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APPENDIX A

TECHNICAL SUPPORT

This group of appendices presents technical information in support
of the main body of the handbook.






APPENDIX A-1

DEVELOPMENT OF THE POWER EQUATION

In Section 2.2, head was defined as the vertical change in water
elevation. In hydropower, head is a convenient way to indicate the
theoretical energy available from any given amount of water. Assume that
the given amount is equal to 1 pound, slightly more than 1 pint. If the
pound of water is at the top of the dam in Figure Al-1, the energy of that
pound of water is 20 foot-pounds, and is referred to as potential energy or
elevation head (assuming no friction loss).

Elevation + 20 ft

-

Pool-to-pool head = 20-ft
difference between upper

Upstream i .
elevation and lower elevation

pool behind
dam

Elevation + 00 ft

INEL 2 1277

Figure Al-1. Pool-to-poocl head.
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Thus, since

E=Wxh (Al-1)

where

m
i

energy in foot-pounds

=
1

amount of water expressed as weight in pounds

=
i

head in feet,

I

energy = 1 pound x 20 feet = 20 foot-pounds.

If the pound of water flows over the dam and into the stream below,
the energy available at the bottom of the dam is still 20 foot-pounds
(assuming no friction loss). The pound of water flowing over the dam
continues to increase in velocity until it reaches the stream below. This
increase in velocity is called kinetic energy, or velocity head.

Simitariy, if a pipe penetrated through the dam 20 feet below the upper
pool surface, a pound of water about to enter the pipe would have

20 foot-pounds of pressure head. The pressure is a result of the weight of
20 feet of water above the pipe (Figure Al-2).

It is important to remember that head is the theoretical energy
available from any given amount of water that changes elevation [Equation
(A1-1)]. Because of the effect of friction, the realized energy will
always be less than the theoretical energy.

Energy is defined in Equation (Al-1) as an amount of water multiplied
by the head. In the equation, the amount of water was expressed as a unit
of weight. However, the amount of water is usually expressed as a
volume~--for example, gallons or cubic feet--not weight. The standard unit
for volume in hydropower is the cubic foot.

Al-2



Elevation + 20 ft

1 Ib of water at the top of the dam has

Upstream
pool behind
dam

1 Ib of water at the
pipe entrance has

20 ft-Ib of ] 2

pressure head

Pool-to-pool head = 20-ft
difference between upper
elevation and lower elevation

O 1 Ib of water at the bottom of the
1 dam has 20 ft-Ib of velocity head.

INEL 2 1276

-2. Elevation, pressure, and velocity head.

Weight is the volume of an object times its specific weight (weight

Figure Al
density):
W=%xV
where
W = wei
¥ =

(A1-2)

ght in pounds

specific weight density of the object in pounds per

cubic foot (1b/ft3)
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v = volume of the object in ft3.

Solving Equation (Al-2) for specific weight:

< | F

Since 1 cubic foot of water contains 7.481 gallons (see Figure 2-2 in
Section 2 of the handbook) and weighs 62.4 pounds, the specific weight of
water (¥) can be expressed as 62.4 1b/ft3.

Equation (Al-2) for weight (W= ¥ x V) can be substituted into
Equation (Al-1) for energy (E = W x h) to yield

E=%xVxh (A1-3)
where

E = energy in foot-pounds (ft-1b)

¥ = specific weight of water, 62.4 1b/ft3

v = volume of water in ft3

h = head in feet.

If the volume of water over the dam in Figure Al-2 was 1 ft3 instead
of 1 pound, the energy available would be 1,248 foot-pounds. From
Equation (Al1-3):

E=62.0 041 ft

£e3

34 20 ft

62.4 x 1 x 20 = 1248 ft-1b

F¥l
it
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Work is the transfer of energy from one physical system to another. In
hydropower, work is the transfer of water energy to mechanical shaft energy
in a turbine. Since work is the transfer of energy, the units for work are
the same as energy (foot-pounds). Power is the time rate of doing work
(transferring energy). From Equation (A1-3), we know that energy equals
water specific weight times water volume times head (E=7%xV xh).

To calculate theoretical power, energy must be divided by the time in which

the work is performed:

Py = T (A1-4)
where

Pth = theoretical power in foot-pounds per second (ft-1b/sec)

1 = specific weight of water, 62.4 1b/ft3

Vv = volume in ft3

h = head in feet

t = time in seconds.

Equation (2-1) in Section 2 of the handbook defines flow as the amount
of water passing a point in a given time:

0=y (2-1)
Equation (Al-4) can be rewritten, using flow (Q =V = t):
P=¥%¥xQxh (A1-5)
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where

Pth = theoretical power in ft-1b/sec

¥ = specific weight of water, 62.4 1b/ft3
Q = flow in cubic feet per second (cfs)

h = head in feet.

Horsepower is the common expression for power. One horsepower is

defined as 550 foot-pounds per second. Equation (Al-5) can be rewritten to
calculate theoretical horsepower:

P = ¥ x Qxh

th =~ 550 (A1-6)
where
Pth = theoretical power in horsepower (hp)
1 = specific weight of water, 62.4 1b/ft3
Q = flow in cfs
h = head in feet
550 = constant conversion to hp.

Since the specific weight of water, ¥, is a constant, it can be
combined with the horsepower constant, 550, to yield a new constant in the
denominator of Equation (Al-5). Dividing 550 by 62.4 gives 8.81, and
Equation (Al1-5) can be written

=Qxh -
Peh = 8781 (A1-7)



where

Pth = theoretical power in hp

Q = flow in cfs

h = head in feet

8.81 = constant for hp divided by specific weight.

The theoretical power does not consider the energy losses inherent in
any system. The efficiency factor of any given system is the actual power
produced divided by the theoretical power available, expressed as a

percentage. Equation (2-3) in Section 2 of the handbook defined efficiency

as
e =5 x 100 (2-3)
th
where
e = efficiency expressed as a percentage (%)
P = actual power produced
Pth = theoretical power available
100 = conversion to %.

To calculate the actual horsepower produced for a given efficiency,

Equation (Al-7) becomes

p=Qxhxe (A1-8)

[0.¢)
Co
et
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where

p = power in hp

0] = flow in cfs

h = head in feet

8.81 = constant for horsepower divided by specific weight
e = efficiency expressed as a decimal.

Reconsider the example in Figure Al-2 in which a certain amount of
water is about to flow through the pipe in the dam. For this case, assume
that the volume is 1 cubic foot and that the time required to flow out of
the pipe is 1 second. Therefore, from Equation (2-1):

o =<

Q=<=1cfs

Head in Figure Al-2 is 20 feet. Assume that the pipe is connected to a
turbine and that the pipe, turbine, generator, and drive system losses
result in a 60% efficient system. Then, from Equation (A1-8):

_ 1 cfs x 20 ft x 0.60
8.81

'U
i

1.4 hp

Electrical power is usually expressed in kilowatts (kW) instead of
horsepower. Horsepower and kilowatt are both units of power:

1 kW=1.34hp



To convert Equation (Al-8) to one that yields power in kW, the constant in
the denominator should be changed by multiplying 8.81 by 1.34. The power
equation, with units in kW, then becomes

p=lxhxe (2-2)
where

P = power in kW

Q = flow in cfs

h = head in feet

e = efficiency

11.81 = constant of conversion and specific weight of water.

Equation (2-2) is the standard power equation that is discussed in
Subsection 2.5 of the handbook.

Al-9






APPENDIX A-2
ESTIMATING MINIMUM STREAM FLOW

This method is intended for Category 1 developers who have lived with
their stream for years and can accurately estimate the low-water mark on
the stream bed. The low-water mark is the average annual low-flow surface
location on the stream bed. If the mark can be estimated, the float method
for measuring flow can be used to estimate the low-flow value. The float
method is described in Subsection 3.3.3.1.3. You are advised to take a few

minutes to read that section before proceeding with this method.

Proceed with the following steps to estimate the area for low flow and
determine the low-flow value.

1. As mentioned in Section 3.3.3.1.3, drive a stake on each side of
the bank at the upper and lower crossings. The two crossings
should be at least 30 feet apart. At each crossing, stretch a
wire or a rope across the stream and level it with a carpenter's
line level (see Figure 3-17 in Section 3 of the handbook).

2. At the upper crossing, estimate the location of the low-flow mark
in the stream bed (Figure A2-1). Drive a stake in the stream at
that location, and measure the vertical distance from the wire or
rope to the stream bed. Cross the stream and measure from the
wire or rope until the same depth is found on that side of the
stream. Drive a second stake into the stream bed at that
Tocation (Figure A2-1). On a note pad, record the distance
measured from the wire or rope to the low-flow mark on the stream
bed at the upper crossing as my - Now, repeat the process for
the lower crossing, recording the distance measured as m, .

3. Determine the width of the estimated low-flow stream
(Figure A2-1) by measuring the distance between the low-flow
stakes at both crossings, and then divide the distance between

each pair of stakes into equal segments.

A2-1



(dp) is the measured distance
from wire or rope to stream
bed at each segment

Estimated width of

time of measurement rope ieveled
. \ dq do d dn

%
|
i
i

-T"
|
|
|
i
|
|
i

el B (DT |

- £

1 i
3

W AF

. . (m) is the measured distance
FstufT;atec_i V\gdtg %f- t from wire or rope to stream
ow TIow 18 divided into Low water bed at iow flow marker
equal segments (w) marker stakes

INEL 2 1363

Figure A2-1. Estimating minimum stream flow.

