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[bookmark: _Toc95080919]Executive Summary

This Draft Grid Scenario Summary defines a baseline scenario and related scenarios with:
• Varied properties of long-duration storage to define which are attractive
• Added imports from the Western Electricity Coordinating Council (WECC)
• High and low hydrogen prices
• High and low transmission deployment
• Varied cost for offshore wind
• Varied definition of reserve
• Added planned vs existing pumped hydropower 
• Variable electric vehicle charging pattern 
• Current and expanded geothermal 
• With and without gas plus Allam cycle with carbon sequestration

Some of these will be implemented in SWITCH, some in RESOLVE and some in both.

The approach to modeling will include full-year modeling that enables energy to be stored not only from one day to the next but from any time of year to any other time of year.

The SWITCH analysis is underway, and the specific goals of that work include 
· “The value of long-duration energy storage and its interaction with a zero-emissions western North-America electricity grid”
· Identification of cost targets for different LDES clusters
· “Infrastructure and economic opportunities for California to leverage WECC resources to achieve 100% RE by 2045”
· “Impacts of re-designing planning and operational reserves rules on capacity expansion and operation”
· “Optimizing cross-sectoral energy and storage needs for Western North America”

The RESOLVE code is still being developed. Details of that development are described with emphasis on the implementation of variable time steps. 



[bookmark: _Toc95080920]1. Introduction 
This Draft Grid Scenario Summary describes storage technology options California might consider in reaching SB100 goals. Storage technologies are rapidly evolving. The costs and applications are changing, which will necessitate frequent adjustment during a transition to much higher-penetration variable renewable electricity sources. This summary describes our plan for scenario analysis for evaluation of the evolution of the energy system to 2045, which is the next phase of our project.
[bookmark: _Toc95080921]1.1 Background 
The definition of the Grid Scenario and the related sensitivity analyses is at the heart of our research effort. The scenario is meant to represent the anticipated grid without long-duration storage so that we can then explore the value of adding long-duration storage to that scenario. We anticipate that the value of the storage will vary with many input parameters and the uncertainty of those parameters is largely unknown, so we are providing both a suggested scenario and multiple variations on that scenario.
The California Energy Commission has just funded an extensive study with public review of the needed grid expansion in the coming years and has recently published a set of scenarios selected as the “Preferred System Portfolio.”[footnoteRef:2] We will refer to this as the “PSP” using the scenario labeled “38MMT_20210812_PSP_LSEplan_2020IEPR_2020IEPRHighEV.” Given the robust review that has been given to this scenario, we will only modify it when there is clear justification for doing so.  [2:  https://www.cpuc.ca.gov/industries-and-topics/electrical-energy/electric-power-procurement/long-term-procurement-planning/2019-20-irp-events-and-materials ] 

The inputs to SWITCH cover a much broader geographical area, including 50 areas within WECC. California will benefit by sharing resources with surrounding states, though inclusion of these adds uncertainty. By comparing the results from the PSP modeled with RESOLVE to the results for the entire WECC modeled by SWITCH, we will be able to assess the uncertainty in the results.
[bookmark: _Toc95080922]1.2 Structure of this report
Section 2 of this report provides a table listing the base line assumptions and scenarios that will be explored along with discussion explaining these. After the table in Section 2 is a description of a set of papers that are planned using SWITCH to study the WECC.  Section 3 provides a description of the modifications that will be made to RESOLVE to implement the multi-day modeling strategy in RESOLVE. 


[bookmark: _Toc95080923]2. Baseline and scenario definition
This section describes the baselines and scenarios that we propose to use in our studies using the SWITCH and RESOLVE models.
[bookmark: _Toc95080924]2.1 Baseline definition
Table 2.1 summarizes the baselines that will be used in SWITCH and RESOLVE, respectively. The SWITCH baseline uses version 3.0, modeling the year 2050 with 4-hour time steps including all 365 days. The SWITCH model is configured to include all of WECC divided into 50 regions, with 11 of those in CA. The RESOLVE modeling will use the New Modeling Toolkit version with modifications described in Section 3 and inputs described in the PSP scenario 38MMT_20210812_PSP_LSEplan_2020IEPR_2020IEPRHighEV.
[bookmark: _Toc95080946]Table 2. 1. Summary of baselines for SWITCH and RESOLVE modeling
	
