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PRODUCT DESCRIPTION

Solar thermal energy storage (TES) has the potential to significantly increase the operating
flexibility of solar power. TES allows solar power plant operators to adjust electricity production
to match consumer demand, enabling the sale of electricity during peak demand periods and
boosting plant revenues. To date, TES systems have been prohibitively expensive except in
certain markets. Two of the most significant capital costs in a TES system are the storage
medium (typically molten salt) and the storage tanks. Thermocline storage is a relatively
unproven TES method that has the potential to significantly reduce these costs. In a thermocline
system, approximately 75% of the required storage medium is replaced with an inert quartzite
rock, and only one storage tank is required instead of the two typically needed for high-
temperature TES. This report includes preliminary designs and cost estimates for molten salt
thermocline systems with capacities ranging from pilot scale to commercial scale. Thermal

and system level modeling was conducted to determine the performance of these systems.

Results and Findings

The study determined the application areas in which thermoclines might be economically
competitive. Cost estimates were developed for the construction of thermocline systems,

and similar estimates were developed for the corresponding state-of-the-art two-tank storage
systems for comparison. Both parabolic trough indirect storage and central receiver direct
storage systems were evaluated, ranging from 100 to 3500 thermal megawatt-hours (MWh;)

in size. The results confirm that the thermocline offers the lowest installed capital cost over the
two-tank system at each design capacity.

Challenges and Obijectives

The potential benefits of TES are significant; however, experience is limited and costs and
performance of the various technology options remain uncertain. The intent of this study was to
develop a basic design for the thermocline technology as well as detailed process flow diagrams,
heat and material balances, and detailed equipment lists that provide a starting point to develop
this technology at pilot scale and later at full commercial scale. One key objective was to provide
a meaningful comparison to the current state-of-the-art two-tank TES technology to determine
whether the thermocline cost and performance might be competitive.



Applications, Value, and Use

Although the cost of solar energy is still high compared to traditional generation options, this
cost is expected to decrease as technologies mature and deployment increases. Thermal energy
storage presents a unique opportunity to reduce the levelized cost of electricity while providing
increased plant operating flexibility and energy value. This report shows that thermocline
systems might offer a lower cost option for a wide range of solar technologies and storage
applications. The results of this study will be beneficial to any energy company or project
developer considering a solar thermal project.

EPRI Perspective

The first utility-scale concentrating solar thermal power plants in the world were built in
southern California in the 1980s, and several new large-scale plants are currently under
development in the United States, Spain, and other locations throughout the world. Although a
two-tank molten salt system is now operational in Spain, there has been limited RD&D in the
United States to implement the multi-tank molten salt technology and develop next-generation
TES technologies. There is also a need to determine the ideal operation and integration of
those technologies into electric grid operations. The thermocline process has the potential to
significantly reduce the costs of thermal energy storage without compromising performance,
which could in turn greatly increase the utility of solar power and lead to wide-scale adoption of
the technology. Continued research along with the operation of the first utility-scale thermal
energy storage units in the next few years will provide more concrete data by which to compare
thermal energy storage systems. This work supports a long-term vision for a broad generation
portfolio that includes renewable energy as a cost-competitive option.

Approach

The approach was to define and optimize parameters for several design cases and develop
AACE Class 4 project estimates for each. The main components of the Class 4 estimate are the
design basis, process flow diagrams, and equipment lists. These design details allowed the
project team to work with vendors and obtain quotes for necessary equipment. These data were
used to complete an EPC estimate for the construction of the thermocline systems. In parallel,
thermodynamic and system models were developed to determine the thermal stability of the
system under different operating scenarios and examine the performance of thermoclines.
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EXECUTIVE SUMMARY

Introduction

A broad portfolio of cost-competitive supply technologies will be needed to satisfy the world’s
rising demands for energy while meeting climate policy and other societal objectives. EPRI is
interested in the near-term development and deployment of concentrating solar power (CSP)
technologies, that can serve growing electricity demand and offer energy companies an
economical, zero emissions generation option. The highest intensity solar energy is typically
within a few hours of peak summer loads, making it a particularly attractive renewable option.
The advancement of solar thermal energy storage (TES) systems is critical to lowering the cost
of electricity, firming capacity, and providing operating flexibility to utility scale CSP plants.
Successful implementation of TES is expected to increase the value proposition for CSP plants
and accelerate deployment. In order for TES to be widely adopted, lower system capital costs
must be developed and demonstrated. This study shows that thermocline systems are potentially
lower cost than the current state-of-the-art technology.

A molten salt thermocline system is a single tank storage system that uses a thermal gradient to
separate the heated salt arriving from the solar field from the cold return salt. It uses a low-cost
filler material to reduce the amount of more expensive molten nitrate salt required. The tank
stores energy as cold salt is pumped from the cold base of the tank, either directly through the
solar field or indirectly through a salt-to-oil heat exchanger to absorb heat, and is then returned to
the hot top of the tank. The flow is reversed when the steam generator requires additional heat
from the stored salt. The use of a single tank instead of a two-tank storage system, along with the
use of an inexpensive filler material to reduce the amount of molten salt required is expected to
result in a lower cost TES option.

Background

The first major demonstration of solar TES technology was a 182 MWHh; single-tank indirect
mineral oil thermocline at Solar One in 1982. A two-tank direct mineral oil system later followed
at the SEGS | trough plant in California in 1985. Both TES demonstrations ended prematurely
due to fires and were not rebuilt. In the mid-1990s, the Solar Two central receiver project
successfully demonstrated two-tank direct molten salt storage. This R&D project was
decommissioned in 1999. Although a two-tank molten salt system is now operational in Spain,
there has been limited RD&D in the U.S. to implement the multi-tank molten salt technology and
develop next generation TES technologies. Molten salt thermocline has only been demonstrated
at small scale. Figure 1-1 shows the schematic for a 2.3-MWh; packed-bed thermocline storage
demonstration conducted by Sandia National Laboratories in 2001 using binary molten-salt fluid
and a mix of quartzite rock and silica sand filler material.
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Figure 1-1
Thermocline Test at Sandia National Laboratories (Source: Sandia National Laboratories)

Many new CSP plants are expected to be developed in the Southwestern U.S. in the next few
years. Arizona Public Service has plans for a 280 MW parabolic trough plant with indirect,
two-tank molten salt storage. Recently SolarReserve announced central receiver projects with
two-tank direct molten salt storage in Nevada and California. California has over 6 GW of
announced CSP projects that may be candidates for TES systems. These new plants and others
yet to be announced offer opportunities to conduct applied TES technology research at utility-
scale installations. There is also a need to determine the ideal operation and integration of these
technologies into electric grid operations.

Project Overview

Under its Generation Technology Industry Demonstration Program, EPRI is researching next
generation TES systems. EPRI has chosen to focus on a molten salt thermocline TES system
based on a recent review of TES technologies®. The thermocline preliminary design work
conducted under this project includes utilizing existing thermodynamic and operational thermal
storage modeling capability and determining system design parameters. It is expected that the
work will ultimately transition into a demonstration project if the results are favorable. Further
pilot-scale analysis and testing may be prudent before developing a full-scale demonstration.

! Program on Technology Innovation: Evaluation of Solar Thermal Energy Storage Systems. EPRI, Palo Alto, CA:
2008. 1018464.
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Basic structural and engineering designs of a molten salt thermocline TES system were
developed by Black & Veatch for a range of storage capacities and molten salt compositions to
create a meaningful cost comparison with conventional two-tank systems and determine the
applications areas where thermocline systems may be more competitive. Detailed thermal and
operational models were used by Sandia National Laboratories, the National Renewable Energy
Laboratory, and Purdue University to determine thermal stability and evaluate performance
under different operating conditions. Prior studies have shown single tank thermoclines to be
economical for parabolic trough systems. The current study evaluates parabolic trough
applications as well as higher temperature central receiver systems.

Project Objectives

The potential benefits of TES are significant; however, experience is limited and costs and
performance of the various technology options remain uncertain. The intent of the study was to
develop basic structural and engineering designs for the thermocline technology, as well as
detailed process flow diagrams, heat and material balances, and detailed equipment lists to
provide a starting point to develop this technology at pilot scale and later at full commercial
scale. One key objective was to provide a meaningful comparison to the current state-of-the-art
two-tank TES technology to determine if the thermocline cost and performance may be
competitive. Cost estimates for thermocline and two-tank, direct and indirect systems were
developed for the range of storage temperatures and capacities.

Results

Cost estimate results are summarized in Table 1-1 and Figure 1-2. The costs include both

direct and indirect costs, which may make them appear higher than historically reported values
(see Chapter 4 for more details). The thermocline system offers the lowest installed capital cost
over the two-tank system at each design capacity. The main capital cost difference between the
thermocline design and the two-tank design is the amount of molten salt required for each.

The thermocline requires roughly half as much salt as the traditional two-tank design, greatly
reducing the cost of expensive molten salt. The main capital cost difference between the indirect
parabolic trough (synthetic oil) design and the direct central receiver (molten salt) design is the
oil/molten salt heat exchanger, which is not required for direct storage designs. The installed cost
per KWh; decreases as the capacity of the TES increases. This is expected, as most process
equipment benefits from economies of scale. It was determined that the largest single-tank
thermocline capacities for the selected design conditions is approximately 1500 MWh; for the
indirect parabolic trough design and 3500 MWh; for the direct central receiver design. These
represent the lowest cost designs for the two types of systems.
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Table 1-1
Total Capital Cost Summary (Direct & Indirect Costs)

Thermal Energy Total Capltal Cost ($/kWhl)

Storage Method | 444 pwh, | 500 MWh, | 1000 MWh, | 1500 MWh, | 3000 MWh, | 3500 MWh,
Direct Thermpcllne 132 61 46 44 37 34
Central Receiver
Direct Two-Tank 181 78 57 55 50 50
Central Receiver
Indirect _Thermoclme 246 106 84 70 75 73
Parabolic Trough
Indirect Two-Tank
Parabolic Trough 275 143 116 111 95 89

$300

$250 ——
@ Thermocline Trough Indirect
& $200 — 0O Two-Tank Trough Indirect
= B Thermocline Central Receiver Direct
’f O Two-Tank Central Receiver Direct
O $150
[oR
2
O $100 | [ ]
$50 1
& 100 MWh, 500 MWh; 1000 MWh; 1500 MWh, 3000 MWh, 3500 MWh;
Thermal Storage Capacity
Figure 1-2
Total Cost Estimates (Direct & Indirect Costs) per kWh, Storage
Performance

The performance analyses investigated the annual performance of a thermocline system
compared to a two-tank system, the thermal performance of the thermocline with regards to
thermal gradients and natural convection during dwell periods, and the distributor manifold
performance. The system-level modeling analysis showed that if sliding pressure operation? is
employed, the annual performance of a thermocline storage system should be comparable to a
two-tank system. The thermal analysis determined that the use of filler materials, which provide
cost benefits, unfortunately promote diffusion in the tank and spread of the thermocline region.

% The term sliding pressure refers to steam turbine operation when the Rankine cycle temperature and pressure is
dropped to maintain the minimum amount of superheat (typically about 50°C).
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During tank discharge, the thermal model showed some heat loss occurring over the course

of a 6-hour discharge cycle, particularly close to the tank wall, but the salt remained within two
degrees of the hot operation limit. During dwell conditions, there was significant cooling of the
molten salt at the bottom of the fillbed, but the salt at the top of the tank was largely insensitive
to external tank losses.

Thermal ratcheting was identified as a potential concern for the thermocline technology, and it
should be examined as part of a detailed design process before large scale systems are developed.
Thermal ratcheting may occur over time as the packed bed is thermally cycled. As the quartzite
rock filler is cooled it contracts and compacts in the bottom of the tank. When the tank is
reheated the quartzite cannot return to its original position. The quartzite then expands and places
pressure on the walls of the tank. Over time this process could potentially damage the tank.

In the current proposed design, there are no provisions in place to manage thermal ratcheting.
Past operating experience has not shown ratcheting to be an issue; however, with the higher
temperature systems proposed in this report, the study group concluded that further examination
IS necessary.

Organization of Report

The conceptual design study consists of five main areas:

e Technology overview (Chapter 2)

e Thermocline design (Chapters 3)

e Cost estimates (Chapter 4)

e Thermal stability and performance modeling (Chapter 5)
e Conclusions (Chapter 6)

The table of contents further guides the reader to specific discussion areas. There are many
appendices that contain detailed information about the designs, costs and materials.
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TECHNOLOGY OVERVIEW

Solar Technologies

Solar thermal electric technologies, or concentrating solar thermal power (CSP) plants, produce
electricity by collecting solar radiation using various mirror or lens configurations. The
concentrated energy from the sun is focused on a receiver that contains a heat transfer fluid,
which is used to transfer heat energy to a power block with a turbine or engine that converts the
heat to electricity. Four main types of CSP plants are currently in use or in development:

e Parabolic trough
e Central receiver (power tower)
e Compact linear Fresnel reflector (CLFR)

e Dish/engine

This study includes discussions of parabolic trough and central receiver technologies, which
use a centralized power block to generate electricity; this configuration makes large scale
power plants of 50 MW or greater the most economically viable option for these systems.
These two technologies are currently the most mature CSP technologies and could be coupled
with thermocline storage systems.

In a CSP system only the direct normal insolation (DNI) component of solar radiation
contributes to the thermal energy absorbed by the plant. As a result, a single-axis or two-axis sun
tracking system can be an important component of a CSP plant, allowing the mirrors to
maximize the amount of DNI that is reflected onto the receiver and achieve high working
temperatures for the heat transfer fluid.

Parabolic Trough

Parabolic trough plants use a field of linear parabolic collectors, shown in Figure 2-1, to redirect
and concentrate sunlight onto a tube receiver located at the focal line of the mirrors. Each
collector tracks the sun by rotation about a horizontal axis. The heat transfer fluid is typically a
synthetic oil mixture with a maximum operating temperature of 390°C (735°F). With a synthetic
oil HTF, the steam generator produces live steam at nominal conditions of 377°C (711°F) and
100 bar (1465 Ibf/in®), and reheat steam also at a temperature of 377°C (711°F). An important
aspect of parabolic trough technology is that the electrical energy production is separated from
the solar energy collection, creating a natural insertion point between these two elements for a
thermal energy storage system. Most thermal storage technologies are compatible with parabolic
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trough CSP plants. For a parabolic trough system storage capacities up to 16 hours of full load
turbine operation are feasible. Thermal storage is also inherent in a parabolic trough system, in
that the high fluid volume in the collector field provides over 15 minutes of thermal storage, or
thermal inertia, which can be used to provide a form of buffer storage.

Figure 2-1
Parabolic Trough Collector Field

Parabolic trough is a mature commercial technology that has generated electricity reliably

for over two decades. The most recent CSP plant installations have utilized trough technology,
and the financing for trough plants without TES is comparable to other mature, commercial
generation technologies. There is ample design and performance data available for trough plants.

Central Receiver

Central receiver, or power tower, plants use a collector field array of several thousand sun-
tracking heliostats to redirect and concentrate solar radiation onto a tower mounted single
receiver. The heat transfer fluid is typically water/steam or a sodium/potassium nitrate salt
mixture. For either fluid, receiver outlet temperatures up to 650°C (1200°F) are feasible. If
molten salt is used, a conventional steam generator can produce live steam at nominal conditions
of 125 bar (1800 Ibf/in?) and 540°C (1005°F), and reheat steam at a temperature of 540°C. As in
a parabolic trough system, the collector array and electrical generation equipment are separate,
offering a natural point for including a thermal storage system, and either molten salt or steam
can serve as a storage medium if used in the receiver. A molten salt storage system was used at
the Solar Two demonstration facility, and steam accumulators are currently used at Abengoa’s
central receiver CSP plants in Spain for short-term buffer storage. Other types of thermal storage
also could prove successful for a central receiver system. Figure 2-2 shows the heliostats and
towers at Abengoa’s facility in Spain.

2-2



Technology Overview
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Figure 2-2
Central Towers and Heliostats at Abengoa’s Central Receiver Plants in Spain (2008)

The ultimate performance and cost estimates for mature, molten salt central receiver technology
are very attractive, but the main challenges for the technology at this time lie in scaling up the
receiver assembly for larger plant sizes and in operating the molten salt system in a consistent
and reliable manner. Commercial operation of central receiver technology is currently being
demonstrated at the 11 MW PS-10 and the 20 MW PS-20 plants in Spain; both plants use direct
steam in their operations, rather than molten salt. The Solar Tres power tower currently under
development in Spain will be a molten salt system with 17 MW capacity.
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Thermal Energy Storage Operation

The primary purpose of thermal energy storage is to compensate for the sometimes variable
nature of solar energy, as well as enabling operation of a solar energy system during times of
the day when the sun is no longer available. The energy contained in the storage system can be
dispatched in any number of ways according to the desired output profile, but the strategies for
using energy from storage fall into three main categories:

e Buffering power delivery
e Extending delivery period
e Displacing delivery period

Both two-tank TES and single-tank thermocline have the ability to extend or displace the
delivery of energy from the solar facility. Electrical utilities designate time-of-use (TOU) periods
for electricity demand from customers; during periods of high demand, or on-peak times, the
market price of electricity is higher than during off-peak, or low demand periods. While solar
thermal power plants appear capable of providing energy for a large part of the on-peak TOU
period, in some regions the on-peak period can extend well into the evening hours when solar
facilities without storage are no longer capable of delivering energy. Two main options exist for
altering the output of a solar thermal power plant to better match the load profile in locations that
have significant demand into the evening hours. The first operations strategy requires diverting a
portion of the output from the collector field over the course of daily operation to charge the
storage system, which is then discharged once the sun has set to extend the delivery period.
Alternatively, all of the energy output from the collector field can be used to charge the storage
system at the beginning of daily operation, delaying plant startup until the storage system has
been fully charged. The plant will then have sufficient energy in storage to continue operating
through the peak and into the evening use period. This strategy simply shifts the delivery period
a couple hours later into the day. Both of these storage options are depicted in Figure 2-3.
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Displacement and Extension of Power Production using Thermal Energy Storage’

Thermal Energy Storage Technologies

Two-tank and thermocline systems use sensible heat storage, in which the temperature of a liquid
is raised without the material changing phase. They are considered active storage technologies,
characterized by a storage medium that circulates through the storage system, and relies on
forced convective heat transfer to move energy into and out of the storage medium. Nitrate salts
are the most common liquid storage media used in solar thermal energy systems.

% Solar Millennium
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Two-Tank Indirect

The distinguishing feature of the two-tank indirect system is that the HTF that circulates through
the collector field remains separate from the storage medium kept in the tanks. The HTF is
typically a synthetic oil such as Therminol \VP-1 (currently in use at the California SEGS plants®)
or Dowtherm A, and the storage medium is likely to be molten salt. The system consists of a cold
tank, normally operating at 290°C (554°F) or less, a hot tank, operating at temperatures up to
390°C (703°F), the storage medium, the heat exchangers for transferring energy from the heat
transfer fluid to the storage medium (and back), the storage medium pumps, and the associated
balance of system equipment, such as an ullage gas system and electric heat tracing for all
molten salt components. Electric heat tracing is required to maintain inventory temperature in the
event of an extended plant outage, while the ullage gas system prevents oxidation of the storage
medium. A schematic diagram of a two-tank indirect system is shown in Figure 2-4.
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Figure 2-4

Two-Tank Indirect Thermal Storage System

The thermal energy storage system is charged by taking hot HTF from the solar field and running
it through the oil-to-salt heat exchangers. Simultaneously, cold molten salt is pumped from the
cold storage tank, and delivered to the heat exchangers. In the heat exchangers, the salt and the
heat transfer fluid flow in a countercurrent arrangement. Heat is transferred from the HTF to the
cold salt flowing through the heat exchanger, which leaves as hot salt that is then stored in the
hot salt tank. When the energy in storage is needed, the flows of both the HTF and the salt are

*#3.D. Odeh, G.L. Morrison, and M. Behnia, “Thermal Analysis of Parabolic Trough Solar Collectors for Electric
Power Generation”, Darwin: ANZES Annual Conference, 1996.
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reversed in the oil-to-salt heat exchangers in order to reheat the HTF. Countercurrent flows in the
heat exchangers are necessary in order to maximize heat transfer between the two fluids. The
reheated HTF is then used in the power block to generate steam to run the power plant.

The feasibility of the indirect system is proven and at present the concept is associated with the
lowest technological risk. However, the transfer of energy from the heat transfer fluid to the salt
during charging, and the transfer of heat from the salt to the heat transfer fluid during
discharging, both require a temperature drop across the oil-to-salt heat exchanger. As such, the
temperature of the heat transfer fluid delivered to the steam generator when operating from
thermal storage is 10 to 20 °C lower than when operating directly from the collector field. Due to
temperature and efficiency reductions associated with the heat exchangers, both the output and
the efficiency of the Rankine cycle are unavoidably lower when operating from thermal storage.
The round trip efficiency of a storage system is defined as the net electricity delivered from the
storage system divided by the amount of electricity that would have been generated from the
solar field thermal energy had it been directly converted to electricity. A typical efficiency for an
indirect two-tank trough storage system is about 93 percent, whereas a future trough with a direct
two-tank molten salt storage system might be 98 percent efficient.

Two-Tank Direct

In a two-tank direct system, the fluid which circulates through the receiver of a power tower is
also used as the storage medium. Like the indirect system, the direct system consists of a cold
tank and a hot tank, the storage medium and the associated balance of system equipment, such as
the electric heaters for inventory maintenance during plant outages. However, unlike the indirect
system, this design uses the same fluid in both the storage system and the receiver, which
eliminates the need for a second set of heat exchangers used to transfer thermal energy between
the heat transfer fluid and the storage medium in the indirect system. When molten salt is used as
the storage medium, the cold and hot tanks can operate at temperatures up to 293°C (559°F) and
560°C (1040°F), respectively. A schematic diagram of the system is shown in Figure 2-5.
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Figure 2-5
Two-Tank Direct Thermal Storage System

To charge the system, fluid from the cold tank is circulated through the receiver, and returned to
the hot tank. To discharge the system, fluid from the hot tank is circulated through the steam
generator, and returned to the cold tank. All of the fluid from the receiver passes through the hot
storage tank. Depending on the residence time in the tank, the temperature of the fluid leaving
the tank is O to perhaps 1.5°C lower than the temperature entering the tank. As a result, the
performance of the Rankine cycle in a plant with a two-tank direct storage system is essentially
the same as a plant without thermal storage.

It may seem that only a single tank would be needed for the charged storage medium, but a cold
tank is required to contain the volume of storage material that has already discharged its energy
to the steam generator. During storage system discharging, the collector field will likely not be
receiving solar energy, although it is possible to charge and discharge simultaneously, as was
demonstrated at Solar Two.

Two-tank direct TES systems will likely use a molten salt as the storage medium. Nitrate salts
are relatively inexpensive compared to synthetic oils and can provide tank storage capacity
ranging between 3 and 16 hours of full load turbine operation. The primary disadvantage to a
molten salt storage system is the relatively high freeze point of typical nitrate salts. As such,
considerable care must be taken to ensure that the salt does not freeze in the solar field or
elsewhere in the storage system. This includes installing an electric heat trace system on all
equipment that comes in contact with the salt.
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Single-Tank Thermocline (Indirect or Direct)

Technology Overview

Like the two-tank systems, a thermocline can operate either directly, with the storage medium
also serving as the HTF in the collector field, or indirectly, with a separate storage media and
HTF. A thermocline system involves a single tank that is used to store both the hot and cold
fluid, further reducing the cost of the TES system. This single-tank configuration features the hot
fluid on top and the cold fluid at the bottom of the tank. The zone between the hot and cold fluids
is called the thermocline. While a thermocline can simply combine the hot and cold storage
fluids into a single tank, the primary advantage of the thermocline storage system is that most of
the storage fluid can be replaced with a low-cost filler material. This filler displaces the majority
of the molten salt that would be used in a comparable two-tank system, and provides a robust and
inexpensive storage medium. A thermocline with a packed bed would actually be considered a
dual-media storage system, as it utilizes both a liquid and solid medium for storing energy.

To charge the system, hot fluid is introduced at the top of the tank, flows down through the
porous bed, and leaves from the bottom of the tank; in the process, heat is transferred from the
hot fluid to the porous filler material. To discharge the system, the flow is reversed; cold fluid
enters at the bottom of the tank, and is heated as the fluid flows up through the porous bed. A
schematic diagram of a direct thermocline system is shown in Figure 2-6. On the cold fluid side
of the tank, the system includes a bypass line to return cold fluid to the suction side of the pump
during storage charging.
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Single Tank Direct Thermocline System

The principal liability for a thermocline is a fluid-to-solid media heat transfer coefficient which
is necessarily less than infinite. As a result, a thermal gradient is established in the storage media,
and the gradient can grow to occupy the entire height of the tank. To prevent the gradient from
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increasing to the full tank height, the temperature of the fluid leaving the tank at the end of a
discharge cycle must be allowed to fall below the design collector field outlet temperature, and
the temperature of the fluid leaving the tank at the end of a charge cycle must be allowed to rise
above the design collector field inlet temperature. Figure 2-7 shows the performance of both a
direct and indirect thermocline system at the end of a 3-hour charge cycle and at the end of a
discharge cycle. As predicted, the temperature at the tank outlet decays below the collector field
outlet temperature throughout the discharge cycle, while the tank inlet temperature gradually
rises above the collector field inlet throughout the charge cycle.
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Figure 2-7
Indirect and Direct Thermocline Fluid Temperatures during Storage System Charging and
Discharging

Thus, as the temperatures entering and leaving the thermocline tank diverge from the design
temperatures, the operation of the thermocline tank will influence the performance of both the
Rankine cycle and the collector field. Further, the magnitude of the effect will depend on the
coincident output of the Rankine cycle, and the coincident thermal output of the collector field.
In addition, the degree to which the thermocline is subjected to a full or partial charge cycle
during the day, and a full or partial discharge cycle at the end of a day, will influence the shape
and the size of the thermal gradient the following day. Further discussion of thermocline
performance is included in Chapter 5.

Operating Experience

The two-tank direct and indirect storage systems are the only thermal energy storage systems to
have seen commercial operation at a grid-connected CSP plant. The two-tank indirect system is
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the closest to achieving commercial status, with one unit now operational at the Andasol 1 plant
in Spain, and more either under construction or planned for operation in the next few years. The
rest of the storage system concepts have undergone testing as prototypes and are poised to
become commercial ventures with further research and development. For most of these systems
in the demonstration stage, a pilot plant presents the logical next step required for achieving
technological maturity.

Several early storage systems used oil as the storage fluid. Oils are not practical for future
commercial projects for several reasons. The maximum operating temperatures are limited to
300-400°C (570-750°F) due to thermal degradation. The lower operating temperatures relative to
molten salt central receiver systems means the steam cycles have lower Rankine conversion
efficiencies. Even at these operating temperatures oils have a fairly high vapor pressure. A
pressurized vessel would be required if oil were used as the thermal storage medium. Pressurized
tanks can significantly increase the cost of the TES system, and the large tank sizes required to
store thermal energy in this temperature range could make the TES prohibitively expensive.
Pressurized tanks of oil also pose a fire hazard. The commaodity prices of synthetic oils are too
high for them to be considered as storage fluids. Molten salt and water are lower cost fluid
options, and molten salt has the benefit of atmospheric pressure operation.

National laboratories, particularly in Europe and the U.S., are investing heavily in thermal
energy storage research. The U.S. Department of Energy has awarded 15 grants totaling up to
$67.6 million dollars for FY 2009. The projects cover a broad range of TES technologies,
including the proposed construction of a prototype thermocline system at the Arizona Public
Service CSP plant in Red Rock, AZ, solid media storage, thermochemical storage and phase
change materials. Through these grants and other renewable research, the DOE intends to spur
the commercialization and deployment of solar technologies and to reduce the levelized cost of
electricity generated at CSP facilities. The DOE goals include reducing the LCOE from 13-16
cents/kWh today with no storage to 8-11 cents/kWh with 6 hours of thermal storage capacity by
2015, and to less than 7 cents/lkWh with 12-17 hours of thermal storage by 2020.°

Two-Tank Indirect

The two-tank indirect system has recently been proven at large scale. The first large scale
commercial system was commissioned in early 2009 at the Andasol 1 plant in Spain. The
technology is expected to be commercially viable and is considered the current state-of-the-art in
thermal energy storage systems. Andasol 2 was commissioned in late 2009. Both plants have
1010 MWh; storage capacity, providing roughly 7.5 hours of full power output at 50 MWe. The
Andasol storage systems represent an important step towards incorporating thermal energy
storage into CSP plants — the performance data from these plants will provide a valuable source
of information for future thermal storage systems, and the knowledge and experiences gained
will help pave the way for future two-tank TES systems. Andasol 3 is currently under
construction with an identical TES system, and other plants with the same design are in
development. Figure 2-8 shows the Andasol 1 storage tanks during construction.

® Department of Energy, “ DOE Funds 15 New Projects to Develop Solar Power Storage and Heat Transfer Projects
For Up to $67.6 Million”, http://www.energy.gov/news/6562.htm, 2008.
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Figure 2-8
Thermal Storage Tanks under Construction at Andasol 1 (2007)

In addition to the Andasol storage systems, Arizona Public Service has contracted Abengoa to
design and build a plant that will include an indirect thermal storage system using molten salt as
the storage medium. As of this publication, ground breaking was scheduled for late 2010. The
Solana plant will be located near Gila Bend, Arizona and will provide 280 MW of electricity to
APS customers. The design uses a molten salt storage system consisting of six to eight storage
tanks (three to four pairs of hot and cold tanks) with the capability for six hours of full load
operation. Figure 2-9 shows the proposed layout for the Solana plant; the molten salt storage
tanks are labeled “5” in the figure.

Figure 2-9
Artist’s Rendering of APS Solana Power Plant; Molten Salt Storage Tanks are Labeled “5”°

® Arizona Power Service, “About Solana Generating Station”,
http://www.aps.com/main/green/Solana/Technology.html, © 1999-2009
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With the multiple TES systems at Andasol in operation and the APS Solana plant planned for
2009, the two-tank indirect storage system will likely be the first TES technology to achieve full
commercial status, and can be considered the state of the art for thermal energy storage systems.

Two-Tank Direct

The SEGS I system included a 110-MWh; two-tank direct TES system that was used in plant
operation from 1985-1999. SEGS 1 used Caloria, a type of mineral oil, as both the HTF in the
collector field and the storage medium. In 1999, the storage tanks were completely destroyed
when the flammable oil caught on fire. Like other thermal energy storage systems that are either
in the pre-commercial prototype or demonstration stages, the SEGS | TES was a one-of-a-kind
storage system, and was not included in any of the later SEGS facilities. In SEGS II-1X Caloria
was replaced by higher-temperature Therminol oil in the collector field, but since Therminol is
difficult to store due to its higher vapor pressure at the operating temperatures in the plant, the
later SEGS systems did not include thermal energy storage systems.

A two-tank molten salt storage system was first used at the Themis central receiver plant in
France in the late 1980s. It used circular-horizontal hot and cold tanks with a total capacity of
40 MWh;. Hitec salt was used in the receiver and storage system. In 1996 another central
receiver project, Solar Two, demonstrated the same direct molten salt concept except with two
vertical cylindrical tanks. This design provided the foundation for current two-tank molten salt
thermal storage systems. Figure 2-10 shows the two-tank direct molten salt TES system at Solar
Two, which has since been dismantled.

There are several direct central receiver projects in various stages of development. Gemasolar
(also known as Solar Tres) is currently under construction in Spain and is expected to be running
in mid-2011. The plant is 17 MW and will have 15 hours of storage capacity using the two-tank
direct molten salt approach. SolarReserve recently announced power purchase agreements for
three central receiver projects that are considerably larger, but will employ similar two-tank
direct storage technology. The SolarReserve plant generation capacities range from 50 MW to
150 MW and will have a minimum of 7 hours of storage capacity. The 50 MW plant in Spain
will have sufficient capacity to operate up to 24 hours a day with an annual capacity factor of
about 80%.
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Figure 2-10
Thermal Energy Storage System at Solar Two, Barstow, CA

The Italian National Agency for New Technologies, Energy and the Environment (ENEA) has
been testing molten salt in a Solar Collector Test Loop facility since 2004 to study the effects of
molten salt on the valves and other process components of a parabolic trough installation. After
more than 2000 hours of operation and approximately 200 fill and drain cycles, ENEA reported
that no major obstacles to molten salt operation in the test collector loop were encountered.
According to ENEA, further research is needed to fully characterize such items as the sealing
and gasket materials and any rotating joints that come into contact with the molten salt.

