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Abstract

Hydropower is a key resource in the United States’ renewable energy transition; however, only
3% of existing dams in the United States currently generate electricity. While many non-
powered dams (NPDs) have the potential for energy generation, hydropower addition to these
dams has been slow. This is likely due, in part, to perceptions that hydropower development has
prohibitively long payback periods, especially in comparison to other renewable energy
resources that have shorter development processes. On the other hand, powering some NPDs
may unlock new value streams in addition to the value obtained from selling generated energy.
There is a need to understand and quantify a wider range of additional value streams to help
increase the feasibility of such hydropower projects. In this work, we catalog indirect value
streams and difficult-to-quantify direct value streams from NPD retrofitting, specifying which
stakeholders are affected, and what kind of impacts (positive or negative) might occur. We
identify appropriate quantification methodologies for these indirect value streams and describe
the best practices around their implementation for NPD site-level analysis. We also demonstrate
the quantification of a few indirect value streams for a selected NPD site, allowing for easier
integration of these value streams into future studies by providing basis and background for
quantifying these elements.
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Acronyms and Abbreviations

BT
cfs
FERC
LBNL
MRIP
MW
NPD
NREL
REA
USACE
WTP
WUA

Benefit Transfer

cubic feet per second

Federal Energy Regulatory Commission
Lawrence Berkeley National Laboratory
Marine Recreational Information Program
Megawatt

non-powered dams

National Renewable Energy Laboratory
resource equivalency analysis

United States Army Corp of Engineers
willingness to pay

weighted usable area
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1.0 Introduction

Only 3% of all dams in the United States currently generate electricity, with a vast majority of
dams existing for other purposes, such as flood control, navigation, and irrigation (USACE,
2020). This existing infrastructure can sometimes be retrofitted to produce electricity with
minimal environmental impacts and lower capital costs. However, powering non-powered dams
(NPDs) can be relatively complex as site characteristics determine which technologies may
work, how the dam would need to be operated, and which environmental concerns may need to
be mitigated. Likely due to these complexities and the length of development, relatively few
NPDs have been retrofitted in the past 20 years (36 retrofits between 2000 and 2020) (Hansen
et al., 2021). Additional value stream quantification may help enable conversations to improve
stakeholder relations, justify additional investment, or negotiate more lucrative contracts.
Understanding and articulating the broader economic value of the retrofit to the region could be
a helpful step in garnering more support for such retrofits.

Quantification of the value of many additional value streams, especially the indirect value
streams, requires non-market valuation methods. These methods have been developed to
estimate the value of goods and services that are not traded on markets so traditional valuation
methods are not suitable. There is significant precedence for non-market valuation in other
contexts, such as traditional hydropower and natural resource management (Boyer & Polasky,
2004; Loomis, 1997; Lowry et al., 2017). However, these techniques have not been applied
widely to retrofitting NPDs. Installation of a new dam and associated hydropower project can be
associated with major changes to the area, including changes in flow patterns, water conditions,
flood control, and the establishment of a reservoir that can be used for water supply and
recreation (Kirchherr & Charles, 2016; Mattmann et al., 2016; Briones-Hidovo et al., 2020).
Retrofitting an existing dam requires smaller changes to the surrounding environment and
ecosystems. The changes primarily come from infrastructure included as part of the retrofit,
such as mitigation efforts and improvements to site amenities that make it more attractive for
recreation (Witt et al., 2018). Non-market valuation can be used to assess the magnitude of the
benefits provided by some of the value streams associated with the entire retrofit project.

In this report, we catalog value streams for NPDs in a way that aligns with both economic theory
and practical users’ needs. Our catalog provides methodologies applicable to the quantification
of each value stream, where possible; and provides links to literature which describes the
quantification methodologies. The catalog allows future researchers to quickly identify metrics
and calculations which may be relevant to quantifying the value streams of interest. We then
demonstrate how one can utilize this catalog by quantifying the value of recreation from a
proposed retrofit of a dam in Pennsylvania.
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2.0 Cataloging value streams from NPD retrofits

Retrofitting existing non-powered dams has the potential for positive and negative impacts
across many sectors and stakeholders. When estimating the total economic value of proposed
infrastructure, it is important to avoid double counting and to clearly understand the flow of value
streams to different entities.

In Figure 1, we present a diagram to consistently organize value streams from NPD retrofitting.
This figure builds on flowcharts for total economic value found in Pearce and Moran (1994) but
adds insights into whether the value streams come from electrons (power benefits) or are
indirectly related to the electrical system (non-power benefits). It also categorizes according to
use and non-use values; use values come from the usage of a resource and non-use values
come from knowing the resource exists and may exist in the future.

The purpose of this catalog and diagram is to enable conversations between key stakeholders
and to elucidate pathways to remuneration, where possible. For example, system impacts that
are not currently remunerated could potentially be discussed in negotiations for bilateral
agreements and other contract structures.
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Figure 1. Categorization of value streams by power/non-power and use/non-use
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The value streams, organized by each branch of Figure 1, are listed below in each callout box,
and can be seen in more detail in the catalog, which is attached at the end of this report.

The catalog distinguishes retrofit value streams as community, environment, or grid/financial
impacts (labeled in the “Category” column and shown in blue, green, and yellow respectively in
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the catalog). This is done to map to the sectors or stakeholders who may be relevant in
discussing these potential value streams.

Each row in the catalog is a value stream which can result in positive, negative, or neutral
impact to the affected entity. Each value stream is characterized according to the following
columns in the catalog:

Category (Community, Environment, or Grid/Financial)
Power/Non-Power

Use/Non-Use
Owner-Operator/System impacts
Remuneration to Owner-Operator
Affected Entities

Positive or Negative Impact
Description

Metrics

Valuation Approaches

Difficulty to Undertake

Relevant Literature

This allows a user to understand key characteristics of the value stream (e.g., who it affects,
how it affects them). The catalog also allows filtering of value streams according to any of the
above characteristics. For example, if one wanted to view only power-related value streams that
are not currently remunerated, that can be easily done through filtering.

The last four columns of the catalog contain information around how to monetize these value
streams. The metrics column gives important metrics that might be needed in the calculations
listed in the valuation approaches column. The catalog also notes the difficulty of performing
these calculations, which is often dependent on the difficulty of estimating the necessary
metrics, finding the necessary data, and performing any modeling that might be required. The
final column gives literature that is relevant to the quantification of the value stream, either
because it gives data or examples of how to do the analysis, or because it describes the
quantification methods. The catalog is intended, therefore, as a reference document for those
who may want to list and quantify value streams associated with retrofitting an NPD.

In the following sub-sections, we describe the value streams found in each category. Later in
this report, we give examples of how to quantify a few of the value streams listed in the catalog
as applied to a proposed retrofit.

Grid/Financial Value Streams

The cataloged value streams (both costs and benefits) that affect the grid and/or the
owner/operator of the dam are shown in the table below. Not all of these value streams may be
relevant to a particular NPD retrofit.

Table 1. Grid/financial value streams

Grid/Financial Value Streams

Benefits

Energy revenue/savings
Price arbitrage
Capacity

Cataloging value streams from NPD retrofits



Grid/Financial Value Streams

Regulation

Blackstart

Transmission upgrade deferral and congestion relief
Distribution upgrade deferral
Primary frequency response
Voltage support

Reserves

Inertia

Grid flexibility

Reduced curtailment
Renewable Energy Credits

Costs

Operating costs
Capital costs

Additionally, whether a site is in a wholesale or traditionally regulated electrical market may
determine whether some of these value streams are able to be remunerated through market
participation, or if they would need to be remunerated through bilateral contracts or other
agreements. There are also a few grid value streams that are not market products and are not
remunerated in bilateral contracts, such as inertia, grid flexibility, and reduced curtailment.
However, the avoided costs provided by these value streams can still be quantified and may be
useful in negotiating contracts.

