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Abstract. Implementing a turbo expander connected to a faiglytic cracking (FCC) unit in order to producevper from flue gas
has already become a common practice in oil refeseworldwide. Despite of recovering energy which usebe wasted in an
orifice chamber, the implementation of expander asakids still requires high investment, whictenfbegins with a third-stage
cyclones installation to enhance flue gas cleanngkseover, machine and also pipes need to be maifespecial materials in
order to resist high temperatures and erosion. Heticere are some items to be checked beforeiwgiaatturbo expander to ensure
the return on investment will reach expectationgpkeg in mind that its ability to extract energyin flue gas changes widely
depending on FCC operational conditions. Then, time ai this paper is to provide the analysis of otage turbo expander which
is fed with flue gas from partial combustion FCC it installed with isolation valves, highlightingnse points which deserve
special attention before start up this type of niaehlt brings together some approaches to provigkeiable information about a
turbo expander, particularly when it is not runnipet, including the results to a hypothetical casd ¢he sequence of calculus that
can be done without using any special software adpior: « To estimate real energy generation thitotige turbo expander as a
function of FCC feed; * To check the leaks effeTt predict the impact of turbo expander on carbamaxide boiler, due to a fall
in temperature of the expanded flue gas; « To datelthe appropriate amount of extra supplementay required to be burned in
the flue gas boiler in order to keep the productidrsteam stable; « To analyze the moisture ofltleegas so that it may predicts
condensation when hot gas comes into contact wétltafd duct, after opening isolation valves; « Amally, how turbo expanders
fit in cleaning development mechanism to get éedti€arbon credits.
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1. INTRODUCTION

Implementing a turbo expander connected to a faighlytic cracking (FCC) unit in order to produaayer from
flue gas has already become a common practicel irefimeries worldwide. The main machine resporssifadr this
process is also called FCC Power Recovery Expafigure 1 shows a typical system of one stage tadpander fed
with flue gas from partial combustion FCC unit anstalled with isolation valves.
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Figure 1. Typical FCC power recovery arrangemeviliving partial combustion and isolation valves.

Despite of recovering energy which used to be waaistean orifice chamber, the implementation of exger and its
skids still requires high investment, which ofteegims with a third-stage cyclones installation thance flue gas
cleanness. The third separator removes excess ©Of datalyst, which could damage the rotating bladlésteover,
machine and also pipes need to be made with spewitdrials in order to resist to high temperatuaed erosion.
Hence, there are some items to be checked befmteugpta turbo expander to ensure the return osstnvent will reach
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expectations, keeping in mind that its ability tdract energy from the flue gas changes widely ddjpgy on FCC
operational conditions.

Then, this paper brings together different appinea to provide valuable information about a tudxpander,
particularly when it is not running yet, includitige sequence of calculus that can be done withgsinglany special
software and the results to a hypothetical case.

Typical gas compositions and molecular weightsgiren in Tab. 1.

Table 1. Mol fraction of flue gas and natural gas.

Flue Gas: i Mol Fraction Natural Gas: i Mol Fractio
0, 0.01 N, 0.01
N, 0.67 CH, 0.88
H,O 0.14 CcO, 0.01
coO 0.06 C,Hs 0.06
CO, 0.11 CsHg 0.02
SO, 0.01 CHig 0.01
CH, 0 CH1p 0.01
Molecular weight (kg/kmol) = 28.8 Molecular weight (kg/kmol) = 18.8

2. CORRELATION BETWEEN FCC FEED AND EXPANDER POWER OUTPUT
2.1. Power versus FCC feed

The capacity of the expander chosen in this cad® BIW, which means that the machine is able tapce this
amount of power, but unfortunately it will not neserily happen. Though the manufacturer suppligsaph with
several parameters, refineries do not reach thgerah some of them, so it is possible to simplifgttgraph and add
some refinery data in order to simulate the rebbb®r of that specific turbo expander about pogereration.

