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PA.12 Dynamic Modeling of Power Systems 

Michael E. Reed 
Morgantown Energy Technology Center 

Jay S .  White 
Gilbert/Commonwealth, Inc. 

ABSTRACT 

Morgantown Energy Technology Center’s 
(METC) Process and Project Engineering 
(P&PE) personnel continue to refine and modify 
dynamic modeling or simulations for advanced 
power systems. P&PE, supported by Gilbert/ 
Commonwealth, Inc. (GIC), has adapted PC/ 
TRAX commercial dynamic software to include 
equipment found in advanced power systems. 
PC/TRAX’s software contains the equations that 
describe the operation of standard power plant 
equipment such as gas turbines, feedwater 
pumps, and steam turbines. The METC team 
has incorporated customized dynamic models 
using Advanced Continuous Simulation Lan- 
guage (ACSL) code for pressurized circulating 
fluidized-bed combustors, carbonizers, and other 
components that are found in Advanced Pres- 
surized Fluidized-Bed Combustion (APFBC) 
sys tems. 

A dynamic model of a commercial-size 
APFBC power plant was constructed in order to 
determine representative operating characteristics 
of the plant and to gain some insight into the 
best type of control system design. The 
dynamic model contains both process and con- 
trol model components. This presentation 
covers development of a model used to describe 
the commercial APFBC power plant. Results of 
exercising the model to simulate plant perfor- 
mance are described and illustrated. Information 
gained during the APFBC study was applied to a 

dynamic model of a 1-112 generation PFBC 
system. Some initial results from this study are 
also presented. 

With input from commercial vendors, 
METC now has the tools to simulate a number 
of the advanced power systems approaching 
commercial size. These tools are important 
because the dynamics of each individual com- 
ponent affects neighboring components due 
to the highly integrated nature of advanced 
combined-cycle concepts. The effects of 
primary interest include: thermal inertias, 
process time constants, and the transport lag 
associated with large gadsolid volumes. METC 
has the capability to investigate these effects 
for various gasifiers, gas turbines, particulate 
and sorbent subsystems, and other advanced 
combine-cycle components before startup of the 
first commercial-size plant. 

INTRODUCTION 

Figure 1 shows a simplified schematic of a 
APFBC power plant. As can be seen in the 
schematic, the process is highly integrated. 
The primary components that make up the 
APFBC concept include a carbonizer, pres- 
surized fluidized-bed combustor (PFBC), 
fluidized-bed heat exchanger (FBHE), gas 
turbine (GT), waste heat recovery, and a steam 
turbine bottoming cycle. Electrical power is 
produced by both the gas and steam turbines. 
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Figure 1. APFBC Schematic 

The carbonizer is a bubbling bed reactor 
that operates at approximately 14 atmospheres 
and 1,600 OF. In the carbonizer, coal is con- 
verted into a low-Btu gas and char. Air is used 
to combust a small portion of the coal that pro- 
vides the energy required by the carbonization 
reactions., For the 1,600 O F  carbonizer condi- 
tion, the fuel gas has an LHV of 2,247 Btu/lb 
while that of the char is 11,700 BtuAb. A 
calcium-based sorbent is used to capture gaseous 
sulfur species such as H,S. Char and sorbent 
not entrained in the fuel gas steam exits the 
bottom of the vessel. The fuel gas is cleaned of 
particulate material and routed to the topping 
combustor. 

Char and sorbent removed from the car- 
bonizer is routed to the PFBC. The PFBC is a 
fluidized bed that operates at approximately 

14 atmospheres and 1,600 OF. A large amount 
of excess air is used to combust the char. 
Excess air values are typically above 200 per- 
cent. Calcium present in the charkorbent mix- 
ture removed from the carbonizer is used to 
remove SO, from the flue gas. The hot flue gas 
from the PFBC is cleaned of particulate matter 
and routed to the topping combustor. 

Fuel gas generated in the carbonizer is 
combusted and expanded in a Westinghouse 
501F GT. The turbine inlet temperature of the 
GT is 2,350 O F .  Hot combustion air from the 
PFBC helps maintain this high firing temper- 
ature. The 501F GT is a single shaft machine. 
The GT compressor provides all of the air 
required by the process. The GT produces 
approximately 140 MW, of electrical power 
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when firing the fuel gas generated in the 
carbonizer. 

