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Abstract 

The empirical evidence concerning the job-creation impact of wind power technology through 
knowledge spillovers is yet poor. Our objective is to contribute to the literature and bridge this 
gap. Specifically, our analysis explores to what extent investments in innovation activities of 
one firm affect the neighbouring firms’ generation of knowledge spillovers in the same sector 
(intra-industry) or to different sectors (inter-industry) and how this complex knowledge 
diffusion process impacts the employment dynamics. The econometric analysis relies on a 
sector-based panel dataset for the USA, Europe, and Japan between 2002 and 2017. The 
empirical findings suggest that there were negative employment spillovers from the same 
technology sector (Marshallian externalities) while the spillovers from more diversified activity 
(Jacobian externalities) have a positive impact on job-creation. The findings have relevant 
policy implications for governments who are developing an industrial strategy for wind power 
technology. 
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1. Introduction 

Wind power investments have increased rapidly over the last decades, driven largely by public 

policy frameworks (Horbach and Rammer, 2018). In 2019 global installed wind capacity 

reached 650.8 Gigawatts and 59.7 Gigawatts were added, a growth of 10.1 percent (WWEA, 

2019). After the financial crisis and later the Corona crisis, a renewable energy transition has 

been considered important for European employment and attention has been directed to labour 

market effects of renewable energy policies (see e.g., Fankhaeser et al., 2008; Apergis and 

Payne, 2010; Horbach, 2010; Mathiesen, Lund and Karlsson, 2011; and Simas and Pacca, 2014; 

Horbach et al., 2013 and 2015). 

However, there are few empirical studies concerning to what extent wind power contributes to 

significant job opportunities and little is known about how the knowledge spillover diffusion 

process affects job-creation (Aldieri et al., 2018a and 2018b; Aldieri et al., 2020). Hence, a 

knowledge gap exists concerning employment effects of environmental innovation (Van Roy 

et al., 2018; Pellegrino et al., 2019; Mazzanti and Zoboli, 2009; Costantini et al., 2018).  

Thus, the exploration of the differentiated patterns among countries and sectors in the co-

evolution of environmental performances and employment could explain different employment 

dynamics, reflecting the prevalence of complementarity or trade-off effects between 

employment and environmental performances (as discussed in Marin and Mazzanti, 2013). 

Indeed, a stagnating economic dynamic may lead to a reduction of energy consumption and 

polluting emissions, while a flat dynamic of employment can represent a signal of low 

production efficiency. However, investments in environmental technologies might be at the 

basis of positive complementarities between employment and environmental performances 

(Cecere and Mazzanti, 2017). 

Environmental innovations help to achieve the goals of sustainable development in such a way 

that all perspectives of sustainability are considered: environmental, economic, and social 

dimensions. In particular, this paper explores the economic and social dimensions relative to 

employment effects of environmental innovations: innovation can create cost savings, by 

evidencing higher competitiveness and higher demand for firms’ products. 

The employment effects of environmental innovation are identified as a combination of 

negative job destruction effects and positive compensation forces (Aldieri and Vinci, 2018a). 

Previous studies (e.g., Johnstone and Haščič, 2010; Braun et al., 2011; and Grafström and 

Lindman 2017) focused on knowledge spillovers in the wind power field and considered only 
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effects on the totality of knowledge flows, the present contribution presents a new perspective 

(employment) on knowledge flows. Assessing inter-technology effects enables us to understand 

unintended consequences of policy decisions. Policy for the promotion of wind power will 

create employment and development in related, and less related fields. 

In particular, we identify both spillovers within the same technology class, defined as intra-

industry or Marshallian or specialized spillovers (Marshall, 1890; Arrow, 1962; Romer, 1986) 

and the externalities between different classes, defined also as inter-industry or Jacobian (Jacob, 

1969) or diversified spillovers. Specifically, to evaluate the technological diversity between the 

firms, we employ the Mahalanobis environmental matrix (Aldieri and Vinci, 2017), where 

energy and wind power patents are distributed across more classes of technology. Innovation 

is often shaped within a technological field, but knowledge spillovers across technologies also 

occur (Lazear, 2004; Cohen and Levinthal, 1990; Lettl et al. 2009; Noailly and Shestalova, 

2017; Nemet, 2012; Nemet and Johnson, 2012). Knowledge flows within and beyond the same 

technology with a potential to reinforce other knowledge generating processes (van den Bergh, 

2008; Schoenmakers and Duysters, 2010). Consequently, gains in an existing technology can 

be transferred to the same or different technology fields.  

Knowledge spillovers are typically measured as the stock of R&D conducted outside the focal 

firm and weighted by some measure of closeness between the source and the recipient of the 

spillovers. Jaffe (1986) assumes that the closer two firms are in the technological space, the 

more likely a firm will be affected by the spillovers generated by the “nearby” firm. The Jaffe 

measure constructs a technological vector for each firm based on the distribution of its patents 

across different classes of technology (Aldieri, 2013). These vectors allow one to locate firms 

into a multi-dimensional technological space where technological proximity between firms are 

proxied by the uncentered correlation coefficient between the corresponding technology 

vectors. Since Jaffe’s measure is relative only to spillovers within the same technology sector 

and rules out spillovers between different sectors, we developed the Mahalanobis norm (Aldieri 

et al., 2019), where the uncentered correlation index between different technology sectors is 

also identified. 

The period covered in this paper is from 2002 to 2017, which captures the period where most 

of the installed capacity has been constructed. Beside the  USA and Japan, the most active wind 

power nations in Europe are considered – United Kingdom, Denmark, Belgium, Germany, 

Finland, France, Italy, the Netherlands, and Sweden. The selection is motivated partly due to 
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data availability but also that in most other European countries, activities related to construction 

and invention were rather limited during the time period examined (Grafström, 2017).  

For policy makers it is vital to understand all forms of knowledge spillovers, since knowledge 

spillovers are closely linked to the market failure “free riding” which can lead to under 

investment in R&D (Grafström, 2018a; Fischer, 2008; Jaffe et al., 2005; Popp, 2005). While 

general technological development is good, technological development in the environmental 

field is urgent. It is a necessity (sooner rather than later) for R&D spending on renewable energy 

since anthropogenic emissions of greenhouse gases are above 417 parts per million (ppm) 

which is the highest ever recorded and far above the historical value around 250 ppm (NOAA, 

2020). A path toward a status-quo for the global climate is to develop and diffuse new carbon-

free technologies, such as wind power (Stern, 2007). If knowledge spillovers are present 

government policies on R&D spending most likely are needed to ramify this problem if the 

government wants the technology to develop and diffuse.  

