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Abstract 

Does ICT Contribute to 

Productivity? Assessment of ICT 

Externalities and Complementary 

Assets 

Daria Leonteva 

College of Engineering TEMEP 

The Graduate School 

Seoul National University 
 

Productivity gains in information and communication technology (ICT) 

production account for the growth performance of the world economies. 

ICT is considered one of the most promising technologies and seen to be 

the next general-purpose technology (GPT). GPT characteristic requires 

from ICT to be diffused within the industry as well as outside of the 

particular industry resulting in the externalities. Furthermore, the full 

benefits of ICT as a GPT should occur after relevant complementary 

changes are introduced; consequently, an impact of ICT might occur 

with time-lagged effects. Despite the wide discussion of ICT and 

productivity, the results of previous studies have been ambiguous and 

inconclusive. 

Therefore, using a dataset of 15 European countries and 17 industries 

covering a period of 2000-2014 years, this study explores aspects of ICT 

as a GPT by assessing the contribution of ICT to productivity growth. 

Impacts are assessed from both a direct perspective through ICT 
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investments within the industry, and from an indirect perspective—

through ICT externalities.  

We present evidence derived from a panel dataset that confirms the 

presence of a contemporaneous positive impact of ICT externalities. 

Furthermore, we demonstrate a positive combined effect of investments 

in ICT and complementary assets on productivity growth. Moreover, we 

find that direct ICT effects result in negative contemporaneous effects on 

productivity and potentially show delayed impact due to the lengthy 

implementation period for the complementary changes. These negative 

effects imply that there should be adjustments in policies focusing on 

ICT investments. 

 

Keywords: ICT, productivity, ICT externality, complementary assets  

Student Number: 2020-28007 
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Chapter 1. Introduction 

Advancements in computing power and falling prices for computer 

equipment over the past 60 years led to the beginning of the digital 

technology era (Moore, 1998; Organisation for Economic Co-operation 

and Development [OECD], 2015). Today, an ecosystem of 

interdependent digital technologies underpins digital transformation and 

will evolve to drive future economic and societal changes (OECD, 2019). 

The world is facing increasing diffusion of new digital technologies with 

the potential to impact the productivity performance of businesses, 

industries, and entire countries. Digital technologies have been 

recognized as major drivers of total factor productivity growth 

(McKinsey Global Institute, 2019).  

For example, the McKinsey Global Institute (2019) estimated that digital 

technologies could contribute $13 trillion to global GDP through mass 

digitization and automation, which creates new business opportunities 

and productivity gains. Although digital technologies have a promising 

potential, productivity dividends from digitization are likely to occur 

once companies implement digital technologies into their business 

workflow practices (McKinsey Global Institute, 2019). While going 

digital for businesses means the creation of new channels of innovation 

and increasing operational efficiency, digitalization at the sectoral and 

economy levels creates opportunities for solving the productivity puzzle. 

That is, digital technologies generate tools for productivity growth that 

can help economies recover from current lows across sectors caused by 

the financial crisis (Remes & Krishnan, 2018).  
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As commonly accepted in the literature, digital technology stands for 

information and communication technology (ICT). The role of ICT has 

been widely discussed in the literature (Acharya, 2016; Basu et al., 2003; 

Jorgenson & Timmer, 2011; Kim et al., 2021). Interest in the role of ICT 

on productivity growth arose in the 1980s and was driven by Robert 

Solow with his famous quote “You can see the computer age everywhere 

but in the productivity statistics” (Solow, 1987). This so-called Solow 

productivity paradox launched the start of productivity measurements 

with the underlying idea of finding a visible impact of ICT on economic 

enhancements (Solow, 1987).  

The majority of the relevant studies in the 1990s were based on the 

prevailing methodology of growth accounting applied to country-level 

data. These studies were unable to capture ICT’s contribution to 

productivity growth due to the short time for effects to have occurred 

given the ongoing ICT revolution (Biagi, 2013). Nevertheless, late 

1990s’ academic literature concluded that ICT accounts for productivity 

gains, emphasizing the role of ICT in a U.S. productivity growth 

resurgence (Jorgenson et al., 2005; Oliner & Sichel, 2000; Timmer et al., 

2008). Later studies, however, emphasized mixed results of ICT’s role 

in productivity growth (Cardona et al., 2013).  

Most importantly, mixed results of ICT on productivity growth are 

driven by the widely discussed hypothesis of ICT as a general-purpose 

technology (GPT). Characterized as an enabling technology that induces 

further innovations and is adopted in a wide scope of sectors of an 

economy, a GPT is able to project the productivity impact only when it 

reaches an essential state of diffusion, which requires time (Liao et al., 
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2016). The GPT nature of ICT assumes that the diffusion of ICT is 

accompanied by “unmeasured complementary co-inventions” and 

productivity spillovers in ICT-using industries (Basu et al., 2003).  

Considered as GPT, ICT is characterized by a potential to be 

technologically even more disruptive than electricity (Jovanovic & 

Rousseau, 2005). The economic effects of ICT are widely explained 

from the perspective of productivity gains. From one perspective, 

investments in ICT foster product and process innovation, as well as lead 

to product prices falling due to the efficiency in production processes 

(Cardona et al., 2013; Kim et al., 2021). From another perspective, ICT 

serves as an “enabling technology” as it is a starting point for the 

emergence of many innovative solutions, worldwide connectivity, and 

mass digitalization (Bresnahan & Trajtenberg, 1995). The latter 

characteristic is the most significant, emphasizing the potential of ICT 

diffusion into almost every economic and social aspect of the economic 

and social orders. 

The full benefits of ICT can be captured if both ICT and complementary 

investments are assessed. Nevertheless, from an empirical perspective, 

most of the studies do not succeed in finding ICT externalities on the 

industry level. As Biagi (2013) noted, more granular data is needed to 

detect the presence of ICT externalities. High-level aggregated industry 

data is associated with difficulties of measuring the effects of ICT that 

might not be materialized and can only be captured on the firm-level data 

(Biagi, 2013). In particular, ICT indirect effects might take the form of 

increased output quality for new products or in improvements in 

intangible aspects of existing products such as convenience, timeliness, 
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quality, and variety (Brynjolfsson & Hitt, 2000). These reasons lead to 

mixed results from the presence of ICT externalities based on industry-

level data. Thus, Acharya (2016) sees an absence of ICT externalities 

based on the analysis of 16 OECD countries and 24 industries, while 

Marsh et al. (2017) found positive intra- and inter-industry spillovers 

within U.S. industries. Although overall results on ICT externalities are 

mixed and inconsistent, some studies have found positive ICT 

externalities. For instance, Kim et al. (2021) reveal that ICT spillovers 

are seen within industries connected via bilateral trade. Overall results in 

the literature differ depending on the data and methods used and create a 

research gap for further study in the area.  

Apart from the mixed results in the literature related to the ICT 

externalities, many studies have tended to ignore the importance of 

accounting for complementary assets while conducting econometric 

estimations of ICT’s role in productivity growth. In most cases, 

measurement issues are related to the unobserved nature of intangible 

investments. From one perspective, if not considering complementary 

investments, one will fail to correctly assess the role of ICT. In the 

absence of intangibles in the model, their impact might be captured by 

ICT capital and might be mistakenly accounted as positive externalities 

to ICT capital investment (Acharya, 2016). From another perspective, 

complementary assets are difficult to capture precisely, which leads to 

the use of proxies (Acharya, 2016; Basu et al., 2003).  

Further analysis of ICT’s role is needed given inconclusive results of the 

presence of ICT externalities at the industry level as well as the 

requirement for a proper accounting of intangible assets. Furthermore, 
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considering additional investments and changes, as mentioned by 

Brynjolfsson and Hitt (2003), investments in ICT may result in delayed 

impacts while complementary changes are implemented. The same delay 

is also applicable to ICT externalities as inter-industry effects of ICT 

investments. While the lagged effect of ICT as a GPT is widely discussed 

in previous research, there is a lack of studies that empirically estimate 

the delayed impact of ICT. Considering the rapid process of 

digitalization, an assessment of the time-lagged influence of ICT is 

needed with broad coverage of countries, industries, and years. 

Therefore, the goal of the current study is to investigate the effects of 

ICT investments within particular industries and the indirect effects of 

ICT investments expressed as ICT externalities. We also address the 

complementary effects of ICT investments and intangible assets while 

expecting an overall delayed impact of ICT on productivity growth. 

Empirical analysis is based on balanced country and industry-level panel 

data that covers 15 countries and 17 industries from 2000–2014. The 

dataset is aggregated using national accounts, growth accounting, and 

capital and intangible capital data from the EU KLEMS database. 

Previous studies developed a model for capturing the GPT characteristics 

of ICT, primarily through the assessment of ICT impact on productivity 

(Cardona et al., 2013). In addition to the commonly accepted 

productivity function for ICT impact estimation, Basu et al. (2003) 

incorporated intangible assets investments as controls and ICT 

externalities proxy to capture the complete impact of ICT on productivity 

growth and assess the GPT properties of ICT. To assess the full benefits 

of ICT investments based on Basu et al. (2003), an empirical framework 
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was elaborated by Acharya (2016) and recently used to measure ICT 

externalities by Kim et al. (2021).  

In the current study, we extend the framework of Acharya (2016) and 

Kim et al. (2021) by adding variables to the estimation equation that 

account for the interaction of ICT investments and complementary 

assets. Furthermore, we add time-lagged variables to demonstrate time-

lagged ICT diffusion due to the lengthy period of experimentation.  

Previous studies have focused on the assessment of ICT externalities. At 

the same time, there are limitations of Acharya (2016) and Kim et al. 

(2021) that current study aims to fulfill. In particular, previous studies 

have only included intangible assets as control variables for ICT 

externalities assessment but did not test complementary effects. 

Moreover, previous studies have only focused on the assessment of 

contemporaneous effect without assuming delayed impact of ICT. 

Therefore, current study aims to fulfill these limitations. First, we not 

only control for intangible assets but test a complemetarity hypothesis of 

ICT and intangible assets. Thus, we add an interaction term to get a 

precise result. Second, we go beyond previous studies and assess not 

only contemporaneous effect of ICT direct and indirect effects but also 

time-lagged impact that might occur due to the implementation of 

complementary assets.  

The remainder of this paper is organized as follows. Chapter 2 

summarizes previous studies and formulates hypotheses for further 

analysis. Chapters 3 and 4 explain dataset and variables aggregation and 

present the empirical framework for estimation. We present the results 
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of our study in Chapter 5, discuss them in Chapter 6, and provide 

conclusions in Chapter 7. 
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Chapter 2. Theoretical Background and 

Hypotheses  

2.1 ICT as a General-Purpose Technology  

The term “general-purpose technology” has often been used recently in 

relation to economic growth and productivity effects. Perceived as 

engines of growth, GPTs are characterized by the potential for pervasive 

use in a wide range of sectors and by their technological dynamism 

(David & Wright, 1999). The era of progress has been driven by a few 

GPTs, such as the steam engine, electric motors, and semiconductors. 

Currently, ICT is widely accepted as an example of a GPT. Historically 

focusing on the impact of GPTs on economic growth, previous studies 

elaborated criteria, unique characteristics that distinguish GPT. 

Bresnahan and Trajtenberg (1995) emphasize that GPT must satisfy 

several underlying characteristics, including pervasiveness, 

improvement, and the spawning of innovation. Pervasiveness and 

innovation-spawning are characterized by the ability to foster innovation 

and be applied in a wide scope of industries in an economy (Bresnahan 

& Trajtenberg, 1995; Cardona et al., 2013). The improvement 

characteristic imposes an assumption of constant development of 

technologies and their potential to lower costs in organizations 

(Jovanovic & Rousseau, 2005).  

Historically, GPTs follow these criteria to some extent and with some 

differences. While comparing the electrification and informatization 

ages, Jovanovic and Rousseau (2005) note that technological progress is 

not distributed equally due to the unique characteristics of different 
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GPTs. Innovation spawning is considered to be stronger for ICT based 

on the number of patents and product innovations in this area. 

