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Executive Summary
In this report, Tao Engineering is reporting to the Yurok Tribe on the results of an investigation into the feasibility of grid-connected small-scale hydropower in Yurok territory.  We considered the potential of revenue-generating hydropower based on tributaries of the Klamath River in both the upriver area near Weitchpec and the downriver area near Klamath.  We concluded that the tributary with the greatest potential was Pine Creek in the upriver area.

Based on interviews and surveys of Tribal staff members, we evaluated the appropriateness of hydropower development at several sites according to the following criteria, in order of importance:

· Respect for Yurok cultural values and traditions, including respect for sacred sites and areas of cultural importance

· Environmental impact, including effects on the habitat of the Coho salmon and other anadromous fish

· Life cycle economic benefits

· Initial costs

· Ease of implementation, including permitting and acquiring land-use rights-of-way

While some tributaries in the downriver area had sufficient streamflows, Tao Engineering found that the elevation drop in these streams was too low to support hydropower.  In the upriver area, Tully Creek and Pine Creek have hydropower potential.  We selected Pine Creek for further investigation, with an intake 2.25 miles upstream from the Klamath River, and a powerhouse near Dowd Road (Figure ES-1).

We chose this Pine Creek location for further study because it appeared to have the greatest potential to produce income large enough to offset the high investments required.  However, this economic potential may not be great enough to overcome the environmental and economic problems associated with such a long diversion of water from the stream.
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Figure ES-1: The option studied is on Pine Creek, with an intake 2.25 miles upstream.
Because streamflow records are not available for Pine Creek, we based our estimates of the flows in Pine Creek on a nearby stream of similar size, Willow Creek.  We developed two possible scenarios for Pine Creek streamflows: a low-end estimate and a high-end estimate in an attempt to bracket the actual Pine Creek flows.  For these two options we used Monte Carlo techniques to generate sets of possible 35-year streamflow records, and used these as the basis of an economic analysis.
Our design incorporates a concrete weir that crosses the width of the stream, with an integrated fish ladder.  The weir is designed to leave 35 cubic feet per second (cfs) in the stream at all times.  When flow in the creek rises above 70 cfs, a gate to the intake can be opened.  The intake is designed to accept flows up to 105 cfs (when total creek flow will be 140 cfs).  Flows above 140 cfs continue down the creek.

Flows will be diverted through a pipeline 5.5 feet in diameter along a newly constructed road that follows a contour line from the intake to a location above the powerhouse.  The road will be constructed first, to allow cement trucks to reach the intake site.  This road would need to be maintained following construction to allow access to the pipeline and intake.  At the end of the pipeline, the water enters a small forebay tank, and from there it enters a pressurized penstock 2.6 feet in diameter for delivery to the turbine.
The turbine we specify is a Francis turbine, which is suitable for the elevation drop (280 feet) and design flow of 105 cfs.  The turbine has a nominal output of 1800kW.  We expect the turbine to run approximately 50% of the time, with less than 40% of the time at maximum capacity.  The turbine produces electricity at 12,000 Volts, which is transmitted along Dowd Road and then across the Klamath River to the PG&E distribution lines along Highway 169.

Our Monte Carlo simulations produced a wide range of economic outcomes.  We estimate initial costs to be in the $6 million range.  For streamflow estimates at the low end, internal rates of return varied from 8% in the 10th percentile to 16% in the 90th percentile.  The range occurs because of differences in the randomly generated 35-year streamflow scenarios.  With low-end streamflow estimates, the number of years to positive cash flow varied from 19 to 25.  
With the high-end streamflow estimates, internal rates of return were all greater than 20%.  Years to positive cash flow varied from 10 to 17, depending on the randomly generated streamflows.  Economic results were highly dependent on the assumptions made about the price received for power.  Even with the most optimistic scenarios, much of the economic benefit came late in the 35-year life cycle due to the assumed increase in the price received for power.

Tao Engineering has concluded that hydropower on Pine Creek faces very serious obstacles, and that unknowns remain to be quantified before the feasibility can be known with enough certainty to form the basis for an investment.  The first unknown is whether a stable road can be constructed and maintained along a contour line from the intake.  The road would have to meet the environmental standards of the Tribe and of federal and state regulators.  The side slopes are often greater than 30°, and the area is prone to slides.  Erosion from roads has a negative impact on fish habitat.

Another unknown is the actual Pine Creek streamflows.  Our analysis indicates that hydropower may only be economically attractive if the flows are in the high end of those simulated here.  We recommend that the Tribe measure the Pine Creek flows if it is interested in pursuing Pine Creek hydropower.
In addition, Tao Engineering did not fully study the impact of the hydropower diversion on fish habitat.  The Tribe would need to satisfy itself that the impact was tolerable.  In any case, we believe the Tribe should expect a lawsuit challenging its environmental impact report because of impacts on Coho salmon and other fish habitat.

The initial cost of the system is not known with a high degree of confidence.  If the costs could be reduced significantly below what we expect, the economic potential is much more attractive.  If the other concerns can be addressed, it may still be necessary for the Tribe to find grant sources of funding in order to reduce the economic risks to an acceptable level.

Introduction

The objective of this project is to study the feasibility, and propose a design, for the development of small-scale hydro electrical power on the lower reaches of the Klamath River.  The goal of the project is to benefit the Yurok Tribe through the development of income from sale of power to a utility.  The design will include site locations of major components, estimations of power generation capability, and a life cycle economic analysis.  The client for the study is the Yurok Tribe; our contact person with the Tribe is the tribal engineer, Dustin Jolley.
The source of the hydropower for the system described here is Pine Creek, a tributary of the Klamath River near Weitchpec.  We will describe the rationale for choosing this stream.  We have attempted to design a project which respects Yurok cultural values and in which power generation is accomplished with minimal negative impact on the environment, and in particular, fish habitat.  We describe the challenges in achieving this objective.
Background
In this section we provide background information with relevance to grid-connected hydropower on Klamath tributaries.
Demographics
There are approximately 5000 enrolled members of the Yurok Tribe, most of whom live in the area around the federally recognized Yurok Reservation in Northern California, shown in Figure 1 (YurokTribe, 2007).  The Reservation includes land extending about one mile on either side of the Klamath River, and 44 miles up river from the mouth at the coast.  Around 1000 tribal members live on reservation lands (Greacen, 1997).  Most people live in or near the town of Klamath, at the river mouth.  Utility power is available near Klamath, provided by Pacificorp (Pacific Power & Light), a Northwest utility.  In the “upriver” area, the main town of Weitchpec and surrounding areas have access to utility power from Pacific Gas and Electric (PG&E).  PG&E power extends down the river to the vicinity of Martin’s Ferry Bridge.  There are some 50 households farther down the river, in the communities of Pecwan, McKinnon Hill, Notchko, Wautec and others (Figure 2) without utility power (Greacen, 1997).  Most of the land on the reservation is owned by non-tribal owners, with the largest single owner being Green Diamond Timber Company (Huntsinger and McCaffrey, 1995).  
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Figure 1: Yurok Reservation lands, project area and ancestral territory.
 The Yurok Reservation lands extend from the Hoopa Reservation on the Klamath River for approximately one mile on either side of the river to the coast (YurokTribe, 2004).

Land Ownership and Use
Development projects within the Yurok Reservation are complicated by issues of land ownership.  Land ownership is a European concept imposed on the Yurok Tribe and its people. The Yurok Tribe’s traditional territory included a wide region around the Lower Klamath River and south along the coast to the Trinidad area (YurokTribe, 2007). The current Reservation land area was created in a series of U.S. presidential orders in the late 1800s which combined the Yurok and Hoopa Reservations into one reservation. The Yurok Reservation was later defined as a separate reservation from the Hoopa Reservation lands (Huntsinger and McCaffrey, 1995). 

The reservation system originally gave ownership of the land within the reservation boundaries to the resident tribes.  However, federal policy toward Indian tribes has sometimes encouraged private ownership of land.  Tribal members were at times given title to individual parcels and were allowed to sell the land.  “Excess” lands were sold to private interests by the federal government.  During these periods the majority of Yurok Reservation land came to be owned by non-tribal members (Huntsinger and McCaffrey, 1995).  In addition, many parcels that are owned by tribal members are jointly owned by all members of multiple generations.  Large parcels of land within the reservation belong to timber companies and have been extensively logged and managed for timber production (Huntsinger and McCaffrey, 1995). Many other smaller parcels are owned by non tribal members, and a small number of parcels are managed as tribal trust lands (Golla, 2007).  Tribal trust lands are owned by the Tribe as a whole, and are under the jurisdiction of the Tribal Council. Development on tribal trust lands does not require the approval of multiple private owners. Parcels along the river corridor are significantly smaller and more numerous than parcels outside the river corridor (Figure 2).  All these factors complicate projects on the Reservation that require right-of-way across multiple parcels, such as the project under consideration here.
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Figure 2: Land parcel boundaries in “upriver” portion of the Yurok Reservation. 

Geography

The Klamath River originates at an elevation of 800m in southern Oregon, and flows 150 miles through the Klamath Mountains and coastal ranges to the ocean at Klamath (Wanket, 2002).  Local relief is high throughout the region, with elevation differences of 6500 feet or more from ridge to canyon bottom.  Pine Creek originates above Pine Ridge Summit, which is at an elevation of 3275 feet, and joins the Klamath River at an elevation of 160 feet two miles downriver from Weitchpec.
Geology

The uplift of the mountains in the Klamath region occurred during the Tertiary Period, 150 million to 450 million years ago (Wanket, 2002).  Some uplift continues to the present, with seismic events of magnitude 9.0 on the Richter Scale occurring on average every five or six hundred years.  The North Coast ranges are considered a Franciscan mélange – a mix of sheared sandstone and sillstones, with intermixed blocks of greenstone, chert, schist, and serpentine (Kelsey, 1985).  Strata in these ranges were ocean floor sediment hundreds of millions of years ago.

This Franciscan mélange area  is subject to high rates of earthflows (Kelsey, 1985).  The region has high landflow and erosion rates due to the geologically rapid uplift, the sheared and faulted nature of the underlying strata, as well as disruptive human land use activities (LaHusen, 1985).  Projects in these mountains must be constructed with this in mind.
Climate
The region has a Mediterranean climate, with average annual rainfall ranging from 50 inches per year at Klamath on the Coast to 80 or 90 inches per year in the upriver area near Weitchpec (Wanket, 2002).  Significant local variations can occur due to topography.   According to an isohyetal map by Rantz (1960), the Pine Creek watershed receives an average of about 80 inches per year.  Dominant vegetation patterns are determined by the marine influence, with a Redwood-fir association extending 30 miles inland, giving way to Douglas fir and mixed conifer-fir patterns (Wanket, 2002).
Hydrology

Estimating the hydropower potential for a given site requires an estimate of the streamflow at that site.  In this section we discuss the streamflow records and methodology for estimating streamflows.
Streamflow records
Streamflow data in the Klamath River watershed downstream of the confluence with the Trinity River are limited.  The Tribe currently maintains gaging stations on four creeks.  Figure 3 shows the locations of the monitoring stations on the creeks and watersheds in the Reservation.  In the downriver area, McGarvey, and Blue Creek have been monitored since mid-2002.  The stage, or depth, of the creek is recorded at 15 minute intervals by automated equipment.  The stage is translated to flow rate according to rating curves developed by Tribal staff.  The McGarvey Creek monitoring station is upstream of the confluence of the McGarvey and Den Creeks.  The watershed area is 8.9 square miles (YurokTribe, 2003).  Daily minimum, maximum, and average discharge values are available.  Table 1 shows annual minimum, maximum, and average streamflow values for the downriver creeks from 2003 through 2005.  The Blue Creek station was installed midway through 2002, and daily minimum, maximum, and average discharge values are available from 2003.  The area of the Blue Creek watershed is 125.5 square miles.  Data are also available from Turwar Creek from 2003.  The Turwar Creek watershed area is 31.8 square miles.  
In the upriver area, data are available for Tully Creek (16.7 square miles) for part of water year 2005 (Hiner, 2005), and for water year 2006 (Hiner, unpublished, 2006).  There are no records for Pine Creek, a 47.6 square mile watershed upriver from Tully Creek.
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Figure 3: Locations of monitoring stations on gaged creeks

 Source: Hiner, 2006

Table 1: Daily minimum, maximum, and average discharge for the downriver creeks for 2003-2005.
	Creek
	Min
	Max
	Avg

	McGarvey Creek
	0
	1372
	19

	Turwar Creek
	0
	~10,000
	158

	Blue Creek
	42
	13,212
	668


In addition, there are limited historical records.  Blue Creek was monitored from 1965 to 1978 by the USGS (USGS, 2007a).  Daily minimum, maximum, and average discharge values are available for this time period.   The USGS also monitored the Klamath River near Klamath from 1951 through 1995, and near Orleans from 1967 through 1979.  The USGS maintains gaging stations on the Trinity River as well.  However, neither the Klamath nor the Trinity River is unregulated.  Measurements from those rivers will not reflect strictly natural processes, limiting their usefulness in any correlations with the ungaged streams that might help in estimating flows in the absence of actual records.
Records are available for two streams in the North Coast area, Little River and Willow Creek, each of which is about 15 miles from the area of Pine Creek.  Rainfall and vegetation patterns are roughly similar in these watersheds to those in the Klamath watersheds.  The areas of the Little River and Willow Creek watersheds are 40.5 square miles and 40.9 square miles, respectively (USGS, 2007b, USGS, 2007c).  
The ratios of mean monthly streamflow to watershed area are presented for Little River and two of the gauged Klamath tributaries in Table 2.  The range of values gives an indication of the uncertainties in estimating flows in ungaged basins based on known flows normalized by watershed area alone.
Table 2: The ratios of monthly mean streamflows to watershed areas (cfs/sq. mi.) - 2004 water year.

