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Development of a rapid ammonia concentration prediction model for pig manure reactor
composting based on infrared spectroscopy
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Abstract: To address the issues of poor timeliness in sample collection, susceptibility to loss of valid samples, and
instability of concentration prediction during the monitoring of ammonia emissions from pig manure reactor
composting, this study established an in-situ online monitoring system for composting gases using infrared
spectroscopy. A logarithmic binning-based multi-metric iterative outlier removal method (Method A) was developed
and compared with a conventional global-threshold single-indicator method (Method B). Partial least squares (PLS),
random forest (RF), and extremely randomized trees (ET) were employed to construct quantitative prediction models
for ammonia concentration across different concentration bins, and the model performance was systematically
evaluated using a multi-metric assessment approach. The results showed that Method A achieved an overall removal
rate of only 7.86% with a dynamic range loss of 2.69%, whereas Method B had a removal rate of 30.23% with a

dynamic range loss of 98.86%. In model construction, the ET model achieved R?pr.qs values of 0.8938~0.9729 across
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different bins, RPD> 3.0, and Mean Absolute Error as a percentage of Full Scale (MAE%FS) of £2.19%~+2.68%,
outperforming RF and PLS. In subsequent validation, the ET model yielded R?y values of 0.907 7, 0.978 0, and
0.9891 for the three bins, with RPD values of 3.217 0, 6.183 7, and 6.157 3, and MAE%FS of £2.98%, +3.20%, and
+3.59%, respectively, meeting the requirements for high-precision quantitative analysis in complex scenarios. This
study demonstrates that the combination of the logarithmic binning-based multi-metric iterative outlier removal
method and the ET model enables rapid quantitative prediction of ammonia concentration, providing technical
support for precise online monitoring of ammonia emission levels in reactor composting processes.

Keywords: pig manure; reactor composting; ammonia; quantitative prediction analysis; infrared spectroscopy;

outlier removal; rapid prediction model
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Figure 1 Schematic Diagram of the Compost Gas Monitoring System
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Table 1 Main technical specifications of INNOVA-1512 multi-gas analyzer

Z# Parameter %<, Ammonia
o7 Hi B 0.08 umol-mol!
HERf £2%FS
HEME <0.03 pmol-mol”!

vk 0.08~900 pmol-mol’!

SARD I 5 IV ZIR BEAE NS hRUEE, F T a2 e B AR IE S5 360E . %40
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AHEE PAS, {# BLIH-AR #2748 i (Fourier Transform Infrared Spectroscopy, FTIR) EA
Wi 87 3 FEE AR SR G B R AR SRR 35, N e S IR R IE B R e 5 N B8 1 Rt
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DUHIT A5 WU A=A sk o Ak 2 e ok R UL ) SR KR -EAN GRS, 7E FTIR HAES
PRt P E— 20 IR LR EE 50 °CIEIR,  Bilb/KIRAE R & N IRLsEE . Lt REMZEN 0.5
min- A, AR IREUVEENFEAR BT R, R RO R RS R TR . DA
PR SHINE 2 P,

%2 BRUKER OMEGA 5 EWEMR MEMHTRIIMENEBRASH
Table 2 Main technical specifications of the BRUKER OMEGA 5 portable Fourier transform infrared

Spectrometer
23 Parameter HA% Specification
FACRR 5 R
rHEE 0.5~16 cm™ CA[I)
s i 820~4 500 cm™
Al g MCT il (RO
TR AR e PELLA IR
1) 7 ] <l min

