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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency
thereof.

DISCLAIMER

Portions of this document may be illegible in electronic image
products. Images are produced from the best available
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ABSTRACT

Studies strongly indicate that the United States
will face widespread electrical power constraints
in the 1990s. In many cases, the demand for
increased power will occur during peak and
intermediate demand periods. While natural gas
is currently plentiful and economically attrac-
tive for meeting peak and intermediate loads,
the development of a coal-fired peaking option
would give utilities insurance against unexpected
supply shortages or cost increases. This paper
discusses a conceptual evaluation of using
thermal energy storage (TES) to improve the
economics of coal-fired peak and intermediate
load power generation.

The use of TES can substantially improve the
economic attractiveness of meeting peak and
intermediate loads with coal-fired power genera-
tion. In this case, conventional pulverized
coal combustion equipment is continuously oper-
ated to heat molten nitrate salt, which is then
stored. During peak demand periods, hot salt
is withdrawn from storage and used to generate
steam for a Rankine steam power cycle. This
allows the coal-fired salt heater to be approxi-
mately one-third the size of a coal-fired boiler
in a conventional cycling plant. The general
impact is to decouple the generation of thermal
energy from its conversion to electricity.

While not commercially available, molten nitrate
salt TES has been extensively investigated as
part of the U.S. Department of Energy's Solar
Thermal Program (1). The concept has been the
subject of bench-scale experimental investiga-
tions, several detailed design studies, and
small-scale field demonstrations. Although
s1gnjficant problems remain, the balance of
opinion is that commercialization of molten
nitrate salt TES is technically feasible.

The present study compares a conventional cycl-
ing pulverized coal-fired power plant to a pul-
verized coal-fired plant using nitrate salt
TES. The study demonstrates that a coal-fired
salt heater is technically feasible and should
be less expensive than a similar coal-fired
boiler. The results show the use of nitrate
salt TES reduced the levelized cost of power by
between 5% and 24%, depending on the operating
schedule.

(a) Operated for the U.S. Department of Energy
by Battelle Memorial Institute under Con-
tract DE-AC06-76RLO 1830.

INTRODUCTION

Studies give increasingly strong indications
that the United States will face widespread
electric power generating capacity constraints
in the 1990s with most regions of the country
experiencing capacity shortages by the year 2000
(2?. In many cases, the demand for increased
power will occur during intermediate and peak
demand periods. Much of this demand is expected
to be supplied by oil- and natural gas-fired
Brayton cycle gas turbines and combined cycle
plants. While natural gas is currently plenti-
ful and reasonably priced, the availability of
an economical long-term coal-fired option for
peak and intermediate load power generation will
give electric power utilities an option in case
either the availability or cost of natural gas
should deteriorate.

A number of demand-side and system-wide energy
storage options for intermediate and peak
capacity exist; but, when new generating capacity
is unavoidable, the only mature nonpetroleum
option is a cycling coal-fired power plant.
The study documented in this paper a§ conducted
by the Pacific Northwest Laboratory'®’ to evalu-
ate an alternative method of using coal to
generate peak and intermediate Tload power.
The approach uses a continuously operating,
coal-fired heater to heat molten nitrate salt,
which is then stored. During peak demand peri-
ods, the hot salt is used as a heat source for
a conventional Rankine cycle steam power plant.

RESULTS OF PREVIOUS EVALUATIONS

A series of studies on thermal energy storage
for near-term utility applications was conducted
by the U.S. Department of Energy (DOE), the
Electric Power Research Institute (EPRI), and
the National Aeronautics and Space Administration
(NASA) in the late 1970s (3,4,5). The results
of these studies were not favorable for thermal
storage. The studies screened a large number
of TES systems that could be coupled with an
800-MWe coal or a 1140-MWe 1ight water nuclear
reactor. These studies were limited to TES
concepts that did not require any modifications
to the coal-fired or nuclear steam generators.

