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What types of technology can be used to:

1) Solve development needs
2) Create businesses

Photovoltaics

Batteries

Non-PV Solar

Two Examples: Soil Moisture Sensors
Solar Street Lights



Ohio Avenue in Clifton







Corruption Index

"the misuse of public power for private benefit"

20-20 https://en.wikipedia.org/wiki/Corruption_Perceptions_Index
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United States - Annual Average Wind Speed at 80 m

us 325,600,000
Ethiopia ~110,000,000
Tanzania ~57,000,000
South Africa
~57,000,000
Lesotho ~2,200,000

L e Se——

$6.72 milkon (2017)

-

—— - . -

e S—

§7.31 milion (2017)

Sowrce Wind resource estimates devesoped by AWVS Truepower,
LAC R winaNavigor® We MIp Swww windsinagaior com |
D W BSIUepOwWer Com. Spanal resoRtion of wind resouce
data 25 km Progcion Albers Equal Area WGSS4

/ o &

- - .- C—— ke -
s
v




Unsted States - Annual Average Wind Speed at 80 m
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Cincinnati 2,100,000
Addis ~3,400,000

Johannesburg ~10,000,000
Dar es Salaam ~6,500,000
Cape Town ~3,800,000
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Energy Consumption in the World
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Most of Africa is near the equator, this distorts the size in a 2d projection.

11



Population

1 in 4 of the world's people will be Sub-Saharan African in 2050

Share of wtal popudston (V)
Fant Ana & Pondte Bt Asa 1] T Serer e Abue Pust of P ol

e85 Ex88

o O

1960 1585 1900 1978 T9E0 TES VS0 THSS 2000 2005 290 2008 2000 2008 000 008 040 s 0%

Soute wesminem Jopueson (itmeten ind Promcsons Setstese (W09 TOTL)

Lower fertility rate Is strongly assoclated with lower child mortality rate

@ Soum Ava @ North Amerce B St Seterer Avce @ Lt A & Pacc @ Bumage & Dot Ane @ Lot Avercs & Cartitmen

@ Made Lant & Noriy Abvce
Ferthny rute e
L) ..-‘/
"we e *" P I ol e
o W 0"
"
.o'.‘ﬂ . ....oo
‘m/ ..:,‘m
)’d‘ .o.oo-’..
wm" h ey v
1] »n 4 o0 | ] 0 2% & el .

O waor \alty e 8 e srnd i e e of Seet of hIren wnder e age o § reers pev 1R eV
Fortity e 1 o Ssasre of Ba survdar Do por srvan
Snsin WA Orvesapeast Wedanins (B9 DVN THET B¢ S DV MORT)

12



Poverty

One cup of rice ~ $0.22
One cup of beans ~ $0.30

A wage of S2/day is a
survival wage

Typically 12 hour work

7 days a week (Possibly 10
on Sunday)

fren .
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Figure 3. Trends of population growth for the Dar es Salaam city (1891-2052)
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The world’s largest cities in 2100

According to the report, human geography will look completely unfamiliar by the turn of the century. Here is a list of the 20 largest megacities
projected for 2100:

Population (2100) City Country
#1 88.3 million Lagos Nigeria
#2 83.5 million Kinshasa DRC
#3 73.7 million Dar Es SalaamTanzania
#4 67.2 million Mumbai India
#5 57.3 million Delhi India
#6 56.6 million Khartoum Sudan
#7 56.1 million Niamey Niger
#8 54.3 million Dhaka Bangladesh
#3 52.4 million Kolkata India
#10 50.3 million Kabul Afghanistan
#11 49.1 million Karachi Pakistan
#12 46.7 million Nairobi Kenya

#13 41.4milion  Liongwe  Malawi
#14 409 milion  Blantyre City Malawi

#15 40.5 million Cairo Egypt

#16 40.1 million Kampala Uganda
#17 40.0 million Manila Philippines
#18 37.7 million Lusaka Zambia

#19 36.4 million Mogadishu Somalia

#20 35.8 million Addis Ababa Ethiopia

By the year 2100, it's estimated that 13 of the world's largest megacities will be located in Africa. Meanwhile, India will hold three of them - and there
will be zero of them found in the Americas, China, or Europe.
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Energy Consumption in the World
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About 2.8 billion people or close to half of the world’s population is estimated to survive on less
than US$ 2 per day3 - the “poor” as defined by international agencies such as the IEA, World
Bank, UNDP, UNEP and OECD. A key distinguishing feature of the world’'s poor is inadequate
access to cleaner energy sources. The majority of those earning less than US$ 2 per day rely
on traditional biofuels to meet the bulk of their energy needs and have no access to electricity.
Traditional biofuels meet the bulk of the energy needs of an estimated 2.4 billion people. Some
1.6 billion people have no access to electricity and a significant portion have limited or no
access to cleaner and more modern fuels such as kerosene, LPG and natural gas.

Table 1 Electricity Consumption per capita for Selected Developing Regions of the
World
Region Annual Electricity Consumption per
capita (kWh) — 2000
Latin America and the Caribbean 1,528
East Asia and the Pacific 760
South Asia 323
Sub-Saharan Africa’ 432
Eastern Africa 60

Sources: World Bank 2003, AFREPREN 2002, UEB 1999, and UNDP 2002.
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Energy access in Africa: Challenges ahead

Abeeku Brew-Hammond Household Access, Penetration Rate

W Eaevgy Contr. ENIAT Ko Chas

Low Income » Poor Energy “Access” » Low Income

What does “Access” mean? (Are we measuring the correct aspect?)

Grid versus “Decentralized Source”

“Modern” versus Traditional Sources of Energy

Selling state subsidized energy below cost can lead to decreased availability.

(Motivation for expansion is lost)  Availability versus Affordability
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Population with no electricity
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Figure 1 Share of Installed Capacity in Africa (2000).

Eastern Africa
2%

Rest of Africa
15%

South Africa
47%

North Africa
36%

Sources: World Bank 2003, IEA 2002.
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Figure 2 Electricity Production in Eastern Africa (2000)

Bagasse-based
cogeneration Geothermal
Sugarcane 281% 3.25%
Thermal
21.49%

Hydro
72.45%

Sources: Karekezi et al (eds), 2002b, AFREPREN, 2002, IEA, 2002
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Table 2 Electrification Levels in Eastern Africa

Country National Electrification levels (%) -
2001

Ethiopia 2

Uganda 4

Kenya 6**

Tanzania 10*

Mauritius 100

* 2002 data

** This figure only refers to the proportion of households connected to the electricity grid and may differ significantly
from other sources which indicate the proportion of electrified population derived from the total number of grid
electncity customers.

Sources: AFREPREN, 2002, Karekezi et al (eds), 2002b; Republic of Kenya, 2002; Okumu,
2003; Kinuthia, 2003
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Solar Irradiance compared to Population Density
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Average Wind Power Potential compared to Population Density
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How the west views Africa as a whole.

As a comparison... Human Development Index (HDI) in 2002

027 050 070 080 090 096

[ = no data
The Human Development Index (HDI) is calculated using three
variables: e expectancy, education level and income.
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World map of countries by Human Development Index categories in increments of 0.050 (based on 2017 data, published on 14 September Cb More details
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How the west views Africa as a whole.

Levels of net official aid received, 2008 ($m)
"

source Current:
https://data.worldbank.org/indicator/DT.ODA.ALLD.CD?view=ma
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https://data.worldbank.org/indicator/DT.ODA.ALLD.CD?view=map

Nigeria 21%
In 2019

Africa’s dependence on aid
Net official aid received as a % of government expenditures, 2008
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How the west views Africa as a whole.

I A
Net official development assistance as % of GDP
B 2005 W 2010 UN TARGET 2010, $bn

0 0.2 04 0.6'0.8 1.0 1.2
Norway — -0
Sweden NS (<
Netherlands 6.4
Britain —— 13.8
Ireland —— 0.9
France — 12.9
Spain — 5.9
Germany me— 12.7
Canada — 5.1
Australia e 3.8
United States [ 30.2
Japan - 11.0
Italy - 3.1

Source: OECD

Private aid to developing countries

2006, $bn

United States

Britain

Germany >
Canada

Austratia SR

Switzerland g PHS()';\ ‘
France

Ireland

Japan

Netherlands

Norway

Belgium
Italy

Austria
Denmark
New Zealand
Finland
Sweden

Source. Mudson [astitute, (harities Ald
foundation, CarttasDets
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How the west views Africa as a whole.

Here’'s a somewhat silly yet telling graph showing US development aid by destination
country:
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Elgctric mgtgrbikg givgg women in rural Zimbabwg a Qath
Quiofpoveriy

In the rural Zimbabwe district of Wedza, a new electric-
powered motorcycle is helping bring income to poor

women and easing the burden of looking after families.

The three-wheeler, known as Hamba (Go), powered by a solar-charged lithium ion
battery, is being piloted by start-up Mobility for Africa, which leases the motorcycle to

women in groups of up to five.
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What is Photovoltaic (PV) Solar Energy

A typical off-grid installation
A typical solar well

How to manufacture a solar panel

How silicon PV works

.
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Figure 6.8 Selling solar in Kenva (EFPIAFree Enerngy Europe)



Figure 5.1 Remote and independent: a stand-alone system for a farmhouse.
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Figure 5.1 Remote and independent: a stand-alone system for a farmhouse.

1) PV Panels
2) Other sources of Power: Wind Turbine, Diesel or Gasoline

Generator, Hydropower

3) Charge Controllers

4) Battery Bank
5) AC Inverter/Direct DC systems

6) Fuse box(es)

7) Appliances/Loads
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Process for design of an off-grid PV system

1) Determine the needed AC and DC loads
Typically DC is for lighting and any RV type appliances that inhabitants are willing to accept as substitution for AC

appliances (you loose ~50% of the power in conversion to AC)

The entire system is designed around the anticipated load for an off-grid system and typically it is difficult or impossible
to increase this load with the existing system once it is built. So off-grid systems are inflexible in terms of the load. Peak
load controls the cost of every component in the system.

2) The total cost (including cost to the environment per kW-hr from the PV system needs to be carefully compared to
alternatives

Increased insulation and energy conservation

Other solar energy sources of heating

Biomass and wood heat etc.

3) Once the AC and DC loads are determined the voltage of the PV/Battery system is decided based on the load, distance of
transmission from PV to batteries, available battery and PV module voltages and associated costs, step-up or step-down
needed for appliance voltage and the associated loss, inverter/charge controller costs.

4) Location for the PV modules must be determined and the solar irradiance must be determined to estimate the power
output of the PV modules, the optimal location and the optimal tilt of the PV modules. The need for a tower or other
support structures, distance of transmission from PV modules to batteries and needed cabling must be determined.

5) A ventilated housing for the battery bank must be constructed (produces H2 and 02 and contains sulfuric acid, batteries

may require routine maintenance.



Process for design of an off-grid PV system

1) Determine the needed AC and DC loads
2) Compared to alternatives
3) Voltage of the PV/Battery system

4) Location for the PV modules
5) A ventilated housing for the battery bank must be constructed

6) A detailed plan for burying power cables, grounding and other safety issues needs to be developed. PV modules

CAN NOT BE TURNED OFF so consideration of means to block the modules during repair and routine maintenance
needs to be considered.

7) A plan for wiring of the facility needs to be developed and the costs assessed including appropriate circuit breakers
and grounds.
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= Without battery storage or inverter. A PV module can supply a DC

load directly. A simple example is the type of small solar fountain
that floats on a garden pond: the PV sends its current directly to a
DC motor driving a pump. The fountain plays only when the sun
shines. A more serious application is water pumping for village
water supply. irrigation, or livestock watering. where a PV array
supplies a DC motor driving a pump that delivers water to a holding
tank whenever the sunlight is sufficiently strong.

With inverter, without battery storage. This type of system pro-
duces AC power from a PV module or array and is appropriate when
AC electricity 1s useful at any time of day. For example, AC motors
are sometimes used for pumping schemes in preference to DC
motors because of their rugged reliability and cheapness (although
this must be set against the cost of inverters).
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Figure 5.2 Off the grid: PV water pumping for a Moroccan village (EPIA/Isofoton).



With battery storage, without inverter. Low-power consumer pro-
ducts such as solar calculators and watches come in this category
So do solar-powered garden lights. Moving up the power scale, a
variety of electrical loads, including low-energy lights and a small
I'V, may be run directly from DC batteries. Many of the solar
home systems (SHS's) used in developing countries to supply a
small amount of PV electricity to individual families are of this
type. A typical SHS compnises a battery, a charge controller and
a single PV module (see Figure 1.12). Other examples are IX
systems for remote telecoms, secunty systems, and medical
refrigeration

Figure 1.12 This PV module powers a solar home system in Bolivia (EPIA/BP Solar)
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Simple Solar Lights at Elementary School 20 km from Haramaya
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Brief Recent History of Ethiopia

Haile Rastafari Selassie Emperor of Ethiopia and head of Coptic (Egyptian Christian) Ethiopian Church
With formation of the African Union with headquarters in Addis Ababa and the UN African headquarters in
Addis, Haile Salassie took on the role of the leader of Africa in the 1960’s. (Close friend of JFK, US builds
Universities (Haramaya University/Oklahoma State) etc.)
(Ethiopia was the first Christian country

also was a refuge for Islam when they were historically driven out of Saudi Arabia
and the center of Rastafarian Religion by accident)
1974 Military sergeants and below had a coup and killed the royal family, the generals, government ministers etc., buried
Haile Selassie under a urinal in the palace in Addis. (Selassie was the head of the Coptic church etc.)
Ruling military called themselves the Derg. Brutal Stalinistic group that held Albania as a model.

Had a prison in Addis called the prison from which you will not return. Mengistu found guilty of genocide.
In the 1970’s Cuba and USSR were friendly with the Derg though they thought they were crazy. Cuba tried to unite
Ethiopia, Somalia and Yemen into a socialist Horn of Africa. Somalia decided to attack Ethiopia and the Ogadon war was
fought with 16,000 Cuban troops in Ethiopia. It resulted in 40,000 dead 500,000 displaced. Somalia severed ties with

USSR to become a US ally (leading eventually to the black hawk down incident).
1975-1976 Red Terror by the Derg (not a good time) :: 1984-85 political famine due to Derg in Tigray (1.5m dead; 3m refugees)

1961-1991 Eritrean War of Independence (350,000 dead) EPLF takes over Eritrea
EPLF fosters TPLF in Tigray region basically high school and college students trying out Maoism

1992 USSR fell, support for Derg disappeared overnight, Mengistu fled to Zimbabwe (Mugabe), TPLF literally walked
into Addis Ababa and took over the second largest military in Africa (after South Africa) government of Tigray

2018 Peaceful transition of power to Oromo (Christian/Muslem) Abiy Ahmed (2019 Nobel Peace Prize)

2020 Political unrest
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https://www.youtube.com/watch?v=p0sbWl0HoRA

Simple Solar Lights at Elementary School 20 km from Haramaya
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Simple Solar Lights at Elementary School 20 km from Haramaya
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Solar Well at Elementary School 20 km from Haramaya

Well # 2
Well #1 30 m, almost dry

10 m, dry




Solar Well at Elementary School 20 km from Haramaya




Figure 5.1 Remote and independent: a stand-alone system for a farmhouse.

1) PV Panels
2) Other sources of Power: Wind Turbine, Diesel or Gasoline

Generator, Hydropower

3) Charge Controllers

4) Battery Bank
5) AC Inverter/Direct DC systems

6) Fuse box(es)

7) Appliances/Loads
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Batteries

Batteries are the most important component for an off-grid PV system

Deep-Cycle Lead-Acid Batteries are needed
(different than car batteries)

Car Battery: Large current for short times not substantially discharged
PV battery smaller currents for longer times with routine discharge cycles
(In developing countries car batteries are sometimes used due to availability)

Self-discharge rates of 3%/month

Coulombic or charge efficiency 85% percent of charge put in that comes out
Voltage efficiency 90% of voltage when discharged
Energy efficiency 75% Coulombic * Voltage

Flooded or Wet cell: liquid electrolyte must be topped up with DI water, need ventilation for H2, 02

versus

Sealed or Valve-regulated cell: gas tight valve allows gas to escape on overpressure H2, 02 make water internally
Gel electrolyte sealed battery.

Sealed batteries require low maintenance but are more expensive



Batteries

Battery capacity: Ampere Hours (Ah), product of current supplied and time

12V battery that provides 20 A for 10 hris a 200 Ah battery (at 20°C at the 10 hour rate)
(slower discharge leads to larger capacity, lower temperature leads to lower capacity 1% per degree)

For PV we are interested in 100 hour rate
A 200 Ah battery at 12V can provide 2.4 kWh total energy storage.

The PV array must produce more voltage than the battery in order for the system to work.
So we need to know how the voltage of the batter varies during charging and discharging.



Batteries

Figure 5.3 Typical charging characteristic of a 12V lead-acid battery.
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Batteries

12V 200 Ah battery shown for constant current discharge
20 A for 10 hours or 2 A for 100 hours

11 Vis where damage to battery occurs

For extended discharged state sulphation occurs: lead sulphate crystals form on the plates

Figure 5.4 Typical discharge characteristics of a 12V lead-acid battery.
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Charge Controllers

Control the flow of current from PV array into the battery bank

and from battery bank to loads

Prevent overcharging of the batteries and over-discharging when demand exceeds supply by disconnecting PV array
above 14V for float charging, 14.4 for boost charging and 14.7 for equalization charging in a flooded 12 V battery.

Prevent excess discharging by disconnecting the load when voltage falls to 11 V.

Protects the batteries. LVD= low voltage disconnect
oo
VD
fuse
oad

+ 0
battery

Figure 5.6 Senes charge control 5



Charge Controllers
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Inverters

AC offers flexibility to use “normal” household devices
Grid connected inverters must match frequency and phase to match the grid

Off-grid is self-commutated

PV contoker battery
- +
$ === (o] Q@
‘ e -
— ® The PV is an array rather than a single module.
OC loods fuse

® A battery bank replaces a single battery, giving more storage
capacity.

Figure 5.5 A simgle scheme for a low-power solar home systom (SHS) : =

®  The charge controller has an electronic display (or a set of coloured
LEDs) indicating parameters such as battery voltage, SOC, PV

confrolier inverter current and load current.
.. . I— — H& ® The inverter, connected directly to the battery bank, also indicates
L} e S its operating conditions.
— po battery
+! bank

DC loods

Figure 5.11 Typical connections for & mid-range stand-alone system
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Inverters

Figure 5.12 This family of inverters covers the power range 200W to 2kW
(continuous). with system voltages of 12, 24, and 48V (Steca Elektronik
Gmb).

A power rating sufficient for all loads that may be connected
simultaneously.

Accurate control of output voltage and frequency. with a waveform
close to sinusoidal (low harmonic distortion), making the AC supply
suitable for a wide range of appliances designed to run off a con-
ventional electricity gnd.

High efficiency at low loads, and low standby power draw (possibly
with automatic shut-down when all loads are turned ofY), to avoid
unnecessary drain on battenies.

Ability to absorb or supply reactive power in the case of reactive

loads.
Tolerance of short-term overloads, particularly caused by motor

start-up.
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Inverters

Figure 5.13 (a) Efficiency curves for two types of inverter; (b) a daily load
profile for a solar home.

High Inverter Efficiency means
smaller battery bank and PV array

Red = low frequency transformer
Yellow = high frequency transformer
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Hybrid Systems

Figure 5.1 Remote and independent: a stand-alone system for a farmhouse.
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System Sizing

Sizing problem is the most difficult of system design

Estimate the total amount of electricity required on an average day.

ught n L 3 260
v @ | ! 20 = in this case 2200W h (2.2kWh) per day. This is the amount of electrical
energy to be supplied by the PV system and is fairly typical for a solar
Computer @ | ! - - home system (SHS) that includes a good range of modern appliances (by
> contrast, simple SHSs in developing countries based on a single PV module
e | eon | % and a battery often provide just 200-300W h/day). In this case the home-
et owners wish to use standard AC appliances, so an inverter must be included
oo 1 02 200 .
in the system.
w'" x| 04 280
Food Mexer a0 1 01 &
m“uiv =0 ! 06 480
Total 200
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Diesel-PV Hybrid System

®* |t may too expensive, in terms of the PV array and battery store,

to provide a sufficiently reliable service with photovoltaics, espe-
cially where solar insolation is highly seasonal. For example, does
it make economic sense to install a PV system that can cope with
occasional high load demands in winter when sunlight is in short
supply? A hybnd system with a back-up diesel generator may be a
better option.