7E 20 d (RESE IR 3R 2R 5 633 NMIMAFEA, 24 890 %61k,
1.3 SEiEFnszE

JR UG ' T B AE AR B AR SR 7 R AEAS S RN, TRIB R B4R AL BN U8 A AL
W 7 S5 22 PP IR 2R, DAL 5 328 PO AT ) A B 7 V2V B 0, DABR FHASE A 1 F0 0 4 B
i AL EE Ty vk 32 AL S FELRAR IE (Baseline ) Fri 1E 257 & 48 #t (Standard Normal Variate,
SNV). Savitzky-Golay “F1# J FHCR LA . Horp, FRZERIE AT bR AR StoRAS A & 5% 1F 22
F oI EELIER . SNV BERER IE RUBURLIE 73 A1 A 35 3 B HUH 208 ;- Savitzky-Golay — it
SO A R BEALE B E 02T, 7R LB e b SR S BEIRO B R B
i, AW TR A ST R A TR (EERIE) B TR (FEARIE+SNV),
C 7% (B4R IE+Savitzky-Golay —Fr ST ) D TR (R IE+SNV+Savitzky-Golay
—B FECEIE D). AT VAL AN [F] AL 32 A 6T 5 SR S F M, TIAER R A B B R S
BT “ISRH (Ridge) S/ =3k (PLS)”. WA “BAHLARM (RF) Hilkimbal
B (ET)”, DLREE TR 28 AR “ AP j 2 (CNIND 7 [ FINPERE, B ALIE duE
FH R TR PE REL(Rye)~ BRIER I HRIZZE (RMSEC) s TN 5 Hi% 7 (RMSEP)
SERLaRRZE (MAB) FIARXS MR 22 (RPD) SEf8 A5 PATR A Hi B Y SR AN REURE . A f ik
B A TRA P SRS

3 FEITAE SR AR TN M BEEL X

Table 3 Comparison of prediction performance using different preprocessing methods and modeling algorithms

17 Model 77 % Scheme R2cal RMSEC RMSECV R?pred RMSEP RPD
Ridge A 0.9458 9.1054 13.0778 0.700 3 11.682 8 44186
Ridge B 0.9456 10.035 6 13.1293 0.774 3 11.2877 45733
Ridge C 09347 11.2225 15.4733 0.708 4 12.809 1 4.0301
Ridge D 0.937 2 12.197 16.719 8 0.689 4 14.3852 3.588 6

PLS A 0.905 2 15.788 1 17.206 2 0.661 9 14.2455 3.6238
PLS B 0.893 4 18.587 7 19.667 5 0.700 9 14.039 2 3.6770
PLS C 0.902 3 17.1950 19.639 3 0.684 5 15.224 8 3.390 7
PLS D 0.8933 21.400 2 235237 0.677 4 16.360 3 3.1553
RF A 0.969 3 3.087 7 7.380 3 0.909 3 45881 11.2514




RF B 09716 32791 8.5115 0.922 2 4.256 4 12.128 1
RF C 0.968 0 3.357 8 8.378 9 0.907 9 5.0724 10.1771
RF D 0.968 3 3.1173 8.166 4 09115 51785 9.968 5
ET A 0.984 8 1.860 6 6.885 3 0.9223 3.486 6 14.806 0
ET B 0.983 6 1.8956 6.5722 0.9294 3.0658 16.8379
ET Cc 0.9829 2.054 7 7.8139 09154 3.4176 15.1050
ET D 0.982 6 17316 6.632 9 0.9238 3.028 3 17.046 5
CNN A 0.569 8 64.916 3 68.256 3 0.359 8 34.502 4 1.496 2
CNN B 0.762 8 323954 33.6452 0.630 8 19.278 6 26777
CNN Cc 0.557 6 66.966 4 68.536 7 0.3015 36.850 0 1.4009
CNN D 0.563 5 66.912 4 67.736 3 0.285 2 37.446 0 1.3786
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Figure 2 Flowchart of the core algorithm for binning-based PLS multi-metric iterative refinement
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Table 4 Sample information of prediction set and validation set

. i e . YR EEVEE Concentration H){H Mean
Sr#H Bin - /732K Classification FE % Sample amount range/(umol-mol") value/(umol-mol-)
bind RIESE 3151 1.552~12.886 2.999
BURIES 1350 1.672~12.097 2.834
. R IFE4E 184 13.011~106.760 40.493
binl .
RIS 79 13.181~106.760 41.358
. RIF4E 298 114.726~904.338 586.614
bin2 K
SURIESS 128 115.324~903.996 579.54
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FHNMER30,
1.5.2 JRAVEM AR

AR? (RZIE-TRIULA 22): IR, S TRINAE R o 1H AR, A3UN:

AR*=RE1-Rjred ()

GARFR AT R R0k B S IEPERE R —E0bE, TR B SLA R DAR? i/, R B
GG, TR E; ARTIIEONIE KN, R EaT A,

RMSEP/RMSEC IR ZERAE AL : HIHERZE S IERZEARS H . ZIabafiy =i
T M YINZR B S AE B B 22 R TBORRE R, il 1 RoONRZEITR MR e, B KT 1 HHKIE
BB ZETBOR, 2 AGRE IS .