The machine efficiency is commonly informed by thanufacturer and it is usually close to 80 %, &fficy that
will be used in this case. It is also considereaies@fficiency loss if operational temperature iwdo than 650°C, as
shown in Tab. 2.

Table 2. Power loss at low operational temperatures

Condition Loss (MW)
If 630°C < operational temperature < 650°C -04
For operational temperature < 630°C -0.8

The first curve of Fig. 2 simplifies a typical mdacturer's graph to a line (normal project opergtio
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Figure 2. Estimation of expander power output veftue gas flow.
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The “X” axis of Fig. 2 corresponds to the flue dlsv that comes from the third-stage separator enads turbo
expander, while “Y” axis provides the energy getedtdy the power recovery unit.

The second curve (nhormal operation) is built withyaothetical average of annual data, includingcigipvariation
in pressures and temperatures. Data when the FE@@aas not work properly should be excluded. & groject was
well done, the second curve will be close to thejgmt curve, as happens in Fig. 2. Anyway, if thee fgas flow is
substituted in the “X” axis by FCC feed, the difface between the curves behavior stands out, asmshd-ig. 3.

It is interesting to note that the curve Power FEC feed presents a third degree equation trered diith a
satisfactory coefficient of determination. The loviethe FCC feed, the bigger is the variationhe flow of flue gas
produced. In part, this variation is caused by din@ount of air injected by the blower to burn theabst coke,
depending on the severity of operation.
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Figure 3. Estimation of expander power output veisGC feed.
2.2. Leaks effect

The last curves of Fig. 2 and Fig. 3, representediicular dots, show the maximum loss of energt thay occurs
if it is necessary to keep the “small bypass vab@thpletely opened (see Fig. 1). In this caseas supposed a 6 inch
size valve. This small bypass might provide heatHe orifice chamber to avoid acid condensatiolvattemperature,
even when the “main bypass butterfly valve” is ctetgly closed. Then Fig. 3 gives also the flow thatuld divert
from expander through the small bypass and it issipde to obtain from both figures the energy Idse to this
diversion.

To calculate this flow through the “small bypasésed it is considered critical flow or sonic speeaehich does not
depend on upstream pressure because it is higlerthle double of downstream pressure. The equatiens adapted
from API1 520 (2000):

A (mm2) = (13160* W (T*Z/M c)(1/2))/(CC*Kd*PP*Kb*Kc) 1)
CC=520*(k*(2/(k+1)M((k+1)/(k-1))N1/2) (2)
where:

A = effective area (obtained from the size of “dnbgpass valve”), mm2

W = mass flow of flue gas (the desired value), kg/h

T = operational temperature, K

Z = gas compressibility factor, dimensionless; eatul (low pressure and high temperature)

Mg = flue gas molecular weight, kg/kmol

k = cp/cv = (heat capacity at constant pressuredt(bapacity at constant volume), dimensionlesthigncase = 1.3

Kd = effective coefficient of discharge, dimensiessd; in this case = 0.975

PP = upstream relieving pressure (approximated‘dbsolute operational pressure — backpressure” useca
overpressure is zero), kPa

Kb = capacity correction factor due to backpresstiraensionless; value = 1 (it is not a balance®)PS

Kc = combination correction factor; dimensionlesslue = 1 (there is no rupture disc)
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Even if after start-up it is checked that the “drbgpass valve” could stay closed, it turns out #ignificant valve
leakages would cause similar effect on energy ®3Sensequently, if the power produced is much tlegs expected,
leaks should be investigated to enhance expandgatimn. A way of confirming these leaks is usiadiation to obtain
pulse speed in each duct passage.

3. IMPACT OF TURBO EXPANDER ON FLUE GASBOILER (CO BOILER)

Due to a fall in temperature of the expanded flas, dhere is an impact of turbo expander on fluelgaler, also
called carbon monoxide boiler, which is downstrgase Fig. 1). The flue gas is burned inside COeba@hd the heat
vaporizes the water, producing high pressure st@#is. heat comes from the temperature (sensiblg hed from the
combustion itself. Because the flue gas is a pa®, gvith low percentage of components that reallynpthe
temperature decreasing has an important impadtisrtase. It is possible to estimate the redudtiche high-pressure
steam production of boiler, provoked for the exparstart-up and calculate the additional amoumatfiral gas that
would be burnt in the boiler in order to compengh&loss of sensible heat.

