1 gallon of gasoline was formed from 100 tons (200,000 Ibs) of plant matter (40
acres of wheat including roots and stalk) over millions of years

In 1-year humans consume in fossil fuels 500 to 1,000 years of total plant
matter from the earth.

The total amount of fossil fuels is effectively fixed for these reasons.

Using modern conversion technology, we would need to burn about half of all
the land plant matter on earth each year to meet current energy consumption

https://www.eurekalert.org/news-releases/654287



Figure 2.1 Total energy resources

Annual global energy consumption by humans

Annual solar energy

Source: National Petroleurn Council, 2007, after Craig, Cunningham and Saigo (republished from IEA, 2008b).

Solar energy is the largest energy resource on Earth — and is inexhaustible.
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Global emissions from fossil fuel reserves would exceed carbon
budget by more than seven times

0 tons of CO2e emissions embedded in fossil fuel reserves

United States

_ Carbon budget remaining before

500bn .
world reaches +1.5C warming
Range of 400-500bn tons
Russia Countries' emissions which
1.0tn cumulatively exceed the
carbon budget by more
than seven times
v
1.5tn
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2.0tn
Saudi Arabia
2.5tn
All other
3.0tn countries
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Guardian graphic. Source: The Global Registry of Fossil Fuels. Note: Carbon budget to reach +1.5C warming from
pre-industrial levels based on IPCC 50% probability scenario.



Global emissions from fossil fuel reserves would exceed carbon
budget by more than seven times

0 tons of CO2e emissions embedded in fossil fuel reserves

United States

Carbon budget remaining before
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O The Bruce Mansfield power station, a coal-fired power station on the Ohio River near
Shippingport, Pennsylvania. Photograph: Clarence Holmes Photography/Alamy
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Guardian graphic. Source: The Global Registry of Fossil Fuels. Note: Carbon budget to reach +1.5C warming from
pre-industrial levels based on IPCC 50% probability scenario.



Non-Photovoltaic Solar Energy Harvesting

Countries with the most fossil fuel reserves in development

WOl ' Gas

United States _ 63.5bn barrels of oil equivalent
Russia - 25.6

Qatar ] 209

SaudiArabia [ 153

Brazil _ 12.5

Canada - 10.2

Irag - 9.6

UAE L] 94

Turkmenistan | 7.5

Iran . 6.8

Guardian graphic. Source: The Global Registry of Fossil Fuels.



Global emissions from fossil fuel reserves would exceed carbon
budget by more than seven times

| Intermediate
An unlikely pathway A pathway where An unlikely pathway where
where emissions emissions start emissions start declining now and
are not mitigated declining around 2040 global temperatures peak at +1.8C

Projected 2021
toincrease
by +1.5C ]
+2.7F to 9 years

+2.0C 8
+3.6F to 31 years

+2.5C
+4.5F

+3.0C
+5.4F

Guardian graphic. Source: IPCC, 2021: Summary for Policymakers. Note: The IPCC scenarios used for best-case,
intermediate and worst-case scenarios are SSP1-2.6, SSP2-4.5 and SSP5-8.5.

O The Bruce Mansfield power station, a coal-fired power station on the Ohio River near
Shippingport, Pennsylvania. Photograph: Clarence Holmes Photography/Alamy

The world has already heated up by around 1.2C, on average, since the
preindustrial era, pushing humanity beyond almost all historical
boundaries. Cranking up the temperature of the entire globe this much

within little more than a century is, in fact, extraordinary, with the
oceans alone absorbing the of five Hiroshima atomic
bombs dropping into the water every second

pre-industrial lev Ll% ba md on \PCC 50% prub ability scenario.



Australian companies are planning the most new coal mining after
China and India

New coal mining capacity (millions of tonnes per year)
0 200 400 600 800

i | | 1 |
China !/ [ [ |
India ' | |

pustat |

Russia ]

South Africa ||

Mozambique [}
Indonesia [}
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Guardian graphic | Source: Urgewald Global Coal Exit List - top eight countries

China and India are planning the most new coal-fired power

Planned new capacity of coal-fired power (GW)
0 50 100 150 200 250

[} | | 1 | |
China I e I e e
India I |
Indonesia || N

vietnam | IR
Bangladesh [l
Russia [
Turkey [

Japan [ |

Guardian graphic | Source: Urgewald Global Coal Exit List - top eight countries

https://www.theguardian.com/environment/2022/oct/06/reckless-coal-firms-plan-climate-busting-
expansion-study-finds?CMP=Share _iOSApp_Other



Figure 3.1 Global cumulative PV capacities by 2010

. MW
Rest of the world g 43 000
zech Re ic +74%
Czech Republic 40 000 o
United States
taly &3 35000 [~
japan [
Spain mm 25000 [~ .
Germany Wl 30000 - -

20000 [~ -
+70%
Solar Energy Perspectives 15 000 | -
10 000 = +29% +35% I
. . 5000 - g
Solar Energy Engineering ) 1N B l | |

2005 2006 2007 2008 2009 2010
Sources: IEA PVPS, BP Statistical Report, BNEF.

Solar Energy Projects for the Evil Genius BEEsoin

installed PV capacities show a steep growth curve.

Exponential Growth of Global Solar PV (in GW)

1,000
0®
100
2016: estimate 306 GW
2 @ 2017: projection 401 GW
g 10
S
http://app.knovel.com/web/toc.v/cid:kpSEEPSO0O0 | /vi 7
1
ewerType:toc/root_slug:solar-energy-
engineering/url_slug:solar-energy-engineering/?
01992 1997 2002 2007 2012 2017


http://app.knovel.com/web/toc.v/cid:kpSEEPS001/viewerType:toc/root_slug:solar-energy-engineering/url_slug:solar-energy-engineering/?
http://site.ebrary.com/lib/cincinnati/docDetail.action?docID=10203737
http://www.eng.uc.edu/~beaucag/Classes/SolarPowerForAfrica/SolarEnergyPerspectives6111251e.pdf

Figure 3.1 Global cumulative PV capacities by 2010

N MW
Rest of the world £ 45 000 )
Czech Republic =l 40 000 +74%
United States
ltaly &3 35 000
japan [
1,600 o ) .
+47%
1,400 =
Solar Energ _
é 1,200
-
T
Solar Energ: % 1,000
2009 2010
:
3 800
8
Solar Energ F
® 600
-
E
3
400 .
dlar PV (in GW)
200
o®
0

2000 20M 2012 2013 2074 2015 2076 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
M Asia-Pacific M Europe M North America M South and Central America ' Middle East and Africa

2 @ 2017: projection 401 GW
% 10
http://app.knovel.com/web/toc.v/cid:kpSEEPS00 I /vi ~ ~
ewerType:toc/root_slug:solar-energy- '
engineering/url_slug:solar-energy-engineering/?
0

1992 1997 2002 2007 2012 2017


http://app.knovel.com/web/toc.v/cid:kpSEEPS001/viewerType:toc/root_slug:solar-energy-engineering/url_slug:solar-energy-engineering/?
http://site.ebrary.com/lib/cincinnati/docDetail.action?docID=10203737
http://www.eng.uc.edu/~beaucag/Classes/SolarPowerForAfrica/SolarEnergyPerspectives6111251e.pdf

Installed PV in watts per capita

2016
ko
] s Worldwide growth of photovoltaics

Cumulative capacity in megawatts [MW_] grouped by regionl ' 2k31415]
Split-up for 2016 estimated from 1EA %]

| l | 600,000 +

500,000 +

| none or unknown D 100200 watts

: 400,000
0.1-10 watts - 200400 watts

10-100 watts Bl 200-600 watts
J 300,000 -

200,000 -

100,000 4

Added PV capacity by country in 2006 2008 2010 2012 2014 2016 2018F
2014 (clustered by region)!*]

5 China (28.3%) - Europe D Asia-Pacific
Japan (25.1%)

|:| South Korea (2.3%) . Americas - £
.Thailand (1.2%) D Middle East and Africa - Rest of the world

. India (1.6%)

. Australia (2.4%) . Global total: no split-up by region available yet.

Cumulative PV capacity by region
as of the end of 201414

. Europe (49.4%) . United States (16.0%) Forecast for 2018
|:|APAC (19.8%) i canaca (1.3%)
[l china (15.9%) [l crie 0.9%)
- Germany (4.9%)
[ Americas (11.6%) [ty 1.0
D MEA (1.0%) [ united Kingdom (5.9%)
. Rest of Europe (5.6%)

[ Rest of the World (2.3%) [ Souh Atica 1%

. Rest of the World (1.4%)




Per capita energy consumption from solar, 2019 Our World

LA : : S0 in Data
Energy consumption is based on primary energy equivalents, rather than final electricity use.

World
0 kWh 50 kWh 100 kWh 500 kWh
No data | 25 kWh 75 kWh 250kWh >750 kWh
| I I _
Source: Our World in Data based on BP Statistical Review of World Energy & UN Population Division OurWorldInData.org/energy ¢ CC BY
Note: ‘Primary energy’ refers to energy inits raw form, before conversion into electricity, heat or transport fuels. It is here measured in terms of 'input equivalents' via the substitution method: the amount

of primary energy that would be required from fossil fuels to generate the same amount of electricity from solar.

Time-line interactive map



https://ourworldindata.org/grapher/per-capita-solar?time=2019
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19 Closed Coal Power Plants In Ohio (13,515 MW)

Closed plants {edi;

Name ¢ | Location ¢ pectty ¢ | Owner ¢ Type ¢ Notes and Links ¢
(Mw)
Ashtabula Power - 5 29
o Ashtabula | 244 FirstEnergy | Coal Closed in 2015/%°)
Duke
W.C. Beckjord New Energy, ; " 130](31)
Power Station Ficmond Bl e Drilieil ol Glit= i Closed o 2018
AEP
R'E: EurgerRower Shadyside |568 FirstEnergy | Coal Closed in 2011
Station
§ AEP, ;
Conesville Power ) 6 units: coal & . . . . 3)
o Conesville | 2005 AESDPL | o Units 5-6 shut down in 2019 and Unit 4 closed in 2020.!
Inc.
Eastlake Power e AL D
By Eastlake 1257 FirstEnergy | 5) / Natural Units 4-5 closed 2012, Units 1-3 closed in 2015, Unit 6 closed 2021 129
Gas (unit 6)
O.H. Hutchings
_ 9 Miamisburg | 414 DPLInc. | Coal Closed in 201352
Station
Rlonard bl Goreeh . Amem':an Built l?y Union Féfblde in 19.51 as Marietta Steam Plant, sold to
Station Marietta 200 Municipal Coal American Municipal Power in 1988 and renamed to Richard H.
Power Gorsuch, closed in 2012.
AES/DPL
Killen Station Wrightsville | 618 Inc., Coal (1 unit) | Sold to AES 20121% Closed in 2018.
Dynegy
Lake Shore Power 3 i 29) i i 33
o Cleveland | 245 FirstEnergy | Coal Closed in 20152%land demolished in 2017.1%%
Muskingum River Amerioan
9 Beverly 1375 Electric Coal (5 units) | Closed in 2015/*]
Power Plant
Power
Closed in 1975; Philo Unit 6 was the first commercial supercritical
Philo Power Plant | Philo 510 Ohio Power | Coal steam-electric generating unit in the world,*®! and it could operate
short-term at ultra-supercritical levels. %!
Picway Power Plant | Lockbourne | 220 AEP Coal Closed in 2015
E.M. Poston Power . B
Nelsonville AEP Coal Closed in 1987
Plant
Sheby dunicpe! Shelb: 37 Syt Coal (4 units) | Closed in 2013, power monitoring remains!®”)
Light Plant v Shelby P 9
Sidney Waterworks
4 S . City of Hydroelectric o 28]
and Electric Light Sidney % 2 Began generation in 1900"
i Sidney (1 unit)
Building
AES/DPL
J.M. Stuart Station | Aberdeen | 2318 '[';c“ . Coal (4 units) | Sold to AES 2012(*) Closed in 2018.
and AEP
Tait Power Station | Dayton 586 DPL Inc et Closed 2013
ot : Gas/Oil
Tidd Plant Briliant 220 Ohio Power | Coal Retired in 1976. Was used as a demonstration for pressurized fluidized
bed combustion (PFBC) for four years from 1991-1995.
oronto Pewer S | oromto Ohio Edison | Coal Closed in 1993
Plant
jitBsnBuing Columbus SWACO tins Closed in 1994
Power Plant energy
Avon Lake Powel NRG
o " | AvonLake |680 Coal Closed in 2022.1%%!
Station Energy
William H. Zimmer S 13
; Moscow 1300 Vistra Corp | Coal Closed in May 2022.1"%)
Power Station




Natural gas [edt)

15 Operating Natural Gas Power Plants In Ohio (10,743 MW)

i
Name ¢ | Location ¢ C&(:;av:)ty ] Owner = Type ¢ Notes and Links ¢
Hanging Ro.?k Hanging 1430 Dynegy Naturél Gas (3]
Energy Facility Rock Combined Cycle
Opened in 2018,
Lordstown Energy Eordston: | 840 Clean Energy Naturél Gas p . y
Center Future, LLC Combined Cycle Second Unit Planned!*)
Oregon Clean s 908 Ares Natural Gas Oobcad b 2017
Energy Center 9 Management Combined Cycle P
Rolling I-.illls . Wilkesvile | 865 Rolling Hllls Natural Gas. Simple
Generating Station Generating LLC | Cycle (5 units)
Waterford Energy Waterford | 821 Waterford Natura.l Gas
Center Power, LLC Combined Cycle
Carroll County Carolk 700 Advanced Natural Gas Opened in 201at%!
Energy ST Power Combined Cycle P
Washington Energy B | 620 D Natural Gas
Facility Sy ynedy. Combined Cycle
Darby Generating | Mount 480 Darby Power, Natural Gas Simple
Station Sterling LLC Cycle
Middiotown ENergy | \sadistown | 475 NTEEnergy | el Gas Opened in 2018
Center Combined Cycle
; - Starwood Natural Gas Simple
West Lorain Plant | Lorain 545
Energy Cycle
Robert P Mone Natural Gas Simple
Convoy 510 Buckeye Power
Plant Cycle
Fremont Energy Fremont 707 Ame.m.:an Natura.l Gas
Center Municipal Power | Combined Cycle
Dresden Plant Dresden | 580 sk N - Opened in 2012
Electric Power | Combined Cycle
Madison Peaking Natural Gas Simple
; Trenton 677 Duke Energy
Station Cycle
Long Ridge Ener Long Ridge Hydrogen - Natural
e 9 | Hannibal | 485 e bp Opened in 2021 )

Terminal

Energy

Gas Blend

L3




4 Operating Coal Power Plants In Ohio (6,546 MW)

Coal [edit)
|
Name ¢ | Location ¢ C:;av:)ty ¢ Owner Type ¢ Notes and Links ¢
Petroleum
Bay Shore Oregon 150 Walleye Energy LLC Coke (1 Opened in 1955.17]
unit)
Cardinal Power Brilliant 1800 American Electric Power | Coal (3 Tob fted b wral by 2030.81
rillian nv natur A
Plant (AEP)/Buckeye Power | units) 0 be converted fo nafural gas by
Gavin Power ) ) Coal (2 %] Only runs 60% of the time. Up to 50% of Gavin's cash flow
Cheshire 2640 Gavin Power, LLC B . 10
Plant units) comes from being on standby for emergency power!'°)
Kyger Creek ; Ohio Valley Electric Coal (5
¥o Cheshire | 1086 Y : ( (1] subsidized by the controversial HB6 Bill until 2030 (12
Power Plant Corporation units)
Miami Fort Power Coal (2 Older units shut down in 2015. Planned retirement by year-
: North Bend | 1020 Vistra Corp ; 13114
Station units) end 2027 or earlier.[ 3114
Toledo Refinin Petroleum
9 |oregon |60 Toledo Refining Co. Coke (1 | Openedin 198615
Power Recovery unit)

24




2 Operating Nuclear Power Plants In Ohio (2,191 MW)

Nuclear edi;

Capacity
(MW)

Name ¢ | Location ¢

Perry Nuclear Generating Station North Perry | 1231

Davis-Besse Nuclear Power
Station

Oak Harbor | 960

¢ Owner

Energy
Harbor

Energy
Harbor

25

® Type

Nuclear boiling water reactor (1 unit)

Nuclear Pressurized water reactor (1
unit)

Notes and
Links



8 Operating Wind Power Plants In Ohio (1,090 MW)

Wind [edt)
See also: Wind power in Ohio
|
Name L Location ¢ c?;‘v:)w ¢ | Turbines ¢ Owner Notes and Links ]
) American Municipal
AMP Wind Farm Wood County 7.2 16
Power!'®]

) Paulding and Van Wert 9 17]

Blue Creek Wind Farm ) 304 160 Iberdrola Renewables Operational.'”!
Counties
T Road Wi
F'mbe' oad Wina Paulding County 362.7 158 EDP Renewables Operational.['7)
arm
Hog Creek Hardin County 66 30 Operational.'”!
Northwest Ohio Paulding County 100 42 Operational.['”!
Scioto Ridge Hardin County & Logan County | 249.8 75 Innogy Operational.['”!
Approved for Construction.
Icebreaker Cuyahoga County 20.7 6 (17]
) ) Approved for Construction.

Emerson Creek Hardin County & Erie County | 297.7 Al (17

26




18 Operating Solar Power Plants In Ohio (2,398 MW)
27 Planned Solar Power Plants In Ohio (4,141 MW)

Solar [edt)

See also: Solar power in Ohio

Name ¢ Location ¢ | Capacity (MW) ¢ Owner Notes and Links s
Bowling Green Solar Facility | Bowling Green 20 NextEra g
Napoleon Solar Facility Napoleon 3.54 American Municipal Power (8]
Wadsworth Rittman Rd. Facility | Wadsworth 2.625 American Municipal Power 8]
Wadsworth Seville Rd. Facility | Wadsworth 6.25 American Municipal Power 8]
Wyandot Solar Facility Upper Sandusky 12 Public Service Enterprise Group | Opened in 2010.
Hardin | Hardin County 150 Operational.!'?
Hillcrest Brown County 200 Operational.!¥)
New Market Highland County 100 Operational.!?)
Hardin I Hardin County 170 ynder F°"mn‘"9‘
Operational in Q2 2023.12°)
Yellowbud Pickaway & Ross County 274 Operational.!'%] : Creek Crawford County 17 Approved for Construction.!'9)
Willowbrook | Brown County 150 g:::;?;m;::z‘l Marion County Marion County 100 Approved for Construction.!'®!
x Union Ridge Licking County 107.7 Approved for Construction.!'?)
Nestiowood BrowniCounty 50 Under Construction. (') Tymochtee Wyandot County 120 Approved for Construction.'?)
Big Plain Madison County 196 g;:‘:;&‘::::::"::;:m Nottingham Harrison County 100 Approved for Construction.['%]
T Wild Grains Van Wert County 150 Approved for Construction.!'?)
Arche Fulton County 107 S eany. 2023128 Dodson Creek Highland County 17 Approved for Construction.!')
Undor Cometraction [ Pleasant Prairie Franklin County 250 Approved for Construction.!'?)
Hardin 11l Hardin County 300 Operational in 2023'-{24] Harvey Licking County 350 Approved for Construction. !
Under Gonstruction ¥ Springwater Franklin and Madison County | 155 Approved for Construction.!'?!
AEUG Union Union County 325 Operational in 2023.125! Border Basin Hancock County 120 Approved for Construction.|'?)
Highland Highland County 300 Under Construction.!'®) SouthBranch HanoockK CoNTt 130 Approved for Consiruction.(*%
e o] Palomino Hancock County 200 Approved for Construction.[®!
Fox Squirrel Madison County 577 Operational in Q4 20241281 Blossom Morrow and Marion County | 144 Approved for Construction. ¥
Atlanta Farms Pickaway County 200 Approved for Construction.!'?] Yellow Wood Clinton County 300 Approved for Construction.[®!
Vinton Vinton County 125 Approved for Construction. %)
Madison Fields Madison County 180 Under Construction.®)
Alamo Preble County 69.9 Approved for Construction.'?!
Angelina Preble County 80 Approved for Construction.!'®!
Powell Creek Putnam County 150 Approved for Construction.'!
Wheatsborough Erie County 125 Under Construction.["?)
Mark Center Defiance County 110 Approved for Construction. %)
Clearview Champaign County 144 Approved for Construction.!'?]
Ross County Ross County 120 Under Construction.!®)
Cadence Union County 275 Approved for Construction. %)
Juliet Wood County 101 Approved for Construction.!®!
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9 Operating Hydro Power Plants In Ohio (312 MW)

Hydroelectricity e

See also: List of dams and reservoirs in Ohio

Capacity .

Name ¢ | Location ¢ Owner ¢ Notes and Links
(MW)
, City of o7 ) ) S .
O'Shaughnessy Dam | Dublin 5.2 Columbus [27] Offline as of August 2018. It is unknown when or if it will be fixed.
Hamilton Hydro Hamilton |2 ) 9' [27]
Hamilton
Auglaize . o7
) Bryan 45 City of Bryan | [27]
Hydroelectric Plant
Captain Anthony American [27] L argest hydroelectric plant on the Ohio river and is located on Kentucky side
Meldahl Locks and | Felicity | 105 Municipal gestiy P : , ky side
of the Ohio River. The City of Hamilton retains 51.4% of the power generatnon[ ]
Dam Power
Greenup Lock and Franklin S
P 702 Municipal (27)
Dam Fumace
Power
Racine Lock and Racine 20 AEP 27
Dam
Belleville Lock and ) Ame.rlf:an 27 ] . e (o7
Dam Reedsville |42 Municipal (27 Hydroelectric plant is located on West Virginia side of the Ohio River.
Power
Willow Island Lock American
illow Island Loc .
and Dam Newport |44 Municipal [27] Hydroelectric plant is located on West Virginia side of the Ohio River.
Power
Hannibal Locks and New
anni ocks an : S
Dam Hannibal 19 Martinsville [27) Hydroelectric plant is located on West Virginia side of the Ohio River.

Hannibal Hydro
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9 Operating Battery Power Plants In Ohio (33 MW)

Battery storage [edt)

Name ¢ | Location ¢ | Capacity (MW) ¢ Owner ¢ | Notes and Links ¢
Battery Utility of Ohio Sunbury 4 Battery Utility of Ohio | [27]
AEP Bluffton NaS Bluffton 2 Ohio Power Co 271
HMV Minster Energy Storage System | Minster 7 Half Moon Ventures LLC | 127]
Willey Battery Utility Hamilton 6 Willey Battery Utility 27
Clinton Battery Blanchester |10 Clinton Battery Utility 27
Beckjord Power Station New Richmond | 4 Duke Energy 27]
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The Moss Landing battery storage project is a massive battery energy storage facility built at the retired Moss

Landing power plant site in California, US. At 400MW/1.600MWh capacity, it is currently the world’s biggest

battery storage facility.

Vistra Energy. an integrated retail electricity and power generation company based in Texas, US, developed the

project in two phases under two separate resource adequacy agreements with Pacific Gas and Electric Company

(PG&E).

The 300MW/1.200MWh phase one of the Moss Landing battery energy storage system (BESS) was connected to

California’s power grid and began operating in December 2020. Construction on the 100MW/400MWh phase two

expansion was started in September 2020, while its commissioning took place in July 2021.

An overheating incident, however, affected a few battery modules of the phase one storage facility in the first week

of September 2021. Vistra has since then kept the entire facility offline as it investigates the cause of the incident.

PROJECT GALLERY

The Moss Landing battery energy storage project began ope

Monniaux.

rations in December 2020. Image courtesy of David
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https://www.carbonbrief.org/mapped-worlds-coal-power-plants/
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Integrated gasification combined cycle (1IGCC)

diluent nitrogen saturator H;0 +CO;
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cold 9 removal
box e
aaniil = =

steam
55 psig

raw
syngas

oxygen
2100 TPD

air clean syngas
dryer
product generator
t compressors COos=+HS 190 MW
20 MW hydrolyas

(ompressor turbine

main air busti
compressor combustion
turbine

30 MW

heat recovery
steam generator

coal 2500 TPD

water and
recycle fines

rod mil generator

120 MW

economized
boiler feedwater

¥

turbine

condenser

cooling
- water
condensate pump

*The solid coal is gasified to produce syngas, or synthetic gas. Syngas is synthesized by gasifying coal in a closed pressurized reactor with a shortage of oxygen. The shortage of oxygen ensures that
coal is broken down by the heat and pressure as opposed to burning completely. The chemical reaction between coal and oxygen produces a product that is a mixture of carbon and hydrogen, or
syngas. C.H, + (x/2)0, — (x)CO, + (y/2)H,

*The heat from the production of syngas is used to produce steam from cooling water which is then used for steam turbine electricity production.

*The syngas must go through a pre-combustion separation process to remove CO, and other impurities to produce a more purified fuel. Three steps are necessary for the separation of impurities:<!

pump lockhopper

slag and water

1. Water-gas-shift reaction. The reaction that occurs in a water-gas-shift reactor is CO + H,0 CO, + H,. This produces a syngas with a higher composition of hydrogen fuel which is more

efficient for burning later in combustion.
2.Physical separation process. This can be done through various mechanisms such as absorption, adsorption or membrane separation.

3.Drying, compression and storage/shipping.
*The resulting syngas fuels a combustion turbine that produces electricity. At this stage the syngas is fairly pure H,.
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https://youtu.be/V3jfECTjMS8
https://en.wikipedia.org/wiki/Steam_turbine
https://en.wikipedia.org/wiki/Integrated_gasification_combined_cycle
https://en.wikipedia.org/wiki/Water-gas_shift_reaction
https://en.wikipedia.org/wiki/Combustion_turbine
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Table 1.1 Coal ranks*.

Rank Description

Lignite The largest portion of the coal reserves of the world. A

soft, brownish-black coal which is the lowest level of
the coal family. The texture of the original wood can
even be seen in some pieces primarily found west of

the Mississippi River.
Subbituminous A dull black coal which, when burned, releases more
coal energy (heat) than lignite when burned; mined mostly

in Montana, Wyoming, and a few other western states.

Bituminous Sometimes called soft coal; found primarily east of the

coal Mississippi River in midwestern states such as Ohio
and Illinois and in the Appalachian mountain range
from Kentucky to Pennsylvania.

Anthracite The hardest coal and gives off the greatest amount of heat
when burned; the reserves of anthracite in the United
States are located primarily in Pennsylvania.

*As mined in the United States.
To develop combustion technology for efficient production of electricity,

(1) the elemental composition of the coal,

(i1) rank of the coal, the mineral matter content of the coal, (peat to anthracite)
(111) the size of the pulverized coal particles, and

(iv) the tendency of the combustion system to produce fly ash and bottom slag.
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Table 1.1 Coal ranks*.

Rank Description

Lignite The largest portion of the coal reserves of the world. A

soft, brownish-black coal which is the lowest level of
the coal family. The texture of the original wood can
even be seen in some pieces primarily found west of

the Mississippi River.
Subbituminous A dull black coal which, when burned, releases more
coal energy (heat) than lignite when burned; mined mostly

in Montana, Wyoming, and a few other western states.

Bituminous Sometimes called soft coal; found primarily east of the

coal Mississippi River in midwestern states such as Ohio
and Illinois and in the Appalachian mountain range
from Kentucky to Pennsylvania.

Anthracite The hardest coal and gives off the greatest amount of heat
when burned; the reserves of anthracite in the United
States are located primarily in Pennsylvania.

*As mined in the United States.

(1) handling and storage characteristics,

(i1) pulverizing behavior,

(i11) combustion behavior,

(iv) mineral matter and ash chemistry interactions in addition to the characteristics of
the coal and its ash in terms of environmental factors such as dust, self-heating
and emissions components.
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Table 1.1 Coal ranks*.

Rank Description

Lignite The largest portion of the coal reserves of the world. A

soft, brownish-black coal which is the lowest level of
the coal family. The texture of the original wood can
even be seen in some pieces primarily found west of

the Mississippi River.
Subbituminous A dull black coal which, when burned, releases more
coal energy (heat) than lignite when burned; mined mostly
in Montana, Wyoming, and a few other western states.
T —
Bituminous Sometimes called soft coal; found primarily east of the—_|
coal Mississippi River in midwestern states such as Ohio
and Illinois and in the Appalachian mountain range
ro mvan I‘lﬂ Q“"\O‘ l‘ I 4
TV L\\f“l“\l‘\] \.\l S \41‘1‘0} YL1ii.
Anthracite The hardest coal and gives off the greatest amount of heat

when burned; the reserves of anthracite in the United
States are located primarily in Pennsylvania.

*As mined in the United States.

(1) handling and storage characteristics,

(i1) pulverizing behavior,

(i11) combustion behavior,

(iv) mineral matter and ash chemistry interactions in addition to the characteristics of
the coal and its ash in terms of environmental factors such as dust, self-heating
and emissions components.
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Table 1.2 Illustration of the effects that can contribute to the coalification process.*

Coal rank DoB MT C VM Cv M

Lignite 650-4,900 25-45 60 49-53 23,000 | 30-50

Subbituminous | 4,900-8,200 45-75 71-77 42-49 29,300 10-30

Bituminous 8,200-19,500 | 75-180 | 77-87 29-42 36,250 5-10

Anthracite >19,500 >180 87-92 8-29 >38,000 | <5
Key:

DoB: approximate depth of burial, feet.

MT: approximate maximum temperature during burial, °C.
C: approximate carbon content, % w/w dry ash-free basis.
VM: approximate volatile matter, % w/w dry, ash-free basis.