EXAMPLE: Assume that the width between one set of lTow-flow
marker stakes is measured at 67 3/8 inches. Divide this

distance into equal segments.

NOTE: If you use a calculator, fractions must be
entered as decimals. Convert a fraction to a decimal
by dividing the bottom number into the top. In this
case, since 3 + 8 = 0.375, round off to 0.38 and
enter 67.38 into the calculator.

To divide 67.38 inches into equal segments, first divide the
width by 12 to determine how many segments will be needed:
67.38 + 12 = 5.62 (rounded off). Use the whole number (in
this case 5) as the number of segments, and divide that into
the measured width: 67.38 + 5 = 13.48 inches (rounded

off). Thus, the width of the equal segments for the example
is 13.48 inches, and you would record that on your note pad

as W,.
1
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5.

Follow the above procedure for the both crossings, and record the
segment widths on your note pad, using Wy for the upper

crossing and w, for the lower crossing.
2

Now, measure off the equal segments on the wire or rope at each

crossing, marking the division between each segment with a string.

NOTE: If you are using a standard tape measure,
measure to the nearest 1/16 inch. In the example, for
0.48 inch, use 1/2.

At each segment marker, measure the depth of the water from the
wire or rope to the stream bottom, and record the measurements on

the note pad.

EXAMPLE:
Upper Crossing Lower Crossing
(inches) (inches)

dl = dl =

dz = d2 =

d3 = d3 =

d = d =

n n

where d is the depth in inches measured at each segment, and

n is the number of segments.

Refer back to the portion of Section 3.3.3.1.3 that describes how

to measure stream flow velocity with floats, and use that

A2-3



procedure to make several (at least six) measurements of drift
time from the upper crossing to the lower crossing. Record each
drift time on the note pad.

After recording the drift times, make sure that you have all the
field measurements, and then return to your home or office to use
the calculator.

You should have the following measurements recorded on the note
pad:

0 Depth from the wire or rope to the stream bed at the
Tow=flow marker stake

i

my (upper)
m, (Tower)

i

) Width of the individual low-flow segments

Wy (upper)
W, (Tower)

0 Measured depth at each segment marker from d1 through dn
for both crossings

0 At Teast six drift times.
With the aid of a calculator, add up the measured depths for both
the upper and Tower crossings. From Equation (3-4) in Subsection

3.3.3.1.3 of the handbook:

D=d, +d, +d, + d

1 2 3 I |

D = sum of the measured depths in inches

A2-4



o
t

individual depths measured at each segment

in inches

number of measurements.

=}
i

When you have performed the above calculation, you know the sum
of the measured depths at each crossing. Record the sum for the
upper crossing as D1 and the sum for the lower crossing as DZ'

Since the sum of the depths includes the distance measured from
the wire or rope to the bottom of the stream for each measurement
taken, the sum must be corrected so that it includes only the sum
of the depths for the low-flow area. Use Equation (A2-1) to

compute the corrected sum for each crossing.

DC =D - (mx n) (A2-1)

where

D = sum of the measured depths, corrected for
Tow flow, in inches (one number for the
upper crossing and one for the Tower

crossing)

D = uncorrected sum of the measured depths, as
determined in the previous step, in inches
(one number for the upper crossing and one

for the lower crossing)

m = measured distance from the wire or rope to
the stream bed at the low-flow stake (m1
for the upper crossing and m, for Tower

crossing)

n = in each crossing, the number of segments.

A2-5



9. Use Equation (3-5) from Subsection 3.3.3.1.3 of the handbook to
calculate the area for each crossing.

W X DC
where

A = area of the low-flow portion of the stream
at the particular crossing, in ft2

W = width of segments in inches (w1 for the
upper crossing and W, for the lower
crossing)

DC = sum of the depths, corrected for low
flow, in inches (D1 for the upper
crossing and D2 for the lower crossing)

144 = number of in2 in a ftz.

10. Now that you have determined the area of the low-flow portion of
the stream at each crossing, use Equation (3-6) from the handbook
to find the average area for the stream at low flow.

A=t (3-6)
where

A = average area of the two crossings in ft2

A1 = area of the upper crossing in ft2

AZ = area of the lower crossing in ftz.

A2-6



11. Now, use Equation (3-7) from the handbook to find the average

drift time.
T:t1+t2+t3+n...+tn (3-7)
where
T = average drift time in seconds
t = recorded time of each drift in seconds
n = number of drifts.

12. Since the surface of a stream flows faster than the bottom, a

correction factor must be applied to the average time.

0 If the stream is flowing above the annual average flow
level, use 0.6 as the correction factor for low flow.

o) If the stream is flowing near or somewhat below annual
average flow, use 0.7 as the correction factor for low flow.

) If the stream is measured during the Tow-flow season of the

year, use 0.8 as the correction factor.

Use Equation (3-8) from the handbook to correct the average drift

time.

T.=1 (3-8)

A2-7



where

—f
il

corrected time in seconds

_|
1

average time in seconds
o = correction factor.

13. Use Equation (3-9) from the handbook to compute the stream flow

velocity.
=L (3-9)
c
where
v = velocity in feet per second (fps)
L = distance between crossings in feet
Tc = corrected time in seconds.

14. Now, use Equation (3-3) from the handbook to compute flow.
Q=Axv (3-3)
where

Q = flow in cubic feet per second (cfs)
A = average area in ft2
v = velocity in fps.

An example of how to use this method is presented in the Run-of-the-
Stream example of Appendix B-1.
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APPENDIX A-3

RAINFALL RUNOFF CORRELATION®

Often it is necessary to assess the desirability of developing
microhydropower potential at sites where there are no flow measurements.
Measurements that are representative of the long time average at such sites
will be time consuming to record and more expensive than a microhydropower
developer can afford. The following methodology gives an approach for
making the necessary estimates with relatively 1ittle time and money. To
i1lustrate the methodology, calculations were made for the small watershed
of Hell Roaring Creek in Northern Idaho.

This method requires three basic items of information. A good map of
the area, a map showing normal annual precipitation, and records of flow at
a nearby stream gaging station that are representative of the pattern of
runoff of the small watershed for which flow information is desired.

Figure A3-1 gives a geographic representation of the situation. Here, the
potential hydropower site is near the mouth of Hell Roaring Creek. The
Hell Roaring Creek drainage basin is marked with crosshatching. The
Tocation of the stream gaging station (the Colburn station, No. 12392300,
on the Pack River) is shown on the map. The gage is maintained by the U.S.
Geological Survey. The boundary of the drainage basin upstream from the
proposed site is delineated by a heavy black line with short dashes.
Superimposed on the map are lines representing normal annual

precipitation. These lines are called isohyetal lines, and they represent
the amount of precipitation that falls in the shown area. The annual
precipitation line is estimated to have the constant value indicated by the
number shown at the break in the line. It is the inches of precipitation
that would fall on that portion of the basin on the average. Maps of this
type are available for most areas of the United States and can be obtained

a. Reference: Hawley, M. E. and McCuen, R. H., "Water Yield Estimation in
Western United States," Journal of Irrigation and Drainage Division,
Proceedings of American Society of Civil Engineers, Paper No. 16932, Vol.
108, No. IR1, March 1982.
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Figure A3-1. Hell Roaring Creek drainage basin and vicinity.
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from the offices of the state water resources department, the U.S.
Geological Survey, the U.S. Army Corps of Engineers, the U.S. Soil
Conservation Service, and the water resource research centers located at
state universities. In Idaho, a special set of such maps have been

prepared for the purpose of furthering hydropower studies.

The job of outlining the basin and watershed boundaries is very
important. This requires a map showing elevation contours that will permit
outlining the watershed in which the precipitation contributes to the
stream under consideration. The best available inaps will normally be U.S.
Geological Survey maps in as large a scale as is available. The preferred
maps should be the 7.5-minute quadrangle sheets of the U.S. Geological
Survey (USGS), where the scale is 1:24,000. Figure A3-2 is a facsimile of
the 7.5-minute USGS map of Hell Roaring Creek on which the basin boundaries

have been traced and the isohyetal lines superimposed.

.
1
:
E e R i e J . R s
1
'
|
'

Hydropowersné‘

U S
'

Original scale 1:24,000
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Figure A3-2. Map of Hell Roaring Creek drainage basin.
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The first step is getting the necessary maps. The second step is
choosing an appropriate stream gage for making estimates of runoff from
precipitation. The choice of the stream gage is also very important. A
discussion with local water resources people will help to ensure that the
gage selected is representative of the watershed to be studied. A word of
caution: a few drainages have unusual hydrologic conditions in which
underground flow does not conform to the surface flow pattern, and in that
case the method outlined here will give erroneous results. Also, where
irrigation is involved, this method will not work. The staff of the U.S.
Geological Survey or a state water resource department in the area are good
sources to identify such problems.

