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ABSTRACT 

Th is  r e p o r t  describes the  conceptual design o f  a s o l a r  thermal 
cen t ra l  r e c e i v e r  system t h a t  both produces ac t i va ted  carbon from coal 
and regenerates spent ac t i va ted  carbon. 
carbonate s a l t  t h a t  i s  heated i n  t h e  rece ive r  t o  t r a n s f e r  heat t o  an 
ac t i va ted  carbon p l a n t  loca ted  near t h e  base o f  t h e  r e c e i v e r  tower. 
Cap i ta l  and opera t ing  cos t  est imates are described, and market and 
economic analyses are presented t o  assess t h e  a t t rac t i veness  o f  t h e  
proposed system. Technical unce r ta in t i es  are i d e n t i f i e d  as t h e  bas is  
f o r  a development p lan  t o  b r i n g  t h e  proposed system t o  ma tu r i t y .  

The system design uses molten 





SOLAR THERMAL TECHNOLOGY 
FOREWORD 

The research and development described in this document was 
conducted within the U.S .  Department of Energy’s (DOE) Solar Thermal 
Technology Program. The goal of the Solar Thermal Technology Program is 
to advance the engineering and scientific understanding of solar thermal 
technology, and to establish the technology base from which private 
industry can develop solar thermal power production options for 
introduction into the competitive energy market. 

Solar thermal technology concentrates solar radiation by means of 
tracking mirrors or lenses onto a receiver where the solar energy is 
absorbed as heat and converted into electricity or incorporated into 
products as process heat. The two primary solar thermal technologies, 
central receivers and distributed receivers, employ various point and 
line-focus optics to concentrate sunlight. Current central receiver 
systems use fields of heliostats (two-axis tracking mirrors) to focus 
the sun’s radiant energy onto a single tower-mounted receiver. 
Parabolic dishes up to 17 meters in diameter track the sun in two axes 
and use mirrors or Fresnel lenses to focus radiant energy onto a 
receiver. Troughs and bowls are line-focus tracking reflectors that 
concentrate sunlight onto receiver tubes along their focal lines. 
Concentrating collector modules can be used alone or in a multi-module 
system. The concentrated radiant energy absorbed by the solar thermal 
receiver is transported to the conversion process by a circulating 
working fluid. Receiver temperatures range from 100°C in 
low-temperature troughs to over 150OoC in dish and central receiver 
systems. 

The Solar Thermal Technology Program is directing efforts to 
advance and improve promising system concepts through the research and 
development of  solar thermal materials, components, and subsystems, and 
the testing and performance evaluation of subsystems and systems. These 
efforts are carried out through the technical direction of DOE and its 
network of national laboratories who work with private industry. 
Together they have established a comprehensive, goal directed program to 
improve performance and provide technically proven options for eventual 
incorporation into the Nation’s energy supply. 

supply at reasonable cost, solar thermal energy must eventually be 
economically competitive with a variety of other energy sources. 
Component and system-level performance targets have been developed as 
quantitative program goals. The performance targets are used in 
planning research and development activities, measuring progress, 
assessing alternative technology options, and making optimal component 
developments. These targets will be pursued vigorously to insure a 
successful program. 

To be successful in contributing to an adequate national energy 



The production of fuels  and chemicals using solar  thermal energy 
would broaden the Program's impact on fossi l  fuel displacement and 
establish the full potential of solar thermal technology. 
describes the conceptual design of a solar  thermal central receiver 
plant tha t  both produces activated carbon from coal and regenerates 
spent activated carbon. Techno1 ogy development needs are described, and 
market and economic analyses are presented. 

T h i s  report 

Information i n  t h i s  report should be considered preliminary since 
the work was carried only through the conceptual stage. 
sizing many of the components i s  the corrosion ra tes  fo r  the materials 
selected. Corrosion data for  some of the materials specified are 
1 imited and subject t o  interpretation. 

A key factor i n  
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1.0 INTRODUCTION 

T h i s  report describes t h e  r e s u l t s  of a s tudy  headed by t h e  Babcock & Wilcox 
Company, under c o n t r a c t  w i t h  Sandia  N a t i o n a l  L a b o r a t o r i e s  - Livermore (SNLL), 

t o  c o n c e p t u a l l y  d e s i g n  and e v a l u a t e  a f a c i l i t y  f o r  t h e  p r o d u c t i o n  of a c t i v a t e d  

ca rbon  using energy suppl ied by a solar  c e n t r a l  receiver. T h i s  work was 

env i s ioned  as  t h e  f i r s t  phase  of a mul t i -phase  program t h a t  cou ld  u l t i m a t e l y  

lead t o  t h e  commerc ia l i za t ion  of t h e  process. I t  s u p p o r t s  t h e  p r i n c i p a l  

objective of S a n d i a ' s  Solar F u e l s  and Chemicals Program of i d e n t i f y i n g  and 
developing new a p p l i c a t i o n s  f o r  solar c e n t r a l  r e c e i v e r  technology.  

- 

1.1 Objec t ive  of t h e  Study 
The specific o b j e c t i v e s  of t h i s  s t u d y  were t o  uncover t h e  d e s i g n  c h a l l e n g e s  

and development requi rements  involved  i n  d e f i n i n g  a s o l a r  f u e l s  and chemica ls  

p l a n t  and t o  e s t a b l i s h  t h e  t e c h n i c a l  and economic f e a s i b i l i t y  of t h e  proposed 

concept .  I n  s u p p o r t  of t h i s  o b j e c t i v e ,  t h e  concep tua l  d e s i g n  and ope ra t ing  

strategies were developed,  upon which capi ta l  and o p e r a t i n g  cost  estimates 

were based. A market f o r e c a s t  and a revenue p r o j e c t i o n  were prepared. 

Techn ica l  u n c e r t a i n t i e s  were i d e n t i f i e d  a s  t h e  b a s i s  f o r  a development p l a n  t o  

b r ing  t h e  proposed concept  t o  ma tu r i ty .  

A dual-purpose process involv ing  t h e  p r o d u c t i o n  of act ivated carbon from coal 

and t h e  r e g e n e r a t i o n  of s p e n t  a c t i v a t e d  carbon was selected. The r e g e n e r a t i o n  

p o r t i o n  of t h e  process w i l l  be p a r t i a l l y  f i r e d  by natural  g a s  t o  reduce 

o p e r a t i n g  tempera ture  demands on t h e  r e c e i v e r .  In  a d d i t i o n ,  t h e  p r o c e s s  w i l l  

p r o v i d e  f o r  t h e  c o g e n e r a t i o n  of e lec t r ic  power. T h i s  p r o c e s s  was chosen a f t e r  

review of numerous processes, inc lud ing  coal g a s i f i c a t i o n ,  steam reforming of 

methane t o  produce ammonia, and s y n t h e s i s  of e t h y l e n e  from e t h a n o l .  The 

a c t i v a t e d  ca rbon  process was selected because it is energy i n t e n s i v e ,  t he reby  
o f f e r i n g  po ten t ia l  f o r  e f f i c i e n t  u se  of s o l a r  energy. The basic technology of 

t h e  p r o d u c t i o n  and t h e  r e g e n e r a t i o n  processes has  been developed,  which 

p r o v i d e s  a base f o r  any t e c h n o l o g i c a l  changes  t o  t h e  processes required a s  a 

result  of i n c o r p o r a t i n g  solar energy i n t o  t h e  des ign .  The p r o c e s s  g e n e r a t e s  
v a l u a b l e  by-product  g a s  and t a r  which c a n  be used as  f u e l  f o r  t h e  p r o c e s s ,  or  

feedstock for  other chemical processes, o r  c a n  be so ld  t o  g e n e r a t e  a d d i t i o n a l  

revenue. 
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1.2 Project Plan 
During t h e  course of t h e  s t u d y ,  system, subsystem, and  component d e s i g n  

requirements  were developed; performance a n a l y s e s  completed; o p e r a t i o n  and 

c o n t r o l  s t r a t e g i e s  es tab l i shed;  c a p i t a l  and o p e r a t i n g  cost estimates and 

revenue p r o j e c t i o n s  made; t e c h n i c a l  u n c e r t a i n t i e s  i d e n t i f i e d ;  and a 
development p l a n  devised.  Reports, drawings,  and other t e c h n i c a l  documents 

were prepared. The e f for t  was organized  i n t o  t h e  fo l lowing  f o u r  t e c h n i c a l  

tasks:  

T a s k  2 - Process Opt imiza t ion  

T a s k  3 - F a c i l i t y  Design 

Task  4 - Technologica l  U n c e r t a i n t i e s  

T a s k  5 - Cost and Economic I n c e n t i v e s  

T a s k  2 - Process Opt imiza t ion  

The chemical process selected for  t h i s  s t u d y  was r e f i n e d ,  and its 

impor tan t  d e s i g n  characteristics e s t ab l i shed .  T h i s  work inc luded:  

a. D e f i n i t i o n  of t h e  r e a c t i o n  chemis t ry .  

b. S p e c i f i c a t i o n  of o p e r a t i n g  t e n p e r a t u r e s  and p r e s s u r e s .  

C. Completion of energy and mass balances.  

d. P r e p a r a t i o n  of a process flow schematic. 

The thermal  demand and d r i v i n g  t e m p e r a t u r e s  r e q u i r e d  for  t h e  chemical 

r e a c t i o n  formed t h e  basis for  t h e  solar heat t r a n s p o r t  subsystem and 

component d e s i g n s  and t h e  c o l l e c t o r  f i e l d  arrangement developed during 

Task  3. The d e s i g n  p o i n t  r e c e i v e r  thermal r a t i n g  was determined,  and 

thermal s t o r a g e  i n v e n t o r y  was s i z e d .  

A c o n c e p t u a l  p l a n t  l a y o u t  drawing was prepared. I t  shows t h e  arrangement 

of t h e  p r i n c i p a l  components i n  each subsystem, and t h e  c r i t i ca l  i n t e r f a c e  

p o i n t s  between t h e  subsystems. 
T a s k  3 - F a c i l i t y  Design 
F a c i l i t y  d e s i g n  a c t i v i t i e s  were d i v i d e d  i n t o  t h e  three s u b t a s k s  described 

i n  t h e  following paragraphs. Upon complet ion of t h i s  t a s k ,  a Design 
Requirements document was prepared and submi t ted  t o  SNLL. 

Subtask 3.1 - Conponent/Subsystem Design 

Conceptual d e s i g n s  were developed for  t h e  major subsystems and components 
i n  t h e  i n t e g r a t e d  s o l a r / c h e m i c a l  process p l a n t .  S p e c i f i c a l l y :  

1-2 



Solar Heat Transport Subsystem: 

a )  A conceptual design for  the receiver was developed. 
L1 

o Materials were selected for  the heat absorption surfaces. 
o The heat f lux dis t r ibut ion was defined. 

o The heat absorption surface was arranged t o  promote h i g h  thermal 

efficiency, which is of par t icular  significance for  h i g h  

temperature surfaces where re-radiation and convection losses may 

be quite large. 

o The thermal-hydraulic character is t ics  of the circulation system 

were determined, including s i z i n g  of the surge and collection 

tanks. 

o Inportant mechanical design features were reviewed. 

o Cr i t ica l  manufacturing issues were investigated. 

o A conceptual design drawing and a material l ist  were prepared. 

A conceptual design for  a two-tank thermal storage system was 

developed. The tanks were sized and materials selected. Design 

features, such a s  cooling jackets, baffles,  and/or "internal 

insulation", required t o  protect the tank walls and foundation from 

the h i g h  temperature heat transfer f l u i d  were described. A 

conceptual design drawing and a material list were prepared. 
Conceptual designs were developed for  the f o s s i l  f i red  s a l t  heater, 

steam generator, and intermediate heat exchanger. Heat transfer 

surfaces were sized and arranged, materials selected, pressure losses 

calculated, and important mechanical design features described. 

Conceptual design drawings and material lists were prepared. 

Conceptual designs were developed for  the solar tower and solar heat 

transport p ip ing  system. Preliminary pumping requirements were 

established. Material lists and specification sheets were prepared, 

and engineering sketches made a s  appropriate. 

1 

Collector Field Subsystem: 

A preliminary arrangement for  the collector f i e l d  was 

the use of l O O m  glass/metal hel iostats  and a direct  

of 950 watts/m a t  the design point. The collector 

depend on the thermal demand of the chemical process 

2 

2 

developed assuming 

no rma 1 i n  so l a  t ion 

f i e l d  requirements 
and the projected 

thermal efficiency of the receiver heat absorption surfaces. A layout 

drawing identifying the overall dimensions of the f i e l d  and number of 

he 1 ios ta t  s was p repa red. 
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Chemical Process Subsystem: 

Preliminary design requirements were developed for  the principal 

components i n  the chemical process subsystem. Materials were selected, 

and flow rates, temperatures, and pressures governing conponent s i z e s  

were defined. Material lists and design specification sheets were 

p repa red. 

Subtask 3.2 - System Design 

An integrated to t a l  system arrangement, combining the collector f ie ld ,  

solar heat transport, and chemical process subsystems, was developed. 

These subsystems were organized t o  interact effectively so as  t o  promote 

the most eff ic ient  use of the available solar insolation. A des ign  

point performance analysis was made. The results of t h i s  analysis were 

presented i n  the form of a "stairstep. efficiency curve accounting for:  

a. 

bo 

C. 

d. 

e. 

Collector f i e l d  efficiency, based on projected avai labi l i ty  of 
heliostats and losses associated w i t h  cosine effects ,  ref lect ivi ty ,  

shading, blocking, attenuation, and spillage. 

Receiver efficiency, based on reflection, re-radiation, convection, 
and conduction losses. 

Chemical process efficiency, based on projected product yields and 

unrecoverable heat losses i n  f l u e  

streams. 

Power consumption by pumps and other 

Miscellaneous thermal losses from 

pip ing  

gas, by-products, and coolant 

am i l i a ry  equipment. 

the thermal storage tanks and 

The design point performance calculations were based on a direct  normal 

insolation of 950 watts/m . A plant equipment layout drawing, 

describing the t o t a l  system arrangement and t h e  major components i n  t h e  

system, was prepared. 

2 

Subtask 3.3 - Controls and Operating Strategy 

Strategies were described for  a l l  modes of normal operation. Included 
i n  t h i s  evaluation was: 

a. Cold startup and shutdown. 

b. Normal daytime operation w i t h  solar power. 

C. Overnight operation w i t h  f o s s i l  power. 
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d. Overnight  thermal  c o n d i t i o n i n g  of t h e  r e c e i v e r  ( o v e r n i g h t  s t a n d b y )  
t o  p r e v e n t  e x c e s s i v e  heat  loss  and f a c i l i t a t e  morning s t a r t u p .  

e. S t a r t u p  of r e c e i v e r  from standby.  

f .  Dai ly  r e t u r n  of r e c e i v e r  t o  s tandby f o r  o v e r n i g h t  outage.  

g .  Thermal b u f f e r i n g  from s t o r a g e  t o  reduce e f f e c t s  of c loud  t r a n s i e n t s  
on t h e  chemical p r o c e s s .  

Requirements were es tab l i shed  for  c o n t r o l l i n g  and i n t e g r a t i n g  t h e  

chemical process and solar heat t r a n s p o r t  subsystems, c o n s i s t e n t  w i t h  

t h e  normal o p e r a t i n g  strategies described above. C o n t r o l  schemes were 

d e f i n e d  for :  

a. C o n t r o l l i n g  heat i n p u t  and l i m i t i n g  tempera ture  swings i n  t h e  

chemical r e a c t i o n  f u r n a c e s  t o  m a i n t a i n  p r o d u c t  y i e l d  and q u a l i t y .  

b. Modulating r e c e i v e r  f l o w  rate, a s  r e q u i r e d  by heat f l u x  v a r i a t i o n s ,  

t o  l i m i t  f l u i d  and material t e m p e r a t u r e s  w i t h i n  p r e s c r i b e d  l i m i t s .  

c. Implementing f o s s i l  energy dur ing  o v e r n i g h t  o u t a g e s  or other o u t a g e s  

exceeding t h e  c a p a c i t y  of t h e  thermal  s t o r a g e  tank.  

d. Employing thermal b u f f e r i n g  from s t o r a g e  t o  m i t i g a t e  t h e  effects  of 

c l o u d  t r a n s i e n t s .  

e. Regulat ing steam g e n e r a t i o n  t o  s a t i s f y  process demand. 

I n  a d d i t i o n ,  special c o n t r o l s  r e q u i r e d  for  emergency s a f e g u a r d s  were 

described. A p r e l i m i n a r y  Piping and I n s t r u m e n t a t i o n  ( P & I )  diagram was 

p rep  a red . 
The annual  solar c o n t r i b u t i o n  was projected. The s o l a r  c a p a c i t y  factor 

was determined,  t h e  t o t a l  a n n u a l  solar  energy produced was predicted, 

and n e t  energy,  a f t e r  al lowance f o r  f o r c e d  and p lanned  maintenance 

o u t a g e s ,  was estimated. 

T a s k  4 - Technoloqica l  U n c e r t a i n t i e s  

The t e c h n i c a l  m a t u r i t y  of t h e  chemical process and solar  p l a n t  d e s i g n s  

was assessed. Technica l  d e f i c i e n c i e s  or u n c e r t a i n t i e s  were i d e n t i f i e d ,  

and p l a n s  for  r e s o l u t i o n  of these weaknesses devised .  The i s s u e s  

addressed inc luded:  

a. S e l e c t i o n  of component materials and d e f i n i t i o n  of material 

p r o p e r t i e s .  
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b. Evaluation of control strategy t o  maximize process efficiency and 
economy. 

C. Development of fabrication methods. 

A development plan was prepared t o  resolve design,  materials, 

fabrication, operation, and performance uncertainties through analysis, 

laboratory tes t ing,  and/or prototypical t e s t i n g .  

The development plan i d e n t i f i e s  t h e  specific work t o  be accomplished, 

and projected schedule. Budgetary cost estimates were prepared as  

app rop r ia  t e  . 
Task 5 - Cost and Economic Incentives 

Capital and operating cost estimates were prepared based on standards 

data, actual costs determined from previous contracts, vendor 

quotations, and catalog prices,  where available. Capital costs  included: 
a. Shop fabrication (material and labor) and/or procurement costs for  

major components, such as: 

o Solar receiver 

o Chemical reaction furnaces and balance of chemical plant 

component s 

o Collector f i e l d  

o Thermal storage tanks 

o Steam generator 

o Fossil f i red  s a l t  heater 

o Pip ing ,  valves, and pumps 

b. Construction costs,  including si te preparation, erection of 

components (including solar  tower), buildings, construction 

management, and f i e l d  engineering. 

c. Procurement and instal la t ion of controls and instrumentation. 
d. Electrical  equipment. 

e. Component and system design engineering. 

Operating expenses consist of the cost of feedstocks and other 

consumable materials, and t h e  cost of supervision and labor for  plant 
operation and maintenance. 
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F 
Historic market t r e n d s  were examined, and a market forecast  and revenue 

projections made for  the activated carbon as  w e l l  a s  other saleable 
by-products of the process. Factors considered included: 

a. 

b. 

C. 

d. 

e. 

f .  

9 .  

h. 

Market s ize  and l i f e .  

Geographic location of markets. 
Availability and proximity of raw material t o  the plant s i t e .  

Product dis t r ibut ion costs. 

Corrpetitive processes. 

Alternative technologies and products. 

Environmental and po l i t i ca l  issues. 

Economic conditions. 

Based on the market forecast and the capi ta l  and operating cost  

estimate, f inancial  evaluations of t h e  plant were made. 

A f inancial  evaluation was also made assuming f o s s i l  f u e l s ,  rather than 

solar ,  provided energy to  the process. 

1.3 Project Organization 

1.3.1 Project Team 

The project team consisted of Babcock & Wilcox, the Chemicals Group of O l i n  

Corporation, and Black & Veatch, Engineers-Architects. Babcock & Wilcox 

accepts research and development contracts through its Contract Research 

Division. O l i n  Corporation, an industr ia l  chemical supplier, provided the 

chemical process design and chemical process economic evaluation. Black & 

Veatch, an architect/engineering firm well-established i n  the solar industry, 

sized the baseline col lector  f i e l d  and provided t h e  chemical plant layout. 

Support t o  the project i n  the areas of controls and ceramics was provided by 

B&W's  Lynchburg Research Center. Babcock & Wilcox provided t h e  overall 

economic evaluation of the project. The project organization is i l lus t ra ted  

i n  Figure 1-1. 
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1.3.2 Team Member Respons ib i l i t i e s  
Subcontractors to  the  Babcock & Wilcox Company for t h i s  program were the  
Chemicals Group of Olin Corporation and B l a c k  & Veatch, Engineers-Architects. 

The s p e c i f i c  r e s p o n s i b i l i t i e s  of each team member are  described i n  Table 1-1. 

Table 1-1 Project Respons ib i l i t i e s  

bbcock b Wkox Company 
Program management and management plan 
Integration of chemical process in solar plant 
Conceptual design of major solar heat transport CompomntS 
Design point system pertormance analysis 
Controls requirements for solar heat transport subsystem and integrated total system 
Total plant operations strategy 
Solar technology development needs 
Development plan 
Fabrication cost estimates for sdar heat transport components 
Rant economic assessment 
Reports and oral reviews 

Olin corpomkn 
Characterization of chemical process 
Preliminary design requirements for chemical process components 
Design point chemical process performance analysis 
Controls requirements for chemical process subsystem 
Chemical plant operations strategy 
Chemical technology development needs 
Cost estimates for operation and maintenance 
Market forecast 

Wack b Vutch Conruttinc Engimn 
Collector field layout 
Conceptual design of solar tower and piping system 
Specifications and material lists for chemical plant components 
Plant equipment layout and Pal diagram 
Procurement/construction cost estimates for collector field, solar tower and piping. 

chemical plant components, control system, and civil work 
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2.0 SYSTEM DESCRIPTION 

2.1 An Overview 

One of the major objectives of the Solar Fuels and Chemicals Design Study was 

t o  complete a conceptual design of a f a c i l i t y  for  the production of f u e l s  

and/or chemicals i n  which a significant portion of the consumed energy is 

supplied by a solar receiver. Completion of the system design supported the 

additional major objectives of performing an economic evaluation of the 

process and of identifying t h e  technological uncertainties of the design and 
the plans t o  resolve those uncertainties. 

A dual-purpose chemical process involving t h e  production of activated carbon 

from coal feedstock and the regeneration of spent activated carbon was 

selected on the basis of several factors. The process was energy intensive, 

thereby offering potent ia l  for  e f f ic ien t  use of solar energy. The basic 
technology of the production and the regeneration processes has been 

developed, which provides a base for  any technological changes t o  the 

processes required a s  a resul t  of incorporating solar energy into the design.  

The process generates valuable by-product gas and t a r  which can be used as  

fuel  for  the process, or feedstock for  other chemical processes, or can be 

sold t o  generate additional revenue. 

Energy input t o  the chemical process is provided by an intermediate heat 

transfer f l u i d ,  molten carbonate s a l t ,  t o  transport energy from the solar heat 

transport subsystem to  the chemical process subsystem. The solar heat 

transport subsystem provides energy input t o  the carbonate s a l t  on a 24  

hour-a-day basis through the use of e i ther  a solar central  receiver or a 

f o s s i l  f i red  s a l t  heater. During periods of receiver operation, the thermal 

storage tanks decouple the operation of the chemical process from the receiver 

operation. T h i s  permits continual operation of the chemical process during 

cloud transients without the need t o  cycle the operation of the f o s s i l  f i r ed  

s a l t  heater. The steam generator portion of the solar heat transport 

subsystem uses energy i n p u t  from the carbonate s a l t  t o  generate steam both for 
the production of e lec t r i ca l  energy and fo r  the process requirements i n  the 

chemical process subsystem. The solar heat transport subsystem is a h i g h  

temperature process i n  which broad design and materials technology 

developments can be applied to  a variety of potent ia l  programs i n  addition t o  

the specific chemical process considered i n  t h i s  s tudy .  
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Solar energy i n p u t  t o  the receiver i n  the thermal heat transport subsystem is 
provided by the collector f i e l d  subsystem. The collector f i e l d  is an array of 

hel iostats  designed to  direct  solar radiation t o  the north-facing receiver 
cavity located atop the receiver tower. The collector f i e ld ,  tower, and 

receiver designs mus t  be integrated into a cost-effective arrangement which 

s a t i s f i e s  the receiver incident heat f l u x  requirements. 

A eutectic carbonate s a l t  ( L i  CO -K CO -Na CO was chosen a s  the 2 3 2 3  2 3  
intermediate heat transfer f l u i d .  T h i s  s a l t  is s table  a t  h i g h  tenperatures 

and is characterized by a thermal conductivity which is significantly higher 

than that  for s a l t s  commonly used a t  lower temperatures ( for  exanple, n i t ra te  
s a l t s ) .  The chief drawback w i t h  t h i s  carbonate s a l t  is i ts  very aggressive 

behavior toward both h ig  h-alloy s t ee l s  and ceramic materials a t  elevated 

temperatures. Despite t h i s  drawback, it was considered, on balance, the best 

available heat transport medium for  the intended service. The important 

physical properties of t h i s  carbonate s a l t  a re  summarized i n  Appendix C. 

I n  the i n i t i a l  design of the system, the t o t a l  energy i n p u t  requirements of 

the three chemical process furnaces and the steam generator were provided by 

the molten carbonate sa l t .  The steam generator was designed t o  provide only 

low pressure IO.62 MPa ( 9 0  ps ia )  I steam t o  meet the process requirements of 
6 

the chemical process. The t o t a l  heat load of 35.3 MW (120.6 x 1 0  

Btu/hr) was supported by carbonate s a l t  flow entering the process a t  1 1 4 9 O C  

(2100°F) and leaving the process a t  474OC (886OF) .  A basic flow 

schematic of t h i s  i n i t i a l  deiLgn is shown on Figure 2-1. 

t 

The material i n i t i a l l y  chosen to  contain the molten carbonate s a l t  up t o  

tenperatures of 1 1 4 9 O C  (2100°F) was s i l icon carbide. T h i s  material 
possesses suff ic ient  strength and thermal shock capabi l i t ies  for  t h i s  type of 

service: however, it was discovered a t  the onset of the contract that  t h i s  

material 's  resistance to  the corrosive e f fec ts  of the carbonate s a l t  is very 

poor. T h i s  led t o  an extensive investigation of candidate materials which had 
the strength, thermal shock, and corrosion resis tant  properties suff ic ient  t o  

contain the carbonate s a l t  a t  the h i g h  operating temperatures over the 20 year 

des ign  l i f e  of the plant. The material investigation and selection process is 

documented i n  Appendix A. 
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No material, e i t h e r  ceramic o r  metallic, was found which had t h e  required 

combinat ion of s t r e n g t h  and r e s i s t a n c e  t o  the rma l  shock and c o r r o s i o n  a t  

1149OC (2100°F) f o r  t h e  p l a n t  o p e r a t i n g  l i f e .  Based on t h e  in fo rma t ion  

p r e s e n t e d  i n  Appendix A, t h e  hot carbonate s a l t  t empera tu re  for  t h e  process 

was reduced t o  954OC (1750°F) t o  permit t h e  use  of Incone l  600 a s  a 

c o r r o s i o n  r e s i s t a n t  material i n  combinat ion wi th  Incone l  617 f o r  t h e  required 

s t r e n g t h .  

The r educ t ion  of t h e  h o t  s a l t  t empera tu re  resulted i n  a change t o  t h e  energy  
i n p u t  method used f o r  t h e  process. Rather  t h a n  a l l  t h e  energy  i n p u t  being 

p rov ided  by t h e  c a r b o n a t e  s a l t ,  a p o r t i o n  of t h e  energy  is s u p p l i e d  by f o s s i l  

f u e l .  T h i s  f o s s i l  f u e l  i n p u t  is s u p p l i e d  t o  t h e  p o r t i o n  of t h e  r e g e n e r a t i o n  

p r o c e s s  which had required t h e  1149OC (2100°F) s a l t  tempera ture .  I n  

a d d i t i o n ,  r e f inemen t s  t o  t h e  chemica l  process requi rements  resulted i n  reduced 

heat l o a d  requi rements  f o r  t h e  c a r b o n i z a t i o n  f u r n a c e  and f o r  t h e  steam 

g e n e r a t o r .  The t o t a l  s a l t  f low h e a t  l oad  of t h e  p r o c e s s  was reduced t o  23.1 
(78.8 x l o 6  B t u / h r ) ,  suppor t ed  by s a l t  f l o w  e n t e r i n g  t h e  p r o c e s s  a t  

954OC (1750'F) and l eav ing  t h e  p r o c e s s  a t  672OC (1242'F). F o s s i l  f u e l  

h e a t  load f o r  t h e  r e g e n e r a t i o n  p r o c e s s  was 3.6 MW (12.4 x l o 6  Btu /hr ) .  A 

basic s a l t  f low schemat ic  of t h i s  r e v i s e d  d e s i g n  is shown on F igure  2-2. 

MWt 

t 

The steam g e n e r a t o r  subsystem w i t h i n  t h e  s o l a r  h e a t  t r a n s p o r t  subsystem was 

i n i t i a l l y  des igned  t o  g e n e r a t e  t h e  0.62 MPa, 26OoC (90  ps ia ,  50OoF) 

p r o c e s s  steam r e q u i r e d  by t h e  chemica l  p r o c e s s .  Energy is t r a n s f e r r e d  from 

t h e  molten ca rbona te  s a l t  t o  a molten n i t r a t e  s a l t  loop through t h e  

i n t e r m e d i a t e  heat exchanger.  The i n t e r m e d i a t e  h e a t  exchanger  and t h e  molten 

n i t r a t e  s a l t  loop  were p rov ided  t o  reduce t empera tu re  d i f f e r e n c e s  between t h e  

s a l t  and t h e  water/steam i n  t h e  e v a p o r a t o r  and s u p e r h e a t e r  f rom what t h o s e  

t empera tu re  d i f f e r e n c e s  would have been had molten c a r b o n a t e  s a l t  been used 

f o r  d i rect  energy i n p u t  t o  t h e  e v a p o r a t o r  and supe rhea te r .  I n  spite of t h e  
i n t e r m e d i a t e  hea t  exchanger  and t h e  molten n i t r a t e  s a l t  low, i n i t i a l  
e v a l u a t i o n  of t h e  low pressure steam g e n e r a t o r  s t i l l  raised conce rns  f o r  t h e  

s t r u c t u r a l  adequacy of t h e  s u p e r h e a t e r  and evaporator due t o  l a r g e  t empera tu re  

d i f f e r e n c e s  between t h e  molten n i t r a t e  s a l t  and t h e  water/steam. I n  a d d i t i o n ,  

water/steam temperatures well below t h e  245OC (473'F) f r e e z i n g  p o i n t  of 

t h e  molten n i t r a t e  s a l t  raised s e r i o u s  conce rns  for  s a l t  f r e e z i n g  i n  t h e  heat 

exchangers .  F igu re  2-3 shows the s a l t  and water/steam tempera tu res  and t h e  

t empera tu re  d i f f e r e n c e s  f o r  t h e  low p r e s s u r e  steam g e n e r a t o r  subsystem. 
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To reduce the large temperature differences and to  eliminate the s a l t  freezing 

potential  i n  the steam generator heat exchangers, t h e  steam generator delivery 

pressure was increased t o  7.93 MPa (1150 ps ia ) .  The increase i n  pressure 

resulted i n  only  a marginal increase i n  steam generator cost ,  while markedly 

improving the design of the components. Also, the higher steam pressure 

supported the addition of cogeneration of e lec t r ica l  power t o  the system 

des ig  n . 
Adding cogeneration of e lec t r ica l  power t o  the system evolved from the revised 

carbonate s a l t  heat load requirements (Figure 2-21 which had a cold carbonate 

s a l t  tenperature of 672OC (1242'F) and from the consideration of 
increasing steam generator delivery pressure t o  7.93 MPa (1150 ps ia ) .  

Decreasing the cold carbonate s a l t  temperature t o  5 1 4 O C  (957OF) by 

increasing the steam generator subsystem heat load by 11.9 MW (40 .5  x l o 6  
Btu/hr) allowed the addition of a nominal 3.0 MW turbine-generator se t  t o  

the system. Cogeneration of e lec t r ic i ty  a t  t h i s  power level provided a very 

real  potential  for additional operating revenues through the net export of 

e lec t r ica l  power. The lower cold carbonate s a l t  tenperature reduced the 

carbonate salt- to-nitrate s a l t  temperature difference i n  the intermediate heat 

exchanger and reduced design concerns fo r  other components i n  the solar heat 

transport subsystem, such a s  the cold storage tank, cold s a l t  purrps, p i p i n g ,  

and valves. With the addition of cogeneration, t h e  t o t a l  s a l t  flow heat load 

t 

e 

of the process was 35.0 MW (119.3 x l o 6  B t u / h r ) .  A basic s a l t  flow t 
schematic for the finalized plant d e s i g n  is shown on Figure 2-4; a comparison 

of carbonate s a l t  heat loads is shown on Table 2-1. 

A conceptual layout of the ent i re  solar fuels  and chemicals design for the 
production and regeneration of activated carbon is shown on Figure 2-5. The 

boundaries of the chemical process, solar heat transport, and collector f i e ld  

subsystems are delineated on t h i s  figure as  well a s  the major equipment, the 
chemical process streams, and the molten s a l t  streams. Detailed discussion of 

t h e  equipment i n  each subsystem, the plant s i t e  arrangement, and the overall 

system performance are  included i n  the balance of Section 2.0. 
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TABLE 2-1 

TOTAL CARBONATE SALT HEAT LOAD REQUIREMENTS 

Heat Load, MW ( l o 6  Btu /hr )  

I n i t i a l  Revised 
Design Design 

Reg e ne ra t  ion 6.5 2.8 
(22.0) (9 .6)  

Ac t i v a t  i o n  10.5 
(35.9) 

Ca r bon i za t i o n  6.7 
( 23.0) 

Steam Generation 11.6 
(39.7)  

T o t a l  35.3 
(120.6) 

10.5 
(35.9) 

4.6 
(15.5)  

5.2 
(17.8)  

23.1 
( 7 8 . 8 )  

F i n a l  
Design 

2.8 
(9 .6)  

10.5 
(35.9)  

4 .6  
(15.5) 

17.1 
(58.3)  

35.0 
(119.3) 
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2.2 Chemical Process Subsvstem 

A process t o  produce a c t i v a t e d  carbon and regenerate s p e n t  carbon using energy 
s u p p l i e d  by a hot mol ten  c a r b o n a t e  s a l t  has been def ined .  A major p o r t i o n  of 

t h e  energy t o  heat t h e  c a r b o n a t e  s a l t s  w i l l  be s u p p l i e d  by a solar c e n t r a l  
r e c e i v e r .  A subbi tuminous coal [141.3 metric tons/day (156 t o n s / d a y ) l ,  common 

t o  t h e  wes tern  United States,  was chosen a s  t h e  raw material. Coal t a r  p i t c h  

115.4 metric tons/day ( 1 7  t o n s / d a y ) l  is also required as  a b i n d e r  i n  
p r e t r e a t m e n t .  Dai ly  p r o d u c t i o n  rates of a c t i v a t e d  carbon and r e g e n e r a t e d  
carbon are 35.3 metric t o n s  (39 t o n s )  and  28.1 metric t o n s  ( 3 1  t o n s ) ,  

r e s p e c t i v e l y .  The major by-products  of t h e  process are p r o d u c t  g a s  and tars .  

The p r o d u c t  g a s  [9487 m3/hr (335,000 SCFHII  w i l l  be used t o  heat t h e  

c a r b o n a t e  s a l t  dur ing  t h e  o f f  hours  or as  requi red .  T h i s  g a s  h a s  a low 
h e a t i n g  v a l u e  of 3.23 kwh/m3 ( 3 1 2  BTU/SCF). Any e x c e s s  g a s  may be sold a s  

f u e l  or chemical feedstock. Approximately 27.2 metric tons/day (30  tons /day)  

of by-product  t a r s  are produced. These t a r s  have a low h e a t i n g  v a l u e  of 

approximate ly  9.69 kwh/kg (15,000 BTU/lb.)  The t a r s  c a n  be burned a s  f u e l  or 

may be sold. 

The process t o  produce  a c t i v a t e d  carbon i n v o l v e s  s e v e r a l  p r e t r e a t m e n t  steps t o  
t h e  raw material (coa l ) .  After c r u s h i n g  t o  s i z e ,  t h e  coal is acid washed t o  

remove a c i d - s o l u b l e  a s h  and d e s t r o y  t h e  agglomerat ing properties of t h e  

subbi tuminous coal. The coal is  mixed w i t h  p i t c h  (which acts as  a b i n d e r ) ,  

p u l v e r i z e d ,  and compacted i n t o  p e l l e t s .  The pe l le t s  are reground i n t o  
g r a n u l e s .  

The g r a n u l e s  are s e n t  t o  t h e  c a r b o n i z a t i o n  f u r n a c e  where t h e y  are  heated t o  

600 C (1112 F)  i n  a n  oxygen-free atmosphere. The v o l a t i l e s ,  c o n t a i n i n g  

t a r ,  o i l ,  l i g h t  hydrocarbons,  ammonia, and  hydrogen s u l f i d e ,  are removed from 

t h e  g r a n u l e s  and are s e n t  t o  t h e  t a r  removal/ammonia removal systems. The 

g r a n u l e s  (char) from t h e  c a r b o n i z a t i o n  f u r n a c e  are s e n t  t o  t h e  a c t i v a t i o n  

f u r n a c e  where steam is added. The steam reacts w i t h  t h e  char t o  produce 

e x t e n s i v e  i n t e r n a l  s u r f a c e  area. T h i s  f u r n a c e  operates a t  8OO0C 

(1472OF). The p r o d u c t  is cooled, treated w i t h  acid to remove 

sur face-depos i ted  a s h ,  d r ied ,  and shipped. The off -gases from a c t i v a t i o n ,  - c o n t a i n i n g  most ly  hydrogen and carbon monox i d e  are combined w i t h  c a r b o n i z a t i o n  

off-gas and s e n t  t o  t h e  s u l f u r  removal system. Hydrogen s u l f i d e  is removed by 

p h y s i c a l  a b s o r p t i o n  and t h e n  c o n v e r t e d  t o  s u l f u r .  Approximately 0.76 metric 

t o n s  per day (0.84 t o n s  per day)  of s u l f u r  are produced. 

0 0 
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The regeneration of spent carbon requires several basic operating steps. Wet 

s p e n t  carbon is fed w i t h  a dewatering screw t o  a furnace. The furnace has 

three dis t inct  stages. F i r s t  the spent carbon is dried a t  about 12OoC 

(250'F). N e x t  the carbon is baked a t  about 76OoC (1400°F) t o  volat i l ize  

the absorbate leaving a carbon deposit on the base carbon. The third and most 

c r i t i c a l  step is  reactivation: Steam is added and selectively reacts w i t h  t h e  

deposited carbon a t  9 5 4 O C  (1750°F) The off -gases are usually incinerated 

t o  remove any obnoxious or toxic gases. 

The carbonization furnace and the activation furnace energy requirements w i l l  

be supplied entirely w i t h  molten sa l t .  Because of the h i g h  temperatures 

required for reactivaton, the regeneration energy requirements w i l l  be 

supplied w i t h  both molten s a l t  and fuel. Molten s a l t  w i l l  supply about 44% of 

the to t a l  energy required for regeneration. 

The process was defined from information gathered mainly from l i terature .  

T h i s  includes books, a r t i c l e s ,  and patents (see Section 6.0). Various 
equipment vendors provided much background and confirming information. O l i n  

a lso employed a consultant (Dr. John Dollimore, Energy Research Center, 

U n i v e r s i t y  of North Dakota) t o  provide information on activated carbon and 

also confirm the necessary operating steps t o  produce activated carbon. Due 

t o  the h i g h l y  competitive and secretive nature of the activated carbon 

industry, detailed operating conditions of the process are not available. 

Many operating conditions are determined experimentally; these are indicated 

i n  the text. 

2.2.1 Process DescriPtion/Process Chemistry 

2.2.1.1 Production of Activated Carbon 

Chemistry 

When subbituminous coal is used a s  a raw material several pretreatment steps 
are  required i n  order t o  produce a homogeneous, quality activated carbon. 

Besides crushing, grinding, and mixing, an acid treatment step is required. 
Crushed coal is mixed w i t h  phosphoric acid. The acid destroys agglomerating 

properties of the coal by converting surface oxides into fixed carbon. Also, 

some acid-soluble ash w i l l  be dissolved. T h i s  step improves the activating 
properties of t h e  f i na l  product. 
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e The n e x t  step i n  t h e  p r o d u c t i o n  of a c t i v a t e d  carbon is c a r b o n i z a t i o n ,  which is 

t h e  format ion  of a char from a coal. Carboniza t ion  is accomplished by h e a t i n g  

t h e  coal - u s u a l l y  i n  t h e  absence  of a i r  - t o  a temperature h i g h  enough t o  d r y  

and v o l a t i l i z e  s u b s t a n c e s  i n  t h e  coal, b u t  a t  t he  same time, low enough t o  

a v o i d  c racking  of t h e  evolved gases. Temperatures  between 500 and 7OO0C 

( 9 3 2  and 1202'F) are  r e q u i r e d  t o  produce chars s u i t a b l e  for  a c t i v a t i o n  by 
steam (References  1 and 2 ) .  During t h e  h e a t i n g  of t h e  coal i n  a n  i n e r t  

atmosphere,  three s imul taneous  r e a c t i o n s  occur  (Reference  3) :  

1) D e v o l a t i l i z a t i o n  
Coal - Char + [Tar + L i g h t  O i l l  

2 )  Cracking 
[Tar + L i g h t  O i l l  - Product  Gas 

3) Depos i t ion  
[Tar + Light  O i l l  - Char 

Char is d e f i n e d  as  t h e  u n d i s t i l l a b l e  material t h a t  remains i n  t h e  form of a 
so l id .  [Tar + Light  O i l ]  is d e f i n e d  a s  t h e  d i s t i l l a b l e  l i q u i d  which h a s  a 

molecular  weight  larger t h a n  C6. Tar c o n s i s t s  of s e v e r a l  hundred compounds 

w i t h  a b o i l i n g  p o i n t  u s u a l l y  greater  t h a n  2OO0C (392'F). L ight  o i l  

c o n s i s t s  of compounds w i t h  a b o i l i n g  p o i n t  less t h a n  200 C. Gas is d e f i n e d  
t h a t  is, CO, CH4, C02,  C2H6, '6' as  those conpounds l i g h t e r  t h a n  

H 2 0 ,  etc. 

0 

The y i e l d  and t h e  composi t ion  of t h e  t a r ,  l i g h t  o i l ,  and p r o d u c t  g a s  depend on 
t h e  temperature, heating rate, r e s i d e n c e  time of vapor,  type of coal, type of 

p r e t r e a t m e n t ,  and type of furnace .  The a c t u a l  y i e l d  and composi t ion  of t h e  

p r o d u c t s  can  o n l y  be determined by p i l o t  exper iments  (References  3, 4 ,  and 5). 

The chars produced by c a r b o n i z a t i o n  have r e l a t i v e l y  l i t t l e  i n t e r n a l  s u r f a c e  

area for  a d s o r p t i v e  a p p l i c a t i o n .  To i n c r e a s e  t h e  surface area, t h e  char is 

a c t i v a t e d  by t h e  a c t i o n  of o x i d i z i n g  a g e n t s ,  such  as steam, a t  t e m p e r a t u r e s  

between 800-1000°C (1472-1832OF) (References  1 and 2 ) .  The o x i d i z i n g  

F gases a t tack  o x i d a t i o n  p o r t i o n s  of t h e  char r e s u l t i n g  i n  t h e  development of a 

p o r o u s  s t r u c t u r e  and a n  e x t e n s i v e  i n t e r n a l  s u r f a c e .  
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During act ivat ion,  some of t h e  c h a r  is g a s i f i e d  a s  f o l l o w s  (References 3 

and 4 ) :  
4) C + H 2 0  - H2 + CO AH = +3.140 kwh/kg C 

(+4860 BTU/lb) 

2 5 )  C + 2H20 - 2H2 + CO AH = +2.384 kwh/kg C 

(+3690 BTU/lb) 

Reaction 4 )  dominates a t  temperatures above 7OO0C (1292'F) . Reaction 5) 

dominates  a t  tenperatures below 700 C. Some of t h e  g a s  p r o d u c t s  may also 
react a s  fo l lows:  

0 

AH = -0.795 kwh/kg CO 2 6 )  CO + H 2 0  - C 0 2  + H 

(-1230 BTU/lb) - CH + H 2 0  AH = -5.223 kwh/kg CO 7 )  CO + 3H2 4 
(-8085 BTU/lb) 

The degree  of t h e  g a s i f i c a t i o n  and a d s o r p t i v e  p r o p e r t i e s  of t h e  f i n i s h e d  

p r o d u c t  depends p r i m a r i l y  on: 
o Concentration of o x i d i z i n g  g a s  

o Activation temperature 
o Residence time 

o Amount and kind of mineral i n  t h e  c h a r  

Again, p i l o t  exper iments  are necessary  t o  de termine  t h e  o p e r a t i n g  c o n d i t i o n s  

r e q u i r e d  t o  produce t h e  d e s i r e d  a c t i v a t e d  carbon.  

P r o c e s s  Description 

A block diagram f o r  p r o d u c t i o n  of a c t i v a t e d  carbon is shown i n  F igure  2-6. 

S i m p l i f i e d  p r o c e s s  f l o w  diagrams and mass b a l a n c e s  are shown i n  F i g u r e s  2-7 

through 2-10 and Table  2-2. The b a s i c  steps are: 
Pre t rea tment  
Carboniza t ion  

Act ivat ion 

Product  c l a s s i f i c a t i o n  

Tar recovery 
Ammonia removal 

Compression 

S u l f u r ,  C02 ,  and  water removal 
2-14 
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- Pretreatment 
Before being carbonized, the raw coal from storage has t o  be pretreated t o  

produce granular activated carbon s u i t e d  for a wastewater treatment and gas 
purification. The process flow diagram is shown on Figure 2-7. The basic 
pretreatment steps are  (References 8 and 1 0 ) :  

F 

0 

0 

0 

0 

0 

0 

0 

Raw coal 

Crush and grind t h e  raw coal t o  8 x 30 mesh granules (90% of the 

coal w i l l  pass through a No. 8 screen, b u t  w i l l  be retained on a No. 

30 screen). 

Treat w i t h  5% H3P04 

Mix w i t h  coal t a r  pi tch 
Dry t o  5% moisture 

Pulverize t o  80% l e s s  than 200 mesh 

325 mesh. 

Conpact t o  obtain 13 mm x 1 3  mm (1/2" 

Regrind t o  a product s ize  6 x 20 mesh 

and 60-65% of t o t a l  less  than 

by 1/2 ' )  pe l le t .  

g ranules. 

Erom t h e  mine does not have the requisite porosity. The volat i le  

matters which w i l l  be evolved creating pores during carbonization are  not 

uniformly d i s t r i b u t e d  i n  the coal. I n  order t o  prepare a homogeneous mixture 

of coal, it is necessary t o  grind the coal t o  a f ine  powder or d u s t  and 

pe l le t ize  w i t h  a coal t a r  pitch. 

Another pretreatment step necessary, when a low ranking coal such a s  a 

subbituminous coal is used, is acid treatment. Acid treatment destroys the 

agglomerating property of a low ranking coal by converting surface oxides into 

a fixed carbon (References 8 and 9 ) .  Some acid-soluble ash w i l l  a lso be 

removed. The net resul t  is a product w i t h  improved activated properties. 

Coal from storage ranges from large lumps t o  d u s t .  The large lumps are  f i r s t  

screened and crushed into 25 mm (one-inch) size. The 25 mm (one-inch) coal is 

t h e n  ground and screened t o  obtain 8 x 30 mesh granules. N e x t ,  the 8 x 30 

mesh granules a re  treated w i t h  5% phosphoric acid i n  a r a t io  of 30% coal and 
70% acid solution a t  82OC (180'F) f o r  about one hour i n  an acid mixer. 

The treated coal is  pumped t o  dewaterers where the coal is separated and 

washed w i t h  water. The separated acid solution is recycled t o  the acid 

mixer. The coal from the dewaterers is further washed w i t h  water i n  a coal 

washer. The washed coal is separated i n  dewaterers from the acid solution, 

2-17 



which w i l l  be s e n t  t o  waste t rea tment .  Normally, t h e  coal from dewaterers 
c o n t a i n s  about  15% moisture. The coal is t h e n  d r i ed  t o  a m o i s t u r e  c o n t e n t  of 

5% i n  a dryer .  

The d r i ed  c o a l  is t h e n  mixed w i t h  a coal t a r  p i t c h  i n  t h e  ra t io  of 90 par t s  
coal and 1 0  par t s  p i t c h  ( t h e  properties of a coal tar  p i t c h  t y p i c a l l y  used as  
a b i n d e r  are shown i n  S e c t i o n  2.2.2.2). The two are f e d  t o g e t h e r  i n t o  a 
p u l v e r i z i n g  m i l l  where t h e  material is ground t o  a f i n e  powder or d u s t  which 

is 80% less t h a n  200 mesh and 60-65% less t h a n  325 mesh. T h i s  coal/pitch 

mixture  is fed i n t o  a compactor where it is c o n t i n u o u s l y  compacted i n t o  

pellets of 1 3  mm ( 1 / 2  i n c h )  diameter and 13  mm (1/2 i n c h )  long using a 
p r e s s u r e  i n  t h e  range of 275 MPa t o  413 MPa (40,000 t o  60,000 p s i . )  The 

p e l l e t s  are t h e n  crushed  i n  a g r i n d e r  t o  form 6 x 20 mesh g r a n u l e s .  The 

o v e r s i z e d  g r a n u l e s  are reground and a g a i n  screened  w h i l e  t h e  unders ized  

g r a n u l e s  are r e c y c l e d  t o  t h e  compactor. The hard, uniform g r a n u l e s  should  

have a n  apparent  d e n s i t y  of 0.65-0.68 grams/cc (40.6-42.5 lbm/ft3).  The 

reformed g r a n u l e s  are t h e n  s e n t  t o  a s t o r a g e  s i l o  which w i l l  have a 24 hour 

ho I d  i ng cap ac i t y  . 
Ca r boni  z a  t i o n  

The pretreated g r a n u l e s  are carbonized  i n  a f u r n a c e  ( F i g u r e  2-81, such  as  a 

m u l t i p l e  h e a r t h ,  by hea t ing  t h e  g r a n u l e s  t o  6OO0C (1112'P) i n  a n  

atmosphere free of oxygen. The t o t a l  r e s i d e n c e  time and h e a t i n g  rate are 
impor tan t  i n  c a r b o n i z a t i o n  t o  produce char s u i t a b l e  for  a c t i v a t i o n .  The 

reported ranges  of a t o t a l  r e s i d e n c e  time and hea t ing  rate are one t o  f i v e  

h o u r s  and 50 t o  300°C/hour ( 90-540°F/hr 1 , r e s p e c t i v e l y  (References  5, 7,8, 

and 11). The t y p i c a l  process for  a subbi tuminous coal i n d i c a t e d  t h a t  t h e  

g r a n u l e s  are heated t o  6OO0C (1112°F) a t  300°C/hour (540°F/hr) and 

main ta ined  a t  t h i s  t empera ture  fo r  two hours  (Reference 8) .  D i f f e r e n t  coal 

types and s o u r c e s  r e q u i r e  d i f f e r e n t  h e a t i n g  rates and  r e s i d e n c e  times. The 

a c t u a l  c o n d i t i o n s  are determined by p i l o t  exper iments  using t h e  proposed coal. 

The c a r b o n i z a t i o n  f u r n a c e  is operated a t  s l i g h t  p o s i t i v e  p r e s s u r e  t o  p r e v e n t  

t h e  leakage of a i r  i n t o  t h e  furnace .  Cbrygen would react w i t h  char and gases, 

and  c o u l d  c a u s e  s e r i o u s  overhea t ing .  

2-18 
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The c a r b o n i z a t i o n  r e a c t i o n s  are s l i g h t l y  endothermic.  Host of t h e  energy 
r e q u i r e d  t o  heat t h e  coal t o  the  c a r b o n i z a t i o n  tempera ture  and t o  e v a p o r a t e  

t h e  water i n  t h e  coal is supplied by the  molten s a l t .  The t o t a l  heat 

requirement  is about  0.65 kwh/kg (1000 BTU/lb) coal p l u s  l a t e n t  heat of water 
(References  4 and 5).  

The i n d i v i d u a l  h e a r t h  areas are heated w i t h  separate molten salt  streams so 

t h a t  t h e  temperature w i t h i n  each hea r th  area c a n  be main ta ined  a t  a desired 

tempera ture  independent of t h e  o t h e r  hearths. The g a s e s  from each hearth are 
exhaus ted  s e p a r a t e l y  during c a r b o n i z a t i o n  t o  reduce c racking  of t h e  evolved 

g a s e s .  The a p p a r e n t  d e n s i t y  of t he  carbonized  g r a n u l e s  is 0.58 t o  0.63 

grams/cc (36.2 t o  39.3 l b / f t  1 and t h e  y i e l d  is about  66% based on a d r y  

coal (References  8 and 11). The off g a s ,  c o n t a i n i n g  t a r ,  NH3, H20, g a s ,  

l i g h t  o i l ,  and s u l f u r  compounds, e n t e r s  a t a r  recovery u n i t .  The typical 

y i e l d  of c a r b o n i z a t i o n  products are shown i n  Table 2-3. The typical 

composi t ion of tar ,  l i g h t  o i l ,  and g a s  is shown i n  Tables 2-48 2-58 and 2-6 

r e spec t i ve l y  . 

3 

TABLE 2-3 

TYPICAL YIELD OF CARBONIZATION PRODUCTS 

(Reference 15) 

W t .  % Component - 
Char 

Tar 

Light  O i l  

Gas 

Water 
Ammonia 

H2s 

66.35 

8.45 

0.50 

8.10 

16.19 

0.17 

0.24 



F 

Component 

Ta r  Bases 

Pur  i d ine  

O l e f i n s  

Ta r  Acids  

Pheno l s  

Creosols 

Xy leno 1 s 

Aroma t ic  s 

Benzene 

Toluene 

Xylene 

TABLE 2-4 

TYPICAL COMPOSITION OF TAR 

P a r a f f i n s  and Naphthenes 

P i t c h  (Res idue  above 35OoC) 

Heavy O i l  

W a X  

Carbon 

W t .  % *  

1.3 

4.7 

16.2 

20.4 

14.5 

42.9 

W t .  %** 

1.2  

4.2 

14.6 

18.4 

13.0 

48.6 

* Conposition of t a r  produced based  on a d r y  coal ( R e f .  5 )  

** Composition of t a r  p roduced  based  on a d r y  coal p i t c h  m i x t u r e .  

F 
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TABLE 2-5 

TYPICAL COMPOSITION OF LIGHT OIL 

(Reference 5 1 

Cow one n t 

Benzenes 

Toluene 

O l e f i n s  

Paraffins 

W t .  % - 

7 

8 

35 

50 

TABLE 2-6 

TYPICAL COMPOSITION OF CARBONIZATION GAS 

(Reference 15)  

c02 

co 

H2 

CH4 

C2H6 

Unsaturated & Aromatic 

Hydrocarbons 

N2 

Mole % 

35.0 

1 4 . 0  

8.3 

26.1 

9.9 

3.5  

3 . 2  



Activation 
The carbonized granules are  fed to  a furnace (Figure 2-81, such as a multiple 

hearth, where they are  slowly activated w i t h  steam a t  8OO0C (1472'F). The 
rate  of activation depends largely upon t h e  ra te  of admission of steam and the 

activation temperature. The reported steam rate  ranges from 1 t o  3 kg/kg char 

(References 7 and 8 ) .  The average steam rate  is about 2.5 kg/kg char. Steam 

enters each hearth separately so that  the r a t io  of steam t o  char on each 

hearth can be maintained a t  the desired rat io .  The reported t o t a l  residence 

t i m e  range is from 3 t o  6 hours (References 7 and 11). The average to t a l  

residence time is about four hours. Actual residence time and steam rates a re  

determined by raw materials used and the required properties of activated 

carbon product. These conditions are  determined by p i lo t  experiments. 

- 

The product yield is about 38% based on carbonized granules for an overall 
yield of about 25% based on a dry coal. The composition of the activation off 

gas on a dry basis is shown below: 
Cow onen t Mole % 

52.5 H 

co 36.9 

9.2 

1 . 4  

2 

c02 

CH4 

Energy required for  activation depends on the degree of activation and 
composition of off-gas produced. The typical composition of activation 

off-gas, a s  shown above, indicates that  95% of the char is gasified according 

t o  Reaction 4 shown i n  the chemistry section and the remaining char according 

t o  Reaction 5. About 15% CO produced is reacted w i t h  steam. A t  the product 

yield of 38% based on carbonized granules, a t o t a l  of 2.69 kwh/kg (4160 

BTU/lb)  of char is required for  heat of reactions and sensible heats of char 

and steam. 

The d u s t  carried over w i t h  the activation off-gas is f i r s t  removed i n  a d u s t  

collector.  The off-gas is then cooled t o  1 2 1 O C  (250°F) by generating 0.62 

MPa ( 7 5  p s i g )  steam. The cooled off-gas is combined w i t h  the carbonization 

off-gas from t h e  ammonia removal u n i t ,  compressed and cooled t o  2.41 MPa (350 

p s i a )  and 35OC (95'F) before being fed into the sulfur removal system. 

The activated granules a re  fed into t h e  product c lass i f icat ion u n i t .  
2-23 



Product Classification 
Product c lass i f icat ion is shown on Figure 2-8. The activated granules are 

f i r s t  cooled down t o  82OC (190OF) i n  a cooling conveyor, using cooling 
water, and fed into an acid mixer where acid-soluble ashes on t h e  surface of 

activated carbon are  removed. A 15% HC1 solution is chosen for  t h i s  purpose. 
The treated granules a re  separated from t h e  acid solution i n  dewaterers and 

washed w i t h  water i n  a product washer. The washing water, containing some 

acid, is s e n t  t o  a waste treatment. The washed granules containing about 15% 

moisture a re  then dried w i t h  steam t o  a moisture content of l e s s  than 2%. The 

dried product is cooled and screened t o  obtain 6 x 20 mesh granules whi le  the 
undersized product is  recycled t o  a pulverizer i n  a pretreatment u n i t .  

Tar Recovery 

The carbonization off-gas containing t a r ,  l i g h t  o i l ,  gas, NH water, and 

sulfur compounds leaves the carbonization furnace a t  a temperature i n  the 

range of 500 t o  6OO0C (932-1112'F). The t a r  recovery process flow is 

shown on Figure 2-9. I n  a collecting main, the gas is cooled by direct  

contact w i t h  f l u s h i n g  liquor. The gas leaves the collecting main a t  85 C 

(185OF) .  Seventy-one percent of the t a r  w i t h  some of the water is condensed 
from the gas. I n  addition t o  cooling and condensing t h e  t a r  and water, the 

f l u s h i n g  liquor washes t a r  fog and d u s t  from t h e  gas, dissolves a portion of 

t h e  ammonia, and flushes pi tch from the collecting main. The dissolved 

ammonia includes nearly a l l  t h e  fixed ammonia s a l t s  (i.e., ammonium chloride),  

together w i t h  a portion of the free  ammonia s a l t s  (i.e.,  ammonium carbonate). 
The gas is separated from the condensed t a r  and water and enters a primary 

cooler. I n  the primary cooler, the gas is further cooled t o  about 35OC 

(95'F). 

3' 

0 

Water and about 20% of the t o t a l  t a r  recovered is condensed. 

The t a r  and water condensed i n  the collecting main and the primary cooler a r e  

discharged into a decanter which separates t h e  mixture into a lower layer of 

t a r  and upper layer of liquor. The liquor is cooled i n  a f l u s h i n g  liquor 
cooler before being recycled t o  the collecting main. The decanted t a r  is 
pumped t o  storage. 
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The gas from t h e  pr imary  c o o l e r  flows t o  a n  e x h a u s t e r  which p u l l s  t h e  g a s  from 
t h e  c a r b o n i z a t i o n  f u r n a c e  through t h e  pr imary  c o o l e r  and pushes  it through t h e  

ammonia removal system. The g a s  e n t e r s  t h e  exhauster wi th  a s u c t i o n  of 2.5 t o  

3.0 kPa (10  t o  1 2  i n c h e s  of water) and l e a v e s  under a pressure of 12.5 t o  13.7 

kPa ( 5 0  t o  55 i n c h e s  of water). The g a s  t empera tu re  is raised about 10°C 

(18'F) by conpres s ion  i n  t h e  exhaus te r .  

Tar remaining i n  t h e  gas from t h e  e x h a u s t e r  would g r a d u a l l y  p r e c i p i t a t e  

th roughout  t h e  rest of t h e  g a s  p u r i f i c a t i o n  system u n l e s s  removed. I n  order 
t o  p r e v e n t  the  fo rma t ion  of these troublesome deposits, t h e  g a s  is passed 

through a t a r  e x t r a c t o r  where abou t  n e a r l y  a l l  of t h e  remaining t a r  is 
condensed. The t a r  from t h e  precipitator is pumped t o  s t o r a g e .  The g a s  from 

t h e  p r e c i p i t a t o r  flows t o  t h e  ammonia removal system. 

The t a r  recovery  system can  be des igned  and specified by vendors ,  s u c h  as  

Raymond Kaiser Engineers ,  Inc.  

Ammonia Removal 

The y i e l d  of ammonia produced by ca rbon iz ing  c o a l  u s u a l l y  depends on t h e  

c a r b o n i z a t i o n  temperature. The typical amount of ammonia produced is about  

3.4 l b / t o n  of coal (Refe rences  4 and 5 ) .  Because of t h e  small amount of 

ammonia produced (374 lbs /day  worth about 56$/day a t  2lO$/ton NH 1, recovery  

as ammonium s u l f a t e  o r  as a c o n c e n t r a t e d  l i q u o r  is n o t  feasible.  The ammonia 

w i l l  be s t r i p p e d  from t h e  p r o c e s s  and i n c i n e r a t e d  a s  shown on F igure  2-9. 

3 

The m a j o r i t y  of ammonia produced dur ing  c a r b o n i z a t i o n  is removed i n  ammonia 

s c r u b b e r s  i n  t h e  form of d i l u t e  l i q u o r .  The p u r i f i e d  g a s  from t h e  ammonia 

scrubber is combined w i t h  t h e  a c t i v a t i o n  o f f - g a s ,  conpressed  t o  2.41 MPa (350 

ps ia )  and cooled  t o  35OC ( 9 5  F) b e f o r e  e n t e r i n g  t h e  s u l f u r ,  COz, and 
water removal system. The ammonia is stripped from t h e  d i l u t e  l i q u o r  w i t h  

steam i n  a n  ammonia l i q u o r  still. The liquor is pumped t o  a stripped l i q u o r  
coo l ing  tower t o  remove heat picked up i n  t h e  scrubbers and still b e f o r e  being 
recycled t o  t h e  ammonia scrubber. The gaseous  ammonia c o n t a i n i n g  about 80% 

water vapor is combusted i n  a f u r n a c e  w i t h  f u e l .  

0 
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Some of t h e  ammonia is removed w i t h  t h e  f l u s h i n g  l i q u o r  i n  t h e  c o l l e c t i n g  main 

of t h e  tar  recovery  system. The f l u s h i n g  liquor c o n t a i n s  f i xed  ammonia salts ,  

p r i n c i p a l l y  ammonium c h l o r i d e ,  and a p o r t i o n  of free ammonia salts ,  such  as 

ammonium carbonate .  I n  t h e  crude liquor still, t h e  free sal ts  are decomposed 

by t h e  steam and t h e  fixed sa l t s  are decomposed by a 50% caustic s o l u t i o n .  
The l i q u o r  i s  pumped t o  a waste pond f o r  t r ea tmen t .  The gaseous  ammonia w i t h  

80% water vapor is i n c i n e r a t e d  w i t h  f u e l .  Energy required i n  t h e  i n c i n e r a t o r  

t o  burn NH 
6 and H 2 S  is abou t  0.293 MW ( 1 x  1 0  BTU/hr). 3 

The ammonia removal and s u l f u r  removal systems can  be des igned  and specified 

by vendors ,  such  as Raymond Kaiser Engineers ,  Inc. 

S u l f u r ,  CO- and Water Removal 

The o f f - g a s e s  from c a r b o n i z a t i o n  and a c t i v a t i o n  c o n t a i n  s u l f u r  compounds, 

mainly H S, which need t o  be removed. The process f low diagram is  shown on 
F igure  2-10. The l e v e l  of s u l f u r  compounds i n  t h e  o f f - g a s e s  p r i m a r i l y  depends 

on t h e  l e v e l  of s u l f u r  i n  t h e  raw coal. The combined o f f - g a s  a l s o  c o n t a i n s  

about 10 mole % CO and is saturated w i t h  water vapor. Complete removal of 

CO and water vapor is no t  necessary .  However, t h e  g a s  shou ld  be dehydra ted  

t o  a dew p o i n t  approximate ly  3-6 C (5-10°F) below t h e  lowest t empera tu re  
p r e v a i l i n g  i n  t h e  g a s  d i s t r i b u t i o n  system t o  p r e v e n t  condensa t ion  of water 
which accelerates c o r r o s i o n .  The v a l u e  of t h e  g a s  can  be upgraded by removing 

CO and water vapor. I t  was assumed for t h i s  des ign  t h a t  t h e  p r o d u c t  g a s  

would be upgraded t o  less t h a n  4 ppm H S, 1% C02, and 200 ppm water 
( p i p e l i n e  s p e c i f i c a t i o n )  b e f o r e  s t o r a g e .  

L 

2 

2 

0 
2 

2 

2 

There are numerous p r o c e s s e s  a v a i l a b l e  f o r  hydrogen s u l f i d e  and C 0 2  removal 

and dehydra t ion  (References  12,13, and 1 4 ) .  The S e l e x o l  p r o c e s s  from Norton 

Company was selected for t h e  c o n c e p t u a l  des ign .  The main advantage  of t h i s  

p r o c e s s  ove r  o t h e r  processes is t h a t  H2S 

c a n  be combined i n  one step. The S e l e x o l  

t h a n  1 ppm and water t o  less t h a n  200 ppm. 

a s  r equ i r ed .  
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and C 0 2  removal and dehydra t ion  

p r o c e s s  can  remove H S t o  less 

CO can  be r e t a i n e d  or removed 
2 

2 



e The gas containing H 2 S I  C 0 2 ,  and water enters the absorber a t  2.41 MPa 

( 3 5 0  ps ia)  and 0 - 2 O C  (32-36'F). Most of the H2, CO, and CH4 absorbed 
are  removed from a Selexol solvent i n  a h igh  pressure f lash  drum and recycled 

t o  the absorber. Most of the C 0 2  is removed i n  a low pressure f lash drum. 

Water vapor, l i g h t  o i l ,  and the remaining C 0 2  are  stripped w i t h  steam. The 
solvent is recycled to  t h e  absorber a f t e r  it is  cooled t o  about O°C (32'F-l 

w i t h  a refrigerant. The stripped gas, containing about 35 mole % H2S and 65 

mole % C 0 2  i n  a water and l i g h t  o i l  f ree  basis, enters a Claus u n i t  t o  

recover H2S a s  sulfur. The pressures a t  the h i g h  and low f lash  drums depend 

on the purity of gas desired. 
The basic chemical reactions occurring i n  the Claus process are;  

(1) H2S + 1 / 2  O2 = H 2 0  + S 

( 2 )  H2S + 3/2 O2 = H 2 0  + SO2 

( 3 )  2H2S + SO2 = 2H20 + 3 s  

Reactions (1) and ( 2 )  take place i n  a thermal reactor. Reaction ( 3 )  takes 

place i n  ca ta ly t ic  converters. 

Effluent from the thermal reactor is  cooled i n  a waste heat boiler by 

generating a h i g h  pressure steam. The effluent from the waste heat boiler and 
ca ta ly t ic  converters are  cooled i n  condensers by generating a low pressure 

steam. Sulfur is condensed and pumped to  a storage tank. Recovery of as  h i g h  

a s  96% s u l f u r  can usually be attained. 

After leaving the l a s t  sulfur condenser, the exhaust gases, while s t i l l  

containing unreacted sulfur compounds and a small amount of sulfur  vapor, are 

incinerated, i n  order t o  convert a l l  sulfur compounds to  sulfur dioxide, 

before venting t o  the atmosphere. 
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P 2.2.1.2 Regenera t ion  of Spent  A c t i v a t e d  Carbon 

Chemis t ry  

There are three basic s t e p s  i n  t h e  r e g e n e r a t i o n  of s p e n t  carbon:  d r y i n g ,  
baking and r e a c t i v a t i o n .  Spent  carbon is r e c e i v e d  w e t .  Hence, i n  t h e  drying 

s tep,  t h e  m o i s t u r e  is evapora ted  from t h e  s p e n t  carbon a t  120-150°C 

(250-300°F). Some absorbate may be v o l a t i l i z e d ,  b u t  most of it remains 

i n t a c t  on t h e  carbon s u r f a c e .  I n  t he  baking step, t h e  carbon tempera ture  is 
i n c r e a s e d  t o  480-760°C (900-14OO0F). T h i s  r e s u l t s  i n  t h e  decomposi t ion of 

t h e  absorbate t o  v o l a t i l e  o r g a n i c  conpounds and a carbonaceous char r e s i d u e :  

Heat 

76OoC (1400OF) 
Carbon + absorbate L- Carbon + Char + Volat i le  Organics  - 

Depending on t h e  characterist ics of t h e  absorbate, 50 t o  90% of t h e  absorbate 

may be removed during t h e  baking step (Reference  35). The f i n a l  and most 
c r i t i ca l  s t e p  is r e a c t i v a t i o n .  I n  r e a c t i v a t i o n ,  t h e  char r e s i d u e  is 

s e l e c t i v e l y  reacted w i t h  water or CO l e a v i n g  t h e  carbon base i n t a c t :  2' 

Heat 

955OC (17500F) 
Char + H 2 0  ,I CO + H 2  

A t  h igh  t e m p e r a t u r e s  (approx . 955°C/17500F) steam w i l l  p r e f e r e n t i a l l y  
react w i t h  t h e  char t o  produce  carbon monoxide and hydrogen. C o n t r o l  of t h e  

r e a c t i v a t i n g  g a s e s  is c r i t i ca l :  there should  be no e x c e s s  oxygen. Oxygen 

would r a p i d l y  o x i d i z e  t h e  carbon base s t r u c t u r e .  

Yield losses are g e n e r a l l y  between 3 and l o % ,  depending on f u r n a c e  o p e r a t i o n ,  

s k i l l  of operators, and f u r n a c e  c o n t r o l .  T h i s  y i e l d  loss i n c l u d e s  both  losses 

due t o  ' r e a c t i o n  and losses due t o  breakage. The off-gases from t h e  

r e g e n e r a t i o n  f u r n a c e ,  c o n s i s t i n g  of H2,  C02,  CO, N2 ,  H2, and v o l a t i l e  
o r g a n i c s ,  are s e n t  t o  a n  i n c i n e r a t o r .  Here, any remaining obnoxious gases are 
burned, a l lowing  d i s c h a r g e  t o  t h e  atmosphere. 

These  o r g a n i c s  are c o n v e r t e d  t o  CO and H 0. A l s o ,  t h e  CO and hydrogen 

are burned: 
2 2 

.- CO + H 2 0  2 Volat i le  o r g a n i c s  + O2 

c02 
co + 1 / 2  o2 ______t 

H2° H2 + 1 / 2  O2 - 
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Depending on t h e  a b s o r b a t e  and o r g a n i c s  v o l a t i l i z e d ,  t h e  i n c i n e r a t i n g  is 
sometimes n o t  required; wet scrubbing of t h e  off-gas  i s  s u f f i c i e n t  

(Reference 3 2 ) .  

Process Desc rip t i o n  

The r e g e n e r a t i o n  i n v o l v e s  three main o p e r a t i o n s :  
1. Spent  carbon and p r o d u c t  handl ing 

2. Regenerat ion f u r n a c e  o p e r a t i o n  

3. Off-gas handl ing 
A s i m p l i f i e d  flow diagram and mass balance  are shown i n  F i g u r e  2-11 and 

Table  2-7. 

Spent  carbon is g e n e r a l l y  r e c e i v e d  from t h e  customer a s  a wet s l u r r y .  T h i s  

s l u r r y  is t r a n f e r r e d  from t h e  t r u c k s  or r a i l  cars  t o  storage tanks .  

S e v e r a l  s t o r a g e  t a n k s  would be required so t h a t  s p e n t  carbon r e q u i r i n g  special 

handl ing can be kept separate from o t h e r s .  T h i s  may be a n  i n p o r t a n t  factor 

dur ing  t h e  r e g e n e r a t i o n  procedure  because s p e n t  carbon w i l l  be r e c e i v e d  from 

many d i f f e r e n t  s o u r c e s  (wastewater t r e a t m e n t ,  food p r o c e s s i n g ,  chemical 

p r o c e s s i n g ,  etc. 1. 

Spent  carbon is t r a n s f e r r e d ,  using a water e d u c t o r ,  from a storage tank  t o  t h e  

feed tank.  Use of a water eductor w i l l  reduce breakage which  would occur  i f  a 

s l u r r y  pump was used. The wet carbon is f e d  t o  a dewater ing screw where t h e  

moisture is reduced t o  about 40%. Most of t h e  water can  be recyc led  t o  t h e  

e d u c t o r s ,  b u t  a p o r t i o n  w i l l  be s e n t  t o  waste t rea tment .  T h i s  water  w i l l  

c o n t a i n  a small amount of t h e  absorbate. 

Wet s p e n t  carbon i s  f e d  t o  t h e  r e g e n e r a t i o n  furnace .  T h i s  f u r n a c e  has three 

d i s t i n c t  steps: dry ing ,  baking, and r e a c t i v a t i o n .  Moisture  is vaporized i n  

t h e  drying step a t  120-150°C (250-3OOOF). The absorbate is deconposed 

dur ing  t h e  baking step t o  v o l a t i l e  o r g a n i c s  l e a v i n g  a d e p o s i t e d  char on t h e  

base carbon. T h i s  step o c c u r s  a t  480-760°C (900-1400°F). I n  

r e a c t i v a t i o n ,  steam is added t o  s e l e c t i v e l y  react w i t h  t h e  d e p o s i t e d  char, 

l e a v i n g  t h e  base carbon i n t a c t .  T e n p e r a t u r e s  of up t o  98OoC (1800°F) are 

r e q u i r e d  for  t h i s  step. The steam rate is g e n e r a l l y  between 0.8 and 1.1 kg 

2-3 2 
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F steam/kg of d r y  s p e n t  carbon (Reference 8 ) .  A steam rate of 1.0 kg/kg of d r y  
s p e n t  carbon was used as a basis for  t h i s  des ign .  

S tud ie s  have shown t h a t  t h e  l e n g t h  of t h e  dry ing  and baking s t e p s  had no 
s i g n i f i c a n t  effect on t h e  properties of t h e  r e a c t i v a t e d  carbon (Reference  33).  
The r e a c t i v a t i o n  s t e p  r e s i d e n c e  time is  g e n e r a l l y  between 1 0  and 15  minutes  
(Reference  3 3 ) .  For v e r s a t i l i t y ,  t h e  r e g e n e r a t i o n  f u r n a c e  should  be des igned  

for  t h e  maximum a c t i v a t i n g  time. 

Ekperience has  shown t h a t  a t o t a l  of about  5.17 kwh/kg (8000 BTU/lb) of d r y  
s p e n t  carbon is r e q u i r e d  for r e g e n e r a t i o n .  Of t h i s  5.17 kwh/kg (8000 BTU/ lb ) ,  

about  2.91 kwh/kg (4500 BTU/lb)  are  r e q u i r e d  i n  t h e  r e g e n e r a t i o n  f u r n a c e ,  w i t h  

t h e  ba lance  used i n  t h e  a f te r  burner  (Reference  31). I n  t h e  r e g e n e r a t i o n  
f u r n a c e ,  t h e  energy requi rements  are d i s t r i b u t e d  as follows (Reference  3 3 ) :  

Drying 40% 

Baking 8% 

R e a c t i v a t i o n  52% 

Carbonate  sa l ts  w i l l  be used t o  supply  heat t o  t h e  dry ing  and baking steps; 

n a t u r a l  g a s  (or by-product  gas)  w i l l  be used t o  supply  t h e  h i g h e r  temperatures 

r e q u i r e d  for  the  r e a c t i v a t i o n  step. 