CV: approximate calorific value (heat content), ash-free basis.
M: approximate moisture content, % w/w (in situ).
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Figure 1.1 Schematic showing tendency of coal rank to increase with depth of burial*.
*Numbers are approximate and used for illustration only; peat is included only for comparison and it should
not be construed for this diagram that peat is a type of coal.
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Figure 1.3 Distribution of Sulfur content of US Coals (Energy information Administration, 2011).
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Figure 2.1 Coalreserves and distribution in the United States (DOE/EIA, 1995).
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Pyrite
FeS, — Fe + 28

2Fe + O2 — 2FeO

S+0, - SO,
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Figure 6.2 Variation of coal density with carbon content (Berkowitz, 1979).
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Figure 7.2 Relationship of burning time to particle size (Speight, 2013).
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Figure 6.1 Schematic representation of a coal-fired power plant.
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https://youtu.be/IdPTuwKEfmA

Table 7.2 Thermodynamics of coal combustion.

C(s) + O,(g) > CO,(g) -169,290 Btu/lb -94.4 kcal/kg
2C(s) +O,(g)>2CO(g) -95,100 Btu/lb -52.8 kcal/kg
C(s) + CO,(g) >2CO (g) -74,200 Btu/lb -41.2 kcal/kg
2CO(g) +0O,(g)>2CO(g) -243,490 Btu/lb -135.3 kcal/kg
2H(g) +0,(g) >2H,0 (g) 208,070 Btu/lb | -115.6 keal/kg
C(s) + H,O(g) » CO(g) + H,(g) +56,490 Btu/lb +31.4 kcal/kg
C(s) + 2 H,0(g) > CO,+ 2 H,(g) +38,780 Btu/lb +21.5 kcal/kg
CO(g) + H,0(g) » CO,(g) + H,(g) | -17,710 Btu/Ib -9.8 kcal/kg

(g): gaseous state; (s): solid state.

Exothermic reaction: illustrated by a negative heat of reaction.
Endothermic reaction: illustrated by a positive heat of reaction.
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SO, + H,0 > H,SO,
250, + 0, > 280,
SO, + H,0 > H,SO,

S_.,+0,>80,

280, + O, + 2H,0 > 2H SO,
250, + O, > 280,
N _,+0,>2NO
coa NO + H,0 > HNO,
2NO + O, > 2NO, 2NO + 0, > 2NO,
NO, + HO > HNO,

N _,+0,>NO,

4NO, + O, + 2H,0 - 4HNO,
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S_.,+0,>80,

250, + 0, > 250,

NCoal + O2 > 2NO
2NO + O, - 2NO

N _,+0,>NO,

2

SO, + H,0 > H,SO,
250, + 0, > 250,

SO, + H,0 > H,SO,

250,+0,+2H,0~>2H SO, Limestone

SO, is an acid gas, and, therefore, the typical sorbent slurries or other materials used to remove the
SO, from the flue gases are alkaline. The reaction taking place in wet scrubbing using a CaCOg
(limestone) slurry produces calcium sulfite (CaSO3) and may be expressed in the simplified dry form

as:
CaCOS(S) + SOz(g) - CaSO3(s) + COz(g)

When wet scrubbing with a Ca(OH), (hydrated lime) slurry, the reaction also produces CaSO4
(calcium sulfite) and may be expressed in the simplified dry form as:

Ca(OH)Z(S) + SOz(g) g CaSOa(s) + H20(|)

LV\JZ e 112\.! 7 111‘\.}3

4NO, + O, + 2H,0 - 4HNO,
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S_,+0,>80,
280, + 0O, > 280,
N_,+0,>2NO
2NO + O, » 2NO,

N _,+0,>NO,

SO, + H,0 > H,SO,
250, + 0, > 280,

SO, + H,0 > H,SO,

250, + O, + 2H,0 > 2H SO,

NO + H,0 > HNO,
2NO + O, > 2NO,

NO, + H,0 > HNO,

Ammonia

2NO + 2NH, + 30, — 2N, + 3H,0
1 3

4NO, + C
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Figure 7.1 Changes occurring to the mineral matter during coal combustion (Reid, 1971).
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Figure 8.5 A Fluidized-Bed Combustor (Speight, 2013).
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The main features of circulating fluidized-bed combustors (CFBC) are

(1) compatibility with wide range of fuels — conventional boilers for power generation
can use only fossil fuels, such as high-grade coal, oil, and gas where the circulating
fluidized-bed combustor is also capable of using low-grade coal, biomass, sludge,
waste plastics, and waste tires as fuel,

(11) low polluting NO, and SO, emissions are significantly decreased without special
environmental modifications. The operation of circulating fluidized-bed boilers
involves a two-stage combustion process: the reducing combustion at the fluidized-
bed section, and the oxidizing combustion at the freeboard section. Next, the
unburned carbon is collected by a high-temperature cyclone located at the boiler exit
to recycle to the boiler, thus increasing the efficiency of denitrogenation, and

(111) high combustion efficiency. Improved combustion efficiency is attained through the
use of a circulating fluidization-mode combustion mechanism.
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Figure 8.6 Illustration of the fluidized-bed concept: (a) Gas velocity less than the fluidizing velocity,
(b) Gas velocity at the minimum fluidizing velocity, (c) Gas velocity greater than the fluidizing velocity
(Speight, 2013).
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Figure 8.7 A pressurized fluidized-bed combustor (Speight, 2013).



Combustion in a fluidized bed has some particular benefits including suitability for use
with low-grade, high-ash coals and the lower bed temperatures compared to those in a con-
ventional furnace. As a result of this lower temperature the nitrogen oxide levels in the flue
gas are reduced considerably. In addition, a reduction in sulfur dioxide emissions can also
be achieved by mixing the coal with limestone (or dolomite). At the temperature of the bed
the carbonate is converted to the oxide which reacts with any sulfur dioxide reacts to give
calcium (or magnesium) sulfate.

CaCO, — Ca0 + CO,
2Ca0 + ZSO2 + O2 > 2CaSO4
MgCO, - MgO + CO,

2MgO + 250, + O, —> 2MgSO0,
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Figure 8.8 The Integrated Gasification Combined Cycle (IGCC) process (Speight, 2013).

Briefly, in the utility industry, combined cycle technology refers to the
combined use of hot combustion gas turbines and steam turbines to
generate electricity. This process can raise, quite significantly, the overall

thermal efficiency of power plants above the thermal efficiency of

conventional fossil fuel power plants using either type of turbine alone.
Combined cycle plants that incorporate a gasification technology are
called integrated gasification combined cycle (IGCC) plants (Figure 8.8)
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Indeed, many coal-fired boilers are being built with burners designed to reduce nitrogen
oxide formation by delaying fuel/air mixing, or distributed fuel addition, thereby estab-
lishing fuel-rich combustion zones within the burner whereby the reduced oxygen level
maintains a low level of nitrogen oxides production (Slack, 1981; Wendt and Mereb, 1990).
Other procedures employ ammonia to reduce the nitrogen oxides by injection of ammonia
and oxygen into the post combustion zone.

4NO +4NH, + O, —» 4N, + 6H,0
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Circulating Fluidized Bed Boiler

https://voutu.be/4AMQVJ6gbRuE

https://voutu.be/Vida91aVbYI

https://yvoutu.be/T6lcdLfV3G4
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https://youtu.be/4MQVJ6qbRuE
https://youtu.be/Vjda91aVbYI
https://youtu.be/T6IcdLfV3G4

Pulverized Coal Boiler

https://www.facebook.com/psmecpm/videos/a-
pulverized-coal-fired-boiler-is-an-industrial-or-
utility-boiler-that-generates/13467393457398&88/

https://youtu.be/eqn0VBVWS50
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https://www.facebook.com/psmecpm/videos/a-pulverized-coal-fired-boiler-is-an-industrial-or-utility-boiler-that-generates/1346739345739888/
https://www.facebook.com/psmecpm/videos/a-pulverized-coal-fired-boiler-is-an-industrial-or-utility-boiler-that-generates/1346739345739888/
https://www.facebook.com/psmecpm/videos/a-pulverized-coal-fired-boiler-is-an-industrial-or-utility-boiler-that-generates/1346739345739888/
https://youtu.be/eqn0VBVWS50
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Non-Photovoltaic Solar Energy Harvesting

Solar Chimney

Solar Greenhouse
Biomass

Solar Heat

Passive Solar

Solar Water Heater
Solar Oven
Desalination

Solar Towers

Zn0O Redox Reaction
Biomass/syngas
Solar Thermolysis
Solar Electricity & Electrolysis
Algae Tower

Figure 2.1 Total energy resources

Annual global energy consumption by humans

Annual solar energy

Source: National Petroleun Council, 2007, after Craig, Cunningham and Saigo (republished from IEA, 2008b).

Solar energy is the largest energy resource on Earth ~ and is inexhaustible.
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Solar Green Houses in India

(http://www.youtube.com/watch?feature=endscreen&v=8xFe91IMRHO&NR=1)

Tomato Green House in Ke Nya (http://www.youtube.com/watch?v=obsLwew-NT0)
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http://www.youtube.com/watch?feature=endscreen&v=8xFe91lMRH0&NR=1
http://www.youtube.com/watch?v=obsLwew-NT0

Roses Greenhouse in Ethiopia

Lake Ziway Greenhouse
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https://www.youtube.com/watch?v=MSZl5XCsLDo
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=video&cd=&cad=rja&uact=8&ved=2ahUKEwjasueC0d2BAxUyj4kEHfvwBtwQtwJ6BAgPEAI&url=https%3A%2F%2Fwww.youtube.com%2Fwatch%3Fv%3DmAVegCEtTXM&usg=AOvVaw3y67zRpWJWWhxzwWDubVfL&opi=89978449

/A AppHarvest

Moorehead, KY AppHarvest
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https://www.google.com/maps/place/AppHarvest/@38.2127236,-83.5615049,12217m/data=!3m1!1e3!4m5!3m4!1s0x88440ba32de1a9d5:0x4727cd71d15ce322!8m2!3d38.2096366!4d-83.5520629

Dew Collector /Greenhouse

https://www.google.com/url’sa=t&rct=j&q=&esrc=s&source=video&cd=&cad=rja&uact=8&ved=2ahUKEwiq_pu00t2BAxV4j4kEHXzbAKAQtw]6BAgPEAI&url=https%3A%2F%2Fwww.youtube.com%2Fwatch%3Fv%3D | -dpSZIt_jw&usg=AOvVawOr5SLURVmMQ3CUbjTI7weiY&opi=89978449

Perspective at ni¢
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https://www.youtube.com/watch?v=UPiCoKL2hzU
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=video&cd=&cad=rja&uact=8&ved=2ahUKEwiq_pu00t2BAxV4j4kEHXzbAKAQtwJ6BAgPEAI&url=https%3A%2F%2Fwww.youtube.com%2Fwatch%3Fv%3D1-dpSZlt_jw&usg=AOvVaw0r5SLURVmQ3CUbjTl7weiY&opi=89978449
https://www.youtube.com/watch?v=UPiCoKL2hzU

International Organization for Dew Utilization

Ao A R - SR A IR - Aol A
Experimental dew cbndenser in Vignoh
; (Co’rsic& island Frince} o

https://www.opur.cloud
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https://www.opur.cloud/

Solar Desalination/Water Purification

Solar Still Video (http://www.youtube.com/watch?v=GrPRnaS449w)

Sea water still for survival
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http://www.youtube.com/watch?v=GrPRnaS449w
https://www.youtube.com/watch?v=dXMI7G_CpWA

Solar Desalination/Water Purification
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FIGURE 4.26 Basic operation of a solar still.

Seawater

200
Julian Day 1998
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FIGURE 4.27 Measured basin solar still annual performance in Las Cruces, New Mexico, on a square-

meter basis (Zachritz, 2000).

Insulation

FIGURE 8.3 Schematic of a cascaded solar still.
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Solar Desalination/Water Purification

TABLE 4.7

Sandia National Laboratories Still-Water Quality Test Results (Zirzow, SAND92-0100)

139% Salinity Distilled water 16% Salinity Distilled water (16%

Sample type feedwater (13% case) feedwater case)
Calcium (total) 340 1.5 371 <0.10
Iron (total) 0.27 <0.05 048 <0.06
Magnesium (total) 2.1 2.1 <0.005 <0.005
Manganese (total) 0.04 <0.02 0.07 <0.02
Ammonia as N <0.1 0.1 <0.1 <0.1
Chloride 19,000 <1.0 25,000 2.6
Fixed solids 32,000 <1.0 41,000 31
Nitrate as NO, 34 0.1 26 <0.1
Nitrate as NO, 0.013 <0.01 0.02 <0.01
TDS 36,000 <1.0 48,000 <1.0
Volatiles and organics 4,200 <1.0 6,000 13

TABLE 4.6

69

Microbial Test Results for Solar Stills

Sample Volume tested ml

Supply 50
Distillate 1,000
E. coli seed

Distillate 750
E. coli seed -
Distillate 1,000
Supply 10
Distillate 1,000
Supply 1
Distillate 1,000

Total organisms per liter

16,000

4
2,900,000,000
11 (No E. coli)
7.500,000.000
18 (No E. coli)
24,000

13

12,000

6

Source: New Mexico State University, 1992,




FIGURE 4.28 SolAqua solar still village array under test at Sandia National Laboratories.
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Solar Desalination/Water Purification

Figure 74 Diagram of a pit solar still.

Figure 7-2 Demonstration solar still.

Figure 7-5 A solar still in eperation. Image courtesy © U.S. Department of Agriculture—Agnicubltural Research Service.
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Solar Desalination/Water Purification

Org + Geg

Water level
Gew + Grw + Qew

Freshwater | Y7 Seawater
— s [ — - Y <
///WWWWWJWW//////
nsylation Bottom conduction

FIGURE 8.1 Schematic of a solar still.
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Solar Desalination/Water Purification

Btk e

Basin-type design Single-sloped cover design
%WA A
Inflated plastic cover design Greenhouse-type design
7 I m
4 7 7
V-shape plastic cover design Inclined glass cover design

FIGURE 8.2 Common designs of solar stills.
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Solar Desalination/Water Purification

Vacuum

-
...................

>

Seawater

.....................

>

Distillate

™~ Demister

| Sub-cooled
seawater

Blowdown

FIGURE 8.4 Principle of operation of the multi-stage flash (MSF) system.

Rejected brine
A
B T |, Seawater
bt bt Y MR [ 10—
Heat 7|  Heat Distillate
recovery rejaction
Solarsystem|| | | section sl __| section Blowdown
+ ¥ + 3= —
A sl
Tis — | R o
v
. . Recirculated brine

<

FIGURE 8.5 A multi-stage flash (MSF) process plant.
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Solar Desalination/Water Purification

. Vacuum -
S . s R | ]
Flash
vessel ¥ B 1
Solar system || ========= | | (jl=c=cs====
————————— — — - - - GED S a=n 3 - : : Bl m
Solar pump T Loo) Ton \ = wf
e Seawater
A VWS
Distillate
-

FIGURE 8.6 Principle of operation of a multiple-effect boiling (MEB) system.

75



™
v
S

Solar Desalination/VWater Purification
P ey romer
Steam IN, -~
LT e L
= 1| 1et effect
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. / =
I .
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Pre-heater B Sl 3
- 1
t——\. /'; 3rd effact
= ]
—:-\._‘:’i S AT il
Feedwater IN % : . 3
Scale inhibitor i /‘ |4t efrect
s A
Return to sea "\
) \ Heat rejection
Seawzterr——---- T )__ P condenser section
v L—’ Product

FIGURE 8.8 Schematic of the MES evaporator.
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Carocell Australia

CAROCELL™
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https://www.youtube.com/watch?v=mPzFfqaXkJU

King Abdullah’s Desalinization Plant
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https://www.youtube.com/watch?v=RYRuQCMG1Uk

Clean Water from Air

a0 ~
PN
S T

¥ and elegant solution can
bebuild

79


https://www.youtube.com/watch?v=puWhvAzcUCQ

Seawater Greenhouse

Solar radiation Phase ll:
Condensation of

humid hot air over
cold pipes

Phase I: Evaporation of
surface sea water over
porous cardboard panel

Hot, dry, dusty breeze Fresh and humid breeze

Hot, dry, dusty breeze [

Figure 3. The surrounding area from &J
the front of the greenhouse

Figure 4. Two years into operation &7
from the back of the greenhouse
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Seawatergreen house.com

A restorative approach to agriculture

8l


https://seawatergreenhouse.com/

Solar Heat Collectors
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Do it yourself webpage

http://www.n3fjp.com/solar/construction0l/construction101.htm
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http://www.n3fjp.com/solar/construction101/construction101.htm

e Direct or open loop systems, in which potable water is heated directly in
the collector.

e Indirect or closed loop systems, in which potable water is heated indi-
rectly by a heat transfer fluid that is heated in the collector and passes

through a heat exchanger to transfer its heat to the domestic or service
water.

e Natural (or passive) systems.
e Forced circulation (or active) systems.

Table 5.1 Solar Water Heating Systems

Passive systems Active systems

Thermosiphon (direct and indirect) Direct circulation (or open loop active) systems

Integrated collector storage Indirect circulation (or closed loop active)
systems, internal and external heat exchanger
Air gystems

Heat pump systems

Pool heating systems
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Passive Systems

Hot water

outlet
e

T Insulated pipe Micliary

S

Cold water

Storage b
inlet

tank

Collector

Insulated pipe

FIGURE 5.1 Schematic diagram of a thermosiphon solar water heater.
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(b)
FIGURES.2 Thermosiphon system configurations. (a) Flat-plate collector configuration.
(b) Evacuated tube collector configuration.
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Solar Heat Collectors

Table 3.1 Solar Energy Collectors

Heade andriess s Samenting ) Motion Collector type Absorber | Concentration | Indicative
Flow pipe «_| > range (°C)
: Flat-plate collector (FPC) Flat 1 30-80
Header
pipe ber plate . Evacuated tube collector Flat 1 50-200
Absor seotd :
Riser pipe Insulation Stationary | (ETC)
(a) Absorber plate Inlet ->—————— Compound parabolic Tobular | 1-5 60-240
collector (CPC)
| 5-15 60-300
Linear Fresnel reflector Tubular 1040 60-250
LFR
Single-axis i
tracking Cylindrical trough collector | Tabular 15-50 60-300
(CTC)
Parabolic trough collector Tabular 10-85 60-400
(PTC)
Parabolic dish reflector Point | 600-2000 100-1500
Two-axis (PDR)
racking | Hefiostat field collector Point | 300-1500 150-2000
(o) g (HFC)
FIGURE 3.1 Typical flat-plate collector. (a) Pictorial view of a flat-plate collector. !
(b) Photograph of a cut header and riser flat-plate collector. Note: Concentration ratio is defined as the aperture area divided by the receiver/absorber area of the
collector.
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Solar Heat Collectors

Receiver detail Sun rays

Par Receiver
Glass cover

Tracking
Receiver tube mechanism

FIGURE 3.13 Schematic of a parabolic trough collector.

(b)
FIGURE 3.14 Photos of actual parabolic trough collectors. (a) The EuroTrough (from
www.sbp.de/en/html/projects/detail.htmI?id=1043). (b) An Industrial Solar Technology
collector.
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Solar Heat Collectors

Sun rays
Fresnel l l l l L4 i
lens
(a) Receiver
Sun rays
1
I
|
I
/
!
/
/
/
/
/
/
7
F
/s
33 e
(b) e

FIGURE 317 Fresnel collectors. (a) Fresnel lens collector (FLC). (b) Linear Fresnel-type
parabolic trough collector. 89



Solar Heat Collectors

Sun rays
o
Receiver
Parabola
: Two-axis tracking
(@) ; == mechanism

(b) e :
FIGURE 3.20 Parabolic dish collector. (a) Schematic diagram. (b) Photo of a Eurodish
collector (from www.psa.es/webeng/instalaciones/discos.html).
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Solar Heat Collectors

FIGURE10.7 Heliostat detail of the Solar Two plant (source: www.energylan.sandia.
gov/sunlab/overview.htm).

E uro d i S h SO I ar Ste I"l i ng E ngi ne (https://www.youtube.corrﬂwatchZv=waWquToBg)

Sterlin g E ngine Wiki (http://en.wikipedia.org/wiki/Stirling_engine)

FIGURE10.8 Photograph of a dish concentrator with Stirling engine (source:

www.energylan.sandia.gov/sunlab/pdfs/dishen. pdf). Ste rl in g E n gl he Wate r PU mp ( La rge)
(http://www.youtube.com/watch?v=CEBuzq5ilqk)
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http://www.youtube.com/watch?v=CEBuzq5iIqk
http://en.wikipedia.org/wiki/Stirling_engine
https://www.youtube.com/watch?v=wfDWDqyToBg

> >
o BT
Optional
Collector e ; Boiler
energy
storage
Pump Pump

—=4

Heat
engine

Reject heat

¢

I Electricity

Generator

FIGURE10.1 Schematic diagram of a solar-thermal energy conversion system.
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Solar Heat Collectors

Receiver Sun rays

Sun rays

1 1
r Heliostats
Tower
FIGURE 3.21 Schematic of central receiver system.

Receiver
Sun rays
Tower
FIGURE 3.22 Detail of a heliostat. ' V—
NN RS o o A T N o e
FIGURE 318 Schematic diagram of a downward-facing receiver illuminated from an LFR

field.
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Solar Heat Collectors

Cylindrical Sun
receiver

. / l Heliostat
aski

290°C
Hot salt Cold salt
storage Steam storage

generator j¢————

l Condenser

Turbine —T

FIGURE10.5 Schematic of the Solar Two plant.

Generator

-, o e W Z O e
FIGURE10.6 Photograph of the Solar Two central receiver plant (source: www.
energylan.sandia.gov/sunlab/Snapshot/STFUTURE.HTM).
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Gemasolar

Solar Heat Collectors

Cylindrical Sun
receiver

Tower | ¥

/ —\ Heliostat -?"""':_v Y e
565°C I
= ! L

290°C
Cold salt T ™
Steam storage

generator f¢——F———

Hot salt
storage

Location of Gemasolar
Condenser :
Generator Country Spain
Location Fuentes de Andalucia, Sevilla
Turbine Coordinates (o 37°33'20.11"N 5°19'44.6"W
Status Operational
FIGURE10.5 Schematic of the Solar Two plant. SORAOM i ety 014
Owner(s) Torresol Energy
Solar farm
Type CSP
Solar Tres (Gemasolar) CSP technology  Solar power tower
Heliostats 2,650
How it works Cmacpensnied
Installed capacity 15.5 MW
http://www.youtube.com/watch?v=GhV2LT8KVgA Annual generation 110 GW-h

https://lwww.youtube.com/watch?v=5nd7fGMXciA ’


http://www.youtube.com/watch?v=GhV2LT8KVgA
http://www.youtube.com/watch?v=LMWIgwvbrcM

Photo 3.1 The Gemasolar power tower near Sevilla (Spain)

Source: Tarresol Energy.

Molterrsalts solar towers can generate electricity round the clock.
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Aoroa Solar Ethiopia

http://www.alternative-energy-news.info/tulip-solar-ethiopia/

Photographer: Boaz Dovev

Aoroa Solar .com

https://sustainability.asu.edu/research/project/aora-solar-tulip/
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http://www.alternative-energy-news.info/tulip-solar-ethiopia/
http://aora-solar.com

Table 0.1 Performance Characteristics of Various CSP Technologies

Technology | Capacity Concentration | Peak solar | Solar- Land use
range efficiency | electric (m*MWh-a)
(MW) (%) efficiency

(%)

Parabolic 10-200 70-80 21 10-15 68

trough

Fresnel 10-200 25-100 20 o-11 4-6

reflector

Power tower 10-150 300-1000 20 810 8-12

Dish-Stirling | 0.01-0.4 10003000 29 16-18 8-12

Images for dish stirling - Report images
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Solar Chimney’s

Enviromission (Australia)

http://www.enviromission.com.au/EVM/content/about_companyprofile.html

Solar Chimney Spain (Madrid)

http://www.youtube.com/watch?v=XCGVTYtJEFk

Enviro Mission Limited
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http://www.enviromission.com.au/EVM/content/about_companyprofile.html
http://www.youtube.com/watch?v=XCGVTYtJEFk

Solar Chimney’s

Gaborone, Botswana
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Hot Water Systems

This webpage goes through types of solar water heaters

http://www.alternative-energy-tutorials.com/solar-hot-water/evacuated-tube-collector.html
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http://www.alternative-energy-tutorials.com/solar-hot-water/evacuated-tube-collector.html

Hot Water Systems

C ) A
Cold
A water
tank
0 Total height = 1.3m
Hot water
supply 0%'
City “ o S
water 2 lps o [P906
supply Cold water supply
Collector inclined
at local latitude

Y,

FIGURES.8 The complete solar ICS hot water system.
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(b)

Hot Water Systems

Insulated pipe

Collector

Hot water

outlet
.

Cold water

inlet
‘—

Insulated pipe

FIGURE 5.1 Schematic diagram of a thermosiphon solar water heater.

FIGURES.2 Thermosiphon system configurations. (a) Flat-plate collector configuration.

(b) Evacuated tube collector configuration.
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Hot Water Systems

Direct vs Indirect Systems

Array of solar collectors

A VAL | A

0 AAV

Outdoor equipment

RS RC s T st etesetetecestetetine]

Roof slab

Array of solar collectors o aay FIGURES.S Direct circulation system.
- )]
: ' ' ' Outdoor equipment
B R O O O O O O O O OO O O O O O O O O O O OO O O O
Roof slab v Indoor equipment ou
Hot wat T
Relief valve [ wb e
A?;ﬂhtyhem
e ‘ —] 4
\______.@_ L Storage tank
“~_ Pump WLt =
< @ < Heat exchanger
| Cold water IN
Expansion tank To drain —><—4—

FIGURE 5.11 Indirect water heating system.

L O R O N
AF‘

Relief valve [

Indoor equipment
D?l Hot water OUT
»
m—

Auxliiary heater X

Storage tank

L Cold water IN
S




Ow

Figure Y4-7 A home-made clip fin collector

that faces away from the sun. We need to try to
climinate thermal bridges as far as we possibly can.

Figure 4-B  Aluminwm clip fins.

Aluminum clip fins are one of the casiest ways
of assembling a solar collector quickly. as they
essentially clip onto a matrix of copper pipe.

Another way of constructing a solar collector is to

use an old radiator painted black inside an insulated
box—crude but effective! (Figure 4-9). This system
contains more water, and as a result has a slower
response time. This is because it takes more time to
heat up the thermal mass of the radiator.

Warning

Onc of the problems that solar collectors suffer
from is freezing in the winter, When temperatures
drop too low. the water in the pipes of the
collectors expands—zhis runs the risk of severely
damaging the collectors.
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Flgure Y-S

Hot Water Systems

A recyeled radiator collector.



Figure UY-10 Solar pool heating.
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Tip

Enerpool is a free program that can be used to
simulate your swimming pool being heated with
solar collectors, By inputting information such as
your location, and how the pool is covered. The
program can predict what temperature your pool
will be at, at any given time!

www.powermat.com/encrpool. html




Hot Air Heating Systems

Fan Three-way damper

@ Auxiliary
—— Towarm
air supply ducts

A

Collector Pebble bed
Storage 4 storage unit

bypass

From cold
air return duct

Three-way damper
FIGURE 6.11 Schematic of basic hot air system.

Warm
alr supply
Collector
amay Bullding
@
Cold
alr return
—_—

FIGURE 6.12 Detailed schematic of a solar air heating system.
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Relief valve Three-way R

[ g
Service .
e Mzin > hot water, Load heat| House
S‘Dfagel Hot ' s

water : Mary
lm“"‘ o § % ’ OCold
..... g i Auxiliary Load Fan :
¥

: ) | water supply . - r@ i

Collector Three-way valve b [
pump { Control I'

FIGURE 6.14 Detailed schematic diagram of a solar space heating and hot water system
with antifreeze solution.
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Return air l
Three-way valve

D

Colector // | | (/s :
array Water } |
storage : E

unit Akianl
Auxiliary }

P Pum . l
ump ump Supply air
FIGURE 6.16 Schematic diagram of a domestic water-to-air heat pump system (series
arrangement).
Collector
array Water

storage
unit

Pump Pump Pump
FIGURE 6.17 Schematic diagram of a domestic water-to-water heat pump system
(parallel arrangement).
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Industrial Solar Water Heating Mek’elle Ethiopia

http://www.solarthermalworld.org/sites/gstec/files/
Kahsay ISES%20Kassel.pdf

Sheba Skin Tanning 35 18.4 | Furnace oil for
Tannery Skin Re-tanning 50 66.6 | a steam boiler
Hide Tanning 40 29.3
Hide Re-tanning 65 27.0
Maichew Glue 40 6.0 | Furnace oil,
Particleboard | preparation fire wood
Impregnation 55 122
Bahirdar Pre-heater 60 36.0 | Furnace oil for
Textile Washing 70 7.8 | a steam boiler
Chemical 80 - 0
Preparation
Ashraf Conditioning 85 6.0 | Furnace oil for
Edible Oil Degumming 90 5.0 | a steam boiler
Neutralization 90 5.0
Washing 70 7.7
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Passive Solar



https://en.wikipedia.org/wiki/VWindcatcher

Iranian Wind Catchers
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https://en.wikipedia.org/wiki/Windcatcher

https://en.wikipedia.org/wiki/VWindcatcher

Iranian Wind Catchers

Prevailing Wind

— . S— Alr drawn out
Windcatcher A on leeward side
ﬁ

! Malgaf

Air drawn down
into interior of house

Dust deposited
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https://en.wikipedia.org/wiki/Windcatcher

I1OMO] PUIp e

Cooled Basement

Heys ssaddy
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https://en.wikipedia.org/wiki/Windcatcher

Low

(©) pressure
@ v Zrea
o/
High®) ] O

pressure @
area

FIGURE 6.8 Pressure created because of the wind flow around a building.