The third step is to estimate the average annual precipitation that
falls on the watershed contributing to the stream flow at the study site
(see Figure A3-2). This is done by calculating the amount of precipitation
that falls between two adjacent isohyetal Tines. The area between the
jsohyetal lines is measured and then multiplied by the average of the two
adjacent isohyetal lines bounding the measured area. The areas can be
determined by placing a uniform grid over the area and counting squares or
by using a mechanical device known as a planimeter, which measures areas
enclosed by boundary lines on a map or piece of paper. That was done for
the map in Figure A3-2, and Table A3~1 shows the results of the
measurements. This was done on a 7.5-minute USGS map. As an example, the
area between the 40-inch isochyetal line and the 45-inch isohyetal line on
the 7.5=minute map contained 27.49 square inches. That area, AZ’ has
been crosshatched to indicate the portion of the drainage basin involved in
this particular step in calculating the weighted average of precipitation
falling on the watershed.

The weighted average calculation for the whole watershed was made by
using the following formula:

p= (PpxAD +(PyxA)+(PyxPy)+. .. (P xA) (A3-1)
A+ AZ + A3 + L. An

1

A3-4



where

3 = average annual precipitation falling on the basin in inches

P1 = average precipitation value between first two isohyetal

lines in inches

A = the planimetered area on the map between the first two

isohyetal Tines in square inches

P = average precipitation value between last two isohyetal

lines in inches

A = the planimetered area on the map between the last two

jsohyetal lines in square inches.

TABLE A3-1. VALUES OF PLANIMETERED AREAS FROM NORMAL ANNUAL PRECIPITATION
MAP OF HELL ROARING CREEK DRAINAGE

ea TR e e ey Planincteres
on Va!ues Isohye@a1 Lines T
Map (in.) (in.) (in%)
Al 40 40 2.43
A2 40 to 45 42.5 27.49
A3 45 to 50 47.5 13.47
Ad 50 50 19.76
AS 50 to 55 47.5 14.15
A6 45 45 1.04
TOTAL 78.34
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The actual values used for the example on the map of Hell Roaring
Creek are shown below:

40(2.43) + 42.5(27.49) + 47.5(13.47) + 50(19.76) + 47.5(14.15) + 45(1.04)
2.3 +27.49 + 13.47 + 19.76 + 14.15 + 1.04

ol

97.2 + 1168.3 + 639.8 + 672.1 + 46.8
78.34

= 46.1 inches

The watershed area on the map, AM, as planimetered was found to be
78.34 square inches. This represents 313,360,000 square feet or 11.24
square miles on the surface of the earth. This was found by recognizing
that a map scale of 1:24,000 means that 1 square inch on the map represents
24,000 x 24,000 square inches, or 4,000,000 square feet. The calculation
below shows how the actual surface area was obtained.

2
a2 X M (A3-2)
T ¢

where

AT = total drainage area in square miles

AM = planimetered area on the map, in square inches

MS = map scale

C = conversion constant for appropriate units:

(122 in2/£¢2) x (52802 £tZ/mil).
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_78.34 x 24,000
T = 144 x 27,878,000

T
1l

T 11.24 square miles

The next step is to convert the average annual precisitation into an
average annual flow from the basin. This requires determining a
coefficient, K. The runoff coefficient is the ratio of the total average
annual runoff Trom the basin to the total average annual precipitation
falling on the basin when both are expressed in the same units. This
coefficient has been compiled for most gaging stations. Contact should be
made with the nearest U.S. Geclogical Survey office to obtain such a
value. The U.S. Soil Conservation Service frequentiy will have made
estimates of the runoff coefficients for particular areas. In Idaho, a
hydrologic map project has developed average annual runoff coefficients for
reaches of streams throughout the state. The coefficient for the Coliburn
gage of the Pack River in Idaho was found to be 0.76. If the runoff
coefficient is not known, a weighted average precipitation calcuiation

would have to be done for the drainage area above the stream gage. The
same procedure would be used as previously explained. Since the actua?l
runoff is known, K can be calcuated; K = actual runoff measured at gaging
station + (weighted average precipitation falling on the basin x the

total area of the basin). It is important that the units of both
measurements be the same. The units of the flow at the gage will normaily
be in cubic feet per second {(cfs). One inch of precipitation over one
square mile produces a flow of 0.07367 cfs over one year. The Pack River
drainage basin above the Colburn gage covers 124 square miles, has an area
weighted precipitation input of 46.31 inches and produces 321.53 cfs over

one year,

Therefore

K = % (A3-3)
Px Ar x C
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where

K = annual runoff coefficient

Qp = actual runoff measured at gaging station (Colburn gage on
the Pack River), in cfs

3 = average precipitation falling on the basin, in inches
AT = total drainage area, in square miles
C = conversion constant for appropriate units:

0.07367 cfs/in-mi’

_ 321.53
46.31 x 124 x 0.07367

K=20.76

For the Hell Roaring Creek example, it was noted that the drainage
area was steeper and the upper portions of the drainage supported less
Juxuriant vegetation than was characteristic of the entire drainage of the
Pack River above the Colburn stream gage. As a consequence, the value of
the annual runoff coefficient was increased by 0.02 to K = 0.78. This is
an educated judgment step and should be done very carefully. It would be
good to confer with a local hydrologic engineer or watershed hydrologist to
confirm such action.

The calculation for the average annual flow of Hell Roaring Creek is
then made as follows:

Q, =KxCxAxP (A3-4)
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where

Qh = average annual discharge for flow, cfs
K = runoff coefficient
C = conversion constant for appropriate units: 0.07367
. .2
cfs/in-mi
A = drainage area, in square miles
P = average precipitation falling on the basin in inches.
Therefore

0.78 x 0.07367 x 11.24 x 46.1

O
o0
hl

= 29.8 cfs

o)
=
1

The next step is to plot a duration curve for the stream at the study
site. A duration curve is a graphical plot of the flow versus the percent
of time that a particular flow can be expected to be exceeded. The percent
of time is called the exceedance (see Figure A3-3). A duration curve is
necessary to calculate the potential power which can be generated at a
site. As in the determination of the runoff coefficient, K, the measured
flows at the Colburn gage on the Pack River were used to generate best
estimate flow data for the Hell Roaring Creek site. The gaged flow values
can be obtained from the district office of the U.S. Geological Survey.
The flow values, Q, and the various exceedance percentages for the Colburn
gage are listed in Table A3-2 and plotted in Figure A3-3. The data in
Columns 1, 2, and 3 are based on flow records for the years 1969-1979.2

a. The computational data for the flow duration values for the Pack River
gaging station at Colburn are submitted as Table A3-3.
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The next step in estimating a flow duration curve for the ungaged site
is to develop the duration curve for the gaged site. This is done by
dividing all the Q values by Qp, the average flow for the gaged site.

For the Colburn gage on the Pack River, Qp = 321.53 cfs, and Q can take

on any value between 0 and 5000 cfs. To simplify the plotting, Q is given
all the upper flow interval values, Qi shown in Column 1 of Table A3-2.

The resulting dimensionless Qi/Qp values are shown in Column 4 of

Table A3-2, and are plotted against the applicable exceedance percentage in
Figure A3-4.

The final step in calculating a duration curve for the stream location
in question, in this case the mouth of Hell Roaring Creek, is to proportion
the curves according to the known and calculated average annual flows, ﬁp
and Qh. This can be done because of the assumption that the runoff
patterns for the two watersheds are analogous. The upper flow interval
values for Hell Roaring Creek, Qh’ therefore, are proportionate to the
upper flow interval values for the Pack River at the Colburn gage by the
factor of Qh/ﬁp.

Gy = O x (Q/Q) (A3-5)
where
Qh = upper flow interval values at the mouth of Hell Roaring
Creek
Qi = upper flow interval values at the Colburn Gage on the
Pack River '
Gh = average annual flow of Hell Roaring Creek
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PR IS N N

I e

I i

——

0

20 40 60 80 100
Exceedance percentage — percent of time Qilﬁp is met or exceeded

INEL 2 1367

Figure A3-4. Fiow duration curve for Qi/ﬁp.
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Gp = average annual flow of the Pack River

Q, = Q; x (29.8/321.53)

Qh = Qi x 0.0927

The calculated Qh values are shown in Column 5 of Table A3-2. Thus,
Qh at 45.9% exceedance = Qi x (0.0927) = 100 x (0.0927) = 9.27 cfs.
Figure A3-5 shows the estimated flow duration curve at the proposed
microhydropower site at the mouth of Hell Roaring Creek.
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Figure A3-5. Flow duration curve for the proposed microhydropower site
at the mouth of Hell Roaring Creek.
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APPENDIX A-4

STREAM FLOW PROJECTIONS WHERE A GAGE CORRELATION DOES NOT EXIST

In Section 3.3.3.2, a procedure was presented for correlating stream
flows to stream gage records. When stream flow records do not exist in
your area, you will have to correlate your stream flows to rainfall gage

records. There are several sources for rainfall data; among them are:

0 Local radio and television stations (if they don't have records,
they should be able to tell you where to find them)

0 Airport weather services
0 Local Weather Bureau offices
) U.S. Department of Commerce

National Climatic Center

NOAA Environmental Data Service
Federal Building

Asheville, North Carolina 28801

4] Local U.S. Department of Agriculture Soil Conservation offices

0 U.S. Geological Survey offices.

A4-1. Category 1 Developers

Category 1 developers are interested in estimating the lowest
streamflow value of the year. If you are unfamiliar with the stream, ask
the area residents and local water users (irrigators, cities, etc.) when
the lowest flows of the year occur. During the low-flow period, make
several stream flow measurements using one of the methods described in
Section 3.3.3.1. The lowest flow measured will be used to correlate to
available rainfall records. Select the rain gage that is closest to your

site. The rain gage must be operational during the year you are measuring
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the stream flow. The correlation factor you use depends on the source of
water for the stream. If your stream is fed mainly by snow melt, you will
correlate to the average annual precipitation. If your stream is fed
mainly by rainstorm runoff, you will correlate to the average monthly
precipitation. Equations (A4-1) and (A4-2) give the correlation factors
for the annual and monthly averages.