Table 3 completes data from Tab. 1.

Table 3. Hypothetical process variables.

Hypothetical Process Variables Value
FCC Feed (rfid) 8080
Mass Flow of Flue Gas to Expander (kg/h) 273500
Inlet Expander Temperature (°C) 643
Inlet Expander Gauge Pressure (kgflem 2.1
Outlet Expander Gauge Pressure (kgficm 0.1
Inlet Temperature of Water — CO Boiler (°C) 176
Outlet Temperature of Steam — CO Boiler (9C) 483
Inlet Gauge Pressure of Water — CO Boiler (kgficm 120
Outlet Gauge Pressure of Steam — CO Boiler (kdgm 90
Inlet Boiler Temperature of Flue Gas before Exparstigrt-up (°C) 594

3.1. Expansion effect

Initially, the outlet expander temperature is neaitable. Equations (3) to (5) solved together witbvide the
downstream temperature (Smghal, 2000). Using the flow of Table 3, this would the tminimum outlet expander
temperature.

L= S AHi = S{fi * Int (Cpi.dT) } 3)
CPmix= ZCpi =4H / (Tf-To) (4)
Tf = EXP (((LN(Pf/P0))/(CRi/RR))+LN(to)) (5)
where:

Hmix = gas enthalpy, kJ/ kg

Hi = enthalpy of component “i”, kJ/ kg

Cpmix = specific heat of gas, kJ/(kg.K)

Cpi = specific heat to component “i” as a functafiifo and Tf, kJ/(kg.K). See coefficients to caltel Cpi at Smith
et al. (2000).

Tf = final temperature (outlet expander temperdtufe Tf is the desired value.

To = initial temperature (inlet expander tempemtuarthis case), K

fi = mass fraction

Pf = absolute final pressure, bar

Po = absolute initial pressure, bar

RR = modified universal gas constant, kJ/(kg.K$18. [kJ/(kmol.K)] / Mg [kg/kmol]

Mg = flue gas molecular weight, kg/kmol;

Int = Integral; EXP = exponential; = sum;A = delta; LN = natural logarithm.

In this case, Outlet Expander Temperature resujisal to 469°C. To check, it is calculated the @owsing Eq.
(6) adapted from Smitét al. (2000) or Eq. (7) (Dziewulski, 1994), keeping T643°C and Tf = 469°C.

IP = - AHmi*Wg* 7 /100 /(3.6%10) (6)
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IP = (Wkgs; *847.84/Ms*To/102)*(k/(K-1))*/7e /100*(1-(Pf/Po)*((k-1)/k))/1000 @)

where:

IP = isentropic power, MW

W = mass flow of flue gas to expander, kg/h (in orideobtain the maximum value of energy productibmyas
not subtracted the possible flue gas flow that walivert to the “small bypass valve”)

Ne = expander efficiency, %; in this case = 80

WKkgss = mass flow of flue gas to expander, kg/s

It is established that 4 % of this energy couldlbduced because the process is not really iseotrdpe final result
(13.8 MW) will be close to the chart value from Fy as would be expected.

