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Abstract
The U.S. power sector faces unprecedented changes and challenges over the next decades as it integrates vast amounts of renewables, with unpredictable effects of climate change on intermittent supply, even as patterns of demand are likely to change as broad swaths of the economy electrify. It is estimated that about two trillion dollars of investment will be needed in the sector over the next several decades.[footnoteRef:1] Without new model-based tools to better identify robust regional sources and appropriate technologies for deployment, investment dollars may be wasted or the power system subject to blackouts or rolling brownouts if supply and demand cannot be matched. Meeting this challenge requires an integration of the global climate model analysis with the economy and its electric sector. In this study, we use large ensemble of climate projections to an MIT-developed integrated framework that integrates a recursive dynamic multi-sector computable general equilibrium model with an hourly dispatch and capacity expansion electricity model to examine the climate impacts on the electric power system. Our model takes into account the interactions between the supply of the generation sector and load demand by the end-use electrification. We study New York that adopted ambitious decarbonization targets. The preliminary results show that the decarbonization policy induces more electricity price spikes in the summer.  Higher rate of electrifying technology adoption leads to more frequent and greater changes in electricity prices in the winter.   [1:  IEA reports an estimated annual power generation investment around 90 billion dollars over 2025-2030. See the detail at https://www.iea.org/reports/world-energy-investment-2019/power-sector.] 


Modeling Approach
On the climate-energy-economy nexus, we build a framework that incorporates climate prediction into an integrated energy-economy model that uses two paradigms used by policy and decision makers, namely a top-down and bottom-up approach that combines a multi-region multi-sector dynamic general equilibrium model of the U.S. economy (MIT U.S. Regional Energy Policy, USREP) with a chronological dispatch and capacity expansion electricity model (MIT Electricity Model, EleMod) [1, 2, 3, 4]. The USREP-EleMod portrays an economy with all sectors interrelated through markets where prices and quantities are simultaneously determined. EleMod explicitly takes into consideration hourly demand and hourly supply of wind and solar by geographic region and thus provides a fine spatiotemporal representation of the electricity system.
Figure 1 illustrates the interactions among the key components of our framework. The panels on the left illustrate various climate scenarios that may alter the availability of wind and solar energy resources over space and time (see panel (b) and panel (c)). We to examine the shifts in climate patterns from a large ensemble of climate model projections over the 2015-2100 period generated under the ScenarioMIP [5] from the Coupled Model Intercomparison Project (CMIP6) to support Intergovernmental Panel on Climate Change (IPCC). ScenarioMIP includes simulations of more than 30 climate models performing a matrix of scenario combinations shown in (a). Each cell represents a combination of shared socioeconomic pathway[footnoteRef:2] (SSP) and climate outcome based on a specific representative concentration pathway (RCP). Our study focuses on the dark blue cell scenarios shown in panel (a).  [2:  The simulated scenarios represent sustainability (SSP1), middle of the road (SSP2), regional rivalry (SSP3), inequality (SP4), and fossil-fueled development (SSP5) based on [5]] 


