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1. Model Formulation 

1.1 Nomenclature 

Symbol Unit Description 

𝑔 (superscript) - 
Generation technology (wind, solar, CSP, 

natural gas with CCS) 

𝑣 (superscript) - 
Energy conversion (electrolyzer, fuel cell, CSP 

turbine) 

𝑠 (superscript) - Energy storage (PGP storage, battery, TES) 

from 𝑠 

(superscript) 
- Discharge from energy storage 

to 𝑠 (superscript) - Charge to energy storage 

𝑡 (subscript) h Time step, starting from 1 and ending at 𝑇 

𝑐capital 
$/kW for generation 

or conversion 

$/kWh for storage 

Overnight capital cost 

𝑐fixed 

$/kW/h for generation 

or conversion 

$/kWh/h for storage 

Fixed cost 

𝑐fixed O&M $/kW/yr Fixed operating and maintenance (O&M) cost 

𝑐var $/kWh Variable cost 

𝑓 - Capacity factor (generation technology) 

ℎ h/year Average number of hours per year 

𝑖 - Discount rate 

𝑛 yrs Project life 

Δ𝑡 h Time step size, i.e., 1 hour in the model 

𝐶 

kW for generation or 

conversion 

kWhe for storage 

kWht for heat storage 

Capacity  

𝐷𝑡 kW Dispatch at time step 𝑡 

𝑀𝑡 kWh Demand at time step 𝑡 

𝑆𝑡 
kWhe for storage 

kWht for heat storage 
Energy remaining in storage at time step 𝑡 

𝛾 1/yr Capital recovery factor 

𝛿 1/h 
Storage decay rate, or energy loss per hour 

expressed as fraction of energy in storage 

𝜂 - Round-trip efficiency  

𝜏 h Storage charging duration 

Table S1. Model Nomenclature 
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1.2 Cost Calculations 

Fixed cost of generation, conversion, and storage technologies (wind, photovoltaics, CSP, natural 

gas with CCS, batteries, TES, electrolysis plant, fuel cell, hydrogen storage): 

𝑐fixed
𝑔,𝑣,𝑠

=
𝛾𝑐capital

𝑔,𝑣,𝑠
+𝑐fixed O&M

𝑔,𝑣,𝑠

ℎ
       (𝑆. 1)  

Capital recovery factor: 

𝛾 =
𝑖(1 + 𝑖)𝑛

(1 + 𝑖)𝑛 − 1
       (𝑆. 2) 

1.3 Constraints 

Capacity: 

𝐶𝑔,𝑣,𝑠 ≥ 0        ∀𝑔, 𝑣, 𝑠       (𝑆. 3) 

Dispatch: 

0 ≤ 𝐷𝑡
𝑔

≤ 𝐶𝑔𝑓𝑡
𝑔

        ∀𝑔, 𝑡       (𝑆. 4) 

0 ≤ 𝐷𝑡
𝑣 ≤ 𝐶𝑣         ∀𝑣, 𝑡       (𝑆. 5) 

0 ≤ 𝐷𝑡
to 𝑠 ≤

𝐶𝑠

𝜏𝑠
        ∀𝑠, 𝑡       (𝑆. 6) 

0 ≤ 𝐷𝑡
from 𝑠 ≤

𝐶𝑠

𝜏𝑠
        ∀𝑠, 𝑡       (𝑆. 7) 

0 ≤ 𝑆𝑡
𝑠 ≤ 𝐶𝑠         ∀𝑠, 𝑡       (𝑆. 8) 

0 ≤ 𝐷𝑡
from 𝑠 ≤ 𝑆𝑡

𝑠(1 − 𝛿𝑠)       ∀𝑠, 𝑡       (𝑆. 9) 

Storage energy balance: 

𝑆1
𝑠 = (1 − 𝛿𝑠)𝑆𝑇Δ𝑡 + 𝜂𝑠𝐷𝑇

to 𝑠Δ𝑡 − 𝐷𝑇
from 𝑠Δ𝑡       ∀𝑠       (𝑆. 10) 