Diesel engines are very inefficient when lightly loaded. giving poor
fuel economy. Low running temperatures and incomplete combus-
tion tend to produce carbon deposits on cylinder walls (glazing),
reducing service lifetimes. It is advisable 1o run engines above
70-80% of full rated output whenever possible. But a lone diesel
generator that can cope with occasional peak demands is hikely
to run at low output much of the time. Better 1o turn it off and
use PV and the battery bank when clectnicity demand is low.
The diesel can boost charge the battenies if necessary, at a high
charging rate.

In addition to rising fuel costs, unpleasant fumes, and the noise of
diesel engines, it may be difficult 10 obtain reliable fuel supplies and
engine maintenance services in remote locations. PV needs no fuel
and, provided the battery bank is looked after properly, should be
low-maintenance.

If an existing diesel installation needs upgrading, the addition of PV
may be a good solution. Being essentially modular, PV may be
added in small stages, raising system power capacity in line with
increasing demand,
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Figure 5.14 A PV-diesel hybnd system.
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System Sizing

Figure 3.10 Amanging module sirngs 1o reduce the effects of shadng
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System Sizing
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Figure 3.12 Average daily solar radiation in KWiVm® on a horizontal surface:

n (a) London or Amsterdam (b) in the Sahara Desert.

n O Ma Ax May An M Sep Oct Nov Dec
(a)

0
n 'O Ma Ax May Jn M A Sep Oct Now
®)
Figure 3.13 Daily solar radiation in kWhim' on south-facing inclined PV

arrays i (a) London; (b) the Sahara Desert. In each case three values of
tilt are Mustrated: 0" (blue), the lattude angle (red), and 80" (green). 75



System Sizing

of peak sun hours for estimating an array’s annual output. This involves
compressing the total radiation (direct plus diffuse) received throughout the
year into an equivalent duration of standard ‘bright sunshine® (1 kW/m°).
The same concept may be used for daily radiation. For example, if an
inclined array receives an average insolation of 3kWh/m® per day in April,
this is considered equivalent to 3 peak sun hours: so an array rated at (say)
2kW, is predicted to yield 3 x 2 = 6kWh/day. Although it is an approxima-

10

Jon Feb Mar Apr May Jun JJd  Aug Sep Oct Nov Dec

Figure 5.16 Daily solar radiation in kWh/m’ on south-facing inclined PV arrays
for a locaton ot lattude 48 °N in southern Germany. Three values of array St are
Hustrated: 33° (blue); 48" (red); and 62" (green)

Al this stage the system designer must surely discuss aliernatives with the
homeowners. For example they might agree to restrict their demand for
2.2kWh/day to the months March to September, covering the main holiday
penod, in return for a smaller PV system at lower cost. Over this 7-month
peniod the 33° tilt angle is a good choice. The *worst’ month is now taken
as March, for which the average daily radiation is 3.5kWh'm". This figure
can be used for sizing the array. The homeowners will have to make do
with considerably less electricity over the winter months, unless the total
is boosted by an alternative energy source. Or perhaps they will agree to
forgo use of the refrigerator, microwave oven and washing machine, and
cut down on the drinking of coffee! Unlike the ‘professional’ PV systems
mentioned in the previous section. a “leisure’ installation should offer
plenty of opportunities for energy saving. trading convenience and reliabil-
ity against cost.



System Sizing

Using the peak sun hours concept we may express the average daily amount
of electricity available for running the home’s appliances, £, as:

El):Pp\'SpI] (Sl)

Where Ppy is the rated peak power of the PV array, §; is the number of
peak sun hours per day in the month of interest, and 7 i1s the overall system
efficiency (discussed below). Therefore the peak power of the array is given

by:
Fov =En (S, (5.2)

In the case of the holiday home, £, = 2.2kWhiday, §, = 3.5h in March,
and we will assume a system efliciency of 60% (n = 0.6), so that:

Py = 2.2/(3.5%0.6)=1.05 kW, (5.3)

We therefore predict that a PV array rated at just over 1 kW, will supply the
daily load requirement of 2.2kWh during the months March to September.
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System Sizing

PV modules (0.85). Power output is less than the rated value in
standard ‘bright sunshine’ (1 kW/m?). due to such factors as raised
cell operating temperatures, dust or dirt on the modules, and ageing.
Also, modules are not generally operated at or close to their
maximum power point (unless a controller with MPP tracking 1s

used).

Battery bank (0.85). The charge retrieved from the battery bank is
substantially less than that put into it (see Section 5.2.1).

Charge controller, blocking diodes, and cables (0.92). There are
small losses in all these items.

Inverter (0.9). This is a typical figure for a high-quality inverter,
bearing in mind that it must sometimes work at low output power
levels (see Section 5.2.3).
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System Sizing

MPPT
confrolier inverter

This specification could be met, with a reasonable amount of oversizing,

E’d." m by an array of (say) eight PV modules rated at 150W, each (1.2K\W, total),

each 150Wp together with a bank of (say) eight 12V batteries rated at 175Ah cach

(16.5KWh total). The electricity yield, and hence system reliability, could

" : be further improved at modest cost by specifying a MPPT charge controller.

Eight 12V batteries, The modules could be connected in series, or series-parallel; the batteries

each 175Ah as four parallel strings of two units each to give 24V DC. The main com.
ponents of the system are illustrated in Figure 5.17.

Figure 5.17 A suitable system for the holiday home. 29



purmpimotor

Figure 526 A syster for vilage water supply.

Tvpe of pump. Of the many types of pump on the market. centrifi-
gal designs are widely used to raise water against pumping heads
up to about 25m (the height difference between the water table
and tank’s input pipe). Multi-stage versions can cope with higher
heads. A centrifugal pump has an impeller that throws water against
its outer casing at high speed. the kinetic energy then being con-
verted to a pressure head by an expanding output pipe. Centrifugal
pumps are compact, robust, and well-suited to PV applications, but
they are not normally self-priming and must therefore be kept sub.
merged. This makes them suitable for pump/motors positioned
below the water table. Alternative displacement or volumetric pumps
including various self-priming types are more suitable for lower
flow rates from very deep wells or boreholes.

Tipe of motor: DC motors are generally more efficient than AC
ones, but more expensive. AC motors are very rugged and need little
or no maintenance, so are suitable for submersion at the bottom of
a well; but inverters are needed to convert PV electricity to AC,
adding to the capital cost. Among DC motors the permanent-magnet
type is often preferred: but all conventional designs use carbon
brushes that must be periodically adjusted or replaced, making
submersion awkward. Modern brushless DC motors overcome this
difficulty, at a cost.

Marching the motor and PV array. 1deally, the PV array should be
operated close to its maximum power point (MPP) in all sunlight
conditions. Unfortunately the resistive load offered by most motors
does not allow this to happen, so a MPP tracking controller based
on a DC to DC converter may be inserted 1o improve matching and
increase efficiency.
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Solar System for Clinic in Village 20 km from Haramaya
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Solar System for Clinic in Village 20 km from Haramaya

(<)
Figure 8. @) UC and HU undergraduate students design a mount for solar panels on a health
clinic in Ethiopia. b) Installation of solar panels at the Qeransa-Darvaba health post about 7 km
from Haramava University. ¢) UC and HU students with local children near the health clinic
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Haramaya University/High School (Concordia Humana)

) Wy
J » {.,'.’ T&)’.‘ f‘.‘
»nt . -

Storage Tank and
Distribution (X)

Well and Solar Pump
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Haramaya University/High School (Concordia Humana)

Well and Solar Pump

Solar Panels
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Haramaya University/High School (Concordia Humana)

Distribution at School




Small Business Manufacturing Solar Street Lights for Villages:

Outdoor lighting for safety improvement in a rural
Ethiopian village.

-Safety at night can be enhanced by lighting, especially in rural villages

-Low cost solar lighting is simple to manufacture in Ethiopia
-Demonstration of manufacturing at Dire Dawa University

-Demonstration of usefulness of solar lighting at small village near Haramaya

-Improved design by DDU/DDIT

-Commercialization?



Outdoor lighting for safety improvement in a rural
Ethiopian village.




Outdoor lighting for safety improvement in a rural

Ethiopian village.

88






Outdoor lighting for safety improvement in a rural
Ethiopian village.

Figure 1. Solar lanterns in use in the Philippines (www youtube com/watch?v-0PSsyufpZ20Q),

' BT

Figure 2. Assembly of a solar lantern using simpls components available in country,
(www.youtube.com/watch?v=bAPNtEFzrcA)
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Outdoor lighting for safety improvement in a rural

Ethiopian village.

Number of People Impacted by Project:

Ethiopians:

Primary School Students: 600-650
Primary School Instructors: 4
Villagers: 100

Regional impact of demonstration
of simple solar technology ~many 10,000s
College students at Dire Dawa University participating
Faculty at Dire Dawa University, 50
Haramaya University, 4
Addis Ababa University 10

30 actively involved total impact 300

91



Outdoor lighting for safety improvement in a rural

Ethiopian village.

Estimated Budget for Materials:

In country purchases:

80 Bags of Concrete S3perbag  $240

~2 Bags per pole

40 PVC Pipes 4” x 107 $20 $800

30 PVCT & U joints $10 $400

Solder $50

Subtotal for Installation: $1490 Per unit cost ~$37

Purchases in US:

40 Blank PCBs $25 (Amazon.com)

40 LED Bulbs $15 (Ebay.com)

40 Solar Panels $130 (Alibaba.com)

40 Batteries $250 (BatterySpace.com)

Wire etc. $100 (TBD)

Subtotal for Lanterns: $520 Per unit cost ~$13

Grand Total:

$2,010 Per unit cost ~$50
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50 Solar Street Lights Installed in Village in 2015
Improved Design Installed in 2016 by DDIT Students and Faculty

(Commercialization was not followed through to date)
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How to Assemble a Solar Panel
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How to Assemble a Solar Panel

Construct an Aluminum Frame

Seal a Piece of Glass with Silicon
Sealant to the Frame
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How to Assemble a Solar Panel

Fix the Glass with Braces

Tap the Cells
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How to Assemble a Solar Panel

Layout the Tabbed cells

Solder the Cells
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How to Assemble a Solar Panel

Connect the Cells in Parallel/Series
To Achieve the Desired Voltage

Using Bus Wires

Seal with Silicon Sealant



How to Assemble a Solar Panel

This seems easy
Could we make a company assembling Solar Panels in Ethiopia?



P OWER ETHIOPIA
B USINESS PLAN

Prepared by:

Dr. Greg Beaucage

Professor of Chemical

and Materials Engineering
University of Cincinnati
Cincinnati, Ohio 45221, USA

Mr. Berhanu Mengistu
Lecturer of Physics
Haramaya University
Department of Physics
Haramaya, Ethiopia

Dr. Fekadu Lemessa
Academic Vice President
Dire Dawa University
Dire Dawa, Ethiopia



Power Ethiopia

-Photovoltaics are missing in Ethiopia
high import tariffs
no financing
architectural adaption
no technical support

aversion to new technology
no sales team

-Solve these issues using University Resources
manufacture (assemble) PV panels

train technologists/business people

profit for faculty and students
-HU/DDU area is unique for this opportunity



© Power Ethopea Photovoltacs Company 2014

a) b)

Figure 1. a) Dire Dawa and Haramaya are located at the midpoint between the port of
Djibouti and the population center of Addis Ababa. Dire Dawa is the second largest
population center in Ethiopia. The region has some of the highest solar irradiance on earth
with a population of 95 million and 90 million in a rural setting 70 million far from grid
power. b) The two sites offer accessibility to the Ethiopian market of 95 million people and to
the port of Djibouti on the Red Sea with shipping connections to Asia and the Mediterranean
Sea through the Suez Canal.



a) b)

Figure 2 a) Campus of Dire Dawa University. b) Propased site for PV assembly plant at the
new Institute of Technology on the Haramaya University campus



Board of Directors:
Chair: Dr. Girma Gonfa, President Dire Dawa University
Dr. Greg Beaucage, Professor, Univ. Cincinnati
Dr. Getachew Abebe, Head Dept. Physics, Haramaya University
Dr. Fekadu Lemessa, Professor, Dire Dawa University
Dr. Kebede Woldetsadik, Vice President, Haramaya University
Mr. Berhanu Mengistu, Lecturer, Haramaya University
Dr. Gelana Amente, Professor, Haramaya University
Mr. Getinet Sewinet, Professor, Dire Dawa University
1
Cto:
Mr. Berhanu Mengistu
| 1
Operational Manager HU: Operational Manager DOU:
Mr Berhanu W'“ Mr. w'T Sewnet
|
Staff at HU Staff at DOV
Advisory Board Power Ethiopla:
Chair: Deborah Schultz CEO, Trans borders Solution
Hilina Haile Sharp Electronics
Kevin Smith, PhD Supervisory Program Officer, USAID Addis Ababa
Wubeshet Demeke Director, Water Resources Information Directorate
Ministry of Water & Energy

Figure 3. Management structure for Power Ethiopia.



Table 2. Funding Rogwirements (1000x of USD) for Power Exhiopia. five-year plan.

Expense 2004 (M4 /2015 (2006 2017 2005 20019 2020  Tetal
te 12/14)

Facilises 10 12 12 24 24 24 24 130

Utilitses 2 24 24 as s as 48 26

Operating 2 24 24 4% 4x Y 48 26

| Expenscs:

Materials for | 339 3624 | 3192 [4s0s | S0e 87 613 31874

 Manufacturs

Transportation 1 12 12 24 24 24 24 13

| Stafl’ 4 4% 48 96 956 96 96 s2

 Management 5 6 6 12 12 12 12 65

| R&D s 6 7 7 7 3 6 45

 Shipping 20 24 24 45 53 38 62 289

Incudental 3 3 3 4 s s s 2%

Expenscs

Marketing'  Sales' | 3 4 4 4 4 4 4 7

| Traming

Toeal Costs 394 4282 |3%6  SK14 6326 6586 | 7476  3NSK4

Facilitics/ Trans./ | (13) (156) | (156) (156) | (156) (156) |(156)  (106.6)

Util_Paid by HU

Facilitics/ Trans/ | - - - (156) [ (156) (156) |(156) | (62.4)

Ut Paid by DDU

Outstanding T 4126 3704 3302 6014 6574 | 7164 | 36894

Expenses

Sales 542 6504 [ 6504 13008 1430 1570 1720 | 78636

Profit+ Taxes 161 2378 [28%0 (7506 (X236 9126 | 10036 41742

Est. Taxes 30% of | 37.2 549 (646 1732 1912 2106 2316 | 9633

Profit

| Est. Profit 1238 1529 2154 (5774 (6374 | m 772 32109

Income After Taxes | S04.8 5955 [ SESK | 11276 | 12388 | 13594 | 14884 6,5003
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7. Funding Requirements

Table 2 indicates the funding expenses for the first 7 years of operation. The firs three years ase
based on 100 150W pancls being produced per month (sce Table 1), This level of production is
mncreased in 2017 by addition of a facility at DDU and expansion of the rate of production at the
existing facilitics in 2017 to 2020. Sales based on 542 USD pre 150W pancl in 2014 This cost
decreases with matenals cost reduction as sales increase from 339 USD in 2014; 302 USD

2015, 266 USD in 2016 192 USD = 2017 and afterwards.

Table 2. Cash input necessary for the first cight years of opcration.

Year Expenses Cash on Hand  Excess Investment
from  Previous | Cash (Cash
Year  (Previous | Neoded)
Year's  Income
After Taxes Plus
Excess Cash)
2014 iK1 0 (381) 351
2018 4126 S04 922
2016 1704 687.7 3173
2017 5502 9%03.1 3829
2018 601.4 1.480.5 £79.1
2019 6574 2.1179 1.460.5
2020 7164 28199 21038
2021 7164 35919 28755
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Assessment of Power Ethiopia

Ethiopians (and others) are risk adverse (they have their reasons)

Ethiopian university leaders are too busy to undertake serious management of an outside project
Need competent (trustworthy) people to run a moderate size business

There are investors available in Ethiopia for this project
There are investors in the US interested in this project

There are international corporate investors interested in this project

In the end the first step could not be achieved, incorporation of the group since cross institutional
agreements and associations were weak

There was too much risk for the university administrators and too little direct/personal gain

A smaller scale project(s) aligned with the University/Education Ministry master plan is needed



How do PVs work?

Conductivity and Semi-Conductors

Variable resntor Figure IX 1 Schematic

representation of the
apparatus used 1o measure
l electrical resistivity
Ammeter C/ ! ——— Gamery
‘ *
Crons-sectional v Specimen
wea A _— W
Voltmeter
RA 1
V=IR p - = o =—-

) = current density = I/A
] = ot E = Electric field intensity =V/I
where | is the distance between two points

conductors, semiconductors, and insulators.

Metals: Semiconductors: Many Polymers and Glasses
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Acwre 11.1. Room-temperature conductivity of various materials. (Su-
perconductors, having conductivities of many orders of magnitude
larger than copper, near 0 K, are not shown. The conductivity of semi-
conductors varies substantially with temperature and purity.) It is cus-
tomary in engineering to use the centimeter as the unit of length rather
than the meter. We follow this practice. The reciprocal of the ohm (1)
is defined to be 1 siemens (S); see Appendix II. For conducting poly-
mers, refer to Figure 11.20.
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representation of an
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Free Electron Model
Drude Model (kinetic theory of gasses)
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4 Quantum Numbers: Size, Shape, Spatial Orientation, Magnetically Determined Energy State

Principle Quantum Number = n = Distance from Nucleus (Bohr number)
K.LLM,Nor |,23,4

Second quantum number = | = Shape
s,p.d. f
n restricts the number of these

Third quantum number = m; = magnetically distinguishable energy states

Fourth quantum number = ms = spin moment +1/2 or - |/2 = up or down orientation

Table 2.1 The Number of Available Electron States in Some of the Electron

Shells and Subshells
Principal , )
Quantum Shell Number Number of Electrons
Number n Designation Subshells of States Per Subshell Per Shell
2 5 1 2
i : p 3 6 8
s 1 2
! M P 3 6 18
d 5 10
5 1 >
r p 3 I )
! N d 5 10 32
f 7 14



Ortatal electon Figure 2.1 Schematic representation of the Bohr

atom.

Energy (V)

-l. -

=2

-1 x 0™

2x 0"

S

Enegy

Figure 22 (a) The
furst three electron
energy states for the

(b) Electron energy
states for the first
three shells of the

hydrogen atom.
(Adapted from W. G,
Moffatt, G W.
Pearsall, and J Walff,
The Structure and
Properties of
Materials, Vol 1,
Seructure, p. 10
Copyright © 1964 by
Jobn Wiky & Soas,
New York. Reprimted
by permission of Job
Wiley & Soas, Inc.)
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10—

Prebabilty

Figure 2.3 Companison of
the (@) Bohr and (b) wave-
mechanical atom models
in terms of electron
distribution. (Adapted from
Z. D. Jastrzebski, The
Nature and Properties of
Engineering Materials, 3rd
edition, p. 4. Copynght ©
1987 by John Wiley & Sons,
New York. Reprinted by
permission of John Wiley &
Sons, Inc.)

117



Primary quantum numbers distinguished by energy

Different primary quantum number states can have overlapping energy levels.

Energy ———

f—d—
f—d—>B—
f— P

| ] | | | |

2 3 4 5 - 7
Principal quantum number, n —>

Figure 2.4 Schematic
representation of the relative
energies of the electrons for the
various shells and subshells (From
K. M. Ralls, T. H. Courtney, and

J. Wulff, Introduction to Materials
Science and Engineering, p. 22.
Copyright © 1976 by John Wiley &
Sons, New York. Reprinted by
permission of John Wiley & Sons,
Inc.)



for each individual atom there exist discrete energy levels that may be oc-
cupied by electrons, arranged into shells and subshells. Shells are designated by in-
tegers (1, 2, 3, etc.), and subshells by letters (s, p, d, and f). For each of s, p, d, and
f subshells, there exist, respectively, one, three, five, and seven states. The electrons
in most atoms fill only the states having the lowest energies, two electrons of op-
posite spin per state, in accordance with the Pauli exclusion principle. The electron
configuration of an isolated atom represents the arrangement of the electrons within
the allowed states.



