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POWER GENERATION AND SPACE 
CONDITIONING USING A 

THERMODYNAMIC ENGINE DRIVEN 
THROUGH ENVIRONMENTAL HEATING 

AND COOLING 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation of, and claims the bene?t 
of US. application Ser. No. 11/734,854, entitled “POWER 
GENERATION AND SPACE CONDITIONING USING A 
THERMODYNAMIC ENGINE DRIVEN THROUGH 
ENVIRONMENTAL HEATING AND COOLING,” ?led 
Apr. 13, 2007, the entire disclosures of Which are incorpo 
rated herein by reference for all purposes. 

BACKGROUND OF THE INVENTION 

This application relates generally to poWer generation. 
More speci?cally, this application relates to poWer generation 
and space conditioning using a thermodynamic engine driven 
through environmental heating and cooling. 

The use of thermodynamic techniques for converting heat 
energy into mechanical, electrical, or some other type of 
energy has a long history. The basic principle by Which such 
techniques function is to provide a large temperature differ 
ential across a thermodynamic engine and to convert the heat 
represented by that temperature differential into a different 
form of energy. Typically, the heat differential is provided by 
hydrocarbon combustion, although the use of other tech 
niques is knoWn. Using such systems, poWer is typically 
generated With an ef?ciency of about 30%, although some 
internal-combustion engines have ef?ciencies as high as 50% 
by running at very high temperatures. 

Conversion of heat into mechanical energy is typically 
achieved using an engine like a Stirling engine, Which imple 
ments a Carnot cycle to convert the thermal energy. The 
mechanical energy may subsequently be converted to electri 
cal energy using any of a variety of knoWn electromechanical 
systems. Thermoelectric systems may be used to convert heat 
into electrical energy directly, although thermoelectric sys 
tems are more commonly operated in the opposite direction 
by using electrical energy to generate a temperature differen 
tial in heating or cooling applications. 

While various poWer-generation techniques thus exist in 
the art, there is still a general need for the development of 
alternative techniques for generating poWer. This need is 
driven at least in part by the Wide variety of applications that 
make use of poWer generation, some of Which have signi? 
cantly different operational considerations than others. 

BRIEF SUMMARY OF THE INVENTION 

Embodiments of the invention thus provide methods and 
system of generating poWer. A thermodynamic engine is con 
?gured to convert heat provided in the form of a temperature 
difference to a nonheat form of energy. Heat is directed 
through a heating loop in thermal contact With a ?rst side of 
the thermodynamic engine. A second side of the thermody 
namic engine different from the ?rst side is coupled to an 
environmental cooling loop in thermal contact With an envi 
ronmental cooling device. The thermodynamic engine is 
operated to dispense heat from the second side of the thermo 
dynamic engine through the environmental cooling loop into 
the environmental cooling device. Operation of the thermo 
dynamic engine thereby generates the nonheat form of energy 
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2 
from the temperature difference established betWeen the ?rst 
side and the second side of the thermodynamic engine. 

In some embodiments, solar radiation is collected and con 
ver‘ted to heat to be directed through the heating loop. Waste 
heat may also sometimes be collected and directed through 
the heating loop, as may geothermal heat in certain speci?c 
embodiments. 

In certain embodiments, a portion of the heat is stored in a 
thermal storage device. This permits heat from the thermal 
storage device sometimes to be directed through the heating 
loop. At times, a thermal storage device may also be main 
tained in thermal contact With the environmental cooling 
loop. Heat may also sometimes be directed to a supplemen 
tary heating function different from the heating loop and 
different from the thermal storage device. In certain 
instances, a relative distribution of heat directed through the 
heating loop, stored in the thermal storage device, and 
directed to the supplementary heating function may be modi 
?ed. 

Examples of suitable environmental cooling devices that 
may be used in different embodiments include ground loop 
chillers, air-radiation devices, building foundations, bodies of 
Water, pavement, and concrete, among others. 

In a speci?c embodiment, the thermodynamic engine com 
prises a Stirling engine con?gured to convert the heat pro 
vided in the form of the temperature difference to mechanical 
energy. In such cases, the mechanical energy may subse 
quently be converted to electrical energy. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A further understanding of the nature and advantages of the 
present invention may be realiZed by reference to the remain 
ing portions of the speci?cation and the draWings Wherein 
like reference numerals are used throughout the several draW 
ings to refer to similar components. In some instances, a 
sublabel is associated With a reference numeral and folloWs a 
hyphen to denote one of multiple similar components. When 
reference is made to a reference numeral Without speci?ca 
tion to an existing sublabel, it is intended to refer to all such 
multiple similar components. 