	SWITCH WECC
	RESOLVE

	Costs
	National Renewable Energy Laboratory
 Annual Technology Baseline 202013
	PSP: 38MMT_20210812_PSP_LSEplan_2020IEPR_2020IEPRHighEV

	Existing generators (all technologies)
	Energy Information Administration Form 860, all existing generators in the WECC
	PSP

	Candidate solar technologies
	Residential PV (rooftop PV on homes), Commercial PV (rooftop PV on commercial buildings), Central PV (utility-scale), and Concentrating Solar Power with and without storage (solar thermal trough systems with or without thermal energy storage). Available land and capacity for Central PV and Concentrating Solar Power candidate generators were screened based on land exclusion criteria (including national parks, wildlife areas, and steep terrain), solar insolation from the System Advisor Model from the National Renewable Energy Laboratory
	PSP plus 
· South-facing-tilt solar

	Candidate wind technologies
	Onshore and offshore wind from 3TIER Western Wind and Solar Integration Study dataset. selection of prime sites based on criteria including high wind energy density, and proximity to transmission.2 A portion of candidate generators were screened out in California if they were in “Category 3, high environmental risk” locations, which include areas legally excluded for development, protected areas with ecological or social value, conservation regions, and prime agricultural land.9 
	PSP plus 
· Winter-dominant wind

	Planned hydropower plants
	
	See Table 2.2 in Draft Storage Technology Summary posted at https://efiling.energy.ca.gov/Lists/DocketLog.aspx?docketnumber=20-MISC

	Electricity demand
	The future load represents a case of high energy efficiency and building electrification, as well as increased adoption of Zero Emissions Vehicles (ZEVs), primarily from electric vehicles.4 The load forecast achieves a doubling of the rate of energy efficiency by 2030 in California, compliant with the state’s SB 350 legislative targets, aggressive building electrification starting in 2020, growing industry electrification, and approximately 125,000 GWh in electricity demand from transportation. Hourly demand profiles from 2006 (consistent with the weather-year used for calculating solar and wind capacity factors) from FERC Form 714 and a dataset procured from ITRON were used as a base from which demand projects (residential, commercial, industrial, transportation) were created and scaled by sector to meet states’ policy targets and reflect population growth.17
	PSP load profiles. Adjust as needed.

	Carbon cap
	Zero emissions by 2050
	PSP Zero emissions by 2045

	RPS
	All current mandates for all states in the WECC
	PSP

	Time resolution and time horizon
	All 365 days in 2050. Sampling hours every 4 hours per day.
	All 365 days using variable time step for capacity expansion and hourly time step to evaluate resource adequacy. Include 2030, 2035, 2040, and 2045 if computation time allows. 



[bookmark: _Toc95080925]2.2 Scenarios to explore sensitivities
The parameters that will be varied to explore key sensitivities are listed in Table 2.2.  The motivation for selecting these scenarios and the related papers that are planned to communicate the results for the SWITCH studies are described in Section 2.4.

[bookmark: _Toc95080947]Table 2. 2 Scenarios for sensitivity analysis
	Topic
	SWITCH WECC
	RESOLVE

	Varying costs of long duration energy storage (LDES)
	Yes (study 1)
	Yes

	LDES technology clusters (Table 2.3)
	Yes (study 2)
	Yes

	Value and LDES need depending on how much CA can rely on imports from the rest of the WECC
	Yes (study 3)
	PSP plus vary Wyoming wind

	Wind or solar dominant grids and LDES need:
	Yes (study 1)
	Yes

	Tilted versus untilted solar using data for several years
	No
	Yes

	Newer wind technologies using data for several years
	No
	Yes

	Cost savings in electricity prices from LDES energy capacity mandates
	Yes (study 1)
	No

