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Abstract: The sample analysis work of traditional environmental monitoring laboratories mainly re-
lies on manual operation. This mode has such prominent problems as long analysis cycle, low effi-
ciency, significant influence by the operators, and high susceptibility to accidental errors, making
it difficult to meet the demand for high-throughput and high-precision analysis in modern environmen-
tal monitoring. Existing assembly-line lights-out laboratories have achieved automation, yet are con-
strained by fixed workflows, resulting in shortcomings such as insufficient system flexibility, low re-
source utilization, and limited functional scalability. Lights-out laboratories based on a flexible archi-
tecture are highly compatible with standard classical monitoring methods. By imitating manual experi-
mental procedures, the hardware system is decomposed into standardized functional units, forming a
software and hardware system featuring unified management, flexible interconnection, and
multi-system coordination. Through dynamic adjustment of functional units and scheduling of ma-
chine time, such laboratories effectively break through the dual constraints of testing indicators and
physical space, with the technical advantages of strong system flexibility, high resource utilization,
and excellent scalability. A water-quality lights-out laboratory was constructed using the flexible ar-
chitecture, and verification was performed on seven typical inorganic water-quality indicators select-
ed according to experimental procedures. The results show that the laboratory achieves closed-loop
automation of the entire testing process, with all performance indicators complying with current stan-
dards. The large-scale application of flexible-architecture lights-out laboratories is still restricted by
factors including insufficient digitalization of pretreatment equipment and closed measurement and
control software of testing instruments. The development of intelligent agents for instrument operation

and the establishment of cross-domain resource-sharing models will become the key breakthroughs
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and development directions for this technology.

Key words: lights-out laboratories; environmental monitoring; flexible architecture; Al agents
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Fig. 1 Schematic diagram of a typical assembly-line-based lights-out laboratory
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Fig. 2 Software architecture of the control system for lights-out laboratories
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Fig. 3 Hardware architecture of the control system for lights-out laboratories
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Table 1 ~ Comparison between calibration of lights-out laboratories and manual operations

o Lights-out laboratories Manual operation
Calibration - _— - g
Slope Intercept Correlation coefficient Slope Intercept Correlation coefficient
AR HE 0.00702  -0.0023 0.9999 0.007 12 0.0025 0.999 9
£k 2 0. 006 47 0.001 9 0.999 4 0. 007 04 -0.000 1 0.999 8
itk 3 0. 006 67 —-0.003 6 0.999 9 0.007 23 0.003 6 0.999 9
ik 4 0.00708  -0.008 5 0.999 7 0. 006 50 0.0012 0.9999

ik s 0.00709  -0.003 4 0.999 8 0. 006 31 -0.005 1 0.999 8
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(8:31)

L Lights-out laboratories Manual operation
Calibration . - X .
Slope Intercept Correlation coefficient Slope Intercept Correlation coefficient
FEHIE 0.00687  -0.0032 - 0.00684  0.0004 -
AR o i 22 4.1% - - 6. 0% - -
R w22 0. 3% - - - - -
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Table 2 Validation results of detection limit and determination limit

Blank sample ID NH3-N(mg/L.)  NO; —N(mg/L) TN (mg/L) Cr** (mg/L) CN-(mg/L) LAS(mg/L) I, (mg/L)

1 0.112 0.33 0.22 0.016 0.0107 0.091 0.330

2 0. 106 0.33 0.20 0.016 0.0104 0. 087 0. 364

3 0. 100 0.32 0.19 0.016 0.0100 0. 087 0.278

4 0. 093 0.32 0.18 0.016 0.0100 0. 095 0.287

5 0. 106 0.31 0.20 0.016 0.0100 0. 089 0. 286

6 0. 106 0.32 0.20 0.017 0.0100 0.091 0.274

7 0. 100 0.33 0.21 0.017 0.007 4 0. 085 0.302

YA 0. 103 0.32 0.20 0.016 0.0100 0. 090 0.303

PR 22 0. 006 1 0. 008 0.013 0.000 5 0.001 1 0. 003 0. 033

K BR 0.0192 0.026 0.041 0.001 6 0.003 5 0. 009 0.104

W T PR 0.076 8 0.104 0. 164 0. 006 4 0.0140 0.036 0.416
FRUE T TR R 0.025 0.08 0.05 0. 004 0. 004 0.05 LR 0. 5~4.5

B 7 e R R 0. 100 0.32 - - 0.016 - -
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W3,

