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FINAL REPORT

This report presents the final outcomes and products of the project as performed at the
Massachusetts Institute of Technology.

SECTION 1. RESEARCH RESULTS

The research project can be divided into three main components: methodology development for
decision-making under uncertainty, improving the resolution of the electricity sector to improve
integrated assessment, and application of these methods to integrated assessment. Results in
each area is summarized below.

A. Methods for Decision under Uncertainty

There has been substantial progress on developing alternative algorithms for multi-stage
decision-making under uncertainty with learning. Most of this work has been to develop
methods for approximate dynamic programming that could be applied to integrated assessment
models and related analysis tools.

In one study, we developed and demonstrated a method for coupling time-scales (fast and slow)
when there is stochasticity on both time scales (Parpas and Webster, 2014). The key idea of this
approach is to use the theory of Markov processes and show that the fast time-scale can be
approximated by using its steady-state distribution, and embedding that within the slow time-
scale. We applied this method to capacity planning for electricity generation, but the method
could be applied to many other problems.

Another method developed and applied to two different problems (Parpas and Webster, 2013;
Webster et al., 2012) performs approximate dynamic programming using a mesh-free approach
to approximating the value function. Rather than try to develop a reduced-form function that
globally fits everywhere, this approach relies on piecewise linear fits in each region around the
samples that have been observed. We have shown in these two applications to electricity and to
integrated assessment of climate change that the model converges to a solution in several orders
of magnitude less computation time than traditional solution methods.

Finally in another study currently in review (Parpas et al., 2014), we have developed an
innovative method for multi-stage (more than two) stochastic programming using importance



sampling. This method uses Markov Chain Monte Carlo to sample from the optimal importance
sampling distribution to generate samples for the stochastic programming algorithm. We have
tested this method on a variety of problems, and this method demonstrates advantages over the
alternative method (Quasi-Monte Carlo sampling) for problems with high variance or other non-
standard distribution shapes.

B. Improving resolution of Electric Sector

Much work has progressed in developing models of the electricity sector, which can
eventually be coupled with economy-wide integrated assessment models. In one set of studies
(Palmintier and Webster, 2014a; 2014b), we developed an innovative method for incorporating
hourly dynamics and constraints of electric power systems into long-term energy planning
models. This approach, based on converting from binary variables and constraints to far fewer
integer variables and constraints, allows the solution of long-term models in orders of magnitude
less computation time. Using this method, we have shown that the mix of technologies for
generating electricity would be significantly different with a carbon constraint and renewable
standard when accounting for the hourly dynamics than when neglecting them. Current long-
term models without the hourly dynamics are likely to have significant errors in their estimates
of emissions, costs, and technology mix.

In another high-impact study (Webster et al., 2013), we have coupled the carbon
emissions problem with considerations of water impacts, specifically the withdrawals of water
for cooling of thermal generation plants. Within a power sector planning model, we have
demonstrated that the least-cost mix of technologies that would reduce carbon emissions would
likely have greater water usage, and that the mix of technologies required to reduce both carbon
emissions and water withdrawals is qualitatively different from that to reduce only carbon.

Two other analyses have used electric sector models to address questions key integrated
assessment questions that require greater resolution of the power sector. In one study currently
in review (Eide et al., 2014), we explored the implications of carbon emissions standards within
a stochastic planning model to see if this mechanism would provide incentive for investment into
carbon capture and sequestration (CCS). This study demonstrated that emissions standards could
deter investment into CCS depending on emissions limit set. In another study to be submitted
shortly for publication (Santen et al., 2014), an electric sector planning model was used to
explore the impacts of R&D into various technologies, and the interactions of the R&D portfolio
with long-run emissions reductions.



C. Applications for Integrated Assessment

Several studies have applied the methods of uncertainty and decision to integrated
assessment. In one set of studies (Felgenhauer and Webster 2013; 2014), we have demonstrated
the importance of distinguishing among adaptation activities when assessing the balance of
mitigation and adaptation under uncertainty. Rather than treat adaptation investments as
homogenous in integrated assessment studies, we propose three distinct categories: flow
adaptation, stock adaptation, and option stock adaptation.

In two other studies to be submitted shortly (Morris and Webster, 2014; Seelhof et al.,
2014), we have applied the dynamic programming methods developed (see above) to two
different models to explore the mix of electricity sector technologies that should be invested in in
the near-term when long-term emissions reductions targets are uncertain, as well as future
technology costs and future fuel prices. In both of these studies, the methods developed allow
us to demonstrate within a variety of models the importance of a robust near-term investment
strategy within the energy sector.
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