AR? N WA REJTH) R FRFERE, RMSEP/RMSEC M & S LR 25 (R FEE, 3%
WSk i
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% (MAE%FS) {E NP TEAR o IR AR AR (-1 TR 22 0 — AL At B B REVE T Bk
TR IX | R AR 22 e S B R ZE AN AT B, T 7E 7 BOB B [ HEAT R I 5 b e B
EWAR

%FS = — MAE 9
MAESFS = S tr—smrm < 100% ®

MAEY%FS B/, 2 BB R AR 12 B R B N ) T i 2 ARG T B A DS, RSP o AW
BTG UL R At 152 2 58 SUNE%FS $ibR, MAE%FS RASFRIRZ R ERE, REER
i b s IS TR ) S A TN AT, S S DR A ) S R R PPN S R K
1.5.3 BRI S35 HEF T75

NAENR] 73 R A AN R R AT B L LL R, AW FCEST T 2 Hhnsi E He P . fEAEA
SR, 3 IR Rereqs Roy GBKERDE) LLA RMSEP. AR?. RMSEP/RMSEC. MAE%FS (jifl
ANERERD BEATERTHEAL CHEA BUE BN RS2 AR b LR DUBIT) . B BT kA, 19
BRI R AT, BHEEERDTHFIE REHA . SGafnrRIEHIAE —, HEK
MFESEYERN “F7 s HAEFHEN P HRBEEFEN R o 2 HF SRR
FRE T TIAE FE id #DL - RS AR RE PR AN S — RS, ff (R A AL 0k 5 0 B L PR A P ST LA

2 HBREVR

2.1 SIRE 7 TFIE

WAL LAY Gt iz b K 7 LB IS MRS S SHRE (B 3). H, fZE (@
I R BRI AL DY A BE A SR EAE AT, IR R RS S SRR, 28R
BB (o) FALFEAMREERE 73 A B0 R R AL, EOW S IR 7E &R X [A]
DATEE s SR E T B RAZE TR B (o) FTISER B A fieds, Hf
1% AR TP A T MR 25 B R B - B (D B REAR A B S B IR Sy
AR ECHAT EER TR S s 2 5 IR AN IEZS 2341 o

RS s Rk 5 MKl 3 B, WREEJEREIA 1.552~904.338 pmol-mol ™. Zx&
P, FIRE LA A, B “IRAE SR D> B s AR T E 15 AT Y
o GuitRHAWME (51.22 pmol'mol™) 3 & T H A% (2.58 pmol-mol™) FAEL (2.11
umol-mol™), B4 K 2 BURE AR BE b F 5K, (HAFE SR M ik BE IS S iy 1 A3
B o S REE M HE— 2B EIAE 73X —4F1E: Poo (538.26) KR 90%MIFEA MK AL iZAE, Pos
(538.2626) F1 Pos (782.58) 43 HI%F N 95%A1 99% 53 i, i NAEIA 904.34 umol-mol™!, i
B AR AP K o AR A Bt T R A0H BB R B A, E TP (IQR, B Qs
5 Quz 7, Wra] S0%FEA ) B HUR D € 1) 7 H (A LU s 16.88%, [AIFEIESE & E 5+
WAE M. QQ Kl & . ZL8 R k¥ (ECDF) HiZeaiBebETt . J5 Btz 14
B, BEWSRERFEAERERKEX, DR ETTIR T EZN0Ah.

TEAFEHMEAES AR R, EAIHEBOR E SO A5 i B R 0 A, X — R S HEAR T 230
AFHEBYIAR . ZAETHR A WA PRE T R BOR A B R ORI, T R i FE VAR s T AE
RKEG-FRa B CanfE i BRI S 0 s IR P AR B BO, MR BB Siit i
Ny FHIME (5122 pmol-mol ™) T2 (2.58 umol'mol™), F/r il (Pes=538.26
umol'mol™) & KfH (904.34 umol-mol™) EEA, R EHELBIIL 16.88%, R IMEASER:
A AA, R D B AR S B AR T SO AR AR AT DR S o IR P I S A B Bk
e D0 XoT HE T 4 3 AR E R S I PR 2 IR SR, IR RS 1R 22 R A 0] S B O S, (B
TEFEARTRRR o 5 & A AR %, BRI AL RS A 21890 (R, RSt 5 4it
AT, R KA DR BE 25 DX TR JC e e iR BE e A, 1T . X 4 LSRG e 5 0 e i, SR g
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Table 5 Quantile and Interquartile Range Statistics for Ammonia Concentrations