Two of these value streams are costs (operating and capital costs). The capital costs need to
either be levelized to compare with benefits and operating costs or need to be evaluated
through benefit-cost analyses.

Community Value Streams

Value streams from the catalog that could impact the community and industries within the region
are shown in Table 2. Community value stream below.
Table 2. Community value stream

Community Value Streams

Benefits

Reliability

Enabling industry
Property value

Tax revenue

Economic development
Renewable goals
Energy sovereignty
Reduced energy burden
Resilience

None of these value streams are typically remunerated to the dam owner or operator, but they
do affect the populace near the site, where they are relevant. Some of these value streams are
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widely utilized in demonstrating regional economic value (i.e., tax revenue, economic
development, including workforce development). Others have been identified as important
metrics for equity analyses, but are rarely monetized (energy sovereignty, reduced energy
burden). Reliability and resilience have numerous metrics which can be used in their
measurement, and the methods for their valuation are continuously under revision.

Environmental Value Streams

The value streams in the catalog that impact the environment near the NPD retrofit are shown in
Table 3 below.

Table 3. Environmental value streams

Environmental Value Streams

Benefits

Emissions reduction
Reservoir existence

Mixed impact

Fish passage
Recreation

Flood risk

Fisheries

Water availability
Water temperature
Flows

Forebay elevation
Dissolved oxygen
Nutrification/eutrophication
Erosion/turbidity
Stream/river existence

No environmental value streams are currently remunerated to the dam owner or operator, but
they are important to the site’s licensing and permitting. Many of these value streams are listed
as having mixed impacts, as the effects can be very different depending on site characteristics.
Mixed impact means that the value stream could be neutral, negative, or even positive in some
circumstances. For example, in cases where fish passage is introduced as part of a retrofit
project, there could be positive environmental impacts to the site.

Cataloging value streams from NPD retrofits



3.0 Methodologies for quantifying value streams

The valuation methodologies for the value streams in the catalog vary depending on the
characteristics of the value stream. For example, value streams that have impacts to power
systems often have methods of measurement, even if they do not exist as a market product.
However, power system impacts which are not typically remunerated often require modeling to
show how the value stream affects the power system and to quantify avoided costs. Depending
on the value stream and the timescale on which impacts are seen, this modeling can be
somewhat computationally intensive. These non-remunerated value streams often require
information on the power system and its anticipated costs, which can also increase the difficulty
of quantification, depending on access to this information. The Pumped Storage Hydropower
Guidebook contains detailed information on how to quantify many of these value streams in
ways that are usually relevant for non-powered dams (Koritarov et al., 2021).

Quantification methods for community value streams include regional economic impact analysis,
such as input-output analysis or computable general equilibrium models, as well as contingent
valuation or market-based methods to understand the value of an impact to individuals,
households, and industry. There is already well-established literature around regional economic
impact analysis. However, while there are publicly available input-output models for
hydropower, they have not yet been adapted to non-powered dam retrofitting (NREL, 2016).
Conducting such an analysis without a public model often requires the purchasing of data on
regional economic multipliers and some expertise in running and interpreting such models.
There is also literature on customer and industry willingness to pay for electrical reliability
(LBNL, 2018; Sullivan et al., 2015) and ongoing efforts to extend this work to longer duration
outage valuation as well (Innovations, 2022). However, some community value streams have
not typically been monetized, such as improving energy sovereignty and reaching clean energy
goals or policy. It may be possible to estimate metrics around these value streams and utilize
those in discussions, potentially even opening up investment and funding opportunities, even if
monetization of the value stream is not yet possible.

For environmental value streams, several non-market valuation methods have been developed
to estimate the value of environmental goods and services. Travel cost models have been
developed that can be used to estimate the value of recreational trips and the value of changes
in site amenities and conditions (Bateman et al., 1996; Lupi and Feather, 1998; Lupi & Phaneuf,
2020). Another commonly used non-market valuation method is the hedonic property value
method. This method uses data on property sales to estimate how changes in environmental
conditions, access to natural resources, and more are reflected by changes in property values
(Loomis & Feldman, 2003; Bohlen & Lewis, 2009; Cohen et al., 2017; Lewis & Landry, 2017).
Another commonly used method to estimate the value of changes to ecosystems and natural
habitats is the stated preference survey. These surveys ask respondents questions about how
they would behave in carefully constructed hypothetical scenarios (Phaneuf and Requate,
2016). Using survey methods has significant advantages because they allow for the estimation
of the value of environmental goods over a wider range of variations in conditions, and it allows
researchers to observe choices about behavior that is difficult or impossible to observe in
practice. The primary drawback of stated preference survey methods is that it relies on
responses to hypothetical scenarios and concerns that the respondents’ actual behavior may
differ from their survey responses (Mitchell & Carson, 1989). Stated preference surveys are the
primary method used to estimate the value of habitat and species preservation, as the methods
based on observed behavior are generally unable to capture their value (Brouwer et al., 2016;
Botelho et al., 2017; Sousa et al., 2019).

Methodologies for quantifying value streams



One of the major difficulties in monetizing many of these value streams is that monetization
requires determining the relevant stakeholders and attributing the changes in ecosystem
services to the relevant stakeholders (Braat et al., 2012; Brouwer et al., 2013; DeWitt et al.,
2020). Usually, physical changes in conditions surrounding a retrofit, such as changes in
streamflow, water quality, sedimentation etc. can be measured at the site. Determining how
those physical changes correspond to economic value can often be difficult. Stated preference
studies tend to focus more heavily on estimating the value of endangered species and
charismatic fauna (Richardson and Loomis, 2009). There are few studies that estimate
willingness to pay (WTP) for fish species affected by NPD retrofits (Johnston et al., 2012). One
method that has been used to circumvent the difficulty in monetizing these physical changes is
resource equivalency analysis (REA). REA assesses the value of environmental goods and
services as the cost required to create an equivalent amount of habitat or nature preservation.
While REA has been used as part of regulatory compliance, it is not a true measure of
economic value. REA estimates how much it costs to provide a compensating amount of a
resource rather than what the value of that resource is (Zafonte and Hampton, 2007; Yu & Xu,
2016; Desvousges et al., 2018; Pavanelli et al., 2022).

We note that, while this report describes methods of assigning monetary value to community
and environmental factors, we recognize that there is inherent value in the quality of life and
ecosystem improvements that may come from a retrofit, including tribal access to first foods. It
may be difficult or even inadvisable to quantify some of these in monetary terms. Discretion is
advised in assessing which value streams will be monetized in any given assessment.

Methodologies for quantifying value streams



4.0 Example — Quantifying the value of recreation at
Allegheny Lock and Dam No. 2

To show how to utilize the catalog, we demonstrate the quantification of two value streams,
recreation and fish habitat, at a proposed retrofit in Pennsylvania. The site, Allegheny Lock and
Dam No. 2, was built in the 1930s by the United States Army Corps of Engineers but does not
have hydropower generation. Rye Development has proposed a retrofit to incorporate 8.46 MW
of hydropower generation at the site. The site is located in Pittsburgh on the Allegheny River
near the Highland Park Bridge. The riverfront near the site includes undeveloped land, parks,
and residential and industrial areas. The University of Pittsburgh has signed a power purchase
agreement with Rye to buy the power from the project.

