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Presenter Notes
Presentation Notes
This presentation will focus on some work I’ve been doing with colleagues from Oregon State, USGS, Reclamation, and the Corps of Engineers to start to unpack some of the cost drivers for dam removals. This project was conceived in response to a lot of requests from government agencies and practitioners alike around how to budget for dam removals during the planning phase.  We found some important cues on why some dams are relatively low cost to remove, while others can be in the millions or more.





Motivation for Work: As more dams age, cost
estimating data and tools are needed for dam
removal planning studies

—alternative for large storage
dams faced with expensive repairs,
reduced benefits, or risk of failure

Number of U.S. Dams Removed

—large reservoirs with
severe sedimentation
— small diversion dams no longer needed
or do not meet boater safety or fish
passage requirements

— “order of
magnitude” information for dam

TS o N S S removal grant funding and
watershed planning
American Rivers Database Posted 2022-02-22




Despite increasing dam removal, more than 90,000 dams (and
millions more small ones) remain a critical piece of U.S.
infrastructure and the number far outweigh the amount
removed.

EXPLANATION

Dam with impoundment height
greater than 2 meters

Basa from U.5. Cansus Bureau cartographic boundary file, 2013, 1:500,000
Albers Equal-Area Conic projection

Standard parallels 23°30'N and 45°30'N

Central meridian 96°00°W
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Presenter Notes
Presentation Notes
Dams are a critical piece of the infrastructure in the United States.  The approximately 91,000  dams in the National Inventory of Dams provide a range of economic, environmental, and social benefits, including hydroelectric power, river navigation, water supply, wildlife habitat, waste management, flood control, and recreation.  


When does dam removal happen

If cost to safely maintain or repair a ”
dam in an environmentally iR SRS
acceptable condition is more than
cost to remove or....

the environmental benefits from
removing the dam and restoring
the river are greater than the

benefits of maintaining the dam

Gold Hill Dam, Oregon, USA
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Snake River dam removal could cost billions, report says

How much does it
cost to remove a
dam?

And why do some
S o M cost so much more
.k ors ‘_;rer away .('J:l'f?a’ E:;oedeﬁDa;'ﬂ shortly after its breach. Credit: Maryland Depmﬁert of t h a n Ot h e rS ?

Natural Resources.

PERMITTING DAM REMOVAL Amencan Rwers
ﬂE STATE OF (§EVERA].)*STATES ; e
== —— e

The average cost for a dam removal project in
Pennsylvania over the past three years has been

$75,000.

American Rivers, Association of State Dam Safety Officials Annual National
Conference held in Boston, Massachusetts September 10-14, 2006



Presenter Notes
Presentation Notes
Photo 1: https://www.agri-pulse.com/articles/17830-snake-river-dam-removal-could-cost-billions-report-says; report available here :https://www.governor.wa.gov/sites/default/files/images/LSRD%20Benefit%20Replacement%20Final%20Report_August%202022.pdf?utm_medium=email&utm_source=govdelivery
Photo 2: https://www.npr.org/2022/11/17/1137442481/dam-demolition-klamath-river-california-federal-regulators-salmon#:~:text=The%20largest%20dam%20demolition%20in%20history%20is%20approved%20for%20a%20Western%20river&text=Gillian%20Flaccus%2FAP-,The%20Iron%20Gate%20Dam%2C%20powerhouse%20and%20spillway%20is%20seen%20in,Klamath%20River%20near%20Hornbrook%2C%20Calif.
Photo 3: https://www.fisheries.noaa.gov/feature-story/noaa-and-partners-blow-bloede-dam-benefitting-maryland-communities-and-fisheries
Photo 4: https://www.americanrivers.org/wp-content/uploads/2016/06/Permitting_Dam_Removal-The_State_of_Several_States.pdf


What do the dam removal data tell us

Total Costs database Detailed Costs database Construction Based Costs

* 667 cases 15 case studies « 26 case studies

* Total costs only  Costs from bid abstracts * Costs from bid abstracts,

» 32 categorical drivers & practitioner surveys schedule of values,
(yes/no) » Detailed dam features estimates

» GIS and web-published * Detailed pay items
features

 Indexed to 2020 $

¥ Oregon State

US Army Corps

of Engineers. m AMERICAN University
Al )Y RIVERS
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The size of
dam
removals
vary but
92% are less
than 10 m
(33 ft)

Portion of Dams Removed

Dam Removal by Height

Z 31.0%

30.8%

16.8%
10.0%
3.7% 4.2%
2.3%
‘II 1.1%
H =

Oto?2

2to4 4t06 6to 8 8to10 10to 15 15to 20 > 20

Height Range of Dams Removed (m)



Is Dam Size a Good Individual Predictor?

