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Lifetime of batteries is crucial, and will 
depend on how they are used

For the results presented above, E3 assumed a 10-year lifetime for 
the batteries

• Lazard lifetime estimates are as high as 20 years, while NREL* recently 
estimated 7-10 years for Li-Ion batteries

• This estimate assumes a single charge/discharge per day, which may not be 
consistent with how batteries would be used for regulation services

• Lifetime and performance will depend on how storage resources are used 
and environmental conditions

E3 examined the effect of changing battery sizes and lifetimes on 
the lifecycle cost of batteries

• Following slide shows the range (using low to high Lazard estimates, 
described fully on slide 18) of levelized costs assuming lifetimes from 5 
to 20 years

• Dotted line indicates the levelized cost of ternary pumped hydro 
resources

* See https://www.nrel.gov/docs/fy17osti/67102.pdf
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Minor changes in the lifetime of the modeled 
asset can have large impacts on results

After-Tax Equity Cash Flows – Lithium Ion

4 hr Li-Ion Battery (10-yr)
4 hr Li-Ion Battery (7-yr)

Ten-year life =
four replacements
$ 252 / kW-year

Seven-year life =
six replacements

$291/ kW-year
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This figure compares cashflows for a storage 
facility employing lithium ion batteries with 
seven- or ten-year lifetimes over a fifty year 

period

Time
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Battery cost, duration and lifetime sensitivities 
The cost of batteries relative to ternary PH 
depends on duration and system lifetime

Ternary PH
Lazard High Cost
Lazard Mid Cost
Lazard Low Cost
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Comparison between pumped hydro, battery and 
natural gas peaker units is influenced by battery 
cost assumptions

Given their limited deployment in the power sector, capital costs for 
battery storage are rapidly changing

• Battery storage capital costs have come down in recent years, and further reductions are 
expected

• Lazard provides a range of battery cost estimates to reflect the magnitude of this 
uncertainty

• Future battery costs will depend on the extent to which batteries are deployed and the 
learning rate achievable in the industry

In comparison, natural gas and pumped hydro technologies are more 
stable, given power sector experience

The following slides show the effect of variations in cost assumptions on 
the levelized cost analysis

• Variations in the evolution of capital costs over time

• Sets bounds for expected levelized costs given best available information

• Variations in the magnitude of fixed O&M costs 

• Lifecycle costs for batteries are more sensitive to changes in Fixed O&M assumptions than pumped 
storage or gas peaker resources
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The largest source of cost uncertainty in 
this analysis is the capital cost of battery 
storage

Error bars reflect effect of 
Lazard capital cost ranges 

Note: 10 year Li-ion battery life, 
20 year flow battery life.

Lifecycle Costs – Cost Projection Uncertainty 

Chart compares the levelized cost of batteries with 4-hour (4h) storage 
duration to pumped hydro with an 8-hour (8h) storage duration

Battery lifetime and degradation based on 
Lazard “Peaker Replacement” assumptions
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Variation in fixed O&M costs affects 
batteries more than pumped hydro due 
to warranty costs

Fixed O&M Cost +/- 20%

O&M cost 
escalation 0% to 2%

Lifecycle Costs – O&M Cost Uncertainty 

Battery lifetime and degradation based on 
Lazard “Peaker Replacement” assumptions
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Storage duration can determine the capacity 
credit afforded to different resources

In some IRPs, capacity of storage resources is discounted when 
calculating resource adequacy due to uncertainty regarding 
state-of-charge during peak hours

• Batteries and pumped storage cannot provide capacity if they have not 
recently been charged

Discount depends on duration of storage

• Puget Sound Energy counts 66% of 2-hr battery storage, 80% of 4-hr

• 8-hr storage resources (like pumped hydro) are treated like 
dispatchable generators

Therefore, costs can also be compared on a the basis of the 
effective load carrying capacity

• Following chart shows the impact of reducing the qualifying capacity to 80% for 
the 4-hr battery



23

Battery storage capital costs may 
increase in planning contexts that use 
an ELCC (capacity derate) methodology 

Battery cost estimates reflect the 
impact of any qualifying capacity 
penalties for four-hour storage

Li-Ion ELCC: 0.88
Flow ELCC:   0.76

Lifecycle Costs – ELCC Uncertainty 

Cost increase 
due to ELCC 

derate is 
shown in the 
lighter shade

Battery lifetime and degradation based on 
Lazard “Peaker Replacement” assumptions

