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Abstract
The cement industry is among the top three polluters among all industries and the examination of the nonlinear and cointe-
gration dynamics between cement production and CO2 emissions has not been explored. Focusing on this research gap, the 
study employs a novel Markov-switching autoregressive distributed lag (MS-ARDL) model and its generalization to vector 
error correction, the MS-VARDL model, for regime-dependent causality testing. The new method allows the determination 
of nonlinear long-run and short-run relations, regime duration, and cement-induced-CO2 emission cycles in the USA for a 
historically long dataset covering 1900–2021. Empirical findings point to nonlinearity in all series and nonlinear cointegra-
tion between cement production and cement-induced CO2 emissions. The phases of regimes coincide closely with NBER’s 
official economic cycles for the USA. The second regime, characterized by expansions, lasts twice as long relative to the 
first, the contractionary regime, which contains severe economic recessions, as well as economic crises, the 1929 Great 
Depression, the 1973 Oil Crisis, the 2009 Great Recession, and the COVID-19 Shutdown and Wars, including WWI and II. 
In both regimes, the adverse effects of cement production on CO2 emissions cannot be rejected with varying degrees both 
in the long and the short run. Markov regime-switching vector autoregressive distributed lag (MS-VARDL) causality tests 
confirm unidirectional causality from cement production to CO2 emissions in both regimes. The traditional Granger causal-
ity test produces an over-acceptance of causality in a discussed set of cases. Industry-level policy recommendations include 
investments to help with the shift to green kiln technologies and energy efficiency. National-level policies on renewable 
energy and carbon capture are also vital considering the energy consumption of cement production.
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Introduction

The issue of environmental pollution has significant effects 
on global warming. The achievement of sustainability in 
economic development cannot be achieved without environ-
mental sustainability. As a greenhouse gas, carbon dioxide 
(CO2) is among the most important sources of global warm-
ing and climate change. In the last century, CO2 emissions 
have risen to unprecedented levels on which industrial pro-
duction has strong effects. Compared to the pre-industrial 
levels (1850–1900), the mean temperatures on Earth have 
been 1.53 °C higher in the last decades and global warming 
is affecting life on globe through shifts of climate zones, 
extreme weather events, alterations in the functioning, and 
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structure of climate including the carbon-cycle feedbacks of 
Earth (Alkama & Cescatti 2016; Forzieri et al. 2017; Hoff-
man et al. 2014; Richardson et al. 2013). Consequently, if 
human-induced climate change is not controlled, climate 
change becomes irreversible. Recent reports from the Inter-
national Energy Agency (IEA) projects that CO2 emissions 
will further reach a peak of 37 billion tons (Gt) in 2025 (IEA 
2022a) and if serious action is not taken soon, global warm-
ing will reach an irreversible level in the next 75 years (IEA 
2022c) leading to UN Climate Change Report noted the seri-
ousness of the issue and emphasized the insufficiency in the 
political commitment already existent (UNCC 2022). The 
report noted that if current policies were to be maintained 
in the future, CO2 emissions would reach a 10.6% increase 
in 2030, just in 8 years; however, to reverse global warm-
ing, the opposite, a cut of 45% is necessary before year 2030 
(UNCC 2022).

If all industries in the world are ranked according to the 
amount of CO2 emissions they yield, the cement industry is 
the top third (The Guardian 2019). If the cement industry 
were a country itself, it would be the third top CO2 emitter 
after China and the USA. Worrell et al. stressed that cement 
production was responsible for 5% of the anthropogenic CO2 
emissions in the early 2000s (Worrell et al. 2001). In 2020, 
its contribution to global CO2 emissions reached 8–10% (Wu 
et al. 2022). Following these concerns, in the UN’s COP24 
meeting that took place in Poland in 2018, cement’s CO2 
emissions were taken into the goals to revert climate change, 
with a target of 16% reduction in cement production-induced 
CO2 emissions by 2030 (Rodgers 2018). As a result, the 
cement sector is one of the most important contributors to 
CO2 emissions in the globe with direct and indirect channels.

The direct channel of the cement-induced CO2 emissions 
is due to the emissions released during the processes in pro-
duction. There are three main sources of anthropogenic 
emissions of CO2, i.e., fossil fuel oxidation, land-use change 
(including deforestation), and decomposition of carbonates, 
and cement production is considered an important emitter 
mainly in terms of the third (Andrew 2018). CO2 is emitted 
from the calcination process of limestone and the combus-
tion of fuels in the kiln during cement production (Costa 
and Ribeiro 2020). Reducing the CO2 from cement produc-
tion processes is of great importance. CO2 emissions are 
also released due to the utilization of high levels of energy 
during production. The CO2 statistics stated in the previous 
paragraph for cement production avoid indirect releases due 
to the high levels of energy consumed. As shown by Wor-
rell et al. (2001) the total amount of CO2 emissions from 
processing cement and from the energy it necessitates and 
the average intensity of CO2 emissions from global cement 
production is 222 kg per ton of cement produced. Nagi and 
Jang stress that the amount is four times higher for Portland 

cement; each ton of cement produced releases an equal 
amount of CO2 emissions (Naqi & Jang 2019). The CO2 
emissions of cement accelerate as the share of fossil fuel or 
nonrenewable energy consumption in the total energy mix is 
not low and depending on the country and the energy policy 
followed, the CO2 mitigation effect would be altered. In the 
context of Industry 4.0, the nonrenewable energy consump-
tion share of the USA in its total energy use is shown to be 
one of the highest (M. Bildirici & Ersin 2023).1 As a result, 
the rigorous commitment to green energy and a large share 
of renewable energy in the energy mix would help in the 
reduction of CO2 emissions in addition to energy-efficient 
cement production technologies. As shown in the discussion 
section, the major cement industries are in China, India, and 
the USA, and these countries are also among the top coun-
tries with high shares of fossil-fuel energy in their energy 
mixes. As a result, cement industries have not only a national 
level but also a global effect on CO2 emissions.

In addition to its role in environmental pollution, cement is 
an essential product closely linked to economic development 
policies and various sectors. Economic development projects 
are generally coupled with construction projects. The nexus 
between cement production and economic growth has signifi-
cant connections to business cycles in the economy; cement 
production is also subject to interconnected fluctuations in 
the economy and to the influence of fluctuations in the GDP. 
Business cycles, which include expansionary and contrac-
tionary phases, govern economic activity and construction 
investments which rise during periods of economic develop-
ment and growth, which fuel cement production.

The business cycle in the USA is shown to be subject to 
nonlinearity with the expansionary and recessionary periods 
with asymmetry in characteristics and durations (Hamilton 
1989). These cycles are frequently influenced by economic 
crises and deep recessions which also bring about fiscal and 
monetary interventions of the policymakers to bring the 
economy back to the track of economic growth. It is clear 
that the economic policy interventions that favor economic 
expansions had significant and nonlinear effects on environ-
mental sustainability. The production patterns for cement 
are expected to be highly nonlinear possessing a cyclical 
tendency that is also connected to economic activity, not 
to mention, important historical events such as World Wars 
or deep recessions. Cement production directly emits CO2 
emissions as a characteristic of cement production and kiln 

1  Bildirici and Ersin (2023) investigate a set of countries who engage 
on Industry 4.0 with highest shares of Industry 4.0 innovations in 
addition to large shares of international trade and the share of fossil-
fuel energy use in these countries are interestingly high, 82% in the 
USA, 87.67% in China, 93.03% in Japan, 78% in Germany, 74% in 
Canada, and 80% in UK. Lowest practice is achieved by France with 
46% of fossil-fuel energy use in total.
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that requires reaching a heat level of 1200 °C. Cement is 
responsible for 8% of global CO2 emissions. In addition to 
its direct effects, the production requires excessive use of 
energy that further contributes to CO2 emissions. Indirect 
effects include the CO2 emissions geared by construction. 
Therefore, it is of crucial importance to examine cement 
production and CO2 emissions historically by putting forth 
the cement-induced CO2 emission cycles and their rela-
tion to economic cycles in the USA. In addition to these 
effects, CO2 emissions resulting from cement production are 
expected to be nonlinear and have asymmetric effects that 
differ in size under distinct regimes with different durations.

With this motivation, the investigation of nonlinear long-
run relations and nonlinear causality among cement pro-
duction and CO2 emissions will provide vital information 
regarding the environmental effects of the cement industry 
from an empirical perspective. For this purpose, the study 
employs a long sample starting from 1900 to provide a his-
torical perspective. The sample covers economic contrac-
tions, deep crises, and abrupt changes caused by World 
War I and II, the Great Depression of 1929, the Oil Crisis 
of 1973, the 2009 Great Recession, and 2020 COVID-19. 
Therefore, the sample provides a laboratory to examine the 
CO2 and cement production nexus and the cement-induced 
CO2 cycles. The overlook is that these cycles have a relation 
with economic recessions in the USA; however, the type of 
recession has a strong influence. As shown in the empirical 
and discussion sections, cement production and cement-
induced CO2 emissions fluctuate sharply with deep reces-
sions as well as economic crises and abrupt shocks exampled 
above. The cycles in the cement-induced CO2 emissions and 
cement production are in close synchronization with the eco-
nomic business cycles. Given the size of the cement sector 
among all sectors, its strong influence on the overall CO2 
emissions of the USA could not be rejected. In addition to 
the relation of the cement industry with economic cycles 
in the USA, the relation is not constant, or is linear. The 
type of the recession matters. We argue that the sector is not 
affected by short-lasting economic recessions, but has strong 
relations with longer-lasting and deep recessions, crises, 
and abrupt changes. The influence of cement on CO2 emis-
sions differs in size under expansionary and contractionary 
cement production regimes. Further, cement manufacture is 
strongly encouraged by the policymakers during periods of 
recessions and crises for recovery, in addition to economic 
expansion periods, to contribute to economic growth or to 
achieve back its track. As a result, contraction in cement 
production is not a common situation for all recessions and 
crises, depending on the type of recession. In many cases, 
especially for long periods of deep recessions or periods of 
contractions geared by wars, cement is an important sec-
tor with inclines in cement production, which also yields 
cement-induced CO2 emissions.

In light of the discussion above, the goal of the study 
is to design a nonlinear method to examine the long-run 
relation between cement production and environmental 
pollution in the USA with historically long data covering 
1900–2021. The reason for choosing the USA is its signifi-
cant cement production. In fact, in 2015, the cement industry 
in the USA yielded 82.8 million tons (81,500,000 long tons; 
91,300,000 short tons) of cement, valued at US$9.8 billion 
(DATIS 2020). The USA was ranked as the world’s third-
largest cement producer in 2019, trailing behind China and 
India (USGS 2024). By the end of 2022, cement production 
in the USA had reached around 95 kilometric tons, placing 
the nation as the fourth-largest cement producer globally 
after China, India, and Vietnam2 (WPR 2024). On the other 
hand, there is no long-term data available for China and 
India, the top two countries for cement production, and the 
econometric methods employed in this study require data 
over a long period.

The study suggests a novel approach, the Markov-switch-
ing autoregressive distributed lag (MS-ARDL) model by 
integrating two seminal methods. The MS-ARDL allows 
modeling regime dynamics and business-cycle modeling 
benefiting from the dynamic Markov-switching regres-
sions (MSR) of Hamilton (Hamilton 1989). The MS-ARDL 
approach merges the linear ARDL approach for bound test-
ing and cointegration modeling (Pesaran et al. 2001) with 
the MSR to obtain a unique approach that captures regime-
dependent cointegrated long-run relations and short-run 
relations with different error correction dynamics to the 
long-run equilibrium under each regime. The MS-ARDL 
follows single-step modeling of long- and short-run dynam-
ics similar to the ARDL (Pesaran et al. 2001), which gen-
eralizes the well-known two-stage long-run cointegration 
methodology (Engle & Granger 1987). The proposed model 
is further generalized to vector autoregressive (VAR) models 
to obtain the MS-VARDL model in this study. Both MS-
ARDL and MS-VARDL models provide insightful informa-
tion concerning regime durations, cycle dating, and regime-
dependent Granger causality investigation for the cement 
production and cement-induced-CO2 emission relation. The 
contribution of this study to the literature is twofold. Firstly, 
the study proposes the MS-ARDL and MS-VARDL models, 
which are expected to provide significant contributions to 
the empirical analyses, especially in energy and environ-
mental research. Secondly, the contribution of the article 

2  China leads global cement production by a significant margin, esti-
mated at 2.1 billion metric tons in 2022, representing over half of 
the world’s total cement output. India follows as the second-largest 
cement producer globally, with production totaling 370 million met-
ric tons in 2022. Vietnam ranked third in global cement production 
for that year, producing 120 million metric tons (source: https://​www.​
stati​sta.​com/​stati​stics/​10871​15/​global-​cement-​produ​ction-​volume/).

https://www.statista.com/statistics/1087115/global-cement-production-volume/
https://www.statista.com/statistics/1087115/global-cement-production-volume/
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to the environmental literature is emphasized by analyzing 
123 years of data, highlighting the impact of long-term data 
usage in this literature.

