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(57) ABSTRACT

A method, apparatus, and system for a solar-driven chemical
plant that manages variations in solar energy are disclosed.
Some embodiments include a solar thermal recetver to absorb
concentrated solar energy, a solar driven chemical reactor
contained within the solar thermal receiver, and an entrained
gas biomass feed system that uses an entrainment carrier gas
and supplies a variety ol biomass sources fed as particles into
the solar driven chemical reactor. Inner walls of the solar
thermal recetver and the chemical reactor can be made from
materials selected to transfer energy. Some embodiments
include a control system that may be configured to balance the
gasification reaction of biomass particles with the available
concentrated solar energy and additional variable parameters
including, but not limited to, a fixed range of particle sizes,
temperature of the chemical reactor, and residence time of the
particles 1n a reaction zone in the chemical reactor.

Feed System
Schematic

——
(18 ports) Gasifier
Tubes

Vent Valve
“ Open

Pneumatic

Conveyvin
604 ying

Injector Vessel |

2,000 Id/h/tube | |

Rotary Feed System/Screw/Auger




US 2010/0242354 Al

Sep. 30, 2010 Sheet 1 of 9

Patent Application Publication

9Cl

obel01s
9UI[OSED)

144’

uoneledsas
10Npo.Jd

8Ll

obrli0)1S
sebuAg

L Old

Ll

UoIssalduon)

9Ll

SISaYJUAS
|JOUEU]SIN

A

4%
uoljeladnoal

129 9)SBAA

801

IBAOWBJ USe
pUR dN UBd|d SEN)

¢Cl

SUI[0SEN)

O]
|OUEY]SIAl

0cl

obelo)g
|OUEUI9N

|01JU0D
901
I
IsllISecs)
Q IADY JB|0]
0Ll
SOOIASP pue p|aly

JO]BJJUBJUO0D IB|0S

14 0)"

4

05U >

buipas) sseuoig

cOl

obei0ols ssewoig

001

PEOIHO
pue uodsuel |

buipullo) ssewolg




US 2010/0242354 Al

FRE R 1 r =k SN St
comTe e e e e e .
aat A A - !
O I I R I N )
P LR TLTLar AR -
I A . R
. L [l L P
ST U e e et PR
L - - e e e e - -
e At T T T T T, .- -
rm Ja. S - e - P -
B N R N SR IR - -
I e P - R PR . - .
e T .- R s
el SRR L L L et
et Mo R e - - ._.lulw L N

T

' -:h"
'l
N

- * & F A FF A F PP AEFE PP

rroror 1 d_+ & .o e = . . r_m Ll
AT . . ..__1.-.-.-.......-...-._....-.._....-.. o L .1.11...._.___.1___..-.-.”..__.._....._.”._........_._....-._.._._.._....._.-........_.._.._. R S ] e
e, DL e T LT e e e TR e e 4 i,
raTn --..-..-....-L._.l.l__-_‘.__-_‘... .........;-.-1 R e i I R i rae
Tt ...1.._-.-_.“ e .-.-U.-U_-.-.... 1“"111. -t 4 ..._..__._......__._...._.+._.-.“”...l.-nil-\.- SO
s e s A MR AR i e . .-._.._.._....._........._._.l“._.‘ o kb A
-.“.l...._.- . I N ] " . - b bk
111-... " . -.I..ni.l 'l + Fa .
, SRR R
. L q“-..l.l.‘-l“"l.‘l lA““W.‘..\ -.—. 1.—. 1—.1.
- - a+ F 4 4 d + FFFral + + 45 1 d r+ F -
R R e Xt e
T L L LT

IR IR

L. -.l.‘ F
. rr T - - e -
- LI -.l...—_..1.—... L '
[ I T FEF R+ b - e e - o
- f o i e e e ek M aa aa . . -
’ _.“.v._.-_. - B P ’ o
...l.-_.||.1+1++____.._..._.__+.__l-..- A N W o
.-.1..--_._......._.-._.._....._.._.-.1-1.-_...‘- R e 4 - 1 r FFEFFDR
' e R M N N ™ - . r L e
e e e e e e ll.q_..-. - = F F r . C T N -t e
- a A ma m 4 Ak aaw mm e . . . e A A e d Ak
SRR R LA MO e LT T S ....-.“.-._........_....__......_.__._..-._.n!.
e IR T EA DADENIEAS
- U M IR AR e e T, . SN DEMCRE )
- .._..”.....- LT [ e e - = - el e e
EEL . - LR I
=N et .-l".‘l-lllh taly,
. .....-.-..-l - a [ T,
-+ . - T R R
-.-..—.._._-... .inn._.-.. Lt -
-.- - RN
st e e . -2t Tt
[ R I A A .= - rr 4 4}
. wr =" - rrr e e 2T
AR LI . - rrr b F-++Frrnm
o, rr s N N
. A d A ...._......-.-._. 1R+ + + 8 F 4 58
LR R R . ) L ., ......_.“-.__-__......-._.._._.._....._.-._...._._..__._.-
LI + 4+ 4+ PP A AT
C LI I D NG I O B
LR N N N D
L rairr i rrrr PP Prra
L RERE e N I I N R A
+_+ Ll - LI I N ) L e
e e e e e e T T T e e
- -’ - LK .-.I.-. -..._.I ._....._..-.1-._._..-._.!. l-.llil_....-
rrr TrT s A Trrrr . - = T =1 TErmras -
LAENE N O A4 FF AP da LAL a & ..-1+._.._..-.-.-l.-1.-l1|-
. r e a s . . e da - W, - i Tm
1+ + ...1..-.-“._..-1-..-11 | N B R S FEA A A E i
amaa m a2 aala - - P m s s s N R I aamam
LI L LI LI R TR Cetatata et e LR RN ._......._.._.._.1..
LA L) L R A W - b P A e
- - - T e T T T Arrrr
CIE BN BN
LI S K] PR ....1._.1-1..1.-1"_
._._.,p....-....ﬂ-

“ .
. [ ' B M L
: N e !
LK ._.-1....._. -
.t et

A
l—.
.

QRS
)

-
‘.—‘i“-.‘-‘ F .-‘.1 at ‘iaiiﬁ-‘mi.—iiﬁi.—-l
[ ]

1Ep ey
+._..n1._..._.._.l

LR ] ]
1 LRt O O L ]
ll-.._.._..q-.__ .

o Frra

C e T B BE E R
LI B B B N )

+m

Sep. 30, 2010 Sheet 2 0of 9

R R _mmwﬁ“wmm“““”ﬁm R .. ..ﬁ?
..... T e e PG
“r :.,.,.,...‘.}.:..,.:i,.,,.,,.,._.,..".muﬁu_v. . - ”,”. Nt el et 5.....:.“@% %ﬁ\. :
- o e 1& ﬁ i G
2 delnne = % ..\..x %.\.w T i
: s \xﬁ K
: o, RSN

]
Ca
ar
" ] i
r ot .
M “__..u_....________u."..
A [
- a
BN N A A
LR e A MR ]
Fra e R s e r
FAa 4+ FEF T -4 T r
A s mmaaa s e aaa Sl
P .._._.._.-“l.-l.....__._. e
N N e L ) T
FHE 44 e LIL
L] Foro-
m s m moEm EmEm EE & aaaa . .
- m II H -l“ll-l-ll l-l..l._.l._.-._.-ll-l__i.-l._.-._...-...—._.q.
P a rror B e B B B AN M S
. = rr T Fee e Frp g F g e Fyp p g fra g a g  rrra g g g p g p g d ¢ d FF+++ F L FFFEYE -+ 4+ FFror -
B ] e P e e e e R R
s = F kAR ll-_-_l_-.l ' dPF PSS =4 FFEFrrrr 1 FrFrFrFrFr FrrFrrF ==
..... PR I I T i
s = rr AR -_1."1.“-_“-_1.11_ A B4 P+ A+ P rr o= = - - - = - - - = -
...||.1—.—.iul ) l- l-l-iliiiini_i—.—_—. —..1—.:1.|.| .....................................
e e e A Fa RN rr E R AN AN AN N ) EE PR SRS B REFFE « o mm e s L T T Tl
ST - . . mwmErrr - r e e 2.
. L] L I I R ..
nm s e e
. LUt el e L I I R R e SR ..
L . i L N D D N D LR APk E bk r_ s = m - I

203

FIG. 2

2006
Multiple tube reactor

200

Control
system

Patent Application Publication



Patent Application Publication

OO
S Ak k4
B

1 + + + + + +

ot F

-

F

+ +

i-*i- *

+ +

d & &

LN

L]
1 4
: o
4 &
L ] -Ii-ii
- -k
- -illi
- i‘.‘i
L ] . ii‘i
L] -
- L] -.l
L] . L]
L ] L] [ ] L]
L ] L ] L] [ ] L] - L]
L] L] L] L] ] Bk kR EER L] - L]
L] ] L] L] ] L] ] L] . L]
L]
- & LI I ] l‘l 1] I‘I L I‘h L[] I‘I L I ] I-.l 1] I‘I B E kR bk I-II kR Ok k I‘I L ] -
L] L] l'.l L] ] [ ] L] L] ] L] ] L] - L]
L] L] ] L] L] L] ] L] ] L] L]
L] L] ] L] L] L] ] L] - L]
L] L] ] L] L] L ] ] | B I IN N R R RN RN EEERN N l‘l L L]
[ ] L] [ ] [ ] L] I‘I [ ] I-I . - L]
L] ]
-.l L] I‘I Bl EE R I-.I [ ] I-I L I‘I [ ] I‘I L I-.I [ ] I‘I EEEER IR I-I EEEE LI} I‘I Bk h kR bl EEER -
L] L] ] L] I.I I.. l.l n u n . n ] ™ L]
[ ] L] [ ] [ ] L] n | | n | | n [ ] L]
[ ] L] [ ] [ ] L] n | | n | | n - | | - L]
[ ] L] ] [ ] n n | | n | | amm l-l EEEEER l-l L
L] L] ] u n n u n u I.. : l.. : I-I
[ ] I.I I.I n n | | n 1 [ . IJ A i nn | . | [ . - n
n u n n u l‘l.- n
n u n n u h - n

o ‘d"ﬂ'
.
o

e

~-r{ﬁ%ﬁ:ﬁ

2

Concentrating Field

3
F
F

o
F
F
F

+ 4+

+ + + +

L

e

_::"-.%-L. -l‘::-,"-:-, e

G

1

L

SRR
SR _:.,&_:-, Drm
2

S

[ ]
[ ]
-
-
-
[ ]
[ ]
]
]
]
-
[y
=
]
]
IIII‘IIIII
L]
=
L]
]
-
LN
=
]
=
L]
- L]
] L]
-
LI ]
]
]
L]
LI}
LI |
LY
L]
=
"I
L]
-

r
Bt

4

4.+ + + + + -4
T Ay T Ty

Sep. 30, 2010 Sheet 3 0of 9

-

Pl AN

4

7

- i
T .
+ + +r ".‘.h.
AT T,
R -+ ‘ﬁlh:
T 5 i"q.l
1+ - ""'-.
- S
4+ - ."‘..
aa P, SN
4w - "'-.
et LA
* 1_1-‘_1-_1.".__!
o + i"q___l. -'I-_‘.I
S + i.'q_-.l -i‘“l_.-
i + ay e
uh + uly u
:-:- " .
S ot
.
-
e
-
A
-k
Aty
LY
w
Y
v
-
wa

-
LI

LIL TN BN O I ]

u
n
n
n
u
-
-
-
n
u
u
u
n
-
-
A
T

1
a

LI I
e
a

'!.3.

o - o -_.:'::
R
]

e s

o+ F Jd b+ F 2 FFFERFFFRTTPF

i
2

m

i

i

AP LAY

L]

4 4

#4444
r

‘1+Ill|1'll
+ 4 + 4

n
=
L

e

A

LA
d o P

-:_%:

F

S,

*

FFsF S FERF
[ ]

“oe
i

-
* h

-
-

Ty,

-

L]

3

IR,

-t

-
A FF AR P FFFFFFFEFFFFF I I I EEEE R R R R

Bk EE bk FEEY %% kYT RN
- - =

W F PP

e

d # F F & FF /A d FFFFFFFIFFFFFFI I EEEEEE RN

- or
# # F F FF I FFFFFFFiIiFrFssEsiI i EEsEsnm7?_s

R NI : :
NN A
: SRR X
B ‘::w..,_ % "'-..
ib.;:‘“:% :.,.;:: s

TN

e
e
5 ;.r::”
5%

.,
ol

‘i

e s

AR
%
lI:‘ll-llI

o
7
ot
/s

]

r
R

Z
R
2%

A
L
+ +

rd + F &

T

+

L)
L

CErr

304

S 2010/0242354 Al

Concentrating Field

4

l'.‘llll

r B £ 4

+ + + k4>

LN B B I W]
-

* -

-

L R

F

+

+ +

L]
F

L
L
aa a a
L
l"_i'

