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Issues relevant to each of these are discussed separately in
the following sections.

SOLAR RADIATION AND ITS DISTRIBUTION

Background

The solar constant Go, defined as the energy flux (or irradi-
ance) incident on a surface perpendicular to the incoming so-
lar radiation outside the atmosphere of the earth at the mean
earth–sun distance, has been measured by numerous re-
searchers. Based on a range of satellite and other measure-
ments, the estimated value of the solar constant is 1366
W/m2 	 3 W/m2 (2), corresponding to an equivalent blackbody
temperature of about 5780 K. Spectral analyses show that
about 98% of this energy lies between the wavelengths of 0.3

SOLAR HEATING �m and 4.0 �m. Seasonal variations in the irradiance due to
the elliptical orbit of the earth are on the order of 	3%. Addi-

The world’s supply of fossil fuels is finite and is expected to tional fluctuations caused by sunspot activities over its ap-
be depleted in the foreseeable future. Though nuclear energy proximately 11 year cycle are believed to be less than 1.5%.
systems are not similarly constrained, particularly since the For engineering applications, the solar constant is as-
development of breeder reactors, nuclear waste problems still sumed to be fixed even though small changes have been re-
remain unresolved. The future of fusion technology, where the corded in addition to the normal variations described. This
fuel is essentially unlimited, is also uncertain at the present assumption has no impact on solar system design because the
time. As a result, there is a great potential for alternative energy incident on the surface of the earth differs signifi-
renewable energy sources, such as solar energy. cantly from the solar constant. Scattering effects are caused

Humankind has a very long history of solar energy utiliza- by air molecules (Rayleigh scattering, mostly at wavelengths
tion dating back to prehistoric times. The total solar radiation below 0.6 �m) and by dust/water particles (Mie scattering).
incident on the surface of the earth is on the order of 80 tril- In addition, absorption by ozone, water vapor, and carbon di-
lion kW, which is more than 10,000 times the annual global oxide has a strong impact on the overall transmission of radi-
energy consumption for all human activities at present (1). ation through the atmosphere. As a result, the wavelengths
Although energy availability is not an issue, its direct use is of interest for terrestrial applications are limited to the region
constrained by three factors: (1) the low energy flux (a maxi- between 0.29 �m and 2.5 �m (Fig. 1, see Ref. 3).
mum of about 1 kW/m2); (2) the large variations and unpre- Terrestrial solar radiation consists of beam (i.e., direct)
dictability of the incident terrestrial radiation due to localized and diffuse components. Limited experimental studies sug-
weather conditions; and (3) the need to convert the energy to gest that the spectral distributions of both components of ra-
forms that are more easily transported/stored (e.g., electric- diation are very similar, though the diffuse component is
ity, chemical fuels). These increase the overall cost of energy shifted slightly toward the shorter wavelengths because of
obtained from solar radiation, so that solar energy systems higher scattering in this region. The actual spectral distribu-
are uneconomical for most large-scale industrial and commer- tion and energy content of radiation at any given location are
cial applications. ultimately determined by three factors related to the scatter-

In spite of these limitations, direct solar heating systems ing and absorption processes. These include the ‘‘air mass,’’ a
have become more acceptable, and in many cases, commer-
cially viable because of the increasing economic and environ-
mental costs of energy. This is particularly true for many low
temperature applications (�100
C to 150
C), such as water
and space (i.e., building) heating and industrial processes,
such as distillation, salt/brine production, and drying. A num-
ber of other applications, such as cooking, power generation,
cooling/air conditioning, and detoxification/disinfection have
also been investigated over the years. Most of these are still
in the developmental phase though a few designs have been
commercialized to a limited extent.

The applications of direct solar heating applications are
quite diverse. However, the basic design in all cases is deter-
mined by three factors:
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• the availability of solar energy at a given location
Figure 1. Extraterrestrial solar radiation and the effects of Rayleigh

• the energy collection and storage requirements
scattering and atmospheric absorption on the spectral distribution of

• the end use of the energy as related to the actual appli- beam irradiance (From J. A. Duffie and W. A. Beckman, in Solar
Engineering of Thermal Processes, Wiley, 1991. With permission.)cation
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measure of the length of the radiation path in the atmo- bright sunshine averaged over the duration under consider-
ation, and N the average length of the day.sphere, the precipitable water content, and the dust content

of the atmosphere. The clear sky irradiation Hc required in this correlation
can be estimated from equations relating the terrestrial nor-
mal irradiance Gc (including the effects of latitude, longitude,Measurements of Solar Radiation
altitude, and climate type) to the extraterrestrial value Go (6).

A knowledge of the amount of solar radiation received at a The average length of the day N can be easily evaluated be-
given location surface is essential for the design, evaluation, cause it is a direct function of the solar constant, the orbital
and optimization of solar thermal systems. Thus, instruments position of the earth around the sun during the time period
based on photovoltaic detectors have been developed to mea- of interest, and the actual geographic location (latitude and
sure the duration of bright sunshine. Similarly, instruments longitude) under consideration. The parameter n and the em-
to measure the direct solar radiation flux (pyrheliometers or pirical constants a, b have been obtained from regression
actinometers) and the diffuse and total solar radiation fluxes analyses of solar radiation data for various locations around
(pyranometers or solarimeters) are also available. More re- the world and are available in literature. For areas where
cently, extensive work has been done to develop satellite- these values are unavailable, suitable estimates are obtained
based techniques for measuring solar insolation over large by using data from locations with similar geographic and cli-
areas (4). matic conditions.