3 R EERIE AR eSS R

Table 3 Results of precision and trueness verification

NH;-N NO; =N TN Cr® CN- LAS I,
Parameter S
2005196 B23120267 203108 203299 203375 202282  JEAEKEN: B24110180 2831148 201142
MEGER 1 0.504 0.59 1.95 3.69 0. 151 0. 065 0. 445 2.23 2.25 3.42
(mg/L) 2 0.507 0. 62 1.95 3.61 0. 150 0. 066 0. 455 2.28 2.13 3.43
3 0.501 0.59 1.90 3.74 0. 151 0. 062 0. 441 2.21 2.21 3.58
4 0.504 0.59 1.85 3.76 0. 151 0. 066 0. 455 2.28 2.20 3.56
5 0.498 0. 60 1.91 3.59 0. 151 0. 067 0. 449 2.25 2.19 3.38
6  0.498 0. 60 1.88 3.76 0. 149 0. 065 0.451 2.26 2.19 3.50
AR i 0.8 1.7 2.1 2.2 0.7 3.1 1.3 1.3 1.8 2.3
22 (%)
WM AR o A S - 2.6(1.80)  0.6~4.3 0.8~3.4 4.9 7.4 2.3 - - 4.2(4.0)
555 X AR (1.52) (4.78) (0.122)  (0.032)  (0.305)
et 22 (%)
T2 0.498 0.59 1.85 3.59 0. 149 0. 062 2.21 2.13 3.38
e/IME (mg/L)
ilfrees 0.507 0. 62 1.95 3.76 0. 151 0. 067 2.28 2.25 3.58
H KAE (mg/L)
AIEFRMEYI T 0.518+ 0.612+0.042 1.860.13 3.66x0.22  0.150+  0.065 5+ - 2.13 2.16 3.32
FRUE(E (mg/L)  0.028 0.005  4.28x107? £0.20  +0.30  +0.28
MR 2 R -0.020~ -0.02~0.01 —-0.01~0.09 -0.07~0.10 -0.001~ -3.5%1073~ 0.08~0.15 -0.03~ 0.06~
#i%ti% 2 (mg/L)  —0. 011 0. 001 1.5x1073 0.09 0.26
g5 R -3.9~  -3.3~1.6 -0.5~4.8 -1.9~2.7 -0.7~0.7 -5.3~2.3 3.8~7.0 -1.4~ 1.8~7.8
AT R 2 (%) 2.1 4.2

* represents the intra-laboratory relative deviation obtained when testing samples with the concentration (mg/L) specified in parentheses in the

standard methods; reference values for intra-laboratory relative standard deviation are not provided in the standard method documents for CN~and
NH3-NCeRRARUET e, DU 5E $55 IR BE (mg/L) AR i B 20070 1 S 30 38 PTG 22 5 7ERUIRA . R 5 iR R ScAR o, R4
B3 AR O 22 1 2% (8D

2.4.6 EME X—ERENAIESRED T 0 IKEENE, TH3EE 25 RV E 5 A IERR Y5
ProR i EEBIART R ZZ, A RGE BB TIN5 Hod ik B K R IEAR I BT, AT 5250
SARYERI U € 25 2R B 3 58 R BEF TN RE o 7 WUTCHL bR ) B N 7 {8 B P BB X e b i
AT RATE XN, AXREN T - 5.3%~7. 8% 210 (F3), L5RFKN, HBATILIE R 5T
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PREY IE B EERIFF S AHSC M BRI 2K o
2.4.7 SEEREEMEIEXY AR 7R UE R AT S0 5 I PR o M D RE R A LA L
I 5 30 I SE A i b X I B T A 6 S P R — e, 7 REAE K BT I A T N A
MR H K B AR o I8 Bt oK MoK | ARTETS K LB Tl K 4 26 KR8, LUBHIRER A |
AN SR AR B . B TR R 6 A M IR bR SR SEBR A il O B

