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Renewable Energy Types:

1-Solar energy

2-Wind energy

3-Biomass & Biofuels
4-Geothermal energy
5-Tidal energy

6-Fuel cell

7-Ocean energy conversion
8-Hydro-power energy
9-Hydrogen energy



Solar Energy

Solar Radiation

The sun’s structure and characteristics determine the nature of the
energy it radiates into space. The first major topic concerns the characteristics
of this energy outside the earth’s atmosphere, its intensity, and its spectral
distribution. We will be concerned primarily with radiation in a wavelength
range of 0.25 to 3.0 um, the portion of the electromagnetic radiation that
includes most of the energy radiated by the sun. The second major topic is
solar geometry, that is, the position of the sun in the sky, the direction in which
beam radiation is incident on surfaces of various orientations, and shading.
The third topic is extraterrestrial radiation on a horizontal surface, which
represents the theoretical upper limit of solar radiation available at the earth’s
surface.

THE SUN
The sun is a sphere of intensely hot gaseous matter with a diameter of

1.39 x 10° m and is, on the average, 1.5 x 10 m from the earth. As seen

from the earth, the sun rotates on its axis about once every 4 weeks.
The sun has an effective blackbody temperature of 5777 K. The

temperature in the central interior regions is variously estimated at 8 x 108 to

40 x 108 K and the density is estimated to be about 100 times that of water.

The sun is, in effect, a continuous fusion reactor with its constituent gases as
the “containing vessel” retained by gravitational forces. Several fusion
reactions have been suggested to supply the energy radiated by the sun. The
one considered the most important is a process in which hydrogen (i.e., four
protons) combines to form helium (i.e., one helium nucleus); the mass of the
helium nucleus is less than that of the four protons, mass having been lost in
the reaction and converted to energy.

A schematic structure of the sun is shown in Figure 1. It is estimated that 90%
of the energy is generated in the region of 0 to 0.23R (where R is the radius of
the sun), which contains 40% of the mass of the sun. At a distance 0.7R from

the center, the temperature has dropped to about 130,000 K; here convection

processes begin to become important, and the zone from 0.7 to 1.0 R is
known as the convective zone. Within this zone the temperature drops to
about 5000 K.
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The Sun

Sun-Earth Distance:
A good approximation to calculating the distance from the sunis to use
Kepler's first law.

The Earth's orbit is elliptical and the distance r of the Earth from the Sun can
be calculated as:

ﬂ{l — E.'E:I
! 1 —ecos@
Where a=149,600,000km is the semi-major axis distance, €=0.0167 is the
eccentricity of the Earth's orbit and @ is the angle from perihelion.

2an

365.256

Where n is the number of days from perihelion which is 3rd January.
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The Solar Constant

Figure 2 shows schematically the geometry of the sun-earth
relationships. The eccentricity of the earth’s orbit is such that the distance
between the sun and the earth varies by 1.7%. At a distance of one

astronomical unit, 1.495 x 10 m, the mean earth-sun distance, the sun

subtends an angle of 32 . The radiation emitted by the sun and its spatial
relationship to the earth result in a nearly fixed intensity of solar radiation
outside of the earth’s atmosphere. The solar constant Gsc is the energy from
the sun per unit time received on a unit area of surface perpendicular to the
direction of propagation of the radiation at mean earth-sun distance outside
the atmosphere. A value of Gs of 1367 W/m? is used in this book.

Estimation of Solar Constant:

Sun Power density=oxT*=(5.67x108)x(5777)*=6.31x10"Watt/m?

Sun Power=Sun power densityxSun surface area=6.31x10"x4s(1.39x10°/2)?
Sun Power=3.85x10%* Watt

Power (sun-Earth)=Sun power/Sun-earth surface area
=3.85x10%4/4m(1.49x10%)?=1367 Watt/m?

Sun 127 10" m
7300 mi

lDlam =139 x10° m |

\.E Bl % 1[]!’m|

Distance is [

Solar constant
'[ = 1367 W/m?

Ggo| = 433 B/t hr |
[ = 4,92 MJim® hr

Y

= 1485 x 10" m

+1
=9.3 % 10" mi 7%

Fig. (2) Sun-Earth relationship
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SPECTRAL DISTRIBUTION OF EXTRATERRESTRIAL RADIATION

In addition to the total energy in the solar spectrum (i.e., the solar
constant), it is useful to know the spectral distribution of the extra-terrestrial
radiation, that is, the radiation that would be received in the absence of the
atmosphere. A standard spectral irradiance curve has been compiled based
on high-altitude and space measurements. The WRC standard is shown in
Figure 3. Table 1. provides the same information on the WRC spectrum in
numerical form. The average energy Gsc, (in W/m? zm) over small bandwidths

centered at wavelength 1 is given in the second column. The fraction fo-; of

the total energy in the spectrum that is between wavelengths zero and 1 is
given in the third column. The table is in two parts, the first at regular intervals

of wavelength and the second at even fractions fo-,.

Irradiance W/m®/nm

25

15

05

496 248 1.24 0.83 0.62 0.50

Extraterrestrial Solar Spectrum
Photon Energy eV

500 1000 1500 2000 2500 3000
Wavelength nm

Fig. (3) Solar Spectral distribution



Table 1.3.1a  Extraterrestrial Solar Irradiance (WRC Spectrum) in Increments of Wavelength®

A ng,}. Jﬁ}—}. A ng,}. Jﬁ}—}. A ng,}. fCI—i
(pm)  (W/m~ pm) (=) | (pm) (W/m" pm) (=) | (um) (W/m" pm) (-)
(1.250 Bl.2 0.001 | 0.520 1849.7 0.243 | 0.880 055.0 .622

0.275 265.0 0.004 | 0.530 1882.8 0.257 | 0.900 9089 0.636
0.300 4994 0.011 | 0.540 1877.8 0271 | 0.920 847.5 0.648
0.325 760.2 0.023 | 0.550 1860.0 0284 | 0.940 799.8 0.660

0.340 955.5 0.033 | 0.560 1847.5 0.298 | 0.960 T71.1 0.672
0.350 055.6 0.040 | 0.570 1842.5 0312 | 0.980 799.1 0.683
0.360 1053.1 0.047 | 0.580 1826.9 0325 | 1.000 153.2 0.695

0.370 1116.2 0.056 | 0.5% 1797.5 0.338 | 1.050 6724 0.721
0.380 1051.6 0.064 | 0.600 1748.8 0.351 | 1100 5749 0.744
0.390 1077.5 0.071 | 0.620 1738.8 0377 | 1.200 507.5 0.785
0.400 1422.8 0.080 | 0.640 1658.7 0402 | 1.300 4275 0.819
0410 1710.0 0.092 | 0.660 1550.0 0425 | 1.400 355.0 0.847
0.420 1687.2 0.105 | 0.680 1490.2 0.448 | 1.500 2978 0.871
0.430 1667.5 0.116 | 0.700 1413.8 0.469 | 1.600 231.7 0.891
0.440 1825.0 0.129 | 0.720 1348.6 0.489 | 1.800 173.8 0.921
0.450 1992.8 0.143 | 0.740 1292.7 0.508 | 2.000 016 0.942
0.460 2022.8 0.158 | 0.760 1235.0 0527 | 2.500 54.3 0.968
0470 2015.0 0.173 | 0.780 1182.3 0.544 | 3.000 26.5 0.981

0.480 1975.6 0.188 | 0.800 1133.6 0.561 | 3.500 15.0 0.988
0.490 1940.6 0.202 | 0.820 1085.0 0.578 | 4.000 1.1 0.992
0.500 1932.2 0.216 | 0.840 1027.7 0593 | 5.000 2.5 0.996
0.510 1869.1 0.230 | 0.860 980.0 0.608 | 8.000 1.0 0.999

Example 1.3.1

Calculate the fraction of the extraterrestrial solar radiation and the amount of that radiation
in the ultraviolet (A < 0.38 gm), the visible (0.38 um < A < 0.78 pum), and the infrared
(A = 0.78 pwm) portions of the spectrum.

Solution

From Table 1.3.1a, the fractions of f;_, corresponding to wavelengths of (.38 and 0.78

pm are 0.064 and 0.544. Thus, the fraction in the ultraviolet is 0.064, the fraction in the
visible range 1s 0.544 — 0.064 = 0.480, and the fraction in the infrared 1s 1.0 — 0.544 =

0.456. Applying these fractions to a solar constant of 1367 W/m® and tabulating the
results, we have:

Wavelength range (pum) 0-0.38 0.38-0.78 0.78-00
Fraction in range 0.064 0.480 0.456
Energy in range (W/m?) &7 636 623 H



VARIATION OF EXTRATERRESTRIAL RADIATION:

Two sources of variation in extraterrestrial radiation must be
considered. The first is the variation in the radiation emitted by the sun. There
are conflicting reports in the literature on periodic variations of intrinsic solar
radiation. It has been suggested that there are small variations (less than
+1.5%) with different periodicities and variation related to sunspot activities.

1420 I
1400 \\
E 1380 \
S 1\
o 1360}
1340 /
NEBZB
1320 L N |
J F M A M J J A S O N D
Manth

Fig. (4) Variation of extraterrestrial Solar radiation with time of year
The second is the variation of the earth-sun distance, however, does lead to
variation of extraterrestrial radiation flux in the range of 3.3%. The
dependence of extraterrestrial radiation on time of year is shown in Figure 4.
A simple equation with accuracy adequate for most engineering calculations
is

360n
G [140033 cos — ;
.Td'( + COs 365) {I.-‘.Iﬂ}
G =
| G,.(1.000110 + 0.034221 cos B + 0.001280 sin B
+0.000719 cos 2B + 0.000077 sin 2B) (14.1b)

where G, 1s the extraterrestrial radiation incident on the plane normal to the radiation on
the nth day of the year and B is given by

.E|‘={a'z—l‘,iE (1.4.2)

DEFINITIONS
Air Mass m The ratio of the mass of atmosphere through which beam
radiation passes to the mass it would pass through if the sun were at the

zenith (i.e., directly overhead). Thus at sea level m = 1 when the sun is at the

zenith and m = 2 for a zenith angle 6z of 60-. For zenith angles from 0° to 70°
at sea level, to a close approximation:
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Beam Radiation The solar radiation received from the sun without having
been scattered by the atmosphere. (Beam radiation is often referred to as
direct solar radiation; to avoid confusion between subscripts for direct and
diffuse, we use the term beam radiation.)

Diffuse Radiation The solar radiation received from the sun after its direction
has been changed by scattering by the atmosphere. (Diffuse radiation is
referred to in some meteorological literature as sky radiation or solar sky
radiation; the definition used here will distinguish the diffuse solar radiation
from infrared radiation emitted by the atmosphere.)

Total Solar Radiation The sum of the beam and the diffuse solar radiation on
a surface. (The most common measurements of solar radiation are total
radiation on a horizontal surface, often referred to as global radiation on the
surface.)

Irradiance, W/m? The rate at which radiant energy is incident on a surface
per unit area of surface. The symbol G is used for solar irradiance, with
appropriate subscripts for beam, diffuse, or spectral radiation.

Solar Time Time based on the apparent angular motion of the sun across the
sky with solar noon the time the sun crosses the meridian of the observer.

Solar time is the time used in all of the sun-angle relationships; it does not
coincide with local clock time. It is necessary to convert standard time to
solar time by applying two corrections. First, there is a constant correction
for the difference in longitude between the observer’s meridian (longitude) and
the meridian on which the local standard time is based. The sun takes 4 min

to transverse 1° of longitude. The second correction is from the equation of
time, which takes into account the perturbations in the earth’s rate of rotation

8



which affect the time the sun crosses the observer’s meridian. The difference
in minutes between solar time and standard time is:

Solar time — standard time = 4(L, — L)+ E (1.5.2)

where L 1s the standard mendian for the local ime zone, L, is the longitude of the
location in question, and longitudes are in degrees west, that is, 0" < L = 360°. The
parameter E is the equation of time (in minutes) from Figure 1.5.1 or Equation 1.5.3° [from

Spencer (1971), as cited by Igbal (1983)]:

E = 229.2(0.000075 + 0.001868 cos 8 — 0.032077 sin B
— 0.014615 cos 28 — 0.04089 sin 28) (1.5.3)

where B is found from Equation 1.4.2 and n is the day of the year. Thus 1 < n < 363.
Example 1.5.1
At Madison, Wisconsin, what is the solar time corresponding to 10:30 am central time on
February 37
Solution
In Madison, where the longitude is 89.4" and the standard meridian 1s 90", Equation 1.5.2
gives

Solar time = standard time + 4(90 — 89.4) + E

= standard time + 24 + E

|
' P

/N

Equation of time, min
o
/"

]
N

-15

J F M A M J J A 5 o N o
Maonth

Figure 1.5.1 The equation of time E in minutes as a function of time of year.

On February 3, n = 34, and from Equation 1.5.3 or Figure 1.5.1, £ = —13.5 min, so the
correction to standard time 1s —11 min. Thus 10:30 am Central Standard Time 1s 10:19 am
solar time. [ |



DIRECTION OF BEAM RADIATION

The geometric relationships between a plane of any particular orientation
relative to the earth at any time (whether that plane is fixed or moving relative
to the earth) and the incoming beam solar radiation, that is, the position of the
sun relative to that plane, can be described in terms of several angles. Some
of the angles are indicated in Figure 1.6. The angles and a set of consistent
sign conventions are as follows:

¢ Latitude, the angular location north or south of the equator, north positive; —90" < ¢
< 00,

&  Declination, the angular position of the sun at solar noon (i.e., when the sun is on the
local meridian) with respect to the plane of the equator, north positive; —23.45" < §
<2345,

£ Slope, the angle between the plane of the surface in question and the horizontal; 0 <
f < 180". (f = 90" means that the surface has a downward-facing component.)

Sun

West

Eart}m N\orth

South

East

Horizon S
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Figure 1.6.1 (a) Zenith angle, slope, surface azimuth angle, and solar azimuth angle for a tilted
surface. (b) Plan view showing solar azimuth angle.

Surface azimuth angle, the deviation of the projection on a horizontal plane of the
normal to the surface from the local meridian, with zero due south, east negative, and
west positive, — 1807 < p < 180",

Hour angle, the angular displacement of the sun east or west of the local mendian
due to rotation of the earth on its axis at 15" per hour; moming negative, afternoon
positive.

Angle of incidence, the angle between the beam radiation on a surface and the normal
to that surface.

Additional angles are defined that describe the position of the sun in the sky:

Fenith angle, the angle between the vertical and the line to the sun, that is, the angle
of incidence of beam radiation on a horizontal surface.

Solar altitude angle, the angle between the horizontal and the line to the sun. that is,
the complement of the zenith angle.

Solar azimuth angle, the angular displacement from south of the projection of beam
radiation on the honzontal plane, shown in Figure 1.6.1. Displacements east of south
are negative and west of south are positive.

The declination & can be found from the approximate equation of Cooper (1969),
2844+ n

= 23.45 s _— b,
8 3.4 511:1(315(} T ) (1.6.1a)

Hour angle=15 (solar time -12:00)

11



Table 1.6.1 Recommended Average Days for Months and Values of n by Months®

i for ith For Average Day of Month

Month Day of Month Date n 8

January [ 17 17 =209
February 3+ 16 47 —13.0
March MO +i 16 75 -24
April 20+ 15 105 9.4
May 120 + i 15 135 18.8
June 151 +i 11 162 23.1
July 181 +i 17 198 21.2
August 212 +i 16 228 13.5
September 243+ 15 258 22
October 213+ 15 288 —0.6
November 34+ 14 318 —18.9
December 334+ 10 344 —23.0

“From Klein (1977). Do not use for |¢| = 66.5°.

or from the more accurate equation (error < 0.035") [from Spencer (1971). as cited by

Igbal (1983)]

& = (180/7)(0.006918 — 0.399912 cos B + 0.070257 sin B
— 0.006758 cos 2B + 0.000907 sin 2B
— 0.002697 cos 3B + 0.00148 sin 3B) (1.6.1b)

where B is from Equation 1.4.2 and the day of the year n can be conveniently obtained
with the help of Table 1.6.1.

There is a set of useful relationships among these angles. Equations relating the angle
of incidence of beam radiation on a surface, #, to the other angles are

cos # = sin 4§ sin ¢ cos f —sin § cos ¢ sin f cos
+ cos & cos ¢ cos B cos @+ cos & sin ¢ sin B cos y cos @

+ cos & sin B sin y sin @ (1.6.2)

and
cos @ = cos #, cos f +sind, sin f cos(y, —y) (1.6.3)

The angle & may exceed 90", which means that the sun is behind the surface. Also, when
using Equation 1.6.2, it 1s necessary to ensure that the earth is not blocking the sun (1.e.,
that the hour angle is between sunrise and sunset).

12



Example 1.6.1

Calculate the angle of incidence of beam radiation on a surface located at Madison,
Wisconsin, at 10:30 (solar time) on February 13 if the surface i1s tilted 45" from the
horizontal and pointed 15" west of south.

Solution

Under these conditions, n = 44, the declination § from Equation 1.6.1 is —14", the hour
angle @ = —22.5" (15" per hour times 1.5 h before noon), and the surface azimuth angle
y = 15", Using a slope # = 45" and the latitude ¢ of Madison of 43" N, Equation 1.6.2 1s

cos & = sin(—14) sin 43 cos 45 — sin(—14) cos 43 sin 45 cos 15
+ cos(—14) cos 43 cos 45 cos(—22.5)
+ cos(—14) sin 43 sin 45 cos 15 cos(—22.5)
+ cos(—14) sin 45 sin 15 sin(—22.5)
cos # = —=0.117 +0.121 + 0464 + 0418 — 0.068 = 0.817
g =135 |

There are several commonly occurring cases for which Equation 1.6.2 1s simplified.
For fixed surfaces sloped toward the south or north, that is, with a surface azimuth angle
y of 07 or 1807 (a very common situation for fixed flat-plate collectors), the last term
drops out.

For vertical surfaces, # = 90" and the equation becomes

cos @ = —sindcos¢cos ¥ +cosdsing cos pcosew+cosdsinysine (1.64)

For horizontal surfaces, the angle of incidence is the zenith angle of the sun, 6_. Its
value must be between 07 and 90”7 when the sun 1s above the horizon. For this situation,

£ =0, and Equation 1.6.2 becomes
cos . = cos ¢ cos § cos w + sin ¢ sin & (1.6.3)

The solar azimuth angle 3, can have values in the range of 180" to —180". For north
or south latitudes between 23.45" and 66.457, y, will be between 90" and —90" for days
less than 12 h long: for days with more than 12 h between sunrise and sunset, y, will be
greater than 90° or less than —90" early and late in the day when the sun 1s north of the
east-west line in the northern hemisphere or south of the east-west line in the southern
hemisphere. For tropical latitudes, y, can have any value when § — ¢ is positive in the
northern hemisphere or negative in the southern, for example, just before noon at ¢ = 107
and 8 = 20", y, = —180", and just after noon y, = +180". Thus y; is negative when the
hour angle i1s negative and positive when the hour angle 1s positive. The sign function in
Equations 1.6.6 1s equal to +1 if @ 15 positive and 1s equal to —1 if @ 1s negative:

CDE_I(CDSQZ sin ¢ — sin .:5)‘ (1.6.6)

sin 6, cos ¢

ys = sign(w)
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Example 1.6.2

Calculate the zenith and solar azimuth angles for ¢ = 43" at a 9:30 aMm on February 13 and
b 6:30 ey on July 1.

Solution
a On February 13 at 9:30, § = —14" and @ = —37.5". From Eguation 1.6.5,

cos . = cos 43 cos(—14) cos(—37.5) 4 sin 43 sin(—14) = 0.398
. = 66.5"

From Equation 1.6.6

F$=_I

_y [ €os 665 sin 43 — sin (—14) -
= —40.0
o8 ( sin 66.5 cos 43

b OnlJuly 1 at6:30 pm, n = 182, 6§ = 23.17, and @ = 97.5". From Equation 1.6.5,

cos ¢, = cos 43 cos 23.1 cos 97.5 + sin 43 sin 23.1
6, =T19.6"

cos-! (cus T79.6 sin 43 — sin 23.1 )' 12.0°

=11
s =+ sin 79.6 cos 43

Useful relationships for the angle of incidence of surfaces sloped due north or due
south can be derived from the fact that surfaces with slope £ to the north or south have the
same angular relationship to beam radiation as a horizontal surface at an artificial latitude

of ¢ — A. The relationship is shown in Figure 1.6.2 for the northern hemisphere. Modifying
Equation 1.6.5 yields

cos & = cos(g¢p — B) cos & cos @ + sin(g¢p — A) sin & (1.6.7a)

|r:f""umWN
M0rmey oy
B o o ——

T
peom rodiot'®

et
n
Mgy
1)
ﬁ:ﬁmn
(-5 EQUATOR

l

Figure 1.6.2 Section of earth showing 8, 8, ¢, and ¢¢ — g for a south-facing surface.
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For the southern hemisphere modify the equation by replacing ¢ — B by ¢ + B. consistent
with the sign conventions on ¢ and 4:

cos # = cos(¢p + B) cos § cos @+ sin(¢h+ f) sin & (1.6.7h)

For the special case of solar noon, for the south-facing sloped surface in the northern
hemisphere,

Ohoon = I¢¢ — & — B (1.6.8a)
and in the southern hemisphere

Onoon = |- + 8 — B (1.6.8b)
where f = (), the angle of incidence is the zenith angle, which for the northern hemisphere 1s
0. noon = |0 — 8| (1.6.9a)

and for the southern hemisphere
B, noon = |—@ + 8] (1.6.9b)

Equation 1.6.5 can be solved for the sunset hour angle w_, when 6. = 90"

s ns
coso,=—2m0S8 gt (1.6.10)
cos ¢ cos 4§

The sunrise hour angle 1s the negative of the sunset hour angle. It also follows that the
number of daylight hours is given by

N = fzcos” (—tan ¢ tan §) (1.6.11)

Figure 1.6.4. The plane adef includes the sun. Note that the solar altitude and profile angle
are the same when the sun 1s in a plane perpendicular to the surface R (e.g., at solar noon
for a surface with a surface azimuth angle of (" or 180°). The profile angle is useful in
calculating shading by overhangs and can be determined from

tan o,

t = 7 1.6.12
N Gp cos(y, — ¥) ( )

15
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Figure 1.6.3 Nomogram to determine time of sunset and day length. Adapted from Whillier
(1965).

Zenith *

Sun

Figure 1.6.4  The solar altitude angle @, (ZEAD) and the profile angle e, (/fab) for surface R.
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Example 1.6.3

Calculate the time of sunrise, solar altitude, zenith, solar azimuth, and profile angles for a
60" sloped surface facing 25~ west of south at 4:00 rM solar time on March 16 at a latitude
of 437, Also calculate the time of sunrise and sunset on the surface.

Selution

The hour angle at sunset is determined using Equation 1.6.10. For March 16, from
Equation 1.6.1 (or Table 1.6.1), § = —=2.4":

W, = cos ![— tan 43 tan(—2.4)] = 87.8°

The sunrise hour angle is therefore —87.8". With the earth’s rotation of 15" per hour,
sunrise (and sunset) occurs 5.85 h (5 h and 51 min) from noon so sunrise 15 at 6:09 aMm (and
sunset 1s at 3:51 pM).

The solar altitude angle @, is a function only of time of day and declination. At
4:00 pm, @ = 60", From Equation 1.6.5, recognizing that cos 8, = sin(90 — #,) = sin a,.

sin @, = cos 43 cos(—2.4) cos 60+ sin 43 sin(—2.4) = 0.337
@, =197 and # =9—a, =703

The solar azimuth angle for this time can be calculated with Equation 1.6.6:

cos 70.3 sin 43 — sin (—2.4) .
sin 70.3 cos 43 )} =008

¥, = sign(60) |:c::-5'] (

The profile angle for the surface with y» = 25" is calculated with Equation 1.6.12:

c-.'p=tan

1 tan 19.7
=25.7
(ms (66.8 — 25))

The hour angles at which sunrise and sunset occur on the surface are calculated from
Equation 1.6.2 with & = 90" (cos & = 0):
0 = sin(—2.4) sin 43 cos 60 — sin(—2.4) cos 43 sin 60 cos 25
+ [cos(—2.4) cos 43 cos 60 + cos(—2.4) sin 43 sin 60 cos 25] cos @
+ [cos(—2.4) sin 60 sin 23] sin @

or
0 = 0.008499 4+ 0.9077 cos w + 0.3657 sin @

which, using sin® @ 4 cos® @ = 1, has two solutions: @ = —68.6° and & = 112.4°. Sunrise
on the surface 15 therefore 68.6/15 = 4.57 h before noon, or 7:26 AM. The time of sunset on
the collector 1s the actual sunset since 112.47 1s greater than 87.8" (L.e., when # = O the
sun has already set). [ |
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RATIO OF BEAM RADIATION ON TILTED SURFACE TO THAT
ON HORIZONTAL SURFACE

For purposes of solar process design and performance calculations, it
is often necessary to calculate the hourly radiation on a tilted surface of a
collector from measurements or estimates of solar radiation on a horizontal
surface. The most commonly available data are total radiation for hours or
days on the horizontal surface, whereas the need is for beam and diffuse
radiation on the plane of a collector. The geometric factor Rb, the ratio of
beam radiation on the tilted surface to that on a horizontal surface at any time,
can be calculated exactly by appropriate:-

Zanith

Vertical

£ Zenith “\Altude

' Gz Horzoota
ag =
' Azimuth
N, h ¥\ s
Ground Plane
W
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Figure 1.8.1 Beam radiation on horizontal
and tilted surfaces.

Equation 1.6.2. Figure 1.8.1 indicates the angle of incidence of beam radiation on the
horizontal and tilted surfaces. The ratio G, /G, is given by’

G Gy, cos @ f
bT _ b -2 (18.1)

R. = = =
b Gy, Gy, cos 8. cosé,

and cos # and cos @, are both determined from Equation 1.6.2 (or from equations derived

from Equation 1.6.2).

Example 1.8.1

What 15 the ratio of beam radiation to that on a horizontal surface for the surface and time
specified in Example 1.6.17

Solution

Example 1.6.1 shows the calculation for cos #. For the honzontal surface, from Equation

1.6.5,
cos 6. = sin(—14) sin 43 4 cos(—14) cos 43 cos(—22.5) = (.49]

And from Equation 1.8.1
g 0.818
)= —— = = 1.67
cos 6, 0.491 N

The optimum azimuth angle for flat-plate cssollectors is usually 0” in the northern
hemisphere (or 180" in the southern hemisphere). Thus it 1s a common situation that y = 0"
(or 1807). In this case, Equations 1.6.5 and 1.6.7 can be used to determine cos 6. and cos
#, respectively, leading in the northern hemisphere, fory =0°, to

R o= cos(¢p — f)cos & cos w + sinf{¢p — ) sin &

b . . (1.8.2)
cos ¢ cos § cos @+ sIn ¢ sin &
[n the southern hemisphere, y = 180" and the equation is
R, = cos(¢h + f)cos & cos @ + sin(¢p + ) sin & (183)

cos ¢ cos § cos @ + sin ¢ sin &
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Example 1.8.2

Calculate Rj, for a surface at latitude 40 N at a tilt 30" toward the south for the hour 9 to
10 solar time on February 16.

Solution

Use Figure 1.8.2(c) for the hour +2.5h from noon as representative of the hour from 9 to
10. To find cos #,, enter at a latitude of 40" for the north latitude date of February 16. Here
cos 6, = 0.45. To find cos 6, enter at a latitude of ¢ — # = 10" for the same date. Here
cos @ =0.73. Then

cos®  0.73

= = — =162
b~ cos 8 0.45

The ratio can also be calculated using Equation 1.8.2. The declination on February 16
s —13":
R = cos 10 cos(—13) cos(—37.5) + sin 10 sin(—13) _ 0.722 _ 16]
b cos40 cos(—13) cos(—37.5) + sin40 sin(—13) ~ 0448 ~ H

Example 1.8.3
Calculate Ry, for a latitude 407 N at a tilt of 50” toward the south for the hour 9 to 10 solar
time on February 16.

Solution

As found in the previous example, cos #, = 0.45. To find cos &, enter at an abscissa of
+10°, using the curve for February 16 for south latitudes. The value of cos # from the

curve 1s (.80. Thus R, = 0.80/0.45 = 1.78. Equation 1.8.2 can also be used:

P = cos 10 cos(—13) cos(—37.5) 4+ sin(—10) sin(—13) _ 0.800 _ 170
b~ Tcos 40 cos(—13) cos(=37.5) + sin 40 sin(—13)  0.H48 n

EXTRATERRESTRIAL RADIATION ON A HORIZONTAL SURFACE

Several types of radiation calculations are most conveniently done
using normalized radiation levels, that is, the ratio of radiation level to the
theoretically possible radiation that would be available if there were no
atmosphere. For these calculations, we need a method of calculating the
extraterrestrial radiation. At any point in time, the solar radiation incident on a
horizontal plane outside of the atmosphere is the normal incident solar
radiation as given by:

20



360n
G,=G, (1+{}.D33 cos E) cos 8, (1.10.1)

where G _. 1s the solar constant and n is the day of the year. Combining Equation 1.6.5 for
cos 6. with Equation 1.10.1 gives G, for a horizontal surface at any time between sunrise
and sunset:

G,=G, (l + 0.033 cos %) (cos ¢ cos & cos @ + sin ¢ sin &) (1.10.2)

It 1s often necessary for calculation of daily solar radiation to have the integrated
daily extraterrestrial radiation on a honizontal surface, H_. This is obtained by integrating
Equation 1.10.2 over the period from sunrise to sunset. If G__ is in watts per square meter,
H, in daily joules per square meter per day is

24 x 3600G 360
H, = =5 (1 +0033 cos ——
0 - 365

¥ (c-:ts ¢ cos d sin w, + % sin ¢ sin 5] (1.10.3)

where @, is the sunset hour angle, in degrees, from Equation 1.6.10.

The monthly mean'' daily extraterrestrial radiation H, is a useful quantity. For
latitudes in the range +60 to —60 it can be calculated with Equation 1.10.3 using n and
& for the mean day of the month'* from Table 1.6.1. Mean radiation H, is plotted as a
function of latitude for the northern and southern hemispheres in Figure 1.10.1. The curves
are for dates that give the mean radiation for the month and thus show H,. Values of H,
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Example 1.10.1

What 1s H
atmosphere, at latitude 43° N on Apnil 157

the day's solar radiation on a horizontal surface in the absence of the

Table 1.10.1 Monthly Average Daily Extraterresirial Radiation, MJ/m?

¢

Jan

Feb

Mar

Apr

May

Jun

Jul

Sep

Oct

MNov

Dec

90
85
80
15
10
65
60
35
50
45
40
35
30
25
20
15
10

h]

0
-5
—-10
—-15
=20

=30
=35

45

0.0
0.0
0.0
0.0

0.1

1.2

35

6.2

9.1
122
15.3
18.3
213
242
27.0
29.6
32.0
342
36.2
38.0
395
40.8
41.8
42.5
43.0
432
43.1
428
42.3
41.7
41.0
40.5
40.8
419
42.7
432
433

0.0

0.0

0.0

0.7

2.7

54

8.3
11.3
144
174
203
23.1
257
282
30.5
316
44
36.0
374
385
393
39.8
40.0
40.0
39.7
39.1
38.2
37.1
357
341
324
30.6
28.8
27.6
274
217
2718

1.2

22

47

18
10.9
139
16.9
19.8
22.5
25.1
274
29.6
315
332
4.7
359
368
31.5
318
379
317
312
364
354
34.0
325
30.6
286
263
239
21.2
18.5
15.6
12.6

9.7

12

6.2

19.3
19.2
19.6
21.0
23.1
254
216
206
315
332
REX
358
36.8
315
319
38.0
379
374
36.7
KaR:
M5
33.0
313
293
212
248
223
19.6
16.8
13.9
10.9

19

3.0

24

0.6

0.0

0.0

31.2
37.0
36.6
359
353
357
j6.6
316
385
392
39.7
40.0
40.0
39.8
393
385
315
36.3
34.8
330
3Ll
289
26.6
4.1
214
18.6
15.8
129
10.0

12

45

2.1

04

0.0

0.0

0.0

0.0

44.8
44.7
442
433
42.1
41.0
41.0
413
415
41.7
41.7
415
41.1
404
395
384
370
353
335
il4
29.2
26.8
242
215
18.7
15.8
12.9
10.0

12

45

22

0.3

0.0

0.0

0.0

0.0

0.0

41.2
41.0
40.5
39.8
R7
383
IR8
394
40.0
404
40.6
40.6
404
40.0
39.3
38.3
371
356
34.0
32.1
299
27.6
252
226
19.9
17.0
14.2
113

84

5.7

3.1

1.0

0.0

0.0

0.0

0.0

0.0

54

6.4

9.0
11.9
14.8
17.7
205
23.1
255
278
298
317
332
3.6
356
36.4
37.0
31.2
31.2
369
363
354
M3
329
il.2
293
272
249
224
19.8
17.0
14.1
11.1

8.0

5.0

24

1.4

0.0

0.0

0.6

22

49

1.8
10.8
13.8
16.7
19.6
224
250
274
29.6
3l6
334
350
36.3
373
38.0
38.5
KN
386
38.2
316
36.6
355
34.0
324
305
284
26.2
24.0
21.9
20.6
203
204

0.0

0.0

0.0

0.0

0.3

2.0

45

13
10.3
133
16.4
19.3
222
250
21.1
30.1
24
345
36.3
379
393
404
41.2
41.7
420
420
41.7
412
40.5
39.6
38.7
378
374
38.1
388
393
394

0.0

0.0

0.0

0.0

0.0

0.4

23

48

1.1
10.7
13.7
16.8
19.9
229
258
28.5
KIN
335
35.7
316
394
40.9
42.1
43.1
438
442
445
445
443
44.0
43.7
437
49
46.2
41.1
41.6
478
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Solution

For these circumstances, n = 105 (from Table 1.6.1), § = 9.4" (from Equation 1.6.1), and
¢ = 43", From Equation 1.6.10

cos @, = —tan 43 tan 9.4 and w_= 98.9°

Then from Equation 1.10.3, with G,, = 1367 W/m’,

24 % 3600 x 1367 360 x 105
_ 1 +0.033 cos o
0 - ( TOII o8 = )
T = 98.9

% (ms 43 cos 9.4 5in 98.9 4+ zin 43 sin 9.4)

180
= 33.8MI/m’

From Figure 1.10.1(a), for the curve for April. we read H, = M.DMijZ, and from
Table 1.10.1 we obtain H, = 33.8 MJ/m? by interpolation. [

It i1s also of interest to calculate the extraterrestrial radiation on a horizontal surface
for an hour period. Integrating Equation 1.10.2 for a period between hour angles @, and
@ which define an hour (where @, is the larger),

2
I, = 12> 3600 G, (I + 0.033 cos 36']”)

T 365

m(wy — wy)

180

b [cos ¢ cos 8 (sin w, —sin ;) +

sin ¢ sin E] (1.10.4)
(The limits e, and ®, may define a time other than an hour.)

Example 1.10.2

What 1s the solar radiation on a horizontal surface in the absence of the atmosphere at
latitude 43 N on Apnl 15 between the hours of 10 and 117

Solution

The declination is 94" (from the previous example). For Apnl 15, n = 105. Using
Equation 1.10.4 with @, = —30" and @, = —15",

12 % 3600 x 1367 360 x 105
[ =" 1 +0.033 cos ;)
m 365
X (cns 43 cos 9.4[sin (—15) — sin(—30)] + ”[_151;{;_3[”] sin 43 sin 9.4)
=3.79 Ml /m? |
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Chapter Two

Available of Solar Radiation

Solar radiation data are used in several forms and for a variety of purposes. The most
detailed information available is beam and diffuse solar radiation on a horizontal surface,
by hours, which is useful in simulations of solar processes. (A few measurements are
available on inclined surfaces and for shorter time intervals.) Daily data are often available
and hourly radiation can be estimated from daily data. Monthly total solar radiation on
a horizontal surface can be used in some process design methods. However, as process
performance is generally not linear with solar radiation, the use of averages may lead to
serious errors if nonlinearities are not taken into account. It is also possible to reduce
radiation data to more manageable forms by statistical methods.

Instruments for measuring solar radiation are of two basic types:

A pyrheliometer is an instrument using a collimated detector for measuring solar
radiation from the sun and from a small portion of the sky around the sun (i.e., beam
radiation) at normal incidence.

A pyranometer is an instrument for measuring total hemispherical solar (beam plus
diffuse) radiation, usually on a horizontal surface. If shaded from the beam radiation
by a shade ring or disc. a pyranometer measures diffuse radiation.

Solar Radiation Data:

Solar radiation data are available in several forms. The following information about
radiation data 1s important in their understanding and use: whether they are instantaneous
measurements (irradiance) or values integrated over some period of time (irradiation)
(usually hour or day); the time or time period of the measurements; whether the measure-
ments are of beam, diffuse, or total radiation; the instruments used; the receiving surface
orientation (usually horizontal, sometimes inclined at a fixed slope, or normal to the
beam radiation); and, if averaged, the period over which they are averaged (e.g., monthly
averages of daily radiation).

Most radiation data available are for horizontal surfaces, include both direct and diffuse
radiation, and were measured with thermopile pyranometers (or in some cases Robitzsch-
type instruments). Most of these instruments provide radiation records as a function of time
and do not themselves provide a means of integrating the records. The data were usually
recorded in a form similar to that shown in Figure 2.5.1 by recording potentiometers and
were Integrated graphically. Uncertainties in integration add to uncertainties in pyranometer
response; electronic integration is now common.



Two types of solar radiation data are widely available. The first is monthly average
daily total radiation on a horizontal surface, H. The second is hourly total radiation on
a horizontal surface, I, for each hour for extended periods such as one or more years.
The H data are widely available and are given for many stations in Appendix D. The

ottt r 0ttt
80O [— —

600 |— 7 #ﬂﬁ\

400 — —

200 — —

Radiation, W/m?
]

400

200

6 PM Moan 6 AM
Solar time

Figure 2.5.1 Total (beam and diffuse) solar radiation on a horizontal surface versus time for clear
and largely cloudy day, latitude 43°, for days near equinox.

Atmospheric Attenuation for Solar Radiation:

Solar radiation at normal incidence received at the surface of the earth is subject to
variations due to change in the extraterrestrial radiation as noted in Chapter 1 and to two
additional and more significant phenomena: (1) atmospheric scattering by air molecules,
water, and dust and (2) atmospheric absorption by O;, H,0, and CO,. Igbal (1983) reviews
these matters in considerable detail.
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Estimation of Average Solar Radiation:

The original Angstrém-type regression equation related monthly average daily radi-
ation to clear-day radiation at the location in question and average fraction of possible
sunshine hours:

(2.7.1)

Table 2.7.1 Examples of Monthly Average Hours per Day of Sunshine by Latitude and Altitude

Location Paris, Bombay, Sokoto, Perth, Madison,
Latitude Hong Kong, France, India, Nigeria, Australia, Wisconsin,
Altitude, 22° N, 48" N, 19° N, 13° N, 32° S, 43° N,
m Sea Level 50m Sea Level 107 m 20m 270m
January 4.7 2.1 9.0 9.9 10.4 4.5
February 3.5 2.8 9.3 9.6 9.8 5.7
March 3.1 49 9.0 8.8 8.8 6.9
April 3.8 74 9.1 8.9 1.5 1.5
May 5.0 7.1 93 8.4 5.7 0.1
June 53 1.6 50 9.5 4.8 10.1
July 6.7 8.0 3.1 1.0 54 9.8
August 6.4 6.8 25 6.0 6.0 10.0
September 6.6 5.6 54 7.9 7.2 8.6
October 6.8 4.5 1.7 9.6 8.1 1.2
November 6.4 23 9.7 10.0 9.6 42
December 5.6 1.6 9.6 9.8 10.4 39
Annual 5.3 5.1 14 8.8 1.8 1.3
where _E: monthly average daily radiation on horizontal surface

H_ = average clear-sky daily radiation for location and month in question

a’, b’ = empirical constants

monthly average daily hours of bright sunshine
monthly average of maximum possible daily hours of bright sunshine
(i.e., day length of average day of month)



A basic difficulty with Equation 2.7.1 lies in the ambiguity of the terms /N and
'H_. The former is an instrumental problem (records from sunshine recorders are open to
interpretation). The latter stems from uncertainty in the definition of a clear day. Page
(1964) and others have modified the method to base it on extraterrestrial radiation on a
horizontal surface rather than on clear-day radiation:

=a+b (2.7.2)

| x|
2| =1

where H , is the extraterrestrial radiation for the location averaged over the time period
in question and a and b are constants depending on location. The ratio H/H , is termed

the monthly average clearness index and will be used frequently in later sections and
chapters.

Values of Ea can be calculated from Equation 1.10.3 using day numbers from
Table 1.6.1 for the mean days of the month or it can be obtained from either Table 1.10.1 or
Figure 1.10.1. The average day length N can be calculated from Equation 1.6.11 or it can
be obtained from Figure 1.6.3 for the mean day of the month as indicated in Table 1.6.1.
Lof et al. (1966a) developed sets of constants a and b for various climate types and
locations based on radiation data then available. These are given in Table 2.7.2.

Example 2.7.1

Estimate the monthly averages of total solar radiation on a horizontal surface for Madi-

son, Wisconsin, latitude 43°, based on the average duration of sunshine hour data of
Table 2.7.1.

Solution

The estimates are based on Equation 2.7.2 using constants a = 0.30 and b = 0.34 from
Table 2.7.2. Values of H, are obtained from ecither Table or Figure 1.10.1 and day
lengths from Equation 1.6.11, each for the mean days of the month. The desired estimates
are obtained in the following table, which shows daily H in MJ/m?. (For comparison,
TMY 3 data for Madison are shown, and in the last column estimates of Madison radiation
determined by using constants a and b for Blue Hill.)



H, N Estimated H Measured H* Estimated H”

Month (MJ/m?) (h) /N (MJ/m?) (MJ/m?) (MJ/m?)
January 13.36 9.2 0.49 6.3 6.9 6.2
February 18.80 10.3 0.55 9.2 9.7 9.3
March 26.01 11.7 0.59 13.0 13.1 13.4
April 33.75 13.2 0.57 16.6 16.9 17.0
May 39.39 14.5 0.63 20.2 21.0 21.0
June 41.74 15.2 0.67 22.0 234 23.1
July 40.52 14.0 0.66 21.2 222 22.2
August 35.88 13.8 0.73 19.6 19.6 20.9
September 28.77 12.3 0.70 15.5 14.5 16.4
October 20.89 19.8 0.67 11.0 9.7 11.6
November 14.61 9.5 0.44 6.6 6.2 6.4
December 11.90 8.8 0.44 5.4 5.6 5.3
“From TMY 3 data.

bUsing constants for Blue Hill.

Estimation of Daily Clear Sky Solar Radiation:

The effects of the atmosphere in scattering and absorbing radiation are variable with time
as atmospheric conditions and air mass change. It is useful to define a standard “‘clear™
sky and calculate the hourly and daily radiation which would be received on a horizontal
surface under these standard conditions.

Hottel (1976) has presented a method for estimating the beam radiation transmitted
through clear atmospheres which takes into account zenith angle and altitude for a standard
atmosphere and for four climate types. The atmospheric transmittance for beam radiation
1,18 Gy, /G, (or Gyp/G ) and is given in the form



—k
T, = ag +a; exp (cm& ) (2.8.1a)

The constants ag, a,. and k for the standard atmosphere with 23 km visibility are found
from ag, ai. and k*, which are given for altitudes less than 2.5 km by

at = 0.4237 = 0.00821(6 — A)? (2.8.1b)
a* =0.5055 + 0.00595(6.5 — A)> (2.8.1¢)
k* = 02711 +0.01858(2.5 — A)? (2.8.1d)

where A is the altitude of the observer in kilometers. (Hottel also gives equations for ag.
ay.and k* for a standard atmosphere with 5 km visibility.)

Correction factors are applied to aj, a7, and k* to allow for changes in climate types.
The correction factors ry = ay/aj. ry = a,/aj, and ry, = k/k* are given in Table 2.8.1.
Thus, the transmittance of this standard atmosphere for beam radiation can be determined
for any zenith angle and any altitude up to 2.5 km. The clear-sky beam normal radiation 1s
then

Gep = Gy (2.8.2)

where G, is obtained from Equation 1.4.1. The clear-sky horizontal beam radiation is
G = G,,Tp cost, (2.8.3)
For periods of an hour, the clear-sky horizontal beam radiation is

Ip = 1,,7;, cost, (2.8.4)

Table 2.8.1 Correction Factors for Climate Types®

Climate Type I r Ty

Tropical 0.95 0.98 1.02
Midlatitude summer 0.97 0.99 1.02
Subarctic summer 0.99 0.99 1.01
Midlatitude winter 1.03 1.01 1.00




Example 2.8.1

Calculate the transmittance for beam radiation of the standard clear atmosphere at Madison
(altitude 270 m) on August 22 at 11:30 am solar time. Estimate the intensity of beam
radiation at that time and its component on a horizontal surface.

Solution

On August 22, n = 234, the declination is 11.47, and from Equation 1.6.5 the cosine of the
zenith angle is 0.846.

The next step is to find the coefficients for Equation 2.8.1. First, the values for
the standard atmosphere are obtained from Equations 2.8.1b to 2.8.1d for an altitude of
0.27 km:

al = 0.4237 — 0.00821(6 — 0.27)% = 0.154
a* = 0.5055 4+ 0.00595(6.5 — 0.27)2 = 0.736
k* = 0.2711 4+ 0.01858(2.5 — 0.27)% = 0.363

The climate-type correction factors are obtained from Table 2.8.1 for midlatitude summer.
Equation 2.8.1a becomes

1.02
T, = 0.154 x 0.97 4+ 0.736 x 0.99 exp (—0.363 <3 846) = 0.62

The extraterrestrial radiation is 1339 W/m? from Equation 1.4.1. The beam radiation is
then
G onp = 1339 x 0.62 = 830 W/m?

The component on a horizontal plane is

G, = 830 x 0.846 = 702 W/m?>

It is also necessary to estimate the clear-sky diffuse radiation on a horizontal surface to
get the total radiation. Liu and Jordan (1960) developed an empirical relationship between
the transmission coefficients for beam and diffuse radiation for clear days:

G
T, = G—ﬂ' =0.271 —0.2947, (2.8.5)

o]

where 7; i1s G4/G, (or I;/1,). the ratio of diffuse radiation to the extraterrestrial (beam)
radiation on the horizontal plane. The equation is based on data for three stations. The
data used by Liu and Jordan predated that used by Hottel (1976) and may not be
entirely consistent with it; until better information becomes available, it is suggested that
Equation 2.8.5 be used to estimate diffuse clear-sky radiation, which can be added to
the beam radiation predicted by Hottel's method to obtain a clear hour’s total. These



Example 2.8.2

Estimate the standard clear-day radiation on a horizontal surface for Madison on
August 22.

Solution

For each hour, based on the midpoints of the hour, the transmittances of the atmosphere for
beam and diffuse radiation are estimated. The calculation of 7, is illustrated for the hour
11 to 12 (i.e., at 11:30) in Example 2.8.1, and the beam radiation for a horizontal surface
for the hour is 2.53 MJ/m? (702 W /m? for the hour).

The calculation of t; is based on Equation 2.8.5:
7y, = 0.271 — 0.294(0.62) = 0.089

Next G . calculated by Equation 1.4.1, is 1339 W/m?2. Then G,isG,,

, COS 9: so that

G,q = 1339 x 0.846 x 0.089 = 101 W/m?

Then the diffuse radiation for the hour is 0.36 MJ/m?. The total radiation on a horizontal
plane for the hour is 2.53 4+ 0.36 = 2.89 MJ/m?. These calculations are repeated for each
hour of the day. The result is shown in the tabulation, where energy quantities are in
megajoules per square meter. The beam for the day H,, is twice the sum of column

4, giving 19.0 MI/m?. The day’s total radiation H. is twice the sum of column 7. or
22.8 MJ/m?.

Iﬁ‘b

Hours T, Normal Horizontal Ty I, I

11-12,12-1 0.620 2.99 2.52 0.089 0.36 2.89
10-11,1-2 0.607 293 2.33 0.092 0.35 2.69
9-10,2-3 0.580 219 1.97 0.100 0.34 231
8-9,3-4 0.530 2.56 1.46 0.115 0.32 1.78
7-8,4-5 0.444 2.14 0.88 0.140 0.28 1.15
6-7,5-6 0.293 1.41 0.32 0.185 0.20 0.53
5-6,6-7 0.150 0.72 0.03 0.227 0.05 0.07




Distribution of Clear and Cloudy Days and Hours:

The frequency of occurrence of periods of various radiation levels, for example, of good
and bad days, is of interest in two contexts. First, information on the frequency distribution
is the link between two kinds of correlations, that of the daily fraction of diffuse with
daily radiation and that of the monthly average fraction of diffuse with monthly average
radiation. Second. later in this chapter the concept of utilizability is developed: it depends
on these frequency distributions.

The monthly average clearness index Ky is the ratio® of monthly average daily
radiation on a horizontal surface to the monthly average daily extraterrestrial radiation. In
equation form,

H
H

Kr= (2.9.1)

o
We can also define a daily clearness index K as the ratio of a particular day’s radiation to
the extraterrestrial radiation for that day. In equation form,

Ky = — (2.9.2)

a
An hourly clearness index k4 can also be defined:

ky = (2.9.3)

1
IO

The data H, H, and I are from measurements of total solar radiation on a horizontal
surface, that is, the commonly available pyranometer measurements. Values of H , H,
and I, can be calculated by the methods of Section 1.10.

