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Abstract

Decarbonizing the built environment depends not only on improving operational efficiency
but also on how supply is formed along the construction chain. Carbon pricing may
reshape that process through upstream material costs, financing conditions, and project
timing, yet evidence on the timing and stability remains limited. This study examines
how carbon-price shocks are transmitted to construction activity in China and whether
this transmission changed after the launch of the national emissions trading system (ETS)
in July 2021. Using monthly data from January 2014 to October 2025, the analysis first
applies additive Bayesian network (ABN) structure learning to identify links among carbon-
market conditions, material costs, finance, and construction activity and then estimates
a time-varying structural vector autoregression (TVP-SVAR) to trace dynamic responses
across regimes. The results show that carbon-price shocks mainly depress housing starts
and area under construction at medium horizons, especially around 6-12 months, with
stronger contraction around the 2021 transition and easing later. Allowance trading volume
responds positively on impact, but this sensitivity weakens in the post-2021 period. Forecast
error variance decompositions further show that carbon-price shocks become an important
source of medium- and long-horizon fluctuations. At the 12-month horizon, they account
for 18.7% and 18.4% of the forecast-error variance of housing starts in the pre- and post-
2021 regimes, and 13.7% and 10.8% of that of trading volume. Overall, the findings point to
a project-cycle channel through which carbon pricing reshapes built-environment supply
formation, with implications for procurement, transition finance, and the evaluation of
carbon-market effectiveness in construction.

Keywords: carbon price shocks; built-environment supply formation; construction activity;
project cycle; emissions trading system (ETS); China

1. Introduction

Decarbonizing the built environment is not only about reducing operational energy use.
It also depends on how the built environment is supplied—what materials are produced,
how projects are delivered, and when construction begins. A large share of emissions is
embedded upstream in construction activities and in the production and supply of carbon-
intensive materials such as cement and steel. Recent synthesis work highlights the scale
of this challenge: the buildings and construction sector accounts for a substantial share
of global energy use and CO, emissions, while cement- and steel-related emissions and
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construction waste remain persistent concerns [1]. In this context, construction activity is a
direct part of the decarbonization problem, not simply a macroeconomic backdrop.

Carbon constraints are increasingly transmitted to this supply side through price
signals and compliance costs. When carbon prices feed into energy inputs, material prices,
and financing conditions, firms may adjust procurement, production plans, and the timing
of project starts. The central question here is straightforward: through which links does a
carbon price shock move along the construction supply chain, and how strongly does it
translate into changes in construction-related activity?

China provides a useful setting for examining this issue because both policy and mar-
ket institutions have been changing rapidly. The 20242025 Action Plan for Energy Saving
and Carbon Reduction strengthened the policy basis for low-carbon adjustment in the
building-materials industry and the building sector [2]. Carbon market regulation has also
become more formalized, especially with the Interim Regulations on the Administration
of Carbon Emissions Trading coming into effect on 1 May 2024 [3]. At the same time, up-
dated government procurement policies for green buildings and green building materials
make it more plausible that environmental constraints influence project decisions through
costs, demand expectations, and access to finance [4,5]. Similar policy signals can also be
observed internationally, including the strengthening of building-level and product-level
rules in the EU and updated energy-efficiency requirements in California [6-8]. Together,
these developments make China an appropriate setting for examining how carbon price
shocks are transmitted to construction activity.

Testing this mechanism empirically is not straightforward. The relevant indicators
form a high-dimensional and tightly connected system, spanning carbon-market conditions,
input costs, construction activity, and financing conditions. Conventional specification
often relies heavily on researcher judgment when deciding which variables and links to
retain. This makes it difficult to justify system boundaries in a setting where causality may
run in both directions: construction cycles can influence emissions demand and allowance-
price expectations, while carbon prices can affect production, procurement, and investment
through cost, substitution, and policy-expectation channels. A more transparent empirical
strategy is therefore needed to reduce arbitrariness in variable selection while still allowing
dynamic structural transmission to be identified.

To study this question, the paper proceeds in two steps. It first considers a broad
candidate set covering carbon-market variables, input costs, financial conditions, and
construction activity and lets the data identify the core links most relevant to carbon-
price movements. It then traces how a carbon-price shock propagates through that re-
duced system and asks whether the response pattern changed with the transition to
China’s national emissions trading system (ETS). The focus is therefore not on carbon
prices as an isolated market outcome but on whether carbon-price signals are translated
into observable adjustments in built-environment supply formation, especially project
initiation, ongoing construction, and the timing of delivery. The rest of the paper is
organized as follows. Section 2 reviews the literature. Section 3 describes the data
and variables. Section 4 presents the empirical strategy. Section 5 reports the main re-
sults. Section 6 provides robustness checks. Section 7 discusses the implications for built-
environment decarbonization. Section 8 concludes.

2. Literature Review

This section reviews the literature most relevant to carbon pricing and construction
activity. It focuses on four issues: why construction activity is an appropriate outcome in
the built-environment context, through which channels carbon price shocks may affect con-
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struction, what the existing evidence has shown, and why a dynamic structural framework
is needed to address the remaining gaps.

2.1. Construction Activity Indicators Capture Built-Environment Supply Formation and Connect
Embodied Carbon to the Supply Chain

A substantial share of built-environment emissions is embodied in upstream material
production and on-site construction rather than in building operation alone. Life-cycle
assessment studies consistently show that embodied energy use and greenhouse gas
emissions are concentrated in the early stages of the building life cycle and become increas-
ingly important as operational emissions decline [9-12]. They also show that estimated
embodied carbon is sensitive to system boundaries, data sources, and methodological
assumptions [11,12].

Against this background, construction activity provides a direct way to connect carbon-
related constraints to the formation of built-environment supply. Indicators such as new
starts and area under construction reflect when material demand is generated and how
projects move through the construction process. Existing studies have examined carbon-
related issues from the perspectives of building design and cost management, as well as
carbon-price formation and market dynamics [13-15], but fewer studies use construction
activity indicators as the main outcomes when examining how carbon-related shocks affect
the supply side of the built environment. This gap matters because carbon constraints may
influence not only emissions but also the timing and intensity of construction.

2.2. Carbon Price Shocks May Affect Construction Through Costs, Finance, Expectations, and
Project-Cycle Adjustment

Carbon-price shocks may affect construction activity through a staged and mainly
indirect transmission process. Prior studies show that carbon prices are shaped not only by
allowance scarcity and compliance conditions but also by broader macroeconomic dynam-
ics, energy-market conditions, inter-market relationships, and policy information [14-16].
In the current institutional setting, the construction sector is not directly exposed to carbon
compliance obligations in the same way as covered emitting industries. The relevant
mechanism is therefore less a direct compliance channel at the project level than a cost-and-
finance pass-through channel that originates from carbon-intensive upstream sectors and
then reaches construction decisions through procurement, financing, and project timing.
This distinction is important because it implies that the response of construction activ-
ity is unlikely to be immediate. Instead, carbon-price shocks are expected to influence
built-environment supply formation through lagged adjustments in input costs, financing
conditions, and expectations.

The first pathway is the upstream cost channel. Carbon prices can alter the cost
environment of energy- and material-intensive industries, especially where electricity, coal,
cement, steel, and glass are closely connected to construction inputs. Existing evidence on
emissions trading and carbon-intensive industries shows that carbon-related costs can be
passed through to product prices, although the extent of pass-through differs across sectors
and institutional settings [17,18]. When carbon-related costs are transmitted to producer
prices, contractors and developers may face higher expected procurement costs, narrower
project margins, or greater uncertainty in material purchasing. These pressures can affect
tendering, procurement timing, and the willingness to initiate new projects. In this sense,
housing starts provide an observable indicator of whether carbon-related cost signals are
translated into project entry decisions, while area under construction reflects how such
signals are absorbed within the ongoing construction pipeline.