Excess heat from the PFBC and heat 
recovery steam generator (HRSG) is recovered 
and used to generate 2,400 psig/l,OOO O F  steam 
that is utilized in the steam turbine bottoming 
cycle. The steam bottoming cycle consists of 
heat recovery components and a condensing 
steam turbine. Two steam drums are used to 
recover heat and generate steam. Heat transfer 
surface in the FBHE is used to provide heat 
duty needed to maintain superheat and reheat 
steam temperatures of 1,000 OF. The steam 
turbine exhausts into a condenser with a back 
pressure of 2.5 inches of Hg absolute. Deaer- 
ation is provided through I/P steam extraction. 

To produce worthwhile results, a dynamic 
model of a commercial-sized APFBC power 
plant must provide all of the mathematical state- 
ments necessary to reflect the power cycle as 
described above. Each primary component must 
be described in sufficient detail so.that it may 
successfully interact with the other components. 
Otherwise, model results would be of little use. 

The model developed in this study 
describes all of the primary variables associated 
with the APFBC concept. To accomplish this, 
mathematical models of advanced concept com- 
ponents were developed and interfaced with a 
commercial software product. A control scheme 
has been interfaced with the process model. The 
control scheme is of sufficient detail to provide 
usable results. 

DYNAMIC MODEL DEVELOPMENT 

A PC/TRAX based dynamic model was 
developed to investigate commercial APFBC 
power plant performance under transient con- 
ditions. The power plant model contains the 

necessary process and control parameters 
required to produce realistic component 
responses. This section describes the model 
and software used and developed in this study. 

Dynamic Model Software 

PC/TRAX is a commercial software tool 
that allows for the dynamic analysis of fossil- 
based power plants. PC/TRAX was chosen 
because it contains standard modules appropriate 
for describing the dynamic behavior and control 
of much of the components that make up the 
APFBC concept. Standard PC/TRAx modules 
were used to model all of the plant control 
hardware, the GT, most of the steam turbine 
bottoming cycle, as well as all of the plant 
valving and piping. 

Because the APFBC power plant is an 
advanced technology concept, some component 
models are not available in PC/TRAX’s library 
of standardized dynamic modules. These 
advanced components include the carbonizer, 
char hopper, PFBC, FBHE, topping combustor, 
and ash cooler. Therefore, customized dynamic 
modules were developed to describe the 
dynamic behavior of these components. 

The customized dynamic models were coded 
in Advanced Continuous Simulation Language 
(ACSL). ACSL is a general computer language 
designed to dynamically model continuous time- 
dependent systems and is commercially available 
from Mitchell and Gauthier Associates. The 
customized ACSL models were then dynam- 
ically interfaced with the standard PC/TRAX 
modules. The customized ACSL modules are 
supported by FORTRAN subroutines that are 
utilized to perform non-dynamic algorithms. 
PC/TRAX provides an easy method for the 
interface of the ACSL modules and standard 
TRAX code. Table 1 lists the model type asso- 
ciated with each component. 
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Table 1. Model Components and Types 

SUBSYSTEM MODEL TYPE 

Carbonizer Custom ACSL 

PFBC Custom ACSL 

FBHE Custom ACSL 

Char Hopper Custom ACSL 

Ash Cooler I Custom ACSL 11 
Topping Combustor PCRRAX 

Compressors PCrrRAX 

Gas Turbine P C r r W  

HRSG PCrrRAX 

Steam Turbines PC/TRAX 

Condenser PC/TRAX 

11 Piping I PCRRAX II 
Control Valves PCrnAX 

customized modules contained in the ACSL 
code are described next. 

Carbonizer chemistry is based on work 
recently completed by FWDC. Carbon conver- 
sion is an algebraic expression based on 
stoichiometry. Reaction modes include pyrol- 
ysis, carbonizatiodgasification, and complete 
combustion. For substoichiometric performance, 
the fuel gas is assumed to be in water-gas shift 
equilibrium. CaCO, calcination is a function of 
temperature. Sulfur is preferentially captured by 
incoming sorbent feed, but may also react with 
solid material in the bed. 

