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Abstract

:

This paper explores the pace and direction of technological development by using a technology upgrade conceptual and measurement framework. This approach is applied to a sample of 164 economies worldwide between 2002 and 2019. Within the framework of technology upgrading, the paper focuses on digitalisation and “greening” as its two significant structural features. We explore their relationship with different components of technology upgrading and the relationship between technology upgrading components and different indicators of macroeconomic productivity. We have adopted a longitudinal fixed effects regression method with control for unobserved heterogeneity, clustered standard errors, and time dummies. Our results show that the growth of research and development (R&D) capabilities does not translate into aggregate productivity growth. There is a lack of unconditional relationship between aggregate productivity growth, digitalisation and greening. However, there are “latecomer advantages” to basic digitalisation for lower middle- and low-income economies and “latecomer liabilities” in the greening of the economy for upper-middle-income economies. In addition, levels of digitalisation and greening do not correlate, suggesting these two transformation processes are not yet integrated into ‘ICT-assisted greening’. When we control for income levels, the impact of components of technology upgrading on productivity is isolated to specific components and significant only for some income groups. The absence of a significant simultaneous effects of several components of technology upgrading on productivity points to large transformation failures. We conclude that the role of science and technology systems in spurring sustainable development would require a broad scope for science and technology (S&T) policies, their coordination, and integration with non-innovation policies.
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1. Introduction


The paper applies the technology upgrading framework developed by Radosevic and Yoruk [1,2] to investigate the dynamics and morphology of technological upgrading in 164 economies with a particular focus on digitalisation and “greening”. The technology upgrading framework is located between aggregate and micro/mezzo theories of economic growth. Moreover, it exemplifies new metrics to measure the innovation potential appropriate for economies catching up to the technology frontier. The pathways to technology upgrading are displayed in a three-dimensional space: (A) the intensity and types of technology upgrading; (B) the breadth of technology upgrading (that incorporates the sub-components of digitalisation and “greening”); and (C) technology transfer/exchange/interaction with the global economy (see for example [3] on technology transfer in developing countries).



The three components of technology upgrading are relatively independent but mutually reliant, with different degrees of substitutability and complementarities. These properties allow tracking the routes to technology upgrading, understanding the trade-offs between various components, and exploring differences in the potential for long-term sustainable development. The dimensions of “digitalisation” and “greening” are vital to the overall process of technology upgrading and the quest for long-term sustainable growth. In fact, unlike most of the literature, which explores digitalisation and “greening” as separate issues, this paper explores them in the context of the overall technology upgrading process linked to other components of technology upgrading. Whether “greening” and digitalisation will contribute to upgrading depends on their complementarities (and, to a much lesser extent, substitutability) with other upgrading processes. Moreover, the relationship between “greening”, digitalisation and other components of technology upgrading may crucially vary at different income levels. The underlying idea is to explore: (a) the patterns of the three dimensions of technology upgrading; (b) the relationship between technology upgrading (depth, breadth, and knowledge exchange) and development (e.g., economic growth); (c) the connection between technology upgrading and conventional macro proxies for technology (labour productivity and total factor productivity); and (d) the relationship between “greening” and digitalisation as two “directional” components of structural upgrading. If growth is sustainable, it needs to be “green” and digitally driven. Based on these assumptions, the paper’s goal is to empirically test the role of various components of technology upgrading and how they relate to conventional macro-indicators of economic growth.



We find that changes in the index of technology upgrading contribute as components of changes in total factor productivity and two traditional measures of labour productivity and income per capita across countries. Technology upgrading gives us a much more nuanced understanding of the drivers behind such macro indicators.



The paper is organised as follows. Section 2 briefly locates our measurement approach in the context of the conventional literature on the measurement of technology development. Section 3 presents the conceptual framework, methodology, and research hypotheses. Section 4 reports results in several sub-sections. Section 4.1. describe the current levels of technology upgrading and the relationships between its three components. Section 4.2. looks at the dynamics of technology upgrading based on data from 2002 to 2019; it pinpoints the different routes to technology upgrading within the sample of 164 economies. Section 4.3 scrutinises the empirical relations between indexes and conventional macro indicators (total factor productivity, two proxies of labour productivity, and income per capita). The empirical analysis tests the robustness and significance of the framework by highlighting those components strongly correlated to conventional measures of countries’ performance. Moreover, it shows how such correlations differ depending on the level of development, highlighting possible non-linearities. Section 5 further discusses results. Section 6 concludes and hints at future research avenues.




2. Literature Review


The measurement of science and technology (S&T) development or, broadly, technology accumulation is challenging due to its multidimensional nature. Here we term this process technology upgrading, and its conceptualisation and measurement are non-trivial issues that isolated indicators cannot capture [1,2]. Technology upgrading is not only about the simple accumulation of a stock of capital or productivity improvements at the current technological level. On the contrary, it refers to the accumulation of a range of diverse capabilities (production, technology, research and development—R&D—, etc.), their structural transformation (e.g., digital transformation and “greening” [4,5], and the pairing of domestic technology efforts to technology transfer within and across countries [3,6]. As countries develop, they experience changes in the intensity of different S&T and production activities, restructuring their technology capabilities and supporting infrastructures (infrastructure upgrading) and modes and intensities of interaction with the global economy.



The conventional approach would be to reduce technology upgrading to a single efficiency measure, such as labour productivity or total factor productivity, or confine it to R&D and patents as the most used indicators [7]. Although such approaches would capture some aspects of technology upgrading, they remain pretty limited in their assumptions and insights. From our perspective, they hide more than reveal, especially regarding the direction of technological upgrading.



Alternative approaches involve using a wide range of indicators and composite indicators, which proxies the multidimensional nature of this process based on knowledge production function logic. These approaches are informative but too often are devoid of theoretical grounding and assume the same pattern of technology upgrading across economies of all levels of development [1,2]. By “digitalisation”, we denote the integration of digital technology into all areas of business, economic and social activities, which fundamentally changes how actors in these activities operate [8]. “Greening” of an economy is the increase in economic activities that lead to reduced carbon emissions and pollution, enhanced energy and resource efficiency, and prevention of the loss of biodiversity and ecosystem services [4]. Hence, our paper fills this clear research gap with specific research questions: can “digitalisation” and “greening” be considered components of technology upgrading and sustainable economic performance? Can we identify patterns of technology upgrading that are “hidden” behind traditional macroeconomic performance indicators? How can we decompose efficiency measures—such as total factor productivity or labour productivity—into more fine-grained “technology” facets?



The issue of twin transformation has been neglected both academically [9,10] and policy-wise [11]. Ultimately, our research goal is to contribute to the growing literature on digitalisation and greening from a quantitative and indicators-based perspective, complementing more descriptive or qualitative approaches.




3. Data and Methods: A Conceptualisation of the Measure of Technology Upgrading


Total factor productivity (TFP) is a widely used proxy of the technology component of growth, although technological change does not necessarily translate into TFP change. Additionally, TFP growth is not necessarily caused by technological change, and TFP may understate the eventual importance of productivity change in stimulating the growth of output [12,13,14]. Given these limitations, it may be realistic to consider TFP as the representation of the proximate source of growth.



Compared to TFP, labour productivity (e.g., defined as value added per person employed or per hour worked) is simple to calculate and interpret. However, higher value added per person employed might reflect higher capital intensity than more productive labour use [15]. Consequently, productivity tends to be higher in capital-intensive industries with monopoly power [16]. Despite their wide use, the value of individual but partial indicators, such as patents or R&D, is of limited relevance for economies whose technology activities are mainly behind the technology frontier [14].



Technology upgrading as a conceptual and measurement solution suggested in this paper is conceived as a multidimensional and multi-directional (i.e., direction and speed) construct. It is based on a broad understanding of innovation, including R&D and technology generation and production (manufacturing and service) capabilities [17]. Technology upgrading is also about structural change along five dimensions: broadly defined infrastructure, knowledge diversification, firms’ structure and their organisational capabilities [18,19], digitalisation, and “greening” [4,5]. Finally, technology upgrading would interact with the global economy via international trade, knowledge, and investment flows [20].