𝑆𝑡+1 = (1 − 𝛿𝑠)𝑆𝑡Δ𝑡 + 𝜂𝑠𝐷𝑡
to 𝑠Δ𝑡 − 𝐷𝑡

from 𝑠Δ𝑡       ∀𝑠, 𝑡 ∈ 1, … , (𝑇 − 1)       (𝑆. 11) 

System energy balance: 
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∑ 𝐷𝑡
𝑔

Δ𝑡
𝑔

+ 𝐷𝑡
from 𝑠Δ𝑡 = 𝑀𝑡 + 𝐷𝑡

to 𝑠Δ𝑡       ∀𝑔, 𝑡       (𝑆. 12) 

1.4 Power-to-gas-to-power implementation 

Hydrogen is stored with a storage energy balance identical to equations S.10 and S.11. The rate 

of charging and discharging for the hydrogen storage is limited by the electrolyzer and fuel cell 

capacities, as shown below where 𝑠′ denotes hydrogen storage, 𝜈 denotes the electrolysis facility, 

and 𝜈′ denotes the fuel cell. 

0 ≤ 𝐷𝑡
𝑡𝑜 𝑠′

≤ 𝐶𝑣        ∀𝑡       (𝑆. 13) 

0 ≤ 𝐷𝑡
𝑓𝑟𝑜𝑚 𝑠′

≤ 𝐶𝜈′
       ∀𝑡       (𝑆. 14) 

0 ≤ 𝑆𝑡
′ ≤ 𝐶𝑠′

       ∀𝑡       (𝑆. 15) 

0 ≤ 𝐷𝑡
𝑓𝑟𝑜𝑚 𝑠′

≤ 𝑆′(1 − 𝛿𝑠′
)       ∀𝑡       (𝑆. 16) 

1.5 Thermal energy storage implementation 

Thermal energy is stored with a storage energy balance identical to equations S.10 and S.11. The 

rate of charging and discharging for TES is limited by the CSP solar field and turbine capacities, 

as shown below, where 𝑠′′ denotes thermal energy storage, 𝑔′ denotes solar field capacity, and 

𝜈′′ denotes turbine capacity. 

0 ≤ 𝐷𝑡
𝑡𝑜 𝑠′′

≤ 𝐶𝑔′
       ∀𝑡       (𝑆. 17) 

0 ≤ 𝐷𝑡
𝑓𝑟𝑜𝑚 𝑠′′

≤ 𝐶𝜈′′
       ∀𝑡       (𝑆. 18) 

0 ≤ 𝑆𝑡
′′ ≤ 𝐶𝑠′′

       ∀𝑡       (𝑆. 19) 

0 ≤ 𝐷𝑡
𝑓𝑟𝑜𝑚 𝑠′′

≤ 𝑆′′(1 − 𝛿𝑠′′
)       ∀𝑡       (𝑆. 20) 
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1.6 Objective function 

𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒(𝑠𝑦𝑠𝑡𝑒𝑚 𝑐𝑜𝑠𝑡)       (𝑆. 21) 

𝑠𝑦𝑠𝑡𝑒𝑚 𝑐𝑜𝑠𝑡 = ∑ 𝑐𝑓𝑖𝑥𝑒𝑑
𝑔

𝐶𝑔

𝑔
+ ∑ (

∑ 𝑐𝑣𝑎𝑟
𝑔

𝐷𝑡
𝑔

𝑡

𝑇
)

𝑔
+ ∑ 𝑐𝑓𝑖𝑥𝑒𝑑

𝑣 𝐶𝑣

𝑣
 

+ ∑ 𝑐𝑓𝑖𝑥𝑒𝑑
𝑠 𝐶𝑠

𝑠
+

∑ 𝑐𝑣𝑎𝑟
𝑡𝑜 𝑠𝐷𝑡

𝑠
𝑡

𝑇
+

∑ 𝑐𝑣𝑎𝑟
𝑓𝑟𝑜𝑚 𝑠

𝐷𝑡
𝑠

𝑡

𝑇
       (𝑆. 22) 

2. Technology Parameters and Cost Calculations 

2.1 Generation Technologies 

 CSP and TES costs from NREL’s System Advisory Model (SAM) 2020.2.29 were 

multiplied by 1.02 to account for inflation from their 2018 costs to 2019 dollars based on U.S. 