Chart compares the levelized cost of batteries with 4-hour (4h) storage 
duration to pumped hydro with an 8-hour (8h) storage duration
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Lithium-ion costs are sensitive to 
assumptions about degradation

Battery cost estimates reflect the 
impact of battery degradation rates 
on four-hour li-ion storage

Li-Ion degradation range: 
3% to 10% annually

Cost impact of increasing 
degradation from 3% to 

10% is shown in the 
lighter shade

Battery lifetime based on Lazard “Peaker 
Replacement” assumptions

Chart compares the levelized cost of batteries with 4-hour (4h) storage 
duration to pumped hydro with an 8-hour (8h) storage duration
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Battery costs are still uncertain

E3 has estimated the cost of ongoing cell replacement to 
maintain given levels of service, but battery costs may still 
not fully reflect:

• Warranty costs

• Some suppliers are offering battery installations with warranties to guarantee 
service over time

• The specific details and duration of these warranties may vary, as will costs

• Current analysis assumes warranty is priced to cover cost of adding cells to 
existing installations to compensate for degradation, and treated as a fixed O&M 
cost

• Disposal costs

• There may be end-of-life costs associated with battery disposal, which are 
currently unknown because the markets for grid-scale Li-ion and Flow batteries 
are not yet mature

• E3 looked at disposal costs up to 10% of the initial capital cost and the effect 
was minimal

• Most of these costs occur years in the future, so their impact is heavily discounted 
relative to near-term expenditures



26

Interpreting levelized cost results

There is still limited information on the relationship between 
battery operations and lifetime

• Rapid charge-discharge cycles may significantly reduce battery life 
relative to the daily charge-discharge cycles assumed by Lazard

• Results of this comparison, as shown by the sensitivities around battery 
lifetime, are very sensitive to battery lifetime

Levelized cost per nameplate kW may undervalue the 
flexibility of storage resources

• In a high renewable world, a storage resource’s flexibility to absorb 
excess renewable generation may provide value for system planners 
beyond the natural gas peakers they replace

The results considered here do not account for the effect of 
any carbon policies

• Cap-and-trade or carbon tax would hurt the cost effectiveness of natural 
gas generation



Service Provision 
Matrix
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Service Provision Matrix

E3 assessed the ability of each of the different 
resources (pumped storage, battery, gas peakers) 
to provide the following services:

• Energy

• Both energy provision and absorption of overgeneration

• Firm Capacity

• Locational Benefits

• Ancillary services

• Load Following, Regulation, Frequency Support, Spin/Non-Spin 
Reserves

The following slides compare each technology’s 
technical ability to provide the various services 
needed in energy systems
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Service Provision Matrix
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Service Provision Matrix



Appendix
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Battery sizing can be broken into two components: Max 
Output (kW) and Storage Duration (hours)

• E3 breaks down costs into capacity ($/kW) and energy ($/kWh) costs

𝑻𝒐𝒕𝒂𝒍	𝑩𝒂𝒕𝒕𝒆𝒓𝒚	𝑪𝒐𝒔𝒕	 $ = 𝑴𝒂𝒙	𝑶𝒖𝒕𝒑𝒖𝒕	 ∗ 	
$
𝒌𝑾 + 𝑴𝒂𝒙	𝑶𝒖𝒕𝒑𝒖𝒕	𝒌𝑾	 ∗ 𝒉𝒐𝒖𝒓𝒔	 ∗ 	

$
𝒌𝑾𝒉

Notes on Battery Cost

$/
kW
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Flow batteries are 
expected to have 
higher capacity 
costs, while Li-Ion 
have higher energy 
costs

Li-Ion costs are 
expected to decline 
more by 2030
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Cost Assumptions

Ternary	Pumped	
Storage

Battery	Storage	(2020)* Combustion	Turbines

Initial	
Value

Units Absaroka	Gordon	
Butte	(PS)

Lithium-Ion Flow Aero Frame Reciprocating	
Engine

Capital	-
Capacity $/kW $2,438 $260 $1,196 $1,120 $817 $1,315

Capital	-
Energy $/kWh n/a $269 $214 n/a n/a n/a

Capital	- %	
One-Time % 100% 13.0% 13.1% 100% 100% 100%

Fixed	O&M	-
Capacity

$/kW-
yr. $13.00 n/a n/a $25 $7 $10

Fixed	O&M	-
Energy $/kWh n/a $5.38 $10.80 n/a n/a n/a

MACRS	Term years 20 7 7 20 20 20

Degradation % 0% 4.0% 0% 0% 0% 0%

Useful	Life years 60 10 20 30 30 30

* Battery characteristics are based on the 2020 cost estimates for the “Peaker 
Replacement” use case described in the Lazard Levelized Cost of Storage analysis 
(see p. 8 of report)
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Cost Analysis Data Sources

