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• 1. Aim and RQs

• Investigate the extent to which firms’ human capital (HC) contribute to 
their twin transition (TT) capacity.

• Disentangle the TT role of human capital by retaining the multi-
dimensional nature of the TT,

• …. and the twofold nature of HC, by education and by training.



• 2. Background literature

• Two transitions – (1) green (or net-zero) transition and (2) digital 
transformation – unfolding in parallel and interlinking à “Twins” !!!

• Policy origins, to “help” the twins:
• EU: European Green Deal (COM, 2019), State of the Union Address by President von 

der Leyen (European Parliament, 2020), Next Generation EU (2020), …Green Deal 
Industrial Plan (EU, 2023);

• Outside Europe: US (Inflation Reduction Act, 2022); China (《数字化绿⾊化协同转型
发展实施指南, GOV.CN, 2024); United Nations (COP27), … Norway (Grønt industriløf, 
2022). 

• Research: “policy running ahead of theory” (Foray et al., 2011), and “ahead of 
evidence” (Kovacic et al., 2024).



• 2. Background literature
• Extant research about the TT (in a nutshell):

• 1) “Digital for green” (outside the ICT): incentives, capabilities, barriers, 
mechanisms, industrial, economic and institutional conditions, policies;

• Dominant research stream, at different levels (see Bello et al., 2025): firm-level
(Montresor & Vezzani, 2023; Cattani et al., 2024, Qi et al., 2024, Antonioli et al., 2025); 
country/regional level (Vasconcelos-Garcia & Carrilho-Nunes, 2024; Cicerone et al., 
2023; Faggian et al. 2025); technology level (Aklilu et al., 2025; Nelli et al., 2025; 
Nomaler et al., 2025).

• 2) “Digital made greener” (within the ICT): organisational capacities, market 
pressure, energy prices and sources, digital eco-systems, standards (EPEAT/TCO), 
regulations.

• Growing research stream: Malmodin et al., 2024; Ruberti, 2024; Mytton, 2022; 
Polverini et al., 2021; …



• 2. Background literature
• TT enablers at the firm level:

• structural features: size, foreign ownership, … (Menéndez & Lavopa, 2025; Kren & 
Lawless, 2024; Kesidou & Ri, 2021);

• digital and green knowledge base: greenness of ICT technologies (Cecere et al., 
2019); array of digital technologies for green  (Corrocher & Ozman, 2020); kind of 
digital technology (AI) for green (Montresor & Vezzani, 2023);

• firms’ location: urban vs. rural areas (Cattani et al., 2025); differences between 
macro-economic systems (e.g. US vs. EU) (Veugelers et al., 2023);

• capabilities: technological (digitalisation and innovativeness), organisational (age, 
size, finance, …) and environmental (GVC, collaborations, institutions, …) “readiness” 
correlate differently with the double (AIT #and# ENV) and triple (AIT #and# ENV 
#and# SOC) transitions (Añón-Higón & Torrent-Sellens, 2025).



• 2. Background literature
• TT enablers at the firm level (cont’d):

• Human capital and HRM practices:
• employees’ involvement in firms’ decisions, investing in training or hiring qualified employees, 

and rewarding performances correlate with firms being digital (Industry 4.0 funds) #and#
green (eco-innovating) (Antonioli et al., 2025).

• firms that invest in both digital and green are more likely to be innovative, and expand/ train 
their workforce (Veugelers et al., 2023).

• Human capital: both digital (Bresnahan et al., 2002; …) and green (Vona et al., 2018; 2019) 
initiatives/innovations require more skilful  HC (SBTC and RBTC), and so does their co-
occurrence.

• But! Gaps:
• Does HC help firms making digital functional to green? Digital #for# green?
• Does the nature of HC help differently with that?



• 2. Background literature

• Human capital and digital #for# green:

• Digital #for# green requires combinative capabilities (Kogut & Zander, 
1992; … Tödtling & Grillitsch, 2015): high-skill HC contributes to firm’s 
absorptive and transformative capacities (Zahra & George, 2002; Mason 
et al., 2019) à Education (% graduates).

