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Fort Collins Power Plant (1935-1972)
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Early Days: No heat, toilets or windows!
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http://vimeo.com/442580476/adbf7b7359
https://vimeo.com/442580476/adbf7b7359
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Options for Sustainable Fuels

Biofuels

Sugars

. C4 sugars: corn, sugar cane, sorghum

. C3 sugars: barley,, rice, tomatoes, wheat, sugar beet
. Cellulose through additional process

. Typically used to produce ethanol

Gasification

. Produces syngas H, + CO

. Can make alkane fuels from Fisher-Tropsch process
Qils

. Soy, canola, sunflower, safflower, hemp

. Animal products
. Algae — lipids, carbohydrates, methane, H,

. Typically used to produce FAME (fatty acid methyl
esters)

COLORADO STATE UNIVERSITY

Solar Fuels

Hydrogen — from electrolysis
Ammonia - from Haber-Bosch
Methane —

 Anaerobic digestion

e FromH, + CO,

 Engines or solid oxide fuel cells

e Can convert to methanol or DME (dimethy!l
ether)

Longer alkanes
 From H, + CO through Fisher-Tropsch

Energy Institute




Four-Stroke “Humphrey
Pump” — Liquid Piston Engine

o Atkinson full expansion cycle

 Tolerant of corrosive or tar-
laden gases

 Well-suited to operation on
biogas or producer gas

 Hypothesized application was
water pumping in developing
nations

e Large-bore, low-turbulence,
cold combustion chamber

COLORADO STATE UNIVERSITY

1 Ignition, followed by power stroke,

2 Momentum of water column allows full
expansion of combustion gases,

3 As chamber pressure drops below atmospheric
pressure, exhawst valve opens.

Exhaust
valve

..................
L ":"

4 Chamber level continues to drop and makeup
water enters through water valves,

5 Pumping action continues until column velocity
CCAE0E,

6 Poteniial energy stored in standpipe e
causes column motion 10 revierses,
Intake Exhaus

valve

closed open

7 Exhaust gases are expelled as water rises in
chamber.
8 Column acceleraies until water slams exhaust
valve shut.
9 Air trapped above exhaust valve acts as a gas
spring and reverses column,
Exhaust
valve
open
during
exhaust,
closed
during
bounce

Intake
valve
closed

10 Falling water level draws a fresh combustible
charge into chamber.

11 Inlet stroke continues until water height in
standpipe causes reversal of column motion.

s

Exhausi
valve
closed

12 Potential energy stored in standpipe height
accelerates column, which then compresses
the charge,

13 As maximuom chamber level is reachad, spark
ignites mixture and cycle repeats,

Exhaust
valve
closed

Intake
valve
closed

Figure 1-1.
The Four-Stroke
"Humphrey Pump" Cycle

Energy Institute



4-Stroke “Humphrey Pump” jra :

at Chingford Reservoir
On Thames River Near London
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Direct-Injection 2-Stroke Liquid Piston Engine

by Fuel ln—l-mr

Burning gases force
water through the
pump. The chamber
pressure supporls

the diaphragm piston
until the gases expand
down to aimospheric
pressure.

Ignition/
Power

]
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As pressure drops,
the piston drops due

to its weight, drawing
in combustion air above
the diaphragm. Since As the water lavel in
the water surface moves the combustion chamb
faster than the pision, fisas, the exhaust
additional scavenging products and any make
air is drawn through air are expelled throu
the axhaust tuba. the exhaus! lube

------
-----------
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Air Inlet Exhaust

& Exhaust
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As the piston rises,
air trapped above the
'\. diaphragm is forced
through Happer valves
~in the diaphragm.
Simultaneously, fuel
in the injection tube is
forced into the cham-

After the rising wate
closes the bouyant
axhaust valve, the
increasing pressure
of the trapped air forces chamber and mixes

the piston fo rise. with the air.

Exhaust
Valve Closes

Compression/
Fuel Injection
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25 Mixture 255

After the piston seals
against the chamber
haad, the gas continues
to be compressed unti
the column reverses its
diraction, at which point
the mixture is ignited,
and the cycle repeats.

Final
Compression
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Liquid Piston Engine as Borehole Pump
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Also Prevents Acceleration Instability of Water Surface



Nearly 3 billion
people use polluting,
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http://www.bihnsystems.com/2007/2007-04-25%20EECL/content/index.html
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Locally Built Stoves
Abuja, Nigeria — (Nov, '07)

@cummnusmﬁuﬁimms: B Wi”SOn, Nigeria — ‘09
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Uganda Stov

FaCtO ry (Kampala, Uganda, March ‘09)
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Gen |l Stove
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Aspirational - Product that inspires people to want to own

COLORADO STATE UNIVERSITY Energy Institute



1 MILLION STOVE EVOLUTION

M+ >
() arcoal Cookstoves

1,025,408

900K-

822,976

800K -

— 684,126

600K -

494,974

500K-

400K+
289,773

300K~

195,711

200K~
103,275
100K~

2008 2009 2010 2011 2012 2013 2014 2015
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Smart Valve
Tachnology (((

Epvirofit's SIM/GPS SmartGas
Valve, enables families to use
their phone to prepay for gas as
thev cook using mobile money.