	Water year 2004
	Little River
(40.5 sq. miles)
	McGarvey Creek (8.9 sq. miles)
	Turwar Creek (31.8 sq. miles)

	October
	0.10
	0.17
	1.59

	November
	0.51
	0.88
	3.43

	December
	10.2
	8.78
	16.9

	January
	7.73
	5.58
	13.1

	February
	10.3
	6.07
	10.6

	March
	2.72
	1.76
	3.36

	April
	2.17
	1.94
	7.38

	May
	0.75
	0.56
	1.26

	June
	0.37
	0.26
	0.61

	July
	0.19
	0.16
	0.46

	August
	0.13
	0.14
	0.43

	September
	0.10
	0.09
	0.38


Precipitation records
A Remote Automated Weather Station (RAWS) station has existed in Notchko in the upriver area since 2001.  Additional rainfall data are maintained by NOAA at Hoopa for 1954-1967 (WRI, 2007a) and Klamath for 1971-2000(WRI, 2007b).  The California Department of Water Resources maintains a rainfall station in Hoopa with records from 1971 to the present (CaDWR, 2007a), and a rainfall and river stage station on the Klamath River near Turwar Creek with hourly rainfall records from 1999 to the present (CaDWR, 2007b).
Streamflow estimation

Inversin (1986) suggests a number of methods for estimating streamflow for micro-hydro potential in the absence of flow data.  The schemes involve either estimating streamflow based on a runoff coefficient, or deriving streamflow in one watershed based on correlations with nearby watersheds.  He notes that significant errors are to be expected with these techniques, and that any sizable investment should be based on five to ten years of records from the actual stream.

Rainfall-runoff correlations between gaged and ungaged watersheds can be developed based on parameters such as precipitation, watershed area, slopes, vegetation, etc.  
Regression analysis can be used to estimate the coefficients and exponents in a log-linear model for a number of gaged watersheds within the same region.  The model can then be used to estimate streamflows in ungaged watersheds in the region.  Watershed area alone has been found to be a poor predictor of average annual streamflow (Vogel et. al, 1999), but with the additional parameters mean precipitation and mean temperature, a log-linear regression model performed as well as several years to a decade of data in determining mean annual streamflow in gaged basins not included in the regression analysis.  The regression was performed on a regional basis, with the state of California comprising a single region.   Streamflows in ungaged basins can be estimated by scaling measured flows by the ratio of watershed areas if the ratio of the areas does not differ from unity by more than 20% (Hydraulic Energy Program, 2004).    Rantz (1968) developed correlations between annual runoff and precipitation and potential evapotranspiration (PET) for coastal Northern California streams. The correlations were developed for inland and coastal watersheds based on long-term precipitation records and PET average values. Correlations can also be made between short-term streamflow records from one watershed and a nearby watershed for which longer-term data are available.  Based on the correlation, streamflow in the target watershed can be extended.  This correlation procedure is most successful when the watershed with long-term records (the “donor” site) is downstream on the same stream as the target site (Laaha and Bloschl, 2005).

Correlations can also be made between existing streamflow records and precipitation data.  Hydrograph theory (Viesman and Lewis, 2003) can be used to predict the discharge response to storm events, as well as the groundwater base flow discharge.  Stream response to rainfall events can then be generated based on a long-term rainfall records.  However, the hydrographs cannot be used to estimate discharge between events or during the dry season without more extensive modeling of the groundwater component.

Wagener and Wheater (2006) note that the estimation of streamflow at ungaged sites is one of the main problems in hydrology.  While past attempts have been based on strictly statistical correlations, there are now many attempts to use rainfall-runoff models to more completely capture underlying hydrologic processes.  Model parameters are derived by regional statistical correlations among watersheds for which streamflow records are available.  The authors note that success so far has been limited.  Runoff estimates can be derived from models based on water budget assumptions. Rainfall-runoff models exist which are stochastic or deterministic, and which model the underlying physical processes with differing levels of complexity (Beven, 2001). Conceptual models are based on mathematical descriptions of the underlying hydrologic processes.   Models are based on parameters of the watershed, including transpiration properties of the vegetation, evaporation rates, infiltration capacity of the soil, interception and throughfall fractions, and soil characteristics such as hydraulic conductivity and storage capacity.  All such models need to be calibrated against data, which are lacking in the present case.

Approach used

Due to the lack of long-term records for the streams in the upriver area, records from Willow Creek were used to approximate the flows in Pine Creek.  Monthly mean streamflows are available for Willow Creek for the years 1959 – 1974.  The mouth of Willow Creek is about 20 miles from the mouth of Pine Creek (Figure 4).  The watershed area is 40.9 square miles; the area above the upper Pine Creek intake is 43.7 square miles.  The annual rainfall in the Pine Creek drainage varies from 80-90 inches per year (Rantz, 1968); along Willow Creek the rainfall varies from 50-90 inches per year (Rantz, 1968).  The mouth of Pine Creek is at an elevation of 164 feet; Willow Creek drains into the Trinity River at an elevation of 589 feet.  Both creeks are surrounded by peaks up to 4000 feet in elevation.  The topography, geology, and vegetation are roughly similar in the two watersheds.  In spite of similarities between the watersheds, we do not know if the Pine Creek hydrograph is simply a scaled up version of the Willow Creek hydrograph.   We instead developed two estimates of the Pine Creek flows – a low and a high – based on Willow Creek records, in the hope that the actual Pine Creek flows are bracketed by these two estimates, and that our results will provide a range of the potential on Pine Creek.
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Figure 4: Estimates of Pine Creek streamflows were based on nearby Willow Creek.

Synthetic streamflows
Methods of time series analysis can be applied to streamflow data (Chatfield, 1980) for the purpose of extending a limited record.  Trends, cyclic tendencies, autocorrelations, and stochastic components of a time series can be identified.  Based on this analysis, a limited record can be extended.  In the present case, we would like to extend the 15-year record in order to estimate the life-cycle performance of the hydropower system.
For control or design purposes, a short-term record can be extended with synthetic streamflows.  Fiering (1967) describes the benefits of synthetic streamflows as being restricted to operational situations which depend on the variance and skew of the data.  The

synthetic records preserve the existing (short-term sample-based) mean and variance, as well as the parameters of the presumed underlying distribution.  The extended record can be used in simulation studies to examine the performance of an objective function, such as an economics benefits function, under a larger data set.  Fiering and Jackson (1971) provide a method for preserving the underlying parameters of the existing record for normal, lognormal, and gamma distributions.  The models are improved by incorporating persistence via autocorrelation.  Techniques are provided for finding the correlation between successive events, and adjusting a random component by this deterministic component.  The persistence may affect the generated streamflows for one or more time periods.

In this report, we used the techniques of Fiering and Jackson (1971) to synthesize streamflow records based on the historical records from Willow Creek.  Since we do not expect the Pine Creek watershed to have the exact rainfall-runoff response as Willow Creek, we have attempted to bracket the Pine Creek flows with low and high estimates of available flows based on the Willow Creek flows.  We used Monte Carlo techniques to generate 100 sets of 35-year synthetic records of monthly mean flows (Tingleff, 2007).  These synthetic records were used in an economic model of hydropower on Pine Creek to produce a range of economic benefits and risks.
Small-Scale Hydropower Overview

Run of river small-scale hydropower plants are made of several basic parts known as civil and mechanical works that are standard in virtually all designs.  The civil works are used to divert and collect water from the stream using the intake, canal, forebay tank, and penstock and the mechanical works contained in the power house are used to change the flow energy into electricity (Figure 5).
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Figure 5:  Overview of entire small-scale hydropower sytem

Source: www.british-hydro.org.uk
Stream Diversion

The basic design begins with partial stream diversion.  There are a range of diversion designs from a simple pipe insertion into streamflow to a more complicated low weir that extends partially or completely across the stream (Figure 6).  The inlet would also have a debris screen installed to prevent large objects such as rocks, leaves, or twigs from entering and damaging the system (New, 2004).
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Figure 6:  Full stream weir diversion

Source: www.whitman.edu/environmental_studies
Canal and Forebay Tank

The diverted water is carried under open channel flow conditions through a canal or culvert to a forebay tank (Figure 5).  The forebay tank purpose can be any combination of a surge volume, storage capacity, or sedimentation basin.  Preventing sediment from entering the mechanical works is paramount to protecting the turbine from damage and a shortened life.  If sedimentation does not occur in the forebay tank it must be performed elsewhere before the water enters the mechanical works.

Penstock

Under full channel flow conditions the penstock transfers the collected water from the forebay tank to the mechanical works (Figure 5).  The purpose of the penstock is to provide the shortest path and largest elevation drop before the water enters the turbine.  The change in elevation from the forebay tank to the turbine inlet is classically referred to as head or head pressure in units of meters or feet.  This head pressure provides the driving force to operate the turbine.

An alternative to the canal-penstock design is to only have penstock between the diversion and mechanical works.  Under these conditions the forebay or sedimentation basin is integrated into the diversion structure and only penstock transports the water to the turbine.  To prevent air pocket formation that stops water flow the penstock path must avoid going up any hills.  The advantage to having only penstock is maximized elevation change.  However, if the penstock is too long the head loss from friction may negate the gain in head pressure from a larger elevation change.  Furthermore the penstock-only choice is often more expensive than the canal-penstock option (Hydraulic Energy Program, 2004).

Mechanical Works

The heart of the mechanical works is the turbine-generator.  The turbine changes the flow energy of the water into mechanical energy and the generator changes the mechanical energy into electrical power.  The turbine classifications are low flow and high head or high flow and lower head.  The high head/low flow turbines use impulse reactions as the driving force and are not submerged.  The most commonly used impulse turbine is a Pelton wheel, which uses high velocity water jets from nozzles for rotation (Figure 7).
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Figure 7:  Pelton wheel and nozzle configuration

Source: www.hipowerhydro.com
The high flow/lower head turbines are classified as reactions turbines and are completely submerged.  The most commonly used reaction turbines are Kaplan and Francis types.  The Kaplan type resembles a boat propeller and is intended for the highest flow and lowest head (Figure 8).  The Francis turbine is similar to a centrifugal pump and operates within the flow and head ranges between the Pelton wheel and Kaplan turbine (Figure 9).
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Figure 8:  Kaplan turbine

Source: en.wikipedia.org/wiki/Kaplan_turbine
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Figure 9:  Francis turbine

Source: www.enerecosrl.com


Tailrace

The used water enters the tailrace from the turbine and returns to the stream of origin.  The tailrace is designed to minimize or prevent soil erosion by slowing the flow velocity before discharging to the stream.  Reducing the velocity is often accomplished through the use of riprap commonly called rock slop protection (Hydraulic Energy Program, 2004).
Turbine-Generator Transmission

The connection between the turbine and the generator can be either direct drive, in which a common shaft connects the turbine and generator, or a transmission.  The most commonly used transmission design for a smaller hydropower system is a belt and pulley.  The reason is they are easy to maintain, inexpensive, and parts are readily available.  A gearbox transmission is used for larger applications when the belt system becomes too complicated and awkward (Hydraulic Energy Program, 2004).

