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APPENDIX I: DEVELOPMENT OF MASS BALANCE
EQUATIONS AND EXAMPLE CALCULATIONS

Mass Balances

Mass balances for ash and trace metals around Plant Yates power generation and emission
control systems were calculated as a check on data consistency. Mass balances were
calculated for the following processes: boiler, ESP, JBR, and total plant. The mathematical
expressions used are developed in the paragraphs below.

A general mass balance equation which applies to any system is:

Accumulation of| _ |Mass into| _ | Mass out| _|Mass Generated (I-1)
Mass in System System of System in System

For all species, the generation term in Equation I-1 is equal to zero. Ash is considered to be
a component of coal and nof to be generated. Mass balance closure is defined by the
following expression:

% Closure = 100 * Out - (I1-2)
In-Accumulation

Uncertainties for mass balance closures (95% confidence intervals) were calculated using an
error propagation analysis method based on ANSI/SME PTC 19.1-1985, "Measurement
Uncertainty." The development of this method is treated in Appendix F.

The following sections detail the development of mass balances for the boiler, ESP, JBR and
total plant (power generation and emission control systems). The equations are developed
from Equation I-1 above. The purpose of this development is to present the variables consid-
ered in each mass balance. The equations presented below are simplified for clarity. The
exact equations, which are more compiex, are presented in Table I-1.

I-1
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Appendix I: Development of Mass Balance Equations & Example Calculations

Table I-1
Detailed Mass Balance Equations

Mass Balance About Boiler:

 Closure = 100 » et 3 ~Cooo) Conoonr ~ Quspin Coshepin) Ciponomaas * spin (Ciepiny * Cping)
Feou (1= Cocoa) Cicon

Mass Balance About ESP:

Closure = 100 * (Qegpin Costespin =~ Uegpont Castespont) Cicollocted st + Qspont (Ciespouty * Ciespouts)
Qspm( Lespin,v Cx.@pm)

Mass Balance About JBR:

o
Closure = 100 » —BR

Y
where,
AM,
Ipg = - At * Qepour (Ciespoury + Ciopouts) + Freumrrize + Freuwmprio + F e FT1508)
Cootigsss Cisotiasts +V, (1 Cootigsys) Citijs
* Cx,tetnm + Fmakwp,FI‘lSOA Ci,malaeup+ Fls c 2 V
SOlldSJS sls ( dSJS) Lls

'Csoﬁds,bdwn Ci,solids,bdwn vl,bdwn (1 Csohds,bdwn) Ci,ﬁq,bdwn

Omr = Fogun Frieea

Csolids,bdwn vs,bdwn (1 _Csolids) Vl,bdwn

* Qs (Cistmargasy * Cinatgass)
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Appendix I: Development of Mass Balance Equations & Example Calculations

Table I-1 (Continued)

AM, A

Ag LyzzCacti
—;t"jt—cmwm[

Cootize 2% ‘m*(l’cnwm) v LBR |,
LIBR(I -Caolith'BR)vlJBR
Cotayer Varem *(1Conttem) Ve |,

CsohchBR (1 CSOWBR) ‘7

Lreg + (1-Coons o) Visem

Csohds.l'BR +(1-C hds.IBR)vLIBR

t- At]
t-At]_

+

[
Mass Balance About Entire Plant

)
Closure = 100 * —2&at
Iplam

where,

AM,

- At * Fooat (17Cocont) Cicont * Freumprizs * Frenmrriaz * Freumrrisos) Cizenm

+FL;[ Conttsss Cusoitsss * Viss (1~ Cootasys) Cuigs

Csol.ids,ls vs,ls (1 'Csouds,ls) vl,ls

+F

makeup, FT150A G

L, makeup

Ophnt = chkets (Cx.stnckxm,v * Cx,stackgass)

+F Csohck,bdwn Cx,sohds,bdwn V (1 Csohds,bdwn) Ci,liq,bdwn
Csolids,bdwn s,bdwn (1 ‘Csouds,bdwn) Vl,bdwn

coal (1 _Cw, ) C - Qcpm Cash,wpm] Ci,botiomash

+ [Os Cutorn = oy Cotimpor] Gt

I-3

[ T N Lo
PR Al s LB L < e S I




B e B T el T P P

Appendix I: Development of Mass Balance Equations & Example Calculations

Boiler

The following form of Equation I-1 applies to the boiler:

ESP Inlet Gas (1_3)

Feed Coal + Air = Bottom Ash + (including entrained particulates)

The accumulation term for ash and trace metal species in the boiler is small and was
neglected. For ash, Equation I-3 is expressed mathematically as:

Fooat Coteont = Foottomasn + Qespin Cashespin T4

Since the bottom ash flow rate could not be measured accurately, Equation I-4 was used to
calculate it. The concentrations of trace metal species in combustion air are very low and
were neglected. Applied to a trace metal species, Equation I-3 becomes:

Feoa Cicot = Fronomat Cipottomass * Qespin Giespin (-5)

The exact equation used in calculating the data presented in Table 6-2 in Section 6 was
obtained by substituting Equation I-4 into Equation I-5 and rewriting in closure format. This
equation is located in Table I-1.

