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Abstract. Problem definition: The transition from fossil-fuel generators to renewable 
energy requires significant growth of flexible resources to manage weather-dependent out
put variations. Key among these are large-scale storage assets. Although storage is mostly 
carbon neutral in its direct operations, its arbitrage activities influence the scheduled quan
tities of other producers, thereby affecting market-level carbon emissions indirectly. This 
raises questions about the extent of these indirect emissions and how to limit them effec
tively. Methodology/results: We develop a model to analyze the emission impact of profit- 
maximizing large-scale storage agents in a competitive electricity market. We derive a tight 
condition for the worst-case rate of added emissions from a storage transaction. Accord
ingly, we characterize the minimum sufficient carbon levy to keep emissions below a 
desired threshold. We support our theoretical findings with numerical studies based on 
the Dutch electricity market. Our results show that both emissions and the corresponding 
carbon levy depend on the round-trip efficiency of the storage asset and the characteristics 
of technologies in the energy mix (e.g., marginal costs, emissions, and capacities). The find
ings remain robust under uncertainty in demand and renewables. Managerial implica
tions: The framework developed in this work enables market participants and regulators 
to assess, interpret, and potentially control the unintended carbon impacts of storage asset 
operations. Several findings are nontrivial and carry important implications for regulation. 
For instance, we show that counterintuitively, storage assets with higher round-trip effi
ciency can increase system emissions more—and require higher carbon levies to curb 
them—than less efficient ones. Additionally, although a carbon levy reduces the worst- 
case emission rates of a storage transaction, we identify scenarios where the emission 
impact of a storage agent may rise with higher levies. Notably, the indirect emissions of 
storage agents are also sensitive to whether solar or wind is the dominant renewable.
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1. Introduction
1.1. Motivation
The sustainability imperatives for electricity production 
have led to the replacement of fossil-based but reliable 
technologies with renewable but intermittent energy 
sources, such as wind and solar. As a consequence, this 
transition to greater production uncertainty has created 
an essential requirement for more electricity storage 
and/or flexible resources that can maintain the continu
ous balance of supply and demand. Storage devices, 
such as batteries, can increase supply during shortages 

and increase demand (“load”) when there is a surplus 
by shifting energy usage across time. The energy transi
tion to renewable resources therefore requires the inte
gration of large-scale (utility-scale) storage capacity into 
electricity markets, which according to the International 
Energy Agency (International Energy Agency 2024), 
must increase 20-fold between 2023 and 2030 to align 
with a net-zero scenario.

Although increasing the participation of large-scale 
storage agents in the electricity market is a conse
quence of decarbonization intentions, the stringent 
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nature of meeting net-zero targets raises the question 
of whether the activities of storage are themselves free 
of carbon emissions. In this context, emissions from 
the direct operation of storage (classified as scope 1) 
can be considered negligible or even zero. However, 
their indirect operational emissions resulting from 
changes in market dynamics—classified as scope 2— 
are not necessarily zero. In fact, in deregulated mar
kets, storage agents act as profit maximizers, engaging 
in price arbitrage by purchasing electricity when it is 
cheap and selling it when it is expensive. Although 
this arbitrage helps reduce overall procurement costs 
for the market, it influences the production of the other 
generators and consequently, their carbon emissions. 
Studies on this topic have conflicting results; some 
report increases in carbon emissions (e.g., Hittinger and 
Azevedo 2015, Fisher and Apt 2017), and others report 
reductions (e.g., Arbabzadeh et al. 2019, Qin et al. 2023), 
whereas some find both outcomes depending upon 
market conditions (e.g., Wu and Kapuscinski 2013; 
Arciniegas and Hittinger 2018; Goteti et al. 2019, 2021).

These mixed findings motivate the need for a com
prehensive investigation into the indirect emission 
impact of energy storage. Key questions remain 
unanswered. What are the primary drivers of these 
unintended carbon emissions? Under what market 
conditions does storage increase or decrease emis
sions? How frequently do these conditions occur, and 
how significant are their effects? Furthermore, how 
can regulators mitigate unintended emissions while 
still enabling market participants to maximize prof
its? Our research addresses these open questions by 
developing an analytical model to assess and explain 
storage-induced emissions. We also propose a carbon 
levy as a policy tool to mitigate their impact. The 
model serves as a framework for market participants 
and regulators to evaluate the carbon dioxide (CO2) 
consequences of storage operations.

Our findings show that perfect storage—defined as 
one with a round-trip efficiency equal to one—does 
not increase emissions if among all generators poten
tially affected by this storage, the more polluting ones 
have higher marginal costs than the cleaner ones. 
However, when storage is less efficient (its round-trip 
efficiency is below one), avoiding increased emissions 
requires a larger cost gap between cleaner and more 
polluting generators. In markets where some polluting 
generators are cheaper than cleaner ones, even a per
fect storage can result in higher emissions. It can also 
happen that less efficient storage technologies lead to 
lower emissions than more efficient ones as some pol
luting operations are not profitable for the less efficient 
storage. From a policymaking perspective, our results 
can assist market regulators and operators in design
ing carbon pricing mechanisms that account for the 
complex interactions between storage and generation. 

We further validate our analytical findings using data 
from the Dutch electricity market.

1.2. Background Research and Our Contributions
Most research on storage focuses on economic and 
financial aspects (e.g., Zhou et al. 2016, Löhndorf and 
Wozabal 2023, Wu et al. 2023). Yet, some studies focus 
on their unintended effect in the context of market 
decarbonization. Sunar et al. (2024) find that with resi
dential storage and solar generation combined with 
net metering, a flat tariff could lead to lower emission 
than time-of-use tariffs, the latter usually being consid
ered the more sustainable. Peng et al. (2024) show that 
storage could either act as a complementary asset to a 
renewable facility or act as a subsidiary asset because 
of limited discharging opportunities. A few studies 
directly assess the emissions impact of large-scale stor
age. Some focus on its role in shifting the generation 
mix (De Sisternes et al. 2016, Arbabzadeh et al. 2019), 
whereas others examine its direct CO2 impact, yielding 
mixed results across regions. Key factors influencing 
emissions include round-trip efficiency (Hittinger and 
Azevedo 2015), carbon value (Arciniegas and Hittin
ger 2018), storage ownership (Fisher and Apt 2017), 
energy mix (Goteti et al. 2019), and the economic cur
tailment of renewables (Wu and Kapuscinski 2013).

In general, modeling storage in electricity markets 
is complex because of temporal linkages requiring a 
multiperiod analysis. The storage is typically incorpo
rated using one of two approaches (Ryan et al. 2016): 
(1) empirical models that adjust historical market out
comes based on storage activity (e.g., Shafiee et al. 
2016, Arciniegas and Hittinger 2018) and (2) power 
system optimization models that reflect markets with 
storage based on fundamental market parameters as 
in Williams and Green (2022). In our research, we opt 
for the second approach to develop a fundamental 
model applicable to a general electricity market con
tingent upon data availability. To our knowledge, 
only few studies analyze the theoretical link between 
storage activity and generator output. Peng et al. 
(2024) use stochastic control theory to classify differ
ent types of storage operations but do not assess their 
emissions. Carson and Novan (2013) develop a simpli
fied two-period model to identify conditions under 
which storage increases CO2 emissions. Our paper is 
the first to extend the latter analysis to a multiperiod 
setting, enabling a deeper and more accurate under
standing of the storage emission impact. Accordingly, 
we derive the interval for the emission impacts of the 
least and most polluting storage activities in the mar
ket. This interval is robust to uncertainties in demand 
and renewable generation, and it is applicable across 
a wide range of storage technologies.

Using the above interval, we formulate a condition 
under which all storage activities fall under a given 
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pollution level. Based on that condition, we derive a 
sufficient carbon levy to limit the unintended emis
sions caused by storage operations. Carbon pricing is 
widely recognized as a key policy tool for emissions 
mitigation, with 80 initiatives currently covering 28% 
of global CO2 emissions as of 2025 (see the carbon pric
ing dashboard of The World Bank 2025). A prominent 
example is the European Emissions Trading System 
(EU ETS); however, carbon prices in such schemes 
often fall short of reflecting the true social cost of car
bon. For instance, Zhao et al. (2023) estimate the social 
cost of carbon at $162 per ton of CO2 in 2020— 
substantially higher than the average EU ETS price of 
e66.5 per ton in 2024—and project it to rise to $1,214 by 
2120. In electricity markets, carbon pricing aims to 
increase the operational costs of carbon-intensive gen
erators, thereby discouraging their use. Yet, current 
price levels may be too low to induce significant emis
sions reductions. Fleschutz et al. (2021) find that car
bon prices would have to be about 30 times higher 
than in 2019 to achieve a carbon-intensity-based dis
patch order for conventional generators. Regarding 
storage, Arciniegas and Hittinger (2018) show that 
CO2 tax can reduce emissions induced by storage 
operations. Meanwhile, Olsen and Kirschen (2020) 
find that imposing a carbon neutrality constraint on 
storage significantly reduces emissions in the absence 
of carbon pricing but has limited or even counterpro
ductive effects when carbon pricing is present because 
of lower storage investment. Although these studies 
show numerically that carbon levies have impacts on 
storage emissions, in our study, we formalize analyti
cally the carbon levy value sufficient to prevent stor
age emission. Moreover, we show how carbon levies 
can increase storage-induced emissions.

