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SUMMARY

Studies strongly indicate that the United States will face widespread
electrical power constraints in the 1990s, and most regions of the country will
experience capacity shortages by the year 2000. In many cases, the demand
for increased power will occur during intermediate and peak demand periods.
While natural gas is currently plentiful and reasonably priced, the avail-
ability of an economical, long-term, coal-fired option for peak and intermed-
iate load power generation will give electric power utilities an option in
case either the availability of natural gas should deteriorate or its cost
increases.

This study describes a technical and economic evaluation of integrating
molten nitrate salt thermal energy storage (TES) into a integrated gasification
combined-cycle (IGCC) power plant. Currently, a conventional IGCC power plant
can only be considered for a base load power generation applications because
of difficulties with cycling the gasifier. An IGCC plant with TES would
continuously operate the gasifier and gas turbine, storing the thermal energy
in the fuel gas stream and gas turbine exhaust. During peak demand periods,
the stored thermal energy would be used as a heat source for a steam power
cycle, producing electric power.

The following are the results of the economic evaluation of using molten
salt TES in an IGCC plant:

e An IGCC plant with molten salt TES could substantially reduce the
cost of coal-fired peak and intermediate load power generation. The
results of this study show that an IGCC plant with molten salt TES
could reduce the cost of peak and intermediate power generation by
as much as 20% when compared with other coal-fired alternatives.

e Molten salt TES is technically feasible. The overall judgment, both
of this study and of similar evaluations is that molten salt TES is
technically feasible, and it is reasonable to assume that the tech-
nology could be commercialized.

e Advanced molten salt TES concepts could substantially improve the
performance and economics of an IGCC plant with TES. Several ad-
vanced concepts, such as direct-contact salt heating, low freezing
point salts, dual-storage media, and advanced tank designs, have
the potential to substantially improve the performance of an IGCC
plant with TES.




Conceptual designs were developed for a number of operating schedules.
The conceptual designs had sufficient detail to allow development of capital
and levelized energy cost estimates. The resulting costs were then compared
with a base case consisting of an IGCC plant producing base load power and a
cycling coal plant producing peak or intermediate load power. The technical
feasibility of molten salt TES and direct-contact salt heating was investi-
gated by conducting a literature review and contacting researchers working
with the technology.

Costs were estimated for six power plant operating schedules. Levelized
energy costs were prepared for each operating schedule for both the conven-
tional coal-fired option and the IGCC plant with TES. Results showed that the
IGCC plant with TES had a lower levelized energy cost than the corresponding
conventional coal-fired option for all plant operating schedules. When high
natural gas price escalation rates were assumed, the IGCC plant with TES had
lower levelized energy costs than the corresponding natural-gas-fired options
for all but one operating schedule. This concept is most attractive at lower
plant capacity factors (fewer operating hours) where the coal-firing equipment
is downsized and, hence, the capital cost benefits of incorporating thermal
energy storage are greatest.

While not currently used in power production, molten salt TES has been
extensively investigated as part of the U.S. Department of Energy's (DOE)
Solar Thermal Program. The concept has been the subject of bench-scale experi-
mental investigations, several detailed design studies, and small-scale field
demonstrations. While problems remain, the balance of opinion is that commer-
cialization of molten salt TES is technically feasible. Recommendations are
given for the areas most in need of technology development.
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THERMAL ENERGY STORAGE FOR INTEGRATED GASIFICATION
COMBINED-CYCLE POWER PLANTS

1.0 INTRODUCTION

There are increasingly strong indications that the United States will
face widespread electrical power generating capacity constraints in the 1990s;
most regions of the country could experience capacity shortages by the year
2000. The demand for new generating capacity occurs at a time when there is
increasing emphasis on environmental concerns. These two trends have led to
the development of a number of coal-fired power plant technologies that can
provide economical base load power while meeting stringent environmental
regulations. However, the increased demand for electric power often occurs
during periods of peak and intermediate load power demand (U.S. Energy Associa-
tion 1988). Advanced, clean coal technologies will be Timited to base load
applications that comprise only 60% of the market for new generating capacity
unless these technologies are able to economically provide peak and inter-
mediate loads (Yu 1988).

The integrated gasification combined-cycle (IGCC) power plant is an
example of an advanced coal-fired technology that will soon be commercially
available. The IGCC concept has proved to be efficient and cost-effective
while meeting all current environmental regulations on emissions; however,
the operating characteristics of the IGCC system have limited it to base load
applications. The integration of thermal energy storage (TES) into an IGCC
plant would allow it to meet cyclic Toads while avoiding undesirable operating
characteristics such as poor turn-down capability, impaired part-load perfor-
mance, and long startup times. In an IGCC plant with TES, a continuously
operated gasifier supplies medium-Btu fuel gas to a continuously operated gas
turbine. The thermal energy from the fuel gas coolers and the gas turbine
exhaust is stored as sensible heat in molten nitrate salt; heat is extracted
during peak demand periods to produce electric power in a Rankine steam power
cycle.

1.1




The study documented in this report was conducted by Pacific Northwest
Laboratory(a) (PNL) and consists of a review of the technical and economic
feasibility of using TES in an IGCC power plant to produce intermediate and
peak load power. The study was done for the U.S. Department of Energy's (DOE)
Office of Energy Storage and Distribution.

1.1 STUDY OBJECTIVES AND SCOPE

This study had the primary goal of assessing the technical and economic
feasibility of using molten salt TES in an IGCC plant. The specific objectives
were to

1. develop a conceptual design of an IGCC plant using molten salt storage
2. develop a capital cost and levelized energy cost (LEC) estimate for the

conceptual design.

1.2 ORGANIZATION OF REPQRT

The background of the study is presented in Section 2, and the method of
analysis is discussed in Section 3. Section 4 describes the development of
the conceptual design (Objective 1). Section 5 presents the capital and
levelized cost estimates for the conceptual design (Objective 2). Conclusions
are presented in Section 6.

(a) PNL is operated for the U.S. Department of Energy by Battelle Memorial
Institute.
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2.0 BACKGROUND

This study primarily focuses on evaluating applications of molten salt
TES in an IGCC power plant to provide intermediate demand electric power
generating capacity. Section 2.1 presents a description of the concept while
Section 2.2 discusses the results and relevance of previous investigations of
TES for power generation.

2.1 CONCEPT DESCRIPTION

Given the uncertainties in electric power demand, the cost and avail-
ability of fuel, and the effects of environmental legislation, utilities are
seeking to construct small, low-cost, and fuel-flexible power plants that can
economically meet current and future environmental requirements. The IGCC
power plant is an attractive option for the expanding current and near-term
generating capacity needs of the utility industry. These plants can be built
as modular units with phased construction; they use coal (which is abundant and
has been historically stable in price); and they can significantly reduce
air pollutant emissions when compared with conventional coal-fired power
plants.

While the IGCC concept has many attractive features, it has only been
considered for base load applications because the concept has several char-
acteristics that make it unattractive for peak and intermediate load applica-
tions. These characteristics include 1) poor gasifier turn-down capability,
2) poor part-load performance, and 3) long gasifier startup times. The incor-
poration of a molten salt TES system into an IGCC plant would allow flexible
power production in an intermediate or peak mode.

During the course of this study, several schemes for integrating TES into
an IGCC plant were identified. After a preliminary evaluation, the scheme
shown in Figure 2.1 was selected for detailed evaluation. With this scheme,

a continuously operating Texaco gasifier supplies intermediate-Btu fuel gas

to a gas turbine, which is also operated continuously, to generate base load
electric power. Thermal energy in the gas turbine exhaust and hot fuel gas is
used to charge a TES system.
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The TES system consists of a high-temperature and a low-temperature TES
system. The high-temperature storage medium is a mixture of sodium nitrate
(60 wt%) and potassium nitrate (40 wt%). Thermal energy is stored as sensible

heat in this salt mixture. Cool salt stored in the cold salt tank at 280°C
(536°F) 1is continuously pumped through the high-temperature section of the
gas turbine waste heat recovery heater and the radiant and convective fuel
gas coolers where it is heated to 566°C (1050°F). The salt is then returned
to the hot salt storage tank. The salt mixture freezes at a temperature near
240°C (464°F); consequently, precautions must be taken to ensure that the
temperature of the molten salt never drops below the freezing point. The
maximum temperature of the salt is 566°C (1050°F) and is determined by the
chemical stability of the mixture. During peak demand periods, the hot molten
salt is used as a heat source to produce 538°C (1000°F) and 16.54-MPa (2400-

psi) superheated steam in a steam generator. The steam is then used to produce
electricity in a conventional steam Rankine power cycle.

The Tow-temperature storage medium is a mixture of a heat transfer oil
such as Caloria HT-43(2) (25 vol%) and rock (75 vol%) contained in a storage
tank. Thermal energy is stored as sensible heat primarily in the rock, and
the oil acts as a heat transfer fluid. The storage tank is arranged so that
hot oil is always added or removed from the top of the tank while cold oil is
added or removed from the bottom of the tank. The lower-density hot oil
remains in the top of the tank while the higher-density cool oil occupies the
bottom of the tank, forming one hot and one cold region separated by a thermo-
cline. This design eliminates the need for separate hot and cold tanks as
are used with the molten salt TES. Low-temperature oil from the bottom of
the tank at 121°C (250°F) is pumped to the low-temperature section of the gas
turbine waste heat recovery heater where it is heated to 288°C (550°F). The
0il is then returned to the top of the oil/rock storage tank. The maximum
01l temperature is ~288°C (550°F) and is determined by the chemical stability
of the oil. The thermal energy stored in the Tow-temperature TES is used to
preheat the feedwater after it leaves the condenser and to produce process
steam for other applications in the IGCC plant.

(a) Trademark of the Exxon Corporation, Houston, Texas.
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Although not used to produce power commercially, molten salt TES was
extensively investigated as part of DOE's Solar Thermal Program. The concept
was the subject of bench-scale experimental investigations, several detailed
design studies, and small-scale field demonstrations. While significant
problems remain, the general opinion of experts is that commercialization of
molten salt TES is technically feasible.

As with the molten salt TES, oil and rock TES was extensively investi-
gated as part of the DOE Solar Thermal Program. One large-scale demonstration
has been successfully completed at the Barstow solar thermal power plant
(Hallet and Gervais 1977). 0il and rock TES has been proven to be technically
feasible and in this study it was assumed to be commercially available.

2.2 RESULTS OF PREVIQUS EVALUATIONS

While TES has never been considered for applications with an IGCC plant,
there have been a number of studies on using TES with conventional nuclear
and coal-fired power plants. A series of studies on TES for near-term utility
applications was conducted by DOE, the Electric Power Research Institute
(EPRI), and the National Aeronautics and Space Administration (NASA) in the
late 1970s (General Electric 1979a,b,c). The results of these studies did
not favor TES, but the ground rules for the studies limited the concepts to
schemes that had a minor impact on the overall design of the plant. These
Timitations resulted in poor applications for TES but they often are more
expensive.

In the last 10 years, however, significant changes have altered this
situation. First, improved integration schemes based on less-restrictive
assumptions have proven to be much more attractive. Second, improved TES
designs have resulted in improved costs and performance. Finally, the emer-
gence of advanced coal combustion schemes, such as IGCC, has opened new oppor-
tunities for TES applications in power generation.

Based on these new developments, a review of TES applications in con-
ventional, pulverized-coal-fired power plants was conducted under DOE's TES
Program (Drost et al. 1989). The results of the study showed that the use of
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TES in a coal-fired power plant could reduce the cost of coal-fired inter-
mediate and peak load power generation by 5% to 25% when compared with a
conventional cycling coal-fired power plant. Drost et al. also identified
attractive applications for using TES with advanced coal technologies such as
IGCC. Based on the results of the 1989 study, the current evaluation of
integrating TES in an IGCC plant was initiated.




3.0 METHODOLOGY

The use of TES in an IGCC power plant was evaluated by developing con-
ceptual designs for a number of plant operating schedules. The conceptual
designs had sufficient detail to allow development of preliminary capital and
LEC estimates. The resulting cost estimates were compared with the costs
for a base case using more conventional technology.

3.1 SELECTION OF PLANT OPERATING SCHEDULES

The general approach used in this study was to develop a conceptual design
and a cost estimate for the IGCC/TES and to compare these data to the cost
for a base case that consists of 1) an IGCC base load power plant and 2) a
cycling pulverized-coal-fired power plant providing intermediate load electric
power generation.