The r e a c t i v a t e d  carbon is d i s c h a r g e d  from t h e  f u r n a c e  t o  a quench tank .  The 

r e s u l t a n t  s l u r r y  is t r a n s f e r r e d  through a n  e d u c t o r  t o  s t o r a g e  tanks .  A 

dewater ing screw feeds a w e t  (40-50% 1 carbon t o  shipping.  

0 0 
The o f f - g a s  from t h e  r e g e n e r a t i o n  f u r n a c e  is heated t o  about 650 C (1200 F) 
w i t h  molten c a r b o n a t e  s a l t .  T h i s  w i l l  reduce t h e  amount of f u e l  required i n  

t h e  off-gas i n c i n e r a t o r .  A i r  and f u e l  are added t o  t h e  i n c i n e r a t o r  t o  d e s t r o y  
t h e  v o l a t i l e  o r g a n i c s  produced during t h e  baking step. &it  g a s  should  be 

c o n t r o l l e d  t o  c o n t a i n  about  2% e x c e s s  oxygen t o  i n s u r e  complete combustion. 

The g a s e s  from t h e  i n c i n e r a t o r  are scrubbed t o  remove any p a r t i c u l a t e  water 

and a l so  t o  reduce t h e  gas  tempera ture  t o  t h e  draf t  fan.  The scrubbed g a s  is 

discharged to  t h e  atmosphere. 

Because of varying absorbates on s p e n t  carbon,  t h e  actual  o p e r a t i n g  c o n d i t i o n s  

of t h e  f u r n a c e  w i l l  be d i f f e r e n t  fo r  each. Actua l  c o n d i t i o n s  would be 

determined i n  a p i l o t  test. 
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2.2.1.3 Safety 

There are  s e v e r a l  p o t e n t i a l  s a f e t y  problems which must be c o n s i d e r e d  during 
f a c i l i t y  d e s i g n  and o p e r a t i o n  s t r a t e g y .  Hot g a s e s  are evolved during t h e  
c a r b o n i z a t i o n  ( 600°C/11120F) and a c t i v a t i o n  (800°C/14720F) s t e p .  It  

is  impor tan t  t h a t  there is  no a i r  leakage i n t o  these systems;  t h e y  should  be 

o p e r a t e d  under posit ive pressure. I t  should be noted t h a t  t he  d e s i g n  p r o v i d e s  
for  these gases t o  be cooled upon e x i t i n g  t h e  furnace .  

Act iva ted  carbon e x i t i n g  t h e  a c t i v a t i o n  f u r n a c e  a t  8OO0C (1472'F) is very 
r e a c t i v e  and w i l l  burn i f  c o n t a c t e d  w i t h  a i r .  The a c t i v a t e d  carbon should  be 

he ld  under a n  i n e r t  atmosphere, such as  n i t r o g e n ,  u n t i l  t h e  carbon c a n  be 

cooled. 

S e v e r a l  opera t ing  steps during coal p r e t r e a t m e n t  i n v o l v e  c r u s h i n g ,  g r i n d i n g  

and p u l v e r i z i n g .  These o p e r a t i o n s  are i n h e r e n t l y  d u s t y  and w i l l  r e q u i r e  d u s t  
c o l l e c t i o n  t o  p r e v e n t  p e r s o n n e l  exposure.  Release of t h i s  d u s t  must a l so  be 

c o n t r o l l e d  t o  p r e v e n t  deposits on t h e  solar collector mirrors. 

Use of hot c a r b o n a t e  s a l t s ,  as h igh  as 955OC (1750°F), a lso poses 

p o t e n t i a l  p e r s o n n e l  exposure i n  case of leaks or u n i n s u l a t e d  equipment. 

Proper equipment d e s i g n  should  p r e v e n t  these problems. I t  should  also be 

noted  t h a t  a l l  equipment and p i p e l i n e s  should  be free d r a i n i n g  t o  p r e v e n t  sa l t  

f reeze-up during shut-down periods. 

I n  t h e  r e g e n e r a t i o n  system, s p e n t  carbon from many d i f f e r e n t  s o u r c e s  w i l l  be 

handled. Some of t h e s e  s p e n t  carbons are l i k e l y  t o  c o n t a i n  hazardous 

materials. Care should be t a k e n  t o  p r e v e n t  p e r s o n n e l  exposure  t o  these 

materials. 

2.2.1.4 Environmental  
Waste Water 
Waste water streams from p r o d u c t i o n  of a c t i v a t e d  carbon and r e g e n e r a t i o n  of 

s p e n t  carbon are l i s ted  i n  Table 2-8. Waste streams c o n t a i n i n g  €IC1 or 

H PO w i l l  be mixed w i t h  a c a u s t i c  s o l u t i o n  t o  a d j u s t  t h e  pH before being 

disc ha rg ed . 3 4  
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P r o d u c t i o n  

Equipment 

Dewaterers 

D e  wate re r s 

Waste Liquor 

Regene ra t  ion  

Crude Water Purge 

Sc rubbing Water Purge 

TABLE 2-8 

WASTE WATER STREAMS 

Locat ion 

P r e t r e a t m e n t  

Flow Rate 

( l b s / h r  1 

56,040 

P roduc t  C l a s s i f i c a t i o n  6,858 

Ammonia Removal 3,780 

1,280 

3,000 

Composition 

( w t  % )  

0.2 H3P04 

99.8 Water 

1.4 H C 1  

0.95 Acid S o l u b l e  Ash 

( S i 0 2 ,  A1203 ,  etc.) 
97.65 Water 

0.35 S a l t  

(NaC1,  Na2S04, e tc . )  

99.65 Water 

99.9 Water 

0.1 Absorbate  

100. Water 
N e q .  Carbon 

N e q .  Absorbate  
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There a re  two waste water streams from t h e  regeneration section. Water used 
i n  t h e  eductors t o  transport the spent carbon to  t h e  regeneration furnace w i l l  

be purged and contain some absorbate. T h i s  waste stream would be treated by 
carbon absorption t o  remove t h e  absorbate before discharge. The other waste 
stream w i l l  be from the off-gas scrubber. T h i s  stream may contain small 
amounts of carbon and absorbate and would be treated by carbon absorption also. 

A i r  Pollution 

I n  production of activated carbon, 
l b s / h r )  NOx and 2.5 kg/hr (5 .6  

atmosphere from an incinerator i n  a 

a stack gas containing 2.0 kg/hr (4 .5  

lbs/hr) SO2 w i l l  be emitted t o  t h e  

s u l f u r  recovery system. These ra tes  are  
relatively low, b u t  allowable l i m i t s  would depend on EPA regulations i n  t he  

plant s i t e  area. NO is mainly generated from the combustion of ammonia 
removed from the carbonization off-gas. Dur ing  t h e  combustion of ammonia, 90% 

of ammonia is converted t o  n i t rogen  and most of the remaining ammonia is 

converted t o  NO . I f  t h i s  emission rate  does not meet EPA regulations for  a 
proposed plant s i t e ,  the ammonia could be removed a s  either ammonium sul fa te  
or concentrated ammonia liquor (30-35%). 

X 

X 

SO2 is  a product of H2S combustion. H S is removed from t h e  combination 
off-gas i n  a s u l f u r  removal system. The H S is converted t o  sulfur i n  a 
Claus u n i t .  Normal conversion is about 96%. If a higher efficiency is 

required t o  meet EPA regulations for  a proposed plant s i t e ,  additional 
ca ta ly t ic  reactors can be instal led t o  increase the conversion t o  98-9s. 

2 

2 

I n  t h e  regeneration of spent carbon, the incinerator off-gas is cooled by 

scrubbing water and the gas is vented to  t h e  atmosphere. T h i s  vent  gas, 
containing water, nitrogen, oxygen, and carbon dioxide,  w i l l  not be a 
pollution problem. 
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rcL 2.2.2 Products/By-Products/Raw Materials/Util i t ies 

2.2.2.1 Products /By-Products  

Commercial g r a d e s  of a c t i v a t e d  carbon a re  d e s i g n e d  a s  e i t h e r  gas -phase  or 

l i q u i d - p h a s e  a d s o r b e n t s .  L i q u i d - p h a s e  carbons are g e n e r a l l y  g r a n u l a r  or 

powdered i n  form: gas -phase ,  vapor -adso rben t  carbons are  h a r d  g r a n u l e s .  The 

p r o p e r t i e s  of a c t i v a t e d  carbon depend on t h e  application. The t y p i c a l  

p r o p e r t i e s  of a c t i v a t e d  carbon used  f o r  l i q u i d - p h a s e  and  gas -phase  a p p l i c a t i o n  

are l i s ted  i n  T a b l e  2-9. 

The a c t i v a t e d  c a r b o n  p l a n t  p r o d u c e s  o f f - g a s  f rom c a r b o n i z a t i o n  and  

act ivat ion.  The r a t e  of t h e  combined o f f - g a s  a f t e r  H2S, C 0 2 ,  and  water 

removal i s  a b o u t  3625 kg /me t r i c  ton  (7240 lb s / ton )  a c t i v a t e d  c a r b o n  or 2.27 x 
l o 5  m3/day ( 8  x l o 6  SCF/day). The o f f - g a s  w i l l  be  a t  a p r e s s u r e  o f  

a b o u t  2.41 MPa ( 3 5 0  p s i a ) .  The combined o f f - g a s  h a s  a low h e a t i n g  va lue  of 

3.23 kwh/m3 ( 3 1 2  BTU/SCF or 8892 BTU/lb). The composition of t h e  combined 

o f f - g a s  is shown i n  T a b l e  2-10. 

S u l f u r ,  removed f rom t h e  o f f - g a s ,  is a l s o  a by-product .  Approximate ly ,  760 kg 

(1670 lbs) of 96% s u l f u r  are  p roduced  e a c h  day. 

By-product  t a r s  are  r e c o v e r e d  f rom t h e  o f f - g a s  and s t o r e d .  Approximate ly  

27,700 kg (61 ,000  l b s )  p e r  day are  recove red .  These  t a r s  have a low h e a t i n g  

v a l u e  of  a p p r o x i m a t e l y  9.69 kwh/kg (15 ,000  BTU/lb). The typical  composition 

is shown i n  Table 2-4. 

The t a b l e  below summarizes t h e  p r o d u c t s / b y - p r o d u c t s  p r o d u c e d  i n  t h e  process a t  

d e s i g n  rates : 

Produc t/By -Produc t Metric Tons/Day Tons/Day 

A c t i v a t e d  Carbon 35.3 39 

Reg e n e  r a t  e d C a  r bon 28.1 31 

By -Produc t Ga  s 

By-product  T a r s  27.7 31  

S u l f u r  0.7 0.8 

5 3  128 (2.27 x 1 0  m / day )  1 4 1  ( 8  x l o 6  SCF/day) 
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TABLE 2-9 

RANGES OF PROPERTIES OF GRANULAR ACTIVATED CARBON 

(Ref erence 1 6  1 

P r o p e r t y  

T o t a l  surface Area, m2/g 
(N2 BET Method) 

I o d i n e  Number, Minimum 

Molasses Number, Minimum 

Apparent D e n s i t y ,  g / c c  

P a r t i c l e  D e n s i t y ,  g/cc 
(Hg Disp lacemen t )  

P o r e  Volume, cc/g 
( W i t h i n  P a r t i c l e )  

Ash %, M a x i m u m  

Mesh S ize  

Cow o n e n t  

co 

H2 

CH4 

c02 

H2° 

C2H6 

L i g h t  O i  1 

Gas Phase  L i q u i d  Phase  

1050-1150 950-1100 

1050-1200 

- 
0.44-0.48 

0.8 

9 0 0-1 000 

200-230 

0.44-0.48 

0.71-0.78 

0.8 0.81-0.94 

8 

4 x  30 

TABLE 2-10 

COMPOSITION OF PRODUCT GAS 

Mole % 

39.82 

56.27 

2.57 

0.29 

1.02 

0.02 

0.01 

8-8.5 

8 x  50 

W t  .% 

84.19 

8.56 

3.10 

0.66 

3.40 

0.02 

0.06 

- 



2.2.2.2 Raw Materials 
The type of coal s e l e c t e d  f o r  p r o d u c t i o n  of  a c t i v a t e d  c a r b o n  is s u b b i t u m i n o u s  

coal. The l a r g e s t  U n i t e d  S t a t e s  d e p o s i t s  of s u b b i t u m i n o u s  coal are i n  t h e  

western s ta tes ,  i n c l u d i n g  Colorado ,  Montana, N e w  Mexico, Washington,  and  

Wyoming, which are  close t o  a p r o p o s e d  location of  t h e  a c t i v a t e d  c a r b o n  

p r o d u c t i o n  p l a n t  (Sou thwes t  U.S.). 

F 

The t y p i c a l  a n a l y s i s  of t h e  s u b b i t u m i n o u s  coal t h a t  can be u s e d  f o r  p r o d u c t i o n  

of a c t i v a t e d  carbon is a s  follows on a m o i s t u r e - f r e e  bas i s  by we igh t :  

Volati le Matter: 35-40% 

F ixed  Carbon: 55-60% 

A c i d - I n s o l u b l e  Ash: L e s s  t h a n  2.5% 

S u l f u r :  Less t h a n  2% 

An a c i d - i n s o l u b l e  a s h  content  less t h a n  2.5% i s  essent ia l  t o  p r o d u c e  a c t i v a t e d  

carbon w i t h  less  t h a n  10% a s h .  I n  t h e  p r o d u c t i o n  of ac t iva t ed  c a r b o n ,  most of 

t h e  v o l a t i l e  m a t t e r  w i l l  vaporize d u r i n g  c a r b o n i z a t i o n  and  some of  t h e  f i x e d  

c a r b o n  w i l l  be  g a s i f i e d  d u r i n g  a c t i v a t i o n  w i t h  steam. The o v e r a l l  y i e l d  of 

a c t i v a t e d  c a r b o n  f rom a s u b b i t u m i n o u s  coa l  is abou t  25%. During c a r b o n i z a t i o n  

and  a c t i v a t i o n ,  t h e  a s h  w i l l  be in tac t :  t h e  c o n c e n t r a t i o n  of  a s h  i n  a c t i v a t e d  

c a r b o n  w i l l  be i n c r e a s e d  by f o u r  times. 

O t h e r  raw materials r e q u i r e d  i n  t h e  p r o d u c t i o n  of act ivated c a r b o n  a c e  75% 

p h o s p h o r i c  a c i d  and  30% h y d r o c h l o r i c  a c i d  f o r  coa l  and  p r o d u c t  t r e a t m e n t ,  

r e s p e c t i v e l y .  A c o a l  t a r  p i t c h  is r e q u i r e d  a s  a b i n d e r  i n  a p e l l e t i z i n g  

s t e p .  The i n d u s t r i a l  g r a d e  p h o s p h o r i c  acid a n d  h y d r o c h l o r i c  acid is 

a c c e p t a b l e .  The c h a r a c t e r i s t i c s  of  a coal t a r  p i t c h  are  shown below 

( R e f e r e n c e  8 ) :  

S o f t e n i n g  P o i n t  129.2OC (264.6'F) 

Benzene I n s o l u b l e s  33.2% by Weight 

Q u i n o l i n e  I n s o l u b l e s  13.1% by Weight 

Coking Value  (Conradson)  61.1% by Weight 

Ash 0.17% by Weight 
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The raw material consunpt ion rates, based on 35.3 metric tons  ( 3 9  tons)  p e r  

day of a c t i v a t e d  carbon,  are shown below: 

Kg /Kg 
A c t i v a t e d  Carbon Kg/sec Lb/Hr 

Coal (Dry Basis) 4 1.638 13,000 

0.180 1,430 P i t c h  0.44 

75% H3P04 0.05 0.018 146 

30% HC1 0.10 0.041 3 28 

2.2.2.3 Uti l i t ies  

Table  2-11 lists t h e  major users of steam f o r  p r o d u c t i o n  of a c t i v a t e d  carbon 

and r e g e n e r a t i o n  of spent  carbon. Total steam usage is 3.619 kg/sec (28,720 

l b s / h r )  based on 0.62 MPa ( 7 5  p s i g )  steam a t  208OC (407°F). A s  shown i n  
F igure  2-12, steam is provided  by a waste h e a t  b o i l e r  and a s a l t  h e a t e d  

b o i l e r .  O f f - g a s  from t h e  a c t i v a t i o n  f u r n a c e  a t  800°C (1472OP) p r o v i d e s  

1.810 kg/sec (14,365 l b / h r )  of 0.62 MPa ( 7 5  p s i g )  s a t u r a t e d  steam. The s a l t  

h e a t e d  b o i l e r  w i l l  supply  t h e  b a l a n c e  of t h e  r e q u i r e d  steam: 1.809 kg/sec 

(14,355 l b s / h r )  of 0.62 MPa ( 7 5  p s i g )  superhea ted  [26OoC (500'F) J steam. 

Table 2-12 lists t h e  major users of c o o l i n g  water along w i t h  t h e  c o o l i n g  d u t y  

r e q u i r e d .  A d d i t i o n a l  c o o l i n g  w i l l  be r e q u i r e d  f o r  t h e  vendor des igned  package 

u n i t s  ( t a r  recovery,  ammonia removal, and s u l f u r  removal). 

Table  2-13 lists t h e  major users of water f o r  p r o d u c t i o n  of a c t i v a t e d  carbon 

and regeneration of s p e n t  carbon. Total  water usage is 9.727 kg/sec (77,200 

l b s / h r ) .  About 1.525 kg/sec (12,100 l b s / h r )  of water condensed during o f f - g a s  

c o o l i n g  and conpress ion  is used. The remaining water is made up w i t h  a 

f i l t e r e d  well water. 

A d d i t i o n a l  u t i l i t y  requi rements  i n c l u d e  e l e c t r i c i t y ,  i n s t r u m e n t  a i r ,  and 

n i t r o g e n .  Nitrogen may be r e q u i r e d  f o r  a c t i v a t e d  carbon handl ing and sh ipping .  
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TABLE 2-11 

STEAM USERS 

P r o d u c t  i o n  

Equipment 

Acid,  Mixer 

Drye r  

A c t i v a t i o n  Furnace  

A c i d  Mixer 

Dryer  

Ammonia L iquor  S t i l l  

Crude  L iquor  S t i l l  

Regene ra t  i o n  

R e g e n e r a t i o n  F u r n a c e  

Locat i o n  

P re t rea tme n t 

P r e t r e a t m e n t  

A c t  i v a  t i o n  

P r o d u c t  C l a s s i f i c a t i o n  

P r o d u c t  C l a s s i f i c a t i o n  

Ammonia Removal 

Ammonia Removal 

Steam Rate 

( Lb/Hr 1 

764 

2,090 

21,567 

62 

397 

520 

5 20 

2,800 

Total 28,720 

* Steam r e q u i r e d  i n  t h e  S e l e x o l  u n i t  w i l l  be s u p p l i e d  from t h e  C l a u s  u n i t .  

r.- 
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TABLE 2-12 

HEAT DUTY OF COOLERS 

Equipment Name 

P r o d u c t  Coo le r 
F i n a l  P r o d u c t  Cooler 

Combined O f f  Gas Cooler 

Intercooler I 

Intercooler I1 

Intercooler I11 

S c r u b b e r  Water Cooler 

Quench Water Cooler 

Locat i o n  

P r o d u c t  C l a s s i f i c a t i o n  

P r o d u c t  C l a s s i f i c a t i o n  

Off  Gas Coo l ing  and  Compression 

Off G a s  Coo l ing  and  Compression 

Off Gas Cool ing  and  Compression 

Off G a s  Coo l ing  and  Compression 

R e g e n e r a t i o n  

Regeneration 

TABLE 2-13 

WATER USERS 

A c t  i vat i o n  

Equipment 

D e w a t  e re r s 

Coa 1 Was he  r s 

D e w a t  e re r  

P r o d u c t  Washer 

Regenerat ion  

Sc rubb ing  Water 

Quench Water 

Heat Duty 

(MM B t u / H r )  

1.1 

0.7 

13.6 

2.8 

1 .3  

1 .0  

5.4 

0.9 

Flow Rate 

Loca t  i o n  ( l b / h r  1 

P r e t r e a t m e n t  27 , 950 

P r e t r e a t m e n t  27,950 

P r o d u c t  C l a s s i f i c a t i o n  3 ,250  

P r o d u c t  C l a s s i f i c a t i o n  3 ,250  

12 ,200  

2,600 

T o t a l  77,2110 
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2.2.3 Component Description 

2.2.3.1 Chemical Reaction Furnaces 

There are three chemical reaction furnaces required in the production and 

regeneration of activated carbon. They are required for carbonization, 

activation, and regeneration. 

The carbonization furnace is used to form char from coal. The volatile matter 

found in the raw materials is released from the granular coal/tar mixture. 

The coal is slowly heated in the absence of air to 6OO0C (1112'F). The 

total residence time required for carbonization ranges from one to five hours 

depending on the raw materials used. Typically the coal is heated from 

ambient temperature to 6OO0C at 300°C/hour ( 540°F/hr 1 and maintained at 

this temperature for two hours. 

The activation furnace is used to react the char with steam in order to form 

the high internal surface area characteristic of activated carbon. Steam is 

added at a rate of about 2.5 kg/kg of char. The residence time ranges from 3 

to 6 hours; the operating temperature is 800 C (1472 F). 0 0 

The regeneration furnace is used to reactivate spent carbon. There are three 

distinct steps in this furnace: 1. Drying of the wet, spent carbon occurs at 

48Oo-76O0C 12 0-1 5 O°C (250-300 F). 2. Baking occurs at 
(90O0-14OO0F). 3. Reactivation occurs at temperatures up to 98Ooc 

(1800°F). Steam is added during the reactivation step to selectively react 

with the deposited char. The reactivation step residence time is generally 

between 10 and 15 minutes. 

0 

Design Approach 

The furnace design is based on the design requirements set forth by the 

process reactions and heat requirements. Once the operating conditions and 

reaction parameters were determined, several alternate designs were 

considered. Conventional activated carbon plants utilize a direct gas-fired 

design. Our design requires maximum utilization of heat supplied by hot 

molten carbonate salt. Several variations of conventional furnaces were 

considered to determine their adaptability to indirect heating with hot molten 
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P s a l t .  C o n v e n t i o n a l  f u r n a c e s  u s e  c o n v e c t i o n  as  t h e  main mode of heat 

t r a n s f e r .  From t h e  f u r n a c e  d e s i g n s  c o n s i d e r e d ,  t h e  best p rac t i ca l  d e s i g n  was 

selected for  f u r t h e r  deve lopment .  

Using t h e  selected f u r n a c e  d e s i g n ,  t h e  heat t r a n s f e r  areas for  r a d i a n t  and  

c o n d u c t i v e  heat were c a l c u l a t e d .  S e v e r a l  v a r i a t i o n s  of r a d i a n t  o n l y  v e r s e s  

r a d i a n t  and c o n d u c t i v e  were c o n s i d e r e d .  From these c a l c u l a t i o n s ,  a n  o v e r a l l  

f u r n a c e  s i z e  was d e t e r m i n e d .  The heat t r a n s f e r  s u r f a c e s  were t h e n  a r r a n g e d  t o  

g i v e  a minimum p r e s s u r e  drop for  a s a l t  v e l o c i t y  r ange  of  0.9-1.5 m/sec (3-5 

f t / s ec ) .  C a l c u l a t i o n s  were a l so  made t o  d e t e r m i n e  t h e  o v e r a l l  f u r n a c e  heat 

loss; i n s u l a t i n g  materials were p r o v i d e d  t o  minimize  these losses. 

A 1  t e r na  t e s Cons i de red 

A c t i v a t e d  c a r b o n  is c u r r e n t l y  p r o d u c e d  i n  n a t u r a l  g a s  f i r e d  f u r n a c e s .  Heat 

t r a n s f e r  is p r o v i d e d  ma in ly  by means of c o n v e c t i o n  from t h e  combus t ion  g a s e s .  

R a d i a t i o n  and  c o n d u c t i o n  from t h e  h e a t e d  f u r n a c e  b r i cks  a l s o  p r o v i d e  

a d d i t i o n a l  heat. C o n v e n t i o n a l  f u r n a c e  types i n c l u d e  r o t a r y  drum, f l u i d  bed, 

and m u l t i p l e  h e a r t h .  After r e s e a r c h i n g  a v a i l a b l e  l i t e r a t u r e ,  s e v e r a l  m e e t i n g s  

were h e l d  w i t h  O l i n  E n g i n e e r s  and  a n  o u t s i d e  c o n s u l t a n t  t o  d i s c u s s  t h e  

a d v a n t a g e s  and  d i s a d v a n t a g e s  of a d a p t i n g  c o n v e n t i o n a l  f u r n a c e  t y p e s  w i t h  

m o l t e n  s a l t  a s  a h e a t  t r a n s f e r  medium. S e v e r a l  o ther  p o t e n t i a l  f u r n a c e  

d e s i g n s  a l so  e v o l v e d  a s  a r e s u l t  of these mee t ings .  T h e  l ist  of p o t e n t i a l  

d e s i g n s  was nar rowed down t o  t h e  f i v e  f o l l o w i n g  t y p e s :  
1. Direct C o n t a c t  

2. R o t a r y  Drum 

3. F l u i d  Bed 

4. M u l t i p l e  Hearth 

5. M u l t i p l e  P la te  

A c o n c e p t u a l  d e s i g n  was a r r i v e d  a t  f o r  each type of f u r n a c e ,  i n c l u d i n g  t h e  

mode of hea t  t r a n s f e r  u t i l i z i n g  c a r b o n a t e  s a l t .  A d d i t i o n a l  i n p u t  was p r o v i d e d  

on  materials of c o n s t r u c t i o n ,  c o n t r o l  r e q u i r e m e n t s ,  and  s t a r t - u p  and  shut-down 

p r o c e d u r e s .  The merits of each d e s i g n  were summarized i n  a table  l i s t i n g  t h e  

a d v a n t a g e s  and  d i s a d v a n t a g e s .  Each of t h e s e  f u r n a c e s  is f u r t h e r  d i s c u s s e d  

be low. 
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Direct Con tac t  would have t h e  p u l v e r i z e d  coal or char f ed  i n t o  a v e s s e l  
c o n t a i n i n g  t h e  molten s a l t .  T h i s  i n t i m a t e  mixing would p r o v i d e  optimum 

heat t r a n s f e r  b u t  r e q u i r e s  f i l t e r i n g  or s e p a r a t i o n  of t h e  p r o d u c t  and 

by -p roduc t s  from t h e  c a r b o n a t e  s a l t .  The advan tages  and d i s a d v a n t a g e s  are 

l i s t e d  i n  Table 2-14. T h i s  d e s i g n  c o n t a i n s  many t e c h n i c a l  r isks  and 
requires e x t e n s i v e  research and development. 

Advan taq e s 

Optimum Heat T r a n s f e r  

Simple Equipment - 
Low cost 

Less Maintenance 

Easier Material S e l e c t i o n  

TABLE 2-14 

DIRECT CONTACT FURNACE 

D i  sa dva n t ag e s 

Contaminat i o n  of Sal t  

Contaminat ion of P roduc t  

Method of Mixing 

Temperature Grad ien t /Con t ro l  

Method of Skimming o f f  Product  

Affects of Steam Addi t ion  Unknown 

Unknown F i n a l  Product Structure 

R e q u i r e s  Research and Development 
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Rotary Drum would r e q u i r e  t h e  heat t o  be a p p l i e d  i n d i r e c t l y  th rough  t h e  

wall i n  order t o  m a i n t a i n  a n  oxygen f r e e  atmosphere and maximum hea t  v a l u e  

of t h e  o f f - g a s e s .  Technology exis ts  f o r  supp ly ing  i n d i r e c t  heat w i t h  f u e l  

f i r ed  b u r n e r s  and a l so  i n d i r e c t  c o o l i n g  by f lowing water o v e r  t h e  o u t s i d e  

s h e l l .  The f low of h o t  c a r b o n a t e  s a l t  c o u l d  be channe led  t o  a l l o w  

s e p a r a t e  s t a g e s  of h e a t i n g  for  improved c o n t r o l .  The  advan tages  and 

d i s a d v a n t a g e s  f o r  t h i s  d e s i g n  are l i s ted  i n  Tab le  2-15. 

Adva n t aq e s 

Known Technology 

Separate S t a g e s  of Heating 

Temperature C o n t r o l  

TABLE 2-15 

ROTARY DRUM FURNACE 

D i  sad va n t ag es 

Seal Problems 

P o t e n t i a l  Large S i z e  

L i m i t e d  L/D Ratio 

Material of C o n s t r u c t i o n  

Mec ha n i c a  l/Supp o r t 

A t t r i t i o n  of Product  

Necking Down of S h e l l  
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Some of the inherent problems of rotary drums would be present such a s  
mechanical seals,  limited L/D ra t io ,  large space requirements, and 

a t t r i t i o n  of product material. Heat transfer requirements through the 
wall would not allow refractory brick t o  be instal led a s  it is a good 
insulator. The she l l  material would have t o  be a conposite t o  account for  

s a l t  corrosion on the outside, sulfide corrosion on the inside and 

strength requirements a t  h i g h  temperatures. Typical drums are  over f i f t y  

f ee t  long and i f  not supported correctly could have problems w i t h  necking 

down of the s h e l l .  

F l u i d  Beds u t i l i ze  a hot f lue  gas t o  keep the bed i n  suspension. Double 
and t r i p l e  stacked f l u i d  beds are  possible t o  separate stages. Hot 

carbonate s a l t  could be used i n  a heat exchanger t o  heat up the motive gas 

pr ior  t o  the f l u i d  bed. The advantages and disadvantages of the f l u i d  bed 

design are l i s t ed  i n  Table 2-16. Ambient a i r  could not be used due t o  the 

requirement of an oxygen f ree  atmosphere. Nitrogen or some other iner t  

gas would be expensive and would di lute  the off gas resulting i n  lower 
heat value. Recirculation of a portion of the off gas would require 

precooling due  t o  material of construction constraints on the 

recirculation blower. Horsepower requirements for the blower would be 

high. Alternate gas for  startup would be required. 

TABLE 2-16 

FLUID BED FURNACE 

Ad va n tag e s D i sa dva n t ag e s 

Inproved Heat Transfer Over Erosion 
Rotary Drum 

Refractory Lined Vessel Gas Circulation Required 
(Horsepower, Cooling 1 

NO Internal Moving Parts Tenperature Gradient Wi th in  Bed 

Attr i t ion 

Startup Gas Required 

Bed Depth High Enough t o  Cover 
Heat Transfer Surface 
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F M u l t i p l e  Hearth d e s i g n  was based on  a c o n v e n t i o n a l  f u r n a c e  w i t h  t h e  

a d d i t i o n  of h e a t  t r a n s f e r  p l a t e s  i n s t a l l e d  on top and  below each hearth.  

Heat t r a n s f e r  would be by c o n d u c t i o n  a n d  r a d i a t i o n  a s  opposed  t o  t h e  

c o n v e n t i o n a l  method of c o n v e c t i o n  u s i n g  b u r n e r  f l u e  g a s .  Tempera ture  

c o u l d  be c o n t r o l l e d  o n  each h e a r t h  by a d j u s t i n g  t h e  t e m p e r a t u r e  or flow of 

t h e  c a r b o n a t e  s a l t .  The r e t e n t i o n  time of t h e  e n t i r e  f u r n a c e  c a n  be 

a d j u s t e d  by chang ing  t h e  r o t a t i o n  of t h e  c e n t r a l  s h a f t .  The  a d v a n t a g e s  

and  d i s a d v a n t a g e s  a re  l i s ted  i n  Table 2-17. 

TABLE 2-17 

MULTIPLE HEARTH FURNACE 

Ad van t aq e s D i sadva  n t ag e s 

I n d i v i d u a l  Temperature C o n t r o l  Poss ib le  P l a t e  E r o s i o n  

Vary Steam Flow Per Hearth Main tenance  and  Repairs 

Easier t o  Seal from O u t s i d e  I n i t i a l  Cost 

A i r  L e a k s  

L a y e r s  of Material W i l l  A l l o w  Heat Loss Through Cool ing  Air  

S t r u c t u r e  t o  be Made of 

Non-Ex o t  i c  Meta 1s 

C i r c u l a r / S l o p e d  Heat Channel  

May Distort 

Low A t t r i t i o n  
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m i s t i n g  multiple hearths c i rculate  ambient a i r  through the center shaft  
and each rabble arm t o  provide cooling of the metal. The preheated a i r  is 

used for  combustion. The proposed design w i l l  a lso circulate  cooling a i r  
b u t  w i l l  exhaust it t o  t h e  atmosphere or use it for  combustion i n  the 

sulfur recovery incinerator. 

Conventional hearths are  made of refractory brick and a re  self supporting 

i n  the shape of a dome. The proposed hearth w i l l  a lso be dome shaped t o  

allow self draining of the carbonate s a l t .  The extra weight w i l l  require 
s t ee l  support w i t h i n  each hearth. The method of hearth support mus t  be 

addressed as  par t  of the furnace development plan, a s  noted i n  Section 4. 

The enclosed s t ee l  w i l l  be baffled t o  allow cooling a i r  (or l i q u i d )  t o  

circulate.  Refractory w i l l  be placed on the s t ee l  followed by the heat 

transfer plates.  The plates  w i l l  be a composite material t o  provide 

strength a t  h i g h  temperatures i n  addition to  res i s t  corrosion of s a l t  

f l u i d  ( inside)  and sulf ide gases (outside).  

The benefits of a multiple hearth furnace include temperature and steam 
adjustments possible on each hearth, low a t t r i t i o n  of product material, 
modeled a f t e r  proven design and performance, and large throughput of 

material possible. The proposed design w i l l  require testing t o  determine 
heat transfer rates,  p la te  erosion, and product quality. 

Multiple Plate is similar t o  multiple hearth i n  that  the product cascades 
from level t o  level w i t h  heat introduced a t  each "stage". The difference 

is that  the p la te  w i l l  be vibrated w i t h  an external force t o  move the 

product down an inclined plane. The subsequent p la te  w i l l  reverse 
direction towards the opposite wall. The advantages and disadvantages are 
l i s t ed  i n  Table 2-18. 
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TABLE 2-18 

Advantages  

E x t e r n a l l y  S e r v i c e a b l e  

M u l t i p l e  S t a g i n g  

MULTIPLE PLATE FURNACE 

Disadvantaq  es 

Seal R e q u i r e d  a t  Each P l a t e  

May R e q u i r e  U n i t s  i n  Series 

W i t h  High Tempera tu re  

E l e v a t o r  

No I n t e r n a l  Moving Par t s  
L e s s  E f f i c i e n t  Heat T r a n s f e r  

( R a d i a n t  1 

No A i r  Cool ing  of Metal 

I n d i v i d u a l  P l a t e  C o n t r o l  

To Vary Res idence  T ime  

Bloc kag e of  P l a t  e-Rodou t 

Required 

Unknown Flowing Characterist ics 

The d e s i g n  e l i m i n a t e s  t h e  m e c h a n i c a l  moving p a r t s  from i n s i d e  t h e  m u l t i p l e  

h e a r t h  f u r n a c e  and  t h e  associated a i r  c o o l i n g .  The hot  c a r b o n a t e  s a l t  

w i l l  f low t h r o u j h  p a r a l l e l  c h a n n e l s  located above  each p l a ' e .  Heat 

t r a n s f e r  w i l l  be p r i m a r i l y  t h r o u g h  r a d i a t i o n .  The  f r e q u e n c y  o f  each 

v i b r a t i n g  p l a t e  c a n  be changed  t o  v a r y  t h e  r e s i d e n c e  time. The t e c h n i c a l  

r i s k s  c o n c e r n  t h e  f lowing  character is t ics  of  t h e  coal or char. R a d i a n t  

h e a t  w i l l  be less  e f f i c i e n t  t h a n  t h e  combined c o n d u c t i o n / r a d i a n t  heat 

t r a n s f e r  of t h e  m u l t i p l e  hear th .  The e x t r e m e  case may r e q u i r e  f u r n a c e s  i n  

series w i t h  ho t  p r o d u c t  e l e v a t e d  t o  each succeed ing  f u r n a c e .  
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Design Details 
Based on t h e  preceeding discussion, the multiple p la te  and multiple hearth 

were further evaluated as  the two best potential  designs. Radiant heat 
transfer was calculated for concurrent and countercurrent flow. The multiple 
p la te  design was ruled out due t o  the required height (over four hundred fee t  

f o r  the activation furnace). Countercurrent flow i n  the multiple hearth 
furnace gave the best results,  b u t  the activation furnace would require t e n  

hearths. 

The addition of conductive heat panels lowered t h e  required hearth area 

because one hearth would support both radiant and conductive heat panels. 
T h i s  design w i l l  be used for  the carbonization and activation furnaces. 

The regeneration furnace requires gas f i red  burners t o  obtain 9 5 4 O C  

(1750°F) reaction temperature. The hearth area required was determined from 

equations made available from the multiple hearth vendor, Nichols/Herreshoff. 
The optimum size was then determined combining the gas f i red  portion w i t h  the 

molten s a l t  heating. The resulting larger diameter gave too h i g h  a surface 

area for  the molten s a l t  heat transfer panels. Therefore, only two radiant 
heat p la te  co i l s  w i l l  be used i n  the regeneration furnace (top two out of six 

hearths). 

Furnace s i z e  was selected based on the smallest number of hearths required. 

The surface area per hearth available gave the cross sectional area for  the 

p l a t e  coi ls .  The arrangement and number of passes were determined to  keep the 
velocity of s a l t  between 0.9 and 1.5 m/sec ( 3  and 5 f t / s ec )  and a t  the same 

time to  minimize the s a l t  pressure drop. 

Figure 2-13 shows the proposed multiple hearth design. The platecoi l  s ize  is 

based on a standard s ize  available from Tranter, Inc. Modifications t o  the 
standard platecoi l  design w i l l  have t o  be made t o  make it sui table  for  the 
molten s a l t  service. The development plan fo r  these modifications is 

discussed i n  Section 4. The hearth is conposed of several layers of 

material. An air-cooled s t ee l  base is provided to  support the weight of the 

carbon, s a l t  and platecoil .  Insulating castable and mineral wool provide 
insulation between the hot p l a t e  co i l s  and the s t e e l  support i n  order t o  

minimize heat loss- 
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T a b l e  2-19 summarizes t h e  furnace d e s i g n  for  t h e  t h r e e  c h e m i c a l  reaction 

f u r n a c e s .  T a b l e s  2-20 t h r o u g h  2-23 g i v e  a more d e t a i l e d  d e s i g n  specif icat ion 

f o r  e a c h  of t h e  furnaces. These  specifications were used by vendors t o  

provide an  estimate of t h e  f u r n a c e  equipment cost. 

The u n r e c o v e r a b l e  h e a t  losses present i n  t h e  mul t ip le  h e a r t h  furnace are: 
1. Center r o t a t i n g  s h a f t  and  i n d i v i d u a l  r a b b l e  arms cooled by f o r c e d  

a i r  f l o w  t o  reduce metal t e n p e r a t u r e .  

2. S t ruc tu ra l  steel s u p p o r t i n g  e a c h  h e a r t h  cooled by f o r c e d  a i r  flow. 

3. Conduction of h e a t  t h r o u g h  walls, roof, and f l o o r  t o  o u t s i d e  air .  

R e f r a c t o r y  was s e l e c t e d  t o  l i m i t  t h e  h e a t  loss. The e s t i m a t e d  h e a t  loss  from 

e a c h  of t h e s e  sources was calculated; a summary of t h e s e  

furnace is shown i n  T a b l e  2-24. 

TABLE 2-19 

FURNACE DESIGN - SUMMARY 

Carbonization 

57 3 T o t a l  H e a r t h  Area F t  

Number of H e a r t h s  4 

Heat Source Molten S a l t  

2 

R a d i a n t  P l a t e c o i l  4 

Conduc t ive  P l a t e c o i l  4 

S h e l l  O u t s i d e  Diameter 1 6 '  9" 

S h e l l  Height  15' 0" 

Overal l  Height  24' 11" 

6 Heat From Sal t ,  BTU/Hr 15.5 x 1 0  

T o t a l  Sa l t  Flow, Lb/Hr 267, 820 

Hot Salt  T e n p e r a t u r e ,  OF 1 ,525  

Cold Sal t  Ter rgera ture ,  OF 1 ,400  

Average  Sal t  Flow, GPM 17.8 

Average S a l t  V e l o c i t y ,  FPS 5.4 

P r e s s u r e  Drop, PSI  8.0 

(Not i n c l u d i n g  p i p e ,  

va lves  & f i t t i n g s )  

Act iva t ion  

2,177 

6 

Molten S a l t  

6 

6 

25' 9"  

26' 7" 

37' 5" 

6 35.9 x 1 0  

331,030 

1 ,750  

1 , 5 2 5  

12.9 

4.0 

10.2 

losses for  e a c h  

Req enerat i o n  
2, 177  

6 

Molten S a l t /  

Natural Gas 

2 

0 

25' 9" 

26' 7" 

37 '  5" 

Dry B a k e  
6 4.9 x l o 6  1.0 x 1 0  

63,210 29,322 

1 , 3 6 2  1 , 5 2 5  

1 , 1 9 1  1, 450 

9.6 7.75 

2.9 2.4 

2.2 2.2 
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TABLE 2-20 

EQUIPMENT SPECIFICATION 

CHEMICAL REACTION FURNACES 

GENERAL DESCRIPTION 

O v e r a l l  Process: P r o d u c t i o n  of a c t i v a t e d  c a r b o n  from s u b b i t u m i n o u s  coal 
and  t h e  r e g e n e r a t i o n  of s p e n t  a c t i v a t e d  ca rbon .  

Requi rements :  Three f u r n a c e s  a re  r e q u i r e d  ( s p e c i f i c a t i o n s  fo l low)  

FR-201 C a r b o n i z a t i o n  

FR-202 A c t i v a t i o n  

FR-601 R e g e n e r a t i o n  

G e n e r a l  Design:  C o n v e n t i o n a l  m u l t i p l e  h e a r t h  f u r n a c e s  e x c e p t  t h a t  mo l t en  
thermal s a l t  w i l l  be u s e d  a s  a h e a t i n g  medium wherever  

p o s s i b l e .  

Unique F e a t u r e s :  1. Molten c a r b o n a t e  s a l t  w i l l  f low t h r o u g h  p l a t e c o i l s  

attached t o  t h e  top and  bottom of each h e a r t h  t o  

p r o v i d e  c o n d u c t i v e  and  r a d i a n t  heat  t o  t h e  c a r b o n  bed 

t r a v e l i n g  across t h e  h e a r t h .  

2. "Hearth Area Requ i red"  was d e t e r m i n e d  by heat  

t r a n s f e r  area of t h e  platecoi ls ,  n o t  by p r o d u c t  

flow. The numbers shown are  typical  s i z e s  a v a i l a b l e  

from m u l t i p l e  h e a r t h  vendors .  

3. " S h e l l  O u t s i d e  Diameter" i n c l u d e s  e x t r a  i n s u l a t i o n  

for h i g h  t e m p e r a t u r e  s e r v i c e  ( t o t a l  wal l  t h i c k n e s s  of 

13-1/2" 1. 

4. " S h e l l  Height '  and  ' O v e r a l l  He igh t "  have  been  

i n c r e a s e d  above  normal  m u l t i p l e  h e a r t h  d e s i g n  t o  

allow f o r  t h e  special  hea r ths  c o n t a i n i n g  a i r  cooled 

s t r u c t u r a l  s t ee l  f o r  s u p p o r t  and  mol t en  s a l t  

p l a t e c o i l s  (see F i g u r e  2-13).  
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TABLE 2-21 
EQUIPMENT SPECIFICATION 

ITEM : 
ITEM NO.: 
NO. REOUIRED: 

FUNCTION : 

OPERATION : 

TYPE : 

MATERIALS 
HANDLED : 

MECHANICAL 
DESIGN DATA: 

PROCESS 
DESIGN DATA: 

CARBONIZATION FURNACE (FR-201) 

Carbonization Furnace 
FR-201 
one (1) 

Remove v o l a t i l a s  from D r e t r e a t e d  and s i z e d  subbi tuminous 
coa 1 a ranu les. 

Continuous 

M U l t i D l e  Hea r th  Furnace w i t h  mecia1 h e a r t h  d a s i a n  

Vo la t i l e  material  c o n t a i n i n g  water, tar ,  o i l ,  l i g h t  
hydrocarbons,  ammonia, and hydrogen s u l f i d e .  Residue 
e s s e n t i a l l y  d r y  c h a r .  

T o t a l  Hea r th  Area Required 
Number of  Hea r ths  4 ( F o u r )  
S h e l l  O u t s i d e  Diameter 16 '  9' 
S h e l l  Height  15' 0. 
O v e r a l l  Height  24' 11" 

573 F t 2  

- NOTE: Furnace t o  i n c l u d e  f o r c e d  a i r  c o o l i n g  of t h e  central  
s h a f t ,  r a b b l e  arms and support steel of e a c h  h e a r t h .  
Burners  r e q u i r e d  f o r  start-up o n l y  ( h e a t  t o  
900°F). 

Furnace Opera t ing  Temperature 1112OF 
Feed In:  15188.6 LB/HR 175OF 
Gas O u t :  6504.6 LB/HR 932OF 
Produc t  O u t :  8684.0 LB/HR 1112OF 

14.7 psia  
14.7 ps ia  
14.7 psia 

HEATING MEDIUM 
DESIGN DATA: Heat Source: Molten S a l t  

Cond i t ions :  267,820 LB/HX 1525OF I n  1400°F O u t  
Heat T r a n s f e r  Mode: Rad ian t  and Conductive P l a t e c o i l s  

CONTROLS : Process :  S t a n d a r d  M u l t i p l e  Hearth 
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TABLE 2-22 

EQUIPMENT SPECIFICATION 

ITEM : 
ITEM NO.: 
NO. REQUIRED : 

FUNCTION : 

OPERATION: 

TYPE: 

MATER I ALS 
HANDLED : 

MECHANICAL 
DESIGN DATA: 

PROCESS 
DESIGN DATA: 

ACTIVATION FURNACE (FR-202) 

Ac t iva t ion  Furnace  

One (1) 
FR-202 

React Steam w i t h  c h a r  t o  f o r m  a c t i v a t e d  carbon 

C o n t i n u o u s  

Mult iple  H e a r t h  F u r n a c e  w i t h  special h e a r t h  d e s i g n  

Steam, o f f - g a s  (H2, H2S, CO, C02, a n d  CH4) and  
act ivated carbon 

T o t a l  H e a r t h  Area R e q u i r e d  
Number of H e a r t h s  6 ( S i x )  
S h e l l  O u t s i d e  Diameter 25' 9" 
S h e l l  H e i g h t  26 '7"  

2177 F t 2  

O v e r a l l  H e i g h t  37 ' 5" 

NOTE: Furnace  t o  i n c l u d e  f o r c e d  a i r  c o o l i n g  of t h e  c e n t r a l  
s h a f t ,  r a b b l e  arms a n d  support s t ee l  of e a c h  h e a r t h .  
B u r n e r s  r e q u i r e d  f o r  s tar t -up only  ( h e a t  t o  900°F). 

F u r n a c e  O p e r a t i n g  Tempera tu re :  1472OF 
Feed In :  8684 LB/HR 1112OF 14.7 ps ia  
Steam In: 21567 LB/HR 407OF 89.7 ps ia  
Gas O u t :  26942.5 LB/HR 147 2OF 1 5  p s i a  
P r o d u c t  O u t :  3308.5 LB/HR 147 20F 1 4 . 7  p s i a  

HEATING MEDIUM 
DESIGN DATA: Heat Source: Molten S a l t  

C o n d i t i o n s  331,030 LB/HR 1750°F I n  1525OF O u t  
Heat T r a n s f e r  Mode: R a d i a n t  a n d  Conduc t ive  P l a t e c o i l s  

CONTROLS : P r o c e s s :  S t a n d a r d  M u l t i p l e  H e a r t h  
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TABLE 2-23 
EQUIPMENT SPECIFICATION 

REGENERATION FURNACE (FR-601) 

ITEM : Regeneration Furnace  

NO. REQUIRED: One (1) 
ITEM NO.: FR-601 

FUNCTION : Cont inuous  

TYPE : Multiple H e a r t h  Furnace  w i t h  special h e a r t h  d e s i g n  

MATERIALS 
HANDLED : Activated carbon, adsorbent, steam, and o f f - q a s  (N2, 

CO2, CO, H2) 

MECHANICAL 
DESIGN DATA: T o t a l  H e a r t h  Area Requ i red  

Number of H e a r t h s  
S h e l l  O u t s i d e  Diameter 
S h e l l  He igh t  
Overall He igh t  

2177 F t 2  
6 ( S i x )  
25'9" 
26 '7"  
37 '5"  

NOTE: Furnace  t o  i n c l u d e  forced a i r  c o o l i n g  of  t h e  central  
s h a f t ,  rabble arms a n d  support steel of e a c h  h e a r t h .  
Burners  r e q u i r e d  f o r  t h e  bottom f o u r  h e a r t h s  
(Reaction temperature of 1750  F). 

PROCESS 
DESIGN DATA: Furnace  O p e r a t i n g  Tempera ture :  250°F, 14000F, 1750OF 

Feed In:  6394 LB/HR 7 O°F 15 ps ia  

Steam In: 2800 LB/HR 407OF 89.7 psia  
F u e l  In :  327 LB/HR 
A i r  In:  5613 LB/HR 
Gas Out :  12530 LB/HR 500°F 15 ps i a  
P r o d u c t  O u t :  2604 LB/HR 1750°F 14.7 psia 

(1095  LB/HR Adsorbent) 

HEATING MEDIUM 
DESIGN DATA: Heat Source: Molten Sal t  (Top two h e a r t h s ) ,  Burner  ( O t h e r s )  

Condi t ions:  (Sa l t ) :  63,210 LB/HR 1525OF I n  1191OF O u t  
Heat T r a n s f e r  Mode: R a d i a n t  P l a t e c o i l  

CONTROLS : P r o c e s s :  S t a n d a r d  Mul t ip le  H e a r t h  
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TABLE 2-24 

OVERALL FURNACE HEAT LOSS 

CARBONIZATION ACTIVATION REGENERATION 

T o t a l  Heat Load, BTU/HR. 15 .5  x l o 6  35.9 x 106  12.3 x l o 6  

Heat Loss 65,500 
Cooler S h a f t / R a b b l e  A r m s  

H e a r t h  Cool ing  237 , 800 

Wall/Floor/Roof 122,000 

240,200 442,700 

606,000 

246, 800  

645,000 

246,800 

T o t a l  Heat Loss 425,300 1,093,000 1 ,334 ,500  

Heat Loss x loo ,% 2.75 
Heat Load 

3.0 10.8 

The m u l t i p l e  h e a r t h  f u r n a c e s  c a n  be c o n t r o l l e d  by chang ing  t h e  r o t a t i o n  of  t h e  

cen t ra l  s h a f t  and  c o n n e c t i n g  r a b b l e  arms. Normally, t h e  s p e e d  is between 1 

and  3 r p m .  The temperature can be v a r i e d  by manual ly  b y p a s s i n g  t h e  f low of  

m o l t e n  s a l t  a round  e a c h  h e a r t h  or by r e s e t t i n g  t h e  temperature controllers.  

F i g u r e  2-14 shows t h e  s a l t  flow con t ro l  scheme for  a l l  t h r e e .  Molten s a l t  

f rom t h e  h o t  s a l t  s t o r a g e  t ank  is  pumped t h r o u g h  t h e  A c t i v a t i o n  f u r n a c e  

r educ ing  t h e  t e m p e r a t u r e  f rom 954OC (1750'F) t o  829OC (1525'F). A BTU 

control ler  w i l l  c o n v e r t  t h e  c a r b o n  f l o w  e n t e r i n g  t h e  f u r n a c e  t o  t h e  amount of  

h e a t  r e q u i r e d .  The flow rate of  molten s a l t  and  t h e  change  i n  temperature 

w i l l  compute t h e  h e a t  t r a n s f e r r e d .  Too h i g h  a h e a t  t ransfer  for  t h e  g i v e n  

c a r b o n  f l o w  rate w i l l  cause t h e  h o t  s a l t  t o  bypass t h e  f u r n a c e .  The f l o w  of 

steam c a n  be cont ro l led  i n d i v i d u a l l y  i n t o  t h e  four bottom h e a r t h s  depending  on  

reaction r e q u i r e m e n t s .  

The m o l t e n  s a l t  e x i t i n g  t h e  Act iva t ion  f u r n a c e  is p a s s e d  on t o  t h e  

Carbonization and  Regeneration f u r n a c e s .  If t h e  t e m p e r a t u r e  is above  829OC 

(1525°F),  c o l d  molten s a l t  from t h e  c o l d  s t o r a g e  t a n k  w i l l  be mixed t o  lower 

t h e  t e m p e r a t u r e .  

F 
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The c o n t r o l  of molten s a l t  e n t e r i n g  t h e  Carboniza t ion  f u r n a c e  is similar t o  
t h e  A c t i v a t i o n  c o n t r o l s .  The tempera ture  drop is from 829OC (1525'F) 

t o  76OoC (1400°F). The e x i t  flow is s e n t  t o  t h e  steam and electric 

g e n e r a t i o n  systems. 

The Regenera t ion  f u r n a c e  c o n t a i n s  r a d i a n t  heat p a n e l s  on t h e  top two hearths.  

Temperature c o n t r o l  is similar t o  t h e  other f u r n a c e s  for  t h e  s a l t  f lowing i n t o  
t h e  second h e a r t h  area (baking s e c t i o n ) .  The e x i t  material is combined w i t h  

material coming from t h e  off-gas heater which has lowered t h e  s a l t  tempera ture  
from 829OC (1525'F) t o  696OC (1285OP). The f irst  hear th  drops t h e  

mix tempera ture  from 7 3 9 ' ~  (1362'P) t o  644OC (1191°F) . A 

t empera ture  s e n s o r  between the  two h e a r t h s  w i l l  bypass sa l t  flow i f  requi red .  
The bottom four hearths of t h e  Regenera t ion  f u r n a c e  c o n t a i n  b u r n e r s  t o  raise 

t h e  tempera ture  of t h e  carbon t o  954OC (1750°F). No molten s a l t  is used 

on t h e  lower hear ths .  Typical burner  combustion c o n t r o l  systems w i l l  be 

u t i l i z e d .  Fue l  f o r  t h e  b u r n e r s  c a n  come from t h e  p u r i f i e d  off-gases from t h e  

Carboniza t ion  and A c t i v a t i o n  furnaces .  

Molten s a l t  has  a f r e e z i n g  p o i n t  of 397OC (747°F). Burners  w i l l  be 

i n s t a l l e d  i n  t h e  Carboniza t ion  and A c t i v a t i o n  f u r n a c e s  t o  be used dur ing  
s t a r t - u p  only.  Typical burner  c o n t r o l s  w i l l  be u t i l i z e d .  

2.2.3.2 Equipment L i s t i n g  
Detailed equipment lists fo r  t h e  chemical process components are shown i n  

Tables 2-25 through 2-31. Materials of c o n s t r u c t i o n ,  flow rates, 

t e m p e r a t u r e s ,  and p r e s s u r e s  which govern  component s i z e  are def ined .  A 

g e n e r a l  d e s c r i p t i o n  is  also provided  for each piece of equipment. The 

equipment shown fo r  t a r  recovery,  ammonia removal, s u l f u r  removal , and s u l f  u r  
recovery  is approximate. These sys tems are a v a i l a b l e  a s  a complete subprocess  

from s e v e r a l  engineer ing  firms, such  as  Raymond Kaiser Engineers ,  Inc.  The 

s u l f u r  removal system is  a S e l e x o l  process from t h e  Norton Conpany. The 

s u l f u r  recovery system is a Claus u n i t .  

The process c o n t r o l  diagrams are provided  i n  S e c t i o n  2.7.1.4. These diagrams 

show a l l  t h e  equipment l i s t ed  i n  t h i s  Section. Also provided  w i t h  t he  p r o c e s s  

c o n t r o l  diagrams are de ta i l ed  material balances.  The fo l lowing  shows t h e  

r e l a t i o n s h i p  between t h e  process c o n t r o l  diagrams and t h e  equipment lists: 
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Drawing No. Process Area Equipment L i  st 
Table 2-25 B&W -P419-9101-D P r e t r e a t m e n t  

B&W -P419-9102-D Carboniza t ion ,  A c t i v a t i o n ,  and Table 2-26 

Product C l a s s i f i c a t i o n  
O f f  -Gas Cooling and Compression Table 2-27 

B&W -P419-9103-D Tar Recovery and Ammonia Removal Table 2-28 

B&W -P419-9104-D H S Removal and  S u l f u r  Recovery Table 2-29 
B&W -P419-9105-D Regenera t ion  of Spent  Carbon Table 2-30 

Table 2-31 lists a l l  t h e  equipment i n  t h e  process by equipment type. The 

equipment was numbered accord ing  t o  t h e  fo l lowing  convent ions :  

2 

Number 

100 
200 

300 

400 

500 

600 

Letters 
AG 

BL 

CN 

CP 

CR 

DC 

ED 

FE 

FL 

FN 

FR 

GC 

HE 

RC 

sc 
ST 
Tw 

VT 

Process Area 

P r e t r e a t m e n t  
Carboniza t ion ,  A c t i v a t i o n ,  and 

Product  C l a s s i f i c a t i o n  

Tar Recovery and Ammonia Removal 

O f f - G a s  Cooling and  Compression 

H 2 S  Removal and  S u l f u r  Recovery 

Regenera t ion  of Spent  Carbon 

Equipment Type 

A g i t a t o r  

Blender  
Convey0 r 

PUW 
Grinder  

Dust Co 1 lec tor  

E d u c t  o r 
Feeder 

F i l t e r  

Fan 

Furnace 
Compressor 
Heat Ex changer  
Reactor 

Screen  

Stack 

Tower 

Tank 



I I I 
RE

V. 
1 

I I 
11

-2
1-

85
 

I I 

I 
AC

TI
VR

TE
D 
CU

RB
ON

 P
RO

W
CT

IO
N 

I I I I 
p(

IG
E 

If
f 

2 
I 

PR
ET

RE
RT

KN
T 

SO
LR

R 
FU

EL
S 

nt4
D 

TH
EM

1W
.S 

SV
SlE

N 
DE
SI
GN
 S

TU
DY
 

CM
MlC

AC
 P

RO
CE

SS
 

EW
IP

ME
NT

 L
IS

1 
BY

 F
LO

W 
I I I 

+
-
T
-
-
-
-
-
.
-
 

I 
I 

I 
I 

DE
SC

RI
PT

IO
N 

I I 
I 

FL
W

 
I 

TE
MP

ER
IlT

UR
E 
I 

PR
ES

SU
RE

 
I 

I 
IT

En
 

I 
EO

UIP
ME

IIT
 

NR
ME

 
---y

RlR
Ls

OF
 

I I 
CO

N-
ITR

UC
IIM

I 
I 

IL
BI

HR
I 

I 
(F

I 
I 

(K
IA

1 
I 

I 
IN

UM
PE

R 
I 

I 
I 

I 
-1 

I 
I 

I 
I 

1-1------ 
I 

I 
I 

_
_

_
-

~
 

I 
I 

I I 
CR

-1
81

 
I 

CO
UL

 C
Rb

SH
FR

 
I I 

CN
-18

2 
I I 

CH
-10

2 
I 

CO
N 

GA
lll

DE
R 

I I 
sc

-1
0i

 
I 

CO
IlL

 S
CP

EE
N 

I I 
CN

-IE
4 

I I 
CN

-10
5 

I 
CO

UL
 C

O%
EV

OR
 

I I 
CN

-10
6 

I 
CO

PL
 C

Ot
JV

tvO
R 

I 
1 

I 
FE

-1
82

 
I 

FE
ED

EH
/R

IR
IK

:K
 

I I 
FE

-lQ
1 

I 
W

st 
FE

ED
EP

 
I I 

DC
-10

1 
I 

Dl
JS

l r
CL

LE
CT

OP
 

I I 
FN

-1
01

 
I 

EX
H2

LG
t 

Fl
lN

 
I 1 

VT
-1

01
 

I 
RC

lF
 M

IYE
P 

I I 
RG

-10
1 

I 
RG

II
UI

OH
 

I I 
HE

-1
81

 
I 

HE
RT

ER
 

I I 
CP

-IE
I 

I 
SL

UR
I;, 

CV
W

 
I I 

VT
-1

82
 

I 
AC

ID
 I

AN
I: 

I I 
AG

-I
Q

 
I 

UG
IT

Cl
iU

R 
I I 

CP
-IK

 
I 

AC
ID

 P
UN

P 
1 I 

SC
-I8

3 
I 

K
ID

 W
LN

 D
EU

QT
ER

FR
 

I I 
SC

-1
04

 
I 

RC
ID

 S
CL

L 
DC

UR
ILR

EP
 

I I 
VT

-1
83

 
I 

CO
N 

UR
SII

EB
 

I I 
ffi

-1
03

 
I 

RG
IT

RI
OP

 
I I 

CP
-lQ

3 
I 

SL
UR

fib
 P

llW
 

1 
I 

I 
I 

I 
CN

-M
I 

I 
ro

L
 C

OIN
EY

OR
 

I 
CW

L 
HW

lL
l 

FL
E'

lA
lO

Q 

I 
CO

AL
 W

KE
T 

EL
EV

RT
OP

 

I 
CR

RB
OI

I S
lE

Ei
 

I 
CR

RB
Ml

 S
IE

EL
 

I 
W

A
W

 S
TE

EL
 

I 
CR

RB
W4

 S
IE

EL
 

I 
caR

m
 S

~E
EL

 
I 

ci
R

m
 ST

EE
L 

I 
CR

AB
OH

 S
TE

EL
 

I 
CA

RB
ON

 S
TE

EL
 

I 
31

6 
ST

AI
NL

ES
S 

ST
EE

L 

I 
CD

W
U 

I 
CR

RF
EN

TE
R 

20
 

I 
CP

4M
CU

 I
MP

EL
LE

R 

I 
FR

P 
OR

 F
RP

 L
IN

E0
 C

AR
BO

N 
ST

EE
L 

I 
CF

EM
 

I 
31

6 
ST

AIN
CE

SS
 S

TE
EL

 

I 
31

6 
SI

AI
tiI

ES
S 

ST
EE

L 

I 
31

6 
ST

RI
HE

SS
 S

TE
EL

 

I 
31

t 
ST

illN
LE

SS
 S

lE
EL

 

I 
CD

4M
CU

 

I 
CC

4M
rU

 I
#P

EL
LE

A,
CR

SI
NG

 
I I I I I I I I I I I I 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

I 
I 

I 
CR

ilb
Ol

 S
TE

EL
 

I 

I 
R; 

TO
OL

 F
lE

EL
 O

R 
WI

RT
. 

CR
-N

O 
L'

HI
lE

 IR
O

fll 

I 
CR

RE
ON

 S
IF

EL
 

I 

I 
W 

IW
L 

Sl
EE

L 
OR

 H
AR

T. 
CR

-HO
 U

HI
lE

 IH
UI

.ll 

I 
14

91
1.7

 
I 

77
 

14
31

1.
7 

I 
I
 7

7 

14
31

1.7
 

I 

24
85

2.
8 

I 

24
85

2.
8 

I 

24
85

2.
8 

I 

3'3
41

.1 
I 

14
31

1.
7 

1 

14
31

1.
7 

I 

32
5. 

I 

4
t

 

t
I

 

43
18

6.7
 

I I I 

43
18

6.
7 

I 

14
6.3

 
I I 

14
6.

3 
I 

43
18

6.
7 

I 

23
42

2.
3 

I 

15
29

3.
3 

I I 

43
24

3.
9 

I I I I I I I I I I 

77
 

80
 

80
 

80
 

80
 

80
 

80
 

77
 

17
6 

17
6 

77
 

17
6 

I7
5 

78
 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

I I 
FR

on
 M

IY
 S

TO
RM

, 
1"

-5
' 

SI
ZE

, 
IQ

-L
Sr

! W
JIS

TU
RE

 

t 
w

Ic
( 
CW

L 
CR

US
H0

 T
O 

1' 
SI

ZE
 W

X
IW

 

I 
TO

 E
LN

RT
lC

N 
ff

 G
RI
ND
ER
 

I 
1' 

SI
ZE

 6
W

 
TO

 8
 X

 3
0 

ME
% 

G
R

W
U

S 

I 
40

%
 RE

CY
CL

ED
 B
RM

 TO
 G

RI
ND

ER
 

I 
TO

 E
LM

ITI
O

N 
ff

 G
RIN

DE
R 

I 
RE

CY
UE

 B
(Ic

K 
10

 GR
IN
DE
R 

I 
FR

OM
 S

CR
EE

N 
TO

 A
CI

D 
MI

XE
R 

I 
F!X

D 
TO

 A
CI

D 
MI

XE
R 

I 
Kl

TT
on

 ff
 W

ST
 U

JL
lEC

TO
R 

14
.7

 

14
.7

 

14
.7

 

14
.7 

14
.7 

14
.7 

14
.7 

14
.7

 

14
.7 

14
.7 

I 
C

Y
C

L
W

, B~
YH

OV
SE

 OR
 m

iw
m

 
t 

I 
OE

PE
ND

S 
ON

 R
RE

ffi
 W

NT
RI

HD
 

I 
ME
 H

UJ
R 
RE
SI
OE
NC
E 
TI
M-
-.
?$
$ m
,7

W
 K

ID
 SO

CN
 

I 
M

IN
TE

D 
ON

 A
CI

D 
MI

XE
R 

I 
76

4 
LB

lHR
 S

TE
M

, 
IW

RS
ED

 C
OI

L 
IN

 A
CI

D 
MI

XE
R 

t 
1 

M
IY

 S
LU

RR
Y 

FR
OM

 A
CI

D 
MI

XE
R 

TO
 D

EU
RT

ER
ER

 

I 
75

i H
3K

M 
So
cv
Tl
ON
 

I 
W

T
E

D
 ON

 R
CI

D 
TA

N
( 

I 
FR

on
 A

CI
D 

TA
N

( 
TO

 M
IXE

R 
t 

I 
5E

E 
FL

W
 D

IRG
RR

W 
FO

R 
WR

TE
R 

f4D
DI

TI
ON

/SE
WR

RT
IO

N 

I 
WW

N 
TO

 1
5%

 ~I
ST

U
R

E
 

I 
27

95
0 

LW
HR

 M
TE

R 
RD

D€
D,

OM
 H

OU
R 

RE
S 

TI
ME

 

I 
MI

UN
TE

D 
ON

 c
o(
y 

UR
SH

ER
 

I 
FR

OM
 C

OA
C 

UA
SH

R 
TO

 D
EW

TE
RE

R 
I I I I I I I I I I 

t 

I 
-- 

W
lPE

RS
 D

EP
EN

D 
ON

 P
IiY

SI
CA

L 
FU

N1
 L

RY
UJ

l 
1 

--
 E

OU
IPM

EN
T 

RD
DE

D 
PE

R 
RE

V. 
I 

I I I I I I I I I I I I I I I I I I I I I I I I I t I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 



RE
V. 

1 

11
-2

1-
85

 

SC
-1

6 

SC
-10

6 

E-
10

2 

VT
-10

4 

FE
-10

4 

CR
-10

3 

OC
-18

2 

FN
-10

2 

FE
-IC

 

VT
-10

7 

FE
-18

5 

CR
-le

4 

CR
-10

5 

s
c

-1
~

 

ln
-1

12
 

01
-1

13
 

01
-1

14
 

EW
lIJ

KN
l 

tw
 

OE
CK

IIE
RE

R 

DE
UR

TE
RE

R 

DR
YE

R 

PIKH
 

HO
PP

ER
 

FE
ED

ER
IR

IR
LO

CK
 

PU
LV

ER
IZl

rlG
 M

IL
L 

Df
Js

T 
CO

LL
EC

TO
R 

EX
W

US
T 

F
d

 

W
ST

 F
EE

LE
R 

DE
QE

RR
TIO

Il 
BI

N 

FE
ED

ER
 

W
IIP

RC
TO

R 

GR
IND

ER
 

SC
RE

EN
 

BV
CK

ET
 E

LE
W

TO
R 

MN
Vt

-Y
OR

 

Cm
EY

OR
 

ln
-1

15
 

I 
BU

M(
E1

 E
LE

VA
TO

R 

VT
-18

5 
I 

SlD
RR

GE
 B

IN
 

FE
-1

06
 

I F
EE

DE
R 

W
11

7 
I 

EIG
H 

CO
Fn

;E
VO

R 

W
11

6 
I 

EL
EV

AT
OR

 

I I .I
 I I I I I I I I 

-
 

SO
UIR

 F
UE

LS
 A

I40
 C

HM
IC

lY
S 

SY
ST

EM
 O

ES
lff

l S
TM

Y 

M
hl

C
R

L 
PR
OC
ES
S 

EO
VI

PM
NT

 L
IS

T 
BY

 RO
W 

I 
I 

MF
IIE

RI
RS

 O
F 

CM
US

IW
TIO

E( 

CA
RB

ON
 S

TE
EL

 

CI
IR

BI
N 

Sl
EE

L 

CR
RB

ON
 S

TE
EL

 

CA
RB

ON
 S

TE
EL

 

CI\
RB

ON
 S

TE
EL

 

CA
RB

ON
 S

lE
EL

 

CR
AB

OW
 S

TE
EL

 

CA
RB

ON
 S

IE
EI

. 

CA
RW

 S
TE

EL
 

CR
RB

ON
 S

TE
EL

 

W
RB

ON
 S

TE
EL

 

CR
RB

UI
 S

IE
EL

 

CA
RB

ON
 S

TE
EL

 

CR
RB

ON
 S

TE
EL

 

CR
RB

ON
 S

TE
EL

 

CR
RB

ON
 S

TE
EL

 

CA
RE

LM
 S

TE
EL

 

CR
RB

ON
 S

lE
R

 

CR
RB

DN
 S

TE
EL

 

cm
em

 S
TE

EL
 

CA
RW

 
ST

EE
L 

CR
RB

ON
 S

lE
EL

 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 1 I I I 

43
24

3.
9 

I 

29
47

9.6
 

I 

15
29

3.0
 

I 

14
44

.3 
I 

14
44

.3
 
I 

21
26

3.6
 

I 

21
26

2.2
 

I 

*
I

 

21
26

2.
2 

1 

21
26

2.2
 

I 

21
26

2.2
 

I 

21
26

2.2
 

I 

21
26

2.2
 

I 

30
37

4.5
 

I 

21
26

2.2
 

I 

91
12

.4 
I 

15
18

6.6
 

I 

15
18

6.
6 

I I 

15
18

6.6
 

I 

15
18

6.6
 

I 

15
18

6.
6 

I I I I I I I I I I I I 

70
 

71
 

n-
21

2 

12
0 

12
0 m
 

28
8 

20
0 

20
0 

17
5 

17
5 

17
5 

I 
RC

TI
W

TE
D w

m
 PR
MK

~C
II

ON
 

I I 
PR

ET
~T

IE
HT

 
I I 

PI
E€

 
2

ff
 2

 
I I I 

DE
SC
RI
PT
IO
N 

I I I I I I I 
S

a 
RO

U 
DI

ffi
R#

I 
FO

R 
SE

PW
tT

IO
N 

SE
E 

ROW
 

D
I

W
 FO

R 
SE

PR
MT

IO
N 

! 

I I I I I I I I I I I I I I I I I I I I I I 

14
.1

 

14
.7 

14
.1

 

14
.7 

14
.7 

14
.1

 

14
.7 

I 
GR

IM
 T

O 
6 

x a
 lE

sH
 G

RI
YU

ES
 

I 
3@%
 R

€C
KL

ED
 K

#3
 TO

 B
IND

ER
 

I 
TO

 O
Nl

lT
IO

N 
ff
 G

RI
W

ER
 

I 
W

M
XE

 B
lw
x 

TO
 G

RI
ND

ER
 

I S
Cm

 
TO

 R
LW

IZI
W

G
 M
IL

L 
I 

TO
 E

LN
AT

IO
N 

OF
 !V

ow
16

E 
BI
N 

I 
24

 Hl
llR

 H
IL
DI
WG
 C

W
KI

TY
 

I 
BO

TT
M 

R
 S

TM
w

n 
BI

N 

I 
FE

ED
 m
 BU

ME
T 

NW
~T

OR
 

I 
m

 TO
 c

wm
tz

ni
iw

 FU
RW

CE
 

I I I I I I I I I I I I I 

I I I I I I I I I 1 I I I I I I I I I I I I I I I I I I I I I I I 



1 
I I 

I 
RE

V. 
I 

SO
LA

R 
FM

LS
 R

ND
 M

M
IC

N
S

 S
YS

TE
N 
OE
SI
GN
 S

TU
DY

 
AC

TIV
RT

ED
 C

AR
BO

N 
PR

DW
CT

IO
N 

I 
I I 

I 
I 

11
-2

1-
85

 
CH
EM
IC
AL
 P

RO
CE

SS
 

m
~

iz
~

iI
O

N
,A

C
ii

~
ii

~
,P

~
W

C
~

 
CL

~~
SS

IFI
W

TIO
N 

I 
I 

I 
EO

UI
M

NT
 L

IS
T 

RY
 F

LO
U 

w1
6E

 
If

f 
I 

I I 
I 

I 
1 

I 
I 

I 
I 

I 
I I I 

ITE
M 

I 
ED

UI
F#

EN
T 

I 
NR

TE
RI

W
S 
ff
 

I 
FL

W
 

I 
TE

IIP
ER

(IT
U

E 
I 

PR
ES

SU
RE

 
I 

aE
SC

RI
PT

rm
 

I 
INV

MB
ER

 
I 

N
M

 
I 

CM
IS

TR
UC

TIO
N 

I 
(L

BI
HR

I 
I 

IF
1 

I 
Iff

iIA
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

1-1- 
I 

I 
I 

I 
I 

I 
I I 

FA
-2

81
 

I I 
CN

-20
1 

I I 
CN

-20
2 

I I 
C
N
-a3

 
I I 

FR
-A

V 
I 

I 
I 

FE
-2

01
 

1 I 
w-

20
4 

I I 
HE

-2
01

 
I 

1 
I 

CP
-20

4 
I I 

CN
-20

5 
I 

1 
I 

FE
-2

02
 

I I 
VT

-20
1 

I I 
ffi

-2
01

 
I I 

HE
-2

02
 

I I 
VT

-20
2 

I 1 
CP

-20
1 

I I 
CP

-20
2 

I I 
sc

-2
01

 
I I 

VT
-2

03
 

I I 
ffi

-2
03

 
I I 

CP
-2

03
 

I I 
sc

-2
02

 
I I 

IE
-2

03
 

I I 
HE

-2
64

 
I I 

SC
-28

3 
I I 

CN
-26

8 
I 

I 
CA

RB
OM

ZA
TI

ON
 F

UA
NR

CL
 

I 
CU

Nk
FY

OR
 

I 
BU

CIE
T 

EC
EV

RlO
R 

I 
CM

NE
VO

R 

I 
RC

Tl
VA

llL
U1

 FU
RN

RC
E 

I 
FE

ED
ER

 

I 
CO

NV
EY

OR
 

I 
PR

OD
KT

 C
@

M.
ER

 

I 
UR

TE
R 

PV
MF

 

I 
CM

NE
W

I 

I 
FE

ED
ER

lCl
lRL

OC
K 

I 
AC

ID
 M

IX
ER

 

I 
RG

ll
Al

@R
 

I 
HE

RT
EP

 

I 
AC
ID
 D

IL
UT

IO
N 

Tl
llH

 

I 
K

ID
 P

IM
P 

I 
SL

UR
Rl

 F
lJM

P 

I 
KI

D 
SO

?N
 D

EW
IE

RE
R 

I 
PR

OD
UC

T 
CLA

SH
ER

 

I 
AG

II
RT

OR
 

I 
SL

UR
RY

 P
UM

P 

I 
I 

I 
I 

I 
I 

L 
I 

I 
I I 

I 
I 

DE
UR

TE
PE

R 

PR
OD

UC
l D

PY
ER
 

Fl
Nn

L 
PR

OD
UC

T 
CO

OL
ER

 

SC
RE

EN
 

cm
wo

n 

I I 
31

6 
Sl
AI
tL
ES
S 

ST
EE

L 

I 
31

6 
ST

AIH
.ES

S 
ST

EE
L 

I 
31

6 
ST

AI
NL

ES
S 

ST
EE

L 

I I 
IN
CO
LO
Y 

8Q
M

l 

I 
It~

O
LO

V e
e0

H 

I 
30
4 

Sl
Al

tL
ES

S 
ST

EE
L 

I 

I 
1 

I 
CA

RR
Y4

 S
lE

EL
 

I 

I 
CA

RB
ON

 S
lE

EL
 

I 

I 
H(

IS
T.

