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1.0 | NTRODUCTI ON

Congress, in the Cean Air Act Amendnents of 1990 (CAAA)
anended Title | of the Cean Air Act (CAA) to address ozone
nonattai nment areas. A new Subpart 2 was added to Part D of
Section 103. Section 183(c) of the new Subpart 2 provides that:

[Within 3 years after the date of the enactnent of the
CAAA, the Administrator shall issue technical docunents
which identify alternative controls for all categories of
stationary sources of...oxides of nitrogen which emt or
have the potential to emt 25 tons per year or nore of such
air pollutant.

These docunents are to be subsequently revised and updated as
determ ned by the Adm nistrator.

Stationary gas turbines have been identified as a category
that emts nore than 25 tons of nitrogen oxide (NQ) per year
This alternative control techniques (ACT) docunent provides
technical information for use by State and | ocal agencies to
devel op and inplenment regulatory progranms to control NQ
em ssions from stationary gas turbines. Additional ACT docunents
are being devel oped for other stationary source categories.

Gas turbines are available with power outputs ranging from
1 negawatt (MAN (1,340 horsepower [hp]) to over 200 MV
(268,000 hp) and are used in a broad scope of applications. It
nmust be recognized that the alternative control techniques and
t he correspondi ng achi evable NQ em ssion levels presented in
this docunent may not be applicable for every gas turbine
application. The size and design of the turbine, the operating
duty cycle, site conditions, and other site-specific factors nust
be taken into consideration, and the suitability of an
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alternative control technique nust be determ ned on a case-by-
case basis.

The information in this ACT docunent was generated through
a literature search and frominformation provided by gas turbine
manuf acturers, control equi pnent vendors, gas turbine users, and
regul atory agencies. Chapter 2.0 presents a sumary of the
findings of this study. Chapter 3.0 presents information on gas
turbine operation and industry applications. Chapter 4.0
contains a discussion of NQ formation and uncontrolled NQ
em ssion factors. Alternative control techniques and achi evabl e
controlled emssion |levels are included in Chapter 5.0. The cost
and cost effectiveness of each control technique are presented in
Chapter 6.0. Chapter 7.0 describes environnental and energy
i npacts associated with inplenmenting the NQ, control techniques.
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2.0 SUWARY

This chapter summarizes the nore detailed information
presented in subsequent chapters of this docunent. It presents a
summary of nitrogen oxide (NQ) formation nechanisnms and
uncontrol l ed NQ, em ssion factors, available NQ em ssion control
t echni ques, achievable controlled NQ em ssion levels, the costs
and cost effectiveness for these NQ, control techniques applied
to conbustion gas turbines, and the energy and environnental
i npacts of these control techniques. The control techniques
included in this analysis are water or steaminjection, dry |ow
NO, conmbustors, and selective catalytic reduction (SCR).

Section 2.1 includes a brief discussion of NQ, formation
and a summary of uncontrolled NQ em ssion factors. Section 2.2
describes the available control techniques and achi evabl e
controlled NQ emssion levels. A summary of the costs and cost-
effectiveness for each control technique is presented in
Section 2.3. Section 2.4 reviews the range of controlled
em ssion levels, capital costs, and cost effectiveness.

Section 2.5 discusses energy and environnental inpacts.
2.1 NOQ, FORVATI ON AND UNCONTROLLED NO, EM SSI ONS

The two primary NQ, formati on nechani snms in gas turbines
are thermal and fuel NQ. In each case, nitrogen and oxygen
present in the conbustion process conbine to form NO. Thernal
NO, is forned by the dissociation of atnospheric nitrogen (N,)
and oxygen (Q) in the turbine conbustor and the subsequent
formati on of NQ. \Wen fuels containing nitrogen are conbusted,
this additional source of nitrogen results in fuel NQ formation.
Because nost turbine installations burn natural gas or |ight



distillate oil fuels with little or no nitrogen content, thernal
NO, i s the dom nant source of NQ, em ssions. The formation rate
of thermal NQ, increases exponentially with increases in
tenperature. Because the flane tenperature of oil fuel is higher
than that of natural gas, NQ, em ssions are higher for operations
using oil fuel than natural gas.

Uncontroll ed NOQ, em ssion |evels were provided by gas
turbi ne manufacturers in parts per mllion, by volume (ppnv).
Unl ess stated otherwise, all em ssion levels shown in ppnv are
corrected to 15 percent Q. These em ssion |levels were used to
cal cul ate uncontrolled NQ em ssion factors, in pounds (Ib) of
NO, per million British thermal units (Btu) (Ib NO/MVBtu).
Sanpl e calcul ations are shown in Appendix A These uncontroll ed
em ssion |levels and em ssion factors for both natural gas and oil
fuel are presented in Table 2-1

2-2



TABLE 2-1. UNCONTROLLED NO, EMISSION FACTORS FOR GAS TURBINES

NO, emissions, ppmv, dry NO, emissions factor,
and corrected to 15% 0, Ib NO,/MMBtu®
Output, Distillate Distillate
Manufacturer Model No. MW Natural gas oil No. 2 Natural gas oil No. 2
Solar Saturn 11 99 150 0.397 0.551
Centaur 3.3 130 179 0.521 0.658
Centaur "H" 4.0 105 160 0.421 0.588
Taurus 4.5 114 168 0.457 0.618
Mars T12000 8.8 178 267 0.714 0.981
Mars T14000 10.0 199 NAP 0.798 NAP
GM/Allison 501-KB5 4.0 155 231 0.622 0.849
570-KA 4.9 101 182 0.405 0.669
571-KA 5.9 101 182 0.405 0.669
General Electric LM 1600 12.8 144 237 0.577 0.871
LM2500 21.8 174 345 0.698 1.27
LM5000 33.1 185 364 0.742 1.34
LM6000 415 220 417 0.882 1.53
M S5001P 26.3 142 211 0.569 0.776
MS6001B 38.3 148 267 0.593 0.981
MS7001EA 83.5 154 228 0.618 0.838
MS7001F 123 179 277 0.718 1.02
MS9001EA 150 176 235 0.706 0.864
M S9001F 212 176 272 0.706 1.00
Asea Brown Boveri GT8 47.4 430 680 1.72 2.50
GT10 22.6 150 200 0.601 0.735
GT11IN 81.6 390 560 1.56 2.06
GT35 16.9 300 360 1.20 1.32
Westinghouse W261B11/12 52.3 220 355 0.882 131
W501D5 119 190 250 0.762 0.919
Siemens V84.2 105 212 360 0.850 1.32
V4.2 153 212 360 0.850 1.32
V64.3 61.5 380 530 1.52 1.95
V84.3 141 380 530 1.52 1.95
V94.3 203 380 530 1.52 1.95

®Based on emission levels provided by gas turbine manufacturers, corresponding to rated load at SO conditions.
NO, emissions calculations are shown in Appendix A.
®Not available.
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Uncontroll ed NO, emission |evels range from 99 to 430 ppnv for
natural gas fuel and from 150 to 680 ppnv for distillate oil
fuel. Corresponding uncontrolled em ssion factors range from
0.397 to 1.72 I b NO/MvBtu and 0.551 to 2.50 I b NQ/MvBtu for
natural gas and distillate oil fuels, respectively. Because
thermal NQ, is primarily a function of conbustion tenperature,
NO, em ssion rates vary with conmbustor design. There is no
di scernabl e correlation between turbine size and NQ, em ssion
| evel s evident in Table 2-1.

2.2 CONTROL TECHNI QUES AND CONTROLLED NO, EM SSI ON LEVELS
Reductions in NQ, em ssions can be achi eved using
conmbustion controls or flue gas treatnent. Avail able conbustion
controls are water or steaminjection and dry |ow NQ, combustion
designs. Selective catalytic reduction is the only avail able
flue gas treatnent.
2.2.1 Conbustion Controls
Combustion control using water or steam | owers conbustion
t enperatures, which reduces thermal NO, formation. Fuel NQ,
formation is not reduced with this technique. Water or steam
treated to quality levels conparable to boiler feedwater, is
injected into the conbustor and acts as a heat sink to | ower
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flame tenperatures. This control technique is available for al
new turbine nodels and can be retrofitted to nost existing
installations.

Al t hough uncontrolled em ssion |evels vary widely, the range
of achievable controlled em ssion levels using water or steam

injection is relatively small. Controlled NQ, em ssion |evels
range from 25 to 42 ppnv for natural gas fuel and from42 to
75 ppnv for distillate oil fuel. Achievabl e guaranteed

controlled em ssion levels, as provided by turbine nmanufacturers,
are shown for individual turbine nodels in Figures 2-1 and 2-2
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for natural gas and oil fuels, respectively.

The deci sion whether to use water versus steaminjection for
NO, reduction depends on many factors, including the availability
of steaminjection nozzles and controls from the turbine
manuf acturer, the availability and cost of steam at the site, and
turbi ne performance and nai ntenance inpacts. This decision is
usually driven by site-specific environnental and econom c
factors.

A systemthat allows treated water to be mxed with the fuel
prior to injection is also available. Limted testing of water-
in-oil ermulsions injected into the turbine conbustor have
achi eved NQ, reductions equivalent to direct water injection but
at reduced water-to-fuel rates. The vendor reports a simlar
system is available for natural gas-fired applications.

Dry I ow NQ, conbustion control techniques reduce NQ
em ssions without injecting water or steam Two designs, |ean
prem xed conbustion and rich/quench/lean staged conbustion have
been devel oped.

Lean prem xed conbustion designs reduce conbustion
tenperatures, thereby reducing thermal NQ. Like wet injection,
this technique is not effective in reducing fuel NO. 1In a
conventional turbine conbustor, the air and fuel are introduced
at an approximately stoichionetric ratio and air/fuel m xing
occurs simultaneously wth conbustion. A lean prem xed conbust or
design prem xes the fuel and air prior to conbustion. Prem xing
results in a honogeneous air/fuel mxture, which mnimzes
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| ocal i zed fuel-rich pockets that produce el evated conbustion
tenperatures and higher NQ, emssions. A lean air-to-fuel ratio
approaching the lean flamuability limt is maintained, and the
excess air acts as a heat sink to |ower conbustion tenperatures,
which lowers thermal NQ formation. A pilot flame is used to
mai ntain conbustion stability in this fuel-lean environnent.

Lean prem xed conbustors are currently avail able from
several turbine manufacturers for a limted nunber of turbine
nodel s. Devel opnent of this technology is ongoing, and
avai lability should increase in the comng years. Al turbine
manuf acturers state that |ean prem xed conbustors are designed
for retrofit to existing installations.

Controlled NQ, emi ssion levels using dry |ean prem xed
conmbustion range from9 to 42 ppnv for operation on natural gas
fuel. The low end of this range (9 to 25 ppnmv) has been Iimted
to turbi nes above 20 negawatts (MN (27,000 horsepower [hp]); to
date, three manufacturers have guaranteed controlled NQ, em ssion
levels of 9 ppnv at one or nore installations for utility-sized
turbines. Controlled NQ emssions from smaller turbines
typically range from 25 to 42 ppnv. For operation on distillate
oil fuel, water or steaminjection is required to achieve
controlled NQ emi ssions |evels of approximtely 65 ppnv.

Devel opnent continues for oil-fueled operation in |ean prem xed
desi gns, however, and one turbine manufacturer reports having
achi eved controlled NQ, em ssion |evels below 50 ppnmv in limted
testing on oil fuel wthout wet injection.

A second dry | ow NQ, combustion design is a rich/quench/lean
staged conbustor. Air and fuel are partially conbusted in a
fuel-rich primary stage, the conbustion products are then rapidly
guenched using water or air, and conbustion is conpleted in a
fuel -1 ean secondary stage. The fuel-rich primary stage inhibits
NO, formation due to low Q, levels. Conbustion tenperatures in
the fuel -l ean secondary stage are bel ow NQ, formation
tenperatures as a result of the quenching process and the
presence of excess air. Both thermal and fuel NO, are controlled
with this design. Limted testing with fuels including natura
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gas and coal have achieved controlled NQ, em ssions of 25 ppnv.
Devel opnent of this design continues, however, and currently the
ri ch/ quench/| ean conbustor is not available for production
t ur bi nes.
2.2.2 Selective Catalytic Reduction

This flue gas treatnent technique uses an ammoni a (NH,)
injection system and a catalytic reactor to reduce NQ. An
injection grid disperses NH, in the flue gas upstream of the
catal yst, and NH, and NQ, are reduced to N, and water (HO in the
catal yst reactor. This control technique reduces both thernal
NO, and fuel NQ.

Ammoni a injection systens are available that use either
anhydrous or aqueous NH,. Several catalyst materials are
avail able. To date, nost SCR installations use a base-netal
catalyst with an operating tenperature w ndow ranging from
approximately 260° to 400°C (400° to 800°F). The exhaust
tenperature fromthe gas turbine is typically above 480°C
(900°F), so the catalyst is located within a heat recovery steam
generator (HRSG where tenperatures are reduced to a range
conpatible wth the catal yst operating tenperature. This
operating tenperature requirenent has, to date, limted SCR to
cogeneration or conbined-cycle applications with HRSG s to reduce
flue gas tenperatures. H gh-tenperature zeolite catalysts,

however, are now avail able and have operating tenperature w ndows
of up to 600°C (1100°F), which is suitable for installation
directly downstream of the turbine. This high-tenperature
zeolite catalyst offers the potential for SCR applications with
sinpl e cycle gas turbines.

To achi eve optinum | ong-term NQ, reductions, SCR systens
must be properly designed for each application. In addition to
tenperature considerations, the NH, injection rate nust be
carefully controlled to maintain an NH/NO, nolar ratio that
effectively reduces NQ, and avoi ds excessive NH, em ssions
downstream of the catal yst, known as ammonia slip. The selected
catal yst fornulation nust be resistant to potential nasking
and/ or poi soning agents in the flue gas.

2-11



To date, nobst SCR systens in the United States have been
installed in gas-fired turbine applications, but inprovenents in
SCR system designs and experience on alternate fuels in Europe
and Japan suggest that SCR systens are suitable for firing
distillate oil and other sulfur-bearing fuels. These fuels
produce sulfur dioxide (SQ), which may oxidize to sulfite (SQ)
in the catalyst reactor. This SO reacts with NH, slip to form
ammonium salts in the |lowtenperature section of the HRSG and
exhaust ductwork. The ammoni um salts nust be periodically
cleaned fromthe affected surfaces to avoid fouling and corrosion
as well as increased back-pressure on the turbine. Advances in
catal yst formulations include sulfur-resistant catalysts with | ow
SO, oxidation rates. By limting amonia slip and using these
sul fur-resistant catal ysts, ammonium salt formation can be
m nim zed.

Catal yst vendors offer NQ, reduction efficiencies of
90 percent with amonia slip levels of 10 ppnv or |less. These
em ssion levels are warranted for 2 to 3 years, and all catalyst
vendors contacted accept return of spent catalyst reactors for
recycl e or disposal.

Controlled NQ, emi ssion levels using SCR are typically
9 ppnv or less for gas-fueled turbine installations. Wth the
exception of one site, all identified installations operate the
SCR system in conbination with conbustion controls that reduce
NO, em ssion levels into the SCRto a range of 25 to 42 ppnv.

Most continuous-duty turbine installations fire natural gas;
there is limted distillate oil-fired operating experience in the
United States. Several installations with SCR in the northeast
United States that use distillate oil as a back-up fuel have
controlled NQ emssion limts of 18 ppnmv for operation on
distillate oil fuel.

2.3 COSTS AND COST EFFECTI VENESS FOR NQ, CONTROL TECHNI QUES

Capital costs and cost effectiveness were devel oped for the
avai l able NQ, control techniques. Capital costs are presented in
Section 2.3.1. Cost-effectiveness figures, in $/ton of NQ
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renoved, are shown in Section 2.3.2. Al costs presented are in
1990 dol |l ars.
2.3.1 Capital Costs

Capital costs are the sum of purchased equi pnment costs,
taxes and freight charges, and installation costs. Purchased
equi pnent costs were estinated based on information provided by
equi prent manufacturers, vendors, and published sources. Taxes,
freight, and installation costs were devel oped based on factors
recomrended in the Ofice of Air Quality and Pl anning and
St andards Control Cost Manual (Fourth Edition). Capital costs
for conbustion controls and SCR are presented in Sections 2.3.1.1
and 2.3.1.2, respectively.

2.3.1.1 Conbustion Controls Capital Costs. Capital costs
for wet injection include a m xed bed dem neralizer and reverse-
osnosi s water treatnent system and an injection system consisting
of punps, piping and hardware, netering controls, and injection
nozzles. Al costs for wet injection are based on the
availability of water at the site; no costs have been incl uded
for transporting water to the site. These costs apply to new
installations; retrofit costs would be simlar except that
turbine-related injection hardware and netering controls
purchased from the turbine manufacturer may be higher for
retrofit applications.

The capital costs for wet injection are shown in Figure 2-3,
and range from $388,000 for a 3.3 MN (4,430 hp) turbine to
$4,830,000 for a 161 MW (216,000 hp) turbine.
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These capital costs include both water and steam injection
systens for use with either gas or distillate oil fuel
applications. Figure 2-3 shows that the capital costs for steam
injection are slightly higher than those for water injection for
turbines in the 3 to 25 MW (4,000 to 33,500 hp) range.

The capital costs for dry | ow NQ conbustors are the
i ncrenental costs for this design over a conventional conbustor
and apply to new installations. Turbine manufacturers estinmate
retrofit costs to be approximately 40 to 60 percent higher than
new equi pment costs. Increnmental capital costs for dry | ow NQ
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conmbusti on were provided by turbine manufacturers and are
presented in Figure 2-4.
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The increnental capital costs range from $375,000 for a 3.3 MV
(4,430 hp) turbine to $2.2 million for an 85 MW (114, 000 hp)
machi ne. Costs were not available for turbines above 85 MV
(114, 000 hp).

When eval uated on a $/ MV ($/ hp) basis, the capital costs for
wet injection or dry | ow NQ conbustion controls are highest for
the smal |l est turbines and decrease exponentially with increasing
turbine size. The range of capital costs for conbustion
controls, in $ MN and the effect of turbine size on capita
costs are shown in Figure 2-5.
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For wet injection, the capital costs range froma high of

$138, 000/ MW ($103/ hp) for a 3.3 MN (4,430 hp) turbine to a | ow of
$29, 000/ MV ($22/ hp) for a 161 MW (216,000 hp) turbine.
Correspondi ng capital cost figures for dry | ow NQ conbustion
range from $114, 000/ MV ($85/ hp) for a 3.3 MN (4,430 hp) unit to
$26, 000/ MV ($19/ hp) for an 85 MN (114,000 hp) nachi ne.

2.3.1.2 SCR Capital Costs. Capital costs for SCR include
the catal yst reactor, anmmonia storage and injection system and
controls and nonitoring equipnment. A conparison of avail able
cost estimates for base-netal catal yst systens and high-
tenperature zeolite catalyst systens indicates that the costs for
these systens are simlar, so a single range of costs was
devel oped that represents all SCR systens, regardl ess of catalyst
type or turbine cycle (i.e., sinple, cogeneration, or conbined
cycle).

The capital costs for SCR, shown in Figure 2-6, range from
$622,000 for a 3.3 MV (4,430 hp) turbine to $8.46 mllion for a
161 MW (216,000 hp) turbine.
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Figure 2-7 plots capital costs on a $/ MV basis and shows t hat
t hese costs are highest for the smallest turbine, at $188, 000/ MV
($140/ hp) for a 3.3 MN (4,430 hp) unit, and decrease
exponentially with increasing turbine size to $52/ MV ($40/ hp) for
a 161 MW (216,000 hp) machi ne.
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These costs apply to new installations firing natural gas as
the primary fuel. No SCR sites using oil as the primary fuel
were identified, and costs were not available. For this
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reason, the costs for gas-fired applications were also used for
oil-fired sites. Retrofit SCR costs could be considerably higher
than those shown here for new installations, especially if an
exi sting HRSG and ancillary equi pnent nust be noved or nodified
to accommpdate the SCR system
2.3.2 Cost Effectiveness

The cost effectiveness, in $/ton of NQ, renoved, was
devel oped for each NQ, control technique. The cost effectiveness
for a given control technique is calculated by dividing the tota
annual cost by the annual NQ, reduction, in tons. The cost
effectiveness presented in this section correspond to 8, 000
annual operating hours. Total annual costs were cal cul ated as
the sum of all annual operating costs and annualized capita
costs. Annual operating costs include costs for increnental
fuel, utilities, maintenance, applicable performance penalties,
operating and supervisory |abor, plant overhead, general and
adm ni strative, and taxes and insurance. Capital costs were
annual i zed using the capital recovery factor nmethod with an
equi prent life of 15 years and an annual interest rate of
10 percent. Cost-effectiveness figures for conbustion controls
and SCR are presented in Sections 2.3.2.1 and 2. 3. 2.2,
respectively.

2.3.2.1 Conbustion Controls Cost Effectiveness. Cost
effectiveness for conbustion controls is shown in Figure 2-8.
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Figure 2-8 indicates that cost effectiveness for conbustion
controls is highest for the smallest turbines and decreases
exponentially with decreasing turbine size. Figure 2-8 also
shows that the range of cost effectiveness for water injection is
simlar to that for steaminjection, primarily because the tota
annual costs and achievable controlled NOQ em ssion |evels for
water and steaminjection are simlar. The cost-effectiveness
range for dry |ow NQ, conbustion is |lower than that for wet

. levels are simlar (25
to 42 ppnv), due to the lower total annual costs for dry |ow NO
conbusti on.
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For water injection, cost effectiveness, in $/ton of NQ
renoved, ranges from $2,080 for a 3.3 MN (4,430 hp) unit to $575
for an 83 MW (111,000 hp) turbine and $937 for an 85 MW
(114,000 hp) turbine. For steam injection, cost effectiveness is
$1,830 for a 3.3 MW (4,430 hp), decreasing to $375 for an 83 MN
(111,000 hp) turbine, and increasing to $478 for a 161 MV
(216,000 hp) turbine. The relatively low cost effectiveness for
the 83 MW (111,000 hp) turbine is due to this particular
turbine's high uncontrolled NO emssions, which result in a
relatively high NQ, renoval efficiency and | ower cost
effectiveness. The cost effectiveness shown in Figure 2-8

nunber of oil-fired applications with water injection indicates
that the cost effectiveness ranges from 70 to 85 percent of the

NQ, renoval efficiency achieved in oil-fired applications.

For dry |ow NQ, conbustion, cost effectiveness, in $/ton of
NO, renoved, ranges from $1,060 for a 4.0 MN (5,360 hp) turbine
down to $154 for an 85 MW (114,000 hp) machine. A cost
ef fectiveness of $57 was calculated for the 83 MWV (111, 000 hp)
unit. Again, the relatively high uncontrolled NQ em ssions and
the resulting high NOQ, renoval efficiency for this turbine nodel
yields a relatively |l ow cost-effectiveness figure. Current dry
| ow- NO, conbustion designs do not achieve NQ, reductions with oil
fuels, so the cost-effectiveness values shown in this section
apply only to gas-fired applications.

2.3.2.2 SCR Cost Effectiveness. Cost effectiveness for SCR
was cal cul ated based on the use of conbustion controls upstream
of the catalyst to reduce NQ, em ssions to a range of 25 to
42 ppnv at the inlet to the catalyst. This approach was used
because all available SCR cost information is for SCR
applications used in conbination with conbustion controls and al
but one of the 100+ SCR installations in the United States
operate in conbination with conbustion controls. For this cost
analysis, a 5-year catalyst |life and a 9 ppnv controlled NG
em ssion level was used to calculate cost effectiveness for SCR
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Figure 2-9 presents SCR cost effectiveness. Figure 2-9
shows that, |ike conbustion controls, SCR cost effectiveness is
hi ghest for the smallest turbines and decreases exponentially
W th decreasing turbine size.
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Al so, because this cost analysis uses a 9 ppnv controlled NQ,

em ssion level for SCR NOQ, reduction efficiencies are higher
where the NQ em ssion level into the SCRis 42 ppnmv than for
applications wwth a 25 ppnv level. Cost effectiveness
corresponding to an inlet NQ emission level of 42 ppnv, in $/ton
of NQ, renoved, ranges from a high of $10,800 for a 3.3 MN (4430
hp) turbine to $3,580 for a 161 MN (216,000 hp) turbine. For an
inlet NQ em ssion |level of 25 ppnv, the cost-effectiveness range
shifts higher, from $22,100 for a 3.3 MN (4,430 hp) installation
to $6,980 for an 83 MWV (111,000 hp) site.

The range of cost effectiveness for SCR shown in Figure 2-9
applies to gas-fired applications. Cost effectiveness devel oped
for a limted nunber of oil-fired installations using capita
costs from gas-fired applications yields cost-effectiveness
val ues ranging from approximtely 70 to 77 percent of those for
gas-fired sites. The |ower cost-effectiveness figures for oil-
fired applications result primarily from the greater annual NQ,
reductions for oil-fired applications; the gas-fired capita
costs used for these oil-fired applications may understate the
actual capital costs for these renoval rates and actual oil-fired
cost-effectiveness figures may be higher.

Conbi ned cost-effectiveness figures, in $/ton of NQ
renoved, were calculated for the conbination of conbustion
controls plus SCR by dividing the sum of the total annual costs
by the sum of the NQ, renoved for both control techniques. The
controlled NQ em ssion |level for the conbination of controls is
9 ppmv. These conbined cost-effectiveness figures are presented
in Figure 2-10.

2-34



09t

| MIN '1NdLNO HAMOd INEHNL
Oyl 021 00k 08 09  Ob

Oc

-

mn =
+

HIS +xONMOTAID [ dDS + uonosiuylem

® %

R &

FH00G

-000L
0051
0002
-00S2
0008
-00SE
-C00F
-00S¥

SSINIALLOFHAZ LS00

=

Q3AOW3H XON NOL/

for combustion controls

plus selective catalytic reduction.

Combined cost effectiveness

Figure 2-10.

2-35



For wet injection plus SCR, the conbined cost effectiveness
ranges from $4,460 for a 3.3 MWV (4,430 hp) application to $988
for a 160 MWV (216,000 hp) site. The $645 cost-effectiveness
value for the 83 MWV (111,000 hp) turbine is |lower than the other
turbi ne nodels shown in Figure 2-10 due to
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the relatively high uncontrolled NOQ, em ssion |level for this
turbine, which results in relatively high NO renoval rates and a
| ower cost effectiveness. For dry |ow NQ conbustion plus SCR
conbi ned cost-effectiveness val ues range from $4,060 to $348 for
this turbine size range.
2.4 REVIEW OF CONTROLLED NO, EM SSI ON LEVELS AND COSTS

An overview of the performance and costs for avail able NQ,
control techniques is presented in Figure 2-11.
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Figure 2-11 shows relative achievable controlled NOQ, em ssion
| evel s, capital costs, and cost effectiveness for gas-fired
turbine applications. Controlled NQ emssion |levels of 25 to 42
ppnmv can be achieved using either wet injection or, where
avai l able, dry low NQ conbustion. Wt injection capital costs
range from $30,000 to $140,000 per MN ($22 to $104 per hp), and
cost effectiveness ranges from $375 to $2,100 per ton of NQ
removed. Dry |ow NQ, conbustion capital costs range from $25, 000
to $115,000 per MW ($19 to $86 per hp), and cost effectiveness
ranges from $55 to $1,050 per ton of NQ, renoved.

A controlled NO emssion level of 9 ppnv requires the
addition of SCR, except for a |limted nunber of |arge turbine
nodel s for which dry | ow NQ, conbustion designs can achieve this
| evel . For turbine nodels above 40 MW (53,600 hp), the capita
costs of dry |ow NO, conbustion range from $25,000 to $36, 000 per
MN ($25 to $27 per hp), and the cost effectiveness ranges from
$55 to $138 per ton of NQ renoved. Adding SCR to reduce NQ
em ssion levels from42 or 25 ppnmv to 9 ppnv adds capital costs
rangi ng from $53, 000 to $190,000 per MN ($40 to $142 per hp) and
yi el ds cost-effectiveness values ranging from $3,500 to
$10, 500 per ton of NQ, renoved. The conbination of conbustion
controls plus SCR yields conmbined capital costs ranging from
$78,000 to $330,000 per MWV ($58 to $246 per hp) and cost-
effectiveness values ranging from $350 to $4,500 per ton of NQ
renoved.

2.5 ENERGY AND ENVI RONMVENTAL | MPACTS OF NQ, CONTROL TECHNI QUES

The use of the NQ, control techniques described in this
docunent may affect the turbine performance and nmai nt enance
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requi rements and may result in increased em ssions of carbon
nonoxi de (CO, hydrocarbons (HC), and NH,. These potential
energy and environnental inpacts are discussed in this section.

Water or steam injection affects turbine performance and in
sonme turbines also affects maintenance requirenents. The
i ncreased mass flow through the turbine resulting from water or
steam injection increases the available power output. The
guenching effect in the conbustor, however, decreases conbustion
efficiency, and consequently the efficiency of the turbine
decreases in nost applications. The efficiency reduction is
greater for water than for steaminjection, largely because the
heat of vaporization energy cannot be recovered in the turbine.
In applications where the steam can be produced from turbine
exhaust heat that would otherwi se be rejected to the atnosphere,
the net gas turbine efficiency is increased with steam injection.
I njection of water or steaminto the conbustor increases the
mai nt enance requirements of the hot section of sone turbine
nodel s. Water injection generally has a greater inpact than
steam on increased turbine maintenance. Water or steaminjection
has the potential to increase CO and, to a |lesser extent, HC
em ssions, especially at water-to-fuel ratios above O.8.

Tur bi ne manufacturers report no significant performance
i npacts for |lean prem xed conbustors. Power output and
efficiency are conparable to conventional designs. No
mai nt enance inpacts are reported, although |ong-term operating
experience is not available. Inpacts on CO enissions vary for
di fferent conbustor designs. Limted data fromthree
manuf acturers showed mnimal or no increases in CO em ssions for
controlled NQ emssion levels of 25 to 42 ppnv. For a
controlled NQ |evel of 9 ppnv, however, CO em ssions increased
in from 10 to 25 ppnv in one manufacturer's conbustor design.

For SCR, the catal yst reactor increases the back-pressure on
the turbine, which decreases the turbine power output by
approximately 0.5 percent. The addition of the SCR system and
associated controls and nonitoring equi pnent increases plant
mai nt enance requirenents, but it is expected that these
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mai nt enance requirenents are consistent wth nmaintenance

schedul es for other plant equipnent. There is no inpact on CO or
HC em ssions from the turbine caused by the SCR system but
ammoni a slip through the catalyst reactor results in NH

em ssions. Ammonia slip levels are typically guaranteed by SCR
vendors at 10 ppnv, and operating experience indicates actual NH,
em ssions are at or below this |evel.
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3.0 STATI ONARY GAS TURBI NE DESCRI PTI ON AND | NDUSTRY APPLI CATI ONS

This section describes the physical conponents and operating
cycles of gas turbines and how turbines are used in industry.
Projected growh in key industries is also presented.