Estimation of Hourly Solar Radiation Using ASHRAE Clear-Sky Model

Global Solar Radiation Calculation:-

The global solar radiation on horizontal surface is consisting of two main components,
beam and diffuse solar radiation components. Then the global solar radiation can be presented
as follows [1]:

Where 7, and [, are hourly beam and diffuse solar radiation components m ( v/ mb).

Beam Solar Radiation:-
The direct solar radiation component on the surface normal to the sun’s ray. 7,,. can

be presented as follows. [1]:

I, = A e[~ B/ OS(By; )] ccuveerrermriemeeeecieei et (2
Where: 4 is the apparent solar radiation in (w/m?’). B is the atmospheric extinction
coefficient (dimensionless). while & 1s the solar zenith angle in (degrees) which may defined

as the angle between the sun’s ray and the normal to horizontal surface as shown m Fig. (1).
1

10



So the beam radiation component /; on horizontal surface can be re-written as follows, [1];

I, =1, xcos(ty)

The solar zenith angle & i (degrees) can be evaluated from the following equation, [16]:

Diffuse Solar Radiation:-
The diffuse solar radiation component on horizontal surface can be written m the

following form [1]:

.[d :(_wxfbnqp".,..,,..,...,.......,..,,..,..,,..,...........,...,..,,.......,..,...,.....,

1)

A3)

)

Where: C 15 the diffuse radiation factor (dimensionless). Finally, the hourly global solar
radiation on horizontal surface can be represented usmg the following formula;

) A Lol 0 (OO | )
Table (1) Constants for ASHRAE equations for average values of each month.
Months Day no. A (per m:mth) B C

Wim Dimensionless dimensionless
January 17 1229.88 0.142 0.058
February 16 1216.25 0.144 0.060
March 16 1190.40 0.153 0.068
April 15 1144.66 0.175 0.092
May 15 1109.68 0.192 0.116
June 11 1092.69 0.202 0.130
July 17 1084.88 0.207 0.136
August 16 1102.97 0.202 0.124
September 15 1142.12 0.182 0.098
October 15 1183.45 0.164 0.077
November 14 1213.61 0.151 0.065
December 10 1228.00 0.145 0.059

11



Beam and Diffuse Components of Hourly Radiation:

correlations are shown in Figure 2.10.2. They are essentially identical, although they were
derived from three separate databases. The Erbs et al. correlation (Figure 2.10.3) is'!

1.0 — 0.09%; for k; < 0.22
I 0.9511 — 0.1604k, + 4.388k?
d_ | ;’+ T, for0.22 <ky; <0.80 (2.10.1)
I —16.638k3 + 12.336k7
0.165 for k; > 0.8
1.0
™

08 \
0.6 \

Igll

0.4 — B
0.2 N
0.0
0.0 0.2 0.4 0.6 0.8 1.0

Kt

Figure 2.10.3 The ratio /,/I as a function of hourly clearness index k. From Erbs et al. (1982).

Beam and Diffuse Components of Daily Radiation:

the sunset hour angle w,. Equations representing this set of correlations are as follows'?:

For w, < 81.4°

H; Il.n —0.2727Ky + 2.4495K2 — 11.9514K3 + 9.3879K} for K; < 0.715

H 0.143 for Ky = 0.715
(2.11.1a)
and for w, > 81.4°
= (2.11.1b)

Hy |1.04+02832K; —2.5557K} + 0.8448K}  for K < 0.722
H 0175 for Kz > 0.722

12



Example 2.11.1

The day’s total radiation on a horizontal surface for St. Louis, Missouri (latitude 38.67),
on September 3 is 23.0 MJ/m?. Estimate the fraction and amount that is diffuse.

Solution

For September 3. the declination is 7°. From Equation 1.6.10, the sunset hour angle is
95.6°. From Equation 1.10.3, the day’s extraterrestrial radiation is 33.3 MJ/m?. Then

o _ H _23.9_069
= H ~— 333

o

From Figure 2.11.2 or Equation 2.11.1b, H,/H = 0.26, so an estimated 26% of the day’s
radiation is diffuse. The day’s diffuse energy is 0.26 x 23.0 = 6.0 MJ/m?. |

Beam and Diffuse Components of Monthly Radiation:

Erbs et al. (1982) developed monthly average diffuse fraction correlations from the
daily diffuse correlations of Figure 2.11.2. As with the daily correlations, there is a seasonal
dependence; the winter curve lies below the other, indicating lower moisture and dust in
the winter sky with resulting lower fractions of diffuse. The dependence of ﬁdjﬁ on
?T is shown for winter and for the other seasons in Figure 2.12.2. Equations for these
correlations are as follows!'?: For w, < 81.4°and 0.3 < fr < 0.8

m”gl

= 1.391 — 3.560K; + 4.189K 7 — 2.137K (2.12.1a)
and for w, > 81.4° and 0.3 < K; < 0.8

= 1311 —3.022K; +3.427K; — 1.821K; (2.12.1b)

m||lm|

Example 2.12.1

Estimate the fraction of the average June radiation on a horizontal surface that is diffuse in
Madison. Wisconsin.

Solution

From Appendix D, the June average daily radiation H for Madison is 23.0 MJ/m?. From
Equation 1.10.3, for June 11 (the mean day of the month, n = 162, from Table 1.6.1),
when the declination is 23.1°, H, = 41.8 MI/m?. Thus K = 23.0/41.8 = 0.55. From
Equation 1.6.10, @w; = 113.4°. Then, using either Equation 2.12.1b or the upper curve from
Figure 2.12.2, H,;/H = 0.38. [ |

13



Radiation on Sloped Surface Isotropic Sky:
Total solar radiation=Beam+diffuse+ground reflected

Rp=cos (inciedence angle/zenith angle)

It is clear that when  and @, represent two adjacent hours in a day away from sunrise or
sunset R ... & R;. However, when either w, or w, represent sunrise or sunset R, changes
rapidly and integration is needed:

a :
Ryae = (2.14.6)

where
a = (sinéd sing cosf —sind cos¢g sinpf cosy) x ﬁ (0, — )7
+ (cosd cos¢ cos B+ cosd sing sinB cosy) x (sinw, —sinw,)
— (cosd sinp siny) x (coswy — cosw;)

and

b = (cos¢ cosd) x (sinw, —sinw) + (sin¢ sind) x ﬁ () —wy) .

Example 2.14.1

On March 4 at a latitude of 45° and a surface slope of 60° determine R, at 6:30 AM and
Ry, 4ve for the hour 6 to 7 Am.

Solution

From Equation 1.6.1 the declination is —7.15". The cosine of the incidence angle at 6:30
AM is found from Equation 1.6.7a with @ = —82.5",

cosf) = cos(45 — 60) cos(=7.15) cos(—82.5) + sin(45 — 60) sin(=7.15) = 0.157
and the cosine of the zenith angle is found from Equation 1.6.5,

cos B, = cos(45) cos(—=7.15) cos(82.5) + sin(43) sin(—7.15) = 0.004

14



so that R, = cosf/cos0, = 0.157/0.004 = 39.3, a value that is much too high. If there
1s any significant beam radiation (measured or estimated), then multiplying it by 39.3 will
probably produce a value that exceeds the solar constant. Clearly this is a situation to be
avoided.

From Equation 1.6.10 sunrise occurs at —82.79°/15 deg/h = 5.52 h before noon, or
6:29 am. Consequently @, = —82.79° and w, — 75.0" for use in Equation 2.14.6:

a = |sin(—=7.15) sin45 cos 60 — sin(—7.15) cos 45 sin 60 cos 0]
x o[ (=75) — (—82.79) |7
+ [cos(—=7.15) cos 45 cos 60 + cos(—7.13) sin45 sin 60 cos 0]

x [sin(=75) — sin(—82.79)]

— {cos(—=7.13) sin 60 sin0) x [cos(—73) — cos(—82.79)} = 0.0295
b = |cos45 cos(—7.15)] x [sin(—75) — sin(—82.79)]

+ [sin45 sin(=7.15)] x ﬁl(—?ﬁ} — (—82.79)]r = 0.00639

Therefore R, 4. = 0.0295/0.00639 = 4.62, a much more reasonable value. An alternative

1s to neglect the hours that contain sunrise or sunset. |
] ‘ 1 —
I, =R, +1, (%‘”ﬁ) +1p, (%S‘B) (2.15.1)

15



and by the definition of R,

I, I; (1 +cosB |l —cosp

Example 2.15.1

Using the isotropic diffuse model, estimate the beam, diffuse, and ground-reflected
components of solar radiation and the total radiation on a surface sloped 60° toward the
south at a latitude of 40° N for the hour 9 to 10 AM on February 20. Here I = 1.04 MJ/m?
and P, = 0.60.

Solution

For this hour. I, = 2.34 MJ/m?, so k; = 1.04/2.34 = 0.445. From the Erbs correlation
(Equation 2.10.1) 1;/1 = 0.766. Thus

1, =0.766 x 1.04 =0.796 MJ/m?
I, =0.234 x 1.04 =0.244 MJ/m?

The hour angle @ for the midpoint of the hour is —37.5°. The declination § = —11.6".
Then for this south-facing surface

cos(40 — 60) cos(—11.6) cos(—37.5) 4+ sin(40 — 60) sin(—11.6)
b cos(40) cos(—11.6) cos(—37.5) + sin(40) sin(—11.6)

Equation 2.15.1 gives the three radiation streams and the total:

I + cos 60 | — cos 60
I, = 0.244 x 1.71 + 0.796 (Jrc%) + 1.04 x 0.60 (%)

= 0417+ 0.597 +0.156 = 1.17 MJ/m?

Thus the beam contribution is 0.417 MI/m?, the diffuse is 0.597 MJ/m?, and the ground
reflected is 0.156 MJ/m?. The total radiation on the surface for the hour is 1.17 MJ/m?.
There are uncertainties in these numbers, and while they are carried to 0.001 MJ in

intermediate steps for purposes of comparing sky models, they are certainly no better than
0.01. |
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AVERAGE RADIATION ON SLOPED SURFACES: ISOTROPIC SKY

In Section 2.13, the calculation of total radiation on sloped surfaces from measurements
on a horizontal surface was discussed. For use in solar process design procedures,”? we
also need the monthly average daily radiation on the tilted surface. The procedure for
calculating Hy is parallel to that for Iy, that is, by summing the contributions of the beam
radiation, the components of the diffuse radiation, and the radiation reflected from the
ground. The state of development of these calculation methods for H ; is not as satisfactory
as that for I.

The first method 1s that of Liu and Jordan (1962) as extended by Klein (1977), which
has been widely used. If the diffuse and ground-reflected radiation are each assumed to be
isotropic, then, in a manner analogous to Equation 2.15.1, the monthly mean solar radiation
on an unshaded tilted surface can be expressed as

= — (I — (1-
HT=HbRb+Hd( +:DSﬁ)+H,ﬂg( 2”“5) (2.19.1)

and
_ H H,\ — H, (1+cosp | —cos 8
R==T= 1—=ﬂl R =d 2.19.2

where Fﬁ,fﬁ 1s a function of fr, as shown in Figure 2.12.2.

The ratio of the average daily beam radiation on the tilted surface to that on a horizontal
surface for the month is R, which is equal to H ,;/H,. It is a function of transmittance
of the atmosphere, but Liu and Jordan suggest that it can be estimated by assuming that it
has the value which would be obtained if there were no atmosphere. For surfaces that are
sloped toward the equator in the northern hemisphere, that 1s, for surfaces with y» =0,

7 cos(¢p — B) cosd sinw, + (7/180) o sin(¢p — B) sind

= 2.19.3
b cosg cosd sina, + (m/180) @, sing sind ( )

where w] 1s the sunset hour angle for the tilted surface for the mean day of the month,
which 1s given by

-1
o/, = min {”‘“’_l (=tan¢ tan) (2.19.3b)
cos  (—tan{¢ — B) tand)

where “‘min"" means the smaller of the two items in the brackets.
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For surfaces in the southern hemisphere sloped toward the equator, with y» = 1807,
the equations are

cos(¢p + B) cosé sinw, + (7/180) @, sin(¢p 4 f) sind

= cos¢ cosd sinw, + (7/180) w, sing sins (2.19.42)
and |
@, = min cos ] (—tang tand) (2.19.4b)
| ~!(—tan(¢ + B) tan3)

Example 2.19.1

A collector is to be installed in Madison, latitude 43", at a slope of 607 to the south.
Average daily radiation data are shown in Appendix D. The ground reflectance 1s 0.2 for
all months except December and March (p, = 0.4) and January and February (p, = 0.7).
Using the 1sotropic diffuse assumption, estimate the monthly average radiation incident on
the collector.

Solution

The calculation is detailed below for January, and the results for the year are indicated in a
table. The basic equation to be used is Equation 2.19.1. The first steps are to obtain H ,//H
and R,,. The ratio H ;/H is a function of K ; and can be obtained from Equation 2.12.1 or
Figure 2.12.2.

For the mean January day, the 17th, from Table 1.6.1, n =17, § = —209". The

sunset hour angle 1s calculated from Equation 1.6.10 and 15 69.17. With n = 17 and

w, = 69.1°, from Equation 1.10.3 (or Figure 1.10.1 or Table 1.10.1), H, = 13.36 MJ/m?.
Thﬂl‘l K —644f1336 (0.48.

The Erbs correlation (Equation 2.12.1a) is used to calculate H ,/H from K ; and o,
gives H,/H = 0.41. The calculation of R}, requires the sunset hour angle on the sln:rped
collector. From Equations 2.19.3

os~ [ tan(43 — 60) tan(—20.8)] = 96.7°

18



The angle e, was calculated as 69.17 and is less than 96.7, so w] = 69.1". Then

b cosd43 cos(—20.9) sin6G9.1 4 (T > 69.1,/180) sin43 sin{—20.9)
=279

= cos(—17) cos(—20.9) sin69.1 + (w = 69.1/180) sin{—17) sin(—20.9)

The eguation for F]— (Eguation 2.19.1) can now be solved:

iy = 6.44 (1 — 0.41)2.79 + 6.44 x 0.41 (ﬁ)
+6.44 % 0.7 (ﬂ)
= 10.60 4+ 1.98 + 1.13 = 13.7 MJ/m?
Month 7] H, K, H,/H R, p, H,
January 6.44 13.37 (.48 (.41 2.19 0.7 13.7
February 0.89 18.81 (1.53 (.37 2.4 0.7 17.2
March 12.86 26.03 0.49 (.43 1.42 04 15.8
April 16.05 33.78 (.48 (.45 0.96 0.2 14.7
May 21.36 39.42 0.54 (.39 0.71 0.2 16.6
June 23.04 41.78 (.55 (.38 0.62 0.2 16.5
July 22.58 40.56 0.56 038 0.66 0.2 16.8
August 20.33 15.02 0.57 037 0.84 0.2 17.5
September 14.59 28.80 0.51 042 1.21 0.2 15.6
October 10.48 20.90 0.50 039 1.81 0.2 15.2
November 6.37 14.62 0.44 046 2.56 0.2 11.4
December 374 11.91 (.48 041 3.06 0.4 12.7
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Selected Heat Transfer Topics

THE ELECTROMAGNETIC SPECTRUM

Thermal radiation is electromagnetic energy that 1s propagated through space at the speed
of light. For most solar energy applications, only thermal radiation is important. Thermal
radiation 1s emitted by bodies by virtue of their temperature; the atoms, molecules, or
electrons are raised to excited states, return spontaneously to lower energy states, and in
doing so emit energy in the form of electromagnetic radiation. Because the emission results
from changes in electronic, rotational, and vibrational states of atoms and molecules, the

emitted radiation 1s usually distributed over a range of wavelengths.

The spectrum of electromagnetic radiation 1s divided into wavelength bands. These
bands and the wavelengths representing their approximate limits are shown in Figure 3.1.1.
The wavelength limits associated with the various names and the mechanism producing
the radiation are not sharply defined. There 1s no basic distinction between these ranges of
radiation other than the wavelength A; they all travel with the speed of light C and have a

frequency v such that

N R
1078 1wt 10 107¢ 10° 10° 10* 108 108
! I | L | | | | l | l | J | l 1 |
| Thermal o
™ radiation ! ,
| _' (Zamma | Ultra Radar, TV, Radia
= s - Jioler10.78-25 25-1000}=

Cosmic | X-rays | i'\huaur1 Far | Short-wave Lofg-wave
rays Visible Infrared Radio | Radio l

0.38-0.78 | Solar '

Figure 3.1.1 The spectrum of electromagnetic radiation.

BLACKBODY: PERFECT ABSORBER AND EMITTER

By definition, a blackbody is a perfect absorber of radiation. No matter what wavelengths
or directions describe the radiation incident on a blackbody, all incident radiation will
be absorbed. A blackbody 1s an ideal concept since all real substances will reflect some

radiation.



PLANCK’'S LAW AND WIEN'S DISPLACEMENT LAW

Radiation in the region of the electromagnetic spectrum from approximately 0.2 to
approximately 1000 pm is called thermal radiation and 1s emitted by all substances by
virtue of their temperature. The wavelength distribution of radiation emitted by a blackbody
is given by Planck’s law! (Richtmyer and Kennard, 1947):

E, = 2whC?

= (3.4.1
Y Wlexp(hC,/rkT) — 1] )

where h is Planck’s constant and k is Boltzmann's constant. The groups 2rhC2 and
hC,/k are often called Planck’s first and second radiation constants and given the symbols
Cy and C,. respectively.” Recommended values are C; = 37405 x 10 W pm*/m” and
C, =14, 387.8 pum K.

It 1s also of interest to know the wavelength corresponding to the maximum intensity
of blackbody radiation. By differentiating Planck’s distribution and equating to zero, the
wavelength corresponding to the maximum of the distribution can be derived. This leads
to Wien's displacement law, which can be written as

Apax ] = 28978 um K (3.4.2)

%

Locus of
maxima

Speciral emissive power, £} 5, W/m2 um
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w02 ]
27 4 é [F] 16 20 24
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Figure 3.4.1 Spectral distribution of blackbody radiation.



STEFAN-BOLTZMANN EQUATION

Planck’s law gives the spectral distribution of radiation from a blackbody, but in engineering
calculations the total energy is often of more interest. By integrating Planck’s law over all
wavelengths, the total energy emitted per unit area by a blackbody is found to be

oa
Eb=fn E,, di =oT* (3.5.1)

where o is the Stefan-Boltzmann constant and is equal to 5.6697 x 10~ W/m? K*. This
constant appears in essentially all radiation equations.

RADIATION TABLES

Starting with Planck’s law (Equation 3.4.1) of the spectral distribution of blackbody
radiation, Dunkle (1954) has presented a method for simplifying blackbody calculations.
Planck’s law can be written as

C

i = e — 1]

(3.6.1)

Equation 3.6.1 can be integrated to give the radiation between any wavelength limits. The
total emitted from zero to any wavelength A 1s given by

A
EU—M: == '[U 'E}.b lj..ji.. (3-'5.2)

Substituting Equation 3.6.1 into 3.6.2 and noting that by dividing by o T* the integral can
be made to be only a function of AT,

o Ey e M C, d(AT)
Joar =~ _L. o (W) [exp(Cy/AT) — 1] (363)




Table 3.6.1a Fraction of Blackbody Radiant Energy between Zero and AT for Even Increments
of AT

AT, pmK Jooar AT, pm K foour AT, pm K Tooar
1,000 0.0003 4,500 05643 8,000 0.8562
1,100 0.0009 4,600 05793 8,100 0.8601
1,200 0.0021 4,700 05937 8,200 0.8639
1,300 0.0043 4,800 0.6075 8,300 0.8676
1,400 0.0077 4,900 0.6209 8,400 0.8711
1,500 0.0128 5,000 0.6337 8,500 0.8745
1,600 00197 5,100 0.6461 8,600 0.8778
1,700 0.0285 5,200 0.6579 8,700 0.8810
1,800 0.0393 5,300 0.6693 8,800 0.8841
1,900 0.0521 5,400 0.6803 8,900 0.8871
2,000 0.0667 5,500 0.6909 9,000 0.8899
2,100 0.0830 5,600 0.7010 9,100 0.8927
2,200 0.1009 5,700 0.7107 9,200 0.8954
2,300 0.1200 5,800 0.7201 9,300 0.8980
2,400 0.1402 5,900 0.7291 9,400 0.9005
2,500 0.1613 6,000 0.7378 9,500 0.9030
2,600 0.1831 6,100 0.7461 9,600 0.9054
2,700 0.2053 6,200 0.7541 9,700 0.9076
2,800 02279 6,300 0.7618 9.800 0.9099
2,900 0.2506 6.400 0.7692 9,900 09120
3,000 02732 6,500 0.7763 10,000 09141
3,100 0.2958 6,600 0.7831 11,000 0.9318
3,200 03181 6,700 0.7897 12,000 0.9450
3,300 03401 6,800 0.7961 13,000 0.9550
3,400 03617 6,900 0.8022 14,000 0.9628
3,500 03829 7,000 0.8080 15,000 0.9689
3,600 0.4036 7,100 0.8137 16,000 0.9737
3,700 04238 7,200 0.8191 17,000 09776
3,800 04434 7,300 0.8244 18,000 0.9807
3,900 04624 7.400 0.8295 19,000 0.9833
4,000 0.4809 7,500 0.8343 20,000 0.9855
4,100 04987 7,600 0.8390 30,000 0.9952
4,200 0.5160 7,700 0.8436 40,000 0.9978
4,300 05327 7,800 0.8479 50,000 0.9988
4,400 0.5488 7,900 0.8521 00 I
Example 3.6.1

Assume that the sun is a blackbody at 5777 K.

a What is the wavelength at which the maximum monochromatic emissive power
oceurs?

b What 1s the energy from this source that is in the visible part of the electromagnetic
spectrum (0.38 to 0.78 pm)?



Solution

a The value of AT at which the maximum monochromatic emissive power occurs is

2897.8 um K, so the desired wavelength is 2897.8/5777, or 0.502 pm.

b From Table 3.6.1a the fraction of energy between zero and AT =0.78 x 3777 =
4506 pm K is 56%, and the fraction of the energy between zero and AT = (.38 x 3777 =
2195 pm K is 10%. The fraction of the energy in the visible is then 36% minus 10%, or
46%. These numbers are close to the values obtained from the actual distribution of energy
from the sun as calculated in Example 3.6.1. [ |

INFRARED RADIATION EXCHANGE BETWEEN GRAY SURFACES

The general case of infrared radiation heat transfer between many gray surfaces having
different temperatures is treated in a number of textbooks (e.g.. Hottel and Sarofim, 1967;
Siegel and Howell, 2002). The various methods all make the same basic assumptions,
which for each surface can be summarized as follows:

1. The surface is gray. (Radiation properties are independent of wavelength.)
2. The surface is diffuse or specular diffuse (see Section 4.3).
3. The surface temperature 1s uniform.

4. The incident energy over the surface is uniform.

Beckman (1971} also utilized these basic assumptions and defined a total exchange
factor between pairs of surfaces of an N-surface enclosure such that the net heat transfer
to a typical surface i is*

o~

ﬁr
Q; = Z g8 A Fyo(T] = T}) (3.8.1)
J=1

The majority of heat transfer problems in solar energy applications involve radiation
between two surfaces. The solution of Equations 3.8.1 and 3.8.2 for diffuse surfaces with
N=2is

o (T4 —T%)
Q) =—-0r= T— e 1

4 c1-e
EA AyFpp 84y

(3.8.3)

Two special cases of Equation 3.8.3 are of particular interest. For radiation between two
infinite parallel plates (i.e., as in flat-plate collectors) the areas A, and A, are equal and
the view factor F, is unity. Under these conditions Equation 3.8.3 becomes

Q _o(T3=TY)
A 1 1 |

£y Ez

(3.8.4)

The second special case is for a small convex object (surface 1) surrounded by a large
enclosure (surface 2). Under these conditions, the area ratio A, /A, approaches zero, the
view factor Fj, is unity, and Equation 3.8.3 becomes

Q=6 A 0(T5—TY) (3.8.9)



RADIATION HEAT TRANSFER COEFFICIENT

To retain the simplicity of linear equations, it is convenient to define a radiation heat
transfer coefficient. The heat transfer by radiation between two arbitrary surfaces is found

from Equation 3.8.3. If we define a heat transfer coefficient so that the radiation between
the two surfaces is given by

Q=Ah(T,-T) (3.10.1)

then 1t follows that
_ U[ng-l-Tl.[}[Tg-l-T[}
r I_E]-l- I +[1—52JA1

h

(3.10.2)

£) Fi; 14,

SKY RADIATION

To predict the performance of solar collectors, it will be necessary to evaluate the radiation
exchange between a surface and the sky. The sky can be considered as a blackbody at
some equivalent sky temperature T, so that the actual net radiation between a horizontal

flat plate and the sky is given by Equation 3.8.5. The net radiation from a surface with
emittance £ and temperature T to the sky at T, is

0=cAo(T' =T (3.9.1)

Example 3.10.1

The plate and cover of a flat-plate collector are large in extent, are parallel, and are spaced
25 mm apart. The emittance of the plate 1s (.13 and its temperature 1s 70°C. The emittance
of the glass cover is (.88 and its temperature 1s 30"C. Calculate the radiation exchange
between the surfaces and a radiation heat transfer coefficient for this situation,



Solution

Exact and approximate solutions are possible for this problem. The exact solution is based
on Equations 3.8.4 and 3.10.1. The radiation exchange is given by Equation 3.8.4:

3434 _ 3234
% _ '5’1'1 1 L 246 W/m?

0.15 - 0.88

Then from the defining equation for the radiation coefficient (Equation 3.10.1).

24.6

h —
'r = 70 _50

= 1.232 W/m® °C

{The use of Equation 3.10.2 produces the identical result.)
We can also get an approximate solution using the average of the two plate tempera-

tures, 60°C or 333 K, in Equation 3.10.3: Then

3
h, = ‘:I' x4 x1333 — 1.231 W/m? °C

—_— ] —

0.15  0.88

NATURAL CONVECTION BETWEEN FLAT PARALLEL PLATES
AND BETWEEN CONCENTRIC CYLINDERS

The rate of heat transfer between two plates inclined at some angle to the horizon is
of obvious importance in the performance of flat-plate collectors. Free-convection heat
transfer data are usually correlated in terms of two or three dimensionless parameters: the
Nusselt number Nu, the Rayleigh number Ra, and the Prandtl number Pr. Some authors
correlate data in terms of the Grashof number, which is the ratio of the Rayleigh number
to the Prandtl number.

The Nusselt, Rayleigh, and Prandtl numbers are given by’

AL
Nu == (3.11.1)
r 3
Ra:$ (3.11.2)
Pr=2 (3.11.3)
o

Where h = heat transfer coefficient [W/m” K]

I. = plate spacing [m]

k = thermal conductivity [W/m K]

g = gravitational constant [m/s”]
B’ = volumetric coefficient of expansion (for an ideal gas, ' = 1/T) [1/K]

AT = temperature difference between plates [K]
v = kinematic viscosity [m?/s]
o = thermal diffusivity [m?/s]



In a more recent -E:xpeﬁmentﬂ study using air, Hollands et al. (1976) give the
relationship between the Nusselt number and Rayleigh number for tilt angles from O to 73"
as

1708(sin 1.88)"° 1708 1° Ra cos g\
Nu=1+144[1- [ — ") —
. * |: Ra cos 8 Ra cos * 5830 )
(3.11.4)

where the meaning of the 4+ exponent is that only positive values of the terms in the square
brackets are to be used (i.e., use zero if the term is negative).

Example 3.11.1

Find the convection heat transfer coefficient between two parallel plates separated by
25 mm with a 45" tilt. The lower plate is at 707C and the upper plate i1s at 50°C.

Solution

At the mean air temperature of 60°C air properties are k = 0.029 W/m K, T = 333 K so
B =1/333, v=1.88 % 10> m?/s, and & = 2.69 x 10— m?/s. (Property data are from
EES; www . fchart.com.) The Rayleigh number is

9.81 x 20 x (0.025)°

a= — — = 1.82 x 10*
333 x 1.88 x 107 x 2.69 x 10

From Equation 3.11.4 or Figure 3.11.1 the Wusselt number is 2.4. The heat transfer
coefficient is found from

k2.4 %0029

= omE = 2T8W/m™ K

h = Nu

Example 3.14.1

What is the heat transfer coefficient inside the tubes of a solar collector in which the tubes
are 10 mm in diameter and separated by a distance of 100 mm? The collector is 1.5 m wide
and 3 m long and has total flow rate of water of 0.075 kg/s. The water 1s at 80"C.

Selution

The collector has 15 tubes so that the fow rate per tube is 0.005 kg/s. The Reynolds number

is
VD 4m 4 x 0.005

1800

v mDpE 7 %00l x36x10°

which indicates laminar flow. The Prandt] number 1s 2.2 so that

Re Pr D, 1800 x 2.2 x 0.01

13
L 3

From Figure 3.14.1 the average Nusselt number 1s 4.6 so the average heat transfer

coefficient is
_ Nuk 46 x 067

_ 2o
= o7 = 308 W/m® °C

f




EFFECTIVENESS-NTU CALCULATIONS FOR HEAT EXCHANGERS

[t is convenient in solar process system calculations to use the effectiveness-NTU (number
of transfer units) method of calculation of heat exchanger performance. A brief discussion
of the method is provided here, based on the example of a countercurrent exchanger. The
working equation is the same for other heat exchanger configurations: the expressions for
effectiveness vary from one configuration to another (Kays and London, 1964).

A schematic of an adiabatic countercurrent exchanger with inlet and outlet temperatures
and capacitance rates of the hot and cold fluids 1s shown in Figure 3.17.1. The overall heat
transfer coefficient—area product 1s UA. The maximum possible temperature drop of the
hot fluid is from Tj; to T;; the heat transfer for this situation would be

Qmu = [!.‘l'-’ICPhr(TM - T,;r'} {3]?]}

The maximum possible temperature rise of the cold fluid would be from T; to T};. The
corresponding maximum heat exchange would be

Omax = (mcp}c[TFu —T5) (3.17.2)

The maximum heat transfer that could occur in the exchanger 1s thus fixed by the lower of
the two capacitance rates, (mC,,),,, and

O = {:’F}Cp}mn (T — T (3.17.3)

The actual heat exchange @ is given by

Q = (mC,) (T, — T) = (MCp)p(Thi — Tho) (3.17.4)
_ | Thi .
Tho a—1— (mCp)p
['rhcp}c' _ = Teo

Tc.l'
Figure 3.17.1 Schematic of an adiabatic counterflow heat exchanger showing temperatures and
capacitance rates of the hot and cold fluids.

Effectiveness ¢ is defined as the ratio of the actual heat exchange that occurs to the
maximum possible, @/Q,_ . . so

Q  (mC)(Ty—Ty,)  (mC,)T,—T;)

= — = — 3.17.5
Qm.u (mcp}min (TM - Tcr'} {mcpjmi.n {Thr' - TEJ:J { }

£ =

Since either the hot or cold fluid has the minimum capacitance rate, the effectiveness can
always be expressed in terms of the temperatures only. The working equation for the heat
exchanger is

Q = e(C ) min (T — T,0) (3.17.6)



where NTU 15 the number of transfer units, defined as

v YA (3.17.8)
|:'m".‘d'_’r,r:a}min
and the dimensionless capacitance rate is given by
nC min
« = UCpImin (3.17.9)

(1C )

Example 3.17.1

A heat exchanger like that in Figure 3.17.1 is located between a collector and a storage
tank. The fluid on the collector side is an antifreeze, a glycol-water mixture with

C, = 3850 J/kg K. Its flow rate is 1.25kg/s. The fluid on the tank side is water, and its
flow rate is 0.864 kg/s. The UA of the heat exchanger is estimated to be 6500 W/K.

If the hot glycol from the collector enters the exchanger at 62°C and the cool water
from the tank enters at 35"C, what i1s the heat exchange rate and what are the outlet
temperatures?

Solution

First calculate the capacitance rates on the hot (collector) and cold (tank) sides of the heat
exchanger and C*. Use the symbols C;, and C_. for the hot- and cold-side capacitance rates:

C;, = 1.25 »x 3850 = 4812 W/K
C_=0.864 = 4180 = 3610 W/K

The cold-side capacitance rate is the minimum of the two, and from Equation 3.17.9,

&

3610
= ee—— N j
4812 07

From Equation 3.17.8,
UA 6500

Com 3610

min

NTU = 1.80

The effectiveness is now calculated from Equation 3.17.7:

| — o~ 18(1-075)
c 0.69

E = 107518007

10



The heat transfer is now calculated from Equation 3.17.6:
Q = 0.69 = 3610(62 — 35) = 67,300 W

The temperatures of the fluids leaving the exchanger can also be calculated using Equation
3.17.4. The leaving-water temperature is

67,300
T =235 . = 53.6°C
@ =T 3610
and the leaving-glycol temperature is
67,300 .
T, = 62 — — =48.0C
ho 3812 .

11



Flat-Plate Collectors

DESCRIPTION OF FLAT-PLATE COLLECTORS

The important parts of a typical liquid heating flat-plate solar collector, as shown in
Figure 6.1.1, are the **black’” solar energy-absorbing surface with means for transferring
the absorbed energy to a fluid, envelopes transparent to solar radiation over the solar
absorber surface that reduce convection and radiation losses to the atmosphere, and back
insulation to reduce conduction losses. Figure 6.1.1 depicts a water heater, and most of
the analysis of this chapter is concerned with this geometry. Air heaters are fundamentally
the same except that the fluid tubes are replaced by ducts. Flat-plate collectors are almost

Black Outer cover Inner cover

4
Ingulation Fluid conduit Collector box
Figure 6.1.1 Cross section of a basic flat-plate solar collector.

insulated metal box
slass cover

- .F-"""""
water i /_.—" ot

— a—

floss tukbee

abhsorber plate \~/’
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| shanghai Highshine International Co,.Ltd / ce E@




BASIC FLAT-PLATE ENERGY BALANCE EQUATION

In steady state, the performance of a solar collector is described by an energy balance that
indicates the distribution of incident solar energy into useful energy gain, thermal losses,
and optical losses. The solar radiation absorbed by a collector per unit area of absorber § 1s
equal to the difference between the incident solar radiation and the optical losses as defined
by Equation 5.9.1. The thermal energy lost from the collector to the surroundings by
conduction, convection, and infrared radiation can be represented as the product of a heat
transfer coefficient U/; times the difference between the mean absorber plate temperature
T, and the ambient temperature T, . In steady state the useful energy output of a collector

pm
of area A_ 1s the difference between the absorbed solar radiation and the thermal loss:

Q, = AlS - U(Tpy, — T,)] (6.2.1)

If conditions are constant over a time period, the efficiency reduces to

QH
== 6.2.2b
n I Ag ( )

Solar radiaticn

Reflection \./

ra Znd cowver

i 1st cowver

e O bsorber plate

Figure 6.3.1 Sheet-and-tube solar collector.



COLLECTOR OVERALL HEAT LOSS COEFFICIENT

L y T,

Vhes - 1y, o2, % R

Tex L IR

VR oo Vhy o2 g R,

Ten L

Vihy oy Vhy, e g R
% = 5 (2,

;T 1h, b-s Rs

T. Tﬂ

fiz) k)

[hermal network for a two-cover flat-plate collector: (a) in terms of conduction,
radiation resistances: (b) in terms of resistances between plates.

equal to the heat transfer from the absorber plate to the first cover:

i Tr:' :
q]nss.lnp L r— cI{T .:I} + —1_1_ f54])

where i, , | is the convection heat transfer coefficient between two inclined parallel plates
from Chapter 3. If the definition of the radiation heat transfer coefficient (Equation 3.10.1)
1s used, the heat loss becomes



"-?Inss.lnp = {hc.p—cl + hr__p-c[}':Tp - T(]J (542}

where 5 s
o, +T NI+ T
By, o= ( A cl}lf p 1) (6.4.3)
—+—-1
Ep &g
The resistance R4 can then be expressed as
Ry = 1 (6.4.4)
3 —_ O
IFi‘.:._;;!—n:fl + IF!'.l'.f:'—(fl

The resistance from the top cover to the surroundings has the same form as
Equation 6.4.4, but the convection heat transfer coefficient h,, is given in Section 3.15.
The radiation resistance from the top cover accounts for radiation exchange with the sky
at T,. For convenience, we reference this resistance to the ambient temperature 7, so that
the radiation heat transfer coefficient can be written as

To+ TUTL+TINT, T,
h'r Da = G-'Ec': c2 + s}{ c2 + 5 }{ c2 .1J (545}
o TCZ - T

a

The resistance to the surroundings R is then given by

_ 1
~h,+h

r.c2—a

R, (6.4.6)

For this two-cover system, the top loss coefficient from the collector plate to the ambient
is |

U, = — (6.4.7)

R, + R, 4+ R4
temperature is used to find the next cover temperature, and so on. For any two adjacent
covers or plate, the new temperature of plate or cover j can be expressed in terms of the
temperature of plate or cover i as
U(T, —T,)

r=7T — —m— @ 6.4.8
I ! .ﬁ!,:_j__,' -|-f]',.lr'_j' ( )



NATURAL CONVECTION BETWEEN FLAT PARALLEL PLATES
AND BETWEEN CONCENTRIC CYLINDERS

The rate of heat transfer between two plates inclined at some angle to the horizon 1s
of obvious importance in the performance of flat-plate collectors. Free-convection heat
transfer data are usually correlated in terms of two or three dimensionless parameters: the
Nusselt number Nu, the Rayleigh number Ra, and the Prandt] number Pr. Some authors
correlate data in terms of the Grashof number, which is the ratio of the Rayleigh number

to the Prandtl number.
The Nusselt, Rayleigh, and Prandtl numbers are given by’

hilL

Nu= = (LD
r 3
Ra — % (3.11.2)
Pr=_ (3.11.3)
o

Where h = heat transfer coefficient [W/m” K]

L. = plate spacing [m]

k = thermal conductivity [W/m K]

g = gravitational constant [m/s”]
£ = volumetric coefficient of expansion (for an ideal gas, 8’ = 1/T) [1/K]

AT = temperature difference between plates [K]
v = kinematic viscosity [m”/s]
a = thermal diffusivity [m?®/s]

In a more recent _experiment-al study using air, Hollands et al. (1976) give the

relationship between the Nusselt number and Rayleigh number for tilt angles from 0 to 75°
as

1708(sin 1.88)"° 1708 7 Ra cos ,ﬁ)‘”
Nu=1+144|1— -7 = EY g
: + |: Ra cos f# Ra cos B8 + 5830
(3.11.4)

where the meaning of the 4+ exponent is that only positive values of the terms in the square

brackets are to be used (1.e., use zero if the term 1s negative).
Example 3.11.1

Find the convection heat transfer coefficient between two parallel plates separated by
25 mm with a 45° tilt. The lower plate is at 707C and the upper plate is at 50"C.

Solution

At the mean air temperature of 60°C air properties are K = 0.020 W/m K, T = 333 K so
B '=1/333, v=1.88 = 10 m?/s, and @ = 2.60 x 10 m’/s. (Property data are from
EES; www fchart.com.) The Rayleigh number is

_ 0.81 x 20 = (0.025)°
333 1.88 x 1077 % 2.69 x 107>

From Equation 3.11.4 or Figure 3.11.1 the Nusselt number is 2.4. The heat transfer
coefficient i1s found from

Ra =1.82 « 10¢

k240029

T =" TOms  — 278 W/m™ K

h = Nu



Example 6.4.1

Calculate the top loss coefficient for an absorber with a single glass cover having the
following specifications:

Plate-to-cover spacing 25 mm
Plate emittance 0.95
Ambient air and sky temperature 10°C
Wind heat transfer coefficient 10 W/m”°C
Mean plate temperature 100°C
Collector tilt 45"
Glass emittance 0.88

When :1) Tc=35°C, 2)T.=48.5°C. Nu=3.19, k=0.0293 W/m. °C, Pr=0.7

Solution

For this single-glass-cover system, Equation 6.4.7 becomes

-1
b .
: hr.p—c + hr,p—r hh' + hr.t’—u

The convection coefficient between the plate and the cover h, , . can be found using the
methods of Section 3.11. The radiation coefficient from the plate to the cover h, |, _ is

_o(T}4+TH(T, - T))

e =TT ]
— =1
£, &

The radiation coefficient for the cover to the air b, ___ 1s given as

h,,  =eco(TP+T)T.+T,)

r.c—d
The equation for the cover glass temperature 1s based on Equation 6.4.8:

U/(T,-T,)

T.=T, - ——L =
‘ ! hr.p—c +h‘r.p—r



The procedure is to estimate the cover temperature, from which b, .. h, , . and

h, ., are calculated. With these heat transfer coefficients and h, the top loss coefficient
is calculated. These results are then used to calculate T from the preceding equation. If
T 1s close to the mitial guess, no further calculations are necessary. Otherwise, the newly
calculated T, 1s used and the process is repeated.

With an assumed value of the cover temperature of 35 C, the two radiation coefficients

become

hyp =160 W/m*°C, h,_,=516W/m"C

Equation 3.11.4 is used to calculate the convection coefficient between the plate and
the cover. The mean temperature between the plate and the cover 1s 67.5°C so the air
properties are v = 1.96 x 107 m%/s, k =0.0293 W/m °C, T =340.5K,andPr=0.7.
The Rayleigh number 1s

Ry 2810100 35)(0.025)3(0.7)
ia=

=533 % 10*
340.5(1.96 x 10) :

and from Equation 3.11.4 the Nusselt number 1s 3.19. The convective heat transfer
coefficient is 00203

k 70
h=Nu E =319 W =373 me C
(The same result is obtained from Figures 3.11.1 and 3.11.2. From Figure 3.11.2,
F; =046 and F, = 0.84. The value of F, AT I*is4.7 x 10°. From Figure 3.11.1,
Fyhl =T8. Then h = 3.7 W/m?® °C.) The first estimate of U, is then

1 1 -l .
U, = — 649 W/m’ °C
! (3.T3+?.6D+5.16+1D.D) fm

The cover temperature is

649 x 90
=100 e = 485°C

With this new estimate of the cover temperature, the various heat transfer coefficients
become

h"-ﬂ—: = S.D?i w;‘fmz ':C,‘ h —a = 553 W};ml “C.‘ h b — 3‘52 w!mz “C

r.C [ Y

and the second estimate of U, is

U, =662 W/m> °C



Hint;

3
_ g(T, —T.)L" x<Pr

a 2
T, cxv

R

Nu=l+].44|:l—

Ra cos 8 " Ra cos B 5830

Wind heat transfer coefficient: h,=2.8+3xV

Convection heat transfer coefficient between plate-cover: hep..=Nuxk/L

Another model to estimate the top loss coeffiecent:-

—1
N 1

—+ —
U-l' = C (Tpm B Ta‘] ’ b
Tom | (N + 1)

Ty + T (T + T2)

1708(sin 1.3,3)'-6] [1 1708 ]* .\ [(Ra cos B

1 2N + f — 1+ 0.133¢,
_'_
£, + 0.00591Nh,, £

g

where N = number of glass covers

-+

(3.11.4)

(6.4.9)

f= (1 + 0.089,, — 0.1166A&,)(1 + 0.07866N)

C= 520(1 — 0.00005182) for 0° = 8 = 70°; for 70" = B = 90°, use g = 70°
e= 0.430(1 — 100/T,,)

p = collector tilt (deg)

£, = emittence of glass (0.88)

£, = emittence plate

T, = ambient temperature (K)

T,m = mean plate temperature (K)

h., = wind heat transfer coefficient (W,/m?2 °C)

Example 6.4.2

Determine the collector top loss coefficient for a single glass cover with the following

specifications:
Plate-to-cover spacing 25 mm
Plate emittance
Ambient temperature 10°C
Mean plate temperature 100°C

Collector tilt

Wind heat transfer coefficient 10 W/m? °C



Solution

From the definitions of f, C, and e in Equation 6.4.9

f = [1.0 + 0.089(10) — 0.1166(10)(0.95)](1 + 0.07866) —= 0.844
C = 520[1 — 0.000051(45)%] = 466

e =0.430 1—E =0.315
373

From Equation 6.4.9

1 1
+ —_
U,=1| 466 (3?3—283)”-3]5 10

373 \ 1+ 0.844
5.67 x 107%(373 + 283)(373% + 283%)
T T L 2T 0B 1701335095
0.95 + 0.00591 x 1 x 10 0.88

=298 +3.65=6.6 W/m” °C

The energy loss through the bottom of the collector is represented by two series
resistors, Ry and Rs. in Figure 6.4.1, where R, represents the resistance to heat flow
through the insulation and Rs represents the convection and radiation resistance to the
environment. The magnitudes of Ry and R5 are such that it is usually possible to assume
Rs is zero and all resistance to heat flow is due to the insulation. Thus, the back loss
coefficient U,, is approximately?

v, =— =X (6.4.10)
R, L
where k and L are the insulation thermal conductivity and thickness, respectively.

For most collectors the evaluation of edge losses i1s complicated. However, in a
well-designed system, the edge loss should be small so that it is not necessary to predict it
with great accuracy. Tabor (1958) recommends edge insulation of about the same thickness
as bottom insulation. The edge losses are then estimated by assuming one-dimensional
sideways heat flow around the perimeter of the collector system. The losses through the
edge should be referenced to the collector area. If the edge loss coefficient—area product is

(U [ A)cdge, then the edge loss coefficient, based on the collector area A, is

U — {U‘d‘ chg{:

€ 1 (6.4.11)

[



If it 1s assumed that all losses occur to a common sink temperature 7, the collector
overall loss coefficient U/} 1s the sum of the top, bottom, and edge loss coefficients:

U, =U,+U,+U, (6.4.12)

Example 6.4.3

For the collector of Example 6.4.2 with a top loss coefficient of 6.6 W/m?* °C, calculate
the overall loss coefficient with the following additional specifications:

Back-insulation thickness S0 mm
Insulation conductivity 0.045 W/m "C
Collector bank length 10m
Collector bank width Im
Collector thickness 75 mm
Edge insulation thickness 25 mm

Solution

The bottom loss coefficient is found from Equation 6.4.10:

K 0.045

U, =—=_""_=00W/m*°C
b= T T 0.050 /m

The edge loss coefficient for the 26-m perimeter is found from Equation 6.4.11:

_(0.045/0.025) x 26 x 0.075

_ —0. w 7o
. 0 0.12W/m- C
The collector overall loss coefficient 1s then
U, =6.64+094+0.1=76W/m?°C ]

TEMPERATURE DISTRIBUTION BETWEEN TUBES AND THE COLLECTOR
EFFICIENCY FACTOR

N[
1
-

v

-
Figure 6.5.1 Sheet and tube dimensions.

s uL.mt:T - Ty sax

VAV AV Y Ve ax

|—— —-|__-ﬂ- 1|-'— — \ff-i
/ — _1_—4"7*’“1 e

INSULATED {a} (Bl

Figure 6.5.2 Energy balance on fin element.
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_ UL

m
k&

(6.5.4a)

r-T1,-8§/U;, _ cosh mx

B 6.5.8
T,—T,-5§/U; cosh m(W—D)/2 ( )

The energy conducted to the region of the tube per unit of length in the flow direction
can now be found by evaluating Fourier's law at the fin base:

=(E@)m_udn—numm
L

gy, = —k & — M (6.5.0)

r=(W-Ih2

but k dm/U; is just 1/m. Equation 6.5.9 accounts for the energy collected on only one
side of a tube: for both sides, the energy collection is

tanh m(W — D)/2

D (6.5.10)

4G = (W = D)[S — UL (T, - T,)]

[t 1s convenient to use the concept of a fin efficiency to rewrite Equation 6.5.10 as
Gin = (W = D)F[S = U (T, = T,)] (65.11)
where

_ tanh[m(W — D)/2]
T m(W-D))2

(6.5.12)

The function F is the standard fin efficiency for straight fins with rectangular profile and
is plotted 1n Figure 6.5.3.

