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Abstract

A carbon market is often expected to deliver a stable allowance price, continuous market
liquidity and a rigidly binding abatement trajectory, yet these objectives may not be jointly
attainable. This paper proposes a sustainability trilemma of carbon markets, arguing that
at most two of price stability, market liquidity and abatement rigidity can be achieved
simultaneously. We formalise this trade-off in a simple equilibrium framework and ex-
amine it using daily price and volume data from China’s national thermal-power emis-
sions trading scheme from 2021 to 2025, together with energy-sector fundamentals prox-
ied by thermal-power generation and power-sector coal consumption. The evidence
shows that market liquidity improved substantially over the sample period, while price
stability weakened markedly: median daily trading volume rose from near-dormant lev-
els in 2022 to close to one million allowances in 2025, whereas the intra-year price range
expanded sharply. Meanwhile, allowance-price changes remained weakly correlated with
coal-consumption changes, suggesting that prices were driven more by allocation policy
and expectations than by realised emission scarcity. The findings imply that carbon-mar-
ket design should not pursue an unattainable optimum, but should manage the trade-off
among stability, liquidity and abatement rigidity according to policy priorities.

Keywords: carbon market; emissions trading; price stability; market liquidity; abatement
rigidity

1. Introduction

The economic case for carbon pricing rests on a body of evidence that has grown
steadily more confident over the past decade. Cross-country comparisons report that ju-
risdictions adopting explicit carbon prices have reduced emissions relative to plausible
counterfactuals [1], a quantitative metanalysis of ex-post evaluations finds an average
abatement effect that is statistically robust across study designs [2], and a recent synthesis
in the policy literature concludes that the accumulated record now supports the proposi-
tion that carbon pricing reduces emissions with little remaining ambiguity [3]. The Euro-
pean Union Emissions Trading System, the longest-running large compliance market, is
a focal case, and the finding that it cut emissions even during the protracted period of
depressed allowance prices that followed the financial crisis [4] carries a lesson that is
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central to the present paper: the effectiveness of a cap-and-trade scheme in delivering
abatement is a property of the binding quantity constraint and need not coincide with any
particular behaviour of the price. China launched its national emissions trading scheme
in July 2021 covering thermal-power generation, and the scheme has since become the
largest carbon market in the world by covered emissions, which makes the manner in
which it reconciles its competing objectives a question of first-order practical importance.
The difficulty is that a compliance market is rarely asked to deliver only one objective.
Regulators and covered firms want the allowance price to behave as a stable and predict-
able signal that supports investment planning and avoids disruptive spikes or collapses.
Market designers want a secondary market that is liquid enough for firms to manage their
positions continuously and for the price to aggregate information efficiently, a property
whose absence in the early Chinese pilots has been documented in studies of market effi-
ciency and liquidity [5] and whose interaction with returns has been examined for the
national scheme in subsequent work [6]. Environmental authorities want the cap to bind
rigidly along a declining trajectory so that the scheme actually forces the intended emis-
sion reductions rather than accommodating them, a concern that motivated the agent-
based explorations of the Chinese design that preceded the launch [7]. The contention of
this paper is that these three objectives, namely price stability, market liquidity and abate-
ment rigidity, cannot be attained simultaneously, and that the apparent shortcomings of
the Chinese scheme at different points in its short history are better read as movements
along an unavoidable frontier than as isolated failures of implementation. The intuition is
structural rather than incidental. When the cap is genuinely rigid and the market is active,
the clearing price must reflect the marginal cost of abatement at the fixed level of allowable
emissions, and because the underlying emission base is driven by output, fuel prices and
weather, the price inherits the volatility of those fundamentals; a liquid market merely
transmits that volatility more faithfully. If the regulator wishes to suppress the resulting
price swings, it must allow the quantity of allowances to respond to demand through a
reserve or an adjustment of free allocation, but a quantity that floats to defend a price is
by construction no longer a rigid cap, and the very intervention that pins the price re-
moves the option value that gives private agents a reason to trade continuously, so that
liquidity collapses into episodic compliance-driven activity. The only way to enjoy both a
stable price and a deep market is to oversupply the cap so that price is comfortably an-
chored and trading is frictionless, which is precisely the configuration in which the cap
fails to bind and abatement rigidity is lost. These three statements jointly imply that at
most two of the three goals are mutually compatible. This paper develops the argument
in three steps. It first sets the proposition within the literature on carbon-pricing effective-
ness, on price formation and the carbon-energy nexus, on market liquidity, and on price-
stabilisation architecture, in order to show that each pairwise tension has been recognised
in isolation while the joint impossibility has not been stated as such. It then formalises the
trilemma in a transparent equilibrium model and states it as a proposition. It finally veri-
fies the proposition numerically using the daily price and volume record of the national
thermal-power scheme over its first four and a half years of operation, alongside the
monthly thermal generation and power-sector thermal-coal consumption series that
proxy the scheme’s emission base. The empirical core of the analysis is the demonstration
that the Chinese scheme has travelled along the predicted frontier, moving from a corner
that combined administered price stability with a near-dormant market and a soft effec-
tive cap, toward a corner that combines a deep and liquid market with a tightening abate-
ment objective at the cost of pronounced price instability. The remainder of the paper is
organised as follows. Section 2 reviews the related literature. Section 3 sets out the theo-
retical framework and states the trilemma. Section 4 presents the data, the construction of
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the trilemma indicators, and the numerical verification. Section 5 discusses the economic
and managerial implications. Section 6 concludes.

2. Related Literature
2.1. Carbon-Pricing Effectiveness and the Rigidity of Abatement

The first strand to which this paper speaks concerns whether and how carbon mar-
kets actually deliver emission reductions, since the rigidity vertex of the trilemma is mean-
ingful only if a binding cap is what forces abatement. The accumulated evidence is by now
substantial. Cross-country analysis finds that the introduction of carbon prices is associ-
ated with lower emissions across a wide range of national settings [1], and a systematic
review and meta-analysis of ex-post evaluations consolidates dozens of such studies into
an average effect that survives correction for publication selection [2]. The recent appraisal
in [3] reads this body of work as having largely settled the central empirical question in
favour of effectiveness, a conclusion further supported by comparative assessments of
carbon pricing strategies that examine the instruments available for building a unified
global carbon market [8]. Evidence from evolutionary game and machine learning ap-
proaches provides additional support, showing that carbon markets deliver emission re-
ductions through both compliance incentives and endogenous market dynamics [9], while
empirical evaluations based on multi-period difference-in-differences designs find a sta-
tistically significant emission reduction effect of China’s national carbon market after con-
trolling for confounders [10]. A recent study examining the relationship between allow-
ance liquidity and emission performance concludes that market design features promot-
ing active trading enhance abatement outcomes [11].

For the European scheme specifically, the demonstration that emissions fell even
while allowance prices were low [4] is the cleanest available illustration that abatement is
delivered by the quantity constraint rather than by the price level, a finding reinforced by
a matrix-completion analysis that confirms the EU ETS reduced CO: emissions after ac-
counting for structural confounders [12]. The decade-in-review assessments of the sys-
tem’s operation [13] and surveys of the effects and side effects of the scheme on regulated
firms [14,15] further support this reading. The competitiveness and carbon-leakage con-
cerns that a binding cap might in principle provoke have been examined econometrically
and found to be modest in the European data [16], while the broader operating-mecha-
nism and economic-effect overview of the EU scheme [17] and the performance-assess-
ment framework for cap-and-trade systems in [18] provide the conceptual vocabulary for
distinguishing a cap that binds from one that does not.

The importance of a binding cap is further contextualised by the scale and heteroge-
neity of emission challenges across sectors and regions. Analyses of CO: emissions from
overseas coal-fired power plants document the global magnitude of power-sector emis-
sions that trading schemes are designed to address [19], while evidence that carbon emis-
sions from the Amazon increased when law enforcement declined illustrates more
broadly that regulatory enforcement is essential for any quantity-based emission con-
straint to bind [20]. At the subnational level, research on strategic interactions among Chi-
nese cities in managing carbon emissions shows that policy design must account for inter-
jurisdictional spillovers [21], and analysis of regional differences in agricultural carbon
emissions highlights the heterogeneity of the emission base against which a national cap
must operate [22]. Recent overviews of China’s carbon emissions trading market provide
a comprehensive assessment of its current situation, impact and challenges [23], while
research on the optimal timing of allowance procurement for energy-consuming enter-
prises under price uncertainty [24] and studies of synergy effects between low-carbon city
pilots and new-energy demonstration programmes [25] document the complementary
policy landscape within which the carbon market functions. Accurate measurement of
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carbon emissions across all sectors —including industrial parks, where multi-source mon-
itoring and certification frameworks have been developed to verify carbon-neutral status
[26] —is a prerequisite for calibrating the cap that grounds abatement rigidity.

What this literature establishes, and what the present paper builds upon, is that
abatement rigidity is a coherent and measurable design objective that is conceptually dis-
tinct from any property of the price path.

2.2. Price Formation, Volatility and the Carbon—Energy Nexus

A second strand examines how allowance prices are formed and why they move, and
it supplies the mechanism that connects a binding cap to price volatility. A survey of evo-
lutionary trends in carbon market risk research traces the expanding analytical toolkit—
from GARCH-family specifications through wavelet methods to machine-learning archi-
tectures—that scholars have brought to bear on this question over the past two decades
[27]. Reviews of the drivers of carbon prices identify fuel prices, output and policy as the
dominant forces [28], and early structural work on the first phase of the European scheme
attributes a large share of price variation to energy fundamentals and weather [29]. The
pronounced price drop in the European system has been decomposed into recession, off-
set inflows and renewable policies [30], an exercise that underscores how sensitively a
quantity-fixed price responds to shifts in the emission base. The tightness of the coupling
between carbon and energy markets has been the subject of a sequence of spillover anal-
yses, which document significant transmission of returns and volatility between carbon
and fossil-energy markets [31-33] and between emission and clean-energy equity prices
[34], while related work traces the impact of allowance prices on the equity valuations of
regulated power companies [35].

For the Chinese market specifically, empirical studies of price fluctuation character-
istics across China’s carbon trading pilots reveal pronounced asymmetric volatility clus-
tering and regime-dependent dynamics, findings documented both through ARMA-
EGARCH modelling [36] and through comparative analysis of multiple regional pilot ex-
changes [37]. Sequence-decomposition and deep-learning approaches to carbon-price pre-
diction confirm that policy shocks and market sentiment, rather than fundamentals alone,
are important drivers of short-term price movements in China [38], and multifractal-based
approaches to extreme risk measurement capture the fat tails and long memory of Chinese
carbon return distributions, highlighting the challenge of managing price risk under a
tightening cap [39].

The lesson that this paper draws is twofold. A binding cap implies that the price
should track emission fundamentals, so that a market in which price and fundamentals
are tightly coupled is one in which abatement rigidity and price volatility coexist, exactly
as the trilemma predicts. Conversely, a market in which the price is largely decoupled
from fundamentals, as will be shown for China, is one in which the price is governed by
allocation policy and expectations rather than by realised scarcity, with implications for
how its stability should be interpreted.

2.3. Market Liquidity and Efficiency, with Emphasis on China

A third strand concerns the liquidity and informational efficiency of emissions mar-
kets, which is the vertex least studied in the early carbon-pricing literature but most salient
for the Chinese case. Evidence from the Chinese pilot schemes finds that market efficiency
and liquidity were limited and uneven across regions [5], a pattern that anticipated the
thin and compliance-clustered trading observed nationally in the early years of the pre-
sent sample. For the national scheme, the relationship between liquidity and allowance
returns has been analysed directly, with the finding that liquidity conditions materially
shape carbon returns [6]. The agent-based exploration in [7] examined, before the launch,
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how the interaction of allocation rules and trading behaviour would determine the liveli-
ness of the secondary market, and its scenarios foreshadow the observation that a cap
perceived as comfortably met generates little incentive to trade outside the compliance
window.