Meanwhile, in terms of pervasiveness, ICT projects opposite statistics 

compared to other technologies, resulting in a lower rate of diffusion as 

well as initial productivity slowdowns (Jovanovic & Rousseau, 2005). 

Therefore, to declare the ending point of the ICT diffusion, one needs to 

wait till lagging sectors catch up with fully diffused sectors, and ICT 

becomes equally adopted across sectors.  

As a GPT, ICT influences production processes, especially ones related 

to innovations and inventions that lead to more intensive patenting due 

to the introduction of new products. Indeed, this characteristic of ICT as 

GPT was supported by Becchetti et al. (2003), who concluded that 

investments in telecommunication equipment lead to product and 

processes innovations. Although the homogeneous impact of ICT on 

productivity might not yet be seen, its influence on new product creation 

can be captured (Cardona et al., 2013). The GPT characteristics of ICT 

were indirectly supported in studies mainly based on U.S. data with proof 

of a substantial acceleration in productivity outside of ICT-producing 

sectors and an interpretation of results in favor of the GPT hypothesis 

(Baily & Lawrence, 2001). Sizeable acceleration growth was proven to 

occur in ICT-nonproducing service industries as a consequence of their 

heavy use of computer technology (Bosworth & Triplett, 2007). 

The attitude toward ICT shifted from the consideration of ICT as 

conventional capital equipment to a concept associated with ICT as an 

“enabling technology” (Jorgenson et al., 2005). The enabling 

characteristics of ICT are often revealed in the effects of ICT 
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investments. These investments in information and communication 

equipment, as well as in software and databases, foster changes of 

information processing in firms and lead firms to think in new directions 

of interactions with customers and suppliers. The efficient utilization of 

existing equipment and better communication and transfer of 

information resulting from investments in ICT lead to reductions in 

coordination and labor costs and facilitate decision-making processes in 

organizations (Cardona et al., 2013).  

Yet another characteristic supports the view of ICT as an enabler of a 

GPT. Cardona et al. (2013) emphasized that efficiency gains from the 

implementation of ICT equipment in firms within the sector are not 

limited to the sector alone. Enormous productivity growth in ICT-

producing industries is followed by productivity growth in ICT-using 

industries; that is, productivity gains spill over from ICT producing 

sectors to ICT application sectors (Stiroh & Botsch, 2007). This 

characteristic of spillover effects contributes to the evidence of ICT as a 

GPT, demonstrating ICT diffusion and its application to a broad number 

of sectors. Therefore, an enabling characteristic in combination with the 

spillover effects serves as proof of ICT as GPT (Bresnahan & 

Trajtenberg, 1995; Cardona et al., 2013; Jorgenson et al., 2005).  

In that the presence of spillovers supports the pervasiveness 

characteristic of ICT, several studies have focused on the assessment of 

ICT externalities. Industry-level studies have not captured direct results 

of the presence of ICT externalities. By applying a growth accounting 

framework, several studies have noted an acceleration in productivity 

outside the computer sector. Such results are indirectly interpreted to 
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support the GPT hypothesis (Baily & Lawrence, 2001; Bosworth & 

Triplett, 2007; Stiroh, 2002b).  

The theory implied by Basu et al. (2003) characterizes the role of ICT as 

a GPT from the perspective of externalities generation and 

complementary assets investment. From one perspective, the GPT 

hypothesis of ICT assumes the presence of externalities. From another 

perspective, a unique characteristic of ICT as GPT is that its effects 

generally extend well beyond the production industry and require firms 

to invest in complementary assets for its use to be truly beneficial. 

Investments in complementary assets not only contribute to the diffusion 

of ICT but also improve productivity and quality (Brynjolfsson & Hitt, 

2000). Therefore, investments in computer technologies coupled with 

investments in complementary assets can lead to better productivity 

strategies (Kim et al., 2021). As a consequence, the discussed theory 

assumes that it requires a long period of experimentation to implement 

complementary changes, which can lead to a time-lagged impact of ICT 

(Basu et al., 2003; Brynjolfsson & Hitt, 2000; Cardona et al., 2013).  

Therefore, as a GPT, ICT projects two essential characteristics. First, the 

effects of ICT that spill over across industries indicate the ability of ICT 

to generate externalities, thus proving its broad applicability (Kim et al., 

2021). The presence of ICT externalities refers to effects that 

organizations can benefit from if other organizations or industries 

heavily invest in ICT. An example might include switching to digital 

banking and financial services. In this case, not only does the financial 

industry experience positive impacts from ICT but also other industries 

that depend on the use of financial services can benefit from more 
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efficient transactions and general cost reductions. Furthermore, ICT 

externalities might result not only in financial benefits but also might 

have an indirect impact that spills over to other industries. Companies’ 

successes or failures on the way to digitalization serve as learning 

indicators for other organizations and industries (Kim et al., 2021). 

Second, enabling effects of ICT can be seen only if complementary 

investments in organizational changes are made with the ICT 

investments (Brynjolfsson & Hitt, 2000). Simultaneous investments in 

ICT and complementary organizational changes such as changes in 

working practices, marketing, consumer relations, and the development 

of employees’ competencies can generate a synergetic effect that results 

in effective strategic decision-making. 

 

2.2 ICT externalities at the industry level 

One of the distinctive characteristics of ICT as a GPT is the possibility 

to generate externalities. ICT diffusion involves a process where ICTs 

are adopted by pioneers and then spread to other firms because the 

limitation of practices is less effort-intensive than invention (Liao et al., 

2016). Note that in ICT literature, the terms “spillovers” and 

“externalities” are used interchangeably to indicate the indirect effects of 

ICT. Spillover effects evidence that the social effects of technology 

outweigh the private effects (Bosworth & Triplett, 2007). Generally, a 

spillover effect means that the productivity of firms or industries is 

related to spending on a particular technology and also to the technology 

spending of other firms or other industries (Jaffe et al., 1993).  
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It is doubtless that as a GPT, ICT stimulates knowledge transfers and 

sharing across companies as a starting point of organizational changes 

and innovations (Marsh et al., 2017). The literature discusses a variety of 

externality types generated by ICT. For instance, falling prices on the 

implementation of computers and software led to changes in production 

and organization techniques identified as the learning-by-doing type of 

externalities (Arrow, 1962). In support of the externalities argument, ICT 

provides opportunities for gathering and sharing information within and 

outside of the firm (Marsh et al., 2017).  

As discussed in the literature, possible effects of ICT are also 

characterized by network externalities generated when the value of 

products and services are increased as they are spread to more users, for 

instance, software users (Brynjolfsson & Kemerer, 1996). Therefore, the 

effects of network externalities are supported in works related to the 

diffusion of home computers (Goolsbee & Klenow, 2002) or the 

computer spreadsheet market (Brynjolfsson & Kemerer, 1996).  

Furthermore, as commonly discussed in the literature, the GPT nature of 

technology leads to both vertical externalities between GPT and each 

application sector and horizontal externalities across application sectors 

(Bresnahan & Trajtenberg, 1995). While vertical externalities indicate 

productivity gains from ICT-producing sectors to ICT-using sectors, 

horizontal externalities are generated as the result of firms’ learning 

process from the experimentation and elaboration efforts of others 

(Cardona et al., 2013). Therefore, vertical externalities occur between 

the ICT producing sector and the sector of ICT application, while 
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horizontal externalities occur between sectors where ICTs are applied 

(Biagi, 2013).  

Following previous arguments, an impact of ICT should not only be 

assessed in terms of direct effects of ICT capital-deepening and TFP 

increase but also from the perspective of the indirect effects on 

productivity growth in the form of externalities. Spillover effects capture 

the external knowledge that a company incorporates through market 

interactions (Marsh et al., 2017). Indeed, for the identification of 

externalities, a crucial issue is the nature of external knowledge and the 

proxies used to capture it. In contrast to early studies that considered 

within-industry learning as a primary source of externalities (Stiroh, 

2002a), recent studies assume more complex sources of knowledge that 

can be originated both within and outside of the industry as companies 

tend to learn from their partners, clients, and competitors equally 

(Marsh et al., 2017). 

Although the literature discusses possible externalities of ICT, weak 

empirical support is shown in favor of the presence of externalities, 

particularly considering industry-level data (Biagi, 2013; Cardona et al., 

2013). Among others, Stiroh (2002a) concludes that there is little 

evidence of ICT-related spillovers or network effects in TFP growth in 

the U.S. economy. By applying a growth-accounting method, 

Inklaar et al. (2008) concluded that ICT investments have essentially 

contributed to productivity growth across European countries and the 

United States but noted that there is no evidence of positive externalities. 

Similarly, Acharya (2016) found no evidence in support of ICT 

externalities, neither within countries nor across national borders, noting 
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the importance of controlling for intangible assets. If a study fails to 

control for intangible assets, one can mistakenly account for the effects 

of positive externalities (Acharya, 2016).  

Conversely, Marsh et al. (2017) concluded that ICT investment in 

upstream or downstream industries leads to a contemporaneous positive 

effect on productivity. ICT externalities tend to appear with a delayed 

effect of intra- and inter-industry ICT externalities after 3–5 years of ICT 

investments. Results of the study indicated quite sizeable ICT spillovers 

with a 1% increase in industry ICT leading to an increase in companies’ 

productivity by approximately 0.2%–0.3% (Marsh et al., 2017). 

Similarly, Kim et al. (2021) concluded that ICT contributes not only 

directly to output growth but also, through spillover effects, to other 

industries. This result is evidence that ICT promotes productivity in 

industries where it is produced and also in the industries that use ICT. 

Even industries that do not produce any ICT-related products or services 

can benefit from spillover effects (Kim et al., 2021). Therefore, industry-

level studies are ambiguous and inconclusive: most of the studies do not 

find positive externalities of ICT using sectoral data or only find them 

with a time lag.  

The opposite is seen in plant-level data, where it is possible to find 

indirect effects of ICT that appear in ICT-using sectors (Biagi, 2013). 

These effects are related to the GPT nature of ICT and become drivers 

of new products, processes, and innovation (Biagi, 2013). Evidence from 

firm-level data shows that ICT investments made by individual agents 

result in the production of positive effects on external users (i.e., positive 

externalities). For example, Wiel and Leeuwen (2003) indicated the 
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presence of ICT externalities based on the Dutch market firm-level data, 

concluding that their effects are significant and sizable. Moreover, the 

authors concluded that if there is no control for ICT spillovers, one can 

find the excess returns of ICT capital deepening effects that might 

capture the indirect effects of ICT (Wiel & Leeuwen, 2003). Using a 

firm-level dataset from European countries, Van Reenen et al. (2010) 

concluded that there are excess returns of ICT capital.  

Nevertheless, even firm-level evidence might be inconclusive in its 

results. For instance, Moshiri and Simpson (2011) concluded that there 

is no evidence for ICT spillovers based on an analysis of Canadian firms. 

Later, Moshiri (2016) revealed the presence of ICT externalities in 

Canadian manufacturing and service firms. Indirect evidence of ICT 

externalities was found by Brynjolfsson and Hitt (2003), who 

demonstrated excess returns of ICT capital when long lags are 

considered. These findings might be interpreted as the presence of ICT 

spillover effects in U.S. industries (Brynjolfsson & Hitt, 2003).  

Overall, the mixed results of the studies are partially related to the control 

of complementary assets. For measurement issues, complementary 

investments cannot be ignored when externalities are measured. 

Furthermore, due to the time needed for ICT spillover generation, the 

diffusion of ICT might appear with a time lag. This time lag might be 

related to the prolonged period of experimentation and implementation 

of the complementary changes along with the ICT investments per se.  
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2.3 Role of complementary assets 

The literature has mixed results on the presence of direct and indirect 

effects of ICT investments and the interpretation of excess ICT returns 

as externalities. This ambiguity led academic circles to the idea of 

controlling for the effects of assets complementary to ICT investments 

(Biagi, 2013). If complementary assets are not included into regression 

equations, one may mistakenly account for the presence of ICT 

externalities (Acharya, 2016; Biagi, 2013).  