Combustion Turbine Specifications

• NWPCC Seventh Power Plan

• Available at https://www.nwcouncil.org/energy/powerplan/7/plan/

Battery cost estimates and projections

• Lazard Levelized Cost of Storage v3 

• Available at https://www.lazard.com/media/450338/lazard-levelized-cost-of-storage-version-30.pdf

• Baseline results use 4-hr “Peaker Replacement” battery cost estimates

Battery lifetimes, capacity contributions

• Pacificorp 2017 IRP

• Available at https://www.pacificorp.com/es/irp.html

• Puget Sound Energy IRP

• Available at https://pse.com/aboutpse/EnergySupply/Pages/Resource-Planning.aspx

Conventional Pumped Hydro

• WECC Capital Cost Study (Update 2017)

• Available at https://www.wecc.biz/Administrative/2017-01-
31%20E3%20WECC%20Capital%20Costs%20v1.pdf

Gordon Butte Pumped Hydro

• Financial Data provided by Absaroka Energy



Market Requirements
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Market Analysis Matrix
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Market Analysis Matrix
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Market Analysis Matrix
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Analysis Description

Absaroka Energy LLC asked E3 to compare their 
ternary pumped storage technology to 
conventional resources in terms of their ability to 
provide “flexible capacity”

• Conventional resources considered: Internal Combustion 
(Reciprocating) Engine, Frame Combustion Turbine, 
Aeroderivative Combustion Turbine

Flexible capacity does not have a specific 
definition, so we have looked at each resource’s 
ability to provide

• System capacity

• Ancillary Services

2



Flexible Capacity Cost Comparison
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Nameplate	
Capacity

Frequency	
Response

Regulation	Up/Down Spinning	Reserves Non-spinning	
Reserves

Ability	to	provide	
capacity	during	
peak	events	and	
contribute	to	
required	reserve	
margins

Most immediate	
response	to	
deviations	in	grid	
frequency	served	
by	generator	
inertia

Provided	by	generators	
that	are	online	and	have	
capacity	to	increase	or	
decrease	generation	
output	or	load	
consumption	(pumping)	

Provided	by	units	that	
are	synchronized	to	the	
grid	and,	upon	dispatch,	
able	to	ramp	up	within	
specified	time	frame

Provided	by	units	that	
need	not	be	
synchronized	to	the	
grid,	but	are	able	to	
ramp	up	generation	
within	specified	time	
frame	upon	dispatch

Capital	Cost	Analysis

Product	Specific	Cost	
$
kW =

Capital	Costs∗	( $kW)
Product	Specific	Usable	Capacity	(%)

*	Capital	costs	considered	in	this	analysis	include	infrastructure	costs	as	detailed	in	the	2015	NWE	Electricity	Supply	Resource Procurement	Plan



Cost Comparison

For each capacity product, we describe the ability 
of the different generating technologies to supply 
that product

We then calculate the product-specific cost per kW 
by technology

• Allows for more balanced comparison of “capacity cost” than 
a simple $/kW installed cost

This comparison focuses on costs per unit of 
flexible capacity only, and does not include an 
analysis of potential revenues

4



Comparison Scope

This analysis looks solely at the comparative 
capital costs (per installed kW) of the different 
technologies

• Accounts for each technology’s ability to provide different 
capacity services

• Does not account for

• Fuel / Variable Operating costs

• Revenues from participation in energy markets

• Potential impacts of carbon price or air quality operating 
restrictions

• Carbon benefits of absorbing renewable overgeneration for later 
use

5



Assumptions

Ternary	Pumped	Storage Natural	Gas	Simple	Cycle†

Operating	
Characteristic Units Pumped	Storage	Hydro	

(PS)*
Internal	Combustion	

Engine	(ICE)

Aeroderivative	
Combustion	Turbine	

(Aero)

Frame	Combustion	
Turbine	(Frame)