 
C-

27
6 

LIN
ED

 O
R 

K
ID

 B
RI
CK
 L

IN
ED

 
I 

I 
Ct

kO
RI

M
El

 3
 

I 

1 
KB

I-1
0 

I 

I 
FR

P 
I 

I 
TE

FL
ON

 L
ItI

ED
 

I 

I 
W

RI
CH

LO
R 

I 

I 
Hf

lS
1.C

-2
76

 
I 

I 
31

6 
SI

AI
NL

ES
S 

ST
EE

L 
I 

I 
CD

4K
U 

I 

I 
CD

4M
CU

 I
M

KL
LE

R 
I 

I 
31

6 
ST

AI
NL

ES
S 

ST
EE

L 

I 
CR

RB
ON

 S
TE

EL
 

I 
CA

RP
OH

 S
IE

EI
. 

I 
CR

RR
(IN

 S
TE

EL
 

I 
CA

RB
ON

 S
TE

EL
 

15
18

8.6
 

1 

86
84

. 
I 

86
84

. 

86
84

. 

06
44
. 

33
08

.5
 

33
09

.5 

33
08

.5
 

33
88

.5
 

33
08

.5
 

61
94

. 2
 

I I 

65
0.7

 
I 

65
0.

7 
I 

64
34

.2
 

I 

64
94

.2
 

I 

38
15

.9 
I I 

70
65

.9
 

I 

70
65

.9
 

38
15

.9
 

33
83

.8 

33
09

.8
 

32
50

. 

I 

11
12

 
I 

11
12

 
I 

11
12

 
I I 

14
72

 
I 

14
72

 
I 

14
72

--1
88

 

18
8 

18
0 

18
8 

I I 

77
 

I 

77
 

I 

78
 

I 

18
 

I 

10
 

I I 

78
 

I 

78
 

78
-2

12
 

21
2-

-1
1 

18
8 

18
8 

I 
I 

I 
I 

I 
I 

I 
I 

14
.7 

14
.7 

14
.7 

14
.7

 

14
.1

 

14
.7 

14
.7

 

14
.7 

14
.7 t t 

14
.1

 

I 
Il

l2
 F, 

DX
YW

 
FR

EE
, 

2 
HW

R 
RE

S 
T
IE

 

I 
BL

lTT
M

 L
F 

CA
RB

ON
IZ

RT
IO

N 
FU

Aw
llc

E 
TO

 B
UC

KE
T 

EL
EV

RT
OR

 

I 
EL

EV
RT

E 
TO

 A
CT

lW
TIO

N 
FU

RN
M

 

I 
FE

ED
 A

CT
IW

TIO
N 

NW
VA
CE
 

I 
14

72
 F

, 
21

56
7 

LB
lH

R 
ST

w
l R

D
W

), 
4 

HO
UR

 R
ES

 T
1K

 

I 
mu

on 
a 

AC
TI

VR
TI

OW
 F

UR
NI

Y;
E 

I 
W

TE
R C

DU
ED

 m
m

,
 1.1

 m
 BN

IHR
 

I 
TO

 P
W

T
 W
UE

R 

I 
M

F€
RE

D 
W

TE
R 

TO
 D

RY
ER

 

I 
PR

OW
CT

 C
W

LE
R 

TO
 A

CI
D 

W
IXE

R 

I 
FE

ED
 W

ID
 M

IXE
R 

I 
ot€

 H
OU

R 
RE

SI
W

(u
 T

IE
 

I 
R

IM
E

D
 ON

 A
CI

D 
MI

XE
R 

I 
62
 L

B
M

 ST
EW

, 
IM

RS
ED

 W
IL

 I
N

 A
CI

D 
MI

XE
R 

I 
15

2 
la
 S

DL
UT
IO
N 

I 
FR

M
 A

CI
D 

DI
LU

TI
ON

 TO
 A

CI
D 

MI
XE

R 

I 
FA

On
 A
CI
D 

MI
XE

R 
TO

 D
EW

TE
AE

R 

I 
SE
E 

FLO
W 

DIR
G
W

 F
OR

 W
TE

R 
RD
DI
TI
ON
IS
EP
(I
RR
TI
ON
 

I 
32

50
 L

Bl
HR

 W
TE

R 
RD

Dm
 

I 
mX

MT
ED

 O
N 

PK
UW

3 
W

R
 

I 
PR

OW
CT

 U
RS

HE
R 

TO
 O

W
TE

RE
R 

WW
N 

TO
 1

5%
 M

JIS
NR

E, 
SE

E 
FLO

W 
DI
AG
RW
I 

WW
N 

TO
 2

%
 IIO

ISN
RE

, 
39

7 
LB

lH
R 

ST
EM

 

WA
TE

R 
CW

LE
R,

 
8.

7 
W

 B
TU

lH
R 

SC
RE

EN
 T

O 
6 

X 
20
 K

SH
 

GI
W

W
ES

, 
RE

CY
NE

 T
O 

PA
ET

RE
RT

EN
T 

TO
 P

RW
UC

T 
S

T
O

M
 

I 
I 

1 
t 

--
 N

Un
BE

RS
 D

EP
W

D 
OF

( 
PH

VS
ICA

C 
PU

WT
 L

R
yo

uT
 

I 
--

 E
QU

IPM
EN

T 
AD

OE
D 

PE
R 

RE
V. 

I 

I I I I I I I 1 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 1 I I I I I I 



I I 
AN
. 

1 
I I 
11
-2
1-
85
 

I I 

SO
LA

R 
FU

RS
 R

NO
 M

H
Ic

ll
lS

 SY
ST
EM
 D
ES
IG
N 

ST
UD

Y 

M
H

IC
# 

PR
OC
ES
S 

EW
IP

KN
T 

LI
ST

 B
Y 

FL
W

 
I I 

I 
I 

I 
I 

I 
I 

I 
ITE

M 
I 

ED
UI

PR
NT

 
I 

W
TE

RI
AL

S 
ff
 

I 
FL

OW
 

IT
E

I(p
E

W
TU

R
E

I 
Pa

ss
vR

E 
I 

DE
SC
RI
PT
IO
N 

IN
U

(B
E

R
 

I 
NR
ME
 

I 
W

NS
TA

UC
TIO

N 
I 

(L
BI

HR
I 

I 
(F

) 
I 

(K
IA

) 
I 

I I 
OC
-4
01
 

I W
ST

 W
CL

EC
TO

R 
I I 

FE
-4

91
 

I 
FE

ED
ER

 
I I 

HE
-@

 
I 

8FW
 K

AlE
R 

I I 
HE

-4
01

 
I 

1 
I 

VT
-48

3 
I I 
FN
-4
01
 

I I 
HE
-4
03
 

I I V
T-

40
1 

I I 
E-
40
1 

I I 
HE
-4
04
 

I I 
Vl

-4
02

 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 1- 

EV
RW

RA
lO

R 

ST
EM

 G
Al

M 

EX
W

JS
T 

FW
 

OF
FW

 
CW

CE
R 

IU
W

XO
UT

 D
RU

M 

OF
FW

 
CO

WP
RE

SS
OR

 

IN
TE

K'O
OL

ER
S 

KN
OC

KW
I 
DA
Ul
 

I 
RE

FR
AC

TO
RY

 L
IN

ED
 S
lE
EL
 

I 

I 
31

0 
ST

AI
NL

ES
S 

ST
EE

L 
I I 

I 
AL

IM
IN

UI
 B

RO
NZ

E 
TV

pE
S,C

S 
SH

EL
L 

I 
SA

M
)V

IK
 
25
3 
I
 TU

BE
S, 

31
6 
SS
 S

HE
LL

 

I IS
RN

W
IK

25
3M

A 

I 
31
6 
SS
 T

UB
ES

, 
31
6 
SS
 S

HR
L 

I 
31
6 

Sl
Rl

tk
ES

S 
ST

EE
L 

CF
-M

 W
E

, 
A

-2
6 

RO
TO

R 
(1%

 
KS

I 
1s

) 
I I 

31
6 
ST
AI
NL
ES
S S

lE
EL

 
I 

31
6 
SS
 T

UB
ES

, 
31
6 
SS
 S

HE
LL

 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

26
94
2.
5 

I 
14
72
 

I 
35
 

I 
m

xa
f 

I 
14
72
 

I 
I B

m
TM

 O
F 

CY
RD

H 

26
34

2.
5 

I 
40
0-
-2
% 

I 
I

~
T

D
2

3
F

 

26
94
2.
5 

26
34
2.
5 

28
14
0.
4 

28
14
0.
4 

16
44
9.
5 

I 

164
49.
5 

I 

16
44
9.
5 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 14
72
--
4@
 

11
72
 

24
2-
95
 

95
 

I 
PR

OO
UT

 7
5 
PS
I6
 s
m 

I 
SE
m
TE
 

75
 P

SI
6 
S

m
 

I D
E

m
 ac 

RF
IsI

mL
 U

lM
JT

 

I 
WA

TE
R 

CO
RE

D,
 1

3.6
 M

 B
TU

MR
 

I 
wI
o\
IE
 W

AT
ER

 

30
 

95
 

la
-3

%
 

I 

9
5

1
 

I I I I I I I I 1 I I I I I I I I I I I I I I I I I I I I I I I 

* -
 W

E
ffi

 D
EP

EN
D 
M(
 P

HY
SIW

L 
m

 
I 
-- 

EU
JI

M
N

T 
AD

W
l P

ER
 R

EV
. 

I 



I
 

i
 

I I 
RE

V. 
1 

SO
CR

R 
FN

LS
 R

I4D
 C

MM
IC

RL
S 

SY
ST

EM
 K

SI
ff

l S
TU

DY
 

I 
I 

Tll
R 

RE
CU

VE
RV

/R
mO

NI
A 

R
o

lo
w

y 
I 

I 
11

-2
1-

85
 

C
EM

IC
N

 PR
OC

ES
S 

I 
I 

I 
EW

IP
KN

T 
LI

ST
 B

V 
FL

OU
 

pl
yw

 
If

f 
I 

I I 
I 

I 
I 

I 
I 

I I 
IT

EM
 

I 
E(

i1I
IPH

EN
T 

I 
lYl

TE
R1

R.
S 

Of
 

I 
FL

OW
 

I 
TW

PE
RT

UR
E 

I 
PR

ES
SU

RE
 

I 
DE

SC
RI

PT
IO

N 
I 

I
1

 
I 

IM
E

R
 

I 
NA

M. 
I 

CM
lS

TR
UC

TlO
N 

I 
(L

B/
HR

I 
I 

(F
) 

I 
(P

SI
11

 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I I 
I- 

-
 

I 
I 

I 
I I I 

I I 

NO
TE

: 
TH

 
EO

?I
IP

KN
l 

SH
DU

N 
ON

 T
HI

S 
PR

GE
 I
S 

RP
PR

UX
IM

IIIE
. 

Rc
lU

LlL
 E

W
IC

ME
NT

 R
ND

 D
ES

IG
N 

IN
FO

Rt
lR

llC
N 

SM
Kl

lD
 B

E 
OE

IR
IN

ED
 F

RD
M 

TH
E 

SE
LE

CT
ED

 E
NG

IN
EE

RI
NG

 F
IR

M 
As
 A

 R
ES

UT
 f
f 

CO
ST

 I
NO

UI
RI

ES
. 

TH
E 

TR
R 

AE
CO

VE
RY

/R
mt

r(l
R 

RR
YW

RL
 S

YS
TE

M 
IS 

RV
RI

LR
BL

E 
ffi

 R
 C

OW
PC

ET
E 

SU
BP

RO
CE

SS
 F

Ro
n 

SN
ER

RL
 E

N
H

ER
IN

G
 F

IR
MS

. 

( 
RE

FE
R 

10
 P

RO
CE

SS
 F

LI
M

 D
IR

GR
RM

S 
FO

R 
NC

ES
SR

RV
 I

NL
ET

 C
ON

DI
TIO

NS
 I 

I I I 
VI

-3
01

 
I I 

VI
-3

ES
 

I I 
tiE

-3e
l 

I I F
N-

30
1 

I I 
DC

-3
01

 
I I 

VT
-3

03
 

I I 
CP

-3
Ll 

I I 
VT

-3
04

 
I 

I 
I 

CP
-3

07
 

I I 
CP

-3
w 

I I 
E

-3
02

 
I I 

VT
-3

05
 

I I 
CP

-3
L3

 
I I 

VT
-3

06
 

I I 
CP

-3
04

 
I I 

VT
-3

07
 

I I 
HE

-3
03

 
I I 
E-

30
4 

I I V1
-3

L8
 

I 
G'J

EN
CH

 
IR

NK
 

I 
DU

UN
CM

R 

I 
PR

IM
RR

V 
M

X)
LE

R 

I 
E

X
W

IE
R

 

I 
TR

R 
PR

EC
IP

IIR
TO

R 

I 
DE

rA
NT

ER
 

I 
TR

R 
PV

MP
 

I 
TA

R 
tl@L

DItG
 

TW
K 

I 
IRA

 P
UM

P 
I 

DE
CR

llT
 P

m
P 

I 
FL

US
HI

NG
 L

lM
lO

R 
CO

ME
R 

I 
FL

US
HI

NG
 L

IO
UO

R 
TA

NK
 

I 
FL

EH
IM

G 
Ll

W
lD

R 
PU

MP
 

I 
CR

UD
E 

LIW
OR

 S
TO

RR
GE

 

I 
CR

UD
E 

LlW
OR

 P
W

P 

I 
CR

US
TIC

 L
FG

 

I 
CR

UD
E 

LIO
UO

I! 
ST

IL
L 

I 
PR

RT
IR

L 
CO

ND
EN

SE
R 

I 
UR

ST
E 

Ll
W

OR
 S

UM
P 

i ~
u

-3
~

1
 

I I 
CP

-3
5 

I I 
TU

-3R
Z 

I I 
CP

-3
06

 
I I 

HE
-3

05
 

I I 
E
-2
46

 
I I 

TU
-3

@
3 

I I I 1- 

I I I I I I I I I I I I I I I I I I I 

AM
(M

IIR
 S

CR
UR

BE
Q 

I 

SC
RIJ

PP
ER

 P
UM

P 
I 

RM
MO

llR
 S

Cf
iilP

PE
R 

I 

SC
RU

RK
R 

RE
CY

CL
E 

PL
MP

 
I 

Rfl
MO

tII
A 

LlO
lJO

R 
ST

IL
L 

I 

PR
RT

lR
l 

CO
ND

EN
SE

R 
I 

LIO
INR

 C
OO

LIt
IG

 T
DU

ER
 

I I I 

I I I I I I I I I I I I I I I I I I I 

I I I I I I 

23
14

. 
1 I I I I I I I I I 1 I I I I I I I I I 

I I 

18
5-9

5 
I I I I 

12
8 

I I I I I I I I I I I I I I I I I I I I 

I I I I 
10

-12
 

IN
 ff

i S
UC

TIO
N,

 
B

-5
5 

IN
 ff

i 
DI

SM
RR

GE
 

I I 

14
.7 

I I I 
TR

R 
TO

 S
TO

W
€ 

RR
ER

 

I I I I I I I I 
52
8 

W
H

R
 S

TE
W

 

I I I I I I I 
52

0 
LB

/H
R 

ST
EM

 

I I 

I I I I I I I I I I I I I I I I I I I I I 1 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
f 

--
 tM

BE
RS

 D
EP

EN
D 

ON
 W

VS
IC

RL
 P

LR
NT

 L
RV

W
T 

I 
1 

--
 E

M
IIP

KN
T 

RD
DE

D 
PE

R 
RE

V. 
I 

I 



I 
I 

I R
EV

. 
1 

SU
LR

R 
M

L
S

 w
) 

W
nI

CA
LS

 SY
ST
EM
 D
ES
IG
N 

SN
DY

 
IIC

TI
W

TO
) 

WR
BO

N 
PR

wl
uc

TI
ON

 
I 

I 
I 

I 
11

-2
1-

85
 

CH
EN

IU
Y 

PA
MX

SS
 

H2
S 

RE
W

ML
 I
M)
 W

FU
R 

RE
CO

VE
RY

 
I 

I 
I 

I 
EO

UI
PE

NT
 L

IS
T 
BY
 FL

OW
 

p(
16

E 
lf

f 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

ITE
M 

I 
ED

UI
PH

EN
T 

I 
M

TE
RI

RL
S 

ff
 

I 
FLO

W 
Irm

pE
R

A
Tu

R
EI

 
PR

ES
SU

RE
 

I 
DE
SC
Rl
PT
lO
N 

I 
IW

B
E

R
 

I 
W

M
. 

I 
CO
NS
TR
UC
TI
ON
 

I 
(L

B/
HR

J 
I 

IF
) 

I 
(P

SI
R)

 
1 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I- 

I 
I 

I 
I 

I 
I 

I 
I 

I 

NO
TE

: 
TH

E 
EW

IP
KN

T 
SH

OU
N 

U4 
M

IS
 P

M
 IS

 R
PP

RO
XI

IW
E.

 
ME

 W
S 
RE

MW
RL

IS
UF

UR
 A

EC
OV

ER
Y 

SY
ST

EM
 I

S
 AV

A1
MH

.E 
RS

 R 
CM

RE
TE

 SU
BP

RO
CE

SS
 F

Ro
ll S

EV
ER

& 
DA

IK
ER

IN
G

 FI
liW

S.
 

K
IM

 
EM

IIM
NT

 
RN

D 
OES

IGN 
Iw

um
rt

oN
 SH

OV
LD

 BE
 o

m
m

 FI
M 

TH
E 

SE
LE

CT
ED

 EH
GIH

ER
ING

 
F

IM
 R

S 
a 

RE
SU

T 
a
 W

ST
 

INX
IIRIE

S. 
I 

RE
FE

R 
TO

 P
RO

CE
SS

 F
LO

W 
DI

RG
RI

IM
S 

FO
R 

NE
CE

W
RV

 M
E

T
 M

Ho
IT

lO
NS

 I 
I I I 

HE
-5

81
 

I 
fX

lE
R 

I 
I I 

1U
-50

1 
I 
H;
5 

W
OR

BE
R 

I 
I I 
H-
56
2 

I 
HR

T 
EX

CH
RN

GE
R 

I 
I I 

CP
-50

1 
I 

H
V

D
M

IC
 T

UR
EM

 
I 

I I 
VT

-5
01

 
I H

IM
 PR

ES
S 

FL
RS

H 
DR

UM
 

I 
I I 

6C
-5

81
 

I 
RE

CY
CL

E 
CO

I(P
RE

SS
OR

 
I 

I I 
H

-W
 

I 
RE

CY
CL

E 
CW

LE
R 

I 
I I 

VT
-58

2 
IL

OW
PR

ES
SF

UI
SH

DR
UM

 
I 

I I 
TU

-56
2 

I 
H2
5 

ST
R!P

PE
R 

I 
I I 

CP
-5

62
 

I 
RE

CY
CL

E 
M

P
 

I 
I I 

HE
-58

) 
I S

OC
MN

T 
CW

CE
R 

I 
I I H

E-
W

 
I 

ST
RI

PP
ER

 C
ON

DE
NS

ER
 

I 
I I V

I-5
03

 
I 

ST
RI

PP
ER

 K
N

M
I( 
OU
T 

W
T 

I 
I I R

c-
50
1 

I 
T

H
E

M
 RE

AC
TO

R 
I 

I I 
FN
-5
01
 

I F
RN

 
I 

I I E
5

8
6

 
I 

UR
ST

E 
H

A
T 

PO
ILE

R 
I 

I I 
HE

-50
7 

I 
HE

RT
ER

 
I 

I I 
RC

-59
2 

I 
Ul

TR
LY

TlC
 R

EE
TD

R 
I 

I IH
E-

50
9 

IM
IlD

EN
SE

R 
I 

I I 
VT

-58
4 

I 
W

U
A

 S
TO

R
M

 
I 

I I 
HE

-5@
9 

I 
HR

TE
R 

I 
I I 

HE
-51

9 
I 

CM
lDE

NS
ER

 
I 

I I 
VT

-58
5 

I 
KN

OC
K 

W
T 

W
T 

I 
I I 

FR
-50

1 
I 

IN
CI

NE
W

TO
R 

I 
I I 

I 
I 

I 
I 

I 

I 
I 

I 

I I I 1 I I I I I I I I I I I I I I I I I I I I I I I I 

I I I I I I I I I I 1
3

2
 

I I I I 1 I I I I I I I I I I I 

I I I I I I I I I I I I I I I I I I I I I I I I I I I 

I 
32
-3
6 

F 
EX

IT
 T

M
RR

AN
lE

 

I I I I I I I I I I I I I I I I I I I I I I I I I I 

I I I I I I I I I I I I I I I I 1 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
I 

I 
I 

I 
I 

i 
t 

--
 H

IM
EI

E~
 DE

PE
ND

 O
N 

Pr
ivs

~c
ix P

LM
T 

M
Y

O
U

T
 

I 
I 

I 
I 

I 
1 
-
 EO

UI
PE

MT
 A

DD
ED

 P
ER

 R
EV

. 
1 

I 
1- 

I 
I 

I 
I 

I 
I 

I 



I 
I
 

I 
I 

I 
RE

V. 
1 

S!I
LN

I 
FU

EL
S 

Ri
tU

 C
HE

MI
CR

LS
 S

YS
TE

M 
DE

SIG
N 

ST
UD

Y 
SP

EN
T 

R
ci

iw
li

m
 W
R
W
 R

EG
EN

ER
RT

ION
 

I 
I 

I 
I 

11
-2

1-
85

 
CH

EM
ICR

L 
PR

DC
ES

S 
PE

GM
RR

TIo
I4 

I 
I 

I 
I 

EO
IJIF

MF
HT

 L
IS

T 
BY

 F
LO

U 
PR

GE
 
la
 2

 
I 

I 
I 

I-- 
I 

I 
I 

I 
I 

I 
I 

llE
M

 
I 

El
!b

l ?
I:%

 
I 

I 
MR

TE
QiH

LS
 O

F 
I 

FL
OU

 
I 

IEM
MR

AT
UR

E 
I 

PR
ES

SU
RE

 
I 

RS
CR

IP
TI

M
t 

I 
I 

W
MB

ER
 

I 
il*

lll
l 

I 
C

ar
m

Fi
~~

ii
O

ti
 

I 
lLB

/H
R)

 
I 

(FI
 

I 
(P

SI
AI

 
I 

I 
I 

I 
I 

I 
I 

I 
I-- 

I 
t 

I 
I 

I 
I 

-_
_

_
 

I I-
- 

__
__

_ 
I IV

1-
bE

Ifi
,R

I 
SC

El
li 

Ci
lli

Pi
iri

 S
lll

p?
~I

C
 

I I IE
D-

€@
IR

,B
I E

DU
CI

iX
 

I I 
VI

-6
82

 
I 

FE
ED

 I
fir

Ir,
 

I I I I 
SC

-€
81

 
I 

DE
U(

liF
kl;

!C
 

'?L
Rt

U 
I I 

VI
-6

83
 

I 
CR

UI
C 
I&

!!
?
 .li
iF

41
;t 

I I I I 
FR

-€
81

 
I 

Rt
tit

.ti
t P

R1
 10

14 
f I

If
itI

J 
C 

I I 
VI

-6
84

 
I 
Ol!

Eti
' t!

 1
4P

 
I I I 

ED
-€

02
 

I 
PR

OD
!IC

l 
FC

tJ
ilfl

A 
I I 

VI
-6

05
 

I 
RE

EN
 C

W
iBU

f1 
SIO

PR
GF

 
I I 

6-
60

1 
I 
RGI

IAI
OI:

 
I I I 

SC
-60

2 
I 

DE
Ud

TE
hlt

X 
tl'J

PC
W 

I I 
CP

-60
2 

I 
W

IE
A 

PU
IIP

 
I I 

FL
-6

02
 

I 
PR

OD
liC

l U
Q

TM
 F

IL
ltl

; 
I I 

VT
-6

06
 

I 
PR

ilC
UC

l !
M

ER
 S

TO
P%

, 
I I 

CP
-6

83
 

I 
Pf

illD
lX

l 
WI

EH
 PU

MP
 

I I 
HE

-6
81

 
I 

PR
0C

Ui.
T 

M
Tt

q 
CO

OL
~R

 
I I 

CN
-E

,@
? 

I 
CO

NV
EY

UR
 

I I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

1 
IF

E-
€@

&,
BI

 F
EE

LIC
R 

1 
I 

RG
-E.

0; 
I 

BS
iT

AX
R 

I 
I 

FE
-6

h3
 

I 
FE

ED
EQ

 

I 
cp

-b
ai

 
I 

CG
illi

i 
IIIII

ER
 

m
hr

 

1 
I 

FE
-€

04
 

I 
FE

ED
EP

 

I 
I 

FE
-6C

5 
I 

FE
El

lE
R 

I 
I 

FE
-6

86
 

I 
FE

EG
ER

 

i 
LA

FFG
!: 

SlE
El.

 

I 
CU

R~
ilr

l SI
EE

L 

I 
II!I

RI
M

Ei
 2

0 

I 
31

6 
ST

III
NL

ES
S 

Sl
EE

L 

I 
31

6 
ST

AI
NL

ES
S 

ST
EE

L 

1 
ii

n
 5

lA
iII

'.C
5S

 S
TE

EL
 

I 
Cr

i%
Dl

I 
Sl

EE
L 

I I 
Ci

iS
T 

IW
; 

I 
CR

RP
O!

i 
SK

EL
 

I I 
31

6 
SI

RI
tfl

ES
'? 

Sl
EE

L 

I 
31

t 
Sl

RI
Hl

 E
SS

 S
TE

EL
 

I 
UI

IH
lH

rl 
a
 

I 
31

6 
SI

RI
NL

ES
S 

Sl
EE

L 
LI

IE
D 

$1
6 

51
6I

:iL
EL

S 
SI

EE
L 

08
 R

ID
 H

R
iC

~ 

I I I 
C

W
O

N
 ST

EE
L 

I 
CD

4M
CU

 I
llP

CL
LE

R 

I 
i4

LI
PR

UP
I LE

NE
 

I 
31

6 
si

ai
tu

ss
 ST

EE
L 

OR
 F

AP
 LI

NE
D 

I 
ca

s1
 if

iot
: 

I 
98

-1
8 

CU
/N

I 
TU

RE
S, 

31
6 
SS
 S

HE
LL

 

I 
;U

M
l 

Sl
EE

l 

I I I I I I I i I I I I 

I I I I I I I I I I ! I I I I I I I I I I I I I I I I I I I I I I I I I 

76
74

. 
I 

76
74

. 
I 

26
67

0.
 

I 

26
67

1n
. 

I 

2t
GX

. 
I 

26
€7

@
. 

I 

:€
6?

0.
 

I 

28
28
6.
 

I 

iO
Lt

l€.
 

I 

63
74

. 
I 

63
34

. 
I 

17
88

4.
 

I I 

24
29

5.
 

I 

24
23

5. 
I I I 

24
23

5.
 

I 

13
88

7. 
I 

21
67

1.
 

I 

21
63

1.
 

I 

21
63

1. 
I 

21
69

1.
 

I 

52
88

. 
I I I I I I I I I I 

70
 

78
 

70
 

78
 ;a 78
 

70
 

78
 

78
 

78
 

I3
 

13
8 

12
3 

12
3 

12
3 

12
3-

40
 

13
0 

I 
14

.7
 

I 
14

.7 

I 
40

 

I I I I I 
14

.7
 

l
e

4
 

I I I I I I 
14

.7
 

I I I I 
14

.7 

I 
80

 

I 
14

.7 

I 
80

 

I 
ee

 
I 

14
.7

 

I I I I I I I I I 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
I 

I 
I 

--
 W

IP
ER

S 
DE

PE
ND

 O
N 

PH
YS

IC
AL

 R
W

T 
MY
Wl
 

I 
--

 E
W

IP
ME

NT
 A

DD
ED

 P
ER

 R
EV

. 
I 

TW
O 

TA
NK

S 
OF

 D
IFF

ER
EN

T 
SI

ZE
 

SP
EN

T 
RT

IV
AT

ED
 C

AR
BO

N 
FR

Ml
 S

TO
RA

GE
 

K
M

 SP
EN

T 
WR

BO
N 

TO
 F

EE
D 
1W
 

US
IN

G 
IK

ITE
R 

FE
ED

 T
W

K 
FO

R 
RE

GE
NE

RA
TI

ON
 F

UP
NG

E 

RG
ITA

TO
R 

FO
R 

FE
ED

 l
##

 

TO
 M

W
TE

R
II

 S
CR

EU
 

RE
DU

CE
 T

O 
4

w
 m

is
iu

E 
RE

CI
AW

LA
TI

ON
 T

aw
 

RE
CI

RC
UA

TE
 TO

 E
WC

TO
R 

FE
ED

 R
EG

EN
ER

RT
IO

N F
UR

NA
CE

 

DR
YI

NG
 (

c3
-3

00
 FI

 B
AK

IN
G 

(9
00

-1
40

0 
F)

 R
EG

EN
 (

18
00

 FI
 

BO
TT

OM
 O

F 
RE

EN
ER

TIO
N 

F
W

E
 ' 

m
m

 a 
M

N
C

H
 

TIW
 

MG
VE

 R
EW

RR
TE

D 
C
llR

W
 

TO
 S

T
O

M
 

!M
E 

SI
ZE

 As
 W

Ri
ES

T 
SP

EN
T 
WR
BO
N 

TW
 

mK
MT

ED
 W
 R

EE
NE

RR
TE

D 
WR
BW
 S

TO
R

M
 T

W
K 

TO
 O

EI
KI

TE
RI

NG
 S

CR
EW

 

RE
W

CE
 T

O 
4e

-w
 m

is
Tu

RE
 

RE
CI

RC
UL

AT
E 

TO
 P

RO
WC

T 
EW

CT
OR

 

FI
LT
ER
 R

EC
IR

CU
RT

IO
N 

M
TE

A 

RE
CI

AW
TI

O
N 

TR
M 

E
C

IR
C

U
TE

 TO
 P

RO
W

CT
 E

W
CT

OR
 

CO
X 

RE
CI

RC
UA

Tl
ON

 IK
ITE

R,
 

8.
9 

M
 B

TU
/H

R 

RE
GE

NE
RA

TE
D 

CA
RB

ON
 T

O 
SH
IP
PI
NG
 

1- 
I 

I 
I 

I 
I 

I 
I 



1 I I 
K€v

. 
I 

I I I 
EW

IP
KN

T 
LI
ST
 B

Y 
FL

W
 

I 
I 

I I 
IT

EM
 

I 
EW

IP
KN

T 
I 

M
TE

RI
AL

S 
DF 

I 
FL

OW
 

1 
TE

W
PE

IT
W

E 
I 

PR
ES

SU
RE

 
I 

I
W

R
 I 

m
 

I 
CO

NS
TR

UC
TIO

N 
I 

(L
BI

HR
) 

I 
IF

) 
I 

(P
SI

II 
I 

I I 
SK

NT
 A

CT
IW

TE
D 

U
H

W
 R

EG
DE

RI
ITI

ON
 

I I 
RE

GE
HR

RT
IO

N 
I I 

PR
GE

 
2

ff
 

2 
1 

I 
I 

I 
I 

I 
I I 

OE
SC

Rl
PT

lO
N 

I I 
I 

I 
I 

I 
I 

I 
I 

I 
! 

I- 
I 

I 
I 

I 
1 

I 

SU
M

 F
UE

LS
 A
ND
 M

Dl
IC

RL
S 

SY
ST

EM
 DE

SI
GN
 S

M
V

 

I 
11

-2
1-

85
 

CH
EM

IC
& 

P
rn

s
s

 

I i o
C-

50
1 

I 
W

ST
 C

OL
LE

CT
OR

 
I I 

FE
-M

I 
I W

ST
 F

EE
MR

 
I I 
H
-
W
 

I I 
F

R
d

P
 

I 
OF

FW
IS 

IC
IN

EM
lT

OR
 

I I 
Tw

de
l 

I 
SC

RU
BH

Efi
 

I I 
C-4

 
I 

SC
RU

BB
ER

 P
UM

P 
I I I 
H-
68
3 

I 
SC

RU
BM

R 
CW

LE
R 

I I 
FN

-6
01

 
I 

DR
AF

T 
FU

N 
I lS

T-
60

1 
IS

T
M

 

I 
OF

F 
GR
S 

Ki
lTE

R 

I 
I 

FL
-6

03
 

I 
KI

TE
R 

FI
LT

ER
 

I 
CR

RB
ON

 S
TE

EL
 

I 
13

06
. 

I 
5B

B 
I 

25
 

Ic
y

c
L

o
H

--
n

€
E

€
t€

u
a

T
I~

~
c

F
F

6
R

s
 

I 
IN

CM
i€l

 
€@

% 
TU

BE
S, 

30
4 
SS
 S

HE
LL

 
I 

12
50

6. 
I 

w
--

im
 I 

a 
I 
US
E 

 T
E

N
 S

LT
 
m 

PR
DL

RT
 W

T
E

 6
~

s
 

TO
 I

N
C

IH
B

IT
T

M
I 

I 
CO

RB
MJ

 S
lE

EL
 

I 
I 

I 
I 

BO
TT

M 
ff

 W
ST

 C
O

un
Tw

l 

I 
RE

FR
AC

TO
RY

 L
IE

D
 

I 
12

58
3. 

11
2W

-1
56

8 
I 

28
 

ID
IS

W
S

E
ff

m
W

5
 

I 
31

6 
ST

RI
HL

ES
S 

Sl
EE

L 
I 

41
44

4.
 

I 
15

84
 

I 
20

 
I 

SC
AU

B 
IN

CI
W

EW
IT

OR
FL

UE
6R

s 

I 
RE

CI
RC

UA
TE

 S
CR

UB
BE

R 
W

TE
R 

I 
CF

-8 
I 

I 
I 

I 
FIL

TE
R 

IIE
cIR

CU
AT

IlN
 W

TE
R 

I 
I 

I 
I 

I 
W
U
 SC

RU
BB

ER
 W

TE
R 

I 
I 

I 

I 
30

4 
ST

RI
NL

ES
S 

ST
EE

L 
I 

50
24

5.
 

I 
17

s 
I 

I 
EX

W
T 

ms
  FR

O^
 S

C
W

E
E

R
 

m 
ST

I-C
K

 

I 
98

-1
8 

CU
/N

I 
TU

BE
S, 

31
6 

SS
 S

HE
LL

 

I 
38

4 
SS
 L
IN
ED
 OR

 R
Cl
D 

BR
IC

K 





I I 
RE

V. 
1 

SO
CR

R 
FU

EL
S 

W
D 

LI
IE

NI
CN

S 
SY

ST
EM

 K
Sl

W
 S

TU
DY

 

I 
11

-2
1-

85
 

I I 

CH
EN

IC
AL

 P
RO

CE
SS

 

EO
UI

PK
NT

 L
IS

T 
BY

 I
TE

R 

I 
I 

I 
I 

I 
Ir
m 

1 
EW

JIW
4E

NT
 

I 
W

IT
ER

IA
LS

 O
F 

I 
FL

W
 

In
ne

E
R

 
I 

NM
E 

1 
CO

NS
TR

UC
TIO

N 
I 

(L
B/

HR
I 

I 
I 

I 
oc
-1
8;
 

I 
I 

oc
-3

81
 

I 
I 
Dc
-4
01
 

I 
ID

c-
60

1 
I 

IE
D-

M
IA

 8
1 

I 
FE

-1
01

 
I 

1 
FE

-1
02

 
I 

1 
I 

FE
-10

3 
I 

1 
I 

FE
-1

04
 

I 
I 
I 

FE
-1

85
 

I 
I 

I F
E-

10
6 

I 
1 

1 
A-

20
1 

I 
1 
I 
E
-2
02

 
I 

I 
E-

40
1 

I 
I 

FE
-tB

I 
I 

1 
IF

E-
Eh

a 
BI

 

1 
I E

4
4
 

I 
1 
I 

FE
-6

05
 

I 
1 
I 

FE
-&

 
I 

I 
FL

-6
02

 
I 

1 
lR

-6
03

 
I 

I 
FN

-10
1 

I 
I 

FN
-10

2 
I 

I 
FN

-3
01

 
I 

I F
N-

40
1 

I 
I 

FN
-5

81
 

I 
I F

N-
68

1 
I 

I 
FR

-20
1 

I 
I 

FR
-20

2 
I 

I F
R-

50
1 

I 
I F

R-
€4

1 
I 

IF
R-

60
2 

I 
I 6

C-
40

1 
I 

I 
E-

58
1 

I 
I 

HE
-10

1 
I 

I 
HE

-10
2 

I 
I 

HE
-20

1 
I 

IE
-2

02
 

I 
I 
E
-2
83

 
I 

IH
-m

 I
 

I 
HE

-38
1 

I 
I 

E-
38

2 
I 

I E
3

0
3

 
I 

I 
HE

-38
4 

I 
I 

HE
-38

5 
I 

I 
E-

3%
 

I 
I 

HE
-40

1 
I 

I&
-4

02
 

I 
I 

I 

I 
ED

*' 
I 

I 
I 

FE
-M

' 
I 

1 
I 

I 
I 

I 
I 

W
ST

 C
OL

LE
CT

OR
 

TA
R 

PR
EC

IP
ITR

TO
R 

ME
T 

CO
LL

EC
TO

R 
OU

ST
 C

OL
LE

CT
OR

 
EW

CT
OR

 
PR

OW
CT

 L
W

Cl
DR

 
GU

ST
 F

EE
MR

 
Dl

lsT
 F

EE
DE

R 
FE

ED
ER

IR
IK

W
 

FE
ED

ER
,'R

llhD
CH

 
FE

ED
ER

 
FE

ED
ER

 
FE

ED
ER

 
FE

El!
€R

/R
lR

LO
CK

 
FE

ED
ER

 
DU

ST
 F

EE
DE

R 
F

E
N

 A 
IEE

DE
R 

FE
EM

R 
FE

ED
ER

 
FE

LD
ER

 
PR

OO
uC

l W
IE

R 
FI

LT
ER

 
MT

ER
 

FI
LT

ER
 

EX
tW

lfS
T 

F
I

 
EX
HR
US
l 

FR
N 

EX
M

IIST
EA

 
EX

W
ST

 F
IW

 
FI

N 
DR

AT
1 
F R

N 
CR

RB
CN

IZR
T I

M
 F

UI
W

CE
 

K
TI

W
TI

N
4 

F
U

W
E

 
IN

CI
tIE

RR
TO

R 
RE

6E
tE

Ri
Vl

tN
 F

UR
IiU

CE
 

DF
FG

RS
 1

NC
lNE

BT
OR

 
OF

FG
RS

 C
OM

PR
ES

SO
R 

RE
CY

CL
E 

CL
MP

RE
SS

DR
 

m
TE
R 

DR
YE

R 
PR

OD
UC

T 
CD

M 
ER

 
HE

AT
ER

 
PR

OD
LE

T 
DR

YE
R 

FI
N&

 
PR

OW
CT

 C
OO

LE
R 

PR
IW

RV
 C

W
LE

R 
FL

UW
IN

.; 
LI

M
DR

 C
OO

LE
R 

CR
UD

E 
LlO

Vr
lR

 S
TI

LI.
 

W
RI

IG
t C

ON
DE

NS
ER

 
W

I
A

 LIO
VO

R 
ST

IL
L 

PR
RT

lA
L 

CD
NM

NS
ER

 
EW

W
RR

TO
R 

BT
U 

IE
RT

ER
 

I I 
CR

RB
ON

 S
TE

EL
 

I I 
RE

FR
KT

OR
V 

LI
E

D
 S

TE
EL

 
I 

CR
RW

 
ST

EE
L 

I 
M

IR
IR

T 
i0
 

I 
W

RI
KT

 2
L 

I 
CfJ

Re
ON

 S
TE

EL
 

I C
RR

BO
N 

ST
EE

L 
I 

CR
RB

M4
 S

TE
EL

 
I 

CR
HP

O1
I S

TC
EL

 
I 

CR
AB

ON
 %

€E
L 

I 
CR

RK
N 

ST
EE

L 
I 

IN
CU

OV
 8

BB
H 

I 
CR

RR
ON

 S
TE

EL
 

I 
31

0 
ST
RI
NL
ES
S S

TE
EL

 
I 

CA
RP

ON
 S

ltE
L 

I 
CA

RW
 

SI
CE

L 
I 

31
6 

ST
RI

NL
ES

S 
Si

EE
L 

I 
31

6 
SI

RI
NL

ES
S 

ST
EE

L 
I I 

W
LY

PR
DP

VL
EN

E 
I I C

RR
BL

N 
ST

EE
L 

I 
CR

RB
M 

ST
EE

L 
I I 

W
W

IK
 

25
3 

MA
 

I I 
30

4 
ST

RI
HL

ES
S 

ST
EE

L 
I I I I I 

RE
FR

RC
TO

RV
 L

IN
ED

 

I C
AR

BO
N 

sr
En

 

I C
F-

W
 C

RS
E, 

A
-2

6 
RO

TO
R 

(1
%

 K
SI

 T
SI

 

I 
CR

RP
EN

TE
R 

28
 

I 
CR

RB
ON

 S
TE

EL
 

I 
30

4 
ST
RI
NL
ES
S S

TE
EL

 
I 

KB
I-l

h 
I 

CA
RB

ON
 S

TE
EL

 
I 

CA
RB

ON
 S

lE
EL

 
I I I I I I I 

W
D

VI
K 

25
3 
I
 RI
BE

S 
31

6 
SS

 S
EL

L 
I 

AL
M

ItW
 B

RO
NZ

E 
lve

Eb
,C

S 
SH

EL
L 

I 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

21
26

2.2
 

26
94

2.
5 

12
%

. 
26

67
8. 

24
29

5. 32
5. 

21
26

6?
.2 

14
91

1.7
 

14
44

.3
 

21
26

2.
2 

15
18

6.
6 

33
88

.5
 

33
08

.5 

76
74

. 
26

67
0. 

63
94

. 

21
69

1. 

I t 26
94

2.
5 

50
24

5. 
15

18
6.

6 
86

84
. 

63
94

. 
12

58
3. 

16
U9

.5
 

15
29

3. 
B 

32
00

.5
 

38
15

.9
 

33
09

. B
 

26
94

2.
5 

26
94

2.5
 

-- 
M

JH
m

 
1 
-- 

EW
IP

M
I 

14
72

 
58

8 
70

 

77
 ea I2
0 

17
5 

11
72

 
18

0 
14

72
 

70
 

70
 

78
 

12
3 

14
72

 

17
5 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
12

00
-15

88
 

I 
9

5
1

 
I I 

77
--2

12
 

I 
14

72
-1

88
 

I I 
78

-2
12

 
I 

21
2-

18
8 

I 
18

5-
95

 
I I I I I I 

14
72

-4
00

 
I 

40
0-

25
4 

I 

35
 

25
 

44
 

1k
.7 

14
.7 

14
.7 

14
.7

 
14

.7 
14

.7 

14
.1

 

88
 t t 

14
.7 20
 

30-
35a
 

14
.7 

14
.1

 

I I 
EPE

ND 
ac 

PH
YS
lc
RL
 K

M
 u 

AD
DE

D 
PE

R 
RE

V. 
1 

I 
2

ff
 4

 
I I I I I I I 

OE
SC

RI
PT

IIl
 

I 

E
X

W
T

 6M
 F

RO
ll S

CR
VB

BE
R 

TO
 S

TW
 

14
72

 6 
21

56
7 

LB
lHR

 S
TE

M
 W

W
I, 

4 
HC

t!R 
RE

S 
T
IE

 
11

12
 F

 
OX

V6
EN

 FR
EE

, 
2 

Hll
lR 

RE
S 
TI
E
 

u1
 



I
 

I I 
RE

V. 
1 

I I 
11

-2
1-

05
 

N
M

lC
R

L 
PR

MT
SS

 
I 1 

E
W

IM
N

T
 LI

ST
 B

Y 
ITE

M 

I 
I 

I 
I 

i 
ITE

M 
i 

EO
UI

PH
EI

IT 
I 

W
IE

RI
IX

S 
ff
 

I 
FLO

W 
IM

B
E

R
 

I 
W

ME
 

I 
m

IS
1 R

UC
T I

ON
 

I 
(L

BI
HR

I 
I 

I 
I 

I 
I- 

I 
1- 

I 
I 

I I 
31

6 
SS
 T

UB
ES

 
31

6 
SS

 W
EL

L 
I 

31
6 
SS
 T

UE
ES

: 
31

6 
SS
 S

HE
LL

 
I I I I I I I I I I I 

90
-1

8 
CU

/N
I 

TU
BE

S 
31
6 

SS
 S

EL
L 

I 
IN

C
W

L 
61

0 
TU

ES
' 

38
4 

SS
 S

HE
LL

 
I 

90
-1

0 
CU

/N
I 

TU
BE

S: 
31

6 
SS
 S

HE
LL

 

I I 
CA

RB
ON

 S
lF

EL
 

I 
31

6 
ST

Al
tll

 ES
S 

ST
EE

L 
I 
21
6 

Sl
Rl

dL
ES

S 
ST

EE
L 

I 
CA

RB
ON

 S
IE

EL
 

I 
CA

RB
ON

 S
TE

EL
 

I 
CA

RB
ON

 S
IE

EL
 

I 
HO

Sl
,C

-2
76

 
I 

31
6 

Sl
PI

tC
CS

S 
ST

EE
L 

I 
CA
Rm

 
ST

EE
L 

I 
CA

RB
M4

 S
TE

EL
 

I 
CA

RP
ON

 S
IL

L 
1 

38
1 

SS
 L

llK
D 

OP
 A

CI
D 

I I I I 

BR
IC

K 

i H
E-

40
3 

i O
FF

GR
S 

CO
OL

ER
 

I 
HE

-4
04

 
I 

IN
IE

RC
OU

LE
RS

 
I 

HE
-5

01
 
I 

Ul
M

ER
 

I 
HE

-5
@

2 
I 

HE
R1

 E
XC

HR
W

ER
 

I 
HE

-58
3 

I 
RE

CY
CL

E 
CW

LE
R 

I 
HE

-5
04

 
I 

SO
LV

EN
T 

CO
OL

ER
 

I 
HE
-5
05
 

I 
SI

RI
PP

EP
 C

ON
DE

HS
ER

 
I 
HE
-5
86
 

I 
HE

-5
07

 
! 

EA
TE

R 
I 

HE
-5

08
 

I 
CM

lD
EN

SE
R 

I 
HE

-58
9 

I 
HE

W
ER

 
I 

HE
-5

lL
 

I 
CO

ND
EN

SR
 

I 
E-

60
1 

I 
PR

OD
UC

T 
UA

IE
R 

CO
OC

ER
 

I 
HE
-6
82
 

I 
HE

-6
83

 
I 

SC
PU

PB
ER

 C
OO

LE
R 

I 
RC
-5
01
 

I 
TE

R
fiiX

 R
EA

CT
OR

 
I 

RC
-58

2 
I 
CR

TA
LV

II
C 

RF
AC

IO
R 

I 
SC

-l@
? 

I 
CO

QL
 S

CF
ttN

 
I 

SC
-IC

3 
I 

SC
-1

84
 

I 
SC

-1
05

 
I 

DE
W

AlE
RE

R 
I 
SC
-1
86
 

I 
DE

WR
IER

ER
 

I 
SC

-1
07

 
I 

SC
RE

EN
 

I 
SC

-2
91

 
I 

AC
ID

 S
rX

Y 
DE

W
IE

RE
R 

I 
SC

-2
82

 
I 

DE
UR

IE
KR

 
I 

SC
-2

83
 

I 
SC

RE
EN

 
I 

SC
-6

81
 

I 
D

E~
lE

R
II

lG
 SC

RE
U 

I 
!X

-W
 

I 
DE

UA
TF

RI
NG

 S
CR

EU
 

I 
Tw

-3
01

 
I 

RH
MO

NI
A 

SC
RU

BB
ER

 

I 
TU

-3
03

 
I 

TU
-5

81
 

I 
%S

 
RB

Se
fiE

tR
 

I 
TU

-5
02

 
I 

W
S 

Sl
Rl

PP
ER

 
I 

TW
-6@

1 
I 

SC
PU

PP
EP

 

I 
VT

-1
02

 
I 

KI
D 

TA
NK

 
I 

VT
-1

83
 

I 
CO

QL
 W

RW
R 

I 
VT

-1
84

 
I 
Pl

lC
H 

H@
(CIP

PE
R 

I 
V1

-1
@

5 
I 

ST
OR

4G
E 

BI
N 

1 
I 

VT
-1

87
 

I 
DE

KR
(I1

IO
N 

PI
N 

I 
VI

-2
81

 
I 

AC
ID

 M
IX

ER
 

I 
VT

-2
02

 
I 

VI
-2

83
 

I 
PR

OD
UI

 1 
UI

4S
llE

H 
I 

VI
-3

81
 

I 
OU

Cl
Gi

 I
RW

 
I 

V1
-3

8?
 

I 
U'J

YI!
II!Y

ER
 

I 
VT

-3
83

 
I 

EC
UI

IT
ER

 
I 

V1
-3

d4
 

I 
IR

R 
IO

LD
ItI

G 
TA

NK
 

I 
VT

-3
05

 
I 

V1
-3

6 
I 

I 
I 

I 
I 

I 
I 

I 
1- 

I I 
Un

ST
E 

HE
FtT

 @
OI

LE
R 

I 
OF

F 
6R

S 
HE

AI
ER

 

I 
AC

ID
 S

CI
N 

DF
IJR

IE
RF

R 
I 

AC
ID

 S
ilt

1 
OE

Wfl
lER

ER
 

I 
sr

m
 I

 sr
ncv

, 
I 

IU-
38

2 
I 

~
n

m
ia

 
SC

AY
PE

ER
 

I 
LIR

IM
R 

CO
OL

IIIG
 T

OW
ER

 

I 
vi

-ie
i 

I 
ACID

 
MIXE

R 

I 
KI

D 
DI

IU
lIO

tl 
IR

W
 

I 
FL

US
HI

NG
 L

IO
'JO

R 
IP

NK
 

I 
CR

UD
E 

LIO
UO

R 
ST

OR
AG

E 

l@
Q-

PR
ET

RE
AT

tW
IT 

EP
@

-T
RR

KJ
t4I

!A
fIO

W
, 

AC
llV

Al
 IO

N,
 PR

OD
UC

T 
CL
AS
SI
FI
CA
II
ON
 

3E
8-T

AR
 R

EC
CIV

ER
Y 

40
0-

0F
F6

RS
 C

Do
LI

ffi
,M

M
PR

Es
sI

~ 

NO
TE

: 
38

0 
Clb

D 
5'2
8 

SE
RI

ES
 E

RU
IP

KE
NI

 W
ILL

 B
E 

Off
 I

KD
 BY

 S
UP

PR
OC

ES
S 

\EN
DO

R. 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
.K 

LI
NE

D 
I I I I I 1 I I I I 

20
14

0.
4 

16
44

9.5
 

21
69

1. 
12

50
6. 

24
85

2.
0 

43
10

6.7
 

29
42

2.
3 

43
24

3.
9 

29
47

9.
6 

30
37

4.
5 

64
94

.2
 

78
65

.9
 

33
09

. e
 

2E
67

0. 
24

23
5. 

50
24
5.
 

41
44

4. 
43

10
6.7

 
14

6.3
 

15
29

3.
9 

14
44

.3
 

21
26

2.
2 

64
94

.2
 

65
8.

7 
38

15
.9

 
I I I I I I I I 

I 
lEU

PE
RR

TU
RE

 I
 

PR
ES

SU
RE

 
(F

I 
I 

(P
SI

RI
 

I I I 
24

2-
95

 
I I I I I 

3
2

1
 

I I I I I I 
12

3-
40

 
I 

58
8-

-1
28

8 
I I 

80
 

17
6 

I7
5 

70
 

77
 

20
0 

78
 

70
 

18
8 

78
 

17
5 

15
00

 
17

6 

I2
0 

1 B
R 

77
 

70
 

I I I I I I I I I I I I I I I I I 1 I I I I I I I 1 I I I I I I I I 1 I 

30
 80
 

25
 

14
.7 

14
.1

 

14
.7 28
 

14
.7

 

PR
GE

 
3f

f 
4 

OE
SC
Rl
Pl
IO
N 

LW
IT

ER
 ~

E
D

 
13

.6
 m
 BT

U~
HR

 
95

 F
 F

IN
AL

 E
fI

T 
TE

MP
ER

RT
UR

E, 
5.1

 M
 B

TU
IH

R 
TO

TA
L 

32
--
36
 F

 EX
IT
 T

M
PE

lW
lW

IE 

4e
z 

RE
CY

CL
ED

 B
AC

K 
TO

 G
AIN

ER
 

SE
E 

FL
DW

 D
Iff

iM
 F

OR
 W

IE
R 

AD
DI
Tl
ON
lS
EP
RR
RT
lO
N 

WW
N 

TO
 1

5%
 IO
IS
TU
RE
 

Sn
 F

LM
 D

Iff
iW

YI
 F

M
I S

EP
AR

RT
ILN

 
SE

E 
FL

M
 D

IR
GR
RW
 FO

R 
SE

W
RA

TI
ON

 
30
% 

RE
CY

CL
ED

 B
AC

K 
IO
 G

RI
ND

ER
 

SE
E 

FL
OW

 D
lff

iW
 F

OR
 W

IE
R 

RD
DI
TI
ON
IS
EP
RR
RT
IO
N 

K
W

 I
O 

15
2 
M)
IS
Tu
RE
 

SE
E 

FL
OW
 D

Iff
iR

M
 

SC
RE

EN
 T

O 
6 

X 
28

 E
sk

 G
RM

LE
S,

 
RE

CY
CL

E 
10

 P
IE

TR
EA

TE
NT

 
REm

 
TO

 4
82

 M
)I
ST
UR
E 

DI
sct

UI
t6E

 IO
 R

TI
IO

SM
RE

 
RE

DU
CE

 T
O 

48
--5

m
 

~
~

~
IS

IU
R

E
 

SC
RU

B 
IN
CI
NE
RR
TO
R F

LK
 6

AS
 

O
N 

Hx
#L
 R
ES
ID
EN
U 

T
lE

--3
0%

 uw
\c,

70
%

 A
CI

D 
75

2 
H3

W
4 

SO
LU

TIO
N 

27
95

8 
LB

IH
R 

LW
IlER

 R
DD

E0
,ON

E 
HO

UR
 R

ES
 T

IE
 

OM
 H
OV
R 

ES
lO

EN
CE

 
24

 H
OU
R 
HO
CD
IN
G C

RP
!X

IT
Y 

BE
TK

EN
 D

IE
T 

W
LL

EC
lO

R 
AN
D 

W
M

PW
O

R 
ON

E 
MX

lR 
RE

SI
W

CE
 T

IE
 

15
%

 HC
L 
SO
LU
TI
ON
 

32
58
 L

BI
HR

 M
TE

A 
AD

MD
 

WT
 

1 
SU

N
 



r
-
 

I I 
RE

V. 
1 

I I 
11

-2
1-

85
 

I I 

SO
LR

R 
FU

EL
S 
AN

D 
M

HI
CR

LS
 S

YS
TE

M 
M

SI
M

 S
TU

DY
 

CH
nI

CR
L 

PA
DC

ES
S 

EW
IPM

EN
T 

LI
ST

 B
Y 

ITE
M 

I I 
I 

I 
I 

II
U

 
I 

EW
lP

M
EN

l 
I 

M
TE

Rl
lY

S 
OF

 
l

W
R

 I 
NW

E 
I 

cw
4S
TR
uC
II
oN
 

I 
I 

I 
I- 

I 
I 

I I 
VT

-30
7 

I 
UT

-30
0 

I 
VT

-40
1 

I 
VT

-h
L 

I 
VI

-5
81

 
I 

VT
-3

2 
I 

VI
-5

83
 

I 
VT

-3
4 

I 
VT

-58
5 

IV
Ta

Bl
A,

 
I 

vr
-6

e2
 

I 
VT

-60
3 

I 
VT

-68
4 

I 
u1

-6
85

 
I 

VT
-6%

 
I 

i 
I 

vi
-4

03
 

I I I I I I I I I I I I I I I I I I I I I I 1 I I I I I I I I I I I I I I 

I I I I I I I 1 I I I BI
 I I I I I 1 I I I I I I I I I I I I I I I I I I I I I I I I 1 I I I I I I I I I I I I c(

W
Is

1I
C 

LE
G 

KN
OC

KW
T 

DA
Un

 
KlJ

DC
KW

T 
DA

UM
 

S
lE

d 
DIM

4 
H1

6H
 P

ES
5 

FL
RS

H 
DR

Un
 

LO
W 

PR
ES
S 

FL
RS

H 
DR

W
 

SlP
lC

PE
R 

KN
OC

K 
W

T 
W

T 
SU
LF
UR
 S

TO
RA

GE
 

SP
EN

T 
CR

AB
ON

 S
TO

RM
 

FE
ED

 I
&

# 
CR

UD
E 

WA
TE

R 
ST

OR
AG

E 
WE

NC
H 

TW
 

RE
G€

# 
Cfi

RE
UN

 S
1O

PA
I:E

 
PR

OW
1 

W
IE

H 
Sl

OR
AE

 

ws
rE 

LI
W

R 
SU

MP
 

K
W

K
 WI 

po
r 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 1 I I I I I I I I I I I I I I 31
6 

ST
AI

NL
ES

S 
31

6 
Sl

Al
KE

SS
 

CR
RK

N 
ST

EE
L 

31
6 

ST
RI

NL
ES

S 
31

6 
Sl

RI
t4I

.E
SS

 
31

6 
ST

bl
tiL

ES
S 

31
6 

ST
AI

NL
ES

S 
31

6 
SI

RI
NL

ES
S 

ST
EE

L 
Sl

EE
L 

ST
EE

L 
ST

EE
L 

Sl
EE

L 
ST

EE
L 

Sl
EE

L 

OR
 A

CI
D 

LI
NE

D 
OR

 F
RP

 I
 BR

IC
K 

.IK
D

 

FL
OW

 
(L

BI
HR

I 

26
14

8.
4 

16
44

9.
5 

76
74

. 
26

67
0. 

20
82

86
. 

17
00

4. 
24

23
5. 

21
69

1. 

t
-
m

il
 

1 
-- 

EW
lPM

 

95
 

95
 

70
 

70
 

70
 

13
8 

12
3 

)EP
EN

DO
Nw

 
AD

DE
D 

RE
R 

I 

I I 
IW

 
4

ff
 k

 
I I I I 

I 
PR

ES
SU

RE
 

I 
IP

SI
A)

 
I 

llE
SC

Rl
PT

lO
N 

14
.7

 

14
.7

 

14
.7

 
14

.7
 

I I I I 
M
 T

W
S 

ff
 D

IFF
ER

EN
T 
SI
ZE
 

I 
FE

ED
 T

W
 

FO
R 

RE
6€

Er
W

lIo
N 

FU
N

K
€ 

I 
RE
cl
Rc
uR
Tl
oN
 T

W
 

I 
Bo

TT
a( 

OF
 R

EG
EN

EW
ITI

ON
 F

U
M

E
 

I 
SH

E 
SI
ZE
 IIS

 U
lR

aS
T 

SP
EN

T 
UlR

BO
N 

TA
N

( 
I 

II
EC

IM
TI

O
W

 T
fw

 
1 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

I I I I I I I I I I I I I I I I I I I I 1 I I 1 1 I I I I I I I I I I I I I I I I I I I I I I I I I I I 
I 

I 
uy
 R

RN
T 
U
lm
 

I 
I. 

1 
I 

I 
I 

10
0-P

RE
TR

ER
TII

EN
T 

~~
O-

CR
RP

ON
IZ

RT
IO

Nl
~T

IV
RT

IO
Nl

 
PR

OD
UC

T 
CL

ffi
Sl

Fl
CR

Tl
ON

 
30

0-T
AR

 R
EC

WE
RY

 
40

0-
W

FW
S 

cW
LI

NG
,w

)(P
ES

SI
W

 
50
0B
sp
s 

RE
IY

M
Y,

SU
FU

R 
RE

W
MR

Y 
6B

B.R
EB

M
W

TI
ON

 

W
E

: 
2W

 
N4

D 
58

0 
SE
RI
ES
 EO

UI
FM

EN
T 

W
ILL

 B
E 

DE
FIN

ED
 B

Y 
SU

BP
RO

CE
SS

 M
NW

R.
 



- 2.3 Solar Heat T r a n s p o r t  Subsystem 

2.3.1 Subsys tem D e s c r i p t i o n  

The solar h e a t  t r a n s p o r t  subsys t em p r o v i d e s  e n e r g y  i n p u t  t o  t h e  mol t en  

c a r b o n a t e  s a l t  which  t r a n s p o r t s  t h a t  e n e r g y  fo r  u s e  i n  t h e  chemical p r o c e s s  

subsys t em a n d  i n  t h e  steam g e n e r a t o r .  The major components  and  the i r  

a r r a n g e m e n t  w i t h i n  t h e  subsys t em are shown on t h e  C o n c e p t u a l  P l a n t  Layout 

( F i g u r e  2-5). 

The subsys t em p r o v i d e s  e n e r g y  i n p u t  t o  t h e  c a r b o n a t e  s a l t  on  a 24 hour  basis 

t h r o u g h  t h e  u s e  of e i t h e r  t h e  solar  r e c e i v e r  o r  t h e  f o s s i l  f i r e d  s a l t  heater. 

During periods of r e c e i v e r  o p e r a t i o n ,  t h e  s a l t  s t o r a g e  t a n k s  d e c o u p l e  t h e  

o p e r a t i o n  o f  t h e  c h e m i c a l  p r o c e s s  from r e c e i v e r  o p e r a t i o n .  Through a 

c o m b i n a t i o n  of p l a n t  o p e r a t i n g  s t r a t e g y  and  r e c e i v e r  s i z i n g ,  h o t  s a l t  

i n v e n t o r y  is accumula t ed  i n  t h e  h o t  s a l t  s t o r a g e  t a n k  which permits t h e  

c o n t i n u i n g  o p e r a t i o n  of  t h e  chemical p r o c e s s  d u r i n g  c l o u d  t r a n s i e n t s  w i t h o u t  

t h e  need  t o  c y c l e  t h e  o p e r a t i o n  of  t h e  f o s s i l  f i r e d  s a l t  heater. 

The steam g e n e r a t o r  p o r t i o n  of  t h e  solar heat t r a n s p o r t  subsys t em uses  e n e r g y  

i n p u t  from t h e  c a r b o n a t e  s a l t  t o  g e n e r a t e  steam both  f o r  t h e  g e n e r a t i o n  of 

e l e c t r i c a l  e n e r g y  and  f o r  t h e  p r o c e s s  r e q u i r e m e n t s  i n  t h e  chemical subsys tem.  

The major components  of t h e  steam g e n e r a t o r  subsys t em i n c l u d e  t h e  i n t e r m e d i a t e  

heat exchange r ,  t h e  e v a p o r a t o r ,  t h e  s u p e r h e a t e r ,  and  t h e  steam drum. T h e  

i n t e r m e d i a t e  heat e x c h a n g e r  t r a n s f e r s  e n e r g y  from t h e  c a r b o n a t e  s a l t  t o  a n  

i n t e r m e d i a t e  m o l t e n  n i t r a t e  s a l t  loop .  The n i t r a t e  s a l t  loop o p e r a t e s  a t  

lower t e m p e r a t u r e s  t h a n  t h e  c a r b o n a t e  s a l t ,  p e r m i t t i n g  t h e  d e s i g n  of 

e v a p o r a t o r  a n d  s u p e r h e a t e r  heat e x c h a n g e r s  which have  r e a s o n a b l e  salt-to-water 

t e m p e r a t u r e  d i f f e r e n c e s .  

A s y s t e m  of pumps, p i p i n g ,  and  v a l v e s  c o n n e c t s  t h e  v a r i o u s  components  t o  

r e g u l a t e  t h e  flow of m o l t e n  sa l t  and  water/steam t h r o u g h  t h e  subsys t em and  t o  

provide t h e  required s a l t  f low t o  t h e  c h e m i c a l  process subsys tem.  These  f l o w  

p a t h s  are  shown c o n c e p t u a l l y  on  F i g u r e  2-5 and  i n  d e t a i l  on t h e  P i p i n g  and  

I n s t r u m e n t a t i o n  Diagrams ( F i g u r e s  2-15 and  2-16). F i g u r e s  2-17 and  2-18 

p r e s e n t  t h e  f l u i d  t e m p e r a t u r e s  and  flows and  t h e  rated heat loads of  t h e  - components .  

2-77 
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Steam Generator Schematic 

Cold 
Tank 

297OC18.27 MPa 
(567°F11200 psia) 

r----- 

Process 

Feedwater - - - - 
26OOC 
(500OF) 

14.7 MW 
(50.3 x 106Btulhr) 

70.3 kglsec 
(558,000 Ibmlhr) r 

I 

I 
m Circulation Pump 

0.6 k lsec L (4760kmlhr) --- 
I 

6.1 kglsec I (48,290 Ibmlhr) 

481OC 
(898OF) 

1- -I----- s- ' f 15.4 kglsec 
I (122.000 Ibm/hr) 

--1 

To. 
Turbine 

I--, 

2.4MW 
(8.0 x lWBtu/hr) 

* 509°C 
1 (948'F) 

I I 

29.1 kglsec 514OC 
(230,940 Ibmlhr) (957OF) From Cold 

Salt Pump 

I - - - WaterlSteam - m - Nitrate Salt 
Carbonate Salt 

Figure 2-18 
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The major components of t h e  solar h e a t  transport subsystem are d i s c u s s e d  

i n  t h e  fo l lowing  sections w i t h  t h e  exception of t h e  conponents  s u p p l i e d  

f o r  c o g e n e r a t i o n  of electric power which are d i s c u s s e d  i n  S e c t i o n  2.5.2. 

2.3.2 Receiver 
2.3.2.1 S o l a r  Receiver Requirements 
A set of b a s i c  requirements for  t h e  solar receiver h a s  been e s t a b l i s h e d .  The 

specific requirements are of a f i r s t  level v a r i e t y ,  i.e. b a s i c  

thermal -hydraul ic  and s t ructural  requirements on which a c o n c e p t u a l  d e s i g n  can 

be based. These basic requirements are o u t l i n e d  i n  Table  2-32. 

Table  2-32 

S o l a r  Receiver Requirements 

Design P o i n t  

Thermal Rating 

Loca t ion  

Insolation Rat ing 

Heat T r a n s f e r  F l u i d  

Molten Sa l t  Tenpera ture  

C o n f i g u r a t i o n  

Type 

Operat ing L i f e  

S t e a d y - s t a t e  o p e r a t i n g  l o a d  range 

2-8 2 

S o l a r  noon, Day 355 

41.8 MWt (142.6 x l o 6  Btu/hr)  
absorbed a t  d e s i g n  p o i n t  

Barstow, C a l i f o r n i a  

950 W/m2 

Molten c a r b o n a t e  s a l t ;  
32.2% Li2C03, 33.3% 
Na2C03, 34.5% K2CO3 by 
weight 

514OC (957OF) i n l e t ;  954OC 
(1750OF) o u t l e t  

C - c a v i t y ,  n o r t h  f a c i n g  

Forced c i r c u l a t i o n ,  once through,  
two control zones 

20 y e a r s  

30-100% 



P 2.3.2.2 Receiver Description 

The r e c e i v e r  s y s t e m  c o n f i g u r a t i o n  f o r  t h e  Solar F u e l s  a n d  Chemica l s  Des ign  

S tudy  is a s i n g l e ,  C-shaped c a v i t y  r e c e i v e r  w i t h  a n o r t h - f a c i n g  a p e r t u r e  

( F i g u r e  2-19). The receiver is located on  t o p  of a 90 m ( 2 9 5  f t )  t a l l  

s t r u c t u r a l  steel tower. 

The h e a t  t r a n s f e r  f l u i d  is molten carbonate s a l t  (32.2% L i 2 C 0 3 ,  33.3% 

Na2C03, 34.5% K2C03 by w e i g h t ) ,  which is pumped f rom t h e  cold s a l t  

storage t a n k  a t  514OC (957'F) by t h e  cold s a l t  booster pump t o  t h e  

r e c e i v e r .  I t  is h e a t e d  t o  954OC (1750'F) w i t h  t h e  solar  e n e r g y  r e f l e c t e d  

f rom t h e  h e l i o s t a t s  o n t o  t h e  r e c e i v e r .  A s i m p l i f i e d  s c h e m a t i c  of  t h e  r e c e i v e r  

s y s t e m  is p r e s e n t e d  on F i g u r e  2-20. The h e l i o s t a t  f i e l d  is d e s i g n e d  t o  s u p p l y  
2 

s u f f i c i e n t  power w i t h  950 W/m i n so la t ion  a t  so la r  noon on day  355 

( d e s i g n a t e d  as  t h e  d e s i g n  p o i n t )  t o  a c h i e v e  41.8 MW (142.6 x l o 6  B t u / h r )  of 

absorbed t h e r m a l  power. The h o t  s a l t  f l o w s  t o  t h e  h o t  s a l t  s t o r a g e  t a n k .  A 

c o n t r o l  v a l v e  a t  t h e  bottom of  t h e  downcomer is u s e d  t o  c o n t r o l  t h e  flowrate 

i n  t h e  downcomer and  as a n  e n e r g y  d i s s i p a t i o n  d e v i c e .  T h i s  h o t  s a l t  storage 

is t h e n  u s e d  f o r  e n e r g y  i n p u t  t o  t h e  c h e m i c a l  process s y s t e m  f u r n a c e s  and  t o  

t h e  steam g e n e r a t o r  subsys tem.  From t h e  steam g e n e r a t o r ,  t h e  s a l t  r e t u r n s  t o  

t h e  c o l d  s t o r a g e  t a n k  a t  514OC (957'F). 

The o v e r a l l  d i m e n s i o n s  of  t h e  r e c e i v e r  s t r u c t u r e  are 23;8 m ( 7 8  f t )  t a l l ,  22.9 

m ( 7 5  f t )  wide east t o  west a n d  15 .2  m ( 5 0  f t )  wide n o r t h  t o  s o u t h .  

The major components  of  t h e  solar r e c e i v e r  are:  

Heat a b s o r p t i o n  p a n e l s ;  

C a v i t y  s t r u c t u r e  ; 

A p e r t u r e  door a n d  mechanism; 

Hot and  cold s u r g e  t a n k s :  

P i p i n g  a n d  v a l v e s ;  

A n c i l l a r y  equipment  which i n c l u d e s  trace h e a t i n g ,  i n s u l a t i o n ,  

i n s t r u m e n t a t i o n ,  a i r  s u p p l y  system, and  o v e r n i g h t  r e c i r c u l a t i o n  sys tem.  

The f o l l o w i n g  s e c t i o n s  d i s c u s s  t h e s e  major components .  - 
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Simplified Receiver Flow Schematic 
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2.3.2.3 Heat Absorpt ion P a n e l s  

Panel  Design 

The h e a t  a b s o r p t i o n  p a n e l s  of t h e  s o l a r  r e c e i v e r  are des igned  t o  meet t h e  

r e c e i v e r  requi rements  as  o u t l i n e d  i n  S e c t i o n  2.3.2.1. I n  developing t h e  

c o n c e p t u a l  d e s i g n  f o r  t h e  S o l a r  F u e l s  and Chemicals r e c e i v e r  heat a b s o r p t i o n  

surface, d e s i g n  e x p e r i e n c e  developed on p r e v i o u s  solar  c o n t r a c t s  was used t o  

g e n e r a t e  a reasonable  d e s i g n  w h i l e  bypassing t h e  more de ta i l ed  d e s i g n  and 

a n a l y s i s  e f for t s  r e q u i r e d  t o  s u p p o r t  a n  advanced c o n c e p t u a l  d e s i g n  or a 

f a b r i c a t i o n  c o n t r a c t .  

The absorbing s u r f a c e s  are d i v i d e d  i n t o  28 double p a n e l s  c o n s i s t i n g  of 30 

t u b e s  per double  pane l .  A double p a n e l  has  a n  upflow p a n e l  and a downflow 

p a n e l ,  each w i t h  1 5  t a n g e n t  tubes .  The double  p a n e l  has one header a t  t h e  t o p  

w i t h  30 connect ing t u b e s  and two headers a t  t h e  bottom w i t h  1 5  connect ing 

t u b e s  each. A typical double  p a n e l  is shown on F i g u r e  2-30. T h i s  double  

p a n e l  e l i m i n a t e s  a connect ing p i p e  and  i t s  associated p r e s s u r e  drop a t  t h e  

upper header. The p a n e l s  l i e  symmetr ical ly  on t h e  i n s i d e  of t h e  C-shaped 

c a v i t y  c r e a t i n g  a n  east  and a west s e c t i o n ,  each c o n s i s t i n g  of 1 4  double 

p a n e l s .  The t u b e s  are  29 mm (1.125 i n . )  O.D. x 23 mm (0.875 i n . )  I . D .  and are 

coext ruded  using I n c o n e l  617 and Inconel  600. The o u t e r  l a y e r  of each t u b e  is 

1.6 mm (0.062 i n . )  t h i c k  Inconel  617 f o r  s t rength ;  t h e  i n n e r  l a y e r  of each 

t u b e  is 1.6 mm (0.062 i n . )  t h i c k  I n c o n e l  600 for  c o r r o s i o n  r e s i s t a n c e  t o  t h e  

c a r b o n a t e  s a l t .  The t ubes  are coated w i t h  b lack  Pyromark p a i n t .  The a c t i v e  

heated l e n g t h  of each t u b e  is 9.85 m (32.33 f t . ) .  

The double  p a n e l s  are f l a t  i n  t h e  heat a b s o r p t i o n  areas w i t h  t h e  t u b e s  bent  

i n t o  t h e  i n l e t  and o u t l e t  headers t o  p r o v i d e  f l e x i b i l i t y  f o r  thermal 

expansion. The p a n e l s  are  hung from t h e  t o p  and al lowed t o  expand downward 

when heated. Suppor ts  are welded t o  t h e  back of t h e  p a n e l s  t o  p r o v i d e  l a te ra l  

r e s t r a i n t .  The s u p p o r t s  are c o n f i g u r e d  t o  p e r m i t  thermal growth of t h e  p a n e l s .  

S a l t  flow through t h e  r e c e i v e r  p a n e l s  comes from t h e  c o l d  s u r g e  tank  and is  

d i v i d e d  i n t o  t h e  two c o n t r o l  zones ( e a s t  and w e s t ) .  I n  each of these zones,  

t h e  s a l t  g o e s  through a c o n t r o l  va lve ,  t h e n  through t h e  1 4  absorber double  

p a n e l s  t o  t h e  h o t  s u r g e  t a n k  where it combines w i t h  t h e  h o t  sa l t  e x i t i n g  from 

t h e  o p p o s i t e  c o n t r o l  zone. The h o t  sa l t  t h e n  f l o w s  down t h e  downcomer t o  t h e  
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h o t  s t o r a g e  t a n k .  The r e c e i v e r  s a l t  f l o w  p a t h  is shown on  F i g u r e  2-20. The 

absorber p a n e l s  are backed w i t h  i n s u l a t i o n  t o  minimize  heat l o s s  t h r o u g h  t h e  

r e c e i v e r  s t r u c t u r e .  

F 

The g o a l  of d e s i g n i n g  t h e  r e c e i v e r  h e a t  a b s o r p t i o n  s u r f a c e  descr ibed above  was 

t o  d e f i n e  a r e a s o n a b l e  r e c e i v e r  p a n e l  d e s i g n  and  t h e  number of p a n e l s  r e q u i r e d  

which would r e s u l t  i n  a minimum cost  r e c e i v e r  capable of  meet ing  t h e  

p e r f o r m a n c e  r e q u i r e m e n t s .  For t h e  p u r p o s e  of t h i s  c o n c e p t u a l  d e s i g n  s t u d y ,  

de ta i led  cost  o p t i m i z a t i o n  s t u d i e s  were n o t  pe r fo rmed ;  r a the r ,  e n g i n e e r i n g  

e x p e r i e n c e  from p r e v i o u s  r e c e i v e r  d e s i g n  e f fo r t s  was a p p l i e d  t o  deve lop  a 

r e a s o n a b l e  h e a t  a b s o r p t i o n  s u r f a c e  c o n f i g u r a t i o n  which met t h e  pe r fo rmance  

r e q u i r e m e n t s .  The r e q u i r e m e n t  imposed on  t h e  p a n e l s  was t h a t  t h e y  be c a p a b l e  

of a b s o r b i n g  t h e  r e q u i r e d  power w i t h  t h e  s p e c i f i e d  i n l e t  and  o u t l e t  

t e m p e r a t u r e s ,  w i t h o u t  exceed ing  t u b e  stress l i m i t s  based on  t e m p e r a t u r e  and  

p r e s s u r e  effects.  