FIGURE 6.9 Use of a wing wall to help natural ventilation of windows located on the
same side of the wall.
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Ethiopian Institute of Architecture, Building, and Construction, EIABC

http://www.hebel.arch.ethz.ch/wp-
content/uploads/2012/10/Building-Future-Hebel.pdf

- -

1 Ay ——
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- d}l . -
. . -
B
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EIABC
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Tanzanian Hotel for Trip (Possible)

Y




Tanzanian Hotel for Trip (Possible)
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Passive Solar: Trombe Walls

Trombe walls

As with many of the themes in this book, this idea
is not a new one, in fact it was patented in 1881
(U.S. Patent 246626). However, the idea never
really gained much of a following until 1964,
when the engineer Felix Trombe and architect
Jacques Michel began to adopt the idea in their
buildings. As such, this type of design is largely
referred to as a “Trombe wall.”

Figure 5-2 Trombe wall modes of operation.
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Passive Solar: Trombe Walls

Ice Fishing Shack

http://www.builditsolar.com/Projects/SpaceHeating/
SglarlceShack/SolarlceShack.htm


http://www.builditsolar.com/Projects/SpaceHeating/SolarIceShack/SolarIceShack.htm

Passive Solar: Trombe Walls

http://www.choiceenergy.org/Solar.Air.htm
Choice Energy .org

https://youtu.be/N6QOZGgbj-g

http://www.choiceenergy.org/Solar.Air.Eagle.Mount.htm

http://www.choiceenergy.org/Solar.Air.Eagle.Mount.
htm
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http://www.choiceenergy.org/Solar.Air.htm
http://www.choiceenergy.org/Solar.Air.Eagle.Mount.htm

Passive Solar: Trombe Walls

’il

JJmerm»

http://www.choiceenergy.org/Solar.Air.Eagle.Mount.htm

http://www.choiceenergy.org/Solar.Air.Eagle.Mount.
htm
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Thrombe Walls in

https://www.theguardian.com/global-development/2020/may/25/now-we-sleep-peacefully-life-in-peru-transformed-by-warm-
houses?CMP=Share_iOSApp_Other



https://www.theguardian.com/global-development/2020/may/25/now-we-sleep-peacefully-life-in-peru-transformed-by-warm-houses?CMP=Share_iOSApp_Other
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https://www.theguardian.com/global-development/2020/may/25/now-we-sleep-peacefully-life-in-peru-transformed-by-warm-



https://www.theguardian.com/global-development/2020/may/25/now-we-sleep-peacefully-life-in-peru-transformed-by-warm-houses?CMP=Share_iOSApp_Other

Thrombe Walls in Peru

https://www.theguardian.com/global-development/2020/may/25/now-we-sleep-peacefully-life-in-peru-transformed-by-warm-
houses?CMP=Share_iOSApp_Other
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'Note: Unit designed
for vertical air flow
 through the rock bed.

FIGURES.15 Vertical flow packed rock bed.

Cold air outlet

I Overhang Roof slab
JT 5
Overhang extension > Top vent -
Room interior
4 Thermal wall
Glazing
h by

w P 4

—P &1 Gap
<= Bottomvent —Y-

Ground Floor

FIGURE 6.4 Schematic of the thermal storage wall.
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Passive Solar Cooling in India

https://www.bbc.com/news/av/world-asia-58820950
50° C=120° F

Aﬁmedabad, India

Krishna's charity has supplied
white paint for 5,000 roofs.
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https://www.bbc.com/news/av/world-asia-58820950

Passive Solar Cooling in US

https://cendigitalmagazine.acs.org/2023/10/22/can-

cool-coatings-combat-climate-change-
2/content.html?utm_email+=64779482E485640 1 E

565D4536D

Can cool coatings combat
climate change?

CH-, H.C” “CH

Hot weather Cool weather
white dark
Formulated with bisphenol A as a hydrogen donor or acceptor, crystal violet

lactone changes from white at high temperatures to dark violet in the cold. Paint
researchers are looking to exploit the effect to make color-changing roof

coatings.
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Passive Solar Cooling in US

https://cendigitalmagazine.acs.org/2023/10/22/can-

cool-coatings-combat-climate-change-
2/content.html?utm_email+=64779482E485640 E

565D4536D

Craig Bettenhausen/C&EN

Roofs coated in reflective paint can be as much as 13 °C cooler than dark-
Microscopic aluminum flakes are used as an infrared-reflective colored roofs, the default for many flat roofing systems.

and other coatings. These flakes from Eckart are encapsulated in glass to
prevent oxidation.
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Solar Power Cooling
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Swam P Cooler (http://www.youtube.com/watch?v=600AAcsbf_0)

__ Evaporative Cooling Effectiveness, by Region

e
=1 Morgnolly effective
m Ineffedive

Figure 2. In areas of the United States where humidity tends to run high in the sum-
mertime, evaporalive cooling is not the best way to stay cool; in the West, its a

very good choice.

HOME ENERDY


http://www.youtube.com/watch?v=6ooAAcsbf_0
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https://www.youtube.com/watch?v=H | kJttETOMo
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Figure 1. Direct evaporative cooling
through a wetted medium. Source:
www.energy.ca.gov/appliances/
2003rulemaking/documents/case_
studies/CASE_Evaporative_Cooler.pdf

Up to 38°F (21.1°C) of cooling can
theoretically be achieved (110°F
(43.3°C) - 72°F (22.2°C)) by simply

PSYCHROMETRIC CHART

- -
Sea Lewel and &y gEES 7
" ' R
Direct evaporative cooling process KN N

A: Entering air properties o AL 1]
Tos = 110°F (43.3°C) . / INL Pl 3
Twe =72°F (22.2°C) K 8 / . :
RH = 15% o ALY Y IS [ L AL T
B: Leaving air properties 2F ATATE T L TR L«

Tos = 78°F (25.6°C) f\ A AN i
Twe = 72°F (22.2°C) = /

RH=75% v LWL S Vs R o] &
= / ¥ / . P / R
- / ~ / e ¢ -
. b ¥
! r
1 °
-
o4 3
10
s
~ T
-3
> |
ais
<] ‘<3
2 .'%*a
3
"l |
> nd
..i.
N R -
n = .
- F
3
LN N . LS - £ SN AN L S A A e D . 3
. B -

e
bualuatiisalimdon daadon doudod o bbbt usuuiualimd ubiudwdosd i fon o bl

feuh

Figure 2. Direct evaporative cooling process shown psychrometrically.
Source: PsycPro software at www.Linric.com
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Figure 4. In an indirect evaporative > :j ’
cooling process, the primary airstream i) .
flows in a different channel than the '} ‘
secondary airstream. Source: Wang, L5
Shan K., Handbook of Air Conditioning B s R it CORT DAL RG PRI

and Refrigeration (2nd Edition), v 5 B S .
McGraw-Hill, p. 5, 2001; www.knovel. Figure 5. In the indirect evaporative cooling process, no water is shown being added
com/knovel2/Toc.jsp?BookID=568& to the primary airstream as it cools from A to B. Source: PsycPro software, www.
VerticallD=0 Linric.com
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SECONDAR
AIR STREAM

EXHAUST

Figure 6. Two-stage indirect/direct evaporative cooling. Source./www.energy.ca.gov/
appliances/2003rulemaking/documents/case_studies/CASE_Evaporative_Cooler.pdf
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Figure 7. Two-stage indirect/direct evaporative cooling (indirect from A to B and then
direct from B to C) yields a lower T, than does direct-only from A to D. Source:
PsycPro software at www.Linric.com
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Figure 15. Map of summer cooling load hours. Source: AR/ Unitary Directory, August
1, 1992, to January 31, 1993, pp. 16-17; Air-Conditioning and Refrigeration Institute,
www.energyexperts.org/ac_calc/default.asp.
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A simple System (http://www.youtube.com/watch?v=cz-kquRmvqk)

SOLAR HOT WATER

COLLECTORS

greenhoetliselgasiemissionss
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Industrial Scale Evaporative Cooling

https://www.cambridge-eng.com/commercial-industrial-evaporative-cooling?gclid=Cj0K CQjwoqDtBRD-ARIsAL4pviA8l-0C4dtLQxM_TaqN6CsLLvu98orey6-zXgxI0RIIOOxOIUM4E6 YaAkn6EALW_wcB

CAMBRIDGE

® PROJECT ROLE PROJECT TYPES MARKETS SERVED PRODUCTS PARTS & SERVICE RESOURCES
ENGINEERING INC

INDUSTRIAL & COMMERCIAL EVAPORATIVE COOLING SYSTEMS

Cambridge Engineering's evaporative cooling systems provide industry-leading cooling solutions for commercial and industrial facilities. Improving indoor air quality is the
driving force behind our evaporative cooling systems and does so while also reducing energy consumption and operational costs. The Cambridge Engineering ESC-Series
indirect evaporative cooling units are best suited for industrial or commercial facilities in need of higher quality air without inflating operational costs. Similarly, our E-Series
direct evaporative cooling units are best suited for facilities in hot, dry and arid climates in need of fresh and cool conditioned air.
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http://www.dairyreporter.com/Processing-
Packaging/Sub-Saharan-milk-cooler-project-

awarded- | m-grant
Evaporative cooler to cool milk

Kisaalita (right) working with an undergraduate student on the milk cooler.

143


http://www.dairyreporter.com/Processing-Packaging/Sub-Saharan-milk-cooler-project-awarded-1m-grant

Cooperative Extension Service

College of Agricultural and Environmental Science/Athens, Georgia 30602-4336

1785

"« v Poultry Housing Tips

Evaporative Cooling Pad Quality Makes a Difference
Volume 20 Number 7 June, 2008

Six-inch evaporative cooling pad svstems are a vital part of a tunnel-ventilated poultry house's cooling svstem, When
properly installed and maintained, a six-inch pad svstem can reduce the incoming air temperature on a hot summer day
20°F or more, dramatically reducing heat-stress-related problems. Furthermore. six-inch pad systems have virtually
eliminated the need for interior fogging nozzles which has resulted in cleaner houses. increased equipment life, and
reduced risk of electnical shocks due to wet thermostats. Last but not least, six-inch pad systems have eliminated the
wasteful run-off associated with traditional two-inch fogging pad systems. Most pcople would agree that the transition
of the poultry industry from fogging and fogging pad systems to six-inch evaporative cooling pad systems has proven
to be very beneficial to the birds we grow as well as to growers

Though on the surface the construction of an cvaporative cooling pad looks fairly simple, there 1s in fact a fair amount
of science and engineering that goes into their design. The paper used to construct the pads has to have just the right
tvpe and amount of resins that will not only enable the pad to last seven vears or more when exposed to the clements,
but also allow water to ¢asily “wick™ throughout the pad to maximize water evaporation. The “flutes™ need to be just
the right size and angle to produce maximum cooling of the incoming air while at the same time not causing excessive
static pressure that would adverscly affect the air moving capacity of the exhaust fans. Last but not lcast, pad surfacc
coatings need to be formulated and applied in a way that surface rigidity is maximized. while at the same time not
adversely affecting pad cooling or air flow through the pad.

The good news for poultry producers is that the vast majority of pads sold in the U.S. arc of superior design and quality
The bad news is that because all pads look very similar. producers may unknowingly purchase a pad from a new
manufacturer that s not of the same quality as those traditionally sold in the U.S. The following are a few things to
look for when considenng installing new evaporative cooling pads, that though not always conclusive, can provide
somc indication as to pad quality.

BBC Article http://www.bbc.com/future/story/20120727-when-

good-milk-turns-bad
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Evaporative air Regenerator Dehumidifier
coolers
FIGURE 6.19 Schematic of a solar adsorption system.
9
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4 f‘\“‘-‘
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FIGURE 6.20 Psychrometric diagram of a solar adsorption process.
Rotating desiccant wheel

Humid air

Air solar

FIGURE 6.21 Solar adsorption cooling system.
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Ohio Avenue in Clifton
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Corruption Index

"the misuse of public power for private benefit"
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40-49
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20-29 https://en.wikipedia.org/wiki/Corruption_Perceptio
e ns_Index
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Data unavailable
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Solar Refrigeration Using
Absorption/Desorption/Evaporation
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Carbon/Solvent Systems
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AN ENERGY EFFICIENT SOLAR ICE-MAKER

A Simple Solar Ice Mak <in, U
Department of Mechanical Engineering, University of Hong Kong, Hong Kong.
I m P e O ar Ce a e r Fax: 852-2858-5415; e-mail: ksumathy @hkucc hku.hk

D collector
condenser

- evaporator

T(°C)

f/ insulation

Fig.l1 Schematic of a prototype adsorption refrigerator
Fig. 2 Thermodynamic cycle for adsorption

The principle of the solid-adsorption ice-maker is explained using a P-T-X diagram as shown in Fig.2. To
begin with, the adsorption bed along with the refrigerant gets heated up, and when it reaches the required
desorption temperature(Ty,), the methanol gets desorbed. In the evening, the flat-plate collector (adsorption
bed) looses its heat to the surroundings and hence the temperature of the adsorbent bed is reduced rapidly (T
— T,;), and the pressure in the adsorber drops to a value below evaporation pressure (P.). Evaporation could
happen if the connecting valve is open, and ice will be made in the refrigeration box.

A laboratory prototype system built is capable of producing 4 to 5 kg of ice a day and could achieve a COP of
about 0.12. The total size of the ice-maker is about 1 cu m, and weighs about 50 kg. The experimental tests
were carried out at various working conditions (-10°C < Ty < -5°C - evaporation; 30°C < T¢ < 45°C -
condensation; 100° C < T < 105°C - generation). The refrigerator performance (Specific cooling power, SCP,
and the amount of ice made per day ) at the evaporating temperature limits (T = -10°C and Ty = 15 °C)are
shown in Table 1. The performance is relatively low mainly because of the high cycle time(only one cycle a
day).
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A Simple Solar Ice Maker (Anthony Tong/Amanda)

Methanol/Carbon
Based Absorption
Refrigerator/lce Maker
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Amy Ciric University of Dayton (aciric|@udayton.edu)

Ethanol/Carbon Based
Absorption
Refrigerator
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generator
o ©
p— .. .-
&
.. ®
" A - /]
Evaporator r‘f‘ ondenser
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Improving ice productivity and performance for an activated
carbon/methanol solar adsorption ice-maker

Naef A.A. Qasem, Maged A.l. El-Shaarawi*

Mechanical Engineering Department, King Fahd University of Petroleum & Minerals (KFUPM), Dhahran 31261, Saudi Arabia

A Simple Solar Ice Maker

oo
X

-

e

\\\\\ 2

st "", wi g ,<—~—""_)r- Q\‘h
— conect? | ped \ — ~onect®’ | ped
\ c‘%sorbot\‘ ~_— Desorption \ C‘%“’omen\ °._’ s

q
x max 23

Valve 1

Adsorption

~

Te

-
Y
&
o

Fig. la. Schematic of the solar adsorption cooling system. ‘

Fig. 1b. Schematic view of the adsorption process on Clapeyron diagram.

There is a single adsorbent bed in the intermittent solar
adsorption cooling cycle. The adsorption system consists of
three main parts: solar collector with adsorbent bed where
activated carbon is placed, condenser and evaporator as
show in FFig. 1a. The operating cycle of the system has four
processes as shown in the Clapeyron diagram in Fig. 1b.
The heating process (1-2) and the desorbing process (2-
3) represent half the cycle while the cooling (3-4) and
adsorption (4-1) processes represent the other half. During
the heating period, the adsorbent bed receives heat from
solar energy that raises the temperature of the pair of
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adsorbent and adsorbate as shown in Fig. 1b by line 1-2
(isosteric heating process, at constant concentration of
the adsorbate = x,,,,). When the adsorbent bed pressure
reaches the condenser pressure, the adsorbate vapor dif-
fuses from the collector to the condenser and condensed
there (line 2-3, desorption process at condenser pressure).
So the concentration of the adsorbate in the reactor reaches
the minimum value (x,,;) at the end of this desorption pro-
cess. This process is followed by cooling the generator (line
3-4, isosteric cooling process). Then, the liquid adsorbate
flows from the condenser to the evaporator where it vapor-
izes by absorbing heat from the water to be cooled. As a
result, the liquid water in evaporator becomes cold or
may be converted totally or partially into ice. After that,
the adsorbent adsorbs the refrigerant vapor that is coming
from the evaporator (line 4-1, adsorption process at evap-
orator pressure). Thus, the heating and cooling processes
are run at constant concentration of adsorbate while the
concentration of refrigerant varies through adsorption
and desorption processes.



Improving ice productivity and performance for an activated
carbon/methanol solar adsorption ice-maker

A S|mp|e Solar Ice Maker Naef A.A. Qasem, Maged AL El-Shaarawi*

Mechanical Engineering Department, King Fahd University of Petrolewm & Minerals (KFUPM), Dhahran 31261, Saudi Arabia

N.A. A. Qasem, M. A.l. El-Shaarawil Solar Energy 98 (2013) 523-542

Acollector = 1m?

My =20 kg (AC-35)

13 Stainless steel tubes (2 mm thick, 7.3 ¢cam OD)
2 cm OD Inwer pass tabe

Back lnsulation (10 cm thick, K~0.038W/m.K)
Sides inswlation (5 cm thick, k~0.078W/m.K)
Single glazing cover (3 mm, 7= 0.%4)
Selective coating - 0.9, = 0.05

Tilt angle » 26.30

T (dymamic)

Copper slemisum finscd tubes Tamp (dynamic)

Ap=Im?  e—— e Iy (dymamic)

P LT = = = = — = - = Vw (dynamic)

Te (dynmamic) ETEES RS =S

C'. l"

Stalnless steel water tank

Stainless steel trapexoldal evaporator g A - P
Aw amp™ 033 m2
Tw (dynamic)

K=0.038% W/m.K)
Te (dymamic)

Fig. 2. Schematic details of the system.

156



Ammonia/Water Systems
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THE
€ROSLEY
ICYBALL

The Crosley Radio Corporation

Cincinnati, Ohio, U. S, A.
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Sketch of Larry D. Hall’s homemade icyball.
Fressure gauges, service valves, sight glasses

and some fittings omitted for clarity. Small gap\ 1-% = sch. S0 steel pipe
4 ¥ N\
" _ . /%” manual ball -
W schedule S5O steel pipe —» valve with | o N——
vl IqLII I.ﬂa S
“B ) OP&I”&"}IOH of

check valve possib le.

IT=NEIA /

U Liquid level when
ready to regenerate

e

Length "B~
should be
greaterthen
length A7

%" gap
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Rural Milk Preservation with the ISAAC Solar Icemaker

Carl Erickson
Solar Ice Company
627 Ridgely Avenue
Annapolis, Maryland 21401

Figure 3. Three units were installed in Kilifi District at Sovimwamri Dairy.

ISAAC write-up

Figure 4. Three more units installed in Kwale District at Kidzo Farmer’s Dairy Co-
operative. 6]


http://www.energy-concepts.com/_pages/app_isaac_solar_ice_maker.htm

Rural Milk Preservation with the ISAAC Solar Icemaker

Carl Erickson
Solar Ice Company
627 Ridgely Avenue
Annapolis, Maryland 21401

Figure 5. On a good solar day, the icemaker makes six blocks. Each block is 2 by 9.5 by
26 inches, weighing 8.3 kg each.

Figure 6. Milk is chilled in an ice-bath milk chiller. Each ISAAC produces enough!
chill 100 liters per day.
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Rural Milk Preservation with the ISAAC Solar Icemaker

Carl Erickson
Solar Ice Company
627 Ridgely Avenue
Annapolis, Maryland 21401

Figure 7. Farmers average 3 liters per day. Mostly they bring milk by bicycle or by foot.
The two dairies are serving a total 138 farmers.

Figure 8. Milk, yogurt, and mala are sold from the dairy or distributed to the local -
community via bicycle.
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Vapor——»
Condenser
Heat

Solar Heat

Generator

Liquid
Refrigsrant

Day mode: Insolation increases

the temperature and pressure of phacae)
the refrigerant unbl it condensss
in the condenser

Figure 9. Day Mode Diagram
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Rural Milk Preservation with the ISAAC Solar Icemaker

Carl Erickson
Solar Ice Company
627 Ridgely Avenue
Annapolis, Maryland 21401

Haal from
fraed ng water

Night mode: Heat removal via
thermosyphon decréases absorher
prassra, @owing reffgerant 1o be
reabsorbed. As the refngarant
evaporates, the water freezes

Figure 10. Night Mode Diagram.



Rural Milk Preservation with the ISAAC Solar Icemaker

Carl Erickson
Solar Ice Company
627 Ridgely Avenue
Annapolis, Maryland 21401

Figure 11. The system is operated by manual valves. Operation is routine and easy to do.
The valves are operated in the morning and late afternoon. Water to be frozen is put into
the evaporator in the afternoon; it is ready to be removed as ice early the next morning.
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Issac Ice Maker (http://www.energy-concepts.com)
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Fig.2
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Referring to FIG. 2, weak absorbent solution in conduit 201 is separated into volatile component vapor of at least 95% purity
in conduit 202 and strong absorbent liquid in conduit 203 by fractionating apparatus comprised of fractionating column 204
and co-current desorber 205. Preheater 217 (an “absorption heat exchanger” (AHX) in this example) heats the solution to
near saturation temperature before it is divided by divider 208 into a reflux stream for column 204 and a feed stream for
desorber 205. Desorbed mixture from desorber 205 is separated and fractionated in column 204 to bottom liquid and
overhead vapor, and the bottom liquid causes additional reboil via heat exchange from GHX 210. Distilled vapor in conduit
202 is superheated in superheater 218 and work-expanded in expander 219. The superheating is done over the same
approximate temperature range as desorption, i.e., desorber 205 and superheater 218 are heated in parallel, thus maximizing
the temperature glide linearity. The expanded vapor is absorbed into the strong absorbent after pressure letdown by valve
211, in absorber 212, cooled both by external fluid in the colder section, and by absorbent in AHX 217. Pump 220 completes
the absorbent cycle. The low temperature glide heat can be geothermal liquid, solar heated liquid, combustion exhaust gases,
etc. Thus, a simple, economical, and highly efficient absorptf‘cg? power cycle is realized.

http://www.google.ch/patents/US67
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heat output heat input: natural gas
combustion, waste

heat, etc.
Condenser Generator
Evaporator } Absorber
cooling/ refrigeration eat output

(heat input)

The basic operation of an ammonia-water absorption cycle is as follows. Heat is applied to the generator, which
contains a solution of ammonia water, rich in ammonia. The heat causes high pressure ammonia vapor to desorb the
solution. Heat can either be from combustion of a fuel such as clean-burning natural gas, or waste heat from engine
exhaust, other industrial processes, solar heat, or any other heat source. The high pressure ammonia vapor flows to a
condenser, typically cooled by outdoor air. The ammonia vapor condenses into a high pressure liquid, releasing heat
which can be used for product heat, such as space heating.

The high pressure ammonia liquid goes through a restriction, to the low pressure side of the cycle. This liquid, at low
pressures, boils or evaporates in the evaporator. This provides the cooling or refrigeration product. The low pressure
vapor flows to the absorber, which contains a water-rich solution obtained from the generator. This solution absorbs
the ammonia while releasing the heat of absorption. This heat can be used as product heat, or for internal heat
recovery in other parts of the cycle, thus unloading the burner and increasing cycle efficiency. The solution in the
absorber, now once again rich in ammonia, is pumped to the generator, where it is ready to repeat the cycle.
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FIGURE 6.27 Schematic of the ammonia-water refrigeration system cycle.



Michael John UDSM

Cuthbert Kimambo, Provost UDSM
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LiBr/Water Systems
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In
Condensing water ondanser

l r_) ) Condensing
waler

- W

pump pump

Soluticn Refrigerant

Figure 13.1 Diagram of two-shell lithium bromide
cycle water chiller (ASHRAE, 1983).

LiBr/Water
Refrigerator

1) Evaporator: Water as the refrigerant enters the evaporator at a very low pressure and temperature. Since very low
pressure is maintained inside the evaporator the water exists in a partial liquid state and partial vapor state. This water
refrigerant absorbs the heat from the substance to be chilled and gets fully evaporated. It then enters the absorber.

2) Absorber: A concentrated solution of lithium bromide is available in the absorber. Since water is highly soluble in
lithium bromide, solution of water-lithium bromide is formed. This solution is pumped to the generator.

3) Generator: Heat is supplied to the refrigerant water and absorbent lithium bromide solution in the generator from
the steam or hot water. The water becomes vaporized and moves to the condenser, where it gets cooled. As water
refrigerant moves further in the refrigeration piping and though nozzles, its pressure is reduced along with the
temperature. This water refrigerant then enters the evaporator where it produces the cooling effect. This cycle is
repeated continuously. Lithium bromide on the other hand, leaves the generator and re-enters the absorber for
absorbing water refrigerant.

As seen in the image above, the condenser water is used to cool the water refrigerant in the condenser and the water-
Li Br solution in the absorber. Steam is used for heating water-Li Br solution in the generator. To change the capacity

of this water-Li Br absorption refrigeration system the concentration of Li Br can be changed.
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Rejected heat ﬂ U (solar or other)
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8 Heat exchanger
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Qc Q, FIGURE 6.24 Pressure-temperature diagram of a single effect, LiBr-water absorption
FIGURE 6.23 Schematic diagram of an absorption refrigeration system. cycle.
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FIGURE 6.23 Schematic diagram of an absorption refrigeration system.

Pressure

9,10,11

b —— - ———

Weak absorbent

line

.
'
'
'
'
'
'
'
i
.
'
'
A

b ————————

L -

Strong absorbent
line

Crystallization
line

»

Temperature

FIGURE 6.25 Duhring chart of the water—lithium bromide absorption cycle.
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SOPOGY Solar Air Conditioning LiBr

http://www.youtube.com/watch?v=2usC_BbILSw

Cooling (ton)

Cooling load &
Time of day(h)
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Labeled photo of a domestic absorption refrigerator. &
1. Hydrogen enters the pipe with liguid ammonia

2. Ammonia+hydrogen enter the inner compartment of the
refrigerator. Change in partial pressure causes ammonia to
evaporate. Energy is being drawn from the surroundings -
this causes the cooling effect. Ammonia+hydrogen return
from the inner part, ammonia returns back to absorber and
dissolves in water. Hydrogen is free to rise upwards

3. Ammonia gas condensation (passive cooling)

4. Hot ammonia (gas)

5. Heat insulation and separation of water from ammonia gas
6. Heat source (electric)

7. Absorber vessel (water + ammonia solution)
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How it works: Absorption Refrigerator

https://youtu.be/udeSVyx6_9A

Industrial Solar Refrigerator in Tunisia

http://www.youtube.com/watch?v=EPbjwv-7fWI



https://youtu.be/udeSVyx6_9A
http://www.youtube.com/watch?v=EPbjwv-7fWI

Example of one of these large scale systems (hep:/iwww.youtube.com/watchv=AtMC2MXc_n8)

<

f’ Relief valve
> w [ B > )
Refrigerant
Collector vapor
aiey Main Generator [ Condense .
storage Auxiliary Cooling
tank heater ? Son tower
J [ Load pump l Weak —
- A | solution Y
z Three-way Refrigerant i
Geareak valve Solution fiquid
K heat :
ea X Expansion
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FIGURE 6.28 Schematic diagram of a solar-operated absorption refrigeration system.
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Einstein Refrigerator
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You will need

*  Four sheets galvanized metal, 26 ga.
*  3in. black iroa pipe, 21 fi length

e 120 sq ft mimor plastic

*  2%in. stainless steel valves

Ice-Maker

*  Evaporatoritank (4 in. pipe)

*  Freezer box (free if scavenged)

* 41t 8 ftsheet ¥ in, plywood

®  six 2 x4 timbers, 10 ft long

e Miscellaneous 14 in. plumbing

*  Two3in. caps

e 1% in. black iron pipe. 21 ft length

*  Four 78 in. long 1'/2 in. angle iron supposts
* 151b ammonia

* 101b calcium chloride

Solar-Powered

This design is for an ice-maker which will produce
about 10 Ib of ice in a single cycle. It uses the
aporation and conds ion of ia as a
frig If you ber in the explanati
above, I mentioned that we needed a refrigerant
and an absorber for this type of cooler to work.
Well, the ammonia is our refrigerant, and we use a
salt—calcium chlorid the absorber. You
might have seen small gas fridges often used in
caravans and RVs which can be powered by
prop these also lly use jaasa

Project 7:

Night Cycle

The generaior pipe codls and P gas &
reabsorbed by the calcium chicede.

In Soing 50 £ removes large quantities of hoat

Figure S-S The solar cooler cycle.

Project 7: Solar-Powered Ice-Maker

Facing sun

Figure 5-3 Solar cooler layour.

Day Cycle

Ammaonia bols out of the
@enenior pipe as o hot gas

0f prossure. The 9as condenses

i the condensing col where &
cools 303 drips 10 the storage tank

Figure Sd  Solar cooler plumbing details.
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Warning

For the system to operate for long periods of
time, the materials used should be resistant to
corrosion by ammonia. Steel and stainless steel
are ideal in this respect as both are immune o
cormosion by ia. Another consideration is
the pressure under which the system will have to
operate.

How does the ice-maker work?

The ice-maker works on a cycle—during the
daytime ammonia is evaporated from the pipe at
the focal point of the parabolic mirrors. This is
because the sun shines on the collector which is
painted black to absorb the solar energy—this
collector heats up, driving the ammonia from the
salt inside.

