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REPORT SUMMARY 
SUBJECTS Power system planning and engineering I Advanced delivery system 

technology 

TOPICS Solar energy 
Solar power plants 
Technology assessment 

Solar-thermal conversion 
Digital systems 

AUDIENCE R&D engineers I Generation planners 

Molten Salt Solar-Electric Experiment 
Volumes 1 and 2 

The Molten Salt Electric Experiment assembled and tested the 
first full-system experiment of a solar central receiver plant em­
ploying molten nitrate salt as the heat transport fluid and thermal 
storage medium. This report focuses on the last two phases of the 
project: testing/operation and evaluation. Overall project data will 
help utilities evaluate the central receiver concept's technical 
status, development requirements, and potential as a renewable 
source of electricity. 

BACKGROUND The Molten Salt Electric Experiment (MSEE) employs a central receiver that 
converts solar energy to electricity, using molten salt and water/steam as 
the working fluids. The first major power plant installation employing a cen­
tral receiver was a 10-MWe pilot plant, operated by Southern California Edi­
son, which used water/steam as the thermal transport fluid in the receiver. 
Subsequent analysis and subsystem research showed the possible advan­
tages of an advanced central receiver concept that uses molten nitrate salt 
for thermal transport and storage. As a result, EPRI, DOE, and a number 
of industrial and utility cosponsors decided to assess the concept. 

OBJECTIVES To assess the capability, flexibility, and simplicity of the molten salt central 
receiver system concept; to provide performance information and operating 
experience; and to create a test-bed for component and system development. 

APPROACH The MSEE team constructed and tested a full-system central receiver solar 
power plant at DOE's Central Receiver Test Facility (CRTF) in New Mexico. 
The CRTF provided the heliostat field, tower, controls, and heat rejection; the 
receiver and thermal storage subsystems were constructed from previous sub­
system experiments and hardware. A molten salt-heated steam generator was 
the only equipment developed for the experiment. A refurbished 750-kWe ma­
rine turbine completed the plant. An engineering test and evaluation program 
was conducted. Teams of industry personnel trained to operate the MSEE 
and its digital control system evaluated the concept from a utility perspective. 

RESULTS Results indicate that the molten salt central receiver solar power system 
is technically feasible and has certain attractive features, but it requires 

EPRI GS-6577s Vols. 1 and 2 Electric Power Research Institute 
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engineering development and performance verification to establish its 

potential for economical power production. Molten nitrate salt proved to 

be an effective, inexpensive heat transfer fluid for energy collection and 

storage. The experiment also showed that molten salt storage can be 

used to decouple solar energy collection from power production, permit­

ting collection to follow solar availability and power production to follow 

user demand. Distributed digital controls were highly effective, allowing 

for the automation of many operating sequences. The high melting tem­

perature, however, of the heat transfer salt (above 430°F) caused prob­

lems in maintaining the equipment at temperatures required for startup. 

This finding raised concern about the ultimate complexity and operating 

cost of the system. In addition, the nonoptimized design of the power 
system (because of its utilization of previously existing equipment) makes 

a meaningful assessment of the potential economic viability of the con­

cept difficult. 

Volume 1 of this report describes the test and evaluation program. Vol­

ume 2 provides addenda. 

The MSEE demonstrated that the molten salt central receiver solar power 

system is technically feasible and shows promise, but it requires further 

development and performance verification to determine its potential for 

economic power production. It also demonstrates the particular effec­

tiveness of the digital control system and provides utility personnel and 

those involved in solar power plant development with a better under­

standing of the molten salt central receiver concept. However, a defini­

tive assessment of the molten salt central receiver concept awaits further 

experience with an optimized power system. Related EPRI reports include 

AP-3285, AP-4608, and GS-6573. 

RP2302-2 
EPRI Project Manager: E. A. DeMeo 
Generation and Storage Division 
Contractor: McDonnell Douglas Astronautics Company 

For further information on EPRI research programs, call 
EPRI Technical Information Specialists (415) 855-2411. 
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ABSTRACT 

The Molten Salt Electric Experiment, built at the Department of Energy's 

Central Receiver Test Facility located in Albuquerque, New Mexico, was the 

first large-scale demonstration in the United States of the technical 

feasibility of operating a solar central receiver power plant with molten 

nitrate sa It as the receiver heat transfer fluid and thermal storage 

medium. 

The experiment was sponsored jointly by the Department of Energy, the 

Electric Power Research Institute and a consortium of utilities and indus­

try. The main purpose of the project was to make a preliminary, experi­

mental evaluation of this concept's potential as applied to a utility power 

plant. 

In summary, the molten salt central receiver solar power system is tech­

nically feasible, and has certain attractive features. It does, however, 

require engineering development and performance verification in order to 

establish its potential for economical power production. 

i i i 
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SUMMARY 

INTRODUCTION 

Research and development programs on solar thermal central receiver systems 

were initiated in the early 197Os. The first central receiver system in 

the United States (Solar One) demonstrated the use of water and steam as a 

heat transfer fluid in the receiver. Subsequent studies and test programs 

investigated molten salt, liquid sodium, and hot air as heat transfer 

media. Although all have advantages, molten nitrate salt is a good choice 

for solar electric power plants with thermal storage. 

To prove the technical feasibility of such a system, a fu 11 -system power 

plant called the Molten Salt Electric Experiment (MSEE) was built at the 

Department of Energy's (DOE) Central Receiver Test Facility (CRTF) located 

at Kirtland Air Force Base, Albuquerque, New Mexico, with the support of a 

consortium of utilities, industries, the U.S. Department of Energy, Sandia 

National Laboratories, and the Electric Power Research Institute (EPRI). 

The overall objectives for the MSEE were: 

l. To verify capability, flexibility, and simplicity of molten salt 
central receiver systems. 

2. To provide performance information and operating experience. 

3. To create a test bed for future component and system development. 

This experiment was conducted in the following three phases: 

I. Construction and Integration, September 19B2-June 19B4. This 
phase included the design, construction, installation, checkout, 
and verification effort. 

I I. Testing and Training, June 19B4-December 19B4. This phase 
included system characterization tests and the operation and 
evaluation of the system by utility and industry personnel. 

S-1 



III. Integrated System Operation, January 1985-May 1985. During this 
phase, the system was operated for maximum energy collection and 
utilization. 

lhis report documents Phases II and Ill. Fo"llowing the integrated system 

operation test, the receiver was tested in the exposed configuration in 

June and July 1985 to obtain data for comparison with the cavity configura-­

tion. This effort is documented separately. Following the MSEE, the 

Molten Salt Subsystem Component Test Experiment (MSS/CTE) will be imple­

mented using a model receiver whose performance is to mode ·1 that of a 

commercial power plant. 

MSEE SYSlEM DESCRIPTION 

The MSEE converts solar energy to electricity using molten salt and water/ 

steam as the working fluids. Molten nitrate salt (60 percent NaN0
3

, 

40 percent KN0 3 ) is the energy collection and storage medium. The energy 

stored in the molten salt is then transferred to water and steam for use 

in a conventional Rankine steam cycle to generate electricity. Figure S-1 

depicts the system schematic. The receiver, located at the top of the 

CRTF tower, receives concentrated solar energy from the collector field. 

Molten salt from the "cold" (570°F) storage tank, located at ground level, 

is circulated through the receiver and heated to l,050°F. Salt then flows 

through a downcomer, and is throttled into the hot salt storage tank. Hot 

salt from storage is pumped through the steam generator and evaporator and 

is returned to the cold storage tank. Main steam from the steam generator 

is used to drive a conventional steam turbine--generator. The electricity 

generated is supplied into a utility grid network. The system is divided 

into the following subsystems: 

• The Collector Subsystem redirects, concentrates, and focuses solar 
radiation onto the tower-mounted receiver. This subsystem con­
sists of 221 two-axis tracking heliostats (211 used for MSEE.) 
located north of the receiver tower. Under optimum insolation 
and heliostat conditions, the heliostat field can concentrate 
approximately 5.5 megawatts, thermal, onto the receiver. 

S-2 
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• 1 he Receiver Subsystem, located at the top of the CRTF tower, 
intercepts and absorbs concentrated energy from the heliostat 
field and transfers this energy to the molten salt. This sub­
system consists of the receiver absorber panel, cavity enclosure 
with one vertical aperture door, insulation, heat tracing, cold 
surge tank, booster pump, hot surge tank, overflow tank, instru­
mentation, and control valves. 

• The Thermal Storage Subsystem decouples the energy collection 
process from the energy conversion process. It provides a cold 
(570°F) salt supply source for the receiver and a hot (l ,050°F) 
salt supply source for the steam generator; it absorbs or supplies 
the differences in their flow demands. Because the thermal 
storage capacity is 5.8 megawatt-hours, thermal, there is a 
limited capacity for "resource shifting." This subsystem includes 
the hot and cold salt storage tanks, propane-fired salt heater, 
the cold salt pump, and the hot and cold salt pumps. 

• The Steam Generation Subsystem transfers heat from the molten salt 
to produce superheated steam for the turbine-generator. This sub­
system includes an evaporator, steam drum, boiler water recircula­
tion pump, superheater, attemperator, and the hot salt pump. 

• The Heat Rejection and Feedwater Subsystem rejects waste heat to 
the atmosphere, and pressurizes, heats and deaerates the conden­
sate to the fina-1 feedwater conditions. This subsystem includes 
six air cooling towers, circulating water pump, deaerator, spray 
water heat exchanger, spray water pump, feedwater pump, feedwater 
heater, demineralizers, chemical feeders, water analyzers, and 
condensate makeup pump. 

• The Electric Power Generation Subsystem converts the enthalpy in 
the main steam to electricity. This subsystem includes the steam 
turbine, electric generator, electric power equipment, condenser, 
condensate pump and storage tank. 

• The Master Control Subsystem consists of an EMCDN-D2 for primary 
system control. A Bailey Network 90 system is used to directly 
control the Steam Generation Subsystem. The Network 90 operation 
and control functions are directed from the EMCDN console through 
a hardwired interface. Additionally, an Acurex Data Logger 
collects and displays all the temperature measurements relating 
to the heat tracing and data instrumentation. The logger also 
performs certain logical control functions, such as activation of 
heat trace circuitry and generation of go/no-go signals for the 
EMC0N system. The data acquisition system utilizes both the 
EMC0N-D2 and Hewlett-Packard HP-1000. EMC0N collects the data 
and HP-1000 stores and displays data. 
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• The Equipment Protection Subsystem is an independent hardwired 
relay system using dedicated sensors. It is designed to safely 
shut down the MSEE in the event of any potentially unsafe condi­
tion. The relay units are independent of the EMCON and the Net­
work 90 control systems. 

PROJECl RESULl S 

Results of the MSEE project are summarized in the folfowing tables at the 

end of this section: Table S-1, Design Configuration Evaluation; 

Table S-2, Performance; Tab-le S-3, Operationa-1 Results; and Tab-le s--4, 

Component Reliability. 

Results of the MSEE test program, as we 11 as other observations on the 

system, are briefly summarized in the second (MSEE lest Results) column of 

each table. Many of the problems encountered were due to specific facility 

limitations; these are described in the third (Discussion) column. Correc­

tive actions taken during the test program are also given in this column. 

Applicability of the results to commercial systems and design recommenda­

tions are given in the fourth column. Recommendations for further testing 

and development to be accomplished prior to considering commercial instal­

lations are given in the last column. 

ASSESSMENT OF RESULlS 

The MSEE contributed substantially to our knowledge and understanding of 

both the potential and the problems of a molten salt central receiver solar 

power plant. An overall assessment of the test program follows: 

1. The system has been demonstrated to be technically feasible. 

2. Two tank molten salt storage decouples solar energy collection 
from power production, permitting the collection to follow solar 
availability and power production to follow user demand. 

3. Molten nitrate salt is an effective, inexpensive heat transfer 
fluid for energy collection and storage. 
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4. Distributed digital controls were highly effective, and many 
operating sequences were automated. 

5. Thermal and hydraulic performance can be accurately predicted. 

6. System startup can be accomplished without excessive loss of 
collectable solar energy. 

7. The high melting point of the nitrate heat transfer salt (430°F 
to 460°F) poses important design issues while maintaining the 
temperatures required for startup. 

8. Net positive energy production has not been demonstrated, but it 
is predicted for larger scale installations because parasitics 
will not increase as rapidly as energy production. 

9. Lifetime limitations of components were not measured or observed 
because of the limited duration of the project. 

10. Most components required for this p·lant are available; further 
development is required for instrumentation and large-scale salt 
valves. 

In summary, the molten salt central receiver so·lar power system is tech­

nically feasible, and has certain attractive features. It does, however, 

require engineering development and performance verification in order to 

establish its potential for economical power production. 

REC0MMENDA1 IONS 

Based on this technical assessment, the following needs to be accomplished 

prior to the construction of commercial molten salt central receivers: 

development and qualification of certain components; some modifications to 

the current system configurations; and the development of alternate means 

of maintaining the system warm for startup. 

Specific recommendations follow in five categories: 

1. Component Development 

• Develop and qualify, at the full commercial plant scale, 
pumps, valves, and instrumentation for molten nitrate salt 
app-lication. All requirements, particularly cyclic opera­
tion, should be covered. 
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• Design and qualify water/steam components for the cyclic 
operation required in solar plants. 

2. Subsystem Tests 

• Build and test, preferably at the CRTF, a model receiver 
that incorporates the potential improvements identified in 
this program. 

• Develop and confirm, in a subsystem test, alternative methods 
of maintaining the system warm overnight. This objective 
could be combined with those of the model receiver test 
described in the preceding paragraph. 

3. Design 

• Work toward greater design simplicity. Reduce the number of 
components, particularly the receiver purge and drain valves 
and temperature monitoring instrumentation. 

• Include the requirement for cyclic operation in all component 
specifications and loop designs. 

• Design all equipment for the most rapid startup and shutdown. 

4. Programmatic 

• Include a quality assurance plan that covers both hardware 
manufacture and installation. 

5. Full-System Test 

• Conduct a large-scale (10 to 30 megawatts electric) system 
test that incorporates the results of all of the above 
developments. 
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TABLE S-1 - DESIGN CONFIGURATION EVALUATION 

COMPONENT 

SYSTEM 

MSEE TEST RESULTS 

System operated as 
designed. 

DISCUSSION 

Most problems were due to the 
use of certain previously ex­
isting equipment. 

RECEIVER General configuration Procedures were modified to 
adequate but complex. operate receiver as designed. 

THERMAL STORAGE 2 tank configuration 
was successful. 

STEAM GENERATION Functioned over full 
operating range. 

HEAT REJECTION 
AND FEEDWATER 

ELECTRIC POWER 
GENERATION 

MASTER CONTROL 

Some failures and 
control difficulties. 

40 year old turbine 
failed prior to 
systems test. 

Digital control 
functioned effec­
tively and was 
well received by 
utility operators. 

Limitations due to 
use of multiple 
systems and moder­
ate capability. 

Modifications were performed 
to allow transfer of salt 
between tanks. 

All problems can be accommo­
dated by design. 

Configuration not designed 
to model commercial system. 

Turbine repair not essential 
to solar technology demon­
stration. Turbine performance 
inferred from existing Solar 
One data. 

Used existing equipment (1976 
technology) . 

APPLICATION TO 
COMMERCIAL SYSTEM 

DESIGN 

Design all equipment for cyc­
lic operation. 

2 surge tank configuration 
recommended. 

Try to eliminate purge and 
drain valves. 

Consider multi-stage 
single pump. 

Use 2 tank configuration. 
Provide for salt transfer 
between tanks. 

Forced recirculation was 
qualified for a molten salt 
steam generator. 

Use conventional design 
practice but include cyclic 
operating requirements. 

Use state-of-the-art turbine 
with extraction ports. 

Use state-of-the-art digital 
system. 

RECOMMENDATION FOR 
FURTHER TESTING 

Test all recommended 
configuration features 
in a full system 
experiment. 



(/) 
I 
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PERFORMANCE FACTORS _MSEE.._IESLEEfillL.T.S__ 

DESIGN PROJECTED 
POINT DAILY ANNUAL 

COLLECTION EFFICIENCY 0.494 0.362 0.349 

THERMAL EFFICIENCY 
(Storage and SGS) 0.967 

STEAM-TO-ELECTRIC 0.176 
CONVERSION EFFICIENCY 

PARASITICS 

o Trace Heating(%) 

o Salt Pumps (%) 

o Collector Field 
and Controls (%) 

o SGS Circulation 
Pump & Heater(%) 

o Steam Cycle and 
Balance of Plant(%) 

311 
KWe 

19 

27 

17 

2 

35 

0.960 

5525 
___Kfilir__ 
24 hr day 

37 

17 

12 

6 

28 

0.905 

1847 
MHfu: 
Year 

43 

14 

9 

8 

26 

TABLE S-2 - PERFORMANCE 

DISCUSSION 

Predictions were: 
0.563, 0.413 and 0.411. 

Test results compared 
well with predictions 
(to within 15 percent). 

Low heliostat reflectivity 
(0.805) included in col­
lection efficiency. 

Predictions were: 
0.993, 0.978 and 0.966. 

APPLICATION TO 
COMMERCIAL SYSTEM 

Analytical Predictions 
can be used within a 
reasonable confidence 
level to estimate effi­
ciencies. 

Higher efficiencies 
are possible. 

Same as above. 

Prediction was 0.240. Not applicable. 
0.335 used to calculate 
output during Integrated 
System tests based on 
measured Solar One results 
adjusted for MSEE steam 
conditions. 

High parasitic power due 
to small size of instal­
lation and non-optimized 
design. 

Steam cycle and balance of 
plant values are based 
on normalized Solar One 
results. 

Overnight hold standby 
power requirements contri­
buted substantially to 
daily and annual para­
sitics. 

Parasitic Power is a 
major factor to consider 
in commercial plant 
design. 

Less parasitic power is 
possible with optimized 
design at commercial size. 

Alternative heat sources 
such as circulating hot 
salt, should be evaluated 
for overnight standby. 

RECOMMENDATION FOR 
FURTHER TESTING 

Develop and test subsystem 
configurations with higher 
efficiency. 

Test alternative features 
selected for the commercial 
system design. 
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TABLE S-3 - OPERATIONAL RESULTS (PAGE 1) 

OPERATION 

WARM UP - RECEIVER 
PANEL 

STARTUP 
Receiver 

Steam Generator 

HRFS and EPGS 

STEADY STATE 

MSEE TEST RESULTS 

Efficient early morning 
warmup with heliostats 
demonstrated (50 minutes 
after flat horizon* 
sunrise). 

DISCUSSION 

Uses only 0.3% of clear 
day's energy. 

Rapid receiver startup Minimum loss of useful 
demonstrated (65 minutes energy. 
after flat horizon* 
sunrise). 

Flexible operations 
demonstrated - could 
start SGS first. 

Startup frequently 
delayed due to '"cold'" 
salt components. 

55 minute startup 
demonstrated. 

Startup sequenced with 
EPGS. 

105 minutes required 
from pretest to full 
power. 

Full system operation 
was stable and required 
minimum operator inter­
vention 

Startup can be sequenced 
according to inventory in 
thermal storage. 

Windshielding, new insula­
tion and active trace 
heater controls reduced 
frequency of delays. 

40 minutes is the minimum 
based on warmup rates. 

Turbine startup simulated 
for integrated system test 
due to prior turbine 
failure. 

Excessive startup time due 
to facility limitations 
and sequencing with SGS. 

See discussions under de­
coupling and automated 
operation. 

*Actual sunrise over local mountains is 15 minutes later than flat horizon. 

APPLICATION TO 
COMMERCIAL SYSTEM 

Warmup using hello­
stats is tentatively 
recommended. Should 
be compared with 
overnight salt flow. 

Applicable. 

Flexibility is 
available. 

Would not apply if re­
commendation of flow­
ing salt for overnight 
hold is adopted. 

Startup of commercial 
size unit could be 
longer. 

Steam generator and 
turbine generator sub­
systems should be 
designed for simul­
taneous startup. 

Startup of commercial 
scale unit could be 
longer. Integrated 
startup (see above) 
would reduce this time. 

MSEE demonstration is 
applicable to 
commrcial systems. 

RECOMMENDATION FOR 
FURTHER TESTING 

Refine and improve 
warmup patterns. 

Demonstrate for new 
configurations simulating 
a commercial design. 

Automated, simultaneous 
startup with SGS. 

Test with selected over­
night hold condition. 

Demonstrate most rapid 
startup. 

Test the automated, 
integrated startup 
sequence. 
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OPERATION 

TRANSIENTS 

DECOUPLING OF ENERGY 
COLLECTION AND 
UTILIZATION 

AUTOMATED OPERATION 
Receiver Loop 

Steam Generator 

HRFS and EPGS 

OVERNIGHT HOLD 
Receiver 

Steam Generator 

HRFS and EPGS 

TABLE S-3 - OPERATIONAL RESULTS (PAGE 2) 

MSEE TEST RESULTS 

Receiver outlet semper­
ature derated 50 F 
during partly cloudy 
conditions. 

Receiver turndown ratio 
limited to 3 to 1. 

Fully demonstrated. 

Fully automated. 

Most operations 
automated. 

Not automated. 

Drained and maintained 
warm with trace heaters 
(except receiver panel). 
System was frequently 
""cold"" by morning. 

Salt loop drained and 
maintained warm with 
trace heaters. 

Electric startup heater 
used to maintain water 
temperature above salt 
freezing point through­
out the night. 
Restart on daily basis 
caused various problems. 

DISCUSSION 

Receiver
0
controls allowed 

up to 70 F temperature 
overshoot with severe 
cloud transients. 

3 to 1 turndown in speci­
fication. Limit imposed 
in order to increase flow 
rapidly enough following 
a cloud transient. 

Allowed flexible startup 
and operation and per­
mitted all subsystems to 
operate at maximum 
effieiency. 

Routinely performed by 
utility operators. 

Manual operations were 
required for transitions 

Facility and control 
system limitations 
prevented automated 
operation. 

Excessive heat loss due to 
high winds, gaps in insul­
ation, and trace heater 
failures. 

Electric trace heaters 
have high parasitic 
power usage and relia­
bility problems. 

Cold warmup from ambient 
would have taken 
approximately 6 hours. 

Much of the equipment 
was not designed for 
cyclic operation. 

APPLICATION TO 
COMMERCIAL SYSTEM 

Not applicable if 
control alogrithm is 
based on flux measure­
ments. An indirect flux 
measurement method is 
preferred to anticipate 
changes in flow require-
ments. 

RECOMMENDATION FOR 
FURTHER TESTING 

Test with recommended 
control algorithm. 

5 to 1 turndown ratio Test with 5 to 1 
should be used. Design turndown. 
control system to 
accommodate. 

Applicable. Storage 
can be selected for 
desired duty cycle. 

Applicable. 

Full automation can 
be achieved. 

Full automation could 
be achieved. 

Test new configurations 
and control alogrithms. 

Test fully automated 
operation. 

Test automated 
operation. 

Alternatives to elec- Test selected approach. 
tric trace heating 
should be investigated. 

See recommendations Test selected approach. 
for receiver. 

Not required if over­
night salt circulation 
is used. 

Design for cyclic oper­
ation to accommodate 
daily startup and 
shutdown. 
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COMPONENT 

TRACE HEATERS 

SALT PUMPS 

SALT VALVES 

WATER/STEAM EQUIPMENT 

INSTRUMENTATION 

MASTER CONTROL 

TABLE S-4 - COMPONENT RELIABILITY 

MSEE TEST RESULTS 

More than 25 failures 
occurred. 

No problems with hot 
salt pump. High inter­
nal leakage in cold 
pump. Boost pump freeze 
up and bearing failure. 

Problems with internal 
and external leakage. 

Numerous leaks and 
problems. 

Procedures changed to 
operate with 
inaccurate readings. 

Integration of existing 
hardware with limited 
compatibility resulted 
in numerous problems. 

DISCUSSION 

Use of redundant heaters 
and repairs kept system 
operational. 

Vertical cantilever pumps 
performed well. 

Operating procedures 
revised to accommodate 
internal leakage. Signi­
ficant downtime required 
to fix external leakage. 

Existing equipment used. 

See text, Section 3. 

Caused significant 
downtime. 

APPLICATION TO 
COMMERCIAL SYSTEM 

Install at least dual 
redundant heaters and 
keep junctions exposed. 

Consider alternatives 
recommended for over­
night hold under 
operations. 

Use vertical cantilever 
pumps. Design for full 
head requirements. 

RECOMMENDATION FOR 
FURTHER TESTING 

Test selected design. 

Design system to Develop and test commer-
accept internal leakage. cial size valves and 
Add isolation valves. packing material. 

Design for cyclic oper­
ation. This is a major 
new requirement for 
many of the components. 

Design to eliminate 
problems. 

Include automatic 
diagnostic system and 
sufficient spares. 

Utilize results of on­
going development of 
digital controls for 
power plants. 

Qualify for cyclic 
operation 

Test improved trans­
ducers. 

Test system with 
automatic diagnostics. 



BACKGROUND 

Section 1 

INTRODUCTION 

Research and development programs on solar thermal central receiver systems were 

initiated in the early 197Os. The first central receiver system in the United 
States (Solar One) demonstrated the use of water and steam as a heat transfer fluid 
in the receiver. Subsequent studies and test programs investigated molten salt, 
liquid sodium, and hot air as heat transfer media. Although all have advantages, 
molten nitrate salt is a good choice for solar power plants with thermal storage. 

To prove the technical feasibility of such a system, a full-system power plant 

called the Molten Salt Electric Experiment (MSEE) was built at the Department of 
Energy (DOE) Central Receiver Test Facility (CRTF) located at Kirtland Air Force 
Base, Albuquerque, New Mexico. The CRTF heliostat field concentrates reflected 

solar energy onto a molten salt cooled solar receiver located on top of the 2OO­
foot CRTF test tower. Molten salt is pumped from a "cold" salt storage tank at 

ground level up the tower to the solar receiver. There it is heated by 
concentrated solar energy and then returns to a "hot" salt storage tank at ground 

level. A hot salt pump delivers salt from the hot tank to a molten salt steam 

generator. The generator produces steam to power a turbine-generator which, in 

turn, feeds electricity into the local power grid. 

This project was conducted in the following three phases: 

I. Construction and Integration, September 1982-June 1984. This phase 
included the design, construction, installation, checkout, and 
verification efforts. The results of this phase are documented in 
References 1, 2, and 3. 

II. Testing and Training, June 1984-December 1984. This phase included 
system characterization tests and the operation and evaluation of 
the system by utility and industry personnel. 

III. Integrated System Operation, January 1985-May 1985. During this 
phase, the system was operated for maximum energy collection and 
utilization. 
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Th1s report documents Phases II and III. Fol1ow1ng the integrated system operation 

test, the rece1ver was tested in the exposed configuration in June and July 1985 to 
obtain data for comparison to the cavity configuration. This effort is documented 

separately. 

A consortium consisting of utilities, industries, and EPRI helped construct and 

support operation of the experiment. The consortium supplied nearly half of the 
project's funding through cash contributions or donations of engineering services. 
The balance of project funding was supplied by the DOE, through Sandia National 

Laboratories. 

The Testing and Training and Integrated System Operation efforts were conducted by 

McDonnell Douglas Astronautics Company (MDAC) under contract to EPRI. 

The following organizations participated in the MSEE: 

Arizona Public Service Company 
Bechtel Power Corporation 
Babcock & Wilcox 
Black and Veatch Consulting Engineers 
U.S. Department of Energy 
Electric Power Research Institute 
Foster Wheeler Company 
Martin Marietta Corporation 
McDonnell Douglas Astronautics Company 
Olin Chemical Group 
Pacific Gas & Electric Company 
Public Service Company of New Mexico 
Sandia National Laboratories 
Southern California Edison Company 

OBJECTIVES 

The MSEE was the first full-system feasibility demonstration of a solar thermal 

central receiver electric power plant using molten nitrate salt for energy collec­
tion and storage. The test and evaluation program was designed to provide data and 
experience for use in the design and operation of future commercial scale plants. 
Operation of the MSEE by utility and industry personnel made a significant 
contribution to this goal by providing familiarization with the operation of this 
type of solar power plant. The integrated system operation portion of MSEE 
demonstrated efficient early morning startup and the capability for energy col­
lection and utilization over a wide range of solar conditions. 
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MSEE Overall Objectives 

The following overall objectives were established for the MSEE project: 

1. Verify capability, flexibility, and simplicity of the molten salt 
central receiver. 

2. Provide performance information and operating experience. 

3. Create a test bed for future component and system development. 

_!;_gnstruction and Integration Specific Objectives 

The specific objectives for the construction and integration of MSEE are as follows: 

1. Verify that the system operates as an integrated unit. 

2. Demonstrate performance in all operating modes. 

3. Provide baseline characterization for the system. 

4. Develop safe operating procedures for follow-on testing in engineer­
ing testing and training operations. 

5. Train test personnel to operate the MSEE. 

6. Check out the system for all engineering testing and training 
operating conditions. 

Testing and Training General Objectives 

The primary objectives were to test and evaluate the MSEE and train operators in 

the operation of the MSEE and are as follows: 

1. Obtain, evaluate, and document performance data for each subsystem 
and total system interaction sufficient to verify design and 
identify uncertainties. 

2. Define the operating range, flexibility, and limitations of the 
system as installed. 

3. Document performance results and evaluations that may be used for 
scaleup. 

4. Identify and prioritize areas that need additional development. 

5. Verify that equipment protection system functions properly in all 
modes of operation. 

6. Provide training and hands-on operating experience for utility and 
industry personnel. 
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~ecific Goals for Testing and Training 

The following specific goals were developed by the MSEE Technical Commitlee: 

1. Demonstrate system performance: 

·-At design point operating conditions for all subsystems. 
-Of control concept and subsystem interaction. 

--To evaluate overall performance efficiency. 

2. Determine the response of the system to deviations (transients) from 
design conditions: 

· -Naturally occurring, including clouds, and unanticipated outages. 

--Controlled disturbances to determine limits (cold and hot startups, 
shutdowns, etc.). 

3. Develop the appropriate operating strategies to maximize solar 
energy utilization. 

4. Collect thermal/hydraulic and thermal/mechanical design data to 
support design assumptions and to determine acceptable heatup and 
cooldown rates of steam generation subsystem. 

5. Provide data to evaluate the mechanical reliability of individual 
components through: 

--Regular inspections (visual and nondestructive). 

-Post-failure examination. 

--A plan for post-test inspections of critical components for 
corrosion, erosion, wear, cracking, etc. 

6. Provide performance data to compare analytical predictions with 
operational data, and update the control models and the system 
models where required. 

7. Document results and actions via: 

-Interim quarterly presentations covering results, conclusions and 
action plans. 

--Final MSEE report. 

Inte_g_ra ted Sys tern !)_M_ra t i_Q!l __ Obj ect i ves 

During this final portion of the MSEE the turbine-generator failed and the system 

was operated using a computer simulated turbine-generator. The original objectives 

were as follows: 

l. Fully characterize and evaluate the system and subsystem performance 
of the MSEE. 
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2. Develop operating procedures and control strategies that are 
applicable to the design and operation of a utility power plant. 

3. Determine the daily system performance characteristics and estimate 
the annual power output of the MSEE. 

4. Determine the thermal losses of the receiver in the cavity 
configuration with the door open and closed. 

Data Team Revised Objectives for Integrated System Operation 

Prior to starting the integrated system operation a data team consisting of utility 

and industry experts was assembled to review the overall objectives and system 

readiness of this portion of the MSEE. 

Two of the original integrated system operation objectives were revised by the data 

team as follow: 

1. Maximize operating time within constraints of test personnel and 
operate the system through extended transients to obtain data even 
if parasitics exceed power production. 

2. Operate system as utility power plant and identify design, 
operating, and personnel limitations. 

-Characterize MSEE subsystems. 

--Estimate annual net electrical power output of MSEE based on Solar 
One electric power generator subsystem efficiency and MSEE steam 
generation system efficiency. 

Rat}.Q.nale for Data Team Revision of Test Objectives 

1. MSEE configuration was not designed to maximize net electrical power 
production; results could be misinterpreted. 

2. Personnel resources were not available to maximize electrical power 
production from sunrise to sunset. 

3. Maximizing production of net electricity would limit operation of 
receiver and steam generator during extended transient periods. 

4. Adherence to the original objectives would delay the start of 
testing and require additional unavailable test personnel. 

This report covers the period from April 9, 1984, through May 11, 1985. Construc­

tion and integration tests were completed on July 18, 1984. Engineering character­

ization tests were started on June 13, 1984, and utility training started on 

September 4, 1984. The test and training program was completed on December 21, 

1984. Integrated system operations were conducted from January 2, 1985, through 
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May 11, 1985, with systems refurbishment from January 2, 1985, through April 12, 

1985. 

Volume 2 of this report contains various important documents related to the MSEE. 
These are available from the EPRI Project Manager and include the following: 

Addendum A, Phase II Test Plan 
Addendum B, Test Procedures 
Addendum C, Test Data 
Addendum D, Test Conductor's Daily Log 
Addendum E, Reliability Audit Report 
Addendum F, Master Control Subsystem Display 
Addendum G, Receiver Freeze/Thaw Report 
Addendum H, Turbine-Generator Failure 

An aerial photograph of the MSEE system is shown in Figure 1-1. 
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Section 2 

MSEE SYSlEM DESCRIPTION 

The MSEE was designed to demonstrate the conversion of solar energy to electricity 

using molten salt and a water/steam mixture as the working media. Molten nitrate 

salt is the energy collection and thermal storage medium. The energy stored in the 

molten salt is then transferred to the water/steam mixture for use in a conven­

tional Rankine steam cycle to generate electricity. Figure 2-1 depicts the system 

schematic. The receiver, located at the top of the CRTF tower, receives con­

centrated solar energy from the collector field. Molten salt from the "cold" (570 

deg F) storage tank, located at ground level, is pumped up the tower piping and 

through the receiver and heated to 1050 deg F. Salt then flows through a down­

comer, and is throttled into the hot salt storage tank. Hot salt from storage is 

pumped through the steam generator superheater and evaporator and is returned to 

the cold storage tank. Main steam from the steam generator is used to drive a 

conventional steam turbine-generator. Electricity generated is supplied to a 

utility grid network. The system is divided into the following subsystems: 

1. Collector (CS) 

2. Receiver (RS) 

3. Thermal storage (TSS) 

4. Steam generation (SGS) 

5. Heat rejection and feedwater (HRFS) 

6. Electric power generation (EPGS) 

7. Master control (MCS) 

8. Equipment protection system (EPS) 

Data describing the MSEE system are summarized in Table 2-1. A complete detailed 

description of the MSEE subsystems is contained in the following subsections. 

COLLECTOR SU8SYS1EM 

The collector subsystem redirects, concentrates, and focuses solar radiation onto 

the tower-mounted receiver. This subsystem consists of 221 two-axis tracking 

2-1 



N 
I 

N 

Electric Power 
Generation Subsystem 
IEPGSI 

Turbine 

Condenser 

~ 

~ 

-Hot 
Surge 
Tank 

r-----
1 

I 
I 
I 
I 
I 
I 
I 

Hot Sump 
& Pump 

Receiver Subsystem IRS, 

-

7-MW Coolln11 ~ 

- -•----------•---~----

Towen 

Heat Rejection & 
Feedwater Subsystem 
IHRFSI Feedwater Heater 

Figure 2-1. 

! 
I 
I 
I 
I 
I 

MSEE System Schematic 

- -

Steam Generation Subsystem (SGSI 

t 
Thermal Storage 
Subsystem (TSSI 



Table 2-1 

MSEE DATA 

Location -- CRTF, Kirtland Air Force Base, Albuquerque, NM 

Heliostat Field - Existing field of 221 heliostats each with 400 ft2 of 
mirror surface. 