Technology upgrading refers to technological intensity (speed) and structure (direction) changes. The index of technology upgrading consists of index A (intensity/speed) and index B (breadth/direction) (Appendix A). This aggregation (A + B) leads to “the” index of technology upgrading [21]. These two dimensions are considered within the broader context of integration into global value chains [1,2]. We consider the index of technology exchange with the worldwide economy as a moderating variable which does not directly impact technology upgrading but can amplify or ease the effects of technology upgrading depending on the intensity and modes of the interaction with the global economy. For example, FDI alone does not represent technology accumulation but only its potential unless FDI impact is not reflected in local firms’ production, technology, or R&D capabilities. Given this rich structure of the indicator, we formulate the following three research hypotheses:




	
Does technology change (or its growth rate) “translate” into a change in total factor productivity, especially when accounting for unobserved heterogeneity, macroeconomic shocks, and lagged effect?



	
Does technology change (or its growth rate) “translate” into a change in labour productivity when accounting for unobserved heterogeneity, macro-economic shocks, and lagged effect?



	
Does technology change (or its growth rate) “translate” into a change in economic growth when accounting for unobserved heterogeneity, macro-economic shocks and lagged effect?








To answer such hypotheses, we have conducted a comprehensive data collection exercise. Annexe 4 presents each index’s sources, availability, weights, and indicators. All the indexes and sub-indexes standardise over a 0–100 scale. Table A5 introduces the elements of the technology-upgrading framework. The individual indicators (Index A technology intensity and Index B structural features) are composed of sub-indexes and consequently used to construct the latent variables for a composite Indicator of Technology Upgrading (ITU). The sub-index of the intensity of technology upgrading (A) incorporates “production capability,” “technology capability,” and “R&D and knowledge intensity,” which are three pillars, which, in turn, are composed of 15 indicators. The second sub-index of breadth denotes the structural dimensions of technology upgrading (Index B). This index consists of broadly defined “infrastructure,” “knowledge diversification,” “firms’ structure and their organisational capabilities”, “digitalisation”, and ““greening”. ”These five pillars, in turn, are composed of 27 sub-indicators. Finally, Index C—interaction with the global economy—is based on six sub-indicators that reflect different dimensions of knowledge interaction of the economy: net inflows of foreign direct investment (FDI), net outflows of foreign direct investment (FDI), receipts for technology, payments for technology, economic complexity, and share of exports in sophisticated products [22]. Although intensive inflows of capital and knowledge may facilitate sophisticated exports, they are unlikely to increase productivity or domestic technology upgrading per se [23,24,25]. Hence, this methodology considers exchanging knowledge and technology with the global economy as a standalone component of technology upgrading.




4. Results


4.1. A Bird-Eye View: How Countries Score in Their Capacity for Technology Upgrading


This section explores the diversity of technology upgrading paths on a well-representative sample of low- to lower-middle-income, upper-middle-, and high-income economies. We especially focus on “greening” and “digitalisation” within the broader technological and structural transformation or upgrading. These two are outcomes but also drivers of structural change towards sustainable development.



We use a relatively large number of indicators (49) for 164 economies. The sample is based on the information available from global data sources freely available, making the whole statistical (indexes) and empirical (regressions) analyses replicable. The analysis period is 2002–2019, the most extended period for which reliable and comparable data are available. The data are obtained from the World Bank Development Indicators; the World Economic Forum Global Competitiveness Index; World Intellectual Property data; the Scopus database; the International Organization for Standardization; United Nations Educational, Scientific and Cultural Organization; Barro-Lee; Forbes; and UN Comtrade databases (see Appendix C Table A5 for details).



First, we compare the relationship between the position of countries on the ITU (A + B) and their per capita income. Figure 1 shows a moderate correspondence between income and technology upgrading levels (R2 = 0.48). This suggests that income differences are also driven by non-technological factors, such as institutions, natural resources, past innovation rents, or industries, such as tourism, where technology and non-technological innovation are less important. Additionally, a country’s ITU position may be higher than reflected by its income level, suggesting that these countries have higher potential for technology-based growth. For example, among 164 economies, China, South Korea, and Israel seem to have a greater capacity for technology-driven growth than their current income levels suggest.



Figure 2 depicts a positive and highly correlated relationship between the intensity (A) and scope (B) of technology upgrading (R2= 0.7168), the two dimensions that merge into the “overall” ITU. A high correlation confirms that these are two interrelated dimensions of the upgrading process. However, the intensity of technology upgrading (scale) levels is two times more dispersed than the breadth of technology upgrading. This suggests that countries are much closer structurally, i.e., regarding the breadth of technology upgrading than the intensity of technology upgrading. Technology accumulation is a cumulative, path-dependent, long-term process where convergence seems much more difficult to achieve than structural convergence. Finally, the literature on structural change suggests that the primary influence on productivity comes from within-sector productivity changes rather than from structural, i.e., inter-sectoral, convergence [26].



Figure 3 plots ITU (A + B) against the technology and knowledge exchange (Index C). The relationship is moderate, suggesting that other factors significantly impact the relationship. Additionally, the distribution of economies along index C (technology exchange) is more concentrated than the ITU distribution. Countries with similar openness to foreign technology and knowledge show different levels of technology upgrading. On the other hand, conventional policy thinking is that the openness of the economy to knowledge exchange is essential for technology upgrading [27]. However, a moderate relationship would suggest that openness does not automatically lead to technology upgrading unless knowledge inflows are complemented by domestic technological accumulation [28]. Radosevic and Yoruk [2] show that increased exchanges of technology and knowledge with the global economy do not necessarily increase the potential for technology-based growth.



Within this broad picture, we are interested in how digitalisation and “greening”, as the two major contemporary transformation processes, relate to technology upgrading.



Digitalisation and “Greening”: Towards Sustainable Development


Though to different degrees, all economies are undergoing a major structural transformation towards “digitalisation” and “greening’ [29,30]. “Digitalisation” is about the increasing role of digital technologies, which have features of general-purpose technologies that are applied in all economic and societal activities [8]. “Greening” is about adopting physical products, processes, and services that use clean technologies and structural transformation towards an increasing share of industries and activities that use environmentally friendly technologies.



Figure 4 shows the U-shaped relationship between these two indicators for the sample. Two clusters of countries emerge, which broadly, but in every individual case, coincide with two income groups. The relationship is negative for mainly middle- and low-income economies, while for mainly higher-income economies, it is positive. Hence, we hypothesise that digitalisation and “greening” may complement each other only above a certain income level while the relationship is inverse at low and middle-income levels.



In addition, levels of digitalisation and greening do not correlate, suggesting these two transformation processes are not yet integrated into “ICT-assisted greening”. However, the impact of digitalisation and/or greening may be present not as a sole driver of productivity, but in interactions with individual components of the technology upgrading framework. To explore this, in Section 4.3, we test whether greening and digitalisation positively affect productivity in interaction with the other components in the upgrading framework.





4.2. The Dynamics of Technology Upgrading


This section explores the dynamics of three main indexes of technology upgrading. Figure 5 and Figure 6 show that unlike strong correlation in levels, there is no relationship between dynamics of intensity vs breadth of technology upgrading, or at least not in the relatively short period for which we have data. Each quadrant (top right, bottom right, bottom left and top left) includes countries with very different patterns of technology upgrading. Only countries in the top right have improved on both dimensions; countries in the bottom left have worsened in both, and mixed cases are in the bottom right and top left. It is equally significant that growth rates are higher for index A (scale/intensity) than index B (scope/breadth). Yet, Figure 2 shows that countries are much closer structurally than in terms of the intensity of technology upgrading. This may suggest that structural convergence among countries has slowed down recently. Additionally, this may be linked to the changing structure of economies where intangible capital and digitalisation play an increasing role.