Recent work has substantially deepened this understanding. An analysis of paths
and policy adjustments for improving carbon-market liquidity in China identifies institu-
tional barriers to continuous trading and recommends market-structure reforms that
lower entry thresholds and widen participation [40]. Research on the role of institutional
investors in the carbon-market finds that their entry improves both liquidity provision
and price discovery, providing a mechanism through which market depth can grow en-
dogenously [41]. Comparative analysis of the market-oriented development of China’s
carbon emissions trading scheme relative to the EU highlights structural differences in
market design that account for divergent liquidity outcomes and suggests institutional
pathways for convergence [42]. The effects of carbon market participation on corporate
financing behaviour document a complementary channel through which a liquid carbon
market interacts with the broader financial system, as firms that are more exposed to car-
bon-price risk adjust their capital structure and financing decisions accordingly [43]. Fi-
nally, a study of the voluntary carbon market identifies market failures—including thin
trading, adverse selection and information asymmetry —that parallel the liquidity prob-
lems observed in compliance markets and provides a conceptual benchmark against
which the severity of illiquidity can be assessed [44].

This literature motivates the liquidity indicators used below, namely traded quantity,
the prevalence of non-trading days, and the concentration of volume across days, and it
supports the interpretation that liquidity in a compliance market is endogenous to the
perceived tightness of the cap and to the credibility of the price signal.

2.4. Price-Stabilisation Architecture and the Waterbed

The fourth strand is the literature on the instruments through which regulators at-
tempt to stabilise allowance prices, and it is here that the tension between stability and
rigidity has been most explicitly recognised, albeit pairwise rather than as part of a tri-
lemma. The reform of the European scheme introduced a market stability reserve that
adjusts the supply of allowances in response to the accumulated surplus, and analyses of
its design show that it dampens price movements by making quantity respond to market
conditions [45,46]. The reserve’s interaction with more ambitious emission targets has
been examined in [47], and the case for complementing it with an explicit price floor has
been argued in [48], while the behaviour of the reformed system during the demand col-
lapse of the pandemic is documented in [49]. The most pointed contribution for present
purposes is the analysis of the so-called waterbed effect and its puncture [50], which
shows that once the reserve cancels allowances rather than merely shifting them in time,
the cap is partially restored to rigidity and the price regains sensitivity to additional poli-
cies. This is the stability-rigidity trade-off in its purest form: stabilising the price requires
a quantity buffer, and restoring the rigidity of the quantity reintroduces price sensitivity.
The present paper generalises this recognised pairwise tension into a three-way impossi-
bility by adding the liquidity vertex, and it shows that the buffer which stabilises price
also alters the incentive to trade. Taken together, these four literatures contain all the in-
gredients of the trilemma but do not assemble them. The effectiveness literature estab-
lishes rigidity as an objective, the price-formation literature establishes the fundamentals-
driven volatility that rigidity entails, the liquidity literature establishes that trading is en-
dogenous to perceived tightness and price credibility, and the stabilisation literature es-
tablishes that pinning the price requires floating the quantity. The contribution of the next
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section is to combine these into a single proposition and to show that it organises the Chi-
nese evidence.

3. Theoretical Framework
3.1. The Three Objectives

We begin by defining the three objectives precisely so that the impossibility can be
stated cleanly. Throughout, time is indexed by the compliance period, the emission base
of the covered sector is a random variable E with mean E and variance o2 > 0 reflect-
ing output, fuel-mix and weather shocks, and the regulator issues a quantity of allowances
S.

Definition 1 (Abatement rigidity). The scheme is abatement-rigid if the quantity of allowances
S follows a predetermined, weakly declining trajectory that is independent of realised demand, so
that realised abatement A = E — S absorbs the entirety of any fluctuation in the emission base and
cumulative covered emissions are constrained to the planned path.

Definition 2 (Price stability). The scheme is price-stable if the equilibrium allowance price p has
variance below a tolerance t, Var(p) < 7, so that the price functions as a predictable planning
signal free of disruptive spikes and collapses.

Definition 3 (Market liquidity). The scheme is liquid if the secondary market sustains continu-
ous trading at low price impact, which we summarise by a high expected traded quantity E[V]
together with a low concentration of that quantity across trading dates, the latter measured by the
Gini coefficient G of the daily volume distribution, with liquidity decreasing in G.

3.2. Equilibrium and the Trilemma

Consider a continuum of regulated firms whose abatement technology has the con-
vex aggregate cost C(4) = %QAZ with 6 > 0, so that the aggregate marginal abatement

cost is C'(A) = OA. The slope parameter 6 is taken to be common knowledge, it is ob-
served without error by every firm and by the regulator, so that the equilibrium condition
below pins down a single market-clearing price rather than a price that also has to resolve
private uncertainty about abatement costs. Relaxing common knowledge of 6 —for in-
stance, if firms hold private information about their own marginal cost —would introduce
an additional, information-driven source of price dispersion that the present derivation
sets aside. Firms are price-takers in the secondary market: each firm is individually negli-
gible relative to the continuum and treats the allowance price as parametric, abating up
to the point at which marginal cost equals that price, and the market clears when aggre-
gate emissions net of abatement equal the available allowances, E — A = S. Substituting
the clearing condition into the marginal pricing condition yields the equilibrium price

p*=0A=0(E-S5). 1)

Trading volume in the secondary market arises from the reallocation of allowances
across heterogeneous firms and from the management of positions over time, and it is
increasing both in the dispersion of firm-level positions and in the option value of holding
allowances, which is itself increasing in the perceived uncertainty of the future price. We
summarise this by writing expected volume as E[V] = ¢(4, 0), increasing in the cross-
sectional dispersion of positions A and in the option value O of inter-temporal trading.

Suppose firms hold heterogeneous beliefs about the future path of fundamentals—
firm i anticipates the cap settling at S{ rather than observing the realised S—so that the
cross-sectional dispersion in reservation valuations decomposes as A = Ac + Ab, where
Ac reflects heterogeneity in marginal abatement cost as before and Ab reflects disagree-
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ment about future scarcity. Because divergent beliefs generate gains from trade between
relatively optimistic and pessimistic firms independently of any difference in technology,
the option value is correspondingly increasing in the dispersion of beliefs, 0 =
0(o€?,0b®), where ob? is the cross-sectional variance of price expectations. Expected
volume is then E[V] = ¢(Ac + Ab,0(c&? 0b*)), which nests the baseline case Ab =
ob* = 0 considered above. Belief heterogeneity raises trading volume through both
channels, so a market that appears liquid under this extended formulation need not reflect
frictionless reallocation of fixed positions.

Proposition 1 (Sustainability trilemma of carbon markets). No scheme can simultaneously
satisfy abatement rigidity, price stability and market liquidity. At most two of the three objectives
in Definitions 1 to 3 can hold at once.

Argument. Consider the three pairwise combinations in turn. First, suppose the
scheme is abatement-rigid and liquid. Under rigidity S is deterministic, so Equation (1)
gives Var(p*)0%aZ > 0, and a liquid market transmits the fundamental shocks in E into
the price without dampening. The price variance is bounded below by 620Z which ex-
ceeds the stability tolerance 7 whenever the cap is tight enough or the fundamentals vol-
atile enough, so price stability fails. Second, suppose the scheme is to be both rigid and
price-stable. Stability with the binding-cap pricing relation (3.1) requires that the realised
quantity offset fundamental shocks, S = E — p/6 for a target price p, but a quantity that
co-moves one for one with the emission base violates Definition 1, since realised abate-
ment A = p/6 is then constant and cumulative emissions track E rather than the planned
path. The only way to defend stability without abandoning the planned quantity outright
is a partial reserve that intervenes within a band, and such intervention pins the future
price within the band, which collapses the option value O and with it the incentive to
hold and trade allowances outside the compliance true-up; expected volume E[V] =
¢ (4, 0) falls and liquidity fails. Third, suppose the scheme is to be both price-stable and
liquid. By the first case, rigidity plus liquidity forces instability, so stability with liquidity
requires that rigidity be relaxed; concretely, S must be set comfortably above expected
net demand so that the price is anchored near a floor and trading is frictionless, in which
configuration the cap does not bind, A < E — S slack, and abatement rigidity fails. Each
pairwise combination thus forecloses the third objective, which establishes the claim.

Remark 1. Proposition 1 generalises the waterbed mechanism analysed in [46,50]. A market sta-
bility reserve that shifts allowances in time without cancellation defends the price by floating the
quantity, which trades rigidity for stability; cancellation of allowances within the reserve restores
rigidity and, by Equation (1), restores price sensitivity, which is the puncture of the waterbed. The
liquidity vertex is the addition made here: the same reserve that stabilises the price also intermedi-
ates the trades that would otherwise have cleared in the open market, so the stability gained at the
rigidity—stability edge is purchased partly with continuous private liquidity.

The geometry of the proposition is summarised in Figure 1, which places the three
objectives at the vertices of a triangle and identifies the policy regime that occupies each
edge. A scheme can sit on an edge, attaining the two adjacent objectives, but it cannot
reach the interior point at which all three hold. The figure also anticipates the empirical
narrative by sketching the path that the Chinese national scheme has traced, from the sta-
bility-rigidity edge that characterised its near-dormant early years toward the liquidity—
rigidity edge that characterises its mature and volatile recent operation.
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Figure 1. The sustainability trilemma of carbon markets. Each vertex is one policy objective from
Definitions 1 to 3; each edge is the regime that attains the two adjacent objectives at the expense of
the third; the central cross marks the infeasible configuration in which all three hold. The navy arrow
sketches the trajectory of China’s national thermal-power scheme established empirically in Section
4, moving from administered stability with a near-dormant market toward a deep and liquid market

with a tightening cap and an unstable price.

4. Numerical Verification
4.1. Data

The empirical analysis relies on two distinct datasets with clearly specified official
data sources. The first dataset covers daily trading records of China’s national carbon
emissions trading market, spanning the market’s launch date (16 July 2021) through 31
December 2025, including daily closing allowance prices and daily transaction volumes;
all carbon trading raw data are downloaded from the official website of Shanghai Envi-
ronment and Energy Exchange (CNEEX), the authorised operating platform of China’s
national carbon market. The second dataset consists of energy-sector fundamental indica-
tors for regulated thermal-power enterprises, containing monthly thermal-power output
and power-sector coal consumption metrics. Among these indicators, monthly thermal
coal consumption of the power industry serves as the core proxy variable for the sector’s
emission baseline, and all energy statistical data are sourced from the official database of
the National Bureau of Statistics of China. Daily carbon trading records are aggregated to
calculate annual indicators reflecting price stability and market liquidity, while monthly
carbon and energy data are matched to construct a balanced panel for testing the linkage
between carbon allowance prices and emission fundamentals. Comprehensive explana-
tions of sample screening rules, data frequency conversion procedures and specific varia-
ble construction standards are presented in Appendix A.

4.2. Construction of the Trilemma Indicators

The three vertices of the trilemma are operationalised by indicators computed year
by year from the daily record. Price stability is measured both by the intra-year price range
expressed as a percentage of the annual mean, which captures the planning-relevant mag-
nitude of price movement, and by the annualised volatility of daily log returns. Market
liquidity is measured by the median and mean daily traded quantity, by the share of trad-
ing dates on which the traded quantity falls below one thousand allowances, which we
label the thin-day share and which identifies effectively non-trading sessions, and by the
Gini coefficient of the daily volume distribution, which captures the concentration of ac-
tivity into a small number of compliance-driven sessions. Abatement rigidity is not di-
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rectly observable because the free-allocation benchmarks are administratively set, but it is
proxied by the coupling between the allowance price and the emission fundamentals: un-
der a binding rigid cap the price must respond to the emission base through Equation (1),
so a low contemporaneous correlation between monthly price changes and thermal-coal-
consumption changes indicates that realised scarcity is not the binding force on the price
and that rigidity, where it exists, operates through the planned quantity rather than
through market clearing.

Because the free-allocation benchmarks that ultimately determine the binding quan-
tity are administratively set and are not published as a single continuous series, abatement
rigidity cannot be measured directly from a market-clearing variable; the price-funda-
mentals correlation discussed above therefore serves only as an indirect discriminator and
not as the index itself. To support the year-by-year comparison in Section 4.5 and the re-
gression in Section 4.7, we additionally construct a composite Rigidity Index Rl in-
tended to summarise, on the administrative quantity side, how far the scheme has moved
from aloosely binding to a tightly binding cap. The index combines two components, each
rescaled to a common interval over the sample period so that the two are comparable.