Technology - Ternary	Unit Warsila 18V50SG GE	LMS100 GE	7EA

Capacity MW 150 18 93 79

Capital	Costs◊ $/kW $2,439 $1,756 $1,684 $1,459

Ramp	Rate MW/min 300 4 10 4

Start	Time min 0.4	– 1.5 not	reported not	reported not	reported

Shut-down	Time min 2∆ not	reported not	reported not	reported

Min	Run	Time Hours not	reported 1 8 8

Min	Down	Time Hours	 not	reported 1 7 7

Operating	Range [min	–max,	as	%	
of	capacity]

-100%	(pumping)	–
+100%	(generating) 21%-100% 53%-100% 13%-100%

6

*	Data	provided	by	Absaroka
†	All	Data	taken	from	Thermal	Resource	Operating	Parameters	section	of	the	NorthWestern Energy	2015	Electricity	Supply	Resource	Procurement	Plan
∆ Assuming	“transfer	mode”	as	the	final	state	of	rest
◊ Includes	“Infrastructure”	costs	as	described	in	NWE’s	Procurement	Plan



Nameplate Capacity
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Capacity Assumptions Capital Costs 
(2018 $/kW)

PS Generation rated power = 150 MW
Pumping rated load = 150 MW $2,439

ICE Generation rated power = 18 MW $1,756

Aero Generation rated power = 93 MW $1,684

Frame Generation rated power = 79 MW $1,459

• Usable capacity provided by the unit (as listed in the NWE Procurement Plan)
• Reflects the unit’s contribution to reserve margins / system capacity
• Amount of capacity available to meet peak capacity needs



Capacity Assumptions

Usable 
Capacity 
Range 

(% of Nameplate)*

Capital Costs 
(2018 $/kW)

PS

• Inertia of turbine and 
generator provides frequency 
response 

• Some markets offer fast-
frequency regulation products

200% $1,220

ICE

• Primary response requirement 
for generators with governor 
function may exist

• WECC specifies droop settings 
for conventional generators

79% $2,223

Aero 47% $3,583

Frame 87% $1,677

Flexible Capacity: 
Frequency Response

8

• Primary control - most immediate response to deviations in grid frequency
• Served by generator inertia
• Provided primarily by frequency responsive loads and synchronous generators

*Assuming	operating	state	is	at	optimal	position	for	providing	frequency	response	[ex.	GT	at	Pmin]



Capacity Assumptions
Usable 

Capacity Range 
(% of Nameplate)*

Capital Costs 
(2018 $/kW)

PS

• Capacity to increase/decrease 
system output by 
reducing/increasing generation or 
load 

• Fast switching between modes 
doubles the effective range unit.

200% $1,220

ICE

Capacity of conventional generators to 
provide regulation up and down is 
limited by ramp rate and minimum 
power generation levels. 

79% $2,223

Aero 47% $3,583

Frame† 87% $1,677

Flexible Capacity: 
Regulation Up/Down

9

• Secondary control - occurs within seconds to minutes via automatic generation 
control

• Provided by generators who are online and have capacity to increase or decrease 
output

*Assuming	operating	state	is	at	optimal	position	for	providing	frequency	response	[ex.	GT	at	Pmin]
†Frame	units	are	not	usually	used	for	Regulation	given	their	limited	operating	flexibility



Spinning vs. Non-Spinning 
Reserves

Spinning/Non-spinning reserves are used to meet 
the same operating reserve obligation

Fast response of ternary pumped storage units 
allows for provision of either spinning or non-
spinning reserves, even when in charging mode

10

Spinning Non-Spinning

Minimum spinning 
reserves obligation

Total reserves obligation



Capacity Assumptions

Usable 
Capacity 
Range 
(% of 

Nameplate)*

Capital 
Costs 
(2018 
$/kW)

PS

• Fast ramp rate and mode 
switching allows for fast 
response to operator dispatch

• Unit in generation, idling, or 
pumping mode

• Can increase/decrease load or 
generation

• Can switch from one mode to 
another

200% $1,220

ICE

• Limited by ramp rate, start-up 
times (hot-start)

79% $2,223

Aero 47% $3,583

Frame 87% $1,677

Flexible Capacity: 
Spinning Reserves

11

• Tertiary control - system operator dispatches reserves in response to 
contingencies

• Provided by units that are synchronized to the grid and able to ramp up within 
specified time frame

*Assuming	operating	state	is	at	optimal	position	for	providing	frequency	response	[ex.	PS	pumping,	GT	at	Pmin]