Given the much weaker relationship between the aggregate technology upgrading index (A + B) and the technology and knowledge exchange index (C) (Figure 3), we may expect that their dynamics are also much less related. Figure 6 shows no simple association between the dynamics of openness to knowledge exchange and technology upgrading. These two processes do not seem to run in parallel, which would be expected only in exceptional successful technology catching-up cases. For most countries, the accumulation of domestic technology capabilities does not complement openness and inflows of foreign capital and technology.



Despite the level of the aggregate technology upgrading index (A + B) and the level of the technology and knowledge exchange index (C) are associated (Figure 3), there is no such association in their deltas (Figure 6). Put it differently, the changes in the dimensions of technology upgrading do not necessarily follow the changes in the knowledge exchange in the medium term, but possibly only in the very long-term. Technology upgrading is a multidimensional and non-linear process that exhibits thresholds and increasing and decreasing returns. Moreover, technology upgrading is challenging due to various “coordination failures”. This seems to be the more significant issue in the case of structural upgrading, which is a more failure-prone process compared to the intensification of existing technological activities, which seems more sustainable.




4.3. Testing the Relevance of Technology Upgrading: A Dual Approach


A technology upgrading framework provides richer and more policy-relevant insights than conventional approaches that use TFP and labour productivity to proxy for technology development. Moreover, its multidimensional nature enables integration into the analysis of digitalisation and “greening” as the major transformation processes linked to other technology variables.



However, as a new conceptual–measurement framework, it may be considered too “technology-specific” and unrelated to the conventional and widely accepted macro indicators of technology. To address this concern, we tested the relationship between different sub-indexes of technology upgrading, TFP and different labour productivity measures as conventional proxies of technology levels. Within that, we are especially focused on digitalisation and greening.



4.3.1. A Birds-Eye View


TFP and labour productivity are widely accepted as proximate indicators of levels and dynamics of technology accumulation. However, due to their aggregate nature, they cannot show the sources or drivers of accumulated technology levels. On the contrary, the multidimensional nature of the ITU enables a better understanding of the sources and drivers of technology accumulation. This, in turn, helps a better understanding of the role of the S&T system in improving technology upgrading.



As a first approximation, the analysis explores the relationship between changes in the aggregate index of technology upgrading (A + B) and TFP/labour productivity. Figure 7 shows that there is no clear relationship between changes in the index of technology upgrading (ITU A-B) and changes in labour productivity (measured as value added per hours worked). In a nutshell, this suggests that changes in the capacity for technology upgrading do not necessarily translate into broadly defined “efficiency” gains, but also that productivity is not necessarily caused by technology upgrading.



Productivity can increase by decreasing wages, economies of scale, or institutional improvements with no increase in technology upgrading. Advances in technology capabilities may not be reflected in aggregate productivity, which can be driven by changing economic structure and its capital or labour sector biases. For example, periods of higher productivity may be characterised by structural deterioration.



ITU reflects the investment and capability-building activities and processes not necessarily related directly to current growth. These activities and processes are often not part of the business cycle but may reflect strategic behaviour or changes driven by various other policy choices driven by non-economic considerations.



Still, given the prevalent use of conventional macroeconomic proxies of technology and the potential link with sub-components of the index of TU we test these relationships econometrically.




4.3.2. Regressions Specification


The paper implements an econometric model from a theory-based equation for the determinants of total factor productivity, S labour productivity, and GDP per capita, respectively. The paper follows the decomposition described in Bruno Osaulenko Radosevic [30,31] (83–88) to estimate total factor productivity, labour productivity and income per capita as a function of the index of technology upgrading. Finally, we test this relationship’s validity at different development levels (income per capita). All regressions have been run with robust standard errors for autocorrelation and heteroscedasticity and include country- and time-fixed effects.



Total Factor Productivity as a Function of the Index of Technological Upgrading


The first estimated equation analyses the relationship between the change of total factor productivity and the change (lagged to avoid reverse causality) of each separate component of the index of technology upgrading, controlling for countries-fixed effects—unobserved heterogeneity—and time dummies—macro shocks (Bruno Osaulenko Radosevic [6]):




ΔlogTFPit = α0 + α1Δlog(Ij)it−1 + Di + Dt + Δεit

Ij = I1, I2, I3, …, I8









Eight indicator-by-indicator regressions are compared to a so-called “horse-race” equation where all eight sub-components are simultaneously included in the specification:




ΔlogTFPit = α0 + α1Δlog(I1)it−1 + α2Δlog(I2)it−1 + α3Δlog(I3)it−1 + α4Δlog(I4)it−1 +

α5Δlog(I5)it−1 + α6Δlog(I6)it−1 + α7Δlog(I7)it−1 + α8Δlog(I8)it−1 + Di + Dt + Δεit









Definition, unit of measure, and value range for each variable are described below:




	
ΔlogTFPit is defined as the natural log of total factor productivity in year (t) minus the log of total factor productivity in year (t − 1) (source is the “Conference Board” 2). The unit of measure is the percentage growth of GDP minus the sum of the respective growth of [Contribution of Labour Quantity to GDP + Contribution of Labour Quality to GDP + Contribution of Total Capital Services to GDP]. The variable range is [−38%, +24%].



	
I1 production capability is defined as the annual change of a composite indicator of three specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−9%, +13%].



	
I2 technology capability is defined as the annual change of a composite indicator of four specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−12%, +16%].



	
I3 R&D and knowledge are defined as the annual change of a composite indicator eight specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−8%, +9%].



	
I4 infrastructure is defined as the annual change of a composite indicator of six specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−9%, +11%].



	
I5 structural change is defined as the annual change of a composite indicator of seven specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−32%, +27%].



	
I6 firm-level capabilities is defined as the annual change of a composite indicator of five specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−16%, +11%].



	
I7 digitalisation is defined as the annual change of a composite indicator of three specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−23%, +23%].



	
I8 greening is defined as the annual change of a composite indicator of six specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−15%, +12%].



	
Di are defined as country dummies and can assume the value 0 or 1.



	
Dt are defined as time dummies and can assume the value 0 or 1.









Labour Productivity as a Function of the Index of Technological Upgrading


The second estimated equation is the change in labour productivity (measured as value added per person employed or value added per hour worked) as a function of the lagged change of each of the eight subcomponents of the index of technology upgrading in turn, controlling for countries-fixed effects—all unobserved heterogeneity—and time dummies (macro shocks):




Δlog(VA/L)it = α0 + α1Δlog(Ij)it−1 + Di + Dt + Δεit

Ij = I1, I2, I3, …, I8









Definition, unit of measure, and value range for each variable are described below:




	
Δlog(VA/L)it is defined as growth of the ratio of value added (in constant 2019 US$,) per person employed (source, the “Conference Board”). The variable range is [−33%, +33%]. Alternatively, Δlog(VA/L)it is defined as the ratio of value added (in constant 2019 US$,) per hour worked (same source). In the latter case, the variable range is [−16%, +16%]



	
I1, production capability, is defined as the annual change of a composite indicator of three specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−9%, +13%]



	
I2, technology capability, is defined as the annual change of a composite indicator of four specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−12%, +16%]



	
I3, R&D and knowledge, is defined as the annual change of a composite indicator eight specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−8%, +9%]



	
I4, infrastructure, is defined as the annual change of a composite indicator of six specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−9%, +11%]



	
I5, structural change, is defined as the annual change of a composite indicator of seven specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−32%, +27%]



	
I6, firm-level capabilities, is defined as the annual change of a composite indicator of five specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−16%, +11%]



	
I7, digitalisation, is defined as the annual change of a composite indicator of three specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−23%, +23%]



	
I8, greening, is defined as the annual change of a composite indicator of six specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−15%, +12%]



	
Di are defined as country dummies and can assume the value 0 or 1



	
Dt are defined as time dummies and can assume the value 0 or 1








As in the specification with TFP, these eight regressions are also compared to a so-called “horse-race” equation where all eight lagged sub-components are included in the specification:




Δlog(VA/L)it = α0 + α1Δlog(I1)it−1 + α2Δlog(I2)it−1 + α3Δlog(I3)it−1 + α4Δlog(I4)it−1 + α5Δlog(I5)it−1 + α6Δlog(I6)it−1 + α7Δlog(I7)it−1 + α8Δlog(I8)it−1 + Di + Dt + Δε










GDP per Capita as a Function of the Index of Technological Upgrading


Finally, the last set of regression investigates the association between the component of ITU and GDP per capita controlling for countries’ fixed effects -all unobserved heterogeneity- and time dummies (macro shocks):




ΔGDPpcit = α0 + α1Δlog(Ij)it−1 + Di + Dt + Δεit

Ij = I1, I2, I3, …, I8

ΔlogGDPpcit = α0 + α1Δlog(I1)it−1 + α2Δlog(I2)it−1 + α3Δlog(I3)it−1 + α4Δlog(I4)it−1 + α5Δlog(I5)it−1 + α6Δlog(I6)it−1 + α7Δlog(I7)it−1 + α8Δlog(I8)it−1 + Di + Dt + Δεit









Definition, unit of measure, and value range for each variable are described below:




	
ΔlogGDPpcit is defined as growth of GDP per capita (in constant 2019 US$) (source, the “Conference Board”). The variable range is [−33%, +33%].