• Digital #for# green requires process integration and reconfiguration 
(dynamic) capabilities (Pavlou & El Sawy, 2011; Warner & Wäger, 2019): 
trained HC contributes to learning routines to align departments, create 
data interfaces, … (Zollo & Winter, 2002; Argote et al., 2020) à Training
(% of on-the-job training).





• 3. Empirical application: data

• PRIN2022 GEOTWIN survey: capturing the TT of Italian firms in its multiple 
dimensions:

• i) integration rather than juxtaposition of transitions: digital #FOR# green, 
rather than digital #AND# green (Faucheux & Nicolaï, 2011);

• ii) many-to-many transitions matching: different digital technologies (e.g. IoT, 
cloud, big data, AI, …) for different environmental domains (e.g. processes, 
products, organisation, and value chain) (Kesidou & Ri, 2021);

• iii) transitions pairing at two levels: adoption (combination of existing 
practices) vs. innovation (development of new digital and green processes, 
products, …) (Griliches, 1957; Rogers, 1962; …). 



• Measuring the TT “multidimensionally”
• Separated domains: digital 

investments (adoption/innovation?) 
#AND# green solutions (adoption vs. 
innovation)



• Measuring the TT “multidimensionally”

• Integration of domains: AI solutions (adoption/innovation?) #FOR# 
optimised use of energy, raw materials and waste (adoption). 



• The PRIN2022 GEOTWIN Survey

• Target population & threshold: Italian firms with ≥10 employees, ATECO 2-digit sectors 10–
33, 35–39, 41–43, 59–63, 71–74. 

• Geography & coverage: Italy for the period 2021-2023 (year 2023). 
• Universe size: 108,499 firms.
• Sample size & precision: ~ 6,000 interviews; stratified design yields ~±1.2% margin of error at 

95% CI for the total sample. 
• Sampling plan: stratified random by macro-area (North-West, North-East, Centre, South & 

Islands) × ATECO group. 
• Mode & contact protocol: CAWI with 3 steps—PEC email invitation → PEC reminder → phone 

follow-up if still non-response.
• Questionnaire length & content: ~30 closed questions (+ firm profile) on digital adoption, 

green applications, enablers (skills/policy), barriers (finance/complexity) and digital-green 
combination.



• The PRIN2022 GEOTWIN Survey: descript. stats

Age class n %

New (0–1) 47 0.75 %

Young (2–5) 361 5.76 %

Early-mature (6–10) 557 8.89 %

Established (11–20) 1,084 17.29 %

Long-standing (21+) 4,213 67.21 %

Missing 6 0.10 %



• The PRIN2022 GEOTWIN Survey: descript. stats
Rank Industry Count % Cum. %

1 Manufacture of fabricated metal products, except machinery and equipment 1,015 16.2% 16.2%

2 Other professional, scientific and technical activities 833 13.3% 29.5%

3 Specialised construction activities 485 7.7% 37.2%

4 Manufacture of machinery and equipment n.e.c. 436 7.0% 44.2%

5 Construction of buildings 426 6.8% 51.0%

6 Manufacture of food products 369 5.9% 56.9%

7 Other professional, scientific and technical activities 284 4.5% 61.4%

8 Manufacture of rubber and plastic products 282 4.5% 65.9%

9 Repair and installation of machinery and equipment 268 4.3% 70.2%

10 Other manufacturing 249 4.0% 74.1%

11 Manufacture of basic metals 238 3.8% 77.9%

12 Manufacture of textiles 159 2.5% 80.5%

13 Manufacture of furniture 158 2.5% 83.0%

14 Manufacture of other non-metallic mineral products 152 2.4% 85.4%

15 Manufacture of electrical equipment 145 2.3% 87.7%

16 Manufacture of wood and of products of wood and cork, except furniture; manufacture of articles of straw and plaiting materials 140 2.2% 90.0%