The paper is structured as follows. The literature review is 
given in the “Literature review” section, where a discussion 
of cement-CO2 emission relation is evaluated. The econo-
metric methodology for the MS-ARDL model is given in the 
“Econometric methodology” section. The empirical results 
are given in the “Econometric results” section. The discus-
sion, policy recommendations, and conclusion are given in 
the “Conclusion” section.

Literature review

If the literature on industrial production and emissions is 
investigated, a large body of research focuses on the positive 
effects of production on emissions at low levels of produc-
tion and the relation being reversed at high industrial pro-
duction levels, the so-called environmental Kuznets curve 
(EKC). Further, we noted that the empirical literature on 
the cement and emissions nexus is very limited, especially 
concerning econometric findings at the national level. The 
existing recent research focuses mainly on China, and as of 
our literature search, only a few papers discuss the relation 
of cement industry emissions in the context of other coun-
tries, especially the USA.

The empirical research on emission-gross domestic prod-
uct (GDP) has gained significant pace following the seminal 
findings (Grossman & Krueger 1991; Selden & Song 1994; 
Stern 1994). Grossman and Krueger’s empirical results 
related the levels of two main pollutants by signifying an 
inverted-U-shaped relation, i.e., environmental pollution 
increasing (decreasing) at low (high) levels of per capita 
(Grossman & Krueger 1991), and Selden and Song under-
lined declining hazardous emissions at high levels of eco-
nomic development (Selden & Song 1994). The cause of the 
decline in emissions at high GDP levels was considered as 
decentralization of industrial production, and the reversal of 
the positive trend in population growth at high-income levels 
(Stern 1994). To overcome the impossibility of a negative 
effect of industrial production on emissions, Lopez recom-
mends internalization of emissions and feedback effects at 
the industry level and emissions should be taken as a factor 
of production (Lopez 1994). Convergence of carbon emis-
sions at high GDP levels is an important factor and several 
empirical findings stressed sigma, stochastic, and beta con-
vergence in addition to the existence of the environmental 
Kuznets curve (EKC) (Anjum et al. 2014; Pettersson et al. 
2014). The existence of a decline in emissions at high indus-
trial production levels is rejected empirically after omitting 
the bias caused by beta convergence on the empirical meth-
ods (Stern et al. 2017).

The long-run and causal effects between energy con-
sumption, growth, and CO2 emissions also found significant 
applications and the importance of energy efficiency and 
renewable energies were documented (Ozturk & Acaravci 
2013). Our findings indicated the close relations of these 
factors to the cycles in the production of cement; however, 
these relations are strongly nonlinear both in the short and 
in the long run, and in addition, our findings suggest the 
advocation of energy efficiency and green energy policies in 
the cement industry, which has strong ties with the business 
cycles of economic growth with differentiated dynamics in 
the expansionary and recessionary regimes. By investigat-
ing the environmental and health effects of the construction 
industry within a comparative perspective with various sec-
tors, the negative effects of cement production on health and 
air quality are documented (Bildirici 2020).

By following nonlinear regime switching neural network 
models and by calculating the sensitivity of CO2 growth 
rates to fossil fuel and economic growth, Bildirici and Ersin 
emphasize the questionability of linear in parameter-type 
EKC formulations, in addition to stressing the role of trans-
fer of industrial production to newly industrializing other 
countries from already industrialized nations (M. Bildirici 
& Ersin 2018a). Bildirici and Ersin suggest a novel non-
linear STARDL cointegration model, with which important 
deviations from the EKC are obtained compared to linear 
ARDL, and it is suggested that CO2 and economic growth 
have nonlinear characteristics due to business cycles, cri-
ses, and structural changes in production historically for 
1800–2014 period in the USA (M. Bildirici & Ersin 2018b). 
Using a panel of countries including the OECD countries 
with the nonlinear Panel STAR model, the EKC relation is 
strongly rejected in both regimes for the panel of countries 
(Ersin 2016). Ersin stresses that the turning point thresh-
old is determined by CO2 emission growth rates, not the 
economic growth rates; after the turning point, evidence is 
against the reversal from environmental degradation under 
nonlinearity and threshold effects (Ersin 2016).

The consensus in the literature that focuses on the cement 
industry and its impacts on the environment relates emissions 
to energy levels needed in production and a common policy 
recommendation is to increase energy efficiency. However, 
concerns were also raised about how energy efficiency would 
slow down the emissions of the cement industry. Accord-
ingly, clinker production activity is identified as the central 
polluter in the industry (Wang et al. 2013), and estimates 
show that the cement industry is the highest emitter industry 
both in China and in the world (Teller et al. 2000). Empirical 
findings determine labor productivity and energy intensity as 
major determinants of CO2 emissions in the cement sector 
(Lin & Zhang 2016). Ke et al. confirm the carbon emissions 
due to the energy intensity of cement production and advo-
cate energy efficiency to lessen emissions (Ke et al. 2012). 
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Xu et al. (2012) distinguish among four features of cement 
manufacture, overall output, ratio of clinker, processing tech-
nique, and type of energy used up per kiln type (J. H. Xu 
et al. 2012). They identify the link between growth in cement 
production and economic growth coupled with infrastructure 
and construction sectors (J. H. Xu et al. 2012).

Specific investigation of the cement industry and its 
effects on emissions has gained increasing attention and led 
to important findings (Bekun et al. 2022; Cai et al. 2016; 
Gao et al. 2017; Ren et al. 2023; Supino et al. 2016; Tan 
et al. 2022), Further, the majority of empirical research on 
national data is centered on China with few exceptions. Vari-
ous studies are investigated which focus on different sectors 
and among these, some have ties with the cement industry. 
Regarding important mitigating effects concerning emis-
sions, the emphasized sectors in the literature, other than 
cement, include petrochemical (Xin et al. 2022), mining 
(Chen & Yan 2022; Li et al. 2023), logistics (Liang et al. 
2022; B. Xu & Xu 2022), transportation (M. Liu et al. 2021; 
H. Xu et al. 2022), steel and nonferrous metal (J. Zhang et al. 
2023), foundry (Zheng et al. 2022), manufacturing indus-
try chains (Lin & Teng 2022), and coal industry (Xia & 
Zhang 2022). In addition, the construction sector, as a sector 
related directly to cement consumption, also is among the 
strong emitters of CO2 emissions (Y. Liu et al. 2022; Zhao 
et al. 2022). The construction sector is followed by sectors 
of steel, nonferrous sectors, and a fraction of chemical indus-
tries as sectors with relations to cement consumption. Con-
cerning the effects of mining (Chen & Yan 2022; Li et al. 
2023), the main findings advocate carbon-neutrality policies 
in the sector to reduce high levels of emissions (Chen & Yan 
2022). The nonferrous metal and steel sectors are directly 
related sectors to the construction sector and have relations 
to cement consumption. The nonferrous sector has strong 
effects on CO2 mitigation and emission reduction strategies 
are presented (Cao et al. 2022; Y. Zhang et al. 2022).

Production techniques are criticized in terms of their 
environmental impacts and alternate techniques are advo-
cated. As an example, the replacement of clinker as the bind-
ing material in cement production with recycled material is 
suggested (Costa and Ribeiro 2020).3 Martins et al. study the 
emissions due to solid, construction, and demolition wastes 
in addition to the energy consumption created through 
construction contributing to climate change (Martins et al. 
2023). Karlsson et al. calculate a potential 40% reduction 
in construction-embodied CO2 by realizing material effi-
ciency, recycling, and construction supply chains (Karlsson 
et al. 2021). Though zero-emission is advocated through 

transforming transportation to electric vehicles (EV), if 
the very large share of fossil-fuel energy in total energy 
consumption is taken into consideration, as a typical, over 
80% in the USA such an EV policy would have little effect 
without transformation of energy production from nonre-
newables which also has strong emission potential in the 
installment and maintenance (M. Bildirici & Ersin 2023).

Studies investigated cement production and emissions 
in selected countries. Hanle et. al is among the few studies, 
which emphasize the USA’s cement production highlighting 
the level of CO2 emissions it generates (Hanle et al. 2004).4 
The Dutch construction industry is emphasized in terms 
of recycled concrete materials to achieve circular economy 
objectives (Yu et al. 2021). Pakdel et al. investigate the 
energy-induced CO2 mitigation effects of traditional and 
contemporary methods in the Iranian construction industry 
(Pakdel et al. 2021). Karlsson et al. explore the Swedish 
road construction industry through the role of supply chains 
to achieve net-zero CO2 (Karlsson et  al. 2020). Huang 
et al. empirically analyze the nexus between emissions and 
energy embodied in the construction of buildings in Taipei 
(Huang et al. 2019). Vorayos and Jaitiang (2020) analyze 
the relationship between the environment and energy per-
formance of Thailand’s cement industry (Vorayos & Jai-
tiang 2020). Oke et al. (2017) investigate carbon emission 
trading in the construction industry in South Africa (Oke 
et al. 2017). The regional dataset for 2000–2005 and data 
envelopment techniques for India are used to determine the 
state-level inefficiency levels of the cement sector and the 
consequences of CO2 emissions (Kumar Mandal & Mad-
heswaran 2010). Turkey’s cement industry is investigated 
with data envelopment for 51 cement factories in 2016 and 
CO2 emission externality in the cement production process 
is highlighted (Dirik et al. 2019). These empirical results 
revealed that only 16% of all integrated cement factories 
were efficient leading to inclined environmental worsening 
(Dirik et al. 2019). Belbute and Pereira utilize time-series 
models with fractional integration to obtain CO2 emission 
forecasts from fossil-fuel consumption and cement produc-
tion in Portugal and their findings could be interpreted as 
showing the importance of lowering cement production 
in achieving carbon emission targets (Belbute & Pereira 

3  Such innovations will provide important insights to reduce the 
emission effects of cement production. However, due to the focus of 
the study, this literature is kept out of focus in the study.

4  The USA, which produces cement throughout 37 states, is the 
third-largest cement manufacturer in the world as of 2000. In addi-
tion to being a major source of industrial process-related emissions 
in the USA, cement production also contributes significantly to CO2 
emissions not only from processing, but also from combustion. The 
process necessitates high temperatures which is achieved largely with 
12% fuel burning, 72% with coal energy, and the rest with various 
sources including natural gas, coke, and oil (Hanle et al. 2004).
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2020). By providing a comparative analysis of China and 
the USA’s cement industry with nonlinear models and 
Granger causality among cement production, economic 
growth, and environmental pollution, Bildirici (2019) 
stresses that if nonlinear relations are ignored, policy rec-
ommendations would lead to incorrect results which ham-
per environmental sustainability (M. E. Bildirici 2019). It 
is also shown that the effects of cement production and its 
effects on environmental degradation and health would be 
insufficiently identified (M. E. Bildirici 2020).5

Econometric methodology

Single‑regime ARDL approach

Cointegration is a seminal technique that allows the 
researcher to model long-run and short-run dynamics, 
adjustment towards the long-run equilibrium following 
shocks, and the length of adjustment in linear relations 
(Engle & Granger 1987). The ARDL method of Pesaran-
Shin-Smith (PSS) generalizes the cointegration method 
to ARDL methodology with generated testing method of 
bound tests (Pesaran et al. 2001). The paper aims to gen-
eralize the linear, i.e., single-regime, ARDL approach to 
Markov-switching (MS) to account for nonlinear dynamics 
in long-run relations.