Tower -- Existing concrete tower, 200 feet high with internal lifting 
module. 

Master Control -- EMCON 0-2 distributed digital control system with central 
consoles; separate equipment protection system. 

Receiver Refurbished from previous Subsystem Research Experiment 
designed and built by Martin Marietta. 
t Rating: 5 MWth 
• Salt temperatures: in - 570 deg F; out - 1050 deg F 
• Configuration: cavity with door 
• Absorber: Single panel of 3/4-in. Incoloy 800 tubes (18 

passes, 16 tubes per pass) 
• Peak flux: 630 kW/m2 (200,000 Btu/hr - ft2) 

Thermal Storage - Existing from previous Subsystem Research Experiment 
• Rating: 5.8 MWth hr when operating between 570 deg F and 

1050 deg F 
• Type: 2-tank 
• - Hot tank, internal insulation 

- Cold tank, external insulation 

Steam Generator - Supplied by Babcock and Wilcox 
• Type: Forced recirculation 
• 2 units: evaporator and superheater (both U-tube, 

U-shell) with steam drum separator 
• Rating: 11,000 lb/hr of steam at 940 deg F and 1100 psi 

( 3. 13 MWth) 
• Prototypical of commercial design 

Turbine-Generator -- GE rebuilt unit 

Heat Rejection and 

• Marine turbine 
• 750 kWe rating (500 kWe under nominal operating 

conditions) 

Feedwater System - Existing at CRTF 
• Feedwater treatment only 
• 20,000 gallon demineralized water storage 
• Dry cooling, 7 MWth apacity 
• Spray water heat exchanger to reject heat when turbine 

not in use or tripped off line 
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heliostats (211 used for MSEE) located north of the receiver tower (Figure 2-2), 

and a control system. Under optimum insolation and heliostat conditions, the 
heliostat field can concentrate approximately 5.5 MW onto the receiver. 
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Figure 2-2. General Layout of the Heliostat Array 

Each heliostat has 25 individual mirror facets totaling 37.2 m
2 

(400 ft
2

) of 
reflective surface. All facets are mounted on a structure and are individually 

adjusted to provide a concentration ratio of approximately 25 to l on the receiver. 

The structure has motor-driven azimuth and elevation gimbals, which allow it to 

track the sun during the day. 
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Heliostats are operated from the control room by the CRTF collector control system. 
This control system is separate from the MSEE master control subsystem. The col­
lector control system analyzes heliostat operating commands from a number of 
programmed test sequences or from the facility heliostat operator. Control signals 
are distributed to the heliostats to obtain the desired heliostat positions. 

RECEIVER SUBSYSTEM 

The receiver subsystem, located at the top of the CRTF tower (Figure 2-3), 
intercepts and absorbs concentrated energy from the heliostat field and transfers 
this energy to the molten salt. The salt is heated from 570 deg F to 1050 deg Fin 
the receiver. This subsystem consists of the receiver absorber panel, cavity 
enclosure with a vertical aperture door, insulation, heat tracing, cold surge tank, 
boost pump, hot surge tank, overflow tank, instrumentation, and control valves. 

5-MW 
Sol~r Receiver 
18 Passes- 16 Tubes per Pau H:: ................... ~ ................................................ T .... I= .. ! .. "'~·~•y .... l=.I=l= ""' ' ~r ····::·:: .. ··· ............. ,. I r: :r: . f=: I : 
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i I ! .................................... =. ................................. ~ .... ! •••• Ji .... ~ ........... ::: ........ J 

! i TE 161 I i:.~~::J 
j t : ~ 0 FCV 199 i : ................................................................................................................. , .. ~11111111r::l<J11111111111 
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8ypa~ To Cold 
Salt Storage 

Figure 2-3. Receiver Subsystem Schematic 
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The receiver absorber is a single flat panel (18 feet x 11 .5 feet), with a cavity 

aperture (9 feet x 9 feet), with 18 serpentine vertical passes having 16 tubes per 

pass of Incoloy 800 material with 19 mm (0.75 in.) outside diameter x .065 wall. 

Purge and drain valves for filling and draining are provided for each pair of 

passes. 

The receiver surge tanks are designed to dampen changes in the salt flow rate. In 

addition, temporary salt flow through the receiver is provided by the pressurized 

cold surge tank in the event of a cold salt pump outage. The hot surge tank 

operates at atmospheric pressure; it is vented to an adjacent overflow tank in the 

event of a control problem in the salt downcomer throttle valve. 

Cold salt is pumped through the receiver by a cold salt booster pump that takes its 

suction from the discharge of the cold salt pump and pumps the salt up the tower. 

The hot salt line leaves the hot surge tank and flows through the downcomer to the 
base of the tower and across the pipe bridge to a control valve, where it is 
throttled into the hot storage tank. All salt piping is electrically heat traced, 

insulated with calcium silicate and aluminum sheathing, and properly inclined to 

ensure complete draining. 

The receiver components are listed in Table B-1, Appendix B. Valves are described 

in Table B-2, Appendix B. Instrumentation is listed in Table 8-3, Appendix 8. 

Control loops are described in Table 8-4, Appendix B. 

THERMAL STORAGE SUBSYSTEM 

The thermal storage subsystem (Figure 2-4) decouples the energy collection process 

from the energy conversion process. It provides a cold (570 deg F) salt supply 

source for the receiver and a hot (1050 deg F) salt supply source for the steam 

generator; it absorbs or supplies the differences in their flow demands. Because 

the thermal storage capacity is 5.8 MWht there is a limited capacity for "resource 

shifting." In addition, the subsystem can furnish energy to provide thermal condi­

tioning (in lieu of trace heaters) for the receiver, steam generator, and salt 
piping. This subsystem includes the hot and cold salt storage tanks, propane-fired 

salt heater, cold salt pump, and cold salt sump. 
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The salt pumps are of a vertical cantilever design. The impeller and the casing 

are suspended below the liquid level in a sump. Pump bearings are located above 

the liquid level and do not contact the salt. 

Design of the hot salt tank (10 feet inside diameter x 20.5 feet high) allows the 

use of carbon steel in the structural portions of the tank. An internal refractory 

insulation is used to limit the temperature of the walls, roof, and floor. A 

waffled Incoloy liner separates the salt and the internal insulation. The outside 

of the tank is insulated in the conventional manner with calcium silicate and 

aluminum sheathing. Design of the cold salt tank (12.3 feet inside diameter x 12 

feet high) is similar to that of the hot tank except that it does not require the 

internal insulation and liner due to its lower operating temperature. Major 

components, valves, instrumentation and control loops are described in Tables B-5 

through B-8, Appendix B. 

STEAM GENERATION SUBSYSTEM 

The steam generation subsystem (1) (Figure 2-5) transfers sensible heat from the 

molten salt to produce superheated steam for the turbine-generator. This subsystem 

includes an evaporator, steam drum, boiler water recirculation pump, superheater, 

attemperator, and the hot salt pump. 
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Figure 2-5. Steam Generation Subsystem Schematic 

The evaporator and superheater are U-tube, u-shell heat exchangers, with low­

pressure salt on the shell side and high-pressure water and steam on the tube side. 

A conventional steam drum, operating at 565 deg F and 1200 psi, is located above 

the evaporator. The steam drum separates the saturated steam from the water and 
steam mixture exiting the evaporator before the steam enters the superheater. The 
drum receives feedwater from the feedwater heater. 

Outlet steam from the superheater (1000 deg F, 1100 psi, 10529 lb/hr) can be 

attemperated to 950 deg F (11,582 lb/hr) by mixing it with a small amount of 
saturated steam (1053 lb/hr) from the drum. Salt flow from the superheater to the 

evaporator is also attemperated to 850 deg F, when necessary, by mixing it with 
salt flow from the cold tank. This allows chrome-moly piping and fittings rather 
than stainless steel to be used in the evaporator. 

Major subsystem components, valves, instrumentation, and control loops are described 

in Tables 8-9 through 8-12, Appendix 8. 
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HEAT REJECTION AND FEEDWATER SUBSYSTEM 

The heat rejection and feedwater subsystem (Figure 2--6) rejects waste heat to the 
atmosphere, and pressurizes, heats, and deaerates the condensate to the final feed­
water conditions. This subsystem includes six air cooling towers, circulating 
water pump, deaerator, spray water heat exchanger, spray water pump, feedwater 
pump, feedwater heater, demineralizers, chemical feeders, water analyzers, and 
condensate makeup pump. 
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Figure 2-6. Heat Rejection and Feedwater Subsystem Schematic 

Turbine condensate is supplied to the deaerator for removal of oxygen and other 
noncondensable gases and to be preheated before delivery to the feedwater heater. 
The steam required by the deaerator is supplied by a branch off the SGS main steam 
line. The deaerator is a horizontal, cylindrical pressure vessel that operates at 
250 psia and 400 deg F. It also serves as a desuperheater with the capacity to 
absorb the full SGS steam output when the EPGS is not operating, or after a 
turbine-generator trip. When operated as a desuperheater, heat is rejected through 
the spray water heat exchanger. 
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Feedwater from the deaerator is heated on the tube side of a feedwater heater as 
steam from a branch off the SGS main steam line condenses on the shell side. This 
pressure vessel is a vertical cylindrical design with an internal steam condensing 
coil. 

Major components, valves, instrumentation, and control loops are described in 
Tables B-13 through B-16, Appendix B. 

ELECTRIC POWER GENERATION SUBSYSTEM 

The electric power generation subsystem (Figure 2-7) converts the enthalpy in the 
main steam flow to electricity. This subsystem includes the steam turbine, 
electric generator, electric power equipment, condenser, condensate pump, and 
storage tank. 
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Figure 2-7. Electric Power Generation Subsystem Schematic 

A conventional turbine-generator set rated at 750 kW and 450 Vis skid-mounted 
e 

below ground level in the tower. The turbine is a seven-stage, single-flow machine 
without extraction ports, operating at 17,400 rpm. Inlet steam conditions are 
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rated at 940 deg F and 1050 psia. A single-reduction gearbox reduces the turbine 

shaft speed to the generator speed of 1200 rpm. 

A shell-and-tube condenser, supported by a separate frame, is located directly 

below the turbine. Condensate from the hot well is pumped to the deaerator; the 

condensate storage tank collects or supplies condensate as required. 

Major components of the EPGS, valves, instrumentation, and control loops are 

described in Tables B-17 through B-20, Appendix B. 

MASTER CONTROL SUBSYSTEM 

The master control subsystem (Figure 2-8) consists of an EMCON-02 for primary 

system control. A Bailey Network 90 system is used to directly control the SGS. 

The Network 90 operation and control functions are directed from the EMCON console 
through a hardwired interface. Additionally, an Acurex Data Logger collects and 

displays all the temperature measurements relating to the heat tracing and data 

instrumentation. The logger also performs certain logical control functions, such 

as activation of heat trace circuitry and generation of go/no-go signals for the 
EMCON system. The data acquisition system utilizes both the EMCON--02 and the 
Hewlett-Packard HP-1000. EMCON collects the data, and HP-1000 stores and displays 

data. 

I
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Figure 2-8. Master Control Subsystem Schematic 
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The EMCON-D2 is a distributed digital control system consisting of two operator 

consoles, a host computer with its peripheral hardware, a communication control 

module, and three field-located process control modules (PCM) distributed among the 

subsystems. The two operator consoles and the host computer (DEC PDP 11/34) are 

located in the CRT~ main control room. This computer links the operator with the 

PCMs by dispatching control commands and by accepting returning data from the 

control modules for presentation at the operator consoles. Communications between 

the process control modules and host computer are directed by the communication 

control module. This distributed control system reduces the number of instrumenta­

tion and control links between the subsystems and the control room. The peripheral 

equipment includes two disk drives, an alarm system, and a data analysis system. 

Each PCM consists of a digital computer control unit, a multiplexer, an analog-to­

digital converter, and a digital-to-analog converter. Analog signals from the 

process instrumentation are selected in rotation by the multiplexer, converted to 

digital signals, and analyzed by the control unit. The module responds with an 

appropriate digital control signal that is passed through the multiplexer and sent 

to the appropriate controller. Each PCM is capable of monitoring 30 analog signals 

per second, monitoring 95 thermocouples, generating 20 analog control signals, and 

controlling over 100 on-off switches. 

PCM l, located below the receiver in the tower elevator, is dedicated to the 

control of the receiver. PCM 2, located at the base of the tower, controls the 

heat rejection and electric power generation subsystems. PCM 3, located in the 

control building adjacent to the salt storage tanks, controls the thermal storage 

subsystem and commands the Network 90 controlled steam-generation subsystem. 

The Bailey Network 90 control system consists of two units: one process control 

unit (PCU) and one operator interface unit (OIU). 

The PCU architecture is based on two key modules, the controller module (COM) and 

the logic master module (LMM). In combination, these modules provide a mix of both 

modulating and sequential control functions. The COM can service up to four analog 

and three digital inputs and two analog and four digital outputs by itself, or an 

additional four outputs through the use of separate analog output modules (ADM). 

It also provides A/D and D/A conversion, alarm limit checking and notification, 

point quality checking, and interlocking. The LMM provides only digital control. 

The PCU for this subsystem contains nine COM's, one LMM, and four AOM's. 
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The OIU provides the high-level operator interface for the Network 90 system and 
consists of a color CRT-based table-top console, with functional keyboard, mass 
storage device, and console driver electronics. In operation, the unit performs 
the system information display and control requirements. 

The data acquisition system (DAS) utilizes both the EMCON-02 and an HP-1000. The 
EMCON collects the data; the HP-1000 stores and displays data. Data collected by 
the EMCON system is transmitted to the HP-1000 system on a terminal-to-terminal 
data link. The tag list for the data to be collected is in a file of 180 tags, 
which are divided into 6 groups of 30 tags. One group of 30 is transmitted every 
10 seconds, giving a total update rate of once a minute. The data are then time­
tagged with day of the year, hour, minute, and second. Then the data are stored in 
a data file and/or are displayed on one of six CRTs in a graphical form. The data 
are transmitted and stored in integer format (not floating point) in engineering 
units. 

Recovery of stored data is accomplished by a separate HP-1000 data development 
computer having plotting and listing capabilities. These plots are not displayed 
on a CRT, but are directly generated on the printer/plotter. 

The equipment protection subsystem (EPS) is an independent hardwired relay system 
using dedicated sensors. It is designed to safely shut down the MSEE in the event 
of any potentially unsafe condition. 

EMCON and Network 90 control systems. 

These relay units are independent of the 

After the EPS safely shuts down the system, 
operator action is required to shut the system down or to change into any other 
mode. A detailed list for the EPS, including actions taken by the EPS and actions 
subsequently to be taken by the operator, is in Appendix D. 
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Section 3 

MSEE OPERATIONS 

Martin Marietta served as MSEE system integrator and test conductor from the start 

of the project in September 1982, through April 6, 1984. The activities during 
this period are documented in References l, 2, and 3. McDonnell Douglas assumed 

the responsibilities of system integrator and test conductor for the MSEE on 

April 9, 1984, and continued in this role through the completion of the construction 

and integration testing, the characterization testing, the operator training which 

ended on December 21, 1984, and the integrated system operations test campaign 

which ended on May 11, 1985. This section summarizes the 17 construction and 
integration tests and the 15 characterization and training tests completed by 
McDonnell Douglas. A summary of the inte~rated system operations testing, includes 
facility refurbishment, procedure development, and operations, is also provided. 

CONSTRUCTION AND INTEGRATION TEST SUMMARY 

Of the original 36 construction and integration tests that were scheduled, MMC 

completed 11 tests. MDAC completed the remaining 17 tests between April 9, 1984, 

and July 18, 1984. Details are depicted in Table 3-1. Six of the original tests 

were deleted: one subsystem test and five system tests. The automatic sequence 
test of EPGS was deleted due to the slow EMCON update rate. Due to cancellation of 

the automatic sequence test of the EPGS, the system level automatic sequence test 

was also cancelled. 

The heat rejection feedwater subsystem startup, operation, and shutdown was never 

automated. This contributed to canceling the system automatic sequence 
demonstration test and four additional system tests. 

Several major milestones in the construction and integration testing were as 

follows: 

l. Project started September 1982 

2. Receiver operation October 1983 

3. Rated steam generation and turbine roll December 1983 
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Table 3-1 

CONSTRUCTION AND INTEGRATION TEST SUMMARY 

Combined w/ 
MMC MDAC Integrated 

Completed Completed System 
Tests Planned 4/6/84 7/17 /84 O!;!erations Deleted 

Receiver 1 Cold flow X 
tests 2 Hot flow X 

3 Margin X 
4 Manual sequence X 
5 Auto sequence X 
6 Cloud simulation X 

Steam 1 Initial checkout X 
generation 2 Hot salt/transient X 
tests 3 Diurnal X 

4 Load fo 11 owing X 
5 Alternate diurnal X 
6 FW loss emergency X 
7 Salt flow loss X 
8 Manual sequence X 
9 EMCON X 

10 Auto sequence X 

Electric l Initial checkout X 
power 2 No load synchronized X 
generation 3 Steady state/transient X 
tests 4 Load ramping X 

5 Hold overnight X 
6 Turbine upsets )( 

7 Margin test X 
8 Auto sequence X 

System l Manual sequence X 
tests 2 Auto sequence X 

3 EPS X 
4 25% transient X 
5 50% transient X 
6 100% transient X 
7 Cloud X 
8 Extended standby X 
9 TSS )( 

10 Solar and TSS X 
11 Cloud X 
12 System performance X 
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4. 

5. 

6. 

Synchronized to grid 

full system operation 

Checkout completed 

E.NGINE.E.RING TESTS AND lRAINING SUMMARY 

April 1984 

May 1984 

June 1984 

Engineering testing was started on June 13, 1984, concurrent with integration 

testing to take advantage of system availability in performing subsystem tests. 

These tests are grouped into three categories: engineering tests, training tests, 

and salt characteristics tests. 

Engineering tests were used to generate the test data that evaluated performance 

and functional capability of the MSEE. Engineering tests are as follows: 

l. Receiver loop performance 

2. Power production subsystems performance 

3. Transient response of receiver loop 

4. Overnight thermal conditioning of the receiver 

5. Overnight hold conditions for the steam generator 

6. Development of optimum operating strategy. 

lraining tests were used to train utility operator teams and to evaluate the 

routine operation of MSEE as a utility power plant. Wherever possible, these tests 

were designed to also provide useful performance information. Training tests were: 

1. Receiver loop cold flow 

2. Receiver loop operation 

3. Receiver operation with simulated (slow cloud) 

4. Thermal storage charging with propane heater 

5. Steam generator and HRFS operation 

6. Operation of full electric loop (TSS through EPGS) 

7. System operation from receiver 

8. System operation with fossil fuel. 
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Salt samples were taken throughout the testing and training program by Olin 

Chemical Group to obtain data on salt properties, stability, and corrosion. There 

were two characteristics tests: 

1. Salt properties and stability 

2. Salt corrosion. 

Approximately 90% of the scheduled engineering and training testing was completed. 

Of the six engineering tests, four were completed, one (Test 5) was partially 
completed, and one (Test 6) was transferred to the integrated system operation test 

campaign. The optimum operations Test 6 was rescheduled into the integrated system 

operation testing since this testing was dedicated entirely to a utility type 

operation. All eight training tests were used during the operator training 
program, and the two salt characteristics tests were completed. A complete 

description of each of these tests is included in Appendix C. 

The salt characteristics test, performed by the Olin Chemical Group, was 

successfully completed. All salt samples tested were taken from the cold sump. 

During 1984, there was no significant change in the concentration of the major 
components: sodium, potassium, nitrate, and nitrite. The sodium to potassium 

ratio remained in balance so there was no significant change in the melting and 

freezing characteristics of the salt. Nitrite levels were as expected for a 

nitrate salt in a thermally cycled system. Olin's 1984 status report(~) 

summarized that the salt chemistry remained stable during the MSEE test program. 

Additional Tests 

Special receiver loss tests were repeated 15 times to accumulate convective loss 

data during various weather conditions with the cavity door open and with the door 

closed. 

In the heat rejection feedwater subsystem, deaerator loss tests were performed by 

allowing the deaerator electric heaters to cycle on and off to determine the actual 

losses. Tests were also performed to determine heat losses due to leakage through 

the spray water heat exchanger. It was determined that a three-way valve, which 

diverts water through the spray water heat exchanger when heat rejection is 

required, was constantly leaking to the heat exchanger. This allowed water to be 

diverted through the spray water heat exchanger when not required, significantly 
reducing the steam cycle efficiency. This loss was instrumental in deferring the 
optimum operations test to integrated system operation testing. 
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Additional heliostat tests were performed primarily to develop a new receiver 

warmup pattern. The warmup pattern was developed which limited the panel 
temperatures to 850 deg F, instead of over 1000 deg Fas originally developed. A 

test was also designed and conducted to evaluate the effect of misaligned 
heliostats (heliostats whose facet alignment had not been recently upgraded) on the 

receiver performance. Two specially selected groups of heliostats, one with 50 

newly aligned heliostats and one with 50 heliostats awaiting realignment, were used 
for this test. An aligned heliostat casts a smaller precise image onto a specific 
area of the receiver, which results in loss of spillage. 

PROCEDURE DEVELOPMENT AND OPERATING TIME LINES 

Procedures 

An iterative process was employed for development of the system operating 

procedures. Part of the original procedures were developed by Martin Marietta and 
Sandia National Laboratories; the steam generation subsystem procedures were all 

new and developed by Babcock & Wilcox. These basic procedures were continually 
modified and upgraded as additional testing was performed and experience was gained. 

Each of the subsystem procedures was subdivided into four basic sections: pretest 

checklist, operations, post-test checklist, and emergency procedures. 

In the pretest checklist, both control room and field checklists were completed 

with the control room operator and field technicians coordinating their activities 

by radio. The control room pretest checklist activities consisted of verifying 
that the temperatures of salt systems were acceptable and that the control system 

and components were configured for startup. As each of the field technicians in 
the various subsystems was proceeding through the field checklist the control room 
personnel verified the proper equipment configuration. 

The operations portion of each procedure was controlled from the control room by 
the console operators, using either the automatic or manual sequences for each of 

the subsystems. However, during these operations the field technicians were kept 
aware of critical operations. Subsequent to testing, post-test checklists were 

completed for each of the subsystems and the control room to secure the equipment. 

The control room operator then secured the master control system and the remaining 

control room equipment. 
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During the construction and integration and testing and training, no integrated 

system procedures were developed. The system was operated by starting each 
subsystem sequentially rather than as an integrated system. An optimized 
integrated system startup procedure was developed and later demonstrated in the 
integrated system operation. 

Operating Timelines 

A typical daily timeline for testing and training is outlined in Figure 3-1, which 

illustrates the times involved in startup operation and shutdown of each 
subsystem. The receiver, heat rejection, and steam generation subsystems pretest 

checklists were performed in parallel prior to the startup operations. During the 
deaerator warmup, and to heat the feedwater to its minimum startup temperature, the 
receiver panel was warmed up. During the final stages of panel warmup, and 
subsequent to the deaerator being ready, the steam generation subsystem was filled 
with cold salt and the electric power generation pretest checklist was completed. 
The receiver was then automatically filled and serpentine cold flow established 
through the receiver. If the hot salt tank inventory was low, the receiver was put 
into a charging mode. If the hot salt tank inventory was high, the receiver was 
put into a cold flow mode while the steam generation subsystem was ramped into hot 
flow to deplete the tank of hot salt. Finally, the electric power generation 
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subsystem was started and the turbine-generator synchronized to the grid. 
Following warmup, the EPGS was ramped to full power. The complete system was up 
and operating and synchronized to the grid nominally by 10 AM. 

During the engineering test and training phase of the program it usually required 
about three hours to start up the MSEE. During the integrated system operation, 
the startup was reduced to one hour (a detailed discussion is in Section 4). This 
three-hour startup was followed with testing activity and two hours to totally shut 
down and secure the system. The shutdown sequence usually started with the 
receiver because it could be shut down with the SGS and EPGS operational. The EPGS 
could be shut down during or immediately following receiver shutdown. The SGS was 
shut down and drained last. The receiver post-test checklist followed the EPGS 
with the heat rejection feedwater subsystem, SGS, and control room post-test 
checklists occurring in parallel. Prior to final securing of the SGS, the steam 
drum was refilled for diurnal shutdown. The control room then verified the 
complete system configuration for final securing. 

It was seen that a 10-hour work day allowed for 5 hours of testing, or a total of 
20 hours of testing in a four-day, 40-hour work week. In contrast, a work week of 
five 8-hour days allowed only 3 test hours per day or a total of 15 test hours per 
week. For this reason, a work week consisting of four 10-hour days was employed 
for test periods. 

INTEGRATED SYSTEM OPERATIONS 

The integrated system operations were conducted from April 14 to May 11, 1985, 
seven days a week for a minimum of 12 hours per day. The operations were designed 
to simulate those of a commercial solar power plant. Prior to actual operations 
the test facility was refurbished to ensure equipment and component reliability. 

The purpose of this integrated system operation was to develop operating procedures 
and control strategies similar to those that would be employed by an electric 
utility. Valuable information on annual system performance and methods to reduce 
parasitic power requirements was obtained. 

Facility Preparation 

The facility preparation effort was concentrated in five major areas: (1) trace 

heating elements and insulation, (2) cold salt tank drain line, (3) feedwater pump, 
(4) cold salt boost pump, and (5) turbine-generator. 
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A total of 22 trace heating elements were repaired or replaced in the receiver, 

thermal storage, and steam generation subsystems due to failures of heating 

elements and inadequate heating in high winds. This problem is discussed in more 

detail later. 

During the testing and training portion of MSEE it was verified that the cold salt 

tank line that supplied the cold sump was too small. The salt flow from the cold 
salt tank to the cold salt pump is gravity fed, and there was insufficient flow at 
cold tank levels below 30%. This did not allow the receiver to be operated at full 

flow when the cold salt tank was depleted below 30%. The original 3-inch line and 
valves were replaced by a new 4-inch line with two new salt valves, which corrected 

the problem. 

The main feedwater pump required refurbishment as a result of a major failure that 

occurred in December 1984. The pump was returned to the vendor and was rebuilt. To 
improve reliability, the pump flow characteristics were modified to more closely 
match the MSEE requirements, and a new auxiliary oil pump with interlocks was added. 

During checkout of the system, on March 14, 1984, the cold salt boost pump shaft 
bearing failed. All bearings were successfully replaced prior to startup of the 

integrated system operation. 

The shaft-driven oil pump failed in the turbine-generator just prior to starting 

the integrated system operation. This eliminated the EPGS subsystem from the 

integrated system operation. A complete rework, requiring months to complete, 
would have been necessary. A computer program was written that simulated a 
commercial turbine-generator using the steam conditions and flow from SGS. Its 

startup and operation were consistent with that actually demonstrated by the 
turbine-generator. The simulated power output was calculated and recorded at 

one-minute intervals. 

Operating Sequence and Procedure Development 

The development of new procedures for the integrated system operations testing 

occurred in five areas: (l) heliostat early morning warmup pattern, (2) receiver 

rapid early morning startup, (3) HRFS rapid early morning startup, (4) SGS rapid 
early morning startup, and (5) simulated turbine-generator startup. 
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For the early morning receiver warmup, 50% of the heliostats were utilized and were 

commanded onto the receiver in two equal groups. Most of the heliostats were aimed 

away from the middle section of the receiver panel to achieve a more uniform flux 
distribution. 

The system startup sequence was determined by the hot salt tank level. If the tank 

was less than one-third full, the receiver was started prior to SGS since the 
available hot salt would not be sufficient to sustain full-power operation. If the 
hot tank was greater than two-thirds full, the SGS was started prior to the 
receiver to begin depleting the hot tank and provide the required storage capacity 

for the full-power operation of the receiver. Heliostats were commanded on the 

receiver panel when the insolation reached 350 W/m2 to begin warmup of the 
panel. At 450 deg F minimum panel temperature, the receiver fill sequence was 

started. Shutdown was accomplished as previously developed. 

The HRFS startup operations were performed during receiver startup. However, to 

reduce electrical parasitics, the HRFS pumps were not started until just prior to 
filling the SGS with cold salt. The SGS was then ramped up to hot salt flow at low 
steam output while the steam lines and simulated turbine were being heated. The 
resulting low amount of steam was also used to warm up the deaerator and 

feedwater. Subsequent to synchronizing the simulated turbine-generator to the 

grid, the SGS steam production was ramped up while simultaneously ramping up the 
simulated turbine-generator. 

Shutdown of the HRFS/SGS/EPGS was started by reducing the SGS steam production 

while simultaneously reducing the simulated turbine power production and reducing 
deaerator pressure. The simulated turbine-generator was disconnected from the 
utility grid at approximately 10% steam flow and 100 psi in the deaerator. The 
deaerator then absorbed any residual steam. Hot salt flow through the SGS was 
reduced and transitioned to cold salt flow, and shutdown of the SGS/HRFS was as 
previously developed. 

Operations 

The integrated system operations testing was conducted on 28 consecutive days from 

April 14 to May 11, 1985. Six days per week consisted of 12-hour single-shift 

days; Wednesday of each week was a 14-hour day with overlapping shifts. This 
14-hour schedule allowed for early morning startup and late afternoon shutdown. 
Availability of trained personnel did not permit full utilization of the system's 
full daily production capability. 
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Prior to starting the integrated system operations testing, a data team consisting 

of experienced industry and utility personnel familiar with the MSEE evaluated the 
operating procedures, test objectives, and data requirements. This resulted in 
revisions of the objectives, the data collection plan, and the data reduction plan 
of the integrated system operations. The data team also reviewed the performance 
predictions, the system procedures, and the system readiness. During the 
integrated system operations, the data team reviewed the data and assisted in the 
data reduction and recommended revisions to the data collection. At the completion 

of the integrated system operations, the data team assisted in the performance 
analysis, recommended the data presentation format, assisted in data reduction, 
recommended system improvements, and assisted in formulating the final report 
format. 

Integrated System Operations Objectives. The four objectives were as follows: 

1. Fully characterize and evaluate the system and subsystem performance 
of the MSEE. 

2. Develop operating procedures and control strategies which are 
applicable to the design and operation of a utility power plant. 

3. Determine the daily system performance characteristics and estimate 
the annual power output of the MSEE. 

4. Determine the thermal losses from the receiver. 

Revised Objectives. Prior to starting the integrated system operations, the data 

team revised two of the original objectives as follows: 

2. Maximize operating time within constraints of test personnel and 
operate the system through extended transients to obtain data even 
if parasitics exceed power production. 

3. Operate system as utility power plant and identify design, 
operating, and personnel limitations. 

--Characterize MSEE subsystems. 

--Estimate annual net electrical power output of MSEE based on Solar 
One EPGS efficiency and MSEE SGS efficiency. 

The rationale for revising the test objectives was as follows: 

1. MSEE configuration was not designed to maximize net electrical power 
production; results could be misinterpreted. 

2. Personnel resources were not available to obtain electrical power 
production from sunrise to sunset. 
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3. Maximizing production of net electricity would limit operation of 
receiver and steam generator during extended transient periods. 

4. Adherence to the original objectives would delay the start of 
testing and require additional test personnel who were not available. 

Test Personnel Assignments. All of the test personnel used in the primary 

operations were personnel that were assigned to the CRTF permanently or personnel 

from utility and industry that were previously trained during the training 

program. Prior to starting the integrated system operations, all previously 

trained personnel were exposed to a one-week, on-site refresher course in operating 

the MSEE. Personnel to operate the MSEE from sunrise to sunset were not 

available. Therefore two teams were assembled to operate the MSEE 12 hours per day 

for six days, and overlapping on Wednesday for maximum operations. Figure 3-2 

depicts the specific assignments for all the test personnel on both the number l 

and number 2 teams and the backup test personnel required to operate the MSEE 

during the integrated system operation. This was the minimum personnel required to 

perform the test. 

PROCESS CONTROL CONSOLE 

HELIOSTAT CONSOLE 
TOWER (RS/HRFS/EPGS) 

SALT STORAGE (TSS/SGS) 

I&C TECHNICIAN 
COMPUTER SUPPORT 

TEST DIRECTOR 
RESPONSIBLE ENGR 

#1 [SUN - WED) #2 (WED - SAT) 
EVANS NELSON 
HILL (PG&E 1) PINK (PG&E 2) 
!I JOHNSON YANCE 
!I HOLTON WILLIAMS [PNM) 
GRIEGO !I MATTHEWS 
FLORA GUNNER (APS 1) 

MITCHEL (APS 2) 
TUCKER DUNKIN 
BOWEN !I BOLDT 
SALOFF !I HOLMES 
!I COUCH !I HOLMES 

BACK - UP 
BARRON 

BROOKS 
EGAN [BECHTEL) 
MILLER (SCE) 

!I STOMP 
------
COLEMAN 
!I OTTS 

!I SNLA EMPLOYEE 
ALL OTHERS ARE MSEE SPONSORS 
OR CONTRACT EMPLOYEES 

Figure 3-2. Personnel Assignments 

Re~eiver Startup Timeline. For the receiver startup, timeline sunrise is defined 

as the time when the sun is predicted to rise above the horizon, not the local 

mountain range at the test site. The receiver warmup started approximately 25 

minutes after sunrise due to the wait for the insolation to reach 350 W/m
2. 

2 
Below 350 W/m, the receiver panel temperatures would initially decrease, 

requiring additional time to complete the warmup process. Refinement of the 

heliostat warmup pattern would permit an earlier start of the receiver warmup. 
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Receiver warmup was done approximately 50 minutes after sunrise; maximum power 

output from the receiver was reached approximately 65 minutes after sunrise. A 

detailed description and evaluation of the receiver startup and shutdown timelines 

is in Section 4. 

SGS/EPGS Startup Timeline. Selection of the startup sequence of SGS and EPGS was 

based on the hot salt storage tank level. At lower levels in the hot salt storage 
tank, the SGS and EPGS were started subsequent to the receiver fill to avoid 

depleting the hot tank. At higher salt levels in the hot salt storage tank, the 
SGS and EPGS were started prior to the receiver fill to avoid overfilling the hot 
salt tank during full-power receiver operation. A detailed description and 

timeline evaluation is included in Section 4. 

Solar Utilization 

During the integrated system operations, from April 14 through May 11, 1985, 

approximately 70% of the available solar energy was delivered to the receiver. 
Approximately 11% of the available 30% of solar energy was lost due to unscheduled 

downtime. Weather-related losses amounted to approximately 10%. Miscellaneous 
reasons caused the remaining 9% of the losses. A complete detailed evaluation of 

the solar utilization is discussed in Section 4. 

OPERATIONAL PROBLEMS 

Thermal Conditioning and Environmental Protection 
' 

In order for salt to flow through lines and components, thermal conditioning is 

required to maintain the lines and components above the freezing temperature of 
salt. On MSEE this was done by using electrical trace heaters attached to the 
lines and components. Failures in these electrical trace heaters used to thermal 
condition the salt lines and components were a major contributor to downtime 
throughout the MSEE. More than 20 primary and backup trace heater failures were 

experienced in both the receiver and thermal storage subsystems. An example of the 

repair complexity is depicted in Figure 3-3. This trace heater failure occurred in 

the thermal storage subsystem. 

Additional test time was lost because of equipment temperatures dropping below the 
freezing point of salt due to winds and inadequate shielding and insulation. This 
was primarily evident in the receiver subsystem. The severity and location of the 

problems varied with the wind velocity and direction, and with air temperature. 
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Figure 3-3. Thermal Storage Trace Heater Repair 

Component Reliability 

Numerous hardware problems were experienced during the testing and training phase. 

A large number of the component failures can be attributed to minimum redundancy 

and the use of existing hardware. A majority of these problems were of the typical 

power plant nature and would be reduced during the normal maintenance program. 