3.1 GENERAL DESCRI PTI ON OF GAS TURBI NES

A gas turbine is an internal conbustion engine that operates
with rotary rather than reciprocating notion. A common exanple
of a gas turbine is the aircraft jet engine. 1In stationary
applications, the hot conbustion gases are directed through one
or nore fan-like turbine wheels to generate shaft horsepower
rather than the thrust propul sion generated in an aircraft
engine. Oten the heat fromthe exhaust gases is recovered
t hrough an add-on heat exchanger.
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Figure 3-1
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Figure 3-1. The three primary sections of a gas turbine.'
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presents a cutaway view showing the three primary sections of a
gas turbine: the conpressor, the conbustor, and the turbine.’
The conpressor draws in anbient air and conpresses it by a
pressure ratio of up to 30 times anbient pressure.? The
conpressed air is then directed to the conbustor section, where
fuel is introduced, ignited, and burned. There are three types
of conbustors: annular, can-annular, and silo. An annul ar
conmbustor is a single continuous chanber roughly the shape of a
doughnut that rings the turbine in a plane perpendicular to the
air flow The can-annular type uses a simlar configuration but
is a series of can-shaped chanbers rather than a single
conti nuous chanber. The silo conbustor type is one or nore
chanbers nounted external to the gas turbine body. These three
conmbustor types are shown in Figure 3-2

3-46



Annular

Can-annular

Figure 3-2. Types of gas turbine combustors.®®
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. further discussion of conbustors is found in Chapter 5.%°
Fl ame tenperatures in the conmbustor can reach 2000°C (3600°F).°
The hot conbustion gases
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are then diluted with additional cool air from the conpressor
section and directed to the turbine section at tenperatures up to
1285°C (2350°F).° Energy is recovered in the turbine section in
the form of shaft horsepower, of which typically greater than

50 percent is required to drive the internal conpressor section.’
The bal ance of the recovered shaft energy is available to drive
the external load unit.

The conpressor and turbine sections can each be a single
fan-1i ke wheel assenbly, or stage, but are usually nade up of a
series of stages. In a single-shaft gas turbine, shown in
Figure 3-3
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Figure 3-5. Three-shaft gas turbine.

3-5



, all conpressor and turbine stages are fixed to a single,

conti nuous shaft and operate at the sane speed. A single-shaft
gas turbine is typically used to drive electric generators where
there is little speed variation.

A two-shaft gas turbine is shown in Figure 3-4. In this
design, the turbine section is divided into a high-pressure and
| ow- pressure arrangenent, where the high-pressure turbine is
mechanically tied to the conpressor section by one shaft, while
the | ow pressure turbine, or power turbine, has its own shaft and
is connected to the external load unit. This configuration
all ows the high-pressure turbine/conpressor shaft assenbly, or
rotor, to operate at or near optinmum design speeds, while the
power turbine rotor speed can vary over as wide a range as is
required by nost external-load units in nechanical drive
applications (i.e., conpressors and punps).

A third configuration is a three-shaft gas turbine. As
shown in Figure 3-5, the conpressor section is divided into a
| ow pressure and hi gh-pressure configuration. The | ow pressure
conpressor stages are nechanically tied to the | ow pressure
turbi ne stages, and the high-pressure conpressor stages are
simlarly connected to the high-pressure turbine stages in a
concentric shaft arrangenent. These |ow pressure and hi gh-
pressure rotors operate at optinum design speeds independent of
each other. The power turbine stages are nounted on a third
i ndependent shaft and form the power turbine rotor, the speed of
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whi ch can vary over as wide a range as is necessary for
mechani cal drive applications.

Gas turbines can burn a variety of fuels. Mst burn natura
gas, waste process gases, or liquid fuels such as distillate oils
(primarily No. 2 fuel oil). Some gas turbines are capable of
burni ng | ower-grade residual or even crude oil with m ninal
processing. Coal -derived gases can be burned in sone turbines.

The capacity of individual gas turbines ranges from
approximately 0.08 to over 200 negawatts (MN (107 to
268, 000 horsepower [hp]).? Manufacturers continue to increase
t he horsepower of individual gas turbines, and frequently they
are "ganged," or installed in groups so that the total horsepower
output from one |ocation can nmeet virtually any installation's
power requirenents.

Several characteristics of gas turbines nmake them attractive
power sources. These characteristics include a high horsepower-
to-size ratio, which allows for efficient space utilization, and
a short tine from order placenment to on-line operation. Mny
suppliers offer the gas turbine, load unit, and all accessories
as a fully assenbl ed package that can be perfornmance tested at
the supplier's facility. This packaging is cost effective and
saves substantial installation tinme. Oher advantages of gas
turbi nes are:

1. Low vibration;

H gh reliability;

No requirenent for cooling water;

Suitability for renote operation

Lower capital costs than reciprocating engines; and

6. Lower capital costs than boiler/steam turbine-based
el ectric power generating plants.?®
3.2 OPERATI NG CYCLES

The four basic operating cycles for gas turbines are sinple,
regenerative, cogeneration, and conbined cycles. Each of these
cycles is described separately bel ow

a s wn
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3.2.1 Sinple Cycle

The sinple cycle is the nost basic operating cycle of a gas
turbine. In a sinple cycle application, a gas turbine functions
wth only the three primary sections described in Section 3.1, as

depicted in Figure 3-6.
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1 Cycle efficiency, defined as a percentage of useful shaft

energy output to fuel energy input, is typically in the 30 to
35 percent range, although one manufacturer states an efficiency
of 40 percent for an engine recently introduced to the narket.?®
In addition to shaft energy output, 1 to 2 percent of the fuel
i nput energy can be attributed to nmechanical |osses; the bal ance
is exhausted fromthe turbine in the formof heat.’” Sinple cycle
operation is typically used when there is a requirenent for shaft
hor sepower w thout recovery of the exhaust heat. This cycle
offers the lowest installed capital cost but also provides the
| east efficient use of fuel and therefore the highest operating
cost.
3.2.2 Regenerative Cycle

The regenerative cycle gas turbine is essentially a sinple
cycle gas turbine wth an added heat exchanger, called a
regenerator or recuperator, to preheat the conbustion air. In
the regenerative cycle, thermal energy from the exhaust gases is
transferred to the conpressor discharge air prior to being
i ntroduced into the conbustor. A diagramof this cycle is
depicted in Figure 3-7
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. Preheating the conbustion air reduces the anount of fue

required to reach design conbustor tenperatures and therefore

i nproves the overall cycle efficiency over that of sinple cycle
operation. The efficiency gain is directly proportional to the
differential tenperature between the exhaust gases and conpressor
di scharge air. Since the conpressor discharge air tenperature
increases with an increase in pressure ratio, higher regenerative
cycle efficiency gains are realized from | ower conpressor
pressure ratios typically found in ol der gas turbine nodels.’
Most new or updated gas turbine nodels with high conpressor
pressure ratios render regenerative cycle operation economcally
unattractive because the capital cost of the regenerator cannot
be justified by the marginal fuel savings.

3-12



3-13



3.2.3 Cogeneration Cycle

A gas turbine used in a cogeneration cycle application is
essentially a sinple cycle gas turbine with an added exhaust heat
exchanger, called a heat recovery steam generator (HRSG. This
configuration is shown in Figure 3-8
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. The steam generated by the exhaust heat can be delivered at

a variety of pressure and tenperature conditions to neet site
thermal process requirenents. \Were the exhaust heat is not
sufficient to neet site requirenments, a supplenentary burner, or
duct burner, can be placed in the exhaust duct upstream of the
HRSG to increase the exhaust heat energy. Adding the HRSG
equi pnment increases the capital cost, but recovering the exhaust
heat increases the overall cycle efficiency to as high as
75 percent.?®®
3.2.4 Conbined Cycle

A conbined cycle is the term nol ogy conmmonly used for a gas
tur bi ne/ HRSG configuration as applied at an electric utility.
This cycle, shown in Figure 3-9

3-16



o

F NIGHNL ¥ AUYNOILY LS 1

FHLE L E]
LY.L FLIY

7

avi

H317108
L ELITRY L]

VELL
iSNYHN Y

INEHNE
LLETR)

mmllltuhm

HOSSIUIND]

AN

OIS IHANCT

gENE)

=
<

=
L3
3-12

L

Combined cycle gas turbine application.®

Figure 3-9.

17



, is used to generate electric power.'* The gas turbine drives

an electric generator, and the steam produced in the HRSG is
delivered to a steam turbine, which also drives an electric
generator. The boiler may be supplenentary-fired to increase the
steam producti on where desired. Cycle efficiencies can exceed
50 percent.
3.3 | NDUSTRY APPLI CATI ONS

Gas turbines are used by industry in both nmechanical and
el ectrical drive applications. Conpressors and punps are nost
often the driven load unit in nechanical drive applications, and
el ectric generators are driven in electrical drive installations.
Few sites have gas/air conpression or fluid punping requirenents
t hat exceed 15 MW (20,100 hp), and for this reason mechanica
drive applications generally use gas turbines in the 0.08- to
15. 0- MW (107- to 20, 100-hp) range.' Electric power requirenents
range over the entire avail able range of gas turbines, however,
and all sizes can be found in electrical drive applications, from
0.08 to greater than 200 MW (107 to 268,000 hp).*

The primary applications for gas turbines can be divided
into five broad categories: the oil and gas industry,
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st and- by/ energency el ectric power generation, independent
el ectric power producers, electric utilities, and other
industrial applications.®™ Were a facility has a requirenent
for nmechanical shaft power only, the installation is typically
sinple or regenerative cycle. For facilities where either
el ectric power or mnechanical shaft power and steam generation are
required, the installation is often cogeneration or conbi ned
cycle to capitalize on these cycles' higher efficiencies.
3.3.1 Q1| and Gas Industry

The bul k of nechanical drive applications are in the oil and
gas industry. @Gas turbines in the oil and gas industry are used

primarily to provide shaft horsepower for oil and gas extraction
and transm ssion equi pnent, although they are also used in
downstream refinery operations. Mst gas turbines found in this
industry are in the 0.08- to 15.0-MN (107- to 20, 100-hp) range.

Gas turbines are particularly well suited to this industry,
as they can be fueled by a wide range of gaseous and liquid fuels
often available at the site. Natural gas and distillate oil are
the nost common fuels. Many turbines can burn waste process
gases, and sone turbines can burn residual oils and even crude
oil. In addition, gas turbines are suitable for renote
installation sites and unattended operation. Mst turbines used
in this industry operate continuously, 8,000+ hours per year,
unless the installation is a pipeline transm ssion application
Wi th seasonal operation.

Competition from reciprocating engines in this industry is
significant. Although gas turbines have a considerable capita
cost advantage, reciprocating engines require less fuel to
produce the same horsepower and consequently have a | ower
operating cost.' Selection of gas turbines vs. reciprocating
engines is generally determned by site-specific criteria such as
installed capital costs, costs for any required em ssions contro
equi pnent, fuel costs and availability, annual operating hours,
installation and structural considerations, conpatibility with
exi sting equi pnment, and operating experience.
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3.3.2 Stand-By/Energency Electric Power GCeneration

Smal | electric generator sets make up a considerabl e nunber
of all gas turbine sales under 3.7 MN (5,000 hp). The mgjority
of these installations provide backup or energency power to
critical networks or equipnent and use liquid fuel. Tel ephone
conpanies are a principal user, and hospitals and snal
muni ci palities also are included in this market. These turbines
operate on an as-needed basis, which typically is between 75 and
200 hours per year.

Gas turbines offer reliable starting, |ow weight, snal
size, low vibration, and relatively |ow maintenance, which are
inportant criteria for this application. Gas turbines in this
size range have a relatively high capital cost, however, and
reci procating engines domnate this market, especially for
applications under 2,000 kW (2,700 hp).'*?*
3.3.3 lndependent Electrical Power Producers

Large industrial conplexes and refining facilities consune
consi derabl e anounts of electricity, and many sites choose to
generate their own power. (Gas turbines can be used to drive
el ectric generators in sinple cycle operation, or an HRSG system
may be added to yield a nore efficient cogeneration cycle. The
vast majority of cogeneration installations operate in a conbi ned
cycle capacity, using a steamturbine to provide additiona
electric power. The Public Uility Regulatory Policies Act
(PURPA) of 1978 encourages independent cogenerators to generate
electric power by requiring electric utilities to (1) purchase
electricity from qualifying producers at a price equal to the
cost the utility can avoid by not having to otherw se supply that
power (avoided cost) and (2) provide backup power to the
cogenerator at reasonable rates. Between 1980 and 1986,
approxi mately 20,000 MW of gas turbine-produced electrica
generating capacity was certified as qualifying for PURPA
benefits. This installed capacity by private industry power
generators is nore than the sumof all utility gas turbine orders
for all types of central power plants during this period.?*® The
Departnment of Energy (DOE) expects an additional 27,000 MV
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capacity to be purchased by private industry in the next
10 years.?*

Gas turbines installed in this market range in power from1l
to over 100 MW (1,340 to 134,000 hp) and operate typically
bet ween 4,000 and 8,000 hours per year. \Wile reciprocating
engi nes conpete with the gas turbine at the lower end of this
mar ket (under approximately 7.5 MN[10,000 hp]), the advantages
of lower installed costs, high reliability, and | ow mai ntenance
requi rements make gas turbines a strong conpetitor.
3.3.4 Electric Uilities

Electric utilities are the |largest user of gas turbines on

an installed horsepower basis. They have traditionally installed
these turbines for use as peaking units to neet the electric
power demand peaks typically inposed by |arge comrercial and
industrial users on a daily or seasonal basis; consequently, gas
turbines in this application operate |ess than 2,000 hours per
year.? The power range used by the utility market is 15 MVto
over 150 MW (20,100 to 201,000 hp). Peaking units typically
operate in sinple cycle.

The demand for gas turbines fromthe utility market was fl at
through the late 1970's and 1980's as the cost of fuel increased
and the supplies of gas and oil becane unpredictable. There are
signs, however, that the utility market is poised to again
pur chase consi derabl e generating capacity. The capacity margin,
which is the utility industry's neasure of excess generation
capacity, peaked at 30 percent in 1982. By 1990, the capacity
mar gi n had dropped to approximately 20 percent, and, based on
current construction plans, will reach the industry rule-of-thunb
m ni mum of 15 percent by 1995.?" The utility industry is adding
new capacity and repowering existing older plants, and gas
turbines are expected to play a considerable role.

Many utilities are now installing gas turbine-based conbined
cycle installations with provisions for burning coal-derived gas
fuel at some future date. This application is known as
integrated coal gasification conbined cycle (1GCC). At |east
five power plant projects have been announced, and several nore
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are being negotiated. Capital costs for these plants are in many
cases higher than conparable natural gas-fuel ed applications, but
future price increases for natural gas could nmake I GCC an
attractive option for the future.®

Uility orders for gas turbines have doubled in each of the
|ast 2 years. The DCE says that electric utilities will need to
add an additional 73,000 MNVto capacity to neet demand by the
year 2000, and as Figure 3-10
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Figure 3-10. Total capacity to be purchased by the utility
industry.*

3-24



shows, DCE expects 36,000 MW of conbined cycle and 16,000 MW of

sinple cycle gas turbines to be purchased. This renewed interest
in gas turbines is a result of:

1. The introduction of new, larger, nore efficient gas
t ur bi nes;

2. Lower natural gas prices and proven reserves to neet
current demand |l evels for nore than 100 years;

3. Shorter lead tines than those of conpeting equi pnent;
and

4. Lower capital costs for gas turbines.?*
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Uility capital cost estinates, as shown in Figure 3-11
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Figure 3-11. Capital costs for electric utility plants.*
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, are (1) $500 per KW for repowering existing plants with
conbi ned cycle gas turbines, (2) $800 per KW for new conbi ned
cycle plants, (3) $1,650 per KWfor new coal -fired plants, and
(4) $2,850 per KW for new nucl ear-powered plants.?

Gas turbines are also an alternative to displace planned or
exi sting nuclear facilities. A total of 1,020 MV of gas turbine-
generated electric power was recently conm ssioned in M chigan at
a plant where initial design and construction had begun for a
nucl ear plant. Four additional idle nuclear sites are
considering switching to gas turbine-based power production due
to the legal, regulatory, financial, and public obstacles facing
nuclear facilities.?

3.3.5 Oher Industrial Applications

| ndustrial applications for gas turbines include various
types of mechanical drive and air conpression equipnent. These
applications peaked in the late 1960's and declined through the
1970's.?® Wth the pronul gati on of PURPA in 1978 (see
Section 3.3.3), many industrial facilities have found it
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economcally feasible to install a conbined cycle gas turbine to

meet
Tur bi

power and steam requirenents. Review of editions of Gas
ne Wirld over the |ast several years shows that a broad

range of industries (e.g., pulp and paper, chem cal, and food
processi ng) have installed conmbined cycle gas turbines to neet

their
3.4

1

10.

energy requirenents.
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4.0 CHARACTERI ZATI ON OF NO, EM SSI ONS

This section presents the principles of NQ formation, the
types of NQ emtted (i.e., thermal NQ, pronpt NQ, and fuel
NQ), and how they are generated in a gas turbine conmbustion
process. Estimated NQ, em ssion factors for gas turbines and the
bases for the estimates are al so presented.

4.1 THE FORVATI ON CF NQ,

Ni trogen oxides formin the gas turbine conbustion process
as a result of the dissociation of nitrogen (N,) and oxygen (Q)
into N and O respectively. Reactions following this
di ssociation result in seven known oxides of nitrogen: NO NQ,
NG, NO NG, NO, and NQ. O these, nitric oxide (NO and
nitrogen dioxide (NQ) are fornmed in sufficient quantities to be
significant in atnospheric pollution.® In this docunment, "NQ"
refers to either or both of these gaseous oxides of nitrogen.

Virtually all NO, em ssions originate as NO This NOis
further oxidized in the exhaust systemor |ater in the atnosphere
to formthe nore stable NOQ nolecule.? There are two nechani sns
by which NQ is fornmed in turbine conbustors: (1) the oxidation
of atnospheric nitrogen found in the conmbustion air (thermal NOQ,
and prompt NQ) and (2) the conversion of nitrogen chemcally
bound in the fuel (fuel NQ). These nechanisns are di scussed
bel ow.

4.1.1 Formation of Thermal and Pronpt NQ

Thermal NQ, is formed by a series of chemcal reactions in
whi ch oxygen and nitrogen present in the conbustion air
di ssoci ate and subsequently react to form oxides of nitrogen.




The major contributing chem cal reactions are known as the

Zel dovi ch nechani sm and take place in the high tenperature area
of the gas turbine conbustor.® Sinply stated, the Zel dovich
mechani sm postul ates that thermal NQ, formati on increases
exponentially with increases in tenperature and linearly with
increases in residence tine.*

Fl anme tenperature is dependent upon the equival ence ratio,
which is the ratio of fuel burned in a flane to the anount of
fuel that consumes all of the available oxygen.®> An equival ence
ratio of 1.0 corresponds to the stoichionetric ratio and is the
point at which a flanme burns at its highest theoretica
tenperature.® Figure 4-1
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Nao. 2 Distillate Chi Fual

Figure 4-1. Influence of equivalence ratio on flame
temperature.*
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shows the flane tenperature and equival ence ratio relationship
for conbustion using No. 2 distillate fuel oil (DF-2).°
The series of chem cal reactions that form thermal NQ,
according to the Zel dovich nmechani sm are presented bel ow. ?

1. O = 20

2. N, = 2N

3. N+ O~ NO

4. N+ Q = NO+ QO and

5. O+ N, = NO+ N.

This series of equations applies to a fuel-lean conbustion
process. Conbustion is said to be fuel-lean when there is excess
oxygen avail abl e (equivalence ratio <1.0). Conversely,
conmbustion is fuel-rich if insufficient oxygen is present to burn
all of the available fuel (equivalence ratio >1.0). Additiona
equati ons have been devel oped that apply to fuel-rich conbustion.
These equations are an expansion of the above series to add an

i ntermedi ate hydroxide nolecule (OH):?2
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6. N+ OH~ NO + H,

and further to include an internedi ate product, hydrogen cyanide
(HCN), in the formation process:?

7. N, + CH = HCN + N and

8. N+ OH H+ NO

The overall equivalence ratio for gases exiting the gas
turbi ne conbustor is less than 1.0.* Fuel-rich areas do exist in
the overall fuel-lean environnment, however, due to
| ess-than-ideal fuel/air mxing prior to conbustion. This being
the case, the above equations for both fuel-lean and fuel-rich
conbustion apply for thermal NQ, formation in gas turbines.

Pronpt NQ, is fornmed in the proximty of the flanme front as
i nternedi ate conbustion products such as HCN, N, and NH are
oxidized to form NQ, as shown in the follow ng equations:

1. CH+ N, = HON + N
2. CH, + N, = HON + NH and

3. HON, N, NH+ Q = NO+....°

Pronpt NQ, is fornmed in both fuel-rich flanme zones and
fuel -1 ean prem xed conbustion zones. The contribution of pronpt
NO, to overall NQ emissions is relatively small in conventional
near-stoi chionetric conbustors, but this contribution increases
W th decreases in the equivalence ratio (fuel-lean m xtures).
For this reason, pronpt NQ, becones an inportant consideration
for the | ow NQ, conbustor designs described in Chapter 5 and
establishes a mininum NQ, | evel attainable in lean mixtures.’
4.1.2 Formation of Fuel NO

Fuel NQ, (al so known as organic NQ) is fornmed when fuels
containing nitrogen are burned. Mblecular nitrogen, present as
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N, in sone natural gas, does not contribute significantly to fuel
NO, formation.® However, nitrogen conpounds are present in coal
and petroleum fuels as pyridine-like (GHN structures that tend
to concentrate in the heavy resin and asphalt fractions upon
distillation. Sone lowBritish thermal unit (Btu) synthetic
fuels contain nitrogen in the form of amonia (NH), and other

| owBtu fuels such as sewage and process waste-stream gases al so
contain nitrogen. Wen these fuels are burned, the nitrogen
bonds break and sone of the resulting free nitrogen oxidizes to
form NQ.° Wth excess air, the degree of fuel NQ formation is
primarily a function of the nitrogen content in the fuel. The
fraction of fuel-bound nitrogen (FBN) converted to fuel NQ
decreases with increasing nitrogen content, although the absolute
magni tude of fuel NQ, increases. For exanple, a fuel wth

0.01 percent nitrogen may have 100 percent of its FBN converted
to fuel NQ, whereas a fuel with a 1.0 percent FBN may have only
a 40 percent fuel NQ, conversion rate. The |ow percentage FBN
fuel has a 100 percent conversion rate, but its overall NQ

em ssion |level would be lower than that of the high-percentage
FBN fuel with a 40 percent conversion rate.'

Ni trogen content varies from0.1 to 0.5 percent in nost
residual oils and fromO0.5 to 2 percent for nost U 'S. coals."
Traditionally, nost light distillate oils have had |ess than
0. 015 percent nitrogen content by weight. However, today many
distillate oils are produced from poorer-quality crudes,
especially in the northeastern United States, and these
distillate oils may contain percentages of nitrogen exceeding the
0.015 threshold; this higher nitrogen content can increase fuel
NO, formation.* At |east one gas turbine installation burning
coal -derived fuel is in comrercial operation in the United
St at es. *?

Most gas turbines that operate in a continuous duty cycle
are fueled by natural gas that typically contains little or no
FBN. As a result, when conpared to thermal NQ, fuel NQ is not
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currently a major contributor to overall NQ em ssions from
stationary gas turbines.
4.2 UNCONTROLLED NQ, EM SSI ONS

The NQ, em ssions from gas turbines are generated entirely
in the conmbustor section and are released into the atnobsphere via
the stack. 1In the case of sinple and regenerative cycle
operation, the conbustor is the only source of NQ emssions. In
cogeneration and conbi ned cycle applications, a duct burner may
be placed in the exhaust ducting between the gas turbine and the
heat recovery steam generator (HRSG; this burner also generates
NO, em ssions. (Gas turbine operating cycles are discussed in
Section 3.2.) The anount of NQ, fornmed in the conbustion zone is
"frozen" at this level regardl ess of any tenperature reductions
that occur at the downstream end of the conbustor and is rel eased
to the atnosphere at this level."

4.2.1 Paraneters Influencing Uncontrolled NO_Em ssions

The level of NQ formation in a gas turbine, and hence the
NO, em ssions, is unique (by design factors) to each gas turbine
nmodel and operating node. The primary factors that determ ne the
amount of NO, generated are the conmbustor design, the types of
fuel being burned, anbient conditions, operating cycles, and the
power output |level as a percentage of the rated full power output
of the turbine. These factors are discussed bel ow.

4.2.1.1 Conbustor Design. The design of the conmbustor is
the nost inportant factor influencing the formation of NQ.

Design considerations are presented here and discussed further in
Chapter 5.

Thermal NQ, formation, as discussed in Section 4.1.1, is
influenced primarily by flame tenperature and residence tine.
Design paraneters controlling equival ence ratios and the
i ntroduction of cooling air into the conbustor strongly influence
thermal NQ, formation. The extent of fuel/air mxing prior to
conbustion also affects NQ, formation. Sinultaneous m xing and
conmbustion results in localized fuel-rich zones that yield high
flame tenperatures in which substantial thermal NQ, production
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takes place.' The dependence of thernmal NQ, formation on flane
tenperature and equival ence ratio is shown in Figure 4-2
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Figure 4-2. Thermal NO, production as a function of flame
temperature and equivalence ratio.*
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for DF-2.* Conversely, pronpt NQ is largely insensitive to
changes in tenperature and pressure.’

Fuel NQ, formation, as discussed in Section 4.1.2, is forned
when FBN is released during conbustion and oxidizes to form NQ,.
Desi gn paraneters that control equivalence ratio and residence
time influence fuel NQ, formation.*

4.2.1.2 Type of Fuel. The level of NQ em ssions varies
for different fuels. In the case of thermal NQ, this |evel
increases with flane tenperature. For gaseous fuels, the
constituents in the gas can significantly affect NQ em ssions
| evel s. Gaseous fuel m xtures containing hydrocarbons with
nmol ecul ar wei ghts higher than that of nethane (e.g., ethane,
propane, and butane) burn at higher flame tenperatures and as a
result can increase NQ, em ssions greater than 50 percent over
NO, I evels for nethane gas fuel. Refinery gases and sone
unprocessed field gases contain significant |evels of these
hi gher nol ecul ar wei ght hydrocarbons. Conversely, gas fuels that
contain significant inert gases, such as CQ, generally produce
lower NOQ, em ssions. These inert gases serve to absorb heat
during conbustion, thereby lowering flanme tenperatures and
reduci ng NQ, em ssions. Exanples of this type of gas fuel are
air-blown gasifier fuels and sone field gases.' Conbustion of
hydrogen also results in high flanme tenperatures, and gases wth
significant hydrogen content produce relatively high NQ
em ssions. Refinery gases can have hydrogen contents exceedi ng
50 percent.?®®
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As is shown in Figure 4-3
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, DF-2 burns at a flanme tenperature that is approxinmately 75°C
(100°F) higher than that of natural gas, and as a result, NQ

em ssions are higher when burning DF-2 than they are when burning
natural gas.' LowBtu fuels such as coal gas burn with | ower
flame tenperatures, which result in
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substantially |ower thermal NOQ em ssions than natural gas or
DF-2.'® For fuels containing FBN, the fuel NQ, production
increases wth increasing |evels of FBN

4.2.1.3 Anbient Conditions. Anbient conditions that affect
NO, formation are humdity, tenperature, and pressure. O these
anbi ent conditions, humdity has the greatest effect on NQ
formation.™ The energy required to heat the airborne water
vapor has a quenching effect on conbustion tenperatures, which
reduces thermal NQ, formation. At low humdity |evels, NQ
em ssions increase with increases in anbient tenperature. At
high humdity levels, the effect of changes in anbient
tenperature on NQ, formation varies. At high humdity |levels and
| ow anbi ent tenperatures, NQ, emi ssions increase with increasing
tenperature. Conversely, at high humdity |evels and anbient
t enperatures above 10°C (50°F), NQ, em ssions decrease wth
i ncreasing tenperature.
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This effect of humdity and tenperature on NQ formation is shown
in Figure 4-4. A rise in anbient pressure results in higher
pressure and tenperature |levels entering the conbustor and so No,
production levels increase with increases in anbient pressure.®

The influence of anbient conditions on nmeasured NQ, em ssion
| evel s can be corrected using the follow ng equation:?

ch< — ( I\Q(o) ( Pr/ Po) 0. SelQ(Ho—O. 00633)( 2880K/ Ta) 1.53
wher e:

NO, = emission rate of NQ at 15 percent O, and International
Standards Organi zation (1SO anbient conditions, volune
percent;

NQ, = observed NQ, concentration, parts per mllion by vol une
(ppnv) referenced to 15 percent O,

P, = reference conpressor inlet absolute pressure at
101. 3 kil opascal s anbient pressure, mllinmeters nercury

(mm Hg) ;

P, = observed conpressor inlet absolute pressure at test, nm

Hg;
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H, = observed humdity of anbient air, g HO g air;
e = transcendental constant, 2.718; and
T, = anbient tenperature, K

At least two manufacturers state that this equati on does not
accurately correct NQ enissions for their turbine nodels.?®*
It is expected that these turbine manufacturers could provide
corrections to this equation that would nore accurately correct
NO, em ssions for the effects of anmbient conditions based on test
data for their turbine nodels.

4.2.1.4 perating Cycles. Emssions fromidentica
turbines used in sinple and cogeneration cycles have simlar NQ
em ssions |levels, provided no duct burner is used in heat
recovery applications. The NQ em ssions are simlar because, as
stated in Section 4.2, NQ is forned only in the turbine
conmbustor and remains at this |level regardl ess of downstream
tenperature reductions. A turbine operated in a regenerative
cycle produces higher NQ, |evels, however, due to increased
conmbustor inlet tenperatures present in regenerative cycle
applications.?

4.2.1.5 Power Qutput Level. The power output |evel of a
gas turbine is directly related to the firing tenperature, which

is directly related to flame tenperature. Each gas turbine has a
base-rated power |evel and corresponding NO, level. At power
outputs below this base-rated level, the flame tenperature is
[ower, so NOQ em ssions are |lower. Conversely, at peak power
out puts above the base rating, NO, em ssions are higher due to
hi gher flane tenperature. The NQ, em ssions for a range of
firing tenperatures are shown in Figure 4-3 for one
manuf acturer's gas turbine. "
4.2.2 NO_Em ssions From Duct Burners

I n sonme cogeneration and conbined cycle applications, the
exhaust heat fromthe gas turbine is not sufficient to produce
the desired quantity of steam from the HRSG and a suppl enenta
burner, or duct burner, is placed in the exhaust duct between the
gas turbine and HRSG to increase tenperatures to sufficient
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levels. In addition to providing additional steam capacity, this
burner also increases the overall system efficiency since
essentially all energy added by the duct burner can be recovered
in the HRSG *

The | evel of NQ, produced by a duct burner is approximately
0.1 pound per mllion Btu (I b/ MvBtu) of fuel burned. The ppnmv
| evel depends upon the flowate of gas turbine exhaust gases in
whi ch the duct burner is operating and thus varies with the size
of the turbine.?

