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Solar energy potential
•
•

A square 300 x 300 km in North Africa could power the entire world with clean
energy.
Africa the most sun-rich continent in the world
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Solar energy potential in Egypt
•
•

The average Solar radiation power 2400 kw/m2
Egypt annual duration of sun shining 4300 hours

Frank Shuman’s power plant in Maadi 1913
•
•
•
•
•

1st solar power plant
Five parabolic troughs (204 ft / 13 ft wide)
100 HP
Steam turbine to drive 6000 g/min of water flow for cotton fields
Based on patent : 1,002,768 in 1911
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Desertec Project 2050– EU-MENA
•
•
•

World Bank initiative for 2050
Study by DLR (Germany) 2004-2007
Link EU-MENA through a renewable energy network.

Desertec: the renewable energy grab? ,'' \emph{Online article - The Internationalist magazine, https://newint.org/features/2015/03/01/desertec-long/
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Solar Energy types
Concentrated Solar Power (CSP)

Photo Voltaic (PV)

History
Robert Stirling’s 1816 patent
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Stirling development was little during 19th century
• Otto and diesel engines developed since 1860
• Boilers codes helped the wider usage of steam engines.
• Sophisticated analyses were required to understand the Stirling cycle- why
• The machine efficiency is a function of non-ideal gas behaviour –
irreversibility's should be explicitly and accurately modelled.
• In order to describe the real cycle analytically, all fundamentals transport
equations must be solved; continuity, momentum, energy and the equation of
state.
• Stirling engine development is always triggered by fuel prices.
• The high efficiency of Stirling engine was hindered by the materials capability to
withstand high temperatures especially at heater head.
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History of Stirling Engines Applications in 19th Century

1853 US Ericsson warship (350 kW)
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The Philips Stirling Development 1940s-1970s
1978 Philips & GM (300HP)

•
•
•

Rolf Meijer of Philips
Thermo-electric battery for remote areas
Programme extended to automotive

1953 Philips thermo-electric generator
• Rhombic drive
• 3W at 6V
• 24 mm bore – 26 mm stroke
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Stirling engine arrangements
• Other Stirling arrangements

“Stirling Engines – A beginner’s guide”, Vineeth
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US Main Development Programmes
•

Following 1973 oil embargo, the US launched many development
programmes for an efficient automotive engine that runs on
Stirling cycle principle.
–
–
–
–
–

DOE
NASA
Lockheed Martin
AMC
Ford
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Automotive applications
1979 AMC spirit
Ford Taunus 1972 / Reheat time 12 s

1972 Philips – DAF (75 HP)
1992 Cheve (NASA)
75 HP instead of 95 HP
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Naval application
•
•
•

Kockums nuclear submarines
Auxiliary power unit
Developed by SAAB

http://saab.com/naval/Submarines-and-Warships/technologies/The-Stirling-Engine/
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The Harwell Thermo-mechanical generator (TMG)
•
•

•

First free-piston concept machine.
Ted Cooke-Yarborough in Harwell Laboratory UK.
– Simple design – one displacer.
– 8 years continuous working.
– Efficiency = 12%
It did not reach out to the market.
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W. Beale and the Free Piston Stirling Engine
•

1964 at Ohio State Uni,
– “Hey, the engine would do just fine if the linkage is cut off”

•

Established Sunpower inc 1974

•

Died in Jul 2016
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The Beale Free Piston Engine
• Power = 𝒇𝑽𝑷 
– Pressure
– Displaced gas volume
– Frequency

- increasing temperature?
- increase cylinder size
- dynamic design of a multi DOF system

Efficiency of Stirling Cycle
• Maximum efficiency of an ideal Stirling engine
𝜼𝒎𝒂𝒙 =

𝑻𝑯 − 𝑻𝑳
𝑻𝑯

• 𝑻𝑯 = 500 K , 𝑻𝑯 = 300 K -> 𝜼𝒎𝒂𝒙 =40%
• 𝑻𝑯 = 1023K , 𝑻𝑯 = 300 K -> 𝜼𝒎𝒂𝒙 =73%
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SPIKE FPSE – 1kW Solar engine 1974-1976

Popular Science, June 1978 page 74

Free Piston Stirling Cryocooling Applications
•
•
•
•

Laser equipment cooling
IR vision equipment
Satellite electronic chip cooling
High temperature super conductors
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Infinia 3KW (Now Qnergy)
•
•
•
•

Helium – nickel alloy head – displacer stroke 7 (in)
60 Hz
4.5 m diameter (161.5 ft3)
Cooling keeps the back side at 60C

http://machinedesign.com/energy/infinia-uses-stirling-cycle-solar-power-and-air-conditioning
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Ripasso Dish Stirling Engine
•
•
•
•
•

Swedish company Ripasso – established in 2006
D = 11 (m)
Power = 33 kw
Kalahari Desert South Africa
Efficiency 34%
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The Duplex Machine Development at SunPower Inc.
• Heat in order to cool.
• FP cycle engine and FP cycle cooler mechanically linked by a
common piston.
• Helium
• Temperature gradients have greater influence to the system
efficiency.

“Thermally actuated duplex free-piston stirling system for domestic cooling and heating application”, G Chen and W.T. Beale, International
conference on CFCs and Halon Alternatives, Beijing, China, Apr 20-23 1993.