S 4k Gas Pgo Pos Pao IQR IQR T 7 Lower Bound IQR |7 Upper Bound

= 414426  538.2626 7825768  2.765 -1.967 5 9.092 5

VE: Poos Posv Poo 73 IR /NES 90, 95+ 99 H /-2l (Percentile), BI437A 90%. 95%. 99%MIFEA K AR
TN E{E . IQR AVUHHIEE (Interquartile Range), & XCNZE=DUSALE (Qs) H5HE—MUAME (Q 2
2, WA S0%FEA K B HUEEEE . IQR R #=Qi-1.5IQR, IQR L 5'=Qs+1.5IQR, % I F A HIFE A
VU LB A e N CERERD.

Note: Poo, Pos, and Pog denote the 90th, 95th, and 99th percentiles, respectively, meaning that 90%, 95%, and 99% of

the sample concentrations fall below the corresponding values. IQR refers to the interquartile range, defined as the
difference between the third quartile (Qs) and the first quartile (Q), reflecting the dispersion of the central 50% of
the samples. The lower bound is defined as Q:-1.5%IQR, and the upper bound as Qs+1.5xIQR. Samples falling

outside these bounds are classified as outliers (anomalies) according to the interquartile range method.

E 3 SSRESHEFHERBES BN

Figure3 Analysis of Ammonia Concentration Distribution Characteristics and Probability Distribution
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IS HREATR B VA H )5, 3 ANIRFE /346 (bin0~bin2) FIFEA > H 4 895, 288, 450 [4
£ 4501, 263, 426, SAELREE 5190 MEA, RiFAIRZE 7.86%; ZhATLETR KM (bind
125 0.54%. binl 125 1.42%. bin2 Fik 0.73%, RitHik3K 2.69%), AR EREA (>100
pmol mol™) TERELREE o TMifL 48 A4 B P — B ARV BT & T 11.31 pmol-mol™ FIFEASH) €
NI, BhASTEE M 1.552~904.338 pmol-mol™ U E4E % 1.628~11.31 pmol-mol™,
TR L 98.86%; RITHIFR 1 703 MEA, SEGIFRERIE 30.23%, B X [AIFE AR 78 4
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Table 6 Comparison of sample retention before and after removal under different outlier removal methods

4% Bin SRR TR AL T ER A R L Rl A FRitalkr
Before removal After removal Total removed Total removal rate/%
0 4895 4501 394 8.05
1 288 263 25 8.68
2 450 426 24 5.33
Iy R 5633 5190 443 7.86
H—RE&IRTR 5633 3930 1703 30.23
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Table 7 Comparison of dynamic ranges before and after removal under different outlier removal methods

4346 Bin i B Hi/(umol-mol L) Jii b J5 /(umol-mol 1) AT R Rtk
Before removal After removal Dynamic range loss(%) Cumulative loss(%)
0 1.55~12.96 1.55~12.89 0.54
1 12.96~108.33 13.01~106.81 1.42 2.69
2 108.33~904.33 114.72~904.33 0.73
BB &R 1.55~904.33 1.63~11.31 98.86 98.86

2.3 HRBIFIN M4 g8 B X

FERETAHESE IR (3R 3) KRB, SRLKIES SNV BA )G, SHRLRIE R 4T
(R TR B 5 A M, DRI 07 S8 W e A s L TAL B 07 v T I B o AR A AR B8 2 A
1E, BEARFEASELR/> A bin0. binl. bin2 =N0H. PPNIZEEHEIMNEE T (R2%prea-
RMSEP) 5l &-Z4b—& Pt (AR>. RMSEP/RMSEC). & 4 #1 ETbin0 A bin0 7 # /) ET
A, ETbinl A binl 7044 ET %, ETbin2 4 bin2 23460 ET fAY, HALKGEH. 3 4
DFAIBEAR SRR AR 4 FioR

TEZH) 3 MIREE A FE, 3 PP Ol P e 22 S A2 (3R 8D 1E bin0 (fIRIKFEXD),
ET BAY ) R?prea N 0.894. RMSEP 4 0.434 pmol-mol”'. MAE%FS N+2.19%, H&E{LT RF

( R?pe¢=0.870 . RMSEP=0.480 pmol-mol”'. MAE%FS=+2.29%) Al PLS (R2pq=0.764 .