Department of Labor Bureau of Labor Statistic consumer price index data. Values were taken 

from the “Parabolic Trough – Empirical” and “Power Tower Molten Salt” variations within 

SAM for the PTC and SPT cases respectively. 

 When comparing parameter values between the two TES systems, it is important to note 

that there are multiple differences between the systems. The PTC system in SAM uses indirect 

two-tank storage, while the SPT system uses direct two-tank storage. The high temperature tank 

for SPT is made from a different material than for PTC, and the tanks also have different 

geometries, etc. For a full description of how such differences contribute to how parameters like 

heat loss are calculated within SAM, one can refer to the equations in section 4 of Ref 1. 
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Generation Technologies Nuclear Natural Gas 
with CCS 

Technology Description 
Advanced 
Nuclear 

Combined 
cycle with 90% 
carbon capture 

Total Overnight Cost 
($/kW) 

63172 25692 

Lifetime (years) 402 302 

Discount Rate 0.07 0.07 

Capital Recovery Factor 
(%/year) 

7.50% 8.06% 

Fixed O&M Costs ($/kW-yr) 121.132 27.482 

Variable O&M Costs 
($/kWh) 

2.362 0.005822 

Fuel Cost ($/kWh) 0.007152 0.02142,3 

Heat Rate (Btu/kWh) 104612 71242 

 
Annualized Hourly costs 

  

Fixed Cost 0.0679 0.0268 

Variable Cost 0.0095 0.0272 

Table S2. Additional costs for generation technologies. Costs taken from the EIA’s 2020 Annual 

Energy Outlook.2 All values in 2019 US dollars. 

 Fuel costs for natural gas and natural gas with carbon capture and storage (CCS) were 

calculated using the formulas: 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐻𝑒𝑎𝑡 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 (

𝐵𝑡𝑢
𝑘𝑊ℎ

) 

𝐻𝑒𝑎𝑡 𝑅𝑎𝑡𝑒 (
𝐵𝑡𝑢
𝑘𝑊ℎ

)
       (𝑆23) 

𝐹𝑢𝑒𝑙 𝑐𝑜𝑠𝑡 (
$

𝑘𝑊ℎ
) =  

𝐹𝑢𝑒𝑙 𝐶𝑜𝑠𝑡 (
$

𝑀𝑀𝐵𝑡𝑢)

𝐻𝑒𝑎𝑡 𝑅𝑎𝑡𝑒 (
𝐵𝑡𝑢
𝑘𝑊ℎ

)/1000

𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
       (𝑆24) 
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where the heat content of electricity is 3412.14 Btu/kWh. 

2.2 Power-to-gas-to-power 

 The power-to-gas-to-power system modeled here was based on NREL’s H2A model. 

This consisted of an electrolysis facility using polymer electrolyte membrane (PEM) 

electrolyzers with a compressor to produce hydrogen, and underground storage. The power used 

to compress the hydrogen gas was included in the net electrolysis efficiency, and no ramp rate 

constraint was used. Although the assumed storage costs are low due to storage of hydrogen in 

underground geologic reservoirs, prior work has shown that even substantial increases in the 

storage costs such as that associated with using above ground pressure vessels do not 

substantially change the overall costs or role of PGP.4 

PGP Electrolysis Facility Electrolyzer Compressor 

Technology Description 
Polymer electrolyte 
membrane (PEM) 