L
*

LN
F

i-*i-l-i-




¥ Ol

US 2010/0242354 Al

Sep. 30, 2010 Sheet 4 of 9

Patent Application Publication

[sucull 2215 23109

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

(LUUOYUANY 061) S19|19d .74 MBS 8OIY e Jore

(BUUO)/UAAY GE) SWB)S SNYIUBISIN ——

(BUUOI/YAY) medrs 921 paddoyd-aliuy - -ix -

(SUUOYUAAY Q) MBS 921) paddoyd-ajiuy| ==

uaadis | g/1 fm
Wd4 85107/ ™
NdY 0SLT @ 1IN, b

[l g N R bt ol o B T g i N e g g i g G B s R R R e it ol o g S g g g G aE E s R ot ol o g T N o s g o N B e e i ot o e S i g R G a a a  J

T = - G W
©w PP S= T ...1...1...-...-|-|-|I|l|.l|-h.-ll|.l|l|l| ettt l.-l am ..‘. ) y ' r e rr rrs - = - r - re - 1..!.”-”|. - . r ._,...ﬂ.”.”.- - —— == ..””””.._.. -I ! l.. e
. . A A m e et A T =~ e v " S ol L N K Kk K N B el K & 5 N K K Deoaa N K. ... L Jr..q._-_-_...?.
_..._...___rn. .q.._“_mnu.. =

UoINGISIQ 9IS 3313ked dAKEINWND

[%%] uey) Jgjjlew S jusdiad 1ybiapp




US 2010/0242354 Al
502

..................................-.....|.||||||||.||||
...... qqqq_.qqqqqw-_._.qq44.-...._.._.._.+._.._.._........_.._.q-qnlnnﬁ1--llllll-lllllllu.l!uﬂuﬂn
r-rrrrrrrrrrrrrtbrrrFFEFEFFPFYETFFTIELI TIPSR AT TSP ddda A d a0 N EN NN EEE N

n
ol
ol
LI |
ol
d o o
a
aa
'
r
= 1
. .
.I u
-y .
: 1 ' .- 1
[ Ll . - [P
B A a A Ea a A A . -
£ Ay ) r L e
t & R N A R
- A N A A N N N N N N N R R e T S o
LR ﬁ“-. SR EESEESEEEESESESESEESE S S AT E T TTLTLTL " e e e e e e e e e e e T e e e e e e e e e P o
. - P R E R EEEE O T T Eall b
] % - - s m m = & a a a o a m m x a a a x a om om o F F oF F ¥ ¥# *  * ¥ + + + * ¥ + F + + + + F F F - - r r r r r @ = = = = = = = = = & & = & & x = = = .
- 1HHH.“‘ll“l....l-......-I‘.....q.l......qq.....TfT++ H N NN N NN N K@D FNENFN N NN P®E F F FFEFEEFEPEE TS 4 R F O F 44 T - . . . - .
-
a |

= R R R I T T R e I L R L L e Y F > r r oo & B F o & & b o o F B A E 4 4 4 d d & S & & d d d d aa
i+ d

F BT HEEEREINaoy TR

(.
m

N R NN FE NN ENFFFEFN ; N ----L..---L..----L..----..L----..L-._..-!..!..-..I..I.-I-I._.I.-I.-!..-....-...I...
llllll.llll_..-..-___l......_l.-_l.-_l...l...-.._-”H”l.____l.”l”l.”l..u.lnﬂﬂH....q.”l.”l”l”l...l.u.l...H”H”-”l”l”-”l_u.l_..-”-”-”- ”l ”-”l”l”-”-”-””. ‘' -L\“\‘\\A\\\ l\l\‘\ _“.““.““."“.“U““.“l.“l.“l“l“-.“_..“-.“...“...“l.”_-.”i.”...“ﬁuﬂ”lﬂaﬂl”lﬂlﬂiﬂl”.ﬂ”.ﬂﬂlﬂll.lﬂiﬂlﬂlﬂiﬂ.iﬂ.iﬂlﬂlﬂ "o o o L

ol o B & e b b b o oo & e o b b b o & b e d bk B FEFPFFFRFRE S P TP RPN AT
o o ol o O N W N d d d W B A S A d d A d A A S dd A A A A

n _.- l...-l"-“.l li.u.-q.-ll wom
. - e %hl\hﬁ. %&- - ILEU LN LR N LR N L L R R B R R N R T i I N T I I S e e L A LR o P P e 0 o e e e e - 1--1-l-—_.l.__.l._..l.-_l-_lrl_..-_.--...-n_...l....l_.-..l_ - A R AT AT ' ; h
- . .h..l-!.l - R I I I N O e N I RN
ll llilllxh e e e - .-l_l.-_.-_...._..._....._.-._.l..-_..-......_.-.-.-.............-...-...T._.._.._.......ll_
‘.‘ .ll.lr.lr.lb.-h.ﬂb-.h-.l.ll.ll.ll.llhlhlhlLI-II.I.I.I.Il-l‘lll.l.l.l.l.-..!‘l‘l e e e e _.1”.-1.”...-...-..._-.._-.._. I-.-!i.-..-.i.i.i.i.-.- 1&IE.L.‘.I.I.I.II-.!.II.I.I. - _“ _l‘
r . ) K- 2 LIL .II.II.II.I'.I..-l.-i-—.l-—.l.I.I.I.I.rI.fi._.l.—.i.—.l-—.l-—.I-.I-.IrITl—.-—.-—.-—.- [ N ] _ el ]
llliiiiiiill‘iifiill‘it'.-1-1llllll1-11|-ll.

a ol ol @ @ & & 4 @ o o & h 6 b i b i d u A A A S

CI O T A I P R o o e e e e R I e e
AEA A A A e e A N e e N e e e e e e e

'
- Lﬁ\ﬁ‘. - =-r r r r r °*r*rrrrr r r rr*rrrr r r rrrrrrrr r rrrrrt
r - - 1
. e e e R .
o LI L‘_.___I.III. e = & & & b sk & H N & 4 4 A d E E E N S 4 Jddd S 8 S S SdddddSd S SdddudoTFFFF P dadd
. -+
!

- -
e m m m m s & & - T F rF rF F " F - - rF o TF - T T T ™ + + % + o+ w w = + r r r r F F F F F F r F =
i h."l.....l"l....."l..l..l".......".......E
r k ‘r

W B N b i k& o8 Bk kM d @ M o N B W @ d i d e B A A A d il A M AR AP B R R AR AR
- Ol ke b W

e e e o L A A LSS L L LA LS L LA A AL LA LA A LSS LTS LTSS LSS LA A A LS “

.IIIl....l-‘-‘.‘.‘.‘.‘.‘.‘.‘-‘l““‘l-..‘l -+ ¥ ¥ + + + + + + -
H E = m E N N Jd

ARAAOAAEEAAARESAAAAARRAAAAAAA S S ARSI ‘
I.I...-IIIIIII-IIIIII--IIIIII--II_- i C N A R R Lkl il i il b il e nh il il it it ol o

1) LN N T T MR U D N R I S R R S U R Rl
¥ FrErRErrESEFESR RN F N NN N E NN CN N F NN NN A K B A o
i A L L T L L S LR
== s s s == = = = = ++ +++ ¥+ F F FFFFPFr e Frrrr rrr rrrrr - = v = = = = = = = =
L LT T T T LT LT T T T s LT L s e e e e T T e e E T T e e e e T T Tt T T .
r r - - - - - - - - - - - - + 4+t + 4+ FFFFFFEFEEFEEFFFrDP PR = === = = = = = = = .o .
LI Y - . [ ] P *» =  Fr Ff r r ®*» F¥ * = r r r r r ¥ F " " r £ r r r *r *¥®¥ = ° r°r °r r r r*r rrrr= = + + % =+ =+ % % + += + F F F F F F F F r r r r " Fr F PP = = = = = m = = = &=
- - - - - - F r - - = = - - - - - = == = . + + + I % # F F F FF F r e v r r - - = = = = = = - === = =

]
[ ) /
a2 . s oa - a
.‘_ I‘lllﬁu _hkl-_.
- K h“
3 + o B & 4+ - + ¢ & + 4 F F 4+ & & B 4+ -+ & & 4+ 4+ B F P F P F F R E F F F F F B B B R_F

Sep. 30, 2010 Sheet 5 01 9

T 7T
1 7 7

L]
LI
L -
L R B R R .
f ]
-
L}

17 2w + F AR EROR

CHEN P " r SR
T e R g : o,
A S Al s oy S | T
”|" . r l-..”-q.- - '
Sy .
_ ’ o -
l.l ﬂ- I-.I-I.I . ....._.h..q. .|l.. .
: e, LT, T
" "n"n"a ll.[_-_. .|+..._. .l.._..._.
am e el A . o
ey e T L A
i . e e e T e Y
llll---ILLL-h---h-....-u...-IU-L-. ) Coe e --,...-1 .\m
.xill llll---llllllllllllln--ulll.— l‘l.l1 ..... St R s T e . __.-
!.-...-I--l.llllllllll.llllll‘ll“ ‘.. et [ T ] .ll-..............l--.............l--..... ..... .‘l-.! .. Iq
el e T
l-lh.‘n--lllllll.-.-lllilii-.- ll1.- L T - - =

%lhll...ihhhhiiiii
s

R .
El. N A R A R S R R M o .-.-.-iliiiifi.-.-..lu-. T iy .
L..wam\x R s ._”_.w_”_mm”_m_m_m_m_m_m_mﬁmm._”-.-.,-,-n.ﬁﬁ.w.w

B B &
[ 1
L ]
k
| ]
| ]
| N |
[ ]
| N |
[ ]
h &
| ]
L R |
L ]
LB
L]
= = % %
- L]
L Y
L1 L1
L]
L L]
L L
L ] L]
L ] L B |
L] L]
L | L B |
L ] L ]
L ] T %
L L]
- L R |
- L]
- 4 +
L]
- m % 4
-
LT I
+
L I
+
iil.i_l.
L |
tq:'i'
1'%
'h:h
n
W 1
N
1
L]
1
+ 1
r -
L
1
= = 1 -
o -
- oa -
B oF o .
= r .
L WY
4 + &
\\l-‘-:.
.
L |
= r
'*
"
-t
+

L O O o o B S e e

l.l]. L 11111**._.._..-111++++._.¢‘ﬂ‘.. rF Faa
4 F o oF B B A A F F F - F R R+ o+ o+ AR .11. r#& # &2 &
hlliliiiii..........-..lii...+++....-..l1l‘1 ] [ ]
4 o F FF P E P F PR FPEFt A+ R F -‘..-.-........--...11+II ] -
..-.l A F E R R F S E R R+ + + FFF F .!‘...u-.........ll_....-_.lll
-ll O F R R F B F - E PR+t F+ + FF B LI I e B R B I | -
a O O I R I I T N N N T T L e T I I | ]
.-.- O I O I T I e L A N A A A N S | e e
O R I I T I I e T R T R A I A T " 't e o I | -
O O N N N R N W N N Y B e N
. L A N N N N N T = 1 1 o= 2 0 0 0 o g B RN
N R R R B N N O R R I i O i T R T N B R I ) -
R R I N N O I I N R N | -
l!-.i_-_....-.._-_-.__.__._._______.._..__-__-_. P e o m o m A kW
" !I t T T T T T+ ++t T+ + XL T - s - - - - rt tFTH -
L fFrTT+TTFEFTFFTTL+ETtT T rm, - - - - rtt+r t+ T+t -
n L N U T L T L e I 3 R
E...-._.n._.¢1+++++++¢ ..-1111._.-.“-\. -
[ T R A o B I T T Y - P+ R
-ﬂl.‘l.__.l.-......................-_ - _.__-_-.l.lx.
i l‘.-..-....._-................-. C— r 1H -
* L

Patent Application Publication

FIG. 5



US 2010/0242354 Al

Sep. 30, 2010 Sheet 6 o1 9

Patent Application Publication

sagn |
JaljIsSen)
_m:n._.;__uc_

EQ O[]
¢09
1abNy/maloS/WBISAS paad Alrloy
_ _ aany/u/pl 000°C
909
_ <
_ mc:_c =
9SS
_ _ | Alddng sen
JuswiuIeiuUg
_ e |9SS8A J0)08(u] BUIASALO SNONUKUOY
_ _ ) _mmw®>
buiAsAuo) V09 709
_ J1BWNdU _ —C
uado : ]! h..
_ _ PAEALEA — uadQ SAJEA
_ aoueleqg
_ (s1i0d Q1)
_ lepids peg-ping | T oec—  —T—  — |

' T09
m:_uc_._o
J11BWaYIS a L

L91SAS poa ,r A v/»
009




Patent Application Publication  Sep. 30, 2010 Sheet 7 of 9 US 2010/0242354 Al

\ i W UL .‘

Recelver
and Reactor tubes

Rate control mechanism i1.e.
Rotary Feed System, Screw or Auger

006
Figure 6b

"

