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Chapter 1 Introduction
U.S. energy policy supports the development of green energy alternatives, in response
to global climate change and international economic restructuring. The emerging green
energy sector provides multiple opportunities, in both resource and scale. Many property
owners located in mountainous regions in Oregon want to contribute to this movement by
developing springs. Flow and hydraulic head provide the essential components for producing
power from falling water, or microscale hydroelectricity. This form of hydroelectric power
production is particularly attractive because it minimizes or completely ameliorates water
quality issues1 commonly associated with larger works, while providing a relatively cheap,
abundant, and clean source of power. Additionally many components of microscale
hydropower infrastructure are based on well established technologies, making schemes
affordable per unit power produced. This combination of versatility and affordability has
made microscale hydropower a feasible source for power in developing regions of the world.
But microscale hydropower may also be a viable option for domestic applications, whether
supplying power for remote facilities, for individuals interested in producing green energy or
as a potential supplemental source for the grid.
Development of microscale hydropower is accompanied by several challenges. At
present, Oregon allows water rights to be amended to include microscale hydroelectric power
production. These changes are relatively recent 2, with many unresolved legal and policy
issues. Additionally, barriers exist for small producers when trying to connect to the grid.

1

such as fish passage, sediment accumulation, temperature issues
2

The Oregon Legislature enacted statute in 2007 streamlining the amendment
process.

2

Microscale hydropower technology is available and robust, but the initial expense can be a
significant obstacle to entry in the sector. These limitations can lead to projects that are not
financially feasible. Additionally small water resources3 tend to be ungauged; understanding
power production feasibility requires straightforward ways to estimate flow. These water
resources are typically ephemeral; consequently, technology and infrastructure design must
take this limiting factor into consideration.
In light of these opportunities and challenges, a feasibility study is an effective
approach in the decision making process. A microscale hydroelectric power feasibility study
includes specific steps to determine whether a project is practicable. Federal, state, and local
governments along with nonprofits have conducted microscale hydroelectric power feasibility
studies over the last several decades ( Dav is , & S mit h , 1 9 79 ; Salmon, 2009; New, 2004;
Davis, 2004). Generally these approaches take a three step approach: identify potential water
resources, review the literature for appropriate technologies, and determine overall feasibility
from a market perspective. This feasibility study followed this basic approach but also include
a more in depth analysis of the current legal, policy and regulatory environment for microscale
hydroelectric power projects. Figure 1 provides an overview of the specific steps taken in this
feasibility study.
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Including spring resources

3

Figure 1: Overview of Feasibility Components for Microscale Hydropower Feasibility Study

This particular interdisciplinary feasibility study looks at a typical site in the Cascades
Range in Oregon. Common tools used in hydrologic analyses, including geologic
characterization, 18 O stable isotope analysis, temperature and a water balance model, were
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used to characterize the water resource. The power potential was ascertained at a
reconnaissance level using elementary engineering network software. Additionally, reviews
of the legal issues were conducted, and a cost benefit analysis was performed. Considering
these factors are microscale hydroelectric power projects feasible in small scale hydrologic
systems and what kind of contribution can they make to the renewable energy sector?

Chapter 2 Case Studies
Microscale hydroelectric power projects are a versatile approach to green energy
production. Project research, development and implementation are happening internationally.
Nepalese and British researchers have worked together to identify potential resources
in the Himalayas (Chalise, S.R., et al., 2003). Small hydroelectric power has great potential
in this region due to high head and discharge rates. Additionally this scale of resource can
bring real economic opportunities to a traditionally isolated and improvised region of the
world.
Oregon City, Oregon, located 14 miles southeast of metropolitan Portland, Oregon in
the Willamette River valley, has considered incorporating small and microscale hydroelectric
power infrastructure into its stormwater system. The city has substantial head resources 4 and
abundant yearly precipitation. Bailey et al, (2009) conducted a feasibility study and
determined the primary limiting factor at this time is maintaining consistent year round flows
through a traditionally designed storm water system. These systems have the potential to
develop clean, renewable electricity in the future, especially as a system upgrades could
potentially incorporate retention infrastructure.

4

Oregon City is located on the edge of a steep valley with elevation head
resources ranging from 90 to 300+ ft.
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The European Small Hydropower Association is a consortium of utilities from 10
countries working to develop small hydropower resources on the continent. Under the
European Union’s Fifth Framework, Research, Technological Development and
Demonstration, this association identifies “future research and market needs of the small
hydropower sector” to work to overcome the common barriers to entry (ESHA, 2006).
The Energy Trust of Oregon, a Portland area nonprofit “dedicated to energy efficiency
and renewable power development,” provides financial incentives and technical support to
Portland General Electric customers to develop microscale hydroelectric power projects.
They have also conducted research in determining potential sites on a regional level, for run of
the river resources in Clackamas County, Oregon (Jorgenson, 2009). Among other
considerations, this analysis attempted to estimate flows at ungauged sites, using StreamStats.
This web-based GIS tool, developed by the USGS, provides flow estimates based on user
delineated catchments. Using these contributing source areas, regional flow regressions are
used to calculate discharge. These flow estimates yielded poor results, due to the imprecision
of hand delineated contributing source areas, making the study inconclusive at this time. This
project brings to light an important issue of microscale hydroelectric power feasibility,
determining flows at ungauged sites.
Microscale hydroelectric power project encompass a wide range of geographic and
functional diversity. Even with this diversity, projects suffer similar barriers to entry including
initial capital expense, legal and regulatory onerous, and constructing discharge records for
ungauged resources. However, the versatility of this resource means that these issues are
being approached from several perspectives. In time this diversity may be the greatest
resource for overcoming these barriers. As individuals world-wide attempt to tackle these
issues, lots of possible solutions may being generated.

6

Chapter 3 Site Location, Site Geology and Hydrology
The study site is located in Mill City, Oregon, located approximately 40 miles east of
Salem, Oregon in the heart of the North Santiam River Basin. The site itself contains of a
series of springs, on slopes ranging between 6% and 20%, at elevations between 800 and 1050
ft (Figure 2). While some of the springs have been used for 50 years or more, the source of
the water discharging from the springs is poorly understood.
Figure 2: Mill City Site Location Map

3.1 Site Geology
The geology in Middle North Santiam basin consists primarily of two formations, a
Miocene and Oligocene tuffaceous sedimentary rocks, basalt flows and an alluvium unit
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(Walker, & Duncan, 1989). The tuffaceous sedimentary and basalt rocks, comprise the
steeper slopes of the site and are a heterogeneous grouping of basalt and basaltic andesite
interstratified with clastic deposits ranging from basalt to rhyolite. Some metamorphism has
occurred in lower parts of this unit resulting in clay materials, calcite, zeolites and secondary
silicia minerals. Intrusions subcrop at the study site but are hard to distinguish from interbed
flows due to weathering. Alluvium makes up the valley floor and the lower slopes of the site,
consisting of the clay, silt, sand and gravel supplied by the North Santiam River and its
tributaries. Figure 3 shows the field sites5 in relationship to the geologic units.

Figure 3: Geologic Formations in Middle North Santiam Basin
Holocene and Pleistocene landslides are common in the region (Figure 4). The slope
gradient, elevation, geology, and land use patterns at these sites are similar to those at the



5

a combination of spring and surface water sources
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study site. The digital orthoimagery map for the study site reveals hummocky topography that
maybe have been the result of an historic mass movement event (Figure 5). The property
owners also indicate that the slope is prone to creep.

Figure 4: A clip of the Salem 1 by 2 Quadrangle depicting landslide in the Middle North
Santiam Basin, near Mill City, OR, labeled Qls

9

Figure 5: Hummocky feature possible indication of former landslide event; note site one
proximity

3.2 Site Hydrology: Springs
Several springs are dispersed among these geologic features at the study site, each
with distinguishing features. Spring classification schemes are diverse, drawing upon a range
of discipline, including hydrologic, geomorphologic, biologic, and/or cultural. A selection of
these classifications is provided, based on the features of the study site.
Seep discharge can occur due to saturated soils overlaying an impermeable layer
(St ev ens , L. E., and M er ets k y, V. J . 2 0 0 8 ). A contact spring occurs when a water
bearing unit intersects the surface. A line of springs can be an indication of this sort of feature
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(Fetter, 1994). Helocrene springs emerge diffusively, creating wetlands. Groundwater
generally emerges from numerous small openings through permeable material as in the case of
a seep but can also surface in conjunction with a fault or a fracture (Springer and Stevens,
2009). Hypocrene springs have no surface expression of groundwater. Consequently
discharge is low enough that evapotranspiration consumes all surface expression of water.
Landslide springs occur at the toeslope of mass movement features, where substantial
meteoric water is stored in the voids, concentrates and emerges downslope as a spring
(Kasenow, 2001). Hillslope springs surface from either confined or unconfined aquifers from
land surfaces of 30 to 60 degrees. These features can have either multiple or indistinguishable
sources (Springer and Stevens, 2009).
The groundwater features at Mill City exhibit concentrated discharge, called springs,
or diffused discharge, called seeps. For the purpose of this feasibility study, Sites 1 and 3 are
classified, as they have the greatest potential for microscale hydroelectric power project
development These springs also represent the discharge spectrum on site, likely due to their
spatial proximity to the two geologic units, the alluvium and the volcanic formation (Figure
3). Spring three, located in the tuffaceous sedimentary and basalt unit, maintains standing
water throughout the year with flows varying by a factor of 30 between the wet and dry
season. Spring one, located in the alluvium unit, maintains wet soil throughout the year with
flows varying by a factor of 600 between the wet and dry season (Figure 6). These flows and
geologic features are the main premises for spring classification.
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Figure 6: Hydrograph for Site 1 and 3
Spring one exhibits features of both a landslide and hillslope spring. This spring sits
at the toe slope of a mass movement feature, located in the alluvium unit (Figure 2). The
hydrograph for this spring is very intermittent and meteorically responsive. This geomorphic
feature and discharge behavior is an indication that this water is colluvially sourced, with
recharge possibly sourced in the landslide feature. Hence the water source is spatially small,
with yearly discharge varying by a factor of 600. This spring may also be classified as a
hillslope spring. The landslide where this spring emerges creates a slope greater than 30
degrees. These springs generally cause the water table to be exposed resulting in a consistent
rate of annual discharge. The topographic map in Figure 2 is based on a 10 m digital elevation
model (DEM) and therefore does not clearly display the substantial slope gradient where the
spring originates. I have however encountered this feature and the substantial slope gradient
first hand. The substantial variation in flow over the year may occur because the aquifer is
unconfined in this region. Hence the water table may fluctuate through the course of the year
and subsequently impact flows at this spring.
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Spring three may be one or a combination of several spring types. This spring sits in a
depression located in the sedimentary/basalt unit. A basalt outcropping sits 40 ft below this
feature. The hydrograph is less flashy than spring one, with discharge varying by a factor of
only 30 throughout the year. (Figure 6). Field observation has failed to reveal a concentrated
point of discharge for this feature. These geomorphic features and discharge behavior are an
indication that this feature may be a seep spring, a contact spring, a helocrene or hypocrene
spring or a combination of theses varieties. The basalt outcropping may serve as a less
permeable layer, allowing a saturated soil layer to be maintained above it throughout the year.
This condition along with no distinguishable discharge point can be indicative of either a seep,
hypocrene or helocrene spring. Helocrene springs can also occur in conjunction with a fault
or fracture, which may exist in this region due the close proximity of the bedrock layer to the
surface. Finally this feature may also be a contact spring. Another large spring with similar
geomorphic features exists at this elevation, indicating the extent of this water bearing unit.
Based on these classifications the subsurface at Mill City may look like Figure 7.
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Figure 7: Hypothesized Diagram of Subsurface at Mill City Site