ENVIROFIT
SMARTGAS

COLORADO STATE UNIVERSITY Energy Institute



Feces Incineration for Sanitation  wuman Feces

Canine Feces

31

Wood Pellets

COLORADO STATE UNIVERSITY Energy Institute



Feces Combustor for Sanitation Program

WALTER SCOTT, JR.
COLLEGE OF ENGINEERIM <
COLORADO STATE UNIVERSITY
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DOE Advanced
Vehicle Design
Competitions

1988 - present
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Hydrogen for Cold Starting and Catalyst

ABSTRACT

Hydrogen is unique among alternative fuels in its
ability to burn with large amounts of excess air (ultra lean
burn) with no carbon-relsted combustion products. Hydrogen
also has a unique ability to burn on the surface of a catalyst.
stanting from room temperature. Hydrogen may be used in
highly “leveraged” ways with other aliernative fuels by taking
advantage of these unique properties during the crucial period
just after the vehicle is started from a cold condition A
methanol vehicle was started on pure hydrogen and idled at
ulira lean conditions (ovygen rich exhaust) while njecting
hydrogen at the inlet to the exhaust catalyst, Over 15 kW of
chemical heating power brought the catalvst to hght-off
temperature quickly.  "Cold 503" (ransient emissions tcsts
show reductions in all pollutants which far exceed the
fraction of the fucl energy supplied as hydrogen.

INTRODUCTION

The work reported in this paper was performed for
the National Renewable Energy Laboratory (NREL).
Alternative Fuels Utilization Program, Golden, Colorado.
under a contract entitled “Advanced Hydrogen/Methane
Utilization Demonstration”  {Phase  11). by  Hvdrogen
Consultants. Ine. (HCI). Litleton. Colorado. Colorado State
University's  (CSU)  Engines and Energy  Conversion
Laboratory was HCI's subcontractor.  Some of the vehicle test
work was carried out at the National Cemter for Vehicle
Emssions Control and Safety (NCVECS) at CSU

Hydrogen is unique among alternative fuels in ils
ability to burn over a wide range of mixtures in air with no
carbon-related combustion products,  Hydrogen also has the
ability 10 burn on a catalyst. starting from room temperature,
Hydrogen can be made from a vancty of renewable cnergy
resources and 1s expected to become a widely used energy
carner in the sustainable energy system of the future.

COLORADO STATE UNIVERSITY

a28

Heating in a Methanol Vehicle

Justin Fulton and Frank Lynch
Hydrogen Consuftants, Inc.

Bryan Willson
Golorado State University

One way to make a start toward widespread use of
hydrogen in the energy system is to use it sparingly with other
alternative fuels. Reductions in emissions greater than the
proportion of hydrogen in the fuel provide a form of leverage
to stimulite the carly introduction of hydrogen. Per energy
unit or per dollar of hydrogen. a greater benefit is derived
than simply displacing fossil-fueled vehicles with pure
hvdrogen vehicles.

HYDROGEN COLD-START - This work pursucd
emissions  leverage by using hvdrogen with methanol
Methanol. like all hquid fuels. produces most of its toxic and
photochemically reactive exhaust emissions during the first
few minutes afier a “cold” motor vehicle is stanted  These
“cold-start" emissions can be greatly reduced by stariing the
vehicle on hydrogen. In the ultra leanburn mode (x>3). a
hydrogen fueled engine’s exhaust 1s very clean and has a high
ONYEER CONCEntration

HYDROGEN HEATED CATALYST - Afier a
methanol vehicle reaches operating temperature it depends on
a three-way catalyst for emissions control.  The amount of
time required for the catalyst to reach operating temperature
miay be reduced by actively heating it rather than waiting for
the exhaust to do so. In addition to starting and idling the
engine on hydrogen. additional hydrogen was injected into
the oxygen-rich exhaust stream.  The hydrogen and oxygen
burned on the surface of the catalyst, heating it directly. A
chemical heating power of 15 1kW was applicd in the tests
discussed below

EMISSIONS TESTING - The benefits of hydrogen
cold-start and heating the catalyst with hydrogen were
mvestigated using Phase [ of the Federal Light-Duty Vehicle
Emussions Test (FTP). These tests. commonly called "Cold
305" were conducted with CSU's award-winning Methanol
Marathon  competition  vehicle, The wsual battery of
imstrumentation  in the NCVECS  laboratory  was
supplemented by a Fourier Transform Infrared (FTIR)
analyzer.
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The Environmental Case for Natural Gas

