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KRISS Greenhouse Gas Emission

The Greenhouse Effect

Some solar energy
is reflected out into
space by clowds,
acrosol gases and

Solar energy from the sun T T

passes through the atmosphere Some of the longwave
and heats Earth's surface radiaton is not reflected
and radiates outinto space

thers 5%
Energy 84% “ndustry 11% e

Energy and Industry — 95% of GHGs emission in KOREA
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UNFCCC(UN Framework Convention
on Climate Change), 1994
Kyoto Protocol, 1997
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Top 10 countries increase GHGs 2017

(BP Statistical review
of World energy June
2018)
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"30% reductlon of GHGs until 2020”
KOREA GHG Emission Trading Scheme
Slnce Jan 2015

Needs of accurate and reliable
measurement and estimation

GHGs etsions

Proper Uncertainty Analysis 7
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~~~~~~~ Methodology for estimating GHG emission B =

Fuel consumption (Tier 1)
by IPCC guidelines, EPA

Carbon content (Tier 3)
by IPCC guidelines, EPA

E=FCxXEF =FMxNCV x EF .
E=FM><CC><%

E : estimated emission (kg) ¢
FC : fuel consumption (TJ)
EF : emission factor (kg/TJ)
FM : fuel mass (kg)

NCV : net calorific value(TJ/kg)

CC : fuel carbon content(kg/kg)
Mco, : molecular mass of carbon dioxide
M : atomic mass of carbon
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2L Methodology for estimating GHG emission

Continuous emission measurement (Tier 4)

by IPCC guidelines, EPA

Interface
M

— 'N _ N gas

E = Zi=1E5min,i — i=1(x5min,i X QSmin,i X MV )

Pollutant

Esmini - 5-min accumulated emission ith measurement (kg) Analyzer

Xsmini - O-Min averaged concentration of the ith measurement(% or ppm)
Qsmin; - 5-min accumulated volumetric flow of theith measurement (nd)
Mg, - Mmolar mass of an emission gidy is the molar volume of ideal gas

N : total number of 5-min estimated emissions. Flow rate

Monitor

Data
Recorder

N
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® Methods

U.S. EPA Method Z Determination of Stack Gas Velocity and Volumetrc Flow Rate
U.S. EPA Method 4 Determination of Moisture Content in Stack Gases
Korea Ministry of Environment ES. 01809.1 Test Method on air pollution

® Equation for The 5-min accumulated volumetric flow rate

Estimating
_ mD? P, 273.15 Uncertainties of
smin =V X 4 X 760 X T X (1—xy,) Xt Stack Gas Flow rate
S
Qsin - dry volumetric flowrate at stack (#min) measll)l rement for d
V: average velocity (m/min) CEM by GUM an
D : diameter of the stack MCM

T, : average temperature of the stack gas (K)

P, : average absolute pressure of the stack gas (mmHQ)
X,, . water content of the stack gas (%)
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Instruments for measuring velocity in stacks in Korea

H S-type Pitot tubes
® Thermal flowmeter

w1 Ultrasonic flowmeter

- Averaging Pitot tubes
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S-type Pitot tube @ Characteristics of S-type Pitot

Wake orifice - Structure follows: 1SO 10780, KS M9429, EPA Title
(Static pressure)
40: Part 60, Appendix A method?2

Impact orifice |
(Total pressure) &=

Flow direction

- Large pressure orificedE5~10mm) & Strong tubes
for high dust environments

- Measurement differential pressure between an impact

and wake orifice based on Bernoulli equation

2AP
VSZCPX ’T

;. flow velocity in the stack gas(s)

7a

C: : S type Pitot tube coefficient

L Ll  To differential AP : differential pressure between impact and wakfceri(Pa)
T T— pressure .
gauge p . density of the stack gakg(m?)