At night, the salt cools and absorbs the
ammonia, as it does this, it sucks it back through
the collector. As it evaporates from the storage
vessel, it takes heat with it.



http://www.ted.com/talks/adam_grosser_and_his__
sustainable_fridge.html

Ted Talk on Developing World Refrigerator
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BestFire

BestFire Car Mini Fridge Portable
Thermoelectric Cooler and Warmer Travel
Refrigerator for Home ,Office, Car or Boat
AC & DC, White - 12L Capacity

YW yrir v 6 customer reviews

Price: $91.88 vprime

Your cost could be $81.88: Qualified customers get a $10 bonus on
their first reload of $100 or more.

Law Comumption

In Stock.

Want it Saturday, Oct. 142 Order within 8 hrs 21 mins and choose
Two-Day Shipping at checkout. Details

Sold by BestFire and Fulfilled by Amazon. Gift-wrap available.

Roll over image to zoom in + [BestFire Advantage] -- A built-in removable shelf for different
capaticy and demand, which makes this 12L fridge holds up to 4

182



AC100-240V Adaptor

150W Solar Panel L

COWIN

DC12V 68W Solar Refrigerator Freezer 7.4
Cubic. ft, Cowin Solar Powered Fridge, 150
W Solar Pannel, Double Doors, Low Voltage

Be the first to review this item | 15 answered questions

Price: $2,198:86
Sale: $1,998.80 & FREE Shipping
You Save: $200.00 (9%)

Item is eligible: No interest if paid in full within 12 months with the
Amazon.com Store Card.

Note: Not eligible for Amazon Prime.

In stock.
Get it as soon as Nov. 6 - 29 when you choose Standard Shipping at
checkout.
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https://sundanzer.com/product/bfrv|5/

3-5% propylene glycol in water

Solar Powered Medical
Refrigerator, 15 liters

Category: Medical

Pre-Qualified by the World Health Organization (WHO) the SunDanzer BFRV15 provides
vaccine storage using solar direct-drive battery-free technology. Designed in conjunction
with DVAF and PATH, the BFRV55 solves a very important problem in the vaccine cold

chain by eliminating the need for batteries.

Features
¢ Neets WHO/PQS/ECO3/RFO5-VE 2 standard $2a49500

e Rated for Hot Zone + 43° C 1 @
¢ Requires no battery or charge controller

e User Independent Freeze Protection

e Complete kit in crate includes PV array, mount, wiring and grounding, user and

installation manual, extemal digital temperature display, lock and key
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Amazon's Choice

Total = $3500

100 Watts 100W Solar Panel 12V Poly Off Grid Battery Charger for RV -

Mighty Max Battery brand product

by Mighty Max Battery

$9995 prime
Get it by Saturday, Oct 14

More Buying Choices
$79.96 (3 used & new offers)

SunDanzer

Sundanzer Solar-Powered Refrigerator - 8
Cubic Ft., 30in.L x 50in.W x 37in.H

Wk ¥ 7 customer reviews

Amazon.com Store Card.

checkout.
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Price: $1,870.00 + $159.99 shipping

Note: Not eligible for Amazon Prime.

(N

X

Wil i i s v 41

Product Features
MLS-100WP is 12v 700 watt polycryst
solar panel

Get $40 off instantly: Pay $1,830.00 upon approval for the gy iesn

NPP 6V 200 Amp NP6 200Ah
AGM Deep Cycle Camper Golf
Cart RV Boat Solar Wind Battery

Get it as soon as Nov. 17 - Dec. 7 if you choose Standard Shipping at A - 2

Chinc fram and enld hv Savana Salar Inductriec | d

FlexMax 60-Amp Solar Charge Controller OutBack Power 150V 60A FM6(

$453.00 (6 used & new offers) WY ~7



Solar Drying, Solar Kiln
Solar Baking
Solar Charcoal
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2.5 The stages in charcoal formation

As the wood is heated in the retort it passes through definite stages on its way to conversion into charcoal. The formation of charcoal under laboratory conditions has
been studied and the following stages in the conversion process have been recognised.

- at 20 to 110°C

The wood absorbs heat as it is dried giving off its moisture as water vapour (steam). The temperature remains at or slighly above 100°C until the wood is bone dry.
- at 110 to 270°C

Final traces of water are given off and the wood starts to decompose giving off some carbon monoxide, carbon dioxide, acetic acid and methanol. Heat is absorbed.
- at 270 to 290°C

This is the point at which exothermic decomposition of the wood starts. Heat is evolved and breakdown continues spontaneously providing the wood is not cooled below
this decomposition temperature. Mixed gases and vapours continue to be given off together with some tar.

- at 290 to 400°C

As breakdown of the wood structure continues, the vapours given off comprise the combustible gases carbon monoxide, hydrogen and methane together with carbon
dioxide gas and the condensible vapours: water, acetic acid, methanol, acetone, etc. and tars which begin to predominate as the temperature rises.

- at 400 to 500°C

At 400°C the transformation of the wood to charcoal is practically complete. The charcoal at this temperature still contains appreciable amounts of tar, perhaps 30% by
weight trapped in the structure. This soft burned charcoal needs further heating to drive off more of the tar and thus raise the fixed carbon content of the charcoal to
about 75% which is normal for good quality commercial charcoal.

To drive off this tar the charcoal is subject to further heat inputs to raise its temperature to about 500°C, thus completing the carbonisation stage.

http://www.fao.org/docrep/x5555e/x5555e03.htm

about 0.50 USD/kg in Tanzania
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Design of semi-static solar concentrator for charcoal
production

G. Ramos® " and David Pérez-Marquez®

a Instituto Politécnico Nacional, CICATA-IPN, Cerro Blanco 141, Col. Colinas del Cimatario, 76090 Querétaro, ORO, México

https://ac.els-cdn.com/S1876610214015501/1-s2.0-

S1876610214015501-main.pdf?_tid=2825d798-
b4f4-11e7-blff-

00000aab0f26&acdnat=1508434819 32b09327f2c7
717ac422cf07cled7 | ce
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TGA Huizache wood

Mass (%)

0 L T T T T T Ll T [ T T T | ] T " T T
0 100 200 300 400 500
Temperature (°C)

Figure 1. Thermogravimetric analysis of saw dust of Vachellia farnesiana.

Figure 2. Pictures of Samples a) after 2 hours and b) 6 hours of carbonization at 275°C.
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Figure 8 Picture of the prototype in its final version with the evacuated tube receiver.

Figure 9 Picture of the prototype in its final version with the evacuated tube receiver.
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http://solarcooking.wikia.com/wiki/Solar _charcoal

The information below was provided by Helen Dawson:

= Pack dry sticks in a metal tin as tightly as possible.

= Heat wood in the closed tin to approximately 300 °C (572 °F) in a solar cooker.

= (Somewhere between 200 °C (392 °F) for a couple of hours and 400 °C (752 °F) for half an hour will do).
There is a good explanation of the overall benefits of turning woodchips or other biomass such as corn
cobs to charcoal on the Solar Fire open source web page:

http://www.solarfire.org/Solar-Charcoal #

= The wood will give off smoke and water vapour below 200 °C (392 °F)
unless the lid is very tight..

= Wipe the pyrex bowl lid to remove moisture and soot if its building up on
the inside, before it gets too hot to handle.

o
200" C water vapor

= Over 200 °C (392 °F) approx. the wood is carbonizing.

= The time and temperature needed to turn the entire contents to charcoal

, | Above 200 below 400 wood gas
depend on the wood used, the size of the sticks and the solar variables Pyrex bowls irap heat stop wind . .
R oss Charcoal in about 2 hours from sticks

= Over 400 °C (752 °F) approx. the wood which is now charcoal ignites
and burns to ash.

= Best to leave one set up for a whole day first time, with enough mirror capacity to get over 200 °C
(392 °F) for a couple of hours, but less than what it would take to set it alight. Same as with cooking
food, you're cooking the wood.

= This is the solar pyrolysis process.

= The wood doesn't create embers, when there is no air flow in the tin, there isn‘t enough oxygen for it to
burn, and under 400 °C (752 °F) it is less likely to ignite.

= Sit an oven thermometer on top of the tin under the pyrex, so you can see the temp climb.

= Remove tin from pyrex bowls in the evening or next morning, when cooled.

= When you open the cooled tin the heat from the sun has turned the
sticks to charcoal.

= You can do a drawing with them, and/or the following project.

= Solar cooked charcoal retains the tar in the tin and on the charcoal,
making it a bit sticky to handle. As the temperature increases the
stickiness decreases. Many Australian seed pods such as gumnuts and
banksias, are germinated by fire, so putting them in the solar cooker will
result in seedlings in the PET moss garden.

= Charcoal improves the soils ability to grow plants AND captures carbon
dioxide, it is cabon sequestration.

= You can help cool the planet by putting charcoal in the soil.

Solar Cooker two mirrors and
« Terra preta owes its name to its very high charcoal content, and was aluminium reflector base
made by adding a mixture of charcoal, bone, and manure to the
otherwise relatively infertile Amazonian soil. It is very stable and remains in the soil for thousands of

years. Its called Biochar in English speaking countries.
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Small solar charcoal kiln for cloth

https://www.youtube.com/watch?v=8Makaciz3Xc

Fresnel Lens

https://www.bladesmithsforum.com/index.php?/top
ic/32781-charcoal-through-solar-power/
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Home Solar
Charcoal Distiller
[vote

Pollution free charcoal (1) for,
generation - at home! against]

Charcoal has been used for fuel for millenia.
Produced by heating wood in the absence of oxygen,
it is nearly pure carbon, without the water or
volatiles that cause smoky,uneven combustion in
wood. As currently done, charcoal production is
wasteful, burning some charcoal to produce more.
Many operations also pollute heavily, discharging the
tar and turpentine distilled from the wood into the
air.

The Solar Charcoal Distiller allows you to make your
own charcoal at home, without bathing your
neighbors in clouds of turpentine. The SCD kit (from
BUNGCO!) comes with a large plastic Fresnel lens and
a special top designed to fit on a standard Weber
Kettle. Simply load your Weber with branches and
sticks from your neighborhood, put on the special lid,
close those air intakes at the bottom, and set up the
Fresnel to bathe your grill in concentrated rays (you
will want to remove the wooden handles first).
Already painted black with heat resistant paint, it
will only be a few moments before your kettle glows
cheery red and your wood begins to cook. Cook it all
day, and then when the sun gets low you will have a
kettle full of warm charcoal, ready for grilling
dinner!

The special lid is fitted with a metal hose on the top.
Place the end of this hose in a bucket of water.
Operating on the same principle as a hookah, the
steam and volatiles cooked off the wood are cooled
and left in the water, for you to use later as you see
fit. In our test runs here at BUNGCO we used a lot of
eucalyptus and pine - the distilled products proved
excellent for treating the bottom of the BUNGCO
yacht!

- bungston, Nov 20 2005

Homemade solar charcoal
http://www.youtube....watch?v=8Makaciz3Xc

Giant lens - check. Backyard - check. [bungston, Jul
01 2013]

http://www.halfbakery.com/idea/Home 20Solar 20

Charcoal 20Distiller
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Design and Testing of a Solar Torrefaction
Unit to Produce Charcoal

Rajaram Swaminathan®, Frans Nelongo Pandeni Nandjembo

Department of Mechanical and marine Engineering, Namibia University of Science and Technology, Windhoek,
Namibia

https://file.scirp.org/pdf/|SBS 2016081016170057.p

df

Simplified Parabolic Trough Charcoal unit

‘Y’\ Y -axis

600 400 200 0 200 400 600

Location of Focal point

Parabolic trough collector

X-axis

Figure 1. Indicates the focal point in the parabolic trough collector.
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Design and Testing of a Solar Torrefaction
Unit to Produce Charcoal

Rajaram Swaminathan®, Frans Nelongo Pandeni Nandjembo

Department of Mechanical and marine Engineering, Namibia University of Science and Technology, Windhoek,
Namibia

Figure 3. The unit.
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Figure 4. The tube inside temperature recorded at regular interval starting at 9AM.

Charcoal
Figure 5. Shows the different woods tested and the charcoal iobtained.



Type of wood Time for charcoal production (h) Charcoal yield %

White Oak Charcoal 01;30 21
Berchemia discolor 01;30 35
Acacia 01;30 28

The time taken for these types of wood is the same Figure 5. The yield ranges from 21% - 35% depending on
the wood. It is observed that the charcoal of white oak is lighter than those of Acacia and Berchemia.
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http://www.scienceforums.com/topic/6307-solar-
parabolic-trough-charcoal-oven/page- 18

RN o Lice 0
Solar Parabollc Trough Charcoal Oven

Started By Turtle, May 04 2006 02:16 PN
« PREV Page18of19 16 17 m 19 NEXT Please log in to reply
Nitack #290 <

Understanding Posted 12 March 2008 - 01:14 PM

So this may be the most lowtech idea of making my frasnel lens actually make charcoal, but | actually think it might work. This came to me
as | was testing out a traditional burner and retort (which did not work because | used unseasoned, large pieces of wood). | never got the
retort to fire, but | came up with an idea. | am going to take apple sauce jars, the big mothers, punch a few holes in the top, pack them with
muich, and then sit them in the fire to char and eventually give off wood gas to help fuel the burn for my 55 gallon drum.

Members
447 posts But | was thinking, why wouldn't that also work with a Fresnel directly on the mulch in the jar? As long as | pack the much there should be

relatively low oxygen. Additionally, as long as | don't completely focus the beam, it should get hot enough to char everything. The stuff
towards the inside may not get hot enough for long enough, but the stuff around the outside should all char right? @
| think the biggest mistake | was making with the Fresnel was to just try to make one point supper hot and then have
conduction/convection heat the material. Too damn much heat was being lost to the air around me. Thoughts?
Edit: finding the most long and skinny jar | can should probably help as well.

Turtle 201 &
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Energy for Sustainable Development 17 (2013) 75-85

Contents lists available at SciVerse ScienceDirect

Energy for Sustainable Development

Sustainable
Development

Review

Dispelling common misconceptions to improve attitudes and policy outlook on

charcoal in developing countries

Tuyeni H. Mwampamba **, Adridn Ghilardi <, Klas Sander 9, Kim Jean Chaix ©

* Centro de Investigaciones en Ecosistemas (ClEco), Universidad Nacional Auténoma de México, antigua carretera a Pdtzcuaro 8701, Morelia, Michoacdn 58190, Mexico
" Centro de Investigaciones en Geografia Ambiental (CIGA), Universidad Nacional Auténoma de México, antigua carretera a Pdtzcuaro 8701, Morelia, Michoacdn 58190, Mexico

© School of Forestry & Environmental Studies, Yale University, 195 Prospect Street, New Haven, CT 06511, USA
! Worid Bank 1818 H Street, N.W.10 Washington, DC 20433, USA

“ The Charcoal Project, 378 Clinton Street, Ste. #1, Brooklyn, NY 11231, USA

'*——"'\ Landowners 0-3%

I ———— Charcoal makers ~20%

:Q Local brokers ~2%
3 \ Local gov't ~3%
\ Transporters ~16%

Buyers ~8-18%
T Police (bribes) 20-30%
T Nairobi brokers ~2%
T Vendors ~20%

Gov't of Kenya 0%

taxes 12%
Market

Producer 21%

Fig. 3. The proportion of revenue captured by different stakeholders along the charcoal commedity chain in Malawi (A) and Kenya (B). Note how in both cases, the government

captures none of the charcoal revenue, yet 12% to 30% is captured by “private taxes’ otherwise known as bribes. Legalizing and regulating the charcoal sector could divert revenue
from bribes to government coffers without affecting charcoal prices for consumers [Rights to reprint from original sources pending].
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Energy for Sustainable Development 17 (2013) 158-170

Contents lists available at SciVerse ScienceDirect

Energy for Sustainable Development

ELSEVIER Y-

Opportunities, challenges and way forward for the charcoal briquette industry in
Sub-Saharan Africa

Tuyeni H. Mwampamba **, Matthew Owen ®, Maurice Pigaht ¢

 Centro de Investigaciénes en Ecosistemas, Universidad Nacional Auténoma de Mexico, Campus Morelia, Antigua Carretera a Pétzcuaro No. 870, Col. Ex-Hacienda de San José de La Huerta,
C.P. 58190, Morelia Michoacdn, Mexico

" Chardust Ltd., P.0. Box 24371, Karen 00502, Nairobi, Kenya

© MARGE Consulting, Franz-Henle Strasse 9, 65929 Frankfurt, Germany

166 T.H. Mwampamba et al. / Energy for Sustainable Development 17 (2013) 158-170
Charcoal dust suppliers;
« Charcoalvendors
Machinery and parts suppliers « Large charoosl ueers
- leedstock growers/carbonisers
Govermnment line ministries
responsible for energy,
environment, forestry and/or
land.
Exports and pannors: \
« Exports and consultants in .
briquetting processes and el Briquetting operat
tochnologlos 9 9
« Producers in other countrios National regulators and
tax authortios
Y
Charcoal Retailers Large scale briquite ussers:
« Industrial space heating
~restaurants
Kilns
-9l
Y
Domestic charcoal
usors

Fig. 3. Stakeholder analysis revealing the central role of the briquetting operation along the briquette value chain. A briquetting operation is influenced by several actors. Through sale of
briquettes, however, the briquetting operation ultimately influences briquette retailers and consumers and is highly dependent on the willingness of end-users to accept and incorporate

charcoal briquettes into their energy portfolios. Balancing the pressures and requirements of different stakeholders has made briquetting in East Africa a constant juggling of different
stakeholder interests.
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Contents lists available at SciVerse ScienceDirect

Energy for Sustainable Development

ELSEVIER

Cogenerating electricity from charcoaling: A promising new advanced technology*

Rogério Carneiro de Miranda **, Rob Bailis ®, Adriana de Oliveira Vilela

* Prolenha, Brazil
" School of Forestry and Environment, Yale University, USA
 Rima Industrial, SA, Brazil

172 R.C. de Miranda et al. / Energy for Susta
9000
Table 1
8000 Characteristic temperatures, carbonization and gas content in each phase of wood
pyrolysis.
7000 - : S S
Parameters Drying  Pre-carbonization Beginningof Tars
6 tars phase phase
8 Closses =
e Process temperature ("C)  150-200 200-280 280-380 380-500
3 5 Carben content of 60 68 78 84
@ charcoal (%)*
4 ™ Tarand
§ charcoal NCG [%)b
3000 fines Cco; 68 66.5 355 315
mLump co 30 30 205 123
2000 charcoal H; - 0.2 6.5 75
Hydrocarbons (mainly CHs) 2 33 375 48.7
1000 NCG heat value (kcal/Nm®)* 1100 1210 3920 4780
* (%) percentage based on dry mass of charcoal.
0 : Y (%) percentage based on dry mass of non-condensable gases (NCG).
78 80 82 B4 86 88 90 92 94 96 98 00 02 04 06 08 ¢ Based on NCG mass balance (Brito and Barrichelo, 1981).

Year

Fig. 1. Total energy breakdown from charceal production in Minas Gerais, Brazil from
1978 to 2008, as lump charcoal, other sub-products (charcoal fines and tar), and losses
(smoke). (Source: BEEMG, 2009).
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Biomass

2

Process

[:>Condensation[:> Filtration |:"> Biogas Storage E> Modified Diesel

Generator Set

Solar Furnace
<
L

Output

Charcoal Electricity
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Charcoal

—

Small Scale Biomass Collection Solar Charcoal Kiln

Syn-Gas For Uses Such As Electricity Production

Charcoal

Commercial Biomass Production Solar Charcoal Kiln

Syn-Gas For Uses Such As Electricity Production
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5710 Ind. Eng. Chem. Res. 2008, 47, 5710-5722

Kinetic Study on Bamboo Pyrolysis

W E A, Edward L. K. Mui, W. H. Cheung, Vinci K. C. Lee, and Gordon McKay*
09 - . 0 Department of Chemical Engineering, Hong Kong University of Science and Technology, Clear Water Bay,
Hong Kong SAR
08 -
L]
07+
*
; 06 - e
om=55mg °
s |m=10.1 mg . * & .
L -
04 oms153mg L ] ] i i ! ! . .
Om=19.1mg = !
03-
02
150 200 250 300 350 400 450 500
Temperature (deg.C)

Figure 2. Thermograms of raw bamboo (710—500 @m) with different initial mass pyrolyzed under flowing nitrogen at 5 °C/min.

0.30
028
o @ 1 deg.C/min
024 © 5 deg.Cimin Dd 0
022 B 10 deg.Cimin -
020 O 20 deg.C/min , o)
= 018 O
i j Predicted (Runge-Kutta) ‘
S o016 D
g 0.14 fa) .‘.I
0.12 2! _‘ , B
0.10 0 - L

Figure 8. Comparison between experimental data and predicted values (three-component model).

207



Raw material Carbonisation Densification
(if required)

e.g. crop residue 3-drum carboniser

Agglomerator Spherical briquette

e.g. charcoal dust

Roller briquettor Pillow-shaped briquette

Fig. 2. Schematic diagram of “carbonize-first" briquetting method, in which raw biomass is carbonized (or salvaged in carbonized form) before it undergoes the densification pro-
cess to form uniformly shaped briquettes.

164 T.H. Mwampamba et al. / Energy for Sustainable Development 17 (2013) 158-170

Raw biomass Densification Carbonisation

» Extruder

0.9. sawdust, coffee husk

Biomass logs Brick kilns Charcoal briquettes

Ram press

Fig. 1. Schematic diagram of “densify-first" briquetting method, in which raw biomass is densified into uniformly shaped masses before it is carbonized to form charcoal briquettes.
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UDSM Charcoal briquette production Dr. Hassan M. Rajabu
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Dr Hassan M. Rajabu’s briquette equipment UDSM
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Reaction front

:
£

I
T

Air

Kilning Retorting

Kilning: The reaction front moves gradually from one side to the other during interval 1<t<5.
Air valves are controlled to provide combustion air at the required place and time.
Uncombusted vapour cools down on the heating load. The cooled vapour cannot ingnite and
gives dirty emissions.

Retorting: Released vapour is combusted to 1/ indirectly provide heat to the load, and 2/ to
prevent dirty emissions.

lllustration: © Clean Fuels B.V. www.cleanfuels.nl

http://www.cleanfuels.nl/Sitepics/Kilning-
principle.png
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Wood Gas Byproduct

https://www.youtube.com/watch?v=fBYaP5KOAKE

A retort kiln using wood gas

harcoal retort kiln in the world?

) 3:12/3:56
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Wood gasifier system

wood inlet o
air inlet

L1
K 74
A L / toIC-engine

L2

\/

D2 E

A schematic showing the wood gasifier built by Dick Strawbridge and Jem Stansfield for the show "Planet Mechanics". Parts: A: wood B:
fire C: air inlet (air going to 4 nozzles) D: reduction zone; contains charcoal; smoke goes trough the accumated charcoal and reacts with
it. H20 and CO2 becomes H2 and CO D1: top grating (movable) D2: lower grating (not movable) D3: handle: used to stirr up the wood to
provide evenly high temperature over top grating E: smoke F: single-cyclone seperator (coarse filter) G: partially filtered smoke H:
radiator (reduces heat of gas and hence condenses the gas, making it more flammable/potent) |: cooled, partially filtered smoke J: fine
filter (consisting of clay balls on top of a grating) K: wood gas (= fully filtered, cooled smoke) L: air/gas mixer (replaces IC engine
carburator) L1: air inlet valve (operated via handle mounted to gear stick) L2: choke valve

https://en.wikipedia.org/wiki/VWood gas#/media/Fil
e:Planet Mechanics wood gasifier.png
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Biomass/Syngas/Wood Gas

Moderate Scale Plant (http://www.dailymotion.com/video/xit4aj_xylowatt-biomass-gasification-renewable-syngas_tech)
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Home > A charcoal production plant that also generates heat and electricity from the by-product gas

A charcoal production plant that also generates heat and electricity from the
by-product gas

Author: Heggie

Post date: Saturday, November 8, 2008 - 8:02am
Tom Miles

Log in to post comments

A charcoal production plant that also generates heat and electricity from the by-product gas
Biofuel Energy Sustems, Sustainable Energy Ltd., UK, 2004

In 2004 Biofuel Energy Systems Ltd. developed a plant for charcoal production, which uses the
gases given off during production to drive a gas turbine, generating heat and electricity. The
electricity generated can be used on site (especially useful in remote areas with no electrical grid
connection) or sold back to the grid for additional profit.

Conventional charcoal production is very inefficient and wastes half of the energy within the wood.
Biofuel Energy Systems' unique plant, however, uses 90% of the wood’s energy and uses a totally
clean, emission-free process. See the diagram on the Biofuel Energy Systems website that shows
the steps involved in simplified terms. This represents a huge advancement in the efficiency and
cleanliness of charcoal production.

https://terrapreta.bioenergylists.org/biofuelenergys
ystems
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R.C. de Miranda et al. / Energy for Sustainable Development 17 (2013) 171176 173

Fig. 2. View of the Barreiro power plant boiler (left photo) and detail view of the fuel feeding system in the boiler (right photo), with the central hole (open tube) used for wood tar
injection, and the main round tube used for steel furnace gas injection.

2009 the Minas Gerais state power utility (CEMIG)? operated a
15 MW power plant designed to use tar as complementary fuel to
hot exhaust gases from steel furnaces (Fig. 2). The plant used tar at
the rate of 500 kg per hour. It required a tar filter and a heater to
reduce the viscosity of the tar before it was injected under pressure
inside the boiler. However after 2009 CEMIG stopped using tar be-
cause the supplier found a more lucrative market (Miranda, 2012).

Brazil
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Container in
3) Pre-dried / s station
1) Alr dried wood is sent / e
wood is to pyrolysis /
loaded in station
container for | 7
pre-drying F 4
/
/
/| 4) Pyrolysis gas
/| ischanneled to
Container in cogeneration
drying station module and
combusted
Drying wood .
w/heat from
cogeneration |
N 2) Heat from
I cogeneration
:_____ is used to ek
pre-dry
wood

container is sent
to cooling station

6) After pyrolysis,

=, "!7)Charcoalis

unloaded
after cooling

Container in
cooling station

—__ 5) Electricity
= == o= === goes to grid

J 8) Empty
container is
returned to
loading station
to begin the
cycle again.

Fig. 3. An example of a charcoal cogeneration cycle utilizing waste heat for pre-drying.
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4.0

o 4 KNS e 6 kilns e 8 kilns o wm 12 Kilns eeeed48kins

2.0 : : : : ; : :
12 3 4 5 6 7 8 9 1011121314 1516 17 18 19 20 21 22 23 24 hours

Fig. 4. Variation in calorific value of pyrolysis gas with variation of number of kilns in series (Vilela, 2010).
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Fig. 5. Biochar plant in Denmark, with 35 KWe cogeneration capacity, powered by Stirling engine.
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Solar Cooking
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http://solarfire.org/GoSol

Bakers and Peanut Butter Producers
Using our Tech in Kenya

In partnership with the NGO World Vision Finland and World Vision
Kenya, GoSol has started a pilot project in the Western part of
Kenya during Spring 2016. Through World Vision's Weconomy
collaboration, GoSol has initiated and supported building of solar
concentrators by local artisans using only available materials in
Kisumu region, near lake Victoria. A local bakery has been able to
reduce operating costs and can now produce and sell more baked
goods to local schools and students. A peanut butter workshop in
Karemo produces organic peanut butter with renewable energy.
They have replaced the use of charcoal with solar thermal energy,
which reduces cost and improves the taste of the end product.
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Flgure B-1 A solar cooker being used in the
developing world. Image courtesy Tom Sponheim.

Cooker

Solar

Build a

Project 11: Build a Solar Cooker

You will need

e Sheet of thin MDF

o Sheet of flexible mirror plastic
o Sheet of thin polystyrene

o Veneer panel pins

Tools

o Bandsaw

e Pin hammer

o Sharp knife/scalpel

e Angle marking gauge

This solar cooker is a very simple project to
construct—we will be hamessing the sun's energy
from a relatively wide area and concentrating it to a
smaller area using mirrors (read more in Chapter 8
about this). The area which we will concentrate it
into will be lined with polystyrene to keep in

the heat.

Figure -6 The box constructed from MDF.

Construct a box for your cooker out of MDF. [
find small veneer pins to be very useful as they can
be hammered neatly into the end grain of thin MDF
without splitting the wood. For this application
they are perfectly strong enough. When you have
finished the box it should look something like
Figure 6-6.

Now you need to line the box with polystyrene,
this will prevent the heat from escaping. The lined
box will look like Figure 6-7.

Now measure the size of the cube inside the
lined polystyrene box. You should cut the mirror
plastic to this size, and further line the box with it.
Duck Tape is more than ideal for making good all
of the joints and securing things into place.

We now need to cut the mirrored reflectors. Cut
a strip of mirror plastic about two feet wide on the
bandsaw. Now, using an angle marking gauge,
mark from the long side of the mirror to the very
corner of the mirror, a line which makes an angle
of 67°, forming a right-angled triangle in the scrap
piece of plastic. You now need to mark out a series
of trapeziums along this length of mirror, where

Figure B-7 The box lined with polysiyrene.



Figure 6-8 The mirrored reflectors cut ready,

the shortest side is equal to the length of the inside
of the box cooker (Figure 6-8).

Now take the mirrored reflectors, and on the
noareflective side, use Duck Tape to join them
together to form the reflector which will sit on the
top. Using Duck Tape allows you to make flexible
hinges, which allow the reflector to be folded and When the cooker is finished it will look like
stored out of the way. Figure 6-9. It is now ready for cooking!