	Hydrogen and LDES
	Yes (study 5)
	Yes

	Transmission deployment and impact on LDES
	Yes (study 1)
	No

	Reserves and impact on LDES needs
	Yes (study 4)
	No

	Hydropower availability and impact on storage
	Yes (study 1)
	Yes

	Electrical vehicles
	Tentatively (study 5)
	Yes

	Demand response
	Tentatively (study 5, depending on computational complexity)
	Focus on electrolyzers and EV charging

	Geothermal focus
	No
	Yes

	Natural gas with Allam cycle and carbon sequestration
	No
	Yes

	Biofuels focus
	No
	Yes

	Low cost offshore wind
	No
	Yes



[bookmark: _Toc95080926]2.3 Matrix of long-duration storage options
The parameters that will be used to describe candidate long-duration storage resources are listed in Table 2.3.  The costs for these candidate resources will be varied to identify the cost reduction that is needed to motivate adoption of the candidate resource by the model. The table describes a total of 12 possible long-duration storage candidates using the hours of duration that the CEC has identified to differentiate candidate technologies. We will select candidates from these. Those that are selected in a favorable price range will be widely explored for the multiple scenarios. Those that are not selected by the model may be omitted so that the results of the modeling are most useful.

[bookmark: _Toc95080948]Table 2. 3 Matrix of long-duration storage technologies
	Efficiency
	Duration (h)
	Idle or operating loss
	Relevant technologies

	80%
	8, 10, 100
	~ 0
	pumped hydro, gravity, flow battery

	70%
	8, 10, 100
	~ 0
	geomechanical, flow battery, metal-air, exfoliated-metal, gravity

	60%
	8, 10, 100
	1%/day
	flow battery, metal-air, exfoliated-metal, compressed air, liquid air, thermal

	50%
	8, 10, 100
	1%/day
	thermal



[bookmark: _Toc95080927]2.4 Description of planned studies
This section describes how the scenarios above will be explored to write interesting papers using SWITCH WECC.

Study 1:

Staadecker, M. et al, “The value of long-duration energy storage and its interaction with a zero-emissions western North-America electricity grid”

The objective of this study is to understand how different factors (solar versus wind dominant, hydropower availability, energy storage costs) and decisions (constrained or unconstrained transmission deployment, energy capacity storage mandates) affect the deployment and operation of LDES. We also study the impacts on electricity prices and generation mix (when this is not an assumption and it is optimized for). Table 2.4 summarizes the different sets of scenarios we study.
[bookmark: _Toc95080949]Table 2. 4 Scenarios for Study #1
	Set A: Solar-dominant to wind-dominant
	Set A is used to understand the interplay between LDES and the share of wind vs solar capacity. The set compares the baseline against 8 scenarios where an extra constraint fixes the ratio of WECC-wide wind capacity to WECC-wide solar capacity anywhere from 0.1 to 1.5. For reference, the ratio is 0.23 in the baseline (approximately 80% solar and 20% wind).

	Set B: Decreasing hydropower
	Set B is used to understand the effect of reduced water levels on LDES. The set compares the baseline against 5 scenarios with reduced hydropower where all water flows are reduced anywhere from 15% to 100%.

	Set C: Highly constrained to highly unconstrained transmission line expansion
	Set C is used to understand the interplay between storage and inter-zonal transmission. The set compares the baseline against two scenarios (almost no new transmission, and copperplate). 

	Set D: Varying storage energy capacity costs
	Set D is used to understand how variations in the cost of energy storage impact the grid. The set compares the baseline (22.43$/kWh) against 10 scenarios where energy storage costs range from 0.5$/kWh to 102$/kWh.

	Set E: Increasing amounts of energy
	Set E is used to understand the WECC’s behavior under increasing amounts of energy storage that could be mandated at the state or federal level. The set compares the baseline with 1.94 TWh of energy storage to 13 scenarios where an extra constraint fixes the WECC-wide storage capacity to anywhere from 2 TWh to 64 TWh.



Study 2:

The objective of this study is to identify cost targets for different LDES clusters (Table 2.3) to become competitive.
[image: ]
[bookmark: _Toc93618766][bookmark: _Toc95080936]Fig. 2. 1 Diagram depicting different needed price targets for a LDES technology to become competitive as a function of time.

