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Abstract:

This study aims to investigate the impact of sustainability maturity dimensions on achieving comprehensive
ecological manufacturing within industrial organizations derived from a PhD dissertation in the same field.
Using a quantitative explanatory design, data were collected from 60 decision-makers and department heads in
the private sector. The research employed Partial Least Squares Structural Equation Modeling (PLS-SEM) to test
the hypotheses. The results revealed that the sustainability maturity model explains 62.9% of the variance in
ecological manufacturing outcomes (R”*2 = 0.629). Among the five dimensions studied, "Manufacturing
Technology" emerged as the most significant predictor with the highest effect size (f*2 = 0.409), followed by
Industry 4.0 and sustainable supply chains. The findings highlight a "balance gap" where technological and
environmental progress often precedes social and institutional dimensions. The study recommends integrating
Industry 5.0 values to ensure human-centric sustainability and provides a validated measurement tool for both
large enterprises and SMEs.

Keywords : Sustainability Maturity, Ecological Manufacturing, PLS-SEM, Industry 4.0, Sustainable Innovation.
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(Bergs et al., 2020;

Bocken et al., 2016)

(Graedel et al., 1993;
Wysocki, 2021)

(Manahan, 2000)

(Manahan, 2000)

(Bocken et al., 2016)

(Sony, 2019; Kumar et al.,
2024)

(Du et al., 2024; Ferreira
et al., 2023)

(Kerdlap et al., 2019)

(Kerdlap et al., 2019;
Manahan, 2001)

(Kerdlap et al., 2019)

(Kerdlap et al., 2019;
Akhai, 2023)
(Das, 2020; Slama et al.,
2020)

(Das, 2020)

(Kerdlap et al., 2019)

Juenl) Gaiaty JELaY) lacal plitie (<,

iesal
LBy saal)
) el gl ciljles 15 o s6
oaale S alall olgall (RIS (aid
5oUS daiti 5 Aulla Cilyshy Aaliiall 3aad
slually ZaLLY ¢Dlgic) 37
S 3)5aS il /_;1 Labaid) s
plaaauyl salels SLSal DLE (6l Aaranal
Gl A clelin g daiiall )slah s
@Al alaid¥) ey 435 Akl
alely dial) 5a) il il fine) Aaliiall 3k 0

claiall i) salefy paailly pladnny)
S LY )
daall Gila gy ol (Jlacay dabaidl o505 61
L) painally Galalell bl
L) 2335 dogati aoyliie (A dakiiall palus 62
Obd)sS all] 6 duladl)
Balatinly Juadl dadfie Colid dalaiall gakas
cllall (pe el saley AL sl 63
aaba )

9] Lo la cliie pae dabiidl (gles
el Dlge S bl Jagad
ifla o) dnslon i daliial) padnd
Ai dse of il ) ddad) cblall Jisadl 65

64

ATEEN
AR )
Lady @i ol alaY) 4 de L) axdies 6
L) alsall Haa el
B lnaS "l D gl w Adiad -
lnilias gaen 3 aslad
e Sagn Willee s Lgalanie dalaiall aaad 68

rad) e cblal) g
Jalaig )0 483 Aalal Aabaiall aadis 69

48l g dulusdl aglell rwg | § il dsno



Ll cgll & cllall e
O 0O oo od sgm\@u\wigw\m

(Kerdlap et al., 2019) - 70
caclial) Lgildne Jaadnl
srnaial) dad)
(Ayres & Ayres, 2002; ISO 14001) Jie (dgall ulaalls o3l
O o oo 71
Alsulamy et al., 2022) Al HaY) Basa el
Teixeira & Teixeira, 2023;  diwwse Lin L) liblee pis aiads
ooooao! N &= 72
Kazakova & Lee, 2022) Lomlgall JEY) laal dajla
Nylgall aladny Jald andty dadaiall a g8
OO 0O 0O (Bogue, 2014) ol ¢ = 13

glaiie sl 8)50 Jabe e 4 daadall

O o galilh yhlly il Lularal) pusic
00000 (Bogue, 2014) 2 MR
et S, Byt e g e

O 0 0oaoao (Manahan, 2000) )
e (S0 (5A] daleal A& Dlga L dilee

(sl alall Gl Bojha iy Jalag L) Alias O g a1 (o 33y aSiglat Gin (o oK)

