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Clean energy is expected to grow in share of data center energy mix 
across geographies, despite different deployment drivers

Deployment Market-driven, cluster-based model State-led, decentralized model Market-driven, urban-centered model

Power demand  
growth projection

+130% (~425 TWh by 2030) +170% (~277 TWh by 2030) +~70% (~45 TWh increase by 2030)

Policy drivers

• CHIPS Act, AI and clean energy 
orders

• Tax breaks, utility deals, DOE grants
• Corporate power purchase 

agreements (PPAs)

• AI 2030 and Eastern Data, Western 
Computing

• High and New Technology 
Enterprise (HNTE) 15% tax break, 
bundled permits, and fast approvals

• Co-located with renewables

• Green Deal Digital, Digital Decade
• Carbon markets, RRF, and CSRD-

driven incentives
• France: Offers tax breaks for green, 

efficient data centers
• Germany: RRF funds support digital 

and energy upgrades

Permitting Fragmented (1-3 years) Centralized and fast-tracked Often slow (5-7 years), local resistance

Grid flexibility 
required

Flexibility urgent industry piloting 
batteries, workload shifts, and gas 
backup

Minimal flexibility needed; strong 
central planning enables coordination 
but is underutilized

Regulation-led flexibility; automation 
and cooling shifts help, but grid limits 
slow progress

Observations
• U.S. deployment is market-driven, 

fragmented by state permitting and dependent 
on corporate PPAs, raising risk of grid 
bottlenecks in major data center clusters.

• China’s state-led model offers speed and 
scale with centralized permitting, bundled land-
power packages, and national mandates (e.g., 
Eastern Data, Western Computing), enabling 
rapid build-out.

• The EU has strong decarbonization goals 
and regulatory levers (CSRD, Green Deal 
Digital), but slow permitting and public 
resistance (e.g., Dublin moratorium) threaten 
deployment timelines.

• Permitting bottlenecks in the U.S. and EU 
contrast sharply with China’s fast-tracked 
national build-out, giving China a decisive 
edge in infrastructure readiness.

• A power mix shift across regions converges 
toward more renewables and nuclear by 2035 
— but China’s top-down mandates may make 
the transition faster, even if its coal reliance 
remains a near-term emissions challenge.

1 Projections based on IEA scenarios. EU data calculated by discounting US and China from global data. 
Sources: IEA, Energy and AI (2025); Sinosities, Mapping China’s Inland Data Centers (2025); Engineering, The “Eastern Data and Western Computing” Initiative in China Contributes to 
Its Net-Zero Target (2024); Bruegel, Annual Report (2024); Cushman & Wakefield, Americas Data Center Update (2025).
Credit: Shubhangi Prasad, Ariela Farchi, Isabel Hoyos, Hyae Ryung Kim, and Gernot Wagner. Share with attribution: Kim et al., "Powering Data" (23 January 2026).
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https://iea.blob.core.windows.net/assets/40a4db21-2225-42f0-8a07-addcc2ea86b3/EnergyandAI.pdf
https://sinocities.substack.com/p/mapping-chinas-inland-data-centers
https://sinocities.substack.com/p/mapping-chinas-inland-data-centers
https://sinocities.substack.com/p/mapping-chinas-inland-data-centers
https://www.sciencedirect.com/science/article/pii/S2095809924005058
https://www.sciencedirect.com/science/article/pii/S2095809924005058
https://www.sciencedirect.com/science/article/pii/S2095809924005058
https://www.sciencedirect.com/science/article/pii/S2095809924005058
https://www.sciencedirect.com/science/article/pii/S2095809924005058
https://www.sciencedirect.com/science/article/pii/S2095809924005058
https://www.sciencedirect.com/science/article/pii/S2095809924005058
https://www.sciencedirect.com/science/article/pii/S2095809924005058
https://www.bruegel.org/annual-report/annual-report-2024
https://www.cushmanwakefield.com/en/insights/americas-data-center-update
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
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Observations
• The trajectory of electricity 

demand growth in all regions is a 
stark contrast to recent 
decades  

• Pre-2023, electricity demand 
growth in the U.S. and European 
Union were negative; recent 
growth from electrification, 
renewables, and data centers is 
a major challenge for decades-
old grid systems, requiring 
massive investment