The second pathway operates through financial conditions and risk pricing. Carbon-
market movements are linked to energy-market risk spillovers and broader uncertainty
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conditions, and these relationships can vary over time [19,20]. Construction projects are
capital-intensive and typically depend on external financing, staged payments, and expec-
tations about future cash flows. Carbon-price shocks may interact with broader market
risk, policy uncertainty, and lender assessment of transition exposure. If carbon-related cost
uncertainty raises perceived project risk or tightens funding conditions, developers may
postpone new starts, slow the pace of ongoing construction, or reallocate resources toward
less exposed projects. The financial channel therefore provides a mechanism through which
carbon-market signals can affect construction activity even when construction firms are not
directly regulated by the emissions trading system.

The third pathway is the expectation and project-cycle channel. Construction decisions
are forward-looking and involve long lead times between planning, procurement, financing,
construction, and completion. Because carbon-price movements may contain information
about energy costs, policy credibility, and transition-related uncertainty [14-16,20], they
may change expectations about future material costs, regulatory credibility, and demand for
low-carbon inputs. However, because procurement contracts, financing arrangements, and
construction schedules cannot be adjusted instantly, the effect should appear more clearly
at medium horizons than on impact. This project-cycle logic suggests that carbon-price
shocks may first be absorbed through market and financial variables before becoming
visible in housing starts and area under construction.

Taken together, these mechanisms imply that carbon pricing should not be evaluated
only by immediate changes in trading volume or short-run construction indicators. The
cited literature supports the plausibility of macro-energy linkages, cost pass-through, risk
spillovers, and policy-uncertainty channels [14-20], while the direct construction response
is examined empirically in this study through the ABN-informed TVP-SVAR framework.
A more appropriate test is therefore whether carbon-price shocks are associated with
systematic medium-horizon changes in the formation of built-environment supply. This
provides the conceptual basis for using construction activity indicators as project-cycle
outcomes and for tracing the transmission of carbon-price shocks through a dynamic
system that includes carbon-market conditions, upstream costs, financial conditions, and
construction activity.

2.3. Carbon Policy Is Broadly Effective, but Its Transmission to Construction Activity Remains
Insufficiently Studied

A growing body of research shows that emissions trading can reduce emissions
without producing uniformly large adverse effects on firm performance [21]. Related work
also suggests that carbon market incentives can encourage cleaner technological change
and longer-term industrial adjustment [22]. These findings provide broad support for the
effectiveness of market-based climate policy.

At the same time, the Chinese context differs from more mature carbon markets, and
the interpretation of carbon price signals may change across institutional stages. Research
on the first compliance cycle of China’s national ETS highlights the role of market design
and trading conditions in shaping price formation [23]. This implies that the economic
meaning of carbon price shocks may not be stable over time.

For the construction sector, existing studies have examined life-cycle carbon costs
under carbon policy, construction-related responses to emissions trading, carbon trading
implementation, embodied carbon mitigation, green innovation, and policy-mix effects
from engineering, industrial, and system perspectives [24-30]. Recent work has also
examined interactions between carbon prices and China’s construction industry within a
structural time-series framework [26]. Taken together, these studies confirm that carbon
policy is relevant to construction-related emissions and the sector’s low-carbon transition,
while also showing that sectoral responses are shaped by implementation constraints,
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heterogeneous policy effects, innovation responses, and cross-sector spillovers [27-30]. As
a result, the dynamic effects of carbon price changes on new starts, area under construction,
and related market activity remain insufficiently understood.

2.4. Existing Methods Are Informative, While a Regime-Aware Dynamic Structural Framework
Helps Address the Remaining Gaps

Related empirical work mainly includes policy evaluation studies and reduced-form
time-series analyses. The latter is widely used to characterize co-movements, volatility
spillovers, and directional linkages across markets [31-33]. These approaches are informa-
tive, but they are less suited to identifying how different types of carbon price shocks are
transmitted through a system that jointly involves costs, finance, carbon-market conditions,
and construction activity.

A structural time-series framework is therefore more appropriate for the present ques-
tion. Time-varying structural VAR models allow coefficients and shock variances to evolve
over time, which is important when institutional change may alter both transmission pat-
terns and shock importance [34,35]. In addition, changepoint detection offers a transparent
way to identify structural breaks and avoid arbitrary sample partitioning [36,37].

A further issue concerns variable selection. In a construction—carbon-finance system,
the number of potentially relevant variables is large, and conventional specification often
depends heavily on researcher judgment. Additive Bayesian networks can help reduce
this arbitrariness by extracting robust conditional dependence structures from a broader
candidate set [38]. Used in this way, structure learning helps discipline system construction
before dynamic estimation.

Overall, the literature still provides limited evidence that jointly addresses variable
selection, institutional stage heterogeneity, and time-varying structural transmission in the
construction—carbon market nexus. To address these gaps, this study combines additive
Bayesian network (ABN)-based structure learning with a regime-aware time-varying pa-
rameter structural vector autoregression (TVP-SVAR) framework. The ABN stage is used to
discipline variable selection in a high-dimensional system, while the subsequent structural
analysis is used to trace how carbon-price shocks propagate across institutional stages and
over different horizons.

3. Data and Variables
3.1. Sample, Data Sources, and Study Window

This study uses a monthly dataset that combines carbon-market, upstream cost,
macro-financial, terminal-price, and construction-activity variables. The raw merged
dataset covers January 2013 to October 2025. Because the early stage of China’s pilot
carbon markets contains incomplete carbon-market trading records and several producer
price indicators are also incomplete in 2013, the empirical analysis is conducted on a bal-
anced monthly sample from January 2014 to October 2025. The final sample contains
142 monthly observations.

The carbon-market variables are carbon price and carbon allowance trading vol-
ume. To maintain comparability between the pilot-market period and the national ETS
period, this study constructs unified national monthly series. During the pilot-market
period, the series are compiled from seven pilot carbon markets, excluding Fujian. From
July 2021 onward, national ETS transaction information is incorporated to represent the
national market stage. Carbon price is measured in CNY /tCO,, while allowance trading
volume is measured in tons. The carbon-price series is used to represent the market-wide
carbon-cost signal, whereas trading volume is used to capture market activity and liquidity.
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Construction activity is measured using three monthly area-based indicators published
by the National Bureau of Statistics: housing starts, area under construction, and completed
floor area. These variables capture different stages of the project cycle: project initiation,
the ongoing construction pipeline, and project delivery. Because the research question
concerns built-environment supply formation, housing starts and area under construction
are treated as the main construction outcomes in the subsequent analysis.

The upstream cost channel is represented by producer price indicators related to
energy and construction materials. These include electricity-related PPI, coal-related PPI,
cement-related PPI, steel-related PP, glass-related PPI, and the aggregate producer price
index. These variables are retained in their published year-on-year index form. The
macro-financial block includes the three-month Shibor, the RMB/USD exchange rate, and
the VIX index, which capture funding costs, exchange-rate conditions, and global risk
sentiment, respectively. The terminal-price environment is represented by a composite
house-price index based on the price indices of new commercial housing in 70 large- and
medium-sized cities.

An institutional regime dummy, denoted as Drrs, is used to represent the transition
from the pilot-market period to the national ETS period. It equals 0 from January 2014 to
June 2021 and 1 from July 2021 onward. July 2021 is used as an institutional transition
anchor rather than as evidence of an instantaneous structural break. This coding is used to
define regime-aware carbon-price shock carriers in the later empirical framework.

Table 1 reports the definitions, units, and data sources of the variables.

Table 1. Definitions, units, and data sources of the variables.