The comparison between the base case and the IGCC power plant with TES
was made for a range of plant operating schedules. Table 3.1 summarizes the
assumed operating schedules. The range of operating schedules was selected to
include nominal capacity factors ranging from 20% to 40%. Two weekly operating
schedules were eva]uqted. In the first case, the plant was assumed to operate
for 5 days per week. In the second case, the plant was assumed to operate
for 7 days per week but with a shorter daily operating period. In all cases,
the peak plant net output was assumed to be 500 MWe for both the conventional
coal-fired plant (the base case) and the IGCC plant with TES.

TABLE 3.1. Plant Operating Schedule

Schedule Operating Base Load Peak Load
Numbers Days/Week Hours/Day Hours/Day
1 5 24 8
2 5 24 12
3 5 24 16
4 7 24 6
5 7 24 9
6 7 24 12




3.2 SELECTION OF THE CONCEPTUAL DESIGN

The main element of this study was the development of a conceptual design
for an IGCC power plant with TES. The conceptual design process served two
purposes. First, the design was detailed enough to allow development of a
preliminary capital cost estimate. Second, the design process identified
problems that might affect the technical feasibility of the concept.

The integration of TES in an IGCC plant is a challenging design problem
because of the large number of options that exist for combining the two tech-
nologies. A comprehensive review of the design options was not attempted, but
two integration concepts were identified and briefly evaluated. The first
concept was described in Section 2.1. In this concept, the gas turbine oper-
ates continuously to produce base load power and the Rankine steam power cycle
operates intermittently to produce intermediate load power. The second concept
was intended to produce only intermediate load power. In this concept, the
gasifier operates continuously and the fuel gas is used to heat salt directly
during off-peak periods. During peak demand periods, the fuel gas is used to
fire a gas turbine; waste heat in the gas turbine exhaust is used to charge
the thermal energy storage. The thermal energy in storage is used during
peak demand periods to generate steam for the Rankine steam power cycle.

The first concept was selected for further evaluation because it made the
maximum use of the combined cycle, increasing the plant's efficiency. This
concept was used as the basis for the conceptual design and economic evalua-
tion. Neither design was the subject of rigorous design optimization. There-
fore, while the arrangement selected for evaluation is reasonable, it is
possible that optimization studies and additional investigations of concept
arrangements could result in more attractive plant designs.

The general philosophy of the conceptual design was to minimize modifica-
tions to the IGCC because the IGCC plant has already been extensively opti-
mized. Where possible, IGCC component designs were not modified but the size
of the components was influenced by the plant operating schedule. New
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components, such as the molten salt TES and the steam generator that is heated
by the molten salt, were characterized and sized.

3.3 ECONOMIC EVALUATION

The IGCC/TES power plant evaluated in this study has base load and inter-
mediate load power production characteristics. Base load power is provided
by the gas turbine, which operates continuously 24 hours per day. Inter-
mediate load power is provided by the steam turbine, which operates from 6 to
16 hours per day. The economic evaluation was conducted by calculating and
comparing the LEC of IGCC/TES power plants to reference power plants supplying
the same mix of base load and intermediate load power output. Levelized
cost analysis combines initial cost, annually recurring cost, and system
performance characteristics with financial parameters to produce a single
figure of merit (the LEC) that is economically correct and can be used to
compare the projected energy costs of alternative power plants. The specific
economic methodology employed was that defined in Brown et al. (1987). Some
of the key factors for the LEC analysis conducted for this study are identified
in Table 3.2.

Initial capital costs were first identified for a conventional IGCC power
plant at a relatively detailed level. For example, the gas-treating equipment
estimate was based on individual estimates for low-temperature coolers, acid
gas removal, sulfur recovery, tail gas treating, and the fuel gas saturator.
Each individual cost element for the entire plant was assigned to one of the
following categories: variable elements (those related to either gas turbine
or steam turbine generating capacity) or fixed elements. Some elements were
split into both fixed and variable parts. The capacity and cost of the vari-
able elements depend on the plant's planned power generation schedule, and they
are generally lower for an IGCC/TES plant than for a conventional IGCC plant.
The capacity and cost of the fixed elements are the same for both IGCC/TES
and conventional IGCC plants.
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TABLE 3.2. Key Levelized Energy Cost Inputs

Initial Costs

Coal handling Salt steam generator Gas turbine
Gasification Balance of plant Heat recovery
Steam/condensate Working capital Salt storage
Steam turbine Oxygen plant Salt piping
0il/rock storage Gas treating Land

Startup

Recurring Costs

Fixed operation and maintenance
Variable operation and maintenance
Fuel

Design and Performance Factors

Gas turbine generating capacity Steam turbine generating capacity
0il/rock storage capacity Heat transfer areas of heat
Molten salt storage capacity recovery heat exchangers

Annual plant heat rate Annual plant availability

Generation schedule

Individual cost elements were also assigned to one of the following cost

components:
* coal handling * oxygen plant
* gasifier e ash handling
* radiant cooler ¢ convective cooler
» fuel gas scrubber * Tlow-temperature coolers
o fuel gas saturator * acid gas removal
* sulfur recovery e tail gas treating
* steam/condensate e gas turbine
* steam power cycle * balance of plant.

Conventional IGCC power plant component costs were then adjusted, as neces-
sary, to reflect the design conditions of the IGCC/TES power plant. Equations
estimating the cost of each of these components as a function of gas turbine
or steam turbine generating capacity were derived from IGCC power plant
economy-of-scale studies described in the literature.

Salt storage, salt steam generator, and oil/rock storage costs were
obtained from research reports on solar thermal power systems. Costs for the
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heat recovery heat exchangers were estimated based on published cost data from
various sources. Finally, molten salt piping designs and cost estimates were
prepared by PNL.

‘ Estimates for fixed and variable operation and maintenance (0&M) cost
elements were developed in a manner similar to the initial capital costs.
First, 08M costs were identified for a conventional IGCC power plant. In-
dividual cost elements were then divided into fixed and variable parts. Cost
estimating equations for each part were developed as a function of initial
capital cost, steam turbine power output, or gas turbine power output. Current
and future coal cost estimates were derived from projections made by several
energy forecasting organizations.

Economic assumptions for factors such as the discount rate, income tax
rate, and plant life were primarily based on assumptions specified in EPRI's
Technical Assessment Guide (1986) for the utility industry. These assumptions
are specifically identified in Section 5.
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4.0 CONCEPTUAL DESIGN

The conceptual design characterized an IGCC power plant with TES in suf-
ficient detail to develop a meaningful cost estimate. The relevant features of
a conventional IGCC power plant are discussed in Section 4.1, and Section 4.2
provides a detailed discussion of the selected arrangement of the IGCC power
plant with TES. The remaining sections present the results of the conceptual
design by subsystem. Section 4.3 describes the modifications and addition of
new components to the IGCC plant. Section 4.4 discusses the TES subsystem,
and Section 4.5 presents the steam transport subsystem. The molten salt heated
steam generator is described in Section 4.6; the other plant components are
discussed in Section 4.7; and Section 4.8 briefly discusses the performance
characteristics of an IGCC plant with TES.

4.1 CONVENTIONAL IGCC POWER PLANT

One goal of this study was to develop concept arrangements that minimize
the impact of including TES on the design of the IGCC plant. Therefore, there
is substantial similarity between the conventional IGCC plant and the IGCC/TES
design. Because of the similarity between the two designs, it is important to
understand the major characteristics of a conventional IGCC plant, as well as
the IGCC/TES plant.

The main features of a conventional IGCC power plant are shown in
Figure 4.1. A Texaco coal gasifier is used to produce clean medium-Btu
(300 Btu/scf) fuel gas, which is used to fire a gas turbine. The gas turbine
exhaust is used in a heat recovery steam generator (HRSG) to produce steam
for a Rankine power cycle and to produce process steam required by other compo-
nents of the IGCC plant. Currently, available fuel gas cleaning equipment
requires that the fuel gas be cooled after it leaves the gasifier. This
cooling is accomplished through the use of radiant and convective fuel gas
coolers. These heat exchangers generate supplemental steam, augmenting the
output of the HRSG. The steam power cycle operates with steam turbine inlet
conditions of 521°C (970°F) and 10.00 MPa (1450 psi). Some feedwater heating
[to 112°C (233°F)] takes place by heat exchange with the fuel gas stream.
The plant configuration illustrated in Figure 4.1 is highly efficient: its
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net efficiency is 36.6% (a heat rate of 9322 Btu/kWh). In general, the power
plant uses commercially available equipment; the major exceptions are the
high-temperature fuel gas coolers, which require additional development. The
gas turbine, with an inlet temperature of 1104°C (2020°F), is representative
of current gas turbine technology. As gas turbines with operating temperatures
of 1204°C (2200°F) become available, performance is expected to improve.

The Texaco IGCC power plant has been extensively studied and appears to
be competitive with a conventional coal-fired power plant on the basis of
cost and performance (Matchak et al. 1984). However, the operating charac-
teristics of the IGCC plant are somewhat different from a conventional coal-
fired power plant when considering cycling operation. The major differences
involve the gasifier, which is not readily cycled or economically operated at
part-load. Therefore, the IGCC concept is only being considered for base
load service. '

The gas turbine also has important operational differences compared with
the conventional coal-fired power plant. The gas turbine cycle is a constant-
volume heat engine. Consequently, the power output and fuel requirements vary
inversely with ambient temperature and will produce the rated output at only
one ambient temperature. Depending on the design philosophy and the design
ambient temperature selected, either the gasifier or the gas turbine will be
oversized during most of the plant operating time. If the plant design point
is at a low ambient temperature, the gas turbine's output is significantly
reduced [by approximately 20% if the unit was designed using an ambient tem-
perature of -6.7°C (20°F) and was actually operating at 31°C (88°F)] at high
ambient temperature. Unfortunately, many utilities experience peak power
demand when the ambient temperature is high because of increased air-condition-
ing Toads. This problem can, to some extent, be mitigated by supplemental
firing, in which the excess gasifier output is used to heat the gas turbine
exhaust, generating additional steam in the HRSG. The increased steam produc-
tion requires the installation of an oversized steam turbine, which results
in increased power production and heat rate. Supplemental firing was not
included in the conceptual design of the IGCC/TES concepts.

4.3




4.2 1GCC POWER PLANT WITH MOLTEN SALT TES FOR PEAKING

A molten salt TES interposed between the gasifier/gas turbine and the
steam generator in an IGCC plant can provide a cycling capability. Instead of
generating steam directly, the heat from the fuel gas coolers and turbine
exhaust is used to heat molten nitrate salt which is then stored. The gas
turbine is operated whenever the gasifier operates. Any excess fuel gas [at
ambient temperatures >15°C (59°F) design point] could be used to heat salt in
the TES. The increased peaking capacity will be available during periods of
high ambient temperature, when peaking capacity is most needed by summer
peaking utilities. The TES serves to decouple the steam generator and turbine
from the rest of the plant, allowing steam power production as needed for peak
power generation.

An earlier study examined molten salt TES application with pulverized-
coal-firing technology and determined that conventional materials (various
stainless steels) would be adequate for constructing the salt heaters (Drost
et al. 1989). In this study, it was assumed that similar materials could be
used for the fuel gas coolers. The same design philosophy was applied to the
turbine exhaust heat recovery salt heater. In the case of the heat recovery
salt heater, it may be possible to use direct heat exchange between the exhaust
gas and the salt. If feasible, direct-contact heat exchange would dramatically
decrease the cost of the heat recovery salt heater and would improve perfor-
mance.

The molten nitrate salt freezes at 240°C (464°F); and, therefore, the
cold TES tank is designed for 288°C (550°F) operation. Efficient operation of
the IGCC plant requires that thermal energy in gas streams at temperatures
below 316°C (600°F) be used in the IGCC plant. The concept proposed in this
study uses these gas streams to generate low-pressure process steam for use in
the gasification process, and the remaining heat is stored in a second low-
temperature TES system. The low-temperature TES system stores thermal energy
in a medium consisting of oil and rock, which has been developed extensively
for solar thermal power generation.
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4.3 MOLTEN SALT HEATER DESIGNS

The proposed integration of TES in an IGCC power plant requires modifica-
tions to the radiant fuel gas cooler, the convective fuel gas cooler, and the
heat recovery salt heater to allow the components to heat molten salt (and oil
in the case of the heat recovery salt heater). Section 4.3.1 presents a
comparison of the heat transfer characteristics of molten salt versus water/
steam. Section 4.3.2 summarizes the design of the three salt heaters and one
01l heater included in the design of the IGCC plant with TES. Section 4.3.3
discusses the incorporation of other heat exchangers into the IGCC/TES design
to provide steam for fuel gas saturation and feedwater heating. “

4.3.1 Comparison of Heat Transfer Characteristics of Molten Salt and Steam

Generation

Although the relevant molten salt thermal-hydraulic properties are not
radically different from water (Martin Marietta 1984), new designs for the
radiant fuel gas cooler, convective fuel gas cooler, and HRSG are required
because the molten salt does not undergo the phase change that water/steam
experiences. The molten salt remains a single phase fluid throughout the heat
transfer process, which results in good heat transfer characteristics through-
out all zones of the salt heater and avoids the high pressures encountered
during steam generation. Because there will not be high pressures in the salt
heater, the tube walls can be significantly thinner. Scale buildup is not a
problem with molten salt, but tube corrosion and long-term salt degradation
are issues that must be addressed in a realistic design.

