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Aim and RQs

* Examine how firms’ digital investments enable green investments
in the unfolding of the twin transition (TT).

* Investigate the mechanisms and disentangle the causal nature of this
TT mvestment relationship: from digit to green.

* Explore whether human capital (at the management and shop-floor
levels) can reinforce this TT investment relationship.



Background literature

Increasing research about the TT at the firm level (Diodato et al., 2023).

* TT (in a nutshell): new digital technologies (¢.g. Al, IoT, ...) provide firms with
environmental opportunities (e.g., energy efficiency, ...) and challenges (e.g., CO2 emissions
and (critical) raw material shortage) (Faucheux & Nicolai, 2011).

* Dominant view: digital investments equip firms with capabilities to develop new green
technologies (Montresor & Vezzani, 2023; Yang et al., 2024; Qi et al., 2024; Cattani et al.,
2024, ..., Antonioli et al., 2025; ...):

1. Sensing & instrumentation — Data visibility lowers uncertainty and improves (green inventive)
“decision making” (Brynjolfsson & McElheran, 2016);

1. Codifying & integrating — Turning dispersed signals into codified, (digit) interoperable (green)
knowledge (Arora & Gambardella, 1994);

i11. Modeling & learning — Recombination of (digital and green) knowledge components to generate
(TT) innovation (Fleming, 2001; Cockburn et al., 2023).



Background literature (cont’d)

New (and more direct) focus: digital investments unlock firms’ green investments:

Cost and payback improvement: sensors and analytics better quantify possible

energy/materials savings = green uncertainty falls = more green projects with + NPV (Dixit
& Pindyck, 1994).

De-risking via measurement and pilots: digital twins and real-time monitoring allow
experimentation and updating = conversion of lumpy green bets into “a sequence” of green
steps (Trigeorgis, 1996).

Complementarity: digital and green investments raise returns together = super-modularity
(Milgrom & Roberts, 1995).

» Digital and green investments reinforce each other also financially: their synergies lower uncertainty and funding
constraints by generating verifiable efficiency gains (Biggi et al., 2025)

Finance access: digital control makes green equipment performance verifiable = information
asymmetry reduction = external financing for green investments (Myers & Majluf, 1984).



Background literature (cont’d)

Contextualising the TT investment relationship: Firms’ human capital helps strengthen
the link between digital and green investments, at two levels:

 Management level: well-educated managers use digital information to build credible
business cases and pilot projects, which increases the likelihood that digital tools lead
to green investments (Bloom et al., 2012; Brynjolfsson & McElheran, 2016).

* Shop floor level: trained employees operate digital systems properly, maintain data

accuracy, and adjust processes, making digital-green projects more reliable and scalable
(Bresnahan & Hitt, 2002).



Data

Source: Rilevanzione Imprese e Lavoro (RIL): Mandatory survey* conducted by INAPP,
covering a representative sample of Italian partnerships and LLCs of all size classes operating the

private, non-agricultural sectors. Waves: 2018, 2022 (info refer to 2017, 2021; partial panel:
about 35%)

e In the 2022 wave:

" a question regarding firms’ green investments in the period 2019-2021: (1) energy efficiency, (i1)
green technological change, (ii1) input saving, (iv) circularity
" a question regarding firms’ investments in digital technologies in the period 2019-2021: (1)

Robots, (11) IoT, (ii1) augmented & virtual reality (AR-VR), (i11) big data analytics and cloud
computing (BDA), (iv) information security and upgrading (ISU), (v) artificial intelligence (Al);

 + 2018 wave (info refers to end of 2017//2015-2017): information on firm size, firm age,
industrial group; firms investments in R&D, K, ICT; export status; CEO characteristics: age,
gender, “external”, education, compensation mechanism; workforce composition by education,
age, type of contract; industrial relations: 2" level wage bargaining.

*INAPP belongs to SISTAN



Data

Dependent variable

* InvGreen;; = 1 if firm i invests in at least one green domain (energy efficiency, green
technological change, input savings, circularity) in 2019-2021 (wave: 2022), =
0 otherwise.

Main explanatory variable

* InvDig;; = 1 if firm i invests in at least one digital technology (Robots, IoT, AR-VR,
big data analytics and cloud computing, information security and upgrading, Al) in
2019-2021 (wave: 2022), = 0 otherwise.

Descriptive statistics




Empirical models

Baseline probit model

The probability of green investments as the observable outcome of a latent variable, the green
investment intensity (InvGreen™;;) in 2019-2021, which, in turn, depends on some proxies of
digital investments and controls.