17 Computer programming, consultancy and related activities 129 2.1% 92.0%

18 Manufacture of wearing apparel 129 2.1% 94.1%

19 Manufacture of chemicals and chemical products 125 2.0% 96.1%

20 Waste collection, treatment and disposal activities; materials recovery 124 2.0% 98.1%

21 Manufacture of leather and related products 122 1.9% 100.0%



• The PRIN2022 GEOTWIN Survey: descript. stats



• The PRIN2022 GEOTWIN Survey: descript. stats

Firms investing in R&D (2021 - 2023) Patenting firms by latest patent

Innovation profile of the surveyed firms



• The PRIN2022 GEOTWIN Survey: descript. stats

Investment in non-compulsory training % of workers with non-compulsory training

Training (% of sample firms)



• The PRIN2022 GEOTWIN Survey: descript. stats
Education (% of sample firms)

% of workers with tertiary education

6%



• The PRIN2022 GEOTWIN Survey: descript. stats
Digitalisation of the surveyed firms

Invested (2021 – 2023)
(all firms)

Innovated (2021 – 2023)
(4,138 investing firms, possible 
multiple choices)

Technology % invested % planning % Not n invested n planning n Not 
Cloud 36.2 % 17.6 % 46.2% 2,266 1,105 2,897
IoT 20.6 % 17.0 % 62.3% 1,292 1,068 3,908
Robotics 18.5 % 14.3 % 67.2% 1,158 899 4,211
Additive manufacturing 12.5 % 12.3 % 75.2% 784 772 4,712
Big data/Analytics 11.9 % 17.3 % 70.8% 749 1,084 4,435
Artificial intelligence 9.2 % 23.6 % 67.2% 578 1,479 4,211
Blockchain 5.7 % 11.4 % 82.8% 360 715 5,139

30%



• The PRIN2022 GEOTWIN Survey: descript. stats
Environmental profile of the surveyed firms

Environmental «practices» (2021 – 2023)
(all firms)



• The PRIN2022 GEOTWIN Survey: descript. stats
Environmental profile of the surveyed firms

Environmental «innovative projects» (2021 – 2023)
(all firms, possible multiple choices)



• The PRIN2022 GEOTWIN Survey: descript. stats
Environmental profile of the surveyed firms

Environmental «innovative projects» (2021 – 2023)
(all firms)

Environmental «initiatives» (2021 – 2023)
(all firms)

59%
37%

4%



• The PRIN2022 GEOTWIN Survey: descript. stats
Twin transition practices of the surveyed firms (all sample firms)
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• The PRIN2022 GEOTWIN Survey: descript. stats
Twin transition practices of the surveyed firms 
(firms with green contribution of digital)
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Eco-innovation by level



• The PRIN2022 GEOTWIN Survey: descript. stats
Environmental impact of digital technologies





• 3.  Empirical application: variables
• Dependent variables:

• 𝑇𝑇	𝐸𝑥𝑡𝑒𝑛𝑠𝑖𝑣𝑒!" = 𝟏 ∑#$%& ∑'$%( 𝑐!#',"

• 𝑇𝑇	𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑣𝑒!" =∑#$%& ∑'$%( 𝑐!#',"
• 𝑐!#'," = 1 if firm’s i digital technology 𝑑 ∈ 	 (1,…7)	contributed to green initiative 𝑔 ∈ 	 (1,…4)

at t.

• TT Process Extensiveit and TT Process Intensiveit: process green practices (e.g. energy 
efficiency);

• TT Product Extensiveit and TT Product Intensiveit: product green practices (e.g. eco-design);
• TT Tech Extensiveit and TT Tech Intensiveit: tech green practices (prod or/and proc);
• TT Non-tech Extensiveit and TT Non-tech Intensiveit: non-tech green practices (organisation 

or/and value chain).



• 3.  Empirical application: variables

• Focal regressors:

• i) Digital and green innovation capabilities: 

• 𝐷𝑖𝑔𝑖𝑡𝐼𝑛𝑛𝑜!" = 𝟏 𝑦!" = «𝑌𝑒𝑠»

• 𝑦!" = firm i innovation in one of the digital tecnologies 𝑑 ∈ 1,…7 at t.