In this study, it was assumed that the three salt heaters would have many
features in common with their counterparts in the conventional IGCC design.
The arrangement of heat transfer surfaces and the structural design of the
salt heater were also assumed to be similar between the two sets of components.

The major differences between a salt heater and a steam generator are in
the heat exchange surfaces. Two problems encountered in the analysis were
the uncertainty in salt properties and the lack of a proven design for some
components such as the high-temperature radiant and convective fuel gas cooler.
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While molten nitrate salt has been extensively investigated, substantial
uncertainty still exists in the estimates for some important properties,
especially specific heat, where there are significant variations in the
reported results (Carling 1983; Martin Marietta 1984; De Laquil, Kelly, and
Egan 1988). The second difficulty was a lack of detailed data on fuel gas
cooler design. To minimize the impact of these difficulties, the analysis
relied on the results of a recent comparison of a coal-fired boiler with a
coal-fired salt heater (Drost et al. 1989).

Typical convective heat transfer coefficients for water and molten salt
are presented in Table 4.1. The values for molten salt are taken from Martin
Marietta (1978), and the values for water and steam are taken from Kreith and
Bohn (1986).

A review of Table 4.1 shows that while molten salt is a good heat transfer
fluid, its convective heat transfer coefficient is somewhat lower than forced
convection with water and substantially lower than boiling heat transfer with
water. Conversely, the convective heat transfer coefficient for molten salt
is substantially greater than that for steam. While water has a higher convec-
tive heat transfer coefficient than molten salt, the impact of this difference
on the design of a radiant or convective salt heater is negligible because
the resistance to heat transfer from the fuel gas to water or molten salt is
dominated by the external convective heat transfer coefficient between the
external surface of a tube and the flue gas. Sorensen (1983) and Babcock and
Wilcox (1978) report the overall heat transfer coefficient between flue gas
and water as being between 50 W/m2-°C [8.33 Btu/(h-ft2-°F)] and 75 W/m2-°C
[12.5 Btu/(h-ft2-°F)]. The resistance to heat transfer attributable to the
convective heat transfer coefficient between an internal surface of a tube
and water is less than 1% of the overall resistance. Consequently, the impact
of water or molten-salt-side convective heat transfer coefficient can be
ignored without loss of accuracy. This is not the case for steam because
the steam-side convective heat transfer coefficient is much lower than for
either water or molten salt. The major conclusion resulting from the
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TABLE 4.1. Typical Convective Heat Transfer Coefficients for
Water and Molten Salt

Convective Heat Transfer Coefficient

Fluid W/mé-°C Btu/ (h-ft<-°F)
Water, single phase 12,000 2,000
Water, boiling 60,000 to 120,000 10,000 to 20,000
Steam 300 50
Molten salt 6,000 to 9,000 1,000 to 1,500

evaluation of heat transfer coefficients is that molten salt will have heat
transfer characteristics equivalent to water for convection or boiling heat
transfer and will be superior to steam.

One disadvantage of molten salt is its low heat capacity. One kilogram
of water will absorb approximately 2.33 x 106 J (1000 Btu/1bm) as it passes
through the boiler; the high heat capacity is caused by the water going through
a phase change. Molten salt does not experience a phase change; therefore,
there is a substantial reduction in its heat capacity and a related increase
in the required mass flow rate for a molten salt system when compared to a
similarly-sized water/steam system. A study by Martin Marietta (1984) indi-
cates that at 371°C (700°F), the specific heat of molten salt is estimated
to be 1616 J/(kg-°C) (0.386 Btu/1bm-°F) with a density of 1849 kg/m3 (115
1bm/ft3). There is a substantial variation in the reported values of specific
heat for molten salt (Martin Marietta 1978, 1984; Kolb and Nikolai 1988; De
Laquil, Kelly, and Egan 1988). This study used a value of 1550 J/(kg-°C)
(0.372 Btu/1bm-°F), which was assumed to be independent of temperature.

The major conclusion for this comparison of molten salt and water/steam
heat transfer characteristics is that the mass flow rate of molten salt is
approximately six times greater than the mass flow rate of water to achieve
the same heat removal rate. The volume flow rate for molten salt will be
approximately three times greater than that for water.
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Molten salt has been evaluated for use in solar central receiver systems
(U.S. DOE 1988a,b). Evaluations have included the design and testing of molten
~salt central receivers. These evaluations identified the preferred tube design
for solar applications. The recommended tube diameter was 0.038 m (1.5 in.)
with a recommended tube wall thickness of 0.0017 m (0.065 in.) (Martin Marietta
1978). The molten salt would be at an approximate pressure of 1.724 MPa (250
psia), which would only require a wall thickness of 0.0006 m (0.0218 in.);
the additional wall thickness facilitates fabrication. Given the low molten
salt pressure and the high flow rates required in a coal-fired salt heater,
it was concluded that tubing diameters of 0.063 m (2.48 in.) or larger should
be used to minimize pressure drop. Pressure drop could probably be achieved
using the same 0.0017-m (0.065-in.) wall thickness used in the smaller diameter
tubing.

A molten salt solar receiver using 0.0255-m (1.00-in.) diameter Incoloy
800 tubing was initially tested at a peak flux of 400,000 W/m2 (Martin Marietta
1978). This was followed by a test of a 5-MWt receiver, using 0.019-m (0.75-
in.) diameter tubes at a central receiver test facility. The receiver was
designed for a peak flux of 0.6 MWt/m2 (190,000 Btu/ft2-h) (Delameter 1987;
Bergan 1987). A high flux test exposed the receiver to flux levels above
1 MWt/m2 (317,000 Btu/ft2-h) for over 1 hour, and the receiver survived the
test with no damage. The second test confirmed that a conservative design
peak flux for a molten salt receiver with Incoloy 800 tubes is 0.85 MWt/m2
(269,000 Btu/ft2-h) (Bergan 1987). Current molten salt solar central receivers
are designed for a peak flux of approximately 0.75 MWt/m2 (238,000 Btu/ft2-h)
using 316 stainless steel tubing (De Laquil, Kelly, and Egan 1988; U.S. DOE
1988b) .

The results of the molten salt solar receiver development program suggest
that the heat fluxes typically encountered in a coal-fired furnace
[0.16 MWt/m2 (50,700 Btu/ft2-h)] can be readily accommodated in a coal-fired
salt heater. A detailed design study for a radiant fuel gas cooling salt
heater could possibly take advantage of the properties of molten salt to
further improve the design, but consideration of these issues was beyond the
scope of this study.
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4.3.2 Salt Heater Design Characteristics

The design of the salt heaters for application with the IGCC concept was
based on the results of a recent comparison of a molten salt heater with a
coal-fired boiler (Drost et al. 1989). Drost et al. estimated the overall
heat transfer coefficients for various regions of a coal-fired molten salt
heater, and it was assumed that this information could be used to size the
molten salt heaters used with the IGCC concept. The specific assumptions were
that 1) the overall heat transfer coefficient in the radiant region of the
coal-fired molten salt heater could be used to size the radiant fuel gas cooler
and 2) the overall convective heat transfer coefficient in the convective
passes of the coal-fired steam generator could be used to size the convective
fuel gas cooler and heat recovery molten salt heater and oil heater.

It was assumed that the IGCC radiant salt heater experienced operating
conditions similar to the radiant regions of a coal-fired salt heater. Results
reported in Drost et al. (1989) estimated the overall heat transfer coefficient
as being 70 W/m2-°C (12.3 Btu/h-ft2-°F). It was assumed that this value would
also apply to the heat exchange between the raw fuel gas and the salt. The
log mean temperature difference was calculated to be 639°C (1182°F). An
examination of the effect of the fuel gas pressure determined that an adequate
factor of safety exists with 1/8-in.-thick walls in 3-in. OD tubes of 304H
stainless steel.

The design of the fuel gas convective cooler is also based on the results
reported in Drost et al. (1989) for a convective salt heater in a pulverized-
coal-fired salt heater. The overall convective heat transfer coefficient in
the convective passes of the coal-fired salt heater was calculated to be 150
W/m2-°C (26.6 Btu/h-ft2-°F). The same value was assumed for the convective
fuel gas cooler. The appropriate log mean temperature difference was calcu-
lated to be 112°C (233°F). The tube material is 304H stainless steel, with
1/8-in.-thick walls and 3-in. OD.

The gas turbine heat recovery molten salt heater was also assumed to be
similar to the convective passes of a coal-fired salt heater, with an overall
convective heat transfer coefficient of 150 W/m2-°C (26.6 Btu/h-ft2-°F). How-
ever, the clean turbine exhaust permits extensive use of fins to improve heat
transfer on the gas side. The log mean temperature difference was estimated
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to be approximately 14°C (57°F). Tube material was assumed to be 304H stain-
less steel with approximately 1/16-in.-thick walls and <l-in. OD, but the fins
were assumed to be carbon steel.

The turbine exhaust oil heater replaces the low-temperature heat exchanger
surfaces in the HRSG. It was assumed that the overall convective heat transfer
coefficient would approximately equal the value used for the salt heater.

This was justified because the dominant resistance to heat transfer is on the
gas side. The calculated log mean temperature difference was found to be
about 4°C (39°F). With the lower temperatures encountered by the oil heater,
the fins and tubing (of a size similar to the salt heater tubing) can be
constructed of SA285 Gr. A or other carbon steel.

4.3.3 Other Heat Exchangers

An IGCC plant typically requires two sources of hot feedwater/steam:
feedwater (as in the Texaco IGCC plant) or steam (as in the Shell IGCC plant)
is used to saturate the fuel gas to a moisture content of about 30 wt% prior
to combustion in the gas turbine to reduce NOx emissions from the turbine; a
secondary result of the saturation process is somewhat improved turbine ef-
ficiency. Also, 0.74-MPa (100-psia) process steam is required for IGCC plant
use. In the conventional Texaco IGCC plant, both needs are met by the HRSG,
from which steam and feedwater are extracted.

In this design, it was decided to inject saturated 1.48-MPa (200-psig)
steam into the gas turbine, following the design proposed for the Shell pro-
cess. Thermal energy from the gas turbine exhaust will be used to generate
this steam.

A similar rationale holds for the 0.74-MPa (100-psia) process steam. The
heat required for this process can be supplied by cooling raw fuel gas from
128°C to 54°C (262°F to 130°F), which in the conventional Texaco plant is used
for the feedwater heating.

4.4 SALT TRANSPORT SUBSYSTEM

The salt transport system design was taken from the results of a study
of the integration of a TES system with conventional coal-firing technology
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(Drost et al. 1989). In that study, a conceptual layout for the nitrate salt
storage tanks, hot salt piping, and pumps was developed. The major components
of the transport system were sized, and the thermal and pumping requirements
‘ were calculated. Thermal losses, which include warmup losses and trace heat-
‘ ing, were based on recent experimental and analytical work performed for DOE's
Solar Thermal Program (Kolb and Nikolai 1988; Martin Marietta 1985; De Laquil,
Kelly, and Egan 1988). The design of the transport subsystem was subsequently
used to develop a cost estimate for the subsystem.

4.5 SALT STORAGE SUBSYSTEM

The salt storage subsystem decoupies the production of thermal energy in
the gasifier and HRSG from the production of electricity. The storage subsys-
tem must store hot salt at 566°C (1050°F) for extended time periods without
excessive thermal losses or capital cost. Expensive materials (relative to
carbon steel) are required to contain hot molten salt, and the main design
problems are related to minimizing the use of these expensive materials in
the storage vessels. Molten salt TES has been extensively investigated for
solar thermal applications; therefore, where possible, the current evaluation
has relied on the results of these studies.