References

Ahmad, S., Wong, K., & Butt, S. (2022). Status of sustainable manufacturing practices:
Literature review and trends of triple bottom-line-based sustainability assessment
methodologies. Environmental Science and Pollution Research, 30(30), 43068—43095.
https://doi.org/10.1007/s11356-022-22172-z

Al-Okaily, M., Younis, H., & Al-Okaily, A. (2024). The impact of management practices and
industry 4.0 technologies on supply chain sustainability: A systematic review. Heliyon,
10(10), e36421. https://doi.org/10.1016/j.heliyon.2024.e36421

Bag, S., Gupta, S., & Kumar, S. (2020). Industry 4.0 adoption and 10R advance
manufacturing capabilities for sustainable development. International Journal of Production
Economics, 231, 107844. https://doi.org/10.1016/1.1jpe.2020.107844

Bhanot, N., Rao, P. V. M., & Deshmukh, S. G. (2017). An integrated approach for analysing
the enablers and barriers of sustainable manufacturing. Journal of Cleaner Production, 142,
4412-4439. https://doi.org/10.1016/j.jclepro.2016.11.123

Correia, E., Carvalho, H., Azevedo, S. G., & Govindan, K. (2017). Maturity models in supply
chain sustainability: A systematic literature review. Sustainability, 9(1), 64.
https://doi.org/10.3390/su9010064

Cui, X., Elahi, E., Khalid, Z., & Xu, B. (2022). Environmental Regulation, Manufacturing
Technological Progress and Pollution Emissions: Empirical Evidence from China.
Sustainability, 14(23), 16258. https://doi.org/10.3390/sul142316258

46

2026 2 sl (6 bl a8l g dpluwdl aglel) ool Gl dlmo


https://doi.org/10.1007/s11356-022-22172-z
https://www.google.com/search?q=https://doi.org/10.1016/j.heliyon.2024.e36421
https://doi.org/10.1016/j.ijpe.2020.107844
https://doi.org/10.1016/j.jclepro.2016.11.123
https://doi.org/10.3390/su9010064
https://doi.org/10.3390/su142316258

47

2026 2 sl (6 sball

Fornell, C., & Larcker, D. F. (1981). Evaluating structural equation models with unobservable
variables and measurement error. Journal of Marketing Research, 18(1), 39-50.
https://doi.org/10.1177/002224378101800104

Fortier, J., Gamache, S., & Fonrouge, C. (2025). Integrating sustainable performance into the
digital maturity models for SMEs in manufacturing. Applied Sciences, 15(7), 4041.
https://doi.org/10.3390/app 15074041

Ghobakhloo, M. (2020). Industry 4.0, digitization, and opportunities for sustainability.
Journal of Cleaner Production, 252, 119869. https://doi.org/10.1016/j.jclepro.2019.119869
Ghobakhloo, M., Iranmanesh, M., Grybauskas, A., Vilkas, M., & Petraite, M. (2021).
Industry 4.0, innovation, and sustainable development: A systematic review and a roadmap to
sustainable innovation. Business Strategy and the Environment, 30(8), 4237-4257.
https://doi.org/10.1002/bse.2867

Hair, J. F., Hult, G. T. M., Ringle, C. M., & Sarstedt, M. (2021). 4 primer on partial least
squares structural equation modeling (PLS-SEM) (3rd ed.). Sage Publications.