Category Symbol Definition Unit/Frequency Source

Pilot exchanges +

Carbon market cp National carbon price CNY/tCO,: monthl national carbon
(monthly unified series) z Y market transaction

data

National carbon Pilot exchanges +

Carbon market Vol allowance trading fon; monthly national carbqn
volume (monthly market transaction

unified series) data
Overall producer price

Macro-financial PPI index (year-on-year, index: monthl National Bureau of

previous year same ! y Statistics (NBS)

month = 100)

Three-month Shibor China Foreign

Macro-financial Shibor (funding cost/financial %; monthly Exchange Trade

conditions) System (CFETS)

China Foreign

Macro-financial FX RMB/USrlaDteexchange ratio; monthly Exchange Trade

System (CFETS)

Macro-financial VIX VIX md.ex (pro.xy for index; monthly CBOE
global risk sentiment)
. .. . . National Bureau of
2.

Construction activity NS National housing starts 10,000 m*; monthly Statistics (NBS)
. . National area under 2. National Bureau of

Construction activity ucC construction 10,000 m~; monthly Statistics (NBS)
. . National completed 2. National Bureau of

Construction activity Comp floor area 10,000 m~; monthly Statistics (NBS)
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Table 1. Cont.

Category

Symbol Definition Unit/Frequency Source

Terminal price

Cost channel

Cost channel

Cost channel

Cost channel

Cost channel

Institutional variable

Composite house-price

HP index for 70 large- and
medium-sized cities

Electricity-related PPI

National Bureau of

index; monthly Statistics (NBS)

National Bureau of

ElecPPI sub-index (previous index; monthly L
year same month = 100) Statistics (NBS)
anl—related P.P ! . National Bureau of
CoalPPI sub-index (previous index; monthly Statistics (NBS)
year same month = 100)
Cement-related PP1 National Bureau of
CementPPI sub-index (previous index; monthly Statistics (NBS)
year same month = 100)
PPI sub-index for
ferrous metal smelting .
SteelPPI and rolling processing index; monthly Ngiﬁiﬂ:ﬁ?ﬁggd
(previous year same
month = 100)
PPI sub-index for
non-metallic mineral National Bureau of
GlassPPI products/glass index; monthly Statistics (NBS)
(previous year same
month = 100)
Regime dummy for the .
Ders launch of the national 0/1; monthly Comf 111;1(3)12}, the

carbon market

3.2. Variables and Measurement

The analysis begins with a broad set of candidate indicators covering carbon markets,
cost conditions, macro-financial conditions, terminal prices, and construction activity. The
final reduced system is selected later through structure learning, but the candidate variables
are defined here.

The construction of the unified carbon-market series follows the need to maintain a
consistent carbon-price signal across two institutional stages: the pilot ETS period and
the national ETS period. During the pilot period, the carbon-price series is compiled from
seven pilot carbon markets. Daily market information is first aggregated within each pilot
market and then combined across pilot markets using trading-volume-based weights. This
procedure gives greater weight to markets with higher trading activity and is intended
to capture the market-wide carbon-cost signal rather than the price movement of a single
pilot market.

From July 2021 onward, the national ETS is incorporated into the unified series using
the same aggregation logic. The resulting carbon-price variable therefore represents a
continuous monthly carbon-cost signal across the pilot-market and national-market stages.
The trading-volume variable is constructed to capture the corresponding allowance-market
activity and liquidity conditions. In the empirical analysis, both carbon price and trading
volume are transformed using natural logarithms and then standardized before entering
the ABN and TVP-SVAR models.

This construction strategy is used for comparability rather than to claim that all pilot
and national carbon markets were institutionally identical. The pilot markets differed in
coverage, liquidity, and trading rules, while the national ETS represented a new stage
of market organization after July 2021. The unified series is therefore interpreted as a
market-wide carbon-price signal suitable for national monthly time-series analysis, and the
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regime-aware design later allows the transmission of carbon-price shocks to differ before
and after the national ETS transition.

The cost channel is represented by industry-level producer price indices (PPIs) pub-
lished by the National Bureau of Statistics. The candidate set includes PPIs closely related
to energy and construction-material costs, specifically electricity, coal, cement, steel, and
glass. These series are kept in their published year-on-year index form.

Construction activity is measured using three monthly area-based indicators published
by the National Bureau of Statistics: housing starts, area under construction, and completed
floor area. These variables capture project initiation, the stock of ongoing construction, and
final delivery, respectively. Because this study focuses on supply formation, housing starts
and area under construction receive the greatest attention in the later analysis.

To reflect downstream price conditions, the study also uses a national composite house-
price index based on the monthly price indices of new commercial housing in 70 large- and
medium-sized cities. This variable is included to capture the terminal price environment
faced by the construction supply chain rather than to proxy for construction activity itself.

A broader set of macro-financial variables is included to capture background condi-
tions. These variables include the overall producer price index, the three-month Shibor, the
RMB/USD exchange rate, and the VIX. Within the network framework, they are treated as
background macro-financial conditions rather than as mechanical controls.

To represent institutional change, the study defines an ETS regime dummy, Drrs,
which equals 0 up to June 2021 and 1 from July 2021 onward. This variable captures the
transition from the pilot-market period to the national ETS period and allows later stages
of the empirical framework to account for institutional differences more explicitly.

3.3. Data Treatment

To improve comparability and numerical stability, the variables are processed before
entering the empirical models. Natural logarithms are applied to strictly positive variables
that are more naturally interpreted in proportional terms, including carbon price, allowance
trading volume, housing starts, area under construction, completed floor area, and the
composite house-price index. The producer price indices, Shibor, the RMB/USD exchange
rate, and the VIX are retained in levels so that their original index, rate, or risk-sentiment
meanings are preserved.

After the logarithmic transformation, all continuous variables are standardized using
the sample mean and standard deviation over the balanced sample period. The institu-
tional dummy Dgrs is not standardized and remains a binary variable. This treatment
removes scale differences across variables and improves the numerical stability of the ABN
estimation and the TVP-SVAR input construction, while preserving the economic interpre-
tation of the variables as carbon-market, cost, financial, terminal-price, and construction-
activity indicators.

The ABN-ready dataset excludes the date variable and contains only the standardized
analytical variables and the institutional dummy. The TVP-SVAR input is then constructed
from the ABN-informed reduced system. This sequential treatment ensures that the same
cleaned and aligned monthly sample is used consistently across the structure-learning and
dynamic-transmission stages.

4. Empirical Approach
4.1. Identification Strategy

This study adopts a two-stage empirical strategy to examine how carbon-price shocks
are transmitted through built-environment supply formation. The two stages are de-
signed to serve different but connected purposes. The ABN stage addresses the system-
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construction problem, while the TVP-SVAR stage addresses the dynamic-transmission
problem. This distinction is central to the identification strategy.

In the first stage, ABN structure learning is used to discipline variable selection and to
identify an empirically supported network backbone from a broader set of theoretically
relevant variables. The construction—carbon—finance system contains many potentially
connected indicators, including carbon-market variables, upstream cost indicators, financial
conditions, terminal prices, and construction-activity measures. Estimating a dynamic
structural model with all candidate variables would increase dimensionality and make
the specification heavily dependent on researcher judgment. The ABN stage reduces this
arbitrariness by identifying conditional dependence relationships around the carbon-price
node. Its purpose is not to establish definitive causal directions but to provide a transparent
and reproducible basis for selecting a compact and economically interpretable subsystem.

In the second stage, the TVP-SVAR model is estimated on the reduced system informed
by the ABN backbone. This stage provides the dynamic structural analysis that the ABN
alone cannot provide. Specifically, TVP-SVAR allows coefficients and shock variances to
evolve over time, which is necessary when carbon-market institutions, policy credibility,
market depth, and construction-sector exposure may change across the sample period. The
model is then used to trace impulse responses and forecast error variance decompositions,
thereby evaluating the timing, direction, persistence, and relative importance of carbon-
price shocks.