The widely discussed impact of working practices and the role of 

organizational changes and restructuring were combined in the studies 

by Brynjolfsson and co-authors. The impact of working practices raised 

two substantial questions: (1) Why would companies invest so heavily 

in information technology if it did not add to productivity? and (2) If 

information technology contributes to productivity, why is it so difficult 

to measure it? (Brynjolfsson & Yang, 1996).  

Answers to these questions are related to the proper measurement of the 

impact of ICT and complementary investments. Direct and indirect 

effects of ICT project a visible impact only if measured together with 

complementary assets as ICTs become productive when their 

implementation is coupled with the changes in organizational and 

working practices (Brynjolfsson & Hitt, 2003, 2000; Brynjolfsson & 

Yang, 1996).  

The complementary effect of ICT and complementary capital are widely 

discussed in the literature. Elements of the complementary hypothesis 

were elaborated by Milgrom and Roberts (1990), as follows. Pure ICT 

investments might have insignificant positive or even negative results on 
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productivity if not coupled with complementary changes such as the 

restructuring of organizational and working practices. In turn, a proper 

measurement of complementary changes might lead to significant 

positive direct and indirect effects of ICT. As implementation of 

complementary changes requires a certain level of companies’ 

capabilities and management actions, not all companies could benefit 

from ICT. Certain companies or entire sectors might not successfully 

implement organizational changes (Milgrom & Roberts, 1990). Even for 

those firms that successfully implement complementary changes, the 

effects will not occur simultaneously. Investments in intangible assets 

other than ICT and changes in organizational and working practices 

impose a long period of experimentation; therefore, the impact of ICT 

investments might become visible with a time lag (Brynjolfsson & Hitt, 

2000).  

An implementation of organizational changes requires time and 

capabilities from firms and depends on the restructuring practices that 

companies adopt. The types of complementary changes discussed in the 

literature include the variety of organizational practices relevant when 

thinking about ICT. The ICT revolution seeks flexible ways of 

information transmission that might be reflected in working practices 

and result in transitions from vertical hierarchical structures to horizontal 

structures that stimulate better ICT diffusion and decrease the burden of 

communication costs (Biagi, 2013; Malone, 1987; Radner, 1993). 

Considering the restructuring of working practices, Brynjolfsson et al. 

(2002) noted that companies tend to get higher returns on investments 

from ICT if they simultaneously focus on more effective team 
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composition, redistribution of decision rights, and investments in 

employee training programs. This restructuring becomes possible due to 

the ICT, which lowers the costs of communications and ultimately 

impacts the decision-making process in the company (Biagi, 2013). A 

number of proxies are widely used to assess organizational restructuring, 

which is a vital factor in ICT impact assessments and related to 

difficulties in the measurement of unobserved complementary assets. 

These proxies include the share of workers involved in the decision-

making process and the presence of incentive schemes offering profit-

sharing or stock options (Black & Lynch, 2004). In addition, 

organizational restructuring is assessed by an increased delegation of 

authority to individuals and teams, a greater level of skill and education 

in the workforce, and pre-employment screening for education and 

training (Bresnahan et al., 2002).  

Using longitudinal U.S. data, Black and Lynch (2004) conducted an in-

depth analysis revealing that higher firm productivity was seen with a 

combination of flexible working practices and a high share of non-

managers who use computers at work, which was used as a proxy for 

ICT. Similar conclusions are found based on the data of European firms: 

in the support of the complementary effect of the ICT and organizational 

changes, it is confirmed that the ICT investments favor less hierarchical 

and flexible organizational forms (Biagi, 2013).  

Reenen and Caroli (2001) observed that changes in organizational 

practices and reduced communication and coordination costs from ICT 

investments leads to a decentralization of decision-making at the 

company level. This decentralization generates better responsiveness to 
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market needs and more efficient operations in uncertain conditions 

(Reenen & Caroli, 2001). In fact, decentralization might lead to reduced 

monitoring and coordination costs as well as increased job satisfaction 

(Reenen & Caroli, 2001). A broader set of organizational capital factors 

was discussed by Crespi et al. (2007) based on the evidence of UK firms. 

The complementary hypotheses might be supported using variables to 

proxy organizational capital. These variables include (1) the iteration of 

corporate strategies with changed mission statements and market share; 

(2) the introduction of advanced and updated management practices 

related to areas such as knowledge and quality management; (3) 

implementation of new or significantly changed organizational 

structures, with a focus on horizontal structures favoring the 

decentralization of the working practices; and (4) significant changes in 

the firms’ marketing strategies and business research methods 

(Crespi et al., 2007). In support of the complementary hypothesis, the 

results of the study revealed that ICT investments and complementary 

assets separately have low positive insignificant and negative 

insignificant impact, respectively, while the interaction term of ICT and 

organizational capital projects a large positive and significant result 

(Crespi et al., 2007).  

Although studies have attempted to assess complementary effects of 

intangible assets and ICT investments, the majority were conducted on 

plant-level data (Biagi, 2013). A lack of studies has focused on the 

assessment of complementary effects at the industry and country levels. 

Intensive investments in ICT may lead to the use of intangibles such as 

organizational capital and working practices that are not measured in the 
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national accounts. Considering the empirical issues of intangible assets 

measurement on the sectoral and country levels, studies have constructed 

proxies to capture complementary capital. For instance, the observed 

investments in ICT are used as a proxy for the unobserved investments 

in intangible assets (Acharya, 2016; Basu et al., 2003). Nevertheless, 

given the common idea that benefits of ICT can be fully observed only 

if co-investments in complementary assets are considered leading to 

change in the production processes (Brynjolfsson & Hitt, 2003), further 

assessments are yet to be done using more precise proxies for the 

complementary investments.  

To the best of our knowledge, the most recent industry-level study 

focusing on the assessment of ICT direct and indirect effects with a 

control for complementary capital was conducted by Kim et al. (2021). 

Based on the most recent release of EU KLEMS data of 2019, the study 

accounts for two important factors of ICT: investments in intangible 

assets and ICT externalities between different sectors. As the most 

comprehensive research to date, Kim et al. utilizes the recently added 

intangible assets data from EU KLEMS database with an opportunity for 

a precise assessment of ICT’s impact. Consequently, the study reveals 

that ICT influence is seen in the form of ICT domestic externalities. 

These externalities indicate ICT diffusion between industries that 

produce and use ICT and are connected through bilateral trade 

(Kim et al., 2021). Although the study demonstrated the presence of ICT 

externalities on the level of European countries, the study did not focus 

on the complementary hypothesis of ICT and intangible assets 

investments, which is yet to be assessed.  
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Therefore, the current study explores the presence of ICT externalities as 

well as assesses the complementary hypothesis of investments in ICT 

and intangible assets. Furthermore, the GPT nature of ICT underlies that 

the impact of ICT may be delayed until all necessary organizational 

changes are implemented (Brynjolfsson & Hitt, 2003; Marsh et al., 

2017). As noted in previous studies, the GPT does not result in 

immediate productivity gains. For any GPT, the implementation requires 

changes in routine activities, thus causing several years before GPT 

adoption can reach productivity peaks (Jovanovic & Rousseau, 2005). 

The inherent characteristics of GPT result in adjustment costs and 

learning delays that might lead to productivity slowdowns right after the 

GPT is implemented (David & Wright, 1999; Jovanovic & Rousseau, 

2005).  

Considering characteristics of the ICT as a GPT and ICT externalities in 

particular, it is seen that ICT effects generally go well beyond the 

industry of the production and require firms to invest in complementary 

assets for ICT’s use to be truly beneficial (Basu et al., 2003). 

Consequently, it might take years to transform business processes to get 

the full benefits of ICT implementation (David & Wright, 1999). 

Therefore, we also assume that the direct impact of ICT capital on output 

growth as well as ICT externalities might occur with the time-lagged 

effects.  

Stemming from the observations above, we constructed hypotheses for 

our research:  

Hypothesis 1a: Investments in intangible assets generate a 

complementary effect with investments in ICT capital  
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Hypothesis 1b: Investments in intangible assets positively impact the 

occurrence of ICT externalities  

Hypothesis 2: The impact of ICT capital within industries and ICT 

externalities across industries might occur with delays in time  
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Chapter 3. Methodology and Approach 

3.1. Common methods in the literature  

Before we start the empirical analysis, we assume that externalities are 

only related to the scale and path of development of ICT in industry and 

not related to the decisions taken by the firms. This assumption could 

impose the model to be perfectly competitive and make an analysis 

possible (Marsh et al., 2017).  

Most of the empirical studies with the productivity estimations start with 

classical Cobb-Douglas production function which in its standard form 

appears as 

𝑌 = 𝐴𝐾𝛼𝐿𝛽 , 

where 𝑌 is output, 𝐾 capital, and 𝐿 labor input. Capital and labor are 

weighted by parameters 𝛼 and 𝛽 that measure how the amount of output 

responds to the changes in capital and labor accordingly, the term 𝐴 

denotes the total factor productivity, which captures the scale of 

production (Varian, 2010). The Cobb–Douglas production function with 

the standard functional form presumes Hicks-neutral technical change, 

which implies that the change in production function does not affect the 

ratio of labor and capital in the products’ production function (Barro, 

1999).  

In most of the cases, the Cobb–Douglas production function and ICT 

impact are estimated using non-parametric approach represented by 

growth-accounting methodology and parametric approach represented 

by productivity estimations using econometric techniques (Biagi, 2013; 

Cardona et al., 2013). Previous studies address to parametric and non-

parametric approaches to assess the impact of ICT on productivity 
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growth. Discussed by Robert Solow (Solow, 1957), the non-parametric 

technique of growth accounting has been widely applied to measure the 

technical change (Inklaar et al., 2007, 2008). An application of non-

parametric approach was driven by the stream of research related to 

growth differentials between countries that resulted in conclusion on the 

existing productivity gap between U.S. and European countries widely 

discussed in the literature (Jorgenson & Stiroh, 2000; Jorgenson & Vu, 

2005; Oliner & Sichel, 2000; Stiroh Stephen D. Oliner, and Kevin J., 

2007; K. J. Stiroh, 2002).  

Non-parametric methods assume the application of production and 

microeconomic theory, therefore assuming several factors 

(Cardona et al., 2013). The distinctive characteristic of the non-

parametric methods is the reliability on neoclassical assumptions in 

economic theory including the rational behavior of producer based on 

the profit maximization and cost minimization, constant returns to scale 

(CRS), perfect competition on the market where producers are price 

takers (Varian, 2010). Despite the strong connection to economic theory, 

the growth accounting approach relies on the strong assumptions and 

does not provide a causal relationship and requires a proper computation 

of indexes that measure the effects of inputs and growth rates 

(Cardona et al., 2013). The growth accounting approach emphasizes that 

the increase in ICT deepening is triggered by falling IT prices. Moreover, 

the growth accounting approach does not account for a number of factors 

such as deviations from perfect competition, CRS, and intangible capital 

(Oliner et al., 2007). Although the growth-accounting methodology 

provides an opportunity to estimate the relationship between labor 



 26 

productivity growth and ICT capital as well as labor and total factor 

productivity, it does not allow for measuring indirect effects of ICT that 

appear in the form of externalities (Biagi, 2013). As a consequence, in 

the absence of direct measures for externalities, previous studies tend to 

interpret the excess returns of ICT investments as the presence of 

externalities without any direct evidence.  