Further component development is needed to account for the effects of thermal 

cycling and salt exposure on functional reliability of components and leakage 
through components. Continued component development such as full-scale salt pumps 

and valves are scheduled to be tested in MSS/CTE. 

Receiver Temperature Control 

A cloud transient experienced when the receiver was operating at its nominal salt 

outlet temperature of 1050 deg F often resulted in a potentially damaging 

temperature overshoot. The overshoot caused an automatic removal of the heliostat 
beams from the receiver. To avoid this during the testing and training program, 
the receiver was normally operated at an outlet temperature setpoint of 1000 deg F; 
temperature was reduced to an even lower setpoint (925 deg F) when cloud transients 

caused receiver flow to drop below 35,000 pounds per hour. During the integrated 

system operation, the receiver was operated manually during clear days between 1030 
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and 1040 deg F. During transients, the receiver was operated automatically at 975 

deg F. An evaluation of the receiver control algorithm is included in Section 4. 

Receiver Freeze-Up 

In June 1984, a salt freeze occurred in the receiver. Upon attempting the receiver 

startup, a salt blockage in the receiver prevented serpentine flow through the 

receiver. This salt blockage was caused by a substantial drop in lower header 

temperatures between the time they were checked in the pretest procedures, 

approximately 9 AM, and the time of actual fill, approximately 12 noon. Attempts 

were made throughout the day to free the blockage, but were hindered by 

intermittent clouds. After the final afternoon shutdown, salt in the receiver 

absorber tubes above the blocked header froze because warmup heliostats were 

removed. The receiver was left with all purge and drain valves open to allow 

drainage of salt from any lower header that thawed overnight by the trace heating. 

The lower header temperatures did reach nearly 500 deg F by 10 PM (salt melting 

temperature is 430 deg F). However, by this time, the salt in the blocked receiver 

tubes was frozen at temperatures between 100 and 200 deg F. 

Subsequent investigations established that six receiver panels were filled with 

frozen salt. Several methods for thawing the frozen panels were considered. 

Melting from the top using heliostats with concentrated beams was selected. 

Additional thermocouples were installed to help guide the melting operation, and 

the frozen panels were successfully thawed. Subsequent operation and inspection 

showed no apparent damage to the receiver. However, it is not known if any tube 

material yielding occurred during the thawing. The basic cause of the receiver 

freeze-up was the cooling of the lower headers between completion of the morning 

checklist and actual startup. The startup procedures were revised to require 

checking all temperatures of salt lines and components within 15 minutes of 

receiver fill. This prevented any recurrence of the freeze-up. 

SGS Recirculation Pump 

The design point circulation ratio of the steam generator subsystem (SGS) is 4.5 to 

5.0. However, circulation ratios of 3.3 and 3.4 were typically obtained. Also, 

the circulation water pump was drawing high current, up to 8.2 amps, and tripping 

out on high temperatures. The last occurrence was on April 12, 1984. Subsequent 

tests determined that the circulation pump was wired incorrectly, causing the pump 

to run backward. The wiring was corrected and the circulation ratio increased, 

ranging from 10.7 to 11 .2, with the motor drawing only 7.0 amps. 
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Turbine-Generator Failure 

Just prior to integrated system operations testing, the shaft-driven oil pump 
failed, causing extensive damage to the turbine. The turbine-generator was not 
used during these operations. A complete evaluation of the failure is in Appendix 
H, Volume 2. 

RELIABILITY AUDIT 

As a result of the large number of component problems, an extensive reliability 
audit of the MSEE was conducted in May and June 1984 by MOAC and the CRTF staff. 
An in-depth review was held with the representatives of MMC, B&W, B&V, and PNM. 
The objective of the audit was to recommend a maintenance program to achieve the 
following MSEE system availability targets: 

50% for the engineering test program 

75% for utility operator training 

A detailed listing was made of every component of the MSEE, including all 
instrumentation. Individual interviews were conducted with all members of the CRTF 
staff associated with MSEE and with the major equipment suppliers. In addition, 
suggestions on how to improve equipment availability were solicited. 

A detailed review of the reliability of each MSEE subsystem was then conducted and 
potential improvements were discussed. 

A set of recommendations to improve the reliability of MSEE was prepared by the 
CRTF staff, then reviewed and agreed upon by MDAC. 

The reliability recommendations were implemented according to the following 
priority list: 

l. CRH utilities 

2. Steam generator 

3. Thermal storage and propane heater 

4. Heat rejection and feedwater 

5. Receiver 

6. Turbine-generator 
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7. Master control, data, and EPS 

8. Heliostats. 

Spare parts and scheduled maintenance became major issues in improving system 

availability. A complete spare parts list was prepared with inputs from all the 

field technicians and the responsible engineers at the CRTF. These spare parts 

were then purchased and stocked at the CRlF. A scheduled maintenance program was 

established which used the available spare parts to repair equipment as required to 

improve system availability. The first major scheduled maintenance period was in 

mid-August for two weeks just prior to the start of utility training in September 

1984. 

Windshields were systematically erected around all portions of the receiver piping 

and valves to reduce heat loss and the resulting low temperatures of molten salt 

piping and components. The windshield effort was completed at the end of September 

1984. Figures 3-4 through 3-7 depict the receiver prior to and subsequent to the 

installation. 

Both EMCON and Network 90 were reprogrammed with many safety interlocks incorporated 

to safely shut down the system prior to tripping EPS. Overrides were then used to 

reconfigure the system to normal operations. 

Utility personnel were available to assist in startup and operations of the MSEE 

and to recommend operational improvements to protect equipment. The primary 

startup operations improvements occurred in the turbine-generator area. The 

utilities recommended a local startup that was more precisely controlled with the 

local readout of gauges. This allowed a more gentle startup of the turbine­

generator and reduced the vibration originally experienced during startup. Input 

from the utility personnel enhanced the CRTF knowledge in operating the MSEE as a 

power plant. 
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Figure 3-4. Exposed Receiver (South Side) 

figure 3-5. Enclosed (With Windshield) Receiver (Southwest Side) 
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Figure 3-6. Exposed Receiver Drain Valves 

Figure 3-7. Enclosed (With Windshield) Receiver Drain Valves 
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Section 4 

EVALUATION OF TEST RESULTS 

Included in this section is the evaluation of the engineering data collected from 

June 13, 1984, through May 11, 1985. Within this 11-month period, the four months 

from August through November 1984 were dedicated to the training of utility 

operators. For the four months from December through March,the system was shut 
down while being prepared for the integrated system operations test campaign. The 

most significant engineering data was collected during June and July 1984 and April 

and May 1985. The period of the integrated system operation test campaign, April 

14 through May 11, 1985, provided the most valuable engineering data. 

The system performance is evaluated first in this section. The performance was 

evaluated under four conditions: (1) solar noon operation, (2) clear day 

operation, (3) partly cloudy day operation, and (4) the full month of the 
integrated system test. Also included is an annual performance projection. Where 

appropriate, the performance of the MSEE is compared to that predicted for a 
commercial size plant. 

Following the performance evaluation are the results of receiver thermal loss 

tests, receiver transient response tests, overnight thermal conditioning tests, and 

salt sampling tests. 

SOLAR NOON AND CLEAR DAY SYSTEM PERFORMANCE 

Energy Collection 

The MSEE was implemented at a test facility not designed to optimize performance. 

Improvements in heliostat reflectivity and improvements in the receiver geometry 
would reduce losses significantly through higher thermal efficiency and greater 

interception of incident radiation. The design and scale of the MSEE receiver 

results in a disproportionate amount of both external and internal spillage on 

inactive surfaces. Furthermore, parasitic load requirements will be a 

significantly smaller fraction of the gross output for the larger plant. 
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lhe energy collection portion of the MSEE consists of the collector subsystem 

(includes heliostats) and the receiver loop. The receiver loop begins at the cold 

salt storage tank, continues through the cold salt pump, boost pump, and receiver, 

and ends at the hot salt storage tank. 

Solar Noon Energy Collection. The solar noon energy collection efficiency for the 

MSEE is lowest on June 21 (summer solstice) and highest late in February and early 

October. This variation in the collection efficiency is due to the cosine, 

shadowing, and blocking losses associated with the heliostats. The solar noon 

efficiency as a function of the day of the year is shown in Figure 4-1. 

PERCENT OF DIRECT INSOLATION 
100 ~--------------------------t__ ________ _ 

-------
BO 

------------ --------------
-------------

60 

40 

20 

0 ~~-~-~-~ -~-~--'---~-~~•-~---'---~-__L___J 

0 50 100 150 200 250 300 350 

DAY OF YEAR 

Figure 4-1. Solar Noon Energy Collection Versus Day of Year 

INTERCEPTED BY 
HELIOSTATS 

DELIVERED TO 
RECEIVER 

INTERCEPTED BY 
APERTURE 

ABSORBED BY SALT 

The direct insolation in figure 4-1 is that which would be intercepted if all the 

heliostats were normal to the sun. The percentage of the direct insolation 

actually intercepted when the heliostats are targeted on the receiver (upper curve 

on Figure 4-1) ranges from 89% to 95% as a result of cosine, shadowing, and 

blocking losses. These losses were calculated by the HELIOS computer code. The 

HELIOS computer code is a mathematical model that simulates the solar flux-density 

pattern on a target from a field of reflecting heliostats. It follows the incident 

solar radiation from the sun through the system and includes all the pertinent 

factors related to incident flux and total power which influence the performance of 

a receiver. The basic outputs of the code are the flux-density pattern at a grid 
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of points on a surface and the integral (power) over this surface. The angular 

distribution of sun rays for the incident radiation of a heliostat is modified by 

convolution to determine the effects of sun-tracking errors, surface slope errors 

and surface reflectance. The percentage intercepted by the heliostats is further 

reduced by the mirror reflectivity (80.5%) and the atmospheric transmittance 

(98.3%) resulting in 70% to 75% of the direct insolation being delivered to the 

receiver. The absence of instrumentation to directly measure the power input to 

the receiver prevents the accurate determination of spillage; however, the average 

spillage at solar noon has been estimated at 14.1% using HELIOS. With this 

estimate of the spillage, it is calculated that 60% to 65% of the direct insolation 

is intercepted by the receiver aperture. The lowest curve on Figure 4-1, the 

percent of direct insolation absorbed by the salt, is based on extensive test data 

collected during the integrated system test. This direct insolation absorbed by 

the salt is the only curve on Figure 4-1 that is derived from test data. Using the 

14.1% estimate for spillage, the receiver efficiency (absorbed by salt divided by 

intercepted by aperture) is calculated to be 81 .5% at the solar noon power levels. 

However, as a percentage of direct insolation, 49% to 53% is absorbed by the salt 

at solar noon, depending on the day of the year as depicted on the lowest curve. 

For a typical late April day at solar noon, the MSEE energy collection will exhibit 

the efficiencies shown by Figure 4-2. The collector subsystem efficiencies are for 

April 24. The receiver-related efficiencies are averages from actual solar noon 

performance data gathered on 12 days, from April 14 through May 11. All 

efficiencies, except those represented by the shaded bars, were accurately 

calculated or measured. These efficiencies apply to receiver outlet temperatures 

of 1000 to 1050 deg F, inlet temperatures of 560 to 580 deg F, and the use of a 

single heliostat aim point approximately 3 feet in front of the aperture plane. 

Although not verified during testing, analysis has indicated that the large 

spillage losses could be reduced by almost half through the use of an optimized, 

multiple aim point, aiming strategy (l). 

Referring to Figure 4-2, the total direct power is that which would be intercepted 

by all 211 heliostats normal to the sun. Typically, about 206 of the 211 

heliostats were operational. The reduction for cosine, shadowing, and blocking was 

calculated by HELIOS. The reflectivity was sampled on four representative 

heliostats. The atmospheric attenuation was based on the average heliostat to 

receiver distance, the elevation of Albuquerque, and 40-mile visibility, to 

determine the power delivered to the receiver. The power intercepted by the cavity 

aperture was estimated by HELIOS. The cavity/receiver reflectivity was calculated 
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Figure 4-2. Solar Noon Energy Collection Efficiencies ( April 24) 

from the cavity geometry, surface optical properties, and flux density distributions 

inside the cavity (l)- The receiver convection, conduction, and radiation losses 

are represented in the step from receiver reflectivity loss to the power absorbed 

by the salt. The power absorbed by the salt was measured using the most recent 

Sandia specified value for the specific heat as a function of temperature (0.363 

Btu/lb F for the average temperature), the salt mass flow rate, and the temperature 

rise across the receiver. 

Assuming that the estimated spillage is accurate, the measured receiver input­

output efficiency of 0.815 (0.962 receiver absorbtivity X 0.847 thermal efficiency) 

is in good agreement with the Subsystem Research Experiment (SRE) results presented 

in the Alternate Central Receiver (ACR) Phase II Report(~) after appropriate 
adjustments are made. The adjustments are required due to modifications in the 

aperture, which reduced reflection losses from an estimated 6.0% to 3.8%, and to 

account for the revision in the specific heat from 0.377 to 0.363 Btu/lb F. With 

these adjustments the input-output efficiency, based on the SRE test results, is 

approximated by the expression: 

~IO= 0.845 - 0.1403/PI (Adjusted SRE input-output efficiency) 

where P
1 

is the input power in MW. 
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For the 5.04-MW input from Figure 4-2, the expected receiver input-output 
efficiency, based on the adjusted SRE results, is 0.817. Good agreement between 
the SRE and the MSEE test results has not always been the case during the MSEE test 
program. During the early months of the MSEE testing more than 50% of the 211 
heliostats were awaiting realignment of the 25 individual mirror facets to correct 
inaccuracies. The facet misalignments resulted from an approximate visual 
alignment technique employed during 1982 and 1983. This large number of unaligned 
heliostats contributed to an increase in the incident flux spillage over that 
associated with the SRE testing. The increased spillage degraded the apparent 
receiver performance and introduced error into the estimation of the flux 
intercepted by the receiver aperture. 

Special tests were conducted during the MSEE testing to evaluate the effect of the 
misaligned heliostats. Receiver performance with aligned heliostats was compared 
to the performance with a like number of unaligned heliostats. The testing 
revealed that the receiver output was approximately 10% less with the misaligned 
heliostats than with optimally aligned heliosatats. The test results agreed with 
performance improvements exhibited during the ongoing heliostat realignment 
process. By May 15, 1985, 85% of the heliostats had been realigned and the 
receiver thermal output had increased by almost 5% over the output at the start of 
the MSEE testing. 

Clear Full Day Energy Collection. Again the integrated system test provided 
valuable test data to evaluate the full day energy collection. Prior to the 
integrated system test, early morning startups had never been performed. The early 
morning startups provided some of the most significant test results of the entire 
MSEE test program. The ability to perform routine rapid startups was demonstrated. 
These rapid startups showed that the collectable energy lost during the startup 
period was limited to less than 1% of the total energy collected on a clear day. 

Figure 4-3 shows actual energy collection power levels for April 24. With the 
exception of the period after 17:00 when clouds developed, this was one of the 
clearest days during the integrated system test campaign with the insolation 
reaching 1050 W/m2 near solar noon. On this particular day the receiver was not 
collecting maximum energy until 100 minutes after sunrise due to early morning 
maintenance that was required on the receiver. Some of the more rapid startups 
demonstrated that the receiver can be collecting maximum energy 60 minutes after 
sunrise. 
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Figure 4-3. Clear Day Energy Collection Power Levels 

The integration of the power levels of Figure 4-3 gives the following: 

Available direct solar energy 77.5 

Maximum energy -0eliverable to receiver 48.3 

Actual energy delivered to receiver 46.9 
(Does not include warmup of receiver panel) 

Absorbed by salt 30.3 

The available direct solar energy is based on the actual number of operational 

heliostats. The maximum energy deliverable to the receiver assumes all available 

heliostats are focused on the receiver at all times. Included in the actual energy 
delivered to the receiver is the spillage external to the cavity, which is estimated 

at 8.9 MWh. The receiver thermal output for this day was the highest single-day 

output achieved during the integrated system test. 

The receiver thermal performance for the range of power levels exhibited on April 

24 is shown in Figure 4-4. The power levels correspond to all available heliostats 
targeted, and the power variation is that which occurs with the time of day. The 
highest power levels correspond to those near solar noon and the lowest power 

levels correspond to those in the early morning. 
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Figure 4-4. Receiver Input-Output Performance 

Averaging the results of seven clear and mostly clear days during the integrated 

system test yields the energy collection efficiencies shown by Figure 4-5. The 

total direct energy is the average measured values. The collector subsystem 
efficiencies correspond to April 24 and the receiver-related efficiencies are 
averages for the eight clear and mostly clear days of operation. The efficiencies 
were determined in a manner similar to that described for solar noon, but on an 
energy rather than power basis. As with solar noon, assuming that the HELIOS 
spillage loss estimate is accurate, the receiver efficiencies are in good agreement 
with the adjusted receiver SRE results. The efficiencies are also consistent with 
the MSEE predictions. The receiver input-output efficiency of 0.802 (0.962 
receiver absorbtivity X 0.834 thermal efficiency} is within 1% of its expected 

value. 

The efficiencies shown in Figure 4-5 is based on the receiver operating at maximum 

energy collection levels from one hour after sunrise until one hour before sunset. 
The collectable energy lost during the periods in which the receiver is not 

operating (primarily during startup} is a major performance issue. The following 
discussion of the receiver startup and shutdown losses will show that these losses 
are small. As for the startup and shutdown of the energy conversion subsystems, 
with the exception of the boiler, the operations for a cycling commercial central 
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Figure 4-5. Clear Day Energy Collection Efficiencies 

receiver system would essentially duplicate those of a conventional daily cycling 
fossil generating station. 

Startup and Shutdown. One of the advantages of a molten salt and direct storage 
central receiver system over a direct coupled water and steam receiver is that the 
receiver can achieve useful maximum energy collection levels more rapidly. For the 
direct coupled water and steam receiver, the time required to reach useful maximum 
energy collection levels is greater due to the limitations associated with the 
startup of the energy conversion subsystems. The molten salt and direct storage 
system, on the other hand, can be brought up to maximum collection levels in a 
matter of minutes after the receiver is filled with salt. 

Figure 4-6 shows an actual startup timeline for the energy collection process. 
This timeline was followed on May 8 during the integrated system test. The power 
levels during this startup are shown in Figure 4-7. The energy deliverable to the 
receiver remains at zero until 17 minutes after sunrise while the CRTF is in the 
mountain shadow. The warmup of the dry receiver panel begins at 23 minutes after 
sunrise, when the insolation reaches approximately 350 W/m2 The warmup extends 
until 50 minutes after sunrise, when the panel temperatures are all above the salt 
freezing temperature of 430 deg F. With further development of the heliostat 
aiming strategy (using more heliostats), the warmup process could begin earlier. 
At 50 minutes after sunrise the receiver fill sequence starts. It requires 10 
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Figure 4-7. Early Morning Energy Collection Power Levels 

minutes to complete. At 60 minutes after sunrise the receiver is in serpentine 
flow and all available heliostats are targeted on the receiver. By 65 minutes 
after sunrise the receiver thermal output has stabilized at a level consistent with 
the maximum power being delivered to the receiver. This startup sequence is 
routinely achievable and could even be shortened with further development of the 
panel warmup strategy. The integration of the available direct power and the 
maximum power deliverable to the receiver, from sunrise until maximum energy 
collection 65 minutes after sunrise, is given in Table 4-1. Also included in this 
table is an estimate of the energy that could have been collected if the energy 
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Table 4-1 

SOLAR ENERGY USAGE DURING RECEIVER STARTUP 

Thermal Percent of 
Energ~ (MWh) Clear Da~ Total 

Available direct solar 
energy 2.9 3.5 

Maximum energy deliverable 
to receiver 0.35 0.7 

Collectable energy lost 
during startup 0.18 0.6 

collection had begun with the first available insolation. Each of the energies of 
Table 4-1 are also expressed as a percentage of their typical late April or early 
May clear day total. 

Although the direct energy usage during the receiver startup appears somewhat 

significant at 3.5% of the daily total direct, the collectable energy which could 
have been absorbed if the receiver had been operating during the startup period is 
actually only 0.6% of the daily total energy collected. The collectable energy 

lost is low due to the high cosine, shadowing, and blocking losses in the heliostat 
field in the first hour after sunrise. 

At the start of maximum energy collection, the receiver is normally operated at its 

minimum flow rate to maximize the outlet salt temperature. For a molten salt 
receiver, the minimum flow rate is established by the point at which the transition 

to laminar salt flow in the receiver tubes occurs. The minimum flow rate must be 
sufficiently above this transition point to assure that turbulent flow in the 
receiver is maintained. For the MSEE receiver the minimum flow rate is approxi­

mately 20% of full flow. However, operation at this flow rate was not possible due 

to flow instrumentation limitations that would not permit adequate flow control at 
less than 30% of full flow. This limitation resulted in lower outlet temperatures 
after startup, delaying the output of the rated 1050 deg F salt. 
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Figure 4-8 shows typical outlet salt temperatures, both actual and what would be 

achievable if the flow rate could be lowered to its minimum, for the first 160 

minutes after sunrise. The temperatures correspond to the power levels of Figure 
4-7. As indicated, an outlet salt temperature of just over 900 deg F is achievable 
shortly after the receiver startup. An outlet temperature of 900 deg F is 

considered the minimum acceptable for continuous delivery to the hot storage tank. 
The lower initial outlet temperature did not significantly reduce the overall 
system performance because energy delivered to the cold tank is retained as useful 
energy in the system. 
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Figure 4-8. Receiver Early Morning Outlet Temperature 

On a typical clear day, the receiver shutdown and drain would normally be initiated 

whenever the outlet temperature falls below 900 deg F. Since the receiver output 
is symmetrical about solar noon, the temperatures of Figure 4-8 also apply to the 

160 minutes prior to sunset on a clear day. With the termination of energy 
collection occurring approximately one hour before sunset, the energy levels 

associated with the period after shutdown are identical to those listed in Table 
4-1. 

With the start of maximum energy collection occurring one hour after sunrise and 
continuing until one hour before sunset, the energy collected is only l .2% less 
than what could be collected with continuous operation from sunrise to sunset. 
This 1.2% loss in the collectable energy applies to clear day operation during late 
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April and early May. The loss percentage would be slightly higher near the winter 

solstice and slightly lower near the summer solstice. These results indicate that 
the losses attributed to the daily startup and shutdown do not significantly reduce 

the overall energy collection performance of the MSEE receiver. 

Energy Conversion 

The energy conversion portion of the MSEE system includes the steam generation 

subsystem, the heat rejection and feedwater subsystem, and the electric power 

generation subsystem. The energy conversion performance of the MSEE is not 
representative of a commercial plant. This is due to the relatively small scale of 
the experiment and its unoptimized design. The small scale and unoptimized design 
results in lower efficiencies throughout the system and, as a fraction of gross 

plant output, a much greater parasitic electric load than would be expected from a 

commercial plant. There was no opportunity to optimize the complete system because 
the system was designed to utilize existing subsystems and many salvaged components. 

For clear day operation, the primary advantage of a molten salt and direct storage 

system over a direct coupled (e.g., Solar One) system is that it allows the energy 

conversion subsystems to operate at or near rated conditions (and peak efficiency) 
throughout the day rather than only near solar noon. This advantage was 
demonstrated during the MSEE test program. During the integrated system test, the 
energy conversion subsystems were operated at full load most of the time. The 
storage tanks were absorbing or supplying the difference between the thermal output 

of the receiver and the thermal input to the steam generator. 

Steady-State Energy Conversion. Since the energy conversion portion of the system 

is decoupled from the energy collection portion, its performance can be evaluated 
independently. Typical full load operating conditions for the steam generation 

subsystem are shown in Figure 4-9. Full load refers to operating with the main 
salt flow control valve 100% open such that the salt flow rate through the steam 

generator is at its maximum. 

Referring to Figure 4-9, off-rated operating conditions were primarily the result 

of lower than rated hot salt and feedwater temperatures. With the receiver 
typically operating at 1030 to 1040 deg F, rather than the rated outlet temperature 

of 1050 deg F, the hot salt available for delivery to the steam generator ranges 

from 1010 to 1020 deg F. This low hot salt inlet temperature leads to a lower 
superheater salt outlet temperature, and the required flow of cold salt at the 
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Figure 4-9. SGS Full Load Operation Conditions 

attemperator between the superheater and evaporator is lower as a result (6,160 

lb/hr rather than the rated flow of 13,900 lb/hr). This attemperation cools the 

salt entering the evaporator to 850 deg Fas limited by its 2 1/4 Cr-1 Mo construc­

tion. The lower than rated evaporator outlet salt temperature is primarily the 

result of the additional load on the evaporator due to a lower-than-rated feedwater 

temperature. 

The rated feedwater temperature is 550 deg F. It was necessary to reduce this 

temperature to prevent steam drum level instabilities that were observed during 
load changes with the 550 deg F feedwater. The drum level instabilities were due 
to drum pressure variations, which resulted in drum pressure less than the 

saturation pressure for the incoming feedwater. This allowed flashing of incoming 

feedwater and resulted in level swell. It was determined that a 520 deg F 

temperature setpoint for the feedwater heater (thermal losses result in the 

temperature dropping to 515 deg Fat the SGS skid) would assure that the water 

entering the steam drum remained subcooled during load changes, and thus prevent 

drum level instabilities. 

The steam attemperator, although fully operable, was not required during operation 
with lower than the rated 1050 deg F superheater inlet salt temperature. Without 

attemperation, the main steam temperature of 980 deg F was acceptable since it did 

not exceed turbine throttle steam temperature limitations. The possible elimination 
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of the steam attemperator in future designs is discussed in the SGS design 

evaluation. 

The off-rated operating temperatures reduced the SGS thermal output capacity by 

6%. They also resulted in approximately the same reduction in the gross steady­

state electric power generating capacity. 

Typical full load efficiencies for the complete energy conversion process are given 

in Figure 4-10. The thermal power extracted from storage, delivered to the steam 
generation subsystem, and added to the steam cycle are all averages based on 
extended periods of operation. The cumulative efficiency from the thermal power 

extracted from storage through the power added to the water and steam loop 
represents the thermal losses associated with the transfer of energy from the 
molten salt to the water and steam. These losses would not be incurred in a direct 

coupled system; however, these losses are relatively small for the MSEE, and the 
loss fraction would be even less for a commercial plant. In addition, since the 

molten salt and direct storage system permits continuous operation of the 
turbine-generator at rated output, this penalty is offset by higher steam cycle 
efficiencies. This loss offset is not apparent in the efficiencies shown in Figure 
4-10; it will be examined later in the discussion of the full day energy conversion. 
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The gross and net electric outputs shown in Figure 4-10 are simulated values based 

on the actual thermal output of the MSEE steam generator, and the actual 

performance of the Solar One turbine-generator with appropriate adjustments, the 

heat rates shown in Figure 4-11, and a combination of measured and calculated 

electric parasitic loads. The simulation of the electric output was required due 

to the failure of the turbine oil pump, which prevented the operation of the 

turbine-generator. This failure occurred prior to the integrated system test; 

however, the operation of the turbine-generator was not required in order to meet 

the test objectives. The turbine-generator met its primary objectives prior to its 

failure by demonstrating compatibility with the startup and operation of the steam 

generation subsystem and by demonstrating stable electric output from the steam 

generated by the molten salt. 

GROSS CYCLE HEAT RATE (BTU/KWH) 
15,000 ,------------------------------, 

14. 000 
RATED MAIN STEAM 
FLOW RATE ... : 
1100 PSI, 950 DEG F 

13, 000 

12,000 

11. 000 

"· ,oo l 
9000 

0 1 2 3 4 5 6 7 B 9 10 11 12 

SGS STEAM FLOW RATE (1000 LB/HR) 

Figure 4-11. Gross Steam Cycle Heat Rate 

The heat rates of Figure 4-11 are based on the actual performance of the Solar One 

turbine-generator with appropriate adjustments to compensate for the lower MSEE 

steam pressure and higher steam temperature. The determination of these heat rates 

is presented in detail in Appendix E along with their comparison to actual MSEE 

heat rates exhibited prior to the turbine-generator failure. The actual MSEE heat 

rates serve little purpose in this performance evaluation. The MSEE steam cycle 

through the heat rejection feedwater subsystem and the electric power generation 

subsystem, which includes the turbine-generator, is extremely inefficient. 
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Consequently, the simulation of the actual MSEE electrical output would be 
misleading. 

From Figure 4-11, the gross steady-state steam cycle heat rate for the full load 
steam flow rate (10,600 lb/hr) is 10,270 Btu/kWh. Adjusting this heat rate to 
correct for the higher than rated main steam temperature (980 deg F instead of 950 
deg F) gives a heat rate of 10,220 Btu/kWh. The heat rate adjustments for off­
rated steam conditions are discussed in Appendix E. This adjusted heat rate 
corresponds to the gross steam cycle efficiency of 0.334 shown in Figure 4-10. 

lhe gross electric output is reduced by the plant parasitic load to arrive at the 
net plant electric output. The parasitic electric loads are listed in Table 4-2. 

All the values in Table 4-2, except the steam cycle and balance of plant,- are 
actual measured loads. The steam cycle and balance of plant parasitics are based 
on actual Solar One values that have been scaled for MSEE application. The actual 
MSEE steam cycle and balance of plant parasitic loads were not used because they 
were unrepresentatively large and the results would be misleading. A listing of 
the actual steam cycle parasitic loads is included in Appendix E. 

The above approach to evaluating the energy conversion gives the most realistic 
appraisal of the capabilities of a very small scale molten salt electric plant. 
The only performance characteristics not actually exhibited by the MSEE are those 
for the steam cycle. This approach does not reduce the validity or value of the 
evaluation since the steam cycle performance is not a source of uncertainty in the 
design of future plants. 

Clear Day Energy Conversion. The approach to the clear day energy conversion 
performance evaluation was similar to the steady-state energy conversion discussed 
above, but on a total daily energy rather than power basis. As with the steady­
state performance, the electric output was simulated based on the measured SGS 
thermal output and the heat rates of Figure 4-10. When appropriate, the heat rates 
shown in Figure 4-11 were adjusted for off-rated steam pressure and/or temperature. 

Figure 4-12 shows the clear day energy conversion efficiencies corresponding to the 

energy collection performance represented by Figure 4-5. The comparison of the 
clear day efficiencies shown in Figure 4-12 to the steady-state efficiencies shown 
in Figure 4-10 indicates the conversion effectiveness characteristic of the molten 
salt and direct storage system. The clear day gross steam cycle efficiency of 
0.324 is only slightly less than the 0.334 steady-state efficiency. The high clear 
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Table 4-2 

ELECTRIC PARASITICS - CLEAR DAY 

Steady State X Duty Cycle = Daily Energy 
Power (kW) ( Hr/Day) (kWh/Day) 

Operation 

Salt pumps 
Cold salt 45.4 11. 2 508 
Booster 33.2 11. 2 372 
Hot salt _ _Q__J_ 10.5 _ _____§..1 

84.7 944 

Trace heaters 
Receiver 13 .4 11. 2 150 
Thermal storage 24.5 11. 2 274 
Downcomer and riser 17 .0 11.2 190 
Steam generator 5.7 JQ._i --~ 

60.6 674 

Collector field and controls 52 12.2 634 

SGS circulation pump 4.6 10.5 48 

Steam cycle and balance 
of plant l 09 10.5 l , 145 

Ope rat ion total 310.9 3,445 

Standby 

Trace heaters 
Receiver 27.2 12.8 348 
Thermal storage 33.0 12.8 422 
Downcomer and riser 29.8 12.8 381 
Steam generator ~ 13.5 ~ 

l 06. 9 l, 379 

SGS circulation heaters 17 .3 13.5 234 

SGS circulation pump 4.6 13.5 62 

Balance of plant 30 13.5 405 

Standby total 158.8 2,080 

Grand Total 5,525 
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day efficiency (relative to steady state) is due to the operation at or near rated 

load conditions throughout the day and the minimal losses associated with its 

startup. 

Subtracting the parasitic electric loads from the gross electric gives the net 

electric shown in Figure 4-12. The net electric is given for both the period when 

the system is operating and on a 24-hour basis. The itemized parasitic energies 

are included with the parasitic powers listed in Table 4-2. A substantial 
reduction in the trace heater electric consumption is achievable and will be 
discussed with the monthly performance evaluation. 

The clear day energy conversion performance results indicate that a molten salt and 
direct storage system is capable of efficiently converting the thermal energy 

stored in molten salt into electricity. 

Startup of Energy Conversion. The molten salt/direct storage system provides the 

capability to shift the energy conversion period from the energy collection period, 

within the limits of the available storage capacity. This feature results in a 
rather meaningless comparison of the energy conversion startup timeline to the 
receiver startup or sunrise. For completeness, however, Figure 4-13 shows two 

typical startup timelines for the energy conversion process. The early startup 

corresponds to that when the hot salt storage tank is more than two-thirds full and 
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Figure 4-13. Energy Conversion Startup Timeline 

140 160 

the late startup corresponds to that when the storage tank is less than one-third 
full. Exact adherence to these timelines is not required for performance 
optimization. As long as the receiver is operated at its maximum energy collection 
level and the energy conversion process operates continuously at its maximum 
output, overall performance will be similar regardless of when the energy 
conversion process startup begins. 

Startup power levels for the energy conversion process are shown in Figure 4-14. 
The energy required to start up the energy conversion process (represented by the 

area under the SGS thermal input curve for the first 40 minutes) amounts to 0.52 
MWh or approximately 1.7% of the total energy delivered to the SGS on a clear day. 

Thus, energy usage during the startup of the energy conversion process is 
relatively low. In addition, only a small fraction of this energy is rejected 
during the startup. The steam generated during the startup is used primarily to 
heat the steam lines as rapidly as possible. Even then most of the energy 
remaining is used to heat the feedwater rather than being rejected as waste heat. 
This is accomplished by reducing the steam output as shown by the large dip in 
Figure 4-14. Small amounts of steam are required at this time while the turbine is 
going through warmup for 15 minutes. After the generator synchronization, any 

4-19 



POWER (MW) 
3 .--------------------------~ SGS THERMAL INPUT 

----
2 

FROM HOT STORAGE 
-A--

GROSS ELECTRIC 
OUTPUT 
--e----

0 A,.:::::!'C...--1.--'-_L___..__L_~---e----'-..l--.-'-~--'----'----'--"-~--'---'---' 

O 10 20 30 40 50 60 70 BO 90 100 

MINUTES FROM START OF SGS RAMP TO HOT FLOW 

Figure 4-14. Energy Conversion Startup Power Levels 

excess steam produced while the steam generator and turbine-generator loads are 

being adjusted is rejected to the deaerator to preheat the feedwater. 

Thermal Storage Capacity. The total thermal storage capacity, based on the 

quantity of salt in the system during the MSEE test program, is approximately 6 

MWh. Since the sumps are fed by gravity from the storage tanks, the tanks have 

minimum operating levels in order to provide the head to supply salt to the sumps 

at a rate which meets the receiver and SGS demands. 

The MSEE was originally constructed with an undersized line feeding the cold sump 

from the cold salt storage tank. This undersized line severely limited the full 

utilization of the storage capacity and forced the reduction in the receiver energy 

collection rate during peak collection periods. The undersized line was replaced 

in January 1985 in preparation for the integrated system test to alleviate the flow 

limitations it presented. With the new line, both the energy collection and energy 

conversion subsystems could be operated at full capacity as long as neither storage 

tank contained less than approximately 15% of the total salt inventory. 

Considering these minimum tank levels, the MSEE available storage capacity is 

approximately 4.2 MWh. 
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The available storage capacity of 4.2 MWh allows the energy collection process to 

continue by itself for a maximum of about one hour at peak collection levels. On 
the energy conversion side of the system, its operation by itself can be sustained 
at full load for a maximum of about l .4 hours. 