The first component, B, , captures the tightening of the free-allocation benchmarks
themselves. According to the Ministry of Ecology and Environment’s official account of
the scheme’s first three compliance cycles, the power-generation benchmark was set to
decline by an average of 0.5 per cent per year in each of the first two compliance cycles
(2019-2020 and 2021-2022), and the decline rate was raised to approximately 1.0 per cent
per year from the third compliance cycle (2023-2024) onward [51-53]. We cumulate this
officially announced annual decline rate from the 2021 launch of trading through year
t and rescale the resulting cumulative series to the unit interval, B, € [0, 1], using min—
max normalisation over the sample.

The second component, P;, captures the cumulative count of dated regulatory ac-
tions bearing on the credibility of the cap, drawn from a verifiable inventory of official
Ministry of Ecology and Environment announcements: the entry into force of the second
compliance cycle’s allocation plan and the announced withdrawal of pre-2017 voluntary
offset credits from compliance use, both in 2023 [52,54]; the release of the draft and the
formal promulgation of the third compliance cycle’s allocation plan, which simultane-
ously raised the benchmark decline rate and shortened the compliance cycle from biennial
to annual settlement, in 2024 [53]; and the State Council’s approval of the work plan ex-
tending coverage to the steel, cement and aluminium-smelting industries together with
the draft and final allocation plans for these sectors, in 2025 [55,56]. Each event is coded
as a unit increment in the year it occurs, and the cumulative count through year t is min-
max rescaled to P, € [0,1] in the same manner as B,.

The composite index is the equally weighted average of the two normalised compo-
nents, scaled onto the interval [0.2,0.9] rather than [0,1]: RI, = 0.2 + 0.7 X (0.5B, +
0.5P,). The floor of 0.2 reflects that even the earliest year of the scheme operated under a
formally adopted, intensity-based allocation rule rather than no constraint at all, while the
ceiling of 0.9 reflects that the scheme had, by 2025, not yet adopted an absolute, total-
quantity cap; neither extreme of the [0, 1] scale is therefore literally attained. Because the
regression reports standardised coefficients, this affine rescaling of leaves the estimated
coefficient and its significance unchanged relative to a [0, 1] normalisation, so no re-esti-
mation is required. The resulting index rises from 0.20 in 2021 to 0.90 in 2025 (Appendix
A Table A7), with the 2025 increment driven primarily by the policy component as the
scheme’s coverage was formally extended beyond power generation rather than by a re-
newed benchmark adjustment for the power sector specifically, a point qualified further
in the note to Table A7.
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The Gini coefficient is computed over the empirical distribution of realised daily vol-
ume conditional on a trading session having occurred, rather than over a calendar grid in
which non-trading dates are assigned zero volume. The underlying daily registry records
no session with exactly zero traded volume; the minimum recorded daily volume across
the full sample, from the second half of 2021 through 2025, is five allowances. Weekends
and public holidays are not part of the exchange’s trading calendar and are accordingly
absent from this distribution rather than entered as zero-volume mass points, a distinction
that matters because the number of qualifying trading days differs by year—114 in the
partial year 2021, 242 in each of 2022 through 2024, and 233 in the partial year 2025—for
reasons unrelated to market activity. This difference in sample size affects the sampling
variability of the annual coefficients without altering the definition of the statistic itself, so
that the coefficients for 2021 and 2025, estimated from roughly half the observations avail-
able for the intervening years, remain comparable in level to the others but are estimated
somewhat less precisely. This conditioning is the substantively appropriate choice for the
question the Gini coefficient is meant to answer, how unevenly volume is distributed
among the sessions on which the market is active, a question that is only well posed once
at least one trade has occurred. The distinct question of how often the market fails to trade
at all is answered by the thin-day share reported alongside it. The two statistics therefore
measure different margins of liquidity —the thin-day share captures the extensive margin,
the incidence of effectively non-trading sessions, while the Gini coefficient captures the
intensive margin, the concentration of volume conditional on trading—and the two to-
gether, rather than either alone, give the full empirical content of the liquidity vertex of
the trilemma.

Table 1 reports these indicators. The table already displays the central regularity.
Reading across the liquidity block, the market deepened almost monotonically: the me-
dian daily traded quantity rose from a mere two hundred allowances in 2022, a year in
which more than half of all sessions were effectively non-trading, to close to one million
allowances in 2025, while the thin-day share fell to one per cent and the Gini coefficient of
volume contracted from 0.87 to 0.55. Reading across the stability block, the price became
progressively less stable: the intra-year range widened from eleven per cent of the mean
in 2022 to seventy-three per cent in 2025, with the realised volatility reaching its sample
maximum in the most recent and most liquid year. The rigidity-coupling row shows that
throughout the sample the price moved almost independently of the emission fundamen-
tals, the contemporaneous correlation never exceeding 0.16, which indicates that the price
has been governed by allocation policy and expectations rather than by realised scarcity.
The remainder of this section visualises and tests these patterns.

Table 1. Trilemma indicators by year for the national thermal-power scheme. The 2021 figures cover

the half-year from the July launch.

Indicator 2021 (H2) 2022 2023 2024 2025
Liquidity
Median daily volume(allowances) 30,000 200 28,000 480,000 920,000

Mean daily volume (allowances) 268,000 71,400 330,000 1,010,000 1,460,000
Thin-day share, V <500 (%) 7.02 45.87 17.36 6.61 0.86
Thin-day share, V <1000 (%, baseline) 7.89 49.59 25.62 7.85 1.72
Thin-day share, V <2000 (%) 8.77 52.07 33.88 8.68 2.15
Volume Gini coefficient G 0.78 0.87 0.77 0.73 0.55

Price stability
Intra-year range (% of mean) 32.1 11.0 49.4 41.6 73.0
Annualised return volatility (%) 41 19 27 24 39
Rigidity coupling
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Corr. Ap vs. A coal use n/a 0.04 0.11 0.16 0.09

Liquidity and stability indicators are computed from the daily price and volume record; the rigidity

coupling is the contemporaneous correlation between monthly changes in the closing price and
monthly changes in power-sector thermal-coal consumption. The 2021 correlation is not reported
because the half-year window contains too few aligned monthly observations. The comparable an-
nualised volatility figures for 2021 and 2025 reflect different economic mechanisms, 2021 volatility
was driven by nascent-market price discovery and compliance-deadline clustering under a loosely
binding cap, whereas 2025 volatility was driven by policy shocks transmitted through a deep and
continuously traded market under a tightening cap. See the discussion below Table 1 for the full

economic interpretation.

A notable feature of the stability block is that annualised return volatility is elevated
at both ends of the sample—41 per cent in the half-year 2021 period and 39 per cent in
2025—with lower values in the intervening years. Although these two episodes share a
similar magnitude, they arise from fundamentally different economic mechanisms and
occupy different positions on the trilemma frontier, a distinction that is essential for the
correct interpretation of the proposition.

The 2021 volatility is a nascent-market phenomenon driven by initial price discovery
under conditions of extreme illiquidity. The scheme opened at 51.23 yuan on 16 July,
climbed to 58.70 yuan within three weeks as early buyers competed for a newly created
asset whose scarcity was difficult to assess, then fell steadily to 41.46 yuan by early De-
cember as the market absorbed the information that the first compliance cycle’s intensity-
based allocation was generous relative to realised generation. The sharp year-end reversal
to 57.06 yuan was a compliance-deadline effect: covered firms that had postponed their
surrender obligations transacted en masse in the final weeks of December, a burst visible
in the volume data that sent the December 2021 monthly traded quantity to 135.6 million
allowances, more than six times the next-largest month in that year. This configuration—
high price variance driven by thin and episodic trading, with the effective cap not yet
perceived as binding —places the 2021 observation near the stability-rigidity edge of the
trilemma but on its less favourable interior, where the market was too thin to aggregate
information continuously and where the cap’s looseness removed the incentive for rou-
tine position management. The resulting volatility was transition noise rather than the
structural consequence of a binding constraint transmitted through an active market.

The 2025 volatility is structurally different. It arose in a market that was already deep
and continuous—the median daily traded quantity exceeded 576,000 allowances and the
thin-day share had fallen to 1.7 per cent—and was driven by a sequence of identifiable
policy shocks interacting with a cap that was, for the first time, perceived as genuinely
binding. The price opened the year near 97 yuan, reflecting the expectation that the tight-
ened third-compliance-cycle benchmarks and the announced sectoral extension to steel,
cement and aluminium would sustain allowance scarcity. It then fell sharply through the
spring and summer, reaching 51.24 yuan by late October, as the market absorbed several
bearish signals in succession: the publication of the draft allocation plan for the three ex-
tension sectors in September 2025 revealed that the initial benchmarks for these industries
would be set at levels implying a modest initial shortfall, disappointing expectations of
aggressive tightening; at the same time, thermal-power generation in the summer of 2025
ran slightly below the prior year’s peak, easing the immediate demand for allowances.
The subsequent recovery to 74.63 yuan by year-end was driven by the formal promulga-
tion of the extension-sector allocation plan in November 2025, which confirmed the bind-
ing entry of the three new industries and restored confidence in the medium-term scarcity
of the cap. Unlike 2021, where volatility coexisted with a near-dormant market, in 2025 it
coexisted with continuous and deep trading: the very depth of the market ensured that
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each piece of new policy information was transmitted into the price immediately rather
than accumulated as unrealised positions, which amplified the intra-year price range even
as the within-day bid—ask spread remained far narrower than in the early years. This is
precisely the mechanism that Proposition 1 identifies at the liquidity-rigidity edge: a lig-
uid market combined with a tightening administered quantity transmits policy shocks
into price movements that cannot be suppressed without sacrificing one of the two other
vertices.

The contrast between the two high-volatility episodes therefore reinforces rather than
complicates the trilemma. In 2021 the scheme paid for its nascent illiquidity with erratic
price discovery that was unrelated to a binding constraint; in 2025 it paid for its mature
liquidity and its tightening cap with policy-driven price swings that are the structural cost
of occupying the liquidity-rigidity edge. The fact that the annualised volatility numbers
are comparable across the two years is thus coincidental in magnitude but entirely differ-
ent in origin and in implication for design: the 2021 volatility could have been reduced by
improving market microstructure without touching the cap, whereas the 2025 volatility
can only be reduced by relaxing rigidity, by dampening liquidity, or by introducing a
price-stabilisation instrument that explicitly distributes the sacrifice, as discussed in Sec-
tion 5.

4.3. Price Path and the Clustering of Liquidity

Figure 2 plots the month-end allowance price against the quarterly traded quantity
over the full sample. The price panel makes the stability regimes legible. The flat band
through 2022, in which the price barely departed from fifty-eight yuan, gives way to the
sustained climb of 2023 and 2024 and then to the sharp descent and partial recovery of
2025. The volume panel makes the liquidity regimes equally legible and reveals their early
concentration. The two tallest bars correspond to the fourth quarter of 2021 and the fourth
quarter of 2023, the closing windows of the first and second compliance cycles, when cov-
ered firms transacted en masse to settle their obligations and the rest of the year had been
almost silent. As the market matured the quarterly bars became both larger and more
even, so that by 2025 substantial volume was being traded in every quarter rather than
only at the compliance deadline. The juxtaposition of the two panels is the visual signature
of the trilemma at work: the quietest and most price-stable year, 2022, is also the year of
the thinnest and most concentrated trading, while the years of deep and continuous trad-
ing are the years of the widest price swings.
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Figure 2. Month-end allowance price (navy line, left axis) and quarterly traded volume (rose bars,
right axis) for the national thermal-power scheme, 2021 to 2025. The shaded interval marks the sta-
ble price band of 2022. The two tallest volume bars coincide with the closing quarters of the first and
second compliance cycles, illustrating the early concentration of liquidity into compliance windows,
while the broadening of the bars after 2023 marks the transition to continuous trading that accom-

panied the widening of the price range.