FIGS. 1A-1D shoW different stages in the operation of a 
tWo-piston Stirling engine; 

FIG. 1E is a phase diagram shoWing the thermodynamic 
operation of the Stirling engine; 

FIGS. 2A-2D shoW different stages in the operation of a 
tWo-displacer-type Stirling engine sometimes described as a 
beta-type engine; 

FIGS. 3A-3D shoW different stages in the operation of a 
displacer-type Stirling engine sometimes described as a 
gamma-type engine illustrated Without a regenerator; 

FIG. 4 is a schematic diagram illustrating elements of a 
system for generating poWer according to an embodiment of 
the invention; 

FIG. 5 is a schematic diagram illustration a number of 
variations on the system of FIG. 4 that may be implemented in 
certain embodiments; and 

FIG. 6 is a How diagram summarizing methods of gener 
ating poWer in different embodiments of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

Embodiments of the invention provide generation of poWer 
using a thermodynamic engine in Which thermal energy is 
collected and directed in a heating loop that heats one side of 
the engine and in Which the heat rejected from the engine is 
directed in a cooling loop that disperses the heat into an 
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environmental cooling device. As such, these embodiments 
make use of a combination of environmental heating and 
environmental cooling to generate energy With the thermo 
dynamic engine. 

In many of the embodiments, the source of environmental 
heating comprises radiant solar energy. As is Well known, the 
energy provided by the sun on the Earth is abundant so that 
history is replete With examples of using such radiant energy 
in a variety of different applications. For instance, human 
beings have used incoming solar radiation to heat Water and 
living spaces throughout history. More recently, the tech 
niques by Which such solar energy is harnessed have become 
more sophisticated. Many active systems have been devel 
oped and marketed to capture solar energy. The heat provided 
by such energy is typically stored in a ?uid thermal storage 
system and distributed to other locations Where heat is 
required. 

In recent times, solar energy has also been successfully 
used in generating electricity on a commercial level. Certain 
of the techniques used in doing so are sometimes referred to 
collectively in the art as providing “concentrated solar 
poWer.” These techniques typically use a shaped collector to 
concentrate the sun’s ray and thereby produce temperatures 
high enough to produce steam, Which is then passed through 
a steam turbine to generate electricity. Other methods of 
generating electricity from radiant solar energy make use of 
photovoltaic cells. Such systems have been Widely used in 
many commercial and aerospace applications, and are gain 
ing popularity in household electricity generation for both 
grid-tied and off-the-grid applications. 

While different embodiments of the invention make use of 
different kinds of thermodynamic engines in combination 
With the environmental heating source, certain speci?c 
embodiments use a Stirling engine. A Stirling engine is a type 
of hot-air engine, examples of Which have been used to pro 
duce mechanical and electrical poWer from hi gh-temperature 
heat sources such as hydrocarbon combustion or nuclear ?s 
sion. Recently, it has been shoWn to be commercially feasible 
to use concentrated sunlight to poWer an air engine to suc 
ces sfully generate electricity. These methods use temperature 
gradients across the air engine in excess of 300° C. 
As used herein, a “thermodynamic engine” refers more 

generally to any device or system capable of converting ther 
mal energy to a different form of energy. Examples of ther 
modynamic engines include engines like external and inter 
nal combustion engines that effect an energy conversion 
betWeen mechanical energy and a temperature differential; 
and engines like thermoelectric, pyroelectric, and thermo 
photovoltaic engines that effect a conversion betWeen elec 
trical energy and a temperature differential. 
A Stirling engine is sometimes referred to in the art as an 

“external combustion engine” and typically operates by bum 
ing a fuel source to generate heat that increases the tempera 
ture of a Working ?uid, Which in turn performs Work. The 
operation of one type of conventional Stirling engine is illus 
trated in FIGS. 1A-1E. Each of FIGS. 1A-1D shoWs the 
con?guration of the Stirling engine 100 at a different position 
during a single cycle, With the engine 100 operating by chang 
ing positions sequentially from FIG. 1A to FIG. 1D and then 
returning to the con?guration shoWn in FIG. 1A. The phase 
diagram shoWn in FIG. 1E also shoWs this cycle, but from the 
perspective of relevant thermodynamic variables. The phase 
diagram is a pressure-volume diagram, With pressure being 
plotted on the ordinate and volume being plotted on the 
abscissa. Relevant isotherms 124 and 128 are shoWn With 
dotted lines. 
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4 
The mechanical energy produced by the Stirling engine 

100 is indicated by positions ofpistons 112 and 116. To use or 
retain the energy, the pistons 112 and 116 may be connected 
to a common shaft that rotates or otherWise moves in accor 

dance With the changes in piston positions that result from 
operation of the engine 100. A con?ned space betWeen the 
tWo pistons 112 and 116 is ?lled With a compressible ?uid 
104, usually a compressible gas. The temperature difference 
is effected by keeping one portion of the ?uid 104, in this 
instance the portion on the left, in thermal contact With a heat 
source and by keeping the other portion, in this instance the 
portion on the right, in thermal contact With a heat sink. With 
such a con?guration, piston 112 is sometimes referred to in 
the art as an “expansion piston” and piston 116 is sometimes 
referred to as a “compressionpiston.” The portions of the ?uid 
are separated by a regenerator 108, Which permits appreciable 
heat transfer to take place to and from the ?uid 104 during 
different portions of the cycle described beloW. This heat 
transfer either preheats or precools the ?uid 104 as it transi 
tions from one chamber to the other. 
When the engine is in the position shoWn in FIG. 1A, the 

