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Two regional integrated modeling activities that 

address the climate-energy-water-land nexus

2

Platform for Regional Integrated Modeling 

and Analysis (PRIMA)

PNNL initiative (2010-2014)

Developed a flexible platform 

for simulating complex multi-scale 

interactions among human and natural systems

Stakeholder engagement used to define applications 

and select appropriate model coupling approach

Developing a Framework for Regional 

Integrated Assessment Modeling (ñRIAMò)

Joint PNNL/ORNL project funded by DOE-IARP

Investigate the vulnerability of integrated human-

natural systems to climate change, especially 

extreme events, and evaluate response options

Characterize the benefits and challenges of 

integrated regional-scale modeling

Energy Infrastructure, electric transmission, LNG, natural gas, 
oil, petroleum.(http://www.eia.gov/special/gulf_of_mexico/) 

http://www.eia.gov/special/gulf_of_mexico/


How do intrinsic regional characteristics enhance or constrain 

regional mitigation and adaptation? 

How do projected changes in mean climate versus climate 

extremes affect planning and decision making?

How might interactions between management decisions and 

natural processes contribute to rapid or nonlinear changes?

How will mitigation and adaptation 

strategies interact over the next few 

decades in terms of achieving their 

respective goals?

See Hibbard and Janetos, 2013
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Motivation: Science Questions



Platform for Regional Integrated Modeling and 

Analysis (PRIMA)
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PRIMA Component Model Interactions
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Hourly weather data for building 
energy demand simulation

Hourly weather data relevant 
toelectricity operations

Weather data and land cover 
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Daily weather data for crop
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PRIMA/RIAM Natural Systems Models

Simulated historical-mean JJA precipitation (mm)

Regional Earth System Model (RESM)

Provides high-resolution (~15km) 

dynamically downscaled climate 

information to the other PRIMA 

component models

Integration of atmosphere, land, and 

ocean models captures key regional 

processes (e.g., Southwest Monsoon)

Other regional climate models/data can 

be substituted Ą modular framework

Regional Water/Hydrology Models

Sub-basin extension to the Community 

Land Model (ñSCLMò)

New scalable, physically based river 

routing model (MOSART)

Water Management (WM) model includes 

generic representation of regional 

reservoir operations & regulated flows
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Using spatial units that follow subbasin

boundaries improves land model scalability
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Simulations are less sensitive to 

model resolution in the subbasin

representation than lat/lon grid 

representation

When coupled to streamflow model 

(MOSART), SCLM also shows 

improved performance compared to 

observations

(Tesfa et al. 2014 JGR; Tesfa et al. 2014 GMD)

Grid-based representation (CLM) Subbasin-based representation (SCLM)
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Simulated Runoff
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Adding sub-national detail to GCAM facilitates 

coupling with sector models

To facilitate coupling with detailed sector 

models, we have added subnational detail 

to GCAM (version name: GCAM-USA):

50-state climate-dependent building energy

50-state electricity generation mix

Increased spatial and technological 

resolution for agriculture and land use

Water supply and demand at major 

watershed scale

The rest of the model operates normally, 

thus providing global constraints and 

context (i.e., GCAM-USA is GCAM)

Standard GCAM: 14 Geo-Political Regions

GCAM-USA: Subnational Detail

37



Reconciling water supply and demand: 

Linking GCAM-USA and SCLM/MOSART/WM
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Regional Earth 
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(1/8th deg, hourly, 12 

meteorological 

variables)

Integrated 

Assessment Model
(energy & ag economy; 

state & national, annual)

Land Surface 

Hydrology Model
(1/8th degree, hourly)

River Routing 

Model
(1/8th degree, hourly)

Water 

Management 

Model
(1/8th degree, daily)

Sector
Water 
Withdrawal

Water 
Consumption

Domestic

Manufacturing

Electricity
Generation

Resource
Extraction

IrrigatedCrops

Livestock

Spatial and temporal downscaling at 0.5 deg
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Regulated versus natural streamflows

simulated by coupled GCAM-CLM
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Long-term simulated time series of historical and 
future (B1) total annual regulated and natural runoff 
for three Upper Midwest hydrologic subregions

1% to 3% 

Demand

Stream 

Flow

28% to 36%

8% to 11%



Projected Change in Water Demand, Surface Water 

Supply, and Deficits -- South Atlantic Gulf Basin
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Results selected for: Change in August daily averages; 2020-2039 compared to historical period (1985-2004);

RCP8.5 Scenario; 1/8th degree

m3/day

m3/s

m3/day

Change in Deficit (Demand Unmet by Surface Water)



Projected Change in Surface Water 

Deficits for Irrigation and Non-Irrigation
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Results selected for: Change in August daily average (m3/day); 2020-2039 compared to historical period (1985-2004);

RCP8.5 Scenario; 1/8th degree



Building Energy Demand (BEND) Model
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BEND simulates climate-dependent building 

energy demand at high spatial, temporal, and 

technological resolution

Combines DOEôs EnergyPlus model (for 

individual buildings) with a geostatistical

analysis of regional climate, population, 

and building types and technologies

Resolution as fine as 1/8 degree (~12 km); 

results can be aggregated to any geographic 

region (e.g., utility zone)

Uses GCAM input (population-driven floor 

space growth, technology turnover) to drive 

future building stock changes 

Uses RESM or other hourly weather/climate 

input (9 variables!) to simulate changes in 

building energy demand

Can also be used to model demand response, 

smart charging, etc.