Typi cal NQ, production |evels added by a duct burner
operating on natural gas fuel are:®

Gas turbine output, Duct burner NQ, ppnmv,
negawatts (MN referenced to 15 percent Q
3 to 50 10 to 30
50+ 5 to 10

4.3 UNCONTROLLED EM SSI ON FACTORS
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TABLE 4-1. UNCONTROLLED NO, EMISSIONS FACTORS FOR GAS
TURBINES AND DUCT BURNERS®-*?-1°-24-29
NO, emissions, ppmv, dry NO, emissions factor,
and corrected to 15% 0, Ib NO,/MMBtu?
Output, Distillate Distillate
Manufacturer Model No. MW Natural gas oil No. 2 Natural gas oil No. 2
Solar Saturn 11 99 150 0.397 0.551
Centaur 3.3 130 179 0.521 0.658
Centaur "H" 4.0 105 160 0.421 0.588
Taurus 45 114 168 0.457 0.618
Mars T12000 8.8 178 267 0.714 0.981
Mars T14000 10.0 199 NA® 0.798 NA®
GM/Allison 501-KB5 4.0 155 231 0.622 0.849
570-KA 49 101 182 0.405 0.669
571-KA 5.9 101 182 0.405 0.669
General Electric LM1600 12.8 144 237 0.577 0.871
LM2500 21.8 174 345 0.698 1.27
LM5000 33.1 185 364 0.742 1.34
LM6000 415 220 417 0.882 1.53
MS5001P 26.3 142 211 0.569 0.776
MS6001B 38.3 148 267 0.593 0.981
MS7001EA 83.5 154 228 0.618 0.838
MS7001F 123 179 277 0.718 1.02
MS9001EA 150 176 235 0.706 0.864
MS9001F 212 176 272 0.706 1.00
Asea Brown Boveri GT8 47.4 430 680 1.72 2.50
GT10 22.6 150 200 0.601 0.735
GT11N 81.6 390 560 1.56 2.06
GT35 16.9 300 360 1.20 1.32
Westinghouse W261B11/12 52.3 220 355 0.882 1.31
W501D5 119 190 250 0.762 0.919
Siemens V84.2 105 212 360 0.850 1.32
V94.2 153 212 360 0.850 1.32
V64.3 61.5 380 530 1.52 1.95
V84.3 141 380 530 1.52 1.95
V94.3 203 380 530 1.52 1.95
Duct burners All NA® <30 NA® <0.100° NA®

“Based on emission levels provided by gas turbine manufacturers, corresponding to rated load at SO conditions.

NO, emissions calculations are shown in Appendix A.

°Not available.
°Not applicable.

YReferences 16 and 22.
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Uncontroll ed em ssion factors are presented in Table 4-1.
These factors are based on uncontrolled em ssion |evels provided
by manufacturers in ppnv, dry, and corrected to 15 percent Q,
corresponding to 100 percent output |oad and I|nternational
St andards Organi zation (1SO conditions of 15°C (59°F) and 1
at nrosphere (14.7 psia). Sanple calculations are given in
Appendi x A.  The uncontroll ed em ssions factors range from 0. 397
to 1.72 Ib/MVMBtu (99 to 430 ppnv) for natural gas and 0.551 to
2.50 I'b/MvBtu (150 to 680 ppnv) for DF-2.
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5.0 NQ, CONTROL TECHNI QUES

Nationwi de NO, em ssion |limts have been established for
stationary gas turbines in the new source performance standards
(NSPS) promulgated in 1979.' This standard, summarized in
Table 5-1
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TABLE 5-1. NO, EMISSION LIMITS AS ESTABLISHED BY THE NEW
SOURCE PERFORMANCE STANDARDS FOR GAS TURBINES'

NO, limt,

Fuel i nput ppnmv  at 15%)
MVBt u/ hr Size, MN Application(s) Q, dry?°®
<10 1° Al l None
10-100 1-10° Al l 150
>100 10+° Utility® 75

<30° Nonutility 150

>30° Nonutility None
<100 10° Regenerative cycle None
Al | Al | e None

®Based on thernmal efficiency of 25 percent. This limt nmay be
increased for higher efficiencies by multiplying the Ilimt in
the table by 14.4/actual heat rate, in kJ/watt-hr.

°A fuel -bound nitrogen allowance may be added to the linits
listed in the table according to the table listed bel ow

Fuel - bound nitrogen (N),

percent by wei ght Al | owabl e _increase, ppnv
N < 0.015 0
0.015 < N 0.1 400 x N
0.1 < N< 0.25 40 + [6.7 x (N - 0.1)]
N > 0.25 50

‘Based on gas turbine heat rate of 10,000 Btu/ kW hr.

An installation is considered a ut|I|ty if nore than 1/3 of its
potential electrical output is sold.

°Emer gency/ stand-by, mlitary (except garrison facilities),
mlitary training, research and devel opnent, firefighting, and
emergency fuel operation applications are exenpt from NO,
emssion limts.
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, effectively sets a limt for new, nodified, or reconstructed
gas turbines greater than 10.7 gigajoul es per hour (approximtely
3,800 horsepower [hp]) of 75 or 150 parts per mllion by vol une
(ppnv), corrected to 15 percent oxygen (Q) on a dry basis,
dependi ng upon the size and application of the turbine. State
and regional regulatory agencies may set nore restrictive limts,
and two organi zations have established limts as Iow as 9 ppnv:
the South Coast Air Quality Managenent District (SCAQVD) has
defined limts as listed in Table 5-2
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TABLE 5-2. NO, COMPLIANCE LIMITS AS ESTABLISHED BY THE
SOUTH COAST AIR QUALITY MANAGEMENT DISTRICT (SCAQMD)

FOR EXISTING TURBINES. RULE 1134. ADOPTED AUGUST 1989.%7

NO, imt, ppnmv, 15%
Unit size, negawatt rating (MN Q dry’
0.3 to <2.9 MV 25
2.9 to <10.0 MWV 9
2.9 to <10.0 MWV 15
No SCR
10.0 MW and over 9
10.0 MW and over 12
No SCR
60 MW and over 15
Conbi ned cycle
No SCR
“60 MV and over 9
Conbi ned cycl e

|kbnpliance limt = Reference limt X EFF/ 25 percent

ere:

EFF = Ngw)}%%}))&?E)iﬁlﬁkxﬂ?%&ﬁ?&@@\?ﬂ??

or
EFF® = (Manufacturer's rated efficiency at LHV) x iiif

®The NQ, reference limts to be effective by Decenber 31, 1995.

*Aver aged over 15 consecutive ninutes.

‘EFF = the denonstrated percent efficiency of the gas turbine

only as cal culated w thout consideration of any
down-stream energy recovery fromthe actual heat rate

(Btu/kWhr), or 1.34 (Btu/hp-hr); corrected to the higher

heati ng value (HHV) of the fuel and I SO conditions,
nmeasured at peak load for that facility; or the
manuf acturer's continuous rated percent efficiency
(rmanufacturer's rated efficiency) of the gas turbine

after correction from|lower heating value (LHV) to the

HHV of the fuel, whichever efficiency is higher. The
val ue of EFF shall not be less than 25 percent. Gas
turbines with lower efficiencies will be assigned a
25 percent efficiency for this calculation.
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; and the Northeast States for Coordinated Air Use Managenent
(NESCAUM has recomrended |imts as listed in Table 5-3.
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TABLE 5-3. NO, EMISSION LIMITS RECOMMENDED BY THE NORTHEAST
STATES FOR COORDINATED AIR USE MANAGEMENT (NESCAUM)

NEW TURBI NES®

Fuel i nput,
MVBt u/ hr Si ze, MN Fuel type NO, limt, ppm/’
1-100 1-10 Gas 42
Q| 65
>100 10+ Gas 9°
al 9°
Gas/oi | back-up 9/ 18¢ ¢

Based on gas turbine heat rate of 10,000 Btu/kWhr.

PDry basis, corrected to 15 percent oxygen.
‘Based on use of selective catalytic reduction (SCR). Linmits for operation

wi thout SCR, where permtted, should be the turbine manufacturer's | owest

guaranteed NQ, linmit.
“Based on the use of SCR and a fuel -bound nitrogen content of 600 ppm or |ess.

EXI STI NG TURBI NES*

Operating NO, emission limt,
cycl e Fuel ppnv, 15 percent Q
Gas, no oil back-up 55
al 75
Si npl e
Gas, with oil back-up 55 (Gas fuel)
75 (O fuel)
Gas, no oil back-up 42
Conbi ned al 65
Gas, with oil back-up 42 (Gas fuel)
65 (G| fuel)

Applies to existing turbines rated at 25 MvBtu/ hr or above

Not e:
(maxi mum heat input rate).

5-35



This chapter discusses the control techniques that are
avai l able to reduce NQ, emi ssions for stationary turbines, the
use of duct burners, the use of alternate fuels to [ower NQ
em ssions, and the applicability of NQ, control techniques to
of fshore applications. Each control technique is structured into
categories to discuss the process description, applicability,
factors that affect performance, and achi evable controlled NQ
em ssion levels. Were information for a technique is |imted,
one or nore categories may be conbined. Section 5.1 describes
wet controls, including water and steaminjection. Section 5.2
descri bes conbustion controls, including |ean and staged
conmbustion. Selective catalytic reduction (SCR), a
post conmbustion technique, is described in Section 5.3, and the
conmbi nation of SCR with other control techniques is described in
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Section 5.4. Em ssions from duct burners and their inpact on
total NQ, em ssions are described in Section 5.5. Section 5.6
descri bes NO, em ssion inpacts when using alternate fuels. Two
control techniques that show potential for future use, selective
noncatal ytic reduction (SNCR) and catal ytic conbustion, are
described in Sections 5.7 and 5.8, respectively. Contro
technol ogies for offshore oil platforns are described in
Section 5.9. Finally, references for Chapter 5 are found in
Section 5. 10.
5.1 WET CONTROLS

The injection of either water or steamdirectly into the
conmbustor lowers the flanme tenperature and thereby reduces
thermal NQ, formation. This control technique is available from
all gas turbine manufacturers contacted for this study.>"

The process description, applicability, factors affecting
performance, em ssions data and manufacturers' guarantees,
i npacts on other em ssions, and gas turbine performnce and
mai nt enance inpacts are discussed in this section.
5.1.1 Process Description

Injecting water into the flame area of a turbine conbustor
provides a heat sink that |lowers the flanme tenperature and
t hereby reduces thermal NQ, formation. Injection rates for both
wat er and steam are usually described by a water-to-fuel ratio
(WFR) and are usually given on a weight basis (e.g., |b water to
b fuel).

A water injection system consists of a water treatnent
system punp(s), water netering valves and instrunentation,
turbi ne-nounted injection nozzles, and the necessary
i nterconnecting piping. Wter purity is essential to prevent or
mtigate erosion and/or the formation of deposits in the hot
section of the turbine; Table 5-4
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summari zes the water quality specifications for eight gas
t urbi ne manufacturers.

In a steam injection system steamreplaces water as the
injected fluid. The injection systemis simlar to that for
water injection, but the punp is replaced by a steam produci ng
boiler. This boiler is usually a heat recovery steam generator

5-41



(HRSG) that recovers the gas turbi ne exhaust heat and generates
steam The bal ance of the steam systemis simlar to the water
injection system The water treatnent required for boiler feed
water to the HRSG yields a steamquality that is suitable for
injection into the turbine. The additional steam requirenent for
NQ, control, however, may require that additional capacity be
added to the boiler feed water treatnent system

Anot her technique that is commercially available for
oi |l -fired aeroderivative and industrial turbines uses a
water-in-oil enmulsion to reduce NQ emissions. This technique
i ntroduces water into the conbustion process by enul sifying water
in the fuel oil prior to injection. This emulsion has a water
content of 20 to 50 percent by volune and is finely dispersed and
chemcally stabilized in the oil phase. The principle of NQ
control is simlar to conventional water injection, but the
uni form di spersion of the water in the oil provides greater NQ
reduction than conventional water injection at simlar WR s.*

A water-in-oil enulsion injection system consists of
mechani cal enul sification equi pnent, chem cal stabilizer
i njection equipnent, water nmetering valves, chem cal storage and
nmetering valves, and instrunentation. In nost cases the
enmul sifying system can be retrofitted to the existing fue
delivery system which elimnates the requirenent for a separate
delivery system for water injection. At multiunit installations,
one enul sion system can be used to supply emulsified fuel to
several turbines. For dual fuel turbines, the enulsion can be
injected through the oil fuel systemto control NQ, emissions."

Data provided by the vendor for this technique indicates
that testing has been perfornmed on oil-fired turbines operating
in peaking duty. Long-termtesting has not been conpleted at
this point to quantify the long-termeffects of the enmulsifier on
the operation and mai ntenance of the turbine.
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5.1.2 Applicability of Wt Controls
Wet control s have been applied effectively to both
aeroderivative and heavy-duty gas turbines and to al

configurations except regenerative cycle applications.® It is
expected that wet controls can be used with regenerative cycle
turbi nes, but no such installations were identified. Al
manuf acturers contacted have water injection control systens
avai lable for their gas turbine nodels; many also offer steam
injection control systenms. \Were both systens are available, the
deci sion of which control to use depends upon steam availability
and econom c factors specific to each site.

Wet controls can be added as a retrofit to nost gas turbine

installations. In the case of water injection, one limtation is
the possible unavailability of injection nozzles for turbines
operating in dual fuel applications. In this application, the

i njection nozzle as designed by the manufacturer nmay not
physically accommbdate a third injection port for water
injection. This limtation also applies to steaminjection. In
addition, steaminjection is not an available control option from
sonme gas turbine manufacturers.
5.1.3 Factors Affecting the Performance of Wt Controls

The WFR is the nost inportant factor affecting the
performance of wet controls. Qher factors affecting perfornmance

are the conbustor geonetry and injection nozzle(s) design and the
fuel -bound nitrogen (FBN) content. These factors are discussed
bel ow.

The WFR has a significant inpact on NQ em ssions.
Tabl es 5-5 and 5-6 provide NQ, reduction and WFRs for natural gas
and
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TABLE 5-5. MANUFACTURER"S GUARANTEED NO, REDUCTION EFFICIENCIES
AND ESTIMATED WATER-TO-FUEL RATIOS FOR NATURAL
GAS FUEL OPERATION>*!-2-24

NO, emission levels, ppmv at 15% O,/NO, percent Water-to-fuel ratio (Ib water to
reduction Ib fuel)
M anufacturer/model Uncontrolled Water injection | Steam injection | Water injection | Steam injection
Genera Electric
LM1600 133 42°/68 25/81 0.61 1.49
LM2500 174 42°/76 25/86 0.73 1.46
LM5000 185 42877 25/87 0.63 1.67
LM6000 220 42°/81 25/89 0.68 1.67
MS5001P 142 42/70 42/70 0.72 1.08
MS6001B 148 4272 4272 0.77 1.16
MS7001E 154 42/73 42/73 0.81 1.22
MS7001F 210 42/80 42/80 0.79 134
MS9001E 161 42/74 42/74 0.78 1.18
M S9001F 210 42/86 42/80 NA® NA®
Asea Brown Boveri
GT10 150 25/83 4272 0.93 1.07
GT8 430 25/94 29/93 1.86 2.48
GT1IN 390 25/94 25/94 1.76 247
GT35 300 42/86 60/80 1.00 1.20
Solar Turbines, Inc.
T-1500 Saturn 99 42/58 NA/NA® 0.33 NA°®
T-4500 Centaur 130 42/68 NA/NA® 0.61 NA°®
Type H Centaur 105 42/60 NA/NA® 0.70 NA®
Taurus 114 42/63 NA/NA® 0.79 NA°®
T-12000 Mars 178 42/76 NA/NA® 0.91 NA°®
T-14000 Mars 199 42/79 NA/NA® 1.14 NA®
Allison/GM
501-KB5 155 42/73 42/73 0.80 153
501-KC5 174 42/76 NAYNA°® NA® NA®
501-KH 155 42/73 25/84 NA® NA®
570-K 101 42/58 NAYNAC NA® NA®
571-K 101 42/58 NAYNA® 0.80 NA®
Westinghouse
251B11/12 220 42/81 25/89 10 18
501D5 190 25/87 25/87 16 1.6
Siemens
V84.2 212 42/80 55/74 20 20
V94.2 212 55/74 55/74 16 16
V64.3 380 75/80 75/80 16 14
V84.3 380 75/80 75/80 16 14
V94.3 380 75/80 75/80 1.6 14

°A NO, emissions level of 25 ppmv can be achieved, but turbine maintenance requirements increase over those
required for 42 ppmv.
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TABLE 5-6. MANUFACTURER"S GUARANTEED NO, REDUCTION EFFICIENCIES
AND ESTIMATED WATER-TO-FUEL RATIOS FOR DISTILLATE
OIL FUEL OPERATION>*!-21-24

NO, emissions level, ppmv at 15% O,/NO, percent | Water-to-fuel ratio (Ib water to Ib
reduction fuel)
Manufacturer/model Uncontrolled | Water injection | Steam injection | Water injection | Steam injection
General Electric
LM1600 237 42/82 75/70 NA? NA?
LM2500 345 42/88 75/78 0.99 NA?
LM5000 364 42/88 110/70 NA? NA?
LM®6000 417 42/90 110/74 NA? NA?
M S5001P 211 65/69 65/69 0.79 1.06
MS6001B 267 65/76 65/76 0.73 1.20
MS7001E 228 65/72 65/72 0.67 1.19
MS7001F 353 65/82 65/77 0.72 1.35
MS9001E 241 65/73 65/72 0.65 1.16
M S9001F 353 65/82 65/76 NA? NA?
Asea Brown Boveri
GT10 200 42/79 42/79 0.75 1.25
GT8 680 42/94 60/91 1.62 2.15
GT1IN 560 42/88 42/93 1.50 2.28
GT35 360 42/88 60/83 1.00 1.20
Solar Turbines, Inc.
T-1500 Saturn 150 60/60 NAP/NAP 0.46 NA®
T-4500 Centaur 179 60/66 NA/NA® 0.60 NA®
Type H Centaur 160 60/63 NAP/NAP 0.72 NA®
Taurus 168 60/64 NA/NA® 0.96 NA®
T-12000 Mars 267 60/78 NAP/NAP 1.00 NA®
T-14000 Mars NA? 60/NA? NA/NA® NA? NA®
Allison/GM
501-KB5 231 56/76 NAP/NAP NA? NAP
501-KC5 NA? NA¥NA?® NAP/NAP NA? NAP
501-KH 231 56/76% 50/78 NA? NA?
570-K 182 65/64° NAP/NAP NA? NAP
571-K 182 65/64° NAP/NAP NA? NAP
Westinghouse
251B11/12 355 65/82 42/88 1.0 18
501D5 250 42/83 42/83 1.0 1.6
Siemens
V84.2 360 42/88 55/85 14 2.0
V4.2 360 42/88 55/85 14 16
V64.3 530 75/86 75/86 12 14
V84.3 530 75/86 75/86 12 14
V94.3 530 75/86 75/86 1.2 14

®Data not available.
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distillate oil fuels, respectively, based on information provided
by gas turbine manufacturers. For natural gas fuel, WFR s for
water or steaminjection range fromO0.33 to 2.48 to achieve
controlled NQ emssion levels ranging from

25 to 75 ppnv, corrected to 15 percent oxygen. For oil fuel,
WR s range from0.46 to 2.28 to achieve controlled NQ em ssion

| evel s ranging from42 to 110 ppnv, corrected to 15 percent
oxygen. Nitrogen oxide reduction efficiency increases as the WR
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increases. As shown in Tables 5-5 and 5-6, reduction
efficiencies of 70 to 90 percent are common. Note that, in
general, the WWR s for steam are higher than for water injection
because water acts as a better heat sink than steam due to the
heat absorbed by vaporization; therefore, higher |levels of steam
than water nust be injected for a given reduction |evel.

The conbustor geonetry and injection nozzle design and
| ocation also affect the performance of wet controls. For
maxi mum NQ, reduction efficiency, the water nust be atom zed and
injected in a spray pattern that provides a honogeneous m xture
of water droplets and fuel in the conbustor. Failure to achieve
this mxing yields |ocalized hot spots in the conbustor that
produce increased NQ, em ssions.

The type of fuel affects the performance of wet controls.
In general, lower controlled NQ em ssion |evels can be achieved
W th gaseous fuels than with oil fuels. The FBN content also
affects the performance of wet controls. Those fuels with
relatively high nitrogen content, such as coal-derived |iquids,
shale oil, and residual oils, result in significant fuel NQ
formation. Natural gas and nost distillate oils are | ownitrogen
fuels. Consequently, fuel NQ formation is mniml when these
fuel s are burned.

Wet controls serve only to lower the flane tenperature and
therefore are an effective control only for thermal NQ
formation; water injection may in fact increase the rate of fuel
NO, formation, as shown in Figure 5-1.%* The nechani sns
responsi ble for this potential increase were not identified.
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5.1.4 Achievable NO_Emi ssions Levels Using Wet Controls

This section presents the achievable controlled NQ em ssion
levels for wet injection, as guaranteed by gas turbine
manuf acturers. Emi ssion test data, obtained using EPA Test
Met hod 20 or equivalent, are also presented.

Quaranteed NQ, em ssion |evels as provided by gas turbine
manuf acturers for wet controls are shown in Figures 5-2 and
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5-3. These figures show manufacturers' guaranteed NQ, em ssion
| evel s of 42 ppmv for nost natural gas-fired turbines, and from
42 to
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75 ppnmv for nost oil-fired turbines. The percent reduction in
NO, em ssions varies for each turbine, ranging from®60 to

94 percent dependi ng upon each nodel's uncontrolled em ssion

| evel and whether water or steamis injected.

Em ssions data for water and steam injection are presented
to show the effects of wet injection on NQ, em ssions. These
data show

1. That NQ, em ssions decrease with increasing WWR' s; and

2. That NQ, em ssions are higher for oil fuel than for
nat ural gas.

From the avail able data, reduction efficiencies of 70 to
over 85 percent were achieved. The em ssion data and WFRs shown
for specific turbine nodels may not reflect the em ssion |evels
of current production nodels, since manufacturers periodically
update or otherwise nodify their turbines, thereby altering
specific em ssions |evels.

Each em ssion test in the followi ng figures consists of one
or nore data points. Were data points were obtai ned under
simlar conditions, they are grouped together and presented as a
single test. For these cases, each data point, along with the
arithnmetic average of all of the data points, is shown.

The nonencl ature used to identify the tests consists of two
letters followed by a nunber. The first letter of the two-letter
designator specifies the turbine type. These types are as
fol |l ows:

Letter Tur bi ne type

A Aircraft-derivative turbine

H Heavy-duty turbine

T Small and |owefficiency turbine (less

than 7.5 MW output, |ess than

30 percent sinple-cycle efficiency)
The second letter identifies the facility. The nunber identifies
the nunber of tests perforned at the facility. Tests perforned
at the sanme facility on different turbines or at different tines
have the sanme two-letter designator but are followed by different
test nunbers. The short horizontal lines represent the average
of the test data.
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Al so presented are the available data on the turbine, wet
controls, uncontrolled NQ em ssions, percent NQ reduction, and
fuel type. Al of the data shown are representative of the
performance of wet controls when the turbine is operated at base
| oad or peak |load. These |oads represent the worst-case
conditions for NQ, em ssion reduction. Information on the WR,
turbi ne nodel, efficiency, control type, and fuel are included
with the em ssion test data.
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Figures 5-4, 5-5, and 5-6 present the em ssion test data
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for water injection on turbines fired with natural gas. These
turbi nes have NQ, em ssions ranging from approximately 20 to
105 ppmwith WFR s ranging from0.16 to 1.32. Turbine sizes
range from 2.8 to 97 MV Based on these data, water injection is
effective on all types of gas turbines and NQ, em ssion |evels
decrease as the WFR increases. However, sone turbines require a
hi gher WFR to neet a specific emssion level. For exanple, the
gas turbines at sites HH and HC (Figure 5-6) require much higher
WR s to achieve NQ, em ssion levels simlar to the other gas
turbi ne nodels shown. This particular gas turbine also has the
hi ghest uncontrolled NQ em ssion |evels. Conversely, the gas
turbine at site AH, shown in Figure 5-5, has the | owest
uncontroll ed NQ, em ssion |evel and requires the |east anount of
water to achieve a given emssion level. Uncontrolled NQ
em ssion levels vary for different turbine nodels depending upon
design factors such as efficiency, firing tenperature, and the
extent of conbustion controls incorporated in the conbustor
design (see Section 4.2.1.1). In general, aircraft-derivative
and heavy-duty gas turbines require simlar WFR s to achieve a
specific emssion level. Small, lowefficiency gas turbines
require less water to achieve a specific em ssion |evel.

The NQ, emissions for turbines firing distillate oil are
shown in Figures 5-7, 5-8, and 5-9. The data range from
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approximately 30 to 135 ppm with WFR' s ranging fromO0.24 to
1.31. The gas turbine sizes range from 19 to 95 MN The data
for distillate oil-fired turbines show the sane general trends as
the data for natural gas-fired turbines. Site HH (Figure 5-9)
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again shows that higher WWR s are required due to the high
uncontrol l ed NQ, em ssions fromthis gas turbine. Al so, by
conparing the emssion data for the distillate oil-fired turbines
and natural gas-fired turbines, the data show that burning
distillate oil requires higher WFR s than does burning natural
gas for a given level of NQ emssions. H gher WWR s are
requi red because distillate oil produces higher uncontrolled NO,
| evel s than does natural gas (see Section 4.2.1.2).

The NQ, emi ssion test data for steaminjection are presented
in Figures 5-10
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and 5-11 for natural gas-fired turbines and distillate oil-fired
turbi nes, respectively. The turbines firing natural gas have NQ,
em ssions ranging from approximately 40 to 80 ppm with WR s
ranging fromO0.50 to 1.02. The gas turbine sizes range from 30
to 70 MW

The NQ, emissions for turbines firing distillate oil range
from approximately 65 to 95 ppm with WFR' s ranging from 0.65 to
1.01, and the gas turbine sizes tested were 36 and 70 MW  Fewer
data points are available for steaminjection than for water
injection. However, the available data for both distillate oil-
fired and natural gas-fired turbines show that NQ, em ssions
decrease as the steamto-fuel ratio increases.

Reductions in NQ emssions simlar to water injection with
oil-fired turbines have been achi eved using water-in-oil
emul sions. Results of emssion tests for four turbines are shown
in Table 5-7

5-75



TABLE 5-7.

ACHIEVABLE GAS TURBINE NO, EMISSION REDUCTIONS
FOR OIL-FIRED TURBINES USING WATER-IN-OIL EMULSIONS®*

NO, emissions, ppmv

at 15 percent O,

Turbine Turbine Power Water-to- Percent
manufacturer model output, MW fuel ratio Uncontrolled Controlled reduction
Turbo Power A4 35 0.65 184 53 68
and Marine
A9 33 0.55 150 50 66
A9 33 0.92 126 29 77
General Electric MS5001 15 0.49 131 60 54
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The controlled NQ em ssions range from29 to 60 ppnv,
corresponding to NQ reductions of 54 to 77 percent.™ The
controlled NQ emssion |evels and percent reduction are
consistent with those achi eved using conventional water
injection. Limted testing has shown that the enul sion achieves
a given NQ, reduction level with a |ower WR than does a separate
water injection arrangenent. Test data for one oil-fired turbine
showi ng a conparison of the WWR's for a water-in-oil emulsion
versus a separate water injection systemare shown in Figure 5-12
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Figure 5-12. Comparison of the WFR requirement for water-in-oil
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As shown here, NQ, reductions achieved by a water injection
systemat a WFR of 1.0 can be achieved by a water-in-oil emnulsion
at a WFR of 0. 6.
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On a nmass basis, the reduction in NQ, em ssions using water
injection is showm in Table 5-8
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TABLE 5-8.

UNCONTROLLED NO, EMISSIONS AND POTENTIAL NO,

REDUCTIONS FOR GAS TURBINES USING WATER INJECTION
NO, emissions
Uncontrolled Controlled NO, reduction
Gas turbine Power Gas fuel, Oil fudl, Gas fuel, Oil fudl, Gas fud, Oil fudl,
model output, MW? Ib/hr® Ib/hr® Ib/hr® Ib/hr® tons/yr® tons/yr®
Saturn 1.1 6.4 9.9 2.8 4.1 14.3 23.3
Centaur 3.3 22.0 31.2 7.4 10.8 58.5 815
Centaur "H" 4.0 20.8 32.6 8.6 12.7 48.6 79.8
Taurus 4.5 24.7 37.6 9.4 13.9 61.1 94.9
Mars T-12000 8.8 69.4 107 17.0 24.9 210 329
Mars T-14000 10.0 85.4 NA‘ 18.7 NA‘ 267 NA‘
501-KB5 4.0 31.6 48.5 8.9 12.2 90.9 145
570-K 4.9 22.7 41.0 9.8 15.2 51.8 103
571-K 5.9 24.2 44.0 10.4 16.3 55.1 111
LM1600 14.0 74.1 127 22.4 23.2 207 414
LM 2500 22.7 146 301 36.4 37.9 438 1,050
LM5000 34.5 232 474 54.5 56.6 710 1,670
LM6000 43.0 310 609 61.3 63.5 996 2,180
MS5001P 26.8 181 274 55.5 87.4 503 747
MS6001B 39.0 250 459 73.2 116 704 1,370
MS7001E 84.7 544 822 154 243 1,560 2,320
M S7001F 161 1,290 2,190 267 417 4,090 7,090
M S9001E 125 810 1,320 219 369 2,370 3,820
MS9001F 229 1,850 3,150 382 600 5,850 10,200
GT8 47.4 899 1,440 54.1 92.3 3,380 5,410
GT10 22.6 143 196 24.6 42.6 472 614
GT11N 83.3 1,350 1,990 99.0 154 5,060 7,334
GT35 16.9 214 264 30.9 31.9 730 929
251B11/12 49.2 453 741 89.5 141 1,450 2,400
501D5 109 843 1,120 115 196 2,910 3,710
V84.2 105 858 1,570 176 190 2,730 5,520
V94.2 153 1,250 2,290 335 276 3,650 8,050
V64.3 61.5 859 1,290 176 188 2,740 4,390
V84.3 141 1,930 2,910 395 426 6,150 9,920
V94.3 204 2,790 4,170 571 611 8,890 14,200

®Power output at SO conditions, without wet injection, with natural gas fuel.
®Based on ppmv levels shown in Tables 5-5 and 5-6. See Appendix A for conversion from

ppmv to Ib/hr.

“Based on 8,000 hours operation per year.