The model can be written as:
1if InvGreen™;; > 0

InvGreen;, =
. { 0 else
and

InvGreen*;; = a + BInvDigy + Xip_1Y + Ur + ks + &3¢ (1)

where:
* InvDig;;: dichotomous variable = 1 if the firm has invested in digital technologies in 2019-2021
 X;,_, :control variables from the 2018 wave;

* u,: NUTS2 regional FEs, k,: NACE 2-digit industry FEs, ¢;;: error term.



Empirical models

An 1V probit approach

Instrument: “Leave-one-industry out” regional exposure to fiscal incentives for investments in DT

. > Recipients of incentives
Incentives_exp,g = =X=s Tkt (5)
Zk;ts NT‘kt

Recipients of incentives,,; = z Incentives; ; Ny = #{firmsin (r, k,t)}
Le(T,k,b)

Firm i (in region r and industry s) local “exposure” to incentives for investments in digital technologies
(Iper // superdepreciation and Nuova Sabatini), excluding the own-industry s.

Relevance. It is a proxy for the regional externalities of fiscal incentives from other industries (Bratta et al., 2020;

Bocci et al., 2021) in the same territory:

* policy awareness and “peer” effect: to see that geographical (but not technological) closely-located peers use the
incentive should increase the awareness and reduce the its uncertainty;

* local “infrastructures” (consultants, training and assistance): reduction of barriers to use the incentive

Exclusion restriction. These channels act on investments in digital technologies and not (directly) on a firm’s green
investments.



Empirical models

An 1V probit approach

First stage:
InvDig;; = m, + miIncentives_exp,ss + Xip_1Y + Uy + ks + &t (2),

where i: firm; 7: region; s: industry

Second stage:

InvGreen;; = a + BInvDig;; + Xj_1Y + Uy + ks + € (3)



Empirical models

Probit model with interactions: the role of human capital

InvGreen;; = a + B{InvDig;; + B,HC;; + B3s(HC;; X InvDig;;) +

+XG1Y + U + ks + & (4)

where:

InvDig;;: dichotomous variable = 1 if the firm has invested in digital technologies in 2019-2021

HC;,;: refers to either a proxy for CEO’s human capital (education) or the firm’s workforce exposure to
on-the-job training policies

X;,_, :control variables from the 2018 wave;

U NUTS2 regional FEs, k: NACE 2-digit industry FEs, ¢;;: error term.



Econometric results (I)

Results: probit and IV probit

Probit 1V probit
Digital investment (InvDig) 0.210%** (.007) 0.256%*(0.123)
Firm size (In employment) 0.042%** (.003) 0.041***(0.008)
Investments in R&D 0.008 (.011) 0.003(0.017)
Investments in Equip/Machinery 0.043*** (.009) 0.042***(0.010)
ICT investments 0.039%** (.009) 0.037***(0.014)
Exporter 0.008 (.010) 0.009 (0.012)
Firm age 0.002 (.007) 0.001 (0.007)
Age class CEO 25-34 0.013 (.018) 0.014 (0.019)
Age class CEO 35-49 0.003 (.018) 0.004 (0.018)
Age class CEO 50plus -0.004 (.0182) -0.002 (0.018)
CEO education class_sec 0.031** (.011) 0.035***(0.012)
CEO education class_tert 0.029* (.013) 0.031*%(0.014)
External CEO 0.004 (.018) 0.006(0.019)
Gender CEO -0.001 (.011) 0.001 (0.012)
Retribution CEO -0.002 (.008) -0.002(0.008)
Employment edu_sec -0.007 (.0153) -0.008(0.016)
Employment edu_tert 0.028 (.0226) 0.023(0.025)
Employment age class 50plus -0.013(.042) -0.018 (0.045)
Employment age class 25-34 0.020(.045) 0.022 (0.047)
Employment age class 35-49 -0.024 (.041) -0.028 (0.043)
Training employment 0.033*** (.009) 0.032***(0.011)
Temporary employment 0.023 (.024) 0.026 (0.025)
Second level barbaining 0.016 (.118) 0.015(0.013)
Industrial group -0.002 (.0111) -0.002 (0.011)
N 10,336 10,336
REGION FE YES NO
INDUSTRY FE YES YES

Note: t statistics in parentheses, control variables are lagged at the previous wave (t-2).
* p<0.05, ** p<0.01, *** p<0.001.




Econometric results (I)

Heterogeneity by type of green investments

Variable InpSav Circular
Digital investment (InvDig) 0.113*%* 0.0723*%*
Firm controls YES YES
Region FEs YES YES
Industry FEs YES YES
N 10,336 10,336

GreenTechChan
0.157%**
YES
YES
YES

10,336

Note: * p<0.05, ** p<0.01, *** p<0.001. InpSav stands for investments in input saving, Circular for investment in circular economy, Eneff stands for investments in energy efficiency, while

GreenTechChan for investments in green technological change

Heterogeneity by firm size

Variable

Probit (micro-small)

Probit (medium-large)

Digital investment (InvDig)
Firm controls

Region FEs

Industry Fes

N

0.180***
YES
YES
YES
7,197

0.280%**
YES
YES
YES
3,112

Note: * p<0.05, ** p<0.01, *** p<0.001.