The link between the two stages is therefore explicit. The ABN stage defines the empir-
ically supported structure of the system and helps organize the variables into economically
meaningful blocks. The TVP-SVAR stage uses this structured system to estimate regime-
aware dynamic responses. In this sense, the ABN does not replace structural identification,
and the TVP-SVAR is not specified independently of the network evidence. The combined
framework is used to reduce ad hoc system construction while preserving the ability to
examine time-varying shock transmission.

This design is particularly suitable for the present research question. If the objective
were only to describe contemporaneous associations, the ABN stage would be sufficient. If
the objective were only to estimate impulse responses, a conventional SVAR could be used.
However, the question here requires both a transparent way to construct the construction—
carbon-finance system and a dynamic framework capable of evaluating how transmission
changes around the national ETS transition. The ABN-TVP-SVAR framework is therefore
used as a sequential design: structure learning first, regime-aware dynamic transmission
analysis second.

4.2. ABN-Based Structure Learning
4.2.1. Conceptual Model for ABN-Based Structure Learning

Before implementing the ABN structure-learning procedure, we define a conceptual
model that maps the theoretical transmission mechanism into a set of observable nodes.
The purpose of this conceptual model is to clarify what each group of variables represents
and how the Bayesian network is used in this study. The ABN is not treated as a standalone
causal model. Instead, it is used to identify conditional dependence relationships among
theoretically relevant variables and to support the construction of a compact dynamic
system for the subsequent TVP-SVAR analysis.

The candidate nodes are organized into five conceptual blocks. The first block is the
carbon-market block, represented by carbon price and allowance trading volume. Carbon
price captures the market-wide carbon-cost signal, while trading volume reflects mar-
ket activity and liquidity. The second block is the upstream cost block, represented by
producer price indicators related to energy and construction materials. These variables
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capture the cost environment through which carbon-related pressures may be transmit-
ted to construction inputs. The third block is the macro-financial block, represented by
funding-cost, exchange-rate, and risk-sentiment variables. This block captures broader
financial conditions that may affect project initiation and delivery. The fourth block is the
construction-activity block, represented by housing starts, area under construction, and
completed floor area. These variables capture different stages of the project cycle. The
fifth block is the terminal-price and institutional block, which captures downstream price
conditions and the transition from the pilot carbon markets to the national ETS.

Within this conceptual model, a node represents an observable variable corresponding
to one economic concept, while a directed edge in the learned DAG represents a conditional
dependence relationship after accounting for the rest of the system. The direction of an
edge is not interpreted mechanically as definitive causality. Rather, the retained edges are
used to identify an empirically supported backbone that is consistent with the proposed
transmission logic. This interpretation is important because the subsequent structural
interpretation is provided by the TVP-SVAR stage, not by the ABN alone.

The ABN stage therefore performs a system-construction role. It reduces the arbitrari-
ness of variable selection in a high-dimensional construction—carbon—finance system and
identifies which variables form a connected and economically interpretable neighborhood
around the carbon-price node. The selected network backbone is then used to guide the
specification of the TVP-SVAR system, including the choice of core variables and the broad
ordering of economic blocks.

Table 2 clarifies the input structure of the ABN stage. The ABN receives a broad set of
theoretically relevant variables rather than only the variables eventually retained in the
TVP-SVAR system. The purpose is to allow the structure-learning procedure to identify
which variables form a stable and interpretable neighborhood around the carbon-price
node. The output of the ABN stage is a directed acyclic graph that summarizes conditional
dependence relationships among the candidate variables.

Table 2. Inputs, transformations, and empirical roles in the ABN framework.

Conceptual Block Observed Variables Transformation Before ABN Empirical Role
Carbon market CP; Vol Natural l.oga.rithm and z-score Captures carbon-cost sign§1§
standardization and allowance-market activity
ElecP’P; CoalPTL, Captures energy and material
Upstream cost CementPPI; SteelPPI; Standardized in level o SF; condi tionfy
GlassPPI; PPI
Captures funding costs,
Macro-financial Shibor; FX; VIX Standardized in level exchange-rate conditions, and
risk sentiment
. Captures project initiation,
Construction activity ~ NS; UC; Comp Natural l.oga'rlthm and z-score ongoing Clz)ns]truction, and
standardization )
delivery
Terminal price and HP: natural logarithm and Captures downstream
HP; Dgrs z-score standardization; Dgrg: housing-price conditions and

institution

binary dummy, not standardized the national ETS transition

Table 3 summarizes how the ABN output is connected to the TVP-SVAR input. The
ABN stage begins with a broad set of candidate variables and identifies a conditional-
dependence backbone centered on carbon price. The TVP-SVAR stage then uses this
backbone to construct a lower-dimensional dynamic system. CementPPI is added to the
ABN-selected backbone because cement is a direct and carbon-intensive construction input,
and its inclusion strengthens the representation of construction-material cost conditions.

https:/ /doi.org/10.3390/buildings16112097


https://doi.org/10.3390/buildings16112097

Buildings 2026, 16, 2097

11 of 28

This design ensures that the TVP-SVAR specification is informed by both the empirical
network evidence and the theoretical transmission mechanism.

Table 3. From ABN structure learning to the TVP-SVAR baseline system.

Role in the Empirical

Stage Input Output Framework

Broad candidate variable

set covering carbon market, Candidate Provides a data-driven
ABN candidate system costs, finance, terminal conditional-dependence structure-learning

price, construction activity, network environment

and ETS regime

Candidate variables with Selected DAG and Identifies a compact and
ABN baseline selection Drrs treated as carbon-price-centered interpretable subsystem

institutional variable backbone around carbon price

ABN parameter evidence

TVP-SVAR baseline
construction

TVP-SVAR estimation

Evaluates whether the
backbone links are
statistically supported
Strengthens the
construction-material cost
block and enables dynamic
shock analysis

Traces timing, persistence,
and relative importance of
carbon-price shocks across
regimes

Key retained edges in the
selected backbone

Edge estimates and 95%
confidence intervals

ABN-selected seven-node
backbone plus CementPPI

Eight-variable dynamic
system

Ordered dynamic system
with regime-aware
carbon-price shock design

IRFs and cumulative
FEVDs

4.2.2. Model Setup

Let X = (Xy, ..., Xy) denote the set of candidate variables. In the ABN framework, the
joint distribution of X is represented by a directed acyclic graph (DAG), in which each node
is conditionally dependent on a set of parent nodes. The edges in the DAG are interpreted
here as conditional dependence relationships after controlling for the rest of the system.
They are used as evidence for system construction and transmission structure rather than
as direct causal claims.

4.2.3. Structure Search and Sparsity Control

The DAG is selected by searching over admissible network structures using a score-
based procedure. To avoid overfitting in a high-dimensional setting, the maximum number
of parents per node is restricted. This imposes sparsity and helps preserve interpretability.
The preferred network is chosen by balancing model fit and structural parsimony, so that
the retained links form a connected and economically meaningful subsystem around the
carbon-price node.

4.2.4. Role of the ABN Stage

The ABN stage serves two purposes. First, it identifies a stable subset of variables that
are most closely linked to carbon-price movements within the broader construction-chain
system. Second, it provides a transparent network backbone for the later structural analysis.
The output of this stage is therefore a reduced system supported by conditional dependence
evidence, rather than a full structural interpretation of all links.

4.3. Regime-Aware Shock Design Around the National ETS Transition

The launch of China’s national ETS in July 2021 is used in this study as an institu-
tional transition anchor rather than as evidence of an instantaneous structural break. The
transition from fragmented pilot markets to a national carbon market represents a clear
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change in market organization, policy visibility, and institutional expectations. However,
the economic effects of this transition are unlikely to have been completed immediately in
a single month. Market participants may learn gradually, compliance expectations may
adjust over time, and carbon-price signals may be incorporated into financing, procurement,
and project-timing decisions with a lag.