3.3 Site Hydrology: Stable Isotopes
Isotopic water samples were taken from spring and surface waters on site, to further
characterize the source. Correlating isotope concentration with elevation may shed light on
how the spring system at the study site responses to precipitation events, where the water
originates, how the water works its way through the system, and how long it takes for water to
be released.
Stable isotope analysis compares the ratio of various isotopes in a sample to determine
the source area for a water supply. Proportions of 1H verses 2 H and 16O verses 18 O, the stable
isotopes of water, are commonly used in these analyses. The initial rainfall from a cloud front
is most highly enriched in 18 O and 2H. As the system moves inland subsequent rains decrease
the portion of heavy isotopes. In addition to geographic constraints, the isotopic character of
precipitation itself varies as a function of the temperature of condensation and the degree of
rain out (the amount of vapor that has condensed compared to the original amount of vapor).
The ocean is the primary source of water vapor in the atmosphere. Based on the relative
quantities of heavy and light isotopes in a sample, analysis can reveal where a sample fell
upon the earth (in terms of latitude, longitude and elevation).
As clouds approach a mountain range, δ18O and δ 2H or the concentration of 18 O and
2

H in a sample, decrease with increases in altitude. World-wide depletion occurs at a rate of -

0.20 ‰ per 100m elevation gain for 18 O (Dansgaard, 1964; Bowen and Wilkinson, 2002).
Studies in the Cascade Range have placed this rate at 0.14 to 0.23% per 100 m elevation gain
(Ingebritsen et al., 1994; Rose et al., 1996). Similarly rain-out occurs along latitudes with
decreases in the portion of heavy isotope along increasing latitudes. Rainfall amount also
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impact isotope concentration, with fewer isotopes remaining as rainfall events increase in size
and duration. Hence seasonal variations in isotope concentrations exist. World-wide patterns
show greater δ 18O in the summer and less in the winter.
δ 18 O and δ 2 H in a sample are compared against the Vienna Standard Mean Ocean
Water or VSMOW, based on the relationship depicted in the Equation 1: VSMOW.

Equation 1: VSMOW

δ is expressed in ppm different from this standard, with negative values indicating depletion.
Craig (1961) showed meteoric waters (18 O and D in precipitation) worldwide fall along the
linear relationship, outlines in Equation 2: Worldwide Meteoric Isotope Content.
Equation 2: Worldwide Meteoric Isotope Content
δD=8 δ 18O + 10
defined as the “Global Meteoric Water Line” (GMWL). Local meteoric water lines (LMWL)
can differ greatly from the GMWL. These differences can occur as a consequence of
evaporation, which plots below the GMWL, geothermal exchanges resulting in 18O increases,
and silicate hydrolysis, causing increases in δ 18O and δ D. James et al. (2000) found that
“…many of the small springs considered by Ingebritsen (1994) fall well below the GMWL”
suggesting that evaporation may have affected the water discharged at the small springs.
Various methods exist to determine the source of a recharge to a spring based on
isotopic analysis. Scholl et al. (1996) establishes a regional regression based on prevailing
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factors that impact isotope composition, including trade winds, rain shadows and elevation.
This regression can be used to determine recharge elevation. Jefferson et al. (2006) and
Ingebritsen et al. (1994) developed regressions using elevation and isotopic composition from
precipitation and spring samples from the Oregon Cascades. A linear least squares regression
is drawn based on this data. Springs under analysis may fall either above or below this line.
Recharge elevation is then determined by drawing a horizontal line from the data point back to
the regression line.
Stable isotope analysis is constrained by inherent limitations. This method assumes
that mixing conditions are complete and instantaneous and that the various sources of water
are homogeneous. Other limitations include climatic conditions in the Pacific Northwest
temperate forest (Jefferson, 2006). Due to the high rate of precipitation, which can lead to
potentially shorter transit time and greater storage capacity along with the low permeability of
the volcanic rocks of the Western Cascades, additional unknowns may have to be considered,
thereby limiting the application of isotopic analysis (Jefferson, 2006). Finally James (2000)
found that “small spring[s]…does show a wide degree of scatter like Ingebritsen (1994) data
and perhaps also a slightly positive correlation with elevation.”
3.31 Isotope Collection Methods
Isotopic water sample were taken from the site on June 12, 2009 and February 13, 2010,
at sites 1 and 3 6. Collection method consisted of full submergence of bottles and replacing the
cap once the airhead had been eliminated. Samples were taken as close as possible to the
point where the springs emerge from the ground, to eliminate fractionation from atmospheric
exposure.



6

the springs that effectively define the top and bottom of the system.
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Samples were analyzed using a Liquid-Water Isotope Analyzer. It provides ratio
measurements of 18 O and 16O and D and H with accuracy between 0.1‰ and 0.3‰, using
high-resolution laser absorption spectroscopy. The device uses Beers Law, which states that
absorbance of light, is directly proportional to the concentration of solution. A laser shines
through the sample and the transmission rate determines the mixing ratio and therefore the
concentration of the stable isotopes ( " Liq uid wate r i soto p e, " 2 01 0 ).
I chose data points from Ingebritsen (1994) to create the altitude v 18O and 18 O v D
regressions. Ingebritsen provides an extensive set of samples throughout Oregon; I chose
points only from the North Santiam River Basin. I also included two precipitation sample data
points from my site in both regressions.
3.32 Isotope Results and Discussion7
Figure 8: GMWL vs LMWL compares the global meteoritic water line (GMWL) and
a local meteoric water line (LMWL), based on Ingebritsen (1994), to the spring samples. The
GMWL and LMWL have a similar slope and intercept, which indicates minimal evaporation
or geochemical impacts in the North Santiam River Basin. In Figure 9: Elevation v O18
Concentration in the North Santiam River Basin the June 2009 and February 2010 site
samples are compared to the regional elevation-isotope line, again a combination of
Ingebritsen (1994) along with site precipitation values. This initial analysis reveals a recharge
elevation lower than the spring location, or in other words the water traveled uphill from
where it originally fell, which is physically impossible.
Figure 8: GMWL vs LMWL
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Appendix 1: 2 H and 18O Data
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Figure 9: Elevation v O18 Concentration in the North Santiam River Basin
Elevation and O18
Ingebritsen (1994) and Site Precip
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Evaporation, condensation, and sublimation can cause this type of discrepancy, which
can be attributed to poor sampling techniques. However according to Schwartz et al. (2003)
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these deviations result in samples that fall above or below the meteoric water line. Since the
site samples lay directly on the meteoric water line, see Figure 10: Meteoric Water Line: D v
O18, sampling techniques were accurate.
Meteoric Water Line: D v O18
O18
0
-20
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-10

-5

2

R = 0.7342

-20

0

D

-40

y = 7.6525x + 6.0849
Spring Samples

-60
-80
-100
-120
-140

Figure 10: Meteoric Water Line: D v O18
Finally winter and summer values from sites one and three lie within the same small
margin of error. Seasonal variations at this site are minimal, which likely means that old and
new waters are well mixed. (

Figure 11: Error Analysis for Seasonal Samples)
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Figure 11: Error Analysis for Seasonal Samples
Error Analysis: Summer and Winter Samples
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3.4 Site Hydrology: Water Temperature and Water Body Characterization
Temperature, similar to isotopes, can be used as a proxy to evaluate the source of a
water body (Sh an l e y and P eters , 1 988 ; Ko b a y as h i et . al, 19 9 9 ). Several factors
can influence water temperature, including anthropogenic, hydrologic and meteorical inputs
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(Driscoll and DeWalle, 2006). The primary source of energy input to a water body occurs
across the air-water interface (Edinger et al, 1968; Sinokrot and Stefan, 1993) due to weather
related and ambient environmental features. Once this energy flux is accounted for hydrologic
and anthropogenic influences can be determined. Since “spring and seep groundwater inputs
are typically close to the regional average annual air temperature” (O’Driscoll and DeWalle,
2006) bodies of water with significant groundwater and anthropogenic temperature inputs are
distinguishable from those with smaller inputs. Water bodies with a substantial portion of
groundwater inputs relative to surface water experience greater buffering from fluctuations in
air temperature ( We b b an d Z hang , 19 9 9) .
Analysis of groundwater and anthropogenic temperature influences has historically
used air versus stream temperature regressions (Webb, 1987; Pilg ri m, St ef an and F ang ,
19 98 ; Erickson and Stefan, 2000). This approach has been refined in favor of an equilibrium
versus stream temperature regression (Bogan et al, 2003). Air temperature fails to account for
all heat transfer processes across the air-water interface including solar radiation input and
evaporative cooling. Equilibrium temperature on the other hand is reached when “the sum of
the heat fluxes…is zero” which accounts for these energy sources and sinks. O’Driscoll and
DeWalle, 2006 do argue that since Bog an, et al , 20 0 3 found “the stream temperatureequilibrium temperature relationship is linearly related to the stream temperature-air
temperature relationship, these results indicate that the stream-air temperature relationship
should provide a good indicator of ground water inputs along streams.” Mohseni et al, 1999
also found that the air-water temperature relationship is linear, except at extreme temperatures.
Additionally air temperature-water temperature relationship is also linear at time scales of one
week or more. Hence for this analysis weekly moving averages of air and stream temperature
have been used (Pilgrim, et al, 1998 Bogan et al, 2003). This results in substantial
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improvements for R2 compared to a weekly regression. Additionally the weekly moving
average ameliorates diel temperature effects or customary temperature fluctuations during the
course of a day (Driscoll and DeWalle, 2006).
Water bodies with minimal groundwater and anthropogenic inputs demonstrate a one
to one regression between air and stream temperature (Bogan et al., 2003). Conversely water
bodies with these inputs demonstrate regressions relationships with slopes less than one with
higher intercepts. These regression relationships as a function of energy input sources can be
illustrated both spatially and temporally ( O' D ris co ll , & D e Wa lle , 2 0 0 6 ) . Once slope
and intercept values are calculated for a water body, comparisons can be made between water
bodies to determine relative groundwater contributions. Additionally for a particular water
body, slope and intercept values can be compared on a seasonal basis to determine changes in
ground water contributions over time.
3.41 Results: Water Temperature
The Mill City water temperature data set includes four months of data (from October
25, 2009-February 12, 2010). Data was collected with a series of hobo tidbit temperature data
loggers. This data was condensed using the weekly moving average time scale method laid
out by O’Driscoll & DeWalle, (2006). Hence the Mill City data set, which started out at 2210
points, is reduced to 68 points. The Detroit Agrimet station provided air temperature data for
this analysis, located 15 miles east of Mill City.
After three months in the field the calibration data logger disappeared. To back
calculate this missing data set I established a relationship between the Mill City data set and a
data set from a nearby agrimet station, Detroit Dam. Based on this regression I then used
archived Detroit Dam data to calculate site temperatures. This regression however resulted in
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a poor fit (R2 >.40). O’Driscoll and Dewalle (2006) used off site air temperature
measurements for their air-water temperature regression.
Using the data set from Detroit Dam the air to water temperature regression results in
a more reasonable fit, R2=0.65 & 0.50 for surface water and groundwater, respectively. The
surface water and ground water regressions however appear flipped; the surface water body
has a lower slope indicating a greater ground water contribution, while the ground water body
has a higher slope indicating a smaller groundwater contribution. This discrepancy seems to
indicate that an additional energy flux maybe overshadowing the energy flux contributions
from water and air temperature. (Figure 12)
Figure 12: Air v Water Temperature: Site 1 and 2
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Air-water temperature regression results for site one and two do reveal a distinct slope
and intercept for the surface water site (site 2) and the ground water site (site 1). Hysteresis
appears to be an issue, resulting in a lower R2. This pattern appears in seasonal regressions
performed by O’Driscoll (2004), but is likely more prevalent in the Mill City data set because
it is relatively small.
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Also water bodies with larger groundwater contributions experience less day to day
variability than water bodies with less groundwater contributions (Zhang & Webb, 1999).

