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From our previous study to a new research question

Benedek, B., Csiki, O., Demeter, K., Losonci, D., & Szasz, L. (2025). Financial impact of digitalization — A time-
lagged analysis. International Journal of Production Economics, 288, 109699.

Table 1
Studies that the impact of digitalization on the busi and financial performance of companies.
Author(s) Country Industry,/Firms N {final 14.0/digital manufacturing Financial performance measures Lagged Method
cample) Technologies Datasource =~ ROE  ROA  Sales/ Asset Other indicators Datasouzee  SoeCt
Profit ‘turnover
China Manufacturing 180 1oT; Cloud computing; Survey - Sales (+); - Market share (+);  Survey-Last  No Moderated
Big data Analytics (Likert seale) ROS (+); ROI (+) 3 years mediation
Profit (+) model
Lietal China Manufacturing 192 Big data analytics; [oT; Survey - Sales (+]; - ROI (+) Survey No Moderated
(2022) AL Cloud computing; (Likert seale) Profit (+); mediation
Blockehain ROS (+) maodel
Demeter ecal  Global Manufacturing 165 AMT (e.g., 3D printing);  Sumvey - Netprofit - - Survey - Last  No Stuctural
(2024) Smart technologies (e.g.,  (Likert scale) (o) 3 years Equation
big data, simulation) Sales (O); Modelling
Change in
net profit
[Le]
REPORT
Global Automotive 81 I1oT, Cloud computing, Survey - Profit - - Amadeus No Structural
supplier (one Big data analyticz (scale: 0/1) margin (average for Equation
network) =) 2020 and Modelling
2021)
Bettiol et al. Italy Selecred 1149 Robotics, Additive Survey ROE ROA EBITDA/S - - Reports Yes Regression
(2019} manufacturing manufacturing, Laser iscale: 0/1) =) +) Sales (+); average of analyses
industries cutting, Big data and ROS (+) 2014, 2015,
cloud, Scanner 3D, 2016
Augmented reality, IoT/
Intelligent products
REPORT AND ANNOUNCEMENT
Abou-Foul 7 European  Manufacturing 185 No technologies Survey - - - - Aggregate measure  Survey - No Structural
etal (2021}  countries ineluded (perceived (Likert seale) of finanecial current Equation
+ USA level of digitalization of performance perception Modelling
products and processes) (revenue,
profitability,
‘market share) (+)
UK UK FTSE AllShare 1000 Constructed word pool Reports - ROE ROA - - - Report Yes OLS; fixed-
(2022) nonfinancial firms observation CFIE-FRSE £ “+) effect model;
saftware random-effect
model; Tobit
model
Cheng et al. China Manufacturing 2281 Eeyword search CSMAR - ROA ROS (0) Asset - CSMAR Mo Regression
(2023) (includes separate (digitalization-related +) turnover (+) database;
analysis for words) 2010 to 2019
services)
China A-listed (non-high 13,571 frm- Eeyword search (216 Cninfo Web ROE ROA - - Total factor ‘Wind Yes Regression
tech and non- year words) = =) productivity (+) database;
financial) firms observation 2013 to 2020
China Listed firms in the 460 Keyword search (I4.0- Annual ROE - ROS (0) Asset CMR - Capital 2011 to 2017 No Difference in
manufacturing related terms) Teport, semi- ) turnover (0);  market annual difference
sectar yearly report Inventory return (£}
and quarterly ‘turn rate (03
repart
Yang etal China Lizted 515 Keyword search (1 term: CSMAR - ROA - - - Wind ez Difference in
(2020) manufacturing intelligent +) database; difference
firms manufacturing) 2014 to 2019
{continued on next page)
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Conventional Explanations

 Different financial indicators used
(ROA, ROE, revenue growth, turnover)

« Heterogeneous measurement of
digitalization

* Ignoring time-lag effects




Benedek, B., Csiki, O., Demeter, K., Losonci, D., & Szasz, L. (2025). Financial impact of digitalization — A time-

From our previous study to a new research question

lagged analysis. International Journal of Production Economics, 288, 109699.

Conventional Explanations

Different financial indicators used
(ROA, ROE, revenue growth, turnover)
Heterogeneous measurement of
digitalization

Ignoring time-lag effects

Our Proposition

« The relationship between
digitalization and different
performance indicators
may be more complex.