Duplex Stirling natural gas liquifier & residential heat pump
• Gas liquefier
• Three hardware developed at Sunpower Inc
• An active control system is required.
• Due to programme termination, the Duplex testing ended without reaching the
power levels required to truly evaluate the overall system performance.
• Different displacer gas spring and centering arrangements were investigated
• 8.4 hrs of steady operation.
• Temperature was down to 150K, i.e. -123C
• Residential Heat Pump
• Thickened regenerator to avoid conductance losses
• Most of heat engine power goes to heat pump, i.e. very small losses.
• Helium charged engine at 10 bar
• 32 Hz.
• Promising concept

“Duplex Stirling Machines”, Israel Ureili, 19th Annual Intersociety Energy Conversion Engineering Conference , San Francisco, California, August
1984
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Stirling Engine and Biomass Applications
•

Biomass waste in Egypt is around 32% of total waste (33 M ton p.a.)
– Mostly burnt and not utilized.

•

Ökofen of Austria installs FPSE in biomass burners for electricity generation.
– 1 kW & 5kW

5kW biomass fuel engine
Beale 1995
•
•
•
•
•

5kW biomass fuelled engine
Helium 4.2 Mpa
60 HZ
650C Heater outside wall temperature
Heater head:
• St-Steel suitable for 40,000 hrs creep life.
• Internal brazed fins are from copper
• Regenerator:
• foiled spiral wind of 25 µm thick stainless steel foils with random dimples in the foil
maintaining the annular gap.
• To allow for radial gas flow in the regenerator, ring ducts made from random st-st 25 µm
wires are placed between the heater and the regenerator and between the cooler and the
regenerator. This distributes the flow radially and perform some regeneration.
• Cooler
• Axial flow internal copper fins (120 µm gaps) and circumferential flow external copper fins.
• Interface wall is copper with a water glycol mixture as the cooling medium.
• The internal fins are folded copper strip inserts soldered to the pressure wall. ( this is done
at reasonable cost)
• Alternator
• Moving permanent magnets are used in three window linear alternator.
• The design power output for each of the two alternator is 3kW at 120 VAC and 60 Hz with
efficiency of 91%.
“Stirling free piston 5 kw engine”, Beale_Neil_Lane, 7th international converence on Stirling Cycle_Machines, Tokyo, Japan, Nov 5-8, 1995

• Springs
• Planar mechanical springs support the magnet ring at both ends.
• These springs support the magnet within the alternator gap.
• The axial stiffness contributes about 10% of total piston springing, while the high radial
stiffness ensures the magnet doesn’t contact the alternator iron under any expected side
loads.
• Piston spring is identical to displacer spring but the piston one is thinner.
• They are designed for a life greater than 10^11
• Gas bearings
• Draws supply pressure from compression space to support the piston face.
• The displacer:
• is completely resonated by planar springs and is supported by gas bearing.
• is attached to the springs by a compliant member[*]. This reduces any critical tolerance
stack up between the displacer body and the back of machine which reduces the cost of
the machine.
• Overall efficiency is 21%
• Expansion space temperature is 400 C
• At higher loading – 32% efficiency could be reached.
“Stirling free piston 5 kw engine”, Beale_Neil_Lane, 7th international converence on Stirling Cycle_Machines, Tokyo, Japan, Nov 5-8, 1995
[*] SUN5080FP_US_5525845 Fluid Bearing With Compliant Linkage for Centering Reciprocating Bodies, 1996
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Cool Energy – ThermoHeart
•
•
•
•
•

Company established 2006
Generates 25 kW
Harvesting low temperature heat waste @ 150-400 C
27% efficiency at 315C waste temperature
9000 hours of reliability testing

http://coolenergy.com/applications/

Advanced Stirling Convertor for Deep Space Missions
• Free-piston Stirling engine
“Non-contacting” piston/displacer designs supported
within a cylinder by gas bearings
•Xylan lubrication on piston/displacer running surfaces
•Extremely tight running surface clearances (~20 microns)
•Large operating temperature gradients (850 C to 50 C)

Advanced Stirling Radioisotope Generator Life Certification Plan, 2013
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EuroDish Project – Cost Driven Design
•

Had the objective of addressing the cost barrier to make the systems
competitive for decentralised generation applications.
– develop innovative components,
– improve manufacturing procedures to reduce system costs to less than 5000 €/kWe
for a production level of 100 to 500 units.
– New optical dish design,
– Supporting structure,
– Stirling engine and the control system.

•

The Dish/Stirling design was also optimised for cost and performance to deliver
a 10kWe system. Two complete

•

Cost analysis showed that the targets have been achieved.

•

Currently cost is 11k€/kWe – reduced to 5k €/kWe

Eurodish system description 2002, “European Research on Concentrated Solar Thermal Energy, DirectorateGeneral for Research “, 2004
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PV Cost assessment
•

Comparing worldwide prices (2009 data), the average cost per watt installed of a
2-5kW residential solar power system was
– $4.70 in Japan,
– $7.70 in Germany and
– $5 - 11 in the United States based on a report by Renewable & Sustainable Energy
Reviews.

•

Highest available efficiency is 21%

The International Renewable Energy Agency (IRENA), RENEWABLE ENERGY TECHNOLOGIES: COSTANALYSIS SERIES, Concentrating
Solar Power, Volume 1: Power Sector Issue 2/5, June 2012

http://www.solarpanelscostguide.com/
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Conclusions
•

Stirling cycle high efficiency.

•

Stirling machines are not widely spread as yet in solar applications.

•

The FPSE is the most efficient concept of Stirling machines.

•

Potential use for Egypt market.
–
–
–
–

Solar electricity generation for (residential – resort –industrial) applications
Biomass
Cooling technology
Air-conditioning technology (duplex).