While conducting the collector loop tests, ENEA simultaneously developed a design for a pilot
project, dubbed Archimede, which will integrate a parabolic trough and a direct two-tank TES
system with a combined-cycle plant, using molten salt as the HTF. The project stalled due to a
delay in receiving national subsidies for solar thermal power plants, but is expected to come
online in 2010. Like Andasol for indirect systems, Archimede will be an important source of
operating and performance data for a direct storage system.

For indirect trough TES applications, the cost of the oil-to-salt heat exchanger is high due to the
large surface area needed for the low approach temperature of the oil. Significant cost savings
are anticipated for direct trough storage systems if the collector field can be operated using
molten salt as the HTF. Circulating molten salt through the collector field presents distinct
challenges in contrast to a central receiver plant. Salt freeze recovery and heat loss in the
collector field loops is a concern, as are the capabilities of the collector field process
components, such as the piping, valves, and pumps.

The high freezing point of molten salt remains an issue for both direct and indirect systems, in

troughs especially, and is the subject of current R&D efforts. Both the DLR and the DOE are
developing salts with much lower melting temperatures than those associated with the common
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binary nitrate salts, having achieved melting points as low as 100°C (212°F)’, and they are
performing experiments with these salts to study freeze recovery®. The Department of Energy
has also awarded grants for near-term development of advanced heat transfer fluids, including
funding for projects that will attempt to develop low melting point eutectic salt mixtures.

Single-Tank Thermocline (Indirect or Direct)

The Solar One central receiver project included a 182 MWh indirect mineral oil thermocline
system which began operating in 1982. It was shut down when a steam explosion caused a small
rupture of the thermocline tank in 1988. Although the resulting fire was extinguished relatively
quickly and with minimal damage, the storage tank was not reused. A single-tank thermocline
using thermal oil has also been successfully tested at the Plataforma Solar de Almeria, one of
Europe’s most prominent CSP research facilities. The PSA thermocline is a component of the
Small Solar Power Systems — Distributed Control System (SSPS — DCS), which includes a
parabolic trough collector field and a Multi-Effect Distillation (MED) desalination plant in
addition to the thermal energy storage system. The direct thermocline systems uses dual-media
storage; Therminol 55 from the collector field is the storage fluid and a metal filler inside the
tank stores the heat. The system provides up to 5 MWh; storage capacity. Although the
thermocline testbed has been operating successfully since the early 1980’s, no plans for further
commercial development of this system are proposed at this time.

In 2001, Sandia National Laboratories successfully demonstrated a 2.3-MWh;, packed-bed
thermocline storage system with binary molten salt fluid and quartzite rock and sand filler
material.® In developing the design of the thermocline testbed, Sandia evaluated various filler
materials and found that a quartzite and sand mixture was an economical and practical choice
and that both materials were able to withstand immersion in an isothermal molten salt bath as
well as repeated thermal cycling tests with molten salt. Relatively simple cost analyses were
conducted to evaluate the costs of materials, molten salt and filler materials for a larger
commercial-scale thermocline TES system. The analyses showed that thermocline-based energy
storage configurations may offer the least-cost energy storage option, being about 35 percent
cheaper than a similar-sized two-tank TES system. The system studied by Sandia sought to
improve on the indirect two-tank storage system concept, but a thermocline concept could also
be applied to a direct system, and, like the two-tank system, will benefit from molten salt HTF
research.

A single-tank direct thermocline storage system was proposed and designed for the 1 MW
Saguaro parabolic trough power plant owned by Arizona Power Service. The plant began

" Brosseau, D. and Kolb, G., “Sandia Thermal Storage Activities”, Presented at Trough Workshop, Golden, CO.
2007.

8 G. Kolb, C. Ho, B. Iverson, T. Moss, and N. Siegel, “Free-thaw Tests of Trough Receivers Employing a Molten
Salt Working Fluid”, Proceedings of 2010 ASME Energy Sustainability Conference, ES2010-90040, Sandia
National Laboratories, Albuquerque, NM, May 2010.

° D.A. Brosseau, P.F. Hlava, and M.J. Kelly, “Testing Thermocline Filler Materials and Molten Salt Heat Transfer
Fluids for Thermal Energy Storage Systems Used in Parabolic Trough Solar Power Plants”, Albuquerque, NM
2004.
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operation in December 2005 without a TES system, but APS and the national labs began
studying options for retrofitting the plant to include six hours of thermal storage in order to
provide electricity during the evening peak period. A design and cost estimate for the system was
developed by Nexant, Inc. and Sandia National Laboratories provided a performance analysis of
the proposed system. Both studies indicated that the thermocline was a viable option for the
Saguaro plant, and a recent grant from the DOE will be used to build and test the thermocline
storage system. The project is one of three thermal storage systems that will be incorporated into
an operational power plant as part of this research phase. The results of the Saguaro project will
provide much-needed performance data and operations experience for a thermocline system.

Development Status

Only the two-tank technologies have been demonstrated in commercial operation, and

although a two-tank direct system using Caloria oil was successfully operated for fourteen years
at SEGS I, systems using molten salt as the storage medium have yet to see continuous long-term
commercial operation. Both the compatibility of the raw materials and the long-term durability,
reliability, and performance of critical components of thermal storage systems using molten salt
remain uncertain. Extended operation of molten salt systems in addition to further testing and
research will be required to complete commercial development and to fully characterize the
technical constraints on molten salt TES.

Thermocline technology would benefit greatly from operation and testing at a non-commercial
pilot plant, much like Solar Two, or by simply incorporating a storage system into an operational
CSP plant, as Arizona Public Service intends to do at the Saguaro plant. Although the oil
thermocline at the PSA has performed well, the molten salt thermocline has yet to see any testing
beyond the prototype studied at Sandia National Laboratories, and a full-scale pilot system
integrated with a CSP plant will permit further observation and validation of this concept.

Table 2-1 has a summary of current development needs for two-tank and thermocline
technologies.
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Current Development Needs for Thermal Storage Technology

Storage
Technology

Development Needs

Two-Tank Indirect

Operating experience from the planned commercial facilities (Andasol,
Solana)

More units in commercial operation
An established supply-chain for system components

Evaluation of long-term durability and reliability of materials in use with
molten salt

Two-Tank Direct

Validation of molten salt operation in a full-sized collector field
Operation and evaluation of a commercially operated unit

Evaluation of long-term durability and reliability of materials in use with
molten salt

Single-Tank
Thermocline
(Direct or Indirect)

Improved modeling techniques, including an effective method for sizing the
thermocline tank

A pilot plant or commercially operated unit
Thermal ratcheting assessment
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THERMOCLINE DESIGN AND OPERATION

Design Basis

Initially four storage capacities were modeled for both indirect trough and direct central receiver

systems for a total of eight design cases. Over the course of the analysis, the largest possible

single-tank sizes were identified as roughly 1500 MWh; for the indirect trough and 3500 MWh;
for the direct central receiver. Two additional design cases were developed to show the full range

of tank sizes that may be feasible for this technology. Although cost estimates were not
specifically developed for the 1500 MWh; direct central receiver and the 3500 MWHh; indirect
parabolic trough, cost estimates can reasonably be extrapolated or interpolated for these
corresponding cases. Table 3-1 contains a summary of all the design cases considered.

Table 3-1
EPRI Thermocline Molten Salt Energy Storage Design Cases
Design Case MWh Maximum TES Technology
! Temperature
1 400°C (752°F) Indirect Trough
100
2 560°C (1040 °F) Direct Central Receiver
3 400°C (752°F) Indirect Trough
500
4 560°C (1040 °F) Direct Central Receiver
5 400°C (752°F) Indirect Trough
1000
6 560°C (1040 °F) Direct Central Receiver
7 400°C (752°F) Indirect Trough
3000
8 560°C (1040 °F) Direct Central Receiver
9 400°C (752°F) Indirect Trough
1500
10* 560°C (1040 °F) Direct Central Receiver
11~ 400°C (752°F) Indirect Trough
3500
12 560°C (1040 °F) Direct Central Receiver

* Values were interpolated or extrapolated from other design case results
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The selected storage fluid for all cases was a binary sodium/potassium nitrate salt mixture

(60% NaNO3/40% KNO3). It is likely that any future system incorporating a liquid storage media
will use molten salt, with the exception of steam storage, which can be used for short-term buffer
storage. Therminol is the most common heat transfer fluid in parabolic trough systems, and its
maximum operating temperature is limited due to thermal degradation. Consequently the
maximum inlet temperature for the molten salt storage fluid was set as 400°C (752°F) for the
indirect trough storage systems in this study. For central receiver systems, the maximum
temperature was set by the thermal degradation temperature of the molten salt; the inlet storage
temperature was set as 560°C (1040°F).

Design Conditions

The complete thermocline storage system design requirements are presented in Appendix A. The
major assumptions include the following:

e Molten salt temperature at solar receiver inlet (direct and indirect systems): 293°C (559°F)

e Six hours storage (solar multiple is approximately 1.8)

e Void fraction is 25%

e Barstow, California is assumed as the basis for cost and weather conditions

High level design considerations include:

e Structural integrity of tank and foundation

e Thermal analysis of tank and connected auxiliary hot piping systems

e Tank height/diameter ratio optimization (multiple modular thermocline tanks possible)
e Wall material

e Thermal insulation

e Heat tracing

Design details considered:

e Design of tank pressure boundary as per API standards

e Basic foundation design

e Upper, auxiliary and lower manifold designs to minimize entrainment

e Ullage space

e Pumps
e Piping
e Valves

e Heat exchangers
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e Auxiliary systems including heat tracing
e Piping and tank thermal insulation

e Auxiliary salt melting equipment

Drawing and process diagrams are provided for Cases 1-8. Cost estimates for these design cases
include tanks, pumps, valves, piping, filler material, TES fluid material, heat exchangers, and
auxiliary systems. AACE Class 4 estimates are provided in Chapter 4.

Process Designs

Two CSP technologies are considered in this study: parabolic trough with indirect TES and
central receiver with direct TES. In both systems molten salt is the storage fluid. For the
parabolic trough, Therminol is the heat transfer fluid in the solar field. It exchanges heat with
molten salt to charge and discharge the storage system. The heated Therminol is used to generate
steam to produce electricity. The main disadvantage of the trough system is that energy storage is
limited to temperatures of 400°C (752°F). A process flow diagram of this option is presented in
Figure 3-1.

Hot Qil From Field/
To Power Cycle

Cold Qil To Field/

From Power Cycle Molten Salt

|

|

System |
XD |

Hot oil
System

:
| —E

P-101 A/B

Figure 3-1
Design Option 1, Indirect Molten Salt Thermocline Storage for Parabolic Trough Design

In the central receiver design the salt is heated directly in the field before it enters the TES

system. The salt is cooled by generating steam to produce electricity. Since salt is being used as
the primary heat transfer fluid, the system can store heat at temperatures up to 560°C (1040°F),
the maximum working temperature of the salt.'’ The advantage of this system is that the higher
temperatures reduce equipment sizes and flow rates; the storage volume is directly proportional
to the difference between the charge and discharge temperatures. The main disadvantage of this

19 Bradshaw, R. W. and S. H. Goods, Accelerated Corrosion Testing of a Nickel-Base Alloy in a Molten Salt,
SAND2001-8758, Sandia National Laboratories, Livermore CA, Printed November 2009. Sandia recently released
R&D results from 2001 that suggest that the maximum operating temperature of salt can be safely raised to 650°C if
oxygen is used as a cover gas in the storage tanks.
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process is that it requires more expensive materials due to the higher temperatures. A process
flow diagram of this option is presented in Figure 3-2. Complete process flow diagrams for both
the indirect and direct systems are given in Appendix B.
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Figure 3-2
Design Option 2, Direct Molten Salt Thermocline Storage for Central Receiver Design

Tank Sizing

Thermocline tanks were sized using the method designed by Zhen Yang and Suresh Garimella®*.
In this method, a tank diameter is assumed and the energy density of the tank is determined by
dividing the desired power generation by the area of the cross section. This can then be used to
solve for the Reynolds number using Appendix C.

P_ k T=T, RePr Equation 3-1

A_ l,c

S

In this equation P is the power generation, A is the horizontal cross-sectional area of the tank, k¢
is the thermal conductivity of the salt, Ty, is the temperature of the hot salt, T is the temperature
of the cold salt, ds is the diameter of the tank, Re is the Reynolds number, and Pr is the Prandtl
number. Since the Prandtl number is a known constant, it is possible to solve this equation for
the Reynolds number.

The next step is to calculate the stored thermal energy of the tank per unit area. This makes it
possible to solve for the non-dimensional useful energy (Hngs) as shown in Equation 3-2.

Q _[epC,. +0-)p.C, (T, ~T. ), Haz Equation 3-2

A

1yang, Z., Garimella, S.V. “Thermal Analysis of Solar Thermal Energy Storage in a Molten-salt Thermocline,”
Solar Energy, Vol. 84, 2010, pp. 974-985.
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In this equation Q is the useful energy extracted from the tank, ¢ is the void fraction, p is density,
and C, is the specific heat capacity at constant pressure, H is the tank height divided by the filler
size (nondimensional variable), and nos is the efficiency. The subscripts | and s refer to the
molten salt liquid and the solid filler, respectively. The efficiency is based on a 95% allowable
threshold between the lower and upper temperature limits of the molten salt stored. Under this
thermal constraint, any salt outflow with temperature below the 95% threshold is considered not
useful for steam generation (just as one example of a cut-off). This value is somewhat arbitrary,
chosen to reflect the inherent thermal degradation of the discharge process with time. If colder
temperatures are viable for steam generation, the threshold should be lowered to reflect greater
flexibility of the thermocline tank operation. This in turn would increase the discharge efficiency
of a given tank as more of the energy extracted is considered useful. Figure 3-3 shows the change
in efficiency for a tank of fixed height and Reynolds number as a function of minimum allowable
discharge temperature. As the allowable discharge temperature is lowered, the discharge
efficiency increases (going to the left of the x-axis).
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Figure 3-3
Efficiency Curve as a Function of Allowable Discharge Temperature

Once Hnos is known the efficiency is assumed to be 100% and H is calculated. Then the
efficiency is calculated from Equation 3-3.

1os =1—0.1807 Re(’-lf“’l(i

100

0.00234 Re 06151 1.0,00055 Re—0.485
] Equation 3-3
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This efficiency is substituted into the previous calculation, and the final result is determined
through multiple iterations until the height of the tank converges on a single value. This height is
the minimum height required to provide the design power generation while also maintaining a
stable thermocline. It can be seen from repeated calculations that taller tanks with smaller
diameters have the highest efficiencies if the tanks are of equal volume. For a fixed tank height
tanks of different diameters will perform identically under adiabatic conditions.

This approach implies that taller tanks are preferred. However, there are many design
considerations that limit the height of the tank such as the maximum bearing capacity of

the soil and earthquake code requirements. A civil engineering study was performed using soil
information for Barstow, California.'* Due to the density of the salt and quartzite-sand mixture,
it was determined that the maximum liquid level in the tank should be limited to 39 ft. The
details of this study are included in Appendix D. This is the maximum height that can be
supported by a typical foundation, and it was used for the basis of the thermocline design. If a
10% oversized foundation is designed (above 150 in diameter), it is possible to support a molten
salt level up to 49 ft (50 ft tank height). A figure showing the maximum thermocline capacity for
standard and oversized foundations is presented in Appendix K.

No active convection cooling is required in the assumed civil foundation design. The insulation
bricks and lower temperature salt at the bottom of the tank limit the concrete temperature well
below 100°C (212°F) for both the parabolic trough and the central receiver thermocline designs.

Material Selection

The binary molten salt used in this project was assumed to be a mixture of sodium nitrate and
potassium nitrate. This compound is corrosive in the presence of liquid water. However there is
little to no water present at the process conditions. As a result, material selection is driven only
by the temperature and pressure requirements of the process.

All equipment and tanks that operate below 800°F (427°C) were assumed to use high
temperature carbon steel SA-285-C. This includes all piping and surge tanks, as well as the head
and base plate of the tanks. This material is well suited to the service, and is very cost effective.

All equipment and tanks operating above 800°F (427°C) were assumed to be composed of
Stainless Steel 347 (SA-240-347). This material has been historically used in this service;
however, there is a slight risk of material sensitization. Black & Veatch recommends a materials
testing program be completed to further qualify the material for use in the final design. A
discussion of sensitization and its potential impact is presented in Appendix E.

Tank Design

The final height of the tank was assumed to be 40 feet for all of the original design cases except
Case 8, in which the larger foundation permitted constructing a tank 47 feet tall. All of the tanks

12 “Environmental Conditions Barstow, California”
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are designed with 1 foot of ullage space available at the top to accommodate thermal expansion,
as well as 3 feet of molten salt at the top to provide space for the distribution manifold. The
remainder of the tank is filled with quartzite packing and molten salt. A summary of results is
presented in Table 3-2. Results for the additional design cases (9-12), representing the maximum
feasible single-tank sizes for indirect and direct systems, can be found in Appendix J. Based on
industry experience, a maximum practical tank diameter of 160 feet was assumed. Complete
sizing information for all of the remaining process equipment (surge tanks, heat exchangers,
pumps) is provided in Appendix F.

Due to the heating and cooling of the salt, the liquid level in the tank will vary over time. At
560°C (1040°F) the salt will have a liquid level of 39 feet, providing 3 feet of heel in the tank
above the hot molten salt nozzle. When the salt is cooled to 293°C (559°F), it will lose
approximately 10% of its volume. If the entire vessel were cooled to 293°C, the salt would lose 1
foot 3 inches of height.

Table 3-2
Summary of Molten Salt Thermocline Storage Tank Sizes

Design Case MWh, | Numberof Tanks | 12"k Height | Tank Diameter
(ft) (ft)
1 Indirect Trough 1 40 48
100
2 Direct Central Receiver 1 40 31
3 Indirect Trough 1 40 107
500
4 Direct Central Receiver 1 40 69
5 Indirect Trough 1 40 152
1000
6 Direct Central Receiver 1 40 98
7 Indirect Trough 2 40 160
3000
8 Direct Central Receiver 1 47 155

For cost comparison purposes, a two-tank thermal energy storage system was designed as well as
the thermocline system. The two-tank TES system is similar to the thermocline system, except
the single thermocline tank and the surge tanks are replaced with two molten salt tanks. One
molten salt tank holds cold salt at 293°C (559°F), and the other molten salt tank holds salt at
either 400°C (752°F) or 560°C (1040°F) depending on the design case. The sizes for the
equivalent capacity two-tank systems are provided in Table 3-3.
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Table 3-3
Summary of Molten Salt Two-Tank Storage Tank Sizes
Number of Tank Height Cold Tank Hot Tank
Design Case MWh, Two-Tank (ft) 9 Diameter Diameter
Sets (ft) (ft)
1a Indirect Trough 1 46 35.5 36.5
100
2a Direct Central Receiver 1 46 22.5 23
3a Indirect Trough 1 46 78.5 815
500
4a Direct Central Receiver 1 46 50 51.5
5a Indirect Trough 1 46 111 115
1000
6a Direct Central Receiver 1 46 70.5 73
7a Indirect Trough 2 46 136 141
3000
8a Direct Central Receiver 1 46 122 126

Heat and Material Balance

Molten salt flow rates are presented in Table 3-4. The charging salt flow is the amount of salt
heated by the solar collector field. The discharging salt flow is the amount of salt used to produce
electricity. For the purposes of this design, a solar multiple of 1.8 was assumed. A detailed heat
and material balance containing physical properties and the different operating modes is
presented in Appendix C.

Line sizes for the system are presented in Table 3-5. Line sizes were calculated to provide
pressure drops below 1 psi per 100 feet of pipe. For the purposes of line sizing, all pipes are
assumed to be schedule 40.

Table 3-4
Molten Salt Flow Rates
Design Case Thermal Charging Molten Salt Flow Discharging Molten Salt Flow
Storage (MWh) (Ib/hr) (Ib/hr)

1 Indirect 100 1,488,444 826,913
2 Direct 100 596,493 331,385
3 Indirect 500 7,442,220 4,134,567
4 Direct 500 2,982,463 1,656,924
5 Indirect 1000 14,884,441 8,269,134
6 Direct 1000 5,964,926 3,313,848
7 Indirect 3000 44,653,323 24,807,402
8 Direct 3000 17,894,777 9,941,543
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Table 3-5
System Line Sizes
Design Case | Charging Line Size (inches) Discharging Line Size (inches)
1 Indirect 10 8
2 Direct 8 6
3 Indirect 20 16
4 Direct 14 12
5 Indirect 24 20
6 Direct 18 16
7 Indirect 36 30
8 Direct 26 20
Insulation

A data sheet for the thermocline tank is attached in Appendix K. This data sheet shows the
mechanical details considered in the design of the vessel and the fundamental design of the shell
and vessel head. Insulation is required both for personal protection and to minimize the operating
costs of the facility. Mineral wool was selected as insulation because it is suitable for the high
temperatures of the tank and because it offers the best process economics. The thickness of the
insulation was optimized to minimize project costs. These costs were estimated assuming
insulation prices of $1.71/ft* for a 2-inch-thick board of insulation. Labor costs were assumed to
be $38.25/hr, which is typical for California. Power prices were assumed to be $0.35 per kWhe
and prices were assumed to escalate at 3% per year. Capital costs were depreciated over a period
of 5 years, which is typical for renewable energy projects. The final insulation thicknesses are
presented in Table 3-6.

Table 3-6
Summary of Insulation Thickness
Service Temperature Thickness (in)
Cold Salt 288°C (550°F) 15
Hot Salt (Trough Design) 400°C (752°F) 17
Hot Salt (Power Tower Design) 560°C (1050°F) 23

Impoundment Wall Design

In order to ensure molten salt containment in the event of a tank failure, an impoundment wall
must be constructed around the thermocline tank. Figure 3-4 shows a general arrangement of this
design. The impoundment wall would be constructed from compacted soil and is designed to
contain the complete volume of the tank, including molten salt and quartzite rock.
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20 feet 20 feet

Thermocline Tank
(V-103)

Impoundment
Wall

Figure 3-4
General Arrangement of the Impoundment Wall

The minimum distance from the thermocline tank to the impoundment wall is 40°. This distance
was selected following the guidelines provided by NFPA 59A. Impoundment wall dimensions
are provided in Table 3-7. This information is to be taken as a general guideline, and should be
confirmed in a detailed design.

Table 3-7
Impoundment Wall Design Information
Case Wall Height (ft) Distance From Tank (ft)

1 Indirect 4.5 40
2 Direct 25 40
3 Indirect 10 40
4 Direct 7 40
5 Indirect 13 40
6 Direct 10 40
7 Indirect 13 40
8 Direct 10 45
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Thermocline Distributors Design

The molten salt distributors are critical to the operation of the thermocline. The intended role of
the distributors is to provide a uniform distribution of the molten salt flow over the entire cross-
sectional area of the tank. This is necessary to maintain the separate temperature regions within
the tank. A sketch of the proposed upper and lower distributor designs is given in Figure 3-5.

Inlet/Outlet
Line

Legend

e |nlet Pipe
Header Pipe
Feeder Pipe
Feeder Pipe

Figure 3-5
Thermocline Distributor Design

Additional details about the feeder pipe are provided in Figure 3-6. The bottom feeder pipe uses
a larger guard pipe to support the weight of the quartzite material. The larger pipe is screened to
remove quartzite from the molten salt. The top feeder pipes do not require a supporting external
pipe, and simply rest on top of the quartzite rock. A sketch showing the manifold arrangement,
as well as the nozzle placement and thermocouple placement is provided in Appendix M.
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Figure 3-6
Thermocline Distributor Feeder Pipe Design

An orifice density of 3 holes per square meter was assumed to ensure adequate circulation of the
molten salt. The orifice diameter is 0.5 inches, which was selected to minimize plugging of the
distributor due to the presence of quartzite fines. A hydraulic analysis was completed on the
distributor and the recommended pipe sizes are given in Table 3-8. It was assumed that screening
material could be placed over the orifice holes to prevent sand from entering the distributor. This
information is preliminary, and a detailed analysis of the distributor will need to be completed in
the future in order to ensure proper separation and support of the quartzite material in the
thermocline environment. This design is only a preliminary concept of the distributor, and
further details will need to be determined through a detailed design. The distribution of the
orifice holes will need to be optimized for uniform flow across the thermocline.
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Table 3-8
Distributor Pipe Size
Design Case 1 2 3 4 5 6 7 8
g Indirect | Direct | Indirect | Direct | Indirect | Direct | Indirect | Direct

Inlet Pipe Diameter (in) 12 10 20 14 24 18 36 26
Header Pipe Diameter (in) 8 6 12 8 16 12 24 18
Feeder Pipe Diameter (in) 3 2 6 4 8 5 8 6
Number of distribution
points 420 200 2,100 900 4,200 | 1,800 | 11,000 | 5,100
Total Pressure Drop (psi) 0.37 0.10 0.99 0.42 1.07 0.72 1.10 0.63

Purdue University also performed a CFD investigation of the distributor manifold design
proposed for the thermocline system. The manifold model was applied to the eight original
proposed design cases to assess the uniformity of the outflow from the manifold into the fillerbed
region. GAMBIT was used to mesh the distributor and the adjacent filler regions, as shown in
Figure 3-7.

(a) Geometry (b) Mesh

Figure 3-7
(a) Distributor and its Adjacent Regions, and (b) the Corresponding Mesh

The following equations govern the computation of distributor flow:
Flow in the tube region: The relation between pressure p and mean flow velocity uy, is expressed

below, where D is tube diameter, | the flow distance and A the flow friction factor which is
determined by Figure 3-8:
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Flow Friction Coefficients from Moody’s Chart®

It is noted that the flow resistance at connections between tubes is neglected in the calculation
due to its small value relative to that in the straight tubes. The flow resistance in the interim
region (as shown in the inset in Figure 3-6) between the external and interior tubes is neglected
relative to the larger resistance in the filler region.

Flow through perforated tubes: The perforated tube wall is assumed to have a uniform
distribution of 1/2 inch holes and is treated as a flow resistance film in the model. The flow
resistance through an orifice can be estimated as illustrated in Figure 3-9.

13 http://www.chem.mtu.edu/~fmorriso/cm310/MoodyL Fpaper1944.pdf
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e b b

Figure 3-9
Flow through an Orifice

The relationship between flow rate and pressure difference across the orifice is given as™*:

2 a—
Q= ﬂEi,)Z 1 - \/2( Py pZ) Equation 3-5
1-| B r
Dl

In the case of perforated feeder tubes, D, is equivalent to the diameter of the holes in the feeder
tubes and D; can be represented by the pitch between the holes. With the given geometries in the
8 cases, the ratio between D, and D, is very small (~ 0.02), and therefore, the above equation
reduces to:

2 —
Q= D /Zipl p2j Equation 3-6
4 P

Flow in the filler region: Flow in the filler region can be modeled by Darcy’s Law which is
applicable for flows in porous media at low Reynolds numbers. The typical Reynolds number in
the eight cases considered is very low (~1), and thus may be readily modeled as follows:

K
u0=—Vp Equation 3-7

y7,

1% http://www.pipeflowcalculations.com/orifice/theory.htm
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d2e’
= Equation 3-8
175(1-¢)
In Equation 3-7, U is velocity vector, K is permeability and p is liquid viscosity. K is determined
using Equation 3-8"°. The diameter of the filler particles is fixed at 1 cm in this study.

The effectiveness of the distributor is assessed based on the distribution of fluid flux over

the cross section at a distance of 0.2D (D is the tank diameter) away from the distributor.
Figure 3-10 through Figure 3-17 show the normalized fluid flux distribution for the different
cases. In the figures, the flux is normalized by the average value over the cross section. As
shown, the maximum flux is about 2 times the minimum, indicating that the distributor design
could be improved. Note that the velocity scales are different for each plot, as indicated by each
color legend.
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Figure 3-10
Normalized Flux Distribution over the Cross Section at a Distance 0.2D Away from the
Distributor — Case 1

15 Beckermann, C., and Viskanta, R., 1988, “Natural Convection Solid/Liquid Phase Change in Porous Media,” Int.
J. Heat Mass Transfer, 31, pp. 35-46.
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Figure 3-11
Normalized Flux Distribution over the Cross Section at a Distance 0.2D Away from the
Distributor — Case 2
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Figure 3-12
Normalized Flux Distribution over the Cross Section at a Distance 0.2D Away from the
Distributor — Case 3
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Figure 3-13
Normalized Flux Distribution over the Cross Section at a Distance 0.2D Away from the
Distributor — Case 4
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Figure 3-14
Normalized Flux Distribution over the Cross Section at a Distance 0.2D Away from the
Distributor — Case 5
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Figure 3-15
Normalized Flux Distribution over the Cross Section at a Distance 0.2D Away from the
Distributor — Case 6
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Figure 3-16
Normalized Flux Distribution over the Cross Section at a Distance 0.2D Away from the
Distributor — Case 7
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Figure 3-17
Normalized Flux Distribution over the Cross Section at a Distance 0.2D Away from the
Distributor — Case 8

To improve flow uniformity of the distributor, two potential options are:
1. Reduce the diameter and increase the number of orifices.
2. Use header and inlet tubes of larger diameter.

Case 8 is considered as an example: increasing the feeder diameter to 26 inches generates the
flux distribution shown in Figure 3-18 below. The ratio of the maximum and minimum fluxes is
now reduced from 2 to 1.86.
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Figure 3-18
Normalized Flow Flux Distribution for Case 8 with Increased Feeder Diameter
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Further investigation of the thermocline distributor manifolds with different structures was
considered in order to achieve a more uniform flow flux distribution inside the thermocline tank,
relative to the original manifold structure.

Inlet

I, intet A

Figure 3-19
Distributor Manifold with Two Inlets

Figure 3-19 illustrates a modification of the original manifold. Two inlets are installed at the
two opposite corners in this case. Figure 3-20 shows the normalized flow flux for Case 1 over a
cross-sectional plane that is at a distance of 0.2D from the distributor. The flow flux distribution
appears symmetric, unlike that obtained earlier with only one inlet. The maximum/minimum
flow flux ratio in Figure 3-20 is 1.47, which represents a significantly improved distribution
compared to the ratio of 2.23 obtained with only one inlet. This indicates that the flow flux
distribution is more uniform with a two-inlet distributor.
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Figure 3-20
Normalized Flux Distribution over the Cross Section at a Distance 0.2D Away from the
Distributor (Case 1, Two Inlets)

Another approach for improving the uniformity of flow flux distribution is to use a non-uniform
distribution of hole density (hole number per unit area) at the feeder walls. The distributor can be
segregated into different sections with different hole densities, as shown in Figure 3-21. The ratio
of hole number density among areas A, B, C, D, and E is 15:35:35:21:21. Areas C and B, which
are the farthest away from the inlet, have the higher densities of holes.

The resulting flow flux distribution is shown in Figure 3-22. It is clear from the figure that the
maximum/minimum flow flux ratio is reduced further to 1.33 (compared to 1.47 in the two-inlet
distributor case above), which indicates that the flow flux distribution is more uniform. It is
possible to achieve further improvements in flow distribution uniformity if the pore number
density in each area in Figure 3-21 is better-optimized.
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Figure 3-21
Non-Uniform Distribution of the 2-inch Holes on the Distributor Manifold
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Figure 3-22

Normalized Flux Distribution over the Cross Section at a Distance 0.2D Away from the
Distributor (Case 1, Distributor in Figure 3-21)
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Surge Tanks and Molten Salt Pumps

The main function of the surge tanks (V-101 and V-102) is to provide a platform for the hot and
cold molten salt pumps. The pumps are mounted in the surge tanks because the main thermocline
tank is filled with quartzite rock and sand. Although it was recommended that the molten salt
pumps be placed directly inside the tank following the Solar Two project, the current project
team chose to mount the pumps in the gravity-fed surge tanks adjacent to the main tank. By
removing the pumps from the main thermocline tank it will not be necessary to install wells for
the pumps, which will simplify the design of the thermocline tank. In addition, the surge tanks
will allow the pump shafts to be significantly shorter which will have a considerable impact on
the final cost of the pumps. Next, if the pumps were housed in the thermocline tank the cold salt
pipe would pass through the hot salt zone, which could significantly impact pump reliability and
operation. Finally, this design simplifies pump maintenance and will allow for easier access. It is
noted that the alternative approach to embed pumps with long shafts and sleeves in the tanks may
also be acceptable and potentially reduce costs. This may be explored further in a detailed design
phase.

The surge vessels were designed with a diameter large enough to accommodate the number of
pumps required for each design scenario in addition to an installed spare. The height of the
vessel was selected to allow for approximately 30 seconds of residence time in the tank. The
surge tanks are gravity fed, which means salt will flow between them only when there is a
difference in liquid level. This difference is measured in liquid head (units: feet). For the flow
rates reported in the heat and material balance, a 3 foot difference in head is required for the salt
to flow from the surge tanks to the thermocline tank. This height difference is accomplished by
raising the surge tank skirt height such that it can support a liquid level at least 3 feet above the
top of the thermocline tank. A mechanical sketch of the surge tank is presented in Appendix H.