Power generation
The first step in power generation is to spin a shaft with some kind of turbine. The power generated from hydraulic turbines is a function of the effective head, the flow rate, and the efficiency of the turbine. It can be estimated by:

P = ((((Q(g(h

where:

P = Power estimate  (Watts)

( = Efficiency of the turbine  (dimensionless)

( = Density of the fluid (water)  (kg/m3)

Q = The fluid flow rate  (m3/s)

g = The gravitational constant  (m/ s2)

h = The effective head applied to the turbine  (meters)

The combination of flow and head help to determine the style of turbine appropriate for the application (Figure 10) (ALSTOM, 2007). Common styles of turbines are the Pelton, Crossflow, Francis and Kaplan. Pelton turbines are generally considered to be appropriate for high head applications, but have been used with head as low as 60 meters (Canyon Hydro, 2005).  Another important consideration is the variation in flow. The efficiency of the turbine is affected when the flow rate varies from the design flow rate (British Hydro Assn., 2005). An appropriately sized electrical control unit and a generator are selected to create the power from the turbine.
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Figure 10:  Head vs. flow ranges for small-scale hydro turbines

Source: ALSTOM, 2007
The electrical generation can be produced by a generator or an alternator.  Depending on the need of the end users the power produced would be either alternating current (AC) for delivery to the utility company’s grid or an independent mini-grid; or direct current (DC) for one or two households.  Off-grid small-scale hydropower systems need “diversion” loads to consume power when no other load is available.  In an AC system it occurs whenever supply exceeds demand.  Typical diversion loads are water and space heating.  An advantage of AC power is the wide variety of electrical consumer goods available on the market and AC can be connected to the main utility grid. .  Another benefit of AC over DC is voltage can be stepped up to distribute the electricity over great distances with better efficiency and reduced wire size (New, 2004).

Alternating current generators come in two types: synchronous and a-synchronous.  For a synchronous or an induction generator, the magnetic force is created by an external electrical current in a wire coil around a wire core. This unit will run as a motor with no load until a force from the turbine shaft tries to increase the rotation rate. The generator produces electricity from the generator’s resistance to increase the speed. This type of generator has the advantage of generating electrical power proportional to any turbine input force (DWIA, 2003).  Additionally the generator self-regulates its speed and frequency to match the utility grid frequency, automatically stopping power generation when the utility’s system has a power outage.  However when the utility company grid loses power, the generator loses its resistance to rotating and will increase speed at an uncontrolled rate.  This can be prevented by installing automatic control features to shut the turbine-generator down (Cunningham, 1988).

Previous studies
Engineers have assessed the feasibility of village scale micro-hydropower in the upriver area of the reservation.  Tribal engineer Milt Ludington and others studied the feasibility of hydropower on Ke’pel Creek in 2001 (Ludington, 2001).  They concluded that it would be reasonable to assume that 50kW could be generated during much of the year, based on a two cubic feet per second (cfs) diversion from the creek, with initial costs of $534,000.  Greacen (1997) calculated that a 20kW DC hydro system could be installed on Achelth Creek for an initial cost of $172,300.  The estimate is based on an assumed availability of 0.10 cfs year-round.  The penstock in this case would follow the path of the local water supply pipe.  This author also found that a 50kW AC system could be based on a flow of 4.5 cfs from Pecwan Creek for an initial cost of $373,740.
Utility Interconnection

In this study Tao Engineering is investigating the feasibility of a grid-connected hydropower system.  In this section we explore some aspects of grid-connected systems.
Distributed Generation

The State of California (CEC, 2005a), and the federal government (DOE, 2006) promote distributed generation (DG) of electricity.  Distributed generation is distinguished from central power plant generation and incorporates small generators spread throughout the usage area.   DG can increase the reliability of the grid, and create opportunities for more efficient use of energy sources.  While small-scale hydropower does not meet California’s criteria as a subsidized form of distributed energy generation, it is a form of DG, and regulations and processes for connecting to the grid which are applicable to DG also apply to small-scale hydropower systems.

Under the federal Public Utility Regulatory Policies Act (PURPA) of 1978, utilities are required to purchase power from Qualifying Facilities (QFs) (FERC, 2006a).  Included in the definition of a QF are Small Power Production Facilities, which include small hydro producers (FERC, 2006a, GPOAcess, 2007, 18 C.F.R. §292.203).  Under federal regulations, a small hydro producer is eligible for QF status if it does not have substantial adverse effect on the environment, is not diverting from a state or national wild or scenic river, and meets the terms and conditions of fish and wildlife agencies (18 C.F.R. § 292.208).  PURPA requires utilities to purchase power at avoided costs, and to provide interconnection to the electric grid (18 C.F.R. §292.303).  
Renewable Portfolio Standard

Retail sellers of energy in California are required by legislative mandate to increase their purchases of renewable power by one percent per year, originally with a target of 20% renewable by 2017, now with a policy target of 20% by 2010 (CPUC, 2006).  Prior to September, 2002, small-scale hydropower systems were eligible for status as renewable energy generators.  However, new systems which require a new or increased diversion of water, such as the system under consideration here, are not eligible for consideration as a form of renewable energy (CEC, 2006b).

Utilities
The power provider in the downriver area of Klamath is PacifiCorp, a utility producing and selling power throughout the Northwest (PacifiCorp, 2004).  PacifiCorp does business in a small area of Northern California as Pacific Power, or Pacific Power & Light.  In the Weitchpec area, the utility is Pacific Gas and Electric (PG&E), California’s largest electric utility.
Grid Connection

While high voltage transmission lines have traditionally been designed to carry power in either direction, lower voltage distribution lines have been designed to distribute power outward from central plants to end-users (Basso and DeBlasio, 2003).  Safety issues and equipment problems can arise when power producers are connected to the grid at distribution lines.  Because of the benefits provided by distributed generation, utilities, manufacturers, and other agencies cooperated to develop the IEEE 1547 set of standards for grid interconnection.  The standards provide guidelines for connection to the grid by small (less than 10MW), distributed generators.  Testing procedures are specified for verifying that equipment will function safely and that the power produced is consistent with the utility infrastructure.  Equipment which has been pre-certified as compliant with these standards may be eligible for “fast-track” approval by FERC (FERC, 2006b).  However, grid structure can vary significantly at different locations, and no design fits all scenarios (Basso and DeBlasio, 2003).  Utility approval is required for interconnection.
Distribution lines along Highway 169 are 12kV, three-phase steel-reinforced aluminum conductor line, with an ampacity of 117A (Jolley, 2007a).  In three-phase distribution, the current carried by one line can be determined by (von Meier, 2006):
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An 1800kW generator therefore would produce a current of 87A per conductor, or 108A with a safety factor of 1.25.  This current is below the capacity of the distribution lines along Highway 169, and the lines should be able to carry the current from an 1800kW generator at Pine Creek.
Environmental Impacts

Hydropower generation requires that natural water flow is manipulated through diversions of some kind. This has a potential to impact the flora and fauna that use the existing water channels. Changes to habitat may have an effect on endangered and threatened species. Identifying particular endangered and threatened species in the potentially affected area and their habitat needs is critical to mitigating the impacts to these species.
Habitat and Endangered Species
The lower Klamath River tributaries are habitat for several indigenous species of fish and eels. The larger streams on the reservation support some native fish stocks in their lower reaches (Figure 11). Although Pine Creek is locally considered to support anadromous fish populations, data has not been found to confirm this information. Many species have declined in number from recent human activities (Voight and Gale, 1998). The threatened or endangered listing status of the Coho salmon is a matter of continuing litigation in the federal court system. As the Coho is generally considered an endangered or threatened species it should be treated as such. The current status appears to show that the Coho is listed as threatened (CA DFG, 2007) 
Access to the streams is critical to 15 of the 19 species that require salt water to complete their life cycle (NRC, 2004). The temperature and volume of water are critical to many species. The incipient lethal temperature for juvenile Coho salmon is just over 25o C. The juvenile Coho can survive in temperatures as high as 24 oC, when no ten degree or greater rapid temperature changes occur (USEPA 1999). Reducing the streams flow volumes, particularly in the summer months, can produce an increase in the stream temperatures.

Any modifications to the flow patterns in a stream will affect the stream bed. The transport of the sediment load down the stream channel may be disrupted. This disruption can affect the channel characteristics and change the kind and number of habitat types. Specific stream studies are necessary to determine the habitat impacts from the potential effects of streamflow diversions (Gale, 2007).
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Figure 11: Anadromous Fish bearing waters of the lower Klamath and it’s tributaries.

Stream reaches with dark lines support documented Steelhead populations.

Source: Yurok Tribe Planning Department, GIS and Survey Mapping Division
There are no specifically identified endangered species found exclusively in the lower Klamath river region. The threatened Bald Eagle and Aleutian Canada goose have populations are found in the Klamath Lake area (US F&WS, 2007). The two birds may pass through the Lower Klamath region and the Bald Eagle has been observed on the lower Klamath River. However, small scale tributary diversions are unlikely to disturb either bird species.
Several other species associated with the Klamath River are of concern in the Klamath Lake region of Oregon. The Lost River sucker and the Shortnose sucker are listed as endangered but are only associated with the upper Klamath basin (US F&WS, 2007).

Access Road and Pipeline Construction Impacts

The intake of a small hydro system in the watersheds on the Yurok Reservation that we considered may be as much as several miles upstream from the powerhouse.  The water diverted from the stream needs to be transported through a canal or pipeline to the penstock and through the penstock to the turbine.  Construction and maintenance of the pipeline requires some kind of access road.  The country through which the pipeline passes has significant side slopes, and is subject to erosion and sliding.  The effects would be similar to those of logging or other back-country roads.  Figure 12 gives some idea of the impacts of a backcountry pipeline, though we expect the access road in the Pine Creek case could be larger than the trail shown.