6 
The r e c e i v e r  has  a n  absorbed power r a t i n g  of 4 1 . 8  MW ( 1 4 2 . 6  x 10 B t u / h r ) .  

I n l e t  and  o u t l e t  s a l t  t e m p e r a t u r e s  of 514OC (957'F) and  954OC (1750'F) 

r e s p e c t i v e l y ,  r e s u l t  i n  a t o t a l  f u l l  load s a l t  f low t o  t h e  r e c e i v e r  of 4 9 . 8  

kg/sec ( 3 9 5 , 2 1 0  l bm/h r ) ,  h a l f  of which f lows t h r o u g h  e a c h  r e c e i v e r  zone. The 

r e c e i v e r  i s  d e s i g n e d  t o  o p e r a t e  be tween t h e s e  s p e c i f i e d  f u l l  load c o n d i t i o n s  

and  a minimum load of 30%. The d e s i g n  o p e r a t i n g  l i f e  of t h e  r e c e i v e r  is 20 

y e a r s .  

t 

Using t h i s  i n f o r m a t i o n ,  a p a r a m e t r i c  e v a l u a t i o n  was p e r f o r m e d  us ing  t h e  

SRPAN2M computer program t o  estimate t h e  r e q u i r e d  p a n e l  . s u r f a c e  area and  

r e s u l t i n g  p r e s s u r e  drop a s  a f u n c t i o n  of t u b e  s i z e ,  p a n e l  w i d t h ,  and  t u b e  wall  

t h i c k n e s s .  The p a n e l s  were modeled a s  a s i n g l e  e q u i v a l e n t  t u b e .  To estimate 

t h e  s u r f a c e  area r e q u i r e d  by t h e  r e c e i v e r  f o r  a g i v e n  power l e v e l  and  p a n e l  

c o n f i g u r a t i o n ,  SRPAN2M d e f i n e d  allowable f l u x  l i m i t s  a s  a f u n c t i o n  of s a l t  

t e m p e r a t u r e .  These were t h e n  i n t e g r a t e d  t o  e s t a b l i s h  t h e  a b s o l u t e  minimum, o r  

ideal ,  s u r f a c e  required t o  t r a n s f e r  t h e  g i v e n  e n e r g y ,  w i t h o u t  exceed ing  t h e  

f l u x  l i m i t s .  A r e c e i v e r  s u r f a c e  e f f i c i e n c y  was t h e n  a p p l i e d  which r a t io s  t h e  

ideal  surface t o  t h e  a c t u a l  s u r f a c e ,  a l l o w i n g  f o r  f l u x  d i s t r i b u t i o n  and  

s u r f a c e  marg in  i n  t h e  d e s i g n .  A s u r f a c e  e f f i c i e n c y  of 0 . 4 5  was assumed f o r  

t h i s  s t u d y .  
CL- 
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Pre l iminary  e v a l u a t i o n s  l e d  t o  t h e  choice of t u b e  o u t s i d e  diameters f o r  t h e  

parametric s t u d y  ranging from 19.1 mm (0.750 in . )  t o  28.6 mm (1.125 i n . ) .  A s  

d i s c u s s e d  i n  Appendix A, t h e  r e c e i v e r  tubes  were t o  be coext ruded  w i t h  a n  
o u t e r  l a y e r  of I n c o n e l  617 for  s t r e n g t h  and  a n  i n n e r  l a y e r  of I n c o n e l  600 for  

c o r r o s i o n  r e s i s t a n c e .  Total t u b e  wall t h i c k n e s s  was e s t ab l i shed  based on two 

cr i te r ia :  
1) Required t h i c k n e s s  of t h e  I n c o n e l  600 fo r  c o r r o s i o n  r e s i s t a n c e  o v e r  

t h e  l i f e  of t h e  r e c e i v e r .  
2 )  Required t h i c k n e s s  of t h e  I n c o n e l  617 t o  meet t h e  r e c e i v e r  

tempera ture /pressure  d e s i g n  c o n d i t i o n s .  
Based on t h e  e v a l u a t i o n  of e x i s t i n g  c o r r o s i o n  data for  I n c o n e l  600 i n  c o n t a c t  

w i t h  c a r b o n a t e  s a l t ,  a t h i c k e s s  of 1.6 mm (0.062 i n . )  fo r  t h e  i n n e r  l a y e r  of 

I n c o n e l  600 was es tab l i shed .  For a 20 y e a r  r e c e i v e r  l i f e  t h i s  is e q u i v a l e n t  
t o  a n  average  c o r r o s i o n  al lowance of 0.076 mm/year (0.003 in . /year )  which is 

a b o u t  twice t h e  minimum e x t r a p o l a t e d  c o r r o s i o n  rate c i ted i n  Appendix A. A s  

no ted  i n  t h e  Development P lan  d i s c u s s i o n  i n  S e c t i o n  4.2, much work  needs t o  be 

done t o  develop better data and t o  e x p l o r e  other materials w i t h  regard t o  t h e  

c o r r o s i v e  effects of t h e  c a r b o n a t e  s a l t .  However, from t h e  d e s i g n  s t a n d p o i n t  

of t h e  heat a b s o r p t i o n  p a n e l s ,  c o n s i d e r i n g  p r e s s u r e  drop, t u b e  wall 

tempera ture  g r a d i e n t ,  and t u b e  stress, a c o r r o s i o n  r e s i s t i n g  l i n e r  t h i c k n e s s  

of 1.6 mm (0.062 i n . )  is on t h e  order of t h e  g r e a t e s t  t h i c k n e s s  which is 

practical .  A l l  t u b e  s i z e s  c o n s i d e r e d  i n  t h e  parametric e v a l u a t i o n  of t h e  

r e c e i v e r  a b s o r p t i o n  p a n e l s  assumed a n  Inconel  600 t h i c k n e s s  of 1.6 mm (0.062 

i n . )  on t h e  t u b e  I.D. 

S e l e c t i n g  a t h i c k n e s s  for  t h e  I n c o n e l  617 o u t e r  t u b e  wall l a y e r  involved  
c o n s i d e r a t i o n  of s e v e r a l  competing factors. T h i c k e r  t u b e s  permit h igher  

des ign  tempera ture /pressure  r a t i n g s  for t h e  tubes .  Thinner  tubes  r e s u l t  i n  
lower t u b e  wall tempera ture  g r a d i e n t s  ( for  a g i v e n  heat f l u x )  and therefore 

lower t u b e  stresses. Minimizing t u b e  wall t h i c k n e s s  becomes l imi t ed  by 
welding c o n s i d e r a t i o n s  where t h e  tub ing  must be welded t o  t h e  p a n e l  headers. 

Consider ing these factors  along w i t h  a n  expec ted  maximum o p e r a t i n g  p r e s s u r e  a t  

t h e  r e c e i v e r  i n l e t  on t h e  order of 1.38 MPa (200  p s i )  as d i s c u s s e d  below, and 

a range of operating t u b e  metal t e n p e r a t u r e s  of a b o u t  59OoC - 93OoC 

( 1 1 0 0 ~ ~  - 1 8 0 0 ~ ~ )  a n  Inconel  617 wall t h i c k n e s s  of 1.6 m (0.062 i n . )  for  

2-8 8 



t h e  r a n g e  of  tube outs ide  d i a m e t e r s  under consideration was a reasonable 
c h o i c e .  The parametric evaluat ion of t h e  h e a t  absorption s u r f a c e  requirements 

u s i n g  computer p rogram SRPAN2M became a f u n c t i o n  of  tube s i z e  and panel w i d t h ,  

w i t h  t h e  tube w a l l  t h i c k n e s s  f i x e d  a t  3.2 mm (0 .125  i n . )  fo r  a l l  tube 

d i ame t e  r s . 

/c 

The parametric s t u d y  of t h e  receiver panel d e s i g n  was accompl i shed  u s i n g  

SRPANZM by v a r y i n g  t h e  number of  t ubes  i n  e a c h  pane l  (panel w i d t h )  f o r  e a c h  

tube  s ize  e v a l u a t e d .  The number of  tubes  i n  e a c h  panel  is d i r e c t l y  

p r o p o r t i o n a l  t o  t h e  panel  wid th .  The f o l l o w i n g  tube  s i z e s  were evaluated: 

O u t s i d e  Diameter 
mm i n  

19.1 0.750 
22.2 0.875 
25.4 1.000 
28.6 1.125 

Ins ide  Diameter 
mm i n  

12.7 0.500 
15.8 0.625 
19.0 0.750 
22.2 0.875 

SRPAN2M e s t a b l i s h e d  t h e  a l l o w a b l e  a b s o r b e d  h e a t  f l u x e s  and t h e  s u r f a c e  area 

required t o  assure t h a t  n e i t h e r  t h e  allowable tube stresses nor t h e  m a x i m u m  

t u b e  metal temperature was exceeded .  The major c o n s i d e r a t i o n s  i n  e v a l u a t i n g  

t h e  a c c e p t a b i l i t y  of  t h e  absorption surface d e s i g n s  g e n e r a t e d  by SRPAN2M f o r  

t h e  various combinations of  t u b e  s i z e  and  number o f  tubes  per p a s s  were 

receiver pressure d r o p ,  ma in tenance  o f  t u r b u l e n t  f l o w  o v e r  t h e  30% - 100% 

o p e r a t i n g  r a n g e  of t h e  receiver, and  t o t a l  absorption surface area of t h e  

receiver. 

P a n e l  w i d t h  must  be l i m i t e d  t o  a r e a s o n a b l e  e x t e n t .  P a n e l s  w i t h  a r g e  pass 

w i d t h s  can have  l a r g e  f l u x  d i f f e r e n c e s  across them, l e a d i n g  t o  t h e r m a l  

expansion problems. Such  wide passes d e f e a t  t h e  ob jec t ive  o f  h e a t i n g  t h e  

en t i re  p a n e l  a t  or near i t s  m a x i m u m  c a p a b i l i t y  because of  t h e  f l u x  g r a d i e n t  

across t h e  p a n e l .  A f l u x  g r a d i e n t  e f f e c t  is n o t  i n c l u d e d  i n  t h e  0.45 s u r f a c e  

e f f i c i e n c y  v a l u e  u s e d  i n  t h i s  s t u d y .  I n  addi t ion ,  a n  estimation o f  re la t ive 

cost  f o r  t h e  various absorpt ion s u r f a c e  a r r a n g e m e n t s  m u s t  be c o n s i d e r e d .  
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Turbulent flow over the 30% - 100% load range is required t o  maintain tube 

wall temperature gradients a t  acceptable values for  a given heat f lux .  Should 

laminar flow conditions develop, the resulting lower molten s a l t  heat transfer 
coefficient would increase the tube wall temperatures and resulting s t resses  

t o  potentially unacceptable levels. The c r i t i c a l  condition which mus t  be 

evaluated for  turbulent flow is the 30% minimum load s a l t  flow a t  t h e  i n l e t  t o  

t h e  receiver where the h i g h  s a l t  viscosity resul ts  i n  t h e  lowest Reynolds 
number for  a given s a l t  flow rate. The need t o  maintain suff ic ient  Reynolds 

number t ends  t o  drive t h e  panel des ign  towards h i g h e r  velocit ies,  or a lower 

number of tubes per pass. 

Several competing factors  influence the choice of receiver pressure drop. The 
need t o  maintain t u r b u l e n t  flow a t  minimum operating load, w i t h  the attendant 
f u l l  load s a l t  veloci t ies  resulting from t h i s  requirement, tends t o  increase 

receiver pressure drop. Higher receiver pressure drop a l so  tends t o  reduce 

receiver surface area required because of the higher s a l t  heat transfer 
coefficients,  lower tube wall temperatures differences, and resulting higher 
allowable heat fluxes. On t h e  other hand, minimizing receiver pressure drop 

reduces plant pump power requirements. Another consideration i n  establishing 

pressure drop is downflow s t ab i l i t y  i n  the receiver. Since the d e n s i t y  of the 
carbonate s a l t  working f l u i d  decreases w i t h  temperature, there is a decreasing 
s a l t  density from t h e  i n l e t  t o  out le t  of the receiver. The density gradient 

gives r i s e  t o  buoyancy ef fec ts  which can ac t  counter t o  f r i c t iona l  effects.  

The resul ts  of these opposing ef fec ts  can cause a negative pressure drop 

across a portion of the receiver a t  low flow conditions; t h i s  s i tuat ion may 
give rise to  flow ins tab i l i t i es .  Thus,  it is necessary t o  assure suff ic ient  
f r i c t iona l  pressure drop a t  the minimum 30% operating load. I n  considering 

these various factors,  a f u l l  load pressure drop on the order of 1.38 MPa 
(200  p s i )  was established a s  a design target  for  the receiver heat absorption 

panels, headers, and panel interconnecting p ip ing .  
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CL The resu l t s  of  t h e  parametric evaluat ion of  t h e  receiver panel d e s i g n  are 
summarized on F i g u r e  2-21. On t h i s  f i g u r e ,  t h e  receiver pressure d r o p ,  30% 

l o a d  Reynolds  number, and  t h e  r e q u i r e d  surface area are plot ted as a f u n c t i o n  

of number of tubes for  e a c h  of t h e  f o u r  t u b e  s i z e s  c o n s i d e r e d .  The two 
smaller tube sizes were el iminated f r o m  c o n s i d e r a t i o n  because t h e  number of 

t ubes  required t o  m a i n t a i n  s u f f i c i e n t  Reyno lds  number a t  minimum l o a d  resu l t s  

i n  f u l l  load pressure drops w e l l  i n  excess of t h e  t a r g e t  va lue  of 1.38 MPa 

( 2 0 0  p s i ) .  Both  t h e  25.4 mm (1.000 i n . )  a n d  28.6 mm (1 .125  i n . )  diameter 

tubes had a range of  number o f  t ubes  per pass  f o r  which  acceptable Reynolds  

number and pressure d r o p  v a l u e s  e x i s t e d .  F u r t h e r  c o n s i d e r a t i o n  of  t h e s e  two 

tube  s i z e s  led  t o  t h e  c h o i c e  of  15 - 28.6 mm (1 .125  i n . )  d i a m e t e r  tubes  per 

pass on t h e  basis o f  lower r e q u i r e d  surface area [236m2 ( 2 5 4 5  f t  I t h a n  

f o r  t h e  25.4 mm (1.000 i n . )  diameter tubes  and  a receiver pressure d r o p  of  

1.44 MPa (209  p s i )  a t  f u l l  l oad .  ( T h i s  t o t a l  p r e s s u r e  d r o p  i n c l u d e s  t h e  panel 

pressure d r o p  f rom F i g u r e  2-21 and  a n  allowance f o r  p r e s s u r e  d r o p  i n  t h e  

h e a d e r s  and  i n t e r c o n n e c t i n g  piping.) With r e g a r d  t o  fabr icat ion costs, t h e  

two t u b e  s izes  were judged  t o  be q u i t e  similar.  The a l l o w a b l e  a b s o r b e d  h e a t  

f l u x  f o r  t h e  15 tube  p a n e l  d e s i g n  a s  a f u n c t i o n  of s a l t  temperature and  a s  a 

f u n c t i o n  of h e a t  absorption s u r f a c e  area is p l o t t e d  on F i g u r e s  2-22 and  2-23. 

A typical two pass t u b e  w a l l  p a n e l  is shown on F i g u r e  2-30. 

2 

A f i n a l  check  was pe r fo rmed  on t h e  a c c e p t a b i l i t y  of  1 .6  mm (0.062 i n . )  
t h i c k n e s s  of t h e  Inconel  617 fo r  p r e s s u r e  t h i c k n e s s .  The allowable p r e s s u r e  

a s  a f u n c t i o n  of  maximum t u b e  metal temperature f o r  a 28.6 mm (1 .125  i n . )  
O.D., 1.6 nun (0 .062 i n . )  wall I n c o n e l  617 tube  is p l o t t e d  on Fic ure 2-24. 

A l s o  p l o t t e d  on t h i s  f i g u r e  is a r e p r e s e n t a t i v e  c u r v e  of  r e q u i r e d  d e s i g n  

pressure f o r  t h e  receiver tubes  as a f u n c t i o n  o f  m a x i m u m  tube  metal 

temperature. Because t h e  c o d e  allowable pressure is, a t  a l l  temperatures, i n  

e x c e s s  of t h e  required receiver d e s i g n  p r e s s u r e ,  t h e  1.6 mm (0.062 i n . )  t u b e  

wal l  is  s u i t a b l e  f o r  t h e  receiver d e s i g n .  Because t h e  minimum v a l u e  on t h e  

c o d e  allowable p r e s s u r e  c u r v e  is less t h a n  t h e  m a x i m u m  va lue  on t h e  receiver 

d e s i g n  p r e s s u r e  c u r v e ,  t h e  receiver m u s t  be p a r t i t i o n e d  i n t o  t h r e e  sect ions 

fo r  t h e  p u r p o s e  of e s t a b l i s h i n g  d e s i g n  t e m p e r a t u r e / p r e s s u r e  for  code s i z i n g  as  

shown i n  F i g u r e  2-25. 
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Panel Allowable F lux  L i m i t s  

The allowable f l u x  l i m i t s  of the receiver panel tubes a re  based on the 

mechanical and corrosion properties of the selected materials. To assure that  
a receiver tube design is capable of h i g h  r e l i ab i l i t y  and long l i f e ,  two major 
l i m i t s  mus t  be established. F i r s t ,  a m a x i m u m  allowable stress l i m i t  mus t  be 
s e t  t o  provide s t ructural  integri ty  of the panel for  the applied loads and 

panel l i f e .  The establishment of such a l i m i t  can be a very d i f f i cu l t  task 
because of the complex, ine las t ic  conditions imposed on the material by the 

thermal loading. Simplified e l a s t i c  design rules may be employed t o  establish 
such a s t r e s s  l i m i t ,  and the heat absorption l i m i t s  may be se t  t o  remain below 

t h i s  l i m i t .  As was s ta ted i n  Appendix A, t h i s  was further complicated by the 
lack of a material property data base of the Inconel 617 material selected. 

F 

The second of the two major design l i m i t s  i s  based on corrosion properties of 
the material i n  contact w i t h  the molten sa l t .  Again as  was stated i n  Appendix 
A, information on the corrosion resistance of Inconel 617 i n  the molten 
carbonate s a l t  environment was not available. Therefore, the duplex tube 

concept was proposed t o  sa t i s fy  both c r i t e r i a .  With t h i s  approach, corrosion 
for  t h i s  application was not l i m i t i n g .  

Allowable Stress - I n  order that  the solar receiver be designed to  assure 

the specified panel l ifetime, tube s t resses  and s t ra ins  covered by cyclic 
thermal loads m u s t  be limited according to  some fa i lure  theory. Table 
2-33 presents the l i m i t s  obtained for  Inconel 617 material for  the 

receiver. The following paragraphs discuss the fa i lure  theory that was 

applied and how these l i m i t s  were established. 

F 

Failure Theory - The lifetime of the material is limited by two 

mechanisms-- creep and fatigue. Theory that  is employed to  combine the 
damage caused by creep and fatigue is that  of "l inear damage" a s  presented 

i n  Code Case N-47 (Reference 36). Creep damage is assessed based on the 
effective s t r e s s  s t a t e ,  the material temperature and the time interval a t  
t h e  s t r e s s  and temperature; fatigue damage is based on the range of 

effect ive s t r a in  experienced i n  a service cycle and the number of cycles 

a p e  rienced. 
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F a i l u r e  of  t h e  material is predicted when: 
F 

where : 

n = Number of c y c l e s  of a g i v e n  s t r a i n  r ange  e x p e r i e n c e d ,  

= Allowable c y c l e s ,  per N-47 material  s p e c i f i c a t i o n s ,  f o r  t h i s  
d 

N 

r a n g e  , 

t = Time s p e n t  a t  a g i v e n  stress and  t e m p e r a t u r e ,  and  

= Allowable time, p e r  N-47 material  s p e c i f i c a t i o n s ,  a t  t h i s  
d 

T 

c o n d i t i o n .  

To p r e d i c t  t h e  allowable l o a d i n g  t h a t  would r e s u l t  i n  f a i l u r e  , t h e  load 

c o n d i t i o n s  are f i r s t  d e f i n e d .  The load i n t e n s i t y  may t h e n  be found ,  which 

y i e l d s  f a i l u r e  i n  t h e  r e q u i r e d  c y c l e s  of f a t i g u e  and  d u r a t i o n  of creep. 

Load Cycle - The l o a d i n g  of t h e  t u b e  is c a u s e d  by h e a t i n g  t h e  f r o n t  s ide 

of t h e  t u b e  w i t h  e n e r g y  f rom t h e  c o l l e c t o r  f i e l d .  T h i s  h e a t i n g  r e s u l t s  i n  

a c o m p r e s s i v e  s t ress  on t h e  f r o n t  s i d e  of t h e  t u b e ,  b a l a n c e d  by t e n s i l e  

s tresses on t h e  back. Because t h e  t u b e  s u p p o r t s  t e n d  t o  r e s t r a i n  t h e  

p a n e l  i n  i ts  i n i t i a l  p l a n e ,  a l l o w i n g  o n l y  f o r  o v e r a l l  a x i a l  g rowth ,  t h e  

t u b e  may be c o n s i d e r e d  t o  be i n  a p l a n e  s t r a i n  c o n d i t i o n .  

The stresses and  s t r a i n s  t h a t  r e s u l t  f rom t h i s  l o a d i n g  may be p r e d i c t e d  by 

v a r i o u s  means. Babcock & Wilcox Company h a s  used  f i n i t e  e l e m e n t  t y p e  

a n a l y s i s  and  f i n i t e  d i f f e r e n c e s  t e c h n i q u e s  v i a  computer  codes a s  w e l l  a s  

c lass ica l  a p p l i e d  mechan ics  hand c a l c u l a t i o n s .  Numerous t u b e  geometries 

have  been  i n v e s t i g a t e d  and ,  i n  g e n e r a l ,  t h e  t e m p e r a t u r e  and  stress 

p a t t e r n s  d e t e r m i n e d  by one -d imens iona l  c o n d u c t i o n  and s i m p l i f i e d  t h e r m a l  

stress t h e o r y  (E OC A T )  f o r  t h i n  t u b e s  are  f o u n d  t o  be i n  good agreement  

w i t h  t h e  more s o p h i s t i c a t e d  methods.  T h i s  method employs a p r o c e d u r e  

s i n p l e  enough t o  permit t h e  u s e  o f  a small computer  program. 
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Primary load stresses caused by i n t e r n a l  p r e s s u r e ,  deadweight, wind 
loading ,  and seismic c o n d i t i o n s  may t h e n  be superimposed on t h e  thermal 

stresses. These loads were omitted from p r e l i m i n a r y  d e s i g n  c a l c u l a t i o n s  

fo r  t h e  fo l lowing  reasons:  

1) P r e s s u r e  and deadweight are r e l a t i v e l y  small and t e n d  t o  reduce t h e  

e f f e c t i v e  stress and s t r a i n  a t  t h e  t u b e  crown where t h e  worst 

c o n d i t i o n  o c c u r s ;  
2 )  Wind loads are n o t  well d e f i n e d  and o p e r a t i o n  w i t h  h i g h  winds is n o t  

a n t i c  ipa t e d i 

3 )  Seismic loads occur  i n f r e q u e n t l y .  

L inear  a n a l y s i s  may be enployed i f  f a i l u r e  is predicted for  a stress and 

associated s t r a i n  range w i t h i n  t h e  l i m i t s  of elastic behavior .  

The n a t u r e  of t h e  thermal loading  of t h e  t u b e  is c y c l i c  because of t h e  

d i u r n a l  c y c l e  of p l a n t  o p e r a t i o n .  To model t h i s  c y c l e ,  a l l  a p e r a t i n g  
hours  w i l l  be c o n s i d e r e d  t o  occur  a t  d e s i g n  p o i n t  c o n d i t i o n s ,  and 
o v e r n i g h t  o p e r a t i o n  w i l l  occur  w i t h  r e c i r c u l a t i o n  of s a l t  a t  a n  

e q u i l i b r i u m  t e n p e r a t u r e  of 51OoC (950'F). Cycles  for  d r y  s t a r t u p  and 
f i l l  of t h e  r e c e i v e r  w i l l  be counted as  e q u i v a l e n t  t o  a typical d i u r n a l  

c y c l e ,  and t h e  procedure  f o r  d r y  s t a r t u p  w i l l  be set t o  a s s u r e  t h a t  t h i s  

is v a l i d .  Cloud t r a n s i e n t s  are a l so  assumed t o  r e s u l t  i n  a n  e q u i v a l e n t  

stress range. 

For d e s i g n  purposes ,  t h e  heat f l u x  on t h e  t u b e  w i l l  be assumed t o  have a 

c o s i n e  d i s t r i b u t i o n  ( a  r e s u l t  of t h e  tube shape). Under t h i s  heating, 

peak temperatures and c o n p r e s s i v e  stresses occur  a t  t h e  t u b e  crown and are 
l o c a l i z e d .  Tube crown t e m p e r a t u r e s  are w e l l  i n t o  t h e  material creep 
range, and so t h e  compressive stress w i l l  t e n d  t o  c a u s e  creep. During 
o v e r n i g h t  s tandby,  a t e n s i l e  stress state w i l l  occur  a t  t h e  t u b e  crown, 

b u t  because of t h e  o v e r n i g h t  r e c i r c u l a t i o n  tempera ture  being 51OoC 

(950 F)  creep w i l l  be minimal. T h i s  minimal creep h a s  been n e g l e c t e d  i n  
t h i s  s t u d y  b u t  would be accounted for i n  a more detailed a n a l y s i s .  The 

load cycle of t h e  t u b e  is t h u s  a c o n s t a n t  s t r a i n  range inposed  by thermal 

s t r a i n s ,  w i t h  a mean stress g r a d u a l l y  becoming t e n s i l e  as c r e e p  s t r a i n s  

a re accumu l a t e  d . 

0 
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Assessment of F a t i q u e  Damage - F a t i g u e  damage occurs because of t h e  range 

of e q u i v a l e n t  s t r a i n ,  g i v e n  by: 

The e q u i v a l e n t  s t r a i n  range is found f o r  t h e  b i a x i a l  s t a t e  of s t ress  a t  

t h e  t u b e  crown from t h e  s t ress  resu l t s  o b t a i n e d  using Applied Mechanics 

Techniques and Hookes L a w  f o r  l i n e a r  e l a s t i c  behavior .  T h i s  s t r a i n  range 

w i l l  be v a l i d  a s  a n  e l a s t i c  c y c l e  behav io r  superimposed upon t h e  e v e n t u a l  

p l a s t i c  se t  a c h i e v e d  a s  a resu l t  of shakedown. The range w i l l  be 

c o n s t a n t ,  r e g a r d l e s s  of t h e  t u b e  set, a s  t h e  a l t e r n a t i n g  s t r a i n  i s  simply 

a r e s u l t  of t h e  a l t e r n a t i n g  temperature d i s t r i b u t i o n ,  and a s  along a s  t h e  

e f f e c t i v e  stress range is below t h e  l i m i t  f o r  e l a s t i c  shakedown, t h e  

c y c l e s  are e las t ic .  

Creep Damage E v a l u a t i o n  - Assuming t h a t  y i e l d i n g  t akes  place on t h e  f i r s t  

few c y c l e s ,  a n  i n i t i a l  p l a s t i c  p r e s t r a i n  is developed along w i t h  a peak 

compressive s t ress  e q u a l  t o  t h e  hardened compressive y i e l d  p o i n t .  

Compressive c r e e p  w i l l  s t a r t  from t h i s  c o n d i t i o n .  A s  c r e e p  p roceeds ,  t h e  

compressive stresses w i l l  t e n d  t o  r e l a x .  Because t h e  t e n s i l e  p a r t  of t h e  

c y c l e  ( i .e.  unloading 1 o c c u r s  a t  temperatures below t h e  c r e e p  temperature 

range,  c r e e p  w i l l  cease during t h i s  p a r t  of t h e  c y c l e  and is assumed t o  

take up where i t  l e f t  off  when heated a g a i n .  As t h e  compressive stress 

decreases due t o  creep, t h e  r a t e  of creep damage accumula t ion  ( t i / T d )  

w i l l  drop o f f  a s  w e l l .  T h i s  e f f e c t  is impor t an t  because c r e e p  c o u l d  be 

i n t e r p r e t e d  as  being f a r  more s i g n i f i c a n t  i n  t h e  e v e n t u a l  damage 

accumula t ion  i f  t h i s  r e l a x a t i o n  is n o t  accoun ted  f o r .  Using a creep 

e q u a t i o n  of Booker and s t a r t i n g  a t  a stress e q u a l  t o  1.5 S m  (Sm = t h e  

d e s i g n  s t r e n g t h )  t h e  peak compressive s t ress  may be predicted as  a 

f u n c t i o n  of time. The co r re spond ing  v a l u e s  f o r  T damage may be  

i n t e g r a t e d .  A computer program h a s  been w r i t t e n  t o  pe r fo rm t h e s e  

c a l c u l a t i o n s .  

d 
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The creep e q u a t i o n  used assumes t h a t  a c o n s t a n t  s t r a i n  is imposed on t h e  

material w h i l e  stress r e l a x a t i o n  takes place. I n  t h e  t u b e ,  t h e  average  

c r o s s - s e c t i o n  s t r a i n  w i l l  have a v a l u e  t h a t  depends on t h e  crown 
compressive stress and t h e  back-side t e n s i l e  stress. As t h e  crown 
compressive stress decreases, t h e  t e n s i l e  stresses on t h e  back side w i l l  

cause a d d i t i o n a l  compressive s t r a i n  a t  t h e  crown. The r e s u l t  of t h i s  w i l l  

be longer hold times a t  any g i v e n  stress l e v e l .  To account  for  t h i s  i n  

t h e  damage e s t i m a t i o n ,  t h e  creep damage c a l c u l a t e d  fo r  a c o n s t a n t  s t r a i n  

is m u l t i p l i e d  by a factor  of 1.5. T h i s  factor is r e a s o n a b l e  because t h e  

- 1 is  less t h a n  maximum p o t e n t i a l  f o r  c r e e p ,  g i v e n  by (Ecrown 

1.5 times t h e  crown s t r a i n .  A v a l u e  of 1.5 times t h e  creep damage for  
c o n s t a n t  s t r a i n  is t h e  damage which would occur  for  a t o t a l  creep s t r a i n  
of 1.5 times t h a t  of t h e  c o n s t a n t  s t r a i n  case, o c c u r r i n g  over  1.5 times 

t h e  t i m e ,  a t  t h e  same creep rate (or stress l e v e l s ) .  

Ebac k 

Combined Damage - A t o t a l  of 40,000 f u l l  thermal c y c l e s  are c o n s i d e r e d  for  

f a t i g u e .  T h i s  i s  e q u i v a l e n t  t o  s i x  c y c l e s  per day for  t h e  20 y e a r  p l a n t  
des ign .  A t o t a l  of 100,000 hours  are  c o n s i d e r e d  for c reep .  T h i s  is a 
somewhat c o n s e r v a t i v e  e s t i m a t i o n  of t h e  o p e r a t i n g  time for  t h e  20 y e a r  
d e s i g n  l i f e .  The q u e s t i o n  of combined damage is, "What c y c l e  range of 

e f f e c t i v e  stress and e q u i v a l e n t  s t r a i n  y i e l d s  a t o t a l  damage f r a c t i o n  of 1 

i n  40,000 c y c l e s  and 100,000 hours  of o p e r a t i o n ? "  T h i s  problem is 

approached for a range of metal tempera tures ,  by: 

1) C a l c u l a t i n g  c r e e p  damage, beginning a t  1.5 Sm' accumulated i n  

100,000 h r ,  and t h e  associated r e l a x e d  stress: 

2 )  S u b t r a c t i n g  t h i s  damage from 1 t o  f i n d  t h e  allowable f a t i g u e  damage; 

3 )  Finding t h e  allowable e q u i v a l e n t  s t r a i n  range t h a t  w i l l  y i e l d  t h e  

allowable f a t i g u e  damage, and f i n d i n g  t h e  cor responding  e f f e c t s v e  
stress range (by t h e  elastic methods);  

4 )  Conparing t h e  r e s u l t i n g  stress range w i t h  elastic linlits. 



F 

F 

The l i m i t s  of e las t ic  b e h a v i o r  are  set a t  1.5 S ' e v a l u a t e d  a t  t h e  

t e m p e r a t u r e s  of b o t h  t h e  h o t  ( c o m p r e s s i v e )  and  co ld  ( t e n s i l e )  e x t r e m e s  of 

t h e  c y c l e .  The c y c l e  stress r a n g e  is compared t o  t h e  r a n g e  be tween t h e  

r e l a x e d  c o m p r e s s i v e  stresses and  1.5 Sm' a t  51OoC (950°F) ( t h e  

assumed cold temperature) t o  d e t e r m i n e  whe the r  e l a s t i c  c y c l i n g  r e s u l t s  i n  

p r e d i c t i o n  of f a i l u r e .  I f  t h e  c y c l e  r a n g e  is g r e a t e r  t h a n  t h e  e l a s t i c  

r ange ,  t h e  e s t i m a t i o n  of  c y c l e  s tress r a n g e  f rom t h e  allowable s t r a i n  

r a n g e  is i n v a l i d .  Except  f o r  a small area i n  t h e  v i c i n i t y  of  704 C 

(1300°F) it was found  t h a t  t h e  c y c l i c  r ange  was g r e a t e r  t h a n  t h e  e l a s t i c  

range .  However, t h e  d i f f e r e n c e  i n  r a n g e s  was less t h a t  10% and t h e r e f o r e  

c a n  be a c c e p t e d  as  t h e  l i m i t  f o r  e l a s t i c a l l y  c a l c u l a t e d  e f f e c t i v e  stress 

( t h e  h i g h e r  l i m i t s  c o u l d  be j u s t i f i e d  by a more r i g o r o u s  i n e l a s t i c  

a n a l y s i s ) .  The l a s t  column of Table 2-33 presents  these l i m i t s .  

m 

0 

Allowable F l u x e s  - Using e l a s t i c  the rmomechan ica l  a n a l y s i s ,  t h e  h e a t  f l u x  

and  s a l t  t e m p e r a t u r e  were c a l c u l a t e d  t h a t  r e s u l t  i n  t h e  allowable 

e f f e c t i v e  stress range  a s  a f u n c t i o n  of  metal t e m p e r a t u r e .  F i g u r e  2-22 

p r e s e n t s  t h e  heat f l u x  l i m i t s  a s  a f u n c t i o n  of s a l t  t e m p e r a t u r e .  

I n  t h e  p r o c e s s  of  e s t a b l i s h i n g  t h e  allowable s t ress  r a n g e  ( i n p u t  t o  t h e  

the rmomechan ica l  a n a l y s i s ) ,  s e v e r a l  a s s u m p t i o n s  s h o u l d  be r ecogn ized .  The 

f i r s t  a s s u m t i o n  is t h a t  t h e  material  I n c o n e l  617 g o e s  t h r o u g h  a stress 

r e l a x a t i o n  i n  a c c o r d a n c e  w i t h  t h e  same mathematical c r e e p  e q u a t i o n s  a s  

I n c o l o y  800H. It  was n e c e s s a r y  t o  g o  t h i s  r o u t e  s i n c e  de ta i led  creep data  

is n o t  a v a i l a b l e  for  I n c o n e l  617. I t  is b e l i e v e d  t h a t  t h i s  a r p r o a c h  i s  

c o n s e r v a t i v e  b e c a u s e  i f  o n e  compares t h e  c r e e p  r u p t u r e  s t r e n g t h  data of 

t h e  two materials, I n c o n e l  617 h a s  a g r e a t e r  rupture  s t r e n g t h  t h a n  Inco loy  

800H. T h e r e f o r e ,  i t  would a p p e a r  t h a t  c r e e p  r e l a x a t i o n  of  I n c o n e l  617 

would be a t  a slower ra te  t h a n  800H. For f u r t h e r  de ta i led  e f f o r t  it is of 

paramount  i m p o r t a n c e  t h a t  a d d i t i o n a l  material t e s t i n g  o f  617 be p e r f o r m e d  

t o  o b t a i n  t h i s  i n f o r m a t i o n .  

The other a s s u m p t i o n  made was t o  assume t h a t  t h e  t u b e  is a s i n g l e  wall  

t u b e  of I n c o n e l  617 material i n s t e a d  of a duplex  t u b e  comprised of I n c o n e l  

-600 and  I n c o n e l  617 materials. S i n c e  d e t a i l e d  617 material  p r o p e r t i e s  a r e  

n o t  a v a i l a b l e ,  it was decided t h a t  t h e  i n c r e a s e d  e f f o r t  t o  r e v i s e  t h e  
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conputer  program t o  account  for  a d u a l  material t u b e  was n o t  e f f i c i e n t ,  

and t h a t  t h e  time c o u l d  be better s p e n t  elsewhere . The f ac t  t h a t  t h e  

t u b e  wall is  o n l y  3.2 mm (0.125 i n . )  t h i c k  and t h a t  t h e  t h i c k n e s s  of each 

material is 1.6 mm (0.062 i n . )  leads one t o  b e l i e v e  t h a t  from a s t r u c t u r a l  

adequacy s t a n d p o i n t ,  t h e  r e s u l t s  of a s i n g l e  wall material t u b e  are 

r e p r e s e n t a t i v e  fo r  t h i s  s tudy.  
2.3.2.4 Heat Absorpt ion S u r f a c e  Arrangement and Cavi ty  Conf i g u r a t i o n  

The d e s i g n  of t h e  heat a b s o r p t i o n  p a n e l s  d i s c u s s e d  i n  S e c t i o n  2.3.2.3 r e s u l t e d  
i n  a r e q u i r e d  heat t r a n s f e r  s u r f a c e  of 236 m 2  (2545 f t 2 ) .  The maximum 
allowable absorbed f l u x  as  a f u n c t i o n  of both s a l t  tempera ture  and s u r f a c e  
area were a l so  developed i n  S e c t i o n  2.3.2.3 and are p lo t t ed  on F i g u r e s  2-22 
and 2-23. The arrangement of t h e  r e c e i v e r  s u r f a c e  and t h e  c a v i t y  

c o n f i g u r a t i o n  must be i n t e g r a t e d  w i t h  t h e  d e s i g n  of t h e  collector f i e l d  and 

r e c e i v e r  tower t o  assure t h a t  s u f f i c i e n t  i n c i d e n t  energy reaches t h e  r e c e i v e r  
a b s o r p t i o n  s u r f a c e  from t h e  collector f i e l d  t o  p r o v i d e  t h e  r e q u i r e d  d e s i g n  
p o i n t  power wi thout  exceeding t h e  a b s o r p t i o n  s u r f a c e  f l u x  l i m i t s .  I n  
a d d i t i o n ,  t h e  c o l l e c t o r  f i e l d  and tower must be des igned  t o  make  e f f i c i e n t  u s e  
of t h e  he l ios ta t s  i n  t h e  f i e l d .  

The allowable i n c i d e n t  f l u x  on t h e  r e c e i v e r  heat a b s o r p t i o n  s u r f a c e  was based 

on t h e  thermal e f f i c i e n c y  of t h e  c a v i t y ,  which is  d e f i n e d  a s  t h e  r a t i o  of t h e  

energy  r e t a i n e d  by working f l u i d  t o  t h e  energy  e n t e r i n g  t h e  a p e r t u r e .  The 

d i f f e r e n c e  between t h e  energy e n t e r i n g  t h e  c a v i t y  and t h a t  absorbed by t h e  

working f l u i d  is t h e  c a v i t y  loss,  a t t r i b u t a b l e  t o  r a d i a n t  and r e f l e c t i v e  

losses, c o n v e c t i v e  losses, and conduct ion  losses. P lo t s  of allowable i n c i d e n t  
f l u x  qmI ,  a s  f u n c t i o n s  of both s a l t  tempera ture  and r e c e i v e r  surface area 

( F i g u r e s  2-26 and 2-27) were es tab l i shed  based on t h e  allowable absorbed f l u x ,  
qBA, and t h e  thermal e f f i c i e n c y ,  e, by 

The thermal e f f i c i e n c y  d e t e r m i n a t i o n  was based on a n  i n i t i a l l y  assumed c a v i t y  
arrangement.  After t h e  c a v i t y  arrangement  was f i n a l i z e d  a8 shown on F i g u r e s  

2-30 and 2-31, t h e  thermal e f f i c i e n c y  estimate was reviewed and found t o  be 

r e a s o n a b l e  for  t h i s  f i n a l  c o n f i g u r a t i o n .  e 
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Estimates p r e s e n t e d  o n  t h e  f i g u r e s  of  SNL r e p o r t  "The Per formance  o f  

High-Temperature  C e n t r a l  R e c e i v e r  Sys t ems"  ( R e f e r e n c e  37 )  were used  t o  

estimate t h e  r a d i a n t  l o s s  f r a c t i o n  based on  t h e  col lector  f i e l d  s i z e  and  t h e  

a v e r a g e  r e c e i v e r  o p e r a t i n g  t e m p e r a t u r e s .  C a l c u l a t i o n s  u s i n g  estimated view 

fac tors  be tween t h e  heat a b s o r p t i o n  s u r f a c e  and  t h e  a p e r t u r e  were a l s o  made t o  

estimate t h e  r a d i a n t  loss  f r a c t i o n .  The r a d i a n t  loss  f r a c t i o n  was estimated 

i n  t h e  r a n g e  of 0.08 t o  0.11. 

F 

F i g u r e s  i n  t h e  R e f e r e n c e  37 report  were a l s o  u s e d  t o  estimate t h e  c o n v e c t i v e  

l o s s  f r a c t i o n  of t h e  c a v i t y ,  a s  was t h e  c o r r e l a t i o n  d e v e l o p e d  by Kraabel 

( R e f e r e n c e  38)  f o r  t h e  assumed c a v i t y  geometry .  The c o n v e c t i v e  loss f r a c t i o n  

was estimated i n  t h e  r a n g e  of  0.08 t o  0.11. 

The  c o n d u c t i o n  loss  f r a c t i o n  t h r o u g h  t h e  c a v i t y  boundary was assumed t o  be 

0.01. 

Based on t h e  v a l u e s  estimated f o r  t h e  three components  of t h e  r e c e i v e r  

e f f i c i e n c y ,  t h e  l o s s  f r a c t i o n  f o r  t h e  r e c e i v e r  was assumed t o  be 0.22, 

r e s u l t i n g  i n  a r e c e i v e r  e f f i c i e n c y  of 0.78. 

As d i s c u s s e d  i n  S e c t i o n  2.4.1.2, v a r i o u s  c a v i t y  c o n f i g u r a t i o n s  were c o n s i d e r e d  

i n  t h e  DELSOL2 a n a l y s i s  w i t h  s p a t i a l  i n c i d e n t  f l u x  maps on t h e  r e c e i v e r  

a b s o r p t i o n  s u r f a c e  d e v e l o p e d  for  each. For example,  on F i g u r e  2-28, t h e  peak 

i n c i d e n t  f l u x e s  f o r  t h e  i n i t i a l  r e c e i v e r  c o n f i g u r a t i o n  are  compared t o  t h e  

allowable i n c i d e n t  f l u x e s ;  t h i s  compar i son  i n d i c a t e s  t h a t  c h a n g e s  a re  r e q u i r e d  

t o  t h e  c o n f i g u r a t i o n  t o  r e d u c e  t h e  p e a k  i n c i d e n t  f l u x e s .  A f t e r  c o n s i d e r i n g  

t h e  v a r i o u s  c o n f i g u r a t i o n s  o u t l i n e d  i n  S e c t i o n  2.4.1.2, t h e  c o n f i g u r a t i o n  w i t h  

t h e  r e c e i v e r  p a n e l s  on a 180 a rc  a t  a r a d i u s  of 7.66 m (25 .1  f t )  and  t h e  

radius c e n t e r  3.3 m (10 .8  f t )  s o u t h  of t h e  a p e r t u r e  p l a n e  was selected. As 

c a n  be s e e n  on  F i g u r e  2-29 t h e  i n c i d e n t  f l u x  e x c e e d s  t h e  allowable s l i g h t l y  

n e a r  t h e  r e c e i v e r  i n l e t ;  t h i s  was judged  acceptable w i t h i n  t h e  a c c u r a c y  of t h e  

a n a l y s i s  pe r fo rmed  f o r  t h i s  c o n c e p t u a l  d e s i g n .  The a r r angemen t  of t h e  

r e c e i v e r  c a v i t y  and  heat a b s o r p t i o n  s u r f a c e  is shown on F i g u r e s  2-30 and  2-31. 

0 
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2.3.2.5 Hot and Cold Surge Tanks 
The r e c e i v e r  system c o n t a i n s  a h o t  surge  t a n k  and a cold s u r g e  t ank .  These 

e q u a l  volume t a n k s  were s i z e d  t o  p r o v i d e  emergency c o o l i n g  t o  t h e  r e c e i v e r  

a b s o r b e r  s u r f a c e s  i n  t h e  e v e n t  of a loss of e lectr ical  power t o  t h e  collector 

f i e l d  which r e q u i r e s  emergency defocus of t h e  hel iostats .  P rev ious  s t u d i e s  

have based t h e  c o l d  s u r g e  t a n k  s a l t  volume on the  requirement  t h a t  t h e  

i n v e n t o r y  be s u f f i c i e n t  t o  p r o v i d e  f u l l  l o a d  s a l t  f low t o  t h e  r e c e i v e r  f o r  90  

seconds.  T h i s  time period was es tab l i shed  based on a n a l y s i s  of t h e  e lec t r ica l  

r equ i r emen t s  of t h e  collector f i e l d  being s u p p l i e d  by back-up diesel  power' and 
on t h e  assumption t h a t  o n l y  a c e r t a i n  p o r t i o n  of t h e  f i e l d  c o u l d  be defocused 
a t  a time. For t h e  Solar F u e l s  and Chemicals Design Study r e c e i v e r ,  t h e  t a n k s  
were s i z e d  t o  p r o v i d e  f u l l  l oad  s a l t  f l o w  t o  t h e  r e c e i v e r  f o r  1 2 0  seconds.  
The t a n k s  a lso act t o  decouple  s a l t  f l o w  t h r o u g h  t h e  r e c e i v e r  from flow i n  t h e  

long p i p i n g  runs  between t h e  r e c e i v e r  and t h e  hot  and cold thermal s t o r a g e  
t a n k s .  The t a n k s  are l o c a t e d  i n  t h e  r e c e i v e r  s t r u c t u r e  behind t h e  heat 

a b s o r p t i o n  p a n e l s  a s  shown on F i g u r e s  2-30 and 2-31. 

The cold surge t a n k  was s i z e d  s u c h  t h a t  a t  t h e  normal o p e r a t i n g  s a l t  l e v e l ,  
t h e  t a n k  is t h r e e - q u a r t e r s  f u l l  of s a l t ,  w i t h  t h a t  s a l t  i n v e n t o r y  s u f f i c i e n t  
t o  p r o v i d e  120 seconds of f u l l  l o a d  s a l t  flow. The t ank  is a r i g h t  c y l i n d e r  

w i t h  a n  i n t e r n a l  diameter of 1 .14  m (3 .75 f t )  and a n  i n t e r n a l  h e i g h t  of 4.08 m 
(13 .4  f t ) .  The t a n k  heads are e l l i p s o i d a l .  The t ank  has  a d e s i g n  p r e s s u r e  of 

4.14 MPa (600  p s i )  and a d e s i g n  t e m p e r a t u r e  of 5 3 8 O C  (lOOO°F). It is 

c o n s t r u c t e d  of 38 mm (1.50 i n )  t h i c k  304 s t a i n l e s s  steel. Heat l o s s  from t h e  

t a n k  is minimized w i t h  e x t e r n a l  i n s u l a t i o n .  

A p r e s s u r i z e d  a i r  space e x i s t s  above t h e  s a l t  l e v e l  i n  t h e  cold tank.  The 

t a n k  is i n i t i a l l y  p r e s s u r i z e d  from t h e  a i r  supp ly  t a n k  (see F i g u r e  2-20) w i t h  

t h e  nominal s a l t  l e v e l  i n  t h e  t ank .  The s a l t  l e v e l  ( and  t h e r e f o r e  t a n k  

p r e s s u r e )  is ma in ta ined  by t h e  c o n t r o l  v a l v e  i n  t h e  r iser  l i n e  between t h e  

c o l d  c a r b o n a t e  s a l t  pump and t h e  c o l d  s u r g e  tank.  The c o l d  t a n k  and 
associated p i p i n g  are  protected w i t h  a p r e s s u r e  relief v a l v e  located off t h e  

top of t h e  cold t ank .  
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The h o t  s u r g e  t a n k  has t h e  same i n t e r n a l  volume a n d  d i m e n s i o n s  as  t h e  cold 

s u r g e  t a n k ,  A t  t h e  normal  o p e r a t i n g  s a l t  l e v e l  t h e  t a n k  is o n e - q u a r t e r  f u l l ;  

t h u s ,  t h e  u l l a g e  volume is s u f f i c i e n t  t o  accept t h e  s a l t  volume f rom t h e  co ld  

t a n k  i n  t h e  e v e n t  of a n  emergency r e c e i v e r  c o o l i n g  e v e n t .  The t a n k  h a s  a 

d e s i g n  p r e s s u r e  of 0.35 MPa (50 p s i )  a n d  a d e s i g n  t e m p e r a t u r e  of 982OC 

(1800'F). I t  is c o n s t r u c t e d  of 35 mm (1.375 i n )  t h i c k  I n c o n e l  617 t o  meet 

these d e s i g n  p r e s s u r e / t e m p e r a t u r e  c o n d i t i o n s ,  w i t h  a 3.2 mm ( .  125 i n )  t h i c k  

l aye r  of I n c o n e l  600 on  t a n k  I . D .  f o r  c o r r o s i o n  r e s i s t a n c e  t o  t h e  c a r b o n a t e  

s a l t .  Heat l o s s  from t h e  t a n k  is minimized  w i t h  e x t e r n a l  i n s u l a t i o n .  The  

p o t e n t i a l  f o r  t h e  need  of a n  i n t e r n a l  i n s u l a t i o n  l i n e r  f o r  t h e  h o t  s u r g e  t a n k  

was n o t  i n v e s t i g a t e d  i n  t h i s  s t u d y .  An a n a l y s i s  of p o s s i b l e  thermal 

t r a n s i e n t s  i n  t h e  h o t  s u r g e  t a n k  c o u l d  i n d i c a t e  t h e  need  f o r  s u c h  a l i n e r  t o  

m i t i g a t e  thermal t r a n s i e n t  e f f e c t s  on t h e  t a n k  p r e s s u r e  boundary.  

P 

The a i r  s p a c e  above  t h e  s a l t  l e v e l  i n  t h e  t a n k  i s  v e n t e d  t o  t h e  a tmosphe re .  

The s a l t  l e v e l  i n  t h e  t a n k  is c o n t r o l l e d  by t h e  v a l v e  i n  t h e  downcomer l i n e  

be tween t h e  h o t  s u r g e  t a n k  and  h o t  s a l t  t h e r m a l  s t o r a g e  t a n k .  

2.3.2.6 P i p i n g  a n d  Va lves  

The r e c e i v e r  p i p i n g  c o n s i s t s  p r i m a r i l y  of t h e  c o n n e c t i o n s  t o  t h e  main r i se r  

and  downcomer p i p i n g ,  t h e  p a n e l  i n t e r c o n n e c t i n g  p i p i n g ,  v e n t  and  d r a i n  l i n e s ,  

and  o v e r n i g h t  r e c i r c u l a t i o n  system p i p i n g .  P i p e  material  i s  304 s t a i n l e s s  

s teel  f o r  those  l i n e s  t h r o u g h  which  co ld  s a l t  f l o w s  and  I n c o n e l  617 w i t h  a n  

I n c o n e l  600 l i n e r  f o r  t hose  l i n e s  t h r o u g h  w h i c h  ho t  s a l t  f lows. All p i p i n g  i s  

r o u t e d  t o  p r o v i d e  v e n t i n g  of a i r  d u r i n g  s t a r t - u p  a n d  d r a i n a g e  of  z . I t  du r inq  

shutdown.  A l l  p i p i n g  i s  i n s u l a t e d  t o  minimize  h e a t  loss  and t o  assure p r o p e r  

o p e r a t i o n  of t h e  heat  t r a c i n g  which is i n s t a l l e d  on a l l  p i p e  runs .  

F low t o  t h e  eas t  and  west h a l v e s  of  t h e  r e c e i v e r  absorber surface i s  

i n d i v i d u a l l y  c o n t r o l l e d  t o  m a i n t a i n  a r e c e i v e r  s a l t  o u t l e t  t e m p e r a t u r e  of 

954OC (175OOF) t h r o u g h  t h e  p o s i t i o n i n g  of f l o w  c o n t r o l  v a l v e s  i n  t h e  i n l e t  

p i p i n g  t o  e a c h  h a l f  of t h e  r e c e i v e r .  The r e c e i v e r  cold s u r g e  t a n k  l e v e l  is 

c o n t r o l l e d  by a v a l v e  i n  t h e  r i se r  l i n e  be tween t h e  co ld  c a r b o n a t e  s a l t  pump 

and  t h e  cold s u r g e  t a n k .  S i m i l a r l y ,  t h e  ho t  s u r g e  t a n k  l e v e l  i s  c o n t r o l l e d  by 

a v a l v e  i n  t h e  downcomer l i n e  be tween t h e  ho t  s u r g e  t a n k  and  t h e  h o t  thermal 
/c 
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storage tank. The receiver absorption panel assemblies a re  provided w i t h  

isolation valves t o  assure complete venting of a i r  from t h e  system during 

start-up and corrplete drainage of s a l t  from t h e  system during shutdown. 

The basic material of construction for  valves i n  contact w i t h  cold s a l t  is 304 

s ta inless  s tee l  while those valves i n  contact w i t h  hot s a l t  would combine a 

corrosion resistant material such an Inconel 600 w i t h  a strength material such 
a s  Inconel 617. I n  addition t o  meeting the basic strength requirements for  

the operating temperatures and pressures and providing t h e  necessary control 
of s a l t  flow, the valves m u s t  prevent leakage of s a l t  t o  the atmosphere a t  the 
location where the valve stem penetrates the valve pressure boundary. 

Potential leakage seals  include packing , metal bellows seals,  or freeze 
seals. Ektensive t e s t i n g  of valve seals  is currently i n  progress for  valves 
i n  service w i t h  molten n i t ra te  s a l t .  Development of valves intended for  

molten carbonate s a l t  service is discussed i n  Section 4.2.3.1 of t h i s  report. 

2.3.2.7 Cavity Structure 

The receiver structure that  forms the C-shaped configuration consists of a 
network of ver t ical  trusses,  horizontal trusses,  bracing and support s teel .  
The structure transmits dead loads, wind loads, and seismic loads t o  the top 

of t h e  tower. An aperture opening exists i n  t h e  structure,  and a door is 

provided t o  close the aperture during the standby mode. Structural  s t ee l  is 

used for  support of major par t s  such a s  panels, surge tanks, a i r  tank, p ip ing ,  

door, door mechanism, and receiver cavity casing. Design methods for  a 

receiver structure are conventional and as  such no e f for t  was expended i n  i ts  

detailed design. A general arrangement of s t ructural  members was defined t o  
determine overall space requirements for  the receiver module on top of the 
tower and t o  estimate the weight of the s t ructural  steel. 

2.3.2.8 Door and Door Mechanism 
As w i t h  the cavity structure,  the door and door mechanism were defined only i n  

terms of a general arrangement for space and weight requirements. The 
receiver door is a motorized, ver t ical ,  biparting door w i t h  an i n i t i a l  motion 

outward (away from t h e  tower) i n  the opening direction and a f i n a l  motion 

inward t o  conpress a high-temperature sea l  i n  the closing direction. The door 
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configuration cons is t s  of a network of horizontal  and v e r t i c a l  t russes .  T h e s e  

t r u s s e s  support a s e r i e s  of packed insulat ion panels. One half of the door 

serves a s  a counterweight f o r  the other half .  The door is opened and closed 

through a chain and sprocket drive mechanism attached t o  t h e  upper door, which 

is automatically controlled.  A schematic of the door and door mechanism is 

i l l u s t r a t e d  i n  Figure 2-32. 

rc 

2.3.2.9 Ancillary Equipment  

The anc i l la ry  equipment of t h e  so la r  receiver includes t r a c e  heating, 

insulat ion,  instrumentation, a i r  supply and the overnight recirculat ion system. 

Trace heating is provided t o  prevent both thermal shocking of the receiver 

components and freezing of the s a l t .  E lec t r ica l  res is tance heaters a re  

applied t o  the components. The trace-heating system is insulated and i s  

controlled by thermocouple feedback. An experience base f o r  the specif icat ion 

and application of heat t race  equipment f o r  solar  receivers has been and is 

continuing t o  be developed i n  programs a t  the Central Receiver Test Faci l i ty .  

Insulation is provided on the individual components, tanks, piping, panels,  

and door t o  min imize  heat l o s s  and provide proper, e f f i c i e n t  operation of heat 

tracing. Insulation on the perimeter of the aperture serves a s  a shielding 

f o r  the s t r u c t u r a l  s t e e l .  T h i s  shielding is  needed t o  pro tec t  the e n t i r e  

aperture perimeter from sp i l lage  during normal operation and t o  pro tec t  

primarily t h e  e a s t  s ide  of the receiver from h i g h  fluxes. These h i g h  f luxes 

resu l t  when large numbers of h e l i o s t a t s  a r e  def ocused simultaneoii~jly a f t e r  

c e r t i a n  types of e l e c t r i c a l  power or s a l t  flow f a i l u r e s  have occurred. 

Instrumentation is provided f o r  control  and monitoring of the receiver 

operation. Thermocouples and flux gages a t  t h e  receiver i n l e t  and o u t l e t  and 

a t  various locations throughout the absorption panels control  s a l t  flow 

through the receiver t o  maintain t h e  required s a l t  o u t l e t  temperature; s a l t  

flow t o  each half of t h e  receiver is control led and monitored. The surge 

tanks a r e  provided w i t h  l eve l ,  pressure,  and temperature indicators.  The need 

t o  develop instrumentation compatible w i t h  the h i g h  temperature molten s a l t  

service is discussed i n  Section 4 . 2 . 4 . 2 .  
r”- 
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Receiver Door Configuration 

Upper Door 

Lower Door 

Figure 2-32 
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The a i r  s u p p l y  s y s t e m  s e r v e s  t o  n o t  o n l y  s u p p l y  a i r  p r e s s u r e  t o  t h e  cold s u r g e  

t a n k  f o r  d a i l y  s t a r t u p  and  p r e s s u r e  ma in tenance ,  bu t  also t o  p r o v i d e  a i r  

p r e s s u r e  for  emergency blowdown c o o l i n g  i n  case a loss  of power t o  t h e  

h e l i o s t a t  f i e l d .  The a i r  s u p p l y  s y s t e m  c o n t a i n s  t h e  a i r  t a n k  a t  1 0 . 3  MPA 

(1500 p s i ) ,  c o n n e c t i n g  p i p i n g ,  a compressor, a n d  c o n t r o l ,  i s o l a t i o n ,  and  check 

v a l v e s  . 

- 

2.3.2.10 R e c i r c u l a t i o n  System 

When t h e  r e c e i v e r  is i n  o v e r n i g h t  s t a n d b y  w i t h  t h e  a p e r t u r e  door closed, it is 

m a i n t a i n e d  a t  t h e  co ld  s a l t  t e m p e r a t u r e  by c i r c u l a t i n g  s a l t  from t h e  cold s a l t  

s t o r a g e  t a n k ,  t h r o u g h  t h e  r e c e i v e r  p a n e l s  i n  p a r a l l e l  downflow, and back t o  

t h e  co ld  t a n k .  T h i s  s y s t e m  allows for q u i c k e r  r e c e i v e r  s t a r t - u p  i n  t h e  

morning and  r e d u c e s  p a r a s i t i c  e l e c t r i c a l  e n e r g y  usage  d u r i n g  r e c e i v e r  s t a n d b y  

by r educ ing  t h e  amount of h e a t  t race which  must  be operated on t h e  r e c e i v e r  

and  on t h e  r i se r  and  downcomer p i p i n g  i n  t h e  tower. 

2.3.2.11 Materials 

Materials were selected t o  p r o v i d e  a d e q u a t e  s t r e n g t h  and c o r r o s i o n  r e s i s t a n c e  

i n  t h e  r e c e i v e r  o p e r a t i n g  env i ronmen t .  I n  t h e  co ld  c a r b o n a t e  s a l t  

env i ronmen t ,  304 s t a i n l e s s  s tee l  h a s  t h e  n e c e s s a r y  c o m b i n a t i o n  of c o r r o s i o n  

r e s i s t a n c e  and  s t r e n g t h .  I n  t h e  absorber p a n e l s  and  t h e  ho t  c a r b o n a t e  s a l t  

r e g i o n s  of t h e  r e c e i v e r  where material t e m p e r a t u r e  reach a m a x i m u m  of 982OC 

(1800°F), I n c o n e l  617 was selected t o  p r o v i d e  t h e  r e q u i r e d  s t r e n g t h ,  and  

I n c o n e l  600 was c h o s e n  a s  a c o r r o s i o n  r e s i s t a n t  l i n e r  f o r  t h e  I n c o n e l  617. 

The d e t a i l e d  d i s c u s s i o n  of materials s e l e c t i o n  is i n  Appendix A .  

A summary of t h e  s t r u c t u r a l  w e i g h t s  of t h e  r e c e i v e r  is l i s t e d  below. During 

normal  o p e r a t i o n  t h e  r e c e i v e r  c o n t a i n s  a p p r o x i m a t e l y  22,680 kg ( 5 0 , 0 0 0  l b )  of 

m o l t e n  c a r b o n a t e  sa l t ,  r e s u l t i n g  i n  a n  o p e r a t i n g  w e i g h t  of a p p r o x i m a t e l y  

335,200 kg (739 ,000  l b ) .  
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Item - 
P a n e l  Assemblies 

Receiver Weight  Summary 

Hot Surge  Tank 

Cold S u r g e  Tank 

A i r  Tank 

P ip ing  

Doors and  Door Hardware 

s t ructural  Steel, I n s u l a t i o n ,  
and  Miscellaneous 

T o t a l  Dry Weight  

S a l t  

T o t a l  O p e r a t i n g  Weight  
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We i g  h t  
kq l b  

63  , 500 140,000 

7,440 16,400 

6,350 14,000 

1 , 4 1 0  3 ,100  

11 , 340 25,000 

19 ,960  44, 000 

202,530 446,500 

312,530 689,000 

22,680 50,000 

335,200 739,000 



- 2.3.3 Thermal Energy Storage 

2.3.3.1 Energy Storage Requ i remen t s  

The thermal e n e r g y  s t o r a g e  s y s t e m  stores thermal e n e r g y  f o r  u s e  i n  o p e r a t i n g  

t t h e  chemical p l a n t  and  steam g e n e r a t o r  a t  a nomina l  rated c a p a c i t y  of  35 MW 

(119.3 x lo6 B t u / h r ) .  The s t o r a g e  medium is a mol t en  m i x t u r e  of c a r b o n a t e  

sa l t .  The s t o r a g e  c a p a c i t y  allows fo r  c o n t i n u o u s  operation of t h e  chemical 

p l a n t  d u r i n g  c l o u d  t r a n s i e n t s  and a l s o  permits c o n t i n u e d  c o l l e c t i o n  of solar  

e n e r g y  d u r i n g  t empora ry  chemical p l a n t  shutdowns.  The max imum s t o r a g e  

c a p a c i t y  of  t h e  s y s t e m  is 8 4  MWh (287  x l o 6  B t u ) ,  which is s u f f i c i e n t  t o  

p r o v i d e  o p e r a t i o n  of t h e  chemical p l a n t  a t  90% of rated load f o r  a b o u t  2.6 

hours.  The o p e r a t i o n a l  and  economic optimum c o n f i g u r a t i o n  f o r  a s a l t  s t o r a g e  

s y s t e m  of t h i s  s i z e  is a d u a l  h o t  and  cold t a n k  sys tem.  Hot s a l t  a t  954OC 

(1750'F) is stored i n  one  dedicated t a n k .  A second  dedicated t a n k  s tores  

t h e  cold s a l t  a t  514OC (957OF) a f t e r  t h e  thermal e n e r g y  h a s  been  e x t r a c t e d .  

t 

The h o t  and  co ld  s t o r a g e  t a n k s  are  s i z e d  t o  hold t h e  e n t i r e  s a l t  i n v e n t o r y  i n  

a s i n g l e  t a n k ,  s h o u l d  it be n e c e s s a r y  t o  empty one  of t h e  t a n k s  f o r  r e p a i r .  

The s a l t  i n v e n t o r y  is  521,500 kg (1 ,150 ,000  l b )  which r e q u i r e s  a s t o r a g e  

volume of 261 m ( 1 0 , 3 0 0  f t  1. The t a n k s  a r e  d e s i g n e d  and  i n s u l a t e d  t o  

min imize  thermal losses. Heat trace is p r o v i d e d  on t h e  o u t s i d e  of t h e  t a n k  

p r e s s u r e  b o u n d a r i e s  t o  p r e h e a t  t h e  t a n k s  above  t h e  s a l t  m e l t i n g  p o i n t  and t o  

m a i n t a i n  t h e  t a n k s  and  s a l t  i n v e n t o r y  a t  t h e  nominal  co ld  s a l t  t e m p e r a t u r e  of 

514OC (957OF) d u r i n g  p e r i o d s  of p l a n t  shutdown. Tank f o u n d a t i o n s  are  

i n s u l a t e d  so  t h a t  t h e  u n d e r l y i n g  s o i l  m a i n t a i n s  i ts  b e a r i n g  s t r e n g t h  and  

s u p p o r t s  t h e  t a n k s  s a t i s f a c t o r i l y .  

3 3 

2.3.3.2 Thermal Energy Storage Des iqn  D e s c r i p t i o n  

The  thermal e n e r g y  s t o r a g e  s y s t e m  is t h e  i n t e r f a c e  between t h e  r e c e i v e r  s y s t e m  

a n d  t h e  chemical p l a n t .  I t  is d e s i g n e d  n o t  o n l y  t o  s tore  t h e r m a l  e n e r g y ,  b u t  

a l so  t o  decouple t h e  s y s t e m s  t h a t  i n t e r f a c e  w i t h  it. The s t o r a g e  sys t em acts  

a s  a b u f f e r  t h a t  allows t h e  r e c e i v e r  t o  operate i n d e p e n d e n t l y  f rom t h e  

chemical p l a n t  and  v i c e  v e r s a .  The major components  are  shown on F i g u r e  2-5 

as  are t h e i r  i n t e r f a c e s  w i t h  t h e  o the r  sys t ems .  A p l o t  p l a n  showing t h e  

l o c a t i o n s  of t h e  components  is p r e s e n t e d  i n  F i g u r e  2-50. 
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2.3.3.3 Thermal Storage System a e r a t i o n  
The s t o r a g e  system is  des igned  t o  supp ly  and accept molten s a l t  t o  or from t h e  

r e c e i v e r  and chemical p l a n t .  F igure  2-33 is a s i m p l i f i e d  flow schematic. I n  
t h e  morning a f t e r  t h e  solar p o r t i o n  of t h e  p l a n t  is  s tar ted up, c o l d  sa l t  is 

pumped from t h e  cold s t o r a g e  t a n k  t o  t h e  r e c e i v e r .  Once t h e  s a l t  is heated t o  

t h e  specified t e n p e r a t u r e ,  t h e  s a l t  is r e t u r n e d  t o  t h e  h o t  s a l t  s t o r a g e  t ank .  
The o p e r a t i o n  of t h e  thermal s t o r a g e  system a s  pa r t  of t h e  o v e r a l l  system is 

described f u r t h e r  i n  S e c t i o n  2.7.2 
2.3.3.4 Hot Sa l t  Storage Tank 

The h o t  s a l t  storage t a n k  is  des igned  t o  c o n t a i n  t h e  molten s a l t  a t  a 

t e m p e r a t u r e  of 954OC (1750'F). The t a n k  shown i n  F i g u r e  2-34 is des igned  
as  a n  i n t e r n a l l y  and e x t e r n a l l y  i n s u l a t e d  t a n k  w i t h  a c o o l i n g  c i rcu i t  i n  t h e  

wall and f l o o r  which c i r c u l a t e s  t h e  sa l t  from t h e  cold t a n k  t o  m a i n t a i n  t h e  

304 s t a i n l e s s  s teel  containment  v e s s e l  a t  approx i m a t e l y  5 1 6 O C  (960'F). 

The c o o l i n g  c i r c u i t r y  c o n s i s t s  of 38 mm (1-1 /2n)  O.D.  t u b e s  on 64  mm (2-1/2")  

c e n t e r s .  There are two c i r c u i t s  connec ted  i n  series, one for  t h e  f loor  and 
one for  t h e  w a l l .  The c o l d  sa l t  f l o w s  i n t o  t h e  f loor  i n l e t  header, t h r o u g h  
t h e  c i r c u i t  t o  t h e  f loor  ou t l e t  header. Flow t h e n  e n t e r s  t h e  wall i n l e t  
header around t h e  base of t h e  wall and f l o w s  up t h r o u g h  t h e  he l ica l  t u b e s  t o  

t h e  o u t l e t  header a t  t h e  top of t h e  tank.  

An i n s u l a t i n g  a n n u l u s  was d e s i g n e d  t o  reduce heat t r a n s f e r  between t h e  ho t  

s a l t  i n v e n t o r y  and t h e  coo l ing  c i r c u i t  a s  shown on F i g u r e  2-34. The a n n u l u s  

is f i l l e d  w i t h  25 mm ( 1 " )  s p h e r e s  of alumina w i t h  a pack ing  f a c t o r  of 60%. 

Alumina spheres of t h i s  s i z e  can  r e a d i l y  be produced. Sphere s i z e  l i m i t s  t h e  

i n t e r s t i c e s  t o  roughly 6 mm (1 /4 ' )  which,  i n  t u r n ,  l i m i t s  t h e  free c o n v e c t i o n  
of t h e  s a l t  i n  t h e  annu lus .  As a r e s u l t  of o u r  materials e v a l u a t i o n  (Appendix 
A ) ,  a lumina was chosen  f o r  i ts  c o r r o s i o n  r e s i s t a n c e  and compressive s t r e n g t h  
properties: t h e  s t r e n g t h  is adequate t o  p r e v e n t  c r u s h i n g  of t h e  spheres. 

T h i s  method of i n s u l a t i n g  was chosen  i n s t e a d  of t h e  honeycomb a p p a r a t u s  
described i n  t h e  proposal because of t h e  d i f f i c u l t i e s ,  and therefore costs, 

associated w i t h  f a b r i c a t i o n .  I n  a d d i t i o n ,  t h e  material r equ i r emen t s ,  by 

we igh t ,  for  t h e  honeycomb arrangement  were almost twice t h e  r equ i r emen t s  for  

t h e  alumina spheres. 

The s a l t  i n  t h e  a n n u l u s  is i n  communication w i t h  t h e  bu lk  of t h e  h o t  s a l t  

i n v e n t o r y  th rough  holes a t  t h e  bottom of t h e  c y l i n d r i c a l  baffle. Thus, t h e  

h y d r o s t a t i c  heads i n  t h e  a n n u l u s  and t h e  bu lk  l i q u i d  pool are e q u a l ,  and t h e  

- _  ._ 
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h e i g h t s  of t h e  two l i q u i d  columns v a r y  o n l y  i n  proportion t o  t h e  d i f f e r e n c e s  

i n  t h e i r  re la t ive d e n s i t i e s  (which  is  minimal).  L i q u i d  is withdrawn from t h e  

bottom center of t h e  h o t  t a n k  t o  minimize disturbance of t h e  i n s u l a t i n g  f l u i d  

i n  t h e  annulus .  

The t a n k  rests on 1 0 2  mm (4 ' )  of  sand, t o  allow f o r  t h e r m a l  expansion, and  1 5 2  

mm (6 ' )  of  i n s u l a t i n g  f irebrick which allows t h e  concrete foundat ion and 

s u r r o u n d i n g  s o i l  t o  be maintained a t  less t h a n  93OC (200°F). F i b e r o u s  

i n s u l a t i o n  I230 mm ( 9  i n . ) ]  on t h e  wall and roof main ta ins  surface 

temperatures a t  less t h a n  66OC (150'F). The external i n s u l a t i o n  is 
p r o t e c t e d  by an aluminum jacket. 

2.3.3.5 Cold S a l t  S t o r a g e  Tank 

The c o l d  s a l t  s t o r a g e  t a n k  shown i n  F i g u r e  2-35, is d e s i g n e d  t o  store molten 

s a l t  a t  514OC (957'F). The t a n k  consis ts  o f  a 304 s ta inless  s teel  s h e l l  

w i t h  a domed r o o f .  The t a n k ' s  external i n s u l a t i o n  a n d  f o u n d a t i o n  are  

i d e n t i c a l  t o  t h e  h o t  s a l t  s t o r a g e  t a n k  p r e v i o u s l y  d e s c r i b e d .  

2.3.3.6 U l l a g e  Gas Control System 

Al though  not  a d d r e s s e d  i n  t h i s  s t u d y ,  a n  u l l a g e  g a s  control  s y s t e m  may be 

needed  t o  prevent damaging d i f f e r e n t i a l  pressures f rom d e v e l o p i n g  between t h e  

i n s i d e  of t h e  s t o r a g e  t a n k s  and  t h e  a tmosphe re .  

2.3.3.7 S a l t  Inventory 

Molten s a l t  is u s e d  as  b o t h  t h e  h e a t  t r a n s f e r  f l u i d  and  s t o r a g e  media. The 

molten s a l t  i n v e n t o r y  of t h e  p l a n t  is 521,500 kg (1 ,150 ,000  l b ) .  I n  a d d i t i o n  

t o  t h e  s a l t  i n  t h e  sys t em,  3% of t h e  t o t a l  i n v e n t o r y  is stored, i n  d r y  form,  

for  makeup. During t h e  normal operation of  t h e  p l a n t ,  a s i g n i f i c a n t  amount of  

sa l t  is r e q u i r e d  t o  f i l l  t h e  p i p i n g  and  components o f  t h e  sys tem.  

2.3.3.8 Thermal Energy S t o r a g e  Per formance  

The maximum rate a t  which e n e r g y  is t r a n s f e r r e d  f rom t h e  h o t  sa l t  t o  t h e  

c o o l i n g  c i r cu i t  is 0.30 MW (1 .03  x l o 6  B t u / h r ) .  About 4%, or 0.012 MWt 

(0 .041  x l o 6  B t u / h r ) ,  of t h i s  e n e r g y  is los t  i n  t h e  sa l t  p i p i n g  between 

s t o r a g e  tanks .  The t h e r m a l  loss  f o r  e a c h  t a n k  is 0.061 MW (0.209 x l o 6  
B tu /h r ) .  T h e r e f o r e ,  t h e  t o t a l  rate o f  unrecoverable t h e r m a l  losses f o r  t h e  

storage system is 0.135 MW (0.46 x 1 0  B t u / h r ) .  

t 
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2.3.4 Steam G e n e r a t o r  

r". The Steam G e n e r a t o r  Sys tem (SGS) is  a r e c i r c u l a t i n g  water s y s t e m  c o n s i s t i n g  o f  

t h r e e  separate c o u n t e r - f l o w  h e a t  e x c h a n g e r s  ( i n t e r m e d i a t e  h e a t  exchange r  

( I H X ) ,  s u p e r h e a t e r ,  e v a p o r a t o r ) .  The SGS extracts  e n e r g y  f rom t h e  c a r b o n a t e  

s a l t  t o  p r o d u c e  steam for  t h e  c h e m i c a l  process and  f o r  c o g e n e r a t i o n  of 

e lec t r ica l  power. The SGS is d e s i g n e d  t o  s u p p l y  s u p e r h e a t e d  steam a t  7.93 MPa 

(1150 p s i a )  and 387OC (728'F) when s u p p l i e d  w i t h  f e e d w a t e r  a t  135OC 

(275'F). The SGS is rated a t  a f u l l  load power l e v e l  of 1 7 . 1  MW (58 .3  x 
1 0  B t u / h r ) .  

t 
6 

2.3.4.1 System D e s c r i p t i o n  

A f low s c h e m a t i c  of t h e  SGS is shown i n  F i g u r e  2-36. The SGS c o n s i s t s  of t h e  

f o l l o w i n g  major components :  

1) I n t e r m e d i a t e  h e a t  exchange r  

2 )  S u p e r h e a t e r  

3 )  E v a p o r a t o r  

4 )  Steam drum 

5 )  Boi ler  water 

6 )  P i p i n g  a n d  v a l v e s  

7) Nitrate s a l t  pump 

Carbona te  s a l t  from t h e  cold s t o r a g e  t a n k  is  mixed w i t h  s a l t  f rom t h e  

c a r b o n i z a t i o n  process t o  provide I H X  i n l e t  t e m p e r a t u r e  of 649OC ( 1200°F). 