	
I1, production capability, is defined as the annual change of a composite indicator of three specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−9%, +13%]



	
I2, technology capability, is defined as the annual change of a composite indicator of four specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−12%, +16%]



	
I3, R&D and knowledge, is defined as the annual change of a composite indicator eight specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−8%, +9%]



	
I4, infrastructure, is defined as the annual change of a composite indicator of six specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−9%, +11%]



	
I5, structural change, is defined as the annual change of a composite indicator of seven specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−32%, +27%]



	
I6, firm-level capabilities, is defined as the annual change of a composite indicator of five specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−16%, +11%]



	
I7, digitalisation, is defined as the annual change of a composite indicator of three specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−23%, +23%]



	
I8, greening, is defined as the annual change of a composite indicator of six specific quantitative subcomponents, equally weighted (full detail in Table A5). The unit of measure of the composite indicator is standardised along the interval [0–1]. The variable range is [−15%, +12%]



	
Di are defined as country dummies and can assume the value 0 or 1



	
Dt are defined as time dummies and can assume the value 0 or 1










4.3.3. Regression Results and Discussion


The regression analysis explores how the growth of different technology upgrading components relates to the change in total factor productivity, labour productivity, and GDP per capita. Results for individual indicators are in Appendix B Table A1, Table A2, Table A3 and Table A4.



First, the explanatory power of individual subcomponents of the index of technology upgrading varies in each of the four macro indicators of productivity.



Total factor productivity and labour productivity per hour capture quite different dimensions of “efficiency” improvements in the economy. TFP contains many non-technological factors and can vary significantly over business cycles. Hence, it is unsurprising that the relationship with several components of the index of technology upgrading is either nonsignificant and/or negative. TFP is negatively associated with R&D, reflecting the marginal role of R&D in many middle-and low-income economies, and the broad nature of the TFP concept.



Compared to TFP, labour productivity per person employed is much closer to being a direct proxy of technology accumulation, but also contains many non-technological (labour market) and structural dimensions (capital intensities) unrelated to directly observable technology accumulation activities. Thus, similar to TFP, the relationship with all components of the index of TU is nonsignificant, and none of the components is negatively significant.



Compared to the other two macro indicators, labour productivity per hour is much closer to directly observable technology accumulation activities. Hence, it is significantly and positively associated with infrastructure and organisational capabilities. Our infrastructure capability index is about what broadly defined (physical, human, organisational) infrastructure enterprises rely on to grow. The organisational capabilities index is about firms’ capacities to convert technological knowledge into marketable products. These two factors are essential to technology upgrading. They indicate that knowledge generation capacities and the capacity to convert that knowledge into commercial products depend not on S&T per se but much more on firms’ management and organisational capabilities and the infrastructure on which firms rely [19]. This result has significant implications for transitional science and technology policy, which is overly focused on knowledge generation and much less on knowledge conversion into innovative products and processes.



The income per capita reflects a combined outcome of productivity and the economy’s accumulated welfare. It correlates positively and significantly with changes in production capability and structural change. This result demonstrates the relevance of structural upgrading and the sophistication of production capabilities, which are significant in economies of all income levels.



A quite puzzling result is that change in the R&D capability index negatively correlates to TFP and income per capita. As recognised by extensive literature, R&D capability has two faces. R&D contributes to knowledge generation but also to knowledge absorption [32,33]. Its negative relationship with two macro proxies of productivity and insignificant relationship with the other two suggests that its growth does not affect productivity directly. In middle- and low-income economies, R&D investments are marginal, and even when significant, they are not present in the business enterprise sector. Hence, the causation chain seems much more complex and indirect. Its impact on welfare and productivity is conditioned by the orientation of the R&D system, especially the degree of its integration into and with the business sector. This result has significant implications for S&T policy as it shows the need for much more innovation-oriented restructuring of the R&D system in addition to their general knowledge generation/absorption role.



Fourth, two indexes of our special interest—digitalisation and greening—do not have a significant relationship to macro productivity proxies. Again, digitalisation is a broad economic and social process, and its links to the overall income rather than to defined productivity measures seem intuitively more plausible. However, it appears that the diffusion of digital technologies is not yet the driver of long-term growth [34]. Similarly, but also differently, greening has not yet become a broad transformational process that would increase productivity and welfare.



Overall, conventional macro indicators of productivity and welfare (except partly labour productivity per hour) are still remotely or not driven by direct components of technology upgrading and are inimical to its structural directions (greening and digitalisation). This result may not be that surprising. It calls for a rethink of conventional productivity metrics, including natural capital indicators. However, more importantly, it shows that growth drivers may differ at different income levels.



To address this issue, we run the above regressions and include income levels as differentiating factors: each RHS indicator is interacted with a dummy for level of development “Low”, “Lower-middle”, “Upper-middle”, and “High”, respectively. This specification is similar in spirit with the empirical analysis conducted by Acemoglu et al. [14]. They estimate a growth equation with the variable “distance to frontier” interacted with low barriers and high barriers of entry, respectively. We estimate a growth/productivity equation with different levels of development (our distance to frontier) interacting with technology upgrading indexes, our proxy of facilitators of entry and innovation strategy (as opposed to investment strategy of emerging economies). In Table 1, for reasons of clarity, we report only significant results. The picture that emerges once income levels are considered is much more elaborate and telling and it goes along the line of Acemoglu et al. [14].



First, results are quite different across different measures of macro productivity. This is obvious in regression results where we do not differentiate across income levels (Table A1, Table A2, Table A3 and Table A4), but also in Table 1, where we differentiate across income levels, our proxy for “distance to frontier”. The relationship between direct measures of technology upgrading and three proxies of macro productivity differ depending on their mutual “distance”. Labour productivity per hour worked is the proxy that is the most closely related to technology upgrading, while income per capita is probably the furthest, with labour productivity per person being in the middle. The more distant the relationship, the more moderating factors shape the relationship between technology upgrading and productivity.



Second, income per capita reflects productivity but also past wealth accumulation. Hence, the structural change component as the driver of income per capita is positively significant only in the case of low-income economies. In these economies, the wealth component of changes in income is marginal, enabling direct impact from structural index to broadly defined productivity measure. Changes in the structural change index in low-income economies probably reflect changes in buyer sophistication and the levels and pace of changes in the availability of the latest technologies. In low-income economies, these levels are low and denote bigger catching-up opportunities compared to higher-income economies. Acemoglu et al. [14] show that low-income countries more distant from the frontier benefit from investment (and possibly high-barrier) strategies.