Standard and secondary standards pyrheliometers use a In recent years, a number of other models/equations for
comparator-type approach where the incident radiant energy estimating the solar radiation have been developed. Many of
is compared with a known heat input. These devices are dif- these involve the clearness or cloudiness index H/Ho (Ho being
ficult to use in practice, and operational devices are usually the extraterrestrial irradiance), which helps eliminate the pa-
based on direct temperature measurements using multijunc- rameter Hc from the calculations. In the simplest cases, these
tion thermopiles. Before use, these field instruments must be equations may be based on simple linear regression analyses,
calibrated, and when carefully used, errors with well-cali- as described previously. Other equations are based on an-
brated instruments of this type are quite small (on the order other parameter, the average cloud cover C, which is derived
of 5% or less), though thin clouds or haze may increase errors from empirical data or from more complex models. Consider-
to as much as 10% or more. able research in this area is continuing at present (7).

Pyranometers also use thermopile detectors and are cali-
brated against standard pyrheliometers, though they may be

ENERGY COLLECTION AND STORAGEoccasionally calibrated against secondary standard pyrano-
meters. Alternative pyranometer designs are based on bime-

A critical part of any solar thermal system is the collectortallic strip transducers or photovoltaic detectors. Though the
which is designed to absorb solar energy incident on it. Thesespectral response of a silicon cell differs from the typical solar
are often used with energy storage systems because the en-spectrum, errors introduced by this difference are believed to
ergy demands for most applications are time-varying and arebe less than 5%. However, it is important to note that the
rarely correlated with the available solar energy. Variouserrors may be much larger if reflected radiation from the sur-
types of collectors and storage devices have been developedroundings is a significant fraction of the total incident radi-
for different applications. These devices and practical issuesation.
surrounding their use are discussed in the following sections.The diffuse component of the radiation is measured with

pyranometers modified to include a shading ring. In this case,
Preliminariescorrection terms on the order of 5% to 20% are usually neces-

sary because the ring shades the detector from some of the Collectors are classified into two broad categories, nonconcen-
diffuse radiation (in addition to the direct component). Mea- trating or flat-plate collectors and concentrator-receiver-type
surements of radiation on inclined surfaces are also made collectors. In either case, it is first necessary to estimate the
with conventional pyranometers. However, the measure- solar radiation incident on their surfaces before designing a
ments may need to be corrected by as much as 10%, de- solar thermal system. For a horizontal surface, methods for
pending on the instrument used. estimating the incident energy have already been discussed

in the previous section. For inclined surfaces, the problem is
more complicated, and the beam and diffuse components ofEstimates of Solar Radiation
the incident radiation must be considered separately.

Solar radiation data required for systems design are often un-
available. Thus, the average incident radiation is often esti- Radiation on Inclined Surfaces. The beam component of radi-
mated from empirical equations developed for this purpose. ation is obtained directly from the sun. Thus, it can be evalu-
These were originally of the following form (5): ated from geometric considerations once the angles relative to

the horizontal plane are known. Any specular reflection from
the ground or the surroundings can also be similarly calcu-
lated as long as the reflecting surface locations/configurations

H
Hc

= a + b
n
N

(1)

are well defined. The diffuse component is more difficult to
evaluate because a nonhorizontal surface receives radiationwhere H is the irradiation on a horizontal surface, (i.e., the

energy incident per unit area integrated over a specific time by scattering from the sky and by (diffuse) reflection from the
ground. Further complications arise because the diffuse com-period e.g., year, month) where the subscript c refers to a

‘‘clear sky’’ terrestrial value, n is the daily number of hours of ponent from the sky consists of three separate components,
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isotropic diffusion which is independent of the direction, cir- Design Considerations. In an actual collector, the radiation
incident on the collector surface is not entirely absorbed bycumsolar diffusion which is concentrated in the solid angle

region surrounding the sun, and the horizontal brightening the absorber plate because of some absorption/reflection at
the glass surface(s) and some reflection at the plate itself.effect which is seen near the horizon.

Various models have been developed to account for differ- Though this can be calculated from the transmittance of the
glass cover and the absorptance of the absorber plate, it isent components of diffuse radiation incident on inclined sur-

faces (8). Simple approximations assume that the overall dif- convenient to define an effective transmittance-absorption
product (��)eff combining the effects of the absorber plate-fuse radiation, including both sky and ground reflected

radiation, is isotropic. In such a model, the diffuse radiation glass cover combination. In most collectors this is approxi-
mated by the expressionis independent of direction, and only the beam radiation geo-

metric effects are important in evaluating the total incident
radiation. An improved model, the diffuse isotropic model, ne- (τα)eff ≈ 1.01 − 1.02(τα) (2)
glects anisotropic scattering effects (i.e., the circumsolar diffu-
sion and the horizon brightening) but considers the ground where � and � are the absorptance of the absorber plate and
reflection separately and assumes that it is isotropic. Thus, the transmittance of the glass covers, respectively. Though
corrections based on radiation shape factors are used to ac- these must include both spectral and directional effects, hemi-
count separately for the energy received from the sky and the spherical, total values are typically used because of lack of
ground. Many more advanced models considering the aniso- adequate information, particularly related to directional prop-
tropic scattering effects have also been developed in recent erties.
years. Nevertheless, the diffuse isotropic model, which gives Three parameters are of importance in collector design.
conservative results, is still widely used because it is rela- The collector loss coefficient UL is the overall heat transfer
tively easy to implement. coefficient summing up the effects of convective and radiative