Unlike previous studies, we focus on transactions 
(i.e., distinct pairs of operations where one is a sale 
and the other is a purchase). We consider such a finer 
transaction-wise resolution essential for precise emis
sion analysis and subsequent management. For exam
ple, consider two agents with the same expected 
total emissions. One storage agent might execute over 
time both highly polluting transactions and very-low- 
emission transactions, whereas another performs only 
moderately polluting ones. Although their aggregate 
emissions are expected to be the same, the system- 
wide impact can differ. In the first case, the agent 
relies on external conditions to offset emissions, mak
ing it a potential major polluter if those conditions 
shift, whereas in the second case, the pollution level 
appears to be more manageable. In particular, with 
annual carbon accounting, the agent in the first case 
may emit highly during the first part of the year, 
expecting to offset it later, but that may not actually 
occur for a variety of reasons. Thus, the need for 

high-resolution emission measurements is recognized 
by policymakers and already reflected in initiatives to 
move toward the so-called 24/7 green electricity con
cept (Riepin and Brown 2024), where every unit of 
demand must be matched in real time by renewable 
supply. Research has shown (e.g., de Chalendar and 
Benson 2019) that carbon metrics should adopt a finer 
resolution to ensure that green electricity claims are 
credible and effective.

The remainder of the paper is organized as fol
lows. Section 2 introduces the model and problem 
formulation. Section 3 presents a theoretical analysis 
of storage-induced CO2 emissions. Section 4 derives 
a sufficient carbon levy to mitigate these emissions. 
Section 5 provides numerical results based on the 
Dutch market, and Section 6 concludes.

2. Model
We model an auction-based wholesale electricity mar
ket with uniform pricing and analyze the impact of a 
storage agent on market outcomes in terms of both 
costs and emissions. Table 1 summarizes the main 
notation, using boldface for endogenous variables and 
regular font for exogenous ones. When needed, we 
use capital letters to denote vectors and matrices 
formed from individual elements listed in Table 1. For 
example, the marginal cost of generator j is denoted cj, 
and the vector of all conventional marginal costs is 
written as C ∈ RJ. Similarly, the production quantity of 
generator j in period t is qt, j, so the matrix of all gener
ator production quantities across all time periods is 
denoted Q ∈ RT×J and so on. We assume a discrete- 
time framework, where t is the time index and T is the 
total number of periods in the planning horizon (i.e., 
t � 1, : : : , T); without loss of generatlity, we assume 
that each time period corresponds to one hour.

2.1. Market Elements
The market outcome is determined by conventional 
generators, the storage agent, and residual demand, all 
detailed below. We assume that conventional genera
tors and the storage agent are nonstrategic, truthfully 
submitting supply curves (quantities versus prices) to 
the market operator, which clears the auction to satisfy 
the energy demand, determining the uniform clearing 
price and scheduling the accepted quantities.

2.1.1. Conventional Generators. We refer to all nonre
newable energy sources as “conventional.” Let J be 
the number of conventional generator facilities, each 
with capacity kj (in Megawatt), producing qt, j units of 
energy (in Megawatt hour) at time t. Because the 
length of each time period is one hour, we have

0 ≤ qt, j ≤ kj t � 1, : : : , T, j � 1, : : : , J: (1) 
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We assume that production costs and emissions of 
each generator j scale linearly with its production 
quantity. Accordingly, during a review period T, gen
erators have a constant marginal production cost cj 
and a constant marginal emission rate ej. Our analysis 
extends without loss of generality to stepwise increas
ing marginal costs and emissions (see Online Appen
dix EC.2.1). We could also let the characteristics of the 
generators (cost, emission rate, and production capac
ity) vary per hour without loss of generality. (so, we 
would have ct, j, et, j, kt, j); this would not change the 
results of the paper. We consider those quantities 
fixed per hour for simplicity of further notation.

Because generator settlements in the day-ahead 
electricity market occur daily, marginal cost para
meters are updated every 24 hours. Therefore, in 
Section 5, we set the review period T to 24 hours. For 
convenience and without loss of generality, the tech
nologies are indexed in ascending order of their mar
ginal costs such that c1 ≤⋯ ≤ cJ. We assume that the 
marginal costs and emissions are known, but our 
results are directly extendable to the setup where 
those quantities are uncertain and estimated to be in 
some intervals (so-called interval uncertainty) as 
explained in Online Appendix EC.3.

Each generator j � 1, : : : , J submits a supply curve 
to the market operator, which indicates the quan
tity offered at each market price. The supply curve 
formulation, in terms of offered quantities as func
tions of an exogenous price vector P � [p1, : : : , pT]

⊤, 

is the outcome of the following profit maximization 
problem:

q∗1, j(P)

: : :

q∗T, j(P)

2

6
6
4

3

7
7
5 :� arg max

qT, j∈R
q1, j∈R, : : : ,

XT

t�1
(pt� cj)qt, j (2a) 

s:t: (1) for agent j: (2b) 

Problem (2) has the following outcome for agent j and 
period t:

q∗t, j(P) �

kj, if pt > cj

any value in [0, kj], if pt � cj

0, if pt < cj:

8
>><

>>:

(3) 

This means that the conventional generator j will opt 
to produce at full capacity kj if the market price 
exceeds its marginal cost, will remain indifferent to 
any output in [0, kj] if the price equals its marginal 
cost, and will not produce if the price is lower. We 
denote the resulting matrix of supply curves across all 
agents and time periods by Q∗(P) � (q∗t, j(P))t, j.

Note that for tractability and clarity, we currently 
consider only generator capacity limits in (1). Other 
technical constraints, such as ramping rates, mini
mum load, and start-up costs, are omitted as they 
introduce significant analytical complexity, including 
correlation in generation over time. Excluding them 
for now enables cleaner, closed-form, and interpretable 

Table 1. Notation

Notation Description

Indices
j Index of the conventional energy technology ( j ∈ {1, : : : , J})
t Index of time period (t ∈ {1, : : : , T})
s Indicator of the storage agent
+,� Indicator of a buying and selling operation or charging

Exogenous variables
dt Residual energy demand at time t (MWh)
ej Marginal emission factor of generator j (ton CO2/MWh)
cj Marginal cost factor of generator j (e/MWh)
cs Marginal cost factor of the storage agent (e/MWh)
kj Capacity of conventional generator j (MW)
κ̂ j Cumulative capacity of generators 1 to j, including j (MW)
ks Capacity of the storage agent (MWh)
η Round-trip efficiency (η ∈ [0, 1])
δ� ,δ+ Maximum discharging and charging rate of the storage agent (δ� ,δ+ ∈ [0, 1])
µ,µ Lower and upper bounds on the storage agent SoC (as a fraction of capacity; µ,µ ∈ [0, 1])

Endogenous variables
v+t , v�t Buying and selling operation of storage at time t, respectively (MWh)
st State of Charge (SOC) of the storage agent at time t (MWh)
pt Clearing price of the market at time t (e)
qt, j Production of generator j at time t (MWh)
f Ratio of Empirical carbon levy

Theoretical carbon levy (φ ∈ [0, 1])

Note. MW, Megawatt; MWh, Megawatt hour.

Dupont et al.: Unintended Carbon Impacts of Large-Scale Electricity Storage 
666 Manufacturing & Service Operations Management, 2026, vol. 28, no. 2, pp. 663–685, © 2025 The Author(s) 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
s.

or
g 

by
 [

21
6.

73
.2

16
.9

4]
 o

n 
05

 J
un

e 
20

26
, a

t 2
3:

19
 . 

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y,
 a

ll 
ri

gh
ts

 r
es

er
ve

d.
 



formulations. These constraints are incorporated in our 
models in Online Appendix EC.2.2, and their impacts 
are analyzed numerically in Section 5.6.

2.1.2. Large-Scale Storage Agent. This agent (hereaf
ter referred to as storage or the storage agent) operates 
an energy storage system, which may include technol
ogies such as batteries, pumped hydro, compressed 
air, and others. We assume that scope 1 emissions of 
storage operations are zero, consistent with most stor
age technologies. Notable exceptions are traditional 
compressed air energy storage (CAES) systems, which 
emit CO2 in their operations. However, next-generation 
CAES aims to eliminate these combustion-related emis
sions. Thus, we ignore scope 1 emissions for analytical 
simplicity, but our model is structured to be extendable 
to incorporate these nonzero parameters. Importantly, 
we model a single storage, which may represent an 
aggregate of many agents using the same technology. 
The model can directly be extended to multiple hetero
geneous storage agents (see Online Appendix EC.2.1).

Unlike conventional generators, storage acts as both 
a consumer and a producer. At any time t, the storage 
agent either buys a quantity of v+t or sells a quantity of 
v�t (in MWh). For each of these operations, the storage 
agent incurs a marginal cost of cs. The storage agent 
may incur technical losses when operating, which 
we define as the round-trip efficiency, denoted by 
η ∈ [0, 1]. This is the amount of energy loss when one 
unit of energy is taken and later withdrawn by and 
from the storage agents. For simplicity of notation, we 
assume that the charging and discharging inefficiencies 
are equal and hence, that each is ffiffiffiη√ . With this notation, 
we can recursively express the state of charge (SoC) of 
the storage agent at time t as

st � st�1�
v�t
ffiffiffi
η
√ + v+t

ffiffiffi
η
√ t � 1, : : : , T: (4) 

Because of physical and capacity constraints, the stor
age agent’s state of charge must remain within upper 
and lower bounds. Letting ks denote the maximum 
storage capacity, the SoC must stay between µks and 
µks. In addition, the amount of energy that can be 
charged or discharged in a single time period is lim
ited. Specifically, only up to a fraction δ+ of the capac
ity can be charged, and up to δ� can be discharged:

µks ≤ st ≤ µks t � 1, : : : , T (5) 

0 ≤ v+t ≤ δ
+ks t � 1, : : : , T (6) 

0 ≤ v�t ≤ δ
�ks t � 1, : : : , T: (7) 

To prevent carrying over energy beyond the review 
period, we assume that the storage agent has the same 
SoC at the beginning and the end of the planning 

horizon. That is,
s0 � sT: (8) 

This equivalently means that
XT

t�1
(v�t � v+t η) � 0: (9) 

Similar to the conventional generators, we assume 
that the storage agent is nonstrategic and submits a 
supply curve. The supply curve is obtained by solv
ing a profit-maximizing problem as a function of mar
ket prices P � [p1, : : : , pT]

⊤. Specifically, the storage 
agent maximizes its profit 

PT
t�1 pt(v�t � v+t )� cs(v�t + v+t )

under the above constraints, which we summarize as 
the following optimization problem:

(V+∗(P), V�∗(P)) (10a) 

� arg max

S∈RT+1
V+,V�∈RT

XT

t�1
pt(v�t � v+t )� cs(v�t + v+t ) (10b) 

s:t: (4)–(8): (10c) 

Unlike conventional generators, the optimal solution 
to the storage agent Problem (10) lacks a simple 
closed-form expression, but it can be implicitly charac
terized via Karush–Kuhn–Tucker (KKT) conditions. 
This complexity stems from the intertemporal cou
pling of storage decisions; past buy/sell actions affect 
future ones, making period-by-period optimization 
not applicable. Although the storage agent may buy 
or sell in each period, it cannot do both simulta
neously. As shown in the following lemma, such 
simultaneous actions are excluded by the optimum, 
thereby requiring no explicit constraint in (10) (see 
Online Appendix EC.1.1 for the proof).