The implicit assumption in the literature

Some example of works examining the relationship between digitization and financial performance: Alkaraan el al.
(2022), Cheng et al. (2023), Guo et al. (2023), Lin et al. (2023), Yonghong et al. (2023), Zhao et al. (2024)

Our observations:
1. Most empirical work treats digitalization as exogenous to performance
2. Direction is typically assumed as digitalization — performance

3. In contrast to other fields, such as finance, causality in this context has
surprisingly not yet been formally tested



The implicit assumption in the literature

Some example of works examining the relationship between digitization and financial performance: Alkaraan el al.
(2022), Cheng et al. (2023), Guo et al. (2023), Lin et al. (2023), Yonghong et al. (2023), Zhao et al. (2024)

Our observations:
1. Most empirical work treats digitalization as exogenous to performance
2. Direction is typically assumed as digitalization — performance

3. In contrast to other fields, such as finance, causality in this context has
surprisingly not yet been formally tested

This represents the research gap we aim to address: specifically, to test
the potentially bidirectional relationship between digitalization and firm
performance, while explicitly accounting for lagged effects



Data and methodology

Our empirical approach is based on the systematic analysis of annual reports of the largest automotive
manufacturers and suppliers.

|dentification of the largest car manufacturers and suppliers as potential companies to be included
1. in our sample.
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1 |dentification of the largest car manufacturers and suppliers as potential companies to be included

in our sample.

2 We created a measure for digitalization based on the frequency of digitalization-related terms,
' recognizing the lack of commonly accepted metrics in the literature.

2.1.

First constructed the so-called Overall
Digitalization Index, which includes 142
digitalization-related terms.

2.2.

We developed sub-indices by grouping these
142 terms in a way that allows us to
distinguish between, traditional digital
technologies, advanced digital
technologies, and Al-related technologies.
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Data and methodology

Our empirical approach is based on the systematic analysis of annual reports of the largest automotive
manufacturers and suppliers.

1 |dentification of the largest car manufacturers and suppliers as potential companies to be included
' in our sample.
2 We created a measure for digitalization based on the frequency of digitalization-related terms,
" recognizing the lack of commonly accepted metrics in the literature.
We developed sub-indices by grouping these
First constructed the so-called Overall 142 terms in a way that allows us to
2.1. Digitalization Index, which includes 142 2.2. distinguish between, traditional digital
digitalization-related terms. technologies, advanced digital
technologies, and Al-related technologies.
3 Gathering firm performance indicators (ROE, EBITDA margin, fixed asset turnover) from Thomson
' Reuters Refinitiv database.
4 Finally, the data is analyzed using Dumitrescu and Hurlin (2012) heterogeneous panel Granger
: causality test.
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Data and methodology

The sample was constructed through a systematic multi-stage selection process to ensure relevance, data
availability, and consistency across firms.

The sample of companies comprised the 200 The analyzed timeframe spanned from 2012
Sample largest OEMs and suppliers in the to 2024. This period was chosen as it starts
automotive industry, including battery from the emergence of the term "Industry 4.0"
manufacturers. in 2012.
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Data and methodology

The sample was constructed through a systematic multi-stage selection process to ensure relevance, data
availability, and consistency across firms.

Sample

The sample of companies comprised the 200
largest OEMs and suppliers in the
automotive industry, including battery
manufacturers.

The analyzed timeframe spanned from 2012
to 2024. This period was chosen as it starts
from the emergence of the term "Industry 4.0"
in 2012.

Data sources

The annual company reports were obtained by
downloading them from the respective
company websites.

Financial data were retrieved from the
Thomson Reuters Refinitiv database.

Exclusion

We excluded those companies whose
reports did not contain sections related to
corporate digitization, strategy or future plans
and were simply financial reports required by
legislation or the stock exchange supervision
(e.g. Form 10-K type reports).

We also excluded companies for which there
were no usable reports for at least 7 years
out of the sampled 13-year period, as well as
those for which financial data was missing
from Thomson Reuters.
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Data and methodology

The sample was constructed through a systematic multi-stage selection process to ensure relevance, data
availability, and consistency across firms.

The sample of companies comprised the 200 The analyzed timeframe spanned from 2012
Sample largest OEMs and suppliers in the to 2024. This period was chosen as it starts
automotive industry, including battery from the emergence of the term "Industry 4.0"
manufacturers. in 2012.

The annual company reports were obtained by
Data sources downloading them from the respective
company websites.

Financial data were retrieved from the
Thomson Reuters Refinitiv database.

We excluded those companies whose
reports did not contain sections related to
corporate digitization, strategy or future plans

We also excluded companies for which there
were no usable reports for at least 7 years

Exclusion ) ) ) : out of the sampled 13-year period, as well as
and were simply financial reports required by : . : o
. . those for which financial data was missing
legislation or the stock exchange supervision
from Thomson Reuters.
(e.g. Form 10-K type reports).
: After the exclusions, we examined 849 annual reports from 24 OEMs and 49 suppliers.
Final sample

All companies are publicly listed companies.
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Data and methodology

Comparison of financial metrics between reporting (final sample) and non- or incompletely reporting (benchmark)
companies, and between top 100 and ranked 101-200 companies

Comparison between sample and non-sample companies
Firms with available annual reports and financial data versus firms with financial data only

ROE (%) EBITDA margin (%) Fixed asset turnover
= Sample companies = = = Non-sample companies e Sample companies = = = Non-sample companies = Sample companies = = = Non-sample companies
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Comparison of TOP 100 and ranked 101-200 companies

ROE (%) EBITDA margin (%) Fixed asset turnover
== TOP 100 === Ranked 101-200 =——TOP 100 === Ranked 101-200 =—TOP 100 === Ranked 101-200
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Data and methodology

We apply the Dumitrescu—Hurlin (2012) heterogeneous panel Granger causality test to examine the potentially
bidirectional relationship between firm-level digitalization and performance.

