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a. Field figure of the experimental dairy barn
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b. Planform of the experimental dairy barn and layout of particulate matter concentration sampling points

de Ty I MIEFRRAE 3 AMAFRRKIE: PL~P17 BRI BERAE
Note: I, II, I1I represent the three parts of the barn; P1~P17 represent PM concentration sampling points.
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The experimental dairy barn and layout of particulate matter (PM) concentration sampling points
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Table 1 Technical specifications of PM concentration sensors

TR L8 0 T

PM concentration sensors Performance indexes

fEE LR (TSP): 4.5~5.5V
N B A] (TSP): <6's

SDS198 T2 (TSP): 0~20 000 pg/m?
RIUY (TSP): 1 pg/m?
fEEFEE (PM,s): 4.5~55V
Wl B2 (] (PM,s): <1's
PMS5003

BHE (PM,5): 0~500 pg/m?
REFE (PM,s): 1 pg/m?

VE: TSP NS EIFRRA .
Note: TSP represents total suspended particle.
1.2.2 REBEHE

SR EA S 3 MR AT B 17 SRR IR FE
IS CE b)Y, BFEEXIR T AAE S MRS (P~
P5), H P3 S TREIEKXLD T 1.0 ~2.0 m i &
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Xk 1A B 6 NRFES (P6~P11), 2 BT b isiE
(P6. P11). TMLiEE (P7. P10). X Ei#HE (PS)
MyEFEEIE (P9); EXIRIIAAE 6 ASKFES (P12~P17),
WINLFEMNR BT o R B P3 s A, LA v 3
N 2.5m.

AL, SNER FURURLA A FE AE 5 N AN 8] 18 B 43 A 22 52
T 2022 %2 H 23 HZE 3 A 10 H# 45146 P2 F1 PS
ML ERIMEE 1.5 m SRR 2, DAXTEE 1.5,
25m (P2 5 P5SIAD A1 9.0m (P3 Wl A & ki
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R W I S B = A B A T &
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EP:(Pi_Pr)/Pr (3)
ZE:lEM|+|EP| D)

S By Ep Y ESR T AW A SO0 e 340 AR
W BOMEANIRZE . RELEZ M, %; M,
Py RN BG M ERERAS T HMEMAFH 56 HE
(30%-+ 50%-. 80%-. 90%); M, Fl P, 43 53 7 Boki 4
TP LA B SAAE AN 43 B
1.3.3 #AbFEE5E%H L5 £tk

TG0 mU R EA SN G EER R, &
WF 7 AE A WA s i 3 Al 3k 6 L S A i &
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Table 2 Description of regular PM concentration sampling

schemes
s T B (RLED WERE  fiRUER
Scheme Sampling numbers Sampling Sampling
NO. (locations) heights/m forms

1 1(P3) 9.0 (I

2 2 (P2, P5) 2.5 —

3 3 (P2, P3,P5) 2.5 (P2,P5); 9.0 (P3) [~

4 4 (P1, P2, P4, P5) 2.5 (R

5 5(P1, P2, P3, P4, P5) 2.5

6 6 (P12, P13, P14, P15, P16, P17) 2.5

TE: 2022 422 A 23 HE 3 H 10 HAIEZHIE P2 A1 PS5 W s8N E 1.5 m
MRiEE

Note: From February 23 to March 10, 2022, an additional sampling height of 1.5 m
were set at the P2 and P5 sampling point respectively.
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lity index) , AQI>100), X & & & Py Uk 94k B 43 A7 ]
eI TP, DR A TS0 BR AQI>100 Fif Xof 2 ] P
IR . 2 B TE e, 13 2 EE S ELEE TSP I
PM, s W FE R 75 85 Ji 4k, BdmFh X HER R 75, I
M 7515, TSP Al PM,, ¥k, Hrh TSP 5 PM,, K
P B A ZR AT VY 3 r 55 R 57.9+ 28.0 pg/m?, 82.5.
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Table 3 The average particulate matter concentration in the three sections of the barn under different environmental controls ~ (ug'm™>)
B AE i TSP PM,
Environmental controls 1 1 1 1 1 1
EC1 65.2+33.8 a 62.6+30.2 a 63.4+30.2 a 30.5£189 a 30.4+179 a 30.0£19.9 a
EC2 101.6+46.2 a 94.2+41.4 a 99.4+39.9 a 51.7426.2 a 473223 a 51.4£273 a
EC3 109.4+67.8 a 104.1+63.9 a 103.4£56.7 a 62.4+37.7 a 61.7+42.0 a 63.2438.4 a

iE: ECl. EC2. EC3 733 TT RALIFIE ., XA RMHLIRIBER; TSP 2k PM, s WL N RTHUE 7 BEA RIZOR B 257 3% (P<0.05).