Pw = IP*0.96 -Pws (8)

where:
Pw = expander power output, MW;
Pwoss = power loss, MW (see Tab. 2)

3.2. Sensible heat of flue gasand estimation of steam production loss

Once the minimum outlet expander temperature wiasileded, it is possible to check the amount oft hest before
the boiler, keeping in mind that the temperatureloé gas that used to reach the boiler was lowan tthe inlet
expander temperature because of its passage thooifigie chamber. So, it is used the inlet boilemperature of flue
gas before expander start-up as the initial tentperaand Eq. (9) provides what is the lost sendilgat due to the
temperature fall from 594°C to 469°C. Then, the losat allows estimating the amount of steam thatllev not be
produced anymore due to expander start-up (Eq).(10)

Qioss = - AHmi* W (©)]
Whi20 10ss= Qioss/ AHh20 (10)
where:

Quss = lost heat in upstream boiler after expandet-siar(sensible heat), kJ/h; see result in Tab. 4

Hmix = gas enthalpy, kJ/kg; see Eq. (3) and Eq. (4hemabering that this time To = Inlet Boiler Temparat of
Flue Gas before Turbo expander start-up (594°Q)lnet Expander Temperature

W = mass flow of flue gas from expander to boilen{ass flow of flue gas to expander), kg/h

W0 10ss= Steam mass flow, kg/h; see result in Tab. 4

Huoo = enthalpy obtained from usual steam tables ctingulnlet Temperature of Water, Outlet Temperatofe
Steam, Inlet Gauge Pressure of Water and Outlej&Buessure of Steam, kJ/Kyalue = 2592.8

3.3. Confirmation of boiler production before expander start-up

To see how much this value represents in percenitaigeneeded to compare it with the normal prdiun; which is
usually a measurable data, or may be calculatéalas:

Q sensible FGOT Q sensible AT Q sensible Ar= -~ AHmix"Wg (11)
PCS = - AHoc (12)
PCli = [ PCS - Nyoo* AHimm2o I* Xi (13)
PClyix= S PCli (14)
PClyy (KJ/kg) = PChix (k3/mol) *1000 / M (15)
Qeum FeOF Qaum s6= PClmix (kJ/kg) *775/100 * W (16)
Qtotal = Qeum F6 + Qumss + Qsensible F + Qsensible st Qsensible Air 17)

Whi20 total = Qtotal /AHH20 (18)
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where:

rc = flue gas

sc= supplementary gas (natural gas)

Ar = air

Hmix = enthalpy, kJ/kg; see Eq. (3) and Eq. (4), carsid Tf = 25°C (298.15 K). In this case: k= 594°C (Inlet
Boiler Temperature of Flue Gas before expandet-g@; Taoy, = 35°C;Qsensible saVas irrelevant; Cg, was considered
constant and equal to 0.24 kJ/(kg.K).

W = mass flow of gas, kg/h; ¥y = 113800

PCS = superior calorific power of flue gas or seppéntary gas, kJ/mol

PCI = inferior calorific power of flue gas or suppientary gas, kJ/mol

AHCc = standard enthalpy of combustion, kJ/mol;gdhialues given in Brasil (2004)

AH 120 = enthalpy of water vaporization, kJ/mol; vatué3.9

xi = mol fraction

ne = boiler efficiency, %; in this case = 75

Q sensible= Sensible heat, kJ/h

Q sum = combustion heat, kJ/h

Q 1otal = total boiler heat, kJ/h

W20 total = boiler production before expander start-up, kg/h

NL20 = Number of molecules of water formed accordingdmbustion equations:

CHy g+ 2 Q9> 1 CO2¢ + 2 H20,, (19)
CHe g+ 712 Q> 2 CO2g + 3 H20, (20)
CaHs 9+ 5 O 9> 3 CO2 + 4 H20, (21)
CaHio g+ 13/2 Q g > 4 CO2¢ + 5 H20y, (22)
CsHiz )+ 8 Oy 25 CO g+ 6 HO (23)

Finally, the result shows that the steam productiefore turbo expander start-up is close to 1444fid. As the
lost steam production is 18320 kg/h, it represantss of 12.7 %. Hence, the refinery has to chbeseeen losing this
production and increasing the supplementary gastihiocompensate it.