I n  t h e  I H X ,  t h e  t h e r m a l  e n e r g y  is t r a n s f e r r e d  t o  a lower t e m p e r a t u r e  n i t r a t e  

s a l t .  The p u r p o s e  of t h e  i n t e r m e d i a t e  f low c i r c u i t  of n i t r a t e  s a l t  ,is t o  

r e d u c e  t e m p e r a t u r e  d i f f e r e n c e s  i n  heat  exchange r  components .  Also, t h e  

n i t r a t e  s a l t  h a s  a lower m e l t i n g  p o i n t  (245°C/4730F) compared t o  t h e  

c a r b o n a t e  s a l t  (397OC/747OF) and  is, t h e r e f o r e ,  less l i k e l y  t o  f r e e z e  when 

it p a s s e s  t h r o u g h  t h e  s u p e r h e a t e r  and  e v a p o r a t o r .  

The c a r b o n a t e  s a l t  ex i t s  t h e  I H X  a t  496C (925'F) and  m i x e s  w i t h  s a l t  f rom 

t h e  r e g e n e r a t i o n  process before p a s s i n g  t o  t h e  low t e m p e r a t u r e  t h e r m a l  s t o r a g e  

t a n k .  Meanwhile, t h e  n i t r a t e  s a l t  is  pumped i n  series t o  t h e  I H X ,  s u p e r h e a t e r  

and  e v a p o r a t o r ,  and  r e t u r n e d  t o  t h e  pump. The e v a p o r a t o r  s a l t  i n l e t  

temperature is c o n t r o l l e d  by mixing  co ld  s a l t  w i t h  t h e  s a l t  e x i t i n g  t h e  

s u p  e r hea  t e r . rc 
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Steam Generator Schematic 
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- R e c i r c u l a t i n g  s y s t e m s  are used  t h r o u g h o u t  t h e  power i n d u s t r y  where f r e q u e n t  

s t a r t u p s  and  load swings  m u s t  be accommodated. I n  t h e  steam drum, t h e  

feedwater is mixed w i t h  r e c i r c u l a t e d  water and  pumped t o  t h e  e v a p o r a t o r  where 

a steam/water m i x t u r e  is p roduced .  The steam/water m i x t u r e  is r e t u r n e d  t o  t h e  

drum where t h e  steam and water phases are  separated. The s a t u r a t e d  steam is 

t h e n  superheated t o  387OC (728'F). The d e s i g n  steam f l o w  rate  t o  t h e  

t u r b i n e  is 6.68 kg/sec  (53 ,050  lbm/hr) .  

2.3.4.2 Component D e s c r i p t i o n  

The c o n c e p t  selected f o r  e a c h  of t h e  h e a t  exchange r  components ,  shown i n  

F i g u r e s  2-37 t h r o u g h  2-39, is a h o r i z o n t a l  U-tube, U - s h e l l  c o n f i g u r a t i o n  w i t h  

i n l e t  and  o u t l e t  legs i n  a common v e r t i c a l  p l a n e .  U-tube c o n f i g u r a t i o n s  o f f e r  

compact t u b e  b u n d l e s  and  t u b e  f l e x i b i l i t y  t o  r e a d i l y  accommodate t u b e - t o - s h e l l  

and tube - to - tube  d i f f e r e n t i a l  thermal e x p a n s i o n  d u r i n g  normal  and t r a n s i e n t  

o p e r a t i o n s .  The U - s h e l l  c o n f i g u r a t i o n  is u s e d  b e c a u s e  t u b e - s i d e  temperature 

d i f f e r e n c e s  are  l a r g e  and  would i n d u c e  h i g h  t h e r m a l  stresses i n  a s i n g l e  

t u b e s h e e t  and  b e c a u s e  s h e l l - s i d e  uppe r  and  lower l e g  t e m p e r a t u r e  d i f f e r e n c e s  

are l a r g e  and  would i n d u c e  h i g h  t h e r m a l  s t resses  i n  a s i n g l e  s t r a i g h t  s h e l l .  

Each of  t h e  heat e x c h a n g e r s  is a r r a n g e d  f o r  c o u n t e r f l o w  h e a t  t r a n s f e r .  

For t h e  e v a p o r a t o r  and  s u p e r h e a t e r ,  water/steam e n t e r s  t h e  lower l e g  of t h e  

t u b e s ,  f l o w s  upward a round  t h e  bend,  and  d i s c h a r g e s  f rom t h e  upper  leg. 

Molten n i t r a t e  s a l t  e n t e r s  t h e  s h e l l  s ide of t h e  h e a t  e x c h a n g e r  n e a r  t h e  

t e r m i n a l  of t h e  u p p e r ,  or o u t l e t ,  l e g  and  f lows t h r o u g h  t h e  bund le  t o  

d i s c h a r g e  n e a r  t h e  t e r m i n a l  of t h e  lower, o r  i n l e t ,  l e g .  I n  t h e  I H X ,  t h e  

m o l t e n  n i t r a t e  s a l t  flows i n  t h e  t u b e s  w h i l e  t h e  c a r b o n a t e  s a l t  is i n  t h e  

s h e l l .  
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The steam drum, shown i n  Figure 2-40, employs standard Babcock & Wilcox 

cyclone steam separators  and scrubbers. The steam/water mixture from the 

evaporator is delivered t o  the drum where t h e  phases a r e  separated. The 

saturated steam is delivered t o  t h e  superheater, w h i l e  t h e  saturated water is 

mixed w i t h  incoming feedwater and returned via the downcomer t o  t h e  evaporator. 

The heat exchangers and the steam drum a r e  arranged i n  an open space frame 

s t ruc ture  providing support f o r  t h e  equipment and piping. A l l  components 

except t h e  steam drum a r e  located a t  grade level.  The drum i s  elevated h i g h  

enough t o  provide adequate n e t  pos i t ive  suction head f o r  the recirculat ion 

Pumps. 

2.3.4.3 Materials 

Materials were selected t o  provide adequate s t rength and corrosion resistance 

i n  t h e  operating environments w i t h  t h e  addi t ional  objective of minimiz ing  base 

material  costs.  The  evaporator operates a t  temperatures up t o  449OC 

(840'F). Consequently, 2-1/4 C r - 1  Mo was considered necessary f o r  the 

increased mechanical s t rength and resis tance t o  n i t r a t e  s a l t  corrosion. The 

superheater operates a t  509OC (948OF) and therefore  Type 304 s t a i n l e s s  

s t e e l  was selected f o r  res is tance t o  n i t r a t e  corrosion. 

W i t h  temperatures up t o  6 4 9 O C  (1200°F) ,  Incoloy 800H was chosen a s  t h e  

mater ia l  f o r  t h e  I H X  t o  meet s t rength and carbonate s a l t  corrosion resistance 

requirements. Carbon s t e e l  was chosen f o r  t h e  re la t ive ly  low temperature 

steam drum application. 

2.3.4.4 Thermal-Hydraulic Des ign  

The required heat t r a n s f e r  surface area and number and length of t u b e s  were 

determined a s  a function of specif ied f l u i d  flow r a t e s  and temperatures, 

t u b e s i d e  pressure drop l imi ta t ions ,  and t u b e  material  and configuration. 

Ind i v i  dua 1 heat ex c hang e r g eome t r i c  c ha rac t er i st i c  s and performance 

c h a r a c t e r i s t i c s  a r e  described i n  Tables 2-34 and 2-35, respectively.  

F 
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The remainder of t h i s  section is devoted t o  a presentation of the other 
important thermal-hydraulic features of t h e  selected steam generator component 

des i g  n s  . 
Salt-Side Pressure Relief - Nitrate salt-side pressure relief is required 

t o  prevent over pressurization i n  the event of a heat exchanger tube 
water/steam leak. Rupture d i s k s  have been selected for  t h i s  purpose 

because: t h e y  avoid the unique possibi l i ty  of s a l t  freezing i n  a valve, 
which would prevent the valve from properly reseating; t h e  chances of 

maintaining leak tightness over extended periods are greater;  iner t ia  is 

minimal, t h u s  minimizing time t o  relieve; and cost is the least  of any 

known suitable device. The rupture d i s k s  are  placed i n  piping which tees 
off from the main n i t r a t e  s a l t  p i p i n g  a t  two locations: between the 

superheater and evaporator and downstream of the evaporator. The rupture 
disc p ip ing  may be routed t o  the n i t r a t e  pun-@ sunp tank or t o  a suitable 

blowdown tank. 

Design t o  Preclude Departure from Nucleate Boilinq - I n  evaporators, 

departure from nucleate boiling ( D N B )  can lead to  under-deposit corrosion 
i n  the presence of water side deposits. T h i s  corrosion can occur e i ther  
rapidly or over a long period depending on heat f lux  and boiler water 

purity. To prevent DNB, the evaporator design employs multi-lead ribbed 

tubing  for the l a s t  9.76 m ( 3 2  f t )  of the upper or steam out le t  leg.  T h i s  

construction, i l lus t ra ted  i n  Figure 2-41, produces a swirling flow and 
centrifugal forces that  keep the tube surface wetted and maintain nucleate 
boiling to  a higher quality for  a given pressure, heat f l u x ,  and mass flow 
than w i t h  a smooth-bore tube of the same dimensions. 
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Cross-Section of Ribbed Tubing 

.- 

Figure 2-41 
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Shell-Side Flow D i s t r i b u t i o n  - Because t h e  thermal c o n d u c t i v i t y  of t h e  

molten s a l t  is r e l a t i v e l y  low, t h e  o v e r a l l  r e s i s t a n c e  t o  heat t r a n s f e r  is 

dominated by t h e  she l l - s ide  heat t r a n s f e r  r e s i s t a n c e .  Consequently,  s a l t  

v e l o c i t y  is i n c r e a s e d  t o  promote e f f i c i e n t  heat t r a n s f e r  w i t h i n  salt-side 

p r e s s u r e  drop c o n s t r a i n t s  and t h e  l i m i t s  n e c e s s a r y  t o  p r e c l u d e  t u b e  
v i b r a t i o n .  S a l t  i n l e t  f l o w  d i s t r i b u t i o n  baf f les  c o n t r o l  t u b e  impingement 
v e l o c i t i e s  and l i m i t  e x c i t a t i o n  f r e q u e n c i e s .  Uniformly broached t u b e  

s u p p o r t  p la tes  promote uniform she l l - s ide  flow. 

Flow-Induced V i b r a t i o n  - Flow-induced v i b r a t i o n  caused  by s h e l l - s i d e  cross 
flow o r  very h i g h  pa ra l l e l  flow c a n  p o t e n t i a l l y  c a u s e  t u b e  f a i l u r e s .  The 

d e s i g n  o b j e c t i v e ,  c o n s i d e r i n g  flow-induced v i b r a t i o n ,  is t o  m a i n t a i n  

e x c i t a t i o n  f r e q u e n c i e s  below t u b e  n a t u r a l  f r e q u e n c i e s .  Flow-induced 
v i b r a t i o n  is p r e v e n t e d  by (1) l i m i t i n g  she l l - s ide  v e l o c i t i e s ,  ( 2 )  

p r o v i d i n g  a d e q u a t e  t u b e  s u p p o r t ,  and ( 3 )  c o n t r o l l i n g  s a l t  i n l e t  
impingement v e l o c i t i e s .  With respect t o  t h e  f i r s t  p o i n t ,  e x c e s s i v e  

c o n s e r v a t i s m  is n o t  desirable s i n c e  e f f i c i e n t  heat t r a n s f e r  (and t h u s  

component performance 1 is h i g h l y  dependent  on h i g h  she l l - s ide  s a l t  

v e l o c i t y .  With respect t o  t h e  second p o i n t ,  t u b e  s u p p o r t  p la tes  are 

spaced a t  appropriate s p a n s  t o  l i m i t  t u b e  n a t u r a l  f r e q u e n c i e s .  And 

f i n a l l y ,  w i t h  respect t o  t h e  t h i r d  p o i n t ,  s a l t  i n l e t  d i s t r i b u t i o n  baffles 

con t ro 1 imp i ng eme n t ve loc it i e s . 
2.3.4.5 S t r u c t u r a l  Design 
A l l  components were s t r u c t u r a l l y  des igned  i n  acco rdance  w i t h  ASME S e c t i o n  
V I I I ,  D i v i s i o n  1 (Refe rence  4 4 ) .  Mechanical stress a n a l y s e s  were performed t o  

meet code requ i r emen t s  and t o  a s s u r e  s t r u c t u r a l  adequacy a t  c r i t i c a l  l o c a t i o n s  

i n  t h e  v e s s e l s .  P r e s s u r e  boundary code c a l c u l a t i o n s  were made for a l l  

components, and wall t h i c k n e s s e s  were e s t ab l i shed  t o  meet minimum code 

requ i r emen t s .  

2.3.4.6 I n s p e c t i o n  and Maintenance 
I n s p e c t i o n  of t h e  s u p e r h e a t e r ,  e v a p o r a t o r ,  and I H X  components c a n  be 

accomplished from ground l e v e l  and from platforms s t r a t e g i c a l l y  placed a t  t h e  

upper  l e g  of t h e  U-shape. Handhole c o n n e c t i o n s  are p r o v i d e d  for v i s u a l  

i n s p e c t i o n  of t h e  i n s i d e s  of t h e  p r imary  c o o l a n t  s i d e  as  r e q u i r e d .  
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F These handholes have been placed a t  the most vulnerable areas  of the 

components. A platform is provided around t h e  steam drum t o  f a c i l i t a t e  

maintenance. Platforms and ladders a r e  located a t  pos i t ions  of valves and 

other control  components t o  f a c i l i t a t e  adjustments, inspection, and 

maintenance. 

2.3.4.7 Heat Tracinq 

Elec t r ica l  heat tracing i n  the steam generator is des igned  t o  preheat 

components above t h e  s a l t  me l t ing  point p r i o r  t o  loading s a l t  and t o  maintain 

component temperatures d u r i n g  standby conditions. The t race  heaters a r e  

deenergized during p lan t  operation. Alarms a r e  included t o  indicate  system 

malfunction. 

2.3.4.8 S t ruc tura l  Supports and Foundations 

The design of the steam generator included foundations and support s t ruc tures  

f o r  t h e  following items: 

1) I H X ;  

2)  Evaporator; 

3 )  Superheater; 

4 )  Steam Drum; 

5) S a l t  and Water/Steam P i p i n g .  

The I H X ,  evaporator, superheater, and steam drum are supported on a common 

reinforced-concrete slab.  A s t r u c t u r a l  s t e e l  braced frame, located a t  one end 

of t h e  s lab,  supports the steam drum a t  the appropriate e levat ion and serves 

a s  a f ixed support f o r  subsystem p i p i n g .  A caged ladder provides access t o  

the drum level. The superheater and evaporator a r e  supported on saddles, 

which i n  turn a r e  supported on t h e  concrete slab.  Lubricating pads a r e  

provided t o  allow f o r  thermal expansion of the heat exchangers. The lower 

legs of t h e  superheater, evaporator, and I H X  a r e  supported on pedestals ;  the 

upper sect ion legs  a r e  supported by s t e e l  hanger rods, which i n  turn,  a r e  

supported on s t r u c t u r a l  s t e e l  f rames. 



2.3.5 Fossi l  Fired Sa l t  Heater 

A c o n c e p t u a l  d e s i g n  for a 35 MWt (119.3 x l o 6  Btu/hr)  o f f - g a s  f i red  

c a r b o n a t e  s a l t  heater h a s  been developed. T h i s  component is i n t e n d e d  for  t o  
complement t h e  o p e r a t i o n  of t h e  solar c e n t r a l  r e c e i v e r  t o  p r o v i d e  24  

hour-a-day p l a n t  o p e r a t i o n .  The e f fo r t  has  inc luded  parametric e v a l u a t i o n  of 
a l t e r n a t e  d e s i g n  characterist ics,  s e l e c t i o n  of t h e  preferred heater 

c o n f i g u r a t i o n ,  and complet ion of a p p r o p r i a t e  performance a n a l y s e s  and 
equipment drawings. 

2.3.5.1 Heater Requirements 
To e v a l u a t e  and select a n  a p p r o p r i a t e  heater des ign ,  s e v e r a l  c r i t e r i a  were 

cons idered:  
- 
- house s u f f i c i e n t  t u b e  p a s s e s  t o  heat 41.7 kg/sec (331,000 lbm/hr) of 

e f f i c i e n t  i n  t h e  35 MWt range 

s a l t  

- capable of a l a r g e  sa l t  tempera ture  rise i n  a h igh  tempera ture  range 
- once through,  cont inuous  o p e r a t i o n  t o  supply  s a l t  t o  t h e  chemical 

r e a c t i o n  f u r n a c e s  

2.3.5.2 Furnace D e s c r i p t i o n  

The s a l t  heater resembles a small B&W ' E l  Paso-typen b o i l e r  a r r a n g e d  for  

once-through o p e r a t i o n .  ' E l  Paso' is a name for a fami ly  of boilers w i t h  a 

specif ic  hea t ing  arrangement t h a t  B&W developed. The c o n f i g u r a t i o n  of t h e  

f u r n a c e  e n c l o s u r e  and convec t ion  s u r f a c e  is  shown i n  F igure  2-42. The 

arrangement  of a u x i l i a r y  equipment, such  a s  t h e  r e g e n e r a t i v e  a i r  heater and 

f a n s ,  is shown i n  F igure  2-43. 

Combustion a i r  i s  d e l i v e r e d  by t h e  f o r c e d  d ra f t  f a n  t o  t h e  a i r  heater and 
d i s t r i b u t e d  t o  t h e  burner  windbox. Combustion a i r  and f u e l  are i g n i t e d  i n  t h e  

b u r n e r s  i n  t h e  lower par t  of t h e  f u r n a c e  s e c t i o n .  The hot f l u e  gas  from t h e  

f u r n a c e  is  cooled as it  crosses, i n  t u r n ,  t h e  high-temperature  and 
low-temperature c o n v e c t i o n  s u r f a c e s .  The f l u e  g a s  is f u r t h e r  cooled i n  t h e  

a i r  heater before it is f i n a l l y  d i s c h a r g e d  from t h e  induced draf t  f a n  t o  t h e  

stack. 
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The c a r b o n a t e  s a l t  is h e a t e d  a s  it passes s e q u e n t i a l l y  th rough  t h e  

low-temperature  c o n v e c t i v e  t u b i n g ,  t a n g e n t  t ube  f u r n a c e  walls, and h i g h  

t e m p e r a t u r e  c o n v e c t i v e  tub ing .  As t h e  s a l t  e x i t s  e a c h  h e a t  t r a n s f e r  s e c t i o n ,  

it is c o l l e c t e d  i n  a header and t r a n s p o r t e d  th rough  i n t e r c o n n e c t i n g  p i p i n g  t o  

t h e  n e x t  s e c t i o n .  

The f u r n a c e  and associated combustion equipment are des igned  ( a )  t o  promote 

complete combustion of t h e  f u e l  b e f o r e  it l e a v e s  t h e  f u r n a c e ,  and ( b )  t o  

promote e f f i c i e n t  heat t r a n s f e r  w i t h i n  t h e  a l l o w a b l e  f l u x  l i m i t a t i o n s  

e s t a b l i s h e d  by t h e  tub ing  material. The d e s i g n  c r i t e r i a  are based on many 

y e a r s  of e x p e r i e n c e  w i t h  boi lers  burning a wide range of f u e l s .  Table 2-36 

l ists  t h e  d e s i g n  and s i z i n g  s p e c i f i c a t i o n s  f o r  each s e c t i o n  of t h e  s a l t  h e a t e r .  

The b u r n e r s  are  s i t u a t e d  i n  one wall  of t h e  f u r n a c e  and a re  encased  i n  

i n s u l a t i n g  r e f r a c t o r y  brick.  The b u r n e r s  are l o c a t e d  a t  t h e  bottom of t h e  

wall t o  d i s s i p a t e  t h e  h e a t  t h roughou t  t h e  combust ion c a v i t y .  

The s a l t  h e a t e r  is top-supported us ing  a s t r u c t u r e d  s t ee l  network of v e r t i c a l  

and h o r i z o n t a l  t r u s s e s ,  b r a c i n g ,  and s u p p o r t  members. The headers and 

i n t e r c o n n e c t i n g  p i p i n g  are heat traced f o r  p r e h e a t i n g  them above t h e  s a l t  

f r e e z i n g  p o i n t  and f o r  m a i n t a i n i n g  temperatures a t  approx ima te ly  t h e  c o l d  s a l t  

temperature dur ing  s tandby.  

R a d i a n t  S e c t i o n  - The r a d i a n t  s e c t i o n  c o n s i s t s  of t a n g e n t  t u b e s  l i n i n g  

each of t h e  f o u r  v e r t i c a l  walls w i t h i n  t h e  combustion c a v i t y .  The s a l t  

e x p e r i e n c e s  i t s  g r e a t e s t  t e m p e r a t u r e  r i se  262OC (470'F) i n  t h i s  

s e c t i o n .  Behind t h e  t a n g e n t  tubes  is i n s u l a t i n g  r e f r a c t o r y  b r i c k  which 

r e n d e r s  t h e  f r o n t  side of t h e  t u b e  as  t h e  o n l y  e f f e c t i v e  heat r e c e i v i n g  

surface. Due t o  t h e  f u r n a c e  t e m p e r a t u r e s  and h i g h  r a d i a n t  heat t r a n s f e r ,  

t h e  coex t ruded  I n c o n e l  617/Inconel  600 t u b i n g  chosen t o  c o n t a i n  t h e  molten 

s a l t  f o r  t h e  r e c e i v e r  was a l s o  used i n  t h i s  s e c t i o n  of t h e  s a l t  heater. 

The f l u x  l i m i t a t i o n s  e s t ab l i shed  f o r  t h e  r e c e i v e r  d e s i g n  were upheld i n  

t h e  r a d i a n t  f u r n a c e  s e c t i o n .  The s a l t  v e l o c i t y  is s u f f i c i e n t  t o  m a i n t a i n  

a n  appropriate l e v e l  of t u r b u l e n t  f l o w  t o  i n s u r e  a c c e p t a b l e  t u b e  

t e m p e r a t u r e s .  
F 
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I n l e t  sa l t  t o  t h e  r a d i a n t  section f l o w s  from t h e  low temperature 
c o n v e c t i v e  s e c t i o n .  The molten s a l t  is d i v i d e d  i n  two streams and e n t e r s  

t h e  r a d i a n t  s e c t i o n  th rough  h e a d e r s  on t h e  b u r n e r  wall. Each stream f l o w s  

t h r o u g h  1 3  para l le l  t u b e s  i n  a v e r t i c a l  serpentine p a t h  of a l t e r n a t i n g  

upflow and downflow passes as it works its way across t h e  f u r n a c e  

s u r f a c e .  The streams r e j o i n  a t  a n  e x i t  header  on t h e  wall o p p o s i t e  t h e  

bu rne r  wall p r io r  t o  being p i p e d  t o  t h e  h i g h  t e n p e r a t u r e  c o n v e c t i v e  

sect ion.  

High Temperature Convect ive S e c t i o n  - The h i g h  temperature c o n v e c t i v e  

section consists of 26 para l l e l  t u b e s :  s a l t  f l o w  enters t h r o u g h  a header  

a t  t h e  t o p  of t h e  h e a t e r .  The s a l t  t r a v e l s  i n  t h e  s e r p e n t i n e  t u b e s  

a g a i n s t  t h e  f l u e  g a s  flow. Through t h e  h igh  c o n v e c t i v e  s e c t i o n ,  t h e  s a l t  

is i n c r e a s e d  88 C (160 F)  i n  temperature t o  r e a c h  t h e  e x i t  temperature 
of 954OC (1750'F). The s a l t  m a k e s  i ts l a s t  pass i n  t h i s  s e c t i o n  a t  

t h e  top end of t h e  f u r n a c e  combustion c a v i t y  b e f o r e  e x i t i n g  t o  t h e  p i p i n g  

which t r a n s p o r t s  it t o  t h e  h o t  s t o r a g e  t ank .  

0 0 

L o w  Temperature Convect ive S e c t i o n  - The low temperature c o n v e c t i v e  

section is similar t o  t h e  h i g h  t e n p e r a t u r e  c o n v e c t i v e  s e c t i o n  i n  respect 

t o  tube s i z i n g  and l a y o u t .  The s a l t  e n t e r s  t h i s  s e c t i o n  from t h e  c o l d  

s a l t  t a n k  and b e g i n s  its f l o w  j u s t  above t h e  f l u e  g a s  ex i t  d u c t  where it 

p r o g r e s s e s  i n  t h e  s e r p e n t i n e  t u b e s  a g a i n s t  t h e  f l u e  g a s  f l o w  t o  t h e  top of 

t h e  fu rnace .  A t  t h e  top of  t h e  furnace, t h e  s a l t  i s  c o l l e c t e d  i n  a header  

and t r a n s f e r r e d  th rough  a downcomer t o  t h e  r a d i a n t  f u r n a c e  s e c t i o n .  The 

s a l t  is hea ted  90 C ( 1 6 3  F) i n  t h i s  s e c t i o n .  0 0 

S a l t  
Sa It 
S a l t  
F lue  
Flue 

2.3.5.3 Performance C h a r a c t e r i s t i c s  

The f u r n a c e  is a r r a n g e d  t o  m a i n t a i n  a h i g h  l e v e l  e f f i c i e n c y .  The h i g h  

p e r c e n t a g e  of hydrogen i n  t h e  o f f - g a s  lowers  t h e  e f f i c i e n c y  r a t i n g  s l i g h t l y ,  

Because t h e  o f f - g a s  c o n t a i n s  a low l e v e l  of  s u l f u r  and o t h e r  p o l l u t a n t s ,  no  

sc rubb ing  is r e q u i r e d  p r io r  t o  d i s c h a r g i n g  t h e  f l u e  g a s  t o  t h e  atmosphere.  

S p e c i f i c  performance c h a r a c t e r i s t i c s  are a s  f o l l o w s :  

I n p u t  r a t i n g  
Furnace e f f i c i e n c y  8 3% 
Ou t p  u t  r a t  ing 

42.1 M W t  (143.7 x l o 6  B tu /h r )  

35.0 MWt (119.3 x l o 6  B tu /h r )  
0.67 MPa (97 p s i )  side pressure drop 

f l o w  rate 41.7 kg/sec (331,030 lbm/hr) 
t e m p e r a t u r e  range 514°C-9540C (957'F-1750°F) 
g a s  f l o w  rate 
g a s  ex i t  temperature 

15.2 kg/sec ( 1 , 2 1  x l o 5  lbm/hr) 
177OC ( 350°F) 
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TABLE 2-36 

Sa l t  Heater Des ign  and S i z i w  SP ecif icat ions 

High Tempera tu re  Convect ive Section 

- S a l t  temperature r i s e  
- S u r f a c e  area 
- Tube OD 

- Tube l e n g t h  

- P a s s e s  

- S i d e  s p a c i n g  

- Row Spac ing  

- Tube material 

Medium Tempera tu re  R a d i a t i v e  S e c t i o n  

- S a l t  temperature rise 
- S u r f a c e  area 

- Tube OD 

- Tube l e n g t h  

- P a s s e s ,  e a c h  h a l f  o f  sect ion 

- Tube a r r angemen t  

- Tube material 

Low Tempera tu re  Convect ive 

- Sa l t  temperature rise 

- S u r f a c e  area 

- Tube OD 

- Tube l e n g t h  

- P a s s e s  

- S i d e  s p a c i n g  

- Row s p a c i n g  

- Tube material 

866-954'C (1590 - 1750°F) 

725  m2 ( 7 8 0 1  F t 2 )  

38 mm (1 .5")  

3.7 m ( 1 2  F t )  

64;  26 t u b e s / p a s s  

57 mm (2.25")  

76 mm (3 .00" )  

Coext ruded  Inconel  617/600 

604-866OC (1120  - 1590°F) 

50 m 2  (539  F t 2 )  

29 mm (1 .125")  

4.9 m ( 1 6  F t )  

1 4 ;  13 tubes/pass 

Tangent  t u b e  

Coext ruded  I n c o n e l  617/600 

514-604OC (957  - 112OOF) 

548 m2 (5900 F t 2 )  

38 mm (1 .5" )  

3.7 m ( 1 2  F t )  

48; 26 t u b e s / p a s s  

57 mm (2.25")  

76 mm (3 .00")  

304 SS 
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2.3.6 Sal t  Pumps and Interconnecting Piping 

Sal t  from the cold carbonate s a l t  storage tank flows into a sump tank. Two 

f u l l  capacity, ver t ical  cantilever-type pumps are  mounted on the sump tank. 
Vertical cantilever pumps are  used throughout t h e  molten s a l t  system t o  

a l leviate  pump seal  problems associated w i t h  the h i g h  system temperatures. 
Two pumps provide f u l l  back-up pumping capability. Each pump is equipped w i t h  

a two-speed motor. For receiver operation, the pump is operated a t  h i g h  speed 
t o  provide the power required t o  pump carbonate s a l t  through the receiver t o  
the receiver hot surge tank. For f o s s i l  f i red  s a l t  heater operation the pump 

is operated a t  the lower speed t o  pump s a l t  through the s a l t  heater to  the hot 
carbonate s a l t  storage tank and to  pump s a l t  through the receiver overnight 

recirculation system. During both modes of pump operation cold s a l t  is also 
supplied t o  the chemical process subsystem and upstream of t h e  intermediate 
heat exchanger for  s a l t  temperature control. Cold s a l t  p ip ing  is fabricated 

from 304 s ta inless  s teel .  

Depending on the operating mode, hot carbonate s a l t  flows ei ther  from the 
receiver hot surge tank or from the f o s s i l  f i red  s a l t  heater out le t  t o  the hot 

carbonate s a l t  storage tank. Hot s a l t  from t h i s  storage tank flows into a 

sump tank. Two f u l l  capacity, ver t ical  cantilever-type pumps are mounted i n  

the sump tank. Carbonate s a l t  is pumped through the chemical process 

subsystem and the intermediate heat exchanger and returns t o  the cold 
carbonate s a l t  storage tank. Piping material for hot carbonate s a l t  service 

is co-extruded Inconel 600 and Inconel 617, which provides the required 
combination of corrosion resistance and strength. The choice of piping 

material a t  locations between the hot carbonate s a l t  pump and the cold 
carbonate storage tank is dependent on system temperature and pressure a t  a 

par t icular  location. 

For i n i t i a l  charging of the carbonate s a l t  system or for  s a l t  makeup, an 
i n i t i a l  charging tank w i t h  a e lec t r ica l  heater is provided. The heater 
i n i t i a l l y  melts the s a l t  and a ver t ical  cantilever-type pump transports the 

s a l t  into the cold storage tank. The i n i t i a l  charging tank a l so  serves a s  

temporary storage for s a l t  drained from the p ip ing  during scheduled, or other 

necessary, system shutdowns. 
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F A separate s a l t  recirculation system is instal led t o  provide cooling for  the 

hot carbonate s a l t  storage tank pressure boundary us ing  carbonate s a l t  from 

the cold s a l t  storage tank. T h i s  system is discussed i n  Section 2.3.3. Two 

f u l l  capacity, ver t ical  cantilever-type punps mounted on a sump tank are  

provided for  t h i s  system. 

Nitrate s a l t  i n  the steam generator subsystem flows from a sump tank t o  the 

intermediate heat exchanger where it absorbs energy from the carbonate sa l t .  

The n i t r a t e  s a l t  then flows through the superheater and evaporator t o  generate 

steam before returning to  the sump tank. Two f u l l  capacity, ver t ica l  

cantilever-type pumps are mounted on the sump tank t o  pump the n i t r a t e  s a l t  

through the flow path described above and to  provide s a l t  for  temperature 

control of n i t r a t e  s a l t  entering the evaporator. The choice of piping 

material for  n i t r a t e  s a l t  containment is made on the basis of the material 's 

corrosion resistance to  the s a l t  a s  a function of temperature: 

Temperature Mate r i a  1 

Up to  4OO0C (75OOF) Low carbon s t ee l  

40O0C - 4 5 5 O C  ( 75OoF-85O0F) 2 1 / 4  CK - 1 MO 

Over 455'C (850°F) 304 Stainless Steel 

Provision is made . to  e lec t r ica l ly  heat trace a l l  s a l t  p ip ing  i n  t le system. 

Heat tracing permits preheating of the piping above the s a l t  freezing point 

pr ior  t o  loading s a l t  t o  prevent thermal shock and freezing of s a l t  i n  the 

pipes. 
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2.4 Tower and Collector Field Subsystem 

The hel iostat  f i e ld  is typically the most significant cost driver of central  
receiver systems. Cost effective design of t h e  hel iostat  f i e l d  is  closely 
linked to  the receiver configuration and receiver operating characterist ics.  
The objective of the conceptual design e f fo r t  reported here is t o  develop a 

hel iostat  field/receiver interface which minimizes t h e  contribution of the 
heliostat  f ie ld  and receiver tower t o  the overall system cost of energy. The 
scope of e f fo r t  includes the following: 

o heliostat  f i e l d  layout and s ize  
o receiver interface definit ion 

-- receiver elevation 
-- aperture s ize  
-- aperture orientation 

-- solar f lux  incident on receiver surfaces 

o solar-to-thermal performance 
-- design point and annual efficiency 
-- design point and representative off -design-point direct  

incident f lux  maps 
A summary of the solar subsystem conceptual design is presented i n  

Table 2-37. The remainder of t h i s  section w i l l  present the design c r i t e r i a  

and assumptions, the design approach, the design trade studies, and 

solar-to-thermal performance. 

2.4.1 Desiqn Approach 
The solar subsystem (hel iostat  f i e l d  s ize  and layout, tower height, and 

aperture size) has been optimized us ing  DELSOL2 (Reference 391, a FORTRAN 

computer code developed by SNLL. DELSOL2 calculates the opt ical  performance 
and optimal system design for  solar thermal central  receiver plants. I t  

computes instantaneous and annual system eff ic iencies  for  user-defined central  

receiver systems, stepping through a gr id  of parametric calculations t o  select  
the configuration having the lowest l i f e  cycle cost of energy. Recently, SNLL 

corrected deficiencies i n  DELSOL2 which had resulted i n  errors  i n  the 
computation of fluxes w i t h i n  cavity receivers. Prior t o  the solar design for  

t h i s  project ,  Black 6 Veatch made the appropriate modifications t o  its version 

of DELSOLZ t o  assure proper computation of fluxes. 
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TABLE 2-37 HELIOSTAT FIELD AND RECEIVER INTERFACE DESIGN SUMMARY 

H e  1 ios  t a  t F i e  I d  Design 
2 

Heliostat R e f l e c t i v e  Area: 95.5 m 

Number of  Heliostats: 797 

Heliostat F i e l d  R e f l e c t i v e  Area: 76,100 m 
2 Land Area: 401,000 m (100  acres) 

C o n f i g u r a t i o n :  N o r t h  F i e l d  

2 

Receiver Interface 

Receiver E l e v a t i o n  ( t o  a p e r t u r e  cen ter l ine)  : 90 m ( 2 9 5  f t )  

Aperture S i z e :  7.6 m x 7.6 m ( 2 5  f t  x 25 f t )  

Aperture T i l t :  ver t ical  

Des ign  P o i n t  Per formance  

Des ign  P o i n t :  noon, December 21  

Inso la t ion :  950 W/m 

Power t o  F i e l d :  72.3 M W t  

Power t h r o u g h  Aperture: 53.6 M W t  

R e c e i v e r  Power Absorbed: 41.8 M W t  

So lar - to-Thermal  E f f i c i e n c y :  57.8 percent 

2 

Annua 1 Solar-to-T he rma 1 Performance  

I n c i d e n t  I n s o l a t i o n :  6.76 kWh/m2/day 

Energy I n c i d e n t  on  F i e l d :  188  GWh/year 

Receiver Thermal  Energy Absorbed: 88 GWh/year 

Solar - to-Thermal  E f f i c i e n c y  : 47.0 percent 
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2.4.1.1 Solar Design Approach 
The goal of t h e  solar design was t o  minimize the solar contribution to  the 

cost of thermal energy delivered t o  the base of t h e  receiver tower. Included 
i n  the DELSOLZ optimization were the capi ta l  costs of the heliostat  f ie ld ,  

land and s i t e  preparation, tower, and in-tower piping. Operations and 

maintenance costs of these elements were also included as  a multiplier of the 
respective capi ta l  costs. 

The approach taken i n  t h e  solar subsystem design was t o  f i r s t  f i n d  the optimum 

tower height/aperture size/heliostat  f i e l d  layout combination without 

considering f l u x  constraints w i t h i n  t h e  receiver cavity. Following the 

determination of t h i s  optimum configuration, design point f lux  maps were 
conputed for the Babcock & Wilcox i n i t i a l  receiver configuration. Because 
computed fluxes exceeded the allowable values for  t h i s  i n i t i a l  receiver 

design, fluxes for  a l ternat ive configurations were a l so  computed. Babcock & 

Wilccpr chose the preferred receiver configuration following a comparison of 

computed and allowed fluxes. 

The solar system design used the Sandia baseline glass/metal heliostats.  Data 
for  these hel iostats  were provided t o  Black & Veatch by SNLL. The hel iostats  

have a gross area of 98.4 m2 and a mirror area of 95.5 m2 w i t h  an average 

ref lect ivi ty  of 9 1  percent. A hel iostat  cost of $120/m2 was used i n  the 
optimization procedure; t h i s  cost  assumes mass production of heliostats.  Each 

hel iostat  consists of 16  mirror facets ,  each 1.22 m h i g h  by 4.88 m wide. Each 
facet has a focal length of 1250 m ( 4 0 8 0  f t ) ,  equal t o  the distance from the 

fa r thes t  heliostat  row to  the receiver aperture. Facets are  also canted to  

achieve an effective focal length of 640 m (2100 f t ) .  Heliostat avai labi l i ty  

was assumed t o  be 100%; t h i s  is a s l i g h t l y  optimistic assumption i n  tha t  a 

f ract ion of one percent of t h e  hel iostats  may be out of service fo r  
maintenance a t  any g i v e n  time. 

Only square and rectangular apertures were considered. The aim point strategy 
for hel iostats  used the automatic aiming strategy of DELSOL2. T h i s  strategy 

spreads the aimpoints over t h e  aperture area. A circular  aperture would 

probably be more e f f i c i en t  than the square aperture because a smaller aperture 
area could probably be used; however, the automatic hel iostat  aim-point 

spreading option is not available w i t h  DELSOL2 for  c i rcular  apertures. 
Furthermore, use of the smaller c i rcular  aperture would probably increase the  
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F peak d i r e c t  i n c i d e n t  f l u x  w i t h i n  t h e  c a v i t y .  Furthermore,  t h e  c i rcular  
I f  any,  t h e  r e d u c t i o n  i n  t h e  cost a p e r t u r e  would be more c o s t l y  t o  c o n s t r u c t .  

of  ene rgy  g a i n e d  by t h e  u s e  of a c i r c u i a r  a p e r t u r e  would be small. 

2.4.1.2 R e s u l t s  of t h e  Solar Subsystem Desiqn 

The f o l l o w i n g  s u b s e c t i o n s  w i l l  p r e s e n t  t h e  r e s u l t s  of t h e  solar  subsystem 

o p t i m i z a t i o n  and t h e  solar f l u x  c a l c u l a t i o n s .  

Solar Subsystem O p t i m i z a t i o n  

O p t i m i z a t i o n  r u n s  were made using DELSOL2 t o  determine t h e  opt imimum tower 

h e i g h t  and a p e r t u r e  s i z e  f o r  a v e r t i c a l  a p e r t u r e .  F i g u r e  2-44 shows ( a )  t h e  

r e l a t i v e  c o n t r i b u t i o n  of s o l a r  t o  t h e  c o s t  of energy v e r s u s  tower h e i g h t  and 

( b )  t h e  r e l a t i v e  c o n t r i b u t i o n  of  solar  t o  t h e  cost of energy v e r s u s  a p e r t u r e  

area (square a p e r t u r e ) .  

F i g u r e  2-44a i n d i c a t e s  t h a t ,  f o r  a v e r t i c a l  a p e r t u r e ,  t h e  optimum system h a s  a 

tower h e i g h t  of 90 m (295  f t )  f o r  a l l  bu t  very small aperture s i z e s .  

T h e r e f o r e ,  a tower h e i g h t  of 90 m ( 2 9 5  f t )  was selected. The DELSOL 

d e f i n i t i o n  of tower h e i g h t  is  t h e  d i s t a n c e  between t h e  h o r i z o n t a l  p l a n e  of t h e  

p i v o t  of t h e  h e l i o s t a t  and t h e  p l a n e  of t h e  c e n t e r  of t h e  aperture. The 

optimum a p e r t u r e  s i z e ,  a s  i n d i c a t e d  by F i g u r e  2-44b, i s  7.6 m by 7.6 m 
( 2 5  f t  by 25 f t ) .  

F i g u r e  2-45 shows t h e  e f f e c t  of t i l t i n g  t h e  a p e r t u r e  f o r  a 90 m tower h e i g h t  

and f o r  3 a p e r t u r e  s i z e s .  Any i n c r e a s e  i n  r e c e i v e r  c o s t  r e q u i r e d  by t h e  

a p e r t u r e  tilt was no t  i n c l u d e d  i n  t h e  e v a l u a t i o n .  L i k e w i s e ,  t h i s  a n a l y s i s  d i d  

n o t  c o n s i d e r  any decrease i n  c o n v e c t i v e  losses which might o c c u r  due  t o  t h e  

downward tilt. T i l t i n g  t h e  aperture from v e r t i c a l  t o  20 degrees decreases t h e  

solar c o n t r i b u t i o n  t o  t h e  c o s t  of ene rgy  by a b o u t  2.7 p e r c e n t .  The number of 

he l ios ta t s  r e q u i r e d  is a l so  reduced by a b o u t  t h i s  same p e r c e n t a g e  (about 22 

h e l i o s t a t s ) .  T h i s  i s  a c o s t  s a v i n g s  of  a b o u t  $250,000 i n  1985 d o l l a r s .  I f  

t h e  t ilt  c o u l d  be added f o r  less t h a n  t h a t  amount, it would be 

c o s t - e f f e c t i v e .  The tilt would c o m p l i c a t e  t h e  d e s i g n  of t h e  r e c e i v e r  and t h e  

d e s i g n  and o p e r a t i o n  of a n  a p e r t u r e  door .  Based on these data,  t h e  r e c e i v e r  

d e s i g n e r  selected a v e r t i c a l  a p e r t u r e .  - 
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Design P o i n t  Flux Maps 

Design p o i n t  direct i n c i d e n t  f l u x  c a l c u l a t i o n s  have been made for  r e c e i v e r  
heat exchanger s u r f a c e s ,  t h e  c e i l i n g ,  and a p e r t u r e  for  a number of r e c e i v e r  

c o n f i g u r a t i o n s .  The direct  i n c i d e n t  f l u x  is  t h a t  f l u x  on t h e  c a v i t y  s u r f a c e s  

which  comes d i r e c t l y  from t h e  hel iostat  f i e l d .  It does  n o t  i n c l u d e  t h e  

background ' c a v i t y  f l u x  ", which c o n s i s t s  of reflected and reradiated f l u x  
w i t h i n  t h e  c a v i t y .  The t o t a l  i n c i d e n t  f l u x  is t h e  sum of t h e  direct  i n c i d e n t  

f l u x  and t h e  c a v i t y  f l u x .  C a l c u l a t i o n  of t h e  c a v i t y  f l u x  would r e q u i r e  a 

de t a i l ed  computer modeling of t h e  i n t e r a c t i o n  of t h e  direct  i n c i d e n t  f l u x ,  

h e a t  exchanger surfaces, a s  w e l l  a s  p a s s i v e  s u r f a c e s  w i t h i n  t h e  c a v i t y .  These  

c a l c u l a t i o n s  were beyond t h e  scope of t h i s  project .  I t  is estimated t h a t  t h e  

c a v i t y  background f l u x  is about  100 kW/m2 (31,700 Btu/h f t  1. 
2 

Babcock & Wilcox calculated allowable f l u x  l i m i t s  on t h e  heat exchanger 
s u r f a c e s .  These f l u x  l i m i t a t i o n s  are related t o  allowable stresses w i t h i n  t h e  

heat exchanger tubes .  The allowable f l u  l e v e l  v a r i e s  s p a t i a l l y  w i t h i n  t h e  

c a v i t y ,  r e q u i r i n g  t h a t  f l u x e s  computed w i t h  DELSOLZ be compared w i t h  allowable 

f l u x e s  on a poin t -by-poin t  basis i n  t h e  c a v i t y .  Those comparisons are 

d iscussed  i n  t h e  r e c e i v e r  d e s i g n  s e c t i o n  of t h i s  report. Discuss ion  w i t h i n  
t h i s  s e c t i o n  w i l l  c o n s i d e r  o n l y  t h e  peak a l l o w a b l e  f l u x ,  which is about  600 

kW/m (190,000 Btu/h f t  1. If t he  c a v i t y  background f l u x  is t a k e n  t o  be 

a b o u t  1 0 0  kW/m2 (31,700 Btu/h f t  1 ,  t h e  peak a l l o w a b l e  direct  i n c i d e n t  

f l u x  would be about  500 kW/m (158,000 Btu/h f t  1 .  

2 2 

2 

2 2 

Table 2-38 shows t h e  direct  i n c i d e n t  f l u x  a t  t h e  d e s i g n  p o i n t  as  c a l c u l a t e d  by 
DELSOL2 fo r  the  heat exchange s u r f a c e  of t h e  i n i t i a l  r e c e i v e r  d e s i g n  developed 

by Babcock & Wilcox. The heat exchange s u r f a c e  is a 7.7 m (25.1 f t )  r a d i u s  
semi-cyl inder .  The he igh t  g i v e n  i n  t h e  table  is i n  r e f e r e n c e  t o  t h e  bottom of 

t h e  heat exhange s u r f a c e .  The bottom of t h e  heat exchange surface is 2.43 m 
( 8  f t )  above t h e  c a v i t y  floor. The azimuth a n g l e  shown i n  Table 2-38 is 180 

degrees a t  t h e  back of t h e  c a v i t y ,  and 270 degrees a t  t he  west side of t h e  

c y l i n d e r .  The c e n t e r  of t h e  semi-cyl inder  fo r  t h e  i n i t i a l  r e c e i v e r  d e s i g n  is 

1.22 m (4 .0  f t )  s o u t h  of t h e  aperture p lane .  Fluxes on t h e  east  s i d e  of t h e  

c a v i t y  are symmetric w i t h  t h o s e  on t h e  w e s t  side because of t h e  solar noon 

d e s i g n  p o i n t  . 
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F The p e a k  direct  i n c i d e n t  f l u x  for  t h e  i n i t i a l  receiver d e s i g n  is 661 kW/m 

(210 ,000  Btu/h f t  1 a t  a h e i g h t  of 3.28 m (11.8 f t )  and a t  1 9 5  d e g r e e s .  

T h i s  f l u x  l e v e l  is c o n s i d e r a b l y  above  t h e  peak allowed d i rec t  i n c i d e n t  f l u x  of 

500 kW/m2 (158 ,000  Btu/h f t 2 ) .  F l u x e s  a re  h i g h  across a wide p o r t i o n  of 

t h e  c a v i t y  back  i n  t h e  2.2 m (7 .2  f t )  t o  4.4 m (14.4 f t )  h e i g h t  range .  

2 

Because  f l u x e s  i n  t h e  i n i t i a l  r e c e i v e r  c o n f i g u r a t i o n  were s i g n i f i c a n t l y  h i g h e r  

t h a n  t h o s e  allowed, a number of c h a n g e s  were made t o  t h e  d e s i g n  t o  spread, and  

t h e r e b y  r educe ,  t h e  f l u x .  Peak f l u x e s  c a n  be r educed  i n  s e v e r a l  ways: 

o Relocate and /o r  re-aim h e l i o s t a t s  

o I n c r e a s e  a p e r t u r e  s i z e  ( d e c r e a s i n g  s o l a r - t o - t h e r m a l  e f f i c i e n c y  and  

i n c r e a s i n g  t h e  cost  of e n e r g y )  

o I n c r e a s i n g  t h e  c a v i t y  depth  ( f r o n t  t o  back) w i t h  associated i n c r e a s e s  

i n  c a v i t y  cost 

R e l o c a t i n g  and  re-aiming h e l i o s t a t s  t o  change  f l u x  p a t t e r n s  u s i n g  DELSOL2 is 

a n  e x t r e m e l y  time consuming t a s k  b e c a u s e  t h e  l o c a t i o n  and aim p o i n t  of e a c h  

he l ios ta t  must  be e n t e r e d  i n d i v i d u a l l y  i f  t h e  a u t o m a t i c  s e l e c t i o n  c a p a b i l i t i e s  

of  t h e  code are bypassed .  Such a n  e f f o r t ,  which would be t r i a l  and  error  t o  

some e x t e n t ,  is beyond t h e  scope of t h i s  project .  Fur the rmore ,  r e l o c a t i o n  of 

h e l i o s t a t s  would r e s u l t  i n  lower solar-to-thermal f i e l d  e f f i c i e n c y  s i n c e  t h e  

f i e l d  d e s i g n  is e s s e n t i a l l y  o p t i m i z e d .  T h e r e f o r e ,  t h i s  method of  chang ing  

f l u x  p a t t e r n s  h a s  n o t  been  used .  I t  is a p o t e n t i a l  area f o r  f u r t h e r  s t u d y .  

T i r e  two remain ing  a l t e r n a t i v e s ,  s p r e a d i n g  f l u x  by i n c r e a s i n g  a p e r t u r e  area and  

by i n c r e a s i n g  c a v i t y  depth,  were e v a l u a t e d .  Table 2-39 summarized t h e  peak 

d i rec t  i n c i d e n t  f l u x e s  c a l c u l a t e d  f o r  a number of  r e c e i v e r  c o n f i g u r a t i o n s .  

Sp read ing  of  f l u x e s  on  t h e  back wall of t h e  c a v i t y  by i n c r e a s i n g  a p e r t u r e  s i z e  

a l o n e  does n o t  appear t o  be a p a r t i c u l a r l y  e f f e c t i v e  means. The i n c r e a s e  i n  

a p e r t u r e  s i z e  from 7.6 m ( 2 5  f t )  s q u a r e  t o  1 0  m (32.8 f t )  s q u a r e  does n o t  

r e s u l t  i n  s u f f i c i e n t l y  r educed  f l u x e s ,  a n d  decreases o v e r a l l  a n n u a l  solar  t o  

thermal e f f i c i e n c y  s i g n i f i c a n t l y  (from 47.2 p e r c e n t  t o  40.3 p e r c e n t ) .  T h i s  

r e s u l t s  i n  a need  f o r  a n  a d d i t i o n a l  92  he l ios ta t s  t o  p r o v i d e  t h e  41.8 M W t  of 

F absorbed power a t  t h e  d e s i g n  p o i n t .  The e f f e c t i v e  c a p i t a l i z e d  cost i n c r e a s e  

o v e r  t h e  b a s e l i n e  d e s i g n  case is estimated t o  be $1,300,000. 
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Two schemes were used t o  increase c a v i t y  d e p t h  ( t h e  d i s t a n c e  f rom t h e  aperture 

plane t o  t h e  c a v i t y  back wal l ) .  F i r s t ,  t h e  c a v i t y  c y l i n d e r  r a d i u s  was 

i n c r e a s e d  w i t h o u t  s h i f t i n g  t h e  location of t h e  t h e  c e n t e r  of  t h e  c y l i n d e r .  

Second, t h e  c a v i t y  r a d i u s  was m a i n t a i n e d  a t  7.66 m (25 .1  f t ) ,  a n d  t h e  center 

of t h e  c y l i n d e r  moved f u r t h e r  away f rom t h e  aperture plane. These  cases use  

t h e  7.6 m by 7.6 m ( 2 5  f t  by 25  f t )  aperture, and  t h e r e f o r e  re ta in  t h e  

"optimum" f i e l d  c o n f i g u r a t i o n .  Any change  i n  t h e  c a p i t a l i z e d  sys t em cos t  

would be a s s o c i a t e d  w i t h  increases i n  receiver cost due  t o  t h e  a d j u s t e d  

receiver c o n f i g u r a t i o n .  

T a b l e  2-40 lists t h e  d i r e c t  i n c i d e n t  f luxes f o r  t h e  receiver c o n f i g u r a t i o n  

s e l e c t e d  for  t h e  f i n a l  d e s i g n .  A receiver r a d i u s  of  7.66 m (25 .1  f t )  was 

r e t a i n e d ,  w i t h  t h e  center of t h e  s e m i - c y l i n d e r  s h i f t e d  t o  3.3 m (10 .8  f t )  
L s o u t h  of t h e  aperture plane. The peak d i r e c t  i n c i d e n t  f l ux  is 503 kW/m 

(159 ,000  Btu/h f t  1 ,  which is  e s s e n t i a l l y  t h e  same as  t h e  peak a l l o w a b l e  

d i r e c t  i n c i d e n t  f l u x .  

2 

F i g u r e  2-46 is a map o f  t h e  d i r e c t  i n c i d e n t  f l u x  on t h e  c e i l i n g  p l a n e  (12 .3  m 

[ 4 0  f t ]  above  t h e  f l o o r ,  9 .85 m [ 3 2  f t l  above t h e  bot tom o f  t h e  h e a t  exchange r  

surface).  T h i s  f l ux  map is  v a l i d  for  a n y  receiver conf igura t ion  w i t h  t h e  7.6 

m ( 2 5  f t )  square ver t ical  aperture and  t h e  "optimum" f i e l d  d e s i g n .  The 

o u t l i n e  of t h e  i n i t i a l  receiver c o n f i g u r a t i o n  is shown i n  dashed  l i n e s  and  t h e  

f i n a l  receiver c o n f i g u r a t i o n  is shown i n  s o l i d  l i n e s  on t h e  f i g u r e .  I t  s h o u l d  

be n o t e d  t h a t  t h e r e  is a p o s s i b l e  d i s c r e p a n c y  between t h e  c e i l i n g  and  wal l  

f l u x e s  a s  p r e d i c t e d  by DELSOLZ. Comparison of two v e r y  c l o s e l y  s p a c e d  p o i n t s  

i n  t h e  c a v i t y ,  one on  t h e  wall and  one  on t h e  c e i l i n g ,  indicates  q u e s t i o n a b l y  

d i f f e r e n t  f l u x  v a l u e s  (see T a b l e  2-40 and  F i g u r e  2-46). Cons ide r ing  t h e  

d i r e c t i o n  of t h e  i n c i d e n t  r a d i a t i o n ,  it is d i f f i c u l t  t o  ascribe t h e  d i f f e r e n c e  

i n  f l u x  l eve ls  t o  cosine e f f e c t s  alone.  

The aperture fluxes for  t h e  r i g h t  s i d e  of  t h e  aperture are l i s t e d  i n  

T a b l e  2-41. The peak s p i l l a g e  f l u x  is a b o u t  358 kW/mL 

(113 ,000  Btu/h f t 2 ) .  T h i s  f l u x  map is for  t h e  f l u x  a t  a n  i n f i n i t e s i m a l  

d i s t a n c e  i n s i d e  t h e  aperture,  and  t h e r e f o r e  ex tends  o n l y  t o  t h e  b o u n d a r i e s  of 

F t h e  aperture. To extend t h e  plane of  t h e  f l u x  map is  e x t r e m e l y  d i f f i c u l t  w i t h  

t h e  current v e r s i o n  o f  DELSOL2. 
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Height Above 
Aperture B o t t o m  

TABLE 2-41 

Design P o i n t  Aperture F l u  (kW/m2) 

0 

Horizontal Displacement West of Center l i n e  (m) 
0.75 1.5 2.25 

m 
7.48 

6.80 

6.12 

5.44 

4.76 

4.08 

3.40 

2.72 

2.04 

1.36 

0.68 

0.00 

( f t )  

(24.54) 

(22.31) 

(20.08) 

(17.85) 

(15.62) 

(13.39) 

(12.99) 

(8.92) 

(6.69) 

(4.46) 

(2.23) 

(0.00) 

174 

488 

1,020 

1,670 

2,190 

2,430 

2, 430 

2,190 

1,670 

1,020 

488 

186 

175 

468 

967 

1,580 

2,080 

2,320 

2,320 

2,080 

1,580 

967 

468 

184 

166 

402 

805 

1,300 

1,730 

1,950 

1,950 

1,730 

1,300 

805 

402 

169 

127 

297 

567 

902 

1,200 

1,360 

1,360 

1,200 

902 

567 

297 

133 

3.0 

- 
85 

18 2 

333 

51 5 

675 

767 

767 

675 

515 

333 

182 

88 

3.75 

- 
49 

97 

165 

248 

318 

358 

358 

318 

248 

165 

97 

53 

2.4.2 Tower 

The solar receiver tower is i n d i c a t e d  s c h e m a t i c a l l y  on B l a c k  & Veatch 

Drawing 52100 ( F i g u r e  2-47) and is d e s c r i b e d  i n  t h e  fo l lowing  sections. 

2.4.2.1 Desiqn Criteria 
The tower h e i g h t  is e s t a b l i s h e d  t o  optimize solar receiver performance. The 

d e s i g n  a d d r e s s e s  a l l  a p p l i c a b l e  dead and l i v e  loading combinat ions inc luding  

wind and seismic c a t e g o r y  I V  l o a d s  appropriate for t h e  Barstow, California 

area c o n d i t i o n s .  
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- 2.4.2.2 D e s c r i p t i o n  

The tower measures 85.34 meters (280 f e e t )  from ground l e v e l  t o  t h e  r e c e i v e r  

s u p p o r t  e l e v a t i o n .  I t  is a s e l f - s u p p o r t e d ,  braced s t r u c t u r a l  s teel  f fame, 

r e c t a n g u l a r  i n  cross s e c t i o n ,  w i t h  f o u r  p r i n c i p a l  columns. The tower t a p e r s  

from 19.51 by 17.37 meters ( 6 4  by 57 f e e t )  a t  t h e  base t o  10.36 by 8.23 meters 

( 3 4  by 27 f e e t )  a t  t h e  r e c e i v e r  s u p p o r t  e l e v a t i o n .  Only t h e  t o p  p o r t i o n  of 

t h e  structure is e n c l o s e d  a s  noted  below. Reinforced  c o n c r e t e  f o o t i n g s  

s u p p o r t  t h e  tower columns. 

The t o p  6.10 meters (20  f e e t )  of t h e  tower from t h e  e l e v a t o r  p l a t f o r m  t o  t h e  

r e c e i v e r  s u p p o r t  e l e v a t i o n  is e n c l o s e d  w i t h  a l i g h t  r e f l e c t i n g  metal w a l l  

p a n e l .  T h i s  e n c l o s u r e  p r o t e c t s  t h e  tower s t r u c t u r e  from r e f l e c t e d  s u n l i g h t  

whi le  p r o v i d i n g  a weather  e n c l o s u r e  f o r  e l ec t r i ca l  and c o n t r o l  equipment,  a 

h o i s t ,  and t h e  e l e v a t o r  machinery. 

A small e l e v a t o r ,  s u i t a b l e  f o r  p e r s o n n e l  and small equipment,  p r o v i d e s  access 

between t h e  ground leve l  and t h e  e l e v a t o r  p l a t f o r m .  A s t a i r w a y  c o n t i n u e s  up 

t o  t h e  r e c e i v e r .  I n  a n  emergency, p e r s o n n e l  can  e x i t  from t h e  e l e v a t o r  

p l a t f o r m  t o  t h e  ground v i a  a caged v e r t i c a l  ladder.  A h o i s t ,  suspended from a 

monora i l  below t h e  r e c e i v e r  s u p p o r t  e l e v a t i o n ,  l i f t s  h e a v i e r  equipment t o  t h e  

elevator p la t form.  

2.4.3 Collector F i e l d  Design 

Based on t h e  r e c e i v e r  a p e r t u r e  and e l e v a t i o n  c h a r a c t e r i s t i c s  descr ibed 

p r e v i o u s l y ,  a cost e f f e c t i v e  h e l i o s t a t  f i e l d  was des igned  t o  a c h i e v e  maximum 

a n n u a l  performance. T h i s  a n a l y s i s  c o n s i d e r e d  t h e  i n t e r a c t i v e  e f f e c t s  of 

h e l i o s t a t  shadowing and b locking ,  a tmospher ic  a t t e n u a t i o n  and a p e r t u r e  

s p i l l a g e  due t o  redirected image s i z e .  

The optimum he l ios ta t  f i e l d  c o n s i s t s  of 797 h e l i o s t a t s ,  p r o v i d i n g  a t o t a l  

r e f l e c t i v e  a r e a  of 76,100 m 2  (817,000 f t  1. As shown on Figure  2-48, t h e  

f i e l d  e x t e n d s  r a d i a l l y  from t h e  r e c e i v e r  tower a minimum d i s t a n c e  of 68 m (220 

ft) t o  a maximum d i s t a n c e  of 630 m (2 ,070 f t ) ,  and a z i m u t h a l l y  from 31.1 

d e g r e e s  n o r t h  of west t o  31.1 d e g r e e s  n o r t h  of east .  The he l ios ta t  d e n s i t y  - v a r i e s  w i t h  l o c a t i o n  i n  t h e  f i e l d  from ground cover  ra t ios  of 4 4  p e r c e n t  near  

t h e  tower t o  1 2  p e r c e n t  f o r  t h o s e  h e l i o s t a t s  most d i s t a n t  from t h e  tower.  The 

ground cover r a t io  is t h e  r a t i o  of mirror area t o  l a n d  area. The average  

ground cover  r a t io  is 1 9  p e r c e n t .  

2 
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2.4.4 Subsystem Performance 
The so la r - to - the rma l  performance of t h e  solar thermal a c t i v a t e d  ca rbon  

p r o d u c t i o n  system was computed u s i n g  DELSOL2. Data on both d e s i g n  p o i n t  and 
a n n u a l  ave rage  system e f f i c i e n c i e s  are p r o v i d e d  i n  t h i s  s e c t i o n .  

F i g u r e  2-49a shows t h e  d e s i g n  p o i n t  solar-to-thermal e f f i c i e n c y  stairstep.  
The o v e r a l l  d e s i g n  p o i n t  solar-to-thermal e f f i c i e n c y  is 57.8 p e r c e n t .  The 

a n n u a l  
2-49b. 

ene  rg y 

direct  

a v e r a g e  solar-to-thermal e f f i c i e n c y  c h a i n  is  p r e s e n t e d  i n  F i g u r e  

The annua l  so l a r - to - the rma l  e f f i c i e n c y  is 47 p e r c e n t  . The a n n u a l  
p r o d u c t i o n  is 88 GWh (3.0 x 1 0  B t u ) ,  based on a n  a n n u a l  a v e r a g e  11 

2 normal i n s o l a t i o n  of 6.76 kWh/m /day a t  Barstow. The a n n u a l  ene rgy  

p r o d u c t i o n  of 88 GWh is a n  o p t i m i s t i c  number because d a i l y  s t a r t u p  p e n a l t i e s ,  

o v e r n i g h t  thermal losses, etc.  have n o t  been i n c l u d e d  i n  t h e  c a l c u l a t i o n s .  

2.5 Balance of P l a n t  

2.5.1 Coal Handling System 

The Coal Handling System is shown s c h e m a t i c a l l y  on B l a c k  h Veatch  

Drawings M l O O O  and S3000 ( F i g u r e s  2-50 and 2-51). 

Coal a r r i v e s  by r a i l  a t  t h e  Coal Unloading Bu i ld ing  located i n  t h e  s o u t h e a s t  
c o r n e r  of t h e  p l a n t  site. The cars e n t e r  t h e  b u i l d i n g  a t  grade l e v e l  and 
unload one by one, each car dumping th rough  t h e  tracks i n t o  a hopper below. 

Four b e l t  feeders benea th  t h e  hopper convey coal t o  t h e  r e c e i v i n g  end of t h e  

e l e v a t i n g  conveyor. 

The Coal Handling System w i l l  unload coal a t  t h e  rate of f o u r  90-metric t o n  
(100 US t o n )  bottom dump hopper cars i n  one  hour. Coal is immediately weighed 

and t r a n s p o r t e d  t o  t h e  coal s t o r a g e  s i los .  Conveyors have a maximum 1 4  degree 

a n g l e  of i n c l i n a t i o n .  
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The Coal Handling System is  des igned  fo r  manual c o n t r o l  under t h e  direct  

s u p e r v i s i o n  of o p e r a t i n g  personnel .  Pgpropriate l i m i t  switches and s a f e t y  

d e v i c e s  s h u t  o f f  t h e  coal flow i n  t h e  e v e n t  of equipment f a i l u r e ,  f i re ,  or 
other emergency c o n d i t i o n s .  Dust c o n t r o l  and f i r e  p r o t e c t i o n  throughout  t h e  

system are pr imary  d e s i g n  c o n s i d e r a t i o n s .  P a s s i v e  d u s t  c o n t r o l  i n c l u d e s  

e n c l o s u r e  of a l l  c o a l  handl ing equipment and p l a n t  areas where coal is being 
handled. These same areas have a c t i v e  d u s t  c o n t r o l  by t h e  u s e  of d u s t  
s u p p r e s s i o n  or c o l l e c t i o n  systems. Automatic s p r i n k l e r  sys tems p r o v i d e  f i r e  

protect ion. 

The pr imary  des ign  c r i te r ia  for  t h e  coal handl ing system are: 
- Provide coal a t  a rate necessary  t o  meet process requirements .  
- Locate t h e  system t o  minimize f u g i t i v e  p a r t i c l e  spread t o  t h e  s o l a r  

collector f i e l d .  

- Withstand local wind and seismic c o n d i t i o n s .  

- Provide f i r e  p r o t e c t i o n .  
- Manual c o n t r o l  w i t h  a u t o m a t i c  s a f e t y  p r o t e c t i o n .  

2.5.1.1 Coal Unloading B u i l d i n q  

The Coal Unloading Building e n c l o s e s  a l l  coal unloading o p e r a t i o n s .  I t  is 
located i n  a d i r e c t i o n  and a t  c o n s i d e r a b l e  d i s t a n c e  from t h e  solar collector 

f i e l d  t o  minimize hel iostat  d u s t i n g .  The b u i l d i n g  is des igned  f o r  a l l  

applicable dead and l i v e  l o a d i n g s ,  i n c l u d i n g  t h e  effects of wind and seismic 

e v e n t s .  The s i n g l e  s t o r y  b u i l d i n g  measures approximately 22 by 36 meters ( 7 2  

by 118 fee t ) .  I t  c o v e r s  a c o n c r e t e  p i t  f o u n d a t i o n  approximate ly  1 2  meters (39 

fee t )  deep. The car dump hopper, be l t  feeders, and e l e v a t i n g  conveyor 
r e c e i v i n g  end are located w i t h i n  t h e  p i t .  A w e t  d u s t  s u p p r e s s i o n  system 

f l u s h e s  coal d u s t  t o  a sump i n  t h e  bottom of t h e  p i t .  S t a i r s  and a suspended 

h o i s t  p r o v i d e  access i n t o  t h e  p i t .  

A d e l u g e  s p r i n k l e r  system p r o v i d e s  f i r e  p r o t e c t i o n  throughout  t h e  b u i l d i n g .  
Two s i d i n g s  beyond t h e  b u i l d i n g  p r o v i d e  o n s i t e  s t o r a g e  f o r  up t o  16  r a i l  cars. 
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2.5.1.2 Elevating Convevor 

T h i s  conveyor transports the coal approximately 400 meters (1,312 f e e t )  t o  the 

s i l o  fill  gallery located above the four coal storage s i los .  A belt  scale 

measures t h e  coal during transport. Three reversing type belt  feeders i n  the 

gallery dis t r ibute  coal t o  the selected storage s i lo .  

- 

A ser ies  of inclined s t ructural  s t ee l  trusses support the elevating conveyor. 

The trusses are supported i n  turn by s t ee l  towers on concrete footings. The 

conveyor i t s e l f  is enclosed and protected from f i r e  by a deluge sprinkler 

system. An unenclosed catwalk alongside f a c i l i t a t e s  maintenance. 

2.5.1.3 Si lo  F i l l  Gallery 

The s i l o  f i l l  gallery is completely enclosed w i t h  a concrete floor and metal 

wall and roof systems. A dry  f i l t e r  D u s t  Collection System removes loose Coal 

d u s t .  A deluge sprinkler system provides f i r e  protection. 

2.5.2 Electrical  Generation System 

Electrical  energy required for a l l  onsite use is produced and distributed by 

the Electrical  Generation System. The Electrical  Generation System is shown 

schematically on Black & Veatch Drawing M2001 (Figure 2-16).  The design 

c r i t e r i a  for  the Electrical  Generation system are: 

- Provide adequate capabili ty for  dis t r ibut ion of e l ec t r i ca l  power 

from off s i t e  and on s i t e  sources t o  meet plant requirements. 

- Provide e l ec t r i ca l  generating capacity from excess process heat 

for  plant e l ec t r i ca l  requirements. 

- Provide capabili ty to  furnish excess e lec t r ica l  power t o  potential  

off s i t e  users. 

2.5.2.1 Turbine-Generator 

The e l ec t r i ca l  energy is to  be produced by a turbine-generator which is 

powered by steam from the steam generator described i n  Section 2.3.4. Steam 

from the steam generator powers a m u l t i  stage, single extraction, condensing 

t u r b i n e ,  which  i n  t u r n  drives a generator t o  produce the required e lec t r ica l  

output. Estimated connected e l ec t r i ca l  load for the s i t e  is approximately 2.8 

megawatts. The average operating load w i l l  be l e s s  than the connected load - since a l l  the processes w i l l  not be operating a t  f u l l  load a l l  of the time. 

The turbine generator has a nominal generating capacity of 3 megawatts. The 

nominal turbine-generator efficiency is 25%, which is  equivalent t o  a turbine 

heat ra te  of 13,600 Btu/kwh. 
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The t u r b i n e g e n e r a t o r  is a package-type u n i t ,  complete w i t h  p r e s s u r e  
l u b r i c a t i o n  system, t u r b i n e  c o n t r o l s ,  and other accessories. The t u r b i n e  

exhaus t  d i s c h a r g e s  t o  a s u r f a c e  condenser ,  where t h e  remaining steam is 

condensed and t h e  condensed l i q u i d  collected for  r e c i r c u l a t i o n  i n  t h e  

feedwater c y c l e .  

2.5.2.2 Main Steam 

The Main Steam System t r a n s p o r t s  steam from t h e  s u p e r h e a t e r  t o  t h e  t u r b i n e  
i n l e t .  The system also p r o v i d e s  water i n d u c t i o n  p r o t e c t i o n  for  t h e  t u r b i n e  by 

p r o v i d i n g  means of c o l l e c t i n g  and s a f e l y  d i s p o s i n g  of any water which may be 

p r e s e n t  i n  t h e  main steam p i p i n g .  

2.5.2.3 Condensate and Boiler Feedwater 

The Condensate System t r a n s p o r t s  feedwater from t h e  condenser  h o t w e l l  t o  t h e  

deaerator for  heating and  removal of e n t r a i n e d  gases .  Two f u l l - c a p a c i t y  
v e r t i c a l  pumps are provided.  The Boiler Feedwater System, which i n c l u d e s  t h e  

d e a e r a t o r ,  heats t h e  water t o  t h e  r e q u i r e d  steam g e n e r a t o r  i n l e t  t empera ture  

and  t r a n s p o r t s  t h e  water t o  t h e  steam g e n e r a t o r  drum. Two f u l l - c a p a c i t y  
boiler feed pumps are provided.  Steam c y c l e  losses are r e p l a c e d  by treated 

water from t h e  o f f s i t e  water supply.  T h i s  makeup water is treated i n  a 

batch-type process by a d e m i n e r a l i z a t i o n  system t o  produce  t h e  h igh  p u r i t y  

water r e q u i r e d  for  t h e  feedwater c y c l e .  Demineralized water is stored i n  t h e  

Demineralized Water S t o r a g e  Tank and pumped t o  t h e  condenser  hotwel l  by t h e  

Cycle Makeup Water Pump as  requi red .  

Chemical feed pumps p r o v i d e  water c o n d i t i o n i n g  chemicals t o  t h e  feedwater for  

oxygen removal and f o r  p H  c o n t r o l .  

The Boiler Feedwater System a l so  s u p p l i e s  water t o  heat exchangers  i n  t he  

S u l f u r  Recovery System where t h e  water is conver ted  i n t o  steam for  u s e  i n  t h e  

Process Steam System. 
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- 2.5.2.4 E x t r a c t i o n  Steam and Process Steam 

Steam is extracted from a n  i n t e r m e d i a t e  t u r b i n e  s t a g e  f o r  hea t ing  and 

d e a e r a t i o n  of feedwater i n  t h e  deaerator and f o r  u s e  i n  t h e  Process Steam 

System. The E x t r a c t i o n  Steam System a l s o  p r o v i d e s  water i n d u c t i o n  p r o t e c t i o n  

f o r  t h e  t u r b i n e  by p r o v i d i n g  means of c o l l e c t i n g  and s a f e l y  d i s p o s i n g  of any 

water p r e s e n t  i n  t h e  e x t r a c t i o n  p i p i n g ,  and by p r o v i d i n g  i s o l a t i o n  from 

p o t e n t i a l  s o u r c e s  o f  water. Air-assisted s t o p  check v a l v e s  a re  p r o v i d e d  i n  t h e  

steam p i p i n g .  These  v a l v e s  are a u t o m a t i c a l l y  c l o s e d  when c o n d i t i o n s  i n d i c a t e  

l i k e l i h o o d  of water e n t e r i n g  t h e  e x t r a c t i o n  p i p i n g .  

The P r o c e s s  Steam System p r o v i d e s  steam f o r  v a r i o u s  s e r v i c e s  i n  t h e  chemical 

p r o c e s s  sys t ems  and col lects  t h e  condensed steam and r e t u r n s  i t  t o  t h e  

feedwater c y c l e .  E x t r a c t i o n  steam and steam produced by t h e  S u l f u r  Recovery 

System are directed i n t o  a p r e s s u r e  c o n t r o l l e d  p i p i n g  header f o r  s u p p l y  t o  t h e  

chemical p r o c e s s e s .  Condensed steam, e x i t i n g  t h e  p r o c e s s ,  is c o l l e c t e d  and 

r e t u r n e d  t o  t h e  condenser  h o t w e l l  for r e u s e  i n  t h e  f e e d w a t e r  c y c l e .  

2.5.2.5 Electric Power Transmiss ion  and D i s t r i b u t i o n  

The Electric Power Transmiss ion  and D i s t r i b u t i o n  System takes t h e  e lec t r ica l  

ene rgy  produced by t h e  g e n e r a t o r  and s t e p s  t h e  v o l t a g e  up i n  t h e  main 

t r a n s f o r m e r  t o  t h e  t r a n s m i s s i o n  l i n e  v o l t a g e .  The power is t h e n  t r a n s m i t t e d  

t o  t h e  s w i t c h g e a r  f o r  i n t e r c o n n e c t i o n  t o  t h e  u t i l i t y ' s  power g r i d .  The main 

a u x i l i a r y  t r a n s f o r m e r  uses a p o r t i o n  of t h e  g e n e r a t o r ' s  o u t p u t  f o r  t h e  

powering of a u x i l i a r y  equipment w i t h i n  t h e  p l a n t ,  such  a s  pumps, conveyors ,  

f a n s ,  h e a t i n g ,  v e n t i l a t i n g ,  etc. The r e s e r v e  a u x i l i a r y  t r a n s f o r m e r  s u p p l i e s  

e l e c t r i c i t y  t o  t h e  f a c i l i t y  when t h e  t u r b i n e  g e n e r a t o r  is n o t  i n  o p e r a t i o n .  

2.5.3 Water Systems 

The water systems p r o v i d e  water r e q u i r e d  for  equipment c o o l i n g  and f o r  u s e  i n  

t h e  chemical p r o c e s s e s ,  as  w e l l  a s  p o t a b l e  water f o r  d r i n k i n g  and s a n i t a r y  

r equ i r emen t s .  Water usage is  minimized by r e c y c l i n g  process water t o  t h e  

g r e a t e s t  e x t e n t  p o s s i b l e .  