We now wish to eliminate T}, from the equations and obtain an expression for the useful
gain in terms of known dimensions, physical parameters, and the local fluid temperature.
Solving Equation 6.5.15 for T}, substituting it into Equation 6.5.14, and solving the result
for the useful gain, we obtain

q,=WF'[S—-U (T, —T,)] (6.5.17)
where the collector efficiency factor F' is given as

LUy

F' = (6.5.18)

1 1 1
[u,_ DrW D) F] c_b+ HD,-nJ

11



Example 6.5.1

Calculate the collector efficiency factor for the following specifications:

Overall loss coefficient 8.0W/m? °C
Tube spacing 150 mm
Tube diameter (inside) 10 mm
Plate thickness 0.5mm
Plate thermal conductivity (copper) 38SW/m C
Heat transfer coefficient inside tubes 300 W/m” °C
Bond conductance oo W/m "C

Solution

The fin efficiency factor F, from Equations 6.5.4a and 6.5.12, is determined as follows:

8 172
'”z(ﬁﬁxjxm*J =645 [1/m]

_ tanh[6.45(0.15 — 0.01)/2]
 6.45(0.15=0.01)/2

= (.937

The collector efficiency factor F’ is found from Equation 6.5.18:

1
o /8
0.15 ! + Ly '
"7 | 8[0.01 + (0.15—0.01)0.937] * 00 ' 7 x 0.01 x 300

= (.841

COLLECTOR HEAT REMOVAL FACTOR AND FLOW FACTOR

It is convenient to define a quantity that relates the actual useful energy gain of a collector
to the useful gain if the whole collector surface were at the fluid inlet temperature. This

quantity is called the collector heat removal factor Fj. In equation form it is

R, (T, = Tp)

F.R =
Ac[s - U.F.[T_ﬁ - Tu}]
The collector heat removal factor can be expressed as
MC, T, - T
Fp=
AU | S/UL = (T;-T,)

— mCF [SJ{IUT - (T:ﬁ - Tu)] - [S.'HUL - {T__fa - Tﬂ}]
AU S/UL —(T;—T,)

12
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or

nC SiU; — (T, — T,
Fp= —2= [1 _ S = (T )} (6.7.3)
AU S/UL — (T — Ty)
which from Equation 6.6.4 can be expressed as
mC AU F'
_ ” _ _ L
Fp = A0, |:I exp( _r.‘rC'p )J (6.7.4)

To present Equation 6.7.4 graphically, it 1s convenient to define the collector flow
factor F" as the ratio of Fy to F'. Thus

F mC AU, F’
Fr="B_— I || _exp|_——"_L— (6.7.5)
F" AU.F

are then at a minimum. The collector heat removal factor times this maximum possible
useful energy gain is equal to the actual useful energy gain Q,, :

Qu = A FRlS —UL(T; — T,)] (6.7.6)

13



Example 6.7.1

Calculate the daily useful gain and efficiency of an array of 10 solar collector modules
installed in parallel near Boulder, Colorado, at a slope of 60" and a surface azimuth of 0"
The hourly radiation on the plane of the collector I+, the hourly radiation absorbed by the
absorber plate S5, and the hourly ambient temperature T, are given in the table at the end
of this example. The methods of Sections 2.15, 2.16, and 3.9 can be used to find /7 and §
knowing the hourly horizontal radiation, the collector orientation, and the collector optical
properties. For the collector assume the overall loss coefficient U; to be 8.0 W/m= "Cand
the plate efficiency factor F” to be 0.841 (from Example 6.5.1). The water flow rate through
each | x 2-m collector panel is (.03 kg/s and the inlet water temperature remains constant
at 40°C. Assume a controller turns off the water flow whenever the outlet temperature is
less than the inlet temperature.

Solution

The dimensionless collector mass flow rate 1s

r.‘rC'p B 0.03 = 4190

= =9.35
AU F' 2% 8 x 0.841

s0 that the collector flow factor, from Equation 6.7.5 (or Figure 6.7.1), is

F" =035 [1 —exp (_glﬁ)] =0.948

and the heat removal factor is
Fp= F'F"=0.841 =« 0948 = 0.797
The average loss rate for the hour 10 to 11. based on an inlet temperature of 40°C, is
Uy (T, — T,) = 8(40 — 2) x 3600 = 1.09 MJ/m’ h

and the average useful energy gain per unit of collector area 1s

q, = % =0.797(3.29 — 1.09) x 10° = 1.76 MJ/m’ h

i

The collector efficiency for this hour is found from Equation 6.2.2:

0. ¢ 176
= e w045
T=Ta. "1, 3m

and the day-long collector efficiency is

Y 4, 7157

_ - — 038
day S 5, 1079

14



The daily useful energy gain of the 10 collector modules in the array is

3 0,=10x2x757 x 10° = 150 MJ

1y 5 U (T; —T,) Ty
Time ("C) (MJI/m? h) (MI/m? h) (MI/m? h) (MJ/m?* h) n
T-8 —11 0.02 .01 1.46 (.00 0.00)
8-0 —8 0.43 0.35 1.38 (.00 0.00)
9—10 2 0.99 (.82 1.21 (.00 0L.00)
10-11 2 3.92 1.29 1.09 1.76 .45
11-12 3 3.36 2.84 1.07 1.42 0.42
12-1 6 4.01 1.39 0.98 1.93 .48
1-2 7 3.84 3.21 0.95 1.81 0.47
2-3 8 1.96 1.63 0.92 0.57 0.29
3-4 9 1.21 (.99 0.89 0.08 0.07
4-5 T 0.05 .04 .95 0.00 0.0
Sum 19.79 T.57
O

15



Solar Collectors Connection Types

Connection options

Legend
----+  Corrugated hose return (cold)

— Corrugated hose flow (hot) with collector sensor

Connection options for 1 collector
Caution: Sensor is positioned on the flow side (hot).

T T

Connection options for 2 or more adjacent collectors
Caution: Sensor is positioned on the flow side (hot).

{ B H -

Reverse connection of the
flow direction is possible.

Connection options for 2 or more collectors above one another
Caution: Sensor is positioned on the flow side (hot).

16



Connection options for 1 or 2 adjacent collectors and 2 or 3 collectors above one another
Caution: Sensor is positioned on the flow side (hot).

-d—u-ﬁ - Note!
L E_‘ " " | [@ In order to facilitate bleeding
1 and equalise the collector
H arrays, one shut-off ball valve
i should be built into each outlet.
I
I
L. Ao
I
= Xl L 1
1
1
1
1
1
1
i
i
L.- d
I
I
e | | | i1 - =
I
I
I
I
I
I
I
1
L. d
|
+
1
1
1

—

Connection options for 1 or 2 adjacent series connections and
multiple series connections above one another
Caution: Sensor is positioned on the flow side (hot).

= 4 I k< i I-f Lo
i
|
]
_. L | - - S -
I i“{*i:* i ;—><3—>
1
]
i
b - = i -
| ¥ 1.4 <4 ) ] { ol
i
H
|
]
ECOTHERM 7 2011 ESC W&/ V12 / V15 design guide
a
Cutlet
— — — — — — — — - i
— —i ] — — — — — I -
Iniet
b Outlet

T H O 7

e [ [— [ [T

Inlet

Figure 6.21.3 Examples of alternative methods of connecting arrays in (a) series—parallel and (b)
parallel—series arrangements, as recommended by Dunkle and Davey (1970).
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MEAN FLUID AND PLATE TEMPERATURES

To evaluate collector performance, it is necessary to know the overall loss coefficient
and the internal fluid heat transfer coefficients. However, both U; and J':ﬁ are to some
degree functions of temperature. The mean fluid temperature can be found by integrating
Equation 6.6.3 from zero to L :

1 L
;r:ﬁrr = E flj Tf(}’) dy (6.9.1)

Performing this integration and substituting Fp from Equation 6.7.4 and @, from
Equation 6.7.6, the mean fluid temperature was shown by Klein et al. (1974) to be

0./A,
FpUp

T = Ty + (1—F" (6.9.2)

This is the proper temperature for evaluating fluid properties.

When a collector is producing useful energy, the mean plate temperature will always
be greater than the mean fluid temperature due to the heat transfer resistance between the
absorbing surface and the fluid. This temperature difference is usually small for liquid

heating collectors but may be significant for air collectors.
The mean plate temperature can be used to calculate the useful gain of a collector,

Qu = ALS = Uy(Ty, — T,)] (6.9.3)
If we equate Equations 6.9.3 and 6.7.6 and solve for the mean plate temperature, we have

Qu/A.
FrUL

Tpm = ]} +

(1—Fp) (6.9.4)
Example 6.9.1

Find the mean fluid and plate temperatures for the hour 11 to 12 of Example 6.7.1.

Solution

Assume U; =80 W/m? °C, F" = 0948, Fp =0.797. and g, = 1.42 MJ/m* h. We
have from Equation 6.9.2

1.42 x 10%/3600

o
S 0797 (1-0948) =43C

Ty = 40 +

The mean plate temperature is found from Equation 6.9.4:

1.42 x 10°/3600 Y
T, —40+ 1 —0.797) = 53°C
pm 8 x 0.797 ( ) |

18



AIR HEATERS

Figure 6.14.1 shows six designs for air heating collectors. Also on this figure are equations
for the collector efficiency factors that have been derived for these geometries. For (e) and
(f), the Lof overlapped glass plates and the matrix air heater, the analyses to date have not
put the results in a generalized form. For these two situations, it is necessary to resort to
numerical techniques for analysis. Selcuk (1971) has analyzed the overlapped glass plate
system. Chiou et al. (1965), Hamid and Beckman (1971), and Neeper (1979) have studied
the matrix-type air heaters. Hollands and Shewen (1981) have analyzed the effects of flow
passage geometry on /i and F'.

To illustrate the procedure for deriving F" and U; for an air heater, we derive the
equation for type (a) of Figure 6.14.1. Although type (b) is the more common design for
an air heater, type (a) is somewhat more complicated to analyze. Also, type (a) is similar

Solar radiation

. K

Glass

Absorber
plate

v C—> Airout

Insulation

7
Side view
Glass
Absorber
7 v V78 Insulation

<+—— Casing

777777777777

Section Z- 7.7

Front view
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Convection loss

Solar radiation (I) Airout at T,

N

Reflection loss

Radiation loss

Bottom of
collector

Insulation

Tra nspnrent cover

=5

Conduction loss
Air passage

Airin at T,

Upper and lower
ite glass covers

T

I
N
/ O.U':}m %};‘\

Upper flowing air stream

Lower flowing air stream
» > > — _— =

Back plate

1m
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Figure 6.14.2

Type (a) solar air heater and thermal network.
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where
. h hy +Uhy + hoh, + hhy

F = 6.14.7
(U, + h, + " WUy + hy + R,y — ki ( )

and
W+ Upth by + hoh, + hyhy) + UpU(hy + ha)

6.14.8
hohy +Uhy +hh, +hhy ( Y

Uy,

Example 6.14.1

Calculate the outlet temperature and efficiency of a single-cover type (b) air heater of
Figure 6.14.1 at a 45° slope when the radiation incident on the collector is 900 W,/m>. The
plate-to-cover spacing is 20 mm and the air channel depth is 10 mm. The collector is 1 m
wide by 4 m long. The absorber plate is selective with an emittance of 0.1 and the effective
transmittance-absorptance product is 0.82. The inlet air temperature is 60°C, the ambient
air temperature is 10°C, and the mass flow rate of the air is 0.056 kg/s. The wind heat
transfer coefficient is 10 W,/m? °C and the sum of the back and edge loss coefficients is
1.0 W/m? °C (see Example 6.4.3). The emittances of the surfaces of the inside of the duct,
£, and &,, are both 0.95.

Assume: Tp=70°C, Uip=3.3 W/m?2.°C, Re=5490, Nu=15.5, h;=22 W/m?. °C, C,=1009 J/kg.k,
K=

Solution

From Figure 6.4.4(e) with an assumed average plate temperature of 70°C, the top loss
coefficient is 3.3 W/m? °C, and with the back and edge loss coefficient of 1.0 W,/m? °C,
the overall loss coefficient is 4.3 W,/m? °C. The radiation coefficient between the two
air duct surfaces is estimated by assuming a mean radiant temperature equal to the mean
fluid temperature. With an estimated mean fluid temperature of 70°C.!"!" we have. from
Equations 3.10.2 and 3.10.3,

40T 4x5.67 x 107° x 3433

h, — = =83 W/m” °C
1/e; + 1/e; — 1 2/0.95 — 1

plate spacing. The Reynolds number, at an assumed average fluid temperature of 70°C, is

Re — pVD, _ mD, _ 0.056(2 x 0.01) = 5490
M App (0.01 x 1)2.04 = 10~
The length-to-diameter ratio is
L -
—_— =—=200
D, 2x0.01

Since Re = 2100 and L/D,, is large, the flow is turbulent and fully developed. From
Equation 3.14.6
Nu = 0.0158(5490)"® = 15.5

The heat transfer coefficients inside the duct, i and £, are then

b iss ko J155X009 L o
=D, T T2xo01 m

From Figure 6.14.1(b), with hy = h, = h,

22



-1 4.3 —1
" [1 N ” —'] -1 22 ! 1 = 0.87
h+ [(1/ k) + (1/h)] +(55+33

The dimensionless capacitance rate is

mC, 0.056 = 1009

_ —3.78
AU F ~ 4x43x087

From Equation 6.7.5 or Figure 6.7.1,

F" =3.78[1 —e 7% = 0.88
or
Fgp=F"F =088 x 0.87 =0.77

The useful gain, from Equation 6.7.6, is

0, =4 x 077900 x 0.82 — 4.3(60 — 10)] = 1610 W

The outlet temperature is
1610 )
T,=T, + _Q“ = 60 + ——————— = 89°C
mC,, 0.056 = 1009

It is now necessary to check the assumed mean fluid and absorber plate temperatures. The
mean plate temperature is found from Equation 6.9.4,

T 60 + 1610/4 (1 —0.77) =88°C
pm = 43 x 0.77 R

and the mean fluid temperature is found from Equation 6.9.2,

1610/4 .
Ty, =60 + 07 (1-088)=74C
The éfﬁciency is
9,  lel0
n= A.G, = 12900 = 045, 45% -
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6.17 COLLECTOR TESTS: EFFICIENCY, INCIDENCE ANGLE MODIFIER,
AND TIME CONSTANT

The basic method of measuring collector performance is to expose the operating
collector to solar radiation and measure the fluid inlet and outlet temperatures and the fluid

flow rate. The useful gain is then
Q,=mC,(T,-T) (6.17.1)

In addition, radiation on the collector, ambient temperature, and wind speed are also
recorded. Thus two types of information are available: data on the thermal output
and data on the conditions producing that thermal performance. These data permit the
characterization of a collector by parameters that indicate how the collector absorbs energy
and how it loses energy to the surroundings.

Equation 6.7.6, which describes the thermal performance of a collector operating
under steady conditions, can be written in terms of the incident radiation:

Q,=AFplGy(ta),, — U (T, —T,)] (6.17.2)

Here (ra),, is a transmittance-absorptance product that is weighted according to the
proportions of beam, diffuse, and ground-reflected radiation on the collector, as discussed
in Section 5.9. Testing standards generally require that during a collector test the beam

Equations 6.17.1 and 6.17.2 can be used to define an instantaneous efficiency:

FoU, (T. =T
0 = 2, = Fy(ta) — = ui ~ 1) (6.17.3)
A.Gy Gy
ond 1C, (T, —T))
m o 4
) = ——— (6.17.4)
ACGT

These equations are the basis of the standard test methods outlined in this section.
Other equations are also used. European practice is to base collector test results on

T 4. the arithmetic average of the fluid inlet and outlet temperatures.* Thus
F U (Te =T,
1y = oy r0) — 2L o) (6.17.5)
Gy
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L —T, 2
76-, . m*CW

Figure 6.17.2 Experimental collector efficiency data measured for a liquid heating flat-plate
collector with one cover and a selective absorber. Sixteen points are shown for each of five test
sites. The curve represents the theoretical characteristic derived from points calculated for the test
conditions. Adapted from Streed et al. (1979).

Example 6.17.1

A water heating collector with an aperture area of 4.10 m” is tested by the ASHR/
method, with beam radiation nearly normal to the plane of the collector. The followi
information comes from the test:

0, (MI/h) Gr (W/m?) T; (°C) T, (°C)
9.05 264 18.2 10.0
1.98 804 84.1 10.0

What are Fp(ta), and FpU; for this collector based on aperture area?

Solution

For the first data set,
9.05 % 1000

~ 864 x 3.6 x 4.10

m; =0.71

and
T —-T 18.2 —10.0

i [

Gy 864

= 0.0095 m’C/W
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For the second data set, §; = 0.15 and (7, — T,)/G; = 0.083 m>C/W. These two points
are shown on the plot.

1.0 I T T I T
":-“h =
_ — —
S
——
L . "“'-.._____ |
S~
- S —
t"‘"h
o | | ] | o~
Q (T — T, )6, 010
The slope is
0.71 — 0.15 62 W/ °C
0.0095 — 0083 /m

Then FRU; = —slope = 7.62 W/m2C. The intercept of the line of the n; axis is 0.78,
which is Fp(ta),. (In practice, tests produce multiple data points and a least-squares fit
would be used to find the best constants.) |

COLLECTOR PERFORMANCE

There is no fundamental reason why a collector would not operate as well installed in an
application as it does on a test stand. However, there are some practical considerations that
can influence measured performance on-site. Differences between predicted and measured
performance may arise from several sources:

1. Flow of fluid through the collector may not be uniform through all parts of the
collector array. Parts of a collector array receiving reduced fluid flow will have
lower Fj and poorer performance, resulting in degradation of array performance.

2. Flow rates may not be those at which collectors were tested. The parameter Fj, is a
function of flow rate for both liquid and air heaters (particularly so for air heating
collectors), and changes in flow rate can make significant differences in collector
performance.

3. Leaks in air collectors may also introduce differences between predicted and mea-
sured performance. Collectors are usually operated at slightly less than atmospheric
pressure, resulting in leakage of cool ambient air in and reduced collector outlet
temperatures (Close and Yusoff, 1978).

4. Edge and back losses may be different in tests and applications. Edge losses may be
reduced in large arrays resulting in smaller [/; than is obtained from measurements
on a single module.

5. Duct and pipe losses may be more significant in applications than in tests, as runs
may be longer and ducts and pipes may not be as well insulated.
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THERMAL TEST DATA CONVERSION

Data from collector tests in the United States are usually expressed in terms of 7n; and
(T; — T,)/Gy as shown in Figures 6.18.2. Practice in some other countries is to express
n; as a function of (T,, — T,)/G . Test data for air systems are sometimes expressed as n;
as a function of (T, — T,)/G . In this section, methods are presented for converting test
results from one format to another.

If test data are plotted as n; versus (T,, — T,)/G, where T, is the arithmetic average
of inlet and outlet fluid temperatures, the equation of the straight line is'”

Tav B T::r

6.19.1
G, ( )

M = Fm,(‘[ﬂ)" — F, 'U.L

av

If the flow rate of the fluid is known, the intercept F,,(ta), and slope —F, U, of the
curve of Equation 6.19.1 are related to FpU; and Fy(ra),. Eliminating  and T, from
Equations 6.17.3 to 6.17.5 (Beckman et al., 1977), these relationships are found to be

-1
Fp(tw), = F(ta),| 1 + M (6.19.2a)
n av R = - -
EmCLrj
—1
A FpU
F,.(ta), = Fg(ta), (1 - %) (6.19.2b)
m p
and
-1
A F, U
FpU; = FaVUL(l + %&L) (6.19.3a)
P
—1
A F U
F U =FU |1-—<=—£L (6.19.3b)
w ( 2mC,

For air heater test data that are presented as plots of n;, versus (T, — T,)/Gr, the
intercept F,(te), and slope — F,U; of these curves can be converted to Fpl/; and
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Fp(ta), by the following:

~1
1+ A FU
F —F —c o L 6.19.4a
R{ra}” g{rar)n( mcp ) ( }

—1

A FpU

F (ta), = Fp(ta), (1 - %) (6.19.4b)
P

mC

—1

A.F,U

FpU, = F,U; (1 + 7‘5“) (6.19.5a)
P

—1

A_FpU,

F,U, = FpU, (1 _ —) (6.19.5b)
7 mC,

Example 6.19.1

What are FrU; and Fg(ta), for the two-cover air heater having F,U; = 3.70 W/m? °C
and F,(ra), = 0.647 The volumetric flow rate per unit area is 10.1 liters/m” s.

Solution

For air at 20°C, CP = 1006 J/kg and p = 1.204 kg,’m-” or 0.001204 kg/liter. Then

AFU, 3.7

. — =0.302
mC, 10.1 = 0.001204 = 1006
Then from Equations 6.19.4a and 6.19.5a,
0.64
FR{IQ'}H = m =049
3.7
FpU, = ——— =284 W/m*> °C
1+ 0.302 |
o I AT =T, —T,: m =064—3.70T, —T,)/Gr
AT =Tay —Tat 1 =0.55-3.21(Tay —Ta )/ Gr
o8 AT =T, —Ty: mi=0.49-2.84(T, —T.)/ Gr

0.6 /ﬂj vs. (T, =Ta) /Gr

e vs. (Tay —Ta )/ Gr
oa N
— -\-\\-\-\\\-\-‘—“—
0.2 n; vs. (T; =Ta ) G =

-_\—‘_‘_\_\».

L 1 |

o 0.05 0.10 0.15
AT/ G, m2C/wW

Figure 6.19.1 Efficiency curves for an air heating flat-plate collector plotted as functions of T,

Typ.and T,

i

rn'J'

o]
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FLOW RATE CORRECTIONS TO Fgr(ta), AND FpU

Ideally, test data should be measured at flow rates corresponding to those to be used in
applications. If a collector is to be used at a flow rate other than that of the test conditions,
an approximate analytical correction to Fp(ta), and FpU; can be obtained from the ratios
of values of Fj determined by use of Equation 6.7.4 or 6.7.5. Assume that the only effect
of changing flow rate is to change the temperature gradient in the flow direction and that
changes in F’ due to changes of ""ﬁ with flow rate are small (reasonable assumptions for
liquid heating collectors operating at normal flow rates). The ratio r by which FpU; and
Fp(ra), are to be corrected is then given by

FRU.LIuse _ FR(rﬂr)nlusc

r= = (6.20.1)
FRU.L'tcst FR(Ta)rrllcsl
mC
2 FIEF [1—exp(—AF'U/mC,)]
r=—tm L use (6.20.2)
———— [1 —exp(—-A_F'U, /mC
AL‘F’U.L [ [ L P” ot
or
mC
i = [1—exp(—AF'U, /mC,)]
r = —= use (6.20.3)

FR UL |1cst

To use these equations, it is necessary to know or estimate F'U; . For the test conditions,
it can be calculated from FpU; . Rearranging Equation 6.7.4 and solving for F'U; yields

mC
FUL = —— = In (1 - —FR,ULA") (6.20.4)

For liquid collectors, F'U; calculated for the test conditions is approximately equal
to F'U; at use conditions and can be used in both numerator and denominator of
Equation 6.20.2.
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Example 6.20.1

The water heating collector of Example 6.17.1 is to be used at a flow rate of 0.020 kg/s
rather than at the 0.040 kg/s at which the test data were obtained. Estimate the effect of
reducing the flow rate on Fp(ra), and FpU,.

Solution

Equation 6.20.2 will be used but Equation 6.20.3 could have been used. First, calculate
F'U, for the test conditions from Equation 6.20.4:

0.040 x 4187 7.62 x 4.10
FU =——Z~"""In ( -

—_—— — 2a
410 0.040><418?) 843 W/m= €

Then r is obtained with Equation 6.20.2. For use conditions,

mcC, _0.020 x 4187

= = 2.42
AF'U; 4.10 x 8.43
For test conditions )
mC, 0.040 = 4187
= = 4.85
AFU; 4.10 x 8.43
S0 2.4211 (—1/2.42)]
r=2 s i Y'Y

~ 4.85[1 — exp(—1/4.85)]
Then at the reduced flow rate

Fp(ta), =0.78 x 0.91 = 0.71
FpU, =7.62 x 091 = 6.91 W/m® °C
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10.2 COLLECTOR HEAT EXCHANGER FACTOR

Collectors are often used in combination with a heat exchanger between collector and
storage allowing the use of antifreeze solutions in the collector loop. A common circuit of
this type is shown in Figure 10.2.1.

A useful analytical combination of the equations for the collector and the heat
exchanger has been derived by deWinter (1975). In this development the collector equation
and the heat exchanger equation are combined into a single expression that has the same
form as the collector equation alone. The combination of a collector and a heat exchanger
performs exactly like a collector alone but with a reduced value of Fp. The useful gain of
the collector is represented by Equations 10.1.1 and 10.1.2 written in terms of T,; and T,.
The heat exchanger performance is expressed in terms of effectiveness (Kays and London,
1964) by Equation 3.17.6:

QHX = E[mcp)min(Tf,o - T:) (10.21]

where (1 C )i, 1 the smaller of the fluid capacitance rates (flow rate m times fluid heat

capacity C p] on the collector side (mC ch‘ and tank side (mC p] , of the heat exchanger, T,

is the outlet fluid temperature from the collector, and T; is the inlet water temperature to the

heat exchanger (very nearly the temperature in the bottom of the tank). For a counterflow

heat exchanger, a common configuration, the effectiveness £ is given by Equation 3.17.7.
Combining Equations 10.1.1, 10.1.2, and 10.2.1,

where the modified collector heat removal factor F, accounts for the presence of the heat
exchanger and is given by

-1
F; A FpU mC
R4 [ (_ ). —1 (10.2.3)
FR (mCP)C E(mcp)min

The factor Fj/Fp is an indication of the penalty in collector performance incurred because

the heat exchanger causes the collector to operate at higher temperatures than it otherwise
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Collector
heat To

exchanger 7~ * I " load

Storage
tank
T;
T &
From load

Figure 10.2.1 Schematic of liquid system with a collector heat exchanger between collector and
tank.

Example 10.2.1

A collector to be used in a solar heating system such as that of Figure 10.2.1 heats antifreeze;
heat is transferred to water through a collector heat exchanger. The collector Fpl/; =
3.75 W/m? °C. Flow rates through both sides of the heat exchanger are 0.0139 kg/s per
square meter of collector. The fluid on the collector side is a glycol solution having
C, =3350J/kg °C. The effectiveness of the heat exchanger is 0.7. What is Fj, / Fp?
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re 10.2.2 Collector heat exchanger correction factor as a function of e(mC )
,)/ FpU; A... Adapted from Beckman et al. (1977).

;’{rhf.'p]c and

min
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Solution

The capacitance rate per unit area on the water side of the exchanger is 0.0139 x
4190 = 58.2 W/m? °C. On the glycol side it is 0.0139 x 3350 = 46.6 W/m? °C. Thus
the minimum (mC ) product is that of the glycol, e(mC )i/ (MmC,). = ¢ = 0.7, and

(mC,).  0.0139 x 3350 -
A FRU, 3.75 -

From Figure 10.2.2 or Equation 10.2.3, Fj /Fp = 0.97. |

34



COLLECTOR ARRAYS: SERIES CONNECTIONS

Collector modules in arrays may be connected in series, in parallel, or in combinations.
The performance of collectors in arrays is dependent on how they are arranged, that is, on
the flow rate through risers and on the inlet temperatures to individual modules.

Figure 10.5.1 shows arrays of two modules (or two groups of modules) with parallel
and series connections. Assume for the moment that the modules are identical. If the flow
rates to the arrays are the same, the velocity through the risers of the series-connected
array will be twice that in the parallel array. If this difference in velocity does not make
an appreciable difference in F* through its effect on hg, then there will be no appreciable
difference in performance between the two arrays as the terms in Equation 6.7.6 will be
identical. If there is a significant difference in F’ and thus in Fp or if the design of the
modules is not the same (e.g., with the first having one cover and the second two covers),
the performance of the two arrays will not be the same. In the series arrangement, the
performance of the second (and subsequent) module will not be the same as the first as its
inlet temperature will be the outlet temperature of the first.

For collector modules in series, an analysis can be developed that results in an equation
identical in form to that of Equation 6.7.6. It is not necessary that the modules be identical;
the constraint is that each can be described by its set of two parameters, Fp(ta), and
FpU; . The useful output of the combination is

Qui+ Quo=AFpy[Gylra)y — Uy (T; = T,)]
+ AFplGy(ra), - Upy(T,  — T,)] (105.1)

where T; is the inlet fluid temperature to the first collector and T, | is the inlet temperature
to the second collector, which is found from the outlet of the first collector:

0
T, =T +-—2L (10.5.2)
= mC
P
- —.-TD
2
L]
- - _-"'Tﬂ f TO'I

112 ] Figure 10.5.1 Collector modules in parallel and
P 4 series. Flow divides in the parallel set: full flow

Tj_-' A & T,_- A

goes through each module in the series set.
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The values of Fp(ta) and FplU,; for each collector must be the values corresponding
to the actual fluid flow through the collector (i.e.. the flow rate through collector 1 in
the parallel arrangement is one-half of the flow rate through collector 1 in the series
arrangement). By eliminating T, | from the previous two equations, the useful output of
the combination can be expressed as

Ou 42 =[A1Fpi(ta) (1 — K) + Ay Fpa(ta)h]Gr

— [AVFpUp (1 = K) + Ay FpoUpp (T — T35) (10.5.3)

where A ForlU
K =-—2Ff2"12 (10.5.4)

mt:",J

The form of Equation 10.5.3 suggests that the combination of the two collectors can be
considered as a single collector with the following characteristics:

A, = A, + A, (10.5.5)
A F 1 — K)+ Ay Fpy
Fp(ra) = rilTa)y ( A )+ As Fpa(ta)y (10.5.6)
[
A FpUp (1 — K) + Ay FpolUy 5
Feu, = 2101701 ( - ) Aot ralra (10.5.7)
C

If three or more collectors are placed in series, then these equations can be used for
the first two collectors to define a new equivalent first collector. The equations are applied
again with this equivalent first collector and the third collector becoming the second
collector. The process can be repeated for as many collectors as desired.

If the two collectors are identical. then Equations 10.5.6 and 10.5.7 reduce to the
following:

Fp(ra) = Fp,(ta), (1 - %) (10.5.8)
K
FpU; = Fp,Up, (1 - 5) (10.5.9)

For N identical collectors in series, Oonk et al. (1979) have shown that repeated appli-
cations of Equations 10.5.6 and 10.5.7 yield

J'lllr
Fp(ta) = Fp(ta), (1 (jw{ ud) ) (10.5.10)
1—(1—K)N
FpU; =FR]U“( {NK ) ) (10.5.11)
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Example 10.5.1

Calculate Fp(tar) and FpU; for the combination of two air heating collectors connected
in series with a flow rate of 0.056kg/s. The characteristics of a single air heater are

Fpita) =067 and FrU; =36 W/m? °C at a flow rate of 0.056 kg/s. Each collector is
1.00 m wide by 2.00 m long and C,, = 1008 J/kg °C.

Solution
From Equation 10.5.4,
3.63 x 2.00

= 0.056 <1008 _ 1%

From Equations 10.5.8 and 10.5.9,

0.129
Fp(ta) = 0.67 (1 - T) — 0.63

0.129
FpU, =36 (1—7) =34 W/m* °C m

SERIES ARRAYS WITH SECTIONS HAVING DIFFERENT ORIENTATIONS

Collector arrays are occasionally constructed in sections, with the sections having different
orientations (1.e., with different azimuth angles and/or slopes). These arrangements may be
imposed by the locations and structure available to mount the collector. If these collector
sections are series connected, the analysis of Section 10.6 can be applied to calculate the
output.

Consider an array of two sections, | and 2, connected in series. Areas of the two
sections A, and A, will be fixed. Flow is in the direction of 1 to 2. The Fp and U; values
will be the same for both sections, assuming that m/A _ is the same and neglecting effects
of orientation and collector temperature on U; . The values of (ta) for the two sections
will be different and will depend on orientation. Equation 10.6.4 applies to this array, as
shown in the following example.

Example 10.7.1

A collector array is in two sections of equal area. The slopes of both sections are 55°;
section 1 has y = —45” and section 2 has y = 45°. The latitude is 40°. The collector has
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one glass cover with KL = 0.0125 and or, = 0.93; Fp = 0.933 and U; = 4.50 W/ m® °C.
Water is pumped in series through sections 1 and 2 at a rate of 0.01 kg/m” s.

For the hour 2 to 3 on May 15, I = 2.83 MJ/m?. The ambient temperature is 10°C.
The fluid inlet temperature is 45°C and ground reflectance is estimated to be 0.25. Estimate
the output per square meter of total array area for this hour.

Solution

For this hour, I, =3.72 MI/m?, ky =076, and I,/ =0177: 6=188" and
w=37.5".

For both sections, I; = 0.177 x 2.83 = 0.50 MJ/m? and I, =233 MIJ/m?. For the
diffuse radiation, 8, = 57° (from Figure 5.4.1),

1,=085 and (i) —0.94
d

Wy

1.0Ita = 1.01 x 0.85 x 0.93 x 0.94 = 0.751

For the ground reflected radiation, 6, = 66,

1,=077 and (5) — 088
g

@,

1.0Ira = 1.01 x 0.77 x 0.93 x 0.88 = 0.636

For section 1; for beam radiation, from Equation 1.6.2,

cos A =0277 and H=174"

7, =065 and (5) —0.79
b

@,

1.0Ita = 1.01 x 0.65 x 0.93 x 0.79 = 0.482

From Equation 1.6.5, cos 9;, =0.782,

0.277

1= 0782
Then
0.50(1 + cos 55 0.25(1 — cos 55
Iy =233 x 0,355 + 2 J;_m ) 42835 2B 2“’5 )
— 0.827 + 0393 + 0.151 = 1.37 MJ/m’
and

S, = 0.827 x 0.482 4+ 0.393 x 0.751 4 0.151 x 0.636 = 0.790 MJ/m’

38



So

0.790
(’ra’)a\r‘[ = 13? = G.S??
For section 2: for beam radiation,
cos 8 = 0.942 and f# = 196"

o
r, =091  and (—) = 1.00
b

&y

1.0lte = 1.01 x 0.91 x 0.93 = 0.855

0.942

= 0782

Then
IT:I =233 % 1.184+0.393 +0.151 =3.30 1"#1];1112
and
8, =2.33 = 1.18 x 0.855 4+ 0.393 x 0.751 4 0.151 = 0.636
=2.75 MJ/m*
So 2.75
(I{I)av:z = m = D.833

We now use Equations 10.6.4 and 10.6.5 to calculate the performance of the two
sections in series:

4.5

K =093 x 5577790 =

% = 0.933{[0.5 x 0.577(1 — 0.100)1.37 + 0.5 x 0.833 x 3.30]10°

c

0.100

— 4.5 x 3600[0.5(1 — 0.100) + 0.5](45 — 10)}
=1.11 MJ/m*
n

Note that for the hour 9 to 10 for this example, which corresponds to a reversal of flow
direction for the hour 2 to 3, the output of the array would be 1.02 MIJ/ m?, or about 8%
less than for the conditions in the example. These calculations show how much difference
flow direction makes and thus assists in determining control strategy. (Note that there may
be conditions under which the section with the lower irradiation should be bypassed. This
can be determined by calculating the output of the first section. If the output is negative, it
should be bypassed. If its output is higher than that of the combined sections, the second
section should be bypassed.)
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Radiation Transmission through
Glazing: Absorbed Radiation

The transmission, reflection, and absorption of solar radiation by the
various parts of a solar collector are important in determining collector
performance. The transmittance, reflectance, and absorptance are
functions of the incoming radiation, thickness, refractive index, and
extinction coefficient of the material. Generally, the refractive index n
and the extinction coefficient K of the cover material are functions of the
wavelength of the radiation.

REFLECTION OF RADIATION:

For smooth surfaces Fresnel has derived expressions for the reflection of unpolarized
radiation on passing from medium I with a refractive index n, to medium 2 with refractive

Index ny:
1
sin” (6, - 6))

= — 511
i (6, +6,) ()
tan’ (B, - 6))
= ——— (5.1)
tan (6, +6,)
M+t
Pk T (5.13)
L)

where 6, and 6, are the angles of incidence and refraction, as shown in Figure 3.11.
Equation 3.1.1 represents the perpendicular component of unpolarized radiation r , and



Medium 1

Medium 2

Figure 5.1.1  Angles of incidence and refraction in
) media with refractive indices n| and n,.

Equation 5.1.2 represents the parallel component of unpolarized radiation ry. (Parallel
and perpendicular refer to the plane defined by the incident beam and the surface
normal.) Equation 5.1.3 then gives the reflection of unpolarized radiation as the average
of the two components. The angles #, and #, are related to the indices of refraction by
Snell’s law,

n, sin 6, =n, sin 6, (5.1.4)

Thus if the angle of incidence and refractive indices are known, Equations 5.1.1 through
5.1.4 are sufficient to calculate the reflectance of the single interface.

For radiation at normal incidence both #; and &, are zero, and Equations 5.1.3 and
5.1.4 can be combined to yield

3

I ny — Ny -
0)=—<L= = 5.1.5
ro I ("1 ‘Hiz) o1
If one medium is air (i.e., a refractive index of nearly unity), Equation 5.1.5 becomes
o= (* 2 (5.16)
r(0) = 1.
n—+1

Example 5.1.1

Calculate the reflectance of one surface of glass at normal incidence and at 60°. The
average index of refraction of glass for the solar spectrum is 1.526.

Solution

At normal incidence, Equation 5.1.6 can be used:

0 0526 0.0434
ri=1\35%) =%

At an incidence angle of 60°, Equation 5.1.4 gives the refraction angle 6, :

0, — sin—! (SR 00Y _ 1458
2 1.526




From Equation 5.1.3, the reflectance is

r(60) = = =3

1 |sin®(—2542) tan®(—25.42 |
si (72042 | an(DA) | 1 1854+0.001) = 0,093
2 | Sin(9458) | tanl(94.58)

In solar applications, the transmission of radiation is through a slab or film of material
so there are two interfaces per cover to cause reflection losses. At off-normal incidence,
the radiation reflected at an interface is different for each component of polarization, so
the transmitted and reflected radiation becomes partially polarized. Consequently, it is
necessary to treat each component of polarization separately.

Neglecting absorption in the cover material shown in Figure 5.1.2 and considering for
the moment only the perpendicular component of polarization of the incoming radiation,
(I —r) of the incident beam reaches the second interface. Of this, (1 —r l}2 passes
through the interface and r| (1 —r ) is reflected back to the first, and so on. Summing the
transmitted terms, the transmittance for the perpendicular component of polarization is

o0

(I-r)* 1-r;
n=0-r)) rM'=—"= 5.1.7
L==r)t Y Tl vy (5.17)
n=i

Exactly the same expansion results when the parallel component of polarization is
considered. The components r, and r| are not equal (except at normal incidence), and
the transmittance of initially unpolarized radiation is the average transmittance of the two

cnmpnncnts,
1 ]—.r” l—rl
=- 5.1.8
Ir 2 (]‘|‘f||+1‘|‘fj_) { )

where the subscript r is a reminder that only reflection losses have been considered.
For a system of N covers all of the same materials, a similar analysis yields

1 L—ry l—r
] 5.1.9
) (1+(zf»f—1)r"+1+(2N—1)rl 6.1



1 r n=ri  (1—r?3

A S

\ \ \ Figure 5.1.2 Transmission

N=n?  =r?? 1-0%"  cover.
Example 5.1.2

Calculate the transmittance of two covers of nonabsorbing glass at normal incidence and
at 60°.

Solution

At normal incidence, the reflectance of one interface from Example 5.1.1 is 0.0434. From
Equation 5.1.9, with both polarization components equal, the transmittance is

1 —0.0434

—— _085
1+ 3(0.0434)

7,(0)
Also from Example 5.1.1 but at a 60° incidence angle, the reflectances of one interface

for each component of polarization are 0.185 and 0.001. From Equation 5.1.9, the
transmittance 1s

7 (60) =

1 [ 1-0.185 1 —0.001
Z + —0.76
2 [1+3(0.185 © 1+3(0.001)



ABSORPTION BY GLAZING

The absorption of radiation in a partially transparent medium is described by Bouguer’s
law, which is based on the assumption that the absorbed radiation is proportional to the
local intensity in the medium and the distance x the radiation has traveled in the medium:

dI = —IK dx (5.2.1)

where K is the proportionality constant, the extinction coefficient, which is assumed to
be a constant in the solar spectrum. Integrating along the actual pathlength in the medium
(i.e., from zero to L/cos 6,) yields

| — KL
T, = “mnsmited — exp (_ ) (5.2.2)
Iinclclem Cos 92

where the subscript @ is a reminder that only absorption losses have been considered. For
glass, the value of K varies from approximately 4 m™' for “‘water white’” glass (which
appears white when viewed on the edge) to approximately 32 m~! for high iron oxide
content (greenish cast of edge) glass.

OPTICAL PROPERTIES OF COVER SYSTEMS

The transmittance, reflectance, and absorptance of a single cover, allowing for both
reflection and absorption losses, can be determined either by ray-tracing techniques similar
to that used to derive Equation 5.1.7 or by the net radiation method as described by Siegel
and Howell (2002). For the perpendicular component of polarization, the transmittance 7,
reflectance p |, and absorptance | of the cover are

1—r) 1 - I —r?
H:'][ﬂf( o _, ”[ it 1} (5.3.1)

r)? 4 I—(r,z,)

2 2

T, (1—=r))
PL=H+UIG_TLTH}_E=M (14 1,1)) (53.2)
(1-7,) 1_“) (53

aJ_ - Iﬂ 1 _ rJ_I_E wta
transmittance of a single cover becomes

T = T,1, (5.3.4)

This is a satisfactory relationship for solar collectors with cover materials and angles of
practical interest.

The absorptance of a solar collector cover can be approximated by letting the last term
in Equation 5.3.3 be unity so that

e=1—1 (5.3.5)

a



The reflectance of a single cover is then found from p = 1 — @ — 1, so that

p=t(l—-1)=1,—1 (5.3.6)



Example 5.3.1

Calculate the transmittance, reflectance, and absorptance of a single glass cover 2.3 mm
thick at an angle of 60°. The extinction coefficient of the glass is 32 m~!.

Solution

At an incidence angle of 60°, the extinction coefficient—optical pathlength product is

KL 32 x 0.0023
cos #,  cos 34.58

= 0.08%4

where 34.58 is the refraction angle calculated in Example 5.1.1. The transmittance 7, from
Equation 5.2.2 is then

1, = exp(—0.0894) = 0.915

Using the results of Example 5.1.1 and Equation 5.3.1, the transmittance is found by
averaging the transmittances for the parallel and perpendicular components of polarization,

0915 [ 1-0.185 I —0.185
T= =
2 1+0.185 \ 1—(0.185 x 0.915)°

+1—<}.001( 1 —0.0012 )}
1+0.001 \1=(0.001 x0.915)?

— 0.5(0.625 +0.912) = 0.768

The reflectance is found using Equation 5.3.2 for each component of polarization and
averaging:
p = 05[0.185 (1 +0.915 x 0.625) + 0.001(1 + 0.915 x 0.912)]
= 0.5(0.291 + 0.002) = 0.147

In a similar manner, the absorptance is found using Equation 5.3.3:

_ 1-0915 1 —0.185 N 1 —0.001 )
“= 2 1 —0.185x 0915 1-0.001 x 0.915
0.085

= (0.981 4 1.000) = 0.085



Alternate Solution

The approximate equations can also be used to find these properties. From Equations 5.3.4
and 5.1.8 the transmittance is

0915 1—0.135+1—:}.m1)_mﬂ
=2 \TFo0185 "1T+xo0001) "

From Equation 5.3.5, the absorptance is
a=1—-0915=0.085
and the reflectance is then

p=1-0771—-0.085=0.144

Example 5.3.2

Calculate the solar transmittance at incidence angles of zero and 60° for two glass covers
each 2.3 mm thick. The extinction coefficient of the glass is 16.1 m~!, and the refractive
index is 1.526.

Solution

For one sheet at normal incidence,

KL =16.1 x 2.3/1000 = 0.0370
The transmittance 1, is given as

1,(0) = exp[—2(0.0370)] = 093

The transmittance accounting for reflection, from Example 5.1.2, is 0.85. The total
transmittance is then found from Equation 5.3.4:

7(0) = 7, (0)z,(0) = 0.85(0.93) = 0.79
From Example 5.1.1, when 8, = 60°, 8, = 34.57°, and

2 (:}.03?0}) oo

Ta(60) = ﬂ"P( cos 3457

and the total transmittance (with t, = 0.76 from Example 5.1.2) becomes

r(60) = 7,(60)T,(60) = 0.76(0.91) = 0.69 m



For a two-cover system with covers not necessarily identical the following equations
are for transmittance and reflectance, where subscript 1 refers to the top cover and
subscript 2 to the inner cover:

| | T1To ) ( [R5 )
T=— (1, +1) =3 (— +|— (5.3.7)
2 V2 [\ =pipy )L T \1=pyp [
L (o1 4+ pp) = - ( +mﬂ‘) +( +w3r]) (53.8)
p= > PLTP)= > P1 5 ). P n )| -

Example 5.3.3

Calculate the optical properties of a two-cover solar collector at an angle of 60°. The
outer cover is glass with K = 16.1 m™' and thickness of 2.3 mm. The inner cover is

polyvinyl fluoride with refractive index equal to 1.45. The plastic film is thin enough so
that absorption within the plastic can be neglected.

Solution

The optical properties of the glass and plastic covers alone, as calculated from Equations
5.3.1 through 5.3.3, are

Glass: ;= 0.953, T, = 0.655
g = 0.002, 2, = 0.302
w = 0.044, a, = 0044
Plastic: T = 0.995, T, =0.726
Py = 0.005, p, =0.274
o = 0.000, a, = 0.000

Equations 5.3.4 through 5.3.6 could have been used with each component of polarization
to simplify the calculation of the preceding properties.
The transmittance of the combination is found from Equation 5.3.7:

1 ( 0.655 x 0.726

- i 0.953 = 0.995
F =2 \1-0302x 0274 " 1—0.002 x 0.005

= 0.5(0.518 4+ 0.948) = 0.733

The reflectance, with the glass first, is found from Equation 5.3.8:

0.518 x 0.274 = 0.655
0.726

= 0.5(0.430 + 0.007) = 0.219

+ 0.002 4

1 0.948 = 0.005 = 0.953
= — | 0.302
=3 ( M )

0.995

The absorptance is then
a=1—-0219—-0.733 =0.048 |



TRANSMITTANCE FOR DIFFUSE RADIATION

The preceding analysis applies only to the beam component of solar radiation. Radiation
incident on a collector also consists of scattered solar radiation from the sky and possibly
reflected solar radiation from the ground. In principle, the amount of this radiation that
passes through a cover system can be calculated by integrating the transmitted radiation
over all angles. However, the angular distribution of this radiation is generally unknown.

The dashed lines shown in Figure 5.4.1 are given for ground-reflected radiation by

0, , =90 — 057888 + 0.0026938> (5.4.1)

and for diffuse radiation by

6,4 = 59.7 — 0.1388 + 0.001497 8> (5.4.2)

TRANSMITTANCE-ABSORPTANCE PRODUCT

To use the analysis of the next chapter, it is necessary to evaluate the transmittance-
absorptance product (tar).! Of the radiation passing through the cover system and incident
on the plate, some is reflected back to the cover system. However, all this radiation is not
lost since some of it is, in turn, reflected back to the plate.

The situation is illustrated in Figure 5.5.1, where 1 is the transmittance of the cover
system at the desired angle and « is the angular absorptance of the absorber plate. Of
the incident energy, To is absorbed by the absorber plate and (1 — «)t is reflected back
to the cover system. The reflection from the absorber plate is assumed to be diffuse (and
unpolarized) so the fraction (1 — @)t that strikes the cover system is diffuse radiation
and (1 —a)tp, is reflected back to the absorber plate. The quantity p; refers to the
reflectance of the cover system for diffuse radiation incident from the bottom side and can
be estimated from Equation 5.3.6 as the difference between t, and 7 at an angle of 60°.2

\l Incident solar

Gover system

\ u—m\ u-ulzr;x
\r (- rpf

[]'l]f’d

/

H 4
Ta ral-alp, Wil-ﬂ\zi’:

Absorber Figure 5.5.1  Absorption of solar radiation by

plate

absorber plate under a cover system.



If the cover system consists of two (or more) covers of dissimilar materials, p,; will be
different (slightly) from the diffuse reflectance of the incident solar radiation (see Equation
5.3.8). The multiple reflection of diffuse radiation continues so that the fraction of the
incident energy ultimately absorbed is”

o0
Ta
(ta)=ta ¥ [(1—a)p,]" = (5.5.1)
”er; T (1 —a)py

Example 5.5.1

For a two-cover collector using glass with KL = 0.0370 per plate and an absorber plate
with @ = 0.90 (independent of direction), find the transmittance-absorptance product at an
angle of 50°.

Solution

From Figure 5.3.1, T at 50" is 0.75 and T at 60° (the effective angle of incidence of radiation
reflected back to the cover) is 0.69. From Equation 5.2.2 with #, = 34.58°, t, = 0.91.
From Equation 5.3.6, p;, = 0.91 — 0.69 = 0.22. From Equation 5.5.1

0.75 x 0.90

(ta) = = 0.69
1 —(1—-0.90)0.22

Note that it is also possible to estimate p; = 1 — 1,, where 1, can be estimated from
Figure 5.1.3 at 60°. For two covers, T, = 0.77, so p; = 0.23. |

The value of () in this example is very nearly equal to 1.01 times the product of 1
times c. This is a reasonable approximation for most practical solar collectors. Thus,

(ta) = 1.0l (3.53.2)

can be used as an estimate of (t«) in place of Equation 5.5.1.
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ABSORBED SOLAR RADIATION

S = I,R,(ta), + L,(ter), (ﬁ) + p I (), (ﬁ) (5.9.1)

where (1 +cos £)/2 and (1 —cos f)/2 are the view factors from the collector to the sky
and from the collector to the ground, respectively. The subscripts b, d, and g represent
beam, diffuse, and ground. For a given collector tilt, Figure 5.4.1 gives the effective
angle of incidence of the diffuse and ground-reflected radiation, and Figures 4.11.1 and
5.4 can be used to find the proper absorptance and transmittance values. Equation 5.5.1
or 5.5.2 can then be used to find (ra),; and {m.f)g. The angle ¢ for the beam radiation,
which is needed in evaluating R, is used to find (ra),. Alternatively, (ra), can be
found from the properties of the cover and absorber and Figure 5.6.1 can be used at
the appropriate angles of incidence for each radiation stream to determine the three
fransmittance-absorptance products.

Example 5.9.1

For an hour 11 to 12 AM on a clear winter day, [ = 1.79 M.Ifm{ I, =138 I‘v‘.[Jf’mz. and
I, =041 MJ/m’. Ground reflectance is 0.6. For this hour, @ for the beam radiation is
7% and R, = 2.11. A collector with one glass cover is sloped 60° to the south. The glass
has KL = 0.0370, and the absorptance of the plate at normal incidence, @, 1s 0.93. Using

the isotropic diffuse model (Equation 5.9.1), calculate the absorbed radiation per unit area
of absorber.