[image: image14]
Figure 12: A pipeline and small access road
Source: Morehead Valley Hydro, 2007

Hagans et al. (1981) found that severe erosion impacts, including gullying, bank failures, and high rates of sediments in streams could be traced to undersized or blocked culverts at sites where roads and skid trails crossed streams.  Tao Engineering staff observed a slide upslope of Pine Creek on March 30, 2007 that was directly traceable to a blocked culvert on an unmaintained road (Figure 13).  Fine sediment erosion from roads is known to interfere with salmon and steelhead spawning (Cedarholm et al., 1981).  Bull trout have been found to be absent in watersheds with more than 1.7 miles of road per square mile, according to U.S. Forest Service (USFS) studies in the Columbia River basin (KRIS, 2007).  The National Oceanic and Atmospheric Administration (NOAA) suggests as a guideline that a watershed can be considered “properly functioning” with respect to salmon habitat where there is a road density of less than 2 miles of roads per square mile (NOAA, 1996).
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Figure 13:  Landslide from an obstructed culvert on an unmaintained road above Pine Creek

(Note that the foreground and the upper right are the original road bed that has washed out)
Road failures and subsequent sediment buildup in streams can be caused by side-cast material becoming saturated and triggering a slide, road bed saturation and failure, or sidewall failure (KRIS, 2007).  Under California’s Forest Practice Rules, buffer strips up to 200 feet in width are required between a logging road and large streams (Belt et al., 1992).    For smaller streams, the width of the required buffer strip is determined by field inspection.  Alternatives to buffer strips may be allowed, such as providing adequate shading by vegetation and ensuring that protection from materials entering the stream is provided in some way.  Problems due to backcountry roads can be ameliorated by maintaining the road and decommissioning the road at its end-of-life.  
Cultural Impacts
The Yurok people are the first residents of the Lower Klamath River region and their culture includes a respect for the land and its other inhabitants. Within the Yurok reservation, some cultural sites require special consideration when proposing any development projects. Some areas such as dance grounds and cemeteries cannot be physically impacted and dance sites may also require that little or no visual impacts occur. The Tribe has a process to assess the impact of potential impacts on its cultural resources (Yurok Tribe, 2006). An initial proposed use of an area should be submitted in order to verify if any potential cultural impacts exist.  The proposal to the Tribe is necessary because they want to restrict public knowledge of culturally significant sites in order protect them from vandalism and looting (McKinnon, 2007).
Permitting
A stream diversion not on reservation land would require a permit from the North Coast Regional Water Quality Control Board (RWQCB), as well as the state control board (SWQCB).  In addition, permits would be required from the state Department of Fish and Game and the U.S. Fish and Wildlife Service (US F&WS).  If transmission lines are run along a state highway, CalTrans may need to approve the project.  Approval may also be required from Del Norte or Humboldt County for a stream diversion depending on location.  Any power facility connecting to the grid requires approval by FERC.
Environmental impact reports (EIRs) would be required for both the state and federal levels.  The reports would need to address any possible impact to endangered species, as well as any other negative impact to habitats.  Any negative impacts on the streams would need to be addressed.  Cultural impacts would also have to be addressed in the EIR.
Analysis of Alternatives

Tao Engineering evaluated several alternative approaches to small-scale hydropower on Yurok territory.  The process we used to evaluate and compare these alternatives is explained in this section.  We first developed a set of criteria with which to compare different options.  Each alternative was then evaluated with respect to these criteria.  In this section we made use of the Retscreen® spreadsheet model developed by the Natural Resources Ministry of Canada for evaluating hydropower projects (RETScreen International, 2004).  The model requires as input streamflow frequency data, turbine type, design flow, and some economic information.  Retscreen estimates capital and life cycle costs based on a database of hydro projects in Canada.  We used the Retscreen estimates for capital costs and life cycle costs and benefits.  
Criteria

The criteria were iteratively developed during group meetings and integration of feedback from the Tribe and Tribal staff.  The final list of criteria used to compare alternatives is shown in Table 3.  Initial costs are important to consider to because it plays a significant role in project feasibility.  Life cycle costs are a major factor in alternative decisions to determine how much the project will cost over time and its ultimate feasibility.  Cultural appropriateness is especially important to the Tribe because of the potential impact the project may have on historically and culturally significant sites such as dance grounds and cemeteries.  Environmental impact is critical to a wide variety of organizations including the Yurok Tribe because of the potential to adversely affect the project stream, the Klamath River, anadromous fish, and local flora and fauna.  Ease of acquiring right-of-way is critical to allow the project to move forward.  Property owners must be negotiated with to allow the construction of the project early in the planning phase.  Lastly, ease of licensing is significant when considering an alternate because some activities in a watershed may require less permits and licensing than a more involved action.
Table 3: Criteria, Descriptions, and Methods Used to Compare Alternatives.
	Criterion
	Description
	Method of comparison

	Initial costs
	This includes all initial costs - equipment, installation, fees, etc.
	Lower initial costs are preferred.

	Life cycle costs
	Total costs and benefits of the project over its projected lifespan are estimated.  These include capital costs, maintenance costs, taxes, finance costs, and income.
	Present values of costs and incomes are compared. For on-grid systems, greater positive value and higher rate of return are preferred.

	Cultural appropriateness
	A number of sites are considered sacred, or for other reasons should not be disturbed.  These include cemeteries, dance grounds, basketry sites, and others.
	Less interference is preferred, identified by proximity to identified sites; extent of interference with viewshed; interviews with Tribal members or staff.

	Environmental impact
	Negative environmental impacts are possible consequences of the project.  These include threats to the habitat of endangered or threatened species, known impacts on habitat, especially fish habitat, possible increases in river sedimentation, and impacts on vegetation.
	Lower impact is desirable, quantified as fraction of flow undisturbed; estimated change in water temperature and turbidity; extent of erosion impact; extent of interference with endangered species.

	Ease of acquiring right-of-way
	Projects which cross multiple parcels require permission from all owners, which can be difficult to secure.  
	Number of parcels crossed and number of owners per parcel are compared. Fewer owners are preferred. Parcels controlled by the Tribe are most desirable.  

	Ease of licensing
	Permits are required from local, state, and federal agencies.
	Lower number and complexity of permits are preferred.


Proposed alternatives
Tao Engineering evaluated Klamath River tributaries for grid-connected hydropower potential.  We considered sites in PG&E territory in the upriver area near Weitchpec, and in Pacificorp territory in the downriver area near Klamath.

We found that sites in the downriver area did not have significant hydropower potential.

We considered the approximately 10 mile distance from Blue Creek to the grid to be too far for this stream to be a feasible option.  We ruled out Turwar and McGarvey Creeks (Figure 14) based on the low elevation drops in the watershed areas close to the Klamath River.  For McGarvey Creek we found a possible elevation drop of 50 feet, with a diversion length of 1.2 miles to a powerhouse located on the reservation and near the grid, leading to a maximum estimated power of 40kW.  For Turwar Creek, we found a possible drop of 50 feet, with a diversion length of 2.4 miles, leading to a possible power generation of 150kW.  Since streams in the upriver area appear to have significantly more potential, we concentrated on those streams.

We identified four possible sites with hydropower potential for interconnection with the PG&E grid in the upriver area.  In this section we evaluate and compare these sites.  Two of the sites are located on Pine Creek and two are on Tully Creek (Figure 14).  Pine Creek joins the Klamath River a little over two miles downriver from Weitchpec, near Bald Hill Road.  Pine Creek is a viable alternative due to the relatively large watershed and expected year round flow.  Tully Creek merges with the Klamath about two miles farther downstream.   Tully Creek is a smaller watershed, but still has significant flows, and the powerhouse would be located nearer to PG&E distribution lines.

These evaluations are for comparison purposes only.  We were intentionally optimistic in estimating hydropower potential so that we did not prematurely rule out sites.  We estimated watershed area above the intake locations using Geographic Information System (GIS) data.  We assumed 50% efficiency to account for losses in the turbine/generator set, the pipeline and penstock, electricity transmission, and all other losses.  We derived an average value for streamflow per unit of watershed area based on data from gauged downriver tributaries to the Klamath River.  We used the values 6.8 cfs/square mile for winter flows, and 1.2 cfs/square mile for summer flows from.  This procedure was used only to compare alternatives; we used a more thorough procedure to estimate streamflow once we selected a preferred alternative.  Revenue projections are based on the power equation (refer to Power generation section), the streamflow estimates, and the current PG&E avoided cost of $0.085/kWh (Appendix A).
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Figure 14: Watersheds investigated for Hydropower potential.

Alternate 1:  Pine Creek (lower)

The characteristics of this site are summarized in Table 4.  The intake is on Reservation land.  The useable watershed area at the lower site is 47.6 square miles.  The elevation drop is 110 feet.  About one mile of pipeline would be required, and less than one mile of road construction would be needed to reach the intake site (Figure 15).  Maximum power potential at the lower site is estimated at 600kW (Appendix B), with a revenue potential of $299,000 per year at current PG&E avoided costs.

Table 4:  Pine Creek (Lower) Criteria Analysis

	Criterion
	Measure
	Benefit or (Cost)

	Capital Cost
	
	($3,800,000)

	Lifecycle Costs
	Years to positive cash flow
	23 years

	Cultural Appropriateness
	Distance to culturally sensitive sites
	Unknown

	Environmental Impact

   Endangered species

   Erosion

   Spawning grounds

   Minimum flow

   Habitat
	Coho Salmon present

4396 ft. roads, moderate slope

Intake within spawning area

2 cfs minimum
	

	Ease of Acquiring Right-

of-Way
	
	

	Parcels Crossed
	4 by pipeline, 4 by transmission lines
	

	100% on Reservation
	√
	

	Ease of Licensing
	
	

	FERC

CaWQCB

NCWQCB

County

Fish & Wildlife
	√

n/a

n/a

n/a

√
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Figure 15:  Pine Creek Water Shed - Lower system proposal
Alternate 2:  Pine Creek (upper)

The characteristics of this site are summarized in Table 5.  The useable watershed area at the upper site is 43.7 square miles.  The elevation drop is 340 feet.  Over 2.5 miles of pipeline would be required, and 8500 feet of road construction would be needed to reach the intake site (Figure 16).  Maximum power production at the lower site is estimated at 1700kW, with a revenue potential of $848,000 per year at current PG&E avoided costs.
Table 5:  Pine Creek (Upper) Criteria Analysis
	Criterion
	Measure
	Benefit or (Cost)

	Capital Cost
	
	($6,500,000)

	Lifecycle Costs
	Years to positive cash flow
	7 years

	Cultural Appropriateness
	Distance to Culturally

Sensitive Sites
	Unknown

	Environmental Impact

   Endangered species

   Erosion

   Spawning grounds

   Minimum flow

   Habitat
	Coho salmon present

8530 ft. roads, moderate slope

Intake within spawning area

2 cfs minimum
	

	Ease of Acquiring Right-of-Way
	
	

	Parcels Crossed
	7 by pipeline, 2 by transmission lines
	

	100% on Reservation
	Not
	

	Ease of Licensing
	
	

	FERC

CaWQCB

NCWQCB

County

Fish & Wildlife
	√

√

√

√

√
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Figure 16:  Pine Creek Water Shed - Upper system proposal
Alternate 3:  Tully Creek (lower)

The characteristics of this site are summarized in Table 6.  The intake is located on Reservation land.  The useable watershed area at the lower site is 16.7 square miles.  The head is 300 feet.  Just under one mile of pipeline would be required, and just over one mile of road construction on steep slopes would be needed to reach the intake site (Figure 17).  Maximum power production at the lower site is estimated at 570kW, with a revenue potential of $286,000 per year at current PG&E avoided costs.

Table 6:  Tully Creek (Lower) Criteria Analysis
	Criterion
	Measure
	Benefit or (Cost)

	Capital Cost
	
	($647,354)

	Lifecycle Costs
	Years to positive cash flow
	23

	Cultural Appropriateness
	Distance to Culturally

Sensitive Sites
	Unknown

	Environmental Impact

   Endangered species

   Erosion

   Spawning grounds

   Minimum flow

   Habitat
	Coho salmon present

5545 ft. roads, steep slope

Intake not above spawning area

2 cfs minimum
	

	Ease of Acquiring Right-

of-Way
	
	

	Parcels Crossed
	4
	

	100% on Reservation
	√
	

	Ease of Licensing
	
	

	FERC

CaWQCB

NCWQCB

County

Fish & Wildlife
	√

n/a

n/a

n/a

√
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Figure 17:  Tully Creek Water Shed - Lower system proposal

Alternate 4:  Tully Creek (upper)

The characteristics of this site are summarized in Table 7.  The useable watershed area at the upper site is 16.1 square miles.  The head is 440 feet.  The culvert would be 7600 feet long, and require 8000 feet of road construction on steep slopes would be needed to reach the intake site (Figure 18).  Maximum power production at the lower site is estimated at 820kW, with a revenue potential of $405,000 per year at current PG&E avoided costs.