For this reason, the empirical design does not estimate two isolated subsamples before
and after July 2021. Instead, it preserves the full monthly sample and splits the carbon-
price variable into two regime-specific shock carriers, denoted as pre-transition and post-
transition carbon-price shocks. This design allows the model to compare the transmission of
carbon-price shocks across institutional regimes while maintaining a common information
set and sufficient time-series variation for estimation.

The role of July 2021 is therefore to mark the beginning of a new institutional regime,
not to impose the assumption that all transmission mechanisms changed discretely at
that date. The regime-aware shock design is intended to capture differences in shock
transmission associated with the national ETS transition while still allowing the TVP-SVAR
coefficients and shock variances to evolve over time. This is consistent with the project-cycle
interpretation of the study, because changes in carbon-price signals are expected to affect
construction activity gradually through cost, finance, and expectation channels.

To assess whether the results depend on the exact month used as the transition marker,
the robustness checks further consider alternative breakpoint settings around the national
ETS launch. The purpose of this exercise is to verify that the main response patterns are not
driven by a single mechanical date choice but reflect broader regime-aware transmission
patterns around the institutional transition.

4.4. TVP-SVAR Specification
4.4.1. Time-Varying Reduced Form

Let y; denote the vector of endogenous variables selected from the ABN stage. The
reduced-form dynamics are written as a time-varying VAR,

yr=ct+Brsyp g+ + Bp,tytfp + uy,

where the coefficients are allowed to evolve over time, and u; is the reduced-form innova-
tion. This specification accommodates gradual structural change and shifting interactions
among carbon prices, cost conditions, finance, and construction activity.

4.4.2. Structural Decomposition

The reduced-form innovations are mapped into structural shocks through a contem-
poraneous identification scheme with time-varying covariance structure. This allows both
the transmission coefficients and shock variances to change over time, which is important
in a setting where policy development, market depth, and volatility conditions are unlikely
to remain constant over the full sample.

4.4.3. Ordering and Shock Interpretation

Structural interpretation requires a fixed variable ordering consistent with the trans-
mission logic identified in the network stage. The ordering used in the baseline model
follows the broad sequence from upstream cost conditions to carbon prices, financial con-
ditions, construction activity, and market activity. Within this system, the main object of
interest is the carbon-price shock. The aim is not to claim that every contemporaneous
relation is uniquely known but to maintain a consistent and economically interpretable
identification scheme across the baseline and robustness exercises.
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4.5. Dynamic Responses and Variance Decomposition

The dynamic consequences of carbon-price shocks are evaluated in two ways. First,
time-varying impulse response functions (IRFs) are used to trace how the direction, magni-
tude, and persistence of responses evolve across the sample period. This makes it possible
to assess whether the transmission to construction activity becomes stronger or weaker
around institutional transitions.

Second, forecast error variance decomposition (FEVD) is used to measure the relative
importance of carbon-price shocks for fluctuations in the main variables over different
forecast horizons. While IRFs describe the direction and timing of adjustment, FEVD
indicates how much of the variation in construction activity, financial conditions, and
carbon-market activity can be attributed to carbon-price shocks at short, medium, and
long horizons. Taken together, these two tools provide complementary evidence on both
transmission patterns and shock importance.

4.6. Robustness-Check Design

Several robustness checks are conducted to assess whether the main findings depend
on specific modeling choices. These checks include alternative breakpoint settings around
July 2021, alternative variable orderings within economically similar blocks, and alternative
choices for the state-evolution window in the TVP-SVAR estimation. The purpose of these
exercises is to verify that the baseline results do not hinge on a single implementation choice
and that the main response patterns remain broadly stable across reasonable alternatives.

5. Empirical Results
5.1. ABN Results

5.1.1. Network Selection and Backbone Structure

Figure 1 reports the ABN model score across alternative maximum-parent settings.
As the maximum number of parents increases, model fit improves, but the gain becomes
much smaller at higher levels of complexity. The selected network therefore balances fit
and parsimony rather than simply favoring the densest admissible structure.

—4050

—4100 1

Score

—4150

—4200 A

1 2 3 4 5 6
Maximum number of parents

Figure 1. ABN model score across alternative values of the maximum number of parents. Notes:
Black circles represent candidate maximum-parent settings examined during the ABN structure
search, while the blue circle marks the selected setting for the baseline specification. The connecting
line shows how the model score changes as the maximum number of allowed parents increases.
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Figure 2 shows the selected DAG and reveals a coherent backbone centered on the
carbon-price node. The retained structure links upstream price conditions, carbon-market
variables, financial conditions, construction activity, and trading volume in a connected
chain. In the baseline interpretation, the main seven-node backbone can be summarized as

PPI — CoalPPI — CP — Shibor — UC — NS — Vol

This pattern matters because it is not imposed ex ante. It emerges from the net-
work search after conditioning on the rest of the system and therefore provides an em-
pirical basis for reducing the high-dimensional candidate set to a smaller and more
interpretable subsystem.

HP SteelPPI PPI ElecPPI

GlassPPI CoalPPI

1

CP

Comp Shibor CementPPI

uC

NS

Vol

Figure 2. ABN backbone centered on the carbon-price node.

5.1.2. Parameter Evidence for the Key Links

The key edges in the retained backbone are supported by stable parameter estimates,
as reported in Table 4. The 95% confidence intervals of the selected backbone links do not
cross zero, indicating that the retained links are not driven by weak or unstable associa-
tions. These estimates provide parameter-level support for the network backbone used to
construct the subsequent dynamic system.

Three parts of the backbone are particularly relevant for the present research question.
First, the upstream price block is connected to carbon price, which is consistent with
the interpretation that carbon-price movements are embedded in broader energy and
producer price conditions. Second, carbon price is linked to the financial interface through
Shibor, supporting the role of funding conditions in the transmission mechanism. Third,
the downstream construction segment links area under construction, housing starts, and
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trading volume, suggesting that project-cycle indicators and carbon-market activity are
connected within the broader system.

Table 4. Parameter estimates for the key ABN edges with 95% confidence intervals (MLE).

Edge (from — to)

Coefficient 3

PPI — CoalPPI
CoalPPI — CP
CP — Shibor
Shibor — UC
UC — NS
NS — Vol

Standard 95% CI Lower 95% CI Upper Sien 95% CI
Error (SE) Bound Bound & Excludes Zero
0.924 0.032 0.861 0.987 + Yes
—0.324 0.044 —0.41 —0.237 — Yes
0.434 0.093 0.252 0.617 + Yes
—0.403 0.039 —0.479 —0.328 — Yes
0.278 0.033 0.214 0.343 + Yes
0.34 0.069 0.204 0.475 + Yes

These links should not be interpreted as direct causal effects. Their role is more specific:
they show that the reduced system used in the TVP-SVAR stage is connected, economically
interpretable, and statistically supported. In this sense, Table 4 provides the parameter
evidence for the ABN-selected backbone, while the dynamic interpretation of carbon-price
shocks is developed in the TVP-SVAR stage.

5.1.3. From the Seven-Node Backbone to the Eight-Variable TVP-SVAR System

The ABN stage identifies a seven-node backbone that spans the key modules of interest:
upstream price conditions, carbon price, financial conditions, construction activity, and
trading volume. This seven-node structure serves as the empirical core of the subsequent
dynamic analysis.

For the baseline TVP-SVAR, the system is then expanded to eight variables by adding
CementPPI to the ABN-selected backbone. This extension is introduced to better capture
the upstream cost channel. While the ABN backbone captures an upstream cost channel
through broader producer price conditions and coal-related costs, relying on a single
construction-material proxy would make the cost block too narrow. CementPPI is therefore
added to provide a more direct measure of construction-material cost conditions and to
reduce measurement risk in the later structural analysis.