Capacity Assumptions

Usable 
Capacity 
Range 

(% of Nameplate)*

Capital 
Costs 
(2018 
$/kW)

PS
• Unit in standby mode
• If dispatched, can quickly 

ramp up capacity
200% $1,220

ICE

• Capacity and participation 
limited by ramp rate, start 
up time (cold-start)

100% $1,756

Aero 100% $1,684

Frame 100% $1,459

Flexible Capacity: 
Non-Spinning Reserves

12

• Tertiary control - system operator dispatches reserves in response to 
contingencies

• Provided by units that are not necessarily synchronized to the grid, but able to 
ramp up generation within specified time frame

• Required response time is slower than spinning reserves

*Assuming	operating	state	is	at	optimal	position	for	providing	frequency	response	[ex.	PS	pumping,	GT	not	on]



Additional Flexible Capabilities

Operating 
Characteristic

Gordon Butte 
Pumped Storage 

Ternary Unit
Aeroderivative CT Frame CT ICE

Additional cost 
for each start Minimal Yes Yes Yes

Estimated 
median cold 
start cost*

n/a $32/MW $103/MW Not provided

Can absorb 
overgeneration? Yes No No No

Black start? Yes Yes** Yes** Yes**

13

*Intertek APTECH (2012). Power Plant Cycling Costs. http://wind.nrel.gov/public/wwis/aptechfinalv2.pdf
**Siemens (2006). Black Start Studies. https://w3.usa.siemens.com/datapool/us/SmartGrid/docs/pti/2006June/Black_Start_Studies.pdf



Conclusions

Compared to the conventional resources described in NWE’s 
2015 IRP filing, Ternary Pumped Storage can provide the 
following services at a cheaper per-kW installed price:

• Frequency Response

• Regulation Up / Down

• Spinning Reserve

• Non-Spinning Reserve

Beyond the ability to provide flexible and peak capacity 
considered here, this analysis does not reflect a pumped 
storage facility’s ability to store energy for use later, which 
enables

• Absorption of overgeneration

• Arbitrage of energy price spreads

• Increased transmission system utilization

14





Gordon Butte Pumped Storage 

Colstrip 1&2 Replacement 
Analysis

Prepared by E3 for Absaroka Energy

December 2016
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Analysis Overview

Absaroka Energy asked E3 to compare the cost of two 
alternatives for providing energy (250 aMW) and capacity 
(300 MW) to replace Puget Sound Energy’s share of 
Colstrip 1&2

• MT Alternative: Gordon Butte Pumped Storage facility 
paired with 250 aMW of Montana wind (located at 
Martinsdale, MT) and 300 MW of existing long-term firm 
transmission rights from Montana to PSE

• PNW Alternative: An Aeroderivative CT generator (located 
in Washington state) paired with 250 aMW of Washington 
wind (located at the Columbia Gorge)
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Gordon Butte Overview

Gordon Butte Pumped Storage Facility

• 400 MW pumping / generating capacity

• Ternary units allow seamless transition between generating 
and pumping modes

• 8.5 available hours of storage

• 83% efficiency

• Sited to allow access to transmission currently used to 
deliver power from Colstrip coal plants in Montana. Some of 
this transmission capacity will become available when 
Colstrip 1&2 are retired (no later than 2022).

• FERC License issued December 14, 2016.



Analysis Scope

Quantified benefits of 
pumped storage

• Shaping of wind resource to 
maximize value, avoid 
curtailment, and increase 
transmission utilization

• Ability to provide firm 
capacity on demand (given 
available capacity)

• Emissions-free flexible 
resource helps with wind 
integration

• Time-based market 
arbitrage opportunities 
(given available capacity)

Potential benefits of 
pumped storage not 
considered here

• Ability to provide ancillary 
services (Load-following, 
Regulation, Spinning & 
Non-Spinning Reserves, 
Frequency Response)