Figure 6-9 The solar cooker ready and complete.
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Fond 15 be cocked

Figure 610 The set-up solar stove.
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Indian Solar Cooker
https://www.youtube.com/watch?v=A18DabéBluY

Solar Cookers International (http://video.nationalgeographic.com/video/environment/energy-environment/solar-cooking/)

PLAY VIDEO

- a

.\,1—'7, 7 D “‘

& J
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Advanced Energy Systems

ADVANCED ENERGY SYSTEMS LLC Home  Hybrld SolarOvens  Accessories  Why The Scelov?  More v

WE HAVE EVOLVED - JOIN THE EVOLUTION
PORTABLE COOKER

AES Has Eliminated The Limitations of Traditional Solar Cooking

Designing and bullding a simple solar oven s easy.
But when the goal Is to cook 24-7-365 anytime, anywhere, turn to AES for the answer!

BIG TIME COOKING IN A SMALL PACKAGE - SOELOV
100
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Figure 4: "Rose Bud" Solar Cooker
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The prim ary reflector rotates __ O —
15 degrees per hour about .
the axis shown, tracking the sun.

The reflected beam,
once aligned in the moming

with the axis of rotation,
remains aligned during the day.

~a— Equator

Large insulated pot
or frying surface

Q

td
-~

The axis of rotation is
paraliel to the earth's axis.

It passes through the centers
of both reflectors.

Prim ary reflector

Secondary reflector D.M Delaney

S/ S S S S S S S SSS

How a Scheffler reflector used for cooking keeps its focus
on the cooking place as the sun moves.
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Scheffler Reflector for Community-Kitchens




for [18] Figure V.i.4 Scheffeler solar

community collector [19]
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Receiver
A//\\

Mirror

Figure 5: Parabolic Trough Design Overview
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Fig. 2.1: Heat pipe collection system.

Figure V.iv.2: Berkley's Blazing Tube solar collector
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To Cook at Night

-Large collection area focused to an insulated heat storage material
| 500 W-hr/day delivered to food

-Heat storage materials: NaCl; Bricks; Ceramic tiles; Silicon oil; Water; Sand;
Combinations of heat storage and heat transfer materials

-Insulation
-Ideally you would cook indoors, collect heat outdoors

-Ideally the heat supplied to food would be adjustable

http://www.webplaces.org/solaroven/design.htm
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To Cook at Night

http://www.webplaces.org/solaroven/design.htm

Top View - Heat Retention Solar Oven

insulation

metal door

|- Brick (or other) /

Front View - Heat Retention Solar Oven

.

reflector ——__
- _b-ﬁ-h-‘—“
| metal container ~|
food
Brick i
Brick

| Brick
metal " . .

. insulation

contamer

Side View - Heat Retention Solar Oven

2 x 2 removable insulated block

/

reflector
—\_""“-‘.\\_‘
bricks bricks ]
| __—" bricks
metal __—1 "
container insulation

ﬁx

[

235

-

triple layer of high-
temperature glass

reflector

\black metal plates

on top of Brick

triple layer of high-
temperature glass

reflector

/ removabhle
insulated block
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on top of bricks


http://www.webplaces.org/solaroven/design.htm

To Cook at Night

http://www.webplaces.org/solaroven/design.htm

Top View - Heat Retention Solar Oven

insulation
Oven 1
Heat Retention Vaterial | |~ metal container
Oven 2 ffff' r.
/ / \ insulation
metal door / 2 x 2 removable insulated block
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To Cook at Night

http://www.webplaces.org/solaroven/design.htm

Dirty Water
Heat Exchanger Reservoir
With Filter
80F
Solar Box 1Ak /
Cooker
Thin Metal Plate

/ . — _110F

180 F
Clean Water Reservoir

Figure 3: PAX -style water pasteurizer with heat exchanger. Typical temperatures are shown in degrees Fahrenheit.
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To Cook at Night

http://www.webplaces.org/solaroven/design.htm

New Solar Stove Is Capable of
Cooking at Night

Joshua Krause 107 G 40 223 9

Ready Nutrition
0 Comments

41
O (D O O

If there's one technology preppers love, it's
solar panels. They're an essential piece of
equipment if you’re planning on living off the
grid, and they're getting cheaper and more
efficient every year. But while they’re an
excellent choice for running lights and
electronics, they tend to fall short when it
comes to heating (especially cooking).

That's because solar panels only convert
roughly 15% of the sun’s energy into electricity,
and there are additional losses when that
electricity is converted back into heat. Heating
always requires way more energy than electronics, so that means you're either going to
need more solar panels, or find an additional source of energy.
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https://www.engineeringforchange.org/ | 0-solar-

cookers-that-work-at-night/

Stove Top

Hot storage tan/ —

https://www.engineeringforchange.org/wp-
content/uploads/2015/10/sol r final report.pdf
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wall
Compound Pacabola

Second Reflector P

(hamber with Reflecting bntenor

Mobde Storage Unt (sandeod emetal) /

/

/
/

Reflector Stand

Figure V.iv.3: lowa Design Side View

Rcw monan

Figure V.iv.4: lowa Design Interior View[31]


https://www.engineeringforchange.org/wp-content/uploads/2015/10/sol_r_final_report.pdf
https://www.engineeringforchange.org/wp-content/uploads/2015/10/sol_r_final_report.pdf
https://www.engineeringforchange.org/10-solar-cookers-that-work-at-night/
https://www.engineeringforchange.org/10-solar-cookers-that-work-at-night/

https://www.engineeringforchange.org/wp-
content/uploads/2015/10/medp final report 201 |

.pdf
wall
(hamber with Reflecting intenor
/
Reflector Stand /
/
Figure V.iv.3: lowa Design Side View
The iHawk Cooker prototype. Photo courtesy of H. S.
Udaykumar
s
Heat transfer fluid is air N /
Heat storage material is Sand —
Large parabolic collector L
Also uses metal heat transfer plate
W 0SB Piywood Rcw monan

Figure V.iv.4: lowa Design Interior View[31]
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Transfer to cook indoors by wheels

The iHawk Cooker prototype. Photo courtesy of H. S.

Udaykumar

Wall
Compound Parabola
Second Reflector "r.t\
/ \
Chamber with Reflecting Interior + T |
/ : \ ' Cook Surface
Mobile Storage Unit (sand+oil+metal) / foo‘:;':g:gge ’ I
/ Unit Entry |
« Night-time |
, position of

, I storagg.unit
Reflector Stand . \ |

/ =

.. A

Rail

Figure 7: Side View Preliminary Design Overview
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The iHawk Cooker prototype. Photo courtesy of H. S.
Udaykumar

1]
Double Pane Glass

Absorber Plate

Cement Board

Sand

14" 0SB Plywood

Rice Husks

Figure 8: Preliminary Design Interior Overview
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Requirements:
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. . D as
C control Fc cooled Fo "_q“'d ’ control
valve gravity return valve D
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Heat Exchanger Heat Exchanger pressure sensitive
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Figure 6.3. All-Fluid Design. "



https://www.engineeringforchange.org/wp-
content/uploads/2015/10/Solar_Cookstove_Final

Report.pdf
Appendix D: Design drawings and prototype images
i "Cold" (burner)
A ™
! 4
: Custom
i Burner L
e Transition 3

+ Swagelok (rice husk)
; $8-1610-12
E
|
|

: !

2 : Swagelok
U |

R ! | ss-T16-5-083-20 Hot

S i (sand & Al)
E
!
; Swagelok
: $S-1610-C
i
!
|

:.lili Heat Siphon Assy
' | Adam Rausch

1 2 May 2011
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—

Cold storage tonk\ X

!

Collector
Stove Top

- -

Hot storage tom/ i

Figure VII.1. Depictiom of the entire system




User Interface

£

Figure VILiii.1 Schematic of heat output subsystem
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Figure VILiii.4 Thermometer placement inside and outside of the cail.

Figure VILiii.3 Heat dissipation coil experiment setup.

Table VILiii.1 Heat dissipation experimental results

Fluid Flow Rate Fluid Inlet Coil Steady Coil Steady
(cm3/s) Temperature State State Minimum
(o Maximum Temperature
Temperature 1°C)
(°C)

Water 11.6 99.3 93.3 92.8
Olive Ol 6.9 204 187 158
Olive Oil 8.85 204 186 163
Olive Oil 10.4 204 195.6 156
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Table IX.I.1: Reflective Material Comparison

Reflectivity
Material [55], [56] Price Advantages Disadvantages
Highly reflective for
Polished the price,
Anodized 95.00% $75/mz2 lightweight. Easily scratched.
Aluminum Durable and easily
shaped.
Not good at standing up
4 > to the elements, forms
2 ’
Mylar >98% | ¥ '["5"7’]'“ H'igih'r‘\’t ’2?196‘2""9' ‘bubbles’ if glue starls to
gnt, P give, requires a rigid
backing
! 2 Not so reflective, corrodes
2 ’
Alur;;;;um 88% $0.[3548/]m Checgs ;&%lvevldely when mixed with acidic
juices, structurally weak
. 70-80% Price of e i Not.very reflechye, non-
Can lids (estimate) canned and verv chea uniform shape is labor
food Y P |intensive to shape and use
Veryreflective | cOMEs € RO b
Acrylic 99% $67.81/m2 (nearly 100%), s aahiest Mra
or (59] unb?:g::;ble expensive than most but
long lifespan
$122.0/m? Expensive and comes in
Glass Mirror 99% 3 Very reflective rigid plane, breakable and
(60] heavy
g $6.63/m? Strong and .
Astro-foil 76% (61] Reliable Not reflective Enough
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Table 1X.I.2: Piping Material Comparison

Thermal
Piping Materlal Conductivity, Melting Point
k (W/mK) [63,
4]
| 1425-1540°C
Steel Carbon Steel 54 [65]
Copper Copper 401 1084°C [65]
Cross-linked High-Density 130°C [64]
PEX polyethylene 0.51
CPVC Chlorinated Polyvinyl Chloride 0.14 175°C|[67]
PE Polyethylene 0.38 110°C [64]
PVC Polyvinyl Chloride 0.19 180°C [646)
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Table IX.Iii.1: Breakdown of origin of materials of the SolAr system.

Tools Needed (In
Material/Component | Here/There? Rajasthan)
Cold and Hot storage | Built and sent tho?\glgr;tdo:;c;c;d
Tanks With Fittings from India tonk stand
Cut and sent
Collector Shape om ndid None
For application:
Need polystyrene
Reflector: Mylar and | Cut and sent | for collector surface,
Acrylic from India epoxy for
application of Mylar
and Acrylic panels
Solar collector stand There Saw & nails/screws
Expected to be Cut
=y Piping in and soldered there.
Piping for system India Portable Soldering
iron will be sent.
Clay stoves can be
Piping in built there
Stovetop and Oven India. Clay mdlvndgolly, Sl g
found there fubing fo be
installed by
someone else.
Tools and Education
: provided for team
";;g:"?:gg n%ned There of villagers on an
Installation and
maintenance crew.
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Table IX.ill.2: Material cost breakdown of the entire system

-Com o S Fa .
UN plent Steel Pal
Hot st t 13,49 ; - [
(Open Pol + Ud) Coid and Hot storage tanks $13.¢ 2 $27.38 ere [68)
Copper $0° Tube Fitting Tube fitting for instalation $1.12 S $5.60 Here [22]
Anderson Fittings 421359
$/16Comp X1/4 Comp | Compression Fittings on Tonks $3.00 2 $6.00 rere 16%)
Union
World 27-3/4G 3/4 Golv . .
Pipe fitting (F T 4 - 7
Mool Fioor Flonge ipe fitting (Flonge) on Tanks $2.00 2 $4.00 ere 7o)
Owens Corning R-4.7
Unfoced2in. x16in. x48 | Insulation for collector olive ol
54 ! M m
in. MUt Purpose heating pipe - - o - 7
Continuous Rol Insulation
Pywood $0.00 There
Olve Ol (13 garions) Energy Storoge Material $20.40 13 $265.20 There 72)
Cooper Tools Cordiess
Soidering Iron, Bottery- | Soidering Iron for tube fittings $1559 ! 81999 There 73)
Powered
Solder-Joint Copper Tube
Fitting for Woter, Union Unions for agse of instoliation L
Socket (Female) X Socket ond maintenance $5.52 300 $14.56 There 70)
(Female) for 3/4" Tube Sze
Reflective backing of solor
v b 1 1 ’
Myior Sheeting (1.2m3) a ‘or $1.66 12 $1.9% Here 74)
Reflective Strips for solor
1.2m? 7.8) 1 1.3 - 4
Mrrored Acrylic (1.2m?é) cillaclon $67.8 2 $81.3 e 75)
Copper Pipe (Est) Piping system for olive ol $1.70 12 $20.40 There 70]
Permotex High-
Temperature RTV Siicone Segent Sicone used on
Al 2 12.82 —aa 74
Gosket Moker, 3-Ounce Storoge Tonks (high temp) $ " el
Tube
Heowy Duty Metal Drum
Pump Zinc-Ploted STL, 22
S 1 51 - 7
oz/Stroke 35-1/4 L Intoke | Stovetop ond storoge taonk §29.5 §29.5 -~ 77
Tube pump
020" Thick High Impoct
1 1 2% 1 » 4
ot o Sheet 40° X 72" Styrene Shee $3.3 $3.3 Hare 78]
Cloy Stove Bose Materol 0 $0.00 There
Total
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Go Sun Stove (http://www.kickstarter.com/projects/707808908/gosun-stove-portable-high-efﬁciency-solar—cooker’)

Go Sun Fusion
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H,O-splitting » Decarbonization

Concentrated

Solar Energy
Fossil Fuels
(NG, oil, coal)
e
+ Solar El scot::rl v l & kS Jy
Solar Thermochemical ectricity Solar Solar Solar
Thermolysis Cycle i Reforming Cracking Gasification
Electrolysis : T :
, SRR (O RN \ 7 A
Optional CO,/C
Sequestration

Solar Fuels (Hydrogen, Syngas)

Fig. 2: Thermochemical routes for solar hydrogen production — Indicated is the chemical source of H,:
H,O for the solar thermolysis and the solar thermochemical cycles; fossil fuels for the solar cracking,
and a combination of fossil fuels and H,O for the solar reforming and gasification. For the solar de-
carbonization processes, optional CO,/C sequestration is considered. All of those routes involve energy
consuming (endothermic) reactions that make use of concentrated solar radiation as the energy source of
high-temperature process heat. Adapted from [1,2]. 2



Photocatalysis

HO + CO,
- &
- - Organics
H,0 > &P — Photo Oxidation
OH
Hydroxyl radical
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Titania as a photocatalyst

Irradiation of semiconductors having a band gap (2 - 4 eV) with UV
light energy > energy of the band gap E,

* Generation of charge carriers

Ti0, _ " TiO,(e + h") §

hv
A < 390 nm
* Formation of active radicals (OH*, O,%) E=300eV
(57 e o A » OH" N
O & %

* Recombination process

e +ht » Heat
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Titania as a photocata = .,

N
o

* [rradiation of semiconductors having a band
light energy > energy of the band gap E,

Max Efficiency
e

0 1 2 3

* Generation of charge carriers Bandgap (eV)
nio, % 5O, (e+h) N ;.
A < 390 nm
* Formation of active radicals (OH*, O,*) - E=300eV
OH +ht > OH' s
9 > 'O

* Recombination process

e +ht » Heat
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Water is gecomposed using only light

] KAST
6
4 M) 4
5 1. TiO7 electrode
- 2. Platinum electrode
3. Diaphragm (salt bridge)

° 4. Gas burette
eIt 5. Load resistance
6. Voltmeter

.
\\lo o
El.l :

L

T M ] souen

T

b
(-J
"]

Figure reprinted from;

AKIRA FUJISHIMA, KENICHI HONDA “Electrochemical Photolysis of Water at a Semiconductor Electrode”
Nature 238, 37-38 (1972) 258



 Reaction mechanism of TiO2 photocatalysis |

Conduction
band

Valence

organic compounds oxidative
pollutant, degradation
malodorous gas) (COz,H0)

Inorganic compounds oxidation
(NOx, NH3, CN-) (NO3 CND7)

nactivation
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Air Purification | Pu:’;?::t'ion L
* Degrading - Degrading organic
aldehyde matter, endocrine
- Removing NO, disrupters
i 7
110,
V
: . Antibacterial
Antifoulin o oo
Sterilization
- Degrading oil spots - Sterilizing
* Super hydrophilic Escherichia
effect coli and MRSA
* Degrading virus
7 7

Fig.1 Area of Photocatalyst

Reprinted from “Foster Sensitivity — A Suggestion to Edu¢ational Problem from Scientist”, Akira Fujishima p19



Degradation of Bacteria
First result

Antimicrobial
tile(sliver-based)

Sterilization

Antimicrobial
tile(sliver-based)

Viable cell
counts

Hydrotect tile 24
Light(250 lux) | | Nolight | |Light(250 lux)

Time required to kill bacteria of 99.9%

or above(approx)

Hydrotect tile

v

Light
(250 lux)

No light

Light
(250 lux)

MRS
A

30 min

*
1 hour 24 hours

scherichia
coli

30 min

1 hour

18 hours

erugin

eudOmNESY i

1 hour

18 hours

*only 5.5% of bacteria were killed in 24
hours in case of sliver-based antimicrobial tile
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Photocatalyst Filter

Photocatalyst Filter

T e

N
N

NOx

CcO

-

decomposed,and
deodorized

* " bacteria
od

electrostatic air filter unit

—I@ Bacteria
| TRUERLIR,
| Particle

. ‘__Fl/

Deodorizing, Sterilization, Degradation

Reprinted from “Foster Sensitivity — A Suggestion to Edutéational Problem from Scientist”, Akira Fujishima p15



Nano-Catalyst Synthesized by Flame Spray Pyrolysis
(FSP) for visible light Photocatalysis

A dissertation submitted to the Division of Research and

Advanced Studies of the University of Cincinnati

In partial fulfillment of the

requirement for the degree of
DOCTOR OF PHILOSOPHY

In the Chemical Engineering Program of School of Energy, Environmental,
Biological and Medical Engineering

by
Siva Nagi Reddy Inturi

Committee:
Professor Panagiotis (Peter) G. Smirniotis (Chair)
Professor Makram Suidan
Professor Vesselin Shanov
Professor Gregory Beaucage

Assoc. Professor Anastasios Angelopoulos

264



TIO, —>ey, +hL, fs

h-

LLETT +e

Photo-induced processes
inside of semiconductor

e —>Tec  1-10ps

Surface

he + e —>» rec > 20ns

LT LT
> R e £

h, +CH,OH - a-CH,O +H~ 300ps
>
h, +SCN~ 5> SCN" +SCN™ > (SCN)y 400ps
>
e, +Pt e’ [Pt] 10ps
>
e, +0, >0, <100ns
>
#

hig = b0 S50-170f1s
hin —hg,, 200f1s Surface
Sisrel, S0De s e

ey +O, -0, 10-100us

Photo-induced processes
on semiconductor surface

+ e $ t
10-15 10-12 10-° 10-¢ 10-3

Time / seconds
Figure 1.2:  The general mechanism for heterogeneous photocatalysis on TiO2.
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3 ///
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- //
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Solar Thermolysis

Titania Catalyst (http://www.youtube.com/watch?v=8k]qsDh8¢cs0)



http://www.youtube.com/watch?v=8kJqsDh8cs0

Solar Thermolysis

Titania as a photocatalyst

http://www.mvt.oveu.de/mvt media/Vorlesungen/VO ENAP/Folien ENAP
1 0.pdf

Titania - photocatalyst for waste water decontamination

Harmless

Light

starch+02
H20 Organic compound
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http://www.mvt.ovgu.de/mvt_media/Vorlesungen/VO_ENAP/Folien_ENAP_10.pdf
http://www.mvt.ovgu.de/mvt_media/Vorlesungen/VO_ENAP/Folien_ENAP_10.pdf

Solar Thermolysis

Titania as a photocatalyst https://cdn.intechopen.com/pdfs-wm/5186 | .pdf

Chapter 7

Concretes with Photocatalytic Activity

Magdalena Janus and Kamila Zajac

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64779
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https://cdn.intechopen.com/pdfs-wm/51861.pdf

Solar Thermolysis

Titania as a photocatalyst

a) TiO2 layer b)

concrete + TiO2

concrete concrete

Figure 2. Scheme of possible ways for concrete modification by photocatalysts.
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Solar Thermolysis

Titania as a photocatalyst

UV-A_10W/m?
NO
concentration 1 ppm |l NOx
flow 3 dm¥min ' analyser
RH = 50% —
mass flow sample
rate controller 5cm x 10 cm

Figure 3. Photoreactor according to ISO 22197-1.

Figure 4. Separate parking lanes at the Leien of Antwerp with photocatalytic pavement blocks [15].
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Solar Thermolysis

Titania as a photocatalyst

Pollutants UV Radiation

th

Adsorption and decomposition PR ione ALy Stk (850 PR NI P B I g E
" ConcretewithTio,~ B~ = . =7 ?hgidc:ai_alyt!cCanetg-:.-

Figure 6. Scheme of photocatalytic air purifying pavement [15].
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Solar Thermolysis

Titania as a photocatalyst

Figure 7. Inside view of test site within Leopold II tunnel in Brussels (a) before renovation, (b) after renovation with
using photocatalytic walls [15].
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Solar Thermolysis

Titania as a photocatalyst

Figure 8. Dives in Misericordia Church in Rome (a), zoom insight (b) [41].
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Solar Thermolysis

Titania as a photocatalyst

[42, 43]. It is impressive that according to Fujishima and Zhang [44] by 2003, self-cleaning
TiO,-based tiles had been used in over 5000 buildings in Japan. Among them the most famous
is the Maru Building, located in Tokyo’s main business district.

Figure 9. Cité de la Musique et des Beaux- Arts in Chambéry [45].
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H,O-splitting » Decarbonization

Concentrated

Solar Energy
Fossil Fuels
(NG, oil, coal)
e
+ Solar El scot::rl v l & kS Jy
Solar Thermochemical ectricity Solar Solar Solar
Thermolysis Cycle i Reforming Cracking Gasification
Electrolysis : T :
, SRR (O RN \ 7 A
Optional CO,/C
Sequestration

Solar Fuels (Hydrogen, Syngas)

Fig. 2: Thermochemical routes for solar hydrogen production — Indicated is the chemical source of H,:
H,O for the solar thermolysis and the solar thermochemical cycles; fossil fuels for the solar cracking,
and a combination of fossil fuels and H,O for the solar reforming and gasification. For the solar de-
carbonization processes, optional CO,/C sequestration is considered. All of those routes involve energy
consuming (endothermic) reactions that make use of concentrated solar radiation as the energy source of
high-temperature process heat. Adapted from [1,2]. 2



Biomass/Syngas

Steam Reforming Reaction: CH, to H, and CO

CH, + H,0 = CO + 3H,

At high temperatures (700 — 1100 °C) and in the presence of a metal-based catalyst

(nickel), steam reacts with methane to yield carbon monoxide and hydrogen. ...

Water Shift Gas Reaction: CO to H,

CO +H,0 = CO, +H,

[§800°C
The shift reaction will operate with a variety of catalysts between 400°F and 90 MEE

8900°C

The amount of Hydrogen [%]

033‘37 1,47

Coal Char

Modified Olivine

Empty Reactor Calcite

Fig. 3. Average p

H, and CO to Liquid Fuel

ge rep ion of hydrogen for the studied catalysts at =800, 850 and 900°C

Reaction mechanism edi
The Fischer—Tropsch process involves a series of chemical reactions that produce a variety of hydrocarbons, ideally having the formula (C H,,.,). The more useful
reactions produce alkanes as follows:

(2n+1) H2+ nCO — CnH2m2+nHzo

where nis typically 10-20. The formation of methane (n = 1) is unwanted. Most of the alkanes produced tend to be straight-chain, suitable as diesel fuel. In addition to
alkane formation, competing reactions give small amounts of alkenes, as well as alcohols and other oxvaenated hvdrocarbons. ')

LowT Sasol Arge HighT Sasol Synthol

» Nickel (Ni) tends to promote methane formation, as in a methanation process; thus generally it is no Tho'- (x~0.7)

desirable ; - * lowC,-C, 133 = Bigher Gy =G 4.0

) ) ) ) o ) ) 8 + lowCy~Cy, 17.9 * higher Cy~Cy, 400

» Iron (Fe) is relatively low cost and has a higher water-gas-shift activity, and is therefore more suitabl T (@~ 0.88 = 0.95) « lowCyyCys 139 * lessC\oCyy 7.0

a lower hydrogen/carbon monoxide ratio (H/CO) syngas such as those derived from coal gasificatior = 50-70% wax 51.7 * low wax 4.0

220-270°C + 325-350°C

» Cobalt (Co) is more active, and generally preferred over ruthenium (Ru) because of the prohibitively g o a 087+ cw ~07

cost of Ru . 1.2 e guoinddbui' 21
» In comparison to iron, Co has much less water-gas-shift activity, and is much more costly. g.ozoom;:- « 080 Octane #

Carbon #
l)c'\azu Bm\ ufl ischer-Tropsch synthesis ASF dl\lnhuhml on Icmp\.rllun. Prndml scelectivilies lm -)ul'lh\ Sisol Arge (220 °C)
smd Quend Quathal £ 1% L nriviiicme wes an o O atom hace Daseatul aab s S LR B wthae I



https://www.youtube.com/watch?v=gpZWPK4vcEU
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One Scenario that is being considered by German National Science Foundation (DFG),
Saudi Arabia, Australia and Japan

-Wind turbines far offshore (or solar in the desert),

-on turbine electrolysis reactors using reverse osmosis of seawater for pure water feed,
-on turbine conversion of H, to ammonia for transport (like propane so 1 MPa for liquid)
-Ammonia can be used as a fuel (replace bunker fuel for ships),

-converted to urea for fertilizer,

-converted back to H, for fuel

-converted back to H, for RWSG and Fischer-Tropsch to make plastics, rubber, and
other hydrocarbons to feed a green petrochemical industry

-Direct Air Capture (DAC) of CO, using membranes or separation technology or solar
splitter (slide 296) for RWSG conversion of H, to hydrocarbons or use commercial CO,

This is a renewable petrochemical economy with no fossil fuels

The technical elements of this exist. Much research is being conducted around the world
to improve conversion and catalytic technologies

This involves a major makeover of the petrochemical industry (jobs and $) that will

require government investment. This is being led by the EU (Germany), Japan, Australia,
Saudi Arabia. China, Russia and the US are not funding much of this work.
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H,0
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Concentrated

Solar Energy
~

SOLAR » %20
MO, REACTOR .
MO, =xM+y/20, ——> M
J
HYDROLYSIS > H2
> REACTOR
xM + yH,0 = M,0, + yH,
recycle

MO,
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Fig. 3: Thermochemical route
based on metal oxide redox
reactions — The first step of the
cycle is the solar thermal release
of O, from the metal oxide
(M,Oy). This step requires very
high temperatures. The second
step is the reaction of the metal
(M) with H,O to form H; and
the corresponding M,Oy. This
step proceeds at lower tempera-
tures and does not require addi-
tional heating in some cases.
Since H, and O, are formed in
different steps, the need for
high-temperature gas separation
is thereby eliminated. This cycle
was originally proposed for an
iron oxide FeO/Fe;0, redox sys-
tem. Adapted from [1].



Solar Reduction/Oxidation Reactions

a) | b)

Alumina Insulation
A CPC

Controllers B \
Ceria Felt

, Quartz
"~ Window

s p
B* po
i

Fig.1 (a) Experimental setup of ETH's High-Flux Solar Simulator and (b) schematic of the solar reactor configuration.

Paper on ETHZ’s program in solar redox
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https://pubs.rsc.org/en/content/articlelanding/2012/ee/c1ee02620h

Solar Reduction/Oxidation Reactions

Fig.1 (a) Experimental setup of ETH's High-Flux Solar Simulator and (b) schematic of the solar reactor configuration.

et

Fig. 6 (a) SEM micrographs of unreacted ceria felt, (b) the outermost surface of the ceria felt, and (c) the innermost ceria

felt after the experimental campaign.

283



Solar Reduction/Oxidation Reactions

a)
m;?;ma% g |
HB tied ———

outee| TR

Fig.1 (a) Experimental setup of ETH's High-Flux Solar Simulator and (b) schematic of the solar reactor configuration.

. : : J
High-T reduction: CeO, —*—CeO, , + %(): (1)
Low-T oxidation with H,0: CeO, , +0H,0 — CeO, +oH, (2)
Low-T oxidation with CO,: CeO, , +6CO, — CeO, +0CO (3)
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Solar Reduction/Oxidation Reactions

a) _ b)

Alumina Insulation
.

Fig.1 (a) Experimental setup of ETH's High-Flux Solar Simulator and (b) schematic of the solar reactor configuration.
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Solar Reduction/Oxidation Reactions

Syngas Composition (H,/CO)

Feeding Ratio (H,O/CO,)
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Solar Reduction/Oxidation Reactions
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Solar Reduction/Oxidation Reactions

b)

Alumina Insulation

80
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i
o
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Solar Reduction/Oxidation Reactions

a)
(m:tlro:l'hn E $ >
H
e
[ |

Fig.1 (a) Experimental setup of ETH's High-Flux Solar Simulator and (b) schematic of the solar reactor configuration.