Note: E1, EC2, EC3 represent environmenal controls of fans and spraying, fans, and no fans and no spraying; Different letters indicate significant differences (P<0.05) in the

same row within the TSP or PM, 5 concentration groups.
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Fig.2 Daily mean variation of TSP and PM, 5 concentration inside

the dairy barn during the experiment
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Fig.3 Correlation analysis of PM concentration among the three sections of the barn
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Fig.4 Mean particulate matter concentration between different
sampling heights during the experiment
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N BEKST, S 1 SRR ¥ & 3 90 AR 08 3 T IR .
HAGsk Z 50 - S SR S E M R AR, A
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2.5 m = BEACAE Y, ECR T R RN A IR AT R Ay
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WL, 7E = T R O R A B SRR,
A AT R G ) 2 T R A R A A DA AR
B AR, XA — SRR AN RE U e e A iy LS
WY, JUH T RO AR o
2.2 HEFNYIKENSBENLERL
WRIERFRIF T, BAAFSERHEGET 3 40
DX 355, P R A A 5 M N S R R A B R REE R (R4,
BRI, TSP 5 PM, 3 IR I s A &t 2o i
JEATH R 5~6 MREEREIEN 2~3 INRFES .. FHApIXg 1 F1
TP, TSP I Ml AR = T PMys, T7E XK 1T
MEERIA I, X AR5 24 5 A8 7 3 BE X B0k 0 HE
SR 2 AT O, X T ST PN ks 4 W N A 2 A LA
WA BN IR 5, T AR IR HOR) 2 R BURL ) 1 B HE T
PO, AR I XA A TSP Wk R s, HIREAL 5%
U2 Bl RN R 77 A F R T DX TT P I S T A
ANE T EE 3 X, o rb B 7 3 3 ] PR T S N R 4 T
FEHECX Y, i R PM, 5 U B AE 1% X 38 P R Bl k.
gbAh, T X PMER ECT, oA 3453 i T~ 2 0 X1
(P3) Wl (i3 A —2K, B = Tid K R 7
Ao B MDA BV . 1T DX 3 P 55 903 v B8 A AU 7E ECL AN
EC3 M= T4 s RN —35, Uiz Th g X s
BB B,

x4 FEMEHETSXEFRDREN R RGREER
Table 4 The clustering results of particulate matter concentration sampling points in parts [, II and III of the barn with different
environmental controls

it I il 111
PM Environmental Pryyig R M T KEiEE MEE S ibE]

P1 P2 P3 P4 P5

controls

e AN DIF 47 W B R TR RR 2 iR — 26, BRI

Note: The squares with same color in a row within each part present the sampling points were clustered into same class.

X DA AN ) X3 1 SR S 4 AT R 22 0, IRBEAS
[E) AT A AR A HE 2 AN, S8R [F PR35 R
ORIk BE AR AAT ST R (R 5. ks 5F TSP Al
PM, 5 75 A [B] PR 32 45 it T 10 105 0 452 22 40 5o 2 A0 9 )
BN 6.4%~22.6% 4.7%~142%. HH{E EC2 %M T

Milking alley (P6, P11) Feed delivery alley (P7, P10) Feeding alley (P8) Manure alley (P9)

P12 P13 P14 P15 P16 P17
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WIS B AT E, XS AN R D RE X RO HE R
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®5 AREEMEHER T FEFRATRERLN R R

Table 5 Optimized PM concentration sampling schemes of the barn under different environmental controls

Bty AT 2 IR EELNHE 2 FN
Environmental PM (X3 T+ DX 38 1T +[X 3R Sum of absolute
controls Optimized sampling points errors/%

TSP P1, P3, P4+ P6/P11, P9 + P13, P14 22.6
Ecl PM, P3, P4 +P6/P11, P7/P10, P9 + P12, P17 14.2
TSP P2, P3, P4 + P6/P11, P9 + P14, P16, P17 6.4
kc2 PM, 5 P2, P5+P6/P11, P7/P10 + P12, P14 6.9
s TSP P2, P3, P5 + P6/P11, P7/P10, P9 + P13, P16, P17 16.9
PM, 5 P2, P4+ P6/P11, P7/P10, P9 + P12, P14 4.7