The final baseline system is thus an eight-variable specification built around the ABN-
selected seven-node backbone plus one additional construction-material price variable. In
this sense, the ABN is used to identify the backbone of the system, while the TVP-SVAR
baseline adds CementPPI to strengthen the representation of the upstream cost channel.

5.1.4. Implication for the Dynamic Analysis

The ABN results provide the empirical bridge from the broad candidate system to the
dynamic TVP-SVAR specification. As shown by the selected backbone, the carbon-price
node is connected to upstream price conditions, financial conditions, construction activity,
and trading volume. This pattern is consistent with the conceptual framework proposed
earlier, in which carbon-price shocks are transmitted through cost and finance channels
before becoming visible in project-cycle indicators.

The parameter evidence reported in Table 4 further supports the use of this backbone
for system construction. The key edges have confidence intervals that do not cross zero,
indicating that the retained links are not driven by weak or unstable associations. In this
study, Table 4 is therefore not used as a structural causal table. Its role is to show that the
ABN-selected subsystem is statistically supported, economically interpretable, and suitable
for subsequent dynamic analysis.
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The transition from the seven-node ABN backbone to the eight-variable TVP-SVAR
system follows this logic. The ABN backbone identifies the empirical core of the system:
upstream price conditions, carbon price, financial conditions, construction activity, and
trading volume. CementPPI is then added to the baseline TVP-SVAR specification to
strengthen the representation of construction-material cost conditions. This addition is
theoretically motivated because cement is a direct and carbon-intensive construction input,
and relying only on a broader upstream cost proxy would make the cost block too narrow
for a construction-focused analysis.

The TVP-SVAR stage then takes the structured system forward by estimating how
carbon-price shocks propagate dynamically over time and across institutional regimes.
This means that the ABN and TVP-SVAR stages have distinct but sequential roles: the ABN
stage disciplines system construction, while the TVP-SVAR stage provides the time-varying
dynamic evidence. The interpretation of impulse responses and variance decompositions in
the following section should therefore be read as structural dynamic evidence conditional
on the ABN-informed system specification, rather than as direct causal claims from the
network itself.

5.2. TVP-SVAR Results
5.2.1. Time-Varying Impulse Responses

Figures 3 and 4 show that the effects of carbon-price shocks are not constant over the
sample. The clearest pattern appears in the construction variables. Housing starts and
area under construction remain predominantly below zero at medium horizons, especially
around & = 6 and h = 12, and the negative responses become more pronounced around
the July 2021 transition before gradually easing later. This suggests that the contractionary
effect of carbon-price shocks on construction activity is both lagged and time-varying rather
than immediate and uniform.

Figure 5 shows a different response profile for trading volume. Its response to carbon-
price shocks is generally positive, which indicates that price shocks are associated with
stronger market activity, but the magnitude of that response weakens over time. The
decline is most visible after the institutional transition, suggesting that the marginal effect
of carbon-price shocks on trading activity became smaller as the market moved into a more
mature national phase.

—— B0 --- h6 ----- hi2

10 20 30 40 50 60

t (model index)

Figure 3. Time-varying impulse responses of housing starts to a carbon-price shock.
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Figure 4. Time-varying impulse responses of area under construction to a carbon-price shock.
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Figure 5. Time-varying impulse responses of trading volume to a carbon-price shock.

The cost and financial variables also move around the transition, but these patterns
play a more supporting role in the present interpretation. Since the time-varying IRF
profiles do not report uncertainty bands, they are used here only as evidence on broad
temporal patterns. The more formal comparison comes from the pre/post responses below.

5.2.2. Pre/Post Comparison Around the July 2021 Transition

Figure 6 sharpens the pre/post interpretation by contrasting the median impulse
responses before and after July 2021 within a common framework. The construction
variables display the same response direction in both regimes, but their medium-horizon
magnitude and persistence differ. The key change is therefore one of strength and duration
rather than sign reversal. This is consistent with the time-varying profiles, which point to
stronger contraction around the transition and weaker responses later.
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Figure 6. Impulse responses to a carbon-price shock before and after July 2021. Notes: Solid lines
denote PRE medians, and dashed lines denote POST medians. Light-gray shaded areas indicate PRE
5-95% intervals, while light-blue shaded areas indicate POST 5-95% intervals.

Trading volume again shows the clearest regime contrast. The post-2021 response is
weaker than the pre-2021 response over most horizons, even though the response remains
positive overall. The institutional shift therefore appears to have reduced the sensitivity of
market activity to carbon-price shocks rather than eliminating the link altogether.

Because the uncertainty bands overlap at some horizons, these comparisons should
not be read as sharp separation in a strict statistical sense. A more careful reading is that the
transition changed the response amplitude and horizon structure of the system, especially
for construction activity and trading volume.

Notes: Solid lines denote PRE medians; dashed lines denote POST medians; shaded
areas indicate 5-95% intervals.

The numerical PRE/POST impulse-response estimates for Shibor, area under construction,
housing starts, and trading volume at selected horizons are reported in Supplementary Table S2.

5.2.3. Forecast Error Variance Decomposition

Figures 7 and 8 complement the IRFs by showing the cumulative FEVD shares of
carbon-price shocks across forecast horizons. Throughout this subsection, FEVD values are
interpreted as cumulative forecast-error variance shares unless otherwise noted. At short
horizons, most variables remain dominated by their own innovations or by closely related
neighboring shocks. At h =1, own shocks account for 78.3%/77.8% of the variance of
trading volume in the PRE/POST regimes, 83.9%/79.4% for area under construction, and
79.7%/66.9% for Shibor. For housing starts, short-run variation is driven mainly by the con-
struction side: the contribution of shocks to area under construction reaches 69.9%/64.1%,
whereas the contribution of housing-start shocks themselves is only 7.1%/6.1%. In this
short-run window, the contribution of the carbon-price shock is generally small.
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Figure 7. Cumulative FEVD shares of the carbon-price shock across forecast horizons:
PRE/POST comparison.
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Figure 8. Shock composition of cumulative FEVD at h = 20: PRE/POST comparison.

As the horizon lengthens, however, the contribution of carbon-price shocks rises
markedly. At the 12-month horizon, carbon-price shocks explain 13.7%/10.8% of the
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forecast-error variance of trading volume in the PRE/POST regimes, 18.7%/18.4% for hous-
ing starts, 16.3%/17.3% for area under construction, and 14.7%/15.5% for Shibor. In all four
cases, the carbon-price shock ranks among the main sources of medium-horizon variation.
This pattern suggests that carbon-price shocks matter less as short-run disturbances than
as drivers of medium-term uncertainty.

At longer horizons, the composition of variance sources shifts further, as summarized
in Figure 8. At h = 20, the contribution of carbon-price shocks to trading volume declines
after the transition, from 19.6% to 16.5%, even though it remains an important source of
variation. By contrast, the role of carbon-price shocks becomes more prominent for area
under construction and Shibor in the post-2021 regime. For area under construction, the
carbon-price shock moves to the top rank after the transition; for Shibor, it also becomes
the leading contributor at the long horizon.

Taken together, the FEVD results point to a reordering of importance rather than
a uniform strengthening or weakening of carbon-price shocks throughout the system.
After the transition, carbon-price shocks become less important for explaining trading
volume but more central to the long-horizon variation of financing conditions and ongoing
construction activity.

The numerical cumulative FEVD summary at selected horizons is provided in
Supplementary Table S1.