Calculation of Efficiency

Allfu:l rfucld’

e TR One and Ten Cycles
| naverage [mpeak
One Cycle 15% 31%
Ten Cycles 9% 16%
2' \gcllAIIfucl
Tpest = Po +r K

20% 1s the target for
commercial use
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Zn =>7n0O Cycle (http://en.wikipedia.org/wiki/Zinc%E2%80%93zinc_oxide_cycle)

Concentrated '“\_
Solar Energy /f"
(~7300 suns)

Metal Oxide Decomposition |
ZnO =» Zn + 1/20,
2173 K

ZnO (solid)

'—-_-~

- ~

Water Splitting
/ Zn+H,0 < ZnO +H,
700 K J

7’
Sy
H, (product)™ o, _24/7 _ —'k H,O (vapor)

Overview of different redox reactions
UNLV (http://www.hydrogen.energy.gov/pdfs/review06/pd__|10_weimer.pdf)

Zn (solid)
(stored)

PS I/ ET H Z (https://www.psi.ch/media/producing-pure-recycling—zinc-with-concentrated-solar—energy)

France Solar Furnace Talk (http://sfera.sollab.eu/downloads/Conferences/SolarPACES_2012_SFERA_Meier.pdf)
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http://en.wikipedia.org/wiki/Zinc%E2%80%93zinc_oxide_cycle
http://www.hydrogen.energy.gov/pdfs/review06/pd_10_weimer.pdf
https://www.psi.ch/media/producing-pure-recycling-zinc-with-concentrated-solar-energy
http://sfera.sollab.eu/downloads/Conferences/SolarPACES_2012_SFERA_Meier.pdf

Zn =>7n0O CYCIG (http://en.wikipedia.org/wiki/Zinc%E2%80%93zinc_oxide_cycle)

Concentrated
Solar Energy 0, (vent)
(=7300 suns)
Metal Oxide Decomposition
ZnO = Zn + 1/20,
2173 K

ZnO (solid)

P i _——— ~
Water Splitting
Zn+H,0 =» ZnO +H,
700 K

Zn (solid)

W (stored)

/

~
H, (product)™ e _2‘2:' I H,0 (vapor)
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http://en.wikipedia.org/wiki/Zinc%E2%80%93zinc_oxide_cycle

Zn =>7n0O Cycle (http://en.wikipedia.org/wiki/Zinc%E2%80%93zinc_oxide_cycle)

Concentrated N
Solar Energy  J'r3
(=7300 suns)

O, (vent) Redll CtiOIl

MemOﬂdeD«omposiﬁon|J ZnO = Zn + 1/20,; 1600 °C; Al, O, tube
ZnO = Zn + 1120,

2173 K
ZnO (solid) ey B 480
- 400
Water Splitti + Oxygen
[ Zn+H,0 < ZnO o » Carbon Monoxide
700K 300 «— Carbon Dioxide

~
H, (product)™ -, 2417

150

100

Concentration (ppm)
g

3

50 100 150 250 300 350 400 45 500
Time (s)

7

Feedirfmg initiated Feeding stopped
*Demonstration of rapid (< 1s) ZnO dissociation for Zn/ZnO cycle
*Highest conversion ever (>40%) for thermal dissociation of ZnO
«Conversion considtent with kinetic model A men I L
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Zn =>7n0O Cycle (http://en.wikipedia.org/wiki/Zinc%E2%80%93zinc_oxide_cycle)
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(Recovers Heat)



Counter Rotating Ring Reactor
(Recovers Heat)

-

Heat from the sun provides energy to break down (0, releasing (O which can then be used to produce synthetic fuels

A MIRRORED DISH TRACKS THE SUN
AND FOCUSES HEAT ON REACTION
(HAMBER

Solar concentrator heats
rotating cesamic discs

OXYGEN \

AL 1500°C ceramec releases
oxygen from mokecular lattice

;

OXYGEN

Oxygen-deficient ceramic at
1100°C grabs oxygen from
(0, molecules, leaving (0

ALTERNATE DISCS ROTATE IN
OPPOSITE DIRECTIONS

(O COLLECTED FOR

PROCESSING INTO FUEL 0;
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Counter Rotating Ring Reactor
(Recovers Heat)

Reactive material (%)

5mm

Insulation

(a) The CR5S device employs a mixed valent metal oxide, arranged
around the perimeter of a rotating ring. Shown here are iron oxides
supported in a yttria stabilized zirconia (YSZ) matrix that exploit the
“ferrite” thermochemical cycle in which Fe** reduces to Fe*? and
reoxidizes back to Fe*’. (b) A monolithic test sample fabricated from
a cobalt territe/YSZ composite. Its lattice structure provides high
geometric surface area.
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Counter Rotating Ring Reactor
(Recovers Heat)

(oncentrated solar flux

— — 0.
el teducg R
5 %
: £
% §
7 / % 'co ’ N " ;
H:0 or > s -~ or CO;
H2, H20 or €O, CO2

Side view of the CR5 showing a single ring.

In the top chamber, concentrated solar irradiation heats
the ferrite to ~1500 °C and thermally reduces the iron,
driving off some oxygen. In the opposite chamber, the
oxygen-deficient reduced ferrite is exposed to either water
vapor or carbon dioxide at a lower temperature to produce
either hydrogen or carbon monoxide. Heat is recuperated
between the ceramic oxide materials as they leave the two
reactant chambers by counter rotating the reactive rings
relative to one another. 297



Swiss Aerosol Reactor ETHZ/PSI

Zn => Zn0O Cycle
(Solar Driven Redox Reactions)

rotary joint water/gas

Inlets/outlets

ceramic , feeder
insulation

ZnO
NN ‘//v Zn+ %0,

cavity-
receiver

quartz
window

Concentrated
Solar
Radiation
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Need to rapidly quench and dilute Zn + O, mixture

Hot Zone

Cold Zone

Transition
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Idgcnﬁssl;scht-‘l'echn__l&he Hoc1schule Zirlch
Swiss Federal | stitide of Teehin olozy Zurich

http://sfera.sollab.eu/downloads/Conferences/SolarP .
ACES_2012_SFERA_Meier.pdf Outline

100 kW Pilot Plant at MWSF

* |nstallation

= Commissioning

Scientific Background
= Solar ZnO dissociation at 2000 K

= Solar reactor technology CNRS 1 MW Solar Furace \

Odeillo, France

Experimental Results

= Solar reactor experiments

* Flux measurements

Outlook / Acknowledgements

SolarPACES Conference, Mamrakech, Morocco, September 11, 2012
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Table 1. Major assumptions and findings for cost and efficiency of the Zn/ZnO cycle from Steinfeld [5] and Charvin et al. [22].

Steinfeld Charvinetal,, Charvinetal.,

(792kg/hr)(5] (250kg/hr)(22) (50kg/hr)(22)
Plant size, energy and mass flows
Concentration ratio, C 5.000 suns 5.000 suns 5.000 suns
Solar plant size (power input to solar reactor) [MW.;] 90 55 11
Beam irmadiation [kWhy, /m* yr)) 2300 2000 2000
Heliostat area [m”] 155,172 54,800 10,960
Efficiencies
Optical efficiency of solar concentration system, T peics 58% 68.4% not included
Cycle efficiency, Neycre 29% 304% not included
Global efficiency, N gohat 17% 20.8% not included
Assumptions
Pump or work input rone none none
Solar step temperature [K) 2300 2000 2000
Reactor re-radiation losses accounted for accounted for accounted for
Endothermic reaction losses accounted for accounted for accounted for
Heat recovery from quenching after first step no heat recovery heat recovery heat recovery
Recovery of heat of exothermic reaction no heat recovery complete heat recovery complete heat recovery
Efficiency of separation of Zn & 0; no recombination 20% recombination 20% recombination
Efficiency of hydrolysis step complete hydrolysis complete hydrolysis complete hydrolysis
Hydrogen energy content [kJ/mol) 241(LHV) 286 (HHV) 286 (HHV)
Costs
Heliostat field [MS, assuming $150/m?) 2328 822 1.65
Land [MS$, assuming $1/m?] not included 028 0.06
Tower [MS] 3.60 1.50 1.00
Tower reflector and CPCs [MS$) 5.30 not included not included
Solar receiver-reactor + periphery (MS) 7.00 2.00 1.00
Quencher (MS) 3.00 rot included not included
Hydrolyzer [MS) 4.00 1.00 0.50
Balance of plant, indirects, contingency [MS) 8.90 2.00 1.00
H, storage [MS) not included 1.00 0.50
Total capital cost for solar /> (MS) 55.08 16.00 5.70
Annual Cost
Annual fixed charge rate [MS) 15% not included not included
Capital cost for solar /1, (MS$) 8.26 not included not included
O&M cost for solar /1, [MS) 1.10 1.01 042
Total annual cost for solar 1, [MS) 9.36 1.01 042
Hydrogen production rate (kg /hr) 792 250 S0
Hydrogen cost [S/kg) 5.02 798

14.75
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RENEWABLE HYDROGEN FROM THE Zn/ZnO SOLAR THERMOCHEMICAL

Julia F. Haltiwanger*
Mechanical Engineering
University of Minnesota

Minneapolis, Minnesota 55407

Jane H. Davidson
Mechanical Engineering
University of Minnesota

Minneapolis, Minnesota 55407

CYCLE: A COST AND POLICY ANALYSIS

Elizabeth J. Wilson
Humphrey Institute of Public Affairs
University of Minnesota
Minneapolis, Minnesota 55407

stean; methane r.tfaming (SMR).

Prior work projects that hydrogen produced by the zinc/zinc-
oxide cycle will cost between $5.02 and $14.75/kg, compared
10 $2.40 to $3.60/kg for steam methane reforming. Overcom-
ing this cost difference would require a carbon tax of $119 to
S987/1CO,, which is significantly higher than is likely to be
implemented in most countries. For the technology to become
cost competitive, incentive policies that lead to early implemen-
tation of solar hydrogen plants will be necessary to allow the
experience effect to draw down the price. Under such policies, a



CARBON NEUTRAL SOLAR SYNGAS: COST AND POLICY CONSIDERATIONS

Julia Haltiwanger Nicodemus
Engineering Studies Physics and Math

Zn => Zn0O Cycle
. . Lafayette College Lafayette College
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To put these costs in perspective, comparison to the cost of
natural gas is appropriate. The industrial cost of natural gas
is $0.246/kg, or, on an energy basis, $0.0046/MJ". Because
the heating value of natural gas is about twice that of syngas,
costs are better compared on an energy basis. Table 2 lists
the costs of solar syngas for 100MW,;, and 500 MW,;, plants,
for low cost water (30.01/L) and high cost water (S0.1/L)
for all six carbon pricing scenarios. Assuming low cost
water and CO; captured from a power plant with no
additional costs, the cost of solar syngas is 4 and 5 times the
cost of natural gas for the 100 MW,;, and 500 MW,;, plants,
respectively.

In this analysis, we will consider six possible scenarios for
pricing CO;: carbon capture from a power plant (CC),
carbon capture plus the social cost of carbon (CC+SCC),
carbon capture plus a carbon tax (CC+tax), CO; supplied by
a chemical supplier (Chem), CO; from a chemical supplier
plus the social cost of carbon (Chem+SCC), and CO; from a
chemical supplier plus a carbon tax (Chem-+tax).

TABLE 2: SYNGAS COST PER MEGAJOULE (MJ)

100 MW;, 500 MWy,
low H,O high H,0 low H,O high H,0
cost cost cost cost

CC $0.0246 $0.0282 $0.0190 $0.0226

CC +SCC $0.0252 $0.0288 $0.0196 $0.0232
CC +tax $0.0354 $0.0390 $0.0299 $0.0334
Chem $0.0257 $0.0293 $0.0201 $0.0237
Chem + SCC $0.0263 $0.0299 $0.0207 $0.0243
Chem + tax $0.0365 $0.0401 $0.0310 $0.0345
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H,O-splitting » Decarbonization
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Fig. 2: Thermochemical routes for solar hydrogen production — Indicated is the chemical source of H,:
H,O for the solar thermolysis and the solar thermochemical cycles; fossil fuels for the solar cracking,
and a combination of fossil fuels and H,O for the solar reforming and gasification. For the solar de-
carbonization processes, optional CO,/C sequestration is considered. All of those routes involve energy
consuming (endothermic) reactions that make use of concentrated solar radiation as the energy source of
high-temperature process heat. Adapted from [1,2]. s
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Solar-driven gasification of carbonaceous feedstock—a review

Nicolas Piatkowski,” Christian Wieckert,” Alan W. Weimer® and Aldo Steinfeld**?

Received 28th July 2010, Accepted 28th September 2010
DOI: 10.1039/c0ee00312¢

Given the future importance of solid carbonaceous feedstocks such as coal, coke, biomass, bitumen,
and carbon-containing wastes for the power and chemical industries, gasification technologies for their
thermochemical conversion into fluid fuels are developing rapidly. Solar-driven gasification, in which
concentrated solar radiation is supplied as the energy source of high-temperature process heat to the
endothermic reactions, offers an attractive alternative to conventional autothermal processes. It has the
potential to produce high-quality synthesis gas with higher output per unit of feedstock and lower
specific CO, emissions, as the calorific value of the feedstock is upgraded through the solar energy input
by an amount equal to the enthalpy change of the reaction. The elimination of an air separation unit
further facilitates economic competitiveness. Ultimately, solar-driven gasification is an efficient means
of storing intermittent solar energy in a transportable and dispatchable chemical form. This review
article develops some of the underlying science, examines the thermodynamics and kinetics of the
pertinent reactions, and describes the latest advances in solar thermochemical reactor technology.
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Solar Thermochemical Production of Fuels
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Fig. 1: Energy conversion
into solar fuels for trans-
‘ portation and power gener-
— ation — Concentrated solar

radiation is used as the
=2
—> Reactants Reactor Solar Fuels

temperature process heat
for driving thermochemical
reactions towards the pro-
duction of storable and
transportable fuels.
Adapted from [1].

energy source of high-
Fuel Cell

QT
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Fig. 8: 1 MW, solar plant in
Broomfield, Colorado — The plant
uses an array of 2700 mirrors to
concentrate sunlight on a 20-
meter-tall solar tower to produce
heat needed to drive the chemical
reactor. From [43].
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https://www.youtube.com/watch?v=UvR2ai8m6y8
https://www.youtube.com/watch?v=-Xoxo-natwM
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Hybrid Sulfur Cycle

-5. 2 >
H20 Elec

800C

Electricity Needed (about |/2 of electrolysis)
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Sulfur-lodine Cycle

> B
OO

Sandia Study (no electricity needed)

315


https://www.hydrogen.energy.gov/pdfs/review05/pd27_pickard.pdf

Sulfur-lodine Cycle

Advantages and disadvantages |edit)

The characteristics of the S—I| process can be described as follows:

« All fluid (liquids, gases) process, therefore well suited for continuous operation;

« High utilization of heat predicted (about 50%), but very high temperatures required (at least 850 °C);

« Completely closed system without byproducts or effluents (besides hydrogen and oxygen);

« Corrosive reagents used as intermediaries (iodine, sulfur dioxide, hydriodic acid, sulfuric acid); therefore, advanced materials needed for construction of process
apparatus;

« Suitable for application with solar, nuclear, and hybrid (e.g., solar-fossil) sources of heat;

« More developed than competitive thermochemical processes (but still requiring significant development to be feasible on large scale).

mnLv QUL mnmLov4
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Hydrogen Production by the Solar-powered Hybrid Sulfur
Process: Analysis of the Integration of the CSP and
Chemical Plants in Selected Scenarios

Raffaele Liberatore', Michela Lanchi' and Luca Turchetti"

'ENEA - Italian National Agency for New Technologies, Energy and Sustainable Economic Development,
via Anguillarese 301 - 00123 Rome, Italy.

S0, H,0 _I ‘ EP ’

Sulfuric Acid > H,S0,
_=T i Storage
H,50, SO, H,0

@p| SDE
EP
- .
SO 0 SO
HIO S(om)go " Se;, {Se;;

¢

H,

FIGURE 1. Simplified block diagram of the HyS process considered here. The main energy input type required by the different
process blocks is highlighted (MT: medium temperature heat; HT: high temperature heat; EP: electric power; SDE: sulfur
depolanzed electrolyzer).
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Hydrogen Production by the Solar-powered Hybrid Sulfur
Process: Analysis of the Integration of the CSP and
Chemical Plants in Selected Scenarios

Hot molten
salts

O
O
o

H,S0,
to evap

i

27

ECC

Cold molten
salts

FIGURE 2. Process scheme of the Rankine cycle powered by molten salts sensible heat. In Case la (8 hours solar operation)
both the heat exchangers HEX-VAP and HEX-CONC work, while in Case 1b (16 hours operation) only the HEX-CONC is in
operation. In Case 2 the heat exchangers HEX-VAP and HEX-CONC are not present. HEX: exchangers; HEX-VAP: evaporator
for the H2SO4 evaporation in the discontinuous step of the cycle; HEX-CONC: evaporator for the H2SO4 concentration in the

continuous step; DEAR: degasifier; COND: condenser; T1, T2: steam turbines; ECO: economizer, SUP: super-heater; V: valve.
318



Low-temperature, manganese oxide-based,
thermochemical water splitting cycle
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Mn,0, (s) =»
0, (g) ’ ’

MnO (s), Na,CO;, (s)
and NaMnO, (s)

H,0 (g) | vy ’ Na,CO, (s)

*'— o, (8)

H,0 (g)

Na,CO; (aq) ‘
H, (g)
NaMnO, (s)
H,MnOZOVI-IzO (s) ‘
Mn,0, (s), MnCO(s)
H,0 (1)
Step Reaction Temp (°C)
1 3Na;COs(s) + 2Mn304(s) = 4NaMnOy(s) + 2COx(g) + 2MnO(s) + Na,CO; 850
2 2MnO(s) + Na;COx(s) + H;0(g) > Ha(g) + COx(g) + 2NaMnOx(s) 850
3 6NaMnOx(s) +ayH,0() + (3 + H)COA(g) > -
3Na,;COs(aq) + aH,MnO,*yH,0(s) + BMnCOs(s) + cMn;3O4(s)
4 aH,MnO,*yH,0(s) + bMnCO; + 2> 850
(2-c/Mn;0.(s) + ayH;0(g) + bCOx(g) + 0.50:(g)

Net _ H;0(g) > Hy(g) +0.50,()

a, b and c satisfy following relations: @+ b+ 3c=6 and (4-x)a +2b +8c =18

Fig. 2. Schematic representation of the Iow-tgmperature, Mn-based thermochemical cycle.
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Fig. 2: Thermochemical routes for solar hydrogen production — Indicated is the chemical source of H,:
H,O for the solar thermolysis and the solar thermochemical cycles; fossil fuels for the solar cracking,
and a combination of fossil fuels and H,O for the solar reforming and gasification. For the solar de-
carbonization processes, optional CO,/C sequestration is considered. All of those routes involve energy
consuming (endothermic) reactions that make use of concentrated solar radiation as the energy source of
high-temperature process heat. Adapted from [1,2]. 5
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Solar Energy
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HYDROLYSIS > H2
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MO,

Fig. 3: Thermochemical route
based on metal oxide redox
reactions — The first step of the
cycle is the solar thermal release
of O, from the metal oxide
(M,Oy). This step requires very
high temperatures. The second
step is the reaction of the metal
(M) with H,O to form H; and
the corresponding M,Oy. This
step proceeds at lower tempera-
tures and does not require addi-
tional heating in some cases.
Since H, and O, are formed in
different steps, the need for
high-temperature gas separation
is thereby eliminated. This cycle
was originally proposed for an
iron oxide FeO/Fe;0, redox sys-
tem. Adapted from [1].



Mixed Iron Oxide Cycle. Other metal oxides such as manganese oxide or cobalt oxide, as well
as mixed oxides redox pairs — mainly based on iron — have also been considered [17-20]. For exam-
ple, a mixed iron oxide cycle was demonstrated within the European P&D project HYDROSOL-2
[21]. Figure 5 depicts the monolithic dual chamber solar reactor. A quasi-continuous H; flow is
produced by cyclic operation of the two reaction chambers through sequential oxidation and reduc-

tion steps at 800°C and 1200°C, respectively.

four-way

| to mass
N, e spectrometer
T
steam—_, _ & e t ducts for feed
- - gases inlet for feed
HNz (C,) . gases
2 Y @ ¢
steam S
four-way

double tube
for feed gas
preheating

cylindrical

SiC housing L

quartz windows

coated honeycomb structure

Fig. 5: Monolithic dual cham-
ber solar receiver-reactor for
continuous H, production —
The concept features a closed
receiver-reactor constructed
from ceramic multi-channeled
monoliths. Cyclic operation of
the water-splitting and regene-
ration steps is established in
two reaction chambers. Their
individual temperature levels
are controlled by focusing and

defocusing heliostats. Adapted
from [21].

Semi-continuous production of H, with dual reactors.
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(a) (b) (c)
concentrated solar radiation concentrated solar radiation

L, LS Rl

Y ¥\ concentrated X .-.. k ﬁ cavity / $ \

' upper cavity| solar ——» = ‘a

H
v

-
v Vv i ity |  radiation ~'~‘-. oo Xad ined V e
/N Y TR

“> convective heat transfer

===> conductive heat transfer

—— radiative heat transfer
i:) chemical reaction

Fig. 10 Modeling schematics for the three solar reactor concepts: (a) indirectly irradiated packed-bed; (b) directly irradiated vortex-flow, and
(c) indirectly irradiated entrained flow.
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Directly irradiated vortex-flow reactor

window purging nozzle

slurry inlet

reactor insulation (ALO; - ZrO;)
reactor cavity (Inconel)

product outlet

quartz window

Fig. 6 Scheme of the directly irradiated vortex-flow solar reactor
configuration, featuring a helical flow of carbonaceous particles and
steam confined to a cavity-receiver and directly exposed to concentrated
solar radiation.
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Indirectly irradiated packed-bed reactor

CpC
concentrated
et window solar radiation
upper cavity
Tw g ( absorber)
emutter pla
rb-rr cavity, lop
lower cavity
(reaction chamber)
packed bed =
Tlun-v cavity N

1

HO

Fig. 4 Scheme of the indirectly irradiated packed-bed solar reactor
configuration, featuring two cavities separated by an emitter plate, with
the upper one serving as the radiative absorber and the lower one con-
taining the reacting packed bed that shrinks as the reaction progresses.
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Indirectly irradiated entrained-flow reactor

absorber

cavity-receiver

aperture

CPC compound parabolic concentrators (CPCs*!)

CH,0, + H;0

Fig. 8 Scheme of the indirectly irradiated entrained-flow solar reactor
configuration, featuring a cylindrical cavity-receiver containing an array
of tubular absorbers through which a continuous flow of water vapor
laden with carbonaceous particles reacts to form syngas.
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Need to rapidly quench and dilute Zn + O, mixture

Zn =>7n0 Cycle
(Solar Driven Redox Reactions)

fossil-based fuels in sustainable future transportation systems. Economic analyses have been
carried out to determine the long-term potential of the Zn/ZnO-cycle realized in a solar tower
system. The cost of H; ranged between 0.10 and 0.15 $/kWh (based on its LHV and a heliostat
field cost at 100 to 150 $/m2), and thus might become competitive vis-a-vis other paths for
producing solar Hy from H,O [15,72,73,74]. Credit for pollution abatement and CO, mitigation
can accelerate the deployment of the solar thermochemical technology. A comparison of Hp
produced via steam methane reforming and the Zn/ZnO cycle concluded that a significantly
higher carbon tax is required to make the Zn/ZnO competitive than is likely to be implemented
[75]. Therefore, the economic viability of the Zn/ZnO cycle must also include competitive,
incentive policies that lead to early implementation of solar H, plants. On the other hand, the
Zn/ZnO cycle can be applied to split both H,O and CO; and produce both H, and CO, thereby
laying the path to the solar production of synthetic liquid hydrocarbons for fueling the
transportation sector and the existing massive global infrastructure.
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TWO Oth er Re d OoX SYSte ms (http://energy.gov/eere/fuelcells/hydrogen-production-thermochemical-water-splitting)

cerium oxide two step cycle copper chloride hybrid cycle
Dissociation: 2Cu,0Cl; - 2CuCl + %0,
concentrated concentrated Hydrolysis: 2CuCl, + H,0 < 2Cu,0Cl, + 2HCI
sunlight sunlight Electrolysis: 2CuCl + 2HCI = 2CuCl, +H,

net reaction: H,0 = %0, +H,

Reduction: 2Ce(IV)0, = Ce(lll),0;+ %0,
Oxidation: Ce(lll),05 + H,0 = 2Ce(IV)O, + H,
net reaction: H,0 - %0, +H,

} Figure 2. This illustration shows two example water-splitting cycles: (left) a two-step "direct” thermochemical cycle based
on oxidation and reduction of cerium oxide particles; and (right) a multi-step "hybrid" thermochemical cycle based on
copper chloride thermochemistry, which includes an electrolysis step that needs some electricity input.
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Solar Thermochemical Hydrogen Production

Research (STCH)

Thermochemical Cycle Selection and Investment

Priority
Robert Perret

Volatile Metal Oxide:
CdO(s) — Cd(g) + %2 02(g) (1450°C)
Cd(Ls) + H;O — CdO(s) + Hx(g) (25-450°C)
Non-Volatile Metal Oxide:
Ferrite:
NiMnFe;Ox4(s) — NiMnFe O4(s)+ O2(g) (~1800°C)
NiMnFe;O4(s) + H>O(g) — NiMnFe Og(s)+ Ha(g) (~800°C)
Multi-step cycle:
2a-NaMnO:(s)+ H,O(1) — MnOs(s)+ 2NaOH(a) (~100°C)
2Mn,05(s) — 4MnO(s)+ Ox(g) (~1560°C)
2MnO(s) + 2NaOH — 2a-NaMnO,(s)+ H,(g) (~630°C)
Sulfuric Acid:
2H,S04(g) — 280,(g) + 2H,0(g) + Ox(g)  (~850°C)
I, + SO,(a) + 2H,O — 2HI(a) + H,SO4(a) (~100°C)
2HI — Ir(g) + Ha(g) (~300°C)
Hybrid Copper Chloride:
2CuClz + H2O — Cu20CL: + 2HCI (~400°C)
2Cu20Ch — 02 +4CuCl (~500°C)
2CuCl + 2HCI1 * — 2CuCL + H2 (~100°C)

Figure 1.1. Thermochemical cycle class examples.
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Solar Thermochemical Hydrogen Production

Research (STCH)

Thermochemical Cycle Selection and Investment

Priority
Robert Perret

2 Cycle Inventory Development and Initial Selection

Many hydrogen producing thermochemical cycles have been proposed over the last 40 years. A

literature search was performed to identify all published cycles'*®. These were added to an

Table 2.4. Listing of non-zero efficiencies for top-scoring cycles.

PID Cycle Name Eff. (LHV) PID Cycle Name Eff. (LHV)
110 Sodium-Mn-3 50.0 184 Hybrid Antimony-Br 30.6
106 High T Electrolysis 49.1 134 Cobalt Sulfate 29.9
147 Cadmium Sulfate 46.5 56 Cu Chloride 29.2
5 Hybrid Cd 45.1 114 Hybrid N-| 28.2
6 Zinc Oxide 45.0 62 Iron Bromide 27.7
182 Cadmium Carbonate 443 23 Mn-Chloride-1 26.6
2 Ni-Mn Ferrite 44.0 51 K-Peroxide 23.5
194 Zn-Mn Ferrite 44.0 61 Sodium-Iron 228
67 Hybrid Sulfur 431 185 Hybrid Cobalt Br-2 21.7
7 Iron Oxide 423 53 Hybrid Chlorine 216
191 Hybrid Copper 416 160 Arsenic-lodine 21.2
Chloride
149 Ba-Mo-Sulfate 39.5 152 Iron-Zinc 19.9
1 Sulfur-lodine 38.1 103 Cerium Chloride 18.0
193 Multivalent Sulfur-3 355 26 Cu-Mg Chloride 17.4
131 Mn Sulfate 354 199 Iron Chloride-11 16.9
72 Ca-Fe-Br-2 338 200 Iron Chloride-12 16.9
70 Hybrid S-Br 334 104 Mg-Ce-Chloride 15.1
24 Hybrid Li-NOs 328 132 Ferrous Sulfate-3 14.4
201 Carbon Oxides 314 68 As-Ammonium-| 6.7
22 Fe-Chloride-4 31.0 129 Mg Sulfate 5.1
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Table 2.5. Cycles that could move to Phase 3 detailed theoretical and experimental study.

Cycle PID Efficiency % Estimated Max T

Sulfuric Acid Cycles

Hybrid Sulfur 67 43 900

Sulfur lodine 1 45 900

Muttivalent Sulfur 193 42 1570
Metal Sulfate Cycles

Cadmium-Sulfate 147 55 1200

Barium-Suifate 149 47 1200

Manganese-Sulfate 131 42 1200
Volatile Metal Oxides

Zinc Oxide 6 53 2200

Cadmium-Carbonate: Cadmium Oxide 482: 213 52: 59 4600: 1450

Hybrid- Cadmium 5 53 1600
Non-volatile Metal Oxides

ron-Oxide 7 50 2200

Mised Metal Sodium Manganese; Sodium 110 59 1560

Mangante

Nickel Manganese Ferrite 2 52 1800

Zinc Manganese Ferrite 194 52 1800
Hybrid Cycles

Hybrid Copper Chloride 191 49 550
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Table 3.1. Cycles considered in the formal evaluation process.

Class Cycle Lead Organization
Sulfuric Acid Cycles Sulfur lodine General Atomics, Sandia
National Labs, CEA
Hybrid Sulfur Savannah River National
Laboratory
Volatile Metal Oxide Cycles | Zinc Oxide University of Colorado
Cadmium Oxide General Atomics
Non-volatile Metal Oxide Sodium Manganese and Sodium University of Colorado
Cycles Manganate
Reactive Ferrite Sandia National
Laboratories
ALD Ferrite University of Colorado
Hybrid Cycles Hybrid Copper Chiloride Argonne National Laboratory

Photolytic Sulfur Ammonia

SAIC
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Figure 4.1.1. Sulfur lodine three-step cycle.
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Figure 4.2.1. The Hybrid Sulfur cycle.
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Figure 4.3.1. Photolytic Sulfur Ammonia schematic process.
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Figure 4.5.2. Process flow for a diurnal solar cadmium oxide hydrogen cycle.
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NiFe,O,

2-Step Thermochemical H,O Splitting

MFe;,0; - MFes;,0,
+ €H, + €H,0

A"

&

Figure 4.8.1. Schematic chemistry of a water-splitting ferrite cycle.

