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Weel & Sandvig and WS.PEMS

Who we are, and what a predictive emission monitoring system does

Data reconciliation

Redundancy and observability — why a model can correct a sensor

The gas turbine model

From machine to unit components, closed with Stodola and Greitzer

Gross error detection

The global test, and four strategies for naming the faulty sensor

Results
What the methods catch, what they miss, and what it costs
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About Weel & Sandvig

Organisation

o Main office in Lyngby (25 employees)

o Office in Abu Dhabi 8@

o Costumers all over the world

o More than 20 years of experience in »
® ° ‘e

emission monitoring & performance optimization ®

o9 o

Selected Clients
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Y {:} axy

clqiai \/

ADNOC

-
aramco @l  ConocoPhillips

Learn more on weel-sandvig.com

20-08-2026 B 4



Our Key Competences

Fundamental insight
o Combustion processes

o Energy intensive industrial processes

Process modelling and simulation
o First Principle Models

o Online monitoring systems

Stack emission measurements

o Planning

o Execution

20-08-2026

WS.PEMS
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# Home > Reporting

Reporting

Report Scope Type

Asset

Report Template

Default

Period Type

Year

Default Report

Scope

Asset 1

Regime

Standard

Date

H 2024

Asset 1report for 2024

From

2024-01-01

2024-02-01

2024-03-01

2024-04-01

2024-05-01

To

2024-02-01

2024-03-01

2024-04-01

2024-05-01

2024-06-01
sum

Average

Time Zone

uTC

CHa
ppm

602.06

126.5

875.45

885.79

1250.7

4740.4975

948.0995

CHa
kg

13123

32780

30190

36939

12415

125446.3329

25089.2666
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CH4 as CO2e
kg

3.2807e+5

8.1949e+5

7.54748+5

9.2348e+5

3.1037e+5

3136158.3229

6272316646

Templates »

& Export
M_Exhaust
kgls
19152
27684
30.245
34039
17.462
1285811

257162
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Introduction to WS.PEMS
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Introduction to WS.PEMS

Emission monitoring methodologies
o Emission factors (Cheap and inaccurate)
o Online gas analysers (CEMS) (Accurate but costly)

o Predictive Emission Monitoring Systems (PEMS)
PEMS - A Cost Effective Alternative to CEMS

o Same compliance and regulation requirement

o Better insight
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Industrial turbine example

Two-shaft industrial gas turbine

20-08-2026

(@)

Shaft power = 25 MW

Heat input = 75 MW (1.50 kg/s fuel, LHV = 50 MJ/kg)
Thermal efficiency = 33 %

Gas generator = 9 580 rpm, power turbine = 3 591 rpm
Compressor discharge = 20.5 bar, 740 K

Turbine exit = 1 098 K

Weel &Sandvz’g
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PEMS requirements:

o Monitoring of pollutants and climate emissions
(NOx, CO, SO2, CO2, CH4)

o 1-minute datapoint frequency

o No CFD!
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From machine to unit-component model

The machine becomes a network of unit components

o Inlet — compressor — combustor — turbines
— exhaust

Each unit contributes balance equations

o Mass, energy and pressure relations per

Fuel
component @

o 32 balance residuals in total for this model HPC_BleedAir HPC_BleedAirMix
LPCBleed

Stack

8
Process data (14 measurements)

o Ambient Ty, Py, RHy and inlet AP

Fuel

HPC_CoolAir HPC_CoolAirMix

45

o Compressor T, T3, P3

o Turbine T45 / P45 and exhaust Ts

Combustion

o Fuel flow and both shaft speeds e

MainShaft HPT PT

Ambient  inlet Pump

SecondShaft 9

20-08-2026 [-rO; PO) RHO
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Process data and measurement uncertainty

Real operating data from the unit

o Steady load, sampled every minute

o estimated directly from the signal scatter
o These o set the weights in the objective

o They also define what counts as a gross error

Tas [K] 1098 8.7

Ts [K] 812.7 5.4

T3 [K] 740.0 4.4

Ps [bar] 20.47 0.37

Pas [bar] 4.38 0.077

Fuel [kg/s] 1.502 0.040
20-08-2026

Turbine exit temperature (o=8.72K) Compressor discharge pressure (o =0.372 bar)

