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This article empirically examines the relationship between circularity development and economic security in Poland
over the 2000-2023 period. Using correlation analysis, stationarity testing, VAR and VECM modelling, Toda-Yamamoto
Granger causality, and impulse response analysis, the study examines how the circular economy interacts with five
components of economic security: financial, energy, innovation, environmental, and social. Results reveal a differentiated
effect varying in direction, magnitude, and time horizon: energy security shows a stable positive long-run relationship;
social security co-moves with this equilibrium passively; innovation and environmental security combine positive long-
run correlation with negative short-run dynamics; financial security shows the weakest, least stable relationship. The
findings suggest that the relationship is primarily driven by long-run structural adjustment.
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EKOHOMETPUYHUU AHANI3 AUPEPEHLIMOBAHOIO BN/INBY
PO3BUTKY LLUPKYNAPHOI EKOHOMIKHU
HA EKOHOMIYHY BE3MEKRY NOJbLLU|

Memoto cmammi € emnipuuna nepesipxa 6NAUGY PO3GUMKY YUPKYISAPHOI eKOHOMIKU HA CMPYKMYPHI CKAA006L
eKoHOMIuHOT Oe3nexu depacasu Ha npukiadi Pecnyonixu Honvwa 3a nepioo 2000-2023 pp. AkmyanvHicme 00CHi0HCeH s
00yMO6IeHa MUM, Wjo, NONPU aKMuUHe NOWUPEHHA KOHYenYii YUPKYIAPHOI eKOHOMIKU 8 Medcax €poneticbkozo Coio3y
SK IHCMPYMenmy nioGUueHHs pecypCHOl He3aNedHCHOCMI Ma 00820CHPOKOB0T KOHKYPEHMOCHPOMOICHOCMI, 0COOIUBOCTI
i1 830€MO0368'A3KY 3 OKpeMumMu CKIAO0BUMU EKOHOMIYHOI Oe3neku 3arumaiomsvcs HedoCmamubo O0CHIONCEHUMU 6
KLIbKICHOMY GUMIDI, 4 HA6HI MeopemudHi ni0Xo0u nompebyioms no0abulol eMnipuuHoi anpobayii Ha peantbHUX Yacoeux
padax.

YV Oocnioxcenni 3acmocosano nocniooguicms eKOHOMeMPUYHUX MeMOOi8: KOPeNAYIUHUL aHAi3 0 NONEePeoHbO20
BUAGIEHHA XAPAKMepy 83AEMO38'A3KY MidiC YUPKVIAPHOIO eKOHOMIKOI MA KOMCHOI 31 CKIAO08UX eKOHOMIUHOI Oe3nexu
(¢inancosoro, enepeemuunol, IHHOBAYINIHOW, eKONO2iuHOW, coyianvhor), mecm [iki-Dyinepa 011 nepesipxu
CMayioHapHoCcmi 4aco8ux psoie; Mooeib 6eKMOPHOL asmopepecii; MoOenb 86eKMOPHOT KOpeKYyii NOMUTIOK ) NOEOHAHHI 3
mecmom Hozancena; mecm npuuunnocmi I'peiindocepa y cneyugpixayii Toda-Amamomo; ananiz Qyuxyiii imnyiscrozo
8I02YKY 0J1 BUSHAYEHHS OUHAMIKU peaKyii KOJHCHOT CKIA00601 HA WOK PO3BUMKY YUPKVIAPHOL eKOHOMIKU.