Molten nitrate salt TES was included as one
thermal storage option in these studies. The
concept used the exhaust of the high-pressure
turbine for charging storage. During peak
demand periods, heat was extracted from storage
and used to generate steam for a separate low-
pressure turbine. The high-pressure turbine
exhaust steam was at a temperature of 300°C
(572°F). The maximum storage temperature was
approximately 280°C (536°F). During discharge,
low-pressure steam was generated at 251°C (484°F)
for peak power production. The decision to use
high-pressure turbine exhaust for charging
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storage had several negative impacts on nitrate
salt TES. First, nitrate salts have a higher
maximum temperature [450°C to 566°C (842°F to
1050°F) depending on the salt mixture] than
other thermal storage media, such as heat trans-
fer oils, but they often are more expensive.
By operating storage at 280°C (536°F), the
benefits of the molten salt were not attained;
the small change in molten salt temperature
between charge and discharge conditions meant
that a very large molten salt inventory was
required to provide the desired storage. Second,
the low temperature of the steam produced during
discharge resulted in Tow steam cycle efficiency
when operating from storage. In addition, extra
thermal energy had to be stored to compensate
for the poor efficiency of the discharge steam
cycle, further increasing the size of the storage
system. The overall result was that the nitrate
salt TES option had an excessively high capital
cost and poor performance. The results
apparently discouraged further studies of the
use of molten salt TES for power generation.

In the last 10 years, significant changes have
decisively altered the situation. These include:

e improved plant integration--The decision
in early studies to concentrate on TES
concepts that do not modify the steam
generator is understandable given the
emphasis on near-term applications, but
this ground rule had a serious negative
impact on nitrate salt TES. Alternate
methods for integrating storage have been
developed that avoid the difficulties
associated with using high-pressure turbine
exhaust for charging storage. The proposed
concept uses direct heating of salt to
566°C (1050°F) in a coal-fired salt heater.
During discharge, steam is generated at
conditions. typical of modern coal-fired
power plants resulting in no performance

' penalty when operating from storage.
Improved plant integration results in
reduced capital cost due to the increased
temperature difference between the hot and
cold salt and superior performance due to
the improved steam conditions.

* improved storage systems--The earlier
studies were based on first-generation TES
concepts. During the last 10 years, sub-
stantial progress has been made on TES
design, particularly nitrate salt systems.
The DOE Solar Thermal Program funded the
development and field testing of low-cost
nitrate salt TES. In general, nitrate
salt has proved to be economical and reli-
able. The concept exceeded all cost goals;
current estimates predict energy-related
costs of $15/kWht (6) in 1986 dollars.
The comparable cost estimate from the
earlier studies is approximately $90/kWht
in 1986 dollars. The cost reduction is
due to the use of lower-cost nitrate salts

and improved energy storage density by
increasing the temperature difference
between the hot and cold salt.

» advanced coal combustion technologies--A
number of new coal combustion technologies
are being developed, and several are near
commercialization, e.g., integrated coal
gasification combined-cycle power plants and
fluidized bed combustion. These tech-
nologies offer new opportunities for inte-
grating TES, which is particularly important
Lecause several advanced coal combustion
technologies result in power plants that
are difficult to cycle or operate at part
Toad.

These three developments indicated that utility
applications for TES should be re-evaluated and
that the potential exists for TES technology to
make a substantial contribution toward lowering
electrical generation costs and providing new
peak generation capabilities.

CONCEPT DESCRIPTION

Thermal energy storage can be integrated with
conventional and advanced coal technologies in
a number of ways. This study was focussed on
using conventional pulverized coal combustion
technology.