The pumps for this process were limited to 4000 gallons per minute of throughput at any design
pressure. Based on the largest commercially available pump, capacities above this limit would
require multiple pumps. Using a standard design for the pump lowers the overall cost of the
equipment and makes it easier to obtain replacement parts. Each pump was assumed to have a
variable speed drive, and one installed spare was included in the estimates for both the hot
service and cold service to ensure reliable operation.

Heat Exchanger

For the trough design, a welded plate and frame heat exchanger was selected to accomplish the
heat transfer between the salt and the circulating oil. This was chosen over a shell and tube heat
exchanger due to the high duties and close temperature approaches required in each design case.
A welded plate and frame exchanger has been successfully used before in this service and is a
proven design. The plate and frame heat exchanger is based on sizing from Alfa Laval, which
has experience with heat exchangers in this service.

Additional Design Considerations

There are a number of assumptions made in this study that should be confirmed for a final
design.
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1. The tank heights were selected based on a soil study performed in Barstow, California.
Different locations may permit larger tanks to be constructed, which would increase the
efficiency of the system and reduce costs. Conversely, building a thermocline tank in a
location with poor soil may reduce the height of the tank or increase the foundation size,
either of which would increase costs.

2. Based on the operating experience at Solar One, which did not experience increased
stresses on the tank from thermal ratcheting™®, the current process design does not make any
allowances for the structural impact of thermal ratcheting. Thermal ratcheting may occur
over time as the packed bed is thermally cycled. As the quartzite is cooled it contracts and
compacts in the bottom of the tank. When the tank is reheated the quartzite cannot return
to its original position. The quartzite then expands and places pressure on the walls of the
tank. Over time this could potentially damage the tank. To eliminate risk associated with
thermal ratcheting there is an R&D effort at Sandia to analyze this issue for different
temperature spreads, size and type of aggregates used as filler, and packing density.
Design considerations to minimize the impact of thermal ratcheting will be provided, if
needed, to minimize the impact on the structure.

3. Depending on the exact application of the thermocline system, some of the equipment in
the scope of the estimate may be unnecessary. For example, if an existing solar plant were
retrofitted to use thermal energy storage, the main circulation pumps may already be installed
as part of the existing facility. Therefore some cost savings may be achieved in the actual
application of the thermocline system compared to the estimates presented in this study.

4. The rock and sand filler design is an important consideration. It is important to provide
adequate screening and support material to separate the quartzite from the distribution
manifold. This is necessary to prevent rock and sand from exiting the thermocline tank and
potentially damaging other pieces of process equipment. In addition, the quartzite has the
potential to generate a significant amount of fines that may need to be filtered from the
system periodically. It may be necessary to install a filter that can be purged outside the
thermocline tank. A rock only region around the distribution manifolds may help filter
quartzite fines from the distribution system.

5. It may be necessary to inspect the welding on the thermocline tank periodically to check
for potential corrosion damage. For this reason, provisions should be made to remove
some insulation from the outside walls as necessary to inspect the bare metal surface.

6. Instead of relying on the thermocline to keep the hot and cold fluids separate, the use of
insulating floaters as separators has been suggested in the literature. A floater would consist
of a horizontal disk made of insulating material of an appropriate density that falls between
the densities of the hot and cold fluids. Active mechanisms can be used to locate and traverse
the floater within the tank and position it to yield the maximum returned energy from the
storage tank. Use of a floater, however, will rule out the use of fillers in the tank,
simultaneously. NREL believes the floater option is a potentially viable, practical solution to
TES that would be worth further investigation.

1S E. Faas, L. R. Thorne, E. A. Fuchsm and N. D. Gilbertsen,“10 MWe Solar Thermal Central Receiver Pilot
Plant: Thermal Storage Subsystem Evaluation Final Report.” Sandia National Laboratories: June 1986.
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Operating Modes

Four TES operating modes are examined in this study.

In Operating Mode 1, Thermal Charging (TC), cold molten salt is removed from the bottom of
the tank and heated with solar energy. The heated molten salt is then returned to the top of the
tank. There is no electricity generation. In this scenario thermal energy is stored in the tank.

In Operating Mode 2, Thermal Discharging (TD), hot molten salt is removed from the top of the
tank and used to generate electricity. The cooled molten salt is then returned to the bottom of the
tank. There is no thermal input in this scenario. As a result, thermal energy is being removed
from the thermocline tank.

In Operating Mode 3, Thermal Regulation (TR), the system is simultaneously charging and
discharging; the molten salt is heated by the solar collector field at the same time salt is being
used to generate electricity. If the solar input exceeds the power generation, thermal energy is
stored. If the solar input is less than the power generation, there is a net removal of thermal
energy from the tank. For the purposes of equipment sizing it is assumed that the system has a
solar multiple of 1.8, i.e., at the design point, the solar field generates 1.8 times more thermal
energy than the energy required to operate the Rankine cycle at full load. This operating mode
does not apply to the indirect parabolic trough cases because the oil-to-salt heat exchangers only
allow energy to be transferred in one direction at any given time. Only the direct central receiver
design cases, in which the charging and discharging operations are decoupled, reference this
operating mode.

Finally, in Operating Mode 4, Stand-by (TS), which occurs nightly or whenever the solar input
drops below a certain level, no electricity generation takes place. In this mode a small amount of
molten salt is circulated throughout the system to maintain the temperature above the freezing
point of the salt. This slowly reduces the energy stored in the tank. If the molten salt in the tank
is in danger of dropping below the freezing point, all lines will be drained and the heat tracing
will be activated. Note that the lines between the thermocline tank and the surge tanks cannot be
drained. If necessary, salt can be drained to the salt melting sump.

Process Description

This section describes the general scope and operation of the TES system. The information is
intended to serve as a general description of the process for both design options (trough and
central power tower). Please refer to the process flow diagrams (PFDs) in Appendix B and
the heat and material balances (H&MBs) in Appendix C while reading through the process
description. Plant streams and components marked as outside battery limits (OSBL), such as
the solar field and the power block, were considered to be outside the scope of this project.
The functions of each component will be explained further in the sections below.

For all of the thermocline systems, cold molten salt is added or removed from the bottom layer of

the Thermocline Storage Tank (V-103), and hot molten salt is added or removed from the top
layer. Heat tracing protects the lines from freezing in the event of a no-flow scenario.
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Indirect Parabolic Trough Design

Operating Mode 1: TC

Cold molten salt is gravity fed from the Thermocline Storage Tank (V-103) to the Cold Molten
Salt Surge Tank (V-102) at 293°C (559°F). The gravity feed allows salt to flow in either
direction between the tanks, and allows cold molten salt to be added or removed from the
Thermocline Storage Tank (V-103) through a single nozzle. Cold molten salt is then pumped
from the Cold Molten Salt Surge Tank (V-102) to either the Oil/Molten Salt Exchanger (E-101)
or the Thermocline Storage Tank (V-103) using the Cold Molten Salt Pump (P-102).

The Oil/Molten Salt Exchanger (E-101) is a plate heat exchanger that transfers energy between
the molten salt and hot circulating oil. The flow rate of molten salt through the exchanger is
adjusted by flow control to maintain the outlet salt temperature at 400°C (752°F). Flow control is
accomplished by manipulating the variable speed drive of the Cold Molten Salt Pump.

Hot oil is supplied to the heat exchanger by the parabolic trough field (OSBL) to heat the cold
molten salt. The cooled oil is then returned to the trough field (OSBL) for reheating. The hot salt
is then returned to the Thermocline Storage Tank (V-103).

Operating Mode 2: TD

Hot molten salt is gravity fed from the Thermocline Storage Tank (V-103) to the Hot Molten Salt
Surge Tank (V-101) at 400°C (752°F). The surge tank and thermocline liquid levels are
maintained near the same elevation because the tanks are connected with an open pipe. The
gravity feed allows salt to flow in either direction between the tanks. The hot molten salt is then
pumped from the Hot Molten Salt Surge Tank (V-101) to either the Oil/Molten Salt Exchanger
(E-101) or the Thermocline Storage Tank (V-103).

In the heat exchanger, the hot molten salt is cooled by the Therminol oil returning from the
Power Generation Facility (OSBL). The flow rate of molten salt through the exchanger is
adjusted by flow control to maintain the outlet salt temperature at 293°C (559°F). Flow control is
accomplished by a variable speed drive set on the Hot Molten Salt Pump (P-101).

Cool molten salt from the Oil/Molten Salt Exchanger (E-101) is returned to the Thermocline
Storage Tank (V-103). The oil heated in the heat exchanger is then returned to the Power
Generation Facility to produce electricity (OSBL).

Operating Mode 4: TS

In Operating Mode 4, a small amount of molten salt will circulate throughout the TES system
using both the hot and cold molten salt pumps. Thermal oil circulating pumps will be maintained
at low flow. This is done to maintain the temperatures above the minimum for both the TES
system and the HTF oil loop to prevent freezing. If the salt temperature approaches the freezing
point, flow will be stopped and all lines will be allowed to drain back to the thermocline tank.
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Heat tracing will then be used to maintain the temperatures of both the molten salt and
Therminol oil systems.

Direct Central Receiver Design

Operating Mode 1: TC

In this mode cold molten salt is gravity fed from the Thermocline Storage Tank (\V-103) to the
Cold Molten Salt Surge Tank (V-102) at 293°C (559°F). The gravity feed allows salt to flow in
either direction between the tanks, and allows cold molten salt to be added or removed from the
Thermocline Storage Tank (V-103) through a single nozzle. Cold molten salt is then pumped
from the Cold Molten Salt Surge Tank (V-102) to the Central Power Tower (OSBL) with the
Cold Molten Salt Pump (P-101).

In the central power tower, solar energy is used to heat the molten salt from 293°C (559°F) to
560°C (1040°F). This temperature is maintained through flow control of the molten salt. Flow
control is accomplished using a variable speed drive on the Cold Molten Salt Pump (P-102). Hot
salt from the Central Power Tower (OSBL) is returned to the Thermocline Storage Tank (V-103)
by gravity flow.

Operating Mode 2: TD

In this mode hot molten salt is gravity fed from the Thermocline Storage Tank (V-103) to the
Hot Molten Salt Surge Tank (\V-101) at 560°C (1040°F). The gravity feed allows salt to flow in
either direction between the tanks, and allows salt to be added or removed from the Thermocline
Storage Tank (V-103) through a single nozzle. Hot molten salt is then pumped from the Hot
Molten Salt Surge Tank (V-102) to the Power Generation Facility (OSBL) using the Hot Molten
Salt Pump (P-101).

At the Power Generation Facility thermal energy will be removed from the molten salt, cooling it
down to the minimum defined TES operating cut-off temperature (See Chapter 5). This
temperature is maintained through flow control of the salt. This flow control is accomplished
using a variable speed drive on the Hot Molten Salt Pump (P-101). Cold salt from the Power
Generation Facility (OSBL) is returned to the Thermocline Storage Tank (V-103) by gravity
flow.

Operating Mode 3: TR

In Operating Mode 3 there are two molten salt circulation loops. In the first loop cold salt is
removed from the bottom of the Thermocline Storage Tank (V-103) at 293°C (559°F) and
pumped to the Central Power Tower (OSBL). The salt is then heated to 560°C (1040°F) and
returned to the top of the thermocline tank. This loop is the same as Operating Mode 1, and is
described in detail above.
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In the second molten salt loop, hot salt is removed from the top of the tank at 560°C (1040°F)
and pumped to the Power Generation Facility (OSBL). At the Power Generation Facility the salt
is cooled to 293°C (559°F) and returned to the bottom of the thermocline tank. This loop is the
same as Operating Mode 2, which is described above.

If the flow rate of molten salt through the receiver is greater than the flow rate of molten salt
through the power cycle loop, the thermocline boundary layer in the tank will descend as hot
molten salt occupies a larger fraction of the tank. If the flow rate of the power cycle loop is
greater than the flow rate through the receiver, the thermocline boundary layer in the tank will
ascend. In the event that both flow rates are equal, the thermocline zone will remain at a constant
level. Heat tracing is used to ensure that the lines will not freeze in a no-flow condition.

The temperature control of the hot molten salt and the cold molten salt is accomplished by flow
control. This is done through the use of variable speed drives on the Hot and Cold Molten Salt
Pumps. The flow rate of the cold molten salt is adjusted to provide hot molten salt at 560°C
(1040°F). This flow rate varies depending on the available solar thermal energy. The flow rate of
the hot molten salt is adjusted to provide cold molten salt at 293°C (559°F). The flow rate of this
stream is determined by the required power generation.

Operating Mode 4: TS

In Operating Mode 4 a small amount of molten salt will be circulated throughout the system
using both the hot and cold molten salt pumps. This is done to maintain the temperature of the
system. If the salt temperature approaches the freezing point, flow will be stopped and all lines
will be allowed to drain back to the thermocline tank. Heat tracing will then be used to maintain
the temperature of the system.

Preheating the Thermocline

Due to the high temperature of the salt system, it is necessary to preheat the thermocline tank
before molten salt is added. The preheating system is designed to raise the temperature of the
quartzite bed and the tank shell to 288°C (550°F), which is above the melting point of the salt.
This is to both prevent damage to the tank from thermal stress, and to ensure that the salt does
not freeze on any cold spots during the initial fill. The preheating system defined consists of a
rotary blower and a fired heater. The blower moves air through the heater and raises the
temperature to 315°C (599°F). The equipment is sized to heat the tank to 288°C (550°F) over a
period of 30 days. This temperature was chosen because it is 50°C above the freezing point of
the salt, which should provide adequate safety margin. This time period was chosen to ensure
that thermal stresses would not damage the tank or the packing, and also to minimize the size
of the temporary equipment. The tank also has electric heat tracing.

Charging the System with Salt
To introduce salt into the system, solid salt will be added to the Salt Melting Sump (V-104). The

Salt Melting Sump is a small carbon steel tank with an immersion heater (E-102, Salt Melting
Heater) and a Salt Charging Pump (P-103). The system has been sized in all design cases to melt
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all of the salt for the system in 30 days. After the thermocline system has begun operation, the
equipment will be used as necessary to add any makeup salt to the system. In the event of a
system upset, provisions have been included to drain salt to the sump as necessary.

Thermocline Tank Efficiencies

As mentioned above, the thermocline tank design was based on the Purdue methodology™. The
tank sizing relative to two-tank systems was determined using the efficiency calculations below.
The tank efficiency is defined in Equation 3-3, and is roughly a measure of how much of the tank
volume is lost in the tank to maintaining the thermocline boundary. The thermocline tank
efficiencies for the 95% threshold (threshold temperatures are 395°C and 547°C for trough and
central receiver, respectively) are given in Table 3-9. The efficiencies of the two-tank system are
assumed to be 100%. The thermal losses'’ constitute energy lost to the atmosphere through the
tank insulation. These losses are the same for both the thermocline tank and an equivalent state-
of-the-art two-tank system. They include the thermal energy storage system only, and do not
include energy lost in electricity generation.

Table 3-9
Molten Salt Thermocline Storage Tank Estimated Thermal Efficiencies
Design Case | MWh, | " e | Tectnology | gpciCio | Losses

1 100 400°C (752°F) | Indirect Trough 89% 0.40%
2 560°C (1040 °F) | Direct Central Receiver 89% 0.38%
3 500 400°C (752°F) | Indirect Trough 89% 0.12%
4 560°C (1040 °F) | Direct Central Receiver 89% 0.10%
5 1000 400°C (752°F) | Indirect Trough 89% 0.08%
6 560°C(1040 °F) | Direct Central Receiver 89% 0.06%
7 3000 400°C (752°F) | Indirect Trough 88% 0.12%
8 560°C (1040 °F) | Indirect Trough 89% 0.07%

Note: Design tank efficiencies estimated by Black & Veatch were determined to be conservative by roughly
15%. This additional design margin effectively accounts for the lack of uniform distribution, wall effects, as-
built void coefficient, filler, and as-built height. The result is an extension of the discharge time by over an hour
and increased energy extraction from the thermocline tank.

It can be seen from the definition of tank efficiency that nos is a function of both the Reynolds
number and the tank height. In the above design cases the tank height is always set at 40 feet
(except for Case 8, where the tank height is 47 feet). This means that the Reynolds number is the
only variable in the efficiency calculation. The Reynolds number is defined as:

"yang, Z., Garimella, S.V. Molten-salt Thermal Energy Storage in Thermoclines under Different Environmental
Boundary Conditions. Applied Energy (2010), doi:10.1016/j.apenergy.2010.04.024.
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Re=—— Equation 3-9

Where u is the salt flow rate, d is the diameter of the filler, and v is the viscosity of the fluid at
the cold inlet temperature.
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CAPITAL COST ESTIMATES

The cost estimates indicate that the proposed thermocline thermal energy storage system has

the potential to significantly reduce TES costs compared to a two-tank storage system. There is a
wide cost range that depends largely on the scale of the project and the operating temperature.
The cost estimates developed in this study include both direct and indirect costs with a
contingency of 15% and sales tax. They are presented in January 2010 dollars. A complete
breakdown of the equipment and engineering costs is provided in Appendix G. A summary

of the total installed capital costs is provided in Table 4-1.

Table 4-1
Molten Salt Thermocline Storage Capital Costs
Stora(g“ﬁ V(\;::;)acity Technology l\{lrae):‘:n;:gtl'lries Thg:::f(c;;"e COg;;:;i:;llmt
! ($/kWh,)
100 Indirect Trough 400°C (752°F) 24,613,000 246
Direct Central Receiver | 560°C (1040 °F) 13,184,000 132
500 Indirect Trough 400°C (752°F) 53,146,000 106
Direct Central Receiver | 560°C (1040 °F) 30,503,000 61
1000 Indirect Trough 400°C (752°F) 84,219,000 84
Direct Central Receiver | 560°C (1040 °F) 45,955,000 46
1500 Indirect Trough 400°C (752°F) 104,553,000 70
Direct Central Receiver | 560°C (1040 °F) | 66,000,000* 44~
3000 Indirect Trough 400°C (752°F) 215,425,000 72
Direct Central Receiver | 560°C (1040 °F) 110,340,000 37
3500 Indirect Trough 400°C (752°F) 254,333,333" 73*
Direct Central Receiver | 560°C (1040 °F) 118,410,000 34

* Values were interpolated or extrapolated from other design case results.

For comparison, estimates were prepared for an equivalent set of two-tank thermal energy
storage systems. These estimates are provided in Table 4-2. Both sets of quotes provided in
Table 4-1 and Table 4-2 have an uncertainty of approximately +40%/-20% in accordance with
AACE Class 4 estimate. The uncertainty with these estimates can be reduced with additional
design or demonstration of the concepts identified in this report. Detailed modeling, design or
demonstration of the following items will likely be necessary to confirm the conceptual designs
presented here:
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e Dynamic modeling of thermocline

e Thermal ratcheting
e Tank materials
e Distributor design

e Other tank internals, including structural supports

Table 4-2

Two-Tank Molten Salt Thermal Storage Capital Costs

Stora(gl\: V\C,::t;))acity Technology I\IITae);n;:gtIFeS ngs.:'(asgk CO?é/E%L:;;,nlt
Indirect Trough 400°C (752°F) 27,532,000 275
100 Direct Central Receiver | 560°C (1040 °F) 18,059,000 181
Indirect Trough 400°C (752°F) 71,348,000 143
°00 Direct Central Receiver | 560°C (1040 °F) 38,783,000 78
Indirect Trough 400°C (752°F) 115,525,000 116
1000 Direct Central Receiver | 560°C (1040 °F) 57,139,000 57
Indirect Trough 400°C (752°F) 166,500,000* 111*
1500 Direct Central Receiver | 560°C (1040 °F) 82,500,000* 55*
Indirect Trough 400°C (752°F) 284,459,000 95
3000 Direct Central Receiver | 560°C (1040 °F) 150,423,000 50
Indirect Trough 400°C (752°F) 312,991,000* 89*
3500 Direct Central Receiver | 560°C (1040 °F) 175,670,000 50

* Values were interpolated or extrapolated from other design case results

It can be seen from this information that the thermocline system offers the lowest installed
capital cost at each design capacity. The average savings for the thermocline system is
approximately $25 per kWhy, which is an average reduction of 24%. For the largest single-tank
designs, the savings were 37% for the indirect trough 1500 MWh; case and 33% for the direct
central receiver 3500 MWh; case. It can also be seen that the direct TES systems are less
expensive than indirect thermal energy storage due to the higher charging temperatures, which
minimizes the required storage volume. This information is presented graphically in Figure 4-1.
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Figure 4-1
Molten Salt Energy Storage Capital Cost Estimates

It can be seen from Figure 4-1 that the direct thermocline central receiver offers the most
favorable economics across the range of system sizes, with an installed cost of $34-$132/kWh;.
The second most economical option is the direct two-tank central receiver, which has an installed
cost of $50-$181/kWh;. The third most economical option is the indirect thermocline parabolic
trough design, with a cost of $70-$246/kWh;. The least economical option is the indirect
two-tank parabolic trough design, with a price of $89-$275/kWh:.

The main cost advantage for the thermocline system is the substitution of quartzite rock for
relatively expensive molten salt. The thermoclines requires roughly half as much salt as the
two-tank systems.*® For Case 7, this amounts to a savings of $45 million relative to the two-tank
design (see Appendix G).

It was also found that direct TES systems are less expensive than indirect systems. This is
expected because direct TES does not require oil-to-salt heat exchangers to transfer heat from
the working fluid to the storage fluid, and the higher temperature of the direct central receiver
system greatly decreases the size of the TES volume required for a given storage capacity. In
Case 7 the heat exchangers amount to almost $48 million, which is 30% of the total direct cost.
These heat exchangers are not required in the central receiver design, which can use the molten
salt directly without the need for a synthetic oil system. In addition, the cost of a TES system for
a given storage capacity depends on the operating temperature of the CSP technology. The size
of the storage system is directly proportional to the temperature difference. CSP technologies
with a greater differential in the hot storage charging temperature and the cold return temperature
will require a smaller volume to store the same amount of energy. It follows that parabolic
trough storage operating at 400°C (752°F) requires roughly 2.5 times more storage volume

than tower storage operating at a charging temperature of 560°C with a nominal cold return
temperature of 290°C for both systems. The cost estimate results show that on average, across

18 Although the void fraction is 0.25, the salt has about 20% higher volumetric heat capacity than the quartzite filler.
Thus more total volume is required to store the same amount of energy in the thermocline than in the hot tank of the
two tank system. There is also some volume of the thermocline system that is free of quartzite filler, above the filler
in the thermocline and in the surge tanks and interconnecting piping.
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the range of sizes, the capital cost for the direct central receiver is 54% of the cost of the indirect
parabolic trough.

A significant capital investment for the thermocline designs is the storage tank. The current
material selected by EPRI for this tank is 347 stainless steel. However, a detailed material
analysis may show that other metals are acceptable for this service. For comparison purposes,
cost estimates have been prepared for tanks made of 304 SS, 347 SS, and Inconel 625. This
comparison is presented in Appendix I.

Capital cost curves have been produced in Figure 4-2 for the full set of cost data, which show
the installed cost per MW, as a function of storage size. It can be seen from this graph that the
installed cost decreases as the capacity of the TES increases. This is expected, as most process
equipment benefits from economies of scale. The greatest cost savings occurs between 100 and
500 MWh; of storage. In this range the capital cost per kWh; decreases nearly 60%. It is
important not to extrapolate the costs beyond the limits of the given curve. Beyond 3500 MWh;
of production it may be necessary to build more thermocline tanks, which would increase the
cost per MWh;. Below 100 MWh; it may be difficult to purchase equipment, which could drive
up costs more significantly than a simple extrapolation may suggest. The curves presented in
Figure 4-2 are only a guideline based on a conceptual project, and a detailed cost estimate should
be performed for actual project planning purposes.

$1,800
= $1600 |
= ——Two-Tank Trough (Indirect)
8 $1400 r —— Thermocline Trough (Indirect)
=] $1200 | — Two-Tank Central Receiver (Direct)
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C'Q-’_ $800
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]
T 3400
g
O $200 r

$-
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Installed Thermal Storage Capacity (MWhy)
Figure 4-2

Molten Salt Thermal Energy Storage Capital Cost Estimates as a Function of Installed
Capacity, $/kWh,
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5

PERFORMANCE ANALYSIS

In conjunction with the structural design study conducted by Black & Veatch, the performance
of a thermocline TES system was analyzed by Sandia National Laboratories, the National
Renewable Energy Laboratory (NREL), and Purdue University. These analyses investigated the
annual performance of a thermocline system compared to a two-tank system, the thermal
performance of the thermocline with regards to thermal gradients and natural convection during
dwell periods, and the distributor manifold performance.

Annual Performance

The analysis performed by Sandia compared the annual performance of a thermocline system
with that of a two-tank TES design for a parabolic trough power plant. The two-tank system
represents today’s baseline technology as demonstrated at the 50 MWe Andasol plant now
operating in Spain. With a solar multiple of ~2, the excess collector field energy at Andasol is
stored within a two-tank molten-salt system for later use by the steam turbine. A simplified
schematic and some key design parameters™ for this two-tank system are shown in Figure 5-1
and Table 5-1.

395 °C
I 365 °C

300 °C

Solar Field Thermal Storage Powerblock

Figure 5-1
Schematic of Andasol-Type Parabolic Trough Plant

9 Relloso, Sergio and Yolanda Gutierrez, “Real Application of Molten Salt Thermal Storage to Obtain High
Capacity Factors in Parabolic Trough Plants,” SENER, SolarPACES 2008, Las Vegas, NV

5-1



Performance Analysis

Table 5-1

Key Design Parameters for Andasol-Type Parabolic Trough Plant
Turbine Capacity (gross) 50 MWe
Turbine Efficiency (Full Power) 37%
Storage Thermal Rating 1010 MWh,, 7.4 hrs
Storage Tank Size*, Hx D 2 tanks, 14 m x 37 m each
Storage Fluid Solar salt (60% NaNQO,, 40% KNO,)
Storage Heat Exchanger 16,000 m*
Solar Collector Field Aperture Area 510,000 m*
Solar Collector Assembly, W x L 577 mx 148 m
Solar Collector Row Spacing 16.2 m
Solar Collector Fluid (HTF) Therminol VP-1

*1t was observed that the Black & Veatch tank design volume for 1000 MWh; is approximately
13% lower than the reported volume of the Andasol system. This may be a result of several
factors, such as slightly lower capacity (1000 MWh; vs. 1010 MWhy), tank heel level, head
space, turbine efficiency used to determine hours of storage, etc.

TRNSYS 16 was used to simulate the annual performance of this two-tank plant. A combination
of standard-TRNSYS components, STEC-TRNSYS? components, and some new system-
control components were used to create the model. The logic model is depicted in Figure 5-2 and
Figure 5-3 and the important model parameters are listed in Table 5-1 and Table 5-2.

% STEC components can be downloaded from http://sel. me.wisc.edu/trnsys/trnlib/stec/stec.htm
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Table 5-2
Additional Model Parameters for TRNSYS
Solar collector optical efficiency 80%
Heat collection element thermal losses Based on original LUZ cermet coating
Solar field cleanliness 95%
Storage heat exchanger transfer coefficient 1200 W/m*-°C
Turbine startup time 15 to 30 minutes
Minimum HTF temperature to Steam Generator 300°C (570°F)

Rather than developing a detailed model of all components in the steam-Rankine power block,
the system was represented by two transfer functions. The inputs to the functions were HTF flow
rate and exit temperature, and the outputs were HTF return temperature and turbine-generator
power output. The transfer functions depicted in Figure 5-4 and Figure 5-5 were developed by
scalin291 up from 30 to 50 MW, a similar empirical model developed for the SEGS VI power
block*".

300
290
i __,/’: 1.97E6 kg/h
= 1.72E6 kg/h
G 20 o il — 1.47E6 kg/h
- et iEa
/ . g
= —
5 e e 0.74 E6 kg/h
B 240 - S—
S 230 I st
o —
220 —
210
200 T T T T
300 320 340 360 380 400
Inlet Oil T (°C)
Figure 5-4

Empirical Model of a 50 MWe Steam-Rankine Power Block — HTF Return Temperature

1 Angela Patnode, Simulation and Performance Evaluation of Parabolic Trough Solar Power Plants, Masters Thesis,
University of Wisconsin, 2006.
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Figure 5-5

Empirical Model of a 50 MWe Steam-Rankine Power Block — Turbine Generator Output

The minimum oil-inlet temperature to the steam generator is shown in Figure 5-5 to be 300°C
(570°F). This is based on actual experience at SEGS VI; near noontime in the winter, the field
outlet temperature is dropped from the design value of 390°C (734°F) to ~300°C (570°F) and the
Rankine cycle temperature and pressure is dropped to maintain 50°C of superheat (called sliding
pressure operation). The Kramer Junction plant staff and Sandia’s evaluation have found that
this operating approach maximizes the overall solar-to-electric efficiency.?? Establishing the
minimum oil operating temperature is very important to evaluation of thermocline storage, as
described later.

The two-tank TRNSY'S model was run using a three-minute time step and the hourly TMY file
for Tucumcari, New Mexico. This weather file was chosen because the annual DNI is similar to
southern Spain, i.e., 2.3 MWh/m?-yr. The model predicted an annual gross electricity output of
152 GWh. This value is similar to values predicted for Andasol prior to plant startup®,
indicating that the model’s results are reasonable.

The next step in the analysis was to replace the two-tank model with a thermocline model. The
thermocline chosen for this study is Case 5 defined by Black and Veatch, in Chapter 3: a 1000
MWh; thermocline with a height of 12.2 m (40 ft) and a diameter of 46.3 m (152 ft). A simplified
schematic is shown in Figure 5-6.

%2 Lippke, Frank, Simulation of the Part-Load Behavior of a 30 MWe SEGS Plant, SAND95-1293, June 1995. This
report also describes the basis for the STEC Type 197 trough model.

2% Geyer, et. al., “Dispatchable Solar Electricity for Summerly Peak Loads from the Solar Thermal Projects Andasol
1Y Andasol 2 (sic),” Solar Millennium, SolarPACES 2006, Seville, Spain. The paper quotes 3589 full load hours
with 12% from fossil. Thus, solar-only performance = 0.88*49.9 MWe*3589 = 157.6 GWh.

5-5



Performance Analysis

395 °C '
365 °C ,
_-*: il'lx\_

— v J

Solar Field Thermal Storage Powerblock

Figure 5-6
Andasol-Type Plant with 1000 MWh, Thermocline Storage System

The TRNSYS logic model for this plant is depicted in Figure 5-7. Only the storage portion of
the model is shown since the remainder is the same as the two-tank model. The void fraction of
the tank is assumed to be 24% based on experience at the Solar One thermocline tank. This is
comparable to the 25% void fraction assumed in the Black & Veatch design. The density of

the rock is 1940 kg/m* and the specific heat is 880 J/kg-C. The basis of the thermocline tank
model was the STEC Type 502, which was developed for SolarPACES a few years ago and is a
variation of the standard TRNSYS Type 10 component. The tank is divided into several equally-
sized control volumes (23 stacked cylinders used here) and a first-order differential equation
describes the energy balance of each cylinder.
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Thermocline storage control algorithm determines HTF flow split
between storage and Rankine cycle
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Figure 5-7
TRNSYS Model of Thermocline Storage System

The thermocline TRNSY'S model was run using the same time step and the hourly TMY file as
for the two-tank system. The model predicted an annual gross electricity output of 153 GWh.
This value is virtually identical to the two-tank plant, which suggests that it should be possible to
develop a thermocline system that achieves the same overall power plant performance as a
two-tank system.

Previous investigators of thermoclines have assumed that thermocline exit temperatures

must remain high to produce useful electricity. As discussed previously, the SEGS VI power
block is designed to operate up to 90°C below the design value, i.e., 300°C (570°F) vs. 390°C
(734°F). Thermocline plants would not perform as well as a two-tank plant if the degradation in
temperature was not allowed. To estimate the effect, the TRNSY'S models were rerun assuming a
minimum temperature of 340°C (644°F) and 360°C (680°F). The results of this investigation are
shown in Table 5-3.

Table 5-3
Comparison of Minimum Temperature Limitation Results

Min Oil T to Power Block

2-Tank Plant Electricity

Themocline Plant Electricity

300°C 152 GWh 149 GWh
340°C 149 GWh 135 GWh
360°C 146 GWh 125 GWh
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Thermal Performance

The thermal performance of the thermocline systems was evaluated by both NREL and Purdue
University. While the solid fill used within a thermocline tank helps to lower the overall cost of
the TES by reducing the amount of relatively expensive molten salt required, the presence of
solids in the tank can cause the temperature gradients at the hot/cold salt interface to spread out
more than in the absence of solids. This spreading reduces the effective capacity of the tank. To
assess its behavior and the overall thermal cycling efficiency of the TES, it is necessary to model
the thermal/hydraulic mechanisms that occur in the thermocline tank.