Third, labour productivity per person employed is “medium” distance proxy of technology accumulation. Structural upgrading is again the only significant driver of labour productivity per person employed. However, its impact is non-linear across different income levels. It is a positive and significant driver of increased labour productivity per person employed in low-income economies. Still, it does not drive productivity at the lower-middle- and high-income levels. An explanation for this should be sought in our proxy for structural change (index 5). This is a mixture of indicators that measure diversification of knowledge generation activities as reflected in patents, demand-side drivers of structural changes, such as buyer sophistication, and supply changes in the availability of the latest technologies. At different income levels, these factors operate differently, and we observe their net impact. At low-income levels, knowledge generation through patents is a marginal activity, and structural change is probably mainly driven by changes in the demand and supply of technology. In high-income countries (at the frontier), diversification of patent classes saturates, as countries already have patents in many patent classes. Moreover, demand-side drivers of structural changes such as buyer sophistication and levels of assessment of the availability of the latest technologies have reached important levels, and further increases can be only marginal. Therefore, their cumulative impact does not impact an increase in labour productivity per employed person. The real puzzle is the negative impact of this index in the case of lower-middle income economies. Their negative impact can be explained by the relevance of knowledge generation activities (patents) to domestic technology upgrading, which is much more focused on knowledge assimilation (e.g., via higher barriers, as explained by Acemoglu et al. [14]) than knowledge generation, especially at the world frontier.



Fourth, labour productivity per hour is the most “realistic” or the most “true” measure. This explains the biggest number of significant determinants of TU driving this productivity measure. Moreover, given its closest distance, it is a measure that carries the biggest weight and helps us understand better the impact of technology upgrading on productivity. Upper-middle-income economies are transitioning from growth driven by production capabilities (investment strategy) towards growth driven by innovation capabilities (innovation strategy). A negative coefficient of production capabilities only for this group indicates a middle-income trap, difficulties in shifting from implementation to design capacities [35] or—vice-versa—switching out of an investment-based strategy too soon [14]. In low-income economies, the organisational capabilities of firms are a positive and significant driver of labour productivity per hour. It would be expected that in these economies, organisational capabilities are still rudimentary. Still, it seems that those economies which are distinctly better in this respect are also better in increased productivity. Therefore, we expect organisational capabilities to contribute to increased productivity at higher income levels (middle-income group). However, it seems that other factors in innovation systems (infrastructure upgrading, technology and R&D capabilities, etc.) would have to be present for organisational capabilities to be a distinctive driver of productivity [19].



Fifth, quite unexpectedly, greening turned out to be a positive and significant driver of increasing labour productivity per hour in upper-middle- and high-income economies. This result follows evidence showing that only countries at these income levels (the frontier) can reduce the energy and environmental intensity of their GDP [36]. Large regression coefficients suggest that high-income economies have been decoupling sources of their growth from material consumption. These results should be further verified by separating production from consumption-based indicators. Still, they bode well with the assumption that drivers of technology upgrading are different at different income levels. Additionally, this result suggests that “greening” of economies at low- and low-middle-income levels would require much more radical changes in the nature of their industrialisation and growth for greening to have a discernible impact on productivity.



Overall, results suggest that low-income countries mainly benefit from accelerated structural change and improved organisational capabilities, while to benefit from greening, the level of development should be pretty high (upper-middle- and high-income at the frontier exploiting innovation-strategy). On the downside, production capabilities might not help upper-middle-income countries further increase their productivity, as their growth should focus on technology generation. Finally, structural change, as defined by our index, might not be associated with higher productivity in countries at a relatively higher development level.






5. Discussion


Based on data for 164 economies in 2002–2019, among which are many catching-up economies, the paper uses and develops further a new conceptual approach to measuring technology upgrading [1,2]. Within that approach, we focus on the interlinkages between digitalisation, greening, and technology upgrading.



The index of technology upgrading (ITU for short) is based on two complementary—but independent—components, which proxy for two dimensions of the technology upgrading process: scale or intensity of technology activities, and breadth or scope of technology upgrading activities. In turn, the breadth of technology upgrading includes digitalisation and “greening”. The technology and knowledge exchange with the global economy is a separate index.



The technology upgrading framework should be considered a proxy for the potential for catching up with economies based on broadly defined technology capability. Within that context, future growth is expected to depend on digitalisation and sustainable development based on structural transformation towards the lesser intensity of energy and materials intensity of production activities—or “greening”.



The technology upgrading framework uncovers new aspects of the technology accumulation process and the relative positions of countries, which conventional mainstream approaches and composite indicators do not reveal or capture only marginally. The paper has explored the relationship between the individual subcomponents of the ITU and changes in TFP and labour productivity. We explore the relationship between the technology upgrading framework and conventional macroeconomic productivity indicators. In particular, we focus on “greening” and digitalisation as two components of structural upgrading.



A longitudinal regression model controlling for panel fixed effects and macro-shocks suggests that the index of technology upgrading could be used to understand some changes to total factor productivity and labour productivity, and income per capita. Of course, we recognise the limitation of conventional macro-productivity indicators to capture technology accumulation. Relatively weak associations between traditional measures of productivity and much more direct measures of technology accumulation, as reflected in our technology upgrading framework, indicate that they are a poor guide to policy. Much more direct measurements of different dimensions of technology upgrading carry much more analytical value and policy relevance. When we control for income levels, the most credible results are with labour productivity per hour, which directly measures productivity.




6. Conclusions and Implications for Science & Technology Policies


Five results of our analysis represent the most significant policy-relevant conclusions. First, infrastructure and a firm’s organisational capabilities are significant determinants of changes in aggregate productivity.



Second, the growth of R&D capabilities does not directly “translate” into aggregate productivity growth. Despite its strong relevance for science and technology policy, our results point out that the orientation and relevance of R&D may be much more significant than its levels and changes in intensity.



Third, changes in production capability significantly impact growth in aggregate productivity. However, when income levels control the relationship, this impact is no more significant. Moreover, in countries that transition from middle- to high-income level, increased production capability is a sign of structural stagnation and delayed growth of innovation capability.



Fourth, there is a lack of unconditional relationship between aggregate productivity growth, digitalisation, and greening. In addition, levels of digitalisation and greening do not correlate, suggesting these two transformation processes are not yet integrated into “ICT-assisted greening”. However, when we control for income levels, greening is the most significant driver of productivity in the case of upper-middle-income and high-income economies. This may suggest the emergence of the process of decoupling growth from material consumption and environmental degradation.



Fifth, it is surprising that digitalisation does not directly impact conventional productivity measures [37]. This may have to do with the productivity (de facto IT) paradox (Solow residual) [38]. Still, it also may reflect that our indicators of digitalisation (due to availability) are confined to basic ICT indicators. Even more surprising is that the greening index significantly impacts productivity in upper-middle-income and high-income economies, while digitalisation is absent. This result becomes somewhat clearer when seen from a long-term perspective. It was more than 25 years ago that Chris Freeman [39] noted that “what is required for the worldwide transition to a “green techno-economic paradigm” is something more fundamental than incremental change to an information technology regime” (p. 38). It seems that despite all policy rhetoric, we are not yet in the stage of the socio-technical transformations required for the sustainability paths.



The research presented in this paper has three significant policy implications. First, direct links between only a few components of TU and productivity point to the absence of complementary impacts of different components of TU on productivity (for a theoretical model on tightening environmental standards [40]). This reflects the lack of systemic changes or widespread “transformation failures” [41]. For example, the links between the ITU sub-components and productivity show that factors that contribute significantly to increased productivity go beyond conventional views, recipes for structural reforms and recommendations about more investment in R&D. They suggest that the orientation of R&D and its relevance, rather than R&D per se, may be more relevant issues.



Second, the analysis demonstrates the need to focus on the middle-income innovation trap, especially in upper-middle-income economies [35]. Bridging this gap would require a simultaneous increase in all three components of technology upgrading intensity (production, R&D, and technology generation) which in turn requires better coordination among these policies.



Third, broadening the scope of technology upgrading is linked to the structural transformation that digitalisation and “greening” fully embrace. Innovation policies for sustainable development should go beyond R&D-driven growth, be transformative, and include digitalisation and greening.