Isentropic 

Fixed Capital Investment ($/kgH2/h) 63000 917 

Fixed Annual O&M ($/kgH2/h) 1820 182 

Lifetime (years) 7 stack, 40 BoP 15 

Conversion Efficiency 61.4% (LHV) - 

Annualized Capital Cost 
($/yr*kgH2/h) 

9820 283 

 
Annualized Hourly costs 

  

Fixed Cost 1.12 0.0323 

Variable Cost 0 0 

Table S3. Electrolysis facility costs. All values taken directly or derived from ref.5 All values in 

2019 US dollars. 

 The electrolysis plant costs are based on a design capacity of 50,000 kgH2/day. The final 

electrolyzer plant cost is 66,400 ($/h)/kgH2 produced. The electrolyzer stack accounts for 47% of 

total costs, and balance of plant (BoP) accounts for 53%. This separation is important because 
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the stack has an estimated lifetime of 7 years compared to 40 years for the BoP components. The 

fixed annual O&M costs are estimated at 3.80 million dollars for the entire plant. The default 

NREL H2A PEM electrolyzer stack uses 49.23 kWhe/kgH2 and is 67.7% efficient based on the 

lower heating value (LHV) of hydrogen. Additional ancillary power usage in the electrolyzer 

plant totals 5.04 kWhe/kgH2.  

 The H2A default compressor has a design flow rate of 58,000 kgH2/day. The installed 

cost is 2.22 million dollars, or 917 ($/h)/kgH2. The fixed annual O&M costs for the compressor 

are 441,000 ($/h)/kgH2. The default compressor power requirement for the design flow rate is 

1,500 kWe. This equates to an energy requirement of 0.621 kWhe/kgH2 to compress 1 kgH2. The 

electrolysis facility used in the model consists of this combined electrolyzer, BoP, and 

compressor. The value ηelectro is the efficiency to create and compressed hydrogen for these three 

components, 

𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑜 = (
49.2 𝑘𝑊ℎ𝑒

𝑘𝑔𝐻2

+
5.1𝑘𝑊ℎ𝑒 

𝑘𝑔𝐻2

+
0.6 𝑘𝑊ℎ𝑒

𝑘𝑔𝐻2

)−1 ∗
𝑘𝑊ℎ𝐻2

𝑘𝑔𝐻2

       (𝑆25) 

where ηelectro = 60.7% based on the LHV of hydrogen. 

3. Capacity Factor Calculations 

 Capacity factors associated with solar and wind technologies represent the electricity 

generation potential per unit nameplate capacity at each time step. Capacity factors are normally 

estimated from real world or modeled weather data. In this study, we use the Modern-Era 

Retrospective analysis for Research and Application, Version-2 (MERRA-2) reanalysis product,6 

which consists of weather data covering for the period from 1980 to 2019. The horizontal 

resolution of MERRA-2 is 0.5° by latitude and 0.625° by longitude (in total 207,936 grid cells 

for the globe).  
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 Our calculations of solar and wind capacity factor represent a first order estimation of 

renewable resources and do not consider changes in surface layer properties. We first calculated 

a capacity factor for each grid cell. We then aggregated grid cells by doing an area-weighted 

average calculation. We consider only the top 25% grid cells that have the largest capacity 

factors. The capacity factor used in our analysis reflects a first order estimation of the spatial and 

temporal characteristics of renewable resources at various locations.    

3.1 Solar Technologies  

 For solar power generation, solar zenith angle was calculated based on the geographic 

location and local time of that grid cell and then solar incidence angle is estimated assuming a 

single-axis tracking solar panel system (north-south direction),7,8 with a tilt of the solar panel to 

be 0° and a maximum tuning angle of 45°. The in-panel solar radiation was then calculated based 

on the solar incidence angle and incoming solar radiation at both surface and top-of-atmosphere, 

separating the direct and diffuse radiation components based on an empirical piecewise model.9 

Conversions from solar radiation in combination with surrounding panel temperature to capacity 

factor were based on the performance model described by Huld et al. (2010)10 and Pfenninger 

and Staffell (2016)11.   