During clear day operation with energy collection and conversion occurring 
simultaneously, the thermal storage subsystem absorbs or supplies the differences 
between the thermal collection and conversion rates. Figure 4-15 shows the 
relationship between the energy collection rate, energy conversion rate, and the 
energy in storage for April 28. As indicated, the stored energy varies through 
most of the available range. This wide variation in the stored energy illustrates 
that the MSEE storage capacity is adequate and not excessive. 
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Figure 4-15. Thermal Storage Energy Variation 

PARTLY CLOUDY DAY SYSTEM PERFORMANCE 

SGS THERMAL 
INPUT (MW) 

--A--

ENERGY IN 
STORAGE (MWh) 

----e----

A major advantage of the molten salt and direct storage system over the water and 

steam direct coupled system is its ability to effectively operate under partly 
cloudy conditions. The MSEE successfully demonstrated this capability by 
exhibiting efficient energy collection and stable energy conversion during widely 
varying solar conditions. 
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The normalized energy collection efficiencies for the 28 days of the integrated 

system test, shown in Figure 4-16, illustrates the energy collection effectiveness 
of the MSEE under less than ideal solar conditions. Disregarding the five days in 

which the receiver was not operated and the seven days of low solar utilization 
resulting from operating complications gives the correlation indicated by the 

straight line in Figure 4-16. 

NORMALIZED COLLECTION EFFICIENCY 
1 ~-------------------------cl1----A-.---, 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 
A A 

A A 

A 

o .............. .._.L._~-L..---..----J'--~---'--A--~--'--~~-~~-~~~~~ 

0 10 20 30 40 50 60 70 BO 90 

DAILY DIRECT INSOLATION ENERGY IMWh) 

Figure 4-16. Normalized Energy Collection Efficiencies For 28 Days 

The startup, operation, and shutdown of the energy conversion process are 

essentially the same, regardless of the solar conditions. However, the operating 

schedule must be adjusted to compensate for variable energy collection rates. 

Figures 4-17 through 4-19 show the system response to wide variation in 
insolation. Each of these figures illustrates that useful energy can be collected 
during variable solar conditions and that the electric output is independent 
(within storage limits) of the insolation level. This was the first data on MSEE 
to clearly demonstrate the thermal storage buffering. Figure 4-17 shows that 
steady-state electricity (bottom curve) was generated throughout the day when solar 

conditions varied due to clouds of short duration (top curve). The middle curve 

shows the salt flow through the receiver varied with the transient insolation. 
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Figure 4-17. System Performance During Variable Solar Conditions, 
April 18, 1985 

Figure 4-18 shows that steady electricity (bottom curve) was generated throughout 

the day and particularly the later part of the day when solar conditions 
deteriorated and was finally nonexistent. Generation of electricity was terminated 

when storage was depleted or when the scheduled test day ended. 
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Figure 4-18. System Performance During Variable Solar Conditions, 

May 8, 1985 

Figure 4-19 shows that steady electricity (bottom curve) was generated during 
varied solar coditions. This was terminated when solar conditions deteriorated and 
the receiver was not able to produce useful hot salt. The receiver flow rate 
(middle curve) shows the salt flow after 12 noon was at minimum flow rate until 
shutdown except for a brief period between 2 and 3 PM. 
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Figure 4-19. System Performance During Variable Solar Conditions, 
May 9, 1985 

MONTHLY PERFORMANCE 

The 28--day integrated system operations test provided comprehensive performance 

data for the system evaluation. The system was operated through a wide range of 
solar conditions typical of those which would be encountered during the operation 
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of a convnercial plant. Appendix F contains key operating data for each of the 28 

days of the test campaign. These data include available direct energy, energy 
delivered to receiver, energy delivered to SGS, gross electric production, and net 
electric production. Also included are the hours of daylight for each day, to 

hours synchronized (simulated) to the grid. 

Energy Collection 

The sky condition for the 28 days of the test campaign can be classified as follows: 

Mostly sunny days, 10 

Partly cloudy days, 14 

Mostly cloudy days, 4 

The average daily direct solar availability during the test was 6.7 kWh/m2. This 
average was below the historical Albuquerque average of 7.6 kWh/m (1). 

Solar Utilization. The utilization of the total solar energy deliverable to the 

receiver for the 28 days is shown in Figure 4-20. The total energy deliverable to 

the receiver (100%) was that which would be delivered if all heliostats were 
targeted on the receiver during all daylight hours, regardless of the system's 
operating status. The fraction actually delivered to the receiver (69.6%) was that 
delivered during periods of energy collection. The loss while operating (6.2%) 
represents energy not delivered to the receiver during periods while it was 
operating and available for energy collection. This loss was primarily due to 
periods of reduced power operation and delays in bringing the heliostats back on 
target after extended periods of cloud cover. 

DELIVERED TO RCVR--69.6X 

LOSS WHILE OPERATING--6.2X 

SHUTDOWN LOSS--2.4X 
START-UP LOSS--1.6X 

WEATHER RELATED LOSS--9.6X 

FORCED OUTAGE LOSS--1O.6X 

DISTRIBUTION OF TOTAL ENERGY 
DELIVERABLE TO RECEIVER 

Figure 4-20. Solar Utilization For 28 Days 
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The startup loss (1 .6%), shown in Figure 4-20, represents energy not delivered to 

the receiver from sunrise until the scheduled completion of the startup process. 

The shutdown loss (2.4%) represents energy not delivered to the receiver from the 

scheduled shutdown until sunset. The shutdown loss was higher than the startup 

loss; this was due to the work schedule, which forced the system shutdown 30 to 90 

minutes early on many days. 

The weather related loss (9.6%), shown in Figure 4-20, represents energy not 

delivered to the receiver during days or periods in which it was not operated due 

to adverse weather conditions. The weather related loss was accumulated primarily 

during periods of sunshine when the overall solar availability was judged as being 

insufficient to justify the operation of the system and during periods when the 

receiver could not be operated due to insufficient solar availability to complete 

the startup process. Only a small fraction of the weather-related loss was due to 

high winds. The operation of the system was demonstrated during wind speeds of 40 

to 45 mph. The forced outage loss (10.6%) represents energy lost due to operating 

complications and equipment outages. Most of this loss was accumulated during the 

one day in which the steam generation subsystem was unavailable due to a trace 

heater failure and during startup delays. 

Figure 4-21 shows a histogram of the receiver startup frequency as a function of 

the elapsed time from sunrise until full power operation. During the integrated 

system operation test 

FREQUENCY 
7 

6 

5 

4 

3 

2 

1 

0 
0 

0 

campaign the startup process was normally scheduled for 

6 

0 

TOTAL START-UPS: 23 ON SCHEDULE: B 
WEATHER DELAYS: B 

MISC DELAYS: 7 

30 60 90 120 150 180 210 240 270 300+ 

MINUTES FROM SUNRISE TO FULL POWER 

Figure 4-21. Receiver Startup Histogram 
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completion 90 minutes after sunrise. Although it was demonstrated that the startup 

process could be completed within 60 minutes of sunrise, 90 minutes was scheduled 

to accommodate the proficiency levels of the utility operators. There was no 

indication, however, that the startup process could not be routinely completed 

within 60 minutes after gaining a few additional weeks of operating experience. 

Disregarding the delays due to weather, Figure 4-21 shows that the startup of the 

energy collection process was completed on schedule more than 50% of the time. The 

delays not related to weather consisted of three occurrences of salt blockages, a 
problem which was later eliminated with trace heater control modifications, and 

four occurrences of cold components due to inadequate thermal protection. The 

frequency of startup delays is considered unique to the MSEE. 

The integrated system operation test was successful in demonstrating that a molten 

salt central receiver is capable of effective solar utilization. 

Energy Collection Performance. The receiver was operated on 23 of the 28 days of 

the integrated system operation test campaign, as shown in the following summary: 

lotal daylight hours 373 

Hours above 400 W/m2 insolation 213 

Hours of receiver salt flow 169 

Hours of receiver outlet> 900 deg F 130 

Hours of propane operation 0 

The energy collection efficiencies for the 28 days of the test campaign are shown 

in Figure 4-22. In addition to the efficiency improvements discussed with the 

solar noon and clear day performance, substantial improvements would be expected in 

a commercial system as a result of increasing the period of operation for the 

energy collection process. 

Comparing the 28-day energy collection efficiencies to the corresponding clear day 

efficiencies (Figure 4-5) illustrates the overall effectiveness of molten salt as 

an energy collection and storage medium. Disregarding the loss due to the period 

of time in which the receiver was not operating, the remaining efficiencies are 

similar to their corresponding clear day values. Most significant is the energy 

absorbed by the salt which, as a fraction of the energy intercepted by the 

aperture, was only slightly less than its clear day value. This performance is 
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Figure 4-22. 28-Day Energy Collection Efficiencies 

remarkable, considering that only 10 of the 23 days of operation represented by 

these efficiencies were classified as mostly sunny. Also, recall that the solar 
availability for the 28 days was below average. 

These results of the integrated system operation test campaign indicate that a 

molten salt and direct storage system can efficiently collect energy during less 

than ideal solar conditions. This performance is the result of the capability of a 

molten salt receiver to almost instantly begin collecting useful energy (although 

at lower temperatures initially) after periods of cloud cover. In addition, the 

lower initial receiver outlet temperature was determined to not adversely affect 

the energy conversion performance since low-temperature energy is added to the cold 
salt storage tank. 

~nergy Conversion 

The 28-day integrated system operation test campaign included the operation of the 

energy conversion process on 20 days. Of the eight days in which the energy 

conversion process was not operated, seven were a direct result of the solar 
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availability and only one was due to a forced outage. The following summarizes the 

time periods relating to the energy conversion process for the 28 days: 

Hours of steam production 

Total 
Above 80% of rating 
Above 60% of rating 

Hours connected to grid (simulated) 

142 
105 
123 

135 

The hours connected to the electric grid, although simulated, are consistent with 

the actual turbine-generator start-up and operation demonstrated before its 

failure. The hours connected to the electric grid relative to the hours of steam 

production illustrates that the system can be started up rapidly. 

Figure 4-23 shows the simulated periods of electric power generation and the solar 

conditions for each of the days during the test campaign. The period from 6:00 

through 18:00 has been divided into three-hour intervals for classification of the 

solar conditions. Intervals classified as clear are those in which the direct 
2 insolation was greater than 400 W/m for more than 95% of the time. Intervals 

classified as partly cloudy are those in which the direct insolation was greater 

than 400 W/m2 for 25% to 95% of the time. Mostly cloudy intervals are those in 
2 

which the direct insolation was greater than 400 W/m for less than 25% of the 
time. The periods of electric power production overlapping with periods of partly 

or mostly cloudy solar conditions illustrates the advantage provided by the direct 

storage feature. 

The energy conversion efficiencies for the 28 days of the test campaign are shown 

in Figure 4-24. In addition to the demonstrated performance, Figure 4-24 shows 

five adjustments to the net simulated electric output that would have improved the 

plant performance. 

Comparing the 28-day energy conversion efficiencies to the corresponding clear day 

efficiencies (Figure 4-12) shows that the thermal storage losses were not excessive 

relative to the clear day operation and that the thermal to gross electric 

efficiency dropped only slightly. However, the net electric output was 

significantly less, as a fraction of gross, for the 28 days. 
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Figure 4-23. Periods of Electric Power Generation 
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Figure 4-24. 28-Day Conversion Efficiencies 

The low net electric output was expected of the MSEE due to its unoptimized design, 

small scale, and an operating strategy which was intended to maximize energy col­
lection rather than net electric output. This operating strategy resulted in 
higher parasitic electric loads; however, it provided more complete energy collec­

tion data. The electric parasitics for the 28 days are summarized in Table 4-3. 
The determination of the parasitics follows that described for the solar noon and 

clear day operation. 

As indicated by the adjustments to the net electric output shown in Figure 4-24, 

without the early shutdown required due to the work schedule, and if equipment 

outages and operating complications had not occurred, the net electric output would 

have increased to near zero. Additional improvements in the net electric output 

would be realized if an optimized heliostat aiming strategy, using multiple aim 
points, had been used and if the excessive electric parasitic associated with trace 

heating was reduced. The gains resulting from such a reduction in parasitics are 

indicated by the last two adjustments in Figure 4-24. The reduction in the trace 

heating parasitic results from supplying most of the energy required for thermal 
conditioning with stored thermal energy rather than electrical energy. The only 

areas requiring electric trace heating after salt flow is established would be 

drained or stagnant salt lines and some valves with bellows seals. All other 

electric trace heaters could be turned off. 
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Table 4-3 

ELECTRIC PARASITICS - 28 DAYS 

Operation 

Salt pumps 
Trace heaters 
Collector field and controls 
SGS circulation pump 
Steam cycle and balance of plant 

Standby 

Trace heaters 
SGS circulation heaters 
SGS circulation pump 
Balance of plant 

Total 

Total 

15, 150 
10,810 
10,610 

700 
16,680 

53,950 

52,960 
8,980 
2,390 

15,570 

79,900 

The above results indicate that positive net electric output is achievable on the 

MSEE scale, even with the below-average solar availability of the 28-day integrated 

system operation test campaign. Relative to a commercial scale plant, however, the 

MSEE performance capability is poor and is not directly scaleable. Therefore, the 

MSEE efficiencies throughout the system will be compared to those expected of a 

commercial scale system in the following annual performance projection. 

ANNUAL PERFORMANCE PROJECTION 

The 28-day integrated system operation test campaign provided plant performance 

data over a wide range of operating conditions. This performance data has been 

utilized in projecting the plant's annual performance. The projected efficiencies, 

from direct insolation through net electric output, are shown in Figure 4-25. 

These efficiencies are based on typical meteorological year (TMY) insolation data 

and do not include allowances for plant outages. 

The projected annual electric parasitics are listed in Table 4-4. As previously 

discussed, the total electrical parasitic loads could be significantly reduced by 

using stored thermal energy in place of operating electric trace heaters. 
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Figure 4-25. MSEE Projected Annual Efficiencies 

Table 4-4 

ELECTRIC PARASITICS - ANNUAL 

Operation 

Salt pumps 
Trace heaters 
Collector field and controls 
SGS circulation pump 
Steam cycle and balance of plant 

Standby 

Trace heaters 
SGS circulation heaters 
SGS circulation pump 
Balance of plant 

Total 

Total 
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258,100 
184,000 
174,000 
12,000 

283,800 

912,300 

615,200 
106,500 

28,300 
184,700 

934,700 



Figure 4-26 shows the predicted typical efficiencies of a 100 MW molten salt 
e 

central receiver system with a north heliostat field and cavity receiver(~)- The 

comparison of these efficiencies to the projected annual MSEE efficiencies (Figure 

4-25) shows where substantial efficiency improvements would occur in a large-scale 

commercial plant. 
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Figure 4-26. Solar 100 Predicted Annual Efficiencies 

The MSEE test program was not intended to validate the performance predictions for 

a commercial plant. However, there was no evidence to indicate that the predicted 

performance for a commercial plant could not be achieved. 

RECEIVER THERMAL LOSS TESTS 

The determination of the actual thermal losses associated with the receiver is 

essential for the verification and refinement of methods for estimating these 

losses. Tests were performed to measure the thermal losses for various wind 

conditions and absorber panel temperatures with the cavity door both open and 

closed. These tests were all conducted with the receiver in cold flow (no solar 

input). 

The testing consisted of establishing a constant flow rate through the receiver, 

followed by a period of time sufficient to allow the inlet and outlet temperatures 

to stabilize. Each test case was allowed to continue a minimum of 15 minutes after 
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the temperatures had stabilized. The total energy loss from the receiver was then 

calculated by: 

Qt= me [T. - T J 
p 1 0 

where: 

Qt = total thermal loss 

C = specific heat of salt p 
T. = salt inlet temperature 

1 
T = salt outlet temperature 

0 
rit = mass flow rate of salt 

The specific heat of the salt was calculated at the average receiver temperature 

using the relation given in Reference~-

-5 
Cp (Btu/lb-deg F) = 0.345 + 2.28 x 10 Tavg (deg F) 

The loss test results are listed in Table 4-5. Included in this table are the 

total loss, the radiation loss, and the convection loss. The radiation emission 

loss was calculated by: 

Q = oc Aa [T4 - T4 ] r r sky 

Where: 

o = Stefan-Boltzmann constant 

c = effective emittance of cavity 

Aa = aperture area of cavity 
T = average receiver absorber temperature= (T + T.)/2 r o 1 

For the effective emittance of the cavity, a value of 0.86 was used. This was the 
value given in the ACR Phase II Report(~} and was determined by assuming diffuse 
radiation and that the interior cavity walls act as reradiating surfaces. The 

2 aperture area was 80.6 ft, and the sky temperature was assumed to be 30 deg F 
less than the ambient air temperature (Ta). 
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Table 4-5 

RECEIVER THERMAL LOSS TEST RESULTS 

Wind Wind 
Qt Qr QC Test Speed Direction T (OF) T • (OF) T (OF) 

Date (MPH) (fran) _a_ 1 0 ril(klb/hr) (kBtu/hr) ® (kBtu/hr) ® (kBtu/hr) ® 

CavH.:t DQor Closed 

10/2/84 5 s 68 623 619 33.3 84 25 

10/18/84 20 NW 43 598 583 33.9 182 53 

10/19/84 9 s 48 630 622 33.9 97 29 

.i,. 12/7/84 8 SW 45 677 670 41. 7 105 31 
I 

w ...... 

Cavity Door Open 

9/17/84 12 NW 72 630 602 29.0 291 85 151 44 140 41 

10/18/84 15 NW 43 591 559 33.9 388 113 131 39 257 74 

10/18/84 20 NW 43 595 551 33.9 534 157 129 38 405 119 

12/10/84 6 s 42 671 639 33.5 386 113 111 52 209 61 

12/17/84 5 s 32 725 688 34.0 454 133 215 63 239 70 

12/17/84 5 s 32 613 594 43.5 298 87 140 41 158 46 



The conduction loss through the insulation on the back side of the absorber panel 

was reported in Reference 6 as less than 4% of the total receiver loss. Therefore, 

this loss was neglected and the convection loss was calculated by subtracting the 

emitted radiation from the total receiver loss. 

Figure 4-27 shows the total thermal loss for the various cases as a function of wind 

speed. This figure illustrates the loss sensitivity to both the panel temperature 

and the wind speed. 
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Figure 4-27. Receiver Thermal Losses 

The uncertainties associated with the measurements used in calculating the total 

loss are estimated at 1700 lb/hr for the flow rate and 4 deg F for the temperature 

difference T. - T . Considering these uncertainties, the uncertainty in the 
l 0 

calculated total loss is less than 15% for all of the open cavity door cases except 

the second case of December 17, 1984, which is 26%. The wind speeds were constant 

for each test case and were measured at the north end of the heliostat field. A 

tower-top anemometer was not available. 
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RECEIVER TRANSIENT RESPONSE 

The receiver must respond to variations in solar flux to maintain the outlet salt 

temperature within tolerable limits and to protect the structural integrity of the 

receiver. For the MSEE receiver, the response to variations in solar flux, such as 

those due to cloud passages, is governed by a quasi-feed-forward control algorithm. 

The control algorithm regulates the receiver outlet temperature through flow 

modulation. It estimates the absorbed power during flux variations by monitoring 

the temperature changes across each of the receiver's passes and the salt flow 

rate. This estimation of the absorbed power is then used to compute the flow 

required to achieve the desired outlet temperature. 

The receiver transient response testing consisted of the simulation of cloud 

passages by controlling the rate at which heliostat beams were brought on target. 

Tests were conducted for various power ramp rates, temperature set points, and 

minimum flow limits. The test results were used to determine operating constraints 

and develop operating procedures and limits for sun tracking through cloud passages. 

The power levels and ramp rates were progressively more severe for the simulation of 

cloud passages. Details of these ramp rates are included in Volume 2, Addendum A. 

Initial testing at lower power levels and slow ramp rates indicated that the control 

algorithm could not adequately control the receiver outlet temperature within the 

high limit of 1080 deg F while tracking through cloud passages at full power with 

the 1050 deg F rated set point. Figure 4-28 shows the salt flow rate and 

temperature response for a relatively slow (compared to actual cloud passage} 

35-second ramp to a 75% power level. As shown by Figure 4-28, the temperature 

exceeded the set point by 50 deg F. Further testing showed that temperature 

overshoots of 60 deg F to 70 deg F were characteristic of the response to actual 

cloud passages with 100% of the heliostat field on target. Figure 4-29 shows this 

response to cloud passages. As indicated, the 1020 deg F setpoint required the 

heliostats to be defocused upon reacquiring the sun to avoid exceeding the receiver 

temperature limit of 1080 deg F. 

Due to the control algorithm limitations, it was not possible to operate the 

receiver at the rated 1050 deg F outlet temperature during partly cloudy conditions 

unless the flow rate was controlled manually. It was determined that 1000 deg F was 

the maximum temperature set point for the control algorithm during partly cloudy 

conditions. In order to operate at the 1000 deg F set point, it was also necessary 

to provide an additional temperature margin for the most severe transients through 

an automatic set point reduction to 975 deg F, which occurred when the minimum flow 
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limit was approached. After reacquiring the sun, and temperature stability was 

reached, the temperature set point would then be manually increased to its normal 
operation point of 1000 deg F. 

The relatively large temperature overshoots are due to the control algorithm. The 
control algorithm was good in theory, but in practice it lacked the accuracy and 

response necessary to give tight temperature control of the receiver. In using 

measured flow for the mass heat balance calculation, inaccuracies in the flow 
measurement propagate through the calculations. Control problems are also caused 
by the slow control system update rate (2 seconds), thermal response rate, and the 
long transport delays. 

The controllability of the receiver could be improved by the use of flux gauges (or 

other instruments for sensing the solar input directly) in the control algorithm. 
Flux gauges would be much more responsive to transients and would reduce the 
sensitivity to errors in the flow measuring device. However, survivability of 
gauges has been a problem in the past. 

The control algorithm limitations, although preventing the receiver operation at 

rated temperature during partly cloudy conditions, did not adversely affect the 

energy collection performance of the MSEE. If anything, the collection efficiency 
improved slightly as a result of lower thermal losses at the reduced operating 
temperatures. The impact of the lower temperature operation was more significant 
on the energy conversion process. The lower temperature salt reduced the steam 
generation capacity by approximately 6%, which in turn resulted in a lower 
turbine-generator efficiency. However, since the steam generated with 1050 deg F 
salt required attemperation to obtain the rated 950 deg F steam temperature the 
rated main steam enthalpy could still be maintained. The steam attemperation and 
its overall effect on performance is discussed in more detail in Section 5. 

OVERNIGHT THERMAL CONDITIONING 

The feasibility of using the cold surge tank to pulse salt through the receiver and 

maintain the receiver in a filled, warm condition overnight was examined. Testing 
indicated that under mild wind conditions (5 to 8 mph) the salt supplied from the 
initially fully pressurized surge tank could keep the receiver above salt freezing 
temperature for 40 minutes before being depleted. For the testing the surge tank 

was filled with 670 deg F salt. The flow was pulsed as required to maintain all 
receiver panel temperatures above 600 deg F with the cavity door closed and no 

external sources of heat. During the tests, the surge tank salt supply valve was 
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fully closed except when the surge tank required replenishment. The MSEE design 

would not allow the pumps to be shut off between periods of surge tank replenishment 

because air would be trapped in the lines upon restarting the pumps. Therefore, 

pulsing salt to provide overnight thermal conditioning of the MSEE receiver has no 

advantage over maintaining a continuous flow through the receiver. 

For future receivers, if thermal conditioning is to be provided by keeping the 

receiver filled, it appears that a continuous flow approach would have advantages 

over pulsing. Whether the continuous flow is provided by a smaller circulation pump 

or by replenishment-depletion cycles of a surge tank, the flow requirement would be 
less than with pulsing because isolated cold spots are eliminated. With salt 
pulsing, isolated cold spots can require moving large quantities of salt, much of 
which is at acceptable temperatures, in order to remove a slug of cold salt. In 
addition, the expected performance must be carefully evaluated to determine if there 
is really any advantage to maintaining the receiver warm overnight. In the case of 
the MSEE cavity receiver, the thermal energy required to maintain it warm overnight 

is approximately twice that which can be gained by starting the energy collection 
process with the first available insolation. Therefore, although more efficient 

than electrical heating, this method of thermal conditioning provides no performance 

benefits. 

The conclusion that there is no performance benefit in maintaining the receiver in a 

warm standby mode overnight does not imply that the system should be completely 

drained at the end of each day. There are definite performance advantages to 

circulating salt throughout the remainder of the system, bypassing the receiver, 

which would allow most trace heaters to be turned off. The only areas where trace 

heaters could not be turned off are on dry or stagnant lines and on some valves with 

bellows seals. The potential performance benefits are significant. The trace 
heater electrical loads when the system is drained, and the loads for only essential 

heaters when salt is circulating are as follows: 

Trace Heater Electric Load (kW) 

System Salt 
Drained Circulating 

Receiver loop 57.0 21.00 
Thermal storage 33.0 2.6 
Steam generator loop ~ --1..d 

Total l 06. 9 25.9 
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Under two conditions, the system electric requirements for thermal conditioning 

could be reduced by 20%, from 106.9 kW to an electric equivalent of 85.3 kW: (1) by 

utilizing the cold salt pump alone to provide circulation, and (2) by assuming that 

80% of the 45.4 kW electric required to operate the pump is recovered as thermal 

input to the salt through kinetic heating and throttling. The electric equivalent 
is based on a thermal to electric conversion efficiency of 0.33 to determine the 

electric value of the thermal energy supplied by storage; it also includes the pump 

load. Substantial additional gains could be realized by the installation of a 
small-capacity pump to circulate the salt rather than using the oversized primary 

salt pump. With such a pump, the equivalent electric requirement for thermal 

conditioning could be reduced to 59.6 kW. 

SALT PERFORMANCE 

The Olin Chemical Group's summary report of the analytical results of the MSEE salt 

sampling reveals there were no major changes in the salt performance during 1984 (i). 

There was virtually no change in the percentage concentration of the major 

components - sodium (15.27 to 16.23), potassium (16.52 to 14.92), nitrate (65.9 to 

73.6), and nitrite (1 .12 to 1-17). The sodium-to-potassium ratio was in balance so 

there was no major change in the melting and freezing characteristics of the salt. 

Nitrite levels were what would be expected for a nitrate salt that is in a thermally 

cycled system. 

Besides nitrates and nitrites, other anions analyzed were oxides (i.e., 

hydroxide/oxide), carbonates, chlorides and sulfates. Oxide concentration levels 
started the year at less than l ppm and rose to about 9 ppm in November. It appears 
there may be a buildup of oxide, but the apparent rate and current levels are 

acceptable for a 30-year life cycle. More sampling and analysis is required to 

determine if there is indeed an oxide buildup, and to better define the rate. 

Carbonate concentration also started the year at less than l ppm. The carbonate 

levels held at about 60 ppm, which is well below its solubility of about 2500 ppm at 

550 deg F. The chloride analysis gave a scattered trend, but since the high of 40 

ppm is well below the 1800 ppm specification and no new sources of chloride will be 

introduced, there is no cause for concern or comment. The highest sulfate measured, 

1751 ppm, is lower than the 2025 ppm specification. 

The cations studied included chromium, nickel, iron, molybdenum, magnesium, 

aluminum, and calcium. Chromium concentration increased from 4 ppm to 6.5 ppm 

during 1984. The rate of chromium increase should decrease as surfaces of the MSEE 
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equipment are passivated. The levels of chromium are considered good and are well 
below the solubility limit. Iron and nickel levels were stable during 1984. 
However, since iron and nickel are likely saturated in the salt at about 4 ppm, the 
analytical results are not a good indicator for the corrosion rate. Salts of iron 
and nickel may have precipitated and settled in equipment and therefore were not 
included in the sample. 

In summary, the 1984 analytical results show that the MSEE salt performed well. 
There were no changes in its characteristics, and all chemical species remained at 
acceptable levels. 
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Section 5 

DESIGN EVALUATION 

The objectives of the design evaluation are to: 

l. Present the experimentally determined range of operability of the 
MSEE. 

2. Evaluate design assumptions. 

3. Identify deficiencies and limitations associated with the design and 
recommend design improvements. 

The design evaluation has been categorized by system configuration, system control, 

subsystem design, system maintainability, and trace heating and thermal protection. 

SYSTEM CONFIGURATION 

The system configuration met the functional objective of demonstrating the technical 

feasibility of a molten salt system. There were no inherent system level configur­

ation design deficiencies identified. Design deficiencies were all at the sub­

system or component level. 

Some of the key operational limits of the system are listed in Table 5-1. 

The range of operability of the receiver permitted its operation down to l .0 MW 

output while maintaining a minimum flow of 30,000 lb/hr and 900 deg F outlet 

temperature. For the turbine-generator, stable operation was demonstrated down to 

less than 100 kW gross output with acceptable steam generator following during 
e 

rated load changes of 10% of full load per minute. 

Although the basic system configuration was verified, many specific components were 

identified which contributed to the overall inefficient operation of the MSEE. 

These components include a feedwater pump (highest single parasitic load) with an 

electrical load over 50% greater than an optimized pump, the use of dry cooling 

towers rather than wet, and electrical trace heaters whose parasitic load could be 
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Table 5-1 

OPERATIONAL LIMITS 

Maximum 
As Tested 

Receiver flow rate, 1000 lb/hr 93 
(pump capacity) 

Receiver thermal output, MW 4.02 

SGS total salt flow rate, 80 
1000 lb/hr (1050 deg F hot salt) 

SGS thermal input, MW 3.35 
(1050 deg F hot salt) 

Gross generator output, kW 600 (actual) 
(steady state, 1050 deg F 1100 (simulated) 
SGS supply salt) 

Gross generator output, kW 900 (actual) 
(non steady state) 

Net plant output, kW 104 (actual) 
(steady state, 1050 deg F 
SGS supply salt) 

As 
Designed 

97 

5* 

79 

3.17 

750 

413 

*This7s the design point output and is not directly comparable to the test 
output due to different input conditions. 

significantly reduced by optimized control or largely eliminated with the utiliza­

tion of stored thermal energy. Many other components also contributed toward the 

system inefficiencies. 

The partial effect of the MSEE inefficiencies is evident in comparing the actual 

electric output to the simulated output in Table 5-1. The simulated output is 

that which could be reasonably expected with efficiency improvements in the steam 

cycle. The simulated electric corresponds to that discussed in Section 4. 

Unoptimized components were used because of their availability or cost. Their use 

did not detract from the value of the experiment. 
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SYSTEM CONTROL 

The digital control system demonstrated its advantages over analog control and was 

well accepted by the utility operators who participated in the operator training 

program. Among its demonstrated advantages were: 

• The flexibility permitted in the utilization of incoming data. 

• The ease with which control loops could be configured. 

• The ability to readily change the tuning parameters associated with 
the control loops. 

• The capability for automatic sequence programming. 

• The accessibility of a large amount of operational information. 

Although the control system had many features not available with an analog control 

system, a single state-of-the-art digital control system with at least four display 
screens would have been superior. The control system deficiencies were primarily 
the result of using two separate control systems (EMCON and Bailey Network 90) and 
only two EMCON consoles. 

The use of two control systems contributed to operating complexities and reduced 

system availability, and resulted in greater possibilities for operator errors. In 
addition, it created maintenance and programming difficulties since support 

personnel thoroughly versed in both control systems were not readily available. 

With the availability of only two EMCON control consoles, the system's operation 

status was less than adequate. This created and/or contributed to emergency situa­
tions since the detailed status of only portions of the system were available at 
any one time. 

The control system also proved inadequate for complete remote operation of the 

turbine-generator. The inadequacy was primarily due to the slow EMCON update rate 
(5 seconds) on critical generator instrumentation, including the power factor and 

the kilowatt load. Due to this limitation, the remote operation of the turbine­
generator was restricted to load adjustments. 
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A lack of instrumentation in many key areas limited the thoroughness of the system 

performance evaluation. Key measurements not available through the data 
acquisition system included: 

• Turbine steam flow rate 

• Turbine exhaust temperature 

• Hot well temperature 

• Cooling water flow rate 

• Cold sump outlet temperature 

Instrumentation has since been added for the turbine exhaust and hot well tempera­
tures. There are many other areas, although less important, where additional 
instrumentation would have been desirable. For example, more thermocouple probes 

in the various salt lines would have been useful for both the performance evalua­
tion and for providing additional operating status information to the operators. 

Although there was room for substantial improvements in the control system, its 

limitations had minimal impact on the completion of the primary objectives of the 
program. 

SUBSYSTEM DESIGN 

Receiver Subsystem 

Since the receiver itself was thoroughly evaluated as part of the previous alternate 

central receiver (ACR) test program, this evaluation will focus primarily on areas 
relating to its operation as part of an integrated system. The reader is referred 

to Reference l for the results of the ACR test program. 

The maximum salt flow rate of 93,000 lb/hr, although slightly less than the 96,000 

lb/hr design flow rate, was adequate for all steady-state operating conditions 
during MSEE testing. However, the 93,000 lb/hr flow rate originally could not 
always be sustained because of the undersized line supplying the cold sump. As 

salt is added to the hot storage tank and the level in the cold storage tank falls, 

the maximum flow rate to the sump decreases. Consequently, when the required flow 

rate for the receiver exceeded the rate at which the sump could be replenished, the 
receiver had to be operated at reduced power levels. This problem was later 
alleviated with the replacement of the line supplying the cold sump. 
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The boost pump discharge, cold surge tank, and receiver inlet pressures are shown 

as a function of flow rate in Figure 5-1. The cold surge tank level (and 

consequently its pressure) was originally designed to be controlled to a constant 

value through modulation of the boost pump discharge throttle valve (FCV-151). 

This control, and the external pressurization of the cold surge tank, was determined 
to be unnecessary. Throughout most of the MSEE testing, the receiver was operated 
with FCV-151 in its full open position, allowing the cold surge tank pressure to 
vary with the flow rate as shown in Figure 5-1. 
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Figure 5-1. Receiver Subsystem Operating Pressures 

The function of the cold surge tank to maintain flow through the receiver in the 

event of a pump outage was verified. With the equipment protection system monitor­

ing the pump pressure and sending the signal to defocus the heliostats upon sensing 

a low pressure, an adequate margin of cooling is available for all operating levels. 

The basic receiver design satisfied the project objectives. However, since it was 

one of the first of its kind and was designed primarily to demonstrate technical 
feasibility rather than high performance, its design is not representative of a 

convnercial receiver. There are numerous areas for design improvements that are 
being addressed with the follow-on test program (MSS/CTE) being conducted at the 
CRTF. 
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Thermal Storage Subsystem 

As with the receiver, the thermal storage subsystem was tested and evaluated as 

part of a separate research experiment (lQ). Therefore, the following discussion 
will be limited to those areas relating to its operation as part of the integrated 

MSEE system. 

The size of the thermal storage subsystem (see Section 4) restricted the amount of 

resource shifting that could be demonstrated. Therefore, the thermal storage 

subsystem functioned mainly as a buffer between the energy collection and energy 

conversion sides of the system. To the extent that hot salt was available in 

storage, receiver transients remained invisible to the energy conversion process, 

and with proper scheduling the storage capacity allowed continuous full load 

operation. 

The major operational problems with the thermal storage subsystem were associated 

with the limited capacity of the hot and cold sumps. The requirement for high sump 
levels to provide sufficient suction head to start the pumps left little margin 

before their overflow. Because of the high sump levels, an emergency shutdown and 

the resultant salt drainback to the sumps or the leakage of salt internally through 

the control valves could easily result in salt spillage. 

For future designs the sumps should be provided with automatic high level dumps. 