Coordination failures in this area are far more pervasive, and coordination successes are more difficult to achieve than isolated investments in R&D, production, and technology generation capabilities. Digitalisation and greening should be embraced as essential components of technology upgrading. It is encouraging that greening has positively and significantly impacted upper-middle and high-income economies. The challenge is whether greening can exert a similar impact in lower-income economies and how it can be integrated with digitalisation into “ICT-based greening” [42].



Overall, the absence of a significant impact of simultaneous changes in different components of technology upgrading on productivity demonstrates the widespread transformation failures. It seems that science and technology policies are firmly rooted in the previous two policy paradigms of R&D (based on market failures) and a system of innovation (based on system failure). These approaches are necessary but insufficient when we face widespread transformation failures [43,44]. Additionally, the diversification of technological knowledge and coordinated improvements to the demand and supply of technology require improvements to innovative enterprises’ social conditions [45,46]. We allude to coordination between conventional innovation and broader development and social policies [47,48].



Technology upgrading for sustainable development is a new policy agenda, where the main challenge is a failure in coordination or integration of conventional policy areas that are so far disconnected. In our view, this represents the main challenge for the S&T system and traditional S&T policies.



As would be expected, the paper highlights some limitations. First, choosing appropriate indicators is inevitably complex; future work might improve on the 49 sub-components choice. The analysis would benefit from longer time series (including the potential consequences of COVID-19 in 2020–2021 and the more recent military conflict in Ukraine and ensuing waves across markets worldwide), and a larger sample of economies.



Our research shows the need to devote more research to various measures of productivity and explore the extent to which they capture different measures of technology accumulation. Productivity indicators as aggregate efficiency outcomes contain other non-technological or institutional processes. They reflect the coevolution of technology accumulation and various non-technological factors in increasing complexity as we move from productivity per hour, per employed person, and per population. This issue has not been systematically addressed, yet it seems essential in understanding the coevolutionary nature of technology upgrading and sustainable economic performance.
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Appendix A


The Index of Technology Upgrading (ITU) is composed of: Index A—intensity/type of technology upgrading; and Index B—breadth of technology upgrading:


ITU = IndexA + IndexB











Index A includes production capability, technology capability, and R&D, and knowledge intensity, based on 15 indicators. Index B includes human capital and physical infrastructure, structural change, digitalisation, and “greening”, based on 28 indicators. Appendix C, Table A5 presents the weights and components of each category and the quantitative indicators for each sub-index. All indexes and sub-indexes are estimated based on standardised quantitative indicators (i.e., all rescaled between 0 and 1) and aggregation of components with equal weights:


    I c  =   ∑   j = 1  J    ∑   m = 1  M   w  j m       (  X  j m c   −  X  j m   m i n   )   |      X  j m   m a x   −  X  j m   m i n         








where c indicates country, w is the weight, j and m are indicator and component subscripts, and min and max denote the minimum and maximum values of each indicator across countries (OECD JRC Handbook on Constructing Composite Indicators, Methodology and user Guide, OECD [31]).




Appendix B. Regression Analyses for Different Variables


	a.

	
Growth of TFP




	b.

	
Growth of labour productivity (value added per person employed)




	c.

	
Growth of labour productivity (value added per hours worked)




	d.

	
Growth of income per capita







Regressions based on data sourced from: the World Bank Development Indicators, the World Economic Forum Global Competitiveness Index, World Intellectual Property data, the Scopus database, the International Organization for Standardization, United Nations Educational, Scientific and Cultural Organization, Barro-Lee, Forbes, and UN Comtrade databases (see Appendix C Table A5).
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Table A1. Lagged growth of individual components of technology upgrading as determinants of growth of total factor productivity.
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(1)

	
(2)

	
(3)

	
(4)

	
(5)

	
(6)

	
(7)

	
(8)

	
(9)




	
Dependent Variable: Growth in Total Factor Productivity

	

	

	

	

	

	

	

	

	






	
Δ(t − 1)Index1 Production

	
1.777

	

	

	

	

	

	

	

	
2.940




	

	
(5.466)

	

	

	

	

	

	

	

	
(4.769)




	
Δ(t − 1)Index2 Technological

	

	
0.297

	

	

	

	

	

	

	
2.000




	

	

	
(6.472)

	

	

	

	

	

	

	
(5.880)




	
Δ(t − 1)Index3 R&D

	

	

	
−13.210 *

	

	

	

	

	

	
−13.892 *




	

	

	

	
(7.835)

	

	

	

	

	

	
(7.547)




	
Δ(t − 1)Index4 Infrastructure

	

	

	

	
−4.418

	

	

	

	

	
4.298




	

	

	

	

	
(7.785)

	

	

	

	

	
(7.868)




	
Δ(t − 1)Index5 Structural Change

	

	

	

	

	
1.027

	

	

	

	
0.998




	

	

	

	

	

	
(1.048)

	

	

	

	
(0.935)




	
Δ(t − 1)Index6 Firms’ Organizational capabilities

	

	

	

	

	

	
−4.288

	

	

	
1.269




	

	

	

	

	

	

	
(4.338)

	

	

	
(3.737)




	
Δ(t − 1)Index7 Digitalisation

	

	

	

	

	

	

	
−3.201

	

	
−2.887




	

	

	

	

	

	

	

	
(2.471)

	

	
(2.448)




	
Δ(t − 1)Index8 “Greening”

	

	

	

	

	

	

	

	
−5.836

	
−8.411




	

	

	

	

	

	

	

	

	
(8.126)

	
(10.617)




	
Year Dummies

	
Y ***

	
Y ***

	
Y ***

	
Y ***

	
Y ***

	
Y ***

	
Y ***

	
Y ***

	
Y ***




	
Constant

	
1.948 ***

	
1.831 ***

	
1.847 ***

	
1.864 ***

	
1.119 **

	
1.841 ***

	
1.899 ***

	
1.958 ***

	
1.853 ***




	

	
(0.330)

	
(0.370)

	
(0.361)

	
(0.384)

	
(0.460)

	
(0.361)

	
(0.478)

	
(0.360)

	
(0.604)




	
Observations

	
2016

	
1936

	
1968

	
1968

	
1594

	
1936

	
1761

	
2048

	
1431




	
Number of countries (Fixed Effects)

	
126

	
121

	
123

	
123

	
122

	
121

	
128

	
128

	
116




	
Adjusted R-squared

	
0.125

	
0.125

	
0.134

	
0.124

	
0.135

	
0.126

	
0.130

	
0.124

	
0.173








Robust standard errors in parentheses. *** p < 0.01, ** p < 0.05, * p < 0.1.
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Table A2. Lagged growth of individual components of technology upgrading as determinants of growth of Labour Productivity (as value added per person employed).
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(1)

	
(2)

	
(3)

	
(4)

	
(5)

	
(6)

	
(7)

	
(8)

	
(9)




	
Dependent Variable: Growth in Labour Productivity

(per Person Employed)

	

	

	

	

	

	

	

	

	






	
Δ(t − 1)Index1 Production

	
2.095

	

	

	

	

	

	

	

	
−1.679




	

	
(5.565)

	

	

	

	

	

	

	

	
(5.154)




	
Δ(t − 1)Index2 Technological

	

	
−0.406

	

	

	

	

	

	

	
0.785




	

	

	
(5.721)

	

	

	

	

	

	

	
(6.602)




	
Δ(t − 1)Index3 R&D

	

	

	
−7.821

	

	

	

	

	

	
−9.961




	

	

	

	
(8.539)

	

	

	

	

	

	
(9.226)




	
Δ(t − 1)Index4 Infrastructure

	

	

	

	
2.093

	

	

	

	

	
7.321




	

	

	

	

	
(8.446)

	

	

	

	

	
(9.363)




	
Δ(t − 1)Index5 Structural Change

	

	

	

	

	
1.001

	

	

	

	
0.323




	

	

	

	

	

	
(1.322)

	

	

	

	
(1.414)




	
Δ(t − 1)Index6 Firms Organizational

	

	

	

	

	

	
−3.335

	

	

	
3.410




	

	

	

	

	

	

	
(5.187)

	

	

	
(4.935)




