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System-cost-minimizing deployment of PV-wind hybrids in low-carbon U.S. 
power systems 
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H I G H L I G H T S  

• PV-wind hybrid deployment is modeled at ~50,000 sites across the contiguous U.S. 
• Hundreds of gigawatts of PV-wind hybrids are deployed in modeled zero-carbon systems. 
• With hybridization, PV capacity often relocates to sites with installed wind capacity. 
• Overall electricity system costs are reduced by roughly 1–2% with hybridization. 
• “Overbuilding” generation vs interconnection capacity offsets high transmission costs.  
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A B S T R A C T   

Hybridization of solar photovoltaic (PV) and wind installations has the potential to reduce transmission costs 
through sharing of spur-line capacity and other interconnection cost components. Many studies have assessed 
hybridization opportunities on a site-by-site basis but have not captured the impact of PV-wind hybridization on 
overall power system evolution and system costs. Here, we use a high-resolution national-scale capacity- 
expansion model to explore electricity-system-cost-minimizing deployment of PV-wind hybrid systems across 
the United States (U.S.) in scenarios that achieve a zero-carbon electricity mix in 2040. While overall system cost 
savings resulting from hybridization are relatively small—roughly 0.8% for baseline interconnection cost as
sumptions and <2% for sensitivity cases with high interconnection costs—there are notable shifts in deployment 
patterns when hybridization is allowed. PV capacity is often relocated to sites where wind capacity and asso
ciated interconnection capacity is already deployed, and “overbuilding” of nameplate PV and wind capacity 
relative to point-of-interconnection capacity is observed to increase with rising interconnection costs. Roughly 
300 gigawatts (GW) of point-of-interconnection capacity (over 500 GW of nameplate PV and wind capacity) are 
deployed at hybrid installations with PV:wind capacity ratios between 1:3 and 3:1 in modeled zero-carbon power 
systems across the U.S.   

1. Introduction 

The deployment of large-scale solar photovoltaic (PV) and land- 
based wind generation capacity has grown in recent years due to a 
combination of technology advancement and policy drivers. Such trends 
are expected to continue going forward, as many studies show that rapid 
near-term deployment of PV and wind generation capacity is the lowest- 
cost approach for meeting electricity-sector decarbonization goals 
[1–3]. 

As PV and wind deployment rates increase, the logistics and costs of 
grid interconnection – including power-flow studies incorporating the 

impacts of new generators, permitting and construction of new “spur 
lines” connecting PV and wind to nearby transmission features, and 
reinforcement of the existing transmission network to support increased 
power flows – have emerged as a bottleneck limiting accelerated 
expansion [4–6]. These challenges motivate interest in the colocation 
and/or “hybridization” of PV and wind generation technologies; in such 
configurations, PV and wind generation capacity share the same point of 
interconnection (POI) to the transmission network, and they may also 
share power electronics and controls [7]. 

Many drivers contribute to interest in hybrid PV + wind (HPW) 
plants in the United States, including avoided transmission upgrades, 
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reduced development and financing costs, and flatter plant-level power 
output [8–10]. Industry interest is apparent in the form of both existing 
projects and interconnection queues across the United States; as of the 
end of 2021, there were nine operating HPW projects in the United 
States, comprising over 1 gigawatt (GW) of PV and wind generation 
capacity. An additional 27 projects—totaling 10 GW of additional gen
eration capacity—have been proposed in U.S. interconnection queues, 
some of which further include an energy storage component to enhance 
operational flexibility. On average, the wind component makes up a 
larger share of the generation capacity in both existing and proposed 
HPW projects in the United States, and HPW projects represent almost 
half of proposed wind-based hybrid capacity in those queues [11]. 

In situations where the cost of new variable generation capacity 
($/kWgen) is low relative to the cost of interconnection ($/kWPOI), some 
amount of “overbuilding” of generation capacity relative to POI capacity 
(such that kWgen > kWPOI; for example, procuring 100 MW of POI ca
pacity for a 130 MW nameplate PV array) is likely to be cost-optimal 
even for a single resource type. If a PV array only reaches its peak 
output for a few hours of the year, it is more economic to size the POI for 
more typical generation conditions and increase the average utilization 
of the POI, even if some energy is curtailed (or “clipped”) during times of 
peak generation. Overbuilding a combination of PV and wind at a single 
site (kWPV + kWwind > kWPOI) can lead to higher POI utilization and 
lower cost than overbuilding a single resource type, particularly in lo
cations where the temporal availability of PV and wind resources is 
uncorrelated or anticorrelated. 