heat losses from the absorber plate:
Flat-Plate Collectors

Q = Ac[S − UL(Tp − Ta)] (3)A solar collector is a heat exchanger that collects thermal en-
ergy in the form of radiation and transfers it to a working

where Q is the energy gain of the collector, S is the incidentfluid. Flat-plate collectors are usually designed to be station-
radiation absorbed by the absorber per unit area, Tp is theary (i.e., nontracking), and their orientation is selected to op-
mean temperature of the absorber plate, and Ta is the ambi-timize the average system performance during the year (or
ent temperature. The collector loss coefficient can be calcu-portion of the year). In general, they are classified into two
lated from a 1-D (or network type) analysis including the indi-broad categories, air heaters or liquid-plate collectors, de-
vidual (conductive, convective, and radiative) heat transferpending on the heat transfer fluid. Though the physical con-
resistances.figuration of the two types of collectors is somewhat different,

Because Tp is not known a priori and is somewhat difficultthe design principles are similar.
to evaluate, it is convenient to define a second parameter,A simple liquid collector shown in Fig. 2 consists of a
namely, the heat removal factor FR, a measure of the ‘‘heat‘‘black’’ solar energy absorbing surface to which are attached
exchanger effectiveness’’ of the collector. FR is the ratio of thea number of fluid conduits. The conduits are mounted in an
actual heat transfer to the maximum heat transfer (thatenclosure with transparent cover(s) which transmit incoming
would occur if the fluid temperature remained constant):solar radiation while reducing heat losses from the upper sur-

face. Liquid collectors are typically designed to have selective
surfaces with high absorption at wavelengths below 2.5 �m
and low emittances above 3 �m (for a surface at 200
C, 99%

FR = Q
Ac[S − UL(Ti − Ta)]

(4)

of the emitted blackbody radiation is at wavelengths greater
than 3 �m). This ensures that a very high fraction of the inci- where Ti is the inlet fluid temperature. Because the tempera-
dent radiation is absorbed and the energy emitted is rela- ture of the fluid is always lower than the temperature of the
tively low. The overall enclosure is also well insulated at the absorber plate, FR is less than (or equal to) the collector effi-
rear to further minimize any heat losses to the surroundings. ciency factor F�. F� is defined as the ratio of the fluid-to-ambi-

ent heat transfer coefficient Uo to the plate-to-ambient (i.e.,
the collector loss) heat transfer coefficient UL:

F ′ = Uo

UL
(5)

Then the mean plate and fluid temperatures are related to
the previous three parameters as follows:

Tf = Ti + Q/Ac

FRUL

�
1 − FR

F ′

�
(6)

Absorber plate

Fluid tubes
Glass covers

Insulation Collector structure

Figure 2. Schematic of a simple liquid solar collector.
TP = Ti + Q/Ac

FRUL
(1 − FR) (7)
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Practical Considerations. In a practical system, the collector the absorber is equivalent to a heat exchanger that transfers
the redirected radiant energy to the working fluid flowingperformance is affected by a number of factors that are diffi-

cult to quantify. Limited experiments suggest that dust depo- through it. Because of the concentration effects, however, the
temperature of the working fluid can be raised to much highersition on the collector cover plate reduces the energy absorbed

by 1% to 2%. Shading effects are also significant, but these values than possible with flat-plate collectors. Thus, most ab-
sorbers include vacuum barriers of various forms (Fig. 3) tocan be evaluated only on a case-by-case basis. Shading by the

structure of the collector itself can reduce the incident energy. minimize convective heat losses which are proportional to the
temperature difference between the absorber plate and theIn most cases these are expected to be on the order of 1%

to 3%. surroundings. With a smaller absorber area relative to the
collector (i.e., concentrator) area, these are therefore quite lowMost analyses related to solar collectors assume that a

steady-state condition exists as has been done in the previous in well-designed concentrator-receiver systems.
equations. In reality, a solar thermal system, and particularly
the collector, is a transiently operated device. Two effects are Design Considerations. As in flat-plate collectors, the pa-
important here, the early morning heating of the system and rameters of importance for a concentrator–receiver collector
the transient (and often intermittent) nature of the daily solar include the loss coefficient, the efficiency factor, and the heat
radiation. Thus, time-dependent models for solar collectors removal factor. However, two additional parameters, the con-
have also been developed and are sometimes used for detailed centration ratio and intercept factor, are also important in
analysis. In most cases, however, the effects of variations in this case. The first is usually based on area and is defined as
ambient temperature, wind speed, and solar insolation are
relatively small and are neglected in system design.