YData not available.
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, Tabl eTABIE shed\s CONCESPROWLED NEduEM iSBIONSOrANEY ROMENT] Iédtt i on.
NO, REDUCTIONS FOR GAS TURBINES USING STEAM INJECTION

NO, emissions
Uncontrolled Controlled NO, reduction
Power
output, Gas fuel, | Qil fuel, | Gas fuel, | Oil fuel, Gas fud, Oil fuel,

Gas turbine model MW? Ib/hr® Ib/hr® Ib/hr® Ib/hr® tons/yre® tons/yr®¢

Saturn 1.1 6.4 9.9 6.4 9.9 0 0
Centaur 3.3 22.0 31.2 22.0 31.2 0 0
Centaur "H" 4.0 20.8 32.6 20.8 32.6 0 0
Taurus 4.5 24.7 37.6 24.7 37.6 0 0
Mars T-12000 8.8 69.4 107 69.4 107 0 0
501-KB5 4.0 31.6 48.5 8.6 48.5 194 0
570-K 4.9 22.7 41.0 22.7 41.0 0 0
571-K 5.9 24.2 44.0 24.2 44.0 0 0
LM1600 14.0 74.1 127 13.0 40.5 245 345
LM 2500 22.7 146 301 21.2 66.0 499 938
L M5000 34.5 232 474 31.7 145 802 1,320
LM6000 43.0 310 609 35.6 162 1,100 1,790
MS5001P 26.8 181 274 54.1 85.3 508 755
MS6001B 39.0 250 459 71.4 113 711 1,380
MS7001E 84.7 544 822 150 237 1,580 2,340
M S7001F 161 1,290 2,190 260 407 4,110 7,130
M S9001E 125 810 1,320 214 360 2,390 3,850
MS9001F 229 1,850 3,150 373 585 5,890 10,200
GT8 47.4 899 1,440 61.2 129 3,350 5,260
GT10 22.6 143 196 40.4 41.6 410 618
GT11N 83.3 1,350 1,990 147 151 4,830 7,350
GT35 16.9 214 264 43.1 44.4 681 878
251B11/12 49.2 453 741 52.0 88.6 1,600 2,610
501D5 109 843 1,120 112 191 2,920 3,730
V84.2 105 858 1,570 225 242 2,530 5,310
V94.2 153 1,250 3,290 327 353 3,690 7,740
V64.3 61.5 859 1,290 171 184 2,750 4,410
V84.3 141 1,930 2,910 386 415 6,190 9,960
V94.3 204 2,790 4,170 557 596 8,940 14,300

®Power output at SO conditions, without wet injection, with natural gas fuel.
®Based on ppmv levels shown in Tables 5-5 and 5-6. See Appendix A for conversion from ppmv to Ib/hr.
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As an exanple, a 21.8 MNturbine burning natural gas fuel can
reduce NQ, em ssions by 452 tons/yr (8,000 hours operation) using
water injection and 511 tons/yr using steaminjection. This sane
turbine burning oil fuel will reduce annual NOQ, em ssions by
1,040 tons using water injection and by 925 tons using steam
i njection.
5.1.5 |lnpacts of Wet Controls on CO and HC Em ssions

Wi | e carbon nonoxide (CO and hydrocarbon (HC) em ssions
are relatively low for nost gas turbines, water injection may
i ncrease these emssions. Figure 5-13
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shows the inpact of water injection on CO em ssions for several
production gas turbines. In many turbines, CO em ssions increase
as the WFR increases, especially at WWR s above 0.8. Steam
injection also increases CO emssions at relatively high WR s,
but the inpact is less than that of water injection.?*%

Water and steam injection also increase HC em ssions, but to
a | esser extent than CO enissions.®* The effect of water
injection on HC em ssions for one turbine is shown in

5-88



047 r

]
c.08 |- I
i
|J"'"
kD
|
0.05
3
-~
L'~
5 i
RN o / I
= e :
W
=
: e
£ 003 3——-——-"-0-—’/~/
g -t il n
0.02 -
i =1
0.91 I
WEO'K Gas Turbine
Jstiltate O11-Fired
a | | | ! 1.
0 0.2 5.4 4.8 2.8 1.0 1.z 1A

Watgr-to-fuel Zatip

Figure 5-14. Effect of water iInjection on HC emissions for one
turbine model.”

5-89



Figure 5-14. Like CO em ssions, hydrocarbon em ssions increase
at WFR s above 0. 8.

For applications where the water or steaminjection rates
required for NQ, em ssion reductions result in excess CO and/or
HC emissions, it may be possible to select an alternative turbine
and/or fuel with a relatively flat CO curve, as indicated in
Figure 5-13. Another alternative is an oxidation catalyst to
reduce these emssions. This oxidation catalyst is an add-on
control device that is placed in the turbine exhaust duct or HRSG
and serves to oxidize CO and HC to HO and CO,. The catal yst
material is usually a precious netal (platinum palladium or
rhodi um, and oxidation efficiencies of 90 percent or higher can
be achieved. The oxidation process takes place spontaneously,
wi thout the requirenment for introducing reactants (such as
ammonia) into the flue gas stream®
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5.1.6 lnpacts of Wt Controls on Gas Turbine Performance

Wet controls affect gas turbine performance in two ways:
power output increases and efficiency decreases. The energy from
the added mass fl ow and heat capacity of the injected water or
steam can be recovered in the turbine, which results in an
increase in power output. For water injection, the fuel energy
required to vaporize the water in the turbine conbustor, however,
results in a net penalty to the overall efficiency of the
turbine. For steaminjection, there is an energy penalty
associated with generating the steam which results in a net
penalty to the overall cycle efficiency. Were the steam source
i s exhaust heat, which would otherw se be exhausted to the
at nosphere, the heat recovery results in a net gain in gas
turbine efficiency.® The actual efficiency reduction associated
with wet controls is specific to each turbine and the actual WR
required to neet a specific NQ reduction. The overal
efficiency penalty increases with increasing WFR and is usually
hi gher for water injection than for steaminjection due to the
heat of vaporization associated with water. The inpacts on
output and efficiency for one manufacturer's gas turbines are
shown in Table 5-10.
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TABLE 5-10.

REPRESENTATIVE WATER/STEAM INJECTION
IMPACTS ON GAS TURBINE PERFORMANCE FOR ONE
MANUFACTURER"S HEAVY-DUTY TURBINES®

Ie%el,
ppmv

Wat er / f uel
rati o

Per cent
overal |
ef ficiency
change

Per cent
out put
change?

Remar ks

75 NSPS

0.5

-1.8

+3

Ql-fired, sinple
cycle, water
I njection

42

1.0

<-3

+5

Nat ural gas,
sinpl e cycl e,
wat er injection

42

1.2

+5

Nat ural gas,
conbi ned cycl e,
steam i njection

25

1.2

+6

Nat ural gas,

wat er injection,
mul tinozzl e
conbust or

25

1.3

+5.5

Nat ural gas,
steam i njection,
conbi ned cycle
(Frame 6 turbine
nodel )

Conpared with no injection
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5.1.7 lnpacts of Wt Controls on Gas Turbine Mintenance

Water injection increases dynam c pressure oscillation
activity in the turbine conbustor.® This activity can, in sone
turbi ne nodels, increase erosion and wear in the hot section of
the turbine, thereby increasing maintenance requirenents. As a
result, the turbine nust be renobved from service nore frequently
for inspection and repairs to the hot section conponents. A
summary of the mai ntenance inpacts as provided by nmanufacturers
is showmn in Table 5-11.
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TABLE 5-11. IMPACTS OF WET CONTROLS ON GAS TURB INE MAINTENANCE
USING NATURAL GAS FUEL*™*-'"?
NO, emissions, ppmv @ 15% O, Inspection interval, hours
Standard Water Steam Water Steam
Manufacturer/Model combustor injection injection Standard injection injection
Genera Electric
LM1600 133 42/25 25 25,000 16,000% 25,000
LM2500 174 42/25 25 25,000 16,000% 25,000
LM5000 185 42/25 25 25,000 16,000% 25,000
LM6000 220 42/25 25 25,000 16,000% 25,000
MS5001P 142 42 42 12,000 6,000 6,000
MS6001B 148 42 42 12,000 6,000 8,000
MS7001E 154 42 42 8,000 6,500 8,000
MS7001F 179 42 42 8,000 8,000 8,000
MS9001E 176 42 42 8,000 6,500 8,000
M S9001F 176 42 42 8,000 8,000 8,000
Asea Brown Boveri
GT10 150 25 42 80,000° 80,000° 80,000°
GT8 430 25 29 24,000 24,000 24,000
GT11IN 400 25 25 24,000 24,000 24,000
GT35 300 42 60 80,000° 80,000° 80,000°
Siemens Power Corp.
V84.2 212 42 55 25,000 25,000 25,000
V94.2 212 55 55 25,000 25,000 25,000
V64.3 380 75 75 25,000 25,000 25,000
V84.3 380 75 75 25,000 25,000 25,000
V94.3 380 75 75 25,000 25,000 25,000
Solar Turbines, Inc.
T-1500 Saturn 99 42 NA® NAY NAY NA®
T-4500 Centaur 150 42 NA® NA® NA® NA®
Type H Centaur 105 42 NA® NA® NA® NA®
Taurus 114 42 NA® NA¢ NA¢ NA®
T-12000 Mars 178 42 NA® NA¢ NA¢ NA®
T-14000 Mars 199 42 NA® NA¢ NA¢ NA®
Allison/General
Motors
501-KB5 155 42 NA® 25,000 17,000 NAY
501-KC5 174 42 NA® 30,000 22,000 NAY
501-KH 155 42 25 25,000 17,000 20,000
570-K 101 42 NA® 20,000 12,000 NAY
571-K 101 42 NA® 20,000 12,000 NA
Westinghouse
251B11/12 220 42 25 8,000 8,000 8,000
501D5 190 25 25 8,000 8,000 8,000

®Applies only to 25 ppmv level. No impact for 42 ppmv.

*This interval applies to time between overhaul (TBO).

“Steam injection is not available for this model.

YData not available.
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As this table shows, the maintenance inpact, if any, varies
from manufacturer to manufacturer and nodel to nodel. Sone
manuf acturers stated that there is no inpact on naintenance
intervals associated with water or steaminjection for their
turbine nodels. Data were provided only for operation wth
nat ural gas.
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5.2 COVBUSTI ON CONTROLS

The formation of both thermal NO, and fuel NQ, depends upon
conmbustion conditions, so nodification of these conditions
affects NQ, formation. The follow ng conbustion nodifications
are used to control NQ, emi ssion |evels:

1. Lean conbustion;

2. Reduced conbustor residence tine;

3. Lean prem xed conbustion; and

4. Two-stage rich/lean conbusti on.

These conbustion nodifications can be applied singly or in
conbi nation to control NQ, em ssions.

The nmechani sns by which each of these techniques reduce NO,
formation, their applicability to new gas turbines, and the
design or operating factors that influence NQ, reduction
performance are discussed bel ow by control technique.

5.2.1 Lean Conbustion and Reduced Conbustor Residence Tine
5.2.1.1 Process Description. Gas turbine conbustors were
originally designed to operate with a primary zone equival ence
ratio of approximately 1.0. (An equivalence ratio of 1.0
indicates a stoichionetric ratio of fuel and air. Equival ence
rati os below 1.0 indicate fuel-lean conditions, and ratios above
1.0 indicate fuel-rich conditions.) Wth |ean conbustion, the
addi ti onal excess air cools the flane, which reduces the peak
flame tenperature and reduces the rate of thermal NQ formation. *

In all gas turbine conbustor designs, the high-tenperature
conmbustion gases are cooled with dilution air to an acceptable
tenperature prior to entering the turbine. This dilution air
rapidly cools the hot gases to tenperatures bel ow those required
for thermal NQ formation. Wth reduced residence tine
conbustors, dilution air is added sooner than with standard
conbustors. Because the conbustion gases are at a high
tenperature for a shorter time, the anount of thermal NQ, forned
decr eases. *

Shortening the residence tine of the conbustion products at
hi gh tenperatures may result in increased CO and HC em ssions if
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no other changes are nmade in the conbustor. |In order to avoid
increases in CO and HC em ssions, conbustors with reduced
residence tine also incorporate design changes in the air
distribution ports to pronote turbul ence, which inproves fuel/air
m xi ng and reduces the tine required for the conbustion process
to be conpleted. These designs may al so incorporate fuel/air
prem xi ng chanbers. Therefore, the differences between reduced
residence tine conbustors and standard conbustors are the
pl acenent of the air ports, the design of the circulation flow
patterns in the conbustor, and a shorter conbustor |ength.*
5.2.1.2 Applicability. Lean primary zone conbustion and
reduced residence tine conbustion have been applied to annul ar,
can-annul ar, and silo conbustor designs.*?* A nost all gas
turbi nes presently being manufactured incorporate |ean conbustion
and/ or reduced residence tine to sone extent in their conbustor
designs, incorporating these features into production nodels
since 1975.°*% However, the varying uncontrolled NQ enission
| evel s of gas turbines shown in Figures 5-2 and 5-3 indicate that
these controls are not incorporated to the sane degree in every
gas turbine and may be limted in sone turbines by the quantity
of dilution air available for |ean conbustion.

Lean primary zone and reduced residence tinme are nost
applicable to lownitrogen fuels, such as natural gas and
distillate oil fuels. These nodifications are not effective in
reduci ng fuel NQ.*

5.2.1.3 Factors Affecting Performance. For a given
conmbustor, the performance of |ean conbustion is directly

affected by the primary zone equival ence ratio. As shown in
Figure 4-2, the further the equivalence ratio is reduced bel ow
1.0, the greater the reduction in NQ em ssions. However, if the
equi valence ratio is reduced too far, CO em ssions increase and
flame stability problens occur.* This em ssions tradeoff
effectively limts the amount of NQ, reduction that can be

achi eved by | ean conbustion al one.
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For conbustors with reduced residence tinme, the anount of
NQ, em ssion reduction achieved is directly related to the
decrease in residence tine in the high-tenperature flane zone.

5.2.1.4 Achievable NO_Em ssion Levels Using Lean
Conbustion and Reduced Residence Tine Conbustors. Lean
conbustion reduces NQ, em ssions, and when used in conbination
with reduced residence time, NQ emssions are further reduced.
Figure 5-1
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5 shows a conparison of NQ, em ssions froma conbustor with a
| ean primary zone and NQ, em ssions from the sane conbustor
without a lean primary zone. At the same firing tenperature, NO,
em ssions reductions of up to 30 percent are achi eved using | ean
primary zone conbustion w thout increasing CO em ssions.
Reduci ng the residence tine at elevated tenperatures reduces NQ,
em ssions. One test at 1065°C (1950°F) yielded a reduction in
NO, em ssions of 40 percent by reducing the residence tine.
Car bon nonoxi de em ssions increased fromless than 10 to
approxi mately 30 ppm ***
5.2.2 Lean Prem xed Conbustors

5.2.2.1 Process Description. In a conventional conbustor
the fuel and air are introduced directly into the conbustion zone
and fuel/air mxing and conbustion take place sinultaneously.
Wde variations in the air-to-fuel ratio (A/F) exist, and
conmbustion of localized fuel-rich pockets produces significant
level s of NQ emssions. In a |ean prem xed conmbustor design,
the air and fuel is prem xed at very lean A/F' s prior to
introduction into the conbustion zone. The excess air in the
| ean m xture acts as a heat sink, which | owers conbustion
t enper at ur es. Prem xing results in a honbogeneous m xture, which
mnimzes |localized fuel-rich zones. The resultant uniform
fuel -lean m xture results in greatly reduced NQ, formation
rates. '

To achieve NQ, | evels below 50 ppnv, referenced to
15 percent Q, the design A/F approaches the lean flammability

limt. To stabilize the flane, ensure conplete conbustion, and
mnimze CO emssions, a pilot flane is incorporated into the
conmbustor or burner design. In nost designs, the relatively
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smal | anount of air and fuel supplied to this pilot flanme is not
prem xed and the A/F is nearly stoichionetric, so the pilot flane
tenperature is relatively high. As a result, NQ emssions from
the pilot flame are higher than fromthe | ean prem xed
combusti on. *°

Virtually all gas turbine manufacturers have inplenented
| ean prem xed conbustion devel opnent prograns. Three
manuf acturers' designs that are available in production turbines
are described bel ow

The first design uses a can-annular conmbustor and is shown
in Figure 5-16
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This is a two-stage prem xed conbustor: the first stage is
the portion of the conbustor upstream of the venturi section and
includes the six primary fuel nozzles; the second stage is the
bal ance of the conbustor and includes the single secondary fue
nozzle.*

The operating nodes for this conbustor design are shown in
Figure 5-17. For ignition, warnup, and acceleration to
approximately 20 percent load, the first stage serves as the
conpl ete conbustor.

5-107



QvgT %00 QL or -
HO| L¥d3d 0 OFXIWIHL

dFNIHA 01 HIASHYHI
DHHNG LIMIAISNYEL -
ONINENE 3DYL5-ONGD3IE

——
it —

=

wot |
w0
Jand

a¥oT v 01 o
NOrLeds3d0 N9 3TNl

09D 0T DL NONLIND! -
NOMLoMIdO AdTWIibd

d can-annular

ixe

lean prem

33

a

combustor.

Operating modes for

Figure 5-17.

5-108



Flame is present only in the first stage, and the equival ence
ratio is kept as |low as stable conbustion will permt. Wth
increasing load, fuel is introduced into the secondary stage, and
conmbustion takes place in both stages. Again, the equival ence
ratio is kept as low as possible in both stages to mnimze NQ
em ssions. \Wen the |oad reaches approxi mately 40 percent, fue
is cut off to the first stage and the flane in this stage is
extingui shed. The venturi ensures the flane in the second stage
cannot propagate upstreamto the first stage. Wen the first-
stage flane is extinguished (as verified by internal flane
detectors), fuel is again introduced into the first stage, which
becones a prem xing zone to deliver a |lean, unburned, uniform
m xture to the second stage. The second stage acts as the
conpl ete conbustor in this configuration.?

For operation on distillate oil, fuel is introduced and
burned only in the first stage for ignition and for |oads up to
approximately 50 percent. For |oads greater than 50 percent,
fuel is introduced and burned in both stages.®
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Figure 5-18 shows a | ean premnm xed conbustor design used by
anot her manufacturer for an annul ar conbustor.
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The air and fuel are prem xed using a very lean A/F, and the
resultant uniform m xture is delivered to the primary conbustion
zone where conbustion is stabilized using a pilot flanme. Using
one or nore mechanical systens to regulate the airflow delivered
to the conbustor, the prem x node is operable for output |oads
bet ween 50 and 100 percent. Below 50 percent |oad, only the
pilot flame is operating, and NQ, em ssions levels are simlar to
those for conventional conbustors. *

Anot her manufacturer's production |ow NQ design uses a silo
conbustor. Unlike the can-annular and annul ar designs, the silo
conmbustor is nmounted externally to the turbine and can therefore
be nodified wthout significantly affecting the rest of the
turbi ne design, provided the nmounting flange to the turbine is
unchanged. In addition, this large conbustion chanber is fitted
wth a ceramc lining that shields the netal surfaces from peak
flame tenperatures. This lining reduces the requirenent for
cooling air, so nore air is available for the conbustion
process. '

This silo | ow NQ, conbustor design uses six burners, as
shown in Figure 5-19
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SILO COMBUSTOL

Figure 5-19. Cross-section of a low NO, silo combustor.®"*
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For operation on natural gas, each burner serves to prem x the
air and fuel to deliver a lean and uniformm xture to the
conbustion zone. To achieve the |owest possible NO em ssions,
the A/ F of the prem xed gases is kept very near the |ean
flammability limt and a pilot flame is used to stabilize the
overal | combustion process. This burner design is shown in
Figure 5-20
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Li ke the can-annul ar design, the burner in the silo conbustor
cannot operate over the full power range of the gas turbine in
the prem x node due to inability of the premx node to deliver
suitable AAF' s at | ow power output levels. For this reason, the
burners are designed to operate in a conventional diffusion
burning node at startup and | ow power outputs and switch to a
prem x burning node at higher power output |evels.

5-117



5-118



5-119



For operation on distillate oil with the current burner
desi gn, conbustion occurs only in a diffusion node and there is
no prem xing of air and fuel.

5.2.2.2 Applicability. As discussed in Section 5.2.2.1,
| ean prem xed conbustors apply to can-annular, annular, and silo
conmbustors. This conbustion nodification is effective in
reducing thermal NO, em ssions for both natural gas and
distillate oil but is not effective on fuel NQ. Therefore, |ean
prem xed conbustion is not as effective in reducing NQ levels if
hi gh-nitrogen fuels are fired.”

The nultiple operating nodes associated with the percent
operating load results in "stepped" NQ, em ssion |evels. To
date, low NQ, em ssion |levels occur only at |oads greater than 40
to 75 percent.

Lean prem xed conbustors currently are available for limted
nmodel s from three manufacturers contacted for this study.®'*
Two additional manufacturers project an availability date of 1993
or 1994 for |ean premi xed conbustors for sone turbine nodels.™*
Al'l of these manufacturers state that these |ean prem xed
conmbustors will be available for retrofit applications.

5.2.2.3 Factors Affecting Performance. The prinmary factors
affecting the performance of |ean, prem xed conbustors are A/F
and the type of fuel. To achieve |ow NO, em ssion |evels, the
A/F nust be nmaintained in a narrow range near the |ean
flammability imt of the m xture. Lean prem xed conbustors are
designed to maintain this A/F at rated load. At reduced | oad
conditions, the fuel input requirenent decreases. To avoid
conmbustion instability and excessive CO em ssions that would
occur as the A/F reaches the lean flammubility limt, all
manuf acturers' |ean prem xed conbustors switch to a
di ffusion-type conbustion node at reduced | oad conditions,
typically between 40 and 60 percent |load. This swtchover to a
di f fusi on conbustion node results in higher NQ em ssions.

Nat ural gas produces |ower NQ, |evels than do oil fuels.

The reasons for this are the |ower flanme tenperature of natural
gas and the ability to premx this fuel with air prior to
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delivery into the second conbustion stage. For operation on
l[iquid fuels, currently avail able |ean prem xed conbustor designs
require water injection to achieve appreciable NQ reduction.

5.2.2.4 Achievable NO_Em ssion Levels. The achievable
controlled NQ emssion levels for |ean prem xed conbustors vary
dependi ng upon the manufacturer. At |east three manufacturers
currently guarantee NQ, em ssion |evels of 25 ppnv, corrected to
15 percent Q, for nost or all of their gas turbines for operation
on natural gas fuel w thout wet injection.®'?* Each of these
t hree manufacturers has achieved controlled NQ, em ssion |evels
of less than 10 ppnmv at one or nore installations in the
United States and/or Europe and guarantee this NQ |level for a
limted nunber of their gas turbine nodels.® Al three
manuf acturers offer gas turbines in the 10+ MWV (13,400 hp+) range
and anticipate that guaranteed NO, em ssion |evels of 10 ppnv or
less will be available for all of their gas turbines for
operation on natural gas fuel in the next few years. These
| ow- NO, conbustor designs apply to new turbines and existing
installation retrofits.

For gas turbines in the range of 10 MW (13,400 hp) and
under, one gas turbine manufacturer offers a guarantee for its
| ean prem xed conbustor, w thout wet injection, of 42 ppnv using
natural gas fuel for two of its turbine nodels for 1994 delivery.
This manufacturer states that a controlled NQ em ssion |evel of
25 ppnv has been achieved by in-house testing, and this 25 ppnv
level firing natural gas fuel is the goal for all of its gas
turbine nodels, for both new equi pnment and retrofit
applications.®

These controlled NQ emssion levels of 9 to 42 ppnv
correspond to full output |oad; at reduced |oads, the NQ |evels
i ncrease, often in "stepped" fashion in accordance w th changes
in conbustor operation from prem xed node to conventional or
di ffusi on-node operation (see Section 5.2.2.3). Figure 5-21
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shows these stepped NOQ, em ssions |evels for a can-annul ar
conmbustor for natural gas and oil fuel operation. Figure 5-22
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shows the enmissions for a silo conbustor operating on natural gas
only.
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The emi ssion |evels shown in Figures 5-21 and 5-22 correspond
to full-scale production turbines currently available from the
manuf acturers.

Reduced NQ, em ssions when burning oil fuel in currently
avail abl e | ean prem xed conbustor designs have been achi eved only
with water or steaminjection. Wth water or steaminjection, a
65 ppmv NQ, | evel can be achieved in the turbine with a can-
annul ar conbustor design; a 65 ppnv level can also be net with
water injection in the turbine with a silo conbustor at a WR of
1.4.%% This 65 ppnmv level for |ean premixed conbustors is
hi gher than the controlled NO, | evel s achieved wth water
injection in oil-fired turbines using a conventional conbustor
desi gn.

Modi fication of the existing burner design used in the silo
conmbustor to allow premxing of the oil fuel with air prior to
conbustion is under developnent. Tests performed using a 12 MV
(16,200 hp) turbine achieved NOQ, em ssion |evels below 50 ppnv
wi thout wet injection, corrected to 15 percent Q, conpared to
uncontrol l ed | evels of 150 ppnmv or higher. The NO, |evels,

W thout wet injection, as a function of equivalence ratio are
shown in Figure 5-23. The design equivalence ratio at rated | oad
is approximately 2.1. As shown in this figure, NQ, em ssions

bel ow 50 ppnmv were achieved at rated power output at pilot fuel
flow | evel s of 10 percent of the total fuel input.?>

Site test data for two turbines using silo-type |ean
prem xed conbustors, as reported by the manufacturer, are shown
in Table 5-12. As this table shows, NQ emssion |levels as |ow
as 16.5 ppnmv were recorded for using natural gas fuel wthout
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TABLE 5-12. MEASURED NO, EMISSIONS FOR COMPLIANCE TESTS
OF A NATURAL GAS-FUELED LEAN PREMIXED COMBUSTOR
WITHOUT WATER INJECTION®

Qut put, percent of NO, em ssion |evel,
Tur bi ne No. basel i ne ppnv?
1 107 17.7
1 100 16.5
2 100 24. 1
2 75 20. 4
1 50 22.3
2 50 22.2

’n dry exhaust with 15 percent Q, by vol une.
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water injection. Subsequent em ssion tests have achieved |evels
bel ow 10 ppnv.> Corresponding data for operation on oil fuel
using only the pilot (diffusion) stage for conbustion, and with
water injection, is shown in Table 5-13. Levels of NQ, em ssions
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TABLE 5-13. MEASURED NO, EMISSIONS FOR OPERATION OF A LEAN
PREMIXED COMBUSTOR DESIGN OPERATING IN DIFFUSION MODE
ON OIL FUEL WITH WATER INJECTION?

Qut put, percent of NO, em ssion |evel,
Tur bi ne No. basel oad ppnv?
1 Peak 69. 3
2 Peak 53. 6
1 100 59.9
2 100 51.6
1 75 54.3
2 75 49. 2
2 50 54.8

'n dry exhaust with 15 percent Q, by vol une.
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at base load for No. 2 fuel oil are between 50 and 60 ppnv.
Based on information provided by turbine manufacturers, the
potential NQ, reductions using currently available |ean prem xed
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conbustors are shown in Table 5-14. As this table indicates, NQ
em ssion reductions range from14.7 tons/yr for a 1.1 MN
(1,480 hp) turbine to 10,400 tons/yr
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TABLE 5-14. POTENTIAL NO, REDUCTIONS FOR GAS TURBINES USING
LEAN PREMIXED COMBUSTORS
NO, emissions
Uncontrolled Controlled NO, reduction
Power Gas fuel, | Qil fuel, | Gasfuel, | Oil fuel, |Gas fue, tonslyr® | Qil fuel,
Turbine model output, ppmv ppvm ppmv ppmv tons/yr2®
MW

Saturn® 1.1 99 150 42 NA¢ 14.7 NA¢
Centaur T-4500° 3.3 130 179 42 NA¢ 59.5 NA¢
Centaur "H"* 4.0 105 160 42 NA‘ 49.8 NA‘
Taurus® 4.5 114 168 42 NA¢ 62.4 NA¢
Mars T-12000° 8.8 178 267 42 NA? 212 NA?
Mars T-14000° 10.0 199 NA‘ 42 NA® 270 NA®
MS6001B 39.0 148 267 25/9° 65 829/937 1,139
MS7001E 84.7 154 228 25/9° 65 1,820/2,050 2,360
MS7001F 161 210 353 25 65 4,540 5,190
MS9001E 125 161 241 25/9° 65 2,740/3,060 3,490
M S9001F 229 210 353 25 65 6,500 7,250
GT10 22.6 150 200 25 42 476 620
GT11IN 83.3 390 560 25/9° 42 5,070/5,290 7,360
V84.2 105 212 360 25/9° NA' 3,030/3,290 NA'
V94.2 153 212 360 9° NA' 4,410/4,780 NA'
V64.3 61.5 380 530 42 NA? 3,210 NA?
V84.3° 141 380 530 42 NA¢ 7,230 NA¢
V94.3° 204 380 530 42 NA® 10,400 NA®

®Based on 8,000 hours operation per year.

Requires water or steam injection.

°Scheduled availability is 1994 for natural gas fuel.
INA = Data not available.
“Standard NO, guarantee is 25 ppmv. Manufacturers offer guaranteed NO, levels as low as 9 ppmv for these

turbines.

fScheduled availability 1993 for oil fuel without water injection. Reference 17.
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for a 204 MN (274,000 hp) turbine for operation on natural gas

wi t hout wet injection. Corresponding NQ, em ssion reductions for
operation on oil fuel, with water injection, range from
620 tons/yr for a 22.6 MW (30,300 hp) turbine to 7,360 tons/yr
for an 83.3 MW (112,000 hp) turbine.

Limted data from tw manufacturers showi ng the inpact of
| ean prem xed conbustor designs on CO em ssions are shown in
Tabl e 5-15.
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TABLE 5-15. COMPARISON OF NO, AND CO EMISSIONS FOR STANDARD
VERSUS LEAN PREMIXED COMBUSTORS FOR
TWO MANUFACTURERS®™ TURBINES*->*

Emissions, ppmv, referenced to 15 percent O,°
Standard combustor Lean premixed combustor
Power
output,

GT Mode MW NO, CO NO CO
Centaur H 4.0 105 15 25-42 50°
Mars T-14000 10.0 199 5.5 25-42 50°
MS6001B 39.0 148 10 9 25
MS7001E 84.7 154 10 9 25
MS9001E 125 161 10 9 25
MS7001F 161 210 25 25 15
MS9001F 229 210 25 25 15

For operation at 1SO conditions using natural gas fuel.
PMaximum design goal for CO emissions. Most in-house test configurations have achieved CO emission levels between 5
and 25 ppmv.
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For natural gas-fueled turbines with rated outputs of 10 MWV
(13,400 hp) or less, controlled NQ emssion |levels of 25 to 42
ppnmv result in arise in COemssion levels from 25 ppnv or |ess
to as high as 50 ppnv.* For turbines above 10 MW (13,400 hp),
controlled NQ emssion levels of 9 ppnmv result in arise in CO
em ssions from 10 to 25 ppnv for natural gas fuel. Conversely,
for controlled NQ emssion |evels of 25 ppnv, the CO em ssions
drop from25 to 15 ppnv.® For one manufacturer's |ean prem xed
silo conbustor design, CO em ssions at rated |load are |ess than
5 ppnmv, as shown previously in Figure 5-21. This limted data
suggest that the effect of |ean prem xed conbustors on CO
em ssi ons depends upon the specific conbustor design and the
controlled NQ emssion |evel.

