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Carbon Emission in Power Systems

Electricity generation produces carbon emissions.



Carbon Emission

in Power Systems
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source: Electricity Maps (accessed on Oct.25, 2025).
https://app.electricitymaps.com/map/72h/hourly

Carbon emissions vary with time and/or location.
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Carbon-Sensitive Electrical Loads

» An increasing number of carbon-sensitive loads!

Electricity consumers are willing to adapt the timing and/or location of their
electricity usage to minimize carbon footprints.



Carbon-Sensitive Electrical Loads

» An increasing number of carbon-sensitive loads!

Electricity consumers are willing to adapt the timing and/or location of their
electricity usage to minimize carbon footprints (even through paying more).

“Apple uses data that combines grid, emissions,
and weather information into one, easy-to-follow
signal.” https://shorturl.at/kvQRV

Google shifts data center loads:
https://ieeexplore.ieee.org/document/9770383

National Grid “Green Light Signal” tells consumers
when carbon intensity is low!
https://www.nationalgrid.com/greenlightsignal
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Carbon-Sensitive Electrical Loads

» An increasing number of carbon-sensitive loads!

Electricity consumers are willing to adapt the timing and/or location of their
electricity usage to minimize carbon footprints (even through paying more).

e Voluntarily (to help mitigate climate change)

i R Carbon Intensity Max Hydrogen Production Tax Credit
® To receive subsidies (e.g. clean hydrogen (kg COze per kg H2)  ($/kg Ha)
production tax credits) or higher prices 4-25 $0.60
(green VS grey hydrogen) 2.5-1.5 $0.75
1.5-0.45 $1.00
Green hydrogen now costs USD 4-6/kilogram (kg), <0.45 $3.00

2-3 times more than grey hydrogen. The largest
source: https://www.energy.gov/eere/fuelcells/financial-

IRENA (2021), Making the breakthrough: Green hydrogen policies and technology costs, : : _ _ _ _ _ :
International Renewable Energy Agency, Abu Dhabi. Incentlves hyd rogen and fuel Ce” _DrO_IeCtS
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Carbon-Sensitive Electrical Loads

» An increasing number of carbon-sensitive loads!

Electricity consumers are willing to adapt the timing
and/or location of their electricity usage to minimize
carbon footprints (even through paying more).

To enable such carbon-aware practices, carbon-sensitive
consumers require that
® Real-time “carbon signals”

® An associated framework that supports carbon
accounting for electricity usage

Carbon-sensitive
consumers



Carbon Emission Accounting of Electricity Usage

» Market-based methods: Renewable Energy Certificates

or Power Purchase Agreements.

GHG Protocol
Scope 2 Guidance
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Current Carbon Accounting from GHG Protocol @

» Market-based methods: Renewable Energy Certificates
or Power Purchase Agreements. GHG Protocol

Scope 2 Guidance

» Location-based methods: Average Carbon Emission.




Current Carbon Accounting from GHG Protocol

» Market-based methods: Renewable Energy Certificates

Electricity Market

» Location-based methods: Average Carbon Emission.

Electricity Market

—

Carbon Market

Carbon Accounting

Separated Electricity
Market and Carbon Market
(Carbon Accounting)

No Carbon Market and Carbon
Accounting Happens after
Electricity Market Clearing

Can we integrate carbon emissions into the electricity market and
simultaneously achieve carbon accounting?



Carbon Cost Model @

» Core Idea: Introduce consumers’ carbon preferences and

carbon allocation into the electricity market! o
S8 R
. \
® Consumer-defined carbon costs BA -
~
— Reflect how much revenue the consumer is willing to /I =70 | .
“forgo” to avoid carbon emissions. L U = »1’
Kz T |
® Carbon allocation mechanism %_ — = ﬁ

— Allocate carbon emissions directly from generators to
consumers without considering the physical power grid. Carbon Cost Model
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Consumer-based Carbon Costs

Carbon-aware ' P @AF. _ T
Objective PG,PIS%),sr,ED upPp —epEp — ciPa

(1a) Carbon costs
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Consumer-based Carbon Costs

Carbon-aware ' P _ @A _ T
Objective PG,PILI;I,%),(W,ED UptD CDED CGPG

(1a)
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Standard DCOPF Constraints

Standard DCOPF
Constraints

%‘(Z Ppa+ Z Bij(0; — 0;) = Z Pa.g,

deD; j:(i,7)EL geg;
Vie N,

Bij(0; — 0;) < Fii™, V(i,j) € L,
Bzg(az - 0]) Z _FiI;m’ \VI(Z,]) € ‘Ca
PE™ < Pgy < P§%, Vgeg,