Bl

C = ﬁz— (Ad4-1)
AA

or

. ;n__ (A4-2)
AM

where
C = correlation factor
Py = total precipitation for the year of your measurement
PAA = average annual precipitation
Pm = total precipitation for the month of your measurement
PAM = average monthly precipitation for the month of your measurement
The adjusted stream flow is given by Equation (A4-3).

0 - O | (Ad-3)

(‘)l
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where

Q = adjusted flow
o = correlation factor [Equation (A4-1) or Equation (A4-2)]
Qm = measured flow

This flow would then be used for estimating the power potential for your

site.

A4-2. Category 2 Developers

Category 2 developers are interested in estimating the average fiow for

each month of the year. During each month of the year, make several stream

174

flow measurements and find the monthly average of your measurements. Using
Equation (A4-3), adjust your monthly averages. Be sure you use the correct
correlation factor in Equation (A4-3). Use Equation (A4-1) if your stream i3
fed mostly by snow melt, or Equation (A4-2) if your stream is fed mostly by
rainstorm runoff. Record the correct monthly averages and proceed with

Subsection 3.3.3.3.
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APPENDIX A-5
ECONOMIC ANALYSIS

The economic viability of microhydropower depends primarily on capital
costs plus a number of factors. To assist in the preparation of an
economic analysis, a simplified cash flow will be presented. Once the
step-by-step procedure for the cash flow analysis has been detailed, there
are several other methods to assist in the overall economic analysis. These
include a benefit-cost ratio, simple payback, and sensitivity analysis.
Another dimension to the economic analysis is the evaluation of alternative
sources of energy. Figure A5-1 is a block flow diagram of the economic

analysis procedure.

Because this appendix was designed as a step-by-step procedure for
evaluating economic alternatives, each item in the preparation of the cash
flow analysis will be fully explained. The following sections discuss
capital cost estimation, revenue estimation, operating cost estimation,
depreciation, calculation of mortgage payments, taxes, preparation of the
cash flow analysis, benefit-cost analysis, simple payback, and sensitivity

analysis. Last, a comparison with alternative energy sources is presented.

A-5.1 Capital Cost Estimation

Estimates of capital cost were prepared in Section 4. For purposes of
discussion, the project costs include the intake structure, penstock,
powerhouse, generator, turbine, control equipment, bypass structure,
tailrace, and distribution system. These project costs are also the direct
costs. Indirect costs include contingencies, engineering costs, and
financing costs. The sum of the indirect costs and the direct costs is
called the capital cost. For purpose of an economic evaluation, a
contingency figure of 15% of the direct cost should be included. The
financing cost is the amount of interest required during construction,
which will be capitalized on completion. "Capitalized on completion" means
that the interest during construction is added to the capital cost and
financed. Generally, a construction loan allows for a draw-down according

to a work schedule, which means that a one-year construction phase would
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accrue annual interest at about half the interest rate. For estimation
purposes, a construction loan of 18% drawn down linearly over one year
results in an actual interest charge of approximately 9%. Table A5-1 can

serve as a worksheet for a capital cost estimate.

TABLE A5-1. CAPITAL COST ESTIMATE

Intake structure

Penstock

Powerhouse

Generator

Turbine

Electrical equipment

Control Equipment

Bypass structure

Tailrace

Switchyard

TOTAL PROJECT COSTS

Contingency @ 15% of project cost

Engineering costs

Financing costs @ 50% of interest rate

TOTAL CAPITAL COSTS
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A-5.2 Revenue Estimation

Preparation of a simple cash flow analysis requires an estimation of
revenues, which directly relate to the capacity of the system and the
contracted price for energy. For ease of estimation, a calculation of 65%
of the average electrical rate should represent an approximate revenue on a
mills-per-kwh basis. NOTE: 1 mill = $0.001. Table A5-2 gives the average
rate for electricity in different areas of the U.S. The 65% factor is used
because the utilities normally pay less than the average electrical rate

for microhydropower.

Calculations in Section 3 detailed how to figure the average annual
energy. That figure multiplied by the mills-per-kWh results in a net
revenue. For example, a 100 kW-plant results in 438,000 kwh of production
using a 50% plant factor.

hours _
100 kW x 8,760 year x 0.5 = 438,000 kWh/year

TABLE A5-2. AVERAGE RATE FOR ELECTRICITY IN DIFFERENT AREA OF THE U.S.

Region gmi§?§?kwh}
New England (CT, ME, MA, NH, RI, VT) 74.25
Middle Atlantic (NJ, NY, PA) 63.48
East North Central (IL, IN, MI, OH, WI) 47 .62
West North Central (IA, KS, MN, MO, NE, ND, SD) 36.19
South Atlantic (DE, DC, FL, GA, MD, NC, SC, VA, WV) 40.58
East South Central (AL, KY, MS, TN) 46.09
West South Central (AR, LA, OK, TX) 44 .62
Mountain (AZ, CO, ID, MT, NV, NM, UT, WY) 33.87
Pacific (CA, OR, WA) 52.15
Noncontiguous (AK, HI) 62.15
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If your plant is located in the New England region, the cost of
electricity (from Table A5-2) is 74.25 mills, and your approximate revenue
per year can be figured as follows:

438,000 x 0.65 x 74.25 x $ 0.001 = $21,138.96

Until contacts are made with a utility district, the revenue is only an

approximate figure.

A-5.3 Operating Cost Estimation

Once the project is operational, there will be several annual costs

which are called operating costs. These include operation and maintenance

costs (08M), general expense, insurance, and property taxes. O0&M costs are
those costs associated with running the facility. These costs may include
cleanout of the tailrace, replacement of parts on the equipment, or general
overhaul maintenance. For purposes of estimation, a figure of 1% of the
project costs can be used for 0&M costs. General expenses include any
costs associated with administrative details of the project, e.g., legal
expenses or accounting expenses. Insurance is the amount required to
insure the facility. Property tax is the amount of increase in property
taxes directly attributable to the improvement of the hydropower site. For
estimation purposes, add the project costs to the current tax assessment

and perform the following calculation:

£ = t, x b (A5-1)
where

t1 = new property tax

PC = property assessment + project costs

PE = property assessment (found on an assessment statement from

previous year)
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t = old property tax.

For convenience, Table A5-3 can be used to prepare operating costs.

TABLE A5-3. OPERATING COSTS

0&M (1% of capital costs)

General expense

Insurance

Property Tax

TOTAL OPERATING COSTS

A-5.4 Depreciation

Depreciation is an operating expense and must be included as an
operational cost. However, because it is a noncash expense, it should be
itemized separately. There are four basic methods of depreciating the
hydropower site. These are straight-line, sum-of-the years' digits,
double-declining balance, and accelerated cost recovery. Straight-line
depreciation is the simplest method and will be used to approximate the
cash flow. If you are interested in understanding how to calculate
depreciation using one of the other methods, you should obtain a book on
accounting from your local library or contact the local Internal Revenue
Service for information. For the straight-line method, subtract the
salvage value from the depreciable costs and divide by the number of years
the project is considered viable to obtain a uniform annual depreciation
figure.

_PC - SV
Y

D (A5-2)
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where

D = annual depreciation

PC = project depreciable costs

SV = salvage value at end of project Tife
y = years project is viable.

NOTE: Subtract SV from PC before dividing by y.

A-5.5 Calculation of Mortgage Payments (Principal and Interest)

Calculation of a repayment schedule for the amount of debt financed is
an important aspect of generating a cash flow statement. The capital
requirements were established in Section 4 for cost estimating. Generally,
a bank will require 20% equity in the form of cash or services and will
finance 80% of the capital cost. First, determine the total capital
requirements and multiply by 80%. Next, estimate the annual interest rate
currently applicable. As a general rule, banks will finance at the prime
rate plus 4%. Then determine the length of time the mortgage or loan will
be in effect. Use Table A5-4 for the interest factor for the divisor.

Finally, use the following expression to determine the yearly payment:

p = % (A5-3)
where

P = annual payment

B = amount borrowed

I = interest factor, from Table A5-4.