The proposed retrofit has already begun the licensing process with FERC, and there are several
studies that have been conducted as part of that process or are underway. We leverage these
studies in our valuation analysis here, in order to describe the potential impacts at the site. We
demonstrate quantification of two value streams, recreation and fish habitat. We provide these
as examples of how to apply the valuation methodologies listed in the value stream catalog. As
such, the first example on recreation valuation has more explanation of the overall approach,
and we apply similar approaches with less explanation in the second example on fish habitat
valuation.

Recreation valuation

We estimate the change in recreational value to the site based on the proposed changes in the
project’s design basis memorandum (Design Basis Memorandum, part 2). The changes
proposed are the addition of restroom facilities, the addition of a fishing platform with a ramp
and walkway leading to it, and the addition of paved access and parking for eight vehicles.
Estimates were not found in the literature search for the value of a fishing platform, so this study
is limited to the value added from the restroom facilities and paving and parking. If the project’s
implementation were to be different from those in the design basis memorandum, then the value
of the changes to recreational value would also change.

We use the benefit transfer (BT) method to quantify the value of the potential recreational
improvements. BT uses values from a study at a different location and applies them to the
current setting. The estimates from BT are not as accurate as those from a site-specific study at
the site under consideration, but they can provide estimates with reasonable accuracy where an
original study is not feasible.

The value of access to a site Is the sum of the benefits per user and can be represented by:

N
V=an

n=1

(1)

Where b,, represents the benefits to visitor n.

If we assume an average benefit per user, this formula becomes V= Nb where N is the
number of visitors and b is the average benefit per user. A change in the recreational value of a
site can be induced by a change in the number of visitors or by a change in the average benefit
per user caused by a change in the characteristics of the site, such as quality improvements
(McConnell, 1992).

Example — Quantifying the value of recreation at Allegheny Lock and Dam No. 2



The simplest method for benefit transfer is value transfer, where the average per-user benefits
from a prior study are combined with data on the number of visitors at the new site under
consideration. The average per-user benefit can be obtained from a single study or from a
meta-analysis of multiple studies. A single study is preferred if there are results available from a
study done at a very similar location. Meta-analysis is considered more accurate when there is
not a single study from a similar location. Single studies are also used out of necessity when
multiple studies are not available. The value transferred can be the value of a recreational trip,
or the marginal value of adding, subtracting, or changing site amenities or characteristics.

o We use a meta-analysis value transfer for the total value of the current recreation in
the area using Rosenberger (2016) values adjusted for inflation of fishing, hiking,
motor boating, and general recreation.

o We use a single study transfer for the change in value from the addition of the
restroom, the paved road and the parking lot (Timmins and Murdock, 2007), adjusted
for inflation.

Another method for BT is functional transfer, where data from the site being transferred to is
input into the econometric model that was estimated at a previous site. The advantage of this
method is that it can account for substitution across different sites. This allows for the estimation
of the value provided to visitors that would have previously chosen a different site, but now elect
to come to the site under consideration. The drawback to this method is that it requires data on
the features and amenities at the site under consideration and at other sites that visitors may be
considering in the local area. As recreation data is not publicly available on other sites in the
area, we do not use this method. Melstrom et al. (2023) showed that value transfer and
functional transfer often produce similar results when estimating the change in value from
changes in site amenities or conditions.

One of the limitations from using value transfer is that we cannot estimate the total change in
the number of visitors. This could be from visitors who elect to now make more frequent trips or
due to new individuals who previously would not have made any trips. The models that are used
to estimate total changes in the number of trips have strong data requirements beyond those
needed for functional transfer, so they are not generally used for benefit transfer (Phaneuf &
Requate, 2016).

Why we chose this value stream

In conversations with Rye, they indicated that recreational value was of interest to the local
communities. Currently, funding for updates to locks and dams owned by the U.S. Army Corps
of Engineers is based solely on commercial traffic and no consideration is given to non-
commercial use such recreationists. This has led some local groups to have discussions about
how to categorize, quantify, or value the non-commercial traffic at lock and dam sites.

There have been numerous studies that have quantified the economic value of recreational
activities including fishing, hiking, boating, swimming and more. These values have been used
to quantify the value of infrastructure and public policy.

Methods

Estimation of the recreational benefits is performed in two steps. First, we estimate the number
of annual visitors to the site based on surveys conducted as part of the FERC licensing process.
Second, estimates of the number of visitors are combined with recreational values using value
transfer of the benefits per trip obtained from other studies.

Example — Quantifying the value of recreation at Allegheny Lock and Dam No. 2



Surveys were conducted on two days as part of the recreation study. The surveys were
conducted on Tuesday August 13 and Saturday August 17, 2013 between 4 and 9 PM. The
survey found that on these two occasions there were 43 total recreationists with 33 fishers, and
11 of these fishers were within the specified project area. These values are extrapolated to an
annual estimate. Estimating the annual number of visitors is done using data obtained from the
Marine Recreational Information Program (MRIP) survey conducted by NOAA (NOAA, 2022).
The MRIP survey is used to:

o Estimate the visitors for the two days that surveys were conducted based on the average
number of visitors between 4 and 9PM.

o Estimate the number of visitors on the average weekday and weekend day in August
based on the estimated number of visitors for the two days that surveys were conducted.

o Estimate the total number of visitors for July and August using the estimate of the
average weekday and weekend day in August.

e Estimate the annual number of visitors based on the estimate of the total number of
visitors for July and August.

We estimate several parameters using data obtained from the MRIP survey. We limited our
analysis to visits in the northeast region to represent the conditions more accurately at
Allegheny Lock and Dam #2, and we use the sampling weights provided to correct for potential
survey selection bias. We estimate that 34% of daily trips occur during the 4PM to 9PM window,
that there are 3.5 times as many trips on the average weekend day than the average weekday,
and that 31% of annual visits occur during July and August. Some assumptions used are that
the two days when the survey was conducted represent an average day, and that the average
number of visitors in July is the same as in August. Using these parameter values and the data
from the recreational survey, we estimate the annual number of visitors using the following
steps:

o 34% of daily trips occur during the window of 4 pm to 9 pm. Using this, we estimate that
the 43 visitors observed represent 43 x 100/34 = 126.5 visitors.

o There are 3.5 times as many trips on the average weekend day in August than on
weekdays. Of the 126.5 visitors estimated for the two days in the previous step, 28.4 are
estimated as weekday visitors and 98.1 as weekend visitors.

e During the average July and August, there are 44 weekdays and 18 weekend days, so
the total number of visitors during July and August is estimated as 98.1 x 18 + 28.4 x 44
= 3,015 visitors.

o 31% of annual visits occur during July and August, so this results in an estimate of 3,015
x 100/31 = 9,726 visits per year.

The estimates for the annual number of visitors by activity type is estimated using the same
process, with the only difference being the observed number of visitors from the survey. Table 4
shows a summary of the estimated number of visitors by activity type to the dam site.

Table 4. Estimated annual recreational visitors by types

Type Surveyed visitors | Estimated Estimated daily Estimated annual
(2 days) daily weekend | weekday visitors | visitors

visitors during | during August
August

Example — Quantifying the value of recreation at Allegheny Lock and Dam No. 2
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All recreation 43 98.1 28.4 9,726
All fishing 33 75.3 21.8 7,464
Fishers within 11 251 7.3 2,488
project area

Motor boaters 6 13.7 4.0 1,357
Other 3 6.8 2.0 679
Hiking 1 2.3 0.7 226

Recreation valuation results

Table 5 shows the estimated annual value of recreation at the Allegheny Lock and Dam #2. The
average values per trip were obtained from the Recreational Use Values Database
(Rosenberger, 2016). The values used are the mean values for the Northeastern U.S. by activity
type for the types that have sufficient sample size and are the mean values for the entire U.S.
for activity types that have low sample size. The values were escalated for inflation to adjust
them from the 2016$ reported values in Rosenberger (2016) to 2023$ using the Bureau of
Labor Statistics." These values represent the current total annual value of recreation at the site.
The changes in value based on site improvements as part of the project to power the dam
would increase the value above this baseline.