4.5.1 Design Options

Two design options have been proposed for the nitrate salt TES subsystem.
The first option uses one tank with the hot and cold salt separated by a
thermocline (Martin Marietta 1978). The second option uses separate hot and
cold molten salt tanks (Martin Marietta 1985).

The thermocline system is attractive because only one tank is required.
The thermocline is formed by adding or removing hot salt from the top of the
tank and adding or removing cold salt from the bottom of the tank. The lower
density of the hot salt keeps the hot salt in the upper region of the tank
while the cold salt occupies the lower region. The narrow zone between the
hot and cold regions is the thermocline. However, the most recent studies
suggest that the cost savings associated with a thermocline system are small
because the cost of the cold tank in the two-tank system is a small fraction
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of the total cost. In addition, it may be difficult to maintain the thermo-
cline because of radiation heat transfer between the hot and cold regions of
the tank.

A system using separate hot and cold tanks avoids the difficulties as-
sociated with maintaining the thermocline. A1l recent studies have selected
a two tank system (Martin Marietta 1985; Ross, Roland, and Bouma 1982; Dela-
meter 1987; U.S. DOE 1988a).

4,5.2 Proposed Design

The maximum size of a molten salt storage tank is limited in diameter by
the maximum realistic tank wall thickness. Large-diameter tanks with a wall
thickness exceeding 0.038 m (1.5 in.) must undergo post-weld heat treatment,
which is prohibitively expensive (Martin Marietta 1985). This limits the
maximum tank diameter to approximately 25 m (82 ft). The maximum tank height
is limited by the soil-bearing strength. Assuming a soil-bearing strength of
0.24 MPa (50 psia), the maximum height of the stored hot salt will be 13 m
(42.6 ft). Therefore, the maximum storage tank size would be 25 m (82 ft) in
diameter and 13 m (42.6 ft) high, although the actual tank dimensions will be
somewhat larger to accommodate an inert cover gas (Martin Marietta 1985).
Because the maximum storage volume will be around 6000 m3 (212,000 ft3),
multiple hot and cold salt tanks will be required. The hot tank design is
externally insulated and uses 316 stainless steel or even less expensive 304H
stainless steel for the wall material (U.S. DOE 1988a; De Laquil, Kelly, and
Egan 1988). With external insulation, the integrity of a tank is unaffected
by insulation failure. Nonconventional tank configurations, such as the
conical tank design proposed in Kohl, Newcomb, and Castle (1987) have the
potential to reduce tank costs but require additional research and demonstra-
tion.

The cold tank dimensions are similar to the hot tank dimensions. The
cold tank walls will be fabricated from A516 carbon steel with external insula-
tion (U.S. DOE 1988a; De Laquil, Kelly, and Egan 1988). Salt freeze protection
may be required; however, because of the long time span before freezing occurs
in such large vessels (3 to 6 months), freeze protection may not be a critical
issue (Ross, Roland, and Bouma 1982). The tanks will be surrounded by dikes
to contain salt spills.
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4.6 OIL/ROCK STORAGE SUBSYSTEM

The low-temperature TES consists of a storage medium of a heat transfer
0il and river rock. The oil and rock are contained in one or more carbon
steel tanks, depending on the size of the low-temperature TES subsystem. The
tank or tanks are insulated to reduce heat loss, and appropriate foundations
and miscellaneous equipment are included. A1l piping is assumed to be schedule
40 carbon steel with calcium silicate insulation. The tanks are enclosed in
dikes to contain oil spills.

A substantial fraction of the low-temperature TES tank volume is filled
with the inexpensive rock; the remaining volume is filled with the more costly
0il. The thermal energy is stored as sensible heat in both the o0il and rock:
the oil, which represents 25% of the storage volume, stores 19.2% of the
thermal energy as sensible heat; and the rock, which represents the balance of
the volume, stores 80.8% of the thermal energy as sensible heat. Hot oil is
added or removed from the top of the tank; cool oil is added or removed from
the bottom of the tank. This arrangement maintains a density-driven segrega-
tion (thermocline) between the hot o0il in the top of the tank and the cool,
denser o0il in the bottom of the tank.

Heat transfer oils tend to degrade at elevated temperatures. Above 304°C
(580°F), the degradation rate is very high and heat transfer oils cannot be
successfully used. Below 304°C (580°F), degradation still occurs but at a
substantially reduced rate. The oil and rock TES subsystem operates at a
maximum temperature of 304°C (580°F), which is Tow enough to preclude sub-
stantial oil degradation. However, during operation of the low-temperature
TES system, the products of degradation must be removed and replacement oil
must be added (Hallet and Gervais 1977). A fluid maintenance system filters
the 0il to remove suspended solids, distills a side stream to remove high
boiling polymeric compounds, and adds fresh makeup fluid to replace decomposed
fluid. In addition to maintaining an oxygen-free gas above the heat transfer
fluid, the maintenance system also removes the volatile fractions of the
degradation products that evaporate into the ullage space above the heat
transfer oil.
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4.7 STEAM GENERATOR SUBSYSTEM

During peak demand periods, thermal energy is extracted from storage and
used to produce steam for a conventional Rankine power cycle. Steam produc-
tion occurs in the steam generator subsystem, which consists of a number of
heat exchangers where thermal energy is transferred from the molten salt to
water or steam. DOE's Solar Thermal Program conducted five design studies of
molten salt steam generator systems for molten salt solar central receiver
systems (Martin Marietta 1978; Ross, Roland, and Bouma 1982; Weber 1980; U.S.
DOE 1988b; De Laquil, Kelly, and Egan 1988). These studies form the basis
for the design described below.

4.7.1 Description

The steam generator subsystem consists of four separate heat exchangers:
1) a preheater where the temperature of the feedwater is raised to the satu-
ration temperature; 2) an evaporator where steam is generated; 3) a super-
heater where the saturated steam is superheated; and 4) a reheater where the
high-pressure turbine exhaust is heated to 538°C (1000°F). The design will be
presented as if each heat exchanger were in one shell; but given their large
size, multiple parallel heat exchanger trains will be used.

A recirculating steam generation arrangement is proposed. In this arran-
gement, the evaporator includes a steam drum and steam separator. A mixture
of water and steam enters the steam separator where the vapor phase is separ-
ated from the liquid phase and sent to the superheater. The liquid is recircu-
lated to the evaporator.

4.7.2 Proposed Design

The heat exchangers are single-pass tubular heat exchangers; water/steam
is contained within the tubes. A single-pass design was selected because of
the desire to have counterflow heat exchange in the preheater, superheater,
and reheater. The internal baffling will be arranged so that molten salt flow
approximates a counterflow arrangement (Martin Marietta 1978). This internal
baffling arrangement significantly reduces the salt pressure drop but adversely
affects the heat exchangers (Martin Marietta 1978; Kays and London 1964).

The evaporator uses a parallel-flow arrangement (Ross, Roland, and Bouma 1982).
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The heat exchanger designs use long tubes with the smallest shell diameter
consistent with reasonable salt pressure drop. This results in a heat ex-
changer design with a 15- to 20-m (49- to 66-ft) length and a 1- to 2-m (39-
to 79-in.) shell diameter (Martin Marietta 1978).

The characteristics of the four heat exchangers are presented in
Table 4.2. The design specifications are based on the designs proposed by
Martin Marietta (1978), but they have been modified to reflect current design
practices in regard to design margins and materials selection. Alternative
designs using a U-shell design (U.S. DOE 1988a; De Laquil, Kelly, and Egan
1988) and hemispherical head arrangements (Ross, Roland, and Bouma 1982) have
been proposed but would most likely be more expensive than the conventional
designs selected here.

4.8 BALANCE-OF-PLANT

The balance-of-plant includes conventional electric power-generating
equipment and cooling towers. The power generating equipment consists of a

TABLE 4.2. Heat Exchanger Specifications

Parameter Preheater Evaporator Superheater Reheater
Heat transfer surface, m2 21,700 21,800 3,150 4,100
Approximate shell 1 to 1.5 1 to 1.5 1.5to2 1.5to?2
diameter, m
Approximate tube 20 20 15 15
length, m
Tube OD, m 0.016 0.016 0.016 0.016
Tube wall thickness, m 0.00163 0.00163 0.00163 0.00163
Baffle spacing, m 0.75 0.75 0.00 0.75
Material Carbon- 23 Cr-1 Mo(a)  sS 304(b) ss 304

steel

Number of heat 2 to 4 2 to 4 2 2

exchangers required

(a) 23% chrome, 1% molybdenum.
(b) SS = stainless steel.

4.15




reheat condensing steam turbine with separate'high- and low-pressure turbines.
The efficiency of the combined IGCC plant with TES is enhanced through the use
of a 16.54 MPa/538°C/538°C (2400 psi/1000°F/1000°F) reheat steam turbine with
feedwater heating; all of the feedwater heating to about 178°C (353°F) is
accomplished by means of the oil/rock TES. Two stages of conventional extrac-
tion steam feedwater heaters (not shown or discussed further) provide the
final heating to 253°C (488°F). Condensate pumps, a deaerator, feed pumps,
feedwater heat exchangers, and a shell-and-tube type condenser operating at
2.5 in. Hg (absolute) plus wet cooling towers complete the equipment neces-
sary for a working electric power-generating facility.

4.9 PLANT PERFORMANCE

The heat rate of the IGCC plant with molten salt TES will be different
than the heat rate for a conventional IGCC plant. Additional parasitic losses
associated with the TES system will tend to increase the heat rate, but this
effect is more than offset by the improved efficiency of the steam cycle.

TES parasitic losses include increased parasitic electric power consump-
tion related to salt pumping and heat tracing and thermal losses from the
storage tanks. Thermal losses are approximately 25 MWht per day while the
increased parasitic electric load is between 600 and 1100 kWe. The calcula-
tion of parasitic losses was based on performance estimates developed by Kolb
and Nikolai (1988) and Martin Marietta (1985).

The steam turbine used in a conventional IGCC plant operates with turbine
inlet conditions of 10 MPa (1450 psia) and 521°C (970°F) and has a gross heat
rate of 9322 Btu/kWh. The IGCC plant with TES is projected to operate with
turbine inlet conditions of 16.54 MPa (2400 psia) and 538°C (1000°F) with a
gross heat rate of 8690 Btu/kWh. The improved steam conditions result from
the cycle arrangement that allows a maximum molten salt temperature of 565°C
(1050°F) and from the larger size of the steam turbine. The result is that
the net heat rate of the IGCC unit with TES is around 9180 Btu/kWh as compared
with a net heat rate of 9322 Btu/kWh for the conventional IGCC plant.
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5.0 ECONOMIC EVALUATION

This section presents detailed information regarding the cost and eco-
nomic analysis for IGCC power plants using molten salt TES and for reference

! power plants supplying the same mix of base load and intermediate load power
output. Section 5.1 defines the cost estimating and economic assumptions used
in the analysis. Sections 5.2 and 5.3 discuss the estimating approach and
cost results for the initial capital, operation, and maintenance of an
IGCC/TES power plant. Section 5.4 presents and discusses the main results of
the LEC analysis. Additional LEC results from two sensitivity studies are
presented in Section 5.5.

5.1 GROUND RULES AND ASSUMPTIONS

The economic assumptions used to calculate the LEC are listed in
Table 5.1. Each of these assumptions was either taken directly or calculated
from data in EPRI's Technical Assessment Guide (1986) except for the combined

federal and state income tax, price year, the first year of plant operation,
and the fuel inflation rate. Brown et al. (1987) was the reference for the
combined state and federal income tax rate. The first year of operation was
set at the year 2000 because this was felt to be a reasonable time frame for
‘bringing TES on-line with new power plants. A price year of 1987 was selected

TABLE 5.1. Financial Assumptions

Description Assumption
Discount rate 10.5% (nominal)
General inflation rate 6.0%
Capital inflation rate 6.0%
Operation and maintenance inflation rate 6.0%
Fuel inflation rate 7.0%
Investment tax credit 0.0%
Property tax and insurance rate 2.0%

‘ Combined state and federal income tax rate 39.1%
Plant economic life 30 years
Plant depreciablie Tlife 20 years
Plant construction period 3 years
Price year 1987
First year of plant operation 2000
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to be consistent with the approach used in Drost et al. (1989), which evalu-
ated the integration of molten salt TES with pulverized-coal-fired power
plants. The selection criteria for the fuel price inflation rate are discussed
in Section 5.3.