3.2 Wind Turbines 

 For wind turbines, we assume a wind turbine hub height of 100 m and a power law wind 

speed at corresponding height was interpolated based on values at 10 m and 50 m. The wind 

capacity factor calculation adopted a piecewise function that consisted of four parts12–15: (i) 

below a cut-in speed (𝑢𝑐𝑖) of 3 m s-1 the capacity factor was zero, (ii) between the cut-in speed of 

3 m s-1 and rated speed (𝑢𝑟) of 12 m s-1 the capacity factor was 𝑢𝑐𝑖
3/𝑢𝑟

3, (iii) between the rated 
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speed of 12 m s-1 and the cut-out speed (𝑢𝑐𝑜) of 25 m s-1 the capacity factor was 1.0, and (iv) 

above the cut-out speed of 25 m s-1 the capacity factor was zero.  
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4. Abbreviations 

Abbreviation Full text 

CSP Concentrated Solar Power 

PV Photovoltaics 

TES Thermal Energy Storage 

VRE Variable Renewable Energy 

NERC North American Electric Reliability Corporation 

PTC Parabolic Trough Collector 

SPT Solar Power Tower 

LFR Linear Fresnel Reflector 

PDC Parabolic Dish Collector 

CONUS Continental United States 

MEM Macro-Energy Model 

EIA United States Energy Information Administration 

NREL National Renewable Energy Laboratory 

O&M Operations and Maintenance 

BoP Balance of Plant 

PGP Power-to-gas-to-power 

EPA Environmental Protection Agency 

CHP Combined Heat and Power 

Li-ion Lithium ion 

PEM Polymer Electrolyte Membrane 

MERRA-2 
Modern-Era Retrospective Analysis for Research and 
Application, Version 2 

GE General Electric Company 

MICE Multiple Imputation by Chained Equations 

MAPE Mean Absolute Percentage Error 

CST Central Standard Time 

CCS Carbon Capture and Storage 

SAM System Advisory Model 

LHV Lower Heating Value 

Table S4. Description of all abbreviations used in the main text and supporting information. 
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5. Supplementary Figures and Tables 

 

Figure S1. Time varying price of electricity for 2017 base case year with 5-day averaging. 

 



 

13 

 

 

Figure S2. Dispatch curve for PV + battery system for a year in (a), with the 5 days of maximum 

hourly battery dispatch shown in (b). Dispatch curve for PV + CSP + TES + battery system over 

a year in (c), with 5 days of maximum hourly dispatch from TES and batteries in (d) and (e) 

respectively. Dispatch curve for PV + CSP + TES + Battery + PGP system over a year in (f), 

with the 5 day period of maximum hourly dispatch for TES, battery, and PGP in (g), (h), (i) 

respectively. All dispatch curves use 2017 data, with 5-day averaging for the annual curves (a), 

(c), and (f).   
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 The system in Fig. S2 (a-b) with only PV and batteries had a large overbuild of 

generation, resulting in 15,777 kW of curtailed generation over the course of the year, for an 

average of 1.80 kW/h. The addition of CSP and TES in Fig. S2 (c-e) reduced the overbuild to a 

curtailment of 10,651 kW from the grid, and 409 kW at the heat node used to represent CSP in 

the model. The total was 11,060 kW curtailed, or an average of 1.26 kW/h. The average demand 

was normalized to 1 kW/h, so both situations represent more electricity being curtailed than 

utilized. 

 Batteries were used regularly in Fig. S2 (c) because batteries were paired with low-cost 

generation from PV. TES was mainly used in the winter when the solar resource was smallest. 

When long duration PGP storage was included in Fig. S2 (f-h), TES was used year-round. The 

share of TES used increased sharply when PGP was added, with TES providing ~0.22% of 

demand in Fig S2 (c) without PGP, and ~17% of demand when PGP was included in Fig S2 (f). 