• Sub-hourly energy dispatch 
savings

• Value derived from 
participation in the Energy 
Imbalance Market

4
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MT Alternative

Mid-C 
Market

MT 
Sales

250 aMW Montana, 
CF ~46%

Gordon Butte 
Pumped Storage 

Facility

Washington MontanaDispatch value of energy 
provided to Puget Sound 
is determined by market 

prices at Mid-C

Year = 2030

Puget 
Sound 
Energy

300 MW
(1.5% Losses)
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Puget 
Sound 
Energy

Mid-C 
Market

PNW Alternative

MT 
Sales

250 aMW Columbia 
Gorge, CF ~34%

Aero CT Gas 
Plant

Washington Montana

Year = 2030

Dispatch value of energy 
provided to Puget Sound 
is determined by market 

prices at Mid-C

300 MW
(1.5% Losses)
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Wind Capacity Credit

Absaroka also asked E3 to investigate how geography-
based differences in Effective Load Carrying Capability 
(ELCC) between wind sites might influence the results of 
the analysis

• To achieve this, E3 sized both the pumped storage and Aero 
CT resources so that they provide 300 MW of capacity when 
paired with the planning capacity assigned to wind resources

Assumption WA Wind –
Installed 
Capacity

WA Wind –
Planning 
Capacity

Aero CT Size MT Wind –
Installed 
Capacity

MT Wind –
Credited
Capacity

Pumped
Storage Size

No Capacity
Credit for Wind 736 MW 0 MW 300 MW 548 MW 0 MW 300 MW

Capacity Credit 
for Wind 736 MW 37 MW

(5%) 263 MW 548 MW 137 MW
(25%) 163 MW
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Modeling Efforts

Fixed costs for the resources were calculated using 
E3 financial models and publicly available data 
sources  

Hourly dispatch values were calculated using an 
adapted version of the E3 REFLEX model

• REFLEX is a multi-stage production simulation model with 
integer variables formulated for high renewable 
penetrations

• Hourly modeling of energy values and arbitrage opportunities

• Hourly generation profiles for non-dispatchable (wind) 
generation

• Priced-based dispatch of controllable resources

• 24-hour optimization of storage resources
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Data Sources – Wind Resource 
Characteristics

Wind shapes provided by Absaroka Energy

• E3 adjusted to reflect most recent capacity factors

• Washington (Columbia Gorge): 34% Capacity Factor

• Montana (Martinsdale, MT): 46% Capacity Factor

• Nameplate capacity sized to output 250 aMW over the course of the year

• Columbia Gorge:  736 MW

• Martinsdale: 548 MW

Wind planning capacity based on location of wind resources

• Reasonable estimates based on previous E3 analysis

• Washington (Columbia Gorge): 5% Capacity Value

• Montana (Martinsdale, MT): 25% Capacity Value
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Data Sources – Other Resource 
Characteristics

Aero CT characteristics based on generators in the TEPPC 
Common Case

Pumped storage operational characteristics provided by 
Absaroka Energy (see previous slide)

Transmission losses of 1.5% Montana to BPA

• Based on Colstrip Transmission System losses from Broadview to Garrison  
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Data Sources – Cost / Pricing 
Characteristics

Wind capital costs based on NREL data

Aero CT capital costs taken from Northwest Power 
and Conservation Council’s 7th Power Plan

Gordon Butte Pumped Hydro capital costs from 
Absaroka Energy  

2030 gas prices based on Henry Hub forwards and 
basis spreads

• 2030 chosen to represent “typical” future gas and power 
market conditions

Cost of existing firm transmission rights treated as 
a sunk cost
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Key Financial Assumptions

Metric Assumption Source

MT Wind LCOE 40 $/MWh NREL capital costs, 46% CF, 2018 commencement 
(for PTC)

WA Wind LCOE 65 $/MWh NREL capital costs, 34% CF, 2018 commencement 
(for PTC)

CT Levelized Fixed Cost 192 $/kW-yr. NWPCC 7th power plan, Aero GT East**

Gordon Butte Levelized 
Fixed Cost 350 $/kW-yr. E3 estimate based on GBEP Financial Model

Mid-C Prices Vary by Hour E3 projection for 2030 based on historical price 
patterns, resource mix, and gas price projection

MT Price Discount, Hours 
with Constrained Tx 6.9 $/MWh

Discount (buying and selling) during hours when 
wind exceeds capacity of 300 MW of existing firm 
transmission to deliver to PSE (approximates cost 

to wheel from MT to Mid-C on hourly nonfirm
transmission)

Discount Rate 10% Taken from GBEP Financial Model

*	http://www.brattle.com/system/publications/pdfs/000/004/827/original/Resource_Adequacy_in_California_Calpine_Pfeifenberger_Spees_Newell_Oct_2012.pdf?1378772133
**https://www.nwcouncil.org/media/7149910/7thplanfinal_appdixh_gresources.pdf
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Results – With Wind Capacity 
Value