Solution
Two approaches to the solution are possible. The angular dependence of T and o can be
individually determined or the angular dependence of (ta) can be determined.

In the first method, use Figure 4.11.1 to get angular dependence of « and Figure 5.3.1

to get angular dependence of 1. For the 60° slope, from Figure 5.4.1, the effective angle

of incidence of the diffuse radiation is 57° and that of the ground-reflected radiation
is 65

For the beam radiation, at # = 7°:
From Figure 4.11.1, a/cx, = 0.99
From Figure 5.3.1, T = (.88
(tae), = 1.01 x 0.88 x 0.99 x 0.93 = 0.82

For the (isotropic) diffuse radiation, at 8 = 57"

From Figure 4.11.1, o/er, = 0.94
From Figure 5.3.1, T = 0.83
(ta)y; = 1.01 x 0.83 x 0.94 x 0.93 =0.73



For the ground-reflected radiation, at 6 = 65"

From Figure 4.11.1, o/, = 0.88
From Figure 5.3.1, T = 0.76
(te), = 1.01 x 0.76 x 0.88 x 0.93 = 0.63

Equation 5.9.1 is now used to calculate §:

1 60
S—138 x2.11 x 0.82 + 0.41 x 0.73 (H+)

4+ 1.79 x 0.6 x 0.63 (ﬁ)

= 2.394+0.224+0.17 = 2.78 MJ/m?

In the second method, use Figure 5.6.1 to get the angular dependence of (ta)/ (EQ’}".
The effective angles of incidence of the diffuse and ground-reflected radiation are 57" and
65", as before. From Figure 5.3.1, r, = 0.88, a, = 0.93 (given), so

(tae), = 1.01 x 0.88 x 0.93 = 0.83
From Figure 5.6.1 with the beam radiation at 6 = 7°, (rae)/(ta), = 0.99 and
(ta), = 0.83 x 0.99 = 0.82
From Figure 5.6.1 with the diffuse radiation at 8 = 57°. (rae)/(ta), = 0.87 and
(ta)y; = 0.83 x 0.87 =0.72
From Figure 5.6.1 with the ground-reflected radiation at 8 = 65°, (ta)/(ta) . = 0.76 and

(ta), = 0.83 x 0.76 = 0.63

These are essentially identical to the results of the first solution. |
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MONTHLY AVERAGE ABSORBED RADIATION

Methods for the evaluation of long-term solar system performance® require that the average
radiation absorbed by a collector be evaluated for monthly periods. The solar transmittance
and absorptance are both functions of the angle at which solar radiation 1s incident on
the collector. Example 5.9.1 illustrated how to calculate the absorbed solar radiation for
an hour. This calculation can be repeated for each hour of each day of the month, from
which the monthly average absorbed solar radiation can be found. Klein (1979) calculated
the monthly average absorbed solar radiation in this manner using many years of data. He
defined a monthly average transmittance-absorptance product® which when multiplied by
the monthly average radiation incident on a collector yields the monthly average absorbed
radiation §:

5 s
TH) = — = — 5.10.1
(Tar) TR ( )

The following methods, analogous to the hourly evaluations of S, can be used to find 5.
Using the isotropic diffuse assumption, Equation 2.19.1 becomes

| —cos g

5 ) (5.10.2)

e l+cos By —
§=HpR, (@), + Hy (1) | ——— | + Hp, (Ta),

For the diffuse and ground-reflected terms, (&), and (T@), can be evaluated using
the effective incidence angles given in Figure 3.4.1. These are functions of the properties
of the cover and absorber and 8, the collector slope, and so do not change with time for
collectors mounted at fixed B. The hourly and monthly values are thus the same, and they
can be written with or without the overbars.

Example 5.10.1

Estimate S for a south-facing vertical collector-storage wall at Springfield, Illinois, 40° N
latitude. The wall consists of double glazing with a black-finished absorbing surface behind
the glass with @ at normal incidence of 0.90. The monthly average daily radiation on a
horizontal surface H, in megajoules per square meter, is shown in the table that follows.
The ground reflectance 1s assumed to be 0.3 for all months. The angular dependence of
(ta) for the two-cover glazing is as shown in Figure 5.6.1. The glass has KL = 0.0125.
Calculate the monthly radiation on the wall F 1, the monthly absorbed radiation S, and the
monthly average (Ta).



Solution

The calculations are shown in detail for January, and the results for all months are shown
in the table.

For these two covers, from Figure 5.3.1 at normal incidence, the transmittance i1s (.83,
With the absorber normal-incidence absorptance of 0.90, (tar), = 1.01 = 0.83 = 0.90 =
(.754. For the vertical collector the effective incidence angle of both the diffuse and
the ground-reflected radiation is 59° from Figure 54.1. From Figure 5.6.1 at 597,
(Ta@)/(ra), = 0.83 so that (Ta),; = (T@), = 0.83 x 0.754 = 0.626. These values apply
to all months.

For January, from Figure 5.10.1(b), at 40" latitude and 90" slope, ﬁb = 41". From
Figure 5.6.1, (T@),, /(ra), = 0.96 for the two-cover system. Thus (T@), = 0.96 > 0.754 =
0.724.

For January, H, = 15.21 MI/m’, so K ; = 6.63/15.21 = 0.436. For the mean day of
the month, from Table 1.6.1, § = —20.9", Thus

w, = cos ' [—tan(—20.9) tan 40] = 71.3°

Equation 2.12.1 is used to calculate the diffuse fraction. For January this gives H,/H =
0.458. Then

H,; = 6.63 x 0.458 = 3.04 MI/m’

and
, = 3.50 MJ/m*

From Equation 2.19.3, R, = 2.32.

We can now calculate H; with Equation 2.19.1 based on the isotropic diffuse
assumption:

_ 1 90 I —cos 90
Hy = 3.50 x 2.32 4 3.04 (H%) +6.63 % 03 (%)

=833 + 1.52 4+ 0.99 = 10.84 MI/m’

With the transmittance-absorptance products determined above, again using the isotropic
assumption (Equation 5.10.2),

Ll

1 4+ cos 90
—-5)

= 3.59 x 232 % 0.724 4+ 3.04 = 0.626 (

2

+ 6.63 % 0.3 % 0.626 (ﬂ)

= 6.03 + 0.95 + 0.62 = 7.60 MI/m’

The average transmittance-absorptance product for the month 1s then

7.60

— = 0.70
10.84

(Tar) 5
T )| = = —
Hy

The monthly results are as follows:



Absorbed Radiation, MJ/m’

Month H Ky H; (T@), Beam Diffuse Gr. Refl. 5 (Ta)
Jan. 663 044 10.84 0.72 6.03 0.95 0.62 1.60 0.70
Feb. 977 048 12.59 0.69 6.28 1.27 0.92 847 0.67
Mar. 1297 047 11.65 0.63 4.25 1.85 1.22 132 0.63
Apr. 17.20 0.50 11.03 0.51 241 233 1.62 6.36 0.58
May 2117 053 10.59 0.38 1.22 264 1.99 5.84 0.55
June 2380 057 10.52 0.26 0.68 2.72 2.23 5.63 0.54
July 2336 057 10.79 0.27 0.83 264 219 5.66 0.53
Aug. 2050 056 11.69 0.44 2.11 239 1.92 6.42 0.55
Sep. 16.50  0.55 13.18 0.59 445 1.98 1.55 1.98 0.61
Oct. 12.13 054 1423 0.67 6.72 1.49 1.14 9.35 0.66
Nov. 768 047 12.09 0.72 6,70 1.02 0.72 844 0.70
Dec. 357 040 946 0.72 5.22 0.86 0.52 6.61 0.70
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Table 5.1.1 Average Refractive Index n in Solar
Spectrum of Some Cover Materials

Cover Material Average n
Glass 1.526
Polymethyl methacrylate 1.49
Polyvinylfluoride 1.45
Polyfluorinated ethylene propylene 1.34
Polytetrafluoroethylene 1.37
Polycarbonate 1.60
T T T T 1 T 1 BN
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Figure 5.4.1 Effective incidence angle of isotropic diffuse radiation and isotropic ground-reflected




Solar Water Heating:
Active and Passive

5. Solar collector applications

Solar collectors have been used in a variety of
applications. These are described in this section. In
Table 10 the most important technologies in use are listed
together with the type of collector that can be used in each
case.

5.1. Solar water heating systems

The main part of a SWH 1s the solar collector array that
absorbs solar radiation and converts it into heat. This heat 1s
then absorbed by a heat transfer fluid (water, non-freezing
liquid, or air) that passes through the collector. This heat
can then be stored or used directly. Portions of the solar
energy system are exposed to the weather conditions, so
they must be protected from freezing and from overheating
caused by high insolation levels during periods of low
energy demand.

In solar water heating systems, potable water can either
be heated directly in the collector (direct systems) or



indirectly by a heat transfer fluid that i1s heated in the
collector, passes through a heat exchanger to transfer its heat
to the domestic or service water (indirect systems). The heat
transfer fluid is transported either naturally (passive
systems) or by forced circulation (active systems). Natural
circulation occurs by natural convection (thermosyphon-
ing), whereas for the forced circulation systems pumps or
fans are used. Except for thermosyphon and integrated
collector storage (ICS) systems, which need no control,
solar domestic and service hot water systems are controlled
using differential thermostats.

Five types of solar energy systems can be used to heat
domestic and service hot water: thermosyphon, 1CS, direct
circulation, indirect, and air. The first two are called passive
systems as no pump is employed, whereas the others are
called active systems because a pump or fan 1s employed in
order to circulate the flud. For freeze protection, recircula-
tion and drain-down are used for direct solar water heating
systems and drain-back is used for indirect water heating
systems.

Storage — Hot water
outlet

Awxiliary

=
lg—— Cold

water

. 24, Schematic diagram of a thermosyphon solar water heater.



5.1.1. Thermosyphon systems (passive)

Thermosyphon systems, shown schematically in Fig. 24,
heat potable water or heat transfer flmd and use natural
convection to transport it from the collector to storage. The
water in the collector expands becoming less dense as
the sun heats it and rises through the collector into the top of
the storage tank. There it is replaced by the cooler water that
has sunk to the bottom of the tank, from which it flows down
the collector. The circulation continuous as long as there is
sunshine. Since the driving force 1s only a small density
difference larger than normal pipe sizes must be used to
minimise pipe friction. Connecting lines must be well
insulated to prevent heat losses and sloped to prevent
formation of air pockets which would stop circulation. At
night, or whenever the collector is cooler than the water in
the tank the direction of the thermosyphon flow will reverse,
thus cooling the stored water. One way to prevent this 1s to
place the top of the collector well below (about 30 ¢m) the
bottom of the storage tank.

5.1.2. Integrated collector storage systems (passive)

ICS systems use hot water storage as part of the
collector, 1.e. the surface of the storage tank is used also
as an absorber. As in all other systems, to improve
stratification, the hot water is drawn from the top of the
tank and cold make-up water enters to the bottom of the tank
on the opposite side.

The main disadvantage of the 1CS systems 1s the high
thermal losses from the storage tank to the surroundings
since most of the surface area of the storage tank cannot be
thermally insulated as 1t 1s intentionally exposed for the
absorption of solar radiation. In particular, the thermal
losses are greatest during the night and overcast days with
low ambient temperature. Due to these losses the water
temperature drops substantially during the night especially
during the winter. Various techniques have been used to
avoid this from happening. Tripanagnostopoulos et al. [ 136]
presented a number of experimental units in which the
reduction of thermal losses was achieved by considering
single and double cylindrical horizontal tanks properly
placed in truncated symmetric and asymmetric CPC
reflector troughs.



3.1.3. Direct circulation systems (active)

In direct circulation systems, shown schematically in
Fig. 29, a pump is used to circulate potable water from
storage to the collectors when there 1s enough available solar
energy to increase its temperature and then retumn the heated
water to the storage tank until it is needed. As a pump
circulates the water, the collectors can be mounted either
above or below the storage tank. The optimum flow rate for
such units is about 0.0151/m? of collector area. Direct
circulation systems can be used in areas where freezing is
not frequent. For extreme weather conditions, freeze
protection is usually provided by recirculating warm water
from the storage tank. Direct circulation systems often use a
single storage tank equipped with an auxiliary water heater,
but two-tank storage systems can also be used.

Direct circulation systems can be used with water
supplied from a cold water storage tank or connected
directly to city water mains. Pressure-reducing valves and
pressure relief valves are required however when the city
water pressure 18 greater than the working pressure of the
collectors. Direct water heating systems should not be used
in areas where the water 1s extremely hard or acidic because
scale deposits may clog or corrode the collectors.
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5.1.4. Indirect water heating systems (active)

Indirect water heating systems, shown schematically in
Fig. 31, circulate a heat transfer flud through the closed
collector loop to a heat exchanger, where its heat is
transferred to the potable water. The most commonly used
heat transfer fluids are water/ethylene glycol solutions,
although other heat transfer fluids such as silicone oils and
refrigerants can also be used. When fluids that are non-
potable or toxic are used double-wall heat exchangers

should be employed. The heat exchanger can be located
inside the storage tank, around the storage tank (tank
mantle) or can be external. It should be noted that the
collector loop is closed and therefore an expansion tank and
a pressure relief valve are required. Additional over-
temperature protection may be needed to prevent the
collector heat transfer fluid from decomposing or becoming
COITOSIVE.

A variation of indirect water heating systems is the drain-
back system. Drain-back systems are generally indirect
water heating systems that circulate water through the
closed collector loop to a heat exchanger, where its heat 1s
transferred to the potable water. Circulation continues as
long as usable energy is available. When the circulation
pump stops the collector fluid drains by gravity to a drain-
back tank. If the system 1s pressurised the tank serves also as
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Fig. 31. Indirect water heating system.



5.1.5. Air systems

Air systems are indirect water heating systems that
circulate air via ductwork through the collectors to an air-to-
ligmid heat exchanger. In the heat exchanger, heat 1s
transferred to the potable water, which is also circulated
through the heat exchanger and returned to the storage tank.
Fig. 33 shows a double storage tank system. This type of
system 15 used most often, because air systems are generally

used for preheating domestic hot water and thus auxiliary is
used only in one tank as shown.

The main advantage of the system is that air does not
need to be protected from freezing or boiling, is non-
corrosive, and is free. The disadvantages are that air
handling equipment (ducts and fans) need more space than
piping and pumps, air leaks are difficult to detect, and
parasitic power consumption is generally higher than that of
liquid systems.
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Fig. 33. Air system.




3.2.1. Space heating and service hot water

It is useful to consider solar systems as having five basic

modes of operation, depending on the conditions that exist
in the system at a particular ime [97]:

[

. It solar energy 1s available and heat is not needed in the

building, energy gain from the collector i1s added to
storage.

It solar energy is available and heat is needed in the
building, energy gain from the collector is used to supply
the building need.

It solar energy is not available, heat is needed in the
building, and the storage unit has stored energy in it, the
stored energy 15 used to supply the building need.

If solar energy 1s not available, heat is needed in the
building, and the storage unit has been depleted.
auxiliary energy is used to supply the building need.
The storage unit is fully heated, there are no loads to met,
and the collector is absorbing heat.
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Fig. 34. Schematic of basic hot air system.



WATER HEATING SYSTEMS

The basic elements in solar water heaters can be arranged in several system configurations.
The most common of these are shown in Figure 12.1.1. Auxiliary energy is shown added
in three different ways: these are interchangeable among the four methods of transferring
heat from the collector to the tank.

A passive water heater (also called natural circulation or thermosyphon) is shown in
Figure 12.1.1(a). The tank is located above the collector, and water circulates by natural
convection whenever solar energy in the collector adds energy to the water in the collector
leg and so establishes a density difference. Auxiliary energy is shown added to the water
in the tank near the top to maintain a hot-water supply. Sometimes the collector is *‘close
coupled™ with a horizontal cylindrical storage tank.

Figure 12.1.1(b) shows an example of a forced-circulation system. A pump is required;
itisusually controlled by a differential thermostat turning on the pump when the temperature
at the top header is higher than the temperature of the water in the bottom of the tank by
a sufficient margin to assure control stability (as outlined in Section 10.4). A check valve
is needed to prevent reverse circulation and resultant nighttime thermal losses from the

collector. Auxiliary energy is shown added to the water in the pipe leaving the tank to
the load.

In climates where freezing temperatures occur designs (a) and (b) need to be modified.
Design (a) can include a heat exchanger in the tank and design (b) is sometimes provided
with a drain-back tank that receives the entire collector and piping water whenever the
pump does not operate. Examples of systems using nonfreezing fluids in the collector are
shown in Figures 12.1.1(c) and (d). The collector heat exchangers can be either internal
or external to the tank. In one modification of design (c) the heat exchanger forms a
mantel around the tank (Furbo and Knudsen., 2004: Furbo et al.. 2005). Auxiliary energy
is shown added to the water in the storage tank in Figure 12.1.1(c) by a heat exchanger
in the tank. The auxiliary energy supply can also be provided by a standard electric, oil,
or gas water heater with storage capacity of its own; this is the two-tank system shown in
Figure 12.1.1(d). Any of these systems may be fitted with tempering valves that mix cold
supply water with heated water to put an upper limit on the temperature of the hot water
going to the distribution system. Other equipment not shown can include surge tanks and
pressure relief valves.
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Figure 12.1.1 Schematic of common configurations of water heaters. {a) A natural-circulation
system. (b) One-tank forced-circulation system. (c) System with antifreeze loop and internal heat
exchanger. (d) System with antifreeze loop and external heat exchanger. Auxiliary is shown added
in the tank, in a line heater, or in a second tank; any of these auxiliary methods can be used with any
of the collector-tank arrangements.

Example 12.2.1

A collector with (tee) = (.78 has a temperature dependence of overall loss coefficient as
shown in the figure. The fluid being heated is a 50% solution of propylene glycol in water.
The glycol loop 1s pressurized to a limit of 4.0atm. On a summer day the radiation on
the collector is 1.15 kW, /m? and ambient temperature is 38°C. Will the solution in the
collector boil if the circulating pump does not operate?



7o —

U, i’ ©

)

A

n
1

=0 1O 150 200
T, T

Solution

With no flow. absorbed energy equals losses:
Gypite) = U, (T, ,, — T,) = 1150 = 0.78 = 900 W /m?

so the plate temperature is

900

T = Ty =+
=] o E"rl_

Since the loss coefficient 1s a function of plate temperature, it is necessary to simultansously
solve the energy balance equation and the equation for 'y as a function of T,. Since
the relationship between U7; and T, is in graphical form. it is convenient to perform an
iterative solution. Assume for a first estimate that L'; = 6.5 W,/m” “C. Then

000 R
r =384 299 _ j96°C
pm + %5

A second estimate of 6.8 W/m? °C yields

900 .
Tpm=38+—=170°C

The boiling point of this solution is about 145 °C, so the solution would boil at these
circumstances

APPROACHES HAVE BEEN DEVELOPED TO PROTECT COLLECTORS
AGAINST DAMAGE BY FREEZING

First, antifreeze solutions can be used in the collector loop with a heat exchanger
between the collector and the storage tank. As shown in Figures 12.1.1(c) and (d). the
heat exchanger can be external to the tank, wrapped around the tank, or a coil within
the tank relying on natural circulation of the water in the tank for heat transfer. The

Second, air can be used as the heat transfer fluid in the collector—heat exchanger loop of
Figure 12.1.1(d). Air heating collectors have lower Fp(ta) and Fpl/; than liquid heating
collectors. However, no toxic fluids are involved. no second heat exchanger interface is
needed, leakage is not critical, and boiling is not a problem.



The third method of freeze protection is to circulate warm water from the tank through
the collector to keep it from freezing. Thermal losses from the system are significantly
increased. and an additional control mode must be provided. This method can only be
considered in climates where freezes are infrequent. In emergencies, when pump power is
lost, the collector and piping subject to freezing temperatures must be drained.

The fourth method is based on draining water from the collectors when they are not
operating. Draining systems must be vented at their highest point and must be arranged so
that collectors and piping exposed to freezing temperatures are completely emptied. These
systems are of two types: drain-back systems, in which the water drains back into the
tank or a sump that is not exposed to freezing temperatures, and drain-out systems, which
drain out of the system to waste.

AUXILIARY ENERGY

The degree of reliability desired of a solar process to meet a particular load can be provided
by a combination of properly sized collector and storage units and an auxiliary energy
source. In a few unique areas where there seldom are clouds of significant duration, it may
be practical to provide all of the loads with the solar systems. However, in most climates
auxiliary energy is needed to provide high reliability and avoid gross overdesign of the
solar system.

Auxiliary energy can be provided in any of the three ways shown in Figure 12.3.1:

B —P— To load
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— |
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Tank
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c R S J
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Figure 12.3.1 Schematic of alternative location for auxiliary energy supply to a one-tank forced-
circulation solar water heater: A, in tank; B, in line to load; C, in a bypass around tank.




A Energy can be supplied to the water in the tank, at location A. Auxiliary energy
15 controlled by a thermostat in the top part of the tank which keeps the temperature in the
top portion at or above a minimum setpoint. This is the simplest and probably the least
expensive method. Howewver, it has the disadvantage that the auxiliary energy supply may
increase the temperature of the water in the bottom of the tank and thus the collector inlet
temperature, resulting in reduction of solar gain. In standard electric domestic hot-water
tanks there are two elements, one near the bottom and one about one-third of the way
down from the top. When using such a tank in a solar system, it is common practice to
disable the lower element so that the lower two-thirds of the tank is essentially solar energy
storage and the upper one-third of the tank is auxiliary energy storage. The collector inlet
and outlet must be suitably arranged.

B Auxiliary energy can be supplied to the water leaving the tank, thus “‘topping
off”” the solar energy with auxiliary energy. This requires a heater separate from the solar
tank. This heater may be a simple line heater or it may be a conventional water heater
with storage capacity of its own. Auxiliary energy is controlled to maintain the outlet
temperature from the auxiliary heater at a desired level. This method has the advantage of
using the maximum possible solar energy from the tank without driving up the collector
temperature, but additional heat loss will occur from the auxiliary heater if it has storage
capacity. If a second tank is used, it is not sufficient to just have a single pipe connecting
the two tanks since energy would be transferred from the solar tank to the auxiliary tank
only during periods of hot-water draw.

C  Auwxiliary energy can be added directly to the incoming supply water by bypassing
the tank when auxiliary energy is needed. This is a simple method but has the disadvantage
that either the solar heated water or the auxiliary heated water must have a temperature
above the setpoint so that mixing the two streams produces the desired setpoint tem-
perature. If low-temperature solar heated water 1s to be utilized, it 15 necessary that the
auxiliary heated water be considerably above the set temperature, a potentially dangerous
situation.

The major reasons for the differences in performance on changing the method of
adding auxiliary energy concern the temperature at which the collector operates. Adding
auxiliary energy to the top of the tank (method A) can result in a higher mean collector
temperature, poorer collector performance, and higher requirements for auxiliary energy
(depending on the degree of stratification in the tank). Method C, which bypasses the tank
when its top section is not hot enough, results in failure to use some collected solar energy.

Method B, with a modulated auxiliary heater (or its equivalent in an on-off auxiliary
heater), maximizes the solar collector output and minimizes collector losses by operating
at the lowest mean collector temperature of any of the methods. The magnitude of the
differences may depend on the degree of stratification in the tank and the insulation on the
tank. Losses from the auxiliary heater must be maintained at very low levels or method B
may not be best (see Section 12.4).

NATURAL-CIRCULATION SYSTEMS

Circulation in passive solar water heaters such as that shown in Figure 12.1.1(a) occurs
when the collector warms up enough to establish a density difference between the leg
including the collector and the leg including the tank and the feed line from tank to
collector. The density difference is a function of temperature difference, and the flow
rate is then a function of the useful gain of the collector which produces the temperature
difference. Under these circumstances, these systems are self-adjusting, with increasing



difference at the estimated collector gain. The basic collector equations are
O, =A_Fp[§-U (T, =T, (12.6.1)

and
Q,=mC,(T,—T;) =mC, AT, (12.6.2)

Solving for the flow rate,

A Fp[S—-U (T —T
W= cR[ L{r o}]

(12.6.3)
C, AT,

This equation can be solved for m if it is assumed that F’ is independent of flow rate.
Substituting Equation 6.7.4 for F into Equation 12.6.3 and rearranging give

—U,F'A
W = L« (12.6.4)
U, (T, — T,
C In{l— (T, — 7))
g §—U(T; - T,)

Example 12.6.1

A natural-circulation water heater operates with a nearly constant increase in water
temperature of 10°C. The collector has an area of 4 mz, an overall loss coefficient of 4.2
W/m? °C, and F’ = 0.91. If the water inlet temperature is 30°C, the ambient temperature
is 15°C, and the radiation absorbed by the collector plate is 780 W/m?, what is the useful
gain from the collector?

Solution

All of the information needed to estimate m using Equation 12.6.4 is available:

—42 x 091 x 4
4.2 % 10
780 — 4.2 (30 — 15)

0, = 0,060 = 4190 = 10 = 2550 W
INTEGRAL COLLECTOR STORAGE SYSTEMS

Water heaters that combine the functions of collector and storage are manufactured in Japan
(Tanishita, 1970), the United States, and elsewhere. The designs of these integral collector
storage (ICS) systems vary. The basic configuration is that of a tank or set of interconnected
tanks, with energy-absorbing surfaces on their exposed surfaces, enclosed in an insulated
box with a transparent cover on the top to admit solar radiation. A cross-sectional schematic
of a system of this type is shown in Figure 12.7.1. In the morning, water is put in the tubes,
which in this configuration are black plastic cylinders about 0.2 m in diameter. Through
the day, the water is heated by absorbed solar energy. The top cover and back insulation
reduce energy losses from the cylinders. The performance of this type of collector can be

= 0.060 kg/s

o=

4190 ln{l
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Figure 12.7.1 Schematic section of solar water heaters combining collector and storage.




Active Solar Water Heating Systems

There are two Solar Water Heating System types: Active and Passive
There are two types of Active Solar Water Heating Systems:
» Direct Circulation Systems

» Indirect Circulation Systems

Direct Circulation Systems

Pump circulates domestic water through the collector(s) and into the
building. This type of system works well in climates where it rarely
freezes.

The direct pumped system has one or more solar energy collectors installed on the roof and a
storage tank located somewhere within the building. A pump circulates the water from the
tank up to the collector and back again. This is called a direct (or open loop) system because
the sun’s heat is transferred directly to the potable water circulating through the collector and
storage tank. Neither an anti-freeze nor heat exchanger is involved.

This system has a differential controller that senses temperature differences between water
leaving the solar collector and the coldest water in the storage tank. When the water in the
collector is about 15-20°F warmer than the water in the storage tank, the pump is turned on by
the controller. When the temperature difference drops to about 3-5°F, the pump is turned off.

In this way, the water always gains heat from the collector when the pump operates.
A flush-type freeze protection valve installed near the collector provides freeze protection.

Whenever temperatures approach freezing, the valve opens to let warm water flow through
the collector.



Direct System Advantages

= Service water used directly from collector loop.

Mo heat exchanger — more efficient heat transfer to storage.

« Circulation pump (if needed) needs only to overcome friction
losses — system pressurized.

Direct System Disadvantages

Quality of service water must be good to prevent corrosion, scale
or deposits in components.

Freeze protection depends on mechanical valves.

Recommended in climates with minimal/no freeze potential,
and good water quality.

Indirect Circulation Systems

Pump circulates a non-freezing, heat transfer fluid through the collector(s)
and a heat exchanger.

This heats the water that then flows into the home.

This type of system works well in climates prone to freezing temperatures.

Indirect Pumped System Using Anti-Freeze Solution



This system design is common in northern climates, where freezing weather
occurs more frequently. An anti-freeze solution circulates through the collector,
and a heat exchanger transfers the heat from the anti-freeze solution to the
storage tank water. When toxic heat exchanger fluids are used, a double-walled
exchanger is required. Generally, if the heat exchanger is installed in the
storage tank, it should be located in the lower half of the tank.

A heat transfer solution is pumped through the collector in a closed loop. The
loop includes the collector, connecting piping, the pump, an expansion tank and
a heat exchanger. A heat exchanger caoil in the lower half of the storage tank
transfers heat from the heat transfer solution to the potable water in the solar
storage tank. An alternative of this design is to wrap the heat exchanger around
the tank. This keeps it from contact with the potable water.

The differential controller, in conjunction with the collector and tank sensors,
determines when the pump should be activated to direct the heat transfer fluid
through the collector. The photovoltaic panel located on the roof supplies the
power to operate the circulating pump.

Indirect System Advantages

* Freeze protection provided by antifreeze fluid or drainback.

« Collector/piping protected from aggressive water.

Indirect System Disadvantages

* Must account for reduced heat transfer efficiency through heat exchanger.
* Added materials = added cost.
* If not using water, fluids require maintenance.

* Most designs require added pumping cost.

Collector

Collector (A)




Passive Solar Water Heaters

Passive solar water heaters rely on gravity and the tendency for water
to naturally circulate as it is heated.

Passive solar water heater systems contain no electrical components,
are generally more reliable, easier to maintain, and possibly have a

longer work life than active solar water heater systems.

The two most popular types of passive solar water heater systems
are: Integral-Collector Storage (ICS) andThermosyphon systems.
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Environmental Benefits

~ Solar water heaters do not pollute.

~ Solar water heaters help to avoid carbon dioxide, nitrogen oxides, sulfur
dioxide, and the other air pollution and wastes created when the local utility
generates power or fuel is burned to heat domestic water.

» When a solar water heater replaces an electric water heater, the electricity
displaced over 20 years represents more than 50 tons of avoided carbon
dioxide emissions alone.

Solar Water Heaters (SWH) or Solar Hot Water Systems (SHWS) are one of the most
successful thermal employment of solar energy. They proved to be feasible
especially in providing hot water for domestic applications. They are commonly
classified into two types:

a) Forced circulation systems.

b) Natural circulation systems (thermosyphon systems).

6.1 Forced circulation solar water heaters

In this type a pump is used to circulate the working fluid through the system. The
typical solar heater consists of the following parts (Fig. 6.1):

a) Solar collector (usually flat-plate type)

b) Water storage tank.

¢) Upriser (to carry the hot water from the collector to the tank).

d) Downcomer (to return the cold water from the tank to the collector).

e) Water pump (to circulate the fluid between the collector and the tank).

f) Thermal controller (to actuate the pump when the temperature difference

between collector inlet and outlet exceeds certain limit,

Safety Valve

Upriser cﬂ\— Hot Water
o — *  for Use
Water
Solar Collector Storage Tank
Make—-up
Ac —_— e Water

Auxiliary Heater

Flow Direction Pump
PR ’/'—\ Downcomer

Fig. (6.1): Forced circulation solar water heater.



The water storage tank in forced circulation systems can be put anywhere regardless
of the solar collector level since the pump will circulate the water at any condition.
The pump is usually actuated when a certain temperature difference is reached
between collector inlet and outlet. The freezing of water in the collector risers is a
serious problem in cold weather nights. Anti-freeze solutions can be mixed with
water inside risers which requires separating collector water from tank water via a
heat exchanger.

Safety Valve

Upriser éﬂ\— Hot Water
Y — > for Use
Water
Solar Collector Storage Tank
Make—-up
Ac —_— e Water

Auxiliary Heater

Flow Direction Pump
€ eeennann I/—\ Downcomer

Fig. (6.1): Forced circulation solar water heater.

The water storage tank in forced circulation systems can be put anywhere regardless
of the solar collector level since the pump will circulate the water at any condition.
The pump is usually actuated when a certain temperature difference is reached
between collector inlet and outlet. The freezing of water in the collector risers is a
serious problem in cold weather nights. Anti-freeze solutions can be mixed with
water inside risers which requires separating collector water from tank water via a
heat exchanger.



6.2 Thermosyphon solar water heaters

These systems rely on natural convection to circulate the working fluid between the
solar collector and storage tank without using a pump. The buoyancy forces
generated by the density differences between the cold water at the bottom of the
tank (high density) and the hot water at the top of the collector (low density),
propels the circulation of the working fluid. It is therefore necessary to put the
water storage tank at a position higher than the collector to ensure the continuity of
circulation (Fig. 6.2).

Safety Valve

? Hot Water
Water — "% foruse
Upriser Storage Tank
Make-up

AC — I— = e

Solar Collector Auxiliary He;ter

Flow Direction Downcomer
Afesniannsaaan

Fig. (6.2): Thermosyphon solar water heater.

6.3 Thermal analysis of solar water heaters

The aim of the thermal analysis of solar water heater is to estimate the tank water
temperature at the end of daytime or after certain exposure time to solar radiation.
The temperature of water depends on the solar collector area and the tank volume.
As a rule of thumb, if a flat-plate solar collector of 1 m” area is connected to a
storage tank of 50 L then the final tank water temperature at the end of daytime will
be around 60 °C. However, the accurate estimation of tank temperature requires
the incorporation of thermal models of all parts of the system in a process called
(simulation). In the simulation of a solar system the real performance is imitated
theoretically on computer to estimate the system performance for various imposing
operation conditions (Irradiance, ambient temperature, working fluid flow rate and
rate of hot water usage or water withdrawal from the tank). The following thermal

models can be used in a simple simulation process:



a) Flat—plate solar collector
To evaluate the collector fluid outlet temperature T;, equations 5.3, 5.41 and 5.42

can be used as follows:

Tpo = Tp; + —2 5.3
mCP‘f
Where: Q, = A_Fgltaly — U (Ty — T,)] 5.41
. —AcULF
And: Fgp = :—Upf(1 — e ey ) 5.42
cYL

b) Upriser
The working fluid undergoes thermal losses to the environment when passes
through the upriser. To estimate the working fluid temperate T,, at the upriser

outlet (before entering the tank) the following equation can be used:
—Ayu Uy

Tuo = T + (T, — T, )e ™f 6.1

Where U, is the upriser heat loss coefficient and A, is the outside surface area of the

upriser.

c) Downcomer

The outlet fluid temperature of the downcomer T,, is the collector inlet

temperature. It can be calculated similar to the upriser as follows:

—AdUqg

Too =T =T, + (T,, — T,)e ™f 6.2

Where T:: is the tank water mean temperature after a period of operation time, Uy
is the downcomer heat loss coefficient and A, is the outside surface area of the
downcomer.

d) Water storage tank

The working fluid enters the storage tank at a temperature T, , and mixes with the
tank water that is initially at Ty; . The resulting tank temperature T, after the system
operates for a period of time At depends on the tank volume, ambient temperature
and the water withdrawal rate from the tank. The following energy balance can be
written for a fully mixed water storage tank:

Change of Tank Input Energy Input Energy Thermal Thermal Losses
Internal Energy | = rom Uprise;") +| fromthe AC | — Losses to — due to Water

in Jjoules Heater Environment Withdrawal
Mtcpt (T2 — Tyq) = &t[Qup + Quac — Qloss — Qw] 6.3
Where: Qup = My (Tyo — Tey) 6.4
Qioss = AtUpa (Ty1 — Tg) 6.5
Qu = 1y cpu (Te1 — To) 6.6

And, M: is the tank water mass, At is the time period, U;; is the tank heat loss
coefficient, A; is the outside surface area of the tank, m,, is the water withdrawal
rate for usage and T,, is the temperature of the make—up water.

Equation 6.3 can be rearranged to evaluate the new tank temperature Tiz:

At up + 7 oss — Yw
Ty = Tyy + [Qup +Qac —Q: Quw | 6.7

My Cpe




Ex. 6.1 A solar water heater has a tank containing 100 kg of water initially at 20 °C.
Water from a flat plate solar collector enters the tank at 40 °C at a rate of 0.03 kg/s.
If the tank is equipped with auxiliary heater of 2000 W power, then find the tank
temperature after one hour of operation with and without actuating the auxiliary
heater. Neglect any losses from the tank whether to the environment or by the
water withdrawal and take the value of specific heat of the working fluid and tank to
be 4180 J/(kg °C). What would be the tank temperature after the same period if
water is withdrawn during the second 15 minutes of the hour at a rate of 0.05 kg/s

with a make-up water of 10 °C and the electric heater is turned on.

Sol. Rate of heat gain from the upriser:

Qup = My (Tyo — Tyy) = 0.03 x 4180 x (40 — 20) = 2508 W

Final tank temp. after 1 hr without withdrawal (only solar):

_ +Athup _20+360{)x2508_416oc
2o e M.c,, 100 x 4180

Final tank temp. after 1 hr without withdrawal (solar and AC):

At[Qyp, + Qac] 3600[2508 + 2000]
T,y = Tyy + =20+ — 58.82 °C
2o M,c,, 100 x 4180

Final tank temp. after the first 15 min without withdrawal (solar and AC):

At[Q,, + Qacl 900[2508 + 2000]
Ty = Teq + =20+ = 29.7°C
t2 M,cpe 100 x 4180

Rate of heat losses due to water withdrawal from the tank:
Qw = My, cpy (Tey — T,) = 0.05 x 4180 x (29.7 — 10) = 4117.3 W
Final tank temp. after the second 15 min. with withdrawal (solar and AC):

ﬂf[Qup + Quc — Q“_.] _ 297+ 900[2508 + 2000 — 4117.3] — 3054 °C

Ty = Teg +
€2 = el M;cp: 100 X 4180

Final tank temp. after 1 hr with withdrawal in the second 15 min. (solar and AC):

At[Qup + Qac] 1800[2508 + 2000]
= 30.54 + — 49,95 °C
M,c,, 100 x 4180

Ty = Teq +



SUMMARY

Water heating 15 a practical application of solar energy in many parts of the world.
Natural-circulation systems are widely used in climates where freezing does not occur.
Forced-circulation systems using dram-down or nonfreezing fluids in collector-heat
exchanger loops are used in climates where freezing is a problem. Auxiliary energy is used
In essentially all systems where high reliability is wanted, and care must be taken to use
auxiliary in such a way that it does not drive up collector temperatures,

As an example of a simple system that yields a single differential equation, consider
a solar house heater with an unstratified storage unit supplying energy through a heat
exchanger to the house maintained at T),. Except for the heat exchanger supplying energy
to the house, this is illustrated in Figure 10.2.1. Equation 10.1.1 for the collector can be
combined with Equation 10.1.3 for the tank to give

dr, N
(mCp)y —* = AFlS = UL(T, = T)I" = (UA(T, = T,)

— &, (mC )i (T, = Tp) (10.9.1)
Once the collector parameters, the storage size and loss coefficient, the magnitude of
the load, and the meteorological data are specified, the storage tank temperature can be
calculated as a function of time. Also, gain from the collector, losses from storage, and
energy to load can be determined for any desired period of time by integration of the
appropriate rate quantities.

Various methods are available to numerically integrate equations such as
Equation 10.9.1. For example, simple Euler integration can be used. the same technique
that was used in Example 8.3.1. Using simple Euler integration, we express the temperature
derivative dT,/dt as (T;" — T,)/Ar and obtain an expression for the change in storage
tank temperature for the time period in terms of known quantities. Equation 10.9.1 then be
comes

4 At + r
I =T, + o (AF3IS = Uy (T, =TI = (UA)(T, ~ T))
pls

Integration schemes must be used with care to ensure that they are stable for the desired
time step and that reasonably accurate solutions are being attained. When performing
hand calculations, both stability and accuracy can be problems. However, most computer
facilities have subroutines that will solve systems of differential equations to a specified
accuracy and automatically take care of stability problems.



In order to ensure stability in Equation 10.9.2, the time step Af must be small enough
so that the coefficient on T is positive. The critical time step occurs when the coefficient on
T, is zero. In order to minimize truncation errors on a digital computer, use about one-sixth
of the critical time step. However, weather data are usually known in hour increments so
hour time steps are often used if stability is maintained.

Example 10.9.1

The performance of the collector of Example 6.7.1 was based upon a constant water supply
temperature of 40°C to the collector. Assume the collector area is 4 m?, F = 0.80, and
U; = 8.0 W/m? °C. The collector is connected to a water storage tank containing 150 kg

of water initially at 40°C. The storage tank loss coefficient—area product is 1.70 W/°C
and the tank is located in a room at 25°C. Assume water is withdrawn to meet a load at
a constant rate of 10kg/h and is replenished from the mains at a temperature of 15°C.
Calculate the performance of this system for the period from 7 AM to 5 PM using the collector
and meteorological data from Example 6.11.1. Check the energy balance on the tank.

Solution

Equation 10.9.2 (modified due to lack of a load heat exchanger) is used to calculate hourly
temperatures of the tank. For this problem a time step of 1h is sufficient to guarantee
stability. The equations will be left uncombined in order that the individual terms in the
energy balance can be seen.

1
TH=T + ——— {4 x 0.80[S — 8.0 x 3600(T, — T,)|"
! s T 150><4190{ [ s o)l

— 1.70 x 3600(T, — 25) — 10 x 4190(T, — 15)}

The first term in the brackets is the useful output of the collector and can have only positive
values. The second term is the thermal loss from the tank. The third term is the energy
delivered to the load. Simplifying the individual terms, this equation becomes

T =T, + 1.59{3.20[S — 0.0288(T, — T,)|"
— 0.00612(T, — 25) — 0.0419(T, — 15)}



where § and all energy terms are in megajoules per square meter. The data in the first four
columns of the table below are from Example 6.11.1. The new tank temperature calculated
for the end of the hour is 7. The three terms in the brackets of the equation are Q. load
met by solar, and loss, assuming T to be fixed for the hour at its initial value. The change
in internal energy of the water should be equal to ¥ Q, — X L, — ¥ losses.

150 x 4190 (53.0 — 40.0) = (23.43 — 1.41 — 13.87) x 10°
8.17 MJ = 8.15 Ml

Hour I MI/m?) § MJ/m?) T,(°C) TS (°C) Q,(MJ) Loss(MJ) Load(MJ)
Start 40.0
7-8 0.02 — —11 38.2 0 0.09 1.05
8-90 0.43 0.34 —8 36.5 0 0.08 0.97
9-10 0.99 0.79 -2 35.0 0 0.07 0.90
10-11 3.92 3.16 2 44.8 7.07 0.06 0.84
11-12 3.36 2.73 3 504 4.88 0.12 1.25
12-1 4.01 3.25 6 57.8 6.31 0.16 1.48
1-2 3.84 3.08 7 62.9 5.17 0.20 1.79
2-3 1.96 1.56 8 50.3 0 0.23 2.01
34 1.21 0.95 9 56.0 0 0.21 1.86
4-5 _0.05 — 7 53.0 0 0.19 1.72
Total 19.79 2343 1.41 13.87

The day’s efficiency is

234

= — =0.30 = 30%
lday = 708 x 4 ‘



Ocean Energy Technology
Overview

This paper presents an overview of ocean energy technology as a source of renewable energy for U.S.
Federal sites. It investigates ocean energy resources and new technologies under development to capture

that energy. These technologies span:

o  Wave energy

o Tidal energy

+  Marine current energy

»  Ocean thermal energy conversion (OTEC)

1.3 Technology Types
Four types of ocean energy conversion exist: wave energy. tidal energy, marine current energy, and ocean thermal
ENErgy CONVersion.

Wave Energy

Wave energy 1s generated by the movement of a device either floating on the surface of the ocean or moored to the
ocean floor. Many different techniques for converting wave energy to electric power have been studied.

Wave conversion devices that float on the surface have joints hinged together that bend with the waves. This kinetic
energy pumps fluid through turbines and creates electric power. Stationary wave energy conversion devices use
pressure fluctuations produced n long tubes from the waves swelling up and down. This bobbing motion drives a
turbine when critical pressure 1s reached. Other stationary platforms capture water from waves on their platforms.
This water 15 allowed to runoff through narrow pipes that flow through a typical hydraulic turbine.

Tidal Energy

The tidal eyele occurs every 12 hours due to the gravitational force of the moon. The difference in water height from
low tide and high tide 15 potential energy.

Similar to traditional hydropower generated from dams, tidal water can be captured 1 a barrage across an estuary
during high tide and forced through a hydro-turbine during low tide. To capture sufficient power from the tidal
energy potential, the height of high tide must be at least five meters (16 feet) greater than low tide. There are only
approximately 20 locations on earth with tides this high. The Bay of Fundy between Maine and Nova Scotia features
the highest tides i the world, reaching 17 meters (56 feet). This area has the potential to produce 10,000 MW [3].



Current Energy

Marine current 15 ocean water moving in one direction. In the U.S.. 1t 15 found primarily off the coast of Florida.
This ocean current is known as the Gulf Stream. Tides also create currents that flow m two directions. Kinetic
energy can be captured from the Gulf Stream and other tidal currents with submerged turbimes that are very similar
in appearance to miniature wind turbines. As with wind turbines, the constant movement of the marine current
moves the rotor blades to generate electric power.

Ocean Thermal Energy Conversion
Ocean thermal energy conversion. or OTEC, uses ocean temperature differences from the surface to depths lower
than 1,000 meters, to extract energy. A temperature difference of only 20°C (36°F) can yield usable energy.

Research focuses on two types of OTEC technologies to extract thermal energy and convert it to electric power:
closed cycle and open cycle. In the closed cycle method, a working flwd, such as ammonia, 1s pumped through a
heat exchanger and vaporized. This vaporized steam runs a turbine. The cold water found at the depths of the ocean
condenses the vapor back to a fluid where it returns to the heat exchanger. In the open cyele system, the warm
surface water 1s pressurized n a vacuum chamber and converted to steam to run the turbine. The steam is then
condensed using cold ocean water from lower depths [3].

2 Wave Energy

2.1 Overview

Wave energy 1s captured by devices that are stationary or move up and down with the frequency of waves. Energy
conversion devices also capture waves in reservoirs by overtopping the device and channeling sea water through a
hydro turbine to generate electricity. Wave height and frequency determine wave energy. Section 2.3 discusses
categories of wave technology and current technology development in more detail.

2.2 Resources

Figure 4 maps the kilowatt per meter (kW/m) crest length of wave energy around global coastlines. The crest length
1s measured from one crest, or peak, to the next.

Note that wave energy increases as latitudes increase north or south. Latitudes greater than 40° generate the highest
energy. The largest wave energy in the U.S. 1s found in Alaska, reaching 67 kW/m. Conversely. there is virtually no
wave energy in the Gulf Coast.
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Figure 4: Wave Energy Levels in kW/m Crest Length
Courtesy of the European Ocean Energy Association

2.3 Energy Conversion Technologies

Wave energy technology 1s rapidly growing and varies widely m application of conversion devices. Energy
conversion devices can be situated on or off shore.

Four categories of wave energy technology exist: attenuators. point absorbers, overtopping terminators, and
oscillating wave column (OWC) terminators. Point absorbers and attenuators capture wave energy as they are placed
i the path of the wave. Attenuators are situated parallel to the waves and energy 1s captured over the surface area.
Point absorbers are moored to the sea bed or float near the surface. collecting wave energy from all directions.
Terminators restrain wave motion and capture energy through long arms, OWC terminators capture water from an
opening into a partially submerged platform and let that water rise in an air column. The air 15 compressed, which
drives a turbine to generate electricity.



Technology - Point Projects: Test Performance:
Absorber:
Developed in 2004 this Pilot power plant installed | Pilot plant delivered wave
device is a buoy moored fo | off the coast of Portugal | power to the Portuguese
the seabed. Waves move | in 2004. Power plant in orid at predicted levels (250
over a submerged air-filled | Porfugal was designed to | kW)
vpper casing and push test technology at full Pre-commercial 250 kW
against the fixed cylinder. | scale but was not prototype to be tested in
Air inside the cylinder is | designed as a long-term | Scotland (EMEC).
compressed, servingasa | demonstrafor.
point absorber. The The technology 15 scalable
compressed air drives a and the commercial system
hydraulic system and Pre-commercial 250 kW | will be in excess of 1 MW.
oenerator sef to convert the | device is planned for
wave energy to electricity. | testing during 2009 and

2010 at Orkney's

European Marine Energy

Center (EMEC) in

Scofland.
Technology - Point Projects: Test Performance:
Absorber: First CETO wave energy | Produced sustained high-
Moored to the seabed and | conversion device was pressure sea water greater
completely submerged. tested in Western than 1,000 pounds per
movement produces high- | Australia in Janvary 2008. | square inch (psi) during
pressure sea water that is testing.
delivered to shore through
pipes. The high-pressure CETO is the only wave
sea water can be energy technology that
desalinated with reverse produces fresh water
0smosis and nsed fo drive directly from sea water.
the on-shore hydro-turbine.
There 15 no need for Commercially availability
underwater cabling or high expected in 2009,
voltage transmission.
CETO will operate in
waters between 15-50
meters below breaking
waves.

