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Ontario Power Generation Case Study

The Impact of Climate Change on a Redevelopment Scenario

By: Kurt C. Kornelsen

Context

Business cases for the construction or redevelop-
ment of generating stations need to reflect revenues
and costs over the long lifespans of hydropower
assets. This case study involved a nearly end-to-end
assessment of potential changes in streamflow and
energy production caused by climate change and the
impact these could have on the current costs of a
hypothetical project.

Objective

Develop an understanding of the impacts of climate
change on the energy production of an individual
station and their relative influence on the valuation
of station redevelopment.

Approach

To better isolate the impacts of climate change from other influences, such as changes in reservoir management, OPG decided to implement
the full modelling chain and climatic baseline. Downscaled and bias-corrected GCM scenarios for temperature and precipitation were pro-
vided by Ouranos and used to simulate daily flow and energy production from the generating station. A financial model was used to determine
the relative impact that climate-driven flow changes could have on station valuation. Operational or physical adaptations were not considered.
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Results

= Several iterations of the hydrologic model were used to
enhance consistency with historical data and simulation
based on a climatic baseline, resulting in a well-perform-
ing modelling chain with an inflow bias of less than 1%
compared to historical values. This was achieved by
calibrating the hydrologic model over a longer historical
period of 62 years and by using the same base-gridded
precipitation product used as reference for climate-data
bias correction.

= Mean annual flow was not found to be affected much at this
site as a result of climate change (i.e. few significant trends),
but there is greater year-to-year variability in flow, as well
as more frequent high- and low-flow years, although they
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are of similar magnitude to historical records (Figure). Flow
changes had a corresponding impact on energy production.

The asset valuation was sensitive to many factors unre-
lated to climate, including investment cost and discount
rate. Some of these financial factors were found to
affect projected asset value more than the anticipated
variations in energy production due to climate change. It
should be noted that physical or operational adaptation
measures were not considered as part of this case study
and would impact project costs and energy production.

Asensitivity analysisonenergy-productionvaluesrevealed
that the valuation was more sensitive to lower energy
production than it was to higher energy production.

Simulation integrating CC - RCP 45
Simulation integrating CC - RCP 85

Lessons learned

= Several models are involved in the modelling chain that
produced the final outcome. It was helpful to put all the
pieces together, using acceptable-quality models, and
then perform a sensitivity analysis on the whole chain to
identify which models most influenced the final results. This
enabled us to better focus our efforts and refine the few
models that had the biggest impact on the final outcome.

Consistency proved to be very important. It was abso-
lutely necessary to recalibrate our hydrologic model
using the same gridded precipitation product used as
reference for the GCM bias-correction method, as the
original hydrologic model was calibrated with different
datasets. The shared baseline removed some signifi-
cant initial biases.

Reference

This case study was developped as part of the Guidebook: Fournier, E., Lamy, A., Pineault, K., Braschi, L., Kornelsen, K., Hannart, A, Chartier, I, Tarel, G., Minville, M.
et Merleau, J. (2020). Valuation of Hydropower Assets and Climate Change Physical Impacts A Guidebook to Integrate Climate Data in Energy Production for Value
Modelling, Ouranos, Montréal, 208 pages.



	Introduction
	Context
	Objectives
	Overview and audience
	Scope, strengths and limitations
	Methods

	How to Use the Guidebook
	1. Hydropower Asset Valuation and Climate Change Physical Impacts
	1.1. Context of valuation
	1.2. Types of value and opportunities for including climate change
	1.3. Impacts of climate change

	Methods for Income-Based Valuation and Uncertainties
	2.1. Traditional valuation method
	2.2. Valuation method with climate change
	2.3. Sources of Uncertainty

	Data Transformation Methods
	3.1. Direct method
	3.2. Reduction method
	3.3. Adjustment method
	3.4. Extension method
	3.5. Delta method
	3.6. Bias correction method

	Baseline Options
	4.1. Climatic baseline
	4.2. Hydrologic baseline

	Options for Climate Change Data
	5.1. Raw climatic simulations
	5.2. Post-processed climatic simulations
	5.3. Weather generators
	5.4. Pre-computed results from climatic simulations
	5.5. Hydrologic simulations
	5.6. Global datasets and proxies
	5.7. Pre-com puted results from hydrologic simulations