The emi ssion levels shown in Table 5-15 correspond to rated
power output. Like NQ, em ssion |evels, CO em ssions change with
changes in conbustor operating node at reduced power output. The
"stepped" effect on CO emissions is shown in Figures 5-21 and
5-22, shown previously.

Qperation on oil fuel with wet injection, shown previously
in Figure 5-21, shows CO em ssion |evels of 20 ppnv. Additiona
CO em ssion data were not available for operation on oil fue
with water injection in |lean prem xed conbustors. Devel opnent al
tests for operation on oil fuel without wet injection in a silo
conbustor are presented in Figure 5-24
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At rated load, shown in this figure at an equival ence ratio of
approximately 2.1, CO emi ssions are less than 10 ppnv, corrected
to 15 percent O
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and are in the range of 0 to 2 ppnv for a pilot oil fuel flow of
10 percent (representing 10 percent of the total fuel flow).>
This 10 percent pilot fuel flow corresponds to controlled NO
em ssion | evels below 50 ppnmv, as shown previously in

Figure 5-22. No data for HC em ssions were available for |ean
prem xed burner designs.

5.2.3 Rich/Quench/lLean Conbustion

5.2.3.1 Process Description. R ch/quench/lean (RQ)
conbustors burn fuel-rich in the primary zone and fuel-lean in

the secondary zone. |Inconplete conbustion under fuel-rich
conditions in the primary zone produces an atnosphere with a high
concentration of CO and hydrogen (H,). The CO and H, repl ace

sone of the oxygen normally available for NQ formation and al so
act as reducing agents for any NQ, formed in the primary zone.
Thus, fuel nitrogen is released wth mninmal conversion to NQ.
The |l ower peak flane tenperatures due to partial conbustion also
reduce the formation of thernmal NQ.*

As the conbustion products |eave the primary zone, they pass
through a | owresidence-tine quench zone where the conbustion
products are rapidly diluted with additional conbustion air or
water. This rapid dilution cools the conbustion products and at
the sane tinme produces a lean A/F. Conbustion is then conpleted
under fuel-lean conditions. This secondary |ean conbustion step
mnimally contributes to the formation of fuel NQ, because nost
of the fuel nitrogen will have been converted to N, prior to the
| ean conbustion phase. Thermal NQ, is mnimzed during |ean
conbustion due to the low flame tenperature.®

5.2.3.2 Applicability. The RQ conbustion concept applies
to all types of gas turbines. None of the manufacturers
contacted for this study, however, currently have this design
available for their production turbines. This nmay be due to |ack
of demand for this design due to the current limted use of
hi gh-nitrogen-content fuels in gas turbines.

5.2.3.3 FEactors Affecting Performance. The NQ, em ssions
from RQL conbustors are affected primarily by the equival ence
ratio in the primary conbustion zone and the quench airflow rate.
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Careful selection of equivalence ratios in the fuel-rich zone
will mnimze both thermal and fuel NQ, formation. Further NQ,
reduction is achieved with increasing quench airflow rates, which
serve to reduce the equivalence ratio in the secondary (I ean)
conmbusti on stage.

5.2.3.4 Achievable NO_Em ssions Levels Using
R ch/ Quench/lLean Conbustion. The RQ. staged conbustion has been
denonstrated in rig tests to be effective in reducing both
thermal NQ, and fuel NQ. As shown in Figure 5-25, NQ, em ssions
are reduced by 40 to 50 percent in a test rig burning diesel
fuel.
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At an equivalence ratio of 1.8, the NQ em ssions can be
reduced from0.50 to 0.27 | b/MvBtu by increasing the quench
airflow fromO0.86 to 1.4 kg/sec. Data were not available to
convert the NOQ, em ssions figures to ppnmv. The effectiveness of
rich/lean staged conbustion in reducing fuel NQ when firing
hi gh-FBN fuels is shown in Figure 5-26.
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I ncreasing the FBN content from 0.13 to 0.88 percent has little
i mpact on the total NQ, formation at an operating equival ence
ratio of 1.3 to 1.4. Tests on other rich/lean conbustors
i ndicate fuel nitrogen conversions to NQ of about 7 to
20 percent.*®* These fuel nitrogen conversions represent a fuel
NQ, em ssion reduction of approxinmately 50 to 80 percent.

One manufacturer has tested an RQL conmbustor design in a

4 MW (5,360 hp) gas turbine fueled with a finely ground coal and
water mxture. The coal partially conbusts in a fuel-rich zone
at tenperatures of 1650°C (3000°F), with low Q levels and an
extrenmely short residence tine. The partially conbusted products
are then rapidly quenched wth water, cooling conbustion
tenperatures to inhibit thermal NOQ formation. Additional
conbustion air is then introduced, and conbustion is conpleted
under fuel-lean conditions. In tests at the manufacturer's
pl ant, cosponsored by the U S. Departnent of Energy, a NQ
em ssion |level of 25 ppnv at 15 percent Q was achieved. This
conmbustor design can also be used with natural gas and oil fuels.
Single-digit NQ emssion levels are reported for operation on
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natural gas fuel. This conbustor design is not yet available for
production turbines.®
5.3 SELECTI VE CATALYTI C REDUCTI ON

Sel ective catalytic reduction (SCR) is an add-on NQ, control
technique that is placed in the exhaust stream follow ng the gas
turbine. Over 100 gas turbine installations use SCR in the
United States.® An SCR process description, the applicability
of SCR for gas turbines, the factors affecting SCR perfornmance,
and the achievable NQ reduction efficiencies are discussed in
this section.
5.3.1 Process Description

The SCR process reduces NQ, em ssions by injecting anmoni a
into the flue gas. The ammonia reacts with NQ in the presence
of a catalyst to formwater and nitrogen. |In the catalyst unit,
the amonia reacts with NQ primarily by the follow ng
equati ons: %

NH, + NO+ 1/4 Q - N, + 32 HO and

NH, + 1/2 NO + 1/4 Q - 3/2 N, + 3/2 HO

The catalyst's active surface is usually either a noble
metal, base netal (titanium or vanadi un) oxide, or a
zeolite-based material. Metal-based catal ysts are usually
applied as a coating over a netal or ceramc substrate. Zeolite
catal ysts are typically a honogenous material that forns both the
active surface and the substrate. The geonetric configuration of
the catal yst body is designed for maxi mum surface area and
m ni mum obstruction of the flue gas flow path to maxi m ze
conversion efficiency and mnimze back-pressure on the gas
turbine. The nost common catal yst body configuration is a
nmonol i th, "honeyconb" design, as shown in Figure 5-27.
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Figure 5-27. Cutaway view of a typical monolith catalyst body
with™ honeycomb configuration.®
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An ammonia injection grid is |ocated upstream of the
catal yst body and is designed to disperse the amonia uniformy
t hroughout the exhaust flow before it enters the catalyst unit.
In a typical anmmonia injection system anhydrous ammonia is drawn
froma storage tank and evaporated using a steam or
el ectric-heated vaporizer. The vapor is mxed with a pressurized
carrier gas to provide both sufficient nonentum through the
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injection nozzles and effective mxing of the amonia with the
flue gases. The carrier gas is usually conpressed air or steam
and the ammoni a concentration in the carrier gas is about

5 percent. ®

An alternative to using the anhydrous anmoni a/carrier gas
systemis to inject an a aqueous amonia solution. This system
is currently not as common but renoves the potential safety
hazards associated with transporting and storing anhydrous
amonia and is often used in installations with close proximty
to popul ated areas. ® %

The NH,/ NQ, ratio can be varied to achieve the desired |eve
of NQ, reduction. As indicated by the chem cal reaction
equations |isted above, it takes one nole of NH, to reduce one
nole of NO, and two noles of NH, to reduce one nole of NO,. The
NQ, conposition in the flue gas froma gas turbine is over
85 percent NO, and SCR systens generally operate with a nol ar
NH/ NQ, ratio of approximately 1.0.% Increasing this ratio will
further reduce NQ em ssions but will also result in increased
unreacted ammoni a passing through the catalyst and into the
at nosphere. This unreacted ammonia is known as ammoni a slip.
5.3.2 Applicability of SCR for Gas Turbines

Sel ective catalytic reduction applies to all gas turbine
types and is equally effective in reducing both thermal and fuel
NO, em ssions. There are, however, factors that may [imt the
applicability of SCR

An inmportant factor that affects the performance of SCR is
operating tenperature. Gas turbines that operate in sinple cycle
have exhaust gas tenperatures ranging from approximately 450° to
540°C (850° to 1000°F). Base-netal catalysts have an operating
tenperature wi ndow for clean fuel applications of approximately
260° to 400°C (400° to 800°F). For sulfur-bearing fuels that
produce greater than 1 ppm SO, in the flue gas, the catal yst
operating tenperature range narrows to 315° to 400°C (600° to
800°F). The upper range of this tenperature w ndow can be
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increased using a zeolite catalyst to a maxi num of 590°C
(1100°F) . *

Base netal catalysts are nost commonly used in gas turbine
SCR applications, accounting for approximately 80 percent of all
U.S. installations, and operate in cogeneration or conbined cycle
applications. The catalyst is installed within the HRSG where
the heat recovery process reduces exhaust gas tenperatures to the
proper operating range for the catalyst. The specific |ocation
of the SCR within the HRSG is application-specific; Figure 5-28
shows two possible SCR | ocations.
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In addition to the locations shown, the catalyst may al so be
| ocated within the evaporator section of the HRSG
As noted above, zeolite catalysts have a nmaxi num operating
tenperature range of up to 590°C (1100°F), which is conpatible
with sinple cycle turbine exhaust tenperatures. To date,
however, there is only one SCR installation operating with a
zeolite catalyst directly downstream of the turbine. This
catal yst, conm ssioned in Decenber 1989, has an operating range
of 260° to 515°C (500° to 960°F) and operates approxi mately
90 percent of the time at tenperatures above 500°C (930°F). %
Anot her consideration in determning the applicability of
SCR is conplications arising from sul fur-bearing fuels. The
sul fur content in pipeline quality natural gas is negligible, but
distillate and residual oils as well as some |owBtu fuel gases
such as coal gas have sulfur contents that present problens when
used with SCR systens. Conbustion of sulfur-bearing fuels
produces SQ, and SO, emi ssions. A portion of the SO, oxidizes to
SQ, as it passes through the HRSG and base netal catalysts have
an SQ-to-SQ, oxidation rate of up to five percent.® In
addi tion, oxidation catalysts, when used to reduce CO em ssions,
will also oxidize SO to SO, at rates of up to 50 percent.®
Unreact ed amoni a passing through the catalyst reacts with
SQ, to form amoni um bi sul fate (NHHSO,) and ammoni um sul fate
[(NH), SO] in the |lowtenperature section of the HRSG The rate
of ammonium salt formation increases with increasing |evels of
SQ, and NH,, and the formation rate increases wth decreasing
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tenperature. Bel ow 200°C (400°F), ammonium salt formation occurs
with single-digit ppnv levels of SQ and NH,.

The exhaust tenperature exiting the HRSG is typically in the
range of 150° to 175°C (300° to 350°F), so ammoni um salt
formation typically occurs in the |lowtenperature section of the
HRSG. °®  Ammoni um bisulfate is a sticky substance that over tine
corrodes the HRSG boiler tubes. Additionally, it deposits on
both the boiler and catal yst bed surfaces, leading to fouling and
pl uggi ng of these surfaces. These deposits result in increased
back pressure on the turbine and reduced heat transfer efficiency
in the HRSG This requires that the HRSG be renoved from service
periodically to water-wash the affected surfaces. Ammoni um
sul fate is not corrosive, but |ike amonium bisulfate, it
deposits on the HRSG surfaces and contributes to pluggi ng and
fouling of the heat transfer system*

Formati on of ammonium salts can be avoided by Iimting the
sul fur content of the fuel and/or |limting the ammonia slip. Low
SO-t0-SQO, oxidizing catalysts are also available. Base netal
catal ysts are available with oxidation rates of |ess than
1 percent, but these |ow oxidation fornmulas also have | ower NQ
reduction activity per unit volume and therefore require a
greater catalyst volunme to achieve a given NQ, reduction |evel
Zeolite catalysts are reported to have intrinsic SQO-to-SQ
oxidation rates of less than 1 percent.®® As stated above,
pi peline-quality natural gas has negligible sulfur content, but
sonme sources of natural gas contain HS, which may contribute to
amonium salt formation. For oil fuels, even the |owest-sulfur
distillate oil or liquid aviation fuel contains sulfur levels
that can produce anmonium salts. According to catalyst vendors,
SCR systens can be designed for 90 percent NQ, reduction and
10 ppmor lower NH, slip for sulfur-bearing fuels up to 0.3
percent by weight.® Continuous emission nonitoring equipment
has been devel oped for NH,, and may be instrunmental in regulating
anmonia injection to mnimze slip.?

To date, there is limted operating experience using SCR
with oil-fired gas turbine installations. One conbined cycle
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installation using oil fuel, a United Airlines facility in
San Francisco installed in 1985, experienced fuel-related
catal yst problenms and now uses only natural gas fuel.®* In the
past, sulfur was found to poison the catalyst nmateri al
Sul fur-resistant catalyst materials are now avail abl e, however,
and catal yst formul ation inprovenents have proven effective in
resisting performance degradation with oil fuels in Europe and
Japan, where catalyst life in excess of 4 to 6 years has been
achi eved, versus 8 to 10 years with natural gas fuel.* A
zeolite catalyst installed on a 5 MWV (6710 hp) dual fue
reci procating engine in the northeastern United States has
operated for over 3 years and burned approxi mately
600, 000 gallons of diesel fuel while maintaining a NQ reduction
efficiency of greater than 90 percent.?

In its guidance to nenber states, NESCAUM recomends t hat
SCR be considered for NQ, reduction in dual-fuel ed turbine
applications. There are four conbined cycle gas turbines
installations operating with SCR in the northeast United States
burning natural gas as the primary fuel wth oil fuel as a
back-up.® These installations, listed in Table 5-16,
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TABLE 5-16. GAS TURBINE INSTALLATIONS IN THE NORTHEASTERN
UNITED STATES WITH SCR AND PERMITTED FOR
BOTH NATURAL GAS AND OIL FUELS®

NO, emissions, ppmv (gas fuel/oil fuel)
Wet
Gas turbine Output, Wet injection
Installation State | model MW? Uncontrolled” injection” + SCR®
Altresco-Pittsfield MA M S6001 38.3 148/267 42/65 9/18¢¢
Cogen NJ MS6001 38.3 148/267 42/65 15/65
Technologies
Ocean State Power | RI MS7001E 83.5 154/277 42/65 9/42'
Pawtucket Power RI MS6001 38.3 148/267 42/65 9/18¢

*Power output for a single gas turbine. Installation power output is higher due to multiple units and/or combined
cycle operation.

®Per manufacturer at 1SO conditions.

“Operating permit limits.

“This installation requires the SCR system to be operational when burning oil fuel.

This installation operated 185 hours on oil fuel in 1991, burning approximately 354,000 gallons of oil fuel.
fAmmonia injection is shut down during operation on il fuel.
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began operating recently and have |limted hours of operation on
oil fuel. As indicated in the table, two of these installations
shut down the ammonia injection when operating on oil fuel to
prevent potential operating problens arising from sul fur-bearing
fuels. Permts issued nore recently in this region for other
dual -fuel installations, however, require that the SCR system be
operational on either fuel.?

A final consideration for SCR is catal yst masking or
poi soni ng agents. Natural gas is considered clean and free of
contam nants, but other fuels may contain agents that can degrade
catal yst performance. For refinery, field, or digester gas fue
applications, it is inportant to have an analysis of the fuel and
properly design the catalyst for any identified contam nants.
Arsenic, iron, and silica nay be present in field gases, along
Wi th zinc and phosphorus. Catalyst life with these fuels depends
upon the content of the gas and is a function of the initia
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design paraneters. Wth oil fuels, in addition to the potentia
for ammonium salt formation, it is inportant to be aware of heavy
metal content. Particulates in the flue gas can also mask the
catal yst.®*

Sel ective catalytic reduction may not be readily applicable
to gas turbines firing fuels that produce high ash | oadings or
hi gh |l evel s of contam nants because these elenents can lead to
fouling and poi soning of the catalyst bed. However, because gas
turbines are also subject to damage from these el enents, fuels
with high levels of ash or contam nants typically are not used.

Coal, while not currently a common fuel for turbines, has a
nunber of potential catalyst deactivators. Hi gh dust
concentrations, alkali, earth netals, alkaline heavy netals,
cal cium sulfate, and chlorides all can produce a masking or
blinding effect on the catalyst. Hi gh dust can also erode the
catalyst. FErosion commonly occurs only on the |eading face of
the catalyst. Airflow deflectors and dummy | ayers of catal yst
can be used to straighten out the airflow and reduce erosion

There is currently no comercial U S. experience with coal. In
Japan, which burns |low sulfur coal with noderate dust |evels,
catalyst |ife has been 5 years or nore without replacenent. In

Germany, with high dust |oadings, the experience has al so been
5 years or nore.®

Maski ng agents deposit on the surface of the catalyst,
formng a barrier between the active catal yst surface and the
exhaust gas, inhibiting catalytic activity. Poisoning agents
chemcally react wwth the catalyst and render the affected area
i nactive. Masking agents can be renoved by vacuum ng or by using
soot blowers or superheated steam Catalysts cleaned in this
manner can recover greater than 90 percent of the origina
reduction activity. The effects of poisoning agents, however,
are permanent and the affected catal yst surface cannot be
regener at ed. *

Retrofit applications for SCR may require the addition of a
heat exchanger for sinple cycle installations, and replacenent or
extensive nodification of the existing HRSG in cogeneration and
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conmbi ned cycle applications to accommbdate the catal yst body.
For these reasons, retrofit applications for SCR could involve
hi gh capital costs.
5.3.3 Factors Affecting SCR Perfornmance

The NO, reduction efficiency for an SCR systemis influenced
by catalyst material and condition, reactor tenperature, space
velocity, and the NH/NQ ratio.® These design and operating
vari abl es are discussed bel ow.

Several catalyst materials are available, and each has an
opti mum NQ, renoval efficiency range corresponding to a specific
t enperature range. Proprietary formnulations containing titanium

di oxi de, vanadi um pentoxide, platinum or zeolite are available
to neet a w de spectrum of operating tenperatures. The NQ,
renmoval efficiencies for these catalysts are typically between 80
and 90 percent when new. The NQ, renoval efficiency gradually
decreases over the operating life of the catalyst due to
deterioration from masking, poisoning, or sintering.®® The rate
of catal yst performance degradati on depends upon operating
conditions and is therefore site-specific.

The space velocity (volunetric flue gas flow divided by the
catal yst volune) is an indicator of gas residence tinme in the
catalyst unit. The |lower the space velocity, the higher the
residence tinme, and the higher the potential for increased NO,
reduction. Because the gas flow is a constant determ ned by the
gas turbine, the space velocity depends upon the catalyst vol uneg,
or total active surface area. The distance across the opening
between plates or cells in the catalyst, referred to as the
pitch, affects the overall size of the catalyst body. The
smaller the pitch, the greater the nunber of rows or cells that
can be placed in a given volunme. Therefore, for a given catalyst
body size, the smaller the pitch, the larger the catalyst vol une
and the | ower the space velocity. For natural gas applications
the catalyst pitch is typically 2.5 mllineters (nmm (0.10 inch
[in.]), increasing to 5 to 7 mm (0.20 to 0.28 in.) for coal-fue
applications.®
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As discussed in Section 5.3.1, the NH/NQ ratio can be
varied to achieve the desired [evel of NQ reduction. Increasing
this ratio increases the level of NQ reduction but may al so
result in higher ammonia slip |evels.

5.3.4 Achievable NO_Em ssion Reduction Efficiency Using SCR

Most SCR systens operating in the United States have a space
velocity of about 30,000/ hr, a NH/NQ, ratio of about 1.0, and
ammonia slip levels of approximately 10 ppm  The resulting NQ
reduction efficiency is about 90 percent.* Reduction efficiency
is the level of NQ renpoved as a percentage of the |evel of NQ
entering the SCR unit. Only one gas turbine installation in the
United States was identified using only SCR to reduce NQ
em ssions. This installation has two natural gas-fired 8.5 MV
gas turbines, each with its own HRSG in which is installed an SCR
system A summary of em ssion testing at this site |lists NQ
em ssions at the inlet to the SCR catal yst at 130 ppnv.
Controll ed NQ, em ssions downstream of the catalyst were 18 ppnv,
indicating a NQ, reduction efficiency of 86 percent. Maxinmum
ammonia slip levels were listed at 35 ppnv. ®®

Al other gas turbine installations identified as using SCR
in the United States use this control nmethod in conmbination with
wet injection and/or |ow NQ conbustors. The em ssion |evels
that can be achieved by this conbination of controls are found in
Section 5. 4.

5.3.5 Disposal Considerations for SCR

The SCR catalyst material has a finite life, and di sposa
can pose a problem The guaranteed catalyst life offered by
catal yst suppliers ranges from2 to 3 years.® |In Japan, where
SCR systens have been in operation since 1980, experience shows
that many catalysts in operation with natural gas-fired boilers
have perfornmed well for 7 years or longer.®®® |n any case, at
sonme point the catalyst nust be replaced, and those units
cont ai ni ng heavy netal oxides such as vanadi um or titanium
potentially could be considered hazardous wastes. Wile the
anount of hazardous material in the catalyst is relatively small,
the volune of the catal yst body can be quite |large, and disposa
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of this waste could be costly. Sonme suppliers provide for the
renmoval and di sposal of spent catalyst. Precious netal and
zeolite catal ysts do not contain hazardous wastes.

5.4 CONTROLS USED I N COVBI NATI ON W TH SCR

Wth but one exception, SCR units installed in the United
States are used in conbination with wet controls or conbustion
controls described in Sections 5.1 and 5.2. Wt controls yield
NO, em ssion |levels of 25 to 42 ppnv for natural gas and 42 to
110 ppnv for distillate oil, based on the data provided by gas
turbi ne manufacturers and shown in Figures 5-10 and 5-11. A
careful ly designed SCR system can achieve NQ, reduction
efficiencies as high as 90 percent, with amonia slip |evels of
10 ppnmv or less for natural gas and | ow sul fur (<0.3 percent by
wei ght) fuel applications.®

As di scussed for wet injection in Sections 5.1.4 and
5.2.2.4, controlled NQ emssion |evels for natural gas range
from25 to 42 ppnv for natural gas fuel and from42 to 110 ppnv
for oil fuel. Applying a 90 percent reduction efficiency for
SCR, NQ, |l evels can be theoretically reduced to 2.5 to 4.2 and
4.2 to 11.0 ppnmv for natural gas and oil fuels, respectively.
For oil fuels and other sulfur-bearing fuels, a reduction
efficiency of 90 percent requires special design considerations
to address potential operational problens caused by the sulfur
content in the fuel. This subject is discussed in Section 5.3.2.
The final controlled NOQ, em ssion |evel depends upon the NQ
| evel exiting the turbine and the achievable SCR reduction
ef ficiency.

Test reports provided by SCAQWD include three gas turbine
conmbi ned cycle installations fired with natural gas that have
achi eved NQ, emi ssion levels of 3.4 to 7.2 ppnv, referenced to
15 percent oxygen. The NQ, and CO em ssions reported for these
tests are shown in Table 5-17
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TABLE 5-17. EMISSIONS TESTS RESULTS FOR GAS TURBINES USING
STEAM INJECTION PLUS SCR*™
NO, emissions, ppmv (Ib/hr)
Test |Gas turbine Output, Wet Wet injection
No. [model MW Fuel Uncontrolled | injection + SCR CO, ppmv
1 |MS7001E 82.8 Natural gas + refinery 154 42 5.66 <2.00
gas mixture (25.2)
2 |MS7001E 79.7 Natural gas + refinery 148 42 7.17 <2.00
gas + butane mixture (31.7)
3 |MS6001B 33.8 LPG + refinery gas 148 42 3.36 <2.00
mixture (5.82)
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were reported, however, in a summary of emi ssion tests for 13 SCR
installations and are presented in Table 5-18.° For these

sites, operating on natural gas fuel, the NQ reduction
efficiency of the catal yst ranges
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from60 to 96 percent, with nost reduction efficiencies between
80 and 90 percent. Ammonia slip levels range from1 to 35 ppnv.
The site with the 35 ppnv anmonia slip level is unique in that it
is the only site identified in the United States that uses only
SCR rather than a conbination of SCR and wet injection to reduce
NO, emi ssions. Wth the exception of this site, all NH, slip
levels in Table 5-18 that are based on test data are |ess than
10 ppmv. Based on information received from catal yst vendors, it
is expected that an SCR system operating downstream of a gas
turbine without wet injection could be designed to |imt amonia
slip levels to 10 ppnv or less.® No test data are available for
SCR operation on gas turbines fired with distillate oil fuels.
5.5 EFFECT OF ADDI NG A DUCT BURNER I N HRSG APPLI CATI ONS

A duct burner is often added in cogeneration and conbi ned
cycle applications to increase the steam capacity of the HRSG
(see Section 4.2.2). Duct burners in gas turbine exhaust streans
consi st of pipes or small burners that are placed in the exhaust
gas streamto allow firing of additional fuel, usually natura
gas. Duct burners can raise gas turbine exhaust tenperatures to
1000°C (2000°F), but a nore common tenperature is 760°C (1400°F).
The gas turbine exhaust is the source of oxygen for the duct
bur ner.
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Figure 5-29 shows a typical natural gas-fired duct burner
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installation. Figure 5-30 is a cross-sectional view of one style
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Figure 5-30. Cross-sectional view of a low-NO, duct burner.”™
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of duct burner that incorporates design features to reduce NQ.

In this | ow NQ, design, natural gas exits the orifice in the

mani fold and m xes with the gas turbine exhaust entering through
a small slot between the casing and the gas manifold. This
mxture forms a jet diffusion flame that causes the recircul ation

shown in Zone "A." Due to the limted anpunt of turbine exhaust
that can enter Zone A, conbustion in this zone is fuel-rich. As
the burning gas jet exits into Zone "B," it mxes wth conbustion

products that are recirculated by the fl ow eddi es behind the
wi ngs of the stabilizer casing. The flanme then expands into the
turbi ne exhaust gas stream where conbustion is conpl eted.
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For oil-fired burners, the design principles of the burner
are the sane. However, the physical layout is slightly
different, as shown in
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Low-NO, duct burner designed for oil f

Figure 5-31.
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Figure 5-31. Turbine exhaust gas is supplied in
substoi chiometric quantities by a slip stream duct to the burner.
This slip stream supplies the conbustion air for the fuel-rich
Zone A. The flane shield produces the flow eddies, which
recircul ate the conbustion products into Zone B."®

Most duct burners now in service fire natural gas. In all
cases, a duct burner wll produce a relatively small [evel of NQ
em ssions during operation (See Section 4.2.2), but the net
i npact on total exhaust em ssions (i.e., the gas turbine plus the
duct burner) varies with operating conditions, and in sone cases
may even reduce the overall NQ em ssions. Table 5-19 shows the
NO, em ssions neasured at one site upstream and downstream of a
duct burner. This table shows that NQ, em ssions are reduced
across the duct burner in five of the eight test runs.
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The reason for this net NQ, reduction is not known, but it
is believed to be a result of the reburning process in which the
i nternedi ate conbustion products from the duct burner interact
with the NO, already present in the gas turbine exhaust. The
manuf acturer of the burner whose em ssion test results are shown
in Table 5-19 states that the follow ng conditions are necessary
for reburning to occur:

1. The burner flame nust produce a high tenperature in a
fuel -rich zone;

2. A portion of the turbine exhaust containing NQ, nust be
introduced into the localized fuel-rich zone with a residence
time sufficient for the reburning process to convert the turbine
NO, to N, and Q; and

3. The burner fuel should contain no FBN. "

In general, sites using a high degree of supplenentary
firing have the highest potential for a significant anmount of
reburning. In practice, only a Iimted nunber of sites achieve
t hese reburning conditions due to specific plant operating
requi rements. ’®
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5.6 ALTERNATE FUELS

Because thermal NQ, production is an exponential function of
flame tenperature (see Section 4.1.1), it follows that using
fuels with flane tenperatures |ower than those of natural gas or
distillate oils results in |ower thermal NQ, em ssions.

Coal -derived gas and net hanol have denonstrated | ower NQ,

em ssions than nore conventional natural gas or oil fuels. For
applications using fuels with high FBN contents, switching to a
fuel with a |lower FBN content will reduce thermal NQ, formation
and thereby |lower total NQ, em ssions.

5.6.1 Coal-Derived Gas

Conmbustor rig tests have denonstrated that burning
coal -derived gas (coal gas) that has been treated to renpove FBN
produces approxi mately 30 percent of the NQ, em ssion |evels
experienced when burning natural gas. This is because coal gas
has a |l ow heat energy level of around 300 Btu or |ess, which
results in a flane tenperature |ower than that of natural gas.”
The cost associated with producing coal gas suitable for
conbustion in a gas turbine has made this alternative
economcally unattractive, but recent advances in coa
gasification technol ogy have renewed interest in this fuel.

A coal gas-fueled power plant is currently operating in the
United States at a Dow Chemical plant in Placquem ne, Loui siana.
This facility operates with a subsidy from the Federa
Governnent, which conpensates for the price difference between
coal gas and conventional fuels. Several commercial projects
have been recently announced using technol ogy devel oped by
Texaco, Shell, Dow Chem cal, and the U S. Departnent of Energy.
Facilities have been permtted for construction in Massachusetts
and Del aware. *

A denonstration facility, known as Cool Witer, operated
using coal gas for 5 years in Southern California in the early
1980's. The NQ enissions were reported at 0.07 |b/MBtu.® Fuel
anal ysis data is not available to convert this NQ, em ssion |evel
to a ppnv figure. No other em ssions data are avail abl e.
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5.6.2 Methanol

Met hanol has a flanme tenperature of 1925°C (3500°F) versus
2015°C (3660°F) for natural gas and greater than 2100°C (3800°F)
for distillate oils. As a result, the NQ emssion |evels when
burni ng met hanol are | ower than those for either natural gas or
distillate oils.

Tabl e 5-20 presents NQ, em ssion data for a full-scale
turbine firing nethanol.
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TABLE 5-20. NO, EMISSIONS TEST DATA FOR A GAS TURBINE
FIRING METHANOL AT BASELOAD*®

NO, em ssions
| SO NO, reducti on,

condi tions, percent”®

ppm at 15% Q,

41
45
48
49
60
47
53
48
51
52
41
47
48
AVERAGE 49
N 11 28 42.2
o) .23 17 65. 2
P .23 18 62. 7
Q .24 18 62. 7

*Basel oad = 25 MW out put
Cal cul at ed using the average of the uncontrolled em ssions.
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The NQ, emi ssions from firing nethanol wthout water injection
ranged from41l to 60 ppnv and averaged 49 ppnv. This test also
i ndi cated that nethanol increases turbine output due to the
hi gher mass flows that result from nethanol firing. Methano
firing increased CO and HC em ssions slightly conpared to the
same turbine's firing distillate oil with water injection. All
ot her aspects of turbine performance were as good when firing
met hanol as when the turbine fired natural gas or distillate
oi | .% Turbine maintenance requirenments were estimated to be
lower and turbine life was estimated to be | onger on nethano
fuel than on distillate oil fuel because nethanol produced fewer
deposits in the conbustor and power turbine.