NREL Analysis

The thermocline system analyzed by NREL was modeled in two separate steps by first modeling
the core of the tank and then analyzing its wall regions. The core region has adiabatic boundary
conditions, whereas the wall region’s external wall loses heat to the environment.

The core region model should be applicable to tanks of all sizes (diameters). As per Black &
Veatch, the largest tank feasible for TES is estimated to be about 15.2 m (50 ft) in height and
about 48.8 m (160 ft) in diameter. This size represents a volumetric capacity of about 28,400 m*
(over 7 million gallons). Based on their assumed temperature difference of 107°C, such a tank
represents a storage capacity of about 1500 MWh; or a power generation capacity of about 85
MW, over a 6-hour period.

The NREL model used solid fillers shaped in a structurally regular manner to eliminate lateral
structural loads to the side walls of the tank. The selected structural solid fills were in the form of
hexagonal rods or a honeycomb-like structure that spans the entire height of the tank (Note: this
design was not consistent with the Black & Veatch design analysis; capital costs were based on a
quartzite rock/sand mixture). The void fraction, denoted by a, is filled by the molten salt.

Table 5-4 summarizes the key assumptions made for the numerical model.
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Table 5-4
Modeling Assumptions
Quantity Value Units Remarks
Hot salt temperature 385 (°C)
Cold salt temperature 300 (°C)
Tank void fraction o (--) Variable (between 0 and 1)
Tank height 14 (m)
Tank discharge time 6*3600 (s)
Molten salt velocity 0.648/a (mm/s) Varies with tank void fraction

For a nominal 600 MW, tank, Figure 5-8 shows the variation of the required tank volume,
equivalent density of the fluid/filler mixture and the fluid residence time, as functions of the tank
void fraction, a. When a=1, the tank contains fluid only, and when =0, it is all solid.

Due to the higher density of the solid fill, the bulk density of the mixture increases with
decreasing o. The solid also has a lower specific heat capacity than the fluid. Therefore,
increasing the amount of solid increases the required tank volume.

Also plotted in this figure is the fluid residence or breakthrough time, which represents the time
to replace the tank fluid once. At a residence time of 6 hours the tank is completely filled with
only fluid (a=1). As more solid is introduced, the void fraction decreases, and the fluid is forced
to move through the tank more rapidly, resulting in decreased residence times. For example, the
residence time for the fluid is only 1.5 hours when the tank has a void fraction of 0.25. These
results hold true for all size tanks. Increased thermal capacity for the tank will increase its
volume proportionately.
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Variation in Key Tank Parameters with Tank Void Fraction

Core Model

The thermocline behavior was first modeled in the core of the tank. The filler was assumed to be
made of vertical rods of hexagonal cross-section. This arrangement was selected because it was a
relatively easy geometry to model computationally. The side-to-side distance for the hexagon
was selected to be 1 inch (25.4 mm). The thickness of the fluid region can be changed to obtain
various void fractions for the simulations (see Figure 5-9).

The cross section of the filler is projected along a z-axis to form the simulated solid volume.
The overall length of the model was set at 14 m (46 ft), matching the maximum liquid height
originally determined by Black & Veatch.

Molten salt and solid properties as used in the simulation are listed in Table 5-5. The properties
of the solid are representative of likely solid fill materials such as reinforced concrete or silica
fire bricks. The fluid volume was varied to obtain a range of void fraction values in the
simulations.
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Table 5-5
Summary of Molten Salt and Filler Material Properties Used in the Simulation
Property Fluid Solid Units
Density 1794 2500 kg/m®
Specific heat 1549 900 J/kg-K
Thermal conductivity 0.5365 2 W/m-K
Viscosity 0.0021 Pa-s
Thermal diffusivity (*10°) 19.31 88.9 m’/s
Y
E
S
M~
o

Filler

(Solid)

Filler surrounded by Molten Salt

(Fluid)

Filler (Structured) and Fluid Cross section
(as modeled in CFD)

Figure 5-9

Cross Sectional View of Filler and Fluid Volumes

| Variable |

A sixty-degree segment
showing fluid thickness as
a variable.

Based on the geometry and the low velocities for the salt, the entire flow field is laminar.
The flow is assumed to be uniform across the entire cross-section of the TES tank.

The results of the simulation are shown in Figure 5-10. This figure plots the tank outlet
temperature as a function of time as it is emptied of hot fluid. The cold fluid is introduced at the
bottom of the tank at the inlet. The inlet velocity for the illustrated results (with a void fraction
value of 0.25) is 2.593 mm/s. This velocity is four times greater than what would occur without

the filler.
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Two temperatures are plotted as a function of time over 8 hours. The outlet temperature of the
fluid exiting the thermocline tank is indicated using red squares for the simulation. An average
solid filler temperature is indicated using blue diamonds. The elapsed time is indicated on the
x-axis in minutes. All temperatures are normalized using the temperature difference between the
maximum and minimum temperatures, as indicated below:

The temperature of the outlet fluid, 5, is normalized as:

To =T
Ty =—o TN Equation 5-1
Tmax -T

min
and the solid average temperature is normalized as:

e = Tsa = Tmin_ Equation 5-2
Tmax -T

where, Ts, is the average solid temperature. Trax and Tin are 385°C (725°F) and 300°C (570°F),
respectively, as listed in Table 5-4.

From this figure, it can be seen that the average solid temperature decreases mostly linearly,
except at the tail end when the entire solid has cooled to the incoming fluid temperature. The
fluid outlet temperature remains constant for up to 4.5 hours and then begins to drop off
gradually.
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Variation of Fluid Outlet and Solid Average (Non-dimensional) Temperatures as Functions

of Elapsed Time (Minutes)

The drop-off in the outlet temperature is the result of the spread of the thermocline interface

between hot and cold fluids. In simple one-dimensional conduction, partial differential equations

for thermal diffusion lead to a temperature distribution that is fully represented by an error
function®.

The approximation for the error function follows the form:

T

4x? .
erf(x)= sqrt{1—exp| —— Equation 5-3

X 2
2 The error function, normally denoted as erf(x) is defined as erf (X) = jo e ™ In this case, for ease of

2
evaluation, this function was approximated as: erf (x)= sqrt{l— exp(— ﬂ}} . See Oona’s approximation
T

provided by S. Kalkaja. This approximation differs from its actual value by less than 0.8%.
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The fluid outlet temperature is expressed as:

T ={1-erf(5)} Equation 5-4

where ¢ is a non-dimensional time, based on the time for breakthrough, defined as:

t-t, -t
_ T Ty 5=(t—tr—tdy)/ts Equation 5-5

S
Here, three time parameters are indicated, and all times are represented in seconds.

t; is the residence time for the fluid, or the tank height divided by the actual fluid vertical
absolute velocity.

tay is a delay caused by the heat transfer that occurs between the solid and the liquid.

ts represents the inverse of the slope of the decline in temperature versus time, which indicates
the spread of the thermocline region.

Using these parameters, a fit for the variation of fluid outlet temperature versus time was found
and is shown in the figure by the green line. For this fit, the “time” parameters were found to be:

t, =5400 s; ty, =14700 s;and t, = 2400 s.

This fit was developed for this particular case, where the liquid height is 14 m (46 ft) with solid
fill resulting in a void fraction of 0.25. The solid fillers assumed a characteristic dimension of
2.54 cm (1 inch). This dimension was chosen such that the fillers would have some structural
stability and rigidity while maintaining the size small enough that the heat transfer occurs
relatively quickly. Smaller diameter fillers would react more quickly, resulting in smaller
spreading of the thermocline. The tank is filled with hot fluid initially and the cold fluid is
introduced from the bottom.

Although this curve fit determines the overall tank effectiveness of large thermocline tanks for
indirect trough applications, the normalized temperature means that it also should hold for other
system applications, such as direct molten salt troughs and for higher temperature central
receiver systems.

Wall Model

The behavior of the thermocline along the outer wall of the tank was modeled next. In contrast to
the core of the tank, the flow and heat transfer that occur next to the outer wall of the tank is
dominated by natural convection in the fluid. The wall flow influence extends about 0.5 m

(1.5 ft) into the tank from the wall. This distance is small compared to the overall diameter of the
tank, which ranges from 14 m to 50 m (46 ft to 164 ft). Therefore, the flow and heat transfer in
this region can be handled as a two-dimensional (2-D) flow.
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The flow field was modeled using a 2-D flow in a region that is 0.5-m (1.5-ft) wide and 14-m
(46-ft) tall. For this study, the region is considered void of any solids. The fluid domain, shown
in Figure 5-11, contains a right-side wall on which a heat loss of 100 W/m? is imposed. This loss
is estimated to range from 50 to 150 W/m?, depending upon the type of insulation used and the
potential presence of flow diverters inside the tank. The left boundary condition of the model is
set at a uniform temperature of 300°C (570°F) for this simulation.

A
13m
11m
Internal -
boundary i
condition m ?.
24
(noloss) =
External Wall
3m With 2
Heat loss of
100 W per
square meter
Figure Tm
not to
scale
1-m wide

<+— section —»

Figure 5-11
Two-Dimensional Representation of Wall Flow and Heat Transfer in the Simulated Domain

Five horizontal lines at vertical heights of 0, 1, 7, 13, and 14 m are also indicated in this figure.
The lines at 0 and 14 m represent the bottom and top of the domain (tank), respectively. In the
following figures these lines represent the vertical profiles of temperatures and velocities at
various heights in the tank.

Figure 5-12 illustrates the temperature profiles in the tank. The temperature falls adjacent

to the external (right) wall and increases adjacent to the left boundary condition. The drop in
temperature next to the external wall is about 3°C to 4°C at the imposed heat flux of 100 W/mZ,
This decline is confined to a fairly small thermal boundary layer region of about 5 cm.
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Temperature profiles at various heights
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Temperature Profiles at Varied Heights with 100 W/m® Heat Flux on External Wall and
300°C Constant Temperature on Internal Wall

Figure 5-13 shows the vertical velocity profiles at various heights. These profiles look similar at
the three heights indicated. The velocity goes to zero at the no-slip internal boundary condition
and external wall. Adjacent to the outer wall at right, the colder fluid is sinking with gravity at a
nominal maximum velocity of about -25 mm/s. This profile extends horizontally for about 30 cm
(1 ft) into the tank. Adjacent to the internal boundary condition, the hot fluid rises, reaching a
maximum velocity of about 70 mm/s. Note that only the wall profiles adjacent to the outer wall
are of interest. However, to simulate steady state, a heat source on the left boundary condition is
necessary to provide heat to the modeled volume.

These profiles were generated with no fillers adjacent to the wall. Any type of filler material or
other flow diverters will reduce the circulation velocity induced in the fluid.
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Vertical velocity profiles at various heights
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Variations of Vertical Velocity with Distance from Walls at Various Heights in the Tank

NREL Conclusions

Over the limited number of simulations conducted, the thermocline system inside the tank
behaves reasonably well and as expected. The filler material used tends to spread the temperature
gradients more than for the case with no fillers. Thus, the filler effectively decreases the usable
tank height if the outlet temperature is limited to a value slightly less than the hottest available
temperature. However, as indicated in Sandia’s annual performance analysis, it may be feasible
for a power block to operate with outlet temperatures as low as 90°C below design temperature.

For use of multiple tanks, operation can occur with tanks operating in parallel or in series.
Parallel operation is captured well with these simulations. In parallel tanks, all tanks are emptied
simultaneously over the discharge time and behave in a similar manner. In the case of series
operation, one advantage that results is that the thermocline would be present in only one tank.
The tanks also empty faster. Such operation might be advantageous to tailor power production to
the times of high demand as well. How the thermocline propagates from one tank to another
depends on the piping and the overall hydraulic system design. The thermocline is likely to
spread in height as it passes through transitions from one tank to the next. Further investigations
are needed to assess the advantages and disadvantages of parallel and series operations.
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The NREL results are limited in scope to a single tank undergoing the first cycle of discharge
over a period of 6 hours. The results show that the tank outlet temperature can begin to show a
decline as early as 1.5 hours before the expected time of 6 hours (without diffusion at the
thermocline interface). The presence of fillers promotes the diffusion and spread of the
thermocline farther than for the case without fillers, reducing the effective thermal storage
capacity of the tank. The filler may reduce the quantity of salt needed, but may also increase
the cost of the tank.

Depending on how the plant is operated, the hot fluid may remain stagnant in the TES system
over many hours before being discharged. In such cases, the thermocline can be expected to
increase in width in proportion to the square root of the elapsed time. Longer discharge times
will also increase the spread of the thermocline. Many cycles of charge/discharge would have to
be simulated to arrive at the effective long-term behavior of the tank and its effective capacity.

Purdue Analysis

As a follow-on to the analysis performed by NREL, Purdue University performed additional
analysis using computational fluid dynamics (CFD) to investigate the performance of the
discharge flow as well as the susceptibility to natural convection during dwell conditions
and over multiple cycles.

Tank Discharge Performance

For Purdue’s analysis of the thermocline tank discharge, the Case 5 design from Black &
Veatch’s analysis was rendered and meshed with GAMBIT (Figure 5-14) and exported to the
FLUENT CFD solver. To manage computational requirements, an axisymmetric boundary
condition was assumed along the tank centerline, which is a valid assumption as the transport
equations contain no circumferential dependence. For the discharge half-cycle, a uniform
velocity inflow was assumed at the tank bottom. Inside the filler bed, flow momentum was
computed according to Darcy’s Law with the Brinkman-Forchheimer extension. To track the
thermal response of both the fluid and solid, co-located temperature storage was enacted
throughout the domain mesh.
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Figure 5-14
GAMBIT Mesh for Case 5 Tank Dimensions: Discharge Half Cycle

To meet the desired discharge energy of 1000 MWh; in six hours for Case 5, the inflow velocity
(equal to the superficial velocity in the fillerbed) is determined according to:

A, E

u, =— Equation 5-6
A plcCP,l(Th -T, )At

The distributor area (Aq) is defined as the sum of 4187 distribution points in the manifold design
for Case 5. For Hitec molten salt*® operating between 287-400°C (549-752°F), the required
inflow velocity is 0.299 mm/s. This temperature difference closely matches the design conditions
evaluated by Black & Veatch, and is slightly different than the NREL assumption of 300-385°C
(572-725°F). In each case, the fillerbed was considered to be composed of particles with a mean
diameter of 1 inch (0.0254 m) and a void fraction of 0.22. The solid density and specific heat are
defined as 2201 kg/m® and 964 J/kg-K, respectively. For reference, Hitec molten salt is
composed of 53% potassium nitrate, 40% sodium nitrite, and 7% sodium nitrate. Compared to
the binary mixture at 300°C assumed by Black & Veatch, Hitec has 4% greater specific heat,
14% lower density, and 3% lower viscosity.?® Despite these small property differences, the
overall trends for tank discharge behavior should be similar between the Hitec and binary
mixture.

To investigate the effects of external losses, two separate boundary conditions were applied at
the tank wall — adiabatic, and a fixed heat loss of 100 W/m?, as stipulated in NREL’s analysis.

 HITEC Heat Transfer Salt, Costal Chemical Co., L.L.C., Brenntag Company, www.coastalchem.com
% Kearney et al., JSSE, vol. 135, 2003.
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Prior to discharge, the tank domain is initialized to 400°C (752°F). Cold fluid enters the

lower boundary at the defined inflow velocity to simulate the discharge process. To track the
progression of the heat exchange zone through the filler bed, the fluid temperature profiles at
the wall were plotted in Figure 5-15 for both wall boundary conditions considered. To improve
understanding of the temperature loss, the axial centerline temperature profiles were also plotted
for the non-adiabatic case Figure 5-15(b). Also provided in Figure 5-16 is a contour plot of the
fluid temperature at the end of the discharge half cycle for the 100 W/m? wall condition.

As expected, the adiabatic tank maintained a fluid outflow at 400°C throughout the discharge
half cycle. In contrast, the tank with a 100 W/m? heat loss at the wall experienced some
temperature decay in both the hot and cold regions outside of the heat exchange zone. It should
be noted, however, that this decay only exists very close to the tank wall. Beyond a distance of
two feet from the wall, the fillerbed behaves similar to the adiabatic condition. Also, the decay is
limited to a few degrees of temperature drop within the six-hour discharge period. As the
minimum required fluid temperature for steam generation was defined as 364°C (687°F) in the
Design Requirements Table (see Appendix A), the non-adiabatic tank appears viable for the
desired operation.
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Figure 5-16
Fluid Temperature Distribution after Six Hours of Discharge for 100 W/m’ Heat Loss at the
Tank Wall

Some simplifying assumptions, such as the inclusion of monodisperse solid and uniform
packing structure, were employed in the modeling results above. In addition, the discharge
process has thus far incorporated the presence of the tank wall as two different boundary
conditions (adiabatic and fixed heat flux) along the fillerbed exterior. In reality, this surface
would be coupled to the tank wall behavior, which is itself driven by external convection to the
surroundings. In the following discussion, more realistic tank operation is simulated by relaxing
these assumptions.

The preferred composition of a thermocline fillerbed is a mixture of rock and sand-scale
quartzite, which improves the overall packing structure as well as the thermal exchange behavior
at the solid interface. However, the use of sand creates potential for distributor clogging or
entrainment during periods of tank operation (charge and discharge processes). These unwanted
phenomena are avoided through the inclusion of rock stratification within the fillerbed. Near

the two distributor manifolds on either end, the fillerbed is composed only of the rock-scale
quartzite. Sandwiched between these two thin layers is the mixture of rock and sand. With this
modified structure, the rock layers isolate the sand and minimize contact with the distributor
manifolds.

To enforce this stratified structure within the CFD simulation, the tank domain is modified to
include three different porous media regions for the rock and mixture, respectively, with distinct
properties in each region. Given the dimensions for the Case 5 tank (152 ft diameter, 40 ft
height), the pure rock zones are defined at the lower and upper three feet of fillerbed while the
mixture is defined at the remaining interior. The equivalent diameters of the rock and sand are
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defined as 1.905 cm and 0.2 cm, with a 2:1 ratio of rock to sand in the mixture region®’. A Sauter
mean diameter of 0.5 cm is calculated for the mixture to serve as an equivalent diameter for the
region. The void fractions of the rock and mixture regions are assumed to be 0.4 and 0.22,
respectively.

With known geometry and void fraction, the permeability of both regions is determined as:

d?e’

= Equation 5-7
17501 -d)’

Due to its larger particle size and void fraction, the permeability of the rock is greater by a factor
of 147.5, a two orders of magnitude difference. The increased permeability of the rock layer
generates the potential for natural convection currents to develop along the tank wall due to
losses to the surroundings. These currents disrupt flow uniformity as well as the thermocline
region itself by developing radial temperature gradients. To inhibit this behavior, the lower-
permeability mixture region is extended along the wall surface to provide a buffer from the
rock layers. These extensions encompass a two-foot radial distance along the entire tank wall
(Figure 5-17).
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Figure 5-17

CFD Domain for Simulation of Thermocline Tank Operation

27 pacheco, J.E., Showalter, S.K., Kolb, W.J., 2002. Thermocline thermal storage system for parabolic trough plants.
J. Sol. Energy Eng. 124, 153-159.

%8 Beckermann, C., and Viskanta, R., 1988, “Natural convection solid/liquid phase change in porous media,” Int. J.
Heat Mass Transfer, 31, pp. 35-46.
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The simplified modeling work already reported investigated the tank discharge process for both
adiabatic and fixed heat flux boundary conditions along the fillerbed exterior surface. A tank
wall region was not included in either case. In reality, the thermal response of the fillerbed to
external losses is coupled to the response of the tank wall itself. To include this coupling, a two
inch thick tank wall was added to the model domain. The thermal transport properties of this
wall are taken from known data for AISI 347 stainless steel, as listed in Table 5-6.

Table 5-6
Thermal Transport Properties of AISI 347 Stainless Steel®
Property Units Value
Thermal Conductivity W/m-K 20
Density kg/m® 8000
Specific Heat J/kg-K 500

To simulate the external losses, a convection boundary condition is defined along the external
tank surface with a fixed convection coefficient of 10 W/m?-K and an ambient temperature of
27°C (81°F).

For simulation of the discharge cycle, the entire domain was initialized to the temperature of the
hot operation limit of the molten salt (400°C). Corresponding to the specified discharge power,
an inlet velocity of 0.299 mm/s at the cold operation limit (287°C) was imposed at the tank
bottom to simulate the cold fluid entering the tank. To resolve temperature and flow phenomena
in the mixture extensions at the top and bottom edges, the domain mesh was regenerated with
successive refinements along the tank wall. As with the previous analysis, the implicit time step
interval remained fixed at 1.44 seconds.

It should be noted that the temperature initialization described included the tank wall. As the
thermal response of the wall (as well as the adjacent filler material) was driven both by tank
operation and external convection, thermal equilibrium with the surroundings could not be
assumed during the first discharge cycle. Multiple discharge and charge cycles were therefore
modeled in succession until the domain developed a periodic response with time. For the charge
process, the same inlet velocity was applied at the top of the fillerbed for the hot molten salt
temperature. As no dwell time was enforced between the half cycles, the start of the discharge
process corresponds to the end of the previous charge process. As a consequence, the
temperature data associated with time zero of a discharge process were actually prior to the flow
reversal associated with cycle transition in the thermocline tank.

Periodic conditions were achieved after three full cycles of discharging and charging. The molten
salt temperature data during the fourth subsequent discharge cycle at both the inside wall and the
centerline are plotted in Figure 5-18.

2 Online materials information resource, http://www.matweb.com
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Figure 5-18
Molten Salt Temperature Profiles during the Discharge Process

Results are shown for four different times during the discharge cycle (zero, two, four, and six
hours). Due to the large diameter of the thermocline tank, the influence of the external
convection losses does not span the entire domain. Thus the centerline profiles remained within
the hot and cold operation limits of the molten salt, as was the case with the previous adiabatic
model. Due to the periodic nature of the charge-discharge cycles, it can be seen that the bottom
of the fillerbed remained below the hot temperature limit at time zero of the discharge process.

Unlike the behavior along the centerline, the convection losses lead to significant cooling of the
molten salt near the tank wall. As seen in Figure 5-18 above, the overall trend still shows an
increasing temperature with height from 150 to 350°C (302 to 662°F), consistent with the
imposed temperature gradient across the fillerbed throughout the six-hour discharge. Apart from
this trend, some spatial oscillations were present along the wall at the tank bottom. The negative
temperature gradient present at zero height (at the left end of the x-axis) is attributed to the
cooling of the tank wall below the cold operation fluid temperature. Thus the entering cold fluid
was warmer than the adjacent wall and led to additional cooling with height. The zero-time
profile does not show such a negative temperature gradient, as it precedes flow reversal for
discharge. The negative gradient is only seen at the later times.
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The temperature fluctuation in space at the lower heights is attributed to flow disruptions in the
sand-rock mixture extensions along the wall. While these were included with the intention of
diminishing natural convection currents, the extensions also created vertical interfaces between
the rock and mixture layers. Due to the large disparity in permeability between the rock and
mixture (two orders of magnitude as previously reported), the fluid prefers to travel through the
more conductive rock layer. At the vertical intersection of the different media, radial velocities
developed to allow transport of the fluid from the mixture region to the rock layer. As a result,
a swirl flow developed on the rock side of the intersection while fluid flow in the mixture-
extension region decayed to stagnant conditions. The temperature and velocity field in the
lower mixture-extension region after six hours of discharge are provided in Figure 5-19.
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Figure 5-19
Temperature and Velocity Vectors along the Tank Wall in the Lower Mixture-Extension

Region

These radial velocities generate large vortices as well as flow stagnation within the lower
extension. This stagnant region prevents heating of the fluid by advective transport; this region
thus experiences further cooling due to external wall heat loss. It is noted that the vortices exhibit
turbulent characteristics and may not have been fully resolved despite the localized mesh
refinement. As the fluid velocity and temperature are coupled, this may also lead to some
discrepancies in the temperature results; however, the effects of this very limited and small
region are expected to be negligible, and the mesh size was chosen to limit computation time.

To illustrate the influence of the external losses and mixture and rock layers on the tank
operation, the discharge temperature and axial velocity profiles along the top of the fillerbed
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after six hours of discharge are plotted in Figure 5-20. Near the tank centerline, the discharge
temperature and velocity match the design conditions. As expected, outflow through the mixture-
extension region was minimal due to its lower permeability. Outflow through the rock layer
correspondingly increases to satisfy mass balance; this is apparent from the annulus of larger
velocities present between a radius of 40 and 65 ft (14 and 20 m).
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Figure 5-20

Exit Fluid Temperature and Velocity Profiles Six Hours into the Discharge Process

While some cooling of the fluid outflow occurs beyond a radius of 50 ft (15 m), the salt remains
within two degrees of the hot operation limit. Some reverse flow is also present due to residual
natural convection in the mixture-extension region. The small temperature increase near the tank
wall is a consequence of the flow entering the domain at the hot operation limit (no distributor
region is included above the fillerbed in the model). This fluid supply creates an additional but
negligible energy transport into the CFD domain. Using the reported temperature and velocity
profiles in Figure 5-21, the total outflow power equals 164.3 MW after six hours of tank
discharge, which is only slightly lower than the 166.6 MW design value (for 1000 MWh; of
energy transport).

To quantify the amount of loss through the tank wall, temperature profiles along the tank wall
exterior were recorded throughout the discharge process and converted to an overall convection
transfer rate at the tank surface. Integrating these convection rates with time yielded a total loss
of 21.9 MWh; of heat loss during the discharge process.
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Tank Behavior during Dwell Conditions

To simulate the thermal performance of the molten salt thermocline tank during dwell conditions
between cycles, a constant heat flux of 100 W/m? was applied at the tank wall to simulate
external losses. Near the wall, the molten salt is cooled, which generates a density gradient.
Buoyancy forces cause the denser fluid to flow down the wall and natural convection currents
develop in the tank. To accurately model the thermal performance of the thermocline tank with
this loss, the existing mesh was significantly refined at the tank wall to capture the velocity
profiles associated with natural convection. The control volumes in this region were discretized
to a length of 1.5 inches along the wall. Grid-independence was verified by using control
volumes that are half this size (0.75 inch). A time step of 5 seconds was used for the duration of
the dwell time.

To better approximate the no-flow conditions associated with the stagnant tank, the bottom of the
fillerbed domain was changed to a wall boundary condition to prevent fluid from leaving the
domain. Moreover, due to the density change of the molten salt with temperature, the bulk
volume of the molten salt in the tank decreased with dwell time. In an actual thermocline tank,
this reduction would generate some void space as the fluid level would drop to a lower tank
height. To maintain continuity in the CFD model, the upper boundary condition is rendered
permeable for additional molten salt to enter the domain and make up for the lost volume
associated with the thermal contraction. While continuity is ensured in this manner, this
permeability distorts the energy balance of the stagnant tank as the molten salt enters at the hot
temperature and thus transports some additional energy into the domain. However, this artificial
energy transfer is approximately two orders of magnitude less than the fixed heat loss through
the tank wall, and may be readily neglected.

A total dwell time of eight hours was simulated. The thermal response at the wall is shown in

Figure 5-21 at three different heights in the tank of 0, 20, and 40 feet (the bottom, middle, and
top of the tank, respectively).
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Figure 5-21
Wall Temperature of the Thermocline Tank as a Function of Dwell Time

As seen in the plot, the top of the tank appears largely insensitive to the external tank losses. It
should be remembered that the top of the tank was replenished with hot molten salt to make up
for the density change of the cooled fluid and may have distorted the local temperature values to
some extent. At the midpoint of the tank height, the wall temperature shows an initial decrease
but decays to a constant temperature of approximately 395°C (743°F) after 3.5 hours of dwell
time. This temperature response can be attributed to the development of the natural convection
velocity profile along the wall (shown in Figure 5-22). As the molten salt velocity along the wall
develops with time, the temperatures in the fully developed regions approach an approximately
steady-state condition.

In contrast, the bottom of the tank continues to cool during the entire dwell time. Due to the
impermeable wall boundary condition stipulated for the bottom of the stagnant, the natural
convection currents do not develop in this corner and the fluid remains relatively stagnant with
time. As such, this area of the tank is not replenished with warmer fluid from above and
continues to cool due to heat losses.
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Figure 5-22
Molten Salt Velocity Along the Tank Wall During the Initial Four Hours of Dwell Time

As with the tank discharge performance, further analysis was conducted by Purdue using more
realistic tank assumptions to further understand the dwell-time performance of the thermocline.
Using the CFD model with rock stratification and heat losses at the tank wall, forced fluid flow
was stopped after a discharge half-cycle during periodic operation so that the tank thermal
response during dwell conditions could be investigated. To prevent any outflow during this
period, the bottom of the fillerbed was converted to a wall boundary condition. These conditions
were applied for four hours of dwell time. As with the discharge process, the total heat loss from
external convection was determined from the exterior temperature profiles and found to be 12.6
MWh; during the total period of the dwell time. The fluid temperature throughout the fillerbed at
this time is provided in Figure 5-23.
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Fluid Temperature Distribution after Four Hours of Dwell Conditions

The thermocline stratification is retained throughout most of the tank region with convection
losses still being limited to the region very close to the tank wall. To resolve the external
convection effects, the temperature response at five height locations along the interior wall
surface is plotted in Figure 5-24 against dwell time.
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Figure 5-24
Interior Wall Temperatures in the Thermocline Tank during the Dwell Time
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The largest temperature change occurs at the bottom of the fillerbed during the first hour of dwell
conditions. As mentioned in the discussion of the discharge cycle, the bottom of the fillerbed was
influenced by molten salt entering at a warmer temperature than the adjacent wall. As this inflow
was not present during the dwell state, the local fillerbed could no longer support a greater
temperature than the surroundings which led to the cooling shown in the figure. After this initial
effect, the bottom (as well as the other wall locations) maintained a minimal temperature
decrease with time.

Discussion and Comparison of NREL and Purdue Thermal Performance Results

Comparing the results from the models developed at Purdue University with the work performed
by NREL, discrepancies are evident with respect to the overall performance predictions of the
thermocline system. The reasons for the differences between the two sets of predictions are
provided below, for both the discharge model and the natural convection analysis.

Discharge Cycle Model

In the NREL thermocline discharge model, the superficial velocity (the product of real fluid
velocity and fillerbed void fraction) was constrained to a fluid flow residence time equal to the
tank discharge time. For the specified liquid height and discharge time of 14 meters and 6 hours,
respectively, the resultant superficial velocity was 0.648 mm/s. The real velocity was then

varied according to the user-defined bed void fraction. In reality, the fluid flow does not have a
“superficial” residence time in the tank. The residence time of the fluid is the ratio of the tank
height to the real fluid velocity. The merit of superficial velocity in a porous medium is to correct
for the deviation in mass flow due to the presence of solids in the cross-sectional tank area. Thus
by constraining the superficial velocity, the residence time of the fluid flow in the tank still
varied with the user-defined void fraction.

In the Purdue analysis, the fluid velocity was determined from the required discharge power and
the diameter of the tank and not by constraining it to a residence time. As thermocline tanks are
sized for a required storage energy and cycle time, the discharge power is subsequently equal to
the ratio of this energy to the cycle time. In addition, the power associated with the discharge
flow can also be related to the molten salt mass flow rate as:

P= rhCP(Th —Tc) Equation 5-8

For known material properties and tank area, this mass flow rate can be converted to a discharge
outflow velocity using:

m = p,UA Equation 5-9

This would be the velocity at the outflow of the fillerbed, and therefore equal to the superficial
velocity of the molten salt inside the fillerbed. Using the model parameters listed by NREL for a
50 ft diameter tank, the superficial velocity would be 0.387 mm/s to satisfy the outflow power
associated with the tank energy and discharge cycle time. This result is entirely independent of

5-32



Performance Analysis

the tank height. Applying the artificial residence time constraint instead generated a superficial
velocity that is 67% greater than necessary for nominal tank operation. As a consequence, the
outflow supplied excess thermal power which drained the stored tank energy too quickly, as
noted by the sharp temperature decrease at 4.5 hours in Figure 5-10.

Dwell-Time Model

In both the NREL and Purdue models for a stagnant tank filled with hot molten salt, natural
convection currents are generated by applying a constant heat flux of 100 W/m? at the tank wall
to simulate external losses to the surroundings. In the NREL simulation of the wall heat transfer,
the left side of the domain has a fixed temperature imposed, which causes a big slope in the
liquid temperature profiles which does not truly represent the real situation. Since the heat
transfer in the fluid region is dominated by convection, it is not likely for the fluid to have a
sudden change in temperature in the regions far away from the wall.