Pezynomamu oocnioscennsa 3acgiouunu, wo 6nau8 po3eUmKy YUPKYIAPHOI eKOHOMIKU HA eKOHOMIUHY Oe3nexy €
HEeoOHOPIOHUM He Juule 3a CUNOI0, a U 34 HANPAMOM MA YACOBUM 20pU3OHMOM peanizayii. [nsa enepeemuunoi 6esnexu
6CMAHOGNEHO CMIUKULU NOZUMUBHULL 0082OCMPOKOBULL 83AEMO36'A30K 13 3HAUYWUM KOPUSYBAHHAM 00 DIBHOBA2U.
Coyianvna 6e3nexa O0eMOHCMPYE CRINbHULL PYX i3 00820CMPOKOB0OIO PIBHO8A20I0 CUCMEMU, OOHAK ye KOPUSY8AHHS
3a6e3neuyemsbCs NepesadcHo THUUMU CKIA008UMU, d He 1ACHOI0 Ounamikoro. Innosayitina ma exonoziuna 6esnexa
BUAIBUILU PO3OINCHICMb MIJC YACOBUMU 20PU3OHMAMU — 00UOBI CKAA006I NOUMUBHO KOPENIoImMb i3 YUPKVIAPHOIO
EKOHOMIKOI Y 00820CMPOKOSII NePCneKmusi, npome 0eMOHCMPYIONb CMILUKY 6I0'€MHY KOPOMKOCMPOKOB8Y OUHAMIUHY
Ppeaxyiro, wo ceiouums npo HAA6HICMb KOPOMKOCMPOKOBUX A0anmayiiiHux eumpam cmpyKmypHoi mparcgopmayii.
Dinancosa besnexka NPOOEMOHCMPYBANA HAUCIAOWUL [ HAUMEHU CMIUKUL 83AEMO38'A30K 3i 3MIHOI0 3HAKY peakyii 8
MedHcax 00CiodHCy8an02o 20pu3oHmy. s s5coOHOT CKIa00801 He 8UABIEHO CIAMUCMUYHO 3HAYYWOI KOPOMKOCMPOKOBOL
npuyunnocmi 3a I pelindocepom, wo 6xazye Ha peanizayiio 63aEM038 93Ky NePesa’icHo uepes 00820CMpPOKOGi CIpPYKmMYypPHI
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Mexanizmu.
Ilpakxmuuna yinnicme

OMPUMAHUX — pe3yibmamie noseac y Qopmyeanti

eMRIpUYHO20  NIOTPYHMs Ol

oughepenyitiosano2o nioxody 00 QOPMYSAHHS NOIIMUKU POZGUMK) YUPKYIAPHOL eKOHOMIKU 3 YPAXY8AHHAM CReyu@iKu

6NIIUBY HA OKPEMi CKIA008 eKOHOMIUHOT be3neKu.

Knrouosi cnoea: yupkyisipHa eKoHOMIKA, eKOHOMIuHa Oe3neka, exonomempuune mooemosannsi, VAR/NECM-
MOOenosanHs, Koinmezpayis, npuyurnicms I petindocepa, ananiz QyHkyin imnyavchoeo gioeyky, Ilonvwa.

Introduction  (Problem  Statement). Ensuring
economic security has become a practical imperative rather
than a purely academic concern for economies exposed to
sustained structural shocks, including war-related
disruption, supply chain fragmentation, and resource
scarcity. At the same time, circular economy (CE)
principles have gained substantial traction across the
European Union as a strategy for reducing resource
dependency, strengthening long-term competitiveness, and
building structural resilience. Yet the relationship between
circular economy development and components of
economic security remains insufficiently quantified —
existing research tends to treat circular economy either as
a narrowly environmental or resource-efficiency agenda,
or as a general contributor to sustainability, without
disaggregating its effect across the distinct structural
dimensions of economic security or examining whether
this effect operates in the short or the long run.

A theoretical model linking circular economy
development to a five-component structure of economic
security (financial, energy, innovation, environmental, and
social) was proposed in an earlier study [1], which
explicitly identified the empirical validation of this
framework using real time-series data as a necessary next
step. The present study addresses this gap by applying the
proposed framework to Poland, an EU economy with a
comparatively mature institutional environment for
circular economy implementation and a sufficiently long,
continuous time series (2000-2023) for both circular
economy performance and the five economic security
components. This makes Poland a suitable empirical case
for establishing whether, in which direction, and over what
time horizon circular economy development is statistically
associated with each dimension of economic security.

Analysis of Recent Research and Publications. The
circular economy has been widely documented as a
strategic response to resource scarcity, supply chain
disruption, and climate risk, with the European Union
positioning CE principles as a core pillar of long-term
competitiveness and sustainability [2, 3].