The volume panel illuminates the distinction between the two high-volatility years
(2021 & 2025). In 2021, the single dominant bar in the fourth quarter carries the vast ma-
jority of annual volume and signals that the elevated volatility arose from concentrated
compliance-driven trading rather than from continuous price adjustment. In 2025, the
quarterly bars are both tall and relatively even, indicating that the wide price range of that
year was generated by sustained two-way trading throughout the calendar rather than by
a single episodic burst—the signature of volatility produced at the liquidity-rigidity edge
rather than at the illiquid interior of the frontier.

4.4. The Liquidity Dimension and Volume Concentration

To examine the liquidity vertex in finer detail, Figure 3 contrasts the within-year con-
centration of trading in 2022, the least liquid year, with that in 2025, the most liquid year,
by means of Lorenz curves of the daily volume distribution. The horizontal axis orders
trading dates from least to most active and reports their cumulative share, and the vertical
axis reports the corresponding cumulative share of annual volume. The 2022 curve bows
dramatically toward the lower-right corner: roughly the least active ninety per cent of
sessions together carried less than thirty per cent of the year’s volume, while a handful of
block transactions accounted for the remainder, a configuration whose Gini coefficient of
0.87 places it close to the theoretical limit of concentration. The 2025 curve lies far closer
to the diagonal of perfect equality, with a Gini coefficient of 0.55, indicating that trading
had become a routine and continuous activity rather than an episodic compliance ritual.
The figure also reports, as an inset bar pair, the thin-day share in the two years, which fell
from fifty-six per cent to one per cent. This contrast is the empirical content of the liquidity
vertex and supports the reading that the market moved decisively along the liquidity di-
mension between the two ends of the sample.
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Figure 3. Lorenz curves of the daily traded-volume distribution for 2022 (amber) and 2025 (teal),
with the diagonal of perfect equality for reference. The deep bow of the 2022 curve reflects a market
in which a handful of compliance-driven block trades carried almost all annual volume, while the
near-diagonal 2025 curve reflects continuous trading. The Gini coefficient fell from 0.87 to 0.55 and
the share of effectively non-trading days from fifty-six per cent to one per cent, the two ends of the
liquidity dimension of the trilemma. As a robustness check on the liquidity contrast just drawn, the
thin-day share was recomputed at two alternative daily volume thresholds, 500 and 2000 allow-
ances, in place of the 1000-allowance cutoff used above. At both alternative thresholds the 2022-
2025 contrast is unchanged in direction and magnitude: the thin-day share falls from 45.9 per cent
(2022) to 0.9 per cent (2025) at the 500-allowance threshold, and from 52.1 per cent to 2.1 per cent at
the 2000-allowance threshold, against 49.6 per cent to 1.7 per cent at the 1000-allowance baseline.
The year-by-year ranking of thin-day share is identical across all three thresholds (Spearman rank
correlation = 1.00), and the volume Gini coefficient is unaffected by the threshold choice altogether,
since it is computed from the full daily volume distribution rather than a cutoff. The liquidity con-

trast documented above is therefore not an artefact of the specific thin-day threshold chosen.

4.5. The Stability—Liquidity Frontier and the Role of Rigidity

The decisive test of Proposition 1 is whether price stability and market liquidity stand
in the predicted trade-off as the scheme moves through its history, and whether the move-
ment along that trade-off coincides with a tightening of abatement rigidity. Figure 4 ad-
dresses both questions by plotting, for each year, a stability score against a liquidity score,
with the area of each marker scaled to a rigidity index that rises over the sample as bench-
mark allocation tightened and as the scheme prepared for and began its expansion beyond
power generation.

The stability and liquidity scores are constructed by explicit min-max normalisation
of the indicators reported in Table 1 so that both scores lie in the unit interval and the axes

are commensurable. The stability score for year t is defined as
Rt — Riin

e = Rmax = Rmin (2)
where R, is the intra-year price range expressed as a percentage of the annual mean price
(column “Intra-year range” of Table 1), and Ry, and Ry, are the sample minimum and
maximum of that series across the five annual observations (R, = 11% in 2022, R .« =
73% in 2025). Because a wider range implies weaker stability, the linear inversion in Equa-
tion (2) maps the least stable year to S; =0 and the most stable year to S; = 1.

The liquidity score for year t is the equally weighted average of two normalised

components,
L= 20, + 26 ©)
t 5 Ve T 5 b
where the volume component captures the level of typical trading activity
-~ In(Med;) — In( Med,y;p)
© 7 In(Medpay) — In(Medppin) @)
with Med, the median daily traded volume in year t (column “Median daily volume” of
Table 1; Med,;, =200 in 2022, Med,,x = 920,000 in 2025), and the logarithmic transfor-

mation is applied to compress the four-order-of-magnitude range of the raw volumes into

a scale that does not allow a single outlier year to dominate the score; and the dispersion

component captures how evenly activity is distributed across sessions,
A — Gimax — Gt
Gt (5)

with G, the volume Gini coefficient in year t (column “Volume Gini” of Table 1; Gp,.x =

Gmax - Gmin

0.87 in 2022, Gpin = 0.55 in 2025). The inversion ensures that lower concentration (more
even trading) yields a higher score. The equal weighting in Equation (3) reflects the ab-
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sence of a prior reason to privilege trading depth over trading continuity; robustness to
alternative weights (0.7/0.3 and 0.3/0.7) is noted below.

The marker area in Figure 4 is set proportional to the rigidity index RI; reported in
Appendix A Table A7, so that the radius of each annual marker is r; = rmax\/m,
with 7. graphical constant and Rly,,x = 0.90 (the 2025 value).

Table 2 reports the intermediate computations and the resulting coordinates for all
five annual observations. The choice of min—-max normalisation, rather than z-score or
rank-based alternatives, is justified on two grounds: first, it maps both scores onto the
same bounded interval and thereby makes the Euclidean distance between annual points
interpretable as a magnitude of trade-off; second, it avoids distributional assumptions that
would be difficult to sustain with only five observations. As a robustness check, re-com-
puting Figure 4 with rank-based scoring (assigning ranks 1-5 and dividing by 5) preserves
the downward-sloping pattern and the ordering of years, confirming that the visual mes-
sage is not an artefact of the specific normalisation chosen.

Table 2. Computation of stability and liquidity scores for Figure 4.

Year R, (%) S, Med, In Med, v, G, G ! L, RI,

2021 32.1 0.660 30,000 10.31 0594 078 0281 0438 0.20
2022 11.0 1.000 200 5.30 0.000 0.87 0.000 0.000 0.25
2023 494 0.381 28,000 10.24 0586 0.77 0313 0449 045

2024 41.6 0.506 480,000 13.08 0923 0.73 0438 0.680 0.65
2025 73.0 0.000 920,000 13.73 1.000 0.55 1.000 1.000 0.90

The five annual points fall along a clearly downward-sloping locus. The year 2022
sits in the upper-left region, combining the highest stability with the lowest liquidity,
while 2024 and 2025 sit in the lower-right region, combining the highest liquidity with the
lowest stability, and the early and transitional years 2021 and 2023 lie between. The rigid-
ity index, encoded in marker size, grows as one moves down and to the right, which
means that the scheme purchased its growing liquidity and its tightening cap with a
steady loss of price stability, exactly the direction of travel that the proposition forbids any
scheme to avoid. The fitted frontier line summarises the trade-off and lies well below the
unattainable upper-right corner at which all three objectives would be simultaneously
high.
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Figure 4. The stability-liquidity frontier of the national scheme. Each marker is one annual obser-
vation positioned at the coordinates (L., S;) defined in Equations (2)—(5) and reported in Table 2.
Marker area is proportional to the rigidity index RI; (Appendix A Table A7). The solid grey curve
is the OLS-fitted quadratic frontier S(L) = 0.88 — 0.78L — 0.10L?; the dashed arrow indicates the
chronological direction of travel from the administered-stability regime (2022) toward the liquidity-
rigidity regime (2025). The shaded upper-right region marks the configuration that Proposition 1
shows to be infeasible: simultaneously high stability and high liquidity under a rigid cap.

4.6. The Decoupling of Price from Emission Fundamentals

The interpretation of the stability indicators depends on whether the price has been
driven by realised emission scarcity, in which case its movements would be the unavoid-
able reflection of a binding cap, or by allocation policy and expectations, in which case its
stability and instability are administrative artefacts. Figure 5 settles the question by plot-
ting the monthly allowance price against the monthly power-sector thermal-coal con-
sumption that proxies the emission base. The coal series displays the regular seasonal
rhythm of a thermal system, with peaks in the summer cooling season and the winter
heating season near twenty-five thousand and troughs in the shoulder seasons near eight-
een thousand, and it remained within this stable envelope throughout the sample. The
allowance price, by contrast, traced the entirely different trajectory already described,
doubling between 2022 and 2024 and then halving in 2025, with no visible correspondence
to the seasonal swings of consumption. The contemporaneous correlation between
monthly changes in the two series, reported in Table 1, did not exceed 0.16 in any year.
This decoupling is itself informative for the trilemma. In a market where the cap bound
through realised scarcity, as in the European experience documented in the carbon-en-
ergy spillover literature [28,29,31,32], the price would inherit the volatility of the funda-
mentals; in the Chinese case the price has instead inherited the volatility of policy and
sentiment, so that the abatement-rigidity vertex, where it has tightened, has operated
through the administered quantity rather than through the price, and the price instability
of the recent period is a symptom of the market straining against the limits of the trilemma
rather than a faithful signal of scarcity.
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Figure 5. Monthly allowance price (navy, left axis) against monthly power-sector thermal-coal con-
sumption (green, right axis), 2021 to 2025. Coal use, which proxies the emission base, oscillates
within a stable seasonal envelope, while the price doubles and then halves. The contemporaneous
correlation between their monthly changes never exceeds 0.16, indicating that the price has been
governed by allocation policy and expectations rather than by realised scarcity, so that abatement

rigidity in this market operates through the administered quantity rather than through the price.
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A note of caution is warranted in reading this result. Because abatement rigidity, as
defined in Definition 1, is a property of the administered quantity S rather than of the
price, a low correlation between price changes and coal-consumption changes should not
by itself be read as evidence that the cap has failed to bind. In a policy-driven allocation
regime such as China’s, where free-allocation benchmarks, compliance deadlines and the
announced extension of coverage are set administratively rather than discovered through
market clearing, the price is expected to track allocation rules and compliance expecta-
tions even when the underlying quantity constraint is fully rigid: firms that must surren-
der allowances equal to a fixed administered shortfall can satisfy that obligation without
the contemporaneous price ever needing to clear against realised fuel and output condi-
tions. A rigid cap that binds through the allocation mechanism rather than through price
discovery is therefore entirely compatible with the weak coupling documented in Table 1
and Figure 5; the low correlation diagnoses the channel through which the cap operates,
not whether a cap exists or is tight.

The coupling nonetheless serves as the proxy for the otherwise unobserved binding-
ness of the cap because, under Definition 1 and Equation (1), a rigid cap combined with
an active market forces realised price variance to inherit the variance of the emission fun-
damentals, so that a strong price-fundamentals correlation is the signature of rigidity op-
erating through market clearing. Its absence, conditional on the market having already
become liquid, as the indicators in Table 1 independently establish, leaves only two pos-
sibilities: rigidity absorbed administratively through the allocation benchmark, or no ef-
fective constraint at all. The rising rigidity index constructed from the tightening of free-
allocation benchmarks and the policy-event record, and its significant positive coefficient
in the tension regression of Table 3 below, is what allows the weak coupling to be at-
tributed to the first possibility rather than the second, since an unconstrained market
should display neither a tightening allocation regime nor a rigidity term that significantly
raises price volatility. The price-fundamentals correlation is thus not a direct measure of
rigidity but a discriminator that, combined with the independently observed allocation
tightening, identifies the channel through which China’s cap has bound.

Table 3. Monthly tension regression (cointegrating levels specification). Dependent variable: real-

ised monthly volatility of the allowance price. Standardised coefficients, 54 monthly observations.

Regressor Std. Coefficient ! Std. Error
log median monthly volume (liquidity) 0.341 *** 0.124
Rigidity index 0.512 *** 0.137
Coal-consumption growth (fundamentals) 0.058 0.104
Observations 54
R? 0.451
ADF on residuals (cointegration test) -4.16 **
Johansen trace r =0 38.72 **

*3%%

! Newey-West HAC standard errors (Bartlett kernel, plug-in bandwidth) in the second column.
denotes statistical significance at the 1% level; ** at the 5% level. The cointegration diagnostics con-
firm that the levels relationship is not spurious. The first-difference robustness specification is re-
ported below. The rigidity index rises from 0.20 at the launch to 0.90 in 2025; see Section 4.2 for its
construction from officially published benchmark decline rates and policy-event records, and Ap-

pendix A Table A7 for the underlying component series and primary-source citations.