In turn, the econometric approach allows for the use of more flexible 

functional forms and permits assessment of both direct and indirect 

effects of ICT investments (Biagi, 2013). Considering given factors, the 

literature previously inclined toward the econometric approaches due to 

the ability of parametric estimations to relax several assumptions 

imposed in growth-accounting methodology. As one of the advantages, 

the production elasticities are directly measured based on the data 

analysis without additional assumptions related to the profit 

maximization, cost minimization and totally rational behavior of 

producers on the market (Cardona et al., 2013). Moreover, the 

econometric estimations help to avoid the imposed assumption on the 

constant returns to scale (CRS), an assumption that especially hardly can 

be achieved at the industry level. In case of the productivity estimations, 

as well as in case of the growth-accounting estimation, the regression 

model is computed as log-linear derivation of the Cobb–Douglas 

production function. The following equation was derived by 

Brynjolfsson and Hitt (2003) and is used widely in ICT impact 

productivity estimation research as the base model:  

∆𝑦𝑖𝑡 = 𝛽𝐿∆𝑙𝑖𝑡 + 𝛽𝐼𝑇∆𝑘𝑖𝑡
𝐼𝑇 + 𝛽𝑁𝑇∆𝑘𝑖𝑡

𝑁𝑇 + 𝛽𝑀∆𝑚𝑖𝑡 + 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑠 + 𝜖𝑖𝑡 
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Where 𝑦 denotes country, industry or firm output, 𝑘𝑖𝑡
𝐼𝑇 and 𝑘𝑖𝑡

𝑁𝑇are ICT 

capital and non-ICT capital stock respectively, 𝑚 – intermediate inputs 

and 𝑙  – labour. As the main advantage, the literature mentions an 

opportunity to directly measure the elasticity of ICT rather than rely on 

the economic theory for productivity elasticities (Cardona et al., 2013). 

Therefore, the current study also follows an approach of econometric 

analysis of the production function in order to accurately estimate 

productivity elasticities and assess the impact of ICT on the output 

growth.  

 

3.2. Research framework 

This study aims to assess the impact of ICT investments on productivity 

growth and estimate combined effects of ICT investments and 

complementary assets on productivity growth. To accomplish this goal, 

we estimate the direct impact of ICT investments, in particular, the 

impact of ICT capital deepening gross output. Furthermore, we are 

interested in the assessment of indirect effects of ICT that appear in the 

form of ICT externalities. As Acharya (2016) noted, a significance of 

ICT externalities measurement is that their presence indicates ICT 

diffusion to entire industries and creates undoubted arguments for 

government subsidies in support of ICT. These observations, therefore, 

might stimulate relevant policy measures.  

Moreover, as discussed in Chapter 2, the full benefits of ICT can only be 

observed when investments in complementary assets are made 

simultaneously with ICT capital-deepening. It follows from the GPT 

hypothesis that ICT investments should be accompanied with co-
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inventions and co-investments to the organizational and working 

practices. Also, controlling for complementary assets is required to avoid 

mismeasurement issues: if analysis fails to account for complementary 

assets, one can mistakenly find evidence for presence of ICT 

externalities (Acharya, 2016). Based on the last argument and supported 

by the GPT characteristics of ICT, we assume that both direct and 

indirect effects of ICT might occur with delays in time due to the long 

period for implementation of complementary organizational changes 

(Brynjolfsson & Hitt, 2003b; Milgrom & Roberts, 1990). For this 

research, we used EU KLEMS country- and industry-level data covering 

15 countries and 17 industries for the period 2000–2014. The detailed 

data and variable descriptions are provided in Chapter 4.  

Stemming from this, we constructed a research framework depicted in 

Figure 1. First, given the ICT capital input, we assessed the presence of 

ICT capital deepening within industry and indirect effects of ICT 

investments that appear in the form of ICT externalities across industries. 

Note that for the current research we only considered externalities that 

occur domestically, particularly since previous studies demonstrated the 

irrelevance of foreign ICT externalities measurement (Acharya, 2016; 

Kim et al., 2021). Second, we include proxies into regression equations 

for complementary assets to assess an interaction of the ICT investments 

and organizational changes and test Hypotheses 1a and 1b. Third, 

following previous studies, we include time-lagged variables of ICT 

investment to assess the delayed impact of ICT on gross output based on 

the GPT nature of ICT (Marsh et al., 2017). As a result of these steps, we 

conclude whether ICT has a direct or indirect contribution to productivity.   
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Figure 1. Research Framework.  

Source: author. 

 

3.3. Empirical model  

This study is based on an empirical model implemented by Acharya 

(2016), more recently modified by Kim et al. (2021). The basic model 

refers to the growth accounting approach and derivations made from the 

standard Cobb–Douglas production function.  

The model covers gross output as the dependent variable and considers 

labor, non-ICT capital, and intermediate inputs as controls for ICT 

capital (Kim et al., 2021). The literature tends to use both value-added 

and gross output as dependent variables. Following Kim et al. (2021) and 

Cobbold (2003), we assume that gross output is the better option for the 

measurement of industry productivity. Gross output provides a way to 

decrease the multifactor productivity measurement bias, thus being 

preferable for productivity estimates according to the literature. As for 

the labor input, two measures are usually used: the first is labor 

compensation and the second is hours worked by employees. Following 

Cardona et al., (2013) and Bertani et al. (2020), we capture labor input 
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as the hours worked by employees as it better indicates actual economic 

activity.  

Furthermore, we calculated ICT and non-ICT capital stock based on the 

most recent studies that use EU KLEMS data (Acharya, 2016; Kim et al., 

2021; Spiezia, 2013). Two approaches in the literature are seen for the 

calculation of an ICT variable. According to the first approach, some 

studies consider ICT as a combination of its tangible and intangible 

elements. Computer and communication equipment (hardware) are 

considered tangible, while software and databases are intangible sources 

of computerized information (Bertani et al., 2020; Marrano et al., 2009). 

Thus, Acharya (2016) computes ICT capital stock as a combination of 

computing equipment (IT), communication technology (CT), and 

software and databases. Indeed, the combination of both tangible and 

intangible elements is significant since hardware is useless without 

software and vice versa; therefore, only a combination of these elements 

would demonstrate the real impact of the digitalization state 

(Bertani et al., 2020).  

Nevertheless, there is a second approach for ICT variable calculation 

where ICT capital itself is represented by its tangible part, namely, by 

computer and communication equipment, while software and databases 

are treated as a separate variable. For instance, Kim et al. (2021) 

considers ICT capital stock to be an aggregation of computing equipment 

(IT) and communication technology (CT) as these two measures 

represent tangible assets. Software and databases, meanwhile, are treated 

separately as the sources of computerized information are indicated as 

an intangible element.  
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While supporting the idea of a cumulative assessment of ICT’s tangible 

and intangible elements, we also agree that a separate assessment might 

provide better opportunities for measurement and capturing the 

individual impact of these elements (Kim et al., 2021). Therefore, for the 

this study, we assess a model presented later in this chapter with two 

separate sets of ICT variables: we denote first an ICT aggregated variable 

that includes computer equipment (IT) and communication equipment 

(CT), and software and databases; and we assign second set as ICT 

disaggregated variables where we denote ICT capital (tangible) as the 

variable representing merged computer equipment (IT) and 

communication equipment (CT), while software and databases are 

included as a separate variable.  

Furthermore, the non-ICT capital stock is merged as the sum of the 

investments to the transportation equipment, other machinery and 

equipment, total non-residential investment, residential structures, and 

cultivated assets in accordance with the common approach used in 

studies based on EU KLEMS data.  

Regarding ICT externalities, we focus only on domestic ICT 

externalities. ICT externalities are computed based on the approach used 

by Coe and Helpman (1995) for computing research and development 

(R&D) spillovers as adopted by Acharya (2016) for ICT externalities. 

According to this approach, for each country c and industry i, the 

domestic ICT externalities are calculated as the sum of all other 

industries’ investments in ICT at time t where i’≠i. Thus, the domestic 

ICT externalities follow the equation:  
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𝐷𝑜𝑚𝑒𝑠𝑡𝑖𝑐 𝐼𝐶𝑇 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙𝑖𝑡𝑖𝑒𝑠 = ∑ 𝐾𝑖′𝑐𝑡
𝐼𝐶𝑇

𝑖′≠𝑖,𝑐

 

where 𝐾𝑖′𝑐𝑡
𝐼𝐶𝑇 stands for the ICT capital stock of industry i’, in country c, 

at time t. Note that following the differentiation of aggregated and 

disaggregated ICT capital variable, we use similar logic for computing 

externalities.  

Following previous literature, we also control for R&D to avoid 

mismeasurement issues. If R&D is not included in the regression 

equation, ICT might mistakenly capture its effects (Marsh et al., 2017). 

Therefore, we add an R&D variable to control for R&D-based 

knowledge spillovers whose effects can be confused with the ICT 

externalities.  

As discussed in Chapter 2, there is a lack of studies on the sectoral and 

country levels that consider complementary assets as inputs to the 

regression equation due to their unaccountability in national accounts. 

Nevertheless, the recent release of the EU KLEMS database provides a 

dataset with intangible assets, which makes it possible to construct the 

complementary assets variables.  

Following previous studies, we aggregate investments in advertising and 

market research as complementary assets as well as purchases of 

organizational capital (investments in organizational changes) and 

investments in vocational training for employees (Brynjolfsson & Hitt, 

2003b; Crespi et al., 2007; Kim et al., 2021). We also include all three 

variables separately for regression analysis. All the variables used in the 

analysis are shown in Table 1 below.  
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Table 1. Variables used for analysis  

Variable Description  

GO Gross output (dependent variable) 

II Intermediate inputs 

LABOUR Hours worked by employees 

NON_ICT Non-ICT capital (Transport Equipment + Other 

Machinery and Equipment + Total Non-residential 

investment + Residential Structures + Cultivated 

Assets) 

ICT Computer and communication equipment+ Software 

and Databases 

ICT_tangible Computer and communication equipment 

RD Research and development 

ICT_EXT Summation of all other industries’ investment in ICT 

at time t  

ICT_EXT_tangible Summation of all other industries’ investment in 

computer and communication equipment at time t  

SOFT_DB Software and Databases 

ADV_MRES Investments in advertising and market research 

ORG_CAP Purchase of organizational capital (investments in 

organizational changes)  

VOC_TR Vocational trainings for employees  

COMPLEM Aggregated variable (Investments in advertising and 

market research + Purchase of organizational capital + 

Vocational trainings for employees)  

INNO_PROP Investments in the IP protection and design  

* All variables except labour are presented as investments, in mln US $ PPP; 

** Labour is presented in thousands of hours worked by employees 
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Source: elaborated by the author based on EU KLEMS Database, 2019 release 

Following the base econometric model presented earlier in this chapter 

and the variables described, regression Equation (1) is represented as 

follows:  

∆𝑦𝑐𝑖𝑡 =  𝛽0 + 𝛽𝐿∆𝑙𝑐𝑖𝑡 + 𝛽𝐼𝑇∆𝑘𝑐𝑖𝑡
𝐼𝑇 + 𝛽𝑁𝑇∆𝑘𝑐𝑖𝑡

𝑁𝑇 + 𝛽𝑀∆𝑚𝑐𝑖𝑡 + 𝛽𝐸∆𝑘𝑐𝑖′𝑡
𝑒𝐼𝑇 +

𝛽𝑅∆𝑅𝑐𝑖𝑡 + 𝛽𝑦𝑦𝑒𝑎𝑟𝑠𝑐𝑖𝑡 + 𝜖𝑐𝑖𝑡                                                   (1) 

where 𝑙𝑐𝑖𝑡 denotes labour input, 𝑘𝑐𝑖𝑡
𝐼𝑇  and 𝑘𝑐𝑖𝑡

𝑁𝑇 – ICT and non-ICT capital, 

respectively. Additionally, 𝑚𝑐𝑖𝑡  represents intermediate inputs, 𝑘𝑐𝑖′𝑡
𝑒𝐼𝑇  

denotes ICT externalities, 𝑐𝑖𝑡  denotes country, industry, and time-

specific characteristics. We also add a year variable to the equation—an 

approach often used in panel data analysis to control for yearly economic 

shocks (Lee & Choi, 2015).  