5.2 CAPITAL COST ESTIMATES

Capital cost estimating equations were developed for 16 conventional IGCC
power'plant components, 8 heat recovery and energy storage components, startup,
working capital, and land. The following are the capital cost components:

e coal handling e ash handling
* gasifier e convective cooler
e radiant cooler * acid gas removal
* fuel gas saturator * tail gas treating
* sulfur recovery s gas turbine
e steam/condensate e LP steam generator
* steam power cycle * oil/rock storage
e salt heater ¢ salt storage
* 0il heater ) * salt steam generator
e oil/feedwater heat exchanger e balance of plant
e salt piping * working capital
* oxygen plant * startup

* land.

5.2.1 Conventional IGCC Power Plant Component Costs

The general approach to characterizing the costs associated with conven-
tional IGCC power plant components was to determine the costs for a specific
plant generating capacity, to adjust the costs as necessary to reflect IGCC/TES
plant design conditions, and to develop individual cost estimating equations
for the major power plant components. The reference IGCC power plant is based
on Texaco's coal gasification technology, which uses radiant and convective
coolers and current generation [1093°C (2000°F)] combustion turbines. This
plant partially oxidizes a concentrated water slurry of high-sulfur midwestern
bituminous coal to produce an intermediate-Btu gas at approximately 1316°C
(2400°F). After passing through radiant and convective coolers (where steam
is produced for a Rankine cycle turbine), the intermediate-Btu gas is further
cooled and cleaned and finally is combusted in a gas turbine. More detailed
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design information can be found in Section 4 and in several reports prepared
for EPRI (e.g., Matchak et al. 1984; Snyder et al. 1986; Jacob and Chu 1988).

Relatively detailed cost estimates for the conventional IGCC power plant
were necessary to segregate cost elements into those that would remain the
same, change, or be deleted in an IGCC/TES power plant. Detailed estimates
and design descriptions also allowed the grouping of costs into elements that
are fixed or that vary with gas turbine and/or steam turbine generating capa-
city. The capacity and costs for variable elements depend on the planned
power generation schedule for an IGCC/TES plant. In general, the capacity
and costs of the variable elements are lower for the IGCC/TES plant than for
the conventional IGCC plant. The capacity and cost of the fixed elements are
the same for both IGCC/TES and conventional IGCC plants. Reference IGCC power
plant costs were taken from a design and cost study prepared by Jacob and Chu
of Fluor Engineers, Inc. (1988) for EPRI. The Jacob and Chu study was selected
as the reference cost source because it was the latest publicly available
study on the Texaco IGCC power plant with radiant and convective cooling.

The direct installed capital cost estimates published in Jacob and Chu
(1988) are listed in Table 5.2. Supporting cost detail acquired directly from
Fluor Engineering, Inc. was used to develop cost estimating equations for each
of the list of PNL cost components shown in Table 5.2, but these details are
not shown in order to protect the proprietary interests of Texaco. Table 5.2
also indicates whether the component was presumed to vary with the plant's gas
turbine generating capacity or steam turbine generating capacity, or was fixed
for the power plants evaluated in this study. Assignment to a particular PNL
capital cost component and fixed or variable status was established by reading
the specific equipment descriptions provided in the Fluor study for their
capital cost components. The Fluor study estimates are in January 1987 dollars
and were adjusted upward by 1.5% to reflect price increases to mid-1987, the
reference date for this study.

The costs for several items included in the Fluor study were either
deleted, replaced, or modified to adjust to the specific design conditions of
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TABLE 5.2. Reference IGCC Power Plant Costs

Source: Jacob and Chu (1988)
Gas Turbine Generating Capacity = 340 MwWe
Steam Turbine Generating Capacity = 260 MWe
Thousands of January 1987 dollars

Fluor PNL Direct PNL Cos%a)
Cost Component(s) Cost Component(s) Field Costs Variable
Site work and buildings Balance of plant 19,581 1,3
Fuel systems Coal handling 33,200 1
Air separation Oxygen plant 77,297 1
Balance of plant 3
Gasification Coal handling, 110,428 1
Gasifier 1
Ash handling, 1
Radiant cooler, 1
Convective cooler, 1
Fuel gas scrubber 1
Gas treating Low-temp. coolers, 43,485 1
Fuel gas saturator, 1
Acid gas removal, 1
Sulfur recovery, 1
Tail gas treating 1
Power generation Steam/condensate, 195,994 1
Gas turbine, 1
Steam power cycle 2
Water systems Balance of plant 53,859 1,2,3
Electrical systems Balance of plant 29,956 1,3
Balance of plant Balance of plant 21,164 1,3

(a) "1" indicates costs assumed to vary with gas turbine generating capacity.
"2" indicates costs assumed to vary with steam turbine generating
capacity.
"3" indicates costs assumed to be fixed for plants evaluated in this
study.
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an IGCC/TES plant. Deleted items include the costs for fuel oil and natural

gas supply systems. These items were included in the Fluor estimate because

they assumed a phased construction scenario in which the plant would operate

initially with oil-fueled or natural-gas-fueled turbines and the coal gasifi-
cation system would be constructed later.

The radiant and convective coolers for the IGCC/TES plant were estimated
to cost less than those for a conventional IGCC plant because of the differ-
ence in operating pressure. In a conventional IGCC power plant, steam is
produced in the radiant and convective coolers at approximately 10.3 MPa (1500
psi), but the salt-filled tubes in the radiant and convective coolers of the
IGCC/TES plant would operate at less than 1.48 MPa (200 psi). Based on an
estimating rule of thumb from Guthrie (1974) which defines the relative costs
of process furnaces as a function of tube pressure, the radiant and convective
coolers for the IGCC/TES plant are estimated to be about 30% less expensive
than for a conventional IGCC plant. '

A11 costs in the Fluor study related to the steam turbine‘system, includ-
ing the HRSGs, were replaced because of changes in the the hardware for the
gas turbine exhaust heat recovery and in the steam turbine inlet conditions.
The steam power cycle cost estimating equation in Drost et al. (1989) was
adjusted for feedwater heating requirements supplied by the oil/feedwater
heat exchanger in the IGCC/TES plant design and was substituted for the Fluor
costs. Costs for the IGCC/TES gas turbine exhaust heat recovery heat
exchangers are discussed in Section 5.2.2.

Two other direct construction cost elements (the switchyard and the
generator step-up transformer) were not included in the Fluor estimate, so
they were estimated separately. The costs for these two elements were derived
from data in EPRI (1986) and Dunlop and Slambrook (1986) and were estimated to
be $11,080,000 for the switchyard and $4,430,000 for the generator step-up
transformer in mid-1987 dollars.

Equations estimating the direct installed construction costs of conven-
tional IGCC power plant components as a function of gas turbine and/or steam
turbine generating capacity were developed by a two-step process. The first
step was to determine the economy-of-scale factor controiling relative costs
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at different plant power ratings for each major plant cost component (the PNL
cost components are listed in Table 5.2). The economy-of-scale factor is
defined as the exponent "B" in the following generalized equation: Cost =
A*(Plant Power Rating)B. The second step was to solve for the values of "A"
in the above generalized equation that would yield the estimates from Jacob
and Chu (1988) for the same PNL cost components, given the economy-of-scale
factors ("B" values) identified in the first step.

Economy-of-scale factors for each account were determined by analyzing
cost estimates published in Matchak and Lawrence (1983). This study specifi-
cally looked at the impacts on plant performance, capital cost, and the cost
of electricity caused by varying the generating capacity of Texaco-based IGCC
power plants from 50 to 1000 Mwe.

Cost data from Matchak and Lawrence (1983) are shown in Table 5.3 for
the three gas turbine generating capacities of interest to this study. Regres-
sion analysis techniques were applied to the data in Table 5.3 to determine
the economy-of-scale factor for each of the cost components. In turn, the c
economy-of-scale factors and costs for the IGCC components in Jacob and Chu
(1988) were used to develop direct construction cost estimating equations for
each PNL cost component. Again, the individual cost component estimating
equations are not presented to protect the proprietary interests of Texaco.

5.2.2 Heat Recovery and Energy Storage Component Costs

The heat recovery and energy storage portion of an IGCC/TES power plant
includes the salt heater, low-pressure steam generator, and oil heater fired
by the gas turbine exhaust; oil/rock storage and oil/feedwater heat exchanger;
and salt storage, salt piping, and salt steam generator. This section of the
report discusses the estimating approach and cost results for these components.

The costs of the three gas turbine exhaust heat recovery heat exchangers
and the oil/feedwater heat exchanger were estimated from PNL calculations of
the required heat transfer area and published estimating data and procedures
for the heat exchanger types and design conditions encountered (Foster-Pegg
1986; Corripio, Chrien, and Evans 1982; Guthrie 1974; Peters and Timmerhaus
1980). The resulting cost estimating equations are shown in Table 5.4,
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TABLE 5.3. Economy-of-Scale Factor Cost Data
(thousands of 1981 dollars)

Gas Turbine Generating Capacity, MwWe

Cost Account 58.75 151.40 303.58 Scale Factor
Coal handling 7,036 14,981 23,888 0.747
Oxidant feed 14,551 30,569 59,269 0.851
Gasification and ash 7,016 13,915 23,066 0.725

handling
Gas cooling 17,961 40,566 67,428 0.809
Acid gas removal 2,841 5,672 9,535 0.737
Sulfur recovery 2,000 3,480 5,700 0.635
Tail gas treating 4,050 6,900 10,800 0.595
Steam, condensate and 860 1,940 2,940 0.755
boiler feedwater
Combined cycle 37,386 70,120 135,110 0.737
General facilities 19,462 27,870 41,061 0.450

TABLE 5.4. Heat Recovery Heat Exchanger Costs

Component Direct Installed Cost
Salt heater 133 * (HTA)0.95
Low-pressure steam generator 66 * (HTA)0.95
0i1 heater 66 * (HTA)0.95
O0il-fired feedwater heat exchanger 42 * HTA

HTA = heat exchanger heat transfer area in square feet.

Molten salt transport costs were estimated from designs prepared by PNL
for the piping system that interconnects the salt heaters (radiant and con-
vective coolers, gas turbine exhaust heat recovery heat exchanger), salt
storage, and salt steam generator. Design information was prepared for three
different thermal capacities covering the range of plant configurations being
investigated. Regression analysis was applied to the costs estimated at the
three design points to develop cost estimating equations as a function of
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storage charging and steam generator thermal capacity. The resulting esti-
mating equations are presented in Table 5.5.

Molten salt systems have been a key element in the development of solar
thermal central receiver power plant technology for many years. Although the
technology has not been deployed on a full scale, considerable analysis and
pilot-plant testing has been completed. In short, the solar thermal program
sponsored by the DOE has spearheaded the development and analysis of molten
salt storage, steam generation, and related components. The latest develop-
mental effort has been focused on a design study conducted by Arizona Public
Service (U.S. DOE 1988a,b), Pacific Gas and Electric (PG&E) (De Laquil, Kelly,
and Egan 1988), and a number of other organizations. The information developed
in these studies represents the current state of the art for molten nitrate
salt system designs and costs. Therefore, the studies completed by APS and
PGAE were used as the reference for developing estimating equations for molten
salt storage and molten salt steam generators.

Designs and cost estimates were prepared for storage system capacities
ranging from about 100 MWht to 5000 MWht in the studies mentioned above.
Multiple hot and cold tanks are required at the upper end of this range, but
the maximum allowable size of a single hot or warm tank is subject to debate.
Two APS contractors prepared different tank designs and reached different
conclusions regarding the maximum permissible size of the hot tank. CBI
Industries recommended limiting the capacity of a single hot tank to approxi-
mately 1500 MWht, while the designs prepared by Pitt-Des Moines, Inc., included

TABLE 5.5. Molten Salt Transport Costs
(mid-1987 do]]arsg

Component Direct Installed Cost
Salt heater loop piping $4590 * (MWt1)0.974
Steam generator loop piping $4840 * (MWt2)0.974
MWt1 = storage charging thermal capacity.
MWt2 = steam generator thermal capacity.
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a single hot tank with a capacity of 3120 MWht. A single 3120-MWht capacity
warm tank was specified by both organizations (U.S. DOE 1988b).

Storage system costs for IGCC power plants with molten salt TES were

based on maximum hot and warm tank capacities of 1500 MWht and 3000 MWht,
respectively. The IGCC plants with molten salt TES have storage capacity
requirements ranging from 3000 MWht to 4000 MWht. This results in multiple
hot and warm tanks in approximately a 2:1 ratio. With little difference in
individual tank sizes, the same unit cost was presumed to apply for all of
the IGCC plants with molten salt TES systems. An average direct installed
cost of $11/kWht was established based on estimates prepared by CBI Industries
for storage systems with two hot tanks and one warm tank (U.S. DOE 1988b).