A single-regime long-run linear regression form is

assuming Yt dependent variable being modeled with k num-
ber of X1,t,…, Xk,t independent variables, and the long-run 
form consisting of k + 1 number of parameters including the 
intercept 

{
�0, �1, �2, ..., �k

}
 . PSS also allows exogenous vari-

ables such as a linear trend, or dummy variable, Dt , to be 
included in the long-run form:

In the Engle-Granger methodology, the variables have a 
long-run relation if integrated of a common order d and if 
their linear combination is stationary so that the residuals 
are stationary (Engle & Granger 1987). In the PSS method-
ology, the ARDL model allows the combination of I(1) and 
I(0) variables; however, to eliminate degenerate cases and 

(1)Yt = �0 + �1X1,t + �2X2,t + ... + �kXk,t + �t

(2)Yt = �0 + �1X1,t + �2X2,t + ... + �kXk,t + �Dt + �t

loss in power of the ARDL cointegration test, the dependent 
variable should be I(1). The short-run model in which the 
error-correction presentation is embedded is achieved as

where � is the error correction parameter and the speed 
of transition to the long-run equilibrium is 1∕� ; for the 
mechanism to work, it necessitates an estimate of � such 
that −1 < �𝜔 < 0 similar to the Engle-Granger cointegra-
tion model (Engle & Granger 1987). For simplicity, in 
Eq. (3), 

{
Yt, X1,t, … ,Xk,t

}
∼ I(1) , so that Δd = Δ . However, 

the Engle-Granger approach is a two-step model in nature 
given Eqs. (1) and (3). The ARDL model of PSS allows 
long-run and short-run dynamics to be modeled simultane-
ously within a single-step estimation,

and further, in Eq. (4), the integration properties of variables 
are defined as in Pesaran et al. (2001) so that the series is 
allowed to be I(1) or I(0) processes or a combination of both 
(Pesaran et al. 2001). The bound test statistic of Pesaran et. 
al. (2001), FPSS, is calculated by restricting �1, �2,…, �k+1  = 0 
under H0 ∶ �1 = 0, �2 = 0, ..., �k+1 = 0 , i.e., no cointegra-
tion, to be tested against H1 ∶ �1 ≠ 0, �2 ≠ 0, ..., �k+1 ≠ 0 . If 
FPSS > FPSS,Upper and FPSS > FPSS,Lower, Pesaran et al. (2001)’s 
upper and lower bounds, the result would favor cointegration 
and long-run association (Pesaran et al. 2001). However, 
confirmation of the existence of a single cointegration vec-
tor is necessary (Narayan 2014). The error-correction form 
is a restricted form as

where ��t−1 defines the error-correction mechanism and the 
previous definitions of �t and � hold. For simplicity, assume 
k = 1. Single-regime ARDL model of Eq. (4) becomes

(3)

ΔY
t
= �0 + ��

t−1 +

m∑
i=1

�1,iΔYt−i +

n∑
i=1

�2,iΔX1,t−i

+ ... +

l∑
i=1

�
k+1,iΔXk,t−i + �

t

(4)

ΔY
t
= �0 + �1Yt−1 + �2X1,t−1 + ... + �

k+1Xk,t−1

+ �D
t
+

m∑
i=1

�1,iΔYt−i +

n∑
i=1

�2,iΔX1,t−i

+ ... +

l∑
i=1

�
k+1,iΔXk,t−i + �

t

(5)

ΔY
t
= �0 + ��

t−1 + �D
t
+

m∑
i=1

�1,iΔYt−i

+

n∑
i=1

�2,iΔX1,t−i + ... +

l∑
i=1

�
k+1,iΔXk,t−i + �

t

(6)

ΔYt = �0 + �1Yt−1 + �2Xt−1 + �Dt +

m∑
i=1

�iΔYt−i +

n∑
i=1

�iΔXt−i + �t

5  The empirical findings revealed the nonlinear association between 
cement production, air pollution, economic growth, and mortality rate 
with Bayesian MS-VAR and MS-Bayesian Granger causality tests for 
the USA, Turkey, India, Brazil, and China and findings confirmed 
cement production as Granger causes not only air pollution and eco-
nomic growth, but also mortality rates in all regimes for all countries 
analyzed (M. E. Bildirici 2020).
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and the restricted ARDL representation in Eq. (5):

In Eq.  (6), single-regime and linear ARDL-type coin-
tegration test hypotheses are H0 ∶ �1 = 0, �2 = 0 , 
H1 ∶ �1 ≠ 0, �2 ≠ 0 and if statistically FPSS > FPSS,Upper and 
FPSS > FPSS,Lower, the long-run linear association is accepted. If 
cointegration is established, a confirmatory test is H0 ∶ � = 0 
and H1 ∶ � ≠ 0 in Eq. (7); the former suggests no linear coin-
tegration, by assuming only a linear form of a long-run asso-
ciation. The above-mentioned ARDL methodology has been 
challenged and criticized for various aspects: (i) Over-accept-
ance of cointegration, Narayan’s critical values should be pre-
ferred (Narayan 2014), especially for small samples. Further 
confirmation of the existence of a single cointegration vector is 
necessary (Narayan 2014). (ii) PSS requires dependent varia-
ble to follow Yt ∼ I(1) to avoid power loss in the test procedure 
and to avoid degenerate case-1 (McNown et al. 2018). Under 
such cases, the F or t-tests of ARDL cointegration become 
inconclusive (McNown et al. 2018).6 (iii) Bildirici and Ersin 
(2018a, b) noted ignoring nonlinearity would lead to incor-
rect policy recommendations and introduce smooth transition 
ARDL (STARDL) models, by generalizing the single-regime 
ARDL to smooth transition autoregression (STAR) type non-
linear processes to nonlinear cointegration.7

(iv) Banerjee et al. (2017) show the loss of power of the 
ARDL test under structural breaks and integrate Fourier 
terms into the ARDL model. Bildirici and Ersin (2023) 
generalize the proposed Fourier ARDL model to bootstrap-
ping ARDL model to achieve Panel Fourier BARDL to con-
trol inefficiency under structural change and nonlinearity 
(M. Bildirici & Ersin 2023). Banerjee et al. (2017) argue 
that the Fourier functions with different dimensions could 
capture various forms and numbers of nonlinear structural 
changesMetin girmek için buraya tıklayın veya dokunun.. 
Enders and Lee (2012) show that Fourier is more efficient 
in correcting the bias in unit root tests under smooth changes 

(7)

ΔYt = �0 + ��t−1 + �Dt +

m∑
i=1

�iΔYt−i +

n∑
i=1

�iΔXt−i + �t

and less efficient in abrupt changes (Enders & Lee 2012). 
MS-type regime models are capable of capturing sudden and 
abrupt shifts in regimes in addition to determining the dating 
and duration of regimes.8

Markov regime‑switching ARDL model

The MS-ARDL model is a nonlinear error correction (NEC) 
model that allows nonlinearity in both long-run and short-
run dynamics simultaneously. Therefore, MS-type regime 
changes (Hamilton 1989) are integrated into the ARDL 
model to achieve the Markov regime-switching autore-
gressive distributed lag (MS-ARDL) model. Various other 
forms of NEC are evaluated by Saikkonen (2008). Among 
these models, Saikkonen (2005) allows regime changes 
governed by an indicator function to achieve a threshold 
NEC. Saikkonen (2008) also discusses possible extensions 
to Markovian regimes to achieve NEC models.

Significant models on modeling NEC have been proposed 
with various nonlinear techniques. A general tendency for 
NEC modeling so far has been to keep the short-run param-
eters linear while allowing error correction parameters to be 
regime-specific generalizations of Engle-Granger methodol-
ogy (Kapetanios et al. 2006; Saikkonen 2005, 2008). Krol-
zig develops the MS-VEC model in a VAR setting and the 
MS-VEC allows MS-type changes in the error correction as 
a nonlinear generalization to Engle-Granger’s cointegration 
approach (H. M. Krolzig et al. 2002).9 Pavlyuk applies MS-
ARDL model to traffic forecasting (Pavlyuk 2017); however, 
the model is an MS-ARX model and does not utilize the AR 
and DL terms in the spirit of NEC modeling and PSS-type 
ARDL cointegration.

Other NEC models include Kapetanios et al. which allow 
exponential smooth transition functions to capture regime-
dependent error correction (Kapetanios et al. 2006). Shin et al. 
developed a nonlinear ARDL (NARDL) framework with a 
threshold-type nonlinearity instead of MS (Shin et al. 2013). 
Bildirici and Ersin generalize the ARDL to smooth transition 
type nonlinearity with the smooth transition ARDL (STARDL) 
model. The STARDL model generalizes ARDL to nonlinearity 
and asymmetry both for the long- and short-run relations (M. 
Bildirici & Ersin 2018b). With this respect, both STARDL and 
the NARDL models relax the symmetry assumption for either 
the long- or the short-run terms.

6  Following these critiques regarding the efficiency of the test, 
McNown et al. (2018) proposed a bootstrapped ARDL (BARDL) test 
as an accompanying test to the FPSS test and the bound critical values 
of Pesaran et al. (2001). In the proposed BARDL method (McNown 
et al. 2018), the utilization of three tests are suggested as compulsory 
to determine the presence of no-cointegration, cointegration, and 
degenerate cases. In the state of degenerate-2, the supplied bound 
critical values of Pesaran et al. (2001) are inefficient and under degen-
erate case-1, the method is effective.
7  The STARDL method relaxes the form of nonlinearity by allowing 
nonlinearity both in the short-run and long-run dynamics and derive 
the relevant tests. For the STARDL modeling and relevant nonlinear 
cointegration testing, readers are referred to M. Bildirici and Ersin 
(2018b). The model generalizes STAR models of Granger and Teräs-
virta (1993) and Luukkonen et al. (1988) to nonlinear ARDL.

8  Further, STAR type nonlinear models allow capturing different 
speed of transition between regimes, both smooth and abrupt, How-
ever, MS models and threshold models are efficient under abrupt and 
sudden regime shifts.
9  The MS-VEC model is applied to environmental degradation, 
hydropower, and nuclear energies for their asymmetric long- and 
short-run relations (Bildirici 2020).
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An MS-ARDL model with two or more regimes is

where �st =
{
�
st
0
, �

st
1,i
, �

st
2,i
..., �

st
k+1

}�

 is the short and 
�st =

{
�
st
1
, �

st
2
, ..., �

st
k+1

}� is the long-run parameter vector, 
both being regime-dependent; regime changes are governed 
with st for r number of regimes st ∈ {1, 2, ..., r} . Hence, 
st = 1, st = 2,…, and st = r is a finite regime sequence. 
N
�
0,
∑ �

st
��

 is distributed with zero conditional mean and 
regime-dependent 

∑�
st
�
 nonnegative conditional variance. 

As a result, �stt  are allowed to be locally homoskedastic for 
sub-regression spaces, while being globally heteroskedastic. 
For a similar approach, see Saikkonen (2008). The model 
generalizes the single-regime ARDL in Eq. (4) to MS-type 
regime switches in Eq. (8).

The generalization of ARDL bound testing is necessary in 
the MS-ARDL modeling stages. Once the existence of MS-
ARDL type nonlinearity is accepted against linear ARDL 
following the Davies linearity test, the null hypothesis of no 
cointegration relation is

which means neither linear nor nonlinear error correction 
exists, to be tested against the alternative of MS-type non-
linear cointegration,

defining a regime-dependent cointegration in each distinct 
regime. The testing requires a conventional F test approach, 
the calculated F statistic is FMSARDL, and if it passes both 
the upper and lower bounds, FMSARDL > FPSS,upper and 
FMSARDL > FPSS,Lower, the H0 null hypothesis of no coin-
tegration is rejected against the alternative H1, that is, 
MS-ARDL-type cointegration with r number of regimes. 
The proposed FMSARDL test statistic follows an F distribution, 
F(q,n − r(k + 1) − 1), with q = r(k + 1) where r represents the 
number of regimes and k + 1 is the number of �st tested for 
cointegration for each regime.

By replacing the long-run part with the regime-specific 
error correction mechanism, reduced form nonlinear MS-
ARDL error correction representation of Eq. (8) is

(8)

ΔY
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s
t
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s
t
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Y
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s
t

2
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ΔX
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(9)H0 ∶ �
st
1
= �

st
2
= ... = �

st
k+1

= 0 for st = 1, 2, ..., r

(10)H1 ∶ �
st
1
≠ �

st
2
≠ ... ≠ �

st
k+1

≠ 0 for st = 1, 2, ..., r

�st is a regime-specific error correction parameter for �t−1 , 
the error-correction term. If the error correction parame-
ter estimate, �̂st , is statistically accepted to lie between 
−1 < �𝜔st=r < 0 , regime-specific error correction duration is 
calculated as 1/�st , which holds for each r distinct regimes 
as long as �̂st=1 ≠ �̂st=2 ≠ ... ≠ �̂st=r.10

The conditional probability density of time series yt is 
stated as

where �r is the vector of parameters in r = 1,2,…,r number of 
regimes (H.-M. Krolzig 1997). The Markov chain defining 
the regime-switching process for the model is as follows:

where pij is the probability of being in regime i at time t 
conditional on the state (or regime) j at time t − 1 (Hamilton 
1989). Similar to the MS-AR and MS-VAR models, pij is 
subject to

where P
{
st
||st−1;�

}
 is the probability of state st at period 

t conditional on the previous state st − 1 (M. E. Bildirici 
2020). The switching variable, st, is an unobserved dis-
crete-state Markov chain, which governs the endogenous 
switches in r number of regimes (Krolzig & Toro 2002).11 
In each distinct regime, a locally linear ARDL sub-space 
exists defining regime-specific relations among modeled 
time series. Hence, it is an irreducible ergodic Markov 
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10  Note that the representation above is a theoretical representation 
and Davies type linearity tests to determine the number of regimes 
generally selects 2 regimes and for selected set of applications, 3 
regimes.
11  These techniques, in contrast to conventional vector autoregres-
sive (VAR) and vector error correction (VEC) models, also made it 
possible to evaluate the model without using dummy variables and to 
examine various stages of the economy.
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process with r number of states for which the transition 
matrix is (Hamilton 1989)

Consistent with the MS-VAR and MS-AR models, the 
Markov chain follows the irreducible and ergodic process 
and each pij has an unconditional and stationary distribu-
tion given the ergodicity of the Markov process (H.-M. 
Krolzig 1997). The probability of st−1 = i at t − 1 is condi-
tional on the information set available and the parameter set, 
Ωt−1; �r . Hence, in the iteration process, for t = 1, 2, …, T, 
the probability for the previous period is used as an input:

The present state �it includes all information regarding 
the Markovian process that follows in the future (H.-M. 
Krolzig 1997):

The condit ional  log-l ikel ihood is  stated as 
log f (y1, y2, ..., yT �y0; �) = ∑

log f (yt�Ωt−1; �).
For a two-regime MS-ARDL model, Eqs. (15) and (16) 

become.

where the unconditional distribution of each pij is

and the calculation leads to

In the case of two regimes, observations are conveyed 
into the first sub-regression space if Pr(st = 1||YT ) ≥ 0.5 
or to the second if Pr(st = 1||YT ) < 0.5 . In the estimation 
step, the expectation maximization (EM) algorithm is uti-
lized (Hamilton 1989).