ESP

The following form of Equation I-1 applies to the ESP:

ESP Inlet Gas = ESP Outlet Gas + ESP Collected Fly Ash (-6

The accumulation term for solids and trace metals is small and was neglected. For ash,
Equation I-6, expressed mathematically, becomes:

Qupin Castespin = Qespout Castespout * Foottectsdash (-7

Since the collected fly ash flow rate could not be measured, Equation I-7 was used to solve
for it. Applied for a trace species, Equation I-6 becomes: '

14



Appendix I: Development of Mass Balance Equations & Example Calculations

Quspin Ciespin = Qupout Ciespout * Foottectodasn G cottectednsh (-3)

The exact equation used in calculating the data presented in Table 6-2 of Section 6 was
obtained by substituting Equation I-7 into Equation I-8 and rewriting in closure format. This
equation is located in Table I-1.

JBR

The following form of Equation 1 applies to the JBR:

JBR ESP , Makewp , Retun , Limestone . Oxidation _ (JBR Slumy . Stack (I-9)
Accumulation ~ Outlet Gas® Water Water © Shurry Air Blowdown  Gas

In the JBR, because of potential changes in volume or slurry solids concentration, the
accumulation of solids and trace metals was not considered to be negligible over the test
period. Mass flows of trace metal species in oxidation air are very low and were neglected.
For a trace metal species, Equation I-1 becomes:

—-Qcpomc'l,@out+FmakulpCiJnak=up+FremCi,tcmm

+ [Py Cootigszs * Bis Cugue Citigu] (-10)
- [Poswn Cootigs Cisoties * Foam Cigpasn Citighawn) * Qutackgss Cistackgns)
The accumulation term in Equation I-10 was approximated:
o AM a-11)
dt At

AM,, the change in the mass of a species in the JBR over a test period, was calculated with
the following equation:

I5
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Appendix I: Development of Mass Balance Equations & Example Calculations

AM, = A, A Lpr Cotigsger Cisotizs * Lmer (1 ~Cootias yor) Vl Cisg I-12)

CootiasBR vV, + (1 = Cystigs ) \/

The exact equation used in calculating the data presented in Table 6-2 of Section 6 was
obtained by substituting Equation I-12 into Equation I-10 and rewriting in closure format.
This equation is located in Table I-1. Densities used in making the above calculations are as
follows: JBR solids (gypsum), 2.32 g/cc; limestone solids (CaCO3), 2.72 g/cc; JBR and
limestone liquid phase, 1.00 g/cc.

Total Plant

Equation I-1, applied to the combined power genemﬁon/enﬁssion control system is:

% Accumulation _ Comb. _Feed  Return Makeup  Oxidated _ Limestone
in Each Vessel = Air ~ Coal = Water = Water Air Slurry @13

_ {Stack Blowdown ESP Collected Bottom
Gas Slutry Fly Ash Ash

Since most trace metal species will be removed with the bottom and fly ash, the accumu-
lation term in the JBR will be relatively small in the total plant balance. Accumulations in
other vessels have been neglected in previous equations and are also neglected in Equation
I-13. Trace metals concentrations in the combustion and oxidation air streams are very low
and assumed negligible. Expressed mathematically for a trace species, Equation I-13
becomes:

AM, 1pr

T = Fcoal Ci, Fretum Ci,tecnm Fmakeup Ci,makcup
* [Bis Caasts Gisotsts + Fis Cugrs Ciigrs] (1-14)
- [Qstackgs Corargas * Foann Coctizspawn Ci,sohds,bdwn]

" [Fotom Crigpawn z.ﬁq,bdwn]
= [Poctioctetsss Cicottoctotasn * Footomasn Cipotsomast]

The exact equation used in calculating the data presented in Table 6-2 of Section 6 was
obtained by subsututmg Equations I-4 and I-7 into Equation I-14 and rewriting in closure
format. This equation is located in Table I-1.