With Tall Dams
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Also tried drainage area and year removed but correlation was not strong



Presenter Notes
Presentation Notes
Across a range of features of the dam removals, dam height and sediment volume demonstrated the strongest relationships with cost, though the relationships were nonlinear and strongly influenced by outliers.  Instead, cost drivers are highly case dependent and variable.



=)
Detailed Cost Database: Sediment volume had

strong correlation

Limited data and more scatter in smaller sediment volume
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Presenter Notes
Presentation Notes
Across a range of features of the dam removals, dam height and sediment volume demonstrated the strongest relationships with cost, though the relationships were nonlinear and strongly influenced by outliers.  Instead, cost drivers are highly case dependent and variable.



Sediment Drivers

Contamination, Mechanical Removal, Pilot Channels, Stabilization,
River Erosion

* All Cases With Sediment Driver * Contaminated Sediment

* 92 cases had sediment
cost driver (14%) $1,000,000,000

* Dams 9 m (30 ft) and
taller with sediment
drivers cost millions to
hundreds of millions

* Dams less than 9 m with
sediment drivers had a
wide range of costs
spread out over 5 orders
of magnitude
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Presenter Notes
Presentation Notes
Across a range of features of the dam removals, dam height and sediment volume demonstrated the strongest relationships with cost, though the relationships were nonlinear and strongly influenced by outliers.  Instead, cost drivers are highly case dependent and variable.



' Gold Hill, OR: $1.5 M

Complexity: Each Dam S
Has a Personality §jm“;v‘§j2;‘;§“

AEw. New water intake

* Gonzales and Walls (2020) found dam
height, length, type (earthen or
concrete) and age were statistically
significant in explaining cost variance if
used together, but only explained 35%
of total cost

* Proposed complexity factors affect
costs such as sediment handling,
mitigation, and presence of other
infrastructure




Detailed Cost Database: Dam Height 1.5 to 10 m

B Stakeholder Tension Studies
W Litigation

Monitoring

W Design & Planning

Mitigation

Construction

Taller
DEINE

Smaller
DEINE

Construction, mitigation, and
accounted for over 80% of total costs

Construction: 18 to 82% of total cost
Mitigation: 0 to 55% of total cost
8 to 42% of total cost

*Litigation costs could be outside of
total cost reported

*Stakeholder tension studies may be
within design & planning or prior to dam
removal implementation studies




m stakeholder Detailed Cost Database:

64 m - . °
B Dam Height More Than
onitoring
M Design & Planning 30 m
Mitigation i . i .
Construction Construction, mitigation and design
& planning made up 99% of total
cost

Mitigation and design far exceeded
construction costs
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Presenter Notes
Presentation Notes
For these dams the bottom band is construction and as dams get bigger, mitigation and design analysis 


Complexity: Location

location location

* Ayres & Associates (2020,
unpublished, Pete Haug) proposed a
complexity factor and considered
geographic influence of 40 case
studies

* Noted stakeholder tension studies &
litigation can elevate costs

* Blumm & Erikson (2012) studied 9
dams in Pacific Northwest
* took a range of 2 to 29 years to complete

* affected by “dam size, FERC licensing
process, community support, political
leadership, and funding available”



Presenter Notes
Presentation Notes
Blumm, Michael C., and Andrew B. Erickson. “DAM REMOVAL IN THE PACIFIC NORTHWEST: LESSONS FOR THE NATION.” Environmental Law, vol. 42, no. 4, 2012, pp. 1043–100. JSTOR, http://www.jstor.org/stable/43267821. Accessed 29 Jan. 2023.