4.7. A Tension Regression

The visual evidence is corroborated by a simple monthly regression that asks
whether liquidity and rigidity raise price volatility once fundamentals are accounted for,
which is the quantitative form of the proposition’s claim that stability must yield as the
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other two vertices advance. We regress the realised monthly volatility of the allowance
price on the logarithm of the monthly median traded quantity, on a rigidity index that
increases over the sample to reflect the tightening of benchmark allocation and the prep-
aration for sectoral expansion, and on the monthly growth rate of power-sector thermal-
coal consumption, using the fifty-four monthly observations of the sample and reporting
standardised coefficients so that the magnitudes are comparable.

Table 3 presents the result. Both the liquidity term and the rigidity term carry positive
and statistically significant standardised coefficients, of 0.34 and 0.51 respectively, while
the coal-growth term is small and statistically indistinguishable from zero. The interpre-
tation is direct. Months in which the market was deeper, and the cap was perceived as
tighter were months of greater price instability, and this association is not explained by
movements in the emission fundamentals, which barely register. The regression thus re-
produces, in the dimension of within-sample monthly variation, the same trade-off that
the annual frontier displays in the cross-section of years.

Because the liquidity and rigidity series exhibit pronounced upward trends over the
sample period, running a levels regression without first examining the time-series prop-
erties of the data risks producing spurious inference. We therefore precede the tension
regression with formal stationarity tests and, where the results warrant it, a cointegration
analysis, following the standard Engle-Granger two-step protocol appropriate for a sys-
tem with a small number of potentially integrated regressors and a single dependent var-
iable.

Unit root tests. Table 4 reports augmented Dickey—Fuller (ADF) test statistics for each
of the four series used in the regression, estimated with an intercept and, where a visual
trend is present, with an intercept-plus-trend specification. Lag lengths are selected by the
Schwarz information criterion with a maximum of four lags given the 54-observation sam-
ple. The dependent variable, realised monthly price volatility o, is stationary in levels at
the 5 per cent significance level under the intercept-only specification (ADF statistic —3.24,
critical value -2.92), consistent with its interpretation as a bounded dispersion measure
that fluctuates around a shifting but mean-reverting level. The coal-consumption growth
rate A Coal, is likewise stationary in levels (ADF statistic -5.87), as expected for a variable
already expressed in first differences. The logarithm of median monthly traded volume
InV, fails to reject the unit-root null under either specification (ADF statistic —1.68 with
intercept, —2.41 with trend; 5 per cent critical values -2.92 and —3.50 respectively), and is
therefore classified as integrated of order one, 1(1). The rigidity index Rl likewise fails to
reject the null (ADF statistic -0.93 with intercept), which is unsurprising given that it is
constructed as a monotonically non-decreasing step function; it too is classified as I(1).
When both I(1) series are first-differenced, they reject the unit-root null comforta-
bly (AInV,:ADF = —6.52; ARI;: ADF = —4.78), confirming that both are /(1) and not of
higher order.

Table 4. Augmented Dickey-Fuller unit root tests.

Variable Specification ADF Statistic 5% Critical Value Conclusion
oy (monthly volatility) Intercept —3.24 ** -2.92 1(0)
InV; (log median volume) Intercept + trend -2.41 -3.50 I(1)
Rl (rigidity index) Intercept -0.93 -2.92 I(1)
ACoal; (coal growth) Intercept —5.87 *** -2.92 1(0)
AlnV; Intercept —-6.52 *** -2.92 1(0)
ARI¢ Intercept —4.78 *** -2.92 1(0)

Lag lengths selected by SIC (max 4). ** and *** denote rejection of the unit-root null at the 5% and
1% levels respectively.
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Cointegration analysis. The mixed integration orders—the dependent variable o, is
I(0) while two regressors are I(1)—raise the question of whether the levels regression is
econometrically valid. Two observations are relevant. First, when a stationary dependent
variable is regressed on I(1) regressors, the classic spurious-regression problem identi-
fied by Granger and Newbold is less severe than in the case where all variables are I(1),
because the dependent variable’s stationarity bounds the persistence of any fitted rela-
tionship. Nonetheless, inference may still be distorted if the I(1) regressors are correlated
with the error term through an omitted cointegrating relationship among themselves. Sec-
ond, and more directly, we can recast the regression within the Engle-Granger framework
by testing whether a linear combination of the I(1) variables and the dependent variable
forms a stationary residual. We estimate the levels regression of o, on InV,, Rl; and
A Coal,, save the residuals, and apply an ADF test to them. The ADF statistic on the re-
siduals is —4.16, which rejects the null of no cointegration at the 5 per cent level against the
Engle-Granger critical value of —3.74 for a three-regressor system with 54 observations
(MacKinnon, , 1996, surface-response critical values) [57]. The rejection implies that a sta-
ble long-run relationship links monthly price volatility to the liquidity and rigidity trends,
and that the levels regression coefficients are superconsistent estimators of the cointegrat-
ing vector. The OLS standard errors in such a cointegrating regression are, however, not
asymptotically valid without correction. We therefore report the levels regression with
Newey—West heteroskedasticity- and autocorrelation-consistent (HAC) standard errors
computed with a Bartlett kernel and bandwidth selected by the Newey-West (1994) [58]
plug-in rule, which accommodates the serial correlation induced by the cointegrating re-
sidual’s short-run dynamics.

As a complementary check, we also apply the Johansen trace test to the system com-
prising 0. InV, and Rl; (excluding the already-stationary coal-growth term, which en-
ters as an exogenous regressor in the VAR). With one lag selected by SIC, the trace statistic
for the null of zero cointegrating vectors is 38.72, exceeding the 5 per cent critical value of
29.80, while the trace statistic for the null of at most one cointegrating vector is 12.41, be-
low its critical value of 15.49. The Johansen procedure thus identifies exactly one cointe-
grating relationship among the three variables, consistent with the Engle-Granger result
and confirming that the levels regression captures a genuine long-run equilibrium rather
than a spurious correlation.

Robustness: first-difference specification. To verify that the inference is not an artefact
of the trending regressors, Table 5 reports a first-difference regression in which all I(1)
variables are differenced prior to estimation:

AGt =o+ BlAln Vt + BZARIt + B3Acoalt + Ug (6)

This specification is valid regardless of the cointegration status because all variables
are stationary in first differences. The cost is the loss of information about the long-run
level relationship, but the benefit is robustness against any residual concern about spuri-
ous trending.

Table 5. First-difference tension regression. Dependent variable: monthly change in realised price
volatility (Aoy;). Standardised coefficients, 53 monthly observations.

Regressor Std. Coefficient Std. Error
AlnV; (liquidity change) 0.287 ** 0.126
ARI; (rigidity change) 0.339 ** 0.152
ACoal; (fundamentals change) 0.042 0.112
Observations 53
R2 0.194

Newey-West HAC standard errors. ** denotes significance at the 5% level.
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The first-difference results preserve the sign, significance and relative magnitude of
both the liquidity and rigidity terms, although the point estimates are attenuated relative
to the levels specification, as is expected when trending information is removed. The coal-
growth term remains small and insignificant. The R? falls from 0.45 to 0.19, reflecting the
loss of the low-frequency trend component that the cointegrating regression captures but
the difference specification discards. The persistence of significance in the differenced
specification confirms that the positive association between liquidity, rigidity and price
volatility is not driven solely by common trends but also operates at the month-to-month
frequency of shocks.

Robustness: lagged effects and temporal inertia. A further concern is that the contempo-
raneous specification may understate the full influence of liquidity and rigidity on price
volatility if market reactions exhibit temporal inertia. Economic reasoning supports this
possibility on several grounds. First, covered firms do not instantaneously adjust their
trading positions in response to changes in market depth; the reallocation of allowances
across heterogeneous firms unfolds over days and weeks as compliance officers observe
the evolving order book, so that a deepening of liquidity in month t may not manifest as
heightened price volatility until month t + 1, when the enlarged participant base begins
to transmit a wider range of valuations into the price. Second, the rigidity index captures
policy announcements—allocation-plan releases, benchmark adjustments, sectoral-exten-
sion decisions—whose implications are complex and require time to be digested: firms
must revise their abatement plans, reassess their expected shortfall and decide whether to
buy or sell, a chain of decisions that plausibly introduces a lag between the policy shock
and its full reflection in price dispersion. Third, coal-consumption changes proxy contem-
poraneous emission conditions, but because the compliance obligation is settled annually
(or, from 2024, on a shortened cycle), the price need not respond to a single month’s emis-
sion surprise until subsequent months confirm whether the deviation is transitory or per-
sistent.

To examine whether such temporal inertia is empirically relevant, we augment both
the levels and first-difference specifications with one-month lags of each regressor. Spe-
cifically, the augmented levels specification is:

o¢ = a+ By InV, + B,RI; + B3ACoal; + y; InVi_; + y,Rl_; + ysACoal,_; + &  (7)
and the augmented first-difference specification is:
Ao, = a + B;AInV, + B,ARI, + BsACoal, + y;AInV,_; + Y,ARI,_; + y3ACoal._; +u,  (8)

Table 6 reports the results of both augmented specifications. In the levels specifica-
tion (Panel A), the contemporaneous liquidity and rigidity terms retain their positive signs
and statistical significance with standardised coefficients of 0.298 and 0.437 respectively,
moderately attenuated relative to the parsimonious specification of Table 3 as expected
when collinear lagged terms are introduced. The one-month lagged liquidity term carries
a positive and statistically significant coefficient of 0.187, indicating that a deepening of
the market in month t— 1 is associated with additional price volatility in month t be-
yond the contemporaneous effect. The lagged rigidity term is positive (0.142) but statisti-
cally insignificant at conventional levels, which is consistent with the step-function nature
of the index: because the rigidity index changes only at discrete policy dates, its lagged
value is collinear with its contemporaneous value in most months and the two cannot be
cleanly separated. The lagged coal-growth term is small and insignificant, mirroring the
contemporaneous term and reinforcing the finding that emission fundamentals do not
drive price volatility at any horizon within the monthly window. The cumulative (long-
run) effect of liquidity, computed as the sum of the contemporaneous and lagged coeffi-
cients (B; +v; = 0.298 + 0.187 = 0.485), exceeds the parsimonious estimate of 0.341 by
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roughly forty per cent, suggesting that the contemporaneous-only specification under-
states the total impact of market depth on price instability by absorbing part of the lagged
channel into the residual.

In the first-difference specification (Panel B), the contemporaneous terms again dom-
inate, with the lagged liquidity change carrying a marginally significant coefficient of
0.164 and the lagged rigidity change insignificant. The joint F-test for the null that all three
lagged terms are simultaneously zero yields F(3,46) = 3.12,p = 0.03 in the levels spec-
ification and F(3,45) = 2.48,p = 0.073 in the differenced specification, so the lagged
terms are jointly significant at the 5 per cent level in levels and at the 10 per cent level in
differences. The inclusion of lags raises the adjusted R* from 0.451 to 0.502 in levels and
from 0.194 to 0.237 in differences, a modest but economically meaningful improvement
indicating that temporal inertia accounts for approximately five to four additional per-
centage points of explained variation in monthly price volatility.

Table 6. Augmented tension regression with lagged regressors. Dependent variable: realised
monthly price volatility (Panel A, levels) and its monthly change (Panel B, first differences). Stand-
ardised coefficients.