52 S S AR, T AGI I e 55— A R B A I 5% ) S S ek, 5 MR SRR = A
FEAIZH . PREFIHC . AR BT ALenRl SEIR K . RS . N RS 2 0T 32 05 AR 22
S, MTERFEAE S 2 B AR S a2 5 CR AT AR PRI CRA7 I (o) AR AT AR AR, UG T B30 EL 6 2 SR —
Hlko B —AFOL, PRI AU — IR (R B I R ST B —h0)) 1,
AR 00 S22 56 = i) ) A X i 222 40 R S 6 = ) R S R R TR A ORI )4 A A e O ) A SR ) —
k.

4 SLBREES ER AR R R 22 A S i

Table4  Statistical distribution of relative deviations in actual sample comparison tests

Surface water Domestic waste- Industrial waste-

Monitoring items and sample types Total
and groundwater water water
A FEMECR"(A4) 20/20 33 6/6 29/29
A 22 (%) 0.5~12.2 7.7~9.2 4.2~6.9 0.8~12.2
SR B2 (mg/L) 0.268~1. 08 1.67~2.08 36.9~43.7 -
FE A 25 R ™ (20, 1%) <20.0 <20.0 <20.0 <20.0
G2 (%) 100. 0 100. 0 100.0 100. 0
B FEA R (1) 27/31 3/3 6/6 40/40
AHXT R 22 (%) 0~6. 4 3.5~5.6 1.9~4.9 0~6. 4
FE A (mg/L) 1.32~11.4 9.61~11. 1 39.9~47.8 -
AR w22 223K (1. 0%) <10.0 <10.0 <10.0 <10.0
s (%) 100. 0 100. 0 100. 0 100. 0
SES FE S ECE () 23/23 - - 23/23
FE A (mg/L) 0. 029~0. 100 - - -
AT 22 (%) 0.0~9. 10 - - 0.0~9. 10
ZE A 22 225K (0. 01%~1. 0%) <15.0 - - <15.0
AR (%) 100. 0 - - 100. 0
Ak FE S ECE () 20/20 - - 20/20
FE AL (mg/L) 0. 054~0. 166 - - .
AR R 22 (%) 0.4~6.7 - - 0.4~6.7
25 [) A R 25 R (0. 05%~5. 0%) <20.0 - - <20.0
B (%) 100. 0 - - 100. 0
THRER A SR () 22/22 - - 22/22
FE IR (mg/L) 0.97~2.03 - - -
A 22 (%) 0.6~8.5 - - 0.6~8.5
[ AH T i 22 25K (0. 5%~4. 0%) <25.0 - - <25.0
B (%) 100. 0 - - 100. 0
I3 5 2 T T 2 74 FE AR (1) 10/10 - - 10/10
FE i e B (mg/LL) 0. 16~0. 53 - - -
AEXT i 22 (%) 1.7~6.3 - - 1.7~6.3
2 (B FFGT 22 225K (0. 29%~5. 0% ) <25.0 - - <25.0
G (%) 100. 0 - - 100. 0

*The sample quantity refers to “the number of samples with qualified inter-laboratory relative deviation” / “total number of samples included
in statistics” ; **The requirements for inter-laboratory relative deviation in the table correspond to the concentration ranges in parentheses, with
the unit of concentration ranges being “mg/L” (*EEFEUE A “E A RS S EE M EUE/Z 550 TR B a7 R rh = AT R 25 2
SRR 378 5 AR BE S R, 94 JEE U R B0 R mg/ L)

HI 4RI 7RI, 3B SRS /KBTI BT i ORAIE T (58 —RR) ) Dok ST s Ta) ARG R 22 1 HLE
ST SIS T AT I E IR R AL SRR . L B Bk . B TR E P S S0 )
RS ZE AL S A AR IRE) 100%,  HL48 R AR T 9250 = Tl AF DO s ZZ ML FRABAN) 374 LR 45 RAIESE
HRT ST = I E 4 SR S AR ST AN 7 VR B RS ) SR A — B