Also, if the subsystem is sized for more resource shifting, valving should be 

provided to permit the draining of either the receiver or the steam generator 

without shutting down the complete system. 

It is recognized that the cold salt booster pump was added in series with the 

existing primary cold salt pump to eliminate the expense of a single full-capacity 

pump. However, the additional pump complicated the system operation and reduced 
the system availability; such a configuration should be avoided in future designs. 

The addition of a small salt circulation pump should be evaluated for future 

designs. Such a pump could be used to maintain a minimum salt flow through the 
system when the plant is in a standby mode, allowing many electric trace heaters to 

be turned off. It was also determined that supplemental heating of the storage 

tanks and sumps was not required with daily operation. Therefore, electric heaters 

in these areas should be provided with active rather than passive control. 
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Steam Generator 

The steam generation subsystem was designed specifically for the MSEE. Its design, 
construction, operation, and component level performance evaluation are documented 
in Reference 4. From a performance standpoint, the subsystem design satisfied 
requirements. Its operation was demonstrated at rated conditions and also at a 
thermal input level 6% above rating. In its automatic steam pressure control mode, 
the steam generator demonstrated successful following of turbine-generator rated 
load changes of 75 kW/min over the range from 100 kW to full load. 

Although the steam generator performed acceptably during operation, its design 
could be improved with the elimination of the following: 

• Limited accessibility for maintenance 

• Instabilities during startup 

• Inability to sustain warm diurnal shutdown mode 

• Inadequate freeze protection 

• Deficient steam drum blowdown capabilities 

• Unnecessary steam attemperator 

The compactness of the subsystem, although more thermally efficient, limited the 
accessibility for maintenance. Future designs should allow for easier accessi­
bility for component repair and replacement. 

The instabilities during startup were primarily due to inadequate control of the 
low feedwater and main steam flow rates. Without adequate control of these flow 
rates, a loss of the steam drum level control results. For future designs, the low 
flow rates during startup should be considered when selecting valve trims, and/or a 
small bypass line and valve should be provided. 

The inability of the steam generator to sustain the warm diurnal shutdown caused 
many delays in its startup. The problem was due to the overnight loss of level in 
the steam drum, through leakage, and the resultant shutdown of the circulation pump 
and heaters. With the circulation pump and heaters off, the subsystem would cool 
to unacceptable levels for immediate startup the next day. After refilling the 
system, a period of two to three hours was typically required for the temperatures 
to reach acceptable startup levels. For future designs, an automatic steam drum 
makeup system should be considered and the subsystem should be designed to minimize 
leakages during diurnal shutdown. 
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Inadequate freeze protection resulted in frozen water and steam lines when sub­

freezing overnight temperatures were experienced. Future designs should thoroughly 

address the area of freeze protection. 

The manual valving provided for steam drum blowdown was deficient in that it 

offered poor blowdown control and would not permit a desirable continuous blowdown. 

This area should be improved in future designs by the use of remote actuating 

valves. 

The design could be simplified with the elimination of the steam attemperator. It 

was determined that the main steam temperature can be adequately controlled within 

turbine-generator limits by adjusting the receiver outlet temperature. This method 

of control also results in more efficient operation since the receiver is not 

operated at a higher than necessary temperature. 

The salt attemperator, which cools the salt exiting the superheater to 850 deg F 

(evaporator material limit) before it enters the evaporator, was determined not to 

adversely affect the plant performance. However, the attemperator did add to the 

complexity of the subsystem design and operation. Eliminating the salt attemper­

ator would have required that the evaporator be constructed of stainless steel. 

For future systems, the added material and fabrication costs related to the stain­

less steel should be evaluated against the resultant design and operation simplifi­

cations to determine if the elimination of the attemperator can be justified. 

Performance gains are not a key issue in the elimination of the salt attemperator 

since 850 deg F salt is entirely adequate for the evaporation process. 

Although there were areas for improvement in the steam generation subsystem, its 

basic design was verified. As a first-of-its-kind design, its operation and 

performance were acceptable and it was capable of operating at design conditions. 

In future designs, simplicity of design and operation should be important consider­

ations in any steam generator design. 

Heat Rejection and Feedwater Subsystem 

The HRFS was an existing subsystem adapted to the MSEE. The subsystem met all 

functional requirements but only after the removal of the impulse device from the 

steam trap between the feedwater heater and the deaerator (T-484). 
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The subsystem as built would not provide adequate feedwater heating due to insuf­
ficient steam and water flow through the feedwater heater as limited by the steam 
trap. After removal of the steam trap's impulse device, rated feedwater tempera­

ture was achievable. 

The dry cooling towers provided sufficient cooling to attain the rated 5-inch Hg 

absolute backpressure in the condenser for all test conditions. During early MSEE 
testing, the rated condenser backpressure was not achievable due to excessive 
condenser vacuum losses through the turbine steam seal suction lines. Rated back­
pressure was achieved by restricting the vacuum draw through the suction lines. 

Design changes that would improve the HRFS include the following: 

• Replace the three-way diverting valve {FCV-432), which is of a type 
prone to leakage, with a valve or valves that would provide a posi­
tive seal against leakage through the spray water heat exchanger. 

• Provide a means for gradually preheating the feedwater pump with the 
warm deaerator water prior to pump startup. 

Obviously, future systems should not use main steam for feedwater heating. 

The unique design of the HRFS, which allowed the deaerator to be used as a steam 
dump, proved to be beneficial by minimizing thermal losses during startup. Most of 

the steam generated during the line warmup process is rejected to the deaerator, 

where it preheats the feedwater, rather than being rejected as waste heat. This 
capability should be evaluated for possible incorporation in future plants. 

Electric Power Generation Subsystem 

The EPGS consisted mainly of conventional and proven components. As a result, it 

operated basically as expected prior to the turbine-generator failure. The limita­
tions associated with the subsystem were primarily due to control and instrumenta­
tion deficiencies. These deficiencies necessitated local startup and generator 
synchronization. 

Prior to the turbine-generator failure, its operation was demonstrated at the rated 
750 kW full load gross generator output; however, this power level could not be 

maintained for more than approximately 5 minutes since it required the diversion of 
steam normally supplied to the HRFS. EPGS operation at 20% above the rated 750 kW 
output was also demonstrated. 
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The limited subsystem instrumentation prevented the accurate determination of the 

turbine-generator performance, especially at partial loads. 

Consequently, the turbine-generator design performance for the various load condi­

tions probably represents its actual operation better than what could be indirectly 
calculated. Based upon the design performance at the rated 0.8 power factor, the 
turbine-generator steam flow rates and efficiencies for 1050 psi, 940 deg F 

throttle steam, and 5-inch Hg absolute 

Steam flow rate (100 lb/hr) 

Gross efficiency(%) 

Generator output (kW) 

System Maintainability 

condenser backpressure are as 

Generator Load Fraction 

25% 50% l_?~ 

29.0 45.2 61. 7 

16. l 20.7 22.8 

188 375 563 

fo 11 ow: 

100% 

78.0 

24.0 

750 

For system maintainability, the need was demonstrated for improved accessibility 
and an improved preventive maintenance program. 

The limited accessibility in many areas of the system resulted in excessive delays 
when maintenance or repairs were required. Trace heater repairs or replacements 
and steam generator maintenance were especially difficult due to limited accessi­
bility. Future designs should allow for the replacement of any trace heaters 
(unless their reliability is substantially improved) with a minimum of complica­
tions. In addition, each subsystem should be designed such that individual 
components are accessible with minimum delays. Examples of components where 

accessibility was restricted include the boiler water circulation pump and many 
other steam generator components, receiver valves, and receiver panel instrumenta­

tion. In cases where it may be impractical to provide easy accessibility to 
components subject to failure, such as in the case of the thermocouples on the 

receiver back tubes, redundant components should be provided. 

The MSEE preventive maintenance program, although good in its intentions, did not 

benefit the project to its full potential. The limited benefit resulted from the 
lack of personnel available to perform the preventive maintenance. In order to 
maintain the total system integrity, future projects must establish, implement, and 
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strictly adhere to a preventive maintenance program in order to maximize the system 

reliability. 

With improved accessibility and proper preventive maintenance, the overall main­
tainability and availability of future systems would be greatly enhanced over that 

of the MSEE. In addition, component redundancy similar to that provided in conven­

tional power plants should be incorporated into any commercial designs. 

Heat Tracing and Thermal Protection 

Monthly system downtime forced by heat tracing and thermal protection related 
problems ranged from 3% to 50% for the period from April 1984 through December 
1984. The system unavailability due to deficiencies in these areas emphasizes the 
need for improvements. 

The reader is referred to the Sandia Report, Electric Heating for High Temperature 
Heat Transport Fluids, (ll) which reviews the experience with trace heating and 
thermal protection for the MSEE and other projects (l.Q). The recommendations of 

this report are summarized in Table 5-2. 
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Design 

• Thermal 

Table 5-2 

SUMMARY OF RECOMMENDATIONS FOR HEAT TRACING 
MOLTEN SALT HEAT TRANSPORT SYSTEMS 

--Provide heat input of 125% of the highest possible calculated heat loss. 
--Provide separate heaters on valves and other components. 

• Electrical 
--Select element with a derated power output to operate at 50% of design 

voltage. 

• Maintenance 
--Design for ease of replacement or repair of each element. 
--Install spare elements prior to insulating. 

Heating Element Selection 

• Select tubular or MI cable heaters based on a reliability/cost study using 
ETEC heater failure rates as the reliability criteria. 

• Use band, ring, or strip elements or Inconel-sheathed MI cable on irregular 
shaped components. 

• Do not use immersion heaters in salt. 

Installation 

• Attach heater elements at one-foot intervals. 

• Cover elements with stainless steel foil. 
• Locate welded hot-to-cold junctions of heater elements on the component. 

Locate outside the insulation if MI cable with brazed joints is used. 

Controls 

• Use active, proportional voltage control system on all areas that experience 
environmental changes. 

• Install spare, welded-on, thermocouples for each control zone. 
• Provide a separate control circuit for each component or heater zone. 

Insulation 

• Block air convection around the pipe or component with ceramic blanket 
insulation. 

• Preformed block insulation should be used as the outer insulating layer on 
straight runs of pipe only. 

• Ceramic blanket layers should be used for irregular shapes. 
t Wind shields are required for valves and non-pipe components. 
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Section 6 

OPERATOR TRAINING PROGRAM 

In addition to system characterization testing, a major part of MSEE testing and 

training was dedicated to the training of utility and industry personnel. 

The operator training program consisted of two-week and three-week courses of 

instruction in the operation of the MSEE. The primary objectives of the program 

included the following: 

l. Train utility and industry personnel in the hands-on operation of 
the MSEE. 

2. Disseminate information and experience relating to the operation of 
a molten salt central receiver solar power plant. 

3. Familiarize the participants with a distributed digital control 
system. 

4. Obtain feedback on the training methods and course structure. 

5. Obtain an evaluation of the system design and operation. 

To create a more effective training program, a trial team was given classroom 

instruction and trained in actual operations of the MSEE in early August 1984 for a 

two-week period. This resulted in a partial reorganization of the course material 
and greatly enhanced the effectiveness of the training program. During the train­
ing program, engineering tests were performed and useful engineering test data was 

obtained to be used in the overall evaluation of the MSEE. 

There were 20 participants in the training program: 13 from utilities, five from 

industry, one EPRI consultant, and one from IEE-Mexico. Twelve of the personnel 
were power plant operators and eight were engineers. A total of six classes were 
conducted (including the trial team in August) with five regular classes starting 

in early September 1984 and ending in early December 1984. 

COURSE STRUCTURE 

The trial team class was conducted in August 1984 over a two-week period, followed 
by three three-week classes consisting of utility operators, and concluding with 
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two two-week classes with a mixture of personnel. A systems operations training 
manual was supplied to each of the trainees before the start of the course. This 
allowed them to become familiar with the overall training program and MSEE before 
arriving on site. The training course used the subsystem approach starting with 
the master control subsystem and ending with integrated system operation. The time 
was effectively divided between classroom, field tours, and control room operations 
to increase the interest and attentiveness of the trainees. Flexibility was 
incorporated into the course organization to allow for the minor maintenance of 
equipment and adverse weather conditions, and the interest and ability of the 
trainees. 

Integrated system startup and shutdown operations were performed during most of the 
final week of the three-week training course. In the two-week training session, 
the final two days of the second week were devoted to integrated system operations. 
A listing of the participants and a detailed schedule is in Appendix H. 

TRAINING AND OPERATING SESSIONS 

Day l of the operator training program was begun with a CRTF and MSEE orientation. 
Past solar projects were reviewed, leading to Solar One and the current MSEE 
project. The orientation concluded with an overall facility safety briefing with 
particular emphasis on the MSEE safety concerns. 

An overview of the MSEE system was discussed in the conference room using a large 
piping and instrumentation drawing. This was discussed in general terms with the 
trainees until a moderate understanding was achieved. The trainees were then given 
a facility tour to familiarize them with the overall layout of all the subsystems 
and large equipment. The tour areas included the heliostat field, the thermal 
storage area, the steam generation subsystem, the heat rejection feedwater sub­
system, the electric power generation subsystem, and the receiver subsystem. On 
the return trip to the control room, other CRTF projects were pointed out to the 
trainees, including the dish, parabolic trough, and furnace projects. 

Following the hardware tour, the subsystem level instruction began with the master 
control subsystem. In the classroom the subsystem was described and its operation 
was discussed. When the trainees sufficiently understood the master control sub­
system, they were taken into the control room to perform console exercises. These 
exercises were primarily used to familiarize the trainees with the EMCON keyboard. 
The trainees would locate specific keys, systematically call up different control 
groups for the various subsystems, call up a subsystem graphics and system 
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graphics, print data from the console, and get a complete view of the console 

operation. Finally, the Accurex computer which controls the trace heaters was 
demonstrated to the trainees. 

Day 2 of the training and operating sessions was devoted to the receiver and 

thermal storage subsystems. The subsystems were first discussed in the conference 

room using the piping and instrumentation drawing. This discussion was followed by 

a detailed field tour to familiarize the trainees with the equipment including the 

location of all salt lines, valves, pumps, and all major components. The piping 
and instrumentation drawing was reviewed on the site with the equipment allowing 

the trainees to correlate the actual locations of each specific piece of equipment. 

Subsequent to this field tour, the trainees were exposed to the control and opera­

tions of the receiver and thermal storage subsystems. Prior to actually operating 
any of the equipment, pre-operational console exercises were performed in the 

control room. These exercises included checks of the salt lines and valve tempera­
tures on the Accurex computer, checks of the equipment configuration, and familiar­
ization with the various controls. 

A pump and valve exercise followed which consisted of the actual operation of each 

type of valve and the pumping of salt from the cold sump back to the cold storage 
tank. This exercise was repeated by each trainee at the console until complete 
familiarization and understanding was achieved. 

Days 3, 4, and 5 were devoted to classroom discussions of and actual operation of 

the receiver subsystem. During procedure reviews each trainee participated by 

explaining specific steps in the procedures and discussing the operating sequences 

using the piping and instrumentation drawing in the classroom. After demonstrating 

adequate understanding of the procedures, each trainee was allowed to fill and 
drain the receiver using the automatic sequences. This procedure was performed as 
often as required until each trainee became confident in the operations. Cold salt 
flow operations were conducted, changing the salt flow rate as required to allow 

each trainee to observe the reaction of the equipment. The receiver operations 
terminated with charging the hot salt storage tank completely with hot salt. 
Following the equipment operations, a performance calculation was done by each 

trainee to complete their understanding of the complete receiver subsystem. 
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In all operations, the trainees were not required to respond to equipment 

emergencies. CRTF personnel stood by in the control room at all times and 

intervened during emergencies with the trainees only observing the operations. 

Days 6 and 7 were devoted to the steam generation subsystem. As with previous 

subsystems, the complete system description was given in the conference room, 

followed by a field tour for equipment familiarization, a review of the control and 

operations, and pre-operational console exercises. Upon completion of the 

pre-operational console exercises, the steam generation subsystem procedures were 

reviewed in detail. 

Because of the slow response in the steam generator during the fill operation, the 

trainees were allowed to fill and drain the steam generator manually rather than 

using the automated sequences. This manual approach enhanced the trainees' under­

standing of the complete operation. Following the cold salt flow fill and drain 

sequences, each trainee was allowed to ramp the steam generator to a hot salt flow 

using both manual and automatic sequences. 

Day B was scheduled for the propane heater and the steam generator; however, this 

day was typically rescheduled to a day with poor solar availability. The propane 

heater control and operations review was followed by a detailed procedure review of 

the propane heater operation. The trainees then proceeded to charge the hot tank 

with hot salt using the propane heater instead of the receiver. After completely 

charging the hot tank, the propane heater was shut down and the steam generator was 

operated using the hot salt previously generated. Prior to any training opera­

tions, the CRTF personnel configured the equipment to allow the trainees to complete 

the scheduled activities. For example, if the hot tank had to be drained through 

the steam generator to provide additional cold salt for training operations, this 

was accomplished by the CRTF personnel while the trainees were in the classroom. 

During control room activities the trainees were in direct radio contact with the 

field technicians coordinating all the required operations to perform the required 

task. 

Days 9 and 10 were devoted to the electric power generation subsystem. Less time 

was required to become familiar with this subsystem due to the familiarity with 

normal power plant operations. The digital control system was thoroughly discussed 

and the control and operations reviewed. Subsequent to the complete procedure 

review, a local startup was performed by the CRTF personnel with the trainees only 

observing. This was conducted to allow the trainees to be exposed more thoroughly 
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to the solar portion of the MSEE. Following the local startup of the turbine, the 
trainees returned to the control room and operated the steam generator and the 
turbine system from the control room consoles. Performance calculations were also 
performed subsequent to shutdown of the operation. 

At the beginning of the third week, days 11, 12, and 13 were completely dedicated 
to integrated system operation and to synchronizing the generator to the grid. All 
subsystems were thoroughly discussed with the trainees relative to their integrated 
operation. The order of subsystem startups was discussed, allowing the trainees to 
understand the proper sequence. Procedures were again reviewed which consisted of 
subsystem procedures being sequenced in proper order to obtain a final system 
operation. The trainees were then allowed to start up, operate, and shut down the 
complete system daily. This included synchronizing the turbine-generator to the 
utility grid and ramping up the generator to the maximum power output. 

The morning of day 14 was dedicated to operating the steam generator and turbine­
generator subsystems from the storage tanks. This included synchronizing to the 
utility grid and ramping the turbine-generator for maximum power output. Following 
the shutdown of daily operations, a training class debriefing was conducted. This 
included an oral and written debriefing and evaluation of the training class and 
the MSEE project. In preparation for the Solar One tour, a Solar One briefing was 
conducted. This briefing included a review of the control strategy and the state­
of-the-art control system used at Solar One. Day 15 was dedicated entirely to the 
Solar One trip. The team arrived at the Solar One site before sunrise and was 
given a complete description of the control system. Each team observed an early 
morning startup and complete operation of the Solar One facility. Detailed discus­
sions were conducted as required to meet each trainee's desires. The trip was 
concluded by a detailed tour of the facility that included the control room, the 
computer room, and all the external equipment. 

ACCOMPLISHMENTS 

Each of the participants was provided with actual hands-on experience in operating 
a molten salt central receiver power plant. This was the first such training in 
the United States on an advanced salt central receiver system. Each participant 
was also provided experience with distributed digital control systems. Feedback of 
the training methods and the MSEE design and operation was obtained from each 
participant. 
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TRAINING PROGRAM EVALUATION 

The training program met all of its objectives. The general consensus among the 

trainees was that the training program provided a valuable and worthwhile 

experience. The training class debriefing included a written evaluation by the 

trainees of the training course, the subsystem design and operation, and the 

control system. 

The trainees evaluated the training course favorably in all areas. The overall 

curriculum and mell1odology was judged appropriate for the utility operations; 

however, a four-week course would have been preferable over the three-week course 

in order to improve the operators' proficiency. Industry personnel, such as 

engineers or designers, whose objective would not be proficient console operation 

but rather to evaluate the system, could be effectively exposed to the system in a 

three- to five-day course. The training material required for an accelerated 

course for engineers and designers is available and would only have to be condensed 

and organized to meet the specific needs of such a course. 

The responses also indicated an overall acceptance of digital control among Lhe 

utility operators. From the operator's viewpoint, all felt that digital controls 

should be utilized in future plants, both conventional and solar. The single 

negative response relating to the operation of the control console was that the 

alphabet keypad was not laid out like a typewriter. 

A detailed evaluation is listed in Appendix I. 
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Section 7 

TECHNICAL ASSESSMENT AND RECOMMENDAlIONS 

PROJECT RESULTS 

Results of the Molten Salt Electric Experiment (MSEE) project are summarized in 
four categories in the following tabulation: 

• Design Configuration, pages l too 
• Performance, page 7 
• Operations, pages 8 to 10 
• Reliability of Components, pages 11 and 12. 

Results of the MSEE test program, as well as other observations on the system, are 
briefly summarized in the second column of the table. Many of the problems 
encountered were due to specific facility limitations. These problems and the 
corrective actions taken during the test program, are described in the Discussion 
column. Applicability of the results to commercial systems and design 
recommendations are given in the fourth column. Recommendations for further 
testing and the development to be accomplished prior to considering commercial 
installations are given in the last column. 

TECHNICAL ASSESSMENT 

The MSEE contributed substantially to our knowledge and understanding of the 
potential and problems of a molten salt, central receiver solar power plant. An 
overall assessment of this technology is as follows: 

l. The system has been demonstrated to be technically feasible. Many of the 
problems encountered were caused by facility limitations or by specific 
design features of the MSEE itself. Despite these problems, the plant 
could be operated effectively. Salt freezing during the experiment was 
handled with no significant damage to the system. 

2. The thermal storage configuration effectively decouples solar energy 
collection from power production. This allows the collection function to 
effectively follow solar availability and power production to follow user 
demand. 

3. Molten nitrate salt is an effective, low-cost heat transfer fluid for 
energy collection and storage. No degradation in salt properties was 
observed over the limited duration of the MSEE operation. 
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4. Distributed digital controls were highly effective. Many operating 
sequences were automated. Further automation will be possible which will 
allow operation of future plants and little operator requirements. 

5. Thermal and hydraulic performance can be predicted with good accuracy. 

6. Reasonably rapid startup can be accomplished without excessive loss of 
collectable solar energy. 

7. The high melting point of the nitrate heat transfer salt (430 to 460 deg 
F) creates substantial problems in maintaining the temperatures required 
for startup. The main problems are associated with: 

• Trace heating 
• Insulation 
• Wind protection 
• Extensive instrumentation for temperature monitoring 
• High parasitic power 
• General system complexity 

Any future technology development program should include improved 
solutions to these problems. 

8. Net positive power production has not been demonstrated; it is predicted 
for larger installations. The major parasitic power loads and approaches 
to their reduction have been identified. 

9. Lifetime limitations were not measured or observed because of the limited 
duration of the project. 

10. Most components required for this plant are available. Further 
development is required for salt valves and instrumentation and to improve 
reliability, particularly during cyclic operation. 

In summary, the molten salt, central receiver solar power system is technically 

feasible, and has certain attractive features but requires substantial development 

to establish its potential for economical power production. 

REC0MMENDAll0NS 

Based on the foregoing technical assessment, development and qualification of 

components, modifications to the system configuration, and alternative means of 

maintaining the system warm for startup should be accomplished. These should all 

be verified in a large-scale full-system test prior to commitment to any commercial 

program. 

Specific recommendations follow in five categories: 

l. Component Development 

• Develop and qualify, at the full commercial plant scale, pumps, 
valves, and instrumentation for molten nitrate salt application. All 
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requirements, including particularly cyclic operation, should be 
covered. 

• Design and qualify water and steam components for the cyclic 
operation required in solar plants. 

2. Subsystem Tests 

• Build and test, preferably at the CRTF, a model receiver that 
incorporates the potential improvements identified in this program. 

• Develop and confirm in a subsystem test alterative methods of 
maintaining the system warm overnight. This objective could be 
combined with those of the model receiver test described in the 
preceding paragraph. 

3. Design 

• Achieve greater design simplicity. Reduce the number of components, 
particularly the receiver purge and drain valves and temperature 
monitoring instrumentation. 

• Include the requirement for cyclic operation in all component 
specifications and loop designs. 

• Design all equipment for the most rapid startup and shutdown. 

4. Programmatic 

• Include an adequate quality assurance plan that covers both hardware 
manufacture and installation. 

5. Full-System Test 

• Conduct a large-scale (10 to 30 megawatts electric) system test that 
incorporates the results of all of the above developments. 
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SUBSYSTEM 
FEATURE 

SYSTEM 

Equipment Layout 

Salt Loop Issues 

0. Insulation 

o. Wind Protectlon 

o. Trace Heater 
Contro 1 

o. Instrumentation 
- Thermocouples 

- Pressure 
Transducers 

MSEE PROJECT RESULTS - (Page ll 

EVALUATION OF MSEE DESIGN CONFIGURATION 

MSEE TEST RESULTS 

Steam generator separated 
from HRFS and turbine by 
over 150 ft. High thermal 
losses and control lags 
resulted. 

Large temperature variations 
observed on valves, headers, 
and complex bends. Inspec­
tion revealed that solid 
calcium silicate insulation 
had deteriorated to powder 
due to thermal cycling. 

Large temperature variations 
on components exposed to 
winds. 

Passive control resulted 
in large temperature 
variations and substantial 
downtime. 

Insufficient number to 
monitor salt lines for 
startup. Freezeup and 
delays resulted. 

Not provided for hot 
pump discharge. 

DISCUSSION 

Due to use of existing 
equipment and facilities. 

Retrofitted soft insulation 
and conformal lagging on 
complex bends and components 

Added wind shielding that 
reduced temperature 
variations. 

Changed from passive to 
active control -- limited 
to 2 control zones. 

Temperature criterion 
used for startup was 
increased to reduce the 
frequency of salt freezing. 

APPLICATION TO 
COMMERCIAL SYSTEM 

DESIGN 

Locate subsystems 
as close as practical. 

Use soft insulation and 
conformal lagging. 

Provide wind shields in 
original design. 

Use active control of 
trace heaters with 
multiple control zones 
for different thermal 
loss rates or applica­
tions. 

Provide sufficient 
number of thermo­
couples. 

Provide. 

RECOMMENDATION FOR 
FURTHER TESTING 

Test all recommended config­
uration features in a full 
system experiment. This 
recommendation applies to all 
of the features discussed on 
pages 1-6 of this table. 
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SUBSYSTEM 
FEATURE 

o. Isolation Valves 

Water/Steam 
Loop Issues 

RECEIVER SUBSYSTEM 

Surge Tanks 

o. Cold Tank 

o. Hot Tank 

Boost Pump 

Flow Control Valves 

Riser Shutoff Valve 
Fall Position 

MSEE PROJECT RESULTS - (Page 2) 

EVALUATION OF MSEE DESIGN CONFIGURATION 

MSEE TEST RESULTS 

Leaks occurred thru control 
valves that were used as 
isolation valves. 

Numerous leaks --particular­
ly with threaded fittings. 

Effectively ouffered hy­
draulic surges In receiver 
flow. 

Also provided source of 
emergency coolant for the 
receiver. 

Procedures developed which 
did not require level 
control. 

Several overflows occurred. 

Pump in series with cold 
pump complicated operation 
and caused forced outages. 

Two parallel valves 
functioned well. 

Fail in open position. 

DISCUSSION 

Caused salt freezing and 
delays. 

Due to cyclic operation. 

Inability to vent tank 
complicated shutdown. 

Operated with level con­
trol bypassed. 

Procedures modified and 
level sensor used to 
eliminate problem. 

Added to existing pump 
to provide head needed by 
the receiver. 

This limited emergency flow 
through receiver; not 
serious problem in MSEE due 
to rapid heliostat slewoff. 

APPLICATION TO 
COMMERCIAL SYSTEM 

DESIGN 

Install isolation valves 
on upstream side of all 
contro 1 va 1 ves. 

Design for cyclic opera­
tion. This is a crucial 
requirement and is treated 
again on page 11 under re­
liability of components. 

Two surge tank configuration 
recorrmended. 

Provide controlled vent in 
cold tank. 

Can eliminate level control 
feature. 

Use larger tank; use level 
sensor for high salt level 
protection. 

Use one cold salt pump 
for full head. 

Use two parallel valves. 

Provide fail closed 
configuration. 

RECOMMENDATION FOR 
FURTHER TESTING 
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SUBSYSTEM 
FEATURE 

Purge Valves and 
Drain Valves 

Cavity Door 

Protection Against 
Beam Spillage 

THERMAL STORAGE SUBSYSTEM 

Two Tank Configuration 

I11111ersion Heaters 
In Storage Tanks 

Sumps - Bypass 
Loop 

Transfer of Salt 
Between Tanks 

Fossil-Fired Heater 
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EVALUATION OF MSEE DESIGN CONFIGURATION 

MSEE TEST RESULTS 

Fill without use of purge 
valves accomplished. 

Functioned well. Seal not 
highly effective. 

Receiver instrumentation 
damaged by beam spillage. 

Successful. 

Cold tank heater functioned 
as designed. 

Hot tank heater had pre­
viously failed. 

Orifice flow restrictor 
used in bypass loop to 
prevent deadheading the 
pump. 

Originally flowed salt 
through SGS to transfer 
from hot to cold tank. 

Manual operation. 

DISCUSSION 

Receiver fill by flooding 
functioned well. However, 
purge and drain valves are 
a cost and complexity issue. 

Very effective seal desired 
for overnight hold. 

Caused damage to door 
drive mechanism. 

Conditioned hot tank 
using solar or fossil fuel. 

Transferred salt to cold 
tank for extended shutdown. 

Requires larger salt pump. 

Installed transfer line 
from hot sump to cold sump. 

Automatic operation would 
be simpler and safer. 

APPLICATION TO 
COMMERCIAL SYSTEM 

DESIGN 

RECOMMENDATION FOR 
FURTHER TESTING 

Possible elimination of 
purge valves or both 
purge and drain valves. 

Test serpentive fill (by 
pump} and drain (by gas 
purge} without using valves. 
Provide controlled melting 
provisions for the resi­
dual salt in the purge 
drain case. 

Retain Cavity Door. 
Improve seal capability. 

Provide protection 

use this configuration. 

Do not use i11111ersion heat­
ers in hot salt tank due 
to corrosion problems. 

Use shutoff valve in place 
of orifice. 

Provide transfer line from 
hot sump to cold tank and 
from cold sump to hot tank. 

Provide automatic temp­
erature control loop 
with a flow meter. 
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SUBSYSTEM 
FEATURE 

STEAM GENERATION SUBSYSTEM 

Forced Rec1rculation 

Superhe_a ter /Evaporator 
Materials 

Burst D1sks on 
Superheater II, 
Evaporator 

Steam Drum 

Electr1c Startup 
Heater 

Steam Attemperator 

Equipment Layout 

HEAT REJECTION AND 
FEEDWATER SUBSYSTEM 

Deaerator 

MSEE PROJECT RESULTS - (Page 4) 

EVALUATION OF MSEE DESIGN CONFIGURATION 

MSEE TEST RESULTS 

Functional over full 
operating range. 

Use of low alloy steel in 
evaporator requ1red mixing 
cold salt prior to entering 
evaporator. 

Burst upon be1ng subjected 
to pump d1scharge pressure. 

Steam drum level d1ff1cult 
to control. 

Manual blowdown required. 

Maintained water/steam 
temperatures overnight 
above salt melting po1nt. 

Used to reduce steam 
outlet temperature. 

Maintenance extremely 
d1ff1cult due to limited 
access. 

DISCUSSION 

Marg1n not allowed for 
burst disk tolerance. 

APPLICATION TO 
COMMERCIAL SYSTEM 

DESIGN 

Forced recirculation 
qual1f1ed but was not 
compared with natural 
rec1rculation. 

Trade study needed on evap­
orator material vs. the 
provision of a seprate cold 
pump for salt attemperation. 

Include tolerances in 
design. 

Rev1sed operating procedure. Provide revised control 
loop. 

Caused poor water quality 
and hazardous operat1on. 

Failed several units. 

Requ1red to match steam 
from SGS (lOOOOF) to 
allowable turbine inlet 
(9500F). 

Delayed scheduled testing. 

Provide automatic 
blow down. 

Eliminate. Provide 
function with salt cir­
culation or fossil heating 

Eliminate. Not requ1red 
for f1ne temperature 
control. 

Consider access for 
maintenance in 
equ1pment layout. 

Used to reject heat from SGS Ex1sting equipment employed. Reject heat to the con-
for startup and turbine out densor. 
conditions. 

RECOMMENDATION FOR 
FURTHER TESTING 
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SUBSYSTEM 
FEATURE 

Feedwater Heater 

Spraywater Heat 
Exchanger 

Water Treatment 

Feedwater Pump 

ELECTRIC POWER GENERATION 
SUBSYSTEM 

Turbine 

o Steam Seals 

o Oil Pump 

Generator 
Exciter 

MASTER CONTROL SUBSYSTEM 

Digital Control 

Multiple Systems 
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EVALUATION OF MSEE DESIGN CONFIGURATION 

MSEE TEST RESULTS DISCUSSION 

Heated with bypasss steam No extraction ports on 
from steam generator. turbine. 

Used to remove heat from Valves leaked. 
deaerator. 

Manual water treatment Existing equipment used. 
and sampling resulted in 
variation in water quality. 

Failed due to corrosion of 
cooling coils. 

Cavitated. 

Various problems. Failed 
prior to integrated system 
tests in 19B5. 

Non-functional. 

Manual pump used for 
startup. 

Oversized. Poor water 
quality. 

No meter for net pump 
suction head (NPSH). 

Refurbished, 40 year old. 

High back pressure. 

Installed electric oil pump. 

APPLICATION TO 
COMMERCIAL SYSTEM 

DESIGN 

Use extraction steam 
from turbine. 

Eliminate. 

Provide inline water 
treatment with auto­
matic controls 

Design for all re­
quirements includ­
ing cyclic operation. 

Use state-of-the-art 
turbine with extraction 
ports. 

Dynamic exciter did 
not work. 

Replaced with static solid- Use static exciter. 
state exciter. 

Functioned effectively. 

Problems due to conmunica­
tions between systems. 

Utility operators accepted 
system and were impressed 
with its capability. 

Multiple control systems 
used because of existing 
equipment and dedicated 
SGS control system. 

Use digital controls. 

Use single control system 
for the full plant. 

RECOMMENDATION FOR 
FURTHER TESTING 
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SUBSYSTEM 
FEATURE 

MASTER CONTROL SUBSYSTEM 
(Continued) 

Capability 

Consoles 

Heliostat Control 

EQUIPMENT PROTECTION 
SUBSYSTEM 
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EVALUATION OF MSEE DESIGN CONFIGURATION 

MSEE TEST RESULTS 

Update rates of approx­
imately 10 seconds limited 
control's response. 

Two viewing/control 
consoles. 

Not integrated into master 
control. 

Function adequately. 

DISCUSSION 

Used existing equipment 
(1976 technology). 

Limited control 
and system visibility. 

Required separate operator. 

Limited Instrumentation 
available. 

APPLICATION TO 
COMMERCIAL SYSTEM 

DESIGN 

Use state-of-the art sys­
tem and provide update 
rates at l - 2 sec. 

Provide at least 4 
consoles. 

Integrated control 
recommended. 

Expand capability and have 
available during checkout 
and startup. 