Density of States Z(E)

Figure 182
Schematic plot of
electron energy
versus interatomic
scparation for an
aggregate of 12
atoms (N = 12).
Upon close
approach, cach of
the 1s and 2s atomic
states splits to form
an electron energy
band consisting of
12 states.

Blectroa Band
Fortedden Band '
BectvoaBand — | —— " T
Sobd Gas
Distance between atoms —

Interatomec separadon

Fowee 11.5. Schematic

of energy levels (as for isolated
atoms) and widening of these levels
distance between atoms. Energy
bands for a specific case are shown
at the left of the diagram.
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Figure 18.3 (a) The conventional representation of the electron energy band structure
for a solid matenal at the equilibrium interatomic separation. (b) Electron energy
versus interatomic separation for an aggregate of atoms, illustrating how the energy
band structure at the equilibrium separation in (@) is generated. (From Z. D. Jastrzebski,
The Nature and Properties of Engineering Materials, 3rd edition. Copynight © 1987 by John
Wiley & Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.)
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The number of states within each band will equal the total of all states con-
tributed by the N atoms. For example, an s band will consist of N states, and a p
band of 3N states. With regard to occupancy, each energy state may accommodate
two electrons, which must have oppositely directed spins. Furthermore, bands will
contain the electrons that resided in the corresponding levels of the isolated atoms;
for example, a 45 energy band in the solid will contain those isolated atom’s 4s elec-
trons. Of course, there will be empty bands and, possibly, bands that are only par-

tially filled.

The electrical properties of a solid material are a consequence of its electron
band structure—that is, the arrangement of the outermost electron bands and the
way in which they are filled with electrons.
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Figure 184 The various possible electron band structures in solids at 0 K. (a) The
electron band structure found in metals such as copper, in which there are available . .
metal semiconductor insulator

electron states above and adjacent to filled states, in the same band. (b) The electron
band structure of metals such as magnesium, wherein there is an overlap of filled and
empty outer bands. (¢) The electron band structure characteristic of insulators; the
filled valence band is separated from the empty conduction band by a relatively large
band gap (>2 ¢V). (d) The electron band structure found in the semiconductors, which
is the same as for insulators except that the band gap is relatively narrow (<2 eV).

Figure 1: Smpified dlagram of the electronic dand structure of metals, &
semiconductors, and insuiators.

Foure 11.6. Simplified repre-
sentation for energy bands for
(a) monovalent metals, (b) biva.

I
3p
Es—> } lent metals, (¢) semiconductors, Fel‘mi Ene = EF
&m k% % % and (d) imul;tots. For a de. rgy
(@) (b) () (d)
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Fase 11.7. Schematic represen. E
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Conduction Band Energy Band Gaps in Materials

T CAue| Conduction
§ Band Gap Egr Band\
8.....5'..... *conducuonaand }
W E_ LR B B B B B B B B B
g goooooE'ooo.- }
s F Y I
@ Valence Band Valence Band & Valence
o kT=E . Band

—_— —_—
Filled Band (2) Filled Band (b) Filled Band (¢)
e ————————
Insulator Semiconductor Conductor (Metal)

Description of the electronic bands in solids[8].
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Semiconductors

7/
T
- Conduction tand 7
200
Roure 11.11. Simplified o -
band diagrams for an intrin-
sic semiconductor such as
pure silicon at two different Valence band
temperatures. The dark
shading symbolizes elec-
trons. 0K 300K

E
7 — 1S 732 _ g
N, =484 x10°° T exp[ (ZkgT)]’
Number of Electrons in the Conduction Band

0=N¢'F'e, 128



Foure 11.11. Simplified
band diagrams for an intrin-
sic semiconductor such as
pure silicon at two different
temperatures. The dark
shading symbolizes elec-

trons.

Semiconductors

7% // 2/ / (nepuv
amen)

D - ——— ——— e _—————

: — Holes
(positive
Valence band charge

carners)

0K 300K

o= N.p.e + Njue,

Holes left in the valence band are positive charge carriers
Intrinsic Conduction in an Intrinsic Semiconductor
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n-Type Semiconductors

/ 0.0001 % P

N\

\ Peure 11.12. Two-dimensional representation
/ of a silicon lattice in which a phosphorous
\ atom substitutes a regular lattice atom, and

thus introduces a negative charge cloud
about the phosphorous atom. Each electron
pair between two silicon atoms constitutes a
Negallve covalent bond [see Chapter 3, particularly
charge cloud Figure 3.4(a)).

Silicon has 4 valence electrons, Group V elements have 5

For Phosphorous the binding energy for the donor electron is
0.045 eV (small/weakly bound) -



n-Type Semiconductors

Foure 11.13. Schematic representation of
the number of electrons per cubic centime-
ter in the conduction band as a function of
temperature for extrinsic semiconductors,
assuming low doping.
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~00le

Foure 11.14. (a) Donor and (b) accep-
tor levels in extrinsic semiconductors.
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p-Type Semiconductors

Group lll impurities (B,Al, Ga, In) are deficient in one electron

Acceptor Impurities
Positive Charge Carriers (Holes) in the valence band

o = ;'Vde e ﬂ@,.

At room temperature only the majority carriers need be considered
(intrinsic effects are ignored)
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Hall Effect

Are the Charge Carriers Positive or Negative?

Figure 1820 Schematic demonstration
of the Hall effect. Positive and/or
negative charge carriers that are part
of the I, current are deflected by the
magnetic field B, and give rise to the
Hall voltage, Vi,
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Rectifier or Diode
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Rectifier or Diode

pside n-sade Figure 1821 For a p-n rectifying junction,
® ®© 5| o © representations of electron and hole
® : e distributions for (@) no electrical potential,
@ e © |p e (b) forward bias, and (c) reverse bias
© e © o ©
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Figure 5-10

Rectifier or Diode
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Rectifier or Diode

On contact a potential is setup between p and n materials due to flow of electrons from n to p and
holes from p to n

This barrier potential opposes flow of electrons. If electrons are added to the p side the potential
barrier drops (Forward Bias).
If electrons are added to n the potential barrier increases (Reverse Bias).

So current can only flow from p to n under normal circumstances.

A slight time lag occurs due to motion of minority carriers in a p-n junction and there is energy loss due
to this motion.



Rectifier or Diode
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Figure 5-14
-V chorocteristic
of @ pn juncticn.

Rectifier or Diode
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Solar Cell

w
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Max Efficiency (%)

1 2
Bandgap (eV)

The Shockley-Queisser imi for the &

theoretical maximum efficiency of a solar

cel. Semiconductors with band gap between

1 and 1.5¢V have the greatest potential 1o

Basic structure of a sikcon based solar cell and Is working mechansm. & et e
shown here can be exceeded by

muitjunction solar celis.)
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Solar Cell

| Photo Detector
] Siog ecuen laver Photo-Diode

Solar Cell
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\
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Basic structure of a silcon based solar coll and s working mechanism. &2 g3 > gz > 8!
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Solar Cell

R I3 R £ R Figure 8-3
i I Operation of an
! b ) illuminated junc-
tion in the various
quadrents of its
= - - = -V characteristic;
ot - L % in {o) and (b),
Ist yuadrant 3rd yuadrant 4th quadrant power is deliv-
! ! / ered to the device
f ' by the exiernal
7/ 7/ circuit; in [c) the
e e [ A e — device delivers
load.
() (b) (c)
Antireflective
fow coating

TV
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Solar Cell

Optimal working point




Transistor

Three terminal device in which current through two terminals is controlled by
a small current or voltage through the third terminal

Transistors are used for Amplification and Switching

Transistor is a control device
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Bipolar Junction Transistor

O — C > =
Inpat N
2% AVA
o —|I|i5 =il o

(@)

Feure 11.16. (a) Biasing of an n-p-n bipolar transistor.
(b) Schematic representation of an n-p-n bipolar tran-
sistor. The dark areas are the contact pads. (b)
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Bipolar Junction Transistor

Assoried GsCrote Yarssrs.
Packages n order om %0p to boRom
70-2,. 70126 TO-82, SOT-22

Acts like a valve. You have a gate controlled by a small voltage
That controls a large current.
It can act as an amplifier or as a switch.

Emitter

Collector Collector

1 - -lﬂl-

Base

P Collector

Base

NPN

Collector
collector Bese Buse
base K
Emitter Emitter
tor Copyright GSU
PNP NPN
Number of Ler more 3¢ MOTE  Number of
. positive than  positive than
holes in . electrons
the Base the Emitter
base in base
Base more Collector
control - .. control
- positive than  more positive flow "
Collector than Base



Bipolar Junction Transistor

Figure 18.24 Junction 1 Junction 2
Schematic diagram
of a p-n-p junction g Emitter | Base | Collector g
transistor and its E P " P |
associated circuitry, g 1+ =&
including input and 5 T =23
output voltage—time § Load 18
characteristics g e . £
showing voltage = — Input e ——l Outputl-o- =
amplification. volege voltage
(Adapted from A. G. 10—
Guy, Essentials of 0.1 N\ H !; /\ /\
Materials :Scienc'e, 33% N/ 33 E
McGraw-Hill Book -2~

Company, New York,
1976.) Time Time



Summary:
-Development needs are tied to energy

-Solar energy is highly applicable in Ethiopia and is under utilized
-Several examples of solar installations in Haramaya were given

-a business plan for solar panel assembly was shown

-Some details of the physics of silicon PV were given






Homework 3 Development Technology
December 17, 2018

Viability of a simple solar light manufactured in Ethiopia

There are many online sources for the design of a solar light. For example X Jy =

and httgs:“www.xoutu be.com‘watch?v:V¥ZM4gEW630 .

(https://www.mikrocontroller.net/attachment/158139/QX5252.pdf)

Compare this desngn with eX|st|ng products such as the following NGO:

which will be offered for $15 in the developing world and is manufactured in China.

Or the $50 Panasonic solar lantern for the developing world
https://news.panasonic.com/global/stories/2013/24710.html

Try to find the approximate cost of the design given on the first webpage by searching at Mouser.com

https://www.mouser.co.uk
https://www.mouser.com
Or just from Amazon

Consider the logistics of setting up manufacturing, marketing and distribution for an Ethiopian solar light/cell phone charger
system and give a crude assessment of the viability of manufacturing these devices in Ethiopia for the Ethiopian market.
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https://www.youtube.com/watch?v=8earltsP35w
https://www.youtube.com/watch?v=VyZM4pEWG3o
https://www.indiegogo.com/projects/unite-to-light-solar-usb-charger-led-light
https://www.mouser.co.uk/

https://www.youtube.com/watch?v=8earltsP35w

Resistor and Transistor
LED

Transistor switches to solar charge when sun hits solar panel.
Resistor reduces the voltage from solar panel V = IR to run the LED

When powered charge battery
Use Battery to power LED, could have a switch

Use Battery to charge cell phone





https://www.indiegogo.com/projects/unite-to-light-solar-usb-charger-led-light

https://news.panasonic.com/global/stories/2013/24710.html

\

Six ways of usage: it can be used as a portable lamp, put on a table or hung in the room

Q
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https://www.mouser.co/
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Batteries
Questions

Lead acid batteries
Deep cycle batteries
Flow batteries
Nickel iron battery
Lithium ion battery

Battery assembly business plan
Sensors business plan
Questions



Oxidation/Reduction Metal Displacement Reaction

Metal displacement [ed1)

In this type of reaction, a metal atom in a compound (or In a solution) is replaced by an atom of
another metal. For example, copper is deposited when zinc metal is placed in a copper(ll) sulfate
solution:

2n(s)+ CuSO,(aq) - ZnSO(aq) + Cu(s)

In the above reaction, zinc metal displaces the copper(ll) lon from copper sultate solution and
thus liberates free coppor motal,

The lonic equation for this reaction |s:
2n+CP = 2n** 4 Cu
As two half-reactions, it is seen that the zing is oxidzed:

Zn - 2Zn** 4 2e oxidation
WNW"MZ
Cu?* +20 - Cu reduction

A redox reaction s ™ force behing an slecirochemical cel &
1 the Gavanc col picared. The Datery is mace oul of a Zinc
olocyode In a ZnS0, Solution CONNOCHd with & wire and a
porous disk 10 a copper electrode n a CuSO, sokuson.

1.10 Volts for each cell



Activity Series of Metals (in Order of Reactivity)

SRR RN RRRERERE

Lis) ~ U'log)+ e Mos2 acTve O MOst easlly cxidized

S
Bais) = Ba?"log) + 20~
Cals) ~ Ca?"joq) + 2¢~
Na(s) = Na'log) + &~
Mgis) — Mg log) + 2¢”
Alis) ~ Ajog) + 3¢~
Zris) = Zn2"joq) » 2¢”
Fefs) = Fe?'log) + 2¢”
Nis) = NiZ“jog) » 2¢”
Sefs) ~ Sn?"jog) + 2¢”
Pois) ~ Pb?"jog) + 2¢
Halgh — 2¢"joq) + 2¢”
Cuts) = Cu'(og) + 2¢”
Mol = Hg¥'jog) + 2¢~
Agls) = Aglog) « e~
Pais) - Pr¥jog) « 2¢”

Aufs) = Ar'jog) + 3¢~

-0.76 V

0.34V

Ll

= =

E¥ o = 030V loogger) = (~0.70 V gine) = 1,10 volts ke the ool

Least active or most difficult to cuddize
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Deep Cycle Lead Acid Battery Manufacture

Negative plate reaction
Pb(s) + HSO;(aq) — PbSO,(s) + H'(aq) + 2e

Positive plate reaction
PbO,(s) + HSO;(aq) + 3H (aq) + 2e~ — PbSO,(s) + 2H,0())

PbO, H;SO4(aq) | S0t |

Fully recharged: Lead anode, Lead &7 Fully discharged: two identical lead
oxide cathode and sulfuric acid sultate plates
electrolyte

The total reaction can be written as

Pb(s) + PbO.(s) + 2H,SO (aq) - 2PbSO,(s) + 2H,0())

leod Acid Lechnolooies (cBook ot UC


http://www.crcnetbase.com/isbn/9781466592230

Reduction

PbO,,, +4H" +2¢ T Pb* +2H,0 E=+1.7V

Charge

2+ 2- Discharge
Pb; )+SO4M)‘ — PbSO,,,

aq

Negative electrode (cathode):

Oxidation

Pb, 2 m::*'sz* +2¢ E=-03V

(aq)

Discharge
Charge

2+ 2~

>PbSO,,,

Overall reaction:

Pb+ PbO, + 2H,SO, Lﬁ:“ﬂ 2PbSO, +2H,0 E=2.0V

(1.1)

(1.2)

(1.3)

(1.4)

(1.5)



Factory sealed,
valve-regulated, Unique, leak-proof
maintenance-free pressurized vent system

eliminates damage from is engineered for safety and
acid spills and t:ﬂn::;eon. long life. Retards dry-out.
enviro
ey Larger through-partition welds
increase power output,
Heat sealed cover increase durability.
eliminates electrolyte leakage
and improves reliability. Absorbed
demineralized
electrolyte
Molded top and side improves service life and
connection terminal design off-season storage.
rovides ease of installation,
croseed strength, and durability. abls;w-remtan;n .
separators
vzr:iuty f retain acid, protect plates,
resist vibration damage, ensuring long life.
density oxide
Heavy top lead maximum power-
improves pI:Yu: mplug adhesion P'fhP°“"d for dependable
lot'm' hvfﬂ:ﬁn resistance, igh cycling” service.
e Positive terminal cap
(not shown) protects against
Calcium positive and short circuits and sparks
negative, full-frame during transport and storage.
ower path grids e
grovide‘t)he higlrliest Stainless steel
cranking amps and the terminal bolts
lowest self-discharge rates (not shown) eliminate
for off-season storage. rust and corrosion.

FIGURE 1.1 Cut-away of lead-acid battery. (From East Penn Manufacturing Co.)



Other
applications (§%)

Other vehicles (6%)

Electric bicycles (9%)

Transport vehicles
(including forklifts) (9%)

UPS (including
base station) (10%)

Motorcycle
starter batteries (6%)

FIGURE 10.1 Lead-acid battery market application category ratio. (Available at hups
www.systems-sunlight. com/blog/global- lead- acid- battery- market-development- status )



10.2 LEAD BATTERIES IN APPLICATIONS

10.2.1  Tyres of Lean-Acio Barreries

The many different types of lead-acid batterics on the market are used for vanious
applications. The major types of Jead-acid batteries can be described as follows [3)

1. Valve-regulated lead-acid (VRLA) batteries. Also called sealed lead-acid
(SLA) batteries, the VRLA batteries can prevent clectrolyte evaporation
loss, spallage, and gassing, which leads to a prolonged maintenance-froe
life span. The top of the battery has a capped vent that is used for the escape
of gas. It also has some pressure valves that can open caly under extrome
conditions. This type of battery uses a specially designed clectrolyte o
reduce the release of gases such as oxygen and hydrogen generated by the
side reactions that occur during charging. A recombinant system with a
catalyst inside the battery is noeded to facilitate the combination reaction
between hydrogen and oxygen 1o recombine into water. This type of batsery
is normally safer than other types because the acid clectrolyte spotlage is
climinated. This type of battery is used mainly in automobiles,

2. Absorbed glass mat (AGM) batteries. Also known as absorprive glass
microfiber (AGMF) batteries, this type of battery belongs to the class of
VRLA batteries, but it has a boron silicate fiber glass mat that acts as a
scparator between the electrodes, which can absorb the free clectrolyte in
much the same way a sponge absorbs water. This scparator can promote
recombination of the hydrogen and oxygen produced during the charging
process. The fiber glass mat can absorb and immobslize the acd in the
mat as a form of liquid rather than a gel form, therefore, there s no gel
clectrolyte in this type of battery. Furthermore, in the presence of such a
mat scparator, the acid clectrolyte is more readily available to the plates,
ing in higher charge-discharge rates as well as deep cycling. In addition,
because the electrolyte is kept inside the mat scparator, the battery is more
robust and able to withstand severe shock and vibration without leakage
even if the case is cracked. To realize this, the fiber glass mat separator is
reason, AGM batteries are also sometimes called “starved clectrolyte™ or
“dry” batteries.

3. Gel batteries. This type of battery also belongs to the class of VRLA batier-
ies. The acid electrolyte is in the form of a gel, however, rather than moble
liquid, which promotes oxygen recombination. In addition, batterics that 166
usc a gel as the electrolyte are more robust.



4. Starting, lighting, and ignition (SLI) batteries. SLI batterics are specially
docs not allow the battery to be discharged below 50% depth of discharge
(DOD) because discharging below these levels could damage the plates
and shorten battery life. In gencral, automotive batterics are always fully
charged before starting the car. After starting the vehicle, the lost charge,
typically 2% to 5% of the charge, is immediately replaced by the alternator
and the battery returns to the fully charged state.

5. Deep-cycle batteries. Decp-cycie batteries are designed to be completely
discharged before recharging This is required by applications such as
marine applications, golf carts, forklifts, and clectric vehicles, where the
hatteries could be deeply cycled. In this deep-cycling process, excessive
heat is produced, which can warp the plates. Therefore, thicker and stronger
or solid plate grids are normally used for deep-cycle applications.
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Gelled electrolytes |.o1)
Main arsclo: VRLA battery § Gel_battery

During the 10708, resoarchors developad e sealed version of “gel battery”, which mixes a silca goling agent into the electrolyte (siikca-gol based lead-ackd batierios
used in portable radios from eary 10308 were not fully sealed). This converts the formarly kquid intencr of the colls Into a semik-stift paste, providing many of the same
advantagoes of the AGM. Such designs are aven loss susceptiblo to ovaporation and ae ofton used In stuations where ittle or PO perodic Mantenance |s possible. Gel
colls also have lower Froezing and higher boling points Tan the liquid electrolytes used In convensonal wet cells and AGMs, which makes them suitable for use in
QXIrOMo CONIBONS.