In the U.S. context, the ability to overbuild generation capacity 
relative to interconnection capacity (or, equivalently, to underbuild 
interconnection capacity) is codified in federal and regional rules [12]. 
At the federal level, FERC Order 845 allows a generator to request 
interconnection service below the generation facility’s capacity rating 
while recognizing the need to ensure that the generation facility does 
not inject energy above the requested level of service. At the scale of a 
regional transmission operator (RTO) or independent system operator 
(ISO), similar programs are already in place in the California (CAISO), 
Midwest (MISO), New England (ISONE), and Pennsylvania-New Jersey- 
Maryland (PJM) ISOs, typically with a requirement for additional 
monitoring or control technologies to enforce (or allow the ISO to 
enforce) the approved interconnection service level. 

Many previous studies have explored the design and potential of 
utility-scale HPW systems from a variety of perspectives [13], including 
temporal complementarity, configurations, control, and sizing [14–18]. 
The temporal complementarity of PV and wind production has been 
extensively explored at multiple spatial scales—ranging from global 
[19] to regional—through the evaluation of statistical correlation met
rics and indices [20]. Such studies identify locations with characteristics 
that may be indicative of hybridization benefits, but they are rooted 
exclusively in resource potential and production and thus do not account 
for economic competitiveness. 

The economic potential of HPW has been estimated based on lev
elized cost of energy (LCOE) [21,22] or plant-level profitability from the 
perspective of the plant owner [23–25]. While such approaches offer 
useful insights, they are limited in their ability to inform economic 
deployment potential. In particular, LCOE is an incomplete metric for 
evaluating the competitiveness of system resources because it does not 
account for the value that such a resource could provide to the electricity 
system. In addition, plant-level profitability may not translate into net 
economic value for the system as a whole. To our knowledge, no studies 
have explored HPW system designs that minimize the total system cost 
of electricity at the scale of the United States in a fully featured capacity- 
expansion model (CEM). 

Here, we demonstrate HPW deployment in a CEM with high spatial 
resolution (~50,000 sites across the contiguous U.S., modeled as 11 
independent regions) and moderate temporal resolution (780 2-h 
timeslices), focusing on a scenario that reaches zero electricity-sector 
carbon emissions by 2040. HPW system designs are independently 

optimized at each potential installation site, identifying the PV name
plate, wind nameplate, and shared POI (spur line plus network rein
forcement) capacities that minimize overall electricity system cost. We 
show that spatial trends in system-cost-minimizing HPW deployment 
differ from the results of a site-by-site LCOE-minimizing model. Hun
dreds of gigawatts (GW) of HPW capacity are deployed in a cost-optimal 
zero-carbon system, but the overall electricity system cost savings from 
hybridization are <1% under central cost assumptions. Allowing inter
connection cost sharing via hybridization changes spatial patterns of PV 
and wind deployment but does not have a large impact on the total 
amount of PV and wind capacity deployed within the set of geographic, 
technical, and policy assumptions analyzed here. 

2. Methods 

2.1. Capacity-expansion model 

For this study, we use a version of the Regional Energy Deployment 
System (ReEDS) CEM developed at the U.S. National Renewable Energy 
Laboratory (NREL). ReEDS optimizes the capacity and operation of bulk 
generation, transmission, and storage assets to minimize total system 
cost—subject to a range of constraints on resource availability, plant 
characteristics, energy balance, resource adequacy, and state and fed
eral policies—in 1–5 year sequential timesteps. The ReEDS model is 
described in detail by Ho et al. [26] and a number of other studies [27]. 
Here we describe only the additions and modifications made to the 
default temporal resolution, spatial resolution, and interconnection 
representation in ReEDS (v2022) to enable an adequate representation 
of HPW generators. 

2.1.1. Temporal resolution 
Previous versions of the ReEDS model used a combination of time 

resolutions. Transmission flows and the seasonal availability of renew
able energy were represented by 17 timeslices (4 per season, plus a peak 
timeslice representing the 40 highest-demand hours in summer). Be
tween each sequential solve year, additional calculations of marginal 
and existing variable renewable energy (VRE) curtailment, storage en
ergy arbitrage value, and capacity credit for VRE and storage were 
calculated using hourly load and VRE availability over one or more full 
years (1 year × 8760 h for curtailment and arbitrage; 7 years × 8760 h 
for capacity credit), with the resulting marginal parameters used in the 
next sequentially modeled year [28]. 

17 timeslices are insufficient to accurately capture the temporal 
complementarity of wind and solar availability and the clipping that 
results from oversizing PV and wind generators relative to POI capacity 
(both of which are necessary to accurately represent HPW operation). 
Here we instead model 10 representative 5-day periods and 3 outlying 5- 
day periods (65 days total) from weather year 2012 with 2-h resolution. 
Representative periods are identified by hierarchical clustering, with 
regional load, solar, and wind profiles used as features with a weighting 
of 1:0.5:0.5 (respectively). The three outlier 5-day periods comprise the 
period with minimum average solar availability; the period with mini
mum average wind availability; and the period containing the peak load 
hour. The inter-year calculations of marginal curtailment and storage 
arbitrage value that accompany the 17-timeslice version of ReEDS are 
discarded, but the 7 × 8760 calculation of capacity credit is retained. 
Additional details regarding representative-period selection and 
increased time resolution in ReEDS are discussed by Brown et al. [29]. 