RECOMMENDATION FOR 
FURTHER TESTING 



PERFORMANCE FACTORS 

COLLECTION EFFICIENCY 

....... 
I 

THERMAL EFFICIENCY ..... 
0 (Storage and SGS) 

CONVERSION EFFICIENCY 

PARASITICS 

0 Trace Heating 

0 Salt Pumps 

0 Collector Field 
and Controls 

0 SGS Circulation 
Pump & Heater 

0 Steam Cycle and 
Balance of Plant 

MSEE TEST RESULTS 

MSSE PROJECT RESULTS - (Page 7) 

PERFORMANCE 

DISCUSSION 
APPLICATION TO RECOMMENDATION FOR 

COMMERCIAL SYSTEM FURTHER TESTING 
DESIGN 

DESIGN PROJECTED 
POINT DAILY ANNUAL 

0.494 0.3f>2 0.349 Predictions were: 0.5f>3, Analytical Predictions Test configurations with 
0.413 and 0.411. can be used within the con- higher efficiency. 

fidence level determined. 

Test results compared well Higher efficiencies are 
with predictions (to with- possible. 
in 15 percent). 

Low heliostat reflectivity 
(0.805) included in col-
lection efficiency . 

0.%7 0.%0 0.905 Predictions were: 0.993 Same as above 
0.978 and O.%f> 

0.17€, Prediction was 0.240. Not applicable. 
0.335 used for Integrated 
System tests based on 
measur.ed Solar I results 
adjusted for HSEE steam 
conditions. 

311 5525 1547 High parasitic power due Parasitic Power is a major Test alternative 
KWe KWHr HWHr to small size of installation factor to consider in com- features selected 

24 hr day Year and non-optimized design. mercial plant design. for the col!"fllercial 
system design. 

(fiO) (2053) (799) 
Steam cycle and balance of Less parasitic power is 

(85) (944) (258) plant values are based on possible with optimized 
normalized solar I results. design at col!"fllercial size. 

(52) (634) (174) 
Overnight hold standby Alternative heat sources 

( 5) (344) (141) power requirements contri- such as circulating hot 
buted substantially to daily salt, should be evaluated 

(l 09) (1550) (4€,9) and annual parasitics. for overnight hold. 
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OPERATION 

WARM UP 

Receiver Panel 

Balance of Salt System 

START UP 

Receiver 
config-

purge 

Steam Generator 

MSEE TEST RESULTS 

Efficient early morning 
warmup with heliostats 
demonstrated (50 minutes 
after sunrise). · 

Maintained warm overnight 
using trace heat. 

Rapid receiver startup 

demonstrated (65 minutes 
after sunrise). 

Flexible operations demon­
strated -- could start SGS 
first. 

Startup frequently delayed 
due to "cold" salt 
components. 

55 minute startup demon­
strated. 
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OPERATIONS 

DISCUSSION 

Uses only 0.3% of clear 
day's energy. 

See overnight hold 
discussion below. 

Minimum loss of useful 

energy. 

Startup can be sequenced 
according to inventory in 
thermal storage. 

Windshielding, new insula­
tion and active trace heat­
er controls reduced 
frequency of delays. 

40 minutes is the minimum 
based on warmup rates. 

Startup sequenced with EPGS. Turbine startup simulated 
for integrated system test 
due to prior turbine 
failure. 

APPLICATION TO 
COMMERCIAL SYSTEM 

DESIGN 

Warmup using heliostats 
is tentatively recoll'lllended. 
Should be compared with 
overnight salt flow with 
well insulated and sealed 
receiver cavity. 

See recoll'lllendations under 
overnight hold below. 

Applicable. 

Flexibility is available. 

Would not apply if recom­
mendation of flowing salt 
for overnight hold is 
adopted. 

Startup of coll'lllercial size 
unit could be longer. 
Consider the allowable 
warmup rates in component 
design. 

Automated startup inte­
grated with turbine warm­
up and startup should be 
specified. 

RECOMMENDATION FOR 
FURTHER TESTING 

Refine and improve warmup 
patterns. 

None. 

Demonstrate for new 

urations simulating a com­
mercial design and with 
serpentine flow if the 

or purge and drain valves 
can be eliminated. 

Automated, simultaneous 
startup with SGS. 

Test with selected over­
night hold condition. 

Demonstrate most rapid 
startup. 

Test the automated, 
integrated startup 
sequence. 
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OPERATION 

HRFS and EPGS 

STEADY STATE 

TRANSIENTS 
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OPERATIONS 

HSEE TEST RESULTS 

105 minutes required from 
pretest to full power. 

Full system operation was 
stable and required minimum 
operator intervention. 

Receiver outlet temperature 
derated 500F during partly 
cloudy conditions. 

Receiver turndown ratio 
limited to 3 to 1. 

DISCUSSION 

Excessive startup time due 
to facility limitations 
and sequencing with SGS. 

See discussions under 
decoupling and automated 
operation. 

Receiver controls allowed 
up to 700F temperature 
overshoot with severe cloud 
transients. 

5 to l turndown in specifi­
cation. Limit imposed in 
order to increase flow 
rapidly enough following a 
cloud transient. 

APPLICATION TO 
COMMERCIAL SYSTEM 

DESIGN 

Startup of commercial scale 
unit could be longer. 
Integrated startup (see 
above) would reduce this 
time. Consider daily 
startup requirement in 
subsystem and component 
specifications and design. 

Demonstrated for commercial 
system. 

Not applicable if control 
algorithm is based on flux 
measurements. An indirect 
method is preferred. 

5 to l turndown ratio 
should be used. Design 
control system to 
accoTIITlodate. 

DECOUPLING OF ENERGY Fully demonstrated. Allowed flexible startup 
and operation of all sub­
systems. 

Applicable 
COLLECTION AND UTILIZATION 

AUTOMATED OPERATION 

Receiver Loop 

Steam Generator 

Fully automated. 

Host operations automated. 

Permitted all subsystems 
to operate at maximum 
efficiency. 

Storage can be selected 
for desired duty cycle. 

Routinely performed by Applicable. 
utility operators. 

Manual operations were Full automation can be 
required for transitions achieved. 
during startup and shutdown. 

RECOHHENDATION FOR 
FURTHER TESTING 

Test with recommended 
control algorithm. 

Test with 5 to l 
turndown. 

Test for new config­
urations. 

Test fully automated 
operation. 
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OPERATION 

HRFS and EPGS 

OVERNIGHT HOLD 

Receiver 

Steam Generator 

HRFS and EPGS 

HSEE PROJECT RESULTS - (Page 10) 

OPERATIONS 

HSEE TEST RESULTS 

Not automated. 

Drained and maintained warm 
with trace heaters (except 
receiver panel). System was 
frequently "cold" by morning. 

Salt loop drained and 
maintained warm with trace 
heaters. 

Electric startup heater 
used to maintain water temp­
erature above salt freezing 
point throughout the night. 

Recirculation pump had to 
run on a 24 hour duty cycle. 

Restart on daily basis 
caused various problems. 

DISCUSSION 

facility and control system 
limitations prevented auto­
mated operation. 

Excessive heat loss during 
high winds and trace heater 
failures resulted in 31% 
outage at the beginning 
of Phase II. Wind shields 
reduced this to 15% by the 
end of Phase II. 

Salt circulation recorrrnend­
ed as a more efficient and 
reliable overnight hold 
method. 

Electric trace heaters have 
high parasitic power usage 
and reliability problems. 

Warmup from ambient would 
have taken approximately 
6 hours. 

Pump not designed for 
cyclic operation. 

Huch of the equipment 
was not designed for 
cyclic operation. 

APPLICATION TO 
COMMERCIAL SYSTEM 

DESIGN 

Full automation could be 
achieved. 

Electric trace heating is 
questionable. 

Recolllllend that salt circu­
lation be used for over­
night hold and either steam 
tracing or hot air be eval­
uated for initial and 
periodic warmup. 

See recolllllendations for 
receiver. 

Not required for recolllllend­
ed approach. 

Design for cyclic operation 
to accolllllodate daily startup 
and shutdown. 

Design for cyclic operation 
to accolllllodate daily startup 
and shutdown. 

RECOMMENDATION FOR 
FURTHER TESTING 

Test automated operation. 

Test selected approach. 

Test selected 
configuration. 
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COMPONENT 

TRACE HEATERS 

SALT PUMPS 

SALT VALVES 

WATER/STEAM EQUIPMENT 

INSTRUMENTATION 

HSEE PROJECT RESULTS - (Page 11) 

RELIABILITY OF COMPONENTS 

HSEE TEST RESULTS 

Hore than 25 failures 
occurred. 

No problems with hot salt 
pump. 

High internal leakage in 
cold pump. 

Boost pump freeze up and 
bearing failure. 

Problems with internal and 
external leakage. 

DISCUSSION 

Use of redundant heaters and 
repairs kept system opera­
tional. 

Location of hot/cold junc­
tions made repair difficult. 

Vertical cantilever pumps 
performed well. 

Did not cause downtime. 

Modified procedures and 
prevented salt from 
entering packing. 

Operating procedures 
revised to acconmodate 
internal leakage. Signifi­
cant downtime required to 
fix external leakage. 

Numerous leaks and problems. Existing equipment used. 

Receiver salt flow trans­
mitters diaphram distorted. 

HRFS water flow trans­
mitters not functional. 

Replaced & heated with 
band heaters. 

Operated without 
transmitters. 

APPLICATION TO 
COMMERCIAL SYSTEM 

DESIGN 

Install at least dual 
redundant heaters and 
keep junctions exposed. 

Use strip heaters on tanks 
and band heaters on instru­
ments. 
Consider alternatives 
recotm1ended for overnight 
hold under operations. 

Use vertical cantilever 
pumps. 

Single pump reconmended. 

Design system to accept 
internal leakage. Add 
isolation valves. 

Employ valve types and 
materials selected from 
further testing. 

Have quality assurance 
program. 

Design for cyclic oper­
ation. This is a major 
new requirement for 
many of the components. 

Use band heaters. 

Provide reliable flow 
transmitters. 

RECOMMENDATION FOR 
FURTHER TESTING 

Test selected design. 

Develop and test 
conmercial size valves 
and packing material. 

Qualify for cyclic 
operation. 
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COMPONENT 

INSTRUMENTATION 
(continued) 

MASTER CONTROL 

MSEE PROJECT RESULTS - (Page 12} 

RELIABILITY OF COMPONENTS 

MSEE TEST RESULTS 

SGS steam flow transmitter 
was erratic. 

Surge tank level trans­
mitters erratic . 

Numerous thermocouples 
failed. 

Microswitches and valve 
position indicators required 
frequent adjustment. 

Numerous hardware problems. 

DISCUSSION 

Required repeated evac­
uation of air from the 
transmitter. 

Procedures changed to 
operate with inaccurate 
readings. 

Replaced or operated 
without thermocouple. 

Added complexity to 
operations and control. 

Caused significant down­
time. 

APPLICATION TO 
COMMERCIAL SYSTEM 

DESIGN 

Design to eliminate 
problems. 

Develop improved trans­
ducers for salt use. 

Provide extra thermo­
couples as spares. 

Design & install for 
more reliable operation. 

Include automatic diag­
nostic system and 
sufficient spares. 

Utilize results of on­
going development of 
digital controls for 
power plants. 

RECOMMENDATION FOR 
FURTHER TESTING 

Test improved transducers. 

Test system with automatic 
diagnostics. 
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APPENDIX A 

CONSTRUCTION/INTEGRATION TESTING LESSONS LEARNED 

An important part of MSEE to potential users was the lessons learned. The MSEE 
portion of lessons learned while under the responsibility of Martin Marietta were 
not included in detail as they were covered in a separate report. The following 
summarizes the MSEE lessons learned and conclusions from Martin Marietta's report. 

CONTROL AND DATA ACQUISITION SYSTEM 

l. Requirements definition, hardware selection, and computer programing 
should be done by one organization. 

2. Control and data acquisition system requirements should be defined 
before a system is selected to implement those requirements. 

3. A single system should be used for control and data acquisitions, 
instead of three systems (EMCON D-2, Bailey Network 90, and the 
Acurex). 

4. More than two operator consoles are needed during checkout. 

5. Alarms should be used more effectively during checkout. 

6. The equipment protection system (EPS) should be connected and used 
earlier in the checkout phase. 

7. Great care must be used to avoid time delays in critical feedback 
control loops. 

8. Automatic sequences cannot be defined until manual sequences are run 
and checked out. 

9. Redundancy should be used in the control and data acquisition system 
hardware. 

10. A better data recording system is needed. 

VALVES 

It is important to pay attention to details in the design, analysis, fabrication, 

installation, and checkout of all valves--especially salt valves. 

l. Molten salt systems should be designed to allow for leakage through 
the valves without causing spillage or damage to the system. 

2. Proper detailed design, material selection, and quality control are 
vital to obtaining a reliable bellows stem seal in molten salt valves. 

A-1 



3) The operation of molten salt valves below the freezing point must be 
avoided to prevent damage to the stem seals. 

4. The Kieley and Mueller valve design used in the MSEE is not 
recommended for use as control valves in molten salt systems. 

5. A detailed thermal analysis of salt valves is required to predict and 
control temperatures of the valves. 

6. Valve position indicators were poor quality. 

7. The Valtek valve positioner is too sensitive and must be redesigned 
to reliably control the valve position. 

8. Valve assembly must be carefully monitored particularly when it is 
done in the field. 

9. A careful status of the valves during fabrication should be 
maintained to ensure the delivery date is met. 

PUMPS 

All three pumps used in the MSEE were of a vertical cantilever design with no 
bearing or seals in the molten salt. This is our recommended design for molten salt 

service. 

1. Hot Pump - The hot pump performed well and did not present any 
problems. 

2. Cold Pump - During drainback, the pump spins backward. The supplier 
was concerned that the impeller nut might be loosened. We solved 
this problem by changing the procedures so that a minimum of reverse 
spin was encountered during drainback. 

3. Boost Pump - Adequate deflectors and drain holes must be provided in 
a vertical pump to prevent damage and leakage from the shaft packing. 

TRACE HEATING 

Reliable trace heating requires a detailed thermal analysis, a long life cable 

design, and careful installation of the cable and insulation. 

1. Heat Trace Cable Design - Considerable progress has been made in heat 
trace cable design on the MSEE program, but more work should be 
done. There were 9 failures in the system consisting of 216 cables 
with a total length of 8000 ft. 

2. Installation - Our installation approach used two cables (one a 
built-in spare) covered with steel foil, calcium silicate insulation, 
and passive control. This system generally performed quite well on 
lines and on most valves. 

3- Maintenance - The cables and transition joints should be made as 
accessible as possible. 
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STEAM GENERATOR 

The steam generator performance was good, but failures of the immersion heater, 
recirculation pump, and leakage resulted in large system test delays. 

l. Thermal/Hydraulic Performance - The SGS performed as predicted. The 
heat exchanger area and configuration provided the required heat 
transfer at the expected pressure drops. 

2. Design Approach - The U-tube, U-shell design approach with forced 
circulation performed reliably over the limited operating time. No 
internal leakage of the water/steam into the salt was detected and 
the performance requirements were met. 

3. Immersion Heater Design - It is important to provide a properly 
located sheath overtemperature kill to prevent catastrophic failure. 
The temperature sensor must be located at the highest point so that 
loss of water will result in heater shutoff before it overheats and 
either blows up the vessel or destroys the heater. 

4. Recirculation Pump - In a canned-type pump design, it is important to 
make sure that proper cooling is provided and that the pump rotation 
is correct. Other types of pumps should be considered, particularly 
for larger systems. 

5. Water/Steam Leakage - Leakage in a small system is difficult to 
control. Very small leakage rates can result in a significant loss 
of drum level, which automatically cuts off the heater in order to 
prevent burnout. This may cause a significant delay in the next 
day's warmup sequence of SGS. 

6. Freeze Protection - Freeze protection must be provided on all lines 
which can trap water including pressure and level sensor lines. 

7. Computer Control - We believe that a single distributed digital 
control system should be used. In the MSEE the Bailey Network 90 was 
used in addition to the EMCON and Acurex. 

8. Transient Steam Flow Control - A steam control valve capable of 
controlling at low flow rates is needed near the SGS outlet. 

RECEIVER DOOR AND APERTURE 

The receiver door and passive aperture design has performed as expected. The 
limited test time so far on the MSEE did not permit a thorough evaluation of the 
effectiveness of the door seal. Testing should be performed to assess the 
advantages and/or requirements for a cavity receiver design and the operational 
necessity of a cavity door. 

SALT SYSTEM CLEANING 

All salt lines should be thoroughly flushed with water (chemical cleaning not 
required). Also, the design of the outlets at the side of tanks should prevent 
fouling of valves by contaminants. 

A-3 



INSTRUMENTATION 

Proper response of transducers and heat tracing of pressure-sensing diaphragms are 
necessary to meet instrumentation requirements. 

TEST PLANS AND PROCEDURES 

Early coordination of test plans and procedures with all contractors involved will 
minimize test problems. 

CONSTRUCTION 

Three lessons learned during construction were: 

1. The 316L stainless steel pipe is commonly used in place of 316 
stainless steel, but does not meet the codes at elevated 
temperatures. This problem of improper substitution of material 
required a considerable amount of analysis to prove adequate safety 
of the downcomer. 

2. Inadequate access to pipe welds caused problems in making acceptable 
quality welds. 

3. Winds resulted in considerable delay in welding because it affected 
the inert gas purge required. Prefabrication of welding should be 
done as much as possible. 

CONCLUSIONS 

Specific conclusions related to the continuing development of molten salt 
central receiver technology are given below. 

l. The system hydraulics performed as predicted. Over 400 ft of p1p1ng, 
a salt boost pump, a new boiler feed pump, a riser and downcomer, 
surge tanks and valves were required to interconnect the receiver, 
thermal storage, steam generator, and EPGS. 

2. There have been many problems encountered with salt valves, 
indicating the need for improvement in the design of valves for 
commercial systems. We also believe that it is important to design 
the system to accommodate small valve leaks, since it appears 
improbable that internal leakage in molten salt valves can be 
completely eliminated. 

3. Vertical cantilever pumps with no bearings or seals in contact with 
the salt proved to be reliable. Care must be exercised in the design 
to minimize salt leakage and freesing at the shaft packing. 

4. Most of the trace heating on MSEE performed well. Passive control 
proved to be adequate on lines. Significant problems were 
encountered with the trace heating of valves, indicating the need for 
development and design improvement in this area. 
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5. The passive thermal design of the aperture proved to be a viable and 
simpler alternative to the water-cooled aperture frame on the 
receiver SRE. 

6. During the checkout of the MSEE models in HELIOS, TRASYS, and DOMAIN 
computer programs, the calculated flux density distributions can be 
closely matched with measurements (obtained during the SRE program) 
by adjusting a single-input parameter--the effective intercept angle 
of the sun. Since the optimum heliostat-aiming strategy of a given 
solar thermal plant is also a strong function of this parameter, this 
observation could potentially lead to a rather simple in-the-field 
procedure for flux adjustments using reaiming of heliostats on the 
basis of a limited number of flux measurements. 

7. Within the constraints imposed by the use of existing hardware, the 
master control subsystem (MCS) performed satisfactorily, 
demonstrating the technical feasibility of using a distributed 
digital control system to operate a molten salt central receiver 
power plant. The equipment protection system (EPS) is a valuable 
independent backup to the MCS. 

8. Chemical analyses conducted by Olin indicated no significant 
accumulation of carbonates or hydroxides in the salt during its total 
usage including the storage SRE (starting January 1982) and the MSEE 
Phase I operations. Although encouraging, these data are based on 
limited exposure to high temperatures (above 7OO0F), and the 
analyses will be continued through the remainder of the program in 
order to obtain more data. 
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APPENDIX B 

SUBSYSTEM COMPONENTS AND INSTRUMENTATION LISTS 

This appendix provides a detailed listing of the major components of each 

subsystem (RS, TSS, SGS, HRFS, and EPGS) with a description, function, and 

nominal operating conditions for each component. It also provides a listing 

of the remotely operated valves, by tag name, manufacturer, size, type, 

function, and location. A detailed instrumentation listing is provided by 

tag name, description, range, alarm levels, and location. Lastly, the 

control loops are listed with set points, inputs and outputs. The piping 

and instrumentation drawing is provided to assist in locating the components 

and instruments. 
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Component 

Receiver 

Cold salt booster 
sump 

Cold salt booster 
pump 

Cold surge tank 

Hot surge tank 

Table B-1 

RECEIVER SUBSYSTEM COMPONENTS 

Description 

- 18 ft wide x 13 ft high panel 

- 18 serpentine passes Incoloy 800 
tubes 

- 16 tubes per pass 

- 3/4 in. dia. tubes 

- Carbon steel cylindrical tank 

- Vertical cantilever type 

- Carbon steel cylindrical tank 

- 3 ft. dia. 

- 7 ft. high 

Stainless steel cylindrical tank 

- 2 ft. dia. 

- 7 ft. high 

Function 

- Heat molten salt with 
solar energy from 
heliostat field 

- Reservoir for cold 
salt pump 

Nominal Operating Condition 

- 590°F inlet salt 

- 1050°F outlet salt 

- 96,867 1 b/hr 

- 5 MW rating 

- 590°F salt 

- Atmospheric pressure 

- Supply additional head I - 590°F salt 
to outlet of cold salt 
pump to pro vi de sa 1t I - 96,867 1 b/hr 
circulation through 
receiver 

- Dampen changes in salt 
fl ow rate 

Provide emergency 
salt flow through 
receiver until solar 
flux can be removed 
in the event of pump 
outage 

Dampen changes in 
salt flow rate 

- Pressurized to 125 psi 

- Atmospheric pressure 
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VALVE MANOFACIURER 

FCV-101 Valtek 
FCV-102 

FCV-151 Valtek 

FCV-161 Valtek 

FCV-162 Valtek 

FCV-180 Kieley-Mueller 
thru 

FCV-189 

FCV-190 Ki el ey-Muell er 
thru 

FCV-198 

FCV-199 Ki el ey-Muell er 

CV - Control Valve 
SV - Shutoff Valve 
FU - t-ail Upen 
rC - Fail Close 

Table B-2 

RECEIVER SUBSYSTEM RIMJTE OPERATED VALVES 

SIZE IYPE FAIL POSIJIQN FONC I ION LOCA I ION 

2" CV FO Receiver Flow Control Near Receiver Lower 
West Corner 

2" CV FC Receiver Fill Control Above Hot Tank 
Cold Surge Level Control 

2" CV FO Hot Surge Tank Level Above Hot Tank 
Control 

2" CV FC Hot Surge Tank Level Above Hot lank 
Control (Receiver) 

l 1 /2" ':5V FC Receiver Fill and Below Receiver 
Drain 

1 1 /2" SV FC Receiver Purge Above Receiver 

2" sv FC A 11 ow Down comer Above Hot Tank 
Back fl ow During 
Receiver Fill and 
Permit Drainage to 
Cold Storage Tank 
During Shutdown 
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Identifier 

PT-180 

TE-180 

TE-181 

LT-161 

TE- 183 

TE-184 

LT-151 

TE-182 

PT-182 

TE-161 

Sun 

Description 

Boost Pump 

Discharge pressure 

Bearing temp 

Sump vent temp 

Hot surge tank 

Level 

Salt temp 

Vent temp 

Cold surge tank 

Level 

Salt temp 

Pressure 

Downcomer outlet temp 

Solar insolation 

Table B-3 
RECEIVER SUBSYSTEM INSTRUMENTATION 

Alarm Levels 
Control Display Sampling 
Module Range High Low Dimension Period (sec 

PCM 3 0-400 350 275 PSI 2 

PCM 3 0-500 190 OF 10 

PCM 3 0-1200 350 OF 10 

PCM 3 0-l0C 70 15 inch 2 

PCM 1 0:..1200 1070 500 OF 10 

PCM 1 0-1200 400 OF 10 

PCM 1 0-100 90 10 inch 10 

PCM 1 0-1200 750 500 OF 10 

PCM 1 0-200 180 10 PSI 10 

PCM 3 0-1200 1070 500 OF 2 

PCM 3 0-1000 W/M2 5 
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(X) 

Identifier 

PT-181 

FT-101 

TE-101 

TE-102 

TE-103 

TE-104 

TE-105 

TE-106 

TE-107 

TE-108 

TE-109 

TE-110 

TE-111 

TE-112 

TE-113 

Description 

Receiver 

Inlet pressure 

Salt flow rate 

Salt inlet temp 

Salt outlet temp 

Back tube-pass #1 outlet 

Back tube-pass #2 outlet 

Back tube-pass #3 outlet 

Back tube-pass #4 outlet 

Back tube-pass #5 outlet 

Back tube-pass #6 outlet 

Back tube-pass #7 outlet 

Back tube-pass #8 outlet 

Back tube-pass #9 outlet 

Back tube-pass #10 outlet 

Back tube-pass #11 outlet 

Table B-3 

RECEIVER SUBSYSTEM INSTRUMENTATION 

Alarm Levels 
Control Display Sampling 
Module Range High Low Dimension Period (sec) 

PCM 1 0-200 125 10 PSI 10 

PCM 1 0-100 100 KLB/hr 

PCM 1 0-1200 650 500 OF 2 

PCM 1 0-1200 1060 500 OF 2 

PCM 1 0-1200 640 500 OF 2 

PCM 1 0-1200 665 500 OF 2 

PCM 1 0-1200 690 500 OF 2 

PCM 1 0-1200 720 500 OF 2 

PCM 1 0-1200 750 500 OF 2 

PCM 1 0-1200 780 500 OF 2 

PCM 1 0-1200 810 500 OF 2 

PCM 1 0-1200 835 500 OF 2 

PCM 1 0-1200 865 500 OF 2 

PCM 1 0-1200 890 500 OF 2 

PCM 1 0-1200 920 500 OF 2 
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Identifier 

TE-114 

TE-115 

TE-116 

TE-117 

TE-118 

TE-119 

TE-120 

TE-131 

TE-132 

TE-133 

TE-134 

TE-135 

TE-136 

TE- 137 

Description 

Receiver (cont.) 

Back tube-pass #11 outlet 

Back tube-pass #12 outlet 

Back tube-pass #13 outlet 

Back tube-pass #14 outlet 

Back tube-pass #15 outlet 

Back tube-pass #16 outlet 

Back tube-pass #17 outlet 

Back tube-pass #1 upper 

Back tube-pass #5 upper 

Back tube-pass #8 upper 

Back tube-pass #11 upper 

Back tube-pass #14 upper 

Back tube-pass #17 upper 

Back tube-pass #2 middle 

Table B-3 

RECEIVER SUBSYSTEM INSTRUMENfATION 

Alarm Levels 
Control Display Sampling Module Range High Low Dimension Period (sec) 

PCM 1 0-1200 950 500 OF 2 
PCM 1 0-1200 975 500 OF 2 
PCM 1 0-1200 990 500 OF 2 
PCM 1 0-1200 1010 500 OF 2 
PCM 1 0-1200 1030 500 OF 2 
PCM 1 0-1200 1050 500 OF 2 
PCM 1 0-1200 1070 500 OF 2 
PCM 1 0-1200 645 500 OF 10 
PCM 1 0-1200 745 500 OF 10 
PCM 1 0-1200 815 500 OF 10 

PCM 1 0-1200 915 500 OF 10 
PCM 1 0-1200 980 500 OF 10 

PCM 1 0-1200 1045 500 OF 10 
PCM 1 0-1200 680 500 OF 10 
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Identifier 

TE-138 

TE-139 

TE- 140 

TE-141 

TE-142 

TE-143 

TE-144 

TE-145 

TE-146 

TE-147 

TE-148 

TE-185 

TE-186 

Description 

Receiver (cont.) 

Back tube-pass #6 middle 

Back tube-pass #8 middle 

Back tube-pass #11 middle 

Back tube-pass #14 middle 

Back tube-pass #17 middle 

Back tube-pass #1 bottom 

Back tube-pass #5 bottom 

Back tube-pass #8 bottom 

Back tube-pass #11 bottom 

Back tube-pass #14 bottom 

Back tube-pass #17 bottom 

Header-pass #2 outlet 

Header-pass #3 outlet 

Table B-3 

RECEIVER SUBSYSTB,1 INSTRUMENTATION 

Alarm Levels 
Control Display Sampling 
Module Range High Low Dimension Period (sec) 

PCM 1 0-1200 735 500 OF 10 

PCM 1 0-1200 825 500 OF 10 

PCM 1 0-1200 905 500 OF 10 

PCM 1 0-1200 990 500 OF 10 

PCM 1 0-1200 1045 500 OF 10 

PCM 1 0-1200 660 500 OF 10 

PCM 1 0-1200 725 500 OF 10 

PCM 1 0-1200 830 500 OF 10 

PCM 1 0-1200 895 500 OF 10 

PCM 1 0-1200 985 500 OF 10 

PCM 1 0-1200 1035 500 OF 10 

PCM 1 0-1200 665 500 OF 10 

PCM 1 0-1200 690 500 OF 10 
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Identifier 

TE-187 

TE-188 

TE-189 

TE-190 

TE-191 

TE-192 

TE-193 

TE-194 

TE-195 

TE-196 

TE-197 

TE-198 

Description 

Receiver (cont.) 

Header-pass #4 outlet 

' Header-pass #5 outlet 

Header-pass #6 outlet 

Header-pass #7 outlet 

Header-pass #8 outlet 

Header-pass #9 outlet 

Header-pass #12 outlet 

Header-pass #13 outlet 

Header-pass #14 outlet 

Header-pass #15 outlet 

Header-pass #16 outlet 

Header-pass #17 outlet 

Table B-3 

RECEIVER SUBSYSTEvf INSTRUMENT AT ION 

Alarm Levels 
Control Display Sampling 
Module Range High Low Dimension Period (sec) 

PCM 1 0-1200 720 500 OF 10 

PCM 1 0-1200 750 500 OF 10 

PCM 1 0-1200 780 500 OF 10 

PCM 1 0-1200 810 500 OF 10 

PCM 1 0-1200 835 500 OF 10 

PCM 1 0-1200 865 500 OF 10 

PCM 1 0-1200 950 500 OF 10 

PCM 1 0-1200 975 500 OF 10 

PCM 1 0-1200 990 500 OF 10 

PCM 1 0-1200 1010 500 OF 10 

PCM 1 0-1200 1030 500 OF 10 

PCM 1 0-1200 1050 500 OF 10 
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:ontrolled Variable 

Receiver salt flow 

Hot surge tank 
level 

Receiving storage 
tank selection 

Cold surge tank 
level 

Mode 

Constant fl ow 
(start-up & 
shutdown with 
receiver con-
trol algorithm 
off scan 
Constant Outlet 
Temperature 
(Receiver con'... 
trol algorithm 
nn\ 

Operation 

Operation 

Operation 

Table B-4 
RECEIVER SUBSYSTEM CONTROL LOOPS 

Set Point Controller Inputs Controller Output 

30 KLB/hr Flow set point (FD-101) FCV-101/102 position 
FD-101 Measured flow (FT-101) 

1000°F Temperature set point (SP. SALT) 
SP. SALT Outlet temperature (TE-102) 

Inlet temperature (TE-101) 
FCV-101/102 position 

Salt flow (FT-101) 
Receiver back tube temperatures 

(TE-103 thru TE-120) 

20 in Surge tank level (LT-16J) FCV-161 or FCV-162 position 
FCV-161 Level.set point (selection based on salt 
FCV-162 temperature) 

750°F Downcomer salt TE-161 < 750°F 
temperature (TE-161) Cold storage tank selected 

TE-161 > 750°F 
Hot storage tank selected 

.-v85" Cold surge tank level FCV-151 position 
LT-151 (LT-151) 

Level set point 
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Component 

Cold salt storage 
tank 

Table B-5 
THERMAL STORAGE SUBSYSTEM COMPONENTS 

Description Function 

- Carbon steel cylindrical tank - Cold salt storage 

- 12.3 ft. dia. 

- 12.3 ft. high 

- 15 in.fibrous external insulation 

Nominal Operating Condition 

- 590°F salt 

Hot salt storage tank I - Carbon steel cylindrical shell - Hot salt storage - 1050°F salt 

Cold salt sump 

Co 1 d sa 1t pump 

- 12.3 ft. dia. stainless steel 
liner 

- 23.6 ft. high 

- 13-1/2 in. insulating firebrick 
between shell and liner 

- 2 in. fibrous external insulation 

- Carbon steel cylindrical tank 

59 in. di a. 

66 in. deep 

- Vertical cantilever type 

- 60 H.P. driver 

- Approx. 7 MWt hr storage 
capacity 

- Pump reservoir - 590°F salt 

- Atmospheric pressure 

- Pump salt from cold I - 590°F salt 
storage tank to cold 
salt booster pump, I - 96,867 lb/hr 
SGS, or propane heater 
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Component 

Hot salt sump 

Hot salt pump 

Propane heater 

Table B-5 

THERMAL STORAGE SUBSYSTEM CCl1PONENTS 

Description 

- Stainless steel cylindrical tank 

48 in. di a. 

49 in. deep 

- Vertical cantilever type 

- 7-1/2 HP driver 

- 3 MW propane fired heater 

- 9 ft. dia. shell 

- 24 ft. high 

- One stainless steel heating coil, 
2.12 in. dia., 1640 ft. long 

Function 

- Reservoir for hot 
salt pump 

Nominal Operating Condition 

- 1050°F salt 

Atmospheric pressure 

- Provide hot salt I - 1050° F salt 
circulation through 
STS I - 64,680 lb/hr 

- Provide auxiliary salt I - 59,900 lb/hr salt 
heating capability 

- 590° F inlet 

- 1050°F outlet 



Table B-6 

11-lERMAL STORAGE SUBSYSTEM REMJTE OPERATED VALVES 

vA[vE fllAfJOFAC I ORER SIZE IYPE FAI[ POSIIIOfJ F OfJC I IOfJ COCA I IOfJ 

FCV-201 Valtek 3" CV FC Cold Sump Level Control Cold Storage Tank 
Base Sou th Si de 

FCV-211 Kieley-Mueller 3" sv FC Cold Sump Isolation Pump House North 
Side West End 

FCV-221 Valtek 3" CV FC Hot Sump Level Control Hot Storage Tank 
Southwest Si de 

FCV-231 Ki el ey-Muell er 3" sv FC Hot Sump Isolation Outside Pumphouse 
Northeast Corner 

FCV-241 Valtek 2" CV FC Propane Heater Flow Line to Propane 
Control Heater East of 

co FCV-231 I .... 
u, 

FCV-242 Valtek 1 l /2" sv FC Propane Heater Top of Hot Tank 
Isolation 
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Identifier 

LT-281 

TE-281 

TE-282 

TE-283 

LT- 291 

TE-291 

TE-292 

TE-293 

LT-201 

TE-286 

TE-211 

LT-221 

TE-231 

Description 

Cold Storage Tank 

Level 

Lower temp 

Middle temp 

Upper temp 

Hot storage tank 

Level 

Lower temp 

Middle temp 

Upper temp 

Cold salt pump 

Sump level 

Bearing temp 

Vent temp 

Hot Salt Pump 

Sump level 

Vent temp 

Table B-7 

TI-IERMAL STORAGE SUBSYSTEM INSTRUMENTATION 

Alarm Levels 
Control Display Sampling 
Module Range High Low Dimension Period (sec) 

PCM 3 0-150 134 15 inch 10 

PCM 3 0-1200 700 500 OF 10 

PCM 3 0-1200 700 500 OF 10 

PCM 3 0-1200 700 500 OF 10 

PCM 3 0-200 190 10 inch 10 

PCM 3 0-1200 1070 500 OF 10 

PCM 3 0-1200 1070 500 OF 10 

PCM 3 0-1200 1070 500 OF 10 

PCM 3 0-60 60 15 inch 2 

PCM 3 0-500 190 OF 10 

PCM 3 0-1200 400 OF 2 

PCM 3 0-48 41 15 inch 2 

PCM 3 0-1200 400 OF 2 
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C :ontrolled Variable 

Cold sump level 

Hot sump level 

Mode 

Operation 

Operation 

Table B-8 
11-IERMAL STORAGE SUBSYSTEM CONTROL LOOPS 

Set Point Controller Inputs Controller Output 

23 in Sump level (LT-201) FCV-201 position -
FCV-201 Level set point Flow from cold storage tank 
(45 in fill) 

20 in Sump level (LT-221) FCV-221 position -
FCV-221 Level set point Flow from hot storage tank 



cc 
I ...... 