C = Aa

Ar
(10)

Performance Testing. Performance standards have been de-
veloped for solar collectors as their commercial market has where Aa is the aperture area (i.e., the projected area of the
increased in recent years. Three parameters are used to char- concentrator) and Ar is the receiver area. This is a measure of
acterize the collector performance: the instantaneous collector the energy concentration whose maximum values are given
efficiency, incident angle modifier, and the time constant. The by
first is a measure of the energy absorbed by the collector rela-
tive to the energy incident on it:

η = Q
AcG

(8)

Ccirc,max = 1

sin2
θs

≈ 45,000

Clin,max = 1
sin θs

≈ 212
(11)

where  is the instantaneous efficiency. The second parame-
where the subscripts circ and lin refer to circular and linearter, the incident angle modifier K�� gives the effect of the
concentrators, respectively, and �s is the half-angle subtendedorientation of the collector with respect to the normal direc-
by the sun as viewed from the earth (�0.27
). The intercepttion:
factor � of a concentrator is the fraction of the radiation inci-
dent on the concentrator that is ultimately reflected onto theKτα = (τα)

(τα)n
= 1 + bo

� 1
cos θ

− 1
�

(9)

where bo is the incident angle modifier coefficient. This empir-
ically determined constant is obtained from tests with the col-
lector at different orientations with respect to the incoming
radiation. The final parameter, the time constant, is a mea-
sure of the heat capacity of the collector and is defined as the
time required for the temperature of the fluid to change by a
factor of 0.632 (� 1 � 1/e) relative to the ultimate steady-
state value.

Concentrator-Receiver Collectors

Concentrator-receiver collectors consist of two components, a
reflecting or refractive surface known as the concentrator (9),
which is used to direct incident solar radiation to the second
component, the receiver. Because of the higher costs of lenses,
particularly for larger sizes, most large systems use mirror-
type concentrators. These range from simple diffuse back-re-
flectors (a slight modification of conventional flat-plate collec-

Outlet tube Dewar flask Delivery tube
Absorber tube

Absorber surface

Inlet tube

Inlet tube

Outlet tube

Dewar flask Heat transfer tube

(a)

(b)tors), to systems using minimal tracking, nonimaging concen-
trators, to fully tracking, imaging-type parabolic or Fresnel Figure 3. Two types of evacuated Dewar tubes with cylindrical ab-
concentrators or large arrays of heliostats. sorbers. (a) Dewar with delivery tube. (b) Dewar with inserted fin and

The receiver itself includes the absorber, related structural tube (From J. A. Duffie and W. A. Beckman, in Solar Engineering of
Thermal Processes, Wiley, 1991. With permission.)hardware, and thermal insulation. Like a flat-plate collector,
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In phase-change energy storage systems, the storage me-
dium undergoes a change of phase during the heat
absorption/release process. Because of latent heat effects, en-
ergy absorption and release occur at a more uniform tempera-
ture and the size/mass of the energy storage unit can be re-
duced significantly.

Figure 4. Compound parabolic concentrators with cylindrical ab-
Chemical energy storage systems are based on reversiblesorbers.

chemical reactions. Common approaches are based on decom-
position of metal oxides, dehydration of metal hydroxides, and
photochemical decomposition. As in phase-change type sys-receiver. In most concentrator–receiver collectors, this is
tems, the energy storage density can be increased signifi-greater than 0.9.
cantly. Both phase-change and chemical energy systems are
limited by the cost of the storage material(s) and often byPractical Considerations. Concentrator–receiver designs are
material compatibility and related issues.driven primarily by the beam component of the radiation, ex-

cept for systems with low concentration ratios (�10 approxi-
mately, e.g., diffuse back-reflector-type collectors). To reduce Combined Collector-Storage Systems
or minimize tracking requirements, however, nonimaging

Solar Ponds. The most widely used combined collector-stor-concentrators have been designed to reflect radiation to the
age system is a solar pond. Solar ponds are 1 m to 3 m deep,receiver over a wide range of incident angles. For flat receiv-
large bodies of water in which convection is suppressed byers, compound parabolic concentrators are commonly used,
increasing the salinity at the bottom of the pond or by usingbut involute reflectors provide better performance for cylindri-
honeycomb membranes or polymer gels. By minimizing con-cal absorbers (Fig. 4). The large acceptance angle of nonim-
vection, energy absorbed by the bottom layers of water canaging concentrators means that a fraction of the diffuse radia-
be stored for extended periods of time because heat losses bytion is also collected by such reflectors.
conduction at the pond edges and through the upper layers ofParabolic or paraboloidal mirrors (or lenses) are used as
water are relatively small. As a result, a strong temperatureconcentrators in imaging systems. For a perfect mirror in per-
inversion (with bottom temperatures as high as 70
C to 80
C)fect alignment, linear or circular images are obtained at the
exists within a well-designed solar pond.focal point. Imperfect reflectors and/or alignment results in

Experimental studies show that as much as 95% of thean image larger than those expected in the perfect configura-
solar energy in the wavelength region of 0.3 �m to 0.6 �m istion. Thus, the concentration ratios of practical systems must
absorbed in the lower layers of a solar pond when the incidentbe lower than those of theoretically perfect designs. These ef-
radiation is approximately normal to the pond surface. Radia-fects are particularly evident in linear concentrator-receiver
tion at higher wavelengths is absorbed in the upper regionscollectors where tracking is typically possible only in one
and may not provide usable energy. Heat is removed from theplane. As a result, the image size can vary significantly
pond by heat exchangers submerged within the pond or bythrough the day, depending on the system orientation (E–W,
extracting hot water from the lower layers and returning itN–S, etc.).
after use. In the second approach, special care must be takenConventional mirror-based approaches are inadequate for
to avoid destratification and to maintain the stability of thelarge solar thermal systems designed for power generation or
pond.similar processes. For these applications, the system configu-