RMSEP=0.646 pmol-mol'. MAE%FS=+4.25%). ff binl (FFIKEZX), ET RIEE, Rpred
15 0.973. RMSEP 4 3.769 umol-mol™'s ARYX 0.001. MAE%FS N+2.39%, JIZ5%0F LT
—#; RF M1 PLS ) RMSEP 43 %4 6.907 pmol/mol 1 7.323 pmol-mol™. 7£ bin2 (kK E
XD, ET 5, Rprea N 0.972. RMSEP A 30.118 umol-mol”! . MAE%FS N+2.68%, RF
A1 PLS () RMSEP 4351 35.125 pmol-mol™! Al 34.683 pumol-mol!, MAEY%FS 43 H H+3.22%
F1£3.29%.

ZEE BRI TS R%reaw RMSEP. AR2}. RMSEP/RMSEC %444, ET #EFTH 244
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REJIAPREY ., FR, ET 0 R A E R r G, FOWERLE CREXRIIZRBE L0 G
IIREAR . REIR ST FEBE LR BURFAE ) FRAR T AN 50l A B i RE ARG AR Y () §2 ), 38F % RF
(R 58 A BEHLRAE T R S B R R AR, Rk, 7R3 ™ H kA H B R ER, BT HEE
HEAHIFA B 52 38 e (AL A SR R P U, AT B A 2R 7 2 38 X i) Fry A PE A2 Ak g

EAERENZ, ETRERIES, CNN TEFTA WA R T PR 824K T RF
AT ET (R2prea {X N 0.285~0.631, RPD<2.68). IXHJHESEK AN CNN A SRR K, TAW 7
A BOCIEREAAN 5 633 2%, AR PR AIECE S DL 4 78 70 I, S i N AT,
AR ERELE LR ARKVR IR LRIER 5, A R IESE ARG B, il 5 R B 2 [a] s
RAFBT RIS ZIEL M, CNN FIERERHMESRELRE J1 R e 78 70 K IEP); CNN X
ERPPRS . AR BRI, RS b EE, HILREM ST AAER NS,
Wi T CNN HZ AR g PE0), FHELZ N, RE A ET VEJ9SE RS, S8k . o B pps
ZURMC, HRAREAVUIMAERET), BHEA A AMAREAY 5.
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Table. 8 Comparison of Ammonia Model Performance

5144 Bin bin0 bin0 bin0 binl binl binl bin2  bin2  bin2
it ET RF PLS ET RF PLS ET RF PLS
FIE4E Roca 0960 0949 088 0974 0925 0934 0980 0972 0.976
K IE4E RMSEC 0379 0425 0622 3128 5266  4.843 23.871 30.592 25.312
R IE4E MAE 0203 0217 0417 2163 3482 3752 16.003 21.963 20.430
THIIEE R2preq 0.894 0870 0764 0973 0890 0879 0972 0965 0.96
RMSEP 0.434 0480 0646 3769 6907  7.323 30.118 35125 34.683
T4 MAE 0231 0242 0449 2243 4408 5569 21.142 25395 26.004
RPD 3026 2738 2034 5422 2959 2791 5689 4.878 4.940
AR? 0066 0079 0122 0001 0035 0055 0008 0.007 0.016
RMSEP/RMSEC 1147 1129  1.039  1.205 1.312 1512 1262 1.148 1.370
MAE%FS oo Vonons Vansos Vasows Vazow 1 soass Daesvl 3200 3200
TR R2preq HES 1 2 3 1 2 3 1 3 2
RMSEP 4 1 2 3 1 2 3 1 3 2
RRIESE R T 1 2 3 1 3 2 1 3 2
AR? f44 1 2 3 1 2 3 2 1 3
RMSEP/RMSEC #i# 3 2 1 1 2 3 2 1 3
MAE%FS HF4 1 2 3 1 2 3 1 2 3
SR HEA 1 2 3 1 2 3 1 2 3
R A T it fi% [ i {is I it i