Both TES and batteries cycled daily for overnight use, while PGP was used in a seasonal storage 

role, as expected.4 
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Figure S3. Capacities of technologies for years 2016-2019 normalized to US demand, with each 

year modeled separately. The base case year for analysis was 2017. 

 

 Modeling of additional years of weather and demand data in Figure S3 showed that the 

base case year (2017) had mid-range capacity values for CSP+TES. Although the capacity values 

did fluctuate in different years, all include CSP+TES in the optimal system, indicating that the 

role of CSP+TES exists across multi-year timeframes. 
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Figure S4. Average hourly charging/discharging in each month of the year for batteries (a) and 

PGP (c). Average hourly charging/discharging per hour of day for batteries (b) and PGP (d). All 

plots produced using 2017 base case. Batteries primarily charge from wind at night, while PGP 

fills a seasonal storage role. 
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Figure S5. Dispatch curve for 2017 data with 5-day averaging in (a). The panels in (b) and (c) 

show hourly dispatch for the 4-day periods of maximum dispatch from TES and batteries, 

respectively. Dispatch curve for 2017 data with 5-day averaging including long-duration PGP 

storage in (d). The panels in (e), (f), and (g) show hourly dispatch for the 4-day periods of 

maximum dispatch from TES, batteries, and PGP, respectively. 

The annual dispatch curves with 5-day averaging shown in Figure S5 (a) and (e) 

demonstrate that batteries and TES both filled a short-term storage role, with neither providing 

seasonal storage in either scenario. In the absence of PGP, overbuilding generation, particularly 

wind generation, is cheaper than storing energy seasonally. This finding is in accord with prior 

analyses of the role of long-duration storage.4  
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Figure S6. Average charging/discharging in each month of the year for TES (a) and batteries (c). 

Average charging/discharging each hour of the day for TES (b) and batteries (d). All plots 

produced using 2017 data, with generation from wind, PV, and CSP. 

 Without long-duration storage in the system, batteries and TES retained mutually similar 

temporal charging patterns. Both storage technologies were used less without PGP than with 

PGP in the least-cost systems. This change correlates with the increase in overbuilding of 

generation observed in Fig. 1. 
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Figure S7. Average hourly charging and discharging behavior for TES in each month of the year 

in the base case system. Here TES is used regularly year-round.  

 
Figure S8. Average hourly charging and discharging behavior for batteries in each month of the 

year in the base case system. Here batteries are used year-round. 
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Figure S9. Average hourly charging and discharging behavior for PGP in each month of the year 

for the base case system. PGP charges year round, but discharges in summer and winter months 

to compensate for low wind and solar resources respectively. 

 
Figure S10. Average hourly charging and discharging behavior for system without long-duration 

storage from PGP. Here TES is only used on a large scale in summer and winter months to 

compensate for low wind and solar resources respectively. 
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Figure S11. Average hourly charging and discharging for batteries for system without long-

duration storage from PGP. Here batteries are used on a large scale in summer and winter 

months to compensate for low wind and solar resources respectively, with smaller peaks in the 

interim months. 

 

 

Figure S12. System response when the capacity of natural gas with CCS is fixed, plotted against 

the percentage of demand in kWh met by renewable sources. 
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 Under these constraints and with our specific demand and resource curves, the first 

renewable technologies to be deployed in a least-cost system including natural gas with 90% 

CCS were solar PV and wind turbines. The same stable system configuration was built for 

systems where the constraint on natural gas with CCS was ≥45% of dispatch. Flexibility 

provided by storage technologies first appeared when batteries entered the system at ~30% 

natural gas and PGP entered at ~3% natural gas. CSP+TES was built soon after when natural gas 

was constrained to meet no more than ~2.5% of demand. Here CSP+TES was still the last 

technology chosen to meet the flexibility needs of the system, as in Figure 4 (b), but entered 

much earlier due to the higher cost of natural gas with CCS technology. 