(apP)
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HRIZS On-site measurement with S-type Pitot

@ Sampling traverse points in the stack for velocity distribution by ISO 1088 method 1

Type "S* pitot tube

Inclined
manometer

Stack Diameter .
raidus numbers

2R (m)

®
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Distance from center of stack

2

I3

Ty

<1

1~2
2~4
4 ~45
> 45

i A W N

12
16
20

0.707 R
0.500 R
0408 R
0.354 R
0.316 R

0.866 R
0.707 R
0612 R
0548 R

0913R
0.791R
0.707 R

0.935 R
0.837 R
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On-site measurement with S-type Pitot
@ Combined heat and power plan at Gunjang Energy Co., Lt

The nnual GO, reduion corsred o e
camtasahon o feast fue s atoird 40,001

Chimnay

CFBC 200 ton/hr
Turbine 360 MW

. b3, o4 b e
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@ On-site Measurement

ST
IENCE & T

@ Analyzer Control Unit

w g

-

@ Total Suspended Particle

e‘ NOX, SOZI 02

- Concentration

@ Flow rate

@ Temperature

@ Tele-metering system(TMS)

L

Environment Agency

@ Local Area Network

Internet / CDMA
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KRIZS Uncertainty evaluation
Modelling for dry volumetric in the stack
20P wD? P, 273.15
Qsmin = Cp X / p X 2 X760X = X (1—x,) %300
GUM method

@ ISO/IEC Guide 98-3: Guide to the Expression of Unatainty in Measurement

@ Law of Propagation of Uncertainty through Taylor se@ies approximation

uZ(Q)=ct,u’(Cp)+capu’(AP)+cou’(p)+cpu’(D)

+equ’ (T )+ cpu(P)+cl iy u'(1-X,)

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
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Sensitivity coefficient

24P P 24P 1
Cop =2 = X T D2 xS (1= X,,) Ca = = o [ x D x xS x(1- X,,)
p &:p P 4 PStd s a:)S P 4 PStd S
N 1 2 ., B Ty R 24P w5, P Ty
Chp = = x—D x—=x(1- X =—=-Cp X x—D x— »(1- X
P =p = 2P e ¥ 2P, T < Kw) R A R T (%)
N 1 24P 7w _, P Ty R 24P w5, P Ty
C =—=—Cpx x—D*x——x x(1- X C . =—Cp X x—D% x——x
T T2 T Ry, X TG T P e Ry
50) 24P w P, Ty
Ch=—= X X— —X x(1- X
SO: > ? P 2 Pad s ( w)
' i 2 2 2 2 2
Relative uncertainty ué(Q) u (Cp) +1u (4P) _,_iu (p) +4u (D)
Q Cs 4 AP 4 p° D?

W(R) | uA(Ts) | ui(1- Xy)

+
P52 T32 (1_ ><w )2
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u*(Cyp)

S-type Pitot Coefficientd, ) >
C3
@ S-type Pitot tube coefficient and uncertainty are dtermined by calibration certification

@ S-type Pitot tube was calibrated in the wind tunnebf the accredited calibration laboratories

- Korea Environment Corporation ( U = 1.1 %, k = 2 with 95% confidence level )

. Standard - Sensitivity Uncertainty
gncertalnty uncertainty P.rot?abll_lty Coefficient Contribution to u(Q)
omponent o distribution o
u; (%) i u; X ¢ (%)
Type A N/A - 1 -
0.826
Type B 0.55% Normal 1 0.55 %
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KRISS Uncertainty evaluation by GUM

u?(4P)
AP

Different pressure/AP)

@ Type A - collective data every 3 seconds for 5 mites

@ Type B —annual variation of linearity results in the performance test between 2009 & 2010

Uncertainty Standard Probability Sensitivity Uncertainty
Component uncertainty distribution Coefficient Contribution
u; (%) y; X ¢ (%)
Type A 0.54% Normal 1/2 0.27 %

136.4 Pa
‘ 1.78 % Rectangular 1/2 0.89 %

Type B ‘
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u®(p)
p

@ Weighted average based on concentration of major gacomponents (N CO,, O,, Ar, Water)

Gas densityf)

(%CO, x 44 + %0, x 32 + % Ar x 39.94 + %N, x 28 +% X, x 18) % 100
Po =
224

Tstd Ps
Pstd = Po X X
Ts I:)std

@ Type A - collective data every 10 seconds for 5 mites

@ Type B - difference between calculating gas densitsalue and used theoretical value ( 1.3 kgfn

by test method in environment ministry

Uncertainty Standard Probability Sensitivity Uncertainty
Component Value uncertainty distribution Coefficient Contribution
u; (%) u; X ¢ (%)
Type A 0.0054 % Normal 1/2 0.0027 %
1.33 kg/m3