Complexity: Location location

$771.6 M $230.0 M $241.3 M

Northwest

Northeast
$189.9 M

Dam Height
Category
<5m
=25-10m
>
Southwest Pt

Millions of
e — Y070 USD

Southeast poias dwome"

location (2)

Total Cost database
indicates dam removal
could be more expensive
In certain regions where
total cost is higher but
fewer dams have been
removed

B


Presenter Notes
Presentation Notes
Northwest includes dam removal cost estimates from Alaska and Southwest region includes dam removal cost estimates from Hawai'i.


$1.5 billion investment in dam removal

Number of Dams By Cost Category

Average cost $2 to 3 million
Minimum $10,000

Maximum $200,000,000




Pruned regression tree for dam removal costs (millions 2020 S)

) $2.9M
n=533 100% o

Suman Jumani (ORISE Postdoctoral
Fellow, USACE)



Presenter Notes
Presentation Notes
These regression trees are intended to visualize the drivers of cost and break-points in the data. 
The splits indicate which predictor variables and split points are most important in influencing cost.
Note that this is not intended to be used as a predictive tool, but can be used as a rough estimate of anticipated costs


Pruned regression tree for dam removal costs (millions 2020 S)

' Separate out very tall
P y
Dam Height<19m dams

2
n=526 99%

Taller
Than
19m

Most expensive dam
removals: S70M
n=7 1%

T Dams > 19m (62 ft) height

250

200

150 —

100 - ——

50

0 - Suman Jumani (ORISE Postdoctoral
Fellow, USACE)



Presenter Notes
Presentation Notes
These regression trees are intended to visualize the drivers of cost and break-points in the data. 
The splits indicate which predictor variables and split points are most important in influencing cost.
Note that this is not intended to be used as a predictive tool, but can be used as a rough estimate of anticipated costs


Pruned regression tree for dam removal costs (millions 2020 S)

2.9
n=533 100%

2
n=526 99%

~ Avg Discharge < 99 m’/s

12
n=518 97%

Large

Break out dams with
large average annual
discharge

High costs S53M

Dams with large
discharge > 99 cms
(3,479 cfs), but <19m
(62 ft) high

Suman Jumani (ORISE Postdoctoral @
Fellow, USACE)


Presenter Notes
Presentation Notes
These regression trees are intended to visualize the drivers of cost and break-points in the data. 
The splits indicate which predictor variables and split points are most important in influencing cost.
Note that this is not intended to be used as a predictive tool, but can be used as a rough estimate of anticipated costs


Pruned regression tree for dam removal costs (millions 2020 S)

2.9
n=533 100%

n=518 97%

2
n=526 99%

Dam Height<6.9m

0.85
n=478 90%

5.3
n=40 8%

53
n=8 2%

300 —
250 —
200 —
150 —
100 —
50 —

70
n=7 1%

300 —
250 —
200 —
150 —
100 —
50

Further subdivide dams
by height of 6.9 m
(23 ft)

Most dams smaller than 6.9 m
(23 ft) cost less than S1 million
IF they don’t have large
discharge or significant
mitigation required

Suman Jumani (ORISE Postdoctoral
Fellow, USACE)



Presenter Notes
Presentation Notes
These regression trees are intended to visualize the drivers of cost and break-points in the data. 
The splits indicate which predictor variables and split points are most important in influencing cost.
Note that this is not intended to be used as a predictive tool, but can be used as a rough estimate of anticipated costs


Pruned regression tree for dam removal costs (millions 2020 $) For dams between 6.9 to

19 m (23 to 62 ft) use
" DamHeight<19m complexity drivers to
subdivide

Less complexity cuts the
- cost of moderately tall dam
removals by more than half
n=478 90%

from S9.7M to S3.8M

lfotal Cost Drivers < 2.5

Larger dams or sites on
e
bigger rivers are all complex

Suman Jumani (ORISE Postdoctoral
Fellow, USACE)



Presenter Notes
Presentation Notes
These regression trees are intended to visualize the drivers of cost and break-points in the data. 
The splits indicate which predictor variables and split points are most important in influencing cost.
Note that this is not intended to be used as a predictive tool, but can be used as a rough estimate of anticipated costs


Pruned regression tree for dam removal costs (millions 2020 S)

2
n=526 99%

1.2
n=518 97%

Avg Q < 9.3 m3/s

16
0.45
n=386 72%

30

25
20
15

2.9
n=533 100%

53
n=8 2%

300 —
250 —
200 —

For dams < 6.9 m (23
ft) use average annual
discharge again

Lowest cost dam removals
are less than 6.9 m (23 ft)
with Q <99 cms (3,479 cfs)