Nomenclature

A Area

Cr Specific heat
d Filler diameter
D Diameter

E Energy

K Permeability

p Pressure

Q Flow rate

T Temperature

u Velocity

€ Void fraction
A Friction factor
T Viscosity

p Density

Subscript

| fluid

c Cold

d Distributor
h Hot

m Mean

t Tank
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CONCLUSIONS

Thermal energy storage holds the promise of providing an efficient and cost-effective way to
transform solar thermal energy from a variable resource into a firm, more dispatchable source of
electricity. Studies have shown that a thermal energy storage system improves the performance
of a solar thermal plant by smoothing power production and/or allowing it to continue during
brief periods of lost solar resource, such as intermittent cloud cover, or into the evening hours
when the solar resource is no longer available. Used in this way, thermal storage can increase
the utilization of the power block and the annual capacity factor of a CSP facility, decrease the
levelized cost of electricity produced by the plant, and facilitate the incorporation of solar
thermal power plants into the utility grid.

This study showed the potential of thermocline storage systems to significantly reduce the cost
of TES. The potential cost advantage for the thermocline is the use of a single tank instead of
two tanks and a much lower volume of solar salt. For a 1000 MWh; system, this means a tank
volume of 20,600 m® instead of two 16,300 m® tanks, and a salt volume of roughly 5,000 m?
instead of about 18,000 m® for the two tanks. These systems require relatively simple designs,
involving chemically inert media that remain in a single phase throughout the storage charging
and discharging process. The direct central receiver thermocline systems appear to be the

lowest cost option on an absolute basis. The study confirmed the feasibility of achieving total
(direct & indirect) capital costs below $35/kWh; and $70/kWh for direct and indirect systems,
respectively, compared to $50/kWh; and $90/kWh; for the equivalent two-tank cases. For the
500-1500 MWh; size range the indirect parabolic trough thermocline systems have the greatest
cost benefit on a percentage basis compared to two-tank; the 1500 MWHh; indirect trough case has
a 37% cost reduction compared to 20% for the direct central receiver. For the larger tank sizes,
3000-3500 MWHh; the direct systems show greater benefit than the indirect systems, a 33% vs.
23% advantage over the equivalent two-tank designs for the 3500 MWHh; cases. For all systems
500 MWh; and larger, the cost benefit was 20% or more compared to the corresponding two-tank
designs. In the future a direct storage system for parabolic trough also should be considered to
further reduce cost and efficiency losses. Developing cost effective trough storage is a significant
R&D challenge that will likely require development of a new lower cost HTF.

On the spectrum of commercial maturity, the two-tank indirect molten salt system represents

the current state-of-the-art for thermal energy storage, with two projects recently completed and
several more scheduled to begin construction. Two-tank direct systems are close behind, both for
central receiver CSP plants and parabolic trough plants if molten salt proves viable in a parabolic
trough collector field. The logical next step for the thermocline system is a pilot plant or a small
commercial unit that can validate the operation of the storage system outside of the laboratory.
Given the expanding number of CSP plant deployments, there is ample room for further
development in the field of thermal energy storage. In addition to further testing and validation
in the field, standardized design and modeling procedures would be a valuable addition to TES
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Conclusions

system design to improve the design process and speed up production and deployment of thermal
energy storage systems. The development of the thermocline TES would benefit greatly from
improved modeling and tank design techniques, which would offer a more complete picture of
design and performance. Testing and operation of a larger scale pilot thermocline will also
demonstrate the capabilities of the system.

Next Steps

Two potential courses of action are under consideration for further development of the
thermocline technology under EPRI’s Generation Technology Industry Demonstration Program.

6-2

The first is a front-end engineering design of a thermocline storage system to reduce the
spread in the budget estimation and develop a complete design for the first commercial-scale
demonstration plant. This follow-on study would include the following:

— Detailed design of storage tank shell, reinforcements, internal structures, distributors
systems, civil foundations, etc.

— Detailed process diagrams and P&IDs

— Main equipment specifications for salt pumps, heat exchangers, and auxiliary equipment
— Interconnection with the solar plant

— Operating modes and transient analysis

— Project schedule

In the second approach EPRI would develop a small capacity pilot project that could resolve
outstanding R&D questions. This project would likely be done in collaboration with the
national laboratories and would include testing and modeling activities. The equipment could
potentially be sited at the Solar Technology Acceleration Center (SolarTAC) in Colorado, at
Sandia in Albuquerque, or at a thermal plant (solar or fossil). Sandia plans to study thermal
ratcheting in 2010. Detailed finite element analysis (FEA) models of various thermocline
tank geometries, such as vertical and sloped tank walls, will be analyzed with ANSYS
software. The temperature difference between the top and bottom of the tank will be varied
from 100°C (today's trough) to 350°C (next-generation super-critical tower). Low-cost
methods of eliminating the thermal ratcheting issue will be proposed, e.g., sloped walls,
inserts, etc. If the analytical work indicates that ratcheting is a manageable issue, Sandia
plans to build a lab-scale prototype to validate the FEA models of the most promising
solution(s) in 2011. Further work is ongoing at NREL to develop a more universal fit for
evaluation of thermocline-based thermal energy storage systems. NREL plans to develop a
set of approximations for the thermocline tank behavior for a variety of tank and filler
geometries, heat-transfer parameters, and operating conditions. The objectives of the pilot
project would include:

— Validate model performance across different operating strategies
— Determine potential impact, if any, due to thermal ratcheting

— Review performance of active components (pumps, valves, seals, etc.) operating in
molten salt environment

— Examine transients and fatigue effects on materials due to thermal cycling
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DESIGN REQUIREMENTS

Table A-1
Design Requirements

ITEM REQUIREMENT

Design single thermocline tank or multiple
Approach modular thermocline tanks for each design
case as appropriate.

Storage Fluid Molten binary nitrate salts: 60%Na/40%K
Density at 300°C (572°F) 1830 kg/m®

Viscosity at 300°C (572°F) 3.26 cP

Heat Capacity at 300°C (572°F) 1,495 J/kg-K

Filler 75% of the volume filled with rocks and sand
Material Quartzite (SiO,) 1- 2" sphere equivalent
Rock density 165 lbm/ft’

HOT-Top of the tank 585°C (1085°F)

Design Storage Temperatures (Direct)
COLD-Bottom of the tank 287°C (550°F)

HOT-Top of the tank 400°C (752°F)

Design Storage Temperatures (Indirect)
COLD-Bottom of the tank 287°C (550°F)

Working Capacity: Full Power TES Hours SIX (6) HOURS

Minimum Heel 0.9 m (3 feet)

Vented to atmosphere; NO, scrubbing system

Cover Gas for initial salt fill

Site Conditions (See Environmental Conditions
Document below for additional details )

Seismic API1 650 Zone 3

Wind 40.2 m/sec (90 mph)

Sail 480 kPa (10,000 psi) allowable bearing
Instrumentation Level, pressure and temperatures indication
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Table A-1
Design Requirements (Continued)

ITEM

REQUIREMENT

Tank Valving

Vented to atmosphere

Auxiliaries

Determined that no active convection cooling
is required

Tank warm-up/start-up system — hot air to
heat tank internals, filler, etc.

Tank thermal insulation and supporting
structures as required

Earthen impoundment dikes to contain a salt
spill of the complete content of the tank above
ground

Upper and lower manifolds and internal
plumbing to minimize entrainment

Inlet/outlet ports design details (orientation
and geometry including baffles)

Salt drain tank for gravity drain of auxiliary
piping and heat exchangers, if required

Auxiliary piping, hot/cold pumps and valves as
required by system design.

Auxiliary salt melter

BOP-salt-to-steam heat exchanger (solar
steam generator); LMTD 7°C-salt side

System heat exchanger with solar field HTF-
(thermal oil) for indirect TES system; LMTD
7°C-salt side

Any other auxiliary system required for the
start-up/operation of the TES thermocline
system (e.g., salt maintenance system)

Design Life

30 years

Design Standards

Basic Design

AP1 650

Seismic Design

AP1 650 APP E

Foundations

ACI 318

Piping

B 31.1

High Temperature Allowable Stresses

ASME Section VIl




Table A-1
Design Requirements (Continued)

Design Requirements

ITEM

REQUIREMENT

TES Storage Tank Design

Vertical, cylindrical with dome roof

Tank ullage space provided over the upper
manifold

Dome roofs self supporting

Tank height added as freeboard to allow for
salt sloshing during safe shutdown
earthquake (SSE)

Tank bottom design developed by B&V to
minimize thermal stresses (e.g., sloped-wall
conical bottom concept) and cost

Tank Height/Diameter

Optimized for capacity vs. cost

Taller thermocline tanks with smaller
diameters are favored over shorter tanks with
larger diameters. Soil bearing capacity limits
tank height.

Piping/Valves/Instrumentation Heat Tracing

All TES salt piping, valves, instrumentation to
be heat traced to prevent salt freeze-up during
operation and allow pre-heating during start-

up.

Expansion Joints

Expansion joints included, if required

Solar Steam Generator Subsystem

Only the molten salt side

Steam Generator Configuration

Forced recirculation

Heat Exchanger

Welded plate and frame

Thermal Rating (MW)

16.7 to 583.3 MW,

LMTD

5°C

Materials

Tanks operating up to 425°C (800°F)

Carbon steel SA-285C

Tanks operating above 425°C up to 560°C (1040°F)

Stainless steel SA-240-347

Side Wall Thermal Insulation

Mineral wool

Base Insulation

Combination of foam glass and insulating fire
brick

Salt Cold Piping

ASTM A 106 Grade B seamless carbon steel

Salt Hot Piping

ASTM A312, TP 304 seamless stainless steel
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Table A-1
Design Requirements (Continued)

ITEM

REQUIREMENT

Operation

TES Operating Modes

Initial charging

Process Diagrams Including All Operating Modes For
Direct And Indirect Schemes.

Full discharge, full charge, partial charge,
partial discharge, stand-by

Steam Conditions for CSP Central Receiver Direct
TES

12.5 MPa/550°C (1,815 psia/1022°F)

Allowable Max Temperature Decay (or Rise) Ratio
(Direct TES)

0.15*

*Minimum Steam Generator Supply Temperature

560-45=515°C (959.4°F)

*Maximum Solar Field Temperature

287+45=336°C (637°F)

Steam Conditions for Parabolic Trough Indirect TES

10 MPa/370°C (1,450 psia/700°F)

Allowable Max Temperature Decay (or Rise) Ratio
(Indirect TES)

0.15*

*Minimum Steam Generator Supply Temperature

375-14=364°C (682°F)

*Maximum Solar Field Temperature

287+14=301°C (574°F)

Economic Parameters For Insulation Optimization

MWhe/kWhe

$350 MWhe/$0.35 kWhe

MWh/kWh,

$135 MWh/$0.135 kWh,

Parametric Range For Sensitivity Analysis

Range +/-25%

WACC

8.45%

Physical Plant Depreciation Period

5 years

Design Battery Limits Definition

Process diagrams for direct/indirect TES
designs
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ATTACHMENT B

ENVIRONMENTAL CONDITIONS

BARSTOW, CALIFORNIA

011838 A-43
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Design Requirements

Environmental Conditions =
Barstow, Califormia

1. GENERAL
1.1 Scovpe

This document lists the environmental conditions for the 10
MWe Solar Central Receiver Pilot Plant to be located at
the Southern California Edison (SCE) Cool Water Site near
Barstow, California.

2. DOCIUMENTS

The followving form a part of this documenr to the extent
o stated herein.

MIL-STD=-810B Environmental Test Methods

Uniform Building Code = 1976 Edition, Volume I by
International Conference of Building Officials

3. ENVIRONMENTS
Znviroamental conditions include winds and gusts, teampera-—
ture extremes, rain, sleet, hail, snow, earthquake and soil
conditions as follovs:

3.1 Vind

The wind speed specifications a:t a reference height of
10= (30 £t) shall be:

3.1.1 Speed Treguencw
Speed, m/s (mph) Frequency, Percent
0-2 (0=4.5) 29
J=4 (4.5=8.0) o1
L=6 (8.0=13.5) 19
6=8 (13.5-18.0) 3 14
6=10 (18.0-22.5) 8
10-12 (22.5-27.0) 5
12-14 (27.0=31.5) 3
lé= (31.5~ b} Less than 1
011888 A
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Design Requirements

Environmental Conditions =
Barstow, Califormia

GENERAL

Scope

This document lists the environmental conditions for the 10
MWe Solar Central Receiver Pilot Plant to be located at

the Southern California Edison (SCE) Cool Water Site near
Barstow, California.

The followving form a part of this documenr to the extent
stated herein.

MIL-STD=-810B Environmental Test Methods

Uniform Building Code = 1976 Edition, Volume I by
International Conference of Building Officials

ENVIRONMENTS

Znviroamental conditions include winds and gusts, teampera-—
ture extremes, rain, sleet, hail, snow, earthquake and soil
conditions as follovs:

Wind

The wind speed specifications a:t a reference height of
10= (30 £t) shall be:

Speed Treguencw

Speed, m/s (mph) Frequency, Percent
0-2 (0=4.5) 29

J=4 (4.5=8.0) o1

4= (8.0=13.5) 19

6=8 (13.5-18.0) 3 14

6=10 (18.0-22.5) 8

10-12 (22.5-27.0) 5

12-14 (27.0=31.5) 3

lé= (31.5-« ) Less than 1

Aebl
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3.3.4 Snow = Maximum 24=hour ratg: 0.3m (1 ft.): maximum
loading: 250 Pa (5 lbs/ft™).

34 Insolacion

3.4.1 Maximum Flux. Direct normal nominal insolation of 1100 warcs/
Square metre maximum at the plant site.

3.4.2 Race of Change. The maximum rate of change of incident
flux shall be assumed as that which would result from the
passage of an opaque cloud across an otherwise clear sky
where the sharp leading or trailing edges of the shadow
move across the pilot plant site at a velocity of 20 m/s
(45 mph).

3.5 Earthouate
Seismic zone 3 (Uniform Eldg. Code).

3.6 Soil Proverties

The surface deposits of silty sand, which extends e depths
of from 0.3m to 1.5m (1 fr to 5 f£r » are only moderately fimm
and become weaker when wet. The sand below a depth of abour
1.5m (5 £t) is firm buc contains thin layers of relactively
soft silt. In gemeral, the sand is firmer below 3m (10 =t)
and layers of sof: silt vere net encountered.

3.6.1 G. Shear Mpdulus. and T. Secant Modulus

Shear Modulus = ¢ = B(h+:2 = Bv

2(1+u) 246

Secant Modulus = I = B(h+z) = By

Where 8 = function of soil depcth (see charr)
= depth of burdep

depth from burden

censtant = 0.3

8
h
z
B
y depth Zrom surface

011888 448
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3.6.2.

011888

Design Requirements

Secant Modulus
at the free

Densitv 8 surface

Soil Depth (¥)

(®)  (f)  (kg/m)) (Lb/fc))  (MPalm) (psi/fr) (o) (psi)
0=1.5 (0=5) 1600 (100) 1.7 { 75) 0.7 (100)
1.5=3.0 (5=-10) 1840 (115) 2.5 (110) lL-4 (200)
3.0=- (10= ) 1920 (120} 3.4 (150) 2.1 (300)

At depth of 1l.5m (5 £t) G = 10 MPa, (1500 psi) -
E = 28 MPa (4000 psi)

At depth of 3.0m (10 £r) G = 32 MPa, (4600 psi)
E = 83 MPa (12,000 psi)

Geopnysical datz (from seismic refraction investigarion) indi-
cates a shear modulus at a scrain rate of 10 - am/m (in/in) of
between 100 to 140 MPa (15,000 to 20,000 psi) at a depth of

Jm (10 ft).

Bearing Capacizv (zllowable fo- standard spread or mat=-type

foundations).

Depth,n(f: Load kPa(ps?)

0.6 (2) 70 (1,500)
1.5 (5) 240 (5,000)
3.0 (10) 480 (10,000)

Penezration Data. The nuzber of blows required to drive a2

ma2terials sampler 300mm (12 in) was recorded for a numbe-
of borings. 7To a2 depth of 7.3m (25 Z3) a veight of 725 kg
(1600 1b) (Relly weight) falling a distamce of 0.3m (L £c
was used to drive the 76== (3 in) diameter sampler.

A=47
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Number of Blows to Drive an LC&A Sampler 300m (12 in)

No. of

Depth (m) (£2) Average Range Samples
0=-1.5 (0=-5) 2.6 0- 9 74
1.5 = 3.0 (5=10) 4o2 l1-10 42
3.0 - 4.5 (10=15) 5.9 2=-11 31
4e5 = 6.0 (15=20) 8.0 4 - 15 19
6.0 = 7.5 (20-25) 9.0 5 =20 17

Note: There does not appear to be a direct conversion
between these data and a standard penetration
test, so the results are Qualitacive in natuyre

3.6.4 Water Table. Below 30 = (100 fz)

=48
011888 2
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Thermocline Process Flow Diagrams
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Thermocline Process Flow Diagrams
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HEAT AND MATERIAL BALANCE

Heat and Material Balance Summary

@ PROJECT: HPRI Thermocline Storage System
BLACK & VEATCH o =
Barstowy, California B
CWG. MO, D01-0000 |
Design Case| Working Storage (MWh,o..4) Charging Salt Flowrate {Ibfhr) Discharging Salt Flowrate (Ibihr) Operating Pressure [psia)| Process Typs|
1 100)] 1488 444 826,913 A0|Trough
2 100! L 93 280| Central Receivar
3 500, 7442720 50| Trough
4 5001 2,992 463 280| Central Receiver
3 1000 14,554 441 G0 Trough
[H 1000 5 964,926 280| Cental Receiver
T 3000/ 44,553,223 G0 Trough
E 3000, 17894777 9941543 280 Cenval Recelver

There are 3 operating modes for each design case.

Operating Mode 1:
In this modz, malten salt is heated by e solarenergy collection field and returned to the tank directly. There is no power generation taking place, and thermd energy is
being stored in the tank

Operating Mode 2:
In this mode, hot molten salt 15 being used to generate po:
thermociing tank

Mo moltan salt s baing heatad in this scenario. As such, thermal energy is b removed from the

Operating Mode 3:

In this operating mede, melten satis being heated by the solar energy collection field and used 1 generate e ity. This madie is not available in the trough
configurations (Case 1,3, 5, 7). In this mode, thermal energy is either removed or added o the thermocline tank depending on the sclar input. The values provided in
the heat end material balance assume the power plant and the solar collaction field are operating at 100% capacity. The capacity of the solar fiald is 1 8 times the
capacity of the power plant

Operating Mode 4:
This operating mode occurs when solar input drops below a certain level, [n this mode a small amount of molten salt ulated throughout the system to maintan the
termperaturs shove the freszing pant of the salt. This reduces the ensrgy stored in the tank. If the tempersturs is in danger of dropping bslow the freszing peint, al lines
@ined and the heat racing will be activated. The linss between the thermocing tank and the surge tanks canna: be drained.

Ling Sizes

Design Case  |Salar Charging System inches)  [Power Generation System [inches)
1 10, 8]
2] 8 &
3 20| 16
4 14 12|
5| 24 20]
[ 18 18
H ER 20|
8] 26 20|

Figure C-1
Heat and Material Balance Spreadsheet, Page 1
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Heat and Material Balance

MATERIAL BALANCE
MO. DATE REVISION DWG. CHE. APP.
& A 10-Nov-09 Preliminary Issue FIH MAL FROJECT: EPRI Thermocline Storage System
B 01-Dec-09 Updated With Comments RIH MAL [CASE:
Design Case 1t 100MWh Storage at 752°F
LOCATION: REV.
Barstow, California | B
DWG. NO. D01-0001 |
Seraarn Hama Cekd Fall Tt Ball “rem A Eal Foor 1ot Z2 L rom
Sxcharger b Tharre e e Haal l Enctianuer | Trwimocing o | Hesl Exchiangsr | Themmlive s
Thermeclie Exznangsr Excharcar to Thermocine | HestEvcrenger | to Thamceline | bect Exchange-
[ Ztrzar Huroer Units 1 2 E 4 ] 5 4
Joeratrg Mons I are 1 - Heating Solar Salt Without Fower Charging] 2 «Generating Fower Without Heating Solar Sait {Discharging)
Cuzeall Mropaties “erzerzte = B 3 TE2 59 752 752
Psia i #r & ail 65 an
% 15

17

SneL et b

sou | ool Copaciy
ErT [RETRLS [
Cornpeneile B0 Mardo 72 0% KMoy, L r
Toral b ass Pl BT - 4684 T - - [FECEE]

HOTES
o Blandad sardilions evove defined a3 €07 erd 74 596 poie
Currert pressures 2 actimatad

THS ZRE#
IT5 ACCEFTAKCE COF
TREATED &5 A STRICTLY
RETURN
DgCL:
AT

B BLACK & YEATCH.

Figure C-2
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Heat and Material Balance

MATERIAL BALANCE
NO. DATE REVISION DING, CHE, APP,
k) 3 10Mov-03 Preliminary [ssue RIH MaL PROJECT: EPRI Thermocline Storage System
B 01-Dec-03 Updated With Comments RIH MaL CASE:
Design Case 2: 100MWh Storage at 1040°F
LOCATION ! REW
Barstow,califomia | 2
DWG. NO. D01-0002
it aim Hame Cold 83l From Coid Saf From Hot Sak From Cold SaltFrom | Cold Salt From | HolSaltFrom | Het Sak From Cold Salt From | Cold Sak From | Hot Saft From | Hot Salt From
Power Generation [ Themnoclinefo | Hot Salf From Balar | Thermocling to Power Generation] Thermocline tn SolarFieldtn | Thermozling to Power Generation Therroclineto [ Salar Field to Thermacline fo
fo Thermacline Solar Fiefd Figld to Thermocine| Power Generafion o Thermocine Solar Field Thermacline |Power Generalion to Thermaeline Solar Field Thermacline  |Power Generatior

Bireatn Number Units il 2 i 4 1 2 3 4 1 2 i 4
Operding Mods Mode 1- Heating Solar Salt Without Power fion (Charging) 2- Power Without Heating Solar Salt (Discharging) 3- ing Power YWhile Heating the Solar Saft
Overall Propedies Terrperalure F 559 559 1.040 1,040 553 550 1,040 1,040 559 559 1,040 1,040

Prassure psia 265 280 & 65 265 280 B 65 285 80 a0 65

Mass Flow Inthr - 596,483 536,43 - 331,385 - - 331,385 331,385 596,493 536,493 331,385

Volurre Fiow (actualy T3 = 5110 5.657 2830 3,160 2,828 5110 5,697 3,160

Volurre Flow (aclualy USGPM - B37 708 - 354 - - 384 354 637 709 384

Dengty lmz nr n7 106 108 "7 n7 108 108 "7 "7 105 108

Viscosity P 3.26| 328 1.05 1.0§ Y] 3.26 1.05) 1.08 3.26 3% 1.05 1

Themmal Condustivity Biuhe-n-F 0.3 0.3 oxn 0.31 Lk} 03 o3 03 oA o3 o3 o

Mass Heat Capachy Biub-F 0.357 037 0.357 0.357 0.357 0.357 0.357 0.387 0.357 0.357 0.357 0.357
Pipingf Lne Bize n a0 10} 50 6.0 60 8.0 80 60
Camponants GO MaNOf40% kMO, Invhr = 596,483 Sa6.493 331,385 3388 331,385 596,493 586,483 331,288
(Total Wacs Flovw [ - 536,493 536,493 = 331,385 331,385 331,385 596,423 536,483 331,385

MOTES

1. Standard condtions above defined a5 60°F and 14.696 psi.
2. Curen! gressres ar eslimated

THIS DRAYYING 18 THE EXCLUSIVE PROPERTY OF BLACK B VEATCH.
ITE ACCERTAMCE COMNSTITUTES AN AGREEMENT THAT IT SHALLBE
TREATED AB & BTRICTLY COMFIDENTIAL DOCUMENT AND 18 TO BE
RETURNED LUPON REQUEST AND I8 NOT TO BE COMMUNCATED,
DISCLOSED, OR COPIED EXCEPT AS EXPRESELY AUTHORIZED I
WRITING BY BLACK & VEATCH.

Figure C-3
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Heat and Material Balance

MATERIAL BALANCE

=) DATE REVISION DWG. CHKC APF.
@ A 10-Now-059 Preliminary Tssue RIH WAL PROJECT: EFRI Thermocline Storage System
= 8 O1-Dec05 Updated With Comments RIH WAL [CASE:

Barstow, Califarnia

BLACK & VEATCH e e i

DWG. HO. D01-0003 |
itaan rians Cold Ball Fror Feal]  Cold SallFrom | Ao Gall o Feel | b Gall Fran Cule GallFron | HolGall Fron ol SellFior
Tharn s Cobarmor s | Townnoe rilo e Thamcelin Lo | Heal Exch Thamwcli s
ib Crchiangar o | Lo Theno A
3 4 z 3 El
1 - Heating Solsr Salt Withaut Power Ge neration [Charging) [ Power Without Hesting Salar Salt [Discharging)
Creerall Properias 50 52 752 R 752 752
5 5 & 10 L 110
- - 4,734 567
- 7 o t 27 00
- - - - 1513
12 17 12
175 a6 17
8 sl na a
Labr 2 aad skl a8
ir 207 e
il G NaNOe i 4743, s - 7442220 44z 220 - 4,134,387
bir - T2 230 - 1151567 -

BIME anc 14 Fi6 5308

TTHAT T SHALLEE
UrRAC 7 &ME 15 T BE

Figure C-4
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Heat and Material Balance

MATERIAL BALANCE
KO DATE REVISION DN, CHK APP.
- A 10-Nov-09 Preliminary Issus RIH MAL PROJECT: EPRI Thermocline Storage System
B 01-Dec-09 Updated With Commente RIH MAL CASE:
Design Case 4: S00MWh Storage at 1040°F
LOCATION: REW
Barstow, Califernia B
DWG, NO D01-0004
[Straam Nama Cold Salt From Cold Salt From Het Salt Fram Cold Sak From | Cold Salt From | Hot Salt From | Het Salt From Cold Salt From | Cold Salt From | Hot Salt From | Het Salt From
Powes Generation tof  Thermocline to | Hot Sak From Solar | Thermacdine to Power, Power Generation| Thermoclineto | SolarField to | Thermacline to Power Generation| Thermocineto | Solar Fieldto | Thermocineto
i SciarFigld | Fieldto T i Generation to Solar Field T i Power to i Solar Field T ine | Power i
[Stream Humber Units 1 2 a 4 1 2 3 4 1 2 3 4
[Operating Moda Noda T - Heating Sofar Salt Without Power Generation (Charging) 7 - Generaling Power Withoul Healing Solar Sait (Dischar; 3. Generating Power While Heafing the Solar Salt
[Overall Properies Temperature F 568 558 1,040 1,040 569 559 1,040 558 559 1040 1,040
ssure psia 285 280 a0 85 285 280 80 265 280 80 85
Masze Flow e - 2962463 2,982,463 - 1/656,924 - - 1,656,924 2962463 2562483 1,656,924
Volurne Flow {actual) kahr - 25548 28,437 14,183 - - 14,183 25,548 28437 15,798
Volurne Flow factual) USGPM - 3,186 3,545 . 1770 - . 1770 3,186 3545 1,670
Density it 117 "7 108 108 "7 17 105 17 "7 105 105
\iscosity P 326 328 105 1.05 3.28 328 105 3.28 326 1.05 1
Thermal Conductivity Bruh--F 0.3 03 031 031 0.3 231 031 0.3 031 0.3 o
Mass Heat Capacity Blufb-F 0357 0.357 0357 0.357 0.357 0357 0.357 0.357 0357 0357 0357
Fiping line Size in 4.0 140 120 120 140 X 120
(Cermponants B0% NaNOL40 KNO, lbatir - 2932 463 2,982,463 1,666 624 - - 1,856,924 2982483 2982483 1,666,824
Tolal Mass Flow Tbhr - 2 982,465 2,982,463 . 1,656,824 - - 1,658 524 1,656,524 2,582,463 2887463 1 655828
NOTES:

1. Stanctard conditions ahove dofined a5 60°F and 14.656 psia.
2. Current pressures afe estimated

THIS DRAWANG IS THE EXCLUSIVE PROPERTY OF BLACK & WVEATCH
ITS ACCEPTANCE COMSTITUTES AN AGREEMENT THAT IT SHALL BE
TREATED AS ASTRICTLY CONFIDENTIAL DOCUMENT AND IS TO BE
RETURNED UPOM REQUEST AND IS MOT TO BE COMMUNICATED,
DISCLOSED, OR COPIED EXCEPT AS EXPRESELY AUTHORIZED IM
WRITING BY BLACK & VEATCH.