Markov regime‑switching vector autoregressive 
distributed lag model

The MS-ARDL model assumes both the long-run and short-
run dynamics to follow nonlinear regime-switching. A vector 
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autoregressive (VAR) generalization of the MS-ARDL model is 
necessary to investigate the existence of a single cointegration vec-
tor. In addition, the MS-VARDL model could be easily adapted to 
examine nonlinear Granger causality between the analyzed vari-
ables depending on the distinct regimes. Therefore, it is conveni-
ent to write the Markov-switching vector ARDL (MS-VARDL) 
model as a VAR generalization of Eq. (8). For simplicity, a two-
variable, two-regime MS-VARDL model is given as

where �st
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 are the short-run parameter sets 
in MS-VARDL vectors 1 and 2 and �st
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the vector-specific long-run parameters. Given that st = 1, 2 , 
cointegration testing necessitates repeating the MS-ARDL 
cointegration test separately for each vector in Eq. (22) for 
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 and for �st
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 . In vector 1, zero-restricted �st

1
, �

st
2
 lead 

to the null hypothesis of no cointegration (linear or nonlin-
ear) in both regimes:

For the second vector, the null of no-cointegration,

is tested against nonlinear cointegration as

For both tests, FMSARDL test statistic follows an F distri-
bution as FMSARDL ∼ F(q, n − r(m + n + k + 1) − 2) and for 
the two-variate, two-regime model, q = 4. As a next step, 
one could also estimate a restricted error correction form of 
MS-VARDL for confirmatory purposes:

To test no-cointegration (linear or nonlinear) against 
nonlinear cointegration, hypotheses are H0 ∶ �

st
1
= 0 

and H1 ∶ �
st
1
≠ 0forst = 1, 2 in vector 1, and H0 ∶ �

st
2
= 0 

and H1 ∶ �
st
2
≠ 0 in vector 2 of the model given in 

Eq. (27). Vector-specific FMS-VARDL test statistic follows 
FMS−VARDL ∼ (2, n − r(m + n + 1) − 2) . The MS-VARDL 
modeling steps proposed above aim at testing nonlinear 
ARDL-type error correction occurring in each vector. 
For specific applications, researchers could also con-
sider testing the existence of regime-specific nonlinear 
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cointegration (M. Bildirici & Ersin 2018b). In this 
case, once MS-VARDL given in Eq. (22) is estimated 
sub-tests targeting specific regimes for specific vec-
tors are likely. As a typical, assume testing regime 1 of 
vector 1, a low volatility or economic growth regime. 
Regime-specific hypotheses are H0 ∶ �

st=1

1
= �

st=1

2
= 0 , 

H1 ∶ �
st=1

1
≠ �

st=1

2
≠ 0 . For regime-specific or global non-

linear cointegration, readers are referred to M. Bildirici 
and Ersin (2018b).

To achieve the existence of multiple regimes, Davies 
tests should be applied. Further, the stability of the ergodic 
switching probabilities should be examined with the diago-
nal of Eq. (15) or in a two-regime model, the p11 and p22 in 
Eq. (18) so that p11 < 0.5, p22 < 0.5 to achieve persistence 
in each regime in addition to confirming their statistical 
significance.

MS-VARDL in Eq. (22) reduces to the MS vector error 
correction (MS-VEC) model (H.-M. Krolzig & Toro 2002) 
under very mild restrictions applied on the long- and short-
term parameters. The MS-VEC generalizes the VEC model 
to MS and cointegration methodology. The MS-VARDL, on 
the other hand, generalizes MS-ARDL to MS-VARDL. The 
nonlinear MS-VEC model is given as (Clements & Krolzig 
2002; H.-M. Krolzig 1997)

�st is a drift term that is a function that shifts the intercept 
in the long-run equation. �′ is the long-run parameter vector 
and Bi is the short-run parameter set. The short-run param-
eters are not subject to regime-switching. Yt is the variable 
matrix and the model is distinguished as a shifting mean 
regime-switching model for st = 1,2,…,r number of regimes. 
By applying zero restrictions to an MS-VARDL, the reduced 
form MS-VEC representation exists.12

Econometric results

The study will focus on the following steps in the empirical 
section:

	 1.	 Unit root (UR) testing with a battery of tests allowing 
different forms of data-generating processes. Included 
tests are ADF, KPSS, KSS, and F-ADF. KPSS is robust 
to various forms of structural breaks, the KSS test 

(28)ΔYt − �St = �(�
�

Yt−1 − �St − �Dt) +

p−1∑
k=1

Bi(ΔYt−i − �St ) + �t

(Kapetanios et al. 2006) tests unit root against nonlin-
ear stationary series, and F-ADF is the Fourier ADF 
test of Engle and Lee (2011) known to be robust to a 
wide form of nonlinear series in addition to smooth 
structural breaks.

	 2.	 F bound testing with traditional single-regime ARDL 
and Johansen cointegration test to investigate the exist-
ence of cointegration.

	 3.	 The BDS test (Broock et al. 1996) is applied to inves-
tigate the nonlinearity of the series.

	 4.	 Nonlinear regime-dependent bound testing is tested 
with the MS-ARDL test.

	 5.	 Single-regime ARDL and nonlinear MS-ARDL models 
are estimated.

	 6.	 Determination of regime durations, datings, and regime 
switching probabilities for MS-ARDL.

	 7.	 Linearity is tested against regime-dependent nonlinear-
ity with F tests.

	 8.	 Model evaluation with diagnostics tests.
	 9.	 The determination of the direction of causality and 

comparative analysis with single-regime causality 
(VEC-based) and regime-switching causality (MS-
VARDL-based).

	10.	 Inference and policy recommendations following the 
direction of causality determination.

Data

The study is among one of the studies that utilize his-
torically long datasets in the literature focusing on envi-
ronmental sustainability within econometric respects. In 
terms of the evaluation of the effects of cement on the 
environment, the study is, to our knowledge, a pioneer-
ing study that evaluates a historically long sample for the 
post-1900 period in terms of focusing on the economet-
ric relations between CO2 emissions and cement produc-
tion.13 The sample covers the 1900–2021 period for the 
USA and the dataset is yearly. The period contains several 
significant events, including the First and Second World 
Wars, the 1973 Oil Crises, and important economic cri-
ses, such as the 1929 Great Depression, the Great Reces-
sion in 2008, and recently, COVID-19. The emission data 
represents CO2 emissions from cement production in the 
USA and is in kilotons of CO2. Cement production (CPt) 
is in billion metric tons and is available from the Andrew 
(2022) database which obtains the yearly CPt data from 

12  The model presented is a Markov-Switching Intercept and Heter-
oskedasticity (MSIH-VEC), no regime switching allowed in the long-
run and short-run parameters. However, due to the regime switch-
ing being introduced to the drift term, the filtered residual is already 
affected from the changes in drift.

13  The pioneering papers that provide a historical perspective (Gross-
man & Krueger 1991; Stern et al. 1996) are generalized to nonlinearity 
with a set of studies. Studies suggest a coverage of centuries long data 
to examine nonlinear relations among and cycles of emission and GDP 
growth rates historically (M. Bildirici & Ersin 2018b; Ersin 2016).
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the U.S. Geological Survey (Andrew 2018, 2022). Vari-
ables are subject to natural logarithms as LCOt = ln(CO2t) 
and LCPt = ln(CPt). As reported in the following section, 
these level series contain unit roots and are integrated of 
order 1. After first differencing, the respectful series are 
ΔLCOt and ΔLCPt, which also represent the growth rates. 
The descriptive statistics are reported in Table 1.

For the level series, Jarque–Bera test statistics imply 
that, at 5% level of significance, normality for level vari-
ables cannot be rejected. For the first differenced series, 
series are not normally distributed and are subject to skew-
ness and excess kurtosis. In the next step, series are tested 
for stationarity and unit roots.

Unit root and stationarity tests

The unit root tests are used to determine the order of inte-
gration of the series and whether the variables are I(0) or 
I(1). A battery of tests are applied which include traditional 
tests in addition to those robust to various forms of non-
linearity. These tests include the Augmented Dickey-Fuller 
(ADF), Kwiatkowski-Phillips-Schmidt-Shin (KPSS), 

Kapetanios-Shin-Snell (KSS), and Enders and Lee (2011) 
Fourier-ADF. The test results are reported in Table  2. 
The traditional linear unit root test, mainly the ADF test, 
is known to have size distortions under nonlinearity and 
structural changes and the ADF test tends to over-reject the 
null hypothesis of unit root (Nelson et al. 2001). KPSS tests 
stationarity under the null and the test is known to be less 
influenced by nonlinear series. The KSS tests the null of 
the unit root series against the alternative of stationary time 
series following a nonlinear STAR process under the alterna-
tive. Enders and Lee’s (2012) Fourier ADF test is utilized to 
test the unit root null hypothesis and the test is known to be 
robust against smooth forms of structural changes. The unit 
root tests utilized in the study evaluate stationarity under 
forms of structural changes and nonlinearity. In all tests 
reported in Table 2, both LCPt and LCOt series are integrated 
of a common order of 1, and they become stationary once 
first differenced.

BDS test results

Broock, Deckert, and Sheinkman (BDS) test is a test based 
on correlation dimension and the test examines the inde-
pendent and identically distributed i.i.d. series under the null 
hypothesis against the alternative of nonnormality caused by 
series following nonlinear or chaotic behavior. Broock et al. 
(1996) provide a recent treatment of the test (Broock et al. 
1996). BDS test provides an investigation of deviations from 
independence and is known to be efficient in detecting dif-
ferent forms of nonlinearity. BDS test is also suggested as a 
model architecture determination tool similar to tests such as 
the Ljung-Box test of autocorrelation; hence, the test could 
also be used on residuals of models to investigate remaining 
nonlinearity (Broock et al. 1996).

It should be noted that the unit root and stationarity tests 
determined that series in levels follow I(1) processes and 
the model in the next section will utilize both the levels and 
the first differenced series. In Table 3, BDS test results are 
given for series in levels and for series in first differences. 
For robustness, the variables are also tested with the Tsay 
test of threshold-type nonlinearity (Tsay 1986). The results 
are given in the last column of Table 3.

Since BDS and z-test statistics are greater than the critical 
values at conventional significance levels, the null hypoth-
esis of i.i.d. is rejected for both LCOt and LCPt, and results 

Table 1   Descriptive statistics

JB is the Jarque–Bera test of normality test statistic and p is the probability. Sd, Skew, and Kur represent 
the standard deviation, skewness, and kurtosis statistics, respectively

Mean Max Skew Kur JB p

LCOt 6.4673 7.7547 0.404049 2.41871 2.394709 0.43
LCPt 5.36063 6.40305  − 0.213185 2.78391 3.71268 0.29

Table 2   Unit root and stationarity test results

Δ is the first difference. ***, **, and * denote the significance at 
α = 0.01, 0.05, and 0.10 significance levels. ADF and KPSS tests are 
calculated for intercept + trend assumption. The critical values for the 
ADF tests are − 3.486551, − 2.886074, and − 2.579931 at α = 0.01, 
0.05, and 0.10 significance levels. For the KPSS test, the spectral 
estimation and bandwidth selection are conducted with Bartlett ker-
nel and Newey-West bandwidth methods for which the critical val-
ues are 0.739, 0.463, and 0.347 at α = 0.01, 0.05, and 0.10. In the 
KSS STAR-type unit root test, Cases 1, 2, and 3 (C1, C2, and C3) 
represent raw, demeaned, and detrended data selections, respec-
tively. Following Table  1 of KSS (2003), the critical values for C3 
are − 3.93, − 3.40, and − 3.13 at α = 0.01, 0.05, and 0.10 significance 
levels. F-ADF represents the Fourier-ADF test of Enders and Lee 
(2012). For Fourier dimension k = 1, the critical values of tau test sta-
tistic (Table 1 of EL, 2022) are − 4.69, − 4.10, and − 3.82 at α = 0.01, 
0.05, and 0.10 statistical significance levels

Variables ADF KPSS KSS F-ADF

LCPt  − 2.080 0.902  − 2.1419  − 1.203
∆CLPt  − 8.053*** 0.2301***  − 6.6712***  − 6.733***
LCOt  − 2.237 0.894  − 1.5296  − 0.921
∆LCOt  − 10.70*** 0.17***  − 4.8225***  − 4.6629**
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favor nonrejection of the alternative hypothesis suggesting 
that series in levels follow nonlinear processes. For their first 
differenced counterparts, BDS results suggest similar results 
at conventional significance levels for all embedded dimen-
sions the test is conducted for. Tsay test results are given 
in the last section of Table 3, where the test is repeated for 
different lag orders. The Tsay test results confirm the rejec-
tion of linearity for both level and first differenced series at 
conventional significance levels against the alternative of 
nonlinearity. The overall results suggest that linear models 
could not be appropriate due to the nonlinear characteristics 
of the data analyzed.