Lemma 1 (No Simultaneous Selling and Buying). In any 
optimal solution to Problem (10), the storage agent never 
buys and sells simultaneously. That is, for any prices P and 
time t, we have v+t (P) · v�t (P) � 0.

2.1.3. Demand, Renewable Generation, and Residual 
Demand. We assume that electricity demand is exog
enous, time varying, and price inelastic, reflecting 
short-term behavior (Byrne et al. 2021). Renewable 
energy sources (RES) including wind and solar gener
ation is also exogenous, is also time varying, and has 
negligible marginal costs. With no operational con
straints on conventional generators (e.g., ramping or 
minimum-load limits), renewables are dispatched 
first. Under these conditions, renewable generation 
can be netted from total demand without loss of gen
erality, allowing the model to operate on residual 
demand—total demand minus renewable generation. 
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When operational constraints on generators are intro
duced (Section 5.6 and Online Appendix EC.2), renew
ables are modeled as separate generators because their 
dispatch becomes endogenous.

Residual demand is met by conventional generation 
and storage. Storage is treated separately, consistent 
with the system operator practice of distinguishing 
fundamental demand from demand-side resources. 
Thus, supply-demand balance reduces to meeting 
residual demand plus storage charging through con
ventional generation and storage discharging, consis
tent with similar fundamental market clearing models 
(e.g., Peng et al. 2024). The residual demand dt denotes 
the energy (in MWh) required at time t beyond 
renewable supply; it may be positive (net consump
tion) or negative (net production). Specifically, for 
market clearing, the operator observes the full resid
ual demand vector D � [d1, : : : , dT]. We also allow 
curtailment of positive net load when it helps the 
objective. Up to Section 3.2, we treat D as exogenous 
and fixed. To ensure that our analysis remains robust 
across all potential residual demand realizations, 
from Section 3.2 onward when evaluating storage- 
induced emissions, we derive the worst-case emission 
rate, which guarantees robustness against all possible 
demand scenarios and corresponding optimal stor
age operations.

2.2. Market Arrangements
Given the submitted supply curves by agents and 
observed residual demand, the market operator ensures 
the equilibrium by determining the vector of clearing 
prices P∗ (denoted by boldface because here, it becomes 
endogenous) such that the scheduled quantities for 
each participant (Q∗(P), V+∗(P), and V�∗(P)) lead to 
supply-demand matching. This is expressed mathemat
ically for all t � 1, : : : , T as

XJ

j�1
q∗t, j(P

∗) �
bt(P∗) if bt(P∗) ≥ 0

0 otherwise

(

with bt(P∗) � dt + v+∗t (P
∗)� v�∗t (P

∗),

(11) 

where for any P, the function q∗t, j(P) is defined in (3) 
and v+∗t (P), v�∗t (P) are defined in (10). Because of the 
lack of a closed-form supply curve for the storage 
agent, directly solving (11) for the optimal price is 
complex. However, we show that the equilibrium 
prices can be obtained analytically from a system 
cost minimization problem, which is a simple linear 
program.

3. Analytical Results
In this section, we use our model to analyze the stor
age agent’s impact on CO2 emissions.

3.1. Market-Clearing Formulation
As noted in Section 2.2, finding the market-clearing 
prices directly from (11) is complex. To address this 
issue, we present an alternative but equivalent prob
lem that is easier to solve.

Definition 1 (System Cost Minimization Problem). Given 
the residual demand as well as the characteristics of 
both conventional generators and the storage agent, 
the supply-demand matching aimed at minimizing 
system cost is defined by

(Q̂, V̂+, V̂�) � (12a) 

arg min
V+, V�∈RT
Q∈RT×J,

S∈RT+1

XT

t�1
cs(v�t + v+t ) +

XT

t�1

XJ

j�1
cjqt, j (12b) 

s:t: (1), (4)–(8) (12c) 

XJ

j�1
qt, j � dt + v+t � v�t t � 1, : : : , T: (12d) 

The optimal scheduled quantities from this system 
cost minimization problem match those in the market 
equilibrium defined by (11) as formally stated in the 
theorem below (see Online Appendix EC.1.2 for the 
proof).

Theorem 1 (Equivalence of Individual Profit Maximization 
and System Cost Minimization). A feasible solution to Prob
lem (12) is optimal if and only if it represents the produc
tion quantities following from equilibrium (11), where the 
price vector P∗ equals the vector of optimal dual variables of 
Constraint (12d).

The equivalence in Theorem 1 stems from the line
arity and structural similarity of Problems (2), (10), 
and (12). Specifically, the KKT conditions of the indi
vidual Problems (2) and (10) align with those of 
the system cost minimization (12) when the market- 
clearing price vector equals the optimal dual multi
pliers of Constraint (12d). Because of their equivalence, 
we interchangeably use the optimization results from 
(3) and (10) or from the system cost minimization (12) 
depending on which is more traceable and interpret
able for each case. By leveraging the more tractable 
Problem (12), we can derive an important property of 
optimal conventional generation as shown in the fol
lowing corollary (see Online Appendix EC.1.4 for the 
proof).

Corollary 1 (Optimal Conventional Generation). Let 
(Q̂, V̂+, V̂�) be an optimal solution to Problem (12), and 
let bt � dt + v̂+t � v̂�t for t � 1, : : : , T. Then, for any period t 
and conventional generator j, one can express the optimal 
scheduled quantities of conventional generators q̂t, j as a 
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function of bt:

q̂t, j(dt, v̂+t , v̂�t ) �

0 if bt < κ̂j�1

bt� κ̂j�1 if κ̂j�1 ≤ bt < κ̂j

kj if κ̂j ≤ bt,

8
>><

>>:

(13) 

where κ̂j �
Pj

i�1 ki are accumulated capacities of conven
tional generators (see Table 1).

Using the optimal scheduled quantities of the con
ventional generators as outlined in Corollary 1, we 
can obtain the market-clearing price. To do so, we 
need the following definition.

Definition 2 (Merit-Order Curve). Let the conventional 
generators be indexed in the increasing order of their 
marginal costs (i.e., i ≤ j iff ci ≤ cj). The merit-order 
curve M : [�∞, κ̂J] → R returns the marginal cost of 
the most expensive generator required to meet a given 
total quantity x ∈ R. This can be expressed as

M(x) �
cj if κ̂j�1 < x ≤ κ̂j

0 if x ≤ 0,
with κ̂0 � 0:

(

(14) 

By construction, M is monotonically nondecreasing. 
Theorem 1 states that the equilibrium price P∗ in (11) 
is the dual optimal solution corresponding to Con
straint (12d) of Problem (12). However, using the 
merit-order curve and Property (13), p∗t can also be 
directly derived from the primal optimal solution 
and written as a function of the earlier-introduced 
bt � dt + v̂+t � v̂�t . Therefore, for all t � 1, : : : , T, the 
price becomes

p∗t(bt) �
M(bt) if bt ∉ {κ̂1, : : : , κ̂J},

a y ∈ [cj∗ , cj∗+1] if bt � κ̂j∗ j∗ ∈ {1, : : : , J}:

(

(15) 

The price is not uniquely defined at the “jumps” of 
the merit-order curve; multiple prices can yield the 
same market equilibrium (see Online Appendix EC.1.3 
for the derivation). However, these boundary cases 
with nonunique prices can be excluded without loss of 
generality. This is because we estimate the emission rate 
(emissions per unit volume) and profitability for each 
storage action, and these metrics remain unchanged if 
the volume is made infinitesimally smaller. Intuitively, 
a boundary purchase or sale has the same emission 
rate as a nearby action of slightly smaller volume, 
which lies within our theoretical scope. Moreover, such 
nearby actions are profitable whenever the boundary 
ones are. Thus, no profitable storage activity is missed 
by excluding the “jumps.” Additional explanation and 
technical details are provided in Online Appendix 
EC.1.7.

Equation (15) expresses the equilibrium price as a 
function of residual demand adjusted for the storage 
agent’s operations. Therefore, the equilibrium with 
storage is equivalent to the one without it but with the 
demand adjusted with the storage agent’s optimal 
quantities.

3.2. Optimal Quantities and Emissions Impact of 
the Storage Agent

Here, we examine the impact of the storage agent 
optimal schedule on the market equilibrium and CO2 
emissions. To proceed, we first introduce the emission 
curve, which is analogous to the merit-order curve (14) 
but represents marginal CO2 emissions instead of 
marginal costs.