Study 3:

Sanchez-Perez, P. and Serna Torre, P. et al. “Infrastructure and economic opportunities for California to leverage WECC resources to achieve 100% RE by 2045”

The objective of this study is to analyze the benefits in electricity prices and overall cost reduction from allowing imports from outside California. The analysis looks at impacts on supply and storage infrastructure and in-state required generation. Particularly focusing on the impacts related to LDES duration and operation. We perform a systematic study by analyzing capacity expansion optimal results from varying allowed imports in 2050 from 100% (no constraint on imports) and monotonically decreasing allowed imports by 10% all the way down to 0% (California independent from the rest of the WECC).

Study 4:

Srivastava, A. and Serna Torre, P. et al. “Impacts of re-designing planning and operational reserves rules on capacity expansion and operation”

The objective of this study is to understand the infrastructure impacts and storage needs of defining reserves in different ways for a zero emissions grid. Ultimately, this study will help regulators understand expected needed storage infrastructure to be able to satisfy reserves requirements as they might evolve over time (2050 reserves requirement design).

Study 5:
“Optimizing cross-sectoral energy and storage needs for Western North America”

The objective of this study will be to understand how the deployment and operation of LDES changes as we incorporate flexibility from other sectors such as
1. Energy efficiency, electrical vehicles (as a static load), and heating electrification
2. Electrical Vehicle smart charging (tentatively depending on computational intensity)
3. Demand Response energy arbitrage (tentatively depending on computational intensity)
4. Hydrogen modeling
In terms of hydrogen modeling, SWITCH can build for each load zone and period:
· Electrolyzers (MW)
· Liquefiers (capacity in kg/hour, and ultimately it calculates it in MW) 
· Hydrogen tanks (in kg and has a constraint for a minimum size)
· Fuel cells (MW)
In this set up, hydrogen is modeled as a storage technology that can use liquifiers and fuel cells in each load zone. We will consider modeling a demand for hydrogen production (cross-sectoral), for example from transportation.



[bookmark: _Toc95080928]3. Revisions to RESOLVE – New Modeling Toolkit

The New Modeling Toolkit is designed to enable selection of representative days using the k medioid algorithm and the mapping of those days onto a full year or longer period. The software also provides an option to define the representative periods manually. Using the manual option, we will study full 8760-hour and/or 365-day time sets.
A key element of being able to use such long representative periods will be to do the capacity expansion plan using critical time points (when the power or energy requirements are at their extremes as discussed in a previous report), then use the hourly simulation to confirm that the dispatch can be completed without compromising the needed reserve.
To enable the studies described above, we will make modifications to RESOLVE to be able to use variable time steps. We also anticipate revising RESOLVE to enable modeling of some types of storage, but we have not yet defined these as we have not yet fully evaluated the features that the New Modeling Toolkit has added for modeling of storage.
[bookmark: _Toc95080929]3.1 Variable time steps
To enable use of variable time steps we need to
• Create input files defining the time steps we want to use. These will be documented (and must be consistent) in multiple input files including those described in Table 3.1.
• At the time the files are read in, we will create an additional attribute in the data frame to track the size of each time step and use this to weight the relevant hourly costs (see Table 3.2)
• Some attributes may need to be aggregated differently. The start and stop costs as well as the burn in costs might be handled differently than the other costs, but it may be that we can ignore this since these costs are small and since we will do the actual calculation later.
• There are a number of other places in the code that need to be modified to gracefully handle variable time steps

The information about the representative periods is stored in self.model.REP_PERIODS: 
        self.model.REP_PERIODS = pyo.Set(initialize=self.temporal_settings.rep_periods.index)

The timepoints are also defined from temporal_settings.rep_periods using 
self.model.HOURS = pyo.Set(initialize=self.temporal_settings.rep_periods.columns)
        self.model.TIMEPOINTS = pyo.Set(
            initialize=[
                (model_year, rep_period, hour)
                for model_year in self.model.MODEL_YEARS
                for rep_period in self.model.REP_PERIODS
                for hour in self.model.HOURS
            ]



[bookmark: _Toc95084008]Table 3. 1 List of input files that need to be modified to implement variable time steps
	File name
	Folder name
	Calculation
	Comment