The p r imary  requirement  for  t h e  d e s i g n  of t h e  water system is t h a t  t h e  system 

s h a l l  i n c o r p o r a t e  r e a s o n a b l e  measures  for  water c o n s e r v a t i o n .  F 

2-169 



Water i s  provided t o  f u l f i l l  the following requirements: 
o Potable water is provided for d r i n k i n g  and for sanitary use. 
o Water is provided for use i n  the various washers, scrubbers, mixing 

tanks, and o ther  types of equipment i n  the chemical process systems 

and for plant service water. Some of t h i s  water is combined w i t h  

other materials i n  t h e  chemical processes, or is otherwise los t  

through evaporation, spil lage,  or other causes. 
o Cooling water is provided t o  absorb heat rejected by equipment i n  

the chemical process and generation systems. 

o Water is  provided for f i r e  protection for  bu i ld ings  and equipment. 

The following sections describe each water supply system. The calculated water 

requirement from off s i t e  for the operation of the plant is 1192 l i t e r s  per 

minute (315 GPM). 

2.5.3.1 Potable Water 

Potable water for  d r i n k i n g  and for  sanitary use is provided from the o f f s i t e  
water supply.  Final treatment of the water, t o  maintain required water 

quality, is done onsite. 

2.5.3.2 Process Water 
The Process Water System shown on Black & Veatch Drawing M2001 (Figure 2-16) 

provides water for use i n  the chemical processes and for  p l a n t  service water. 
System functions include distribution of water to  process use points and 

collection and treatment of contaminated water returned from the process for 
disposal or u s e  i n  the Cooling Water System. Most of the water returning from 
the processes is contaminated. T h i s  contaminated water is treated where 

possible and reclaimed for  use onsite. Where contamination is such that the 
water cannot be reclaimed, it is safely disposed of onsite i n  the evaporation 

ponds. 

Water from the process water storage tank is distributed to  a supply header by 

t h e  Process Water Pumps. Two full-capacity pumps are provided. 

Water exiting the process is directed t o  t h e  Wastewater Treatment Building.  
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Water e x i t i n g  t h e  S p e n t  Carbon R e g e n e r a t i o n  Process is col lected i n  a Process 

Water R e t u r n  U n i t ,  which c o n s i s t s  of a small t a n k  w i t h  a n  i n t e g r a l  pump, which 

t r a n s p o r t s  t h e  c o n t a m i n a t e d  water t h r o u g h  a separate r e t u r n  h e a d e r  t o  t h e  

/-- 

Wastewater Trea tmen t  B u i l d i n g  , where two p a r a l l e l  a c t i v a t e d  c a r b o n  f i l t e r s  

remove trace amounts  of a b s o r b e n t s  p r e s e n t  i n  t h e  water. Because  of t h e  

unknown n a t u r e  of  t h e s e  a b s o r b e n t s ,  t h i s  water is n o t  r e u s e d ,  b u t  is 

d i s c h a r g e d  t o  o n s i t e  e v a p o r a t i o n  p o n d s  f o r  d isposal .  

Water l e a v i n g  other p r o c e s s e s  w i t h  s u f f i c i e n t  p r e s s u r e  t o  t r a n s p o r t  it t o  t h e  

r e m o t e l y  located t r e a t m e n t  f a c i l i t y  e n t e r s  a r e t u r n  header d i r e c t l y .  Water 

l e a v i n g  t h e  processes a t  or n e a r  atmospheric p r e s s u r e  is directed t o  one  of 

two Process Water R e t u r n  U n i t s ,  which  pump t h e  water t h r o u g h  t h e  r e t u r n  header 

t o  t h e  Wastewater Trea tmen t  B u i l d i n g  f o r  t r e a t m e n t  by lime s o f t e n i n g .  The 

water is t h e n  t r a n s p o r t e d  by two f u l l - c a p a c i t y  r e c y c l e  water pumps t o  t h e  

r e c y c l e d  Water S t o r a g e  Tank for  u s e  a s  makeup t o  t h e  c o o l i n g  tower. 

2.5.3.3 Coolinq Water 

The Cool ing  Water Sys tem shown on B l a c k  & Veatch Drawing M2001 ( F i g u r e  2-16), 

p r o v i d e s  a means t o  remove hea t  f rom equipment  i n  t h e  chemical process s y s t e m s  

and  i n  t h e  c o g e n e r a t i o n  sys tem.  

T h r e e  h a l f  - c a p a c i t y  c i r c u l a t i n g  water pumps t r a n s p o r t  water f rom t h e  c o o l i n g  

tower b a s i n  t o  t h e  c e n t r a l  p l a n t  area. The c o o l i n g  water stream is s p l i t ,  

w i t h  par t  of t h e  f l o w  directed t o  t h e  s u r f a c e  c o n d e n s e r  and  t h e  r ema inde r  

directed t o  a s u p p l y  header i n  t h e  c e n t r a l  p l a n t  area where c o o l i n g  water is 

p r o v i d e d  t o  t h e  equipment  coolers and  heat e x c h a n g e r s .  

Cool ing  water l e a v i n g  process equipment  is collected i n  a r e t u r n  header which 

t h e n  combines  t h e  flow w i t h  water l e a v i n g  t h e  s u r f a c e  c o n d e n s e r .  The water is 

t h e n  t r a n s p o r t e d  t o  a c o o l i n g  tower where  t h e  heat i s  rejected t o  t h e  

atmosphere. The c o o l i n g  water f l o w  r e t u r n s  t o  t h e  c o o l i n g  tower b a s i n  f o r  

r e c i r c u l a t i o n .  Water l o s t  from t h e  s y s t e m  a t  t h e  c o o l i n g  tower by e v a p o r a t i o n  

and  d r i f t  is r e p l e n i s h e d  a s  r e q u i r e d  t o  m a i n t a i n  t h e  water l e v e l  i n  t h e  

c o o l i n g  tower b a s i n .  The  primary makeup s o u r c e  is t h e  Recyc led  Water S t o r a g e  

Tank, which p r o v i d e s  makeup water flow by g r a v i t y  t h r o u g h  a c o n t r o l  v a l v e  t o  

t h e  b a s i n .  The o f f s i t e  water s u p p l y  p r o v i d e s  a backup s o u r c e  o f  makeup water. 

- 
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The quality of the water i n  t h e  cooling tower basin is monitored, and chemical 
treatment is provided a s  required t o  control formation of mineral scale and 

biofouling. 

2.5.3.4 Fire Water 
The Fire Water System provides water for  f i re  protection of bu i ld ings  and 

equipment. Two f i r e  pumps, one e l ec t r i c  motor d r i v e n  and one diesel  engine 

driven, provide water flow on demand for  deluge and sprinkler systems for  
b u i l d i n g s ,  conveyors, and equipment, and fo r  f i r e  hydrants and f i r e  hoses. 

2.5.4 Storage Systems 

2.5.4.1 Coal Storacle 
The Coal Storage System receives coal from the Coal Handling System, s tores  

i t ,  and t h e n  transports a regulated quantity t o  the Coal Pretreatment System 
fo r  production of activated carbon. The system is indicated schematically on 
Black & Veatch Drawings M 2 O O O  and M l O O O  ( F i g u r e s  2-15 and 2-50). 

The primary c r i t e r i a  for  t h e  Coal Storage System design are: 
- Contain an eight days supply of coal. 
- Prevent the spread of coal dus t  t o  the atmosphere. 
- Withstand local wind and seismic conditions. 
- Provide for  f i r e  protection. 

The Coal Storage System consists primarily of the four coal storage s i lo s ,  

each capable of storing approximately 680 metric tons (750 US tons) of coal 

weighing 721 kilograms per cubic meter ( 4 5  pounds per cubic foot ) .  The s i l o s  
themselves and t h e  supporting structure are  designed to  be f i l l e d  w i t h  coal 

weighing  a s  much a s  1 ,122  kilograms per cubic meter (70  pounds per cubic foot) .  

Coal is loaded into the storage s i l o s  by the s i l o  f i l l  conveyors located i n  

the s i l o  f i l l  gallery above t h e  s i los .  The system is designed so that  two 

s i l o s  contain suff ic ient  coal t o  support continuous activated carbon 

production for  a t  l ea s t  eight days. During t h i s  period, the remaining two 

s i l o s  can accept coal delivery from a 15  car u n i t  t r a in  (assuming 90 metric 
ton, o r  100  US ton, hopper cars) .  Coal is  discharged by gravity t o  one of two 
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v a r i a b l e  speed belt weigh feeders. These feeders t r a n s p o r t  t h e  coal t o  
Conveyor CN-101 i n  t h e  Coal P r e t r e a t m e n t  Bui lding.  Coal P r e t r e a t m e n t  System 

c o n t r o l s  r e g u l a t e  t h e  feed rate. The Coal Storage System w i l l  supply  coal t o  
t h e  Coal P r e t r e a t m e n t  System a t  any rate up t o  7256 ki lograms (16,000 pounds) 

per hour. Conveyors have a maximum 1 4  d e g r e e  a n g l e  of i n c l i n a t i o n .  

The coal s t o r a g e  s i l o s  and suppor t ing  s t r u c t u r e  are des igned  for  a l l  

a p p l i c a b l e  dead and l i v e  l o a d i n g s  i n c l u d i n g  t h e  effects of wind and seismic 

e v e n t s .  The coal s t o r a g e  s i l o s  are fabricated of s t r u c t u r a l  s teel  plate.  

They are c y l i n d r i c a l  i n  shape w i t h  p a r a b o l i c  bottoms. A braced s t r u c t u r a l  
s teel  frame s u p p o r t s  t h e  s i los ,  as w e l l  as t h e  s i l o  f i l l  g a l l e r y  above. The 

e n t i r e  s t r u c t u r e  is founded on a r e i n f o r c e d  c o n c r e t e  mat. A Deluge S p r i n k l e r  
System i n  each s i l o  p r o v i d e s  f i r e  p r o t e c t i o n .  

System discharge is des igned  for  a u t o m a t i c  c o n t r o l  i n  c o n j u n c t i o n  w i t h  Coal 

P r e t r e a t m e n t  System o p e r a t i o n .  L i m i t  switches and other s a f e t y  d e v i c e s  s h u t  
off t h e  coal f l o w  i n  t h e  e v e n t  of equipment f a i l u r e ,  f i r e ,  or other emergency 

c o n d i t i o n s .  

The feeder room below t h e  s i l o s  is e n c l o s e d  w i t h  metal wall p a n e l s .  A de luge  
s p r i n k e r  system p r o v i d e s  f i r e  p r o t e c t i o n ,  w h i l e  a d r y  f i l t e r  d u s t  c o l l e c t i o n  
system removes loose coal dus t .  

D u s t  c o n t r o l  and f i r e  p r o t e c t i o n  throughout  t h e  system are a pr imary  

c o n s i d e r a t i o n .  P a s s i v e  d u s t  c o n t r o l  i n c l u d e s  e n c l o s u r e  of a l l  c o a l  handl ing 

equipment and areas where c o a l  is being handled. Act ive  d u s t  c o n t r o l  i n c l u d e s  

d u s t  s u p p r e s s i o n  or c o l l e c t i o n  systems. 

2.5.4.2 Water 

Water storage systems p r o v i d e  s u f f i c i e n t  i n v e n t o r y  of water t o  a l l o w  ex t ended  
u n i n t e r r u p t e d  o p e r a t i o n  of t h e  p l a n t  i n  t h e  e v e n t  of loss  of t h e  o f f s i t e  water 

SUPP l Y  
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Process Water 
The process Water Storage Tank provides suff ic ient  storage t o  meet the water 

requirements of t h e  chemical process systems for  12 hours of continuous 

operation. Water is provided t o  the tank from the o f f s i t e  water supply 

system. The tank is  a ver t ical ,  cylindrical  tank constructed of carbon s t ee l  

materials and erected on a concrete base. The inside of the tank is protected 

w i t h  a corrosion-resistant coating. 

F 

Recycled Water 

Makeup water storage for  t h e  Cooling Water System is provided by the Recycled 

Water Storage Tank. Treated water from the Wastewater Treatment System is 

pumped into the tank for  use as  makeup to  the cooling tower basin. The tank 

is sized to  provide 12 hours supply of makeup water under normal plant 

operating conditions. The tank is a ver t ical ,  cylindrical  tank constructed of 

carbon s t ee l  materials and erected on a concrete base. The inside of the tank 

is  protected w i t h  a corrosion-resistant coating. 

Fire Water 

Water for  f i r e  protection is stored i n  the f i r e  water tank. Storage volume is 

i n  accordance w i t h  NFPA regulations. The tank is a ver t ical ,  cylindrical  tank 

constructed of carbon s t e e l  materials and erected on a concrete base. The 

inside of the tank is  protected w i t h  a corrosion resis tant  coating. 

2.5.4.3 Gas/Product Storage 

Gas Storage 

Off-gas produced a s  a by-product by the chemical process systems is collected 

and used for  fuel  for  the s a l t  heater. During each day, for  a period of 

approximately eight hours, the required heating of the Sal t  Transport System 

is provided by the solar receiver, and the s a l t  heater is not used. During 

t h i s  eight hour period, the off-gas produced is stored i n  one of two Gas 

Storage Vessels. Each vessel is a spherical tank mounted aboveground on s tee l  

supports which are,  i n  turn, supported by a concrete foundation. Each vessel 

is sized for  storage of eight hours production of off-gas. Pressure inside 

the vessel is controlled by throt t l ing the pressure of the incoming gas. 
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Product Storage 
Two Activated Carbon Loading Silos each s tore  approximately 3-1/2 days of 
activated carbon production. The elevated s i l o s  discharge by gravity into 

trucks parked beneath. Two truck scales measure quantit ies being loaded. 

Two smaller Regenerated Carbon Loading Silos each s tore  a f u l l  truckload of 

regenerated carbon, including an allowance for  water. Both s i l o s  are elevated 
above the loading area and discharge by gravity. Since regenerated carbon is 

processed i n  discreet batches, no truck scales are  required. 

2.6 Overall Plant Layout 
2.6.1 Central Plant Arrangement 
The central  plant area includes most of the balance of plant f a c i l i t i e s  
including chemical process systems and t h e  e l ec t r i ca l  cogeneration system. 
The Administration/Control/Maintenance (ACM) B u i l d i n g ,  t h e  Coal Pretreatment 
B u i l d i n g ,  and the Coal Storage Si lo  Structure are  a lso located i n  t h i s  area. 
The area is fenced w i t h  remote control gates  operable from the main control 

room. Overhead area l i g h t i n g  provides additional security and f a c i l i t a t e s  
nighttime operation. Black & Veatch Drawing M l O O O  (Figure 2-50) shows t h e  

arrangement . 
The ACM Bu i ld ing  is  s t ra tegical ly  located i n  the central  plant area t o  service 

the various ac t iv i t i e s  associated w i t h  the process operations. A portion of 
t h e  b u i l d i n g  is two story w i t h  the second story containing the control room. 
The control room has windows on a l l  four sides enabling the operators t o  

overview the turbineqenerator,  collector f ie ld ,  and process areas. The 
Administration/Maintenance area of the b u i l d i n g  provides off ice ,  locker room, 

maintenance, and equipment f a c i l i t i e s .  The lower story is approximately 212 

square meters (2,282 square f e e t ) ,  w h i l e  the upper control area is 

approximately 85 square meters (915 square fee t  1. 

Equipment i n  the Central Plant Area is arranged t o  es tabl ish logical and 
sequential streams of water, steam, and product flow through the various 

process and cogeneration systems. The equipment locations shorten 

interconnecting p ip ing  and conveyors between equipment as much a s  possible, 
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P-- y e t  provide for  adequate area around equipment f o r  maintenance and auxi l iary 

sys t ems .  The Coal Storage and Pretreatment Systems, the "d i r ty"  f a c i l i t i e s ,  

a re  located a s  f a r  e a s t  and downwind a s  possible  t o  minimize t h e  impact of 

d u s t  on t h e  solar  c o l l e c t o r  f i e l d .  The "clean" f a c i l i t i e s ,  the ACM B u i l d i n g ,  

E lec t r ica l  Cogeneration System, e tc . ,  a r e  located on t h e  west, or upwind s ide .  

Except f o r  coal,  a l l  raw materials and a l l  marketable products a r e  transported 

t o  and from t h e  p lan t  by truck. Loading and unloading f a c i l i t i e s  a r e  grouped 

together on the south side of t h e  c e n t r a l  plant  area and are  accessible  from a 

one-way c i r c u l a r  drive. Several loading/unloading operations can be carr ied 

on simultaneously since t rucks approach the f a c i l i t i e s  i n  d i scree t  t r a f f i c  

lanes without backing. 

2.6.2 S i t e  Arrangement 

The s i t e  arrangement is shown on Figure 2-51. For t h e  purposes of t h i s  s t u d y  

it was assumed t h a t  t h e  s i t e  is a deser t  environment located i n  the Barstow, 

California area. The t o t a l  s i t e  encompasses approximately 121.4 ha. (300  

acres ) .  Of t h i s ,  approximately 8.1 ha. (20 acres)  i s  considered improved and 

113 ha. (280 acres)  unimproved. The so la r  co l lec tor  f i e l d  consisting of 40.5 

ha. (100 acres)  is unimproved except a s  necessary t o  provide access f o r  

erect ion of t h e  h e l i o s t a t s ,  maintenance, and d u s t  control .  The plant  area,  

considered improved, i s  paved w i t h  asphalt  or otherwise covered w i t h  crushed 

rock. The primary philosophy governing t h e  arrangement of t h e  s i t e  is t o  keep 

s a l t  pipe r u n  l e n g t h s  t o  a minimum and t o  min imize  the fugi t ive  p a r t i c l e  

co l lec t ion  on the h e l i o s t a t s  from the coal.  The direct ion of the prevail ing 

winds  is a very s i te  spec i f ic  parameter and plays a s ign i f icant  role i n  t h e  

overa l l  s i te  layout, p a r t i c u l a r l y  the location of t h e  coal  unloading 

f a c i l i t i e s .  For t h i s  study t h e  prevail ing wind is assumed t o  be westerly. I n  

the arrangement shown, only winds from approximately 145 t o  180  degrees could 

c o n s t i t u t e  a problem. Prevailing winds d i r e c t l y  from t h e  south would be the 

worst s i tua t ion ,  requiring a relocation of t h e  coal  unloading f a c i l i t i e s  t o  

t h e  east, west or north side of t h e  co l lec tor  f i e l d ;  o r  extreme f u g i t i v e  d u s t  

preventative measures would have t o  be provided. For most a l l  other wind  

d i rec t ions  t h e  d e s i g n  can incorporate a relocation of the coal  unloading 

P f a c i l i t i e s  w i t h  minimum impact on t h e  overa l l  s i t e  arrangement. 
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rc The h o t  and c o l d  s a l t  s t o r a g e  t a n k s  are  located close t o  t h e  tower t o  s h o r t e n  

c o s t l y  p i p e  runs. The c e n t r a l  p l a n t  a r e a  i s  l i k e w i s e  located c l o s e  t o  t h e  

s a l t  s t o r a g e  t a n k s .  

The d i r e c t i o n  of t h e  t r a n s m i s s i o n  l i n e s ,  access road and incoming r a i l r o a d  

t racks is a r b i t r a r i l y  selected and c a n  be relocated t o  s u i t  s p e c i f i c  site 

c o n d i t i o n s  w i t h  l i t t l e  impact on t h e  o v e r a l l  s i t e  arrangement .  

Off g a s  s t o r a g e  is p l a c e d  f a r  enough away from normally occup ied  areas t o  

minimize t h e  p o t e n t i a l  haza rd  t o  p e r s o n n e l  and equipment. 

For s e c u r i t y  p u r p o s e s  t h e  c e n t r a l  p l a n t  area w i l l  be f e n c e d  t o  p r e c l u d e  

u n a u t h o r i z e d  e n t r y .  Access t o  t h e  f e n c e d  area w i l l  be c o n t r o l l e d  from t h e  

c o n t r o l  b u i l d i n g  t h r o u g h  remote c o n t r o l s  t o  t h e  g a t e s .  

Patrol  and secondary access r o a d s  w i l l  be improved o n l y  t o  t h a t  e x t e n t  

n e c e s s a r y  depending upon s i t e  c o n d i t i o n s .  Only minimal g r a d i n g  i s  c o n s i d e r e d  

f o r  t h i s  s tudy .  

F 
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2.7 System Opera t ion  and C o n t r o l  Strateqy 

The solar f u e l s  and chemicals p l a n t  f o r  t h e  p r o d u c t i o n  of a c t i v a t e d  ca rbon  and 

t h e  r e g e n e r a t i o n  of s p e n t  ca rbon  is  d e f i n e d  i n  terms of t h r e e  major subsystems 

a s  shown on F igure  2-5: The Solar Heat T r a n s p o r t  Subsystem, t h e  Chemical 

Process Subsystem, and t h e  Collector F i e l d  Subsystem. The o p e r a t i o n  and 

c o n t r o l  of t h e  three subsystems m u s t  be i n t e g r a t e d  t o  a s s u r e  p r o p e r  o v e r a l l  

p l a n t  o p e r a t i o n .  The fo l lowing  s e c t i o n s  describe t h e  o p e r a t i o n  and c o n t r o l  

s t r a t e g y  fo r  t h e  Chemical Process Subsystem and for  t h e  Solar Heat T r a n s p o r t  

Subsystem. The o p e r a t i o n  and c o n t r o l  s t r a t e g y  f o r  t h e  Collector F i e l d  

Subsystem was s p e c i f i c a l l y  exc luded  from t h e  work scope of t h i s  c o n t r a c t  by 

Sand ia  N a t i o n a l  Laboratories. 

2.7.1 Chemical Process Subsystem Opera t ion  and C o n t r o l  Strategy 

The chemical p r o c e s s  subsystem depends upon t h e  o p e r a t i o n  of t h e  solar h e a t  

t r a n s p o r t  subsystem. The chemical process canno t  operate w i t h o u t  ' f u e l "  

( s u p p l i e d  as  h o t  molten c a r b o n a t e  s a l t )  from t h e  heat t r a n s p o r t  subsystem. 

Molten s a l t  p r o v i d e s  energy t o  t h e  c a r b o n i z a t i o n ,  a c t i v a t i o n  and r e g e n e r a t i o n  

f u r n a c e s .  Although these f u r n a c e s  are f i t t e d  w i t h  g a s  b u r n e r s ,  t h e y  p r o v i d e  

o n l y  enough heat f o r  s t a r t - u p  and emergency s i t u a t i o n s .  The o p e r a t i o n  and 

c o n t r o l  of these f u r n a c e s  m u s t  be c l o s e l y  i n t e g r a t e d  w i t h  t h e  s o l a r  s a l t  h e a t  

t r a n s p o r t  subsystem t o  i n s u r e  smooth o p e r a t i o n .  

D e t a i l e d  p r o c e s s  c o n t r o l  diagrams were f o r m u l a t e d  and are p r e s e n t e d  i n  S e c t i o n  

2.7.1.4. These drawings a l s o  c o n t a i n  a detai led material b a l a n c e  w i t h  p r o c e s s  

c o n d i t i o n s .  An i n s t r u m e n t  loop summary list based on these drawings is 

p r e s e n t e d  i n  S e c t i o n  2.7.1.5. 

2.7.1.1 Start-up 

Befo re  t h e  i n i t i a l  p l a n t  s t a r t - u p ,  a l l  applicable equipment s h o u l d  be 

"water-batched'  t o  i n s u r e  proper o p e r a t i n g  c o n d i t i o n  of t h e  equipment.  For 

exanple, i n  t h e  p r e t r e a t m e n t  s e c t i o n  of t h i s  p l a n t ,  t h e  acid t a n k ,  acid mixer,  
dewaterers and c o a l  washer would be operated w i t h  water only.  During t h i s  

period a l l  equipment would be checked for  p r o p e r  o p e r a t i o n .  Pumps, t a n k s ,  

p i p i n g ,  v a l v e s ,  and other equipment would be checked f o r  leaks. C o n t r o l  

schemes, where p o s s i b l e ,  would a l s o  be checked under water c o n d i t i o n s  only.  

Other  equipment,  such  as c r u s h e r s ,  g r i n d e r s ,  and compressors shou ld  be 

pre-checked a s  much a s  possible  before a c t u a l  raw materials are fed.  Guidance 
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s h o u l d  be provided by t h e  equipment m a n u f a c t u r e r .  Water b a t c h i n g  a l s o  

p r o v i d e s  t h e  o p e r a t o r s  t h e  o p p o r t u n i t y  t o  l e a r n  c o n t r o l s  and  o p e r a t i o n  of t h e  

p l a n t  unde r  s i m u l a t e d  c o n d i t i o n s .  After equipment  h a s  been  f u l l y  checked  o u t  

and  s a f e  o p e r a t i o n  c a n  be i n s u r e d ,  p l a n t  s t a r t - u p  c a n  beg in .  

F 

The p r e t r e a t m e n t  s e c t i o n  of t h e  p l a n t  would be s ta r ted  f i r s t .  T h i s  s e c t i o n  

c a n  be run  i n d e p e n d e n t l y  of t h e  b a l a n c e  of  t h e  p l a n t  b e c a u s e  of s t o r a g e  

p r o v i d e d  ( a p p r o x i m a t e l y  24 h o u r s ) .  A l e v e l  of  d i l u t e  acid is f i r s t  

e s t ab l i shed  i n  t h e  ac id  mixe r  (VT-101) and  a l e v e l  of water i s  e s t a b l i s h e d  i n  

t h e  coal washer  (CT-103). The d u s t  c o l l e c t i o n  s y s t e m  (DC-101) is n e x t  p u t  

i n t o  o p e r a t i o n  b e f o r e  coa l  c a n  be f e d  f rom s t o r a g e .  When a l l  conveying  and  

o ther  equipment  is checked  f o r  p r o p e r  o p e r a t i o n ,  coal f rom s t o r a g e  c a n  be f e d  

t o  t h e  p r e t r e a t m e n t  sys tem.  P i t c h  s h o u l d  be c a r e f u l l y  added t o  t h e  c r u s h e d ,  

washed coal when feed t o  t h e  p u l v e r i z i n g  m i l l  is e s t a b l i s h e d .  The a c t u a l  

r a t i o  of  p i t c h  t o  coal  s h o u l d  be es tab l i shed  based on  t h e  p e l l e t  

character is t ics  formed by t h e  compactor (CR-104). F i n a l  r a t i o s  w i l l  be 

d e t e r m i n e d  by t h e  a c t i v a t e d  c a r b o n  product.  A c o n t r o l l e r  (WIC-102) is p r o v e d  

f o r  t h e  p i t c h  f l o w  t o  t h e  p u l v e r i z i n g  m i l l .  

When a l e v e l  h a s  been  e s t ab l i shed  i n  t h e  VT-105 s t o r a g e  b i n  and  when s a l t  f low 

a n d  t e m p e r a t u r e  r e q u i r m e n t s  have  been  a t t a i n e d ,  s t a r t - u p  of  t h e  c a r b o n i z a t i o n  

and  a c t i v a t i o n  f u r n a c e s  c a n  beg in .  The f u r n a c e s  s h o u l d  f i r s t  be s l o w l y  heated 

w i t h  t h e  s t a r t - u p  g a s  b u r n e r s .  Fu rnace  temperatures i n  excess of 397OC 

( 7 4 7  F )  must  be a t t a i n e d  before any  s a l t  is added t o  t h e  p la tecoi l s .  The 

f u r n a c e  b u r n e r s  have  been  s i z e d  t o  heat t h e  s y s t e m  t o  482OC (900'F). T h i s  

i s  r e q u i r e d  t o  p r e v e n t  t h e  f r e e z i n g  of s a l t  i n  t h e  p l a t e c o i l s .  Once t h e  

t e m p e r a t u r e s  of t h e  f u r n a c e s  a re  h i g h  enough,  s a l t  f l o w  t o  t h e  f u r n a c e  s h o u l d  

be e s t a b l i s h e d .  I n i t i a l l y  "cold" s a l t  s h o u l d  be added t o  p r e v e n t  any  

t e m p e r a t u r e  shock  t o  t h e  f u r n a c e .  After s a l t  f low is e s t a b l i s h e d  t o  b o t h  t h e  

c a r b o n i z a t i o n  and  a c t i v a t i o n  f u r n a c e s ,  c a r b o n  feed t o  t h e  c a r b o n i z a t i o n  

f u r n a c e  c a n  beg in .  The i n i t i a l  c a r b o n  f l o w  s h o u l d  be minimized  i n  order t o  

a s s u r e  a smooth s t a r t - u p .  The s a l t  t e m p e r a t u r e  and  s a l t  f low s h o u l d  be s l o w l y  

i n c r e a s e d  a s  t h e  c a r b o n  f low t o  t h e  f u r n a c e  is s l o w l y  i n c r e a s e d .  The  ramping 

of t e m p e r a t u r e  and  f l o w  s h o u l d  p r e v e n t  damage t o  t h e  s y s t e m  components .  

0 
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When t h e  c a r b o n i z a t i o n  and a c t i v a t i o n  f u r n a c e s  are started t h e  b a l a n c e  of t h e  

p l a n t  shou ld  be p u t  i n t o  o p e r a t i o n .  The p r o d u c t  acid washing system would be 

s t a r t e d - u p  i n  a manner similar t o  t h e  p r e - t r e a t m e n t  s e c t i o n .  The off-gas 

t r e a t m e n t  systems would be brought on l i n e  a s  per recommendation of t h e  d e s i g n  

e n g i n e e r i n g  firm. G e n e r a l l y ,  l i q u i d  f l o w s  for  t h e  s c r u b b e r s  and absorbers are 

es tab l i shed  b e f o r e  g a s  c a n  be fed.  As o f f - g a s  is produced i n  t h e  r e a c t i o n  

f u r n a c e s ,  these clean-up systems are s l o w l y  brought  up t o  o p e r a t i n g  c o n d i t i o n s .  

Start-up of t h e  r e g e n e r a t i o n  system c a n  be done s e p a r a t e l y  from t h e  p r o d u c t i o n  
pa th .  The f u r n a c e  s t a r t - u p  is similar t o  t h e  others, e x c e p t  t h e  f u r n a c e  
t e m p e r a t u r e s  are b rough t  t o  h i g h e r  t e m p e r a t u r e s  because of t h e  a d d i t i o n a l  gas  

b u r n e r s  p rov ided  t o  a t t a i n  t h e  r e q u i r e d  r e - a c t i v a t i o n  t empera tu res .  When 

f u r n a c e  temperatures above 397OC (747'F) are  a t t a i n e d ,  mo l t en  s a l t  flow 

c a n  be establ ished.  The s p e n t  ca rbon  is t h e n  s lowly  f e d  t o  t h e  f u r n a c e .  The 

feed rate of s p e n t  c a r b o n  is i n c r e a s e d  t o  f u l l  o p e r a t i n g  load; g a s  and sa l t  

f l o w s  are  a d j u s t e d  as t h e  c a r b o n  flow is i n c r e a s e d .  

2.7.1.2 Normal O p e r a t i o n  
The process c o n t r o l  diagrams i n  S e c t i o n  2.7.1.4 i n d i c a t e  c o n d i t i o n s  f o r  normal 

o p e r a t i o n  a t  f u l l  c a p a c i t y .  C o n t r o l  loops are p r o v i d e d  for  a l l  impor t an t  

parameters. A summary of t h e  c o n t r o l  loops is p r o v i d e d  i n  S e c t i o n  2.7.1.5. 

These loops c o n t r o l  l e v e l s ,  t e m p e r a t u r e s ,  pressures and flows th roughou t  t h e  

process and are des igned  t o  hand le  o p e r a t i n g  v a r i a t i o n s  i n  t h e  system. 

Under normal o p e r a t i n g  c o n d i t i o n s ,  t h e  r e g e n e r a t i o n  system would be operated 

under "batch' mode. After a batch of s p e n t  c a r b o n  is p r o c e s s e d ,  t h e  f u r n a c e  
is  placed i n  a 'stand-by' mode. Minimum g a s  and s a l t  flows are m a i n t a i n e d  t o  

keep t h e  f u r n a c e  a t  o p e r a t i n g  c o n d i t i o n .  T h i s  is r e q u i r e d  t o  keep t h e  f u r n a c e  
t e m p e r a t u r e  from c y c l i n g  which would s h o r t e n  t h e  o p e r a t i n g  l i f e  of t h e  fu rnace .  

The s a l t  flow c o n t r o l  system for  t h e  chemical r e a c t i o n  f u r n a c e s  h a s  been 
d e s i g n e d  t o  minimize flow and t e m p e r a t u r e  f l u c t u a t i o n s  of t h e  s a l t  l e a v i n g  t h e  

chemical process subsystem. The s a l t  from t h e  chemical r e a c t i o n  f u r n a c e s  is 

fed  forward t o  t h e  steam g e n e r a t o r  system. A s impl i f ied  process s a l t  c o n t r o l  
diagram is p r o v i d e d  i n  S e c t i o n  2.2.3 ( F i g u r e  2-14).  A de ta i l ed  process 

c o n t r o l  diagram is p r o v i d e d  i n  S e c t i o n  2.7.1.4 a s  drawing number 

B&W-P419-9106-D. T h i s  drawing shows normal s a l t  and t e m p e r a t u r e  flows and a l l  

c o n t r o l s  r e q u i r e d  for  t h e  o p e r a t i o n  of t h e  chemical r e a c t i o n  f u r n a c e s .  
2-182 



By-passes  are p r o v i d e d  a r o u n d  e a c h  f u r n a c e  t o  allow f o r  i n d e p e n d e n t  

o p e r a t i o n .  Normally t h e  c a r b o n i z a t i o n  a n d  a c t i v a t i o n  f u r n a c e s  are  operated 

t o g e t h e r .  S a l t  f low t o  t h e  a c t i v a t i o n  f u r n a c e  is controlled by a BTU 

c o n t r o l l e r .  The BTU c o n t r o l l e r  measures t h e  amount of BTUs i n p u t  t o  t h e  

f u r n a c e  by t h e  m o l t e n  s a l t .  The s a l t  flow and  i n l e t / o u t l e t  t e m p e r a t u r e  

d i f f e r e n c e  p r o v i d e  t h i s  i n f o r m a t i o n .  The amount of heat p r o v i d e d  t o  t h e  

f u r n a c e  is d e t e r m i n e d  by t h e  c a r b o n  f l o w  ra te  and  t h e  desired o u t l e t  

t e m p e r a t u r e .  When t h e  c a r b o n  f l o w  rate  is  changed ,  t h e  BTU c o n t r o l l e r  w i l l  

a u t o m a t i c a l l y  a d j u s t  t h e  BTU i n p u t  t o  m a i n t a i n  t h e  desired o p e r a t i n g  

c o n d i t i o n s .  S a l t  f l o w  t o  t h e  i n d i v i d u a l  h e a r t h s  can be changed  by manual  

v a l v e s .  I t  is e n v i s i o n e d  t h a t  t h e  o p e r a t i n g  set p o i n t  of t h e s e  by-pass  v a l v e s  

would be set d u r i n g  i n i t i a l  s t a r t - u p  and  s u b s e q u e n t  o p e r a t i o n  of  t h e  f u r n a c e .  

If raw material character is t ics  change  or d i f f e r e n t  p r o d u c t  charac te r i s t ics  

are  des i r ed  t h e s e  by-pass  v a l v e s  c a n  be re-set. 

A flow c o n t r o l l e r  i s  p r o v i d e d  downstream of  t h e  a c t i v a t i o n  f u r n a c e .  I f  t h e  

c a r b o n i z a t i o n  and  r e g e n e r a t i o n  s y s t e m s  desire more s a l t  t h a n  t h e  a c t i v a t i o n  

f u r n a c e  is p r e s e n t l y  u s i n g ,  h o t  s a l t  would be by-passed a round  t h e  a c t i v a t i o n  

f u r n a c e .  Because t h e  c a r b o n i z a t i o n  and  r e g e n e r a t i o n  s y s t e m s  were d e s i g n e d  f o r  

829OC (1525'F) s a l t ,  a t e m p e r a t u r e  c o n t r o l l e r  is p r o v i d e d  t o  p r e v e n t  t h i s  

t e m p e r a t u r e  from becoming too hot .  I f  h o t  s a l t  i s  bypassed a r o u n d  t h e  

a c t i v a t i o n  f u r n a c e  i t  would be tempered w i t h  cold s a l t .  A r e l a t i v e l y  c o n s t a n t  

f e e d  t e m p e r a t u r e  t o  t h e  f u r n a c e s  would i n s u r e  a smooth o p e r a t i o n .  

The c a r b o n i z a t i o n  f u r n a c e  h a s  a much h i g h e r  demand f o r  s a l t  t h a n  t h e  

r e g e n e r a t i o n  s y s t e m  (268,000 lb s /h r  VS. 63,000 l b s / h r ) .  A by-pass  a round  t h e  

c a r b o n i z a t i o n  f u r n a c e  is p r o v i d e d .  I f  a n  u p s e t  c o n d i t i o n  demands a major 

decrease i n  s a l t  f low t o  t h e  c a r b o n i z a t i o n  f u r n a c e ,  t h e  e x c e s s  s a l t  would be 

by-passed a round  t h e  c a r b o n i z a t i o n  f u r n a c e  w i t h o u t  " s h o c k i n g "  t h e  r e g e n e r a t i o n  

sys tem.  T h i s  allows t h e  r e g e n e r a t i o n  s y s t e m  by-pass  v a l v e s  t o  be d e s i g n e d  f o r  

much smaller flows. 

Similar c o n t r o l  s y s t e m s  are  provided f o r  t h e  r e g e n e r a t i o n  s y s t e m  e x c e p t  it is - s e p a r a t e d  i n t o  three i n d e p e n d e n t  s e c t i o n s .  The "bake" s e c t i o n  of  t h e  

r e g e n e r a t i o n  f u r n a c e  is c o n t r o l l e d  by a BTU C o n t r o l l e r ,  w h i l e  t h e  o f f -gas  

h e a t e r  and t h e  "dry" section operate s t r i c t l y  on t e m p e r a t u r e  c o n t r o l .  The 

e n t i r e  r e g e n e r a t i o n  system c a n  be b y - p a s s e d  when t h e  f u r n a c e  is n o t  o p e r a t i n g .  
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2.7.1.3 Shutdown 
A major conce rn  du r ing  a shut-down, e i ther  p lanned  o r  emergency, is t h e  

p o t e n t i a l  for s a l t  f reeze-up i n  t h e  platecoils.  The f u r n a c e s  s h o u l d  be cooled 

down s lowly  so a s  t o  a v o i d  any thermal shock t o  t h e  r e f r a c t o r y  and other 

i n t e r n a l  components. During a normal shut-down, t h e  feed flow would be s lowly  

d i s c o n t i n u e d  a l lowing  a g r a d u a l  decrease i n  t h e  demand for  heat from t h e  

molten s a l t .  The t e m p e r a t u r e  and flow of t h e  molten s a l t  should  be g r a d u a l l y  
decreased as t h e  demand fo r  heat is reduced. If t h e  f u r n a c e  shut-down is f o r  

a brief period (as  is  t h e  case w i t h  t h e  r e g e n e r a t i o n  f u r n a c e )  a minimum f low 

of tempered sal t  should be ma in ta ined  t h r o u g h  t h e  heat t r a n s f e r  c o i l s .  T h i s  

would keep t h e  f u r n a c e  warm and ready for  s t a r t - u p .  

The p l a t e c o i l s  shou ld  be des igned  and i n s t a l l e d  i n  such  a manner t o  allow 
d r a i n i n g  of t h e  s a l t  from t h e  fu rnace .  T h i s  would be r e q u i r e d  i n  t h e  case of 

pun@ or  e lec t r ic  f a i l u r e  which would r e s u l t  i n  t h e  sudden stoppage of a l l  

flows. If these were no t  re-established t h e  s a l t  c o u l d  f r e e z e  i n  p l a t e c o i l s  

i f  t h e  f u r n a c e s  were allowed t o  cool-down. 

2.7.1.4 P r o c e s s  C o n t r o l  Diagrams 

The Chemical Process Subsystem process c o n t r o l  diagrams are shown on t h e  

fo l lowing  f i g u r e s :  

F i q u r e  O l i n  Drawinq # T i t l e  

2-52 B&W P419-9101-D P r e t r e a t m e n t  
2-53 B&W P419-9102-D Carbon iza t ion ,  A c t i v a t i o n ,  and O f f - G a s  Cooling 

and Conpression 

2-54 B&W P419-9103-D Tar Recovery and Ammonia Removal 

2 H S Removal and S u l f u r  Recovery 2-55 B&W P419-9104-D 

2-56 B&W P419-9105-D Regenerat  i o n  of Spent  Carbon 
2-57 B&W P419-9106-D Chemical  Reac t ion  Furnaces  
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2.7.1.5 Instrument LOOP Summary L i s t  

Following i s  t h e  instrument loop summary list based on t h e  p r o c e s s  c o n t r o l  

diagrams shown i n  S e c t i o n  2.7.1.4. 

F 
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2.7.2 Solar Heat T r a n s p o r t  Subsystem Opera t ion  and Control Strateqy 
The solar heat t r a n s p o r t  subsystem p r o v i d e s  t h e  g r e a t  m a j o r i t y  of energy i n p u t  

fo r  t h e  o p e r a t i o n  of t h e  chemical p r o c e s s  subsystem i n  t h e  form of hot  molten 
c a r b o n a t e  sa l t .  I n  a d d i t i o n ,  t h i s  subsystem p r o v i d e s  a p o r t i o n  of t h e  process 

steam requi rements  fo r  t h e  a c t i v a t i o n  and r e g e n e r a t i o n  processes and g e n e r a t e s  
e l e c t r i c i t y  for  p l a n t  power and f o r  e x p o r t .  The o p e r a t i o n  of t h i s  subsystem 

is i n t e g r a t e d  w i t h  t h e  chemical p r o c e s s  subsystem o p e r a t i o n  t o  meet energy 
i n p u t  demands of t h e  chemical process. The s o l a r  heat t r a n s p o r t  subsystem 

f l u i d  flow paths,  i n s t r u m e n t a t i o n ,  and c o n t r o l  loops are shown on B l a c k  6 

Veatch Piping and Ins t rument  Diagrams M2000 and M2001 ( F i g u r e s  2-15 and 2-16). 

2.7.2.1 Start-Up 

S t a r t - u p  proceeds  from t h e  shutdown mode i n  which t h e  subsystem is n o t  
o p e r a t i n g  and, fo r  t h e  most par t ,  is a t  ambient temperature .  A l l  components 

are d r a i n e d  of s a l t  w i t h  t h e  e x c e p t i o n  of t h e  h o t  and cold c a r b o n a t e  s a l t  

s t o r a g e  t a n k s ,  t h e  c a r b o n a t e  s a l t  make-up sump tank ,  and t h e  n i t r a t e  s a l t  sump 

tank .  These components are maintained a t  approximately t h e  normal cold sa l t  

o p e r a t i n g  tempera ture  t o  p r e v e n t  f r e e z i n g  of s a l t .  The shutdown mode is used 
f o r  a r e l a t i v e l y  long outage  period such  as  t h a t  a s s o c i a t e d  w i t h  a scheduled 
maintenance outage.  I n  t h e  e v e n t  maintenance is r e q u i r e d  on a s a l t  holding 

tank ,  t h e  tank  c a n  be d r a i n e d  and cooled  t o  ambient. The c a r b o n a t e  s a l t  

storage t a n k s  were s i z e d  such  t h a t  t h e  e n t i r e  i n v e n t o r y  c a n  be stored i n  one 

tank.  

S t a r t - u p  i s  i n i t i a t e d  by e n e r g i z i n g  t h e  heat trace on a l l  c a r b o n a t e  s a l t  and 

n i t r a t e  sa l t  components and p i p i n g  t o  h e a t  t h e  system up t o  t h e  low 

t e n p e r a t u r e  s tandby mode. Heat-up of t h e  f o s s i l  f i r ed  s a l t  heater is 

accomplished w i t h  a very  low burner  f i r i n g  rate. The r e c e i v e r  a p e r t u r e  door 

remains closed; t h e  r e c e i v e r  heat a b s o r p t i o n  p a n e l s  a r e  n o t  heated. S a l t  

remains i n  t h e  holding t a n k s  during t h i s  phase of s t a r t - u p .  Heat-up of t h e  

water/steam system is  accomplished using t h e  300kw s t a r t - u p  heater. Water i s  

recirculated through t h e  s t a r t - u p  heater, t h e  e v a p o r a t o r ,  and t h e  steam drum 
using t h e  boiler water c i r c u l a t i o n  pump. When t h e  water tempera ture  reaches 

100°C (212'F), t h e  steam drum v e n t s  are closed, t h e  steam/water system 

p r e s s u r e  b e g i n s  t o  i n c r e a s e ,  and t h e  steam g e n e r a t e d  f l o w s  t o  t h e  s u p e r h e a t e r  

and t h e  condenser.  The energy  i n p u t  rates on t h e  heat  t r a c i n g  and t h e  
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s t a r t - u p  h e a t e r  a re  co -o rd ina ted  t o  i n c r e a s e  temperatures th roughou t  t h e  

subsystem a t  approx ima te ly  t h e  same rate  t o  r e a c h  t h e  low temperature standby 

mode. 

I n  t h e  low t e m p e r a t u r e  s t andby  mode, a l l  s a l t  p i p i n g  and components have been 

heated t o  approx ima te ly  t h e  normal c o l d  n i t r a t e  s a l t  o p e r a t i n g  t e m p e r a t u r e  of 

304OC (58OoF), and t h e  steam g e n e r a t o r  p r e s s u r e  is a t  approx ima te ly  t h e  

normal o p e r a t i n g  s a t u r a t i o n  p r e s s u r e  of 8 .27  MPa (1200 p s i a ) .  A t  low 

t e m p e r a t u r e  s t andby ,  n i t r a t e  s a l t  c i r c u l a t i o n  is i n i t i a t e d  th rough  t h e  system; 

system t e m p e r a t u r e s  are  s u f f i c i e n t l y  i n  e x c e s s  of t h e  n i t r a t e  s a l t  f r e e z i n g  

p o i n t  of 245OC (473'F). 

Start-up p r o c e e d s  t o  t h e  normal s tandby mode by c o n t i n u i n g  t o  h e a t  c a r b o n a t e  

s a l t  components and p i p i n g  w i t h  h e a t  trace. Nitrate s a l t  system component 

temperatures and water/steam system p r e s s u r e  are ma in ta ined  using n i t r a t e  s a l t  

component heat trace and t h e  start-up heater a s  required, a l t h o u g h  as  hea t ing  

of t h e  i n t e r m e d i a t e  heat exchanger  p r o c e e d s ,  heat i n p u t  t o  t h e  n i t r a t e  s a l t  

from t h e  i n t e r m e d i a t e  h e a t  exchanger  s h o u l d  be s u f f i c i e n t  t o  m a i n t a i n  t h e  

n i t r a t e  s a l t  above i ts  f r e e z i n g  p o i n t  t h roughou t  t h e  loop and t o  m a i n t a i n  

steam system pressure. The heat-up of t h e  f o s s i l  f i r e d  s a l t  heater c o n t i n u e s  

a t  a low burne r  f i r i n g  rate. 

I n  t h e  normal s t andby  mode a l l  sa l t  p i p i n g  and components, w i t h  t h e  e x c e p t i o n  

of t h e  r e c e i v e r  p a n e l s ,  have been h e a t e d  t o  approx ima te ly  normal cold 

c a r b o n a t e  s a l t  temperatures of 514OC (957'F). A t  t h i s  po in t  c a r b o n a t e  

s a l t  c a n  be pumped th rough  t h e  h e a t e d  components and p i p i n g  w i t h o u t  conce rn  

f o r  s a l t  f r e e z i n g  or  t h e r m a l  shock. Start-up c a n  t h e n  proceed t o  t h e  normal 

o p e r a t i n g  mode. 

Depending on t h e  time of day and solar  i n s o l a t i o n  c o n d i t i o n s ,  e i ther  t h e  solar 

r e c e i v e r  o r  t h e  f o s s i l  f i r ed  h e a t e r  c a n  be b rough t  on-l ine.  I f  t h e  r e c e i v e r  

is t o  be used, t h e  a p e r t u r e  door is opened, and a n  a r r a y  of warm-up h e l i o s t a t s  

is f o c u s e d  on t h e  heat a b s o r p t i o n  p a n e l s  t o  warm them t o  t h e  cold c a r b o n a t e  

s a l t  temperature. 
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The receiver subsystem is then f i l l e d  w i t h  cold carbonate s a l t  from t h e  cold 
s a l t  storage tank; s a l t  is circulated w i t h  the cold s a l t  booster pump through 

the receiver and back t o  t h e  cold s a l t  storage tank. Upon completion of 

receiver fill, power input t o  the receiver from the hel iostat  f i e l d  and s a l t  

flow rate through the receiver a re  adjusted t o  ramp t h e  receiver s a l t  out le t  

temperature up t o  normal hot s a l t  temperature of 9 5 4 O C  (175OoP). 

Accumulation of a inventory of hotter s a l t  can be s tar ted i n  the hot s a l t  
storage tank. 

If the f o s s i l  f i red  s a l t  heater is t o  be brought on-line a t  the normal standby 

mode, s a l t  flow is established from the cold s a l t  booster pump, through the 
heater and back t o  the cold s a l t  storage tank. Burner f i r ing  rates  and the 

s a l t  flow rate  through the heater a re  adjusted t o  ramp the heater s a l t  out le t  

temperature up t o  normal hot s a l t  temperature of 9 5 4 O C  (1750°F).  

Accumulation of an inventory of hotter s a l t  can be s tar ted i n  the hot s a l t  

storage tank. 

Chemical process subsystem start-up, a s  described i n  Section 2.7.1.1, proceeds 

i n  pa ra l l e l  w i t h  the solar heat transport subsystem start-up. After carbonate 
s a l t  flow has been established i n  e i ther  the the solar receiver or the f o s s i l  

f i red  s a l t  heater and the chemical process furnaces have been preheated, cold 
carbonate s a l t  flow can be introduced through the furnaces and the 

intermediate heat exchanger through the cold s a l t  start-up l ine  upstream of 
the activation furnace. Sal t  temperature to  the furnaces can be gradually 

increased as  required for  furnace start-up by mixing s a l t  flow from the hot 

s a l t  storage tank w i t h  flow from the cold s a l t  start-up l ine  u n t i l  a l l  flow t o  

the furnaces comes from t h e  hot s a l t  storage tank a t  the normal hot s a l t  
temperature and the chemical plant has reached normal operating conditions. 

2.7.2.2 Normal Operation 

During normal operation, the solar heat transport subsystem provides the 
energy i n p u t  t o  the molten carbonate s a l t  for  chemical process and steam 
generator operation on a 24 hour-a-day basis from ei ther  the solar receiver or 

the f o s s i l  f i red  heater. Because the receiver has been sized w i t h  a power 

rating i n  excess of the power rating by the chemical process and steam 
generator, t h e  system can accumulate stored energy i n  the hot s a l t  storage 
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P tank. T h i s  energy can be used t o  maintain process. operation during periods of 

reduced solar insolation or t o  delay the time a t  which the f o s s i l  f i red  s a l t  

heater is brought on-line. 

Following is a typical clear day operating scenario for  the solar heat 

transport subsystem for  a 24 hour period. During t h i s  24 hour period the 

chemical plant and the steam generator are operating a t  rated load. The 

s ta tus  of the collector f i e ld ,  receiver, s a l t  heater, and hot s a l t  storage 

tank level throughout the 24 hours period is described below and is summarized 

on Table 2-42. 

Period 1 of the day is a short period of time near sun-up when the collector 

f i e l d  is brought t o  a standby condition i n  anticipation of s tar t ing the 

receiver. The receiver overnight circulation system is operating w i t h  the 

aperture door closed t o  keep the receiver a t  approximately the cold carbonate 

s a l t  temperature. The f o s s i l  f i r e d  s a l t  heater is  operating a t  rated load, 

and the hot s a l t  storage tank level is constant a t  low operating level. 

During period 2 the receiver is taken out of the overnight circulation mode, 

and the normal flow path through the receiver is established. The aperture 

door is opened, and the collector f i e l d  is used to  warm up the receiver. The 

receiver s a l t  ou t le t  temperature is ramped up t o  the normal hot s a l t  

temperature. Receiver ou t le t  flow is e i ther  returned to  the cold s a l t  storage 

tank or s e n t  t o  the hot s a l t  storage tank, depending on i ts  temperature. The 

s a l t  heater continues to  operate a t  rated load. The hot storage tank levei 

remains essentially constant, a s  the flow from the receiver during t h i s  period 

is relatively insignificant.  

As time period 3 begins, suff ic ient  insolation is available for  the heliostat  

f i e l d  to  power the receiver a t  minimum load. As the insolation increases 

during period 3,  receiver load increases and, therefore, the flow from the 

receiver t o  hot storage tank increases. The s a l t '  heater continues to  operate 

a t  rated load during t h i s  period, so  a l l  the hot s a l t  flow from t h e  receiver 

goes into b u i l d i n g  storage i n  hot s a l t  tank, where the level increases. 

F 
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Time 
Period 

1 

2 

3 

4 

5 

6 

7 

TABLE 2-42 

Typical Clear Day, 24 Hour Cperatins Scenar io  

Col lec tor  
F i e l d  

Standby 

Warming 

Heat i ng 

Heating 

Stowed 

Stowed 

Stowed 

S t a t u s  

Rece i v e  r 

Overnight 
C i r c u l a t i o n  

Star t  -up 

Operating 

Ope rat  i ng 

Overnight 
C i r c u l a t i o n  

Ove rn ig  h t  
C i r cu la t ion  

Overnight 
C i r c u l a t i o n  

Sa It 
Heater 

Operating 

Cp e r a t  i ng 

Operating 

Stand by 

Standby 

Warm-up 

werating 
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Hot Sa It Storage  
Tank Level 

Constant 

Constant 

Increas ing  

Increas ing  o r  
Decreasing 

Dec rea s i ng 

Decreasing 

Constant 



F Time  p e r i o d  4 b e g i n s  when t h e  r e c e i v e r  can  supply  s u f f i c i e n t  energy t o  both 

fill  t h e  remaining s t o r a g e  c a p a c i t y  and o p e r a t e  t h e  chemical p l a n t  and steam 

g e n e r a t o r .  The f o s s i l  f i r ed  heater is p l a c e d  i n  s tandby.  The l e v e l  i n  t h e  

h o t  s t o r a g e  t a n k  w i l l  be i n c r e a s i n g  or d e c r e a s i n g  a t  v a r i o u s  p o i n t s  during 

p e r i o d  4 depending on whether t h e  r e c e i v e r  power is g r e a t e r  t h a n  or less t h a n  

t h e  chemical p r o c e s s  and steam g e n e r a t o r  requirements .  

A t  t h e  s t a r t  of t i m e  p e r i o d  5, i n s o l a t i o n  l e v e l s  have dropped below t h e  

minimum r e q u i r e d  t o  o p e r a t e  t h e  r e c e i v e r .  The collector f i e l d  is stowed, and 

t h e  r e c e i v e r  is p l a c e d  i n  t h e  o v e r n i g h t  c i r c u l a t i o n  mode w i t h  t h e  a p e r t u r e  

door  c l o s e d .  The s a l t  h e a t e r  remains i n  s tandby a s  t h e  h o t  s a l t  remaining i n  

s t o r a g e  is used t o  power t h e  p r o c e s s .  

The f o s s i l  f i r e d  heater is warmed up dur ing  time p e r i o d  6 i n  a n t i c i p a t i o n  of 

t h e  remaining s a l t  s t o r a g e  i n  t h e  h o t  t a n k  being d e p l e t e d .  Cold s a l t  is 

pumped t o  t h e  s a l t  heater, and t h e  h e a t e r  o u t l e t  t empera ture  is ramped up t o  

t h e  normal h o t  s a l t  o u t l e t  temperature. Sal t  heater o u t l e t  f l o w  is ei ther  

r e t u r n e d  t o  t h e  c o l d  s a l t  s t o r a g e  t a n k  or s e n t  t o  t h e  h o t  s a l t  s t o r a g e  t a n k ,  

depending i n  i ts temperature. The d e p l e t i o n  rate of t h e  h o t  s a l t  tank  is 

e s s e n t i a l l y  u n a f f e c t e d  by t h i s  o p e r a t i o n .  

For t h e  remainder of t h e  24 hours ,  t i m e  p e r i o d  7, t h e  process is suppl ied w i t h  

energy  from t h e  s a l t  heater. The h o t  s a l t  s t o r a g e  t a n k  l e v e l  remains c o n s t a n t  

a t  low l e v e l ,  and t h e  r e c e i v e r  is main ta ined  i n  o v e r n i g h t  c i r c u l a t i o n .  

The foregoing  normal o p e r a t i o n  s c e n a r i o  c a n  be b a s i c a l l y  applied t o  p a r t l y  

c loudy day o p e r a t i o n  a l t h o u g h  t h e  r e l a t i v e  times of r e c e i v e r  o p e r a t i o n  and of 

s a l t  h e a t e r  o p e r a t i o n  have t o  be a d j u s t e d  commensurate w i t h  t h e  occurrence  of 

t h e  c l o u d  c o n d i t i o n s .  O v e r a l l ,  p a r t l y  c loudy day o p e r a t i o n  r e s u l t s  i n  more 

f o s s i l  f i r e d  s a l t  h e a t e r  o p e r a t i o n .  For t o t a l l y  c loudy days,  t h e  p l a n t  is 

o p e r a t e d  s o l e l y  on t h e  f o s s i l  f i r e d  s a l t  heater i n  t h e  mode described f o r  time 

p e r i o d  7 above. 
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2.7.2.3 Shutdown 
shutdown of the system from normal operation t o  the normal standby mode 

requires providing cold carbonate s a l t  t o  the chemical furnace in le t  for  

mixing w i t h  the carbonate s a l t  from the hot s a l t  storage tank t o  gradually 
reduce t h e  temperatures of t h e  furnaces a s  described i n  Section 2.7.1.3. 

Both the receiver and the s a l t  heater are placed i n  a standby mode w i t h  s a l t  

circulating a t  the cold s a l t  temperature. When a l l  the carbonate s a l t  

temperatures i n  the system have been reduced t o  approximately the normal cold 

carbonate s a l t  temperature, a l l  carbonate s a l t  is drained t o  the s a l t  tanks. 
Any active heat trace on carbonate s a l t  components and p ip ing  is de-energized 

(except on the hot and cold storage tanks and make-up s a l t  sump tank) t o  
permit cooldown. 

Circulation of n i t r a t e  s a l t  continues t o  permit cooling of the intermediate 
heat exchanger, thereby reducing the temperature of the s a l t  a t  a l l  locations 
i n  the loop t o  approximately the normal cold n i t ra te  s a l t  temperature. 

Reducing t h e  s a l t  temperature pr ior  t o  draining avoids any thermal shock t o  

components, piping, or t h e  n i t ra te  s a l t  pump which might otherwise occur. Any 

active heat trace on the n i t ra te  s a l t  conponents and piping is  de-energized 
(except i n  the sump tank) t o  permit cooldown. 

The steam generator boiler water circulation pumps continue t o  c i rculate  water 
through the evaporator and steam drum a s  cooldown proceeds t o  ambient 

conditions. Any steam generated flows t o  the condenser through t h e  

superheater. 

2.7.2.4 Abnormal merating Sequences 
Abnormal operating sequences d i f fe r  from the normal operating modes discussed 
i n  the above sections i n  that  they  generally occur i n  response t o  a fa i lure  of 

equipment t o  perform its assigned function and a s  such they occur infrequently 
and often the response must be rapid. Generally, t h i s  means tha t  the abnormal 
sequences are detected and executed automatically by the control system. The 

abnormal sequences generally follow t h e  general pat tern of: 
1) Fault detection: 
2 )  Self t r i p ;  
3 )  
4 )  Restart or secure; 
5) Repair a s  required: 
6 )  Checkout 

Related system t r i p  where appropriate: 
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F A f a i l u r e  modes a n a l y s i s  of t h e  subsys t em was n o t  performed t o  i d e n t i f y  a l l  

t h e  p o t e n t i a l  abnorma l  o p e r a t i n g  s e q u e n c e s ,  t o  s p e c i f y  f a u l t - d e t e c t i o n  

methods, and  t o  s p e c i f y  t h e  a c t i o n s  r e q u i r e d  t o  s e c u r e  t h e  f a i l e d  equipment .  

I n  g e n e r a l ,  t h e  solar h e a t  t r a n s p o r t  subsys t em abnormal  s e q u e n c e s  would be 

similar t o  those which have been  o u t l i n e d  f o r  S O l a r - p O W e K e d  e l ec t r i ca l  

g e n e r a t i o n  p l a n t s ,  and  t h e  f a u l t  d e t e c t i o n  and  c o n t r o l  s y s t e m  r e s p o n s e s  would 

be s imilar  t o  those of  a n  e l e c t r i c a l  g e n e r a t i o n  p l a n t .  

2.7.2.5 C o n t r o l  LOOPS 

The c o n t r o l l e d  p a r a m e t e r s  i n  t h e  solar h e a t  t r a n s p o r t  subsys t em and  t h e  

c o n t r o l l i n g  e l e m e n t s ,  g e n e r a l l y  v a l v e s ,  are shown on  t h e  B l a c k  & Vea tch  P i p i n g  

and  I n s t r u m e n t  Diagrams M200O and M2001 ( F i g u r e s  2-15 and  2-16). Fol lowinq  

are brief d e s c r i p t i o n s  of t h e  major c o n t r o l  loops i n  t h e  subsys tem.  

The c a r b o n a t e  s a l t  t e m p e r a t u r e  e x i t i n g  t h e  east and west z o n e s  o f  t h e  r e c e i v e r  

is c o n t r o l l e d  i n d e p e n d e n t l y  by c o n t r o l l i n g  t h e  i n l e t  s a l t  f low t o  each zone. 

A c o n t r o l  a l g o r i t h m  which  u s e s  b o t h  i n c i d e n t  f l u x  on  t h e  r e c e i v e r  and  back 

t u b e  t e m p e r a t u r e s  a t  v a r i o u s  l o c a t i o n s ,  a s  w e l l  a s  s a l t  o u t l e t  t e m p e r a t u r e ,  is 

used  t o  ad j u s t  s a l t  f l o w  a s  required t o  m a i n t a i n  c o n s t a n t  s a l t  o u t  l e t  

t e m p e r a t u r e  w i t h  chang ing  i n c i d e n t  f l u x  c o n d i t i o n s .  

The r e c e i v e r  co ld  s u r g e  t a n k  l e v e l  ( a n d  t h e r e f o r e  t a n k  p r e s s u r e )  i s  m a i n t a i n e d  

c o n s t a n t  by c o n t r o l l i n g  t h e  f low f rom t h e  c o l d  s a l t  booster pumps w i t h  t h e  

v a l v e  i n  t h e  riser p i p i n g .  T h i s  a s s u r e s  pump f low is equal  t o  f low t h r o u g h  

t h e  r e c e i v e r .  The L e c e i v e r  hot  s u r g e  t a n k  l e v e l  is m a i n t a i n e d  c o n s t a n t  by 

c o n t r o l l i n g  f l o w  t o  t h e  ho t  s a l t  s t o r a g e  t a n k ,  t h u s  a s s u r i n g  f l o w  t o  t h e  ho t  

s t o r a g e  t a n k  is e q u a l  t o  t h e  r e c e i v e r  flow. 

Carbona te  s a l t  f low t h r o u g h  t h e  f o s s i l  f i r e d  s a l t  heater is c o n t r o l l e d  s u c h  

t h a t  it is e q u a l  t o  t h e  h o t  s a l t  f l o w  demand of t h e  chemical p r o c e s s .  The 

s a l t  o u t l e t  temperature f rom t h e  s a l t  h e a t e r  is m a i n t a i n e d  c o n s t a n t  by c o n t r o l  

of  t h e  t h e  f o s s i l  f u e l  and  combus t ion  a i r  s u p p l i e d  t o  t h e  b u r n e r s .  

The f low r e q u i r e m e n t  of  t h e  cold c a r b o n a t e  s a l t  booster pump is matched by - flow from t h e  cold s a l t  s t o r a g e  t a n k  t o  t h e  pump sump t a n k  by m a i n t a i n i n g  a 

c o n s t a n t  sump t a n k  l e v e l .  The f l o w  r e q u i r e m e n t  f o r  t h e  hot  s a l t  t r a n s f e r  pump 

is c o n t r o l l e d  i n  t h e  same manner. 
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As discussed i n  Section 2.3.4, cold carbonate s a l t  flow is mixed w i t h  s a l t  

flow from the outlet  of the chemical process t o  establish acceptable carbonate 
salt- to-nitrate s a l t  temperature differences i n  t h e  intermediate heat 
exchanger. The flow of t h i s  cold carbonate s a l t  is adjusted, a s  required by 

changes i n  outlet  flow from the chemical process, t o  maintain the outlet  
temperature of the carbonate s a l t  from the intermediate heat exchanger. A 

change i n  the carbonate s a l t  flow t o  the intermediate heat exchanger 
effect ively represents a load change on t h e  heat exchanger, t o  which t h e  

n i t r a t e  s a l t  flow responds by maintaining constant out le t  n i t r a t e  s a l t  
temperature from the intermediate heat exchanger. 

As discussed i n  Section 2.3.4, the in l e t  n i t r a t e  s a l t  t o  the evaporator is 

maintained a t  a temperature less  than 454OC (850°F) t o  permit the use of 
2 1 / 4  Cr - 1 Mo material t o  fabricate the evaporator. The temperature of the 

n i t r a t e  s a l t  exiting t h e  superheater i s  reduced by attemperation w i t h  cold 
n i t r a t e  s a l t  upstream of the evaporator inlet .  The evaporator i n l e t  

temperature is maintained by control of the cold n i t r a t e  s a l t  attemperation 

flow. 

The steam delivery temperature t o  the turbine is controlled by attemperating 
superheater outlet  steam w i t h  saturated steam from the steam drum. The steam 
generator pressure is maintained by adjusting the steam flow through turbine 

in le t  valve. Feedwater flow is controlled t o  match steam flow by maintaining 
a constant water level i n  the steam drum. Flow of condensate from the 

condenser hotwell is controlled equal t o  the steam generator feedwater 
requirements by maintaining a constant level i n  the deaerator. 

Prtraction steam flow from the turbine is used both i n  the chemical process 
and i n  the deaerator. Steam t o  the chemical process is supplied from a header 

whose steam sources are the turbine extraction steam and the steam drum, 

VT-403, i n  the activated carbon process ( O l i n  Drawing No. B&W-P419-9102-D). 

The steam supply header pressure is controlled as  shown on the previously 

noted O l i n  drawing ; t h e  required supply header steam temperature is maintained 

by controlling the flow of turbine extraction steam t o  the header. The flow 

of extraction steam t o  the deaerator i s  controlled t o  maintain deaerator 

pressure . 
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- 2.7.3 Plant Control System 

The plant  control  system cons is t s  of a master control system and co l lec tor  

f i e l d  control  sys tem.  The master control  system is  a d is t r ibu ted  d i g i t a l  

control  system t h a t  d i r e c t l y  monitors and controls  the chemical process 

subsys t em and the so la r  heat transport  subsystem. The co l lec tor  f i e l d  control 

system is a separate,  d i s t r ibu ted  d i g i t a l  control  system t h a t  controls  the 

f i e l d  of he l ios ta t s .  A d i g i t a l  l i n k  between the co l lec tor  f i e l d  control 

system and the master control  system provides t h e  capabi l i ty  f o r  the master 

control  system t o  send commands t o  t h e  f i e l d  of h e l i o s t a t s  d u r i n g  automatic 

sequences such a s  start-up and shutdown. A schematic of t h e  basic plant 

control  system s t ruc ture  is shown on Figure 2-58. 

Digi ta l  control  system techniques a r e  required t o  implement the receiver 

o u t l e t  temperature control  algorithm. The he l ios ta t  control  system a l s o  

requires d i g i t a l  techniques t o  ca lcu la te  the s u n  vector, transmit the s u n  

vector over data buses t o  the individual h e l i o s t a t s ,  and ca lcu la te  the 

required h e l i o s t a t s  gimbal angles based on t h e  s u n  vector and ta rge t  ( i . e . ,  

receiver)  vector. Digi ta l  control  o f f e r s  advantages i n  the areas  of the 

operator interface,  ease of incorporating redundance, and self- tes t ing f o r  

f a u l t  i so la t ion  and improved maintainabili ty.  

The master control  system provides closed-loop cont ro l le rs  required f o r  a l l  

controlled parameters i n  the so la r  heat t ransport  and chemical process 

subsystems. Sequencing and inter lock logic a re  a l so  provided i n  t h e  master 

control  system for automatic sequencing (e.g. receiver s tar t -up)  and f o r  

response t o  abnormal operating sequences. The master cont ro l  system a l s o  

suppl ies  a data acquis i t ion,  storage,  and r e t r i e v a l  capabi l i ty .  Operator 

in te r face  w i t h  t h e  master control  system is provided through CRT terminals, 

function switches, keyboards, graphics displays,  visual and audible alarms, 

and pr inted logs. 
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Plant Control System Blwk Diagram 
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2.8 Overall System Performance 

2.8.1 Overview 

Overall system performance was evaluated both on an instantaneous basis a t  the 

plant  rated power design point and on an annual basis. Specific c h a r a c t e r i s t i c s  

considered i n  evaluating the plant  performance were t h e  solar-to-thermal 

e f f i c i e n c i e s ,  chemical process and regeneration energy input requirements, 

system thermal losses,  plant  e l e c t r i c a l  demands, process material  input 

requirements, act ivated carbon and regenerated carbon production, by-product 

gas  and t a r  production, and e l e c t r i c a l  energy production. 

- 

2.8.2 Design Point Performance 

The overal l  system performance was evaluated on an instantaneous basis  a t  the 

p lan t  rated power design point.  Because t h e  plant  is a 24 hour-a-day 

operation, both the solar  receiver and the f o s s i l  f i r e d  s a l t  heater have a 

rated power d e s i g n  po in t ;  a design point performance analysis  was prepared f o r  

each. The solar  receiver design point  was defined a s  winter s o l s t i c e  (day 
2 355) a t  so la r  noon w i t h  an insolat ion leve l  of 950 W/m . The foss i l - f i red  

s a l t  heater d e s i g n  point is not re la ted t o  any p a r t i c u l a r  day or solar  

conditions. 

Based on the design point solar-to-thermal eff ic iency s t a i r s t e p  discussed i n  

Section 2.4.4, the  absorbed power i n  the molten carbonate s a l t  i n  t h e  so la r  

receiver is 41.8 MW (142.7 x Pumping power r e s u l t s  i n  a t o t a l  

power input t o  t h e  s a l t  of 42.07 MW (143.63 x T h i s  power is 

d i s t r i b u t e d  i n  t h e  three chemical reaction furnaces, the off gas  heater,  the 

steam generator,  and i n  system thermal losses.  I n  addition t o  t h i s  power 

d i s t r i b u t i o n  t o  t h e  process, 6.85 MW (23.4 x l o 6  Btu/hr) goes t o  thermal 

storage. The molten s a l t  power balance based on t h e  receiver d e s i g n  point is  

summarized on Table 2-43. 

lo6 Btu/hr). 

lo6 Btu/hr). 

The power and material  flow requirements based on the receiver design point 

a r e  summarized on Table 2-44. I n  addition t o  the power from the molten s a l t  

flow, f o s s i l  f u e l  input i s  required f o r  a port ion of t h e  regeneration process 

and f o r  t h e  ammonia incinerator.  Fossi l  f u e l  is a l s o  burned t o  maintain the 

s a l t  heater i n  a standby condition. Power input f o r  a l l  operating e l e c t r i c a l  

equipment is  l i s ted  a s  a r e  raw mater ia l  flow r a t e s  f o r  t h e  production and 

regeneration of act ivated carbon. The revenue-producing power and material  

outputs for t h e  process a t  t h e  d e s i g n  point are tabulated on Table 2-44. 

2-209 



TABLE 2-43 

Molten Salt Power Balance 
Based on Receiver Deaiun Point 

Power Input to Salt 

olar Receivar 

umps 

otal 

lo6 Btuhr 
142.7 

0 .93  

143.63 

1Iy 

41.8 

0 .27  

42.07 

Power Output From Salt 

lo6 B t u l l u  

Chemical Furnaces 

Process Requirement 
h e n M l  Lo.. 

Off Goa Heater 

Steam Generator 

Calculatd T h e n ~ l  Loaaea 

Margin for Unaccounted T h e m 1  Loa. 

Total to Proceas 

To Storage 

Total 

51.57 
2.16 

3.70 

58.30 

1 .49  

3 .01  

120.23 

23.40 

143.63 

nu 

15.11 
0 . 6 3  

1 .08  

17.08 

0 .44  

0 .88  

35.22 

6.85 

42.07 
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TABLE 2-44 

Receiver DeSiKn Point 
Power and Haterial Flow Sunrnary 

Inpur 

Molten Salt Power, MU ( l o 6  Btulhr) 

Solar 34 .95  ( 1 1 9 . 3 )  
pumps 0 . 2 7  ( 0 . 9 3 )  
Total 3 5 . 2 2  (120 .23 )  

Fossil Fuel Power, MU ( l o 6  Btulhr) 

Regeneration Furnace 
Process Requirement 
Thermal Loss 

hmonia Incinerator 
Regen. Process Incinerator 
Salt Heater (Standby) 

Total 

Electrical Power, 
MU ( l o 6  Btulhr) 

Coal, kglsec (lbmlhr) 

Pitch. kglsec (lbmlhr) 

75% HJP04. kglsec (lbmlhr) 

30% HCL. kglsec (lbmlhr) 

Spent Carbon*, kglsec (lbmlhr) 

* Includes 0 . 1 3 8  kglsec 
(1095 lbmlhr) of adsorbent. 

1 . 6 9  ( 5 . 7 6 )  
0 . 1 9  ( 0 . 6 4 )  

0 . 2 9  ( 1 . 0 0 )  
1 . 7 6  ( 6 . 0 0 )  
0 . 1 1  (0.38) 

4 . 0 4  ( 1 3 . 7 8 )  

1 . 8 0  ( 6 . 1 4 )  

1 . 6 4  (13 .000)  

0 . 1 8 2  (1444)  

0 . 0 1 9  ( 1 4 7 )  

0 . 0 4 1  (327)  

0 . 4 8 3  (3837)  

OutWt 

Activated Carbon, kg/sec (lbmlhr) 0 . 4 1 0  

Regenerated Carbon. kg/sec (lbmlhr) 0 . 3 2 8  

Tar. kglsec (lbmlhr) 0 . 3 2 0  

By-product Gas. HU ( l o 6  Btulhr) 30 .64  

Electrical Power. HU ( l o 6  Btulhr) 3 . 0  

(3250)  

(2604)  

(2543)  

( 1 0 4 . 6 )  

( 1 0 . 2 4 )  
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A similar a n a l y s i s  for  t h e  f o s s i l  f i r ed  sa l t  heater d e s i g n  p o i n t  has been 
prepared. The sal t  heater has  a d e s i g n  p o i n t  power e s s e n t i a l l y  e q u a l  t o  t h e  

process requi rements  because t h e  heater is n o t  des igned  t o  add any energy t o  

storage. Punping power i n p u t  is somewhat reduced because of t h e  lower 

head-flow requi rements  associated w i t h  t h e  sa l t  heater as  compared t o  t h e  

r e c e i v e r .  The molten s a l t  power ba lance  for  t h e  s a l t  heater d e s i g n  p o i n t  is 

shown on Table 2-45. 

The power and material flow requi rements  based on t h e  s a l t  heater d e s i g n  p o i n t  
are summarized on Table 2-46. Foss i l  f u e l  i n p u t  t o  t h e  s a l t  heater a c c o u n t s  

fo r  t h e  power required fo r  t h e  s a l t  and f o r  t h e  losses due t o  heater 

i n e f f i c i e n c y .  The remainder of t h e  fo s s i l  f u e l  i n p u t  is e s s e n t i a l l y  t h e  same 

as  on Table 2-44. Power i n p u t  f o r  o p e r a t i n g  electrical  equipment is estimated 

s l i g h t l y  h igher  for  t h e  s a l t  heater d e s i g n  p o i n t  a s  compared t o  t h e  r e c e i v e r  

d e s i g n  p o i n t  because of t h e  power consumption of t h e  s a l t  h e a t e r  f o r c e d  draf t  

and  induced draf t  f a n s .  The raw material i n p u t s  and t h e  revenue - producing 
power and material o u t p u t s  are t h e  same fo r  both  t h e  r e c e i v e r  and t h e  sa l t  

heater d e s i g n  p o i n t s .  