Definition 3 (Emission Curve). We define the emission 
curve as the function E : [�∞, κ̂J] → R that returns the 
marginal emission rate of the most expensive genera
tor needed to cumulatively match any given total 
quantity x ∈ R following the merit order. This can be 
expressed as below:

E(x) :�
ej if κ̂j�1 < x ≤ κ̂j

0 if x ≤ 0,
with κ̂0 � 0:

(

(16) 

Assume that the market clears such that (11) holds 
for some vector of market prices and operation of 
the storage agent and conventional generators. Let 
(v+t , v�t )

T
t�1 be the storage agent’s scheduled quantities, 

and define bt � dt + v+t � v�t . Then, the CO2 emission 
of the market is given by 

PT
t�1
R bt
�∞

E(x)dx, where E(x)
is the emission curve from (16). The change in total 
emissions because of the storage agent operations is 
defined as the storage marginal emission:

∆E �
XT

t�1

Z bt

�∞

E(x)dx�
Z dt

�∞

E(x)dx

�
XT

t�1

Z dt+v+t

dt

E(x)dx�
Z dt

dt�v�t
E(x)dx:

(17) 

Setting an upper bound on the difference in (17) 
limits the overall augmented market emissions in the 
presence of the storage agent. However, this approach 
overlooks the fact that there could be times during the 
review period when the storage agent incurs signifi
cantly higher emissions while still keeping the total 
daily emissions within the set limit. As discussed in 
Section 1.2, we aim to control emissions at the finest 
resolution; thus, we define a two-period transaction of a 
storage agent.

Definition 4 (Two-Period Transaction). For a storage 
agent with round-trip efficiency η, a two-period trans
action (t, u, vt, u) with vt, u ≥ 0 occurs when the storage 
agent buys the amount of energy vt, u=η in some period 
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t and sells the amount of energy vt, u in some other 
period u. In other words, a transaction consists of one 
buying operation and one selling operation that offset 
each other in terms of the SoC (see (9)).

Note that for vt, u > 0, u may be greater than or less 
than t but never equal as established in Lemma 1. The 
storage agent’s optimal operation can be represented 
as a finite set of two-period transactions (t, u, vt, u)

T
t, u�1, 

where vt, u � 0 if t � u or if no purchase-sale pair exists 
between periods t and u.

The profit-maximizing storage agent only partici
pates in the market if this leads to a nonnegative 
total profit. We investigate the connection between 
the total profitability and profitable two-period transac
tions, showing that the storage agent’s optimal total 
operation can be decomposed into such transactions.

Definition 5 (Profitable Two-Period Decomposition). Let 
P ∈ RT be a vector of prices in the review period, and 
let (v+t , v�t )

T
t�1 be a feasible operation of a storage agent. 

A decomposition of (v+t , v�t )
T
t�1 into a set of transac

tions (t, u, vt, u)
T
t, u�1 is a profitable two-period decomposi

tion if the following two properties hold. 
• Decomposability. By definition of a decomposi

tion, for all t, u ∈ {1, : : : , T},

vt, u ≥ 0,
XT

i�1
vi, u � v�u , and

XT

i�1

vt, i

η
� v+t : (18) 

• Profitability. Each transaction (t, u, vt, u) yields a 
nonnegative profit, which is equivalent to

cs(1+ η) ≤ ηpu � pt: (19) 

The next theorem shows the existence of a profit
able two-period decomposition for any optimal stor
age operation (see Online Appendix EC.1.5 for the 
proof).

Theorem 2 (Existence of a Profitable Two-Period Decom
position). For any optimal operation of the storage agent in 
Problem (10), there exists a profitable two-period decompo
sition introduced in Definition 5.

Theorem 2 ensures existence but not uniqueness, 
which suffices for our analysis. It also shows that 
focusing on profitable two-period transactions does 
not limit optimal storage operation. Thus, instead of 
solving Problem (10), one could optimize a set of prof
itable two-period transactions. This approach could 
be beneficial for transaction-wise regulation of storage 
assets in practice.

Theorem 2 allows us to extend transaction-level 
findings to the overall operation of the storage agent. 
Envisage a profitable two-period decomposition of 
(v+t , v�t )

T
t�1 into two-period transactions: (t, u, vt, u)

T
t, u�1. 

The storage marginal emission (17) can then be rewrit
ten by breaking it down into the sum of storage 

marginal emissions for each two-period transaction 
denoted by ∆Et, u for every pair t, u ∈ {1, : : : , T}:

∆E �
XT

t�1

XT

u�1

"Z dt+
Pu

w�1
vt,w
η

dt+
Pu�1

w�1
vt,w
η

E(x)dx�
Z du�

Pt�1
w�1 vw, u

du�
Pt

w�1 vw, u
E(x)dx

#

�
XT

t�1

XT

u�1
∆Et, u: (20) 

Here, we slightly abuse the notation by assuming 
that a summation with a superscript 0 evaluates to 
zero.

Definition 6 (Storage Marginal Emission Rate). For a 
two-period transaction (t, u, vt, u), the transaction-wise 
marginal emission rate (per unit of energy traded) is 
defined as ∆Et, u=vt, u. For the entire storage operation 
(v+t , v�t )

T
t�1, the overall marginal emission rate (per unit 

of energy traded) is defined as ∆E =
PT

t�1 v�t .

We define the storage marginal emission rate based 
solely on the energy sold by the storage agent as our 
goal is to measure the pollution associated with the 
shifted load. To avoid double counting and align with 
conventional generator emission rates, the metric 
is based on the energy delivered to the market by 
the storage agent. Next, we introduce a parameter 
P to control the storage marginal emission rate. P 

can be positive (allowing limited additional emis
sions), zero (emission neutral), or negative (reduc
ing emissions).

Definition 7 (P-Rate Emission-Controlled Transaction). A 
two-period transaction (t, u, vt, u) is P-rate emission 
controlled if its marginal emission rate does not exceed 
the level P (i.e., ∆Et, u=vt, u ≤ P).

The following lemma links this concept to the entire 
storage operation (see Online Appendix EC.1.6 for the 
proof).

Lemma 2 (Transaction-Wise Emission Control Implies 
Overall Emission Control). Consider a feasible storage oper
ation (v+t , v�t )

T
t�1. If there exists a two-period decomposition 

(t, u, vt, u)
T
t, u�1 where all transactions are P-rate emission 

controlled, then the whole storage operation is P-rate emis
sion controlled. In other words, if ∆Et, u=vt, u ≤ P for all 
t, u � 1, : : : , T, then ∆E =

PT
t�1 v�t ≤ P. In addition, if the 

marginal emission rates of all possible profitable two-period 
transactions are above P, so is the overall marginal emission 
rate.

Lemma 2 implies that managing emissions at the 
transaction level is sufficient to manage the overall 
marginal emission over but not the other way round. 
Hence, controlling emissions per transaction could be 
stricter than controlling overall emissions, reinforcing 
the importance of granular emission management for 
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storage agents. Our next objective is to establish a con
dition that ensures control of storage-induced emis
sions at the transaction level at the equilibrium. Given 
the volatility of residual demand and the potential 
nonuniqueness of the storage’s optimal operation, we 
formulate this condition in a robust way, indepen
dently of the residual demand and the choice of two- 
period transactions (see Online Appendix EC.1.6 for 
the proof).

Theorem 3 (Theoretical Bounds and Condition for P-Rate 
Emission-Controlled Transactions). The marginal emission 
rate of any profitable two-period transaction falls between a 
theoretical lower bound (the left-hand side of (21)) and a 
theoretical upper bound (the right-hand side of (21)): that 
is, in the interval of

min
ηcn�cm≥cs(1 + η)

n, m∈{1, : : : , J}

em

η
� en, max

ηcn�cm≥cs(1+η)
n, m∈{1, : : : , J}

em

η
� en

2

6
4

3

7
5: (21) 

The theoretical upper bound implies that all possible prof
itable two-period transactions of a storage agent in any 
plausible equilibrium are P-rate emission controlled if and 
only if the following condition holds:

em

η
� en ≤ P

∀n, m ∈ {1, : : : , J} such that η cn� cm ≥ cs(1+ η): (22) 

We illustrate the proof sketch of Theorem 3 in 
obtaining Condition (22) with a simple example. Con
sider a storage with efficiency η executing a two- 
period transaction (t, u, vt, u), where it buys vt, u=η > 0 in 
period t and sells vt, u in period u. Let m and n be the 
conventional generators setting the equilibrium prices 
in periods t and u, respectively, as defined in (15). 
Figure 1 shows an emission curve and the effect of this 
transaction on market emissions; emissions decrease in 

the selling period (area E�) and increase in the buying 
period (area E+). We focus on the simplest case where 
the transaction is small enough to keep the market- 
clearing generation unchanged in both periods. The 
marginal emission rate of transaction (t, u, vt, u) is 
given by

1
vt, u
(E+�E�) � 1

vt, u

emvt, u

η
� vt, uen

� �

�
em

η
� en:

Hence, the transaction is P-rate emission controlled if 
and only if em=η� en ≤ P, which is exactly Condition 
(22). When the storage transaction shifts market- 
clearing generators (and thus, prices), the marginal 
emission calculation becomes more complex. However, 
the proof of Theorem 3 establishes that the emission 
rates of such transactions cannot go beyond the maxi
mal and minimal rates of the above-considered simple 
transactions (Condition (21)). Hence, Condition (22) 
remains sufficient in those cases as well.

Condition (22) formulates a tight requirement on 
storage-induced emissions at the transaction level 
in equilibrium while having a simple closed form 
and clear interpretation. Through profitable transac
tions, expensive conventional generation is replaced 
by cheaper alternatives. Condition (22) guarantees 
that this shift does not lead to emissions exceeding the 
acceptable threshold defined by P. If P > 0, it is possi
ble that em > en when cm < cn. However, for any P ≤ 0 
—meaning that each profitable transaction (t, u, vt, u)

must reduce emissions by at least Pvt, u—, we must 
have em ≤ en whenever cm < cn. In this case, the inter
pretation is clear: to prevent storage agents from 
increasing pollution as CO2-intensive generators must 
be more expensive than cleaner ones. However, this is 
often not true in practice; for example, coal generation 
can be cheaper than gas in the absence of sufficiently 
high carbon pricing.