A cost estimating equation for molten salt steam generators was also
developed from cost data presented in the APS/PG&E studies. Steam generator
costs were estimated in those studies for power plants with capacities of
100 MWe, 200 MWe, and 400 MWe. Steam turbine generating capacities for the
IGCC/TES power plants investigated in this PNL study range from approximately
230 MWe to 390 MWe. Regression analysis of the APS/PG&E data yielded the
following cost estimating equation for molten salt fired steam generators:
direct installed cost = 1,516,000 * (Mwe)0.426,

0i1/rock storage technology has also been extensively developed by various

solar thermal programs sponsored by the DOE. Unit capital cost data ($/kWht)
presented in Williams et al. (1987) for oil/rock storage systems were revised
to reflect an increased temperature range and increased heat capacity of the
oil/rock mixture for the increased temperature range for the IGCC/TES applica-
tions as compared with the solar thermal applications evaluated in Williams
et al. (1987). Revised estimates were developed for four designs covering
the range of oil/rock storage capacities encountered in the IGCC/TES plants
investigated. Regression analysis of the revised data yielded the following
equation for estimating the cost of oil/rock storage: direct installed

cost = $318 (kwht)0.682,
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5.2.3 Indirect Costs, Sales Tax, and Contingency

Indirect construction costs, sales tax, and a contingency were added to
the direct construction costs to arrive at the complete “overnight" construc-
tion cost (i.e., not including the interest or escalation during construction
which were included in the economic methodology). Indirect construction costs
were estimated at 25% of direct costs based on the ratio of indirect to direct
costs in Jacob and Chu (1988). State and local sales tax was estimated at 3%
of the sum of direct and indirect costs based on Drost et al. (1989). Con-
tingency was estimated to be 14% of the sum of direct and indirect costs based
on data presented in Jacob and Chu (1988).

5.2.4 Startup, Land, and Working Capital Costs

The total initial capital costs were calculated by adding costs for
startup, working capital, and land to the overnight construction cost. The
costs for these three elements were derived from cost data and estimating
procedures presented in Jacob and Chu (1988). The resulting cost estimating
equations, which are a function of overnight construction costs, annual 0&M
costs, or annual plant power output, are shown in Table 5.6.

5.3 OPERATION AND MAINTENANCE COST ESTIMATES

08M costs calculated in this study include fuel, operating labor, mainte-
nance labor and materials, overhead, and consumables. Nonfuel 0&M costs were
split into fixed (constant regardless of plant power output) and variable
(proportional to plant power output) elements for the conventional IGCC power
plant components. Aggregated nonfuel 08M costs were estimated for heat
recovery and energy storage components. The following three sections define
the specific estimating approach and results for fuel costs, IGCC component
0&M, and heat recovery and energy storage component 08M.

5.3.1 Fuel Costs‘

Current and future fuel costs were established from projections by several
organizations for high-sulfur coal delivered to a utility in the Midwest from
midwestern mines. The sources consulted were published by the EPRI (1986),
the Energy Information Administration (1988), Data Resources Inc. (1988), the
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TABLE 5.6. Startup, Land, and Working Capital Costs
(mid-1987 dollars)

Startup

Initial catalysts and chemicals: 0.000762 * annual gas turbine kWh +
0.000053 * annual steam turbine kWh

Prepaid royalties: 0.005 * nonbalance of plant initial capital cost +
0.0036 * balance of plant initial capital cost

Other startup: 0.02 * plant initial capital cost +
1/12 * annual operation and maintenance cost +
126 * plant heat rate, Btu/kWh (cost of 1 week of fuel)

Land

Fixed at $1,950,000
Working Capital

2190 * plant heat rate, Btu/kWh (cost of 4 months of fuel) +
1/6 * annual operation and maintenance cost +

1/12 * &dnnual operation and maintenance labor cost +

0.005 * nonbalance of plant initial capital cost +

0.0036 * balance of plant initial capital cost

Gas Research Institute (Holtberg, Woods, and Ashby 1987), and Wharton Econo-
metric Forecasting Associates (1987). Based on a coal price of $1.50/million
Btu in mid-1987, the rate of real (relative to general inflation) price in-
creases predicted by the several sources ranged from 0 to 2%/year. A real
price annual escalation of 1% was chosen as the baseline assumption for the
economic analysis.

5.3.2 1GCC Component Nonfuel Operation and Maintenance Costs

As noted above, IGCC component nonfuel 0&M costs were divided into fixed
and variable categories. Fixed costs include operating labor, maintenance
labor and materials, and overhead. Variable costs include charges for raw
water, catalysts and chemicals, and slag disposal, with a by-product credit
for the sale of sulfur. |

Data in Jacob and Chu (1988) were used as the basis for establishing IGCC
component nonfuel 08M costs. Operating labor cost was set at $3,344,000 for
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all IGCC/TES plant configurations. Maintenance labor and material costs were
estimated by multiplying the initial capital cost of each IGCC component by
the fraction indicated in Table 5.7. Forty percent of maintenance labor and
materials was presumed to be labor. Overhead costs were estimated to be 30%
of 0&M labor. Equations for estimating variable costs as a function of annual
gas turbine and/or steam turbine power output are shown in Table 5.8.

5.3.3 Heat Recovery and Energy Storage Component Nonfuel Operation and
Maintenance Costs

08M costs for heat recovery and energy storage components were estimated
separately from the IGCC power plant components. Aggregated nonfuel 08M cost
estimates were made by multiplying the fractions shown in Table 5.9 by the
initial capital costs of the individual heat recovery and energy storage
components. Heat recovery heat exchanger 08M fractions were based on data in

TABLE 5.7. IGCC Component Maintenance Labor and
" Material Fractions

Component Fraction
Coal handling 0.03
Oxygen plant 0.02
Gasifier 0.045
Ash handling 0.045
Radiant cooler 0.03
Convective cooler 0.03
Fuel gas scrubber 0.03
Low-temperature coolers 0.03
Fuel gas saturator 0.02
Acid gas removal 0.02
Sulfur recovery 0.02
Tail gas treating 0.02
Steam condensate 0.015
Gas turbine 0.015
Steam power cycle 0.015
Balance of plant 0.015
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TABLE 5.8. IGCC Component Variable 08M Cost Equations

Component Cost Equation
Raw water $0.000533/g.t.(a) kwh + $0.000698/s.t.(b) kuh
Catalysts and chemicals $0.003143/g.t. kwh + $0.000217/s.t. kWh
Slag disposal $0.001577/g.t. kWh
Sulfur credit $0.001437/g.t. kWh
(a) g.t. = gas turbine.
(b) s.t. = steam turbine.

TABLE 5.9. Heat Recovery and Energy Storage Component
Nonfuel O8&M Fractions

Component Fraction
Heat recovery heat exchangers 0.03
0i1/rock storage 0.024
Molten salt storage 0.0007
Molten salt steam generator (a)
Molten salt piping 0.016

(a) Fraction = 0.197 * (steam turbine generating
capacity, MWe)-0.35

Jacob and Chu (1988). Other component 0&M fractions were derived from data in
the capital cost references cited above for each component.

5.4 LEVELIZED ENERGY COST ESTIMATES

Initial capital cost, annual O&M costs, and annual performance charac-
teristics were combined with the economic methodology and assumptions to pro-
duce LEC estimates. LEC estimates were prepared for the six planned generat-
ing schedules identified in Table 5.10 for IGCC/TES and two reference power
plant systems. The IGCC/TES power plant evaluated in this study has base Toad
and intermediate load power production characteristics. Base load power is
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TABLE 5.10. Planned Generating Schedules

Schedule Operating Base Load Peaking
Number Days/Week Hours/Day Hours/Day
1 5 24 8
2 5 24 12
3 5 24 16
4 7 24 6
5 7 24 9
6 7 24 12

provided by the gas turbine, which operates continuously, 24 hours per day.
Intermediate load power is provided by the steam turbine, which operates from
6 to 16 hours per day, depending on the planned generating schedule. The
economic evaluation was conducted by calculating and comparing the LEC of
IGCC/TES power plants to reference power plant systems supplying the same mix
of base Toad and intermediate load power output.

Two reference plant systems were evaluated for comparison to the IGCC/TES
power plants. Both systems use an IGCC plant to supply the base Toad portion
of the power. A cycling pulverized-coal-fired (PC) power plant is presumed
to supply the intermediate load power in the first reference system; a gas-
fired combined-cycle (CC) plant is presumed to supply the intermediate load
power for the second reference system. The reference system LECs were set
equal to the weighted average LEC of the individual LECs calculated for the
(IGCC) PC or CC power plants. The weighting was based on the relative amount
of base load and intermediate load power produced; approximately 47% of the
total annual power output for each production schedule is classified as inter-
mediate. Cost and performance assumptions for PC and CC power plant LEC
calculations are shown in Table 5.11. Financial assumptions are the same as
for IGCC/TES plants. Gas for the CC plant was presumed to cost $2.25/million
Btu in mid-1987 dollars and to escalate at 4%/year in excess of general infla-
tion (see references for initial coal price and future coal price escalation
rate).

5.14




o

‘ TABLE 5.11. Reference Power Plant Cost and Economic Assumptions
(a1l costs in mid-1987 dollars)

‘ LEC Input IGCC Plant PC Plant CC Plant
Initial capital, $/kWe 1520.0 1525.0 447.0

| Land, $/kWe 3.9 3.9 3.9
Startup, $/kWe 53.5 36.5 36.4
Working capital, $/kWe 82.4 16.7 16.7
Fixed 0&M, $/kWe-year 43.1 25.8 6.6
Variable 08&M, mills/kWh 2.6 5.9 1.7
Heat rate, Btu/kWh 9322 10192 8394
Availability, % 83.2 71.2 90.3

Sources: Jacob and Chu 1988; Drost et al. 1989; EPRI 1986

LEC results for IGCC/TES, IGCC/PC, and IGCC/CC power plants are shown in
Table 5.12 for each of the six planned operating schedules. The results indi-
cate that the LEC for the IGCC/TES plant is less than the LEC for the I1GCC/PC
power plant, but greater than the LEC for the IGCC/CC power plant for the
baseline fuel escalation rates assumed (1%/year real escalation for coal;
4%/year real escalation for gas). If a higher fuel escalation scenario
(2%/year real escalation for coal; 6%/year real escalation for gas) is assumed,
the IGCC/TES plant LEC is lower than both IGCC/PC and IGCC/CC plants for all
generation schedules except the first, as shown in Table 5.13. Also note
that the IGCC/TES plant looks best for the planned production schedules with
fewer peaking hours per day (i.e., at Tower annual capacity factors). The
fundamental advantages of the IGCC/TES plant are its reduced capital cost at
Tower annual capacity factors (where the gasification-related components are
downsized the most and, hence, the capital cost benefit of incorporating TES
is the greatest), higher availability compared to a PC plant, and a lower
heat rate compared to either IGCC or PC plants. A summary comparison of
capital cost and performance characteristics is provided in Table 5.14.
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TABLE 5.12. Levelized Energy Cost Results; Median Fuel
Escalation Rates (mid-1987 levelized $/kwh)

Generation Power Plant
Schedule IGCC/TES I1GCC/PC IGCC/CC
1 0.0892 0.0996 0.0717
2 0.0758 0.0809 0.0670
3 0.0692 0.0715 0.0647
4 0.0760 0.0911 0.0652
5 0.0656 0.0732 0.0608
6 0.0600 0.0643 0.0585

TABLE 5.13. Levelized Energy Cost Results; High Fuel
Escalation Rates (mid-1987 levelized $/kWh)

Generation Power Plant
Schedule IGCC/TES I1GCC/PC 1GCC/CC
1 0.0946 0.1054 " 0.0934
2 0.0811 0.0867 0.0887
3 0.0745 0.0773 0.0863
4 0.0814 0.0969 0.0869
5 0.0710 0.0791 0.0824
6 0.0653 0.0701 0.0801

5.5 SENSITIVITY STUDIES

Two sensitivity studies were conducted to evaluate the impact of decreases
in the cost of two key molten salt components on IGCC/TES plant LEC. The
first study examined the effect of reducing the molten salt TES cost by presum-
ing that a less-expensive TES medium could be identified. The second study
investigated the potential cost reductions associated with substituting a
direct-contact gas turbine exhaust/molten salt heat exchanger for the conven-
tional finned-tube heat exchanger design assumed for the baseline conditions.