Saline ponds with salt concentrations increasing withration typically includes a central tower-mounted receiver to-
depth are the most common type of solar ponds. The concen-gether with a field of independently controlled plane mirrors
tration gradients in these solar ponds result in continuous(heliostats) which direct the solar radiation onto the absorber.
diffusion of salt from the lower layers to the upper layers. ToSuch a heliostat configuration is equivalent to a large Fresnel
maintain the temperature and salinity gradients in the pond,mirror and provides enormous flexibility in system design. A
it is therefore essential to add salt to the lower layers andnumber of such systems have been tested worldwide.
dilute the upper layers as required. Water evaporating from
the pond surface must also be replaced continuously. To mini-Energy Storage Systems
mize wind-induced mixing, wave barriers in the form of nets

The availability of solar energy rarely coincides with energy or pipes are often necessary, particularly for larger ponds. To
demand for a given application because of the obvious tran- improve long-term performance, the ponds are lined with
sient nature of solar radiation and the time constant associ- membrane liners and/or layers of clay so that leakage is kept
ated with all solar thermal systems. To increase the applica- to a minimum.
bility of solar thermal systems, these are often used with
energy storage subsystems which store thermal energy when

Collectors With Integral Storage. On a smaller scale, conven-excess energy is available.
tional solar collectors have also been designed with integralThree basic types of thermal energy storage systems have
storage to simplify the overall system. Such integrated sys-been considered (10). In sensible-heat, thermal energy storage
tems have been developed for flat-plate and concentrator-re-systems, heat is transferred to an energy storage medium
ceiver configurations. These may be entirely passive devices,with a consequent rise in its temperature. Typical storage me-
in which water, the heat transfer fluid, may be stored in thedia include water in an insulated tank and rocks in a packed-
collector itself. In other configurations, the storage subsystembed configuration. Special designs include storage walls for

buildings or aquifier storage for seasonal applications. may be incorporated in the lower section of the collector/re-
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ceiver, below the absorber plate, so that the operating temper- with risers and headers made of special materials so that they
can withstand occasional freezing.ature of the system is more uniform.

Auxiliary heating is almost inevitably required in solar
water heaters. This is true even in the most ideal geographic

ENERGY CONVERSION AND UTILIZATION locations because of the mismatch between available energy
and demand. Auxiliary heat is usually supplied by a conven-

Solar thermal energy has been used for numerous applica- tional heater that provides the energy required either in the
tions over the years. The most common are residential/com- storage tank, to the water leaving the tank, or to a separate
mercial water and space (building) heating systems. In addi- bypass, as required.
tion, solar energy has also been used for cooking and a range A number of specialized solar water heating systems have
of industrial and process applications, such as distillation, been proposed over the years. One example is the hybrid solar
salt/brine production, drying, detoxification, power genera- collector, which converts incident solar energy to both ther-
tion, and absorption cooling. These are discussed further mal and electrical energy. The electrical energy generated can
here. be used to drive the pump or fan to circulate the fluid in the

collector system or for other purposes. Another example is the
Residential Water Heating low flow rate, forced-convection system that has been devel-

oped to obtain increased stratification in the storage tank.Water heating is probably the most common solar heating ap-
Such a design provides higher performance at significantlyplication. A typical configuration of a residential water heat-
lower cost.ing system is shown in Fig. 5. Residential water heating sys-

A second large residential application of solar energy istems are of two basic types, natural circulation and forced
swimming pool heating. The general requirements of this ap-circulation. In natural circulation systems, density differences
plication are similar to those of water heating, though theredue to the temperature rise of the fluid in the collector(s) in-
are a few significant differences. The most important of theseduces a flow in the system. Because this driving force depends
is the set-point temperature which is relatively low for aon the heat absorbed, natural circulation systems are self-
swimming pool. On the other hand, the total thermal energyadjusting to a certain extent. The temperature rise in the col-
required is usually much larger than that for a residentiallector is about 10
C over a wide range of operating conditions.
water heating system because the mass of water is muchIn forced convection systems, a separate collector-side heat
greater. As a result, the simplest approach is to use the pooltransfer loop is often employed, and a separate pump trans-
itself as the collector by covering it with a solar transparentports the heat transfer fluid in this loop. With this approach,
(and IR opaque) plastic cover. Alternatively, separate collec-it is possible to use a heat transfer fluid other than water.
tors are used in series with the pool pump to heat the waterThis is particularly advantageous in regions subject to freez-

ing because then antifreeze mixtures (ethylene glycol–water, as required.
propylene glycol–water) or air can be used in the collector
loop. Furthermore, because the boiling point of antifreeze Space (Building) Heating
mixtures is higher than that of water, such systems can also

Building (residential or commercial) heating systems are ofbe designed to operate at higher temperatures without in-
three general types: passive, active, and hybrid systems. Increasing the system pressure.
passive ‘‘solar houses,’’ building elements are designed so thatFreeze protection is an important issue for solar water
individual components also absorb, store, and release thermalheaters in many parts of the world. If antifreeze mixtures
energy as required. In one approach, the building may includecannot be used because of cost or other constraints, systems
collector-storage walls that absorb and store incident radia-may be designed so that the water can be drained back to the
tion. In such a design, glazing is put on part of the south walltank or out of the system below a set temperature. Alterna-
and the wall itself is painted black (i.e., with a solar radiationtively warm water can be circulated through the collectors, if

freezing temperatures are rare. Systems can also be designed absorbent paint). To maximize energy storage, the wall is

Figure 5. A typical residential water
heating system.
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the heat pump is then used for conventional space heating.
Specialized phase-change storage techniques (e.g., wax im-
pregnated wallboards) have also been developed in recent
years, and these are particularly useful for solar houses. In
some cases, entire housing complexes have been integrated
with large, seasonal, energy storage facilities which provide
hot air as required. For best performance, both passive and
active methods may be combined in hybrid building heating
systems.