As the next step of our analysis, we add variables indicating 

complementary assets based on the proxies provided by EU KLEMS data 

and control for innovative properties ( 𝐼𝑐𝑖𝑡 )(Kim et al., 2021; 

Marrano et al., 2009). Therefore, we add the variable of complementary 

assets to a regression Equation (2) represented as follows:  

∆𝑦𝑐𝑖𝑡 =  𝛽0 + 𝛽𝐿∆𝑙𝑐𝑖𝑡 + 𝛽𝐼𝑇∆𝑘𝑐𝑖𝑡
𝐼𝑇 + 𝛽𝑁𝑇∆𝑘𝑐𝑖𝑡

𝑁𝑇 + 𝛽𝑀∆𝑚𝑐𝑖𝑡 + 𝛽𝐸∆𝑘𝑐𝑖′𝑡
𝑒𝐼𝑇 +

𝛽𝑅∆𝑅𝑐𝑖𝑡 +  𝛽𝐼∆𝐼𝑐𝑖𝑡 +  𝛽𝐶∆𝐶𝑐𝑖𝑡 + 𝛽𝑦𝑦𝑒𝑎𝑟𝑠𝑐𝑖𝑡 + 𝜖𝑐𝑖𝑡                            (2) 

As our Hypothesis 1a aims to assess the combined effect of ICT 

investments and the intangible assets, we introduce an interaction term 

for ICT investment and these assets to see if they are indeed 

complementary with respect to ICT investments. Therefore, our third 

regression is run based on the following regression Equation (3):  
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∆𝑦𝑐𝑖𝑡 =  𝛽0 + 𝛽𝐿∆𝑙𝑐𝑖𝑡 + 𝛽𝐼𝑇∆𝑘𝑐𝑖𝑡
𝐼𝑇 + 𝛽𝑁𝑇∆𝑘𝑐𝑖𝑡

𝑁𝑇 + 𝛽𝑀∆𝑚𝑐𝑖𝑡 + 𝛽𝐸∆𝑘𝑐𝑖′𝑡
𝑒𝐼𝑇 +

𝛽𝑅∆𝑅𝑐𝑖𝑡 + 𝛽𝐼∆𝐼𝑐𝑖𝑡 + 𝛽𝐶∆𝐶𝑐𝑖𝑡 + (𝛽𝐼𝑇∆𝑘𝑐𝑖𝑡
𝐼𝑇 ∗ 𝛽𝐶∆𝐶𝑐𝑖𝑡) + 𝛽𝑦𝑦𝑒𝑎𝑟𝑠𝑐𝑖𝑡 +

𝜖𝑐𝑖𝑡                                                                                                       (3) 

So far in our regression equations we only considered the 

contemporaneous effects of ICT capital and ICT externalities. Hence, 

our Hypothesis 2 states that ICT might behave differently over time and 

result in delayed effects since the GPT characteristic underlies how the 

impact of ICT can be delayed while the necessary complementary 

investments are implemented (Brynjolfsson and Hitt, 2003). Thus, we 

apply the same argument to ICT externalities considering that lagged 

externalities might have even larger impact on the productivity. 

Following this argument, we re-estimated regression Equation (3) 

considering the impact of ICT capital investment and ICT externalities 

with 1, 3 and 5-year lags based on Marsh et al. (2017). Therefore, 

elaborated equations are applied to sample data of 15 countries and 17 

industries for period 2000–2014. The data exploited for the analysis are 

described in Chapter 4. 

The described regressions are assessed in two steps based on the use of 

ICT aggregated and disaggregated variables sets. We assume this 

approach will provide a robustness of our conclusions as well as allow 

for the observation of individual effects of tangible and intangible 

elements of ICT.  

As usually assumed in econometric analysis, we account for individual 

characteristics of the countries and industries to select an estimation 

strategy. If individual characteristics are not considered, one should 

assume that all countries and industries follow the same production 
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function and homogeneous technology (Acharya, 2016). Hence, it is a 

strong assumption that might result to misleading inferences when 

applied to the heterogeneous panel data (Pesaran & Smith, 1995). 

Therefore, for this study, we relax the homogeneity assumption and 

consider the case of heterogeneous technology.  

Two methods are commonly used in econometric analysis to capture 

individual differences. Using a fixed-effects estimator, specific 

characteristics are captured in the intercept parameter by introducing 

dummy variables for each individual. In the case of a random effects 

estimator, it is assumed that measured elements are selected in the 

sample and complemented by a term, similar to random errors, that 

imposes a zero mean, constant variance and an absence of correlations 

across individuals (Hill et al., 2011). It is commonly accepted to apply 

the Hausman specification test to select between these models. The 

Hausman test compares estimated coefficients from the fixed-effects 

model and the random effects model. In the case of correlation between 

random effects and explanatory variables, the random effects model is 

inconsistent, and the fixed-effects model is preferred. 
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Chapter 4. Data  

4.1. Data preparation  

The current study uses the EU KLEMS database. Accumulated and 

maintained by the Groningen Growth and Development Centre, the EU 

KLEMS database includes country and industry-level data on gross 

output, value-added, capital, labor, intermediate inputs, and more 

(Stehrer, 2019).  

Initially, the EU KLEMS database provides data on the 28 European 

Union member states as well as the United States and Japan for the period 

1995–2017. For the EU countries, the database includes data from 1995–

2017. U.S. data is only available starting from 1997, and data for Japan 

is only reported until 2015. Following the study by Kim et al. (2021), the 

current research selects coverage of European countries as there is a data 

shortage on several complementary assets for Japan and the United 

States, in particular, data on vocational training. Since our study aims to 

assess the interaction of ICT and complementary assets, we proceeded 

with data on the European countries. 

Therefore, the final panel dataset is combined by country, industry, and 

year. Data from 15 European countries for the period 2000–2014 are 

included. The dataset comprises 17 industries following the Industrial 

Classification of All Economic Activities (ISIC Rev.4). Full country and 

industry coverage are presented in Appendix A and B, respectively.  

For this research, we used several parts of the database, in particular, 

National Accounts, Growth Accounts, Capital Accounts, and Intangible 

Assets accounts. The data aggregation process follows the previous study 

of Acharya (2016). From the original EU KLEMS database, data on the 
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gross output, intermediate input, labor compensation, hours worked by 

employees, ICT capital stock, and non-ICT capital stock were extracted. 

All data are provided in the current prices in national currency. The 

values are converted to constant prices in national currencies using 

volume indices with the base year of 2010 provided in the EU KLEMS 

database on gross output, intermediate input, and labor services. ICT 

capital stock and non-ICT capital stock are provided in the database in 

the values for the 2010 reference year.  

After the conversion, for 12 EU countries (Austria, Belgium, Finland, 

France, Germany, Italy, Netherlands, Estonia, Luxembourg, Latvia, 

Slovenia, Slovakia), data are provided in euros. For the remaining 

countries, the data are in the respective national currency in constant 

prices with a base year of 2010. For comparison, all data in euros and 

national currencies were converted to USD$ PPP1 using the OECD PPP 

conversion rates. 2  The methodology for conversion follows previous 

studies (Acharya, 2016) and guidelines provided by OECD. Two 

common approaches cover conversion based on the current PPPs and on 

constant PPPs. As per OECD recommendations, indices based on 

constant PPPs are better for the analysis of relative growth performance 

between countries and over time. Therefore, the data extracted from the 

EU KLEMS database are transformed to constant USD$ PPPs with the 

base year of 2010 by dividing the national currency variable at the 2010 

 
1 Purchasing power parities (PPPs) are the rates of currency conversion that attempt to 

equalize the purchasing power of different currencies by eliminating the differences in 

price levels between countries. The basket of goods and services priced is a sample of 

all those goods that are part of final expenditures: final consumption of households and 

government, fixed capital formation, and net exports. (OECD, n.d.).  
2 Purchasing power parities (PPP). OECD (n.d.).   
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PPP conversion rate to U.S. dollars with respect to a particular country 

(Acharya, 2016).  

 

4.2. Data description 

Table 2 below indicates descriptive statistics for all variables used in the 

estimation equations, which were described earlier in Table 1. We also 

present correlation matrices for models with ICT aggregated and 

disaggregated variables in Appendix C and D respectively.  

Table 2. Descriptive statistics 

Variable  Obs  Mean  Std. Dev.  Min  Max 

GO 4050 71553.766 171037.040 58.258 2114366.300 

II 4050 37379.329 110738.050 30.191 1426223.800 

LABOUR 4050 579748.31 1201246.90 6.500 10994000.00 

NON_ICT 3461 88786.997 400353.960 44.233 5039704.000 

RD 3712 4246.332 20447.359 0.000 306178.130 

ICT 4033 2684.883 6752.759 0.000 60015.344 

ICT_EXT 4033 45637.044 62275.775 464.853 244531.380 

ICT_tang 4047 1325.495 4090.017 0.000 56461.098 

ICT_EXT_tang  4047 22532.715 38484.067 433.332 200309.330 

SOFT_DB 4034 1354.466 3851.817 0.000 38228.723 

INNO_PROP 3555 1793.224 4982.596 0.438 53868.930 

COMPLEM 3075 2044.945 5047.143 0.128 43478.207 

ADV_MRES 4035 549.519 1824.657 0.055 21148.848 

ORG_CAP 4050 1044.536 2731.513 0.005 33657.930 

VOC_TR 3075 301.531 835.351 0.008 6723.343 

* All values are presented before log-transformation in mln US $ PPP;  

** LABOUR is measured in thousands of hours worked  

Source: devised by author using STATA 16.1 

 

As expected from basic productivity analysis, investments in non-ICT 

capital are higher on average compared to the rest of the inputs. 

Interestingly, if treated separately, investments in computer and 

communication equipment (ICT_tangible) on average are similar to the 

number of investments in software and databases, which indeed supports 

an attitude of equal importance for both tangible and intangible elements. 
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Among investments in complementary assets, companies tend to invest 

more in purchasing organizational capital. This observation is consistent 

with previous studies focusing on changes in organizational and working 

practices as the most important complements to ICT investments 

(Brynjolfsson & Hitt, 2003a; Crespi et al., 2007; Milgrom & Roberts, 

1990).  

Based on the variables and data described in this chapter, we ran 

regressions following equations from Chapter 3. We present our 

estimation results as well as their interpretations in Chapters 5 and 6, 

respectively.  
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Chapter 5. Findings 

In this section, we present the results of our estimations and discuss them 

in Chapter 6. We hypothesized that intangible assets would have a 

complementary effect with the ICT investments and be positively related 

to ICT impact. Furthermore, we assumed that the effects of ICT might 

occur with time lags. To test our hypotheses, we present three steps 

estimation results. We present results based on the aggregated ICT 

variable (Acharya, 2016) and ICT variables disaggregated on tangible 

(computer and communication equipment) and intangible (software and 

databases) elements (Kim et al., 2021). Next, we provide results of the 

models with included time-lagged variables for ICT investments. All the 

models are estimated using a fixed-effects estimator.  

 

5.1 Models with an aggregated ICT variable 

Tables 3 and 6 present the output of models with gross output as a 

dependent variable and an aggregated ICT variable that covers computer 

equipment (IT), communication equipment (CT), and software and 

databases. The first specification in Table 3 includes the ICT variable 

that defines ICT investments within an industry and across industries, or 

ICT externalities, and includes basic production function explanatory 

variables (intermediate inputs, labor, non-ICT capital). Specification 2 

adds research and development as the control variable, while 

specifications 3 and 4 control for innovative properties as well as cover 

investments in complementary assets in aggregated and disaggregated 

form. Year dummies are included in each specification. For each 

regression specification, we conducted the Hausman specification test to 
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choose between a random or fixed-effects model (Hill, 2011). Following 

test results presented in Table 4, all specifications are estimated with a 

fixed-effects model.  

Table 3. Output of regression models with aggregated ICT variable, 

fixed effects model 

Gross output (1) (2) (3) (4) 

Intermediate inputs 

 

0.615*** 

(21.67) 

0.593*** 

(18.42) 

0.644*** 

(12.78) 

0.642*** 

(13.08) 

Labour  

 

0.094*** 

(5.43) 

0.078** 

(2.24) 

0.098** 

(2.44) 

0.111*** 

(2.64) 

Non-ICT capital 

 

0.032 

(1.49) 

0.039 

(1.62) 

0.016 

(0.64) 

0.008 

(0.34) 

ICT capital 

  

0.000 

(0.02) 

0.007 

(0.93) 

0.010 

(1.19) 

0.007 

(0.88) 

ICT ext. 