?uid 104 has a pressure and volume that correspond to point 
“A” in FIG. 1E. In this phase diagram, isotherm 128 corre 
sponds to a temperature Tc of the cold side and isotherm 124 
corresponds to a temperature Th of the hot side. During the 
portion of the cycle from FIG. 1A to FIG. 1B, the expansion 
piston 112 moves doWn at the same time that the compression 
piston 116 moves up, maintaining a constant volume for the 
?uid 104. During such a change, ?uid 104 passes through the 
regenerator 108 from the cold side to the hot side. Heat QR 
supplied by the regenerator 108 causes the ?uid to enter the 
hot side at temperature Th. The constant volume of this part of 
the cycle is represented by a vertical line in FIG. IE to point 
“B” 
The transition to the con?guration shoWn in FIG. 1C is 

achieved by maintaining the compression piston 116 in a 
substantially ?xed position While moving the expansion pis 
ton 112 doWnWards to increase the volume containing the 
?uid 104. This causes the ?uid to undergo a substantially 
isothermal expansion, as represented in the phase diagram by 
a traversal along isotherm 124 to point “C.” During this 
expansion, heat Qh is absorbed into the Working ?uid at tem 
perature Th from the thermal contact of the ?uid 104 With the 
heat source. The heat is turned into mechanical Work W 
during this expansion. 
The portion of the cycle to FIG. 1D is a counterpart to the 

portion of the cycle betWeen the con?gurations of FIGS. 1A 
and 1B, With both pistons 112 and 116 moving in concert to 
maintain a substantially constant volume. In this instance, 
hoWever, ?uid is forced in the other direction through the 
regenerator 108, causing a decrease in temperature to Tc 
represented by the vertical line in FIG. IE to point “D.” 
During this part of the cycle, substantially the same amount of 
heat QR absorbed during the transitionbetWeen FIGS. 1A and 
1B is given up to the regenerator 108. The tWo constant 
volume transitions in the cycle accordingly have substantially 
no net effect on the heat-transfer characteristics of the pro 
cess. 

Finally, a return is made to the con?guration of FIG. 1A by 
moving the compression piston 116 upWards While maintain 
ing the expansion piston 112 in a substantially ?xed position. 
The resulting compression of the ?uid 104 is again substan 
tially isothermic, as represented by the traversal along iso 
therm 128 at temperature Tc in FIG. 1E back to point “A.” 
During this compression, heat QC is removed from the Work 
ing ?uid as a result of contact of the ?uid 104 With the heat 
sink. 
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The net result of the cycle is a correspondence between (1) 
the mechanical movement of the pistons 112 and 116 and (2) 
the absorption of heat Qh at temperature Th and the rejection 
of heat QC at temperature Tc. The Work performed by the 
pistons 112 and 116 is accordingly WIIQFQCI. 

The type of Stirling engine illustrated in FIGS. 1A-1D is a 
tWo-piston type of Stirling engine. This type of con?guration 
is sometimes referred to in the art as having an “alpha” con 
?guration. Other con?gurations for Stirling engines may be 
implemented that traverse a similar thermodynamic path 
through the pressure-volume phase diagram of FIG. 1E. 
One alternative con?guration that is sometimes referred to 

as having a “beta” type of con?guration provides tWo pistons 
Within a common cylinder and connected With a common 
crankshaft. Such a con?guration is illustrated schematically 
in FIGS. 2A-2D. The beta Stirling engine 200 comprises a 
cylinder 216 Within Which a poWer piston 208 and a displacer 
piston 212 may move. Both pistons 208 and 212 are linked 
With a common ?ywheel 204. In the con?guration in FIG. 2A, 
the poWer piston 208 has compressed the Working ?uid and 
the displacer piston 212 has moved so that most of the ?uid is 
proximate the hot side Where it can be exchanged With a hot 
heat exchanger. 

During the poWer stroke illustrated in FIG. 2B, the heated 
Working ?uid pushes the poWer pistor 208 along the cylinder 
216. The displacer piston 212 then moves as illustrated in 
FIG. 2C to shunt the ?uid to the cold side. The cooled ?uid is 
subsequently compressed by the momentum of the ?yWheel 
204. 

Another alternative con?guration for a Stirling engine uses 
a displacer-type of engine, an example of Which is illustrated 
schematically in FIGS. 3A-3D. This type of con?guration is 
sometimes referred to in the art as having a “gamma” con 
?guration. The fundamental principle of operation of the 
displacer type of Stirling engine is the same as for the tWo 
piston type of Stirling engine in that thermal energy repre 
sented by a temperature differential is converted to mechani 
cal energy. Fundamentally, the gamma engine is similar to the 
beta engine except that the poWer piston and displacer piston 
are not coaxial. 