The concept evaluated in this study uses a
pulverized coal-fired salt heater to heat molten
nitrate salt from 280°C (536°F) to 566°C
(1050°F). The hot molten salt is returned to a
hot salt tank for storage. During peak demand
periods, hot salt is withdrawn from the hot
salt tank and used as a heat source for a steam
generator. The molten salt is then returned to
the cold molten salt storage tank. The steam
generator produces steam for a conventional
steam cycle. Turbine inlet steam conditions
are 538°C (1000°F) and 16,500 kPa (2400 psi).
The concept is shown in Figure 1.

The coal-fired salt heater operates continuously,
charging storage. The steam generator and
turbine only operate when electric power is
being generated. This allows the salt heater
to be much smaller than the size of a coal-fired
boiler in a conventional cycling coal-fired
power plant. In addition, the salt heater would
not be cycled, avoiding the difficulties associ-
ated with cycling a coal-fired boiler. The
general impact of the concept is to decouple
(on a temporal basis) the generation of thermal
energy and its conversion to electricity.

The storage medium is a mixture of sodium nitrate
(60 wt%) and potassium nitrate (40 wt%). Thermal
energy is stored as sensible heat in this molten
salt. This 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
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Figure 1--Coal-Fired Peaking Power Plant Using Thermal Energy Storage

the assumed operating schedules and gives several

point. The maximum salt temperature is 566°C
key design features of the thermal storage

(1050°F) and is determined by the chemical

stability of the salt.

While not used to produce power commercially,

nitrate salt TES was extensively investigated:

as part of the U.S. Department of Energy's (DOE)
Solar Thermal Program. The concept was the
subject of bench-scale experimental investiga-
tions, several detailed design studies, and
small-scale field demonstrations. While signi-
ficant problems remain, the general technical
opinion of experts is that commercialization of
Tg;ten nitrate salt TES is technically feasible

METHODOLOGY

The general approach used in this study consisted
of developing a conceptual design and cost
estimate for the coal-fired plant with TES and
comparing this data to the costs for a conven-
tional cycling pulverized coal-fired plant
operated during peak and intermediate demand
periods. The comparison was made for a range
of plant operating schedules. Table 1 summarizes

.

concept required to meet these schedules.

The range of operating schedules was selected
to include nominal capacity factors ranging
from 20% to 40%. Two weekly operating schedules
were assumed. In the first case, the plant
was assumed to operate for 5 days per week.
The second case involved operation for 7 days
per week with a shorter daily operating period.

In all cases, the- peak plant net output was
assumed to be 500 MWe for both the conventional
plant and the coal-fired plant with TES. This
resulted in all plant configurations having a
similar steam cycle, steam turbine, and switch
gear. The significant design variations occurred
in the coal-handling and coal-firing equipment.
As the capacity factor decreases, the size and
cost of the coal-handling and coal-firing equip-
ment in the TES option will decrease. The size
and cost of the TES subsystem will increase.
The size and cost of the coal-firing equipment
in the conventional design will not vary with
capacity factor.

TABLE 1. PLANT OPERATING SCHEDULES

Approximate Approximate Equivalent Size
Days of Hours of Capacity Size of of Coal Firing
Operation Operation Factor, Storage, Equipment for
per Week per Day % MWht TES System, MWe
5 8 20 6763 167
5 12 30 7591 250
5 16 40 6741 330
7 20 5698 120
7 30 7139 188
7 12 40 7591 250
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The economic evaluation was conducted by cal-
culating and comparing the levelized energy
cost (LEC) of conventional coal-fired power
plant to a coal-fired power plant with molten
salt ~TES. Levelized cost analysis combined
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 plant concepts.

Initial capital costs were first identified in
the literature for a conventional 500-MWe coal-
fired power plant at a relatively detailed level.
For example, the turbine plant cost was dis-
tributed into costs such as those for the turbine
generator, condensing system, feed heating
system, instrumentation and control, and other
turbine plant equipment. Each individual cost
element for the entire plant was divided into
two element categories: variable elements (those
related to the coal-fired capacity) and fixed
elements (those related to the power-generation
capacity). Some elements were split into both
fixed and variable parts. The capacity and
cost of the variable elements depend on the
plant's designed power generation schedule and
are lower for the coal-fired power plant with
molten salt TES than for the conventional plant.
The capacity and cost of the fixed elements are
the same for both coal-fired power plants with
molten salt TES and conventional coal plants.