The only downside % the gel dosign Is that the gel provents rapki mation of the lons in the eloctrolyte, which reduces carmior mobiity and thus Supe current capabisty.
For this reason, gel colls are most commonly found In energy storage applcatons M off-gnd systems,
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https://www.youtube.com/watch?v=DFtepc9Tpmc
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https://www.youtube.com/watch?v=MOTFBDLziH|I

Batiene Manufacturcin Nepalbartl

Batterx Manufacture in Negal Part 2



https://www.youtube.com/watch?v=MOTFBDLziHI
https://www.youtube.com/watch?v=XSn0UuuHD_A
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Labelling The 12 Volt S0Ah Capacity
Gorkha Power Battery
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FIGURE 1.7 Emerging grid battery market projection.
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FIGURE 1.8 Distributed renewable battery market projection.
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FIGURE 1.23  Battery assembly process. (From hitgo/iwww docsioc com.)

Vitriol = Sulfate

190



reessssnnne

i

Lead powder
Peoducton

R

sesssssssnsnnsnnns

Taste
preparaton.

3

LR R R L L R L LN

1t

P

P B

Y D

D R

D e et

191

Battery masufacteniag process. (From Isternational Thermal Sysiess
Available & hupfintersationalthermalyyvicms com/Saticrymansfactaning )

FIGURE 7.1



FIGURE 7.2 Batery grid casting mold (book mold). (From Wirtz Manufacturing Available

at hpfwwwowirtzusa com.)

4

FIGURE 7.3 Book mold grid caster. (From Wirtz Masufacturing. Available at httpowww
wirtzusa.com.)



FIGURE 7.4 Suip expansion process equipment, (a) Lead-alloy strip caster: Multialloy
caster produces fully edge-trimmed lead alloy strips; (b) Coil feeder: This machine feeds the
coiled lead from the horizontal position; (¢) Expander: Using a die, the expander produces
controlled expansion, which results in the grid's diamond pattern and beight; (d) Shaper: The
shaper forms the lugs and accurately sizes the grid for height and thickness. A positive feed
mechanism aligns and positions the expanded strip and a punch-and-die knocks out clean,
reclaimable Jead from the unexpanded center portion of the strip. (From MAC Engineering
Available at Mtp://'www.mac-eng.com; Battery Technology Solutioas Inc. Available at hupodf
www.batechsol.com.)



FIGURE 7.6 Continuous grid caster. (From Wirtz Masufactering. Available at htp/fwww
wirtzusa.com.)



7.2 LEAD OXIDE PRODUCTION

Lead onide is the mais componest of the active matorial for both positive and nega-
tive cloctrodes. Lead oxide & made by oxidizing lead using cither the Barwon pot
process of the Ball sl procon.

7.2.1  Banos Por Peocrs

The Barwe pot process (also calied the Barwon- like process) is a process that melts
Iead ingots and foods hem 200 3 vowed or pot. The molien lead is rapidly stirred and
atomized imo very small dropiets via 2 rotating paddie 12 provimity %o the bottom
of the vossel. The droplets of molien load are then oxidizod by oxygen in the air o
produce an oxide costing srcend the dropler. Figure 7.7 shows 2 Sowchart for the
Barton pot process.

The lead cnadation procows & cxothermic and the gencrated heat i cential for
SUNAIING 3 COMtineoes reaction as more boad is iatroduced. The process tempera-
ture i critical for dctermaning the dopree of oxidation and crywal morphology of
the Icad oxade. The Barton pot process typecally produces a prodect containiag lead
oxide with 15% to0 30% froc lead, which cuints as the core of the lead oxide spheri-
cally shaped partides. Figure 7.5 shows 2 Barton pot.

7.2.2 Bau Muu Peocrs

1= the Ball =il process, & shown i Figere 79, lead pleces are fed into a rota-
ing mill and the attrion of the lead pieces produces fine metallic lead Sakes. The
friction of lead fakes tombling spaiest cach other invide the mill chamber creates
sufficicnt heat 1o oxadize the lead fakes” surfaces. The degree of lead oxidation is
impacted by the arfiow troegh the syvdom. The airflow also moves the Iead axade
particies 10 be collected iz 2 baghouse The product of the Ball mell process contains
15% 10 30% froe lead ia the dupe of 3 Sxtacacd platciet core wrroundied by as axide
coating. Figuse 7.10 shows a Ball =il (AS)

AGURE 7.7 Flowdan of the Bamon pot process.
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FICGURE 78 Barwe pot (From W Masefanerag Avulable o MIp feww wortiusa

<om )
s
As
Gas o
- = =
A
Lead foed
Sal ml Baghoune
1
.
Product

FICURE 79 Flowchart of Ball =l procom.

FICURE 710 Ball mdl (From MAL Eagaeorng Asailable 3 Sipofeww mac-eng oo,
Leader Tech Unied Avaslabie & Mg Meww Dacompany 0om. )



TABLE7.1

Lead Oxide Characteristics of the Products of the Barton Pot and Ball Mill

Processes

Characteristic

Particle size
Stability/reactivity in air
Onxide crystal

structures (wi'%)
Acd adsorption

(mg H.SO /g oxide)
Surface arca (m/g)
Free lead consent (wi%)
Puste mixing

Paste curing
Battery performance

Process control
Production rate (kph)
Operating costs

Facility roquirement
Encrgy consumption
(Wh'om)

3-< mm i daamncter
Stable
5-30% p-O,
remaining balance a-PhO
160-200

0y
1828
Softer paste

Average curing rase
Betier bamery life, low capacity

More &fficuk

Low operating and

MAIMCNANCT Costs

Senaller footprint
Up to 100

2-3 mm = &amewer
High reactivity s air
100% -0

20-30
25-38
o

Faster cuniag rate
Good capacity, shorer Efe
Somxctmes pood

Higher operating and
TRINECHANCC OO

Bugger fooprae

Table 7.1 lists the lead oxide characteristics produced by the Barton pot and Ball

mill processes.



7.3.0  Baros Pasre Moux

Convertional mochanical mixers are batch type. The major types of mochamical mixons
are the pony mixer, the muller, or the vertical muller (Figure 7.11) The batch paste miner
cortains hroe mage components: the pate tank, mixving sysom, and cooling syslem

L. Paste sank. The paste tank is & closed cyliadrical steed tank. The upper pant
of the tank has inspection doors and hoses for cooling air inket and outiet
There are also pipes for the inket of acid and water. The wdos of the task
have two discharging dooes that are used 10 dump the fimal pecpared paste
o the come foeder

2. Micing rystess. The mining sysiom contaias rotating paddics, which pro
vide a complete mixing action of the vanous componeats (lead, ackd, waser
and additivesexpandery) to obtain a usiform and cassly pastod pasic

AGURE 717 Verncal muller miser. (From MAC Engineerisg. Available m Mp Pwww

T €0g Com )



3. Cooling system. In the mixing cycle, cooling is essential because heat
is generated by the exothermic reaction between H, SO, and lead oxide.
Failure to maintain proper paste temperature causes hardening of the paste
before it can be used. The temperature of the paste needs to be controlled,
and this is often achieved by cither cooling the mixer or evaporating the
extra volume of water in the paste mixture, It is important to maintain the
mixing temperature to ensure a good-quality paste results. Often, two types
of cooling systems are used in the paste mixing system, The first cooling
system, an air-conditioning (AC) system, uses a fan blowing over the paste
surface for cooling. The second cooling system uses circulating water that
runs through the bottom and surrounding area of the tank to maintain the
desired temperature/cooling. The peak temperature limit for the pasting
cycle is 60°C, whereas the final paste or dumping paste temperature should
be less than S0°C.

The paste viscosity will rise in the beginning of paste mixing, but then gradually
decreases. The ratio of lead oxide, water, and sulfuric acid varies depending on the
type of battery applications. For example, plates for SLI application are gencrally
made at a low PbO:H SO, ratio, whereas plates for deep-cycle applications are made
at a high PbO:H SO, ratio. On the other hand, the amount of sulfuric acid affects the
plate density because the more acid used, the lower the plate density. Paste density
is measured by using a cup with a hemispherical cavity and by the measurement of
paste consistency (viscosity) with a penetrometer.
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FIGURE 7.12 Continuous paste mixer. (From Battery Techaology Solutions Inc. Available
at hetpeVwww batechsol com.)
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FIGURE 7.13 Coatinuous belt paster. (From Wirtz Manufacturing. Available at hipfwww
wirtzusa.com.,)
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1.7.2  Dur-Cyaur ano Tracnion Barroess

Deep-cycle batteries require good cycle life, high energy density, and low cost. The
cycle life of a deep-cycle battery is wsually longer than that of an SLI battery. The
longer cycle life is achieved in the following manner:

1. Use thick plates with high paste density.
2. Cure the plates with a high-temperature and high-humidity profile.
3. Employ a low-specific-gravity clectrolyte for formation.
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Fin
Lead-alloy

Positive
active
material

Braided
tube

Flat plate

(b)

FAGURE 3.1 Lead-acid battery electrode structures: (a) flat and tubular plates; (b) pasted flat
electrode, in which the two grids on the left are made of carbon and lead, respectively. After the
grid is pasted and cured, the electrode is formed as shown at right. ([a] From hetp//'www.check
thatcar.com/carfag2 asp. [b] From A. Kirchev et al., J. Power Sources, 196(20), 87738788, 2011.)
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Macropores

Skeleton
Particles  Agglomerates Aggregates
(branches)

FIGURE 3.3 Structure of the lead dioxide active mass. (From D. Pavlov, and E. Bashtavelova,
J. Electrochem. Soc., 131, 1468, 1984, D. Pavlov, and E. Bashtavelova, J. Electrochem. Soc.,
133, 241, 1986; D. Pavlov et al., “Structure of the Lead-Acid Battery Active Masses,” in
Proc. Int. Symp. Advances in Lead-Acid Batteries, Vol. 84-14, p. 16, Electrochemical Society,

Pennington, NJ, 1984.)
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- PbO

”I Cured paste
!

FIGURE 3.4 Scheme of the grid/PAM interface where a corrosion layer is formed during
the curing process. (From M. Dimitrov, and D. Pavlov, J. Power Sources, 93, 234, 2001.)



4.7.2 Deer-Cycre Barreries

In deep-cycle batteries, two general trends have been observed. First, AGM batter-
ies have found growth opportunities because they demonstrate low or no water loss,
have the ability to prevent acid stratification, positively support the positive active
material, and prevent shedding. In these same applications, a high resistance to
heat, the ability to prevent soft shorts, and lower costs are normally associated with
flooded battery designs and the separators utilized. Obviously, the best designed bat-
tery would combine all of the aforementioned attributes and the separator appears to
be one of the primary paths to realize these goals. As with all design modifications,
desired properties need 1o be prioritized for each individual application because
trade-offs are likely between attribute performances and component costs. At the
same time, other avenues will be pursued to modify the lead-acid chemistry or other
clectrochemical systems.
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Consider a 12 V/10 Ah battery. How can we build it?

Series string: Six 2 V/10 Ah cells in series.
--0~0—0-0—0-0~" Yolugeissidine
in strings.

Parallel strings:  Two 2 V/5 Ah 6-cell strings in

parallel.
- +
Capacities are
additive in parallel.
Parallel matrix: Five 2 V/2 Ah 6-cell strings in
parallel with cross-matrixing.
—O+vO0— rOj
_ FO1TO0+O0 1010 . Matrixing minimizes the
—t+=O01O01TO01+O010 impact of defective cells,
—O~-0-LO--O-'-O~ equalizes current distribution
—0—+-0—-0+0-0- among the strings.

FIGURE 10.3 Battery configurations for charging. (From R. F. Nelson, Lecture Course on
VRLA, Beijing, China, 2003.)
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o 1-h discharge rate === 5.h discharge rate
s 8-h discharge rate == 12.h discharge rate

l.l‘

| R - . - - - - . - - - - - .
o 1 2 3 4 5 & 7T & % B B R DL

Time (0)

FIGURE 1.10 Discharge voltage curves for a 12.V SLI battery for different discharpe cur
rents ot 25°C. (Lead-Acid Bantery, Electrochemical Technologies for Energy Storage and
Conversion, Chapter 4. 2012. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission.)
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130 |

% of mommiral capacity

FIGURE 1.13  Capacity (10-h discharge rate) versus temperature.
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Dry Colla

Many common Datteries, such as those used in a Nlashligh o remote control, are voltaic dry cells, These Datteries are called dry calls

because the electrolyte is a paste. They are relatively inexpensive, but do not last a long time and are not rechargeable
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Flow Cells (Flow Batteries)

Current Collector Porous Electrode
Anolyte Tank Catholyte Tank

Pump lon-Selective
Membrane



Zinc Bromide Flow Cell

Carbon electrode

Zinc deposit at
charged state

Br, organic
liquid phase

Separator




Cnthol}'tet

tank

Zinc Bromide Flow Cell

_—
Br, organic
liquid phase

<l

-

FEt er'if‘;;-s « Primus Power - Hayward, California, USA
. @ | . RedFiow Limited - Brisbane, Australia

: . «+ Smart Energy - Shanghai, China

« ZBB Energy Corporation - Menomonee Falls, Wisconsin, USA
« ZBEST Power

- Beijing, China

Separator




Len Water Flow Cell

How It Works: A Simple Transfer of Electrons Changed Everything

£
S
x
S
ES

Negative Side - Plating Side Positive Side - Redox Side



https://www.youtube.com/watch?v=HmtI8Wat7rY
https://www.youtube.com/watch?v=HmtI8Wat7rY
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https://www.youtube.com/watch?v=HmtI8Wat7rY
https://www.youtube.com/watch?v=HmtI8Wat7rY



https://www.youtube.com/watch?v=HmtI8Wat7rY
https://www.youtube.com/watch?v=HmtI8Wat7rY



https://www.youtube.com/watch?v=HmtI8Wat7rY
https://www.youtube.com/watch?v=HmtI8Wat7rY

How to build a small version of this battery

lron water battery construction
https://www.youtube.com/watch?v=WZkqgjl) WE

Fe = Fe(OH),
(FeSO,)

Fe* (S0,%),

¥

Fe?* (SO.%),



https://www.youtube.com/watch?v=WZkqgj1J_WE
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Lithium lon Battery
The positive electrode (cathode) half-reaction in the lithium-doped cobalt oxide substrate is:*1%']
Co0, + Li* +e = LiCoO,
The negative electrode (anode) hall-reaction for the graphite is:
LiC, = C, + Li* +e
The full reaction (left 10 right: discharging, right to left: charging) being:
LiC, + CoO, #=* C, + LiCoO,

Electrolyte

Current Collector

Silicon
Anode

Porous Separator

Lithium
Cobalt Oxide
Cathode



Sizing up a battery — basic parameters and calculations

Voltage (V), Current (A)

Parallel and series circuits
Capacity, energy (Ah, Wh)

C-rate (C)

A C-rate is a measure of the rate at which a battery is .
discharged relative to its maximum capacity. A 1C -
rate means that the discharge current will discharge :

the entire battery in 1 hour. For a battery with a -
capacity of 100 Amp-hrs, this equates 1o a discharge

current of 100 Amps.



Sizing up a battery — voltage, current, power

Chemical Engineering equivalent parameter

Electrical Engineering parameter

Voltage (V) Fluid pressure (kPa, psi)
Current (A) Flowrate (m?3/s)
Electrical power (W) Mechanical, or pump power (W)

Voltage * Current = Power Pressure x Flowrate = Power



Sizing up a battery — parallel and series circuits

In series circuit (S), output voltage increases, @ v — 36V
current stays the same Total — -
1.2 1.2 1.2
\' \' \'
In parallel circuit (P), output ¢yrrentincregses, 03
voltage stays the same A
@ Vrotar = 1.2V
® 12 0:3A
0.1 0.1 0.1 |'
A A A
Batteries have maximum safe operating voltage 0.3 Itotar = 0.34
(and current) A

Approx. 4V for Li-ion
1.2 -1.5V for NiMH

Increase voltage and current by connecting in P
and S



Sizing up a battery - capacity

| = Current, in amperes I

~ 1O

C = Charge, in coulombs

t = time, in seconds Capacity =1 *t

C
Capacity = =xt
Capacity, measured in amp-hours t

(Ah) Capacity = C

1 Ah capacity can supply a current of 1 A for 1 hour



Sizing up a battery - energy

E
Capacity (Ah) P = ?
Voltage (V)
E —_ P * t Voltage * Current = Power
Power (W)
Energy content (Wh) E=V=xIxt
| I

Capacity

Hence, energy content = capacity x voltage
Units of energy content in a battery given in watt-hours.



Sizing up a battery — C-rate

Rate of charging/discharging of a battery
Quoted as multiple of capacity of battery

For example: taking a 3 Ah battery

1C 3
0.5C 1.5
0.1C 0.3

0.01C 0.03



Problem 1 — Boiling the kettle

2 kW kettle
Takes approx. 45 sec to boil 1 cup of tea

kJ
2 =455 =90k

or 25 Wh



Problem 2 - charging your phone

3000 mAh capacity (Samsung Galaxy S8)
Charger capable of 3A
Charging time (nominated 0% to 100%) approx. 1 hour (1C)

Voltage: 5V
Energy consumed = 3A x 5V * 4000s

Q0 k/or 10 Wh,

@ & [][



Comparing energy storage techniques

Decreasing storage weight
Comparison of specific power and specific energy

10.000? ‘éswu _ . ; O)j

- Capacditor 1 A
- | il
-~ | | Flywheel
4
5 1,000 .
Fuel cell

[
g 2
o SMES
Q
2
o >
:g’- 100:E ———r————+—ivReF——f§ N .

: : Lo : - | |INiCd||NaS ||

I Lead-add i

ZnBr -
, TES
10 1 ! 1 | | I ! 1 ] | Y | 1 ! 1 e S L
1 10 100 1,000
Specific energy (Wh/kg)
Increasing storage weight

Luo, X., Wang, J., Dooner, M., Clarke, J., 2015. Appl. Energy.



Comparing batteries

400
T Li metal
- ('unsafe')
[}]
s %
= |
§ 300 E
©
> &
2
S 200
>,
o
@
s
L
100
Lead-
acid
3 Lighter weight —>»
1 1 I 1 | I
0 50 100 150 200 250

Tarascon, J.-M., Armand, M., 2001. Nature.

Energy density (Wh/kg)



Lead acid

Negative plate:
Pb(g) + HSOL}_(aq) - PbSO4_(s) + H(-th) + 2e”

Positive plate:
PbOy(s) + HSOy(qq) + BH&lq) +2e™ = PbS045 + Hy0(y)

Overall reaction:
Pb(s) + PbOz(S) + H2504_(aq) - PbSO4.(S) + HZO(I)

Battery voltage roughly 2V
Overcharging can cause water splitting

Measure state of charge by

Measuring voltage,
Gravimetric measurement of electrolyte

May, G.J., Davidson, A., Monahov, B., 2018. J. Energy Storage 15, 145-157.

® ©
PbO, <—Pb
positive negative
plate plate

—— separator
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Nickel metal hydride

Negative electrode:
H,O+M+e~ & OH  + MH

Positive electrode:
Ni(OH); + OH~ & NiO(OH) + H,0 + e~

Hydrogen ion shuttling back and forth
Nominal voltage of 1.2V

'S
I
1 1D
i
S
(@]
o lio
o e AAA @




Lithium ion battery

| . . Ty e
ntercalation reactions occur
Lithium-ions move into material lattices = o +
Lithium ions shuttle back and forth - & }
Graphite stores lithium when fully charged Z‘i?
Cathode accepts lithium during discharge ziii
Anode Cathode

(Graphite) (LiCo00O,,



Cell configurations

a Cylindrical

Thickness: 10mm

Pouch; - \“\\
—_—

S " I n stacks of
eparator
Cathode _\ anode—separator—cathode
Separator
Anode
Pouch

Cylindrical cells are most efficient
Can be wound with high tension
Commonly made into 18650
AA batteries are 14500, not usually lithium ion



Lithium ion battery calculations

What is the minimum amount of lithium in your smartphone?