Figure 5: Archimedes Waveswing
Courtesy of AWS Ocean Energy

Figure 6: CETO

Courtesy of Renewable Energy Holdings



Technology - Attenuator:

Projects:

Test Performance:

Figure 7: Pelamis
Courtesy of Pelamis Wave Power

Semi-submerged structure | PWP is working on three | The multiple PWP units in
composed of cylindrical full scale trials with the Agucadoura make up the
sections linked by initial one deployed in world’s first nmlti-unit
hydraulic joints. Ram Portugal summer 2008: commercial wave farm tied
pumps resist wave motion to Porfuguese grid.
in the joints that in torn 2.25 MW Agucadoura
pump high-pressure oil wave project off the coast | Each Pelamus is capable of
through motors. The of Portugal for Enersis generating 750 KW with an
hydraulic motors drive and Babcock & Brown. expected average of 25-40%
generators to produce of this power being
electricity. Each deviceis | 3 MW project under confinuously generated.
140 meters long and 3.5 development off the coast
meters in diameter with of Orkney for Scottish Cost:
three wave energy Power Renewables. Estimated (2004) $2 million
conversion modules. to $3 million per device.
5 MW wave station for
Comwall, United
Kingdom, as part of the
Cornwall Wave Hub.
Technology - Point Projects: Test Performance:
Absorber: 1 MW project in Makah | Each 40-ton AquaBuoy is
A moored buoy floats on Bay, Washington, rated for up to 250 kW.
the surface of the waves. pending a FERC
As the buoy moves up and | environmental impact Unfortunately, the prototype
down. sea water inside a study. device failed before power
25-meter (82-foot) tube tests were complete,
drives a piston that then I MW project with 200 springing a leak that caused
drives a hose pump. Sea MW planned for Figueira | the pump to malfunction
water inside the elongated | de Foz, Portugal after only one month of
hose becomes pressurized deployment. The AquaBuoy
and is released to drive the | 5 MW wave energy sank off the coast of
Pelton turbine. Underwater | device off Ucluelet, Oregon. The test was
transmission lines transmit | British Columbia, granted | intended to measure power
electric energy to shore. an investigative permut. output of the AquaBuoy 2.0.
No reports from this test
The AquaBuoy must be 20 MW wave energy have been released.
deploved where water project off Western Cape,
depth is greater than 50 South Affica. Cost:
meters (164 feet). The cost for the project in
200 MW wave park under | Makah Bay, Washington,
development in Coos Bay, | including grid connection
Oregon. FERC granted a | cable and four AquaBuoys,
preliminary permit for was $3 million (2004).

this project.

Figure 8: AquaBuoy
Courtesy of Finavera Renewables




Technology - Point
Absorber:

Converts wave motion into
electricity with a moored
buoy that floats freely up
and down in the water. A
structure with a piston
moves as the PowerBuoy
bobs in the waves. This
movement drives a turbine
and electric generator.

Projects:

1 MW wave park
deploved for the U.S.
Navy in Oahu, Hawaii.

5 MW wave station for
Cornwall. United
Kingdom, as part of the
Comwall Wave Hub.

125 MW commercial
wave power station off

Test Performance:
PowerBuoys installed in
Hawaii and New Jersey
rated at 40 kW each.

Operational 2005 in
Atlanfic City, New Jersey.
Demonstrated feasibility of
wave power in New Jersey.

Testing and prid connection

Figure 9: PowerBuoy
Courtesy of Ocean Power Technologies, Inc.

the Spanish coast. deployed for the U.S. Navy

Agreemenf signed with in Kaneohe Bay. Hawaii.

Iberdrola. Still in Completed extensive

development. environmental assessment.

Demonstrated wave power

100 MW project in Coos | for use at US Navy bases,

Bay. Oregon. Application | worldwide.

filed with FERC for

pernuts.

2 MW to 50 MW wave

park near Reedsport,

Oregon. Agreement

signed with Pacific

Northwest Generating

Cooperative (PNGC)

Power.
Technology - Projects: Test Performance:
Overtopping Terminator: | The Limpet prototype has | The Limpet on Islay has
Secured on shore, the been installed since 2000 | three chambers that
Limpet 1s an mclined on the island of Islay in generate a combined
Oscillating Water Column | Scotland. average of 100 kW.
(OWC). An air chamber
captures wave energy from Typical ratings for shore

an opening in the bottom.
‘Water compresses the air
as 1t moves up the column,
which turns a turbine at the
top. The turbine spins the
same direction no mafter
the air direction.

Technology — OWC
Terminator:

Oceanlinx patented
oscillating water column
(OWC) technology. As
waves pass the Oceanlinx
device, water enters from
beneath the column and
compresses the air inside
the chamber. This
compressed air drives the
turbine located in a
narrow tapered part of the
column.

The Oceanlinx OWC can
be deployed on the
shoreline or in water
depths of up to 50 meters.

Projects:

450 KW prototype power
purchase agreement with
Integral Energy in Port
Kembla, New South
Wales. Australia.

5 MW facility letter of
intent signed with
Cornwall, United
Kingdom, as part of the
Cornwall Wave Hub.

1.5 MW signed
memorandom of
understanding with
Rhode Island.

2.7 MW wave generator
memorandum of
understanding signed
with Hawaii.

1.5 MW under contract
with GPP, Namibia.

wave energy stations are
100 KW to 500 kW per unit.

Test Performance:
Each OWC produces 100

EW to 1.5 MW depending
on wave climate.

Cost:
Estimated (2004) $2.5
million to $3 million

: Figure 10: Limpet
Courtesy of Voith Hydro

Figure 13: Oscillating Water Column
Courtesy of Oceanlinx




3 Tidal and Marine Current Energy

3.4 Overview

Tidal current 1s created from the gravitational pull of the moon and sun. Tidal current moves in two directions and
reverses four times per day. Tidal current energy conversion devices are the most common of the two ocean current
technologies. Tidal turbines are simular to wind turbines but can be made smaller due to the high energy density of
water.

Marine current refers to water that moves continuously and 1s driven by the motion of the ocean from solar heating
and wind near the equator. Marine current moves in one direction with relatively constant flow.

3.2 Resources

Figure 14 shows available tidal current resources [9]. Figure 15 shows available marine current resource. The
highest resource for tidal current in the U.S. is located in the upper northeast, northwest, and Alaska. The highest
U.S. resource for marine current is primarily in the Gulf Coast around the tip of Florida. Energy conversion from the
Gulf Stream could potentially supply Florida with 35 percent of its electricity needs [6].

Figure 14: Global Distribution of Mean Tidal Range
Courtesy of the Electric Power Research Institute



3.3 Energy Conversion Technologies

Ocean current energy conversion devices are submerged in sea water and capture energy from the ocean similar to
the way wind turbines capture energy from the wind. Ocean water 1s more than 800 times denser than wind. Energy
available from ocean currents is estimated at 5.000 GW worldwide with energy densities as hugh as 15 kW/m’ [6].

Turbines are oriented cross flow or axial flow. Axial-flow turbines feature open or shrouded rotors. Table 3 shows
examples of each type of turbine. Ocean current and tidal current technologies are in the early stages of development
and only prototypes have been tested to date.

Technology - Axial Flow, Projects: Test Performance:
Open Rotor: 300 kW unit installed in The SeaGen commercial
Works similar to wind 2003 off the coast of scale tidal turbine can
turbines. Submerged in sea Devon, UK, The device 1s | produce 1.2 MW.
water. the turbines are still operating today.
driven by marine current or MCT plans to increase
fidal current if velocities are | 1.2 MW single SeaGen SeaGen’s capacity to 1.3
high (in excess of 4 knots). | system deployed in April | MW for fufure projects.
2008 in Strangford
SeaGen turbines consist of Lough. Northern Ireland.
fwo axial rotors 15 to 20 ESB Independent Energy
meters across that rotate to has a power purchase
drive a generator. The pair agreement for the output
of rotors can be pitched toa | power.
neuiral posifion to stop or
limit the turbines when 10.5 MW marine current
velocities are too high The | farm off the coast of
turbines are designed to Anglesey, Wales, planned Figure 16: SeaGen
operate in bi-directional for 2011/2012, subject to Courtesy of Marine Current Turbines Limited
flows by allowing the blades | financing. The turbines
fo be pitched 180°. will sit approximately 25
mefers deep.
The power frains are
mounted on a cross beam 3.6 MW tidal farm
that is raised up the proposed by MCT and BC
supporting structure when Tidal Energy Corp. in
maintenance 1s regquired. Vancouver, Canada’s
Campbell River. No date
targeted for deployment.




Technology - Axial Flow, Projects: Test Performance:
Shrouded Rotor: § MW marine current The Rotech Tidal Turbine
Bi-directional furbine farm off the coast of can produce 1 MW of
housed in a symmetrically | Welsh, United Kingdom, | energy.
curved duct that 1s narrow at | expected fo be complete
the center to draw the tidal | in 2011. Cost:
current through the turbine The 300 MW marine farm
with accelerated energy. 300 MW deploved off in Korea is expected to cost
The design is modular so Korea in the Wando §763 million.
the blades can be removed | Hoenggan waterway
from the platform for easy | expected to be complete
maintenance and repair. in 2015. The
memorandum of
Can be deployed in depths | understanding was signed :
in excess of 40 meters. with Hyundai Samho ' —
Heavy Industries and Figure 17: Rotech Tidal Turbine
Korean Midland Power. Courtesy of Lunar Energy Ltd.
Technology - Axial Flow, | Projects: Test Performance:
Shroded Rotor: 250 kW installed off the The Open-Centre Turbine
Slow-moving, single-piece | coast of Orkney, produces 250 kW.
rotor with lubricant-free Scotland, by EMEC. Tt
operafion. The turbine is was tested for more than a
considered environmentally | vear and then connected
safe with no oils or exposed | to the grid in May 2008.
blade tips. It sits directly on
the sea bed out of sight and | Array of turbmes installed
away from harsh storm in the English Channel off
environment. the coast of Alderney, UK
for Aldemney Renewable
Energy in 2008 and 2009
200 MW array under
consideration by Crest Figure 18: Open-Centre Turhine
Energy in New Zealand. Courtesy of OpenHydro
Technology - Axial Flow, | Projects: Test Performance:
Shroded Rotor: Generator was tested for 0 | Three commercial scale
Uses a tapered turbine with | months in 2006 near Race | fidal furbines are available:
blades that rotate with Rocks, British Columbia.
marine currents. Similar fo 1) Clean Current 2.2 can
wind furbines, the blades are | Chosen in January 2008 | produce 960 kW at current
bi-directional and operate in | as one of three speeds of 3 meters per
the ebb and flow of fides. technologies to be tested | second and 2.2 MW at
in the Bay of Fundy at the | current speeds of 4.1 meters
The turbine tested Fundy Institute of Tidal | per second.
successfully at currents Energy in Nova Scotia,
exceeding 3.5 meters per Canada. The Clean 2) Clean Current 1.5 can
second. Current Mark ITI will produce 1.5 MW at current
supply 400 GWh of speeds of 3.25 meters per
POWeT per year. second. —
Figure 19: Tidal Turhine
3) Clean Current 1.0 can Courtesy of Clean Current Power Systems
produce 1.0 MW at current
speeds of 2.6 meters per

second.




Technology - Axial Flow, | Projects: Test Performance:

Open Rotor: 6-furbine marine current | The Free Flow Turbine can

Verdant Power systems are | farm in New York Cify’s | be scaled in unit size and

modular, three-blade East River will expand fo | number. One Free Flow

horizontal-axis turbines that | more than 300 turbines. | furbine produces 7 kW of

move slowly with the The project produces 1 energy with an average

natural currents (~32 ipm) | MWh of electricity per marine current velocity of

and offer a low-impact day. 2.0 mefers per second.

kinetic hydropower

solution. The turbines are | 2002-2006: Phase [ 1 MW is projected from a

like wind turbines and can | Prototype Testing future 11 meter blade

pivot with the changing turbine.

direction of the fide. The 2006-2008: Phase 2

free flow systems are Demonstration

completely submerged in d

water and operate without | 2000-2012: Phase 3 Figure 21: Free Flow Turbine
being seen. Commercial MW scale Courtesy of Verdant Power

4 Ocean Tidal Energy

41 Overview
High and low tides occur every 12 hours. With ocean tidal energy, potential energy from these tides is captured

similarly to a dam in an estuary. The first commercial-scale ocean energy project was in St. Malo, France, i 1966,
which still produces 240 MWh/year.

42 Resources

To capture viable power from tidal energy. in most cases, the difference m high tide and low tide height must be at
least five meters (16 feet). Only 20 to 40 locations on earth have this potential. most of which are located in the Bay
of Fundy by Nova Scotia.

4.3 Energy Conversion Technologies

Building barrages or dams 1s unpopular 1 the U.S. because of the environmental considerations. Barrages block
navigation, impede fish migration, and change the tidal regime downstream.

With the use of low-head hydroelectric generating equipment, new trials are in process to build lagoons in shallow.
offshore rock mound impoundments of tidal flats. The impoundments have less environmental impact than a barrage
sinee migratory fish can simply swim around the structure and boats can navigate past. Table 4 provides an example
of this technology.



5 Ocean Thermal Energy Conversion

3.1 Overview

In 1881, a French physicist named Jacques Arsene d’Arsonval discovered the concept of ocean thermal energy
conversion (OTEC). His student, Georges Claude, built the first open cyele OTEC plant in Cuba in 1930. With this
technology. temperature gradient from the ocean surface to deeper waters converts heat energy to electricity. It
functions best when there is a temperature difference of at least 20°C (36°F).

In 1979. the first 18 kW closed cycle OTEC demonstration plant was built in Keahole Point. Hawaii. This project
was known as "Mini-OTEC.” In 1990, a 103 kW open cycle OTEC demonstration plant was built in Keahole Point,
Hawaii. A planned commercial project to produce 1 MW was also expected in 2009 [10].

In 2006, DOE assigned FEMP and the National Renewable Energy Laboratory (NREL) to team with the U.S. Navy
and U.S. Army to develop an OTEC facility in the Republic of Marshall Islands (RMI) on or near Kwajalein Island,
RMI [11]. According to the memorandum. the facility will produce TMW/yr and displace 47.000MWh/yr, saving
Kwajalein 38 percent of its baseline diesel use.

5.2 Resources

Figure 23 outlines temperature differences between the ocean surfaces and 1.000 meters deep. OTEC works best
with temperature differences of at least 20°C (36°F).
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Figure 23: Ocean Temperature Differences between Surface and 1,000 Meters Deep
Courtesy of National Renewable Energy Laboratory

2.3 Energy Conversion Technologies

Two types of OTEC technologies exist: open loop cyele and closed loop cycle. Each 15 discussed below. Table 5
outlines options for both open loop and closed loop OTEC technologies.



Open Loop Cycle OTEC

Open loop cyele technologies use warm surface ocean water placed 1n a pressurized receptacle. which causes it boil.
Steam from the boiling water turns a turbine that is connected to a generator. The steam. almost fresh water. is then
condensed with the cold ocean water as shown i Figure 24, The desalinated water produced in open loop cycle
OTEC can be used as fresh drinking water. an additional advantage of this methodology.
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Closed Loop Cycle OTEC

Closed loop cyele OTEC is similar to open loop cycle OTEC. but uses a working fluid, like ammonia, that boils at a
lower temperature than water. The working fluid creates steam and runs a turbo generator as shown in Figure 25.
The steam 1s condensed with the cold water from lower depths. and the ammonia condenses to the working fluid.
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1.1 Benefits

Using waves as a source of renewable energy offers
significant advantages over other methods of energy
generation including the following:

1.

Sea waves offer the highest energy density among
renewable energy sources [6]. Waves are gener-
ated by winds, which in turn are generated by
solar energy. Solar energy intensity of typically 0.1—
0.3kW/m* horizontal surface is converted to an
average power flow intensity of 2-3 kW/m? of a ver-
tical plane perpendicular to the direction of wave
propagation just below the water surface [9].

. Limited negative environmental impact in use.

Thorpe [2] details the potential impact and presents
an estimation of the life cycle emissions of a typical
nearshore device. In general, offshore devices have
the lowest potential impact.

Natural seasonal variability of wave energy, which
follows the electricity demand in temperate cli-
mates [6].

Waves can travel large distances with little energy
loss. Storms on the western side of the Atlantic
Ocean will travel to the western coast of Europe,
supported by prevailing westerly winds.

It is reported that wave power devices can generate
power up to 90 per cent of the time, compared to
~20-30 per cent for wind and solar power devices



2.2 Type

Despite the large variation in designs and concepts,
WECs can be classified into three predominant types.

2.2.1 Attenuator (A)

Attenuators lie parallel to the predominant wave direc-
tion and ‘ride’ the waves. An example of an attenuator
WEC is the Pelamis, developed by Ocean Power Deliv-
ery Ltd (now known as Pelamis Wave Power [15]).
Figure 1 shows an artist's impression of a Pelamis
wave farm. See section 2.4.1 for more details about
this particular WEC.

222 Pointabsorber (B)

A point absorber is a device that possesses small
dimensions relative to the incident wavelength. They
can be floating structure that heave up and down
on the surface of the water or submerged below the
surface relying on pressure differential. Because of
their small size, wave direction is not important for
these devices. There are numerous examples of point
absorbers, one of which is Ocean Power Technology’s
Powerbuoy [16]. Figure 2 shows an artist's impression
of a wave farm using Powerbuoys.

223 Terminator (C)

Terminator devices have their principal axis parallel
to the wave front (perpendicular to the predominant
wave direction) and physically intercept waves. One
example of a terminator-type WEC is the Salter's Duck,
developed at the Unviersity of Edinburgh, as shown in
Fig. 3 (for more details, see section 2.4.2).

Fig. 1 Attenuator device: Pelamis wave farm [17]



Fig.2 Point absorber device: OPT Powerbuoy [18]

A

Ao

Fig.3 Terminator device: Salter's Duck [19]

2.3 Modes of operation

Within the categories identified abowve, there is a
further level of classification of devices, determined
by their mode of operation. Some significant examples
are given below.



2.3.1 Submerged pressure differential

The submerged pressure differential device is a sub-
merged point absorber that uses the pressure dif-
ference above the device between wave crests and
troughs. It comprises two main parts: a sea bed fixed
air-filled cylindrical chamber with a moveable upper
cylinder. As a crest passes over the device, the water
pressure above the device compresses the air within
the cylinder, moving the upper cylinder down. As a
trough passes over, the water pressure on the device
reduces and the upper cylinder rises. An advantage
of this device is that since it is fully submerged, it is
not exposed to the dangerous slamming forces experi-
enced by floating devices [20], and reduces the visual
impact of the device. Maintenance of the device is a
possible issue however. Owing to part of the device
being attached to the sea bed, these devices are typ-
ically located nearshore. An example of this device is
the Archimedes Wave Swing, an artist’s impression of
which is shown in Fig. 4.

2.3.4 Owertopping device

An overtopping device captures sea water of incident
waves in a reservoir above the sea level, then releases
the water back to sea through turbines. An example of
such a device is the Wave Dragon, which is shown in
Fig. 7. This device uses a pair of large curved reflectors
to gather waves into the central receiving part, where
they flow up a ramp and over the top into a raised
reservoir, from which the water is allowed to return to
the sea via a number of low-head turbines.



direction, removing the need to rectify the airflow. It
has been suggested that one of the advantages of the
OWC concept is its simplicity and robustness [4].

There are examples of OWCs as point absorbers, as
well as being built into the shoreline, where it acts as a
terminator. An example of a shoreline mounted dewvice
is thie Wavegen Limpet. The device is installed on the
island of Islay, Western Scotland, and produces power
for the national grid. Figure 6 shows the design of the
Limpet. The OWC concept has also been proposed by
Oceanlinx, an Australian wave energy developer, in a
nearshore tethered device [24].

Reinforced concrete Capiure Theoe Wells Turbines rotate in the same
Chamber set into the direction regardiess of the direction of
excavated rock Face. the air flow. Thous generating,.

irrespective of the upward or downward
muow erment of thhe wwater colummn.

Ajir is compressed and descompressed by the
O=scillatimng Water Colummn {OWE). This causes
air to be forced through the Wells Turbine
and is then dravwn back throuagh the Wells
Tuarbaimmes .

Fig. 6 OWC: the Limpet [25]
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Fig. 7 Overtopping WEC: the Wave Dragon [26, 27]



2.3.4 Owvertopping device

An overtopping device captures sea water of incident
waves in a reservoir above the sea level, then releases

the water back to sea through turbines. An example
such a device is the Wave Dragon, which is shown

of
in

Fig. 7. This device uses a pair of large curved reflectors
to gather waves into the central receiving part, where

they flow up a ramp and over the top into a rais
reservoir, from which the water is allowed to return
the sea via a number of low-head turbines.

3 POWERTAKE OFF METHODS

The method of energy capture wvaries from device
to device, but with the exception of linear electri-
cal generation, discussed later, the general method of
producing electrical power is through conventional
high-speed rotary electrical generators [42]. One of
the major challenges of WECs is concerned with how
to drive these generators. Heaving- and nodding-type
devices are not directly compatible with conventional
rotary electrical machines, and a transmission system
is required to interface the WEC with the electrical
generator [20].

In this section, different tyvpes of rotary generators
are briefly presented, followed by an overview of differ-
ent energy transfer methods. This starts with turbine
transfer, moving on to hydraulic conversion methods,
and then discussing direct electrical linear generators,
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Figure 6.4: Surface ocean currents, showing warm (red) and cold (blue) systems (Windows to the
Universe, 2009).
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Figure 6.15: 20 MW tidal power plant at Annapolis Royal, Nova Scotia, Canada.
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Figure 6.8 | Tidal current energy converters and their operation: twin turbine horizontal
axis device (top left); cross-flow device (top right); and vertical axis device (bottom left)
{design by NREL).
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will not impose a size restriction on the rotors due to lack of channel
constraints and therefore, ocean current systems may have larger rotors.

6.3.5 Ocean thermal energy conversion

Ocean thermal energy conversion (OTEC) plants have three conver-
sion schemes: open, closed and hybrid (Charlier and Justus, 1993). In
the open conversion cycle, about 0.5% of the warm surface seawater
is flash-evaporated in a vacuum chamber. This steam is the cycle's
working fluid, which passes through a power-generating turbine
before being condensed by deep cold seawater. Desalinated water can be
obtained as an additional product by employing an appropriate cycle.







7.4 SOLARDRYERS

Solar drying is another very important application of solar energy. Solar dryers
use air collectors to collect solar energy. Solar dryers are used primarily by the
agricultural industry. The purpose of drying an agricultural product is to reduce
its moisture content to a level that prevents its deterioration. In drying. two pro-
cesses take place: One is a heat transfer to the product using energy from the
heating source, and the other is a mass transfer of moisture from the interior of
the product to its surface and from the surface to the surrounding air.

Traditionally. farmers used the open-to-the-sun or natural drying technique,
which achieves drying by using solar radiation, ambient temperature, relative
humidity of ambient air. and natural wind. In this method. the crop is placed on
the ground or concrete floors. which can reach higher temperatures in open sun,
and left there for a number of days to dry. Capacity wise, and despite the very
rudimentary nature of the process, natural drying remains the most common
method of solar drying. This is because the energy requirements. which come
from solar radiation and the air enthalpy. are readily available in the ambient
environment and no capital investment in equipment is required. The process.
however, has some serious limitations. The most obvious ones are that the crops
suffer the undesirable effects of dust, dirt, atmospheric pollution, and insect and
rodent attacks. Because of these limitations, the quality of the resulting product
can be degraded, sometimes beyond edibility. All these disadvantages can be
eliminated by using a solar dryer.

The purpose of a dryer is to supply more heat to the product than that avail-
able naturally under ambient conditions, thus increasing sufficiently the vapor
pressure of the crop moisture. Therefore, moisture migration from the crop is
improved. The dryer also significantly decreases the relative humidity of the dry-
ing air, and by doing so. its moisture-carrying capability increases, thus ensuring
a sufficiently low equilibrium moisture content.

There are two types of solar dryers: the ones that use solar energy as the
only source of heat and the ones that use solar energy as a supplemental source.
The airflow can be either natural convection or forced, generated by a fan. In the
dryer, the product is heated by the flow of the heated air through the product, by
directly exposing the product to solar radiation or a combination of both.

The transfer of heat to the moist product is by convection from the flowing
air, which is at a temperature above that of the product. by direct radiation from
the sun, and by conduction from heated surfaces in contact with the product.

Absorption of heat by the product supplies the energy necessary for vapor-
ization of water from the product. From the surface of the product, the mois-
ture 1s removed by evaporation. Moisture starts to vaporize from the surface
of the product when the absorbed energy increases its temperature sufficiently
and the vapor pressure of the crop moisture exceeds the vapor pressure of the



surrounding air. Moisture replacement to the surface is by diffusion from the
mterior. and 1t depends on the nature of the product and its moisture content. If
the diffusion rate is slow. it becomes the limiting factor in the drying process.
but if it 1s fast enough, the controlling factor is the rate of evaporation from the
surface, which occurs at the initiation of the drying process.

In direct radiation drying, part of the solar radiation penetrates the material.
and 1t 1s absorbed within the product, thus generating heat both in the interior
of the product and on its surface. Therefore, the solar absorptance of the prod-
uct is an important factor in direct solar drying. Because of their color and tex-
ture, most agricultural materials have relatively high absorptance.

The maximum drying rate is required so that drying is economically viable.

Solar energy dryers are classified according to the heating mode employed.
the way the solar heat is utilized. and their structural arrangement. With respect
to the heating mode employed. the two main categories are active and passive
dryers. In active systems. a fan is used to circulate air through the air collec-
tor to the product, whereas in passive or natural circulation solar energy dryers,
solar-heated air 1s circulated through the crop by buoyancy forces as a result of
wind pressure. Therefore, active systems require, in addition to solar energy.
other non-renewable energy sources, usually electricity, for powering fans for
forced air circulation or for auxiliary heating.

With respect to the mode of solar energy utilization and structural arrange-
ments, the three major sub classes are distributed, integral, and mixed-mode-type
dryers. These sub-classes belong to both active and passive solar energy dryers.
In a distributed-type solar energy dryer, the solar energy collector and the dry-
ing chamber are separate units. In an integral-type solar energy dryer, the same
piece of equipment is used for both solar energy collection and drying, i.e., the
dryer 1s capable of collecting solar energy directly, and no solar collectors are
required. In the mixed-mode—type. the two systems are combined. i.e., the dryer
is able to absorb heat directly but the process is enhanced by the use of a solar
collector. These types are explained in more detail in the following sections.

7.4.1 Active Solar Energy Dryers

DISTRIBUTED TYPE

A typical distributed-type active solar dryer 1s shown in Figure 7.10. It com-
prises four components: a drying chamber. a solar energy air heater. a fan. and
ducting to transfer the hot air from the collector to the dryer.

INTEGRAL TYPE

Large-scale. commercial. forced-convection. greenhouse-type drvers are like

transparent roof solar barns and are used for solar timber drying kilns (see Figure

7.11). Small-scale forced dryers are often equipped with auxiliary heating.
Another variation of this type of dryer is the solar collector—roof/wall, in

which the solar heat collector forms an integral part of the roof and/or wall of
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FIGURE 7.10 Schematic diagram of a distributed-type active solar dryer.
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FIGURE 7.11 Schematic diagram of a forced-convection, transparent-roof solar barn.



the drying chamber. A solar-roof diyer is shown in Figure 7.12. A collector-wall
system is like a Trombe wall, described in Chapter 6, where a black painted
concrete block wall with outside glazing forms the solar collector and serves
also as a thermal storage.

MIXED-MODE TYPE

The mixed-mode dryer is similar to the distributed type with the difference that
the walls and roof of the dryer are made from glass, to allow solar energy to
warm the products directly. as shown in Figure 7.13.

It should be noted that. because drying efficiency increases with temperature,
in conventional dryers the maximum possible drying temperature that would not
deteriorate the product quality is used. In solar dryers, however, the maximum
drying temperature is determined by the solar collectors, because their efficiency
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FIGURE 7.12 Schematic diagram of an active collector-roof solar energy storage dryer.
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FIGURE 7.13 Schematic diagram of a mixed-mode-type active solar dryer.

decreases with higher operating temperatures and this may not yield an optimal
dryer design.

Most air heaters use metal or wood absorbers, whereas black polythene
absorbers have been used in a few designs in an attempt to minimize cost.

7.4.2 Passive Solar Energy Dryers

Passive or natural circulation solar energy dryers operate by using entirely
renewable sources of energy. such as solar and wind.
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FIGURE 7.14 Schematic diagram of a distributed-type passive solar dryer.

DISTRIBUTED TYPE

Distributed, natural circulation, solar energy dryers are also called indirect passive
drvers. A typical distributed natural circulation solar energy dryer comprises an
air heating solar energy collector, appropriate insulated ducting, a drying chamber.
and a chimney, as shown in Figure 7.14. In this design, the crop is located on trays
or shelves mside an opaque drying chamber, which does not allow the solar radia-
tion to reach the product directly. Air, which 1s heated during its passage through
an air solar collector, 1s ducted to the drying chamber to dry the product. Because
the crops do not receive direct sunshine, caramelization (formation of sugar crys-
tals on the crop surface) and localized heat damage do not occur. Therefore, indi-
rect dryers are usually used for some perishables and fruits. for which the vitamin
content of the dried product is reduced by the direct exposure to sunlight. The
color retention in some highly pigmented commodities is also very adversely
affected when they are exposed directly to the sun (Norton. 1992).

INTEGRAL TYPE
Integral-type, natural circulation, solar energy dryers are also called direct pas-
sive solar energy drvers. In this system, the crop is placed in a drving chamber.
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FIGURE 7.15 Schematic diagram of an integral-type passive solar dryer.
which is made with transparent walls: therefore. the necessary heat is obtained
by the direct absorption of solar radiation at the product. from the internal sur-
faces of the chamber, and by convection from the heated air mass within the
chamber. The heat removes the moisture from the product and. at the same
time, lowers the relative humidity of the resident air mass. thus increasing its
moisture-carrying capacity. The air in the chamber is also expanded because
the density of the hot air is lower than the cold. thus generating natural circu-
lation, which also helps in the removal of moisture, along with the warm air.
Because heat 1s transferred to the crop by both convection and radiation, the
rate of drying for direct dryers is greater than that for indirect dryers.
Integral-type. natural circulation solar energy dryers can be of a very
simple construction, as shown in Figure 7.15, which consists of a container
insulated at its sides and covered with a single glazing or roof. The interior
walls are blackened: therefore, solar radiation transmitted though the cover is
absorbed by the blackened interior surfaces as well as by the product, thus rais-
ing the internal temperature of the container. At the front. special openings pro-
vide ventilation, with warm air leaving via the upper opening under the action
of buoyant forces. The product to be dried is placed on perforated trays inside
the container. This type of dryer has the advantage of easy construction from
cheap. locally available materials and is used commonly to preserve fruits, veg-
etables, fish, and meat. The disadvantage is the poor air circulation obtained,
which results in poor moist air removal and drying at high air temperatures
(70—100°C), which is very high for most products, particularly perishables.



MIXED-MODE TYPE
Mixed-mode, natural circulation, solar energy dryers combine the features of
the integral-type and the distributed-type natural circulation solar energy dryers.
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FIGURE 7.16 Schematic diagram of a natural circulation, mixed-mode solar energy dryer.

In this case, the combined action of solar radiation incident directly on the prod-
uct to be dried and the air heated in a solar air collector provide the necessary
heat required for the drying process. A mixed-mode, natural circulation solar
energy dryer has the same structural characteristics as the distributed type, 1.e.. a
solar air heater, a separate drying chamber, and a chimney: in addition. the dry-
ing chamber walls are glazed so that the solar radiation can reach the product
directly as in the integral-type dryers. as shown in Figure 7.16.



Wind Turbines

2.3 Classification of wind turbines

2.3.1 Horizontal axis wind turbines

Horizontal axis wind turbines (HAWT) have their axis of rotation horizontal to the
ground and almost parallel to the wind stream (Fig. 2 3). Most of the commercial
wind turbines fall under this category. Horizontal axis machines have some dis-
tinct advantages such as low cut-in wind speed and easy furling. In general, they
show relatively high power coefficient. However, the generator and gearbox of
these turbines are to be placed over the tower which makes its design more com-
plex and expensive. Another disadvantage 15 the need for the tail or yaw drive to
orient the turbine towards wind.

Depending on the number of blades, horizontal axis wind turbines are further
classified as single bladed, two bladed, three bladed and mult: bladed, as shown in
Fig. 2 4 Single bladed turbines are cheaper due to savings on blade materials. The
drag losses are also minimum for these turbines. However, to balance the blade, a
counter weight has to be placed opposite to the hub. Single bladed designs are not
very popular due to problems in balancing and visual acceptability. Two bladed
rotors also have these drawbacks, but to a lesser extent. Most of the present com-
mercial turbines used for electricity generation have three blades.

]

Horizontal axis Vertical axis

(14

Single bladed, two bladed, theee Bladed and multi bladed turbines
Fig. 2.4. Classification of wind turbines




Horizontal wind turbines may be classified according to position of blades
and Nacelle as:

1-Upwind HAWT:

2-Downwind HAWT:
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2.3.2 Vertical axis wind turbines

Darrieus rotor

Darriens rotor, named after its inventor Georges Jeans Darniens, works duoe to the
lift force generated from a set of aufoils (Fig. 2.6). In the original design the
blades are shaped like egg beaters or froposkein (turning rope) and are under pure
tension while in operation. This typical blade configuration helps i mimmizing
the bending stress expenienced by the blades. There are several variations in the
Darriens design of which some are with straight vertical blades, usually called

Savonius rotor

The Savomus wind turbine, mvented by 5.J. Savonius, 15 a vertical axis machine
consisting of two half cylindrical (or elliptical) blades arranged in “5” shape (Fig.
2.7). Convex side of one of the half cylinder and the concave side of the other are
facing the wind at a time as shown in Fig. 2.8. The basic driving force of Savonius
rotor 15 drag. The drag coefficient of a concave surface 13 more than the convex
surface. Hence, the half cylinder with concave side facing the wind will exper:-
ence more drag force than the other cylinder, thus forcing the rotor to rotate. Some
times two or more rotors fixed one over the other at 90° offset may be used to
smoothen the torque fluctuations during rotation. Another way to improve the per-
formance 15 to attach deflector augmenters with the rotor. The angmenter shades
the convex half facing the wind and directs the flow to the concave half thus en-

hancing the performance.
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Fig. 2.8, Principle of Savonius rofor
Musgrove rotor

Musgrove rotor was developed by a research team under Prof Musgrove at the
Reading University, UK. It 15 basically a vertical axis hift machine having “H’
shaped blades and a central shaft (Fig. 2.9). At high wind speeds the rotor feathers
and turn about a hornizontal point due to the centrifugal force. This elimmates the
risk of higher aerodynamic forces on the blades and the structure.

Running Fusling

Fig. 2.9. Principle of Musgrove turbine
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Power curve versus turbine blade pitch angle

Typical wind turbine power output
Power (kilowatls)
A Rated output speed Cut-out speed
Rated output power J +=
Cut-in spaad
3.3 12 24
Wind speed (meters/sec)

Ex: explain the following terms for the following curve:
1- Cut-in speed
2- Rated power
3- Cut-out speed

Turbine Output vs Wind Speed

1200 +

Rated speed Shut-down speed
1000

8

600

Turbine Power (Watts)

Wind Speed [m/s}.

Ans: the rated power is the power must be extracted from the turbine
at a certain range of wind speed. So, rated power=1000 watt, and this
value was satisfyed at wind speed range (11-14 m/s) as shown in that
curve and to keep the turbine work at same rated power , the turbine
pitch angle must be change at each values of wind speed.



Cut-in speed mean the minimum wind speed value here(3m/s) beyond
the turbine start extract power from wind. See when wind speed
=1ml/s, there is no power was extracted. Byeond the cut-in speed,
(3-11m/s) as the wind speed increase causes rise in turbine power.
Cut-out or shut down speed here (14m/s) is the speed which causes
turbine blades stall, or causes quick drop in rated power.

2.5 Aerodynamics of wind turbines

2.5.1 Airfoil

For the efficient energy extraction. blades of modem wind turbine are made with
atrfoil sections. Major features of such an airfoil are shown i Fig. 2.11. The au-
foils used for the earlier day’s wind turbines were the aviation air foils under the
NACA (National Advisory Commuttee for Aeronautics) series. NACA specifies
the features of the airfoil by numbers.

Leading Mean camber line
edge (halfway between top and bottom)
Angle of radius

attack Trailing

j edge

Uwind
Leading
edge L
Chord line Trailing
edge
angle

Figure 3.7 Airfoil nomenclature

PR A

Flow ——» D

Fig. 2.12. Asrfoil 1ift and drag



The lift force 15 given by

1 3 (2.15)
L=Cp —pg AV"

and the drag force (D) by

1 216
D=Cp E Pg A FE ( )
where Cr and Cp are the Iift and drag coefficients respectively.
. | T——
Undisturbed wind I
- \-\" |
]
Relative wind - ! Blade motion
Chord line
Leading
edge P
|
i
i Trailing edge

I—q—-— Plane of rotation
|

Figure 6: Definition of pitch angle 3 and angle of attack ~.



Axial momentum theory

The conventional analysis of HAWT originates from the axial momentom concept
introduced by Rankine, which was forther improved by Froondes for marine pro-
pellers. Ideal flow conditions are considered for this analysis. The flow is assumed
to be incompressible and homogeneons. The rofor 15 considered to be made up of
infinite number of blades. Static pressuores far in front and behind the rotor are
considered to be equal to the atmospheric pressure. Frictional drag over the blades
and wake behind the rotor are neglected.

Consider a wind turbine with rotor of area Ag, placed in a wind stream as
shown in Fig. 215 Let A and A be the areas of the sections 1-1, and 2-2 and V
and V are the respective wind velocities at these sections.

1 Wind turbine 2

Fig. 2.15. The axial stream tube model

V=wind velocity upstream of turbine disc

A= Upstream turbine disc(rotor) swept area
Vr=Wind velocity at turbine rotor disc station
A= Turbine disc(rotor) swept area

V'= wind velocity downstream of turbine disc
A'= Downstream turbine disc(rotor) swept area



V1 15 the velocity at the turbine section. According to the law of conservation of
mass, the mass of air flowing through these sections 15 equal. Thus:

PaAV =pa ArVr = p, AV’ (2.18)

The thrust force experienced by the rotor 1s due to the difference m momentum of
the mcoming and outgoing wind, which 1s given by

F=p, AVl - p, 4'V" (2.19)
As AV =AWV = A;Vr from (2.18), the thrust can be expressed as
F=paarvy (V-7 (2-20)

The thrust can also be represented as the pressure difference in the upstream
and down stream sides of the rotor. Let py and pp be the pressore at the upstream
and down stream side of the rotor respectively. Hence:

F=(pu - pp) 4 @21

Applying the Bernounlli’s equation at the sections and considering the assump-
tion that the static pressures at sections 1-1 and 2-2 are equal to the atmospheric

pressure p, we get

2 (2.22)
PaV Pa VT
+ = prr +
z 2 PU 2
and
12 2
PaV PaVT (2:23)
p+ =
2 2
From Eqs. (2.22) and (2.23),
2 +2 2
_ Pa V) (2-24)
Pu-Pp =
2
Substituting the above expression for (py —pp)mn Eq. (2.21),
2 12 25
p_ Padr 27D .25)
2
Comparmg Eqs. (2.20) and (2.25) we get
(V+7") (2.26)

VT = 5

rai
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At this stage, we infroduce a parameter, termed as the axial induction factor into
our analysis. The axial induction factor a indicates the degree with which the wind
wvelocity at the upstream of the rotor 1s slowed down by the turbine. Thus

_r-n (2.27)
V
From Eqs. (2.26) and (2.27).
Vr =V(1-a) (2.28)
and
V= ¥(1-2a) (2.29)

As we have seen earlier, the power imparted to the wind torbine is doe to the
transfer of kinetic energy from the air to the rotor. The mass flow through the rotor
over a unit time is

m=p ..-'II' FT {23[]}

Hence the power developed by the turbine due to this transfer of kinetic energy 1s

1 7 3 (2.31)
Fr =S PadrVr (7= -7)
Substituting for Vt and V' from Eqs. (2.28) and (2.29). we get
1 (2.32)

B = > Pa ArV? 4a(1-a)?

Companng Eq. (2.32) with the expression for power coefficient in Eq. (2.8). we
can see that

Cp = 4a(l-a)’ (2.33)
For Cp to be maximum_
dCp o (2.34)
da

Thus differentiating Eq. (2.33), equating it to zero and selving, we get a=1/3.
Substitoting for ain Eq. (2.33), the maximum theoretical power coefficient of a
horizontal axis wind turbine is 1627 and the maximum power prodoced is

1 1 16 (2.35)
=—p,  Ar 7 —
Frygax 5 Pa AT >7

ExamprLE 1.2. Caleculate the Betz limit for a horizontal-axis wind turbine whose
blades sweep a circular area with a diameter of 80 m, and for an upstream wind
speed of vy = 12 m/s.

The answer is found by substituting the given parameters in (1.8):
Prex = (i—?) (%) (1.25)(3.14)(40%)(12°%) = 3.2 MW . (1.9)
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5.4 Wind turbine controls

Wind turbine control systems continue to play important roles for ensuring wind
turbine reliable and safe operation and to optimize wind energy capture. The main
control systems in a modern wind turbine include pitch control, stall control (pas-
sive and active), yaw control, and others.

Under high wind speed conditions, the power output from a wind turbine may
exceed its rated value. Thus, power control is required to control the power output
within allowable fluctuations for avoiding turbine damage and stabilizing the
power output. There are two primary control strategies in the power control: pitch
control and stall control. The wind turbine power control system is used to control
the power output within allowable fluctuations.

5.4.1 Pitch control

The pitch control system is a vital part of the modern wind turbine. This is because
the pitch control system not only continually regulates the wind turbine's blade
pitch angle to enhance the efficiency of wind energy conversion and power gen-
eration stability, but also serves as the security system in case of high wind speeds
or emergency situations. It requires that even in the event of grid power failure,
the rotor blades can be still driven into their feathered positions by using either
the power of backup batteries or capacitors [51] or mechanical energy storage
devices [52].

12



5.4.2 Stall control

Besides pitch control, stall control is another approach for controlling and pro-
tecting wind turbines. The concept of stall control is that the power is regulated
through stalling the blades after rated speed is achieved.

Stall control can be further divided into passive and active control approaches.
Passive stall control is basically used in wind turbines in which the blades are
bolted to the hub at a fixed installing angle. In a passive stall-regulated wind tur-
bine, the power regulation relies on the aerodynamic features of blades. In low and
moderate wind speeds, the turbine operates near maximum efficiency. At high
wind speeds, the turbine is automatically controlled by means of stalled blades to
limit the rotational speed and power output, protecting the turbine from excessive
wind speeds.

5.4.3 Yaw control

In order to maximize the wind power output and minimize the asymmetric loads
acting on the rotor blades and the tower, a horizontal-axis wind turbine must be
oriented with rotor against the wind by using an active yaw control system. Like
wind pitch systems, yaw systems can be driven either electrically or hydraulically.
Generally, hydraulic yaw systems were used in the earlier time of the wind tur-
bine development [54]. In modern wind turbines, yaw control is done by electric
motors. The yaw control system usually consists of an electrical motor with a
speed reducing gearbox. a bull gear which is fixed to the tower, a wind vane to gain
the information about wind direction, a yaw deck. and a brake to lock the turbine
securely in yaw when the required position is reached. For a large wind turbine
with high driving loads, the yaw control system may use two or more yaw motors
to work together for driving a heavy nacelle (see Figure 7).

13



5.2 Wind turbine configuration

Most of the modern large wind turbines are horizontal-axis turbines with typically
three blades. As shown in Fig. 7, a wind turbine is comprised of a nacelle, which

Control panel Wind vane

Main shafi

Hub fff r

il

Nacelle Gearbox Coupling \

-h‘-..-": £ ﬁé
o i i .
()

Mainframe

Generator
Pitch control Yaw deck

Main bearing
Yaw control
Tower

Figure 7: A horizontal-axis wind turbine configuration. Courtesy of the US Patent
& Trademark Office.
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2.2 Wind turbine power and torque

Theoretical power available in a wind stream 15 given by Eq. (2.3). However, a
turbine cannot extract this power completely from the wind. When the wind
stream passes the turbine, a part of its kinetic energy 15 transferred to the rotor and
the air leaving the turbine carries the rest away. Actual power produced by a rotor
would thus be decided by the efficiency with which this energy transfer from wind
to the rotor takes place. This efficiency i1s usually termed as the power coefficient
(Cy). Thus, the power coefficient of the rotor can be defined as the ratio of actual
power developed by the rotor to the theoretical power available in the wind.
Hence,

2 B (2.8)
CP =—7
Pa ATV
where P;1s the power developed by the turbine. The power coefficient of a turbine
depends on many factors such as the profile of the rotor blades, blade arrangement
and setting etc. A designer would try to fix these parameters at its optimum level

30 as to attain maximum C, at a wide range of wind velocities
The thrust force experienced by the rotor (F) can be expressed as

1 29
F==p, 4V’ =

Hence we can represent the rotor torque (T) as
1 2.10
T=pu 4 VR (210

where R 15 the radius of the rotor. This 15 the maximum theoretical torque and in
practice the rotor shaft can develop only a fraction of this maximum limit. The ra-
tio between the actual torque developed by the rotor and the theoretical torque is
termed as the torque coefficient (Cr). Thus, the torque coefficient is given by

1T (2.11)

Py 47 V°R

where Tt 15 the actual torque developed by the rotor.

15



1he ratio between the velocity of the rotor tip and the wind velocity 15 termed
as the tip speed ratio (A). Thus,
_ R 2axNR (2.12)
4 ¥

A

where L) 15 the anguolar velocity and IN is the rotational speed of the rotor. The
power coefficient and torgue coefficient of a rotor vary with the tip speed ratio.
There is an optimum A for a given rotor at which the energy transfer is most effi-
cient and thus the power coefficient is the maximum (Cp pax).

MNow, let us consider the relationship between the power coefficient and the tip
speed ratio.

5 2T Q (2.13)
Cp = T 3 = 3
Pg Ar V Pa AT V

Dividing Eq. (2.13) by Eq. (2.11) we get

E‘P _ RQ _a (2.14)

Cr ¥V
Thus, the tip speed ratio is given by the ratio between the power coefficient and
torque coefficient of the rotor.
Example

Consider a wind tmrbine with 5 m diameter rotor. Speed of the rotor at 10 m/s
wind velocity 15 130 rfmin and its power coefficient at this point 15 0.35. Calculate
the tip speed ratio and torque coefficient of the turbine. What will be the torguoe
available at the rotor shaft? Assume the density of air to be 1.24 kgfm?’_

Agvea of the rotor is

Ar = % %57 =19.63m’

As the speed of the rotor is 130 r/muin, its angular velocity is

2 130
Q="""2"" _ 136 rad/s
&0
The tip speed ratio at this velocity is
25=13.06
A="2720 34
10
The torque coefficient is
035

Cyr =——=0.103
34
From this, torgue developed can be calculated as

. 1 T 2 2
Tr =3 xl.ldlx;x 5% 10 =0.103 = 313.39 Nm

16



Example

A wind turbine model of 1 m diameter was tested 1 a wind tunnel. Test results are
given in Table 2.3. Generate the CP-A curve of the rotor.

Table 2.3, Observations of the wind tunmel test

4m/s b m/s § m/s

Rotor speed Rotor speed Rotor speed

(r/min) Power (W)  (t/mun Power (W)  (t/min Power (W)
306 12.30 432 42.55 673 104.54
352 13.37 330 45.60 Tod 10946
397 13.68 619 4173 836 11315
443 14.33 638 4346 043 11069
430 13.53 157 4462 1030 10035
535 11.99 768 4358 1055 08.30

The power-speed curve of the rotor at 4 m/s, 6 m/s and 8 m/s are shown
Fig. 2.22. The power coefficient of the model rotor can be estimated from the re-
lationship

8P (2.72)

Cp=—5—
T Py 7

The tip speed ratio may be calculated as

DN (2.73)
v

A

17



4. and the corresponding Cp for the rotor, at different wind velocities and loads,
are calculated using the above expressions and plotted in Fig. 2 23,

120
100
80
=
5 60
&
40
20
{] T |
100 300 500 700 900 1100
Speed, r/min
Fig. 2.22. Power- speed curves of the rofor
05
& *
046 4
*
E L]
5 0.42
S
8
2038 -
o
0.34 1
ﬂ.3 1 1 I I
3 4 5 & T 8

Tip speed ratio

Fig. 2.23. Cp - A curve of the rotor
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Ex1: Based on average speed data only, estimate the wind power from a
horizontal axis wind turbine with a 12 m diameter operating in a wind regime
with an average wind speed of 8 m/s. Assume that the wind turbine is
operating under standard atmospheric conditions (p = 1.225 kg/m3).

. . . L .
Where P is determined from Equation 2.7, P=7R" S pb‘3 . For an average wind speed of 8

ms:

I 5(6)3%(1.125’)(8)] = 3546 k7

Ex2: A 40 m diameter, three bladed wind turbine produces 700 kW at a wind
speed (hub height) of 14 m/s. The air density is 1.225 kg/m?3. Find:
a) The rotational speed (rpm) of the rotor at a tip-speed ratio of 5.0.
b) What is the tip-speed in (m/s)?
c) If the generator turns at 1800 rpm, what gear ratio is needed to match the
rotor speed to the generator speed?
d) What is the efficiency of the wind turbine system (including blades,
transmission, shafts, and generator) under these conditions?

a) A=35

A= .s?%{ {(Equation 2.76)

L.
ALT S.ON1dm /.

2=""= (-H J14m ﬂzﬁ.ﬁf'ﬂd.—’s
R 20m

~ _ (£27rad /5)(605/min) _

rofor ~

33.42rpm
2arad /rev

b) Uy = LR = (EDH?)(S.SFH-:J' [8)=T0m/s

C) Neew =1800 rpm: Ny = 33.42 1pm
= 53.86

- 3 — !
gearboX ratio = N, / N ..,

1 2 3 —
(d) P= — pxR‘CPJ?UJ : assume Betz limit: Cp =16/27
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P
=" =0.56
— prR’C, U’

Ex3: Find the size of a wind turbine rotor (diameter in m) that will generate
100 kW of electrical power in a steady wind (hub height) of 7.5 m/s. Assume
that the air density is p = 1.225 kg/m3, Cp = 16/27, n = 1.

a)P=100kW: U=75m/s. p=1.225 kg-’mi. Cp=16/27T. =1

P=— pﬂrRECqua ; therefore:

D=2 =28.8m

20



Ex4:The Darrieus (vertical axis wind turbine) that shown in Fig.(1) has a disc
diameter of 20 m. A wind stream of 29 Km/hr velocity is blowing the
turbine which cause rotates the turbine at 40 rev/min. For this condition,
estimate:

(a) the blades speed in (m/s),

(b) the power available of wind stream in (watt),
(c) the power coefficient,
(d) the maximum axial thrust in (N).