Table 5. Estimated value of recreation at the current site

Annual number | Value per trip | Annual Value 95% Confidence Interval
of trips ($2023)
Fishing within 2,488 $100.47 $250,000 [$216,000—284,000]
project area
All fishing 7,464 $100.47 $750,000 [$647,000—853,000]
Motor boating 1,357 $131.37 $178,000 [$107,000-250,000]
Other 679 $73.40 $50,000 [$41,000-59,000]
Hiking 226 $98.62 $22,000 [$17,000-27,000]
All recreation total | 9,726 1,000,000 [$812,000—-1,189,000]

Table 6 shows estimates for the change in economic value of recreation at the Allegheny Lock
and Dam #2 site based on the proposed additions. The changes that are used in the estimation

! https://data.bls.gov/cgi-bin/cpicalc.pl
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are the addition of restroom facilities, and paved road, and parking area. Values were not found
in the literature for a fishing platform, so we are not able to estimate the additional value that
may provide. We use a value transfer of the value of these amenities from Timmins and
Murdock (2006) who estimated that the addition of a restroom provides $4.80 value per trip and
that paved road and parking provide $8.25 of value per trip in 2006$. Adding these together and
escalating for inflation yields a value of $15.70 per trip in 2023%. We assume that the value
added from these site improvements is the same for non-fishing recreational activities.

Table 6. Summary recreational values

Annual number | Value added Annual Value 95% Confidence Interval
of trips per trip from
restroom,
paving, and
parking
(20239%)
Fishing within 2,488 $15.70 $39,000 [$14,000-63,000]
project area
All fishing 7,464 $15.70 $117,000 [$42,000—192,000]
Motor boating 1,357 $15.70 $21,000 [$8,000—-35,000]
Other 679 $15.70 $11,000 [$4,000—-17,000]
Hiking 226 $15.70 $4,000 [$1,000-6,000]
All recreation total | 9,726 153,000 [$56,000—250,000]

Fish habitat valuation

The team also considered monetizing the impacts on fish habitat, as the proposed retrofit could
potentially have an impact in this area. As part of the retrofit’s licensing process, an aquatic
habitat analysis has already been conducted. We use this analysis in our valuation. However,
the projected impacts on fish habitat are tentative, as a mitigation plan may be developed which
would change the predicted values of changes in square footage available for fish species at the
dam site. Also, we note that the aquatic habitat analysis found only a 6% reduction in weighted
usable area (WUA) in the most extreme case (taking into account fish species, life stage, and
flow scenarios), so this value stream may not be significant in practice, even if analyses show a
range of possible impacts. In the aquatic habitat analysis, the extreme low flow and the high
flow scenarios showed no impact or positive impact to fish habitat. However, in the other flow
scenarios, a range of impacts was estimated with most of the species and life stages analyzed
showing a decrease in fish habitat. Mussel habitat was also analyzed in the site habitat analysis,
but as we did not find relevant literature relating mussel habitat to value for the general public,
we have limited our valuation to fish habitat.

Example — Quantifying the value of recreation at Allegheny Lock and Dam No. 2
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Similar to the recreation valuation, we use the BT method in a simple value transfer approach,
using two studies on fish habitat valuation. While several studies exist on the value of water
quality to the public, we were only able to find a few studies that examine the value of fish
habitat area to the public. (R. Johnston et al., 2012) provide estimates of the value per acre of
fish habitat to the general public of $0.018 per household per acre of fish habitat (2012$). In a
subsequent study, Johnston and Ramachandran (2014) examine the same survey using
different modeling techniques and find a value of $0.025 (2013$) per householder per acre of
fish habitat. We note that in both studies, they consider habitat for diadromous fish in the
Pawtuxet watershed of Rhode Island, and the fish species in the Allegheny #2 are not
diadromous, so these values of habitat may be somewhat different for the Allegheny case. As
we do not have estimates of the difference in value for diadromous fish habitat versus non-
diadromous fish habitat, we present the results as calculated below.

We first converted the WUA impacts on fish habitat at the Allegheny #2 site to square feet. We
then took the value of fish habitat from the studies above and adjusted to 2023 dollars and
square feet. We also multiplied the impacts across the number of households within 10 miles of
the site, and extending to include the city of Pittsburgh, which has about 183,000 households,
according to census estimates.' Johnston and Ramachandran (2014) found that there are
spatial heterogeneities in how the public values fish habitat, as some areas tend to value fish
habitat higher or lower than other areas. However, they did not find a spatial pattern to this
heterogeneity, and it would require prediction of a neighborhood’s likelihood of higher or lower
valuation in order to apply any differences in willingness to pay. As we were unable to perform
this type of predictive analysis, we simply used the number of households.

Fish habitat valuation results

We present the results across five flow scenarios modeled in the aquatic habitat analysis
performed at Allegheny #2, ranging from an extreme low flow scenario of 1,548 cfs to a high
flow scenario of 45,200 cfs (Table 7. Results of evaluating fish habitat at Allegheny #2).
Different flow scenarios were analyzed in the aquatic habitat analysis because flow rates can
affect fish habitat, as different species prefer different depths, flows, and stream bottom
substrates. Flow rates are given only at certain exceedance flows, meaning the daily average
flow that is equaled or exceeded a certain percent of the days of the flow record. Ergo, a 10%
exceedance flow is equaled or exceeded only 10% of the time. We find values ranging from -
$7,957 to $1,057, depending on the flow scenario. As we do not know the habitat impacts of
other flow scenarios, it is not possible to estimate an average impact for the site. However, this

analysis gives an idea of the range of value impacts from the retrofit to households near the site.

The impacts are no more than a few cents per household, when spread across the households
in the study area.

Table 7. Results of evaluating fish habitat at Allegheny #2

10% 50% 90% | Extreme | Greatest
exceedance | exceedance | exceedance | low flow impact
flow flow flow
Flow (cfs) 45,200 15,400 4,510 1,548 11,245
Johnston et al. (2012) $523 $(1,364) $(1,128) $52 | $(3,936)

! https://www.census.gov/quickfacts/fact/table/pittsburghcitypennsylvania/HSD410221#HSD410221

Example — Quantifying the value of recreation at Allegheny Lock and Dam No. 2
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Johnston & Ramachandran $1,057 $(2,758) $(2,281)
(2014)

Example — Quantifying the value of recreation at Allegheny Lock and Dam No. 2

$106 ’ $(7,957) ‘
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5.0 Conclusions

Powering NPDs can have impacts beyond the power grid. While there is a wealth of literature
on non-market valuation, these techniques have not been applied to NPD retrofitting.
Understanding and quantifying the impacts to communities, the environment, and the grid can
help enable decisionmakers find ways to make beneficial retrofit projects move forward. In this
work, we presented a consistent approach to catalog the value streams that can come from
retrofitting an NPD, as well as methods and metrics to quantify them. We also provide an
example of quantifying two value streams (recreation and fish habitat) at a proposed retrofit site.
The methods outlined in this report vary in their complexity to implement; for example, functional
transfer for benefit estimation requires both site data and econometric modeling expertise which
may or may not be possible in a given analysis. We also note that there is some uncertainty in
the estimation of many of these value streams, especially for those that are not currently
monetized. When using value transfer, for example, it is important to bear in mind the
differences between sites which may impact value and convey that uncertainty in the results.
Future work into the public’s willingness-to-pay for key benefits from non-powered dams would
enrich the literature from which to draw for subsequent valuations. The goal of this report is to
demonstrate pathways toward quantification so that future work can consider these impacts and
expand the conversation around retrofitting NPDs and spur further development.