Carbonizer hydrodynamics account for sol- 
ids elutriation, pressure drop across the vessel, 
and absolute vessel pressure. Elutriation is 
dependent upon the current solids particle size 
distribution (PSD) and superficial gas velocity. 
The carbonizer’s solid bed PSD is constantly 
updated. Pressure drop is determined for either 
a fluidized or packed bed, depending on the 
values of the superficial and minimum fluidiza- 
tion gas velocities. Absolute pressure is deter- 
mined from a differential gas phase material 
balance, temperature differential, and volume 
affects. 

Process Model 

The process model must incorporate the 
thermodynamics, hydrodynamics, and chemistry 
in sufficient detail to provide accurate perfor- Solids from the char hopper flow into the 
mance results during steady-state and transient PFBC. The char hopper model provides a con- 
operation. This detail must be balanced to yield sistent material balance and accounts for volume 
an effective yet uncumbersome model. The affects. The PFBC chemistry accounts for both 
dynamic model developed in this study provides oxidized and reduced modes of operation. For 
mass and energy balances, appropriate chemis- reduced mode operation, the chemistry is iden- 
try, pressure-flow relationships, and velocity tical to that of the carbonizer. CaCO, calci- 
affects. nation is a function of the partial pressure of 

CO,. Sulfur capture and sorbent oxidation reac- 
tions are accounted. The process model consists of two distinct 

parts. One model contains the customized 
ACSL code while the other contains standard 
PC/TRAX modules. The standard PC/TRAX 
modules are described in the documentation 
provided by the TRAX corporation. The 

The principal hydrodynamic feature of the 
PFBC is the solids circulation rate, which is 
dependent on the solid PSD and secondary zone 
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superficial gas velocity. A nonlinear relation- 
ship is used to describe changes in solid circu- 
lation with gas velocity. Pressure drop and 
absolute pressure determinations are identical to 
that described above for the carbonizer. 

The FBHE is divided into seven individual 
cells. Six of these cells contain heat transfer 
surface area. Convection is the predominant 
mode of heat transfer for the submerged tube 
bundles and submerged enclosure wall surface. 
Radiation predominates in the FBHE freeboard, 
where enclosure wall surface areas are above the 
solid bed. It is assumed that there are no solid- 
gas reactions in the FBHE. Pressure drop and 
absolute pressure determinations are identical to 
that described above for the carbonizer and 
PFBC. Air is used as the fluidizing agent. 

A differential energy balance accounting for 
energy entering, exiting, liberated, required, lost, 
and stored is used in the carbonizer, PFBC, and 
FBHE to determine vessel temperature. In the 
FBHE, a differential energy balance is used in 
each of the seven cells. Differential mass 
balance equations are used to describe the flow 
of solids from each vessel. The hard refractory 
of the carbonizer and PFBC are treated as a 
lumped parameter system, with constant heat 
loss to ambient. 

The topping combustor was modeled to 
account for reducing as well as oxidizing con- 
ditions. PC/TRAX has a combustor model that 
can accommodate two fuels, steam, and an air 
stream. A specific composition vector is used to 
describe all inlet streams. Ideally, the car- 
bonizer fuel gas would be connected to one of 
the fuel ports while the PFBC vitiated air 
stream would be connected to the air inlet. 
This scheme would work as long as the car- 
bonizer remained in a reduced mode and the 
PFBC remained in an oxidized mode. As the 
custom ACSL model provided for either 

reducing or oxidizing operation in both the 
carbonizer and PFBC, it was expected that the 
GT must accommodate this. It would be cum- 
bersome to use the standard PC/TRAX combus- 
tor module in this service, and, it was expected 
that multiple air streams would be required, so 
a customized topping combustor model was 
developed. 

The customized topping combustor model 
can operate in either reducing or oxidizing 
mode. There is no set composition vector for 
the inlet streams. Additional ports for supple- 
mental fuel, steam, and bypass process air are 
available. The energy balance accounts for 
losses to ambient as well as losses to the metal 
during temperature transients. Absolute pressure 
is based on temperature and mass balance dif- 
ferentials. Component pressure drop is a func- 
tion of total flow and gas density. 