Table 7:  Tully Creek (Lower) Criteria Analysis
	Criterion
	Measure
	Benefit or (Cost)

	Capital Cost
	
	($938,797)

	Lifecycle Costs
	
	19

	Cultural Appropriateness
	Distance to Culturally

Sensitive Sites
	

	Environmental Impact

   Endangered species

   Erosion

   Spawning grounds

   Minimum flow

   Habitat
	Coho salmon present

8050 ft. roads, steep slope

Intake may be above spawning 

2 cfs minimum
	

	Ease of Acquiring Right-

of-Way
	
	

	Parcels Crossed
	5
	

	100% on Reservation
	Not
	

	Ease of Licensing
	
	

	FERC

CaWQCB

NCWQCB

County

Fish & Wildlife
	√

√

√

√

√
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Figure 18:  Tully Creek Water Shed - Upper system proposal

Decision Analysis

Tao Engineering used the Delphi method to evaluate the options detailed above.  According to this technique, each of the criteria is assigned a weight, reflecting its importance with respect to other criteria in the overall decisions analysis.  Each option is then given a relative score according to how well it meets each criterion.

Weights were assigned according to the judgments of Tribal staff members and Tao Engineering.  To override the opinions of Tribal staff, Tao Engineering would need a compelling reason.  The criteria weights ranged from 1 – 10, with a weight of 10 indicating greatest importance.  Each alternative was then given a score from 1 – 10 for each criterion, reflecting how well that alternative measured with respect to each criterion.  The product of the weight and the score yields a measure for each alternative against that criterion.  The sum of the weighted scores gives an overall measure for each alternative.  The results of this ranking process are shown in the following sections.

Criteria weights

The weights given to the criteria by Tribal staff members are shown in Table 8 (Jolley, 2007b).

Table 8: Criteria Weights as Assigned by Three of the Tribal Staff Project Advisory Team.
	Criterion
	Kevin McKernan

Director YTEP
	Dustin Jolley, Tribal engineer
	Monica Hiner, Environmental coordinator

	Initial Costs
	5
	5
	6

	Life cycle costs
	8
	8
	7

	Cultural appropriateness
	10
	10
	10

	Environmental impact
	9
	10
	10

	Ease of acquiring right-of-way
	7
	6
	8

	Ease of licensing
	6
	5
	2


The close agreement among Tribal staff members and Tao Engineering made it relatively straightforward to arrive at consensus values.  The consensus weights used in the evaluation are shown in Table 3.

Table 9: Consensus Weights by Criterion as Assigned and Final Weight Used.
	Criterion
	Tao Engineering consensus weight
	Tribe staff consensus weight
	Weight used

	Initial costs
	7
	5
	5

	Life cycle costs
	8
	8
	8

	Cultural appropriateness
	10
	10
	10

	Environmental impact
	10
	10
	10

	Ease of acquiring right-of-way
	6
	7
	7

	Ease of licensing
	5
	4-5
	5


Scoring of alternatives

The scores assigned to the criteria are shown in Table 10.  Scores ranged from 0 – 10, with a score of 10 indicating the most beneficial (or least harmful) impact.  Most scores were derived on a linear scale.  An optimum outcome was assigned a score of 10, and a worst case outcome was assigned a score of zero.  Intermediate values fell on the line connecting the best and worst cases.  The details of the scoring process are as follows for each criterion.

Table 10: Scores Assigned to Each Criterion for the Proposed Alternatives.
	Criterion
	Lower Pine
	Upper Pine
	Lower Tully
	Upper Tully

	Initial costs
	7.47
	5.67
	7
	6.27

	Life cycle costs
	0.8
	7.2
	0.8
	2.4

	Cultural appropriateness
	5
	5
	5
	5

	Environmental impact
	4.4
	3
	3
	2.7

	Ease of acquiring right-of-way
	6
	4
	7
	6.5

	Ease of licensing
	6
	4
	6
	4


Initial costs

 Initial costs scores were calculated by assigning a score of 10 to an initial cost of zero, and a score of zero to an initial cost of $15,000,000.  An initial cost higher than this amount would not be considered for a project of the scale being considered here.
Life cycle costs

Life cycle scores were determined by assigning a score of zero to a 25-year period to net-positive cash flow, and assigning a score of 10 to a break-even period of zero years.  In our judgment, a “payback” period longer than this would make the project unfeasible.
Cultural appropriateness

All alternatives were assigned a cultural appropriateness score of 5 until further information becomes available.  

Environmental impact

We estimated that 50% of the environmental impact is due to the intake structure and diversion of water from the stream, 30% of the impact is due to the access road and pipeline, and 20% of the impact is due to other aspects of the project such as penstock, powerhouse, turbine, tailrace, and power lines.  The threatened Coho salmon is present in both creeks, leading to the high environmental impact from diversion of water.
The Tully Creek options involve diverting a larger fraction of the flow than the Pine Creek options; Tully Creek options were docked four points, and Pine Creek options were docked three points for diversion from the stream.

Environmental impacts of the pipelines were compared according to length of the pipelines, and the average slope of the terrain for each option.  The pipeline lengths and average slopes are shown in Table 11.

Table 11: Environmental Impact of the Pipeline Ranked by Length and Slope of the Terrain
	
	Lower Pine
	Upper Pine
	Lower Tully
	Upper Tully

	Length (feet)
	5700
	16,000
	5300
	8300

	Average slope
	34°
	28°
	39°
	36°


Slopes were ranked from 4-8, with a 28° slope receiving a score of 4, and 39° a score of 8.  The lengths were multiplied by these slope weights.  These weighted values were normalized so that the maximum deduction due to pipeline would be three points.

In addition, each alternative lost an additional point for other unavoidable impacts, such as erosion caused by construction, impact on viewshed, and impact on vegetation and habitat.

Ease of acquiring right-of-way

This measure was based on the number of parcels crossed.  An option which crossed zero parcels would receive a score of 10, and an option which crossed 20 parcels would receive a score of zero.  This range includes all the options considered.
Ease of licensing

Licensing scores were based on the judgment that all options require the most difficult licensing steps – utility approval, FERC approval, Fish & Game approval, but some of the options avoided certain state and county permits because they would be located completely on the Reservation.

The scores assigned to each option according to the procedures described above are shown in Table 10.

Weighted scores

The weighted rankings are shown in Table 12.  The overall rankings are close together, with a difference of 10% separating the lowest and the highest scores.  The highest ranked option, Upper Pine, received high scores for life cycle economics, and low scores for initial costs.  In addition, the Upper Pine option scored low on environmental impact due to the long pipeline required.  There are no apparent cultural impacts for any of the four alternatives at this time.  Further research is conducted to identify specific cultural impacts when actual proposal alignments are defined.  Mitigations are then proposed which may include project modifications.
Table 12: Weighted rankings for each option are shown.

	Criterion
	Lower Pine
	Upper Pine
	Lower Tully
	Upper Tully

	Initial costs
	37.4
	28.4
	35
	31.4

	Life cycle costs
	6.4
	57.6
	6.4
	19.2

	Cultural appropriateness
	50.0
	50.0
	50.0
	50.0

	Environmental impact
	44.0
	30.0
	30.0
	27.0

	Ease of acquiring right-of-way
	42.0
	28.0
	49.0
	45.5

	Ease of licensing
	30.0
	20.0
	30.0
	20.0

	Sum
	210
	214
	200
	193


Preferred alternative

The alternatives are ranked within 10% of each other, indicating no clear overwhelming preferred alternative.  The implications of this are that the benefits of any of the options may be counter-balanced to a significant degree by the drawbacks of that option.
Tao Engineering believes the Upper Pine Creek option to have the greatest potential to meet the goals and constraints of the project.  The clearest benefit to this option is the revenue producing possibilities offered by the higher streamflow and greater elevation change.  The other options are difficult to justify given their apparent low returns on investment.  The potential drawbacks to the Upper Pine Creek alternative are the environmental impacts of the long road, the extra licensing issues involved with off-Reservation siting, and the high number of right-of-way or land lease negotiations

Final Pine Creek Design Proposal
Tao Engineering is proposing a system for Pine Creek based on an 1800kW Francis turbine.  The system would require a pipeline diversion greater than two miles in length, and a 600 foot penstock.  The main elements of the system are shown in Figure 19.
Figure 19: Elevation view of main elements along flow line of

small-scale hydropower system for Pine Creek.

We propose a weir intake structure which leaves 35 cfs in the creek at all times, and, for flows above 70 cfs, diverts between 35 cfs and 105 cfs to the pipeline, as shown in Figure 19.  Flows above 140 cfs continue down Pine Creek, with 105 cfs diverted to the intake.  The locations of the main system components are shown in Figure 20.
 Pine Creek Preferred Alternative
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Figure 20: Proposed Pine Creek preferred alternative alignment.
Streamflows
As noted above, we are basing our estimates of Pine Creek flows on historical records from Willow Creek.  We recommend that the size of investment being considered here be based on actual records from Pine Creek.  Our approach here was to try to bracket the actual Pine Creek flows with low and high estimates based on Willow Creek flows.  We used Willow Creek monthly mean flows as the basis for these estimates.   As the hydrograph of Willow Creek for November, 1960, illustrates (Figure 21), the flows available for hydropower for a month can be much lower than the monthly mean.  We analyzed the relationship between monthly means and available flow (Appendix B), and derived a basis for low and high estimates of the Pine Creek flows.  At the low end, we assumed the flow available during a month was equal to 43% of the Willow Creek monthly mean flow.  This is approximately the flow which would be available in Willow Creek.  At the high end, we assumed an available flow of 70% of the monthly means.
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Figure 21: The relationship between monthly mean flow and flow available for hydropower is problematic.
The Willow Creek monthly means were used as the basis for generating stochastic synthetic streamflows.  These synthetic records were used as inputs to an economic function (described below), which projects annual revenue based on monthly streamflows.  The range of revenue projections provides some idea of the range of revenue that might be expected at Pine Creek.  The assumptions and methodology used in generating the synthetic streamflows are described in Tingleff (2007).
Intake Structure

The intake structure will consist of a concrete diversion weir in the stream channel (Figure 22). The elevation of the diversion culvert invert was used as the datum for the intake structure. The invert elevation was estimated to be at 540 feet above mean sea level (msl). The 540 feet msl elevation was determined using a the Digital Elevation Model obtained from http://gisdatadepot.com/dem and ArcGIS software. The actual elevation will need to be determined by an onsite survey. The following weir dimensions were estimateded using the information and principles presented in Bos et al. (1984) and Appendix D. The overflow height of the main weir across the stream channel is at the diversion headwater elevation of 545.1 feet msl. The lowest point on this weir will be a smaller rectangular weir for fish passage and minimum streamflow. This 8.5 foot wide rectangular weir will deliver the minimum allowable streamflow estimated to be 35 cfs. The minimum flow weir crest is 1.9 feet below the main weir crest at 543.2 feet msl. The dimensions of this weir should allow for fish passage. The tail water will drop through a series of pools as needed to achieve the downstream channel height to further facilitate fish passage.
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Figure 22: Conceptual diversion weir with some design elevations.