Feeding

Vessel

essel 1
onveying

vV
C

N

I
\/
A

Y
-
©

604
Entrainment

Continuous
(Gas Supply



Patent Application Publication  Sep. 30, 2010 Sheet 8 of 9 US 2010/0242354 Al

800 \‘
Biomass particle /

|
-
-“'-.-.-.
.
4 W.
.r"l--..--
."l.---r
S
f') "
\ \____——)7 C t t' - |d
H .
,_-"--.--F-:-'"--.ﬂ\-‘/l
____E\H 806

¥
mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
----------------------------------------------------------------
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ h B B B B B B I B Bl b B B e B B B B Bu Bh B B B B B B Bo B B
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ ‘m “n . “m "= "E"E"E s "E"E s s "m s s "m"m
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ “m "m "= "m ‘m "m 'm " "m e "E"E"E e s "m s m "z "m"m ‘= "y
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ “n “m "m "= "m "m "= "E"E"E s "E"E s s "m s s "m"m
hhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhh
555555555555555555555555555555555555555555555555555 g e e
I . - - .- I ]j. -
s "m "m ‘m ‘m “m ‘m “n “m "m “m " "m"m “m ‘m "
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ

‘ | .d I I
[ ]
[ ]

FIG. 7



Patent Application Publication  Sep. 30, 2010 Sheet 9 of 9 US 2010/0242354 Al

( Start )

v

Biomass Grinding
900

’

Biomass feeding
902

v

Gasification
004

'

Chemical plant/refinery including Fuel Synthesis
906

v

_I—'_'_'—\_\_\—\—
P T

( End
“‘m,________ﬁ_f_,f’ff

s

FIG. 8



US 2010/0242354 Al

SYSTEMS AND METHODS FOR REACTOR
CHEMISTRY AND CONTROL

RELATED APPLICATIONS

[0001] This application claims the benefit of both U.S. Pro-
visional Patent Application Ser. No. 61/248,282, filed Oct. 2,
2009 and entitled “Various Methods and Apparatuses for Sun
Driven Processes,” and U.S. Provisional Patent Application
Ser. No. 61/185,492, titled “VARIOUS METHODS AND
APPARATUSES FOR SOLAR-THERMAL GASIFICA-
TION OF BIOMASS TO PRODUCE SYNTHESIS GAS”
filed Jun. 9, 2009.

NOTICE OF COPYRIGHT

[0002] A portion of the disclosure of this patent document
contains material that 1s subject to copyright protection. The
copyright owner has no objection to the facsimile reproduc-
tion by anyone of the software engine and its modules, as 1t
appears in the Patent and Trademark Office Patent file or
records, but otherwise reserves all copyright rights whatso-
eVer.

FIELD OF THE INVENTION

[0003] Embodiments of the invention generally relate to
systems, methods, and apparatus for refining biomass and
other materials. More particularly, an aspect of an embodi-
ment of the invention relates to solar-driven systems, meth-
ods, and apparatus for refining biomass and other materials.

BACKGROUND OF THE INVENTION

[0004] The substance/substances initially mvolved 1 a
chemical reaction are generally called reactants. Chemical
reactions are usually characterized by a chemical change in
the reactants, which then yields one or more products. Bio-
mass gasification 1s an endothermic process. Energy must be
put into the endothermic process to drive the chemaical reac-
tion forward. Typically, this 1s performed by partially oxidiz-
ing (burning) the biomass 1tself. Between 30% and 40% of the
biomass must be consumed to drive the process, and at the
temperatures which the process 1s generally limited to (for
eificiency reasons), conversion 1s typically limited, giving
still lower yields. In contrast, the proposed solar-driven biore-
finery uses an external source of energy (solar) to provide the
energy required for reaction, so none of the biomass need be
consumed to achieve the conversion. This results 1n signifi-
cantly higher yields of gallons of gasoline per biomass ton
than previous technologies. As the energy source being used
to drive the conversion 1s renewable and carbon free. Also,
chemical reactors are generally engineered to operate at con-
stant conditions around the clock, rather than on a cyclic
basis.

SUMMARY OF THE INVENTION

[0005] A method, apparatus, and system for a solar-driven
chemical plant that manages variations in solar energy are
disclosed. Some embodiments include a solar thermal
receiver to aligned absorb concentrated solar energy from one
or more solar energy concentrating fields including an array
of heliostats, solar concentrating dishes, and any combination
of the two. A solar driven chemical reactor may be at least
partially contained within the solar thermal receiver. Some
embodiments 1include an entrained gas biomass feed system
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that uses an entrainment carrier gas and supplies a variety of
biomass sources fed as particles 1into the solar driven chemical
reactor.

[0006] Additionally, some embodiments include a control
system. The control system may be configured to balance the
gasification reaction of biomass particles with the available
concentrated solar energy and additional variable parameters
ol a fixed range of particle size, temperature of the chemical
reactor, and residence time of the particles 1n a reaction zone
in the chemical reactor. This can allow for an overall biomass
particle conversion remains above a threshold set point of
substantial tar destruction to less than 50 mg/Nm 3 and com-
plete gasification of greater than 90 percent of the carbon
content of the particles into reaction products that include
hydrogen and carbon monoxide gas.

[0007] A feediorward portion and a feedback portion of the
control system can be used to adapt for both long and short
term disturbances 1n available solar energy. Additionally, the
teedforward portion may anticipate cyclic changes 1n solar
energy due to at least a time of day, day of the calendar it 1s,
and periodic weather reports with a predictive model that
adapts to the anticipated cyclic changes. The feedback por-
tion may measure actual process parameters including the
temperature of the chemaical reactor at an entrance and an exit.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The drawings refer to embodiments of the invention
1n which:
[0009] FIG.11llustrates a block diagram of an embodiment

of an example process flow;

[0010] FIG. 2 illustrates a diagram of an embodiment of an
example multiple tube reactor;

[0011] FIG. 3 illustrates a diagram of an embodiment of an
example solar tower with receivers and solar energy concen-
trating fields;

[0012] FIG. 4 1llustrates a graph of an embodiment of par-
ticle size distribution of some example biomass types;
[0013] FIG. S illustrates a diagram of an embodiment of a
solar thermal recerver with gasifier tubes;

[0014] FIGS. 6a and 6b6 illustrate block diagrams of
embodiments of the entrained-flow biomass feed system;
[0015] FIG. 7 illustrates a diagram of an embodiment of a
solar-driven chemical plant; and

[0016] FIG. 8 illustrates a flow diagram of an embodiment
of the system.
[0017] While the invention 1s subject to various modifica-

tions and alternative forms, specific embodiments thereof
have been shown by way of example in the drawings and wall
herein be described 1n detail. The invention should be under-
stood to not be limited to the particular forms disclosed, but
on the contrary, the mtention 1s to cover all modifications,
equivalents, and alternatives falling within the spint and
scope of the invention.

DETAILED DISCUSSION

[0018] In the following description, numerous speciiic
details are set forth, such as examples of specific data signals,
named components, connections, number of reactor tubes,
etc., 1n order to provide a thorough understanding of the
present invention. It will be apparent, however, to one of
ordinary skill in the art that the present invention may be
practiced without these specific details. In other instances,
well known components or methods have not been described
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in detail but rather mn a block diagram in order to avoid
unnecessarily obscuring the present invention. Further spe-
cific numeric references such as first reactor tube, may be
made. However, the specific numeric reference should not be
interpreted as a literal sequential order but rather interpreted
that the first reactor tube 1s different than a second reactor
tube. Thus, the specific details set forth are merely exemplary
and features 1n one embodiment may be used in another
embodiment. The specific details may be varied from and still
be contemplated to be within the spirit and scope of the
present mvention. The term coupled 1s defined as meaning,
connected erther directly to the component or indirectly to the
component through another component.

[0019] In general, a method, apparatus, and system are
described for a solar-driven chemical plant that manages
variations in solar energy. An embodiment may include the
solar thermal recetver, a solar driven chemical reactor at least
partially contained within the solar thermal receiver, an
entrained gas biomass feed system, and other components.
The entrained gas biomass feed system may use an entrain-
ment carrier gas to supply a variety of biomass sources fed as
particles into the solar driven chemical reactor. Some
embodiments include a control system that may be config-
ured to balance the gasification reaction of biomass particles
with the available concentrated solar energy and additional
variable parameters of a fixed range of particle size, tempera-
ture of the chemical reactor, and residence time of the par-
ticles 1n a reaction zone 1n the chemaical reactor.

[0020] The control system may also send a feed demand
signal to the feed system. This can control a feed rate of the
particles of biomass in the solar driven chemical reactor by
changing a gas pressure and/or volumetric flow rate of the
entrainment carrier gas. In some embodiments, control the
feed rate may be done 1n combination with a metering device
that controls a weight ol biomass particles from a lock hopper
to the feed lines that feed the chemical reactor.

[0021] The feedforward portion and a feedback portion of
the control system 1n cooperation with designing 1n enough
surface area, thermal mass, and heat capacity 1in the multiple
tubes and receiver cavity 1s used to ensure that temperature of
the reactor cavity remains in the operational temperature
range of below 1600 degrees C. and above 800 degrees C.
This range may be maintained during potentially rapidly
changing daily weather conditions. Additionally, a feed for-
ward model may predict an available solar energy over each
time period 1in a given day as well as each day throughout the
year. The feedback portion may receive dynamic feedback
from the temperature and/or light sensors. These may be
combined to maintain both the quality and output of resultant
syngas at above the threshold set point of substantial tar
destruction to less than 50 mg/m™ 3 and complete gasification
of greater than 90 percent of the carbon content of the biomass
particles 1nto the reaction products.

[0022] FIG. 1 illustrates a block diagram of an example
process flow. Some embodiments encompass a solar-driven-
biomass gasification to liquid tuel/electrical process. The pro-
cess might also 1include generation, chemical processing, or
bio-char, for solar generated syngas derivative product or
other similar technical process. In a specific example 1imple-
mentation the process described 1s a solar-driven-biomass
gasification to ‘green’ liquid fuel process. In an embodiment,
this process includes one or more of the following process
steps.

Sep. 30, 2010

[0023] Biomass grinding or densification, transport and
offload 100 may be part of the overall process. Bales of the
biomass can be compressed and densified by a compactor to
facilitate transport to on-site via the densification achieved by
the double compression. The bales are sized to dimensions
that may, for example, fit within a standard box car size or {it
within standard compactor size. The entrained-tlow biomass
feed system can be preceded by a grinding system equipped
with mechanical cutting device and a particle classifier, such
as a perforated screen or a cyclone, to control the size of the
particles that are. The grinding system that has a mechanical
cutting device such as a screw and set of filters with micron
s1zed holes/screen diameter sized holes to control particle
s1ize. The mechanical screw and set of {filters cooperate to
orind and pulverize the stock biomass to particles to the
micron sized holes of the filters, and the particles of biomass
are then fed mto and gasified in the solar-driven chemical
reactor. The biomass may be 1mn an embodiment non-food
stock biomass. In other cases, food stock biomass or a com-
bination of the two might also be processed.

[0024] The biomass may be stored 102. As needed, the
biomass might be feed 104 into an example system or appa-
ratus of the instant application. For example, after grinding
and pulverizing the biomass to particles, the particles of bio-
mass can be fed into and gasified in the solar-driven chemical
reactor. Two or more feed line supply the particles of biomass
having an average smallest dimension size between 50
microns (um) and 2000 um to the chemical reactor. An
entrained gas biomass feed system uses an entrainment car-
rier gas to move a variety of biomass sources fed as particles
into the solar driven chemical reactor.

[0025] A solar receiver and gasifier 106 may be used to
break down the biomass. An example biomass gasifier design
and operation can include a solar chemical reactor and solar
receiver to generate components of syngas. The feedforward
portion and the feedback portion of the control system adapt
the operation of the reactor to both long and short term dis-
turbances 1n available solar energy. Various solar concentrator
field designs and operations to drive the biomass gasifier
might be used. Some example systems may include a solar

concentrator, focused mirror array, etc. to drive biomass gas-
ifier 110.

[0026] Quenching, gas clean up, and ash removal from
biomass gasifier 108 may be provided for. Some gasses may
be a waste product, while other gasses can be compressed 114
prior to storage 118 or e.g., methanol synthesis 116. Methanol

may then be stored 120 for later methanol to gasoline conver-
sion 122.

[0027] An on-site fuel synthesis reactor that 1s geographi-
cally located on the same site as the chemical reactor and
integrated to receive the hydrogen and carbon monoxide
products from the gasification reaction can be used in some
embodiments. Additionally, the on-site fuel synthesis reactor
has an input to recerve the hydrogen and carbon monoxide
products and use them in a hydrocarbon fuel synthesis pro-
cess to create a liquid hydrocarbon fuel. The on-site fuel
synthesis reactor may be connected to the rest of the plant
facility by a pipeline that 1s generally less than 15 miles 1n
distance. The on-site fuel synthesis reactor may supply vari-
ous feedback parameters and other request to the control
system. For example, the on-site fuel synthesis reactor can
request the control system to alter the H2 to CO ratio of the
syngas coming out of the quenching and gas clean up portion
of the plant and the control system will do so.
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[0028] Invariousembodiments, synthesis gas may be fed to
another technical application. Examples include a syngas to
other chemical conversion process. The other chemical or
chemicals produced can include liquetied fuels such as trans-
portation liquefied fuels. In an example hydrocarbon based
tuel, methanol 116 may be formed from syngas. The metha-
nol may be further converted to gasoline or other fuels 122
and various products may be separated out from the gasoline
124 or syngas. These products, e.g., gasoline, may then be
stored for later use as an energy source.