Tabl e 5-20 al so presents NQ, em ssion data for nethanol
firing wwth water injection. At water-to-fuel ratios from
0.11 to 0.24, NO, em ssions when firing nmethanol range from 17 to
28 ppnv, a reduction of 42 to 65 percent.

In a study conducted at an existing 3.2 MAN gas turbine
installation in 1984, a gas turbine was nodified to burn
met hanol. This study was conducted at the University of
California at Davis and was sponsored by the California Energy
Commi ssion. A new fuel delivery system for nethanol was
requi red, but the only major nodifications required for the
turbine used in this study were new fuel manifolds and nozzl es.
Tests conducted burni ng net hanol showed no visible snoke
em ssions, and only mnor increases in CO enm ssions. Figure 5-32
shows the NQ, em ssions neasured while burning
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nmet hanol and natural gas. Reductions of up to 65 percent were
achi eved, as NQ, em ssions were 22 to 38 ppm when bur ni ng
met hanol versus
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62 to 100 ppm for natural gas. In addition to the intrinsically
| ower NQ, production, water can be readily m xed wth nethanol
prior to delivery to the turbine to obtain the additional NQ
reduction levels achievable with wet injection. Gas turbine
performance characteristics, including startup, acceleration,

| oad changes, and full |oad power, were all deened acceptabl e by
the turbine manufacturer.®

The current econom cs of using nethanol as a primary fuel
are not attractive. There are no confirned commercia
nmet hanol -fuel ed gas turbine installations in the United States.
5.7 SELECTI VE NONCATALYTI C REDUCTI ON

Sel ective noncatal ytic reduction (SNCR) is an add-on
t echnol ogy that reduces NQ, using anmonia or urea injection
simlar to SCR but operates at a higher tenperature. At this
hi gher operating tenperature of 870° to 1200°C (1600° to 2200°F),
the follow ng reaction occurs:®

NO, + NH, + O + HO + (H) - N, + HO

This reaction occurs without requiring a catalyst,
effectively reducing NQ to nitrogen and water. The operating
tenperature can be |lowered from 870°C (1600°F) to 700°C (1300°F)
by injecting hydrogen (H) with the ammonia, as is shown in the
above equati on.

Above the upper tenperature |imt, the follow ng reaction
occurs: ®

NH, + Q - NO, + HO

Level s of NQ, em ssions increase when injecting anmonia or
urea into the flue gas at tenperatures above the upper
tenperature limts of 1200°C (2200°F).

Since SNCR does not require a catalyst, this process is nore
attractive than SCR from an econom ¢ standpoint. The operating
tenperature w ndow, however, is not conpatible with gas turbine
exhaust tenperatures, which do not exceed 600°C (1100°F).
Additionally, the residence time required for the reaction is
approxi mately 100 m|liseconds, which is relatively slow for gas
turbine operating flow velocities.®
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It may be feasible, however, to initiate this reaction in
the gas turbine where operating tenperatures fall within the
reaction window, if suitable gas turbine nodifications and
injection systems can be devel oped.® This control technol ogy
has not been applied to gas turbines to date.

5.8 CATALYTI C COVBUSTI ON
5.8.1 Process Description

In a catalytic conbustor, fuel and air are premxed into a
fuel-lean m xture (fuel/air ratio of approximately 0.02) and then
pass into a catalyst bed. |In the bed, the m xture oxidizes
W thout formng a high-tenperature flanme front. Peak conbustion
tenperatures can be |imted to bel ow 1540°C (2800°F), which is
bel ow the tenperature at which significant anounts of thermal NOQ,
begin to form® An exanple of a lean catalytic conbustor is
shown in Figure 5-33.
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Catal ytic conbustors can also be designed to operate in a
rich/lean configuration, as shown in Figure 5-34. In this
configuration, the air and fuel are premxed to forma fuel-rich
m xture, which passes through a first stage catal yst where
conmbusti on begins. Secondary air is then added to produce a |ean
m xture, and conbustion is conpleted in a second stage catal yst
bed. #

5.8.2 Applicability

Catal ytic conbustion techniques apply to all conbustor types
and are effective on both distillate oil- and natural gas-fired
turbines. Because of the limted operating tenperature range,
catal ytic conbustors may not be easily applied to gas turbines
subject to rapid | oad changes (such as utility peaking
turbines).® Gas turbines that operate continuously at base | oad
(such as industrial cogeneration applications) would not be as
adversely affected by any limts on load follow ng capability.®
5.8.3 Devel opnent Status

Presently, the devel opnent of catalytic conbustors has been
limted to bench-scale tests of prototype conbustors. The ngjor
problemis the devel opnent of a catalyst that will have an
acceptable life in the high-tenperature and -pressure environnent
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of gas turbine conbustors. Additional problens that nust be
sol ved are conbustor ignition and how to design the catalyst to
operate over the full gas turbine operating range (idle to ful

| oad) . *

5.9 OFFSHORE O L PLATFORM APPLI CATI ONS

Gas turbines are used on offshore platfornms to neet
conpression and el ectrical power requirenents. This application
presents uni que challenges for NOQ, em ssions control due to the
duty cycle, lack of a potable water source for wet injection, and
limted space and wei ght considerations. The duty cycle for
el ectric power applications of offshore platforns is unique.

This duty cycle is subject to frequent |oad changes that can

i nstant aneously increase or decrease by as nuch as a factor of
10.% Fluctuating loads result in substantial swngs in turbine
exhaust gas tenperatures and flow rates. This presents a problem
for SCR applications because the NO, reduction efficiency depends
upon tenperature and space velocity (see Section 5.3.3).

The lack of a potable water supply nmeans that water nust be
shipped to the platformor sea water nust be desalinated and
treated. The limted space and wei ght requirenments associ ated
with an SCR system may al so have an inpact on capital costs of
the platform

A 4-year study is underway for the Santa Barbara County Air
Pol lution Control Board to evaluate suitable NQ control
techni ques for offshore applications. The goals of the study are
to reduce turbine NQ em ssions at full load to 9 ppmv, corrected
to 15 percent Q, firing platformgas fuel and to achi eve part
| oad reductions of 50 percent. The study consists of two phases.
The first phase, an engineering evaluation of available and
enmergi ng em ssion control technologies, is conpleted. The second
phase wll select the final control technol ogies and devel op
t hese technol ogies for offshore platform applications. Phase I

5-196



of this study concludes that the technol ogies with the highest
estimated probability for success in offshore applications are:

- Water injection plus SCR (80 percent);

- Methanol fuel plus SCR (70 percent);

- Lean prem xed conbustion plus SCR (65 percent); and

- Steam dilution of fuel prior to conmbustion plus SCR

(65 percent).

A key conclusion drawn from Phase | of this study is that
none of the above technol ogies or conbination of technologies in
of fshore platform applications currently has a high probability
of successfully achieving the NQ em ssion reduction goals of
this study w thout substantial cost and inpacts to platform and
turbi ne operations, added safety considerations, and other
environmental concerns. These issues will be further studied in
Phase Il for the above control technol ogies.
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6.0 CONTROL COSTS

Capital and annual costs are presented in this chapter for
the nitrogen oxide (NQ) control techniques described in
Chapter 5.0. These control techniques are water and steam
injection, |ow NQ, conbustion, and selective catal ytic
reduction (SCR) used in conbination with these controls. Mbdde
pl ants were devel oped to evaluate the control techniques for a
range of gas turbine sizes, fuel types, and annual operating
hours. The gas turbines chosen for these nodel plants range in
size from1.1 to 160 negawatts (MN (1,500 to 215,000 horsepower
[hp]) and include both aeroderivative and heavy-duty turbines.
Model plants were devel oped for both natural gas and distillate
oil fuels. For offshore oil production platforns, cost
information was available only for one turbine nodel.

The life of the control equipnment depends upon many factors,
i ncluding application, operating environment, maintenance
practices, and materials of construction. For this study, a
15-year |ife was chosen.

Both new and retrofit costs are presented in this chapter.
For water and steam injection, these costs were assuned to be the
same because nost of the water treatnment systeminstallation can
be conpleted while the plant is operating and because gas turbine
nozzl e repl acenent and piping connections to the treated water
supply can be perforned during a schedul ed downtine for
mai nt enance. Estimated costs are provided for both new and
retrofit |ow NQ, conbustion applications. No SCR retrofit
applications were identified, and costs for SCR retrofit
applications were not available. The cost to retrofit an
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existing gas turbine installation with SCR would be considerably
hi gher than the costs shown for a new installation, especially
for conbined cycle and cogeneration installations where the

heat -recovery steam generator (HRSG would have to be nodified or
repl aced to acconmodate the catal yst reactor.

This chapter is organized into five sections. Wter and
steam injection costs are described in Section 6.1. Low NQ,
conmbustor costs are summarized in Section 6.2. Costs for SCR
used in conbination with water or steaminjection or |ow NQ
conmbustion are described in Section 6.3. Water injection and SCR
costs for offshore gas turbines are presented in Section 6.4, and
references are listed in Section 6.5.

a. VWATER AND STEAM | NJECTI ON AND O L-1 N-WATER EMULSI ON

Ten gas turbines nodels were selected, and from these
turbines 24 nodel plants were devel oped using water or steam
injection or water-in-oil emulsion to control NQ, em ssions.

These 24 nodels, shown in Table 6-1
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, Characterize variations in existing units with respect to
turbine size, type (i.e., aero-derivative vs. heavy duty),
operating hours, and type of fuel. A total of 24 nodel plants
wer e devel oped; 16 of these were continuous-duty (8,000 hours per
year) and 8 were intermttent-duty (2,000 or 1,000 hours per
year). Thirteen of the continuous-duty nodel plants burn natura
gas fuel; 6 of the 13 use water injection, and 7 use steam
injection to reduce NQ, em ssions. The three renaining
conti nuous-duty nodel plants burn distillate oil fuel and use
water injection to reduce NQ, emssions. O the eight
intermttent-duty nodel plants, six operate 2,000 hours per year
(three natural gas-fueled and three distillate oil-fueled), and
two operate 1,000 hours per year (both distillate oil-fuel ed).
Al intermttent-duty nodel plants use water rather than steam
for NQ, reduction because it was assuned that the additiona
capital costs associated with steam generating equi pnent could
not be justified for intermttent service.

Costs were available for applying water-in-oil emulsion
technology to only one gas turbine, and insufficient data were
available to develop costs for a simlar water-injected nodel
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plant for this turbine. As a result, the costs and cost
effectiveness for the water-in-oil emulsion nodel plant should
not be conpared to those of water-injected nodel plants.

Capital costs are described in Section 6.1.1, annual costs
are described in Section 6.1.2, and em ssion reductions and the
cost effectiveness of wet injection controls are discussed in
Section 6.1.3. Additional discussion of the cost nethodol ogy and
details about sone of the cost estimating procedures are provided
i n Appendi x B.

Fuel rates and water flow rates were cal cul ated for each
nmodel plant using published design power output and efficiency,
expressed as heat rate, in British thermal units per
Kilowatt-hour (Btu/kWi).' The values for these paraneters are
presented in Table 6-2
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for each nodel plant. Fuel rates were estimted based on the
heat rates, the design output, and the |ower heating value (LHV)
of the fuel. The LHV' s used in this analysis for natural gas and
di esel fuel are 20,610 Btu per pound (Btu/lb) and 18,330 Btu/lb,
respectively, as shown in Table 6-3
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TABLE 6-3. FUEL PROPERTIES AND UTILITY AND LABOR RATES®

Fuel properties Fact or Units Ref erence
20, 610 Btu/lb Ref. 3
Natural gas 930 Btu/scf® (LHV) |Ref. 3
18, 330 Btu/lb (LHV) Ref. 2

Diesel Tuel 7.21__|iblgal Ref. 2

Uility rates

Nat ural gas® 3. 88 $/ scf Ref. 4

Di esel fuel 0.77 $/ gal Ref. 5

El ectricity 0. 06 $/ kKW hr Ref.'s 6 and 7

Raw wat er 0.384 |$/1,000 gal Ref. 2, escalated @ 5% per
year

Wat er treatnment 1.97 $/ 1,000 gal Ref. 2, escalated @ 5% per
year

Wast e di sposal 3.82 $/ 1,000 gal Ref. 2, escalated @ 5% per
year

Labor rate

Operating 25. 60 $/ hr Ref. 2, escalated @ 5% per
year

Mai nt enance 31. 20 $/ hr Ref. 2, escalated @ 5% per
year

8All costs are average costs in 1990 dollars.

®Nat ural gas and electricity costs from Reference 4 are the average of the costs
for industrial and commercial customners.

‘scf = standard cubic foot.
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.2 Water (or steam) injection rates were cal cul ated based on
publ i shed fuel rates and water-to-fuel ratios (WR) provided by
manuf acturers.®*'* According to a water treatnent system
supplier, treatnent facilities are designed with a capacity
factor of 1.3."™ An additional 29 percent of the treated water
flow rate is discarded as wastewater.? Consequently, the water
treatnment facility design capacity is 68 percent (1.30 x 1.29)
greater than the water (or steam injection rate.
i. Capital Costs

The capital costs for each nodel plant are presented in
Table 6-4
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These costs were devel oped based on net hodol ogy in
Reference 2, which is presented in this section. The capita
costs include purchased equi pnent costs, direct and indirect
installation costs, and contingency costs.
(1) Purchased Equipnment Costs. Purchased equi pnent costs
consist of the injection system the water treatnent system
taxes, and freight. Al costs are presented in 1990 doll ars.
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(a) Water injection system The injection system delivers
water fromthe treatnent systemto the conbustor. This system
i ncl udes the turbine-nounted injection nozzles, the flow netering
controls, punps, and hardware and interconnecting piping fromthe
treatment systemto the turbine. On-engine hardware (the
i njection nozzles) costs were provided by turbine
manuf acturers. *** Flow nmetering controls and hardware, punps,
and interconnecting piping costs for all turbines were cal cul ated
usi ng data provided by General Electric for four heavy-duty
turbine nodels.” No relationship between costs and either
turbine output or water flow was evident, so the sum of the four
costs was divided by the sumof the water flow requirenents for
the four turbines. This process yielded a cost of $4,200 per
gallon per mnute (gal/mn), and this cost, added to the on-
engi ne hardware costs, was used for all nodel plants.

(b) Water treatnment system The water treatnment process,
and hence the treatnent system conponents, varies according to
the degree to which the water at a given site nust be treated.
For this cost analysis, the water treatnent systemincludes a
reverse osnosis and m xed-bed dem neralizer system The water
treatment system capital cost for each nodel plant was estimated
based on an equation devel oped in Reference 2:

WS = 43,900 X (G %*°
wher e

W'S wat er treatnment system capital cost, $; and

G = water treatnment system design capacity, gal/mn.

This equation yields costs that are generally consistent
with the range of costs presented in Reference 18.

(c) Taxes and freight. This cost covers applicable sales
taxes and shipnent to the site for the injection and water
treatnment systens. A figure of 8 percent of the total system
cost was used.?*’

(2) Direct Installation Costs. This cost includes the
| abor and material costs associated with installing the
foundati on and supports, erecting and handling equi pnent,
el ectrical work, piping, insulation, and painting. For smaller
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turbines, the water treatnment systemis typically skid-nounted
and is shipped to the site as a packaged unit, which mnimzes
field assenbly and interconnections. The cost to install a skid-
nounted water treatnent skid is typically $50,000, and this cost
is used for the direct installation cost for nodel plants |ess
than 5 MV (6700 hp).* For larger turbines, it is expected that
the water treatnent system nust be field-assenbled and the direct
installation costs were calculated as 45 percent of the injection
and water treatnent systens, including taxes and freight.?

(3) Indirect Installation Costs. This cost covers the
i ndirect costs (engineering, supervisory personnel, office

personnel, tenporary offices, etc.) associated with installing
the equi pnent. The cost was taken to be 33 percent of the
systens' costs, taxes and freight, and direct costs, plus

$5,000 for nodel plants above 5 MN (6,700 hp).? The indirect
installation costs for skid-nounted water treatnent systens are
expected to be less than for field-assenbled systens; therefore,
for nodel plants with an output of less than 5 MWV (6,700 hp), the
cost percentage factor was reduced from 33 to 20 percent.

(4) Contingency Cost. This cost is a catch-all neant to
cover unforeseen costs such as equi pment redesign/ nodification,
cost escal ations, and delays encountered in startup. This cost
was estimated as 20 percent of the sum of the systens, taxes and
freight, and direct and indirect costs.?

ii. Annual Costs
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The annual costs are sunmmarized in Table 6-5
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for each nodel plant. Annual costs include the fuel penalty;
electricity; maintenance requirenents; water treatnent; overhead,
general and adm nistrative, taxes, and insurance; and capita
recovery, as discussed in this section.

(1) FEuel Penalty. The reduction in efficiency

associated with water injection varies for each turbine nodel.
Based on data in Reference 2, it was estimated that a WR of
1.0 corresponds to a fuel penalty of 3.5 percent for water
injection and 1.0 percent for steaminjection. This percentage
was multiplied by the actual WFR and the annual fuel cost to
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determ ne the fuel penalty for each nodel plant. The fuel flow
was nultiplied by the unit fuel costs to determ ne the annua

fuel costs. As shown in Table 6-3, the natural gas cost is
$3.88/ 1,000 standard cubic feet (scf) and the diesel fuel cost is
$0. 77/ gal . **

An increase in output fromthe turbine acconpanies the
decrease in efficiency. This increase was not consi dered,
however, because not all sites have a demand for the avail able
excess power. In applications such as electric power generation
where the excess power can be used at the site or added to
utility power sales, this additional output would serve to
decrease or offset the fuel penalty inpact.

(2) Electricity Cost. The electricity costs shown in
Table 6-5 apply to the feedwater punp(s) for water or steam
injection. The punp power requirenents are estimated from the
punp head (ft) and the water flow rate as shown in the follow ng
equation: ?

FR_ , Hx (S.G) x L x Q.7457kw 1

3, 960 0.6 hp 0.9

pover punp (kW) -

wher e:
FR = feedwater flow rate, gal/mn (from Table 6-2);
H = total punp head (ft);
S.G = specific gravity of the feed water
0.6 = punp efficiency of 60 percent;
0.9 = electric notor efficiency of 90 percent;
3,960 = factor to correct units in FR and Hto hp; and
0. 7457 = factor to convert hp to kW

For water injection, the feedwater punp(s) supply treated water
to the gas turbine injection system For steaminjection, the

feedwat er punp(s) supply treated water to the boiler for steam

generation. This cost analysis uses a feedwater tenperature of
55°C (130°F) with a density of 61.6 Ib/ft® and a total punp head
requi rement of 200 pounds per square inch, gauge (psiQg)
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(468 ft).? Based on these values, the punp electrical demand for
either water or steaminjection is calculated as foll ows:

punp power (kW) :%x%ﬁ:—gxﬁxo.MS?xﬁ

= 0.161 x FR

The el ectrical cost for each nodel plant is the product of
the punp electrical demand, the annual hours of operation, and
the unit cost of electricity. The unit cost of electricity,
shown in Table 6-3, is $0.06/ kWH. ®~

Mai nt enance costs were devel oped based on information from
manuf acturers, and water treatnent |abor costs were estimated
based on information froma water treatnment vendor. Oher costs
wer e devel oped based on the nethodol ogy presented in Reference 2.

No backup steam or electricity costs were devel oped for
wat er or steam injection because it was assuned that no
additional downtinme would be required for schedul ed inspections
and repairs. Mintenance intervals could be scheduled to
coincide with the 760 hr/yr of downtinme that are currently
al l ocated for schedul ed maintenance. |If this were done, the
annual wutilization of the backup source woul d not increase.

(3) Added Maintenance Costs. Based on discussions with gas
turbi ne manufacturers, additional maintenance is required for
some gas turbines with water injection. The analysis procedures
used to develop the increnental maintenance costs are presented
i n Appendi x B.

The increnental nmaintenance cost associated with water
injection for natural gas-fueled turbines was provided by the gas
turbi ne manufacturers.*®?2? A| gas turbine manufacturers
contacted stated that there were no increnental naintenance costs
for operation with steaminjection. Two manufacturers provided
mai nt enance costs for natural gas and oil fuel operation w thout
wat er injection.'®? Using an average of these costs, increnenta
mai nt enance costs for water injection are 30 percent higher for
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pl ants that use diesel fuel instead of natural gas. Costs were
prorated for nodel plants that operate |less than 8,000 hr/yr.

(4) \Water Treatnent Costs. Water treatnent operating costs
i nclude the cost of treatnent (e.g., for chem cals and nedi a
filters), operating |abor, raw water, and wastewater disposal
The raw water flow rate is equal to the treated water flow rate
(the water or steaminjection rate) plus the flow rate of the
wast ewat er generated in the treatnent plant. As noted in Section
6.1, the wastewater flow rate is equal to 29 percent of the
injection flow rate. The annual raw water, treated water, and
wastewater flow rates were multiplied by the appropriate unit
costs in Table 6-3 to determ ne the annual costs. Wat er
treatnent |abor costs were calculated at $0.70/1,000 gal for
water injection.?® This cost was nultiplied by the total annua
treated water flow rate to determ ne the annual water treatnent
| abor cost for water injection. Labor costs for steaminjection
were assumed to be half as nmuch as the costs for water injection
because it was assunmed that the facility already has a water
treatnment plant for the boiler feedwater. Therefore, the
operator requirenents would be only those associated with the
increase in capacity of the existing treatnment plant.

(5) Plant Overhead. This cost is the overhead associ ated
with the additional maintenance effort required for water
injection. The cost was cal culated as 30 percent of the added
mai nt enance cost from Section 6.1.2.3.°2

(6) Ceneral and Administrative, Taxes, and lnsurance Costs
(GATI). This cost covers those expenses for adm nistrative
overhead, property taxes, and insurance and was cal cul ated as
4 percent of the total capital cost.?

(7) Capital Recovery. A capital recovery factor (CRF) was
multiplied by the total capital investnent to estimate uniform
end- of -year paynents necessary to repay the investnent. The CRF
used in this analysis is 0.1315, which is based on an equi pnent
life of 15 years and an interest rate of 10 percent.

(8) Total Annual Cost. This cost is the sumof the annua
costs presented in Sections 6.1.2.1 through 6.1.2.7 and is the
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total cost that nmust be paid each year to install and operate

water or steaminjection NQ, em ssions control for a gas turbine.

P, Em ssion Reduction and Cost-Effectiveness Sunmmary for
Water and Steam Injection
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The uncontrolled and controlled NQ em ssions and the annual

em ssion reductions for the nodel plants are shown in Table 6-6.
The em ssions, in tons per year (tons/yr), were calculated as
shown in Appendi x A

The total annual cost was divided by the annual em ssion
reductions to determne the cost effectiveness for each node
plant. For continuous-duty natural gas-fired nodel plants, the
cost-effectiveness figures range from approximately $600 to
$2,100 per ton of NQ, renoved for water injection, and decrease
to approximately $400 to $1,850 per ton for steaminjection. The
| oner range of cost-effectiveness figures for steaminjection is
primarily due to the greater NOQ, reduction achieved with steam
injection. For continuous-duty oil-fired nodel plants, the cost
ef fectiveness ranges from approximately $675 to $1, 750 per ton of
NO, renoved, which is conparable to figures for gas-fired nodel
plants. The cost-effectiveness figures are higher for gas
turbines with | ower power outputs because the fixed capital costs
associated with wet injection systeminstallation have the
greatest inpact on the smaller gas turbines.

Cost-effectiveness figures increase as annual operating
hours decrease. For turbines operating 2,000 hr/yr, the cost-
effectiveness figures are two to nearly three tinmes higher than
those for continuous-duty nodel plants, and increase further for
nmodel plants operating 1,000 hr/yr. For the oil-in-water
emul sion nodel plant, the cost effectiveness corresponding to
1,000 annual operating hours is $1,840/ton of NQ, renoved. No
data were available to prepare a conventional water injection
nmodel plant for this turbine to conpare the relative cost-
ef fecti veness val ues.
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b. LOWNQ, COVBUSTORS

I ncremental capital costs for |ow NQ conbustors relative to
standard designs for new applications were provided by three
manuf acturers for several turbines.*>'? Based on information
from the manufacturers, the performance and nmi ntenance
requi rements for a | ow NQ, conbustor are expected to be the sane
as for a standard conbustor, and so the only annual cost
associated with | ow NQ, conbustors is the capital recovery. The
capital recovery factor is 0.1315, assuming a life of 15 years
and an interest rate of 10 percent.
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presents the uncontrolled and controlled em ssion |evels, the
annual em ssion reductions, increnental costs for a | ow NQ
conbustor over a conventional design, and the cost effectiveness
of low NQ, conmbustors for all gas turbine nodels for which
sufficient data were available. Cost-effectiveness figures were
calculated for 8,000 and 2,000 hours of operation annually, using
controlled NQ emssion levels of 42, 25, and 9 parts per
mllion, by volunme (ppnv), referenced to 15 percent oxygen, which
are the achievable levels stated by the turbi ne manufacturers.
The cost effectiveness varies according to the uncontrolled NQ
em ssion level for the conventional conbustor design and the
achi evabl e controlled emssion |evel for the [ow NQ design. For
continuous-duty applications, cost effectiveness for a controlled
NO, emi ssion level of 42 ppnv ranges from $353 to $1, 060 per ton
of NQ, renoved. The cost-effectiveness range decreases to $57 to
$832 per ton of NQ, renoved for a controlled NO, em ssion |evel
of 25 ppnv and decreases further to $55 to $137 per ton of NQ
renoved for a 9 ppnv control level. 1In all cases, the cost
ef fectiveness increases as the operating hours decrease. In
general, the cost effectiveness is higher for smaller gas
turbines than for larger turbines due to the relatively higher
capital cost per kWfor |ow NQ conmbustors for smaller turbines.

The cost-effectiveness range is lower for |ow NQ conbustors

than for water or steaminjection because the total annual costs
are lower and, in some cases, the controlled em ssion |levels are
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also lower. According to two turbine manufacturers, retrofit
costs are 40 to 60 percent greater than the increnmental costs
shown in Table 6-7 for new installations.®"

c. SELECTI VE CATALYTI C REDUCTI ON

The costs for SCR for new installations were estinmated for
all nodel plants. Retrofit costs for SCR were not avail abl e but
coul d be considerably higher than the costs shown for new
installations, especially in applications where an existing heat
recovery steam generator (HRSG would have to be noved, nodified,
or replaced to accompdate the addition of a catal yst reactor.

To date, nost gas turbine SCR applications use a base neta
catalyst with an operating tenperature range that requires
cooling of the exhaust gas fromthe turbine. For this reason,
SCR applications to date have been |Iimted to conbined cycle or
cogeneration applications that include an HRSG which serves to
cool the exhaust gas to tenperatures conpatible wth the
catalyst. The introduction of high-tenperature zeolite
catal ysts, however, nekes it possible to install the catalyst
directly downstream of the turbine, and therefore feasible to
use SCR with sinple-cycle applications as well as heat recovery
applications. As discussed in Section 5.3.2, to date there is at
| east one gas turbine installation with a high-tenperature
zeolite catalyst installed downstream of the turbine and upstream
of an HRSG At present, no identified SCR systens are installed
in sinple-cycle gas turbine applications.

An overview of the procedures used to estimate capital and
annual costs are described in Sections 6.3.1 and 6. 3. 2,
respectively; a detailed cost algorithmis presented in
Appendi x B. The em ssion reduction and cost-effectiveness
cal cul ations are described in Section 6.3.3.

i. Capital Costs

Fi ve docunents in the technical literature contained SCR
capital costs for 21 gas turbine facilities. Mst of these
docunments presented costs that were obtained from vendors, but
sonme may have al so devel oped at |east sone costs based on their

27-31

own experiences. Most of the docunents presented only the
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total capital costs, not costs for individual conmponents, and
they did not provide conplete descriptions of what the costs

i ncluded. These costs were plotted on a graph of total capita
costs versus gas turbine size. To this graph were added
estimates of total installed costs for a high-tenperature

catal yst SCR system for installation upstream of the HRSG for
four turbine installations ranging in size from4.5 to 83 MV
(6,030 to 111,000 hp). These high-tenperature SCR system
estimates include the catalyst reactor, air injection system for
exhaust tenperature control, ammonia storage and injection
system instrunentation, and continuous em ssion nonitoring

equi pment. These SCR costs were estimated by the California Ar
Resources Board (CARB) in 1991 dollars and are based on NQ

emi ssion levels of 42 ppnv into and 9 ppnv out of the SCR *
These estimated costs, shown in Appendix B, fit well within the
range of costs fromthe 21 installations discussed above, and the
equation of a line determ ned by linear regression adequately
fits the data (R = 0.76) for all 25 points. Based on this
graph, the total capital cost for either a base-netal SCR system
installed within the HRSG or a high-tenperature zeolite catalyst
SCR systeminstalled directly downstream of the turbine can be
cal cul ated using the equation determned by the |inear
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TABLE 6-8. PROCEDURES FOR ESTIMATING CAPITAL AND
ANNUAL COSTS FOR SCR CONTROL OF NOy EMISSIONS FROM GAS TURBINES®

A. Total capital investment, P
B. Direct annua costs, $/yr

(49,700 x TMW) + 459,000

1. Operating labor® = (1.0 hr/8 hr-shift) x ($25.60/hr) x (H)

2. Supervisory labor = (0.15) x (operating labor)

3. Maintenance labor and materials = (1,250 x TMW) + 25,800

4, Catalyst replacement = (4,700 x TMW) + 37,200

5. Catalyst disposa® = (V) x ($15/t3) x (.2638)

6. Anhydrous ammonia® = (N) x ($360/ton)

7. Dilution steam' = (N) x (0.95/0.05) x (MW H,O/MW NHg) x ($6/1,000 Ib
steam) x (2,000 Ib/ton)

8. Electricity® = N/A

9. Performance loss" = (0.005) x (TMW) x ($0.06/KWH) x (1,000 KW/MW) x (H)

10. Blower (if needed) = 0.1 x (Performance Loss)

11. Production loss = None

C. Indirect annual costs, $/yr

1. Overhead = (0.6) x (al labor and maintenance materia costs)

2. Property taxes, insurance, and = (0.04) x (total capital investment)
administration

3. Capital recovery’ = (0.13147) x [tota capitd investment - (catalyst

replacement/0.2638)]

All costs are in average 1990 dollars.

*TMW=turbine output in MW for each model plant.

“The annual operating hours are represented by the variable H. The labor rate of $25.60/hr is from Table 6-3.

“The catalyst volume in ft3 is represented by the variable V. The catalyst volume for each model plant is estimated
asV = (TMW) x (6,180 ft3/83 MW).

“The ammonia requirement in tons is represented by the variable N and is calculated using a NH,-to-NO, molar ratio
of 1.0.

The annual tonnage of NO, is taken from the controlled levels shown in Tables 6-11 and 6-12.

The ammonia is diluted with steam to 5 percent by volume before injection.