FZiE#ECalibration set R? = 0.886  PLSbin0
2 T4 Prediction set R? = 0.764

o FIE#Calibration set
i) #Prediction set
Vprea = 0.829x +0.459

i 7% £ Predicted concentration(umol/mol)

3 ) 3 B 0 12
S Measured concentration(pmol/mol)

2 1E#E Calibration set R? = 0949 RFbin0
12t Titlll#iPrediction set R* = 0.870

4 .
. .
e .
- "".' S
; /’ 4 - LI ]
» 3 ¢ 2" ReiF4Calibration set

{6 #Prediction set
Vorea = 0,821 +0.469

917 £ Predicted concentration(umol/mol)
o

4 6 8 10 12

’y'éi‘)!]JfliJ&“ Measured conccntration(pmolj’moI)
--=—-95%E &% 95% confidence band T 95% B ISR 95% confidence ellipse
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Figure 4 Predicted versus Measured Ammonia Concentrations with 95% Confidence Bands
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SRtk — 5 36U BT R S S R PR S AR TR ) S s U 8 7 532 A R i AR TR B ST B8 IE AR
FEARMIZLAM RS SR AN O R R B LR (ET) @ SR8, (RIR B [X [A] bin0 FLH
BOUF PR E REL (RRa) v 0.908, TR TRIRZE (RMSEP) 4 0.672 pmol-mol™, AHX} 43 #r
w2 (RPD) N 3.217; HREEX (A binl #% R%vy ik 0.978, RMSEP A 4.444 pmol-mol™,
RPD /y 6.184; =ik X [H] bin2 #% RFa 4y 0.989, RMSEP 4 34.408 pmol-mol”', RPD &y
6.157. 3 DorFEAL RPD ¥ KT 3.0; bin0~bin2 ] MAE%FS 735l N+2.98%. +3.20%.
£3.59%, WTHARKT: 55K, ET HEAYRR0E HErf e 48 38 1 A HERE 4> F8 BR a0k 2 1 3))
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Table 9 Validation results of the ammonia model

444 Bin bin0 binl bin2
B2 IESE RZa 0.959 0.974 0.980
RMSEC 0.379 3.128 23.871
B IF4 MAE 0.203 2.163 16.003
ISIELR R 0.908 0.978 0.989
RMSEP 0.672 4.444 34.408
ISIFE%E MAE 0.307 2.993 25.027
RPD 3217 6.184 6.157
MAE%FS +2.98% +3.20% +3.59%
-==- 95%E {57 95% confidence band UTTT 95% B SR 95% confidence ellipse

B 5 SKKEEIEUAER
Figure. 5 Ammonia concentration validation fitting results

(D) FEFEF AR H O 2 AW E R AR, ¥ME (51.22 pmol-mol™) iz T H AL
0 (2.58 umol-mol™!), Posi& 538.26 pmol-mol™!, FHE LA 16.88%. (RIREFEA & 44,
{8/ B v AR P S A 5o R A A DT R B 3 AR AS A e U S B R 2 S, AR S

(20 FFRIHE T 05346 1) 2 AR A AR S 5 07 o 5 1 T R B R R IR BE AR B, A
MR 7.86%, BNATERIIRAL 2.69%; TMih S8 8K R B —Fabrik il iR IL 30.23%, B4
LR 98.86%, MRKEFEATEAE R ZITIEREE X F Bt B FE AN RE MR, N
J SRR At = T B R A

(3) HeiE R R TALEE 7 NI LRAS IE+SNV . AR EAR RIS T, HsmBEH LR (ET)
BRI R, T R2prea N 0.894~0.973. RPD A 3.026~5.689, “F-IJ4BFEi%
7 MAE%FS J9+2.98%~+3.59%, W& LT RENLARM A /N —3fe, B AEJ5 2250kt R IAR
F5, WAESE R%u N 0.908~0.989, RPD Ny 3.217~6.184. ET HHY ] Sl i 2% S 5 28 HE AR 4 it
FEEIR I POE . HERf TN, B Rz rERe.
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