• 𝐺𝑟𝑒𝑒𝑛𝐼𝑛𝑛𝑜!" = ∑#$%%& 𝑓!#
• 𝑓!# = 1	if firm i innovated in the green domain 𝑔 ∈ 	 (1, …10) at t.



• 3.  Empirical application: variables

• Focal regressors:

• ii) Human capital by education and by training:

• 𝐻𝐶	𝑒𝑑𝑢!" = {

}

𝟏, 𝑖𝑓	𝑟! = 0; 𝟐, 𝑖𝑓𝑟! ∈ 1 − 5% ; 𝟑, 𝑖𝑓	𝑟! ∈ 6 − 10% ; 𝟒, 𝑖𝑓	𝑟! ∈
11 − 25% ; 𝟓, 𝑖𝑓	𝑟! ∈ 26 − 50% ; 𝟔, 𝑖𝑓	𝑟! ∈ 51 − 75% ; 𝟕, 𝑖𝑓	𝑟! >
75% ,	where	𝑟! = firm i share of graduated workers at t.

• ∗ 	𝐻𝐶	𝑒𝑑𝑢	𝐷!" = 𝟏 𝐻𝐶	𝑒𝑑𝑢!" ≥ 2 at t.

• 𝐻𝐶	𝑡𝑟𝑎𝑖𝑛	𝐷!" = 𝟏 𝑧!"!'" + 𝑧!"()" ≥ 1 ,	where 𝑧!" = firm i non-compulsory 
training at t (internally or/and externally) at t.

• ∗ 	𝐻𝐶	𝑡𝑟𝑎𝑖𝑛!" = 𝑠! ,	where 𝑠! = firm i share of trained workers at t.



• 3.  Empirical application: variables

• Controls:

• Sizei (employments and revenues) and Agei

• Familyi and Business Groupi

• Foreign_revenuesi

• R&Di (dummy), Patent holderi (dummy), InventorshipAgei

• NonStandard_empli
• Broadband coveragei

• Public fundsi (dummy) (PNRR, POR-FESR, …) and Incentivesi (tax credit, 
hyperdepreciation) (dummy)
• ATECO 2-digit industry and NUTS1 region



• 3.  Empirical application: model

• Logit regressions:

• *+ ,,	.)"('/!0(!"$ |% 2!"
%3*+ ,,	.)"('/!0(!"$ |% 2!"

= 𝛼 + 𝛽%𝐷𝑖𝑔𝑖𝑡𝐼𝑛𝑛𝑜!" + 𝛽4𝐺𝑟𝑒𝑒𝑛𝐼𝑛𝑛𝑜!" +
𝛽5𝐻𝐶_𝑒𝑑𝑢!" + 𝛽6𝐻𝐶_𝑡𝑟𝑎𝑖𝑛!" + 𝛾′𝑾𝒊𝒕

• Ordered logit regressions:

• 𝑃𝑟 𝑇𝑇_𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑣𝑒!" ≤ |𝑗 𝑋!" = Λg
h

𝜇9 − [
]
𝛽%𝐷𝑖𝑔𝑖𝑡𝐼𝑛𝑛𝑜!" + 𝛽4𝐺𝑟𝑒𝑒𝑛𝐼𝑛𝑛𝑜!" +

𝛽5𝐻𝐶_𝑒𝑑𝑢!" + 𝛽6𝐻𝐶_𝑡𝑟𝑎𝑖𝑛!" + 𝛾′𝑾𝒊𝒕 , 𝑗 = 1, 2, …𝐾 − 1





• 4. Preliminary results – Dep. Var’s

Variable Obs Mean Std. dev. Min Max
TT Extensive 6,267 0.48 0.50 0 1
TT Intensive 6,267 2.04 3.25 0 28
TT Process Extensive 6,267 0.27 0.44 0 1
TT Process Intensive 6,267 0.60 1.28 0 7
TT Product Extensive 6,267 0.23 0.42 0 1
TT Product Intensive 6,267 0.58 1.37 0 7
TT Tech Extensive 6,267 0.36 0.48 0 1
TT Tech Intensive 6,267 1.18 2.16 0 14
TT Non-Tech Extensive 6,267 0.32 0.47 0 1
TT Non-Tech Intensive 6,267 0.86 1.71 0 14