9The amount of electricity required for ammonia pumps and exhaust fans is not known, but is expected to be small.
The €electricity cost comprised less than 1 percent of the total annual cost estimated by the South Coast Air Quality
Management District (SCAQMD) for SCR applied to a 1.1 MW turbine.

"Based on information from three sources, the backpressure from the SCR reduces turbine output by an average of
about 0.9 percent.

'No production losses are estimated because it is assumed that all SCR maintenance, inspections, cleaning, etc. can
be performed during the 760 hours of scheduled downtime per year.

IThe capital recovery factor for the SCR is 0.13147, based on a 15-year equipment life and 10 percent interest rate.
The catalyst is replaced every 5 years. The 0.2638 figure is the capital recovery factor for a 5-year equipment life
and a 10 percent interest rate.
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regression. This equation is shown in Table 6-8 and was used to
calculate the total capital investnent for SCR for each nodel
pl ant shown in Tables 6-9 and 6-10.
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ii. Annual Costs

Total annual costs for SCR control were devel oped follow ng
standard EPA procedures described in the OAQPS Control Cost
Manual for other types of add-on air pollution control devices
(APCD s). Information about annual costs was obtained fromthe
sane sources that provided capital costs.?® Total annual costs
consist of direct and indirect costs; paraneters that nmake up
t hese categories and the equations for estimating the costs are
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presented in Table 6-8 and are discussed below. The annual costs
are shown in Tables 6-9 and 6-10 for injection and dry | ow NQ,
conmbustion, respectively, for each of the nodel plants.

(1) perating and Supervisory lLabor. Information about
operating | abor requirenents was unavailable. Mst facilities
have fully automated controls and nonitoring/recordi ng equi pnent,
whi ch minimzes operator attention. Therefore, it was assuned
that 1 hr of operator attention would be required during an 8-hr
shift, regardless of turbine size. This operating |abor
requirenent is at the low end of the range reconmended in the
OAQPS Control Cost Manual for other types of APCD s.” (perator
wage rates were estimated to be $25.60/hr in 1990, based on
escal ating the costs presented in Reference 2 by 5 percent per
year to account for inflation. Supervisory |abor costs were
estimated to be 15 percent of the operating |abor costs,
consistent with the OQAQPS Control Cost Manual

(2) Mintenance Labor and Mterials. Conbi ned mnai ntenance
| abor and materials costs for 14 facilities were obtained from
four articles, but alnost half of the data (6 facilities) were
provi ded by one source.? * The costs were escalated to 1990
dollars assumng an inflation rate of 5 percent per year. Al of
the data are for facilities that burn natural gas. Provided that
ammoni um salt formation is avoided by Iimting amonia slip and
sul fur content, the cost for operation with natural gas should
also apply for distillate oil fuel.* Therefore, it was assumed
that the cost data also apply to SCR control for turbines that
fire distillate oil fuel. The costs were plotted versus the
turbine size, and least-squares |linear regression was used to
determ ne the equation of the line through the data (see
Appendi x B). This equation, shown in Table 6-8, was used to
estimate the mai ntenance |abor and materials costs shown in
Table 6-9 for the nodel plants.

(3) Catalyst Replacenent. Replacenent costs were obtained
for nine gas turbine facilities, and conbi ned repl acenent and
di sposal costs were obtained for another six gas turbine
facilities.?® The disposal costs were estimted for the six
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facilities as described below and in Appendix B. The repl acenent
costs for these six facilities were then estimated by subtracting
the estimated disposal costs fromthe conbined costs. A catal yst
life of 5 years was used. All replacenent costs were escal ated
to 1990 dollars assumng a 5 percent annual inflation rate.

The estimated 1990 replacenment costs were plotted versus the
turbine size, and least-squares |linear regression was used to
determ ne the equation of the line through the data (see
Appendi x B). This equation is shown in Table 6-8 and was used to
estimate the catal yst replacenent costs shown in Table 6-9 for
t he nodel plants.

(4) Catalyst Disposal. Catalyst disposal costs were
estimated based on a unit disposal cost of $15/ft* which was
obtained froma zeolite catalyst vendor.* This cost was used
for each nodel plant, but the disposal cost may in fact be higher
for catalysts that contain heavy netals and are classified as
hazardous wastes. The catal yst volume for each nodel plant was
estimated based on information about the catal yst volume for one
facility and the assunption that there is a direct relationship
between the catal yst volune and the turbine output (i.e., the
design space velocity is the sane regardless of the SCR size).

At one facility, 175 m’ (6,180 ft® of catalyst is used in the
SCR with an 83 MW (111,000 hp) turbine.*® The disposal cost for
this catalyst would be $92,700, using a cost of $15/ft?

(5 Amonia. The annual ammonia (NH,) requirement is
cal cul ated from the annual NQ, reduction achieved by the SCR
system Based on an NH,/ NQ nolar ratio of 1.0, the annual
ammoni a requirenent, in tons, would equal the annual NQ
reduction, in tons, nultiplied by the ratio of the nolecular
wei ghts for NH, and NQ. Anhydrous ammonia with a unit cost of
$360/ton was used.®** The equation to calculate the annual cost
for ammonia is shown in Table 6-8.

(6) Dlution Steam As indicated in Section 5.3.1, steam
is used to dilute the anmmonia to about 5 percent by vol une before
injection into the HRSG  According to the QAQPS Control Cost
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Manual , the cost to produce steam or to purchase it, is about
$6/ 1, 000 | b.

(7) Electricity. Electricity requirenents to operate such
equi pnment as amoni a punps and ventilation fans is believed to be
small. For one facility, the cost of electricity to operate
t hese conponents was estimated to nmake up less than 1 percent of
the total annual cost, but it is not clear that the nunber and
size of the fans and punps represent a typical installation.?
This cost for electricity is expected to be mnor, however, for
all installations and was not included in this analysis.

For high-tenperature catalysts installed upstream of the
HRSG a blower nmay be required to inject anmbient air into the
exhaust to regulate the tenperature and avoid tenperature
excur sions above the catal yst design tenperature range. The cost
to operate the blower is calculated to be 10 percent of the fuel
penal ty. ®

(8) Performance Loss. The perfornmance | oss due to
backpressure fromthe SCR is approximately 0.5 percent of the
turbine's design output.** To make up for this lost output, it
was assuned that electricity would have to be purchased at a cost
of $0.06/kWH, as indicated in Table 6-3.

(9) Production Loss. No costs for production |osses were

included in this analysis. It was assuned that schedul ed
i nspections, cleaning, and other maintenance will coincide with
the 760 hr/yr of expected or scheduled downtinme. It should be

recogni zed that adding the SCR system increases the overal
system conplexity and the probability of unschedul ed outages.
This factor should be taken into account when considering the
addition of an SCR system

(10) Overhead. Standard EPA procedures for estimating
annual control costs include overhead costs that are equal to
60 percent of all |abor and maintenance material costs.

(11) Property Taxes, Insurance, and Administration
According to standard EPA procedures for estimating annua
control costs, property taxes, insurance, and adm nistration
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costs are equal to 4 percent of the total capital investnent for
the control system

(12) Capital Recovery. The CRF for SCR was estimated to be
0. 13147 based on the assunption that the equipnent life is
15 years and the interest rate is 10 percent.
iii. Cost Effectiveness for SCR

As indicated in Section 5.4, virtually all gas turbine
installations using SCR to reduce NQ, em ssions al so incorporate
wet injection or |ow NQ conbustors. The NQ, em ssion |evels
into the SCR, therefore, were in all cases taken to be equal to
the controlled NQ emssion |evels shown for these control
techniques in Tables 6-6 and 6-7. The nost common controlled NQ
emssion |imt for gas-fired SCR applications is 9 ppnv,
referenced to 15 percent oxygen. The capital costs used in this
anal ysis are expected to correspond to SCR systens sized to
reduce controlled NQ, em ssions ranging from25 to 42 ppnmv from
gas-fired turbines to a controlled |level of approximately 9 ppnv
downstream of the SCR  Based on the controlled NQ, em ssion
limts established by the Northeast States for Coordinated Ar
Use Managenent (NESCAUM, shown in Table 5-3, these SCR systens
woul d reduce NQ, emissions to 18 ppnv for oil-fired applications.
Cost-effectiveness figures for SCR in this analysis are therefore
cal cul ated based on controlled NQ, em ssion |evels of 9 and
18 ppnv, corrected to 15 percent oxygen, for gas- and oil-fired
SCR nodel plants, respectively.

Cost effectiveness for SCR used downstream of wet injection
or dry |ow NQ, conbustion is shown in Tables 6-11
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nodel plants using water or steam injection,the cost
ef fectiveness for SCR ranges from approxi mtely $3,500 to $10, 800
per ton of NQ, renoved.

The cost-effectiveness range for SCR installed downstream of
continuous-duty, natural gas-fired turbines from3 to 10 MV
(4,000 to 13,400 hp) using dry |ow NQ conbustion is $6,290 to
$10, 800 per ton of NQ, renpved for an inlet NQ emssion |evel of
42 ppnv. The cost-effectiveness range for SCR increases for an
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inlet NQ emssion |evel of 25 ppnv due to the |ower NQ

reduction efficiency. For an inlet NQ |level of 25 ppnv, the

cost effectiveness ranges from $12,800 to $22,100 per ton of NQ,
renmoved for 3 to 10 MW (4,000 to 13,400 hp) turbines and
decreases to $6,940 to $7,660 per ton of NQ, renoved for |arger
turbines ranging from39 to 85 MW (52,300 to 114,000 hp). As
these ranges indicate, the cost effectiveness for SCR is affected
by the inlet NO em ssion |evel and not the type of conbustion
control technique used for the turbine. The cost effectiveness
for continuous-duty, oil-fired nodel plants ranges from
approximately $2,450 to $8,350 per ton of NQ, renoved. The SCR
cost-effectiveness range for oil-fired applications is |ower than
that for gas-fired installations in this cost anal ysis because
the sane capital costs were used for both fuels (capital costs
were not available for applications using only distillate oi
fuel). The percent NQ, reduction for oil-fired applications is

hi gher, so the resulting cost-effectiveness figures for oil-fired
applications are lower. It should be noted that this higher NQ,
reduction for oil-fired applications may require a | arger

catal yst reactor, at a higher capital cost. As a result, the
cost-effectiveness figures nmay actually be higher than those
shown in Table 6-11 for oil-fired applications.

The cost-effectiveness figures are higher for smaller gas
turbi nes because the fixed capital costs associated with the
installation of an SCR system have the greatest inpact on snaller
gas turbines. Cost-effectiveness figures increase as annua
operating hours decrease. For turbines operating 2,000 hours per
year, cost-effectiveness figures are nore than double those for
continuous-duty nodel plants, and they increase even further for
nodel plants operating 1,000 hr/yr.

Because virtually all SCR systens are installed downstream
of controlled gas turbines, conbined cost-effectiveness figures
for wet injection plus SCR and also dry | ow NQ, combustion plus
SCR have been cal cul ated and are shown in Tables 6-13

6- 253



'sanbiuys} [043U00 YOS snid uodsul Jom ylog Joy eloL,
‘uaBAx0 1edsed GT 01 paouBIBIBY,
"V Xipuaddy ul umoys afe suoirended UoKssIWe *ON ajduex3,

€95'S 000709 60T vET 08T €€ 05 05T 08¢ vIdNdL]  08z-3-0-dlS
00LVE 000'2ST vy 090 08T 66T 09 ZeT 16 05T 1T 00STL uines TT-M-0-alS
09¢'C 000'0TLT /5. 679 08T ez 59 Zz8 8zz L8 JT00/SW|  2¥8-M-0-dd
000' 000'TS. 052 £ee 08T 8 59 €12 1474 £9¢ dT00SSN|  £92-M-0-dd
0ET'8 000'822 182 vTe 08T 0T 09 z1e 6.1 et 00SPL Mewed|  £E-M-O-dMd
ovE's 000'0TLT 215 8TE 06 8vT v V5 vaT L8 JT00/SW|  278-M-D-dd
0807 000'069 69T STI 06 g€ o 181 rags 89¢ dT00SSIN|  8'9Z-M-D-Ud
008'0T 000222 S0C ST 06 T2 o 0ze 0eT et 00SPL Mewed|  £E-M-D-UMd
00T 000'0£2°E 00'E 092 08T 8g6 59 062'€ 8zz ) JT00/SW| £€8-M-O-NOD
oTr'T 000'0TH'T 166 £€6 08T g8 59 060'T 1474 £9¢ dT00SS|  £92-M-0-NOD
0Sv'e 000'28€ rAns eyas 08T o 09 SzT 6.1 gt 00SvL ewed|  £'€-M-0-NOD
836 000'0/8% 0867 02z 06 050°T v 0ST'S 0Te 19T 4T00/SIN|  T9T5-D-NOD
09€'T 000082 0w’z Jras 06 65 o 0/T'e a1 L8 JT00,SW|  2¥8-5-9-NOD
Sv9 000'0TY'E 062'S SzT 06 €85 o oTr's 06 £e8 NTTLO g9v| 2 ¥8-5-9-NOD
089'T 000'07Y'T 88 sy 06 9zt sz 0s6 8T Ve 000sW1|  £€85-9-NOD
0/9' 000'0ET'T 119 8y 06 12 o £zl rags 89¢ dT00SSW|  8'92-5-9-NOD
0LL'T 000'2.6 155 00 06 ge8 sz 185 VLT Lz o0seW1|  22zzs-9-NoD
095 000'€2y 6TT zel 06 e o 92T SsT o SEM-T0S 0%-S-9-NOD
0251 000'00T' 0¥’z Va3 06 65 v 0/TC vaT L8 JT00/SW| 2 ¥8-M-D-NOD
8 000'09%'y 062'S SzT 06 e sz oTr's 06 £e8 NTTLO g9v| €€8-M-D-NOD
008'T 000'022'T 119 o 06 12 o £zl rags 89¢ dT00SSW|  8'92-M-9-NOD
028'T 000'000'T 155 0e 06 ovT o 185 VLT Lz 00seW1|  2zz-m-9-NoD
o1S'e 000'2T¥ 6TT zel 06 e o 92T SsT o sad-10s|  0v-m-9-NOD
09y 000'99€ 08 oT'9 06 S'8e o 788 0eT et 00SvL newed|  £'€-M-9-NOD
2UOY/S 'SsaU +$ 1800 A0} 1Apugy Awdd 1ABUQ) Awdd 1ABU0) JNudd MW BpOW 19 weid ppon
9AN84Je 1500 | enuue o1 ‘panowB. ndino suign
"ON P01 ¥OS J0 Weasumoq H0S 01 B po|[0.0UOdUN
SUOSSILe “ON
($ 066T) ¥2S SNT1d NOILOACNI L13M HOd AYVWANS SSIANIAILDI443-1S0D AaNIGN0D  ~€T-9 Igvl

6- 254



'sanbiuyda} [0.AU0d YOS snid uonsnquiod *ON-Mo| AIp Yloq Jo} 1o,
"UsBAX0 1us0Jed GT 01 pouBIBjBY,

% "V Xipuaddy ul umoys a.Je suoiRNded UoKSIWe *ON ajdwex3,
(]

el

@ov'z 000'022'T 809 8'T¢E 06 €88 Gc [02° 1% 000 L8 3T00.SIN GZ-G8-T-dMd
.WN@ 000'022'T 02e'T €Te 06 898 Gc 0Se‘T 06€ 000 €'€8 NTTLO g9aVv GZ-€8-T-dMd
+9T16'T 000089 GGE [Ac1% 06 474 Gc T.€ 0ce 000 0'6E 0009SIN GZ-6E-T-dMd
@K.m 000°T0E g18 6€ 06 L0T Gc 'S8 66T 000 o)0) 00OvTLSEeN GZ-0T-T-dMd
w0e'y 000782 6'99 g€t 06 86 Gc 7’69 8.1 000 88 000CTLSEeN GZ-8'8-1-4UMd
oe'6 000212 L2 6T 06 ¥'s 4 Lve 141 0002 SY snmer | szgv-T1-dMd

008°0T 000702 06T 8T 06 67 Gc L'0C SOT 000 (0)74 H, Inejus) GC-07-1-UMd
..Aﬂbm_m 000'06T S'0C ST 06 [A74 Gc 0'ce [0:59% 000 €€ 00Spy L Ireus) GC-€€-1-UMd
fan)

orL'e 000°20E g18 6€ 06 08T 4% 'S8 66T 000 o)0) 00OvTLSEeN Zr-0T-1-UMd
|®Nm.v 000'G82 6'99 g€t 06 79T 4% 7’69 8.1 000 88 000CTLSeeN Zi-8'8-1-4UMd
@©09'TT 000'€92 L2 6T 06 16 ra4 Lve vIT 000'C SY snimer | zr-sv-1-dMd
.mov.MH 000752 06T 8T 06 €8 4% L'0C SOT 000 (0)74 H, Inejus) Zr-07-1-dMd
.@vdﬁ 000‘€TZ S'0c ST 06 TL 4% 0'ce [0:59% 000 €€ 00Spy L Ireusd Cr-€€-1-UMd
I@m 000'0S8'T 050 et 06 €5 Gc 08T 1% 000'8 L8 3T00.SIN GZ-G8-T1-NOD

8E 000'0¥8'T 062'S Gct 06 VA% Gc ozr's 06€ 000‘8 €'€8 NTTLO g9aVv GZ-€8-1-NOD
%ﬁ 000'0TO'T 0zr'T 9'09 06 89T Gc 08r'T 0ce 000‘8 0'6E 0009SIN GZ-6€-T1-NOD
QET 000‘si 9ce 'St 06 6¢y Gc we 66T 000‘8 o)0) 00OvTLSEeN GZ-0T-T1-NOD
_moo.ﬁ 000°ey 9¢ oVl 06 0'6E Gc 8.2 8.1 000‘8 88 000CTLSeeN GZ-8'8-1-NOD

oLv's 000'9TE 606 8/ 06 L2 4 1’86 vIT 000'8 SY snimer |  szsv-1-NOD

020y 000'S0E 8'GL TL 06 86T Gc 0'€8 SOT 000‘8 (0)74 H, Inejus) GZ-07-1-NOD
Wmm.m 000682 0'¢8 T9 06 69T Gc 788 [0:59% 000‘8 €€ 00Spy L Ireusd GC-€'€-1-NOD
©BE'T 000°TSY 9ce 'St 06 T¢L 4% we 66T 000'8 o)0) 00OvTLSEeN ¢i-0T-1-NOD
. Wm@q 000821 9¢ oVl 06 §'99 4% 8.2 8.1 000‘8 88 000CTLSeeN ¢v-8'8-1-NOD
401G'e 000'6TE 606 8/ 06 v'og ra4 1’86 vIT 000'8 SY snimer | zvsv-1-NOD
@o.v 000'80€ 8'GL TL 06 (A% 4% 0'€8 SOT 000‘8 (0)74 H, Inejus) ¢r-0'7-1-NOD
Wm.m 000'T62 0'¢8 T9 06 §'8¢ 4% 788 [0:59% 000‘8 €€ 00Spy L Ireusd Zr-€'€-1-NOD
quoY/$ Sseu § 500 JA5U0} sinoy MW Ppow 19 wed ppoN
Anoeip 100 enuLe ipeROLLG) 1ABY01 Awdd 1ABU01 Awdd IABU0) JAwadd BurIado ndino

< BOL | ONFRL [ 355 0 urensumog ¥0S 01 Bl poljoauoouN EnuuY euiqinl

1 X

R_u cSUOSSIWE "ON

©

S ($ 066T)

dOS SN'ld NOILSNANOO XON-MO1 Add d04 AAVANWNNS SSANIAL1LO3443-1S00 dINIFN0OD  "+vT1-9 J19vl

6- 255




figures are calculated by dividing the sum of the total annual
costs by the
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sum of the annual reduction of NQ, em ssions for the conbined

em ssion control techniques. For continuous-duty, natural gas-
fired nodel plants, the conbined cost-effectiveness figures for
wet injection plus SCR range from approxi mately $650 to $4, 500
per ton of NQ, renoved. For continuous-duty, oil-fired nodel

pl ants, the conbined cost effectiveness ranges from approxi nately
$1,100 to $3,550 per ton of NQ, renpved. The conbi ned cost-
effectiveness figures for dry |ow NQ, conbustion plus SCR for
conti nuous-duty, natural gas-fired nodel plants range from
approxi mately $350 to $3,550 per ton of NQ, renoved.

The conbi ned cost-effectiveness figures increase with
decreasing turbine size and annual operating hours. Data were
not available to quantify the wet injection requirenents and
controlled emssions levels for oil-fired turbines with |ow NQ
conbustors, so cost-effectiveness figures were not tabulated for
this control scenario.

d. OFFSHORE TURBI NES

The only available information about the cost of NQ
controls for offshore gas turbines was presented in a report
prepared for the Santa Barbara County Air Pollution Control
District (SBCAPCD) in California.* The performance and cost of
about 20 NQ, control techniques for a 2.8 MV (3,750 hp) turbine
were described in the report. Wt injection and SCR were
included in the analysis; |owNQ conbustors were not. The costs
fromthe report are presented in Table 6-15
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TABLE 6-15. PROJECTED WET INJECTION AND SCR COSTS
FOR AN OFFSHORE GAS TURBINE®

Wet injection SCR cost s
cost s

Capital cost, $ 70, 000 585, 000
Annual costs, $/yr

Ammoni a N A° 3, 050°

Cat al yst repl acenent N A 28, 000

Qper ating and mai nt enance® 24, 600 18, 000

Fuel penalty® 10, 500 5, 000

Capi tal recovery' 14, 000 117, 000

Total annual costs, $/yr 49, 100 171, 000

%Costs are for a 2.8 MW gas turbine and are obtained from
Ref erence 37.

°N' A = Not applicable

‘Ammoni a cost is based on $150/ton and 0.4 Ib NHz/lb NO.

dOperating and mai ntenance cost for SCR is estimted as 3 percent
of the total capital investnent.

°Fuel penalty is estimated as 2 percent of the annual fue
consunption for wet injection and 1 percent for SCR

"Capital recovery is estimted based on an equi pnent |ife of
8 years and an interest rate of 13 percent.
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wi t hout adjustnent because there is insufficient cost
information to know what adjustnents need to be nmade.
Additionally, insufficient information is available to scale up
these costs for larger turbines. The water and steam injection
costs and SCR costs for offshore applications are discussed in
Sections 6.4.1 and 6.4.2, respectively.

i. Wet Injection

The report prepared for SBCAPCD assuned water injection

costs are the sane as steaminjection costs. The report did not
describe the conmponents in the capital cost analysis for these
injection systens, but the results are much |ower than those that
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woul d be estimated by the procedures described in Section 6.1.1
of this report. The authors may have assuned that the engine-
mount ed i njection equi pnment cost was included in the turbine
capital cost and that a less rigorous water treatnment process is
installed. Annual costs are also nuch |ower than those that
woul d be estimated by the procedures described in Section 6.1.2
of this report. There are at |east three reasons for the
difference: (1) the low capital cost leads to a | ow CRF, even
t hough the turbine |life was assuned to be only 8 years;
(2) overhead costs and taxes, insurance, and adm nistration costs
are not considered; and (3) the capacity factor is only
50 percent (i.e., about 4,400 hr/yr, vs. 8,000 hr/yr, as in
Section 6.1.2). The turbine life was only 8 years, which may
correspond to a typical service life of an offshore platform
ii. Selective Catalytic Reduction

The total capital costs presented in the report for SBCAPCD
are simlar to those that would be estimated by the procedures in
Section 6.2.1 of this report. However, it appears that $150, 000
of the total in Reference 37 is for structural nodifications to
the platform and $75,000 is for retrofit installation. Wen the
difference in the load factor is taken into account, sone of the
annual costs are simlar to those that would be estimted by the
procedures in Section 6.2.2 for a simlarly sized turbine. The
catal yst replacenent cost, however, is much |ower; neither the
type of catalyst nor the replacenent frequency were identified.
Ammoni a costs are | ower because the uncontrolled NQ em ssion
| evel was assunmed to be 110 ppnv instead of 150 ppnv and because
a unit cost of $150/ton was used instead of $400/ton. The
reference does not indicate whether or not catalyst disposal,
over head, taxes, freight, and adm nistration costs were
considered. Capital recovery costs are higher because the
equi pment life is assuned to be only 8 years on the offshore
pl atf orm
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7..0 ENVI RONMENTAL AND ENERGY | MPACTS

This chapter presents environnental and energy inpacts for
the nitrogen oxide (NQ) em ssions control techniques described
in Chapter 5.0. These control techniques are water or steam
injection, dry low NQ conbustors, and selective catalytic
reduction (SCR). The inpacts of the control techniques on air
pol lution, solid waste disposal, water pollution, and energy
consunption are discussed.

The remainder of this chapter is organized in five sections.
Section 7.1 presents the air pollution inpacts; Section 7.2
presents the solid waste disposal inpacts; Section 7.3 presents
the water pollution inpacts; and Section 7.4 presents the energy
consunption inpacts. References for the chapter are listed in
Section 7.5.

a. AR POLLUTI ON
i. Emssion Reductions
Applying any of the control techniques discussed in

Chapter 5 will reduce NQ, em ssions from gas turbines. These
em ssion reductions were estimated for the nodel plants presented
in Table 6-1 and are shown in Table 7-1. For each nodel plant,
the uncontrolled and controlled em ssions, em ssion reductions,
and percent reductions are presented. The follow ng paragraphs
di scuss NQ, em ssion reductions for each control technique.

Ni trogen oxi de em ssion reductions for water or steam
injection are estimated as discussed in Section 6.1.3. The
percent reduction in emssions from uncontrolled |evels varies
for each nodel plant ranging, from 60 to 96 percent. This
reducti on depends on each nodel's uncontrolled em ssions, the
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TABLE 7-1. MODEL PLANT UNCONTROLLED AND CONTROLLED NO, EMISSIONS FOR
AVAI LABLE NO, CONTROL TECHNI QUES
Controlled NO, emissions, tons/year
Uncon- NO,
Annual Type of trolled NO, |Wet injection| Dry low-NO, Dry low-NO, Dry low-NO, |emissions, wet| SCR NH; emissions
operating wet emissions,® | tolevelsin combustor to combustor to combustor to injection @ SLIP =10 ppm

Gas turbine model hours injection |Annual emissions® tons/yr Table 6-6 42 ppmv 25 ppm 9 ppmv + SCR" (tonslyr)°
Centaur T4500 8,000 Water |Emissions, tons/yr 88.1 28.5 28.5 16.9 NA¢ 6.10 292
3.3 MW Reduction, tons/yr 59.6 59.6 71.2 _ 224
Gas fuel Total reduction, % 68% 68% 81% _ 93%
501-KB5 8,000 Water |Emissions, tons/yr 126 34.2 NA NA NA 7.32 2.58
4.0 MW Reduction, tons/yr 91.8 _ _ _ 26.9
Gas fuel Total reduction, % 73% 94%
LM2500 8,000 Water |Emissions, tons/yr 581 140 NA NA NA 30.0 11.2
22.7 MW Reduction, tons/yr 441 _ _ _ 110
Gas fuel Total reduction, % 76% _ _ _ 95%
MS5001P 8,000 Water |Emissions, tons/yr 723 214 NA NA NA 45.8 20.4
26.8 MW Reduction, tons/yr 509 _ _ _ 168
Gas fuel Total reduction, % 70% 94%
ABB GT1IN 8,000 Water |Emissions, tons/yr 5,410 347 NA 347 125 125 51.7
83.3 MW Reduction, tons/yr 5,060 _ 5060 5290 222
Gas fuel Total reduction, % 94% - 94% 98% 98%
MS7001E 8,000 Water |Emissions, tons/yr 2,170 593 NA 353 127 127 49.6
84.7 MW Reduction, tons/yr 1580 _ 1820 2040 466
Gas fuel Total reduction, % 73% 84% 94% 94%
501-KB5 8,000 Steam |Emissions, tons/yr 126 342 NA NA NA 7.32 2.58
4.0 MW Reduction, tons/yr 92 _ _ _ 26.9
Gas fuel Total reduction, % 73% - _ _ 94%
LM2500 8,000 Steam |Emissions, tonslyr 581 835 NA NA NA 30.0 11.2
22.7 MW Reduction, tons/yr 498 _ _ _ 535
Gas fuel Total reduction, % 86% 95%
MS5001P 8,000 Steam |Emissions, tons/yr 723 214 NA NA NA 45.8 204
26.8 MW Reduction, tons/yr 509 _ _ _ 168
Gas fuel Total reduction, % 70% 94%
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TABLE 7-1. (continued)
Controlled NO, emissions, tons/year
Uncon- NO,
Annual Type of trolled NO, |Wet injection| Dry low-NO, Dry low-NO, Dry low-NO, |emissions, wet| SCR NH, emissions
operating wet emissions,® | tolevelsin combustor to combustor to combustor to injection @ SLIP =10 ppm

Gas turbine model hours injection |Annua emissions’ tons/yr Table 6-6 42 ppmv 25 ppm 9 ppmv + SCR’ (tons/yr)°
LM5000 8,000 Steam |Emissions, tonslyr 930 126 NA NA NA 45.2 205
34.4 MW Reduction, tons/yr 804 _ _ _ 80.8
Gas fuel Total reduction, % 86% - - - 95%
ABB GT1IN 8,000 Steam |Emissions, tons/yr 5,410 583 NA 347 125 125 51.7
83.3 MW Reduction, tons/yr 4830 _ 5060 5290 458
Gas fuel Total reduction, % 89% 94% 98% 98%
MS7001E 8,000 Steam |Emissions, tonslyr 2,170 593 NA 353 127 127 49.6
84.7 MW Reduction, tons/yr 1580 _ 1820 2040 466
Gas fuel Total reduction, % 73% - 84% 94% 94%
MS7001F 8,000 Steam |Emissions, tons/yr 5,150 1,030 NA 610 NA 221 71.7
161 MW Reduction, tons/yr 4120 _ 4540 _ 809
Gas fuel Total reduction, % 80% 88% 96%
Centaur T4500 8,000 Water |Emissions, tons/yr 125 418 NA NA NA 125 29
3.3 MW Reduction, tons/yr 83.2 _ _ _ 29.3
Oil fuel Total reduction, % 67% - - _ 90%
MS5001P 8,000 Water |Emissions, tons/yr 1,090 337 NA NA NA 46.6 204
26.3 MW Reduction, tons/yr 753 _ _ _ 290
Oil fuel Total reduction, % 69% 96%
MS7001E 8,000 Water |Emissions, tons/yr 3,290 938 NA NA NA 130 49.6
83.3 MW Reduction, tons/yr 2350 _ _ _ 808
Oil fuel Total reduction, % 71% - _ _ 96%
Centaur T4500 2,000 Water |Emissions, tons/yr 220 71 NA NA NA 15 0.7
3.3 MW Reduction, tons/yr 14.9 _ _ _ 6
Gas fuel Total reduction, % 68% 93%
M S5001P 2,000 Water |Emissions, tons/yr 181 535 NA NA NA 11.5 51
26.8 MW Reduction, tons/yr 128 _ _ _ 42
Gas fuel Total reduction, % 70% 94%
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TABLE 7-1. (continued)
Controlled NO, emissions, tons/year
Uncon- NO,
Annual Type of trolled NO, |Wet injection| Dry low-NO, Dry low-NO, Dry low-NO, |emissions, wet| SCR NH, emissions
operating wet emissions,® | tolevelsin combustor to combustor to combustor to injection @ SLIP =10 ppm

Gas turbine model hours injection |Annual emissions® tons/yr Table 6-6 42 ppmv 25 ppm 9 ppmv + SCR" (tonslyr)°
MS7001E 2,000 Water |Emissions, tons/yr 543 148 NA 88 32 318 124
84.7 MW Reduction, tons/yr 395 _ 455 511 116
Gas fuel Total reduction, % 73% - 84% 94% 94%
Centaur T4500 2,000 Water |Emissions, tons/yr 31.2 10.0 NA NA NA 314 0.7
3.3 MW Reduction, tons/yr 212 _ _ _ 6.9
Oil fuel Total reduction, % 68% 90%
MS5001P 2,000 Water |Emissions, tons/yr 273 84 NA NA NA 233 51
26.8 MW Reduction, tons/yr 189 _ _ _ 61
Oil fuel Total reduction, % 69% - - _ 91%
MS7001E 2,000 Water |Emissions, tons/yr 822 234 NA NA NA 64.9 12.4
84.7 MW Reduction, tons/yr 588 _ _ _ 169
Oil fuel Total reduction, % 72% 92%
SATURN T1500 1,000 Water |Emissions, tons/yr 5.00 1.99 NA NA NA 0.30 0.13
11 MW Reduction, tons/yr 3 _ _ _ 17
Oil fuel Total reduction, % 60% - _ _ 94%
TPM FT4 1,000 Water-in- | Emissions, tons/yr 977 37.3 NA NA NA 6.72 NC®
28.0 MW oil Reduction, tons/yr 940 _ _ _ 30.6 _
Oil fuel emulsion | Total reduction, % 96% _ _ _ 99% _

®Uncontrolled and controlled NO, emissions are from cost-effectiveness tables in Chapter 6.