Conclusions
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Appendix A The Catalog

The catalog of value streams for NPD retrofits is embedded here as an Excel file:
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Definitions for Catalog

		Term		Definition

		Category		The group or type of entity most impacted by the value stream

		Grid/Financial

		Community

		Environment

		Value Stream		Benefit or cost to effected entity or entities. The value stream may or may not be monetized.

		Use/Non-Use		Use values are those which arise from the use and operation of the non-powered dam retrofit. Non-use values arise from the existence of the non-powered dam retrofit project rather from its explicit use (values such as knowing it exists, being able to bequest it to future generations, etc.)

		Power/Non-Power		Power-related value streams arise from the electrons generated from the project. Non-power value streams arise from other aspects of the project and its operation.

		Owner-Operator/System Impacts		This term specifies who is directly impacted by each power-related value stream - the owner/operator or the grid system. While some value streams may directly impact the system, they may indirectly impact the owner/operator through remuneration (another term in this catalog). In this case, they are listed as system impacts in this column an as remunerated benefits to the owner/operator in the next column. 

		Remuneration to Owner-Operator?		This column indicates whether or not the value stream has a clear pathway to remuneration for the owner/operator of the project. Some value streams may be remunerated in some markets and situations and not in others, in which case they are listed as "Depends."

		Affected Entities		All entitites affected, directly or indirectly, by the value stream.

		Positive or Negative Impact?		An indication of whether the value stream is typically positive or negative to the affected entities. 

		Description		A brief description of the value stream and how it is a benefit or cost to the affected entities.

		Metrics		A list of applicable metrics that can be used to measure the value stream's impact on the affected entities

		Valuation approaches		A list of relevant valuation methodologies to quantify the value stream.

		Difficulty to undertake		An indication of how difficult it is to quantify the value stream

		Relevant literature		A list of relevant studies and other work that provides examples of the quantification of the value stream.
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Value Stream Catalog

		Category		Value Stream		Power/Non-Power		Use/Non-Use		Owner-Operator/System Impacts		Remuneration to Owner-Operator?		Affected Entities		Positive or Negative Impact?		Description		Metrics		Valuation Approaches		Difficulty to Undertake		Relevant Literature

		Community		Improved energy reliability		Power		Use		NA		No		Industry/community/utility/RTO or ISO		Positive		More reliable power for local industries may allow for increased economic growth for the company.		Probability, duration, frequency, and time of outages by customer group (SAIDI, SAIFI, CAIDI, CAIFI, ASAI);
Customer-level reliability metrics (CEMI, CEMSMI, CEMM, CELID)		Stated preference; market-based methods, regional economic modeling		If use existing tools (e.g., ICE calculator), fairly simple. If pursue independently, fairly difficult.		ICE Calculator https://www.icecalculator.com/; 
https://eta-publications.lbl.gov/sites/default/files/interruption_cost_estimate_guidebook_final2_9july2018.pdf

		Community		Enabling high-energy industries		Non-power		Use		NA		Depends - If a PPA can be negotiated with a high-energy industry, then yes		Industry/community		Positive		Industries with high energy consumption, especially those that also need co-location near water, may be able to develop their production through NPD retrofitting.		GDP share from high-energy industries		Regional economic modeling (input-output models, partial general equilibrium models)		If regional economic data is available, fairly straightforward.		Jobs and Economic Development Impact (JEDI) Models https://www.nrel.gov/analysis/jedi/

		Community		Property value		Non-power		Use		NA		No		Property owners on/near reservoir shoreline		Likely negative		Fluctuation in reservoir levels could impact property values, recreational use, viewshed experience, and water quality (e.g., turbidity).		Property values before and after project		Market-based methods (housing prices); Hedonic property value method		Medium - may be hard to predict effect. Easier to measure post-facto.		Cohen, Danko, & Yang (2017) http://dx.doi.org/10.2139/ssrn.2839006; 

WI DNR (2017) https://dnr.wi.gov/topic/dams/documents/LiteratureSearchOnEconomicImpactsOfDamRemoval.pdf; 

Loomis & Feldman (2003)  https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2002WR001799

		Community		Tax revenue		Non-power		Use		NA		No		Local governments		Likely positive		Tax revenue - either increased from additional economic activity/employment (sales, income taxes), or decreased if property values are negatively impacted.		Tax rates; Project construction and operation finances		IO & CGE for additional activity. Direct assessment for taxes from hydropower operation		If regional economic data is available, as well as tax information from operating installation, this is quite straightforward.		Kline & Moretti (2014) https://www.annualreviews.org/doi/abs/10.1146/annurev-economics-080213-041024

		Community		Local economic development		Non-power		Use		NA		No		Local economy		Positive		Potential job creation, including temporary construction & permanent operational/maintenance jobs and related spending. Potential to bring additional industry to local communities. Local (dam community) job creation likely less with simple retrofits in comparison to hybrid projects.		Number of jobs created; Regional impacts to GDP (direct, indirect, induced effects)		Input-output analysis, CGE models		Medium - data usually purchased from IMPLAN.		Jobs and Economic Development Impact (JEDI) Models https://www.nrel.gov/analysis/jedi/conventional-hydro.html;

Renewable & Appropriate Energy Laboratory (RAEL) Green Jobs Calculator https://www.ctc-n.org/resources/rael-green-jobs-calculator

		Community		Reaching clean energy goals/policy		Non-power		Use		NA		No		Regional governments/industries		Positive		Renewable energy generation can help meet renewable portfolio standards, or industry/community commitments.		Number of policy goals met; Program impact metrics (e.g., number and size of renewable energy adopted in disadvantaged communities); Percentage fulfillment of RPS target by market		Estimate of cost of penalities of not reaching standards or goals (where relevant)		Easy to describe and compute the # of policy goals met. Difficult to estimate monetary value of this.
More common to align jurisdiction-specific tests with policies and goals which change the scope of the cost-benefit analyses.		National Standard Practice Manual for Benefit-Cost Analysis of Distributed Energy Resources (2021) https://pubs.naruc.org/pub/685F9A10-155D-0A36-31D1-C5B6E6012E03; 

SASB (2016) Sustainability Accounting
Standard – Infrastructure Sector.
Electric Utilities Sustainability
Accounting Standard.
http://www.sasb.org/

		Community		Improved energy sovereignty		Non-power		Use		NA		No		Community		Positive		Local generation may reduce reliance on other energy generation sources, allowing for improved energy access, local energy planning, and sustainability. 		Number of participants affected; Percent of customer-owned energy generation achieved		Observation of energy sovereignty incentives or investments		Not yet well defined and fairly unprecedented.		Illinois Power Agency (2022) Appendix G: Review of Approaches to Energy Sovereignty https://ipa.illinois.gov/content/dam/soi/en/web/ipa/documents/ltrrpappendixgonenergysovereigntyfinal.pdf

		Community		Reduced energy burden		Non-power		Use		NA		No		Ratepayers		Likely positive		If hydropower generation reduces system costs or is low cost relative to alternative generation sources, electricity rates may potentially be lowered.		$/kWh; Value to consumers from lower electricity price (by income level); Customer cost burden; Affordibility gap factor		Production function; change in household welfare		Easy with a first-order estimate that assumes demand is fixed. More difficult with a true production/utility function.
Can estimate change in percentage of income going towards energy using Census data and projected/historical energy prices		Sierra Club, Energy Burden Calculator https://www.sierraclub.org/energy-burden-calculator; 

NYSERDA (2011) Home Energy
Affordability in New York: The
Affordability Gap (2008-2010).
http://www.nyserda.ny.gov/-
/media/Files/EDPPP/LIFE/Resources/20
08-2010-affordability-gap.pdf