 

0.037* 

(1.87) 

0.032 

(1.39) 

0.051* 

(1.92) 

0.069** 

(2.49) 

R&D 

 

 

 

0.002 

(0.44) 

0.006 

(1.03) 

0.003 

(0.64) 

Innovative properties   0.005 

(0.19) 

0.000 

(-0.00) 

Complementary assets   -0.076 

(-1.03) 

 

Advertising & market 

research  

   0.049** 

(2.05) 

Organizational capital    -0.104** 

(-2.26) 

Vocational trainings     -0.010 

(-0.60) 

Constant 2.422*** 
(7.55) 

2.747*** 
(6.35) 

2.413*** 
(4.92) 

2.153*** 
(4.24) 

Year dummies  Yes  Yes Yes  Yes 

Observations 3438 2957 2245 2245 

R-squared 0.845 0.822 0.832 0.844 

Note: t-statistics in parentheses; *,**,*** denote significance at 10%, 5% 

and 1% levels respectively 

Source: computed by the author in STATA 16.1 

 

Results of the Wald test shown in Table 5 indicate the presence of 

heteroscedasticity; therefore, White robust standard errors are applied to 

avoid heteroscedasticity (Freedman, 2006; Hoechle, 2007).  
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Table 4. Output of the Hausman specification test, regression models 

with aggregated ICT variable  

   (1) (2) (3) (4) 

Chi-square test value 303.296 264.171 716.868 584.234 

P-value 0.000 0.000 0.000 0.000 

Source: computed by the author in STATA 16.1 

Table 5. Output of the Wald test for groupwise heteroskedasticity, 

regression models with aggregated ICT variable  

   (1) (2) (3) (4) 

Chi-square test value 3.2e+05 2.0e+05 1.6e+05 98751.50 

P-value 0.000 0.000 0.000 0.000 

Source: computed by the author in STATA 16.1 

Our main findings from Table 3 are the following. None of the 

specifications indicate the significance of ICT investments’ impact 

within an industry, which is consistent with Kim et al. (2021). 

Specification 1 indicates the presence of ICT externalities that disappear 

when we control for R&D in specification 1. We concur with previous 

studies that controlling for R&D investments facilitates avoiding 

mismeasurement of ICT externalities. That is, in the absence of an R&D 

variable, effects are mistakenly observed as ICT externalities. In turn, 

there is evidence of positive and significant ICT externalities when 

complementary asset variables are added to the specifications. Following 

specifications 3 and 4, coefficients of the ICT externalities increase from 

0.051 to 0.069, with an increase in significance level from 10% to 5% 

depending on the complementary assets variables (aggregated or 

disaggregated) added to the specification.  

 



 44 

Table 6. Output regression models with aggregated ICT variable and 

interaction terms, fixed-effects estimator 

Gross output (1) (2) 

Intermediate inputs  0.638*** 

(13.31) 

0.635*** 

(12.72) 

Labour 0.079** 

(2.05) 

0.102** 

(2.51) 

Non-ICT capital 

 

0.039 

(1.43) 

0.027 

(1.09) 

ICT capital -0.068** 

(-2.54) 

-0.033 

(-1.50) 

ICT ext. 0.068** 

(2.48) 

0.087*** 

(3.10) 

R&D  0.009 

(1.46) 

0.006 

(1.24) 

Innovative properties 0.003 

(0.10) 

-0.004 

(-0.16) 

Complementary assets -0.156* 

(-1.78) 

 

ICT * Complementary assets 0.016*** 

(3.06) 

 

Advertising & market research  0.003 

(0.07) 

ICT *Advertising & market research  0.009 

(1.19) 

Organizational capital  -0.150** 

(-2.44) 

ICT * Organizational capital  0.010 

(1.37) 

Vocational trainings  0.024 

(0.79) 

ICT * Vocational trainings  -0.009 

(-1.34) 

Constant 2.639*** 2.174*** 

 (5.63) (4.50) 

Year dummies Yes Yes 

Observations 2245 2245 

R-squared 0.838 0.851 

Note: t-statistics in parentheses; *,**,*** denote significance at 10%, 5% 

and 1% levels respectively 

Source: computed by the author in STATA 16.1 

 

In Table 6, we present results of the estimation based on the regression 

Equation 3 from Chapter 3. Specifications 1 and 2 from the Table 6 
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incorporate interaction terms of ICT and aggregated and disaggregated 

complementary assets to test our Hypothesis 1b of the complementary 

effect between ICT investments and intangible assets.  

An interaction term of ICT and aggregated complementary assets shows 

positive and strongly significant results with a coefficient of 0.016, while 

interaction terms of ICT with separate variables for advertising and 

market research, organizational capital, and vocational training remains 

insignificant. Interestingly, after adding an interaction term, we observe 

a significant negative impact of ICT investments within the industry. 

Furthermore, while ICT externalities coefficient increases from 0.068 to 

0.087 from specification 1 to specification 2, we incline toward an 

interpretation of specification 1 as it more accurately captures an 

aggregated result of the effects of the complementary asset.  

Lastly, non-ICT capital effect is small when all control variables are 

included. We assume that it might be due to the fact that both 

intermediates (which are always highly significant) and complementary 

assets might capture a part of the effect and vice versa (Kim et al., 2021). 

 

5.2 Models with disaggregated ICT variables 

Tables 7 and 10 demonstrate the output of models with gross output as a 

dependent variable and disaggregated ICT variables: computer and 

communication equipment are merged as one variable representing 

tangible elements of ICT, software, and databases are used as a separate 

variable representing the intangible element of ICT. Specifications of 

Table 7 follow logic similar to Table 3 and estimate disaggregated ICT 

variables with a basic production function, then including research and 
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development as control variables and complementary assets variables. 

Year dummies are included in each specification.  

Table 7. Output of regression models with disaggregated ICT variables, 

fixed-effects estimator 

Gross output (1) (2) (3) (4) 

Intermediate 

inputs 

0.604*** 

(22.20) 

0.597*** 

(18.24) 

0.651*** 

(12.82) 

0.650*** 

(12.97) 

Labour 0.085*** 

(5.34) 

0.077** 

(2.22) 

0.094** 

(2.34) 

0.104** 

(2.44) 

Non-ICT capital 0.038* 

(1.83) 

0.039* 

(1.71) 

0.020 

(0.78) 

0.016 

(0.63) 

ICT capital  

(tangible) 

0.003 

(0.42) 

0.005 

(0.78) 

0.007 

(0.88) 

0.003 

(0.40) 

ICT ext. 

(tangible)  

0.015 

(0.87) 

0.023 

(1.20) 

0.046** 

(2.18) 

0.056** 

(2.39) 

Software & 

Databases 

-0.001 

(-0.17) 

-0.002 

(-0.22) 

-0.002 

(-0.25) 

-0.001 

(-0.16) 

R&D  0.003 

(0.65) 

0.008 

(1.40) 

0.005 

(1.09) 

Innovative 

properties 

  -0.002 

(-0.08) 

-0.007 

(-0.30) 

Complementary 

assets 

  -0.074 

(-1.00) 

 

Advertising & 

market research 

   0.048** 

(2.02) 

Organizational 

capital 

   -0.099** 

(-2.11) 

Vocational 

training 

   -0.013 

(-0.74) 

Constant 2.767*** 
(9.33) 

2.825*** 

(6.69) 
2.483*** 
(5.32) 

2.291*** 
(4.69) 

Year dummies Yes Yes Yes Yes 

Observations 3391 2944 2233 2233 

R-squared 0.834 0.819 0.829 0.841 

Note: t-statistics in parentheses; *,**,*** denote significance at 10%, 5% 

and 1% levels respectively 

Source: computed by the author in STATA 16.1 

 

For each regression specification, we conducted a Hausman specification 

test to choose between random effects and fixed effects model (Hill, 

2011). Following the test results presented in Table 8, all specifications 
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are estimated with a fixed-effects model. Results of the Wald test 

presented in Table 9 indicated the presence of the heteroscedasticity 

issue; therefore, White robust standard errors are applied to avoid the 

heteroscedasticity (Freedman, 2006; Hoechle, 2007).  

Table 8. Output of the Hausman specification test, regression models 

with disaggregated ICT variables  

   (1) (2) (3) (4) 

Chi-square test value 346.128 295.328 913.273 764.418 

P-value 0.000 0.000 0.000 0.000 

Source: computed by the author in STATA 16.1 

Table 9. Output of the Wald test for groupwise heteroskedasticity, 

regression models with disaggregated ICT variables  

   (1) (2) (3) (4) 

Chi-square test value 2.7e+05 2.3e+05 1.9e+05 1.2e+05 

P-value 0.000 0.000 0.000 0.000 

Source: computed by the author in STATA 16.1 

Similar to the results from subsection 5.1, specifications 3 and 4 of Table 

7 indicate that ICT externalities effects are only observed when 

complementary assets variables are added, either in the aggregated or 

disaggregated form (advertising and market research, organizational 

capital, and vocational training). As it is expected, coefficients of ICT 

externalities in specifications 3 and 4 decrease compared to the results 

from specifications 3 and 4 of Table 3 from 0.051 and 0.069 to 0.046 and 

0.056 respectively, as we only consider the tangible element of ICT in 

Table 7.  
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Table 10. Output of regression models with disaggregated ICT variables 

and interaction terms, fixed-effects estimator 

Gross output (1) (2) 

Intermediate inputs 0.646*** 

(13.24) 

0.644*** 

(12.68) 

Labour 0.077* 

(1.97) 

0.098** 

(2.37) 

Non-ICT capital 0.036 

(1.41) 

0.028 

(1.16) 

ICT capital 

(tangible) 

-0.066** 

(-2.55) 

-0.042** 

(-2.05) 

ICT ext. 

(tangible) 

0.058*** 

(2.67) 

0.071*** 

(3.13) 

Software & Databases 0.001 

(0.17) 

0.002 

(0.28) 

R&D 0.010* 

(1.70) 

0.008 

(1.65) 

Innovative properties -0.008 

(-0.33) 

-0.013 

(-0.60) 

Complementary assets -0.135 

(-1.61) 

 

ICT * Complementary 

assets 

0.014*** 

(2.88) 

 

Advertising & market 

research 

 0.024 

(0.65) 

ICT * Advertising & 

market research 

 0.005 

(0.91) 

Organizational capital  -0.148*** 

(-2.66) 

ICT * Organizational 

capital 

 0.012* 

(1.81) 

Vocational training  0.011 

(0.46) 

ICT * Vocational training  -0.008 

(-1.40) 

Constant 2.757*** 

(6.20) 

2.384*** 

(5.05) 

Year dummies Yes Yes 

Observations 2233 2233 

R-squared 0.834 0.847 

Note: t-statistics in parentheses; *,**,*** denote significance at 10%, 5% 

and 1% levels respectively 

Source: computed by the author in STATA 16.1 
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After adding an interaction term to the model, specification 1 of the Table 

10 provides positive and significant evidence of the complementary 

effect between intangible assets and tangible elements of ICT with a 

coefficient of 0.014. While there is an overall positive impact of the 

interaction term in specification 1, specification 2 further presents an 

individual positive and significant interaction of an ICT tangible variable 

and organizational capital with a coefficient of 0.012 under a 10% 

significance level.  

Similar to the results of subsection 5.1, the ICT capital coefficient 

becomes significantly negative when the interaction term of ICT tangible 

capital and complementary assets is introduced. At the same time, 

software and databases do not provide any significant impact when 

estimated separately.  

 

5.3 Models with time-lagged effect  

Following Marsh et al. (2017), Tables 11 and 12 present estimation 

results with the time lags for models with aggregated and disaggregated 

ICT capital variable, respectively. Specification 1 in both tables presents 

the contemporaneous impact of ICT, while specifications 2, 3, 4 provide 

estimation results for ICT-related variables with 1,3,5-year lags.  

Our main findings from the comparison of both tables are the following. 

According to specification 1, ICT capital within a particular industry 

projects a negative contemporaneous result with a similar coefficient of 

−0.068 and −0.066 in Tables 11 and 12, respectively, which means that 

ICT deepening negatively impacts productivity growth in the year of 

their investments, as we expected. Although the positive impact of ICT 
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capital deepening is not observable in the perspective of five years, the 

significant negative result diminishes and becomes insignificant after 

one year for ICT hardware and after three years for the aggregated ICT 

variable.  