Individual cost elements were then assigned to
coal-handling, boiler, emissions-handling, power
generation, and balance-of-plant (BOP) com-
ponents. Equations estimating the cost of each
of these components as a function of power-
generation or coal-firing capacity were derived
from power plant economy-of-scale studies
described in the literature.

Molten salt storage and steam generator costs
were obtained from research reports on solar
thermal power systems. Molten salt heater costs
were scaled from conventional boiler costs based
on their different heat transfer tubing designs.
Finally, molten salt piping designs and cost
estimates were prepared by Pacific Northwest
Laboratory.

Estimates for fixed, variable, and consumable
operation and maintenance (0&M) elements were
developed in a manner similar to the initial
capital costs, i.e., 0&M cost elements were
separated into coal-firing related and power
generation related parts and estimating equations
for each part were developed as a function of
plant power rating. Current and future coal cost
estimates were derived from projections made
by several energy forecasting organizations.

A more detailed description of the methodology
used in this study is presented in Drost et al.

(8).

RESULTS

The conceptual design of the coal-fired power
plant with TES involved the selection and sizing
of major components. In most cases, the equip-
ment installed in a coal-fired power plant with
TES is similar to that used in a cycling coal
plant other than size. The new components are
associated with the nitrate salt storage system
and include the coal-fired salt heater, nitrate
salt storage system, salt transport system, and
the salt heated steam generators. The last
three components have been extensively inves-
tigated as part of DOE's Solar Thermal Program
and the designs developed for the coal-fired
power plant with TES are based on the results
of numerous design studies conducted for nitrate
salt heating solar central receiver power plants.
Therefore, the present study focused on the
coal-fired salt heater.

The conceptual design of the coal-fired salt
heater was conducted by comparing a conventional
coal-fired boiler to a coal-fired salt heater and
modifying the design of the coal-fired boiler
to adjust for the differences between sensible
heating of a molten salt and steam generation.
The design study identified three major differ-
ences between a coal-fired salt heater and a
coal-fired boiler. These include:

e heat transfer--Heat transfer in a molten
salt heater is comparable to conventional
boilers for most heat transfer surfaces and
superior to conventional boilers for super-
heaters and reheaters.

* wall thickness--The low pressure experienced
in the molten salt heater allows the use of
thin wall tubing with the associated savings
in tube cost, reduced temperature difference
across the tube walls, and reduced stresses.

« flow rate--The molten salt heater requires
a substantially higher mass and volume flow
rate than a conventional boiler. This
results in an increase in parasitic pumping
power.

The results of the preliminary design study
suggest that a coal-fired salt heater is tech-
nically feasible and may have a number of ad-
vantages when compared to a conventional coal-
fired boiler. Calculations showed that the
salt heater will be approximately equivalent to
a steam boiler (with the same thermal rating)
in size, performance, and cost.

The conceptual designs of the other TES-related
components were based on designs developed for
solar thermal applications. The designs of the
coal-fired salt heater, TES system, salt trans-
port system, and the salt-heated steam generator
are presented in more detail in Drost et al. (8).



Proceedings of the American Power Conference

The performance of the coal-fired power plant
with TES was compared to the conventional cycling
coal-fired power plant. The results showed
that the two plants had nearly identical heat
rates of approximately 10,200 Btu/kWe. The start-
up losses associated with cycling the conven-
tional plant approximately balanced the added
parasitic losses associated with molten salt
TES system.

The availability of the two designs were also
compared. The results suggested that the coal-
fired power plant with TES would have a higher
plant availability than the conventional cycling
plant. This is due to the improved availability
of small (approximately 100 MwWe) coal-fired
power plants when compared to larger coal-fired
plants. This observation is in agreement with
the plant availabilities reported in EPRI's
Technical Assessment Guide (9).