[bookmark: _Ref61644449][image: ]Figure 1: An illustration of interaction between climate-driven resource supply for electricity generation and variability in sectoral load demand. (a) SSP-RCP scenario matrix in ScenarioMIP of CMIP6 [5]; (b) Annual average wind speed at 80m over the U.S. [6]; (c) Illustrative WPD profile showing the fluctuations in wind [7]; (d) EV charging profiles by location [8]; (e) Electricity demand load shapes by sector [9]; and (f) Example profiles of wind and solar supply profile and the load profile over 24 hours in a day.
With the conversion of the projected renewable energy (i.e., wind speed and solar radiation) to renewable power that can be outputted by generating technologies (i.e., wind turbine and solar photovoltaic panel), we are able to integrate the climate model projected renewable sources to an hourly dispatch and capacity investment electricity model, moving from the left panels to panel (f). Under each SSP-RCP scenario, there is an associated emissions pathway which we will use to define the economy-wide emissions targets in the model that projects changing demand for electricity in all sectors of the economy. This ensures the consistency between the climate model projections and the integrated energy-economy model in the emissions outcome.
To meet economy-wide decarbonization targets, electricity demand may go through a massive structural change due to large-scale deployment of electrification. These changes may vary by sector. The variabilities captured by charging load profiles shown in panel (d) and panel (e) are driven by sectoral demand growth, electrifying technology adoption and advancement, sensitivity to the pricing scheme, behavior of the consumers, etc. We adopt the charging load profiles by referring to those produced by NREL’s Electrification Futures Study (EFS) [10].  
Scenarios
We analyze several scenarios to investigate the climate impacts on the adaptation of the electric power sector to increasing renewable generation, the effect of evolving demand due to the trend of increased electrification, and the effect on the electric system that balances the grid given the interaction between the uncertainty associated with climate-driven renewable energy supply and variability associated with the electrification deployment.
(1) [Climate] The climate uncertainty scenario involves the conversion of climate projected wind speed and solar radiation to renewable power that can be outputted by generating technologies (wind turbine and solar photovoltaic panel), and the integration of converted renewable resources to an hourly dispatch and capacity investment electricity model.  This scenario considers climate projection under the SSP5-RCP8.5 (SSP585), SSP2-RCP4.5 (SSP245) and SSP1-RCP2.6 (SSP126) scenarios in the CMIP6 matrix. 
(2) [Load] The load variability scenario examines the impact of load variability driven by rapid electrification which is expected to cause an increase in aggregate load demand and lead the daily load profile to vary in pattern.  This scenario considers the sectoral load profiles produced by NREL’s EFS [10].
(3) [Interaction] The interaction scenario provides information on when (time) and where (region) the electricity system is likely being stressed under a given climate outcome and demand change, therefore supporting the local power system planning process.  This scenario explores the combination of the Climate and Load scenario.
For this study, we limit our scope to New York (NY) where ambitious energy and climate policies are adopted to decarbonize its power sector and a long-term economy-wide mitigation target. We develop a Reference scenario that uses the estimates of wind and solar capacity in SSP585 and assumes the sectoral load profile following the EFS’s Reference technology adoption scenario. In the counterfactual scenarios, an economy-wide emissions policy for NY is imposed to achieve an 80% reduction by 2050 relative to the 1990 level. Furthermore, we assume that the economy-wide decarbonization expedites the adoption of electrifying technologies, i.e. the load profile switching to the EFS’s High technology adoption scenario. The Load scenarios are set up to investigate the potential impact on power system due to the change in electrifying technology adoption, holding the wind and solar capacity constant at the reference level. The Climate scenarios are constructed similarly with a stronger assumption that the economy-wide decarbonization is a global event such that the climate-driven wind and solar capacities vary. The load profiles in the Climate scenarios are held constant as in the Reference scenario.
Results
Data Summary
Wind Capacity
[bookmark: _GoBack]Wind capacity shows a common pattern across the SSP-RCP scenarios with low capacity in the summer and high capacity in the winter. Variations across the SSP-RCP exist especially for the winter months in the out years.
[image: ][image: ][image: ][image: ]
Figure 2: Mean wind power under the CIMP6 scenarios (kW)

Load Profile
Figure 3 compares the sectoral load profiles extracted from NREL’s EFS technology adoption scenarios between the reference technology adoption and high technology adoption scenarios. Each profile adds up to one over 8760 hours in a year. The variation in the residential and commercial sector shows greater share of annual load for the winter and lower share for the summer in the high adoption scenario compared to the reference adoption scenario. For the industrial and transportation sectors, there is little variation in the profile. The comparison suggests that the seasonal results should reveal more interesting findings than the annual results.
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[bookmark: _Ref69420116]Figure 3: Sectoral load profile based on NREL’s EFS Reference and High technology adoption scenarios for 2050
Load Scenario
To understand the impact of a changing load due to higher adoption of electrifying technology, we compared the daily electricity prices under the Reference and the Load scenarios.  The two Load scenarios differ by the load profile. The Load_ReferenceAdoption assumes the reference technology adoption remain as in the Reference scenario whereas the Load_HighAdoption uses the high technology adoption load profile.  The electricity price spike reflects the shortage of units to meet demand and/or reserves. Although the model tends to overbuild capacity, it may not have enough dispatchable units to cover those situations. The preliminary results show (1) that the decarbonization policy induces more electricity price spikes in the summer; (2) Higher rate of electrifying technology adoption leads to more frequent and greater changes in electricity prices in the winter.  
[image: ]
Figure 4: Electricity price
Conclusion
Our study aims to investigate the climate impacts on the adaptation of the electric power sector to increasing renewable generation, and to evolving demand due to the trend of increased electrification in various economic sectors. Together with the uncertainty associated with the supply and demand in the energy system, we gain insights into the extent of climate impact and electrifying technology on this energy transition. Our framework will be particularly useful for policy makers as they design energy and environmental policies at the state and regional level, and for stakeholders who must assess and mitigate the climate associated risk to the revised electric system structure. With a probabilistic distribution quantification of these risks over various targeted time horizons (near-term by 2030, mid-century by 2050, and the end of the century by 2100), decision makers will be better able to manage the transition pathway given the effects on electricity prices and demand, primary energy use, energy-related emissions, energy efficiency improvement and distributional effects. In addition, we expect to provide insights on the challenges to meet the proposed decarbonization targets as well as the opportunities created for the energy transition.
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