The reference direct installed capital cost for the complete molten salt
TES system, including salt medium, containment, and ancillary equipment is
$11/kWht. A little more than half of this total, or about $6/kWht, represents
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TABLE 5.14. Comparative Cost and Performance Data
Capital Cost, 1987%/kWe

Generation Power Plant
Schedule IGCC/TES 1GCC PC CC
1 1556 1660 1582 534
2 1650 1660 1582 534
3 1721 1660 1582 534
4 1419 1660 1582 534
5 1559 1660 1582 534
6 1650 1660 1582 534

Availability, %

A1l 83.2 83.2 71.2 90.3

Heat Rate, Btu/kWh

1 9181 9322 10192 8394
2 9182 9322 10192 8394
3 9175 9322 10192 8394
4 9192 9322 10192 8394
5 9180 9322 10192 8394
6 9182 9322 10192 8394

the cost of the molten salt medium. The impact of reducing TES media costs
was examined by presuming alternative media costs of $0/kWht and $3/kwht.

For the 5 days per week, 16 hours per day operating schedule, the total salt
storage cost, including indirect costs, sales tax, and contingency, is about
$49,000,000 for media costs of $6/kWht. If media costs could be reduced to
$3/kWht or $0/kWht, the corresponding total TES costs would be about
$35,000,000 and $22,000,000, respectively. The plant LEC would be Towered
from $0.0692/kWh for the baseline case to $0.0686/kWh and $0.0680/kWh for the
alternative cases.

In the baseline IGCC/TES power plant design, the cost for the gas turbine
exhaust salt heater is based on a conventional finned-tube design. The second
sensitivity study investigated the cost impact of using a direct-contact heat
exchanger design instead. This direct-contact design exchanges heat between
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the molten salt and turbine exhaust gases by direct counter-current contact

of the two fluids through a packed tower. A detailed discussion of current
experience and theory with direct-contact heat exchanger design and performance
is presented in the Appendix.

The direct-contact heat exchanger offers better overall heat transfer
between the two fluid streams and a significant reduction in equipment cost
compared to the finned-tube heat exchanger design. For the 5 days per week,
16 hours per day production schedule, the direct installed cost of the finned-
tube heat exchanger was estimated to be approximately $33,000,000 based on the
estimating relationships presented in Foster-Pegg (1986). The estimated direct
installed capital cost of the direct-contact heat exchanger, based on three
separate sources (Mullet, Corripio, and Evans 1981; Peters and Timmerhaus
1980; Guthrie 1974), was approximately $6,000,000. This reduction in capital
cost lowered the LEC from $0.0692/kWh for the baseline case to $0.0668/kWh
for the direct-contact heat exchanger design.

The potential cost advantages of using a direct-contact heat exchanger
look tremendous. However, some caution is advised. As discussed in the
Appendix, there is a great deal of uncertainty in predicting the performance
of direct-contact salt/gas heat exchangers, and uncertainty in performance is
directly translated to uncertainty in design and cost.
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6.0 CONCLUSIONS AND RESEARCH NEEDS

The results of this study have led to a number of conclusions and sugges-
tions for further research. Section 6.1 presents a summary of the conclusions;
Section 6.2 describes research needs associated with using TES with an IGCC
plant.

6.1 CONCLUSIONS

The significant conclusions from this evaluation of TES for application
with IGCC are summarized below: )

e Molten salt TES appears technically feasible. While acknowledging
that problems exist with certain aspects of salt handling, these
problems appear to be resolvable. The overall judgment, both of
this study and similar evaluations in the solar thermal area, is
that molten nitrate salt TES is technically feasible, and it is
reasonable to assume that the technology can be commercialized.

e An IGCC plant with molten salt TES can substantially reduce the cost
of coal-fired peak and intermediate load power. The results of this
study show that an IGCC plant with molten salt TES produces lower
cost peak and intermediate load power than the conventional coal-
fired alternative over a range of operating schedules. The LEC of
an IGCC/TES plant can be reduced by as much as 20% over the LEC of
a conventional plant. This concept produces lower cost power than
the natural-gas-fired alternative if significant escalation rates
in the price of fuel are assumed.

e Advanced molten salt TES concepts can substantially improve perform-
ance and economics. Several advanced concepts such as direct-contact
salt heating, low-freezing-point salts, dual storage media, and
advanced tank designs have the potential to substantially improve
the performance and economics of combining IGCC with TES.

6.2 RESEARCH NEEDS

The results of this study show that TES has substantial promise when
used in an IGCC power plant, but additional research, described below, is
needed to advance the technology.

e Resolve remaining technical issues associated with molten salt TES.

The remaining technical issues associated with molten salt handling
need to be resolved and demonstrated in field tests.
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Conduct a more detailed evaluation of using molten salt TES with

IGCC technology. The evaluation documented in this report was a

scoping study and could not address second-order issues. Before

proceeding with a technology development program, a more detailed
evaluation should be conducted. This evaluation should include a
vendor-developed design and cost estimate.

Develop advanced molten salt TES technology. Several advanced
concepts such as direct-contact salt heating, low-freezing-point
salts, dual storage media, and advanced tank designs require research
and development. If successful, these concepts have the potential

to substantially improve the performance and economics of an already
attractive concept.

Conduct a large-scale field test of molten salt TES. The acceptance
of TES technology by the utility industry will depend op a success-
ful large-scale field test of the concept including direct-contact
salt heating. A meaningful technology development program must
result in such a field test.
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APPENDIX

REVIEW AND FEASIBILITY OF DIRECT-CONTACT HEAT EXCHANGE FOR MOLTEN
NITRATE SALT THERMAL ENERGY STORAGE

A.1 INTRODUCTION

The technical and economic feasibility of using a molten nitrate salt
thermal energy storage (TES) system in a coal-fired power plant has been
examined in a previous report (Drost et al. 1989). The present review examines
the technical feasibility of a direct-contact heat exchanger (DCHX) system with
nitrate salt as a heat exchange medium for an integrated gasification com-
bined-cycle (IGCC) power plant. The current status of research on DCHXs,
future research needs, and a rudimentary conceptual design of a salt heater
for the present application are discussed below.

A.2 DIRECT-CONTACT HEAT EXCHANGE

Molten nitrate salts have received considerable attention in the solar
energy community both as a heat exchange medium and for TES. Nitrate salt
is an excellent sensible heat storage medium because it has a high heat capa-
city per unit volume, low vapor pressure, and good heat transfer properties.
Its abundant availability at low cost and the minimal hazards associated with
its use make it attractive for heat exchange and storage applications. A
molten salt TES interposed between the gasifier/gas turbine and the steam
generator portions of an IGCC plant can provide a means of cycling and produc-
ing peak power. Instead of generating steam directly, the heat from the
gasifier and the turbine exhaust streams is used to heat the nitrate salt,
which is then stored in suitably sized tanks for future use.

Currently, a molten salt heater would use a salt-in-tube design where
the gas turbine exhaust passes over finned-tubes containing molten salt. An
alternative approach would allow the gas turbine exhaust and molten salt to
be in direct contact. In such a system, the fluid streams are brought into
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direct contact with each other, resulting in improved heat transfer and reduced
capital cost. This approach has been widely applied in situations requiring
enhanced mass transfer, such as gas separation and flue gas scrubbing; but

its application to heat transfer duty has been somewhat limited. There are
several reasons for the limited application of DCHX including 1) the fluids
must be chemically compatible, 2) separation of the two fluid streams must be
easily accomplished after they have been in direct contact, and 3) unlike the
standard tubular heat exchangers, there is a lack of design information suffi-
ciently detailed to allow an engineer to confidently design a heat exchange
system based on direct contact.

There are several different ways of accomplishing direct-contact heat
exchange including spray columns, falling film columns, plate columns, and
packed beds. The last method is especially effective where low pressure drop
(on the gas side) or low liquid holdup is important and a high volumetric
efficiency is needed (Bohn 1989). A packed bed consists of a vertical column
randomly filled with rings, saddles, or other packing material. Figure A.1
shows examples of typical packing material. The liquid is distributed over
the top of the bed and trickles down the large surface area of the packing
material. The gas flows counter to the liquid, and heat exchange takes place
primarily at the gas-liquid interface. Except for very high liquid flow rates,
the packed bed remains relatively open, and gas-side pressure drop is low.

As the liquid rate is increased, a larger fraction of the bed flow area is
occupied by the liquid, and the gas-side pressure drop increases rapidly.

The amount of the liquid in the column as a fraction of the total volume of
the bed is quantified by the liquid holdup, h. It consists of the nonflowing
part (the static holdup) and the flowing part (the dynamic holdup). This
quantity is critical to the overall design of the system. The factors in-
fluencing 1iquid holdup will be discussed later. The major benefits of using
this direct-contact heat exchange include improved heat transfer, low first
costs, low operating costs, and its applicability to corrosive or fouling
fluids and to very high temperature fluids.

A direct-contact molten salt air heater (Bohn 1989) has been tested for
use on a laboratory scale in solar heat recovery. This concept is the basis
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RASCHIG RING BERL SADDLE

PALL RING

FIGURE A.1. Typical Packings for a Direct-Contact Molten
Salt Heat Exchanger

for the direct-contact salt heater discussed in this Appendix. The major
difference in the design of the system is that instead of having the molten
salt heat the incoming air (as in the solar heat recovery system), the exhaust
gases (air) would be used to heat the molten salt from the cold TES tank. The
heated salt would then be stored in a separate tank for power cycling pur-
poses. Additional heat recovery from the exhaust gas streams below about
316°C (600°F) would have to be accomplished by generating low-pressure process
steam and/or a second TES system using an inexpensive oil/rock technology.

A.3 LITERATURE REVIEW

A review of the existing literature on DCHXs identified a number of
investigations by several authors (Bemer and Kalis 1978; Bohn 1985; Bravo et
al. 1986; Bohn 1987; Buchanan 1988; Bohn 1989; Huang and Fair 1989). The
literature review was limited to packed bed designs for the reasons given in
Section A.2, and it showed that both pressure drop and heat transfer model
calculations for a packed bed have been developed and verified against the
limited experimental data that are available. A discussion of the various
considerations and the final correlations for the Tiquid holdup, the gas
pressure drop, and the direct-contact heat transfer are given in the following
paragraphs.

A.3.1 Liquid Holdup

The pressure drop and the flooding point in irrigated packed beds are
estimated with empirical correlations by relating them to the 1liquid holdup
in the bed (Buchanan 1967, 1969; Bemer and Kalis 1978). One of the more
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general forms of the empirical equations (Buchanan 1967) combined the Tiquid
holdup considerations in the gravity-viscosity regime (where the film number
is the controlling parameter) and the gravity-inertia regime (Froude number

being the controlling parameter) in the form:

h =AFil/3 + B Frl/2 (1)

where Fi = film number for the liquid (= Fr/Rej)
Fr = Froude number for the liquid (= UL2 /deq 9)
Rep = Reynolds number for the liquid (= deq UL pL/mL)
deq = packing equivalent diameter
UL = liquid velocity
pL = liquid density
pL = liquid viscosity
g

acceleration due to gravity.

The coefficients A and B were established to be 2.2 and 1.8, respectively, for
Raschig rings.

Bemer and Kalis (1978) proposed a simp]er’and a more convincing model by
assuming that the film flow was affected only by friction and that the fric-
tion factor approaches a constant value for large Reynolds numbers. Their
equation was of the form: .

h = A Frl/3 (2)

However, both models assumed a constant wetted area of the bed in considering
the effect of the Froude number and assume that neither the Tiquid viscosity
nor the liquid flow rate had any effect on it. It appears that, to take
account for the influence of the liquid flow rate on wetted area, the exponent
on the Froude number should be greater than 1/3. With that in mind, Buchanan
(1988) proposed a more flexible holdup equation:

h = AFin + 8 Frm (3)
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where the exponents n and m are each expected to be somewhat larger than 1/3,
and the values of A, B, n, and m vary with the size and shape of the partic-
ular packing material used (see Figure A.1). For example, the final equation
for ceramic Raschig rings (Buchanan 1988) is

h =9.25 Fi0.48 + 0,805 Fr0.36 (4)

which gave the best correlation with the experimental data.

A.3.2 Pressure Drop

Following Bemer and Kalis (1978) and Bravo, Rocha, and Fair (1986), the
pressure drop through beds of random packing materials is given by
Equation (5):
= -5
AP = APg (1 - Kh) (5)

per unit length of packed bed,

where APp = dry bed pressure drop per unit length
h = total liquid holdup from Equation (4)
K = constant (characteristic of the packing size and shape, if

different from Raschig rings).