CX> 

Component 

Evaporator 

Superheater 

Steam Drum 

Table B-9 

STEAi\1 GENERATION SUBSYSTEM COMPONENTS 

Description 

- U-tube/U-shell counterflow heat 
exchanger 

- 8 in. dia. chrome - moly shell 
(salt) 

- 27 chrome-moly tubes 0.875 in. 
dia. 68 ft avg. length (water) 

Function 

- Evaporate subcooled 
water to produce 
saturated steam/water 
mixture 

Nominal Operating Condition 

- 850°F salt inlet 

- 590°F salt outlet 

- 78,550 lb/hr salt flow rate 

- Subcooled water inlet 

- 567°F, 1200 psi saturated 
steam/water outlet 

- 2.15 MW rating 

- U-tube/U-shell counterflow heat 
exchanger 

- Heat saturated steam to I - 1050°F salt inlet 
superheat condition 

- 6 in. dia. stainless steel shell 
(salt) 

- 23 stainless steel tubes 
0.500 in. dia. 33 ft. avg. 
length (steam) 

- Cylindrical pressure vessel with 
elliptical heads 

- 24 in ID 

- 6 ft 10 in overall height 

- 2 in thick carbon steel 

- Contains primary cyclone steam 
separator and primary & secondary 
c::t,:,;im c::rr11hh,:,rc:: 

- Separate steam/water 
mixture exiting 
evaporator 

- Supply saturated steam 
to superheater 

- Provide feedwater surge 
volume 

- 906°F salt outlet 

- 64,680 lb/hr salt flow rate 

- 567°F 1175 psi saturated 
steam inlet 

- 1000°F. 1100 psi superheated 
vapor outlet 

- 10,530 lb/hr steam flow rate 

- 0.98 MW rating 

- 567°F 

- 1200 psi 
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Component 

Boiler water 
circulation pump 

Start-up heater 

Steam attemperator 

Salt attemperator 
(evaporator inlet) 

Table B-9 

STEAM GENERATION SUBSYSTEM COMPONENTS 

Description 

- Canned centrifugal type 

- 5 HP driver 

- Chamber type electric heater 

- 3 40-kW heating elements 

- 2 15-kW heating elements 

- Mixing tee 

- Mixing tee 

Function 

- Provide circulation of 
subcooled water from 
the steam drum to 
evaporator. Maintain 
high recirculation rate 
over full range of 
operating conditions. 

- Raise temperature and 
pressure of water during 
cold start-up to avoid 
salt freeze-up in 
evaporator 

- Heat boiler water to 
maintain temperature and 
pressure of water/steam 
system during diurnal 
hold 

Nominal Operating Condition 

- 560°F 

- 119 GPM 

- 111 ft. head 

- 150 kW during start-up 

- Cycled during diurnal hold 

- Bypassed during normal 
operation 

1053 lb/hr dry saturated 
steam at 567°F 

- Mix saturated steam from -
steam drum with super­
heated steam from super­
heater to control - 10,529 lb/hr superheated 

steam at 1000°F 1100 psi steam delivery tempera­
ture to turbine 

- Mix cold salt with 
superheater outlet sal 
to limit evaporator 
inlet salt temperature 
to 850°F because of 
Cr-Mo construction 

- 11,582 lb/hr delivery steam 
at 950°F 1100 psi 

- 64,680 lb/hr at 906°F 

- 13,870 lb/hr at 590°F 

- 78,550 lb/hr at 850°F 
supplied to evaporator 
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Component 

Salt start-up 
attemperator 
(superheater inlet) 

Heat tracing 

Table B-9 

STEAM GENERATION SUBSYSTEM COMPONENTS 

Description 

- Mixing tee 

- Electrical heating element 

- Inconel sheath 

Function 

- Mix cold salt with hot 
salt from hot tank to 
provide a controlled 
temperature increase of 
salt entering super­
heater during start-up 

- Maintain heat exchanger! 
and salt piping above 
the freezing point of 
salt 

- Provide freeze protec­
tion of feedwater pipin~ 
and instrumentation 
during shutdown 

Nominal Operating Condition 

- Full flow of cold salt 
at start-up 

- No cold salt flow during 
operation 

- Temperature monitored by 
thermocouples 

- Cycle as required 



Table B-10 

SGS REMOTE OPERATED VALVES 
VALVE fllAFJ•FAC I •RER SIZE IYPE FAIL P•SI I IOFJ F •FJC I IOFJ COCA I I•FJ 

FCV-301 Valtek l" CV FO Evaporator Salt SGS Skid West Side 
Temperature Control South End 
and Cold Salt Fill 

FCV-321 Valtek 2" CV FO Main Salt Fl ow SGS Skid South End 
t;ontrol 

FCV-331 Fisher 1" CV FO Steam Attemperator SGS Skid North Side 
Temperature Control Steam Drum 

FCV-341 Valtek 1" CV FC Main Salt Fill SGS Skid West Side 
Middle 

FCV-351 Valtek 2" CV FO Hot Salt Flow Control Outside Pumphouse 
Northeast Corner 

0::, 
I 

N Ft;V-381 Ki el ey-Muell er 1" sv FC Evaporator Salt SGS Skid West Side ..... 
Drain Middle 

FCV-382 Kieley-Mueller 1" sv FC Superheater Salt SGS Skid West Side 
Drain Below Steam Drum 

FCV-383 Dresser 4" sv FD Evaporator Water SGS Skid Southeast 
Supply t;orner 

FCV-384 Valtek 2" sv FD Start-up Heater SGS Skid Below 
Supply FCV-383 
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Identifier 

PT-386 

TE-386 

PT-383 

TE-383 

LT-311 

TE-301 

TE-384 

PT-384 

FT-321 

Description 

Feedwater 

Pressure 

Temp 

Steam Drum 

Pressure 

Fluid temp 

Fluid level 

Evaporator 

Salt inlet temp 

Salt outlet temp 

Salt outlet pressure 

Salt flow rate 

Table B-11 

SGS INSTRUMENTATION 

Control Display 
Module Range 

PCM-3/ 0-1500 
Bailey 

PCM-3/ 0-750 
Bailey 

PCM-3/ 0-1500 
Bailey 

PCM-3/ 0-750 
Bailey 

PCM-3/ -17 to +23 
Bailey 

PCM-3/ 0-1200 
Bailey 

PCM-3/ 0-1200 
Bailey 

PCM-3/ 0-200 
Bailey 

PCM-3/ 0-100 
Bailey 

Alarm Levels 

High Low Dimension 
Sampling 

Period (sec) 

1500 PSI 5 

575 500 OF 10 

1250 950 PSI 5 

575 500 OF 10 

4 -4 inch 2 

880 500 OF 2 

640 500 OF 2 

PSI 5 

KLB/hr 2 
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Identifier 

PT-382 

TE-382 

TE-331 

FT-381 

FT-382 

PT-321 

TE-332 

FT-311 

TE-387 

TE-388 

Description 

Superheater 

Salt inlet pressure 

Salt inlet temp 

Steam outlet temp 

Attemperator steam flow 

SGS Cold Salt Supply 

Steam Delivery 

Pressure 

Temp 

Flow rate 

Hot Salt Pump Bearing 

Start-up Heater 5 
Element Temp 

Table B-11 

SGS INSTRUMENTATION 

Control Display 
Module Range 

PCM-3/ 0-200 
Bailey 

PCM-3/ 0-1200 
Bailey 

PCM-3 0-1200 
Bailey 
PCM-3/ 0-2500 
Bailey 

PCM-3/ 0-16 
Bailey 

PCM-3/ 0-1500 
Bailey 

PCM-3/ 0-1200 
Bailey 

PCM-3/ 0-100 
Bailey 

PCM-3 0-500 

PCM-3/ 0-1200 
Bailey 

Alarm Levels 
Sampling 

High Low Dimension Period (sec) 

100 PSI 5 

1070 500 OF 5 

910 OF 2 

lb/hr 5 

KLB/hr 5 

1150 950 PSI 2 

990 910 OF 2 

12. 6 3.2 KLB/hr 2 

190 OF 10 

1100 500 OF 10 
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Controlled Variable I Mode 

Steam deli very I SGS start-up 
pressure 

Steam delivery 
temperature 

Steam drum level 

Boiler 
following 

Operation 

Operation 

Evaporator salt I Operation 
inlet temperature 

Boiler water I Diurnal 
temperature Shutdown 

Set Point 

1000 psig 
FCV-491 

1100 psig 
SP. SP 

950°F 
SP. ST 

0 in 
SP. DL 

850°F 
SP. EST 

~ 520°F 

Table B-12 

SGS CONTROL LOOPS 

Controller Inputs 

Delivery pressure (PT-321) 
pressure set point 

Delivery pressure (PT-321) 
Pressure set point (SP. SP) 
Steam flow (FT-311) 
Salt flow (FT-321) 

Delivery temperature 
(TE-332) 
Temperature set point (SP. ST) 

Drum level (LT-311) 
Level set point (SP. DL) 
Feedwater flow (FT-411) 
Steam flow (FT-311) 

Inlet temperature (TE-301) 
Temperature set point (SP. EST) 

Circulation heater 
outlet temperature (TE-388) 

Controller Output 

FCV-P.91 position -
SGS steam fl ow 

FCV-321 position -
SGS main salt flow 

FCV-331 position -
Steam attemperator flow 

FCV-411 position -
Feedwa ter fl ow 

FCV-301 position -
Cold salt flow 

Electric immersion 
heater elements on/off 
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Component 

Feedwater heater 

u, Deaera tor 

Spray water heat 
exchanger 

Table B-13 

HEAT REJECTION .AND FEEDWATER SUBSYSTEM COMPONENTS 

Description 

- Shell and coiled tube counter­
flow heat exchanger 

- 35 in ID 2.5 in thick carbon 
steel shell (feedwater) 

- 4 ft 8 in overall height 

- 30 coiled tubes 0.500 in. dia. 
43 ft long (steam) 

- Horizontal tank 

- 5 ft ID 

- 12 ft long 

- Contains 15 submerged mixing 
nozzles, 1 overhead spray nozzle, 
2 147-kW electric immersion 
heaters 

- Shell and tube heat exchanger 

- 24 in. dia. shell 

Function 

- Raise feedwater 
temperature to SGS 
inlet condition 

- Degasify condensate 

- Heat condensate for 
delivery to feedwater 
heater 

- Provide alternate 
steam dump when turbine 
is not operating 

- Reject excess heat 
from deaerator when 
utilized as alternate 
steam dump 

Nominal Operating Condition 

- 950°F superheated steam inlet 

- 545°F saturated liquid outlet 

- 2150 lb/hr steam flow rate 

- 401°F feedwater inlet 

- 550°F feedwater outlet 

- 11,582 lb/hr feedwater flow 
rate 

- 0.59 MW heat transfer 

- 401°F 

- 250 psi 

- 0.63 MW heat transfer 

- No flow from deaerator 
during normal operation 
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Component 

Feedwater pump 

Spray water pump 

Cooling water pump 

Cooling towers 

Table B-13 

HEAT REJECTION AND FEEDWATER SUBSYSTEM COMPONENTS 

Description 

- High speed centrifugal type 

- 18,770 pump RPM 

- 150 HP driver 

- Vertical turbine type 

- 3 stage 

- 7-1/2 HP driver 

- Centrifugal type 

- 40 HP driver 

- 6 units 

- Forced draft, finned-tube, 
glycol/water-to-air heat 
exchangers 

Function I Nominal Operating Condition 

- Provide high pressure I - Inlet: 250 psi, 401°F 
feedwater to the steam water 
generator (through 
the feedwater heater) I - 1450 psi head (mfg rating) 

- 60 GPM (mfg rating) 

- Provide circulation I - 401°F 
from deaerator to spra) 
water heat exchanger I - 26 psi head (mfg rating) 
and/or its bypass and 
return to deaerator I - 300 GPM (mfg rating) 
overhead spray nozzle 

- Provide glycol/water I - 132°F glycol/water 
circulation for spray 
water heat exchanger - I - 40 psi head 
cooling tower - con-
denser circuit I - 1200 GPM 

- Reject waste heat to 
atmosphere 

- 94°F air 

_ 132°F glycol/water inlet 

_ 120°F glycol/water outlet 

- 2.4 MW heat rejection 



Table B-14 

HRFS REMOTE OPERATED VALVES 

VALVE AAFJOFACTuRER SIZE TYPE FAIL POSIT lON FUNCTION LUCA I ION 

FCV-401 Fisher 2" CV FO Feedwater Pump Pressure Southwest of Ueaerator 
Control 

FCV-411 Ki el ey-Muell er 2" CV FC Feedwater Flow Control SGS Skid Northeast 

FCV-421 Kieley-Mueller 2" CV FO Feedwater Heater Above Feedwater 
Temperature Control Heater 

FCV-431 Ki el ey-Muell er 2" CV FC Main Steam Pressure Southwest of 
Control Deaerator 

FCV-432 Ki el ey-Muell er 3"-3 way CV To SWHX Deaerator Pressure Between Deaerator 
Control and Spray Water 

Heat Exchanger 
a:, 

FCV-4/1 Valtek l" CV FC Condensate Control Above North Door I 
N 
....... to Ueaerator to Spray Water Pump 

Room 

FCV-483 Atkomatic l" sv -- Ueaerator Vent tllock Above ueaerator 

FCV-484 Atkomatic 1/4" sv -- ueaerator Vent Bypass Above Deaerator 

FCV-485 ASCO 2" sv -- Demineralized Water Above Culligan Beds 
Storage Tank Fill 

FCV-491 Ki el ey-Muell er 2" CV FC SGS Steam Delivery North End of SGS 
Control During Start- Skid 
Up 



Table B-15 

HRFS INSTRUMENfATION 

CONTROL DISPLAY ALARM LEVELS SAMPLING 
IDENTIFIER DESCRIPTION MODULE RANGE HIGH LOW OIMENSIO~ PERIOD _ _{_g_£_}. 

Ma1n Steam 
PT-431 Pressure PCM 2 0-1500 1200 900 PSI 2 
TE-483 Temp PCM 2 0-1200 990 850 Inch 10 

Oeaerator 
PT-432 Pressure PCM 2 0-400 250 200 PSI 2 
TE-451 Flu1d Temp PCM 2 0-500 400 300 OF 2 
TE-481 Steam Temp PCM 2 0-500 400 300 OF 10 
LT-471 Flu1d Level PCM 2 0-30 30 10 Inch 2 

Spray Water 
PT-482 Pressure PCM 2 0-400 300 200 PSI 5 
FT-482 Flow Rate PCM 2 0-160 KLB/hr 5 
TE-482 Temp PCM 2 0-500 445 OF 10 0::, 

FT-481 Feed/Spray Water Flow PCM 2 0-160 KLB/hr 5 I 

N 
co Rate 

Feedwater 
PT-481 FWP Supply Pressure PCM 2 0-400 170 PSI 5 
PT-401 FWP 01scharge Pressure PCM 2 0-1500 1400 900 PSI 2 
PT-484 FWP Coolant Pressure PCM 2 0-100 PSI 5 
PT-483 FWH Outlet Pressure PCM 2 0-1500 1230 1180 PSI 5 
FT-411 Flow Rate PCM 2/ 0-160 KLB/hr 2 

Ba1ley 
FT-421 FWH Outlet Temp PCM 2 0-750 600 400 OF 2 

Coo11ng Water 
TE-484 SWHX Inlet Temp PCM 2 0-500 130 OF 10 
TE-486 Tower Outlet Temp PCM 2/ 0-500 110 32 OF 10 
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Table B-16 

HRFS CONTROL LOOPS 

Controlled Variable I Mode 

Feedwater temp. I Operation 

Feedwater pressure I Operation 

Steam delivery 
pressure 

Manual salt 
flow 
GSTAT off 

Set Point 

540°F 
FCV-421 

1250 psig 
FCV-401 

1080 psig 
PT-431 

Deaerator pressure I Operati.on - I 233 psig 
Desuperheating PT-432 
GSTAT off 

Deaerator temp. 

Deaerator level 

Boiler followind 233 psig 
GSTAT on 1 PT-432 

Start-up 

Operation 

Turbine 
Operation 

390°F 
DTC 451 
DTC 452 

15 in 
FY-472 
(14 in backup 
during turbine 
operation) 

15 in 
FCV-471 

Controller Inputs 

Feedwater temperature (TE-421) 
Temperature set point 

Feedwater pressure (PT-401) 
Pressure set point 

Delivery pressure (PT-431) 
Pressure set point 

Deaerator pressure (PT-432) 
Pressure set point 

Deaerator pressure (PT-432) 
Pressure set point 

Deaerator temperature 
(TE-451) 
Temperature set point 

Deaerator level (LT-471) 
Level set point 

Deaerator level (LT-471) 
Level set point 

Controller Output 

FCV-421 position -
Feed~ater heater 
Steam supply flow 

FCV-401 position -
FWP recirculation flow 

FCV-431 position -
Deaerator steam dump 

FCV-432 position -
Deaerator dump to SWMX 

FCV-431 position -
Deaerator steam supply 

DTC-451/452 on/off -
Electric heater control 

FY-472 condensate -
Makeup pump stroke position 

FCV-471 position -
Turbine condensate return 
from hot we 11 
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Component 

Turbine 

Electric generator 

Condenser 

Condensate pump 

Table B-17 

ELECTRIC POWER GENERATION SUBSYSTEM COMPONENTS 

Description 

- Axial flow condensing type 

- 7 stage 

Function 

- Expand steam to drive 
electric generator 

Nominal Operating Condition 

- 940°F 1050 psig throttle steam 

- 133°F 2.5 psia exhaust steam 

- 7800 lb/hr steam flow 

- 17,443 RPM 

- 1000 HP 

- AC generator - Generate electric powei - 750 kWe (rating) 

450 volt, 3 phase 

- 1200 RPM 

- Solid state excitor 

Crossflow shell and tube heat 
exchanger 

Rectangular shell (condensate) 

- 438 tubes, 5/8-in. dia. 7-1/2 ft 
long (glycol/water coolant) 

- Cylindrical hot well 

- Turbine type 

- 2 stage 

- 20 HP driver 

Condense turbine 
exhaust steam 

Provide turbine 
exhaust vacuum 

- Pump condensate from 
hot well to deaerator 

600 kWe (maximum in MSEE) 

- 0.8 power factor rating 

- 2.5 psia saturated steam 
inlet 

- 133°F condensate outlet 

- 7800 lb/hr steam/water flow 

- 1200 GPM glycol/water 
coolant flow 

- 133°F water 

- 260 psi head (mfg rating) 

- 18 GPM (mfg rating) 
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Component 

A1r exhaust pump 

Electr1c 011 pump 

Cool1ng tower pump 

Wet cool1ng tower 

Table B-17 

ELECTRIC POWER GENERATION SUBSYSTEM COMPONENTS 

Descr1pt1on 

- Nash vacuum pump 
- 5 HP dr1ver 

- V1k1ng gear pump 

-Aurora centr1fugal pump 

-Fan forced wet cooler 
-1/2 HP fan motor 

Funct1on 

- Prov1de condenser 
vacuum 

- Provide bearing oil 
pressure during 
turb1ne start-up 
and shutdown 

- Prov1de coolant 
c1rculat1on through 
011 cooler 

- Reject 011 coolant 
heat 

Nom1nal 0perat1ng Cond1t1on 

- 5 1n Hg condenser 
pressure {ABS) 

- 75 CFM {mfg. rat1ng) 

- Off during operation 
(Turbine driven pump 
prov1des 011 pressure) 

- 35 ps1 head {mfg. rat1ng) 
- 120 GPM {mfg. rat1ng) 

- 110°F coolant outlet 
temp 



Table B-18 

EPGS REM)TE OPERATED VALVES 

VACVES r,;'IAN•FAC I •RER SIZE I YPE FAIC POSI I ION F•tilC I ION LOCAi ION 

FCV-501 Valtek 2" sv FC Turbine Steam Isolation TWR Level 80 North 
Turbine Northeast Corner 

FCV-511 Asco 1/2" sv FC Hotwell Overflow TWR Level 60 North 
Condenser Platform 
Northwest 

FCV-512 Asco 3/4" sv FC Hotwell Make-up TWR Level 80 Northeast 
Condensate Storage Tank 

FCV-521 Masoneilan 2" CV FO Oil Cooler Water TWR Level 80 North 
Flow Control Turbine/Generator 

Overhead 

0::, 
I 

FCV-541 Asco 3/4" sv FC Condenser Storage TWR Level 80 Northeast 
Tank Make-up Condensate Storage Tank w 

N 

FCV-551 Asco 1/2" sv FC Condenser Recirculation TWR Level 60 North 
Condenser Platform Northwest 

TVM GE w/auma l 1 /2" CV FC Turbine Steam Supply Turbine North Side 
Actuator Throttle 

SNM GE -- CV -- Turbine Sync Speed Turbine Center 
Control 

Fcv-~61 ASCO 1/2" sv FO Close throttle Turbine 
valve in emergency 
trip (dumps hydraulic 
oil) 
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Table B-19 

EPGS INSTRUMENTATION 
CONTROL DISPLAY ALARM LEVELS SAMPLING 

IDENTIFIER DESCRIPTION MODULE RANGE HIGH LOW DIMENSION PER IO D ~ 

Turb1ne 
PT-581 Steam Supply Pressure PCM 2 0-1500 800 PSI 5 
PT-582 Steam Seal Pressure PCM 2 0-1500 PSI 5 
TT-583 Steam Supply Temp PCM 2 0-1200 990 800 OF 5 
TT-501 Outboard Bear1ng 011 Temp PCM 2 0-500 170 110 OF 5 
TT-502 Inboard Bear1ng 011 Temp PCM 2 0-500 170 110 OF 5 
TE-503 Gear Outboard Bear1ng PCM 2 0-500 170 110 OF 5 

011 Temp 
AZT-581 V1brat1on PCM 2 0-100 l 00 PCT 5 

(0-5g) 
Generator 

JT-581 Power PCM 2 0-960 kw 5 
ET-581 Voltage PCM 2 0-600 480 450 Volt 5 
IT-581 Current PCM 2 0-1200 Amp 5 
PFT-581 Power Factor PCM 2 0-1.0 1.0 0.85 PCT 5 
VT-581 VARS PCM 2 0-960 KVA 5 
ST-582 Speed PCM 2 0-1500 1270 rpm 5 

c,::, ST-581 Frequency PCM 2 0-100 60 40 PCT 5 I 

w (55-65 HZ) w 
TT-510 Stator W1nd1ng l Temp PCM 2 0-500 260 OF 5 
TT-511 Stator W1nd1ng 2 Temp PCM 2 0-500 260 OF 5 
TT-512 Stator W1nd1ng 3 Temp PCM 2 0-500 260 OF 5 
TT-513 Stator W1nd1ng 4 Temp PCM 2 0-500 260 OF 5 
TT-514 Stator W1nd1ng 5 Temp PCM 2 0-500 260 OF 5 
TT-515 Stator W1nd1ng 6 Temp PCM 2 0-500 260 OF 5 
TE-508 Cool1ng A1r Outlet Temp PCM 2 0-500 l 00 OF 5 
TT-507 Outboard Beear1ng 011 PCM 2 0-500 170 110 OF 5 
TE-505 Gear Outboard Bear1ng PCM 2 0-500 170 110 OF 5 

011 Temp 
TE-506 Gear Inboard Bear1ng PCM 2 0-500 170 110 OF 5 

011 Temp 
PT-502 Condenser Pressure PCM 2 0-30 15 In Hg 5 
PT-583 Condensate Pump D1scharge PCM 2 0-400 300 240 PSI 5 

Pressure 
LT-511 Hot Well Level PCM 2 0-15 16 8 Inch 2 
TE-582 Cool1ng Tower Pump PCM 2 0-500 100 40 OF 5 

D1scharge Temp 
PT-531 011 Pump D1scharge PDM 2 0-200 100 55 PSI 5 

Pressure 
TT-521 Bear1ng 011 Supply Temp PCM 2 0-500 140 100 OF 2 
PT-501 Bear1ng 011 Supply Press. PCM 2 0-50 40 10 PSI 5 
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:ontrolled Variable C 

Condenser hot well 
level 

Condensate storage 
tank 1 evel 

Turbine/generator 
oil temperature 

Mode 

Remote operatior 
(TCP. MS on) 
(EN.HLC on) 

Operation 

Remote 
operation 

Set Point 

9 in min 
14 in max 

12 in min 
30 in max 

125°F 
Fr'c' 521 

Table B-20 

EPGS CONTROL LOOPS 

Controller Inputs 

Hot well level (LT-511) 

Storage tank 1 eve 1 ( LS- 541) 

Oil temperature (TT-521) 

Controller Output 

FCV-512 open/close - makeup 
FCV-511 open/close - dump 

FCV-541 open/close - supply 
from cycle fill pump 

FCV-542 open/close - CMUP 
Stand pipe air overpressure 

FCV-521 position - cooling 
water flow 



APPENDIX C 

ENGINEERING TESTS/TRAINING 

This testing was started on June 13, 1984, and completed December 21, 1984. 

These tests are grouped into four categories. 

Part A tests were used to generate the test data to be used to evaluate performance 

and functional capability of the MSEE. 

Part B contained training tests which were used to train utility operator teams. 

Part C contained those tests that were performed to evaluate the routine operation 

of MSEE as a utility power plant. They were used to produce extended performance 

information using the operating strategy developed in Part A tests. These tests 

were conducted by the utility operator teams. 

Part D tests were conducted throughout by Olin Chemical Grouo to obtain data on 

salt properties, stability, and corrosion. These engineering/training tests are 

listed below: 

Part A - MSEE Characterization 

1 

2 

3 

4 

5 

6 

Receiver Loop Performance 

Power Production Subsystems Performance 

Transient Response of Receiver Loop 

Overnight Thermal Conditioning of the Receiver 

Overnight Hold Conditions for the Steam Generator 

Development of Optimlnll Operating Strategy 

Part B - Training Tests 

7 Receiver Loop Cold Flow 

8 Receiver Loop Operation 

9 Receiver Operation with Simulated (slow cloud) 

10 Thermal Storage Charging with Propane Heater 

11 Steam Generator and HRFS Operation 

12 Operation of Full Electric Loop (TSS through EPGS) 
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Part C - Operation as a Utility Power Plant 

13 System Operation from Receiver 
14 System Operation with Fossil Fuel 

Part D - Salt Characteristics 

15 Salt Properties and Stability 

16 Salf Corrosion 

The purpose for Test #1, Receiver Loop Performance, was to calibrate the receiver 
flow meter and receiver inlet and outlet thermocouples, run the receiver loop in 

cold flow conditions, and run the receiver at various power levels with TSS, SGS, 

and HRFS operating. The main objectives were to determine receiver thermal loss 
rates at two temperatures determine steady state performance for full and part 

load operation, and verify receiver subsystem controllability under full and part 

load conditions. The success criteria for this test was successful operation of 
the receiver throughout all tests, instruments to stay within calibration throughout 

test, and specified data collected and recorded. 

The purpose for Test #2, Power Production Subsystems Performance, was to run the 

steam generator and turbine generator at full and partial loads. The main objec­
tives were to determine steady state performance for full and partial load operation 

and to determine system responses and controllability at partial flow conditions. 
Success criteria were successful operation of the system at full and partial load, 

acceptable controls behavior, and collection and recording of specified data. 

The purpose for Test #3, Transient Response of Receiver Loop, was to operate the 
receiver loop through progressively faster ramp increases in power. The main 

objectives were to develop a map of system response to flux transients, verify 
tontrols response to fast transients and adjust controllers if required, develop 
limits of some tracking through cloud passage, and to develop minimum receiver 

startup time. Success criteria were the successful determination of maximum 
transient capability of the receiver, data system operational throughout tests, 

and specified data recorded and controllability of receiver during flux transients. 
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The purpose for Test # 4, Overnight Thermal Conditioning of Filled Receiver, was to 
maintain filled receiver warm with the door closed by pulsing salt flow through the 
receiver from the cold surge tank and replenishing cold surge tank level when 
required with the salt pump. The main objective was to determine the most efficient 
operations to maintain the receiver in the field warm condition overnight. Success 
criteria were salt filled receiver maintained warm in a simulated overnight hold 
condition and specified data collected and recorded. 

The purpose for Test # 5, Overnight Hold Conditions for SGS, was to hold the SGS 
warm and filled with salt in a diurnal shutdown condition. The main objective was 
to compare diurnal hold using salt for thermal input with the baseline electric 
heater. The success criteria was maintained warm diurnal shutdown condition for at 
least 6 hours using pulsed salt flow and collected specified data for comparison 
with baseline case. 

The purpose for Test # 6, Optimum Strategy Development, was to operate full MSEE to 
collect maximum net energy within the operating constraints identified in the 
previous five tests. The main objectives were to develop operating strategies which 
maximize net power output and develop data to be used to specify requirements for 
plant configuration components and controls which would improve net plant output. 
The success criteria were developed optimum operating strategy and obtained data for 
improvement of plant output. 

The purpose for Test # 7, Receiver Cold Flow, was to use warmup heliostats on the 
receiver and flow cold salt through the receiver back to the cold salt storage 
tank. The main objectives were to verify operation of receiver loop equipment, 
controls, and EPS, to confirm that surge tank provides emergency coolant to the 
receiver under all conditions, to confirm procedures to accomplish startup, 
shutdown, and emergency shutdown and to confirm operation and interfaces of data 
system. Success criteria were successful operation of equipment and controls, safe 
shutdown by EPS, and data system operational. 

The purpose for Test # B, Receiver Steady State Operation, was to focus heliostats 
on the receiver and heat salt from the cold tank through the receiver and return it 
to the hot salt storage tank. The main objectives were to verify operation of 
receiver loop equipment, controls, and EMCON alarms at related receiver outlet 
temperature, and to confirm automatic switchover of TSS storage tanks accepting 
receiver outlet flow. Success criteria were successful operation of equipment and 
controls, successful automatic switchover of cold salt tank flow into hot salt tank 
flow and confirmed functioning of receiver outlet temperature alarm. 
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The purpose of Test # 9, Receiver Operation with Simulated Slow Cloud, was during 

receiver loop operation, ramp heliostats off the receiver and back on. The main 

objectives were to verify system operation through simulated cloud passage and 

confirm control stability through transients. Success criteria were successful 

operation of equipment and maintains control stability through transient conditions. 

The purpose of Test # 10, Thermal Storage Charging with Propane Heater, was to 

charge the hot salt tank with hot salt using the propane heater. The main objective 

was to verify operation of the propane heater loop to provide hot salt to TSS hot 

tank. Success criteria were successful operation of propane heater and controls, 

salt flow from cold tank through heater to hot tank, and data system operational. 

The purpose for Test # 11, Steam Generator and HRFS Steady State Operations, was to 

use hot salt from TSS hot tank to generate steam using SGS and reject heat through 

HRFS. The main objectives were to verify operation of SGS using hot salt from TSS, 

verify operation of HRFS, to provide feedwater to SGS, and to reject heat, to verify 

controls of these operations, to verify that EPS functions and safes the system, to 

confirm procedures to accomplish startup, shutdown, and emergency shutdown, and to 

confirm operation and interfaces of data system. Success criteria were successful 

operation of equipment and controls, safe shutdown by EPS and data system 

operational. 

The purpose for Test # 12, Operation of Full Electric Loop, was to use hot salt 

from TSS to generate steam and flow steam through EGPS at various loads to generate 

electricity. The main objectives were to verify operation of turbine using steam 

from SGS, heat rejection through HRFS, and all auxiliary circuits, to verify 

synchronization of turbine generator with utility grid, to confirm procedures for 

all operations including emergency shutdown, and to confirm operation at 110% of 

rated output. Success criteria were successful operation of equipment and control, 

and data system operational. 

The purpose for Test # 13, System Steady State Operation Using Receiver, was with 

all subsystems operational and integrated, use full heliostat field to develop rated 

power in the receiver and use this hot salt to produce electricity. The main 

objectives were to confirm operation of full system to normal startup, steady state 

and shutdown operations, to confirm subsystem interactions and interfaces, to verify 

MCS interlock automatic procedures, and to confirm utility type operations. Success 

criteria were successful operation of all subsystems and data system operational. 
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The purpose for Test # 14, Hybrid Operation Using Propane Heater, was with all 
subsystems operational and integrated except no insolation for the receiver, use the 
propane heater to generate hot salt to the hot tank and use this hot salt to produce 
electricity. The main objectives were to confirm operation of full system through 

normal startup, steady state, and shutdown operations, to confirm subsystem 
interactions and interfaces, and to verify MCS interlock automatic procedures. 

Success criteria were successful operation of all subsystems and data subsystem 
operational. 

The purpose for Test # 15, Salt Properties and Stability, was during the MSEE, 

molten salt will be sampled and analyzed to determine if the composition of the 
molten salt has been altered. Both hot salt (900 to l000°F) and cold salt (590°F) 

samples will be analyzed on a monthly basis. The main objectives were to determine 
if the salt composition has been altered, i.e., sodium-potassium ratio changed, to 

determine if new components are building up in the salt, i.e. corrosion products, 

and to determine if new components are being formed in the salt, i.e. carbonates and 

hydroxide. This test was performed by Olin Chemical. 

The purpose for Test # 16, Salt Corrosion, was to place the corrosion loop in the 
salt loop to provide corrosion data of various metal alloys in molten salt service. 

The corrosion rates of the metal alloys with hot salt (900 to l000°F) was tested. 
The main objectives were to determine the corrosion rate of various metal alloys in 

hot molten salt service, to determine the effects of thermal cycling on the 
corrosion rate of the metal alloys, and to determine the effects of the molten salt 

velocity on the corrosion rate of the metal alloys. This test was also performed by 
Olin Chemical. 
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APPENDIX D 

EQUIPMENT PROTECTION SYSTEM TRIPS 

The MSEE was equipped with an Emergency Protection Subsystem. This would 
safely shut down each subsystem (RS, SGS, EPGS, and MCS) and then require 
operator intervention to secure each subsystem. This appendix provides a 
listing of the emergency trips, the condition causing the trip, the 
instrument identifier and level of trip and the actions required to safely 
shut down each subsystem. The action required lists the actions taken by 
the EPS, process control computer, as well as actions required by the console 
operator. 

Turbine-Generator Trips 

Trips built into the turbine/generator are given on Table D-5. Definitions and 
guidelines are given below. 

A. Definitions 

1. Turbine Trip - Immediate turbine steam shutoff - manual or auto. 

2. Turbine Shutdown - Gradual turbine steam shutoff - manual. 

3. Generator Trip - Generator circuit breaker opened - manual or auto. 

B. Steam reactions to trips 

1. Anticipated - Steam control amintained manually or auto. 

2. Upset - Reliance on auto steam control - SGS salt flow will 
stop and HRFS will attempt to desuperheat steam. 
Probable HRFS and SGS safety valve lifting if upset 
is uncontrolled. 
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C. Trip interlocks 

l. A generator breaker trip always initiates a turbine SVC trip 
(auxiliary relay 32x closes FCV-501) and an EPST TR-586 (32x). 

2. A generator breaker trip always initiates a turbine T.V. reset 
(auxiliary relay 32x resets T.V. closed) w/ZT-581 '0'% open. 

3. A turbine T.V. reset and an EPS 2 & 3 reset will reopen FCV-501 unless 
manually closed (or tripped). 

D. All auto trips should be carefully reviewed -- determine the cause of the 
trip and correct the problem before resuming operations. 