[0029] FIG. 2 1llustrates a diagram of an example multiple
tube chemical reactor that may be used i1n a solar driven
system. The chemical reactor has multiple reactor tubes 202,
204, 206, 208. A separate entrainment line may be used for
cach of the gasifier reactor tubes 202, 204, 206, 208 1n the
chemical reactor 200. This may allow for independent tem-
perature control and balancing of amount of particles of bio-
mass tlowing in each of the reactor tubes 202, 204, 206, 208
in the solar driven chemical reactor 200. The particles of
biomass feed can be distributed to the reactor tubes 202, 204,
206, 208 by a lock hopper rotary feed system, such as a
Rotofeed® lock hopper rotary feed system. Such a system
can allow for balanced feeding to individual reactor tubes
202, 204, 206, 208 and feed rate of the particles 1s controlled

by a weight measuring metering device such as load cells.

[0030] The biomass gasifier reactor and receiver control
system may manage variations in solar energy by passing
signal between itself and a solar energy concentrating field.
Focused concentrated solar energy on the solar thermal
receiver 200 may come from one or more solar energy con-
centrating fields including 1) an array of heliostats, 2) solar
concentrating dishes, and 3) any combination of the two.

[0031] The solar driven chemical reactor can be contained
within the solar thermal receiver 200. The inner walls of the
solar thermal receiver 200 and the chemical reactor may be
made from matenals selected to transfer energy by primarily
heat radiation, along with convection, and conduction to the
reacting biomass particles to drive the endothermic gasifica-
tion reaction of the particles of biomass flowing through the
chemical reactor.

[0032] Note, a chemical reactor 1s the container 1n which a
chemical reaction occurs. Also, the chemical reactor may be
a single reactor tube, or a set of reactor tubes. Thus, the
chemical reactor may be a single reactor with multiple reactor
tubes or multiple reactors each being a single reactor tube, or
some other similar combination. Further, different chemical
reactions may take place in different reactor tubes of the
solar-driven chemical reactor. For example, Steam Methane
Reforming may occur 1n a first set of reactor tubes and bio-
mass gasification may occur 1n another set of reactor tubes
making up the chemical reactor, which 1s at least partially
contained 1n the solar thermal receiver. Likewise, different
chemical reactions may take place in the same reactor tubes of
the solar-driven chemical reactor at the same time. Also, the
control system may control the chemical reactions occurring
within the reactor tubes via a number of mechanisms as
described herein. For example, the flow rate of the chemical
reactants, such as biomass particles and carrier gas, into and
through the reactor tubes 1s controlled, along with a concen-
tration of each reactant tflowing through the reactor tube. The
control system may control each reactor tube individually, or
in sets/groups of for example clusters of eighteen tubes, or all
of the tubes in their entirety. The shape, orientation, and other
teatures of the reactor tubes may vary as described herein.
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Note, for contrast purposes, more than one chemical reactor
may be located on a common tower such as in FIG. 3. The
example shows a first chemical reactor, a second chemical
reactor, and a third chemical reactor contained at least par-
tially within 1ts own associated solar thermal receiver. The
first, second, and third chemical reactors located on the same
tower may not share a common control system or common
solar thermal recerver, and thus, are truly each distinct chemi-
cal reactors. However, they all may be fed from some com-
mon feed vessels/lock hoppers and/or may share downstream
quenching and gas clean up system components.

[0033] Inthe multiple reactor tubes of the chemical reactor
a chemical reaction driven by radiant heat occurs. The chemi-
cal reaction includes one or more of biomass gasification,
steam methane reforming, methane cracking, steam methane
cracking to produce ethylene, metals refining, and CO2 or
H20 splitting to be conducted in this chemical reactor using
solar thermal energy from the absorbed concentrated solar
energy. A first set of tubes may have steam methane reforming
reaction occurring while a second set of tubes has a biomass
gasification reaction occurring.

[0034] The control system may be configured to balance
the gasification reaction of the biomass particles with the
available concentrated solar energy and additional variable
parameters of a fixed range of particle size, temperature of the
chemical reactor, and residence time of the particles 1n a
reaction zone in the chemical reactor. The control system
hardware may be one or more of a Programmable Logic
Controller, via different data communication protocols using
Personal Computer, Macintosh, CNC, neural nets, analog
devices, with accompanying software applications and algo-
rithms scripted to perform various functions, or various com-
binations of these systems.

[0035] One or more detectors indicate an amount of solar
energy available 1n different areas of the chemical reactor to
guide the control system in balancing an amount of the bio-
mass particles flowing in each of the reactor tubes.

[0036] In various embodiments, the control system can use
both feedforward (based on anticipated changes) and feed-
back (based on actual measured changes) elements to control
the balancing of the gasification reaction occurring to result in
negligible tar formation in resultant syngas products and
waste products. Control strategies discussed herein have been
developed to manage a variation in solar energy due to
changes 1n solar energy and a cyclic operating state. Some
embodiments include two or more sensors including tem-
perature sensors at the entrance and exit of the chemical
reactor and one or more light meters to provide information to
the feedback portion of the computer control. This informa-
tion indicates a feedback portion of the amount of solar
energy available indicated to the control system. The feed
forward system indicates an expected amount of solar energy
available indicated to the control system in the long and short
term.

[0037] The control system can use the complex feedior-
ward/feedback model-predictive scheme to ensure that tem-
perature of the reactor cavity remains in the required range.
The feediorward components use meteorological measure-
ments, geographical factors, and time of day/day of year to
predict the rate of change of available solar energy and make
process adjustments accordingly. Additionally, the feedback
component of the control system checks these predictions
against real time data to make appropriate corrections bal-
anced by not overcorrecting or under correcting for the
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instantaneous changes in solar energy conditions. This con-
trol approach gives robust system operation with a highly
transient system input: Sunlight.

[0038] In some embodiments, a feed demand signal from
the control system can be used to control the feed rate of
particles ol biomass 1n the solar driven chemical reactor. This
control can be performed using a feediorward/feedback
model-predictive scheme. The scheme 1s aided by knowing
an amount surface area, thermal mass, and heat capacity in the
multiple tubes and receiver cavity to ensure that temperature
of the reactor cavity remains in the operational temperature
range of below 1600 degrees C. and above 800 degrees C.
These temperatures might be maintained during rapidly
changing daily weather conditions. In some examples, the
teed forward model can predict a maximum, minimum, and
average available solar energy over each time period 1n a
given day as well as each day throughout the year.

[0039] A feediorward portion and a feedback portion of the
control system may be used to adapt for both long and short
term disturbances in available solar energy. For example, the
teedforward portion may anticipate cyclic changes 1n solar
energy due to at least a time of day, day of the calendar it 1s,
and periodic weather reports, such as daily or hourly weather
reports. The anticipation may be generated with a predictive
model that adapts to the anticipated cyclic changes. Addition-
ally, the system may compensate for missing data, such as
missing weather reports.

[0040] The feed-forward portion utilizes a histogram of
events affecting an amount of available solar energy catego-
rized into at least three general time durations. Events may
turther be categorized as short events of 1 to 5 hours, often
caused by passing clouds; medium events of 5-14 hours, often
caused by diurnal effects (for our mid latitudes), long term
events ol 14 hours or more, generally caused by more major
weather events. The time of day, the day of the calendar and
the daily weather report may also be considered with respect
to feed-forward implementations. Additionally, in some
embodiments, diurnal effects may be considered by the feed-
forward implementation. Diurnal effects can relate to or
occur within a 24-hour period each day and including the
predictable sunrise and sunset for daytime hours 1n a daily
period.

[0041] The {feedback portion measures actual process
parameters including 1) various temperature parameters
about the reactor including the operating temperature at an
entrance and an exit of the chemical reactor, 2) the amount of
concentrated light focused at or received at the windows
and/or open apertures, 3) chemical composition of products
coming out of the reactor and other similar parameters, and
then supplies these measurements to the control system 1n the
balancing of the gasification reaction of biomass particles.
The feedback portion of the control system may receive the
dynamic feedback from the sensors and combine this data 1in
order to maintain both the quality and output of resultant
syngas at above a threshold set point of substantial tar
destruction to less than 50 mg/m™ 3 and complete gasification
of greater than 90 percent of the carbon content of the biomass
particles into the reaction products. Note, the temperature
sensors 1n the receiver may equally correlate temperature of
various locations within the reactor. Both temperature sensors
in the recerver and the reactor may be used as an indication of
actual reaction temperature.

[0042] Additional parameters are known by the control sys-
tem such as enough surface area and thermal mass of the
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cavity and reactor tubes 1s built into the multiple tubes and
receiver cavity in relation to the feed rate of biomass particles,
to act as a ballast, averaging out very short term small fluc-
tuations (second to second) in the available solar energy to
have a very low ramp-up and ramp-down of temperature of
the reactor due to these instantaneous changes in available
solar energy. This can allow the ramp-up and ramp-down of
the feed rate of biomass particles to be gradual as well.

[0043] One factor determinant in energy delivered by radia-
tion to the reacting particles, extent of reaction, and extent of
tar mitigation 1s reaction temperature. The receiwver cavity
temperature may be a controllable parameter. Because the
heliostat field has a much longer response time (approxi-
mately 1-5 minutes) than does the solar energy source (can
vary within 30 seconds), the reaction temperature may be
controlled by modulating the biomass flow rate through the
reactor tubes. If reaction temperature starts to drop, feed rate
1s decreased, reducing the reaction sink and allowing the
temperature to recover. The opposite 1s performed for over-
temperature. The thermal mass of the cavity and reactor tubes
acts as a ballast, averaging out very short term small fluctua-
tions (second to second) in the available solar energy. Flow
rate fluctuations in the syngas production rate occur as well.
In the case of slight underteeding, product composition will
not change, but overfeeding can lead to a drop 1n temperature
that can allow tars to pass out of the reactor undestroyed.

[0044] A composition analyzer atthe exit of the system will
sense changes 1n methane or tar composition. Upon readings
of compositions that are too high, the control system can
divert the products to a flare to avoid damage to the compres-
sors and catalytic systems 1n the methanol synthesis plant.
The composition analyzer at the exit of the reactor system
may be used to sense changes 1n hydrogen, carbon monoxide,
methane and tar composition of the syngas. The composition
analyzer provides a dynamic signal to the feedback portion of
the control system. Upon readings of methane and tar com-
position of the syngas that are too high above a threshold, the
control system sends a signal to divert the reactant products of
the gasification reaction to a recycling line back into the
entrance to the chemical reactor to avoid damage to compres-
sors, catalytic systems, and other components 1n the methanol
synthesis portion of the on-site fuel synthesis reactor. The
compressor to the syngas buller tank may be designated to
follow tlow rate fluctuations 1n the syngas production rate as
well.

[0045] The control system may send a feed demand signal
to the feed system to control a feed rate of the particles of
biomass in the solar driven chemical reactor by changing a
gas pressure and/or volumetric flow rate of the entrainment
carrier gas in combination with a metering device controlling
a weight of biomass particles from a lock hopper to the teed
lines that feed the chemical reactor. The control system may
send a feed demand signal to the feed system to control a feed
rate to reactor tubes by 1solating that tube or set of tubes from
receiving biomass. Thus, tubes individually or 1n sets of tube
may be turned on to have more biomass flowing into the solar
driven chemical reactor and turned off/isolated to have less
biomass particles flowing into the chemical reactor.

[0046] Control of the multiple reactor tubes may be split
into two or more groups of tube subsets, where the control
system balances the amount of biomass particles flowing into
cach of the reactor tubes to an amount of solar energy avail-
able by 1) controlling a rotational rate of a screw of a lock
hopper feeding the biomass where all the tubes 1n the tube
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subset have their feed rate simultaneously turned up or turned
down, 2) varying an amount of the reactor tube-subsets par-
ticipating in the gasification reaction by turning on or turning,
off a tflow of particles of biomass from the lock hopper to the

reactor tubes making up a tube subset, or 3) a combination of
both.

[0047] In an embodiment, a 2-phase pinch valve system
may be on each feed line to each reactor tube. The control
system balances the amount of biomass particles flowing 1n
cach of the reactor tubes to the amount of solar energy avail-
able by sending a dynamic feedback control signal to the
2-phase pinch valve system to control an amount of compres-
s1on of a flexible pipe section of the feed line that the biomass
particles are flowing through to control tlow 1n the individual
reactor tubes. The detectors indicate the amount of solar
energy available to guide the control system.

[0048] Such a system can be used to control flow 1n the
individual reactor tubes by controlling a rotational rate of a
screw/auger of a lock hopper feeding the biomass. Addition-
ally, an amount of compression of a pinch valve configuration
may be applied to a conduit such as a hose, tube, pipe, or other
vessel capable of conveying materials section of each 1ndi-
vidual feed line that the biomass particles are flowing through
to provide some control of flow, for example.