Take the air density equal to 1.225 Kg/m®.

: /—\
04
i Savonius
L Horizontal axis
r three bladed
03 r ;

\ Dutch
! four blade type

oz | Wertical axis
r Darrieus
: .,.'"/\\\_'

0.1 v\: \

Multi~bladed

O-IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
] 1 2 3 4 5 6 7 8

V=29 km/hr=29*1000/3600=8.05 m/sec.
N=40 rev/min, w=2zN/60=27*40/60=4.189rad/sec.

a) u=w*r=4.189*10=41.89 m/sec.

b) P=0.5*p*A*V3=0.5*1.225*1*(20)?/4*(8.05)3 =100379.17 watt.

¢) From chart, (0*r)/\V=(4.189*10)/8.05=5.20 —Cp=0.30-0.32. not
maximum value.

d) Axial thrust=889N

Ex6: An American 6 ft diameter multi-blade (HAWT) is used to pump water
to a height of 10 ft through 3 in diameter cast-iron pipe. If the winds are
17.6 ft/s, estimate:
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a.the power developed in (Ib.ft/s).
b.velocity behind the wind turbine disc in (ft/s).

c.the force exerted by wind on turbine disc in (Ib)

Take p,, =0.0023slug/ ft°

Ideal
0.6 Betz

number
0.5 — II:I[IIHI-
propeller type i ieee

04 — / “mw

Amencan é
.03 multiblade SUMMAN
P windstream _
Savonius (Fig. 11.295) Darricus

VAWT

robor

0.1
Dutch, fDur—aWIm

I I I I
0 1 2 3 4 5 6 7 )

Speed ratio V)

a) For best operations, Cpmax=0.29  and
u/\V=0.9

then, Pmax=0.5*0.0023*0.29*(%dz)*V3:51.4 Ib.ft/sec
b) V,=1/3*V/,=5.86 ft/s

c) F= 0.5*0.0023*(%dz)*V2=10.07 Ib.
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Wind mill:

Consider the control volume enclosed by the slipstream boundary and planes 1 and 4.
Momentum equation in the x-direction is:

Fy = Mgy — Myt =y —14;)

out™ out,

where we have employed the mass conservation equation:

m,, =nmg, — my=m; =m= ,OHEA.

The pressure all around the control volume is atmospheric hence F, = F . which is the force
from the propeller to the fluid. The thrust force from the fluid to the propeller is R =—Fp. .
We can obtain another equation for F & - 1f We take a control volume between sections 2 and 3,
and assume that 2, = #;. The momentum equation is simply

szojFﬂx—l_pr:OiFﬂx:_pr:(pj_pE)A'

i

Combining this with the momentum equation gives:

_ U +u,
? 2

= Slipstream g

- /t::w::und:-,trw_.ar -
— - i
S T
—— ——
- —
—— ——

——— — J—
B [
e o

—f—

. (2)(3) -

(1)

Velocity

Uyl uz | | Ys Ha

Pressure \/\_'C

7 | ‘ =
P, paT |73 Pa (=p1)




(20 + 1y ) (204 — 21 ‘_}:

F,=p4 5

Ex: An ideal windmill, 12 m diameter, operates at a wind speed of 14 m/s. If
the air density is 1.235 kg/m? , and the air velocity downstream of turbine is
equal to 8.65 m/s. Determine the thrust on the windmill, and the air velocity

through the disc.
Sol:
: 2 2
\ 2 |8.657-14
Fo=palatu)la—m) o35, 2127 L —g460 N
' 2 4 2
u, = u, +u,
2

So, u,=(14+8.65)/ (2)=11.3 m/s

11.100  One of the largest wind generators in operation today is the ERDA/NASA two-
blade propeller HAWT in Sandusky, Ohio. The blades are 125 ft in diameter and reach
maximum power in 19 mi/h winds. For this condition estimate (a) the power generated in
kW, (b) the rotor speed in r/min, and (c) the velocity V; behind the rotor.

Solution: For air in Ohio (?), take p = 0.0023 s]ug!ﬁB. Convert 19 mi/h = 27.9 ft/s.
From Fig. 11.34 for the propeller HAWT, read optimum power coefficient and speed ratio:

P l:)l'l'lil.‘(

CP max 0.46 = 3 2 3
o (112)pAVy  (1/2)(0.0023)(m/4)(125)"(27.9)
Solvefor P_ _=14E6{tIbl/s =190 kW Ans. (a)
' 125/2 ad 60
ﬂloptimum =3.7= A1 22) Cor =254 B0 oy rpm Ans. (b)
\'A 279 s r
: o ] 279
From ideal-windmill theory. V.4 =V, = 3 V= — - 9.31t/s Ans.(c)
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4 TRANSMISSION AND GENERATOR
EFFICIENCIES

The shaft power ontput that we have been discussing is not normally used directly, but is
usually coupled to a load through a transmission or gear box. The load may be a pump,
compressor, prinder, electrical generator, and so on. For purposes of illustration, we will
consider the load to be an electrical generator. The basic system is then as shown m Fig. 12.
We start with the power in the wind, P,. After this power passes through the turbine, we
have a mechanical power P, at the turbine angular velocity w,,. which is then supplied to
the transmission. The transmission output power F, is given by the produet of the turbine
output power P, and the transmission efficiency nm:

b= 'T?um W {12}
Py Turbine Py, Transmission Py Generator Fe
c, Wiy . W T We

Figure 12: Wind electric system
Similarly, the generator output power P. is given by the product of the transmission ontput

power and the generator efficiency 7),:

P=nP W (13)

Equations 9, 12, and 13 can be condensed to a single equation relating electrical power output
to wind power mmput:

P, = Conmng P W (14)

At rated wind speed, the rated electrical power output can be expressed as
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* Gearbox efficiency #g,, — The power losses in a gearbox can be classified as
load-dependent and no-load power losses. The load-dependent losses consist of
gear tooth friction and bearing losses and no-load losses consist of oil churning,
windage, and shaft seal losses. The planetary gearboxes, which are widely used
in wind turbines, have higher power transmission efficiencies over traditional
gearboxes.

* Generator efficiency 77y, — It is related to all electrical and mechanical losses
in a wind generator, such as copper. iron, load, windage, friction, and other
miscellaneous losses.

 Electric efficiency #,,, — It encompasses all combined electric power losses in
the converter, switches, controls, and cables.

Therefore, the total power conversion efficiency from wind to electricity #, is
the production of these parameters, i.e.:

}?t = Cp?;"gca.r??gcn}?c]c (IT]
The effective power output from a wind turbine to feed into a grid becomes

PcIT = Cp}?gcar’?gcn?;"clcpw = ?;"IPW = %(??IPAE:L} (18)

Erample

The Sandia 17-m Darrieus is rated at 60 kKW at 15.5 m/s and 52.5 r/min, and at 25 kW at 11 m/s
ind 42 r/min. The area A 1s 187 m?. Compute the rated overall efficiency at each rating and standard
:onditions,

At standard conditions, p/2 = 0.647. Inserting this value in Eqs. 15 and 16 we get

B
=D arsne -

60,000

- 0133
0.647(187) 557

.60 =
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4.1.3 Wind power density

Wind power density is a comprehensive index in evaluating the wind resource
at a particular site. It is the available wind power in airflow through a per-
pendicular cross-sectional unit area in a unit time period. The classes of

wind power density at two standard wind measurement heights are listed in
Table 1.

Some of wind resource assessments utilize 50 m towers with sensors installed at

intermediate levels (10 m, 20 m, etc.). For large-scale wind plants, class rating of
4 or higher is preferred.

Table 1: Classes of wind power density [17].

10 m height 50 m height

Wind power Wind power Mean wind Wind power ~ Mean wind
class density (Whnz) speed (m/s)  density (mezj speed (m/s)
1 <100 <4.4 <200 <5.6

2 100-150 4.4-5.1 200-300 5.6-6.4
3 150-200 5.1-5.6 300400 6.4-7.0

4 200-250 5.6-6.0 400-500 7.0-7.5

5 250-300 6.0-6.4 500-600 7.5-8.0
6 300-350 6.4-7.0 600-800 8.0-8.8

7 >400 >7.0 >800 >8.8

4.2.6 Wind shear

Wind shear is a meteorological phenomenon in which wind increases with the
height above the ground. The effect of height on the wind speed is mainly due to
roughness on the earth’s surface and can be estimated using the Hellmann power
equation that relates wind speeds at two different heights [33]:

u(z)= ufzo)[i] (15)
Z,

0

where z is the height above the earth’s surface, z; is the reference height for
which wind speed u(z;) is known, and a is the wind shear coefficient. In practice,
a depends on a number of factors, including the roughness of the surrounding
landscape, height, time of day, season, and locations. The wind shear coefficient
is generally lower in daytime and higher at night. Empirical results indicate that
wind shear often follows the *1/7 power law” (i.e. @ = 1/7). The values of wind
shear coefficient for different surface roughness are provided in [34].

Because the power output of wind turbine strongly depends on the wind speed
at the hub height, modern wind turbines are built at the height greater than 80 m,
for capturing more wind energy and lowering cost per unit power output.
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Problem 1: An anemometer mounted at a height of 10 m above a surface (Hellman exponent a =0.2 ) shows a
wind speed of 10 /s at the temperature of 0°C, when the air density 1.291 kg/n’
(i) Evaluate the wind power density in W/n* where the anemometer is mounted (20 points)
(if) Determine the wind speed in m/s at the height of 40 m (20 points)
(iii) Estimate the wind power density in terms of /¥/m” at the height of 40 u if the temperature is

30°C at the height of 40 m. (20 points)
If air density at elevation of 40 m is 1.16 kg/m?

3 =
0 ?Mz.bd.u»u? = ; ;::_‘PUS =z z’(!’-g‘:’.?a‘)({{}) = 545@/&»
W
IL‘"} Vao = _}_@E) ';> vfc = q}m( _H‘k'> I'O( ) - [3-2 "L"‘/.S
Vo Huo Hio
3 b )
Protr de/mt? :r; - é(@’?'c,‘if?m) Yoo = _Zr’_(,.,é)(;g.z) = 1331 Ofm

Ex3: A 30 m diameter wind turbine is placed on a 50 m tower in terrain with
a power law coefficient (a) of 0.2. Find the ratio of available power in the
wind at the highest point the rotor reaches to its lowest point.

D =30 m. hub height=50m. a=10.2

Zlow = 50-15=35m

Znigh = 50+ 15=65m

The ratio of the wind speeds 1s:

DT(7h!'gF:] _ [ Zhigh )'3 _ [EI]H ~113
LT(“I@M ) ; Efarw 35

The ratio of the powers is the cube of the ratio of the wind speeds:

P(Eh:'gh) _ |:‘U-{EME‘F’ ]:|3 = :I_,:[j'a3 =1.44
P(wa. ] ["r(zlaw )
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HYDRAULIC TURBINES

Introduction:

The device which converts hydraulic energy into mechanical energy or
vice versa is known as Hydraulic Machines. The hydraulic machines
which convert hydraulic energy into mechanical energy are known as
Turbines and that convert mechanical energy into hydraulic energy is
known as Pumps.

Fig. shows a general layout of a hydroelectric plant.

Tailrace
""""""""" Sy ¢

\ /

A~ = | Electrical
Potential Energy
Enerav .i'é Electricity
[ |
Generato

Kinetic
Erergy

Mechanica

Dr. M.N. Shesha Prakash, Professor, J.N.N. College of Engineering, Shimoga 1
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It consists of the following:

1. A Dam constructed across a river or a channel to store water. The
reservoir is also known as Headrace.

2. Pipes of large diameter called Penstocks which carry water under
pressure from storage reservoir to the turbines. These pipes are
usually made of steel or reinforced concrete.

3. Turbines having different types of vanes or buckets or blades
mounted on a wheel called runner.

4. Tailrace which is a channel carrying water away from the turbine
after the water has worked on the turbines. The water surface in the
tailrace is also referred to as tailrace.

| mportant Terms:

Gross Head (Hg): It is the vertical difference between headrace and

tailrace.

Net Head:(H): Net head or effective head is the actual head available

at the inlet of the to work on the turbine.

H=Hg-h,

Where h, is the total head loss during the transit of water from the

headrace to tailrace which is mainly head loss due to friction, and is

given by
2
h :4f LV
2gd

Where f is the coefficient of friction of penstock depending on the
type of material of penstock
L is the total length of penstock
V is the mean flow velocity of water through the penstock
D is the diameter of penstock and

g isthe acceleration due to gravity

Dr. M.N. Shesha Prakash, Professor, J.N.N. College of Engineering, Shimoga 2
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TYPES OF EFFICIENCIES

Depending on the considerations of input and output, the efficiencies
can be classified as

(i) Hydraulic Efficiency

(i) Mechanical Efficiency Turbine Runner
(iti) Overall efficiency
(i) Hydraulic Efficiency: (hp) Shaft

It is the ratio of the power

developed by the runner of a K -

turbine to the power supplied at the inlet Inlet of turbine

of aturbine. Since the power supplied is hydraulic, and the probable loss is between
the striking jet and vane it isrightly called hydraulic efficiency.
If R.P. isthe Runner Power and W.P. is the Water Power

_RP. (01)
" W.P.

(i) Mechanica Efficiency: (nm)
It is the ratio of the power available at the shaft to the power developed by the
runner of a turbine. This depends on the slips and other mechanical problems that
will create a loss of energy between the runner in the annular area between
the nozzle and spear, the amount of water reduces as the spear is
pushed forward and vice-versa.

and shaft which is purely mechanical and hence mechanical

efficiency.
If S.P. isthe Shaft Power
_SP.
" RP.

(iii) Overall Efficiency: (h)
It is the ratio of the power available at the shaft to the power
supplied at the inlet of a turbine. As this covers overall problems of
losses in energy, it is known as overall efficiency. This depends on

both the hydraulic losses and the slips and other mechanical problems

Dr. M.N. Shesha Prakash, Professor, J.N.N. College of Engineering, Shimoga 3
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that will create a loss of energy between the jet power supplied and
the power generated at the shaft available for coupling of the
generator.

_SP.
W.P.

(03)
From Egs 1,2 and 3, we have
h =hpxhp
Classification of Turbines

The hydraulic turbines can be classified based on type of energy at

h

the inlet, direction of flow through the vanes, head available at the
inlet, discharge through the vanes and specific speed. They can be

arranged as per the following table:

Turbine Type of , Direction Specific
Name Type energy Head | Discharge of flow Speed
o ot a Low
Pelton N Head > Tangenti . .
Wheel Impulse Kinetic 250mto Low to runner 35 i36508|\|/|n3||tiejli et
1000m Pel
Francis I\E/sloedr:]lirg Medium Radial flow é\gedig(%
Turbine Rea(;[ion Kinetic+ | 150m Mixed Flow to
Turbine | Pressure i
Kaplan Low High : High
Turbine <30m g Axial Flow 300 to 1000

As can be seen from the above table, any specific type can be
explained by suitable construction of sentences by selecting the other

items in the table along the row.

Dr. M.N. Shesha Prakash, Professor, J.N.N. College of Engineering, Shimoga 4
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PELTON WHEEL OR TURBINE

Pelton wheel, named after an eminent engineer, is an impulse turbine

wherein the flow is tangential to the runner and the available energy

at the entrance is completely kinetic energy. Further, it is preferred

at a very high head and low discharges with low specific speeds. The

pressure available at the inlet and the outlet is atmospheric.

Animation:
(i) The water jet has to reduce
and increase as the spear is Breaking jet
brought forward and runner
backward
(i) The wheel hasto rotate as the
jet strikes

e —
needle valve

high
pressure
water

L —

The main components of a Pelton turbine are:

(i) Nozzle and flow regulating arrangement:

Water is brought to the hydroelectric plant site through large
penstocks at the end of which there will be a nozzle, which converts

Penstock
Nozzle

the pressure energy completely into

kinetic energy. This will convert the
liquid flow into a high-speed jet,

which strikes the buckets or

vanes mounted on the runner,

Wheel Spear

which in-turn rotates the runner of
the turbine. The amount of water striking the vanes is controlled by
the forward and backward motion of the spear. As the water is

flowing in the annular area between the annular area between the

Dr. M.N. Shesha Prakash, Professor, J.N.N. College of Engineering, Shimoga 5
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nozzle opening and the spear, the flow gets reduced as the spear
moves forward and vice-versa.
(i1) Runner with buckets:

Runner is a circular disk mounted on a shaft on the periphery of

which a number of buckets are fixed equally spaced as shown in
Fig. The buckets are made of cast-iron cast-steel, bronze or
stainless steel depending upon the head at the inlet of the turbine.
The water jet strikes the bucket on the splitter of the bucket and
gets deflected through (a) 160-170°.

(iti) Casing:
It is made of cast-iron or fabricated steel plates. The main function
of the casing is to prevent splashing of water and to discharge the
water into tailrace.

(iv) Breaking jet:
Even after the amount of water striking the buckets is completely
stopped, the runner goes on rotating for a very long time due to
inertia. To stop the runner in a short time, a small nozzle is
provided which directs the jet of water on the back of bucket with
which the rotation of the runner is reversed. This jet is called as

breaking jet.

Dr. M.N. Shesha Prakash, Professor, J.N.N. College of Engineering, Shimoga 6
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Vane

Deflection
angleof jet

o —

jet

—

3 D Picture of a jet striking the splitter and getting split in to two parts

and deviating.

Uo Vw,

. Deflection angle

«— U — >« Vr1—>

<« V=V ——>
Vf]_: 0

Velocity triangles for the jet striking the bucket
From the impulse-momentum theorem, the force with which the jet strikes
tthe bucket along the direction of vane is given by
Fx = rate of change of momentum of the jet along the direction of vane
motion
Fx = (Mass of water / second) x change in velocity along the x direction

Dr. M.N. Shesha Prakash, Professor, J.N.N. College of Engineering, Shimoga 7
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=r aV,[Vy = (- V%2 )]
=r aV,[V,, +V,,]
Work done per second by the jet on the vane is given by the product of
Force exerted on the vane and the distance moved by the vane in one
second
W.D./S=Fxxu
=r aV,[V,, +V,,]u

Input to the jet per second = Kinetic energy of the jet per second
1 av’
2

Output /second _ Workdone/second

Efficiency of the jet =

Input/second ~ Input/second
ot avV,, +V,,]u
iraVv®
= 2uMa V]
V12

From inlet velocity triangle, Vy1 = V3
Assuming no shock and ignoring frictional losses through the vane, we
have Vi1 = Vi2 = (V1 - uy)
In case of Pelton wheel, the inlet and outlet are located at the same radial
distance from the centre of runner and hence u; = u; = u
From outlet velocity triangle, we have V,, = V,, Cosf - u;
= (V1 -u)Cosf -u
F.=r aV,[V, +(V, —u)Cosf —u]
F.=r aV,(V, - u)[1+ Cosf |
Substituting these values in the above equation for efficiency, we have

2ulV, + (V, —u)cosf —ul]
V/?

h:

_2u
V/?

h="2[(V, —u)+(V, —u)cosf |
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h:\zl—llj(vl—u)[1+cosf]

The above equation gives the efficiency of the jet striking the vane in
case of Pelton wheel.

To obtain the maximum efficiency for a given jet velocity and vane angle,

from maxima-minima, we have

dh _,
du
dh 2 d
= —="_|1+cosf |— (uV. —u?)=0
du Vf[ ]du( ! )
Vi-2u=0
or u=i
2

i.e. When the bucket speed is maintained at half the velocity of the jet,
the efficiency of a Pelton wheel will be maximum. Substituting we get,
2u

N = F (2u—u)[1+cosf ]

h, . 1 [1+cosf |
2

From the above it can be seen that more the value of cosf, more will be
the efficiency. Form maximum efficiency, the value of cosf should be 1
and the value of f should be 0°. This condition makes the jet to
completely deviate by 180° and this, forces the jet striking the bucket to
strike the successive bucket on the back of it acting like a breaking jet.
Hence to avoid this situation, at least a small angle of f =5° should be

provided.
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Dec-06/Jan07
6 a.i)Sketch the layout of a PELTON wheel turbine showing the details
of nozzle, buckets and wheel when the turbine axis is horizontal (04)
ii) Obtain an expression for maximum-efficiency of an impulse turbine.
(06)
July 06
6 (a)With a neat sketch explain the layout of a hydro-electric plant(06)
(b)With a neat sketch explain the parts of an Impulse turbine. (06)
Jan 06
6 (a)What Is specific speed of turbine and state Its significance. (04)
(b)Draw a neat sketch of a hydroelectric plant and mention the
function of each component. (08)
Jan 05
6 (a) Classify the turbines based on head, specific speed and hydraulic
actions. Give examples for each. (06)
(b) What is meant by Governing of turbines? Explain with a neat sketch

the governing of an impulse turbine (06)
July 04
5 (a) Explain the classification of turbines. (08)
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The head at the base of the nozzle of a Pelton wheel is 640 m. The outlet
vane angle of the bucket is 15°. The relative velocity at the outlet is
reduced by 15% due to friction along the vanes. If the discharge at outlet
is without whirl find the ratio of bucket speed to the jet speed. If the jet
diameter is 100 mm while the wheel diameter is 1.2 m, find the speed of
the turbine in rpm, the force exerted by the jet on the wheel, the Power
developed and the hydraulic efficiency. Take C,=0.97.

Solution:

H =640 m; f=15°% V,; = 0.85 V,2; V42 =0; d =100 mm; D = 1.2 m;
Cv=097Ky=?2,N=?F,=?2,P=? hp=7?

We know that the absolute velocity of jet is given by

V =C,\[2gH =0.974/2x10x 640 =109.74m/s

) Vw,o=0

u

Vo=Vio

. Deflection angle

4

«— U — >« VI1—>

<« V=V ——>
Vf]_: 0

Let the bucket speed be u

Relative velocity at inlet = V13 = V;-u = 109.74-u

Relative velocity at outlet = V,, = (1-0.15)V,; = 0.85(109.74-u)
But V,cosf = u = 0.85(109.74-u)cosl5

Hence u = 49.48 m/s

pDN

But u= and hence
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60U 60x49.48
pD  px12

N =787.5 rpm (Ans)

Jet ratio=m = u_ 49.48 _

=045
V  109.74

Weight of water supplied =y Q = 1O><1000><pz><0.12><109.742 =8.62 kN/s

Force exerted = F, =r aV,(V,, -V,,)

But Vw1 = Vi and V2 = 0 and hence

F, zlooox%x 0.12(109.74) = 94.58 kN

Work done/second = Fy x u = 94.58 x 49.48 = 4679.82 kN/s

Kinetic Energy/second = %r av,’ :%xlOOOpox 0.1° x109.74° =5189.85 kN/s

Work done/s  4679.82
Kinetic Energy/s 5189.85

Hydraulic Efficiency = h, = x100 =90.17%

Dec 06-Jan 07
A PELTON wheel turbine is having a mean runner diameter of 1.0 m and
is running at 1000 rpm. The net head is 100.0 m. If the side clearance is

20° and discharge is 0.1 m®/s, find the power available at the nozzle and

hydraulic efficiency of the turbine. (10)

Solution:

D =1.0m; N =1000 rpm; H = 100.0 m; f = 20°% Q = 0.1 m®/s; WD/s = ?
and hp =7

Assume C, = 0.98
We know that the velocity of the jet is given by
V=C,,/2gH =0.981/2x10x1000 =43.83m/s

The absolute velocity of the vane is given by

_pDN _px1x1000
60 60

This situation is impracticable and hence the data has to be modified.

u =52.36m/s

Clearly state the assumption as follows:
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Assume H = 700 m (Because it is assumed that the typing and seeing error
as 100 for 700)
Absolute velocity of the jet is given by

V=C,/29H =0.984/2x10x 700 =115.96 m/s

52.36 Vw,

«—52.36——H«—VrI1—>

<« V;=11596 —>
Vf]_: 0

Power available at the nozzle is the given by work done per second
WD/second=gQH =r g QH =1000x10x0.1x700 = 700 kW
Hydraulic Efficiency is given by

h, =2—‘j(vl —u)[1+cosf |= M(ﬂ&% —52.36)(1+ c0s20) = 96.07%
V, 115.96
July 06

A Pelton wheel has a mean bucket speed of 10 m/s with a jet of water
flowing at the rate of 700 Ips under a head of 30 m. The buckets deflect
the jet through an angle of 160°. Calculate the power given by water to
the runner and the hydraulic efficiency of the turbine. Assume the
coefficient of nozzle as 0.98. (08)
Solution:

u=10m/s; Q = 0.7 m¥s; f = 180-160 = 20°; H = 30 m; C, = 0.98;
WD/s=?and h, = ?

Assume g = 10m/s?

Dr. M.N. Shesha Prakash, Professor, J.N.N. College of Engineering, Shimoga 13



Hydraulics and Hydraulic M achines 2

S ®
Learning
V =C,/2gH =0.984/2x10x 30 =24m/s
10 Vws
. Deflection angle
— 10— 5> VI—>» Y

«— V=24 —>

Vf]_: 0

Vi1 = Vi-u=24-10= 14 m/s

Assuming no shock and frictional losses we have V,; = V2 = 14 m/s
Vw2 = Vi2 Cosf -u=14x Cos 20 -10 = 3.16 m/s

We know that the Work done by the jet on the vane is given by
WD/s =r aV,[V,, +V,,Ju=r QulV,, +V,,] asQ = aV,

=1000x 0.7 x10[24 + 3.16]=190.12 kN-m/s (Ans)

IP/s = KE/s :%r an:%r QV/? :%x1000><0.7>< 24? =201.6 kKN-m/s

Hydraulic Efficiency = Output/Input = 190.12/201.6 = 94.305%
It can also be directly calculated by the derived equation as

2u 2x10
hh:W(Vl—u)[1+cosf ]:W(24—10)[1+00520]:94.29% (Ans)

1
Jan 06
A Pelton wheel has to develop 13230 kW under a net head of 800 m while
running at a speed of 600 rpm. If the coefficient of Jet Cy, = 0.97, speed
ratio ¢ = 0.46 and the ratio of the Jet diameter is
1 /16 of wheel diameter. Calculate

i) Pitch circle diameter ii) the diameter of jet

iii) the quantity of water supplied to the wheel
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iv) the number of Jets required.
Assume over all efficiency as 85%. (08)

Solution:

P =13239 kW; H =800 m; N = 600 rpm; C, = 0.97; f = 0.46 (Speed ratio)
d/D = 1/16; h,=0.85,D=?,d=?, n=7

Assume g = 10 m/s® and r = 1000 kg/m?

We know that the overall efficiency is given by

o _Odput P 13239x10°

0o = =

= =0.85
Input gQH 10x1000xQ =800
Hence Q = 1.947 m*/s (Ans)

Absolute velocity of jet is given by

V=C,/2gH =0.97v2x10x800 =122.696 m/s

Absolute velocity of vane is given by
u=f . 2gH =0.46,/2x10x 800 =58.186 m/s

The absolute velocity of vane is also given by

_pDN

u and hence

60u 60x58.186

D= _
p N p x 600

=1.85m (Ans)

d :1i_865:115'625 mm (Ans)

Discharge per jet = q P dzxv =pz><0.1156252 x122.696 =1.288 m>/s

T4

No. of jets =n=9:%z2 (Ans)
g 1.288

July 05

Design a Pelton wheel for a head of 80m. and speed of 300 RPM. The
Pelton wheel develops 110 kW. Take co-eficient of velocity= 0.98, speed
ratio= 0.48 and overall efficiency = 80%. (10)

Solution:

H=80m; N=300rpm; P=110 kW; C, = 0.98, K,=0.48; h, = 0.80
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Assume g = 10 m/s? and r = 1000 kg/m?

We know that the overall efficiency is given by

h _Output P 110x10°

= = = 8
° Input gQH 10x1000xQx80
Hence Q = 0.171875 m®/s

Absolute velocity of jet is given by
V=C,J/2gH =0.98v/2x10x80 =39.2m/s

Absolute velocity of vane is given by

u=f.,2gH =0.48,/2x10x80 =19.2 m/s

The absolute velocity of vane is also given by
u:pDN

and hence
60
D~ 60u _ 60x19.2 _122m (Ans)
pN px300

Single jet Pelton turbine is assumed

The diameter of jet is given by the discharge continuity equation

Q:%dzxv :%xd2x39.2: 0.171875
Henced = 74.7 mm

The design parameters are

Single jet

Pitch Diameter = 1.22 m

Jet diameter = 74.7 mm

Jet Ratio = m:E: 1.22 =16.32
d 0.0747
No. of Buckets = 0.5xm + 15 = 24

Jan 05

It is desired to generate 1000 kW of power and survey reveals that 450 m
of static head and a minimum flow of 0.3 m®s are available. Comment
whether the task can be accomplished by installing a Pelton wheel run at

1000 rpm and having an overall efficiency of 80%.
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Further, design the Pelton wheel assuming suitable data for coefficient of
velocity and coefficient of drag. (08)
Solution:

P = 1000 kW; H = 450 m; Q = 0.3 m®/s; N = 1000 rpm; h, = 0.8
Assume C, = 0.98; K,=0.45; r = 1000 kg/m?; g = 10 m/s?
n _Output P 1000x10°

°" Input gQH 10x1000x0.3x450

For the given conditions of P, Q and H, it is not possible to achieve the
desired efficiency of 80%.

To decide whether the task can be accomplished by a Pelton turbine
compute the specific speed Ng

_NJP.

s H%’

where N is the speed of runner, P is the power developed in KW and H is

N

the head available at the inlet.
_ 100041000
450’4

Hence the installation of single jet Pelton wheel is justified.

N

S

=15.25<35

Absolute velocity of jet is given by

V =C,,[2gH =0.98+/2x10x 450 =92.97m/s
Absolute velocity of vane is given by
u=f,2gH =0.48,/2x10x80 =19.2 m/s

The absolute velocity of vane is also given by

u=p DN and hence
60
D:60u:60><19.2:l_22m (Ans)
pN px300

Single jet Pelton turbine is assumed

The diameter of jet is given by the discharge continuity equation

Dr. M.N. Shesha Prakash, Professor, J.N.N. College of Engineering, Shimoga 17



¥

Hydraulics and Hydraulic M achines o ®
Learning

Q:%dzxv :%xd2x39.2: 0.171875

Hence d = 74.7 mm

The design parameters are
Single jet

Pitch Diameter = 1.22 m

Jet diameter = 74.7 mm

Jet Ratio = m:E: 1.22 =16.32
d 0.0747
No. of Buckets = 0.5xm + 15 =24

July 04

A double jet Pelton wheel develops 895 MKW with an overall efficiency
of 82% under a head of 60m. The speed ratio = 0.46, jet ratio = 12 and the
nozzle coefficient = 0.97. Find the jet diameter, wheel diameter and wheel
speed in RPM. (12)
Solution:

No. of jets=n=2; P =895 kW; h,=0.82; H =60 m; K, = 0.46; m = 12;
Cv=097;D=?,d=?,N=7

We know that the absolute velocity of jet is given by

V =C,/2gH =0.974/2x10x 60 = 33.6 m/s

The absolute velocity of vane is given by

u=K,\/2gH =0.46,/2x10x60 =15.93m/s

Overall efficiency is given by

3
o= and hence Q= = 895))(10 =1.819 m®/s
gQH ghH 10x10°x0.82x60
Q 1819

Discharge per jet = q:F_T:O.QOQS m3/s

From discharge continuity equation, discharge per jet is also given by

2 2
q= %v - pj x33.6 = 0.9095

d=0.186m
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Further, the jet ratio mzlzzg

Hence D = 2.232 m

PDN and hence N = e0u _ 6OX15'93=136 rpm

Also u= =
pD px2232

Note: Design a Pelton wheel: Width of bucket = 5d and depth of bucket is

1.2d

The following datais related to a Pelton wheel:

Head at the base of the nozzle = 80m; Diameter of the jet = 100 mm,;

Discharge of the nozzle = 0.3m®%'s; Power at the shaft = 206 kW; Power

absorbed in mechanical resistance = 4.5 kW. Determine (i) Power lost in

the nozzle and (ii) Power lost due to hydraulic resistance in the runner.

Solution:

H=80m;d=0.1m; a= % pd’=0.007854 m*; O = 0.3 m’/s; SP = 206

kW; Power absorbed in mechanical resistance = 4.5 kW.

From discharge continuity equation, we have,

Q=axV=0.007854x V=0.3

V' =38.197 m/s

Power at the base of the nozzle=1r g O H

= 1000 x 10 x 0.3 x 80 =240 kW

Power corresponding to the kinetic energy of the jet =Y%rql’

=218.85 kW

(1) Power at the base of the nozzle = Power of the jet + Power lost in the nozzle

Power lost in the nozzle = 240 — 218.85 = 21.15 kW (Ans)

(i) Power at the base of the nozzle = Power at the shaft + Power lost in the
(nozzle + runner + due to mechanical
resistance)

Power lost in the runner = 240 — (206 + 21.15 + 4.5) = 5.35 kW (Ans)
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The water available for a Pelton wheel is 4 m*/s and the total head from reservoir
to the nozzle is 250 m. The turbine has two runners with two jets per runner. All
the four jets have the same diameters. The pipeline is 3000 m long. The
efficiency if power transmission through the pipeline and the nozzle is 91% and
efficiency of each runner is 90%. The velocity coefficient of each nozzle is 0.975
and coefficient of friction 4f for the pipe is 0.0045. Determine:
(i) The power developed by the turbine; (ii) The diameter of the jet and (iii) The
diameter of the pipeline.
Solution:
Q=4mds; Hg = 250 m; No. of jets=n =2 x 2 = 4; Length of pipe =1 = 3000 m;
Efficiency of the pipeline and the nozzle = 0.91 and Efficiency of the runner =
h, = 0.9; C, = 0.975; 4f = 0.0045
Efficiency of power transmission through pipelines and nozzle =
ho oo g 20N

H 250

g

Hence hf = 22.5 m
Net head on the turbine=H = Hg- hf = 227.5m

Velocity of jet = V, =C,\/2gH =0.975/2x10x 227.5 = 65.77m/s

(i) Power at inlet of the turbine = WP = Kinetic energy/second = % r a V*
WP =% x 4 x 65.77° = 8651.39 kW

_ Power developed by turbine  Power developed by turbine N
WP 8651.39

Hence power developed by turbine = 0.9 x 8651.39 = 7786.25 kW (Ans)

(ii) Discharge per jet =q= Tota dlsc:.harge:ﬂ =1.0m%s
No.of jets 4

h, 0.9

But q="d2xV, =1.0=P d2x65.77
4 4
Diameter of jet = d = 0.14 m (Ans)
(ii1) If D is the diameter of the pipeline, then the head loss through the

pipe is given by = Ay
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ho_AfLVE fLQ?

= 29D = 3D (From Q=al)

h - 0.0045 x 3000 x 4°

=225
f 3D°

Hence D = 0.956 m (Ans)

The three jet Pelton wheel is required to generate 10,000 kW under a net
head of 400 m. The blade at outlet is 15° and the reduction in the relative
velocity while passing over the blade is 5%. If the overall efficiency of
the wheel is 80%, C, = 0.98 and the speed ratio = 0.46, then find: (1) the
diameter of the jet, (ii) total flow (iii) the force exerted by a jet on the
buckets (iv) The speed of the runner.

Solution:

No of jets = 3; Total Power P = 10,000 kW; Net head H = 400 m; Blade
angle = f = 15° Vr, = 0.95 Vr;; Overall efficiency = h, = 0.8; C, = 0.98;
Speed ratio = K, = 0.45; Frequency = f = 50 Hz/s.

3
P 08 10,000x 10

rgQH _  1000x10xQx 400

We know that h, =

O =3.125 m’/s (Ans)

Q 3125

Discharge through one nozzle = q=— =1.042m%/s
n

Velocity of the jet = V, =C,/2gH =0.98y2x10x 400 = 87.65m°/s

But q:%dzxv1:1.042=%d2x87.65
d =123 mm (Ans)

Velocity of the Vane = u=K,,/2gH =0.46y2x10x 400 = 41.14m°/s
Vi = (Vi-u;)=87.65-41.14 = 46.51 m/s

Vi, =0.95 Vr;=0.95 x 46.51 = 44.18 m/s

Vi =V, =87.65 m/s

Vir=Vrycos f-u,=44.18 cos 15-41.14 = 1.53 m/s

Force exerted by the jet on the buckets = F, =71 g(Vw;+Vw))
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Fy = 1000 x 1.042 (87.65+1.53) = 92.926 kN (Ans)

Jet ratio = m=%:>10(Assumed)

D=1.23m
u:pDN
60

60u  60x41.14

Hence N = =
pD p x1.23

=638.8 rpm (Ans)
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Work done by the fluid

Power producing machines

Turbines
impulse Reaction
‘-’::ﬂld Peiton Axial flow (Kaplan
turbine Radial flow (Francis)

4.5 Turbines

Machines that extract energy from fluid stream are called turbines. They are classified as:

o Hydraulic turbines (Pelton, Francis, Kaplan)
e Steam furbines
o (asturbines
In hydraulic turbines the working fluid is water and is incompressible. More general
classification of hydraulic turbines are:
o impulse
* reaction
Impulse turbines are driven by one or two high velocity jets. Each jet is accelerated in a

nozzle external to the turbine wheel known as turbine rotor. If friction and gravity are neglected
the fluid pressure and relative velocity do not change as it passes over the blades/buckets.



4,5.1 Pelton Wheel

Pelton wheel is an impulse turbine. [t is shown in Fig. 4.9. It is driven by a single jet which
lies in the plane of runner. A high velocity jet prossesing kinetic energy strikes the bucket in
succession. The water takes nearly 180° turn inside the buckets, The water falls into the tail
race.

In reaction turbines part of the fluid pressure change takes place externally and part
takes place within the runnet. External acceleration occurs in the guide vanes and flow is
turned to enter the runner in proper direction. Additional acceleration of fluid relative to
rotor occurs within the moving blades. So both relative velocity and pressure change over
the runner. Reaction turbines run full of fluid.

Fig 4.9 Impulse turbine (Pelton wheel).
4.5.2 Francis Turbine

Francis turbine is a reaction turbine shown in Fig. 4.10. Water enters circumferentially
through turbine casing. It enters from the outer periphery of guide vanes and flows into
runner. It flows down the rotor radially and leaves axially. Water leaving the runner flows
through a diffuser known as draft tube before entering the tail race.

Stationary
guide vanes Rotor vanes

Casing

Fig 4.10 Reaction turbine (Francis).



4.5.3 Kaplan Turbine

Kaplan turbine is a reaction turbine shown in Fig. 4.11. The water from the spiral casing
enters guide blades similar to Francis. The Kaplan turbine consists of an axial flow runner
with 4 to 6 blades of an airfoil section. In this turbine both guide vanes and moving beades
are adjustable and therefore high efficiency can be obtained.

4.5.4 Steam Turbines

In steam turbines expansion of high pressure and temperature is expanded in fixed and
moving blades of a turbine. Steam is produced in high pressure boiler and after expansion
steam condensed in condenser.

Shaft

Thrust bearing

PASddd

/

(‘ 4— (Guide
77 blades

!

Rotor

T

Draft tube

Fig 4.11 Reaction turbine (Kaplan).
4.5.5 Gas Turbine

In gas turbine expansion of high pressure and temperature of gas is expanded in fixed and
moving blades of turbine. The exhaust gases after expansion go into the atmosphere.



4.6 Euler's Theory Applied to Turbo Machines

Euler's Theory : The fluid flow through an impeller of a centrifugal pump is shown in F

U= uR, }
Uﬂw
\ Va
V, | f
i
u, ' ?
4—-&\\

Uy = IJ-'IR1

Fig 4.12 Velocity diagrams for pump impeler.




According to Euler's theory torque applied on the impeller is the rate of change of angular
momentum of the fluid passing through the impeller. The following assumptions are made.

o The velocity of water is uniform at inlet and exit of the impeller.
o Therelative velocities at inlet and exit are tangential to inlet and exit tips of the vanes,

Fig 4.12 shows only two vanes of the impelier, let
V, - absolute velocity of the impeller entering the impeller at radius R,
V, - absolute velocity of fluid leaving the impeller at radium R,

V., and V ,are relative velocities at inlet and exit, u, and u, tangential velocities at inlet
and exit.

o, and &, inlet and exit angles of V and V,

B, and [3, vane tip angles at inlet and exit.

The angles are measured from the forward directed tangents so that both angles {3, and

B, are greater than 90°. The angular velocity w is connected to tangential velocities
u, and u,.
1 2

=R, L. (4.1)
U, =R, wl4.2)

According to assumptions made previously V., and V , are tangents to the vane tips at
inlet and exit.

The velocity V is vector sum of V , and u; at inlet and velocity V, is vector sum of V
and u, at exit of vane, Resolve the absolute velocities V, and V, into.tangential and radial
components as velocity of whirl and velocity of flow, we have

Velocity of whirl at inlet=V, =V, cosa,
Velocity of whirl at exit=V,, =V, cosa,
Velocity of flow at inlet =V ;= V,sinq,
Velocity of flow at exit =V, = V,sina,



The volume flow rate may be expressed in the form of flow component and flow
area A either at inlet or exit given by

Q=AV=AV, L (4.3)
If the width of impeller at inlet and exit is b, and b, respectively, we have

Aj=#Db, L (4.4)

Ay=aDb, L (4.5)

where D, and D, are impeller diameters at inlet and exit
The flow rate Q is then given by

Q=1DbV ;=71 D, by Vy
Also mass flow rate is given by

m = pQ,
where p is density of fluid

0 L]
Rate of angular momentum M; of impeller being the product of mean flow rate m,
hirl componant V, and radius R .

M=m VR 4.7)
Rate of change of angular moment is equal to applied torque

T=mV, R,-mV, R, . (4.8)
The power input to drive this torque is given by
P=Tw

P=ma(Vy, R,—V,,R)

P=m (u,V,,-u,V,,) (4.9)



4.6.1 Euler's Head

If the whole of mechanical power is converted into hydraulic power then total head H would
be given by the relation :

P =yQH (4.10)
where Q is flow rate and y sp. weight of the fluid.
Equating egs. (4.9) (4.10) we get,

H= (uzvzw _ulvlw)
g

B = (uzvzw - ulvlw)
g

or

This is called Euler's head of the pump. The head available is actually less than Euler's
head. If the water enters the impeller without whirl such that V| = 0 then Euler's equation
is written as

u EVZW

E=—"_" (4212
" (4.12)

4.6.2 Euler's Equation in the Kinetic Form

It is useful to express Euler's head in terms of their absolute velocities rather than their
components. From the velocity triangles of Fig 4.12, we have

vlw
V,, =V, cosa,

= V,cosa, and

Using cosine rule, we have
R ) 2 _
Vi = V) +uy —2u,Vcosa,

Vi = vi o+ u§ - 2u,V,cosa,

I »
- — 2 2 2
so that u, cosa, 5 (u] +V| - Vﬂ)
|
Uz COS(I: = 5

Substituting in equation (4.11)

Vi-V? wowl VA-V3
= - + =
E 29 2g 2 | (4.13)




From the mode of derivation it is clear that Euler's equation is applicable to a pump and
also to a turbine. However, the equation would change its sign. Thus
u,V,, -u,V,w

E= . (Turbine)

u,V, ~u Vi,
E= 2 (Pump)

For axial flow machines  u; =u, =uand
U(V]w B VEW
g

"(Vzw - Vlw)
g2

E:

(Turbine)

E=

(Pump)

Pelton Turbine

5.2 Description of Pelton Turbine Installation

Pelton turbine 1s an impulse turbine as there is no pressure drop across the buckets, The
flow is axial, i.e., there is no change in peripheral velocity and water enters and leaves the
buckets at the same radius.

Water supplied is from a high head through a long conduit called penstock. The water is
accelerated in the nozzle and the head is converted into velocity and discharges at high
speed in the form of a jet at atmospheric pressure. The jet strikes deflecting buckets attached
to the rim of a rotating wheel (runner) as shown in Fig. 5.1. The kinetic energy of the jet is
lost to the buckets and water discharged at relatively low speed falls into lower reservoir or
tail race. The tail race is set to avoid submerging the wheel during floded conditions. When
large amount of water is available the power can be obtained by connecting two wheels to
a single shaft or by arranging two or more jets to a single wheel.

The buckets are double hemispherical in shape. The water strikes the bucket in the
centre and flows, out at both sides making a U turn. The surface inside the buckets is
polished and smooth to reduce hydraulic losses. A costly material like broonze or stainless
steel is generally used for the buckets. The buckets are detachable.



Buckets

—— — — — . — —— — — i S —

Penstock

Fig. 5.1 Diagrammatic arrangement of a Pelton wheel.

5.3 Analysis

Pelton wheel installation s shown in Fig 5.4. The water supply is from a constant head
reservoir at an elevation H above the centre lne of the jet.

A surge tank is installed to dump out any fluctuations of pressure in the penstock. At the
end of the penstock is the nozzle which converts head into velocity as jet.

Reservoir

Surge tank

/r

—» -

Pressure tunnel

E

Penslock

Datum

W A,
e
/‘ Jet velocity C

Nozzle




Total head available from the reservoir above nozzle 1s | 1[
Head loss in pressure tunnel and penstock due to friction = h,
Head loss in the nozzle = h"

Net head available tor power generation at exit of nozzle = H

ks II=II|—I1|.-~IIII
)
flv~
where h,= ——,
[ 2ped
where

I = length of penstock
v = Velocity in penstock
d = diameter of penstock

f = coeff. of friction

In practice the penstock is usually sized so that at rated power the net head is us
85-95% of the total head. The net head is taken to calculate hydraulic efficiency of tur

The jet strikes the bucket at the centre and takes a turn of almost 180° and leawv
both sides of bucket as shown in Fig, 5.5(a), (b).

(b)
Fig. 5.5 (a) Jet impuigement (b) double hemispherical shape of buckets.
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The velocity of the jet is given by

V, =42gH e (9.1)
The inlet and exit velocity diagrams are shown in Fig 5 0.
The total energy transferred to the wheel is given by Euler's Equation.
(ulvlw ) vlw]
=" 5.2
. (52)
As the turbine is axial the tangential velocity is same at inlet and exit
u; =u, =u so that eq. 5.2 becomes
u[vlw — Vﬁw )
B 8
. Buckel
‘_ U + VI"I > ] ‘.‘:
’ ’ 0
4 V, >
Iniet triangle
Exit triangle

11



The inlet velocity triangle is a straight line, we have
Also, V , =k Vri, where k is coeff. of velocity due to friction.

The relative velocity vr, is tangential to exit tip of the buckets. Superimposing peripheral
velocity u we obtain absolute velocity V,. The velocity Vr, makes an angle 6 with the
centreline of bucket.

V,=kV, =k(V, -u)thus

\F

VIE
V,, =utk(V, —u)cosd

W = u-V, cos (1-0)

=u+Vr2c058

Writing Euler's equation

VIu—vzu
g o 4(Yu Vo) . (53)
g
Substituting V,,=utk(V,~u)cos6; asV, =V, wehave
- [u(Vi—u-k(Vi—u)cost]
g
u
E= (E) [V,—u=k(V, —u)cosd]
E=§ [(V,-w(-keosO)] .. (5.4)

The equation shows that there is no energy transfer when the bucket velocity u is either
zero or equal to jet velocity V,. It is reasonable to expect therefore the maximum energy
transfer will occur at some intermediate velocity of the bucket velocity.

Thus differentiating E with respect to u and equating to zero for maximum energy transfer
dE (I - keosO)V, —2u)

du g
Hence, V- 2u=10as MB_) cannot be zero
g
u |
we have VI :5

12



Thus tangential velocity is half the jet velocity for maximum energy transfer.
Substituting this value ineq 5.4

E‘max = [zié] (VI - 'Y,ZLJ (1-k cos 8)

vV}
B = -fIgF (1 —k cos 6)

- V]
Inlet kinetic energy to the jet= ' 2
Thus maximum theoretical hydraulic efficiency of Pelton wheel,
E

Mmax ™ K Eof jet

[V—'z ](1 - keos)

g
R
2g
(t—kcosﬂ)
= . (5.6)
qmax ‘Zg

In an ideal case when 8 = 180, k = 1; n__ = 100%. In practice friction exists and K
value is in the region of 0.85 - 0.9 and also the value of 0 = 165" to avoid interference

u

. . . u
between incoming and outgoing jets. Therefore v I8 always less than 0.5. For _v = (.46
! 1

and 0 = 165, the maximum efficiency is around 90% . Rewriting equation 5.4,

2
E=— (V,—u) (1 -keos ) and also K.E of jet = V/% and hydraulic
g

efficiency as

(UEJ(Vl - le —keosB)

Vi
2

n, = (2) HT] (l —Vi] (l-kcos®) | .. (3.7)

13



_ powerdeveloped by runner — yQE
- hydraulic power - YQH

Hydraulic efficiency 7,

_ power developedat turbine shat P

Mechanical efficiency  m,, power developed by runner YQE

_ Power developed at turbineshaft P
hydraulic power yQH

Overall efficiency Ny

thus Mo =N * Ny

5.4.1 Working Proportions for Design of Pelton Wheel
1. Velocity of jet: The theoretical velocity of the Jet

V= @ﬁ
where H = net head
Actual Velocity of Jet
V,=C,2gH
where C_ is the coefficient of velocity of the jet which varies from 0.98 to0 0.99.