• 4. Preliminary results – Main regr’s

Variable Obs Mean Std. dev. Min Max
HC train 6,267 2.32 1.54 1 5
HC edu 6,267 0.74 0.44 0 1
DigitInno 6,267 0.35 0.48 0 1
GreenInno 6,267 4.03 3.75 0 10



• 4. Preliminary results – Correlation M

ID VAR 1 2 3 4 5 6 7 8 9 10 11 12 13 14

1 TT Extensive 1.00

2 TT Intensive 0.66 1.00

3 Process Extensive 0.49 0.71 1.00

4 Process Intensive 0.63 0.58 0.78 1.00

5 Product Extensive 0.44 0.72 0.33 0.28 1.00

6 Product Intensive 0.58 0.66 0.37 0.40 0.77 1.00

7 Tech Inno Extensive 0.57 0.88 0.80 0.64 0.83 0.70 1.00

8 Tech Inno Intensive 0.79 0.65 0.62 0.80 0.56 0.73 0.72 1.00

9 Non-Tech Inno Extensive 0.53 0.79 0.33 0.30 0.32 0.37 0.40 0.32 1.00

10 Non-Tech Inno Intensive 0.71 0.60 0.27 0.35 0.25 0.39 0.31 0.39 0.74 1.00

11 Training 0.20 0.19 0.14 0.16 0.12 0.14 0.16 0.17 0.15 0.17 1.00

12 Graduates 0.14 0.14 0.12 0.12 0.11 0.12 0.14 0.13 0.09 0.11 0.17 1.00

13 DigitInno 0.33 0.32 0.29 0.30 0.23 0.28 0.32 0.34 0.20 0.22 0.23 0.19 1.00

14 GreenInno 0.47 0.48 0.33 0.32 0.37 0.37 0.43 0.41 0.36 0.34 0.21 0.14 0.31 1.00



• 4. Preliminary results
TT TT

Extensive Intensive

HC Train 0.048** 0.052***
(0.022) (0.018)

HC Edu 0.055 0.051
(0.074) (0.067)

DigitInno 0.822*** 0.769***
(0.069) (0.058)

GreenInno 0.244*** 0.262***
(0.009) (0.008)

Constant -2.621***
(0.207)

Observations 6,267 6,267
Controls YES YES

Robust standard errors in parentheses; *** p<0.01, ** p<0.05, * p<0.1

TT Process TT Process
Extensive Intensive

HC Train 0.049** 0.043**
(0.022) (0.021)

HC Edu 0.087 0.079
(0.085) (0.083)

DigitInno 0.809*** 0.842***
(0.071) (0.068)

GreenInno 0.145*** 0.153***
(0.009) (0.009)

Constant -3.771***
(0.231)

Observations 6,267 6,267
Controls YES YES

Robust standard errors in parentheses; *** p<0.01, ** p<0.05, * p<0.1



• 4. Preliminary results
TT Product TT Product
Extensive Intensive

HC Train 0.009 0.006
(0.023) (0.023)

HC Edu 0.084 0.125
(0.092) (0.091)

DigitInno 0.714*** 0.702***
(0.074) (0.074)

GreenInno 0.203*** 0.217***
(0.010) (0.010)

Constant -3.129***
(0.233)

Observations 6,267 6,267
Controls YES YES

Robust standard errors in parentheses; *** p<0.01, ** p<0.05, * p<0.1

TT Tech TT Tech
Extensive Intensive

HC Train 0.028 0.031
(0.021) (0.019)

HC Edu 0.053 0.090
(0.079) (0.075)

DigitInno 0.840*** 0.857***
(0.068) (0.063)

GreenInno 0.198*** 0.216***
(0.009) (0.009)

Constant -2.907***
(0.212)

