US 20140165569A1

United States

(19)
a2y Patent Application Publication o) Pub. No.: US 2014/0165569 A1
Hsu 43) Pub. Date: Jun. 19, 2014
(54) ZERO EMISSION POWER PLANT WITH CO2 Publication Classification
WASTE UTILIZATION
(51) Imt.CL
(75) Inventor: Michael S. Hsu, Lincoln, MA (US) Fo01B 21/04 (2006.01)
(52) US.CL
(73) Assignee: ZTEK CORPORATION, Woburn, MA CPC oo F01B 21/04 (2013.01)
Us) USPC oo 60/698
(21) Appl. No.: 14/115,231
. 57 ABSTRACT
(22) PCT Filed: May 4, 2012
(86) PCT No.: PCT/US12/36640 A clean energy system, a renewable energy system or a zero
emission energy system (ZEES) to utilize CO, waste. The
§371 (©)(1), energy system may include a fuel processor, an energy cata-
(2), (4) Date:  Jan. 24,2014 Iytic reactor, and a power generator. The fuel processor may
s catalytically convert the CH, component in the natural gas,
Related U.S. Application Data biogas or syngas into a reformate including H,, CO, CO, and
(60) Provisional application No. 61/482,495, filed on May H,O species. The energy reactor may convert the reformate in
4, 2011, provisional application No. 61/515,900, filed gas form into a liquid fuel. The power generator may generate
on Aug. 6, 2011, provisional application No. 61/635, power using an output of the fuel processor and/or an output
176, filed on Apr. 18, 2012. of the energy reactor.
H2 » Clean Power Industry
Industrial Uses * 08G Operation
+ Telecommunications
~N
H.0 SOFC, GT, ST
2 H, Combined Cycle
e M ———
Natural Gas | i
2 | i | ZEES, H2+C02 Zero Emission Power Station
| ’ .
CFé)aI Gasbtl)r | I-I_LPSR Fuel Sulfur o H2,C0Z2 L1l synthetic Fuel \ applying waste CO2
enewable | rocessor Removal Separation | ! Production on-site for High Value
Resources | ! Chemical Production
! I
S R
/ CO; ZES, CO2
120 » CO2-EOR Oil
Praduction
/
co2 Local Bio-Fuel Production
N Bio-Fuel easy storage and transport
" Production Aids Reliability
of Cell Tower Operations




US 2014/0165569 A1l

Jun. 19,2014 Sheet 1 of 8

Patent Application Publication

suonesadQ Jamoj |99 Jo
Algeley spiy

Jodsuel; pue abeloys Ases
UOIONPO.d [8n4-01g [EO0T

uonoNpo.d |eaiay)
anfeA ybiy Joj ayis-uo

202 a1sem buif|dde

UOIIBIS Jam0d UOISSIWT 0J87

SUONEIUNWWOIBS]

uonesadQ 9% »
Ansnpu| Jamod UE|D «

<

{

'

L b4
ngog |«
209
LondNPOId
10 H03-200 |¢ 0z}
200837 ‘00 \
A ——
“
_mxw_%ﬂ%&ﬁﬂ 5 _ uonesedsg [eAOWISY 108589014
e 200 CH njn an
00w 332 | ng N4 HSdH
|
|

80AD pauIquio)
15190408

¢H

S9SN [euUISNpU|

$90.n0s8Yy
a|qemausy
10 SBS) [20)
Seo) |BInEN



Patent Application Publication  Jun. 19, 2014 Sheet 2 of 8 US 2014/0165569 A1

Power -
» Generator ETI((e)cltJnchtry
100 140
| Renewable ! Ll Energy
' Feedstock 1 Chemical
' Processor 1 Processor Reactor To Market
L1100 120 130

Fig. 2



US 2014/0165569 A1l

Jun. 19, 2014 Sheet 3 of 8

Patent Application Publication

¢ 614

zze
9¢e¢ gee £ce 126 J0$$8001d
10 J8)|0J1U0D
209
‘00
seEe hee ‘ZH ~
ol Jebpa— ose
A\ 4
- Gee N 628
=1 < W //Sm
pze 8D
N_l_ ) VMM v ) v NT_
" REE:

/~lmvm

BUI[0SED) § JOMOd <———

uo193]|0J JoNpo.d

EHOOEHD <«——

lojoeay
auljosen

HOEHD

Jojoeay
loueta

00¢

<—— 700 ‘00 ‘TH «<——— sseuwoig Apoopp

108$890.d
Jawuojay ¥20)spaa4
a|qemauay



Patent Application Publication

137

Jun. 19,2014 Sheet 4 of 8

/10

30
2 \

24
12A—
12 —

14—
14A—

12\
14—

24—
26
\'\f\é

13A—

24

) )|

SV

—12

—12A

—14A

s 1—14

~T—13A

<_/\/'<r_26

.

.

US 2014/0165569 A1l



Patent Application Publication  Jun. 19, 2014 Sheet S of 8 US 2014/0165569 A1

Circuit 510
B /

i
Circuit 50— || Out
A i _
In [] | /,/514
—> i - 528
zj AEEEEIIY R4
52 | 526
!
i
|
i 512
|
i
i
i
i
i
i
i
|
i
i
i
| | —530
I
|
i
i
i
524—\ |
LU L ELLgf ! f e i L 4
Out RRER 11 RRRRy |
0 i i
s16— || 1|58
!
|
|