Figure C-5
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Heat and Material Balance

MATERIAL BALANCE
N, DATE REVISION DWG. CHK. APP.
@ A 10-Nov-0% Preliminary [ssue FJH MAL PROJECT: EPRI Thermocline Storage System
B 01-Dec-0% Updated With Comments RIH MAL [ChSE:
Cesign Case 5: 1000MWh Storage at 752°F
LOCATION: REV.
Barstow, California | B
DWG. MO D05-0001 1
Steam Hans Culd Sall Frunt Feal]  Culd Sall Fron | Ao Ball Frue Feel | o Ball Fron adZelFem | ColiSall Fron | HelSallFuon | HulZalFon
Evchar g Thzrrialine L Enbarmerle [ Temosing Ly duil el Sustiengsr | Thsemeelng b | Seal Exclianger | Thomueing
Therrioui gt Torrmah Caulpmgst b Thermweing | Hea St orgo | e Thenmoslw | e Bxshiern g
Sl o ke Uiz 1 2 3 = 1 z =
Ot i g Muds b 1 - Heating Sclar Salt Without Power hargingl 2 - Generating Pewer Without Heating Solar Salt Discharging]
Creerall Froperes B 3 3 751 753 ET) 3 E g
2 [ IS it
- [EEREY] 14 834441 - -
7/50 133158
13677
112
1.75)
021
; 2857 IS
PiLi 3 Lirs Sizw it 245 T 200
Coripeianls GO Ny 0 703, Lre - 14 64441 14 B34 441 - - - 2,769, 13<
=3 - 14 554441 14 FE4 44 | B EFERES - 5 G, 1AL

ad as G0°F anc 4 630 nsa

ZATCH.
EE
TOBE
BE SO MU S TED
LY S THOR LEED IR

DISCLOS =0 05 COFIED 24022 &5 FXPR
W TING BY BLACK & YEA CH

Figure C-6
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Heat and Material Balance

MATERIAL BALANCE
HO. DATE REVISION DWG. CHE. APP.
@ A 10-New-039 Praliminary Tssue RIH AL PROJECT: EPRI Thermocline Storage System
B 01-Dec02 Upclated With Comments FIH MAL (CASE:
Desigh Case 6: 1000 MWh Storage at 1040°F
BLACK & VEATCH rocRT: weo
Barstow, California B
DWG. NO D01-0006
[Stream Name Cold Salt From Cold Salkt From Haz Salt Fram Cold Sak From | Cold Salt From | Hot Salt From | Hex Galt From Cold Salt From | Goid Salt From | Hot Salt From | Het Galt From
Powes Generation tof  Thermocline to | Hot Sakt From Solar | Thermacline to Power, Power Generation| Thermoclineto | SolarFieldto | Thermocline to Power Generation| Thermocineto | Solar Fieldts | Thermoclinato
Themmexling Soiar Field | Field te Thermocling Generation to Thermocine Solar Field Thermexiine | Power Generation, to Themmocline Solar Field Thermociine | Pawer Generation|

Strearmn Nurmber Units 1 2 3 4 1 2 4 1 2 3 4
[Operating Miode Mode 1 - Healing Solar Sall Without Power Generation (Charging) 2 - Generaling Power Without Heating Solar Sail (Discharging) 3 - Generating Power While Healing the Solar Salt
Gverall Properiies Temperature F 559 ] 1040 1,040 559 i 1040 1.040 559 559 1040 1040

Pressure psia 265 280 a0 &5 265 280 a0 & 265 280 80 &5

Mass Flow Ishr - 5.964,920 5,954,920 3,313,848 - - 3313848 3,313,848 5,964,925 5,964,929 3313848

‘elurne Flow {actual) kihr - 51,096 56,874 28,387 - - 31897 28,387 51,096 56,874 31,597

Velurne Flow {sctual) USGPM - 8370 7,091 - 3538 - - 3008 3,530 6,370 7,001 3930

Dansity Ibift3 117 17 105 105 17 17 105 105 117 17 105 105

iscosity P 5.26 5.26 105 1.08 3.26 3.26| 105 1.05 3.26 326 1.05 1

Thermal Caonductivity Bruhr-#-F 0.31 03 03 031 i3} 031 034 031 03 031 0.3 o

Mass Heat Capacity Bluflb-F 0357 0.357 0367 0.367 0357 0357 0.357 0.367 0357 0357 0367 0357
Fiping ling Size in 6.0 T80 180 168 160 B0 80 160
Componants B0% NaNOL40% KNO; It - 5,964,926 5964926 3,513 848 - - 3513648 3313,847.66 696492578 | 6,954.92578 3513848
Total Mazs Flow T - 5.964.926 5.954.926 3513 840 - - 3913848 3,315,848 5,964,925 5964526 3313848
NOTES:

1. Standard ecndtions ahove defined a5 BO°F anel 14,696 peia.
2. Current pressures are esimated

THIS DRAMANG IS THE EXCLUSIVE PROPERTY OF BLACK &VEATCH
ITS ACCEPTANCE COMSTITUTES AN AGREEMENT THAT IT SHALL BE
TREATED AS ASTRICTLY COMFIDENTIAL DOCUMENT AND IS TO BE
RETURNED UPON REQUEST AND IS NOT TO BE COMMUNICATED,
DISCLOSED, OR COPIED EXCERT AS EXPRESSLY AUTHORIZED N
WRITING BY BLACK & VEATCH,

Figure C-7
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Heat and Material Balance

MATERIAL BALANCE
HO. DATE REVISION DWG. CHK. APP.
@ A 10-Hew-09 Prelirinary Issue RH MAL PROJECT: EPRI Thermocline Storage System
B 01-Dec-09 Updated With Comments RIH MAL (CASE:
Design Case 7: 3000MWh Storage at 752°F
BLACK & VEATCH o e
Bargtow, Califernia B
DWG5. NO. D01-0007 |
[Stream Hame Cold Sakt Fram Heat] Cold Salt From | Hak Sait From Hest | Hot Salt Fram Cold Sakt From | Cold Salt From | Hot Salt From | Hot Salt From
Exchengerte  |Thermoclineto Heat|  Exchangerta | Thermocline to Heat Heet Exchanger | Thermoclineta | Heat Exchanger | Thermocline ta
i Exchanger T i Exchanger to Heat Exchenger | to Tl ine_| Heat Exchanger

|Stream Hurmber Units 1 2 3 4 1 H 3 4
[Operating Mods Mode 1 - Heating Solar Salt Without Power ion (Charging) 2 - Generating Power Without Heating Solar Sait (Discharging)
‘Crverall Properies Temperature F ] ] 752 782 559 559 52 752

Pressure psia B85 80 65 a0 [ 100 70 100

Mass Flow Ibhr - 44,853,323 44,853,323 = 24,807 402 - = 24,807,402

olume Flow {actual) R3hr - 382,502 399,597 - 212,501 - - 221,998

olurme Flow {actual) USGPM - 47688 48,820 . 26404 - - 27,678

Density ) 147 17 112 12 17 17 112 12

\iscosity o 5.26 5.26 1.75 175 3.26 326 175 175

Thermal Conductivity Bru/hr-ft-F 0.3 0.3 0.al 031 0.3 031 0.31 031

Mass Heat Capasity Btufb-F 0.357 0.357 0.357 0.357 0.357 0357 0.357 0.357
Piping Lins Size in 36.0 36.0 300 300
Compenents 5% MaNO40% KND; Ikt - 44,853,323 44,653,325 - 24,807,402 - - 24,807,402
[Tetal Mass Flow Tbhr - 24,650,324 44,653,323 - 24,807,402 - - 24,807, 402
MNOTES:

1. Standard condtions above defined as BIPF and 14,686 psia.
2. Current prassures are estimated

THIS DRAMWANG IS THE EXCLUSIVE PROPERTY OF BLACK & VEATCH
ITS ACCEPTANCE COMNETITUTES AN ACREEMENT THAT IT SHALL BE
TREATED AS ASTRICTLY COMFIDENTIAL DOCUMENT AND IS TO BE
RETURNED UPON REQUEST AND 1S MOT TO BE COMMUNICATED,
DISCLOSED, OR COPIED EXCERT A3 EXPRESELY AUTHORIZED IN
WRITING BY BLACK & VEATCH,

Figure C-8
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Heat and Material Balance

MATERIAL BALANCE
HO. DATE REVISION DWG. CHE. APP.
@ A 10-Hew-09 Prelirinary Issue RH MAL PROJECT: EPRI Thermocline Storage System
B 01-Dec-09 Upchated With Comments FIH FAL CASE:
Design Case 8: 3000 MWh Storage at 1040°F
BLACK & VEATCH o e
Bargtow, Califemnia B
WG, NO D01-0008
Stream Nama Cold Salt From Cold Salt From Hot Saft Fram Cold Salt From | Gold Salt From | Hot Salt From | Het Salt From Cold Selt From | Cold SaftFrom | HotSalt From | Het Salt Frem
Power Generation tof  Thermocline to | Hot Sat From Solar | Thermacine to Power Pawer Generstion| Thermaclineto |  Soler Fieldto | Thermodine ta Power Generation| Thermocineto | SalarFieldte | Thermoclineto
i SolarFleld | Fieidse i Generation ta Solar Field T i Power to i Solar Field T Pawer i
|Strearm Nurmber Units 1 z 3 4 1 2 3 4 1 2 3
[Operating Mode Mode 1 - Heating Solar Salt Without Power Charging} 2 - Generating Power Without Heating Solar Sait (Discharging) 3 - Generating Power While Heating the Solar Salt
‘Crverall Properies Temperature F ] ] 1.040 1.040 559 55 1.040 1,040 559 fo] 1.040 1,040
Prassure psia 285 =0 o0 L] 2685 280 80 a5 268 280 B0 85
Mass Flow Ibhr - 17,894,777 17,804,777 = 9941543 - = 984,543 9,841,543 17.894,777 17.884.777 8941 543
olume Flow {actual) R3hr - 153,287 170,625 85,160 - - 4,791 25,160 153,287 170,623 84,781
Volurne Flow factual) USGPM - 18111 212712 . 10617 - - 11,618 10617 19,111 21272 11,618
Density /3 17 "7 105 105 17 n7 105 106 17 "7 105 105
\iscosity P 5.26 3.26 106 108 3.26 326 1.05 108 3.26 326 1.05) 1
Thermal Conductivity Bru/hr-ft-F 0.3 0.3 0.al 031 0.3 031 0.31 031 0.3 031 0.31 ]
Mass Heat Capacity Btuflb-F 0.367 0367 0.357 0.367 0367 0357 0.357 0.367 0367 0.357 0.357 0.367
Piping Lins Size in 26.0 26.0 200 200 200 280 250 200
Gemponents 60% NalNC,40% KNO; [ - 17,894,777 17894777 9,941,643 - - 2,841,643 994154297 | 1TEBATITIS | ITEMTTIIS 9,941,543
[Total Mass Flow e - 178077 78T 9,841 543 - - G041,543 6,841,543 17884, 777 7B T 5041 543
MNOTES:

1. Standard cendtions ahove defined as B0°F and 14,886 psia
2, Current pressure crops are estimated,

THIS DRAMWANG IS THE EXCLUSIVE PROPERTY OF BLACK & VEATCH
ITS ACCEPTANCE COMNETITUTES AN ACREEMENT THAT IT SHALL BE
TREATED AS ASTRICTLY COMFIDENTIAL DOCUMENT AND IS TO BE
RETURNED UPON REQUEST AND 1S MOT TO BE COMMUNICATED,
DISCLOSED, OR COPIED EXCERT A3 EXPRESELY AUTHORIZED IN
WRITING BY BLACK & VEATCH,

Figure C-9
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MAXIMUM TANK HEIGHT CALCULATIONS

This analysis is a reference to a civil engineering study prepared by B&V. The goal of this
analysis was to determine the maximum feasible height of a thermocline tank.

In designing a thermocline system, it is desirable to maximize the height of the storage tank.
Increasing the height of the tank improves the efficiency such that the volume of the tank can be
reduced. The smaller tank volume means that less salt is required to store a given amount of
energy, which reduces the overall cost of the project. The goal of this study is to determine the
maximum feasible tank height for this project.

The main consideration in this study is the amount of pressure that the soil can support. Based on
the environmental conditions of Barstow California, it was found that a spread foundation can
support approximately 10,000 Ib/ft2.

The bearing stress was calculated for tank diameters of 70, 75, 80, and 85 feet. The stress was
calculated for all heights between 8 and 40 feet tall. It should be noted that this is a liquid height,
and this does not include any empty space at the top of the tank. This space does not contribute
significantly to the bearing pressure. The reference parameters for the calculations include:

e Dia (ft): The diameter of the thermocline tank, in feet

e Height (ft): The liquid height in the thermocline tank

e Area (ft%): The area of the tank foundation

e Weight (K): The total mass of the thermocline tank contents in Kips (1,000 Ib increments)
e V (K): UBC 97 Limiting base sheer

e OTM (ft-K): Overturning moment

e P/A (K/ft®): The weight of the tank divided by the area

e S (ft®): Section modulus (inertia / distance to the edge of the tank)

e M/S (K/ft?): The overturning moment divided by the section modulus

e Bearing (ksf): The estimated bearing pressure on the soil

e ¢/D <0.123: The overturning moment divided by the weight of the structure * diameter

D-1



Maximum Tank Height Calculations

The last term is important for calculating the solar bearing pressure. When the foundation
remains in compression and e/D is less than 0.123, the soil bearing pressure can be computed by:

Bearing Pressure = Vertical Load / Area + Moment / Section Modulus

It can be seen from Table D-1 that the liquid level varies with the tank diameter. It was
determined that 39 ft could be reliably assumed for most design cases where a typical foundation
is assumed. For the purposes of this study, 39 ft was selected as the maximum liquid height for

Cases 1-7. For Case 8, a liquid height of 46 ft was selected.

Table D-1

D-2

Bearing Stress Calculations

Density (pcf) = 146.309 Allowable Soil Pressure (ksf)

= 0388 at2' = 1.500 at§'= 5,000 at10' = 10.000
Dia (it) = Height (ft) | Area (sqft) | Weight (K)| V(K) | OTM (ft-K) | P/A(ksf) | S (ch) | M/S (ksf) | Bearing (ksf) | e/D < 0.123
160 20 20,106 58,834 22824 228,237 2.926| 402124 0.568 3.494 0.0242
160 21 20,106 61,776] 23965 251,631 3.072) 402124 0626 3.698 0.0255
160 22 20,106 64,718] 25108 276,166 3.219] 402124 0.687 3.906 0.0267
160 23 20,106 67,650 26247 301,843 3.365| 402124 0.751 4116 0.0279
160 24 20,106 70,601] 27388 328,661 3.511] 402124 0.817 4.329 0.0281
160 25 20,106 73,543 28530 356,620 3.658| 402124 0887 4545 0.0303
160 26 20,106 76,485 29,671 385,720 3.804| 402124 0.859 4.763 0.0315
160 27 20,106 79,426 30,812 415,961 3.950) 402124 1.034 4.985 0.0327
160 28 20,106 82,368| 31953 447 344 4.097| 402124 14992 5.209 0.0339
160 29 20,106 85310] 33,094 479,868 4243 402,124 1.193 5.436 0.0352
160 30 20,106 88,252 34235 513,532 4.389| 402124 1.277 5.666 0.0364
160 31 20,106 91,193] 35377 548,332 4.536| 402124 1.364 5.899 0.0376
160 32 20,106 94135| 36518 584,286 4.682| 402124 1.453 6.135 0.0388
160 33 20,106 97,077 37,659 621,374 4.828| 402,124 1.545 6.373 0.0400
160 34 20,106/ 100,018] 38,800 659,604 4.975| 402124 1.640 6.615 0.0412
160 35 20,106] 102,960] 39,941 698,975 5.121] 402,124 1.738 6.858 0.0424
160 36 20,106] 105,902| 41,083 739,487 5.267| 402124 1.839 7.106 0.0436
160 37 20,106 108,844 42224 781,140 5413 402124 1.943 7.356 0.0449
160 38 20,106 111,785] 43,365 823,934 5.560| 402124 2.049 7.609 0.0461
160 39 20,106] 114,727] 44506 867,870 5706 402124 2158 7.864 0.0473
160 40 20,106 117,669 45647 912,947 5.852| 402124 2.270 8.123 0.0485
160 4 20,106] 120,610] 46,789 959,165 5.999| 402124 2385 8.384 0.0497
160 42 20,106 123,552| 47,930| 1,006,524 6.145| 402124 2503 8.648 0.0509
160 43 20,106 126,494| 49,071| 1,055,024 6.291| 402124 2624 8,916 0.0521
160 44 20,106] 129.436] 50,212] 1,104,665 6.438| 402,124 2747 9.185 0.0533
160 45 20,106 132377| 51,353| 1,155,448 6.584| 402124 2873 9.457 0.0546
160 46 20,106 135319] 52,494| 1207372 6.730] 402,124 3.002 9.733 0.0558
160 47 20,106 138261| 53,636| 1,260,437 6.877| 402124 3134 10.011 0.0570
160 48 20,106 141,202] 54,777| 1,314,643 7.023] 402124 3.269 10.292 0.0582
160 49 20,106 144144] 55918| 1,369,991 7.169) 402124 3.407 10.576 0.0594
160 50 20,106 147,086| 57,059] 1426478 7.315] 402124 3.547 10.863 0.0606
160 51 20,106| 150,028| 58,200| 1,484,108 7.462| 402124 3.691 11.162 0.0618
160 52 20,106] 152,969| 59,342| 1,542,880 7.608[ 402124 3.837 11.445 0.0630




Maximum Tank Height Calculations

Table D-1
Bearing Stress Calculations (Continued)

Dia (1) = Height (1t) | Area (sqrt)| Weight (K)] v (K) | OTM (it-K) | P/A (ks) | S (cf) | M/S (ksf) | Bearing (ksf) | &/D < 0.123
150 20 17,671 51,710 20,060 200,589 2.826] 331,340 0.600 3.6562 0.0259
150 2 17,671 54295] 21,063 221,160 3.072| 331,340] 0.667 3.740 0.0272
150 22 17,671 56,881 22,066 242 724 3.218] 331,340 0.733 3951 0.0284
150 23] 17,671 50,466] 23,069] 265202 3.365] 231,340]  0.801 4.166 0.0297
150 24 17,671 62 052 24072 288 862 3.511 331.340 0.872 4383 0.0310
150 25 17,671 64637| 25075 213,435 3.668| 331,340] 0.946 4604 0.0323
150 26] 17,671 67,223 26,078] 239,012 3.804] 331,340] 1.023 4827 0.0336
150 27| 17,671 60,808 27,081 385591 3.950] 331,340] 1103 5.054 0.0349
150 28 17,671 72,394 25,084 383,173 4.097] 331,340 1.187 5.283 0.0362
150 29 17 671 74,979 29,087 421 759 4.243| 331,340 1.273 5516 0.0375
150 30 17,671 77,565] 30,000] 451,347 4389 331,340] 1.362 5,751 0.0388
150 3 17 671 80,150 31,093] 481,938 4536| 331,340] 1.455 5690 0.0401
150 32| 17,671 82,756] 32,096] 513532 4682] 331,340]  1.550 6.232 0.0414
150 33 17,671 85,321 33,099 546,130 4.828| 331,340 1.648 6.476 0.0427
150 34| 17,671 87,007] 34,102 579,730 7.975| 331,340]  1.750 B.724 0.0440
150 35 17,671 90 492 35,105 614,333 5121 331,340 1.854 6.975 0.0453
150 36| 17,671 93,078 36,108 649,940 5.267| 331,340] 1.962 7.229 0.0456
150 37 17 671 95 663 37,111 686 549 5413 331,340 2.072 7.485 0.0478
150 38| 17,671 06,249 38,114 724,181 5.560| 331,340] 2.166 7.745 0.0491
150 39 17,671 100,834 39,117 782,776 5.706| 331,340 2.302 8.008 0.0504
150 40| 17.671] 103.420] 40120] 802395 5.852| 331,340] 2.422 8074 0.0517
150 41 17,671 106,005 41,123 843,016 5999 331,340 2.544 8.543 0.0530
150 42 17,671] 108591| 42,126] 884,640 6.145| 331,340] 2.670 8815 0.0543
150 43 17671] 111176] 43129] 927257 6.291| 331,340] 2.799 9.090 0.0556
150 44 17671] 113.762] 44.132] 970,897 6.438] 331,340] 2.930 9.368 0.0569
150 45 17,671 116,347 45,135 1,015531 6.584| 331,340 3.065 9649 0.0582
150 46 17,671 118,933 46,138| 1,061,167 6.730] 331,340 3.203 6 933 0.0585
150 47| 17,671 121518] 47,141] 1.107,806 6.877| 331,340] 3.343 10.220 0.0608
150 48] 17,671] 124104] 48,144] 1155448 7.003| 331,340] 3.487 10510 0.0621
150 49| 17671] 126889 49,147] 1204093 7.169] 331,340] 3.634 10.803 0.0634
150 50 17,671 129275] 50,150] 1253741 7315 331340 3784 11.099 0.0647
150 51 17671 131,860] 51,153 1,304,393 7.462| 331,340] 3.037 11.398 0.0650
150 52 17,671 134,446 52 156| 1,356,047 7.608| 331,340 4093 11.701 0.0672
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Maximum Tank Height Calculations

Table D-1

D-4

Bearing Stress Calculations (Continued)

Dia () = Feight () | Area (sqit) | Weight (K] V (K) | OTM (k) | F/A (ksT) | S (o) | MJS (ksf)| Bearing (ksf)] e/D < 0.125
140 20 15,394 45 045 17,474 174,744 2.826] 269382 0.649 3 57E 0.0277
140 21 15,394]  47,297| 18,348] 192,655 _ 5.072| 269,392 _ 0.715 3.768 0.0291
140 22 15,394 49 550 19,222 211,440 3.218| 269,392 0.785 4004 0.0305
140 23] 15,394]  51802] 20,006] 251,099] _ 3.365] 269,392 _ 0.858 4023 0.0319
140 24 15,304 54,054 20,969 251631 3.511 269 392 0.934 4 445 0.0333
140 35| 15,394]  56,306] 01,843] 275057  5.658| 269,392]  1.014 4671 0.0346
140 26]  15,304]  5B550| 22.717| 295317 _ 3.804] 269,392 _ 1.096 4,900 0.0360
140 37| 15,394] _ 60811| 23,600] 318,470] _ 5.950] 269,392  1.162 5130 0.0374
140 28 15,394 63,063 24 464 342 498 4.097| 269,382 1271 5.368 0.0388
140 29 15,394 65 315 25 338 367 399 4243 269392 1.364 5 607 0.0402
140 30]  15,394]  67,568] 26212] 393,173]  4.389] 269,392  1.459 5.849 0.0416
140 31| 15,394]  69,820| 07,085] 419,822]  4.536| 269,392 1558 6.004 0.0429
140 32]  15,394]  72,072] 07,950| 447,344] _ 4.662] 269,392 _ 1.661 6.342 0.0443
140 83 15,394 74,324 28,833 475,740 4.828| 269,392 1.766 6.594 0.0457
740 34| 15,304]  76,577| 26,706] 505,000]  4.075| 269,392| 1875 6840 0.0471
140 515 15,394 78,829 30,580 535,133 5121 269 392 1.987 7.107 0.0485
140 36| 15,394]  81,081| 31,454] 566,170]  5.267| 269,392  2.102 7.369 0.0499
140 37 15,394 83,333 92328 598 060 5413 269,382 2.220 7.633 0.0513
140 38]  15,394]  85586] 33,201] 630,825  5.560] 269.392]  2.342 7.901 0.0526
140 39 15,394 87,838 34,075 664 463 5706| 269,392 2 467 8173 0.0540
140 0] 15,394] 00000] 34949] 698,975  5.852] 269302 2595 8447 0.0554)
140 41 15,304 92 342 35,822 734 380 5.999| 269382 2.726 8725 0.0568
140 42| 15,394]  94,505| 36,606] 770600]  6.145| 269,392  2.861 5.006 0.0582
140 23] 15,304]  96847] 37,570] B07,753]  6.291| 269,392 _ 2.098 9.290 0.0596
140 44| 15,394]  90009| 38,444] 845759  6.438] 269,392 _ 3.140 9577 0.0610
140 45 15,394 101,351 39,317 884,640 6.584| 269,382 3.284 9.868 0.0623
140 46 15,394 103,604 40191 924 394 6.730] 269392 3.431 10162 0.0637
140 47| 15,394] 105,856| 41,065] 965,022]  6.877] 269,392  3.682 10.459 0.0651
140 48] 15,394] 108,108| 41,938| 1,008,524]  7.023| 269,302  3.736 10,759 0.0665
140 48] 15,394] 110,360] 42,812| 1,048.809]  7.169| 269,392]  5.894 11.063 0.0679
140 50 15,394 112,613 43,686 1,092,148 7.315] 269,392 4.054 11.370 0.0693
740 51| 15,304] 114,865| 44,560] 1,136,271 7 462| 260392] 4218 11.680 0.0707
140 52 15,394 117117 45 433 1,181,267 7.608| 269,382 4385 11.993 0.0720




Table D-1
Bearing Stress Calculations (Continued)

Maximum Tank Height Calculations

Dia (1) = Heignt (1) | Area (sqrt) | Weight (K)] ¥ (K) | OTM (itK) | F/A (kef) | S (of) | M/S (ks) | Bearing (ksf) | e/D < 0.123
130 5] 13.273]  29.130] 11,300 84753  2.195] 215690  0.393 2.588 0.0224
120 18] 13,273 31072 12,064 96,430 _ 2.341| 215690 _ 0.447 2.788 0.0239
130 17| 13.273|  33,014| 12,807| 108.880] 2.487| 215690] 0505 2992 0.0254
130 18] 13,273 _ 34,956| 13560 122,044]  2.634] 215690]  0.566 3.199 0.0269
130 19 13,273  36,898] 14.314] 135951 2.780] 215,680 _ 0.630 3.410 0.0253
130 20 13.273]  36840] 15067] 150672  2.006| 215690  0.699 3.605 0.0298
120 21| 13,273| _ 40.782] 15821] 168,116|  3.072] 215,690  0.770 3.843 0.0313
130 23| 13273]  42.724] 16574 182313  3.219] 215690  0.845 4.064 0.0328
130 23| 13,273]  44686] 17,327] 199,064]  3.365| 215690] 0.924 4,289 0.0343
130 24| 13273|  45608] 18081 216967]  5511] 215690  1.006 4517 0.0358
130 25| 13,273]  48550] 18834] 235425  3.668] 215690  1.001 4749 0.0373
120 26|  13,273] 50492] 19587| 254635  3.804] 215690  1.181 4,985 0.0368
130 27| 13.273|  t0.434] 20341] 274599  3.050] 215690  1.073 5.223 0.0403
130 28] 13,273| 54,376] 21,004] 295317  4.097] 215690  1.369 5 456 0.0418
120 28]  13,273| 56,318] 21,847| 316,/88|  4.243| 215,600  1.460 5712 0.0433
130 30| 13.273] 58280] 22601] 339012|  4.389] 215600 1572 5.961 0.0428
130 31 13.273] 60202] 23354 361089 4536 215600 1.678 6.214 0.0463
130 32|  13,273|  62,144] 24107| 385720  4.682] 215600  1.788 6.470 0.0477
130 33| 13273| 64086] 24861] 470204|  4.808] 215690 1.902 6.730 0.0492
130 34| 13,273]  66,028] 25614] 435442| 4975 215690  2.019 6.993 0.0507
130 35| 13273]  67,970] 26368] 461433  5.121] 215690  2.139 7.260 0.0522
130 36|  13.273] 69.912] 27.121] 488177|  5.267] 215690  2.263 7.530 0.0537
120 37| 13,273| 71,854] 27,874] 515674|  5.413| 215,600 2.391 7.804 0.0552
130 38| 13,273|  73,796] 28608] 543025 5560 215600 2522 8.082 0.0567
120 39| 13273|  75738] 29381] 572030  5.708| 215,690  2.656 8.362 0.0582
130 40| 13,273| 77.680] 30134 602,687| 5852 215680] 2794 8647 0.0597
130 4| 13.273]  79622] 30888] 643,198]  5099] 215600  2.006 8.934 0.0512
120 42| 13,273] 81564] 31.641] 664,463  6.145| 215600  3.081 9.226 0.0627
130 43| 130273]  63506] 32394 696,481 6.001] 215690 3.229 9.520 0.0642
120 A4 13273|  85448] 33148| 729,252  6.438| 215690 _ 3.381 9.619 0.0656
130 45| 13.273|  87.390] 93.901| 762,776|  6.584] 215600 3536 10120 0.0671
130 46| 13,273] 89,332] 34655] 797054]  6.730] 215690]  3.695 10.426 0.0686
130 47| 13,273| ©1274] 35408] 632,085 6.877| 215600 3.858 10.734 0.0701

D-5



Maximum Tank Height Calculations

Table D-1

D-6

Bearing Stress Calculations (Continued)

Dia () = Helght () | Area (sqit)| Weight (K)|_V (K) | OTM (ft-K) | P/A (ksf) | S (cf) | M/S (ksf) | Bearing (ksh) | /D < 0.123
120 5] 11310] 24821 9629 72,216 2135] 169.646] 0.426 2620 0.0242
120 18] 11,310] 26475 10,271 82,165 2341] _169.646] _ 0.484 2825 0.0259
120 7] __11,310] ___78.130] 10,913 92,757 2 487| _169.646] _ 05647 3034 0.0275
120 i8] 11,310] 29,785 11564] 103,090 2634] 169,646 0613 3247 0.0291
120 i8] 11,310 31440 12196 115866 2780] 169.646] _ 0.683 3463 0.0307
120 20] 11,310 33.094] 12.838] 128383 2.926] 169.646] _ 0.757 3.683 0.0323
120 2] 11,310 34749] 13.480] 141542 3072] 169,646] 0.834 3.907 0.0339
120 22| 11,310] _ 36.404] 147122] 155344  3.219] 169646  0.916 47134 0.0356
120 73] 11,310 38058] 14764 169787 3365] 169.646] _ 1.001 4 366 0.0572
120 24 11,310 39.713] 15406] 184872 3511] 169.646]  1.090 4601 0.0368
120 25 11,310 _41368] 16048 200590 3658] 169,646 1182 4840 0.0404
120 26| 11,310 43.023] 16,600 216967 3804] 160,646 1279 5.083 0.0420
120 27| 11,310 _44677] 17.332] 233978 3950] 169,646 1.379 5330 0.0436
120 28] 11,310] _ 46.332] 17,074 261,631 4037] 169.646] _ 1.483 5680 0.0453
120 28] 11,310] _ 47.987| 18.616] 269926 4243] _169.646] 1591 5 834 0.0469
120 30] 11,310  49641| 19,257| 288862 4389] 169.646] 1.703 6.092 0.0485
120 31 11,310  51296] 19899] 308,440 4536] 160,646 1818 6.354 0.0501
120 32| 11,310]  52.951] 20541] 328,661 4682] 169.646]  1.937 6.619 0.0517
120 33| 11,310] 54606] 21183] 349523 4828] 169.646]  2.060 6859 0.0533
120 34| _11,310] _ 56260] 21825 371,007 4975] _169.646| 2187 7162 0.0560
120 35| 11,310 657.015] 22.467| 293173 5121] 169,646 2316 7 438 0.0566
120 36| 11,310 59570] 23109] 415961 5 767] _169.646] 2452 7719 0.0562
120 37| 11,310]  61224] 23751] 439,391 5 413] _169.646] 2550 8.003 0.0598
120 38| 11,310]  62,8/9] 24393] 463463 5580] 169646] 2732 8292 0.0674
120 35| 11,310] 64534] 25085] 488,177 5706] 169,646 2.878 8684 0.0630
120 40 11,310] __66.189] 25677] 513532 5852] 169646 3027 8879 0.0647
120 41 11,310  67.843] 26,319] 539,530 5939] 169.646]  3.180 9.179 0.0663
120 42| 11,310 69.498] 26.960] 566,170 6145] 169646 30337 9 482 0.0679
120 43| 11310]  71.153] 27,602] 593,451 6.291] 169,646]  3.408 9789 0.0695
120 44| 11,310] 72.807| 28244] 621,374]  6.438] 169,646  3.663 10.100 0.0711
120 45| 11310]  74462] 28.886] 649940 6584] 169646]  3.831 10.415 0.0727
120 45| 11,310 76117] 29528] 679,147 6.730] 169,646  4.003 10734 0.0744
120 47| 11,310] 77.772] @0170] 708996 6877] 160,646 4179 11,056 0.0760




Table D-1

Bearing Stress Calculations (Continued)

Maximum Tank Height Calculations

Dia (ft) = Height (1t) | Area (sqrt) [ Weight (K)]_V (K) | OTM (ft-K) | P/A (ksf) | S (ch) | M/S (ksf) | Bearing (ksf) | e/D < 0.123
110 15 9503]  20856) 8,001 60,681 2.195] 130671]  0.464 2 659 0.0264
110 18 0503  22247| 8630 69.042] _ 2.341] 130671] 0528 2869 0.0282
110 17 9503  23637| 9170 77 94 7.487| 130671] 059 3084 0.0300
110 18 0503 25028 9,709 87,381 2.634] 130,671] 0669 3302 0.0317
10 iE 9503 _ 26.418] 10248 57359  2.780] 130671] 0745 35675 0.0335
110 20 9508 27,808 10,788 107,877] _ 2.026] 130,671 _ 0.826 3752 0.0353
110 77 9503] 20199] 11,327] 118936  3.072] 130,671] 0.910 3.983 0.0370
110 22 9503 30589 11,867 130532] _ 3.219] 130,671 _ 0.999 4218 0.0388
10 73 9503  31980] 12406 142668 _ 3.365| 130,671 _ 1.092 4457 0.0406
110 24 0503  3a3370] 159045 166344]  3.5611| 130671 1189 4700 0.0423
110 25 9503 34761| 13485 168559  3.658| 130,671 1.290 4948 0.0441
110 76 0,503] 36151| 14024] 182313]  3.804] 130,671] 1395 5.199 0.0458
110 27 9503  57,541| 14563 196607  3.950] 130,671] 1505 5 455 0.0476
110 28 05038 368932 165103 211440] _ 4.007| 130,671] 1618 5716 0.0494)
110 29 9503]  40322] 15642 296812] 40243 130,671 1736 5979 0.0511
110 30 0508  41,713] 16182 242724] _ 4.389] 130,671 _ 1.858 6.247 0.0529
110 31 0503  43103] 16721 260176| 4536 130671 1963 6519 0.0647
110 32 9508  44493] 17,260 276166  4.682| 130,671 2113 6795 0.0564
10 33 0503  45884] 17,800 293696  4.808| 130671 2248 7.076 0.0582
110 34 9503  47274] 18339 311766] 4075 130,671 _ 2.386 7 360 0.0600
110 35 0503  46,665| 18,879 330375  5121| 130671] 2528 7 649 0.0617
10 36 9503 50055 19418 349523]  5.267| 130,671] 2675 7 947 0.0635
110 37 0503  51,446] 19057 369,211 5413] 130,671] 2876 8739 0.0652
110 38 9508 52,836 20497 389438 5660 130,671  2.980 8540 0.0670
110 39 05038  54726] 21036 410204]  5.708| 130,671  3.139 8 845 0.0688
110 40 9503 55617| 21575 431510] 5862 130671  3.302 9.155 0.0705
110 41 9503  57,007| 227115 453,355|  5.009| 130,671  3.469 9.458 0.0723
110 42 0503 56398 22654| 47/5740] 6145 130,671 3641 9786 0.0741
110 43 9508 50788] 237194] 498664]  6.201| 130,671]  3.816 10.107 0.0758
110 a4 9508 61,179] 23733 522127|  6.438| 130,671] 3.996 10,433 0.0776
110 45 0503  62560| 24272 546130  6.584] 130,671 4179 10.763 0.0793
110 26 9503 ©65959] 24812 570672]  6.730] 130,671] 4367 11.097 0.0811
110 a7 0,503  65,360] 75351 695753] 6877 130,671] 4560 11.436 0.0829
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Maximum Tank Height Calculations

D-8

Table D-1

Bearing Stress Calculations (Continued)