Technology 

Capacities 

All Storage Battery+PGP TES+PGP TES+Battery 

100% LL 100% LL 100% LL 100% LL 

PV 0.94 1.11 0.94 1.11 0.91 0.96 1.17 1.30 

Wind 2.86 2.71 2.85 2.72 2.87 2.76 4.07 3.86 

CSP Generation 0.06 0.01 0 0 0.12 0.12 0.18 0.16 

CSP Turbine 0.11 0.03 0 0 0.28 0.21 0.25 0.21 

TES 1.38 0.34 - - 1.71 1.27 3.86 3.12 

Battery 0.78 1.02 1.16 1.02 - - 1.43 1.30 

Electrolyzer 0.11 0.11 0.13 0.11 0.12 0.12 - - 

Fuel Cell 0.42 0.40 0.49 0.43 0.45 0.45 - - 

H2 Storage 198 182 215 184 206 210 - - 

 

Technology 

Capacities 

TES only Battery Only 

100% LL 100% LL 

PV 1.20 1.28 1.41 1.62 

Wind 4.03 3.90 5.17 4.00 

CSP Generation 0.35 0.35 0 0 

CSP Turbine 0.61 0.47 0 0 

TES 5.46 3.90 - - 

Battery - - 2.05 2.07 

Electrolyzer - - - - 

Fuel Cell - - - - 

H2 Storage - - - - 

 

Table S4. Capacities built for each combination of storage technology when using all generation 

technologies, with comparisons for 100% reliable systems and the same system with lost load 

(LL). All values normalized to mean hourly demand. 
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Figure S13. Technology combinations for generation and storage. Part (a) requires a 100% 

reliable grid, and part (b) shows comparisons with lost load. 

The highest amount of unmet demand observed for any case in Fig S13 (b) was 0.135% 

(11.83 hours) of total demand for the year, which occurred when only PV and batteries were 

deployed. This percentage of unmet demand decreased to 0.12% (10.62 hours) for CSP+PV with 

TES+batteries and to 0.03% (2.76 hours) of total demand when all generation and storage 

technologies could be deployed. All exceeded the NERC standard of 1 hour of unmet demand in 

a decade.16 The simple single-resource systems such as the PV-only system demonstrate the 

ability of long-duration PGP storage to provide a seasonal buffer to variable resources. By using 

PGP instead of batteries, the PV costs are substantially lowered because the system is not 
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excessively overbuilding generation to meet winter-time demand, in agreement with prior 

studies.4  

 
Figure S14. Dispatch curves for system with varying CSP costs. Annual curve with 5-day 

averaging in (a) for 0.5x CSP cost. Four days of maximum dispatch for TES and PGP in (b) and 
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(c) respectively. Annual curve with 5-day averaging in (d) for 0.25x CSP cost. Four days of 

maximum dispatch for TES and PGP in (e) and (f) respectively. Annual curve with 5-day 

averaging in (g) for 0.125x CSP cost. Four days of maximum dispatch for TES and PGP in (h) 

and (i) respectively. 

 

 Fig. S14 shows that even at 0.5x of base case costs, PV generation still exceeded 

deployment of CSP. Instead, the decrease in CSP costs primarily led to greater usage of TES. At 

0.25x cost, CSP took on a bulk generation role, though primarily during summer. At 0.125x of 

base case costs, CSP provided bulk generation year-round. 

 

Figure S15. Contour plot of cost variation for batteries and TES. Decreases in battery costs 

produced greater decreases in system costs compared to TES costs, as seen by the steeper 

gradient in the vertical direction. 
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Figure S16. Dispatch curve for 2017 data with 5-day averaging for the base case plus nuclear in 

(a). The panels in (b), (c), and (d) show hourly dispatch for the 5-day periods of maximum 

dispatch from TES, batteries, and PGP respectively. 

 

 While nuclear does take on a large role in this case, small amounts of battery, PGP, and 

CSP+TES storage were still used in the system. This accords with the analysis of renewable 

portfolio standards which shows usage of storage technologies even with low penetrations of 

variable renewables.  
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