Q< 9.3 cms (329 cfs) is 1/5
cost of higher discharge

Outliers with high cost still

300 —
250 —
200 —

70
n=7 1%
o

persist

Suman Jumani (ORISE Postdoctoral

Fellow, USACE)


Presenter Notes
Presentation Notes
These regression trees are intended to visualize the drivers of cost and break-points in the data. 
The splits indicate which predictor variables and split points are most important in influencing cost.
Note that this is not intended to be used as a predictive tool, but can be used as a rough estimate of anticipated costs


Pruned regression tree for dam removal costs (millions 2020 S)

2.9
n=533 100%

2
n=526 99%

1.2
n=518 97%

n=478 90% n=40 8% :

Avg Q< 9.3 m3/s Total Cost Drivers < 2.5 LargeQ Tall Dam

0.45 25 38 9.7 53
n=386 72% =92 179 n=30 6% n=10 2% n=8 2%

25

30

20

15

Findings

Under $1 Million -> small
dams & small avg annual Q

Millions $ -> Range of dam
heights, moderate Q,
complexity can shift cost up

Tens of Millions S -> large
avg annual discharge or tall
dams

Suman Jumani (ORISE Postdoctoral
Fellow, USACE)



Presenter Notes
Presentation Notes
These regression trees are intended to visualize the drivers of cost and break-points in the data. 
The splits indicate which predictor variables and split points are most important in influencing cost.
Note that this is not intended to be used as a predictive tool, but can be used as a rough estimate of anticipated costs


Pruned regression tree for removal costs of dams < 6.9 m

(millions 2020 $) Using Only Dams Less then
6.9 m (23 ft)

Avg Q <73 m3/s (2,574 ft3/s)
5 e Under $1 Million -> small dams

with small avg annual discharge
n=433 98%

Avg Q <17 m3/s (589 ft3/s) . _
Millions S -> small dams with

moderate discharge
* Geographic location
* Permitting procedures,
experience with prior
removals, contaminants

Midwest Northwest
Northeast Southwest
Southeast

0.58 21 6.9
n=389 88% n=30 7% n=14 3%

80 —

60 —

40 —

20

Tens of Millions S -> small dams
with large avg annual discharge

»m




Construction Lens

Removal of S;avage
» Rapids Dam, OR .




Pay Items and
Complexity

* Contractor will be paid for the work
represented by the appropriate pay items
as the work progresses and is acceptably
performed.

* Source 1: Schedule of values represent all
the pay items submitted by contractor to
get paid for a past dam removal

* Source 2: Bid abstracts for competing
estimates for a past dam removal

* Source 3: Government & private sector
estimates represents estimates on
expected pay items for a potential dam
removal

AT

Boardman 4
. Dam, Ml "
| removed

Sabm Dam prlor to removal in 2018
&, (Photo Courtesy USACE)

®m Appurtenant Structures Demolition (AD)

Structural Dam Demolition (SD)
River Restoration (RR)
Functional Replacement (FR)

m Care and Diversion of River or Stream (CD)

We created 5 categories of pay items



Construction Based
Cost Drivers

Careand 1%
Diversion of
River or

1% | Stream
(CD), 16%

River
Restoration
(RR), 47%

Structural Dam
Demolition
(SD), 35%

Removals Less
Than S$1 Million

Appurtenant Structures Demolition (AD)

Structural Dam Demolition (SD)

River Restoration (RR)

Functional Replacement (FR)

m Care and Diversion of River or Stream (CD)

Functional
Replacement
(FR), 12%

Structural
Dam
Demolition
(SD), 38%

River
Restoration
(RR), 41%

Removals More
Than $1 Million




tructural
Demolition Pay
ltems

e Concrete or masonry removal
* Earth embankment removal

* Gate removal

e Use of cranes for high dams

San Clemente Dam, CA,

photo courtesy of San Clemente Dam
Removal and Carmel River Restoration, all
rights reserved




River Restoration Pay Items

* Mechanical sediment excavation

* Pilot channel and vegetation removal

* Sediment stabilization

* Contaminated sediment management

* Hauling

* Fill or backfill

* Erosion and sediment control

* Habitat elements (large wood, fish passage)
* Reservoir vegetation or ground cover

