Computer Science and Application & MR35, 2026, 16(3), 543-557 Hans X
Published Online March 2026 in Hans. https://www.hanspub.org/journal/csa
https://doi.org/10.12677/csa.2026.163083

ETHEEN=ARSHNMRERE HRNE
RERICHFMEMR

Bk, fT+E
WKL N TR BB, Wi i

Woks H . 20264F1H25H: FHER: 20264F2H24H; &ATHM: 20264F3H2H

HE

AR R 5, KB HSE R 2EN 2 M AR &R . BUA KIBT IR X E
hia#. NGHFRERMYEE B LFEBRRNZ . $X%HE, A3CRE T —ME T GPUK
St EE RS B L, BT EMREAER . Lid. NiEw &)\ AR) iR a2 e
H8. %7880 TH flLoop B 1& R = A1 # /SRR BU AT R B Bk, @SLAL T
EHSA AR SO, ST RERMYIE LRGN EEE. STRXHE T ARBRE-FE
B 5IMRAETE HREA R EES AN EHRIME. HREREN, MMAWEEES/NT &K
HRMACHERT, ABRFRWSREEBNER, BREAE9.5%. ABFONRRKREN. LoouiieHEE
Bt SR T EERNERKE S TAR.

XK ia

BAKPARE, XAELIBEER, MYWREREHS, LoopBEM=MAHZD, HTHEHHE

Research on the Modeling and Optical
Characteristics of the Parabolic Heliostat
Based on Adaptive Triangular Subdivision
Method

Qilong Bao, Caitou He"

College of Computer Science and Artificial Intelligence, Wenzhou University, Wenzhou Zhejiang

Received: January 25, 2026; accepted: February 24, 2026; published: March 2, 2026

EIREE

NESI M OB, AE. T AIERN = R SR E H BRI RS BOCRFERT D). THENLRRE S R,
2026, 16(3): 543-557. DOI: 10.12677/csa.2026.163083


https://www.hanspub.org/journal/csa
https://doi.org/10.12677/csa.2026.163083
https://doi.org/10.12677/csa.2026.163083
https://www.hanspub.org/

W, A&

Abstract

In solar power tower plants, large-scale heliostats are typically constructed by assembling multiple
mirror into a paraboloidal configuration. However, a significant research gap remains regarding
emerging non-rectangular heliostats, such as pentagon and hexagon heliostat. To address this issue,
this paper proposes a GPU-based bidirectional ray-tracing modeling and simulation method, appli-
cable to various parabolic heliostat shape, including rectangles, pentagons, hexagons, and octagons.
The core of this method lies in utilizing the Loop adaptive triangular subdivision algorithm for high-
precision discretization of non-rectangular mirror surfaces. By establishing the normal vectors and
center coordinates of the mirror facets on the paraboloid, achieving accurately physical modeling
of parabolic heliostat. This study compares the flux density distribution and heliostat field effi-
ciency between flat and parabolic heliostats across different geometries. Simulation results demon-
strate that the parabolic configuration significantly reduces the spot size on the receiver surface
and effectively enhances the intercept efficiency up to 9.5%. This research provides a robust theo-
retical foundation and computational tool for the design and optimization of high-efficiency, diver-
sified heliostat fields in the future.
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THEFOL S KRR E, WA B R AT S R BT e —. a9k, FRETERH K s AT
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Figure 1. The coordinate systems used in this paper
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Figure 2. A schematic of heliostat tracking and micro-surface normal deviation
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Figure 3. The flowchart of the adaptive triangular subdivision algorithm
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Figure4. A schematic of a rectangular parabolic heliostat
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Figure 5. A schematic of parabolic heliostat (taking hexagonal heliostat as an example)
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Table 1. Heliostat field parameters
# 1. EARIEH

WK 90°
N a1 A 50.6°
DNI 1.070 KW/m?
TEAR [ 437
g S E (0,0, 120)
R~ H=8m, R=35m
R~ L=75m, W=6m
TR 5m
5E H Bt e BB R 0.0l m * 0.0l m
SR 0.92
AW 1 mrad
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Figure 6. Heliostat layout for algorithm sensitivity analysis
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Figure 7. Sensitivity analysis of four heliostats
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M E H 8837 W PR AU A BRI — PR HE D5 75

3.2. (HERRFIETMERIE

N T BGAUERET GPU MB 28 BEt L 7 v i HERf 14, 8 SolarPILOT [19] L EA R 7 — 1M 1900
A H B BT B3 8 Aivr), Biph e HEES 8. KIHSEn? | for, JBEE 460 Ji %62k
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Figure 8. A heliostat field with 1900 heliostats generated in SolarPILOT
B 8. SolarPILOT 4 FAIELE 1900 EIE HHRHITE H 7

Table 2. Simulation results comparison between SolTrace and BMCRT
% 2. SolTrace 5 BMCRT {AELERILL

SolTrace BMCRT FHXT R ZE (%)
FA 55 AR 2R (%) 78.41 78.41 0
R (%) 97.88 97.92 0.04
PR AR (%) 96.75 96.88 0.13
TG (%) 68.31 68.43 0.17
FA5E H A TH N (] (ms) 6000 5