3.4. Estimation of extra supplementary gas

Equation (12) to Eq. (15) give PCI of supplemengayg (natural gas) equal to 47604 kJ/kg (11370kgehnd Eq.
(9) the lost sensible heat equal to 47.5 GJ/h. atheg, the Eq. (24) brings the conclusion thas inécessary plus 1330
kg/h of extra natural gas to avoid losing the steamaduction of 18320 kg/h. As the boiler studiedswvadready fed with
1620 kg/h of this supplementary gas to improvectmmbustion, the total amount of natural gas wonttdase to 2950
ka/h. The refinery should take into account this@xost while planning the return on investment.

We = Qioss / (PClsc* 778) (24)
Table 4 and Fig. 4 resume the results:

Table 4. Process calculated variables.

Calculated Variables Result
Outlet Expander Temperature (°C) 469
Expander Power Output when To = 643°C and Tf = @6@1W) 13.8
Lost Sensible Heat in Upstream Boiler After Expar@rt-up (GJ/h 47.5
Amount of Steam that would not be Produced anyrdaeeto Expander Start-up (kg/h) 18320
Inferior Calorific Power of Flue Gas (kJ/kg) 565

Qsum re + Qeunse = Boiler Combustion Heat at Usual Production (GJ/h) 115.9 +57.8 = 173.7
Qsensible 6+ Qsensible sct Qsensible ar= Boiler Sensible Heat at Usual Production (GJ/H00.4 + 0 + 0.3 = 200.7

Total Boiler Heat at Usual Production (GJjh) 374.4
Boiler Production Before Expander Start-up (kgyh) 44400
Inferior Calorific Power of Supplementary Gas (lg)/} 47604

Extra Supplementary Gas to keep Usual Boiler Prioglu¢kg/h) 1330
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Figure 4. Impact of turbo expander on CO boiler.

4. PREDICTING CONDENSATION

Isolation valves allow expander rotating bladesttp instead of just turn slower, avoiding shutttdayn a FCC
unit when its turbo expander needs maintenanceh®mwther hand, this improvement in the projectliegpthat turbo
expander and main duct will be cold just beforetatp. Consequently, condensate may be found wherstiction
isolation valve is opened and hot gas comes intdacd with the cold duct, what means that interrwdishe turbo
expander are exposed to be severely damaged bgrsate because of suddenly temperature changes.

Moreover, partial combustion means that temperatare not as high as in complete combustion protegsit
means also that any leak represent a potentialedangoperator's safety, since carbon monoxideusd in larger
amount. Thus, it is not permitted to drain or &t duct to atmosphere during start-up.

Bringing together these two particularities regehiat it is needed to prevent expander from réogigondensate.
So, it is necessary to project some drains conmgdtiw points of upstream duct to orifice chambewdstream to
guarantee that the start-up will be safe. Aftertistg it up, the duct gets as hot as the flue gas therefore the
condensate problem is solved.

Figure 5 shows a prediction of condensate formatisimg flue gas mol fraction from Tab. 1. Estahlighan
operational pressure of 2.1X1Pa, it is possible to conclude that when flue gases into contact with the cold duct,
the water condenses in ambient temperature.
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Figure 5. The limits between liquid and vapor phaséle duct.
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To plot Fig. 5 for a range of temperatures, sainmatoisture equations were used, when partialspresis equal to
saturation pressure. To compare with pure watery#iues of pure water were plotted too, using ietdquation.

U = Miypo/ Mg SECO (25)
Usat= myosat / m seco (26)
U=Usat (27)
Usat=My0 / Mg Seco*(Ryosat/(Pus Przosat)) (28)
Us=Mu,0 / Mg seco*((exp(AntA-AntB/(TK+ANtC)))/(Pmmklgexp(AntA-AntB/(TK+AntC)))) (29)
In(Pyo0sat) = AntA - AntB/ (TK + AntC) valid to 10.85%CT < 167.85°C (30)
where:

U = moisture

Usat = saturation moisture

mH20 = water mass, kg

mg seco = dry flue gas mass, kg

My Sat = water saturation mass, kg

Mu2o = water molecular weight, kg/kmol

Mgseco = dry flue gas molecular weight, kg/kmol; ¢cédted excluding water from flue gas composition)
Pyoosat = saturation water pressure, mmHg