[0049] The solar-driven chemical plant can include a
chemical reactor that has multiple reactor tubes 202, 204,
206, 208 1n which the biomass particles flow 1n. Two or more
reactor tubes 1n the chemical reactor tubes might be used. The
example 1llustrated includes five reactor tubes. One or more
teed lines supply to the reactor tubes the particles of biomass
in the fixed range of particle size controlled to an average
smallest dimension size between 50 microns (um) and 2000
um, with a general range of between 200 micrometer and
1000 micrometer. Additionally, the control system maintains
the temperature at an exit from the tubes 202,204,206, 208 of
the chemical reactor at a steady state temperature exceeding,
1000 degrees C., above transitory minimum temperature of
800 degrees C. and below peak temperatures of 1600 degrees
C. Further, the control system monitors the residence time of
the particles of biomass in the reaction zone 1n the chemical
reactor, which 1s between a range of 0.01 and 5 seconds.

[0050] A separate feed line can be used to feed biomass
particles for each of the reactor tubes 202, 204, 206, 208 1n the
chemical reactor 200, which can allow independent tempera-
ture control and balancing of the amount of particles of bio-
mass tlowing 1n each of the reactor tubes in the multiple tube
solar driven chemical reactor.

[0051] The recerver cavity, the multiple reactor tubes, and
the one or more open apertures or windows are shaped and
s1zed to facilitate greater than 75% average aperture/window
incident power to be converted into chemical/sensible energy
at peak incident power. Thus, greater than 75% the amount of
energy entering the receiver 200 as solar energy ends up as
chemical or sensible enthalpy leaving the reactor tubes. Also,
a conversion of carbon 1n the particles of biomass to CO (and
in some cases, CH4) above 85% vyield/ton of the biomass
occurs from the gasification reaction.

[0052] The size and shape of one or more apertures in the
receiver and a range ol operating temperatures of the cavity of
the recerver enclosing the chemical reactor can be set to make
radiation losses directly calculable. An insulation layer
around the cavity may be set thick enough to control conduc-
tion losses to, e.g., less than 2% of the peak solar input. Once
the chemical reactor 1s heated up to operational temperatures,
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due to the conduction losses to less than 2% and the radiation
losses being directly calculable, then the recerver cavity tem-
perature 1s a controlled parameter. The control system then
primarily controls by modulating a flow rate of biomass par-
ticles through the reactor tubes balanced against the predicted
feed-forward available amount of solar energy and the
dynamically determined feedback amount of available solar
energy.

[0053] The control system may supply a control signal to
the feed system, the solar energy concentrating fields, the
on-site fuel synthesis reactor and other plant systems. For
example the control system signal may direct and recerve
teedback from 1) the solar concentrating field to alter align-
ment and an amount of concentrated solar energy supplied, 2)
the feed system to alter an amount and or concentration of
biomass flowing in the reactor tubes, and/or which sets of
reactor tubes are allowing tlow of chemical reactants, and
thus, participating 1n the solar driven chemical reaction, 3)
various sensors or models for weather events indicating an
amount of solar energy available etc. and 4) other similar
plant processes discussed herein. All of these factors may be
taken 1nto account by a control algorithm in the control sys-
tem 1n sending out the control signals to the feed system, the
solar energy concentrating fields, efc.

[0054] In some embodiments, the receiver cavity, the mul-
tiple reactor tubes, and the one or more apertures or windows
are shaped and si1zed to map an amount of solar flux distribu-
tion to the reactor tube size and geometric position to allow
essentially a same rate of biomass gasification for a set bio-
mass particle size range everywhere in the reactor, and thus,
avoiding locally extremely high temperatures (>1500° C.) or
extremely low temperatures (<600 C).

[0055] A chemical reaction 1s conducted 1n a solar driven
chemical reactor having multiple reactor tubes using concen-
trated solar energy to drive the conversion of the chemical
reactant. The endothermic chemical reaction conducted in the
reactor tubes includes one or more of the following: biomass
gasification, steam methane reforming, methane cracking,
steam ethane or naphtha cracking to produce ethylene and
related olefins, or carbon dioxide reduction or water splitting,
using solar thermal energy coming from a concentrated solar
energy lield. An entrained-tlow of chemical reactants into the
chemical reactor for the above reactions starts when 1) the
solar energy concentrating field 1s aligned at the aperture of
the solar thermal receiver containing the solar driven chemai-
cal reactor, and 2) the solar driven chemical reactor is at least
a minimum operational temperature of 800 degrees Celsius
and preferably greater than 1000 degrees Celsius. During
start up of the integrated chemical plant, temperature of the
chemical reactor 1s raised to get up to an operational tempera-
ture of at least 800 degrees C. so that the effluent reactant
products from the chemical reactor possesses a proper gas
composition and quality for downstream chemical processing
such as methanol synthesis.

[0056] The control system may utilize different models
and/or controls schemes that may be automatically or manu-
ally selected depending on the system and variable state. For
example, insolation perturbation may be categorized 1nto 3
types: 1) short events, e.g. 0-5 hours, often caused by passing
clouds, 2) medium events, e.g. 5-14 hours, often caused by
diurnal effects, and 3) long-term events (e.g. 14 hours or
more) generally caused by major weather systems and other
variables such as, but not limited to, time of day, day of the
year, daily weather reports, solar field condition, and biomass

[
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type and condition, may be considered by the control system
when selecting between and executing different models and/
or control schemes. The models and/or control schemes may
be fixed, adaptive, replaced, or augmented from time to time.

[0057] FIG. 3 illustrates a diagram of an example solar
tower 300 with recervers 302 and solar energy concentrating,
field 304. A solar tower 300 may be used 1n the solar-driven
chemical plant with the entrained-tflow biomass feed system.
The feed system can be feedstock flexible via, for example,
particle size control of the biomass.

[0058] Multiple solar thermal recervers 302 may be on a
common tower 300. Each recerver 302 contains a chemical
reactor 306. A chemical reactor 306 1n each receiver 302
receives concentrated solar thermal energy from one or more
solar energy concentrating fields 304 including 1) an array of
heliostats, 2) solar concentrating dishes, and 3) any combi-
nation of the two. The chemical reactor 306 can be, for
example, a multiple reactor tube, downdraft, solar driven,
chemical reactor 306, which receives concentrated solar ther-
mal energy from the array of heliostats 306. The solar-driven
chemical plant may also include a biomass feed system that
has the feed lines to each of the reactor tubes 1n a multiple tube
chemical reactor 306. Biomass may be fed to the solar reactor
306 1n an operation including three parts: biomass transport
and preparation for feeding to the solar tower reactor 300,
biomass transport to the top of the, e.g., 500+ foot tower, and
distribution into the specific downdraft tubes of the reactor.
The distribution may be performed via multiple stages.

[0059] The tower 300 supports the elevated solar thermal
receiver 302 and solar driven chemical reactor 306. The tower
3001s tall enough, such as atleast 150 meters, in height to give

an optimized angle of elevation for the solar energy concen-
trating fields 304.

[0060] The solar-driven chemical reactor system can
include a non-uniform heliostat field has >25,000 m 2 of
reflecting surface, >50,000 m" 2 of reflecting surface, or >100,
000 m 2 of reflecting surface, that cooperates with the solar
thermal receiver to have an ability to control an amount of
solar energy flux across the apertures or windows. Retlectors
with other total retlective surfaces areas may also be used.

[0061] The reflecting surface cooperates with the solar
thermal recerver to have an ability to control an amount of
solar energy flux across the apertures or windows that 1s
applied to reactor tubes and cavity walls to allow enough
energy from a radiant energy to raise the heat. This increase 1in
the heat may 1nitiate and sustain a suificiently high tempera-
ture so that complete gasification occurs of greater than 90
percent ol the carbon content of the biomass particles into
reactant products. The reactant products can include hydro-
gen and carbon monoxide gas 1n the very short residence time
between the range o1 0.01 and 5 seconds. The size and a shape
of the one or more apertures or windows can determined by
the heliostat field trying to focus into the apertures or win-
dows a total amount of light 1n sun concentrations that 1s
needed for the short residence times balanced against an
eificiency of a solar energy being concentrated from the non-
uniform heliostat field. The control system configured to bal-
ance the chemical reaction with the available concentrated
solar energy.

[0062] In some embodiments, each heliostat has a mirror
and the array of mirrors 1n the heliostat field are configured to
obtain both 1) dense packing 1n at least the first third of the
part of the field near the recerver and 2) optimal small shad-

ing. The first third of the part of the field has the highest
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proportion of energy oif of each of the mirrors. The concen-
trated solar energy from this dense packed portion of
heliostats intercepts the one or more apertures or windows of
the receiver. The remainder of the field 1s aimed at the one or
more apertures or windows of the recerver but proportionately
provide less solar energy.

[0063] Optimal small shading and minimal blocking also
occurs for the mirrors 1n the heliostat field due to 1) the angle
ol elevation of the heliostat field to the solar thermal recerver
on the tower, 1n combination with 2) the staggered heights and
3) the spacing of the rows of the non-uniform heliostat field.
The heliostat field can receive control signals from the control
system to control an alignment of the field relative to the solar
receiver. The heliostat field may supply signals such as an
amount of available solar energy to the control system.

[0064] Some embodiments can include one or more actua-
tors on the heliostats and/or on the recerver. The one or more
apertures can be articulated moveable apertures that are
capable of varying location on the solar thermal recerver, e.g.,
on top of the tower 300. These movements may depend on the
time of day or season of the year and be based on the actuators
moving the apertures.

[0065] A model of solar energy flux can be used to map the
apertures with respect to the solar power delivered to the
aperture changes over time under similar natural solar condi-
tions 1 order to assist the control system 1n guiding the
actuators 1n moving the apertures and/or heliostats.

[0066] One or more structures with high temperature stor-
age material that absorb the concentrated solar energy con-
tained within the recerver chamber may be used. The struc-
tures may be used as radiant heat masses to keep the chemical
reactor hot during long periods of oif sun, during cyclic up
and down times 1n the plant, as well as keep radiant tempera-
ture 1n the reactor more stable/less transient during normal
operation. One or more of these radiant heat masses can be
positioned 1n the cavity in areas of extremely high concen-
trated solar energy compared to other areas within the cavity
to absorb some of the concentrated solar energy 1n that area to
allow the reactor tubes to all use the same matenial.

[0067] In some embodiments, a material making up the
reactor tubes can possess high emissivity such as 0.7 emis-
s1vity coelficient or better, high thermal conductivity such as
30 watts per meter-Kelvin or better, at least moderate heat
capacity of 8 joules per mole-degree Kelvin or better. The
material can also be resistant to the oxidizing air environment
in the cavity and the reducing environment of the biomass
gasification reaction iside the tubes 1n order to support oper-
ating temperatures within the tubes 1n the tar-cracking regime
between 1000-1300° C. This operating temperature elimi-
nates any need for tar cracking equipment downstream of the
chemical reactor. In addition, operation at the high operating
temperature in the reactor tubes improves heat transfer, elimi-
nates methane from the exit gases, and decreases required
residence time of the biomass particles to achieve complete
gasification, which 1n turn decreases a physical size of the
chemaical reactor.

[0068] One or more apertures 1) open to the atmosphere or
2) covered by windows can be part of a receiver outer shell
that at least partially encloses the multiple reactor tubes 202,
204,206, 208. Additionally, a material making up the recerver
inner wall absorbs, including a black body, or the material
highly reflects, including refractory alumina plate, the con-
centrated solar energy. This causes the radiant heat and then
generally radiatively conveys that heat like an oven to the
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biomass particles in the reactor tubes. The mmner wall may
operate at igh (>1200° C.) wall temperatures and the 1nsu-
lation thickness 1s designed so as to limit losses through
conductive heat loss to less than 2% of the energy incident at
peak solar input on the receiver apertures or windows.

[0069] The solar thermal receiver may further include a
thick layer of insulation that limits heat losses by conduction
from a cavity of the receiver and a moveable 1nsulative door
on the recerver aperture limits heat losses by radiation from
the cavity during periods of inclement weather or during
nighttime, so that the temperature in the cavity 1s decreased by
less than 400° C. 1n a 12 hour period when no concentrated
solar energy 1s directed at the cavity aperture. Maintaining an
clevated temperature 1n the recerver reduces the amount of
time required to heat the recerver following a down period and
the thermal shock and stresses imparted to the receiver and
reactor materials of construction. In some embodiments, the
receiver may include a pump to pump molten salts through
tubes 1n the receiver walls for use 1n electrical power genera-
tion.

[0070] In some embodiments, an aperture design, orienta-
tion, and cavity working fluid (buoyancy) may be set to con-
trol convective losses The cavity may at least partially enclos-
ing the multiple reactor tubes and may acts like an oven,
spreading heat flux around through radiation. The oven effect
of the cavity, along with the particles, may tend to average
energy amongst themselves at their design volumetric load-
ings and combine to give a fairly uniform temperature profile
and subsequent fairly uniform reaction profile of the biomass
particles.