2. Power available to the Turbine
P=vyQH

3. Angle ¢ is the splitter angle which varies from 10 to 20° and relation between ¢ anc
exitangle 0 is
O=n-9¢
4. Diameter of the Jet (d): The diameter of the jet is obtained if flow rate is known.
Flow rate Q = area of the jet x velocity of jet x no. of jets

For a single jet

Q=Zd3><\’,
m

Q=5 & xC,y2gH
(_x_ Y
7C, \[2gH



u
S. Speed ratio [?] The speed ratio is the ratio of the velocity (u) of the wheel at
n

pitch circle to theoretical velocity of the jet. In practice the value is between 0.44 and
0.46 and average is 0.45.
6. Mean Diameter of the Wheel (D): 1t is the diameter between centres of the buckets.
The diameter can be obtained from peripherial velocity (u)
nDN
60

_ 60u
T AN
where N = speed of the wheel in revolutions/min.
7. Jet ratio (m); The ratio of mean diameter of the wheel to diameter of the jet,
m = D/d
The Jet ratio varies between 10 to 14 and average value of m is 12.

8. Size of the buckets: The length, width and depth of buckets in terms of diameter of
jet'd" is shown in Fig. 5.10.

u=

or D

Fig. 5.10 Dimensions of bucket.

o Radial length of bucket L=2to3d
» Axial width of bucket B =3to 5d
o Depth of bucket D=0.8101.2d

15



E.5.1  APelton wheel develops 67.5 kw under a head of 60 m of water. It rotates at 400
rev/min. The diameter of penstock is 200 mm. The ratio of bucket speed of jet
velocity is 0.46 and overall efficiency of the installation is 83%. Calculate.

(a) Volumetic flow rate
(b) Diameter of the jet
(c) Wheel diameter

Solution

) P P
- Overall efficiency 1, = TQ—H Q= E,_;ﬁ‘l&
_ 67.5x1000
0.83x9800x% 60
- Velocity of thejet V, = /2gH

= J2x9.8x 60 =34.2 ms

=(.138 m%/s

- Flow rate Q = area of nozzle x velocity of jet
n
Q= Zdz xV,
0.138x4
2. _ 3
d X342 5.14 x 10

d=0.0716 m=71.7 mm

u
V. =0.46,u=0.46 x 342=15.7 ms

DN
= —
60
D 60xu  60x15.7 075
T axN  axao0  2W
Specific speed of turbine
I
L
_ P
Wy = ;)}i
2N 2x400xm
where W= = =41.8 rad/s

60 60

16



P=67.5x 103 watt
p = 1000 kg/m?3

H=60m
Substituting,
41,3[915 >-=3Hzi]1
_ 10
OTT T (0.8x 60)%4
w,.=0.11

E.5.2 A Pelton wheel works on a head of 400 m. The diameter of the jet is 80 mm. The
head loss in penstock and nozzle is 23.6 m. The bucket speed is 40 m/s. The
buckets deflect the jet through 165°, The bucket friction reduces relative velocity
at exit by 15% of relative velocity at inlet. The mechanical efficiency of turbine is
90%. Find the flow rate and shaft power developed by the turbine.

Solution

Velocity of the jet V, = ,,‘ZgiH ~ hfi

V= /2x9.8(400 -23.6) = 85.8 m/s

Euler's head E = % (V, - u) (I~ k cos )

40 o
= 5 g (85:8-40) (1-0.85  cos 165°)

40
= — (85.840) (1+0.82
08 (85.840) (1 )

E=3402m

n
Flow rate Q = area x velocity = d®xV,

Q=% x 802 x 1076 x 85.8 = 0.43 m¥/s

17



Power developed by the runner = v QE

E.5.3

Solution

YQE  9800x0.43x340.2

p. = = = 1432 k
E 1000 1000 W
p P
=—:09=—— - P=1288k
Mo P’ 1432 v

A Pelton wheel is driven by two similar jets transmits 3750 kW to the shaft running
at 375 rev/min. The total head available is 200 m and losses is 0.1% of the total
head. The diameter of the wheel is 1.45 m, the relative velocity coefficient of the
bucket is 0.9, the deflection of the jet is 165°. Find the hydraulic efficiency, overall
efficiency and the diameter of each jet, if the mechanical efficiency is 90%.

nDN  wx1.45x375

Peripherial velocity u = 0 60 =284 m/s

Total head =200 m, h,=200 x 0.1 =20 m

Effective head H = total head — losses

=200-20=180m
Velocity of the jet V| = /2gH = [2x9.8x180 = 59.4 m/s
Speed rati o =0.478

u u
Hydraulic efficiency n, =27, [l _V] (1 - kcosB)
! 1

=2 x0.478 (1-0.478) (1 — 0.9 x cos 165%) = 0.932
n, =93.2%

u
Euler's head E = .g_ (V,~u) (1 —k cos 6)

284
E= Y} (59.4-28.4)(1 - 0.9 x cosl65°) = 16793 m

Relation between n,, n, , 0, i8
Mo =My X Ny, -~ Mo =0.9%x0.932=0.838

18



hydrauli b _ 3750 4474 k
r r=— ==
ydraulic powe e 0838 w
YQH
also 1000 x 2=4474
1000x 4474
— = ]' 3
Q = 3%o800x180 268 M7
Flow rate Q = area x velocity of jet
L
4x1.268
g2 =2 2N oo

X V, T %594
d= 164 mm

19



Francis Turbine

6.2 Description of Francis Turbine

A sketch of a Francis turbine is shown in Fig. 6.1. The flow is contained in a spiral casing
called volute that channel the water into the runner. The volute has decreasing area to
maintain uniform velocity, to the row of stationary vanes.

|
|
I
I
I

From Penstock

Stationary
Vanes

Stationary , ..
Vanes Adjustable

guide Vanes

]
; Runner Scroll

(u?Iute}

Tall race

Fig. 6.1 Main components of Francis tubine.
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6.3 Analysis

Let

- Total head available to the turbine

- Absolute velocity of water at inlet to stationary vanes

H
v
V, - Absolute velocity of water at exit to ajustable guide vanes
v, - Absolute velocity of water at exit to runner vanes

Vv - Relative velocity at inlet to runner vane

£ - Relative velocity at exit to runner vane

u, - Peripheral velocity at inlet to runner vane

U, - Peripheral velocity at exit to runner vane

Vi Vo, - Whirl velocities at inlet and exit of runner vane

Vip Vo - Flow velocities at inlet and exit of runner vane

o, - Guide vane angle

B, - Runner blade inlet angle

B, - Runner blade exit angle

Runner

Fig. 6.4 Inlet and exit velocity diagram.
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2Nrn
u, =oR,; u, = 0R,; and w = E

The water comes out from the guide vanes at absolute velocity V, at an angle @, to the
direction of rotation. The peripheral velocity u, is subtracted from V, to give relative velocity
V,, atangle Bl to the direction of rotation is obtained.

At exit the water leaves the runner blade at relative velocity V , which makes an angle
B, with the direction of rotation. Superimposing u, absolute velocity V, is obtained.

Euler's head is given by

E= s {0:Y)

If the whirl velocity at exitis zero, V, =0, which means that velocity V, has no horizontal
component or 0., = 90°, then Euler's eq. 6.1 for maximum efficiency is given by
u, V.

el (6.2)
g

%
In such a case flow velocity at exit V,. =V, , tanf, = u—’ =

gl 2

so that 3, can be

determined.

Net head available H across the turbine is the difference in total head between inlet
flange (exit of penstock) and tail race water level

P, V2
- Total head atinlet = — + —— +z,
Y 2g
Vl
- Total head at exit = _3+—§—+Z3
Y 2g
- Net head across the turbine
P, Vg > :
’ [ﬂ ] N 3
Y 28 Y 2

But P; = atmospheric pressure = 0; z; is tail race taken as datum z; = 0, thuseq. 6.3

becomes
2 2
. [E'_EL) (v
g 2g 2g

H=H, —hg — [;’*]
g
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where hg, = hydraulic losses in penstock
The hydraulic efficiency is given by,

runneroutput YQE _E _uV,,

= S—m—_—= . A
L — input yQH H gH (64
turbi tput P
Mechanical efficiency 1n_ = rl:mr::::j:t;:t = YOE
_ power output P
Overall efficiency M= hydraulic input JOH
thus N =M N e (6.5)
Energy developed in the runner in terms of Euler's head
E=Hhhﬁ],—hg—h|r—hd .. (0.6)

where  hg - hydraulic losses in penstock
h, - hydrauliclosses in guide vanes
h, - hydraulic losses in runner vanes

hy - hydraulic losses in draft tube

_ 6.4 Draft Tube

A draft tube is connected between runner exit and tail race to obtain continuous stream of
water between them. It is diverging tube. The pressure increases and velocity decreases in
the tube. The tail race pressure is atmospheric and runner exit pressure is negative (below
atmospheric). Then the net head acting on the turbine increases. The turbine works with a

23



larger head and more power is developed by the turbine. This is the main advantage of
installing a draft tube. All Francis turbines will have a draft tube.

Analysis
With references to Fig. 6.5 and applying Bernoulli's equation between point (2) and (3) we
get

7
+Z, =-E+-—V'—‘4 Z,+h,

Yy 2g Y 28

P, V

where h; represents losses in the diffuser also P; = atmospheric = 0; the tail race is taken

as datum and therefore Z3 =0,

Re-writing eq. 6.7 with the above assumptions, we have

P, V-V,

=———=Z,+h,

Y 2g
. . P, . .
Also V4 < V,, and if hd is neglected, — in ncgative.

The draft tube produces negative pressure at exit which increases the pressure head

over the turbine.

(a)

(d)

Fig. 6.6 Types of draft tubes.
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6.5 Working Proportions of Francis Turbine

Let
B - breadth/width of runner vane
D - diameter of runner
Z - number of runner vanes
t - thickness of runner vane
n - ratio of width to diameter of runner
Xz -  Flow ratio
¢ -  speed ratio
Ve - flow velocity
2gH - Jetvelocity
B ]
- n= B The value of n varies from 0.1 - 0.45
. \ .
— Flow ratio % = its value varies from 0.15 - 0.3
1{'2gH
u
— Speed ratio ¢ = its value varies from 0.6 - 0.9
p ¢ gl
— Flow through runner vanes = flow area x velocity of flow
Area (inlet) = (D, — zt) B, = nD, B| K,
where k| is a factor which allows for thickness of runner vanes.
Area (exit) = (D, — zt)B, = nD, B, K,
where K, is a factor which allows for thickness of runner vanes.
Flow rate

Q= (mD, — zt,) B, V,; = (xD, — zt) B, V,,
Q=nDB, K| Vi =7D, K, V, Vy

Q=aDp? nKV,;=n2Dn, K, v,, .. (6.9)
if K, = K,; V¢ = Vo n; = n,, then equation becomes
B,D,=B,D, |
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Fig. 6.7 shows the runner of Francis turbine. As indicated B is the breadth of runner and

D the diameter.

Fig. 6.7 Runner of Francis turbine.

For turbines homologous specific speed N is also used, given by the following 'equatiﬂn.

-

NP2
(Ns)p= W

e (6.10)

where H is in meters, P the power output in kw, and speed N in rev/min of runner.

6.7.1 Comparison between Pelton and Francis Turbines

S.No

Peiton turbine

Francis turbine

1

(]

-] & D 5K

Impulse type
Axial flow

Jet produced by nozzle -
a fixed element

High head
Low discharge
Speciic speed wy < 0-1

Turbine does nof
run full of water

Reaction type
Radial flow

Water suppled by
adjustable guide vanes

Medium head
Medium flow
Specific speed wy 1-3.5
Turbine runs full of water

26



E.6.1  Aninward flow turbine with radial discharge has an overall efficiency of 80% and
develops 150 kw. The head is 8 m and the peripheral velocity at inlet is

0.96 2gH and flow velocity is 0.36 \;fz_g_H- . The runner speed is 150 rev/min;
the hydraulic efficiency is 83%.

Determine.

(a) velocity of whirl at inlet

(b) diameter of the wheel at inlet
(c) flow rate

(d) guide vane angle

Solution

- Peripheral velocity u, =0.96 y2¢H =096 {2x9.8x8 = 12.02 m/s

~ Flow velocity v .= 0.36 2gH =0.3642x9.8x8 =4.5m/s
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— Hydraulic efficiency

- (4, Viw —43Vau)

My all as it is radial discharge V, =0
u Vi, A
M= ol | , substituting proper values
0.85 = 12.02%V,,,
’ B 08x8
Viw =5.54m/s
) 8 Vir 4.5
inletangle tan o) = V. = 3352 =0.812
Iw 1
oy = 39°
_ nDyN
1T 60
60 % u, 60x12.02
D, = = = |.53
EEN X150 e
S
pe——— g, T——
l.i, : |J':
I"."H -
vV, Vo
Ur2
Vl‘l
Iz [
L
e e P
overall efficiency m, = _{f}_IT
Y
o 150= 1000

= =24.m'/s
yHxn,  9800x8x 0.8 R

Gl
Q=24 m~/s
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E.6.2 A Francis turbine has the following specifications.

Inlet radius 300 mm, outer radius 150 mm, flow rate 0.05 m? /s, inlet guide blade
30° angle the absolute velocity at exit makes an angle of 80" with the axis inlet
absolute velocity 6 m/s, exit absolute velocity 3 m/s; overall efficiency 80%,
hydraulic efficiency 90%. Determine head and power output if angular velocity
IS 25 rad/s.

Solution
Refering to velocity diagrams shown in Fig. 6.15, we have
R, =300 mm, R, = 150 mm, Q = 0.05 m"/s
o, =30% o, =80°, V, =6m/fs,V,=3m/s
N, = 80%, 1, = 90%, w = 25 rad/s

u, = oR, = x25=75mls

0
1000
150
u, = R, = mxﬁ =3.75m/s
Viw=V,cosa, =6 xcos30=6x0866=52m/s

Vo=V, Cosa,=3 xcos80=3x0.172=0.52 m/s

V = 1V1
Euler's head E = Uy Viw —Ua Va,
g
B = 7.5x5.2-3.75%0.52 S
S 9.8 =3.
E =37m
_ E
M= ﬁ
H= 2 =4.]
65 "
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9800x0.05x4.1

P input =yQH = 2k
ower input = yQ 1000 w
Power output = n_ x power input =2 x 0.8 = 1.6 kw
P=1.6kw |
R —
oy By
V, VHE Vv,
as
Ve v,

L7

B, :
|-4—Vm —
ly ————

Kaplan Turbine

7.2 Description of Propeller Turbine

The propeller type consists of axial flow runner with 4 to 6 blades of an aerofoil shape as
shown in Fig.7.2. The spiral casing and guide vanes are similar to Francis turbine. The flow
enters the runner through guide vanes which can be set to any desired angle (within limit) to
accommodate changes in power output demand. The runner blades are fixed and cannot
change their position. The guide vanes ring is in a plane perpendicular to the shaft so that
flow is radial. The runner is situated further downstream so that between guide vanes and
the runner the fluid turns through a right angle into axial direction. The runner blades are
long in order to accommodate large flow rate and therefore pitch/chord ratio of runner
blades is | to 1.5 and hence number of blades is small. The propeller type has low head
between 5-80 m. Fig. 7.2(a) shows the plan view of guide vanes and Fig.7.2(b) shows
profile of the system.
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i 0 / Guide vane
77X M //////»J///A *
7, V BIB ¢ m

\
l |
—» 1—

1—@—'

Fig. 7.2(b) Axial-flow propeller type turbine, guide vanes and runner.

P \\\\\\Q
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7.3 Analysis and Construction of Velocity Diagram

The runner blades are long and there is large difference in radii between the hub and tip of
the blades. Therefore velocity diagrams are drawn at the mean radius of the blade. The
axial flow velocity is constant as inlet and exit and hence

Vie™ Ve = Vi

The inlet velocity diagram is constructed by substracting blade velocity vector u from
absolute velocity vector V,, which makes an angle o, to u to obtain relative velocity V,, as

shown in Fig. 7.3.
u
Viw —>]

u, .. B1
TV, . Vi

Fig 7.3 Inlet and exit velocity diagrams.

The exit velocity diagram is constructed by drawing relative velocity at exit V , tangential
fo exit tip of the blade, superimposing peripheral velocity u, we obtain absolute velocity V.,
which is axial. The velocity diagrams are shown in Fig. 7.4.
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For maximum efficiency the whirl component V,_ at exit must be zero because velocity
V, is axial and also

Vo =V
Writing Euler's equation as '
£ =10Vt — V3 ) sVe=l 0 (7.1)
g
uV,,
Bt 72
. (7.2)

From inlet diagram, we have
Viw =u -V cot (180-f,) =u+V; cotf,
Substituting this value of V,  ineq. 7.2
_u(u+V,coth,) u®+uV, coth,
g B

E

% u® +uV,cotp,
g

E

33



Flow rate is given by the equation

Q = area * Velocity of flow
n 1 3
Q=50 -D})V,

where D, = diameter at the tip
D, = diameter at the hub

V= flow velocity

Hydraulic efficiency is runner power by hydraulic power

~E yQE
" H T yoH
shaft power P

Mechanical efficiency n = runner power N YOE

o
T]IF'l TQI_“
shafi power P

Overall efficiency = hydraulic power = yOH

" 8

o™ yQH
I'rom eqns. 6.6, 6.7 and 6.8 we gel,

Tlu = Tlm X T1|l

7.6 Comparision between Francis and Kaplan Turbine

Francis Kaplan
I. Radial flow Axial flow
2. Number of runner blades 16-20 Number of runner blades 4-6
3. Runner blades constant profile Twisted blades (profile changes along
length of the blade
4. Low efficiences High efficiences

5. Guide vanes adjustable to

change flow rate adjustable to control flow rate

Both guides vanes and propeller blades
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7.7  Comparision between Pelton and Kaplan Turbine
Pelton Kaplan
I. Impulse type Reaction type
2. Axial flow Axial flow
3. Nozzle (fixed) Guide vanes (adjustable)
4. Specific speed (< 1) Specific speed (@ > 2.3)
5. Buckets have same profile Blades twisted for higher efficiency
E.7.1  Anaxial flow turbine operates under a head of 21.8 m and develops 21 MW when
running at 140 rpm. The tip diameter is 4.5 m and hub diameter is 2.0 m. The
hydraulic efficiency is 94%. Determine inlet and exit angles of blades mean diameter
if the overall efficiency is 88%.
Solution

Given H=21.8 m, P =21 MW; N = 140 rpm; D, = 4.5 m, D, = 2.0m,
n, = 94%, n,=88%
D +D, 45+20

Mean diameter = 5 5 =325m
m_ZNn_ _2xl4ﬂxn_l465 s
M i
14.65%3.25
u=mr;u=T=23.8mfs
n_uvm.
h gH'
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_1___—-—
- U1w — =
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P
u
UV xY9Y 8¥x2].8
Vg™ = 8.43 m/s
23.8
P 21x1000x1000 e
Mo~ yon * Q7 Dssxosoox21g | Tms
- i ) >
e (D7 D7) * v,
Fi! _a
L7=- @5° -29) V,
Vr =8.75 m/s
WL 8.75 R
b= N, | 23B-843 1537 =F
Bl ZBUU
1 cnt = 510 =0.36
G T
B, =20"
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E.7.2  Anaxial flow turbine with tip and hub diameters of 2.0 m and 0.8 m, respectively,
rotates at 250 rpm. The runner blades are fixed and guide vanes are set at 42° to
direction of rotation of blade at mean diameter. Also, the blade inlet angle is 148°
from the direction of velocity of blade. Calculate,

axial velocity
flow rate

exit blade angle
Euler's power

Solution
Given D, = 2.0 m; D, = 0.8 m; N = 250 rpm
o, = 42°% B, = 148"

2408
- = -— = m
2
aDN mx|.4x250
U= = — —
60 60 18.3 m/s

From inlet triangle of velocities diagram of Fig. 7.11, we have
Vistan(m-PBP(u-v,)=tan, V,
tan(r — 148) (18.3 — V) =tan 42 V
Vie=75ms
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N
Vie
Vr =75xtan 42 =6.75 m/s

an o, =

b8 I8
= 7 [D?-D}) V;= 7 @*-08)675= 178 ms

d V.. 183x%7.5

Euler's head E= = = 0.8 =14 m
Euler E_QSUUXI?.S){M AW
uler's power YQE = 1000 =2.
V; 6.75
tan =— = —— =0,368
B, 18.3
B2=200
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Figure 1: Temperatures in the Earth
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Figure 2: Geothermal Reservoir
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Figure 4: Total U.S. Geothermal Installed Capacity by Technology
(MWw) 1975-2012
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Figure 5: Flash Power Plant
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Figure 6: Dry Steam Power Plant
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Figure 8: Flash/Binary Power Plant
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Figure 9: Geothermal Heat Pumps
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Dry steam

Power plants using dry steam systems were the first type of
geothermal power generation plants built. They use steam from the
geothermal reservoir as it comes from wells and route it directly
through turbine/generator units to produce electricity. An example of a

11



dry steam generation operation is at the Geysers Region in northern
California.
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Flash steam

Flash steam plants are the most common type of geothermal power
generation plants in operation today. They use water at temperatures
greater than 360°F (182°C) that is pumped under high pressure to the
generation equipment at the surface. Upon reaching the generation
equipment, the pressure is suddenly reduced, allowing some of the hot
water to convert or “flash” into steam. This steam is then used to
power the turbine/generator units to produce electricity. The remaining
hot water not flashed into steam, and the water condensed from the
steam, is generally pumped back into the reservoir. An example of an
area using the flash steam operation is the CalEnergy Navy | flash
geothermal power plant at the Coso geothermal field.
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Binary Cycle:

Binary cycle geothermal power generation plants differ from dry
steam and flash steam systems because the water or steam from the
geothermal reservoir never comes in contact with the turbine/generator
units. In the binary system, the water from the geothermal reservoir is
used to heat another “working fluid,” which is vaporized and used to
turn the turbine/generator units. The geothermal water and the
“working fluid” are each confined in separate circulating systems or
“closed loops” and never come in contact with each other. The
advantage of the binary cycle plant is that they can operate with lower
temperature waters (225°F to 360°F) by using working fluids that have
an even lower boiling point than water. They also produce no air
emissions. An example of an area using a binary cycle power
generation system is the Mammoth Pacific binary geothermal power
plants at the Casa Diablo geothermal field .
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Types of geothermal power plants

There are three basic types of geothermal power plants:
Dry steam plants use steam directly from a
geothermal reservoir to turn generator turbines. The
first geothermal power plant was built in 1904 in
Tuscany, ltaly, where natural steam erupted from the
earth.

. Flash steam plants take high-pressure hot water from
deep inside the earth and convert it to steam to drive
generator turbines. When the steam cools, it
condenses to water and is injected back into the
ground to be used again. Most geothermal power
plants are flash steam plants.

. Binary cycle power plants transfer the heat from
geothermal hot water to another liquid. The heat
causes the second liquid to turn to steam, which is
used to drive a generator turbine.
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What is Biomass Energy?

e Biomass energy is energy derived from
plants and animal waste which are, or
were recently, living material.

e  Through photosynthesis, light energy
from the sun is converted to chemical
energy which is stored in plants.

e Animals eat plants and store the
chemical energy.

e  This stored chemical energy in the
biomass can be converted into
electricity, fuel and heat.

e Evasive species like seaweed are used
as a source of bioenergy in recent
research.

e Bioenergy plant sources can be divided
into woody, cellulosic and oil rich
plants.

(C CENTRE FOR RENEWABLE AND SUSTAINABLE ENERGY STUDIES 2
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Types of Biomass Sources

Primary Source e Biomass is available almost everywhere in the world.

Crops
Wood fuel
e Secondary biomass energy sources are ‘waste’ materials
Sugar cane which can be used for energy production. These include
—  Plant residues: agricultural and forestry residues

Secondary Source —  Fish and animal waste: manure, fish heads and

e Biomass is divided into primary and secondary sources.

e Primary biomass energy sources are plant materials grown
for energy production, such as wood, crops, fruits, maize,

sugar cane, and sunflower seeds which get converted to
sunflower oil.

abattoir waste

Paper mill sludge —  Waste yeast from the beer-brewing industry
—  Paper mill sludge

— Sewage

Plant residue

@ CENTRE FOR RENEWABLE AND SUSTAINABLE ENERGY STUDIES



Types of Biomass Sources

Primary Source e Good primary biomass energy sources have a high yield of

Wood fuel
e This is because the gas emitted during the transfer into
Sugar cane useful energy is balanced by the CO, absorbed whilst the
plants were still growing.

e Unfortunately biomass is not easily stored and transport is

dry material and use minimal land.

e Crops should generate more energy than their production
consumes.

e Biological power sources are renewable and, if harvested
sustainably, CO, neutral.

Secondary Source

expensive.

Paper mill sludge

Plant residue

@ CENTRE FOR RENEWABLE AND SUSTAINABLE ENERGY STUDIES 4



Biomass Conversion Technologies and Products

Harvesting;

Pre-Processing

Transport to Bioenergy Plant

Combustion

Combustion is the process of burning of material to produce heat. The heat produced can be
used to produce steam to generate electricity.

Anaerobic digestion is a series of biological processes where microorganisms break down
biodegradable material in the absence of oxygen. The product is biogas (CO, and CH,) and
liquid fertilizer. Biogas can be burnt directly for cooking or to produce electricity.

Fermentation is the conversion of sugar into acids or alcohol with the help of bacteria or yeast.

Mechanical processing can be, for example, grinding seeds to extract the oils they contain to

produce biofuels.
ﬂ Heat

Anaerobic digestion

Fermentation

Mechanical processing

Bio-Energy Plant Processing

Electricity
> Biogas
Fertilizer
2 Bio-Ethanol Chemicals
> 0il Fuel
Bio-Energy Primary Products Bio-Energy Secondary Products

( CENTRE FOR RENEWABLE AND SUSTAINABLE ENERGY STUDIES >



Uses of Biomass: Combustion (Heating & Cooking)

Heat

Electricity

Wood can be burned for heating living spaces or to prepare food.

(@/ CENTRE FOR RENEWABLE AND SUSTAINABLE ENERGY STUDIES 6



Uses of Biomass: Combustion (Generating Electricity)

e When wood is burned, the chemical energy in biomass is released
Heat as heat and light energy.

e Biomass power plants work on a similar principle to natural gas or
Electricity coal power plants.

e The heat energy being released boils water to form steam, which
then turns a generator.

e |n combined heat and power systems, the surplus heat energy can
also be utilized, for example for heating water or nearby homes.

e These power plants are usually not as large as coal power stations
because their fuel supply has a lower energy content and is not as
abundant as coal.

Flue gas Senerator
cleaning

Chimney

Turbine

Hotwater
boiler
Storage for
biomass

o

District

heating
." retwork

Ash Source: corporate.vattenfall.com
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Uses of Biomass: Anaerobic Digestion (Biogas digester)

Y AT = ) f

10m3 Balloon-type digesters installed at Krwakrwa and
Melani villages in the Eastern Cape

h 6m?3 Fibreglass fixed-dome digesters installed at Melani,
Sompondo, Francis, and Krwakrwa villages

Anaerobic Digestion

/ Heat

Biogas
> Electricity

Fertilizer

Anaerobic digestion is the process where microorganisms break down
organic materials into sugars and then into various acids which are
further broken down to produce bio-gas. Biogas is a mixture of CO, and
CH,. CH, (Methane) is a combustible gas that can be used directly in
biogas stoves for cooking, or in gas engines to produce electricity.

A biogas digester consists of one or more airtight reservoirs into which a
suitable feedstock (cow dung, human waste, and abattoir waste or plant
material) is placed. The waste should have a high moisture content.

Small-scale digesters for household use are commonly made of concrete,
bricks, metal, fibreglass, or plastic.

Larger commercial biogas digesters are made mainly of bricks, mortar,
and steel.

An odourless phosphorus- and nitrogen-laden slurry is produced as waste
—an excellent fertilizer!

Depending on the temperature and moisture content, it takes about 6—
25 days to fully process a batch; simpler digesters may take longer.

( CENTRE FOR RENEWABLE AND SUSTAINABLE ENERGY STUDIES 8



Uses of Biomass: Anaerobic Digestion (Landfill power plant)

Heat

Fuel

Gas Header Intermediate/ E:féi/ Plt
Pipe Final Cover n b’

Gas Extraction i
Wells i
{ | €<—— Monitoring Probes

Source: wikimedia.org
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e Landfill power plants work on the

same principle as a bio-digester.

Decomposition is taking place in the
absence of oxygen, hence an
anaerobic process done by micro-
organisms.

A variety of gases are formed of
which the most are methane and
carbon dioxide.

Landfill gas utilization is a process
of gathering, processing, and
treating the methane gas emitted
from decomposing garbage to
produce electricity, heat, fuels, and
various chemical compounds



Small-scale Biomass Power Plants in South Africa

* The first bidding round of the Renewable Energy Independent Power

Producer Procurement Programme (REIPPPP) started in 2011. To date, The following details can be viewed on the website:

four bidding rounds have been completed.
* Name of the project

* The website: * Type of technology being built
www.eskom.co.za/Whatweredoing/Pages/RE IPP Procurement Progr ¢ Capacity of the power plant, and the
amme.aspx * Current status of the project

* contains a map which provides details of each REIPPPP project in
South Africa

Capacity
allocated (MW)

Landfill
Johannesburg
produces 18 MW

Number of Projects

Biomass Landfill
Window 1 - - -
Window 2 - - -
Window3 1 (16 MW) L 34
_____ (18 MW)
. Window 4 1 62
I Total 2 1 96 MW
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Uses of Biomass: Biofuels

Second Generation:
Sugarcane Bagasse

Biomass fuel, or biofuel, is a broad term to describe material of
biological origin that can be used as a source of energy.

Biomass can be converted into liquid biofuels.

First-, second- and third-generation biofuels can be used in these
processes.

First-generation biofuels are made from maize, sugar cane, sunflower
oil, soybeans, etc., which are traditionally seen as food crops.

Second-generation biofuels are produced from plant residue, for
example maize cobs, sugarcane and sweet sorghum bagasse. The food
products are harvested, as well as the residue but the yield in terms of
energy is lower.

Third-generation biofuels are cultivated from algae to produce biodiesel
from the oil.

There is controversy around first-generation biofuels regarding the
ethical question of whether food should be used for fuel.

Therefore the tendency is that more and more research is focused on
second-generation biofuels, where one will have the benefit of the food
as well as the usefulness of the residue.

With biofuels we need to ask the following questions:
1. Can we use food for fuel?
2. What is the effect of mono crops on nature?

( CENTRE FOR RENEWABLE AND SUSTAINABLE ENERGY STUDIES 11



Uses of Biomass: Biofuels

First Generation: Second Generation: Third Generation:
Food Plant and Animal Waste Algae

: e J’ -
".— b s ,_a-_n,‘w
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Sugar Cane
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Uses of Biomass: Mechanical Processing (Biodiesel)

Heat
. ) . Electricity
Mechanical Processing Bio-Oils
Chemicals ‘

Transport Fuels

Ty

o0

Mechanical - -
Processing

@ CENTRE FOR RENEWABLE AND SUSTAINABLE ENERGY STUDIES

Biomass fuel, or biofuel, is a broad
term to describe material of
biological origin that can be used as
a source of energy.

Biomass can be converted into
liquid biofuels through mechanical
processing and fermentation.

First-generation food crops like
sunflower seed oil, soybeans and
other crops can be converted into
biodiesel through mechanical
processing.

Oil from these fuels are often more
effective than wood, since they
represent a more concentrated
energy source.
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Uses of Biomass: Fermentation (Biofuel)

¢ First- and second-generation crops like
Heat maize, sugar cane and sweet sorghum
bagasse can be converted into fuel or

. Electricity gas through a fermentation process.
Fermentation Ethanol

Ghemicals e Through fermentation, maize and sugar
cane are converted into:

Fuel — 1. Ethanol —a liquid biomass fuel.

— 2. Methane —a gas.

. ¢ In Brazil, ethanol from sugar cane crops
Glucose rich

compounds
+
Yeast

is @ major contributor to fuel resources,
Carbon and is called gasohol.

Dioxide

¢ This reduces the amount of fossil fuels
needed to power cars.
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Third-generation biomass (algae) is used to produce
biofuels. The technology is still in the research phase.

Benefits

e Fast growing

e contains oil; contains no sulphur; non-toxic
e Algae fuel is also known as algal

e Not in competition with crops

e Can be grown with seawater in the desert and it won't
use agricultural space

Concerns

e Expensive to develop

e Cannot provide enough oil to satisfy the total
transport demand, although it can meet the aviation
demand which is smaller.

(C CENTRE FOR RENEWABLE AND SUSTAINABLE ENERGY STUDIES 15
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»Overview of biomass sources and related chemical
composition are presented.

»Biomass conversion technologies and final
products are reviewed and discussed.

»Economic and environmental analysis of biomass-
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»>Challenges for further expanssion of biomass-
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1. Introduction

The decades we are living are characterized by growth in wealth, but also
by higher levels of pollution and the consequent deterioration of public health,
mainly due to the increasing usage of fossil fuels for industrial and post-
industrial development. As a result, the global society has been striving to find
alternative routes for energy production. In line with that, major institutions of
several countries have tried to implement a shared regulatory framework to
promote renewable energies, thereby diversifying the sources of supply through
replacing conventional energy resources.

Considering various alternative energy sources, biomass has been an
indispensable part of energy debates within the policy context, strongly desired
by the European Union, which has been able to transform saving and
environmental protection provisions into strategic execution plans for
development.

In fact, biomass could plays a significant role as source of renewable energy
(Lauri et al., 2014), with huge potentials in the production of biofuels for
transportation, electricity, and heat (Lebaka, 2013). In industrialized countries,
the economic and political importance of bioenergy is recognized, as proved
by initiatives like “"Biomass Action Plan" and the "Multi-Year Plan", prepared
by the European Commission and the US Department of Energy, respectively
(Chum et al., 2011). The former document underlines the need of reducing
carbon dioxide (CO,) emissions, thereby complying with the commitments
signed at the Kyoto Protocol and, especially with respect to the countries not
involved in the ratification through increasing their awareness on the issue of
global warming; a crucial topic of global importance over the last few years.

963

The latter document is related to the agricultural and energy policies
undertaken by several countries. As part of the agricultural policies, the
promotion of bioenergy has increased, leading to a different and more
productive use of land and has significantly contributed to the creation of
economic opportunities in rural areas, including improvement of farmers'
income, containment of the countryside-city migrations, as well as
conservation of environment and rural culture.

In addition to these, the problem of climate change has brought countries
to higher levels of commitments and new bodies have been created by the
scientific community like the International Panel on Climate Change
(IPCC) in 1988, in order to limit the production of greenhouse gases
(GHGsS) released into the atmosphere (Chum et al., 2011; Kaltschmitt,
2013); mainly deriving from the consumption of fossil fuels. This debate
has been on going in parallel with the importance of renewable energies,
with a closer focus on biomass, as an instrumental element of energy
security and sustainable development. With the recent scientific discoveries
concerning biomass exploitation, promising techniques have been
developed capable of optimized production of electricity, heat, and liquid
biofuels from these inexpensive abundant natural materials.

It should be noted that biomass is a completely renewable energy
resource, because CO, released through its combustion and utilization
processes does not lead to an increase in atmospheric carbon dioxide as it
is of biogenic origin. In better words, plants use CO,, released into the
environment as a consequence of the degradation processes of the other
plants, for their growth and for their metabolic processes (Tkemaladze and
Makhashvili, 2016). Therefore, the exploitation of biomass only leads to a
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CO, stored in the biomass
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Biomass is harvested
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Fig. 1. Carbon cycle throughout the production and utilization of biomass.

faster transfer of CO, into the atmosphere that will be used again by plants to
produce biomass again (Fig. 1) (Kaltschmitt, 2013).

Every organic substance deriving directly or indirectly from the
photosynthesis process is considered biomass (Jacobsson and Johnson, 2000).
Due to the heterogeneity of the materials, the usage and the origin, the
definition of biomass varies. Nevertheless, more generally, biomass is a
combination of naturally derived materials, originating from plants such as
shrubs, trees, algae, crops as well as all the materials composed of organic
matrix except for plastics originating from petrochemical and fossil materials
(McKendry, 2002a).

The most important biomass sources (illustrated in Fig. 2) are agricultural
and forestry residues (wastes from the wood processing industry such as
shavings, sawdust, etc.), animal residues (livestock farms), sewage, algae, and
aquatic crops. Municipal solid waste (MSW) and the waste streams originating
from anthropogenic activities also fall in the biomass category; only if they are
not reusable in subsequent processing (Kaltschmitt, 2013).

Animal
\ Residues
Munlglpal Industrial
Solid 7 Residues
Waste .
|
[
Biomass
Sources
Forestry Agricultural
Residues Residues

v
(-
e

Fig. 2. The most important biomass sources.
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Our planet stores a huge amount of biomass available in different areas
ranging from forests to oceans. Several reports estimate that the world's
total biomass land and aquatic reserves are around 1.8 trillion tons and 4
billion tons, respectively. From an energy point of view, the total biomass
in the world has a potential production capacity of 33,000 EJ;
corresponding to more than 80 times the annual energy consumption in the
world (WBA, 2018). However, currently, biomass is partially exploited,
accounting for only 14% of the primary energy in the world, standing at
approximately 56 million TJ/yr (1,230 Mtoe/yr). Moreover, the use of this
resource does not show a homogenous distribution across the world. More
specifically, in some developing countries biomass generates up to 50% of
the total energy needs, through the combustion of wood, shrubs, as well as
wastes of plant and animal origins while on the other hand, in the developed
countries biomass energy production on average stands at approximately
11% of the total energy produced (Chum et al., 2011; WBA, 2018). For
instance, the United States meets about 3% of the country's energy
demands by using biomass, corresponding to around 3.2 million TJ/yr (70
Mtoe/yr). The Europe also obtains 3.5% of its energy from biomass (around
40 Mtoe/yr), while some countries like Finland, Sweden, and Austria are
well above the average, producing 18%, 17%, and 13% of their total energy
from biomass, respectively (Habert et al., 2010).

Overall, considering the huge potentials for the exploitation of biomass
as an energy source, some central and northern European countries have set
up large plants for heat and power cogeneration using biomass. France, for
example, with the largest agricultural lands among the European countries,
has implemented a comprehensive tax exemption policy on the production
of biodiesel and ethanol, in order to encourage their production. On the
other hand, Great Britain has a negligible production of biofuels owing to
economic considerations but is focused on the development of huge and
effective biogas recovery systems from landfills, both for heat and
electricity generation. Other countries like Sweden and Austria traditionally
rely on persistent use of firewood for heating and district heating purposes
with a tendency towards the coppice plantations (willow, poplar), having
higher yields compared with other resources (Habert et al., 2010).

2. Chemical characterization of biomass

The composition of biomass is largely diverse. For example, residues of
plant origin are mainly composed of cellulose, hemicellulose, and lignin
with varying percentages (Fig. 3 and Table 1), while cattle manure is rich
in proteins and cereals are mainly composed of starch. Different chemical
structures obviously result in different chemical properties (Yokoyama,
2008).

hemicellulose

cellulose

Fig. 3. Structure of lignocellulosic biomass.

2.1. Cellulose

Cellulose, a linear polymer, is a complex carbohydrate (or
polysaccharide) with a high molecular weight and a maximum of 10,000
monomeric units of D-glucose, linked by B-1,4-glycosidic bonds. Cellulose
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Table 1.
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Structure and chemical composition of cellulose, hemicellulose, and lignin in plant cell walls (Xu et al., 2005; Chen, 2014).

Compositional

Subunits Subunits bonds Composition Polymer

element

Cellulose D-Pyranglucose units B-1,4-Glycosidic bonds B-Glucan Several hundred to tens of thousands
D-Xylose, mannose, B-1,4-Glycosidic bonds in main chains; Polyxylose

Hemicellulose L-arabinose, galactose, B-1.2-, B-1.3-, B-1.6-glycosidic bonds in side Galactoglucomannan (Gal-Glu-Man) Less than 200
glucuronic acid chains Glucomannan (Glu-Man)
Guaiacylpropane (G), . . . G lignin,

Lignin syringylpropane (S), ;;iggﬁsbztnh:r bonds (mainly 3-O-4); carbon- GS lignin, 4,000
p-hydroxyphenylpropane (H) GSH lignin

molecular formula is (CsH1206)n (n indicates the degree of polymerization) and
its structural base is cellobiose (i.e., 4-0-B-D-glucopyranosyl-D-
glucopyranose) (Fig. 4).

Cellulose is the most abundant organic compound that can be found in nature
(e.g., 90% and 50% of cotton and wood structure are contributed by cellulose,
respectively) possessing a structural function in plant cell walls (Bonechi et al.,
2017).

- OH _
(@) HO
- HO B
HO @] O
OH 9)
OH ]

Fig. 4. The structural formula of cellulose.

The reactivity and morphology of cellulose chains are substantially
influenced by the intermolecular hydrogen bond between the hydroxyl group
on C-3 carbon and the oxygen of the nearby glycosidic ring. The formation of
these bonds makes the molecules more stable and rigid. In some cases, the
presence of many intermolecular bonds can generate an orderly crystalline
region due to the considerable proximity between the different monomers (Fig.
5) (Chen, 2014).
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Fig. 5. Inter and intra-molecular hydrogen bonding in cellulose.

Alternation of the crystalline and amorphous regions of cellulose could
affect the accessibility of its functional groups, which are involved in reactions.
In fact, the reactivity of cellulose depends on the reactive capacity of its primary
and the secondary hydroxyl groups, emerging from the glycosidic rings. In

particular, the primary hydroxyl groups have a higher reactivity than the
secondary ones due to lower steric impediment (Chen, 2017).

X-ray diffraction studies have shown that cellulose macromolecules in
their crystalline structure have a regular and orderly arrangement, leading
to a density of 1.588 g/cm®. Conversely, in the amorphous regions, there
are greater distances among the molecular chains because of the wide and
irregular disposition of the macromolecules and as a result, the density of
the cellulose in the amorphous regions is lower, i.e., 1.5 g/cm?®. Generally,
the percentage of crystalline structure in cellulose ranges between 30 to
80% (Chen, 2014; Bonechi et al., 2017).

The amorphous region of the cellulose is the most exposed part of the
molecule, and is first to be attacked by cellulase enzyme leading to the
hydrolysis of the molecule. When cellulose is completely hydrolyzed, D-
glucose (a monosaccharide) is produced, whereas through partial
hydrolysis, a disaccharide (cellobiose) and smaller polysaccharides are
formed (with n values ranging between 3 and 10) (Bonechi et al., 2017).
On the contrary, the crystalline part is hydrophobic in nature, i.e., does not
absorb water and therefore, it needs to be subjected to a set of treatments
called mercerization (from the name of the English dye and fabric chemist
John Mercer who conceived the process in 1844) in order to obtain a
hydrophilic cellulose.

Overall, in the last two centuries, due to its important properties and
applications, cellulose has become an important raw material for the pulp
and paper as well as chemical fiber industries. Furthermore, it currently
plays an important role in various fields related to environmental
protection, such as the application of cellulose water remediation to remove
dangerous pollutants such as hydrocarbons and heavy metals (Arias et al.,
2017; Tursi et al., 2018a and b; Tursi et al., 2019).

2.2. Hemicellulose

Hemicellulose is one of the major constituents of plant cell walls and
consists of heterogeneous branched polysaccharides. It is strongly linked to
the surface of cellulose microfibrils. The content and structure of
hemicellulose are different depending on the type of plant (Bala et al.,
2016). The various sugar units are arranged with different substituents and
in different proportions. Hemicellulose decomposes thermally between 180
°C and 350 °C, thereby producing non-condensable gas, coal, and a variety
of ketones, aldehydes, acids, and furans (Carpenter et al., 2014).

In nature, hemicellulose is amorphous and has adhesive properties, with
a high tendency to toughen when it is dehydrated. While cellulose is
composed by glucose units linked by B-1,4-glycosidic bonds, hemicellulose
almost entirely consists of sugars with five carbon atoms (xylose and
arabinose) (Fig. 6) and six carbon atoms (glucose, galactose, mannose, and
rhamnose) with an average molecular weight of <30,000 (McKendry,
2002a; Jindal and Jha, 2016; Bonechi et al., 2017). The different groups of
molecules making up hemicellulose include xylans, mannans, galactans,
and arabinogalactans.

2.2.1. Xylans

Xylans are polysaccharides possessing a structural function in plant cell
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Fig. 6. The structural formula of hemicellulose.

walls. The main chain of xylan is similar to that of cellulose, however, it is
composed of D-xylose (instead of D-glucose) as monomeric unit with traces of
L-arabinose (Bajpai, 2009). Xylans are characterized by a main backbone
formed by B-1.4 linkages between d-xylose units and related branches (Fig. 7)
(Madeira et al., 2017).

The nature of the ramification of the main chain is variable: branches
consisting of L-arabinofuranose linked to the 0-3 positions of D-xylose
residues and of D-glucuronic acid, acetyl esters or 4-O-methyl-D-glucuronic
acid linked to the 0-2 positions. Other groups could be linked to other
substituents such as ferulate groups (Schaechter, 2009). Their abundance and
composition within plant cells depend on the origin of the plant. A relationship
between the chemical structure of xylans and their botanical origins has already
been established (Bajpai, 2009; Chen, 2014).
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Fig. 7. The structural formula of xylans and derivates.

2.2.2. Mannans

Hemicellulose is mainly made up of mannans. The mannan compounds
include mannan, galactomannan, glucomannan, glucuronic acid mannan, etc.
(Fig. 8). Mannans are composed of mannose residues connected by B-(1->4)
bonds while the galactomannans consist of galactose units bound with a -
(1->6) bonds (Amidon et al., 2008). The main chain of glucomannan is
composed of glucose and mannose units (the hydroxyl group of mannose can
also be acetylated), linked by B-(1->4) bonds, with a ratio of 1: 3, and a
galactose residue as branched chain. The glucuronic acid, which is predominant
in the cell wall, is made up of mannose and glucoronic acid residues linked by
B-(1->4) and B-(1->2) bonds in the main chain, respectively (Chen, 2014).

2.2.3. Galactans and arabinogalactans

The backbone of galactans is composed of galactose residues connected by
B-(1->4) bonds while galactose residues, as side chain, are attached to the O-6.
Arabinogalactan is a polysaccharide, particularly abundant in larch bark (Larix
occidentalis). It has a skeleton consisting of galactan with lateral chains made
of glucose and arabinose. Galactose and arabinose coexist ina molar ratio of
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Fig. 8. The structural formula of mannans and derivates.

6:1. Furthermore, ferulic acid may be linked to some arabinose and
galactose residues (Amidon et al., 2008). The most common
arabinogalactan include galactose residues (which may also be terminal)
linked to O-3 or O-6 positions of the main chain and arabinofuranose
residues linked to O-3 or O-5 positions. On the other hand, other types of
arabinogalactan have galactose residues bound to O-4 or O-3 positions and
arabinofuranose residues linked by an O-5 bond (Chen, 2014).

2.3. Lignin

Lignin is also contained in plant cell walls, with the function of binding,
cementing, and putting the fibers together in order to enhance the
compactness and resistance of the plant structure. Lignin is also recognized
for its encrusting effect, as it covers the fibers. Therefore, in order to extract
cellulosic fibers from plant materials, lignin degradation is essential.

The lignin content varies according to plant species (25-30% up to
values around 50% for very hard woods such as ebony) and age; annual
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plants containing about 10-12%. Its elemental composition is approximately
61-65% carbon, 5-6% hydrogen, and the remaining is oxygen (Fromm et al.,
2003).

The term lignin denotes a complex amorphous aromatic polymer with a
three-dimensional network, composed of phenylpropane units linked together.
The monomeric units are held together by different ways: through oxygen
bridges between two propyl and phenyl groups, between a phenyl and a propyl
group, or through carbon-carbon bonds between the same groups. In particular,
this macromolecule is formed through the radical oxidative polymerization of
three hydroxycinnamyl alcohols representing the basic structural monomers: p-
phenyl monomer (type H), guaiacyl monomer (type G) and siringyl monomer
(type S), deriving from coumarinic, coniferyl and synapyl alcohol, respectively
(Fig. 9). These compounds differ from each other due to the different degrees
of methoxylation (Xu et al., 2005).

Furthermore, in the lignin structure, there are many polar groups and
hydroxyl groups allowing the establishment of strong intramolecular and
intermolecular hydrogen bonds. These in turn make lignin insoluble in any
solvents except alkaline solutions. Through condensation reactions, lignin is
split into soluble and insoluble lignin, with the latter forming a precipitate.

OMe p-Coumaryl alcohol
oH derivative

Fig. 9. The structural formula of lignin and its precursors.

The softening temperature of dry lignin ranges from 127 to 129 °C, however
as the molecular weight of lignin grows, the softening temperature increases as
well. Furthermore, the water contained inside the molecules acts as plasticizer,
leading the softening temperature to decrease with an increase in the water
content (Chen, 2014).