• Many other estimates forecast 
electricity growth to exceed that 
of the IEA’s Stated Policies 
Scenario, more than doubling 
by 2050 

• Electricity demand growth is now 
double that of energy demand

Global electricity demand is expected to double by 2050, after 
being relatively unchanged since 2010 everywhere outside of China
Electricity demand growth has been led by China, and steady or even negative in the 
rest of the world; the ‘age of electricity’ is projected to change this trajectory globally

Increasing demandOverview

Electricity final demand, 2010-2024 actuals, 2025-2050 forecasted, TWh1

World:
26K TWh

World:
50K TWh

World Asia excl. China China European Union United States Rest of World

1.IEA Stated Policies scenario, from IEA World Energy Outlook 2025
Sources: World Energy Outlook 2025; (IEA, 2025); Electricity 2026 (IEA, 2026); New Energy Outlook (BNEF, 2026); Power generation from renewables set to jump 84% in next five years (BNEF, 2026).
Credit: Dominica Wambold, Ariela Farchi, and Gernot Wagner. Share with attribution: Wagner et al., “Powering Grids”. 

https://www.iea.org/reports/world-energy-outlook-2025
https://www.iea.org/reports/electricity-2026
https://about.bnef.com/insights/clean-energy/new-energy-outlook/
https://about.bnef.com/insights/clean-energy/power-generation-from-renewables-set-to-jump-84-in-next-five-years-as-demand-from-new-data-centers-surges-bloombergnef/
https://about.bnef.com/insights/clean-energy/power-generation-from-renewables-set-to-jump-84-in-next-five-years-as-demand-from-new-data-centers-surges-bloombergnef/
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
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Increasing demand

Observations
• Building and transportation 

electrification, industry, and 
data centers are leading to 
compounding electricity demand 
growth in the 2020s

• While data center electricity 
demand represents a small 
portion of all growth, its average 
annual growth rate is expected 
to double again in the years 
ahead under base scenarios 
and is the leading growth driver 
in the U.S

• Electricity demand 
characteristics from each of 
these drivers pose distinct 
challenges to grids; each can 
drive significant increases in 
peak as well as average 
demand, with different levels of 
predictability and control

Electrification and data centers are among primary drivers 
accelerating electricity demand across the US, EU, and China
By 2030, data centers projected to account for ~50% of U.S. demand growth, building 
and transport electrification lead in the EU, and industrial electrification in China’s
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Sources: Electricity data, (IEA, 2026).
Credit: Ilayda Tezcan, Dominica Wambold, Ariela Farchi, and Gernot Wagner. Share with attribution: Wagner et al., “Powering Grids”.​

https://www.iea.org/reports/electricity-2026/executive-summary
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
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Observations
• Grid financing has lagged load 

(demand) and generation 
investment growth

• Generation investment has been 
nearly double that in grid 
investment for the last decade

• Investors can play a major role 
in financing EMDE grids, 
especially as international 
development financing dries up

• Grid-connected (front-of-meter) 
storage is primed for 
sustained global investment, 
tied closely to the deployment of 
variable renewables

• Substantial grid financing 
opportunities expand beyond 
those tracked as ‘Power’ 
investments, including digital, 
end use, and generation 
associated investments

While financing flows into grids are increasing globally, 
investment has heavily lagged that in generation

1. IEA WEI 2026 actuals for 2015-2025 and forecasted for 2026 by region for IEA’s Power segment. 2. IEA WEI generation investment by Source, 2015-2025.
Sources: World Energy Investment 2026 (IEA, 2026), World Energy Outlook 2025 (IEA, 2025), Batteries and Secure Energy Transitions (IEA, 2024) 
Credit: Dominica Wambold, Ariela Farchi, and Gernot Wagner. Share with attribution: Name of lead author et al., Share with attribution: Wagner et al., “Powering Grids”. 