[0071] The control system 1s configured to take all of the
above 1nto consideration when balancing the chemical reac-
tion needs with the available concentrated solar energy.

[0072] FIG. 41llustrates a graph of cumulative particle size
distribution. The graph illustrates the weight percentage
below Y % for a given screen size in microns. Example
materials are illustrated including knmife-chopped rice straw
and miscanthus stems. The smaller the size of the particle of
the various types ol biomass, the less difference in the way the
teed system and reactor view particles from different types of
biomass. The average size of ground particles may be corre-
lated to filter particle size used in standard filter ranges.

[0073] As the gasification 1s performed through indirect
heating, the cavity and tube walls must be able to efficiently
conduct solar energy through themselves and radiate to the
reacting particles. Residence times greater than 2 seconds
will be more than suificient for the biomass to be gasified at
temperatures between 500° C. and 1000° C. The key limiting,
factor 1n receiver design 1s heat transier from the indirectly
heated cavity wall and the reacting particulates.

[0074] In some embodiments, the carbonaceous biomass
material particles being fed from the entrained flow biomass
feed system undergo several distinct chemical processes of
the gasification reaction prior to exiting the reactor tubes.
These processes include at least the following three stages: A)
pyrolysis of the carbonaceous biomass particles ito 1) car-
bonaceous char and 2) volatile components vaporized into
gas products; B) complete gasification of the carbonaceous
char including lignin fractions mnto 1) gaseous products
including carbon monoxide, hydrogen, and tars as well as 2)
greater than 99% pure carbonaceous ash; and C) cracking of
the tars including larger hydrocarbons and aromatic com-
pounds collectively known as tars. This gasification can occur
at greater than 1000 degrees C. to the produce the substantial
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tar destruction to less than 50 mg/m"3 and complete gasifica-
tion of greater than 90 percent of the carbon content of the
biomass particles into reaction products including hydrogen
and carbon monoxide gas. The steps of complete gasification
and cracking of tars starts and finishes within the residence
time of the biomass particles 1n the reaction zone in the
chemical reactor between the range of 0.01 and 5 seconds.

[0075] As discussed above, 1n various embodiments com-
plete gasification of the carbonaceous char including lignin
occurs. Ligninis a complex chemical compound derived from
biomass, and an integral part of the secondary cell walls of
plants. Lignin fills the spaces 1n the cell wall between cellu-
lose, hemicellulose, and pectin components. Additionally,
preheating of the biomass prior to being fed 1nto the reactor
tubes may raise the temperature above 200 degrees C. begin-
ning the pyrolysis process. Thus, at least the last two steps
may start and finish within the residence time within the
reactor tubes.

[0076] In an embodiment, 1) a material and 2) an indirect
gasification design of the heat radiation from the multiple
reactor tubes and walls of the recerver allows for feedstock
flexibility 1n the type of biomass making up the particles of
biomass. This can obviate a need for an exothermic/endot-
hermic reaction balancing because the heat radiation from the
concentrated solar energy absorbed or highly reflected by the
walls and tubes primarily drives the endothermic gasification
reaction and the heat radiation-based heat transfer balancing
makes the endothermic reaction gasification quite forgiving
in terms of internal reaction balance. Thus, at least two or
more different types of biomass materials might be used in the
same reactor tube geometry. This may obviate any need for a
complete reengineering when a new type of biomass feed-
stock 1s used. The two or more different types of biomass
materials that can be fed from the feed system, individually or
in combinational mixtures, are selected from the group con-
sisting of rice straw, rice hulls, comn stover, switch grass,
non-food wheat straw, miscanthus, orchard wastes, sorghum,
forestry thinning, forestry wastes, source separated green
wastes and other similar biomass sources. These sources
might be used interchangeable as long as a few parameters are
controlled such as the particle size of the biomass and tem-
perature ol the chemical reactor. The complete gasification of
the particles of miscanthus may be equal to or greater than
94% when miscanthus 1s fed and the complete gasification of
the particles of rice straw 1s equal to or greater than 98% when
rice straw 1s fed from the feed system.

[0077] Diilerent chemical reactants may be fed with the
biomass, such as methane, natural gas, steam, etc. The control
system may be configured to balance chemical reaction types,
such as a biomass gasification reaction, a stream reforming,
reaction, a dry reforming reaction and various combinations
of these reactions within the solar driven chemaical reactor, to
an amount of concentrated solar energy available directed at
the solar thermal receiver 1n order to keep the solar chemical
reactor at a temperature at which the chemical reactor oper-
ates high enough to maintain the generated syngas within the
desired molar ratio of H2 to CO ratio with being substantially
tar free and having less than 7% by volume CO 1n the gener-
ated syngas.

[0078] The control system for the solar driven chemical
reactor and 1ts multiple reactor tubes factors 1n many param-
eters 1n 1ts control algorithms for chemaical reactor operation.
The control system controls balancing of mass 1n and energy
needed to drive various chemical reactions verses available
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concentrated solar energy because each endothermic reaction
consumes an amount of available energy AND the algorithm
controls concentration/amount of each reactant product into
the chemaical reactor to control the molarity and ratio of the
reactants going into the reactions 1n order to control the prod-
ucts coming out of the reactions, AND the algorithm may
control what chemical reactants are being supplied to the
reactor and thus what chemical reactions are occurring within
multiple reactor tubes.

[0079] The endothermic chemical reaction conducted 1n to
the solar driven chemical reactor includes one of the follow-
ing: biomass gasification, steam methane reforming, methane
cracking, steam ethane cracking to produce ethylene, metals
refining, carbon dioxide capture and other similar endother-
mic carbon-based chemical reactions can be conducted 1n this
reactor using solar thermal energy.

[0080] Note, the control system and reactor tubes may be
configured to the produce hydrogen and carbon monoxide
products from one or more of the following reactants in the
tubes 1) biomass particles and steam, 1) biomass particles,
methane and steam (SMR), or methane and carbon black
particles.

[0081] Insome embodiments, a carrier gas supply line can
supply the entrainment gas as a pressurized dry steam. Natu-
ral gas may be fed along with the biomass particles during a
co-gasification of 1) biomass 1n the presence of steam and 2)
steam reforming of natural gas, and the pressurized dry steam
1s generated from waste heat recovered from either 1) metha-
nol/Methanol-To-Gasoline (MTG) units 1n the hydrocarbon
tuel synthesis process or 2) the products from the gasification
reaction 1n the solar driven chemical reactor.

[0082] In some embodiments, a stoichiometric ratio of
steam may be injected along with the particles of biomass into
the reactor tubes during the gasification reaction to shift some
of the product carbon monoxide to additional hydrogen and
carbon dioxide gas, making the hydrogen to carbon monoxide
ratio appropriate for methanol synthesis by the onsite fuel
synthesis reactor. In such an embodiment, the inside walls of
the reactor tubes may be are made of corrosion resistant
materials with a resistance to steam ol between a good to
excellent rating.

[0083] FIG. 5 illustrates a diagram of a solar thermal
receiver 500 with gasifier tubes 502. The solar-driven chemi-
cal plant can include a solar driven chemical reactor 502, a
solar thermal receiver 500, or both. In some embodiments,
solar thermal recetver 500 can enclose the multiple reaction
tube downdrait chemaical reactor. Additionally, the feed sys-
tem may feed biomass particles into the multiple reaction
tubes 502, in which the particles of biomass may be gasified
in the presence of steam at a temperature exceeding 950
degrees C. from an exit of a gasification reaction zone of the
reactor tubes.

[0084] Some embodiments may include one or more aper-
tures 1) open to an atmosphere of the Earth or purge gas
environment in the cavity or 2) covered by more windows.
The apertures and windows act to pass the concentrated solar
energy 1nto the solar thermal receiver to impinge on the mul-
tiple reactor tubes and cavity walls of the receiver and transier
energy by solar radiation absorption and heat radiation, con-
vection, and conduction to the reacting particles.

[0085] The length and diameter dimensions of a gasifica-
tion reaction zone of each of the reactor tubes, along with an
arrangement and an amount of the tubes are matched to an
amount of sun concentration from the heliostat field to give
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the fast residence time of 0.01 second to 5 seconds, with the
preferred residence time of 2-3 seconds at the biomass gas-
ification temperatures.

[0086] FIGS. 6a and 6b6 illustrate block diagrams of
embodiments of the entrained-flow biomass feed system 600.
Different types of feed systems may be used 1n conjunction
with a biomass into reactor, for example, drop tube, total solid
feed 1nto the reactor, slurry fed into the reactor, a moveable
bed 1n the reactor, or combinations of these schemes.

[0087] One or more feeding vessels 1n the biomass feed
system supply two or more reactor tubes 1n the solar-driven
chemical reactor. Each of the feeding vessels has one or more
outlets configured to supply a consistent volumetric amount
of biomass particles.

[0088] One example solar-driven chemical plant may
include the entrained-flow biomass feed system 600 that
includes or otherwise cooperates with a grinding system. The
grinding process 603 and feed process may be 1) processes
separated 1n time and completed independently of the other
process or 2) a continuous process of the where the grinding
process 603 occurs and immediately feeds biomass into the
feed system and then into the chemical reactor.

[0089] An objective of the feeding system 1s to feed as
many reactor tubes as possible with the fewest number of
feeding vessels such as lock-hopper systems.

[0090] The grinding system 603 has a mechanical cutting
device used to grind the biomass into primary particles, which
are to be fed into the solar driven chemical reactor. The
orinding system supplies primary particles that have an aver-
age smallest dimension size between 200 microns (um) and
2000 um, with a general range of between 500 um and 1000
um to a lock hopper system 604 with a standard belt conveyer.
The biomass particles are then fed across a pressure boundary
into a pressurized entrainment gas for feeding into 1n the solar
driven chemical reactor. The feeding vessel may use an
Auger/Screw feeder or an airlock-type rotational solids feed-
ing/rate metering device.

[0091] As illustrated 1n FIG. 64, the entrainment-flow bio-
mass feed system 600 can include a pressurized lock hopper
604 that feeds the biomass to a rotating screw conveyor 602
and a metering device and then 1nto an entrainment gas pipe
at the lock hopper exit 606. A flow splitter distributes the
particles of biomass into multiple entrainment gas lines to
teed at least two or more of the multiple reactor tubes making
up the solar driven chemical reactor. The entrainment gas for
the pneumatic biomass feed system may be a pressurized dry
steam generated from waste heat recovered from either 1) the
methanol/Methanol-To-Gasoline (MTG) units 1n the hydro-
carbon fuel synthesis process or 2) the products from the
gasification reaction 1n the solar driven chemaical reactor. The
entrainment gas may also be CO2, natural gas, an inert gas,
steam generated 1n any fashion, or other similar entrainment
gas.

[0092] Additionally, an entrained-tlow biomass feed sys-
tem having one or more feed lines to feed the biomass par-
ticles 1nto the multiple reactor tubes, 1n which a separate
entrainment line and metering device of the entrained-flow
biomass feed system 1s used for each of the gasifier reactor
tubes 1n the chemical reactor. This may allow for balancing of
1) amount of particles of biomass flowing through the feed
line to each reactor tube to 2) an amount of solar energy
available for that reactor tube 1n the multiple tube solar driven
chemical reactor. Feed rate of the biomass particles can be
controlled by a metering device and controlling a rotational
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rate of a screw 602 at a base of the lock hopper 604, which
responds to a feed demand signal received from the control
system.

[0093] Thus, control of the rotational rate of the screw or
auger 602 can move set amounts of biomass along the axis of
rotation of the auger 602. The auger 602 may be located at the
base of the lock hopper 604 and can be controlled by a control
system to respond to feed demand of the system. As dis-
cussed, the control system controls the feed rate of particles of
biomass in the solar driven chemical reactor based on an
amount of solar energy available indicated by sensors includ-
ing temperature sensors and/or light meters.

[0094] In some embodiments, the shape and width of the
outlet of the feed line pipe carrying the biomass particles to 1ts
corresponding reactor tube may be used to control a disper-
s1on pattern of biomass particles entering each reactor tube.
Greater than 90% conversion may occur because of both 1)
the high operating temperatures and 2) that the biomass par-
ticles are well separated from one another 1n a flowing dense
cloud of very fine biomass particles. An amount of oxygen,
air, or steam co-currently flowing 1n the gasification of the
biomass particles can be controlled to cause a selectivity of
carbon reactant from the biomass to become CO rather than
CO2 at better than a 10:1 selectivity to CO over CO2.

[0095] FIG. 7 illustrates a diagram of a solar-driven chemi-
cal plant 800. In such a system solar power from a concen-
trating field 802 may be provided through a window or aper-
ture 804 to a solar heated reactor chamber 806. A quencher
808 may be used to prevent back reaction. As illustrated,
biomass particles flow 1nto the system at 810 and syngas flows
out. Additionally, a heat exchange may occur between the
biomass particles and the syngas.