Smartphone battery capacity around 2500 mAh (2.5 Ah)
9000 C(oulombs)
5.61798 = 1022 electrons
5.61798 * 10?2 Lithium ions
0.093 moles of Li
0.6475 g of Lithium

0.6475g of lithium metal was required to make the battery, but no longer in elemental
form in the battery.



Lithium ion batteries for EVs

Tesla Model S 85
85 kWh battery pack
18650 cell type

6 cells per module, 16
modules

74 in parallel
7104 cells total
360V

Nissan Leaf
24 kWh battery
Pouch-cell type

4 cells per module, 48
modules

32.5 Ah per cell
192 pouch cells total




Nickel Iron battery

Discharge reactions:

Fe+ 20H™ - Fe(OH),+2e~
2NiO(OH) + 2H,0 + 2e™ - 2Ni(OH),+20H"
Start with iron, dissolve in sulfuric acid:

Fe+ H,50, - FeSO, + H,

Precipitate by dissolving in a strong base:
FeSO, + 2KOH — Fe(OH),+K,SO0,

Overall charging reaction:

Fe(OH),+2Ni(OH),— 2NiO(OH) + 2H,0 + Fe




Capacitors, supercapacitors

Store charge in an electric field

Metal plate

Charge stored is directly related to: / o

Distance between plates - Blecic field

Distance d //__ ______
Surface area of plates nmoves | £ /
'//

Permittivity of dielectric

—
—_—
—




Capacitors, supercapacitors

Ceramic capacitors

Small capacitance Anode>
Used in electronic circuits for smoothing

Cathode
current

collector

Electrolytic capacitors

Makes use of an electrolyte (solid or liquid)
High capacitance
Oxide layer on metal is the dielectric
Asymmetric oy

Separator

‘!lectrolytic

cathode




Capacitors, supercapacitors — EDLC

Electrochemical double-layer capacitor

Charge separation -+
. : NS
No electrochemical reaction B2 €
: : : + OO
Chemical reactions can be introduced Ry
W G
Called pseudocapacitance o
Transition metal oxide electrode material O

Conducting polymers >

)
——————————— ————— " ———
) LR

.= lon Permeable Separator

-
|

Current Collector

;"';.‘
Y e
(»x.

o) Carbon In
o5 " Contact with
“<.): i an Electrolyte

{ \.’ "3 -
-y
Gr™

“5
(’_'l- 4

\ 'r_-)' p-

res o = Electrolyte lons
\' \_ |
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Simple symmetric EDLC construction

Components:
Electrodes
Electrolyte

Current collectors
Separator

Preparation:

Electrode usually in powder form, need to be made into an ink
Electrolyte — salt solution that won’t evolve gas, and similar ionic radius
Current collector — low resistance metal strip
Separator — prevents short circuit between electrodes



Batteries vs supercapacitors

Relatively slower rate of charge/discharge Quick rate of charge/discharge
Higher energy density Lower energy density

Energy stored in chemical reactions Electrostatic charge is stored, no
chemical reactions

Lower durability (cycles to failure) Higher durability, approx. 100,000 cycles
approx. 1000 cycles
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Drip Irrigation

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

In an 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).)




Printed Soil Moisture Sensors for Drip Irrigation

* Uses printable
conductive ink

V> JWV\’«((T;

Backscattered | [Interrogation
signal

RFID
Reader

* Doped titania
nanoparticles

signal

* RFID interrogation

* Moisture affects g
impedance z [

e Can be used for A
chemical detection | et W N S A
(CO ) & N — Vet 50il: &, = 20 : : : : :

700 750 800 850 900 950 1000 1050 1100
Frequency (MHz)

Fig. 3. Simulated reflection coefficients (Sy;) of the proposed soil moisture
sensor in air. dry soil and wet soil.
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Niobium-doped titania nanoparticles

* Chemical synthesis

* Reagents:
e Titanium chloride
e Niobium ethoxide

* Tert-butyl alcohol

* Challenging to produce printable
consistency

* Requires screen printer

e Alternative to titania is silver nanoparticles

248



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 S5
* (cost does not include smartphone)



Electronic sensor

* Capacitive sensor
 Additional Sensors included, but
not necessary
* Temperature
* Humidity
* Light
 Expandable (NodeMCU

microcontroller has many digital
/0 pins)

e Soil conductivity measurement?




Field test

* Tested in field

* Initial reading taken
* Reading increased when water added
» Reading decreased as soil dried (10 mins)







ull Vodacom Lesotho 3G 12:50 PM <4 36% @ _)

) A, = =

+19.69ft

10085.49"

Coordinates +16.40ft

29.0651°5 28.4063F
-29° 3’ 54" 28° 24 22"

Barometric Pressure (Device Barometric Sensor)
10.25psi 70653.50 %
Pounds per Square Inch Pascals

20.8640 nt 529.94 mmHg

Inches of Mercury Milimeters of Mercury

10.65K 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)

2)

3)

Manufacture of moisture sensors targeting initially foreign
development funding for drip irrigation systems and later
the larger Ethiopian agricultural market.

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 installed
equipment. Market expansion will take advantage of
expertise and centers at TUoS and UC.

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.
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Strengths

e The proposed sensor design is efficient, sustainable,
cheap and easily constructible
Availability of trained human power with technical
expertise
Associated Universities management have a strong

commitment and initiation to the implementation of

the project and are pioneers in irrigation regulation

Opportunities

Promising market in the rural area of the region
Development of the sensor technology to suit other
applications

Possibility of sensor being produced from
sourced starting materials in the near future

locally

Provision of taxes relief by the government to import
inputs to the solar panel production plant

Weaknesses

e Need for full characterisation and scale up production
of sensors
e Need for RFID devices for measurement read

Threats

e Delay at maritime transit and shortage of foreign
currencies
Lack of basic knowledge and trust of the customers in

purchasing the product manufactured locally




Go to other slides
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Non-PV Solar
Solar desalinisation/Solar disinfection

Solar hot water

Solar boiler for electricity
Solar chimney

Solar cooling

Solar cooking

Solar charcoal processing

Solar redox hydrogen processes
Biogas

Algae for food

Oil from algae

Summary of the potential for technical business opportunities
to solve development problems
Questions



Non-Photovoltaic Solar Energy Harvesting

Figuee 2.1 Total energy resources

Solar Chimney
Solar Greenhouse
Biomass

Solar Heat
Passive Solar

Solar Water Heater _ —
Solar Oven
Desalination

Solar Towers
ZnO Redox Reaction

Biomass/syngas
SolarThermolysis S Nt Arirvdenrn Conmed, JOO0. aer Crg. Cammgiam and S (wgndiinind . €4, T

Solar Electricity & Electrolysis —

Algae Tower Solar energy & the Lasgest energy sesowrce on Lath - and & neshaustitie.




Solar Desalination/Water Purification

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



http://www.youtube.com/watch?v=GrPRnaS449w

Solar Desalination/Water Purification

L] » o "w x e o B -

FCURE 426 Basic operation of a solar sl Johen Doy 1900

PCURE 427  Moasarod basin solar soll snssal performance e Las Creoes, New Moo, on & squane
st Dases (Zacheez, 2000,

Seawater

Distilled water OUT
Brine OUT

FIGURE 8.3 Schematic of a cascaded solar still.



Solar Desalination/Water Purification

TABLE 4T

Sandia National Laboratories Stll-Water Quality Test Results (Zirzow, SAND92-0100)
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Microbial Test Results for Solar Stills
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FIGURE 4.28 SolAqua solar still village array under test at Sandia National Laboratories.



Solar Desalination/Water Purification

Figure 79 Diagrow of ¢ pit soler sl

Figure 7-2  Demonstration sedar saill

Figure 7-5 A wier ol o0 apemamson. bmage coumesy © U S Deparsmens of Agnositere— Agnouiursdl Reseanch Sorvice



Solar Desalination/Water Purification

FIGURE 8.1 Schematic of a solar still.



Solar Desalination/Water Purification

Inflated plastic cover design

!

A

i,

7

V-shape plastic cover design

FIGURE 8.2 Common designs of solar stills.

s s

Single-sloped cover design

- o i

Greenhouse-type design

> il il

Inclined glass cover design



Solar Desalination/Water Purification

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

Rejected brine
A | e Seawater
f - - Heat T Heat
. y - Distillate
Solar system section saclion Blowdown
Ed )\
T - - >
v Recirculated brine
- <

FIGURE 8.5 A multi-stage flash (MSF) process plant.



Solar Desalination/Water Purification

Steam Vacuur: .
Flash
vessel 1™ 1™
Solar system | | =========
"""""" |
Solar pump Ty, Bowdow:
L Seawater
VWV A
Distillate

>

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



Solar Desalination/Water Purification




Carocell Australia
S

CAROCELL™
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https://www.youtube.com/watch?v=mPzFfqaXkJU
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https://www.youtube.com/watch?v=RYRuQCMG1Uk

Seawater Greenhouse

% R —-

Nlldv.mu,u - Frosh and humes treede

5

Figure 3. The surrounding area from &) Figure 4, Two yoars into operation &
the front of the greenhouse from the back of the greenhouse
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e
A restorative approach to agriculture



https://seawatergreenhouse.com/

Solar Heat Collectors



Do it ¥ourse|fwebgaﬁe

http://www.n3fjp.com/solar/construction101/construction101.htm
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http://www.n3fjp.com/solar/construction101/construction101.htm
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@ Direct or open loop systems, in which potable water is heated directly in

the collector.

@ Indirect or closed loop systems, in which potable water is heated indi-
rectly by a heat transfor fuid that is heated in the collector and passes
through a heat exchanger to transfer its heat 1o the domestic or service

walter.

o Natural (or passive) systems.
o Forced circulation (or active) systems,

Table 5.1 Solar Water Heating Systems

Passive systems Active systeans
Thermosiphon (direct and indirect) | Disect circulathon (or opes loop active) systems
Integrated collector storage Indirect circulation (or closed loop active)

systems, isternal and cxiernal heat exchanger
Air sysioms

Heat pump systems

Pood heating systens




Passive Systems

Hot water

Awdllary
=]
Storage
tank

Insudated pipe

FIGURE 5] Schematic dagram of a thermosiphon sollar water heater.
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L)

FIGURE S.2 Thermosphon sywtem configuratons. (a) Flae plate colector configueation.
(2) Evacuated tube collector configuestion
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Solar Heat Collectors

Table 3.1 Solw Energy Colectors

Header and riser =" 2 Serpentine ’ Motioa Collecser type Absorber Concestration Indcative
o /A Quret npe oo wmperacire
. * raage ("C)
. 4 ! ‘ ‘
Pae plate collecsor (M9C) M ! oo
. le Evacuated nube collecior Flar I S0 200
Sadosary | (ETC)
- ' - -
&) Compoand parabolic Tubslar 1-3 [
collector {CVC)
1 -
515 6 WD
Lmcar Fresnel reflector Tobwlar 1040 0.2%
(LFR)
Single-axis | - - -
Taxking CyWndrcal moagh collectw  Tebular 1550 - WD
CTC)
Parabolic trough collector Pabalar 1085 00
FTO)
Parsbolic disk reflecuor Poant SO0 2000 1001 S0
Two-ana (PDR)
n,
» TAERE | Heos feid collector Peent 001300 150-2000
) (HFC)
PFIGURE 3.1 Typical fat-plate coliector. (a) Pictonal view of » flat-plate collector A A
(b) Photograph of a cut header and riser flat-plate collector Neve Comcenivation saf v defined @ A apertre aven dvded Iy e recetveriabmrier arew of e

collecme




Solar Heat Collectors

FIGURE 303 Schematic of » parabolic rough collector

@)
FIGURE 304 Photos of acoual parabelic trough colectoes. (3) The EwoTrough (from

wwrw S2p dafen/hml/progects/detal i 1043) (B) An Industrial Solar Tedhnology
colector.



Solar Heat Collectors

Sur rays
Frosrel
lens
(a)
Sun rays
)
m

FIGURE 317 Freane colectors. (a) Frene lees collector (FLC) (B) Linear Fresnel-type
P abobe trough colector



Solar Heat Collectors

Sun rays
£
{JT)) Receiver
™~ Parabola
" Two-axis tracking
() mechanism

)] N —

FIGURE 3.20 Parabobc dish collector (a) Schematic dagram (b) Photo of a Evrodsh
collector [from www paa o5/ webeng/inatalaciones/ discos M)



Solar Heat Collectors

FIGURE 10.7 Heliostat detad of the Solar Two plant [source: www energylan sandia
Qv surtaly reerview Mm).

W (http://en.wikipedia.org/wiki/Stirling_engine)

FIGURE 0.8 Photograch of a dish concentrator with Stirling engine (source:
wensnsgyn sadhgudnnhiipdiyithen pdf Sterling Engine Water Pump (Large

(http://www.youtube.com/watch?v=CEBuzq5ilqk)


http://www.youtube.com/watch?v=CEBuzq5iIqk
http://en.wikipedia.org/wiki/Stirling_engine
https://www.youtube.com/watch?v=wfDWDqyToBg

> >
' Electricity

p .
Optional
thermal Heat
Collector energy Boiler |—X engine Generator
storage u
\K @ Reject heat
Pump

Pump
FIGURE10.1 Schematic diagram of a solar-thermal energy conversion system.



Solar Heat Collectors

/ \.\

\
PIGUIE 328 Dutad of & heltostat / \
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PIGURE BAB Schwarmatic diagr s of & dowmswerd Tacing receher Smemated from an LN
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Solar Heat Collectors

565'C _\_
Hot salt Cold sakt _j‘m
storage Steam storage
PO Condenser
% Turbine Q

FIGUREL10.5 Schematic of the Solar Two plant

x| - o b &
PFIGURE10.8 Photograph of the Solar Two central receiver plant (source: wew
energylan sanda govseniatySnapshot/STFUTURE HTM)



Solar Heat Collectors

565°C
Hot salt Cold sakt
slorage Steamn storage
gonormtor e |
Generator
Q— Turbine 47

FIGURE10.5 Schematic of the Solar Two plant

solaclres (Gemasolan)

How it works

http://mwww.youtube.cormywatch?v=GhV2LT8KVgA
https://mmw.youtube.conywatch?v=5nd7fGIVIXGIA

Locanor of Gemascl
Country Soan
Lozatic= Fuertes ce Ardalxla, Sovila
Cooranates ‘)"15291"'!5‘!9'“6'%'
Status Operatoral
Commuason date May 2011
Owners) Torresol Energy

5o tarm

Type ce
CSP1ochaciogy  Solar power ower
Helostats 285


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.

Moalterrsalts solar towers can generate electricity round the clock.



Aoroa Solar Ethiogia

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

Pholograpne

https://sustainability.asu.edu/research/project/aora-solar-tulip/


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

Table 10.1 Performance Characteristics of Various CSP Technologies

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

(%)

Parabolic 10-200 70-80 21 10-15 6-8

trough

Fresnel 10-200 25-100 20 011 46

reflector

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

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




Solar Chimney’s

Enviromission ‘Australia'

http://wmmw.enviromission.com.au/EVIV)/ content/about_companyprofile.
html

solac Chimpey Spain (Madrid), ‘

http://wmmzyoutube.cormywatch?v=XCGVTYtEFk



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

Solar Chimney’s

B

Gaborone, Botswana



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

Hot Water
Systems

| .

LTS S S

FIGURES.8 The complete solar ICS hot water system.




Hot Water

Hot water
oute”
"‘""_,"__”' | Ay [
- $ ﬂ
f Storagn Col:‘:iu
| s
',“ Y
/)»
J/ ,
-~
" Mhdm

PIGURE 5.1 Schemetc dagram of a thermosiphon soler water heater

®

FIGURE §2 Thermosighon system confguratons [a) Flat-plate collector configuraton
(1) Fvacuaned bte collector configu athon



Hot Water
Systems

Direct vs Indirect Systems

Array of solar collectors
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Hot Water
Systems
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Figure Y-10 Solar pool heating.
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Hot Air Heating Systems

Veessscsncenee {B:',:::::":... . o
FIGURE GAR Detadnd schamatic of & soliv s hasting syt
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FIGURE 614 Detailed schematic diagram of a solar space heating and hot water system
with antifreeze solution,
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FIGURE 617 Schematic dagram of a Somestic warler-10-wter heat pump system
(par sl arvargeeert)



Industrial Solar Water Heating Melk’elle Ethiogia

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

S88R B3IZ &&za



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

Solar Power Cooling



Mhnpzﬂwww.youtube.com/watch?v=6ooAAcsbf_0)
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http://www.youtube.com/watch?v=6ooAAcsbf_0

Psychrometric Chart
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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

A Enterng ar propertes
Tos = 190°F (433°C)
Tas 2% 22°C
R = 15%

5 Leawng ar rooenes
Ta=T8F 255°C
Ta=T2F 22°C

R =75%

o h ————

Fgure 2. Direct evaporative cooling process shown pSychrometrically.
Source: PsycPro software at www.Linric.com
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Figure 4. In an indirect evaporative
cooling process, the primary alrstream
fiows In a different channel than the
secondary alrstream. Source: Wang,
Shan K., Handbook of Alr Conditioning

and Refrigeration (2nd Edition),
McGraw-Hil, p. 5, 2001; www.knovel.
comviknovel2/Toc Jsp ?BookiD= 5685
VerticalD=0
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Evaporative cooling  Evaporative coeling Evaporative cooling generally
will work well ~ may work not recommended

Figure 15. Map of summer cooling load hours. Source: ARl Unitary Directory, August
1, 1992, to January 31, 1993, pp. 16-17; Air-Conditioning and Refrigeration Institute,
WWWw.energyexperts.org/ac_calc/oefaultasp.
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http://www.youtube.com/watch?v=cz-kquRmvqk

http://www.dairyreporter.com/Processing-Packaging/Sub-Saharan-

milk-cooler-project-awarded-1m-grant

Evanrative cooler to cool milk

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



http://www.dairyreporter.com/Processing-Packaging/Sub-Saharan-milk-cooler-project-awarded-1m-grant
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Solar Refrigeration Using
Absorption/Desorption/Evaporation



Carbon/Solvent Systems



AN ENENGY EFFICIENT SOLARN ICE-MAXER

A Vowmby
o oentind
Fan W00 205 10 o i

A Simple Solar Ice Maker -

Ny Ry by Gy

POW)
P,
evaporator P,
Moo TaT. Ta T .
1 Schematic of a prototype adsorption refrigerator
Fie * Fig. 2 Thermodynamic cycle for adsorption

The principle of the solid-adsorption ioe-maker is explained using 2 P-T-X diagram as shown in Fig2. To
begin with, the adsorption bed slosg with the refrigeram pets Bemted up, and whes it reaches e requred
desorption emperature(T_ ). the methanol pets desorbed. In the evening, the flat-plate collector (adworption
bed) looses its Beat to the surrosndings and hence the temperature of the adsorbent bed is reduced rapidly (T,
o ), md B prossase in the adsorber drops 0 & valee below evaporstion prossure (1), Hvaporston cosld
happen if the connecting valve is open. and ke will be male i the refrigeration box,

A lsborstory prosotype system built is capable of peoducing 4 10 S kg of ice & day and could ackieve & COP of
about 0.12. The 1otal sizo of the ico-maker is abost | cu m, and woighs about 50 kg. The cxporimental sosts
were camiod out & vamous working conditions (-10°C < Ty < -5°C -~ evaporation: MF°C < T < 45°C -
condensation; 100° C < Tg < 105°C - generation). The refigerator porformance (Specific cooling power, SCP,
and the amount of ice made per day ) ot the cvaporating temperatere bty (T, » -10°C sd T » 15 'O
shown im Table 1. The performance is relatively low mainly because of the high cycle time(oaly cne cycie 2
day).



A Simple Solar Ice Maker (Anthony Tong/Amanda)

Methanol/Carbon Based

Absorption Refrigerator/Ice
Maker



Amy Ciric University of Dayton (W

Ethanol/Carbon Based

Absorption Refrigerator



mailto:aciric1@udayton.edu

Improviag ke productivity and performance for an activased
carbon/methanol solar adsorption loe-maker
Naol AA Quaem, Maged AL B} Shanrewi*

Mo bt Pging P s By Pt | bt of P @ W BIVPW W 500 St b

A Simple Solar Ice Maker

T
m— ot :
Candemser | Condomsm | g
= T mpe .