Solar Cooking

Solar cookers have been investigated for many decades, and
some low cost commercial models are available. These cookers
can be classified into three basic types. Hot-box designs con-
sist of an insulated box with double glazing in which the cook-
ing vessel is placed. Therefore the basic configuration is
equivalent to that of a solar collector using the energy within
the ‘‘collector’’ itself. Such cookers are oriented manually, and
are limited to relatively low operating temperatures. The heat
input and temperatures can be increased by incorporating re-
flectors within the box to increase the degree of concentration
by a small amount.

Cookers that provide higher temperatures use concentra-
tors (usually mirrors), and the vessel is mounted at the focal

Collector

Air return

Living space

Distribution
Auxiliary
heater

Fan

Cold waterDomestic
hot water

point. In this configuration, the vessel corresponds to the ab-
sorber in a concentrator-receiver collector. This type of designFigure 6. A schematic of an active building heating system.
requires bright sunshine for successful operation, and care
must be taken to minimize heat losses from the vessel at
higher wind speeds. Folding-umbrella concentrators have

made of masonry or includes a water tank. Absorbed/stored
been developed for such systems to enhance portability.

energy is transferred to the living space by forced or natural
The hot-box and concentrator cookers cannot be used in-

convection depending on the building design. If necessary,
doors and require a high level of solar insolation. Therefore

movable insulations, such as screens, shutters, or special
their use is limited to rural and/or portable, camping applica-

plastic foam insulations, are used to prevent heat losses dur-
tions where the cost of fuels may be excessive. To overcome

ing periods of low solar insolation.
these problems, the third approach is to use a collector-based

A second approach is to use direct-gain south windows in
system which transports energy with a suitable heat transfer

combination with overhangs and movable insulations. In this
fluid to an indoor ‘‘cooking range.’’ High costs and other con-

case, the room itself is the collector, and the window acts as
straints, however, limit the use of such cookers at present.

the glazing material. Alternatively, a greenhouse (or conser-
vatory), which is a glaze-enclosed extension of the house, can

Industrial and Process Applications
be used both as a living space and as a collector. Energy is
stored by selecting appropriate materials for the floor and se- Solar heat is extensively used for a number of industrial pro-

cesses, such as distillation, salt/brine production,and dryinglect (interior) walls. Various types of overhangs are used to-
gether with passive systems to control the incident radiation of agricultural products. Over the years, considerable work

has been done to develop other solar thermal systems, suchon the ‘‘collector’’ surface. Heat distribution is a particularly
important issue in passively heated buildings, and therefore as power plants, cooling/air-conditioning units, and detox-

ification/disinfection reactors. These are discussed furtherarchitectural design is very important to ensure that proper
comfort conditions are maintained. later on.

Active building heating systems are very similar in concept
to water heating systems (Fig. 6). Air or water (or antifreeze Distillation. Solar stills for producing drinking water from

brackish or salt water have been used for more than a cen-mixtures) are the typical heat transfer fluids. Liquid-based
systems include a closed liquid loop from which heat is trans- tury. Though they may have various physical configurations

(e.g., evaporation from wicks, flow over nonhorizontal sur-ferred to the air via a suitable heat exchanger. Systems using
air collectors may be direct or include a separate loop similar faces), they are all thermally equivalent to the basin-type still

(Fig. 7). In this design, solar energy is absorbed by water (ei-to liquid-based systems. If necessary, an energy storage sys-
tem may be included in either case. As in water heating sys- ther directly or via the dark lining of the basin) which evapo-

rates and rises to the top of the enclosure. Because of thetems, auxiliary heating is typically required as are freeze/
boiling protection systems and suitable controls to maintain lower temperature of the cover, the vapor condenses, drains

by gravity to the troughs on each side of the still, and is col-the required set points.
An alternative approach to direct heating with solar en- lected for future use.

Basin-type solar stills are either shallow with depths lessergy is to use the heated air from the collector as the cold-
side thermal reservoir for a heat pump. In this configuration, than 0.02 m or deep with depths on the order of 0.1 m or
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Power Generation. Solar thermal power generation sys-
tems have been investigated for more than a hundred years.
Early work was related to low-power (�100 kW) systems,
mostly for irrigation. In recent decades, however, large sys-
tems generating up to 80 MWe (peak) have been operated ex-
perimentally. Typical systems have been based on concentra-
tor-receiver collectors (e.g., parabolic troughs, heliostats)
because heat engine efficiencies are a strong function of the
temperature of the heat source. Alternatively, large solar
ponds have been used to power low temperature power plants����Black liner

Insulation
Basin with salt

water

Condensate collection
trough 

Cover–condenser

generating as much as 5 MWe.
Figure 7. A schematic of a solar still. Most solar thermal power plants have been based on the

Rankine cycle, though Brayton and Stirling cycles have also
been considered to increase the efficiency, particularly for
high temperature systems. Depending on the power outputmore. Shallow designs are typically more expensive but pro-
and application, the overall configuration of the system canduce more water even though they are operational only dur-
vary significantly. Typically, the solar energy collection sys-ing the day. Deep stills continue to operate at night because
tem is a separate loop where the working fluid (organic/syn-of the thermal inertial of the larger body of water in the ba-
thetic heat transfer medium) remains in the liquid phasesin. From the viewpoint of heat transfer, a solar still is equiv-
throughout. Energy is transferred via a heat exchanger to aalent to a ‘‘no-flow’’ solar collector with an additional evapora-
secondary medium (e.g., water/steam, fluorocarbons, organiction-condensation process within the still itself. Solar stills
fluids) which must satisfy the requirements of the power gen-are typically characterized by their efficiency which is equiva-
eration cycle. Energy storage units have also been incorpo-lent to the ratio of the useful heat transfer to the water to the
rated in large power generation systems to provide better en-solar radiation incident on the still surface.
ergy management.