Traditional grid investment flows have been growing globally but further financing is 
required to absorb electrification demand growth for all energy transition scenarios
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https://www.iea.org/reports/world-energy-investment-2026
https://www.iea.org/reports/world-energy-investment-2026
https://www.iea.org/reports/world-energy-outlook-2025
https://www.iea.org/reports/world-energy-outlook-2025
https://www.iea.org/reports/batteries-and-secure-energy-transitions
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
https://business.columbia.edu/insights/climate/cki
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Global grid investment is expected to rise to +$500B in 2026 and 
increase through 2050, driven by infrastructure, materials, and labor
Investment grew ~85% over 5 years, 
targeted to reach $600B by 2030 in NZE

2040-2050, 80% of investment needs to 
be used to modernize and 20% to expand Observations

• Grid investment needs to be 
spread across physical grid 
infrastructure, and grid 
enhancing technologies

• Investing in robust supply 
chains and a prepared work 
force, alongside infrastructure 
and technology, will be critical to 
achieving global targets
– Increasing costs of equipment divest 

grid investments away from potential 
new infrastructure

• Venture capital investments 
into grids has increased 
significantly in 10 years
– Investment in grid hardware rose 4x 

from ~$200M in 2015 to ~$800M in 
2025

– Investment into optimisation 
(reinforcements) rose from ~$50M 
to ~$400M

– Largest rise was in VPPS and 
Derms, from ~$50M to ~$650M

ROW
Africa

Central and South America
APAC ex. China

Europe
North America

China

Investment in power grid infrastructure, 2016-2026e 
USD Billions

19%

New connections

35%

Asset 
replacement

45%

Grid 
Reinforcement

$800-900B

2040-2050

Breakdown of global annual investment required, 
2040-2050 

1 In line with Net Zero by 2050, as per IEA scenarios;
Sources: World energy investment (IEA, 2026); Global landscape of energy finance (IRENA, 2025); Building grids faster: the backbone of energy transmission (ETC, 2024)
Credit: Ariela Farchi, Brenda Rain, and Gernot Wagner. Share with attribution: Wagner et al., “Powering Grids”.​

https://iea.blob.core.windows.net/assets/64594543-cf6e-4fd9-8238-d3cae35daf48/WorldEnergyInvestment2026.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2025/Nov/IRENA_CPI_FIN_Global_landscape_energy_transition_finance_2025.pdf
https://www.energy-transitions.org/wp-content/uploads/2024/09/Grids-briefing-note_DIGITAL.pdf
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
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Grid and flexibility tools work together to match growing demand 
with a cleaner, more variable power system

• Expand: T&D, interconnection, s
ubstations 

• Modernize: storage, GFMs, micr
ogrids 

• Optimize: DR, DERMS, VPPs,   
V2G / V2B, digital twins

• Scale: data centers, EVs
• Electrify: industry, buildings
• Shape: flexible loads

• Variable: wind, solar
• Clean firm: hydro, nuclear,   

geothermal
• Overbuild: excess clean cap

acity

Demand 
shaping

Supply firming

Power to 
demand

Generation
Cleaner but more variable 

generation mix

Grid & Flexibility
Transmission, storage and load 

flexibility balance the system

End-use
Load is growing faster and 
becoming more dynamic

Generation 
dispatch

Focus of this document

Source: Clean Firm Power (FCA, 2026)
Credit: Ilayda Tezcan, Ariela Farchi, and Gernot Wagner. Share with attribution: Wagner et al., “Powering Grids”.​

https://fcarchitects.org/content/clean-firm-power-report/
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
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Expand
grid networks

Modernize 
and harden the core 

Optimize 
grid assets​

Definition Structurally extend the grid's network to 
integrate available and emerging generation

Upgrade and modernize the core with capital 
efficient physical and technical augmentation

Maximize the value of the grid through 
digital intelligence and demand management

Physical and 
Capital Profile1

• Net new and upgraded grid transmission
• Capital intensive

• Hardware solutions at existing grid nodes
• Capital efficient

• Digital intelligence & demand-side solutions
• Asset-light

Highlighted 
Solutions

• Transmission
• HVDC 

• Grid-Forming Inverters (GFM)
• Grid-Scale Battery Storage 
• Flexible AC Transmission Systems (FACTS) 
• Advanced Metering Infrastructure (AMI) 
• Digital Twins 

• Load Shifting Technologies
• Distributed Energy Resource Management 

Systems (DERMS) 
• Virtual Power Plants (VPPs) 
• Vehicle2Grid (V2G)