®Controlled NO, emission level for wet injection plus SCR is 9 ppmv for natural gas fuel and 18 ppmv for distillate oil fuel.
“Ammonia emissions, in tons per year = (SLIP, ppmv) x (MM/1,000,000) x (GT exhaust,lb/sec) x (MW NH3 = 15/MW exhaust = 28.6) x (3,600 sec/hr) x (ton/2,000 Ib) x (annual

operating hrs).

YNA-control technology not available for this model plant.

*NC-data not available to calculate emissions for this control scenario.
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water-to-fuel ratio (WR), and type of fuel and whether water or
steam i s injected.

Achi evabl e em ssion levels from gas turbines using dry |ow
NO, conbustors were obtained from manufacturers. Controlled NQ,
| evel s of 42, 25, and 9 parts per mllion, by volune (ppnv),
referenced to 15 percent oxygen, were reported by the various
turbi ne manufacturers, and each of these levels is shown in
Table 7-1, where applicable, for each nodel plant. The percent
reduction in NQ em ssions fromuncontrolled |evels for gas
turbi nes using these conbustors ranges from 68 to 98 percent.
Virtually all SCR units installed in the United States are used
in conbination with either wet controls or conbustion controls.
For this analysis, em ssion reductions were calculated for SCR in
conmbi nation with water or steaminjection. Using the turbine
manuf acturers' guaranteed NO, emi ssions figures for wet injection
and a controlled NO, em ssion |evel of 9 ppnv, referenced to 15
percent oxygen, exiting the SCR, the percent reduction in NQ
em ssions for this conbination of control techniques ranges from
93 to 99 percent.

Esti mated ammonia (NH,) em ssions, in tons per year,
corresponding to ammonia slip fromthe SCR system are al so shown
in Table 7-1. These estinates are based on an anmonia slip |eve
of 10 ppnv, consistent with information and data presented in
Section 5.4. For continuous-duty nodel plants, the annual NH,
em ssions range from approximtely 3 tons for a 3.3 negawatt (MN
(4,425 horsepower [hp]) nodel plant to 72 tons for a 160 MW
(215, 000 hp) nodel plant.

ii. Emssions Trade-Ofs

The formation of both thermal and fuel NQ, depends upon
conmbustion conditions. Water/steam injection, |ean conbustion,
and reduced residence tinme nodify conbustion conditions to reduce
t he amount of NO, forned. These conbustion nodifications may
i ncrease carbon nonoxide (CO and unburned hydrocarbon (HC
em ssions. Using SCR to control NQ, em ssions produces anmoni a
em ssions. The inpacts of these NQ controls on CO HC, and
anmmoni a em ssions are discussed bel ow
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(1) Lnpacts of Wet Controls on CO and HC Emi ssions. As
di scussed in Section 5.1.5, wet injection nmay increase CO and HC
em ssions. Injecting water or steaminto the flane area of a
turbine conbustor lowers the flane tenperature and thereby
reduces NQ, emi ssions. This reduction in tenperature to sone
extent inhibits conplete conbustion, resulting in increased CO
and HC em ssions. Figure 5-12 shows the inpact of water and
steam injection on CO enmi ssions for production gas turbines.?
The inpact of steaminjection on CO emssions is |less than that
of water injection. As seen in Figure 5-12, CO eni ssions
increase with increasing WWR's. Wet injection increases HC
emssions to a |esser extent than it increases CO em Ssions.
Figure 5-13 shows the inpact of water injection on HC em ssions
for one turbine. 1In cases where water and steaminjection result
in excessive CO and HC em ssions, an oxidation catal yst (add-on
control) can be installed to reduce these em ssions by converting
the CO and HC to water (HO and carbon dioxide (CQ).

(2) ILnpacts of Conbustion Controls on CO and HC Em ssions.
As discussed in Section 5.2.1, the performance of |ean conbustion
inlimting NO emssions relies in part on reduced equival ence
ratios. As the equivalence ratio is reduced bel ow the
stoichionetric level of 1.0, conbustion flane tenperatures drop,
and as a result NQ em ssions are reduced. Shortening the
residence tine in the high-tenperature flane zone also wl|
reduce the amount of thermal NOQ, fornmed. These | ower equival ence
rati os and/or reduced residence tinme, however, may result in
i nconpl ete conmbustion, which may increase CO and HC em ssions.
The extent of the increase in CO and HC em ssions is specific to
each turbine manufacturer's conbustor designs and therefore
varies for each turbine nodel. As with wet injection, if
necessary, an oxidation catalyst can be installed to reduce
excessive CO and HC em ssions by converting the CO and HC to CQ,
and HO

(3) Ammonia Emissions from SCR. The SCR process reduces
NO, em ssions by injecting NH, into the flue gas. The NH, reacts
with NQ in the presence of a catalyst to form HO and nitrogen
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(N). The NQ, renoval efficiency of this process is partially
dependent on the NH/NQ, ratio. Increasing this ratio reduces NQ,
em ssions but increases the probability that unreacted amoni a
w |l pass through the catalyst unit into the atnosphere (known as
ammonia "slip"). Some amonia slip is unavoi dabl e because of
ammonia injection control limtations and inperfect distribution
of the reacting gases. A properly designed SCR systemw Il limt
ammonia slip to less than 10 ppnv (see Section 5.4).
b. SCLI D WASTE DI SPOSAL

Catalytic materials used in SCR units for gas turbines
i nclude precious netals (e.g., platinun), zeolites, and heavy
metal oxides (e.g., vanadium titanium. Vanadi um pentoxide, the
nost comonly used SCR catalyst in the United States, is
identified as an acute hazardous waste under RCRA Part 261,
Subpart D - Lists of Hazardous Wastes. The Best Denonstrated
Avai | abl e Technol ogy (BDAT) Treatnent Standards for Vanadi um P119
and P120 states that spent catalysts containing vanadi um
pent oxi de are not classified as hazardous waste.' State and
| ocal regulatory agencies, however, are authorized to establish
their own hazardous waste classification criteria, and spent
catal ysts contai ni ng vanadi um pent oxi de may be classified as a
hazardous waste in some areas. Although the actual amount of
vanadi um pent oxi de contained in the catalyst bed is small, the
volune of the catalyst unit containing this material is quite
| arge and disposal can be costly. \Were classified by State or
| ocal agencies as a hazardous waste, this waste nay be subject to
the Land Di sposal Restrictions in 40 CFR Part 268, which allows
| and disposal only if the hazardous waste is treated in
accordance with Subpart D - Treatnent Standards. Such di sposa
probl ens are not encountered with other catalyst materials, such
as precious netals and zeolites, because these materials are not
hazar dous wast es.
c. WATER USAGE AND WASTE WATER DI SPOSAL

Water availability and waste water disposal are
environnmental factors to be considered with wet injection. The
i npact of water usage on the water supply at sone renote sites,
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in small communities, or in areas where water resources my be
l[imted is an environnmental factor that should be exam ned when
considering wet injection. The volune of water required for wet
injection is showmn in Table 7-2
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TABLE 7-2. WATER AND ELECTRICITY CONSUMPTION FOR NO,
CONTROL TECHNIQUES

Wet injec-

Turbine Tota Waste Water tion power SCR

power Annual Type of water water pump consump- power
Gas turbine output, operating Fuel emission flow, flow, power, tion, penalty,
model® MW hours type control gal/min® gal/min° kw® kW-hr/yr® KW-hr/yr®
Centaur T4500 3.3 8,000 Gas Water inj. 2.5 0.73 0.40 3,220 132,000
501-KB5 4.0 8,000 Gas Water inj. 3.94 1.14 0.63 5,070 160,000
LM 2500 22.7 8,000 Gas Water inj. 14.8 4.29 2.38 19,100 908,000
MS5001P 26.8 8,000 Gas Water inj. 22.2 6.44 3.57 28,600 1,070,000
ABB GT11IN 83.3 8,000 Gas Water inj. 154 44.7 24.8 198,000 3,330,000
MS7001E 84.7 8,000 Gas Water inj. 69.2 20.1 11.1 89,100 3,390,000
501-KB5 4.0 8,000 Gas Steam inj. 7.38 2.14 1.19 9,510 160,000
LM2500 22.7 8,000 Gas Steam inj. 29.5 8.56 4.75 38,000 908,000
M S5001P 26.8 8,000 Gas Steam inj. 333 9.66 5.36 42,900 1,070,000
LM5000 34.4 8,000 Gas Steam inj. 50.8 14.7 8.18 65,400 1,380,000
ABB GT11IN 83.3 8,000 Gas Steam inj. 178 51.6 28.7 229,000 3,330,000
MS7001E 84.7 8,000 Gas Steam inj. 104 30.2 16.7 134,000 3,390,000
MS7001F 161 8,000 Gas Steam inj. 199 57.7 32.0 256,000 6,440,000
Centaur T4500 3.3 8,000 Qil Water inj. 2.76 0.80 0.44 3,550 132,000
M S5001P 26.3 8,000 QOil Water inj. 26.7 7.74 4.30 34,400 1,050,000
MS7001E 83.3 8,000 Qil Water inj. 63.8 18.5 10.3 82,200 833,000
Centaur T4500 3.3 2,000 Gas Water inj. 2.50 0.73 0.40 3,220 33,000
M S5001P 26.3 2,000 Gas Water inj. 22.2 6.44 3.57 28,600 263,000
MS7001E 84.7 2,000 Gas Water inj. 69.2 20.1 11.1 89,100 847,000
Centaur T4500 3.3 2,000 Qil Water inj. 2.76 0.80 0.44 3,550 33,000
MS5001P 26.3 2,000 Qil Water inj. 26.7 7.74 4.30 34,400 263,000
MS7001E 84.7 2,000 Qil Water inj. 63.8 18.5 10.3 82,200 847,000
SATURN 11 1,000 Qil Water inj. 0.81 0.23 0.13 1,040 5,500
T1500
TPM FT4 280 1,000 Qil Water- 217 6.29 349 27,900 140,000

in-oil
emulsion

*From Table 6-2.
°Calculated as 29 percent of the total water flow.
“Power requirement for water pump is calculated as shown in Section 6.1.2.2.
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for each nodel plant.

Water purity is essential for wet injection systens in order
to prevent erosion and/or the formation of deposits in the hot
sections of the gas turbine. Water treatnent systens are used to
achieve water quality specifications set by gas turbine
manuf acturers. Table 5-4 sunmmarizes these specifications for six
manuf acturers.

Di scharges from these water treatnent systens have a
potential inpact on water quality. As indicated in Section 6.1,
approximately 29 percent of the treated water flow rate
(22.5 percent of the raw water flow rate) is considered to be
di scharged as wastewater. The wastewater flow rates for each of
the nodel plants with a water or steaminjection control system
are estimated using this factor, and the results are presented in
Table 7-2. The wastewater contains increased |evels of those
pollutants in the raw water (e.g., calcium silica, sulfur, as
listed in Table 5-4) that are renoved by the water treatnent
system along with any chem cals introduced by the treatnent
process. Based on a wastewater flowate equal to 29 percent of
the influent raw water, the concentration of pollutants
di scharged from the water treatnment systemis approximtely three
times higher than the pollutant concentrations in the raw water.

The inpacts of these pollutants on water quality are
site-specific and depend on the type of water supply and on the
di scharge restrictions. I nfl uent water obtained froma
muni ci pality will not contain high concentrations of pollutants.
However, surface water or well water used at a renote site m ght
contain high pollutant concentrations and may require additiona
pretreatnment to neet the water quality specifications set by
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manuf acturers. This additional pretreatment will increase the
pol I utant concentrations of the wastewater discharge. Wastewater
di scharges to publicly-owned treatnment works (POTWSs) nust neet
the requirenents of applicable Approved POTW Pretreat nent

Pr ogr ans.

d. ENERGY CONSUWPTI ON

Addi tional fuel and electrical energy is required over
baseline for wet injection controls, while additional electrica
energy is required for SCR controls. The follow ng paragraphs
di scuss these energy consunption inpacts.

I njecting water or steaminto the turbine conbustor |owers
the net cycle efficiency and increases the power output of the
turbine. The thernodynam c efficiency of the conbustion process
is reduced because energy that could otherwi se be available to
performwork in the turbine nust now be used to heat the
water/steam This lower efficiency is seen as an increase in
fuel use. Table 5-10 shows the inpacts of wet injection on gas
turbi ne performance for one manufacturer. This table shows a 2
to 4 percent loss in efficiency associated with WFR s required to
achieve NQ, em ssion |levels of 25 to 42 ppnv in gas turbines
burning natural gas. The actual efficiency loss is specific to
each turbine nodel but generally increases with increasing WR' s
and is higher for water injection than for steaminjection
(additional energy is required to heat and vaporize the water).
One exception to this efficiency penalty occurs with steam
injection, in which exhaust heat fromthe gas turbine is used to
generate the steamfor injection. |[If the heat recovered in
generating the steam woul d ot herw se be exhausted to atnosphere,
the result is an increase in net cycle efficiency.

The energy from the increased mass flow and heat capacity of
the injected water/steam can be recovered in the turbine,
resulting in an increase in power output acconpanying the reduced
efficiency of the turbine (shown in Table 5-10 for one manufac-
turer). This increase in power output can be significant and
could lessen the inpact of the loss in efficiency if the facility
has a demand for the avail abl e excess power.
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Water and steam injection controls also require additiona
el ectrical energy to operate the water injection feed water
punps. The annual electricity usage for each nodel is the
product of the punp power demand, discussed in Section 6.1.2.2,
and the annual hours of operation. Table 7-2 sunmarizes this
el ectricity usage for each of the nodel plants.

For SCR units, additional electrical energy is required to
operate ammoni a punps and ventilation fans. This energy
requi rement, however, is believed to be small and was not
included in this analysis.

The increased back-pressure in the turbine exhaust system
resulting from adding an SCR system reduces the power output from
the turbine. As discussed in Section 6.3.2.9, the power output
is typically reduced by approximtely 0.5 percent. This power
penalty has been calculated for each nodel plant and is shown in
Table 7-2.

e. REFERENCE FOR CHAPTER 7

1.. 55 FR 22276, June 1, 1990.
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APPENDI X A

Exhaust NOQ, em ssion |evels were provided by gas turbine
manufacturers in units of parts per mllion, by volune (ppnv), on
a dry basis and corrected to 15 percent oxygen. A nethod of
converting these exhaust concentration levels to a mass flow rate
of pounds of NQ, per hour (Ib NQ/hr) was provided by one gas
turbine manufacturer.® This nethod uses an enission index
(EINQ), in units of Ib NO/1,000 Ib fuel, which is proportional
to the exhaust NQ, emi ssion levels in ppnv by a constant, K  The
relationship between EINQ and ppnv for NO em ssions is stated
in Equation 1 below and applies for conplete conbustion of a
hydr ocarbon fuel and conbustion air having no CO, and an O, nole
percent of 20.95:

NO_Ref. 15%0, = K
El NQ,

Equation 1

where: NQ, Ref. 15%0,
= NQ, ppmvd @5% O, (provided by gas

tur bi ne manufacturers);

El NQ,

NO, em ssion index, Ib NQ/1,000 Ib

fuel ; and
K

constant, based on the nol ar

hydr ocar bon



ratio of the fuel.

The derivation of Equation 1 was provided by the turbine
manuf acturer and is based on basic thernodynam c | aws and
supported by test data provided by the manufacturer. According
to the manufacturer, this equation can be used to estimate NQ
em ssions for operation with or without water/steam injection.

Equation 1 shows that NQ, em ssions are dependent only upon
the nol ar hydrocarbon ratio of the fuel and are independent of
the air/fuel ratio (AF). The equation therefore is valid for
all gas turbine designs for a given fuel. The validity of this
approach to cal culate NQ, em ssions was supported by a second



t ur bi ne manuf acturer.?

fuel s and are given below "

Pi peline quality natural

K=12.1
Distillate fuel

K= 13.1
Distillate fuel oil

13.2
propel | ant

K =
Jet

K=13.0
Jet propellant

K= 13.1
Met hane:

K=11.6

The foll ow ng exanples are provided for

em ssions on a nass basi s,
| evel ,

Exanple 1. Natural

Val ues for
2

oi | No.

in ppmv, dry (ppnvd),

gas:

1 (DF-1):

No. 2 (DF-2):

No. 4 (JP-4):

No. 5 (JP-5):

gi ven the fuel

gas fuel

K were provided for

sever al

cal cul ati ng NQ,
type and NQ, em ssion

and corrected to 15 percent Q.



Gas turbine:

Sol ar Centaur 'H

Power out put:

4,040 kw

Heat rate:

12,200 Bt u/ kW hr

NOQ, emi ssi ons:

105 ppnvd, corrected to 15 percent Q
Fuel :

Nat ural gas

- lower heating value = 20,610 Btu/lb

- K=12.1
Fuel flow
12, 200 Btu 11bfuel
4, 040 kWx RV, X 50 610 BLU 2,391 | b/ hr
From Equation 1:
105 _
BN 12.1
NO, em ssions, [Db/hr:
| b fuel 8.681b NO, I b NO,
2391 == X 7500 Tp fuer - 2% A

Exanple 2. Distillate oil fuel
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Gas turbine:

General Electric LM2500

Power out put:

22670 kW

Heat rate:

9296 Bt u/ kW hr

No, em ssions: 345 ppnvd, corrected to 15 percent Q
Fuel :

Distillate oil No. 2

| oner heating value = 18,330 Btu/lb

- K=13.2
Fuel flow
Btu 11bfuel
22,670 kWx 9296 AT T8 330810 11, 500 | b/ hr
From Equation 1:
345
NG 13.2
NO, em ssions, |Db/hr:
| b fuel 26.11b NO, I b NO,
11,500 —f— X Too0 15 Fuer ~ 3%° —hr—

REFERENCES FOR APPENDI X A:

1. Letter and attachnents from Lyon, T.F., General Electric
Aircraft Engines, to Snyder, R B., M. Decenber 6, 1991.
Cal cul ation of NQ, em ssions from gas turbines.

2. Letter and attachments from Hung, WS., Solar Turbines,

to Snyder, R B., M. Decenber 17, 1991. Calculation of NQ

em ssions from gas turbines.
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APPENDI X B. RAW COST DATA AND COST ALGORI THVS

The mai ntenance costs for water injection and several of the
SCR costs presented in Chapter 5 are based on information from
turbi ne manufacturers and other sources that required
interpretation and analysis. Information about additional gas
tur bi ne mai ntenance costs associated with water injection is
presented in Section B.1. Information on SCR capital costs,
cat al yst replacenment and di sposal costs, and nai ntenance costs is
presented in Section B.2. References are listed in Section B.3.
B.1 WATER | NJECTI ON MAI NTENANCE COSTS

I nformati on from each manufacturer and the applicable
anal ysis procedures used to devel op nai ntenance cost inpacts for
water injection are described in the follow ng sections.
B.1.1 Solar

Thi s manufacturer indicated that the annual naintenance cost
for the Centaur is $16,000/year.1 The cost for the Saturn was
estimated to be $8,000.°> This $8,000 cost was then prorated for
operation at 1,000/ hr/yr, and was nultiplied by 1.3 to account
for the additional maintenance required for oil fuel.
B.1.2 Allison

Mai nt enance costs for water injection were provided by a
conpany that packages Al lison gas turbines for stationary
applications. This packager stated that for the 501 gas turbine
nodel , a mai ntenance contract is available which covers al
mai nt enance materials and | abor costs associated with the
turbine, including all schedul ed and unschedul ed activities. The
cost of this contract for the 501 nodel is $0.0005 to $0.0010 per
KW hour (KWH) nore for water injection than for a turbine not
using water injection.® For an installation operating
8,000 hours per year at a base-rated output of 4,000 KW and
usi ng an average cost of $0.00075 per KWH, the annual additiona
mai nt enance cost is $24,000. By the nature of the contract
offered, this figure represents a worst case scenario and to sone
extent may exceed the actual increnental nmaintenance costs that
woul d be expected for water injection for this turbine.
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B.1.3 Ceneral Electric

General Electric (GE) offers both aero-derivative type
(LM series nodels) and heavy-duty type (Ms-series nodels) gas
turbines. For the aero-derivative turbines, CGE states that the
i ncrenental maintenance cost associated with water injection is
$3.50 per fired hour. This cost is used to calculate the
mai nt enance cost for water injection for CE aeroderivative
turbines. No figures were provided for steaminjection and no
mai nt enance cost was used for steaminjection with these
tur bi nes.*

Water injection also inpacts the nmai ntenance costs for the
heavy-duty Ms-series nodels. Costs associated with nore frequent
mai nt enance intervals required for nodels using water injection
have been cal cul ated and sunmarized below. A GE representative
stated that the primary conponents which nust be repaired at each
mai nt enance interval are the conbustor liner and transition
pi eces.”® Approximte costs to repair these pieces were provided
by GE.® For this analysis, the maxi num cost estinmates were used
to cal cul ate annual costs to accompdate repairs that may be
required periodically for injection nozzles, cross-fire tubes,
and ot her m scell aneous hardware. According to GE, a rule of
thunb is that if the repair cost exceeds 60 percent of the cost
of a new part, the part is replaced.® The cost of a repl acenent
part is therefore considered to be 1.67 tines the maxi mum repair
cost. If water purity requirenents are net, there are no
significant adverse inpacts on maintenance requirenents on other
tur bi ne conponents, and hot gas path inspections and maj or
i nspection schedules are not inpacted.®> Conbustion repair
schedul es, material costs, and |abor hours are shown in
Table B-1. Schedul ed mai ntenance intervals for nodels with water
injection were provided in Reference 6. Correspondi ng
mai nt enance intervals for nodels with steaminjection were
assunmed to be the sane as nodels with no wet injection; these
schedul ed mai ntenance intervals were provided in Reference 7.
Using the information in Table B-1, the total annual cost is




cal culated and shown in Table B-2 for three GE heavy-duty turbine
nodel s.
B.1.4 Asea Brown Boveri

This manufacturer states there are no maintenance inpacts
associated with water injection.?
B.2 SCR COSTS

The total capital investnent, catalyst replacenent, and
mai nt enance costs are estinmated based on information from the
technical literature. The cost algorithns are described in the
foll owi ng sections.
B.2.1 Total Capital |nvestnent

Total capital investnent costs, which include purchased costs
and installation costs, were available for SCR systens for
conbi ned cycle and cogeneration applications fromfive
13 These costs were scaled to 1990 costs using the
Chem cal Engi neering annual plant cost indexes and are applicable
to SCR systens in which the catalyst was placed within the heat
recovery steam generator (HRSG. |In addition, estimated capita
i nvestnment costs were available from one source for SCR systens
in which a high tenperature zeolite catalyst is installed
upstream of the HRSG " Both the original data and the scal ed
costs are presented in Table B-3. The scaled costs were plotted
against the turbine size and this plot is shown in Figure B-1. A
I inear regression analysis was perfornmed to determ ne the
equation for the line that best fits the data. This equation was
used to estimate the total capital investnent for SCR for the
nodel plants and was extrapolated to estimate the costs for nodel
plants |arger than 90 MW
B.2.2 Mintenance Costs

Mai nt enance costs for SCR controls were obtained from four
literature sources, although 6 of the 14 points were obtained
from one article.*"* These costs were scaled to 1990 costs
assumng an inflation rate of five percent per year. Al of the
data are for turbines that use natural gas fuel. Because there
are no data to quantify differences in SCR mai ntenance costs for
oil-fired applications, the available data for operation on

sour ces.
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natural gas were used for both fuels. Both the original data and
the scaled costs are presented in Table B-4. The scal ed costs
were plotted versus the turbine size in Figure B-2. The equation
for the line through the data was determ ned by |inear

regression, and it was used to estimate the maintenance costs for
t he nodel plants.

B.2.3 Catalyst Replacenent Costs

Catal yst replacenent costs were obtained fromthree articles
for nine gas turbine installations.®"™" Conbined catalyst
repl acenent and di sposal costs were obtained for another six gas
turbine installations fromone article.* The disposal costs for
these six gas turbine installations were estinmted based on
estimated catal yst volunmes and a unit disposal cost of $15/ft?,
given in Reference 15.

The catal yst volunes were estinmated assuming there is a
direct relationship between the volune and the turbine size; the
catal yst volunme stated in Reference 16 for one 83 MNturbine is
175 m. The resulting disposal costs for these six facilities
were subtracted from the conbined replacenent and di sposal costs
to estimate the replacenent-only costs. Al of the replacenent
costs were scaled to 1990 costs assuming an inflation rate of
5 percent per year. The original data and the scaled costs are
presented in Table B-5, and the scal ed replacenent costs were
al so plotted versus the turbine size in Figure B-3. Linear
regression was used to determne the equation for the line
through the data. This equation was used to estinmate the
catal yst replacenent costs for the nodel plants.
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TABLE B-3.

TOTAL CAPITAL

INVESTMENT FOR SCR TO CONTROL
NO, EMISSIONS FROM GAS TURBINES

SCR capital cost?

Gas 1990 SCR
t ur bi ne Scal i ng capital
size, MWV $ Year Ref ° factor® cost, $

1.1 1, 250, 000 1989 9 357.6/355.4 | 1,260,000

1.5 180, 000 1986 10 357.6/318. 4 202, 000

3 320, 000 1986 10 357.6/318. 4 359, 000

3.2 600, 000 1989 11 357. 6/ 3. 554 604, 000

3.7 477,000 1988 12 357.6/342.5 498, 000

3.7 579, 000 1989 11 357. 6/ 355. 4 583, 000

4 839, 000 1991 14 1.0 839, 000

4.5 750, 000 1988 11 357.6/342.5 783, 000

6 480, 000 1986 10 357.6/318. 4 539, 000

8.4 800, 000 1986 11 357.6/318. 4 898, 000

9 1,100, 000 1987 13 357.6/323.8 [ 1,210,000

10 1,431, 000 1991 14 1.0 1,431, 000
20 1, 700, 000 1987 13 357.6/323.8 | 1,880,000
21 798, 000 1988 12 357.6/342.5 833, 000
21 1, 500, 000 1986 10 357.6/318.4 | 1,680,000
21 1, 200, 000 1986 10 357.6/318.4 |1, 350, 000
22 1, 000, 000 1987 11 357.6/323.8 [ 1,100, 000
26 1, 800, 000 1991 14 1.0 1, 800, 000
33 990, 000 1988 12 357.6/342.5 | 1,030, 000
37 2,000, 000 1986 11 357.6/318.4 | 2,250, 000
37 2, 700, 000 1986 10 357.6/318.4 | 3,030, 000
78 4, 300, 000 1986 10 357.6/318.4 | 4,830, 000
80 5, 400, 000 1987 13 357.6/323.8 |5, 960, 000
80 1, 760, 000 1988 12 357.6/342.5 |1, 840, 000
83 5, 360, 000 1991 14 1.0 5, 360, 000
conti nued
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TABLE B-3. (Continued)

®Total capital costs were provided by several sources, but it is
not clear that they are on the sane basis. For exanple, it is
likely that the type of catalyst varies and the target NQ
reduction efficiency may also vary. In addition, sone estimtes
may not include costs for emssion nonitors; auxiliary equi pnent
li ke the ammonia storage, handling, and transfer system taxes
and freight; or installation.

"Ref erence 12 al so provided costs for SCR used with 136 MW and
145 MV turbines. Al of the costs for this reference are | ower
than the costs from other sources, and the differentia
increases as the turbine size increases. Because there are no
costs from other sources for such large turbines, these two data
poi nts woul d exert undue influence on the analysis; therefore,

t hey have been excluded. Costs for large nodel plants were
estimated by extrapolating with the equation determ ned by

| i near regression through the data for turbines with capacities
| ess than 90 MW (see Figure B-1).

‘Costs for years prior to 1990 are adjusted to 1990 dollars
based on the annual CE plant cost indexes. Costs estimated in
1991 dollars were not adjusted.
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TABLE B-4. MAINTENANCE COSTS FOR SCR

SCR nmai nt enance cost*®
Gas 1990 SCR
t ur bi ne Scaling mai nt enance
size, MW $/yr Year Ref factor cost, $
1.1 52, 200 1989 9 1. 050 54, 800
3.2 50, 000 1989 11 1. 050 52, 500
3.7 43, 000 1988 11 1.103 47, 400
3.7 15, 500 1988 12 1.103 17,100
8.4 22,000 1986 11 1.216 26, 700
8.9 18, 000 1988 11 1.103 19, 800
9 25, 000 1987 13 1.158 28, 900
20 50, 000 1987 13 1.158 57, 900
21 37, 900 1988 12 1.103 41, 800
33 63, 700 1988 12 1.103 70, 200
80 124, 000 1988 12 1.103 137, 000
80 60, 000 1987 13 1. 158 69, 500
136 184, 000 1988 12 1.103 203, 000
145 205, 000 1988 12 1.103 226, 000

Al of the maintenance costs are for turbines that are fired
with natural gas. Although sulfur in diesel fuel can cause
mai nt enance problens, there are no data to quantify the inpact.
Therefore, the maintenance costs presented in this table were
used for both natural gas and diesel fuel applications.
*Scal ing factors are based on an estimated inflation rate of
5 percent per year.
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B.3
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