2.1.2. Spatial resolution 
ReEDS includes ~1900 unique hourly availability profiles for utility- 

scale PV and onshore wind resources. These profiles are spread across 
the intersection of 134 model zones with 7 resource classes (defined by 
annual average irradiance) for PV and the intersection of 356 resource 
regions with 10 resource classes (defined by annual average wind speed) 
for onshore wind. The available land area for PV and wind deployment is 
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quantified by the separate Renewable Energy Potential (reV) model at 
>56,000 grid cells of ~11.5 km × 11.5 km area [30]. For each grid cell, 
the cost of a transmission “spur line” connecting the center of the cell to 
an interconnection feature on the existing transmission system (a sub
station, a tie-in point on a transmission line, or the edge of an urban load 
center) is estimated, combining terrain-specific cost modifiers with 
regionally varying $/MW-mile base costs. Previous ReEDS versions 
included different estimates for spur-line costs between PV and wind at a 
given grid cell, including the effects of economies of scale; here we use a 
technology-agnostic estimate based on a uniform 400 MW plant size. 
Fig. 1a shows the spur-line costs at the >56,000 grid cells used in this 
study, calculated using the methods and data described by Lopez et al. 
[31]. 

Typically, the grid cells associated with a given resource region and 
resource class are aggregated into “bins” (5 bins per region/class for 
wind and 20 bins per region/class for PV) to decrease problem size, 
reducing the combined number of unique PV and wind investment op
tions from >110,000 (>56,000 each for PV and wind) to ~11,000. Here, 
to capture the site-specific nature of spur-line sharing for HPW, we do 
not aggregate grid cells, instead tracking PV capacity, wind capacity, 
and spur-line cost and capacity for each of the >56,000 sites. Hourly 
availability profiles for PV and wind are kept at their original resolution; 
a single hourly availability profile is shared across all sites in the same 
region/class combination. 

In sum, the temporal resolution is increased by >40× and the spatial 
resolution of PV/wind capacity deployment is increased by ~10× in this 
study compared to previous applications of the ReEDS model. The 
ReEDS model is typically used to model the entire contiguous US in a 
single optimization framework, but doing so at the increased temporal 
and spatial resolution used here leads to intolerable computation times. 
We therefore run independent optimizations over the 11 smaller 
“transmission regions” shown in Fig. 1b, modeled after the transmission 
planning regions in FERC Order 1000 [32] plus the Electric Reliability 
Council of Texas (ERCOT). As such, we do not capture the value of 
transmission between these regions, which previous studies have iden
tified as an important cost-saving opportunity in decarbonized elec
tricity systems [33]. 

2.1.3. Interconnection sharing 
In previous applications of the ReEDS model, the site-specific inter

connection cost was combined with the site-specific PV or wind cost, and 

a 1 MWAC investment in PV or wind was always implicitly accompanied 
by a 1 MWAC investment in POI capacity (comprising a spur line and 
associated bulk network reinforcement). Here, we instead introduce 
new variables and constraints allowing POI capacity and PV/wind ca
pacity to be independently optimized, accounting for “clipping” when 
hourly generation from PV and wind at a given site is greater than the 
POI capacity. The combined availability of energy from a hybrid site x is 
limited by the PV and wind capacity and capacity factor: 

Ax,h,t ≤ CPV,x,t • λPV,x,h,t +Cwind,x,t • λwind,x,h,t∀(x, h, t) (1)  

and by the POI capacity: 

Ax,h,t ≤ CPOI,x,t∀(x, h, t) (2)  

where x indexes sites, h indexes hours, t indexes years, A is the available 
dispatchable energy [MW], CPV and Cwind are the capacities of PV and 
wind [MWnameplate], λ is the hourly availability of PV or wind [MWha

vailable/MWnameplate], and CPOI is the POI capacity [MWPOI]. The dis
patched energy D [MWhdispatched] from site x is then limited by the 
available energy at that site: 

Dx,h,t ≤ Ax,h,t∀(x, h, t) (3) 

As such, consistent with treating HPW generators as “full hybrids” 
[7] or “integrated hybrid resources” [34], we do not retain information 
on whether PV or wind at a given site x is being dispatched; all gener
ation capacity “behind” the POI operates as a single plant with a com
bined availability profile Ax,h,t. 

In baseline cases where hybridization is not allowed, an additional 
constraint is added forcing POI capacity at site x to be equal to the 
combined capacity of PV and wind at that site: 

CPOI,x,t = CPV,x,t + Cwind,x,t∀(x, t) (4) 

In addition to the spur-line capex cost shown in Fig. 1a, spur-line 
capacity incurs a fixed operations & maintenance cost equal to 1.5% 
of upfront capex cost per year [35]. 