A5-7



6Ll ¢ gahG ¢ €OLL"h 96981 126¢°¢G 8826°¢ £662°9 1£€29°9 n69t L 9¢€16°8Q (074
060L°¢ 98¢G "¢ L1960 H GEHg T h 291¢€°¢ GL18°G 28619 H066°9 869¢° L 6h9¢E "8 61
6£01°¢ h62G "¢ 66L0°1 2z18°n A RARE 8218°G 082L°9 794" 9 IXXITAN] 1028 gl
L160°¢ 1116°¢ L6601 9hllh €z222°¢ i8hl°g 2lh0°9 621£°9 961 L "L 91208 Ll
2880°¢ 9206°¢ £€E0°h 962 h heol"g 6899°6G 2hne6°6 169279 0h.6°9 L€28° 1 9L
H9.0°¢ he|n e €100 66194 9L60°G GGlG"G hihg'q 2zhL 9 60L8°9 L909" L GlL
6090°¢ 18an°¢ 9196°¢ 90194 L3800 G Gl9h° G ahel g L200°9 2829°9 199¢° 1 fil
howo "¢ gien'g h2l6°¢ 12¢6°h G606t €2he g 1£86°¢ heng 6 qe2h 9 heoLtL i
£€10°¢ 298¢ "¢ H168°¢ 26en 286L 1 Li6L°6 90eh"§ £099°¢ th6L 9 LE18°9 FA N
91162 LGee"¢ LGLL"¢ L12€°h 09694 9820°6 1€€2°4 lgah'g L1€6°6G LG6h "9 1L
h0o¢6°2 6892°¢ 6189°¢ G261l h Lh6h h 2€E8°H 881L0°6 1912°6G 2069°6G InhL "9 oL
18982 2h8L¢ GGG "¢ 0LE0 Y 0£0¢ " h 69094 91114 hoh6 4 282¢°6G 066L°6 6
098.°2 86/0°¢ 2ien e 2lL€8°¢ 9110°% 9¢he " h cl8h 68£9° 1 9/96h 6hEE G 8
Gl119°2 01¢6°2 A T AR 9H09 "¢ GLL8"¢ 98¢0 7091 " h €882 8€9G¢ 1898 "4 L
ghes-e h6GL 2 q020°¢ ggee ¢ 9/6h°¢ 1789°¢ ah8.L ¢ 1888°¢ hilL f £GGE " h 9
2ahe"e 0262 nwehlte 90662 2lzL ¢ chiz ¢ 2268 ¢ LeEh ¢ 8709 °¢ 806L°¢ <
1660°2 oLhe 2 ¢how 2 18862 L0692 286L°¢ 06682 l€16°2 £€1€0°¢ 6691°¢ f
€99/.°1L 7898 1L £186°1L 69012 ShiL 2 66tz 2 2¢g82°2 9L2¢°2 gL0h'2 69842 £
GLEE L 9L6€ 1L 89GH " L 8126°1L 9696 1L 26091t 162971 19191 LO69" L GGeL L Z
9161°0 €18.°0 €908 0 £€€8°0 GIh8 0 1298°0 9698°0 2L18°0 6268°0 L6060 L
%2E %8¢ »he %02 %8l %91 %G1 AT et 701 ENIEEIN

40 Jaguni

NOILVINOTIVO INIWAVA 3OVIHOW ¥014 HOLOV4 1SIHIING  H-GV Igvl

A5-~8



Once the annual payment is calculated, a table can be formulated which
delineates principal and interest over the 1ife of the loan. To structure
this table, use the following equation on a repetitive basis, with B
changing as the balance decreases. The (B x i) is the amount of interest

paid each year, while S equals the amount of principal:

S=P - (B x-i) (A5-4)
where

S = principal repaid

P = annual payment

B = balance owing in previous Year

i = annual interest rate (in decimal form),

NOTE: Multiply B times i before subtracting from P.

For convenience, a 5-year example has been prepared where the amount
borrowed is $10,000 at 18% annual interest. From Table A5-4, the interest
factor for 5 years at 18% is 3.1272. From Equation (A5-3), the annual
payment is $3,197.75.

_ 10,000 _

P = 31777 $3,197.75

Year Payment Interest Principal Balance
0 $ -0- $ -0- $ -0- $10,000.00
1 3,197.75 1,800.00 1,397.75 8,602.25
2 3,197.75 1,548.41 1,649.34 6,952.91
3 3,197.75 1,251.52 1,946.23 5,006.68
4 3,197.75 901.20 2,296.55 2,710.13
5 3,197.75 487 .62 2,710.13 -0-
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A-5.6 Taxes

Tax is the amount of state and federal tax that must be paid due to
operating the hydropower plant. Tax considerations are very complex, and
while the simplistic approach taken in the next few paragraphs is intended
to aid in estimating taxes, it should not be considered an all-inclusive
document on tax law. Professional tax counsel may be required. The
project may be eligible for a regular investment tax credit of 10% and an
energy tax credit of 11%. The investment tax credit is generally figured
on "qualified" property, which is limited to specific equipment for
production of revenue. Rulings by the IRS indicate that a hydroelectric
plant structure housing a turbine and a generator qualify as "real
property" and are eligible for the investment tax credit. Also qualifying
for the tax credit are the costs of a reservoir, access roadways, dam
structure, and preparation of site. (Rev. Rul. 72-223, 1972-1 C.B. 17.
Rev. Rul. 72-96, 1972-1 C.B. 67.)

In addition, hydroelectric generating property is eligible for the 11%
energy credit. This applies to all equipment used in generation (except
transmission equipment), structures for turbines and generators, penstocks

and costs of strengthening the impoundment.

Tax credits reduce the tax 1iability on a dollar-for-dollar basis.
The investment tax credit can be used up to a limit of $25,000 in any one
year. If taxes payable exceed this amount, the regular investment tax
credit can be used to offset up to 90% (1982) of the tax liability in
excess of $25,000. The energy tax credit can be used to reduce the
remaining tax liability to zero. In no case would the tax credit be
refundable. If a developer's tax credits exceed the tax liability in any
year, they can be carried back three years and carried forward fifteen
years.

To estimate the tax 1iability, use the incremental percentage with
which Tast year's taxes were figured. Estimate the state tax liability in
the same manner. For example, if the previous year's federal taxes were
figured at a base figure plus 33% of the amount in excess of the base
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figure, the 33% becomes the incremental percentage to be used in
calculating the tax effect. The same method should be used for state taxes
and the two incremental percentages added together for total estimated
taxes.

A-5.7 Preparation of the Cash Flow Analysis

The next step in preparation of the cash flow analysis is to use all

the information previously gathered and prepare a table.

CASH FLOW ANALYSIS

After
Net Tax

Capital Cost Prof- Cash

Year Revenues Expenses Depreciation Principal Interest it Taxes Flow
(1) (2) (3) (4) (5) (6) (7) (8)

1
2
3
4
5

The table can be itemized as follows: Item (1), revenues, is the
amount of revenue estimated. Item (2), expenses, includes all the
operating costs except depreciation. Item (3) is the depreciation figure.
Item (4) is the amount of principal repaid yearly on the long-term debt.
Item (5) is the amount of yearly interest paid on the long-term debt.

Item (6) is the net profit, which is derived by starting with revenues (1)
and subtracting expenses (2), depreciation (3), and interest (5). Item (7)
is the tax estimation figure based on net profit (6). Item (8) is the net
after tax cash flow which is derived by taking the net profit (6) and
subtracting principal (4) and taxes (7) and adding back depreciation (3).
The cash flow analysis is helpful to formulate a benefit-cost ratio or to
see how many dollars the project actually nets the developer.
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A-5.8 Beriefit-Cost Anaiysis

Once the after-tax cash flow has been developed, the benefit-cost
analysis is very straightforward. The first part of the analysis is to
multiply each year's net after-tax cash flow by a present value interest
factor. Table A5-5 provides the present-value interest factors. Selection
of the interest rate factor can only be estimated during the early stages
of the project. However, a good estimate would be the prime interest rate
plus 4%. The sum of the present value of net after-tax cash flows equals

the benefit. The cost is the capital cost.

For an example, a 5-year net after-tax cash flow will be presented
with the present-value interest factors. After these are calculated, they

are added together to yield the present value of the revenues.

Present-Value

After-tax Interest Factor Present Value

Year Net Cash Flow at 16% of Benefits
1 200 0.8621 172
2 300 0.7432 223
3 350 0.6407 224
4 400 0.5523 221
5 450 0.4761 214
TOTAL 1,054

The next step is to divide by the costs, which will yield a
benefit-cost (B-C) ratio. If the installed project cost is $1,000, the B-C
ratio is 1.05. Any project with a B-C ratio greater than 1 should be
considered as viable. When the B-C ratio is close to 1, the project has an

internal rate of return equal to the present-value interest factor used.
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A-5.9 Simple and Discounted Payback

The simple payback is the number of years required to return the
capital cost with the net after-tax cash flow. In the previous example,
the simple payback is 3.4 years. If the net after-tax cash flows were
uniform, one would divide that number into the capital cost for a simple
payback. For example, if the project generated $300 per year in net
after-tax cash flows, the payback would be 3.3 years.

The discounted payback operates on the same principle as the simple
payback but uses the present value of the benefits as the net after-tax
cash flow. In the example cited above, the discounted payback is 4.7 years.

A=5.10 Sensitivity Analysis

A sensitivity analysis is the process of varying one or more of the
parameters to determine what effect a change of a particular variabie will
have on the whole economic analysis. The sensitivity analysis considers
the following questions:

0 What if revenues increase or decrease by 10%?

0 What if capital costs escalate above the 15% contingency?

0 What if interest rates decrease or increase by 2 percentage
points?

0 What if operating costs are evaluated at 3% of capital cost
instead of 1%?

The procedure for performing the sensitivity analysis is to think
about what is most likely to affect the project's economics and vary that
parameter first. Then recalculate all of the annual cash flows and
reevaluate the B-C ratio. Generally, the capital cost will be the most
sensitive item because it drives the benefit-cost ratio. From the previous

example, a 10% increase in capital costs ($1100) results in a 0.96 B-C
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ratio (1054 + 1100 = 0.96). Because hydropower is capital intensive and
because net revenues are discounted, a decision based only on the B-C ratio
may be wrong.