Test equation for heterogeneous
panel Granger causality

Yit =qj + ZBk Yi,t—k + ZYk Xi!t—k T Eip

Ho: homogeneous non-causality (no
firm shows causality)

H,: causality for at least a subset of
firms (heterogeneous effects)



Data and methodology

We apply the Dumitrescu—Hurlin (2012) heterogeneous panel Granger causality test to examine the potentially
bidirectional relationship between firm-level digitalization and performance.

Test equation for heterogeneous

nanel Granger causality Why this method?

Suitable for panels with

cross-sectional heterogeneity
* Does not impose

homogeneous causal effects

Yit =qj + ZBk Yi,t—k + ZYk Xi!t—k T Eip

Ho: homogeneous non-causality (no across firms
firm shows causality) « Tests homogeneous non-
H,: causality for at least a subset of causality vs. causality for at

least a subset of firms

firms (heterogeneous effects)
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Data and methodology

We apply the Dumitrescu—Hurlin (2012) heterogeneous panel Granger causality test to examine the potentially
bidirectional relationship between firm-level digitalization and performance.

Why this method? A large OEM investing millions in

. Suitable for panels VM digital transformation will likely see

fional het " different performance effects than a
cross-sectional heterogeneity \ smaller supplier which just
* Does not impose

homogeneous causal effects introducing a few digital tools. It
. would be unrealistic to assume the
across;] rms same effect for both. The
* Tests l_omogeneouls_, n?n- Dumitrescu—Hurlin test allows the
I(:ea;siaalt;/u\kl)ze(tziﬁﬁrlrté orat relationship to differ across firms
instead of forcing a uniform impact.




Results in a nutshell

Financial variables

(outcome) Digitalization (cause) 1 year lag 2 years lag
Fixed asset turnover Overall digitalization index 3.367*** 3.514%**
Fixed asset turnover Traditional digital technologies index 4.046%** 5.349%**
Fixed asset furnover Advanced digital technologies index 1.982** 1.763*
Fixed asset turnover AT index 4.685%** 3.289%**
EBITDA Overall digitalization index 1.471 0.841
EBITDA Traditional digital technologies index 3.101*** 2.918%**
EBITDA Advanced digital technologies index 2.442** 0.471
EBITDA AT index -0.005 -0.633
ROE Overall digitalization index 2.124** 2.918%**
ROE Traditional digital technologies index 5.606>** 3.603%**
ROE Advanced digital technologies index 3.616%** 4.395%**
ROE AT index 0.325 1.764%

Bold: significant values at *** p<=0.001; ** p<=0.05; * p<=0.10
]
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Results in a nutshell

Financial variables

Digitalization (outcome) (cause) 1 year lag 2 years lag
Overall digitalization index EBITDA 1.817* 1.003
Traditional digital technologies index EBITDA 3.497%** 3.508%**
Advanced digital technologies index EBITDA 1.543 2.645%**
Al index EBITDA 3.075%%* 1.655%
Overall digitalization index Fixed asset turnover 1.681* 1.867*
Traditional digital technologies index Fixed asset turnover 0.845 1.288
Advanced digital technologies index Fixed asset turnover 2.402** 1.604
Al index Fixed asset turnover 1551 4.242%**
Overall digitalization index ROE 0322 3. 442%**
Traditional digital technologies index ROE 1.249 2.52%*
Advanced digital technologies index ROE 0.464 1.765*
Al index ROE 4.684%%F 4.214%%%

Bold: significant values at *** p<=0.001; ** p<=0.05; * p<=0.10
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Conclusions: Digitalization — Performance

Main findings

 Digitalization significantly improves
firm performance within 1-2 years

* Fixed Asset Turnover shows the
strongest and most consistent
effects — improved operational
efficiency

 EBITDA results are weaker and less
consistent — aligned with prior
literature (ex. Benedek et al., 2025;
Yonghong et al., 2023)
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Conclusions: Digitalization — Performance

Main findings

Digitalization significantly improves
firm performance within 1-2 years
Fixed Asset Turnover shows the
strongest and most consistent
effects — improved operational
efficiency

EBITDA results are weaker and less
consistent — aligned with prior
literature (ex. Benedek et al., 2025;
Yonghong et al., 2023)