PR < Ppa < PR%, VdeD,

\oref = Oa

(1b)
(Ic)
(1d)
(le)
(1f)
(1

Nodal power balance

Transmission line limit

Generation capacity limit

Demand flexibility limit
Ref. bus voltage
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Carbon Allocation Mechanism

I
> ga=Pag, Vg€Q, (1D o0
deD &5 /@\
ffod = Pp 4, Vd € D, (1i) ST |
gezg g,d D.d P \ N o}
Carbon Allocation . ﬁ S o
S e yftgu = Epa, Vd €D, 1j) »?’/:%Jﬁ

\ﬂ'g’d >0, Vge g, VdeD. (19 Carbon Cost Model




Carbon Allocation Mechanism

Carbon-aware
Objective

Carbon Allocation

T T T
max unPp —chEp — cPg
PGaPDaeaﬂ'aED D D G

(1a)

[Z Tg,d — PG,97 Vg S ga

deD
Zﬂ'g,d = PD,d, Vd € D,
geg

Z €G,qgTg,d = ED,da Vd € D,
geg

\7Tg’d >0, Vge g, VdeD.

(1)
(1i)

(1j)

(1k)

&éﬁ

Carbon Cost Model
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Carbon Allocation Results

Carbon-aware max  upPp —epBp — cfPe (la)
Objective Fe,Fo.0m o
s.t. Z Pp a4+ Z Bij(0; — 0;) = Z Pa.g,
deD; j:(i,5)EL 9€G;
Vi €N, (1b)
Bij(0; — 6;) < Fii™, ¥(3,4) € L, (1c)
Bij(0: — 6;) > —F;;™, V(i,j) € L, (1d)
PCI?,I_; < PG,g < Pgl,zx) Vg € ga (13)
PR < Ppq4 < PR3, VdeD, (1f)
eref - 0) (lg)
(Y #ga=Pcg, Vg€, (1h)\
deD
Y #gd=Ppa, Vd €D, (1i)
. geg
Carbon Allocation _
Y eqygd =Epa, Vd €D, (1j)
geg

\7rg,d >0, Vge g, VdeD.

(lk)

® Allocate lower carbon
power to consumers with
higher carbon costs.
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Special Versions of Carbon Cost Model

Carbon-aware max  ulPp—ehEp — cLP, (1a)
. . D+ D DD ol G
Objective Pe,Po.9.m Ep
s.t. Z Pp a4+ Z Bij(0: — 0;) = Z Pa.g,
deD; j:(i,5)EL geg;
Vi e N, (1b) )
B0 — 6;) > —Fi™ (i, j) € L, (1d) standard marlget clearing
- o (carbon-agnostic).
Py < Pgg < Pgy, Vgegy, (le)
PBl,i(Iil < PD,d < Pgl,aélxa Vd € D) (lf)
Oret = 0, (1gy ® When cp are identical, it’s
S Fon=Poy Ve <G, ) equal to adding a unifying
deD carbon tax on generators.
Y #gd=Ppa, Vd €D, (1i)
€g
Carbon Allocation | - |
) ecygd = Epa, Vd €D, (1j)
geg
\wg,d >0, Vge g, VdeD. (19
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How Non-Uniform Carbon Costs Impact?

Carbon-aware max  uLPp —echEp — cLP, (1a)
. . D+ D D'~ D ol G
Objective Pe,Po.9,m Ep
s.t. Z Pp 4+ Z Bij(0: — 0;) = Z Pa.g,
\‘fz N FHsaIee g€ w ° What if ¢, # 0 and the ¢p
1 . .
’ y o values are not identical?
ﬂzg(ez - 0]) S Figl‘ma V(Z,]) € ‘C’ (1C)
Bij(0: — 0;) > —F;™, V(i,j) € L, (1d)
P < Pgy < PEY, Vgeg, (ley @ How will prices change?
PRIt < Pp g < PR, Vd €D, (1f) Who pays for tge higher
Ot = 0, (1g) generation cost”
(Y #ga=Pcg, Vg€, (1h)
deD
> #gd = Pp.a, Vd €D, (1)
€g
Carbon Allocation | - |
Y ecygd = Epa, Vd €D, (1j)
geg

\_"o >0, Vge G, Vd € D. (19




Equivalent Equilibrium Formulation

. c e . N\
Single Optimization Problem
Pg,PI]:gl,aé%ﬂ,ED ul,Pp —c,Ep — ¢, Pg (1a)
s.t. Z Pp g4+ Z 5ij(9i - ej) = Z Pa g,
deD; j:(i,5)EL 9ge€g;
Vie N, (1b)
,313(01. ) < le;m, V(Z’J) € ﬁ, (IC)
Bij(0: — 0;) > —F;;™, V(i,j) € L, (1d)
Pmln < Pgy <P;y, Vgeg, (le)
Pgl,l(rll < PD,d < Pan,adxa Vd € Da (ID
Oref = 0, (1g)
Y 7mga=Pag Vg€G, (1h)
deD
> 7ga=Ppa, Vd€D, (1i)
geqg
Z €q,gTg,d = Ep,a, Vd € D, (1))
geg
Tga >0, Vg €G, Vd € D. (1K)
\§ J

s. t Pmm < PG g < Pnldx. s. t Pllllll < PD d < Pmax
Transmission Owner: Profit maximization
max Api - Bi; (0; — 6;) e s