		Community		Improved resilience		Non-power		Use		NA		No		Community/Industry		Positive		If generation can be islanded and meet local energy loads in the case of a hazard, community resilience can be improved.		Avoided customer damages; Value of lost load; Local economic impact; Probability of emergency events		For original studies: stated preference analysis. Benefit transfer to use $/kWh (or similar metric from prior studies). Can utilize regional economic data to create IO & CGE models		Medium with ICE, very difficult with original study.		ICE Calculator https://www.icecalculator.com/home

Macmillan et al. (2023) https://doi.org/10.1016/j.erss.2023.103055; 

Gorman (2022) https://doi.org/10.1016/j.tej.2022.107187


		Environment		Water temperature		Non-power		Use		NA		No		Downstream aquatic life		Negative for hydropeaking/load following operations; Neutral for ROR or baseline operations		Water temperature has a direct impact on native fish species. Dependent on generation operations. Impacts are greatest at dams operated in a hydropeaking/load following mode, whereby water is held back during periods of low power demand and released during periods of high power demand, causing fluctuations in downstream water temperatures. Temperature impacts are substantially smaller under run-of-river (ROR) or baseline (i.e., unchanged from pre-conversion) operations.  		Degrees (C or F)		Resource equivalency analysis; WTP for preservation of affected ecology		Easy to estimate temperature effects. Difficult to monetize.		Desvousges et al. (2018) https://doi.org/10.1016/j.ecolecon.2017.07.003;

Pavanelli et al. (2022) https://link.springer.com/article/10.1007/s00267-021-01571-x; 

Yu & Xu (2016) https://doi.org/10.1016/j.rser.2015.10.038

		Environment		Flows		Non-power		Use		NA		No		Downstream aquatic life		Negative for hydropeaking/load following operations; Neutral for ROR or baseline operations		Stream flows impact fish passage, resting/rearing locations, etc. Like water temp, planned releases can be utilized to alter flows downstream. Dependent on generation operations. Impacts are greatest at dams operated in a hydropeaking/load following mode. Discharge fluctuations can severely alter habitat and displace organisms, potentially reducing migration, reproduction, survival, growth, and productivity. Flow impacts are substantially smaller under ROR or baseline operations.  		Daily flow rates; Fish population; Fauna population		Stated preference; resource equivalency analysis		Easy to estimate flow rates and fish effects. Difficult to monetize.		Desvousges et al. (2018) https://doi.org/10.1016/j.ecolecon.2017.07.003

		Environment		Forebay elevation		Non-power		Use		NA		No		Upstream aquatic life		Negative for hydropeaking/load following operations; Neutral for ROR or baseline		Planned releases can be utilized to alter reservoir habitat (e.g., control invasive aquatic plants). Impacts are greatest at dams operated in a hydropeaking/load following mode. Fluctuations in forebay elevation can severely alter littoral zone habitat, displacing organisms, and potentially reducing reproduction, survival, growth, and productivity. Flow impacts are substantially smaller under ROR or baseline operations.  		Daily flow rates; Fish population; Water elevation		Stated preference; resource equivalency analysis		Easy to estimate elevation change. Difficult to monetize.		Desvousges et al. (2018) https://doi.org/10.1016/j.ecolecon.2017.07.003

		Environment		TDG/Dissolved Oxygen		Non-power		Use		NA		No		Downstream aquatic life		TDG: Neutral if rule curve remains the same (i.e., no additional spill).  DO: Negative for hydropeaking/load following operations; Neutral for run-of-river or baseline operations		High levels of TDGs can be harmful to fish - creating gas bubble disease. Aeration systems can be used to increase DO levels downstream of dams. TDG occurs from spill. TDG impacts only likely to occur if rule curves are altered and result in additional spill. Impacts to DO concentrations dependent on generation operations. Impacts greatest at dams operated in a hydropeaking/load following mode. Periods of low flow can cause low DO downstream of the dam. DO impacts substantially smaller during ROR or baseline operations. 		DO, TDG		Stated preference; resource equivalency analysis		Medium to estimate changes in TDG/DO. Difficult to monetize. 		Desvousges et al. (2018) https://doi.org/10.1016/j.ecolecon.2017.07.003

		Environment		Water Nutrification/Eutrophication		Non-power		Use		NA		No		Downstream aquatic life		Likely neutral		Increased eutrophication can cause microscopic algae to grow at a rapid rate - creating an algae bloom. This can lead to a loss of biodiversity and habitat. In freshwater systems, this is typically blue-green algae (cyanobacteria). This can lead to a reduction in the concetration of dissolved oxygen - potentially killing fish. Greater releases of hypolimnetic water (high head dams) could greatly reduce nutrients and DO downstream of the dam.		Nitrates; Phosphates		Stated preference; resource equivalency analysis		Easy to measure N and P content. Difficult to monetize.		Desvousges et al. (2018) https://doi.org/10.1016/j.ecolecon.2017.07.003

		Environment		Erosion/Turbidity		Non-power		Use		NA		No		Downstream aquatic life		Negative during hydropeaking/load following operations; Neutral for ROR or baseline operations		Fluctuating reservoir levels and dam discharges can cause erosion, resulting in sedimentation of downstream habitats. Impacts are greatest at dams operated in a hydropeaking/load following mode. Excessive sediment can reduce diversity and abundance of aquatic life, particularly for fish, mussels, and benthic macroinvertebrates associated with coarse substrates. Increased turbidity reduces plant and algae growth, which can adversely affect the entire aquatic ecosystem.		Turbidity		Stated preference; resource equivalency analysis		Easy to measure erosion and turbidity. Difficult to monetize.		Desvousges et al. (2018) https://doi.org/10.1016/j.ecolecon.2017.07.003

		Environment		Fish Passage		Non-power		Use		NA		No		Fish, anglers, habitat		Negative (due to turbine entrainment) or neutral; Positive if project involves adding fish passage or improves water flow regulation		For those projects that currently do not have passage mechanisms, a new mechanism may be required as part of conversion.		Anglers: Number of trips per year; WTP for more or better fishing

Habitat: Fish population; Spawning population		Travel cost method; stated preference		Easy to monetize if data is available on changes in number or quality of trips. Difficult is there are no estimates on how the dam retrofit would change recreation quantity or quality.		Oregon State University Recreation Use Values Database (2016) https://recvaluation.forestry.oregonstate.edu/

		Environment		Fisheries		Non-power		Use		NA		No		Downstream aquatic life		Negative (due to turbine entrainment); Neutral if impacts are mitigated		Given that hydropower can impact the water quality metrics above, there could be impacts to existing or planned fisheries upstream and downstream from the project location. 		Fish caught; Fish available to be caught		Change in revenue or profit; production function		Easy to monetize if data is available on the change in fish availability and desired metric is a change in revenue. Difficult if using production function as this requires bioeconomic modelling.		Huang, Nichols, Craig, & Smith (2012) https://doi.org/10.5950/0738-1360-27.1.3

Smith, Rashid, Munro, & Sutinen (2007) https://doi.org/10.3368/le.83.1.59

		Environment		Reduced water availability		Non-power		Use		NA		No		Dam offtakers/owners/users		Likely negative or neutral		Modifications to dam could impact water availability for other dam purposes (irrigation, municipal water supply, navigation). Water quality may be impacted by flow changes which could increase water filtration/treatment cost. Dam modifications could potentially impact river navigability.		Reduction in volume available (af, cfs)		Market observation; production function		Easy if using market observations. Difficult if using production function.		Brown (2006) https://doi.org/10.1029/2005WR004180;

Hansen, Howitt, & Williams (2014) https://www.jstor.org/stable/24889752;