	Integration of the Baseline(s) and of Climate Change Data into the Modeling Chain
	6.1. Specific case of integration
	6.2. From climate to hydrology
	6.3. From hydrology to energy
	6.4. From energy to value
	6.5. Examples

	Cross-Cutting Issues and Guidance for the Modeling Chain
	7.1. Managing the change in organizational practices
	7.2. Considerations for selecting and averaging simulations
	7.3. Considerations for presentation of results
	7.4. Consistency of climatic data and time periods
	7.5. Data transformation
	7.6. Consistency in comparison
	7.7. Model scaling
	7.8. Benefits of hydrologic and water management modeling

	Conclusion
	References
	Appendix A – Glossary
	Appendix B – Detection and attribution in the context of climate change
	B.1 Definitions of detection and attribution
	B.2 Need for detection and attribution of trends
	B.3 Articulation with causal theory: necessary and sufficient causation
	B.4 Importance of mechanistic understanding
	B.5 Single step versus two steps
	B.6 Examples

	Appendix C – GCM selection methods
	C.1 Driving needs for selection
	C.2 GCM ensembles – key concepts
	C.3 Driving need #1: Maximizing uncertainty
	C.4 Driving need #2: Optimizing uncertainty
	C.5 Driving need #3: Practical constraints

	Appendix D – Transferability of data and results
	D.1 Transferability between watersheds
	D.2 Transferability between spatial resolutions
	D.3 Transferability between time periods
	D.4 Transferability between time resolutions

	Appendix E – Validation of climate products
	E.1 General concepts
	E.2 Limitations
	E.3 Methods
	E.4 Examples

	Appendix F – Selection and calibration of a hydrologic model
	F.1 Hydrologic model selection
	F.2 Calibration of hydrologic model parameters
	F.3 Calibration of an ungauged watershed

	Appendix G – Validation of hydrologic simulations
	G.1 General concepts
	G.2 Limitations
	G.3 Methods