ReEDS also includes an estimate of intra-zonal network-reinforce
ment costs that may be required to move power from an HPW POI to 
demand centers within the model zone. Gorman et al. [36] report an 
average interconnection cost for fuel-based generators across the U.S. of 
$50/kW from 2005 to 2012, and an interconnection cost of $120/kW (a 
$70/kW difference) for renewable energy within MISO (through 2018) 

Fig. 1. Spur-line costs for new PV and wind plants and map of modeled regions. a, Spur-line costs for >56,000 grid cells across the contiguous US. The color bar 
includes a histogram of spur-line costs in $/kW; the unweighted average spur-line cost is 92 $/kW and the median is 57 $/kW. Not all sites shown here contain 
developable capacity for both PV and wind. b, Map of modeled “transmission regions” based on FERC order 1000 regions [32]. 
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and PJM (through 2019), not including spur-line costs. Although there is 
substantial variability in these values across individual projects, in 
ReEDS we apply a uniform $50/kW cost to all increases in nameplate 
generation capacity by zone, plus an additional $70/kW cost to the site- 
specific spur-line capex cost shown in Fig. 1a. For HPW installations, 
these network-reinforcement costs apply to the POI capacity rather than 
the sum of PV and wind capacity, in the same manner as spur-line costs. 

The Inflation Reduction Act of 2022 [37] gives PV installations the 
option of accepting the production tax credit (PTC) instead of the in
vestment tax credit (ITC) and extends both tax credits through at least 
2032. As written, the tax credits start to expire in either 2032 or the year 
in which electricity sector CO2 emissions fall 75% below their level in 
2022, whichever is later. Here, for simplicity, we assume the tax credits 
start to expire in 2032 and that PV and wind both utilize the PTC, which 
for HPW is applied to the total dispatched energy D of the HPW instal
lation. Additional details regarding the representation of the Inflation 
Reduction Act in ReEDS are provided by Gagnon et al. [38]. 

2.2. Scenario assumptions 

As noted above, we conduct independent system optimizations for 
each of the 11 transmission regions shown in Fig. 1b. All scenarios 
employ a declining CO2 emissions constraint reaching zero direct power 
sector CO2 emissions in 2040. The CO2 cap follows a straight-line tra
jectory to zero, starting from historical 2018 emissions in the simulated 
transmission region, with the cap becoming active in 2025. To avoid 
double-counting, we do not enforce existing sub-national decarbon
ization policies including clean-energy standards, renewable portfolio 
standards, or the Regional Greenhouse Gas Initiative (RGGI). 

Available generation and storage technologies include lithium-ion 
batteries, utility-scale PV, onshore wind, hydrogen (H2) combustion 
turbines, hydropower, biopower, nuclear power, fossil gas combined 
cycle and combustion turbines, and coal, with modeling details given by 
Ho et al. [26]. Technologies other than utility-scale PV and onshore 
wind are modeled at the native 134-zone resolution of ReEDS. As in Cole 
et al. [27], the operation and electricity demand for H2 production via 
electrolyzers is not explicitly modeled; instead, H2 is assumed to be 
available at a price of 20 $/MMBtu. Electricity demand is modeled at the 
resolution of the 134 model zones and is assumed to follow the “high” 
trajectory from the NREL Electrification Futures Study [39–41]. Unless 
noted otherwise, cost and performance assumptions follow the moderate 
trajectories in the 2022 Annual Technology Baseline [42], and other 
model assumptions follow the Mid Case scenario in the 2022 Standard 
Scenarios report [38]. 

As noted above, the scenarios considered here employ much higher 
spatial and temporal resolution than typical simulations in ReEDS, 
increasing model size. In addition to running the model for 11 inde
pendent transmission regions as noted above, we also make the 
following simplifications to decrease computation time: concentrating 
solar power (CSP), offshore wind, and carbon capture & storage (CCS) 
technologies are excluded from the model; operating reserves are turned 
off; and the model is solved using 5-year time steps instead of the 2-year 
time steps typically used in ReEDS analyses. 

2.3. Metrics 

The “PV fraction” of HPW generation capacity installed at a partic
ular site is given by CPV / (CPV + Cwind). PV capacities are given in DC 
terms (i.e. MWDC or GWDC) unless noted otherwise. To characterize the 
relative ratio of PV and wind at a given site, we introduce a “hybridi
zation factor” denoted by ϕ: 

ϕ =

⃒
⃒
⃒
⃒1 − 2

⃒
⃒
⃒
⃒

CPV

CPV + Cwind
−

1
2

⃒
⃒
⃒
⃒

⃒
⃒
⃒
⃒ (5) 

The hybridization factor varies piecewise-linearly between 1 when 

CPV = Cwind and 0 when CPV = 0 or Cwind = 0. 
As noted in the Results and Discussion section, HPW plant capacity is 

given either as PV and wind nameplate capacity (CPV + Cwind) or as POI 
capacity (CPOI). The generator-to-interconnection ratio (GIR) for a 
particular site is given by GIRPV = CPV / CPOI or GIRwind = Cwind / CPOI. 