	Rep_periods.csv
	new-modeling-toolkit/data/settings/resolve/[scenario name]/temporal_settings
	None
	Use the separate “critical time points” calculation results to create this data set. Note that this is the file that is loaded in (see above)

	Chrono_periods.csv
	new-modeling-toolkit/data/settings/resolve/[scenario name]/temporal_settings
	None
	It is not clear if this file is needed. Given the use of the “manual” loading method defined in temporal.py, we expect that the chrono_periods file is identical to the rep_periods file. It could be possible to consider using the chrono_periods.csv file as the 8760-hour file from which to derive the rep_periods.csv file, but we plan to make the two files be identical

	Attributes.csv
	new-modeling-toolkit/data/interim/resources/[candidate resource name]
	Average during time step
	Recorded value is average during time step before the indicated time

	Attributes.csv
	new-modeling-toolkit/data/interim/loads/[zone name]
	Average during time step
	Recorded value is average during time step before the indicated time

	Attributes.csv
	new-modeling-toolkit/data/interim/reserves/[reserve name]
	Maximum during time step
	Recorded value is maximum during time step before the indicated time – this gives a worst case analysis for the capacity expansion plan, but this is appropriate.
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[bookmark: _Toc95084009]Table 3. 2 Software modifications needed to implement variable time steps
	Task
	Code location
	Details
	Comment

	Add timestep to use in sum_timepoint_to_annual 
	Temporal.py
Def find_representative_periods
Or
Model_formulation.py
Def _configure_model(self)
	Name of variable: “timestep” 
May implement separately for two cases specified by “if” or do it once at the end.
Set =1h for first index, then = (df[0,index] - df.[0,index-1]) for subsequent values in manual or the dataframe is referred to as self.model.rep_periods in model_formulation. 
This may be most easily be done by first assigning a new row to timestep, setting it =1
	We need to keep the “hour” as a sequence with step size of 1, as “hours” serves as an index, so we should calculate Timestep from value in the dataframe, but the reference to the dataframe will be different in temporal.py from what it would be in model_formulation. So, decide first where to put it and then work on the syntax.
May be done in temporal.py or in model_formulation, which calls temporal.py. E3 has not yet indicated a preference for where to implement it.
When taking the difference between the two timestamps, need to make sure we get the number of hours rather than the number of seconds.
We may start by implementing only for the “manual” branch and add for the k medioids branch later.


	Add weighting to summation of timepoint-based values
	Model_formulation.py
Def sum_timepoint_to_annual
	Multiply each attribute by “timestep” before taking summation in Sum_timepoint_to_annual.

	Sum_timepoint_to_annual is called by:
· Annual_Resource_Fuel_Consumption for all fuels
· Candidate_Fuel_Production_From_Electrofuel_Resources_MMBTU for all electrofuels
· Annual_Provide_Power for all plants
· Annual_Increase_Load for all plants
· Annual_Transmit_Power_Forward for all transmission lines
· Annual_Transmit_Power_Reverse for all transmission lines
· Energy_Constraint_LHS for all resources
· Total_Cost_In_Model_Year which includes 
· variable costs 
· curtailment costs
· hurdle costs forward and reverse
· burn-in costs. – technically, this may not be correct, but it will simplify things for us to accept that
· Software indicates will add unit_start/stop costs later – need to assess and/or deal with this later
· Penalty unserved energy
· Penalty overgeneration
· Penalty inadequate reserve

	
	
	
	

	Check code for potential problems
	Temporal.py
validate_rep_duration
	No action
	This confirms that the period duration is a multiple of an hour. No change is needed

	Check code for potential problems
	Temporal.py
_pivot_profiles_into_periods
	No action
	Is not used for manual loading, so don’t need to change this unless the k medioid approach will use variable time steps. But DO need to add the timestep row to the dataframe

	Check code for potential problems
	Model_fomulation.py
move_chrono_time_by_steps
	No action, but may become problem when it becomes used later
	E3 describes: Additional “move_chrono_time_by_steps” helper function is an as-yet-unused helper function to moved in but assumes chronological periods of equal duration
Convenient to have a mapping of all hours in year even if only modeling a subset (for example, if we are modeling for a given day 0:00 and 12:00, a way to determine that 11:00 is mapped to 0:00 and not 12:00)