Type B 112 % Rectangular 1/2 0.61 %
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KRISS Uncertainty evaluation by GUM

u’(D)

Stack diameterl}) 5

@ The manufacture’s technical specification with thevalue 2500 mm

@ The resolution of tape measure toot 10 mm

Uncertainty Standard Probability Sensitivity Uncertainty
Component uncertainty distribution Coefficient Contribution
u; (%) u; X ¢; (%)
Type A N/A - 2 -

Type B ‘ 0.23 % Rectangular 2 0.46%

‘usT
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u(Py) u®(Ts)

Static pressure?) TemperatureT()
Ps Ts
@ Type A - collective data every 3 seconds for 5 mites @ Type A - collective data every 3 seconds for 5 mites
@ Type B - below 1 mmHg from calibration certificates @ Type B - below 1 K from calibration certificates

Uncertainty Standard Probability Sensitivity Uncertainty
Component Value uncertainty distribution Coefficient Contribution
u; (%) u; x ¢ (%)

Uncertainty Standard Probability Sensitivity Uncertainty
Component Value uncertainty distribution Coefficient Contribution
u; (%) u; X ¢ (%)

0.0048 %

0.0019 % Normal 0.0019 % Type A 0.0048 % Normal

756
mmHg ‘

409 K

Rectangular

0.13 % ‘ Rectangular 1 ‘ 0.15 % ‘ 0.14 % 1 ‘ 0.14 %
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e Uncertainty evaluation by GUM “UST amesemens
u?(1- X,,)
Water contentX,, ) L
(1- XW)

@ EPA method 4 (Determination of moisture content irstack), Test method in Korea Environ.

@ Water content is calculated by condensed moistura ithe impinger and volume flow rate in the dry gasneter

Temperature Sensor

m, P T P 1 ; g
—2 (X x 2 My = e A
18 ' Py, T, Py’ 224 f Y A
= Type S Pitot Tube ®
W V. x Taq y Pn =
moT P, m
m std 4+ a /
22 4 18 Type § Pitot Tube

Manometer |:I} Bath |
|

m, : increment mass of water, (g/min)
P, : water vapor pressure (mmHQ)

V,,: dry gas volume by gas meter (L/min)
P, : pressure at gas meter (mmHQ)

T, : temperature at gas meter (K)
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Uncertainty evaluation by GUM

@ Type A - continuous moisture mass measurement metdd0.292 g/min ) in every 10 seconds

@ Type B - difference between measured water contemtilue and used theoretical value ( 8.1%)

- estimated by numerical derivative method (GUM) inwater content equation

Uncertainty Standard Probability Sensitivity Uncertainty
Component uncertainty distribution Coefficient Contribution
u; (%) U; x ¢; (%)
Type A 0.0016 % Normal 1 0.0016 %
91. 5%
0.30 % Rectangular 1 0.30 %

Type B

‘usT
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Velocity distribution AV) u(4v)

@ \Velocities at 10 sampling traverse points were meased according to EPA method 1& Test method
@ S-type Pitot tube in the stack is typically fixedm a certain position

@ Type B - Deviation of averaged velocity by velocitdistribution with velocity at fixed position in the cross section of stack

Uncertainty Standard Probability Sensitivity Uncertainty

Component uncertainty distribution Coefficient Contribution
u; (%) u; (%)

14.8 m/s
1.54 % 1 1.54 %

1.1

—h— st
—(— 2nd

V/Vcenter

0.7

r/D
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Uncertainty Budget

Uncertainty . Combined
component S uncertainty
Type A% Type B % coefficient contribution
< 0.826 - - 0.55 1 0.55 %
AP 136.4 Pa 0.54 1.78 0.5 0.93 %
P 1.33 kg/m?3 0.0054 1.12 0.5 0.56 %
D 2500 mm - 0.23 2 0.46 %
P, 756 mmHg 0.0019 0.15 1 0.15 %
T, 409 K 0.0048 0.16 1 0.16 %
1-X, 91.5 % 0.0016 0.30 1 0.30 %
AV, 14.8 m/s 1.54 - 1 1.54 %
Q 12972.5 m3/min (5min)
Combined uncertainty of the flow rate measurement 2.05 %
95 % confidence level, k= 2
Expanded Uncertainty, U = 4.1 %
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== Uncertainty evaluation by MCM LA