The net present value of projected system cost through 2040 is 
calculated using a discount rate of 5%. Other cost metrics are discussed 
in Ho et al. [26]. 

2.4. LCOE-minimizing hybrid designs 

Our primary conclusions regarding the deployment and impacts of 
HPW are drawn from the electricity-system-cost-minimizing ReEDS 
CEM described above. To aid in the interpretation of these results, we 
separately utilize a simple site-LCOE-minimizing model to identify the 
GIRPV and GIRwind that minimize the LCOE for each modeled grid cell. 
The LCOE-minimizing model is defined as follows: 

ANNUALCOST [$/MWyear]
= (CRFPV • CAPEXCOSTPV + FOMCOSTPV) • GIRPV

+(CRFwind • CAPEXCOSTwind + FOMCOSTwind) • GIRwind
+CRFPOI • CAPEXCOSTPOI + FOMCOSTPOI

(6)  

CFunclipped
h = GIRPV • CFPV

h + GIRwind • CFwind
h (7)  

CFtotal
h =

⎧
⎨

⎩

1 if CFunclipped
h ≥ 1

CFunclipped
h otherwise

(8)  

LCOE [$/MWh] =
ANNUALCOST

¯CFtotal
h • 8760hours

/
year

− PTC (9) 

where CFh
total is the hourly modeled capacity factor of the hybrid 

plant, CRF is the annual capital-recovery factor [fraction/year], CRFPOI 

is the GIR-weighted-average of CRFPV and CRFwind, ¯CFtotal
h is the average 

CF of the hybrid plant over 7 × 8760 h, CAPEXCOST is the upfront 
capital cost of generation capacity [$/MW], FOMCOST is the annual 
fixed operations and maintenance cost [$/MW-year], and ANNUAL
COST is the total annualized plant cost [$/MW-year]. All numeric values 
are taken from ReEDS model inputs. The values of GIRPV and GIRwind 
that minimize LCOE are identified using the Nelder-Mead simplex al
gorithm [43], as implemented by the scipy.optimize.fmin() function in 
the SciPy Python package [44]. 

2.5. Caveats and limitations 

To provide context for the interpretation of model results, we note 
the following caveats and limitations.  

• Given the constraints and resolution of our linear CEM, we do not 
include all potential sources of value or cost-savings for hybrid sys
tems. Other sources of value include the potential for reduced fore
cast uncertainty for HPW plants relative to standalone PV/wind 
plants, and the avoidance of operational constraints on maximum 
allowable ramp rates for independent VRE generators. Other po
tential cost-saving opportunities include reduced planning, permit
ting, or construction costs, or reduced project lead time if 
interconnection queues can be bypassed in situations where PV ca
pacity is added to an existing wind site without increasing the POI 
capacity.  

• ReEDS includes site-level variation in spur-line costs (Fig. 1a), but 
intra-zone network reinforcement costs use a spatially-uniform per- 
kW cost adder. As discussed by Gorman et al. [36], network rein
forcement costs exhibit substantial regional variation. Including a 
geographically resolved estimate of network reinforcement costs 
could change the spatial patterns of VRE deployment within and 
across model zones. 
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• The firm capacity provided by HPW installations toward meeting the 
planning-reserve margin is taken as the sum of the nameplate ca
pacities of PV and wind multiplied by the PV and wind capacity 
credits (calculated independently as described by Ho et al. [26]) and 
is not adjusted for site POI capacity. As the majority of firm capacity 
is provided by resources other than PV and wind in these scenarios, 
this simplification is not expected to substantially impact the results.  

• All PV systems are modeled with an inverter-loading ratio (ILR) of 
1.3, approximating recent industry trends [45]. For sites with an 
optimal GIRPV > 1.3, increasing the ILR by decreasing the inverter 
capacity to match the POI capacity would provide additional cost 
savings.  

• CSP, offshore wind, and CCS are not included given their currently 
small contribution to generation capacity nationwide and the need to 
simplify other aspects of the model to enable the higher spatial and 
temporal resolution required for this study of land-based HPW. This 
modeling decision does not imply a judgment about the suitability of 
these other technologies for hybridization or future expansion.  

• As noted above, as we model each FERC region in isolation, we do 
not include transmission flows between FERC regions in this analysis 
(although transmission expansion and flows between ReEDS zones 
within FERC regions are modeled as usual). While other studies have 
demonstrated large potential benefits from interregional coordina
tion and transmission expansion [46], interregional transmission 
currently represents a small fraction of regional firm capacity plans 
(≤6% of regional demand by NERC region in 2024 [47]), and it is 
sometimes excluded in other analyses of the United States [48–50]. 
Computational advancements (or simplification of other model di
mensions) would be required to represent interregional transmission 
concurrently with the high spatial and temporal resolution used here 
and should be explored in future work.  