5.2.4. Summary of the Evidence

The IRF and FEVD results support a consistent reading of the transmission mechanism.
Carbon-price shocks do not primarily operate as short-run disturbances to construction
activity. Their effects are more visible at medium horizons, where they weaken housing
starts and area under construction, and their importance persists into longer horizons.
At the same time, the institutional transition associated with the launch of the national
ETS appears to have changed the structure of the system: the link to trading activity
becomes weaker, while the links to financing conditions and construction activity remain
economically meaningful. Read together with the conceptual discussion in Section 2, these
response patterns are broadly consistent with gradual transmission through upstream costs,
financing conditions, and project expectations. The effects of carbon-price shocks emerge
more clearly at medium horizons than on impact.

6. Robustness Checks
6.1. ABN Robustness

To examine whether the network backbone depends on a single carbon-price speci-
fication, the baseline carbon-price variable is replaced by a split specification consisting
of cppre and cppost, defined by the ETS regime dummy Dgrs. The dummy is treated as
exogenous and is constrained to enter both split nodes so that the regime definition remains
transparent and reproducible. Re-estimating the MLE-ABN under this cpSplit design still
yields a backbone that spans upstream cost conditions, financial conditions, construction
activity, and market activity. This indicates that the core network structure does not rely on
a single undivided carbon-price series.

Stability is further assessed using a STRATETS block bootstrap with a six-month block
length and B = 300 resamples. Table 5 reports only those adjacent edges of cp,r and
CPpost whose bootstrap frequency is at least 0.95. Before the July 2021 transition, the stable
parent edges of cpr, come from HP, ElecPPI, PPI, and Dgrs, while the stable child edges
point to NS, Shibor, and VIX. After the transition, the stable parent edges of cpp,st become
more concentrated, including HP, ElecPPI, CementPPI, UC, Comp, and Dgrs, whereas
the stable child edge mainly points to Vol. All retained adjacent edges appear in at least
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299 out of 300 resamples, indicating that the local neighborhood of the carbon-price node
is highly reproducible.

Table 5. Stable adjacent edges of pre-transition and post-transition carbon-price nodes (bootstrap
frequency > 0.95, B = 300).

Variable Pre Parents Pre Children Post Parents Post Children
CementPPI v
Dets v v
ElecPPI v v
PPI v
Shibor "4
VIX 4
Vol 4
Comp 4
HP v v
NS "4
ucC v

Note: A checkmark indicates a bootstrap frequency of at least 0.95. In the present results, all retained adjacent
edges appear in at least 299 of 300 resamples (minimum frequency = 0.9967).

6.2. TVP-SVAR Robustness

To assess whether the main TVP-SVAR results depend on specific modeling choices,
the baseline specification is compared with three alternatives: an alternative breakpoint
setting, an alternative ordering within the financial block, and a shorter training window.
In each case, impulse responses are re-estimated for comparable PRE and POST states.

The results are consistent across these alternatives. First, the response of Vol to a
carbon-price shock remains positive. Second, the responses of NS and UC remain negative.
Third, the differences across alternative specifications mainly concern response magnitude
rather than sign reversal. This indicates that the baseline conclusions do not hinge on a
single implementation choice.

Figure 9 shows that the response of Vol remains positive under the alternative break-
point setting, in which the transition date is moved from 2021M7 to 2021M6. The PRE
responses under the two settings are very similar, while the POST response under the
alternative breakpoint is somewhat weaker but still remains on the same side of zero.

PRE POST
Baseline Baseline
- — - Alternative - — - Alternative
0.2 0.2
0.1 0.1
L L
= &
0.0 + 0.0
I
=01 4 -0.1
T T T T T T T T T T
0 5 10 15 20 0 5 10 15 20
Horizon {months) Horizon (months)

Figure 9. Robustness check for Vol: alternative breakpoint setting (2021M?7 to 2021M6).
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Figure 10 shows that the response of NS remains negative when the ordering within

the financial block is adjusted. The ordering change affects the short- to medium-horizon
magnitude but does not alter the sign or the overall pattern of adjustment.

PRE POST
Baseline Baseline
0.05 1 = = - Allernative 0.05 = = - Alternative
0.00 - 0.00 -
w-0.05 4 e u—0.05
€ N a
-0.10 - -7 -0.10
-0.15 -0.15
I I I T I I I I I
0 5 10 15 20 0 5 10 15 20
Horizon (months) Horizon (months)
Figure 10. Robustness check for NS: alternative ordering within the financial block (PPI and
Shibor swapped).

Figure 11 shows that when the training window is shortened from tau = 80 to tau = 70,
the response of UC becomes somewhat milder, and the PRE profile becomes more sensitive,
but the response remains negative in both PRE and POST states. This suggests that the
training-window choice affects response amplitude more than qualitative inference.

PRE POST
Gla Baseline G Baseline
- = - Alternative = = - Alternative
0.00
~0.05
w-0.10
i
-0.15
-0.20 | ~0.20
-0.25 -0.25 -
I I I T I T I T I
5 10 15 20 0 5 10 15 20

Horizon (months) Horizon {months)

Figure 11. Robustness check for UC: shorter training window (t = 70).

Taken together, the robustness checks support the main findings reported in Section 5.
The sign and broad dynamic shape of the responses remain stable across reasonable
alternatives, even though some specifications lead to moderate differences in magnitude.

7. Discussion and Policy Implications
7.1. Interpreting the Main Findings in the Built-Environment Context

From a built-environment perspective, the main result is not that carbon pricing
produces an immediate disruption to construction but that it gradually reshapes supply
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formation over the project cycle. In this study, housing starts and area under construction
serve as observable indicators of when material demand is created and how projects
accumulate in the delivery pipeline. Read in that way, the evidence points to a medium-
horizon adjustment process: carbon-price shocks are associated with weaker new starts and
slower ongoing construction most clearly around 6-12 months, while their effect on trading
volume becomes less pronounced after the transition to the national ETS. Carbon pricing
therefore appears to matter less as a short-lived market disturbance than as a signal that
enters planning, procurement, financing, and phasing decisions. For the built environment,
this distinction matters because many embodied-carbon outcomes are shaped before a
project is delivered through choices over materials, timing, and funding rather than through
immediate changes on site.

This reading also helps explain why a more mature carbon market should not be
judged by trading volume alone. Once carbon-price signals become more familiar, the
key issue is not whether trading activity remains highly sensitive to every price move-
ment but whether those signals are strong enough and credible enough to be incorporated
into project-level decision-making. In that sense, the relevant question for the built envi-
ronment is whether carbon pricing begins to alter supply formation within a plausible
project-cycle window, rather than whether it generates a visible short-run reaction in
construction indicators.

7.2. Why the Effects Are Concentrated at Medium Horizons

The concentration of responses at 6-12 months is consistent with how construction
projects are organized in practice. In the early stage of the national ETS, the construction
sector is affected mainly through indirect exposure. Carbon price shocks are more likely
to work through upstream materials, energy costs, and financing conditions than through
direct compliance obligations at the project level.

This timing also reflects the structure of the construction process itself. Decisions on
project initiation depend on updated expectations about costs, margins, and financing condi-
tions, while procurement and contract adjustment typically take time. Energy and material
cost changes are therefore unlikely to alter construction activity immediately. The same
is true for substitution toward lower-carbon materials or methods, which often depends
on technical standards, certification, supplier capability, and procurement arrangements.
These frictions make medium-horizon responses more plausible than immediate ones.

A similar logic applies to area under construction. This is a stock variable, and ongoing
projects are constrained by sunk costs, financing arrangements, and delivery schedules.
Carbon price shocks are therefore more likely to slow project progress, alter phasing, or
reduce new project entry than to generate abrupt short-run changes in ongoing construction.
This helps explain why the effects are clearer in the medium term than at impact.