A-5.11 Alternative Energy Sources

Repeating the cash flow analysis with the cost of an alternative, more
expensive source of energy generally results in hydropower having a more
favorable analysis. For example, a farmer has a need for 30 kW of peak
power and an annual energy production of 111,000 kWh. In analyzing his
options other than microhydropower, he has found that he can generate the
required electricity with an oil-powered generator or buy the electricity
from a utility. Currently (1982), using an oil-powered generator costs
$5.29 per million Btu, which equates to a cost of $0.018 per kWh. A
million Btu's equals 293 kWh. If oil escalates at 10% per year for
15 years, the oil generation fuel bill wouid be $22.10 per million Btu or
$0.075 per kWh. Electricity supplied by a utility company currently costs
$0.03 per kWh. This cost escalated at 10% per year for 15 years would be
$0.125 per kWh. The cost of installing the 30 kW microhydropower unit
amortized over the 15-year period is $3000 (using an approximate capital
cost of $1500 per megawatt). Operating costs at 1% of capital costs are
$450 in the first year of the project. Escalating operating costs at 10%
for 15 years results in a cost of $1880, or $0.017 per kilowatt-hour.
Inclusion of the capital costs results in a cost of $0.04 per
kilowatt-hour. Clearly, the most reasonable choice is the microhydropower
unit.
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APPENDIX A-6
ELECTRICAL THEORY
Section 4.8 of the handbook contains a brief description of how to
size the generator, the wiring, and the overcurrent device. This appendix
is a more detaled overview of:

1. Basic electrical terms as they apply to generator theory

2. The basic generator concept, as well as synchronous and induction

generator theory of operation

3. Standard voltage connections and how they are obtained from a

standard 12-wire generator

4. Generator nameplates

5. The parameters of insulation and enclosures as they apply to
standard generators

6. Development of simple electrical equations to show how they apply

to microhydropower development projects.

A-6.1 Electrical Terminology

Volt (E)--The common measure of electrical pressure.

Effective Voltage--Also called RMS voltage (root-mean-square

voltage), effective voltage is 0.707 of the maximum value of the voltage
wave as shown in Figure A6-1. Effective voltage is the voltage measured by
the usual ac voltmeter. The symbol for voltage is E. The abbreviation for
voltage is "V", as in 120 V = 120 volts.

Ampere (I)--The unit rate of flow of electric current. It is the
value indicated by a common ac ammeter. The symbol for current is I.: The

abbreviation for current is "A", as in 30 A = 30 amps.
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Figure A6-1. Single-phase ac voltage wave, one cycle.

Resistance (R)--The measure of hindrance or impedance to current

flow. Resistance is measured in ohms. The symbol for resistance is R, and

the abbreviation is omega--Q.

Ohms Law--The fundamental Ohm's Law shows the relationship between
current, resistance, and voltage.

E=1xR (A6-1)

where

m
1}

voltage in volts

I = current in amperes

=
it

resistance in ohms.

Cycle--One cycle is the rotation of a single phase wave of
electricity from zero to positive maximum, back through zero to negative
maximum, and back to zero--or 360 degrees, as shown in Figure A6-1. The
cycle for perfect alternating current is a sine wave with no ripples or
distortions.

Frequency (f)--The number of cycles per second, given the name Hertz

(Hz).

A6-2



AC Voltage--AC voltage alternates in a regular cycle. Figure A6-1

shows a single phase wave of ac voltage.

AC Current=--AC current alsc alternates in a regular cycle. A single
phase wave of ac current is similar to that shown for ac voltage in
Figure A6-1.

Phase--If the electrical power is provided in what amounts to three
circuits which reach corresponding values at 120-degree intervals, the
system is three phase (Figure A6-2). Three-phase power is used because it
provides smoother operation for running large electrical loads, and is an
economical method of transmitting power, since it can tramsit more power

than a single-phase system.

+ One Cycle

180° 270° 360°

INEL 2 3201

Figure A6-2. Three-phase ac voltage wave, one cycle.

Inductance (L)--A device with iron in the magnetic circuit has what

amounts to magnetic inertia. This inertia is resistant to any change in
current. Since the voltage value, and therefore the current value, is
always changing in alternating current, the inertia characteristic of
opposing any change in current causes the current change to lag behind the
voltage change. It also serves to limit the current value. This effect,

known as inductance, is measured in henries.
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Inductive Reactance (X)--The effect of inductance varies with the

frequency, and the term inductive reactance is used to express this effect.

X=2xwxfxlL (A6-2)
where

X = inductive reactance in ohms

f = frequency in Hertz (cycles per second)

L = inductance in henries

m = pi = 3.1416.

Impedance (Z)--In ac circuits, the flow of current is Timited by both

resistance and inductive reactance. The combination of these two elements
is known as impedance. Mathematically, when resistance and inductive

reactance are present,

z=R? + X (A6-3)
where

VA = impedance in ohms

R = resistance in ohms

X = inductive reactance in ohms.

By Ohm's Law then,

E=1x1Z (A6-4)

where

E = effective voltage

Ab-4



I = effective value of ac amperes

N
]

impedance.

Power (P)--Electrical power (P) is measured in watts (W), kilowatts
(1000 W = 1 kW), or megawatts (1,000,000 W = 1 MW or 1000 kW = 1 MW).

A watt is the product of one ampere of effective current flowing at a
pressure of one effective volt. 1In alternating current, a further
condition is that the voltage and current must be in phase, that is, they
must both reach zero, maximum positive, and maximum negative values at the

same instant.
Assuming that the voltage and current are in phase,

In single-phase service:
P =EI; kW = EI/1000 (A6-5)

In two-~phase service:
P = 2ET; kW = y2E1/1000 (A6-6)

In three-phase service:
P = BEI; kW = /3E1/1000 (A6-7)

If the current and voltage are not in phase, that is, they do not
reach corresponding values at the same instant, the resultant product of
current and voltage is apparent power instead of actual power. Apparent
power is measured in volt-amperes (VA) or kilovolt-amperes
(1000 VA = 1 kVA).

Apparent power is measured as follows:

In single-phase service:
VA = EI; kVA = EI/1000 (A6-8)
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In two-phase service:
VA = 2EI; VA = 2E1/1000 (A6-9)

In three-phase service:
VA = V3EI; KVA = V3EI/1000 (A6-10)

Power Factor--The factor by which apparent power (volt-amperes) is

multiplied to obtain actual working power (watts).

In most magnetic circuits, the current will lag behind the voltage. A
typical case is represented in Figure A6-3, where the current changes lag
36.9 degree behind corresponding voltage changes. At any instant when the
current wave and voltage wave are both positive or both negative, the
resulting power is positive [EI = W, or (-E)(-I) = W]. This is represented
by the crosshatched area above the zero line in the figure.

— . E (volis)

W (watts)
| (amperes

36.9° 90° 180° 270° 360°

INEL 2 2300

Figure A6-3. Power factor illustrated.

When either the current wave or voltage wave is negative and the other
is positive, the resulting power is negative [(-E)I = -W, or E(-I) = -W].
This is represented by the crosshatched area below the zero line in the
figure. The net power is the positive area minus the negative area. The
power factor is the net power divided by the apparent power.
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Mathematically, the power factor is equal to the cosine of the angle
by which the current lags (or in rare cases leads) the voltage. In
Figure A6-3, the angle of lag is 36.9 degrees. The cosine of the angle
36.9 degrees, and thus the corresponding power factor for that amount of
Tag is 0.80 (80.0%) lagging power factor.

Ground--A conducting connection, whether intentional or accidental,
between an electrical circuit or equipment and the earth or to some
conducting body that serves in place of the earth. The ground is a zero

reference plane for voltages.

Neutral--The conductor of a power system that is intentionally
connected to the ground at the source of power or service.

Load--The consumption of power by the equipment that is connected to
an electrical system.

Wye Connection--The method of connecting of a three-phase generator

so that each of the three phases carries current differing in phase by
120 degrees from the other two. This connection is such that the coils all
have a common reference point. This connection is also called a star

connection. See Figure A6-4.

Power in a wye-connected system is given by:

P = V3EI (A6-11)
where

p = power in watts

E = voltage between phases, in volts

1 = current in each phase, in amperes.
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E = Line to neutral
voltage
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INEL 2 2291

Figure A6-4. Wye connection.

Delta Connection--The method of connecting of a three-phase generator

so that each of the three phases carries voltage differing in phase by
120 degrees from the other two. In this connection, the coils are only
common at terminal of two coils. See Figure A6-5.

Power in a delta connected system is also given by Equation (A6-11):

P = v3EI (A6-11)

A.6-2 Generator and Motor Terminology

Magnetic Flux--The magnetic field of a magnet can be depicted by

curved lines from the north to the south pole, as shown in Figure A6-6.
Arrows placed on the lines that picture the condition in space, indicate
the direction of the force that would be exerted on the north pole of a
compass needle at that point. The density of line spacing represents the
magnitude of the field. The Tines that represent the condition of the
space around the magnet are called the magnetic flux. The magnetic field

of a motor generator rotates about the machine axis.
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C
B CA
A AB
Delta connection
Voltage is equal
on all three lines
but 120° out of
phase.
INEL 2 2292

Figure A6-5. Delta connection.

Lines of magnetic flux around a bar magnet

INEL 2 3204

Figure A6-6. Lines of magnetic flux around a bar magnet.