Figure 13 compares air temperature at Detroit to water temperature at Sites 1 and 2.
This graphic reveals very little difference in temperature variations between Site 1, what
appears to be ground water and site 2, what appears to be surface water. However this
relationship, less water temperature variability due to relatively larger groundwater
contributions, may not be so apparent unless the temperature data sets spans seasons.
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Figure 13: Air & Water Temperature, 10/09-2/10
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3.5 Water Balance Modeling
A water balance is an important tool used to manage water resources in a basin. By
accounting for the sources and sinks of water in a basin, the impacts of allocation and land use
changes can be projected. When society is presented with challenging resource management
questions a water balance can provide essential guidance. Water balances can be useful in
determining potential microscale hydroelectric power sites by providing estimates of
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discharge at ungauged sites. Straightforward, affordable approaches are therefore needed to
determine flow durations at a variety of sites. Water balances that include the primary sources
and sinks while lumping minor factors can provide reliable preliminary flow estimates. These
estimates can then be used to direct additional data collection efforts at potential sites.
Traditional approaches to water balances typically require an extensive data set.
(Zhang, et al, 2008; Wood, 2003; Tague and Band, 2001) Wigmosta, M.S., L.W. Vail, and
D.A. Lettenmaier (1994) is a classic example of a model with multiple components:
interception, snow accumulation/melt via an energy balance, run off via saturation excess,
topography and incoming solar radiation, temperature, precipitation, evapotranspiration using
the Penman-Monteith equation, and saturated subsurface flow using a 3-d routing scheme.
These components are combined to create individual soil/vegetation balances for a series of
spatially distributed grids.
Data intensive models can account for spatial and temporal variations in vegetation
and topography. These physically based models on the other hand have limited application to
other regions. Consequently these models do poorly when applied to ungauged basins.
Potential microhydro sites typically have a very limited gauge record making traditional water
balance models impractical. A regionalization approach is therefore more appropriate. These
models use data sets that cover the ungauged reach and include fewer parameters, namely
those that account for the driving forces, such as precipitation, evaporation, and soil moisture
holding capacity (Engeland et al, 2006; Healy et al., 2008). Inevitably regionalization fails to
account for geospatial anomalies but can identify sites where additional research should be
conducted. Kling, H., & Nachtnebel, H.P. (2009)
Chalise, S.R., et al (2003) conduct water balances for small scale hydropower
feasibility studies in Nepal, using regionalization and a water balance model where mean
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annual runoff is the difference between precipitation and evapotranspiration annually. A grid
of hydrologic response was then developed. This work resulted in a significant error margin,
but did provide preliminary estimates and direction for additional data collection at potential
sites.
Fedora, M. A., & Beschta, R.L. (1989) also uses regionalization coupled with a
dominant catchment feature to predict peak flow hydrographs in ungauged basins. Identifying
peak events in an ungauged or a partial gauged basin can constrain and help define the basic
components of a water balance, Precipitation=Evaporation+Qflow. This regional model is appropriate
for water resource management application, as this analysis provides insight into large scale
trends and affects in a basin. This approach may also useful in determining microscale hydro
feasibility, by providing flow estimates at ungauged locations.
Fedora, M. A., & Beschta, R.L. (1989) calculate the antecedent precipitation index
(API), a weighted summation of daily precipitation amounts resulting in an index of soil
moisture, for a series of gauged watersheds. This “grey box” approach, unlike the “black box”
model makes concessions for hydrologic features through inclusion of API (Beschta, R.L.
1990). Study watersheds had the following features: at least 5 years of flow data and
precipitation gauges within 8 km of watersheds centroid with no diversions above the gauges.
Additionally all study watersheds had similar geomorphology and flora.
An API analysis involves three steps. First API is assumed to influence stream flow
at the same rate as the recession limb of the hydrograph. This rate is then used to determine
the API for a precipitation time series. Finally API and Q are compared via a linear
regression. This relationship in turn becomes the model for regional peak flows. Regressions
from a series of watersheds are used to establish a regional relationship between API and Q,
which is then applied to local ungauged watersheds within the region.
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The recession coefficient is calculated by comparing discharge rates with no
precipitation to discharge rates two hours prior. The slope of this line, the recession
coefficient, is used to calculate API values at each time step 72 hours prior to the peak. Istok,
J.D., & Boersma, L. (1986) and Lyons, J.K., & Beschta, R.L. (1983) state that the influence of
antecedent precipitation occurs days prior to a run off event. (as cited in Fedora, 1989 p. 125)
Hence 72 hours is chosen for this model because 98% of a recession coefficient of .90 has
impact upon the system within 72 hours. Values are calculated based on the following
relationship:
APIt=( APIt-∆t •K) + P•∆t
Where APIt=Index at time t, APIt-∆t =index from the prior time step P∆t =
precipitation during index time step being calculated
The initial APIt is raw precipitation from the previous time step. Through a linear
regression analysis, Q and API are related accordingly:
Qt0.5=I + (S) APIt
Where I=intercept of the regression line and S=slope of regression line
This analysis is performed for several gauged watersheds in a basin. Each watershed
has an individual K, I, and S. This research reveals that a reasonable linear regression
relationship exists between the natural log of a, area of watershed, and K. From this linear
regression K can be calculating for the ungauged watershed based on their respective a.
Similarly calculating S and I for the ungauged basin is based on the linear regression between
K and S and S and I for the gauged basins. Statistical analysis reveals that API provides a
reasonable correlation between precipitation and storm runoff and can be applied to regionally
ungauged basins. Peak flows and runoff volumes are however consistently under estimated.
For the purpose of estimating flows at ungauged sites when determining microscale
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hydropower feasibility, an API model and its predictive capabilities are suitable. A feasibility
study provides direction for additional analysis. Similarly an API model can provide
preliminary estimates of peak flows and provide insight into further research.
Finally a Thornthwaite analysis incorporates various components of the hydrologic
cycle, producing a monthly discharge rate for a basin (Thornthwaite, 1948; Mathers, 1978;
McCabe, & Markstrom, 2007). This model requires three data sets, date, mean monthly air
temperature, and total monthly precipitation, and a few input parameters. Several parameters
have established default values. Evapotranspiration is the primary sink in this water balance
and is calculated using air temperature and latitude as a proxy. Thornthwaite established an
empirical relationship to account for cumulative energy gradients, based on air temperature
and latitude. Based on this data set, several outputs are estimated (potential and actual
evapotranspiration, net precipitation, soil-moisture storage, moisture deficit, snow storage, and
total runoff). Thornthwaite can be successfully scaled down to a daily time step.
Thornthwaite analyses have several limitations. The model requires a single value for
precipitation and does not account for any spatial variability. Hence the effects of convective
storms, high intensity and short duration events over a small region, are not accounted (Calvo,
1986; Giambelluca, 1987). The runoff factor, the amount of surplus water available for runoff
in any given month, has a default value of 50%. This parameter accounts for a multitude of
ambient features including “soil depth and texture, physiography and land use.” Hence this
value is hard to estimate and values can therefore be somewhat arbitrary. Dunne, & Leopold,
1978 also state that this value is a function of basin size, with smaller catchments (<3 km2 )
retaining significantly less than 50%. The model also has a tendency to fall apart when
applied to regions with climatic conditions different from those where the original model was
developed (Pereira, & Paes de Camargo, 1989). For example when an oasis effect drives local
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climatic conditions, i.e. when an evaporative cooling effect occurs due to heat advection from
a water source in an otherwise arid area, peaks tend to be overestimated. However due to data
limitations at ungauged sites and the expectation of a water balance for these sites, to provide
preliminary estimates for additional feasibility studies, a thornthwaite analysis seems
appropriate.
3.51 Water balance for Mill City Site
An API model was calculated for the North Santiam River Basin, where in my
research site lies, using data sets from the USGS discharge and precipitation gauges in the
basin. This basin has four watersheds with 8 years of precipitation and discharge data. The
precipitation gauge for one of the four watersheds, the Little North Santiam River, is located
approximately 12 km from the centroid. Additionally the North Santiam River Basin spans
from the Willamette Valley to the Cascades and therefore includes snow events within the
precipitation record and a variety of geomorphology. With these constraints in mind, I
performed an API analysis, considering the R2 for each iteration. See Table 1: Regression,
R2, and Raw Data for the North Santiam River Basin Model.

Table 1: Regression, R2, and Raw Data for the North Santiam River Basin Model

R2
Raw Data

K v ln A

SvK

S v I (without LNS)

.8668

.0005

.0031

Basin

S

K

Basin

S

I

Breitenbush

1.47

0.9801

Breitenbush

1.47

4.028

Blowout

0.88

0.9816

Blowout

0.88

1.79

Boulder

0.983

0.9866

Boulder

0.983

3.32
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LNS

2.59

0.9837

Note: LNS is the abbreviation for the Little North Santiam Basin
The first regression, K v ln A, produced a reasonable relationship; see Table 2 and R2
valued for K v ln A. Since K is a function of A, a larger area results in greater retention of
precipitation and subsequently a greater K value. The second regression, K v S, did not
produce a reasonable relationship. S is the slope of discharge to API. Larger watersheds
should have a smaller S due to their larger retention capacity, relative to their discharge
(Fedora, 1989). Three out of four watersheds exhibited this relationship. The fourth
watershed, Little North Santiam, was a clear outlier.
Consequently I ran a second water balance, a Thornthwaite Analysis, in light of these
poor results, using data sets from the USGS discharge and precipitation gauges in the basin.
ArcGIS and the spatial analyst tool pack were used to determine potential contributing source
areas for the site. I ran the GUI using standard default values8. I performed two calibration
iterations on the model. First I ran the model three times, with ROF of 50%, 65% and 80%.
Also with this initial run I included the previous year’s worth of air temperature and
precipitation data (March 2008-March2009) to attempt to simulate actual moisture conditions
(

8


•
•
•
•
•

Default values, set out in McCabe, & Markstrom, (2007):
Direct Runoff Factor: 5%
Soil Moisture Capacity: 200 mm
Rain Temperature Threshold: 0°C
Snow Temperature Threshold: 0°C
Max Melt Rate: 50%
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Figure 14: Thornthwaite Analysis for Mill City Discharge with Various ROF).