	
Δ(t − 1)Index7 Digitalisation

	

	

	

	

	

	

	
−1.356

	

	
−3.122




	

	

	

	

	

	

	

	
(2.587)

	

	
(2.613)




	
Δ(t − 1)Index8 “Greening”

	

	

	

	

	

	

	

	
−0.808

	
−13.317




	

	

	

	

	

	

	

	

	
(6.318)

	
(20.360)




	
Year Dummies

	
Y ***

	
Y ***

	
Y ***

	
Y ***

	
Y ***

	
Y ***

	
Y ***

	
Y ***

	
Y ***




	
Constant

	
3.805 ***

	
3.620 ***

	
3.740 ***

	
3.599 ***

	
3.449 ***

	
3.678 ***

	
3.843 ***

	
3.713 ***

	
4.281 ***




	

	
(0.326)

	
(0.382)

	
(0.372)

	
(0.407)

	
(0.426)

	
(0.381)

	
(0.495)

	
(0.376)

	
(0.616)




	
Observations

	
2016

	
1936

	
1968

	
1968

	
1594

	
1936

	
1761

	
2048

	
1431




	
Number of countries (Fixed Effects)

	
126

	
121

	
123

	
123

	
122

	
121

	
128

	
128

	
116




	
Adjusted R-squared

	
0.109

	
0.109

	
0.114

	
0.104

	
0.114

	
0.106

	
0.103

	
0.107

	
0.134








Robust standard errors in parentheses. *** p < 0.01.
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Table A3. Lagged growth of individual components of technology upgrading as determinants of growth of Labour Productivity (as value added per hour worked).






Table A3. Lagged growth of individual components of technology upgrading as determinants of growth of Labour Productivity (as value added per hour worked).





	

	
(1)

	
(2)

	
(3)

	
(4)

	
(5)

	
(6)

	
(7)

	
(8)

	
(9)




	
Dependent Variable: Growth Lab Productivity

(per Hour Worked)

	

	

	

	

	

	

	

	

	
Horse Race






	
Δ(t − 1)Index1 Production

	
−1.622

	

	

	

	

	

	

	

	
−5.417




	

	
(4.494)

	

	

	

	

	

	

	

	
(5.014)




	
Δ(t − 1)Index2 Technological

	

	
1.412

	

	

	

	

	

	

	
−0.152




	

	

	
(5.518)

	

	

	

	

	

	

	
(5.604)




	
Δ(t − 1)Index3 R&D

	

	

	
0.865

	

	

	

	

	

	
−10.589




	

	

	

	
(7.213)

	

	

	

	

	

	
(8.991)




	
Δ(t − 1)Index4 Infrastructure.

	

	

	

	
15.162 **

	

	

	

	

	
17.985 **




	

	

	

	

	
(6.181)

	

	

	

	

	
(7.448)




	
Δ(t − 1)Index5 Structural Change

	

	

	

	

	
1.418

	

	

	

	
−0.066




	

	

	

	

	

	
(1.559)

	

	

	

	
(1.489)




	
Δ(t − 1)Index6 Firms Organizational

	

	

	

	

	

	
9.736 **

	

	

	
6.698




	

	

	

	

	

	

	
(3.811)

	

	

	
(4.043)




	
Δ(t − 1)Index7 Digitalisation

	

	

	

	

	

	

	
−3.491

	

	
−3.277




	

	

	

	

	

	

	

	
(2.469)

	

	
(2.441)




	
Δ(t − 1)Index8 “greening”

	

	

	

	

	

	

	

	
11.734

	
4.329




	

	

	

	

	

	

	

	

	
(10.037)

	
(9.047)




	
Year Dummies

	
Y ***

	
Y ***

	
Y ***

	
Y ***

	
Y ***

	
Y ***

	
Y ***

	
Y ***

	
Y ***




	
Constant

	
3.640 ***

	
3.522 ***

	
3.671 ***

	
3.532 ***

	
3.510 ***

	
3.649 ***

	
3.806 ***

	
3.552 ***

	
3.451 ***




	

	
(0.329)

	
(0.299)

	
(0.308)

	
(0.305)

	
(0.336)

	
(0.306)

	
(0.362)

	
(0.325)

	
(0.392)




	
Observations

	
1043

	
1027

	
1043

	
1043

	
947

	
1043

	
981

	
1043

	
901




	
Number of countries (Fixed Effects)

	
66

	
65

	
66

	
66

	
66

	
66

	
66

	
66

	
65




	
Adjusted R-squared

	
0.180

	
0.176

	
0.180

	
0.185

	
0.174

	
0.185

	
0.187

	
0.181

	
0.188








Robust standard errors in parentheses. *** p < 0.01, ** p < 0.05.
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Table A4. Lagged growth of individual components of technology upgrading as determinants of income per capita.
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(1)

	
(2)

	
(3)

	
(4)

	
(5)

	
(6)

	
(7)

	
(8)

	
(9)




	
Dependent Variable: Income per Capita Growth

	

	

	

	

	

	

	

	

	






	
Δ(t − 1)Index1 Production

	
8.058

	

	

	

	

	

	

	

	
9.466 *




	

	
(5.631)

	

	

	

	

	

	

	

	
(5.529)




	
Δ(t − 1)Index2 Technological

	

	
−2.191

	

	

	

	

	

	

	
−0.086




	

	

	
(5.447)

	

	

	

	

	

	

	
(5.671)




	
Δ(t − 1)Index3 R&D

	

	

	
−19.874 **

	

	

	

	

	

	
−26.074 ***




	

	

	

	
(8.475)

	

	

	

	

	

	
(8.388)




	
Δ(t − 1)Index4 Infrastructure

	

	

	

	
2.789

	

	

	

	

	
10.639




	

	

	

	

	
(8.064)

	

	

	

	

	
(8.567)




	
Δ(t − 1)Index5 Structural Change

	

	

	

	

	
1.881 *

	

	

	

	
1.118




	

	

	

	

	

	
(1.027)

	

	

	

	
(0.960)




	
Δ(t − 1)Index6 Firms Organizational

	

	

	

	

	

	
−3.648

	

	

	
4.179




	

	

	

	

	

	

	
(4.284)

	

	

	
(3.778)




	
Δ(t − 1)Index7 Digitalisation

	

	

	

	

	

	

	
3.350

	

	
1.511




	

	

	

	

	

	

	

	
(3.033)

	

	
(3.000)




	
Δ(t − 1)Index8 “greening”

	

	

	

	

	

	

	

	
0.556

	
−4.299




	

	

	

	

	

	

	

	

	
(6.215)

	
(11.669)




	
Year Dummies

	
Y ***

	
Y ***

	
Y ***

	
Y ***

	
Y ***

	
Y ***

	
Y ***

	
Y ***

	
Y ***




	
Constant

	
4.975 ***

	
4.667 ***

	
4.784 ***

	
4.617 ***

	
4.539 ***

	
4.723 ***

	
4.376 ***

	
4.719 ***

	
4.985 ***




	

	
(0.305)

	
(0.340)

	
(0.332)

	
(0.364)

	
(0.397)

	
(0.339)

	
(0.515)

	
(0.332)

	
(0.636)




	
Observations

	
2016

	
1936

	
1968

	
1968

	
1594

	
1936

	
1761

	
2048

	
1431




	
Number of countries (Fixed Effects)

	
126

	
121

	
123

	
123

	
122

	
121

	
128

	
128

	
116




	
Adjusted R-squared

	
0.194

	
0.194

	
0.208

	
0.190

	
0.225

	
0.193

	
0.198

	
0.190

	
0.278








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












Appendix C. Components of Technology Upgrading


Following the seminal OECD JRC Handbook on Constructing Composite Indicators, Methodology and user Guide, OECD [31], we have maintained the simplest structure possible as far as weights are concerned, with equal weight for each of the 49 quantitative indicators. The 49 quantitative indicators aggregate (equally weighted) in nine components (called sub-indexes), and in turn the nine sub-indexes aggregate (equally weighted) in the Index A, B and C.
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Table A5. Components of technology upgrading.