For developing and transition economies, including
Ukraine, international organizations have emphasized the
need to link circularity indicators directly to broader
economic resilience objectives. UNIDO's baseline
assessment of circular economy development for Ukraine's
industrial sector proposes a «triple nexus» approach that
jointly considers sectoral development, circular economy
performance, and systemic resilience, combining
conventional CE indicators (material productivity, circular
material use rate, energy intensity, waste generation) with
indicators of innovation activity, employment structure,
resource dependency, and resilience to external shocks [4].
This approach illustrates a broader shift in the literature:
circular economy indicators increasingly overlap with, and

are treated as informative for, the structural components of
economic security, even though no single, universally
adopted indicator system yet spans both domains. This
growing attention to economic security is echoed at the EU
policy level, where a dedicated strategy has recently
identified economic security as a distinct strategic priority
spanning multiple interconnected domains [5]. Reflecting
on this recognition, economic security has been
conceptualized in an earlier study as a multidimensional
construct integrating financial, energy, innovation,
environmental, and social dimensions [6].

Given that Poland serves as the empirical reference
country for this study, particular attention was paid to
research examining CE within the Polish context. Cader,
Koneczna, and Marciniak [7] developed a regional CE
indicator framework for the Wielkopolska region,
addressing the challenge of monitoring CE progress below
the national level. Nowaczek, Dziobek, and Kulczycka [8]
examined the benefits and limitations of indicators used to
monitor Poland's CE transformation in the context of

national and EU strategic obligations. Cwiklicki,
Mirzynska, and  Zabinski [9] analyzed the
institutionalization of CE within Polish regional

development strategies through an adaptive governance
lens. Most recently, Czaplicka-Kotas and Kulczycka [10]
examined the regulatory implementation of CE principles
in Poland's plastic packaging sector. Taken together, this
body of work demonstrates a mature and actively
developing national research agenda on CE monitoring and
governance in Poland, though it remains focused on
indicator design, regulatory implementation, and
governance rather than on the econometric relationship
between CE development and economic security.

The unresolved part of the problem addressed in the
present study is therefore twofold. First, existing empirical
literature on circular economy impacts tends to assess
indicator  design, governance, or regulatory
implementation rather than disaggregating the dynamic
econometric effect of circular economy development
across the distinct structural components of economic
security. Second, limited empirical evidence is available
regarding the dynamic relationships between circular
economy development and individual components of
economic security, while the previously proposed
theoretical CE-to-ES framework [1] has yet to be
comprehensively examined using time-series econometric
methods.

This study addresses both gaps through a component-
by-component  econometric  analysis  (correlation,
stationarity, VAR/VECM, Granger causality, and impulse
response analysis) applied to Poland.

Purpose and objectives of the article. The purpose of
this article is to empirically validate the theoretical model
linking circular economy development to the structural
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components of economic security proposed in an earlier
study [1], using time-series data for Poland (2000-2023).
Research methods. To achieve the stated purpose, the
study combines general theoretical and specific economic-
statistical methods. General theoretical methods of
abstraction, comparison, and generalization were applied
to synthesize the differentiated findings across the five
economic security components into an overall conclusion.
Among the specific economic-statistical methods, the
statistical method was used to process the underlying time-
series data. The index method was applied to construct the
composite indices of economic security and the circular
economy. Correlation-regression analysis was used to
identify the character of the relationship between circular
economy development and each economic security
component. The method of economic-mathematical
modelling (including time-series stationarity,
cointegration, and causality analysis) was applied to

establish the dynamics of this relationship.

Main Results of Research. The empirical analysis
proceeds in five stages, moving from a descriptive
overview of co-movement and stationarity properties to a
differentiated assessment of how circular economy
development affects each component of economic security
in Poland. All calculations and figures were produced in
Python, using pandas and numpy for data handling,
statsmodels for stationarity testing, VAR/VECM
estimation, cointegration, Granger causality analysis, and
impulse response analysis, and matplotlib/seaborn for
visualization.

Result 1 — correlation and stationarity overview.
Pearson correlation coefficients between the CE and each
of the five economic security components, alongside the
results of the ADF-test unit root test for all six series are
reported in (tab. 1).