[0096] In reactor 806 biomass particles can be reduced to
syngas, which in turn can be synthesized into liquid fuel 1n
liquid fuel synthesizer 808. Additionally, an example system
may store concentrated solar energy in chemical bonds by
using the solar energy to produce a liquid hydrocarbon fuel.
Liquid hydrocarbon fuel i1s generally easily storable and
transportable. Examples of liquid hydrocarbon tuel include,
but are not limited to one or more of jet fuel, DME, gasoline,
diesel, methanol, and mixed alcohol, synthetic natural gas
production, and heating o1l generation.

[0097] FIG. 8 illustrates a tlow diagram. In step 900, bio-
mass grinding can occur. Equipment generally used for grind-
ing biomass includes impact mills (e.g. hammer mills), attri-
tion mills, and kinetic disintegration mills (e.g. flail mills). A
hammer mill system can be used to grind the bales (loaded by
conveyer) into primary particles. The re-ground particles
have an average size between 500 um and 1000 um, and are
loaded 1nto the lock hopper system with a standard belt con-
veyer.

[0098] In step 902 biomass feeding occurs. In some
embodiments, high pressure feeding may be used. High pres-
sure feeding of solids of biomass with gasification at pressure
may reduce capital cost due to the ability to use smaller
compressors 1n some such systems. The lock hopper system
can feed the reactor processes at pressure. For example, the
teeding system can entrain the biomass materials in steam at
high pressure, successtully disengage the particulates in the
cyclone system, and distribute tlow appropnately to the reac-
tor tubes.

[0099] In step 904, gasification occurs. For example, 1n
some embodiments, concentrated solar thermal energy drives
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gasification of the particles of the biomass to generate at least
hydrogen and carbon monoxide products from the gasifica-
tion reaction.

[0100] In step 906 fuel synthesis occurs. An on-site fuel

synthesis reactor can receive the hydrogen and carbon mon-
oxide products from the gasification reaction and use the
hydrogen and carbon monoxide products 1n a hydrocarbon
fuel synthesis process to create a liquid hydrocarbon fuel.

[0101] Some embodiments of the solar-driven chemical
plant include a spray nozzle to supply water to the product gas
exiting the chemical reactor to shift some of the product
carbon monoxide to additional hydrogen and carbon dioxide
gas 1n a water gas shift reaction, making the hydrogen to
carbon monoxide ratio appropriate for methanol synthesis,

such as a H2:CO ratio 1n the synthesis gas withinthe range 2.0
to 2.7.

[0102] An msulation layer around the recerver can include
resistance heaters connected to the outer wall of the receiver
to assist with maintaining temperature in the 800-1600 degree
C. range. Waste heat from a quenching umt quenching the
gasification products heats high temperature storage material
in hot beds 1n an exit of the recerver, which 1s used with molten
salts for use 1n electrical power generation. The electrical
power may be a source of power for the resistance heaters.
The control system can turn on and off the resistance heaters
as additional heat sources for maintaining temperature as
need be. The control system supplies a control signal to 1) the
feed system, 2) the solar energy concentrating fields, 3) and
the supplemental resistance heating system 4) potentially to a
recirculation system, and 35) other systems. The lag times and
response times of the: 1) solar energy concentrating fields to
alter alignment and an amount of concentrated solar energy
supplied, 2) feed system to alter an amount of biomass tlow-
ing 1n the reactor tubes, 3) time for weather events to alter an
amount of solar energy available, such as 30 seconds for a
cloud, are factors taken into account by a control algorithm 1n
the control system in sending out the control signals to the
feed system, the solar energy concentrating fields and the
supplemental resistance heating system.

[0103] The methods and apparatuses of the invention 1n
some cases may be implemented using computer software. It
written 1n a programming language conforming to a recog-
nized standard, sequences of instructions designed to imple-
ment the methods can be compiled for execution on a variety
of hardware platforms and for interface to a variety of oper-
ating systems. It will be appreciated that a variety of program-
ming languages may be used to implement the teachings of
the invention as described herein. Furthermore, 1t 1s common
in the art to speak of software, in one form or another (e.g.,
program, procedure, application, driver, etc.), as taking an
action or causing a result. Such expressions are merely a
shorthand way of saying that execution of the software by a
computer causes the processor of the computer to perform an
action or produce a result.

[0104] The control system may operate in a networked
environment using logical connections to one or more remote
computers, such as a remote computer. The remote computer
may be a personal computer, a hand-held device, a server, a
router, a network PC, a peer device or other common network
node, and typically includes many or all of the elements
described above relative to the computer.

[0105] A machine-readable medium 1s understood to
include any mechanism for storing or transmitting informa-
tion 1n a form readable by a machine (e.g., a computer). For
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example, a machine-readable medium includes read only
memory (ROM); random access memory (RAM); magnetic
disk storage media; optical storage media; flash memory
devices, etc.

[0106] Some portions of the detailed descriptions above are
presented in terms of algorithms and symbolic representa-
tions of operations on data bits within a computer memory.
These algorithmic descriptions and representations are the
means used by those skilled in the data processing arts to most
cifectively convey the substance of their work to others
skilled 1n the art. An algorithm 1s here, and generally, con-
ceived to be a self-consistent sequence of steps leading to a
desired result. The steps are those requiring physical manipu-
lations of physical quantities. Usually, though notnecessarily,
these quantities take the form of electrical or magnetic signals
capable of being stored, transferred, combined, compared,
and otherwise manipulated. It has proven convenient at times,
principally for reasons of common usage, to refer to these
signals as bits, values, elements, symbols, characters, terms,
numbers, or the like. These routines, algorithms, etc. may be
written 1n a number of different programming languages.
Also, an algorithm may be implemented with lines of code in
soltware, configured logic gates 1n software, or a combination
of both. The portable application and 1ts security mechanisms
may be scripted 1in any number of software program lan-
guages. Unless specifically stated otherwise as apparent from
the above discussions, 1t 1s appreciated that throughout the
description, discussions utilizing terms such as “processing”
or “computing” or “calculating” or “determining” or “dis-
playing” or the like, refer to the action and processes of a
computer system, or similar electronic computing device,
that manipulates and transforms data represented as physical
(electronic) quantities within the computer system’s registers
and memories into other data similarly represented as physi-
cal quantities within the computer system memories or reg-
1sters, or other such information storage, transmission or dis-
play devices.

[0107] While some specific embodiments of the invention
have been shown the mvention 1s not to be limited to these
embodiments. The invention 1s to be understood as not lim-
ited by the specific embodiments described herein, but only
by scope of the appended claims.

We claim:

1. A solar-driven chemical plant that manages variations 1n
solar energy, comprising;:

a solar thermal receiver aligned to absorb concentrated
solar energy from one or more solar energy sources
including 1) a single mirror, heliostat, or solar-concen-
trating dish, 2) an array of heliostats, 3) two or more
solar-concentrating dishes, and 3) any combination of

the three;

a solar driven chemical reactor at least partially contained
within the solar thermal receiver;

an entrained gas biomass feed system that uses an entrain-
ment carrier gas and supplies a variety of biomass types
fed as particles into the solar driven chemical reactor;

inner walls of the solar thermal recerver and the chemical
reactor made from matenals selected to transfer energy
by primarily heat radiation, along with convection, and
conduction to the reacting biomass particles to drive the
endothermic gasification reaction of the particles of bio-
mass tlowing through the chemical reactor;
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a control system configured to balance the gasification
reaction of biomass particles with the available concen-
trated solar energy and additional variable parameters
including a fixed range of particle sizes, operating tem-
perature of the chemical reactor, and residence time of
the particles 1n a reaction zone in the chemical reactor so
that an overall biomass particle conversion remains
above a threshold set point of greater than 90 percent of

the carbon content of the particles into reaction products
that include hydrogen and carbon monoxide gas; and

a feedforward portion and a feedback portion of the control
system configured to adapt for both long and short term
disturbances 1n available solar energy, wherein the feed-
forward portion anticipates cyclic changes in solar
energy due to at least a time of day, day of the year,
short-term cloud, dust, smoke or other obscuring events,
or long-term weather events, with a predictive model
that adapts to the anticipated cyclic changes, and
wherein the feedback portion measures actual process
parameters including the operating temperature of the
chemical reactor and then uses these measurements 1n
the balancing of the gasification reaction of biomass
particles.

2. The solar-driven chemical plant of claim 1, further com-
prising:

one or more temperature sensors to detect the operating

temperature of the chemical reactor at an entrance and an

exit and supply that measurement to the feedback por-
tion of the control system,

two or more reactor tubes 1n the chemical reactor 1n which
the biomass particles flow 1 and located within the solar
thermal receiver,

one or more feed lines which supply to the reactor tubes the
particles of biomass 1n the fixed range of particle size
controlled to an average smallest dimension size
between 50 microns (um) and 2000 um, with a general
range of between 200 um and 1000 um,

wherein the control system maintains the temperature of
the tubes of the chemical reactor at a steady state tem-
perature exceeding 1000 degrees C., above transitory
minimum temperature ol 800 degrees C. and below peak
temperatures of 1600 degrees C.,

wherein the control system balances the gasification reac-
tion of biomass particles with the available concentrated
solar energy so that the overall biomass particle conver-
sion temperature remains above a threshold set point of
substantial tar destruction resulting in less than or equal
to 50 mg/Nm’ 3 of tar and the gasification of greater than
90 percent of the carbon content of the particles, and

where the residence time of the particles of biomass 1n the
reaction zone in the chemaical reactor 1s between a range

of 0.01 and 5 seconds.

3. The solar-driven chemical plant of claim 1, further com-
prising;:

an amount of solar energy available indicated by one or
more temperature sensors in the chemical reactor and
one or more light meters to provide the actual process
parameters information to the feedback portion of the
control system:;

two or more reactor tubes in which gasification occurs 1n a
vertical orientation 1n the chemical reactor in which the
gasification occurs;
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a separate feed line 1s used to feed biomass particles for
each of the reactor tubes 1n the chemical reactor, which
allows independent temperature control and balancing
of amount of particles of biomass flowing 1n each of the

reactor tubes 1n the multiple tube solar-driven chemaical
reactor;

a lock hopper system 1n the feed system, where the par-
ticles of biomass feed are distributed to the separate
carrier gas entrainment line by the lock hopper feed
system, 1n which feed rate of the biomass particles 1s
controlled by a metering device, which responds to a

feed demand signal received from the control system;
and

an on-site chemical synthesis reactor that 1s geographically
located on the same site as the chemical reactor and
integrated to recerve the hydrogen and carbon monoxide
products from the gasification reaction, wherein the on-
site chemical synthesis reactor has an input to recerve the
hydrogen and carbon monoxide products and use them
in a hydrocarbon fuel synthesis process to create one or
more of 1) a liquid hydrocarbon or alcohol fuel, 2) solid
tuel, 3) liquid chemicals, 4) solid chemicals.

4. The solar-driven chemical plant of claim 1, further com-

prising:

a lock hopper having a metering device 1n a feed system
having one or more feed lines coupled to the chemical
reactor, wherein the control system sends a feed demand
signal to the feed system to control a feed rate of the
particles of biomass 1n the solar driven chemical reactor,
where control of the multiple reactor tubes 1s split 1nto
two or more groups of tube subsets, where the control
system balances the amount of biomass particles tlow-
ing mnto each of the reactor tubes to an amount of solar
energy available by 1) controlling a rotational rate of a
screw of a lock hopper feeding the biomass where all the
tubes 1n the tube subset have their feed rate simulta-
neously turned up or turned down, 2) varying an amount
of the reactor tube-subsets participating in the gasifica-
tion reaction by turning on or turning off a flow of
particles of biomass from the lock hopper to the reactor
tubes making up a tube subset, or 3) a combination of

both.

5. The solar-driven chemaical plant of claim 1, further com-

prising:

a spray nozzle to supply water to the product gas exiting the
chemical reactor to shift some of the product carbon
monoxide to additional hydrogen and carbon dioxide
gas 1 a water gas shift reaction, making the hydrogen to
carbon monoxide ratio appropriate for the planned syn-
gas use.