The ash cooler model utilizes the NTU- 
effectiveness method to determine solids and 
water outlet temperatures. It is assumed that 
there is no energy storage. Water flow through 
the ash coolers is based on pressure differences 
between inlet and outlet. 

Control Model 

All process control and instrumentation 
model components utilize standard PC/TRAX 
modules. Module types that were used included 
transmitters, various mathematical operators, 
function generators, three mode controllers (also 
known as Proportional-Integral-Derivative con- 
trollers [PID]), three element controllers, auto- 
manual stations, and lead-lag elements. The 
remainder of this section contains a summary of 
the control scheme investigated in this study. 

TRAX control models are built by linking 
several modules to produce a given block of 
logic and hardware. Figure 2 contains a 
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schematic of a Scientific Apparatus Manufac- 
turers Association (SAMA) diagram for the 
HRSG steam drum level control. This diagram 
contains the logic and hardware that is required 
of the controller. Figure 3 shows the TRAX 
blocks needed to represent the drum level 
controller and associated hardware. 

HRSGSTEAM 
DRUM LNU 

HRSGSTEAM 
DRUM PRESSURE 

to the PFBC. The PFBC primary zone super- 
ficial gas velocity is maintained by controlling 
primary zone air flow. Secondary air flow is 
established and maintained by a PID controller 
as a function of coal flow and corrected to 
maintain a set PFBC bed temperature. This cor- 
rection is very similar to that used for the car- 
bonizer primary air flow. Air flow to the FBHE 
is controlled by seven PID controllers to main- 
tain a constant superficial gas velocity through 
each of the seven heat transfer compartments. 

NOKINTERACTINQ 
FlD CONiROLLER 

PRESSURECOMPENSATED UMlT SWrrcH 
DRUM LEVEL SlGNAl 

.< 

I HRSQ GTUM DRUM LEVEL 

LICH1 $, 
HRSG STEAM DRUM THREE ELEMENT LEVEL CONTROL 

UNEAR VALVE - INmAL DEMAND 85 W OF SlROKE 

Figure 2. SAMA Diagram of HRSG 
Steam Drum Level Control 

Sorbent and steam flow to the carbonizer is 
maintained as a linear ratio of coal flow. Solids 
transport air is maintained at a set superficial 
gas velocity to prevent saltation of the solids. 
Primary air flow to the carbonizer is established 
as a function of coal flow. The ratio is modified 
to maintain carbonizer temperature. Primary and 
transport air flows are controlled by inlet guide 
vanes (IGV’s) on their respective boost com- 
pressors. Steam flow is controlled by mod- 
ulating the carbonizer steam control valve. 

Solids level in the char hopper is set at a 
constant height. Therefore a change in coal 
flow will be followed by a change in char feed 

PHHZ 

HRSG Steam 
Drum pressure 
1728 psta I 

LHHZ 

HRSG Steam 
Drum Level 

WHS18 

Feedwater Flow 
130,452 iblhr 

H1X)UT 

H130uT XMTRX 0 . 1 ~ ~ , 0 0 0  lmr 

HIBOUT CNTSE 
H14 

Hl40UT 

SET 

Direct Acting 
Linearvalve 

htiai output 65% Of Stroke 
UGH< 

Figure 3. TRAX Block Diagram of 
HRSG Steam Drum Level Control 

Control valves are used to control the PFBC 
primary air and FBHE fluidizing air flows. 
PFBC secondary air flow is controlled by split 
ranging the secondary air flow control valve and 
GT compressor IGV’s. The secondary air flow 
control valve and GT IGV’s are direct acting 
and operate over a controller signal range of 
0 to 50 percent and 50 to 100 percent respec- 
tively. This split range arrangement was used so 
that additional process air could be made 
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available if an upset were to occur at 100 per- 
cent operating condition. 