The paper is structured in the following way. Section 2 summarizes the empirical evidence 

concerning the employment effects of wind energy technologies. Section 3 explains the model 

and describes the data. Section 4 provides the results, while section 5 discusses the policy 

implications of the findings. Section 6 reports the concluding remarks and explains the 

directions for future research. 

2. Background literature 

2.1 Spillovers and economic growth 
This paper explores the impact of knowledge spillovers on regional employment in a unified 

framework, paying attention to both intra-industry or Marshallian spillovers and inter-industry 

or Jacobian ones. As evidenced by earlier studies, knowledge diffusion is important for 

economic growth (Griliches, 1979; Romer, 1990; Grossman and Helpman, 1991; Jaffe et al., 

1993). Therefore, it is relevant to explore the economic theoretical thinking concerning the 

determinants of knowledge diffusion.  

In his seminal work Griliches (1979) has distinguished two types of spillovers. A pure 

knowledge spillover, i.e., where the spillover is not incorporated into tradable goods, the 

relevant knowledge is instead transferred between firms devoid of the knowledge recipient 

directly paying the knowledge producer. There are also rent spillovers which occur when an 

improvement in physical productivity derived from a technological innovation in a product, 
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does not produce a price adjustment of the same magnitude. Pure and rent knowledge spillovers 

can spread in two stylized ways (Glaeser et al., 1992). 

The first way of knowledge spillovers spreading builds on a Jacob-type externality frame where 

one actor´s (e.g., firms) knowledge production is a useful input for the knowledge production 

function of other heterogeneous actors on all development levels. Jacob-type knowledge 

spillovers have no or little requirement of previous research. A Marshall-type externality is 

where knowledge only affects homogeneous actors (Corradini et al., 2014). Marshall-type 

knowledge spillovers are useful for a firm who to some extent have a degree of technological 

proximity and/or absorptive capacity. Depending on the knowledge spillover´s nature, only 

some firms involved might benefit from the new knowledge but not all. 

There are no papers about innovation in the wind power sector where the impact of 

technological knowledge externalities relative to employment effects has been identified. 

Aldieri and Vinci (2018a) analyze the sensitivity of employment with respect to own R&D 

capital stock but also with respect to the technological R&D spillovers, in high-tech and low-

tech industries. They find that the employment effect of R&D capital stock is mainly negative, 

and this result seems to indicate a prevalent destruction rate of the innovation process. The 

creation rate is not important enough or there is a hard reallocation of employment flows 

between the technology sectors. As far as the technological spillover effects are concerned, only 

American high-tech firms benefit from local externalities, while the evidence that Japanese and 

European high-tech ones benefit mainly from external spillovers could demonstrate that 

American firms are more specialized and mature. This finding could be consistent with the 

absorptive capacity hypothesis postulated by Cohen and Levinthal (1990), which suggests that 

the degree to which firms benefit from external innovation is heavily dependent on their own 

investment in research. Aldieri and Vinci (2018b) show that the displacement effect is higher 

than the compensation one. 

 
2.2 Wind power and employment 
There are few comprehensive literature reviews focusing on employment effects from wind 

power investment or renewable energy for that matter. Aldieri et al., (2020) assembled the peer-

reviewed literature between 2001 and 2019 which evaluated job effects of wind power 

construction. They found employment effects from wind power construction but conclude that 

job creation can be limited, and case comparison is challenging. All wind power projects are 

undertaken under various institutional frameworks, labour markets, time periods, and labour 
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intensity within the respective countries. Labour intensity in a country also matters (Kattumuri 

and Kruse, 2017). Different national labour intensities tell us that cross-country comparability 

is difficult. Cross country comparisons necessitate that the country selection is based on 

matched pairs. 

Another line of thought was presented by Ram et al., (2020), who modelled future job creation 

for renewable energy and the sub-group wind power in the world and surveyed results from 

other models. They found that a large job creation was to be expected from the transition to 

renewable energy sources which would be larger than the expected job loss in the declining 

fossil industry. Almutairi et al., (2018) found large expected job losses from a transition towards 

renewable and nuclear energy as the main component in the mix (see also Frondel et al., 2010). 

There are some obstacles to the comparability between job effect studies in the literature to 

consider (Wei et al., 2010). First is the problem of different measuring units. Whilst most 

previous studies have different methods and assumptions, often a common metric is used: jobs 

(or job-years) created per installed capacity (Simas and Pacca, 2014). To create comparability 

a normalization of their output can be made by calculating average employment per unit of 

energy, for example job-years per megawatt (MW). Job-years per MW is an approach often 

adopted. The adoption of a job/MW ratio is problematic, due to differences in for example the 

export/import capacity (Blanco and Rodrigues, 2009). Some countries are large manufacturers 

– including major sub-components – for example Denmark and Germany have a large domestic 

job creation whilst the installed domestic MW might be higher abroad (Simas and Pacca, 2014).  

There is also a distinction between types of job effects. There are direct-, indirect- and induced 

jobs. Direct jobs can are  the easiest jobs to identify and can for example be found in 

manufacturing of key components, power plant construction and operation and maintenance 

(O&M), i.e., a person constructing a part in a power plant can easily be defined as having a job 

because of wind power demand (see e.g., Cameron, and van der Zwaan, 2015; Okkonen and 

Lethonen, 2016; and Dvořák et al., 2017). Some studies include jobs in for example, project 

management, research and development, energy companies, utilities, and banks.  

Indirect jobs on the other hand are more ambiguous. Some researchers have estimated them by 

input–output analysis to assess indirect effects of materials and services consumed on the 

upstream supply chain. Consultancies and several minor components not directly related to the 

sector can also be considered. Some research distinguishes between indirect jobs and induced 

jobs. Induced jobs can emerge due to spending (e.g. salaries) as a result from direct and indirect 
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employment (see e.g., Comings et al., 2014; Hondo and Moriizumi, 2017; and Kahouli and 

Martin, 2018). These induced effects are present in some studies (see e.g., Ejdemo and 

Söderholm, 2015; and Kahouli and Martin, 2018), but absent in most studies.  

Based on the work of Aldieri et al., (2020) it is evident that most empirical research papers 

assess employment effects in direct job effects. Direct job effects have been considered more 

reliable to measure than indirect jobs which carry a certain portion of uncertainty. The empirical 

results were varied. A low employment estimate of 0.00189 per MW per year was found by 

Hondo and Moriizumu (2017). Van der Zwaan et al., (2013) found the highest effect 15.6 

jobs/MW per year.   