	Appendix H – Sensitivity Analysis
	Appendix I – Best and good practices for the ensemble approach
	Appendix J – Case Studies
	Brookfield Renewable Case Study
	Hydro-Quebec Case Study
	Manitoba Hydro Case Study
	Ontario Power Generation Case Study
	Figure 1 Overview of the Guidebook and its objectives
	Figure 2 Framework for the integration of climate change into the valuation of hydropower assets
	Figure 3 Typical modelling chain for the traditional valuation method
	Figure 4 Example of the traditional valuation method; panel A) shows inflows, B) energy and C) revenues.
	Figure 5 Typical modeling chain for valuation with climate change
	Figure 6 Example of the valuation with climate change along with past inflows, energy and revenue. Panel A) shows inflows, B) energy and C) revenues.
	Figure 7 Annual hydrograph of hydrologic baseline and simulations. The figure presents flow over time of hydrologic baseline (black), hydrologic simulations produced with raw climatic simulations (gray) and hydrologic simulations fed with bias-corrected c
	Figure 8 Fractional change in uncertainty sources for annual median runoff (calculated from daily runoff) for a selected grid cell (42.7° N–73.9° E; Albany, NY). Legend: Global Climate Model (GCM), Global Impact Model (GIM), Representative Concentration P
	Figure 9 The fractional uncertainty in decadal global mean climate projections, defined as the uncertainty divided by the expected mean change for (left) temperature and (right) precipitation (from Hawkins and Sutton 2011)
	Figure 10 Example of reduction method. Panel A shows the entire baseline. Panel B shows the years considered after the reduction (the last 30 years of the baseline).
	Figure 11 Example of adjustment with the correction factor computed directly from the baseline. Panel A shows the entire baseline with its trend. Panel B shows the adjusted baseline.
	Figure 12 Example of adjustment with the correction factor computed from simulations integrating climate change. Panel A shows the baseline with its trend and the simulations integrating climate change with their respective trends. The correction factor i
	Figure 13 Example of extension with the correction factor computed directly from the baseline. Panel A shows the entire baseline with its trend and its projection in the future. Panel B shows the adjusted baseline. Note that only the last 15 years of the 
	Figure 14 Example of extension with the correction factor computed from simulations integrating climate change. Panel A shows the baseline with its trend and the simulations integrating climate change with their respective trends. The correction factor is
	Figure 15 Example of delta method by calculating the mean. The relative change between the simulation in the reference period and in the future is first calculated (Panel A). The change is then applied to the baseline (Panel B) (adapted from Charron, 2016
	Figure 16 Example of bias correction method. The relative change between the simulated reference period and the baseline values is first calculated (Panel A) and the change is then applied to the simulation time series (Panel B) (adapted from Charron, 201
	Figure 17 Overview of selection criteria for the type of baseline (see Table 5 for definitions)
	Figure 18 Overview of selection criteria for the type of climate change data (see Table 5 for definitions)
	Figure 19 Example of the inconsistency between the real-world routing of water in a watershed and the routing scheme in a global hydrologic model. Panel A presents a map of the Mississagi watershed (produced by Hatch for Brookfield Renewable Power). In na
	Figure 20 The three types of integration in the modelling chain according to type of baseline and climate change data. Panel A shows climate change data feeding the hydrologic model with prior data transformation methods applied to it if needed, using bot
	Figure 21 Example of the influence of water management decisions on a time series
	Figure 22 Example of the modeling chain when the delta method is applied to the hydrologic baseline. The delta can be computed with different types of climate change data. The direct method is used in the rest of the modeling chain. In this example, the c
	Figure 23 Example of results obtained when the delta method is applied to the hydrologic baseline. Panel A) shows inflows, B) energy and C) revenues. The delta method was applied to the hydrologic baseline (black). The delta was computed from 10 hydrologi
	Figure 24 Example of continuous hydrologic simulations (gray) on which a delta can be computed. The hydrologic simulations were produced using a hydrologic model and climatic simulations from one RCP and 10 climate models. The delta was computed between t
	Figure 25 Comparison of simulated revenues based on the baseline (black), on the traditional method (pink) and on simulations integrating climate change when the delta method is applied to the hydrologic baseline (gray).
	Figure 26 Comparison of the NPV based on a simulation using the traditional method and simulations integrating climate change.
	Figure 27 Example of the modeling chain using as inputs the climatic and hydrologic baselines, as well as raw climatic simulations. Bias correction and downscaling are applied to the raw climatic simulations prior to their integration into the modeling ch
	Figure 28 Example of results obtained from the bias correction of climatic simulations and the use of the direct method on the hydrologic and climatic baselines. Panel A) shows inflows, B) energy and C) revenues. The climatic baseline (green), the hydrolo
	Figure 29 Comparison of the average A) inflows, B) energy and C) revenues for simulations based on the hydrologic (black) and climatic (green) baselines, as well as for simulations integrating climate change (reference period: 1984–2015 and future period:
	Figure 30 Accumulated precipitation for three climate products during summer (panel A) and winter.
	Figure 31 An illustration of the impact of a trend in a synthetic dataset on the statistical variability (min./max. in this case) of the data. The green time series is identical to the black time series, but with a strong trend added. Histograms to the ri
	Figure 32 Over-fitting example. The function represented by the dashed line (polynomial) perfectly fits the baseline data (blue) but is not as generalizable as the linear fit of the data. This can be seen when validation data (green) is considered.
	Figure B1 Example of results in the study by Luke et al., (2017). Panel A shows the first half of the streamflow record (black) on which the statistical distributions are fitted. It also shows two types of stationary statistical distribution and their con
	Figure B2 Annual peak flow for the Red River of the North at Fargo, North Dakota. Dashed curves show trends for various periods (François et al., 2019)
	Figure E1 Example of annual profile for AA-Xobs and AA-Xsim as a function of time. AA-Xsim was computed on a post-processed climate simulation. The red line (raw) represents AA-Xsim computed on the raw climate simulation.
	Figure E2 Example of annual profile for mean (climatology) TA-Xobs and for mean TA-Xsim. TA-Xsim was computed on a post-processed climate simulation. The red line (raw) represents TA-Xsim computed on the raw climate simulation. Dotted lines represent the 
	Figure E3 Example of daily precipitation map showing patterns not corresponding to typical weather patterns. The data come from a post-processed GCM simulation. Note that not all post-processing techniques provide similar results.
	Figure E4 Example of heatmap for several climate indices (left) and several GCMs and RCMs simulations (bottom). Colour and hue illustrate performance. Each square represents the performance for several sub-watersheds. Blue is for an underestimation of the