• While we include standalone energy storage (represented by lithium- 
ion batteries and pumped hydro, where appropriate) at 134-zone 

resolution, to reduce computational complexity we do not model 
hybridization of storage with PV or wind in this work. Previous work 
has shown that PV + battery hybrids can be competitive in a least- 
cost optimization framework, particularly in decarbonized systems; 
however, the simulated deployment of PV + battery hybrids largely 
displaces that of standalone PV and battery capacity, and hybridi
zation with storage does not significantly change the generation mix 
or total electricity system cost [51]. 

3. Results and discussion 

3.1. Where is HPW capacity deployed? 

Fig. 2 shows the spatial distribution of PV and wind deployment 
through 2040 with and without the ability to hybridize (i.e., share POI 
capacity and costs) across the 11 modeled transmission regions; Fig. 3 
provides a zoomed-in view of ERCOT to more clearly illustrate the dif
ferences between the two scenarios. Note that because the spatial den
sity of available capacity [MW/km2] is ~10× higher for PV than for 
wind (where the wind capacity density is defined over an entire wind 
installation, including inter-turbine spacing), a single 11.5 km × 11.5 
km grid cell can host up to ~4000 MW of PV capacity and up to ~400 
MW of wind capacity. To facilitate comparison between technologies, 
the color scale in Fig. 2 and Fig. 3 peaks at 400 MW for both PV and 
wind. 

Allowing hybridization does not noticeably affect the spatial patterns 
of wind deployment in the modeled regions. Differences associated with 
hybridization are more pronounced for PV, primarily within the “wind 
belt” regions (SPP, ERCOT, and MISO) but to some extent in all regions. 
A spatial shift in capacity deployment with spur-line sharing indicates a 
situation where the model forgoes deployment at the “best” standalone 
site (where “best” includes the combined effects of resource quality, 
generator and POI cost, and value of the energy, firm capacity, and 

Fig. 2. Modeled PV and wind capacity in 2040 across the 11 modeled transmission regions. a,b, Maps of wind (a) and PV (b) capacity for scenarios without hy
bridization (i.e. shared POI capacity and costs). c,d, Maps of wind (c) and PV (d) capacity for scenarios with hybridization. e, Map of the PV fraction for all sites with 
PV and/or wind capacity when spur-line sharing is allowed. f, Map of the "hybridization factor" ϕ for all sites with PV and wind capacity. Sites with a hybridization 
factor of zero (i.e. wind-only or PV-only sites) are excluded from f for clarity. All results are for scenarios that reach zero electricity-sector CO2 emissions in 2040. 
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emissions reductions provided) and instead deploys capacity at a site 
where POI capacity and cost can be shared with the other resource type. 
As can be seen most clearly in ERCOT (Fig. 3), when hybridization is 
allowed, some PV capacity shifts from highly concentrated standalone 
PV sites to sites where wind capacity, and associated POI capacity, is 
deployed. 

Two factors likely explain why PV capacity is more likely to shift to 
wind sites than vice versa. First, wind resource quality varies more 
widely with location than PV resource quality; modeled wind capacity 
factor varies by a factor of ~5.6× between the windiest and least-windy 
site, while PV capacity factor varies by a factor of ~2.1× between the 
sunniest and least-sunny site (Fig. A 1 in the Supplemental Information). 
A PV installation is therefore less likely to sacrifice a large amount of 
annual energy production potential by relocating from the “best” 
standalone solar site in a given model zone to a site with wind capacity 
and associated sharable POI capacity; relocating a wind installation to a 
PV site would be more likely to incur a larger sacrifice in wind resource 
quality. Second, the ~10× lower capacity density of wind means that for 
a given quantity of generation capacity, ~10× more sites would be 
occupied by wind than PV. There are therefore more options for adding 

PV to a standalone wind site than vice versa. 
The total amount of PV and wind capacity deployed across all regions 

by 2040 when hybridization is allowed is shown in Fig. 4, quantified in 
terms of POI capacity (Fig. 4a) and behind-the-POI nameplate PV +
wind capacity (Fig. 4b) as a function of the optimized hybridization 
factor. The majority of installations do not employ significant hybridi
zation: 740 GW of POI capacity (out of 1290 GW total) are deployed at 
sites with a hybridization factor <0.05, i.e. with a site PV:wind capacity 
ratio <1:39 or >39:1. 