The modification of the cell wall by lignin infiltration is called lignification,
a phenomenon leading to high mechanical resistance to the structure. Other
than possessing greater mechanical resistance, lignified membranes become
less swollen than cellulosic membranes, because the dipole -OH- cellulose
groups are largely saturated by lignin. Overall, given the considerably high
global availability of lignin, i.e., around 300 billion tons, with an annual
increase of about 20 billion tons (Hodasova et al., 2015), development of
innovative technologies for lignin valorization is essential.

In the last decade, the pulp and paper industry alone has produced
approximately 50 million tons of extracted lignin (Wells and Ragauskas, 2016).
Nevertheless, only 1 million tons of lignin from this sector has been used for
the production of various value-added products, while the remaining has been
burnt as low value fuel; lignin has a greater calorific value compared to
lignocellulose biomass (Xie et al., 2016).

2.3.1. Lignin valorization: value-added products

Recently, scientific research has focused on improving lignin conversion
processes, in order to use it as raw material for the production of high value-
added products, rather than burning it, such as dispersants (for building sector,
enhanced oil recovery, production of printing ink, etc.), emulsifiers (as bitumen
additives), precursors (for the production of vanillin, benzene, toluene and
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xylene, etc.), and finally for the production of various types of bio-based
polymers, such as biocomposites, bioplastics, binders, additives, etc. (Rana
etal., 2018).

The efficiency of separating polymers, including lignin, from the cell
walls of lignocellulosic biomass is a crucial parameter, since it drives the
biomass conversion rate in the final product (Hodasova et al., 2015). Yields
and costs vary according to the type of biomass, the separation process, and
the treatment times. Different methods are used to separate lignin from
lignocellulosic biomass and are classified according to the applied process,
i.e., steam explosion, kraft, organosolv, soda, lignosulfonates, and pyrolytic
lignin (Wang et al., 2013). Alkaline and acidic procedures are the most
efficient methods for lignin extraction. Furthermore, the organosolv
process, which uses mixtures of alcohol and water at a temperature of about
200 °C, represents another very effective method for this purpose (\Welker
etal., 2015). The extracted or separated lignin can be used as an unchanged
macromolecule or it can be further modified, through processes of
depolymerization (or fragmentation), into simpler and more usable forms.
In some cases, after depolymerization, other methods such as reductive and
oxidative conversion, functionalization of hydroxyl groups, and
introduction of other functional groups are used for the production of
several high value-added bio-based products (Laurichesse and Averous,
2014; Welker et al., 2015; Abejon et al., 2018).

Nevertheless, depolymerization is the most challenging step in the
conversion of lignin into valuable products (Kosa and Ragauskas, 2012;
Xie et al., 2016). It can be performed by biological, chemical, and,
thermochemical treatments, as well as by using homogeneous and
heterogeneous catalysis, leading to the fractionation of aromatic
compounds into simpler structures at the end of treatment (Xie et al., 2016).

Chemical depolymerization/fragmentation occurs could be conducted
different processes: (1) pyrolysis, (2) hydrogenation, (3) hydrolysis, (4)
oxidation, and (5) gasification. The choice of process and the fragmentation
efficiency depend mainly on the type of lignin used (Pandey and Kim,
2011; Welker et al., 2015). Biological methods have also been considered
for the depolymerization of lignin through (1) enzymatic oxidation or (2)
microbial conversion with the use of microbes, bacteria, fungi, and termites
capable of decomposing biomass to perform their metabolic functions
(Sanchez, 2009; Welker et al., 2015).

In general, the value-added products derived from lignin, can be split
into three main groups: biofuels, macromolecules, and aromatics
(Smolarski, 2012), which could be used by different sectors as illustrated
in Table 2.

Table 2.
Lignin-derived value-added products (Hodasova et al., 2015; Rana et al., 2018).

(111) Emulsifiers

1V) Soda

Sector Products Type of lignin
(_I) Blo»o!l from pyrolysis and (1) Lignosulfonates
liquefaction () Kraft
Biofuels (1) Biodiesel via Fischer-Tropsch
(111) Organosolv
process (IV) Pyrolytic
(1) Syngas from gasification
(1) Lignosulfonates
(1) Phenolic/aromatics compounds (1) Kraft
Chemicals (1) Dispersants EIII) Organosolv
(

Materials/polymers

Environmental

Pharmaceuticals

(IV) Flocculants

(1) Biocomposites and bioplastics
(1) Carbon fibers

(1) Activated carbons

(IV) Adsorbents

(V) Binders

(VI) Additives for cement/paints

(1) Pesticides

(I1) Herbicides

(111) Water treatment agents
(IV) Soil and dust agents

(1) Antioxidants
(11) Cosmetics
(111) Prebiotics

V) Steam
explosion

1) Lignosulfonates
11) Kraft
111) Organosolv

(
(
(
(IV) Soda

(1) Kraft
(11) Organosolv

(1) High grade
(derived from Kraft
lignin)
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2.4, Starch

Starch represents the main reserve of carbohydrates in vegetable tubers and
seeds. It is found in the form of granules (of different morphological
appearances depending on plant species), each containing several million of
amylopectin molecules and a large number of amylose molecules.

In nature, starch can be found in two forms: approximately 25-27% as
amylose, which is soluble in hot water and approximately 73-75% as
amylopectin, which is water-insoluble. Amylopectin (without amylose) can be
isolated from "waxy" corn starch, while amylose (without amylopectin) is
isolated by hydrolysis of amylopectin with pullulanase (\Vorwerg et al., 2002).

The empirical formula of starch is (CéH100s)a, where n is a variable number
ranging from a hundred to a few thousand; indicating the residues of a-D-
glucose units (in the “C, conformation) that are linked together to create the
polymers (Edwards et al., 2003).

2.4.1. Amylose

Amylose molecules are single non-branched chains with 500-20,000 a-(1-
4) D-glucose units, adopting a helical structure (Fig. 10). Amylose occurs in
different forms of A, B, and V. The A and B forms both show stiff left-handed
helices with six glucose units per turn. The only characteristic that differentiates
the two forms from each other has to do with the different packing of the starch
helices. Single helical amylose has hydrogen boding betweem O-2 and O-6
atoms on the external surface of the helix with only the ring oxygen pointing
inward.

The V form of amylose is generated by co-crystallization processes with
compounds including iodine, alcohols, fatty acids and dimethyl sulfoxide
(Winger et al., 2009). The hydrogen bonds among aligned chains causes
retrogradation and release of the water (syneresis), allowing the aligned chains
to form a double-stranded hydrophobic structure resistant to amylases. This is
the reason why amylose gives resistance to starch.

HO
Q
L
7 Ho HO
OH
5 Q
HO "o
OH
o

HO
OH

Fig. 10. The structural formula of amylose.

2.4.2. Amylopectin

As the main component of starch, amylopectin is one of the largest
molecules found in nature. It is composed of linear chains of a-D-
glucopyranosyl units bound by (1->4) bonds, while the branching point is
connected by a- (1->6) bonds (Fig. 11) (Winger et al., 2009).

Amylopectin is composed of three different types of chains: a larger number
of “external” non-branched chains (called A-chains) than internal branched
chains (called B-chains). The third chain (called C-chains) is the only one
including a single reduction group. The average length of the A-chains is in the
range of 13-23 residues, while the B-chains have a higher average length of
about 23-25 residuals.
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Several studies demonstrate that depending on the sources, the relative
molecular weight of amylopectin, is between 107 and 108 daltons (Singh et
al., 2003; Waniska et al., 2016), in particular, Buléon et al. (1998) estimated
that the number of amylopectin chains in a single starch granule stands at
5.4x10".

The most important reaction that amylopectine can undergo is certainly
the hydrolysis, which occurs in the process of seed germination, involving
the dissolution of the o(1->4) bonds by the a- and B-amylase enzymes and
the consequent production of dextrins (small segments containing (1->6)
bonds). Dextrins will subsequently be cleaved by other enzymes known as
dextrinase completing the digestion of starch to glucose (Winger et al.,
2009).

OH
OH
S o
%o o o)
OH HO
OH
M oH
o
0
oH
HO Q
on © o 0
HO OH
HO OH o*rrﬂ

Fig. 11. The structural formula of amylopectine.

2.5. Minor organic components

Several studies have shown that different biomass substrates can contain
important quantities of minor organic components, which may influence
the treatment processes. These are listed below as follows (Vassilev et al.,
2012):

- 2-40% of lipids, 6-71% of proteins, and up to 6% of nucleic acid in algae
(Demibars, 2010).

- 2-4% of acetyls in some straws and flax (Tamaki, 2010).

- 1-4% of uronic acids in pine, eucalyptus, and sorghum grass.

- Up to 10% of proteins in pine, reeds, spruce, birch, and maize (Huber et
al., 2006; Tamaki and Mazza, 2010).

2.6. Inorganic matter

In general, biomass also contains inorganic substances (ash) in traces,
whose quantity varies according to the type of raw material (Alaswada et
al., 2015). Among these, the common elements are metals such as calcium,
sodium, potassium, magnesium, phosphorus, silicon, aluminum, and iron
(Werkelin et al., 2005).

In addition to various species of crystallized minerals, the inorganic
matter (on average around 7%, DW) also contains different amorphous
phases of natural origin. Normally, the most common solid residues that
exist in biomass are water-soluble residues such as chlorides, sulphates,
oxalates, nitrates, carbonates, and both organic and inorganic amorphous
materials.

During some pretreatment processes, biomass is dried at 105 °C and
further heated in furnaces at temperatures reaching 750 °C. Under such
circumstances, elements such as carbon, hydrogen, oxygen, nitrogen, and
sulfur evaporate as gaseous compounds due to their chemical
characteristics, while the ash residue remains, containing mineral elements
in their oxide forms (Chen, 2014).

2.7. Other elements in biomass

In lignocellulosic materials and in plants (except for carbon, hydrogen,
oxygen, and other basic elements), there are other minority components in
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small quantities, i.e., pigments, waxes, alkaloids, and terpenes.
2.8. Fluid matter

The fluid material is an aqueous solution contained in biomass. It contains
various cation and anion species. The moisture content of biomass is normally
in the range of 10-60% but in some types of raw biomass, it can even reach as
high as 80-90%. The fluid matter content depends on the starting composition
of biomass and observed percentage values can be related to high water content
in living cells. Fast-growing crops, for example, possess high water contents
and typical elements related to vegetal physiology, such as Na, Ca, K, Mg, N,
P, Cl, and S (Vassilev et al., 2012).

3. Biomass classification

Due to the substantial differences in term of variety and quantity of biomass,
and their different compositional characteristics, there is no univocal way of
classification of biomass, so they can be grouped differently, depending on
purpose and scope.

According to origin, function and final products, generally biomass is
classified in two ways:

I.  Categorization based on types of biomass existing in nature (according to
ecology or type of vegetation);
Il.  Categorization based on the use and application of biomass as feedstock.

The former is the most used classification splitting biomass into different
groups (Table 3):

. Wood and woody biomass

Il.  Herbaceous biomass

Il.  Aquatic biomass

IV.  Animal and human waste biomass
V. Biomass mixtures

Typical chemical composition of different biomass groups are tabulated in
Table 4.

3.1. Wood and woody biomass

The woody biomass includes different components, mainly consisting of
carbohydrates and lignin. Generally, this category consists of materials such as
trees and roots residues, bark and leaves of woody shrubs both above and below
ground, which can be converted into energy by direct combustion (or
gasification) or through numerous conversion processes (Vassilev et al., 2012).

Typically, the biomass used for the production of energy and fuel comes
from four primary sources:

1. Production residues;

II.  Residues of non-merchant timber;
I1l.  Post-consumption wood wastes;
IV.  Urban and agricultural wastes.

Table 4.
Typical chemical composition of different biomass groups (wt.%) (Vassilev et al., 2010).
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Table 3.
Biomass classification: groups, varieties, and species (Vassilev et al., 2012).

Biomass group Varieties and species

Coniferous or deciduous; Angiospermous or
gymnospermous; Stems, branches, foliage,
bark, chips, lumps, pellets, briquettes, sawdust,
sawmill and others from various wood species.

Wood and woody biomass

Grasses and flowers (alfalfa, arundo, bamboo,
bana, brassica, cane, cynara, miscanthus,
switchgrass, timothy, others); straws (barley,
bean, flax, corn, mint, oat, rape, rice, rye,
sesame, sunflower, wheat, others); other
residues (fruits, shells, husks, hulls, pits, pips,
grains, seeds, coir, stalks, cobs, kernels,
bagasse, food, fodder, pulps, cakes, etc.).

Herbaceous biomass

Marine or freshwater algae; macroalgae (blue,
green, blue-green, brown, red) or microalgae;
seaweed, kelp, lake weed, water hyacinth, etc.

Aquatic biomass

Animal and human waste biomass Bones, meat-bone meal; various manures, etc.

Woody biomass is currently the most important renewable energy source
in the world. In 2010, the global use of woody biomass led to an energy
production of approximately 30 EJ while 16 EJ was related to household
fuelwood and 14 EJ to industrial use of woody biomass (Lauri et al., 2014).

3.2. Herbaceous biomass

The European standard EN 14961-1, which classifies solid biofuels,
suggests the following definition for herbaceous biomass (Chum et al.,
2011):

“Herbaceous biomass is from plants that have a non-woody stem and
which die back at the end of the growing season. It includes grains or seeds
crops from food processing industry and their by-products such as cereal
straw”.

Generally, herbaceous biomass resources belong to one of the following
two main groups, i.e., agricultural residues and energy crops.

I.  Agricultural residues are by-products of food, fibers, or food
industries. Some of these by-products are collected for different end-
uses, such as animal feed. In any cases, these residues are not fully
monitored and their availability across different regions and their
potential applications as bioenergy are not fully clear.

Il.  Energy crops, on the other hand are exploited only in the bioenergy
sector.

Efficient exploitation of this biomass can lead to positive impacts at
regional level, by replacing fossil fuels and creating new jobs and revenues.

Biomass group C* (%) O (%) H (%) S (%) N (%) VM (%) FC (%) M (%) A (%)
Wood and woody biomass 49-57 32-45 5-10 <1-1 <1-1 30-80 6-25 5-63 1-8
Herbaceous biomass 42-58 34-49 3-9 <1-1 <1-3 41-77 9-35 4-48 1-19
Aquatic biomass 27-43 34-46 4-6 1-3 1-3 42-53 22-33 8-14 11-38
Animal and human waste biomass 57-61 21-25 7-8 1-2 6-12 43-62 12-13 39 23-34
Biomass mixtures 45-71 16-46 6-11 <1-2 1-6 41-79 1-15 3-38 3-43

* Abbreviations: Carbon (C), Oxygen (O), Hydrogen (H), Sulfur (S), Nitrogen (N), Volatile matter (VM), Fixed carbon (FC), moisture (M), and ash (A) content.
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3.3. Aquatic biomass

The term aquatic biomass includes macroalgae, microalgae, and emerging
plants (Di benedetto, 2011):

. Macroalgae are multicellular organisms that can quickly reach up to 60
m in length. They are mainly used for food production and hydrocolloids
extraction.

Il.  Microalgae are microscopic organisms, which can be subdivided into the
following subgroups: diatoms, green and golden algae. Diatoms are
unicellular and brown algae, generally only a few pum in size; they
represent one of the main components of aquatic microflora and one of
the largest source of biomass on earth. Green algae are particularly
abundant in freshwater resources. The main product obtained from these
algae is starch, although oils can also be produced. Golden algae are
similar to diatoms and produce oils and carbohydrates.

I1l.  Emerging plants grow partially submerged in marshes and swamps.

In nature, there are about 55,000 species and over 100,000 strains of
brackish water, freshwater, and terrestrial algae. The great advantage of using
these simple organisms is their ability to convert sunlight, water, and CO; into
a wide variety of metabolites and chemicals that end up in algal biomass
(Vassilev and Vassileva, 2016).

Currently, aquatic biomass is considered as an ideal raw material for the
production of third-generation biodiesel, as it is not in competition with food
crops, along with the advantage of producing considerably larger amounts of
biomass per hectare compared to land crops. However, there are still
considerable economic and technological challenges to be overcome before
such biofuels could be effectively commercialized. Moreover, it should be
noted that there are many parameters influencing the performance of aquatic
biomass such as levels of irradiation, CO, and O, concentrations, temperature,
pH, salinity, and nutrients (Strezov and Evans, 2014).

3.4. Animal and human waste biomass

The most common sources are bones, meat meal, various types of animal
manures, and human dung (Vassilev et al., 2012) (Table 3). In the past, these
wastes were recovered and sold as fertilizers or simply used on agricultural
land, but the introduction of more stringent environmental regulations on
pollution, health, and odor concerns, has led to proper waste management.
Anaerobic digestion is the most convenient method to convert this waste into
useful products. For instance, biogas, as a bioenergy product of the process,
could be used to generate electricity in turbines and internal combustion
engines or could be burned directly for cooking or to heat rooms and water
(Horan, 2018).

3.5. Biomass mixtures

In some cases, when several substrates belonging to different classes,
mentioned above, are in mixed form, they are classified in this category.

4. Energy from biomass

As mentioned earlier, biomass could be a source of renewable energy and
by replacing fossil fuels could substantially limit their environment impacts.
Biomass, through treatment and conversion processes, can be converted into
different types of energy carriers. The parameters that determine the choice of
the production process are diverse but the most important ones include the
renewable end-product required, the quality and quantity of biomass, and the
cost of the process (Dalena et al., 2017).

Biomass can be converted into two main types of energy carriers
(McKendry, 2002a):

I.  Electrical/heat energy;
Il.  Transportation fuels;

The following physicochemical characteristics of biomass play a crucial role
in directing the available feedstock into both or either of these domains:

- Moisture content (intrinsic and extrinsic);
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- Caloric value;

- Proportions of fixed carbon and volatile substances;
- Ash content;

- Alkali metal content;

- Cellulose/lignin ratio.

The first five properties largely influence the conversion processes of
dry biomass, while the first and the last one are essential for the conversion
processes of wet biomass (IVicKendry, 2002b).

With regard to lignocellulosic biomass, it should undergo pretreatment
processes in order to become suitable for conversion into transportation
fuels and value-added co-products (Agbor et al., 2011; Dalena et al., 2017).
In fact, pretreatment is aimed at simultaneously decreasing the crystallinity
index of cellulose and increasing its available surface area by removing the
layers of lignin and hemicellulose, leading to a more efficient cellulose
hydrolysis (Mosier et al., 2005; Garcia et al., 2011; Zhao et al., 2012).

Pretreatment methods used for lignocellulosic materials are classified
into mechanical, chemical, chemical/mechanical, and biological methods
(Table 5).

5. Conversion technologies

The processes involved in biomass conversion into energy are
commonly classified as follows (Table 6):

. Thermo-chemical conversions;
Il.  Biochemical conversions;
Il.  Physico-chemical conversions.

5.1. Thermo-chemical conversion of biomass

In thermo-chemical conversion processes, energy is produced by
applying heat and chemical processes. There are four thermo-chemical
conversion processes, i.e., combustion, pyrolysis, gasification, and
liquefaction.

5.1.1. Combustion

The combustion processes produce approximately 90% of the total
renewable energy obtained from biomass. Combustion plants can operate
on different types of biomass, i.e., wood, dry leaves, hard vegetable shells,
rice husk, dried animal dung, etc. (Lebaka, 2013).

In the combustion process, biomass and oxygen are combined in a high
temperature environment to form carbon dioxide, water vapour, and heat
(Egs. 1 and 2).

Biomass + Oxygen — Carbon Dioxide + Water + Heat Eq.1

The approximate chemical equation for biomass combustion is:

CHj.440066+ 1.03 O, — CO; + 0.72 H,O + Heat Eq. 2

The amount of generated heat depends on many factors but mainly on
the type of biomass used in the process, although the average thermal
energy produced is 20 MJ/kg of biomass (Nussbaumer, 2003).

As showed by the Equations 1 and 2, the combustion process is an
exothermic chemical reaction, i.e., the biomass is burnt in the presence of
air with the subsequent release of chemical energy that could be converted
into mechanical and electrical energy (Lebaka, 2013; Kaushika et al.,
2016).

Combustion process is carried out inside combustion chambers at the
temperatures ranging between 800 to 1000 °C. An essential requirement of
the dry biomass used is its moisture content, which should be less than 50%.
Typically, biomass combustion plants (which use wood and forest residues
as fuel) generate between 20 to 50 MWe, with related electrical efficiencies
of 25-30%. Further developments of these systems and the application of
fluidized bed systems and advanced gas cleaning have resulted in increased
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Table 5.

Main pretreatment methods used for lignocellulosic materials.
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Pretreatment category Type Short description

Milling Use of techniques and mechanical devices to reduce the biomass in size.
Mechanical

Ultrasonic Use of ultrasonic techniques and apparatus to break down biomass into smaller molecules.

L) ety Pretreatment performed with water at elevated temperatures in the range of 150-230 °C and high pressures for lignin, hemicellulose,

q and cellulose hydrolysis (Harmsen et al., 2010).
Weak acid Dilute acid is sprayed onto the raw material and the mixture is held at 160-220 °C for short periods to achieve lignin, hemicellulose,
and cellulose hydrolysis ( Chen et al., 2017).

Strong acid hydrolysis Storg;)g concentrated acids (such as H.SO4 and HCI) are used for lignin, hemicellulose, and cellulose hydrolysis (Sun and Cheng,

Chemical

Chemical/Mechanical

Biological

Alkaline hydrolysis
Organosolv
Oxidative

Room Temperature lonic
Liquids (RTIL)

Steam explosion

AFEX

CO.

Mechanical/alkaline
pretreatment

Biological hydrolysis

Calcium (or sodium) hydroxide and ammonia are used to reduce lignin content and remove some hemicellulose.
Organic solvent or organic solvent mixtures with water are used to remove lignin before cellulose enzymatic hydrolysis.
Oxidising agents such as H20,, ozone, oxygen or air, are used for the delignification of cellulose.

Inorganic anions and organic cations are used for the separation of lignin and to increase the accessibility of cellulose under
environmental conditions and without the use of acidic or alkaline solutions (Imai et al., 2004).

High pressure saturated steam is injected into a reactor filled with biomass and subsequently, with a sudden reduction in pressure,
the biomass undergoes an explosive decompression breaking lignin and degrading hemicellulose (Harmsen et al., 2010).

Liquid ammonia is used at high temperature and pressure in a reactor. Subsequently, a drastic reduction of the pressure is applied
leading to reduced lignin and hemicellulose contents while cellulose is de-crystallized (Teymouri et al., 2005; Harmsen et al., 2010).

High pressure CO: is injected into the batch reactor containing biomass. The pressure reduction generates an explosive
decompression improving the subsequent hydrolysis (Sun and Cheng, 2002).

The process consists of a continuous mechanical pretreatment of lignocellulosic biomass with the addition of an alkali. The result is
a soluble fraction of lignin, hemicellulose, and other compounds in addition to the insoluble part of cellulose (Harmsen et al., 2010).

In a reaction batch, microorganisms (such as white and brown fungi) are used to degrade hemicellulose and lignin (Harmsen et al.,

2010).

Table 6.

Main conversion technologies and their corresponding products (Mesa et al., 2010; Lebaka, 2013; Portha et al., 2017).

Process/Technology

Feedstock

Usable end product

Thermo-chemical conversion

Biochemical conversion

Physico-chemical conversion

Combustion

Pyrolysis

Gasification

Liquefaction

Anaerobic digestion

Fermentation

Esterification/Transesterification

(1) Agricultural residues
(11) Woody residues
(11) Animal wastes

(1) Agricultural residues
(1) Woody residues

(1) Agricultural residues
(1) Woody residues

(1) Agricultural residues
(1) Algal biomass

(1) Animal wastes
(1) Sewage sludge

(1) Agricultural residues
(1) Sugars
(111) Starch

(1) Vegetable oils
(11) Animal fats
(1) Waste oils

(1) Heat
(I1) Electricity

(1) Pyrolysis oil
(1) Producer gas
(111) Char

(1) Producer gas
(1) Liquid fuels
(111) Char

(1) Fertilizer/biofuel
(I1) Syngas

(1) Liquid fuels
(1) Liquid fuels
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electricity production from biomass, on a scale of 50-80 MWe, with electrical
efficiencies of up to 30-40% (McKendry, 2002b). A typical scheme of the
biomass combustion process is shown in Figure 12.
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Fig. 12. Biomass combustion scheme.

5.1.2. Pyrolysis

Pyrolysis is the conversion process of specific biomass into liquid (bio-oil),
solid (charcoal), and gaseous (combustible gas) products through partial
combustion at temperatures around 500 °C and in the absence of oxygen
(Lebaka, 2013). High temperatures allow the vaporization of the volatile
components of the biomass producing gases, whose vapours are condensed into
liquids by liquefaction. The liquid fuel resulting from this process can be stored
and subsequently used for various heating and electricity generation
applications. In addition to liquid fuels, the pyrolysis process also produces
other combustible products such as charcoal, gas, and many other value-added
chemicals (Kaushika et al., 2016).

The typical scheme of the biomass pyrolysis process is shown in Figure 13.
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Fig. 13. Biomass pyrolysis scheme.

As mentioned earlier, simple pyrolysis systems are performed at
temperatures below 600 °C, while in industrial plants, where temperatures
higher than 600-1000 °C are arched, the gas produced contains higher
quantities of hydrogen. Obviously, these processes require more sophisticated
systems and management as well (Di Blasi, 2008).

The pyrolysis process consists of four main steps taking place at different
temperatures following the order presented below (Portha et al., 2017):

a. Drying of the incoming biomass at temperatures ranging between 100-
120 °C;
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b. Distillation of the outlet gases, mainly N, CO, and CO,, acetic acid
and methanol at 275 °C;

c. Exothermic reactions occurring at temperatures between 280 °C and
350 °C, thereby removing complex mixtures of chemical substances
(i.e., ketones, aldehydes, phenols, esters), CO,, carbon monoxide
(CO), methane (CH,), C,Hg, and H, by breaking the weakest chemical
bonds;

d. Removal of all volatile compounds by evaporation at 350 °C, with
formation of higher proportions of H,, CO, and carbon; the last one
remains in the form of charcoal as residues.

Condensed liquids (tar, pyroleptic acid and derivatives) from the
pyrolysis process can be separated. The approximate yield of the products
from 100 kg of dry wood is: 30 kg of charcoal, 14 m® of gas (calorific value
of 10.4 MJ/m?®), 7.6 L of wood oil and light tar, 1.4 L of methyl alcohol, 3
kg of pitch, 5.3 L of acetic acid, 0.8 L of esters, etc. (Damartzis and
Zabaniotou, 2011).

There are different ways of carrying out the pyrolytic process affecting
the production of bio-oil, syngas and carbonaceous residues:

. Carbonization, the most ancient and known pyrolysis process,
occuring at temperatures between 300 and 500 °C (Kaltschmitt,
2013). From this process, only a solid fraction (vegetable coal) is
recovered.

Il.  Slow or conventional pyrolysis occurs at moderate temperatures
around 500 °C, through which approximately three fractions are
obtained in equal proportions. Slow pyrolysis requires longer reaction
and transformation times than fast pyrolysis due to low temperature
and heating values.

Il.  Fast pyrolysis takes place at medium-low temperatures (from 500 to
650 °C), in which the gasification reactions take place quickly and
with short contact times, so that the intermediate compounds are
reformed, bringing the production of the liquid fraction up to 70-80
wt.% of the incoming biomass. Generally, this type of pyrolysis
produces 60% of bio-oil, 20% of bio-coal, and 20% of gas.

IV. Flash pyrolysis is performed at temperatures higher than 650 °C with
contact times of less than one second and favours the production of
the gaseous fraction (efficiency reaching 80%).

Currently, the pyrolysis process is mainly used for the production of the
liquid fraction, i.e., the bio-oil, which can be used as fuel for energy
production through co-generators. The use of bio-oil has considerable
advantages including more competitive production cost compared to other
biofuels, a balance of neutral CO, emissions, and a high energy density if
refined well (Kaltschmitt, 2013).

5.1.3. Gasification

The gasification process converts solid carbon materials (solid biomass)
into a gas, called synthesis gas or syngas, mainly composed of CO,
hydrogen (H), and nitrogen (N). Syngas can be used as fuel to generate
electricity, or as a basis for a large number of products in the petrochemical
and refinery industries, such as methanol, ammonia, synthetic gasoline, etc.
(Rahimpour et al., 2012)

The first gasification technologies were developed in the early decades
of the twentieth century. There are different types of treatment and
processes, but they all share some common characteristics. Of course, the
dominant technology is the partial oxidation of the solid matrix at high
temperatures, which produces a syngas consisting of CO and H, in various
ratios, whose combination accounts for more than 85% of the total volume,
while the remaining gas includes CO, and CH,4 (Molino et al., 2016).

This treatment is a rather complex thermochemical process that can be
carried out in a closed air-tight chamber under air suction or low air pressure
relative to the atmospheric pressure. The gas produced by gasification is
subsequently 'cleaned', to remove impurities and recover trace elements at
once. This makes gasification a very interesting process thanks to the ability
to remove all the pollutants from the syngas, in particular with regard to the
materials with high contents of heteroatoms or impurities that cannot be
treated with other procedures. For instance, through this technology, sulfur
could generally be recovered in elementary form, while the purified gas
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could be used for chemicals production and/or electricity generation (Fig. 14).

The produced gas consists of several combustible and non-combustible
fractions; depending on both the type of biomass and the operational conditions
of the process. In general, the produced gas has a calorific value of between 4.5
and 6 MJ/m®, corresponding to 10 to 50% of the calorific value of natural gas
(Akia et al., 2014).
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Fig. 14. Biomass gasification scheme.

The biomass gasification process essentially involves four different
processes (Portha et al., 2017) (Fig. 14):

|.  Oxidation (exothermic stage)

The oxidation phase of biomass gasification is performed to reach the
necessary operating temperature to implement the endothermic processes.
Oxidation is carried out in the absence of oxygen (Molino et al., 2016).

The reactions occurring during the oxidation phase are as follows (Egs. 3,
4, and 5) (Kaltschmitt, 2013):

Combustion of coal C+0,—CO, AH = -394 kJ/mol Eq. 3
Partial oxidation C+%0,—CO  AH=-111 kJ/mol Eq. 4
Hydrogen combustion ~ H,+% 0, —» H,0 AH =-242 kJ/mol Eq.5

Therefore, the main purpose of this step is to obtain the thermal energy that
allows the entire process to be performed. The resulting combustion product is
a mix of CO, CO,, and water.

1. Drying (endothermic stage)

In the drying step, the moisture in the biomass is removed at over 100 °C by
converting it into steam followed by elevating the temperature to 150 °C to
complete the process. The heat input necessary for this phase is proportional to
the moisture content of the raw material and generally derives from the
previous oxidation phase (Molino et al., 2016).

I11. Pyrolysis (endothermic stage)

Pyrolysis is the anaerobic thermal decomposition of the carbonaceous
material deriving from the biomass, which generates a solid fraction
(represented by a fraction of high carbon content, called “char" and by inert
residues in the form of ash), a liquid fraction (called "tars" that consists of
complex and condensable organic substances at relatively low temperatures),
and a gaseous fraction (a mixture of incondensable gases such as H,, CO,, and
CO and light hydrocarbons at room temperature, called pyrolysis gas) (Roos,
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2010). In this step, the breakage of the chemical bonds of the molecules
(with higher molecular weights), leads to the formation of lighter
molecules. The pyrolysis stage is endothermic and takes place at
temperatures ranging between 250 and 700 °C (Eq. 6):

Biomass «» H, + CO + CO, + CH, + H,0 (g) + Tar + Char Eq. 6

In Equation 6, since biomass is already treated, the term biomass can be
replaced by the formula of cellulose C¢H100s, which is the main component
of the biomass contributing around 50-55% of the total weight of the matrix
(Molino et al., 2016). Regarding cellulose, pyrolysis reactions occur
between 600 and 700 °C.

Within this process step, on average 12.01 kg of carbon is completely
oxidized with 22.39 m® of oxygen supplied by the air to produce 22.26 m®
of CO and about 0.04 GJ of heat (Molino et al., 2016).

1V. Reduction (endothermic stage)

In the reduction phase (gas phase reactions), the mixture of gas and coal,
derived from the previous phases of pyrolysis and oxidation, are
transformed. The products of the previous phases react with each other,
leading to the formation of the final syngas. The main reactions occurring
in the reduction phase are shown in Equations 7, 8, 9, and 10) (Zhang et
al., 2013):

Boudouard reaction:

C+CO; « 2CO AH =172 kJ/mole Eq. 7
Character reform:
C+H,0 - CO+H, AH =131 kJ/mole Eq. 8

Water gas displacement reaction:

CO + H,0 « CO; + H, AH = -41 kJ / mole Eq.9
Methanation:
C+2H; < CH,4 AH =-75kJ/ mole Eg. 10

Equations 7 and 8 are endothermic and are favoured by increases in
temperature, while Equations 9 and 10 are exothermic and are positively
fostered by low temperatures; ultimately the global endothermic
contribution is greater than the exothermic one, making the contribution of
the reactions globally endothermic, so that the whole step requires energy.

The reduction temperature represents a fundamental parameter in
determining the composition and characteristics (such as tar pre-stress and
lower heating capacity) of the syngas and of the final solid residue. In fact,
the higher the temperature of the process is, the higher the degree of
oxidation of the coal will be; resulting in low levels of solid residues and
tar at the end of the process.

The gasification processes are carried out at temperatures ranging
between 800 and 1100 °C, while this range could be between 500 and 1600
°C, when the process requires the use of oxygen for the gasification phase
(Shen et al., 2012).

In conclusion, gasification technology can be a proper solution for the
production of energy from biomass, despite the high concentrations of
pollutants potentially generated by the process as by-products (i.e., tar,
ammonia, hydrogen sulphide, and hydrochloric acid).

5.1.4. Liquefaction

Liquefaction is a biomass conversion process conducted in water at
moderate temperatures ranging between 280 to 370 °C and high pressures
(10-25 MPa). A liquid biogranulate, similar to crude oil, as well as other
gaseous, aqueous, and solid by-products are also generated (Lopez Barreiro
etal., 2013).
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The obtained products has a high heating and a low oxygen content making
it a chemically stable fuel. The main purpose of liquefaction is to obtain high
H/C ratio oil. For this type of conversion, two processes, based on the raw
materials used, are distinguished: lignocellulosic biomass (dry raw material)
liquefaction and algal biomass (wet raw material) liquefaction. In both cases,
the raw material requires a preliminary treatment, which consists in the removal
of woody biomass contaminants along with obtaining a stable suspension,
thereby reducing the size of the particles (through alkaline treatments) for easy
pumping into reactors (Gollakota et al., 2018).

Principally, the most used process includes the use of lignocellulosic
biomass processed at a temperature of about 350 °C and a pressure of 150 bar
for about 15 min. Under these process conditions, a spontaneous phase
separation takes place, generating a gaseous phase of CO,, solid residues, bio-
crude, and a minor aqueous phase (Rowbotham et al., 2012). The obtained solid
phase material could be used directly as biofuel or fertilizer (Fig. 15). The
aqueous phase could be used inside the plant for processes requiring water or
in anaerobic digestion. The bio-crude produced, which has a low oxygen
content, requires further refining to be commercially exploited (Yu et al.,
2011).
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Fig. 15. Biomass liquefaction scheme.

Biofuel -Fertilizer

5.2. Biochemical conversion of biomass

Biochemical conversion processes allow the decomposition of biomass to
available carbohydrates, which could be converted into liquid fuels and biogas,
as well as different types of bio-products, using biological agents such as
bacteria, enzymes, etc. (Mahalaxmi and Williford, 2014). The most used
biochemical technologies include anaerobic digestion and fermentation
(Brethauer and Studer, 2015).

5.2.1. Anaerobic digestion

Anaerobic digestion is a multi-step biological process that is useful not only
for proper waste management but also for generating renewable energy
(Zamani, 2015). It consists of four basic stages, i.e., hydrolysis, acidogenesis,
acetogenesis, and methanogenesis. During the whole process, there are series
of chemical reactions occuring through natural metabolic pathways, enabled by
microorganisms in an oxygen-free environment. These reactions break down
the organic macromolecules into simpler molecules leading to the generation
of biogas (a mix of methane and carbon dioxide as well as traces of other gases)
and digestate. The feedstocks commonly used in this type of process, include
sewage sludge, agricultural residues, MSW, and animal manure (Sharma,
2015). A schematic presentation of anaerobic digestion process is shown in
Figure 16.
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Fig. 16. Biomass anaerobic digestion scheme.

The biogas produced possesses an energy content 20-40% lower than the
heating value of the raw material. The process is ideal for organic wastes
with a moisture content ranging between 80 to 90%. One of the advantages
of the process lies in the potential of the final biogas to be used directly in
ignition gas engines and gas turbines. The overall conversion efficiency of
this process is 21%. Residual heat from the engines and turbines can be
recovered through an exchanger (Yadvika et al., 2004).

The basic stages of the anaerobic digestion process are explained below
(Zamani, 2015):

I. Hydrolysis

Hydrolysis represents the initial phase of the process: biomass
(consisting of very large organic polymers such as fats, carbohydrates, and
proteins) is converted into smaller molecules such as fatty acids, simple
sugars, and amino acids, respectively (Horan, 2018). It should be noted that
most of the large molecules are further decomposed in the acidogenesis
stage. On the other hand, other by-products resulting from the hydrolysis
stage, including hydrogen and acetate, are used in the final stage of the
process, i.e., methanogenesis.

Il.  Acidogenesis

Acidogenesis is the second stage of anaerobic digestion, through which
acidogenic microorganisms (fermentative bacteria) further decompose the
products of the hydrolysis stage, producing NH;, CO,, Hy, H.S, alcohols,
lighter volatile fatty acids, carbonic acids, and alcohols. Acidogenesis
process only partially decomposes the biomass; therefore, for the final
production of methane, the acetogenesis process is required.

I1l. Acetogenesis

This step employs acetogenic microorganisms catabolising the products
created in the acidogenesis phase into acetic acid (CH;COOH), CO,, and
H,. Acetogens finalize the break down process of the biomass facilitating
the action of the methanogenic archaea to produce methane as biofuel.

IV. Methanogenesis

Methanogenesis is the final stage of anaerobic digestion during which,
as mentioned earlier, methane is generated from the main products of
acetogenesis (i.e., CH;COOH and CO,) through hydrogenotrophic
methanogenesis and/or acetoclastic methanogenesis as shown in Equations
11 and 12, respectively.
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Hydrogenotrophic methanogenesis ~ CO, + 4H, — CH, + 2H,0 Eq. 11

Acetoclastic methanogenesis CH3COOH — CHy4 + CO; Eqg. 12

5.2.2. Fermentation

The fermentation process of organic materials consists of a series of
biochemical reactions, converting simple sugars (hexoses and pentoses) into
ethanol and CO,, under anaerobic conditions by microorganisms mainly yeasts
(Eg. 13). The microorganisms commonly used to carry out the process are the
Saccharomyces Cerevisiae, while the feedstock used for this type of process
are categorized into three different classes: sugars, starch, and lignocellulosic
substrates. In detail, the theoretical yield of the process is 51.14 g of ethanol
and 48.86 g of CO,, from 100 g of hexoses or pentoses (Eqs. 14 and 15). In
addition to ethanol and CO,, glycerol and carboxylic acids are also produced
as by-products. The quality and yields of the process depend on various factors
such as feedstock, temperature, pH, inoculum, and fermentation time (Strezov
etal., 2014).

Sugars — Ethanol + CO, + by-products Eqg. 13
C5H1zoe (hexoses) —2 CszoH +2 COZ Eq 14
3 CsH100s (pentoses) — 5 C;HsOH + 5 CO, Eq. 15

The conversion of sugars into ethanol could take place through different
metabolic pathways depending on the starting substrate. More specifically, (a)
from hexoses such as glucose, through glycolysis or Embden-Meyerhof
pathway (EMP) (Taherzadeh and Karimi, 2008) and (b) from pentoses, through
a pentose phosphate pathway (PPP). The conversion reactions of the hexoses
are faster than those of the pentoses.

At the end of the conversion process, ethanol is distilled and dehydrated, in
order to obtain concentrated alcohol, while the solid residues can be used as
fuel in boilers for the production of gas or can be used as feed for livestock
(Mariod, 2016). A schematic presentation of biomass fermentation process is
shown in Figure 17.
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Fig. 17. Biomass fermentation scheme.

5.3. Physico-chemical conversion of biomass

The physico-chemical conversion processes of biomass leads to the
production of high-density biofuels (Fig. 18). More specifically, various types
of vegetable oil ad animal fats are converted into biodiesel through
esterification and/or transesterification processes. Major vegetable oils used to
produce first generation biodiesel include rapeseed oil and sunflower oil
accounting for 80-85% and 10-15% of the total biodiesel production
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worldwide, respectively (Fukuda et al., 2001). Waste oils including waste
cooking oil (WCO) and microbial oil including algal oil could also be used
to produce second and third generation biofiesel, respectively.

It should be noted that oils are mainly composed of triglycerides, which
do not represent a usable fuel. In fact, the transformation of the crude
vegetable oil is necessary as otherwise, problems such as incomplete
combustion and consequent accumulation of residues in engines are
expected. Therefore, the raw material must undergo further processing, i.e.,
mainly transesterification, to break apart the triglyceride molecules into
their constituents, i.e., fatty acids and glycerol. The latter is in fact the
source of high viscosity of vegetable oils.

Through the transesterification reaction, the triglycerides are converted
into methyl or ethyl esters (biodiesel) through the use of methyl or ethyl
alcohol (in excess), respectively, in the presence of mostly an alkaline
catalyst (i.e., NaOH or KOH) (Eq. 16):

Oil + Short chain alcohol — Biodiesel + glycerol Eqg. 16

The transesterification process of triglycerides occurs at low
temperatures (50-70 °C) and at atmospheric pressure. The obtained product
is neutralized and purified, especially for the presence of glycerol (Leung
etal., 2010).

The glycerol fraction is much denser than the biodiesel fraction, so it can
be separated from biodiesel using a phase separator. Once the glycerol and
biodiesel phases have been separated, the excess alcohol could be removed
by distillation or partial evaporation. Once separated from glycerol,
biodiesel is usually purified by water-washing (liquid-liquid extraction) in
order to remove residual catalysts and soaps. The product is finally dried
and stored.
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Fig. 18. Biomass physico-chemical conversion scheme.

Biodiesel is a renewable, biodegradable, and non-toxic fuel and its
physicochemical parameters are very close to those of diesel. Some unique
features, such as high oxygen content and high lubrication properties,
ensure efficient combustion of biodiesel in diesel engines.

Regarding the glycerol (or glycerine), rather than considering it as waste,
it could be valorized into various value-added compounds with applications
in various industries such food and pharmaceutical ones (Canakci and VVan
Gerpen, 1999).

6. Biomass vs. other renewable energies

According to the latest estimates provided by the International Energy
Agency (IEA, 2018), global energy consumption has grown by 37% over
the last 15 years, standing at 368 EJ in 2016 against 269 EJ in 2000.
Currently, renewable energy resources account for 66 EJ, accounting for
approximately 18% of the total global energy consumption out of which
72.3% is contributed by biomass (WBA, 2018) (Fig. 19).
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Biomass-derived energy production has increased from 42.8 EJ in 2000 to
56.5 EJ in 2016 (+32%), largely matching the increase in demand over the last
two decades (WBA, 2018) (Table 7). As shown, in 2016, biomass-derived
energy production is mainly contributed by solid biomass and liquid biofuel,
collectively contributing 93% of the whole value. Moreover, according to the
production trend across 2000-2016, liquid biofuel showed an outstanding
growth in utilization, accounting for 6% of the total bioenergy supply in 2016,
compared to 1% in 2000.

Table 7.
Bioenergy supply of biomass in 2000-2016 (WBA, 2018).

Bioenergy supply through biomass (EJ)

Year

Municipal solid  Industrial Solid A Liquid
Total q Biogas -
waste waste biomass biofuels
2000 42.8 0.74 0.47 40.9 0.28 0.42
2016 56.5 1.43 1.03 49.1 131 3.59

Taking into consideration the end-products derived from biomass, in all
cases, an enormous increase in global production has recorded over the last 15
years (Table 8), confirming a trend towards a renewable approach to
production and consumption. Specifically and as mentioned earlier, global
biofuels production has registered a growth trend from approximately 16
billion L in the year 2000 to 143 billion L in the year 2016 (of which 65% was
bioethanol, 25% was biodiesel, and 10% was other biofuels). In addition,
electricity, heat, and biogas have recorded outstanding growths in production
(WBA, 2018).

Furthermore, the renewable energy sector has recorded a growing trend in
recruitment with the latest estimates showing that employment by this sector
has risen from 2.4 million in 2012 to 3.1 million in 2017. This further highlights
the important role of the biomass sector in driving and boosting the world
economy (WBA, 2018).

6.1. Economic and environmental analysis of biomass-derived energy
production

Among the various resources and renewable technologies, biomass could
represent the most promising economic lever for developing countries,
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Table 8.
Global production of the main energy products derived from biomass in 2000 and 2016
(WBA, 2018).

End product Year Global production Unit
2000 164

Electricity Terawatt h (TWh)
2015 528
2000 414,081

Heat Terajoule (TJ)
2015 940,492
2000 15.9

Liquid biofuels Billion L
2017 143
2000 13.2

. m?
BICdz 2016 60.8

providing benefits to the level of employment and, at the same time,
environmental protection.

In order to provide an economic analysis of the different production
technologies generating the main products from biomass (i.e., electricity
and biofuels), an assessment of the production cost, conversion efficiency,
and size of the processing is presented. The parameters taken into
consideration include the levelized cost of energy (LCOE, USD/kWh) and
the cost of the final biofuel (USD/L), for the production of electrical energy
and biofuels, respectively. Table 9 shows the comparison between the most
commonly used technologies and the related evaluation parameters.

As presented, manufacturing cost and conversion efficiency of the
processes taken into consideration can vary significantly, based on the raw
material used and the type of conversion performed. In general, the cost of
electricity production is between 0.03 USD and 0.24 USD/kWh, while for
the biofuel, the production cost ranges between 0.13 and 0.99 USD/L.
Nevertheless, the prices of conventional electricity and fuels are still
competitive compared to their bio-based counterparts. Despite this, unlike
the use of fossil fuels, the environmental advantages are huge for several
reasons:

. Biomass is a renewable energy source and therefore, it will not
exhaust;

Il.  Biomass energy is generated mainly from constantly increasing
wastes disposed of by various sectors, which would otherwise be
released into the environment;

11l.  The use of biomass could significantly reduce the amount of GHG
emissions, contributing to the mitigation of environmental crises such
as climate change and global warming.

Regarding the last item, several studies have shown a clear decrease in
GHGs emissions, in specific cases even greater than 90% in response to the
replacement of fossil fuels with biomass-derived energy. Figure 20 shows
a comparison of CO, emissions (expressed as Mt CO,-eq/Mtoe) of
conventional energy sources and biomass-derived energy sources, with
their respective savings in GHGs emissions.

7. Concluding remarks and future prospects

Replacement of fossil energy carriers with biomass-derived energy
carriers could bring about positive impacts from multiple perspectives, i.e.,
economic, environmental, and health. Moreover, production of biomass-
derived energy could be achieved under any geographical conditions owing
the large availability of biomass all over the world while it could
simultaneously contribute to efficient management of various waste
streams. Technological innovations to increase productivity and reduce
costs are the main challenges to further expand the share of such renewable
energy carriers. Efforts should be directed toward the development of more
user-friendly cost-efficient technologies at various scales to attract more
investment in the field.

Creating further awareness towards the advantages of biomass
exploitation for renewable energy production is also necessary. It should be
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Table 9.

Economic evaluation of several biomass technologies for electricity and biofuels production (De Wit et al., 2010; Dutta et al., 2011; Chen et al., 2012; IRENA, 2012).
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Electricity
Technology Plant size (dry ton/yr) LCOE* (USD/kWh) Conversion efficiency (kWh/ton)
Gasification 175,000 0.06 - 0.24 30 - 40 %
Anaerobic digestion 770,000 0.06 - 0.19 25-40%
Combustion 350,000 0.03-0.22 25-35%
Pyrolysis 175,000 0.07 - 0.24 33-50%
Biofuels
. - Conversion efficiency
Technology Plant size (million L/yr) usD/L (L of ethanol or biodiesel/ton)
Enzymatic hydrolysis 231 0.37-0.66 29-33%
Thermochemical process 245 0.35-0.88 24-32%
Gasification 111143 0.46 —0.47 18-23%
Fast pyrolysis 134 - 220 0.13-0.16 20-33%
Fisher-Tropsch 45 - 360 0.35-0.94 14 %
Transesterification 30-284 0.68-0.99 97-99 %
4 [2] Agbor, V.B,, Cicek, N., Sparling, R., Berlin, A., Levin, D.B., 2011.
Biomass pretreatment:  fundamentals toward application.

5 Biotechnol. Adv. 29(6), 675-685.

3 [3] Akia, M., Yazdani, F., Motaee, E., Han, D., Arandiyan, H., 2014.

§3 A review on conversion of biomass to biofuel by nanocatalysts.
S 23 Biofuel Res. J. 1(1), 16-25.
c'-} 2 [4] Alaswada, A., Dassisti, M., Prescotta, T., Olabia, A.G., 2015.
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Fig. 20. Comparison of CO, emissions from conventional energy sources biomass-derived energy
sources along with their respective savings in GHGs emissions

highlighted that production of biomass-derived energy carriers, i.e., bio-
electricity and biofuels could be regarded as an efficient means of meeting
some of the main Sustainable Development Goals (SDGs) set by the United
Nations General Assembly in 2015 for the year 2030 in particular Affordable
and Clean Energy.
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