Table 11. Output of regression model with time-lagged effect, 

aggregated ICT variable 

Gross output (1) 

Contempor. 

(2) 

1-year lag 

(3) 

3-year lag 

(4) 

5-year lag 

Intermediate inputs 0.638*** 

(13.31) 

0.637*** 

(12.86) 

0.628*** 

(11.70) 

0.611*** 

(11.87) 

Labour 0.079** 

(2.05) 

0.086** 

(2.14) 

0.106** 

(2.42) 

0.102** 

(2.22)  

Non-ICT capital 0.039 

(1.43) 

0.040 

(1.41) 

0.059 

(1.39) 

0.103* 

(1.86) 

ICT capital -0.068** 

(-2.54) 

-0.065** 

(-2.39) 

-0.068* 

(-1.77) 

-0.078 

(-1.54) 

ICT ext.  0.068** 

(2.48) 

0.061** 

(2.18) 

0.047 

(1.55) 

0.019 

(0.62) 

Complementary assets  -0.156* 

(-1.78) 

-0.140 

(-1.60) 

-0.129 

(-1.36) 

-0.119 

(-1.25) 

ICT * Complementary 

assets  

0.016*** 

(3.06) 

0.015*** 

(2.80) 

0.015** 

(2.12) 

0.016* 

(1.77) 

R&D 0.009 

(1.46) 

0.007 

(1.22) 

0.003 

(0.57) 

-0.002 

(-0.25) 

Innovative properties 0.003 

(0.10) 

-0.001 

(-0.04) 

-0.001 

(-0.02) 

-0.007 

(-0.34) 

Constant 2.639*** 2.587*** 2.362*** 2.426*** 

 (5.63) (5.54) (4.82) (4.62) 

Observations 2245 2106 1820 1530 

R-squared 0.838 0.826 0.792 0.753 

Note: t-statistics in parentheses; *,**,*** denote significance at 10%, 5% 

and 1% levels respectively 

Source: computed by the author in STATA 16.1 

The effects of ICT externalities are similar in contemporaneous 

coefficients and in the 1-year lag for both aggregated and disaggregated 

models, whereas ICT externalities provide stronger evidence in the 
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model with the ICT as a tangible asset (10% significance level compared 

to a 5% significance level). 

Overall, the impact of ICT externalities diminishes over time: the ICT 

externalities variable becomes insignificant after one year in the model 

with aggregated ICT variable (Table 11) and after three years in the 

model with disaggregated ICT variables (Table 12).  

Table 12. Output of regression model with time-lagged effect, 

disaggregated ICT variable 

Gross output (1) 

Contempor. 

(2) 

1-year lag 

(3)  

3-year lag 

(4) 

5-year lag 

Intermediate 

inputs 

0.646*** 

(13.24) 

0.642*** 

(12.82) 

0.627*** 

(11.55) 

0.608*** 

(11.86) 

Labour 0.077* 

(1.97) 

0.085** 

(2.09) 

0.116** 

(2.59) 

0.129*** 

(2.74) 

Non-ICT 

capital 

0.036 

(1.41) 

0.036 

(1.32) 

0.045 

(1.19) 

0.072 

(1.40) 

ICT capital 

(tangible) 

-0.066** 

(-2.55) 

-0.054** 

(-2.12) 

-0.060 

(-1.57) 

-0.064 

(-1.19) 

ICT ext. 

(tangible) 

0.058*** 

(2.67) 

0.062*** 

(2.76) 

0.069** 

(2.55) 

0.0467 

(1.58) 

Software & 

Databases 

0.001 

(0.17) 

-0.005 

(-0.65) 

-0.003 

(-0.35) 

-0.001 

(-0.10) 

R&D 0.010* 

(1.70) 

0.010* 

(1.73) 

0.005 

(0.85) 

-0.001 

(-0.14) 

Innovative 

properties 

-0.008 

(-0.33) 

-0.010 

(-0.39) 

-0.008 

(-0.36) 

-0.010 

(-0.53) 

Complementary 

assets 

-0.135 

(-1.61) 

-0.119 

(-1.44) 

-0.111 

(-1.25) 

-0.103 

(-1.15) 

ICT * 

Complementary 

assets 

0.014*** 

(2.88) 

0.012** 

(2.48) 

0.0120* 

(1.79) 

 

0.013 

(1.42) 

Constant 2.757*** 

(6.20) 

2.612*** 

(5.74) 

2.259*** 

(4.44) 

2.178*** 

(3.87) 

Year dummies Yes Yes Yes Yes 

Observations 2233 2094 1808 1518 

R-squared 0.834 0.823 0.790 0.751 

Note: t-statistics in parentheses; *,**,*** denote significance at 10%, 5% 

and 1% levels respectively 

Source: computed by the author in STATA 16.1 
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Most importantly, there is long-run positive and significant evidence for 

a complementary effect of ICT and intangible assets, which is even 

stronger in the model with an aggregated ICT variable. The interaction 

term of ICT and complementary assets remains significant with a 

coefficient of 0.016 even after a five-year lag.  

 

5.4 Robustness check 

We conduct robustness checks based on the models estimated by 

Equation 3 with the contemporaneous variables. We used these models 

as a base before introducing the time-lagged variables. First, to ensure 

the robustness of our results, White robust standard errors were applied 

to avoid heteroscedasticity (Freedman, 2006; Hoechle, 2007) since 

results in Tables 4 and 9 provided evidence of heteroscedasticity.  

To check the sensitivity of the model, we use labor compensation as the 

labor input instead of hours worked by employees (Acharya, 2016; 

Cardona et al., 2013; Kim et al., 2021). Results are provided in Table 13 

below. Specification 1 provides a sensitivity check for the model with an 

ICT variable that aggregates both hardware and software elements; 

specification 2 presents a sensitivity check for the model with 

disaggregated ICT tangible and intangible parts.  

For the model with an aggregated ICT variable, coefficients and the 

significance level of the main variables remain similar except the ICT 

externalities variables become insignificant. Therefore, we conclude that 

the model is sensitive to the type of labor input applied. We assume that 

the labor variable, if taken as labor compensation, might capture part of 
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the ICT externalities effect since the coefficient and significance level of 

labor becomes notably larger from the coefficient of 0.079 under a 5% 

significance level to the coefficient of 0.127 under a 1% significance 

level. It might also be possible due to the aggregation of the ICT variable 

and software variable inclusion since specification 2 provides evidence 

for ICT externalities only when an ICT tangible variable is considered. 

Table 13. Output of the robustness check estimation 

Gross output (1) 

ICT 

(aggregated) 

(2) 

ICT 

(disaggregated) 

Intermediate inputs 0.628*** 

(12.55) 

0.636*** 

(12.55) 

Labour 0.127*** 

(3.21) 

0.127*** 

(3.30) 

Non-ICT capital 0.019 

(0.73) 

0.012 

(0.47) 

ICT capital  -0.078*** 

(-2.90) 

-0.074*** 

(-2.76) 

ICT ext.  0.038 

(1.41) 

0.044** 

(2.21) 

Software & Databases  -0.002 

(-0.22) 

R&D 0.007 

(1.34) 

0.008 

(1.51) 

Innovative properties 0.004 

(0.16) 

-0.007 

(-0.26) 

Complementary assets -0.173** 

(-1.98) 

-0.150* 

(-1.79) 

ICT * complementary assets 0.018*** 

(3.37) 

0.015*** 

(3.08) 

Constant 3.232*** 

(11.62) 

3.230*** 

(11.23) 

Year dummies  Yes  Yes 

Observations 2245 2233 

R-squared 0.841 0.837 

Note: t-statistics in parentheses; *,**,*** denote significance at 10%, 5% 

and 1% levels respectively 

Source: computed by the author in STATA 16.1 

 

Overall, we follow the arguments of Cardona et al. (2013) and 

Bertani et al. (2020) that labor input captured as hours worked by 
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employees provides a better indication of actual economic activity and a 

closer amount of productive services. Given that, we conclude on the 

robustness of initial models, especially considering the similarity of other 

variables coefficients and significance levels.  

Coefficients and significance levels of the main variables in specification 

2 remain similar to the initial model. The coefficient for ICT externalities 

decreased from 0.058 (specification 1, Table 10) to 0.044 with a 

significance level of 5% compared to a previous significance level of 1%. 

We also assume that such differences might be because labor input, if 

included as compensation, partially captures the effects of externalities.  
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Chapter 6. Discussion 

6.1 Complementarity of ICT and intangible assets  

Summarizing results of subsections 5.1 and 5.2 of Chapter 5, we 

conclude that there are no significant contemporaneous effects of ICT 

investments within industry. These results are consistent with the 

previous study based on EU KLEMS database (Kim et al., 2021), In turn, 

there is evidence of positive and significant ICT externalities when 

complementary assets variables are added to specifications with both 

aggregated and disaggregated ICT variables. This conclusion supports 

our Hypothesis 1b and might be interpreted as individual sector benefits 

from externalities from other sectors of the national economy if ICT 

investments are coupled with investments in complementary assets. We 

explored this statement further by adding to the model interaction in 

terms of ICT investments and complementary assets.  

In Table 6, we presented results of the estimation results with added 

interaction regarding ICT and aggregated and disaggregated 

complementary assets in specifications 1 and 2, respectively, to test our 

hypothesis of the complementary effect between ICT investments and 

intangible assets. An interaction term of ICT and aggregated 

complementary assets showed a positive and significant result, while 

interaction terms of ICT with separate variables for advertising and 

market research, organizational capital, and vocational training remained 

insignificant. Therefore, we conclude that to obtain benefits of ICT 

investments, changes in all organizational processes should be 

introduced simultaneously. We incline to specification 1 and prove our 

Hypothesis 1a on the presence of complementary effect between ICT 



 56 

investments and intangible assets. In further support of this statement, 

there is stronger evidence for the presence of ICT externalities when the 

interaction term is included, which means that a particular sector benefits 

from the externalities in other sectors of the national economy if ICT 

investments are coupled with investments in complementary assets. We 

see this observation as important since previous studies stressed the 

absence of ICT externalities at country and industry levels due to the 

high level of data aggregation (Acharya, 2016; Biagi, 2013; 

Cardona et al., 2013; Marsh et al., 2017). 

Furthermore, while the interaction term projects positive and significant 

results, separate variables of ICT investments and complementary assets 

provide a significant negative result. We interpret this result as follows. 

Considered separately, ICT and complementary assets represent large 

investments made by companies; therefore, the investments might have 

a direct and contemporaneous negative impact on gross output. 

Nevertheless, the combination of ICT and complementary assets is 

positively related to productivity growth. Indeed, this conclusion also 

follows from ICT being a GPT. Taken separately, investments in ICT 

and complementary assets in a contemporaneous moment require 

elevated adjustment costs and learning that might lead to productivity 

slowdowns right after the ICT is implemented (David & Wright, 1999; 

Jovanovic & Rousseau, 2005). These results align with the conclusions 

made by Brynjolfsson and Hitt (2003a), who emphasized that the effects 

of ICT investments might be fully observed only if the investments are 

coupled with intangible assets.  
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A similar interpretation is made on the model with disaggregated ICT 

variables, which also supports Hypotheses 1a and 1b of the 

complementary effect of ICT investments and intangible assets and the 

occurrence of a positive impact of complementary assets on ICT 

externalities. After we ran regressions with interaction terms for each 

ICT tangible variable and each complementary asset, we found evidence 

of an individual positive and significant interaction of an ICT tangible 

variable and organizational capital. This evidence supports previous 

studies that emphasized the importance of organizational changes among 

other complementary assets (Biagi, 2013; Brynjolfsson & Hitt, 2003a; 

Crespi et al., 2007).  

Indeed, a process of computerization requires simultaneous changes in 

organizational and working practices. The minor difference is that in the 

case of externalities, the only tangible element of ICT, which is computer 

and communication equipment, shows evidence of the presence of 

positive externalities. In contrast, software and databases do not provide 

any visible results. Therefore, we might conclude that an individual 

sector benefits in general from ICT investments across other sectors with 

the primary focus on computerization and hardware in particular. 