US 2014/0165569 A1l

Jun. 19, 2014 Sheet 6 of 8

Patent Application Publication

79 ‘AOVHOLS 13N

lon4 pinbrT

4

¢H

9 "bi4

009 ‘(S332) WILSAS ADHINT NOISSINT 0¥3Z

A A X

A

A A Y

&5
sSeo) [eineN
e

3

£79 “4IMOd ¥V10S

049 “4314ISY9 SSYINOIS

p }00)SpPe94

029 ssewiolg

-

b

0€9 LIS 403 -20D



US 2014/0165569 A1l

Jun. 19,2014 Sheet 7 of 8

Patent Application Publication

. b4

ONINOILIANOD ¥3MOd ANV FOVYHOLS ADYANT ONRIF440 ¥INWHO43Y AIMGAH

bel —
Wi 0¢. \ 0z 0.
abelo)g 101089y ooy |« %%MMMMM__
|on4 pinbr Kbisug 0200 ¢H PUAAH 9|qemausy
sebuig 7Y
0v. 37
Jojelouss) _Lw\,\,»m m__ %cm\_,*
Jamod JoMOd Jejog
d3aMOd d3aMOd
31avin3ay < INVLLINYILNI




US 2014/0165569 A1l

Jun. 19,2014 Sheet 8 of 8

Patent Application Publication

aiaid1o

PESY|IBM
uonoslu

cmm\

mmm/

Zr8
10]RJouss)
paend ZH

f

Jojenoui)
jdung
pinbrT

O

COO/M®IEM  jojesedeg

10

PESy|IeM
uononpo.d

S ol

oneA
M RELH)

A

N

uone|naaID
[400)

N

MNVL IO

A
~—N

Jossaldwon
djewlojey
1sd0oo)

A

0z8

(44

28 \

Jawojay

JusLeal |
181

Juslyeal |
SEO) [eineN

8 b4



US 2014/0165569 Al

ZERO EMISSION POWER PLANT WITH CO2
WASTE UTILIZATION

RELATED APPLICATION

[0001] This application claims priority to U.S. Provisional
Application Nos. 61/635,176 filed Apr. 18,2012, 61/482,495
filed May 4, 2012, and 61/515,900 filed Aug. 16, 2011, the
contents of which are hereby incorporated by reference.

BACKGROUND OF THE INVENTION

[0002] This application relates to a clean energy system, a
renewable energy system or a zero emission energy system
(ZEES), and more particularly to a chemical principle based
power plant (CPPP) with CO, waste utilization.

[0003] The governmental efforts to curb greenhouse gas
(GHG) emissions have been relying on the laws of individual
countries and states for some time now. In general, most
countries and states share the interim goal of reducing GHG
emissions to 25% below 1990 levels by 2020, and an overall
goal of 80% by 2050. However, it is reported that the goals are
unlikely to be met by a large margin unless revolutionary
technologies are developed in the near future.

[0004] When petro-fuel is used with energy systems, car-
bon credits may be calculated and applied to finance the
project due to favorable system hardware characteristics for
emission reduction. When renewable fuel is employed, addi-
tional carbon credits are calculated due to fuel characteristics.
Thus, the potential exits for compounding carbon credits
associated with renewable fuel systems, which may be
viewed as such systems having a negative CO, footprint.
[0005] The clean technology may also receive renewable
energy credits (REC) administered by agencies of respective
countries and states. The REC may only be applied based on
the type of fuel used. Fuel cell systems, judged according to
their operational principles, do not have renewable character-
istics.

SUMMARY OF THE INVENTION

[0006] The present application provides a clean energy sys-
tem, a renewable energy system or a zero emission energy
system (ZEES) with CO, waste utilization. This application
utilizes chemical principles for concurrent power generation
and energy conversion to eliminate CO, emissions from
power plants and introduce new sources of liquid fuel for
transportation. The energy system provided in the present
application solves the two most serious problems in the cur-
rent energy industry: petro-fuel shortage and global warming
dueto greenhouse gas (GHG) emissions. In one embodiment,
the clean energy system is a zero emission energy system
when a carbon containing stream with a matched amount of
H, is used for liquid fuel production and H, alone is used for
power generation. When employing a renewable feedstock,
the energy system constitutes negative CO, footprints thus
potentially gaining double carbon credits.

[0007] According to one practice of the present invention,
clean power is generated and any greenhouse gas (GHG)
produced by the system is retained and employed to help
produce high valued fuels. The energy system provided in the
present application may be properly sized for any installation,
converting available municipal solid waste (MSW) or biom-
ass into clean energy at atfordable costs and with low carbon
footprints. The energy system may be applied equally to
feedstock including coal and other solid hydrocarbon fuels.
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[0008] Inone embodiment, the energy system may include
a fuel processor, an energy catalytic reactor, and a power
generator. The fuel processor catalytically converts the CH,
component in the natural gas, biogas or syngas into a refor-
mate including H,, CO, CO, and H,O species. The energy
reactor may convert the reformate in gas form into a liquid
fuel. The power generator may generate power using an out-
put of the fuel processor and/or an output of the energy
reactor.