Salt/Brine Production. Salt/brine production by solar heat- Cooling and Air Conditioning. Solar heat has also been used
ing and evaporation of sea or brackish water is also an indus- in cooling applications. The most common approach is to use
trial process used throughout the world. Typically, the salt, solar energy as the heat source for a conventional vapor ab-
usually sodium chloride, is obtained in three stages in shallow sorption refrigeration system. Instead of using steam, hot wa-
ponds or pans. In the first step undertaken in the largest ter from solar collectors is used to supply energy to the gener-
ponds, the solution is concentrated to a level at which it is ator in such systems. Continuously operating units for
fully saturated at about 23% salts. The concentrate is trans- building cooling may require an auxiliary heat source to pro-
ferred to the second-stage pans, where calcium, magnesium, vide the necessary system performance. Simpler intermittent
and iron sulfates and carbonates precipitate. Sodium chloride absorption systems can be used for food preservation. Proto-
and magnesium and potassium chlorides and bromides are type solar absorption cooling systems have been tested in var-
obtained in the final crystallizing ponds. ious locations but have not yet reached the commercial stage.

The heat transfer process in a solar evaporation process, Solar thermal energy has also been used in desiccant cool-
whether for salt production or brine concentration, is similar ing systems which are based on a dehumidification-humidifi-
to that in a solar still. However, no condensation is associated cation process. Preconditioned air is dehumidified by a desic-
with this process, and in the absence of a cover, heat and cant, an exothermic process which increases the temperature
mass transfer rates are significantly enhanced at high wind of the air. Then the air is cooled initially using exhaust (or
speeds. At the same time, rainfall reduces the production rate other low temperature) air from the conditioned space, after
by diluting the concentrates in the ponds. which its temperature is brought down further by evaporative

cooling. The desiccant itself is regenerated by solar heat. Ex-
haust air may also be used for this purpose if it is availableDrying. Drying of agricultural and forest products is an-

other common use of solar thermal energy. Either a direct or at a suitable temperature. Though various types of solar des-
iccant cooling systems have been developed using both solidan indirect approach may be used for this application. In di-

rect systems, the product (e.g., grains, fruit) is spread out in and liquid desiccants, these are mostly experimental at
present.a thin layer and exposed to solar radiation and wind. Mass is

transferred from the grain surface by convective effects of the
wind and the latent heat of evaporation is provided by solar Detoxification/Disinfection. Solar energy has been used for

photocatalytic decomposition of hazardous wastes, such asradiation. Then moisture continues to diffuse outward from
the interior because of the resulting concentration gradients, PCBs and other organic compounds, and for killing bacteria

and other pathogens. Systems are typically based on concen-and drying occurs over a period of time.
Indirect systems have also been developed for drying wood, trator or flat-plate collectors, though shallow pond reactors

have been used in some cases. Collectors are specially de-crops, etc. These are similar to conventional dryers, but part
of the energy is provided by solar heat absorbed in a collector signed for this application because they must be highly trans-

parent to ultraviolet radiation. This is essential because thesystem. Another alternative is to use a greenhouse design in
which the kiln itself is equivalent to a solar collector with oxidation-reduction reactions are driven only by UV radiation

(wavelengths �388 nm based on the activation energy of tita-internal circulation. In both cases, either a recirculation sys-
tem or an open circuit configuration is possible. nium dioxide, the most commonly used catalyst), which com-
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prises only about 4% to 6% of the total terrestrial solar radia- the useful energy based on available weather data and an
estimate of the system losses (which must be less than thetion. The overall collector is otherwise relatively simple and

requires no thermal insulation because the reaction rates are absorbed radiation if there is to be any useful energy). For a
given system design, these are typically quantified by a pa-not a significant function of temperature.
rameter known as the utilizability, which is the useable frac-
tion of the total incident energy available over any given pe-

MODELING AND SIMULATION riod (hour, day, etc.).
Utilizability methods are usually based on the monthly av-