’ Z j,(,;)eﬁ Equilibrium

sit. — Fim < B0, — 0;) < Fi™ (i, 5) € L, Formulation
Orer =0,
Price Setter: Enforce the nodal power balance constraint

Y Ppat+ Y. Bij(6i—0;)=> Pog, :Api

deD; j:(i,5)€eL 9€G;
Carbon Manager: Total carbon cost minimization
—cLE
s.t. Z Tg,d = PG,97 Vg € g) : )‘G,g Zec,gﬂ'g,d = ED,d, Vd € D,
deD geg

Y mga=Ppa, VAdED, :Apg Tea20,VgEG, VdeED,

\ geg

fGenerators: Profit maximization Consumers: Utility maximization\
A (Ap,izgeg: +AG,g — CGg) - Pag Ijgla-x (up,d — Ap,i:deD; + AD,d) - Pp.d

J
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Carbon-Adjustments

~

/Generators: Profit maximization Consumers: Utility maximization
max (Apigeg, +AGg — ¢G.g) - Po.g max (up,d — Ap,i:deD;, +AD.d) * Pp.d
D.d

G.g
st. P& < P,y < PEY" s.t. PRy < Ppg < PR3
Transmission Owner: Profit maximization
max Ap; - Bij(60; — 6;) rer x
o Z j,(geﬁ Equilibrium
st. — F™ < Bij(0; — 0;) < Fj™, V(i j) € L, Formulation
eref =0,

Price Setter: Enforce the nodal power balance constraint

Z Pp.q+ Z Bij(0: —6;) = Z Pg g4, :Api,

deD; j:(i,5)EL 9€gi
Carbon Manager: Total carbon cost minimization
—cVE
s.t. Z Tg,d = PG’,ga v.q € g; : )\G,g Zecgﬂg’d = ED,d, Vd € D,
deD 9€g

Y 7mga=Ppa, VAED, :Apa Tga20,VgeG, VdeD,

- 9eg J

Theorem (Ordering of Carbon-Adjustments):

Theorem IV.2 (Ordering of Carbon-Adjustments). For a set
of generators G with increasing emission factors eq (1) <
eg,2) < -+ < eq,(g|), the corresponding generator carbon-
adjustments will be decreasing,

AG,(1) 2 AG,(2) 2+ 2 Aa,(g))-

For a set of consumers D with decreasing carbon-costs
Cp,(1) = Cp,(2) = *** 2 Cp,(|D|)> the corresponding consumer
carbon-adjustments will be increasing,

AD,(1) < Ap,2) < - < Ap,(p))

® The higher-emitting generators are
penalized with lower carbon-adjustments.

® The consumers submitting higher carbon
costs contribute more to cover the
increases in generation cost that arise
from prioritizing low-carbon generation.

20



Takeaways

® We propose a new green electricity market clearing with consumer-
based carbon costs and carbon allocation.

® The equivalent equilibrium formulation gives rise to carbon-adjusted
prices. Low-carbon generators and carbon-sensitive consumers will
face higher carbon-adjusted prices.

|
Scan to access Than k yOU g

paper preprint! Wengian Jiang
wengian.jiang@wisc.edu
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Consider Carbon Emission in Market Clearing

» Carbon tax model

Without Carbon Tax; With Carbon Tax:
fnax upPp — c;Pg fnax upPp — (ct+¢co,e6)Pa

— Change generator merit order and make renewables competitive.

— “Carbon bill” allocation on consumers through higher prices.

- Politically difficult to determine an adequate carbon tax.

« It’'s not clear to consumers that this model is the “best” choice to pay for
carbon bills.
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Analysis for IEEE RTS-GMLC Case

IEEE RTS-GMLC System: 73buses, 158 generators, and 120 Lines

Four generator fuel types: Natural gas(0.6), Oil (0.74), Coal (0.96), Renewable (0)

TABLE III
THE IMPACT OF DIFFERENT CARBON COSTS ON GENERATION DISPATCH, SYSTEM EMISSIONS, AND OBJECTIVE FUNCTION COMPONENTS.