With the displacer-type of Stirling engine 300, ?uid 324 
that expands With a heat-energy increase is held Within an 
enclosure that also includes a displacer 328. To simplify the 
illustration, a regenerator is not shoWn explicitly in the draW 
ings, but may be included to improve the ef?ciency of the 
engine. The ?uid 324 is typically a gas. One or both sides of 
the engine 300 are maintained in thermal contact With respec 
tive thermal reservoirs to maintain the temperature differen 
tial across the engine. In the illustration, the top of the engine 
300 corresponds to the cold side and the bottom of the engine 
300 corresponds to the hot side. A displacer piston 304 is 
provided in mechanical communication With the displacer 
328 and a poWer piston 308 is provided in mechanical com 
munication With the ?uid 324. Mechanical energy repre 
sented by the motion of the poWer piston 308 may be 
extracted With any of a variety of mechanical arrangements, 
With the draWing explicitly shoWing a crankshaft 316 in 
mechanical communication With both the displacer and 
poWer pistons 304 and 308. The crankshaft is illustrated as 
mechanically coupled With a ?yWheel 320, a common con 
?guration. This particular mechanical con?guration is indi 
cated merely for illustrative purposes since numerous other 
mechanical arrangements Will be evident to those of skill in 
the art that may be coupled With the poWer piston 308 in 
extracting mechanical energy. In these types of embodiments, 
the displacer 328 may also have a regenerator function to 
permit heat transfer to take place to and from the ?uid 324 
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6 
during different portions of the cycle. Another arrangement 
common in these types of embodiments comprises a displacer 
that forms a seal With the Walls of the expansion chamber, and 
Whose motion forces the ?uid through guides that lead into 
the other half of the chamber past a regenerator. 
When the displacer Stirling engine 300 is in the con?gu 

ration shoWn in FIG. 3A, it has a thermodynamic state corre 
sponding to point “A” in FIG. 1E. Heating of the ?uid 324 on 
the loWer side of the engine 300 causes the pressure to 
increase, resulting in movement of the poWer piston 308 
upWards as illustrated in FIG. 3B. This transition is repre 
sented thermodynamically in FIG. 1E With a transition to 
point “B.” With the ?uid 324 primarily in contact With the hot 
side of the engine, expansion of the ?uid 324 takes place to 
drive the poWer piston 308 further upWards. This transition is 
substantially isothermic and is illustrated in FIG. 1E With a 
transition to point “C,” corresponding to the arrangement 
shoWn in FIG. 3C. 

In FIG. 3C, expansion of the ?uid 324 has been accompa 
nied by reverse motion of the displacer 328, causes more of 
the ?uid 324 to come in contact With the cold side of the 
engine 3 00 and thereby reduce the pressure. This is illustrated 
in FIG. 1E With the transition to point “D,” corresponding to 
the arrangement shoWn in FIG. 3D. Cooling of the ?uid 324 
induces a substantially isothermic contraction illustrated in 
FIG. 1E With a return to point “A” and With the engine return 
ing to the physical con?guration shoWn in FIG. 3A. 

This basic cycle is repeated in converting thermal energy to 
mechanical energy. In each cycle, the pressure increases 
When the displacer 328 is in the top portion of the enclosure 
302 and decreases When the displacer 328 is in the bottom 
portion of the enclosure 302. Mechanical energy is extracted 
from the motion of the poWer piston 308, Which is preferably 
90° out of phase With the displacer piston 304, although this 
is not a strict requirement for operation of the engine. 

Other types of thermodynamic engines make use of similar 
types of cycles, although they might not involve mechanical 
Work. For instance, thermoelectric engines typically exploit 
the Peltier-Seebeck effect, Which relates temperature differ 
entials to voltage changes. Other physical effects that may be 
used in converting temperature differentials directly to elec 
trical energy include thermionic emission, pyroelectricity, 
and thermophotovoltaism. Indirect conversion may some 
times be achieved With the use of magnetohydrodynamic 
effects. 
A general overvieW of hoW the heating- and cooling-loop 

structures are integrated With a thermodynamic engine to 
achieve poWer generation in embodiments of the invention is 
illustrated schematically in FIG. 4. In the illustrated con?gu 
ration, the system 400 is organiZed about a thermodynamic 
engine 41 6 over Which a temperature differential is de?ned by 
a “hot” side 420 and a “cold” side 424, the terms “hot” and 
“cold” being used only to indicate the relative temperatures 
and not indicating any particular magnitude for the tempera 
ture differential. That is, the hot side 420 has a higher tem 
perature than the cold side 424 of the thermodynamic engine 
416. In some embodiments, the temperature difference across 
the engine 416 is betWeen 30° C. and 250° C., Which is 
generally considered to be a loW- to medium-grade tempera 
ture difference. With such a loW temperature difference, the 
engine 416 operates at a loW energy-conversion e?iciency, 
but this does not prevent the system 400 as a Whole from being 
effective and economical since, particularly in arrangements 
Where the heat source and heat sink are relatively constant in 
time and relatively large. 

In the embodiment illustrated in the draWing, the environ 
mental heating is provided With a solar collection system 408 
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that collects solar radiation 404. The properties of the collec 
tion system 408 may be tailored for different climates in 
Which the system 400 is to operate. The e?iciency of the 
system 400 may depend on such climatic conditions and the 
ability to use collection systems 408 having different con?gu 
rations appropriate for such different conditions alloWs the 
system 400 as a Whole to be operated With greater e?iciency. 
For example, in regions that have cold Winter temperatures, 
an evacuated-tube-type collection system 408 might be used 
While more temperate parts of the World might bene?t more 
from use of a less-costly ?at-plate thermal collection system. 
In addition, some level of solar concentration may be imple 
mented by shaping the collector or otherWise concentrating 
the rays 404. 