	Check code for potential problems
	Model_formulation.py
Self.model.timepoints_per_period is used to define:
Rep_periods_per_model_year which defines:
Num_periods_model_year which = hours_per_year/pyo.value(model.timepoints_per_period)

	Num_periods_model_year is used as a multiplier in Sum_timepoint_to_annual
It is also used to calculate Inter_Period constraints
	timepoints_per_period is described as the “length” and it’s initialized as “len(self.model.HOURS)” which would be 8760 for a non-leap year with hourly steps. num_periods_model_year should = 1 when we are modeling the full year. However, if we use variable time steps, it will be assigned a larger number. 
This could be addressed in multiple ways. We propose to replace
self.model.timepoints_per_period = pyo.Param(initialize=len(self.model.HOURS))
with
self.model.timepoints_per_period = pyo.Param(initialize=sum(self.model.timesteps))


	Adjacency constraint
	Model_formulation.py
Increase_Load_Intra_Period_Adjacency_Constraint
Provide_Power_Intra_Period_Adjacency_Constraint
	No action unless select adjacency constraint
	Currently, these use hour to calculate these constraints. Need to replace hour with timestep 
These currently appear to be applied only to one of the EV resources. If the adjacency constraint is not selected in the input files, then we do not need to change this code.  Do not need to modify the “Inter” counterparts for this.

	Apply parasitic power
	Model_formulation.py
SOC_Intra_Tracking_Constraint
Electrofuel_SOC_Intra_Tracking_Constraint
	Currently, always calculates loss for 1 hour need to use timestep instead
	Replace the 1 with the timestep for that [rep_period, hour] : Replace
== apply_parasitic_loss(
                        model.SOC_Intra_Period[resource, model_year, rep_period, hour],
                        self.system.resources[resource].parasitic_loss,
                        1,
                    )
with
== apply_parasitic_loss(
                        model.SOC_Intra_Period[resource, model_year, rep_period, hour],
                        self.system.resources[resource].parasitic_loss,
                        self.model.timestep,
                    )
Confirm that self.model.timestep is the correct way to refer to timestep
Don’t need to change the lines in Inter_Tracking heper functions.

	Check code for potential problems
	Model_formulation.py
SOC_Inter_Intra_Max_Constraint
Plus 3 similar with Min and Electrofuel
	No action
	It’s not clear that these are relevant. Didn’t find where they are called. If they are needed, then we need to look at calculating the Inter values.

	Manage ramp rates
	Model_formulation.py
Ramp_Rate_Intra_Period_UB_Constraint
Ramp_Rate_Intra_Period_LB_Constraint
	Need to make change – see text for example of fix, then apply to both constraints
	There is a “TODO” to complete implementation of multi-hour ramps, but it appears they already include 4 hours.
The algorithm needed for this is too complex for this table – see text

	Variable costs not using sum_annual
	Model_formulation.py
Plant_Variable_Cost_in_timepoint
	No additional change
	In general, these should all scale with average power multiplied by timestep, so should be handled ok, as discussed above




The constraint that is applied is that the change (ramp_MW) in the dispatched power out (“Asset_Net_Power_MW”) must be less than the specified ramp rate for the ramp_duration (where they currently specify duration = 1, 2, 3, or 4 hour). 
   return ramp_MW <= rr * model.Operational_Capacity_In_Model_Year[asset, model_year]

The ramp rate values are specified relative to the power rating. So, rr may be 0.5, meaning that the output may change by 50% of the rated power in the specified duration. Or, rr may be 8, meaning that the output may change by 800% of the rated power in one hour. Only the hydro plant has values specified for ramp_rate_2_hour…ramp_rate_4_hour. The call to calculate rr is completed for duration = 1, 2, 3, and 4 in all cases, but if ramp_rate_2_hour isn’t defined, then rr is not defined for that constraint. 