Hybrid deployment is nevertheless significant. The cost-optimal so
lution includes 290 GW of POI capacity with a hybridization factor >0.5 
(i.e., with a site PV/wind capacity ratio between 1:3 and 3:1), 70% (or 
210 GW) of which is installed in the “wind belt” regions of SPP, ERCOT, 
and MISO. The corresponding behind-the-POI PV and wind nameplate 
capacity totals 540 GW; for context, the combined nameplate capacity of 
PV (DC) and wind installed across the US at the end of 2020 was ~220 
GW [52,53]. 

Fig. 3. Modeled PV and wind capacity in 2040 for the ERCOT region. Values are the same as in Fig. 2. a,b, Maps of wind (a) and PV (b) capacity for scenarios without 
hybridization (i.e. shared POI capacity and costs). c,d, Maps of wind (c) and PV (d) capacity for scenarios with hybridization. e, Map of the PV fraction for sites in 
ERCOT with PV and wind capacity when spur-line sharing is allowed. f, Map of the "hybridization factor" ϕ for sites in ERCOT with PV and wind capacity. Sites with a 
hybridization factor of zero (i.e. wind-only or PV-only sites) are excluded from f for clarity. All results are for scenarios that reach zero electricity-sector CO2 
emissions in 2040. 
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3.2. What drives HPW deployment? 

To elucidate the drivers of HPW deployment, we include the results 
of a simple model that identifies the GIRPV and GIRwind that minimize 
the LCOE for each grid cell containing nonzero developable capacity for 
both wind and PV. The results of this model are shown in Fig. 5a-c for 
input assumptions consistent with the corresponding ReEDS scenario 
assumptions in 2025. When the results of the LCOE-minimizing model 
are plotted as a function of the PV LCOE and wind LCOE (Fig. 5c), a 
particularly simple trend is evident: hybrids tend to be the LCOE- 
minimizing choice in regions where the LCOEs of standalone PV and 
standalone wind are roughly equivalent—i.e. along the boundary be
tween low-cost-wind and low-cost-PV regions. For sites where spur-line 
costs are low (the leftmost subplots of Fig. 5c), hybrids are only optimal 
when the PV and wind LCOEs are very nearly equal; for sites with higher 
spur-line cost (the rightmost subplot of Fig. 5c), there is more incentive 
to overbuild generation capacity relative to POI capacity, and more 
room for hybridization to reduce LCOE even when one resource is 
substantially cheaper than the other. 

Of course, as is widely noted in the literature [54,55], LCOE is 
insufficient for assessing the economic competitiveness of an investment 
in generation capacity, primarily because it does not capture the time- 
varying value of electricity services (including energy, firm capacity, 
and emissions policy value) or the impact of siting constraints on ca
pacity deployment. The ReEDS CEM results for installed capacity in 
2040 (Fig. 5d) share some rough similarities with the LCOE-minimizing 
results—where standalone wind tends to be installed at low-wind-LCOE 
sites, standalone PV tends to be installed at low-PV-LCOE sites, and HPW 
tends to be deployed at sites with low and similar PV and wind 
LCOEs—but there are many exceptions. Standalone wind capacity is 
sometimes installed at sites where the LCOE of PV is lower than that of 
wind, and vice versa; there are also many lower-LCOE sites passed over 
in favor of higher-LCOE sites where the overall system value (i.e. the 
reduction in total system cost) is higher. The same behavior is also 
observed if deployment is assessed at the level of individual transmission 
regions (Fig. A 2 in the Supplemental Information). 

Some of the deviation from LCOE-minimizing deployment is related 
to the cumulative nature of deployed capacity; the 2040 capacity shown 
in Fig. 5 and Fig. A 2 includes all non-retired capacity built in previous 
model years, and the relative competitiveness of PV and wind changes 
over time and across different regions according to their relative costs 
and the evolving profile of different categories of system value on the 
path to zero carbon in 2040. Wind capacity and associated spur-line 
capacity may be installed at a given site in 2030 to provide energy, 
capacity, or emissions-reduction value; in 2035, that site becomes more 
attractive for PV capacity because its spur line is already installed and 
paid for (in contrast to the LCOE-minimizing model which only 

considers “greenfield” investments). 
In sum, we observe that while a site-LCOE-minimizing model in

dicates a particularly simple correspondence between PV LCOE, wind 
LCOE, spur-line cost, and optimal HPW deployment, HPW deployment 
patterns identified by a system-cost-minimizing CEM are considerably 
more complex, capturing the combined effects of energy/capacity/ 
emissions value, brownfield spur-line capacity, local siting and trans
mission constraints, and the time-varying evolution of wind and solar 
cost and performance. 

3.3. What value does hybridization provide in a CEM? 

To explore the impact of hybrid deployment on the overall electricity 
system, Fig. 6 shows total system cost, POI capacity, generation capac
ity, hybridization factors, and GIRs from the ReEDS CEM for 2040 
summed over the 11 transmission regions. To address uncertainty in 
estimated interconnection costs, results for three different POI cost as
sumptions (1×, 2×, and 5× multipliers on the spur-line costs shown in 
Fig. 1a and reinforcement costs discussed in Section 2.1.3) are shown for 
each metric. 