The GT compressor is a constant volume 
machine and therefore delivers a constant mass 
flow given constant ambient conditions. With 
the present design, at 100 percent load, all of the 
GT compressor air is utilized. During a turn- 
down in plant coal feed, less air is required by 
the carbonizer and PFBC. The surplus air is 
bypassed from the air header into the topping 
combustor. A PID controller is used to regulate 
the bypass valve. The GT combustor pressure is 
determined by upstream conditions. The GT 
combustor temperature is a function of the fuel 
and flue gas compositions and temperatures. 
Emergency stop valves on the fuel stream are 
provided for combustor over-temperature 
protection. 

Steam drum levels in the HRSG and FBHE 
are maintained by three element controllers. 
Control valves downstream of the HRSG econ- 
omizer maintain flow. Steam flow into the H/P 
steam turbine is regulated by a PID controller 
to maintain a constant steam header pressure. 
Superheat and reheat steam temperatures are 
maintained by controlling solids distribution 
in the FBHE, in which solids diverters are used 
to distribute solids to superheater and reheater 
steam passes. 

Condenser hotwell level is maintained at set 
point by a three element controller. The con- 
troller’s output regulates two valves -- the 
spillover valve to the condensate storage tank 
and the makeup valve from the condensate stor- 
age tank. These valves are split ranged and 
opposite acting. 

MODEL ANALYSIS 

Following development of the model 
containing the customized ACSL modules and 
the model containing the standard PC/TRAX 
modules, the models were interfaced so infor- 
mation could be communicated from one model 
to the next. Shared variables are passed 
between the interface and the two models are 
executed simultaneously. The process control 
schemes were then added on top of the process 
model platform. 

Steady-State Model Performance 

Following completion of the dynamic 
model, steady-state results generated by the 
PC/TRAX based model at 100 percent of design 
load were compared to results generated with 
the steady-state software tool ASPENTM 
(Advanced S stem for Process mineering) .  
The ASPEN model is based on work com- 
pleted by G/C and FWDC in an on-going study. 
The steady-state ASPENTM model was the tem- 
plate for the dynamic model. 

rx 

Comparison of the steady-state models 
showed relatively good agreement among all of 
the process variables. The model was suffi- 
ciently stable to run a half hour uncontrolled. 
Following comparison of the steady-state model 
values, the controls were built on top of the 
process model. Each control loop was individ- 
ually tuned to determine appropriate gains and 
constants. The fully integrated and controlled 
model results were then compared to the steady- 
state ASPENTM results. Good agreement was 
found. Table 2 compares various primary pro- 
cess values generated by each model. 
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Table 2 shows that there is good agreement 
between most of the process variables. Car- 
bonizer and PFBC temperatures, pressures, and 
flowrates show very little variance. The gas and 
steam turbine power outputs also compare favor- 
ably. The most striking difference in model var- 
iables is the HRSG exhaust temperature that dif- 
fers by 29 OF. This difference is due to small 
differences in thermodynamic methods of the 
two codes. Both codes use the ASME steam 
tables but differ in the gas side calculation. 

Table 2. Steady-State Variable Comparison 

Model Variable ASPEN Model PWCRAX Model 

Dry Coal Flow 151,061 lbhr 151,061 Ibhr 

Carbonizer Temp 1,600 "F 1,600 OF 

Carbonizer Pres 209.4 psia 209.7 psia 

Fuel Gas Flow 325,727 Ibhr 326,000 Ibhr 

Char Flow 11 2,754 Ibhr 112.550 Ibhr 

PFBC Temp 1,600 'F 1,600 O F  

PFBC Pres 173.8 psia 173.8 psia 

Vitiated Air Flow 2,702,371 Ibhr 2,700,100 l b h  

(1 ToppingCombTemp I 2,350 "F 1 2,350'F 

11 GT Exhaust Flow I 3,564,850 lbhr I 3,567,200 Ibhr 

11 GTExhaustTemp I 1,141 "F I 1,141 O F  

HRSG Exit Temp 280 OF 309 OF 

Throttle Steam Flow 1,597,900 Ibhr 1,589,800 Ibhr 

Deaentor Steam 86,498 I b h  80,665 Ibhr 

GT Power 140 MW, 138 MW, 

ST Power 280 MW, 282 MW, 

Figure 4 shows plots for the carbonizer, 
PFBC, and topping combustor temperatures. 

