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Constraints on electric power system carbon emissions will make optimal increased reliance on 
variable renewable energy (VRE, mainly wind and solar generation), which has near zero marginal 
operating costs. Using capacity expansion modeling of electric power systems in three US regions, 
we show that under a wide range of plausible demand and supply-side technology assumptions, 
efficient, deeply decarbonized systems will have many more hours of very low marginal values of 
electricity (MVEs) and more hours of relatively high MVEs, than today. This result stems from the shift 
away from systems dominated by thermal generators with well-defined marginal costs to systems 
dominated by VRE with near zero marginal operating costs. To minimize the cost of electricity 
and to encourage cost-effective economy-wide decarbonization, economic theory prescribes 
that wholesale and retail prices of electricity should equal MVEs. However, the sharply increased 
variability of MVEs compared to today means that setting wholesale and retail prices equal to 
MVEs would likely impose politically intolerable risks at both levels. The following paper proposes 
potential solutions to this fundamental problem.

Tightening constraints on power system carbon emissions 
will make optimal increased reliance on variable renewable 
energy (VRE, mainly wind and solar generation), which 
has near zero marginal operating costs. Both because 
the electric power sector will grow in relative importance 
and because electricity prices will affect the vital process 
of economy-wide decarbonization, the costs of inefficient 
wholesale and retail electricity pricing will be much greater 
in the future than at present.

To explore the key features of efficient electricity pricing in 
future deeply decarbonized power systems, we used the 
open-source GenX capacity expansion model (CEM) to 
simulate efficient, deeply decarbonized electricity systems in 
three US regions in 2050 under a number of carbon emissions 

and technological scenarios. GenX includes representation 
of various supply and demand-side resources, including 
energy storage with independent discharging and charging 
power capacities and energy storage capacity, demand 
flexibility, demand response, and use of hydrogen for non-
electric end uses. We imposed system-wide constraints on 
carbon emissions, which is equivalent to imposing a carbon 
tax or, under certainty, a competitive cap-and-trade system, 
and we focus on deep decarbonization scenarios that get 
close to zero carbon emissions. 

Our analysis includes a number of advances compared to 
the existing literature evaluating wholesale electricity price 
outcomes for VRE-dominant electricity system. First, we 
evaluate the impact of various technology options that have 
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previously received only limited attention, including several 
different energy storage technologies, flexible demand, 
and the effects of sector-coupling between electricity and 
other end-use sectors (e.g. industrial process heat). Second, 
for all technology and emissions scenarios, we discuss the 
implications for hourly distribution of wholesale electricity 
prices as well as revenues earned by different technologies 
if they are paid exclusively through the wholesale market. 
Third, we elaborate on the implications of the hourly price 
distributions under carbon-constrained scenarios on 
economy-wide decarbonization via electrification and 
retail electricity price reform.

In our analysis, we compare dispatchable thermal power 
plants to VRE generators. Dispatchable thermal power 
plants, which dominate the generation portfolio in most 
power systems today, have positive marginal costs. VRE 
generators, however, use no fuel inputs and thus have near 
zero marginal operating costs. Thus, a shift from primary 
reliance on dispatchable thermal generators to primary 
reliance on VRE generators with a greater role for storage 
decouples the determination of MVE in efficient systems from 
marginal generating cost. This transition also seems likely to 
change the frequency distributions of wholesale electricity 
prices.

What the application of our model shows is that deeply 
decarbonized systems will have many more hours of 
very low wholesale prices – corresponding to periods of 
high VRE availability relative to load – and more hours of 
relatively high prices – approaching the value of lost load 
– than today. In decarbonized VRE-dominant energy-only 
wholesale power markets without price caps, generators 
and storage facilities will earn the bulk of their annual energy 
market revenues in relatively few hours compared to the 
situation today. Financial instruments to hedge price volatility 
will consequently be more costly. The presence of demand 
response, long-duration energy storage, dispatchable low-
carbon generation, and flexible electricity-based hydrogen 
production weaken but do not reverse these results.

We respond to recent research papers that suggest that 
instances of very low wholesale prices could be infrequent, 
and prices may never approach the value of lost load, if a 

large fraction of future energy demand could be met either 
by electricity or by switching to carbon-free chemical energy 
carriers (referred here on as “synthetic fuels”). In deeply 
decarbonized energy systems, however, the availability 
and cost of carbon-free synthetic fuels that can substitute 
for electricity at scale is highly uncertain. Moreover, if 
electricity is consumed in producing these synthetic fuels, 
which is likely, then the cost and availability of synthetic fuel 
may vary over time, which is inconsistent with the constant 
cost and availability assumption made by some studies. By 
incorporating the investment and operation of the supply 
chain of synthetic fuels, including production, storage and 
utilization, we show a reduction in instances of low and high 
MVEs (by improving VRE and storage utilization) but not an 
elimination of them.

Our findings reveal that in decarbonized VRE-dominant 
energy-only wholesale power markets without price caps, 
in which spot prices approximate MVEs, generators and 
storage facilities would earn the bulk of their annual energy 
market revenues in relatively few hours. It is likely that many 
wholesale markets will cap energy prices and will employ 
capacity remuneration mechanisms to provide adequate 
investment incentives. Some current mechanisms can be 
adopted, with difficulty, to handle VRE generation, but 
storage presents new conceptual challenges, and it is critical 
to avoid approaches that distort spot prices for the following 
reason. On the retail side, to encourage economy-wide 
electrification, the marginal retail  price of electricity should 
be low whenever the wholesale MVE is low. But recent grid 
contingency events (e.g., Texas in Feb 2021) makes clear 
that requiring retail customers to pay wholesale spot prices 
on the margin would impose intolerable risks today, and our 
work shows that those risks would be much higher in future 
decarbonized systems. With automated control of demand 
via demand response contracts, we argue that the risks of 
price volatility faced by retail customers can be mitigated 
with appropriate insurance contracts without sacrificing 
incentives for decarbonization.
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Figure 1. Annual generation, VRE curtailment, and system average costs of electricity (SCOE) in the Northeast (NE), Southeast (SE), and 
Texas (TX) under tightening CO2 emmission constraints. Modeling results are shown for a scenario with no limit on emissions (bottom row) 
and for two alternative carbon emissions limits scenario with an emissions intensity limit of 10 (middle row) and 5 gCO2/kWh (top row). SCOE 
includes total annualized investment, fixed O&M, operational costs of generation, storage, and transmission, and any non-served energy penalty. 
Emissions intensity under the “No Limit” policy case for each region is as follows: NE: 253 gCO2/kWh, SE: 158 gCO2/kWh, Texas: 92 gCO2/
kWh. For the Northeast case, “Wind” represents the sum of onshore and offshore generation.
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