The net present value of system cost savings resulting from hybrid
ization through 2040 (Fig. 6a) amounts to $40 billion (0.8%) in the “1×
POI cost” case, $60 billion (1.3%) in the “2× POI cost” case, and $90 
billion (1.9%) in the “5× POI cost” case. Allowing hybridization reduces 
new spur-line capacity by ~8% in the 1× POI cost case and <2% in the 
2× and 5× POI cost cases. 

Allowing hybridization increases solar capacity by 50–110 GW and 
wind capacity by 25–75 GW depending on the POI cost assumption, but 
otherwise does not qualitatively alter the overall capacity mix; in the 
central POI cost case, PV and wind constitute the majority of installed 
capacity with and without hybridization, supplemented by smaller 
amounts of battery storage, hydrogen combustion turbines, and nuclear. 
The 2× and 5× POI cost scenarios utilize less solar, wind, and storage 
capacity and a greater amount of nuclear capacity. As expected, site 
hybridization factors and generator:inverter ratios increase as POI costs 
increase (Fig. 6d-e): the median hybridization factor increases from 0.75 
to 0.85 from 1× POI to 5× POI and the median GIR increases from 1.6 to 
2.2. 

4. Conclusions 

The results described here suggest that, from the point of view of a 
system planner under zero-carbon conditions, the primary impact of 
allowing PV-wind hybridization is spatial: when hybridization is 
allowed, some PV capacity tends to be relocated from standalone sites to 
sites where wind has previously or is currently being deployed, and 
where POI capacity can be shared (Fig. 2 and Fig. 3). This change is 

Fig. 4. HPW capacity in 2040 across modeled regions, sorted by hybridization factor. Bars indicate installed capacity with hybridization factor greater than or equal 
to the corresponding x-axis value. a, HPW capacity quantified in terms of POI (spur-line) capacity. b, HPW capacity quantified in terms of the sum of “behind-the- 
POI” PV and wind nameplate capacity. PV nameplate capacity is in GWDC. 
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accompanied by an ~8% reduction in spur-line TW-miles required for 
PV and wind interconnection under central cost assumptions, contrib
uting to overall system cost savings of 0.8% (or up to 1.9% in scenarios 
with higher interconnection costs) (Fig. 6). Hybrid deployment does not 
always represent the LCOE-minimizing design on a site-by-site basis 
(Fig. 4), instead reflecting the combined effects of local costs, local 

energy, capacity, and emissions-reduction values, and the impact of 
existing transmission capacity. 

For a system planner, the relevant comparison is not between HPW 
and standalone wind at a single site, or HPW and standalone PV at a 
single site, but between the cost-optimal portfolio of PV, wind, and 
transmission capacity with and without hybridization. Compared to 

Fig. 5. Results of a site-LCOE-minimizing model compared to the results of the electricity-system-cost-minimizing CEM. a, PV fraction by site across the US for the 
site-LCOE-minimizing model under 2025 cost assumptions. b, Hybridization factor by site across the US for the site-LCOE-minimizing model. c, PV fraction by site for 
the site-LCOE-minimizing model as a function of GIR-optimized standalone PV LCOE by site (y axis), GIR-optimized standalone wind LCOE by site (x axis), and spur- 
line cost quartile (four panels). Hybrid plants (PV fraction between 0 and 1, non-inclusive) are primarily clustered along the LCOEPV = LCOEwind line for sites in the 
first three spur-line cost quartiles. The spur-line cost quartile cutoffs are 128, 154, and 207 $/kW. d, PV fraction by site for the results of the electricity-system-cost- 
minimizing CEM for 2040, presented in the same format as c. Panel d uses 2040 cost assumptions; gray points indicate sites not chosen for investment and colored 
points indicate sites with nonzero installed capacity in the optimized solution. LCOE values in d use a GIR of 1 for both PV and wind. 
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independent wind and PV installations with no “overbuilding” of gen
eration capacity relative to POI capacity, hybridization via 
interconnection-sharing can only decrease the combined capacity factor 
and annual energy production potential. But in locations with high 
interconnection costs, the savings that result from interconnection ca
pacity sharing can outweigh the reduction in capacity factor and lead to 
overall system cost savings. 

Future work could address additional potential sources of hybrid 
value beyond those addressed here, including the ability to co-locate 
energy storage or electrolyzers for hydrogen production alongside PV 
or wind capacity behind the POI to utilize excess energy that would 
otherwise be clipped by the interconnection capacity. Our results indi
cate that interconnection cost assumptions are a particularly important 
driver of hybrid deployment (Fig. 6). Improving the representation and 
spatial resolution of these costs in CEMs should therefore be a priority in 
further work on hybrid resources. 
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