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Context Objective
In line with its Environmental Social Governance program and = Develop streamflow projections to show how

its dedication to investing in renewable energy, Brookfield climate change impacts flow in the Penobscot and
Renewable values the impact of climate change on the power Susquehanna watersheds.

generation potential of hydroelectric assets. The purpose of o

‘ ; = Demonstrate the applicability of the delta method and
the case study is to show how the delta method described , - .
) ] ) its ability to apply a pre-computed climate change hydro-
in Ouranos's Guidebook on Valuation of Hydropower Assets ) ) i
logy scenario to a hydrology baseline and obtain future

and Climate Change Physical Impacts (Fournier et al., 2020) ) o
o i o ] climate change streamflow projections.
can assist in developing streamflow projections under climate
change scenarios. The case study was conducted on the
Penobscot and Susquehanna watersheds, where Brookfield

Renewable owns and operates many hydropower assets.

Approach

The delta method involves a perturbation of the baseline using the relative or absolute change between the simulated reference
and future periods within a given simulation integrating climate change. The perturbation is based on a pre-computed climate
change impacted hydrologic scenario. The scenario is the product of a previously completed case study and was subjected to
validation techniques to ensure it is applicable to the hydrology baseline.
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Results

The case study was applied to two American watersheds:
Penobscot (New England region) and Susquehanna (Atlantic
seaboard). Literature review yielded two studies presenting
pre-computed climate change hydrology scenarios: Hayhoe
(2007) and Johnson (2015). The Hayhoe article computes its
climate change hydrologic scenario with an estimated increase
in runoff, while the Johnson article computes its climate change
hydrologic scenario with an estimated increase in flow.

The pre-computed simulations were assessed by compar-
ing them with the historical baseline flows from Brookfield
Renewable, based on their average flows and standard devi-
ations. To confirm the adequacy of the pre-computed cli-
mate change hydrology simulations, the difference between
the average flows and between the standard deviations
should each be less than 25%.

For the application of the Johnson (2015) article, the
pre-computed climate change hydrologic scenarios came
from the Merrimack and the Susquehanna watersheds,
which were applied to the Penobscot and Susquehanna
watershed baselines, respectively. The Merrimack watershed

scenario passed the validation test, with differences in aver-
age streamflow of less than 15% and in standard deviation
of approximately 20% compared to the Penobscot water-
shed's historical baseline flow. The Susquehanna watershed
scenario was also deemed adequate, with a difference of
approximately 25% between the historical baseline flows.
However, the Hayhoe (2007) scenario was deemed inade-
quate, as the differences exceeded 25%.

Once the Johnson (2015) article results were successfully vali-
dated, the delta method was applied to the historical Penobscot
and Susguehanna watershed baselines to obtain future climate
change hydrologic projections. The average flow perturbations
applied to the Penobscot and Susquehanna watersheds were
+0.4% and +0.2%, respectively.

These estimated increases in flow represent valuable infor-
mation that will help Brookfield Renewable make long-term
business decisions related to investments, contract renew-
als, asset refurbishments and environmental interventions.
However, a more in-depth analysis should be conducted to
obtain more precise results.

Lessons learned

= The application of the case study worked best when using
flow rather than runoff. Additionally, the watersheds
used for the pre-computed and the baseline scenarios
should be comparable to obtain valid results.

= The granularity and details of the applied perturbation
depend on those of the selected studies.

= The delta method is fast, easy and convenient to use.
However, the novice practitioner can get lost in the

literature review (i.e. finding studies to establish the
perturbation factor). The method would benefit from the

establishment of a library of relevant studies.

= (riteria to establish hydrologic similarity between water-
sheds are very simple, yet only a limited number of ref-
erence watersheds is available. This restricts the extent
to which the method can be applied. The method would
gain from further studies on additional basins.

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.

Hayhoe, K., Wake, C. P,, Huntington, T. G,, Luo, L., Schwartz, M. D., Sheffield, J., ... & Troy, T. J. (2007). Past and future changes in climate and hydrological indicators
in the US Northeast. Climate Dynamics, 28(4), 381-407. https://doi.org/10.1007/s00382-006-0187-8

Johnson, T., Butcher, J,, Deb, D., Faizullabhoy, M., Hummel, P,, Kittle, J., ... & Sarkar, S. (2015). Modeling streamflow and water quality sensitivity to climate change and urban
development in 20 US watersheds. JAWRA Journal of the American Water Resources Association, 51(5), 1321-1341. https://doi.org/10.1111/1752-1688.12308



	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