Figure 14: Thornthwaite Analysis for Mill City Discharge with Various ROF
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Using contributing source areas generated through ArcGIS9 I calculated the following month
discharge for Sites 1 and 2 (Figure 15).
Thornthwaite Hydrograph Estimates: Sites 1 and 2
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Figure 15: Thornthwaite Hydrographs for Various Contributing Source Areas
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See Appendix 3: Contributing Source Area calculations
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Contributing source area 2 (Q2) produced a hydrograph approximately a magnitude higher
than the measured hydrograph. Hence for the second calibration step, I used contributing
source area 1 (Q1) and compared these values to measured values via a linear regression.
The contributing source areas calculated using ARCGIS included land down slope
from the spring and surface water monitoring points. Consequently I chose to reduce the
surface area by 60% and then conducted the second step of calibration, linear regression. First
I established a relationship between the thornthwaite predictions and the field observations,
using six randomly chosen points from the set of twelve. This regression produced R2 of
0.66, I of -3.919 and S of 0.6783. I used this equation and the second half of the data set to
determine how well this regression would approximate field observations. (Figure 16).
Based on this regression the Thornthwaite methods appears to overestimate discharge from
spring to fall, while doing a reasonable job estimating discharge during winter.
160
140
120

gpm

100
thorn
regress
observe

80
60
40
20
0
Apr-09 May- Jun-09 Jul-09
09

Aug09

Figure 16: Thornthwaite Site Calibration
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3.6 Is this project feasible considering geology and hydrology at the site?
Site three and its adjacent contact springs maintain more consistent year round flows.
This consistency likely exists because these springs receive recharge from a water bearing
layer created by either a lower impermeable layer and/or due to a fault/fracture. The next step
in determining the full power production potential of these springs is attempting to estimate
absolute discharge based on contributing source area. The discharge measurements at present
can only show relative fluctuation throughout the year. Discharge year round along with a
substantial head gradient are ideal conditions for microscale hydropower projects. Estimates
of potential power generation from spring three would benefit from additional research that
tries to determine the quantity of water at this site
Site one has a very flashy hydrograph, with nearly nonexistent flows during the dry
season. This fluctuation likely occurs because the springs are colluvial/landslide sourced.
Consequently the storage for these features is relatively small and not reliable year round.
Hence to develop these springs infrastructure would have to go offline for part of the year.
The main discrepancy from the stable isotope results, the fact that the isotope results
indicate water traveled up hill, may have occurred due to accumulative errors. Due to a lack
of site specific precipitation data, I used a regional regression with a fairly small R2 of .68.
Additionally I determined the elevation of the sites using a 10 m dem, again another source of
error. Small springs also notoriously fall above the O18-elevation line, making these
measurements inconclusive for this analysis from the front end. James (2000) Finally the
Liquid-Water Isotope Analyzer is prone to error. A combination of these errors may cause the
samples to fall substantially above the regional elevation-isotope regression. On the other
hand the site samples do lie within the range of scatter of Ingrebritsen (1994) data, which
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reiterates that the samples were taken well and the stable isotope concentrations are
reasonable. With access to additional data sets for this site, Scholls et al, (1996) multiple
regression analysis may be appropriate.
The temperature results also failed to provide a definitive characterization of the water
source, for a few reasons. In O’Driscoll et al., (2006) the water bodies used for comparison
had relatively similar average net energy fluxes. At the Mill City site the difference in net
solar and net long wave radiation between monitoring points is substantial. The shading
factor likely distinguishes net solar values between sites. O’Driscoll (2006) shading factor
values were 0.93 and 0.87 while Mill City sites were over 0.95 and less than 0.85. In the case
of net long wave radiation, again average water temperature at the Mill City sites were greater
than in O’Driscoll (2006). In O’Driscoll (2006) average water temperatures were 10.64 C and
11.32 C while at Mill City the average water temperatures were 6.4 C and 9.0 C.
Several water balance analyses were necessary for this site were necessary likely due
to the nuanced nature of this small scale system. The API analysis resulted in a very poor R2
when slope of discharge and the basin’s api were compared. This discrepancy can be the
result of multiple factors. First off the precipitation gauge used in the API calculation is 12
km from the centroid of this watershed. This distance likely compounds inaccuracies
associated the estimation of spatial precipitation distribution.
Secondly, the Little North Santiam Watershed incorporates a vast range of elevations
and slope gradients; see Figure 17: North Santiam River Basin Elevations and Slope
Gradients. Consequently geomorphology, flora and fauna likely vary significantly
throughout the basin. A front end assumption of the model requires all watersheds in the
regression have similar flora and fauna throughout their individual basins as well as in relation
to each other. Consequently I removed the Little North Santiam from the K v S regression
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and compared the S to I for the API v Q relationship. Using only the Blowout, Breitenbush
and Boulder watersheds, R2 was still poor (0.0031). I represents average base flow (Fedora,
M. A., & Beschta, R.L., 1989). Variations in this value can result from inconsistencies in
isolating peaks used in the initial basin regressions. Additionally dissimilarities in
geomorphology and flora and fauna between watersheds can also cause a poor fit between K v
S. Based on these results I chose to also conducted a Thornthwaite analysis.
Figure 17: North Santiam River Basin Elevations and Slope Gradients

The Thornthwaite estimation provided values within a similar range of magnitude to
those that were measured. These results suggest that a daily disaggregation of the monthly
Thornthwaite values would be beneficial and ultimately provide better data for projecting
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potential power production. Due to the variable intensity of precipitation over the course of a
month, estimates of evapotranspiration and groundwater recharge using Thornthwaite are
subject to overestimation (Giambelluca, 1987). This overestimation can be ameliorated again
through a daily disaggregation of the monthly Thornthwaite values. Finally these
overestimates likely occur because the Thornthwaite black box fails to account for specifics of
spring geology at the site, where rapid seasonal groundwater recharge can occur due to high
porosity of the landslide material.

Chapter 4 Engineering Opportunities and Challenges at the Site
This feasibility study also considers how much power can theoretically and
practically be produced and how it can be done in the most cost effective manner, via an
engineering analysis. This process involves calculating potential power production,
determining an efficiency factor specific for the project based on site and infrastructure
considerations and calculating cost per unit produced to determine whether the project is
financially feasible. Additionally an analytical hierarchical process was conducted to help the
clients flesh out potential project options in light of their specific needs and interests.
The engineering analysis utilized several tools, both field and lab based. Elevation
head was calculated using ArcGIS, where topographic maps were generated from 10 m
DEMs. Hydrographs were developed for the site using the container method, where spring
discharge is directed into either 4 or 6 in PVC pipe and a calibrated container is placed below
the flow to measure rate of discharge (Figure 18). Three to five samples were taken for each
sampling event. This approach is low cost and provides accurate relative change data for the
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site, but provides a limited data set 10. At best it only provides relative discharge information,
or the seasonal response of the water resource.

Figure 18: Discharge sampling set up
With this information Bryan Cobb, a colleague in Mechanical Engineering,
determined optimal penstock configuration using EPANET, open source software that models
water conveyances and calculates hydraulic outputs. Data generated from EPANET is then
used with major head loss11 and power calculations to determine potential power. Cost
estimates for the project followed the approach used in Bailey, et al. (2009). Finally an
analytical hierarchial process, a structure process for making complex decisions by

10

At the Mill City Site 12 monthly data points were collected from March
2009-February 2010
11

For this application, the Darcy-Weisbach Equation was used.
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considering potential determinative factors in light of one another, was conducted to determine
whether the cost would be justified by the means.
Typical components a microscale hydroelectric power system are illustrated in Figure
19: Overview of Microscale Hydroelectric Power Components and defined below.
•
•
•
•
•
•

An intake to divert water flow
A course (canal or pipeline) to transport water between intake and forebay
A forebay, used to filter debris, through a settling pond and a screen at the mouth of
the penstock
A penstock, which transports flows to power house and the physical component of
head in the system
A power house, which holds the turbine and generator, converting mechanical power
to electric power
A tailrace, a course by which water is returned to the natural system

Figure 19: Overview of Microscale Hydroelectric Power Components (Microhydro power: the
basics, 2010)

To determine how much power can be produced in the most cost efficient manner, the
analysis looks at site specific data sets and potential infrastructure configurations. These data
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sets include discharge and head and are used to estimate effective power, calculated based on
Equation 3.

Equation 3: Power Production Estimate

•
•
•
•
•

ρ=density of water (999.7026 kg/m3 at 10° C)
g=acceleration due to gravity (9.8 m/s2)
Q=volumetric flow rate passing through the turbine (m3 /s)
H= effective pressure head of water across turbine (m); function of penstock units
P=potential power production units

This value is only theoretical. To determine actual power potential power production,
efficiency factors must be considered. Head loss is one such factor and is calculated using the
Darcy-Weisbach equation, shown below.

H loss
•
•
•
•
•

l v2
= f
d 2g

Hloss=head loss
f=Moody friction factor
d=diameter of pipe
v=velocity of water
g=gravitational constant

Efficiency losses also result from the other infrastructure components, including the turbine,
generator, and electrical conveyance structure. Overall microhydroelectric systems work at
50-80% efficiency.
Turbines convert potential energy from falling water to mechanical energy.
Generators take the mechanical energy and convert it to electrical energy. Microscale
hydropower turbines generally combine these two components. Turbine technology has a
long history and hence several design options exist. The combination of head and flow are the
primary factors when considering appropriate turbine technology for a site. Additionally
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when selecting a turbine, desired running speed of the generator and whether the system will
be operational below design flow should also be considered. With theses factors in mind,
hydropower turbines can be grouped into two broad categories, impulse and reaction. These
two designs effectively cover a limitless range of head and flow combinations12. Most sites
will be more suited to one or the other design. The key to optimal turbines placement requires
specific knowledge about flow and head conditions at a site. Impulse turbines are designed to
deal with variable flows. Reaction turbines on the other hand are harder to adapt to variable
flows but are more efficient at utilizing head at a site.
Impulse turbines work optimally in high head, generally 10 feet or more (but as low as
6 ft), and low flow, 10 or more gallons per minute, schemes. Power is produced from the
momentum of water hitting the runner. To accomplish this water is diverted upstream into a
penstock. Water travels through the penstock and to the outlet where a nozzle constricts the
flow and directs the water onto the turbine blades. Head is calculated as the difference
between the elevation at the diversion point and the nozzle outlet. Flows in microscale
hydroelectric power schemes typically vary on a seasonal basis. Either installing nozzles of
various sizes periodically or using adjustable nozzles can control this flow variation. Figure
20 illustrates a basic impulse turbine configuration.

12

A few of these combinations include high head impulse, high head reaction,
medium head impulse, medium head reaction, low head impulse, low head reaction,
ultra low head impulse, and ultra low head reaction.
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Figure 20: Impulse Turbine Diagram (Hydropower Design Booklet, 2009)
Reaction turbines on the other hand work optimally in low head and high flow
scenarios. Power is produced from the pressure of water falling directly on the turbine runner.
The turbine blades effectively function as nozzles, oriented in a funnel fashion, storing
potential energy within the nozzle heads. Additionally a column of water continuously sits
above the turbine, providing another source of head. Reaction turbines require a constant
water supply to maintain the water column but this source of head can be accomplished
through as little as two feet of water. Draft tubes provide a third source of head in a reaction
turbine. Discharge from the turbine exits through the draft tube. A vacuum is created due to
the constant pressure head from above and the draft tube being submerged in the tailrace.
Thus in this closed system total head is a combination of pressure head and suction head
created by the vacuum. Figure 21 illustrates a basic reaction turbine configuration. Impulse
turbines on the other hand are an open system and therefore lack suction head.