Sub-index insights

Traditional digital technologies
affect all financial measures across
time horizons — likely due to the
long presence of these technologies
IN companies

Al technologies show limited short-
term financial impact — many firms
are still in early implementation
phases
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Key insight
* Financial performance also predicts subsequent digitalization
« This direction is underexplored in the literature
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Patterns

- EBITDA affects digitalization in both
short and longer horizons
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In the longer term

* Fixed Asset Turnover has the
weakest reverse effect




Reverse Direction: Performance — Digitalization

Key insight

* Financial performance also predicts subsequent digitalization
« This direction is underexplored in the literature

Patterns

- EBITDA affects digitalization in both
short and longer horizons

* ROE influences digitalization mainly
In the longer term

* Fixed Asset Turnover has the
weakest reverse effect

Al-specific conclusion

Al already improves asset turnover
No clear impact yet on ROE or
EBITDA

Implementing Al appears to require
a strong financial base




Toward a “Digitalization—Performance Value Spiral”

The reinforcing dynamic

3] Higher asset
2) Accelerated efficiency
digital investment

1] High profitability (1—2 year horizon)

& ROE \/
firm-wide digital
integration

expand investment
capacity




Toward a “Digitalization—Performance Value Spiral”

The reinforcing dynamic
The strategic

objective for the top

leads to higher profitability &) the-eycle ™~y management of a
large automotive

3] Higher asset

3] Accelerated efficiency company is to move
digital investment the firm upward
1] High profitability (1-2 year horizon) _al_ong th.e
& ROE “Digitalization—-
firm-wide digital Performance Value
\/ integration

Spiral”

expand investment
capacity
1 30
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Appendix



No. of

Relative

Standard

Variable categories Variable names Mean Median Minimum Maximum L. standard
obs. deviation .
deviation
Financial performance EBITDA 035 0,137 0,130 -0,111 0,381 0,061 44%
Earning power ROE 832 0,134 0,123 -0,694 2,577 0,158 117%
Operational performance Fixed asset turnover 919 3.422 3.074 0,883 14,675 1.730 51%
Digitalization indices Owerall digitalization index 849 0,229 0,193 0,000 1,000 0,129 56%
Digitalization indices Traditional digital technologies index 849 0,146 0,118 0,000 1,000 0,111 76%
Digitalization indices Advanced digital technologies index 849 0,067 0,037 0,000 1,000 0,099 148%
Digitalization indices AT index 849 0,132 0,110 0,000 1,000 0,102 77%
Table 2: Descriptive statistics of the variables used in our panel data regression analysis
Traditional Advanced
Fixed asset Vo ol digital digital
EBITDA ROE digitalization grat gnat AT index
turnover . technologies technologies
index . ,
index index

EBITDA 1,000
ROE 0,299 1,000
Fixed asset turnover -0,192 0,327 1,000
Ovwerall digitalization index 0,021 0,035 0,131 1,000
Traditional digital technologies index 0,066 0,072 0,093 0,727 1,000
Advanced digital technologies index 0,014 -0,015 0,061 0,692 0,560 1,000
AT index 0,017 0,097 0,106 0,715 0,472 0,517 1,000

Table 3: The correlation matrix of the variables used



2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Ovwerall digitalization
index g 0177 0177 0,1% 0179 0200 0,219 0,230 0234 0230 0234 0275 0291 0,287
OEM 0,183 0,189 0,195 0,192 0226 0231 0246 0240 0225 0256 028 0288 07282
Supplier 0,174 0,171 0191 0,172 0186 0212 0222 0231 0232 0233 0270 0292 07290
Traditional digital

_ & 0,10 0,103 0115 0,114 0,134 0,146 0,160 0,161 0,155 0,166 0,166 0170 0,171
technologies index
OEM 0,093 0,005 0109 0,114 0137 0.13% 0,172 0,166 0,125 0147 0,140 0134 0,145
Supplier 0,112 0,106 0,118 0115 0133 0,138 0,153 0159 0,167 0175 0179 0177 0,185
Advanced digital

IS 0,037 0,039 0,057 0,045 0,053 0,064 0,081 0,066 0,082 0,074 0082 0,089 0,080
technologies index
OEM 0,024 0035 0042 0043 00537 0033 0075 0034 0061 0034 003% 00656 0034
Supplier 0,045 0,042 0062 0046 0031 0070 0084 0072 0092 0033 00594 0101 0,093
Al index 0,10 0,103 0,20 0,122 0,133 0144 0145 0,138 0,120 0,129 0142 0,143 0,156
OEM 0,162 0,164 0,133 0,162 0201 0203 0206 0,120 0,145 0139 0175 0135 0,177
Supplier 0071 0062 0097 00% 0098 0112 07114 0,112 0107 0,115 0126 0,123 0,144

Table 4: The evolution of average digitalization indices values in the case of OEMs and suppliers