Levelized energy cost estimates were prepared
for a conventional coal-fired power plant with
TES and a conventional cycling coal-fired power
plant operating at six power generation
schedules. The results are presented on Table 2.

The results show the coal-fired plant with molten
salt TES has an LEC lower than the correspond-
ing conventional coal-fired plant for the genera-
tion schedules assumed. The concept using coal-
fired plants with molten salt TES looks more
attractive at lower plant capacity factors (fewer
operating hours per day) where the coal-firing
equipment is downsized and, hence, the benefit
of incorporating TES is greater.

The key factors contributing to the reduction
in LEC for the coal-fired plant with molten
salt TES are an increase in plant availability
caused by the use of smaller capacity coal-firing
equipment and a decrease in the initial capital
cost. Initial costs, annually recurring costs,
availability, annual power output, and LEC are
compared in Table 3 for a plant operating 5
days per week and 12 hours per day. Initial
capital costs decreased by $45 million as reduc-
tions in coal handling, emissions handling and
balance-of-plant costs, and elimination of the
boiler exceeded the additional costs of the
salt systems. Fuel costs increased for the coal-

TABLE 2.
Generating Schedule
days/week hours/day
5 8

5 12
5 16
7 6
7
7

12

Coal
Plant

0.146
0.106
0.086
0.140
0.102
0.083

fired plant with molten salt TES in proportion
to the 7% increase in plant availability.

Although the Tevelized energy cost estimates
indicate promise for the coal-fired plant with
molten salt TES, the results should be used
with caution. A considerable amount of uncer-.
tainty is associated with many of the key inputs
to the analysis. Future efforts should be
directed towards improving our understanding
of these factors and narrowing the range of

uncertainty for individual elements in the
overall comparison.
CONCLUSIONS

The significant conclusions from this evaluation
of TES for utility power generation are sum-
marized below:

e Molten nitrate salt TES is technically
feasible--While acknowledging that problems
exist with certain aspects of salt handling,
these appear to be resolvable. The overall
judgement, 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 successfully commer-
cialized.

* Coal-fired salt heater is technically
feasible--Given the similarity between a
coal-fired salt heater and a coal-fired
boiler, it was concluded that a coal-fired
salt heater is technically feasible. While
requiring further analysis and development,
the results of this preliminary study
suggest that a coal-fired molten salt heater
can be successfully developed.

* Using TES in a conventional coal-fired
power plant produces lower cost power--
The results of this study show that a coal-
fired power plant with molten salt TES
produces lower cost power than a con-
ventional cycling coal plant over the range
of operating schedules, but substantial
uncertainties exist in several key inputs
to the levelized energy costs.

LEVELIZED ENERGY COST RESULTS

Coal/TES Plants

3-Year 4-Year
Construction Construction
0.120 0.118
0.097 0.095
0.083 0.082
0.108 0.107
0.088 0.087
0.076 0.075
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TABLE 3. SUMMARY COST AND PERFORMANCE COMPARISON: CONVENTIONAL COAL VERSUS COAL/TES

Cost Item

Initial capitat
coal-firing
salt systems
power generation
balance-of-plant
other
total

Annual operation and maintenance
fuel
non-fuel
total

Annual availability
Annual energy output, GWhe

Levelized energy cost, $/kWhe

While not the subject of this paper, molten
salt TES may also be useful when integrated

with advanced coal combustion technologies.

The use of molten salt with advanced coal com-
bustion technologies, such as integrated coal
gasification combined-cycle power plants and
fluidized bed combustion, improves the flexi-
bility of these technologies by letting them
provide peak and intermediate load power. If
technically feasible, direct-contact salt heating
would be particularly attractive for applications
with coal gasification combined-cycle plants.
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