[0009] Inanembodiment, the fuel processor may include a
partial oxidation, autothermal and steam methane reformer.
The reformate may be processed with a water shift process to
have different percentages of CO vs. CO, with a variation
range between about 0% and about 20%. The reformate of the
fuel processor may be processed with a pressure swing
adsorption process to form two flow streams: 1) high purity
H, steam; 2) high concentration of carbon (CO, CO,) con-
tents. The CO, may be processed with the water shift process
to the maximum level of 20%, and processed through the
pressure swing adsorption to result in a concentrated CO,
stream. The concentrated CO, stream may be applied for
Enhanced Oil Recovery (CO,-EOR) on-site at oil wells.
[0010] In an embodiment, the H,, CO and CO, produced
from the fuel processor may be processed in the energy reac-
tor into methanol (CH3OH) in liquid form with a methanol
synthesis catalyst. The methanol may be further processed in
the energy reactor into DME (CH3OCH3) in liquid form with
a suitable catalyst. The DME may be further processed in the
catalytic energy reactor into gasoline in liquid form with
another suitable catalyst. The mixture of H,, CO, and CO
derived from the renewable feedstock may be carried out for
producing jetfuel, propane, diesel or heavy liquid fuel pro-
duction due to high concentration of CO,, co in the syngas.
[0011] According to the teachings of the present invention,
the clean energy system may be operated to maximize the use
of carbon for the production of a) liquid bio-fuels, including
methanol, ethanol, propanol and butanol, as well as b) liquid
synfuels, including DME, gasoline, propane, butane, jet fuel
and diesel. The energy reactor utilizes chemical-catalysts or
bio-catalysts. The energy reactor may be a chemical-catalyst
bed, such as a fixed bed, structured bed, slurry bed or micro-
channel with integrated heat exchanger. The energy reactor
may employ single functional catalysts, bifunctional cata-
lysts or multi-functional catalysts to achieve improved per-
formances. The energy reactor may employ bio-catalysts
including varieties of yeasts, bacteria and enzymes.

[0012] Inanembodiment, the reformate may be applied for
power generation in one of the following fuel cell electric
generators including solid oxide fuel cell (SOFC), molten
carbonate fuel cell (MCFC), proton exchange membrane fuel
cell (PEMFC), phosphoric acid fuel cell (PAFC) and alkaline
fuel cell (AFC). The SOFC is applied in one of three devices:
a solid oxide fuel cell; a hybrid system composed of a solid
oxide fuel cell and gas turbine unit; a hybrid system com-
posed of a solid oxide fuel cell and a steam turbine unit. The
reformate may be applied for power generation in one of the
following generators including an internal combustion
engine, gas turbine, or steam turbine.

[0013] In an embodiment, the reformer may be a Hybrid
Reforming System involving electric energy input obtained
from a Photovoltaic (PV) panel, wind or tidal wave to meet
the energy demands for the reformer’s endothermic thermal
input and the reformate compression process. The clean
energy system may be a Hybrid System involving electric
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energy input obtained from the PV, wind and tidal wave to
support the energy demands for the system, as well as provide
remedy for the intermittency of these power sources with
storage capability in the form ofliquid fuel of the production.

[0014] Inan embodiment, the clean energy system may be
applied to use renewable feedstock that includes municipal
solid waste, municipal sewage, farm animal waste, biomass
and woody biomass with a feedstock processor. The munici-
pal sewage and farm animal waste may be first processed
through digester to yield biogas, which includes methane
CH,, CO, and CO. The municipal solid waste, farm biomass,
woody biomass may be first processed through gasifier to
yield syngas which includes methane CH,, CO, and CO.

[0015] Inanembodiment, the feedstock processor may be a
syngas generator, including a thermal driven, plasma or
microwave driven gasifier. The feedstock processor may be a
syngas generator, classified as a volatilizer referred by Hatha-
way Renewable Energy, Inc. of Tennessee. The volatilizer
provides syngas of CH, rich having heating value exceeding
500 Btu/ft3, other than a gasifier of a common choice provid-
ing syngas of H, rich with heating value typical of 300 Btu/
ft3. The biomass feedstock may include forest waste, com-
munity (municipality) waste, coal of solid phase which
passing through the volatilizer yields syngas with the heating
value over 500 Btu/ft3 composed of CH,, H,, CO, CO, and
other secondary species and biochar or charcoal as the solid
residual. The biochar has commercial value as the activated
charcoal for commercial use; and claiming for carbon credits
and renewable energy credits.

[0016] In an embodiment, the biomass feedstock may
include waste of liquid phase or sludge which passing through
the volatilizer yields syngas with the heating value over 500
Btu/ft3, composed of CH,, H,, CO, CO, and other secondary
species of solid residual. The volatilizer may process the
biomass under physical step without undergoing combustion,
rather undergoing heating by external sources. The external
heating source may be derived from the recycled portion of
the syngas, which provides clean burn high temperature
source of heat above 1000° C. The external heating source
may be derived from the high temperature waste stream, 800°
C. to 1000° C., of the SOFC power generator or the high
temperature waste stream, 600° C. to 800° C., of the hybrid
power generator. The volatilizer operates at a temperature
within the above range of the heat sources.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The foregoing and other objects, features and
advantages of the invention will be apparent from the follow-
ing description and apparent from the accompanying draw-
ings, in which like reference characters refer to the same parts
throughout the different views. The drawings illustrate prin-
ciples of the invention.

[0018] FIG.1is ablock diagram illustrating clean technol-
ogy applications including the embodiments provided in the
present application.

[0019] FIG. 2 is a block diagram of an exemplary clean
energy system or zero emission energy system (ZEES) with
CO, waste utilization in an illustrative embodiment accord-
ing to the teachings of the present invention.

[0020] FIG. 3 is an overview of a zero emission energy
system (ZEES) provided according to the teachings of the
present invention.
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[0021] FIG. 4 shows the structure of an exemplary reformer
that may be employed in the zero emission energy system
(ZEES) depicted in FIG. 3.

[0022] FIG. 5 shows the structure of an exemplary energy
reactor that may be employed in the zero emission energy
system (ZEES) depicted in FIG. 3.

[0023] FIG. 6 depicts another embodiment of an exemplary
clean energy system according to the teachings of the present
invention supporting solar power storage of FIG. 7 and CO2-
EOR for oil recovery of FIG. 8.

[0024] FIG. 7 is a block diagram of an exemplary energy
system supporting Photovoltaic (PV) solar power storage for
local grid use in an illustrative embodiment.

[0025] FIG. 8 shows an exemplary CO,-Enhanced Oil
Recovery (EOR) system provided in an exemplary embodi-
ment.