MT Alternative provides substantial benefits to PSE 
ratepayers:

• $300 million reduction in capital costs

• $53 million reduction in levelized annual costs 

• $481 million NPV over 25 years

• $24/MWh reduction in levelized energy costs (250 aMW) 
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Results – Wind Provides Planning 
Capacity 

P-PNW P-MT MT	BENEFITS
CAPITAL COSTS ($MILLIONS)
Wind $  1,472 $  1,096
Aero CT $     290
Pumped Hydro $     367
Total $  1,622 $ 1,463 $  299

P-PNW P-MT MT	BENEFITS
LEVELIZED FIXED COSTS ($millions)

250 avg. MW Wind $     208 $     153
300 MW CT Capacity $       50 -
300 MW Pumped Storage Capacity - $     57 
Total $     258 $     210 $    48

ANNUAL DISPATCH VALUE ($millions)   $       44 $       49 $      5

TOTAL ANNUAL BENEFITS ($millions) $   53

25-YEAR NPV BENEFITS ($millions) $ 481

ENERGY COST BENEFIT ($/MWh) $24/MWh

P-PNW P-MT
GENERATION SUMMARY
Wind Energy (aMW) 250 250
Wind Capacity (Nameplate MW) 736 548
Wind Planning Capacity (MW) 37 137
Aero CT Capacity (ME) 263 -
Pumped Hydro Capacity (MW) - 163
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Results – Without Wind Capacity 
Value

Even ignoring the superior capacity value of MT 
wind, the MT Alternative provides significant 
benefits to PSE ratepayers:

• $31 million reduction in capital costs

• $18 million reduction in levelized annual costs 

• $163 million NPV over 25 years

• $8/MWh reduction in levelized energy costs (250 aMW) 
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Results – No Wind Planning 
Capacity 

P-PNW P-MT MT	BENEFITS
CAPITAL COSTS ($MILLIONS)
Wind $  1,472 $  1,096
Aero CT $     330
Pumped Hydro $     675
Total $  1,802 $ 1,771 $  31

P-PNW P-MT MT	BENEFITS
LEVELIZED FIXED COSTS ($millions)

250 avg. MW Wind $     208 $     153
300 MW CT Capacity $       57 -
300 MW Pumped Storage Capacity - $     105
Total $     265 $     258 $       7

ANNUAL DISPATCH VALUE ($millions)   $       44 $       55 $      11

TOTAL ANNUAL BENEFITS ($millions) $   18

25-YEAR NPV BENEFITS ($millions) $ 163

ENERGY COST BENEFIT ($/MWh) $8/MWh

P-PNW P-MT
GENERATION SUMMARY
Wind Energy (aMW) 250 250
Wind Capacity (Nameplate MW) 736 548
Wind Planning Capacity (MW) 0 0
Aero CT Capacity (ME) 300 -
Pumped Hydro Capacity (MW) - 300



Thank You!
Energy and Environmental Economics, Inc. (E3)
101 Montgomery Street, Suite 1600
San Francisco, CA 94104
Tel 415-391-5100
Web http://www.ethree.com

Doug Allen, Managing Consultant (doug@ethree.com) 
Gerrit de Moor, Senior Consultant (gerrit@ethree.com)
Arne Olson, Partner (arne@ethree.com) 
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About E3

• Founded in 1989, E3 is an industry leading consultancy in North America 
with a growing international presence

• E3 operates at the nexus of energy, environment, and economics

• Our team employs a unique combination of economic analysis, modeling 
acumen, and deep institutional insight to solve complex problems for a 
diverse client base

Consumer Advocates
Environmental Interests

Energy Consumers

State Agencies 
Regulatory Authorities 

State Executive Branches
Legislators

Utilities
System Operators

Financial Institutions

Project Developers
Technology Companies

Asset Owners
Financiers
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Asset Valuation Overview

Reputation for high quality

Objectivity and transparency

Industry leading knowledge

Experience and integrity

• E3 relies on the following key strengths to provide industry-leading 
consulting for asset valuation services

• The Asset Valuation Group focuses on short and longer-term 
valuation analysis that provides unique insights for the following:

Traditional Bulk System Assets

Generation  Assets
Renewable & Traditional 

(Bulk and Distribution Level)

Energy Storage Assets
(Bulk and Distribution Level)

Pipeline Assets


