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Overview
The U.S. electric power generation sector contributes over 40% of the country’s annual carbon dioxide (CO2) emissions, highlighting the industry’s critical role in a comprehensive national climate change mitigation and sustainable energy strategy.  However, many electricity generation technologies for significantly reducing CO2 emissions are either in very early conceptual stages, or available at relatively high costs or small scales, requiring additional research and development (R&D).  Concurrently, the industry continues to invest in additional, commercially available generating capacity to meet electricity demand increases and consumers continue to purchase available electricity-using products, amplifying the existing climate change and sustainable energy challenges.
Policymakers and other stakeholders are interested in the abundant opportunity for low-carbon technological advancements in the electric power sector, and the possibility that early investments in R&D can significantly reduce the overall cost of mitigating potentially irreversible climate damage.  The dual role that several environmental policy instruments (e.g., a national carbon price or a clean electricity production subsidy) can play in near-term carbon reductions by incentivizing existing low-carbon technology adoption, as well as further long-term reductions by inducing private R&D in improved technologies, is therefore appealing.  Policy instruments such as directed private R&D subsidies have also become front-runners among a myriad of technology-developing mechanisms, as have publicly-funded R&D programs.  Choosing which policies to use to cost-effectively reduce CO2 emissions and guide a low-carbon technological transformation in the power generation sector requires an understanding of the various policy instruments’ effects on existing technology adoption versus new technology development.  However, due to the complexity with which different policies affect adoption and R&D, and the long lifetimes of electric power capacity investments, identifying best policies remains elusive.

It would be valuable to identify an optimal R&D policy portfolio to meet these goals, but doing so first requires an evaluation framework that captures both the policies’ influence on R&D and the industry’s interest in adopting commercially available technologies.  Additionally, this requires resolving the specific structural details about the U.S. power generation sector.  This includes detailed representations about the industry’s likelihood to adopt clean technologies as a result of regulations or economic incentives, the electricity technology suppliers’ likelihood to invest in R&D as a result of direct R&D policies, and the effect of energy efficiency improvements on demand growth.  Current electricity planning and policy analysis models lack one or more of these joint features for such study.  Most notably, existing planning models represent technological change using exogenous assumptions about future reductions in technology costs and new technology availabilities.  They use fixed, empirically-derived time-trends, showing how technology improves as a function of time.  Unfortunately, such representations do not allow decision-makers to evaluate the true impacts of the policies on the future generation technology mix, because technology availability and relative costs in the model do not directly respond to changes in R&D expenditures.
This paper presents the underlying modeling framework needed to compare the effects of environmental and R&D policies on long-term electricity generation expansion under R&D-based (learning-by-searching) technology change.  The deliverable is a novel integrated electricity generation capacity expansion planning and policy analysis model that explicitly represents the impacts of policies on technological change and adoption.  The new technological change detail reveals how different policy instruments can affect different evolutions of the U.S. power generation technology mix and associated CO2 emissions.  The paper is organized as follows.  The first section introduces the problem and frames the question for study.  The second section provides a background on the relevant economics of technological change and learning literatures, and a summary of the structure of existing electricity generation capacity planning and policy analysis models.  The third section describes the development and calibration of the new model.  The fourth section demonstrates use of the new model by evaluating the effect of various policy instruments on planning, and comparing results to results from the original model.  The fifth section presents a sensitivity analysis of the new technology change details.  The sixth section concludes and discusses future research directions.
Methods
We develop the numerical electricity capacity expansion planning optimization model as a non-linear program, extending a traditional capacity expansion model by embedding an LBS technology change module from the existing economics of technological change literature (5).  We calibrate the new module to existing empirical studies of LBS technology change, and to historical electric power sector R&D investment data.  Finally, we use the new model for policy experiments, and compare results to the original model without the LBS technology change.  We perform a sensitivity analysis on the new LBS technology change module by comparing expansion capacity expansion plans and CO2 evolutions using an existing endogenous learning-by-doing (LBD) module only, the LBS module only, and a two-factor LBS and LBD module.  We also directly compare an exogenous and the new endogenous LBS modules.

Results
First, we present results of the policy experiments using the new model, where LBS technology change modules for two different technology classes have been added (one for which R&D results in a high level of technological change and one for which it results in a lower level of technology change).  Results are compared to policy experiments using the original model.  Second, we present results from the sensitivity analysis on the technology change module itself.

Conclusions
This paper presents the first step in developing a full-scale modeling framework for comparing the relative impacts of environmental and R&D policies on long-term electricity generation expansion under R&D-based technology change, and optimizing a policy portfolio to guide low-carbon technological transformations in the power industry.  This paper delivers an integrated electricity generation capacity expansion planning and policy analysis model that explicitly represents the impacts of policies on technological change and adoption.  A new, empirically-calibrated endogenous technological change detail reveals how different policy instruments affect different evolutions of the U.S. power generation technology mix and related CO2 emissions.  We show the value of including both endogenous LBS technology change and LBD technology change details in power sector planning and policy analysis models, over the existing state of the art.  Future work on this topic focuses on modeling the uncertainty in returns to R&D, and using the new modeling framework developed in this paper to numerically evaluate the effect of this uncertainty on an optimal near-term policy portfolio.
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