Dvořák et al., (2017) examined the period 2008–2013 and found that mean employment derived 

from wind power construction was 2.3 jobs per MW. In a study covering Greece, Tourkolias 

and Mirasgedis (2011) estimated the employment to 8.8 man-years/MW through production 

and construction. The operation and maintenance phase gave fewer jobs, only 0.375 man-

years/MW. Moreno and López (2008) evaluated the Spanish region Asturias and found that 

13.2 job-years/MW in total were created, of which 13 occurred during the construction and 

installation phase. 

Scale matters, the number of jobs is expected to diminish (per MW) when the size of the wind 

park expands (see e.g., Llera et al., 2013; Van der Zwaan et al., 2013; and Cameron and Van 

der Zwaan, 2015). Ejdemo and Söderholm (2015) studied one of Europe’s largest parks and 

found that the park (4000 MW) would only have 0.8 jobs per MW. Okkonen and Lethonen 

(2016) on the other hand examined a minor island-based construction in Scotland of 27 MW 

which would generate around three jobs per MW. Kahouli and Martin, (2018) explored an 

installation of 3.5 GW offshore wind in the region of Brittany in France and found that 1.32 

direct jobs per MW and 1.59 induced jobs per MW would be created.  

Blanco and Rodrigues (2009) sent surveys to firms enquiring about the employment effects and 

discovered considerable variation between countries, 0.76 jobs/MW in Austria while figures 

from Denmark showed 6.97 jobs/MW. In a survey article covering Brazil, Simas and Pacca 

(2014) found an equivalent of 13.5 person-years for each MW installed between manufacture 

and the first year of operation, and 24.5 person-years over the operational lifetime. Blanco and 

Kjaer (2009) studied job development in the European Union and found that 10 yearly jobs per 

MW were created by the manufacturing, construction, and installation phase, where five jobs 

per year MW were in manufacturing. 
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3. Theoretical Framework 

In line with Garcia et al., (2004), we consider a multi-sector economy, where firms’ production 

combines physical, human and knowledge capital with a variety  of different green energy: 

wind, geothermal, solar, integrated emissions control, water pollution abatement, solid waste 

collection. Production level at time t of field i, �𝑌𝑌𝑖𝑖� is the combination of two different outputs 

from two different production technologies: a green (𝑌𝑌𝐺𝐺𝑖𝑖), where we may further separate 

techniques adopting exclusively wind power energy (𝑌𝑌𝐺𝐺𝐺𝐺𝑖𝑖 ) from other forms of green energies 

(𝑌𝑌𝐺𝐺𝐺𝐺𝑖𝑖 ) , and (𝑌𝑌𝑁𝑁𝑖𝑖 ), and written as:  

𝑌𝑌𝐺𝐺𝑖𝑖 =  𝛼𝛼𝑌𝑌𝐺𝐺𝐺𝐺𝑖𝑖 + (1 − 𝛼𝛼)𝑌𝑌𝐺𝐺𝐺𝐺𝑖𝑖   (1) with 0 < 𝛼𝛼 < 1 (1) 

𝑌𝑌𝑖𝑖 =  𝛽𝛽𝑌𝑌𝑁𝑁𝑖𝑖 + (1 − 𝛽𝛽)𝑌𝑌𝐺𝐺𝑖𝑖   (2) with 0 < 𝛽𝛽 < 1 (2) 

𝑌𝑌𝑖𝑖 =  𝛽𝛽𝑌𝑌𝑁𝑁𝑖𝑖 + (1 − 𝛽𝛽)�𝛼𝛼𝑌𝑌𝐺𝐺𝐺𝐺𝑖𝑖 + (1 − 𝛼𝛼)𝑌𝑌𝐺𝐺𝐺𝐺𝑖𝑖 �   (3), 

where: 

𝑌𝑌𝐺𝐺𝐺𝐺
𝑖𝑖, = 𝑌𝑌𝐺𝐺

𝑖𝑖,(𝐶𝐶,𝐾𝐾𝐺𝐺𝐺𝐺 , 𝐿𝐿)  (4) 

𝑌𝑌𝐺𝐺𝐺𝐺
𝑖𝑖, = 𝑌𝑌𝐺𝐺𝐺𝐺

𝑖𝑖, (𝐶𝐶,𝐾𝐾𝐺𝐺𝐺𝐺, 𝐿𝐿)  (5) 

𝑌𝑌𝑁𝑁
𝑖𝑖, = 𝑌𝑌𝑁𝑁,

𝑖𝑖, (𝐶𝐶,𝐾𝐾𝑁𝑁 ,𝐿𝐿)  (6). 

In equations (4-6) parameters 𝐶𝐶, 𝐿𝐿 measure respectively physical capital and labour, while the 

innovation effects of different production techniques: green, wind green and not green are 

respectively embodied in the knowledge capital levels 𝐾𝐾𝑁𝑁 ,𝐾𝐾𝐺𝐺    and 𝐾𝐾𝐺𝐺𝐺𝐺. As in Aldieri and 

Vinci (2017), the i sector’s firms are assumed to compete in differentiated output markets, 

minimize costs with constant returns to scale technologies, and invest in R&D for process and 

product innovation. These latter, once made, enter production at the start of the succeeding 

stage, when prices, employment are adjusted considering expected demand and new 

technologies. Moreover, the innovation effects on technology and the demand function are 

embodied in the Knowledge capital. 

Stating one-to-one 𝑐𝑐 and 𝑤𝑤 the marginal cost and the vector inputs prices, we can state that 𝑐𝑐 =

𝑐𝑐(𝑤𝑤,𝐾𝐾𝐺𝐺𝐺𝐺 ,𝐾𝐾𝐺𝐺𝐺𝐺,𝐾𝐾𝑁𝑁𝑁𝑁). Moreover we define as 𝑝𝑝 the output price, 𝜇𝜇 the mark-up, 𝑑𝑑𝑒𝑒 indicates the 

market dynamics, and finally 𝐾𝐾𝐺𝐺𝐺𝐺𝑅𝑅 ,𝐾𝐾𝐺𝐺𝐺𝐺𝑅𝑅 ,𝐾𝐾𝑁𝑁𝑅𝑅 ,𝑝𝑝𝑅𝑅 , 𝐿𝐿𝑅𝑅 respectively capture the rival firms’ 
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accumulated Knowledge capitals, output prices, and employment. 