VE: “P6/P117. “P7/P10” 43 BIFRIRTE X IR 1T P B0 . (AMEIE AL B B 1 AN,
Note: “P6/P11” and “P7/P10” represent a sampling point set above the milking alley and feeding alley respectively in section II of the barn.
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Fig.5 Change of PM concentration monitoring errors for regular
monitoring methods and optimized method with different
environmental controls

RT X E A R TS KRR R E SR8 KA
UKL AT SN RS HE IS I, AREF TS AR T A
A s 7 G MR M AE Gi AT mi 7 R SRR, B )
BT EN: EFEp RZTHE KT 1.0~2.0m
AEATE 1A A, EEENR B 2.5 m S E AR E 2
AN A, B 3 AN AR R A B, i
R 7 il s m s A, TERTEY . AR, JEEIE



9 1

ZRKIRAE R I E SRE A A < 2 BRI P M 00 77 325 v s R iz B A A

207

25 mmEASAE LA A, %5 Z 6 AN
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Sampling points number and location optimization of particulate matter
concentration monitoring in a large naturally ventilated dairy barn

LI Yongzhen'?, FANG Zhiwei®, LU Yujian'?, LIANG Chao'??, SHI Zhengxiang®*®, WANG Chaoyuan'*>*

(1. College of Water Resources and Civil Engineering, China Agricultural University, Beijing 100083, China; 2. Key Laboratory of
Agricultural Engineering in Structure and Environment, Ministry of Agriculture and Rural Affairs, Beijing 100083, China;
3. Beijing Engineering Research Center on Animal Healthy Environment, Beijing 100083, China)

Abstract: Particulate matter (PM) concentration can be real-time monitored to assess the environmental risks and make
emission reduction measures in dairy barns. However, a great challenge is remained on arranging as few sampling points as
possible to accurately monitor the PM concentration in an intensive barn, particularly with the rapid development of large dairy
barns in China. This study aims to design an appropriate monitoring layout with the optimal PM sampling number and location.
An online monitoring system was built to continuously detect the PM concentration inside a naturally ventilated dairy barn
using the Internet of Things (IoT) and sensing technologies. A total of 17 sampling points were set inside three relatively
independent sections of the investigated barn. The total suspended particle (TSP) and PM, 5 concentrations were monitored in
real time for the six months during the field test. The uniformity of PM concentration was evaluated on the spatial distribution
of PM concentration among the three sections and the difference in sampling heights. The systematical clustering and error
analysis were also performed on the sampling of PM concentration. The optimal sampling was determined to compare the
measurement with the six regular ones under three environmental controls (namely, EC1: Fans and spraying, EC2: Fans, EC3:
No fans and no spraying). The average PM concentration from the 17 sampling points was treated as the true value during data
analysis. Results showed that no significant difference was found for the TSP and PM,; concentration among the three
measuring sections of the barn (P>0.05). TSP concentration sampled at the height of 9.0 m was significantly lower than that at
the 1.5 and 2.5 m heights (P<0.05). There was no statistical difference in the PM, ; concentration among different sampling
heights (P>0.05). The concentrations of TSP and PM, 5 sampled at the height of 2.5 m were uniformly distributed among three
sections of the barn. The sampling point setting down the ridge opening (approximately 9.0 m above the floor surface) was
necessary for the TSP concentration monitoring. In TSP and PM, 5 concentrations, the sum of absolute errors between the true
values and the optimized sampling under three ECs were 6.4%-22.6% and 4.7%-14.2%, respectively, indicating all smaller than
those of six regular monitoring (P<0.05). Generally, the number of PM sampling points was appropriately reduced to consider
the monitoring costs and practical operability. The final PM monitoring was determined with the optimized sampling number
and location in a naturally ventilated dairy barn. Six PM sampling points were set inside a dairy barn: one sampling point
1.0-2.0 m down the ridge openings in the central of the barn, two sampling points at a 2.5 m height above the cubicles, and
three sampling points distributed at milking alley, feed delivery alley and manure alley at a 2.5 m height, respectively. Among
them, the three sampling points down the ridge opening and above the cubicles should be diagonally arranged along the barn.
The final PM sampling can be expected to achieve both the accuracy and economy of PM real-time monitoring for a naturally
ventilated dairy barn.

Keywords: monitoring; ventilation; optimization; particulate matter; naturally ventilated dairy barn; concentration; clustering
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