Climate similar regions in the Eastern Interconnection

Sample BEND output/validation for a single utility zone



Idealized heat wave experiment: Simulating 

impacts on electricity supply and demand

10Uplift  3Spread
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Idealized heat wave scenarios were applied to average summer conditions 

in each of 120 Climate Similar Regions in the Eastern Interconnection

Hourly electricity demands under each scenario were simulated for ~2000 

unique residential and commercial building types in each climate similar 

region using BEND (~240,000 simulations)

To simulate electricity supply, drive an electricity operations model using the 

same heat wavesé



Supply Side: Heat Wave and Drought 

Impacts on Power Plants 

Eastern Interconnection
5600 units: 850 GW
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Supply Side: Heat Wave and Drought 

Impacts on Power Plants 

Eastern Interconnection
5600 units: 850 GW
657 OTC:   160 GW

ÅThermal plants with OTC 
(once-through-cooling):  
water availability and water 
temperature may cause 
individual boilers to be 
turned off, reducing overall 
plant capacity

ÅWe evaluated four OTCC 
deratingscenarios to 
represent coincident 
drought:
Å0%
Å25%
Å50%
Å100%
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We identified the OTC plants in PROMOD (a production 
cost model) for the deratingscenarios



Supply Side: Heat Wave and Drought 

Impacts on Power Plants 

Eastern Interconnection
5600 units: 850 GW
657 OTC:   160 GW
1486 CT:     108 GW

ÅThermal plants with OTC 
(once-through-cooling):  
water availability and 
water temperature may 
cause individual boilers to 
be turned off, reducing 
overall plant capacity

ÅCT (Combustion Turbine): 
Reduced capacity with 
higher ambient air 
temperature due to lower 
air density
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We used the hourly heat wave profiles to modify 
twhah5Ωǎ ƳŀȄ ŎŀǇŀŎƛǘƛŜǎ ŦƻǊ ŜŀŎƘ ŎƻƳōǳǎǘƛƻƴ ǘǳǊōƛƴŜ 
based on their published temperature performance



Coincident Heat Wave and Drought Could 

Have Severe Impacts on Grid Reliability
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Scenario C

Scenario B

Scenario C

Scenario B

Scenario C

Scenario B

Goal: integrated analysis of climate-driven 

electricity reliability and adaptation options

Hydrology

Climate

Buildings Model 
(Demand)

Electricity Supply

Water availability
- hydropower
- cooling water 
(amount & temp.)

Heat Waves:
- Reduced 
power plant 
capacity 
- Reduced line 
ratings
- Increased 
cooling demand
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Operations/
Reliability

Scenario A

Scenario A

Scenario A

GCAM Scenarios



Other future work: Using BEND insights to 

improve the GCAM buildings model

Current GCAM buildings model

2 Building classes

residential 

commercial

Heating and cooling loads determined 

based on heating degree days (HDD) 

and cooling degree days (CDD) with 

65ÁF/18.3ÁC base

Possible GCAM building model 

enhancements

Heating and cooling loads determined 

based on multiple HDD and CDD

heating degree days 

65ÁF/18.3ÁC, 55ÁF/12.8ÁC, 45ÁF/7.2ÁC

cooling degree days

75ÁF/23.9ÁC, 65ÁF/18.3ÁC, 55ÁF/12.8ÁC

6 Building types

residential: single family and multi-family

commercial: office, retail, institutional, 

warehouse/storage.
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Capacity Expansion Regional Feasibility 

(CERF) Model

GIS-based power plant siting model (1 km2

resolution) that combines:

Technology-specific siting suitability criteria 

(e.g., Clean Water Act 316b streamflow

requirements)

Extensive database of terrain, land use 

restrictions, and existing infrastructure

Natural resource availability information 

(e.g., water, wind, etc.)

An economic algorithm to address 

relative locational values in siting 

as a function of grid interconnection 

costs, locational marginal prices, and 

operating costs. 

CERF provides a mechanism for testing

whether capacity expansion plans (e.g., from 

GCAM) are technically and economically 

feasible ñon the groundò 21

Example of a CERF siting analysis

Validation against historical siting decisions



Example Power Plant Siting Suitability 

Results for 2020
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Suitability 
results reflect 
protected lands 
and water 
bodies, and 
technology-
specific 
requirements, 
such as:
Åcooling water 

(dynamic 
availability)

Åpopulation 
density 
(dynamic)

Åairsheds
Å infrastructure 

requirements
Åearthquake 

risk, etc.



Coupling GCAM-USA to Power Plant 

Siting Model (CERF) ïin development
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PRIMA Uncertainty Characterization Process

Relevant Couplings, 
Decision Criteria

Inputs IntegrationCompletenessSkill

Uncertainty Source IdentificationParameters to be 
Addressed

Coupling Options

& Uncertainty Characterization

STAKEHOLDER DECISION 
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Coupling Options
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Identification of 
Key Parameters
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Uncertainty Propagation 
and Visualization  
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PRIMA Uncertainty Characterization: 

Initial Experiment Using GCAM
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Emissions
Scenario

discrete

Current
Building

Standards

Aggressive
Building

Standards

State
Population 

continuous

State GDP per
Capita

Building Shell and
Equipment Cost,

Efficiency*

continuous continuous

B1

*This is a portfolio of 
distributions that depends 
on the building standards 
policy pathway. 

UNCERTAINTIES

discrete

GCM

discrete

PCM/CASCaDE

A2 GFDL/CASCaDE

DECISION

1500 samples2 2 2x x x

= 12,000 GCAM-USA runs

Decision: whether to adopt aggressive building standards in each state



Unit Total Energy Consumption (GJ/m^2)
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