22 2 BRI B 7 A SCAH ] () BMCRT 311 SolTrace T B[ 1145 45 B2 (8] LA MU G e 2
B, MSHREANED 0.2%, EH T BMCRT EiEHIEMME. £izf7E E, BMCRT HiEiBE+HHE 460
Ti% 62k R 3 S ms, FHEL SolTrace 27+ 7 1200 1%,
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Table 3. Annual average efficiency of flat heliostats
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FATE 0.623 0.787 0.963 0.969 0.922
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Table 4. Annual average efficiency of parabolic heliostats
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Figure 9. Influence of heliostat subdivision size on optical efficiency and computation time. In (a), dots represent the results
of 50 independent simulations for each subdivision size, boxplots illustrate the statistical distribution of optical efficiency
(median, interquartile range, and extrema), and the solid line denotes the corresponding mean value. In (b), each data point
represents the average simulation time obtained from 50 runs for a given subdivision size
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Figure 10. Flux density distributions for flat (a)~(d) and parabolic (e)~(h) heliostats.
Rows from top to bottom represent rectangular, pentagonal, hexagonal, and octagonal
heliostat, respectively

@ 10. FHEEZE HE ()~ (d)‘ﬁﬁﬂ%%,mifi H#(e)~ (h)ﬁ%%fﬁfnc%iﬂtto Eh&
ITEEMTRORRFRIER . Iiafk. Nakk/ Gk ERR

DL g RR, W RET E BB MR E, IR EE SR LER) T e e
F. e R R B BSOS O 5 F4E, e AR T B Tt
4. &g

ST 3o 1) e B I X A B A A 5 B HEAT O LA, DLAF 35906 2 A R A 1 A R VR A

DOI: 10.12677/csa.2026.163083 555 THEAUR 5 R


https://doi.org/10.12677/csa.2026.163083

W, A&

fabr, lcas R m AR At

AN RGBTV AR bR, IRAIRTS T AR AR R 2 2 H B2 H)
i

e
ROUTERERIM . FEUFFE R EL T

1) Loop &N = &l 7 FIL e RG B AR L (N TLA . /NIL) € HE R L. 72k Rk

OPREIEEMIRTIE N, Wi g HBEA S i LT Re b, SRR RE B 00 v A J3E R

2) AHECT P sE 0B, SR e H BTl A O BIR, TR — NI, REAEA s b R 1

KA P B VA A5 A R SN P TR R B, R T RS A R

3) HTF GPU SZHLINH SR R P BB ERFVEAR LT CPU WA SolTrace 7[R —F& 2L T

1200 fEHIINEE, A JESRMIPLALTT SRR AL 1T 5L .
E&mE

W H 23 E K B8R 2 H 4 (NO. 62003246)FTHTTLAE B 48R} 5 4-(No.LQ21F030001) I BE & HF o

SE K

(1]

(2]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

e NRIEFIE E R AR, etk sl sE i gt 6 [H 4 H [EB/OL].
https://www.nea.gov.cn/20251128/2d6e01507154430e89d3 190ba1220cbe/c.html, 2025-11-28.

e N RN E E RGeS . E R AU R R AT 2025 4F 1-11 A 44 i ) Tk i3 [EB/OLY.
https://www.nea.gov.cn/20251226/640306962d7d42 169210902 48a04b47/c.html, 2025-12-26.

i, VPR, B, . B0 ERIR BT KA BT[], T AR %, 2020, 7(2): 51-59.
Bemetin. 5T FBOGBESR S B8 25 B2 4010 17 ELIO 3F4T Monte Carlo JeZk FREFELERF AT [D]: (L 240018 30). BiM: Wi
TR, 2019.

A%, FE T EALETE A0 HOR B RE AR, )7 3 K MR 8 [D]: [ 4008 5] Bl Wiyl K%, 2026.

Keck, T., Schonfelder, V., Zwingmann, B., Gross, F., Balz, M., Siros, F., et al. (2022) High-Performance Stellio Heliostat
for High Temperature Application. AIP Conference Proceedings, 2445, Article ID: 120014.
https://doi.org/10.1063/5.0086592

Von Reeken, F., Weinrebe, G., Keck, T. and Balz, M. (2016) Heliostat Cost Optimization Study. AIP Conference Pro-
ceedings, 1734, Article ID: 160018. https://doi.org/10.1063/1.4949259

Schramek, P. and Mills, D.R. (2004) Heliostats for Maximum Ground Coverage. Energy, 29, 701-713.
https://doi.org/10.1016/s0360-5442(03)00178-6

Carrizosa, E., Dominguez-Bravo, C., Fernandez-Cara, E. and Quero, M. (2017) An Optimization Tool to Design the
Field of a Solar Power Tower Plant Allowing Heliostats of Different Sizes. International Journal of Energy Research,
41, 1096-1107. https://doi.org/10.1002/er.3684

