusters aiming combination (Run#4A).
Although aiming the heliostats to the side of the aperture increases the uniformity of the solar flux on the PHR panels, it increases the spillage which results in a reduction in the overall receiver efficiency. The grouping of the heliostats into multiple clusters to be controlled separately can determine the success of the implementation of the multi aiming points strategy. So, an efficient way to select the proper heliostat grouping and create a relation with the overall efficiency of the PHR would enhance the multi aiming points strategy.
In this study, only five aim points were considered in the horizontal direction of the receiver’s aperture only. Adoption of two-dimensional aim points in the aperture is needed for future work to improve the distribution of the solar flux in the horizontal as well as in the vertical axis of the PHR panels.
CONCLUSION
By allocating a set of heliostats to a specific aim point on the receiver, both single and multi aiming points techniques are used in this work, resulting in a uniform flux distribution over the receiver surface. Engineering software packages SolarPILOT, SOLTRACE, and MATLAB are used in combination to get the optimal flux distribution. The results showed that the flux distribution is improved significantly after employing the multi aiming points strategy. It was found that the case of Run#4A has the optimum clusters’ aim points combination as it will provide the user with a high level of flux uniformity and a reasonable power spillage in the PHR’s aperture. Since the PHR operates at higher temperatures than conventional molten salt receivers while they are limited to a temperature lower than 600 °C, it is recommended to validate the proposed combination experimentally.
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