Time to Deploy • 5-15+ years • 1-4+ years • 1-2+ years

Investment 
Opportunity2 • Estimated $200B+/yr from 2030-2035 • Estimated $200B-$400B+/yr from 2030-2035 • Estimated $50-$150B+/yr from 2030-20351 

• Systems savings potential of $150B+ by 2035

Key Policy 
Levers

• Regional/interregional transmission planning
• Permitting and interconnection queue reform

• Smart grid grants and incentive programs
• Cap & floor and depreciation schemes

• Performance based regulation reform
• DER aggregation reform, NWA incentives

Expanding, modernizing, and optimizing will upgrade insufficient 
and aging infrastructure into a resilient, intelligent grid ecosystem

1 The capital profile indicated is relative (e.g., batteries vs. new transmission) and intended to reflect the grid capital investment e.g., V2G battery costs are substantial, but may not be borne by the grid
2 Investment opportunity is global and based on projected investments for highlighted solutions as defined in each solution area, supplemented by World Energy Investment 2025-2026 reports aligned to 
STEPS 2030 and BNEF NZE and ETS scenarios. Grid expansion is driven significantly by net-new transmission; modernize & harden the core includes IEA’s Power segment of battery storage; the 
optimize range includes grid orchestration software and a subset of end-use related charging infrastructure, with savings potential reflecting estimated grid value from demand flexibility.
Sources: Building the future transmission grid (IEA, 2025), World Energy Investment (IEA, 2026); World Energy Investment (IEA, 2025); Electricity 2026 (IEA, 2026); Energy storage enters the 100 
gigawatt era (BNEF, 2026); Electric Vehicle Outlook (BNEF, 2026); The Value of Demand Flexibility (IEA, 2025). Building grids faster (Energy Transitions Commission, 2024); Electricity Grids and Secure 
Electricity Transitions (IEA, 2023).
Credit: Dominica Wambold, Ariela Farchi, and Gernot Wagner. Share with attribution: Wagner et al., “Powering Grids”. 

https://www.iea.org/reports/building-the-future-transmission-grid
https://iea.blob.core.windows.net/assets/64594543-cf6e-4fd9-8238-d3cae35daf48/WorldEnergyInvestment2026.pdf
https://www.iea.org/reports/world-energy-investment-2025?__cf_chl_f_tk=z0xwrnoNzhsI0DFwn4Uz2VKkli4aXlY1djbfUyHyBPA-1782936386-1.0.1.1-4VaY2Zy3qJTeQV_iJxe6tfjjcw0_RrXRHf6sRnVYh8k
https://www.iea.org/reports/electricity-2026
https://about.bnef.com/insights/clean-energy/energy-storage-enters-the-100-gigawatt-era-three-things-to-know/
https://about.bnef.com/insights/clean-energy/energy-storage-enters-the-100-gigawatt-era-three-things-to-know/
https://about.bnef.com/insights/clean-energy/energy-storage-enters-the-100-gigawatt-era-three-things-to-know/
https://about.bnef.com/insights/clean-transport/electric-vehicle-outlook/
https://iea.blob.core.windows.net/assets/4f11d63f-ebb0-44a4-9a53-ed98f264dc38/TheValueofDemandFlexibility.pdf
https://www.energy-transitions.org/wp-content/uploads/2024/09/Grids-briefing-note_DIGITAL.pdf
https://www.iea.org/reports/electricity-grids-and-secure-energy-transitions
https://www.iea.org/reports/electricity-grids-and-secure-energy-transitions
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
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Distributed Energy Resource Management Systems orchestrate 
millions of small assets into a single, dispatchable grid resource

1 Distributed energy resources (DERs), e.g. rooftop solar, batteries, EVs and 
thermostats, are connected and registered to the platform

2 Each asset continuously reports its output, state of charge and availability

3 The platform forecasts load, solar and wind output, prices and grid constraints

4 It optimizes a dispatch that respects grid limits and market signals

• Defers grid capex - avoids new wires
• Fast to deploy - software-led
• Unlocks DER value - idle assets earn
• Improves reliability - local flexibility
• Integrates renewables - absorbs solar/wind 

swings

• Integration complexity - many vendors & 
systems

• Needs enrollment & rules - opt-in, standards, 
FERC 2222

• Cybersecurity - millions of endpoints to 
secure

How does DERMS for grid systems work?
Advantages

Disadvantages

Why is it critical for the energy 
transition?