336




NiFe,O,

T F81

(4]
| = AN | [
L=AANAN | e)
N/

[ -

Fig. 1. Experimental apparatus for H,O decomposition: (a) MFC &
Temperature controller, (b) He, (¢) H», (d) O, (¢) water, (f) MFC, (g)
Condenser, (h) Controlled evaporator mixer, (i) Reactor, (j) Furnace, (k)
Silica-gel, (1) Ethanol, (m) Water trap, and (n) Mass.

S.B. Han et al. | Solar Energy 81 (2007) 623-628
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2CuCl.nH,0 (ag)+2HCl.mH,0(aq)->2CuCl,.(n+m)H,0(ag)+H,(g) [electrolysis at 25-80°C] (1)
2CuCl,(s) + H,O(g)> CuO(s)CuCl,+ 2HCl(g) [hydrolysis at 310-375°C] (2)
CuOCuCl,(s)=> 2CuCl(s) + 20,(g) [decomposition at 450-530°C] (3)
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Membrane Electrolytic cell
Fig 1. Cell Set-Up for the hydrogen generation through CuCIl-HCI electrolysis
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2CuCl'nH,0(aq) + 2HCI'mH,0(aq) — 2CuCl,*(n + m)H,0(aq)
+ H,(g). electrolysis(25-80°C) [1]

2CuCl,(s) + H,0(g) — CuCl,*CuO(s)
+ 2HCI(g), hydrolysis(310-375°C)
(2]

CuCl,*CuO(s) — 2CuCl(s)
+ (1/2)0,5(g), decomposition(450-530°C)
[3]
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Direct Use of Solar in the Petrochemical Industry
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Figure 6. Energy consumption in oil and gas industry. Adapted from (Halabi, Al-Qattan and Al-

Otaibi 2015)

How to cut US energy use in half: Power refining using solar
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-Oil is first heated to 200-300° F (90-150° C) and washed with
water to remove salt and other suspended solids (Worrell, Corsten
and Galisky 2015).

-Distillation then separates products based on their boiling point in
the crude distillation unit (CDU), where crude oil is heated to

temperatures around 750° F (390 ° C) (Worrell, Corsten and
Galisky 2015).

-Heavy fuel oils are further treated in the vacuum distillation unit
(VDU) at temperatures between 730 and 850° F (390 and 450 °
C) (Worrell, Corsten and Galisky 2015).

-Additional processing occurs in the fluid catalytic cracker (FCC),
the hydrocracker, and coking unit. Each of these processes separate
heavier oil products into lighter and more valuable products.
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Hydrotreating mixes hydrogen with the feedstream at
temperatures between 500 and 800° F (260 and 460 ° C) to
remove sulfur (Worrell, Corsten and Galisky 2015). A catalytic
reformer uses a catalytic reactor to produce high octane gasoline
and hydrogen. Additional processes, such as alkylation, which uses
steam, power, and various acids to produce alkylates, are also
common. Figure 7 displays yearly estimated energy use by refining
process for U.S. refineries in 2012. Hydrotreatment and the crude
distillation unit (CDU) account for nearly 50% of total energy
requirements.
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-Hydrogen is used in the hydrotreatment process to lower the sulfur content of
diesel fuel. Refinery demand for hydrogen has increased as demand for diesel fuel
has risen and sulfur-content regulations have become more stringent (Hicks and
Gross 2016).

-Hydrogen is produced as a co-product of the catalytic reformation of gasoline,
demand for hydrogen exceeds supply produced from the refining process itself
(Philibert, Cédric 2017).

-Hydrogen is produced primarily through steam-reforming natural gas (Likkasit, et
al. 2016).

-Costs of hydrogen production from renewables is currently higher than
conventional production methods (Likkasit, et al. 2016).
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Electrification of Drilling
Drilling rig uses | MW of power

Figure 4. Schematic for a comprehensive approach to electrification of the wellpad and platform
via microgrids
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Rod Beam Artificial Lift Pump

-When there is not enough well pressure for oil to flow to the surface, a rod
beam artificial lift pump—often referred to as a “sucker rod pump” or a “Jack
pump”—is used to assist extraction.

-80% of oil production wells operating in the western United States are
installed with a rod beam pump (Endurthy, Kialashaki and Gupta 2016).
-Solar power, combined with a capacitor to store regenerative power during
the rod down-stroke, can be used to power a rod beam pump. Test cases
have shown significant potential energy savings (Endurthy, Kialashaki and
Gupta 2016), and solar powered oil pumps are now beginning to see
commercial operation (Healing 2015).

-Combined with battery storage, solar power pumps could be applicable to
off-grid locations with sufficient sunlight.



Secondary Oil Recovery

-Use offshore wind power to power water injection pumps.

-By one analysis, offshore wind was found in 2012 to be an economic and environmentally sound
option for supplying electricity to offshore oil and gas platforms in some cases (Korpas, et al. 2012).
-Substitute power from diesel and gas generators with power from wind platforms.
-Wind-powered water injection can provide water injection far from the platform, which reduces
the need for lengthy water injection lines and can eliminate the need for costly modifications for oil
platforms not initially designed for water injection.

-The Wind Powered Water Injection project recently completed an initial testing phase in which it
was shown that wind power can provide water injection at competitive prices (Feller 2017).
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Solar Thermal Carbon Black Production
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Figure 1 Carbon black production by industry vs. via solar
cracking

CH,; = C+ 2H,, AH =75 kJ/mol
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C(s) + CO, = 2CO, AHasex = 172 kJ mol™!
C(s) + 2H, = CH,, AHex = —75 kJ mol ™
CH, + H,0 = CO + 3H,, AHasx = 206 kJ mol "’

CO + H,0 = CO, + Hy, AHsx = —42 kJ mol™*

355

@
&)
(6
9

The Boudouard reaction.

water-gas shift reaction



Solar Thermal Cracking for H,

CHy,, +2H,0() — CO,, +4Hy AHY; . = 252.75 k] /mol of CHy

Current method of Hydrogen production by industry

Natural—» '
gas ' —» Steam —* —>CO, H— —+C0O,, H»
Air —-»

T

Water Natural gas Water

Steam Methane Reforming

Hydrogen production via solar thermal cracking
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Figure 2 Hydrogen production by industry vs. via solar
cracking

CH,; = C+ 2H,, AH =75 kJ/mol
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Figure 1. Directly- vs. indirectly-irradiated solar reactors used for methane pyrolysis: (a) 5 kW
directly-irradiated reactor (Copied from Ref. [108] with Elsevier permission), (b) 50 kW indirectly-
irradiated reactor (Copied from Ref. [102] with Elsevier permission).
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Figure 1. Directly- vs. indirectly-irradiated solar reactors used for methane pyrolysis: (a) 5 kW

directly-irradiated reactor (Copied from Ref. [108] with Elsevier permission), (b) 50 kW indirectly-
irradiated reactor (Copied from Ref. [102] with Elsevier permission).
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Table 1. Main studies concerning solar methane cracking in gas phase (NA: not available).

Reference Year Heating Mode Catalyst Carbon Co-Feed T (°C) T, (s) Xcns (%)
Kogan and Kogan [107] 2003 Sicivect No catalyst None 1047 NA 273
irradiation
Dahl et al. [95] 2004 Indirect No catalyst CB 1860 0.01 9%
irradiation
Abanades and Flamant [14] 2007 Direct irradiation ~ No catalyst None 1385 0.1 97
Abanades and Flamant [112] 2008 Direct irradiation ~ No catalyst None 1400 0.25 99
Abanades et al. [98] 2008 Indirect No catalyst None 1580 0.018 9
irradiation
0.011 78
Idirect N N 0 0.032 100
: talyst one
Rodat et al. [103] 2009 irradiation o catalys 700 o1 P
1800 0.011 100
1500 0.032 98
Rodat et al. [104] 2009 Indirect No catalyst None 0.012 62
irradiation 1470
0.035 98
Maag et al. [108] 2009 Direct irradiation ~ No catalyst CB 1043 <2 98.8
Rodat et al. [102] 2010 Indirect heating No catalyst None 1520 0.061 99
: 1700 93
Indirect
Rodat et al. [96] 2011 irradiation No catalyst None 1800 0.011 100
No catalyst 1450 100
Yeheskel and Epstein [106] 2011 Direct irradiation ~ Fe(CO)s None 1200 NA 50
Fe(CsHs)2 800 15-20
Abanades et al. [113] 2014 EacE CB None 1200 0.12 ~100
irradiation
Paxman et al. [109] 2014 SEigect No catalyst None 1100 NA 69
irradiation
Indirect CB (co-feed considered 0.113 50
Abanades et al. [110] 2015 irradiation as catalyst) CB 1250 0.038 15
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Table 2. Results of methane cracking main studies in molten media (gray: molten metals, white: molten salts, pink: two-phase molten media, green: metals suspended in molten salts).

Reactor
Material

Filled Height Methane Flow  Bubble Generator
(mm) Rate (ml/min)  Diameter

Residence

Source Year Molten Medium Time (s)

D(mm)  L(mm) Temp (O Xcus (%) o

NaCl 1000 546

99
Kl 1000 523 99
Parkinson et al. [135] 2021 Quartz 16 250 190 15 2 mm orifice NaBr 0.69-0.76 1000 436 »
KBr 1000 622 99
NaBr:KBr (48.7:51.3
mol%) 1000 585 99
otal. [136 2019 Quartz 25 250 125 (half) 20 (50% Ar 2 mm orifice MnCl,/KCl (6733) 0.6 1050 55 (Starts atd5) 99
etal. [131 2020 Quartz 25 250 125 (half) 20 (50% Ar 2 mm orifice Fe (3 wt.%)/NaKCl 05 1000 9 99
Quartz 2 NiBi (27:73)/NaBr 99
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Table 3. Main metal properties with calculated volumetric heat capacity (LME: London metal exchange) [138,139].

Metal Symbol Ptdi;lth(r"‘g) P:iox::l(l‘tgo g %{;nx::; %&%ﬁ:ﬁ Hesaﬁjc;:fo u/c‘:ﬁg o
{in ;ﬁ;”xﬁt Y s 232 2602 ;:;(‘f:ty:) 6.99 25,891 0.21 146
Nickel Ni 1455 2730 8.91 7.81 14,223 0.50 3.92
Cobalt Co 1495 2900 8.90 7.75 36,957 0.42 324
Iron Fe 1538 2861 7.87 6.98 422 (scrap) 0.46 3.21
Manganese Mn 1246 2061 7.47 5.95 NA 0.48 2.84
Bismuth Bi 271 1564 9.78 10.05 NA 0.13 126
Tellurium Te 450 988 6.24 5.70 NA 0.20 115
Copper Cu 1085 2562 8.96 8.02 8489 0.38 3.02
Aluminum Al 660 2519 2.70 2.38 2006 0.92 2.19
Gallium Ga 30 2204 5.90 6.10 NA 0.37 226
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Table 4. Apparent activation energies for different catalysts used in methane pyrolysis reaction.

Medium Catalyst Apparent Activation Energy (kJ/mol)
Gas phase (uncatalyzed) [14-17] 356452

Gas phase Carbon-based catalysts [14] 205-236
Solid Ni [140] 65
Solid Ni/SiO, [141] 96.1
Molten Fe(3 wt.%)-NaKCl: (Fe (III) introduced as FeCl;-6H,0) [131] 171
Molten MnCl;(67%)-KCl(33%) [136] 161
Molten Te [130] 166
Molten Ni(67%)-Bi(33%) [122] 208
Molten Cu(45%)-Bi(55%) [33] 222

Molten phase Molten Bi [122] 310
Molten Tin NA
NaCl-KCI-NaBr-KBr [135] 231-236-278-224
NaBr(48.7):KBr(51.3) [135] 246.7
NaBr(48.7):KBr(51.3) [137] 236.3
(Co-Mn)/NaBr:KBr (48.7:51.3) [137] 175.5

366



Table 5. Comparison of liquid catalyst activity for methane pyrolysis at 1000 “C when CHy is flowed
over 38.5 mm? of molten metal in a differential reactor. (*) indicates that alloy is at the solubility limit
of the dissolved active metal at 950 °C.

Liquid Catalyst Rate of Hydrogen Production (mol Hz Produced. cm~2s-1)
In 8.2 x 1071
Bi 8.2 x 10711
Sn 8.5 x 10710
Ga 32x107°
Pb 33 x107°
Ag 43 x 107
Pb vapor 21x107°
17% Cu-Sn * 31x10°°
17% Pt-Sn 1.6 x 1077
17% Pt-Bi 42 x 1077
62% Pt-Bi * 6.5 x 1077
17% Ni-In 47 x 107°
17% Ni-Sn 56 x 1077
73% Ni-In * 6.4 x 1079
17% Ni-Ga 7.9 x 107°
17% Ni-Pb 83 x 1079
17% Ni-Bi 9.0 x 10-8
27% Ni-Au * 12x 1078

27% Ni-Bi * 1.7 x 1078
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Figure 5. TOF for methane cracking over Cu-Bi, Ni-Bi alloys and pure Bi at 1000 °C. Pure copper is
tested at 1100 °C (Copied from Ref. [33] with American Chemical Society permission).
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Table 7. Comparison between the features of molten metals and molten salts used in methane cracking.

Cost Catalytic Activity =~ Carbon Purification Vapor Pressure Melting Points

Metals High High Complex High High
Salts Low Moderate or low Easy Low Low
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Fig. 7: Solar thermochemical routes for H, production using fossil fuels and H,O as the chemical source —
Solar cracking (left), and solar reforming and gasification (right). From [1].
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We introduce a paradigm—"hydricity"—that involves the copro-
duction of hydrogen and electricity from solar thermal energy and
their judicious use to enable a sustainable economy. We identify and
implement synergistic integrations while improving each of the two
individual processes. When the proposed integrated process is oper-
ated in a standalone, solely power production mode, the resulting
solar water power cycle can generate electricity with unprecedented
efficiencies of 40-46%. Similarly, in standalone hydrogen mode,
pressurized hydrogen is produced at efficiencies approaching ~50%.
In the coproduction mode, the coproduced hydrogen is stored for
uninterrupted solar power production. When sunlight is unavailable,
we envision that the stored hydrogen is used in a “turbine”-based
hydrogen water power (H,WP) cycle with the calculated hydrogen-to-
electricity efficiency of 65-70%, which is comparable to the fuel cell
efficiencies. The H;WP cycle uses much of the same equipment as the
solar water power cyde, reducing capital outlays. The overall sun-to-
electricity efficiency of the hydricity process, averaged over a 24-h
cycle, is shown to approach ~35%, which is nearly the effidency
attained by using the best multijunction photovoltaic cells along with
batteries. In comparison, our proposed process has the following ad-
vantages: (/) It stores energy thermochemically with a two- to three-
fold higher density, (ii) coproduced hydrogen has alternate uses in
transportation/chemical/petrochemical industries, and (iif) unlike bat-
teries, the stored energy does not discharge over time and the stor-
age medium does not degrade with repeated uses.

solar | electricity | hydrogen | solar thermal power | process synthesis

www.pnas.orglcgi/doi/10.1073/pnas. 1513488112
372

metrics of interest. The STE efficiency refers to the fraction of in-
cident solar energy that is recovered as the net electricity output and
accounts for the losses in the solar concentrators and blackbody
collection system. Heat-to-electricity efficiency refers to the fraction
of process heat input that is recovered as the net electricity output
and is a true measure of the efficiency of the power cycle. The third
mctric,OSTEeﬁicienw(S]A”unda,Eq S4),'5thenetS’IEeﬂi—
ciency for a constant power delivery round-the-clock—that is, over
the average 24-h production accounting for energy storage and de-
livery of the stored energy. Hydrogen production cycles are evalu-
ated based on sun-to-hydrogen efficiency, which refers to the
fraction of incident solar energy that is recovered as the net hydro-
gen output based on its lower heating value (57 Appendix, Eq. S10).
Solar photovoltaic (PV) and solar thermal are the two main
methods of solar power generation. Solar PV systems generate
electricity using only a portion of the solar spectrum (7). However,
PV systems are suitable for both diffuse and direct sunlight appli-
cations (8). To date, the maximum reported STE efficiencies for
silicon—crystalline PV is 27.6%, single-junction gallium arsenide PV
is 29.1%, and concentrator four-junction PV is 44.7% (9). Solar
thermal systems use concentrators to absorb photons of all wave-
lengths in the incident spectrum as high-temperature heat (10, 11).
Duetomemeofopnmlmmennmors,tlmsystemmnonlvbe
operated under direct sunlight, which imposes geographical limita-
tions (12). Further, these systems are anticipated to be cost-effective
only as large-scale power plants, owing to the capital costs of in-
stalling solar concentrators (12, 13). However, the highest STE
PNAS | December 29,2015 | vol. 112

no. 52 15821-15826



CONCENTRATOR

Fig. 1. (A) An example hydricity process: SWH,P cycle with two-step
hydrogen production using the FeO/Fe;O, cycle. Solid lines represent
streams that are solely involved in the electricity production (i.e., SWP-1).
Dotted lines represent streams that are related to hydrogen production as
well as electricity production. CT, condensing turbine; G, generator; HPT,
high-pressure turbine; K, compressor; LIQ, liquefaction process; MPT,
medium-pressure turbine. (B) H,WP cycle, hydrogen oxy-combustion in wa-
ter environment. CMB, hydrogen coiibustor.
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Fig.1 Schematic for solar fuels production. Solar fuel feedstocks (CO,, H,O, and solar energy) are captured on-site and/or transported to the
solar refinery. Solar energy provides solar utilities in the form of heating, electricity, and photons which are used in the solar refinery to convert
CO, and H,0 into fuels. CO, and H,O are converted to fuels through two principal routes: (1) direct solar-driven CO, reduction by H,O to fuels
or (2) solar activation of CO,/H,0 to CO/H,, respectively, and subsequent catalytic conversion to fuels via traditional processing (i.e. methanol

synthesis or Fischer-Tropsch). The approximate temperature requirements for the solar-driven conversion processes are color-coded (red =
high temperature, yellow = ambient temperature).
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The conversion of carbon dioxide and water into fuels in a solar refinery presents a potential solution for
reducing greenhouse gas emissions, while providing a sustainable source of fuels and chemicals.
Towards realizing such a solar refinery, there are many technological advances that must be met in
terms of capturing and sourcing the feedstocks (namely CO,, H,O, and solar energy) and in catalytically
converting CO, and H,0. In the first part of this paper, we review the state-of-the-art in solar energy
collection and conversion to solar utilities (heat, electricity, and as a photon source for photo-chemical
reactions), CO, capture and separation technology, and non-biological methods for converting CO, and
H,0 to fuels. The two principal methods for CO, conversion include (1) catalytic conversion using solar-
derived hydrogen and (2) direct reduction of CO, using H,O and solar energy. Both hydrogen
production and direct CO, reduction can be performed electro-catalytically, photo-electrochemically,
photo-catalytically, and thermochemically. All four of these methods are discussed. In the second part of
this paper, we utilize process modeling to assess the energy efficiency and economic feasibility of a
generic solar refinery. The analysis demonstrates that the realization of a solar refinery is contingent
upon significant technological improvements in all areas described above (solar energy capture and
www.rsc.org/ees conversion, CO, capture, and catalytic conversion processes).
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C,H,0,S,N,—=,C(s) + CO + CO, + H, + CH, + tars (2)

Pyrolysis has been extensively studied empirically for various
coal ranks ranging from anthracite (~10 wt% volatile matter) to
peat (>65 wt% volatile matter), as well as for scrap tires, plastics,
biomass, and refuse derived fuels.'*'” Solar-driven pyrolysis was
investigated in early studies on biomass and coal.’*?*' Subsequent
to pyrolysis, char serves as the reactant for the highly endo-
thermic carbon-steam gasification reaction,

C(s) + HO = CO + H,, AH>sx = 131 kJ mol™’ (3)

Favorable conditions for this reaction are temperatures above
1100 K, where the reaction kinetics is fast and equilibrium is
entirely on the side of the products. Eqn (3) summarizes the
overall reaction, but a number of intermediate competing reac-
tions need to be considered:

C(s) + CO, = 2CO, AH»sx = 172 kJ mol ! 4) The Boudouard reaction.
C(s) + 2H, = CH,, AH 05k = —75 kJ mol™* (5)
CH, + H,0 = CO + 3H,, AH,ssx = 206 kJ mol™* (6)

CO + H,0 = CO, + H,, sk = —42 kJ mol! (7) water-gas shift reaction
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Biomass/Syngas

Steam Reforming Reaction: CH, to H, and CO

CH, + H,0 = CO + 3H,

At high temperatures (700 — 1100 °C) and in the presence of a metal-based catalyst

(nickel), steam reacts with methane to yield carbon monoxide and hydrogen. ...

Water Shift Gas Reaction: CO to H,

CO +H,0 = CO, +H,

[§800°C
The shift reaction will operate with a variety of catalysts between 400°F and 90 MEE

8900°C

The amount of Hydrogen [%]

033‘37 1,47

Coal Char

Modified Olivine

Empty Reactor Calcite

Fig. 3. Average p

H, and CO to Liquid Fuel

ge rep ion of hydrogen for the studied catalysts at =800, 850 and 900°C

Reaction mechanism edi
The Fischer—Tropsch process involves a series of chemical reactions that produce a variety of hydrocarbons, ideally having the formula (C H,,.,). The more useful
reactions produce alkanes as follows:

(2n+1) H2+ nCO — CnH2m2+nHzo

where nis typically 10-20. The formation of methane (n = 1) is unwanted. Most of the alkanes produced tend to be straight-chain, suitable as diesel fuel. In addition to
alkane formation, competing reactions give small amounts of alkenes, as well as alcohols and other oxvaenated hvdrocarbons. ')

LowT Sasol Arge HighT Sasol Synthol

» Nickel (Ni) tends to promote methane formation, as in a methanation process; thus generally it is no Tho'- (x~0.7)

desirable ; - * lowC,-C, 133 = Bigher Gy =G 4.0

) ) ) ) o ) ) 8 + lowCy~Cy, 17.9 * higher Cy~Cy, 400

» Iron (Fe) is relatively low cost and has a higher water-gas-shift activity, and is therefore more suitabl T (@~ 0.88 = 0.95) « lowCyyCys 139 * lessC\oCyy 7.0

a lower hydrogen/carbon monoxide ratio (H/CO) syngas such as those derived from coal gasificatior = 50-70% wax 51.7 * low wax 4.0

220-270°C + 325-350°C

» Cobalt (Co) is more active, and generally preferred over ruthenium (Ru) because of the prohibitively g o a 087+ cw ~07

cost of Ru . 1.2 e guoinddbui' 21
» In comparison to iron, Co has much less water-gas-shift activity, and is much more costly. g.ozoom;:- « 080 Octane #

Carbon #
')\."K‘13l( Bm\ ufl ischer-Tropsch synthesis ASF dl\lnhuhml on Icmp\.rllun. Prndml scelectivilies lm -)ul'lh\ Sisol Arge (220 °C)
smd Quend Quathal £ 1% L nriviiicme wes an o O atom hace Daseatul aab s S LR B wthae I



https://www.youtube.com/watch?v=gpZWPK4vcEU

Biomass/Syngas

200400 °C, 300 palg 18- 90%
recovery
‘ WGS Reactor Prossure -
COHHIO «+ COMMs .m. :
. Conl
WO

Stoam Oy COs enriched waste gas

Figure1: Conventional process flow sheet for the production of hydrogen from coal gasification (Bell et al.,
2011)
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More Polar Molecules will Adsorb
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More Polar Molecules will Adsorb
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Biological Digestion
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I n d |a B| OaS ReaCtO I” (hteps://www.youtube.com/watch?v=9kKRdIAFuZw)



https://www.youtube.com/watch?v=9kKRdlAFuZw

Biogas Reactor for the Developing VWorld (psiiwwwyoutube.comiwatchiv=Cwmsrmauisk)

"‘ . n
{’.‘.".’.‘P‘ 2
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https://www.youtube.com/watch?v=Cwm5Rm8uIsk

Biomass/Syngas

Sin gl e House Bi 0Ogas (http://www.youtube.com/watch?v=3th2bcqHbsk)

-

v

il g . /
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http://www.youtube.com/watch?v=3th2bcqHbsk

Biomass/Syngas

Bioas in Kena (http://www.youtube.com/watch?v=qh3mmgiybTw)

Dominic Wanjihia
CEO, Biogas International



http://www.youtube.com/watch?v=qh3mmgiybTw

Algae



Algae:

Food
Diesel Fuel
Hydrogen
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Spirulina Summary

http://wellnessmama.com/4738/spirulina-benefits/
Algae:

Food
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http://wellnessmama.com/4738/spirulina-benefits/

Spirulina Summary

http://wellnessmama.com/4738/spirulina-benefits/

It also contains (per Tablespoon):

Only 20 Calories - 4 grams of Protein
fizz of the RDA ofVitamin B1 (Thiamin)

- 152 of the RDA of Vitamin B2 (Rihoflavin)
42 of the RDA of Vitamin B3 [Nlacm]
Copner- 21/ -and Iron-11 nt the RDA

WellnessMamo @ guil

(M 05D
NOO4S3TEYL 1



http://wellnessmama.com/4738/spirulina-benefits/

Algae in Lake Chad
L e R

Nigeria

Central
African

Cameroon Republic

Gabon Republic of
the Congo

https://www.youtube.com/watch?v=d7VXoFSDH|M

https://www.youtube.com/watch?v=9rbrXgEafFc
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https://www.youtube.com/watch?v=9rbrXgEqfFc
https://www.youtube.com/watch?v=d7VXoFSDHJM

SII"U I|na Ala.e |n WeSt Afl"lca (https://www.youtube.com/watch?v=CxSA5iiGgiY)



https://www.youtube.com/watch?v=CxSA5iiGgiY

Grow Spirulina in Northern California

https://www.youtube.com/watch?v=f6Kff2VWauO8
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https://www.youtube.com/watch?v=f6Kff2WauO8
https://www.youtube.com/watch?v=f6Kff2WauO8

Spirulina in France (https://www.youtube.com/watch?v=qfCBDyPiTS4)
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https://www.youtube.com/watch?v=qfCBDyPiTS4

California (eps/mwwwyoutube.comiwatchiv=DpQgNLAStec) http://earthrise.com
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https://www.youtube.com/watch?v=DpQgNLAStec
http://earthrise.com/

COOI(”]g W|th SDIFUlIna (https://lwww.youtube.com/watch?v=_UVWLm]ké6Vw)

PAUL VIRANT

YA \RIFOTIEDAL OCDODDIANNDDS
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https://www.youtube.com/watch?v=_UVWLmJk6Vw

Hydrogen from Algae
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Simple schematic for biological hydrogen production

gas
collection

—___ transparent tubes
filled with hydrogen
releasing algae and
nutrient medium




Table 1

Microorganisms used in hydrogen production.

Microrganism Mode of Operation References

C. reinhardtii Phaeodactylum tricornutum Genetic engineering using expressed sequence tags (ESTs) [30]
Thalassiosira pseudonana
Cyanidioschyzon merolae
Ostreococcus lucimarinus
Ostreococcus tauri
Micromonas pusilla
Fragilariopsis cylindrus
Pseudo-nitzschia
Thalassiosira rotula
Chlorella vulgaris
Dunaliella salina
Micromonas pusilla
Galdieria sulphuraria
Porphyra purpurea
Volvox carteri

Aureococcus anophageferrens

Chlorella pyrenoidosa Lipid Biosynthesis [31]
Chlamydomonasmoewusii Anaerobic Fermentation [32]
Scenedesmus oblique Anaerobic Fermentation [33]
Anabaena variabilis Photo-Fermentation [34]
Rhodobactersphaeroides Transcriptional analysis [29]
Enterobacter aerogenes Batch Fermentation [35]
Clostridium butyricum Anaerobic Fermentation [36]
Bacillus coagulans Anaerobic Fermentation [10]
Clostridium acetobutylicum ATCC 824 Anaerobic Fermentation [37]
Laminaria japonica Anaerobic Fermentation [38]
Gelidium amansii Dark Fermentation [39]
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Silicon Clusters to Produce H,

v

Il » o 005/059

400


https://www.youtube.com/watch?v=_WVm1vaDgSs

Two stage algae reactor for hydrogen production

401


https://www.bbc.com/news/av/technology-34699166/how-to-produce-hydrogen-from-algae

Oil from Algae

402



Algae oil extraction

https://www.youtube.com/wat

— o .
SRS - S

FREE ol
<— Oil Layer™

<— Water

<— Bijomass
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https://www.youtube.com/watch?v=aEZTAJNIxjQ

San Diego Algae Oil Company



https://www.youtube.com/watch?v=N8qs7gjaYO4

Qil from Algae in lab

Biofuel from Algae in Vermont

405


https://www.youtube.com/watch?v=oQqlsk3cuWY
https://www.youtube.com/watch?v=7TlEklj7Y1M

US DOE Algae to Fuel Promo —4
Video ; ‘

https://www.youtube.com/wa

lowa Algae farm

https://www.youtube.com/watch?v=d5Iac
CORN ETHANOL PLANT
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https://www.youtube.com/watch?v=IxyvVkeW7Nk
https://www.youtube.com/watch?v=IxyvVkeW7Nk
https://www.youtube.com/watch?v=d5laQZbJ2mg

Simple schematic for biological hydrogen production

Algae Tower

Algae Building in Germany

gas
collection

—___ transparent tubes
filled with hydrogen
releasing algae and
nutrient medium

D_f circulating
NASA Floating Algae Farm Project = pumps

(http://www.youtube.com/watch?v=c7Goyg|2Reg)



https://www.google.com/search?q=algae+tower&client=safari&rls=en&tbm=isch&source=iu&ictx=1&fir=oKCOAl1QVgUk9M:,8QzuAFRvG6xRzM,_&usg=AI4_-kTbSDKXnFOR5t9QtmnLtfC1QQp-aQ&sa=X&ved=2ahUKEwiXw6Lh_NbeAhUI74MKHVqNDSQQ9QEwAXoECAUQBg
http://www.youtube.com/watch?v=c7Goyg12Reg
https://newatlas.com/algae-powered-building/27118/

Algae Tower
Simple schematic for biological hydrogen production

gas
collection

—___ transparent tubes
filled with hydrogen
releasing algae and
nutrient medium

circulating
B_J pumps

Hydrogen from Algae
(http://www.youtube.com/watch?v=Or
F6qC0sK4) Comic look at H, from
Algae

Hydrogen from Algae Imperial College

(https://lwww.youtube.com/watch?v=OFByDMRbucs)
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http://www.youtube.com/watch?v=DXLy6E9iEnI
http://www.youtube.com/watch?v=c7Goyg12Reg
http://www.youtube.com/watch?v=Or_F6qC0sK4
http://www.youtube.com/watch?v=Or_F6qC0sK4
http://www.youtube.com/watch?v=Or_F6qC0sK4
https://www.youtube.com/watch?v=OFByDMRbucs

https://www.greentechmedia.com/articles/read/less

ons-from-the-great-algae-biofuel-
bubble#gs.PJr1F3k

Entrepreneurs can have tunnel vision. VC herd mentality doesn’t produce results.
Physics and thermodynamics are fairly important in energy applications.