100 15 7,854 17,237 6,687 50150 2195 98,175 0.511 2.705 0.0291
100 16 7,854 18,386 7,132 57,059 2.34 98,175 0.581 2.922 0.0310
100 17 7,854 19 535 7578 64 414 2.487 98,175 0.656 3.143 0.0330
100 18 7,854 20,684 8,024 72,216 2.634 98,175 0.736 3.369 0.0349
100 18 7,854 21,833 8,470 80,462 2.780 98,175 0.820 3.599 0.0369
100 20 7,854 22,9882 8,915 89,155 2.926 98,175 0.908 3.834 0.0388
100 21 7,854 24131 9,361 98 293 3.072 98,175 1.001 4074 0.0407
100 22 7,854 25,280 9,807 107 877 3.218 98,175 1.099 4318 0.0427
100 23 7,854 26429] 10,253 117,907 3.365 98,175 1.201 4.566 0.0446
100 24 7,854 27579] 10,699 128,383 3.511 98,175 1.308 4819 0.0466
100 25 7,854 28728 11,144 139,305 3.658 98,175 1.419 5.077 0.0485
100 26 7,854 29877 11,590 150,672 3.804 98,175 1.535 5.339 0.0504
100 27 7,854 31,026| 12036 162,485 3.950 98,175 1.655 5.605 0.0524
100 28 7,854 32175 12,482 174,744 4.097 98,175 1.780 5.877 0.0543
100 29 7,854 33324 12,927 187,448 4.243 98,175 1.908 6.152 0.0563
100 30 7,854 34473] 13373 200,599 4.388 98,175 2.043 6.433 0.0582
100 31 7,854 35622 13,819 214,195 4.536 98,175 2.182 6.717 0.0601
100 32 7,854 36,771 14,265 228,237 4.682 98,175 2.325 7.007 0.0621
100 33 7,854 37,921 14,711 242724 4.828 98,175 2472 7.301 0.0640
100 34 7,854 39.070] 15156 257,658 4.975 98,175 2.624 299 0.0659
100 35 7,854 40219] 15602 273,037 5.121 98,175 2.781 7.902 0.0679
100 36 7,854 41,368 16,048 288,862 5.267 98,175 2.942 8.209 0.0698
100 37 7,854 42517] 16,494 305,133 5.413 98,175 3.108 8.521 0.0718
100 38 7,854 43,666| 16939 321,849 5.560 98 175 3.278 8.838 0.0737
100 39 7,854 44,815 17,385 330,012 5.706 98,175 3.453 9.159 0.0756
100 40 7,854 45964| 17,831 356,620 5.852 98,175 3.632 9.485 0.0776
100 N 7,854 47113] 18277 374,674 5.999 98,175 3.816 9.815 0.0795
100 42 7,854 48 263] 18,723 393,173 6.145 98,175 4.005 10.150 0.0815
100 43 7,854 49412] 19,168 412,119 6.291 98,175 4.198 10.489 0.0834
100 44 7,854 50,561 18,614 431,510 6.438 98,175 4.395 10.833 0.0853
100 45 7,854 51,710f 20,060 451,347 6.584 98,175 4.597 11.181 0.0873
100 46 7,854 52 859] 20,506 471,630 6.730 98,175 4.804 11.534 0.0892
100 47 7,854 54008] 20931 492 388 6.877 98,175 5.015 11.892 0.0912




Table D-1

Bearing Stress Calculations (Continued)

Maximum Tank Height Calculations

90 15 6,362 13,962 5416 40,621 2.195 71,569 0.568 2.762 0.0323
90 16 6,362 14,892 5777 46,218 2.341 71,569 0.646 2987 0.0345
90 17 6,362 15,823 6,138 52176 2.487 71,569 0.728 3.216 0.0366
90 18 6,362 16,754 6,498 58,495 2.634 71,569 0.817 3.451 0.0388
90 18 6,362 17,685 6,860 85,174 2.780 71,569 0.911 3.691 0.0409
90 20 6,362 18,616 7,222 72,218 2.926 71,569 1.009 3.935 0.0431
90 21 6,362 19,546 7,583 79,618 3.072 71,569 1.112 4.185 0.0453
90 22 6,362 20,477 7,944 87,381 3.219 71,569 1.221 4.440 0.0474
90 23 6,362 21,408 8,305 95,505 3.365 71,569 1.334 4.700 0.0496
90 24 6,362 22339 8,666 103,990 3.511 71,569 1.453 4.964 0.0517
90 25 6,362 23,269 9,027 112,837 3.658 71,569 1.577 5234 0.0539
90 26 6,362 24,200 9,388 122,044 3.804 71,569 1.705 5.509 0.0560
90 27 6,362 25131 9,748 131,613 3.950 71,569 1.839 5.789 0.0582
90 28 6,362 26,062 10,110 141,542 4.087 71,569 1.978 6.074 0.0603
90 29 6,362 26993 10,471 151,833 4.243 71,569 2121 6.364 0.0625
90 30 6,362 27 9823] 10,832 162,485 4.389 71,569 2.270 6.660 0.0647
90 31 6,362 28854 11,193 173,498 4.536 71,569 2.424 6.960 0.0668
90 32 6,362 29785 11,554 184872 4.682 71,569 2.583 7.265 0.0690
90 33 6,362 30,716] 11,916 196,607 4.828 71,569 2.747 7.575 0.0711
90 34 6,362 31646| 12277 208,703 4.975 71,569 2.916 7.891 0.0733
90 35 6,362 32577] 12,638 221,160 5.121 71,569 3.090 8.211 0.0754
90 36 6,362 33,508] 12,999 233,978 5.267 71,569 3.269 8.536 0.0776
90 37 6,362 34439] 13,360 247,158 5.413 71,569 3.453 8.867 0.0797
90 38 6,362 353701 13,721 260,698 5.560 71,569 3.643 9.202 0.0819
90 39 6,362 36,300{ 14,082 274,599 5.706 71,569 3.837 9.543 0.0841
90 40 6,362 37 231 14,443 288 862 5.852 71,569 4.036 9.888 0.0862
90 L1l 6,362 38162| 14,804 303,486 5.999 71,569 4.240 10.239 0.0884
90 42 6,362 39,093 15,165 318,470 6.145 71,569 4.450 10.595 0.0905
90 43 6,362 40023] 15526 333,816 6.291 71,569 4.664 10.956 0.0927
90 44 6,362 40954| 15,887 348,523 6.438 71,569 4.884 11.321 0.0948
90 45 6,362 41,885 16,248 365,591 5.584 71,569 5.108 11.692 0.0970
90 48 6,362 42816) 16,610 382,020 6.730 71,569 5.338 12.068 0.0991
90 a7 6,362 43747 16,971 388,810 6.877 71,569 5.572 12.449 0.1013
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Maximum Tank Height Calculations

Table D-1

Bearing Stress Calculations (Continued)

80 10 5,027 7,354 2853 14265 1.463 50,265 0.284 1.747 0.0242
80 11 5,027 8,090 3,138 17,260 1.608 50,265 0.343 1.953 0.0267
80 12 5,027 8,825 3,424 20541 1.756 50,265 0.408 2.164 0.0291
80 13 5,027 9,561 3,709 24107 1.902 50,265 0.480 2.382 0.0315
80 14 5,027 10,296 3,994 27,959 2.048 50,265 0.556 2.605 0.0339
80 15 5,027 11,031 4,279 32,086 2195 50,265 0.638 2.833 0.0364
80 16 5,027 11,767 4,565 36518 2.341 50,265 0.726 3.067 0.0388
80 17 5,027 12,502 4,850 41,225 2.487 50,265 0.820 3.307 0.0412
80 18 5,027 13,238 5135 46218 2.634 50,265 0.918 3.553 0.0436
80 18 5,027 13,973 5421 51,496 2.780 50,265 1.024 3.804 0.0461
80 20 5,027 14,709 5706 57,059 2.926 50,265 1.135 4.061 0.0485
80 2 5,027 15,444 5,991 62908 3.072 50,265 1.252 4324 0.0509
80 22 5,027 16,179 6,277 69,042 3.218 50,265 1.374 4592 0.0533
80 23 5027 16,815 6,562 75,461 3.365 50,265 1.501 4.866 0.0558
80 24 5,027 17,650 6,847 82165 3.511 50,265 1.635 5.146 0.0582
80 25 5,027 18,386 7,132 89,155 3.658 50,265 1.774 5.431 0.0606
80 26 5,027 19,121 7,418 96,430 3.804 50,265 1.918 5.722 0.0630
80 27 5,027 19,857 7,703 103,980 3.950 50,265 2.069 6.019 0.0655
80 28 5,027 20,592 7,988 111,836 4.097 50,265 2.225 6.322 0.0679
80 29 5,027 21,327 8274 119 967 4.243 50,265 2.387 6.630 0.0703
80 30 5,027 22063 8,559 128,383 4.389 50,265 2.554 6.943 0.0727
80 31 5,027 22,798 8,844 137,085 4.536 50,265 2727 7.263 0.0752
80 32 5,027 23,534 9129 146,071 4.682 50,265 2.908 7.588 0.0776
80 33 5,027 24 269 9415 155 344 4.828 50,265 3.090 s 0.0800
80 34 5027 25,005 9,700 164,901 4.975 50,265 3.281 8.255 0.0824
80 35 5,027 25 740 9,985 174744 5.121 50,265 3.476 8.597 0.0849
80 36 5,027 26475] 10,271 184,872 5.267 50,265 3.678 8.945 0.0873
80 37 5,027 27,211 10,556 195,285 5.413 50,265 3.885 9299 0.0897
80 38 5,027 27.946] 10,841 205,984 5.560 50,265 4.098 9.658 0.0921
80 39 5,027 286821 11127 216,967 5.706 50,265 4.316 10.022 0.0946
80 40 5,027 204171 11,412 228,237 5.852 50,265 4.541 10.393 0.0970
80 M 5,027 30153] 11,697 239,781 5.999 50,265 4.770 10.769 0.0994
80 42 5,027 30888] 11,982 251,631 6.145 50,265 5.006 11.151 0.1018
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Table D-1

Bearing Stress Calculations (Continued)

Maximum Tank Height Calculations

70 10 3,848 5,631 2184 10,921 1.463 33,674 0.324 1.787 0.0277
70 11 3,848 6,194 2,403 13,215 1.608 33,674 0.392 2.002 0.0305
70 12 3,848 6,757 2621 15,727 1.756 33,674 0.467 2005 0.0333
70 13 3,848 7,320 2,840 18,457 1.902 33,674 0.548 2.450 0.0360
70 14 3,848 7,883 3,058 21,406 2.048 33,674 0.636 2.684 0.0388
70 15 3,848 8,446 3,276 24573 2195 33,674 0.730 2.924 0.0416
70 16 3,848 9,009 3,495 27 959 2.341 33,674 0.830 3.171 0.0443
70 17 3,848 9,572 3,713 31,563 2.487 33,674 0.937 3.425 0.0471
70 18 3,848 10135 3,932 35386 2.634 33,674 1.051 3.684 0.0499
70 18 3,848 10,698 4,150 39,427 2.780 33,674 1.171 3.951 0.0526
70 20 3,848 11,261 4,369 43,686 2.926 33,674 1.297 4.224 0.0554
70 Al 3,848 11,824 4,587 48,164 3.072 33,674 1.430 4.503 0.0582
70 22 3,848 12,387 4,805 52 860 3.218 33,674 1.570 4.789 0.0610
70 23 3,848 12,950 5,024 57,775 3.365 33,674 1.716 5.081 0.0637
70 24 3,848 13,514 5,242 62,908 3.511 33,674 1.868 5.380 0.0665
70 25 3,848 14077 5,461 68,259 3.658 33,674 2.027 5.685 0.0693
70 26 3,848 14,640 5679 73,829 3.804 33,674 2192 5.997 0.0720
70 27 3,848 15,203 5,898 79618 3.950 33,674 2.364 6.315 0.0748
70 28 3,848 15,766 6,116 85,624 4.097 33,674 2.543 6.639 0.0776
70 29 3,848 16,329 6,334 91,850 4.243 33,674 2.728 6.971 0.0804
70 30 3,848 16,892 6,653 98,293 4.389 33,674 2.919 7.308 0.0831
70 31 3,848 17,455 6,771 104,955 4.536 33,674 3117 7.652 0.0859
70 32 3.848 18,018 6,990 111,836 4.682 33.674 3.321 8.003 0.0887
70 33 3,848 18,581 7,208 118,935 4.828 33,674 3.532 8.360 0.0914
70 34 3,848 19,144 7,427 126,252 4.975 33,674 3.749 8.724 0.0942
70 35 3,848 19,707 7,645 133,788 5.121 33,674 3.978 9.094 0.0870
70 36 3,848 20,270 7,863 141,542 5.267 33,674 4.203 9.470 0.0998
70 37 3,848 20,833 8,082 149515 5413 33,674 4.440 9.854 0.1025
70 38 3,848 21,396 8,300 157,706 5.560 33,674 4.683 10.243 0.1053
70 39 3,848 21,959 8519 166,116 5.706 33,674 4.933 10.638 0.1081
70 40 3,848 22523 8,737 174,744 5.852 33,674 5.189 11.042 0.1108
70 1 3,848 23,086 8,956 183,580 5.999 33,674 5.452 11.451 0.1136
70 42 3,848 23,649 9174 192,655 6.145 33,674 5721 11.866 0.1164
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STEEL SENSITIZATION

If stainless steel is heated above 500°C (932°F) there is a risk that chrome may react with carbon
to form chrome carbides. These chrome carbides deplete the surrounding areas of chrome, which
decreases the corrosion resistance of the steel. This phenomenon is called sensitization. Over
time, this leads to preferential corrosion of the affected area, which can lead to cracking and
possible failure of the steel.

This phenomenon was investigated in an article that was published in a Nippon Steel Technical
Report in 2004.*° The most relevant piece of information provided in this article is a graph
indicating the temperatures and conditions at which sensitization occurs.
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Figure E-1
Steel Sensitization

The thermocline process operates at 560°C (1040 °F). At these conditions, Stainless Steel 347
(SUS347HTB in Figure E-1) became sensitized after approximately 20 hours of exposure. For
this reason, Black & Veatch selected Inconel 625 for the high temperature thermocline process.
The addition of significant amounts of nickel, chrome, niobium, and titanium decrease the
sensitization potential of the metal.

% «Development of New Austenitic Stainless Steel Boiler Tube with High Strength at Elevated Temperatures and
Intergranular Corrosion Resistance.” Nippon Steel Technical Report No 90,: July 2004,
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Table F-1

Equipment List Summary

Equipment List

EPRI Thermocline Study BLACK & VEATCH Date: 01/13/10
Barstow, California Equipment List Summary Rev: C
Project Number 165470.0010 By: RJH
Checked: MAL
Working Tank | Surge Number of Hot Pump Number of Cold Pump Preheating Preheating Fired
Design | Storage Tank ID| Height | Tank ID| Surge Tank | Hot Salt Flow |Operating Hot| Motor Size | Hot Pump | Cold Salt Flow | Operating Cold | Motor Size | Cold Pump| Cold Salt Storage Hot Salt Storage | Blower Power Heater Duty
Case (MWh) | # Tanks (ft) (ft) (ft) Height (ft) Rate (Ib/hr) Pumps (hp) AP (psia) Rate (Ib/hr) Pumps (hp) AP (psia) Temperature (°F) Temperature (°F) (hp) (MMBtu/h)
1 100 1 48 40 4.0 10.0] 1,488,444 1 75 60 826,913 1 60 60 559 752 290 8.3
2 100 1 31 40 5.0 8.0 596,493 1 30 60 331,385 1 200 260 559 1040 125 34
3 500 1 107 40 7.5 10.0] 7,442,220 3 125 60| 4,134,567 3 125 60 559 752 1400 39.9
4 500 1 69 40 8.0 10.0] 2,982,463 1 150 60| 1,656,924 1 900 260 559 1040 550 15.6
5 1000 1 152 40 11.0 10.0] 14,884,441 5 150 60| 8,269,134 5 150 60 559 752 2800 79.8
6 1000 1 98 40 11.0 10.0] 5,964,926 2 150 60| 3,313,848 2 800 260 559 1040 1100 31.3
7 3000 2 160 50[ 20.0 16.0] 44,653,323 13 200 60| 24,807,402 12 200 60 559 752 2800 79.8
8 3000 1 155 47( 140 16.0] 17,894,777 6 150 60] 9,941,543 5 900 260 559 1040 1700 47.6




Table F-2

Equipment List Summary — 100 MWh, Indirect Trough

Equipment List

EPRI Thermocline Study BLACK & VEATCH Date: 01/13/10
Barstow, California PRELIMINARY Equipment List Rev: C
Project Number 165470.0010 Design Case 1: 100MWh Storage at 752°F By: RJH
Checked: MAL
Size Electrical Mech. Design
Tag Service Qty Type Parameter 1 Parameter 2 MOC Oper. Conn. Pres Temp Notes
(HP) (HP) (psig) ")
VESSELS & TANKS
\V-101 Hot Molten Salt Surge Tank 1 Vertical TL-TL = 10 D=4 Carbon Atm 800 °F Install internal baffles tf’ minimize fluid turbulence in
Steel tank. Insulated with 17" of mineral wool.
V-102 Cold Molten Salt Surge Tank 1 Vertical TLTL = 10 D=4 Carbon Atm 600 °F Install internal baffles to minimize fluid turbulence in
Steel tank. Insulated with 13" of mineral wool.
V-103 Thermocline Storage Tank 1 API-650 TL-TL = 40' ID = 48" Carbon Atm 800 °F Cont_alnsi36 ft of packed qL!artz e,‘,nd qu_artz sand, void
Steel fraction = 0.25. Insulated with 17" of mineral wool.
v-104 Salt Melting Sump 1 Vertical TLTL= & D=9 Carbon Atm 500 °F Temporary Service. Used to melt salt for initial
Steel charging and any required upkeep.
HEAT EXCHANGERS & FIRED EQUIPMENT
Plate and Duty Csatr:;n 100.0 \Ijgrt:cl;g? duty to be included in area calculation by
E-101A/B Hot Oil/Molten Salt Exchanger 2 Frame 800°F .
56.9 MMBtu/h
D Carbon Temporary Service. Used to melt salt for initial
uty Steel Atm charging and any required upkee|
E-102 Salt Melting Heater 1 Electric 500 °F jcharging and any req pxeep.
200 kw
Carbon °
Gas Fired Duty Steel 15.0 600 °F Temporary Service: Fired heater used to heat air. Used
F-101 Quartz Preheater 1 Heater to preheat the thermocline quartz before adding salt
8.3 MMBtu/h P 4 g salt
ROTATING EQUIPMENT
Vertical _ . o . .
P-101 A/B Hot Molten Salt Pump 2 Submerged 1661 gpm dP = 60 psi By vendor 75.0 65.0 800 °F 1 operating + 1 installed spare
P-102 A/B Cold Molten Salt Pump 2 Suvben?;gled 1590 gpm dP = 60 psi By vendor 60.0 65.0 600 °F 1 operating + 1 installed spare
. Vertical _ . ° Temporary Service: 1 operating and 1 warehouse
P-103 Salt Charging Pump 2 Submerged 225 gpm dP = 60 psi By vendor 15.0 65.0 500 °F spare. Used during initial charging.
B-101 Quartz Preheating Blower 1 Rotary 22.0 MMSCFD dp = 10 inH,O Carbon 290.0 15.0 150 °F Temporary Service: Used to preheat the thermocline
Steel quartz before adding salt.
Tank Packing and Process Chemicals
M-101 Quartzite Packing 4015 ton Void Fraction: 0.25 |Density: 165 Ib/ft3| By vendor 1050.0 Packing to_cons@t of a 50:50 m|>_(ture of 1-2" quartzite
spheres mixed with a fine quartzite sand.
60:40 wt Sufficient molten salt to be provided to fill V-103 to a
M-102 Molten Salt 1230 ton NaNO3:KNO3 Standard Grade | By vendor 1050.0 normal liquid level of 39 feet.
M-103 Heat Transfer Oil 150.0 800°F Exact oil specification to be selected at a later date.
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Equipment List

Table F-3

Equipment List Summary — 100 MWh, Direct Central Receiver

EPRI Thermocline Study BLACK & VEATCH Date: 01/13/10
Barstow, California PRELIMINARY Equipment List Rev: C
Project Number 165470.0010 Design Case 2: 100MWh Storage at 1040°F By: RIH
Checked: MAL
Size Electrical Mech. Design
Tag Service Qty Type Parameter 1 Parameter 2 MOC Oper. Conn. Pres Temp Notes
(HP) (HP) (psig) (F)
VESSELS & TANKS
V-101 Hot Molten Salt Surge Tank 1 Vertical TL-TL= 8 ID=5 Inconel 625 Atm 1050 °F Install internal ba_f'fles t? minimize fluid turbulence in
tank. Insulated with 23" of mineral wool.
V-102 Cold Molten Salt Surge Tank 1 Vertical TLTL= 8 D=5 Carbon Atm 600 °F instal internal baffles to minimize fluid turbulence in
Steel tank. Insulated with 13" of mineral wool.
\-103 Thermocline Storage Tank 1 API-650 TL-TL = 40° ID = 31’ Inconel 625 Atm 1050 °F Contains 36 ft of packed quartz and quartz sand, void
fraction = 0.25. Insulated with 23" of mineral wool.
V-104 Salt Melting Sump 1 Vertical TLTL= & D=6 Carbon Atm 500 °F Temporary Service. Used to melt salt for initial
Steel charging and any required upkeep.
HEAT EXCHANGERS & FIRED EQUIPMENT
Carbon o
Gas Fired buty Steel 15.0 600 °F Temporary Service: Fired heater used to heat air. Used
F-101 Quartz Preheater 1 Heater to preheat the thermocline quartz before adding salt
4.6 MMBtu/h p q g satt
Carbon Temporary Service. Used to melt salt for initial
Duty Steel Atm charging and any required upkee
E-102 Salt Melting Heater 1 Electric 500 °F ging Y req pxeep.
75 kW
ROTATING EQUIPMENT
Vertical _ . o ) .
P-101 A/B Hot Molten Salt Pump 2 Submerged 709 gpm dP =60 psi By vendor 30.0 65.0 1050 °F 1 operating + 1 installed spare
P-102 A/B Cold Molten Salt Pump 2 s%i:t;gle ; 637 gpm dP=260psi | Byvendor | 200.0 265.0 600 °F 1 operating + 1 installed spare
. Vertical _ . o Temporary Service: 1 operating and 1 warehouse
P-103 Salt Charging Pump 1 Submerged 94 gpm dP = 60 psi By vendor 7.5 65.0 500 °F spare. Used during initial charging.
B-101 Quartz Preheating Blower 1 Rotary 3.4 MMSCFD dp = 10 inH,0 Carbon 125.0 15.0 150 °F Temporary Serwcg: Used to preheat the thermocline
Steel quartz before adding salt.
Tank Packing and Process Chemicals
. . Void Fraction: o Packing to consist of a 50:50 mixture of 1-2" quartzite
M-101 Quartzite Packing 1700 ton 0.25 Density: 165 Ib/ft3| By vendor 1050.0 spheres mixed with a fine quartzite sand.
60:40 wt Sufficient molten salt to be provided to fill V-103 to a
M-102 Molten Salt 480 ton NaNO3:KNO3 Standard Grade | By vendor 1050.0 normal liquid level of 39 feet,
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Table F-4

Equipment List Summary — 500 MWh, Indirect Trough

Equipment List

EPRI Thermocline Study BLACK & VEATCH Date: 01/13/10
Barstow, California PRELIMINARY Equipment List Rev: C
Project Number 165470.0010 Design Case 3: 500MWh Storage at 752°F By: RJH
Checked: MAL
Size Electrical Mech. Design
Tag Service Qty Type Parameter 1 Parameter 2 MOC Oper. Conn. Pres Temp Notes
(HP) (HP) (psig) (F)
VESSELS & TANKS
V-101 Hot Molten Salt Surge Tank 1 Vertical TLTL= 10 ID=76" Carbon Atm 800 °F Install internal baffles to minimize fluid turbulence in
Steel tank. Insulated with 17" of mineral wool.
V-102 Cold Molten Salt Surge Tank 1 Vertical TLTL= 10 ID=7"6" Carbon Atm 600 °F Install internal baffles to minimize fluid turbulence in
Steel tank. Insulated with 13" of mineral wool.
V-103 Thermocline Storage Tank 1 API-650 TL-TL = 40' ID = 107" Carbon Atm 800 °F Contains 36 ft of packed quartz and quartz sand, void
Steel fraction = 0.25. Insulated with 17" of mineral wool.
V-104 Salt Melting Sump 1 Vertical TL-TL = 10° D = 15' Carbon Atm 500 °F Temporary Service. Used to melt salt for initial
Steel charging and any required upkeep.
HEAT EXCHANGERS & FIRED EQUIPMENT
blate and Duty Csatrboln 100.0 Foucl;ng duty to be included in area calculation by
E-101A/B Hot Oil/Molten Salt Exchanger 2 Frame ce 800°F vendor.
284.3 MMBtu/h
D Carbon Temporary Service. Used to melt salt for initial
uty Steel Atm charging and any required upkee
E-102 Salt Melting Heater 1 Electric 500 °F ging y req pxeep.
900 kw
Gas Fired Duty Cgtrboln 15.0 600 °F Temporary Service: Fired heater used to heat air.
F-101 Quartz Preheater 1 Heater ce Used to preheat the thermocline quartz before adding
39.9 MMBtu/h salt.
ROTATING EQUIPMENT
P-101 A/B Hot Molten Salt Pump 4 SLKJenl;trlecrzled 2767 gpm dP = 60 psi By vendor 125.0 65.0 800 °F 3 operating + 1 installed spare
P-102 A/B Cold Molten Salt Pump 4 SLX;)?:g;Ied 2649 gpm dP = 60 psi By vendor 125.0 65.0 600 °F 3 operating + 1 installed spare
_ . Vertical _ . ° Temporary Service: 1 operating and 1 warehouse
P-103 Salt Charging Pump 1 Submerged 1124 gpm dP =60 psi By vendor 50.0 65.0 500 °F spare. Used during initial charging.
B-101 Quartz Preheating Blower 1 Rotary 106 MMSCFD | dp =10 in H,0O Carbon 290.0 15.0 150 °F Temporary Service: Used to preheat the thermocline
Steel quartz before adding salt.
Tank Packing and Process Chemicals
. . 20000 Void Fraction: L Packing to consist of a 50:50 mixture of 1-2" quartzite
M-101 Quartzite Packing ton 0.25 Density: 165 Ib/ft3| By vendor 1050.0 spheres mixed with a fine quartzite sand,
60:40 wt Sufficient molten salt to be provided to fill V-103 to a
M-102 Molten Salt 6100 ton NaNO3:KNO3 Standard Grade | By vendor 1050.0 normal liquid level of 39 feet.
M-103 Heat Transfer Oil 150.0 800°F Exact oil specification to be selected at a later date.
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Equipment List

Table F-5

Equipment List Summary — 500 MWHh, Direct Central Receiver

EPRI Thermocline Study BLACK & VEATCH Date: 01/13/10
Barstow, California PRELIMINARY Equipment List Rev: C
Project Number 165470.0010 Design Case 4: 500MWh Storage at 1040°F By: RIH
Checked: MAL
Size Electrical Mech. Design
Tag Service Qty Type Parameter 1 Parameter 2 MOC Oper. Conn. Pres Temp Notes
(HP) (HP) (psig) (F
VESSELS & TANKS
V-101 Hot Molten Salt Surge Tank 1 Vertical TL-TL= 8 ID = 10' Inconel 625 Atm 1050 °F Install internal ba_ffles t,(,) m|n|.m|ze fluid turbulence in
tank. Insulated with 23" of mineral wool.
V-102 Cold Molten Salt Surge Tank 1 Vertical TLTL= & ID = 10 Carbon Atm 600 °F Install internal baffles to minimize fluid turbulence in
Steel tank. Insulated with 13" of mineral wool.
V-103 Thermocline Storage Tank 1 API-650 TL-TL = 40 ID = 69' Inconel 625 Atm 1050 °F Contains 36 ft of packed quartz and quartz sand, void
fraction = 0.25. Insulated with 23" of mineral wool.
V-104 Salt Melting Sump 1 Vertical TL-TL= 10 ID =10 Carbon Atm 500 °F Temporary Service. Used to melt salt for initial
Steel charging and any required upkeep.
HEAT EXCHANGERS & FIRED EQUIPMENT
Gas Fired Duty CSatrboln 15.0 600 °F Temporary Service: Fired heater used to heat air.
F-101 Quartz Preheater 1 Heater ee Used to preheat the thermocline quartz before adding
15.6 MMBtu/h salt.
Carbon Temporary Service. Used to melt salt for initial
buty Steel Atm charging and any required upkee
E-102 Salt Melting Heater 1 Electric 500 °F ging y req pxeep.
350 kw
ROTATING EQUIPMENT
P-101 A/B Hot Molten Salt Pump 2 SL}{)enr]t(IaCrgled 3545 gpm dP =60 psi By vendor | 150.0 65.0 1050 °F 1 operating + 1 installed spare
P-102 A/B Cold Molten Salt Pump 2 SL}f)enr]tg;gled 3185 gpm dP = 260 psi By vendor | 900.0 265.0 600 °F 1 operating + 1 installed spare
. . Vertical _ . o Temporary Service: 1 operating and 1 warehouse
P-103 Salt Charging Pump 1 Submerged 472 gpm dP =60 psi By vendor 25.0 65.0 500 °F spare. Used during initial charging.
B-101 Quartz Preheating Blower 1 Rotary | 41.6 MMSCFD | dp=10inH,0 | CaPOn | 5564 15.0 150 °F Temporary Service: Used to preheat the thermocline
Steel quartz before adding salt.
Tank Packing and Process Chemicals
. . Void Fraction: oo Packing to consist of a 50:50 mixture of 1-2" quartzite
M-101 Quartzite Packing 8435 ton 0.25 Density: 165 Ib/ft3| By vendor 1050.0 spheres mixed with a fine quartzite sand.
60:40 wt Sufficient molten salt to be provided to fill V-103 to a
M-102 Molten Salt 2400 ton NaNO3:KNO3 Standard Grade | By vendor 1050.0 normal liquid level of 39 feet.




Table F-6

Equipment List Summary — 1000 MWh, Indirect Trough

Equipment List

Barstow, California PRELIMINARY Equipment List Rev: C
Project Number 165470.0010 Design Case 5: 1000MWh Storage at 752°F By: RIJH
Checked: MAL
Size Electrical Mech. Design
Tag Service Qty Type Parameter 1 Parameter 2 MOC Oper. Conn. Pres Temp Notes
(HP) (HP) (psig) (P
VESSELS & TANKS
V-101 Hot Molten Salt Surge Tank 1 Vertical TL-TL= 10 ID=11' Carbon Atm 800 °F Install internal baffles to minimize fluid turbulence in
Steel tank. Insulated with 17" of mineral wool.
V-102 Cold Molten Salt Surge Tank 1 Vertical TL-TL = 10 ID=11 Carbon Atm 600 °F Install internal baffles to minimize fluid turbulence in
Steel tank. Insulated with 13" of mineral wool.
V-103 Thermocline Storage Tank 1 API-650 TL-TL = 40° ID = 152" Carbon Atm 800 °F Contains 36 ft of packed quartz and quartz sand, void
Steel fraction = 0.25. Insulated with 17" of mineral wool.
V-104 Salt Melting Sump 1 Vertical TLTL= 10 ID = 21 Carbon Atm 500 °F Temporary Service. Used to melt salt for initial
Steel charging and any required upkeep.
HEAT EXCHANGERS & FIRED EQUIPMENT
blate and Duty Csatr:;n 100.0 Fgrl:cl;z? duty to be included in area calculation by
E-101A/B Hot Oil/Molten Salt Exchanger 2 Frame 800°F v .
568.7 MMBtu/h
Carbon Temporary Service. Used to melt salt for initial
buty Steel Atm charging and any required upkee
E-102 Salt Melting Heater 1 Electric 500 °F ging y req pxeep.
1800 kW
Gas Fired Duty CSatrboln 15.0 600 °F Temporary Service: Fired heater used to heat air.
F-101 Quartz Preheater 1 Heater €e Used to preheat the thermocline quartz before adding
79.8 MMBtu/h salt.
ROTATING EQUIPMENT
P-101 A/B Hot Molten Salt Pump 6 SLX:)en?;ZIed 3321 gpm dP = 60 psi By vendor 150.0 65.0 800 °F 5 operating + 1 installed spare
P-102 A/B Cold Molten Salt Pump 6 SLX:)en?;ZIed 3179 gpm dP = 60 psi By vendor 150.0 65.0 600 °F 5 operating + 1 installed spare
~ . Vertical _ " ° Temporary Service: 1 operating and 1 warehouse
P-103 Salt Charging Pump 1 Submerged 2248 gpm dP = 60 psi By vendor 100.0 65.0 500 °F spare. Used during initial charging.
B-101 Quartz Preheating Blower 1 Rotary 211.9 MMSCFD dp =10 in H,O Carbon 290.0 15.0 150 °F Temporary Serwge: Used to preheat the thermocline
Steel quartz before adding salt.
Tank Packing and Process Chemicals
M-101 Quartzite Packing 40200 ton Void Fraction: Density: 165 Ib/ft3[ By vendor 1050.0 Packing to consist of a 50:50 mixture of 1-2" quartzite
0.25 spheres mixed with a fine quartzite sand.
60:40 wt Sufficient molten salt to be provided to fill V-103 to a
M-102 Molten Salt 12120 ton NaNO3:KNO3 Standard Grade | By vendor 1050.0 normal liquid level of 39 feet.
M-103 Heat Transfer Oil 150.0 800°F Exact oil specification to be selected at a later date.