The dry bed pressure drop, APg, is caused by frictional resistance of gas flow
with no liquid present in the bed. This may, therefore, be given in terms of
a conventional Fanning or Darcy-type relationship (Bravo, Rocha, and Fair
1986) as

AP = (f pg Ugez)/(deq gc) (6)
where f = friction factor (= C1 + C2/Reg)
Reg = gas Reynolds number (= deq Uge pg/ug)

= gas density
Uge = effective gas velocity inside the flow channel (= Ugs/€sin 6)

Ugs = superficial gas velocity

]
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€ = packing void fraction

8 = angle of inclination of flow channel from the horizontal
gc = conversion factor (unity in SI system)
kg = gas viscosity.

For the packing materials studied by Bravo, Rocha and Fair (1986), the friction
factor expression was given by the following equation:

f = 0.171 + 92.7/Reg (7)

Therefore, for the metallic Pall rings packing, for example, the final expres-
sion for the pressure drop will be

AP = (0.171 + 92.7/Reg) (pgq Ugez/deq ge) (1 - Kkh)™> (8)

with the constant, K, assumed to be 0.75, thus resulting in a lower pressure
drop than for the Raschig rings.

A.3.3 Heat Transfer

The heat transfer modeling of irrigated packed beds has traditionally
relied on mass transfer correlations and the analogy between heat and mass
transfer. However, the mass transfer analogy has consistently underpredicted
the experimentally determined heat transfer rates. The reason for this is
attributed to heat transfer by conduction in the packing material (from dry
to wet areas), for which there is no equivalence in mass transfer correlations
(Huang and Fair 1989). Also, empirical correlations derived from the same
mass transfer analogy by different investigators have had large discrepancies
in determining the overall heat transfer coefficient, sometimes even by a
factor of four or more.

In an attempt to overcome these limitations, each heat transfer mechanism
in a packed bed has been individually modeled, rather than lumping them all
into an overall heat transfer coefficient (Bohn 1987). The convection heat
transfer was determined from a mass transfer correlation and a Tiquid holdup
correlation, while conduction in the packing elements and convection from the
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dry portions of the bed were based on a model of conduction through and convec-
| tion from a fin. The radiation terms were also included in the model but in
the final analysis were found to be unimportant relative to the convective
heat transfer terms, which is consistent with previously obtained data for
‘ high-temperature liquid metal systems. The conduction correction term is
also quite small because the wetted areas are a large fraction (80% to 90%) of
the total packing area, but it nevertheless improves the agreement between
the predictions and the data of Huang and Fair (1989). Furthermore, these
correlations have been thoroughly verified and are based on a wide range of
packing sizes, so it is expected that this model of Bohn (1987) would apply
to commercial-size heat exchangers as long as the liquid used wets the packing
material. It should be noted, however, that even though the aforementioned
mass transfer analogy models exhibit a qualitative agreement with the avail-
able data, the slopes of the experimental data are quite different, suggesting
a more fundamental limitation with using mass transfer data to predict heat
transfer for packed beds.

Bohn (1989) used a packed column filled with stainless steel Pall rings,
15.9 mm in diameter and height, for a total bed height of 610 mm and a void
fraction of 0.947. The main test series involving the simultaneous measure-
ment of heat transfer and column differential pressure were conducted at a
single salt temperature of 400°C (752°F), salt (liquid) flow rates (L) of 6 to
18 kg/m2-s and air (gas) rates (G) of 0.3 to 1.2 kg/m2-s. The resulting net
salt heat transfer ranged from 1000 to 4500 W, and the column differential
pressure ranged from 163 to 1225 Pa/m. The general operating condition for a
packed column is at 400 Pa/m, with 1000 Pa/m being a safe upper limit to avoid
column flooding. Based on the correlation of data (Bohn 1989), the net salt
heat transfer, Qs, is given by

‘ Qs ™ 0.92 (9)

with no discernible dependence on the liquid flow rate (L). At a lTiquid flow
rate of 17 kg/m2-s, the column seemed to operate in one of two modes (with

poor data repeatability) with significantly different heat transfer rates in




the gas rate range of 0.35 to 0.55 kg/m2-s. But for G >0.6 kg/m2-s, the column
seemed to settle back in a Sing]e but lower heat transfer mode. The condition
of flooding was indicated when the heat transfer ceased to increase beyond a

gas rate of approximately 1.0 kg/m2-s at a liquid rate of 6.6 and 12.3 kg/m2-s.

The column differential pressure, on the other hand, is related to gas
flow rate through

AP ~ G1.67 (10)

with no significant change in the exponent even as L was increased. For a
given value of G, as the value of L was increased from 0 to 6 kg/m2-s, there
was a large increase in AP, while any further increases in L produced only
relatively small increases in AP.

A.4 FUTURE RESEARCH NEEDS

The packed column has been used as an efficient device for transferring
mass in gas-liquid contacting operations in the chemical industry. There has
also been a Tong history of development of prediction methods for the pressure
drop, flooding, and mass transfer efficiency of packed columns; and yet they
cannot be considered fundamental and reliable. There is a fair amount of
empiricism associated with the performance evaluation of the columns, and
predicting the heat transfer performance based on heat/mass transfer analogy
introduces even more. Nevertheless, extending the large amount of available
mass transfer data to applications that pertain primarily to heat transfer and
developing correlations on the basis of that are the only legitimate methods
presently being used for a DCHX system analysis. Hence, there is an urgent
need for a fundamental and generalized modeling of the heat exchange perform-
ance in packed beds.

The modeling would have to be a combination of more detailed experimenta-
tion (involving different fluids, different packing materials, a range of
flow rates and temperatures, and both small- and large-scale testing) and an
analytical/numerical solution scheme of the basic conservation equations.
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Particular emphasis should be placed on testing the molten salt-air system,
especially in a large-scale field test unit, to expand the existing database

‘ and to offer a stronger case for commercialization of such a system. Alterna-
tive molten salts may be less expensive than the current nitrate salt and
might have a Tower freezing temperature. The lower freezing temperature
reduces the need for heat-tracing molten salt components and can decrease the
cost of the TES subsystem by decreasing the amount of salt needed for storage.
Some alternative salts have been investigated for solar applications, and the
results are promising, though a number of practical issues must be resolved
(Bradshaw and Tyner 1988). Also relevant is the continual introduction of
new packing materials with claims of improved performance but not supported
by objective performance data. This would be especially important if pressure
drops could be reduced and at the same time the DCHX performance improved in
the new beds.

The second major research issue is the impact of the flue gas on the
chemical composition of the molten salt. While the exhaust of a natural-gas-
fired turbine is very clean, particularly for particulate, it is possible
that the trace chemicals in the exhaust may react with the molten salt or be
absorbed in the salt and buildup over time. Salt/flue gas compatibility tests
will have to be conducted to ensure the success of the concept.

There are a number of secondary issues that are also important in evalu-
ating the performance of a DCHX system. The measurement of salt carryover
rates out of the bed has not been attempted. Also, a more detailed study of
the degradation of the various heat transfer salts from contact with air is
important. The degradation issue is especially critical in the case of the
power industry because the quality of the primary heat transfer medium (the

salt) is to be maintained throughout the life of the system. The effect of
radiation resulting in thermal backmixing thereby reducing the heat exchange
effectiveness may still be important at higher operating temperatures, for

‘ which more data and analysis are necessary. In the context of higher tempera-
ture applications, the common nitrate salts decompose at temperatures above




600°C (1112°F). Therefore, research is ongoing to identify salts and com-
patible containment materials for temperatures above 600°C (1112°F). For
temperatures up to 800°C (1472°F), the DCHX consists of an internally insu-
lated, carbon-steel column using a high-purity (99% alumina) packing. If the
packing and the associated insulation costs get too high, as can be expected,
a spray column DCHX may have to be considered for high-temperature applica-
tions.

A number of other applications involving TES may be considered in the
future, in addition to the conventional and IGCC power plants. For independent
power production methods, including cogeneration alternatives and other energy
conservation methods, the efficient storage of useful thermal energy for later
use in producing supplementary power or process steam is an extremely appro-
priate concept for integration. Therefore, an inexpensive and efficient way
of transferring heat from the exhaust gas streams using a DCHX system is very
important for several different TES applications.

A.5 CONCEPTUAL DESIGN OF A DCHX SYSTEM

Based on the heat transfer achieved by the small test beds that have
been investigated so far, the bed volume may be scaled up to provide the
necessary thermal output. Assuming that a total heat transfer equivalent of
128 MWt is required, the minimum packed bed volume required would be 450 m3
(15,450 ft3), which may be provided by two equal sized beds of 5.64 m (18.4 ft)
diameter and 9.0-m (29.4-ft) height. The beds would be filled with metallic
0.0254-m (1-in.) Pall rings in a random packing mode. The bed containers
would be made of 304H stainless steel (wall thickness of 0.0254 m) as shown in
Figure A.2. Because the scaled-up tanks have not been field-tested for their
heat transfer duties and because very limited data are available on small
experimental beds, no extensive designing of the packed bed has been possible.
This lack of information is an additional motivation for conducting scale-up
testing and feasibility analyses as quickly as possible.

With the estimated maximum pressure drop of 1000 Pa/m for the two beds
of 9.0-m (29.4-ft) height each, the total pressure drop would be 18 kPa
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(2.61 psia). The salt (liquid) flow rate would range from 10 to 20 kg/m2-s,
depending on the duty cycling, while the corresponding air (gas) flow rates
would range from 10.8 to 21 kg/m2-s. Because the two beds would be connected
in series (Figure A.2), the salt flow stream at 288°C (550°F) would enter
sequentially from the colder (C) to the hotter (H) bed, while the exhaust gas
at approximately 566°C (1050°F) would flow from the hotter to the colder bed.
The total temperature rise in the salt would be about 204°C (400°F), while
the air temperature would decrease by 212°C (414°F). The series design of
the packed beds would also provide adequate "residence time" for the two
streams to contact each other and achieve an effective heat exchange. But,
with a pressure drop of 20 kPa (2.9 psi) across the two packed beds, the
exhaust stream from the turbine would have to be at 120 kPa (17.4 psi) if the
final exit pressure of the gas is assumed to be 100 kPa (14.5 psi). The
curtailed expansion in the turbine would reduce its net power output by almost
10% and would also force the exhaust to be at a higher temperature than if it
were completely expanded. Most of this increased enthalpy of the exhaust gas
stream could be recovered in the packed beds. Nevertheless, the penalty on
the turbine power appears to be excessive and necessitates consideration of
alternate configurations for the packed beds.

If, instead of having the two packed beds in series, they were connected
to each other in a parallel configuration (Figure A.3), the total pressure
drop would be decreased and the flow rate across each bed would now be halved.
The total pressure drop across each bed is estimated to be approximately 9 kPa
(1.31 psi), while the two flow streams would have to be divided into two equal
streams for the two beds. The total heat exchange (and the temperature rise
of the salt) would now have to occur within each of the two beds. The reduced
flow rates of the gas and salt streams would also reduce the velocities through
the bed; and, therefore, the pressure drop would remain well below the pro-
jected value. This latter effect would decrease the pumping power required
for the liquid stream and would reduce the gas turbine output by less than a
5%. The reduced velocities of the two streams will also increase the "resi-
dence time" even further and improve the heat exchange characteristics, com-
pared with the series configuration.
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FIGURE A.2. Conceptual Design of Molten Salt Direct Contact Heat Exchanger

If an even smaller pressure drop were desired [say, 5 kPa (0.66 psi)]
across each bed, the bed capacity can be maintained by decreasing the height
of the bed and dividing the bed into four smaller beds arranged for parallel
flow. The gas turbine power penalty would then be reduced to about 2.5%, and
the heat exchange characteristics would be enhanced even further. These
preliminary calculations show that the molten salt DCHX can impact the gas
turbine's performance but that there is substantial flexibility in the design
of the DCHX that allows the designer to minimize the impact.
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A.6 CONCLUSIONS

The current status of research on DCHX systems shows that only preliminary
modeling and experiments have been performed to quantify the heat transfer
aspects of packed beds. A more fundamental analysis and extensive experimenta-
tion with larger beds and over wider ranges of temperatures and flow rates
have to be performed before any commercialization of a DCHX system for thermal
storage applications can be achieved. However, there is sufficient evidence
and experience at the present time to indicate the feasibility of the concept;
therefore, further investigation of a DCHX system using molten salts for
thermal energy storage application in a power plant is warranted.
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