Furthermore, the theorem shows that simply align
ing the merit-order curve with marginal emissions is 
not enough to ensure emission neutrality of storage; 
the inefficiency of storage must also be considered. 
The round-trip efficiency of storage (η) affects Condi
tion (22) in two opposing ways. Higher efficiency 
expands the range of profitable transactions, making 
the condition more stringent as it applies to a broader 
set of trades. At the same time, increasing η weakens 
the inequality in (22).

Finally, the results of Theorem 3 are robust regardless 
of residual demand, storage operations, or capacity. 
Instead, they depend only on the generator emission 
rates, merit-order curve, and storage inefficiency— 
factors that are relatively stable over time and known to 
the market operator. This allows the market operator to 
assess the conditions in advance (e.g., daily), evaluating 
the potential emission impact of a storage agent.

Figure 1. Representation of a Simple Transaction and the 
Associated Emissions 
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Note that the theoretical lower and upper bounds 
on the marginal emission rates per transaction in (21) 
are also bounds on the overall marginal emission rates 
of the storage by Lemma 2. Hence, using these bounds, 
one can evaluate the maximal potential of storage to 
reduce or increase pollution. Similarly, although Con
dition (22) is necessary and sufficient for P-rate control 
at the transaction level, it also guarantees P-rate con
trol for the overall storage operation as shown in the 
corollary below (see Online Appendix EC.1.8 for the 
proof).

Corollary 2 (Conditions for Emission Control of the Overall 
Storage Operation). Interval (21) contains the overall mar
ginal emission rate of the storage. Condition (22) is suffi
cient for the overall storage operation to be P-rate emission 
controlled.

The analysis in this section and interval (21) provide 
a foundational framework for assessing the potential 
environmental impact of various storage agents differ
ing by their round-trip efficiency (some examples are 
considered in Section 5). Moreover, Condition (22) can 
be utilized as a basis for developing policies aimed at 
mitigating storage marginal CO2 emission, which we 
will further explore in the next section.

4. Formulating a Carbon Levy to Mitigate 
Storage-Induced Emission

An effective approach to controlling storage marginal 
CO2 emissions is through a linear carbon levy. In our 
model, the levy α ≥ 0 represents a payment per unit of 
CO2 emitted. A fossil-based generator j with marginal 
emissions ej incurs a cost of αejqt, j for its output qt, j at 
time t, effectively shifting its marginal cost from cj to 
(cj +αej). This policy tool is already in use—for exam
ple, in carbon emission trading schemes, like the EU 
ETS. Although such levies apply only to emitting 
generators (not storage agents), we show that they 
can still indirectly and effectively reduce unintended 
storage-induced emissions. In this section, we formu
late the carbon levy needed to satisfy Condition (22) 
from Theorem 3.

Carbon levies mitigate unintended storage-induced 
emissions by raising the marginal costs of fossil-fuel 
generators, thereby reshaping the merit-order curve 
and potentially satisfying Condition (22). To examine 
this effect more precisely, we first analyze the storage 
agent’s profitability under a carbon levy. Because the 
levy influences electricity prices, it shifts storage prof
its by redistributing gains from higher-emission trans
actions to those with lower emissions as shown in the 
following lemma (see Online Appendix EC.1.9 for the 
proof).

Lemma 3 (Impact of a Carbon Levy on the Profit of a 
Storage Agent). Suppose that a storage agent with a 

round-trip efficiency η participates in a market where each 
generator faces a carbon levy α. Consider a two-period 
transaction (t, u, vt, u) by the storage agent, and let m and 
n be the generators that clear the market (according to 
(15)) when the storage agent buys (period t) and sells 
(period u), respectively. Then, 

a. if em
η � en > 0, the profit of transaction (t, u, vt, u)

decreases in α;
b. if em

η � en � 0, the profit of transaction (t, u, vt, u) does 
not change with α; and

c. if em
η � en < 0, the profit of transaction (t, u, vt, u)

increases in α.

Lemma 3 shows that a positive carbon levy increases 
profits for transactions that potentially reduce emis
sions (i.e., when em=η� en < 0) and reduces profits for 
those that may cause excessive emissions (i.e., when 
em=η� en > 0), thereby discouraging the latter. Specifi
cally, according to Lemma 3, any transaction violating 
Condition (22) from Theorem 3 becomes less profitable 
under a carbon levy, provided P ≥ 0. As a result, a suf
ficiently high levy eliminates incentives for such trans
actions. When P < 0, however, the analysis becomes 
more nuanced as addressed in the next proposition 
(see Online Appendix EC.1.10 for the proof).

Proposition 1 (Carbon Levy to Mitigate Unintended 
Storage Emissions). Consider a storage agent with 
efficiency η, and let P ≥ 0. Define a set of ordered tuples S :�

{(m, n) ∈ {1, : : : , J}2 : ηcn� cm ≥ cs(η+ 1), em=η� en > P}. 
Then, Condition (22) holds if and only if every generator 
faces a carbon levy α that satisfies the following:

α > max
(m,n)∈S

ηcn� cm� cs(η+ 1)
em� ηen

� �

if S ≠ ∅

α � 0 otherwise:

8
><

>:
(23) 

In the case of P < 0, (23) remains valid for S ≠ ∅ only if 
em� ηen > 0 for all (m, n) ∈ S.

Proposition 1 defines the minimum sufficient carbon 
levy. Any smaller levy would fail to satisfy the P-rate 
emission control condition for some demand and RES 
realizations. Notably, Condition (23) is demand agnos
tic, ensuring that a levy above this threshold is robust 
to all possible demand and RES outcomes.

A carbon levy α can ensure that each storage trans
action does not exceed a nonnegative rate of marginal 
emissions (i.e., P ≥ 0). However, enforcing a negative 
marginal emission rate (P < 0) per transaction through 
a carbon levy is generally infeasible. As shown in 
Lemma 3(c), the profitability of transactions with nega
tive emission rates actually increases under a linear 
carbon levy. Because these transactions are already 
nonpolluting, the levy cannot further reduce their 
emissions. Achieving emission rates below a given 
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negative threshold would require alternative instru
ments, such as levies applied directly to storage trans
actions to discourage specific behaviors. We leave the 
development of such mechanisms for future research.

A sufficiently high carbon levy eliminates all storage 
transactions that exceed a given nonnegative emission 
threshold. Thus, the theoretical upper bound from inter
val (21) on the marginal transaction-wise and overall 
emission rates of a storage agent (if positive) decreases 
with the levy. However, somewhat counterintuitively, 
this does not guarantee that the observed marginal emis
sion rates for a given demand, RES, and storage vol
ume scenario would decrease. The levy shifts the 
merit-order curve and changes the feasible set of trans
actions within a given scenario. For example, if all 
observed transactions initially have negative emission 
rates, a higher levy may make additional less clean (but 
still nonpolluting) transactions viable by Lemma 3(c), 
increasing the observed emission rates. Alternatively, 
when the levy does not eliminate all polluting transac
tions, a rise in the levy could make new polluting trans
actions feasible within the observed scenario because 
of the change in the merit order. In the next section, we 
demonstrate that such effects can occur in practice. 
This highlights a possible misalignment between policy 
goals; although a higher carbon levy cannot increase 
the total system CO2 emissions, it may paradoxically 
increase the emissions associated with storage.

We conclude with a corollary on the properties of 
the minimal carbon levy (see Online Appendix EC.1.11 
for the proof).

Corollary 3 (The Impact of P and η on the Minimal 
Required Carbon Levy). The lower bound on the carbon 

levy in (23) is nondecreasing in P, but there is no mono
tonic relation between this bound and η.

The nonmonotonic relationship between the carbon 
levy and η stems from opposing effects of η on Condi
tion (22). On one hand, higher η expands the set 
of profitable transactions. On the other hand, as η 
increases, fewer transactions satisfy em=η� en > P, 
which can reduce the required levy.

5. Numerical Studies
In this section, we complement and support the above 
theoretical analysis with numerical studies using data 
from the Dutch electricity market. We work with the 
generation mix, marginal costs, and CO2 emissions 
data from the Dutch day-ahead electricity market 
during each day in two distinct years: 2019 and 
2022. These years were deliberately selected because 
of their contrasting characteristics of demand, shares 
of renewable energy, and importantly, CO2 emission 
functions. We gathered the required market informa
tion from various sources as outlined in Table 2. We 
consider several types of storage: pumped hydro stor
age (PHS), compressed air energy storage, lithium-ion 
battery, hydrogen storage, and a hypothetical perfect 
energy storage system (perfect ESS) that has a perfect 
efficiency with no (dis-)charging-rate limitations and 
a negligible operational cost. Their respective para
meters based on extensive research of open data 
sources are summarized in Table 3. The data sets and 
Python scripts used in this section are available on 
GitHub.

To find the optimal energy mix, we solve Problem 
(12). As inputs, we utilize the daily marginal cost of 

Table 2. Data Sources

Variable Data Source

Fuel cost gas Daily Historic TTF market price
Fuel cost coal Daily Historic CIF ARA market price
EU ETS prices Daily Historic EU ETS price
Nuclear fuel cost Mean 2019 and 2022 “Economics of nuclear power” by World 

Nuclear Association (2025)
Operations and Management cost Nuclear, coal, and gas plant Lazard (2021)
Demand and renewable Dutch day-ahead forecast 2019 and 2022 “Transparency platform” by ENTSOE-E 

(2023)
Generators Efficiency, CO2/GWh, capacity, min load, 

ramp up, ramp down
Kanellopoulos et al. (2019)

Note. CIF ARA, cost, insurance and freight, Amsterdam Rotterdam, Antwerp; ENTSOE-E, E European Network of Transmission 
System Operators for Electricity; GWh, Gigawatt hour; TTF, title transfer facility.