MS‑ARDL dating of contractions in cement 
production‑emission cycle

In the first stage, we examined the estimated MS-ARDL 
model in terms of its relation with the NBER contraction 
(including economic recessions and crises) periods. The 
results are reported in Table 4.

The first column includes the estimated contraction dates 
for cement production in the cement industry and the CO2 
emissions due to cement production. The second column 
reports the contraction periods reported by the NBER 
(National Bureau of Economic Recessions). Therefore, the 
table provides NBER and the authors’ calculations obtained 
from the MS-ARDL which will provide important insights. 
The overall look shows that for the majority, the dates and 
durations match with those reported by NBER. It should 
be noted that an exact match should not be expected all 
the time. NBER dating focuses on economic recessions in 

the whole industry and the model results focus on cement-
industry and cement-induced CO2 emissions. Though NBER 
dates and cement-CO2 cycles are generally in line, it is also 
expected to have leading and especially lagging relations 
in the CO2 emissions instead of exact coincidences all the 
time. The general outlook is, though these are not in general, 
they occur mainly after deep recessions and crises and after 
such periods, once expansion in the economy starts, cement 
production and especially CO2 emissions follow in certain 
additional years which leads to acceleration in cement-
induced CO2 cycles. Investigation of a set of selected peri-
ods will hinder important information regarding the cement 
production and CO2 emission cycles and their relations to 
the economy as a whole.

NBER contraction dates are calculated from NBER’s 
business cycle reference dates. NBER announces trough 
dates and the duration of contraction periods in months 
starting from the date of the trough. Though NBER cycles 
are for the economy as a whole, the contraction dates and 
durations reported by the MS-ARDL model estimations 
are for cement-induced CO2 emissions and cement pro-
duction. The findings suggest that, depending on the eco-
nomic recession, the cycle dates do not match all the time. 
As a result, the findings suggest that the cement produc-
tion and CO2 cycle generally lags the economy’s busi-
ness cycle in general except for distinct cases such as the 
1914–1916 contraction which shows that the industry was 
already in crisis. Further, one could combine 1914–1916 
and 1917–1921 contractions which totals 1914–1921, 
which coincides with the 1914–1915 and 1919–1921 
economic cycles. It should be noted that these economic 

Table 3   BDS and Tsay test 
results

d is the embedded dimensions between 2 and 6 (default), BDS and z are BDS and z test statistics. Tsay test 
F statistic is calculated up to l = 1,2,3 lags where the optimum lag length is determined as 3 with Akaike 
information criteria. Significance at 10%, 5%, and 1% significance levels are given with *, **, and ***, 
respectively

BDS test Tsay test

LCOt LCPt LCOt LCPt

D BDS z BDS z l F F

2 0.19 22.83*** 0.15 13.32*** 1 2.21* 3.03***
3 0.32 24.08*** 0.22 12.23*** 2 5.41*** 7.53***
4 0.40 25.58*** 0.24 11.02*** 3 4.62*** 5.01***
5 0.47 27.86*** 0.23 9.99***
6 0.51 31.15*** 0.19 8.33***

∆LCOt ∆LCPt ∆LCOt ∆LCPt

D BDS z BDS z l F F
2 0.15 19.12*** 0.18 28.96*** 1 2.91** 2.35**
3 0.24 19.78*** 0.30 30.39*** 2 4.20*** 3.01**
4 0.29 20.35*** 0.39 32.47*** 3 4.05*** 2.28*
5 0.33 21.56*** 0.44 35.35***
6 0.35 23.26*** 0.47 39.25***



35381Environmental Science and Pollution Research (2024) 31:35369–35395	

cycle dates coincide with WWI and the post-WW1 period 
explaining the length and duration of the contraction in 
the cement output and cement-induced CO2 emissions. 
Another cycle starting in 1991 is in line with the year of 
the Golf War. The economic contraction was estimated to 
be for 1991–1992 by NBER. With our calculations benefit-
ing from the estimated MS-ARDL model, the recession 
is estimated for 1991–1994, 2 more years, compared to 
the NBER cycle for the cement-production and cement-
induced CO2 emission relation. Findings show that follow-
ing deep recessions and wars, tightening in cement pro-
duction and cement-induced CO2 emissions follow with a 
lag. However, it quickly shifts back again to the track of 
increasing emissions which occurs during the expansion-
ary economic periods. For other dates, we note that the 
cycles reported by NBER and the MS-ARDL estimations 
are close matches. The WWII period is taken into consid-
eration as a significant case that lasted between 1939 and 
1945. The NBER dates are 1938–1939 and 1945–1946 
which present the contraction years which match with 

those for the cement production and cement-based CO2 
emission cycle.

Another important finding is that the model catches the 
dates especially crisis periods and deep recessions especially 
lasting more than 1 year. Given that the model utilizes cement 
production instead of cement consumption, these findings 
are expected. Cement consumption responds quickly through 
declines in demand in the recession periods. However, cement 
production continues production and stocks the excess supply 
as inventories and this is especially so in the short recessions 
which take between 6 and 11 months. As typical, the 1949 
recession lasted 11 months according to NBER but no con-
tractions were captured for cement production and cement-
induced CO2 emissions. If growth rates are to be noted, cement 
production declined by 12% in both 1980 and 1982 and for 
the cement industry, more drastic declines are captured by the 
MS-ARDL model. For example, cement production declined 
by 27% in 1918 (WWI) and 39% in 1944 (WWII), but only a 
6% decline in 1930, just after the 1929 Great Depression. In 
1931, cement production declined by 31% and by 50% in 1932 

Table 4   Comparison of NBER 
economic contraction dates with 
model results for the USA

*Model focuses especially on deep recessions that last more than a year and economic crisis dates due to 
the nature of the data of cement-production and cement production-induced CO2 emissions in the USA. 
Short recessions (less than a year) with less impacts are omitted since they fail to transform into sharp pro-
duction declines in the industry’s output
**NBER cycles are obtained from NBER (2023), available from https://​www.​nber.​org/​resea​rch/​data/​us-​
busin​ess-​cycle-​expan​sions-​and-​contr​actio​ns (accessed at 14.1.2023)

Model results capturing deep recessions and economic 
crises*

NBER contraction dates for the USA econ-
omy**

1907–1909 1908, 1911
1914–1916 1914–1915
1917–1921 1919–1921
- Last quarter of 1924–last quarter of 1925
1930–1933 Last quarter of 1927–1928

1933–1935
1938–1939 1938–1939
1945–1946 1945–1946
- 1949 (11 months)
- 1954 (10 months)
- 1958 (8 months)
- 1961 (10 months)
- 1970 (11 months)
1974–1976 Late 1974–mid-1976 (16 months)
1980–1981 1980 (6 months)

late 1982–mid-1983 (16 months)
1991–1994 1991 (8 months)
- 2001 (8 months)
2008–2011 2009–2010
2020–2021 2020

https://www.nber.org/research/data/us-business-cycle-expansions-and-contractions
https://www.nber.org/research/data/us-business-cycle-expansions-and-contractions
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corresponding to the deep recession period afterward. After 
the Oil Crisis in 1973–1974, cement production decreased by 
18%. Further, the decline amounted to 30% in 2009, the Great 
Recession, and only 12% weakening in early 2020 during the 
COVID-19 shutdown.14 The findings confirm that cement 
production responds to deep recessions and crises and during 
mild recessions, the effects of business-cycle contractions are 
relatively less on the cement industry and therefore on cement 
production-induced CO2 emissions in such periods. This is 
expected since both variables are production-based and dur-
ing recessions and expansions, cement consumption responds 
relatively fast and with moderate response to economic fluctua-
tions. Consequently, cement-production-induced CO2 emis-
sions react to profound recessions and economic crises by 
deteriorating CO2 emissions. Otherwise, the emitting effect 
continues given the level of cement production under mild 
recessions.

Linear (single‑regime) ARDL results

To provide a baseline analysis, linear, single-regime 
ARDL modeling steps are conducted. Results are reported 
in Table 5. Investigation of cointegration with the ARDL 
model also provides crucial input for the determination of 
the direction of cointegration in addition to providing the 
opportunity to investigate the residuals for remaining non-
linearity which cannot be captured with the linear model.

The ARDL model is determined as ARDL(1,1) with 
Schwarz information criterion (SC). By taking each vari-
able as the dependent variable one by one, bound tests are 
repeated. FPSS is calculated as 13.745, favoring cointegration, 
if LCOt is assumed as the dependent variable, the cement-
production-induced CO2. For the counter case, by taking 
LCPt as the dependent, FPSS = 3.1081, at the 1% significance 
level, FPSS < Flower and FPSS < Fupper, leading to the decision 
of no cointegration. (Narayan 2014; Pesaran et al. 2001). The 
results favored cointegration relation and long-run associa-
tion between LCOt and LCPt and the direction of relation is 
determined as LCOt = f(LCPt). For confirmatory analysis, the 
Johansen cointegration test is conducted. Results are reported 
in the second part of Table 5. Johansen test confirms a single 
cointegration equation for the LCOt and LCPt relation.

The selected ARDL model is tested with the BDS test 
(Broock et al. 1996) and results are reported in Table 6. 
As suggested by Broock et al. (1996), the BDS test could 
be used as a test of remaining nonlinearity if used for the 
residuals of the model. Accordingly, the linear ARDL 
model fails to capture the nonlinearity in the residuals and 
therefore the nonlinear relation between cement produc-
tion and CO2 emissions at conventional significance levels. 
Hence, the linear ARDL model cannot be accepted under 
remaining nonlinearity and to avoid possible inefficient 
policy recommendations, nonlinear ARDL methods should 
be followed (M. Bildirici & Ersin 2018b). The analysis 
will continue with nonlinear MS-ARDL-type nonlinearity 
testing and modeling.

MS‑ARDL nonlinear cointegration test results

In this step, the null of linearity in residuals of the linear 
ARDL model is tested against the alternative of MS-ARDL-
type nonlinearity. The Davies-type linearity test statistic 
is calculated as F = 18.0521, favoring the rejection of the 

Table 5   Pesaran ARDL bound and Johansen cointegration tests

Model architecture is selected with Schwarz information criterion 
(SC). AIC is the Akaike’s information criterion. LL is the log-likeli-
hood. FPSS is the Pesaran et al. (2021) ARDL bound test statistic and 
p is the probability of accepting H0 of no ARDL-type cointegration. 
In the Johansen cointegration test, null of no cointegration equations 
at rank r is tested. Trace is the trace test statistic and MacKinnon-
Haug-Michelis p values are reported

Architecture FPSS p

ARDL model: LCOt = f(LCPt)
ARDL(1,1) 13.745*** 0.001
ARDL model: LCPt = f(LCOt)
ARDL(1,1) 3.1081 0.2502
Johansen cointegration test, variables: LCOt, LCPt

No. of C.E Trace 5% C.V p
None 19.55689** 15.49471 0.03
At most 1 1.853215 3.841466 0.17

Table 6   Remaining nonlinearity test results

Dim is the embedded dimension in the BDS test. BDS, z, se, and p are 
the BDS statistic, z statistic, standard error, and p value

Dim BDS se z p

2 0.038924 0.010254 3.795933 0.0001
3 0.080927 0.016433 4.924556 0.0000
4 0.103766 0.019743 5.255899 0.0000
5 0.118840 0.020765 5.722998 0.0000
6 0.121325 0.020212 6.002705 0.0000

14  1954 and 1961 have 10 months lasted recessions; 1958, 1991, and 
2001 recessions lasted 8  months; 1970 recession lasted 11  months. 
After 1970, 1974 recession lasted 16 months, relatively a long-lasting 
recession which followed the oil crisis. A deep recession occurred 
between 1975 and mid 1976. In early 1980s, policies included trade 
liberalization policies in the world which had implications as a short 
recession that did not affect the cement industry. A difference in the 
table is 1982–1983 recession which lasted 16 months. However, the 
model did not capture a contraction in the period. If data investigated, 
we noted no drastic decline in the cement production for this period, 
providing a special case.
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single-regime model against the regime-switching model 
with 2 regimes. After that, the MS-ARDL test of no cointe-
gration is conducted. In the test, no cointegration (linear or 
nonlinear) is tested under the null hypothesis against non-
linear cointegration. The test results are given in Table 7.