DESCRIPTION OF ILLUSTRATED
EMBODIMENTS

[0026] FIG.1 is ablock diagram illustrating clean technol-
ogy applications including the embodiments provided in the
present application. A fuel processor 120 may receive natural
gas, coal gas or renewable gas and process the gas to produce,
H,, CO, and/or a mixture of H, and CO,. A sulfur component
may be removed, and H, and CO, may be separated.

[0027] The produced H, may be used for a solid oxide fuel
cell (SOFC) system. Fuel cells produce clean exhaust without
SOx or NOx through an electrochemical process rather than a
thermodynamic process as used in traditional combustion
systems. The SOFC also has an advantage in that its clean
exhaust remains at a high temperature, which is suitable to
drive a traditional system for additional power generation.
The overall exhaust remains clean while the power output or
the system efficiency doubles.

[0028] The SOFC may be integrated with heating, ventila-
tion and air conditioning (HVAC) systems to perform func-
tions for human comfort using the hot exhaust from the
SOFC. When energy cost rises, the SOFC-HVAC system may
be made available to serve families and communities with a
single system performing all necessary power generation
functions.

[0029] A Zero Emission System (ZES) is employed to
make use of CO, from the HECP system, in which the hydro-
gen is fully utilized while the CO, is exhausted to the air as
unwanted emissions. CO, is produced in the HECP system in
a concentrated stream for subsequent collection. In one
embodiment, the CO, gas may be used for injection into an oil
field or well to enhance oil production. The CO, gas may be
compressed for CO,-EOR (Enhanced Oil Recovery). This
may provide opportunities for all small and medium field
owners to enjoy the benefits of CO, in their wells, in areas of
absence of natural CO, supply services typically available
only to large field owners. The well-known technique of
horizontal drilling when coupled with CO, injection may
provide a deeper and wider reach into the earth with further
benefits in thorough sweeping of the sand grains by CO,
action for enhanced oil production.

[0030] An embodiment of the present invention provides a
zero emission energy system (ZEES) for eliminating the CO,
emissions from the traditional power plants and introducing
new sources of liquid fuel for transportation. The embodi-
ment utilizes chemical principles for concurrent power gen-
eration and energy conversion. The fuelstock is first treated
before the power generation to assure clean emissions. The
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hydrocarbon fuel, either from a petro-source or from a bio-
source, is processed following the steam methane reformer
reaction into H,, CO, CO, and H,0, and collectively consti-
tute the reformate. The reformate may be separated into two
gas streams: 1) H, stream; 2) carbon containing stream. The
H, stream is primarily utilized for power generation that
emits only H,O (e.g., water molecules). The carbon stream
when combined with the proper amount of H, from the H,
stream may be catalytically reacted to form liquid fuels, such
as methanol (CH30H). Other liquid fuel species may be
further derived with suitable catalysts. The energy system
may provide solutions to simultaneously cure the problems in
the current energy industry: petro-fuel shortage and global
warming due to greenhouse gas (GHG) emissions. In the
energy system, the clean power is generated and the green-
house gas CO, is retained and applied for the production of
high valued fuels.

[0031] The ZEES provides the energy industry the follow-
ing benefits: ZEES provides storage solutions to the Solar
Electric projects in liquid chemicals; ZEES provides sweep-
ing solution to power generation of emissions issues; ZEES
promotes global oil production to relief international political
worries; ZEES as GTL {facilitates the natural gas move in
convenient liquid forms; ZEES as BTL facilitates the renew-
able bio-feedstock to become commercial energy source;
ZEES as a chemical reactor to process petro fuel or biofuel
with equal effectiveness; ZEES hybridizing with renewable
electricity for storage better serve the future Smart Grid;
ZEES thus provides an unhurried transition to better fuel
choices.

[0032] FIG.2isaschematic block diagram of an exemplary
clean energy system or zero emission energy system (ZEES)
with CO, waste utilization according to the teachings of the
present invention. The ZEES is uniquely qualified for distri-
bution or installation near energy source, market place, and
with product shippable for off-site consumption. In the
description of the present application, the zero emission
energy system refers to an energy system that processes an
input feedstock, such as a natural gas or a renewable gas, and
produces power with substantially zero emissions of CO and
CO, gases to the atmosphere. The CO and CO, gases pro-
duced by processing the input feedstock can be utilized to
produce a liquid fuel. The CO and CO, gases produced by
processing the input feedstock can also be injected into a
wellhead to enhance oil recovery.

[0033] The energy system 100 may include a fuel processor
120, such as a reformer, an energy catalytic reactor 130, and
a power generator 140. The fuel processor 120 can be a
reformer that converts a renewable feedstock, such as meth-
ane rich gas, into a reformate including H,, CO and CO,,
which in turn can be introduced to a fuel cell, such as a solid
oxide fuel cell (SOFC). Within the reformer, any sulfur
present in the reactant may be removed. Reactant pressure
may be adjusted. The water may be treated for deionization to
prevent corrosion to the equipment in the system and to
precondition the reactant for clean emissions. The reformate
outputted by the fuel processor 120 may be processed into
two separate streams, the H, rich stream and the carbon con-
taining CO and CO, stream.