Table 1
Correlation and stationarity results

Component Pearson correlation with CE ADF conclusion

Financial security (F) -0.153 Stationary

Energy security (P) 0.926 Non-stationary

Innovation security (1) 0.904 Stationary

Environmental security (E) 0.521 Non-stationary

Social security (S) 0.874 Non-stationary

Circular economy (CE) - Non-stationary

Source: calculated by the author.

Two features of these results shape the subsequent
modelling strategy. First, correlation coefficients vary
substantially in both magnitude and sign, ranging from a
weak negative association for financial security (-0.153) to
a strong positive association for energy security (0.926).
This heterogeneity is a first indication that circular
economy development does not exert a uniform influence
across the components of economic security. Second, the
stationarity results split the system into two distinct groups:
F and | are integrated of order zero, while P, E, S, and CE
are integrated of order one. Because a valid VAR requires
all included series to share the same order of integration,

(F, 1, CE) and a cointegration-based VECM system for (P,
E, S, CE).

Result 2 — stationary subsystem: VAR(F, I, ACE).
Because F and | are stationary while CE is integrated of
order one, the two stationary series were modelled jointly
with the first difference of the circular economy index,
ACE, rather than with CE in levels. This substitution
restores the equal-integration-order condition required for
a valid VAR specification while preserving the
interpretability of the CE-related coefficients as an effect
of circular economy growth rather than of its level. Lag
order selection via AIC, BIC, HQIC, and FPE unanimously

this split determines the two separate modelling tracks indicated a first-order specification, VAR(1). The
pursued in Results 2 and 3: a stationary VAR system for  estimated system is reported in (tab. 2).
Table 2
VAR(1) coefficient estimates for the (F, I, ACE) subsystem

Regressor F equation | equation ACE equation

Constant 0.285 0.135 -0.032

F(t-1) 0.472 (t=2.15, p = 0.031) -0.173 0.056

I(t-1) -0.024 1.014 (t = 20.21, p < 0.001) 0.022

ACE(t-1) -0.426 -0.390 0.164

Source: calculated by the author.

The autoregressive coefficient of innovation security
(1.014) indicates a markedly persistent process, while
financial security shows moderate persistence (0.472).
Neither F nor | displays a statistically significant
contemporaneous response to lagged ACE at conventional
levels, though the sign of the ACE coefficient is negative
in both equations.

Stability of the estimated system was assessed via the
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roots of the companion matrix. Two roots (moduli of 3.06)
satisfy the stability condition, but one root has a modulus
of 0.984, falling just short of the boundary required for
stability. This is attributable to the near-unit-root
persistence of the innovation security series itself, with the
univariate ADF test rejecting the unit root hypothesis for |
only narrowly relative to the critical value, rather than to a
misspecification of the ACE substitution. This finding is
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reported as a limitation of the model's short-run dynamic
interpretation rather than as grounds for respecifying the
system further.

The IRF of F and I to a shock in ACE over a ten-period
horizon are presented in (fig. 1).

The response of financial security is negative in the
initial periods, reaching -0.426 at h=1, before turning

positive from approximately the sixth period onward and
stabilizing near 0.020 by the tenth period. The response of
innovation security is negative throughout the horizon,
moving from -0.390 at h=1 to a stable level of
approximately -0.33 by h=10, without evidence of a
monotonically widening effect.
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Fig. 1 Impulse response to a shock in circular economy growth (VAR) — F, I, ACE
Source: author's calculations and visualization.
These results indicate a delayed, sign-reversing VECM (P, E, S, CE). For the four non-stationary series the

response of financial security to circular economy growth,
and a persistent, negative short-run response of innovation
security, which contrasts with the strong positive
correlation between | and CE reported in (tab. 2) — a
divergence attributable to a shared long-run trend
coexisting with an adverse short-run adjustment dynamic.

Result 3 — cointegrated subsystem: Johansen and

Johansen trace and maximum-eigenvalue tests identified a
single cointegrating relationship (rank = 1), justifying a
VECM rather than a VAR in levels or first differences. Lag
order selection indicated a second-order specification. The
error correction term (ECT) coefficients (tab. 3) capture the
speed at which each variable adjusts back toward the long-
run equilibrium relationship following a deviation.