 We can state what follows: 

𝑝𝑝 = (1 + 𝜇𝜇)𝑐𝑐(𝑤𝑤,𝐾𝐾𝐺𝐺𝐺𝐺 ,𝐾𝐾𝐺𝐺𝐺𝐺 ,𝐾𝐾𝑁𝑁)   (7) 

𝑌𝑌 = 𝐷𝐷(𝑑𝑑𝑒𝑒 ,𝑝𝑝,𝑝𝑝𝑅𝑅 ,𝐾𝐾𝐺𝐺𝐺𝐺 ,𝐾𝐾𝐺𝐺𝐺𝐺,𝐾𝐾𝑁𝑁 ,𝐾𝐾𝐺𝐺𝐺𝐺𝑅𝑅 ,𝐾𝐾𝐺𝐺𝐺𝐺𝑅𝑅 ,𝐾𝐾𝑁𝑁𝑅𝑅)   (8) 

𝐾𝐾𝑁𝑁𝑅𝑅 = 𝑔𝑔(𝐾𝐾𝑁𝑁)  (9) 

  𝐾𝐾𝐺𝐺𝐺𝐺𝑅𝑅 = 𝑔𝑔(𝐾𝐾𝐺𝐺𝐺𝐺𝑁𝑁) (10) 

𝐾𝐾𝐺𝐺𝐺𝐺𝑅𝑅 = 𝑔𝑔(𝐾𝐾𝐺𝐺𝐺𝐺)   (11) 

𝐿𝐿 = 𝑐𝑐𝐿𝐿(𝑤𝑤,𝐾𝐾𝐺𝐺𝐺𝐺 ,𝐾𝐾𝐺𝐺𝐺𝐺,𝐾𝐾𝑁𝑁𝑁𝑁)𝑌𝑌   (12) 

𝑝𝑝𝑅𝑅 = (1 + 𝜇𝜇𝑅𝑅)𝑐𝑐𝑅𝑅(𝑤𝑤𝑅𝑅 ,𝐾𝐾𝐺𝐺𝐺𝐺𝑅𝑅 ,𝐾𝐾𝐺𝐺𝐺𝐺𝑅𝑅 ,𝐾𝐾𝑁𝑁𝑁𝑁𝑅𝑅 )   (13), 

where 𝑐𝑐𝐿𝐿 captures the marginal cost derivative respect employment (the Shepard’s lemma), and 

parameters 𝑐𝑐𝑅𝑅 ,𝑤𝑤𝑅𝑅 , 𝜇𝜇𝑅𝑅 denote the rival firms’ marginal cost, vector inputs prices and mark-up.  

We may write eq. (12) as: 

𝐿𝐿 = 𝑐𝑐𝐿𝐿(𝑤𝑤,𝐾𝐾𝐺𝐺𝐺𝐺 ,𝐾𝐾𝐺𝐺𝐺𝐺,𝐾𝐾𝑁𝑁)𝐷𝐷(𝑑𝑑𝑒𝑒 , (1 + 𝜇𝜇)𝑐𝑐(𝑤𝑤,𝐾𝐾𝐺𝐺𝐺𝐺 ,𝐾𝐾𝐺𝐺𝐺𝐺,𝐾𝐾𝑁𝑁), (1 +

𝜇𝜇𝑅𝑅)𝑐𝑐𝑅𝑅(𝑤𝑤𝑅𝑅,𝐾𝐾𝐺𝐺𝐺𝐺𝑅𝑅 ,𝐾𝐾𝐺𝐺𝐺𝐺𝑅𝑅 ,𝐾𝐾𝑁𝑁𝑅𝑅),𝐾𝐾𝐺𝐺𝐺𝐺 ,𝐾𝐾𝐺𝐺 ,𝐾𝐾𝑁𝑁 ,𝐾𝐾𝐺𝐺𝑁𝑁𝑅𝑅 ,𝐾𝐾𝐺𝐺𝐺𝐺𝑅𝑅 ,𝐾𝐾𝑁𝑁𝑅𝑅)   (14). 

From inspection of the above the short run innovation effects on the labour input, will be 

captured by the following: 
𝜕𝜕𝐿𝐿
𝜕𝜕𝐾𝐾𝑁𝑁

= 𝜕𝜕𝑐𝑐𝐿𝐿
𝜕𝜕𝐾𝐾𝑁𝑁

𝑌𝑌 + 𝑐𝑐𝐿𝐿 �
𝜕𝜕𝜕𝜕
𝜕𝜕𝐾𝐾𝑁𝑁

+ 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝐾𝐾𝑁𝑁

+ 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑅𝑅

𝜕𝜕𝜕𝜕𝑅𝑅
𝜕𝜕𝐾𝐾𝑁𝑁

𝑅𝑅
𝜕𝜕𝐾𝐾𝑁𝑁

𝑅𝑅

𝜕𝜕𝐾𝐾𝑁𝑁
+ 𝜕𝜕𝜕𝜕

𝜕𝜕𝐾𝐾𝑁𝑁
𝑅𝑅
𝜕𝜕𝐾𝐾𝑁𝑁

𝑅𝑅

𝜕𝜕𝐾𝐾𝑁𝑁
�   (15) 

𝜕𝜕𝐿𝐿
𝜕𝜕𝐾𝐾𝐺𝐺

= 𝜕𝜕𝑐𝑐𝐿𝐿
𝜕𝜕𝐾𝐾𝐺𝐺

𝑌𝑌 + 𝑐𝑐𝐿𝐿 �
𝜕𝜕𝜕𝜕
𝜕𝜕𝐾𝐾𝐺𝐺

+ 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝐾𝐾𝐺𝐺

+ 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑅𝑅

𝜕𝜕𝜕𝜕𝑅𝑅
𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺

𝑅𝑅
𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺

𝑅𝑅

𝜕𝜕𝐾𝐾𝐺𝐺
+ 𝜕𝜕𝜕𝜕

𝜕𝜕𝐾𝐾𝑁𝑁
𝑅𝑅
𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺

𝑅𝑅

𝜕𝜕𝐾𝐾𝐺𝐺
�   (16) 

𝜕𝜕𝐿𝐿
𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺

= 𝜕𝜕𝑐𝑐𝐿𝐿
𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺

𝑌𝑌 + 𝑐𝑐𝐿𝐿 �
𝜕𝜕𝜕𝜕

𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺
+ 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺
+ 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕𝑅𝑅

𝜕𝜕𝜕𝜕𝑅𝑅
𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺

𝑅𝑅
𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺

𝑅𝑅

𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺
+ 𝜕𝜕𝜕𝜕

𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺
𝑅𝑅

𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺
𝑅𝑅

𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺𝐺𝐺
�   (17). 

The first terms of the right-hand sides of the above three equations measure the displacement 

effects respectively for the three types of innovations, standard, green and wind power green 

energies. Other terms on the right-hand sides of eq. (15-17) take, for the above three different 

innovation categories, the total of additional compensation results: 

● Production innovation effects on the total demand; 

● Demand effects through cost falls due to price decline; 

● Demand effects of rival firms’ prices variations via the innovations of competitors; 

● Demand effects of the innovations of competitors. 