Sources of measurement uncertainty contributions

Mass of moisture in impring

Sampling time

Water vapor pressure

Deviation of water content

Temperature at meter

Dry gas volume / Dry gas meter
» \ Repeatability
\ wQ)
Repeatability / Diameter of stack
Pressure in slacN
Pressure gauge /

Pressure at meter

Water content measurement

Gas Analyzer

Repeatability
/ Concentration of CO»

/ Iemperature in stack R
\ Temperature device

Repeatability

Deviation of density

Velocity distribution Differential pressure device

Differential pressure measurement

\ Repeatability

Gas Analyzer

Concentration of O»

Repeatability / /
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Uncertainty evaluation by MCM

Sources of measurement uncertainty contributions —_-_

X, =15.24 t-distribution

_ X, =0 % Gauss
Concentration of 0, %0,  Xs = 4.028 7 e

@ Propagation of a joint probability distribution ‘Gasanalyzerforo,  X,=0 % Gauss
[ EsSVoimeon x; =461 L/min t-distribution

@ Outcome is a set of trials from the probability Drygasmeter Xe=0 L/min Gauss
IViEssofimoisture o X, = 16.456 g Rectangular
distribution associated with the measurand ESSoimoisturean X, = 17.981 g Rectangular
‘Samplingtime,t, = Xg=0.1 min Rectangular
‘Sampling time, tspn Xy =0 min Rectangular
X(m) ~ Pressureinstack, , = X;; =756 mmHg t-distribution
1 9x, [PESSUSEAEE x; =0 mmHg  Rectangular
m) R ¢ — 409 K Tl ot
X, "~0x, L __y= (X1, X0 o Xy) ‘Temperaturedevice X3, =0 K Rectangular
‘Deviation of density, Ap  X;5=0 kg/m?  Rectangular

IDifSentipresSure AP X = 1364 Pa Gauss

Xy ~ gx, ‘ Different pressure gauge X7 = 0 Pa Gauss
emperatireatmeten i  x,; = 297.75 K Rectangular
{r™mim=1..M} ~ gy PrESSUiAUMEERBI N X, = 771 mmg  Rectangular
DiSESVaRoRpresSurGIRIN X, = 5.69 mmHg  Rectangular

ICalibratioRoFSYREPIOBICAIN ¥, = 0.826 Gauss
IDiEmeERofSEcDIN X, =25 m Rectangular
\Velocity distribution, AV X553 =0 m/s Rectangular
‘Deviation of moisture, AX,, Xy =0 % Rectangular
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Number of Monte Carlo runs

@ The Monte Carlo simulation process carried by numbeof Monte Carlo trials (M)

@ M number decides shape of probability density fungon for the dry flow rate

@ In this study the number of model evaluations simwted respectively M = 18, 10, and 10

M=10° M= 106 M=100

5000 140000 500000
120000 |

4000 | 400000 |
100000 |

3000 | 80000 | 300000 |

2000 | 60000 1 200000 |
40000 |

1000 - | 20000 | | 100000 |

0 |I||I||| | Illlu. 0 .-lllII‘ | ‘Illlll. 0 .|I|II‘ | | ‘Illll.

11925,969  12449,279  12972,589 13495,9 14019,21 11922,132  12447,199 12972,266 13497,334 14022,401 11922,386 12447,332 12972,278 13497,224
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Monte Carlo simulation

@ Framework of this simulation was based on the Micreoft Excel and Microsoft Visual Basic for

Mathematical model

L ]
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FXN = 300 * { X(21)} * SQR(Z * (X(15) + X(16) + X(17)} / ({({(44 * (X(1} + X(2)) + 32 * (X(3) + X(4)} +39.94 * 0.93 + 18 * (Xw + X(24)) + 28 * {99.06 - (X(1) +X(2)) - (X(3) + X{4)) - (Xw +