The environmental heating is placed in thermal communi 
cation With the hot side 420 of the thermodynamic engine 
416. This may be done by using the solar collection system 
408 to heat a solar thermal ?uid that is circulated through a 
conduit 412 that brings the thermal ?uid into thermal contact 
With the hot side 420. When the solar radiation 404 is con 
centrated, the temperature of the solar thermal ?uid may 
exceed 200° C. or 2500 C. depending on the embodiment, 
although the upper temperature limit in any circumstance is 
dictated at least in part by the speci?c con?guration of the 
solar collection system 408. 
The cold side 424 of the thermodynamic engine 420 is heat 

sunk With a cooling loop 428 to an environmental cooling 
device 432. In some instances, the cooling loop 428 com 
prises a ground loop so that the cold side 424 of the thermo 
dynamic engine 420 is heat sunk to the ground, sometimes 
beloW the frost line. In such embodiments, the environmental 
cooling device may comprise a ground loop heat exchanger, 
although other cold sinks may be used in various alternative 
embodiments. Merely by Way of example, these alternative 
cold sinks might comprise the foundation of a building, a 
large body of Water, pavement, or the like. 

The temperature difference established across the thermo 
dynamic engine 41 6 With the environmental heating and envi 
ronmental cooling loops in this Way may be used to generate 
energy. In embodiments Where the thermodynamic engine 
416 generates a nonelectrical form of energy 436, such as 
When it comprises a Stirling engine that generates mechanical 
energy, an electrical generator 440 may be provided to con 
vert the nonelectrical energy 436 into electrical energy 444. In 
embodiments Where the thermodynamic engine produces 
electrical energy directly, such as When it comprises a ther 
moelectric, pyroelectric, or thermophotovoltaic engine, the 
electrical generator 440 may not be needed since further 
conversion of the generated energy is unnecessary. 

It Will be appreciated that the system 400 is readily ame 
nable to deployment in single- or multi-building settings, 
both in residential and commercial environments. For 
example, the system 400 could be deployed as part of a single 
detached house, providing a relatively inexpensive method of 
generating electricity for use in running appliances Within the 
house. The basic structure of the system 400 is also readily 
scalable because the siZe of the heat sources and heat sinks 
that are used are so large compared to the siZe of the system. 
This permits other embodiments to be used in generating 
electricity used by much larger structures, such as o?ice 
buildings, Warehouses, apartment buildings, and various 
other structures. 

The basic structure of the system 400 shoWn in FIG. 4 may 
be enhanced in a variety of Ways, some of Which are indicated 
With the schematic diagram of FIG. 5. This illustration shoWs 
a number of different features, not all of Which might be 
included in any particular embodiment. A number of different 
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combinations of the various features are possible, as Will be 
evident from the folloWing description. Speci?c applications 
of the system Will ?nd certain of the additional features to be 
of more or less value and differently justi?ed in terms of the 
impact on physical and ?nancial constraints that might exist. 
The basic structure of the system 500 shoWn in FIG. 5 is 

similar to that of the system 400 shoWn in FIG. 4. The system 
500 is organiZed about a thermodynamic engine 548 having a 
hot side 550 and a cold side 554 that de?nes a temperature 
difference across the engine 548. The temperature difference 
is maintained With environmental heating and cooling loops 
516 and 564 respectively provided in thermal communication 
With the hot side 550 and the cold side 554. Energy 584 
generated by the thermodynamic engine 548 may be con 
verted to electrical energy 592 by an electrical generator 588 
in embodiments Where it is not generated directly as electrical 
energy. This is true, for example, When the thermodynamic 
engine comprises a Stirling engine that generates mechanical 
energy instead of a thermoelectric, pyroelectric, or thermo 
photovoltaic engine that generates electrical energy. 
A number of variants are illustrated in the draWing for both 

hoW the environmental heating loop 516 and the environmen 
tal cooling loop 564 may be integrated into and interact With 
the system 500 as a Whole. For example, the heating loop 516 
may obtain heat from a number of different sources in addi 
tion to radiant solar energy 504 collected With a solar thermal 
collection system 508. Additional heat sources 512 may 
include the Waste heat from any industrial or commercial 
processes, particularly When the system is deployed in an 
environment Where such processes are operating. The heat 
from these sources is added to the environmental heating loop 
516 With one or more conduits 520 that provide thermal 
coupling betWeen the additional heat source 512 and the 
environmental heating loop 516. In some cases, particularly 
in certain geographical locations, additional heat sources 512 
may comprise geothermal heat sources that act to heat the 
thermal ?uid routed by the environmental heating loop to the 
hot side 550 of the thermodynamic engine 548. As in the 
embodiment discussed in connection With FIG. 4, the solar 
energy 504 may be concentrated to increase the magnitude of 
the temperature differential in some embodiments. 