ERIC WESOFF | APRIL 19, 2017

AP e O re L - s Mg
According to some sources, an acre of algae could yield 5,000 to 10,000
gallons of oil a year, making algae far more productive than soy (50 gallons
per acre), rapeseed (110 to 145 gallons), jatropha (175 gallons), palm (650

gallons), or cellulosic ethanol from poplars (2,700 gallons).
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Jim Lane of Biofuels Digest authored what was possibly history's least
accurate market forecast, projecting that algal biofuel capacity would reach
1 billion gallons by 2014. In 2009, Solazyme promised competitively priced
fuel from algae by 2012. Algenol planned to make 100 million gallons of
ethanol annually in Mexico’s Sonoran Desert by the end of 2009 and 1 billion
gallons by the end of 2012 at a production rate of 10,000 gallons per acre.
PetroSun looked to develop an algae farm network of 1,100 acres of
saltwater ponds that could produce 4.4 million gallons of algal oil and 110

million pounds of biomass per year.

Nothing close to 1 billion (or even 1 million) gallons has yet been achieved --

nor has competitive pricing.

Today, the few surviving algae companies have had no choice but to adopt
new business plans that focus on the more expensive algae byproducts
such as cosmetic supplements, nutraceuticals, pet food additives, animal
feed, pigments and specialty oils. The rest have gone bankrupt or moved on

to other markets.

410



e Algae Floating Systems is "temporarily shifting its focus away from

fuel to nutraceutical and animal feed markets."

Algenol intended to use nitrogen-fixing blue-green algae
(cyanobacteria) in photobioreactors to produce ethanol directly. With
tens of millions of dollars in public money and hundreds of millions in
private-sector investment, Algenol once claimed its technology
“enables the production of the four most important fuels (ethanol,
gasoline, jet, and diesel fuel) for around $1.30 per gallon each using
proprietary algae, sunlight, carbon dioxide and saltwater at production
levels of 8,000 total gallons of liquid fuel per acre per year." In 2015,
the firm fired its CEO and shifted its focus to carbon capture and
nutraceuticals.

Algae Tec: An Australian PBR penny stock company with algae oil and
algae byproduct dreams.

Algix develops fish farms and algae harvest equipment.

AlgaelLink was a sketchy retailer of photobioreactors and commercial
algae cultivation equipment.

Alga Technologies grows algae in closed bioreactors to harvest
astaxanthin in Israel’'s Arava desert.

Aquaflow Bionomics once intended to produce biofuel from wild algae
harvested from open-air environments. The company is now a biofuel

site developer called NXT Fuels.

411

Aurora Biofuels: Aurora moved from fuel to food with its genetically
modified algae in 2011. The firm went bankrupt in 2015 after winning
more than $23 million from Oak, Noventi Ventures and Gabriel Venture
Partners.

Cellana and its Hawaii-based algae feedstock production system
received DOE funding to boost algae productivity as a way to reduce
cost. The firm produces DHA and omega-3 EPA and DHA oils, animal
feed/food, and biofuel feedstocks.

Global Algae Innovations is exploring algal biofuels at a 3.2-acre algae
farm co-located with a power plant in Hawaii. The firm has received
$11 million from the U.S. DOE.

GreenFuel Technologies, long bankrupt, was backed with more than
$27 million in funding from Polaris Ventures, Draper Fisher Jurvetson
and Access Private Equity.

Heliae raised $80 million from two $20 billion food conglomerates in
2016, and has spent years developing a "platform technology” to
produce nutraceuticals, personal care products and perhaps fuel
through a mixture of phototrophic and fermentation processes.
LiveFuels received $10 million in funding from The Quercus Trust in
2007. Lissa Morgentahler-Jones and David Jones are still listed as
officers of the firm on LinkedIn.

OriginOil is now OriginClear and has shifted to water decontamination.
PetroAlgae changed its name to Parabel as it shifted from fuel to foods
in2012.



Phycal received significant DOE funding to design a high-yield algae
farm and biorefinery in Hawaii.

Pond Technologies is cultivating algae for carbon capture and
nutraceuticals.

Renewable Algal Energy is a microalgae products company that
received DOE funding to prove out its algal oil harvesting and
extraction technologies.

Sapphire Energy produces omega-3 oils and animal feed ingredients.
Sapphire raised more than $100 million from Bill Gates' Cascade
Investments and ARCH Venture Partners.

Seambiotic uses raceway/paddle-wheel open pond algae cultivation.
According to Israel 21C, Seambiotic "recently launched a commercial
algae farm in China" to produce a "valuable nutraceutical food
additive."

Solix, once a well-funded algae fuel aspirant, repositioned itself as an
astaxanthin, DHA, and omega-3 supplier.

Synthetic Genomics, founded by Craig Venter and ExxonMobil,
announced earlier this year that it has extended its agreement on joint
research into advanced algae biofuels "after making significant
progress in understanding algae genetics, growth characteristics and
increasing oil production.”

TerraVia (formerly Solazyme) shifted from supplying fuels to oils, algal
flour and proteins with a heterotrophic process that ferments
genetically modified algae fed sugars.

XL Renewables developed algal production systems using dairy waste
streams, then changed its name to to Phyco Biosciences and went out

of business.

412

Considering the immense technical risks and daunting capital costs of
building an algae fuel company, it doesn’t seem like a reasonable venture
capital play. And most -- if not all -- of the VCs I've spoken with categorize
these investments as the longer-term, long-shot bets in their portfolio. But
given the size of the liquid fuels market, measured in trillions of dollars, not
the customary billions of dollars, it makes some sense to occasionally take
the low-percentage shot.
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Select History of Vertical Farming

1999 Dickson Despommier, Columbia University
Video 1; Video 2

2009 Pilot production system was installed at Paignton Zoo Environmental
Park in the United Kingdom

2010 Green Zionist Alliance, Israel

2012 Singapore Sky Greens Farms 3 story farm

2012 The Plant, Chicago

2013 Association for Vertical Farming Munich

2015 Growing Underground, London

2016 TerraFarm in Shipping containers

2017 Mirai, Japan

2018 Largest indoor farm in Europe Lincolnshire Jones Food Company

2019 Freight Farms Greenery farm-to-table system
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https://youtu.be/b1wQ2LXeF-k
https://youtu.be/1clRcxZS52s
https://plantchicago.org/who-we-are/

Plantagon

\ W

= Called the World Food Building, it will use
= hvdroponic farming techniques...



https://www.youtube.com/watch?v=j54XiSc-QRc



https://www.youtube.com/watch?v=AGcYApKfHuY

Singapore



https://www.youtube.com/watch?v=WVRNoDDSUN0

Sky Greens Singapore
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https://permaculturenews.org/2014/07/25/vertical-farming-singapores-solution-feed-local-urban-population/
https://www.youtube.com/watch?v=oSXDL3XX1WE

Advantages:

Efficiency
Resistance to Weather

Environmental Conservation
No Pesticides

Almost Total Control
Location, Location, Location

Disadvantages:

Startup Costs

419



Aspects of Vertical Farming
Hydroponics, plant growth with no soil
Aquaponics, plant/fish coupled growth/production
Aeroponics (not yet applied except by NASA)
CEA: Controlled-Environment Agriculture
Types of Vertical Farming
Building-based
Shipping-container based

Deep Farms

420



@ Advantages @ Disadvantages

. It offers a plan to . It could be very costly to build and economic
handle future food feasibility studies haven't yet been
demands completed

- It allows crops to grow . Pollination would be very difficult and costly
year-round

- It would involve higher labor costs
. It uses significantly

less water - Itrelies too much on technology and one day

of power loss would be devastating
- Weather doesn't affect
the crops

- More organic crops
can be grown

- There is less exposure
to chemicals and
disease
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Vertical Farming in Cincinnati

BETTER THAN ORGANIC, ALWAYS PESTICIDE FREE
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https://www.eafarms.com/
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https://www.eafarms.com/

Vertical Farming Colorado

VERTICAL HARVEST JACKSON HOLE
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https://www.verticalharvestjackson.com/our-mission
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https://www.plenty.ag/
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https://www.aerofarms.com/about-us/

Bright Farms

OUR PRODUCTS ~ WHERE TO BUY FAQ

OUR MISSION HOW WE GROW OUR FARMS ~
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Our easy-to-make crunch kit tak Q- | | . CHICKPEA CAESAR ¥

Sunny Crunch® lettuce and comb i e
tasty toppings and dressing for a simple, G T ’,, ot & 2 o 4
great-tasting salad in a snap! Rl _—
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https://www.brightfarms.com/

InFarm

428


https://www.infarm.com/

Freisht Farms

oLy 506206 0
L
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https://www.freightfarms.com/

Science Barge

XA Add languages v

Article Talk

From Wikipedia, the free encyclopedia

The Science Barge is a floating urban farm and environmental education center that
has been docked in Yonkers, New York, USA since late 2008.I"] The Barge grows
crops using a hydroponic greenhouse powered by solar panels, wind turbines, and
biofuels. The crops in the greenhouse are irrigated by captured rainwater and
desalinated river water. Food is grown without carbon emissions, no agricultural
waste is discharged into the watershed and no pesticides are used. The Science
Barge is also a public education tool and hosts school groups from Westchester,
New York City and the greater New York area visiting during the week, and the
general public on weekends. From 2006-2008, the Science Barge docked for
periods of two months at each of six stops along the Manhattan waterfront with the
goal of educating the public on urban sustainable agriculture.

Read Edit View history Tools v

TS P

Docked at North River Pier 84 in Closer view of the wind turbines in
2007 2008

In 2015, Nathalie Manzano-Smith and Ted Caplow won the Knight Cities Challenge grant competition from the John S. and James L. Knight Foundation

with a proposal to build a Miami Science Barge and moor it in Museum Park in downtown Miami, FL. The Miami Science Barge opened on Earth Day, April
22, 2016. The following April, the Barge was gifted to Frost Science Museum. Compared with the original Science Barge, the Miami Science Barge places
more emphasis on marine science, conservation, and sustainable aquaculture, while also updating many of the urban agricultural systems featured on the

original.
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TerraFarm

431


https://www.terrafarm.eu/en-gb/terracommercial

Growing Underground

432


https://www.cam.ac.uk/stories/growingunderground

Persona O2 Tokyo
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https://www.youtube.com/watch?v=qJMZRIRkZWs

Jlonathan Webb

/A AppHarvest LEARN v ENGAGE v  EAT v

'PROCESS

i Technology that empowers nature

|
= AppHarvest - g\

Richmdnd

God's Pantry Food Bank @
= Morehead Warehouse
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https://www.youtube.com/watch?v=zVpDZ0PiAzs
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RFID Reader ~ $5
Assembled in Ethiopia

Sensor, inkjet printed on paper
Sensor & RFID Tag <$ 0.50 each
6 month lifetime in soil
Manufactured in Ethiopia

Place at 10, 20, 50 cm depths

Inan array on a field Manually read soil moisture
content and adjust drip irrigation.

Figure 1. Sketch of printed soil moisture sensor concept. The sensor and RFID tag can be screen or
inkjet printed on paper in Ethiopia. These would be buried at variable depths through a field to
monitor soil moisture with a hand held RFID reader, assembled in Ethiopia. The system could be
automated or manually read to control a drip irrigation system. The Hararghe Catholic Secretariat
near Dire Dawa already installs drip irrigation systems in the Oromo/Somali Region. (Sensor drawing
from Kim S, Le T, Tentzeris MM, Harrabi A, Collado A, Georgiadis A (2014).)

Drip Irrigation




Printed Soil Moisture Sensors
for Drin Irrication

® Uses printable
conductive ink

® Doped titania
nanoparticles

® RFID interrogation

® Moisture affects
impedance

® Can be used for chemical
detection (CO)
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Fig. 3. Simulated reflection coefficients (Sy;) of the proposed soil moisture
sensor in air. dry soil and wet soil.



Niobium-doped titania
nanoparticles

* Chemical synthesis

* Reagents:

e Titanium chloride
* Niobium ethoxide
* Tert-butyl alcohol

* Challenging to produce printable
consistency

* Requires screen printer

* Alternative to titania is silver nanoparticles




Electronic sensor

Electronic sensor platform system

5V system

Controlled by microcontroller

Inductive power transfer

Data sent wirelessly to smartphone

Can charge using solar panel

Can be modified to accept power from supercapacitors

Costs roughly $5

(cost does not include smartphone)
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Electronic sensor

® Capacitive sensor
® Additional Sensors included, but not necessary

® Temperature

® Humidity

Humidity

.
. nght Barometric Pressure

Light Level

® Expandable (NodeMCU microcontroller has
many digital I/O pins)

® i conductivity measurement?









®  Tested in field Field tESt

® |nitial reading taken

o Reading increased when water added

o Reading decreased as soil dried (10 mins)
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ull Vodacom Lesotho 3G 12:50 PM

G A\

+19.69ft

10085.49"

Coordinates +16.40ft

29.06515S 28.4063E
-29° 3’ 54" 28° 24' 22"
Barometric Pressure (Device Barometric Sensor)

10.250s! 70653.50"

Pounds per Square Inch Pascals

20.8640 nHo 529.94 mmHg

Inches of Mercury Milimeters of Mercury

70.65k 706.53 "™

Kilopascals Hectopascals

Water Boiling Point

90.16°C 194.28°

Device Sensor Data Files







ETHIOPIA SENSORS ELECTRONICS COMPANY
BUSINESS PLAN

ESEC has three goals:

1) Manufacture of moisture sensors targeting
initially foreign development funding for drip
irrigation systems and later the larger
Ethiopian agricultural market.

2) Training of a new generation of
entrepreneurial technologists and
businessmen who will expand the market for
sensors and battery technology in Ethiopia,
as well as support indigenously manufactured
and locally 1nstalled equipment. Market
expansion will take advantage of expertise
and centers at 7UoS and UC.

3) Enhance the economic situation for faculty
and administrators at Ethiopian universities
through an Ethiopian adaptation of the
US/UK university-based start-up incubator
model.



Strengths Weaknesses

The proposed sensor design is efficient, sustainable,e Need for full characterisation and scale up production
cheap and easily constructible of sensors

Availability of trained human power with technical|e Need for RFID devices for measurement read

expertise

Associated Universities management have a strong

commitment and initiation to the implementation of the

project and are pioneers in irrigation regulation

Opportunities Threats

Promising market in the rural area of the region e Delay at maritime transit and shortage of foreign
Development of the sensor technology to suit other currencies

applications e Lack of basic knowledge and trust of the customers in
Possibility of sensor being produced from locally purchasing the product manufactured locally

sourced starting materials in the near future

Provision of taxes relief by the government to import

inputs to the solar panel production plant




Program Title: Ethiopian Manufacture of Drip Irrigation Control Systems
US Embassy Addis Ababa Cultural Affairs Project

Proposed Start Date: October 1, 2021
Proposed End Data: September 30, 2022

Purpose of Program: The funds will be used to initiate a business in Addis to manufacture drip irrigation
control systems that were previously designed and field tested during a Fulbright Fellowship by Prof. Greg
Beaucage (University of Cincinnati, Addis Ababa University, Dire Dawa University, University of Sheffield,
UK). In the first year, with US Embassy funding, we plan to develop a manufacturing protocol for drip
irrigation (DI) control systems and to install the systems in two agricultural test sites including in East
Hararghe/Dire Dawa with the Fair Planet NGO and at Bishoftu near Addis at the AAU agricultural test facility.
At the end of the first year we hope to have a business plan for a marketable DI control system, manufacturing
protocol and capital investment to initiate commercial activity in Ethiopia to manufacture DI control systems for
Ethiopian farms. The program chiefly involves the Stem Synergy International NGO which has recent
experience with Ethiopian startups and has manufacturing facilities and an office in Addis, 22 STEM centers
across Ethiopia and offices in the Washington DC area. The one-year funding will result in the initial
manufacture of soil moisture sensors, solar irradiance, temperature and humidity detectors, electronic valves
and a control app for control of the system using a cell phone. In the first year these initial systems will be field
tested in collaboration with Fair Planet, an Israeli NGO operating at Dire Dawa and in the East Hararghe region,
as well as in collaboration with Addis Ababa University at their Bishoftu agricultural test facilities near Addis.
This seed funding will be coupled with further investment developed during the first year so that a functional
startup business will result that employs Ethiopian trained engineers and scientists towards the manufacture of
DI control systems for Ethiopian farms run by a cell-phone app and including solar powered electronic valves,
solar-powered soil moisture/temperature/humidity/irradiance detectors and a new app that can take the
humidity/temperature/irradiance/soil moisture readings and calculate and implement the needed irrigation and
fertilizer addition based on existing algorithms available in textbooks on drip irrigation.



Applicants:
Yisehak Shata, MEng, PE, ENV SP
Chairman and Board of Directors STEM Synergy International

Mobile: 540-355-5250
Email:yshata@stemsynergy.ore Website: https://stemsynergy.org/

Tsegaye Legesse MBA/CPA

President and Executive Director STEM Synergy International
Cell Phone: 202-203-8240

Email: tlegessel 1l @stemsynergy.org

Abiyot Lakew, Manager of STEM Synergy’s Addis Ababa facility.

Prof. Gregory Beaucage,

Department of Chemical and Materials Engineering
University of Cincinnati

513 373 3454 (Cell)

beaucag@uc.edu
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Berhanu Assefa (Dr.- Ing) Associate Professor, Chemical Engineering
Addis Ababa Institute of Technology, Addis Ababa University

Addis Ababa, Ethiopia Tel: +251 (0) 911 40 54 91
hmberhanu@yahoo.com


mailto:yshata@stemsynergy.org
https://nam11.safelinks.protection.outlook.com/?url=https%3A%2F%2Fstemsynergy.org%2F&data=04%7C01%7CBEAUCAG%40UCMAIL.UC.EDU%7C5fd7639b522b4ab1debb08d943ea8405%7Cf5222e6c5fc648eb8f0373db18203b63%7C1%7C0%7C637615497212206168%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C2000&sdata=R2XZeT2id%2FFTTMVqe%2FJk8XzmrM4sTjcAV%2B9E69M6QoM%3D&reserved=0
mailto:tlegesse11@stemsynergy.org
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Figure 1. Field testing and assembly of soil moisture sensors. Top: Drip irrigation; sensor field

tested in Dire Dawa (two images); Field test in a green house. Bottom: Field tests in Dire Dawa;

AAU Bishoftu agricultural station near Addis; assembly of sensors at AAIT/AAU.



The project will be conducted over one year with:
1) Initiation of technology and manufacturing practice in Addis at Stem Synergies’ manufacturing
facility;
2) Manufacture of two initial control systems for implementation in Fair Planet’s drip irrigation
system and at a drip irrigation research farm operated by AAU in Bishoftu near Addis;
3) Development of a business plan and solicitation of capital investment including market
development in Ethiopia;
4) Initiation of commercial production of control systems initially for cash-crop farmers near Addis
taking advantage of Stem Synergies’ 22 STEM centers across Ethiopia.
At the end of one year the business is expected to employ about 5 engineers and technicians in
Addis who will be responsible for design, manufacture, installation, and maintenance of the control
systems. The Embassy grant will initially support two PhD engineers and one staff manager at

Stem Synergy.



In 2012 the Embassy funded $2,000 citizen diplomacy grant for expenses related to
University of Cincinnati undergraduate student exchange with Haramaya University. That project
involved undergraduates from HU and UC who designed and installed solar power in a medical

clinic in a small village in the East Hararghe region. The same group planned for a solar well for

an elementary school which was implemented the following year, Figure 2.

ol

B 30 ook g TRk
Figure 2. Summary of Beaucage activity in Ethiopia partially funded by the US Embassy. Top:
installation of solar lighting in class rooms in East Hararghe. Middle: Electrification of a clinic
and installation of a solar well for the school shown at the top. Bottom: Solar well for high-school

near Haramaya University and solar street light company showing initial manufacture at DDIT.
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In 2014 a $10,000 seed grant was funded to initiate interactions between DDU, MU, and
UC. A memorandum of understanding was signed between UC and DDU and faculty exchange
between the campuses occurred. A faculty member from DDU and Mekelle visited Cincinnati and
Argonne National Laboratory in Chicago. Two faculty from Cincinnati visited DDU and MU and
gave seminars on their research. A plan for interaction was developed. The Vice President for
International Affairs from UC visited DDU and MU in a later trip. The main outcome from this
grant and the MOU was a series of startup business development projects including manufacture
of solar street lights at DDU which is still being pursued after several technical improvements over
the initial design. 200 street lights have been installed in Somali villages near DDU. We have held
annual undergraduate and graduate student exchanges and faculty visits with DDU up until the
pandemic curtailed international travel.

In 2018 to 2019 Beaucage was awarded a Fulbright Global Scholar award that included
one month in Ethiopia as well as six months at University of Sheffield UK, and one month in South
Africa and Lesotho. In Sheffield Beaucage collaborated with a graduate student, Max Yan, six
undergraduates and a technical expert, Horace McFarlane, in the development of solar powered
soil moisture sensors that can be operated from a cell phone. Using British funding, the Sheffield
collaborators traveled to Ethiopia in December 2019 to join Beaucage in successful manufacturing
of the device at DDU and AAU as well as field testing of the soil moisture sensors in a test farm
in Dire Dawa operated by the Fair Planet NGO and in the AAU Bishoftu drip irrigation test fields

near Addis.
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Max Yan and Horace McFarlane: Max Yan and Horace McFarlane are collaborators
from Sheffield. The have agreed to participate in the development of the drip irrigation
control system manufacturing startup in Addis. This is a continuation of the collaboration
in the development of the existing field-tested device.

Fair Planet: Fair Planet is an Isracli NGO that targets agricultural development in
Ethiopia through providing more productive seed varieties, training farmers, providing
agricultural experts to interact with local farmers with extended wvisits, and by
demonstration of improved farming practices such as crop rotation, trellising, fertilization,
and drip irrigation. Fair Planet has test farms in Dire Dawa and in the Eastern Hararghe
area affiliated with DDU and HU. Fair Planet has agreed to participate in the project by
providing test plots for the drip irrigation control systems.

Berhanu Assefa: Dr. Assefa is a Professor of Chemical Engineering at AAU/AAIT who
has worked with Beaucage, Yan and McFarlane in the manufacture of soil moisture
sensors and the field testing of the sensors. Assefa has links with the drip irrigation test
facilities at AAIT where field testing of the drip irrigation control system will be carried
out.



Program Goals and Objectives:

The goal of the project 1s to develop a viable business plan for the manufacture of drip irrigation

control systems in Ethiopia and to attract startup funding from Ethiopian, US, and other foreign

investors. The control systems will contribute to employment of recent technical graduates of

Ethiopian Universities in work that contributes to domestic food security and export through

increased crop yields and lowers water and fertilizer usage as well as slows the degradation of

irrigated land through salt buildup, and reduction in weeds.

1) 1-6 months: Design of a complete drip irrigation control system that can be run from a cell
phone based on our existing soil moisture sensor which currently simultaneously detects soil
moisture, temperature, atmospheric humidity, and solar irradiance. We hope to add pH
sensing. The new phone app will also control solar powered valves and possibly solar pumps
for irrigation. This work will be done in collaboration with the University of Sheffield,
AAU/AAIT, and Fair Planet.

2) 4-12 months: The design will be field tested in Dire Dawa on about a 1-hectare field at the
Fair Planet research farm preferably with vegetables during the dry season. The timing may
be somewhat difficult if the project is initiated in October 2021. The Fair Planet test site is
typical of the Somali Region with arid conditions and sandy soil. Parallel to the Fair Planet
test site we will test the system in Addis at a test agricultural fields outside of the city. The
soil at this test site is rich loam with moderate climate conditions. We previously used both
the Fair Planet and the AAIT facilities to test the cell phone-controlled soil moisture sensors
which were assembled at AAIT and at DDIT.

3) 6-12 months: Preparation of a business plan to solicit commercial investment based on the
field tests and consultation with agricultural experts. We plan to solicit capital from contacts
in Addis, the US, and possibly other locations such as Turkey and Israel. We are looking for
an initial market value of about $1.5M.

4) 12 month and onward.: Further growth of the business after this one-year grant will rely on
long term interaction with Fair Planet, AAIT, and the Ethiopian Agricultural Transformation
Agency (ATA) and will involve more significant funding.



Table 1. Timeline for project.

Time Span

1-3 Months

3-6 Months

6-9 Months

9-12 Months

12 Months
and Beyond

1) Design of a
complete drip
irrigation control
system

2) Fair Planet
Field Testing

2) AAU Bishoftu
Field Testing

3) Preparation of
Business Plan

4) Soliciation of
Capital
Investment and
Expansion
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Grants/ Contracts

1 Year Budget
Sponsoring Agency : US Embassy Addis Ababa Ethiopia Titled : | Ethiopian Manufacture of Drip Irngation Control
Principal Investigator : Stem Synergy Systems
Period @ 10/01/21 thru 09/29/22
Salaries [ Year 1 | CUMULATIVE|
A. AAUP Faculty Sal FB Total
App't Typs %Effot  PM Salary
Pl ACAD 000%” 000 s . - $0 - -
Pl SUMR 000%” 000 s . - $0 - -
Co 000%” 0.00 $0 - -
000%" 0.00 $0 - -
Co 000%"” 0.00 $0 - -
Co CAL Y o00x” 000 s . - $0 - -
Co CAL 000%” 000 s . - $0 - -
AAUP Faculty Subtotal - - 0 0 -
1 Dual Compensation Faculty
Pl CAL Y 000%” 0.00 s - $0 - -
Co CAL Y o00%” 000 s - $0 - -
Co CAL Y o00%” 000 s - $0 - -
Ca CAL 000%% 0.00 s - $0 - -
Dual Comp Faculty Subtotal - 0 0 -
C. Other Personnel
Exempt Staff (Monthly Name
Supervisor $tem Synergy 3500% 420 8 10000 3570 1,176 4,748 4,748
PhD Engineer 10000% 1200 S 6000 6,120 2,016 8,138 8,138
PhD Engineer 10000% 1200 § 6000 6,120 2,016 8,138 8,138
0.00% 000 s . - 0 0 -
Total Exempt Staff 15810 5208 21,018 21,018
Post Doctoral Support 000% 000 S - 0 0 -
Graduate Students 000% 000 $ - 0 0 -
Undergrad Students 000% 000 S - 0 0 -
Part-time Faculty/Staff’ 000% 000 S - 0 0 -
Non-Exempt Staff (Bi-Weekly) 0.00% 000 s . - 0 0 -
Sub Totals 15810 5,208 0 -
Total Salaries and Fringe Benefits : 21,018 21,018
D. Equipment
(hist) - -
(hist) - -
Toral Equipment : - -
E. Travel
Domestic (list) 7,000 7,000
International (list) 10,000 10,000
Total Travel : 17,000 17,000
G. Supplies and Other Direct Costs
Materials & Supplies 28,939 28,939
LAM [ -1 - 460
Fair Planet 10,000 10,000
AAIT Agrictultural Field 10,000 10,000
X Turon owes Ove Sbvecs oo Sboe - -
Lab Expenses - -
Other (Analytical Services/Instrument Use) - -
Subcontracts 1) - -
2) - -
3) - -
4) - - -
Total Supplies and Other Direct Costs : 48,939 48,939
TOTAL DIRECT COSTS: 86,957 86,957
Facilities and Administrative Cost Base: £6.957 £6,957
Eacilitics and Administrative Costs Calculati
F&A Cost (on MTDC): 15.00% 13,044 13,044
Total F&A Cost : 13,044 13,044
Total Cost 100,001 100,001
Eaciliti { Admini ive D
Purpose of Grant / Contract : P (R = Research, | = Instruction, P =~ Public Service, $ = Special Rate on Total Costs)
Special F&A Rate : 10.00%

Campus Status : ¢] (C = On Campus, O = Off Campus)
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Ethiopia News:
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FIGURE10.2 Photograph of a SEGS plant (source: www.energylan.sandia.gov/sunlab/
Snapshot/TROUGHS.HTM).
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FIGURE10.3 Schematic diagram of a solar Rankine parabolic trough system.
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FIGURE 10.10 Reheat Rankine power plant cycle. (a) Reheat Rankine cycle schematic.
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