Assuming LCOt as the dependent variable, FMS-ARDL test 
statistic = 9.882477, statistically larger than the 5% critical 
lower and upper bounds and the results show that LCOt and 
LCPt have a nonlinear relation in the long run. By assum-
ing LCPt as the dependent variable, a second FMS-ARDL is 
calculated and is equal to 3.98456, lower than the upper 
and lower critical F values, leading to the rejection of coin-
tegration at conventional significance levels. Hence, the 
results determined nonlinear ARDL cointegration between 
cement production and cement-production-induced CO2 
emissions in addition to determining a single cointegration 
vector exists only by taking the emissions as the dependent 
variable.15

Model estimation results

Following the nonlinear cointegration test results, a two-
regime MS-ARDL model is estimated. In addition, the linear 
single-regime ARDL model is estimated for comparative 
purposes. Following Tables 6 and 7, cement-induced CO2 
emissions are taken as the dependent variable for both the 
ARDL and MS-ARDL models, and optimum lag length is 
selected as three for the ARDL and as two for the MS-ARDL 

model with the Schwarz information criterion. The MS-
ARDL model is determined to have two regimes follow-
ing the linearity tests.16 The ARDL and MS-ARDL model 
estimation results are given in Table 8 where the long-run 
dynamics are reported in the first part followed by the short-
run dynamics, the regime-switching probabilities, and the 
diagnostic test results.

The linear ARDL model estimation results are in col-
umn 1. Once evaluated, though the parameters of cement 
production are significant in the long run suggesting the 
net effect of cement production to be positive on emissions, 
certain results lead us to be cautious about the ARDL model 
results. First, the error correction mechanism fails to hold 
since the parameter of ECTt − 1 is estimated as − 0.015, sug-
gesting an error correction duration approaching 66 years, 
relatively too long compared to the nonlinear and regime-
specific error correction parameter estimates; however, the 
results are not reliable for the linear model due to the fac-
tors listed below. Additionally, the error correction term is 
statistically insignificant for the linear model, suggesting 
that the error correction cannot be established for the linear 
model. The remainder of the linear ARDL model is evalu-
ated with BDS and RESET tests. The BDS test results in 
Table 6 confirmed the remaining nonlinearity in the residu-
als of the linear ARDL, possibly leading to biased parame-
ter estimates if nonlinearity in the series is ignored. Among 
the diagnostics tests, Breusch-Pagan-Godfrey (BPG) and 
Ramsey’s RESET tests reported in the last section favored 
homoskedastic residuals, but the model was mis-specified 
at a 5% significance level. If evaluated together, the esti-
mation results of the linear ARDL model fail to produce 
satisfactory results, and due to remaining nonlinearity in 
the residuals, the ARDL parameters for the linear model, 
if interpreted and if taken for policy purposes, would be 
seriously misleading.

If the diagnostics tests are evaluated for the MS-ARDL 
model, the goodness of fit statistics of the MS-ARDL model 
favors a better fit of the nonlinear model over its single-
regime counterpart. Ramsey’s RESET and Breusch-Pagan-
Godfrey (BPG) test results for the linear model conclude 
model-misspecification and heteroskedastic residuals at 
conventional statistical significance levels. The BPG and 
RESET test results for the MS-ARDL model favor no 
homoskedasticity in the residuals and no-model-misspeci-
fication. The BPG and RESET tests favor no misspecifica-
tion and homoscedastic residuals for the MS-ARDL model. 
Once considered together with the nonlinearity test results, 

Table 7   MS-ARDL bound test results

Model architecture is selected SC. FMS-ARDL test tests H0 of no linear 
or nonlinear cointegration against the alternative of nonlinear cointe-
gration. Narayan (2004) critical values are utilized for p value calcu-
lation

Architecture FPSS p

MS-ARDL model: LCOt = f(LCPt)
MS(2)-ARDL(2,2) 9.882477*** 0.00
ARDL model: LCPt = f(LCOt)
MS(2)-ARDL(2,2) 3.98456 0.17

15  In addition, following the proposal given in the “Methodology” 
section, we calculated F MS-ARDL statistics for single regimes 
only. Given that the model has 2 variables and 2 states, after estimat-
ing an MS(2)-VARDL(2) model, 4 hypotheses are tested by apply-
ing zero restrictions. At 5% significance level, results suggest that if 
emission variable is the dependent variable, cointegration cannot be 
rejected for regime 1 and regime 2 in addition to nonlinear cointegra-
tion in both regimes. In contrast, if cement production is taken as the 
dependent variable, there exists no cointegration in regime 1, incon-
clusive result in regime 2, and no cointegration in both regimes, i.e., 
no nonlinear cointegration.

16  A model with 3 regimes is also estimated; however, the estimation 
led to inconsistent results. Though the sample covers a long period 
of 1900–2021, the dataset is yearly and sample size restricts estima-
tion of nonlinear models with more than 2 regimes. Therefore, two 
regimes are assumed.
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diagnostics tests lead to the existence of remaining nonlin-
earity in the residuals in the ARDL model and selection for 
the MS-ARDL results over its linear counterpart. For the 
MS-ARDL model results reported in columns 2 and 3, the 
remaining nonlinearity in the residuals is tested with the 
BDS test, and test results confirm no remaining nonlinearity. 
As a result, the estimation results of the MS-ARDL model 
will be taken as central in the study to examine the relations 
between cement production and emissions.

For the MS-ARDL results given in Table 8, the first 
and second regimes correspond to the recession and cri-
sis regime (regime 1) and expansion regime (regime 2), 
respectively. If an overlook is presented to the estimated 
nonlinear long-run dynamics, it is striking that the impact 
of cement production on CO2 emissions is positive in both 
regimes with different magnitudes. In the long-run equation 
of regime 1, the relevant coefficients of LCPt − 1 and LCPt − 2 
are estimated as 0.286 and 0.198, and in regime 2, 0.167 and 

0.159, respectively. The parameters are statistically signifi-
cant at the 5% significance level, with one exception: the 
parameter of LCPt − 2 is significant at the 10% significance 
level only. Hence, a 1% increase in cement production at 
periods t − 1 and t − 2 leads to 0.286% and 0.198% increases 
in the CO2 emissions in regime 1, compared to 0.167% and 
0.159% effects in regime 2, the last one being significant at 
10% only, but the positive effect persists. The overall result 
is that the positive effects of cement production on CO2 
emissions cannot be rejected in the USA for the long run. It 
should be noted that the positive effect of cement production 
is positive in both regimes.

The short-run dynamics are presented in the second sec-
tion of Table 8. Once the parameters of ΔLCPt are investi-
gated for regimes, they confirm the effects of cement pro-
duction on CO2 emissions in the short-run in addition to the 
long-run dynamics presented. Similarly, the findings con-
firm regime-dependent and asymmetric effects of cement 

Table 8   MS-ARDL model 
estimation results

t test statistics are reported in brackets after each parameter estimate. *, **, and *** denote the statistical 
significance at 10%, 5%, and 1% levels of statistical significance, respectively. LL is the log-likelihood, AIC 
and SC are the Akaike and Schwarz information criteria, F Reset is the F test statistic for Ramsey's Reset 
test of model misspecification, BPG LM is the Lagrange multiplier test statistic for the Breusch-Pagan-
Godfrey test of homoskedasticity

Model: ARDL MS-ARDL

Variable: Linear Regime 1 Regime 2

Long-run dynamics
LCOt − 1 0.897179*** [8.08]  − 0.061569*** [− 2.80906]  − 0.1256** [− 1.9038]
LCOt − 2  − 0.167068 [1.49]  − 0.021402*** [− 2.80074] 0.231* [1.67184]
LCPt − 1 1.542830*** [5.606] 0.286435** [1.97321] 0.1669*** [2.66417]
LCPt − 2  − 1.336262*** [5.25] 0.198493* [1.75217] 0.159*** [2.60208]
cons  − 0.360971 [0.49]  − 0.007557 [− 0.54908] 0.040408 [0.47065]
Short-run dynamics
ΔLCOt − 1 0.727153 [1.485]  − 0.10289** [− 2.40968]  − 0.00137** [− 2.1154]
ΔLCOt − -2 1.382953* [1.836]  − 0.09644** [− 2.31488]  − 0.0456** [− 2.38168]
ΔLCPt − 1  − 0.845787* [1.775]  − 0.60017** [− 2.36082]  − 0.0007** [− 2.03254]
ΔLCPt − 2  − 0.445492* [1.698] 0.790901** [2.50498] 0.14275** [2.19862]
cons 1.389129 [1.113] 0.221451** [2.40422] 0.013853* [1.86914]
ECTt − 1  − 0.01502 [1.3964]  − 0.25748*** [− 18.5004]  − 0.48296*** [− 4.64320]
Sigma - 0.1801*** 0.0969***
Regime-switching probabilities
p_{1|1} - 0.88500***
p_{2|2} - 0.940845***
Diagnostics
R2 0.74761 0.856924
Adj.R2 0.641777 0.842617
LL 94.89146 32.22177
AIC  − 3.004436  − 17.30127
SC  − 2.787434  − 13.49496
FRESET 3.015793 1.20535
BPGLM 9.095007 1.31172
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production in the short run. The parameter estimates for 
ΔLCPt − 1 and ΔLCPt − 2 are − 0.60 and 0.79 in regime 1 
and − 0.0007 and 0.14275 in regime 2. Though a 1% increase 
in the previous year’s cement production decreased emis-
sions by 0.60 in regime 1, the same parameter in regime 2 is 
estimated as − 0.0007, and almost no effect exists in regime 
2 for the first lag of ΔLCPt − 1. However, for the second lag, 
the parameter estimate of ΔLCPt − 2 is estimated as 0.14, 
significant at 5% significance level, and a 1% increase lead-
ing to a 0.79% increase in emissions in regime 1 and 0.14% 
increase in regime 2. Short-run dynamics also confirm 
significant and positive impacts of cement production on 
emissions during both regimes and in terms of the long-run 
portion of the model, this positive effect increases especially 
during the cement production expansion regimes.

The significance, sign, and size of the error correction 
terms play a crucial role in establishing cointegration. The 
error correction parameters are estimated as − 0.25748 
and − 0.48296 for regimes 1 and 2. Hence, 25.7% (48.3%) 
of the deviations from the long-run equilibrium are corrected 
within 1 period, and the error correction towards the long-
run equilibrium takes 3.9 (2.07) years in regime 1 (regime 
2). Overall results show that asymmetry and regime depend-
ence are important factors determining the effects of cement 
production on emissions. The effects of cement production 
are positive in both regimes while being larger both in the 
short and in the long run. Additionally, the error correction 
mechanisms are asymmetric among regimes; the mechanism 
takes twice as long in regime 1 compared to regime 2. The 
estimated probability of staying at the regime at period t 
conditional on the regime at period t − 1 determines the per-
sistence of both regimes. The estimated regime probabilities 
are p(st = 1 | st = 1) = 0.885 and p(st = 2 | st = 2) = 0.940845 
for regimes 1 and 2, signifying a high degree of persistence 
in both regimes and regime 2 being relatively more persis-
tent and longer lasting.

MS‑ARDL causality results

In the next section, MS-ARDL-based causality analysis 
is reported. The determination of the direction of cau-
sality under regime dependency plays a crucial role in 
policy suggestions. In the context of the methodology 
presented in the “Econometric methodology” section, 
once the MS-ARDL model is extended to the MS-VARDL 
model, regime-specific Granger noncausality test results 
are calculated and reported in Table 9. For comparative 
purposes, linear noncausality test results are reported in 
the last column.

The regime-specific causality results could be easily 
determined through the utilization of the methods followed 
in the paper. According to our results, the null hypothesis 
of Granger noncausality from cement production to CO2 
is rejected and the alternative is accepted in both regimes 
in addition to the linear model given in the last section. 
Hence, the results confirm nonlinear unidirectional causal-
ity from cement production to emissions in regime 1, the 
high-emission regime. This finding is in line with the linear 
causality test results. However, by investigating regime-
specific causality results, our model provides bidirectional 
causality between cement production and CO2 in regime 2. 
As a result, the method the paper provides led to additional 
insights given the feedback effects specific to regime 2. 
Hence, the feedback effect due to bidirectional causality is 
a phenomenon occurring specifically in regime 2, the low-
emission regime, in contrast to the unidirectional causal 
effect from cement production to emissions in regime 1.