Because of wages bargaining, prices dynamics variations via 𝜇𝜇 and 𝜇𝜇𝑅𝑅 may occur, and 

contemplate with 𝑧𝑧 and 𝑧𝑧𝑅𝑅 further possible changes on wages and mark-ups, we can state: 

𝑤𝑤 = 𝑤𝑤(𝑧𝑧,𝐶𝐶,𝐾𝐾𝐺𝐺𝐺𝐺 ,𝐾𝐾𝐺𝐺𝐺𝐺,𝐾𝐾𝑁𝑁)   (18) 

𝑤𝑤𝑅𝑅 = 𝑤𝑤𝑅𝑅(𝑧𝑧𝑅𝑅 ,𝐶𝐶𝑅𝑅 ,𝐾𝐾𝐺𝐺𝐺𝐺𝑅𝑅 ,𝐾𝐾𝐺𝐺𝐺𝐺𝑅𝑅 ,𝐾𝐾𝑁𝑁𝑅𝑅)   (19) 
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𝜇𝜇 = 𝜇𝜇(𝑧𝑧,𝐶𝐶,𝐾𝐾𝐺𝐺𝐺𝐺 ,𝐾𝐾𝐺𝐺𝐺𝐺,𝐾𝐾𝑁𝑁)   (20) 

𝜇𝜇𝑅𝑅 = 𝜇𝜇𝑅𝑅(𝑧𝑧𝑅𝑅 ,𝐶𝐶𝑅𝑅 ,𝐾𝐾𝐺𝐺𝐺𝐺𝑅𝑅 ,𝐾𝐾𝐺𝐺𝐺𝐺𝑅𝑅 ,𝐾𝐾𝑁𝑁𝑅𝑅)   (21). 

Hence the short-run innovation effects on the employment levels will be turned into: 
𝑑𝑑𝐿𝐿
𝑑𝑑𝐾𝐾𝑁𝑁

= � 𝜕𝜕𝑐𝑐𝐿𝐿
𝜕𝜕𝐾𝐾𝑁𝑁

+ 𝜕𝜕𝑐𝑐𝐿𝐿
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝐾𝐾𝑁𝑁

� 𝑌𝑌 + 𝑐𝑐𝐿𝐿 �
𝜕𝜕𝜕𝜕
𝜕𝜕𝐾𝐾𝑁𝑁

+ 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝐾𝐾𝑁𝑁

𝑐𝑐 + (1 + 𝜇𝜇) �𝜕𝜕𝑐𝑐
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝐾𝐾𝑁𝑁

+

𝜕𝜕𝑐𝑐
𝜕𝜕𝐾𝐾𝑁𝑁

�� 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑅𝑅

�𝑐𝑐𝑅𝑅 �
𝜕𝜕𝜕𝜕𝑅𝑅
𝜕𝜕𝐾𝐾𝑁𝑁

𝑅𝑅
𝜕𝜕𝐾𝐾𝑁𝑁

𝑅𝑅

𝜕𝜕𝐾𝐾𝑁𝑁
� + (1 + 𝜇𝜇𝑅𝑅) �𝜕𝜕𝑐𝑐𝑅𝑅

𝜕𝜕𝜕𝜕𝑅𝑅

𝜕𝜕𝜕𝜕𝑅𝑅
𝜕𝜕𝐾𝐾𝑁𝑁

𝑅𝑅
𝜕𝜕𝐾𝐾𝑁𝑁

𝑅𝑅

𝜕𝜕𝐾𝐾𝑁𝑁
+ 𝜕𝜕𝑐𝑐𝑅𝑅

𝜕𝜕𝐾𝐾𝑁𝑁
𝑅𝑅
𝜕𝜕𝐾𝐾𝑁𝑁

𝑅𝑅

𝜕𝜕𝐾𝐾𝑁𝑁
�� + 𝜕𝜕𝜕𝜕

𝜕𝜕𝐾𝐾𝑁𝑁
𝑅𝑅
𝜕𝜕𝐾𝐾𝑅𝑅
𝜕𝜕𝐾𝐾𝑁𝑁

� (22) 

 
𝑑𝑑𝐿𝐿
𝑑𝑑𝐾𝐾𝐺𝐺

= �𝜕𝜕𝑐𝑐𝐿𝐿
𝜕𝜕𝐾𝐾𝐺𝐺

+ 𝜕𝜕𝑐𝑐𝐿𝐿
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝐺𝐺
� 𝑌𝑌 + 𝑐𝑐𝐿𝐿 �

𝜕𝜕𝜕𝜕
𝜕𝜕𝐾𝐾𝐺𝐺

+ 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝐾𝐾𝐺𝐺

𝑐𝑐 + (1 + 𝜇𝜇) �𝜕𝜕𝑐𝑐
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝐾𝐾𝐺𝐺

+

𝜕𝜕𝑐𝑐
𝜕𝜕𝐾𝐾𝐺𝐺

�� 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑅𝑅

�𝑐𝑐𝑅𝑅 �
𝜕𝜕𝜕𝜕𝑅𝑅
𝜕𝜕𝐾𝐾𝐺𝐺

𝑅𝑅
𝜕𝜕𝐾𝐾𝐺𝐺

𝑅𝑅

𝜕𝜕𝐾𝐾𝐺𝐺
� + (1 + 𝜇𝜇𝑅𝑅) �𝜕𝜕𝑐𝑐𝑅𝑅

𝜕𝜕𝜕𝜕𝑅𝑅

𝜕𝜕𝜕𝜕𝑅𝑅
𝜕𝜕𝐾𝐾𝑁𝑁

𝑅𝑅
𝜕𝜕𝐾𝐾𝐺𝐺

𝑅𝑅

𝜕𝜕𝐾𝐾𝐺𝐺
+ 𝜕𝜕𝑐𝑐𝑅𝑅

𝜕𝜕𝐾𝐾𝐺𝐺
𝑅𝑅
𝜕𝜕𝐾𝐾𝐺𝐺

𝑅𝑅

𝜕𝜕𝐾𝐾𝐺𝐺
�� + 𝜕𝜕𝜕𝜕

𝜕𝜕𝐾𝐾𝐺𝐺
𝑅𝑅
𝜕𝜕𝐾𝐾𝐺𝐺

𝑅𝑅

𝜕𝜕𝐾𝐾𝐺𝐺
� (23) 