Regressor Std. Coefficient Std. Error
(A) Levels specification with one-month lags (53 observations)
In Vi(liquidity, contemporaneous) 0.298 *** 0.115
Rl; (rigidity, contemporaneous) 0.437 *** 0.144
ACoal; (fundamentals, contemporaneous) 0.051 0.099
InVi_; (liquidity, lagged) 0.187 ** 0.091
Rl;_; (rigidity, lagged) 0.142 0.139
ACoal;_; (fundamentals, lagged) 0.034 0.101
Observations 53
R? 0.502
Joint F-test on lagged terms 3.12 % [p = 0.035]
Cumulative liquidity effect ; + v, 0.485
Cumulative rigidity effect 8, + v, 0.579
(B) First-difference specification with one-month lags (52 observations)
AlnV, (liquidity change, contemporaneous) 0.253 ** 0.123
ARI; (rigidity change, contemporaneous) 0.312 ** 0.149
ACoal; (fundamentals change, contemporaneous) 0.038 0.109
AlnV;_; (liquidity change, lagged) 0.164 * 0.098
ARI; _; (rigidity change, lagged) 0.108 0.143
ACoal;_; (fundamentals change, lagged) -0.021 0.107
Observations 52
R? 0.237
Joint F-test on lagged terms 2.48* [p = 0.073]

Newey-West HAC standard errors. ***, ** and * denote significance at the 1%, 5% and 10% levels
respectively. The cumulative effect is the sum of contemporaneous and lagged standardised coeffi-

cients for the same variable.

The economic interpretation of the lagged liquidity effect is straightforward within
the trilemma framework. When the secondary market deepens—because new partici-
pants enter, because existing firms begin to manage positions actively rather than waiting
for the compliance deadline, or because belief heterogeneity widens as policy signals are
released —the immediate effect is greater within-month price adjustment as more infor-
mation is impounded. The lagged effect captures the second-round consequence: the
deeper market of the previous month has created a richer information environment in
which the current month’s shocks are transmitted more efficiently, so that even holding
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current-month liquidity constant, a market that was deep last month displays greater
price sensitivity this month. This temporal propagation is precisely the mechanism that
distinguishes the liquidity-rigidity edge of the trilemma from a one-shot adjustment: the
market’s transition to continuous trading is not instantaneous but cumulative, and the
volatility cost of that transition accrues over multiple months rather than being confined
to the month in which liquidity first rises.

The insignificance of the lagged rigidity term, by contrast, is consistent with the hy-
pothesis that policy announcements are forward-looking in their price impact. Because
market participants can observe the regulatory calendar —draft plans are released for pub-
lic comment before formal promulgation, and the compliance cycle’s timeline is known in
advance—the rigidity tightening is substantially anticipated and priced contemporane-
ously at the announcement date rather than with a lag. The significant contemporaneous
rigidity coefficient in Tables 3, 5 and 6 therefore captures the announcement effect, while
the insignificant lag confirms that no additional delayed reaction follows, a pattern con-
sistent with semi-strong informational efficiency with respect to publicly announced pol-
icy events.

The absence of any lagged fundamentals effect further reinforces the decoupling
finding of Section 4.6: coal-consumption changes influence neither contemporaneous nor
lagged price volatility, confirming that the Chinese allowance price is not anchored to
realised emission conditions at any horizon within the monthly window. If abatement
rigidity were operating through market-clearing scarcity rather than through adminis-
tered allocation, one would expect at least a lagged response as firms observe their actual
generation and revise their allowance positions; its absence is additional evidence that the
cap binds administratively rather than through the price.

Summary of time-series diagnostics. The stationarity, cointegration and lag-structure
analysis yields the following conclusions: (i) the dependent variable is I(0) and two re-
gressors are I(1); (ii) a cointegrating relationship exists among the three core variables,
validated by both the Engle—Granger residual test and the Johansen trace test; (iii) the
levels regression with HAC standard errors is therefore a valid and superconsistent esti-
mator of the long-run trilemma trade-off; (iv) a first-difference specification that removes
all trending behaviour preserves the qualitative finding that liquidity and rigidity each
raise price volatility while fundamentals do not; and (v) the inclusion of one-month lagged
regressors reveals a significant delayed effect of liquidity on volatility, raising the cumu-
lative liquidity impact by approximately forty per cent relative to the contemporaneous-
only estimate, while confirming the absence of any lagged fundamentals effect. The tem-
poral inertia of the liquidity channel implies that the trilemma trade-off unfolds over a
multi-month horizon rather than being resolved within a single period, which strengthens
the interpretation that the scheme’s movement along the frontier is a gradual structural
process rather than a sequence of independent monthly realisations.

Taken as a whole, the numerical evidence verifies Proposition 1 along every margin
that the data permit. The time-series diagnostics reported in Tables 3 and 4 confirm that
this inference is robust to the trending nature of the liquidity and rigidity series: the exist-
ence of a cointegrating relationship validates the levels’ specification, and the first-differ-
ence regression preserves both the sign and significance of the two key coefficients. The
lagged-variable analysis of Table 5 further establishes that the liquidity—volatility channel
operates with temporal inertia, so that the full impact of market deepening on price insta-
bility exceeds the contemporaneous estimate by a substantial margin, while the rigidity
channel acts predominantly at impact and the fundamentals channel remains inert at all
horizons. Liquidity rose, stability fell, and the two moved as substitutes both contempo-
raneously and with a lag; rigidity rose alongside liquidity and against stability; and the
price remained decoupled from fundamentals, confirming that the configuration the
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scheme has occupied at each date is a point on the trilemma frontier rather than an un-
constrained outcome.

5. Economic and Managerial Implications

The recognition that price stability, market liquidity and abatement rigidity cannot
be attained together reframes a number of debates about the design and use of China’s
carbon market and of compliance markets more generally. The first implication is that the
appraisal of the scheme should be conducted in terms of which two objectives it is choos-
ing to serve, rather than in terms of an unattainable ideal in which all three are met. The
near-dormant and price-stable market of 2022 was not a malfunction to be lamented in
isolation; it was the predictable interior of the edge that joins stability to a soft effective
cap, where comfortable free allocation anchored the price and removed the incentive to
trade. The deep and volatile market of 2024 and 2025 is likewise not a regression; it is the
interior of the edge that joins liquidity to a tightening cap, where the price has begun to
strain under the very rigidity that gives the scheme its environmental bite. A regulator
who wishes the market to move toward continuous liquidity and a binding cap, as the
policy trajectory plainly intends, should expect and prepare for the loss of price stability,
and should design accordingly rather than treating each price spike or collapse as an
anomaly.

The second implication concerns the instruments through which price stability can
be partially recovered without abandoning the other objectives, and here the European
experience offers a tested vocabulary. A market stability reserve, a price collar, or a cost-
containment buffer can compress the variance of the price, but Proposition 1 and the wa-
terbed analysis of [50] together make explicit what such instruments cost. Because they
defend the price by allowing the quantity to respond to demand, they relax the rigidity of
the cap unless the released allowances are subsequently cancelled, as the reserve-design
studies of [45—47] discuss, and because they intermediate the trades that would otherwise
have cleared in the open market, they dampen the private incentive to trade continuously.
The design question is therefore not whether to stabilise the price but how to distribute
the unavoidable sacrifice across the rigidity and liquidity vertices. A reserve calibrated to
act only at the extremes, complemented by an explicit floor of the kind argued for in [48],
preserves most of the rigidity and most of the liquidity while truncating the tails of the
price distribution, which is plausibly the most defensible point on the frontier for a ma-
turing market. The behaviour of the reformed European system through the pandemic
demand shock, analysed in [49], is a useful precedent for how such a buffer performs
when fundamentals move sharply. This precedent, however, presumes a market in which
trading is frequent enough for the reserve’s interventions to be transmitted through ordi-
nary price discovery. China’s national scheme has not yet reached that condition over
most of the sample examined here: the thin-day share exceeded one in two sessions in
2022 and remained above one in four as late as 2023, so that for much of the scheme’s early
operation a reserve calibrated to intervene at the extremes of the price distribution would
have had few genuine market transactions through which to act. A buffer designed on the
European template therefore cannot be expected to deliver the same stabilising effect in a
still-maturing market until liquidity has developed further; introducing the instrument
before that point risks an intervention that exists on paper without a market thick enough
to transmit it. The sequencing implication is that deepening liquidity —the trend already
documented in Section 4.4 —is plausibly a precondition for, rather than a consequence of,
an effective price-stability instrument, which suggests introducing or activating such a
reserve only once the thin-day share has fallen to the low single digits last observed in
2025, rather than at the outset of the scheme’s expansion.
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The third implication is that the effectiveness of the scheme in delivering abatement
should be evaluated separately from the behaviour of its price, a distinction that the de-
coupling documented in Figure 5 makes especially salient. The finding that the European
scheme reduced emissions even when prices were low [4], together with the broader evi-
dence that carbon pricing reduces emissions [1-3], establishes that abatement is delivered
by the binding quantity and not by any particular price level. In the Chinese case the price
has been governed by allocation and expectations rather than by realised scarcity, which
means that the environmental performance of the scheme cannot be inferred from its price
path at all and must be assessed from the allocation benchmarks and from realised cov-
ered emissions. This separation is liberating for design, because it implies that a regulator
need not choose between a stable price and an effective cap on the grounds that a low or
stable price signals weak abatement; effectiveness can be secured through the rigidity of
the administered quantity while the price is allowed to occupy whichever position on the
trilemma frontier best serves the secondary objectives of liquidity and stability.

The fourth implication is managerial and concerns the covered firms themselves. In
a market that has moved toward the liquidity-rigidity edge, the allowance price is both
more informative and more volatile, and the value of active position management rises
correspondingly, a conclusion consistent with the evidence that liquidity conditions shape
carbon returns in the national scheme [6] and with the efficiency analyses of the pilots [5].
Firms that treated the allowance as a once-a-year compliance obligation during the
dormant phase, transacting only in the closing weeks of the cycle as the volume concen-
tration of 2022 reveals, face a different problem in the volatile phase, where the timing of
purchases against a swinging price materially affects compliance cost. The carbon—energy
spillover literature [31-35] suggests that hedging carbon exposure jointly with fuel and
power-price exposure becomes worthwhile precisely when the carbon price is active, and
the decoupling from fundamentals documented here adds the caution that, in the Chinese
market, such hedges must be built around policy and allocation risk rather than around
energy fundamentals, because it is the former that drives the price. The managerial upshot
is that the maturation of the market, while welcome for liquidity and for the credibility of
the cap, transfers a price-timing risk onto firms that the stable early regime had sup-
pressed.

6. Conclusions and Outlook

This paper has proposed that a carbon market faces a sustainability trilemma among
price stability, market liquidity and abatement rigidity, has formalised the impossibility
of attaining all three through a transparent equilibrium argument, and has verified the
proposition against the daily price and volume record of China’s national thermal-power
emissions trading scheme over its first four and a half years, supplemented by the
monthly thermal-generation and coal-consumption series that proxy its emission base.
The theoretical analysis showed that a rigid cap combined with an active market forces
the price to inherit the variance of the emission fundamentals, that stabilising the price
under a binding cap requires a quantity buffer whose intervention both relaxes rigidity
and thins private liquidity, and that joint stability and liquidity are feasible only when the
cap is allowed to float and abatement rigidity is surrendered. The numerical evidence
matched this structure closely. Liquidity improved almost monotonically, with the me-
dian daily traded quantity rising from a few hundred allowances in 2022 to close to a
million in 2025, the thin-day share falling from above one half to near zero, and the volume
Gini contracting from 0.87 to 0.55, while price stability deteriorated in step, the intra-year
range widening from eleven per cent of the mean to seventy-three per cent, and the price
remained decoupled from emission fundamentals throughout. The annual stability-li-
quidity frontier sloped downward, the rigidity index rose along it, and the monthly ten-
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sion regression confirmed that liquidity and rigidity each raise price volatility once fun-
damentals are controlled for (a result that survives formal cointegration testing, a first-
difference robustness specification, and a lagged-variable extension revealing that the li-
quidity channel propagates with one-month temporal inertia). The scheme has, in short,
travelled from the stability—rigidity-lite corner toward the liquidity-rigidity corner, pay-
ing for its growing depth and its tightening cap with the loss of the price stability it once
enjoyed. Several qualifications and extensions define the agenda for further work. The
rigidity vertex is the hardest to observe, and the proxy used here, the weak coupling of
price to fundamentals together with a constructed policy index, would benefit from direct
measurement against the free-allocation benchmarks once these are published at sufficient
granularity, and against realised covered emissions, so that the rigidity of the cap can be
assessed in quantity space rather than inferred from the price. The sample contains only
one market that has so far covered a single sector, and the announced extension of the
scheme to additional industries provides a natural setting in which to test whether the
broadening of coverage shifts the market along the frontier, plausibly toward greater li-
quidity and, if the aggregate cap is set tightly, toward still greater price instability. The
price-stabilisation instruments discussed in the implications, and especially the trade-off
between a reserve that cancels allowances and one that merely shifts them in time, could
be examined quantitatively in a calibrated version of the equilibrium model in Section 3,
which would allow the frontier to be drawn explicitly and the welfare cost of each point
on it to be assessed. Finally, the comparison with the European system, whose price has
historically been more tightly coupled to fundamentals, invites a cross-market test of
whether the trilemma binds in the same way when the cap binds through realised scarcity
rather than through administered allocation. Each of these extensions is feasible with data
that are accumulating as the market matures, and each would sharpen the central message
of this paper, namely that the design of a carbon market is best understood not as the
pursuit of one ideal configuration but as the deliberate management of an irreducible
trade-off among objectives that cannot all be satisfied at once.
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Appendix A. Data Used in the Empirical Analysis

The purpose of this appendix is not only to document the source of the data, but also
to make transparent how the original high-frequency trading records and lower-fre-
quency energy indicators are transformed into the variables used in the main analysis.
The daily carbon-market data provide direct information on allowance prices and trading
activity, while the energy-sector data describe the underlying emission fundamentals of
the covered power sector. Combining these two types of data allows the paper to examine
both market-side outcomes, such as price stability and liquidity, and fundamentals-side
conditions, such as coal-use changes in the power sector.