43

Figure 21: Reaction Turbine Configuration (Hydropower Design Booklet, 2009)
Overall impulse turbines operate most efficiently between 10 and 300 ft of head and
10 and 175 gpm of flow. Reaction turbines on the other hand operate in ranges between 2 and
20 ft of head and 550 and 2000 gpm of flow. Due to the intermittent flow conditions and high
head at the Mill City Site, an impulse turbine is the best choice to fully utilize the resource.
Common impulse turbine products include the Harris Pelton, the Stream Engine Turgo and the
LVPM Pelton. Table 2 provides the specs for each of these models.
Table 2: Overview of Impulse Turbine Spec
Harris Pelton
Turbine
Stream Engine
Turgo
LVPM Pelton

Nozzle Capacity
up to 4 nozzles,
each nozzle has a
capacity of 30 gpm
up to 4 nozzles

Current Type/Battery Bank
DC, can utilize a battery bank
to store power during reduced
generation capacity
DC, can utilize a battery bank
to store power during reduced
generation capacity

up to 4 nozzles

DC, can utilize a battery bank
to store power during reduced
generation capacity

Efficiency Factor
Most efficient at 10
to 600 ft and 10 to
250 gpm
improved
efficiency through
adjustments to
rotor and stator
most efficient at
head above 100 ft
and flow less than
200 gpm; no rotor
or stator
adjustment
capacity
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The Harris Pelton, Stream Engine and LVPM turbines are all suitable for one use or
another at the Mill City Site. The final choice is dependent on several efficiency factors,
including infrastructure design and a cost benefit analysis. The final turbine and infrastructure
cost will depend on optimizing these parameters.
4.1 Additional Infrastructure Design Considerations: Electrical Energy to Consumer
Product
Once the generator has converted the mechanical to electric power, additional
infrastructure is required to deliver power to the household. Figure 22 provides a simple
overview of the electrical conveyance structures. This diagram is provided only as a point of
reference, to illustrate the various components that contribute to overall cost.

Figure 22: Basic Overview of Electrical Components ( Cu n nin gh am , & Wo o f en den ,
20 10)
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Due to the intermittent nature of this resource and the household consumption pattern,
net metering13 may be a viable option for this site. To connect to the grid additional electrical
infrastructure is needed, referred to as a net metering equipment package.
4.2 Discharge Results and potential power production
Discharge measurements from March 2009 to February 2010 produced the
hydrograph shown in Figure 23. Head measurements where based on the topographic map
shown in Figure 24. Additionally Figure 24 was used to determine the length of the
penstock14.
Figure 23: Mill City Discharge: 3/09-2/10
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13

According to ORS 757.300, a net metering facility refers to a facility that
generates power via a renewable or low emission resource, “is located on the
customer-generator’s premises, can operate in parallel” with a utilities infrastructure
and used to offset the customer-generator’s load.
14

Actual discharge, head and penstock lengths can be found in Appendix 4:
Power calculation data
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Figure 24: Mill City Site Survey, used to determine head and penstock length. “HT” marks
holding tank; thick black line indicated penstock placement

These values were then used to determine potential power generation using EPANET.

Figure 25 shows various potential power curves, using three different combinations
of water sources as shown in Figure 24. These estimates do not include the efficiency factor,
a function of the turbine, generator, electrical conveyance, etc.
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Figure 25: Power Generation Curves
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4.3 Final Cost Estimate: a cost benefit analysis based on potential power, infrastructure
and client preference
The project cost is a combination of the various capital components, listed above, plus
engineering and construction expenses. Engineering and construction costs are estimated at
10% and 40% of capital cost, respectively. Maintenance costs are estimated at 1% of other
capital cost (Bailey et al, 2009). To determine overall engineering feasibility in terms of cost,
Cost/kWh or project cost/amount of energy produced over lifetime is commonly used. This
value is then compared to the market value for energy to determine project profitability.
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Based on the potential power curves in

Figure 25, using sites one and two will result in optimal utilization of the resource.
Even though additional power could be generated via inclusion of site 3, the increase does not
justify the additional cost from a longer conveyance. If the water at Site 3 can be quantified,
inclusion of site 3 may be worthwhile in the future due to the substantial head. This site has
relatively consistent flow as shown via the hydrograph and the geologic analysis. However
since discharge measurements were unable to quantify the actual volume of water, additional
data is needed.
Ultimately scenario 3, which includes sites 1 and 2, will provide optimal power
production. Scenario 2, which includes site 5 with sites 1 and 2, would result in negative
pressure head and therefore reduced power production.
Although the hydrograph used to determine potential power production only includes
monthly discharge rates or, 12 points directly measured in the field, based on the thornthwaite
analysis these data points provide conservative estimates of discharge at the site throughout
the hydrologic year. Additional refinement of the thornthwaite water balance, through daily
disaggregation may improve potential power estimates. Also potential power estimates would
also be refined by on site survey work to determine head, since head for these estimates was
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based on map created from a 10 m dem. This precision can only provide estimations of head.
Onsite survey work of slope and head are still needed before beginning a microhydropower
project.
Cost per kilowatt hour estimates for this site ranges between $0.13-$0.29/kWh.15
With an average utility cost of $0.08/kWh16 this project may be financially feasible since these
numbers do not include any financial, regulatory or policy incentives. These opportunities
will likely increase the financial feasibility of the project. Additionally if the water at site 3
can be quantified, more electricity can theoretically be produced.
The total kilowatts hours of energy produced over the lifetime of the project is based
on production for approximately 270 days out of the year. During the seasonal interim, the
system can sit idle, with a few modifications. For the battery bank to maintain longevity, it
must be charged regularly. Additionally to prevent unnecessary wear and tear on the turbine
and penstock, either an isolation or bypass value should be installed. Finally while the system
sits idle, the conveyance structures may need to be flushed to prevent sediment accumulation
and bacterial growth.
From an engineering perspective, the Mill City Site may be a feasible site to develop a
microscale hydropower project. Historically these spring resources were utilized as a
domestic water supply and subsequently preexisting infrastructure suitable for a microscale
hydropower project exists onsite. These components certainly enhance engineering and in
turn economic feasibility for the site. However even without these features, feasibility may
not be quashed. An appreciable amount of water with a substantial head exists onsite. To

15

See Appendix 5: Final Project Cost Estimate Spreadsheet
16

This estimate is somewhat arbitrary considering since electricity prices vary
as a function of several factors (peak consumption, regional features) and is provided
for comparison purposes only (Bailey et al, 2009)
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utilize this head however would require installation of a 4 in PVC penstock, with a length of
over 1000 ft. A penstock of this length would incur substantial cost without an equivalent
return. Until the water at site three can be more extensively quantified, utilizing this spring
would be ineffectual.
Even if this project fails financial feasibility, it may still be viable for other reasons.
With this in mind an AHP analysis was conducted. Analytic Hierarchy Process (AHP) is a
systematic decision making process used when individuals are presented with several possible
options and factors. Each option, on its face, has aspects that suit the individuals’ needs.
Factors are chosen to highlight the needs of the decision maker and should be independent of
one another. To determine the most appropriate option, factors are ranked in light of each
other. A common ranking system developed by Saaty (1980) is outlined in Table 3.

Table 3: AHP ranking example
Rank
1
3

Definition
Equal Importance
Somewhat more important

5

Much more important

7

Very much more important

9

Absolutely more important

2,4,6,8

Intermediate values

Explanation
Two factors contribute equally to the objective
Experience and judgment slightly favor one over
the other
Experience and judgment strongly favor one
over the other
Experience and judgment very strongly favor
one over the other; its importance is
demonstrated in practice
The evidence favoring one over the other is of
the highest possible validity
When compromise is needed

If one factor is “absolutely more important” than another, or if A compared to B is 9, then B
compared to A is 1/9.
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The relative weights for the factors are then used to calculate a list of relative
importance for these factors, called an eigenvector17. This particular eigenvector is called the
relative value vector (RVV) and is used later on to determine overall desirability of an option.
A similar process is used to consider the relative weights of the various project options in light
of each factor. The eigenvectors from these series of calculations are then compiled into an
option performance matrix (OPM). These values represent the relative capabilities of each
option in light of the factors, with options along the x axis and factors along the y axis. The
last step involves combining the RVV with the OPM to determine the relative worth of each
option in light of the needs as defined by the factors.18 This vector is called a value for money
(VFM) and the option with the highest score is considered most preferable.
The Rada family and their microscale hydroelectric power project is an appropriate
application for an AHP. Over the course of the project several factors and options have come
up and an AHP can help parse out the relative importance of each.
Through a series of discussions with the family, the following factors and definitions
were determined to be significant when deciding on a final project option or outcome.
Legal—maintain status of water right in light of situational constraints
Cost—overall expense for the project
Flex—flexibility; capacity for infrastructure to incorporate additional generation
sources i.e. hybrid
Effic—efficiency; this scale of project typically runs at 50% efficiency, but can
certainly exceed that, upwards of 80%
Publi—publicity; showcasing the project as a case study to the public
Relia—reliability; the maintenance schedule for the project; maintaining projected
power production levels
Life—lifespan; projected length of time which project will be operational
Amt—power quantity; amount of power that can actually be produced
Ed—education; catalyst for future research onsite
A similar process revealed the following options as viable project outcomes.
Site—demonstration site; using the site to supplement other educational outlets




17
18

See Appendix 6 for example of eigenvector calculation.
See Appendix 6 for example of an OPM vs RVV analysis.
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BB—battery bank; include battery bank to provide power during the interim season
(June to Oct)
Hybrid—combination solar and hydro system; to provide year round power
NM—net metering; connect to grid, excess power feeds to grid, customer receives
credits for the surplus, and grid provides power during deficits
Two family members participated in this analysis (Steve and Ed), as they have each
made significant contributions throughout the project.19 Table 4 lays out each participants
final AHP results.

Table 4: Steve and Ed Rada AHP results
VFM, Steve
Site
BB
Hybrid
NM

0.367369435
0.062200258
0.092176824
0.478253483

Site
BB
Hybrid
NM

0.160886628
0.355227223
0.241943074
0.241943074

VFM, Ed

Steve prefers a net metering scheme in light of the factors listed above. Ed, on the
other hand, prefers the battery bank option. These results should be considered when
determining overall development feasibility for the site. Currently the project does not
produce a cost benefit, power cost more to produce than it would be to purchase. If however
the AHP results along with potential financial incentives and the possibility of producing
power via site 3 are included, this project may in fact be considered feasible.