T. Tc T, Tw Tn T‘
Fig 1b. Schematic view of the adsorption process on Clapeyron diagram.

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

adworbent and adsorbate as shown in Fig 15 by lne 1-2
(Isosteric healing process, s constant comcentration of
the ndsorbate = x...). When the sdsorbent bod pressure
reaches the condenser pressure, the adsorbate vagor &if-

Thore is a single adsortent bod i the mtormatont solar
adsorptaon cooling cycle The adworptaon vystom commnts of
three mam parts solar collector with adsorbent bad where
activaled carbom is placed, condomscr and cvaporalor &
show in Fig. 1a. The opcrating cycle of the systoms has four
processes & shown in the Clapeyron Sagram & Fg 10,
The hesting process (1-2) aad e dosorbeng process (2-
J) represent hall the e wisie e cooling (3-4) ad
adsorplaom (4-1) procewses reprmscat the other hall. Dering
solar encrgy that raises the temperature of the pair of

fuses from the collector 10 the condenser and condensed
there (line 2-3, desorption process sl condemser pressure).
So the concentration of the adsorbate in the reactor reaches
the minimum value (x...) ot the end of thes desorption pro-
coss. This process is followed by cooling the gemerator (line
13-4, isostenic cooling process). Then, the bgud adsorbate
flows from the condenser to the evaporator where it vapor-
izes by absorbing heat from the water 10 be cooled. As a
result, the liquid waler in evaporator becomes cold or
may be converted totally or partially im0 e Affter that,
the adsorbent adsorbs the refrigerant vapor that & coming
froes the cvaporator (line 4-1, adsorption procoss 4 cvap-
orsmor peassure), Thus, the heating and cooling procewses
arc run &l constant concentration of adworbate while the
concentration of refrigerant vancs through adworption
and desorplion processes,



Improvieg ke productivity and performance for an activated
carbon/methanol solar adsorption loe-maker

A Simple Solar Ice Maker Natl A A Quaen, Maged AL B} Shanrawi *

M bl Mg g e e B g Pt et o A @ Vs 811 PN M % bt b

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

Acoltector = Im?

My =20 kg (AC-35)

13 Sesinbess steel tubes (2 mm thick, 7.3 ¢cm OD)
2 cm OD lower pass tube

Back lnsulation (10 cm thick, k=0.038W/m.K)
Sides inswlation (5 co thick, k~0.078W/m.K)
Siagie glasiag cover (3 mm, 7~ 0.9)
Selective coating c'.- 0.9, ow™ 0.0s

Tilr saghe » 26.30

T (dymamic)

Tamb (dynamic)

'r (dymamic)

Stalaless steel water tank
- et 45 Ay

-y~ Thg

o m?
wamic)

Fig. 2. Schematic details of the system.



Ammonia/Water Systems
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Sketch of Larry D Hall's homemade icyball
Presoure gauges, service valves, oight glaseco
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Rural Milk Preservation with the ISAAC Solar Icemaker

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

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

ISAAC write—uE

Figure 4. Three more unats installed in Kwale District at Kidzo Farmer's Dairy Co-
operative.


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

Rural Milk Preservation with the ISAAC Solar Icemaker

Carl Enckson
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 cach.

Figure 6. Milk is chilled in an ice-bath milk chiller. Each ISAAC produces mough'
chill 100 liters per day.



Rural Milk Preservation with the ISAAC Solar Icemaker

Carl Enckson
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 becycle.



Rural Milk Preservation with the ISAAC Solar Icemaker

Carl Enickson
Solar Ice Company
627 Ridgely Avenue

Annapolis, Maryland 21401




Rural Milk Preservation with the ISAAC Solar Icemaker

Carl Enckson
Solar Ice Company
627 Ridgely Avenue

Annapolis, Maryland 21401

Figure 11. The system is operated by manual valves. Operation is routine and casy to do.
The valves are operated in the moming and late afternoon. Water to be frozen is put into
the evaporator in the afternoon,; it is ready to be removed as ice carly the next moming.



WThttp://www.energy-concepts.com)



http://www.energy-concepts.com/

201 A2

212

-

217\

U

—
—

2117 203
219

Referring 1o FIG. 2, weak absorbent solution in conduit 201 is separated into volatie component vapor of at least 56% purity
in conduit 202 and strong absorbent liguid in condut 203 by fractionating apparatus comprised of fractionating column 204
and co-current desorber 205, Prahaater 217 (an “absorption haat exchanger” (AHX) in this example) heats the solution ©
near saturation Semperature before it is dvided by divider 208 0 a reflux stream for column 204 and a feed stream for
desorber 208 Desorbed mixture from desarber 208 is saparated and fractionated in column 204 1o bottom liquid and
overhaad vapor, and the botlom Squid causes addional rebal via heat exchange from GMX 210. Distitled vapor in condut
202 s superheated 0 suparheater 218 and work-expanded in expander 219, The superhestng is done over the same
approximate lemperatune range as descrption, Le., descrber 208 and supernoator 218 are heated In paraiel, Bwus maxdimzing
the tlemperature glide ineanty The expanded vapor is absorbed into the strong absorbent after pressure letdown by valve
211, in absorber 212, cooled both by external fuid in the colder section, and by absorbent in AHX 217. Pump 220 completes
he absorbent cycie. The low lemperatiure ghde heat can be gecthermal quid, solar hested Iguid, combuston exhaust gases,
oic. Thus, & simgple, economicel, and highly efficient absorplion power Cycle is reskzed http://www.google.ch/patents/US6715290



http://www.energy-concepts.com/

The basic operation of an ammonia-waler absorpion cycle Is as follows. Heat is appled 10 the generator, which
contains a sokston of ammonia water, rich in ammonia. The heat causes high pressure ammonia vapor 1o desord the
solution. Heat can either De from combusson of a fuel such as dean-buming natural gas, or wasie heat ffom engine
SRS, 0N INdUSal prOCcesSes, SO NAAL, OF ANy 0N RAAL SOUrce. The Ngh DresSue ammona vapor fows © 8
CONSenaer, ypically Cooled Dy Sutioor . The S™mOonia vagor CONSnses N0 & Noh Dressue liquid, releasing heat
WRICH G De used r Droduct hesl such 8s space heaing

The high prassune ammonia lIgud goes Prough 3 reeicson, 10 he low prassure side of P cycle. This hquid, at low
pressures, Dolls or evaporaies in e evaporator. This provides he cooling or refrigeration product The low pressure
vapor fows D the absorber, which contains a water-rich soluton obfained from he generator. This soluton absorbs
the ammonia while releasing he heat of absorpton. This heat can be used as product heat, or for internal heat
recovery in oler pars of he cycle, thus unicading the bumer and increasing cycie efficiency. The solution in the
ALSODAr, AOW ONCH AGAN MCh in AMMONG, IS PUMPEd 10 T QENEAIY, Whare it is Mady 10 DAt I Cyde.
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FIGURE 6.27 Schematic of the ammonia-water refrigeration system cycle



Michael John UDSM
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LiBr/Water Systems



Figure 13,1 Diagram of two-shell lithinm bromide
cvele water chiller (ASHRAE, 1983),

LiBr/Water

Refrigerator

1) Evaporator: Water 8s the refrigerant enters the evaporator atl @ very low pressure and temperature. Snce 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 haat from the substance to be chilled and gets fully evaporated. It than enters the absorer.

2) Absorber: A concantrated solution of lithium bromide is available in the absorber. Since water is highly soluble in
Ithium bromide, solution of water-lithium bromide is formed, This solusion s pumped 10 the generator,

3) Generator: Heat is suppiied 10 the refrigerant water and absorbant ithium Dromide solution in the generator from
the steam or hot water, The waler becomes vaporized and moves 10 the condenser, whare it Qets cooled. As waner
refngerant moves further in the refrigeration piping and though NazZies, &5 pressure IS reduced along with the
temperature. This water refrigerant then entars the evaporalor where it produces the cooling effect. This cycle is
repeated continucusly. LEhium bromide on the other hand, leaves the generalor and re-enters the absorber for
absorbing water refrigerant.

As seen in the image above, the condenser waler is used 1o cool the water refrigerant in the condenser and the water-

L Br solution In the absorber, Steam Is used for heatng water-Li Br solution in the generator. To change the capacity
of this waser-Li Br absorption refrigeration system the concentration of Li Br can ba changed.
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PIGURE 623 Schamatic dagram of an sbecrpticn refrigeration system

FIGURE 6.24 Presvire tomperatiune dugram of a srghe effect i wate: atecrpcn
cyche.
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FIGURE 623 Schematc dlagram of an absorption refriges ation system
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FIGURE 6.25 Duhring chart of the water-lithium bromide absorption cycle.




SOPOGY Solar A Conditionine L[

http://www.youtube.com/watch?v=2usC_Bb1LSw

Coolng bad

Time of day(h)


http://www.youtube.com/watch?v=2usC_Bb1LSw

et PPN Al L
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. ]
Labeled photo of a domestic absorption refrigerator. &
1. Hydrogen enters the pipe with iquid ammonia
2. Ammon@s+hydrogen enter the inner compartment of the
refrigerator. Change in partial pressure Causes ammonia 10
evaporate. Encrgy & being drawn from the surroundings -
this causes the cooling effect. Ammonia+hydrogen return
from the nner part, ammona returns dDack 10 adsorber and
dissolves in water. Hydrogen is free 10 rise upwards
3. Ammona gas condensaton (passive cooling)
4. Hot ammona (gas)
5. Heat nsulaton and separation of water from ammona gas
6. Heat source (electric)
7. Absorber vessel (water + ammonia solution)

How it works:AbsorRtion Refrigerator

https://youtu.be/udeSVyx6_9A

Industrial Solar Refriserator in Tunisia
http://www.youtube.com/watch?v=EPbjwv-7fWI|



https://youtu.be/udeSVyx6_9A
http://www.youtube.com/watch?v=EPbjwv-7fWI
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FIGURE 6.28 Schematic diagram of a solar-operated absorption refrigeration system.


http://www.youtube.com/watch?v=AtMC2MXc_n8

Einstein Refrigerator
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http://www.ted.com/talks/adam _grosser_and_his_sustainable_fri

dge.html

Ted Talk oo Develonine Wold Refr:



http://www.ted.com/talks/adam_grosser_and_his_sustainable_fridge.html
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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

RRARLTT * 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.

In Stock.
Want it Saturday, Oct. 147 Ordier within 8 hes 21 mins and choose

Two-Ouy Shipping at checkout. Detads
Sold by Bestf ve and Fulhiled by Amazon. Gift-wrap available.

+  [Bestfire Advantage] — A bult-in removable shelf for cifferent
capaticy and demand, which makes this 121 fridge holds up to 4



AC100-245V Acapror

-

COWWN
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,¥5650

Sale: $1,998.80 & FRet 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 a5 s00n a3 Nov. 6 - 29 when you choose Standard Shipping at
checkout.



ISR IR C AT

3-5% propylene glycol in water

Solar Powered Medical
Refrigerator, 15 liters

Caegory. '\

Fre-Quafed by the World Haalth Organzation MWHO e SunDarger BFRV1S prow
VECCNe S1Ira0e using solar drect-arve batery-free technology. Desgred ¢

with DIV and PATH, the BFRVES solves a very mponiant protiem n e

han by eimnating the need o batieres

Features

¢ Meets WHOQ X noar

® A 3 o

® MHegures no ban ¥

. ¥ Indepencient | F

. Tl e nohckes PV o o O

—

$2,495.00


https://sundanzer.com/product/bfrv15/

| l
| !

Total = $3500

100 Watts 100W Solar Panel 12V Poly Off Grid Battery Charger for RV
Mighty Max Battery brand product

by Mighvty Mas Battery

. dr v a9
59994 prime HRRERY -
Gt 1t by Soturday, Oct 4 Produsit Features

MLS-YOOWP is 12v 100 wett polyoryst

More Buying Onoices

$79.96 (3 used & new ofMers)

SunDanper

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

g 7 customer reviews

Price: $1,870.00 + $159.99 shipping

Get $40 o instantly: Pay $1,830.00 upon approval for the

Amazon.com Store Card NP GV 200 Armp NP 200A
ACM Do Cycm Camge y
Note: Not eligible for Amazon Prime. Cart BV Bost Solsr Wind Bettery

Get it a3 100n a8 Nov. 17 - Dec. 7 if you choose Standard Shipping at

checkout

Chine frewn and endd b Saunna Snlar Indd trise |t
FlexMax 60-Amp Sclar Charge Controller OutBack Power 150V GOA FMG(




Solar Cooking



Figure 61 A solar cooker being used im the
developing world, Image courtesy Tom Sponheim.

Project 11: Build a Solar Cooker
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Figure 6:8 The mirrored reflectors cur 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
stored out of the way.

Figure 69  The solar cooker ready and complete.

When the cooker is finished it will look like
Figure 6-9. It is now ready for cooking!



Fead 1> te rbed

Sinases s dresen

Figure 6-10 The set-up solar stove.
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http://video.nationalgeographic.com/video/environment/energy-environment/solar-cooking/

Advanced Ener“ S¥stems

VOINED - JOIN THE ENOLU TION
PORIABLE COOKER



https://advancedenergysystemsllc.com/hybrid-solar-ovens

Figure 4: "Rose Bud” Solar Cooker
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How a Scheffler reflector used for cooking keeps its focus
on the cooking place as the sun moves.



Schefller Reflector for Community-Kitchens




ror [18] Figure V.i.4 Scheffeler solar
community collector [19]



Figure 5: Parabolic Trough Design Overview



Fig 2 1 Meat ppe collection system

Figure V.iv.2: Berkley's Blazing Tube solar collector



To Cook at Night

-Large collection area focused to an insulated heat storage material
1500 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

-ldeally the head supplied to food would be adjustable

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



To Cook at Night
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Top View - Heat Retention Selar Oven Froat View - Hoat Retentian Solar Oven s lyerelilh
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To Cook at Night
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To Cook at Night

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

Cloan Water Reservoir “

Figure 3: PAX -style water pasteurizer with heat exchanger. Typical temperatures are shown in degrees Fahrenheit,



To Cook at Night

4 ; .

New Solar Stove Is Capable of
Cooking at Night

JOEN Cause
Roady Nurmon 107 5 3 223 9
0 Comrmara

a“
o O O O 00 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
excelient choice for running lights and
clectronics, they tend to fall short when it
comes 10 heating (especially cooking).

That's because solar panels only convert
roughly 15% of the sun’s energy into electricity,
and there are addtional losses when that
electricity is converned back into heat. Heating
always requires way more energy than electronics, so that means you're either going 1o
need more solar panels, or find an additional source of energy.
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Figure V.iv.3: lowa Design Side View

The Hawk Cooker prototype. PHoto countesy ol K. S

Udaykumar
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Heat transfer fluid is air

Heat storage material is Sand
Large parabolic collector

e bea

Also uses metal heat transfer plate -

Figure V.Iv.4: lowa Design Interor View([31]
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Transfer to cook indoors by wheels
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Mobie Storage Unit (sand+oil+metal) /

Reflector Stand '

Figure 7: Side View Preliminary Design Overview
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Figure 8: Preliminary Design Interior Overview
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Figure 6.3. All-Fluid Design.
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Georgia Tech https://www.engineeringforchange.org/wp-
content/uploads/2015/10/sol_r_final_report.pdf

Cold storage tank

Stove Top

Hot storage ton/ —

Figure VII.1. Depiction of the entire system



User Interface

Figure VILiii.1 Schematic of heat output subsystem
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Figure VILIiL3 Hea! dissipation col experiment setup.

Table VILIii.1 Heat dissipation experimental results

Fluid Flow Rate Fluid Inlet Coil Steady Coil Steady
(cm3/s) Temperature State State Minimum

(°C) Maximum Temperature

Temperature (°C)
(°C)

Water 1.6 99.3 93.3 928
Olive Oil 6.9 204 187 158
Olive Oil | 885 204 186 [ 163
Olive Oil | 10.4 204 1956 156




Matericl (5], [56] Price Advontoges Disodvantages
Highly refectve for
Polished the price,
Anodized 95.00% $75/m2 lightweight. Easly scrofched.
Alurminum Durable and ecsly
shopea,
ey
Mylor >98% ‘ngm’ "mm bubbies it glue storts fo
: give, requires a rigid
bocking
Not so reflective, corodes
A | e | B | e e " | when mixed with acidic
juices, structurally weak
Price of | Not very reflective. non-
70-80% Common material
Conkds | (o iumate) co&:d ond very cheap wam'omobxw
| Comes in plane, very
Very reflective
e |y [wrmm| oo | OMtioWiopooooe
Mivor (5 neaily exponsive than most but
unbreakoble
| long lifespon
$122.0/m: Expensive and comes in
Glass Mirror 9% 160) Very reflective | rigid plone, breckable ond
| heavy
Astofol | 7% | 34¥m? | Shong ond Not reflective Enough

(61

Reioble




Table 1X.1.2: Piping Material Comporison

Conductivity, Meiting Point

e Materal K (W) (43,
“ -
1425.1540°C
Stool Corbon Steel “ (48]
Copper Copper 0! | 1084C (49)
Crossdnked High-Densty T 130°C [44)
PEX polyethylene 0s!
CPVC | Chorinated Polyvinyl Chicride 014 175°Clé7]
PE Polyethylene 03 110°C [64]
PVC Polyvinyl Chioride 019 180°C [66]




Table IX.HL.1: Breakcown of origin of matericls of the Solir system.

Material/Component

Here/There?

Tools Needed (In
Rojasthan)

Cold and Mot storage
Tarks With Fafings

Built and sent
from India

Shovel ond wood

for cold storoge
ok stond

Colector Shape

Cut ond sent

Reflector: Mylor ond
Acryic

Cut ond sent

Solor collecior stand

Poing 1of systen

Stovetop ond Oven

from Indic
There
Piping in
Indo
Piping in
India, Clay
found there

Instaiation ond
Mantenance

{

Tools ond Education

of vilogers on on
Instaliation aond
maintenonce crew.
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Table DCIIL2: Material cost breakdown of the entire system
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Go Sun Stove ‘http://www.kickstarter.com/projects/707808908/gosun—stove—portabIe—high—efﬁciency—soIar—cooker)



http://www.kickstarter.com/projects/707808908/gosun-stove-portable-high-efficiency-solar-cooker
https://www.youtube.com/watch?v=AtpDwkzqvIk

Solar Drying, Solar Kiln

Solar Baking
Solar Charcoal
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https://pubs.ext.vt.edu/content/dam/pubs_ext_vt
030/420-030_pdf.pdf



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.

386




2.5 The stages in charcoal formation

As T wood & heated n D retort £ passes through definie stages on its wiry 1o conversion o charcoal. The formation of charcoal under laboralory conditions has
been studed and De folowing stages in the conversion process have been recogrised.

-#t 200 10°C
The wood atecrts heat a4 1t is dried giving off s momture a8 water vapour (stears). The temperature remains ot or sighly above 100°C unsl the wood is bone dry.
-# 1100 270°C
£ ra Taces of mater are gver off and the wood starts to Cecompose gving off some carten moroxde carben diasde, acetc acd and mehanc Heat is absorbed
- #2700 200°C

THS & P pONt & which axotharmic decompostion of the wood starts. Heat I8 evolved and breakdown coNtNus spontanecusly Providng the wood is not cooked below
s Secomgonton lerrperature Mued Gases ard vapours cortinue 10 bo gven off 1ogether with 30Mme lar.

- 8t 290 0 400°C

As Drashoown of T wood siructune continues, the vapours gven o comprise e combustible gases carbon monaxkde, Prydrogen and mathane together with carbon
Goxide gas and e condensible vapours: water, acetc ackd, methancl, acelone, oic. and tars which Begin 10 predominato as the lamperature rises,

« 2 400 0 S00°C

A 400°C P rarsformation of e wood 10 charcoal & practcaly complete. The charcos ol this temperature stil comans approcable amounts of lar, perhags J0% by
woght tapped In he stncture. This soft bumed charcoal needs further heating %o drive off more of the tar and thus raise the fixed carbon content of the charcoal 1o
ot TS% whch 8 normal for good qualty commercial charcoal

To drve off Ts tar e charcoal s subject 1o further heat iInputs 1o raise its temperature to about 500°C, thus completing the carbonisation stage.