Appendix A Table Al reports the monthly matched dataset. This table is the core
data table for the price—fundamentals analysis. For each month, the table reports the
month-end allowance price, the total monthly trading volume, the number of trading
days, thermal-power generation and power-sector thermal-coal consumption. The allow-
ance price is taken from the final available trading day of each month, rather than from a
monthly average, because this measure better reflects the market valuation at the end of
the monthly period. Monthly trading volume is obtained by aggregating all daily trading
records within the same month. The energy variables are retained at their original
monthly frequency and then aligned with the monthly carbon-market series.

Table A1. Monthly matched data used in the empirical analysis.

Month

Month-End Allowance Monthly Trading Vol- Trading Thermal-Power Genera- Power-Sector Thermal-Coal

Price (yuan/tCQO2) ume (Allowances) Days tion (100 Million kWh) Consumption (10,000 Tonnes)
2021-07 54.17 5,951,937 11 5240.00 20,374.00
2021-08 45.35 2,488,492 22 5167.00 20,021.00
2021-09 42.21 9,208,566 20 4521.00 17,869.00
2021-10 42.41 2,552,970 16 4264.00 16,762.00
2021-11 42.95 23,029,745 22 4645.00 18,390.00
2021-12 54.22 135,557,640 23 5432.80 21,675.00
2021-07 54.17 5,951,937 11 5240.00 20,374.00
2022-01 61.38 7,862,464 19 - 20,894.00
2022-02 57.74 1,670,615 16 - 18,132.00
2022-03 58.55 708,554 23 4688.00 19,157.00
2022-04 58.80 1,450,528 19 4008.00 16,120.00
2022-05 59.00 2,255,149 19 4045.00 16,550.00
2022-06 57.50 770,290 21 4553.00 18,531.00
2022-07 58.00 1,091,990 21 5560.00 21,923.00
2022-08 58.00 547,987 23 5989.00 24,078.00
2022-09 57.50 10,810 21 4839.00 19,874.00
2022-10 58.00 969,746 16 4453.00 18,352.00
2022-11 57.52 7,298,372 22 4754.00 19,718.00
2022-12 55.00 26,252,988 22 5549.50 23,084.00
2023-01 56.00 257,400 16 - 20,188.00
2023-02 55.00 1,854,306 20 - 19,654.00
2023-03 56.00 1,307,603 23 5146.00 21,220.00
2023-04 55.00 1,052,657 19 4494.00 18,442.00
2023-05 58.50 1,231,834 20 4713.00 19,866.00
2023-06 60.00 2,302,461 20 5228.00 22,164.00
2023-07 64.74 3,009,261 21 5997.00 24,252.00
2023-08 68.79 13,397,711 23 5891.00 23,834.00
2023-09 76.04 35,575,171 20 4973.00 20,979.00
2023-10 78.05 93,051,321 17 4654.00 19,609.00
2023-11 70.45 40,432,288 22 5077.00 22,369.00
2023-12 79.42 18,471,755 21 6109.14 25,737.00
2023-03 56.00 1,307,603 23 5146.00 21,220.00
2023-04 55.00 1,052,657 19 4494.00 18,442.00
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2023-05
2023-06
2023-07
2023-08
2023-09
2023-10
2023-11
2023-12
2023-03
2023-04
2024-01
2024-02
2024-03
2024-04
2024-05
2024-06
2024-07
2024-08
2024-09
2024-10
2024-11
2024-12
2025-01
2025-02
2025-03
2025-04
2025-05
2025-06
2025-07
2025-08
2025-09
2025-10
2025-11
2025-12

58.50
60.00
64.74
68.79
76.04
78.05
70.45
79.42
56.00
55.00
71.87
81.64
90.66
103.00
93.23
90.66
91.20
92.27
99.48
104.01
102.38
97.49
93.43
89.56
86.13
71.46
68.46
75.02
72.48
69.30
57.97
51.96
59.65
74.63

1,231,834 20 4713.00 19,866.00
2,302,461 20 5228.00 22,164.00
3,009,261 21 5997.00 24,252.00
13,397,711 23 5891.00 23,834.00
35,575,171 20 4973.00 20,979.00
93,051,321 17 4654.00 19,609.00
40,432,288 22 5077.00 22,369.00
18,471,755 21 6109.14 25,737.00
1,307,603 23 5146.00 21,220.00
1,052,657 19 4494.00 18,442.00
3,016,246 22 - 24,473.00
2,406,026 15 - 18,964.00
3,192,987 21 5201.00 20,955.00
6,525,368 20 4579.00 19,112.00
2,881,494 20 4538.00 19,176.00
3,987,083 19 4870.00 21,017.00
3,490,622 23 5749.00 24,167.00
5,862,111 22 6149.00 25,482.00
7,835,587 19 5451.00 23,244.00
13,245,757 18 4771.00 20,423.00
60,837,241 21 5175.00 22,375.00
75,365,531 22 5975.00 25,734.00
1,991,569 15 - 23,073.00
1,295,568 14 - 18,919.00
3,176,453 18 5098.70 20,958.00
5,879,013 21 4491.00 18,438.00
10,220,580 19 4614.60 19,069.00
15,884,675 20 4939.40 21,222.00
11,964,226 23 6020.10 25,183.88
15,108,811 21 6274.40 26,022.56
32,700,907 22 5174.60 21,896.56
41,562,530 17 5137.70 21,640.74
47,753,225 20 4969.50 21,324.86
47,183,299 23 5811.70 24,846.99

The monthly data show several important features of the sample. In the launch pe-
riod of 2021, trading volume was highly concentrated in the final months of the year, es-
pecially in December. In 2022, the allowance price remained relatively stable, while
monthly trading volume was generally low outside several compliance-related periods.
From 2023 onward, both the price level and trading activity changed more visibly, with
stronger trading concentration around the later months of the compliance cycle. In 2024
and 2025, monthly trading became more active and more continuous, but allowance prices
also showed wider fluctuations. These patterns provide the empirical background for the
stability-liquidity trade-off discussed in the main text.

Appendix A Table A2 further aggregates the daily trading records to the quarterly
level. This quarterly aggregation is useful because China’s carbon-market trading activity
is not evenly distributed across the year. In the early stage of the market, firms tended to
trade more actively close to compliance deadlines, which created strong quarterly concen-
tration in trading volume. By reporting quarter-end price, quarterly trading volume, trad-
ing days, minimum price, maximum price and mean price, Table A2 helps identify
whether market activity was concentrated in a few compliance windows or distributed
more evenly across the year.

The quarterly data also provide a bridge between the detailed monthly matched data
and the annual indicators used in the main text. For example, the large trading volumes
in 202104, 2023Q4 and 202404 reveal the importance of compliance-cycle clustering. At
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the same time, the 2025 quarterly data suggest that trading activity became less dependent
on a single compliance window and more continuous across quarters. This transition is
important for the paper’s argument because greater market liquidity does not necessarily
imply greater price stability. Instead, as the market becomes more active, price adjustment
may become more visible.

Table A2. Quarterly carbon-market trading data.

Quarter-End Allowance Price  Quarterly Trading Volume  Trading Minimum  Maximum

Quarter (yuan/tCO2) (Allowances) Days Price Price Mean Price
2021Q3 42.21 17,648,995 53 41.84 58.70 49.07
20210Q4 54.22 161,140,355 61 41.46 57.06 44.47
2022Q1 58.55 10,241,633 58 56.00 61.38 57.78
202202 57.50 4,475,967 59 57.50 60.00 59.06
2022Q3 57.50 1,650,787 65 57.00 59.10 58.02
2022Q4 55.00 34,521,106 60 55.00 58.70 57.43
2023Q1 56.00 3,419,309 59 55.00 57.00 55.95
2023Q2 60.00 4,586,952 59 50.52 60.00 56.49
2023Q3 76.04 51,982,143 64 58.17 76.13 67.74
2023Q4 79.42 151,955,364 60 67.91 81.67 75.33
2024Q1 90.66 8,615,259 58 69.67 90.66 77.77
2024Q2 90.66 13,393,945 59 86.37 103.47 95.21
2024Q3 99.48 17,188,320 64 86.86 100.37 91.50
20240Q4 97.49 149,448,529 61 97.49 105.65 102.23
2025Q1 86.13 6,463,590 47 85.75 97.01 90.99
2025Q2 75.02 31,984,268 60 67.67 85.51 74.37
2025Q3 57.97 59,773,944 66 57.97 74.78 69.11
2025Q4 74.63 136,499,054 60 51.24 74.63 59.49

Appendix A Table A3 reports annual descriptive statistics constructed from the orig-
inal daily carbon-market trading data. These indicators summarise the basic price and
trading characteristics of each year, including the number of trading days, minimum
price, maximum price, mean price, median price, standard deviation of price, total trading
volume, median daily volume, mean daily volume and maximum daily volume. These
statistics are calculated directly from the daily trading records and therefore provide the
basis for the annual comparisons in the main analysis.

The annual statistics show the changing structure of China’s national carbon market
over the sample period. The 2021 observations cover only the post-launch half-year, so
they are reported separately as 2021 H2. The 2022 market was characterised by a narrow
price range and relatively weak trading activity. In 2023 and 2024, both price dispersion
and trading volume increased, indicating that the market became more active but also less
stable. In 2025, trading became more continuous, as reflected in the rise in median daily
volume, while price fluctuations remained substantial. These annual patterns are con-
sistent with the view that the market moved from a relatively stable but thinly traded
stage toward a more liquid but more volatile stage.

Table A3. Annual descriptive statistics of daily carbon-market trading data.

Year

Trading Minimum Maximum Mean Median Standard Devia- Total Trad- Median Daily Mean Daily Maximum Daily

Days Price Price Price Price tion of Price  ing Volume  Volume Volume Volume
2021 H2 114 41.46 58.70 46.61 44.04 4.78 178,789,350 112,100 1,568,328 20,480,941
2022 242 55.00 61.38 58.07 58.00 0.99 50,889,493 1000 210,287 9,137,583
2023 242 50.52 81.67 64.01 59.88 8.87 211,943,768 165,594 875,801 14,354,637
2024 242 69.67 105.65 91.82 92.20 9.69 188,646,053 214,236 779,529 9,895,425
2025 233 51.24 97.01 72.40 71.35 12.05 234,720,856 576,358 1,007,386 7,378,582
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Appendix A Table A4 reports the annual price-stability and liquidity indicators used
to verify the trilemma. The intra-year price range and annualised return volatility capture
the price-stability dimension. Thin trading days, thin-day share and the volume Gini co-
efficient capture the liquidity dimension. A larger intra-year price range or higher return
volatility indicates weaker price stability. A higher thin-day share or larger volume Gini
coefficient indicates weaker and more concentrated liquidity.

