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• Energy Equity:
• Fair distribution of benefits 

and burdens associated with the 
power system to all stakeholders

• Traditionally a policymaking problem

• Distribution:
• Electricity Rates [1]

• PV Hosting Capacity [3]

• Transmission:
• Capacity Expansion

• Infrastructure Hardening [2]
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Introduction to Energy Equity in Power Systems
Introduction Problem Description Pricing Scheme Case Study Conclusion

- [1] M. Ansarin, Y. Ghiassi-Farrokhfal, W. Ketter, J. Collins, “A review of equity in electricity tariffs in the renewable energy era”, Renewable and Sustainable Energy Reviews, 
Volume 161, 2022

- [2] M. Pollack, R. Piansky, S. Gupta, A. Kody and D. K. Molzahn, “Equitably allocating wildfire resilience investments for power grids: The curse of aggregation and vulnerability 

indices”, Power System Computation Conference, 2024.
- [3] E. Hartvigsson, E. Nyholm, and F. Johnsson, “Does the current electricity grid support a just energy transition? Exploring social and economic dimensions of grid capac ity for 

residential solar photovoltaic in Sweden”, Energy Research & Social Science, Volume 97, 2023,

OPF Connection



• Affording energy without 
sacrificing other basic living 
expenses

• Commonly used metric: 

 Energy Burden
▪ Percent of income spent 

on energy expenses
▪ Above 6% is energy poor

• Need methods to quantify energy 
affordability within network 
operations
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Quantifying Energy Affordability

https://rmi.org/1-in-7-families-live-in-energy-poverty-states-can-ease-that-burden/

Introduction Problem Description Pricing Scheme Case Study ConclusionOPF Connection

U.S. Department of Energy. "Making Clean Energy More Accessible and Affordable." Office of Energy Efficiency & 

Renewable Energy, U.S. Department of Energy, https://www.energy.gov/eere/energy-accessibility-and-affordability.

https://www.energy.gov/eere/energy-accessibility-and-affordability


What is the impact of 

network infrastructure on 

energy affordability?
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Energy Burden: Engineering Definition
Introduction Problem Description Pricing Scheme OPF Connection Case Study Conclusion

Census tract:

average income data (𝒔)

Bus in power system:

retail electricity prices (𝝅), 

aggregate electricity 

demand (𝒅) 

Energy burden function for network:

𝒃 (𝝅; 𝒅) ≔ diag(𝒅 ⊘ 𝒔)𝝅

𝑏(𝑑, 𝜋) =
𝑑

𝑠
× 𝜋

𝑏(𝑑, 𝜋) =
𝑑

𝑠
× 𝜋

Energy burden: 

𝑏(𝑑, 𝜋) =
𝑑

𝑠
× 𝜋

𝑏(𝑑, 𝜋)

Element-wise multiplication

Map census tract to 

power system bus



…
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Locational Marginal Burden
Introduction Problem Description Pricing Scheme OPF Connection Case Study Conclusion

Underlying network structure impacts 

electricity prices, described by the 

locational marginal price (LMP).

LMP: the cost of serving an additional 

unit of load, constrained by network 

congestion and losses in the 

wholesale market
Demand, 𝑑

Change in 

burden, 𝑏

LMB

We develop an analogous concept: 

Locational marginal burden (LMB) describes the change in energy 

burden incurred by serving one additional unit of demand at that bus

LMP

Change in 

price, 𝜆

…
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Connecting households to the transmission retail rate
Introduction Problem Description Pricing Scheme OPF Connection Case Study Conclusion

Nodal price, 𝜆

In each distribution network 𝐷𝑘, each household pays 
at the retail price (𝝅)

Approximate this by the transmission-level LMP (𝝀𝒌) 
at transmission node 𝑘: 

𝝅𝒌 = 𝝀𝒌

For every household (𝑖) in a distribution network (𝐷𝑘), 
the approximate energy burden of each household is:

𝑏𝑘,𝑖 =
𝜆𝑘

#households
෍

𝑖∈𝐷𝑘

𝑑𝑒𝑚𝑎𝑛𝑑𝑘,𝑖

𝑠𝑎𝑙𝑎𝑟𝑦𝑘,𝑖

𝝅𝒌 = 𝝀𝒌

Nodal burden, 𝑏 

𝑏𝑘 =
𝑑𝑘

𝑠𝑘
× 𝜆𝑘

Household burden, 𝑏𝑘,𝑖 
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LMP from Parameterized DC OPF
Introduction Problem Description Pricing Scheme OPF Connection Case Study Conclusion

The LMP can be calculated using a 
standard DC Optimal Power Flow (OPF)

We parameterize the DC OPF program as 
𝑃 𝜽  where 𝜽 includes the cost of 
generation (𝛼, 𝛽) and the demand (𝑑):

𝑃 𝜽 = min
𝒈,𝒑

෍

𝑖=1

𝛼𝑖𝑔𝑖
2 + 𝛽𝑖𝑔𝑖,

s. t. 𝑭(𝑩𝒈 − 𝒅) = 𝒑

1⊤𝑩𝒈 = 1⊤𝒅, 

− 𝒑 ≤ 𝒑 ≤ 𝒑 

0 ≤ 𝒈 ≤ 𝒈,

Minimize operational cost, 

subject to:

Power balance constraints

Line flow limit constraints

Generation capacity 

constraints

DC approximation of power 

flow physics

Take the dual 

and derivative

LMP Solution 

Sensitivities
𝝏𝝅

𝝏𝒅

Demand, 𝑑

LMP

Change in 

price, 𝜋
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Computing LMB using differentiable optimization
Introduction Problem Description Pricing Scheme OPF Connection Case Study Conclusion