1120 -

215 -
1110 -
_ 210 -
>~ 3
1100 - S
20.5 ————
1090 -
20.0 -
1 1 1 | 1
0 5 10 15 20 0
Fuel mass flow (o =0.04 kg/s)
9650 -
1.60 -
9600 -
£
o
L S
9550 -
1 1 1 I 1 1 1 1 1 I
0 5 10 15 20 0 5 10 15 20
sample sample
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Data reconciliation

Plant sensors never agree exactly

o Balances are violated by measurement noise

Reconciliation finds the state that best fits every measurement

o Weighted by each sensor's own uncertainty o;

Redundancy is what makes it possible

o v = (independent constraints) — (unmeasured variables)
o Vv > 0 means surplus information: errors become visible

o Only redundant measurements can be corrected or checked

20-08-2026
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subject to h(x) =0

measurements y € R, unmeasured u € RP
constraints h(x,u)=0, h:R"->R9
degree of redundancy v=qg—-p

v>0 = surplus information = errors detectable

11



Increasing observability

With only mass and energy balances the turbine is

sometimes under-determined

o Standard instrumentation does not measure enough
of the internal state

Generalised data reconciliation adds unit characteristics
o Stodola's ellipse for each turbine stage

o Greitzer-style map for the compressor

Added as soft constraints, not hard equalities
o Each characteristic residual carries its own variance oj

o Raises the degree of redundancy to v = 6 for this
machine

20-08-2026
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Compressor Turbine

oy . 2
min 3 (452)? + 3(242)

x ;
Stodola: m V Tin/Pin = f(Pout/Pin)

Greitzer: m. = fimvVT/p, NVT)




Coupled compressor—turbine matching

——p | Compressor |=—p

o Compressor pressure ratio and
speed -> Mass flow

o Turbine pressure ratio and mass
flow -> Turbine inlet temperature

o Connected to the fuel flow

20-08-2026

Ambient & combustor

P_amb =) 1.010
T amb =f 288
T int ﬂ 1155
T int,ref o) 1210
Coupled design (compressor + turbine)
m.D Er——— 43.970
1D [— 17.900
Compressor (Greitzer)
a =2 4.000
b [-— " 1.000
k =D 0.090
S =] 1.700
1_max C—— 0.887
m.0 o 0.800
C =} 15.000
D < 1.000
c =9 3.000
d [ ———— -] 4.000
Turbine (Stodola)
Mt = 0.025
n fame] 1.670

Pressure ratio Il (compressor N = turbine P_in/P_out)
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334~
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1 I 1 1
00 57 15 172 229 287 344 40. 459

a2 o

Mass flow m (kg/s)

516

1
573

Speed N

—1.10
— 1105
— 1.00
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— 0.80
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Reconciliation result

14 measurements are reconciled simultaneously

o Solved with sequential least-squares programming
(SLSQP)

o =120 ms per reconciliation — comfortably real-time at 1-
minute sampling

At a healthy operating point the model reconciles cleanly

N2
: yi— %
o Test: GT = mlnzienm< - ) < x*_,
o Global test statistic x? = 8.54
o Threshold x2.95(6) = 12.59 — passes

o Degree of redundancy v = 6

20-08-2026
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Gross error detection

A biased sensor is spread across every reconciled value

Global test: flag when X2 exceeds X2j.95(V)

o Says something is wrong — not which sensor

M1 — measurement test
o Largest normalised error is the prime suspect. One reconciliation,
cheapest
M2 — exhaustive masking
o Mask each candidate, re-reconcile, keep whichever gives the lowest
X2. Most reliable, most expensive
M3 — early termination
o Same loop, but stops as soon as a removal passes the test. Faster,
slightly less precise
M4 — MT pre-ranked masking

o Rank candidates by M1 first, then mask in that order — the stop
fires sooner

20-08-2026
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A slow sensor drift is injected from sample 8
23

130
=== healthy sensor
227 e wiith drift

E
[e— 21 -
< SN Al S e
20 - - e
The global test crosses its threshold and the measurement is flagged
17.5 -

~

15.0 -

Yo-as(B) = 12.59

global test
=
N
n
1

flagged at
i sample 13

0 5 10 15 20
sample

linearise the constraints at the solution: A =dh/dxl;

a=y—-x=3AT(AZAT) 1Ay

Cov(a) =3AT(AZAT)'AZ = Var(a)=ro}

|ai

~ N(0,1
p—ye (0,1)

i —

suspect = arg maxz;
I
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Test methodology