[0034] The energy catalytic reactor 130 converts H, with
CO and CO, into liquid form of chemical under catalytic
reaction according to well-known techniques. Methanol has
been recognized as a fundamental liquid chemical derived
from syngas or biogas with a commercially available metha-
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nol catalyst reactor. Methanol may be further processed into
various levels of alcohols, such as ethanol, pentanol, butanol
and various commercial fuels such as gasoline, jet fuel and
diesel. Gaseous fuel species are difficult to transport or dis-
tribute from production plants to the market place. Thus, it is
desirable to be able to convert it into liquid form for storage as
well as for shipping to market. It also gains the advantage of
being used as the fuel for transportation, or vehicle fuels.
[0035] Thepower generator 140 may use the H, rich stream
derived from the reformer 120 to generate power, a byproduct
of which is water. It is a desirable and efficient mode for
power generation. The traditional power generators, such as
internal combustion engines, gas turbines and steam turbines,
may also be powered by the H, gas stream. Fuel cells are a
suitable generator class on H, fuel. The energy system 100
transforms various input gases, such as natural gas, syngas or
biogas, into hydrogen rich gas that may be used by the elec-
trochemical reaction of the fuel cell. The Gas Turbine (GT)
portion of the hybrid SOFC-GT is capable of reusing the
SOFC exhaust to boost the overall efficiency of the combined
cycle system to about 70%.

[0036] The zero emission energy system (ZEES) may fur-
ther be applied in renewable applications when a renewable
feedstock processor 110 is added prior to the fuel processor
120. Volatilization involves the latest generation of convert-
ing organic matter into synthetic gas and biochar. The vola-
tilization process is simpler and cleaner than the previous
generation “gasification” technology. Early generation gas-
ification technology uses high temperatures and sometimes
high pressure to reformulate matter into the desired compo-
nents. The process is very complex and has a high parasitic
energy cost. Volatilization uses indirect heat in an oxygen
starved environment to enable biomass to decompose into
methane (45%), CO (15%), H, (15%) and other hydrocar-
bons. The resultant syngas is a very clean product witha LHV
greater than 600 Btu/sct which is a factor of two times more
energy density than the previous technology. The volatiliza-
tion units utilized in this embodiment are modular and may be
stacked to scale the process in 2.5 MW increments. Each
volatilization unit may process 30 tons per day (TPD) of
MSW or biomass that contains less than 20% moisture. The
volatilizer may also be trailer mounted to produce syngas for
transportable requirements. This volatilizer may equally be
applied to other feedstock, including coal and all other solid
hydrocarbon fuels.

[0037] FIG. 3 is a overview of a zero emission energy
system 300 provided in an exemplary embodiment. The clean
energy system 300 may include a fuel processor 320, energy
reactors 331 and 332 and a power generator 342. The fuel
processor 320 may be a reformer system that catalytically
breakdown the CH, component in the fuel source, such as
natural gas, biogas or syngas, into H,, CO, CO, and H,O
species joining the output flow and collectively is called the
reformate. A power generation branch 322 feeds a fuel reac-
tant for power generation with fuel cells or other traditional
generators or engine forming the power generator 342. The
energy reactors 331 and 332 are, for example, gas to liquid
reactors fed by the liquid chemical production branch 321 of
the reformate.

[0038] The fuel processor 320 may be a partial oxidation,
autothermal or steam methane reformer. The steam methane
reformer provides the best performance for pure hydrogen
production, if steam supply is unrestricted. A water shift
processor following the reformer may be controlled by a
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processor (not shown) to have a different percentage of CO
vs. CO, in a range from about 0% to about 20%.
[0039] The above reactions are expressed as:

Steam Methane Reforming CH,+H,0—3 H,+CO

Water Gas Shift Reaction CO+H,0—CO,+H,

[0040] The reformate may be further processed in a pres-
sure swing adsorption process into two streams of flows: 1)
high purity H, steam; 2) high concentration of carbon (CO,
CO,) contents.

[0041] When the reformate is processed in the water shift
processor to the maximum level of 20% with low or trace
amounts of CO, it may be further processed through the
pressure swing adsorption process to yield a concentrated
CO, stream. The concentrated CO, stream may be applied for
Enhanced Oil Recovery (CO,-EOR) on-site at oil wells, as
shown in FIG. 6 and FIG. 8.

[0042] The liquid chemical production branch 321 carries a
mixture of H,, CO and CO, which is introduced into the
energy reactor 331 via a heat exchanger 322, a condenser 323,
acompressor 324 and a heat exchanger 325 for the production
ofliquid methanol (CH30OH) with a methanol synthesis cata-
lyst. The condenser 323 may extract water from the reformate
and the compressor 324 compresses the reformate before it
enters the heat exchanger 325. The methanol may be further
introduced into a second energy reactor 332 via a heat
exchanger 333, a compressor 334 and a heat exchanger 335
for production of DME (CH30CH3) in liquid form with a
suitable catalyst. The DME as produced may be further pro-
cessed in a catalytic energy reactor into common gasoline in
liquid form with suitable catalyst. The DME or gasoline may
be sent to the storage 341 via a heat exchange 336.

[0043] The above reactions can be expressed as:

Methanol Synthesis 2 H,+CO—-CH,O

Dimethyl Ether (DME) Synthesis 2
CH,O—CH;0CH;+H,0

[0044] The zero emission energy system 300 may be oper-
ated to maximize the use of carbon for the production of, a)
liquid bio-fuels, including methanol, ethanol, propanol and
butanol, as well as b) liquid synfuels, consisting of DME,
gasoline, propane, butane, jet fuel and diesel.

[0045] The energy reactor 331 or 332 utilizes chemical-
catalysts or bio-catalysts respectively. The energy reactor 331
or 332 employs chemical-catalyst bed in one of the various
possible configurations including a fixed bed, structured bed,
slurry bed and microchannel with integrated heat exchanger.
The microchannel reactor may be of a cylindrical configura-
tion. The energy reactor 331 or 332 may employ single func-
tional catalysts, bifunctional catalysts or multi-functional
catalysts to achieve improved performances. The bifunctional
or multi-functional catalysts are formed by thorough mixing
of' basic compounds of individual catalysts, resulting in near
instant chained-reactions without unnecessary time lapse.
This innovation helps to reduce the size and the number of the
reactors, thus leading to cost reduction in system construc-
tion. The energy reactor 331 or 332 may also employ bio-
catalysts consisting of varieties of yeasts, bacteria and
enzymes.