Table 3
VECM error correction term (ECT/adjustment) coefficients
Component ECT coefficient (o) z-statistic p-value
Energy security (P) 0.412 4.751 <0.001
Environmental security (E) 1.370 4.288 <0.001
Social security (S) -0.014 -0.081 0.935
Circular economy (CE) 0.237 1.652 0.099

Source: calculated by the author.

Adjustment toward the long-run equilibrium is
statistically significant for P and E, but not for S or CE.
This asymmetry indicates that, while all four variables
participate in a single cointegrating relationship (identified
by the cointegrating vector P - 1.101-E - 0.101-S -
0.257-CE), the error-correcting adjustment following a
deviation from this equilibrium is driven primarily by P
and E, rather than by an independent correcting response
of S.

The IRF of P, E, and S to a shock in CE over a ten-

period horizon are presented in (fig. 2). Unlike the
stationary VAR subsystem in Result 2, none of the three
responses decays toward zero; instead, each converges to a
non-zero plateau. This is the expected behaviour for a
cointegrated system with a single cointegrating vector
among four variables: three common stochastic trends
remain in the system, so a shock to CE generally has a
permanent, rather than transitory, effect on the levels of P,
E,and S.
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Fig. 2 Impulse response to a shock in circular economy development (VECM) -P, E, S, CE
Source: author's calculations and visualization.

The response of energy security (P) is positive
throughout the horizon, stabilizing near 0.13 by the tenth
period. Environmental security (E) shows the largest-
magnitude response of the three: an initial negative dip,
reaching approximately -0.44 at h=2, followed by partial
recovery and stabilization near -0.22. Social security (S)
shows a positive, gradually strengthening response that
stabilizes near 0.33; however, given the statistically
insignificant ECT coefficient reported in (tab. 4), this
response reflects that S shows passive participation in the
shared long-run equilibrium (via the cointegrating vector),
rather than an independent error-correcting adjustment of
S itself, which is instead driven primarily by P and E.

Combined with the correlation results in (tab. 2) (P: 0.926;
E: 0.521; S: 0.874) and the absence of significant Granger
causality reported in Result 4, these patterns are consistent
with a long-run structural relationship between circular
economy development and each of these three
components, though the underlying adjustment mechanism
differs: P and E adjust to the equilibrium directly, while S
co-moves with it.

Result 4 — Toda-Yamamoto Granger causality. The
results of Toda-Yamamoto Granger causality tests for all
five directions from circular economy development to the
components of economic security (tab. 4).

Table 4

Toda-Yamamoto Granger causality test results (CE — component)

Direction ¥* statistic p-value Conclusion

CE—F 1.6923 0.4291 Not significant
CE—P 0.7294 0.6944 Not significant
CE—1I 1.2248 0.5420 Not significant
CE—E 0.0218 0.9892 Not significant
CE—-S 2.3390 0.3105 Not significant

Source: calculated by the author.

None of the five tested directions yields a statistically
significant result at the 5% level; p-values range from 0.31
to 0.99. This indicates the absence of short-run predictive
(Granger) causality from circular economy development to
any of the five economic security components over the
sample period. This finding is not inconsistent with the
cointegration results reported in Result 3: the absence of
Granger causality concerns short-run predictive content,
whereas cointegration reflects a long-run equilibrium
relationship that does not require one variable to Granger-
cause another in the short run. Taken together with the
correlation and IRF evidence from Results 1-3, the overall
pattern suggests that, where a relationship between circular
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economy development and a given component of
economic security exists, it operates through long-run
structural adjustment (P, E) or shared trend co-movement
(S), rather than through short-term predictive dynamics.

Result 5 — synthesis: the differentiated effect of circular
economy development across economic  security
components. The results per component of economic
security are consolidated in (tab. 5).