Berbel, Mesa-Jurado, & Piston (2011) https://doi.org/10.1007/s11269-010-9761-2


		Environment		Recreation		Non-power		Use		NA		No		Residents, recreational users		Mixed		Access to river, including for recreational uses, may be impacted. (Access impacts for local recreational use could be positive if dam redevelopment includes additional access points.)		Number of trips per year; Value attributed to recreational activities; Willingness to pay for access to recreational areas		Travel cost method; stated preference		Easy if there is data available on recreational activity at the site.		Oregon State University Recreation Use Values Database (2016) https://recvaluation.forestry.oregonstate.edu/

		Environment		Reduction of emissions		Non-power		Use		NA		No		Society/local community		Positive		If replacing carbon-emitting generation, can avoid emissions. Societal costs associated with emissions can be reduced. Local air quality may also potentially be improved.		Tons CO2eq per year; Value of social cost of carbon		Market observation		Easy		Pizer et al. (2014) https://doi.org/10.1126/science.1259774;

Nordaus (2017) https://doi.org/10.1073/pnas.1609244114

		Environment		Reservoir existence		Non-power		Non-use		NA		No		Society  		Positive		Existence value of reservoir - including the preservation of ecological environment.		Habitat preservation (km or # of species); Value to non-users		WTP for preservation (stated preference)		Medium. REA could be used for habitat preservation. Value to user and non-users can be done with benefit transfer of stated preference studies.		Brouwer et al. (2016) https://doi.org/10.1016/j.ecoleng.2015.11.018;

Johnston & Ramachandran (2014) doi:10.1007/s10640-013-9731-2

		Environment		Stream/river existence		Non-power		Non-use		NA		No		Society		TBD		Existence value of stream/river with minimal human disturbance, preserving ecological environment.		Habitat preservation (km or # of species); Value to non-users		WTP for preservation (stated preference)		Medium. REA could be used for habitat preservation. Value to user and non-users can be done with benefit transfer of stated preference studies.		Desvousges et al. (2018) https://doi.org/10.1016/j.ecolecon.2017.07.003

		Environment 		Flood risk		Non-power		Use		NA		No		Downstream and other residents		Mixed		Modifications to dam could decrease flood risk to downstream residents or affect property values (similar to the way that reservoir-adjacent property owners could be impacted).		Change in property value		Hedonic valuation; insurance cost		Medium. Requires data on housing stock and modeling expected changes in flood risk.		Shultz & Fridgen (2007) https://doi.org/10.1111/j.1752-1688.2001.tb05496.x;

Fonner, Izon, Feist, & Barnas (2023) https://doi.org/10.1080/21606544.2022.2136765

		Grid/Financial		Energy revenue/savings		Power		Use		Owner/Operator		Yes		Dam owner or operator		Positive		Energy sales can provide revenue or behind-the-meter energy usage can provide savings. Demand charge and TOU charge reductions possible. Peak shaving also possible.		Market prices (day-ahead and real-time); PPA prices; Avoided energy costs; Flow and head data		For market participating systems, utilize market prices and estimated generation to find revenues; For systems that are used to offset other generation, estimate bill reduction; for systems in traditionally regulated systems, calculate LCOE in comparison to alternative generation or potential PPA revenue.		Can be fairly straightforward.		Shan, Signore, & Smith (2019) https://info.ornl.gov/sites/publications/Files/Pub131174.pdf

		Grid/Financial		Electricity price arbitrage		Power		Use		Owner/Operator		Yes		Dam owner or operator		Positive		Energy can be stored at low cost time periods and sold at high cost periods.		Total system operating costs in each time step; System marginal operating costs; Energy prices at each time-step		Production cost optimization approach; Price-taker and price-influencer approaches, with and without perfect foresight		Quite complex - involves co-optimization of operational strategies, though there are existing tools to aid with this. Price-influencer models are even more complex, but smaller capacity systems do not need to use them. Imperfect forecasting requires stochastic modeling.		pg. 71-80 of PSH Valuation Guidebook. Koritarov et al. (2021) https://publications.anl.gov/anlpubs/2021/03/166807.pdf

Plexos https://www.energyexemplar.com/plexos

Energy Storage Evaluation Tool https://eset.pnnl.gov/

		Grid/Financial		Long-term firm power/Capacity		Power		Use		System		Depends		Dam owner or operator/utility/PMA  		Positive		If can participate in capacity market, can lead to revenue. PMAs can offer contracts for long-term firm power. May depend on ISO/RTO market.		Avoided capacity construction cost; Loss of load probability; Loss of load expectation; Effective load carrying capability; Total system operating cost savings; Capacity payment		Avoided costs of alternative peaking capacity (short term); Integrated resource planning (long term); avoided cost of resource adequacy penalties; capacity market analysis		Valuing capacity can involve complex modeling of the power system. In locations with capacity markets, auction prices may be available; Locations with resource adequacy requirements may have penalties.		pg. 53-71 of PSH Valuation Guidebook. Koritarov et al. (2021) https://publications.anl.gov/anlpubs/2021/03/166807.pdf

Karier & Fazio (2017)https://gridworks.org/wp-content/uploads/2018/08/Hydro-Storage-Effects-on-Capacity-Value.pdf

		Grid/Financial		Regulation		Power		Use		System		Depends		Dam owner or operator/utility/PMA/ISO or RTO		Positive		Can be remunerated in electricity markets. Avoided costs to vertically integrated utilities can be calculated - may or may not result in a PPA or other revenue mechanism. Batteries may enable faster response.		Provision (MW); Cost ($); Market prices (both capacity and mileage payments)		Production cost modeling; Price-taker modeling (with or without perfect foresight)		Traditionally regulated markets cannot use service prices and must use a production cost model which can be complex. Sub-hourly simulation required.		pg. 80-89 of PSH Valuation Guidebook. Koritarov et al. (2021) https://publications.anl.gov/anlpubs/2021/03/166807.pdf

		Grid/Financial		Blackstart		Power		Use		System		Depends		Dam owner or operator/utility/PMA/ISO or RTO		Positive		Bilateral contracts can offer remuneration for this service. Battery may enable this service, or make it easier to provide.		Total available black start capacity compared to needs of transmission operator; Market payments		In wholesale markets - cost-of-service payments, flat rate payments, bidding. For traditionally regulated markets, avoided cost of next cheapest alternative as discovered through the RFP process.		In wholesale markets, the compensation can be straightforward, though market compensation methods are different in various regions. The traditionally regulated market is very familiar with the RFP process already, but it can be difficult to estimate for a prospective developer in a traditionally regulated market.		pg. 89-106 of PSH Valuation Guidebook. Koritarov et al. (2021) https://publications.anl.gov/anlpubs/2021/03/166807.pdf

		Grid/Financial		Transmission congestion relief, upgrade deferral		Power		Use		System		Depends		Dam owner or operator/utility/PMA/ISO or RTO		Positive		Congestion relief can be provided by either generating in an import-constrained zone, or storing energy in an export-constrained zone. Future investments may be deferred by reducing loading on a particular part of the transmission system. Bilateral contracts unless they are same entity (cost avoidance).		Congestion charge component of LMPS ($/MWh); Shift factor		For small projects, price-taker models using locational marginal prices for congestion relief; For larger projects system analysis modeling is required		Can be somewhat complex if system modeling required.		pg. 155-174 of PSH Valuation Guidebook. Koritarov et al. (2021)https://publications.anl.gov/anlpubs/2021/03/166807.pdf