CHITREEICT VLIRS EEEEIREERFIIE RIS

about 0.50 USD/kg in Tanzania


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

Design of semi-static solar concentrator for charcoal
production

G. Ramos® " and David Pérez-Mérquez*

a Instinuto Politéenico Nacional, CICATA-IPN. Cerro Blanco 141, Col Colinas del Cimatario, 76090 Querétaro, QRO, México

https://ac.els-cdn.com /S1876610214015501/1-s2.0-
$1876610214015501-main.pdf?_tid=2825d798-b4f4-11e7-b1ff-
00000aab0f26&acdnat=1508434819_32b09327f2c7717ac422cf07c
led471ce



TCA Huizache wood

Mars (W)

Temparature (°C)

Figare 1. Thermogravimetnic 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.



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 recelver,



http://solarcooking.wikia.com/wiki/Solar_charcoal
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Small solar charcoal kiln for cloth

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

Fresnel Lens

s/ blodecn oty o /inder oioa /o nic /227


https://www.bladesmithsforum.com/index.php?/topic/32781-charcoal-through-solar-power/
https://www.youtube.com/watch?v=8Makaciz3Xc

Home Solar
Charcoal Distiller
[vote

Pollution free charcoal g for,
generation - at home! *¥)

Charcoel has Seen ued for fued for millenda,
Produced by heating wood ' the absence of axygen,
It 1 Aearly pure Cardon, without the water o
VOLATIES That Chuse Smoky, Uneven ComBustion In
woOd. As Currently done, charcod production &
wasteful, Durning some charcoal to produce more,
Naty operation o sollute heavily, dacharging the
L and turpenting Sutiied from the wood Into the
an

The Solar Oharcost Datitler aliows you to make your
Own Charcoal at home, without Bathing your
NEHRON 1 Clouds of turpentine, The SCD kit (from
BUNGCO! ) comes with & large plastic Freaned lens and
8 special 1op desigred to Mt on & standard Weber
Kettie, Smply 0ad your Weber with branches and
SUCKS from your sesghomood, put on the special i,
Close Those i Wases At the Dottom, and set up the
Frasnel to Dathe your gril n concentrated rays (you
will Wt 10 remowe e wooden handies finst).
Already painted Dack »ith heat resistant paing, it
will oty be a few moments before your kettle glows
cheery red and your wood Degins to cook. Cook = all
day, and then when the sun gets low you will have a
kettie full of warm charcoel, ready for grilling
dirner!

The special Ud s Noued with 3 metal hose on the 1o,
Place the end of s hose In 2 Ducket of water.
Operating on the same principle as a hookah, the
steam and volaties cooked off the wood are cooled
and left In the water, for you to use later as you see
fit. 10 our test runs here at BUNGCO we used a lot of
eucalyptus and pime - the dntilied products proved
excellent for treating e bottom of the BUNGCO
yache!

— bungaten, Nov 20 2005

HomeTade sobtr Charcosl
BUEp: / Swewew, youlue. witchiv-BMaactz e
g‘w;‘l;r Chack, Backyard - check, [Dusgston, Jul

http:

ahlion

www.halfbakery.com/idea/Home 20Solar 20Charcoal 20Di


http://www.halfbakery.com/idea/Home_20Solar_20Charcoal_20Distiller

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.or df/JSBS 2016081016170057.pdf

Flgure 1. Indicates the focal point in the parabolic trough colbector.


https://file.scirp.org/pdf/JSBS_2016081016170057.pdf

Design and Testing of a Solar Torrefaction
Unit to Produce Charcoal

Rajaram Swaminathan®, Frans Nelongo Pandeni Nandjembo

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

https://

Figure 3. The unit.
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Figure 4. The tube imside temperature recoeded at regular interval starting at 9AM.

Charcoal
Figure 5. Shows the different woods tested and the chascoal obtained.



White Oak Charcoal 0% 21
Berchermia discolor 0% 1S
Acacia 0N pi ]

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 osk is lighter than those of Acacia and Berchemia.



http://www.scienceforums.com/topic/6307-solar-parabolic-
trough-charcoal-oven/page-18

§ o P A
Solar Parabolic Trough Charcoal Oven

S0 ths may be The most lowiech i9ea of making my irasnel lens actually make Charcosl, Dut | sctuslly Tink £ mght work. Ths came 1 ™
&5 | Was MSINg Ut & AGEONA! BUMe! ANG MO [Which G NOT WOk DRCAUSS | LSBT UNSARIONES. 1D DRCES Of wood). | Aewer oot P

refort 10 fire, but | came R with an idea. | am QoINg 10 take appie Saute Jars, Te Dig mothers, punch a few holes In e D, Pack Them Wik
mudch, and then st hem in Te fre 10 char and evertualy give Off wood gis 10 help fusl B burn for my 55 gallon drum

But | was Tuniing, why wouldnt that also work with a Fresnel directly on the muich in 1w jar? As long as | pack Te much Pere should e
relatively low cxypen Addmonally, as long as | don completely ocus the beam, & should get Mot enough 10 char everyting. The s
mnmmmmmmuwmmnumnwmuwm’q

| Pink the biggoest mistake | was making with the Frosnel was 10 just Iy 10 make one pont supper hot and then have
CONBUCIONCOMECION haa! e Matersl. TOO Samn Mmuch heat wis bsing lost 10 the ar sround me. Thoughts?

Ednt: hinding the most long and skinny jar | can should probably holp as woll

Turtla o £
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’L. Charcoal

Small Scale Biomass Collection Solar Charcoal Kiln

Syn-Gas For Uses Such As Electricity Production

Charcoal

Commercial Biomass Production Solar Charcoal Kiln




e Ind Eng Chere. Rex. 2008, 47, $710-57T22

Kinetic Study on Bamboo Pyrolysis

-o...'.... Edward L. K. Mui, W. H. Cheung, Visci K. C. Lee, and Gordon McKay*
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Producer 21%

g ) e proporton of revenue captured by different stakeholders dong e harcsal
N s captured Dy provate tanrs ofherwise knowe s Srdes Legaong and sepudating the cdarcosl sector could divert revere

captures nonw of the charcoul reveaue, yet 120 %
Som brbxes 0 povernment coffers without afecting Odarcsal prices o

Corsurty baty svadania @ S Varse Sowrcevect
5 Energy for Sustainable Development

-
Dispelling common misconceptions to improve attitudes and policy outlook on
charcoal in developing countries ™

Tuyent M Mwampanba ** Adridn Gholaedd ™, s Sander *, Kim Jean Chalx *

S -

— § Local brokers ~2%
) \ Local gov't ~3%
Transporters ~16%
Buyers ~8-18%
T Police (bribes) 20-30%
T Nairobi brokers ~2%

omvmadity chaen o Malawt A and Keapa (B Nooe how in Doth cases, the government

Orservers A 30 repr Suem rgme s s Jeedieng



Opportunities, challenges and way forward for e charcoul briquetie indastry s
Sub-Saharan Africa

Toyenl K Mwarmparsby *°, Matthew Owes . Massor Mgade
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Fig. L Ssakeholder analysis sevealing the central role of the driquetting operation along the brigueme value chan. A brigueting operation is influenced by several actons. Through sale of
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UDSM Charcoal briquette production Dr. Hassan M. Rajabu




Dr Hassan M. Rajabu’s briquette equipment UDSM







Kilning: The reaction front moves gradually from one sede 10 the other during interval 1<t<5
Air valves are controlled 10 provide combustion air al the reguired place and lime
Uncombusted vapour cools down on the heating load. The cooled vapour cannct ingnite and
gives dirty emissions

Retorting: Released vapour is combustad 10 1/ ndwectly provide heat 1o the load. and 2/ to
prevent dirty emissions

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



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

Wood Gas Byproduct

https://www.voutube.com/watch?v=fBYaP5KOAkKE

A retort kiln using wood gas



https://www.youtube.com/watch?v=fBYaP5K0AkE

A schemalic showing the wood gasifier built by Dick Strambrridge and Jem Stansfield for the show "Planet Mechanics™. Parts: A: wood B:
fre C. air el (s gong 10 4 nozdies) D reduction zone; containg charcoal; smoke goes trough the accumated charcoal and reacts with
I H20 and CO2 becomes M2 and CO D1 lop grating (movable) D2: lower grating (not movable) DI: handle: used 1o stirr up the wood 1o
provide evenly high lemperatiure over lop grating E: smoke F: single-cyclone seperator (coarse Niter) G: partially Mtered smoke H:
radisior (reduces heat of gas and hence condenses the gas, making it more flammable/potent) |: cooled, partially filered smoke J: fine
fller (consisting of clay balls on top of a grating) K: wood gas (= fully filtered, cooled smoke) L: airlgas mixer (replaces IC engine
carburator) L1: & inlet valve (operated via handle mounied to gear stick) L2: choke valve



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

Biomass/Syngas/Wood Gas

Moderate Scale Plant ‘http://www.dailymotion.com/video/xit4aj_xy|owatt—biomass—gasification—renewable—syngas_tech)



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

Auther oo

Poat date: Saturday, November B, 2008 - §:00am
Tom Mies
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https://terrapreta.bioenergylists.org/biofuelenergysystems
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Energy for Sustainable Development

Cogenerating electriity from charcoaling: A promising new advanced technology ™
Rogério Carneiro de Miranda **, Rob Sailis *, Adriana de Oiveira Vilels ©
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g 2 View of the Barrewrn posver plant Dodier [left phono | and detall weew of the fuel feeding system in the Dodler (righe phote L with the cennral hole (opes tube ) used for wood tar
ingecTion. and The mam Tound tude weed for steel farmace gas mpechon

2000 the Minas Gerals state power utility [CEMIC)’ operated 2
15 MW power plant designed to use tar as complementary foed to
hot exhaust gases from steel furnaces (Fig 2). The plant used tar &
the rate of 500 kg per howr. It required a tar filter and a heater o
reduce the viscosity of the tar before it was injected under pressare
Inside the bodler, However after 2009 CEMIC stopped using tar be-
cause the supplier found a more hocrative market (Miranda 2012)

Brazil
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H,O-splitting » Decarbonization

Concentrated
Solar Energy
Solar Thermochemical Electricity Solar Solar Solar
Thermolysis Cycle ¢ Reforming Cracking Gasification

~
{ Sequestration
Solar Fuels (Hydrogen, Syngas)

Fig. 2: Thermochemical routes for solar hydrogen production - Indicated is the chemical source of H;:
H,0 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].



H;0

»
Concentrated
Solar Energy
-
SOLAR h 1
M0, REACTOR > hG
MO, =xM+y20, —» |
) 1
HYDROLYSIS > H,
> REACTOR
xM + yH,0 = MO, + yH,
[syess M0,

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,0,). 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,O,. 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].



Zn =>7n0 C¥cle (http://en.wikipedia.org/wiki/Zinc%E2%80%93zinc_oxide_cycle)

Concentrated
Solar Energy 0, (vent)
(~7300 suns)
Metal Oxide Decomposition
Zn0O = Zan + 1/20,
2173 K

ZnO (solid)

’—---

- -~y 5 Zn (solid)
Water Splitting wiored)
Za+H,0 9 ZnO +H,
700 K J
. 7’
H, (product)™ o 247 _ .. H,0 (vapor)

VNIRY (http://www.hydrogen.energy.gov/pdfs/review06/pd_10_weimer.pdf)

E; ‘E H; ‘https://www.psi.ch/media/producingrpurerrecvcl‘mgrzmcrwithrconcentratedrsolarrenergy)
W (http://sfera.sollab.eu/downloads/Conferences/SolarPACES_2012_SFERA Meier.pdf)


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 =>Zn0O Cycle

(Solar Driven Redox Reactions)




Need to rapidly quench and dilute Zn + O2mixture

l

2

R LR R R R

Cold Zone



http://sfera.sollab.eu/downloads/Conferences/Sola Outline
rPACES 2012 SFERA Meier.pdf

100 kW Pilot Plant at MWSF
* Installation
» Commissioning

Scientific Background
» Solar ZnO dissociation at 2000 K

» Solar reactor technology CNRS 1 MW Solar Furnace
Odeillo, France

Experimental Results

« Solar reactor experiments

* Flux measurements

Outlook / Acknowledgements

SolarPACES Conference, Mamakecdch, Marocoo, September 11, 2012
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Zn =>27Zn0 Cycle
(Solar Driven Redox Reactions)

To put these costs @ penpective, comparison 1 the cost of
natursl gas is appropriate. The indestrial cost of naceral gas
is $0.246 kg, or, on an encrgy basis, $0.0046 /MJ° . Because
the heating valuc of satural gas s about twice that of syngas,
costs are better compared on an cnergy basas. Tabie 2 Bsts
the costs of solar syngas for 100MW,, and SOOMW,, planes,
for low cost water (S0.01 /L) and high cost waser (S0.1/L)
for all six carbom pricing scenanios. Assuming low cost
water and CO; captured from 2 power plast with a0
additional costs, the cost of solar syngas is 4 and S tmes the
cost of natural gas for the 100MW,, and SOOMW,, plants,
respectively.

CARBON NEUTRAL SOUAR SYNGAS: OOST AND POLICY OONSIENRATIONS

A e Mab ey N b Moape WA
) g g Vs Py o Vs
N g lehareme | g

In this analyws, we will comaider six possdle soenanos foe
priving CO;. carbon capture from a power plast (00,
carbon capture plus e social cost of carton (CCSCC),
carbon capture plus 3 carbon tax (OCstan), CO; supplicd by
a chemical supplier (Chem), CO; from a chemical supplier
plus the social cost of carbon (Chem+SCC), and CO; from a
chemical suppher ples a carbon tax (Chem+tax ).

TABLE 2: SYNGAS COST PER MEGAJOULE (MJ)

100 MW, SO0 MWy,

low H,0 high H,0 low H,0 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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Solar-driven gasification of carbonaceous feedstock—a review

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

Received 28tk July 2010, Accepted 28th September 2010
DOL: 10.1039/c00e0031 2¢

Given the future importance of solid carbonaceous feedstocks such as coal, coke, biomass, bitumen,
and carbon-containing wastes for the power and chemical industnies, gasification technologies for their
thermochemical conversion into fluid fucls 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 10 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 climination of an air scparation unit
further facilitates economic competitiveness. Ultimately, solar-driven gasification is an efficient means
of storing intermittent solar encrgy 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

Anton Meler' * and Aldo Steinfeld™ **
"Solar Technology Laboratory, Paul Scherrer Institute, 5232 Viligen PS|, Switzertand
‘Department of Mechanical and Process Engineering, ETH Zurich, B062 Zurich, Switzedand
*anton melerf@psi.ch, "akio. steinfeldBethz. ch

Fig. 1: Energy conversion

into solar fuels for trans-
' portation and power gener-
ation ~ Concentrated solar
radiation is used as the
energy source of high-
temperature process heat
for driving thermochemical
reactions towards the pro-
duction of storable and
transportable fuels.
Adapted from [1].




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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Sulfur-lodine Cycle




Sulfur-lodine Cycle

Advantages and disadvantages e
The charactenstics of the S-1 process can be described as follows:

« All fiuid (hquids, gases) process, therefore wel suited for continuous operation,
« High utilization of heat predicted (about 50%), but very high temperatures required (at least 850 *C);
« Compietely closed system without byproducss or efMuents (besides hydrogen and oxygen);
« Comrosive reagents used as inmermedarnes (iodine, sulfur dicxide, hydriodic ackl, sulfturic acd); therefore, advanced materials needed for construction of process
apparatus,
« Suitable for application with solar, nuciear, and hydrid (e.g., solar-fossil) sources of heat;
« More developed than competitive thermochemical processes (but still requiring significant development 10 be feasible on large scale).
newv Ve nLovs




Low-temperature, manganese oxide-based,
thermochemical water splitting cycle

Bngiun Xu, Yashodhan Bhawe, and Mark £ Davia’
Ohevaw Ergnmeng Codmas Pt de of Tebomiog Poatesa CA YN

Comtriatnd by Mat | Dawn, Agrd 11 0007 avt Ve teview Mgl & 0\
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1
2
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@, b and ¢ satisfy following relations: g + b+ Icmband (4 x)a+ b+ Bc= I8

Fig. 2 Schematc representation of the low-temperature, Mn Baned thermochemucal cycle
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H,O-splitting » Decarbonization

Concentrated
Solar Energy
Solar Thermochemical Electricity Solar Solar Solar
Thermolysis Cycle ¢ Reforming Cracking Gasification

~
{ Sequestration
Solar Fuels (Hydrogen, Syngas)

Fig. 2: Thermochemical routes for solar hydrogen production - Indicated is the chemical source of H;:
H,0 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].
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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,0,). 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,O,. 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 S 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.

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].




CH.0,0 r'”"m. “CO+ '/3“2 A4 f'W,MoO,J
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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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Round-the-clock power supply and a sustainable
economy via synergistic integration of solar thermal

power and hydrogen processes
Emre Genger®, Dharik 5. Mallapragada®, Frangois Maréchal®, Mohit Tawarmalani®, and Rakesh Agrawal™’

*School of Ohemmical € Purdue
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Ngneering, Urvwersity
Polytechmigue Fédivale de Lausanne, 041551 Son, Switzerand. and “rannent School of

[vted by Mar Joachim Schelinbuber, Potudem institute for Chmate impact Research (P90, Potadam, Germany, and spprowed

review July 12, 201%5)

We introduce a paradigm—"hydricity“—that involves the copro-
duxtion of hydrogen and electricity from solar thermal energy and
their judicous use %0 enable a sustainable economy. We identify and
implement yynergistic imtegrations while improving each of the two
individual processes. When the proposed imtegrated process is oper-
ated in a vtandalone, wiely power production mode, the rewdting
solar water power Cycle can generate electricity with unprecedented
efficiencies of 40-46%. Similarly, in standalone hydrogen moede,
pressurized hydrogen s prodced at efficencies approaching ~50%.

we envision that the stored hydrogen is used In a “turbine™ based
hydrogen water power (H,WP) cycie with the calculated hydrogen-to-
electricity effidency of 65-70%, which is comparable to the fuel ool
efficendcies. The H,WP cyde uses much of the same equipment as the
solar water power cycle, reducing capital outlays. The overall sun-to-
electricity efficiercy of the hydricty process, averaged over a M-h
cyde, s shown 10 approach ~35%, which is nearly the efficency
attained by using the best multijunction photovoltak cells along with
batteries. In comparison, our proposed process has the following ad-
vartages: (/) It stores energy thermochersically with & two- 1o Bwee-
foid higher density, (i) coproduced hydrogen has altermate uses in
ransportation/chemicall petrachesmscal industros, and (i) uniike bat-
teries, the stored energy does not discharge over time and the stor.
age medium does not degrade with repeated uses.

volar | ehectricity | hpavogen | soler thermal power | proces synthess
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Fig. 1. (A) An example hydricity process: SWH,P cycle with twostep
hydrogen production using the FeO/fFe;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. (8) H;WP cydle, hydrogen oxy-combustion in wa-
ter environment. CMB, hydrogen combustor.



Fig.1 Schematic for solar fuels production. Solar fuel feedstocks (CO,, H0, 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,0 are converted to fuels through two principal routes: (1) direct solar-driven CO; reduction by H,0 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).