Equipment List

Table F-7

Equipment List Summary — 1000 MWh, Direct Central Receiver

EPRI Thermocline Study BLACK & VEATCH Date: 01/13/10
Barstow, California PRELIMINARY Equipment List Rev: C
Project Number 165470.0010 Design Case 6: 1000MWh Storage at 1040°F By: RIJH
Checked: MAL
Size Electrical Mech. Design
Tag Service Qty Type Parameter 1 Parameter 2 MOC Oper. Conn. Pres Temp Notes
(HP) (HP) (psig) (F
VESSELS & TANKS
V-101 Hot Molten Salt Surge Tank 1 Vertical TLTL= 8 ID = 11" Inconel 625 Atm 1050 °F Install internal baffles to minimize fluid turbulence in
tank. Insulated with 23" of mineral wool.
V-102 Cold Molten Salt Surge Tank 1 Vertical TL-TL= 8 ID =11 Carbon Atm 600 °F Install internal baffles t? minimize fluid turbulence in
Steel tank. Insulated with 13" of mineral wool.
V-103 Thermocline Storage Tank 1 API-650 TL-TL = 40° ID =98 Inconel 625 Atm 1050 °F Contains 36 ft of packed quartz and quartz sand, void
fraction = 0.25. Insulated with 23" of mineral wool.
v-104 Salt Melting Sump 1 Vettical | TL-TL= 10 ID = 14 Carbon Atm 500 °F Temporary Service. Used to melt salt for initial
Steel charging and any required upkeep.
HEAT EXCHANGERS & FIRED EQUIPMENT
Gas Fired Duty C;\tr:é)ln 15.0 600 °F Temporary Service: Fired heater used to heat air.
F-101 Quartz Preheater 1 Heater Used to preheat the thermocline quartz before adding
31.3 MMBtu/h salt.
Carbon Temporary Service. Used to melt salt for initial
Duty Steel Atm charging and any required upkee
E-102 Salt Melting Heater 1 Electric 500 °F ging yreq pXeep.
700 kw
ROTATING EQUIPMENT
P-101 A/B Hot Molten Salt Pump 3 sl}ﬁ:;gle g 3185 gpm dP = 60 psi By vendor | 150.0 65.0 1050 °F 2 operating + 1 installed spare
P-102 A/B Cold Molten Salt Pump 3 Sl}fji:t;g'e ; 3545 gpm dP=260psi | Byvendor [ 800.0 265.0 600 °F 2 operating + 1 installed spare
. Vertical _ . o Temporary Service: 1 operating and 1 warehouse
P-103 Salt Charging Pump 1 Submerged 944 gpm dP = 60 psi By vendor 50.0 65.0 500 °F spare. Used during initial charging.
B-101 Quartz Preheating Blower 1 Rotary 83.1 MMSCFD | dp=10inH,0 | €aMPon | 116550 15.0 150 °F Temporary Service: Used to preheat the thermocline
Steel quartz before adding salt.
Tank Packing and Process Chemicals
M-101 Quartzite Packing 16900 ton | VO Fraction: | ity: 165 Ib/ft3| By vendor 1050.0 Packing to consist of a 50:50 mixture of 1-2" quartzite
0.25 spheres mixed with a fine quartzite sand.
60:40 wt Sufficient molten salt to be provided to fill V-103 to a
M-102 Molten Salt 4740 ton NaNO3-KNO3 Standard Grade | By vendor 1050.0 normal liquid level of 39 feet.




Table F-8

Equipment List Summary — 3000 MWh, Indirect Trough

Equipment List

EPRI Thermocline Study BLACK & VEATCH Date: 01/13/10
Barstow, California PRELIMINARY Equipment List Rev: C
Project Number 165470.0010 Design Case 7: 3000MWh Storage at 752°F By: RIH
Checked: MAL
Size Electrical Mech. Design
Tag Service Qty Type Parameter 1 Parameter 2 MOC Oper. Conn. Pres Temp Notes
(HP) (HP) (psig) (F)
VESSELS & TANKS
v-101 Hot Molten Salt Surge Tank 3 Vertical TLTL = 16 ID = 20 Carbon Atm 800 °F Install internal baffles to minimize fluid turbulence in
Steel tank. Insulated with 17" of mineral wool.
V-102 Cold Molten Salt Surge Tank 3 Vertical TLTL = 16 ID = 20 Carbon Atm 600 °F Install internal baffles to minimize fluid turbulence in
Steel tank. Insulated with 13" of mineral wool.
V-103 Thermocline Storage Tank 3 API-650 TL-TL = 50° ID = 160' Carbon Atm 800 °F Contains 36 ft of packed quartz and quartz sand, void
Steel fraction = 0.25. Insulated with 17" of mineral wool.
Vv-104 Salt Melting Sump 1 Vertical TLTL = 10 ID =21 Carbon Atm 500 °F Temporary Service. Used to melt salt for initial
Steel charging and any required upkeep.
HEAT EXCHANGERS & FIRED EQUIPMENT
blate and Duty CSatrebé)In 100.0 \ljgxgcn)? duty to be included in area calculation by
E-101A/B Hot Oil/Molten Salt Exchanger 2 Erame 800°F .
1,706 MMBtu/h
Carbon Temporary Service. Used to melt salt for initial
buty Steel Atm harging and any required upk
E-102 Salt Melting Heater 1 Electric £e 500 °F charging and any requirec upkeep.
1800 kw
Gas Fired Duty C;rboln 15.0 600 °F Temporary Service: Fired heater used to heat air.
F-101 Quartz Preheater 1 Heater €e Used to preheat the thermocline quartz before adding
220.9 MMBtu/h salt.
ROTATING EQUIPMENT
P-101 A/B Hot Molten Salt Pump 14 SL}f)err:telzigled 3832 gpm dP = 60 psi By vendor 200.0 65.0 800 °F 13 operating + 1 installed spare
P-102 A/B Cold Molten Salt Pump 13 SL}{)?:;;Ld 3974 gpm dP = 60 psi By vendor 200.0 65.0 600 °F 12 operating + 1 installed spare
. Vertical _ . Temporary Service: 1 operating and 1 warehouse
- 224 dP = 60 K . ° . R .
P-103 Salt Charging Pump 1 Submerged 8 gpm 60 psi By vendor 100.0 65.0 500 °F spare. Used during initial charging.
B-101 Quartz Preheating Blower 1 Rotary 211.9 MMSCED | dp=10inH,0 | €aPon | 5550 15.0 150 °F Temporary Service: Used to preheat the thermocline
Steel quartz before adding salt.
Tank Packing and Process Chemicals
M-101 Quartzite Packing 120465 ton | VOId Fraction: | p o Gity: 165 Ib/it3| By vendor 1050.0 Packing to consist of a 50:50 mixture of 1-2" quartzite
0.25 spheres mixed with a fine quartzite sand.
60:40 wt Sufficient molten salt to be provided to fill V-103 to a
M-102 Molten Salt 36261 ton NaNO3:KNO3 Standard Grade | By vendor 1050.0 normal liquid level of 39 feet.
M-103 Heat Transfer Oil 150.0 800°F Exact oil specification to be selected at a later date.




Equipment List

Table F-9

Equipment List Summary — 3000 MWh, Direct Central Receiver

EPRI Thermocline Study BLACK & VEATCH Date: 01/13/10
Barstow, California PRELIMINARY Equipment List Rev: C
Project Number 165470.0010 Design Case 8: 3000MWh Storage at 1040°F By: RJH
Checked: MAL
Size Electrical Mech. Design
Tag Service Qty Type Parameter 1 Parameter 2 MOC Oper. Conn. Pres Temp Notes
(HP) (HP) (psig) (F)
VESSELS & TANKS
V-101 Hot Molten Salt Surge Tank 2 Vertical TL-TL= 16 ID =11 Inconel 625 Atm 1050 °F Install internal baffles to minimize fluid turbulence in
tank. Insulated with 23" of mineral wool.
V-102 Cold Molten Salt Surge Tank 2 Vertical | TL-TL= 16 ID =11 Carbon Atm 600 °F Install internal baffles to minimize fluid turbulence in
Steel tank. Insulated with 13" of mineral wool.
V-103 Thermocline Storage Tank 1 API-650 TLTL = 47 ID=155 | Inconel 625 Atm 1050 °F Contains 36 ft of packed quartz and quartz sand, void
fraction = 0.25. Insulated with 23" of mineral wool.
V-104 Salt Melting Sump 1 Vertical TL-TL = 10 D =17 Carbon Atm 500 °F Temporary Service. Used to melt salt for initial
Steel charging and any required upkeep.
HEAT EXCHANGERS & FIRED EQUIPMENT
Gas Fired Duty Csatr:;n 15.0 600 °F Temporary Service: Fired heater used to heat air.
F-101 Quartz Preheater 1 Heater Used to preheat the thermocline quartz before adding
47.6 MMBtu/h salt.
Carbon Temporary Service. Used to melt salt for initial
Duty Steel Atm charging and any required upkee
E-102 Salt Melting Heater 1 Electric 500 °F ging Yy req p p.
1100 kW
ROTATING EQUIPMENT
P-101 A/B Hot Molten Salt Pump 7 SJ{)‘?:;ZL g 3545 gpm dP = 60 psi By vendor | 200.0 65.0 1050 °F 6 operating + 1 installed spare
P-102 A/B Cold Molten Salt Pump 6 Slm:tig; ; 3822 gpm dP=260psi | Byvendor | 900.0 265.0 600 °F 5 operating + 1 installed spare
P-103 Salt Charging Pum 1 Vertical 1416 gpm dP = 60 psi By vendor | 60.0 65.0 500 °F Temporary Service: 1 operating and 1 warehouse
aing P Submerged ap p Y ! : spare. Used during initial charging.
B-101 Quartz Preheating Blower 1 Rotary | 1182 MMSCFD | dp=10inH,0 | C&POn | 47400 15.0 150 °F Temporary Service: Used to preheat the thermocline
Steel quartz before adding salt.
Tank Packing and Process Chemicals
M-101 Quartzite Packing 41810t0n | VO Fraction: 1o ity: 165 Ib/ft3| By vendor 1050.0 Packing to consist of a 50:50 mixture of 1-2" quartzite
0.25 spheres mixed with a fine quartzite sand.
60:40 wt Sufficient molten salt to be provided to fill V-103 to a
M-102 Molten Salt 11739 ton NaNO3:KNO3 Standard Grade | By vendor 1050.0 normal liquid level of 39 feet.
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COMPLETE DESIGN ESTIMATE

The cost estimates indicate that the proposed thermocline thermal energy storage system has the
potential to significantly reduce TES costs compared to a two-tank storage system. There is a
wide cost range that depends largely on the scale of the project and the operating temperature.
The cost estimates developed in this study include both direct and indirect costs with a
contingency of 15% and sales tax. They are presented in January 2010 dollars.

The results in Figure G-1 and Figure G-2 represent the total installed capital costs (direct and
indirect) for the thermocline and two-tank systems, respectively, including 15% contingency and
sales tax. Table G-1, and Table G-2 show the detailed breakdown of these costs. Values for the
systems not included in the tables were calculated through linear interpolation or linear
extrapolation.

Estimates provided in Table G-1 and Table G-2 have an uncertainty of approximately +40%/-
20% in accordance with AACE Class 4 estimate. The uncertainty with these estimates can be
reduced with additional design or demonstration of the concepts identified in this report. Detailed
modeling, design or demonstration of the following items will likely be necessary to confirm the
conceptual designs presented here:

e Dynamic modeling of thermocline
e Thermal ratcheting

e Tank materials

e Distributor design

e Other tank internals, including structural supports
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Complete Design Estimate
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Complete Design Estimate
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Table G-1

Capital Costs for Thermocline Tank Designs

Complete Design Estimate

Thermocline
Design Estimate

Design Case

100 MWh, Indirect
Trough

100 MWh, Direct
Central Receiver

500 MWh, Indirect
Trough

500 MWh, Direct
Central Receiver

1000 MWh,
Indirect Trough

1000 MWh, Direct
Central Receiver

3000 MWh,
Indirect Trough

3000 MWh, Direct
Central Receiver

1500 MWh, Indirect
Trough

3500 MWh, Direct
Central Receiver

(Thermocline Tank
ID, Height -
Number of Tanks)

(48' D, 40' T/T -1)

(31'ID, 40" T/T -1)

(107" 1D, 40' T/T -1)

(69' D, 40' T/T -1)

(152' 1D, 40' T/T -1)

(98 1D, 40' T/T -1)

(150 ID, 50' T/T -2)

(155' ID, 47" T/T - 1)

(160" ID, 50' T/T - 1)

(156' ID, 50' T/T - 1)

Direct

Foundations $676,000 $342,000 $2,670,000 $1,240,000 $5,060,000 $2,280,000 $12,000,000 $6,560,000 $5,600,000 $6,985,000
Platforms & Steel $1,117,000 $1,095,000 $1,195,000 $1,145,000 $1,255,000 $1,182,000 $1,700,000 $1,641,000 $1,400,000 $1,700,000
Storage Tanks $5,835,000 $1,715,000 $7,765,000 $7,900,000 $8,560,000 $11,700,000 $25,162,000 $31,130,000 $8,700,000 $36,900,000
Storage Tank

Insulation $291,000 $253,000 $776,000 $606,000 $1,270,000 $944,000 $1,890,000 $830,000 $1,500,000 $1,200,000
Heat Exchangers $2,930,000 $- $10,100,000 $- $17,500,000 $- $47,500,000 $- $26,300,000 $-
Quartzite

Preheating

Equipment $395,000 $215,000 $1,250,000 $636,000 $2,490,000 $1,100,000 $5,070,000 $2,360,000 $2,700,000 $2,500,000
Surge Tanks $26,000 $32,000 $84,000 $95,000 $180,000 $240,000 $390,000 $450,000 $190,000 $550,000
Pumps & PCE $1,200,000 $1,170,000 $2,430,000 $2,590,000 $4,400,000 $3,890,000 $10,500,000 $8,670,000 $5,100,000 $9,100,000
Salt Melting

System $1,520,000 $1,420,000 $2,960,000 $1,680,000 $3,230,000 $1,990,000 $4,270,000 $3,320,000 $3,200,000 $3,400,000
Interconnecting

Piping & Valves $514,000 $464,000 $945,000 $1,020,000 $1,820,000 $1,380,000 $4,000,000 $2,750,000 $1,950,000 $2,800,000
Electrical $238,000 $179,000 $238,000 $242,000 $316,000 $298,000 $1,830,000 $732,000 $340,000 $800,000
Instrumentation &

Controls $293,000 $293,000 $293,000 $293,000 $293,000 $293,000 $393,000 $343,000 $295,000 $350,000
Quartzite

($12.95/ton) $652,000 $622,000 $859,000 $709,000 $1,120,000 $819,000 $2,160,000 $1,260,000 $1,680,000 $1,350,000
Salt ($0.53/Ib) $1,500,000 $586,000 $7,440,000 $2,930,000 $14,800,000 $5,780,000 $44,200,000 $17,300,000 $19,100,000 $20,100,000
Energy

Consumption for

Salt Melting $10,000 $4,000 $46,000 $18,000 $95,000 $36,000 $300,000 $110,000 $135,000 $145,000
Direct Subtotal $17,197,000 $8,390,000 $39,051,000 $21,104,000 $62,389,000 $31,932,000 $161,365,000 $77,456,000 $78,190,000 $87,880,000
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Table G-1

Capital Costs for Thermocline Tank Designs (continued)

Complete Design Estimate

Thermocline
Design Estimate

100 MWh, Indirect

100 MWh, Direct

500 MWh, Indirect

500 MWh, Direct

1000 MWh,

1000 MWh, Direct

3000 MWh,

3000 MWh, Direct

1500 MWh, Indirect

3500 MWh, Direct

Design Case Trough Central Receiver Trough Central Receiver Indirect Trough Central Receiver Indirect Trough Central Receiver Trough Central Receiver
Indirect
Contingency (15%
on Direct) $2,580,000 $1,259,000 $5,858,000 $3,166,000 $9,359,000 $4,790,000 $24,200,000 $11,620,000 $11,729,000 $13,200,000
Sales Tax (8.75%
on material) $1,100,000 $944,000 $1,660,000 $1,990,000 $2,860,000 $3,580,000 $7,010,000 $8,190,000 $2,970,000 $3,400,000
Engineering - (3%
of direct) $516,000 $252,000 $1,172,000 $633,000 $1,872,000 $958,000 $4,850,000 $2,324,000 $2,345,000 $3,640,000
Construction
Indirects Including
Scaffolding) $1,720,000 $839,000 $3,905,000 $2,110,000 $6,239,000 $3,195,000 $15,000,000 $7,750,000 $7,819,000 $8,790,000
Construction
Management $1,500,000 $1,500,000 $1,500,000 $1,500,000 $1,500,000 $1,500,000 $3,000,000 $3,000,000 $1,500,000 $1,500,000
Indirect Subtotal $7,416,000 $4,794,000 $14,095,000 $9,399,000 $21,830,000 $14,023,000 $54,060,000 $32,884,000 $26,363,000 $30,530,000
Total $24,613,000 $13,184,000 $53,146,000 $30,503,000 $84,219,000 $45,955,000 $215,425,000 $110,340,000 $104,553,000 $118,410,000
Capital Investment
Per MW
Production $1,476,780 $791,040 $637,752 $366,036 $505,314 $275,730 $430,850 $220,680 $418,212 $202,989
Capital Investment
Per kWh, Storage $246 $132 $106 $61 $84 $46 $72 $37 $70 $34
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Complete Design Estimate

Table G-2
Capital Costs for Two-Tank Designs
100 MWh, 500 MWh, 1000 MWh, 3000 MWh,
100 MWh, Direct Central 500 MWh, Direct Central 1000 MWh, Direct Central 3000 MWh, Direct Central 3500 MWh,
Design Case Indirect Trough Receiver Indirect Trough Receiver Indirect Trough Receiver Indirect Trough Receiver Direct Trough

(Tank Diameter -
Number of Tanks) (37'-2) (23'-2) (82'-2) (52'- 2) (115'-2) (73'-2) (141'- 4) (126'- 2) (136'- 2)
Direct
Foundations $746,000 $369,000 $2,780,000 $1,280,000 $5,060,000 $2,270,000 $14,700,000 $12,000,000 $13,870,000
Platforms & Steel $1,118,000 $1,252,000 $1,095,000 $1,182,000 $1,194,000 $2,112,000 $1,144,000 $1,640,000 $2,400,000
Storage Tanks $5,616,000 $2,555,000 $13,952,000 $8,576,000 $21,341,000 $13,434,000 $41,131,000 $37,026,000 $45,400,000
Storage Tank
Insulation $103,000 $65,000 $252,000 $148,000 $391,000 $219,000 $516,000 $440,000 $900,000
Heat Exchangers $2,930,000 $- $10,100,000 $- $17,500,000 $- $47,500,000 $- $-
Quartzite Preheating
Equipment $- $- $- $- $- $- $- $- $-
Surge Tanks $- $- $- $- $- $- $- $- $
Pumps & PCE $1,440,000 $1,410,000 $2,910,000 $2,830,000 $5,120,000 $4,250,000 $12,100,000 $9,450,000 $10,100,000
Salt Melting System $1,690,000 $1,480,000 $3,240,000 $2,020,000 $3,770,000 $2,700,000 $3,770,000 $3,380,000 $3,900,000
Interconnecting Piping
& Valves $513,000 $463,000 $944,000 $1,016,000 $1,820,000 $1,383,000 $6,026,000 $2,750,000 $3,400,000
Electrical $238,000 $179,000 $238,000 $241,000 $316,000 $298,000 $1,828,500 $732,000 $800,000
Instrumentation &
Controls $293,000 $293,000 $293,000 $293,000 $293,000 $293,000 $393,000 $343,000 $350,000
Quartzite ($12.95/ton) $- $- $- $- $- $- $- $ - $
Salt ($0.53/Ib) $3,030,000 $1,210,000 $15,100,000 $6,060,000 $30,300,000 $12,100,000 $90,800,000 $36,400,000 $42,700,000
Energy Consumption
for Salt Melting $20,000 $ 8,000 $94,000 $37,000 $190,000 $80,000 $210,000 $120,000 $150,000
Direct Subtotal $17,737,000 $9,284,000 $50,998,000 $23,683,000 $87,295,000 $39,139,000 $220,118,500 $104,281,000 $123,970,000
Indirect
Contingency (15% on
Direct) $3,620,000 $2,130,000 $8,030,000 $4,500,000 $13,500,000 $7,850,000 $32,600,000 $15,642,150 $18,400,000
Sales Tax (8.75% on
material) $1,500,000 $850,000 $3,100,000 $1,800,000 $5,400,000 $3,100,000 $13,000,000 $11,600,000 $13,100,000
Engineering - (3% of
direct) $725,000 $425,000 $1,600,000 $900,000 $2,700,000 $1,600,000 $6,500,000 $3,200,000 $3,700,000
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Table G-2
Capital Costs for Two-Tank Designs (Continued)
100 MWh, 500 MWh, 1000 MWh, 3000 MWh,
100 MWh, Direct Central 500 MWh, Direct Central 1000 MWh, Direct Central 3000 MWh, Direct Central 3500 MWh,
Design Case Indirect Trough Receiver Indirect Trough Receiver Indirect Trough Receiver Indirect Trough Receiver Direct Trough
Construction Indirects
(Including Scaffolding) $2,450,000 $3,870,000 $6,120,000 $6,400,000 $5,130,000 $3,950,000 $9,240,000 $12,700,000 $13,500,000
Construction
Management $1,500,000 $1,500,000 $1,500,000 $1,500,000 $1,500,000 $1,500,000 $3,000,000 $3,000,000 $3,000,000
Indirect Subtotal $9,795,000 $8,775,000 $20,350,000 $15,100,000 $28,230,000 $18,000,000 $64,340,000 $46,142,150 $51,700,000
Total $27,532,000 $18,059,000 $71,348,000 $38,783,000 $115,525,000 $57,139,000 $284,458,500 $150,423,150 $175,670,000
Capital Investment Per
MW Production $1,651,920 $1,083,540 $856,176 $465,396 $693,150 $342,834 $568,917 $300,846 $301,149
Capital Investment Per
kWh, Storage $275 $181 $143 $78 $116 $57 $95 $50 $50

Complete Design Estimate
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Complete Design Estimate

Table G-3 provides a summary of the total installed capital costs on a per-kilowatt-hour-thermal

basis.
Table G-3
Molten Salt Thermocline Storage Capital Costs
Storage Capacity Technology Maximum TES Thermocline Cost_ Per Unit
(MWh)) Temperature Cost ($) Capacity ($/kWh))
Indirect Trough 400°C (752°F) 24,613,000 246
10 Direct Central Receiver | 560°C (1040 °F) 13,184,000 132
Indirect Trough 400°C (752°F) 53,146,000 106
°00 Direct Central Receiver | 560°C (1040 °F) 30,503,000 61
Indirect Trough 400°C (752°F) 84,219,000 84
1000 Direct Central Receiver | 560°C (1040 °F) 45,955,000 46
Indirect Trough 400°C (752°F) 104,553,000 70
1500 Direct Central Receiver | 560°C (1040 °F) 66,000,000 44>
Indirect Trough 400°C (752°F) 215,425,000 72
3000 Direct Central Receiver | 560°C (1040 °F) 110,340,000 37
Indirect Trough 400°C (752°F) 254,333,333* 73
3500 Direct Central Receiver | 560°C (1040 °F) 118,410,000 34

* Values were interpolated or extrapolated from other design case results
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Complete Design Estimate

For comparison, estimates were prepared for an equivalent set of two-tank thermal energy
storage systems. These estimates are provided in Table G-4.

Table G-4
Two-Tank Molten Salt Thermal Storage Capital Costs
Storage Capacity Technology Maximum TES Two-Tank Cost_ Per Unit
(MWh,) Temperature Cost ($) Capacity ($/kWh,)
Indirect Trough 400°C (752°F) 27,532,000 275
10 Direct Central Receiver | 560°C (1040 °F) 18,059,000 181
Indirect Trough 400°C (752°F) 71,348,000 143
°00 Direct Central Receiver | 560°C (1040 °F) 38,783,000 78
Indirect Trough 400°C (752°F) 115,525,000 116
1000 Direct Central Receiver | 560°C (1040 °F) 57,139,000 57
Indirect Trough 400°C (752°F) 166,500,000* 111*
1500 Direct Central Receiver | 560°C (1040 °F) 82,500,000* 55*
Indirect Trough 400°C (752°F) 284,459,000 95
3000 Direct Central Receiver | 560°C (1040 °F) 150,423,000 50
Indirect Trough 400°C (752°F) 312,991,000* 89*
5500 Direct Central Receiver | 560°C (1040 °F) 175,670,000 50

* Values were interpolated or extrapolated from other design case results

It can be seen from this information that the thermocline system offers the lowest installed
capital cost at each design capacity. The average savings for the thermocline system is
approximately $25 per kWh;, which is an average reduction of 24%. For the largest single-tank
designs, the savings were 37% for the indirect trough 1500 MWh; case and 33% for the direct
central receiver 3500 MWh; case. It can also be seen that the direct TES systems are less
expensive than indirect thermal energy storage due to the higher charging temperatures, which
minimizes the required storage volume. This information is presented graphically in Figure G-3.
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Complete Design Estimate
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Figure G-3
Molten Salt Energy Storage Capital Cost Estimates

It can be seen from Figure G-3 that the direct thermocline central receiver offers the most
favorable economics across the range of system sizes, with an installed cost of $34-$132/kWh:..
The second most economical option is the direct two-tank central receiver, which has an installed
cost of $50-$181/kWh;. The third most economical option is the indirect thermocline parabolic
trough design, with a cost of $70-$246/kWh;. The least economical option is the indirect two-
tank parabolic trough design, with a price of $89-$275/kWh:..

The main cost advantage for the thermocline system is the substitution of quartzite rock for
relatively expensive molten salt. The thermoclines requires roughly half as much salt as the
two-tank systems.®! For Case 7, this amounts to a savings of $45 million relative to the two-tank
design.

It was also found that direct TES systems are less expensive than indirect systems. This is
expected because direct TES does not require oil-to-salt heat exchangers to transfer heat from
the working fluid to the storage fluid, and the higher temperature of the direct central receiver
system greatly decreases the size of the TES volume required for a given storage capacity. In
Case 7 the heat exchangers amount to almost $48 million, which is 30% of the total direct cost.
These heat exchangers are not required in the central receiver design, which can use the molten
salt directly without the need for a synthetic oil system. In addition, the cost of a TES system for
a given storage capacity depends on the operating temperature of the CSP technology. The size
of the storage system is directly proportional to the temperature difference. CSP technologies
with a greater differential in the hot storage charging temperature and the cold return temperature
will require a smaller volume to store the same amount of energy. It follows that parabolic
trough storage operating at 400°C (752°F) requires roughly 2.5 times more storage volume

than tower storage operating at a charging temperature of 560°C with a nominal cold return

% Although the void fraction is 0.25, the salt has about 20% higher volumetric heat capacity than the quartzite filler.
Thus more total volume is required to store the same amount of energy in the thermocline than in the hot tank of the
two tank system. There is also some volume of the thermocline system that is free of quartzite filler, above the filler
in the thermocline and in the surge tanks and interconnecting piping.
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Complete Design Estimate

temperature of 290°C for both systems. The cost estimate results show that on average, across
the range of sizes, the capital cost for the direct central receiver is 54% of the cost of the indirect
parabolic trough.

A significant capital investment for the thermocline designs is the storage tank. The current
material selected by EPRI for this tank is 347 stainless steel. However, a detailed material
analysis may show that other metals are acceptable for this service. For comparison purposes,
cost estimates have been prepared for tanks made of 304 SS, 347 SS, and Inconel 625. This
comparison is presented in Appendix I.

Capital cost curves have been produced in Figure G-4 for the full set of cost data, which show
the installed cost per MW, as a function of storage size. It can be seen from this graph that the
installed cost decreases as the capacity of the TES increases. This is expected, as most process
equipment benefits from economies of scale. The greatest cost savings occurs between 100
and 500 MWh; of storage. In this range the capital cost per kWh; decreases nearly 60%. It is
important not to extrapolate the costs beyond the limits of the given curve. Beyond 3500 MWh;
of production it may be necessary to build more thermocline tanks, which would increase the
cost per MWh;. Below 100 MWh; it may be difficult to purchase equipment, which could drive
up costs more significantly than a simple extrapolation may suggest. The curves presented in
Figure G-4 are only a guideline based on a conceptual project, and a detailed cost estimate
should be performed for actual project planning purposes.

$1,800
2 $1600 |
= = Two-Tank Trough (Indirect)
8 $1400 r —— Thermocline Trough (Indirect)
=] $1200 | — Two-Tank Central Receiver (Direct)
@;/ ' — Thermocline Central Receiver (Direct)
= i
s $1,000
C'Q-’_ $800
S $600
]
T 3400
g
O $200 r

$-
500 1,000 1,500 2,000 2,500 3,000 3,500
Installed Thermal Storage Capacity (MWhy)
Figure G-4

Molten Salt Thermal Energy Storage Capital Cost Estimates as a Function of Installed
Capacity, $/kWh,

G-11






H

THERMOCLINE SURGE TANK

H-1



Thermocline Surge Tank
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TANK ALTERNATIVE MATERIAL COSTS

An important criterion in the design of the thermocline system is the selection of an appropriate
material for the tank. The low temperature thermocline tanks (below 850°F (454°C)) have been
designed using a high temperature carbon steel. For the high temperature thermocline tanks
(above 850°F), three materials were considered, SS304, SS347, and Inconel 625. For preliminary
cost comparison purposes, the estimated costs for the tanks using each of the materials is shown
in Table I-1. These costs are for comparison purposes only, and final material selection should be
made at the conclusion of a materials testing program.

Table I-1
Comparison of Material Costs
Design Case | Inconel 625 SS 347 SS 304
2 6,270,000 1,700,000 1,200,000
4 16,300,000 | 7,900,000 5,000,000
6 31,500,000 | 11,700,000 7,900,000
8 73,100,000 | 31,100,000 | 19,800,000
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MAXIMUM TANK CAPACITY CALCULATIONS

The current thermocline design capacity is based on a soils analysis performed in Barstow,
California. The original eight thermocline design cases assume that a standard foundation type
will be used in the construction of the tanks. The soils analysis in Appendix D provided a
maximum bearing pressure of the soil, which limited the maximum height of the thermocline
tank to 47 ft (46 ft liquid height) for the largest tanks with standard foundations. Taller tanks
exert more force on the soil, and if the bearing pressure is exceeded the foundation may not
support the tank. To determine the maximum single tank capacity, oversized foundations were
assumed to reduce the maximum soil bearing pressure by 10%. It was determined that the tanks
could be as tall as 50 ft with the oversized foundations. This increased height would increase the
maximum storage capacity of the tanks by approximately 10% to about 1500 MWh; for the
indirect trough and 3500 MWh; for the direct central receiver. The maximum storage capacities
of these optimized tanks are shown in Table J-1.

Table J-1
Maximum Storage Capacities

Tank Diameter (ft) | Tank Height (ft) | Storage Temp (°C) | Capacity (MWh)
160 46 560 3374
160 46 400 1352
160 50 560 3695
160 50 400 1481

The potential economic benefit of this option will have to be analyzed on a case by case basis
considering the thermal capacity targets and costs at specific sites. For the additional design
cases (9-12) located in Barstow, California, cost estimates were developed in Appendix G.
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Thermocline Design Details

Figure K-1
Thermocline Design Details

K-2
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Tank Mechanical Diagram
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Tank Mechanical Diagram
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ACRONYMS

ASME - American Society of Mechanical Engineers
BOP - balance of plant

CLFR - compact linear Fresnel reflector

CSP - concentrating solar power

DNI - direct normal irradiation/insolation

DOE - U.S. Department of Energy

EPC - Engineer — Procure — Construct

HCE - heat collection element

HTF — heat transfer fluid

kW — kilowatt

kWh; — kilowatt-hour thermal

LCOE - levelized cost of electricity

MW — megawatt

MWh; — megawatt-hour thermal

NREL - National Renewable Energy Laboratory
PFD - process flow diagram

P&ID - piping and instrumentation diagram
PSIA - pounds per square inch absolute

SCA - solar collector assembly



Acronyms

SEGS - Solar Electric Generating Station
SSE - Safe Shutdown Earthquake
TES - thermal energy storage

TMY - typical meteorological year
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