Demand 𝑑
Gen. costs 𝛼, 𝛽
PTDF matrix 𝐹

Parameterized DC OPF 

program, 𝑷(𝜽)
Locational Marginal 

Prices, 𝝀

Differentiable 

Optimization

LMB 

Matrix
𝝏𝒃

𝝏𝒅

Dual variables

LMP Solution 

  Sensitivities

𝝏𝝅

𝝏𝒅

𝜕𝒃

𝜕𝒅
= − diag 𝒅 ⊘ 𝒔 𝑭⊤ 1

𝜕𝝂∗

𝜕𝒅
+ diag (𝝅 𝝂∗ 𝒅 ⊘ 𝒔)

Demand
Customer 

income

Implicit LMP 

sensitivities

Retail prices 

(transmission approx.)
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LMB Matrix Representation
Introduction Problem Description Pricing Scheme OPF Connection Case Study Conclusion

• LMB-to-self are 

the diagonal entries 

of the LMB matrix

• LMB-to-others are 

the off-diagonal 

entries of the LMB 

matrix

𝜕𝒃

𝜕𝒅
=

𝑑𝑏1

𝑑𝑑1
⋯

𝑑𝑏1

𝑑𝑑𝑘

⋮ ⋱ ⋮
𝑑𝑏𝑘

𝑑𝑑1
⋯

𝑑𝑏𝑘

𝑑𝑑𝑘
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LMB Captures Network Wide Effects
Introduction Problem Description Pricing Scheme OPF Connection Case Study Conclusion

• LMB-to-self: the change in 

burden at a node due to the 

same node’s change in demand

• LMB-to-others: the change in 

burden at a node due to another 

node’s change in demand;

captures network-wide effects

Demand, 𝑑

LMB

LMP

Change in 

price, 𝜆

Change in 

burden, 𝑏

LMB-to-self

LMB-to-others



Case Study: Hawaii



• Transmission Network
oTexas A&M Hawaii 37 Synthetic Transmission Network

• Income Data
o2021 American Communities Survey
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Case Study: Hawaii Synthetic Transmission Network
Introduction Problem Description Pricing Scheme Case Study ConclusionOPF Connection



• Energy burden inversely correlated with income

• Within same income bracket, higher populous regions incur higher 
energy burden
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Case Study: Energy Burden 
Introduction Problem Description Pricing Scheme Case Study ConclusionOPF Connection



• LMB is the rate of 
change in energy burden 
with respect to demand

• LMB-to-self inversely 
correlated with income

• No correlation with 
population
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Case Study: Energy Burden vs. LMB-to-self
Introduction Problem Description Pricing Scheme Case Study ConclusionOPF Connection

>

LMB-

to-self
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Case Study: LMB-to-Others, Income, and Population

• LMB-to-Others: the impact 
neighboring nodes have on 
each other's LMB.

• Customers living in areas with 
low population density and 
high income, have a higher 
impact of LMB to others 
relative to customers living in 
high population density with 
low income.

Introduction Problem Description Pricing Scheme Case Study ConclusionOPF Connection

>
LMB-to-

others



• Low population density and high income, have a higher impact of 
LMB to others
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Case Study: Hawaii Synthetic Transmission Network
Introduction Problem Description Pricing Scheme Case Study ConclusionOPF Connection

High income, high LMB-to-others

Lower income, lower LMB-to-others

High income, lower LMB-to-others



Bringing energy burden to power systems

Thanks to the NSF Graduate Research Fellowship Program and NSF 

Grant No. 2112533. Any opinions, findings, and conclusions or 

recommendations expressed in this material are those of the author(s) 

and do not necessarily reflect the views of the NSF.

Thank you!

Read our paper! Connect with us:

Amanda West

Rabab Haider: rababh@umich.edu

Sam Talkington: talkington@gatech.edu 

• Locational Marginal Burden (LMB) reflects 
the operational impacts of power systems 
on energy burden

• Quantifies the impact of an additional unit 
of demand on energy burden – across 
network topology

• Next steps:
• Closer alignment to real system

• LMB population and income analysis

Demand, 𝑑

LMP

Change in 

price, 𝜋

LMB

Change in 

burden, 𝑏

mailto:rababh@umich.edu
mailto:talkington@gatech.edu

	Slide 1: Locational marginal burden: Quantifying the equity of optimal power flow solutions
	Slide 2: Contributors
	Slide 3: Introduction to Energy Equity in Power Systems
	Slide 4: Quantifying Energy Affordability
	Slide 5
	Slide 6: Energy Burden: Engineering Definition
	Slide 7: Locational Marginal Burden
	Slide 8: Connecting households to the transmission retail rate
	Slide 9: LMP from Parameterized DC OPF
	Slide 10: Computing LMB using differentiable optimization
	Slide 11: LMB Matrix Representation
	Slide 12: LMB Captures Network Wide Effects
	Slide 13: Case Study: Hawaii
	Slide 14: Case Study: Hawaii Synthetic Transmission Network
	Slide 15: Case Study: Energy Burden 
	Slide 16: Case Study: Energy Burden vs. LMB-to-self
	Slide 19: Case Study: LMB-to-Others, Income, and Population
	Slide 20: Case Study: Hawaii Synthetic Transmission Network
	Slide 21: Bringing energy burden to power systems