Torque (T)--Turning effort, expressed in foot-pounds. It is a
measure of the ability of a shaft to develop power in a generator. Torque
is measured in foot-pounds at full-load speed. It is equal to the
horsepower multiplied by 5250 and divided by the full-load speed.

T = hp x K

T full-Toad speed (A6-12)

where

T = torque, in foot-pounds

A6-9



hp = horsepower

K = constant 5250

1

full-load speed = speed to produce full torque, in rpm.

For example, a 100-hp, 1800-rpm generator will have the following full-load
torque:

100 x 5250 _ -
~g00 291.5 ft-1b

Synchronous Speed--Synchronous Speed is the speed an induction motor

would reach if there were no slip. It is the speed at which the magnetic
field, in effect, rotates about the stator.

f x 120

rpm = T (A6-13)
where

rpm = synchronous speed

;f = frequency in Hertz

p = number of stator poles.

The following table correlates the number of poles and synchronous

speed for common motors.
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Number of Synchronous rpm

Stator Poles (60 Hz)
2 3600
4 1800
6 1200
8 300
10 720
12 600
14 514
16 450

Full-Load Speed and Slip--The rotor of an induction motor or

generator can never run quite at synchronous speed because the magnetic
field must lead the induced magnetic field of the rotor. The difference
between synchronous speed and operating speed is known as slip. This is

usually expressed in percent of synchronous speed.

Percent slip = (synchronous speed - operating speed) x 100 (A6-14)

synchronous speed
where

synchronous speed = speed determined by Equation (A6-13).

operation speed = actual measured speed of the generator = full-load

i

speed.

For example, a 200-hp, 6-pole, 60-Hz generator may have a full-Toad speed
of 1280 rpm. The synchronous speed would be 1200 rpm.

6.7%

Percent slip = (1200 - 1280) x 100 _ _

1200

Overspeed--The condition, in a hydropower production system, in which
the generator is driven without an electrical load connected to it, and the
turbine is producing torque under no-Toad conditions. When this condition

exists, the turbine may reach speeds two to three times normal or greater.

A6-11



The generator would be driven at the same speed ratio that the turbine is
turning.

Overspeed conditions can damage the generator due to the heat in the
generator from high current flows and from the higher speed of the parts
and bearings.

Governor-~A device to control or govern the speed of a generator unit.

Efficiency--The measure of the generator's ability to convert
mechanical input to electrical output.

The kilowatt is the common unit of electrical output, and the
horsepower is the common unit of mechanical input. In Section 3 of the
handbook, the relation of horsepower and kilowatts was developed to show
that

746 W 1 horsepower or

1 kW

1.34 horsepower.

In an ideal machine, power in = power out. However, in a real generator

there are power losses. The recognized machine losses are
] Stator no-lcad iron loss
2
® Stator copper loss (I"R)
e Stray load Toss
2
e Rotor copper loss (I°R)
® Friction and windage

A generator's efficiency is given by
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output _ input - Joss _
input input (A6-15)

Efficiency =

For example, if a generator has an output of 1C0 kW and an input of 149 hp,

efficiency will be as follows:

Qutput = 100 kW

Input = 149 x 0.746 = 111.1 kW
.. _ 100 _ 4no

Efficiency = 111 - 90%

The losses will be 111.1 kW -~ 100 kW = 11.1 kW.

Insulation-~A nonconducting material used to separate two
current-carrying conductors. Insulations are usually specified on the
basis of heat and voltage ratings. Insulations used in generators will be

explained later.

Magnetizing or Exciting Current--Generators, motors, and other

electrical apparatus with magnetic circuits containing iron must be
maghetized in order to operate. It is often convenient to speak of the
input current as having two components: a load component in phase with the
voltage, and a magnetizing component at right angles and lagging the
voltage. This lag would be 90 electrical degrees. See Figure A6-7.

The load component or kW registers on the watt-hour meter and does the
actual work. The magnetizing component puts energy into the magnetic
circuits of the apparatus during one quarter cycle and returns it to the
electrical system during the next quarter cycle. This is illustrated in
Figure A6-7 where positive and negative areas representing power are equal
and cancel out. Except for losses, the net power interchange due to the

magnetizing component is zero.
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Figure A6-7. Magnetizing current components.
Mathematically:
- 2 2 -
It = Ir + Ix (A6-16)
where
It = total Tine current
Ir = in-phase (power) component
IX = out-of-phase (magnetizing) component.
Also,
WA = J()Z + (kVAR)® (A6-17)
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where

kVA = total kVA
kW = load component
kVAR = reactive component (magnetizing kVA).

Rotation (Rot)--Used to describe the direction in which the shaft

turns: CW = clockwise, CCW = counterclockwise, Rev = reversible.

Service Factor (SF, Svc Fctr)--A measure of the reserve margin built

into a motor or generator. Motors rated over 1.0 SF have more than normal
margin and are used where unusual conditions, such as cccasional high or
low voltage, momentary overloads, high ambient temperatures, etc., are

1ikely to occur. If needed, it is specified when the machine is ordered.

Ambient (Amb)--Ambient temperature is the temperature of the space

around the motor or generator. Most motors are designed to operate in an
ambient temperature of not more than 40°C (104°F). Note: A rating of 40°C
ambient is not the same as a rating of 40°C Rise; see the next paragraph,

"Temperature Rise."

Temperature Rise--The amount by which a motor or generator, operating

under rated conditions, is hotter than its surroundings. Increasingly,
manufacturers are replacing the rise rating on the nameplate with a listing

of the ambient temperature rating, insulation class, and service factor.
Frame--The frame size usually refers to the National Electrical
Manufactureres Association (NEMA) system of standardized motcr or generator

mounting dimensions, which facilitates replacement.

Full-Load Amps (F/L Amps)--The line current (amperage) produced by a

generator when operating at rated load and voltage. Full-load amps are
shown on the nameplate. This information is necessary for proper wire size

selection.

Ae-15



Poles~~The number cf magnetic poles set up inside the motor by the
placement and connection of the windings.

Coil=-Coil refers to the windings of a generator. The leads for
these coils are brought out to the wiring terminals. Connections at these
terminals determine the voltage that is produced. For example on a
230/460-V, single-phase generator, the terminal connections would be as
shown in Figure A6-8.

1 4 7 10
@— VN ANV @
1 4 f f
7 10 I |
R — T, o WV RN e 460 V al
9 é INEL 2 2293

Figure A6-8. Terminal connections of a 230/460-volt, single-phase
generator.

Stator--In a generator, the stationary coil in which electricity is

produced; also called the field winding.

Rotor=-=The rotating component field of a generator; also, called the

armature.

A-6.3 Generator Theory

The basic principle in physics that makes a generator produce
electricity is that as a conductor is moved across a magnetic field a
pressure {voltage) is developed that forces electrons to move from atom to

atom. This is represented and explained in Figure A6-9.

If Conductor C in Figure A6-9 is moved by some force across the
magnetic field in the direction indicated by the Arrows A-A, voltage is
produced in the direction of the Arrows V-V along the Conductor C if the
flux is in the direction indicated, north to south. The value of the
voltage produced depends on the strength of the magnetic field and the
speed at which the conductor moves through the magnetic field.
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Figure A6-9. Generation of electricity in a magnetic field.

The same voltage would be produced if the conductor were held

stationary and the magnetic field were made to move across the conductor.

A-6.3.1 The Single-Phase Generator

Figure A6-10 is a simplified diagram of a single-phase electrical
generator. A horseshoe-type electric magnet is used to illustrate the
magnetic field. The conductor, which must pass across the magnetic lines
of flux, is formed into the shape of a loop, which can be imagined to
rotate on Axis X-X. The ends of the conductor are connected to slip rings
mounted on the shaft. Brushes shown as B-B ride on the slip rings so that
the flow of electrons is from the rotating conductor into a circuit that is

external to the machine.
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The brushes are usually made from blocks of carbon, which can be
shaped to fit closely to the rings. They are held in place and pressed

against the rings by spring devices mounted on the brush holders.

The magnetic flux is developed through the winding on the magnet core
and is powered from an external direct-current source called the exciting

current.

The generator shown in Figure A6-10 is a two-pole, single-phase,
revolving-armature, alternating-current generator. The magnetic circuit
produced by the coils of wire around the iron core is called the field of

the generator. The rotating Toop is called an armature.

When a microhydro turbine is connected to the looped conductor,
driving the conductor across the lines of flux, a voltage is developed that
causes the electrons to flow out to the slip rings, through the brushes,
and into the circuit.

The series of diagrams in Figures A6-11 and A6-12 show in more detail
the position of the conductor lToop in relation to the lines of magnetic
flux in the gap. It is important to note the location of the dot on the
conductor in Figure A6-11 and follow it through the diagrams because the
value of the voltage generated is related to how many lines of flux the
conductor is crossing at any given time. The following explanations will

simplify comprehension of the process.