The stronger responses around the 2021 transition should also be interpreted cautiously.
Some confidence bands overlap across horizons, and the FEVD captures the relative impor-
tance of shocks rather than directional causality. A more careful interpretation is that the
transition period temporarily increased the sensitivity of the system to carbon-price signals,
after which firms and markets gradually adjusted to the new institutional environment.

7.3. Implications for Policy Coordination

The results suggest that policy coordination in the built environment should be orga-
nized around the project cycle rather than short-run market fluctuations. Since construction
activity responds mainly at medium horizons, policy evaluation should not rely too heavily
on immediate changes in activity or trading volume.
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Three implications follow. First, the effectiveness of carbon pricing for the construction
chain depends on whether carbon prices remain interpretable and sufficiently predictable
to enter planning, procurement, and financing decisions. Second, because the transmission
mainly works through upstream materials and financing conditions, complementary policy
support should focus on reducing adjustment frictions in design, procurement, and material
substitution. This includes clearer standards for low-carbon materials and methods, more
credible certification pathways, and procurement rules that help stabilize expectations for
low-carbon inputs. Third, the post-2021 weakening of trading-volume sensitivity suggests
that market activity alone is not a sufficient indicator of policy effectiveness once the market
moves into a more routine phase of operation.

More specifically, green procurement can translate carbon-price signals into construc-
tion decisions by requiring low-carbon materials, supplier certification, and carbon-related
evaluation criteria in tenders. Embodied carbon accounting can further strengthen this
transmission by making material carbon footprints, project-level carbon budgets, and
life-cycle carbon disclosure visible before construction begins. Low-carbon material substi-
tution should therefore be treated as a project-cycle issue rather than only as a technology
issue: cement, steel, glass, and other carbon-intensive inputs can be replaced or optimized
only when standards, supplier capacity, certification, and procurement rules are aligned
with financing and delivery schedules.

For the built environment, a more useful policy lens is therefore whether carbon
pricing is being translated into observable adjustments in supply formation. In practical
terms, this means paying attention to whether carbon-related cost signals are transmitted
into relevant materials and energy inputs, whether construction activity adjusts within a
plausible project-cycle window, and whether financial tools are available to smooth the cost
of transition.

7.4. Distributional Trade-Offs in Construction-Sector Carbon Pricing

The results also imply distributional trade-offs across the construction supply chain.
Carbon-price shocks are most likely to place pressure on actors with high exposure to
energy- and material-intensive inputs, especially developers and contractors with fixed-
price procurement commitments, thin margins, or limited ability to pass through cost
increases. Upstream producers of carbon-intensive materials may also face higher tran-
sition pressure when carbon-related costs are capitalized into energy, cement, steel, and
glass prices.

By contrast, firms and institutions able to internalize low-carbon adjustment earlier
may be better positioned. Suppliers of certified low-carbon materials, contractors with
stronger green procurement capability, and developers with access to transition finance
may benefit from more predictable demand for low-carbon inputs. Financial institutions
may also gain from improved carbon-risk pricing and new transition-finance products,
provided that these instruments reduce adjustment costs rather than simply transferring
them to construction firms.

For end users and public authorities, the trade-off is more indirect. Stronger carbon
pricing may increase near-term cost pressure in some projects, but it can also improve
long-term sustainability outcomes by encouraging lower embodied carbon, better material
disclosure, and more credible decarbonization pathways. This means that policy design
should not only ask whether carbon pricing reduces emissions but also how the costs and
benefits of adjustment are distributed among developers, contractors, material suppliers,
financiers, governments, and final users.
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7.5. Green Finance and Long-Horizon Risk Transmission

At longer horizons, the contribution of carbon price shocks to the variance of financial
conditions becomes more important. This suggests that after the launch of the national ETS,
carbon-price signals became more tightly connected to the broader structure of financial
uncertainty. The result should not be read as a simple directional causal claim but rather as
evidence that carbon-market developments increasingly matter for how long-horizon risk
is distributed across the construction chain.

This has two implications. For regulators, carbon-price scenarios may need to be
incorporated more systematically into monitoring and stress-testing frameworks related to
construction, property development, and upstream high-carbon suppliers. For financial
institutions, the results point to the value of transition-finance instruments that can reduce
medium-term adjustment costs, especially where project timing and cost recovery are
sensitive to changing carbon-related inputs. In this sense, green finance is not only a
channel for supporting low-carbon investment but also a mechanism for reducing the
amplification of carbon-related shocks along the supply chain.

7.6. Limitations and Directions for Future Research

Several limitations should be noted. First, in the early phase of the national ETS, the
construction sector is affected mainly through indirect exposure. The transmission patterns
identified here therefore reflect a cost-and-finance channel more than direct compliance
behavior. These patterns may change if construction-related emissions are priced more
directly in the future.

Second, the construction indicators used here mainly reflect housing-related activity.
Caution is therefore needed when extending the results to infrastructure construction or
to project types with different procurement and financing structures. Third, the use of
monthly data and a unified national carbon-price series inevitably masks regional and
project-level heterogeneity, including differences in contract form, procurement rules, and
local market conditions.

Future work could extend the present analysis in three directions. One is to combine
higher-frequency carbon-market data with policy-event timing so that policy shocks can be
separated more clearly from compliance-cycle effects. A second is to exploit regional varia-
tion in construction cycles, supply conditions, and carbon-market exposure. A third is to
incorporate project-level information on procurement, contract types, material substitution,
and delivery timing so that the links between pricing signals, financing conditions, and
actual construction decisions can be identified more directly.

8. Conclusions

This study examines how carbon price shocks are transmitted through the construction
supply chain in China and whether this transmission changes across institutional regimes.
Using a balanced monthly sample from January 2014 to October 2025, it develops a unified
empirical framework that combines additive Bayesian network (ABN) structure learning
with time-varying structural vector autoregression (TVP-SVAR) analysis. The ABN stage is
used to identify a reproducible core subsystem centered on the carbon-price node, while
the cpSplit design and TVP-SVAR framework are used to trace regime-specific dynamic
responses and the changing importance of shocks before and after the launch of the national
ETS in July 2021.

Three conclusions emerge. First, carbon price shocks mainly affect construction activity
at medium horizons rather than on impact. The clearest responses appear in housing starts
(NS) and area under construction (UC), both of which show stronger contraction around
the institutional transition and weaker responses later. Second, trading volume (Vol)
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responds positively to carbon price shocks, but this sensitivity declines after the transition,
suggesting that the effect of price shocks on market activity becomes weaker in the more
mature national-market phase. Third, from the perspective of forecast error variance
decomposition, carbon price shocks remain an important source of medium- and long-
horizon fluctuations, but their relative importance is reordered after the transition: their
contribution to trading volume declines while their longer-horizon links with financing
conditions and ongoing construction become more prominent.

The robustness checks support this interpretation. Across alternative breakpoint
settings, variable orderings, and training-window choices, the direction and broad dynamic
shape of the main responses remain stable, while the differences are mainly reflected in
response magnitude rather than sign reversal. This suggests that the core findings do not
depend on a single modeling choice.

The study makes three contributions to the built-environment literature. First, it shows
that carbon pricing matters for built-environment supply formation, not only for emissions
accounting or carbon-market performance: housing starts and area under construction
respond most clearly within a 6-12 month project-cycle window rather than on impact.
Second, it shows that the July 2021 transition is associated with a reorganization of trans-
mission across the construction chain: the link to trading volume becomes weaker, while
the medium- and long-horizon relevance of carbon-price shocks for ongoing construction
and financing conditions remains substantial. Third, it provides a transparent empirical
strategy for studying this type of transmission problem in a high-dimensional system by
using the ABN stage to discipline system construction and the TVP-SVAR stage to trace
time-varying structural responses.

Overall, the evidence indicates that carbon pricing reshapes built-environment supply
formation in China mainly through medium-horizon adjustments across the project cycle,
rather than through immediate market disruption.
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