A secondary weir, leading to the diversion channel and pipe, will be at 544.4 feet msl elevation to limit the diversion and provide the minimum flow weir requirements. The diversion channel will have a debris screen and small fish barrier which are not shown in Figure 22.  If the site conditions allow, the diversion channel will have an overflow sill to maintain no more than 545.1 feet msl of headwater elevation delivered to the diversion pipe. The dimensions and elevations given are estimates based on assumptions of site conditions and streamflow minimum requirements. The specific design of the weir will require an inspection and survey of the site conditions.
The impoundment behind the weir must be a minimum of 1000 ft2 surface area to serve as the settling basin for the sediment transported by the streamflow otherwise an additional structure would be necessary to provide settling of small equipment-damaging particles. The general location selected for the intake weir places the diversion on the inside radius of a bend in the stream channel. As flow down the stream channel is never completely eliminated, the stream bed sediment load will be partially carried down the main channel. It is expected that yearly maintenance will be necessary to remove material deposited behind the weir.
Diversion Pipeline
The proposed diversion culvert will be a 11,840 foot pipe along the stream bank nearly following a contour line (Figure 20) The 5.5 foot (1.65m) diameter diversion pipe line is proposed to be HDPE culvert sections with plastic welded joints. The diversion pipe has been sized for open channel flow at the design flow rate of 105 cfs using a culvert design program from Haestad Methods Inc. (1998). The Culvert Calculator Report and a view of the calculation window are found in Appendix E. These results were verified using a five foot diameter culvert and the equations and principles presented in Cheremisinoff (1981).
The intake headwater elevation is set at 545.1 feet msl. Over the 11,840 foot length, the total elevation drop will be 15 feet, for a slope of 0.13 feet for each 100 feet of length (Figure 19). The design tailwater elevation in the forebay tank is 535 feet msl at the design flow rate (Figure 23). This elevation must be approximately ten feet above the penstock top lip to prevent entrained air from vortex creation (Energyservices, 2007). The minimum height of the forebay tank is 18 feet. For a 20 foot diameter tank, the flow detention volume is 1000 ft3 or about 30 seconds of flow. The actual forebay tank is to be sized based on specific site conditions including the ground slope and stability.
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Figure 23:  Plan View of Forebay Tank 
(drawn by Ansel N. Ortiz, 2007)

Site Accessibility 

The installation of the diversion pipe and the intake structure will require equipment access. This proposal includes the construction of a new road along the length of the diversion pipe alignment. The 2.33 mile gravel base road is proposed to connect to the Iron Gate Road after it crosses the end of the ridge (Figure 20). The road will provide the route for intake structure construction equipment and materials, the bed for the diversion pipe line, and long term maintenance access. New road construction may be reduced through the use of reconditioned logging roads which are found throughout the area.  Though reconditioning old roads may not reduce construction costs, mitigation of the cumulative environmental impacts in the project area are potentially reduced. A reconditioned abandoned road that is consistently used and maintained will not be allowed to have long term obstructed culverts which can result in significant washouts (Figure 13).
Forebay Tank and Penstock

The forebay tank slows the velocity of the incoming diverted water and serves as a surge volume during flow fluctuations.  The height of water inside the forebay tank needs to be at least 10 feet above the top of the penstock inlet to prevent vortex formation.  A vortex disrupting float needs to be installed if the dimensions of the tank do not allow for the appropriate water level.  The vortex is undesirable because it can allow air to be drawn into the penstock and turbine causing cavitation, which decreases efficiency and equipment life.  The penstock would be installed near the bottom of the forebay tank to transport the water at pressure and full channel flow to the turbine below.  Two gate valves should be installed at the top and bottom for maintenance and emergency shutdown evolutions.  To prevent potential excess water overtopping the forebay tank and eroding the hillside an overflow pipe would be installed.  The pipe would release the surge water onto a rock slope protection area to return to Pine Creek (Figure 23 and Figure 24).
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Figure 24:  Elevation view of Forebay Tank 
(drawn by Ansel N. Ortiz, 2007)

The penstock is approximately 2.6 feet in diameter and 600 feet long, with a net change in elevation of 289 feet.  This provides an absolute static head at the turbine inlet of 322 feet or pressure of 140 psia and a dynamic absolute head of 317 feet or pressure of 137 psia using Bernoulli’s equation (Appendix F  Penstock Pressure Calculations).

The penstock will be constructed out of steel with coupling connections.  The coupling connections are preferred over a welded section because it offers greater pipe flexibility during transient conditions, such as turbine-generator start up and shut down, as well as temperature changes over time (Talbot, 2007).  Couplings are also safer during installation and replacement because there is no fire hazard caused by welding.

Turbine

The turbine of choice for this installation is a vertically mounted 1800kW Francis type turbine generator set with adjustable inlet vanes.  The adjustable vanes allow for control of the inlet flow velocity to help maintain necessary power output and efficiency during fluctuations in flow rate from the civil works.  The manipulations of the vanes are computer controlled using input from an electronic level sensor located in the forebay tank.  The revolution speed of the turbine is relatively slow compared to the generator.  For this reason there needs to be a transmission to step up the revolution speed of the turbine to a usable generator speed.

Safety of the turbine-generator set is necessary to be able to sell power back to the utility company.  Therefore an emergency shutdown procedure needs to be integrated into the turbine-generator operation during runaway conditions.  A runaway condition typically occurs when the local grid loses power.  If the turbine over-speeds and operation were to continue, destruction of the turbine-generator set and potential damage to utility company components could occur.  Emergency shutdown needs to be a controlled evolution that prevents a pressure surge in the penstock, also known as water hammer, while preventing turbine-generator damage.  If the pressure pulse is too high, it could cause the pipe to rupture.

Rapid turbine shut down design would involve bypassing the turbine.  One of the splits would go to turbine and the other would bypass the turbine and dump directly into the tailrace (Figure 25).  On each of the respective legs would be automatic valves which under normal operations would have the bypass leg shut and the turbine open.  During emergency shutdown of the turbine the bypass valve would rapidly open at the same rate at which the turbine inlet valve would be closed.  The goal of the synchronized valve operation is to maintain the same flow rate and pressure out of the penstock to avoid water hammer.  Once the turbine is completely bypassed, then the bypass valve could either be slowly closed at a rate that would minimize any water hammer or if the power outage is expected to be of a short duration, for example half a day, then the valve could remain open to avoid any other isolation procedures upstream of the turbine, namely closing the gate valve at the weir intake.
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Figure 25:  Turbine-generator inlet and bypass

(drawn by: Ansel N. Ortiz, 2007)
Electrical equipment
Electric power is generated at the turbine by a three phase induction generator.  The frequency of the generated power is automatically synchronized with the incoming AC current provided by the grid in the armature windings.  Induction generators generate at a leading power factor, consuming reactive power (von Meier, 2006).  Capacitors must be installed to adjust the power factor before the connection to the grid.  The generator produces power at 12kV.
Transmission

Generated power will be transmitted along Dowd Road to the Klamath River, and over the river, as shown in Figure 20.   The length of the wire is approximately 3200 feet.
Economic analysis

Projections of economic costs and benefits are based on all elements of the system.  Revenue projections are based on streamflow estimates, turbine efficiency, and estimates of the future price paid by the utility for power (PG&E’s avoided cost).  Additional estimates are needed for initial costs, annual operation and maintenance costs (O&M), the cost of financing, and the salvage value at the end of life.  The current avoided cost published by PG&E is $0.08531/kWh (PG&E, 2007).  The use of mathematical models for turbine efficiency and initial costs enables the use of computer simulation to project the economic benefits of the system.  
Turbine efficiency

The efficiency of a Francis turbine rises slowly with increased flows, reaching a value within 10% of its peak flow at approximately 45% of the design flow (Figure 26).

 [image: image27.emf]
Figure 26: Francis turbine efficiency is within 10% of its maximum at 50% of the design flow.

(RETScreen International, 2004)
In the Pine Creek case, we expect that the turbine would begin operation at one-third of its rated flow, with an efficiency of around 60%.  The efficiency of a Francis turbine can be estimated as a function of its design flow and the current flow with a mathematical model (Appendix C).

Initial costs

Estimates of the capital costs for a hydropower system in the 1MW – 30MW range vary from $1700/kW to $3700/kW (Appendix C).  Most estimates of the cost of an 1800kW system of the type considered here for Pine Creek were approximately $6 million.  We used the model of Kaldellis (2005) in simulations, with an estimate of $5.8 million for the base case.
Operating costs

Operating costs include annual maintenance and general costs, and are estimated as a fraction of the capital costs (Kaldellis et al., 2005, Retscreen, 2000) or as a function of the size of the system (Voros et al., 2000).  The formulas used in the Retscreen ® model, with initial costs set at $6,700,000, are shown in Appendix C.  The model used by Voros et al. (2000) is OM = 0.01(annualHours) (Pt), where Pt is the nominal power rating of the turbine in kW.  This formula leads to an annual operating cost of $201,000 for a 2300 kW turbine.  We used the model developed by Voros et al., but with the coefficient set to 0.015 rather than 0.01 to account for road maintenance costs.  Annual values are close to those recommended by Retscreen®.  

Economic Simulations
The economics of the plant were simulated with 100 sets of synthetic streamflows covering a 35 year period.  The synthetic flows preserve the statistics of the Willow Creek monthly means.  The randomly generated sets provide a range of possible economic futures for hydropower on Pine Creek in two ways.  First of all, we derived available flows from the synthetic means in two scenarios: using 43% and 70% of the mean flow as available flow.  
In addition, the random procedure provides a range of possible future streamflows for both the low-end and high-end estimates.  The results show that the economics of the plant are favorable only in the high streamflow scenarios, or with significant grant funding to offset initial costs.
Design Flow/Turbine Size

To maximize annual output, the design flow in hydropower should be near the median annual flow (Retscreen International, 2004).  For Willow Creek, this value is approximately 2.5 cms (Figure 27).  Once the design flow is selected, the turbine power is determined by the turbine power equation.  To find the optimal design flow, we simulated the economic results for a variety of design flows/turbine sizes.  In the low streamflow case, the optimal size according to economic results is 2.3 cms (80.5 cfs)/1500kW; for the high streamflow case the optimal size is 3.0 cms (105cfs)/1800kW.
[image: image28.emf]
Figure 27: The range of flows useable for hydropower is approximately in the band shown.
Assumptions

Economic results are based on the assumptions shown in Table 13.   We assumed that operation of the system would require two people working on road and intake maintenance as well as other costs (Appendix C).  For the base case we assumed the Tribe would make a 20% down payment and borrow the balance of the initial costs.  A crucial assumption is that regarding the rate at which the avoided cost paid by PG&E for power will increase.  In the base case we assumed a rate of 2% above the inflation rate; we also varied this rate in a sensitivity analysis.  We used the assumption of Retscreen International (2004) that a turbine rebuild would be necessary after 20 years.
Table 13: Assumptions used in the economic analysis are shown.

	O&M costs (varies with streamflows)
	0.015 (annual Hours)(Turbine peak power)

	Loan
	80%, 15 years

	Loan interest rate
	7%

	Discount rate
	8%

	Escalation rate
	2%

	Periodic upgrade
	$200,000 turbine rebuild in year 20


Additional assumptions vary depending on the streamflow scenarios as shown in Table 14.

Table 14: Assumptions vary depending on the streamflow scenario used.
	
	Low streamflows
	High streamflows

	Design flow
	2.3 cms
	3.0 cms

	Nominal turbine power
	1500kW
	1800kW

	Initial costs
	$4,900,000
	$5,800,000


Results

The first case considered is based on the conservative estimates of streamflow.  The variation in net annual income over the 35 year period for the median economic performing scenario is shown in Figure 28.  This scenario is based on the synthetic streamflow set whose net present value after 35 years falls in the middle of the 100 sets of synthetic streamflows modeled.   Net annual income in this scenario is frequently negative before the loan is paid, and in the year of the turbine rebuild.  After the 20th year, revenue is still highly variable depending on streamflow.  Higher revenues toward the end of the 35-year period are dependent on the assumed 2% increase in the price paid for power by the utility.
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Figure 28: Net annual income for the median economic year of low-end streamflows varies with annual flows.

Cumulative cash flow becomes positive for this case after 21 years.  Economic benefits for three sets of low-end synthetic streamflows are summarized in Table 15.  The sets chosen were those whose present value exceeded 90%, 50%, and 10% of the 100 sets of synthetic data.  These represent high, middle, and low economic expectations using the conservative streamflow estimates.  The 10% case provides some measure of the risks of the investment. 
Table 15: The economic benefits of a plant based on conservative flow estimates are summarized.

	Stochastic streamflow scenario
	Present value ($1000s)
	Years to positive cash flow
	Internal rate of return

	90th percentile
	2,692
	19
	16%

	Median
	1,378
	21
	14.5%

	10th percentile
	467
	25
	8%


High streamflow estimates

Economic projections based on higher estimates of the streamflows are more optimistic.

Net incomes projections for the median case are shown in Figure 29.  Annual incomes for the median case are positive every year after the 15-year loan is complete.  Internal rates of return exceed 20% for 90% of the sets of synthetic streamflows (Table 15).  These results emphasize the need for accurate streamflow data for Pine Creek.  The actual streamflows in Pine Creek may be much closer to the conservative estimates, which do not present nearly as attractive an economic picture.
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Figure 29: Net incomes for the median case with higher streamflow estimates are consistently positive after the loan is paid.