Assume that the conductor is rotating at a uniform speed in the
direction of the curved arrows. At 0 degrees, the dot on the conductor in
Figure A6-11 is moving parallel to the lines of flux, not actually crossing
any of them; therefore, the voltage is zero (as shown in Figure A6-12). As
the conductor rotates toward the one-quarter cycle point (90 degrees), the
conductor starts to cross some of the lines and a voltage begins to
develop. At the one-quarter cycle point, the conductor is crossing the
maximum number of lines and is therefore generating the maximum voltage
(Figure A6-12). As the dot swings toward one-half cycle (180 degrees), it
crosses fewer and fewer lines, until at exactly one~half cycle the voltage

is zero again (Figure A6-12). The conductor then swings down to
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Figure A6-10. Simplified diagram of single-phase generator.

three-quarter cycle (270 degrees), crossing more lines again, until at

270 degrees it is once again at a maximum value. This time, however, it is
negative with respect to that at one-quarter cycle (Figure A6-12). Finally,
it turns to 360 degrees or zero, at the completion of one cycle and then
begins the next cycle (Figure A6-12).

In Figure A6-11, it is important to note that a voltage is also
generated in the opposite side of the loop (from the dot side) as it passes
across the lines of flux. The voltage across the entire loop is the sum of
the voltages in the two sections of the conductor.
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Conductor Toop rotating in a magnetic field.

Figure A6-11.
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Figure A6-12. Variation in voltage produced as conductor loop rotates
in magnetic field.

If the conductor completes 60 cycles in 1 second, it is called 60 Hz
voltage. The current that this voltage will cause to flow is called 60 Hz

current. This is the frequency of the system.

A-6.3.2 The Three-Phase Generator

A three-phase generator is very similar to a single-phase generator,
the only difference being that the three-phase generator is a combination
of three loops mounted on a single shaft designed to rotate in the same
magnetic field. This arrangement of coils is shown in simplified form in
Figure A6-13. This figure shows that the leads are connected inside the
generator. This allows only three leads to be brought out to the terminal
box of the generator. Each lead serves two phases, but each phase acts
independently of the others. Figure A6-13 shows the generator connected as

a wye connection.

The voltages produced follow each other just one-third cycle apart
because of the physical placement of the coils on the shaft and their
relation to each other. When the voltage in Phase 1 is at zero, as
indicated at the start point in Figure A6-14, the voltages in Phases 2 and
3 are as shown. Two cycles of voltage waveforms are tracked to show how

the voltages continue one-third cycle apart.

Ab-21



INEL 2 3210

Figure A6-13. Simplified diagram of three-phase generator.

Most power systems in use today produce and transmit three-phase power
because it is best adapted to motors and provides the least expensive power
distribution. More than three phases are possible, of course, but it is

more expensive and there is no appreciable advantage to be gained.

A-6.4 Synchronous and Induction Generators

There are two basic types of alternating-current generators used in
microhydropower installations: synchronous and induction generators.
These generators are constructed in the same fashion as a motor in that
generators and motors both incorporate a stationary frame, the stator,

containing coils to produce the magnetic flux.

A motor will develop torque on its shaft when connected to electrical
power from an outside source. This same machine will generate power when
torque is applied to the motor shaft from an external source. It is this

application that is of interest to the microhydropower developer,

A-6.4.1 Synchronous Generators

In ac synchronous generators, the magnetic field is produced by

passing direct current through a second, smalier coil of wire called the
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Figure A6-14. Relation of voltage in each phase of three-phase power.

field winding. Only a small amount of current is necessary to "excite" the
field coil. The coil in which the electricity is actually produced is
called the armature. Since the field coil can be made appreciably smaller
than the armature, the latter is often constructed on a stationary frame

and the field coil made to rotate inside it.

The current required to excite the field is supplied to the rotating

coil by means of collector rings. These are rings of metal that are

insulated from the shaft on which the coil rides. The rings are connected
to the ends of the field winding, and as they rotate with the shaft, carbon

brushes make contact between them and the source of the field current.

The field current source may be an external battery or a belt- or
direct-driven dc generator. It could also be a small, rotating ac

generator with rectifiers.
Four-pole and six-pole field coils are commonly used. Adjacent poles

are of opposite magnetic polarity, so that as the field turns within the

fixed armature or stator winding, the magnetic field at any given point is
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reversed each time a pole face passes. The angular velocity of the field
coil can thereby be reduced for a given output frequency, since one cycle
of output power is produced each time a pair of magnetic pcles passes the

stator coil.

There are two basic methods of producing the dc voltage required to
excite a synchronous generator. The state-of-the-art method is to use a
rectified ac voitage taken from the generator cutput. The second method is
to use a dc generator mounted on the same shaft as the synchronous

generator.

In small modern synchronous generators, the field current is often
taken from the output of the generator itself. When the field coil is set
into motion, a small amount of electricity is generally available at the
generator output as a result of the residual magnetism in the field coil
core material. This small current is supplied to the field coil, adding to
the residual magnetic field. More electricity is then produced, and after
a few rotations the full field current is flowing and full generator output
is available. When operating, the field coil uses only a minute fraction

of the generator output current.

Since the output of the generator is ac voltage and the field must be
excited with dc, rectifiers are used to change the ac voltage to dc before
applying it to the field. A rectifier is a device that exhibits a very
high resistance to the flow of current in one direction and a very low
resistance to the flow in the opposite direction. For practical purposes,
the rectifier permits current to flow in only one direction in the circuit,
thus converting ac into pulsating dc, which is adequate for field
excitation. Modern generators use semiconductor rectifiers to accomplish
the conversion. A separate exciter with rotating diodes permits
construction of a "brushless" excitation system. Figure A6-15 is a cutaway
view showing the construction details of a self-excited generator, and

Figure A6-16 is a schematic of the electrical connections.

The traditional method of providing dc excitation for a synchronous
generator was to use a dc generator either mounted on the same shaft as the

ac generator or driven by belts. With the invention and use of

At-24



Connection box

Eye bolt
.
Exciter stator {}
Rectifier assembly S S
ol S gmmnémmr
NN 'S
Exciter rotor S e

— " wetiggllll-— -~ Main rotor

Shaft

Driving hub/

ey YEClIfiET RUD

Generator frame

Cover band and screen assy.
INEL 2 2350

Figure A6-15. Cutaway view of self-excited syachronous generator.
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Figure A6-16. Schematic diagram of electrical connections for a
self-excited synchronous generator
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semiconductor rectifiers, this method is no longer economical for small
generators. However, since the microhydropower developer may find an old
unit with an externally mcunted dc exciter, this system is briefly
discussed. The external dc generator is generally driven by the same
source as the ac generator. The dc magnetizing current is delivered to the
rotor of the ac generator through slip rings. Figure A6-17 is a cutaway
view of an externally excited generator, and Figure A6-18 is a schematic of
the electrical connections.

A-6.4.2 Voltage Regulation

The voltage at the output of the synchronous generator armature
winding 1s dependent on the field coil angular velocity and the intensity
of the magnetic field produced. Since it is usually desirable to maintain
a constant frequency at the output of the generator, the velocity cannot be
varied to adjust the output voltage. Therefore, the field current is

commonly controlled to obtain the desired voltage.

In modern generators, the field current is adjusted by silcon
controlled rectifiers (SCRs). These devices, like ordinary rectifiers,
pass current in one direction only, but they also include a "gate" terminal
to control the flow of current. When the gate terminal is not energized,
the rectifier conducts no current, but when a voltage is applied to the
gate terminal, current is passed in one direction until the current goes to
zero. By applying gate voltage at various points on the ac cycle, pulses
of current can be fed to the field to vary the average field current.
During the remainder of the cycle, the magnetic field surrounds the field

terminals, creating a path through which this current can flow.

The gate of the SCR is controlled by a voltage regulator circuit that
senses the generator output voltage and automatically adjusts the field
coil current to maintain the desired output. If a load is applied to the
generator, the output voltage will drop slightly. The voltage regulator
circuit causes the SCR to conduct for a Tonger period of time during each
cycle, thus increasing the field current and restoring the output voltage
to the desired level.
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Figure A6-17. Cutaway view of externally-excited synchronous generator.
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Figure A6-18. Schematic diagram of electrical connections for an
externally-excited synchronous generator.
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The main advantage of the synchronous generator in microhydropower
systems is that it can operate in "stand alone" situations. This generator
is ideally suited for the developer who is looking for energy that is

independent of a power grid.

One disadvantage of the synchronous generator is that it is more
expensive than the induction generator. The main disadvantage, however, is
that it requires special synchronizing equipment to tie it into a power
line grid. Because of this, most experts recommend the use of induction

generators in systems that tie into a utility's power lines.

A-6.4.3 Induction Generators

Induction generators have the same construction as induction motors.
These generators have their stator windings, which are the source of
voltage, connected to the electrical system that receives the power and
their rotor windings short circuited. The machine cannot function as a
generator until a revolving magnetic field has been produced in the
machine, and the current that produces the rotating magnetic field must
therefore be supplied to the stator windings from an external source.
Consequently, an induction generator of this type must be operated in
parallel with an existing power system. Such an induction generator is, in
effect, an induction motor that is driven at a speed greater than that of
its rotating magnetic field. Figure A6-19 is a cutaway view of an

induction generator.

Suppose that an induction motor has a slip of 5% at full load when
operating as a motor. If this motor is driven at a speed 5% greater than
the speed of the rotating magnetic field, the flux cut by the rotor
conductors will be pr@ctica]]y the same as when it was operating as a
motor. However, the direction of motion of the conductors relative to the
flux will be reversed. Therefore, the machine will become a generator and
deliver power to the line approximately equal to its full-load motor
rating. The frequency of an induction generator is the same as the

frequency of the synchronous generator with which it is i