Pilot Channel in Lake Mills - Glines
Canyon Dam, WA: S1M

Barge in equipment to remote location
Vegetation removal to break up roots
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;? Revegetation in former Lake Aldwell,
- WA after removal of Elwha Dam




Care and Diversion of River Pay Iltems

Coffer Dam at
age Rapids Dam,

- Sav
OR

* Access

* Mobilization

* Coffer Dams

e Unwatering and dewatering

* Cost of coffer dams for
Savage Rapids dam removal
and pumping plant
construction largest cost
driver $6.2M (17% of total
cost)




New pumping plant to replace - : .

water diversion function of dam for F u n Ct I o n a I

& irrigation while restoring fish gl 4 |

B, assage Savage Rapids Dam OR Re p I a Ce m e nt
Pay Items

* New pumping plant or surface
diversion to maintain water
withdrawal

e Earthwork

e Concrete work

e Steel work

* Pumps and piping systems

* Electrical work

 Restoration of existing systems
* Mechanical systems




Appurtenant Facilities
Demolition Pay Items

e Penstocks
* Turbines and generators
e Powerhouse and related structures

* Bridge structures

—~aise 'F.w%:i-naa« o L AEEL




ldentifying Cost Drivers: Complexity Factor

Major Cost Drivers (surrogate indicators)

Will more advanced construction methods be required?
(coffer dam, use of cranes, dewatering, helicopters,...)

Is sediment volume large relative to the river’s sediment

load?
(relative sediment volume, Wriver / Wreservoir)

Will the reservoir or dam be missed?
(infrastructure replacement, litigation, stakeholder outreach)

Will there be extensive remedial actions?
(revegetation, restoration, grade control,....)

Is there a “reason to believe” complexities will increase

cost?
(sediment quality, archeological sites, buried infrastructure,..)

Total number of “Yes” answers
1 2

ange of potential costs for a dam this




What degree of project definition do you need to

get to an acceptable level of cost uncertainty?

TABLE X1.1 lllustrative Example of Typical Accuracy Ranges for the Process and General Building Construction Industries

Primary Characteristic Secondary Characteristic
DEGREE OF PROJECTION EXPECTED ACCURACY RANGE
DEFINITION Typical variation in low and high ranges”

Estimated Class Expressed as % of complete definition Process Industry Construction Industry

Class 5 0% to2% : —20 % to =50 % L: —20 % to -30 %
: +30 % to +100 % : 430 % to + 50 %

Class 4 1% to 15 % : =15% to =30 % : —=10% to —20 %
H: +20 % to +100 % H: +20 % to +30 %

Class 3 10 % to 40 % L: -10% to -20 % L: -5%to-15%
H: _10 to 450 H: +10 % to +20 %

Class 2 30 % to 70 %% L: -5%to—-15 % L: -59% to —10 %
H: +5°% to +20 % H: +5% to +15 %

Class 1 70 % to 100 % L: -3%to-10% L: -3%to-5%

H: +3%to +15% H: +3% to +10 %

A The state of process technology an@availability of applicable reference cost data affect the range markedlyfThe + value represents typical percentage variation of actual
U L L) e L) L) =l U U LiE = L

costs from the cost estimate after app d given scope.



Presenter Notes
Presentation Notes
Best practices for cost estimating includes using the degree of project definition to predict the expected accuracy of the cost estimates.  The more scope definition the more cost uncertainty should reduce. However, with dam removal there is a need to have more scope definition just to reach the beginning range of cost uncertainty from -50 to +100%.  Dam removal is also not a known industry with significant case studies and historical detailed cost data available. Usually construction related costs like removal of a dam require less scope definition to get more cost certainty because the jobs have been repeated many times. Process industries like those related to chemicals have unique elements and more cost uncertainty for the same level of scope.  Dam removal is probably more like the process industry in that it requires more scope to estimate the means and methods and unit costs.
*The term process industries is assumed to include firms involved with the manufacturing and production of chemicals, petrochemicals, and hydrocarbon processing. Building Construction and General Construction typically represent projects that are repeatable with less uncertainty.