6. The solar-driven chemical plant of claim 2, wherein the
control system 1s configured to balance chemical reaction
types, including the biomass gasification reaction, a stream
reforming reaction, a dry reforming reaction and various
combinations of these reactions within the solar driven
chemical reactor, to an amount of concentrated solar energy
available directed at the solar thermal recerver 1n order to keep
the solar chemical reactor at a temperature at which the
chemical reactor operates high enough to maintain the gen-
crated syngas within a set molar ratio of H2 to CO ratio o1 2.1
to 2.8, with being substantially tar ifree having less than 200
Mg/M"3, and having less than 7% by volume CO in the

generated syngas.
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7. The solar-driven chemical plant of claim 1, further com-
prising:

an amount of surface area, thermal mass, and heat capacity
1s built 1nto the recetver and can be 1n the form of the
recerver walls, 1nsulation, or reactor tubes;

one or more temperature sensors at the entrance and/or exit
of the reactor tubes;

an operational temperature range of below 1600 degrees C.
and above 800 degrees C. 1n the chemical reactor during,
daily weather conditions, which are subject to rapid
changes 1n solar availability; and

a feed demand signal from the control system to control the
feed rate of particles of biomass 1n the solar driven
chemical reactor by the feedforward/tfeedback model-
predictive scheme 1n cooperation with designing 1in
enough surface area, thermal mass, and heat capacity 1n
the multiple tubes and receiver cavity to ensure that
temperature of the reactor cavity remains 1n the opera-
tional temperature range of below 1600 degrees C. and
above 800 degrees C. during the rapidly changing daily
weather conditions, wherein the feed forward model
predicts an available solar energy over each time period
in a given day as well as each day throughout the year,
the feedback portion receives dynamic feedback from
sensors, including temperature sensors, and they are
combined to maintain both the quality and output of
resultant syngas at above the threshold set point of sub-
stantial tar destruction resulting in less than or equal to
50 mg/m 3 and complete gasification of greater than 90
percent of the carbon content of the biomass particles
into the reaction products, wherein the enough surface
areca and thermal mass of the cavity and reactor tubes 1s
built into the multiple tubes and receiver cavity, to act as
a ballast, averaging out very short term small fluctua-
tions (second to second) 1n the available solar energy to
have a negligible ramp-up and ramp-down of tempera-
ture of the receiver and reactor due to these instanta-
neous changes 1n available solar energy, thereby allow-
ing the ramp-up and ramp-down of the feed rate of
biomass particles to be more gradual as well.

8. The solar-driven chemical plant of claim 7, further com-
prising:

an msulation layer around the cavity 1s set thick enough to
control conduction losses to less than 5% of the peak
solar input, wherein the receiver cavity temperature 1s a
controlled parameter, which the control system then pri-
marily controls by modulating a flow rate of biomass
particles through the reactor tubes balanced against the
predicted feediorward available amount of solar energy
and the dynamically determined feedback amount of
available solar energy.

9. The solar-driven chemical plant of claim 7, further com-

prising:

a composition analyzer at the exit of the reactor system to
sense changes 1n the hydrogen, carbon monoxide, car-
bon dioxide, methane, tar composition, or any combina-
tion thereol of the syngas, where the composition ana-
lyzer provides a dynamic signal to the feedback portion
of the control system and upon readings of any of the
hydrogen, carbon monoxide, carbon dioxide, methane,
tar compositions of the syngas that are above a threshold,
where the control system sends a signal to divert the
reactant products of the gasification reaction to a recy-
cling line back into the entrance to the chemical reactor
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to avoid damage to filters, compressors, catalytic sys- wherein the resulting CO to CO2 ratio 1s controllable
tems, and other components in the downstream portions through a range of greater than or equal to 5:1.
of the solar gasification and/or liquid fuel and/or chemi- 13. The solar-driven chemical plant of claim 2, further
cal synt:1651s process. | | comprising:
10. The solar-driven chemical plant of claim 1, wherein the . : .
. . . . . a material making up the reactor tubes possesses high
biomass particles being fed from the entrained flow biomass L. L. .. L
- . emissivity ol 0.8 emissivity coelficient or better, high
feed system undergo several distinct chemical processes of .. .
; : : : . thermal conductivity of 30 watts per meter-Kelvin or
the gasification reaction prior to exiting the reactor tubes , ,
including: better, at least moderate heat capacity of 8 joules per
. . . . mole-degree Kelvin or better, and is resistant to the
pyrolysis of the biomass particles ito 1) carbonaceous . . . . . .
: L oxidizing air environment 1n the solar recerver cavity
char and 2) volatile components vaporized into gas prod- , , , _
, and the reducing environment of the biomass gasifica-
uets: ti tion inside the tubes in order t rt t
gasification of the carbonaceous char including lignin frac- [Of TEACLION THSIEE TIE THDES T OTEen 10 SUPPOLt Op+idt-
L : : : ing temperatures within the tubes 1n the tar cracking
tions nto gaseous products mncluding carbon monoxide, o 2001350 d O wherein {hi
hydrogen, and tars; and riglmj[a etweetllll 1— . tegrees .,zzfere:[mt 1S olfier-
cracking of the tars, including larger hydrocarbons and UG TEHIPELATHIE CHIIRATES ally Heet, 100 b Clatklis
. . equipment downstream of the chemical reactor, and
aromatic compounds collectively known as tars, at here in additon {h p « the hioh ;
greater than 1000 degrees C. to produce substantial tar WHELE 1L addilon e Operdiion at the Qg Operdillia
destruction resulting in less than or equal to 50 mg/m"3 te{llpelzature in the reactor tubes lmproves heat transier,
and complete gasification of greater than 90 percent of minimizes methane from the exit gases, and decreases
the carbon content of the biomass particles into reaction rqulred residence t?me f?'f the 'bloﬁmass particles to
products including hydrogen and carbon monoxide gas, aChI(?:VE: Cqmplete gamﬁca?lon, which in turn decreases a
wherein the steps of complete gasification and cracking physical size of the chemical reactor itsel.
of tars starts and finishes within the residence time of the 14. The solar-driven chemical plant of claim 2, further
biomass particles in the rea?tion zone 1n the chemical comprising;
reactor betwefein the r gt Ol 0.0 and 5 se-:conds. a material or materials and an 1indirect solar gasifier design
11. The solar-driven chemical plant of claim 3, further of the multiple reactor tubes allows for feedstock flex-
COMPTISIIE. ibility in the type of biomass making up the particles of
one or more detectors indicate an amount of solar energy biomass, and obviates any need for an exothermic/en-
available 1n different areas of the solar recerver to guide dothermic reaction balancing in the chemical reactor
the control system in balancing an amount of the biom- design because the concentrated solar energy drives the
ass particles flowing in each of the reactor tubes; endothermic gasification reaction and a radiation-based
a 2-phase pinch valve system on each feed line to each heat transfer balancing makes the endothermic reaction
reactor tube, wherein the control system balances the gasification quite forgiving 1n terms of internal reaction
amount of biomass particles flowing in each of the reac- balance, and thus, at least two or more different types of
tor tubes to the amount of solar energy available by biomass materials can be used in the same multiple
sending a dynamic feedback control signal to the reactor tube geometry of the chemical reactor, obviating
2-phase pinch valve system to control an amount of any need for a complete reengineering when a new type
compression of a flexible pipe section of the feed line of biomass feedstock 1s used, where the two or more
that the biomass particles are flowing through to control different types of biomass materials that can be fed from
flow in the individual reactor tubes, and where the detec- the feed system, individually or in combinational mix-
tors 1ndicate the amount of solar energy available to tures, are selected from the group consisting of rice
guide the control system; and straw, rice hulls, corn stover, switch grass, wheat straw,
wherein an on-site fuel synthesis process has an mput to 11}150311'[111153 orchard wastes, sorghum, forestry thin-
recerve a filtered form of the hydrogen and carbon mon- nings, forestry wastes, agnculitu%'al wastes, source sepa-
oxide gas from the reaction products and process them to rated green wastes and other similar bloma‘ss SOUICES, as
store the concentrated solar energy in chemical bonds of long as a few parameters are controlled including the
the biomass as an easily storable and transportable liquid particle size of the biomass and operating temperature of
hydrocarbon fuel, where the liquid hydrocarbon fuel is the chemical reactor.
one or more of jet fuel, DME, gasoline, diesel, methanol, 15. The solar-driven chemical plant of claim 2, further
mixed alcohol, synthetic natural gas, heating oil, and comprising;
synthetic crude oil. an insulation layer around the receiver with resistance heat-
12. The solar-driven chemical plant of claim 2, further ers connected to the solar recerver walls to assist with
comprising; maintaining temperature in the 800-1600 degree C.
a shape and width of the outlet of the feed line pipe carrying range,

the biomass particles to its corresponding reactor tube to where waste heat from either the spill of concentrated solar

control a dispersion pattern ol biomass particles entering
cach reactor tube and the greater than 90% gasification
of the carbon content of the particles occurs because of
both 1) the high operating temperatures of greater than
1000 degrees C. and 2) that the biomass particles are
well separated from one another 1n a flowing disperse
cloud of very fine biomass particles; and

energy not entering the aperture of the receiver, the solar
gasification process, or some other available heat-pro-
ducing process, heats a working fluid that directly or
indirectly supplies energy to electrical generation
machinery or heats high-temperature storage material
that can be a solid, liquid, or gas, which will later be used
to heat a working fluid, which directly or indirectly
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supplies energy to electrical generation machinery, to
supply a source of power for including at least the resis-
tance heaters,

where the control system can turn on and oif the resistance

heaters as additional heat sources for maintaining tem-
perature as need be, wherein the control system supplies
a control signal to 1) the feed system, 2) the solar energy
concentrating fields, 3) and the supplemental resistance
heating system, and

wherein the lag times and response times of the: 1) solar

energy concentrating fields to alter alignment and an
amount of concentrated solar energy supplied, 2) feed
system to alter an amount of biomass flowing in the
reactor tubes, and 3) time for weather events to alter an
amount of solar energy available, are factors taken into
account by a control algorithm in the control system 1n
sending out the control signals to the feed system, the
solar energy concentrating fields and the supplemental
resistance heating system.

16. The solar-driven chemical plant of claim 2, further
comprising:

a carrier gas supply line that supplies the entrainment gas as

a pressurized dry steam, and/or where natural gas 1s fed
along with the biomass particles during a co-gasification
of 1) biomass 1n the presence of steam and 2) steam
reforming of natural gas, and the pressurized dry steam
1s generated from waste heat recovered from either the
spill of concentrated solar energy not entering an aper-
ture 1n the recerver, the solar gasification process, or
some other available heat-producing process.

17. The solar-driven chemical plant of claim 2, wherein the
control system utilize different models that are selected
depending on the system and variable state, and include 1nso-
lation perturbations categorized into 3 types: 1) short events,
including weather events in duration from 0-5 hours 2)
medium events, including diurnal events 1n duration from
5-14 hours, and 3) long-term events in duration more than 14
hours.

18. The solar-driven chemical plant of claim 2, wherein the
computerized control system 1s configured to recerve a feed-
back signal from a set of sensors, an amount of solar energy
available indicated by one or more temperature sensors in the
chemical reactor and one or more light meters provides the
actual process parameters information to the feedback por-
tion of the control system, a feed vessel in the feed system
responds to a feed demand signal from the computerized
control system, and the computerized control system controls
a flow rate of particles of biomass in the solar-driven chemaical
reactor based on an amount of solar energy available indi-
cated by sensors for the chemical reactor.

19. A method of generating syngas products for a solar-
driven chemaical plant that manages variations 1n solar energy,
comprising;

focusing concentrated solar energy to a solar driven chemi-

cal reactor contained within the solar thermal receiver;
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supplying biomass particles into one or more tubes 1n the

solar driven chemical reactor;

driving an endothermic gasification reaction of the par-

ticles of biomass flowing through the tubes of the chemi-
cal reactor by primarily heat radiation from the inner
walls of the solar thermal receiver and the tube surfaces
of the chemical reactor by the absorbed concentrated
solar energy;

balancing the gasification reaction of biomass particles

with the available concentrated solar energy and addi-
tional variable parameters of 1) a fixed range of particle
s1ze, 2) operating temperature of the chemical reactor,
and 3) residence time of the particles 1n a reaction zone
in the chemical reactor so that an overall biomass par-
ticle conversion remains above a threshold set point of
substantial tar destruction resulting in less than or equal
to 50 mg/Nm' 3 of tar and gasification of greater than 90
percent of the carbon content of the particles into reac-
tion products that include hydrogen and carbon monox-
ide gas; and

adapting to short-term disturbances 1n duration, medium-

term disturbances in duration, and long-term distur-
bances in duration in available solar energy, wherein a
control system anticipates changes in solar energy dueto
at least a time of day, day of year, periodic meteorologi-
cal reports, solar field condition, and biomass type and
condition, with a predictive model that adapts to the
anticipated cyclic changes, and wherein a feedback
component measures actual process parameters includ-
ing the temperature of the chemical reactor and uses the
these measurements 1n the balancing the gasification
reaction of biomass particles.

20. A method for a solar driven chemical plant, comprising:
conducting a chemical reaction 1n a solar driven chemical

reactor having multiple reactor tubes using concentrated
solar energy to drive the conversion of the chemical
reactant, wherein an endothermic chemical reaction
conducted 1n the reactor tubes includes one or more of
the following: biomass gasification, steam methane
reforming, methane cracking, steam ethane or naphtha
cracking to produce ethylene and related olefins, or car-
bon dioxide reduction or water splitting, using solar
thermal energy coming from a concentrated solar energy

field; and

starting an entrained-flow of chemical reactants into the

chemical reactor for the endothermic chemaical reaction
when 1) the solar energy concentrating field 1s aligned at
an aperture of the solar thermal receiver containing the
solar driven chemical reactor, and 2) the solar driven
chemical reactor 1s at least a minimum operational tem-
perature of 800 degrees Celsius and preferably greater
than 1000 degrees Celsius.
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