The time scale of the plot is 50 minutes. The 
plot shows steady, stable plant performance. 
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Figure 4. Steady-State Temperatures 

Figure 5 shows the pressure in the car- 
bonizer, FBHE freeboard, PFBC, and topping 
combustor. Again, the time span of the plot is 
50 minutes. Stable performance is observed. 
Following favorable steady-state results, the 
model was subjected to several transients. 
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Figure 5. Steady-State Pressures 
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Transient Model Performance 

It was desired to bring the plant from 
100 percent design load down to 90 percent, and 
from 100 percent design load down to 50 per- 
cent of design. Significant interaction between 
the PFBCRBHE and steam bottoming cycle 
adversely affected plant stability following 
the load changes. 

With the present control scheme, total plant 
power output is varied by ramping coal flow. 
During a model test run, the analyst manually 
inputs a ramp rate and final value. Figure 6 
shows coal flow, carbonizer temperature, and 
carbonizer pressure for a 10-percent decrease in 
coal flow at a rate of 1 percent a minute. For 
the first 10 minutes of the ramping period, car- 
bonizer temperature is maintained at 1,600 O F  
and the pressure slowly starts to decrease. The 
decrease in pressure reflects decreased gas flow 
through the carbonizer. After 10 minutes of 
ramp, the carbonizer temperature and pressure 
begin to show disfavorable responses. This 
phenomena is caused by downstream conditions 
as will be discussed next. 

16%. 

1630. 

& I6l0. @ e  
LI 1590. 

1570. 

15%. * 

210.0 

Carbonizer Pressure (PCARB) 

52 1.480 - 
%8 
I:: '' 1.420 - 174.0 

1.360 - 162.0 

1.300 - 150.0 

0 0 3 W W  30600 31200 31800 32400 33000 

Time, Seconds 

MS5W2660W 

Figure 6. Transient Response 
(10 Percent Decrease in Coal at 

1 Percentlmin) 

Figure 7 shows plots of the PFBC temper- 
ature and solids flow through the reheater pass 
of the FBHE for the same ramp. For the first 
10 minutes of the ramp period, the PFBC tem- 
perature is fairly stable but wanders about 8 O F  

from 1,600 OF. The initial dip in PFBC tem- 
perature is caused by a decrease in the char flow 
that closely follows the coal ramp. As the 
valves on the secondary air flow close, the 
PFBC temperature rises back to 1,600 OF. 
Following this, the PFBC temperature 
experiences several large temperature excursions. 
The apex of the PFBC temperature excursion 
occurs during the nadir of the solids flow 
through the FBHE heat exchange passes. 
Decreased flow through the heat exchange 
passes prohibits the removal of heat from the 
PFBC, which is manifest in increased PFBC 
temperature. This is evident in Figure 7. 

1630 - 1.540 - 

Zrn 1610. - 1480 - 
58 $3 22 I:: 

1590. - '' 1.420 - 

1570. - 1.36U - 

Figure 7. Transient Response 
(10 Percent Decrease in Coal at 

1 Percentlmin) 

Figure 8 shows the air bypass valve position 
and steam turbine throttle flow. The air bypass 
valve opens in response to decreased air 
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requirements in the carbonizer and PFBC. The 
bypassed air flows into the gas turbine com- 
bustor directly decreasing turbine inlet temper- 
ature and indirectly causing decreased steaming 
in the HRSG steam drum. Decreased steaming 
causes a decrease in the steam turbine throttle 
flow. Lower steam flow means less heat is 
removed from the PFBC/FBHE arrangement, 
causing the PFBC temperature to increase 
as shown in Figure 7. 
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To obtain adequate plant response, the 
control scheme must be changed. Several vari- 
ations of the theme were tried, but none were 
successful. Each control scheme involved the 
bypassing of compressor air from the air header 
into the topping combustor in response to 
decreased air requirements due to decreased coal 
flow. Various alternative control schemes have 
been proposed that attempt to make the PFBC/ 
FBHE arrangement and steam bottoming cycle 
less interactive by introducing new control 
parameters, such as attemperation in the reheater 
and superheater passes, or the inclusion of coal 
feed to the PFBC during transients. These alter- 
natives will be investigated in the future. 