Controlled perturbation study on real data

o Each of the 14 reconciled measurements biased in turn

o Varies 400 both directions

o 560 trials; 524 completed

Clean Inject bias Reconcile +
operating point +1,2,3,5,100 detector

11219,

14 measurements x 5 magnitudes x 2 signs = 140 trials per method

20-08-2026
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Flagged Not flagged
Measurement with True Positive = TP False Negative = FN
error
Measurement without False Positive = FP True Negative = TN
error

FP+ FN
TP+FP+FN +TN
FP
FP+TN
TP
TP+ FP

Error rate =

FP ratio =

Precision =

16
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Global-test valley — compressor discharge P;

A steep valley — all three slides share a +400 axis

o Minimum at the unbiased operating point Gross-error vs perturbation of P_31 — by method

o Redundancy r = 1.0: nearly the whole bias reaches

M1-MeasurementTest M2-ExhaustiveMasking
the test blamed: P_45x1 . blamed: P_45x1 ; .
4001 . 400 _ .
The most detectable measurement on the machine 2 3004 . < 3001 : .
o . e . .
. . @ 200] . . @200 : .
o A bias of about 20 already trips the test 8 . e 8 . - e
51001 .. L 5 1001 .. _ Lo
Green markers: the method blamed the right sensor ol e aet” ol NI B
100 125 150 175 200 225 250 27.5 30.0 100 125 15.0 17.5 200 225 250 27.5 30.0
o Red markers: it blamed a different one P_31 [bar] P_31 [bar]
M3-EarlyTerminationMasking M4-MtPreRankedMasking
blamed: T_3x2, P_0x1] . : .
4001 . 400 _ .
= L] o H .
Q 300 VS 2 3001 S
E . b é . H .
0 200 . 4 @ 200 . : .
& . . [ ] m ° R .
o ° . o © ! .
© 100 | .. . 5 100 ., .t
0 ‘ ‘ ‘. o o ‘ - .‘ L] : : ‘ I 07 : : I. ° o ‘ ; . T L] : ‘ ‘ ‘
100 125 150 175 200 225 250 27.5 30.0 100 125 150 17.5 20.0 225 250 27.5 30.0
P_31 [bar] P_31 [bar]
@ GE detected, correct suspect (1st iter) ® GE detected, wrong suspect no GE detected (test passes)
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Global-test valley — fuel flow

A wide, shallow valley — note the axis spans 400
o About 110 before the statistic crosses the threshold

A blind spot that matters
o Fuel flow dominates the emission calculation

o Yet it is the measurement we can police least

20-08-2026

60 5

501

gross error (GT)

60 4

501

gross error (GT)
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Gross-error vs perturbation of Q_Fuel — by method

M1-MeasurementTest

M2-ExhaustiveMasking

40 A

(blamed: T_45x12, P_45x11]

gross error (GT)

| (blamed: P_45x3, T_45x3] .

11 12 13 14 15 16 17
Q_Fuel [Nm?3/s]
M3-EarlyTerminationMasking

11 12 13 14 15 16 17 18 19
Q_Fuel [Nm?/s]
M4-MtPreRankedMasking

401

blamed: P_0x4, P_45x3, T_45x1] 60 {hlamed: P_45x4, T_45x4| .
*
. 501 .
'_ L]
. (@) ]
— 407 L]
] e .
[o]
. % ¢ L4 ’
. 0 301 . °
. . 8 . °
* o i o
o . ° o 20 . . ®
L] L] L] L[]

=
o
,

11 12 13 14 15 16 17
Q_Fuel [Nm3/s]

@ GE detected, correct suspect (1st iter)

, Wrong suspect

11 12 13 14 15 16 17 18 19
Q_Fuel [Nm3/s]

no GE detected (test passes)
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Global-test valley — compressor discharge temperature T3

An intermediate case

o Redundancyr = 0.33

o Detected from roughly 3.50

Attribution is harder than detection

o The test fires, but the wrong sensor is often blamed

for M1

20-08-2026

gross error (GT)

gross error (GT)

500

400

300

200

100

Gross-error vs perturbation of T_3 — by method

M1-MeasurementTest

M2-ExhaustiveMasking

(blamed: P_31x21, T_2x1, P_45x1]

» o

o o

o o
L

gross error (GT)
w
o
o

. 200 .
. L4 . L]
. L4 ° .
*e 100 ‘e o
° L] L] ° L] L °
T T T - - T - .I T 0_ T T T : - T - .\ T
550 600 650 700 750 800 550 600 650 700 750 800
T 3[K] T_3 K]