To handle the ramp rates for variable timesteps, we first should recognize that we plan to follow the initial capacity expansion modeling by a second calculation of the dispatch for the hourly case. The ramp rate constraints would be handled correctly in the latter case, so it may not matter whether they are handled correctly in the optimization that is using time steps. 
Thus, we propose a simple approach:

If timestep >= duration, then next_hour  = hour + 1 because indexing by 1 will move to the next timestep.
If timestep<duration, then it must be that duration > 1. Duration could be 2, 3, or 4. Similarly, timestep could be 1, 2, or 3. Thus, only hydro (at least with the current set of assets) falls into this case.
The timestep for the following step might be much greater. So, it would be best to constrain the ramp rate for the 1, 2 or 3 hour timestep sure that the ramp rate  
Replace:
               next_hour = hour + ramp_duration
                timepoint_1 = rep_period, hour
                timepoint_2 = rep_period, next_hour
                attr = "Asset_Net_Power_MW"
                ramp_MW = get_ramp_MW(asset, attr, model_year, timepoint_1, timepoint_2)
                return ramp_MW <= rr * model.Operational_Capacity_In_Model_Year[asset, model_year]
With
               next_hour = hour + ramp_duration
                timepoint_1 = rep_period, hour
                timepoint_2 = rep_period, next_hour
	   FOR 3 times:
       if (timepoint_2-timepoint_1 > ramp_duration AND next_hour – hour > 1) 
then next_hour -=1 #(if overshot, go back)
                	timepoint_2 = rep_period, next_hour
	      else exit FOR
                attr = "Asset_Net_Power_MW"
                ramp_MW = get_ramp_MW(asset, attr, model_year, timepoint_1, timepoint_2)

                return ramp_MW <= rr * model.Operational_Capacity_In_Model_Year[asset, model_year]
3.2 Candidates for pumped hydropower storage

The PSP includes existing pumped hydro storage and allows options for an additional 4 candidate resources, as summarized in Table 3.3. The PSP gives the option of building these or not. A problem is that the decision to build these depends more on a policy decision than the financial optimization because the value of an asset that may last 100 years is very difficult to model in a way that allows it to compete directly.

[bookmark: _Toc95084010]Table 3. 3 Candidate pumped hydropower storage projects included in the PSP
	Name
	Capacity limit
	Min duration
	Charging Efficiency Discharging Efficiency
	Name in Table 3.4

	Tehachapi_Pumped_Storage
	500 MW
	12 h
	0.9
	

	Riverside_East_Pumped_Storage
	1400 MW
	12 h
	0.9
	Eagle Mountain

	Riverside_West_Pumped_Storage
	500 MW
	12 h
	0.9
	

	San_Diego_Pumped_Storage
	500 MW
	12 h
	0.9
	San Vicente


 
The PSP does not include the projects in Idaho, Oregon, and Washington. These may end up being constrained by the transmission lines. The PSP includes two 500 MW candidate resources that were not included in the list we compiled. This list was presented before, but is repeated in Table 3.4 for convenient reference.

[bookmark: _Toc86783581][bookmark: _Toc95084011]Table 3. 4 Proposed pumped hydropower storage projects in or near California
	Project name
	Company
	Location & RESOLVE label
	Capacity (MW)
	Planned start
	Notes

	Cat Creek Energy and Water Storage
	Cat Creek Energy
	Idaho
	720
	2027
	110 MW wind; 150 MW solar

	Eagle Mountain
	Eagle Crest Energy
	Desert Center (Southern California)
	1300
	2028
	Closed loop

	Mokelumne Water Battery
	GreenGenStorage
	Amador County (Northern California)
	250-800
	2028
	Uses existing reservoirs

	Swan Lake
	Rye Development
	Oregon
	393
	2026
	Closed loop

	Goldendale
	Rye Development
	Washington
	1200
	2028
	Closed loop

	San Vicente
	San Diego County Water Authority
	San Diego
	500
	2030
	Closed loop




image1.png
Price to enter market

(arbitrary units)

Market is “ripe”

Market not yet
demanding LDES so
price must be extra

Market is maturing and
competing technologies
are lower in price

low

2020 2025 2030

2035 2040

Year

2045