Table 3. Storage Parameters

Variable PHS CAES Battery ion Hydrogen Perfect ESS

Round-trip efficiency 0.76 0.795 0.9 0.375 1
Maximum (dis-)charging rate (fraction of capacity/hour) 0.12 0.19 0.57 1 1
Round-trip Operation & Management cost (e/MWh) 0.22 3.1 2.5 1 0.01
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each generation facility, which encompasses fuel price, 
EU ETS price, and the facility’s efficiency. Our data
base includes 36 conventional generation facilities for 
2019 and 38 conventional generation facilities for 2022, 
including parameters of their capacity, efficiency, and 
pollution rate. Using these data and the actual residual 
demand of the year, we solve Problem (12) for differ
ent storage technologies. In each case, we compute the 
profit of the storage agent using the market-clearing 
price extracted from the dual solution to Problem (12) 
according to Theorem 1.

5.1. Market Status Before Introducing Storage
Figure 2 shows the annual average daily merit-order 
curves for 2019 and 2022 based on fixed daily marginal 
costs (excluding renewables). Although over 36 genera
tion facilities are included, we group them into four tech
nology types, which are color coded in Figure 2 with 
darker shades indicating more polluting generators— 
nuclear, combined-cycle gas turbine (CCGT), gas peaker 
turbines, and coal. The top edges of the shaded areas in 
Figure 2 indicate the average yearly price for each unit of 
residual demand. The shaded composition at each 
capacity level in Figure 2 reflects the contribution of each 
technology to the average price. For instance, in 2019, a 
capacity of 7.5 GWh corresponds to an average price of 
41.55e/GWh. At this capacity level, combined-cycle gas 
turbines account for 79% of this average price, whereas 
coal facilities contribute to the remainder—illustrating 
price variation between gas and coal over the year. 
Figure 2 also includes the yearly average marginal emis
sion curve (right y axes). Residual demand is shown as 
box plots above each graph in Figure 2, indicating 
where market clearing occurs along the merit order. 
The box plots in Figure 2 display the interquartile 
range, with whiskers extending 1.5 times that range. 
Note that renewable generation is a part of residual 
demand, which explains its negative values. Although 

the residual demand varies hourly, the merit order is 
updated daily.

Figure 2 shows significant differences between 2019 
and 2022, with prices in 2022 being notably higher 
because of increased fuel and EU ETS costs. Another 
difference is the stability of generating types’ positions 
in the merit order throughout the year. In 2022, gas- 
based assets were consistently more expensive than 
coal-based ones, whereas in 2019, coal was occasion
ally more expensive than gas. The marginal emission 
curve indicates that in 2022, a storage agent is more 
likely to replace low-polluting generators with high- 
polluting ones. If a storage agent displaces gas with 
coal, CO2 emissions increase. Yet, the residual demand 
is lower in 2022 because of higher renewable genera
tion and reduced demand, leading to more instances 
of negative residual demand and greater opportunities 
for storage agents to help mitigate curtailment.

5.2. Market Status After Introducing Storage
By introducing a storage agent into the market based 
on the outcome of the system cost minimization Prob
lem (12), we assess the overall storage marginal CO2 
emissions for each year. Figure 3 shows the overall 
annual system emission changes because of storage 
participation (y axes) against storage capacity (as a 
percentage of the average daily demand; x axes) for 
each storage type. In 2019, all storage types reduce 
CO2 emissions, with reductions positively correlated 
to storage capacity and round-trip efficiency. In con
trast, the impact in 2022 varies. Some storage types 
continue to reduce emissions, whereas others increase 
them. Emission changes in 2022 are not correlated 
with round-trip efficiency, unlike in 2019. These find
ings can be explained by combining the insights from 
Figure 2 and Section 3.2. In 2019, the marginal emis
sion curve is mostly increasing within the interquan
tile range of residual demand, so the storage agent 

Figure 2. Annual Average Daily Merit-Order Curve (Left Axes) and Annual Average Daily Marginal Emission Curve (Right Axes) 

Notes. The “conflated” generation types are highlighted by different colors. The statistics of the residual demand are illustrated through the box 
plots on the top of the plots. (a) 2019. (b) 2022. CCGT, combined-cycle gas turbine; GWh, Gigawatt hour.
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typically displaces more polluting generation with less 
polluting alternatives, reducing emissions. In contrast, 
2022 shows a decreasing step in the emission curve 
within the interquantile range of residual demand cou
pled with more curtailment instances. Consequently, 
the storage agent both increases coal production and 
utilizes more renewable generation, leading to mixed 
effects on emissions.

The varying impacts of storage types highlight the 
importance of their parameters. Surprisingly, hydro
gen, despite its low efficiency, achieves the greatest 
CO2 emission reduction in 2022. As shown in (19), 
storage with higher round-trip efficiency has more 
profit opportunities, leading to more transactions. 
The low efficiency of hydrogen storage makes many 
polluting transactions unprofitable. Hydrogen stor
age focuses on transactions with substantial spreads, 
such as charging from curtailed renewable energy or 
nuclear. This explains its superior emission reduction 
in 2022.

Although Figure 3 provides an overview of the 
overall storage marginal emissions per year, Figure 4
focuses on storage marginal emission rates at the 
transaction level. In the rest of this section, storage 
capacity is set to 10% of the daily average demand for 
each year. We decompose the optimal daily storage 
operation into profitable two-period transactions (as 
discussed in Online Appendix EC.1.5 via Algorithm 
1) and calculate transaction-wise marginal emission 
rates (Definition 6). Figure 4 presents box plots of 
these rates for each year. Additionally, for each day, 
we compute the theoretical lower and upper bounds 
as stated in Theorem 3. In Figure 4, the highest daily 
theoretical upper bounds for the year are marked 
with �, and the lowest daily theoretical lower bounds 
for the year are marked with �. Figure 4 shows 
that the theoretical upper bound is not overly conser
vative as it is reached or nearly reached in all cases. 
Although there are more polluting transactions in 
2022 than in 2019 (explaining the worse overall annual 

Figure 3. Overall Annual Storage Marginal CO2 Emission 

Notes. (a) 2019. (b) 2022.

Figure 4. (Color online) Transaction-Wise Marginal Emission Rate and the Worst-Case Upper and Lower Theoretical Bounds 

Notes. (a) 2019. (b) 2022.
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storage marginal emission in 2022 in Figure 3), the most 
polluting transactions have similar emission rates in 
both years. This suggests that although demand, gener
ation costs, and emission patterns differ, the worst-case 
emissions remain similar. Also, there are more transac
tions reaching the theoretical lower bound (highest 
emission reduction) in 2022 in comparison with 2019.

Importantly, even small percentage changes in emis
sions are substantial; a 0.7% reduction in Dutch electric
ity emissions in 2019 corresponds to over 214,000 tons 
of CO2. As shown in Figure 4, the highest observed 
transaction-wise marginal emission rates in 2019 range 
from �376 tons CO2/GWh (hydrogen) to 638 tons CO2/ 
GWh (pumped hydro storage). In 2022, this range shifts 
dramatically to the interval from 504 (perfect ESS) to 
1,961 (hydrogen). The latter marginal emission is nearly 
three times as large as the one of the dirtiest generator. 
This observation indicates that low-efficiency storage 
can have substantially higher marginal emission than 
even the most polluting conventional generators, and it 
highlights the need to monitor transaction-level impacts 
to avoid excessive emissions.

5.3. The Impact of RES Generation Capacity
The relationship between RES and storage in market 
dynamics is complex. As noted by Peng et al. (2024), 
storage can either complement or substitute RES gen
eration depending on market conditions. To assess 
this impact on storage emissions, we analyze how 
increased RES production—solar, wind, or both— 
affects storage transactions, focusing on battery stor
age. Figure 5(a) illustrates how storage’s CO2 impact 
evolves as RES scales up by x-fold (x axis). We con
sider three scenarios in Figure 5(a): scaling up total 
RES (“All RES”), scaling up only wind while keeping 
solar unchanged (“Wind”), and scaling up only solar 

while keeping wind unchanged (“Solar”). Both years 
follow similar trends, although at different scales 
because of residual demand differences. For instance, 
in 2022, lower initial residual demand and higher RES 
generation mean that a 10-fold RES increase in 2019 
yields a similar residual demand to just a 5-fold 
increase in 2022.

Figure 5(a) shows that initially, greater RES penetra
tion enhances storage’s ability to absorb green energy, 
displacing polluting sources and reducing overall emis
sions. However, this trend reverses as RES grows fur
ther, primarily because of its impact on price spreads, 
residual load, curtailments, and profitability. This non
monotonic pattern is driven mainly by wind and not by 
solar. Scaling up wind power lowers residual demand 
(almost) uniformly, narrowing price spreads, reducing 
valley-filling potential, and increasing curtailment. In 
contrast, solar generation remains time concentrated, 
preserving valley-filling opportunities, as evidenced 
by Figure 6. Thus, as shown in Figure 5(b), storage trans
action volume initially rises with wind expansion but 
later drops, whereas scaling solar consistently increases 
transactions. These observations align with the invest
ment scenarios highlighted by Peng et al. (2024).