		Grid/Financial		Transmission upgrade deferral		Power		Use		System		Depends		Dam owner or operator/utility/PMA/ISO or RTO		Positive		Future investments may be deferred by reducing loading on a particular part of the transmission system. Bilateral contracts unless they are same entity (cost avoidance).		Discount rate; Number of deferral years; Avoided transmission cost		For small projects, price-taker models using planned transmission investments for deferral; For larger projects system analysis modeling is required		Can be somewhat complex if system modeling required.		pg. 155-174 of PSH Valuation Guidebook. Koritarov et al. (2021) https://publications.anl.gov/anlpubs/2021/03/166807.pdf

		Grid/Financial		Distribution upgrade deferral		Power		Use		System		Depends		Dam owner or operator/utility 		Positive		Future investments may be deferred by reducing loading on a particular part of the distribution system. Bilateral contract or value to the utility.		Discount rate; Inflation rate; Number of deferral years; Avoided costs		Use planned distribution upgrade investments for deferral calculations		If planned investments costs and discount and inflation rates are known, this is fairly straightforward.		Balducci et al. (2018) doi: 10.1039/c8ee00569a

		Grid/Financial		Primary frequency response		Power		Use		System		Depends		Dam owner or operator/utility/PMA/ISO or RTO		Positive		Value to utility, though not a market product. Avoided costs to vertically integrated utilities can be calculated - may or may not result in a PPA or other revenue mechanism. Batteries can help improve response times for this value stream.		Stability metrics over time (interconnection frequency, interconnection load loss, interconnection generation loss)		Analytical methodologies to estimate governor response capacity; Simulation methodologies to imitate frequency excursions and operational scenarios.		The value of primary frequency response depends on the size of the event, the interconnection state (which generators are online and their ability to respond). Frequency response analysis tools are available help reduce the burden of calculating a generator's frequency response capacity. However, calculating the value requires system knowledge.		pg. 130-132 of PSH Valuation Guidebook. Koritarov et al. (2021) https://publications.anl.gov/anlpubs/2021/03/166807.pdf

		Grid/Financial		Voltage support (providing reactive power)		Power		Use		System		Depends		Dam owner or operator/utility		Positive		Bilateral contracts can offer remuneration for this service. A few ISOs offer reactive power payments that go beyond compensation.		Increase in real energy import/export; Decrease in instances of generation tropping offline; Number of buses with voltage violation; Participation factor; Increased short circuit capacity		Dynamic simulation		Dynamic simulation of the system required, which is complex.		pg. 132-136 of PSH Valuation Guidebook. Koritarov et al. (2021) https://publications.anl.gov/anlpubs/2021/03/166807.pdf

		Grid/Financial		Reserves (spinning and non-spinning)		Power		Use		System		Yes		Dam owner or operator/utility/PMA/ISO or RTO		Positive		Can be remunerated in electricity markets. Avoided costs to vertically integrated utilities can be calculated - may or may not result in a PPA or other revenue mechanism.		Provision (MW); Cost ($); Market prices (both capacity and mileage payments)		Production cost modeling; Price-taker modeling (with or without perfect foresight)		Traditionally regulated markets cannot use service prices and must use a production cost model which can be complex.		pg. 80-89 of PSH Valuation Guidebook. Koritarov et al. (2021) https://publications.anl.gov/anlpubs/2021/03/166807.pdf

		Grid/Financial		Inertial reponse		Power		Use		System		No		Utility/PMA/ISO or RTO		Positive		Sub-second response to transfer kinetic energy into electrical energy. Enabled by batteries. Not a market product - avoided costs can be calculated.		Rate of change of frequency		Dynamic simulation		Simulation can be quite complex.		pg. 124-130 of PSH Valuation Guidebook. Koritarov et al. (2021) https://publications.anl.gov/anlpubs/2021/03/166807.pdf

		Grid/Financial		Increased grid flexibility (e.g., ramping and load following)		Power		Use		System		No - Ramping and load following compensated though		Dam owner or operator/utility/PMA		Positive		Generation can potentially allow flexibility with other resources and grid operations. Utilities may save costs which could be passed through. PMAs can offer contracts for short-term sales and purchases, as well as seasonal power sales.		Periods of flexibility deficit; Expected unserved ramping; Insufficient ramp resource expectation; Cost and/or price volatility		Dynamic simulation		Simulation can be quite complex.		pg. 106-151 of PSH Valuation Guidebook. Koritarov et al. (2021) https://publications.anl.gov/anlpubs/2021/03/166807.pdf

		Grid/Financial		Reduced curtailments of variable generation		Power		Use		System		No - increased energy generation revenue would be captured in energy generation value stream		Dam owner/utility/PMA/ISO or RTO		Positive		Storage can enable variable generation to produce when it would otherwise have to curtail.		Generated kWh; $/kWh sold; Negative pricing in curtailment scenario; Cost of proposed investments to reduce curtailment		Avoided costs of curtailment (negative pricing or lost revenue); If avoiding transmission or distribution capacity to reduce curtailments, would use investment deferral methods		Simple to calculate, but must be sure not to double count with energy generation value.		NESP (2020) National Standard Practice Manual for DERS,  pages 10-15 to 10-16. https://www.nationalenergyscreeningproject.org/national-standard-practice-manual/

		Grid/Financial		Renewable energy credits		Power		Use		Owner/Operator		Yes		Dam owner or operator		Positive		RECs can be sold in voluntary or involuntary markets.		MWh electricity generated from renewable resources; REC prices (voluntary or regulated)		Multiply MWh generated by price available in a given timeframe		Simple, though REC prices can vary quite a bit by region. 		Status and Trends in the Voluntary Market (2020 data), NREL (2021) https://www.nrel.gov/docs/fy22osti/81141.pdf

EPA "Renewable Energy Credits (RECs) https://www.epa.gov/green-power-markets/renewable-energy-certificates-recs; 

EPA State Solar Renewable Energy Certificate Markets https://www.epa.gov/greenpower/state-solar-renewable-energy-certificate-markets

		Grid/Financial		Renewable tax credits		Power		Use		Owner/Operator		Yes		Dam owner or operator		Positive  		Investment tax credit and production tax credit.		MWh; Eligible investment costs		Production tax credits multiply energy generation by the incentive; Investment tax credits multiply an incentive percentage times the eligible investment costs of a project; Incentives can include energy community bonus and domestic content bonus.		Simple		WPTO, Inflation Reduction Act Tax Credit Opportunities for Hydropower and Marine Energy https://www.energy.gov/eere/water/inflation-reduction-act-tax-credit-opportunities-hydropower-and-marine-energy

		Grid/Financial		Operating costs		Power		Use		Owner/Operator		Yes		Dam owner or operator		Depends		New systems will require increased O&M costs. Changes in operation of asset may increase wear and tear of infrastructure. However, storage may enable reduced wear and tear.		Dollars		Bottom-up estimation. Can roughly estimate using previous cost studies (Oladosu et al, 2021)		Medium - some uncertainty must be accounted for. The type of dam and its operation can affect these estimates.		2020 Cost Analysis of Hydropower Options at Non-Powered Dams, ORNL (2021) https://www.osti.gov/biblio/1770649;

NREL Annual Technology Baseline, Hydropower https://atb.nrel.gov/electricity/2021/hydropower

		Grid/Financial		Capital costs (including development costs)		Power		Use		Owner/Operator		Yes		Dam owner or operator/Developer		Negative		Capital costs of retrofitting dam with generation and/or storage.		Dollars		Bottom-up estimation. Can roughly estimate using previous cost studies (Oladosu et al, 2021)		Medium - some uncertainty must be accounted for.		2020 Cost Analysis of Hydropower Options at Non-Powered Dams, ORNL (2021) https://www.osti.gov/biblio/1770649;

NREL Annual Technology Baseline, Hydropower https://atb.nrel.gov/electricity/2021/hydropower
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