[0046] The H, stream 322 may be applied for power gen-
eration by a power generator 342 with zero CO, emission by
employing fuel cells or other traditional power generators.
The fuel cell electric generators may be selected from one of
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the types from solid oxide fuel cell (SOFC), molten carbonate
fuel cell (MCFC), proton exchange membrane fuel cell
(PEMFC), phosphoric acid fuel cell (PAFC) and alkaline fuel
cell (AFC). The high performance SOFC has three configu-
rations: a solid oxide fuel cell; a hybrid system composed of
a solid oxide fuel cell and gas turbine unit; a hybrid system
composed of a solid oxide fuel cell and steam turbine unit.
The traditional power generation consists of one of the fol-
lowing generators selected from internal combustion engine,
gas turbine and steam turbine.

[0047] Various pump and valves can be employed through-
out the system to help regulate or control the flow of the
various fluids. These components can be controlled by a
controller or processor 350.

[0048] FIG. 4 shows the structure of an exemplary reformer
or fuel processor suitable for use in the zero emission energy
system (ZEES) depicted in FIG. 3. A reformer 10 may include
a stack of thermally conducting plates interspersed with cata-
lyst plates and provided with internal or external manifolds
for reactants. The catalyst plate is in intimate thermal contact
with the conducting plates so that its temperature closely
tracks the temperature of the thermally conducting plate,
which may be designed to attain a near isothermal state in-
plane to the plate. One or more catalysts may be used, dis-
tributed along the flow direction, in-plane to the thermally
conducting plate, in a variety of optional embodiments. The
reformer may be operated as a steam reformer or as a partial
oxidation reformer. When operated as a steam reformer, ther-
mal energy for the (endothermic) steam reforming reaction is
provided externally by radiation and/or conduction to the
thermally conducting plates. This produces carbon monox-
ide, hydrogen, steam and carbon dioxide. When operated as a
partial oxidation reformer, a fraction of the natural gas is
oxidized assisted by the presence of a combustion catalyst
and reforming catalyst. This produces carbon monoxide,
hydrogen, steam and carbon dioxide. Because of the intimate
thermal contact between the catalyst plate and the conducting
plates, no excessive temperature may develop within the
stack assembly. Details of the plate design may be varied to
accommodate a variety of manifolding embodiments provid-
ing one or more inlets and exit ports for introducing, pre-
heating and exhaust the reactants.

[0049] The reformer 10 includes a number of thermally
conductive plates 12 and reforming plates 14 that are alter-
nately stacked together to form a stacked reforming structure
13 that extends along axis 28. The reformer includes a fluid
conduit 16 that is in fluid communication with the inner
portions 12A, 14A of the plates 12, 14. The reformer 10 is
preferably housed within a gas-tight enclosure or housing 20.
The illustrated reformer may be used to perform both steam
and oxidation reforming. The heat necessary for the reform-
ing process may be supplied internally by partial oxidation of
hydrocarbon fuel or supplied externally by a remote heat
source, as shown by wavy lines 26, to the reformer 10 by
radiation, conduction or convection.

[0050] The reactant to be reformed by the reformer 10 is
introduced into the apparatus through the axial fluid manifold
16. The reactant preferably comprises a mixture of a hydro-
carbon fuel and a reforming agent, such as air, oxygen, water
or CO,, that are premixed either prior to introduction to the
manifold 16 or within the reformer. The illustrated reformer
10 includes at least one manifold that delivers a fuel/reform-
ing agent mixture to the reformer, rather than provide separate
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input manifolds for each gas constituent. The introduction of
a premixed reactants to the reformer 10 provides for a rela-
tively simple design.

[0051] The reactant mixture 22 is introduced to the mani-
fold 16 by any appropriate means, such as by fluid conduits.
The mixture 22 enters the inner portions of the reformer
through reactant passages 24 that are formed between the
adjacent conductive plates 12 and reforming plates 14. The
passages may comprise any surface indentation or protru-
sions, which may be formed by embossing, and which con-
stitutes a substantially continuous fluid passage that extends
from the manifold 16 to the outer peripheral surface 13A of
the stacked reforming structure 13. The passages may also be
formed by utilizing conductive or reforming plates that are
made of a porous material or have a power reformer catalyst
material coated or formed thereon, thus allowing the reactant
to pass through the reformer.

[0052] FIG. 5 shows the structure of an exemplary reactor
in the zero emission energy system (ZEES) depicted in FIG.
3. The reactor 510 may be a Cylindrical Catalytic Reactor or
a Cylindrical MicroChannel (CMC) Reactor that has cylin-
drical microchannel (CMC) structure to incorporate catalyst
to be used as a catalytic reactor. The reactor 510 may include
a housing 512 defining a chamber 528 that has an inlet 522
and an outlet 524. The housing can have any selected shape or
size, and preferably has a cylindrical. A bundle element 514 is
mounted within the chamber 528. The bundle element can
include a conduit and a multi-sheet layer 526 which can be
wrapped around the conduit. The multi-sheet layer 526 can
comprise at least two sheets which define a confined flow
volume. The bundle element 514 can also be constructed as a
series of tubes. The bundle element 514 can include a conduit
516 that passes through the housing 512 and extends between
an inlet 518 and an outlet 520. The inlet and outlet do not
communicate directly with the chamber 528.