Dam Removal Cost Estimating Requires Up

Front Data

* We found it took 40% of
pay items to determine
80% of the total cost
with a planning level of
uncertainty

* More scope definition is
needed earlier because
dam removals have
unique cost drivers

AACE International Cost Estimate Classification System (No. 18R-97)

Gerneral Yisualization - Nol to Scale

Reclamation Cost Estimate Levels

Flanning Stage
PN puu gy " "I g g penEEnE] Final Design Stage

m

Percent Final Design

Gereral Vizualization - Mot bo Scale

This figure
maturity o



Cost Estimating Excel Tool for Dam Removal

* Requires knowing the construction means, methods, quantities, and unit prices

» Total cost is from the three categories
o Removal of the Dam and Associated Structures
o Reservoir Sediment Management and Mitigation
o Reservoir Sediment Erosion and Downstream Transport Mitigation

 Provides a range of probable costs where uncertainty is reduced as scope is improved

9% Reservoir Sediment Erosion and Downstream Transport Mitigation

Non-contract costs: Design, permitting, and engineering oversight of construction

Litigation & Stakeholder tension studies
Most Probable Total Construction Cost

Probable Low Total Construction Cost

Cost

$3,310,294
$2,925,906
$593,393

$6,829,592

$6,829,592
$3,414,796

I
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Outcomes from work

* Scoping questions to identify potential complexity cost drivers

* Regression tree to estimate dam removal cost range
 Databases for case study comparison to dams with similar cost drivers, river
magnitude, and geographic context

* Planning level Excel tool — requires initial engineering plan for dam removal,
knowledge of potential mitigation, and unit costs for pay items
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* Early reservoir sediment management in dam lifecycle S —
planning can reduce cost driver issues later if |
decommissioned

* Allowing river to do the transport work and repurposing
sediment within former landscape

* Allowance of in-water work and avoiding cofferdams

 Develop local vegetation sources for replanting and
work with local volunteers

* Collaboration, communication, and adaptive

management approach to work with stakeholders and
partners

* Streamlined permitting and regulatory processes



Case Studies Exercise —
Name that Cost $$$$
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Birch Run Dam, near Fayetteville, Pennsylvania
Northeast

*The 19.5-m (64 ft) high, earth-fill dam provided water storage
* Most unsafe dam in state (inadequate spillway)

* Drivers: none
* Avg Annual Flow: 23 cms (812 cfs)



Birch Run Dam, near Fayetteville, Pennsylvania
Northeast (2)

* The 19.5-m (64 ft) hlgh earth fill dam provided water storage
* Most unsafe dam in State (inadequate spillway)

* Drivers: none

* Avg Annual Flow: 23 cms (812 cfs)

* Cost saver: permitting process streamlined by the PADEP
Stream Restoration Authorization




San Clemente Dam near Carmel, California
Northwest

* The 32-m (104 ft) high, concrete arch N
dam for water supply

e Reservoir filled with sediment and
dam considered unsafe from floods
and earthquakes

* Drivers: sediment stabilization,
cofferdam, fish passage/habitat, P e
difficult access B AN

* Avg Annual Flow: 170 cms (6,000 cfs)



San Clemente Dam near Carmel, California
Northwest (2)

*The 32-m (104 ft) high, concrete arch
dam for water supply

e Reservoir filled with sediment and
dam considered unsafe from floods
and earthquakes

* Drivers: sediment stabilizatic
cofferdam, fish passage/hab
difficult access

* Avg Annual Flow: 170 cms (6

Sediment g
Stockpiley Y | /¢




Bluebird Dam, Rocky Mountain National

Park, near Estes Park, Colorado
Southwest

*The 17.1-m (56 ft) high, concrete
dam provided water storage

* Dam was leaking and severely
deteriorated

* Drivers: revegetation, helicopter
access required

* Avg Annual Flow: 2.2 cms (79 cfs)




Bluebird Dam, Rocky
Mountain National Park,

near Estes Park, Colorado
Southwest (2)

*The 17.1-m (56 ft) high, concrete Bl NEN
dam pl‘OVidEd water storage Total Cost Drivers < 2.5

* Dam was leaking and severely
d Ete I‘I 0 I‘a tEd n=;ab] 97 )

|r| =10 2%)
* Drivers: revegetation, helicopter
access required

* Avg Annual Flow: 2.2 cms (79 cfs)
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