Given the fact that the nonlinear causality testing uti-
lizes the MS-VARDL results, after the determination of 
the directions of causality, our method also allows the 
determination of the sign of the causal effect by evaluating 

Table 9   Comparative linear and 
nonlinear causality tests

t test statistics are reported. *, **, and *** denote the statistical significance at 10, 5, and 1%. ↛ means no 
causality, → shows the direction of causality. Sign of causal effect is based on the statistical significance of 
relevant parameter estimates at 5% significance level

MS-VARDL-based regime-specific causality VAR-based linear 
Granger causality

H0: no Granger causality Regime 1 Regime 2 Linear (single-regime)

ΔLCPt↛ ΔLCOt 2.360919** 2.183221** 2.05263**
Result: H0 rejected H0 rejected H0 rejected
ΔLCOt↛ ΔLCPt 1.064823 2.032117** 0.18013
Result: H0 accepted H0 rejected H0 accepted
Direction of causality Unidirectional

ΔLCPt → ΔLCOt

Bidirectional
ΔLCPt → ΔLCOt
ΔLCOt → ΔLCPt

Unidirectional
ΔLCPt → ΔLCOt

Sign of causal effect  +   + , +   + 
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the regime-specific parameter estimates.17 The results are 
given in the last row of Table 9. At the 5% significance 
level, for the determined causal effects in both regimes, 
the signs of parameters are positive confirming the positive 
effects of cement production on emissions in all specifica-
tions in addition to the positive effect of emissions on the 
acceleration of cement production in regime 2.

The findings of this paper indicate that reducing CO2 
emissions is contingent upon curtailing cement production, 
as it is the primary source of CO2 emissions and this result 
is obtained in both regimes. Consequently, though asymme-
try between the effects of cement production on CO2 emis-
sions exists, this asymmetry is mainly in terms of the mag-
nitude, but not in terms of the sign of the effect. In addition, 
nonlinear causality results provided important deviations 
from the traditional causality results obtained with linear 
Granger causality techniques. If the findings are evaluated 
as a whole, the MS-ARDL results are led to the same results 
as the regime-dependent causality results and confirm these 
results. Traditional causality results are in line with the cau-
sality results in regime 1. Conversely, the causality results 
in changes in regime 2. Thus, the policy suggestions should 
be determined independently for regimes 1 and 2, the deep 
recession and crisis regime, and the expansionary regime, 
respectively.

Following the estimation results above, interesting 
results are obtained once the linear ARDL and nonlinear 
MS-ARDL are considered. The general finding suggests 
that regime dependency and nonlinearity should be taken 
into consideration for policy suggestions focusing on the 
negative effects of the cement industry on environmentally 
hazardous greenhouse gases. Depending on the regime, 
such negative effects accelerate and policymakers should 
consider the regime the economy and the industry are in 
since the CO2 emitting effect of the industry depends on 
the regime type. Utilizing the outcomes of MS-VARDL 
analysis for nonlinear causality assessment, our approach 
not only establishes the causal directions but also enables 
the determination of the causal effect’s polarity through 
an examination of regime-specific parameter estima-
tions. These outcomes are presented in the final row of 
Table 9. At a significance level of 5%, the parameter signs 
for established causal effects in both regimes are positive, 
affirming the beneficial impact of cement production on 
emissions across all specifications. Furthermore, a posi-
tive influence of emissions on the acceleration of cement 
production is confirmed in regime 2. When considering 
the entirety of the findings, the MS-ARDL results align 

with regime-dependent causality outcomes, thereby rein-
forcing these conclusions. Traditional causality results are 
consistent with the causality outcomes observed in regime 
1. In contrast, the causality directions diverge in regime 
2. Accordingly, causality results affirm nonlinear unidi-
rectional causality from cement production to emissions 
within regime 1. In terms of unidirectional links, the find-
ings align with the findings of the linear causality tests for 
regime 1 only. The nonlinear method reveals bidirectional 
causality between cement production and CO2 emissions 
in regime 2, in contrast to the unidirectional causality in 
regime 1. As a result, the method presented in this paper 
yields supplementary insights by uncovering feedback 
effects specific to regime 2, and the regimes that the indus-
try is at gives vital information since the feedback effect 
could lead to a circular effect resulting in a cycle of more 
emissions. Hence, the phenomenon of feedback effects 
stemming from bidirectional causality manifests uniquely 
within regime 2, in contrast to the unidirectional causal 
effect from cement production to emissions observed in 
regime 1, and policies should aim at avoiding the negative 
implications on the environment by aiming at the altera-
tion of the type of industrial production techniques with 
newer technologies on cement production.

Discussion

Greenhouse gases and the global warming

When the literature was analyzed, vast amounts of envi-
ronmental pollutants, encompassing SO2, NOx, CO, and 
PM, were discharged during cement production (Lei et al. 
2011). The production of cement involves the high-temper-
ature calcination of carbonate minerals, resulting in clinker 
formation and the release of CO2 into the atmosphere (Xi 
et al. 2016). CO2 emissions from cement production stem 
from two primary sources. Firstly, a chemical reaction 
occurs during the production of the central cement compo-
nent. The cement generates oxides (lime, CaO), and CO2 
is emitted due to heat effects. These “process” emissions 
contribute to approximately 5% of total anthropogenic CO2 
emissions, excluding land-use changes (Boden et al. 1999). 
Secondly, nonrenewable energy combustion is used to heat 
raw materials to temperatures exceeding 1000 °C (IEA 
2022b). Around 90% of worldwide CO2 emissions from 
industrial processes result from cement-related activities 
(M. E. Bildirici 2019, 2020) and the cement industry’s 
combined emissions account for approximately 8% of the 
global CO2 output (Andrew 2018; Le Quéré et al. 2018).

Overall, a variety of gases, called greenhouse gases 
(GHG), contribute to the greenhouse effect and global 

17  To save space, the MS-VARDL estimation results are reported. 
They are available upon request. In the determination of signs of cau-
sality, the statistical significance of the parameters, sign, and size of 
parameter estimates are crucial.
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warming. The sizable portion of GHG emissions is domi-
nated by CO2 emissions (US EPA 2023). US Environmen-
tal Protection Agency reports that the shares of GHGs are 
CO2 at 79.4%, methane (CH4) at 11.5%, nitrous oxide 
at 6.2%, and the remaining GHGs are fluorinated gases 
with a total contribution of 3% to the GHG effect (US 
EPA 2023). As the main driver of climate change due to 
the GHG effect, the recent positive trend of CO2 in the 
last century is considered a result of human activity due 
to the burning of fossil fuels (coal, oil, and natural gas), 
deforestation, and industrial processes, and about more 
than 65% reduction of current CO2 releases is needed to 
achieve environmental goals (Belbute & Pereira 2020). 
Therefore, CO2 is among the top contributors to global 
climate change and the reversal necessitates great political 
commitment.

Historical relations among cement production, 
cement‑induced CO2 emissions, and business cycles

As confirmed by our empirical findings, cement production 
and CO2 emissions are interrelated. Cement production is a 
derived demand of construction investments accelerating as 
economic growth accelerates. It is shown that the cement 
and construction industry and economic growth relation 
have important linkages (M. E. Bildirici 2019). Economic 
production is known to follow fluctuations known as busi-
ness cycles, which include expansionary and recessionary 
periods. Throughout history, other factors that led to abrupt 
changes in the production cycle include economic crises, 
the Great Depression in 1929, the 1973 Oil Crisis, and 
World Wars (WWI and II). Not only do economic cycles 

have strong ties with cement as an important ingredient 
for construction, but also cement industry is also expected 
to follow a similar pattern possessing expansionary and 
contractionary episodes in line with the business cycle. 
Therefore, business cycles also create a derived cement 
demand during expansions, after crises and recessions. 
Hence, acceleration in cement production following reces-
sions and even during recessions due to policies encourag-
ing economic growth to overcome such downturns. Such 
cyclical behaviors in economic business cycles are nonlin-
ear and due to their relation with economic activity, cement 
production also follows cycles and nonlinearity. Further, 
cement production is an important emitter of CO2. The 
overlook suggests that the production process of cement 
and the demand for energy that cement production neces-
sitates are among the top channels that lead to environmen-
tal degradation. Various factors with relations to cement 
production include urbanization and the land-use change 
(Mishra et al. 2022; Zhou et al. 2021), which contribute to 
CO2 emissions.

Yearly cement production (solid line) and CO2 emis-
sions from cement production (dashed line) are depicted in 
Fig. 1 for the 1900–2021 period. The figure also included the 
recession dates (as a grey bar) obtained from the National 
Bureau of Economic Recessions (NBER). As seen in Fig. 1, 
the fluctuations in CO2 from cement and cement production 
are closely linked and a positive association exists between 
the two series. The inclines and declines in both coincide 
in terms of occurrence and year and terms of the length of 
duration in the majority of cases. The recessions in eco-
nomic business cycles lead to declined economic production, 
coupled with both declines in CO2 emissions from cement 

Fig. 1   NBER recessions, cement production, and CO2 emissions 
from cement production in the USA, 1900–2021.  Source: U.S. Geo-
logical Survey and NBER. Note that cement production (right-hand 

side) is in billion metric tons. CO2 emission from cement is for tons 
of CO2 from 1 ton of cement produced and is per capita
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and cement production in the USA. This relation becomes 
clearer, especially during the 1929 Great Depression and 
2008 Great Recession with sharp declines in both series. The 
declines also coincide with the NBER dating of recessions. 
Another example is the decline in CO2 emissions and cement 
production during the first year of COVID-19 in 2020, which 
was reversed afterward during the economic expansion that 
followed in 2021. Hence, the fluctuations in cement produc-
tion are argued to be in line with economic business cycles, 
consisting of expansionary and recessionary episodes, lead-
ing to similar cycles in cement production and cement-based 
CO2 emissions.

However, there are exceptions such as disputes and wars. 
During these periods, cement production could increase 
leading to increased CO2. Historical experience shows that 
during and after periods of conflicts, wars, and economic 
crises, economic construction investments accelerate. Over-
look is construction and cement are cyclical and subject 
to nonlinearity and so are the emissions. Another point is 
that expansions are relatively longer lasting compared to 
recessions. Such economic growth periods lead to inclined 
cement production and CO2 emissions. It is convenient to 
accept that economic recessions and crises are periods dur-
ing which the policymakers aim to encourage the economy 
with expansionary economic policies. During such policies, 
construction and cement production is an important sector to 
achieve economic growth. Last but not least, depending on 
the stage of the economy, the long-run relationship between 
cement consumption and CO2 emissions is also bound by 
the state of the economy.

History also shows that wars generate demand for con-
struction during the process and the reconstruction period 
afterward. The statistics for the last century confirm that 

global cement production has amplified more than 30 times 
when economic growth accelerated in the 1950s following 
World War II (WWII) and the demand for cement produc-
tion fast-tracked due to urban reconstruction of the after-
war Europe and participant countries of WWII (Diefendorf 
1989). Further, during the expansionary period after the 
1980s and 1990s, cement consumption achieved a second 
period of upward trend, an increase of cement production 
nearly 4 times in the post-1980s and 1990s, and yearly 
cement production reached 0.5 tons per person in the world 
in mid-2010 (Andrew 2018). The post-1980s period cor-
responds to trade liberalization and globalization policies 
in the world. Along with post-conflict periods, cement 
production accelerates after economic recessions and after 
economic crises. The prominent crises include the Great 
Depression in 1929, the oil crises and their aftereffects after 
1973, the exchange rate mechanism (ERM) in the late 2000s, 
the Southeast Asia crisis in the mid-1990s, and the Great 
Recession in 2008, which followed economic policies aimed 
at acceleration of economic growth and CO2 (M. Bildirici 
& Ersin 2018b). More recently, following the COVID-19 
pandemic, nations also applied economic growth policies 
economic sudden-stop in early 2020. Following lock-downs 
the end of 2020 and year 2021 experienced high inclines in 
greenhouse gases and the recent economic recovery from 
COVID-19 in 2021 is a “carbon-intensive recovery” with a 
more than 1200-Mt increase in CO2 releases in a single year 
(M. Bildirici & Ersin 2018b). This incline in emissions has 
been drastically more than those observed during the recov-
ery periods following the 2009 financial crisis (M. Bildirici 
& Ersin 2018b). As a result, the econometric models focus-
ing on cement and CO2 emissions require the integration 

Fig. 2   CO2 emissions in the USA resulting from cement and other industries and CO2 emissions produced by different energy sources, 1920–
2022.  Source: Global Carbon Budget
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of nonlinear dynamics taken expansionary and recessionary 
regimes in the long-run relations.

As shown in the empirical section, the cement-induced 
CO2 emission fluctuations are in close synchronization 
with economic business cycles. Furthermore, the cement 
industry’s CO2 emissions are closely related to the source 
of energy. Figure 2 depicts the CO2 emissions resulting from 
cement and other industries in addition to the CO2 emissions 
from different sources of energy, specifically focusing on the 
fossil-fuel energy types including oil, coal, gas, and flaring 
in the USA for the 1920–2022 period. The overlook suggests 
an upward trend of CO2 emissions from cement historically, 
similar to the upward trend followed by CO2 emissions from 
different energy sources. For the whole period, oil is a major 
emitter with a nonreversing upward trend. After WWII, both 
oil- and coal-based CO2 emissions continued to incline simi-
lar to cement-induced CO2 emissions. While the pace of 
oil- and coal-based CO2 slowed down, especially for coal 
after the 2000s, gas and flaring became the major emitters 
of CO2 as the economic development and the necessary 
energy inclined. The slowing pace of the upward trend of 
oil- and coal-based CO2 is coupled with cement-induced 
CO2. Among all CO2 sources, Fig. 2 also depicts the sharp 
fluctuations in the 1929 Great Depression, 1973 Oil Crisis, 
and 2008–2009 Global Crisis.