2.8.3 Annual Energy and Product Product ion  P r o j e c t i o n  

The o v e r a l l  system performance was e v a l u a t e d  on a n  a n n u a l  basis t o  estimate 

t h e  p l a n t ' s  raw material and energy  i n p u t  requi rements  and its 

revenue-producing p r o d u c t  and energy output .  T h i s  i n f o r m a t i o n  is a n  impor tan t  

c o n s i d e r a t i o n  i n  performing t h e  economic assessment  of p l a n t .  

P r e l i m i n a r y  market forecasts and economic assessments  were made i n  t h e  

proposal phase t o  es tab l i sh  a p l a n t  c a p a c i t y  for  d e s i g n  and economic 

e v a l u a t i o n .  On t h a t  basis, a p l a n t  des igned  for  a y e a r l y  o u t p u t  of 11,340,000 
kg (25,000,000 lbm) of v i r g i n  a c t i v a t e d  carbon and 9,070,000 kg (20,000,000 

lbm) of r e g e n e r a t e d  a c t i v a t e d  carbon was selected as reasonable  fo r  t h e  1995 
t i m e  frame. On t h e  basis of p r o d u c t i o n  rates of 0.410 kg/sec (3250 lbm/hr) 

fo r  v i r g i n  a c t i v a t e d  carbon and 0.328 kg/sec (2604  lbm/hr) f o r  r e g e n e r a t e d  

carbon,  t h e  p l a n t  operates t h e  e q u i v a l e n t  of 320 days  per y e a r  (7680 h r / y e a r )  

a t  rated load. Of t h e  remaining 45  d a y s  (1080 h r )  i n  t h e  y e a r ,  1 4  days  (336 

h r )  are allocated t o  scheduled maintenance outage  w i t h  t h e  other 31 e q u i v a l e n t  
days (744 h r )  g i v e n  o v e r  t o  lost  p r o d u c t i o n  due t o  o c c u r r e n c e s  such  as  forced 
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TABLE 2-45 

nolten Salt Power Balance 
Based on Fossil Fired Salt Heater Desisn Point 

c 

Power Input to Salt 

oesil Fired Salt Heater 

UmPS 

'otal 

lo6 Btu/hr 

119 .30  

0.40 

119 .70  

mu 

34 .95  

0 . 1 1  

35 .06  

Power Output From Salt 

LO6 Btu/hr 

Chemical Furnaces 
Process Requirement 
Thermal Loss 

Off Gas Heater 

Steam Generator 

Calculated Thermal Loases 

MarBin for Unaccounted Thermal Loss 

Total to Process 

To Storage 

Total 

51 .57  
2 .16  

3 . 7 0  

58.30 

1 . 4 9  

2 . 4 0  

119 .7  

0 

119 .7  

1 5 . 1 1  
0 . 6 3  

1 . 0 8  

1 7 . 0 8  

0 . 4 4  

0 . 7 2  

35.06 

0 

35 .06  
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a 
lblten S a l t  

l o s r i l  m o l  Pornr, IW (lo6 Btulhr) 

""s 0.11 Pornr. MU (10 Btu/hr) 

S a l t  Heater 
Input t o  s a l t  
Losses 

Regoneration ?unmce 
Procers Requirement 
Thermal torr 

Regen. Process Incinerator  
Ammonia Incinerator  

Total  

E l e c t r i c a l  Power, 
HbJ (lo6 Btu/hr) 

Coal, kg/eec (lbmlhr) 

Pi tch,  kg/sec (lbm/hr) 

75% H3P04. kg/rec (lbm/hr) 

30% HC1, kg/sec (lbm/hr) 

Spent Carbon*. kg/rec (lbm/hr) 

* Includes 0.138 kg/sec 
( 1095 1 W h r )  of adrorbent 

34.95 
7.15 

1.69 
0.19 

1.76 
0.29 

46.03 

1.85 

1.64 

0.182 

0.019 

0.041 

0.483 

(0.40) 

(119.3) 
(24.4) 

(5.76) 
(0.64) 

(6.00) 
(1.00) 

(157.1) 

(6.31) 

(13,000) 

(1444) 

(147) 

(327) 

(3837) 

Activated Carbon, k6/rec ( l t d h r )  

Ragonerated Carbon, kg/roc ( 1 W h r )  

Tar, kg/rec ( l l d h r )  

By-Product Gar, lW (lo6 Btu/hr) 

E l e c t r i c a l  PoyIr, IW ( lo6 Btu /hr )  

0.410 

0.328 

0.320 

30.64 

3.0 

(3250) 

(2604) 

(2543) 

(104.6) 

(10.24) 
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+ main tenance  o u t a g e s ,  s t a r t - u p s ,  and  shutdowns.  Energy and  p r o d u c t i o n  

estimates were made f o r  each of  these t h r e e  p e r i o d s  t o  d e t e r m i n e  t h e  a n n u a l  

e st imat e. 

During t h e  s c h e d u l e d  ma in tenance  o u t a g e ,  t h e  p l a n t  is s h u t  down. Electrical  

e n e r g y  i n p u t  is r e q u i r e d  t o  m a i n t a i n  t h e  s a l t  s t o r a g e  t a n k s  above  s a l t  

f r e e z i n g  t e m p e r a t u r e  and  f o r  g e n e r a l  p l a n t  "ho te l "  load. T h i s  e lec t r ica l  

power load was estimated a t  0.225 MW, o r  75.6 MWh f o r  t h e  per iod  ( T a b l e  2-47). 

For t h e  other 31  e q u i v a l e n t  d a y s  of  los t  p r o d u c t i o n ,  e n e r g y  i n p u t  r e q u i r e m e n t s  

were estimated based on m a i n t a i n i n g  t h e  p l a n t  i n  a s t a n d b y  mode. F o s s i l  f u e l  

and  e l ec t r i ca l  e n e r g y  are r e q u i r e d  t o  m a i n t a i n  p l a n t  components  a t  s t a n d b y  

t e m p e r a t u r e s  and  t o  s u p p l y  g e n e r a l  p l a n t  " h o t e l "  load. For t h e  p e r i o d ,  t h e  

f o s s i l  f u e l  e n e r g y  was estimated a t  291 MWh (992 x lo6 B t u )  and  t h e  

e l e c t r i c a l  e n e r g y  was estimated a t  372 MWh. 

To d e t e r m i n e  t h e  required f o s s i l  f u e l  e n e r g y  i n p u t  d u r i n g  t h e  e q u i v a l e n t  320 

d a y s  of  rated load p r o d u c t i o n ,  t h e  solar  c o n t r i b u t i o n  t o  t h e  t o t a l  e n e r g y  

r e q u i r e m e n t s  was estimated. A s  described i n  S e c t i o n  2.4.4, t h e  a n n u a l  solar  
e n e r g y  a b s o r p t i o n  c a p a c i t y  of  t h e  r e c e i v e r  is 88,000 MWh (300 ,300  x lo6 

B t u ) .  T h i s  a v a i l a b l e  e n e r g y  is reduced  by 14/365 t o  a c c o u n t  f o r  l o s s  of  s o l a r  

i n p u t  d u r i n g  t h e  s c h e d u l e d  o u t a g e .  It  s h o u l d  be n o t e d  t h a t  i n  a more de ta i led  

s t u d y ,  t h i s  o u t a g e  c o u l d  be p l a n n e d  f o r  a period when t h e  e x p e c t e d  so l a r  i n p u t  

would be less t h a n  a v e r a g e ,  t h e r e b y  making more e f f i c i e n t  u s e  of t h e  t o t a l  

a n n u a l  so la r  e n e r g y  a v a i l a b l e .  The l o s t  p r o d u c t i o n  p e r i o d  of 31 equiva len t - .  

d a y s  is assumed t o  o c c u r  randomly on  b o t h  a d a i l y  and  y e a r l y  basis. For t h e  

p u r p o s e  of e s t i m a t i n g  loss of s o l a r  e n e r g y  i n p u t ,  one-ha l f  of  t h e  solar  e n e r g y  

on  31 d a y s  i n  d e d u c t e d  from t h e  a n n u a l  t o t a l .  The r e s u l t i n g  n e t  a n n u a l  s o l a r  

e n e r g y  c o n t r i b u t i o n  is 80,890 MWh (276,100 x lo6 B t u ) .  The b a l a n c e  of  

e n e r g y  i n p u t  t o  t h e  m o l t e n  s a l t  d u r i n g  t h e  e q u i v a l e n t  320 d a y s  is s u p p l i e d  by 

f o s s i l  f u e l  t h r o u g h  sa l t  h e a t e r  o p e r a t i o n .  A d d i t i o n a l  f o s s i l  f u e l  e n e r g y  

i n p u t  is a l so  r e q u i r e d  t o  operate those  p o r t i o n s  of t h e  p l a n t  which a re  

powered c o n t i n u o u s l y  by f o s s i l  f u e l  and  for  periods of s a l t  heater s t andby .  

Electr ical  e n e r g y  and raw material i n p u t  a s  w e l l  as revenue-producing  p r o d u c t  

and  e n e r g y  o u t p u t  f o r  t h e  e q u i v a l e n t  320 d a y s  of rated load o p e r a t i o n  a r e  

based o n  t h e  ra tes  f rom Tables 2-44 a n d  2-46. A summary of these a n n u a l  

IC- 
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i n p u t s  and o u t p u t s  is shown o n  Table 2-47. Based on t h e  a n n u a l  p l a n t  
electrical  demand of 14,540 MWh and t h e  g r o s s  electrical  o u t p u t  from t h e  

c o g e n e r a t i o n  p o r t i o n  of t h e  p l a n t  of 23,040 MWh, t h e  p l a n t  p r o d u c e s  a n  a n n u a l  
n e t  ene rgy  of 8,500 MWh for  e x p o r t  t o  t h e  u t i l i t y  g r i d .  The f o s s i l  f u e l  
r equ i r emen t s  of 256,600 MWh (875,900 x lo6 Btu)  exceed t h e  ene rgy  c o n t e n t  of 

t h e  by-product g a s ,  r e q u i r i n g  a n  a n n u a l  p u r c h a s e  of t h e  e q u i v a l e n t  of 21,300 

MWh (72,700 X 10 Btu)  of f o s s i l  f u e l .  6 
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F 

Solar. lrwh 
(106 Btu) 

?oaai1 fue l ,  MUh 
(lo6 Btu) 

Electricity. W~I  
(lo6 Btu) 

Coal, kS 
(lbm) 

Pitch, kg 
( lbm) 

75% H3P04.U 
( lbm) 

302 HCL. kg 
( l b d  

Spent Carbon. kg 
( Ibm) 

Dutrmt 
Activate4 Carbon, kg 

( lbn) 

Resenerated Carbon. ks 

Tar, kg 

By-Product Cas. MUh 

( 1-1 

( l h )  

(lo6 Btu) 

Electricity, rash 
(lo6 Btu) 

TmLU 2-47 

&mu01 iMm .nd Product Production Projection 

sch.du1.d L0.t 
Outage , Production 
(336 hr) (744 hr) 

75.6 
(258.0) 

291 
(992) 

372 
(1270) 

mted Load 

(7680 hr) 
operation 

256,300 
(874,900) 

14,090 
(48.090) 

45.280.000 
(99,840,000) 

5,029,000 
(11,090.000) 

512,500 
(1,130,000) 

1,139,000 
(2,512,000) 

13.370.000 
(29,480.000) 

11,350.000 
(24,960,000) 

9,070, OOO 
(20.000,000) 

8,857,000 
(19,530.000) 

235,300 
(803.200) 

23,040 
(78,640) 

Annual 
(8760 htl 

80, 890 
(276,100) 

256,600 
(875,900) 

14,540 
(49.630) 

45,280,000 
(99,840,000) 

5,029,000 
(11.090.000) 

512.500 
(1,130,000) 

1.139.000 
(2,512,000) 

13,370,000 
(29,480.000) 

11.350,OOO 
(24,960.000) 

9 * 070.000 
(20,000,000) 

8,857,000 
(19.530.000) 

235,300 
(803.200) 

23,040 
(78.640) 
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c" 3.0 ECONOMIC ASSESSMENT 

An economic assessment of the solar  powered f u e l s  and chemicals plant was 

performed t o  determine in te rna l  r a t e s  of return a s  a function of 

f uel/feedstock and product p r i c e  escalat ion.  Plant operating cos ts  and 

c a p i t a l  cos ts  were estimated and used t o  determine r a t e s  of re turn f o r  both a 

solar  plant  and a f o s s i l  fueled chemical plant .  I n  addition, a market- 

forecast  was performed t o  project  fu ture  demand and supply of granular 

act ivated carbon. Sections of the economic assessment a re  a s  follows: 

3.1 Operating Costs 

3 . 2  Capital Costs 

3 . 3  Market Forecast 

3 . 4  Evaluation of Data 

3.5 Areas for  Potent ia l  Cost Reduction 

3.6 Conclusions 

3.1 Operatinq Costs 

3.1.1 Power Plant 

The power plant cost estimate cons is t s  of two primary elements: 

1. Variable Costs 

o Fuel 

2 .  Fixed Costs 

o Operating Labor 

o Operat ing  Consumables 

o Maintenance Labor 

o Maintenance Materials and Consumables 

Operating cos ts  i n  Table 3-1 a re  based on s t a f f i n g ,  mater ia ls ,  and supplies 

requirements f o r  the  Arizona Public Service Repowering Plant (Reference 4 0 )  

(Saguaro Power P lan t ) .  

Operating labor c o s t s  were determined from t h e  plant s ta f f ing  i n  Table 3-2. 

c*- 
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TABLE 3-1 

POWER PLANT ANNUAL OPERATION AND MAINTENANCE EXPENSES 

(cos ts  i n  thousands  of d o l l a r s )  

V a r i a b l e  Costs 

Fue 1 

Fixed Costs 

Operat ing L a b o r ( l 6  x $35,000) 

Maintenance Labor (10  x $35,000) 

Maintenance M a t e r i a l s  and Contracts 

M a t e r i a l s  

Cont ract s 
Operat ing Conswnables 

S a l t  Rep lacement ( 5%/yr)  

Miscellaneous S u p p l i e s  

Total Fixed C o s t s  

T o t a l  Power P l a n t  O&M Costs 

3-2 

240 

560 

350 

11 3 

47 

59 

5 

1134 

1374 



TABLE 3-2 

D A I L Y  POWER PLANT STAFFING 

Day S h i f t  ( 0 6 0 0  - 1 4 0 0  h r s . )  and Evening S h i f t  ( 1 4 0 0  - 2200 hrs . )  

o Supervisor 

o Collector Field Operator 

o Receiver - Furnace - Storage Operator 

o Steam Generator - Turbine Operator 

N i g h t  S h i f t  ( 2 2 0 0  - 0600 hrs . )  

o Supervisor 

o Furnace - Storage - Operator 

o Steam Generator - Turbine Operator 

Total Staffing t o  Account f o r  Weekend Coverage and Vacations 

o 4 Supervisors 

o 4 Collector Field Operators 

o 4 Receiver - Furnace - Storage Operators 

o 4 S t e a m  Generator - Turbine Operators 

16 

These c o s t s  consis t  of the wages, overheads, and benefi ts  associated w i t h  the 

personnel required t o  control and operate t h e  power plant .  

Operating consumables include mater ia l  c o s t s  f o r  he l ios ta t  washing , chemical 

analyses, and plant operation, a s  well a s  replenishment of the  plant  s a l t  

supply. I n  t h e  absence of experience i n  s a l t  degradation and replacement 

requirements i n  a closed system a t  h i g h  temperatures, a contingency f o r  makeup 

s a l t  requirement of 5% of t h e  i n i t i a l  s a l t  inventory has been included i n  t h i s  

account resul t ing i n  an annual expense of $59,000. 
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Maintenance labor, and materials and contract costs are based on estimates i n  

the Saguaro Report. Maintenance consists of scheduled maintenance (e.g . , 
inspections, valve and punp repacking, calibrations,  lubrication, cleaning, 

etc.  1 and unscheduled corrective maintenance. Maintenance labor costs  include 

a 10-man s taff  w i t h  an annual cost of $350,000. Maintenance materials are for  

repair and replacement of fa i led  equipment, as  well as  those materials used 

during scheduled maintenance ac t iv i t ies .  

Maintenance service contracts are for  the receiver elevator and the master 

control computers. I n  addition, a s a l t  maintenance contract w i l l  be required 

t o  maintain the carbonate s a l t  a t  a purity f i t  for  t h i s  application. 

3.1.2 Chemical Plant 

The chemical plant cost estimate i n  Table 3-3 consists of the following 

elements : 

1. Variable Costs 

o Raw Materials 
o By-product credi ts  

o Ut i l i t i e s  

2. Fixed Costs 

o Operating Labor 

o Fringe Benefits 

o Maintenance Labor 

o Maintenance Materials and Contracts 

o Operating Supplies 

o Plant Overhead 

Raw material, by-product, and u t i l i t y  consunptions were formulated from 

informat ion found i n  the l i t e ra ture .  These consunpt ions represent expected 

usage based on the process described us ing  a western-grade subbituminous 

coal. Laboratory and p i lo t  t e s t s  using candidate raw materials would be 

required t o  confirm and refine these estimates. Costs fo r  operating labor 

were developed from a proposed plant staffing. Maintenance costs and 

maintenance labor are  calculated based on the capi ta l  cost estimate us ing  

industry standards and experience. Factors for  maintenance costs and overhead 

rates  are industry averages and are used by S R I  International 's  Process 

Economics Program. 
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3.1.2.1 R a w  Material P r i c i n q  

R a w  mater ia l  p r i c e s  f o r  coal ,  coa l  t a r  p i t c h ,  p h o s p h o r i c  a c i d  and h y d r o c h l o r i c  

a c i d  were o b t a i n e d  by O l i n ’ s  p u r c h a s i n g  g roup .  After r e s e a r c h i n g  t h e  western 

c o a l  market w i t h  t h e  p r o p o s e d  raw material  s p e c i f i c a t i o n s ,  t h e  s e a r c h  was 

nar rowed i n t o  4 r e g i o n s ,  based  p r i m a r i l y  on t h e  r e q u i r e d  a s h  con ten t :  

rc 

1. Wyoming 

2. Western Co lo rado  

3. Eastern C o l o r a d o  

4. N o r t h e a s t  N e w  Mexico 

TABLE 3-3 

CHEMICAL PLANT ANNUAL OPERATION AND MAINTENANCE EXPENSES 

(cost  i n  t h o u s a n d s  of d o l l a r s )  

A c t i v a t e d  Carbon P roduc t  i o n  

V a r i a b l e  Costs 

R a w  Materials 

Coa 1 

Coal Tar P i t c h  

Phosphor i c  Acid ( 7 5 % )  

H y d r o c h l o r i c  Acid (30% 1 

T o t a l  V a r i a b l e  C o s t s  

F ixed  C o s t s  

O p e r a t i n g  Labor ( 3 3  p e r s o n n e l )  

F r i n g e  B e n e f i t s  (20% of labor 1 

Maintenance Labor (3% of c a p i t a l  c o s t s )  

Maintenance Material and  Contracts 

O p e r a t i n g  S u p p l i e s  (10% of o p e r a t i n g  l a b o r )  

P l a n t  Overhead (80% of  a l l  labor) 

T o t a l  F ixed  Costs  

To ta l  P r o d u c t i o n  Costs  - A c t i v a t e d  Carbon 

Regene ra t  i o n  of Spen t  Carbon 

O p e r a t i n g  Labor ( 5  personnel) 

F r i n g e  B e n e f i t s  (20% of o p e r a t i n g  l abor )  

T o t a l  P r o d u c t i o n  Costs - R e g e n e r a t e d  Carbon 

r”- 

T o t a l  Chemica l  P l a n t  O&M Costs 

2196 

1846 

3 39 

1 5 1  

45 33 

1186 

2 37 

1158 

1158 

119 

2047 

6025 

10558 

214 

43 

2 57 

10695 
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Table 3-4 is a summary of t h e  coals i n v e s t i g a t e d .  The coal from P i t t s b u r g h  
and Midway Coal Mining Corrpany was chosen as  t h e  basis for  raw material 

c o s t s .  T h i s  is  based p r i m a r i l y  on lowest a s h  c o n t e n t  (2.5 - 3.5%) and 

q u a l i t i e s  close t o  t h e  desired s p e c i f i c a t i o n s .  One manufac turer  of a c t i v a t e d  

carbon is c u r r e n t l y  using t h i s  coal as the i r  raw material. The cost is 

$44/ton d e l i v e r e d  t o  Barstow, CA ( d r y  basis) .  

Coal t a r  p i t c h  is produced from t h e  by-products  of coking o p e r a t i o n s .  The 

v o l a t i l e s  formed from t h e  coking o p e r a t i o n  are condensed t o  form ta r .  From 

t h i s  material, p i t c h  can  be produced t o  meet v a r i o u s  customer s p e c i f i c a t i o n s .  

These s p e c i f i c a t i o n s  i n c l u d e  s o f t e n i n g  p o i n t ,  x y l e n e  o r  t o l u e n e  i n s o l u b l e s ,  

q u i n o l i n e  i n s o l u b l e s ,  coking va lue  and a s h  c o n t e n t .  Table 3-5 c o n t a i n s  a 
summary of c o s t s ,  s p e c i f i c a t i o n s  and t y p i c a l  ana lyses .  Coal t a r  p i t c h  from 

R e i l l y  Tar and Chemical Corpora t ion  was chosen as  t h e  basis fo r  raw material 

costs based on lowest c o s t .  Also a t  least  two a c t i v a t e d  carbon manufac turers  

u s e  t h i s  par t icu lar  p i t c h  i n  t h e i r  o p e r a t i o n s .  

Phosphoric  acid and h y d r o c h l o r i c  acid are a v a i l a b l e  from t h e  Los Angeles area 

and t h e i r  prices are a s  follows: 

75% H3W4 $6 OOT/de 1 

30% H C 1  $12OT/del 

3.1.2.2 By-product Credi t  

Cred i t  for  by-product t a r s  is  based on t h e  energy c o n t e n t  (or heat ing  v a l u e ) .  

These t a r s  have a h e a t i n g  va lue  of approximately 9.69 kWh/kg (15,000 B t u / l b ) .  

A t  $3.30/10 6 B t u ,  these t a r s  are worth $99/ton. 

3.1.2.3 Operat inq Labor 

Operat ing labor is based on t h e  proposed p l a n t  s t a f f i n g  a s  p r e s e n t e d  on Tables 

3-6 and 3-7. Salaries for  o p e r a t o r s  are based on costs developed by S.R.I. 

I n t e r n a t i o n a l ' s  Process Economics Program. An hour ly  wage of $17.69/hour 
i n c l u d e s  a 10% s h i f t  over lap .  Other  sa lar ies  are based on typical i n d u s t r y  
rates. A breakdown of t h e  l a b o r  between p r o d u c t i o n  of a c t i v a t e d  carbon and 

t h e  r e g e n e r a t i o n  of s p e n t  carbon is p r o v i d e d  i n  order t o  o b t a i n  separate 

p r o d u c t i o n  costs f o r  each. 
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II 3.1.2.4 Main tenance  Labor and  Materials 

The ma in tenance  labor cos ts  are based on t h e  c a p i t a l  cost  estimates f o r  t h e  

chemical p r o c e s s  subsys t em.  The f a c t o r  u sed  was 3% of t h e  c a p i t a l  cost  

est  irnate. 

Based on h i s t o r i c a l  data and i n d u s t r y  s t a n d a r d s  p l a n t s  w i l l  u s e  ma in tenance  

mater ia l s  and  c o n t r a c t s  v a l u e d  a t  a n  amount e q u a l  t o  t h e  ma in tenance  labor  

costs . 
3.1.2.5 O p e r a t i n g  S u p p l i e s  

O p e r a t i n g  S u p p l i e s  i n c l u d e s  a l l  other d i rec t  c h a r g e s :  

o M i s c e l l a n e o u s  S u p p l i e s  (char ts ,  l u b r i c a n t s ,  e tc . )  

o S a f e t y  S u p p l i e s  

A f a c t o r  of 10% of o p e r a t i n g  labor was u s e d  t o  estimate t h e s e  costs.  

3.1.2.6 P l a n t  Overhead 

P l a n t  ove rhead  i n c l u d e s  a l l  o t h e r  d e p a r t m e n t s  r e q u i r e d  t o  s u c c e s s f u l l y  operate 

t h e  p l a n t .  T h i s  i n c l u d e s :  

o Medical 

o S a f e t y  and Loss P r e v e n t i o n  

o T r a i n i n g  

o P l a n t  S e c u r i t y  

o I n d u s t  r i a l  Hyg i e n e  

o T r a f f i c  

o Environment til Cow l i a n c e  

o P e r s o n n e l  

o Warehousing and  Stores 

o Purchas ing  

o P l a n t  Management 

o P l a n t  Communication 

A fac tor  of  80% of a l l  labor was used  t o  estimate p l a n t  o v e r h e a d  costs.  

3-7 
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TABLE 3-6 
PRODUCTION OF ACTIVATED CARBON 

OPERATING LABOR BREAKDOWN 

Operators 

P r o d u c t i o n  Foreman 

P r o d u c t i o n  Supt .  

P r o d u c t i o n  Eng inee r  

P r o d u c t i o n  C l e r k  

Lab T e c h n i c i a n  

Chemist  

20 $17.69/hr 2080 h r s .  

4 $3 5 0 O/mo 1 2  mos. 

1 $4 0 0 O/mo 11 mos.* 
2 $3 2 OO/mo 11 mos.* 

1 $13/hr 1915  h r s .  * 
4 $14/hr  1915  h r s .  * 
1 $3 20 O/mo 11 mos.* 

Subto ta l  

F r i n g e  B e n e f i t s  @ 20% 

T o t a l  O p e r a t i n g  Labor 

8% of time on R e g e n e r a t i o n  of Spent Carbon 

TABLE 3-7 
REGENERATION OF SPENT CARBON 

OPERATING LABOR BREAKDOWN 

O p e r a t o r s  

P r o d u c t i o n  Foreman 

Produc t  ion  Supt .  

P roduc t  i o n  Engineer 

P r o d u c t i o n  C l e r k  

Lab T e c h n i c i a n  

Chemist  

4 $17.69/hr 2080 h r s .  

1 $3 50 O/mo 1 2  mos. 

1 $4 0 0 O/mo 1 mo.* 

2 $3 20 O/mo 1 mo.* 

1 $13/hr 165  h r s .  * 
4 $14/hr  1 6 5  h r s .  

1 $3 2 0 O/mo 1 mo.* 

S u b t  o t  a 1 

F r i n g e  B e n e f i t s  @ 20% 

T o t a l  O p e r a t i n g  Labor 

* 92% of time on P r o d u c t i o n  of A c t i v a t e d  Carbon 

3-10 

$735,904 

168,000 

44,000 

70,400 

24,895 

107,240 

35,200 

1 ,185 ,693  

237,128 

1 ,422 ,  767 

$147,181 

42,000 

4,000 

6,400 

2,145 

9,240 

3,200 

214,166 

42,833 

256,999 



- 3.2 C a p i t a l  Costs 

T h i s  p r o j e c t  cost  estimate i n c l u d e s  a l l  c a p i t a l  cos t s  a s s o c i a t e d  w i t h  t h e  

so l a r  f u e l s  and  c h e m i c a l s  p l a n t .  Costs were accumula t ed  u s i n g  t h e  Cost Data 

Management Sys tem (CDMS) ( R e f e r e n c e  41) f rom S a n d i a  National L a b o r a t o r i e s .  

The t o t a l  p r o j e c t e d  c a p i t a l  cost f o r  t h e  p l a n t  u s i n g  1985  base y e a r  d o l l a r s  is 

$85,896,618.  

Estimates f o r  t h e  p l a n t  are  b a s e d  on ac tua l  and e s t i m a t e d  costs f rom p r e v i o u s  

c o n t r a c t s ,  vendor  quota t ions ,  and  c a t a l o g  p r i c e s .  Land costs of $12,000 per 

acre and  a h e l i o s t a t  f i e l d  cost  of $60 / squa re  meter were assumed. T h i s  

h e l i o s t a t  cost is based  o n  long  r a n g e  g o a l s  f o r  mass p r o d u c t i o n  of 

h e l i o s t a t s .  I n d i r e c t  costs  f o r  e n g i n e e r i n g  s e r v i c e s  and  c o n s t r u c t i o n  

management are assumed t o  be 20% of t o t a l  d i r e c t  cos t s  f o r  p l a n t  and  

equipment .  P l a n t  s t a r t - u p  costs are  e s t i m a t e d  to be $1,910,000 which i n c l u d e  

equipment  c h e c k o u t ,  t e s t i n g ,  and  s t a r t - u p  a n d  o p e r a t o r  crew t r a i n i n g .  

T a b l e  3-8 lists t h e  major cost items. T a b l e s  3-8a and  3-8b g i v e  a breakdown 

of t h e  power g e n e r a t i o n  s y s t e m  costs  a n d  t h e  p r o c e s s  p l a n t  sys tems/equipment  

costs. A more d e t a i l e d  list of costs is i n c l u d e d  i n  Appendix D. 

TABLE 3-8 

PLANT CAPITAL COST SUMMARY 

0 Land 

1 S t r u c t u r e s  & Improvements  

2 Power Generation Sys tem 

4 C o g e n e r a t i o n  P l a n t  

5 P r o c e s s  P l a n t  Systems/Equipment  

9 P l a n t  L e v e l - - I n d i r e c t  Costs 

Dollars 

$ 3,735,200 

8 ,166 ,000  

32,868,963 

2 ,869 ,655  

24,557,800 

13 ,699 ,000 

% 

4 

1 0  

38 

3 

29 

1 6  

- 

Tota l  Capital  Requi rement  100 
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TABLE 3-8a 

POWER GENERATION SYSTEM COSTS 

2.1 C o l l e c t o r  System 

2.2 R e c e i v e r  System 

2.3 Thermal  T r a n s p o r t  Sys t em 

2.4 Thermal  S t o r a g e  Sys t em 

2.5 Control/Electrical  System 

2.6 S team Generation Sys tem 

2.7 S a l t  Heater 

T o t a l  

Dollars 

4,603,000 

5,954,000 

7,777,950 

2,636,819 

5 ,601 ,800  

1 ,645 ,741  

4 ,649 ,610  

TABLE 3-8b 

PROCESS PLANT SYSTEMS/EQUIPMENT COSTS 

T o t a l  

32 ,868 ,920  

5.1 Regeneration P r o c e s s  

5.2 A c t i v a t i o n  P r o c e s s  

5.3 Waste Water T r e a t m e n t  

5.4 C a r b o n i z a t i o n  P r o c e s s  

5.6 Coal Handl ing  Equipment 

5.9 Misc. P l a n t  Systems/Equipment  Costs 

D o  1 lars 

2,348,000 

9 ,479 ,200  

315,000 

6 ,450 ,700  

3,596,000 

2,368,900 

24,557,800 

% - 
14.0 

18.1 

23.7 

8.0 

17.0 

5.0 

14.2 

100.0 

% 

9.6 

38.6 

1.3 

26.3 

14.6 

9.6 

- 

100.0 



F 3.3 Market Forecast 

W i t h i n  a "most l i k e l y  case" env i ronmen t  of  u n d e r u t i l i z e d  c a p a c i t y  i n  1995  and  

2000, it a p p e a r s  t h a t  i n  order f o r  a solar  g r a n u l a r  a c t i v a t e d  c a r b o n  (GAC)  

p l an t .  t o  g a i n  m e a n i n g f u l  market p e n e t r a t i o n ,  it would p r o b a b l y  have t o  be t h e  

lowest cost p r o d u c e r  by a s i g n i f i c a n t  marg in  i n  order t o  dampen t h e  e f f e c t s  of 

t h e  s trategies and  t a c t i c s  of  e x i s t i n g  competitors having  t h e  i n e r t i a  of a 

s i g n i f i c a n t  market p r e s e n c e  and  a h i s t o r y  of  s e r v i c e  expertise. 

I n  t u r n ,  be ing  t h e  lowest cost p r o d u c e r  i s  dependen t  on  a number of fac tors ,  

n o t  t h e  least  of which is t h e  h i g h l y  u n p r e d i c t a b l e  f u t u r e  worldwide e n e r g y  

o u t l o o k ,  which ,  of c o u r s e ,  i s  i n t e r t w i n e d  w i t h  t h e  f u t u r e  p o l i t i c a l  climate. 

Any s c e n a r i o  which p r o j e c t s  s k y r o c k e t i n g  o i l  and  g a s  p r i c e s  would o b v i o u s l y  

g r e a t l y  i n c r e a s e  t h e  a t t r a c t i v e n e s s  of a solar  GAC p l a n t  v e r s u s  a c o n v e n t i o n a l  

n a t u r a l  g a s  f u e l e d  p l a n t .  However, a t  t h i s  p o i n t  i n  time, most p o l i t i c a l  and  

economic " e x p e r t s "  f o r e c a s t  a r e l a t i v e l y  s tab le  e n e r g y  outlook t h r o u g h  1995, 

t h u s  making solar  p r o d u c e d  GAC more of  a c o s t - e f f e c t i v e  u n c e r t a i n t y .  

Table  3-9 is a summary of  t h e  1 9 8 3  U.S. s u p p l y  and  demand f o r  a c t i v a t e d  

c a r b o n .  The U . S .  demand f o r  g r a n u l a r  a c t i v a t e d  c a r b o n  ( G A C )  is p r o j e c t e d  t o  

grow a t  a n  a v e r a g e  a n n u a l  r a t e  of  5.6% t h r o u g h  1988 and  t h e n  slow t o  a 

long- te rm g r o w t h  rate t h r o u g h  t h e  y e a r  2000 of  a p p r o x i m a t e l y  3%, which a l s o  

r e p r e s e n t s  t h e  long- te rm real  g r o w t h  p o t e n t i a l  of t h e  o v e r a l l  U.S. economy. 

T h i s  equates t o  130 m i l l i o n  pounds  of GAC i n  1988,  160 m i l l i o n  pounds  i n  t h e  

a n t i c i p a t e d  pro jec t  s t a r t u p  y e a r  of 1995,  1 8 5  m i l l i o n  pounds  i n  t h e  y e a r  2000 

and  215 m i l l i o n  pounds  i n  2005. 

G r a n u l a r  a c t i v a t e d  c a r b o n  a p p e a r s  t o  be a t  a r e l a t i v e l y  m a t u r e  s t a g e  a l o n g  it:: 

p r o d u c t  l i f e  c y c l e .  I t  has a few s h o r t - t e r m  p o t e n t i a l  h i g h  g rowth  markets 

( g r o u n d w a t e r  t r e a t m e n t ,  wastewater t r e a t m e n t ,  s o l v e n t  r e c o v e r y  and  a i r  

p u r i f i c a t i o n ) ,  b u t  a long- te rm f u t u r e  f r a u g h t  w i t h  enough u n c e r t a i n t y  t o  

d i m i n i s h  a n n u a l  g r o w t h  e x p e c t a t i o n s  t o  t h e  most l i k e l y  case ra te  of 3%. Some 

of t h e  p r e s e n t l y  unanswered q u e s t i o n s  which have spawned t h i s  c o n s i d e r a b l e  

long- t e rm u n c e r t a i n t y  are  as  fol lows:  
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1. W i l l  hoped f o r  i n c r e a s e d  env i ronmen ta l  l e g i s l a t i o n  a c t u a l l y  occur?  

When? To what e x t e n t  w i l l  it inpact GAC end-use markets and t h e  use of 

GAC w i t h i n  these markets? 

2. What effects w i l l  t e c h n o l o g i c a l  i n n o v a t i o n  have on g r a n u l a r  a c t i v a t e d  
carbon? W i l l  it remain t h e  most c o s t - e f f e c t i v e  "best a v a i l a b l e  

t echno logy"  w i t h i n  i ts end-use markets or w i l l  p r o d u c t  s u b s t i t u t i o n  by 
new evo lv ing  t e c h n o l o g i e s  occur  (i.e. membranes)? 

3. W i l l  improved, more e f f i c i e n t  r e g e n e r a t i o n  t e c h n i q u e s  r e s u l t  i n  h i g h e r  
t u r n o v e r / r e u s e  rates and reduce demand for  v i r g i n  GAC? W i l l  new 
improved powdered a c t i v a t e d  c a r b o n  ( P A C )  r e g e n e r a t i o n  t e c h n i q u e s  make  

PAC c o s t - e f f e c t i v e  enough t o  displace GAC i n  some markets? 

4. What w i l l  be t h e  impact of f o r e i g n  m a n u f a c t u r e r s  on U.S. markets? Even 

i f  U.S. market demand grows a t  a rate fas ter  t h a n  a n t i c i p a t e d ,  w i l l  

U.S. manufac tu re r s  m a i n t a i n  market share or w i l l  f o r e i g n  c o m p e t i t i o n  

take away market share? 

5. Perhaps most i n p o r t a n t l y ,  what indeed w i l l  t h e  worldwide ene rgy  
s i t u a t i o n  be l i k e  du r ing  t h e  p l a n t  s t a r t u p  y e a r  of 19953 

These key f a c t o r s  s k e w  t h e  p r o b a b i l i t i e s  toward a r e l a t i v e l y  c o n s e r v a t i v e  

market demand f o r e c a s t .  A t  p r e s e n t ,  there are s t i l l  t o o  many big " q u e s t i o n  

m a r k s "  t o  be very  optimistic r ega rd ing  t h e  f u t u r e  domestic demand fo r  g r a n u l a r  

a c t i v a t e d  carbon.  
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TABLE 3-9 

VIRGIN ACTIVATED CARBON SUPPLY/DEMAND SUMMARY: UNITED STATES 

ALL ACTIVATED CARBON - 1983 
( M i l l i o n s  of Pounds)  

C a p a c i t y *  34 8 
Produc t  i o n  210 
Imports 18 
Exports 34 
Consumption 194 

C a p a c i t y  U t i l i z a t i o n  = 60% 

GRANULAR ACTIVATED CARBON (GAC)  - 1983 

Produce r  

Ba rneby-Cheney 
I C 1  Americas 1 
CECA, Inc.  
Calgon Carbon C o r p .  
The Carbon Company 
Witco 
Westvaco 

TOTAL ESTIMATED GAC CAPACITY 

GAC E s t i m a t e d  
Annual C a p a c i t y *  
( M i l l i o n s  of Pounds)  

7 
30 
25 
100 

3 
10 
25 - 

200 

GAC E s t i m a t e d  
Market S h a r e  

( P e r c e n t  1 

4 
15 
12 
50 
2 
5 

12 - 
100% 

* Also e s t i m a t e d  capacity as  of January,  1985. 

1 Being p u r c h a s e d  by Norit NV, N e t h e r l a n d s ,  a s  of June,  1985 
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3.3.1 Product Description 
To a degree much greater than most chemicals, activated carbon derives i ts  

significance from its role a s  a par t  of a system, rather than as  a raw 

material. It  is  a substrate on which cer ta in  materials are deposited during a 
purification or extraction reaction. Generally, activated carbon undergoes no 

chemical change or consumption i n  the usual sense. It is a t rue "processing 
chemical". It is nearly unique among industr ia l  chemicals i n  that  it can be 
reused many times before disposal. 

Activated carbons are i q o r t a n t  because of t he i r  adsorptive properties. The 
most significant physical character is t ic  of activated carbon is the enormous 

surface area of the internal pore structure developed during its manufacture. 
Total surface areas for  activated carbons commonly range from 450 t o  1,800 

square meters per gram. 

Although surface area and adsorption are  interrelated,  surface area alone is  

not always a satisfactory measure of the adsorptive capacity of a given carbon 
for  a specific adsorbate. The distribution of pore volume a s  a function of 
pore s ize  is also inportant, since s t e r i c  e f fec ts  tend t o  control the access 
and select ivi ty  of adsorbate molecules t o  the internal surfaces of the carbon. 

Activated carbons have the ab i l i t y  t o  selectively adsorb cer ta in  materials 

from a body of f l u i d ,  e i ther  gas or l i q u i d .  It is manufactured i n  two forms: 

granular (GAC) and powdered ( P A C ) .  I n  general, GAC is  used for  a l l  gas-vapor 
phase adsorption systems and for  the l i q u i d  phase applications where 

continuous adsorption processes can be used. PAC is favored for  those l i q u i d  

phase applications where batch adsorption processes are used. Powdered 

carbons are generally mixed w i t h  t h e  l i q u i d  t o  be treated and then removed by 

f i l t r a t i o n  or se t t l ing .  

The activated carbon business is d i v i d e d  into two par t s :  (1) virgin carbon 
production, ( 2 )  carbon regeneration. The regeneration involves the expulsion 
of the adsorbed material from the surface and subsequent reactivation of the 

adsorption surfaces. 
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- Most r e g e n e r a t i o n  processes are d e s i g n e d  t o  t r ea t  g r a n u l a r  a c t i v a t e d  carbon 

(GAC) .  H i s t o r i c a l l y ,  t h e  a v a i l a b i l i t y  of t e c h n o l o g y  t o  r e g e n e r a t e  GAC 

( u s u a l l y  v i a  thermal t e c h n i q u e s )  h a s  f a v o r e d  t h e  s e l e c t i o n  of GAC o v e r  PAC 

e v e n  though  GAC c a n  cost two or three times more t h a n  PAC. However, r e c e n t  

t e c h n i c a l  i n n o v a t i o n s  t o  r e g e n e r a t e  PAC are  r e v e r s i n g  t h e  t r e n d  t o  some e x t e n t  

i n  f a v o r  of t h e  lower cost  PAC. 

A t  low ca rbon-usage  ra tes ,  thermal r e g e n e r a t i o n  and  reuse of g r a n u l a r  c a r b o n  

is n o t  economica l .  S i n c e  powdered c a r b o n  is g e n e r a l l y  less e x p e n s i v e  t h a n  

g r a n u l a r  c a r b o n ,  o p e r a t i n g  costs w i t h  powdered c a r b o n  may be lower. However, 

a t  h i g h  carbon-usage  ra tes ,  g r a n u l a r  c a r b o n  is g e n e r a l l y  u s e d  because  it c a n  

be r e g e n e r a t e d  e c o n o m i c a l l y .  But  w i t h  powdered r e g e n e r a t i o n  t e c h n i q u e s  

becoming i n c r e a s i n g  ly more commerc ia l ly  acceptable , powdered c a r b o n  is now 

be ing  consumed a n n u a l l y  i n  q u a n t i t i e s  similar to g r a n u l a r  c a r b o n .  Table 3-10 

lists t h e  g r a d e s ,  p r o p e r t i e s ,  and  prices of powdered and  g r a n u l a r  a c t i v a t e d  

c a r b o n  c u r r e n t l y  on  t h e  market. 
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3.3.2 Historical Perspective 
Slower than expected growth for  activated carbon i n  drinking water 

purification has resulted i n  disappointment for  a number of producers. I n  t h e  

l a t t e r  par t  of the 1970's ,  it had been forecast that  consumption of activated 

carbons, par t icular ly  granular activated carbons ( G A C ) ,  would experience 
growth of 9-10% per year over the long term. The basis fo r  these forecasts 

was t h e  tentat ive proposals made by t h e  Environmental Protection Agency (EPA)  

w i t h  regard t o  the preferred method for  removal of suspected carcinogenic 
trihalomethanes (THM) such a s  chloroform and other chlorinated hydrocarbons 

from drinking water supplies. Estimates of a market for  300 million pounds of 
granular activated carbons by t h e  end of the 1980's were widely publicized 
based on these EPA proposals. I n  addition t o  drinking water purification, 

tentat ive proposals for removal of organic contaminants from municipal wastes 

and industr ia l  eff luents  contributed t o  the forecasts. The use of activated 
carbons for  solvent recovery t o  reduce emissions was a l so  forecast t o  be a 

rapidly growing market over the long term. 

A s  a resul t  of the optimistic long-term outlook, a number of producers 

expanded capacity while new producers prepared t o  enter the market by 

acquiring new businesses or b u i l d i n g  new plants. However, a s  technical, 

economic and legal obstacles increased, delaying inposition of the proposed 

EPA regulations for  drinking water treatment, demand slumped and long-term 
expectations were significantly altered,  w i t h  producers becoming disillusioned. 

I t  became apparent that  the original EPA proposals were handicapped by 

formidable obstacles tha t  had t o  be overcome before t h e  proposals could be 
inplemented into f i n a l  regulations. Municipal water treatment operators 
strongly objected t o  t h e  h i g h  cost of GAC treatment a f t e r  it was determined 

the EPA had underestimated capi ta l  and operating costs. Legal challenges 
against the need for  GAC treatment were subsequently upheld by the courts. 
These challenges exist t o  t h e  present t i m e  and are not expected t o  be resolved 
for  several more years. 

Ptcept fo r  gas phase solvent recovery applications and the emergence of 

groundwater treatment a s  a new and a potentially f e r t i l e  future end-use 
market, overall  demand for  activated carbons i n  other end-uses has been 
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lackluster  ove r  t h e  past  s e v e r a l  y e a r s .  Municipal  and i n d u s t r i a l  wastewater  

t r e a t m e n t ,  which a l s o  had been though t  of a s  a p o t e n t i a l  h i g h  growth market, 

h a s  n o t  expanded as a n t i c i p a t e d  as a r e s u l t  of s lower  t h a n  expec ted  i m p o s i t i o n  

of r e g u l a t i o n s  r e g a r d i n g  p r e t r e a t m e n t  of i n d u s t r i a l  e f f l u e n t s .  Sugar 

d e c o l o r i z i n g ,  h i s t o r i c a l l y  t h e  l a r g e s t  end-use market f o r  a c t i v a t e d  c a r b o n s ,  

h a s  been inpacted by d e c l i n i n g  p r o d u c t i o n  of domest ic  s u g a r  and i n c r e a s e d  

imports .  

c 

A d e t a i l e d  list of a c t i v a t e d  ca rbon  consuming end-use markets and t h e i r  

r e s p e c t i v e  h i s t o r i c a l  1980 and 1983 demands is g i v e n  i n  Table  3-11. A more 

d e t a i l e d  d i s c u s s i o n  of t h e  u s e s  and a p p l i c a t i o n s  of a c t i v a t e d  ca rbon  is 

p r e s e n t e d  i n  Appendix E. A shor t - t e rm f o r e c a s t  of U.S .  demand f o r  a c t i v a t e d  

ca rbon  is p r e s e n t e d  i n  Table 3-12. 
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TABLE 3-11 

U. S. DEMAND FOR V I R G I N  ACTIVATED CARBON: A HISTORICAL PERSPECTIVE 

(Mi l l ions  of Pounds) 

A.G.R 
1980 1983 ( %  1 

GAC PAC TOTAL GAC PAC TOTAL 80-83 END-USE MARKET 

L I Q U I D  PHASE 

o Sugar Decolor iz ing 16 35 51  

o Drinking Water 1 0  30 40 

-- -- -- o Groundwater 

o Wastewater 1 8  3 21 

0 others 1 
SUBTOTAL 

27 
95  
- 46 

158 
- 

1 2  30 42 -0.6 

7 25 32 -0.7 

4 -- 4 H I G H  

17 6 23 3.0 

52 29 23 
63 90 1 5 3  

- - - 4.0 
-1.0 
- 

GAS PHASE 

o Automotive 8 8 8 8 0.0 

o C i g a r e t t e s  3 -- 3 2 -- 2 -12.5 

o Solvent  Recovery 5 5 9 9 21.5 

o A i r  P u r i f i c a t i o n  7 2 9 8 2 1 0  3.5 

0.0 1 2  o O t h e r s  - 
SUBTOTAL 33 4 37 36 5 41 3.5 

-- -- 

-- -- 

- 1 2  - 3 - 9 - - 2 - 1 0  

TOTAL 96 99 195  99 95 194 0.0 

MILLIONS OF $ -- -- -- 85.6 54.7 140.3 

I n c l u d e s  mining, p h a r m a c e u t i c a l s ,  food  p r o c e s s i n g ,  f a t s  and o i l s ,  
beverages,  d r y  c l e a n i n g ,  e l e c t r o p l a t i n g ,  household u s e s  and various 
chemica ls  p r o c e s s  operations. 

Exanples are g a s  m a s k s  and c a t a l y s t s  suppor ts .  
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TABLE 3-12 

U. S. DEMAND FOR V I R G I N  ACTIVATED CARBON: SHORT-TERM FORECAST 
( M i l l i o n s  of Pounds)  

A.G.R 
1 9 8 3  i g a a  ( %  1 

END-USE MARKET GAC PAC TOTAL GAC PAC TOTAL 83-88 

L I Q U I D  PHASE 

o Sugar  D e c o l o r i z i n g  1 2  30 42 11 26 37 -2.5 

o Dr ink ing  Water 7 25 32  9 26 35 -3.0 

o Groundwater  4 -- 4 a -- 8 15.0 

o Wastewater 1 7  6 23 20 a 28 4.0 

o O t h e r s  
SUBTOTAL 

G A S  PHASE 

o Automot ive  

29 23 
6 3  90 

- - 52 
1 5 3  
- 26 

7 4  
- - 32 58  

92  166  
2.0 
1.6 
- 

a 9 9 2.5 -- -- a 

o C i g a r e t t e s  2 2 1 1 -13.0 

o S o l v e n t  Recovery 9 -- 9 l a  -- l a  15.0 

-- -- 

o A i r  P u r i f i c a t i o n  a 2 1 0  1 6  4 20 15.0 

o O t h e r s  
SUBTOTAL 

1 2  3 
36 5 41 

- - 9 - 4.5 1 2  
56 7 6 3  9.0 

- 1 5  - 3 - - 

TOTAL 99 95  1 9 4  130 99 2 29 3.4 

I n c l u d e s  mining ,  p h a r m a c e u t i c a l s ,  f o o d  p r o c e s s i n g ,  f a t s ,  and  o i l s  b e v e r a g e s ,  
d r y  c l e a n i n g ,  e l e c t r o p l a t i n g ,  househo ld  u s e s  a n d  var ious c h e m i c a l s  p r o c e s s  
o p e r a t  ions.  

Examples are g a s  m a s k s  and c a t a l y s t s  s u p p o r t s .  
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3.3.3 Long-Term Forecast 

P r o j e c t i n g  U.S. demand for  a c t i v a t e d  c a r b o n  beyond 1988 is ex t r eme ly  d i f f i c u l t  

s i n c e  it is dependent on s e v e r a l  very complex and i n t e r r e l a t e d  factors such  as  

env i ronmen ta l  leg i s l a t i o n ,  t e c h n o l o g i c a l  i n n o v a t i o n s ,  and ene rgy  s c a r c i t y .  

For example, t h e  p r imary  end-use markets which offer t h e  most s i g n i f i c a n t  
o p p o r t u n i t i e s  f o r  g rowth  are (1) d r i n k i n g  water for  taste and odor  c o n t r o l  a s  

w e l l  a s  t r e a t m e n t  of hazardous o r g a n i c  compounds, ( 2 )  groundwater  
c o n t a m i n a t i o n  by v o l a t i l e  and n o n - v o l a t i l e  s y n t h e t i c  o r g a n i c  chemicals, ( 3 )  

wastewater t r e a t m e n t  (mun ic ipa l  and i n d u s t r i a l )  fo r  removal of p a r t i c u l a t e  
matter a s  w e l l  a s  d i s i n f e c t i o n ,  and ( 4 )  s o l v e n t  vapor  r ecove ry  t o  reduce 

e m i s s i o n s  of o r g a n i c  s o l v e n t s  i n t o  t h e  atmosphere. These end-user markets are 

i n e x t r i c a b l y  associated w i t h  env i ronmen ta l  l e g i s l a t i o n  cove r ing  a i r  e m i s s i o n s ,  
water con tamina t ion ,  and hazardous waste. Consider ing what has happened i n  

t h e  r e c e n t  past  r ega rd ing  p roposed  EPA r u l i n g s  r ega rd ing  GAC u s e  i n  d r i n k i n g  
water and wastewater t r e a t m e n t ,  t h e  most l i k e l y  case s c e n a r i o  for  f u t u r e  

a c t i v a t e d  ca rbon  demand shou ld  c e r t a i n l y  n o t  be h e a v i l y  dependent of 

a n t i c i p a t e d  f u t u r e  l e g i s l a t i v e  a c t i o n  t h a t  would s p u r  very h i g h  growth rates. 

It is possible,  b u t  n o t  h i g h l y  probable across t h e  spectrum of end-use markets. 

I n  a d d i t i o n  t o  t h e  v a g a r i e s  of a n t i c i p a t e d  f u t u r e  l e g i s l a t i v e  a c t i o n ,  a n o t h e r  

key t o  demand p r o j e c t i o n s  of g r a n u l a r  a c t i v a t e d  ca rbon  (GAC) is t h e  concep t  of 

"best a v a i l a b l e  technology".  More economical ,  c o s t - e f f e c t i v e  means appear t o  

have been found t o  remove t r i h a l o m e t h a n e s  (THMs) from d r i n k i n g  water. The 

c u r r e n t  t r e n d  i n  mun ic ipa l  wastewater t r e a t m e n t  seems t o  be toward less cos t ly  

p r o c e s s e s  wi thou t  a c t i v a t e d  carbon.  Even w i t h i n  t h e  h i g h  growth gas  phase 

end-use markets such  as s o l v e n t  r ecove ry  and a i r  p u r i f i c a t i o n ,  a l t h o u g h  GAC 

appears t o  have a rosy  short-term f u t u r e ,  t h e  p r o b a b i l i t y  of GAC remaining 

among t h e  most c o s t - e f f e c t i v e ,  "best a v a i l a b l e  t e c h n o l o g i e s "  is  u n c e r t a i n  
beyond t h e  foreseeable hor i zon .  

For example, new a p p l i c a t i o n s  f o r  membrane t echno logy  have been f l o u r i s h i n g  i n  

r e c e n t  y e a r s .  Many of t h e  h i g h  growth g a s  phase GAC end-use markets c o u l d  be 

v u l n e r a b l e  t o  s u b s t i t u t i o n  by membrane t echno logy ,  perhaps n o t  o v e r  t h e  short  

term, b u t  q u i t e  possible o v e r  t h e  long term. Membrane Technology and Research, 
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P Inc .  (Menlo Pa rk ,  CAI u n d e r  a c o n t r a c t  w i t h  t h e  U.S. Depar tment  of  Ene rgy ' s  

Idaho O p e r a t i o n s  O f f i c e ,  h a s  d e v e l o p e d  a membrane process t o  r e c o v e r  o r g a n i c  

s o l v e n t s  from waste g a s  streams. The p r o c e s s  w i l l  be f i e l d  tested a t  s e v e r a l  

p l a n t  s i t e s  e a r l y  n e x t  y e a r .  MTR's p r e s i d e n t  h a s  s t a t e d  t h a t  he b e l i e v e s  t h i s  

s y s t e m  " w i l l  be less e x p e n s i v e  t h a n  a l t e r n a t i v e  r e c o v e r y  methods  s u c h  as  

a c t i v a t e d  ca rbon" .  

Another  emerging t e c h n o l o g i c a l  change  f o r c e  h a s  been  t h e  development  o f  a n  

i n c r e a s i n g  number of  t e c h n o l o g i e s  f o r  t h e  r e g e n e r a t i o n  of powdered a c t i v a t e d  

c a r b o n  ( P A C ) .  T h i s  d e f i n i t e l y  does n o t  bode wel l  f o r  GAC end-use  markets 

where PAC c a n  be s u b s t i t u t e d  f o r  GAC, g i v e n  c o s t - e f f e c t i v e  r e g e n e r a t i o n  

economics .  

Another  b ig  q u e s t i o n  m a r k  is t h e  f u t u r e  worldwide e n e r g y  s i t u a t i o n ,  which of 

c o u r s e ,  is i n t e r t w i n e d  w i t h  t h e  f u t u r e  p o l i t i c a l  s i t u a t i o n .  Any s c e n a r i o  

w h i c h  projects s k y r o c k e t i n g  o i l  and  g a s  p r i c e s  would i n c r e a s e  t h e  

a t t r a c t i v e n e s s  of a solar  GAC p l a n t  v e r s u s  a n a t u r a l  g a s  f u e l e d  p l a n t .  

However, a t  t h i s  p o i n t  i n  time, most p o l i t i c a l  and  economic p u n d i t s  f o r e c a s t  a 

r e l a t i v e l y  s t a b l e  e n e r g y  outlook t h r o u g h  1995, t h u s  making solar  produced GAC 

more of a c o s t - e f f e c t i v e  u n c e r t a i n t y .  The p r o b a b i l i t y  of a n o t h e r  major o i l  

s h o c k  w i t h i n  t h i s  t i m e  f r ame  i s  c o n s i d e r e d  t o  be r e l a t i v e l y  low. 

The "most l i k e l y "  f o r e c a s t  f o r  c r u d e  o i l  ref lects  a r e l a t i v e l y  s table  

env i ronmen t  f o r  s u p p l y ,  demand and  p r i c i n g .  A rather complex b u t  related 

c o l l e c t i o n  of fac tors  m a i n t a i n s  t h e  c u r r e n t  s tab le  s i t u a t i o n .  OPEC f i n a l l y  

l e a r n s  t h a t  d i s r u p t i o n  of t h e  world economy v i a  massive e n e r g y  p r i c e  i n c r e a s e s  

o n l y  leads down t h e  p a t h  t o  lower e n e r g y  demand and  a renewed v i g o r  f o r  

c o n s e r v a t i o n .  The n e t  r e s u l t  ... less income for  OPEC. A s  i n  t h e  pas t ,  S a u d i  

Arabia e x e r c i s e s  i ts  role a s  t h e  modera t ing  i n f l u e n c e ,  e i t h e r  t h r o u g h  

d ip lomacy or w i t h  t h e  b i g  s t i c k ,  t h a t  is,  w i t h  t h e  th rea t  t o  t u r n  on t h e  o i l  

f a u c e t  and  once  more d r i v e  pr ices  down. 

T h i s  s c e n a r i o  assumes  t h a t  OPEC members accept some measure  of s t a b i l i t y  o r  

e v e n  f l a t n e s s  i n  p r o d u c t i o n  q u o t a s  and p r i c e s  t h r o u g h  1995. 

F 
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Based on t h e  d i s c u s s i o n  above, we believe it is reasonable t o  project t h a t  t h e  

"most l i k e l y "  annual  growth rate f o r  g r a n u l a r  a c t i v a t e d  carbon market demand 

beyond 1988 w i l l  be approximately 3.0%, which is t h e  long-range growth 

p o t e n t i a l  of t h e  overall U.S. economy. GAC a p p e a r s  t o  be i n  a r e l a t i v e l y  

mature  p o s i t i o n  a long  i t s  p r o d u c t  l i f e  c y c l e  wi th  a few shor t - te rm windows of 

o p p o r t u n i t y ,  bu t  a lso w i t h  c o n s i d e r a b l e  long-term u n c e r t a i n t y .  Several 
s c e n a r i o s  of market demand based on various a n n u a l  growth rates are p r e s e n t e d  

i n  Table  3-13. 

Annual Growth 
Rate 

1% 

2% 

3% * 

4% 

6% 

8% 

* Most l i k e l y  s c e n a r i o  

LONG-TERM FORECAST 

1995 - 1988 - 
130 139 

130 149 

130 160 

130 1 7 1  

130 195 

130 223 

2000 - 
146 

165 

185 

208 

2 6'2 

3 27 

2005 - 
154 

182 

215 

253 

350 

481 



+ 3.3.4 Market Sha re  P o t e n t i a l  

The pu rpose  of t h i s  e v a l u a t i o n  is t o  p r o j e c t  t h e  r e l a t i o n s h i p  between t h e  

p roposed  so l a r  p l a n t  p r o d u c t i o n  volume and t h e  overal l  market demand. 

A t  p r e s e n t ,  t h e  U.S.  c a p a c i t y  f o r  a c t i v a t e d  ca rbon  exceeds  t h e  demand by a 

c o n s i d e r a b l e  margin.  Table  3-14 shows t h a t  i n  1983 i n d u s t r y  c a p a c i t y  was 

u n d e r u t i l i z e d  by 40%. 

TABLE 3-14 

U. S. Supply/Demand f o r  A l l  A c t i v a t e d  Carbon - 1983 

(Mi l l i ons  of Pounds) 

Capac i ty  * 348 

Produckion 210 

Imports 1 8  

Expor t s  34 

Consumption 194 

Capac i ty  U t i l i z a t i o n  = 60% 

A l s o  e s t i m a t e d  c a p a c i t y  as  of J anua ry ,  1985. 

I t  is  a n t i c i p a t e d  t h a t  t h e  deg ree  of u n d e r u t i l i z a t i o n  w i l l  d e c r e a s e  t o  30% i n  

1988, assuming no new p r o d u c e r s ,  t h e  same q u a n t i t y  of exports/imports and a 

3.4% a n n u a l  growth rdte i n  U.S. demand. 

Table  3-15 lists o n l y  t h e  GAC p r o d u c e r s ,  a long w i t h  estimates of t h e i r  GAC 

a n n u a l  c a p a c i t y  and market s h a r e .  A more d e t a i l e d  list of U.S.  p r o d u c e r s  of 

a l l  types of a c t i v a t e d  ca rbon  is i n c l u d e d  i n  Appendix D. A d d i t i o n a l  t a b l e s  

conce rn ing  worldwide supply and demand f o r  a c t i v a t e d  ca rbon  are a l s o  shown i n  

Appendix D. 

The p r o j e c t i o n  of c a p a c i t y  vs. demand is shown i n  Tab le  3-16 f o r  t h e  y e a r  

2000, which is f i v e  y e a r s  a f t e r  t h e  p roposed  p l a n t  s ta r tup  d a t e  of 1995. 
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TABLE 3-15 

Est imated GAC Product ion  Capaci ty  and Market Share 

Producer 

Ba rneby -Cheney 

I C 1  Americas* 

CECA, Inc.  

Calgon Carbon Corp. 

The Carbon Company* 

Witco 

West vaco* 

TOTAL ESTIMATED GAC CAPACITY - 

GAC Est imated GAC Est imated 
Annual Capacity Market Share  

(Mi l l i ons  of Pounds) ( Percent  1 

7 4 

30 1 5  

25 1 2  

1 0  50 

3 2 

1 0  

25 

200 

- 
5 

1 2  

100% 

- 

* These p r o d u c e r s  supply  both  GAC and PAC. Estimates of GAC capacity are 
based on communication w i t h  i n d i v i d u a l s  w i t h i n  t h e  i n d u s t r y .  
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.- TABLE 3-16 

U.S .  GAC Capacity U t i l i z a t i o n  i n  Year 2000 

CASE I: P r e s e n t  Companies Only 

Projected Demand 
Annual Growth i n  Year 2000 

Rate (8) ( M i l l i o n s  of Pounds) 

1 
2 
3* 
4 
6 
8 

146 
165 
185* 
208 
26 2 
3 27 

GAC 
Capac i ty  

( M i l l i o n s  of Pounds) 

200 
200 
200 
200 
20 0 
200 

Capac it y 
U t i l i z a t i o n  

( %  1 

- 27 
-18 

-8* 
+ 4  
+31 
+64 

CASE 11: P r e s e n t  Companies Only P l u s  Solar/Chemical P l a n t  

P r o j e c t e d  Demand GAC Capac i ty  
Annual Growth i n  Year 2000 Capac i ty  U t  i l i z a t  i o n  

Rate ( % I  ( M i l l i o n s  of Pounds) ( M i  l l i o n s  of Pounds 1 (% 1 

1 
2 
3* 
4 
6 
8 

146 
165 
185* 
208 
26 2 
3 27 

225 
225 
225 
225 
225 
225 

-35 
-27 
-18* 
-8 

+16 
+45 

*Most 1 i k e  l y  s cena  r i 0 .  

The t a b l e  shows t h a t ,  assuming no new p r o d u c e r s  or c a p a c i t y  i n c r e a s e s  beyond 
those e x i s t i n g  today ,  t h e  most l i k e l y  c a p a c i t y  u t i l z a t i o n  rates would range 
from -8% t o  - la%,  depending on whether or n o t  a s o l a r  p l a n t  is b u i l t .  For t h e  
p roposed  s t a r t u p  y e a r  of 1995, t h e  most l i k e l y  c a p a c i t y  u t i l i z a t i o n  ra tes  
would range form -20% t o  -29%, r e s p e c t i v e l y .  

P r o j e c t i n g  market share is e x t r e m e l y  d i f f i c u l t  due t o  t h e  l a r g e  number of 
f a c t o r s  which impact t h e  marketplace. 
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There are  four main players i n  the market, w i t h  Calgon Carbon Company being 

the acknowledged leader. The activated carbon business appears t o  be 

essent ia l ly  a 'commodity specialty' or 'specialty commodity' business w i t h  

significant service components provided by the manufacturers. These service 
elements are very important and serve a s  a major point of differentiation 

among suppliers. 

Wi th in  a probable environment of underutilized capacity i n  1995 and 2000, for  
a solar GAC plant t o  gain meaningful market penetration, it would most l ikely 
have t o  be the lowest cost producer by a significant margin i n  order t o  dampen 

the effects  of the s t ra tegies  and t ac t i c s  of e x i s t i n g  competitors having a 
significant market presence and service expertise. I n  turn, being the lowest 
cost producer is also dependent on a number of factors,  not the least  of which 
is the h i g h l y  unpredictable future energy outlook. Unless a lowest cost 
producer posture is achieved, market penetration w i l l  most l ikely be slow and 
d i f f i c u l t  . 
3.4 Evaluation of Data 

3.4.1 Financial Analysis 

3.4.1.1 Revenue Projections 
Table 3-17 lists the plant production and revenue projections for  the baseline 
operating strategy previously described. Production is assumed t o  be a t  f u l l  

capacity for  20 years s tar t ing i n  1995. The pr ice  of activated carbon is 

assumed t o  be $.93/lb which is an average of current pr ices  for  carbon of 
similar grade and moisture content. Regenerated activated carbon is assumed 
t o  be $.35/lb which is also based on current prices. 
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TABLE 3-17 

ANNUAL PLANT PRODUCTION AND REVENUE PROJECTIONS 

Product Product ion U n i t  Price Revenue 

11, 319,728 kg $2.05 $23,2~3,000 Act i vat ed Ca r bon 
(24,960,000 l b s )  ($0.93) 

Regenerated Carbon 9,070,295 kg $0.77 $ 7,000,000 
(20,000,000 l b s )  ($0.35) 

Elect r i c  i t y  8,500,000 kwh $0.06314 $ 537,000 

By -Product Tars 8,859 m.ton $109.18 $ 967,000 

(9,765 tons)  ($99.00) 
Total Revenue $31,717,000 

3.4.1.2 Rate of Return 

The revenue project ions and cost  estimates discussed i n  the preceding 

% 

73 

22 

2 

3 

sect  ions 

a r e  combined t o  produce an overa l l  f inanc ia l  evaluation of the baseline case. 

Table 3-18 is  a list of economic assumptions and values of var iables  used i n  

t h e  evaluation. Fuel/feedstock c o s t s  and product s e l l i n g  p r i c e s  were assumed 

t o  esca la te  a t  the same rate .  The results a r e  presented i n  Table 3-19. The 

net present value has been calculated f o r  discount r a t e s  of 5, 1 0 ,  12, and 

15%. The in te rna l  r a t e  of r e t u r n  is 11.0% f o r  a 0% esca la t ion  r a t e  and 14.9% 

f o r  a 3% escalat ion.  A complete f i n a n c i a l  spreadsheet f o r  each escalat ion 

ra te  is shown i n  Appendix D. Figure 3-1 indicates  t h a t  a t  an esca la t ion  r a t e  

of approximately .9% or grea te r ,  t h e  ra te  of return exceeds t h e  1 2 %  h u r d l e  

r a t e  f o r  the chemical industry. I n  addi t ion,  Figure 3-2 shows t h e  e f f e c t  of 

cost  reductions i n  the s o l a r  port ion of t h e  plant  f o r  escalat ion r a t e s  of 0% 

and 3%. 
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TABLE 3-18 

ECONOMIC ASSUMPTIONS AND VARIABLES 

Variable 

General inflation rate 

Capital cost escalation 

O&M cost escalation 

Fuel/feedstock 
cost escalation 

Product sell ing 
pr ice  escalation 

Construction cash flows 

Base year for  discounting 

Base year for  pr ices  

Plant construct ion time 

Economic l i f e  

Depreciation l i f e  

Value Description 

0% 

0% 

0% 

A l l  estimates calculated i n  real  
dollars assuming 0 inflation. 

Capital costs  assumed t o  not 
escalate i n  absence of inflation. 

O&M costs  assumed t o  not 
escalate i n  absence of inflation. 

0% ,3% Fuel costs  assumed t o  escalate 0% 
or 3% i n  absence of inflation. 

0% ,3% Product sell ing pr ice  assumed t o  
escalate a t  same rate a s  
feedstock. 

uniform Cash flows occur uniformly 
throughout construction i.e. , 
for  3-year construction, 
one-third of costs incurred i n  
each year. 

st a r t  up 

1985 

3 Yr 

20 y r  

5 Y r  

1 0  y r  

3-3 2 

A l l  discounted cash flow 
calculations discounted t o  
beginning of f irst-year plant 
operations (1995) .  A l l  cash 
flows are  assumed t o  occur a t  
the end of each year. 

A l l  costs are given i n  1985 
dol la r s  . 
Rep resentat ive of probable 
construct ion time for  large 
solar i n s t a l l a t  ion. 

Standard a s  sump t ion for  
industr ia l  project evaluation. 

Current tax law for  industr ia l  
investments i n  solar energy 
portion of plants. 

Current tax law for  industr ia l  
i nve s t me n t  i n  convent iona 1 
(process) portion of plants. 



TABLE 3-18 (CONT.) 

ECONOMIC ASSUMPTIONS AND VARIABLES 

Variable Value Description 

Depreciation schedule ACRS Current tax law. 

Investment tax credi t  

Discount rate 

Property and other taxes 

Federal tax rate 

State tax rate 

1 0% Current tax law. 

5% 10% 15% Assumed a s  the real  after-tax 
cost of capital .  

1% 

4 6% 

8% 

Annual property and other tax  
payments. 

Current tax law. 

Representative value. 

Working Capital 1 2% Of t o t a l  revenues. 

Sales, General, and 
Administrative expenses 

1 2% Of t o t a l  revenues. 

Hurdle rate 1 2% Typical of chemical industry. 
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Internal Rate of Return (IRR) vs. Escalation 
Rate for Baseline Solar Plant 
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Figure 3-1 
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Internal Rate of Return (IRR) vs. Capital Cost 
Reduction in Solar Portion of Plant 
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% Capital Cost Reduction 
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Figure 3-2 
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TABLE 3-19 
FINANCIAL EVALUATION RESULTS - SOLAR PLANT 

N e t  P r e s e n t  Value f o r  

Discount rate of 5% 

10% 

1 2% 

15% 

I n t e r n a l  Rate of Return  

E s c a l a t i o n  Rate 

0% 3% 

39,322 80,882 
5, 070 28,743 

-4,195 15,148 

-15,120 - 502 

11.0% 14.9% 

3.4.2 Comparison t o  Fossi l  Fueled P l a n t  
A f i n a n c i a l  a n a l y s i s  was a l so  made assuming t h e  chemical p l a n t  was f u e l e d  by 

n a t u r a l  gas i n s t e a d  of solar energy. Capital  costs were determined by 
s u b t r a c t i n g  a l l  s o l a r  conponent costs a s  well as a major p o r t i o n  of land  

costs. We assumed no Cogenerat ion and therefore, s u b t r a c t e d  c o g e n e r a t i o n  

p l a n t  and steam g e n e r a t i o n  system costs. However, s i n c e  process steam is 

needed for  t h e  chemical process, $400,000 for  a g a s  boiler was added back i n .  
For t h e  chemical p l a n t  p r o c e s s  systems/equipment, we  assumed t h e  costs of 

adding f a n s ,  d r i v e s ,  and a i r  heaters would e q u a l  t h e  d e l e t i o n  of p la te  co i l s  

i n  t h e  furnaces .  

I n  a d d i t i o n ,  a l l  o p e r a t i o n  and maintenance costs for  t h e  solar p o r t i o n  of t h e  

p l a n t  were de le ted .  A complete f i n a n c i a l  spreadsheet for  t h e  f o s s i l  f u e l e d  
chemical p l a n t  is shown i n  Appendix D. Another major change is t h a t  t h e  g a s  
p l a n t  i s  now using e l e c t r i c i t y  rather t h a n  producing it as w i t h  t h e  solar 

powered p l a n t .  Table 3-20 shows t h a  n e t  p r e s e n t  v a l u e s  c a l c u l a t e d  fo r  

d i s c o u n t  rates of 5, 10, 12 ,  and 15% using 0% and 3% e s c a l a t i o n  rates. 
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TABLE 3-20 

FINANCIAL EVALUATION RESULTS - FOSSIL FUELED PLANT 

N e t  Present Value f o r  

Discount r a t e  of 5% 

1 0% 

12% 

15% 

In te rna l  Rate of Return 

Escalation Rate 

0% 3% 

61,540 98,085 

29,151 49,225 

20,885 37,018 

11,259 23,129 

20.1% 23.7% 

Figure 3-3 shows a comparison of t h e  i n t e r n a l  r a t e s  of r e t u r n  f o r  the so la r  

powered plant  and the f o s s i l  fueled plant .  

I n  an e f f o r t  t o  determine the  escalat ion r a t e  a t  which t h e  so la r  powered plant  

would have a net present value equal t o  t h a t  of the f o s s i l  f u e l e d  plant ,  an 

ana lys i s  was performed us ing  only relevant c o s t s  and revenues. The relevant 

c o s t s  and revenues a r e  those t h a t  d i f f e r  between the so la r  plant  and f o s s i l  

fueled plant .  The net present values were calculated f o r  a discount r a t e  of 

12% and a r e  f o r  comparison purposes only. The net present values calculated 

a r e  negative because relevant cos ts  a r e  grea te r  than relevant revenues. The 

r e s u l t s  of t h i s  ana lys i s  a r e  shown i n  Figure 3-4. A f u e l  and feedstock 

esca la t ion  ra te  of approximately 21% would be necessary f o r  the baseline so la r  

powered p lan t  t o  be competitive w i t h  the f o s s i l  fueled plant .  The other l i n e s  

indicate  the e f f e c t  of reducing c a p i t a l  and operating c o s t s  f o r  the so lar  

port ion of the plant .  Over a large range of escalat ion ra tes ,  the f o s s i l  

fueled chemical p lan t  provides a be t te r  r a t e  of return than the  so la r  powered 

plant  
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Relevant Costs and Revenues: 
Net Present Value vs. Escalation Rate 
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3.5 Areas for P o t e n t i a l  Cost Reduct ions 

As p o i n t e d  o u t  i n  p r e v i o u s  s e c t i o n s ,  a cost r e d u c t i o n  i n  solar  p l a n t  
components is needed t o  make it c o m p e t i t i v e  w i t h  other energy  sources .  To 

address t h i s  i s s u e ,  we have f i r s t  compared o u r  conponent costs  t o  those i n  t h e  

N a t i o n a l  Solar Thermal Technology Program's F ive  Year Research and Development 
P lan  1986-1990 (Reference 45)  a s  shown i n  Table 3-21. Table D-12  i n  Appendix 
D shows t h e  breakdown of o u r  s o l a r  p l a n t  costs used i n  Table 3-21. Table 3-22 

i n c l u d e s  a d e s c r i p t i o n  of t h e  costs fo r  conponent g o a l s .  Note t h a t  t h e  

estimated cost for  o u r  p l a n t  is i n  1985 dol la rs  where a s  costs for  c u r r e n t  

technology and long-term goals are i n  1984 dollars.  

T o t a l  c a p i t a l  c o s t s  for  o u r  p l a n t  do not  i n c l u d e  t h e  c o g e n e r a t i o n  p l a n t ,  and 
steam g e n e r a t i o n  system costs have been reduced accord ingly .  Plate c o i l  costs  

for  t h e  chemical f u r n a c e s  have been i n c l u d e d  i n  t h e  "convers ion"  cost. The 

t ab le  i n d i c a t e s  h igher  c o s t s  for  o u r  p l a n t  t h a n  for  a " f i v e  y e a r  p l a n  c u r r e n t  

technology '  p l a n t  of t h e  same s i z e .  