 
𝑑𝑑𝐿𝐿

𝑑𝑑𝐾𝐾𝐺𝐺𝐺𝐺
= � 𝜕𝜕𝑐𝑐𝐿𝐿

𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺
+ 𝜕𝜕𝑐𝑐𝐿𝐿

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺
� 𝑌𝑌 + 𝑐𝑐𝐿𝐿 �

𝜕𝜕𝜕𝜕
𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺

+ 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺

𝑐𝑐 + (1 + 𝜇𝜇) �𝜕𝜕𝑐𝑐
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺

+

𝜕𝜕𝑐𝑐
𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺

�� 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑅𝑅

�𝑐𝑐𝑅𝑅 �
𝜕𝜕𝜕𝜕𝑅𝑅
𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺

𝑅𝑅
𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺

𝑅𝑅

𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺
� + (1 + 𝜇𝜇𝑅𝑅) �𝜕𝜕𝑐𝑐𝑅𝑅

𝜕𝜕𝜕𝜕𝑅𝑅

𝜕𝜕𝜕𝜕𝑅𝑅
𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺

𝑅𝑅
𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺

𝑅𝑅

𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺
+ 𝜕𝜕𝑐𝑐𝑅𝑅

𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺
𝑅𝑅

𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺
𝑅𝑅

𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺
�� + 𝜕𝜕𝜕𝜕

𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺
𝑅𝑅

𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺
𝑅𝑅

𝜕𝜕𝐾𝐾𝐺𝐺𝐺𝐺
� (24) 

 

4. Econometric Modelling Strategy, Data sources and Definitions 

To fulfil the purpose of this paper we will estimate reduced labour demand equations to test for 

the following hypothesis: 

H1: The Marshallian spillovers from the wind power technology sector have a negative 

effect on the job-creation process. 

H2: The Jacobian spillovers from energy technology sectors (no wind power one) have 

a positive effect on the job-creation process. 

We investigate both on the externalities generated in the same sector – specialized, Marshallian 

or intra-industry spillovers – in line with Marshall (1890), Arrow (1962), Romer, (1986), 

Glaesar et al., (1992) and spillovers generated by innovation activity from firms belonging to 

the different sector, defined as inter-industry, diversified or Jacobian Spillovers (Jacob, 1969). 

Thus, we estimate the following specification model for firm i and time t:  

𝑙𝑙𝑙𝑙𝑔𝑔𝐿𝐿𝑖𝑖𝑁𝑁 = 𝛼𝛼𝑖𝑖 + 𝜆𝜆𝑁𝑁 + 𝛽𝛽1𝑙𝑙𝑙𝑙𝑔𝑔𝐿𝐿𝑖𝑖𝑁𝑁−1 + 𝛽𝛽2𝑙𝑙𝑙𝑙𝑔𝑔𝑙𝑙 + 𝛽𝛽3𝑙𝑙𝑙𝑙𝑔𝑔𝐶𝐶𝑖𝑖𝑁𝑁 + 𝛽𝛽4𝑙𝑙𝑙𝑙𝑔𝑔𝑂𝑂𝑂𝑂𝑖𝑖𝑁𝑁 + 𝛽𝛽5𝑙𝑙𝑙𝑙𝑔𝑔𝐾𝐾𝑖𝑖𝑁𝑁 +

𝛾𝛾1𝑙𝑙𝑙𝑙𝑔𝑔𝑀𝑀𝑀𝑀𝑀𝑀𝑙𝑙𝑝𝑝𝑀𝑀𝑙𝑙𝑙𝑙𝑙𝑙𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖𝑁𝑁 + 𝛾𝛾2𝑙𝑙𝑙𝑙𝑔𝑔𝐽𝐽𝑙𝑙𝑝𝑝𝑀𝑀𝑙𝑙𝑙𝑙𝑙𝑙𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖𝑁𝑁𝜀𝜀𝑖𝑖𝑁𝑁 (27) 

where:   

● 𝐿𝐿𝑖𝑖𝑁𝑁 = Labour;  
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● 𝑙𝑙𝑖𝑖𝑁𝑁 =  Sales; 

● 𝐶𝐶𝑖𝑖𝑁𝑁 = physical capital i;  

● 𝑂𝑂𝑂𝑂𝑖𝑖𝑁𝑁 =  Operating Profit; 

● 𝐾𝐾𝑖𝑖𝑁𝑁 =  R&D stock; 

● 𝛼𝛼𝑖𝑖 = fixed effects relative to firms;  

● 𝜆𝜆𝑁𝑁 = time dummies; 

● 𝑀𝑀𝑀𝑀𝑀𝑀𝑙𝑙𝑝𝑝𝑀𝑀𝑙𝑙𝑙𝑙𝑙𝑙𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖𝑁𝑁 = Marshallian externalities;  

● 𝐽𝐽𝑙𝑙𝑝𝑝𝑀𝑀𝑙𝑙𝑙𝑙𝑙𝑙𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖𝑁𝑁 = Jacobian externalities;  

● 𝛽𝛽, 𝛾𝛾 = coefficients;  

● 𝜀𝜀𝑖𝑖𝑁𝑁 = disturbance term. 

The  equation (27) is estimated through the one-stage generalised method of moments (GMM)2 

estimator to deal with the endogeneity and simultaneity problems. 

We select the variables relative to sales (S), Labour (L), Physical Capital (C), R&D (RD), 

operating profit (OP) from EU Scoreboard (2018). The wages are measured through capital 

expenditures and operating profits (Aldieri and Vinci, 2018; Bogliacino, 2014).  

Furthermore, we also employ the OECD's REGPAT green economy activity. 

Innovations in energetic context have been identified based on opportune patent codes3,as in 

Marin and Lotti (2016). In Table 1, we present the clusters of energy patents.  
Table 1. Patent codes 

Macro category Sub-category IPC 

Energy 

Fuel efficiency F01M, F01N, F02B, F02D, F02M, G01M, B01D, B01J, B60, 

B62D, F02B, F02M, F01N, F02D, G01M, F02P, B62D, B60C, 

B60T, B60G, B60K, B60W, B60K, B60L, B60R, B60S, B60W, 

F04B, E06B, F24D, B60K, B60W, H01J, H05B 

Solar and wind energy H01L, H01G, H02N, C01B, C23C, C30B, G05F, F21L, F21S, 

H02J, H01H, H01M, F24J, E04D, F22B, F25B, F26B, G02B, 

F03D, H02K, B63B, F01K, F24F, F24J, H02N, F25B, F03G 

E04H, B60K, B60L, B63H 

 

As we can see from Table 1, we explore the technological proximity between the classes for 

energy production efficiency. We analyse the context of renewable energy and wind power 

technology.  

 
2  See Arellano and Bover (1995) and Blundell and Bond (1998). 
3 http://www.oecd.org/env/consumption-innovation/indicator.htm 
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We have converted all variables into constant 2000 euros, according to the GDP deflator. We 

have computed the stock of R&D capital based on the permanent inventory method (Griliches 

1979) by assuming a 15 percent depreciation rate and a 5 percent growth rate (as in Hall and 

Mairesse 1995). 