Heat may also sometimes be directed from the environ 
mental heating loop 516 for other purposes. Such redirection 
may be particularly advantageous When the total heat avail 
able exceeds the amount that can be consumed by the ther 
modynamic engine 548 in generating poWer. Heat can be 
redirected from different portions of the environmental heat 
ing loop 516 as indicated by conduits 524 and 544. In some 
instances, the redirected heat may be used to provide heat to 
an ambient heating system 532 or a hot-Water system 536, in 
addition to various other heating functions indicated generi 
cally With block 540. Other applications might include using 
the excess heat to melt snoW and/or ice in cold-Weather cli 
mates. Even With the ability to redirect heat for these supple 
mentary heating functions, there may sometimes still be 
excess heat. Embodiments of the invention accordingly also 
provide for thermal storage 528. There are a variety of tech 
niques knoWn in the art for enabling thermal storage, many of 
Which use phase-change materials, although the most com 
mon form of thermal storage still makes use of Water thermal 
storage systems in Which the temperature of the Water is 
raised to store thermal energy. Other high-heat-capacity 
materials may also be used to provide storage of thermal 
energy, and various thermochemical storage approaches may 
be used in some embodiments, one example of Which is based 
on magnesium hydride. 
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Heat that is stored in the thermal storage system 528 is 
available to be used for any of the functions that use heat in the 
overall system 500. For instance, depending on the speci?c 
characteristics of the system 500 at a particular time, heat 
stored in the thermal storage 528 may be directed back to the 
environmental heating loop 516 to enhance the temperature 
difference across the thermodynamic engine 548. In particu 
lar, the ability to store heat in this Way sometimes enables the 
thermodynamic engine 548 to run substantially continuously 
during times When solar radiation is not present. This is par 
ticularly advantageous to alloW the thermodynamic engine 
548 to be run at night or during inclement Weather When the 
intensity of the solar radiation is restricted. It may also be used 
to provide heat the ambient heating system 532, the hot-Water 
system 526, or to provide any other heating function 540 
depending on the temperature demands of these different 
components of the system in comparison to the level of heat 
stored in the thermal storage 528. In addition, there are 
embodiments that intentionally store incoming solar heat dur 
ing the day rather than using the heat to run the engine When 
the environmental cooling temperature is high. This stored 
heat is then used to operate the engine after the sun has set 
When the environmental cooling temperature has decreased, 
thus increasing the ef?ciency With Which the heat energy is 
transformed into mechanical Work. These embodiments are 
envisioned, for example, When an air radiator is used in the 
environmental cooling loop. 
A similar thermal storage 552 may also be included in the 

environmental cooling loop, in addition to other variants that 
may be used in different embodiments. The cold-side thermal 
storage 552 may use a similar or different kind of system as 
the hot-side thermal storage 528 in different embodiments. 
Each of the hot- and cold-side thermal storage increase the 
overall capacity factor of the thermodynamic engine 548, 
With greater increases obtainable by including thermal stor 
age in both environmental loops. The use of thermal storage 
in this Way advantageously alloWs the overall system to be 
designed for average loading instead of peak loading, permit 
ting the system 500 to be smaller and more cost effective. 

Other variants to the environmental cooling loop 564 may 
include a supplementary cooling system 556. Examples of 
such supplementary systems 556 include evaporative coolers, 
cooling toWers, air radiators, and the like. In some embodi 
ments, such a supplementary system 556 is included in addi 
tion to the environmental cooling device 560, although it acts 
as a substitute for the environmental cooling device 560 in 
other cases. When used in addition to the environmental cool 
ing device 560, these supplementary systems 556 augment 
the overall performance of the cooling loop 564, improving 
the conversion ef?ciency of the thermodynamic engine 548 
and enabling higher output poWers. In embodiments Where 
multiple of these supplementary systems 556 are included, 
the individual systems may be enabled and disabled in accor 
dance With seasonal requirements of the location in Which the 
system 500 is disposed. For instance, a building With an 
evaporative cooler in addition to an environmental cooling 
device 560 could use the evaporative cooler to augment the 
ground-loop cooling in Warmer months of the year When the 
evaporative cooling could be applied Within a structure like a 
house or of?ce for space conditioning. 

Thermal ?oW Within the environmental cooling loop 564 as 
indicated may proceed in a number of different Ways indi 
cated in the draWing. For instance, thermal energy may be 
directed from the environmental cooling device along conduit 
576 to the supplementary cooling system 556 and then along 
conduit 574 to the cold-side thermal storage 552, or may be 
directed directly to the cold-side thermal storage 552 along 
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conduit 572. When desired, conduit 568 may be used to 
retrieve thermal energy from the cold-side thermal storage 
552 back into the environmental cooling loop 564. 

In some embodiments, the system may be equipped With a 
plurality of temperature sensors distributed at different points 
Within the system 500 and/ or the system 500 may comprise a 
plurality of solar collectors 508 having a set of valves onpipes 
that connect the collectors 508. The draWing shoWs a control 
ler 580 coupled With various system components, although 
additional connections that are not explicitly shoWn to avoid 
cluttering the draWing may also be included. In such embodi 
ments, the plurality of solar collectors 508 are interconnected 
such that modi?cations may be made by the controller 580 to 
alter the con?guration of the system to account for the speci?c 
thermal characteristics of the system 500 at any point in time. 
Merely by Way of example, such a con?guration could be 
used to account for the fact that during some parts of a day, the 
collectors 508 may be producing more heat energy than the 
thermodynamic engine 548 can consume to generate electri 
cal poWer, With the control system 580 then directing the 
heated ?uid from a subset of the collectors 508 into the 
thermal storage 528 to conserve this thermal energy. 

