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Limited, Beijing 100024, China)
Abstract: [ Objective] This study aimed to evaluate the applicability of cosmic-ray neutron sensing (CRNS) for

mesoscale soil moisture monitoring in desert photovoltaic (PV) power stations. [Method] Three desert PV stations
and adjacent control areas in Zhangye, Gansu Province, China, were investigated by integrating Monte Carlo N -
Particle Transport (M CNPX) simulations with mobile CRNS field observations. Soil moisture was inverted using
the No parameter method, and spatial representativeness was quantified through neutron weighting functions.
[Result] (1) PV panels exerted negligible interference on near-surface neutron flux. MCNPX simulations revealed
a 1.27% relative difference in total neutron flux and a 0.12% difference in the fast neutron range (0.5~1000 eV)
between panel-present and panel-absent scenarios. Moreover, mobile CRNS field measurements showed no
statistically significant difference (P>0.05) in neutron intensity under panel-present and panel-absent conditions. (2)
CRNS-inverted values exhibited strong agreement with oven-dried measurements (R* = 0.73, RMSE = 0.01 g-g’!),
confirming the accuracy of mobile CRNS for soil moisture retrieval in desert PV environments. (3) The effective
vertical detection depth and horizontal footprint radius of CRNS were estimated to range from approximately 21~
49 cm and 123~151 m, respectively. The mean detection depth within the PV areas (32 cm) was slightly lower than
that in the control areas (39 ¢cm). [Conclusion] Mobile CRNS provides a technically feasible solution for non-
invasive, mesoscale soil moisture monitoring in desert PV power stations, offering an innovative approach for
hydrological assessment in arid-region solar energy installations.
Key words: Cosmic-ray neutron sensing (CRNS); Mesoscale monitoring; Photovoltaic ecohydrology; M CNPX
simulation
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Fig. 1 Location of the study area (a~b) and distribution of sampling sites (c~e)
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Table 1 Basic information of photovoltaic power stations and their control areas

+1E
Bk BWE S ORE R w1 4 Jii
P4 44 FR a4 g ‘ L . . .

Site name  Latitude  Longitude / Elevation Precipitation Soil Sand Silt Clay Soil

/m /mm depth 1% /% 1% texture
/cm

WO 10 7589 2355 056  AbhEL”
Bangiao Town  39.31 100.37 1468 118 20 5203 4621 176  HEt+®
Control 30 5296 4534 1.69 AL
WO 10 8514 1442 043  HbiEL”
Bangiao Town  39.30 100.36 1478 118 20 2138  77.33 129 B+
PV 30 6476 3451 073 L
R T A 10 4185 5681 134 Fhigt®
Nangu Town  38.68 100.57 1719 300 20 4128  57.06 1.67  BHEL®
Control 30 4362 5450 1.88 KL
BN 10 4985 4875 140 ek
Nangu Town  38.68 100.58 1684 300 20 72.66  26.73 0.61  WHiEL"
PV 30 7468  24.80 052  ®hIEL"
NIV 10 8121 17.80 099  HbiEL”
Liuba Town  38.76 100.80 1631 230 20 8249  17.02 049 WiE+"
Control 30 7390 2295 3.4 WL
SR 10 7811 1342 847 WELY
Liuba Town 38.75 100.83 1652 230 20 88.94  10.48 059 HpEL"
PV 30 7722 22.02 076  HHIL"

o “PV” 5 “Control” 73R AAFGAR AL M S L ARIT (1) H AR TR SR AL . R IR Note: “PV”»

and “Control” denote the photovoltaic power station site and its adjacent natural desert control site, respectively .