[0053] In an embodiment, the bundle element includes
double layers. The space formed between the double layers is
designated as the B-side (Circuit B). The space formed
between the rolled double layers is designated as the A-side
(circuitA). The A-side allows straight flow path along the axis
of the reactor with an inflow port 522 and outflow port 524.
The B-side presents a spiral flow path between the double
layers with an inflow port 518 and outflow port 520. A round
screen or perforated plate is placed and secured at the one end
(bottom) of the cylinder, which allows the loading of catalyst
of proper size to fill the A-side of the reactor when positioned
upright for operation. A removable round screen or perforated
plate may be placed at the other end (top). The B-side is used
as the path for the thermal fluid to flow through for tempera-
ture regulation, heating or cooling.

[0054] The space between the “double layers” and the
space between the “spirally rolled double layers” may be
supported by dimples formed in the sheets before welding
and rolling. The space may be controlled in millimeter sizes to
provide excellent heat transfer capability between the
medium on the A-side through the metal layer to the B-side.
The rolled configuration presents large surface area to be
packaged in small cylindrical volume.

[0055] FIG. 6 depicts another embodiment of an exemplary
clean energy system 600 according to the teachings of the
present invention supporting solar power storage of FIG. 7
and CO2-EOR for oil recovery of FIG. 8. The zero emission
energy system 600 may include a fuel process 620, energy
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reactors 631 and 632, a storage 641 and a power generator
642, which are substantially the same elements as described
above with respect to FIG. 3.

[0056] The zero emission energy system 600 may be
applied to use renewable feedstock that includes municipal
solid waste (MSW), municipal sewage, farm animal waste,
biomass and woody biomass with a feedstock processor. The
municipal sewage and farm animal waste may be first pro-
cessed through a digester to yield biogas, which includes
methane CH4, CO, and CO. The municipal solid waste, farm
biomass, woody biomass may be processed through a gasifier
610 to yield syngas which includes methane CH,, CO, and
CO.

[0057] The feedstock processor may be a syngas generator,
selected from a thermal driven, plasma or microwave driven
gasifier. A desirable syngas generator classified as a volatil-
izer 610 provides syngas of CH, rich having heating value
exceeding 500 Btu/ft3, other than a gasifier of a common
choice providing syngas of H, rich with heating value typical
of 300 Btu/fi3. The renewable feedstock includes forest
waste, community (municipality) waste, coal of solid phase
and even waste of liquid phase or sludge which passing
through the volatilizer yields syngas and other secondary
species including variable amount of biochar or charcoal as
the solid residual.

[0058] The volatilizer 610 may process the biomass under
physical step without undergoing combustion, rather under-
going heating by external sources. The external heating
source may be derived from the recycled portion of the syn-
gas, which provides clean burn high temperature source of
heat above 1000° C. The external heating source may also
derived from the high temperature waste stream, 800° C. to
1000° C., of the SOFC power generator or the high tempera-
ture waste stream, 600° C. to 800° C., of the hybrid power
generator.

[0059] The biochar left behind in volitilizer 610 has com-
mercial value as the activated charcoal for commercial use
and may claim for carbon credits and renewable energy cred-
ts.

[0060] The clean energy system 600 is a zero emission
energy system when carbon containing stream with matched
amount of H, is used for liquid fuel production and H, alone
is used for power generation. The system when applied to use
renewable feedstock constitutes negative CO, footprints thus
gaining double carbon credits.

[0061] FIG. 7 is a block diagram of an exemplary energy
system supporting Photovoltaic (PV) solar power storage for
local grid use in an illustrative embodiment. The energy sys-
tem is provided for the commercial Smart Grid Build-up and
as the remedy for PV power intermittency. For low cost pro-
duction ofhydrogen, a Hybrid Reforming System 720 involv-
ing electric input obtained from the PV solar power generator
743 is utilized, in conjunction with the use of a renewable
biomass to be processed through a renewable feedstock pro-
cessor 710. The electrical storage mechanism occurs through
the energy consumption of the endothermic chemical reform-
ing reaction, steam generation and the reformate compression
that constitutes as much as 50% of the energy input for the
process. The storage medium may be biomethanol (metha-
nol) or equivalent liquid fuel to be produced in the energy
reactor 730 and stored in the liquid fuel storage 741. The
power generator 740 can be operated on demand rather than
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on the unsteady solar supply. The concept as represented in
FIG. 7 can be implemented in the ZEES System 600 in FIG.
6.

[0062] FIG. 8 shows an CO,-Enhanced Oil Recovery
(EOR) system provided in an exemplary embodiment. As the
energy price fast rising, the interest in oil and gas exploration
and production is mounting, relying upon advanced stimula-
tion techniques for improved recovery. As discussed above, a
reformer system 820 produces a reformate from an input
resource, such as a natural gas. A compressor 821 compresses
the reformate. The hydrogen 822 may be used in the power
generator 842 to generate power. The CO, gas 823 may be
injected into wellhead 830 on-site field to stimulate the pro-
duction of oil.

[0063] Since the reformer is installed on site, this system
can greatly enhance the operational income. Furthermore, the
CO, sequestration credit may significantly offset the capital
cost of the fuel cell or reformer system, which enhances the
financial incentive of the adopting this advanced ZEES sys-
tem 600 in FIG. 6 for stimulating oil and gas production.
[0064] As described above, the embodiment in this appli-
cation utilizes chemical principles for concurrent power gen-
eration and energy conversion. The embodiment eliminates
the CO, emissions from the power plants and introduces new
sources of liquid fuel for transportation. Therefore, this appli-
cation provides solutions to simultaneously cure the two most
serious problems in the current energy industry: petro-fuel
shortage and global warming due to greenhouse gas (GHG)
emissions. In the embodiments, the greenhouse gas is
retained and applied for the production of high valued fuels.
This invention may be applied equally to renewable feedstock
and other feedstock including coal and solid hydrocarbon
fuels.