During other parts of the day When the collectors are pro 
ducing less heat output, the control system 580 could then 
modify the state of the system 500 so that the valves direct all 
of the thermal energy from the collectors 508 to the thermo 
dynamic engine 548. During night-time hours, the control 
system 580 could then again recon?gure the state of the 
system 500 to extract heat energy from the thermal storage 
528 and direct it to the thermodynamic engine 548. The 
control system 580 can similarly control Which among the 
available cooling elements 556 and 560 is used and to What 
degree to maximiZe the overall ef?ciency of the system 500. 

Other connections With the control system 580 may be 
used to alter the manner in Which thermal energy is directed to 
the various other thermal components, such as to the ambient 
heating system 532, to the hot-Water system 536, or to other 
heating functions 540 used by the system 500. More gener 
ally, the control system 580 may be used to de?ne a variety of 
different states of the system 500 that make use of its different 
capabilities to satisfy the various thermal demands of the 
system 500 in the most e?icient or cost-effective manner 
possible. 
The ?nal draWing, FIG. 6, is a How diagram that summa 

rizes these various functionalities in the form of a How dia 
gram. The How diagram is structured so that the left column 
de?nes the basic process that corresponds to What may be 
implemented using the system shoWn in FIG. 4. The various 
blocks in the right column de?ne aspects of the additional 
functionalities that may be implemented With some of the 
components shoWn in the system of FIG. 5. 
The basic process begins at block 604 With the collection of 

solar radiation, Which may be converted to heat at block 608. 
This heat is applied to the hot side of the thermodynamic 
engine at block 612. The cold side of the thermodynamic 
engine is coupled to ground as indicated at block 616, per 
mitting the thermodynamic engine to be run at block 620 
using the temperature difference established across the 
engine to generate energy. This energy is converted to elec 
trical energy at block 624 if the thermodynamic engine is of a 
type that does not produce electrical energy directly. The 
electrical energy produced in this Way may be used at block 
628 to run any of a variety of electrical devices. 
One additional function indicated at block 632 is the col 

lection of Waste heat from industrial or commercial processes 
that may be added to the heat generated from the collection of 
solar radiation. Block 636 similarly indicates the collection of 
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geothermal heat that may also be added to the heat generated 
from the collection of solar radiation. Conversely to the col 
lection of additional heat in this Way may be the redirection of 
excess heat to supplementary heating functions as indicated 
at block 640 and/or the storage of excess heat in a hot-side 
thermal storage at block 644. This stored heat may be applied 
When desired to the hot side of the thermodynamic engine at 
block 648 or may be used for other purposes When appropri 
ate. 

The various additional functions that may be implemented 
on the cold side of the thermodynamic engine are also indi 
cated. For example, block 652 indicates that the cooling may 
be augmented through the use of a supplementary cooling 
system. And block 656 indicates that a cold-side thermal 
storage may be maintained, alloWing it to be used to increase 
the temperature difference at block 660. 

Thus, having described several embodiments, it Will be 
recogniZed by those of skill in the art that various modi?ca 
tions, alternative constructions, and equivalents may be used 
Without departing from the spirit of the invention. Accord 
ingly, the above description should not be taken as limiting 
the scope of the invention, Which is de?ned in the folloWing 
claims. 

What is claimed is: 
1. A method of generating poWer, the method comprising: 
providing a thermodynamic engine con?gured to convert 

heat provided in the form of a temperature difference to 
a nonheat form of energy; 

directing heat through a heating loop in thermal contact 
With a ?rst side of the thermodynamic engine; 

directing heat from the heating loop to a supplementary 
heater and a thermal storage device; 

coupling a second side of the thermodynamic engine dif 
ferent from the ?rst side to an environmental cooling 
loop in thermal contact With an environmental cooler; 

operating the thermodynamic engine to dispense heat from 
the second side of the thermodynamic engine through 
the environmental cooling loop into the environmental 
cooler, Wherein operation of the thermodynamic engine 
generates the nonheat form of energy from the tempera 
ture difference thereby established betWeen the ?rst side 
and the second side of the thermodynamic engine; and 

modifying a relative distribution of heat directed through 
the heating loop, stored in the thermal storage, and 
directed to the supplementary heater. 

2. The method recited in claim 1 further comprising direct 
ing heat from the thermal storage to at least the supplementary 
heater or the ?rst side of the thermodynamic engine. 

3. The method recited in claim 1 Wherein directing heat 
through the heating loop in thermal contact With the ?rst side 
of the thermodynamic engine and directing heat to the heater 
and the thermal storage occurs concurrently. 

4. The method recited in claim 1 Wherein directing heat 
through the heating loop in thermal contact With the ?rst side 
of the thermodynamic engine and directing heat to the supple 
mentary heater and the thermal storage occurs sequentially. 

5. The method recited in claim 1 Wherein directing heat to 
the supplementary heater comprises directing heat to at least 
a hot-Water system. 

6. The method recited in claim 1 Wherein the temperature 
difference is substantially betWeen 30 degree C. and 250 
degree C. 

7. The method recited in claim 1 Wherein directing heat 
comprises: collecting solar radiation; converting the solar 
radiation to heat; and directing the converted solar radiation 
through the heating loop. 
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8. The method recited in claim 7 Wherein collecting solar 

radiation comprises collecting solar radiation With a ?at-plate 
thermal collector. 

9. The method recited in claim 7 Wherein collecting solar 
radiation comprises collecting solar radiation With an evacu 
ated-tube collector. 