The same below. MSandy loam; @Silt loam; @)Loam.
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Fig. 2 Distribution map of the mobile cosmic-ray neutron sensor (a) and soil profile sampling points (b)
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Fig. 4 Neutron flux energy spectrum variations simulated by M CNP X under scenarios with and without
photovoltaic panels
R 2 MCONPX RUAB/TARIRIFR TAERER P FEEXM
Table 2 Comparison of neutron flux in different energy bands simulated by M CNPX under scenarios with and

without photovoltaic panels

RO = PSSR, PR Bl & (0.5~1 000 eV)

Simulation scenario Total flux/(n-cm™-s™) Fast neutron flux /(n-cm?-s™)
H 6 With photovoltaic panels 1.627 x 107 2.783 x 1074
TR Without photovoltaic panels 1.607 x 107 2.786 x 1074

CRNS S I 485 SR — D I0AE A AL S5 18 o W A R], S PR e el B ot X ) S s v 1
SRIEAT 1144~1530 counts min™', Ay RESEFEME (1361 counts min) X I X
(1340 counts min''). & KSEM TIREMANG HFIRERIEE, 6 MR LR IE
th BB/ T 350~416 counts min', FI{E Jy 390 counts min" (& 3). S F 1R
FEUEAE No v 424.0123.8 counts min!. X & REEHIGAR X 5% B X RS OE f5 R T o (V)
FRLE T FHEE (Neaw) BEATMOIFEAR ¢ 556, S5 RIBE RN ZERAEE (P>0.05) (K
5), BEIGREEHIRXT CRNS fyd Fom 4 B T

CEA AL S 5 SRR, ARG b S LR R R AT 2SN . HLS
RRALLA S B8 UE 35 R BRI CRNS FRIUAE 5 (10 F P 55, PR TR e AR w3l B2
CRNS HARMS, 7] 2 G ARMR AR B %o Hafs (A0 72 1 75 5K o
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Table 3 Neutron count correction and calibration results in photovoltaic power stations and their control areas

H 3 FEHBAA TR Nraw/ N/ No/
fp frH fire
Date Site name (counts min™) (counts min™) (counts min™)
2025-04 AR B0 R 1254 0.299  1.107  0.999 415 464
B OGAR 1192 0.309  1.113  1.001 410 440
T D R 1452 0.242  1.086  1.001 382 394
[FEIR P AN 1450 0.249  1.096  1.007 398 412
ISR R 1530 0.262  1.043  0.995 416 402
AN 1484 0.264  1.059  1.000 415 426
2025-07 MO B0 R 1144 0.280 1077  1.015 350 444
=R b 1296 0.242 1136  1.019 363 444
DGR 1350 0.249 1078  1.015 368 396
NN R 1366 0.253  1.083  1.019 381 402
ANYUEE R 1330 0.260  1.111  1.019 391 438
SFHIME Average 1350 0.264  1.090  1.008 390 424

E: Neaw NRIGH TR i ARURBRIEREG e T URERIEREG fire ANGTP TR IE
FH: N ARIERR 7R No NS THRFM R FoRE. FE. Note: Nraw is the raw fast-neutron
intensity; fp is the atmospheric pressure correction factor; fru is the atmospheric humidity correction factor; firc is
the incoming cosmic-ray intensity correction factor; N is the corrected neutron intensity; No is the neutron intensity

under completely dry conditions. The same below.
2000

B Nraw - GR PV BN N - ik PV
1750F Nraw - 4 i Control N - XfH& Control

1500F s, s,
1250F  0S
1000

750F
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Neutron intensity/(counts-min ')

soor ns s s
250}

I 33 A A7 ENpitae L R e f

Linze Bangiao Town Minle Liuba Town  Minle Nangu Town
H: ns Rtk X 50 B X 2 [ ¥ 75 B 0 2.3 5 5+ . Note: ns indicates no statistically significant
difference in neutron intensity between the PV and control areas.
Bl 5 AR sk B Hook B XRR IR J5 o5 BT L

Fig. 5 Comparison of neutron intensity before and after correction in photovoltaic power stations and their control

areas
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Fig. 6 Relationship between oven-dried soil moisture and corrected neutron intensity.
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Fig. 7 Relationship between soil moisture estimated by CRNS method and measured values by drying method
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Table 4 M easured and estimated soil moisture, effective detection depth, and radial distance at sampling sites