Appendix I: Development of Mass Balance Equations & Example Calculations

Example Calculations
Emission Factor

The unit-energy-based emission factors were determined by dividing the mass flow rate of a
substance being emitted by the heat input to the boiler during testing. Mathematically,
Equation 6-3 of Section 6 can be expressed as:

C. C.
Bmission Factor for Species i = Quaciges (Cisntguss + Cismergas) (I-15)

Ho Foa (1 - Cocon))

Lead will be used for the following example calculation. The following data were taken
from tables in Sections 3 and 5.

Quuck gas = 456,000 Nm?/hr

Ci sackgns,s = 0.50 pg/Nm’

Cinekgnsy = <0.22 pg/Nm?; for calculations, use 0.11 pg/Nm?
H.. = 12,700 Btu/lb

F.., = 91,000 Ib/hr (coal r.ejects subtracted)

Cucon = 0.117 Ib water/Ib coal

The emission factor for lead is calculated directly from Equation I-15.

456,000 0.50+0.1) _ o b @-16)

Emission Factor, Pb = 2202.6 6—2
on * 12,700 * 91,000 (1-0.117) 10Bm

Mass Balance

An example calculation for each of the mass balance equations presented in Table I-1
follows:

In this appendix, aluminum mass balance sample calculations are shown using equations and
data from the report. The four sample calculations include boiler closure, ESP closure, JBR
closure, and total plant closure.

I-7
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Appendix I: Development of Mass Balance Equations & Example Calculations

Boiler Closure. The da‘a required and the location of the data found in the report are

shown below:

Cicon = 1.45 x 107 pg/kg

F.,= 4.13 x 10* kg/hr (9.1 x 10* Ib/hr)
Cocon = 0.117 kg/kg

C.tcon = 0.111 kg/kg

Q.o = 2.84 x 10° dscfm (4.5 x 10° Nm®/hr)
Castespin = 3.64 gr/dscf (0.00896 kg/Nm?)
Cibotomas = 7-61 x 107 pg/kg

Cieoins = 8.7 x 10° pg/Nm’®

i,espin,s

C.

i,espin,v

= 146 pug/Nm®

The material balance around the boiler is represented by the following equation:

- 100 » o 4-Cimd Conms = s Cott) Cimms * Qe (i

(Table 5-6)
(Table 3-7)
(Table 3-7)
(Table 3-7)
(Table 3-7)
(Table 3-7)
(Table 5-7)
(Table 5-2)

(Table 5-2)

* Ciesvins)

Closure, .,
Cbo Foout (1-Coroon) Cooon

Substitution of the values listed above results in the following boiler closure for aluminum:

Closurey ., = 74%

ESP Closure. The data used in calculating the material balance closure around the ESP are

shown as follows:

Q.oic = 2.84 x 10° dscfm (4.5 x 10° Nm*/hr)
Ci,spin,s = 8.7 X 105 [.Lg/Nl'n3
Ci,&spin,v = 146 [Lg/ Nm3

Quport = Qepin (4.5 x 10° Nm?/hr)
Ciespours = 1.21 x 10* pg/Nm®

C = 57.5 ug/Nm®

i,espout,v

I-8

(Table 3-7)
(Table 5-2)
(Table 5-2)
(Table 3-7)
(Table 5-2)

(Table 5-2)



Appendix I: Development of Mass Balance Equations & Example Calculations

Cotepin = 3.64 gr/dscf (8.96 x 10° kg/Nm’) (Table 3-7)
Cop esporr = 0.0577 gr/dscf (1.42 x 10% kg/Nm’) (Table 3-7)
Cootocetes = 9.8 x 107 pg/kg ' (Table 5-7)

The material balance closure equation for the ESP is represented by the following equation:

= 100 * (Qm C“h’m - Q@Om C&m) qmllomda&h N Qspom (Ct.spout.v * Ci.Spom)

Closureg,
Qqﬁn (Cmpm,v * Cx,spin.s)

After substitution of the data presented above into this equation, the material balance closure
for aluminum around the ESP is calculated to be:

Closure,,, = 101%

JBR Closure. Unlike the other unit operations considered at Plant Yates, the accumulation
term for the JBR could be important in the material balance calculations. This is because the
residence time of the slurry in the JBR is much greater than any of the sampling times. The
first step shown is the calculation for one of the runs in Test Period 1. An average accumu-
lation rate was calculated for each test period; the average of these was then used in the mass
balance calculations.