To investigate this further, Figure 7 analyzes 
storage’s impact by categorizing transactions based on 
market-clearing generators. Each transaction is labeled 
(x, y), indicating charging from technology x and dis
charging to replace technology y. Figure 7 highlights 
solar’s and wind’s differing effects. We can see how 
complementing or substituting relationships between 
RES and storage impacts storage’s ability to reduce 
emissions. At moderate RES increases, storage comple
ments RES by enabling “green” transactions—charging 
from otherwise curtailed RES and discharging to 
replace fossil fuels (i.e., (RES, Coal),(RES, CCGT), and 

Figure 5. Impact of RES Generation Capacity Multiplication 

Notes. (a) Storage marginal CO2 emissions (b) Storage annual volume of sell.
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(RES, GasPeaker)). However, as RES capacity grows fur
ther, these transactions decline in the wind scenario, a 
pattern absent in solar-only scenarios. This suggests that 
wind generation imposes greater constraints on storage’s 
ability to reduce curtailment and emissions by limiting 
opportunities of discharge. Thus, the “wind” scenario 
leads to higher res curtailment than the “solar” one.

Conversely, transactions where storage charges and 
discharges, whereas some fossil-fuel technologies are 
marginal generators (e.g., (Coal, CCGT) and (CCGT, 
GasPeaker)) decline in all scenarios, reflecting a substi
tutive effect between RES generation and storage, 
which leads to contrasting impacts. Namely, in 2019, 
this effect limits storage’s ability to reduce emissions 

Figure 6. Average Residual Demand Profile 

Notes. (a) 2019. (b) 2022.

Figure 7. Impact of RES Generation Capacity on the Volume of Different Transaction Types Made by a Battery 

Notes. (a) Wind 2019. (b) Wind 2022. (c) Solar 2019. (d) Solar 2022.
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by restricting transactions like (CCGT, GasPeaker). In 
2022, it reduces storage’s potential to increase emis
sions by curbing transactions such as (Coal,CCGT).

5.4. Carbon Levy
To mitigate unintended storage-induced emissions, 
we assess the carbon levy proposal from Section 4. 
Previously, generator marginal costs included EU ETS 
carbon prices. To isolate the impact of a storage- 
specific carbon levy, we remove the ETS component, 
setting a zero base for the theoretical levy. Figure 8
illustrates the levy’s effect on CO2 emissions across 
storage types. For each carbon levy rate α, we solve 

Problem (12) using (cj +αej). Figure 8 presents (i) 
transaction-wise marginal emission-rate distributions 
(black box plots; comparable with Figure 4), (ii) yearly 
marginal emission rates (overall yearly storage emis
sions divided by yearly traded quantity), and (iii) 
worst-case theoretical upper and lower bounds per 
year.

Figure 8 shows that without a carbon levy, most 
storage transactions increase market emissions. As the 
levy grows, the distribution of storage transaction 
marginal emission shifts lower, and total market emis
sions decrease. However, the yearly marginal emis
sion rates do not always decrease monotonically with 

Figure 8. (Color online) Transaction-Wise and Yearly Marginal Emission Rates with Theoretical Bounds 
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the levy. For example, in 2019, hydrogen’s yearly mar
ginal emission rate is lower without a levy than with a 
20 e/ton levy. This counterintuitive outcome stems 
from two factors discussed in Section 4. First, as the 
levy rises, some nonpolluting transactions become 
profitable (Lemma 3), potentially leading to more stor
age transactions. However, these new transactions 
may be less effective in reducing emissions than those 
performed under a lower levy. Second, if generators 
are not ranked by marginal emissions in the merit 
order, a higher levy can shift their ranking, altering 
the set of feasible transactions for the same level 
of demand. Consequently, some high-emission trans
actions that were previously infeasible because of 
demand constraints may become viable for the stor
age agent. Paradoxically, in such cases, the storage 
agent might increase emissions under a higher carbon 
levy. However, this situation disappears with further 
increases in the carbon levy (after a certain levy level, 
all polluting transactions are not profitable by Propo
sition 1). Figure 8 also shows the average EU ETS 
prices for 2019 (26e/ton) and 2022 (81e/ton). Reduc
ing storage-induced emissions requires a higher car
bon levy in 2022 because of the merit-order shape 
discussed in Figure 2. In 2022, a levy exceeding the 

EU ETS price significantly lowers yearly marginal 
emission rates and reduces polluting transactions. In 
contrast, in 2019, raising the levy beyond the ETS level 
has minimal impact on yearly marginal emissions and 
transaction-level distributions.

Next, we evaluate the carbon levies proposed in 
Section 4. Figure 9 illustrates the yearly average mini
mal carbon levy defined in Proposition 1 against the 
maximal allowed transaction marginal emission rate 
in 2019 and 2022. The required levy is substantially 
higher in 2022 than in 2019 because of the emission 
curve shape discussed in Figure 2. When the maxi
mum allowed transaction marginal emission rate 
tends to zero, the carbon levy tends to grow exponen
tially. For example, with a tolerance of 0 ton CO2/ 
MWh for the perfect ESS, the carbon levy needs to be 
at least 380e/ton CO2 in 2019 and 3,902e/ton CO2 in 
2022. For hydrogen, no levy is needed in 2019 because 
no polluting transactions exist, whereas in 2022, a flat 
levy of 120e/ton applies (just above the EU ETS price 
line). Although high in some cases, these levies will 
not necessarily hamper the total social welfare if the 
revenues from it are efficiently redistributed to soci
ety. Figure 9 also highlights the nonmonotonic rela
tionship between round-trip efficiency and carbon 

Figure 8. (Continued) 

Notes. (a) Hydrogen 2019. (b) Hydrogen 2022. (c) PHS 2019. (d) PHS 2022. (e) CAES 2019. (f) CAES 2022. (g) Battery 2019. (h) Battery 2022. (i) 
Perfect ESS 2019. (j) Perfect ESS 2022.
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levies as stated in Corollary 3. For example, for very 
small P, the perfect ESS requires the highest carbon 
levy, whereas for high P values, it requires the smal
lest one.

Finally, we compare the theoretically sufficient carbon 
levy from Proposition 1 with the minimum required 
empirical levy. To obtain the latter, for each day, we con
duct a line search to identify the lowest levy that 
achieves a given target P for the observed demand. We 
then compute the ratio φ of the minimal required empir
ical levy to the theoretical levy. A value of φ � 1 indi
cates that the theoretical levy is tight for that day, 
whereas φ < 1 suggests that a lower levy suffices. Table 
4 reports the highest φ of the year for three targets 
(P � 0, 100, 500 tons CO2/GWh). In most cases, the 
theoretical levy is tight on at least one day per year. 
However, for higher targets in 2022, φ ≤ 1 throughout 
the year, indicating that lower levies are consistently 
sufficient.

Table 5 reports the 90th percentile of φ. For instance, 
with a target P � 500, the value for batteries is 0.81— 
indicating that on at least 10% of days in 2022, the 
empirical levy was at least 81% of the theoretical value. 
The 90th percentile values are substantially lower than 
the maximum φ values, highlighting that although the 

theoretical levy is conservative and ensures worst-case 
coverage, lower levies are sufficient on most days.

5.5. Profit of Storage Agents
Figure 10 illustrates the percentage change in annual 
total profit for each storage agent under varying car
bon levy levels relative to the no-levy baseline. Two 
distinct regions emerge. In the low-levy region, profits 
show little to no consistent increase and may even 
decline slightly. As indicated by Lemma 3, this pattern 
arises because some previously profitable but pollut
ing transactions become unviable, whereas the gains 
from cleaner transactions are not yet sufficient to com
pensate for the loss. Once the levy surpasses a critical 
threshold, the system enters the second region, where 
profits grow steadily and monotonically with increas
ing levy. This shift aligns with our theoretical results. 
Proposition 1 shows that above this threshold, only 
nonpolluting transactions remain profitable, whereas 
Lemma 3 confirms that profits per transaction increase 
as the levy rises. Together, these results explain the 
rapid and sustained profit growth observed for all 
storage types once the threshold is crossed. This 
threshold is significantly higher in 2022 than in 2019 
as demonstrated in Figures 8 and 9: around e10/ton 

Figure 9. Minimal Carbon Levy for Different Maximal Allowed Marginal Emission Rate 

Notes. (a) 2019. (b) 2022.

Table 4. Maximum Ratio φ over the Year

Year/Target Hydrogen PHS CAES Battery Perfect ESS

P � 0 (tons CO2/GWh)
2019 No levy needed 1 1 1 1
2022 0.54 1 0.1 1 1

P � 100 (tons CO2/GWh)
2019 No levy needed 1 1 1 1
2022 0.54 0.51 0.5 0.44 0.48

P � 500 (tons CO2/GWh)
2019 No levy needed 1 1 0.67 1
2022 1 0.51 0.53 0.87 1
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CO2 in 2019 and approximately e150/ton CO2 in 2022. 
Notably, in 2019, the threshold lies below the prevail
ing ETS price, whereas in 2022, it exceeds it, suggest
ing that higher EU ETS prices could enhance both the 
profitability and environmental performance of stor
age operations.

5.6. The Impact of the Generator’s Technical 
Constraints

For analytical simplicity, we initially disregarded some 
of the generators’ technical constraints, specifically 
start-up costs, ramping limits, and minimum load. A 
theoretical analysis of these constraints is provided in 
Online Appendix EC.2. In summary, our core theoreti
cal results about the equivalence of joint and individual 
optimization (Theorem 1) as well as the decomposition 
of the total emission into transaction-wise emissions 
(Section 3.2 up to Theorem 3) remain valid under these 
constraints. However, each constraint type introduces 
its own complications in estimating upper and lower 
bounds on the marginal transaction-wise emission rates 
as undertaken in Theorem 3. Below, we numerically 
assess their impacts by introducing each constraint indi
vidually and comparing the results with the uncon
strained case. Minimum-load and ramping data are 

sourced from the European Network of Transmission 
System Operators for Electricity (ENTSOE-E 2023), 
whereas start-up costs are estimated from the Interna
tional Energy Agency (2014). We evaluate how these 
constraints affect emissions and the role of storage in 
mitigating them.