S - 3K 43 S K gy 4T Bulk
FeEHh A FR No/
Measured soil Inverted soil density/ Dss/cm  Rge/m
Site name (counts min™")
moisture/(g-g™) moisture/(g-g™) (g-em™)
4 A B B
0.04 464 0.05 1.58 32 131
Bangiao Town Control
4 HUr iR
0.02 394 0.02 1.58 49 140
Nangu Town Control
4 FUNIUEN
0.01 402 0.01 1.39 49 151
Liuba Town Control
7 APH AR
0.05 444 0.04 1.50 33 129
Bangiao Town Control
7 Hm e
0.03 444 0.03 1.52 41 125
Nangu Town Control
7 HE N R
0.05 402 0.05 1.40 30 129
Liuba Town Control
Mo B X S48 Average
0.03 425 0.03 1.50 39 134
(Control)
4 HURAFEDLAR
0.03 440 0.04 1.59 36 133
Bangiao Town PV
4 JUm DB
0.02 412 0.02 1.60 44 138
Nangu Town PV
4 FUNIEBOLR
0.02 426 0.01 1.51 36 142
Liuba Town PV
7 Hem eIk
0.06 396 0.08 1.59 25 126
Nangu Town PV
7 HEARHEDRR
0.02 438 0.04 1.49 21 123
Liuba Town PV
JeARIX P HME
0.03 422 0.04 1.56 32 132
Average(PV)

T Do TR TACHE BARNREE (em), Rse AT 552 7SO I -1 23 7K-F I 5 L. Note:
Dsgs is the effective detection depth (cm) of the cosmic-ray neutron sensor, and Rse is the average horizontal footprint

of the cosmic-ray neutron sensor observation. (DApril; @]July.

30

T MCNPX #E AN 552800 CRNS SEIAH EIGUE, IESEGARZE AR X0 2 3 i 5% e
by UR IR ] 2 (B 4, Bl 5, 2, K 3). MCNPX BUUAIRE/R, fERH T il
R, JCRASESIN A Z 574 1.27%, 7L CRNS {5 5 HHEBUR R 7 Re Bl B R 2=
T 1% (R 2). KRy il s e reil b7, MSRAMFEMREME, HoxS
e RE PR AR T A PR RN 55 T HO b 7 ORGP T REIX, T SR LA
TR /N0, B e i AR ARCAE I S B BE B N T D15 S RO g o SEUL I — 20 S 43X
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—45it, RIEEHRFmEAERRX G BXETEEZR (P>0.05) (K 5. XKW, 75
BRI RF CRNS HOREF, TEFRERGR Bl A & 5] NFAMEIEP IR, S WL T 5L
B R o

MARMHLEE 7, CRNS RG-S R BB XA SR 7 & & (&K &6l ot
R K} AL 3 . EVA IRHE L R ity -y AR & S AE S A R R, AR 725 B
WAL T 5X10" emM4, Jm/NTFEBOKEE FEHE (~102 em™) . Mok, JeRIUE BN
B K BRI, B EFZ) 4 m, (] CRNS MIRIARE K, Hodh 3 (84 SR IR FE
(Dse) AEAERER (2] 21~49 cm) R IAA RIS Rse N KRN (£ 123~151
m) (K 4. fEZREREFIIBEN R, SaRBO T BUN B A DTt g oRe . DL Eg5 R
55 Schrén Z5#3 I Desilets S5P8I7E 58 & 2 A 78— 5, HLRIFRAICEMBHE CRNS A 2R
2% 8] Y PRI B S 1 ] 220