Even with the optimistic streamflows scenario, the time to positive cash flow is 17 years in the median case.  This measure is simply a balance of money paid out and taken in.  It does not treat money in the present as more valuable than money in the future.  The economic outlook with both high and low streamflows is dependent on the escalation rate.  Much of the revenue comes in the later years of the life cycle, due to the assumed increase in the price received for power.

Table 16: The economic benefits of a plant based on optimistic streamflow estimates are summarized.

	Stochastic streamflow scenario
	Present value ($1000s)
	Years to positive cash flow
	Internal rate of return

	90th percentile
	6,506
	10
	26%

	Median
	5163
	17
	22.5%

	10th percentile
	3,663
	17
	20%


Variations in Initial Cost
Expected benefits are obviously dependent on the initial costs.  The Tribe may have access to grants to help offset the costs (Jolley, 2007c).  With the optimistic streamflow estimates shown above, simulated net income after the loan was paid was positive for all years in all cases.  If available streamflows are this high, a grant covering 50% of the capital costs increases the IRR for the median case to 27% and decreases the number of years to positive cash flow to eight.  With the lower streamflow estimates, the economic benefits are summarized for a grant covering 50% of the initial costs.   Internal rates of return increase to greater than 20% for 90% of the randomly generated scenarios.  Years to positive cash flow decreases from 21 to 17 years.
Table 17: The economic risks are significantly reduced in the low streamflow assumption with a grant
 covering 50% of the capital costs.
	Stochastic streamflow scenario
	Present value ($1000s)
	Years to positive cash flow
	Internal rate of return

	Exceeds 90%
	6,506
	10
	26%

	Exceeds 50%
	5163
	17
	22.5%

	Exceeds 10%
	3,663
	17
	20%


Escalation rate

The economic returns are highly dependent on the assumed price paid for the generated power, based on PG&E’s avoided cost.  In the results presented above, we assumed that this rate increased at the rate of 2% per year.  The results vary considerably if a different escalation rate is assumed, as seen in Table 18 and Table 19.  By comparing the cumulative cash column with the years to positive cash flow column, it is apparent that much of the benefit occurs toward the end of the 35-year period, as the compounding increase in the avoided cost becomes more significant.  The number of years to positive cash flow is not affected as strongly.  Tao Engineering is not willing to hazard a prediction as to the actual escalation rate of the avoided cost for the next 35 years.
Table 18: For the conservative streamflow median case, significant changes in economic benefits result
 from changes in the assumed rate of increase in the price paid for power.

	Escalation rate
	Present value ($1000s)
	Years to positive cash flow
	Cumulative cash after 35 years ($1000s)

	.01
	654
	23
	3,963

	.02
	1,378
	21
	7,290

	.03
	2,229
	17
	11,406

	.04
	3,234
	16
	16,515


For the higher streamflows, the benefits in terms of cash after 35 years are also significantly enhanced with the assumption of a higher escalation rate.  Again, the number of years to positive cash flow is not as strongly affected.
Table 19: For the optimistic streamflow median case, changes in benefits with variations
 in the energy escalation rate are shown.
	Escalation rate
	Present value ($1000s)
	Years to positive cash flow
	Cumulative cash after 35 years ($1000s)

	.01
	3,365
	18
	13,454

	.02
	4,542
	17
	20,149

	.03
	5,961
	16
	28,662

	.04
	7,682
	12
	39,518


Conclusions
While the potential exists for favorable economic returns from hydropower on Pine Creek, significant obstacles are associated with its development.  A number of unknowns must be more thoroughly evaluated before the feasibility can be assessed.  Only if these unknowns can be resolved favorably does Pine Creek offer the prospect of favorable economic benefits.
The feasibility and costs must be determined of constructing and maintaining an access road along the pipeline from intake to penstock.  A suitable site for an intake can only be determined from the ground.  A pipeline route needs to be surveyed, and the slopes and soils evaluated to determine if a road can be constructed and maintained.  The road needs to meet the environmental criteria of the Tribe, as well as those of state and federal regulators.  The road will have to be constructed close to the creek, increasing the dangers of erosion into the creek.  The road would not meet standard forestry practices for buffer zones near a stream, and the Tribe would need to verify that a permit could be obtained.  In addition, any road on Green Diamond land would perhaps make it more difficult for Green Diamond to build roads in the future, since the erosion from roads is additive.  Green Diamond may be reluctant to cooperate for this reason.

The effects of the intake structure and the removal of water from the stream would need to meet the Tribe’s environmental standards, as well as those of state and federal agencies.  Anadromous fish very likely swim as far upstream as the proposed intake, and the weir and intake design would have to be verified as passable by these fish.  The hydropower development would very likely be challenged in court for its impact on the habitat of Coho salmon.  A lawsuit can be very costly.
The initial costs of the proposed system are high, with more than 10 years to positive cash flow under most scenarios.  While the initial costs are not known with a high degree of confidence, these costs can be assessed more completely by obtaining initial estimates from turbine manufacturers and construction companies.  The economics become much more favorable if grant money is available.
The economic benefits of the hydropower depend strongly on the streamflows in Pine Creek.  In this report we used records from a nearby stream as the basis for our economic projections.  If the Tribe believes the other obstacles can be overcome, Pine Creek discharge measurements should be obtained.  Based on watershed area alone, Pine Creek streamflows would be expected to be close to the conservative scenario studied.  In these scenarios, grants were necessary to present a favorable economic picture.
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Continuation of Excel sheet used to summarize and compare early alternative selections. 2
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VMH5
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Estimated Power (KW) Yearly Income

Crk Name Description Winter Summer $/year
Cappell  Generation Facility

Cappell  Upper Cappell Crk intake Area 375.06 8273  $185,990.44
Cappell  Add'l Area Lower Cappell Crk intake 24028 5300 $119,156.25

McGarvey Generation Facility
McGarvey McGarvey Creek from gage 37.69 831 $18,691.97
McGarvey Add'l Area for lower Mcgarvey Intake 2236 493  $11,086.81

Pecwan  Generation Facility

Pecwan  Both Forks Pecwan Creek 1294 54 28556 $641,964.53
Pine Generation Facility

Pine Upper pine Intake area 1714.06 37810 $850,002.41
Pine Add'l Area Lower pineintake 701.02 15464 $347,637.21
Pine Pine - Lower yet 59317 13085 $294,154.56
Pine Pine - Lowest 350,51 7732 $173,818.60

Roach  Generation Facility
Roach Upper Roach Crk intake Area 558.64 12323 $277,028.61
Roach Add'l Area Lower Roach Crk intake 364.05 8030 $180,531.69

Turwer  Generation Facilty Upper
Turwer  Generation Facilty Lower

Turwer  Turwer Creek  Upper intake to  Upper Plant 75.14 16.58 $37,262.45
Turwer  Turwer Creek  Upper intake to  Lower Plant 150.28 3315 $74,524 90
Turwer  Turwer Creek Lower intake to  Lower Plant 98.82 21.80 $49,004.69

Tulley  Generation Facility
Tulley  Tulley Creek from gage

Tulley REMOVE Area from Tulley for lower Intake 577.92 12748 $286,588.25
Tulley REMOVE Area from Tulley for upper Intake 819.98 18088 $406,629.28

Penstock Yearly Income

(Mi) $/year
McGarvey 0.91 $11,086.81
McGarvey 118 $18,691.97
Turwar 175 $37,262.45
Turwar 199 $49,004.69
Turwar 244 $74,524.90
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Appendix B  Relationship of Monthly Means to Available Flows
In the following figure, monthly means are graphed against flows available for hydropower.  Available flows are defined as flows between 1 cms (35 cfs) and 3 cms (105 cfs).  With 1 cms always left in the creek, an actual flow of 4 cms results in an available flow of 3 cms.  Available flows shown in the graph are monthly average values based on daily streamflow data.  The purpose is to derive a relationship between available flows and mean flows to enable the use of monthly means in synthetic streamflow simulations.  For monthly means above a certain level, the available flow is always at its maximum of 3 cms.  For means above 300 cfs, the available flow is usually at its maximum.  We chose to assume that available flow for the month was 105 cfs when the monthly mean was greater than 300 cfs, knowing that this overestimated the available flows.
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For means below 300 cfs, we used the relationship found with Excel® linear regression to represent the available flows as a function of monthly means (shown below).  The overestimate mentioned above is compensated to some degree by the underestimates inherent in using an average monthly value for available flows.  Since turbine efficiency is lower at lower flows, the actual turbine power is underestimated by using an unweighted monthly average.
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The purple line above shows the equation y = 0.7x.  This is the relationship we used to represent the high-end estimates of available Pine Creek streamflows as a function of Willow Creek monthly mean flows.  For the low-end estimates, we used the linear model shown in the figure.
Appendix C  Economic assumptions
Francis Turbine efficiency equation

The efficiency of a Francis turbine can be approximated as (Voros, et al, 2000),
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where


η = turbine efficiency


ηR = rated turbine efficiency


Qm = monthly streamflow


QR = design flow


a = -0.537


b = 1.047


c = 0.490

Initial costs

According to an investor’s guide prepared for the European market in 2006, a 1000kW system could be expected to cost around $1700/kW, with 25% of the cost going for the turbine, 60% for the intake and civil works, and 10% for electrical equipment.  The author notes that costs vary considerably depending on local issues (Bobrowicz, 2006).

Another study of the European market estimates costs to be in the $2500-3000/kW range for projects of around 2000kW (Paish, 2002).  The D.O.E. estimates the capital costs for large scale hydropower systems (larger than 30MW) to be $1700-$2300/kW, for a range of $3.06M - $4.14M for an 1800kW system (DOE, 2001).

Kaldellis et al. (2005) used the following relationships for European hydro projects:
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where


IC is the initial cost of the system


Pr1 is the cost per kW of the turbine/generator/electrical equipment (€/kW)


Pr2 is the cost of the intake and other civil works (€/kW)


N0 is the nominal power output of the turbine (kW)


H is  the total head of the system (m)


f represents the installation and other costs (%)


b0 is 3300 €


b1 is 0.122


b2 is 0.107


ζ is a coefficient between 0.8 and 2.0, with larger values for dams and long 


      penstocks

(We used the exchange rate of 1.3 US Dollars/Euro.)

The Retscreen® model, developed by the Canadian Ministry of Natural Resources, provides detailed economic modeling of small hydro systems (RETScreen International, 2004).  The Retscreen® costs we examined are based on multiples of year 2000 costs for Canada as follows (KMPG, 2006; Simonson, 2006).  Equipment, manufacture, and fuel costs were set to a multiple of 2.0.  Labor costs were set to a multiple of 1.5.  A summary of the range of initial cost estimates is shown in Table 20.  Most estimates are in the $6 million range.  We used the model of Kaldellis (2005) in simulations, with ζ set to 1.5, and f set to 20% to account for the high costs of road and pipeline development.

Table 20: Likely initial costs, in thousands of dollars, according to various sources,

 for 1800kW hydropower system at Upper Pine Creek are shown.

	Item/Source
	Retscreena
	Bobrowiczb
	Kaldellisc
	Paishd
	Other

	Energy equipment
	$1,600
	$863
	$1,930
	
	

	Intake, other civil works
	$1,900
	$2,070
	$3,860
	
	

	Access road
	$1,300
	
	
	
	$960e, 455h

	Pipeline
	$360
	
	
	
	$1,550i, $2,300f

	Penstock
	$350
	
	
	
	$151f

	Substation & transformer
	$42
	$345
	
	
	$33f

	Transmission line
	$18
	
	
	
	$102g

	Engineering
	$235
	
	
	
	

	Other
	$900
	
	
	
	

	Total
	$6,700
	$3450
	$6370
	$6300
	


Sources:

a. Retscreen® International, 2000. 

b. Bobrowicz, 2006.  Prices shown are for Europe, with a focus on Poland.

c. Kaldellis, 2005.  Prices shown are for Europe, with a focus on Greece.

d. Paish, 2002.  Prices shown are international, for industrial countries.

e. Whitson Construction, Inc. 2007, personal communication to Eric Zielke.

f. CD Estimator Heavy – California 2007, pipeline is concrete, http://www.get-a-quote.net/QuoteEngine/costbook.asp?WCI=CostIntroFrameSet 

g. PG&E, 2007.  Personal communication from Dustin Jolley, Tribal Engineer, based on $150,000/mile.

h. Kernen Construction, 2007.  Personal communication to Glen Anderson.

i. Hilficker Pipe Co., 2007.  Personal communication to Glen Anderson.