The d i f f e r e n c e  i n  costs is a p p a r e n t l y  related t o  t h e  h i g h  t e m p e r a t u r e s  of our 
system. For i n s t a n c e ,  o v e r  50% of o u r  thermal t r a n s p o r t  c o s t s  are i n  t h e  

co-extruded p i p i n g  for  t h e  s a l t  booster system and s a l t  t r a n s f e r  system. 
Another 20% of t h e  cost is for  v a l v e s  i n  these two systems. Also, o v e r  h a l f  

of t h e  c o s t s  for  "ba lance  of p l a n t "  p e r t a i n  t o  t h e  c o n t r o l  system fo r  t h e  

solar process. The 'storage' costs may be reduced by c o n s i d e r i n g  t h e  h i g h  

temperature molten s a l t  thermal energy storage concept  r e c e n t l y  developed by 
R o c k w e l l  I n t e r n a t i o n a l ' s  Rocketdyne D i v i s i o n ,  under c o n t r a c t  t o  t h e  S o l a r  
Energy Research I n s t i t u t e .  Other conponent costs  are roughly i n  l i n e  w i t h  t h e  

F ive  Year RLD Plan. The h i g h  cost of components can  be reduced through 

material development for  h igh  temperature c a r b o n a t e  sa l t  a p p l i c a t i o n .  T h i s  

s u b j e c t  is discussed i n  t h e  development p l a n  t h a t  follows. 
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TABLE 3-21 

CENTRAL RECEIVER COMPONENT COSTS AND GOALS FOR PROCESS HEAT 

Solar P l a n t  F i v e  Year R&D P l a n  1986-90 

% of Estimated Current  Long -Term 

T o t a l  costs+ Techno log y Goa 1s 

( 1 9 8 5  $ 1  ( 1 9 8 4  $1  ( 1 9 8 4  $1  

CONCENTRATORS 11.9 

RE CE I VERS 1 5 . 4  

TRANSPORT 

STORAGE 

CONVERSION 

20.2 

6.8 

5.4 

BALANCE OF PLANT 15.0  

SYSTEM 25.3 

TOTAL CAPITAL COSTS 

OPERATION & MAINTENANCE 

INTERNAL RATE OF RETURN 

( 4.5% F u e l  Esca la t ion)  

2 
6 O/m 

2 
78/m 

2 
102/m 

3l/kWht 

59/kWt 

2 
7 6/m 

1095/kWt 

3 8 , 3 4 0 , 0 0 0  

2 
1 5 / m  - Y r  

2 
15 O/m 

2 
8 O/m 

2 
4 5/m 

25/kWht 

5O/kWt 

2 
65/m 

800/kWt 

28 ,000 ,000 

2 
1 5 / m  - Y r  

16.1% 17.7% 

2 
50/m 

2 
3 O/m 

2 
25/m 

2O/kWht 

4O/kWt 

2 
20/m 

270/kWt 

9 , 4 5 0 , 0 0 0  

2 
9/m -Yr 

21.7% 

- * See T a b l e  D-12 i n  Appendix D 
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C o n c e n t r a t o r s  

R e c e i v e r s  

T r a n s p o r t  

S t o r a g e  

Conversion 

Balance of P l a n t  

System 

TABLE 3-22 

DESCRIPTION OF AREAS FOR COMPONENT GOALS 

A l l  c o n c e n t r a t o r  costs i n c l u d i n g  f i e l d  

i n s t a l l a t i o n ,  power, and c o n t r o l  w i r ing  , f i e l d  

c o n t r o l l e r s .  

Rece ive r  s t r u c t u r a l  s u p p o r t  ( i n c l u d i n g  towers 
i n  t h e  case of c e n t r a l  r e c e i v e r s ) ,  heat 

exchanger  surfaces, c a v i t y  o r  c o v e r  g lass ,  

i n t e g r a l  r e c e i v e r  c o n t r o l s .  

Thermal t r a n s p o r t  i n c l u d e s  p i p i n g  , pumps, 

v a l v e s ,  s u r g e  and s t o r a g e  t a n k s ,  t r a n s p o r t  
media. Electric t r a n s p o r t  ( for  d i s h e s )  

i n c l u d e s  f i e l d  wi r ing  of eng ines .  

S t o r a g e  t a n k s ,  i n s u l a t i o n ,  s t o r a g e  c i r c u l a t i o n  
equipment , s t o r a g e  c o n t r o l  system, storage 

medium, storage heat exchangers .  

Ene rg y c onve r s i o n  equipment i nc lud ing  heat 

eng i n e s  , heat reject i o n  equipment , and 
g e n e r a t o r s .  

B u i l d i n g s ,  l a n d  and s i te  improvements, master 
c o n t r o l  system, spare pa r t s ,  and p l a n t  s e r v i c e  

f ac i l i t i e s .  

Total  i n s t a l l e d  system i n c l u d i n g  s t a n d a r d  cost 

a l l o w a n c e s  f o r  direct  and con t ingency  c o s t .  

O p e r a t i o n s  and Maintenance Annual cost for  r o u t i n e  p l a n t  o p e r a t i o n s  and 
maintenance. 
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3.6 Conclusions 

The U.S. demand f o r  g r a n u l a r  activated 
a n n u a l  rate of 5.6% through 1988 and 
t h r o u g h  t h e  y e a r  2000 of approximate ly  
mature  p o s i t i o n  along i t s  p r o d u c t  

- 
carbon (GAC) is projected t o  grow a t  a n  
t h e n  slow t o  a long-term growth rate 

3%. GAC appears t o  be i n  a r e l a t i v e l y  

l i f e  c y c l e  w i t h  a few short term 

o p p o r t u n i t i e s ,  b u t  a l so  w i t h  c o n s i d e r a b l e  long-term u n c e r t a i n t y .  A t  p r e s e n t ,  
t h e  U.S. c a p a c i t y  for  a c t i v a t e d  carbon exceeds demand by approximately 35%. 

S i n c e  it appears u n l i k e l y  t h a t  demand w i l l  s u r p a s s  i n d u s t r y  c a p a c i t y  before 

t h e  y e a r  2000, a solar GAC p l a n t  would most l i k e l y  have t o  be t h e  lowest cost 

producer  by a s i g n i f i c a n t  margin i n  order t o  g a i n  meaningful  market 

p e n e t r a t i o n .  

The i n t e r n a l  rate of r e t u r n  for  t h e  solar p l a n t  and fo r  a n a t u r a l  gas f u e l e d  
chemical p l a n t  were determined using t h e  major assumptions of 1) f u l l  c a p a c i t y  

p r o d u c t i o n ,  2 )  20 y e a r  p l a n t  l i f e ,  and 3)  z e r o  g e n e r a l  i n f l a t i o n  rate. 

For comparison p u r p o s e s ,  t h e  rate of r e t u r n  was a l so  determined for  a n a t u r a l  
g a s  f u e l e d  chemical p l a n t .  The fo l lowing  lists t h e  r e s u l t s  fo r  0% and 3% 

a n n u a l  e s c a l a t i o n  rates of f u e l / f e e d s t o c k  c o s t s  and p r o d u c t  s e l l i n g  prices. 

Solar P l a n t  

Gas P l a n t  

E s c a l a t i o n  I n t e  rna 1 

Rate Rate of Return  

0% 11.0% 

3% 14.9% 

0% 

3% 

20.1% 

23.7% 

The data i n d i c a t e s  a n  e s c a l a t i o n  rate of 0.9% or a n  18% cost r e d u c t i o n  i n  t h e  

solar p o r t i o n  of t h e  p l a n t ,  allows t h e  solar powered chemical p l a n t  t o  s u r p a s s  

t h e  12% h u r d l e  r a t e  f o r  t h e  chemical i n d u s t r y .  However, fo r  t h e  solar p l a n t  
t o  conpete w i t h  t h e  g a s  p l a n t ,  h i g h  e s c a l a t i o n  ra tes  combined w i t h  cost 

r e d u c t i o n s  i n  t h e  solar  p l a n t  are needed. F u r t h e r  a n a l y s i s  shows t h a t  i f  t h e  

long-term component cost goa ls  l isted i n  t h e  N a t i o n a l  Solar Thermal Technology 

Program Five Year Research and Development P lan  1986-1990 ( 4 5 )  are  o b t a i n e d ,  

t h e  solar powered chemical p l a n t  c a n  be c o m p e t i t i v e  w i t h  t h e  n a t u r a l  g a s  p l a n t  

assuming moderate e s c a l a t i o n  rates. 

- 
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4.0 TECHNOLOGICAL UNCERTAINTIES 

4 . 1  Development P l a n  Overview 

The t e c h n o l o g i c a l  u n c e r t a i n t i e s  uncove red  d u r i n g  t h e  d e s i g n  p h a s e  of t h i s  

c o n t r a c t  i d e n t i f y  t hose  areas  of c o n c e r n  t h a t  require a d d i t i o n a l  

e v a l u a t  i o n / t e s t  ing  t o  f u r t h e r  d e v e l o p  t h e  so la r  powered a c t i v a t e d  c a r b o n  

p r o d u c t  i o n  p r o c e s s .  To address t h e s e  t e c h n i c a l  c o n c e r n s ,  a development  p l a n  

w i l l  be u t i l i z e d .  Two c a t e g o r i e s  of t e c h n i c a l  c o n c e r n  e v o l v e d  w i t h i n  t h e  

development  p l a n .  The f i r s t  i n c l u d e s  t h o s e  t e c h n i c a l  u n c e r t a i n t i e s  t h a t  a re  

key i s s u e s  i n  t h e  d e s i g n ,  c o n s t r u c t i o n  and  o p e r a t i o n  of  t h i s  f a c i l i t y .  

Development i n  these areas is e s s e n t i a l  t o  c o n s t r u c t  a f u n c t i o n i n g  f a c i l i t y .  

The  second  i n c o r p o r a t e s  t e c h n i c a l  u n c e r t a i n t i e s  t h a t  have  a cost  impact. 

T h e s e  a r e a s  of c o n c e r n  c o u l d  be d e v e l o p e d  f o r  cost  s a v i n g s ,  b u t ,  would n o t  

p r e v e n t  a t es t  f a c i l i t y  f rom o p e r a t i n g .  The key i s s u e s  w i l l  be r e f e r r e d  t o  a s  

t e c h n i c a l  h u r d l e s  w h i l e  those  u n c e r t a i n t i e s  w i t h  a f i n a n c i a l  impact w i l l  be 

ca 1 l e d  economic h u r d l e s .  

I n  t h e  p r o p o s a l  s t a g e  of t h i s  d e s i g n  s t u d y ,  a ho t  s a l t  t e m p e r a t u r e  of 115OoC 

(210OOF) was s p e c i f i e d  u t i l i z i n g  s i l i c o n  carbide (a  ceramic) as  t h e  

con ta inmen t  material. E a r l y  i n  t h e  c o n t r a c t  a d d i t i o n a l  i n f o r m a t i o n  was 

rev iewed,  e l i m i n a t i n g  s i l i c o n  carbide a s  a v i a b l e  c o n t a i n m e n t  material. 

A l t e r n a t e  materials,  compatible w i t h  t h e  115OoC (2100°F) mol ten  s a l t ,  were 

p u r s u e d  w i t h o u t  success. A s  a resul t ,  t h e  h i g h  t e m p e r a t u r e  p o r t i o n  of t h e  

p r o c e s s  was d e s i g n e d  t o  be f o s s i l  f i r e d ,  a l l o w i n g  t h e  h o t  s a l t  t e m p e r a t u r e  t o  

be reduced t o  a manageable  954OC (1750°F). An a p p r o p r i a t e  material 

s e l e c t i o n  was made a l l o w i n g  t h e  d e s i g n  p o r t i o n  t o  c o n t i n u e .  The f o u n d a t i o n  of 

t h e  Development P l a n  is based on t h e  e x t e n s i v e  mater ia l  search. 

4 .1 .1  Org a n i z a t  i o n  

The Development P l a n  c e n t e r s  on t h e  t e c h n i c a l  u n c e r t a i n t i e s  t h a t  became 

e v i d e n t  d u r i n g  t h e  d e s i g n  s t u d y .  I n  a d d i t i o n ,  a n  ove rv iew emphas iz ing  t h e  

so l a r  and  chemical p l a n t  m a t u r i t y  is i n c l u d e d .  T h e s e  w i l l  be d i s c u s s e d  i n  t h e  

f o l l o w i n g  sect i o n s :  

4.1 Overview of Development P l a n  

4 .2  Development P l a n  
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The t e c h n i c a l  u n c e r t a i n t i e s  are d i v i d e d  i n t o  t e c h n i c a l  and economic h u r d l e s .  

Each of these h u r d l e s  is c a t e g o r i z e d  acco rd ing  t o  t h e  954OC (1750°F) or 
115OoC (2100°F) t e m p e r a t u r e  s e r v i c e  a s  shown below. 

954OC (175OOF) S e r v i c e  

1-Mat e r i a  1 Deve lopment 
2-Salt Properties Develapment 

3-Component Development 

Tec h n i c a  1 

Hurd le s  

Economic 

Hurd le s  

115OoC ( 2 1 O O O F )  S e r v i c e  

Ceramic Deve lopment 

TECHNICAL UNCERTAINTIES 

1-Receiver Thermal Losses 

2-Controls & Opera t ing  S t r a t e g y  

The d e s i g n  s t u d y  d i d  no t  p u r s u e  t h e  115OoC (2100°F) s e r v i c e  due t o  f a i l u r e  

t o  locate a n  adequa te  compatible material. Re tu rn  t o  t h e  h i g h e r  t e m p e r a t u r e  
s a l t  h i n g e s  on t h e  develapment of a containment  material. The extreme molten 
s a l t  temperature l i m i t s  t h e  material t o  a ceramic. There fo re ,  t h e  on ly  

115OOC (2100°F) t e c h n i c a l  h u r d l e  p u r s u e d  i n  t h i s  development p l a n  w i l l  be 

ceramic develcpment (see S e c t i o n  4.2.5). 

The u n c e r t a i n t i e s  associated w i t h  each 9 5 4 O C  (1750'F) t e c h n i c a l  h u r d l e  

w i l l  be d iscussed ,  fo l lowed  by a n  a p p r o p r i a t e  development test p l a n  t o  address 

t h e  issue. The 954OC (1750°F) economic h u r d l e s  w i l l  be d i s c u s s e d ,  b u t ,  no 

o u t l i n e  f o r  development w i l l  be inc luded .  

4.1.2 Solar P l a n t  M a t u r i t y  
The d e s i g n  and projected performance of each solar p l a n t  conponent reflects a 

h i g h  l e v e l  of conf idence  t h a t  a f u n c t i o n i n g  p l a n t  is possible. A l l  areas t h a t  

reduce c o n f i d e n c e  stem from con ta inmen t ,  t r a n s p o r t a t i o n ,  and c o n t r o l  of t h e  
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h i g h  temperature carbonate s a l t .  Theoretically,  a non-corrosive heat t r a n s f e r  

f l u i d  tha t  possessed a reasonable heat capacity and d i d  not de te r iora te  a t  the 

receiver temperatures would allow a h i g h  confidence plant  t o  be constructed 

u t i l i z i n g  the components designed f o r  t h i s  study. A heat t r a n s f e r  medium w i t h  

these c h a r a c t e r i s t i c s  has not been ident i f ied .  

F 

Each component w i l l  be reviewed f o r  i t s  state-of -the-art performance level.  

Material concerns e x i s t  f o r  each component except he l ios ta t s .  I n  an e f f o r t  t o  

reduce repe t i t ion ,  the material  concerns w i l l  not be s ta ted  w i t h  each 

component (see Sect ion 4 .2 .1 ) .  

Central Receiver 

The receiver configuration selected f o r  t h e  c e n t r a l  receiver plant  

incorporates a s ingle  " C "  shaped cavi ty  w i t h  a north facing aperture. The 

cavi ty  arrangement was selected f o r  two reasons. F i r s t ,  it minimizes the 

thermal losses  d u e  t o  convection and re-radiation, and second, it provides 

protect ion of the  absorption surface from environmental effects. 

Although never t e s t e d  to-date us ing  carbonate s a l t ,  h i g h  confidence e x i s t s  

i n  respect t o  the  "C" shaped receiver design and i ts  functioning a b i l i t y .  

A l eve l  of uncertainty exis ts  a s  t o  t h e  eff ic iency t h a t  can be expected a t  

t h e  extreme temperatures required of t h i s  s t u d y  (see Section 4.2.4) .  

Currently, BLW has completed the  d e s i g n  and construction of a " C "  shaped 

receiver and w i l l  be tes t ing  it w i t h  a lower temperature n i t r a t e  s a l t  

during the l a t t e r  par t  of 1986. Upon conpletion, t h e  eff ic iency concerns 

f o r  the  "C" shaped c e n t r a l  receiver should be reduced. 

He l i o s t  a t  F i e l d  

The h e l i o s t a t s  and t h e  hardware t o  control  them have been through a number 

of i t e r a t i o n s  since t h e i r  inception. A grea t  deal of t e s t i n g ,  w i t h  

sa t i s fac tory  resu l t s ,  is available.  

S a l t  Heater 

The s a l t  heater is a B&W E l  Paso boi le r  designed f o r  once through 

operation. The design and performance c h a r a c t e r i s t i c s  are  readily 

avai lable  a s  it is  current ly  commercially produced. 
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Steam Generat ing Subsystem 
The i n t e r m e d i a t e  heat exchanger,  s u p e r h e a t e r ,  e v a p o r a t o r ,  and steam drum 

are a l l  components t h a t  are e f f e c t i v e l y  designed according t o  c u r r e n t  

technology. 

Hot and Cold Storage Tanks 

The purpose  of t h e  t a n k s  is t o  hold  and i n s u l a t e  t h e  c a r b o n a t e  s a l t .  The 

cold t a n k  does n o t  create any s i g n i f i c a n t  concerns  as  f a r  as  d e s i g n  and 
c o n s t r u c t i o n  are concerned. The hot t a n k  u s e s  t h e  cold t a n k  d e s i g n  f o r  

t h e  exterior suppor t  and i n c o r p o r a t e s  a n  i n t e r n a l  i n s u l a t i n g  system t o  

protect t h e  e x t e r i o r  s t r u c t u r e  from t h e  extreme hot s a l t  temperature. The 

d e s i g n  of t h e  i n t e r n a l  i n s u l a t i n g  system is  st i l l  c o n c e p t u a l  i n  n a t u r e  and 
could create problems w i t h  c o n s t r u c t i o n .  

M a t e r i a l  concerns exist  f o r  each component t h a t  c o n t a c t s  t h e  sa l t .  The 

conf idence  i n  t h i s  s o l a r  p l a n t  is high  a f t e r  r e s o l u t i o n  of containment ,  
t r a n s p o r t a t i o n ,  and c o n t r o l  of t h e  molten sa l t .  These i s s u e s  r e q u i r e  f u r t h e r  

de ve 1 opment . 
4.1.3 Chemical  P l a n t  Maturity 
The p r e p a r a t i o n  of d i f f e r e n t  k i n d s  of carbon a d s o r b e n t s ,  t h e i r  properties,  and 

t h e i r  a p p l i c a t i o n s  i n  t r e a t i n g  l i q u i d s  and gases h a s  been known f o r  s e v e r a l  

c e n t u r i e s .  But t h e  basis f o r  t h e  i n d u s t r i a l  p r o d u c t i o n  of a c t i v a t e d  carbon 

was e s t a b l i s h e d  by B r i t i s h  and German p a t e n t s  around 1900. T h i s  process 

involved  t h e  p r e p a r a t i o n  of a c t i v a t e d  carbon by carboniz ing  a m i x t u r e  of 

vegetable- type material i n  t h e  p r e s e n c e  of metal chlorides. The procedure  of 
using steam or carbon d i a i d e  t o  a c t i v a t e  charred materials was adopted f o r  

t h e  f i r s t  i n d u s t r i a l  p r o d u c t i o n  of a c t i v a t e d  carbon. T h i s  p r o j e c t  was 
undertaken i n  1911 by t h e  Fanto Works i n  Europe. The p r o d u c t  was used mainly 

a s  a d e c o l o r i z e r  i n  s u g a r  p r o c e s s i n g .  

After t h e  f i r s t  World War, coconut s h e l l s  and almond s h e l l s  were used t o  y i e l d  

a n  a c t i v e  carbon of h i g h  mechanical  s t r e n g t h  and a d s o r p t i v e  power. Later, 

other raw materials such as saw d u s t ,  l i g n i t e ,  and c o a l  were used. Extensive 

research h a s  been done on t h e  properties of a c t i v a t e d  carbon and t h e  p o t e n t i a l  
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u s e s  of t h e  p r o d u c t .  A c t i v a t e d  c a r b o n  h a s  become one  of t h e  most i m p o r t a n t  

and  most wide ly  used  a d s o r b e n t s .  A c t i v a t e d  c a r b o n  is a l s o  used  a s  a c a t a l y s t  

s u p p o r t  and  sometimes as  a c a t a l y s t  i t se l f .  The main d i s a d v a n t a g e  of 

a c t i v a t e d  c a r b o n  is i ts  r e l a t i v e l y  h i g h  cost  compared t o  other  a d s o r b e n t s .  

rc. 

The a c t i v a t e d  c a r b o n  p r o d u c t i o n  p r o c e s s  has  been  practiced f o r  many y e a r s .  

The  g e n e r a l  o p e r a t i n g  s t e p s  have been  wel l  documented. The o f f - g a s  t r e a t m e n t  

s y s t e m s  t o  remove t a r ,  s u l f u r ,  and ammonia have  a l s o  been  i n  u s e  f o r  many 

y e a r s .  We f e e l  t h e  chemical p r o c e s s  is t e c h n i c a l l y  ma tu re .  There are no  

s i g n i f i c a n t  t e c h n i c a l  r i s k s  i n  t h e  o v e r a l l  p r o c e s s .  

The t e c h n i c a l  r i s k  f o r  t h e  chemical p r o c e s s  subsys t em l ies  ma in ly  i n  t h e  

d e s i g n  and o p e r a t i o n  of t h e  c h e m i c a l  r e a c t i o n  f u r n a c e s .  These are t h e  o n l y  

components  which  would be s i g n i f i c a n t l y  d i f f e r e n t  t h a n  t h o s e  i n  a c o n v e n t i o n a l  

a c t i v a t e d  c a r b o n  p r o d u c t i o n  p l a n t .  These  r i s k s  a r e  d i s c u s s e d  i n  S e c t i o n  

4 . 2 . 3 . 2 .  

4 . 2  Development P l a n  

The t e c h n i c a l  u n c e r t a i n t i e s  have  been s e p a r a t e d  i n t o  two c a t e g o r i e s :  t e c h n i c a l  

h u r d l e s  and  economic h u r d l e s .  T e c h n i c a l  h u r d l e s  a re  t h e  key i s s u e s  t h a t  c o u l d  

p r e v e n t  t h e  d e s i g n  and o p e r a t i o n  of a f u n c t i o n i n g  f a c i l i t y .  Economic h u r d l e s  

a r e  t e c h n i c a l  i s s u e s  t h a t  f u r t h e r  deve lopment  could reduce c o n s t r u c t i o n  and /o r  

ope  r a t  ing  expenses .  

The l ist  of t e c h n i c a l  h u r d l e s  was s i g n i f i c a n t l y  reduced from t h o s e  i d e n t i f i e d  

i n  t h e  p r o p o s a l .  The key i s s u e s  t h a t  s u r f a c e d  d u r i n g  t h e  d e s i g n  p h a s e  a re ;  

material  c o n c e r n s ,  s a l t  p r o p e r t i e s ,  and  component d e s i g n .  The economic 

h u r d l e s  and  t h e  c e r a m i c  development  p l a n  w i l l  a l s o  be addressed. 

rc 

Material Concerns  - Material u n c e r t a i n t i e s  b e g i n  w i t h  long term c o n f i d e n c e  

i n  I n c o n e l  600 as  a c o n t a i n m e n t  material .  The main c o n c e r n  w i t h  I n c o n e l  

600 is  its long term r e s i s t a n c e  t o  t h e  c o r r o s i v e  c a r b o n a t e  s a l t .  A second 

u n c e r t a i n t y ,  which  hampers t h e  d e s i g n  of t h e  h i g h  t e r m p e r a t u r e  components ,  

is l i m i t e d  c r e e p  and  f a t i g u e  da ta  f o r  I n c o n e l  617 a t  t h e  r e q u i r e d  

t e m p e r a t u r e s .  These  materials may be a d e q u a t e  for t h e  component:, des i9ne . i  

i n  t h i s  s t u d y ,  but f u r t h e r  t e s t i n g  is r e q u i r e d  for  c o n f i r m a t i o n .  
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S a l t  Properties - The data base fo r  molten c a r b o n a t e  s a l t  is weak. 

C o n f l i c t i n g  and l i m i t e d  da ta  is e v i d e n t  t h roughou t  t h e  r e q u i r e d  

temperature range. I n  a d d i t i o n ,  long-term s t a b i l i t y  of c a r b o n a t e  sa l t  a t  

h i g h  temperatures is no t  w e l l  understood.  T h i s  behav io r  m u s t  be better 

established t o  de te rmine  r equ i r emen t s  for  cove rgas ,  s a l t  p u r i f i c a t i o n ,  

and/or  periodic s a l t  replenishment .  

Component Design - The components i n  q u e s t i o n  are t h e  pumps, v a l v e s ,  and 

chemical r e a c t i o n  f u r n a c e s .  The pumps and v a l v e s  are e s s e n t i a l  and 
exposed t o  t h e  s a l t ' s  h a r s h  environment a t  a l l  temperature ranges.  

I n t e r n a l  pump and v a l v e  components t h a t  c o n t a c t  t h e  molten sal t  are areas 

of u n c e r t a i n t y .  The chemical r e a c t i o n  f u r n a c e s  employ c o n d u c t i v e  and 
r a d i a n t  heat i n  t h e  p r o d u c t i o n  of a c t i v a t e d  ca rbon  rather t h a n  t h e  

c o n v e n t i o n a l  open flame c o n v e c t i v e  heat u t i l i z e d  by t h e  i n d u s t r y .  
V e r i f i c a t i o n  of p r o d u c t  q u a l i t y  would require l a b o r a t o r y  and p i l o t  scale 

tests t o  s t u d y  impor t an t  o p e r a t i n g  parameters such  as  c o n d u c t i v e  and 
r a d i a n t  heat t r a n s f e r  rates, temperature g r a d i e n t s ,  off -gas composi t ion,  

and r e a c t i o n  times. A d d i t i o n a l  r e a c t i o n  f u r n a c e  c o n c e r n s  i n v o l v e  
materials of c o n s t r u c t i o n ,  and mechanical  des ign .  

Economic Hurdles  - I d e n t i f i e d  i n  t h e  p r o p o s a l  are r e c e i v e r  thermal losses 

and c o n t r o l s  and o p e r a t i n g  s t r a t e g y .  F u r t h e r  r e v i e w / t e s t i n g  of these 

i s s u e s  cou ld  r e s u l t  i n  reduced i n i t i a l  costs and/or i n c r e a s e d  o p e r a t i n g  

e f f i c i e n c y  . 
0 Ceramic Development - P o t e n t i a l  r e t u r n  t o  t h e  o r i g i n a l  1150°C (2100 PI 

s a l t  s e r v i c e  is  i n c l u d e d  a s  a means t o  i n c r e a s e  t h e  process's economic 

f e a s i b i l i t y .  The p r i n c i p l e  conce rn  is d e t e r m i n a t i o n  of a c o r r o s i o n  
r e s i s t a n t  ceramic t h a t  has t h e  a p p r o p r i a t e  s t r e n g t h  p r o p e r t i e s  demanded of 

t h i s  process. 

These i s s u e s  w i l l  be d iscussed  i n  t h e  fo l lowing  s e c t i o n s :  
4.2.1 Material Development 

4.2.2 S a l t  Properties Development 

4.2.3 Component Development 
4.2.4 Economic C o n s i d e r a t i o n s  

4.2.5 Ceramic Development 
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r" 4.2.1 Material Development 
Material development is e s s e n t i a l  t o  d e s i g n ,  c o n s t r u c t ,  and o p e r a t e  a 
f u n c t i o n i n g  f a c i l i t y .  The main concern is  Inconel  600 and  i t s  long term 
r e s i s t a n c e  t o  t h e  c o r r o s i v e  c a r b o n a t e  sa l t .  A second u n c e r t a i n t y ,  which 

hampers h igh  temperature component d e s i g n ,  results from l imi t ed  creep and 
f a t i g u e  data f o r  I n c o n e l  617 a t  t h e  required tempera tures .  These materials 

may be adequate  f o r  t h e  components des igned  i n  t h i s  s t u d y  b u t  f u r t h e r  t e s t i n g  
is r e q u i r e d  f o r  conf i rmat ion .  

4.2.1.1 D e s c r i p t i o n  of I s s u e s  
Corros ion  
Confidence i n  I n c o n e l  600 as  a c o r r o s i o n  r e s i s t a n t  material is l i m i t e d  due t o  

t h e  t y p e  and  q u a n t i t y  of t e s t i n g  performed t o  date. The d e s i g n  cr i ter ia  for 

I n c o n e l  600 d i f f e r s  from t h e  a v a i l a b l e  test  r e s u l t s  w i t h  respect t o  

t e m p e r a t u r e  and t es t  c o n d i t i o n s .  

The tests t h a t  have e v a l u a t e d  I n c o n e l  600 i n  molten c a r b o n a t e  s a l t  have been 

conducted a t  900°C (1652'F) which is 56OC (lOO°F) lower t h a n  t h e  

des igned  hot s a l t  tempera ture .  Whether i n c r e a s i n g  t h e  t e m p e r a t u r e  56OC 
(lOO°F) would make a s i g n i f i c a n t  i n c r e a s e  i n  t h e  c o r r o s i o n  rate is not  
a c t u a l l y  known, but  does r e q u i r e  f u r t h e r  t e s t i n g .  

The d u r a t i o n  of t h e  c o r r o s i o n  tes ts  ranged from 2 t o  60  days i n  length .  Being 

l i m i t e d  t o  s e v e r a l  data p o i n t s  of 60 days or less makes a 20 y e a r  p l a n t  l i f e  

p r o j e c t i o n  d i f f i c u l t .  S e v e r a l  approaches t o  data p o i n t  e x t e n s i o n  c a n  be 

used. The most c o n s e r v a t i v e  method i n v o l v e s  a l i n e a r  p r o j e c t i o n  from t h e  l a s t  
data p o i n t .  T h i s  method r e s u l t s  i n  a g r e a t e r  c o r r o s i o n  rate t h a n  typifies 

actual long term testing. The method t h a t  e x h i b i t s  t h e  slowest c o r r o s i o n  rate 

t akes  a l l  t h e  data p o i n t s  and c o n t i n u e s  t h e  parabolic curve  t h a t  is formed. 

The most accurate p r o j e c t i o n  w i l l  l i k e l y  f a l l  on a c u r v e  t h a t  l ies  between 
these two methods. An accurate 20 y e a r  p l a n t  l i f e  p r o j e c t i o n  r e q u i r e s  a 

greater unders tanding  of t h e  c o r r o s i o n  mechanism t h a n  is p r e s e n t l y  available. 
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SEFtI's c o r r o s i o n  tests s u b j e c t  a l l o y  coupons t o  a s t a t i c ,  c o n s t a n t  t e m p e r a t u r e  

s o l u t i o n  of molten s a l t .  T h i s  type of t e s t i n g  r e p r e s e n t s  a c o r r o s i o n  rate b u t  

does n o t  n e c e s s a r i l y  make a n  accurate c o r r e l a t i o n  t o  t h e  d e s i g n  environment.  

For example, t h e  c o r r o s i o n  of a test  coupon i n  a s t a t i c  s o l u t i o n  may n o t  react 

t h e  same as a l e n g t h  of p i p i n g  c o n t a i n i n g  t h e  same molten s a l t  i n  t u r b u l e n t  

f l o w  c o n d i t i o n s .  I n  a d d i t i o n  t o  c o r r o s i o n ,  e r o s i o n  may p l a y  a s i g n i f i c a n t  

role th roughou t  t h e  molten s a l t  t e m p e r a t u r e  range. The d e s i g n  environment 

w i l l  a l so  e x p e r i e n c e  d a i l y  thermal c y c l i n g  from s t a r t - u p  and shut-down of t h e  

solar p l a n t .  

Mat e r i a l  Properties 

The r e c e i v e r  t u b e s  are exposed t o  va ry ing  fluxes i n  combinat ion w i t h  t h e  h i g h  

t e m p e r a t u r e  sa l t .  P o r t i o n s  of t h e  r e c e i v e r  w i l l  see t u b e  t e m p e r a t u r e s  i n  t h e  

982OC (1800°F) range;  I n c o n e l  600 does no t  have s u f f i c i e n t  s t r e n g t h  i n  

t h a t  range. To p r o v i d e  t h e  s t r e n g t h  required, I n c o n e l  600 w i l l  be coex t ruded  

w i t h  a h i g h e r  temperature a l l o y .  For t h e  r e c e i v e r  I n c o n e l  617 has  been 

selected as  t h e  h i g h e r  temperature material. The f o s s i l  f i r ed  s a l t  heater 

e x p e r i e n c e s  containment  problems similar t o  those found i n  t h e  r e c e i v e r ,  so 

t h e  medium r a d i a t i v e  and t h e  h i g h  temperature c o n v e c t i v e  f u r n a c e  s e c t i o n s  are 

des igned  using t h e  coex t ruded  t u b i n g  found i n  t h e  r e c e i v e r .  The chemical 

r e a c t i o n  f u r n a c e s  are d e s i g n e d  t o  u t i l i z e  p la tecoi l s  attached t o  t h e  t o p  and 

bottom of each h e a r t h  i n  t h e  m u l t i p l e  hea r th  f u r n a c e s .  The co i l s  are exposed 

t o  t h e  h o t  molten s a l t  on t h e  i n t e r i o r  and a h igh  t e m p e r a t u r e  coal environment 

on t h e  exterior. I n c o n e l  617, selected f o r  s t r e n g t h  i n  t h e  r e c e i v e r  and t h e  

f u r n a c e ,  w i l l  no t  s t a n d  up t o  t h e  h i g h  t e m p e r a t u r e  coal atmosphere because of 

t h e  s u l f u r  c o n t e n t  of t h e  coal. To s t r e n g t h e n  t h e  p l a t e c o i l s ,  Inco loy  800H 

w i l l  be combined w i t h  I n c o n e l  600 t o  form t h e  bimetallic platecoils.  

Bimetallic materials are  u t i l i z e d  s u c c e s s f u l l y  i n  h i g h  temperature 

environments .  The material combina t ions  selected f o r  t h i s  d e s i g n  s t u d y  d i f f e r  

from t h o s e  c u r r e n t l y  produced by t h e  manufac tu re r s .  Eng inee r s  a t  Huntington 

Al loys  (manufac tu re r s  of Alloy 600, Alloy 617, and coex t ruded  t u b e s )  d i d  no t  

a n t i c i p a t e  any s e r i o u s  c o m p l i c a t i o n s  w i t h  forming A l l o y s  600 and 617 i n t o  a 

coex t ruded  t u b e .  Confidence i n  coex t ruded  tubes  f o r  t h i s  d e s i g n  s tudy  is 

s a t i s f a c t o r y  a t  t h i s  time wi thou t  e x t e n s i v e  t e s t i n g .  
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Inadequate creep, fatigue, and relaxation properties for  Inconel 617 surfaced 

during h i g h  temperature component design. While designing the coextruded 

receiver tubes, several assunptions were made t o  establish the allowable 

s t r e s s  range. 

F 

The f i r s t  assumption was that the material Inconel 617 goes t h r o u g h  a s t r e s s  

relaxat ion i n  accordance w i t h  t h e  same mathematical creep equations as  Incoloy 

800H. It was necessary t o  go t h i s  route since detailed creep data is not 

available for  Inconel 617. It is believed t h i s  approach is conservative 

because i f  one compares the creep rupture strength data of the two materials, 

Inconel 617 has a greater rupture strength than Incoloy 800H. Therefore, it 

would appear that  creep relaxation of Inconel 617 would be a t  a slower rate 

than 800H. 

The second assunption was t o  assume that the tube is a single wall tube of 617 

material instead of a duplex tube conprised of Inconel 600 and Inconel 617 

material. Since detailed 617 material properties are not available, it was 

decided that  the increased effor t  t o  revise the computer program t o  account 

for a dual material was better spent elsewhere. The fact  that  the tube wall 

is only 3.2 mm (1/8') thick and that  the thickness of each material is 1.6 mm 
(1/16") leads one t o  believe that  from a s t ructural  adequacy standpoint, the 

resul ts  of a single wall material tube is representative for t h i s  study. For 

further detailed e f for t ,  it is of paramount importance that  additional 

material testing of 617 be performed t o  obtain t h i s  information. 

4.2.1.2 Test Plans 

The purpose of t h i s  plan is t o  present the t e s t  procedure for  resolution of 

t h e  material concerns realized during t h i s  design study.  Two separate plans 

are included; the f i r s t  is material corrosion followed by material properties. 

Material Corrosion Plan 

The t e s t  objective of the proposed t e s t  program is t o  evaluate the corrosion 

resistance of several alloys i n  molten carbonate melts a t  temperatures up t o  

115OoC (2100°F).  A three task program is proposed t o  meet t h i s  

object ive. 
P 

4-9 



Task 1 - Thermodynamic Calculations w i l l  be performed i n  order t o  greatly 

reduce the necessary number of kinetic experiments. From these 

calculations, s t ab i l i t y  diagrams w i l l  be constructed that  show the 

conditions under which par t icular  alloys may be corrosion resis tant  i n  

molten carbonates a t  temperatures up t o  1150°C (2100°F).  These 

diagrams can be presented i n  two forms: log Po2 VS. log  Pco2 or 

midizing potential  VS. log a Na20 can be related t o  log Pco2; these 

diagrams are essent ia l ly  equivalent. These diagrams also have the added 

advantage of predicting how an environment might  be modified such tha t  a 

corrosion susceptible material could be made corrosion resistant.  For 

exanple, the proposed molten s a l t  is  the ternary eutectic of Na, L i ,  K 

carbonate exposed t o  a i r  a t  temperature. S tab i l i ty  diagrams a t  several 

temperatures could indicate what changes i n  s a l t  composition or gaseous 

environment would potentially improve the corrosion performance of a given 

mat e r i a 1. 

Task 2 - Kinetic Measurements w i l l  involve the evaluation of several 

alloys and the i r  respective corrosion rates  under several environmental 

conditions and a t  several temperatures. An e l ec t r i c  furnace w i l l  be used 

for  these tes t s .  T h i s  furnace is capable of 165OOC (3000°F) and can 

be used as a flow through vessel for  various gas mixtures. T h i s  furnace 

has been successfully used for molten slag experiments. 

The materials t o  be tes ted w i l l  be determined from Task 1. The specific 

environmental conditions w i l l  a lso be determined from Task 1 results.  

The type of corrosion t e s t  and its duration w i l l  depend on the proposed 

application. For example, cyclic t e s t s  may be desirable i f  materials are 

expected t o  experience al ternate  periods of dry exposure then molten s a l t  

exposure. Similarly, thermal cycling may be simulated i f  t h i s  is an 

expected condition. Also, the type of t e s t  w i l l  be influenced by the type 

of t e s t  material. Weight change as  a function time can be determined fo r  

a l l  t e s t  materials. Additionally, electrochemical measurements can be 

used for metal t e s t  materials. I n  par t icular ,  l inear  polarization 

measurements can give the instantaneous corrosion rate  of a metal without 

removing it from t e s t .  
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Task 3 - Project Manaqement and Reporting will provide the project 

management and the reports for the corrosion program outlined in the 

previous two tasks. 

TEST SCHEDULE (Months) 

1 2 3 4 5 6 7 8 9 10 11 12 1 3  14 15 16 17 18 

Task 1: Thermal Calc. 

Task 2: Kinetic Meas. 

Task 3: Reporting/ 

Management 

Material Properties Plan 

Test data for Inconel 617 is weak in the high temperature range for creep and 

fatigue. In addition, relaxation data is not available at any temperature. 

Accurate structural design of the coextruded tubing, utilizing Inconel 617 as 

a strengthening material, requires further development in these areas. The 

corrosion testing may add additional materials that require material 

properties evaluation. 

Two approaches can be pursued to obtain the necessary data. Testing to define 

low-cycle fatigue and creep-fatigue properties of Inconel 617 is the first and 

most desirable approach. A second approach determines creep-relaxation data 

as a means to fabricate a creep-fatigue curve. Either approach will allow 

generation of the required data to properly design the coextruded tubing. The 

following test outline will pursue the first approach, that of determining 

low-cycle fatigue and creep-fatigue properties. 

The test objective is to define low-cycle fatigue and creep-fatigue properties 

of Inconel 617 in the temperature range experienced by the receiver components. 

The experimental procedure will consist of three tasks. Tasks 1 and 2 will 

respectively address low-cycle fatigue and creep-fatigue testing. Task 3 will 

include project management and reporting. 
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Task 1 - Task 1 will utilize test specimens to determine the low-cycle 
fatigue tests and will be carried out at 65OoC (1200°F) and 982OC 

(1800'F by cycling the strain continuously between equal magnitude of 

tensile and compressive values at a rate of 4 x sec until 

failure Specimens will be inductively heated to one temperature or the 

other during testing. Initially, a number of thermocouples will be 

attached to one specimen in order to adjust the induction heating coil to 

obtain a uniform temperature distribution over the test region. The 

induction coil will be shaped through a trial-and-error process to produce 

a temperature variation of no more than 2 6OC (lO°F) in the test 

section. Once established, the same temperature distribution will be 

maintained for each test. 

-1 

A computer-controlled MTS servohydraulic test machine using a liquid-metal 

grip to ensure accurate specimen alignment will be used. A water-cooled 

axial extensometer will be employed to measure the resultant strains. A 

computer will be utilized to automatically accumulate load cell and 

extensometer data. 

Task 2 - Task 2 will utilize the same hollow alloy 617 specimens employed 
in Task 1. The creep-fatigue tests will be carried out at 982OC 

(1800°F) only. The loading cycle will differ from the low-cycle fatigue 

testing only in the imposition of a hold at the peak compressive strain in 

each cycle. 

Task 3 - Task 3 will cover the project management and reporting of the 

previous two tasks that have been briefly discussed. 

TEST SCHEDULE (Months) 

1 2  3 4 5 6 7 8 9 10 11 12 13 14 

Task 1 

Task 2 

Task 3 
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,- 4.2.2 Salt Properties Development 
4.2.2.1 Concerns 
The data base for molten carbonate salt is weak. Conflicting and limited data 

is evident throughout the required temperature range. In addition, long-term 

stability of carbonate salt at high temperatures is not well understood. This 

behavior must be better established to determine requirements for covergas, 

salt purification, and/or periodic salt replenishment. 

The principal concern with the properties of the eutectic carbonate salt (Salt 

properties are listed in Appendix C; Design Requirements) stem from two 

conflicting sets of viscosity data. Two grades of carbonate salt have been 

tested: commercial grade 98.5% pure and reagent grade 99.9% pure. The reason 

for discrepancies in the reported values of the two grades is not well 

understood. The variance in reported viscosities is of significant enough 

magnitude at the lower temperatures to cause major alterations to the receiver 

and pumps if the incorrect viscosity is used. As a result of this 

discrepancy, concerns about thermal conductivity, specific heat, and density 

are raised as to the accuracy of the reported data. The tests performed may 

be accurate, but the salt purity may differ from the salt to be used in this 
facility. The second main concern with carbonate salt is lack of data on its 
life expectancy in an environment where thermal cycling is experienced. 

4.2.2.2 Plan for Resolution 

The type and quantity of testing required can be performed in a laboratory 

environment. The physical properties (1.e. viscosity, thermal conductivity, 

specific heat, and density) can be pursued at 14OC (25'F) increments 

throughout the anticipated temperature range. The thermal cycling tests will 

be more complicated as a result of tracking salt quantity and composition to 

determine salt degradation with time. The salt development tests will consist 

of a three task program. 

Task 1 - Standard laboratory testing of ternary eutectic carbonate salt 
properties (i.e. viscosity, thermal conductivity, specific heat, and 

density) at 14OC (25'F) temperature increments throughout the 

operating temperature range. Accurate commercial grade constituents must 

be used, as deviations in impurities seem to have a reasonable impact on 

the reported properties. 
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Task 2 - Thermal cycling will be conducted in an Inconel 600 vessel with 
daily cycling through the 514-954'C (957-1750'F) temperature range. 

Accurate quantity and composition will be tracked to determine a rate of 

decomposition resulting from the extended testing. If material tests 

result in a salt covergas, this test must utilize the same covergas to 

simulate actual plant conditions. 

Task 3 - Program Management includes creation of test procedures and 

report writing. 

TEST SCHEDULE (Months) 

1 2  3 4 5 6 7 8 9 10 11 12 

Task 1 

Task 2 

Task 3 

4.2.3 Component Development 

The components in question are the pumps, valves, and chemical reaction 

furnaces. First, the pumps and valves will be addressed together followed by 

the concerns with the chemical reaction furnaces. 

4.2.3.1 Pump and Valve Development 

Further pump and valve development to transport and control the flow of molten 

carbonate salt is critical to the future of Solar Fuels 61 Chemicals. Pumps 

and valves will be exposed to all temperature ranges of the salt. To the 

maximum extent possible, the pumps and valves are located at the low end of 

the temperature range. However, with the present plant design, high 

temperature pump and control requirements are present. 

The uncertainties associated with pumps are similar but not completely 

identical to those that evolve from valve technology. The types of pumps 

selected for  this design study raise major concerns in the areas of gaskets 

and bearings. The principal concerns with valves are stem seals and materials 

to fabricate gaskets, stem guides and seats. Of course, the material 

development work to determine a long term containment material is essential 

prior to the design and construction of the valve and pump bodies. 
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pumps 
TWO pumps form the basis for the plant's pumping requirements. The first is 

the cold salt pump which will transport the 514OC (957'F) salt from the 

cold storage tank through the receiver or fossil heater to the hot salt 

storage tank. 

(1750'F) salt from storage through the reaction furnaces and the 

intermediate heat exchanger back to the cold salt tank. 

The second pump, hot salt, will transport 954OC 

The hot salt pump selected is a vertical cantilever pump. This is a one stage 
pump whose shaft, impeller, and casing extend into the hot salt contained in a 

sump tank. This allows the bearings to be located where the salt will not 

contact them. This pump is situated to allow any leakage to spill back into 

the tank relieving the shaft seals from the task of preventing leakage. The 

shaft, impeller, and casing that contact the salt will need to be designed to 

withstand the high temperature salt without erosion, corrosion, or deformation. 

Testing beyond that described in section 4.2.1 may be required. Although many 

critical portions of the pump do not contact the salt, concern for any gaskets 

in the pump inlet or outlet piping is a concern. 

The cold salt pump is also a vertical cantilever. The large head requirement 

of the cold salt pump has made the design of a vertical cantilever pump on the 

outside edge of current technology. If a single-stage cantilever pump proves 

incapable of meeting the necessary cold salt pumping requirements, a 

multi-stage vertical turbine pump will be utilized. This pump consists of a 

vertical shaft turning a series of graduated stages driven by a motor situated 

at the top of the shaft. Each stage is supported via a set of bearings which 

are in contact with the salt as a lubricating fluid. The close tolerance of 

the bearings creates a situation where minor corrosion or erosion could lead 

to a major pump failure. A shaft seal will also be needed to limit the salt 

flow up the shaft. 
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Valves 

Two general types of values are required for this plant to operate: control 

valves and shutoff valves. Each type of valve will be exposed to the entire 

salt temperature range. The same concerns exist for each valve type. The 

control valves, howeveri require a smoother and more precise operation. 

Valve stem seals to prevent the salt from leaking along the stem is a major 

concern. The sensitive nature of the chemical process requires accurate 

functioning valves to control the process by altering the salt flow rate. As 

a result, a stem seal that can maintain a leakproof barrier when the valve 
stem is stationary or moving is essential to the valve requirements. A 

combination of high temperature and corrosive atmosphere has eliminated 

packings as potential stem seals. Bellows seals were selected for this design 

study. Two corrosion concerns exist for bellows seals. The first results 

from the thickness of the seal itself [typically 0.26 mm (0.0l")l. Thicker 

bellows are possible, but require additional development. The second 

corrosion problem stems from the periodic flexing that a bellows seal 

experiences. This flexing could aggravate cracks and increase spalling of any 

protective oxide coating which may have formed on the bellows. Freeze seal 

valves are a potential alternative to bellows seal, especially as shutoff 

valves where smooth operation is not critical. 

Gaskets, stem guides, and seats comprise the remaining valve concerns. These 

components will be in direct contact with all salt temperatures and will 

therefore require the corrosion resistance of the containment material. The 

stem guide and seat need to be composed of a hard face material. Stellite has 

been used in many applications (including molten nitrate salt), but 

compatibility with high temperature carbonate salt is unknown. The gaskets 

used with nitrate salt components consist of a spiral wound 316SS/asbestos 

material. Perhaps replacement of the 316SS with Inconel 600 would allow the 
construction of an appropriate gasket. 

4-16 



P Previous Experience 
Previous experience with pump and valve performance in molten salt service is 

limited. This experience is based on two subsystem research experiments: a 5 
MWt receiver experiment and a 7 MW energy storage experiment conducted at 

the Sandia Central Receiver Test Facility (CRTF). In addition, a limited 

amount of data from other applications in chemical process plants is 

available. The valves and pumps used in the CRTF experiments performed 

satisfactorily at temperatures of about 288OC (550'F) in molten nitrate 

salt. The proposed size of the valves for the commercial applications in 

nitrate salt are significantly larger than those used in the CRTF 

experiments. In addition, the operating pressure for the low temperature 

molten salt (288°C/5500F) is higher for the commercial design than the 

CRTF operating pressure. This increase in pump and valve sizes will probably 

require changes in the valve stem seal design and in the basic pump design. 

Currently in progress is a contract with Babcock and Wilcox to perform a test 
on nitrate salt pumps and valves suitable for commercial application. 

t 

Future Work 

Future work in the field of pumps and valves is required to build a Fuels and 

Chemicals facility. The current efforts at CRTF are in the direction of the 

needed development. When completed, the level of technical confidence in 

molten salt service will need to be evaluated. At that time, the direction to 

pursue for the Fuels and Chemicals pumps and valves will become evident. 

4.2.3.2 Chemical Reaction Furnaces Development 

The technical uncertainties of the chemical process subsystem were identified 

by focusing on areas of the plant which are substantially different than a 

conventional activated carbon plant. Areas of the chemical process subsystem 

which are identical or similar to a conventional plant include pretreatment, 
tar recovery, and product classification. In addition, the ammonia removal 

and sulfur removal steps required for off-gas processing are areas well known 

to the industry. We feel that these areas do not contain significant 

technical risks and do not require further technical development at this time. 
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The areas of the process which do contain technical uncertainties are the 

chemical reaction furnaces required for carbonization, activation, and 

regeneration. Further development would be required to address concerns in 

the following areas: 

(1) Product Quality 

( 2 )  Materials of Construction 

( 3 )  Mechanical Design 

Product quality depends on the raw material, the treatment methods, and the 

reactor conditions. We have chosen raw materials and treatment methods 

similar to what is now used by some producers of activated carbon. In a 

conventional furnace, activated carbon is heated by direct gas firing. Heat 

is tranferred mainly by convection from the hot flue gases. In the proposed 

furnace design, heat is transferred by radiant and conductive heat transfer 

coils containing hot molten salt. These operational changes may have an 

effect on product quality and off-gas compositions. 

The plate coils in the chemical reaction furnaces would impose a serious 

materials of construction challenge. For this conceptual design, we have 

chosen a composite material of Inconel 600 on the salt side and Incoloy 800H 

on the carbon side. Fabrication, material compatability, strength, and 

erosion concerns would require development. A detailed furnace design would 

require additional design work. A conventional hearth is made of refractory 

brick that is self supporting and allowed to expand upwards towards the center 

shaft upon heating. The load is carried to the ground through the refractory 

walls. The steel shell holds the refractory walls in place and provides no 

direct support of the hearths. The proposed design consists of steel hearths 

extending from the outside steel wall of the furnace. The hearths will be air 

cooled to limit metal temperature and resulting expansion. The proposed 

design would impose an additional structural loading on the steel shell. 

These considerations must be resolved in the design of the furnaces. 
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Description and Impact 

Product quality depends on many factors including raw materials, treatment 

methods and reactor conditions. The final product quality will determine the 

eventual selling price of the activated carbon. Activated carbon with a 

higher surface area, higher iodine number, and greater particle hardness will 

generally sell for a higher price. Product quality should be substantiated 

through laboratory and pilot testing. Since there is a fairly wide range in 
pricing ($.80 to $1.051, pilot testing would confirm the product value to be 

expected from the commercial plant. 

F 

Conventional plants use direct gas firing to heat the carbon via convection. 

The proposed design uses both conduction and radiation to heat the product. 

Although this should not have a significant effect on product quality, these 

effects should be measured and confirmed. In the regeneration furnace, a hot 
radiant plate coil operating at about 7OO0C (1292 F) is used to dry spent 

carbon at about 12OoC (250'F). This temperature gradient could have an 

adverse affect on the carbon structure if the water and volatiles are released 

under severe conditions. Similar conditions could exist in the carbonization 

and activation furnace. 

0 

The potential impact to the final furnace design could be significant. The 

high temperature gradients could require lower heating rates to avoid damage 

to the carbon structure. 

During the design of the chemical reaction furnaces, several assumptions were 

made to obtain the estimated heat transfer areas. Radiant and conductive heat 

transfer rates were estimated based on these assumptions. In a multiple 

hearth furnace there is a layer of "dead" material on each hearth. This 

results because the rakes on the rabble arms do not scrape the hearths, but 

are held several inches above the hearths. This "dead" material would lie 

between the conductive heat transfer plate and the product. The heat transfer 

coefficient of this material must be determined in order to accurately size 

the furnace. 
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The contribution from the radiant transfer coils must also be measured and 
determined if there are any unknown resistances to heat transfer. For 

example, would the tars evolving in the carbonization furnace tend to adhere 

to the radiant coil? This could build up a carbon layer and greatly decrease 

the effectiveness of these coils. 

Design details of the furnaces would require innovative design work. The 

steel hearth support method and heat expansion/contraction must be resolved. 

The structural details of the furnace walls and hearths should be calculated. 

The impact is basically involved in the equipment costs. 

The plate coil flow patterns and sizes were determined during the conceptual 

design phase. These coils should be further analyzed to insure proper flow 

distribution throughout the coil. It may be necessary to operate these coils 

in separate sections. Initial vendor contacts indicate that these coils may 

be too large to construct as one coil. 

The plate coil support system must also be determined. The most difficult 

system will be the attachment of the radiant plate coil to the bottom of the 

hearth. These design details must be resolved in order to obtain an accurate 

cost estimate based on a reliable design. 

The plate coil materials of construction must be further evaluated. A 

composite material of Inconel 600 on the salt side and Incoloy 800H on the 

carbon side was chosen for this conceptual design. Other potential higher 

strength materials should be identified and tested to determine the materials 

best suited for the plate coil design. The material selection and testing 

must address fabrication, compatability, strength and erosion concerns. The 

plate coils located in the "cooler" operating conditons could possibly be 

constructed from less exotic materials and lower the overall equipment cost. 

The plate coil material selection testing can be combined with materials 

selection for the balance of the heat transport subsystem. 



Alternatives 

Several alternative furnace designs were evaluated during the component design 

stage. The alternates considered include; 1) direct contact, 2) rotary drum, 

3 )  fluid bed, 4) multiple hearth, and 5) multiple plate. These alternatives 

are fully described in Section 2.2.3.1. The multiple hearth design was chosen 
based on proven design concept and other advantages over the other designs 

considered. The most likely designs which would be considered, if the 

multiple hearth design hits a roadblock, would be the multiple plate and the 

fluid bed designs. It is expected that the multiple plate design would have a 
higher initial cost while the fluid bed would most likely have a higher 

operating cost. 

r- 

Plan for Resolution 

Several steps would be required to determine the viability of the multiple 

hearth design. These steps are listed in Figure 4-1. The initial step would 

involve laboratory evaluation and testing of potential materials of 

construction. Concurrently, laboratory tests should be conducted to estimate 

rates and operating parameters. These tests will also address some of the 

product quality questions. The information obtained from these laboratory 

programs would then be used to formulate a detailed preliminary furnace 

design. The furnace design would include the furnace structural details and 

the plate coil design details. The proposed furnace design would be verified 

in a pilot plant scale apparatus. The product quality would be verified 

during these tests. Various operating conditions could also be tested during 

this stage. Also, various raw material sources and compositions could be 

tested. 

Figure 4-1 is a flow chart outlining the plan for resolution. Each of the 
four boxes (A-D) represent a task. Following the flow chart, the chief 

activities for each task are listed on Table 4-1. 
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FIGURE 4-1 

CHEMICAL REACTION FURNACES 

PLAN FOR RESOLUTION 

B o Materials Testing 

o Platecoil 

o Laboratory Tests 

o Heat transfer rates 
o Product quality 
o Operating parameters 1 

C - I I L---------) 
o Preliminary Furnace Design 

o Platecoil design 
o Structural details 
o Heat transfer areas 
o Fabrication Techniques 

o Pilot Plant Testing 
e o Verify heat transfer 

o Verify product quality 
o Test operating conditions 
o Test raw materials 



TABLE 4-1 

DEVELOPMENT TASK ACTIVITIES 

TASK A: LABORATORY TESTS 

o Design and construction t e s t  equipment 

o Obtain materials for tes t ing 

o Determine analytical  requirements 

o Perform t e s t s  

o Evaluate resul ts  

o Repeat t e s t s  as  required 

TASK B: MATERIALS TESTING 

o Select potential  material candidates 

o Design/construct t e s t  equipment 

o Perform t e s t s  

o Evaluate resul ts  

o Repeat t e s t s  as required 

TASK C: PRELIMINARY FURNACE D E S I G N  

o Obtain data from laboratory t e s t s  

o 

o Determine heat transfer areas 

o Design hearth and furnace s t ructural  de ta i l s  

o Determine furnace and plate  co i l  fabrication techniques 

o Estimate furnace costs 

Contact potential furnace/plate co i l  Vendors 
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TABLE 4-1 (Cont'd) 

DEVELOPMENT TASK ACTIVITIES 

TASK D: PILOT PLANT TESTING 

o Build p i l o t  s c a l e  reactor 

o Obtain materials  for  t e s t i n g  

0 Determine ana ly t i ca l  requirements 

o Perform tests 

o product qua l i ty  

o raw materials  

o operating parameters 

o control  techniques 

o heat transfer ra tes  

o furnace design 

o Evaluate r e s u l t s  

o Determine e f f e c t  on f i n a l  furnace design 
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.#- 4.2 .4  Economic Considerations 

The economic hurdles to be discussed in this section are receiver thermal 

losses and controls and operating strategy. Additional reviewkesting of 

these issues could result in reduced initial costs and/or increased operating 

efficiency. The economic hurdles will be addressed as follows: 

4 . 2 . 4 . 1  Receiver Thermal Losses 

4 .2 .4 .2  Controls and Operating Strategy 

4 . 2 . 4 . 1  Receiver Thermal Losses (Reference 4 3 )  

The uncertainty of receiver thermal losses involves accurate determination of 

the quantity and source of lost energy. Current receivers, operating in the 

temperature range associated with electrical power generation, still create 

uncertainty as to the quantity of energy lost. Solar fuels and chemicals 

require receiver operating temperatures much higher than those utilized in 

current receiver technology. This increase in overall operating temperature 

has a corresponding theoretical increase in performance benefits. The 

temperature increase also significantly expands the uncertainty as to the 

thermal losses. Greater understanding of the lower temperature receivers will 
allow a more accurate design of the next generation high temperature receivers. 

Receiver thermal loss uncertainties create serious potential cost impacts to a 

high temperature fuels and chemicals facility. Reduced design performance 

ratings could require the addition of heliostats which are a significant 

portion of the solar plant capital costs. 

The large radiative and convective losses which are sustained by external 

receivers render them unsuitable for this study. As a result, a cavity-type 

receiver was selected for this high temperature application. 

The sources of energy loss include conduction, convection, and radiation. 

Conduction includes energy lost to the receiver structure rather than the heat 

transfer fluid. This loss is considered to be a small portion of the overall 

energy losses. Radiative and convective losses compose the majority of all 

energy lost. These losses are a function of the receiver temperature, heat 

F absorber area and aperture area. The complicated geometries associated with 

cavity receivers make radiative losses difficult to predict. The various 
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surface positions and shapes make reradiation an issue. Increasing the cavity 

size increases convective losses to the surrounding air. Convective air flows 

in the receiver cavity make convection and radiation difficult to separate. 

Often times the solution utilized to evaluate cavity receiver losses involves 

the use of an average emmissivity for the entire cavity. 

The most common test method utilized for loss evaluation involves determining 

the performance of the receiver and working backwards. This is done by 

determining the fluid temperature rise through the receiver and measuring the 

flow rate. The total heat absorbed is determined from the fluid’s heat 

capacity then is compared to the calculated incident power for a performance 

ratio. The losses are then simply the difference between incident and 

absorbed powers. A possible source of error arises as a result of 

theoretically calculating the incident flux across the receiver. Direct 

incident measurement with flux gauges in various portions of the receiver 

could resolve any contradiction between theoretical and actual incident flux. 

Evaluation of receivers according to performance ratings results in an overall 

loss estimate but does not address the specific sources of energy loss. 

Only through an accurate understanding of heat loss effects will the design of 

higher temperature receivers be realized with a high degree of confidence. 

Items such as accurate radiation calculations and a knowledge of forced and 

natural convection in the receiver cavity are important for design of high 

temperature receivers. 

4 .2 .4 .2  Controls and Operating Strategy 

During the design of the system controls and operating strategy an evaluation 

of technically weak areas was conducted. From a conceptual design viewpoint, 

no technically impassable issues in respect to instrumentation or control 

logic were revealed. This review did however, determine several areas where 

additional development could reduce fabrication costs and increase component 
life expectancy. The areas of concern involve instrumentation design, system 

logic and system integration. 
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F Instrumentation Design 

Compatibility with the harsh salt is the main concern in respect to hardware. 

Flow, temperature, and pressure sensors for salt loop measurements will have 

to be developed or identified from commercially available products. The first 

step to resolve these issues involves material development (see Section 

4.2.1). From that point, the important criterion will be long-term 

reliability. 

Thermocouple protecting tubes are available in various alloys including 
Inconel 600. Pressure, flow, and level sensors with a double bellow 

arrangement and NaK as the intermediate fluid may be satisfactory if 

sufficiently long pressure taps composed of a resistant alloy are employed. 

The non-contact electromagnetic flow meters (used for molten sodium) will not 

work with the molten salts since they are poor conductors, unless a traceable 

additive can be found. Another possible approach, developed at Argonne 

National Laboratories, is based on utlrasonic flow measurement; the flow 

sensor is a clamp-on type suitable for pipe flow applications. 

System Logic 
The system logic can be improved with failure modes and effects analysis 

(FMEA). This analysis should be conducted to define the failure modes against 

which system protection should be built into the system design. In addition, 

ways to mitigate the consequences of failure could reduce costly shutdowns. 

System Integration 

The system integration should be simulated to evaluate operation and control 

alternatives. This is especially true as a result of integrating a chemical 
facility and a solar plant. The simulation should be dynamically interactive 

similar to training simulators but; 

a) not quite as elaborate with respect to interaction equipment and, 

b) more rigorous to permit extemporaneous testing and debugging in an 

operation-like framework. 
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4.2.5 Ceramic Development Plan 

Materials must survive molten carbonate salt to at least 982OC (1800 F), 

but preferably as high as 115OOC (2100°F) to build a solar powered 

activated carbon production facility. It is not known what materials will 

survive these conditions for an adequate period of time. To define the 

economic feasibility of the process, it is essential to know how well various 

materials will perform, what is their cost for various component 

configurations, and how long they can be expected to last. It is the test 

plan objective to address the survivability of ceramic materials in the 

carbonate salt environment. It is noted that other material properties, such 
as thermal shock resistance, density, and strength also need to be considered. 

0 

4.2.5.1 Test Plan 

The objective of the plan is to assess the survivability of candidate ceramic 
materials in a molten salt environment consisting of roughly one-third by 

weight of each of potassium carbonate, sodium carbonate, and lithium carbonate. 

It is recommended that the following activities be performed: 

1. Selection of candidate materials for testing. 

The following tasks will be performed to complete this activity: 

a. Survey of literature to pick candidate material systems. 

b. Match and rank material systems relative to fabricability. 
For example, a given material may be feasible for a valve part 

or seal, but not for a tube length or a monolithic lining. 

Also, the material processing technique may have an important 

influence upon the results of corrosion testing. For example, 

a hot pressed valve part of a given material may have 

different properties than an extruded tube length of the same 

material. 
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Highest priority will be given material systems that are 

presently commercially available in the configurations 

required. Second priority will be given to material systems 

that, although not presently available commercially in the 

configurations required, are judged to have a reasonable 

probability of becoming available. Lowest priority will be 

given materials which, although not given a high probability 

of becoming commercial in the desired configuration, do have 

the possibility of being applied as a coating or liner. 

New/exotic/costly materials which are judged to have a low 

probability of becoming commercially available in the desired 

configurations and are not appropriate as a coating will not 

be considered. 

2. Procure/fabricate test specimens. 

Whenever possible, commercially available ceramic materials will be 

tested. More than one vendor source and/or material grade will be 

tested whenever possible. Materials not presently available 

commercially will be fabricated. 

3. Design Testing Apparatus and Procedure - The following tasks will be 
performed to complete this activity: 

a. Survey of literature to determine procedures and equipment 

that have been used previously. 

b. Design apparatus and write procedure. 

4. Fabricate/procure testing apparatus. 

5. Perform "short term" corrosion testing (982OC; 1800°F) ; define 

"short term". 

6 .  Analyze results 

a. Write procedure for doing analysis (parameters are expected to 

include wall thinning, weight change, physical appearance, 

strength loss, and change in microstructure). 

b. Perform analysis. 

C. Screen out poor performers. 
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7. Perform "long term" corrosion testing (982OC; 180OOF); define 

"long term". 

8. Analyze results (as 6). 

0 0 9. Rank materials for 982 C (1800 F) application. 

a. According to configuration 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

tube 

monolith 

large, simple (e.g., brick) 

large, complex 

small, simple (e.g., hot pressed) 

small, complex (e.g., hot pressed and machined or 
injection molded) 

liner or coating. 

10.  

11. 

0 0 Perform activities 5 through 9 at 1150 C (2100 F). 

Reporting - The final report will include: 
a. Results of literature survey for candidate materials for 

corrosion testing and for apparatus and procedures for 

corrosion testing of molten carbonates (or other salt 

systems 1. 

b. Description of apparatus used and procedures. 

C. Listing of material systems both considered and tested. 

Description of such material systems. Listing of vendor sources 

and cost data, if applicable. Listing of shape and size 

ava i la bi 1 i t y . 
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d. 

e. 

Details of testing and results (at 982°C/18000F and 

1150°C/21000F) , including abnormalities occurring 

during testing, and descriptions of analytical procedures 

and results. 

Materials recommendations for applications at 982 C 

(1800'F) and 115OOC (2100°F). These will be further 
broken down by listing of desired configurations and 

expected costs. 

0 

4.2.5.2 Task Descriptions 

Following are the task descriptions for the test plan discussed in Section 

4.2.5.1. 

Task 1: Prepare Materials for Testing - This includes a literature 

survey, a process of ranking materials, an activity for procuring or 

fabricating materials, and a machining activity. 

Task 2: Prepare the Testing Apparatus - This includes a literature survey, 
designing the apparatus, procuring or fabricating the apparatus, writing 

an operating procedure, and perform check-out runs. 

Task 3: Perform the Testing - This includes both short term and long term 
testing at each of 982OC (1800°F) and 115OoC (2100°F). 

Task 4: Perform the Analysis - This includes writing procedures for the 
analysis techniques that will be used and for doing the analysis after 

each test sequence. 

Task 5: Reporting and Making Recommendations - This includes reporting the 
results of the literature surveys, describing the apparatus, describing 

the test and analysis procedures, material descriptions (availabilities, 

costs, vendor sources), results of testing, and recommendations. 

Task 6: Program Management - This includes task coordination and general 
activities required to manage the program. 
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FIGURE 4-2 

CORROSION TESTING OF CERAMIC MATERIALS 

SCHEDULE AND COSTS 

L m n 4  CORROSION TESTING O? CERAMIC 
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F 5.0 CONCLUSIONS AND RECOMMENDATIONS 
The Solar Fuels and Chemicals System Design Study has provided B&W's project 

team a vehicle to apply their combined expertise toward evaluating both 

technical and economic feasibility of a new application of solar thermal 

central receiver technology. The project plan was structured to provide a 

balance of information requiring development to support the technical and 

economic conclusions which follow. 

5.1 Conclusions 

THE EXTENSION OF SOLAR THERMAL CENTRAL RECEIVER TECHNOLOGY TO HIGHER 
TEMPERATURES IS FEASIBLE. 

The carbon production process as originally envisioned required 115OoC 
(2100 F) carbonate salt. The inability to find a suitable containment 

material (ceramic or metallic) necessitated modifying the process to 

partially heat the spent activated carbon with gas. This lowered the 

required hot salt temperature to 955OC (1750'F). 

0 

At this intermediate salt temperature, the design of major components has 

not deviated from existing methods and design practice with the exception 

of the receiver panels. Co-extruded tubes (Inconel 600 for salt 

containment; Inconel 617 for strength) are used because Inconel 600 by 

itself does not have the required strength at these elevated temperatures. 

Existing corrosion and material property data generally support the choice 

of Inconel 600 as a salt containment material. However, additional 

corrosion testing is essential to confirm the selection and establish the 

required corrosion allowances. 

Additionally, although estimates of creep data for Inconel 617 have been 

made and are believed conservative, this property data must be developed. 
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AS ADVANCED CONCEPTS/APPLICATIONS MOVE TOWARD HIGHER TEMPERATURES, THE HEAT 

TRANSPORT SUBSYSTEM BECOMES A MORE SIGNIFICANT COST CONTRIBUTOR TO CAPITAL 

COSTS THAN THE COLLECTOR FIELD. 
- - - - - L - - - - - - L - - - - - - - - - - - - - - - - - - -  

Cost reduction effort in solar central receivers has historically emphasized 
development of low cost heliostats because the field was the major cost 

contributor. Benefits of this strategy are visible in this study in using a 

$60/m2 cost for stressed-membrane heliostats. It becomes obvious in 

reviewing the capital cost summary that the heat transport subsystem is the 
relatively largest cost contributor. This results from more expensive 

materials and design features to accommodate high temperature. 

Additionally, the carbonate salt was chosen as a working fluid due to its 

characteristics at elevated temperatures. This imposes significant 

restrictions on choice of materials for compatibility. Materials testing 

and development will need to receive the same high priority attention that 

has benefitted heliostat development. 

THE CONCEPT DEVELOPED HAS THE POTENTIAL FOR EXCEEDING THE HURDLE RATE FOR THE 
CHEMICAL INDUSTRY. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The hurdle rate is the rate of return necessary to attract investment 

capital to a particular venture. It is determined on the basis of risk 

and alternatives and is typically 12% for the chemical process industry. 

Our evaluation shows a 11.0% rate of return based on total costs and 

revenues and a 0% escalation rate (on feedstock, fuel, and product). The 

12% hurdle rate can be met if a 0.9% escalation rate OCCU~S,OK a 18% cost 

reduction in the solar portion of the plant capital costs can be realized. 

AS CURRENTLY CONFIGURED, THE SOLAR FACILITY RATE OF RETURN DOES NOT COMPARE 
FAVORABLY WITH A GAS FIRED FACILITY WITHOUT SIGNIFICANT ESCALATION OF GAS AND 
ELECTRICITY PRICES AND CAPITAL COST REDUCTIONS. 

After showing that the solar activated carbon producing plant could meet 

the 12% hurdle rate with modest escalation and capital cost reduction, a 

comparative evaluation was made to a gas-fired facility. A comparable 

rate of return can be achieved but only through the benefits of both a 

higher escalation rate (10%) and the achievement of all the cost reduction 

goals of the 1986-1990 Five Year R&D Plan of the National Solar Thermal 

Technology Program (Ref. 4 5 ) .  This combination constitutes a very 

optimistic approach to the overall solar/fossil comparison. 
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r" THE GRANULAR ACTIVATED CARBON (GAC) MARKET FORECAST IS CHARACTERIZED BY SLOW 

GROWTH AND UNCERTAINTIES. 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The GAC market is projected to grow at 5.6% through 1988 and slow to a 

longer term rate of 3% through 2000. The "most likely" environment 

suggests that existing capacity will be underutilized through 2000. This 

increases emphasis on cost reduction and energy price escalation to 
justify continuing development of the process. Uncertainties are a result 

of unpredictable worldwide energy outlook, legislative changes affecting 

the environment and technological advancements in competing products. 

5.2 Recommendations 

This conceptual design study as originally proposed was the first phase of a 
multiphase program envisioned to bring the application of solar central 

receiver technology and chemical production to commercialization. Subsequent 

phases included: 

o Advanced conceptual design 

o Bench scale laboratory tests 

o Component design and development 

o Subsystem research experiment 

o Pilot plant 

The activated carbon production process was 

intensive process, it required improvements 

economic potential, and it was amenable to 

solar facility. The conclusions reported 

chosen because it was an energy 

to existing technology, it had 

frequent startups/shutdowns of a 
in Section 5.1 alter the above 

scenario for development of this process. Recommendations for continued 

development follow. 

A DECISION TO CONTINUE DEVELOPMENT OF THE ACTIVATED CARBON PRODUCTION PROCESS 
SHOULD BE BASED ON AN IMPROVED OVERALL ECONOMIC PICTURE. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Although the concept has been shown to be technically feasible and it has 

the potential for meeting the hurdle rate for the chemical industry, it 
does not currently compare favorably with a gas-fired facility. A 

significant escalation in gas prices and/or decrease in solar plant 

capital costs are essential to improving solar's economic position. 

Additionally, the market forecast projects only a small long term annual 

growth ( 3 % ) .  The forecast may be significantly impacted by environmental 

legislation, technological innovations, and the projections for energy 
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growth. Based on the current economic picture, development of the solar 

powered granular activated carbon production and regeneration process should 

be discontinued. 

EVALUATION OF FUTURE SOLAR FUELS AND CHEMICALS APPLICATIONS MUST CONSIDER THE 
IMPACT OF HIGH TEMPERATURE ON THE PROCESS AND THE PROCESS ECONOMICS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

This study has concluded that the solar heat transport subsystem capital 

costs have become the single most significant contributor to the total 

plant capital costs. The advantages of higher temperature operation to 

potentially improve system efficiency and the basic need for higher 

temperatures to operate a fuels and chemicals production process must be 

balanced against high capital costs which could render a given process 

uneconomical. caution must be exercised in choosing and evaluating future 

applications of solar energy to fuels and chemicals processes. 

EMPHASIS SHOULD BE PLACED ON PERFORMING "UP-FRONT" ECONOMIC EVALUATIONS OF 
FUTURE PROPOSED FUELS AND CHEMICALS APPLICATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The economic results of the study of the production and regeneration of 

activated carbon indicate the need to place emphasis on "up-front" 

economic evaluations of other potential fuels and chemicals processes 

prior to embarking on preliminary conceptual plant design studies. Using 

the base of technical and economic information developed in fuels and 

chemicals economic studies performed to date, "ballpark" economic 

evaluations of other intermediate or high temperature processes can be 

made to estimate their economic viability, prior to proceeding with a 

preliminary conceptual design study of a given process. 

Should the decision be made to continue development of solar fuels and 

chemicals technology, the following recommendations should be considered. 

ADDITIONAL BASIC RESEARCH SHOULD BE PURSUED IN THE AREAS OF SALT CHEMISTRY AND 
MATERIAL COMPATIBILITY 

Existing corrosion and material property data generally support our design 

selection decisions, but the data base is not sufficient to proceed with a 

more detailed design phase. A broader data base of carbonate salt 

properties is needed that includes salt stability characteristics at 
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elevated temperatures. Corrosion testing of a wider range of candidate 

materials is also needed. These tests should include effects of altering 

the salt chemistry and the presence/absence of oxygen or other cover 

gases. Methods of testing must be rigorous. This testing is essential to 

the pursuit of higher temperature systems using carbonate salts. 

SPECIFIC COMPONENT STUDIES COULD BE PURSUED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
While efforts will continue to identify potential new applications for 

central receiver technology, specific component studies could be pursued. 

Based on the selection of an advanced heat transport medium for high 

temperatures (e.g. carbonate salt), component studies on receivers, 

storage tanks, and pumps and valves would be timely and valuable if geared 

toward cost reduction goals. The viability of central receiver technology 

will ultimately be decided by economics. Such studies could be pursued 

independent of the chemical process. 
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