Econometric results (I1I)

Average Marginal Effects

The role of CEOs’ HC

Probit
Digital Investment (InvDig) 0.581%** (0.074)
CEO education Class
2 0.018 (0.055)
3 0.015 (0.064)
InvDig# CEO education Class
12 0.260*** (0.085)
13 0.245*** (0.090)
CONTROLS YES
REGION FE YES
INDUTRY FE YES
N 10336

Note: * p<0.05, ** p<0.01, *** p<0.001.

InvDig# CEO education
Class

0-2

0-3

1-2

1-3

0.169%**
(0.007)

0.168%***
(0.009)

0.423%%*
(0.011)

0.416%**
(0.013)




Econometric results (I1I)

The role of on-the-job training for the firm’s workforce

Average Marginal Effect at different quantiles of the

InvGreen share of training employment
Digital Investment (InvDig) 0.735%** (0.047)
InvDig# Training employment InvGreen
Training employment 0.066 (0.049)
InvDig# Training employment 0.123* (0.071) 0.25 0.225%**
° s TPy : : ' (0.010)
CONTROLS YES (0.238***
0.50 .0 009
REGION FE YES ( ’ )
0.257%**
INDUTRY FE YES 0.75 (0.011)
N 10336 . 0.264%%%*
(0.014)
Note: * p<0.05, ** p<0.01, *** p<0.001.




Conclusions and future research

Takeaways

= Digital — green: Firms investing in digital technologies are more likely to undertake green
investments; the effect is significant across the whole green project «spectrumy.

= (Causality (IV): Local exposure to digital tax incentives predicts digital adoption and, in turn, green
investment

= Human capital positively moderate the relationship: more educated managers and trained workers
strengthen the digital-green link

= Heterogeneity: Effects differ by firm size

Future research

= Mechanisms: strengthening the main results via test of cost and payback improvement // de-risking
via measurement and pilots // complementarity // finance

= [dentification: alternative instruments (shift [changes at the national level in fiscal incentive take-
up]/share [regional 2017 quotas])



Appendix - Background literature (cont’d)

New (and more direct) focus: digital investments complement firms’ green investments (Biggi
et al., 2025):

 Digital investments: consistent upfront costs (hardware/ software, employee training, and
business process restructuring) = financial constraints (Aral et al., 2024; Wu et al., 2020).

* Green investments: double externality problem (Jaffe et al., 2005), regulatory uncertainty,
high perceived risk = financial constraints (Cecere et al., 2020).

* Synergies (e.g. Smart Grids, Virtual Power Plants, Smart Meters, IoT-based emission
monitoring, Al-driven waste management): upfront capital, but long-term cost-saving potential
(reduced operational expenses, improved asset utilization) (Liao et al., 2024; Aunedi & Green,

2020; Naval & Yusta, 2021; Fang et al., 2023) = lowering financial constraints (Biggi et al.,
2025).



Appendix — RIL questionnaire

Questions regarding firms’ digital and green investments

L3. Nel periodo 2019-2021 I'impresa ha effettuato investimenti in beni materiali o immateriali o acquistato servizi relativi alle
seguenti aree tecnologiche da utilizzare per le proprie aftivita:

Si Mo

L:a.= Soluzioni di “Internet delle cose” efo realta aumentata e virtuale

Lo Stampanti 3d

L2e.o Robotica

L3d.o Cloud Computing o Big Data Analytics

L3=.o Applicazioni web o app o Vendite onling

L3f.o Sicurezza informatica o aggiomamento della strumentazione esistente
Lag.o Intelligenza artificiale

Lan.o Altro: specificare. ...

L5a. Nel periodo 2019-2021 I'impresa ha effettuato investimenti “green” nelle seguenti categorie:
Si No

Lsa.o Efficienza energetica L I I
Lse.o Sviluppo tecnologico L I J
1 | J
1 | J

Lse.o Risparmio di risorse
Lsd.o Circolanta




Percentage

Appendix - descriptive statistics

Fig. 1.a — Distribution of firms by number of digital Fig. 1.b — Distribution of firms by number of green
investments (0-5). investments (0-4)
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Appendix - descriptive statistics

Fig. 2 — Distribution of firms by combination of
investments type numbers (0-4 green; 0-6 digit)
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