Kazakova, E., & Lee, J. Y. (2022). Sustainable manufacturing for a circular economy.
Sustainability, 14(24), 17010. https://doi.org/10.3390/su142417010

Litos, L., Patsavellas, J., Afy-Shararah, M., & Salonitis, K. (2023). An investigation between
the links of sustainable manufacturing practices and innovation. Procedia CIRP, 116, 342—
347. https://doi.org/10.1016/j.procir.2023.02.066

Martin-Gomez, A., Agote-Garrido, A., & Lama-Ruiz, J. R. (2024). A framework for
sustainable manufacturing: Integrating Industry 4.0 technologies with Industry 5.0 values.
Sustainability, 16(4), 1364. https://doi.org/10.3390/sul6041364

Michal, Z., Peter, P., Tomas, B., Basl, J., & Michal, S. (2021). Industry 4.0 maturity model
assessing environmental attributes of manufacturing company [Preprint]. Applied Sciences.
https://doi.org/10.20944/preprints202105.0149.v1

Narkhede, G. E., Pasi, B. N., Rajhans, N. R., & Kulkarni, A. P. (2024). Industry 5.0 and
sustainable manufacturing: A systematic literature review. Benchmarking: An International
Journal. Advance online publication. https://doi.org/10.1108/bij-03-2023-0196

Ngai, E. W. T., Chau, D. C. K., Poon, J. K. L., & To, C. K. M. (2013). Energy and utility
management maturity model for sustainable manufacturing process. International Journal of
Production Economics, 146(2), 453-464. https://doi.org/10.1016/].ijpe.2012.12.018

Oléh, J., Aburumman, N., Popp, J., Khan, M. A., Haddad, H., & Kitukutha, N. (2020). Impact
of Industry 4.0 on environmental sustainability. Sustainability, 12(11), 4674.
https://doi.org/10.3390/sul2114674

Pigosso, D. C. A., Rozenfeld, H., & McAloone, T. C. (2013). Ecodesign maturity model: A
management framework to support ecodesign implementation into manufacturing companies.
Journal of Cleaner Production, 59, 160—173. https://doi.org/10.1016/j.jclepro.2013.06.040
Saari, L., Valkokari, K., Martins, J., & Acerbi, F. (2024). Circular economy matrix guiding
manufacturing industry companies towards circularity—A multiple case study perspective.
Circular Economy and Sustainability, 4, 2505-2530. https://doi.org/10.1007/s43615-024-
00385-3

Shukla, G., & Adil, G. K. (2021). A four-stage maturity model of green manufacturing
orientation with an illustrative case study. Sustainable Production and Consumption, 26, 971—
987. https://doi.org/10.1016/j.spc.2021.01.009

Jamwal, A., Agrawal, R., & Sharma, M. (2025). Developing a maturity model for Industry 4.0
practices in manufacturing SMEs. Operations Management Research, 18(2), 718-743.
https://doi.org/10.1007/s12063-025-00545-0

Yip, W. S., Zhou, H., & To, S. (2023). A critical analysis on the triple bottom line of
sustainable manufacturing: Key findings and implications. Environmental Science and
Pollution Research, 30,41388—41404. https://doi.org/10.1007/s11356-022-25122-x

a8l s aslws¥l mslell bouus ¥l § il Ao


https://doi.org/10.1177/002224378101800104
https://doi.org/10.3390/app15074041
https://doi.org/10.1016/j.jclepro.2019.119869
https://doi.org/10.1002/bse.2867
https://doi.org/10.3390/su142417010
https://doi.org/10.1016/j.procir.2023.02.066
https://doi.org/10.3390/su16041364
https://doi.org/10.20944/preprints202105.0149.v1
https://doi.org/10.1108/bij-03-2023-0196
https://doi.org/10.1016/j.ijpe.2012.12.018
https://doi.org/10.3390/su12114674
https://doi.org/10.1016/j.jclepro.2013.06.040
https://doi.org/10.1007/s43615-024-00385-3
https://doi.org/10.1007/s43615-024-00385-3
https://doi.org/10.1016/j.spc.2021.01.009
https://www.google.com/search?q=https://doi.org/10.1007/s12063-025-00545-0
https://doi.org/10.1007/s11356-022-25122-x