In order to measure the diversity degree between the firms, we follow the procedure introduced 

by Jaffe (1986). In particular, we can perform the technological proximities as: 

𝑇𝑇𝑖𝑖𝑖𝑖 =
∑𝐾𝐾𝑘𝑘=1 𝑃𝑃𝑖𝑖𝑘𝑘𝑃𝑃𝑗𝑗𝑘𝑘

�∑𝐾𝐾𝑘𝑘=1 𝑃𝑃𝑖𝑖𝑘𝑘
2 ∑𝐾𝐾𝑘𝑘=1 𝑃𝑃𝑗𝑗𝑘𝑘

2
       (25) 

where Pi indicates the patent distribution over the technology fields for firm i and Tij represents 

the technological relatedness between firms j and i. Finally, the technological knowledge 

spillovers are measured in the following way: 

𝑇𝑇𝑙𝑙𝑖𝑖 = ∑𝑖𝑖≠𝑖𝑖 𝑂𝑂𝑖𝑖𝑖𝑖𝐾𝐾𝑖𝑖       (26) 

where Kj is relative to the R&D capital stock of firm j, as discussed in Aldieri et al., (2018). In 

Table 2, we show the summary statistics of our sample: 

Table 2. Data statistics 

Variable Meana Std. Dev. 

logS 8.34 2.378 

logL 8.99 3.088 

logL(t-1) 9.03 3.029 

logMARSpillovers 3.04 5.812 

logJSpillovers 3.34 6.249 

logC 6.77 2.536 

logOP 5.10 1.946 

LogK 6.42 2.085 

a) 2277 observations. 

 

5. Results 

Table 3 demonstrates the direct effects of innovation (K) and indirect effects through energy 

spillovers from the same technology sector (Marshallian Spillovers) and from the different 

technology sector (Jacobian Spillovers) on firms’ employment. The Marshallian Spillovers 

coefficient is negative and statistically significant while the Jacobian Spillovers is positive and 

statistically significant.  
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Table 3. Labour effects of energy innovations 
Dependent variable: ∆ log Lt  
                                             Estimate             SE                 p-value 
∆ log Lt-1  0.53***           (0.147)                            
∆ log S  1.05***           (0.130)                            
∆ log C -0.27***          (0.084)                            
∆ log OP -0.00                (0.018)                            
∆ log K  0.41*              (0.212)                            
∆ log MARSpillovers -0.06**            (0.029)                            
∆ log JSpillovers  0.05**            (0.027)                            
AR(1)a test                                                                            [0.000] 
AR(2)  test                                                  [0.212] 
Hansenb:                                    [0.402] 

 Observations: 1542 
 

a: SE: standard errors in brackets; AR(1) and AR(2) are tests for first- and second-order serial correlation; b: Over-
restrictions Hansen test; c:; ***, **, coefficient significant at the 1 percent, 5 percent level. Instruments are lagged 
values (2-9) of all explanatory variables. 
 
Moreover, we run estimates also by country in Table 4. As we may observe, the sign of 

empirical results concerning the Marshallian and Jacobian spillovers are consistent. The 

Marshallian spillovers have a negative effect on employment while the Jacobian spillovers have 

a positive effect on employment. The highest negative impact of Marshallian spillovers on 

employment is registered for European firms. This result seems to display a difficulty for 

European firms to absorb outside knowledge. 

Table 4. Labour effects of energy innovation by country 
Dependent variable:      
 ∆ log Lt USA  JAPAN  EUROPE  
  Estimate      SE  Estimate     SE    Estimate     SE             
∆ log Lt-1  0.29***   (0.059)    0.21*      (0.114)    0.34***  (0.084)   
∆ log S  0.90***   (0.156)    1.14***  (0.062)    0.58        (0.440)   
∆ log C -0.63***   (0.116)   -0.18*      (0.105)   -0.19*      (0.097)   
∆ log OP  0.01         (0.005)    0.02*      (0.013)   -0.01        (0.020)   
∆ log K  0.63***   (0.219)    0.03        (0.147)   0.27***  (0.628)   
∆ log 

MARSpillovers -0.01***   (0.001)   -0.06*      (0.035)   -0.11*      (0.061)   

∆ log 

JSpillovers  0.06         (0.342)    0.05*      (0.032)    0.11*      (0.059)   

AR(1)c test  [0.001]  [0.067]   [0.001] 
AR(2)  test  [0.904]  [0.226]   [0.093] 
Hansenb:  [0.816]  [0.146]   [0.772] 

 Observations: 715                                                                     515                                              312 
a: SE: standard errors in brackets; AR(1) and AR(2) are tests for first- and second-order serial correlation; b: Over-
restrictions Hansen test; c:; ***, **, coefficient significant at the 1 percent 5 percent level. Instruments are lagged 
values (2-9) of all explanatory variables. 
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The results in section 5 indicated negative employment spillovers from the same technology 

sector (Marshallian externalities) while the spillovers from more diversified activity (Jacobian 

externalities) have a positive impact on the job-creation process. 

6. Discussion 

Two important hypotheses have been investigated in this work. Firstly, the paper investigated 

whether there were Marshallian spillovers from the wind power technology sector and if these 

had a negative effect on the job-creation process. Secondly, we investigated the existence of 

Jacobian spillovers from energy technology sectors (no wind power one) and if those had a 

positive effect on the job-creation process. The empirical findings suggest that there were 

negative employment spillovers from the same technology sector (Marshallian externalities) 

while the spillovers from more diversified activity (Jacobian externalities) have a positive 

impact on the job-creation process.  

The interesting results are the effects of Marshallian and Jacobian spillovers on employment. 

In particular, the energy spillovers from the same technology sector (Marshallian externalities) 

have a negative impact, in line with the empirical evidence concerning environmental 

innovations and firms’ competitiveness (Bartik, 2015; Costantini et al., 2018), while the 

environmental spillovers from more diversified activity (Jacobian externalities) have a positive 

impact on the job-creation process. These findings have important policy implications, because 

policy makers can use them to identify the best instruments to maximise the economic benefits 

from energy innovation.  

From a theoretical economics perspective, the negative employment effects of Marshallian 

spillovers have a sound grounding. As a technology develops, we should observe a general 

trend where the job creation from it goes down (see e.g., Arrow 1962 or Lundberg 1961). Firms 

and employees are expected to have some amount of "learning-by-doing" (Arrow, 1962). The 

most famous example is “the Horndal effect” which was observed by the Swedish economist 

Erik Lundberg, who studied an iron mill in Horndal in Dalarna. The iron mill did not make any 

significant investments in 15 years, yet production output rose 2 percent annually (Lundberg, 

1961). The productivity improvement, without more production factors, was explained by the 

fact that employees learned to master the available technology through learning-by-doing.  