Table A5. Components of technology upgrading.





	
Category

(Index)

	
Component (Sub-Index)

	
Quantitative Indicators

	
Component Weight

	
Category Weight

	
Cronbach’s Alpha




	
Index A: Intensity and Types of technology upgrading

	
1. Production Capability

	
1. ISO9001 Certificates per million inhabitants (Source: ISO website)

	
1/3

	
1/2

	
0.8615




	
2. Trademark Application, residents per million inhabitants (Source: WIPO Database)




	
3. Extent of Staff Training (Source: WEF Global Competitiveness Report Database)




	
2. Technology capability

	
4. Patents resident applications to national office per million inhabitants (Source: WIPO Database)

	
1/4




	
5. Patent applications to USPTO per million inhabitants (Source: WIPO Database)




	
6. Patent applications to EPO per million inhabitants (Source: WIPO Database)




	
7. Resident’s industrial design count per million inhabitants (Source: WIPO Database)




	
3. R&D

Capability

	
8. Business enterprise sector R&D expenditure (as % of GDP) (Source: UNESCO UIS.Stat)

	
1/8




	
9. R&D expenditure (% of GDP) (Source: World Bank)




	
10 Researchers in R&D per million inhabitants (Source: World Bank)




	
11 Technicians in R&D per million inhabitants (Source: World Bank)




	
12. Scientific and technical journal articles per million inhabitants (Source: World Bank)




	
13. Science citations per million inhabitants (Source: Scimago Journal & Country Rank)




	
14. Quality of scientific research institutions Q.12.02 (Source: WEF Global Competitiveness Report Database)




	
15. University-industry collaboration in R&D Q.12.04 (Source: WEF Global Competitiveness Report Database)




	
Index B: Breadth of technology upgrading: Structural Features

	
4. Infrastructure: human capital and physical

	
16.Labor Force with advanced education (Source: World Bank)

	
1/6

	
1/2

	
0.7051




	
17.Quality of maths and science education Q.5.04 (Source: WEF Global Competitiveness Report Database)




	
18.Availability of research and training services Q.5.07 (Source: WEF Global Competitiveness Report Database)




	
19.Availability of scientists and engineers Q.12.06 (Source: WEF Global Competitiveness Report Database)




	
20.Logistic performance index (Source: World bank)




	
21.Gross Fixed Investment as % of GDP (Source: World Bank)




	
5. Structural Change

	
22.Herfindahl-Hirschman Index for total national patent applications (Source: WIPO Database)

	
1/7




	
23.Herfindahl-Hirschman Index for patent applications to EPO (Source: WIPO Database)




	
24.Herfindahl-Hirschman Index for patent applications to USPTO (Source: WIPO Database)




	
25.Buyer sophistication Q.6.16 (Source: WEF Global Competitiveness Report Database)




	
26.Change in buyer sophistication (% change in Q. 6.16) (Source: WEF Global Competitiveness Report Database)




	
27.Availability of state-of-the-art technologies Q.9.01 (Source: WEF Global Competitiveness Report Database)




	
28.Change in availability of latest technologies (% change in 9.01) (Source: WEF Global Competitiveness Report Database)




	
6. Firm organisational capabilities

	
29.Number of firms in Forbes 2000 per million inhabitants (Source: Forbes Global 2000 companies reports)

	
1/5




	
30.Firm level technology absorption Q.9.02 (Source: WEF Global Competitiveness Report Database)




	
31. Reliance on professional management Q7.07(Source: WEF Global Competitiveness Report Database)




	
32. Control of International Distribution (Source: WEF Global Competitiveness Report Database)




	
33. Firms offering formal training (% of firms) (Source: World Bank)




	
7. Digitalisation

	
34. Fixed broadband Internet subscribers (per 100 people) (Source: World Bank)

	
1/3




	
35. Secure Internet servers (per 1 million people) (Source: World Bank)




	
36. International Bandwidth in Mbits (Source: International Telecommunication Union)




	
8. “Greening”

	
38. Renewable energy consumption (% of total final energy consumption) (Source: World Bank)

	
1/6




	
39. CO2 emissions (metric tons per capita) inverted Higher = better (Source: World Bank)




	
40. Energy Intensity level of Primary energy (Source: World Bank)




	
41. Nitrous oxide emission (% change from 1990) inverted Higher = better (Source: World Bank)




	
42. Fertiliser Consumption (Kilograms per hectare of arable land) inverted Higher = better (Source: World Bank)




	
43. Total Greenhouse gas emission (% change from 1990) inverted Higher = better (Source: World Bank)




	
Category (Index)

	
Component (Sub-Index)

	
Quantitative Indicators

	
Component Weight

	
Cronbach’s Alpha




	
Index C: Interactions

with the Global Economy

	
Technology and knowledge exchange

	
44. Technology balance of payments (receipts) as % of GDP (Source: World Bank)

45. Technology balance of payments (payments) as % of GDP (Source: World Bank)

46. Share of exports in complex industries in total exports (SITCRev3 5 71-79 87 88) (2002–16 avg) (Source: UN Comtrade database)

47. Foreign direct investment, net outflows (% of GDP) (Source: World Bank)

48. Foreign direct investment, net inflows (% of GDP) (Source: World Bank)

49. Economic Complexity of export products (Source: The Observatory of Economic Complexity)

	
1/6

	
0.7721
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Figure 1. Relationship between gross domestic product per capita and “Index of Technology Upgrading (A + B), average 2002–2019 (in values standardised between 0 and 1)”. 
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Figure 2. Indexes A (scale/intensity) and B (scope/breadth), average 2002–2019 (in values standardised between 0 and 1). 






Figure 2. Indexes A (scale/intensity) and B (scope/breadth), average 2002–2019 (in values standardised between 0 and 1).



[image: Sustainability 15 01838 g002]







[image: Sustainability 15 01838 g003 550] 





Figure 3. Index of technology upgrading (A + B) and C (technology/knowledge exchange), average 2002–2019 (in values standardised between 0 and 1). 
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Figure 4. “Levels of greening” and digitalisation across 164 economies, 2019. 
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Figure 5. Relationship between average growth rates of index A (intensity) and index B (breadth) of technology upgrading 2002–2019. 
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Figure 6. Relationship between average rates of growth of index of “technology upgrading” (A + B) and average rates of growth of “knowledge exchange” (C), 2002–2019. 
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Figure 7. Relationship between growth rates of the technology upgrading index and labour productivity growth rate. Note: Before calculating the growth rate, both variables were standardised using the min-max method. Labour productivity per person employed in 2017 US$ (converted to 2017 prices based on updated 2011 PPPs). The average growth rate is calculated as the mean of the variables’ yearly growth between 2002–2019. 
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Table 1. Technology upgrading determinants of macro levels of productivity at different level of development.
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	Dependent:

Δ Labour Productivity

(per Person Employed)
	Dependent:

Δ Labour Productivity

(per Hour Worked)
	Dependent:

Δ Income

per Capita





	Index 1 Production capability Upper-Middle income
	
	−28.616 **
	



	
	
	(13.244)
	



	Index 5 Structural change Low income
	8.392 *
	
	8.033 *



	
	(5.028)
	
	(4.743)



	Index 5 Structural change Lower Middle-Income
	−9.460 *
	
	



	
	(5.356)
	
	



	Index 5 Structural change High Income
	−10.688 *
	
	



	
	(5.980)
	
	



	Index 6 Organisational Capabilities Low income
	
	13.330 *
	



	
	
	(7.976)
	



	Index 8 Greening Upper-Middle Income
	
	59.140 *
	



	
	
	(35.216)
	



	Index 8 Greening High Income
	
	53.105 *
	



	
	
	(28.731)
	



	Constant
	3.454 ***
	3.529 ***
	4.530 ***



	
	(0.427)
	(0.322)
	(0.400)



	Observations
	1594
	1043
	1594



	Number of Countries
	122
	66
	122



	Adjusted R-squared
	0.117
	0.184
	0.227







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