Modeling of solar thermal processes is particularly important eraged values and are widely used, particularly for swimming
because of the high initial cost of many solar thermal sys- pool heating, passive and hybrid heating, and air heating sys-
tems. As a result, considerable work has been done to develop tems. For many liquid collectors, however, there may be large
simulation tools for these systems. These include highly spe- intramonth variations in the critical radiation level (i.e., the
cialized models for individual or specific types of systems and radiation level at which the incident radiation exactly equals
more general transient or time-averaged models that can be the absorber losses, and the utilizability is zero). As a result
used for a range of applications. Only the second group of these methods are not applicable for such systems.
models is discussed here because the others are not directly An alternative approach is to correlate the results of a
practical for most applications. large number of simulations and use the correlation to predict

the performance of similar systems. This is the basis of the f -
Transient Models chart method which is used to estimate the fraction f of the

total energy required for a specific application that can beA number of generalized transient models have been devel-
supplied by solar radiation. This parameter is usually ob-oped by different research groups around the world [e.g.,
tained as a function of the heat loss (X) from the collector andCommission of European Communities (EMPG2/EURSOL),
the energy (Y) absorbed by the collector, both of which areTRNSYS (United States), WATSUN (Canada)]. These are
normalized with respect to the heating load. Separate correla-built on individual numerical simulation modules describing
tions for f are available for air- and water-based systems, andthe transient performance of components that make up a typi-
correction factors which account for energy storage have beencal (solar) thermal system. The modules are usually based on
developed. Because the functions are obtained using a curvea 1-D approach because the uncertainties associated with typ-
fit, the f -chart method can be used only for the specified rangeical solar thermal systems do not justify the increased compu-
of parameters and where the minimum load temperatures aretational cost of more complex 2-D or 3-D models. Limitations
about 20
C. More advanced methods combining the utilizabil-of current multidimensional computer models for complex
ity and f -chart concepts have also been developed to overcomethermal processes also make the 2-D and 3-D models imprac-
this minimum temperature limitation but are not commonlytical in most cases.
used.The generalized transient models are implemented in the

The utilizability, f -chart, and related methods are directlyform of large computer programs which include subroutines
applicable to active collector-based systems. In contrast, thefor the numerical solution of differential equations and utili-
heat transfer process in passive ‘‘solar buildings’’ is relatedties for mathematical analysis of various thermodynamic and
closely to its architectural design. Nevertheless, models basedtransport processes. To simulate a given process/system, the
on the utilizability concept and correlation-based methodsmodules describing the individual components are linked to-
have been developed for such applications. Specialized chartsgether in series and/or parallel as required. Then the system
and methods based on past experience with passive heatingperformance is studied by numerically integrating the set of
are also used in system design. These may be strictly empiri-time-dependent differential equations with a given set of pa-
cal or may be based on more complete analysis of the buildingrameters and initial conditions. The results are output in var-
heat transfer process. Similar detailed analyses may also beious forms, and with some programs, it is possible to conduct
required for large active systems where the simple utilizabil-an economic analysis of a given system/process using the re-
ity and f -chart methods are not adequate.sults of the simulation.

The performance of solar thermal systems is a strong func-
tion of local climatic conditions. Thus, some programs gener-

RESOURCESate a synthetic climate that is used as part of the simulation
process. Various transient forcing functions are also included

Numerous books covering theoretical and practical aspects ofin the simulation packages for the same purpose. Meteorologi-
solar energy and its utilization have been published duringcal data, averaged over suitable periods of time (e.g., weeks,
the past 25 years. Probably the most complete single volumemonth, years, depending on the application), are used directly
on solar thermal systems is by Duffie and Beckman (12). Ain many cases.
more exhaustive 10 volume compilation of work on solar heat-
ing technologies has also been published recently by MIT

Time-Averaged Models
Press (13). Most handbooks on energy systems engineering
provide some coverage of solar heating, but the most usefulTransient models are not typically used for evaluating small-

scale, residential type solar thermal systems because of time one, limited to solar energy systems, is by Kreider and
Kreith (14).and cost constraints. Instead, time-averaged methods that are

used to obtain quick results have been developed for such ap- The primary professional organization associated with so-
lar heating is the International Solar Energy Society that hasplications (11). If the temperature of the fluid at the inlet of

the collector is known a priori, one approach is to evaluate affiliated national organizations worldwide. Publications of
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13. C. A. Bankston (ed.), Solar Heat Technologies: Fundamentals andthese organizations provide an useful perspective on progress
Applications. Vol. 1–10 (with individual volume titles and edi-in solar energy. The results of the latest research on solar
tors), Cambridge, MA: MIT Press, 1993.thermal systems are published in a number of periodicals re-

14. F. Kreider and F. Kreith, Solar Energy Handbook, New York:lated to heat transfer and thermal engineering and in a num-
McGraw-Hill, 1981.ber of specialized journals related to solar and alternative

energy.
SANJAY K. ROYSolar radiation data are available from various sources,
PhD Research Group, Inc.particularly the national meteorological offices of individual
HONGTAN LIUcountries [e.g., National Weather Service (NWS), National
University of MiamiOceanic and Atmospheric Administration (NOAA), and Na-

tional Climatic Data Center in the US]. Extensive compila-
tions of data obtained from sources worldwide can also be ob-
tained from the World Radiation Data Center in St. SOLAR HEATING STORAGE. See THERMAL ENERGY
Petersburg, Russia.

STORAGE.
Finally, it is also important to note that a significant frac- SOLENOIDS. See SUPERCONDUCTING ELECTROMAGNETS.tion of research on solar thermal systems has been funded by

SOLID ELECTROLYTES. See ELECTROLYTES.government agencies throughout the world. Reports pub-
lished through the relevant organizations (e.g., DoE, NASA,
NREL in the US) are extremely important sources of detailed
information on many of the original research projects. Techni-
cal standards have also been developed by professional orga-
nizations (e.g., ASHRAE, SRCC, and FSEC in the US) for
components and systems related to active water and space
heating. Industry associations (e.g., SEIA in the US) are also
an important source of information regarding commercial as-
pects of solar energy.
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