10. The method recited in claim 1 Wherein directing heat 
further comprises: collecting Waste heat from an industrial or 
commercial process; and directing the collected Waste heat 
through the heating loop. 

11. The method recited in claim 1 Wherein directing heat 
further comprises: collecting geothermal heat; and directing 
the collected geothermal heat through the heating loop. 

12. The method recited in claim 1 Wherein the environmen 
tal cooler comprises a device selected from the group con 
sisting of a ground loop chiller, an air radiator, a building 
foundation, a body of Water, pavement, and concrete. 

13. The method recited in claim 1 further comprising main 
taining a second thermal storage in thermal contact With the 
environmental cooling loop. 

14. The method recited in claim 1 Wherein the thermody 
namic engine comprises a Stirling engine con?gured to con 
vert the heat provided in the form of the temperature differ 
ence to mechanical energy, the method further comprising 
converting the mechanical energy to electrical energy. 

15. A method of generating poWer, the method comprising: 
providing a Stirling engine con?gured to convert heat, 

provided in the form of a temperature difference, to 
mechanical energy; collecting solar radiation; 

converting the solar radiation to heat; 
directing at least a portion of the converted solar radiation 

to a heating loop in contact With a thermal storage, a 
Stirling engine, and a supplementary heater; 

directing a ?rst portion of the converted solar radiation 
from the heating loop to the thermal storage; 

directing a second portion of the converted solar radiation 
from the heating loop to a ?rst side of the Stirling engine; 

directing a third portion of the converted solar radiation 
from the heating loop to the supplementary heater; 

coupling a second side of the Stirling engine different from 
the ?rst side to an environmental cooling loop in thermal 
contact With an environmental cooler; 

operating the Stirling engine to dispense heat from the 
second side of the Stirling engine through the environ 
mental cooling loop into the environmental cooler; and 

converting mechanical energy generated by operation of 
the Stirling engine from the temperature difference 
thereby established betWeen the ?rst side and the second 
side into electrical energy. 

16. The method recited in claim 15 further comprising 
modifying a relative distribution of the ?rst portion, second 
portion, and third portion. 

17. The method recited in claim 15, Wherein a temperature 
of the second portion of the converted solar radiation is sub 
stantially betWeen 100 degree C. and 250 degree C. 

18. A system for generating poWer, the system comprising: 
a thermodynamic engine con?gured to convert heat pro 

vided in the form of a temperature difference to a non 
heat form of energy; 

a heating loop in thermal contact With a ?rst side of the 
thermodynamic engine, a thermal storage, and a supple 
mentary heater; 

a source of heat in thermal contact With the heating loop; 
an environmental cooling loop in thermal contact With a 

second side of the thermodynamic engine different from 
the ?rst side; 



US 8,539,771 B2 
13 

an environmental cooler in thermal contact With the envi 
ronmental cooling loop; and 

a controller con?gured to modify a relative distribution of 
heat directed through the heating loop, stored in the 
thermal storage, and directed to the supplementary 
heater. 

19. The system recited in claim 18 Wherein the source of 
heat comprises a solar thermal collector. 

20. The system recited in claim 18 Wherein the source of 
heat further comprises Waste heat from an industrial or com 
mercial process. 

21. The system recited in claim 18 Wherein the source of 
heat further comprises geothermal heat. 

22. The system recited in claim 18 further comprising a 
thermal storage in thermal communication With the environ 
mental cooling loop. 

23. The system recited in claim 18 Wherein the environ 
mental cooler comprises a device selected from the group 
consisting of a ground loop chiller, an air radiator, a building 
foundation, a body of Water, pavement, and concrete. 

24. The system recited in claim 18 Wherein the thermody 
namic engine comprises a Stirling engine con?gured to con 
vert the heat provided in the form of the temperature differ 
ence to mechanical energy, the system further comprising an 
electrical generator con?gured to convert the mechanical 
energy to electrical energy. 

25. The system recited in claim 18 Wherein the temperature 
difference is substantially betWeen 30 degree C. and 250 
degree C. 
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26. A system for generating poWer, the system comprising: 
a Stirling engine con?gured to convert heat provided in the 

form of a temperature difference to mechanical energy; 
a solar thermal collector con?gured to convert collected 

solar radiation to heat; 
a thermal storage con?gured to store a ?rst portion of the 

converted solar radiation; 
a heating loop in thermal contact With a ?rst side of the 

Stirling engine to direct a second portion of the con 
verted solar radiation to the ?rst side; 

a supplementary heater con?gured to receive a third por 
tion of the converted solar radiation; 

an environmental cooling loop in thermal contact With a 
second side of the thermodynamic engine different from 
the ?rst side; 

an environmental cooler in thermal contact With the envi 
ronmental cooling loop; and 

an electrical generator in communication With the Stirling 
engine to convert mechanical energy generated by 
operation of the Stirling engine from the temperature 
difference thereby established betWeen the ?rst side and 
the second side into electrical energy. 

27. The system recited in claim 26 further comprising a 
controller con?gured to modify a relative distribution of the 
?rst portion, second, and third portion. 

28. The system recited in claim 26 Wherein a temperature 
of the second portion of the converted solar radiation to the 
?rst side is substantially betWeen 100 degree C. and 250 
degree C. 