Figure 3 aims to provide a focused look at the compari-
son between total territorial CO2 emissions and cement-
induced CO2 emissions in the USA. The overlook high-
lights the close ties between the CO2 emissions of the 
economy and the CO2 emissions from the cement indus-
try. The total territorial CO2 emissions (in orange, values 
on the left axis) followed an upward trend towards the 
1970s, which is closely followed by the cement-induced 
CO2 emissions. The period ended with the transforma-
tion of industrial production by reducing the dependence 
on oil, which occurred following the 1973 Oil Crisis in 
the USA. The total CO2 emissions gained back its rally in 

the early 1980s for almost 3 decades without a significant 
interruption, except for minor slow-downs during eco-
nomic recessions, which are quite negligible. The same 
pattern is followed by the cement-induced CO2. The rally 
of CO2 emissions ended after the economic boom in 2007 
and after the 2009 crisis after which the USA started to 
adopt policies to control the enormous level of CO2 emis-
sions. Though the climb is reversed, the amounts should 
be carefully addressed. The CO2 emissions in 2022 were 
5000 Mt a year, equal to the amount in the early 1970s 
when the economy was highly oil-dependent in produc-
tion and energy. For cement-induced CO2 emissions, the 
level reached is far worse; it is close to 45 Mt of CO2, far 
above the levels in the 1970s. CO2 emissions from cement 
production are given with the black line in Mt CO2.

The data in Fig. 3 focuses specifically on the CO2 pro-
duced by the production processes and avoids the energy 
consumption in the industry. Combined with it, the total 
effect depends on the type of energy consumed, and the 
relative dependence on nonrenewable energy sources is 
quite high in the USA. The overall result is that the fluc-
tuations in total CO2 emissions in the USA and the fluc-
tuations in the cement-induced CO2 emissions from the 
cement industry are highly synchronized, with a strong 
positive correlation (rho = 0.76). The fluctuations in 
cement-induced CO2 are more pronounced; they closely 
capture the recessions and crises with significant volatil-
ity. Years 1974 and 1981 as well as 2008 denote the most 
drastic drops in CO2 from cement production after a sig-
nificant reduction in economic production, corresponding 
to deep economic crises and dispute periods; however, it 
gained its pace back again in emitting. The examination 
of Figs. 2 and 3 together confirms the empirical findings 
of the study and the conclusions. The overall impact of 
cement production on CO2 emissions is positive and is 
regime-dependent for its positive effect on worsening envi-
ronmental pollution.

Fig. 3   CO2 emissions (given in 
orange, values on the left axis) 
in the territorial USA, and CO2 
emissions specifically from 
cement production (black, right 
axis), in Mt CO2, 1960–2022.  
Source: Global Carbon Budget
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Cement production as a driver of economic growth

The overall results in this study also confirm the cement 
industry’s role in driving economic growth indirectly since 
the economic expansion periods coincide with expan-
sionary periods in cement production. This study does 
not directly investigate cement production and economic 
growth relation empirically and for such treatment, read-
ers are referred to M. E. Bildirici (2019, 2020). However, 
our study points to the industry’s CO2 emissions and their 
relation to cement production cycles characterized by 
expansionary and contractionary regimes. The findings 
have important implications. Given the environmental 
repercussions of the cement sector, our study determines 
that it is imperative to devise effective environmental rem-
edies and the cement industry should be in the focus not 
only in terms of its connection to CO2 and GHG effect but 
also in terms of its strong ties with economic growth and 
business cycles. Hence, the results confirm the necessity 
to invest in greening cement production technology and to 
increase energy efficiency in addition to production tech-
niques in cement.

Policy recommendations

We provided a set of policy aspects in the previous sec-
tion, which include improving energy efficiency, renewable 
energy investments, and taking feedback effects in control, 
especially in relatively higher cement production regimes. 
Therefore, policies should focus on the reduction of emis-
sions in the sector more with new techniques in cement 
production, especially during such periods. An intercon-
nected approach is needed that concentrates both on eco-
nomic and green cement production aspects (Poudyal & 
Adhikari 2021). A potential reduction in cement production 
might correlate with slowed economic growth, which is an 
undesired option for economic policymakers. Therefore, 
though noting such effects, the reduction of emissions of 
cement through technology requires immediate action. For 
such technologies, a set of recent research suggests various 
methods to reduce the environmental effects of cement pro-
duction. These include negative emission technologies and 
decarbonization of the industry (Ren et al. 2023), carbon 
capture and storage, and nanomaterials and supplementary 
materials to be used as cement complementary in cement 
production (Poudyal & Adhikari 2021). The effects of 
renewable energy and urbanization (Danish et al. 2020) as 
well as innovation focusing on reducing sectoral emissions 
in construction have been shown in the literature (Erdoğan 
et al. 2020). In the context of cement production, policies 
focusing on sustainable urbanization and clean energy could 
contribute to the reduction of the indirect emissions led by 
the cement industry.

For the cement industry, one of the remedies lies in tran-
sitioning towards renewable energy sources to replace fos-
sil fuels for cement manufacturing and the high amounts 
of energy consumption during the production process. To 
facilitate this transition, policymakers should establish a 
subsidy program incentivizing companies to adopt renew-
able energy technologies. Another policy recommendation 
is to accelerate investments and research and development 
for energy efficiency in the sector. In a country-wide anal-
ysis, energy efficiency surges are shown to have stronger 
positive effects on the environment compared to renewables. 
However, it should be kept in mind that there are different 
forms of renewable energy sources with varying effects on 
the environment. Further, it is shown that the transition to 
renewable energy is costly and benefits could be achieved 
only in the long run (M. Bildirici & Ersin 2023). Policies 
should re-evaluate the thresholds to achieve and the time-
line for net zero carbon transition. This requires steps to be 
taken to reduce the significant amount of CO2 emissions 
of the industry faster than it is planned in the USA. Lastly, 
governments addressing environmental issues can achieve 
preventative health benefits by averting certain illnesses 
by reducing GHG emissions; the results indicate the need 
for focusing on the role of industries, and among these, the 
cement industry is the top third polluter in addition to its 
production techniques that require a significant amount of 
energy. To reverse adverse health effects in addition to con-
sidering the ties of economic growth and cement produc-
tion, the cement-induced CO2 emissions led to a significant 
amount of CO2 emissions, though some steps are taken in 
the production techniques of cement compared to the pre-
1950s; however, more efforts should be made on production 
technologies. Such focus can contribute to the formulation of 
strategies for proactive public health measures, which should 
include the cement industry, its relation to environmental 
sustainability economic growth, and energy in the context 
of the environment-health nexus.

Conclusion

The cement production activities directly cause emissions 
during the cement production activities and the size of emis-
sions of such direct emissions deserve special attention for 
achieving sustainable environment and economic develop-
ment. The investigation of the long-run effects of cement 
production is crucial for global warming and climate change. 
Given the nonlinear nature of the CO2 emissions and cement 
production datasets, the paper aimed at providing a hybrid 
approach that integrated the Markov-switching models to 
the ARDL-type cointegration methodology to achieve meth-
ods to provide tools to examine the nonlinear and regime-
dependent long-run and short-run effects in addition to 
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nonlinear causality modeling. By utilizing a historically 
long period, covering the 1900–2021 sample, the cement 
production and its effects on greenhouse gas emissions were 
examined for the USA. The investigation of the relationship 
is of crucial importance for sustainability in economic devel-
opment and the environment since the level of hazardous 
emissions in the cement production industry is among the 
top third polluters.

In this study, by employing the Markov-switching to the 
ARDL analysis, the regression space is divided into two 
distinct regimes. Regime 1 represents periods of deep reces-
sions and crises, while regime 2 characterizes expansion-
ary periods in the industry. The latter has historically lasted 
relatively longer in terms of duration. The empirical findings 
show that cement production has significant positive effects 
both in the short run and in the long run in both regimes. 
Further, the regime dating provided by the MS-ARDL model 
yields insightful findings. The years classified under the cri-
sis regime closely align with severe economic recessions and 
crises as well as wards such as the 1973 Oil Crisis and World 
Wars I and II. Regime 2 is notable for encompassing events 
such as the 1929 Great Depression, the 1973 Oil Crisis, the 
2009 Great Recession, and more recently, the economic 
shutdown resulting from the COVID-19 pandemic. During 
such periods, especially after the crises, economic policies 
aim to revive the economic growth back to its track, and the 
cement industry, being closely tied to economic cycles, dem-
onstrates resilience in short-lived crises. It is observed that 
cement production persists during shorter recessions, with 
production continuing and sector inventories being main-
tained unless the recession is severe and prolonged. Fur-
thermore, before exiting recessionary periods, both cement 
production and associated CO2 emissions from cement pro-
duction revert to an increasing trend at a faster pace than the 
previous. Consequently, cement-induced CO2 emissions do 
not decelerate at all in both regimes and emissions continue 
to escalate as long as cement production activities persist.

Following the generalization of the ARDL model to 
the novel MS-ARDL, the model is further extended to the 
MS-VARDL model that capture nonlinear causality rela-
tions and the directions of the causal links among the vari-
ables analyzed. The novel MS-VARDL method in this study 
incorporates regime-dependent causal relationships, testing 
regime-dependent causal directions, which are vital for the 
determination of the causality direction between cement 
production and CO2 emissions for policy formation. There-
fore, the nonlinear causality analyses developed in this study 
overcome inefficient causal relations in tests that ignore the 
regime-dependent and nonlinear dynamics in the analyzed 
series. Further, avoiding such aspects of data would result in 
incorrectly determined causality directions, leading to ineffi-
cient policy recommendations. Hence, the testing of causality 
with the novel method is of paramount importance, especially 

for the environment-related emissions dataset and the cement 
production series subject to nonlinearity in this study.

The regime-specific causality results from the MS-
VARDL approach revealed positive and causal effects of 
cement production in both regimes though the magnitude 
varies depending on the regime. The findings align with 
the findings we obtained from the single-regime (i.e., lin-
ear) VAR-type causality analysis in terms of capturing 
the direction of causality in a general sense. However, the 
regime distinction made in causality testing revealed sig-
nificant information over the traditional method. The mag-
nitude of the causal effect is notably amplified in the crisis 
regime, while maintaining causality also in the expansion 
regime, but with a lower positive effect. Additionally, the 
methodology employed in the study identified bi-direc-
tional causal effects between cement production and CO2 
emissions, particularly evident in the second regime, sug-
gesting feedback effects between emissions and cement 
production.

The determination of regime-specific causal effects 
provided important policy suggestions for the policymak-
ers focusing on the cement industry and its environmental 
impacts. Accordingly, regime dependence on the causal 
links necessitates regime-specific policy measures and if the 
policymaker utilizes traditional approaches, the magnitude 
of the industry is estimated to be relatively lower than it is 
in reality. It should also be noted that the USA has a strong 
commitment to net-zero policies specifically designed for 
the cement industry towards lowering emissions to net-zero 
in 2050. However, the findings in our study highlight the 
underestimation of the severity of greenhouse gas emissions 
with traditional methods. Given this fact, policy recom-
mendations of the paper underline the necessity of stronger 
measures towards net-zero policies, state-level government 
subsidies to achieve greater commitment to renewable ener-
gies share in total energy, subsidies to direct investments in 
the carbon-capture industry, subsidies to the cement indus-
try to achieve pace in energy efficiency, and giving incen-
tives to internalize emission externalities by the industry. 
Further, as listed in the policy recommendation section, a 
set of technological improvements are needed to revise the 
ongoing GHG effects of the cement industry to achieve a 
sustainable environment and sustainable economic devel-
opment. Increasing the speed of energy transition towards 
renewable energy, and reduction of energy consumption 
with more energy-efficient solutions in the sector, cou-
pled with net-zero policies and technological investments 
for supplementary material use in the cement industry are 
among the measures to be taken.

The feedback relation that produces cycles of GHG emis-
sions, especially in the second regime deserves attention. 
The strong positive ties with economic cycles and industrial 
production of the industry generate significant amounts of 
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CO2 emissions, especially during such periods. The reduc-
tion of economic growth is one option but it is not a desired 
one. Conversely, to cover environmental costs, investments 
in various emission reduction technologies such as carbon 
capture and storage are among the viable options that should 
be taken into focus by policymakers.

The study has limitations due to the availability of data. 
The nonlinear method utilized in this study requires a long 
span of data and a large sample size; hence, the study’s 
empirical focus is restricted to the USA and the 1900–2021 
period. As a result, China and India were not examined. For 
future studies, we suggest extending the analysis to a larger 
set of countries. Another suggestion is to examine the nexus 
with a panel of countries.
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