Paps= absolute pressure inside duct, mmHg

TK = temperature, K

PmmHgy,s = absolute pressure inside duct, mmHg
AntA = Antoine value A of property data bank = 1@38
AntB = Antoine value B of property data bank = 386
AntC = Antoine value C of property data bank = :146

5. CLEANING DEVELOPMENT MECHANISM

As turbo expander takes advantage of the energy#eal to be wasted at orifice chamber, it is cominchear that
its implementation is a cleaning development mesmarand consequently this improvement deservesfiedrtarbon
credits. However, carbon credits are regulated istribduted by an American organization, called “tédi Nations
Framework Convention on Climate Change” (UNFCCQ)icl has written some rules about this issue.

The main rule is that the incorporated modificationst be compared with the overall energetic sygedattricity
grid) from the country where it is implemented. 9hequirement means disadvantage to Brazilian inglis take
carbon credits, because Brazilian power is mainbdpced by hydroelectric plants, which does notuypelso much as
Chinese coal plants, for instance. The criterialmsed on COemission. If new project emission is lower thae th
Brazilian baseline emission, then the differencealled Emission Reduction and gives carbon cradithe company
which has implemented the project. It's worth rerperimg that, though they could be asked duringgmtophase,
carbon credits will be officially given to the commy only after checking the results on site, dudpgrational period.

Various projects can be employed to get carbonitste@bout power recovery projects, it was founehethodology
consulting the UNFCCC site (UNFCCC, 2008), whiclswanplified and applied to the studied case.

Considering that the turbo expander will produce3I@W and the power recovery system itself will some 0.3
MW operating 24 hours a day, 365 days per yearthate will be no leakage of GOthe annual C@emission
reduction is calculated following Eq. (31) to Eg6).

5.1. Baseline Emission

BEh = (Pw — PWE)*RV (31)
BEy = BEh * OF (32)
where:

BEh = baseline emission, kgG@; In this case: (12.3 — 0.3)*184.2 = 2210 kgtO
BEy = baseline emission, kgGear;
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Pw = expander power output, MW

PwE = expander power consume, MW

RV = reference value for Brazilian industry thameén fixed during the crediting period; 184.2 (k@' (MW
produced), according to UNFCCC (2008).

OF = operational factor = number of hours thatefeipment really works during a year (excluding memance
periods, for example); OF maximum would be 365 e * 24 hours/day = 8760 hours/year

5.2. Project Emission

Regarding it is necessary 1330 kg/h of extra supeigary gas, as estimated in Section 3.4, thikasflow that
should be compared with baseline using Eq. (3Bto(36).

PEhi = [(Ws¢* fi )IMi]* N oM coz (33)

PEh = Z PEhi (34)

PEy = Peh*OF (35)
where:

PEhi = project emission to each component “i” & Hupplementary gas, kg@®
Peh = project emission provoked by extra gas bgrigCQ/h

Pehy = project emission provoked by extra gas bgrrkgCQ/year;

W = mass flow of extra gas, (kg SG)/h

fi = mass fraction, (kg i)/ (kg SG)

Mi = “i” molecular weight (kg i/ kmol i)
Nco2= number of molecules of G@ormed according to combustion equations, (kmobXkmol i); see Eq. (19) to
Eq. (23).

Mco2 = CO, molecular weight, (kg CO2)/(kmol CO2)
OF = operational factor = number of hours thatafaipment really works during a year;

5.3. Emission reduction
Emission Reduction = BEy - PEy (36)

Brazilian baseline calculated is equal to 2210 kgf/ICO; (Eqg. (31)), whilenew project emission represents 3560
kg/h (Eq. (34)). Even before solving the next eture, it turns out that there is a negative restlL350 kg/h. In
conclusion, the hypothetical case does not fill thguirements for getting certified carbon creditsto be called a
cleaning development mechanism, despite of allfitsrtbat it would bring to the refinery and eventhe country.
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