ANALYSIS G
@g,,,g,fu A general framework for the assessment of solar
fuel technologiest
Cite this: Enevgy Erviron. Sai, 2015 &
1 Jeffrey A Herron, Jiyong Kim.$ Aniruddha A. Upadhye, George W. Huber

and Christos T. Maravelias*

The conversion of carbon dioxide and water into fuels in a solar refinery presents a potential solution for
reducing greenhouse Qas 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 captuning and sourcing the feedstocks (namety CO,, H,0, and solar energy) and in catalyticaly
comwerting CO, and M0, In the first part of this paper, we review the state-of -the-ant in solar energy
collection and conversion 10 solar utilities (heat, electricity, and as & photon source for photo-chemical
reactions), CO, capture and separation technology, and non-biological methods for convertng CO, ang
H;O to fuels. The two principal methods for CO,; conversion include (1) catalytic conversion using solar -
derived hydrogen and (2) drect reguction of CO; using H,;O and solar energy. Both hydrogen
production and drect CO; reduction can be performed electro-catalytically, photo-electrochemically,
photo-catatytically, and thermochemically. All four of these methods are discussed. In the second part of
Received 25th June 2014
Accepted 15t October 2014 this paper, we utize process modeling 1o assess the energy efficiency and economic feasibilty of a
generic solar refinery. The analysis demonstrates that the realzation of a solar refinery is contingent
DO 101030/chee0i95y upon signficant technological improvements in all areas described above (solar energy Capture ana
www rsc org/ees comwversion, CO; capture, and catalytic conversion processes).

126 | Energy Ervron. Sci, 2015, 8, 126-157 This jounal is © The Royal Society of Chemistry 2015



CH,OSN, =, C(s) + CO + €O, + H; + C.H, + 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 carly studies on biomass and coal. "™ ** Subsequent
to pyrolysis, char serves as the reactant for the highly endo-

C(s) + H;O = CO + H;, AH s = 131 kJ mol * 3)
Favorable conditions for this reaction are temperatures above
1100 K, where the reaction kinctics 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:
Cls) + CO; w 200, Al s = 172 k) mol ) The Boudouard reaction.
Cls) + 2H; » CH,, Al s » =75 k) mol ' (5)
CH, + H)O = CO + 3H,, AH s = 206 k) mol ' (6)

CO + Hy0 = C0; + Hy, Al s = —42 kJ mol ' ) water-gas shift reaction



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



Directly lrradiated vortex-flow reactor

Fig. 6 Scheme of the dwectly wradiated vortex-flow solar reactor
configuration, featuring a hefical flow of carbonaceous particles and
steam confined 10 a cavity-recerver and directly exposed to concentrated
solar radsation.



Fig. 4 Scheme of the indirectly irradiated packed-bed solar reactor
configuration, featuring two cavities separated by an emitier 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.



compound parabolic concentrators (CPCs*)

CH,0, + H,0

Fig. 8 Scheme of the indirectly irradiated entrained-flow solar reactor
coafiguration, featuring a cylindrical cavity-receiver containing an aray
of tubular absorbers through which a continuous flow of water vapor
laden with carbonaceous particles reacts 1o form syngas.



Need to rapidly quench and dilute Zn + O2mixture

Zn =>ZnO0 Cycle
(Solar Driven Redox Reactions)

fossil-based fucls in sustainable future transportation systems. Economic analyses have been
carried out to determine the long-term potential of the Za/'ZnO-cycle realized in a solar tower
system, The cost of Hj ranged between 0,10 and 0.15 SAWh (based on its LHV and a heliostat
field cost at 100 to 150 $/m?), and thus might become competitive vis-d-vis other paths for
producing solar Hj from Hy0 [15,72,73,74). Credit for pollution abstement and CO; mitigation
can accelerate the deployment of the solar thermochemical technology. A comparisen of Hy
produced via steam methane reforming and the Zn/ZrO cycle concluded that a significamly
higher carbon tax is required to make the Zn/ZnO competitive than is likely 1o be implemented
[75]. Therefore, the economic viability of the ZnZnO cycle must also include competitive,
incentive policies that lead to carly implementation of solar Hj plants. On the other hand, the
Z/ZrO cycle can be applied to split both H,0 and CO; and produce both Hj 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.



Two Other Redox S % tem s (http://energy.gov/eere/fuelcells/hydrogen-production-thermochemical-water-splitting)


http://energy.gov/eere/fuelcells/hydrogen-production-thermochemical-water-splitting

Thermochemical C¥cle Selection and Investment Prioritx

OIARESA

2 Cycle Inventory Development and Initial Selection

Many hydrogen producing thermochemical cycles have been ;
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http://energy.gov/sites/prod/files/2014/03/f9/solar_thermo_h2.pdf
http://energy.gov/sites/prod/files/2014/03/f9/solar_thermo_h2.pdf
http://energy.gov/sites/prod/files/2014/03/f9/solar_thermo_h2.pdf

Table 3.1. Cycles considered in the formal evaluation process.

Class Cycle Lead Organization
Suluric Acid Cycles Sulfur lodine General Alomics, Sandia
National Labs, CEA
Hybrrid Sulfur Savannah River National
Laboratory
Volatile Metal Oxide Cycles | Zinc Oxide University of Colorado
Cadmium Oxide General Alomics
Non-volatile Metal Oxide Sodum Manganese and Sodium | University of Colorado
Cycles Manganate
Reactive Ferrie Sandia National
Laboratories
ALD Ferrite University of Colorado
Hybrid Cycles Hytrid Copper Chiorde Argonne National Laboratory
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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.




NiFe204

2-Step Thermochemical H,O Splitting

MFe, 0, - MFe; 0,
+ EH, +EH,0

H,0

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



NiFe204

| :‘if:
i

Fig. 1. Experimental apparatus for H,O decomposition: (a) MFC &
Temperature controller, (b) He, (¢) Ha (d) O, (¢) water, (f) MFC, (g)
Condenser, (h) Controlled evaporator mixer. (1) Reactor, () 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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2CuCLnH,0 (ag)+2HCl.mH,0(ag)=>2CuCl,.(n+m)H,0(aq)+H,(g) [clectrolysis at 25-80°C]) (1)
2CuCly(s) + H,0(g)-> CuO(s)CuCl,+ 2HCl(g) [hydrolysis at 310-375°C] (2)
CuOCuCly(s)=>» 2CuCl(s) + 40 ,(g) [decomposition at 450-530°C) (3)



Figure 4.9.2. Hy-CuCl conceptual block flow chart.
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Fig 1. Cell Set-Up for the kydrogen generation through CuCI-HCI electrolysis






Biomass/Syngas

Steam Reforming Reaction: CH4to H2and CO

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

Al high temperatures (700 ~ 1100 *C) and in the presence of a metal-based catalys!
(nickel), steam reacts with methane 1o yield carbon monoxide and hydrogen. ...

Water Shift Gas Reaction: CO to H2

CO +H,0 = CO, + H, 1

The shift reaction will operate with a variety of catalysts between 400*F ana 90 - ‘
AW A

"

- — —

e - eme

T S m—" —— g W S il v N )

Fischer-Tropsch Reaction: H2and CO to Liquid Fuel

Reaction mechanism o)
The Fischer-Tropsch process voives 8 sares of chemical reactions hat producs & varety of hydrocarbons, ideslly having e loemuls (C o). The mome usetd
PRACIONS produce Alkanes &s ollows:

e 1) H+nCO = CHy o+ nHO
where n s typcally 10-20. The formation of me™ane (n = 1) is unwanied. Most of the alkanes produced Send 10 be straight-chain, sultable as clesel fuel. In addtion 1
Hare Krmation, COmMpating reactions Give small amounts of Alkanes, &8 well as AlcoRols A Othwe Cxvosnaing hvdrocatons '
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Biomass/Syngas
200-400 °C. 300 palg

CO» enriched waste gas

Figure1: Conventional process flow sheet for the production of hydrogen from coal gasification (Bell et al,,
2011)

R
LS - ——
—

o M —— —

Ot & PR S -
- e - - ——

Carbon Dicwide Capture and Hydrogen Purification Som
Synthess Gas by Pressure Swing Adsorpton
M“. Fattong Chan . Yole Mg . Hrgary Yoy *

Aens e
T S S ———— vy Ty v G — o —
-



Polar Molecules will Adsorb

More




More Polar Molecules will Adsorb

i Nt |
=T =T
f- 3t B

. B e S CM’--;:
Figure 4. EMect of foed pressure st CO2-PSA on (a) CO» in top product (b) He in fop product (¢) COy in
boffom product (d) Hy in bottom product



Biological Digestion



il ﬁ SaBio2as Reacio EThttps://vwmyoutube.com/vvatch?v=9kKRdlAFuZw)



https://www.youtube.com/watch?v=9kKRdlAFuZw
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https://www.youtube.com/watch?v=Cwm5Rm8uIsk

Biomass/Syngas

Sin & le House B ioga s (http://www.youtube.com/watch?v=3th2bcqHbsk)



http://www.youtube.com/watch?v=3th2bcqHbsk

Biomass/Syngas

Whttp://www.youtube.com/watch?v=qh3mmgibew)

Dominic Wanjihia
CEO, Biogas International



http://www.youtube.com/watch?v=qh3mmgiybTw
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Photocatalysis



Titania as a photocatalyst

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

*  Generation of charge carriers

rio, __" TiO, (e + h") N ay
A < 390 nm
* Formation of active radicals (OH*, O,%) E=300eV
OH + h' OH S—
0" + ¢ —— 'O e e

* Recombination process

e+ ht

Heat

474



Titania as a photocata ; ,,

c 20
LY
* [rradiation of semiconductors having a band é ol

light energy = energy of the band gap E, g R
0

* Generation of charge carriers Baxndoap (2eV) 3
Tio, AV TiO, (e + h") I hv
A < 390 nm
* Formation of active radicals (OH*, O,%) E=300eV

OH + h' OH' ;r,.

0* + ¢ ——s 0"

* Recombination process

e+ ht Heat
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Water is gecomposed using only light

1. TiO7 electrode

2. Platinum electrode

3. Diaphragm (salt bridge)
4. Gas burette

5. Load resistance

6. Voltmeter

— .
] Solar light

Figure reprinted from;
AKIRA FUJISHIMA, KENICHI HONDA “Electrochemical Photolysis of Water at a Semiconductor Electrode”

Nature 238, 37-38 (1972)
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| Reaction mechanism of TiO2 photocatalysis

Conduction

Oz~
HO2
band H202

Valence

\

organic compounds oxidative
degradation

malodorous gas) (CO2H0)

inorganic compounds oxidation
(NOx. NH3, CN-) (NOy OND7)

virus, bacteria, mold l—inactivatoon




- — - - Water »
Alr Puriication Purification
* Degrading » Degrading organic
aldehyde matter, endocrine
* Removing NO, disrupters
' 7
TiO, . Li

\_J'*'/

Antibacterial
SnoR— Sterilization

- Degrading oil spots - Sterilizing
* Super hydrophilic Escherichia
effect coli and MRSA
P * Degrading viru37

Fig.1 Area of Photocatalyst
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Reprinted from “Foster Sensitivity — A Suggestion to Educational Problem from Scientist”, Akira Fujishima p19
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Degradation of Bacteria

First result

o, Sterilization |

microbial
tile(sliver-based)

tile(sliver-based)

Viable cell
counts

. Time required to kill bacteria of 99.9%
m or above(approx)
e Hydrotect tile

Light . LUight
@s0hx) | MW | oshiux)

*
30 min | 1 hour 24 hours

30 min| 1 hour 18 hourd

mm 1 hour 18 hours

“only 5.5% of bactera were killed in 24
hours in case of sliver-based antimicrobial tile

Courtesy of TOTO Ltd.
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Reprinted from “Foster Sensitivity — A Suggestion to Educational 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
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requirement for the degree of
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In the Chemical Engineering Program of School of Energy, Environmental,
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Figure 1.2:  The general mechanism for heterogencous photocatalysis on TiO2.
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solution

Table 2-5: Photocatalytic activity of
Catalyst Absorption Bandgap | Ka(m'&'S )
region (V)

__////’—

P25 uv 3.11 0.051
///

FSP TiO2 uv 3.08 0.098
///

Ce/TiO2 uv 3.13 0.014

Co/TiO2 Visible 2.54 0.021

Cr/TiO2 Visible 2.82 0.616

|

Cuw/TiO2 Visible 2.86 0.010
T 0152 |

Fe/TiO2 Visible 2.69 0.152
] |

Mn/TiO2 Visible 2.86 0.006

Mo/TiO2 uv 3.19 0.004

Ni/TiO2 Visible 2.37 0.019

V/TiO2 Visible 2.63 0.165

Y/ TiO2 v 3.20 0.004

Zr/TiO2 uv 321 0.008
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Solar Thermolysis

Direct solar therom Ixsis (http://www.youtube.com/watch?v=fBLGIVm-B2A)

T |ﬁ n ig Eﬁﬁ IHE ‘http://www.youtube.com/watch?v=8quth8csO)
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http://www.youtube.com/watch?v=fBLGIVm-B2A
http://www.youtube.com/watch?v=8kJqsDh8cs0

Solar Thermolysis

Titania as a photocatalyst

Titania - photocatalyst for waste water decontamination

o @D

s T

3

'w
-
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http://www.mvt.ovgu.de/mvt_media/Vorlesungen/VO_ENAP/Folien_ENAP_10.pdf

Solar Thermolysis

Titania as a photocatalyst W

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) S

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

Titania as a photocatalyst

[ UV-A toWm®
NO
NO,
concentration 1 ppm e
flow 3 dm’'min rayse
RM = 50% —
mass flow .”/
rate controller Semx 10em

Figure 3. Photoevactor according to 150 22197-1.

Figure 4. Separate parking lanes at the Leten of Antwerp with photocatalytic pavemsment blocks [15)
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Solar Thermolysis

Titania as a photocatalyst

UV Radiation

\\\ cz

Pollutants

0 u,o
¥

Adsarption and decomposition

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 Il 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).



Algae



Algae:

Food
Diesel Fuel
Hydrogen
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Sgirulina Summarx

Diesel Fuel

http://wellnessmama.

com/4738/spirulina-benefits/


http://wellnessmama.com/4738/spirulina-benefits/
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http://wellnessmama.com/4738/spirulina-benefits/

Algae it also contains (per Tablespoon):

Food

Hydrc

Only 20 Calories - 4 grams of Profein
fiz of the RDA of Vitamin B1 (Thiamin)
- 154 of the RDA of Vitamin B2 (Rihoflavin)
42 of the RDA of Vitamin B3 (Niacin):
Copper- 21 amd Iron-112¢ of the RDA

(M 0461
NOOJSHTEYL |

“Wellness Mama


http://wellnessmama.com/4738/spirulina-benefits/

SEiruIina Algae in West AfricaTrrrtps://wwmyoutube.conwvatch?v:CxSASIiGgiY)
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https://www.youtube.com/watch?v=CxSA5iiGgiY

Grow Spirulina in Northern California
mW . YOUTURE. COl CNeV= U
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https://www.youtube.com/watch?v=f6Kff2WauO8
https://www.youtube.com/watch?v=f6Kff2WauO8

Whﬂmz//wmyOWUbe.coantdw?vzquBDyPim)
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https://www.youtube.com/watch?v=qfCBDyPiTS4

&3 | Ig Lol (https://wmmeyoutube.cormywatch?v=DpQgNLAStec) W
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https://www.youtube.com/watch?v=DpQgNLAStec
http://earthrise.com/

Sgghﬂg wﬁh SRiuling ‘https://\MMALyoutube.coanvatch?v:_U\/\M.nﬂkG\/w)

A

PAUL VIRANT

\nr WAIFOTIEDAL DDA

502


https://www.youtube.com/watch?v=_UVWLmJk6Vw

Hydrogen from Algae



Simple schematic for biological hydrogen production
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Table 1
Microonpasiams used in hydrogen production.
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https://www.youtube.com/watch?v=_WVm1vaDgSs
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https://www.bbc.com/news/av/technology-34699166/how-to-produce-hydrogen-from-algae

Oil from Algae
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https://www.youtube.com/watch?v=aEZTAJNIxjQ

San Dieﬁo Alﬁae Ol Comganx
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https://www.youtube.com/watch?v=N8qs7gjaYO4
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https://www.youtube.com/watch?v=0Qqlsk3cuWyY



https://www.youtube.com/watch?v=oQqlsk3cuWY
https://www.youtube.com/watch?v=7TlEklj7Y1M

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

ERNEEIEETd co?

https://www.youtube.com/watch?v=d5laQZbl2mg

CORN ETHANOL PLANT
ALGAE GREENHOUSE
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https://www.youtube.com/watch?v=IxyvVkeW7Nk
https://www.youtube.com/watch?v=d5laQZbJ2mg

Simple schematic for biological hydrogen production
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(http://www.youtube.com/watch?v=c7Goygl2Reg)
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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/
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Algae Tower

(http://www.youtube.com/watch?v=
Or_F6qC0sK4)

Simple schematic for biological hydrogen production



http://www.youtube.com/watch?v=DXLy6E9iEnI
http://www.youtube.com/watch?v=c7Goyg12Reg
http://www.youtube.com/watch?v=Or_F6qC0sK4
https://www.youtube.com/watch?v=OFByDMRbucs

https://www.greentechmedia.com/articles/read/lessons-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
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/ 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.
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o Algae Floating Systems is “temporarily shifting its focus away from
fuel to nutraceutical and anemal feed markets.”

o Algerol intended 10 use nitrogen-fixing blue-green slgae
{cyanebacterial in photobloreactors to produce ethanol directly. Wih
tens of millions of dollars in public meney and hundreds of millions »
private-sector investment, Algenal once claimed its technalogy
“enables the production of the four most important fuels (ethanol
gasoline, jot1, and diesel fuel) for around $1.30 per gallon each using
proprietary algae, sunlight, carbon dioxide and saltwater at prodection
levels of 8,000 total gallons of liquid fuel per acre per year " In 2015,
the firm fired its CEO and shifted its focus 1o carbon capture and
nutracevials,

e Algae Tec: An Australian PBR penny stock company with algae oil and
algae byproduct dreams.

o Algix develops fish farms and algae harvest equipment.

e Algaelink was a sketchy retailer of photobioreactors and commercial
algae cultivation equipment.

e Alga Technologies grows algae in closed bioreactors to harvest
astaxanthin in Israel’s Arava desert.

o Agquaflow Bionomics once intended to produce biofuel from wild sigae
harvested from open-air environments. The company is now a biofuel
site developer called NXT Fuels,

Aurors Bofuels: Agrors moved from fuel 1o food with its genetically
modified algse in 2011, The firm went bankrupt in 2015 after winning
more than $23 milon from Oak. Noventi Ventures and Gabriel Venture
Partners.

Collans and s Hawas-Sased algae feedstock production system
received DOE funding 1o Boost algae productivity 33 3 way 1o reduce
cost. The firm produces DHA and omega-3 EPA and DHA oils, animal
feed/food, and Bicluel feedstocks.

Global Algas lnacvations is exploring algal Diofuels at 2 3.2-acre algae
farm co-located with 3 power plant in Hawaii. The fiem has received
$11 million from the U S DOE.

Greenfusl Techasioges, long bankrupt, was backed with more than
$27 milion i funding frem Polaris Ventures, Draper Fisher Jurvetson
and Access Private Equity

Heliae ramed $80 mullon from two $20 billion food conglemerates in
2006, and Nas spent years developing a ‘platform technology” to
Produce Autracevticals. perianal care products and perhaps fuel
IMOuUgh 3 munture of pAototrophic and fermentation precesses.
LiveFuels recerved $10 millon in funding from The Quercus Trust in
2007, Lissa Morgentabler-Jones and David Jomes are still listed as
officers of the furm on Linkedin.

Origindd is now OrigaClear and has shifted to water decontamination.
PetroAlgae changed its mame to Parabel as it shufted from fuel to foods
in2012



518

Phycal received significant DOE funding 1o design & high-yield algae
farm and biorefinery in Hawail,

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
Invesiments and ARCH Venture Partners,

Seambootic uses raceway/paddie-wheel open pond algae cultivation.
According 1o 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 isell as an
astaxanthin, DHA, and omega-3 supplier.

Synthetic Genomics, founded by Craig Venter and ExxonMobi,
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 ol production”

TerraVia (formerty Solazyme) shifted from supplying fuels to oils, algal
flowr and proteins with & heterotrophic process that ferments
genetically modidied 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.
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Vsr;iﬁl Fgrming in ; iniinniﬁi

BETTER THAN ORGANIC, ALWAYS PESTICIDE FREE



https://www.eafarms.com/vertical-farming/