On a lifecycle basis, natural gas emits nearly half the level of greenhouse gases as coal when burned; the

challenge is ensuring that environmental risks throughout the supply chain are effectively mitigated

Median lifecycle GHG emissions from fossil-based electricity generation
1200

1000

800 -

400 -

Grams CO,eq per kWh
(e2]
o
o

200 -

Coal Oil Natural Gas

\i - : :D"l j "Li " é Source: IPCC AR4 Annex Il (2007)

CHAMGING WHAT'S POSSIBLE
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In the near-term, global radiative forcing by
& CO, are similar

Integrated Radiative Forcing for Year 2000 Global Emissions

100-yr time horizon

greenhouse gases
|

(Weighted by 100-yr and 20-yr time horizons)
L} L} I

Long-lived GFCs — [— SFg + PFCs + HFCs
|

=

T
|
|
|
|
|
|
|
|
|
|
|
:

| co, NMvOC + NOx} Short-lived gases
l
|
|
|

20-yr time horizon

I
Nitrate — : I
| I
. . |
cargorg?r'lllt::) _ Black carbon (FF) | :
|
o, : Aerosols and aerosol
| | precursors
| ) |
: ’ 1
| ' |
Cloud albedo —! ‘ | |
l A ) . N | i |
¥ ' T I ' ' ' l
| ‘ |
| ‘ |
|
| 1 i
. | |
Long-lived — CFCs | |
greenhouse gases | |
‘ 1, _SFg+PFCs | |
| +HFCs | 1
| L HCFCs | |
| Short-lived gases
| | |
Nitrate — | : :
|
. ! | |
Organic Black carbon (FF) | |

carbon (FF) —
|

QIrPG-@

CHAMGING WHAT'S POSSIBLE

1 S0, (FF) - : Aerosols and aerosol
| | precursors
| ! |
; | 1
Cloud albedo —! : | 1
: 1 . , i . | . |
-1 0 1 2 3

Integrated radiative forcing (W m=2yr1)

— N,O

— CFCs

. . __SF4+ PFCs
CH, + HFCs

lL— HCFCs

AR4, p 206

Changes in Atmospheric Constituents and in Radiative Forcing. In: Climate Change 2007: The
Physical Science Basis. Contribution of Working Group | to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change.
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Early Natural Gas Engine
& Vehicle Development

) NATURAL GAS
VEHICLE CHALLENGE
[ITT R =£=-"4 & | {1

Optimized CNG Truck
for DOE AVRC

e - - - . - T 2 e s b WS

rtﬁll"lllll”‘ v

ANTLERS )

“Hythane”
(Hz/CH,)
_ Engines &
1600 hp natural gas engine for Viehilales _ _
World Land Speed Record — Natural gas engines for 3 Pikes Peak
funded by GRI Hill Climb cars — funded by INGAA

COLORADO STATE UNIVERSITY Energy Institute



Natural gas engine for
World Land Speed Record
550 in3
Dry liner
Series turbocharging
Methanol / dry ice
intercooler
2300 hp verified design
output
1600 hp in current
configuration _ ol i r ¥
332 mph in 2009 ' | o .. _ ."41.*,.._ e 4

COLORADO STATE UNIVERSITY Energy Institute
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Typical Natural Gas

Engines
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Compression
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Large Bore
Engine Testbed, 1992

COLORADO STATE UNIVERSITY Energy Institute



Early EECL Motto

Go Big
or
Go Home
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High Pressure Fuel Injection

@ COLORADO STATE UNIVERSITY Energy Institute



ol AR

FROSTAR 3.10

24-rAY =02
LOCAL M== 1.000
LOCAL MM= 0.

01425
0.13649
01313
01257
0120
017146
01030
01034
0.9773E-01
0.9221E-01
0.8662E-01
0.8103E-01
0.7544E-071
0.6935E-01
0.6426E-01
0.5863E-01
0.5309E-01
0.4750E-01




with PLIF
Validation “




Annual NOx Savings %
from EECL Technologies
= 150,000,000 AU’[OS__._; B
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Natural Gas Combustion/ i
CHZO FOrmation . | Various Radicals
Products CH,O

Reactants @\ Methyl Radical
CH4r Ozr N, -
co, CO,, H,0, N, CH,,

/ ’ l Formaldehyde
/ Radicals @:
'

l

Note: from O.8<(D<1.2’ \ Formyl Radical
60%-90% of carbon / @E
follows this pathway l