Data required to calculate accumulation are as follows:

Cisqmr = 10.7 mg/L (1.07 x 107 pg/md) (App. H, Run-1)
App = 127 m? (Design Drawings)
At = 8 hr (Run 1)
Cisositspr = 1.03 x 10° pug/kg (App. H, Run 1)
Lirea = 429 m (Average in Table 6-1)
Ve = 0.000431 m*/kg (Sp. Gr. = 2.32) (App. 1, p. 6)
Ve = 0.001 m*kg (Sp. Gr. = 1.0) (App. 1, p. 6)
Coostsprear = 0.222 kg/kg (Average % solids in Table 6-1)
Cioiigs mre = 0.223 kg/kg (Average % solids in Table 6-1)
Lipg, = 4.3 m (Average level in Table 6-1)

19
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Appendix I: Development of Mass Balance Equations & Example Calculations

The accumulation term (Amy/At) is represented by the following equations. The change in
mass of aluminum contained in the JBR during the run is calculated:

c " Ligg Cootias e
A CosasrsreVsier * (1~ Coonssypry) V)

Py

LIB'R.t-AtCsolichJBR.t-At H

Am, = CootissgBre-atYsubr * (1 ~Coonigssmre-ae) Yiomr

+ C.. Lypg 1 -CsoWBR.t)vum - Lige-adl -CsolidsJBR.l-A!)vlJBR
Cao!idsJBR,tvaBR + (l'csolidsJBR.)vUBR ’CsoﬁdsJBR.t-AtVst + (1 'Caomsmm-m)vusk

The accumulation of aluminum in the JBR during Run 1 is the change in mass divided by the
length of the run and is calculated to be: ‘

acc = Amy/At acc = 1.37 x 10® pg/hr

In a similar manner, the accumulations in Runs 2 and 3 were calculated and when combined
with the accumulation from Run 1, an average accumulation of 1.42 x 10® ug/hr was
calculated. This average accumulation is used with the following data to calculate mass

balance closure around the JBR:

acc,,, = 1.42 x 10° pg/hr

Qupoz = 2.84 x 10° dscfm (4.5 x 10° Nim/h) (Table 3-7)
Ciegpors = 1.21 x 10* pg/Nm’® (Table\5-2)
Ciespoury = 57.5 pg/Nm® (Table 5-2)
Fosewprrisoa = 26.8 gal/min (6.09 m’/hr) (Mat’1 bal. average in Table 6-1
Mist Elim/Deck Wash [Ash Pond Return])
Cimarerp = 0.176 mg/L (1.76 x 10° pg/m?) (Table 5-10)
Frenmrrize = 78.9 gal/min (17.9 m*/hr) (Mat’l bal. average in Table 6-1
Transition Duct PW Flow [Gypsum Pond Return])
F@nm = 39.9 gal/min (9.06 m*/hr) (Mat’1 bal. average in Table 6-1)
Freum rrisos = 6.39 gal/min (1.45 m®/hr) (Mat’] bal. average in Table 6-1)
Cirenmn = 2.04 mg/L (2.04 x 10° pg/m?) | (Table 5-10)
F,, = 36.5 gal/min (8.29 m*/hr) (Mat’1 bal. average in Table 6-1

Reagent Flow)

I-10



Appendix I: Development of Mass Balance Equations & Example Calculations

Cootias1s = 0.361 kg/kg (Mat’l bal. average in Table 6-1)
Cisqs = 6.78 x 102 mg/L (6.78 x 10° pg/m’) (App. H, Run 3d

substituted for Run 3)
Fuogwarmicoa = 78.4 gal/min (17.8 m’/hr) (JBR blowdown in Table 6-1)
Cootiaspasn = 0-229 kg/kg (JBR density, mat’l bal. average in Table 6-1)
Cisotigspewn = 1.1 x 10° pg/gm (1.1 x 10° pg/ke) (Table 5-9)
V,;,, = 0.000367 m*/kg (App. I, p. 6)
Vi, = 0.001 m¥/kg (App. 1, p. 6)
Voo = 0.00431 m¥/kg (Sp. Gr. = 2.32) (App. L, p. 6)
Vipewn = 0.001 m*/kg (Sp. Gr. = 1.0) (App. I, p. 6)
Ci sotitss = 756 pg/gm (7.56 x 10° pug/kg) (Table 5-9)
Citgoawn = 12.3 mg/L (1.23 x 107 pg/m’) (Table 5-10)
Quckess = 2-88 x 10° dscfm (4.56 x 10° Nm*/hr) (Table 3-7)
Ciunetgrss = 191 pg/Nm® (Table 5-2)
Cisactgasy = 4.35 pg/Nm® (Table 5-2)

With these input values, the terms Igsz and Oy can be calculated as shown below:

AM.