E. Fail-safe follow-through guidelines 
These guidelines present items of concern to fail-safe the EPGS upon a 
major component failure, after a trip that did not function, or to back up 
an auto trip. Intimate familiarity with these guidelines is mandatory 
before EPGS operation to insure safe operation, both from a personnel and 
equipment standpoint. 

1. Three items are of major concern to fail-safe the EPGS and MSEE 
operating systems: 

a. Steam over-pressurization 

b. Turbine trip 

c. Generator trip 
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Table D-1 

EQUIPMENT PROTECTION SYSTEM RECEIVER SUBSYSTEM TRIPS 

Trip Trip Insrrument Trip 
Identifier Condition IdentiferR Levtl Action Required 

Operator Manual Trip N/A EPS 
- Defocus Heliostats 

TR-181 Receiver Salt Outlet TE-102A 1080°F Operator 
Temp High - Control Receiver 

From The EMCON 
Console 

TR-184 Receiver Tube Temp High TE-140A 925°F 
During Hot Salt and 
Production TE-102A »750°F 

TR-187 Loss of Receiver Door ZSHDR Contact 
Open Signal Open 

TR-182 Boost Pump Pressure Low PT-lBOA 250 PSIG EPS 
During Hot Salt and 
Production TE-102A »750°F - Defocus 

Heliostats 
- Close FCV-151 

After Time Delay 

TR-183 Receiver Salt Inlet PT-181A 8 PSIG Operator 
Pressure Low During and 
Hot Salt Production TE-102A »750°F - Shutdown Receiver 

from EMCON 
Console 

TR-185 Hot Surge Tank Level LT-161A 80 In EPS 
High or - Defocus 

Heliostats 
TE-184A 300°F ·- Close FCV-101 

and FCV-102 
After Time Delay 

Operator 
- Shutdown 

Receiver From 
EMCON Console 
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Table D-1 

EQUIPMENT PROTECTION SYSTEM RECEIVER SUBSYSTEM TRIPS (Continued) 

Trip Trip 
Identifier Condition 

TR-186 Boost Pump Sump Level 

TR-281 

TR-282 

High 

Hot Salt Sump Level 
High 

Cold Salt Sump Level 
High 

Instrument Trip 
Identifer Level 

TE-181A 400°F 

LT-221A 
or 
TE-231A 

LT-201A 
or 
TE-211A 

0-4 

40 In 

300°F 

55 In 

350°F 

Action Required 

EPS 
- Defocus Heliostats 
- Time Delay 
- Close FCV-151 
- Turn Off Cold 

Salt Boost Pump 

EMC0N (Automatic) 
- Maintain Control 

of Receiver and 
HRFS 

Operator 
- Shut Down the 

Plant From the 
EMCON Console 

EPS 
- Close Sump 

Isolation Valve 
FCV-231 

Operator 
- Allow Time for 

Hot Salt Pump 
Operations To 
Bring Sump Level 
Down 

EPS 

Shut down SGS, 
HRFS, and EPGS 
From EMC0N Console 

- Close Sump 
Isolation Valve 
FCV-211 

- Defocus Heliostats 

Operator 
- Allow Time for 

Cold Salt Pump 
Operations To 
Bring Sump Level 
Down 
Shut down the 
Plant From The 
EMCON Console 



Table D-2 

EQUIPMENT' PROTECTION SYSTEM SGS TRIPS 

Trip Trip Instrument Trip 
Identifier Condition Identifer Level Action Required 

TR-381 Steam Drum Level Low LT-311A -10 In EPS 
- Close FCV-501 
- Open Generator 

Circuit Breaker 
- Turn Off FWP 

(Drum Level High 
only) 

EMCON (Automatic) 
- Dump Steam To 

Deaerator 
TR-383 Steam Drum Level High LT-311A +17 In - Maintain Control 

and Water Hot and of HRFS 
TE-383A »250°F 

Network 90 
- Shut Off Sa 1 t 

Flow (Close 
FCV-301, 341, and 
351) 

- Turn Off BWCP 
(Drum Level Low 
only) 

Operator 
- Shut Down SGS, 

HRFS, and EPGS 
From EMCON Console 

TR-382 Boiler Water Motor Off EPS 
Circulation Current - Close FCV-501 
Pump Fa1lure Sensor - Open Generator 

Circuit Breaker 

EMCON (automatic) 
- Dump Steam to 

Deaerator 
- Maintain control 

of HRFS 

Network 90 
- Shut Off Salt 

Flow (Close 
FCV-501, 341, 
and 351) 
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Table D-3 

EQUIPMENT PROTECTION SYSTEM EPGS TRIPS 

Trip Trip Instrument Trip 
Identifier Condition Identifer Level Action Required 

Operator 
- Shut down SGS, 

HRFS, and EPGS 
from EMCON console 

Turbine Overspeed OST 1320 RPM EPS 
Generator - Close FCV-501 

Open Generator 
Circuit Breaker 

Turbine Back Pressure TBPT 5 PSIG 
High 

EMCON (Automatic) 
TR-584 Generator Bearing TS-501A l 80°F - Dump Steam to 

Temp High Deaerator 
- Maintain Control 

of HRFS 

TR-585 Generator Cooling Air TS-502A l22°F Operator 
Temp High - Control System 

From EMCON Console 
- Reduce Steam Flow 

TR-580 Generator Circuit -Manual - Shut Down If 
Breaker Trip -Overcurrent Necessary 

-Ground 
Fault 

TR-587 Turbine Vibration High AZT-581 5g 

TR-588 Steam Energy Low TE-332 750°F 
or 
PT-581A 770 PSI 

TR-583 Turbine Oil Pressure PS-501A o PSI 
(LUBE) 
or 
PS-531A 50 PSI 
(HYDR) 

TR-582 Manual T/G Emergency Control Operator 
Trip Room PB Initiate 
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Table D-4 

EQUIPMENT PROTECTION SYSTEM MASTER CONTROL SUBSYSTEM TRIPS 

Trip 
Condition Action Regui red 

PCM l Microcomputer Failure EPS 
- Loss of Receiver Displays Defocus Heliostats 
- Loss of Salt Auto Flow Control - Close FCV-151 After Time Delay 

- Loss of Cold Surge Tank Auto 
Level Control 

Operator 
Control Receiver from PCM l 
Drain Receiver If Necessary 

PCM 2 Microcomputer Failure EPS 
- Loss of HRFS and EPGS Displays - Turn Off Hot Salt Pump 
- Loss of Feedback Control Loops - Close FCV-301, FCV-341, and FCV-351 

Turn Off FWP 

PCM 3 Microcomputer Failure 
- Loss of TSS Displays 
- Loss of Feedback Control Loops 
- Loss of SGS Displays 

Close FCV-501 and FCV-491 After Steam 
Pressure Drops 
Open Generator Circuit Breaker 
Turn Off Condensate Pump 

Operator 
Shut Down SGS From Console 
Shut Down HRFS and EPGS From PCM 2 

EPS 
Defocus Heliostats 

- Time Delay 
Close FCV-211 
Close FCV-231 
Turn Off Hot and Cold Salt Pumps 
Turn Off Cold Salt Boost Pump 
Close FCV-151 
Close FCV-501 

- Open Generator Circuit Breaker 

EMCON (Automatic) 
Dump Steam To Deaerator 
Maintain Control of HRFS 

Network 90 (Automatic) 
Interlocks Will Close FCV-301, 
FCV-341, and FCV-351 

Operator 
Shut Down SGS From Network 90 Console 
Shut Down Receiver, HRFS, and EPGS 
from EMCON Console 

D-7 



Table D-4 

EQUIP~1ENT PROTECTION SYSTEM MASTER CONTROL SUBSYSTB,1 TRIPS (Continued) 

Trip 
Condition 

Simultaneous Failure of PCM l, 
2, and 3 Microcomputers 
- Loss of All Subsystem Control 

CCM Microcomputer Failure 
- Loss of PCM/Host Computer 

Communication Lin 
- Loss of Console Displays 
- Loss of Console Control 

Capability 
- Loss of Sequencing Operations 

Involving More Than One PCM 

Operator Remote Manual Trip 

EMCON Host Computer Failure 

EPS 

Action Required 

Defocus Heliostats 
Time Delay 
Close FCV-211 
Close FCV-231 
Turn Off Hot and Cold Salt Pumps 
Turn Off Cold Salt Boost Pump 
Close FCV-151 
Turn off FWP 
Close FCV-501 and FCV-491 After Steam 

Pressure Drops 
Open Generator Circuit Breaker 
Turn Off Condensate Pump 

Operator 
Shut Down the Subsystems From PCM l, 
2, and 3 and Network 90 

PCMs and CCM Continue To Operate and 
Control The Plant 

Operator 
Shut Down The Subsystems From PCM l, 
2, and 3 
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Manual 

Manual 

Manual/auto 

Manual/auto 

Manual 

Auto 

Table D-5 

TURBINE-GENERATOR TRIP LIST 

Description 

MGBT - Manual generator 
breaker trip 

ET - Emergency trip 

SVC - Stop valve closure 

OST - Overspeed trip 

MTVC - Manual throttle 
valve closure 

GBT - Generator breaker 
trip 

0-9 

Initiation 

Breaker switch opened at 
local or remote generator 
control panel 

ET "on" at EMCON console or 
local trip button actuated 

Close FCV-5O1 

Local OST button 

Close throttle valve (TVM) 

a. Reverse power 
b. Ground fault 
c. Overcurrent 



Table D-5 

2. Steam system reactions to turbine trips: 

a. Over-pressurization 

b. Possible HRFS/D-D & SGS/steam drum safety valve lifting 

c. Desuperheating by HRFS/FCV-431 switchover to steam control to 
dump steam to DID 

d. FCV-432 D/D heat dump through SWHX and dry cooling tower 

3. Turbine tripping is redundant-designed and may be fully utilized with 
these four trips: 

a. Actuate ET emergency trip FCV-561 

b. Open generator breaker with breaker C.S. 

c. Actuate EPS T-G trip button from control 
room 

d. Manually close throttle valve with 
hand wheel 

4. Turbine-generator trip verification: 

a. ST-582 speed decreasing 

b. PT-532 hydraulic oil pressure decreasing 

C. PT-581 steam pressure drops to zero 

d. Generator breaker open - green light on 

NOTE 

(oil trip) 

(electric trip) 

(EPS backup) 

(manual) 

(T.V. trip) 

(FCV-5O1 trip) 

EOP operation is not mandatory upon a turbine trip 
since the shaft driven oil pump provides adequate 
oil flow for turbine coast down. 

5. Generator trips are redundant-designed with turbine trips. Be 
aware that: 

a. EPGS UPS provides emergency backup C/B trip power 

b. Exciter voltage shutdown local disconnect switch shuts down 
all of the generator electrical power. 
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APPENDIX E 

SIMULATION OF ELECTRIC POWER 
AND COMPARISON TO ACTUAL PERFORMANCE 

Prior to the April 1984 integrated system operation test campaign, the turbine­

generator internal oil pump failed. Since the steam cycle performance of future 

plants can be accurately predicted and since the MSEE steam cycle performance was 

of limited significance, it was decided to continue with the test campaign using a 

simulated electric output rather than delaying the test program until the turbine­

generator could be repaired. The turbine-generator operation earlier in the test 

program satisfied its primary objective of demonstrating complete compatibility 

with the steam generation subsystem operation. 

The simulation of the electric output was based upon the actual steam generator 

thermal output. This output was calculated from the actual main steam and 

feedwater enthalpies and the main steam flow rate. By applying the appropriate 

heat rate to this thermal output, the simulated gross electric power output was 

determined. 

The heat rates applied to the steam generator thermal output were derived from the 

actual performance of the Solar One steam cycle on June 21, 1984. The actual 

previously demonstrated MSEE heat rates were not used because of the extreme 

inefficiencies unique to the MSEE. The heat rates for the simulation were derived 

by adjusting the Solar One heat rates at various points on the load curve to 

determine the heat rate curve for MSEE (Figure 4-11). The heat rates were 

adjusted as in the following examples: 

1. T~mperature Correction. The MSEE operates nominally at 950 F main 
steam temperature compared to 835 F for Solar One at noon on June 
21, 1984. From J. F. Lee "Theory and Design of Steam Gas 
Turbines," McGraw-Hill, 1954, an increase of 1 F in main steam 
temperature decreases the heat rate by 1.53 Btu/kWh. Applying 
this correction to the heat rate of 10,300 Btu/kWh exhibited by 
Solar One gives a value for MSEE of 10,120 Btu/kWh. 

2. Pressure Correction. The MSEE operates nominally at 1100 psig 
compared to 1346 psig for Solar One at noon on June 21, 1984. 
From the reference used above, it can be inferred that for each 1 
psi decrease in main steam pre~sure the heat rate increases by 
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0.625 Btu/kWh. Applying this correction to the heat rate 

determined in 1. above yields an MSEE heat rate of 10,270 Btu/kWh . 

£§!§!g~~1~1:".T~ll!E~!:~:t1,ii::§! __ c_:::c:,x:i::§!S::!i.Qf!_~ The MSEE operates with a final 
feedwater temperature of nominally 520 F compared to 368 F for 

Solar One at noon on June 21, 1984. To correct for this 

temperature difference, it was assumed that the MSEE steam cycle 

was equipped with an additional feedwater heater, fed by main 

steam and using a pumped-forward drain system. This additional 

feedwater heater had the effect of reducing the flow of main steam 

available for the turbine-generator. 

The heat rates to use for the MSEE were derived such that the load fraction from 

Solar One corresponded to the same fraction cf rated load for the MSEE. The heat 

rates were also adjusted accordingly whenever off-rated steam temperatures or 

pressures existed. 

The following table compares the actual steam cycle operation prior to the 

turbine-generator failure to the "improved" steam cycle derived from Solar One for 

the rated SGS output. 

Gross Cycle Heat Rate (Btu/kWh} 

Generator Nameplate Gross (kW} 

Stearn Cycle Parasitics (kW) 

Ac.tual _ MSEE 

19,400 

750 

332 

"Im2roved" MSEE 

10,200 

1,100 

109 

The 750 kW actual nameplate gross generator output was never achieved in steady 

state due to the excessive thermal losses resulting from leaking valves in the 

heat rejection and feedwater subsystem and other inefficiencies. Various 

operating conditions are shown in Figure F-1. In comparison, a gross electric 

output of 1,100 kW would be achievable at the rated (and demonstrated) steam 

generator thermal output if the steam cycle utilized modern and properly operating 

equipment. 

Comparing the steam cycle parasitics in the above table reveals the extreme load 

associated with the MSEE as designed. 

consists of the following: 
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The actual steam cycle parasitic load 



Cooling Water Pump 

Spray Water Pump 

Feedwater Pump 

Condensate Make-up Pump 

Cycle Fill Pump 

Dry Cooling Tower Fans 

Shunt Exciter 

Condensate Pump 

Air Exhaust Pump 

Wet Cooling Tower Pump 

Wet Cooling Tower Fan 

Total 

Pgwer (k~) 

39.9 

8.5 

147.0 

2.8 

1.5 

93.0 

9.0 

19.7 

4.4 

5.2 

0.8 

331.8 

In contrast, an efficient steam cycle would have a parasitic load that is a 

fraction of that for the MSEE. The Solar One actual parasitic load was scaled 

down proportionally to arrive at the 109 kW used in calculating the simulated net 

electric output. 

load. 

The 109 kW also includes the scaled balance of plant parasitic 

The 30 kW balance of plant parasitic load applied during the periods when the 

plant was at standby (see Section 4) was also derived by scaling actual Solar One 

values. 

The steam cycle performance and its related parasitics loads are not a major 

source of uncertainty in the design and operation of future plants. Consequently, 

the simulation of its performance, excluding the steam generation subsystem, using 

reasonable performance factors results in a more meaningful representation of the 

MSEE. In all other areas of the system, only the actual demonstrated operation 

was used for its characterization. 

E-3 



Case 

1. 
2. 
3. 

Main Steam 

Mm (KB/hr) PSIG OF 

1. 10.9 1000 965 

2. 10.9 1000 965 

3. 11.6 1100 950 

Main Steam 

SGS 

OF hfw (BTU/lb) 

1. 520 515 

2. 520 515 

3. 550 550 

Figure E-1. 

As Tested 
No Leak Through Spray Water Diverting Valve 
Rated Conditions 

hm (BTU/lb) 

1485 

1485 

1473 

QL -Op 

(BTU/hr) 

1. 1.79 X 106 

2. 0.23 X 106 

3. 

Stearn Cycle 

E-4 

1. 

2. 

3. 

Throttle Steam 

Mm (KB/hr) PSIG 

1. 6.20 

2. 7.60 

3. 7.80 

Generator 

Waste 
Heat 

870 

870 

1050 

Electric 
Output (KW) 

1. 545 

2. 640 

3. 750 

OF 

930 

930 

940 

Condensate Exhaust 

OF he (BTU/lb) PSIA 

110 78 1. 1.96 

110 78 2. 1.96 

133 10J 3. 2.46 

Operating Conditions 

ht (BTU/hr) 

1470 

1470 

1469 

OF 

146 

146 

133 



APPENDIX F 

INTEGRATED SYSTEM OPERATION DAILY OPERATING DATA 

This appendix provides a listing of the key data for the 28 day integrated 

system test. Day 104 was April 14, 1985 (start of operation) and day 131 was 

May 11, 1985 (completion of operation). This data was obtained during a wide 

range of solar conditions which could be typical during operation of a com­

mercial plant. The data starts with the available direct energy, to net 

electricity produced, to hours synchronized to the grid. Because of the 

turbine-generator failure, the electricity produced and the hours synchronized 

to the grid were simulated by a computer using actual steam conditions from 

the steam generator. 
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MSEE OPERATION SUMMARY 

INTEGRATED SYSTEM OPERATION TEST CAMPAIGN 

Energy (MWh} 
In Storaqe In Storaqe Added to 

Direct Delivered Absorbed Before After Delivered Steam Cvcle Gross 24-Hr 
~ Energy to RS by Salt Start-up Shutdown to SGS (After Svnc) Electric Net 

-----

104 80.60 37.68 25.80 0.76 1. 22 24.92 22.71 7.47 3.05 
l 05 83.07 28.42 18.99 1.07 3.93 15.76 13 .81 4.35 (0.10) 
l 06 39.38 3. 18 1.89 3.66 0.94 4.04 2.56 0.65 (2.82) 
l 07 47.47 18.37 13.07 0.75 1. 15 12.03 l 0.38 3.22 (0.70) 
108 47.06 23.30 15.86 0.94 1.00 14. 98 12.82 4.12 0.12 
109 42.10 0 0 - - 0 0 0 (2.80) 
110 75.17 42. 77 28.78 0.55 1.43 27.43 25.02 8.22 3.79 

111 0 0 0 1.11 - 0 0 0 (2.80) 
112 6.88 0 0 - - 0 0 0 F.80~ 113 89.03 23.14 15.08 0.38 3.00 11. 78 l 0.64 3.45 0.66 

"'T'1 114 81.26 46.48 30.31 2.64 1.23 31 .60 29.44 9.69 5.36 
I 115 37.35 16.13 9.96 0.96 1.38 8.78 6.88 2. 21 ( l . 86) N 

116 14. 04 2. 71 1.25 1.12 1.87 0 0 0 (2.80) 
117 26.04 0 0 - 1. 54 0 0 0 (2.80) 

118 0 0 0 1. 37 - 0 0 0 (2.80) 
119 29.06 4.44 2.49 1.02 3.23 0 0 0 (3.10) 
120 83.64 41.54 26. 51 2.92 3. l O 26.17 24.66 8.02 3.63 
121 61.16 24.42 15. 92 2.73 1.00 17.48 16 .45 5.37 1.43 
122 50.70 24.99 15. 94 0.81 4.46 11. 34 l O. 21 3.28 (0.64) 
123 78.03 42.76 28.20 4.22 1.48 31.08 29.38 9.59 4. 91 
124 47.28 4. 01 2.54 1.30 3.54 0 0 0 (3.00) 

125 62.63 28.97 18.81 3.25 1.12 20.26 19 .44 6.30 2.18 
126 72.67 38.20 24. l O 0.91 4.04 20.39 19. 23 6.22 1. 91 
127 59.87 25.36 15.26 3.76 1.68 16. 77 15.38 4.84 0.67 
128 83.34 44.02 29.63 1.48 0.84 29. 91 28.67 9.32 4.58 
129 34.30 18.55 10.96 0.71 1. 79 9 .18 8.13 2 .61 ( l . 26) 
130 59.40 26.97 16. 50 1.50 3.97 12.92 11 .85 3.85 0.45 
131 88.32 38.89 24.69 3.64 1. 51 26.34 24.03 7.75 3.26 

Month 
Total 1479.85 605.30 392.54 373.16 341 .69 110. 53 



MSEE OPERATION SW1~1ARY 

INTEGRATED SYSTEM OPERATION TEST CAMPAI~N 

Hours 

> 400 w;m2 
Connected 

RS Salt RS Outlet All Heliostats Anv Heliostats Steam To Grid 
~ Datliqht Insolation Flow > 900 F Targeted Targeted Production (Simulated) 

l 04 12.85 11 . 83 8.70 7.70 6.80 .s. 23 8. 70 8.22 
l 05 12.89 11 . 38 8.53 6.63 5.05 7.37 6.87 6.55 
l 06 12.93 5.60 2. 18 0.73 0.97 l. 06 3.09 2.65 
l 07 12. 96 7.93 7. l 0 3.97 3.78 5.77 5.52 5 .18 
l 08 13. 00 6.68 6.97 4.65 5. 01 6.38 5.95 5.28 
l 09 13. 03 5.68 0 0 0 0 0 0 
110 13. 07 l 0. 38 9. 50 8. 95 8.57 9.37 9.54 9.08 

111 13. l 0 0 0 0 0 0 0 0 
112 13. 14 .93 0 0 0 0 0 0 
113 13. 17 11 . 75 5.60 4.81 1. 77 4.99 4.37 4 .13 

"T1 114 13.20 10.95 9.88 9.66 9.68 9.88 l O .80 l 0. 57 
I 115 13.24 5.73 8.56 3. 11 6 .10 6.33 2.78 2.55 w 

116 13.27 2.34 4.35 0.28 2 .11 2.47 0 0 
117 13.30 3.78 0 0 0 0 0 0 

118 13.34 0 0 0 0 () 0 0 
119 13.37 4.32 2.62 1. 15 l. 22 l. 53 () 0 
120 13. 40 11. 96 9.05 8. S2 8.85 8.97 9.69 9.38 
121 13.43 8.99 6.58 4.75 5.55 5.68 6.34 6.07 
122 13.47 7.83 7.58 5.38 5.73 7.05 4.55 4.18 
123 13.50 11. 68 l 0.48 9. 75 l 0. 62 l 0. 65 11 .19 l 0.87 
124 13.53 7.55 1.70 0.93 0.95 0.98 0 0 

125 13. 56 8.65 7.53 6.23 6.20 6.67 7.79 7.48 
126 13. 59 l 0. 80 9.52 8.47 8.97 9.23 7.87 7.50 
127 13.62 9.47 8.27 6. 07 7.68 8.42 7.24 6.67 
128 13.65 11 . 36 11 . 70 9.36 11. 35 11 . 46 11 . 05 l 0. 78 
129 13.68 4.97 7.76 3.83 5.73 6.08 3.78 3.33 
130 13. 71 9.40 6.27 5.68 5.97 6.07 4. 79 4.55 
131 13.73 12.36 8.66 7.95 8.33 8.38 l 0.19 9.67 

Month 
Total 372. 91 212.59 169.09 128.86 136.99 153.02 142. l 0 134.69 



APPENDIX G 

ADDITIONAL RECEIVER TRANSIENT RESPONSE TESTS 

Figures G-1 through G-5 show the receiver transient response to additional simu­

lated cloud passage tests (see Section 4). Included in these figures are the 
power level, the temperature setpoint, the salt flow rate, and the outlet 

temperature. The temperature and flow rate instrumentation were slightly dif­
ferent for the various cases. For Figures G-1 through G-3, the temperature 

plotted was the slower responding back tube temperature near the receiver 
outlet. In figures after G-3, the faster responding thermocouple probe at the 
receiver outlet was used t-0 measure the temperature. The flow rate instrumenta­
tion differed in that the flow rate plotted in Figures G-1 through G-3 was meas­
ured by the wedge type flow meter FT-101 and, upon the failure of the flow 
meter, the flow rate for subsequent tests was based on the receiver inlet pres­
sure. The pressure versus flow rate relationship was developed by measuring the 
rate of change in the cold sump level while it was isolated from the storage 

tank. 
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Figure G-1. Receiver Transient Response - Simulated Cloud Passage 
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Figure G-2. Receiver Transient Response - Simulated Cloud Passage 
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Figure G-3. Receiver Transient Response - Simulated Cloud Passage 
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APPENDIX H 

OPERATOR TRAINING PROGRAM 

PROGRAM SCHEDULE AND PARTICIPANTS 

The training began in early August 1984 with a trial team made up of solar industry 

personnel. 
materials. 

The purpose of the trial team was to critique the training methods and 

The course was then partially reorganized, based on the feedback 

obtained, to enhance the effectiveness of the training program. The training 

program continued through early December 1984. 

The schedule and participants for the training program was as follows: 

• Trial Team (August 6-17) 
Ed Bialkin, Foster Wheeler 
Gerry Coleman, MDAC 
Richard Cummings, EPRI Consultant 
Chuck Lopez, SCE 
John Swank, B&W 

• PNM Team (September 4-21) 
Dave Lister 
Mike Napoleone 
Dick Thayer 
Earl Williams 

• APS Team (September 24 - October 12) 
Joe Gunner 
Jim Mitchell 
Charles Dyer 

• PG&E Team (October 15 - November 2) 
Fenwick Hill 
Wi 11 iam Pink 
George Nichols 

• Composite Team l (November 5 - November 16) 
Robert Dawkins, Georgia Power 
Carlos Venegas, IEE Mexico 

• Composite Team 2 (November 26 - December 6) 
Fred Krause, Georgia Power 
Phil Reed, B&W 
John Harder, B&V 
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The following was a typical three week schedule for the training program. 

WEEK #1 

Monday -- Orientation and Master Control Subsystem 

8:00 
9:00 
9:30 
9:45 

10:00 
11:30 
12:00 

1:00 
4:00 

Introduction -- Conference Room 

CRTF Projects Review and Safety Briefing -- Conference Room 
Break 
MSEE System Overview -- Conference Room 
Tour of MSEE -- Field and Control Room 
Discussion and Questions -- Conference Room 
Master Control Subsystem -- Conference Room 

Console Operation -- Control Room 
Complete 

Tuesday -- Receiver and Thermal Storage Subsystems 

8:00 

9:00 

10:00 
11 :00 
12:00 

2:00 

Subsystem Description -- Conference Room 
Tour of Receiver and Thermal Storage Subsystems -- Tower and 
Field 

Control Loops and Instrumentation -- Conference Room 
Operation, Alarms and Trips -- Conference Room 

Console Instruction -- Control Room 

Training - Receiver Loop Operation -- Conference Room 

Check Lists 
Procedures 

4:00 Complete 
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Wednesday -- Receiver Operations 

8:00 Training - Receiver Loop Operation -- Conference Room 

Receiver Start-up Using Simulation -- Control Room 

11:00 

12:00 
4:00 

Test on Receiver Loop Start-up and Operation -- Conference 

Room 
Receiver Cold Flow -- Control Room 

Complete 

Thursday -- Receiver Operation 

8:00 Receiver Steady State Operation 

4:00 Complete 

Friday -- Receiver Loop Operation 

8:00 
10:00 

4:00 

WEEK #2 

Receiver Cold Flow -- Control Room 

Receiver Operation with Simulated Clouds 

Control Room 
Complete 

Monday -- Steam Generation Subsystem 

8:00 
9:00 

10:00 
11 :00 

12:00 

2:00 

Subsystem Description -- Conference Room 

Tour of Steam Generator and HRFS Subsystems -- Field 
Control Loops and Instrumentation -- Conference Room 

Operation and Equipment Protection System Trips -­

Conference Room 
Console Instruction (individually in Control Room 

Training - Steam Generator Operation -- Conference Room 

Check Lists 
Procedures 

4:00 Complete 
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Tuesday -- Steam Generator Operation 

8:00 
11 :00 

12:00 
4:00 

Training -- Steam Generator Operation -- Conference Room 
Test on Steam Generator Start-up and Operation -- Conference 
Room 
Steam Generation Operation 
Complete 

-- Control Room 

Wednesday -- Charge Thermal Storage with Propane Heater, Operate Steam 
Generator 

8:00 Thermal Storage Charging with Propane Heater 

-- Control Room 
12:00 
4:00 

Steam Generator Operation 
Complete 

-- Control Room 

Thursday -- Electric Power Generator Subsystem 

8:00 
9:00 

10:00 
11:00 
12:00 

4:00 

Subsystem Description -- Conference Room 
Tour of EPGS and HRFS -- Field 
Control Loops and Instrumentation -- Conference Room 
Operation and Trips -- Conference Room 
Training - EPGS Operation - Conference Room 

Complete 

Friday -- Operation of EPGS 

8:00 Operation of Full Electric Loop 
Room and field 

-- Control 

Teams will rotate between Control Room and Turbine Room in 
A.M. and P.M. 

4:00 Complete 
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WEEK #3 

Monday -- System Operation 

8:00 Discussion of System Operation -- Conference Room 

10:00 System Steady State Operation -- Control 

Room and field 
Rotate groups between locations 

4:00 Complete 

Tuesday -- System Operation 

8:00 System Steady State Operatior, 
EPGS Steady State Performance 

Rotate groups between Control Room and field 

4:00 Complete 

Wednesday -- System Operation 

8:00 System Steady State Operation 

EPGS Steady State Performance 

Rotate groups between Control Room and field 

4:00 Complete 

Thursday -- System Operation and Debriefing 

8:00 

12:00 
2:00 
4:00 

System Steady State Operation 
Room and field 
Debriefing -- Conference Room 
Briefing on Solar One 

Complete 

Friday -- Tour of Solar One 
System Operation 

Controls 

H-5 

-- Control 



APPENDIX I 

TRAINING PROGRAM EVALUATION 



Materials Provided 
The materials supplied in 
advance of class provided 
a useful introduction to 
the MSEE. 

The materials accurately 
described the MSEE system. 

The materials matched the 
system's actual operation. 

The materials were useful 
throughout the training. 

I intend to keep the materials 
and expect them to be a useful 
reference in the future. 

Instructor Performance 
The instructor was knowledg­
able in all areas covered 

The instructor was well 
prepared for the classes. 

The instructor matched the 
pace of the course to the 
needs of the students. 

The instructor was available 
to answer questions whenever 
required. 

The instruction was effective 
in accomplishing the training 
goals. 

Student Performance 
I was able to participate mean­
ingfully in classroom sessions, 
console exercises and system 
operation. 

I understand the design 
and operation of the MSEE 
reasonably well. 

I feel qualified to operate 
the MSEE. 

Strongly 
Agree 

_ 7_ 

_6 __ 

_5_ 

_8_,_ 

_ 9_ 

_,,_ 

_11_ 

_ 8 __ 

_,,_ 

JJL,_ 

_7_ 

L.-

_3_ 

I-2 

_4 _ 

_5_ 

_2 _ 

.L_ _ 

_1 __ 

_4_ 

_8_ 

Disagree 
Strongly 
Disagree 



Strongly Strongly 
Agree Agree Disagree Disagree 

I would feel qualified to 
operate other plants with 
digital controls following 
a similar training program. _ 4_ _7 _ 

I think this training 
program will be useful 
in my career. _8_ _3_ 

Send Less About Same Spend 
Time Time More Time 

Organization of Training Course 

Classroom sessions on individual 
subsystem l.Q__ _l_ 

Field tours for subsystem _7_ 4 
familiarization 

Console training exercises _L_ _3_ 

Organized reviews of operating 
procedures and check lists lQ__ _l_ 

Self study of operating procedures 
and check lists _ l_ _ 8 _ _2 _ 

Tests on subsystem operation lL._ 

Subsystem operation from the 
console _5_ _6 ___ 

Subsystem check lists and 
operation in the field _ 7_ _£ _ 

Subsystem data analysis 
exercises _9_ 

Full system operation _l_ lQ__ 
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Suggestions for Improvement 

How would you change the training program? 
a) The advance materials supplied 

-- No changes 

b) The classroom sessions 
-- No changes 

c) The console sessions 
-- More explanation why equipment in configured as is. 

d) The actual subsystem and system operation 
-- More time for system operations. 

The trainees evaluated the training course favorably in all areas. The overall 

curriculum and methodology was judged appropriate for the utility operators: 

however, a four week course would have been preferable over the three week course in 

order to improve the operators proficiency. Industry personnel, such as engineers 

or designers, whose objective would not be proficient console operation but rather 

to evaluate the system could be effectively exposed to the system in a three to five 

day course. The training material required for an accelerated course for engineers 

and designers is available and would only have to be condensed and 

organized to meet the specific needs of such a course. 

System Design and Operation 

The composite response of the utility operators to the written evaluation questions 

pertaining to the subsystem design and operation was as follows. 

Strongly Strongly 
System Performance Agree Agree Disagree Disagree 

The system as a whole performed _4_ _6_ 
wel 1. 

The following subsystems 
performed well: 

a) Receiver _7_ _3_ 
b) Thermal storage __ L_ _3_ 
c) Steam generator - 6- -- _4_ 
d) HRFS _5_ 4 _,_ 
e) EPGS __§__ _'1__ 
f) Master Control _5_ _4_ 
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How would you change the system design? 
a) The receiver subsystem 

-- Improve trace heaters 
-- Complete wind shielding 
-- Add More local instrumentation 

b) Thermal storage 
-- Improve trace heaters 
-- Increase storage capacity 
-- Add more instrumentation 

c) The steam generator 
Improve maintenance accessibility 
Increase steam drum size 
Provide continued blowdown capability for steam drum 

d) HRFS 
-- Improve water treatment 
-- Use wet cooling towers 

e) EPGS 
-- No changes identified 

f) Master Control 
-- Add at least 2 more control consoles 
-- Change alphabet keyboard to typewriter layout 

How would you change system operation? 
a) The receiver loop 

-- No significant changes identified 

b) The Steam Generator 
-- No significant changes identified 

c) Electric Power Generation 
-- No significant changes identified 

How does the operation of MSEE compare with the operation of a conventional 
fossil power plant? 
-- MSEE has less redundancy 

Do you think that molten salt is a preferred candidate for a solar power plant? 
Explain 
-- Yes because of storage capability 

The general response was positive regarding the system design and operation. The 
single less favorable response to the heat rejection and feedwater system 
performance was only because of the leakage through the three-way spray water 
diverting valve. 

Digital Control System 

The composite response of the util.ity operators to the written evaluation questions 
pertaining to the digital control system was as follows. 
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Strongly Strongly 
Control System Agree Agree Disagree Oi<:>agree 

The master control console's 
graphic displays of the 
system's status and operation 
were very useful for system 
control. _ ]__ _4 _ 

The master control console was 
as easy to learn and operate 
as conventional power plant 
control<:>. (Assume that you 
had no previous training on 
either.} _ i _6_ _, _ 
I would recommend a distributed 
digital control system for my 
company's new power plants. _6_ _4_ 

Control System 

Explain why a digital control system would or would not be of use to your company on 

future plants. 
Would be of use 
Easier to control 
Quicker response 
Expanded capabilities 

The responses indicated an overall acceptance of digital control among the utility 
operators. From the operator's viewpoint, all felt that digital controls should be 
utilized in future plants, both conventional and solar. The single negative 
response relating to the operation of the control console was only because the 
alphabet keypad was not layed out like that of a typewriter. This keyboard reduced 

the speed at which letters could be located. 
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