FEZ AR 7T, CRNS PR 7] 2RI B Do X 137K 40 AR A me )9 BURK, B4k
b8 35K TEE s, 1Z#aH 5 Schron 54T URANOS #8045 18 — 2. [FIA,
FAR X Dse Hri Ik T XX (R 4), 1ZEFAMUET Ky SR LIERENAR, @n]
RESE YRR BTN BRI K SCRINE 2 PR R 1) 308 Jo 30 15 250 2 k2> b 3% 28 2 I 1T e 5 1 B4 7K 1
IYHC, MNITYERE T AHN B 7R 2 3K oy, SGsR T bR b 7k, 5 350H SRR B AR
RL3I, FELZ N, R FERN AR Ry FEAFIFEHL I AR (LN, R R AP Ra e, HEu
SRR, 170 R 5 b 5 ) B - 438K 4 2 18] S O 1k i 2 AN RRURRBO) . X — SRR AE A 43
CRNS ABAE FH KU AR SRAE X 3P 35 38K 43, A RR AN T 4 40 5 I £ 5 3 S 2 (1]
MR H.

FESCERE L7 T, #3070 CRNS FE TG AR PR o SR 3 H w52 1 X 3 338 7K 43 B e
71 (R*=0.73, RMSE=0.01 g-g") (K 7), ZWESIHUTEREMH LR (R2=0.68,
RMSE =0.01 g-g') AHBAR745], #R1f1, CRNS Jx i {H B kms m T ok seiifE (R 4), 171
—E RS ZE « HEERFHLET CRNS XA FEITRE 2 AU TT ik A5 £J2140), g7
PRV 27K 43 AR J2 7K 3 RO SR B 5 T 264, DR IR 2 A5 5 R RIS, S BUR
MAER R . X —HLHHRE T CRNS B G @R XA ROK R,  JCHAEAFE B 55
KA BEEERIEOL R o ok, B AR FAMCKRIE T 8K X — BisE 5, e i
A BTN SR KSR X A2 B AR B AREIRRS, XA AR 2 BB Rt 1 BB 5
WIS, FEC CRNS 51 EHOK A m a7 Bhah, W7 IX R AFE R B A4y, AR
& A S P55 P2 A sumk, (H i T 60R X 500 B IX AR 05 P A — 30, RaE H AR
SUURNT P A X3P 75 B R DR A A — 350, TR A AS 52 M AT 5 6 AR 2L 5 el P56 Bl 511481,
KKAI TR RR B A RS B ER R, kAR IEHESE.,

[FIEST, A5 B BRI psi A7 45 4 20 W 5o e 7K S5 B 7 A A 2 B R MR 2 2
EFF . PEmE CRNS TEIGIR s K BRGS0 S A B 5 45 IR v, 5 SR 72 B
HATF LI rISeE . B, B S R R IR AL A TR R i, SR = s 4
BK ¥R, 5 CRNS AHHEE 7B nl 52 (1) X 1B 0 REGGI AL IO IE B30, DIBRIRR
Gz, HIK, REEAAEEAREE AR TAPUR A KD B 355 ot
FAE S, RSN EFIESOR E TR R, |5, 46 e CRNS KM
W 2 P KL RS . AN KL K 3K 878 (4 HYDRUS. CLM 8% Richard
FFERAD), SEPAAKIES 2 REVLE, MHeFt CRNS 765 2 T3 44 T 1 A
e DIRS FE

4 %5 1%
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it MCNPX st il 5 #5050 CRNS Sz, REHAE T CRNS 7E 7775 6 R
P 3l 458 7K M 0 o 3 P P o AR ST 25 SR — 3R I, AR 2 A DR AR A R 1 S )
HUEFEIE/N T CRNS FIAA RS ], ) 3 i i 52 1 S 28 b il S s ma i A 5, e
ZN RN A ARG T FAME IE . 22T No SEGEI Kl A S 3T RSk
DME R FE—3, UFSE T CRNS FEMRAE MG G AT S8 5 (S A e & F itk . k4t
CRNS 1A ERMIRE (Dse) FAKFLAAVER (Ree) & TH RO 438K o i), HobAR
FEL 3k A AR R FE /N T HR X, m R S BB AR s AR K SCa L f5 5Kk 25 1, B3
CRNS JyFia ARk vk iR - 88K IS MR T T SRR F B, F% 7 2 X a4
AWML AR
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