Temp

Carbon Monoxide

l

J
Carbon Dioxide
N\



Chemical Kinetics —
Test Facility Development

-1
ol

Heater

Seeding
Apparatus

Mixer

Probe-Reactor-Heater Assembly




Crank Angle Resolved Formaldehyde Fast
Sample Valve Measurements

160 - H - 4= 13.5" Hg Boost
Spark —»
140 - (both cases) l —#—7.5" Hg Boost

-100 -50 0 50 100 150 200
Crank Angle (degrees relative to TDC)
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Scientific Support for
|ICCR Process,

NESHAP / MACT Rule for HAPs

(Hazardous Air Pollutants)

The EPA Administrator, Lisa P. Jackson, signed the following notice on 5/22/2012, and EPA is submitting it for
publication in the Federal Register (FR). While we have taken steps to ensure the accuracy of this Internet version
of the rule, it is not the official version of the rule for purposes of compliance. Please refer to the official version in
a forthcoming FR publication, which will appear on the Government Printing Office’s FDSys website

(http://fdsys gpo.govffdsys/search/home.action) and on Regulations.gov (http://www.regulations.gov) in
Docket No. EPA-HQ-OAR-2008-0708. Once the official version of this document is published in the FR, this version
will be removed from the Intemet and replaced with a link to the official version.

6560-50-P

ENVIRONMENTAL PROTECTION AGENCY
40 CFR Part 63
[EPA-HQ-OCAR-2008-0708, FRL-XXXX-Y]
RIN 2060-A058
National Emission Standards for Hazardous Air Pollutants for
Reciprocating Internal Combustion Engines; New Source

Performance Standards for Stationary Internal Combustion Engines
AGENCY: Environmental Protection Agency (EPA).

ACTION: Proposed rule.

SUMMARY: The EPA is proposing amendments to the national

emission standards for hazardous air pollutants for stationary

reciprocating internal combustion engines under section 112 of
the Clean Air Act. The proposed amendments include alternative
testing options for certain large spark ignition (generally
natural gas—fueled) stationary reciprocating internal combustion
engines, management practices for a subselt of existing spark
ignition stationary reciprocating internal combustion engines in
sparsely populated areas and alternative monitoring and
compliance options for the same engines in populated areas. The

EPA is also proposing to include a limited temporary allowance
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In the near-term, global radiative forcing
CH, & CO, are similar

Integrated Radiative Forcing for Year 2000 Global Emissions
(Weighted by 100-yr and 20-yr time horizons)
L} L} I

" T T T v T
| |
! |
! 1
H |
Long-lived GFCs— — SFg + PFCs + HFCs |
|
greenhou§e gases ! |
c | — HCFCs !
E ! |
N | ! |
S I | ! I
= | ' .
© ! | co, NMvOC + NOx} Short-lived gases
|
-E Nitrate — : : I
_ | | |
> " | | |
T Organic
8 carbon (FF) — Black carbon (FF) | |
- |
| so, (FF— | Aerosols and aerosol
! | precursors
| ' '
| I |
‘ : | 1
Cloud albedo —! | ! ! S
1 l L . L ' L l 2
' ! ' I ' ! j T
| | |
| | |
1 l 1
H | |
Long-lived — CFCs | |
greenhouse gases | |
c | || __SFg+PFCs ! !
S ‘ +HFCs | i
5 | L HcFes ! ! 4
< | Short-lived gases + H F C S
! l |
.g Nitrate — : : :
l?_‘ Organic ! ! ‘
8 carbog (FF) Black carbon (FF) ! |
|
| 50, (FF)— w Aerosols and aerosol
1 SO, (FF) !
| | precursors S
|
| I |
; | 1
Cloud albedo —! ! | 1
\ ] . \ i . | . ] 5 6
-2 =1 0 1 2 3

Integrated radiative forcing (W m=2yr1) AR4 p 206
)

Changes in Atmospheric Constituents and in Radiative Forcing. In: Climate Change 2007: The
Physical Science Basis. Contribution of Working Group | to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change.
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Methane Emissions Technology Evaluation Center

COLORADO STATE UNIVERSITY Energy Institute



Methane can be a
highly sustainable fuel

COLORADO STATE UNIVERSITY Energy Institute




roductive Uses of Lake K
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Lake Kivu Eco-systern
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Extended Area PBRs
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Solix G3 Technology:
e Extended surface area

* Water supported

* Integrated CO, / air sparging !
G4 — membrane exchange in development
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Renewed
Interest In
H,/CH,
Fuels

COLORADO STATE UNIVERSITY

H, Addition R B
“I—?ythane” N BN
§‘2- 0.7
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Moving H, into Mining Venhicles in Chile
Diesel — Battery - H, Fuel Cell
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Loading in Washington DC on Friday, 9/25/20

Compressor, Storage, Dispensing Unit Electrolyzer Unit Cooling Skid



Offloading at Powerhouse
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