5.6.1. Start-up Costs. Including the start-up cost con
straint has no impact on total emissions or the contri
bution of storage to them. Given the minimal changes, 
we omit the corresponding figures for brevity. This 
indicates that overall emissions and storage-driven 
CO2 effects remain effectively unchanged. In theory, 
the transaction types analyzed in our simplified model 
remain valid under start-up costs; yet, start-up costs 
could introduce some new transaction types whose 
marginal emission rates could potentially fall outside 
the theoretical bound established in Theorem 3. Never
theless, we do not observe such deviations in the data.

5.6.2. Minimum Load. The minimum-load constraint 
has only a limited effect on our results; therefore, the 
corresponding figures are omitted for brevity. Theo
retically, the impact of the minimum-load constraint 
mirrors that of start-up costs; the transactions derived 

Figure 10. Changes in Storage Profit Compared with the Case Without Any Carbon Levy 

Notes. (a) 2019. (b) 2022.

Table 5. Ninetieth Percentile of Ratio φ over the Year

Year/Target Hydrogen PHS CAES Battery Perfect ESS

P � 0 (tons CO2/GWh)
2019 No levy needed 0.53 0 0.54 0.31
2022 0.34 0.22 0.08 0.28 0.65

P � 100 (tons CO2/GWh)
2019 No levy needed 0.53 0 0.54 0.72
2022 0.34 0.46 0.45 0.41 0.41

P � 500 (tons CO2/GWh)
2019 No levy needed 0.65 0 0.19 0
2022 1 0.46 0.47 0.81 0
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in our simplified model remain valid, although addi
tional types of equilibria or dispatch patterns may 
emerge. Hence, the largest and lowest marginal 
emission rates may fall outside the bounds from The
orem 3; see Online Appendix EC.2 for more details. 
Without storage, minimum load increases emissions 
by only 0.02% in 2019 and 0.003% in 2022. The impact 
is greater in 2019 as coal replaces CCGT, whereas in 
2022, coal is already heavily dispatched, making 
the constraint less relevant. Storage behaves similarly 
to the unconstrained case, with slightly amplified 
effects. Finally, over 92% of 2019 transaction volumes 
and 94.2% of 2022 transaction volumes remain within 
the theoretical interval.

5.6.3. Ramping Constraint. Unlike start-up costs and 
minimum load, ramping constraints have a more 

pronounced effect on the equilibrium and emissions. 
Figure 11, analogous to Figure 3 but with ramp-rate 
limits, illustrates this impact. Without storage, ramp
ing constraints increase emissions by 0.4% in 2019 and 
1.2% in 2022. Storage reduces this increase by provid
ing flexible support to generator inflexibility. Compar
ing Figure 11 with Figure 3, we find that in 2019, all 
storage types achieve greater emission reductions, 
maintaining the same ranking as in the unconstrained 
case. In 2022, all storage types now reduce emissions 
unlike before, although their ranking still does not 
align with round-trip efficiency.

To investigate further, Figure 12 shows the mar
ginal impact of ramping constraint on the generation 
of each technology. Coal output increases in both 
years, primarily displacing flexible assets—CCGT in 
2019 and RES in 2022. This indicates that ramping 

Figure 11. Annual CO2 Emission Impact of Storage Assets with Ramping Constraints 

Notes. (a) 2019. (b) 2022.

Figure 12. Change in Generation When the Ramping Constraints Are Added for Different Types of Storage Assets 

Notes. (a) 2019. (b) 2022.
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constraints force inflexible generators to produce 
more across adjacent periods, displacing cleaner tech
nologies and contributing to higher CO2 emissions. 
Further analysis of Figure 12 reveals that storage 
reduces emissions through different mechanisms. In 
2019, it limits coal’s rise and maintains CCGT output, 
whereas in 2022, it prevents some RES curtailment. 
However, the 2022 benefit is offset by a larger coal 
increase relative to CCGT, explaining the nonmono
tonic emission effects. Overall, under ramping con
straints, storage has a stronger influence on both 
emissions and the generation mix, with its impact 
more pronounced under favorable conditions as seen 
in 2019.

It is also important to assess how ramping con
straint affects the theoretical upper and lower bounds 
on the transaction pollution rate established in Theo
rem 3. Because this constraint is not considered in the 
theorem, we examine the extent of bound violations 
when ramp rates are imposed. Table 6 summarizes the 
results; each column in Table 6 shows the degree of vio
lation (as a percentage of the theoretical bounds), and 
each row in Table 6 corresponds to a technology with 
10% of daily average demand capacity. Each cell indi
cates the percentage of transactions for that technology 
(in volume) experiencing the specified violation. As 
shown in Table 6, the theoretical upper bound is 
largely respected; most technologies see only minor 
violations, and violations above 1% are rare. This sug
gests that ramping constraints might have only mini
mal impact on the worst-case pollution rate. A larger 
share of transactions violates the lower bound, suggest
ing that ramping constraints result in more pollution- 
reducing transactions than would occur without 
considering the constraint.

In summary, among the three constraints studied, 
ramping constraints appear the most consequential. 
This is consistent with our theoretical analysis in 

Online Appendix EC.2; for this type of constraint, not 
only the transaction types would change in compari
son with our simplified model but also, the market 
prices, which complicates detecting profitable transac
tions. Nonetheless, even in the case of ramping con
straints, the core conclusions of this study regarding 
storage’s role in emissions remain unaffected. In fact, 
although this study focuses on the worst-case indirect 
emissions of storage, our experimental results show 
that storage could be slightly more beneficial in reduc
ing emissions under ramping constraints, reinforcing 
its value as a green asset.

6. Conclusions
As the energy transition shifts from fossil fuels to 
intermittent sources, like wind and solar, revenue and 
supply-demand uncertainties rise. To manage this inter
mittency, flexible resources—particularly large-scale 
storage—are expanding alongside renewable penetra
tion. This study examines whether integrating such 
large-scale storage is carbon neutral. Although storage 
operations themselves are emission free, their influence 
on the dispatch of other generators can indirectly affect 
overall system emissions. From a sustainability stand
point, these often-overlooked scope 2 impacts may be 
significant.

We analyzed the impact of storage activities on elec
tricity markets at the highest resolution (transaction 
level), identifying when and why storage can increase 
emissions. We formulated tight lower and upper 
bounds on marginal emission rates of storage depend
ing on the generation mix of the market and storage 
type. The upper bound defines conditions under which 
storage integration aligns with emission targets. Build
ing on these conditions, we derived a minimum carbon 
levy sufficient to ensure that a storage agent does not 
increase emissions beyond target limits. To support our 
theoretical findings, we conducted detailed numerical 

Table 6. Impact of the Ramping-Rate Constraint on Violating the Theoretical Upper and Lower Bounds

Technology/violation of bound, %

2019 2022

0% ≤1% >1% 0% ≤1% >1%

Upper-bound violations, % of total volume of all transactions
Hydrogen 98.4 98.4 1.6 75.7 85.7 14.3
PHS 95.6 95.6 4.4 84.2 97.8 2.2
CAES 96.6 96.6 3.4 81.9 97.8 2.2
Battery 98 98.9 1.1 72.2 95.2 4.8
Perfect ESS 92.4 97.9 2.1 79.6 95.2 4.6

Lower-bound violations, % of total volume of all transactions
Hydrogen 98.9 100 — 71.1 84.3 15.7
PHS 90.2 98.5 1.5 81 92.8 7.2
CAES 91 99.3 0.7 78.9 91.2 8.8
Battery 88.4 99.4 0.6 77.2 88.6 11.4
Perfect ESS 94 99.7 0.3 83.5 93 7
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studies using real-world data from two distinct years in 
the Dutch electricity market. Our combined analytical 
and numerical results offer several novel insights. We 
also show how these results are impacted by technical 
constraints of conventional generators, such as start-up 
costs, minimum load, and ramping. Finally, we analyze 
how RES and storage interplay in terms of emission.

The findings of this paper can inform policymakers 
on how to integrate storage into electricity markets 
without compromising decarbonization goals. For 
example, we showed that there is no monotonic rela
tionship between storage round-trip efficiency and its 
worst-case emission impact; although higher efficiency 
reduces reliance on “dirty” energy, it also allows 
access to a wider set of potentially polluting transac
tions. A carbon levy can effectively limit unintended 
emissions from storage. However, for the levy to be 
effective, it needs to render the marginal emission cost 
curve steep enough to counteract storage inefficien
cies. This means that higher carbon prices may be 
required for storage than those typically seen in cap- 
and-trade schemes. The required levy increases as 
emission targets become more stringent, but interest
ingly, a higher levy does not always translate to lower 
observed emissions. We also found that more efficient 
storage may require a higher carbon levy to meet the 
same emission target. Lastly, we showed that indirect 
emissions of storage agents are also influenced by 
whether solar or wind dominates the renewable mix.

This study provides one of the most detailed analyses 
of storage-induced emissions, capturing essential market 
and storage dynamics. Although certain real-world 
factors, such as network congestion or multimarket 
participation, are excluded from our examination, this 
simplification facilitates the derivation of clear and gen
eralizable insights. Yet, these extensions could be prom
ising avenues for future studies. Our framework is 
designed to be robust against uncertainties in demand, 
renewable generation, and storage agent behavior, 
including variations in size and market strategy. The 
framework also allows for the robust incorporation of 
interval uncertainty in marginal costs and emission 
rates. This robustness introduces, however, a degree of 
conservatism, which may be relaxed through probabilis
tic approaches better suited to regulators that wish to 
target more flexible standards. Overall, our work brings 
clarity to the often-overlooked carbon implications of 
storage—an increasingly important consideration in 
designing sustainable, low-carbon power systems.
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