• Unlocks flexibility hidden in millions of 
behind-the-meter assets, turning passive 
load into a controllable, grid-supporting 
resource

• Lets the distribution grid absorb far more 
rooftop solar and EVs without costly wire 
upgrades, by actively managing local flows

• By aggregating DERs into virtual power 
plants, it provides capacity and ancillary 
services otherwise met by fossil peakers

• Shifts the grid from centralized, supply-
following dispatch to a distributed, demand-
flexible system

Source: Pathways to Commercial Liftoff: Virtual Power Plants, US DOE (2025); Order No. 2222 Explainer: DERs in Electricity Markets, FERC (2020); GridOS DERMS: Distributed Energy Resource 
Management System, GE Vernova (2025)
Credit: Sevgi Helin Tilkicioglu, Hasan Alawadhi, Pia Morrow, Vincent Sandow-Straesser and Gernot Wagner. Share with attribution: Wagner et al., “Powering Grids”.​

5 Setpoints go back to the assets: charge, discharge, curtail or shift load

Delivered response is verified and participants are paid, then the loop repeats6

Distributed 
energy resources

Metering & 
telemetry

Forecasting Dispatch & 
control

Optimization Verify & settle2 3 54 61

DERMSOptimizeSolutions

https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
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Google is working with operators on a range of demand response 
efforts, seeking to unlock flexible capacity for datacenters

Source: Large Load Customer Projects and Tariffs (2026, EEI); A new framework for DER value in the speed to power era (Brattle, 2026); How we’re making data centers more flexible to benefit power 
grids (Google, 2025); Google and Voltus to deliver grid capacity and local economic benefits through bring your own capacity agreement (Voltus, 2026); 
PJM Capacity Auction Procures 138,318 MW of Generation Resources as Work Continues To Address Growing Electricity Demand (PJM, 2026).
Credit: Dominica Wambold, Christy Wong Ka Ying, Ariela Farchi, Gernot Wagner. Share with attribution: Wagner et al., “Powering Grids”. and 

Demand flexibility is in place for DC 
compute in multiple jurisdictions

The Voltus-Google BYOC deal unlocks 
100MW of nameplate capacity in PJM Observations

• Data center investments 
can expedite the flexibility 
technology learning curve

• BYOC reflects one model 
for tech participation in grid 
investments, with Google’s 
role that of a financier

• Effectively engineering DC 
flexibility commitments may 
deliver greater consumer 
benefits than BYOC alone

• Improving grid utilization 
through demand flexibility 
could deliver large 
consumer savings, as 
much as $110-170B in the 
U.S. over the next decade

0% 10% 20% 30% 40% 50%

Average electricity bill change

Google locations with flexible data center agreements Physical vs. virtual capacity cleared in ‘28-’29 auction, MW

84%

16%

New generation and uprates
Virtual capacity

Deal Dynamics
• Google pays Voltus to aggregate 100MW annually of 

flexibility in a PPA-like structure (300MW in 3 years)
• Represented nearly 19% of all newly cleared capacity, 

yet reduced regional '28-'29 shortfall by only ~1.5%

Flexibility 
arrangement 

No confirmed 
flexibility arrangement 

Case StudyOptimizeSolutions

https://www.eei.org/-/media/Project/EEI/Documents/Issues%20and%20Policy/List%20of%20Large%20Customer%20Projects%20and%20Tariffs
https://www.brattle.com/wp-content/uploads/2026/07/A-New-Framework-for-DER-Value-in-the-Speed-to-Power-Era_July-2026.pdf
https://blog.google/innovation-and-ai/infrastructure-and-cloud/global-network/how-were-making-data-centers-more-flexible-to-benefit-power-grids/
https://blog.google/innovation-and-ai/infrastructure-and-cloud/global-network/how-were-making-data-centers-more-flexible-to-benefit-power-grids/
https://www.voltus.co/press/voltus-google-bring-your-own-capacity-pjm
https://www.pjm.com/-/media/DotCom/about-pjm/newsroom/2026-releases/20260714-pjm-capacity-auction-procures-138318-mw-of-generation-resources.pdf
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
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https://business.columbia.edu/insights/climate/race-power-data-centers
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