Number of quanlity 24

Bins 120

Decimal places . Monte Carlo

Status Finish after 62.54 seconds at © % 9:58:07 in 2019-
N2 Quanlity Symbol, Value | Distribution [Code Factor 1 Factor 2 | Divisor u; G {y;- ) %
01 %CO, X 15.2407; tdistribution| 4 0.04497 27 1 0.00865; -34.758 9.0E-02 0.00
02 Gas analyzer X 0 Gaussian 0 0.0762037 1, 0.0762 -34.747,7.0E100 0.01
03 %0, X3 4.02778; tdistribution| 4 0.049562 27 1 0.00954; -8.6895 6.9E-03 0.00
04 Gas analyzer X 0 Gaussian 0 0.0201389 1, 0.02014 -8.6893; 3.1E-02 0.00
05 'V, X5 4.61407 tdistribution| 4 0.00501 27 1 0.0009%: 185.977 3.2E-02 0.00
06 Device for V,, Xg 0 Gaussian 0 | 0.02399316 1, 0.02399 185.079; 2.0E+01 0.03
07 Mass my Xz 16.456; Rectangular | 1 -0.001 0.001 1.73205| 0.00058 586.944 1.1E-01 0.00
08 Mass m; Xg 17.918 Rectangular | 1 -0.001 0.001 1.73205 0.00058 -586.94 1.1E-01 0.00
09 Timetp X 0.1 Rectangular | 1 -0.0166667 0.01666667; 1.73205 0.00962; -171.62 2.7E+00 0.00
10 Timet Xi0 5.1 Rectangular | 1 @ -0.0166667 0.01666667 1.73205| 0.00962: 171.622 2.7E4+00 0.00
11 Pressure P X1 756.342| t-distribution| 4 0.07338 100 1 0.00734 8.57577; 4.0E-03 0.00
12 Device for Pg X2 0: Rectangular | 1 -1 1! 1.73205  0.57735 8.57294 2.4E+01 0.04
13 Temperature T X3 409.24 tdistribution| 4 0.03415 100 1 0.00342 -15.849; 2.9E-03 0.00
14 Device for T, X4 0: Rectangular | 1 -1 1:1.73205 0.57735; -15.82 8.3E+01 0.12
15 Dewviation of density Xi5 0! Rectangular | 1 0.016466) -0.016446: 1.73205 0.00951 -71784.7E+03 6.79
16 Device for AP Y6 136.31; Gaussian 0 0.542806 1, 0.54281 47.5843 6.7E1+02 0.97
17 Stability of device for AP X7 0, Gaussian 0  2.54422615 1, 2.54423 47.3643 1.5E+04, 21.16
18 Temperature T, Xig 297.75 Rectangular | 1 -1 1:1.73205 0.57735 -2.882 2.8E+00 0.00
19 Pressure P, X9 771 Rectangular | 1 -1 1:1.73205 0.57735 1.11298; 4.1E-01 0.00
20 ‘Water Vapor pressure P, X0 5.69 Rectangular | 1 -1 1 1.73205 0.57735 -14.563  7.1E+01 0.10
21 Coefficientof S Pitot C, ¥ 0.826; Gaussian 0 0.004543 1, 0.00454 15705.1; 5.1E+03 7.42
22 Diameter D Xy 2.5 Rectangular | 1 -0.01 001 1.73205 0.00577 103779 3.6E+03 5.23
23 |Velocity distribution Yo 0, Rectangular | 1 0.3865 -0.3865 1.73205 0.22315 895.015 4.0E+4 58.12
24 |Deviation of moisture Xzq 0! Rectangular | 1 -0.002 0.002 1.73205 0.00115 0 0.0E+00 0.00

OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK

Confidence level
Trials

GUM value

GUM uncertainty
MC value

MC uncertainty
MC lower

MC upper

95 %

3,000,000
v Draw histogram after sampling
[~ Create image of drawing of histogram

12972.42814

523.93879
12972.23267
525.24319
-497.08643
499.59165

Value of axis Y in percent

100000 -

80000 -

60000 -

40000 -

20000

S
4]

Al

A

Result

0
11921.746

12446.989

12972.233 13497476 14022719
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1. Uncertainty Evaluation Result
o
@ By GUM method:
Q(every 5 minutes) = 12972.72m
U(Q) = 4.1 % with k =2, P = 95 %

> Agreement between two methods

> Reliable to use the Monte Carlo method in a
@ By Monte Carlo method:

Q(every 5 minutes) = 12972.2m
U(Q) = 4.0% (525.2 R) with k = 2, P = 95 %

complicate mathematical model

2. The main components affect the dry flow rate measurement

o

> AV,AP,Ap, Cp : contribute dominantly to the uncertainty of the

dry flow rate measurement