Zi L, AWRTUAL A S SR AT S0 S B P RET A S bR i S BOR TR
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0% 0% 0%
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25% 27.3%
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AL 31L8% AR fb
ElR<5 B R<25 M R<25
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R=(10, 15] R=(2.5,5.0] R=(5.0,7.5] R=(5.0,7.5]
R=(15, 20] 22.7% R=(7.5, 10.0] R=(7.5,10.0]

7 SRR I R (e 22 DX TR B AU ok E 43 Al
Fig. 7 Distribution proportion of relative deviation in comparative tests of actual samples

2.5 ¥ RMWIE

SV A T SE B0 = R L TP A ) o i Bt . B RIFIRE Iy et . ARWETE @IS A
o R GERG A R 5 130, FENTE D RE By b SEAHBRIA W, i RS B AT IR BRI 5 DhRE T, R
AR 7 W SR ARAH R, BISR A KRBT HRERIINE ZBENTI S et %) (H) 601-2011)""
KB BB e s EEEER) (GB 11893-89)7 | (/K i @A S A MIME N, N-—23%-1,
4-2R TS EEE ) (H) 586-2010)" (/KRBT MR H BEARAG I 0 — B B W RS 23 Do BE vk (5
— RS E ) ) (H) 674-2013)7 . KT 5L W B E 4-ZFE 2R AR 73 6 21 ) (H) 503~
2009, J7id1 ZERSPOEIEREEE) ORI ARV EMIE 73 0O6EEE) (GB 7493-87) 454 ML T
SITOTE, SEBLTOKUHIEE . M. MR ISR, KRG AN . WAEIREL A NIRRT R ;
A A s, BISR A ORBT GAR P i€ S H R 5 43 e e ) (H) 1226-2021) % 58K
TORBTHRAC I RIREINGE Y Fe . G5 T A I SEER 5 R AR IR 7 bR E T SEPR KA . BLUKAE RIS e
FESBI RTINS HE CEREEK ST I 5T PRAIE T (5 R0 ) o0k S 2 Ta) REDO (s 22 0 bR g
WEHE , UESCRRATSEI = I H 5T TINRZ R BAG RAUFA S — 3 . FO RN 5,

5 PIRAEPREL A

Table 5 Comparison test results for the extended indicators

2650116001 2650116002 2650116003 CRM S5/ N 7 1
oM % KOFT A oOFT OMx R4 FT M T BT R AR AR %J“u%*
SR N WE ERE N WE EEE o W SR b W2 Wz BRME
mg/l.  mg/L % mg/l.  mg/L % mg/l.  mg/L % mg/L mg/l,.  mg/lL. % % %
PP 0.20  0.20 0.0 1.20 1.12 3.4 277 273 0.7 1.2240.05 1.20 1.24 1.6 3.4 20
TR 0.12 0.13 40 0.71 0.74 2.1 1.05 1.10 2.3 0.924+0.033 0.90 0.931 1.7 4.0 10
M 0.021 0.022 2.3 0.082 0.081 0.6 0.197 0.198 0.0 - - - - 23 -
=g 0.019 0.022 7.3 0.081 0.081 0.0 0.199 0.197 0.5 - - - - 1.3 -
WAk 0.016 0.018 5.9 0.049 0.056 6.7 0.097 0.097 0.0 1.76+0.21 1.63 1.71 2.4 6.7 30
&Y 0.0019 0.0019 1.3 0.0042 0.0044 2.7 0.0304 0.0309 0.8 0.101+0.006 0.0996 0.104 2.1 2.7 30
KEME 0.013 0.013 0.0 0.040 0.041 1.2 0.079 0.078 0.6 - - - - 1.2 10
WASEEEhA. 0.043  0.040 3.6 0.121 0.122 0.4 0.159 0.159 0.0 41.1+1.8x1072 41x107* 42x107 0.7 3.6 20

*No specified inter-laboratory relative deviation values are available for formaldehyde and sulfide; their limit values shall adopt the intra-labora-
tory parallel measurement relative deviation limits stipulated in the quality control and quality assurance requirements of the corresponding analyti-
cal method standards (*HRE | B A4 JGSE 36 25 [ALRFOH (i 28 KUAE , HEFRABLIRCHC 7 b o e 42 1 RS PRAE R B MLRE S 8 2 9 A7
e
SE AT i 22 FR{ED)
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