Ipg = - Atl * Qeponr (Cirospouty * Ciespouts) ¥ Fremrrizs + Foumrriez * Freumrrisos)
* C +F . C, +F Csolids,ls Ci,solids,ls M VLls(l —Csolick,ls) Ci,liq,ls

1s N ~

C

i,makeup
sotidsts Vsgs + (1~ Cootiasss) Viss

I-11
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Appendix I: Development of Mass Balance Equations & Example Calculations

C

solids,bdwn Ci,solids,bdwn * Vl,bdwn (1 -Csolids,bdwn) C

ilig.bdwn

Omr = Fogem Fr162a " -
Cotigspawm Vepamm * (1 7 Cootias) Yipdom

* Quactins (Gistneigsy + Cistacigass)
OIBR = 5.44 X 109 p.g/hI‘
Mass balance closure for aluminum around the JBR is calculated to be:
ClOSlll’emR = 100 * OJBR/ IIBR = 65%
Note that the accumulation of aluminum in the JBR (1.42 x 10® ug/hr) is small relative to the
throughput (outlet equals 5.5 x 10° ug/hr). However, the accumulation calculations are
based on a single concentration and only reflect changes in the JBR density and level.
Total Plant Closure. All of the data required for the total plant calculations have been

specified in previous calculations. The total flow of aluminum into the plant (minus JBR .
accumulation) is calculated according to the following equation:

D ™ = Ati * Pt (17 Cocon)) Cicont * Fremmrrizs * Freomrriez * Froompr1so) Cisetnm

+ FoakenpFrisoa

A

Coitss Vsss + (1~ Cooaese) Vs

c +Fb[csouds,1s Cisstosts * Viss (1 ~Cootosss) Ciass

Substituting values defined above, the mass flow of aluminum into the plant becomes:
L = 5.32 x 10" pg/hr

The total flow of aluminum exiting the plant is calculated with the following equation:

Opet = Quacigns (Cismergasy * Cistactgasss)

+ F Coctigspawn Cisoidspavn * Yipawn (1 ~Coutigspawn) Citigpdwn

bdwn FT162A

. Cootids pawn vs,bdwn + (1= Cyidspawn) Vl,bdwn
*+ Feoa (1~ Cocont) Costiooat = Lespin Castyespin] Cipottomash
+ [Qm Catespin = Qespout Cash,spou!] G cottectedash

Again, values previously given are substituted, which results in the outlet mass flow for
aluminum being:

I-12



Appendix I: Development of Mass Balance Equations & Example Calculations

Ot = 3.95 x 10" pg/hr

Using the mass flows inlet and outlet,the overall plant closure for aluminum is calculated:

Closure,,, = 100 * Opp/Lyye = 75%

Removal Efficiencies

An example will be developed for lead removal in the JBR. Equation 6-4 applied to the JBR

becomes:

1~ C. + C.
% Removal = Qm ( istackgas,s 151261(8&") * 100

Qespout (Ciespouts * Cespousy)

The following data were obtained from tables in Sections 3 and 5.
Quactges = 456,000 Nm*/hr

Csnctguss = 0.50 pg/Nm®

Cissctessy = <0.22 pg/Nm?; for calculations use 0.11 pg/Nm®
Qespoe = 450,000 Nm®/hr

Cipspos = 18 pg/Nm®

Ciespory = 0.4 pg/Nm®

The removal efficiency for lead is calculated directly from Equation 1-17.

456,000 (0.50+0.11)

i f JBR for Pb = |1 00 = 96.
Removal Efficiency o or 250,000 (18 +0.4) * 1 96.7%
Nomenclature
A Cross-sectional area, m?
C Concentration ug/Nm?® (gas), pg/L (liquid), pg/kg (solid), or
weight fraction (ash or water fraction)
F Coal flow rate, kg/hr or water/slurry flow rate, m*/hr
L Level, m

(I-17)

(I-18)
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Appendix I: Development of Mass Balance Equations & Example Calculations

Q

IS

v,V

Subscripts
bdwn
bottomash
coal
collectedash
espin
espout

FTx

JBR

1, liq

Is
makeup
return

solids
stackgas

I-14

Gas flow rate, Nm®/hr
Specific volume, m®/kg

JBR blowdown slurry
Bottom ash

Feed coal

ESP sluiced ash

ESP inlet

ESP outlet

As indicated by flow transmitter X (flow from data acquisition
system)

Species, i

JBR

Liquid

Limestone slurry
FGD makeup water (ash pond return)
Gypsum pond retirn
Solid phase

Solids

Stack gas

Vapor phase

Water
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