Belaid, A., Filali, A., Gama, A., Bezza, B., Arrif, T. and Bouakba, M. (2020) Design Optimization of a Solar Tower
Power Plant Heliostat Field by Considering Different Heliostat Shapes. International Journal of Energy Research, 44,
11524-11541. https://doi.org/10.1002/er.5772

Belaid, A., Filali, A., Hassani, S., Arrif, T., Guermoui, M., Gama, A., ef al. (2022) Heliostat Field Optimization and
Comparisons between Biomimetic Spiral and Radial-Staggered Layouts for Different Heliostat Shapes. Solar Energy,
238, 162-177. https://doi.org/10.1016/j.solener.2022.04.035

Chen, Y.T., Chong, K.K., Bligh, T.P., Chen, L.C., Yunus, J., Kannan, K.S., ez al. (2001) Non-Imaging, Focusing Helio-
stat. Solar Energy, 71, 155-164. https://doi.org/10.1016/s0038-092x(01)00041-x

Loghmari, I., Milidonis, K., Lipinski, W. and Papanicolas, C.N. (2025) Single- and Multi-Facet Variable-Focus Adap-
tive-Optics Heliostats: A Review. Solar Energy, 290, Article ID: 113339. https://doi.org/10.1016/].solener.2025.113339

Yuan, Y., Lin, X., Mi, X., Feng, J. and Zhao, Y. (2025) The Optimization of Heliostat Paraboloid Canting via Differen-
tiable Ray Tracing. Solar Energy, 301, Article ID: 113901. https://doi.org/10.1016/j.solener.2025.113901

Buck, R. and Teufel, E. (2009) Comparison and Optimization of Heliostat Canting Methods. Journal of Solar Energy
Engineering, 131, Article ID: 011001. https://doi.org/10.1115/1.3027500

Buie, D., Monger, A.G. and Dey, C.J. (2003) Sunshape Distributions for Terrestrial Solar Simulations. Solar Energy, 74,
113-122. https://doi.org/10.1016/s0038-092x(03)00125-7

Leary, P.L. and Hankins, J.D. (1979) User’s Guide for MIRVAL: A Computer Code for Comparing Designs of Heliostat-

DOI: 10.12677/csa.2026.163083 556 HEHUR 5 R


https://doi.org/10.12677/csa.2026.163083
https://www.nea.gov.cn/20251128/2d6e01507154430e89d3190ba1220cbe/c.html
https://www.nea.gov.cn/20251226/640306962d7d421b921b902f48a04b47/c.html
https://doi.org/10.1063/5.0086592
https://doi.org/10.1063/1.4949259
https://doi.org/10.1016/s0360-5442(03)00178-6
https://doi.org/10.1002/er.3684
https://doi.org/10.1002/er.5772
https://doi.org/10.1016/j.solener.2022.04.035
https://doi.org/10.1016/s0038-092x(01)00041-x
https://doi.org/10.1016/j.solener.2025.113339
https://doi.org/10.1016/j.solener.2025.113901
https://doi.org/10.1115/1.3027500
https://doi.org/10.1016/s0038-092x(03)00125-7

W, 4%

Receiver Optics for Central Receiver Solar Power Plants.

[18] Kistler, B.L. (1986) A User’s Manual for DELSOL3: A Computer Code for Calculating the Optical Performance and
Optimal System Design for Solar Thermal Central Receiver Plants. Sandia National Lab. (SNL-CA).

[19] Wagner, M.J. and Wendelin, T. (2018) SolarPILOT: A Power Tower Solar Field Layout and Characterization Tool.
Solar Energy, 171, 185-196. https://doi.org/10.1016/j.solener.2018.06.063

[20] Wendelin, T. (2003) SolTRACE: A New Optical Modeling Tool for Concentrating Solar Optics. Proceedings of the
ASME 2003 International Solar Energy Conference. Solar Energy, Kohala Coast, 15-18 March 2003, 253-260.
https://doi.org/10.1115/isec2003-44090

DOI: 10.12677/csa.2026.163083 557 HEHUR 5 R


https://doi.org/10.12677/csa.2026.163083
https://doi.org/10.1016/j.solener.2018.06.063
https://doi.org/10.1115/isec2003-44090

	基于自适应三角剖分的抛物聚焦型定日镜的建模与聚光特性研究
	摘  要
	关键词
	Research on the Modeling and Optical Characteristics of the Parabolic Heliostat Based on Adaptive Triangular Subdivision Method
	Abstract
	Keywords
	1. 引言
	2. 模型建立
	2.1. 模型假设
	2.2. 仿真模型
	2.2.1. 坐标系定义
	2.2.2. 太阳模型和微定日镜表面模型
	2.2.3. 光学效率指标

	2.3. Loop自适应三角剖分算法
	2.4. 抛物聚焦型定日镜几何建模

	3. 实验与对比分析
	3.1. 光线追踪收敛性验证
	3.2. 仿真程序正确性验证
	3.3. Loop细分粒度的敏感性分析
	3.4. 光斑对比
	3.5. 全镜场仿真数值结果对比

	4. 结论
	基金项目
	参考文献