Chapter 5 Legal/Policy/Regulatory Feasibility

19

See Appendix 6: AHP Results for each participant. Also provided is a
modified scale used for this analysis

54

A site may be feasible in terms of hydrology and infrastructure needs, but may
ultimately be limited by its capacity to shoulder certain regulatory and legal onerous. National
and state based policies are beginning to recognize the vast potential of microscale
hydroelectric power projects by providing financial incentives and streamlining regulations to
encourage development. However additional efforts must be made for this resource to realize
its full potential. This section addresses these issues by asking the question, what is the
feasibility of microscale hydropower from a legal, policy and regulatory perspective?
5.1 HB 2785 and Legislative Intent
In 2007 the Oregon Legislature passed HB 2785, Relating to Hydroelectric Projects.
This legislation allows water rights holders to apply for a change of use to operate small and
microscale hydropower projects through an expedited process while not losing the priority
date associated with their original right. Under subsequent statute, ORS 546.760-543.765 Use
of Existing Water Right for Hydroelectric Power, water right holders may apply for a
certificate to use water for “hydroelectric purposes through an artificial delivery system.”
Additionally applicants must qualify for a FERC exemption,20 provide documentation of their
original right, proof that the original rate of use will be maintained and forfeiture has not
occurred. Once the application is complete, the Oregon Water Resources Department
(OWRD) will contact affected agencies, provide a public comment period and make a
determination based on the impacts the proposed hydroelectric project may have on the public
interest (Oregon, 2007).

20

An exemption is required if FERC has authority over the project i.e. the project is on a
navigable waterway, the project affects interstate commerce, i.e. connected to a regional grid,
the project is on federal land, or the project utilizes surplus water from a federal dam.
Exemptions are available for small conduit hydroelectric facilities up to 15 MW and small
hydroelectric projects of 5 MW or less on non-federal preexisting structures or on a natural
water feature.
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The Oregon Water Resource Commission, an interest group representing irrigators,
supported this legislation from inception to completion. Irrigators need substantial power to
transport water throughout their operations. Generating power onsite ameliorates many of the
inefficiencies commonly associated with power production, including transmission losses and
the environmental impacts of large scale hydropower structures, to name a few. These
distributed generation projects can avoid traditional issues associated with economy of scale
hydropower production while providing green energy for industrial operations.
5.2 State Based Policy Directives
Recently the state of Oregon has made additional efforts to promote green
hydroelectric power production. The Oregon Renewable Energy Action Plan 21 outlined the
potential for “new” hydro projects, through small and micro scale or seasonal projects within
irrigation canals, run-of-the-river installations22, as well as adding capacity to preexisting
structures (Oregon Department of Energy, 2005). Under this policy directive The Renewable
Energy Working Group was founded to promote development of these resources. This
working group along with agencies and interested stakeholders will explore the feasibility of
projects high in the watershed 23 and in conjunction with storage facilities. Regulatory
oversight of these projects can become cost prohibitive, effectively shuddering progress. As
such the working group is assigned to raise funds to offset these cost. Finally the working

21

a white paper produced by the Oregon Department of Energy for Governor
Kulongoski in April 2005
22

Run of the River hydropower projects divert a portion of the year round
seasonal flow of a river via a penstock to a power house and turbine adjacent to but
out of the channel requiring no reservoir.
23

“high in the watershed” refers to small order waterways typically beyond
anadromous fish migration territory
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group is responsible for ensuring that micro hydropower projects run efficiency in light of
their cumulative impacts 24.
State agencies have also been assigned various tasks under the action plan. The
Oregon Water Resource Department is delegated to promote micro hydropower projects by
simplifying the application process, identifying potential sites, supporting projects in line with
state policy and providing educational resources to the public. And finally the Oregon
Department of State Lands is charged with revising rules to allow development of these
projects on state lands while allowing benefits to flow to their trust, public schools in Oregon.
5.3 State and Federal Financial Incentives
The Oregon Legislature has also developed a slew of tax incentives promoting the
installation, maintenance, and manufacturing of renewable energy devices. Known as the
Business Energy Tax Credit and the Residential Energy Tax Credit, or BETC and RETC
respectively, these tax credit programs have gained national fame for both their innovation and
effectiveness. As a consequence of these incentives Oregon has successfully attracted a
variety of green entrepreneurs and their business ventures, namely in the solar power sector.
In 2007 the legislature passed bills increasing tax incentives under these programs, expanding
the classes of industrial activities that qualify along with changing tax schedules.25 Even in
light of the recession, the 2009 legislature chose to maintain these incentives.26
On the national level, the American Recovery and Reinvestment Act of 2009 allocates
funds to implement the Energy Independence and Security Act of 2007 and the Energy Policy

24

As set out under FERC and state law
25

allowing credits to be claimed up to 5 years for certified cost at certain
facilities.
26
The legislature did enact amendments to BETC and RETC to encourage job creation
through accountability.

57

Act of 2005. These pieces of legislation include subsections promoting research,
development, demonstration and commercial applications in hydrokinetics27, additional access
to net metering, and upgrades to the grid to improve efficiency and permit distributed
generation.
5.4 With opportunity comes challenge: How Oregon balances potential negative impacts
from hydropower projects
Oregon has recognized the potential for small and micro hydropower as a viable green
energy source while not forgetting its potential to cause adverse environmental impacts. To
protect this balance, the legislature enacted ORS 543 Hydroelectric Projects, policies that
protect resources while encouraging development.28
These newly enacted law and policy directives on the state and federal level
demonstrate lawmakers intent to promote small and micro scale hydropower as a viable
renewable energy source. Regulation still exists however that harms the vast potential of this
resource. For a microhydroelectric power project to achieve feasibility, these discrepancies
need to be resolved.

27

Hydrokinetics includes free flowing waters in freshwater bodies, lakes,
streams, rivers, etc.
28
“The Legislative Assembly declares that it is the policy of the state of Oregon:
(1) To protect the natural resources of this state from possible adverse impacts
caused by the use of the waters of this state for the development of
hydroelectric power
(2) To permit siting of hydroelectric projects subject to strict standards established
to protect the natural resources of Oregon
(3) To require the Water Resources Commission, the Energy Facility Siting
Council, the DEQ and other affected state agencies to participate to the fullest
extent in any local, state or federal proceedings related to hydroelectric power
development in order to protect the natural resources of Oregon.”
(4)
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5.5 Additional Challenges to Microscale Hydroelectric Power Projects: Burdens to
Entry—The Grid
Distributed generation and the process of connecting to the grid is somewhat onerous,
definitely a burden to entry for some projects. To supply distributed power to the grid, the
customer (known as the customer/generator) must be interconnected to the grid. Two
approaches exist, determinative on whether the source will be primarily used by the
customer/generator or whether the source will primarily be fed to the grid (Oregon PUC,
2010).
Power customers in Oregon who produce net power may participate in Net Metering,
where the utility and the customer enter into an agreement feeding the excess power into the
grid and placing credits in the customer’s account. These credits are valid for one year, at
which time any remaining credits are transferred to a Utility sponsored low income assistance
program. To qualify for this incentive, customers/generator must maintain a “net metering
facility.” Statute sets out an extensive list of “green” facilities that qualify, including
hydroelectric power. Additionally the facility must be located on the customer’s premise,
capable of operating “in parallel with an electric utility’s existing transmission and distribution
facility” and primarily exist to offset the customer’s power needs. No additional fees are
charged to customer/generators for net metering unless the utility through regulatory rule
making can prove that these fees are in the public’s best interest. So if a customer adds net
power to the grid during a monthly billing period the utility may only charge the customer the
minimum monthly fee. Facilities must meet safety standards set out by state building code.
Third party liability is the responsibility of the customer/generator.
Net metering facilities undergo a series of reviews to ensure compliance. Level 1 and
2 reviews require facilities to meet standards set out by the Institute of Electrical and
Electronics Engineers along with the UL 1741 standards for Inverters, Converters and
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Controllers. Additionally equipment used on site must be tested and certified by a nationally
recognized laboratory. If any components have not been subject to this examination, the
applicant must prove that this equipment is consistent with the standard mentioned above.
The lowest threshold of review, Level 1, is available for inverter based systems with a
capacity of 25 kW or less. These applications are guaranteed a relatively quick decision from
the public utility. Once applications are deemed complete, the public utility must notify the
applicant within 10 days whether the application for interconnection is approved or denied. If
the utility fails to provide notice of approval or denial within 20 days the application is
considered approved. Once an application is approved the facility may be subject to
inspection, to ensure compliance. Application approval is also conditioned upon compliance
with applicable building codes. Once an application has been approved, customers must
notify the utility within 5 days that the facility will go on line. Any application that fails to
meet these criteria may be resubmitted as a Level 2 or 3 interconnection applications. Once a
facility has been approved under a review level, customers must perform a test and
maintenance schedule. These facilities must be disconnected from the public utilities
equipment on an annual basis to ensure that the inverter stops delivering power to the grid.
Manufacturer-recommended maintenance schedules, any Institute of Electrical and Electronics
Engineers, Inc. (IEEE) requirements and any system upgrade inspections must also be
performed.
Net meter is intended for customer/generators who primarily use power generated
onsite for at home use. Customers interested in selling power to the utility become
interconnected to the grid under the small generator scheme. To sell power to a utility,
customer/generators interconnect under the small generator regulations (OAR 860-029-0001
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to 0090), must be a qualified facility (QF)29 under PURPA and enter into a power purchase
agreement with the utility. These facilities fall into two broad categories, qualifying small
power production facilities and qualifying cogeneration facilities. A small power production
facility generates power primarily from a renewable energy source (hydro, wind or solar) at a
rate of 80 MW or less. Power purchase agreements (PPA) are contractual agreements between
utilities and customer/generators, used to establish pricing schedules. Additionally under
these agreements “owners of existing or proposed QFs” elect to use a boilerplate PPA or
provide the utility with details of the operation sufficient to establish their particular
circumstance and a new agreement is drafted. Both parties participate in negotiations to
determine the final agreement.
Applications for small generator interconnection fall under one of four tiers.
Applicants incur various cost according to tier, including application and engineering
evaluation fees. Since these facilities are connected either to the primary or secondary grid
additional onsite safety infrastructure is required. Certain levels of power production also
require additional liability insurance. Small generator interconnection rules (OAR 860-0820005 and beyond) establish guidelines for interconnection of facilities with nameplate
capacities of 10 MW or less, that seek to connect to the public utility infrastructure and are not
subject to FERC regulation by qualifying for either an exemption30 or waiver. If an applicant
has achieved interconnection previously under a net metering agreement, they must apply
again as a small generator. “Applicants must use the Tier 1 application form for small

29

Qualifying Facilities fall into one of two categories: small power production
facilities with capacities of 80 MW or less primarily powered by renewables or
biomass, waste or geothermal and cogeneration facilities, facilities that utilize thermal
energy from industrial operations and convert it to electrical energy
30

SEE FN 4
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generator facilities that will not be interconnected with a transmission line31 and will use labtested, inverter-based interconnection equipment with a nameplate capacity of 25 kilowatts or
less.”

Applicants must use the form for review under Tiers 2, 3, or 4 for interconnection of
all other small generator facilities.32 Each tier has a progressively higher application fee
relative to the previous tier. Additional cost may incur if the utility needs to study and
evaluate interconnection conditions. Applications denied at one tier can reapply at a higher
level and if done in a timely fashion can roll over priority and previous application fee.
Utilities may require small generator facilities with capacities greater than 200 kW to carry
liability insurance. Tier 1 facilities33 must be approved for interconnection if they meet the
following criteria: “(a) A Tier 1 small generator facility interconnection must use existing
public utility facilities.