All else being equal, technological improvements commonly reduce employment needed to 

produce the same output. A contra-balancing force is that when wind power production 

becomes more efficient the technology will be more feasible for new markets which will 



 
15 

 

increase demand. In the case of wind power technological change has partly led to a scaling up 

of the production facilities. Productivity improvements (leading to reduced costs) can pave the 

way to more wind power output produced and maintained with less resources leading to more 

employment (Neary, 1981; Hall and Hefferan, 1985; and Harrison et al., 2014).  

Economies-of-scale and learning-by-doing are two factors that theoretically should have a large 

impact on job creation. Economies-of-scale will reduce worker intensivity per unit of installed 

MWh the larger the project is. For learning-by-doing consider two projects of the same size that 

are undertaken two decades apart, a different number of workers is expected in the later project 

(see e.g., Llera et al., 2013; Van der Zwaan et al., 2013; and Cameron and Van der Zwaan, 

2015). 

The finding of Jacobian spillovers is a contribution to the technological spillover literature 

concerning renewable energy since previous literature did not focus on whether knowledge 

flows remain within the same technology or whether the knowledge was transferred to different 

technologies. Lettl et al. (2009, p. 246) argue that “specialization is [thus] positively associated 

with technological impact.” Following this line of reasoning, inter-technology, which is 

typically based on technologically related areas (Lazear, 2004; Lettl et al., 2009), can be 

expected to generate a higher amount of knowledge flows and consequently employment 

opportunity. 

The finding of positive statistically significant job effects of the Jacobian spillover is in line 

with previous literature which found that knowledge spillovers across seemingly unrelated 

technologies also occur, and firms/countries can profit from distant technologies (Cohen and 

Levinthal, 1990; Lazear, 2004; Lettl et al. 2009; Nemet 2012; Nemet and Johnson, 2012; 

Noailly and Shestalova 2017; Schoenmakers and Duysters, 2010; Grafström, 2018b). Intra-

technology spillovers can come from technological variety where unforeseen effects can have 

a substantial and positive impact on the general development and can therefore be one potential 

goal of technology policy (Battke et al., 2016). 

According to Nemet (2012) the indications of inter-technology knowledge spillovers is broad, 

if anecdotal. An example where the energy sector was positively affected is when jet engines 

for military aircraft provide the fundamental technology for high efficiency natural gas power 

plants. General Electric´s LM6000 50MW gas turbine is directly descended from the TF39 

high-bypass turbo-fan engine, developed in the 1960s. The wind turbines of today are a product 

of knowledge from other industries, especially marine, but also aerospace and electronics. For 
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example, knowledge from pipe building, magnet manufacturing, and marine propulsion was 

necessary for the upscaling of wind turbines. 

Finally, a word on public policy and promotion of renewable jobs. There is a trade-off between 

economic efficiency and labour market effects. Böhringer et al., (2013) showed that initial 

labour market rigidities have a potential, in theory, to provide some scope for a double dividend 

in terms of positive labour market effects derived from government subsidies. Dynamic effects 

of a changing economic structure and of technological change matters where increasing 

productivity can increase output with the same level of employment. General factors such as 

budget effects on household incomes or reduced imports of fossil fuels and other goods should 

also be considered (Lehr et al., 2008). 

Pursuing low unemployment and expansion of renewable energy as policy targets 

simultaneously is a questionable strategy. Böhringer and Rosendahl, (2011) showed that 

environmental externalities are best targeted through Pigouvian emission taxes — additional 

targets for renewable energy can be redundant and costly. A pursuit of several targets calls for 

an equalization of the number of policy instruments with the number of policy targets 

(Böhringer et al., 2013). Good intentions do not always give good policy outcomes and standard 

economic theory is sceptical against the thought of any (including renewable) promotion 

policies that will lead to a clear-cut win-win outcome. For example, Böhringer et al., (2013) 

found that net job creation in renewable energy will only occur given quite strict conditions for 

subsidies. 

For the energy supply the obtained results are rather positive. A policy maker could previously 

doubt that resources such as labour would be enough to sustain the rapid expansion of wind 

power. There will of course be a risk for bottlenecks but our results indicate that less labour 

will be needed for the same amount of energy supply and hence there is a higher chance that 

the countries that are trying to remodel their energy systems towards a more renewable energy 

mix will be successful.  

7. Conclusion and Policy Implications 

It was not a priori clear how these spillovers effects within the wind power field affected 

employment. For policy makers who count on employment effects these results imply that some 

downward revisions for direct employment must be made. Over time we should expect a 

declining employment effect for equal sized wind power park constructions. However, jobs will 

spill over to other sectors (not just indirect employment effects). There will be employment 
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effects, but it will be hard to see in advance, where they materialise. When it comes to job 

creating, policy makers should lower their expectation for future gains – at least in the wind 

power sector. There will of course be employment but for every new MW installed, job creation 

could go down slightly. 

When it comes to spillovers we can recommend policy makers to promote wind power 

expansion and R&D investment since there were positive employment spillovers to other 

sectors hence enhancing the whole economy. Investments today will make the construction of 

further wind power projects less labour intensive tomorrow. Policy measures supporting a 

certain technology (wind) are likely to not only foster the development of a stable technological 

trajectory within a country, but the policy measures targeted at developing a technology can 

increase peripheral knowledge and contribute to more technological variety and employment. 

On a general level, there are implications for the literature on technological change that can be 

derived from the presented results. The results are relevant to incorporate into technology 

forecasting models which might undervalue technological change if the models fail to consider 

inter-technology flows. Technology forecasting models are central for scientific efforts such as 

integrated assessment models produced by the Intergovernmental Panel on Climate Change. 

Considering the results of the present paper, especially with respect to the knowledge flows 

across technologies that are related to each other, these models might have to be adapted to 

reflect inter-technology learning effects. 

Finally, our analysis is based on a symmetric technological measure. While symmetric 

proximity measures are a reasonable instrument when the objective is to identify how closely 

related innovation activities are (as in this paper), assuming asymmetry could be more useful 

when the aim is to verify the extent to which a firm builds on the knowledge of another (Bar 

and Leiponen 2012). Thus, further research should compare the employment effects of 

innovation deriving from both symmetric and asymmetric proximity measures through patent 

citations data, in such a way that both horizontal and vertical technological spillovers are well 

identified. Outstanding questions include whether these results are valid only for the wind 

energy sector or if they have external validity to other energy fields. For example, the solar 

sector is a fast-growing sector that in its nature is rather different from the wind energy field in 

terms of development and deployment. 
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