Operating Costs

The annual costs as forecast with the Retscreen model are shown.  The model used in this study generated values close to those estimated by Retscreen.

	Item
	Retscreen ® formula
	Amount

	Land lease
	
	

	Insurance
	0.4% (Initial cost)
	$26,400

	Transmission line maintenance
	5.0% (Initial electrical costs)
	$3000

	Labor
	2 persons
	$120,000

	Spare parts
	0.5% (Initial cost)
	$33,000

	General & administration
	10% of other listed O&M costs
	$18,240

	Contingency
	10% of above listed costs
	$20,064

	Total
	
	$220,904


Appendix D  Diversion Weir Calculations

The possible diversion weir size and fish pass weir size were determined using the information presented in Bos et al. (1984). Diagrams and formulas are from Bos et al. (1984) unless otherwise noted.

Diagrams for the dimensions used in the following formulas.
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      [image: image39.png]Figure 7.12. Water surface profiles over weir crests.




The flow through a rectangular weir is found using the following formula and under the following conditions:
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where:


Q =  Flow through the weir


Cd = Discharge coefficient from the formula or chart of Figure 7.14


Cv = Approach velocity coefficient to correct for using h1 ≈ H1 (Figure 7.16)


g = acceleration due to gravity


bc = the bottom width of the weir


h1 = the head water elevation

Assumptions:


Approach velocity is small to apply Figure 7.16 with  h1 ≈ H1

Flow and Weir dimensions conform to   0.1  ≤  H1 / L ≤ 1.0


Area ratio is approximately 0.2 for figure 7.16 so that Cv ≈ 1.02 



(this assumes that the water approach velocity is very small)

The formula  Cd = (H1 / L – 0.07)0.018  was used to calculate Cd in the Excel spread sheet.
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The area ratio was calculated to be near 0.2 and the sensitivity to this value was checked for values of 0.01 and 0.4  (or Cv = 1.0 and Cv = 1.04) See Bos et al. (1984) to calculate for higher approach velocities.

The above techniques were used in an Excel sheet to derive the following values: 
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Conceptual Weir dimensions and Elevations for Pine Creek Preferred Alternative

Initial solution used to help determine a reasonable fish passage weir width assuming a water depth of 2 feet at 2 cms (70 cfs). The solver function was used as noted

[image: image44.png]Weir calculations

Calculations to find bc at Approach velocity correction for small vel. Begin by estimating a bc to
Q=2cms Cvis 1+ small no. use for further calculations
g= 9.81 Use Cv = 1.02
1 foot = 0.3048 meters
Cd = (H,/L-.07)*0.018 1.7362 =Cd*Cv*(2/3)*SQRT(2*g/3)
bc= 2.54192704 m Cd= 0.99837 0.4532 = (H"(3/2))
bc = 8.34 feet
H, = 0.59 m Assume H; = h;
Q= 2 cms
L= 06 m Q = Cd*Cv*bc*(2/3)*Sqrt(2/3*g)*(h,"(3/2))
| -1E-06| = Q - [Cd*Cv*bc*(2/3)*Sqrt(2/3*g)*(h4(3/2))] |

used solver to calculate. this cell as target cell equal to a value of zero
by varying one of Hy, Q, or bc (m) (not bc feet)




The width bc was then chosen as 8.5 feet as a reasonable construction dimension and was used throughout the remaining analysis.

The output from calculating the fish passage weir dimensions
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Excel output to determine the critical weir elevations based on the assumptions.

[image: image46.png]Calculations to find H; at Approach velocity correction for small vel. )
Calculations

Q=3 cms and bc =19.256m Cvis 1+ small no.
Use Cv = 1.02
Cd = (H4/L-.07)"0.018 1.6984 =Cd*Cv*(2/3)*SQRT(2*g/3)
bc = 19.25 m Cd= 0.976647 0.0918 = (H4"(3/2))
bc = 63.16 feet
Jiv3 Hy= 020344021 m Assume H; = h;
Q= 3 cms
L= 0.6 m Q = Cd*Cv*bc*(2/3)*Sqrt(2/3*g)*(h,"(3/2))
Div3 Hy = 0.66745476 feet 3.5458E-07 = Q - [Cd*Cv*bc*(2/3)*Sart(2/3*g)*(h4"(3/2))]
Top of main wier by culvert calcs. = Tmw = 545.1 feet
Top diversion limit wier to deliver 3cms = Tmw - Div3H, = 544.43 feet

Top fish passage wier to deliver 1cms = Tmw - Div3H, - fish Hy = 543.22 feet




The following calculations, as noted, were completed for examining the characteristics for other conditions and sensitivity to the area assumption used for Cv.

Flow conditions at lowest diversion quantity of 1cms (35 cfs)  total streamflow is 2 cms
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Diversion Intake
Calculations to find H; at
Q =1cms and bc =19.256m

bc = 19.25 m
bc = 63.16 feet
Jiv1 Hy = 0.09903267 m
Q= 1 cms
L= 0.6 m

Hi= 0.32491035 feet

Approach velocity correction for small vel. .
. Calculations
Cvis 1+ small no.

Use Cv = 1.02
Cd = (H4/L-.07)"0.018 1.6669 =Cd*Cv*(2/3)*SQRT(2*g/3)
Cd= 0.958525 0.0312 = (H"(3/2))

Assume H; = hy

Q = Cd*Cv*bc*(2/3)*Sqrt(2/3*g)*(hsN(3/2))
4.888E-07 = Q - [CA*Cv*bc*(2/3)*Sqrt(2/3*g)*(h,(3/2))]

Topwall= H1+div3 H1 - divl H1

Topwall=  0.473748 m




Determine Flow characteristics at 2 cms (70 cfs) through fish passage and no diversion
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Calculations to find H, at Approach velocity correction for small vel. Experiment with H; to
Q=2cms and bc =2.59m Cvis 1+ small no. determine effects of Cv
Use Cv = 1.02
Cd = (H,4/L-.07)"0.018 1.7357 =Cd*Cv*(2/3)*SQRT(2*g/3)
bc = 2.59 m Cd= 0.998131 0.4449 = (H4"(3/2))
bc = 8.50 feet
H; = 0.58276926 m Assume H; = hy
Q= 2 cms
L= 0.6 m Q = Cd*Cv*bc*(2/3)*Sqrt(2/3*g)*(h,(3/2))

7.67029E-10 = Q - [Cd*Cv*bc*(2/3)*Sqrt(2/3*g)*(h,A(3/2))]




The following sensitivity investigation was used to determine that there was not significant variation in the solution values for the water height H1 (h1) to warrant further investigation of the assumptions used for the value of Cv.

Sensitivity Check for Cv assumption

Note the variation of 0.01 m between Cv = 1.04 and Cv = 1.00
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0.220201 = (H47(3/2))
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Q = Cd*Cv*be*(2/3)*Sqrt(2/3*g)*(h4A(3/2))
517E-07 = Q - [CA*Cv*bc*(2/3)*Sqrt(2/3*g)*(h:(3/2))]



[image: image50.png]Calculations to find H; at
Q =1cms and bc =2.59m

bc = 2.59 m
bc = 8.50 feet
Hy= 0.374182 m
Q= 1 cms
L= 0.6 m

Approach velocity correction for small
vel. Cvis 1+ small no.

Use Cv = 1

Cd = (H,4/L-.07)"0.018 1.686847 =Cd*Cv*(2/3)*SQRT(2*g/3)
Cd= 0.989414 0.228889 = (H"(3/2))

Assume Hq = h;,

Q = Cd*Cv*be*(2/3)*Sqrt(2/3*g)*(h4A(3/2))
2.66204E-08 = Q - [CA*Cv*bc*(2/3)*Sqrt(2/3*g)*(h4A(3/2))]




Note the variation of 0.015 m between Cv = 1.04 and Cv = 1.00

[image: image51.png]Calculations to find H, at Q Approach velocity correction for

=2cms and bc =2.59m small vel. Cvis 1+ small no.
Use Cv = 1.04
Cd = (H4/L-.07)"0.018 1.769338 =Cd*Cv*(2/3)*SQRT(2*g/3)
bc = 2.59 m Cd= 0.997883 0.436435 = (H(3/2))
bc = 8.50 feet
H; = 0.575369 m Assume H; = hy
Q= 2 cms
L= 0.6 m Q = Cd*Cv*bc*(2/3)*Sqrt(2/3*g)*(h1(3/2))

533E-07 = Q - [CA*Cv*bc*(2/3)*Sqrt(2/3*g)*(h:(3/2))]
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Use Cv = 1
Cd = (H,4/L-.07)"0.018 1.702138 =Cd*Cv*(2/3)*SQRT(2*g/3)
bec = 259 m Cd= 0.998383 0.453665 = (H"(3/2))
bc = 8.50 feet
Hy= 0.590414 m Assume H; = hy
Q= 2 cms
L= 0.6 m Q = Cd*Cv*bc*(2/3)*Sqrt(2/3*g)*(h4(3/2))

3.24812E-08 = Q - [Cd*Cv*bc*(2/3)*Sqrt(2/3*g)*(h,A(3/2))]




Appendix E  Diversion Culvert Calculations

Report from Haestad Methods Inc Culvert Calculator.
[image: image53.png]Culvert Calculator Report
Pine 5.5ft-1.65m pipe

Solve For: Headwater Elevation

Culvert Summary

Allowable HW Elevation 5451 ft Headwater Depth/ Height 0.93
Computed Headwater Elevation 5451 ft Discharge 105.00 cfs
Inlet Control HW Elev 5440 f Tailwater Elevation 535.0 ft
Outlet Control HW Elev 5451 ft Control Type Outlet Control
Grades

Upstream Invert 540.0 ft Downstream Invert 5249 ft
Length 11,8400 ft Constructed Slope 0.001272 ftft
Hydraulic Profile

Profile CompositePressureM1 Depth, Downstream 101 ft
Slope Type N/A Normal Depth 3.8 ft
Flow Regime Subcritical Critical Depth 28 ft
Velocity Downstream 4.4 fi/s Critical Slope 0.003005 ft/ft
Section

Section Shape Circular Mannings Coefficient 0.012
Section Material PVC Span 55 ft
Section Size 66 inch Rise 55 ft
Number Sections 1

Outlet Contral Properties

Outlet Control HW Elev 5451 ft Upstream Velocity Head 04 ft
Ke 0.20 Entrance Loss 01 f
Inlet Control Properties

Inlet Control HW Elev 5440 ft Flow Control Unsubmerged
Inlet Type Beveled ring, 45 ° bevels Area Full 24 ft2
K 0.00180 HDS 5 Chart 3

M 2.50000 HDS 5 Scale 1

[of 0.03000 Equation Form 1

Y 0.74000
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Screen shot of data input configuration used for Haestad Methods Inc Culvert Calculator [image: image55.png]Cllvert Calculatons Pine orof
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Appendix F  Penstock Pressure Calculations
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Equation 1:  Static head pressure


where:
h = head pressure (m)



p = pressure = 101.33 kPa



γ = specific weight = 9.8 kN/m3


z = height above penstock outlet = 88 m
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Equation 2:  Bernoulli equation solved for pressure at the bottom of the penstock

where:
P2 = pressure at the bottom of the penstock (kPa)



P1 = pressure at the top of the penstock = 0 kPa in this case



ρ   = density of water = 999 kg/m3 



v1 = water velocity at the top of the penstock = 0 m/s in this case



v2 = water velocity at the bottom of the penstock = 6.0 m/s in this case



γ  = specific weight of water = 9.80 kN/m3 in this case



z1 = height at top of penstock = 88 m in this case



z2 = height at the bottom of the penstock = 0 meters in this case
Digital elevation estimate from: http://gisdatadepot.com/dem 
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