Interconnection, whether via net metering or sale to the utility, is a complicated
process. These small scale distributed generation projects require improvements be made to
the electrical conveyance structures which will in turn streamline the application process. The

31

(35) “Transmission line” means any electric line operating at or above
50,000 volts.
32
Subsequent tiers (2-4) exist to accommodate larger operations and their potential
impact to the grid. Subsequent tiers generally incur greater expense.
33

(a) The small generator facility must use lab-tested, inverter-based interconnection
equipment; (b) The small generator facility must have a nameplate capacity of 25
kilowatts or less; and (c) The small generator facility must not be interconnected to a
transmission line.
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“Smart Grid”34 upgrades will include implementation of digital information for improved
demand side efficiencies, improved transmission efficiencies and deployment of consumer
devices that communicate with the new network. Of particular interest, a “Smart Grid” is also
capable of integrating “distributed resources and generation, including renewable resources.”

5.6 Nonconsumptive Distinction
Jurisdictions across the west classify hydroelectric power as a nonconsumptive use.
In certain contexts, this categorization is accompanied by exceptions; junior rights for
hydroelectric power production are given senior like priority because the jurisdiction
recognizes that this use does not deny other water users their access. Oregon fails to recognize
this distinction. Consequently potential microscale hydropower projects with preexisting
rights that a have minimal diversion rate cannot qualify for the streamlined application process
under ORS 543. These particular projects must apply for an entirely new right and are subject
to additional regulatory burdens along with losing their original priority date. Microscale
hydropower projects by their varied nature impose minimal impacts on the landscape. These
nonconsumptive diversions typically stay within the range considered acceptable for a change
in point of diversion application as set out by statute35 (Oregon, 1985). This in turn
effectively causes no injury to adjacent land owners. Although this regulatory hurdle may not
preclude project development across the board i.e. in the water rich western half of the state,

34

According to the USDOE “What the Smart Grid means to you” a smart grid
consists of four primary components: a larger portion of the power within the grid
from distributed generation, the ability to integrate variable sources of power
(renewable alongside traditional), greater customer choice to the variable sources of
power and utilities using the grid to its maximum potential. Theses functions will be
carried out through various digital and information technology upgrades.
35
Less than 500 ft
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this discrepancy will likely limit large scale development of a feasible renewable power
resource.

Interstate compacts make exceptions for nonconsumptive uses that do not cause harm
to downstream users and their allotments. For example Article XIV of the California-Nevada
Interstate Compact specifically enumerates each state “may use water for nonconsumptive
purposes” as long as it does not result in a discernable reduction in water allocation to the
other state. This public interest is detailed by an extensive list of nonconsumptive uses
including hydroelectric power generation.36 This compact recognizes that hydroelectric power
can be generated without causing harm to other appropriators, effectively carving an exception
(West, 2009).

Under statute, Montana creates exceptions for nonconsumptive uses in
overappropriated basins. Montana has several overapppropriated basins37 that allow no
additional appropriations for consumptive use during the dry part of the hydrologic year,
between June 1 and Sept 30. However nonconsumptive use permits during this time frame are
permissible subject to agency oversight (Montana, 1990). This exception does not directly
protect a potential hydroelectric power project from a call via a senior appropriator but it does
36

ARTICLE XIV. NONCONSUMPTIVE USE

Each state may use water for nonconsumptive purposes, including but not limited to flood control,
recreation, fishery and wildlife maintenance and enhancement, and hydroelectric power generation,
provided that such uses result in no discernible reduction in the water allocated to the other state.

37

These basin include the Rock Creek, the Walker Creek, Towhead Gulch,
Musselshell River, Sharrott Creek, Willow Creek, Truman Creek, Sixmile Creek, and
Houle Creek

64

demonstrate the legislative intent that nonconsumptive uses do warrant a degree of exception.
Similarly Oregon has several overappropriated basins 38, again limiting future appropriation to
nonconsumptive uses.39

Finally in Utah, the upstream junior practicing a nonconsumptive use is exempt from
a call if their nonuse would not result in an increase to the downstream senior. In effect a
nonconsumptive junior upstream user circumscribes it priority ranking and achieves “senior
like” status (Utah, 2010).
A variety of devices exist to allow nonconsumptive use in light other more senior
consumptive uses. Oregon may recognize this to a certain degree but also explicitly precludes
access for nonconsumptive junior right holders. If a water right holder is unable to qualify for
an amendment under ORS 543 due to an insufficient original rate allotment, they must apply
for a new right. OAR 690-051-0380, Water Rights,40 states that this newly issued right is not
only junior but also subordinate to all future upstream beneficial consumptive uses.

5.7 Is this project feasible considering regulatory/legal/policy issues?
As the law currently stands, legal and regulatory reform will need to happen for
microscale hydroelectric power project to achieve full feasibility. Policy promotes
38

In the Umatilla, the Columbia-Umatilla Plateau, the Wildhorse Creek and
the Willow Creek Subbasins.
39

Or. Admin. r. 690-507-0040 6-25-90
40

OAR 690-051-0380, Water Rights: “The right to the use of the waters of the
State of Oregon in connection with the development of any water power project for the
generation of electricity under a License issued… Each License will be conditioned so
the right to use water is expressly made inferior in right and subsequent in time to any
future appropriation of water upstream for beneficial consumptive use.” 5/19/1993
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development in this area but these good intentions need support through legal and regulatory
reforms. One final exception, beyond the legal and regulatory framework may exist. This
exception has the potential to drastically simplify this process, which may in turn promote
feasibility. In Morrison v Officer the Oregon Supreme Court found that springs with minimal
discharge and no downstream water way may be exempt from agency oversight. Although
this precedent is quite old, personal at OWRD have confirmed that this calculus is still used
(Kohanek, 2010). Microscale hydropower projects may qualify under this exception, thereby
relieving some regulatory burden.

Chapter 6 Conclusion
Microscale hydroelectric power projects have vast potential to provide green energy to
remote areas worldwide. Challenges do exist, whether trying to make reasonable estimates of
discharge, developing infrastructure in a cost effective manner or adhering to legal and
regulatory requirements. Tools do exist to develop these resources but reforms need to occur
to maximize their potential. Microscale hydroelectric power projects are being developed
world wide. With such a diverse demographic approaching these challenges, opportunities
will abound.
Based on the findings of this research, the two most reliable tools used to characterize
a micro hydroelectric power resource are a water balance and a geologic analysis. These
analyses are inevitably prone to challenges; the findings however can be used to guide
additional research at particular promising sites.
The inherent dilemma in conducting a water balance involves spatial precision
requirements and available data. Greater spatial precision requires a more detailed and
comprehensive data set. Application of these models to other sites results in poor estimation
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due to local specificity. To apply a model derived regionally to a site with minimal parametric
data also hinders precision. This trade off, widescale model application verses site specific
data, may be reasonable depending on the purpose of the estimation. There is however a
minimum requirement for spatial data coverage in order to make a reasonable estimation on
the regional scale. This attempt at an API model likely failed because this threshold was not
achieved. The Thornthwaite analysis provides numbers that are reasonably reliable but
limited temporally. However due to its relative simplicity and clear disclaimers, this model
can provide conservative estimates suitable for preliminary estimates of microhydro power
feasibility.
Once a system is defined by its hydrogeology, a lot can be said qualitatively about its
discharge capacity. On the other hand applying this discipline to small springs can mean a
lack of quantitative data and a diminished capacity in determining potential power production.
Quantitative discharge data is very important in this case, when the potential power capacity
can be substantially underestimated with small errors in discharge estimations.
The other common tools of hydrologic analysis used in this research, temperature and
2

H and 18O Data, are not recommend for this scale of analysis. Although the stable isotope

results for Mill City do not shed light on recharge elevation they do confirm that discharge on
site is relatively small and therefore prone to site specific nuances. For stable isotope analysis
to be effective at this site, data collection needs to be finer scale and the O18 to Elevation
relationship may need to be based on a multiple regression. Since these results confirmed
findings from the water balance and geologic analysis, using stable isotopes to characterize
water sources for potential microscale hydropower projects may not be necessary. Microscale
hydropower resources are relatively small and hard to characterize with this tool.
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Similarly the temperature data also appears inconclusive and not suitable for this scale
of analysis. Again temperatures measured were a function of site specific ambient nuances
and not a function of ground v surface water contributions. In the alternative, this temperature
data shows the substantial impact that air and equilibrium temperature has on these small
water bodies. At best this data shows how small and intermittent these springs are, again a
conclusion that can be drawn from the water balance and the geologic analysis. If temperature
is used to characterize a small water body, a more robust data set is required. Equilibrium
temperature may in fact be more appropriate than air temperature to determine groundwater
contributions in this system, due to the distinct ambient conditions at Site 1 and 2.
Additionally these water features have relatively small discharge rates and could therefore be
more susceptible to an energy flux. On the other hand, equilibrium temperature is parameter
driven. Hence when data is a limiting factor, results can get lost in translation. Temperature
as a proxy for groundwater contributions at this site appears inconclusive as defined by
O’Driscoll 2006. On the other hand the water source for the spring is likely a perched
intermittent aquifer, driven by rain. If this is the case, the spring may not fit into the
groundwater temperature category e.g. “close to the regional average annual air temperature.”
Hence this pseudo groundwater source is likely affecting the air/water temperature regression
and may account for the flipped results.
This scale of water resource exists throughout the North Santiam River Basin, with
similar geologic and topographic conditions (Figure 26). Similarly resources of this nature
and scale exist throughout the United States and beyond. This feasibility study can serve as a
case study for additional potential in the basin and beyond. Ultimately the most reliable
techniques, a water balance and geologic characterization, are accessible and affordable. As
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such these methods can be applied in different regions providing greater access to determining
microscale hydroelectric power feasibility.