Meanwhile, both computer and communication equipment and software 

impacts within an industry do not indicate any significant results. 

 

6.2 Delayed impact of ICT investments  

After we compare models of ICT aggregated and disaggregated variables 

with the time-lagged variables, we conclude that ICT capital within 

particular industry projects negative contemporaneous results, which is 
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consistent with previous studies indicating that ICT investments might 

cause productivity slowdowns due to high contemporaneous costs 

(Milgrom & Roberts, 1990). Although the positive impact of ICT capital 

deepening is not observable from the perspective of five years, the 

negative significant result diminishes and becomes insignificant after 

one year for ICT hardware and after three years for the aggregated ICT 

variable. Therefore, we might interpret this result as partial support of 

Hypothesis 2. Indeed, the effects of ICT investments within a sector 

might occur with lags in time even being negatively related to 

productivity in the year of initial investment. At the same time, the 

effects of ICT externalities are visible contemporaneously. The effects 

of ICT externalities are similar in contemporaneous coefficients and in 

the 1-year lag for both aggregated and disaggregated models. 

Meanwhile, ICT externalities provide stronger evidence in the model 

with ICT as a tangible asset. The overall impact of the ICT externalities 

diminishes, which is consistent with previous studies considering that 

companies and industries do not see essential enhancements from 

externalities as soon as the computerization is completed in these sectors. 

Therefore, we support Hypothesis 2 only in part of the delayed impact of 

ICT capital impact within an industry and do not support the part of ICT 

externalities.  

Furthermore, there is long-run positive evidence for the complementary 

effect of ICT and intangible assets, which is even stronger when ICT 

captures hardware and software elements, which further supports our 

Hypothesis 1a.  
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Therefore, estimation results for ICT aggregated and disaggregated 

variables with minor differences tend to support our hypotheses. 

Nevertheless, we are inclined to agree with Bertani et al. (2020), 

interpreting ICT as a combination of tangible and intangible parts. 

Although there is a similarity in the overall results, the combination of 

these investments is crucial because of the complementarity 

characterizing hardware and software, thus emphasizing the current state 

of digitalization (Bertani et al., 2020; Marrano et al., 2009).  
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Chapter 7. Conclusion 

Digital transformation is currently covered by social media and 

frequently discussed by policymakers and in many businesses. Digital 

technologies are considered to greatly impact productivity growth as 

well as increase the operational efficiency of businesses and public 

organizations. The purpose of this research is to provide empirical 

insight into the research area of ICT and productivity analysis. We 

assessed the direct impact of ICT investments within a particular industry 

as well as measured the indirect effects of ICT investments that occur in 

the form of externalities. Moreover, we examined a complementary 

effect of ICT capital and intangible assets, as well as tested a hypothesis 

of a delayed ICT impact. Using individual fixed-effects estimation, the 

main results of our analysis demonstrated the hypotheses on the 

complementary effects as well as on the delayed impact of ICT 

investments.  

First, our analysis confirmed a positive relationship of the combined 

effect of ICT and complementary assets on the growth of an industry’s 

gross output. Our main results are consistent with the previous literature 

on ICT and productivity-related areas. This study demonstrates that in 

developed economies, production requires not only such traditional 

factors as capital and labor but also skills, organizational structures and 

processes, culture, and other factors collectively referred to as 

“complementary assets” (Brynjolfsson et al., 2002). Considered together, 

results show evidence that the interaction of ICT and intangible assets 

provides more value than their separate contributions ,which in fact are 

separately negative (Brynjolfsson et al., 2002). 
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Second, the interaction of ICT and complementary assets also stimulates 

the occurrence of ICT externalities. This conclusion not only supports 

the complementary hypothesis but also contributes to previous literature 

on ICT externalities that were not often found at the country and industry 

levels due to the high aggregation level (Marsh et al., 2017). 

Third, our results suggest that ICT capital investments might result in 

contemporaneous negative effects due to the adjustment costs and 

complementary changes made in the year of actual investments. 

Nevertheless, the negative impact diminishes over time, which indicates 

the delayed impact of ICT investments within specific sectors. Therefore, 

there is no evidence to expect a contemporaneous impact of ICT 

investments, which should be considered when adopting business 

strategies and policy measures. This conclusion is only applied to the 

direct effects of ICT since there is contemporaneous evidence of ICT 

externalities.  

Overall, the results of our study support the interpretation of ICT as a 

GPT that can stimulate co-inventions and products, processes, and 

organizational innovations. As a GPT, ICT demonstrates broad 

applicability and pervasiveness through externalities effects when 

coupled with investments in complementary assets. Furthermore, ICT’s 

impact within an industry might occur with a time lag due to the 

implementation of organizational changes and a lengthy period of 

experimentation.  

As our analysis is based on country- and industry-level data, we suggest 

that the results of our study call for special attention from policymakers. 

If support for the GPT nature of ICT reveals evidence of ICT 
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externalities, then public policy toward the ICT investments can be 

justified. These policies also can support R&D in the ICT sector, which 

might lead to the generation of two types of externalities: ICT and R&D 

externalities (Biagi, 2013). Indeed, the presence of the externalities 

might serve as an argument for government subsidies to increase ICT 

investments since ICT offers benefits to the economy overall (Acharya, 

2016). Furthermore, governmental actions might cover raising 

awareness of the advantages of simultaneous ICT and complementary 

assets investments (Biagi, 2013). The observed results of the study reveal 

that instead of being paradoxically unproductive, ICT requires a 

combination with intangible assets to see real direct and indirect impacts 

of ICT investments, which in turn might appear with a lag in time.  

Recently the literature on the economic development started using the 

term ‘middle income trap’ that indicates slowdowns in countries growth 

in the absence of shifts in economic structures. To identify the bottleneck 

in technological development and suggest a way to avoid the middle-

income trap, there is a need of technological capabilities to be developed 

(Lee et al., 2019). And in turn, as it is discussed in the literature, 

technological capabilities might be based on the production, investments 

and innovation. As ICT externalities indicate the diffusion of ICT and 

promote innovation in general, ICT stimulates the technological 

capabilities, therefore, they should be supported by the government in 

order to stimulate economic growth and avoid middle income trap. 

And a public intervention can be revealed in three forms: direct public 

investment in ICT, subsidies that affect the private price of ICT 

investment and usage, and regulatory interventions to re-allocate the 
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costs and benefits between economic agents and bring prices more in line 

with true costs and benefits (Biagi, 2013).  

Presence and impact of ICT externalities create an evidence for 

government to promote ICT externalities generation. Possible policy 

measures noted by World Bank Group (2016) might be focused on three 

elements - market competition, private sector participation stimulation 

and independent regulation of ICT sector. First of al, in order to promote 

ICT diffusion, there is a need to overcome an issue of access to cost 

effective digital infrastructures. Investments in communications 

infrastructures, especially broadband networks should be made to 

stimulate increase in speeds across technologies, thus public private 

partnerships might be appropriate for this purpose (OECD, 2020). 

Second, there is a need to remove regulatory barriers: communications 

infrastructures and services policies are essential to provide 

infrastructure deployment. For example, simplifying licence 

requirements, removing regulatory uncertainty and facilitating efficient 

access to rights of way can all help spur investment (OECD, 2020). Apart 

from that, labour market regulatory barriers might be removed. Third, 

policy makers should also stimulate competition in communications 

infrastructures and services markets to attract and stimulate private 

investment to develop next-generation technologies (OECD, 2020). This 

can lead to the quality and speed of broadband. Therefore, competition 

policies should ensure that users benefit from greater choice in services 

from network and service providers (OECD, 2020).  

Nowadays, economists consider ICT as a main factor that contributes to 

the economic growth of a nation, especially in many newly industrialized 
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countries (NICs) and developing countries including Russia (Farhadi & 

Rahmah, 2011), therefore, this study can be closely assessed by Russian 

government.  

In sum, while our results are based on country/industry-level data of 

European countries, they provide evidence of the presence of ICT 

externalities that were not previously detected in the sectoral data. 

Furthermore, our analysis demonstrated the complementary hypothesis 

of ICT capital and intangible assets. This conclusion is coupled with 

externalities effects overall, indicating the enabling characteristic of ICT 

as a GPT. As ICT is complemented by relevant investments in changes 

in organizational and working practices, the full benefits of ICT might 

be seen only after a critical mass of complementary changes is 

implemented. Evidence shows that a delayed impact of ICT investments 

within a sector should be expected. Therefore, a key policy priority 

should be directed to the long-run support of ICT investments as well as 

stimulation of complementary investments to observe the long-run 

contribution of ICT to sector- and nationwide productivity growth.  
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Appendix A 

List of the countries for analysis  

Countries  

AT - Austria 

BE - Belgium 

CZ - Czech Republic 

DE - Germany 

DK - Denmark 

EE - Estonia 

FI - Finland 

FR - France 

IT - Italy 

LU - Luxembourg 

LV - Latvia 

NL - Netherlands 

SE - Sweden 

SI - Slovenia 

SK - Slovakia 
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Appendix B 

List of industries for analysis (based on ISIC Rev. 4 classification) 

Industries  

A - Agriculture, forestry and fishing 

B - Mining and quarrying 

C - Manufacturing 

D-E − Electricity, gas, steam and air conditioning supply - Water supply; 

sewerage, waste management and remediation activities  

F - Construction  

G - Wholesale and retail trade; repair of motor vehicles and motorcycles  

H - Transportation and storage 

I - Accommodation and food service activities 

J - Information and communication 

K - Financial and insurance activities 

L - Real estate activities 

M-N - Professional, scientific and technical activities - Administrative and 

support service activities 

O - Public administration and defense; compulsory social security 

P - Education 

Q - Human health and social work activities 

R - Arts, entertainment and recreation  

S - Other service activities 

 



 75 

Appendix C 

Correlation Matrices: models with ICT aggregated variable  
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Appendix D 

Correlation Matrices: models with ICT disaggregated variables 
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Abstract (Korean) 

초    록 

 

ICT (Information and Communication Technology) 생산에서의 

생산성 성장은 세계 경제 성장 요소 중 하나이다. ICT 는 가장 

유망한 기술 중 하나로 여겨지며 차세대 GPT (General-Purpose 

Technology)가 될 것으로 예상된다. GPT 의 특성으로 ICT 는 산업 

내부뿐만 아니라 외부로의 확산도 요구되며, 결과적으로 

외부효과가 발생한다. 또한, GPT 로서 ICT 의 편익은 이와 관련된 

보완적 변화들이 도입된 이후 발생하기 때문에 ICT 는 지연된(time-

lagged) 영향을 나타낸다. 그러나 ICT 와 생산성에 대한 광범위한 

논의에도 불구하고 기존 연구들의 결과는 명확하지 않았으며, 

합의된 결론을 내리지 못했다. 

따라서, 본 연구에서는 ICT 의 생산성 성장에 대한 영향 확인을 통해 

GPT 로서의 ICT 에 대해 분석한다. 유럽 15 개국, 17 개 산업에 대해 

14 년 동안의 데이터를 사용하였으며, 생산성 영향은 산업 내 ICT 

투자를 통한 직접적 측면과 ICT 외부효과를 통한 간접적 측면으로 

분석하였다. 
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패널 데이터 분석 결과, ICT 외부효과는 동시적이고 긍정적인 

영향을 미치며, ICT 투자와 보완적 자산의 결합은 생산성 성장에 

긍정적 영향을 나타냄을 확인하였다. 또한 직접적 ICT 의 동시적 

생산성 영향은 부정적인 것으로 나타났으며, 이는 잠재적으로, 

보완적 변화가 이루어지는 시간으로 인해 지연된 영향이 나타나는 

것으로 볼 수 있다. 이러한 부정적 영향은 ICT 투자에 초점을 맞춘 

정책들에 대해 조정이 필요함을 시사한다. 

주요어: ICT, 생산성, ICT 외부효과, 보완적 자산 

학 번: 2020-28007 
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