Observations 6,267 6,267
Controls YES YES

Robust standard errors in parentheses; *** p<0.01, ** p<0.05, * p<0.1



• 4. Preliminary results
TT NonTech TT NonTech

Extensive Intensive

HC Train 0.072*** 0.075***
(0.021) (0.020)

HC Edu 0.092 0.061
(0.077) (0.077)

DigitInno 0.392*** 0.391***
(0.068) (0.065)

GreenInno 0.173*** 0.190***
(0.009) (0.009)

Constant -2.933***
(0.213)

Observations 6,267 6,267
Controls YES YES

Robust standard errors in parentheses; *** p<0.01, ** p<0.05, * p<0.1



• 4. Preliminary results – Margins (1) & Linear OLS (2)
(1) (2)
TT

Extensive
TT

Intensive

HC Train 0.008** 0.043*
(0.004) (0.025)

HC Edu 0.010 -0.013
(0.013) (0.074)

DigitInno 0.145*** 0.883***
(0.012) (0.089)

GreenInno 0.043*** 0.317***
(0.001) (0.012)

Constant -1.047***
(0.218)

Observations 6,267 6,267
R-squared 0.307
Controls YES YES

(1) (2)
TT Process TT Process
Intensive Extensive

HC Train 0.011 0.008**
(0.011) (0.003)

HC Edu 0.001 0.014
(0.032) (0.013)

DigitInno 0.412*** 0.127***
(0.039) (0.011)

GreenInno 0.072*** 0.023***
(0.005) (0.001)

Constant -0.501***
(0.091)

Observations 6,267 6,267
R-squared 0.188
Controls YES YES



• 4. Preliminary results – Margins (1) & Linear OLS (2)
(1) (2)

TT Product TT Product
Intensive Extensive

HC Train -0.002 0.001
(0.011) (0.003)

HC Edu 0.042 0.012
(0.034) (0.013)

DigitInno 0.270*** 0.102***
(0.040) (0.010)

GreenInno 0.110*** 0.029***
(0.006) (0.001)

Constant -0.134
(0.106)

Observations 6,267 6,267
R-squared 0.193
Controls YES YES

(1) (2)
TT Tech TT Tech

Extensive Intensive

HC Train 0.005 0.010
(0.004) (0.017)

HC Edu 0.009 0.044
(0.014) (0.050)

DigitInno 0.145*** 0.682***
(0.011) (0.062)

GreenInno 0.034*** 0.182***
(0.001) (0.008)

Constant -0.635***
(0.150)

Observations 6,267 6,267
R-squared 0.268
Controls YES YES



• 4. Preliminary results – Margins (1) & Linear OLS (2)
(1) (2)

TT NonTech TT NonTech
Intensive Extensive

HC Train 0.034** 0.013***
(0.014) (0.004)

HC Edu -0.056 0.017
(0.046) (0.014)

DigitInno 0.201*** 0.071***
(0.051) (0.012)

GreenInno 0.135*** 0.031***
(0.007) (0.001)

Constant -0.412***
(0.128)

Observations 6,267 6,267
R-squared 0.172
Controls YES YES



• 5. Conclusions and future research
• TT (digital #FOR# green) benefits from firm’s innovation capacity in the 

digital and green realms.

• TT spurred by HC only by training: process integration and reconfiguration 
(dynamic) capabilities [ß training] possibly more important than combinative 
(knowledge) capabilities [ß education].

• HC (by training) mainly contributes to process tech-TT practices and to non-
tech TT practices: Italian firms’ “low-route” (sensors + cloud x energy 
efficiency and energy management) towards the TT.

• The effect of HC-training on the focal TT practices is sizeable mainly at the 
extensive margin: + 3,4% increase in the prob. of adopting at least 1 non-tech 
TT practice, + 0,8% increase in the prob. of adopting at least 1 TT practice of 
any kind.  



• 5. Conclusions and future research

• Deal with endogeneity !!!

• Unpack the TT analysis by kind of digital technology.

• Disaggregate the analysis by firms’ geographical location (macro-
regions).

• Extend the analysis to TT in the innovation realm.

• …

• Other suggestions?