Figure 26: Potential Microscale Hydroeletric Power Projects in the North Santiam River
Basin, OR

At this time, engineering costs are still too high to make this particular project cost
effective. Financial incentives are available which are helping to promote potential project
feasibility. On the other hand incentives for this renewable energy technology are as wide
spread as they could be; to ensure the future success of microscale hydroelectric power
projects, additional incentives are needed. Additionally water resources that maintain more
consistent flows throughout the year would in turn make projects of this scale more feasible.
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Perennial water resources are typically larger scale; in turn the traditional impacts associated
with hydroelectric power must then be considered.
Finally legal, regulatory and policy reform needs to occur. Policy directives recognize
the vast potential of microscale hydroelectric power. Laws and regulations have also begun to
recognize this potential. But legal and regulatory reform needs to occur. The public is
receiving an inconsistent message when one branch of the government endorse this
technology while another branch continues to place an unreasonable onerous on the process.
Policy, legislation and regulation needs to work collaboratively to promote this green and
renewable energy supply.
Similar to microscale hydroelectricity itself, small reforms to improve efficiency in
these systems will make a difference. With hundreds of thousands of potential sites all across
the world, individual reforms are sure to amass into large scale systematic improvements in
efficiency. This case study can help catalyze these opportunities both in the North Santiam
River Basin and beyond.
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Appendix 1: 2 H and 18O Data


Site Data, June 2009
Sample
Delta
Name
Delta D/H
18O/16O
S1A
-66.83730
-9.66113
S1B
-67.05806
-9.44529
S1C
-67.65583
-9.78169
S1D
-67.40280
-9.81469
S1E
-67.40959
-9.70599
S3A
-67.72206
-9.67125
S3B
-67.62510
-9.85561
S3C
-68.07757
-9.90550
S3D
-67.62000
-9.68890
S3E
-67.94830
-9.37647

*S1—Site 1

*S3—Site 3


Site Data, February 2010
Sample Name
Delta D/H
Delta 18O/16O
1A
-68.627588
-9.806084
1B
-68.724696
-9.671195
1C
-68.246277
-9.909541
1D
-68.038066
-9.786657
PG/A
-75.238733
-9.907286
PG/2A
-76.16861
-10.106764
2A
-66.712959
-9.738109
2B
-67.142762
-9.366928
2C
-67.385499
-9.760038
2D
-67.686845
-9.777593
PG/B
-75.465973
-9.993408
PG/2B
-76.024493
-10.152635
3A
-67.016926
-9.772196
3B
-66.24546
-9.497496
3C
-67.024103
-9.7649

*1—Site 1

*2—Site 2

*3—Site 3

*PG—Precipitation Gauge


Ingebritsen et al., 1994 data
Elevation (ft)
18O
D2
709
-11.2
-72
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1434
942
1959
3740
4459
2999
2959
2799
4790
1214
1729
6004
4364
5774
3940
4081
3451
797
4728
1171
7159
4262
7169
3576

-10.4
-10.6
-11.4
-12.1
-12.2
-12.1
-12
-11.9
-12
-9.6
-11.7
-12.8
-12.4
-12.5
-10.8
-12.1
-12.4
-10.4
-12.6
-10.1
-14.5
-11.6
-12.2
-12.3

-69
-74
-82
-83
-87
-82
-89
-88
-86
-70
-84
-96
-90
-90
-76
-84
-91
-73
-90
-65
-100
-76
-84
-106
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Appendix 2: Contributing Source Area calculations
Figure 27: Q2 Contributing Source Area

Figure 28: Q1 contributing source area
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Appendix 3: Power calculation data


Discharge Measurements, 3/09-2/10

Site 1
Site 2
Site 3
3/1/09
30.77
26.83
3/22/09
60.00
35.13
4/19/09
15.25
35.36
5/9/09
25.60
58.11
6/12/09
2.33
4.24
7/17/09
1.03
1.48
8/11/09
0.00
0.79
9/12/09
0.23
0.59
10/23/09
5.22
4.37
11/20/09
70.00
75.00
12/29/09
16.00
61.80
1/23/10
19.47
51.96
2/13/10
19.47
44.25


Head and Penstock Measurements

PS length
Head (ft) (ft)
3 to 1
140.00
600.00
2 to land
10.00
112.00
2 to house
15.00
172.00
5 to land
20.00
173.00
5 to house
30.00
281.00
1 to land
10.00
112.00

Site 5
4.22
1.96
1.84
5.93
0.87
0.55
0.43
0.21
0.54
2.33
0.35
2.19
3.07

7.19
12.55
3.73
0.91
1.33
0.62
0.38
0.56
1.79
5.70
8.04
3.68
4.53
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Appendix 4: Final Project Cost Estimate Spreadsheet

50%41
375
600
325
550
25
25
25
900
500
500
500
500

Mar
Apr
May
June
July
Aug
Sept
Oct
Nov
Dec
Jan
Feb

80%42
600
960
520
880
40
40
40
1440
800
800
800
800

W
750
1200
650
1100
50
50
50
1800
1000
1000
1000
1000

Days
31
30
31
30
31
31
30
31
30
31
31
28
kWh for LS43

Parts
Penstock
Turbine
Strainer
Conveyance
Engineering/C
onstruction44
Electric1

45

Description
4 in PVC
Harris, 2
nozzles
2 in PVC

Units
400 ft
1
1
800 ft

1

Monthly
kWh
558
864
483.6
792
37.2
37.2
36
1339.2
720
744
744
672
138336

50%
279
432
241.8
396
18.6
18.6
18
669.6
360
372
372
336
69168

80%
446.4
691.2
386.88
633.6
29.76
29.76
28.8
1071.36
576
595.2
595.2
537.6
110668.8

Cost/unit
Total Item Cost
$4.60
$1,840.00
$2,000
$15
$2

$2,000.00
$15.00
$1,840.00

Total
$10,000

$2,840.00
$8,535.00
$10,000.00

Total
$18,535.00

41

50% is the lower end of efficiency for a Microscale Hydroelectric Power
Projects
42

80% is the higher end of efficiency for a Microscale Hydroelectric Power
Project
43

LS=Estimated Life Span of Project=20 years
44

Engineering and construction cost are estimated at 10% and 40% of capital,
respectively. (Bailey et al, 2009)
45

$10,000.00 is the low end estimation for electrical conveyance equipment,
courtesy of Bob Schultze, consultant at Electron Connections, Inc. This cost includes
installation.
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Electric2 46
Cost/LS
$0.13/kWh
$0.15/kWh

1
Cost/LS 50%
$0.26/kWh
$0.29/kWh

$12,000

$12,000.00

$20,535.00

Cost/LS 80%
$0.16/kWh
$0.18/kWh

46

$12,000.00 is the higher end estimation for electrical conveyance equipment,
courtesy of Bob Schultze, consultant at Electron Connections, Inc. This cost includes
installation.
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Appendix 5: AHP Results
Example of eigenvector calculation for the comparison of options in light of amt (amount)

99
100
101
102
103

A

B

C

Site
BB
Hybr
NM

Site
=1
=1/5
=1/5
=1

BB
=1/5
=1
=1/9
=1/5

D

E

Hybr
=1
=1/5
=1
=1/5

NM
=1
=1/5
=1/5
=1

F

G

n root of product
=(E99*D99*C99*B99)^0.25
=(E100*D100*C100*B100)^0.25
=(E101*D101*C101*B101)^0.25
=(E102*D102*C102*B102)^0.25
=SUM(F99:F102)

Eigenvector
=F99/$F$103
=F100/$F$103
=F101/$F$103
=F102/$F$103
=SUM(G99:G102

Matrix Scale
Factors: Ed Rada

Legal
Cost
Flex
Effic
Publi
Relia
Life
Ed
Amt

Legal
1
9
9
9
9
9
9
9
9

Cost
1/9
1
1/3
1/3
1
1/5
1
1/3
1

Flex
1/9
3
1
1
5
1
3
3
1

Effic
1/9
3
1
1
9
1
1
3
1

Publi
1/9
1
1/5
1/9
1
1/6
1/6
1/9
1/9

Relia
1/9
5
1
1
6
1
1
3
3

Life
1/9
1
1/3
1
6
1
1
3
1

Ed
1/9
3
1/3
1/3
9
1/3
1/3
1
1/3

Options, Legal: Ed Rada

Site
BB
Hybrid
NM

Site
1
1/3
1
1

BB
3
1
3
3

Hybrid
1
1/3
1
1

NM
1
1/3
1
1

Site
1
9
1
1

BB
1/9
1
1/9
1/9

Hybrid
1
9
1
1

NM
1
9
1
1

Options, Cost: Ed Rada

Site
BB
Hybrid
NM

Amt
1/9
1
1
1
9
1/3
1
3
1
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Options, Flexibility: Ed Rada

Site
BB
Hybrid
NM

Site
1
1
1
1

BB
1
1
1
1

Hybrid
1
1
1
1

NM
1
1
1
1

BB
1
1
1
1

Hybrid
1
1
1
1

NM
1
1
1
1

BB
1
1
1
1

Hybrid
1
1
1
1

NM
1
1
1
1

BB
1
1
1
1

Hybrid
1
1
1
1

NM
1
1
1
1

BB
1/9
1
1
1

Hybrid
1/9
1
1
1

NM
1/9
1
1
1

BB
1/9
1
1

Hybrid
1/9
1
1

NM
1/9
1
1

Options, Efficiency: Ed Rada

Site
BB
Hybrid
NM

Site
1
1
1
1

Options, Publicity: Ed Rada

Site
BB
Hybrid
NM

Site
1
1
1
1

Options, Reliability: Ed Rada

Site
BB
Hybrid
NM

Site
1
1
1
1

Options, Lifespan: Ed Rada

Site
BB
Hybrid
NM

Site
1
9
9
9

Options, Education: Ed Rada

Site
BB
Hybrid

Site
1
9
9
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NM

9

1

1

1

Site
1
9
9
9

BB
1/9
1
1
1

Hybrid
1/9
1
1
1

NM
1/9
1
1
1

Options, Amount: Ed Rada

Site
BB
Hybrid
NM
Factors: Steve Rada

Legal
Cost
Flex
Effic
Publi
Relia
Life
Ed
Amt

Legal
1
5
9
6
9
8
9
9
9

Cost
1/5
1
6
5
9
5
5
9
6

Flex
1/9
1/6
1
1
9
1
5
5
1

Effic
1/6
1/5
1
1
9
1
5
9
1

Publi
1/9
1/9
1/9
1/9
1
1/9
1/9
1
1/9

Relia
1/8
1/5
1
1
9
1
1
1/9
5

Life
1/9
1/5
1/5
1/5
9
1
1
9
5

Ed
1/9
1/9
1/5
1/9
1
9
1/9
1
1/9

Options: Steve Rada

Site
BB
Hybrid
NM

Site
1
9
5
1

BB
1/9
1
1/5
1/9

Hybrid
1/5
5
1
1

NM
1
9
1
1

BB
9
1
5
9

Hybrid
5
1/5
1
9

NM
5
1/9
1/5
1

BB
9
1
5

Hybrid
5
1/5
1

NM
1
9
1/5

Options, Cost: Steve Rada

Site
BB
Hybrid
NM

Site
1
1/9
1/9
1

Options, Flexibility: Steve Rada

Site
BB
Hybrid

Site
1
1/9
1/9

Amt
1/9
1/6
1
1
9
1/5
1/5
9
1
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NM

1

9

5

1

BB
9
1
5
9

Hybrid
9
1/5
1
5

NM
1
1/9
1/5
1

BB
9
1
1/9
9

Hybrid
5
1/5
1
5

NM
1
1/9
1/5
1

BB
9
1
1/9
9

Hybrid
5
1/5
1
5

NM
1
1/9
1/5
1

BB
9
1
1/9
9

Hybrid
5
1/5
1
5

NM
1
1/9
1/5
1

BB
1/9
1
5
9

Hybrid
1/5
1/5
1
5

NM
1
1/9
1/5
1

BB
1/5

Hybrid
1

NM
1

Options, Efficiency: Steve Rada

Site
BB
Hybrid
NM

Site
1
1/9
1/5
1

Options, Publicity: Steve Rada

Site
BB
Hybrid
NM

Site
1
1/9
1/5
1

Options, Reliability: Steve Rada

Site
BB
Hybrid
NM

Site
1
1/9
1/5
1

Options, Lifespan: Steve Rada

Site
BB
Hybrid
NM

Site
1
1/9
1/5
1

Options, Education: Steve Rada

Site
BB
Hybrid
NM

Site
1
1/9
1/5
1

Options, Amount: Steve Rada

Site

Site
1
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BB
Hybrid
NM

1/5
1/5
1

1
1/9
1/5

1/5
1
1/5

1/5
1/5
1