The central finding is that the effect of circular
economy development on economic security is
differentiated not only in magnitude, but in direction and
mechanism, depending on the time horizon considered. For
energy security, the relationship is unambiguously positive
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at both the correlation and the dynamic (error-correcting)
level. For social security, the positive long-run co-
movement is confirmed, but it is not driven by an
independent adjustment of social security itself. For
innovation and environmental security, the two horizons
point in opposite directions: both show a strong positive
long-run correlation with circular economy development,
yet both display a negative, persistent short-run dynamic
response — an outcome consistent with the interpretation
that structural adaptation to circular economy
transformation carries a short-run adjustment cost that

coexists with a positive long-run trend. Financial security
shows neither a stable direction nor a significant dynamic
relationship, and its response even reverses sign within the
observed horizon. No component displays statistically
significant short-run Granger causality from circular
economy development. Together, these results indicate
that a uniform, single-mechanism policy approach to
leveraging circular economy development for economic
security is unlikely to be effective; the appropriate policy
horizon and expected direction of effect differ by
component.

Table 5
Summary of the relationship between circular economy development and economic security components
Component | Pearson correlation | ECT significance | Granger (TY)
VAR (F, I, ACE) Subsystem
Financial (F) | -0.153 | — (stationary system) | Not significant

Short-run dynamic response:

Overall characterization:

Sign-reversing: negative initially, turning positive from h~6, stabilizing near +0.02

Weakest and least stable relationship; direction is horizon-dependent

Innovation (1) [ 0.904

| — (stationary system)

| Not significant

Short-run dynamic response:
Negative throughout, stabilizing near -0.33
Overall characterization:

Positive long-run co-trend, but a persistent negative short-run adjustment cost

VECM (P, E, S, CE) Subsystem

Energy (P) | 0.926

| Significant (p < 0.001)

| Not significant

Short-run dynamic response:
Positive throughout, stabilizing near +0.13
Overall characterization:

Positive long-run structural relationship with significant equilibrium adjustment

Environmental (E) [ 0.521

| Significant (p < 0.001)

| Not significant

Short-run dynamic response:
Negative throughout, stabilizing near -0.22
Overall characterization:

transformation

Counterintuitive: significant long-run cointegration and positive correlation, but an inertial, negative short-run effect of structural

Social (S) [ 0.874

| Not significant (p = 0.935)

| Not significant

Short-run dynamic response:
Positive throughout, stabilizing near +0.33
Overall characterization:

Passive co-movement with the system's long-run equilibrium, driven by P and E rather than by S's own adjustment

Source: compiled by the author.

Conclusions. This study provided an empirical
validation, for Poland over 2000-2023, of the theoretical
model linking circular economy development to the five
structural components of economic security proposed in an
earlier study [1]. The central finding is that this relationship
is differentiated rather than uniform - not only in
magnitude, but in direction and in the underlying
mechanism, depending on the time horizon considered.
Energy security shows an unambiguous positive
relationship with CE development at both the correlation
and the dynamic (error-correcting) level. Social security
co-moves positively with the long-run equilibrium of the
system, though this movement is driven by the adjustment
of other components rather than by an independent
correction of social security itself. Innovation and
environmental security each present a striking divergence
between horizons — both correlate strongly and positively
with CE development in levels, yet both display a negative,
persistent short-run dynamic response, consistent with

structural adaptation to circular economy transformation
carrying a short-run cost that coexists with a positive long-
run trend. Financial security shows the weakest and least
stable relationship, with a dynamic response that reverses
sign within the observed horizon. No component exhibits
statistically significant short-run Granger causality from
CE development, indicating that where a relationship
exists, it operates through long-run structural channels
rather than short-term predictive dynamics.

These findings imply that a single, uniform policy
approach to leveraging circular economy development for
economic security is unlikely to be effective. Policies
targeting energy and social security can reasonably expect
gradual, equilibrium-consistent gains, while policies
targeting innovation and environmental security should
anticipate a short-run adjustment cost preceding any long-
run benefit; the relationship with financial security remains
too unstable, on current evidence, and is more likely to be
mediated by broader macroeconomic adjustment processes
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than to emerge as a direct effect of circular economy
development.

This study is subject to limitations inherent to a single-
country annual time series of moderate length (24
observations), which constrains the precision of lag-order
selection and dynamic stability assessment; one estimated
root of the stationary VAR subsystem was found close to
the unit circle, attributable to the near-unit-root persistence
of innovation security. Future research should extend this
empirical validation to additional circular-economy-
leading economies and examine whether the differentiated
pattern identified here generalizes across institutional
contexts, including the transfer of these empirically
established relationships to economies at an earlier stage of

circular economy adoption.
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