[0065] It will thus be seen that the invention efficiently
attains the objects set forth above, among those made appar-
ent from the preceding description. Since certain changes
may be made in the above constructions without departing
from the scope of the invention, it is intended that all matter
contained in the above description or shown in the accompa-
nying drawings be interpreted as illustrative and not in a
limiting sense.

[0066] It is also to be understood that the following claims
are to cover generic and specific features of the invention
described herein, and all statements of the scope of the inven-
tion which, as a matter of language, might be said to fall
therebetween.

[0067] Having described the invention, what is claimed as
new and desired to be secured by Letters Patent is:

What is claimed is:

1. A clean energy system, comprising:

a fuel processor receiving a natural gas, biogas or syngas
and catalytically converting a CH, component in the
natural gas, biogas or syngas into a reformate including
H,, CO, CO, and H,O species,

an energy reactor converting the reformate in gas form into
a liquid fuel, and

a power generator generating power using an output of the
fuel processor or an output of the energy reactor,

wherein the system is a zero emission power plant qualified
for installation near energy source, market place, and
with product shippable for off-site consumption.

2. The energy system of claim 1, wherein the fuel processor

comprises a partial oxidation reformer, an autothermal
reformer or a steam methane reformer.
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3. The energy system of claim 2, wherein the reformate is
processed with a water shift process to have different percent-
ages of CO vs. CO, that range between about 0% and about
20%.

4. The energy system of claim 2, wherein the reformate is
processed according to a pressure swing adsorption process
to form a relatively pure H, steam and a highly concentrated
carbon stream, which includes at least the CO and CO,.

5. The energy system of claim 1, wherein the CO, is pro-
cessed according to a water shift process to a maximum level
of about 20%, and is processed through a pressure swing
adsorption process to form a concentrated CO, stream.

6. The energy system of claim 1, further comprising

a condenser disposed between the fuel processor and the
energy reactor for extracting water from the reformate,
and

a first heat exchanger disposed between the condenser and
the fuel processor for exchanging heat with the refor-
mate.

7. The energy system of claim 6, further comprising

a first compressor disposed between the condenser and the
energy reactor to compress the reformate output of the
condenser,

a second energy reactor disposed between the energy reac-
tor and the power generator for further processing the
reformate into a liquid fuel,

a second heat exchanger disposed between the energy reac-
tor and the second energy reactor for controlling the
temperature of the reformate,

a second compressor disposed between the second heat
exchanger and the second energy reactor for compress-
ing the reformate output from the second heat
exchanger,

a storage tank for storing the liquid fuel, and

athird heat exchanger disposed between the second energy
reactor and the storage tank.

8. The energy system of claim 1, wherein the fuel processor

comprises

a plurality of thermally conducting plates, and

a plurality of catalyst plates,

wherein the thermally conducting plates are alternately
stacked together with the catalyst plates to for a stack.

9. The energy system of claim 1, wherein the energy reactor
comprises

ahousing defining a chamber that has an inlet and an outlet,
and

a bundle element mounted within the chamber having a
conduit that extends between the inlet and the outlet and
a flow confining structure disposed about the conduit.

10. The energy system of claim 1, further comprising a
renewable feedstock processor coupled to an input of the fuel
processor.

11. The energy system of claim 1, wherein H,, CO and CO,
is further processed in the energy reactor into methanol
(CH30H) in liquid form with methanol synthesis catalyst,
and the methanol is further proceed in the energy reactor into
DME (CH30OCH3) in liquid form with suitable catalyst.

12. The energy system of claim 1, wherein a mixture of H,,
CO, and CO derived from renewable feedstock is carried out
for producing methanol, ethanol, propanol jetfuel, propane,
diesel or heavy liquid fuel production due to high concentra-
tion of CO, CO, in the syngas.

13. The energy system of claim 1, wherein the reactor
utilizes chemical-catalysts or bio-catalysts.
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14. The energy system of claim 1, wherein the reactor is
chemical-catalyst bed in one of the configurations as a fixed
bed, structured bed, slurry bed and microchannel with inte-
grated heat exchanger, wherein the microchannel reactor is of
a cylindrical configuration.

15. The energy system of claim 1, wherein the reactor
employs single functional catalysts, bifunctional catalysts or
multi-functional catalysts to achieve improved performances.

16. The energy system of claim 1, wherein the reformer is
a Hybrid Reforming System involving electric energy input
obtained from the PV, wind and tidal wave to meet the energy
demands for the reformer’s endothermic thermal input and
the reformate compression process.

17. The energy system of claim 1, wherein the system is a
Hybrid System involving electric energy input obtained from
the PV, wind and tidal wave to support the energy demands for
the system, as well as provide remedy for the intermittency of
these power sources with storage capability in the form of
liquid fuel of the production.

18. The energy system of claim 1, wherein the system is
applied to use renewable feedstock that includes municipal
solid waste, municipal sewage, farm animal waste, biomass
and woody biomass with a feedstock processor.
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19. The energy system of claim 1, wherein the system is a
zero emission energy system when carbon containing stream
with matched amount of H, is used for liquid fuel production
and H, alone is used for power generation.

20. The energy system of claim 19, wherein when applied
to use renewable feedstock constitutes negative CO, foot-
prints thus gaining double carbon credits.

21. A method for generating power, comprising:

receiving natural gas, biogas or syngas and catalytically
converting a CH, component in the natural gas, biogas or
syngas into a reformate including H,, CO, CO, and H,O
species;

converting the reformate in gas form into a liquid fuel;

storing the liquid fuel in a storage; and

generating power using hydrogen gas separated from the

reformate or the liquid fuel stored in the storage.

22. The method of claim 21, wherein the CO, separated
from the reformate is injected into a wellhead to enhance oil
recovery (EOR), simultaneously to achieve a state of zero
emission power generation.
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