M3-EarlyTerminationMasking

M4-MtPreRankedMasking

blamed: P_0x1
.

blamed: P_45x1
1 0

500
. — .
. G 400 o
. 1’ .
. S 300 .
. . b . .
. “ 200 .
. . o ° L]
. ] a ° .
®e 100 1 *e o
. L] L[]
° * LY s ® ° ° ‘ h LY P ° :
T T T T T T 07 T T T T T T
550 600 650 700 750 800 550 600 650 700 750 800
T_3[K] T_3[K]

@ GE detected, correct suspect (1st iter)

GE detected, wrong suspect

no GE detected (test passes)
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Results — faulty sensor identification

M2 identifies the faulty sensor most reliably

o Precision 0.800 against 0.686 for M1

o But the most expensive — 250 ms per reconciliation

M is the practical compromise -----

o Within 4 % of M2's precision at 37 % of the cost EAAEIF RS HBIEE: SHOIEE SLYIEE B
False positives stay low throughout FP ratio 0.006 0.004 0.006 0.005
o FP ratio = 0.6 % for every method Precision 0.686 0.800 0.714 0.771
Mean time 80 250 139 93
FP + FN ms)
Error rate =
TP+FP+FN +TN

FP rati il

ratio =

FP+TN
.. TP

Precision =

20 TP+ FP 20
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What limits detection

Identification rate rises with bias magnitude

Identification improves with bias magnitude _ 50" mmm M1-measurement test BN M3 - early termination
§, N M2 - exhaustive masking E M4 — MT pre-ranked
40 -
o Below 20 no method can succeed E
- £ 30-
Detectability, not the method, sets the floor B
8}
T 20 -
o Only redundant measurements can be checked at all 5
[}
S 10-
Fuel flow is the blind spot ©
O -

o ri=0.03 — needs = 110 before the test responds

injected bias magnitude

o Pressures and temperatures are caught at 2—30
Howriis obtained Only measurements with redundancy can be policed

T T—1 Var(a;) Pas ===_= detect at 1.60
ri = [ZA (AZA") A] i T 5 O=sri=<1 P o — cteCt 2t 2.50

U; T S R

Ta _ I W et at 3.50
Q_Fuel -= detect at 11.50

0.0 0.2 0.4 0.6 0.8 1.0 Tod2
redundancy r; (share of a bias the test can see)
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Results — leaving the faulty sensor in

A biased P; shifts combustor state (top) and emissions (bottom)

20-08-2026

o Masking restores T,4, My, flame temperature, NO, and CO — flat green lines

o CHy, is the exception: it still follows the bias

T2 combustor outlet [K]

1470 - = uncorrected

after masking

1460 -

1450 -

1440 -
1430 -

-10 0 10 20
Ps bias [o]

NO, [ppm]
300 -
250 -

200 -

150 -

100 -

-10 (o} 10 20
P bias [o]

M, station-4 flow [kg/s]

64.5 -
64.0 -
63.5 -
1

1 1 1
-10 0 10 20

P; bias [o]
CO [ppm]

13.8 -

13.6 -

134 -

13.2 -

13.0 -

12.8 - 1 1 I 1

-10 0 10 20

P; bias [o]
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Flame temperature [K]

2610 -

2600 -

2590 -

2580 -

2570
-10 0 10 20
Ps bias [o]
CH4 [ppm]
15
10 -
5 -
O L 1 I 1 1
-10 (o} 10 20
P3 bias [o] 22



Conclusion

Reconciliation gives a coherent state and validates sensors at the same time

Characteristic equations restore observability

o Stodola and Greitzer relations take the model from under-determined to v
=6

The x2 global test detects gross errors; masking identifies them

o M2 is the most reliable, M4 the best accuracy-per-cost

Detectability is set by redundancy, not by the algorithm
o Pressures and temperatures are caught at 2—30; fuel flow needs = 11o

o More redundancy where it matters would improve detection further

20-08-2026
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Thank you for your attention

o You can follow us on linkedin
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Turbocharging the Green Transition
Produktfremstilling inden for klimateknologi - Lyngby, Capital Region of Denmark - 796 falgere - 11-50 medarbejdere

ﬁ Luca og 10 andre forbindelser arbejder her

Besgg websted &' (1 Send meddelelsej </ Felger> @
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