Total Generation  Total Generation  Total Carbon  Average Carbon Optimal Objective

e [MWh] Cost [$] [tons] fonsMwh] ~ UaFa 18] cloy Eq [S] Values [$]
P(2) 8550 63748 3001.8 0351 457039 0 393291
P(3) 8550 63748 3001.8 0.351 457039 0 393291

(10, 20] 8550 64723.4 2866.9 0.335 457039 355914 356724.2

(10, 40] 8550 65468.5 2804 0.328 457039 50088.7 341481.8

(30, 60] 8263.3 61675.1 2594.6 0.314 448896.9 09168.8 288053

(50, 80] 8063.2 58907 2473.7 0.307 439138.2 143270.5 236960.7

Benchmarks: Fixed maximum loads and carbon-agnostic case when all ¢, = 0.
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Consider Carbon Emission in Market Clearing

» Carbon flow model

-> Carbon Flow
— Power Flow

o

»Carbon emissions are virtually attached to the power o E_rﬁ
flowing from generators to loads. 535\ 7 \
»Proportional sharing assumption. ﬁ g )

&
»Node carbon intensity can be calculated and limited. /\%ﬁ

Carbon Flow Model

- Difficult to determine adequate carbon limits.

 I's not clear that the proportional sharing assumption is a “right”
definition for carbon flow tracing.
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More Extension @

> Equilibrium framework instead of sequential framework on carbon
signal design for load shifting to reduce carbon emissions (submitted
to CDC 2025, preprint: https://arxiv.org/pdf/2504.07248).

B5
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More Extension

» Equilibrium framework instead of sequential framework on carbon signal

design for load shifting to reduce carbon emissions (submitted to CDC
2025, preprint: https://arxiv.org/pdi/2504.07248).

® Sequential framework

Step 1: System operator solves DC OPF to clear the market.

Step 2: Compute locational marginal carbon emissions per bus using LP sensitivity analysis
Step 3: Carbon-sensitive loads determine optimal load shifts based on marginal emissions.

1. Lindberg, J., Abdennadher, Y., Chen, J., Lesieutre, B. C., & Roald, L. (2021, June). A guide to reducing carbon emissions through

data center geographical load shifting. In Proceedings of the Twelfth ACM International Conference on Future Energy Systems (pp.
430-436).
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More Extension

» Equilibrium framework instead of sequential framework on carbon signal
design for load shifting to reduce carbon emissions (submitted to CDC
2025, preprint: https://arxiv.org/pdi/2504.07248).

® Equilibrium framework

Generators: Consumers:
max (Pigeg; — ¢G,g) P,y max (rp,a — pudep, — A+ cp,a) - Pp.a

G,g9 PD,d

st. PE™ < Pg g < PE, st PRl < Ppa < PB,

C _ plim - (0: — 0 lim o
Transmission Owner: max Y pi- ( > Bii(0— 90) st — F" < Bi;(6; — 0;) < Fyj™, V(i,j) € L,
b J (i) €L Orey =0,
Price-setter: Z Pp g4 + Z Bij(0; — 0;) = Z Pgg D
deD; j:(i,5)EL 9gegyg;

Average carbon emission: A Ppa=) egq-Poy,

deD geg B7
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Equilibrium Analysis Introduction

9+Pad
s.t. ZP 12 ZP‘“’ (: w),

leg leD
P;,liin < Rq,i < P;n,iax’ Vi € g, (: v;nax,,vzgnin)’
Pér,liin < Pd,i < P(;?iax’ Vi € D, (: ,y;nax,,y;niné

/Primal Centralized Problem
max (uT Py — cTFy)

quivale

nt

« Primal Equilibrium Problem
Generators: max (p— )Py,

max

s.t. P;n,lm <Py < gl

Consumers: max (wg — p) - Pay
d,l

(: o, opin).

sit. Pyy" < Py < Py, (: ymax min)

Price-setter Problem: 0<p Ll P, —> Pui>0

- KKT Conditions

0€ci—w+v"* — ™",

Vi € G,

0€w—u;+ "

leg

_,Y;nin’ Vi € Da

0<wl ) Pu—Y» Pyi>0,

leD

0 <™ L PE™ — Pyi 20,Vi€G,
0 <™ L P PR">0,Vieg,
0 <A™ L PP — Py; > 0,Vi€D,

0< ™ L Py; — P >0,VieD.

. leg lLeD
ﬁ- KKT Conditions

0€c;—p+vmax—plin Ve g,
0 € p—u; + P> —ymin_ V€ D,
0<pl ZRq,z — ZPd,l > 0,

leg leD
0 <o | PP, >0,Vieg,
0<o™ L P P >0,Vieg,

0 < A% | PP _ Py >0,Vi € D,
0 <An 1 Py, — P >0,Vi € D.