1-1/2 GENERATION PFBC PLANT 
MODELING 

The 1-1/2 generation PFBC power plant 
concept is an intermediate step from 1st Gen- 
eration PFBC to APFBC. It is similar to 
APFBC except there is no carbonizer and asso- 
ciated fuel-gas generating equipment. The GT 
fires natural gas instead. The shaded portion of 
the schematic in Figure 1 corresponds to the 
1-1/2 generation PFBC power plant concept. Figure 8. Transient Response 

(10 Percent Decrease in Coal at 
1 Percenvmin) A TRAX model of a 110 M W ,  1-1/2 gener- 

ation PFBC power plant was developed using 
the APFBC TRAX model as a point. 
The process model is similar to the APFBC pro- 
cess model in approach, with the only significant 
changes being geometry and configuration. The 
control model, however, is fundamentally dif- 
ferent. The FBHE and PFBC components are 
decoupled from a control standpoint. Coal flow 
is a function of PFBC temperature, rather than 
air, and solids distribution in the FBHE is a 
function of heat input to the PFBC. 

As evident in Figures 7 and 8, a chain reac- 
tion of large excursions between the PFBC/ 
FBHE arrangement and turbine bottoming 
cycle are too large and lengthy for adequate 
control of a power plant. Large excursions were 
found with both faster and slower ramp speeds. 
A decrease to 50 percent of design flow showed 
the same oscillatory behavior. This oscillatory 
behavior inhibited the current control scheme 
from delivering adequate plant responses to 
changes in load. 

Figure 9 shows GT, ST, and total power 
output for a plant turndown from 100 percent to 
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64 percent of design load. Turndown was 
initiated by a ramp on natural gas flow from a 
100 percent of design flow to zero. Figure 10 
shows coal, natural gas, and sorbent flows cor- 
responding to the transient in Figure 9. 
Figure 11 shows steam turbine throttle pressure 
control output. 

.- I I 

Figure 9. Transient Response 
(100 Percent Decrease in NG at 

5 Percentlmin) 

The transient in Figure 9 shows plant 
response from operation at 100 percent of design 
turned down to 64 percent of design. As can be 
seen in the plots, plant response is stable. The 
control changes, described previously, helped 
provide a more stable plant response. 
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Figure 10. Transient Response 
(100 Percent Decrease in NG at 

5 Percentlmin) 

SIT THROlTLE -VJRNWWN TO 64% OF DESIGN LOAD 

Figure 11. Transient Response 
(100 Percent Decrease in Gas at 

5 Percenumin) 

CONCLUSIONS 

Dynamic models of an APFBC and a 
1- 1/2 PFBC generation combined-cycle power 
plant were described. The models included both 
process and control descriptions. The process 
models describe the appropriate thermodynam- 
ics, hydrodynamics, chemistry, and pressure 
flow relationship. The control models account 
for and describe basic instrumentation, control 
logic, and hardware. 

The models developed in this study are useful 
tools with which APFBC combined cycle can be 
studied. Lessons learned during the APFBC 
study were applied to a 1-1/2 generation PFBC 
combined-cycle power plant model. Stable plant 
response was shown to be significantly sensitive 
to the solids distribution in the FBHE at part 
load. 
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The models and knowledge gained during this 
study could easily be applied to other advanced 
combined cycles that are nearing commercializa- 
tion. Application of the TRAX software to 
other power cycles is aided by the generic 
nature of the software. An additional plus is 
the ability of easily augmenting the existing 
software package with user-supplied dynamic 
models. The model will soon be applied to the 
Wilsonville APFBC project. 

METC has developed a considerable knowledge 
base of TRAX-based dynamic models. METC 
hopes to use this information and expertise as a 
basis in the formation of cooperative agreements 
with interested industry partners that share a 
need for dynamic analysis. The application of 
dynamic models to emerging technologies offers 
the ability to examine control issues early in the 
design process. This advantage should greatly 
reduce the time and expense of control and 
process design. 
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