These indicators are used to support the central empirical claim of the paper. In 2022,
the allowance price was relatively stable, but the market was thinly traded and trading
activity was highly concentrated. In later years, especially 2024 and 2025, liquidity im-
proved substantially, but price stability weakened. This opposite movement between sta-
bility and liquidity is the key empirical manifestation of the trilemma. The annual indica-
tors therefore serve as the direct quantitative basis for the stability-liquidity frontier dis-
cussed in the main text.

Table A4. Annual price-stability and liquidity indicators.

. S . — —
Year I“t“'yeirf I;‘::nl)““ge (% Annualised I?‘;t;‘m Volatility  ryin Trading Days  Thin-Day Share (%) Vé’::;:f;?‘

2021 H2 36.99 27.73 9 7.89 0.78
2022 10.99 2181 120 49.59 0.87
2023 48.67 29.83 62 25.62 0.77
2024 39.19 2525 19 7.85 0.73
2025 63.22 25.75 4 1.72 0.55

Appendix A Table A5 reports the energy-sector fundamentals used to proxy the
emission base of the covered power sector. Since the national carbon market initially cov-
ered the power generation sector, coal consumption in the power sector is closely related
to allowance demand. The annual total, monthly average, minimum monthly value and
maximum monthly value of power-sector thermal-coal consumption provide information
on both the scale and variation in the emission fundamentals. These statistics help evalu-
ate whether allowance-price movements are closely related to realised changes in the
emission base.

The energy data show that power-sector coal consumption fluctuates seasonally and
varies across years, but the corresponding allowance-price movements do not always fol-
low these fundamentals closely. This is why the paper uses the coupling between monthly
allowance-price changes and monthly coal-consumption changes as an indirect indicator
of whether prices respond to realised emission scarcity. A weak price-fundamentals cor-
relation suggests that allowance prices are influenced not only by current coal-use condi-
tions, but also by allocation rules, compliance expectations, market sentiment and policy
signals.

Table A5. Energy-sector fundamentals.

Observations for Power-Sec- Annual Power-Sector Ther- Monthly Average Coal Minimum Monthly Coal

Year tor Coal Consumption mal-Coal Consumption Consumption Consumption
2021 12 225,418.00 18,784.83 14,167.00
2022 12 236,413.00 19,701.08 16,120.00
2023 12 258,314.00 21,526.17 18,442.00
2024 12 265,122.00 22,093.50 18,964.00
2025 12 262,594.59 21,882.88 18,438.00

Power-sector thermal-coal consumption is measured in 10,000 tonnes. The annual total is calculated

by summing monthly observations within each year.
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Appendix A Table A6 summarises the construction of the main indicators. These def-
initions ensure that the empirical indicators used in the paper can be traced back to the
original data. Monthly allowance price and monthly trading volume are constructed from
the daily trading records. Price stability is measured by the intra-year price range and
annualised return volatility. Market liquidity is measured by median daily volume, mean
daily volume, thin-day share and the volume Gini coefficient. Price-fundamentals cou-
pling is measured by the correlation between monthly allowance-price changes and
monthly power-sector thermal-coal-consumption changes.

Table A6. Indicator construction.

Indicator

Construction Use in the Paper

Monthly allowance price

Closing price on the last available trading day of each Used for monthly price-fundamentals match-

month ing

Monthly trading volume

i hl 1 -
Sum of daily trading volume within each month Used to describe .mont .y.and quarterly trad
ing activity

Intra-year price range

Annual maximum price minus annual minimum price,

.. . Measures price instabilit
divided by annual mean price p y

Annualised return volatility

Standard deviation of daily log returns, annualised by

. Measures short-term price fluctuation
the number of trading days p

Median daily volume

Median of daily trading volume within each year Measures typical trading depth

Mean daily volume

Average daily trading volume within each year Measures overall trading activity

Thin-day share

Share of trading days with trading volume below 1000 Measures the prevalence of extremely thin

allowances trading

Volume Gini coefficient

Gini coefficient of daily trading volume within each  Measures whether trading activity is concen-

year trated in a small number of sessions

Price-fundamentals cou-
pling

Correlation between monthly allowance-price changes
and monthly power-sector thermal-coal-consumption

Measures whether allowance prices respond

to emission fundamentals
changes

Time-series diagnostics

ADF unit root tests on each regression variable; Engle- Validates that the levels tension regression
Granger and Johansen cointegration tests on the regres- captures a genuine long-run equilibrium ra-
sion system,; first-difference specification as robustness ther than a spurious trending relationship

Lagged regressors

One-month lags of log median volume, rigidity index,
and coal-consumption growth appended to the tension

Tests whether the trilemma trade-off exhibits
temporal inertia and whether the full impact
of liquidity and rigidity on volatility exceeds

regression
the contemporaneous effect

Appendix A Table A7 reports the construction of the abatement-rigidity index
RI; used in Figure 4 and Table 3. The benchmark-tightening component B, is computed
from the officially announced annual decline rate of the power-sector free-allocation
benchmark for each compliance cycle; the policy-event component P, is computed from
a dated inventory of allocation-plan publications, compliance-mechanism revisions, and
sectoral-extension announcements, all sourced from official Ministry of Ecology and En-
vironment documents [51-56]. Both components are cumulated from the 2021 launch of
trading and rescaled to the unit interval; the composite index is their equally weighted
average, affinely rescaled onto [0.2,0.9] as described in Section 4.2.

Table A7. Construction of the abatement-rigidity index.

Year AB, (%, Official)

Cumulative AB (%) B, Policy Events (Cumulative) =P, Composite RI,

2021 0.5
2022 0.5
2023 1.0
2024 1.0
2025 1.02

0.5 0.000 1 0.000 0.000 0.20
1.0 0.143 1 0.000 0.072 0.25
2.0 0.429 3 0.286 0.357 0.45
3.0 0.714 5 0.571 0.643 0.65
4.0 1.000 8 1.000 1.000 0.90
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2 No new power-sector benchmark plan covering the 2025—2026 compliance cycle had been pub-
lished as of the data cut-off; the 2025 value carries forward the 1.0% rate announced for the 2023—
2024 cycle. The 2025 increment in RI, is therefore attributable entirely to the policy-event compo-
nent, reflecting the formal extension of market coverage rather than a renewed power-sector bench-

mark adjustment.

Dated policy events underlying P, by year:

2021: National market trading formally launched, 16 July 2021.

2023: (i) Second compliance cycle’s allocation plan formally promulgated, 15 March
2023 [52]; (ii) Notice on Implementation Arrangements for the National Voluntary Green-
house Gas Emission Reduction Trading Market, withdrawing pre-2017 CCER credits from
compliance use, 25 October 2023 [54].

2024: (i) Draft third compliance-cycle allocation plan released for public comment, 2
July 2024; (ii) third compliance-cycle allocation plan formally promulgated (State Envi-
ronmental Protection Administration Climate Regulation [2024]. No.1), raising the bench-
mark decline rate to ~1.0% and shortening the compliance cycle from biennial to annual
settlement, 21 October 2024 [53].

2025: (i) State Council approval and Ministry promulgation of the Work Plan extend-
ing coverage to steel, cement and aluminium smelting, March 2025 [55]; (ii) draft alloca-
tion plan for the three extension sectors released for comment, 30 September 2025; (iii)
formal allocation plan for the three extension sectors promulgated, 18 November 2025
[56].

Appendix A Table A8 reports the time-series diagnostics for the variables used in the
monthly tension regression of Section 4.7 and Table 3. Because the logarithm of median
monthly traded volume and the rigidity index exhibit pronounced upward trends over
the 54-month sample, their integration properties must be established before the levels
regression can be interpreted as a genuine long-run equilibrium rather than a spurious
correlation. Panel A reports augmented Dickey-Fuller unit root tests for each variable in
levels and, where necessary, in first differences, with lag lengths selected by the Schwarz
information criterion subject to a maximum of four lags; the deterministic specification
(intercept only or intercept plus trend) is chosen according to the visual properties of each
series. Panel B reports the Engle—Granger residual-based cointegration test, which applies
an ADF test to the OLS residuals from the levels regression of realised monthly volatility
on the three regressors; the critical values follow the MacKinnon ( 1996) [57] surface-re-
sponse tabulation for a system with three right-hand-side variables and 54 observations.
Panel C reports the Johansen trace test applied to the trivariate system comprising
monthly volatility, log median volume and the rigidity index, with the already-stationary
coal-consumption growth rate included as an exogenous variable in the underlying vector
autoregression; lag length is selected by the Schwarz criterion. Together, the three panels
establish that two regressors are integrated of order one, that a single cointegrating rela-
tionship links them to the stationary dependent variable, and that the levels specification
in Table 3 is econometrically valid when estimated with Newey—West heteroskedasticity-
and autocorrelation-consistent standard errors. The first-difference robustness regression
reported in Table 5 of the main text provides complementary confirmation that the quali-
tative conclusions survive the removal of all trending information.

Table A8. Time-series diagnostics for the tension regression variables.

Variable Deterministic Terms Lags (SIC) ADF Statistic Integration Order
(A) ADF unit root tests
oy Intercept 1 -3.24 ** 1(0)
InV, Intercept + trend 2 -2.41 I(1)
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RI, Intercept 0 -0.93 I(1)
ACoal, Intercept 1 -5.87 *** 1(0)
(B) Engle-Granger cointegration test
Residual ADF statistic -4.16
5%critical value (3 regressors, T = 54) -3.74

Conclusion

Cointegration exists

(C) Johansen trace test (1 lag, ACoal,exogenous)

Null hypothesis Trace statistic 5% critical value Conclusion
r=20 38.72 29.80 Reject
r<1 12.41 15.49 Fail to reject

Number of cointegrating vectors 1

Lag lengths selected by the Schwarz information criterion (SIC) with a maximum of four lags. **

and *** denote rejection of the unit-root null hypothesis at the 5% and 1% significance levels, re-
spectively; the corresponding critical values are —2.92 (5%, intercept only) and -3.50 (5%, intercept
plus trend). Variables for which the null is not rejected are classified as integrated of order one,
I(1).

Appendix A Table A9 reports the detailed regression output underlying the lagged-
variable analysis of Section 4.7 and Table 6. The augmented specifications add one-month
lags of each regressor to the baseline levels and first-difference models, in order to test
whether the trilemma trade-off exhibits temporal inertia—that is, whether a change in li-
quidity or rigidity in month t — 1 continues to affect price volatility in month t beyond the
contemporaneous channel. The joint significance of the lagged terms is assessed by an F-
test, and the cumulative (long-run) multiplier for each variable is computed as the sum of
the contemporaneous and lagged standardised coefficients. The finding that lagged li-
quidity is significant while lagged rigidity and lagged fundamentals are not implies that
the market-depth channel propagates over time, consistent with the gradual nature of the
scheme’s transition from episodic to continuous trading, while policy signals and emis-
sion conditions are absorbed within a single monthly period.

Table A9. Lagged-variable regression diagnostics.

(A) Lag-order selection

Maximum lag tested 3 months
SIC-selected lag order (levels) 1 month
SIC-selected lag order (differences) 1 month
AlC-selected lag order (levels) 1 month
(B) Joint significance tests for lagged terms

Specification F-statistic Degrees of freedom p-value

Levels (Equation (7)) 3.12 (3,46) 0.035

First differences (Equation (8)) 2.48 (3,45) 0.073

(C) Cumulative (long-run) multipliers

Variable Contemporaneous () Lagged (y) Cumulative (8 + )
Liquidity (levels) 0.298 0.187 0.485
Rigidity (levels) 0.437 0.142 0.579
Fundamentals (levels) 0.051 0.034 0.085
(D) Model comparison
Specification R?(no lags) R?(with lags) AR?

Levels 0.451 0.502 +0.051

First differences 0.194 0.237 +0.043
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Lag order is selected by minimising the Schwarz information criterion (SIC) over candidate orders
0 to 3. The AIC selects the same order, confirming that one lag is sufficient. Cumulative multipliers

are the sum of standardised contemporaneous and lagged coefficients from Table 6.
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