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Abstract 

Advanced economies and societies have become increasingly specialized, 

interdependent, complex and uncertain in recent decades. At the same time, wicked 

problems – such as climate change, structural unemployment and social exclusion – 

have taken the center stage in policy making. This paper examines the governance 

solutions for highly complex and uncertain socio-economic systems and wicked policy 

problems. It traces the origins of wicked problems to a widening gap between the 

complexity and uncertainty of socio-economic systems and the limited variety (degrees 

of freedom) of the established governance arrangements. Following Boisot et al., the 

paper suggests two different strategies for dealing with this complexity gap. These 

complexity reduction and absorption strategies are consistent with many recent 

organizational trends, such as modularization, experimentation, use of participatory 

methods (co-design and -production), network collaboration and public-private 

partnerships. The paper discusses the ways in which governments can support 

governance solutions that narrow the complexity gap and foster the structural 

adaptation and development of highly complex and uncertain socio-economic systems. 

The conceptual framework is applied to the real world wicked problem of industrial 

upgrading, in particular, the emergence and growth of the Danish wind turbine 

industry. The conceptual and empirical analyses suggest a new stewardship role for 

the government. This role involves an evolutionary and systemic policy approach and 

a more proactive and collaborative approach towards the key stakeholders of complex 

policy problems.     
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1. Introduction 

The current techno-economic and societal transformation puts growing pressure on 

the traditional governance arrangements in industrialized societies. The increasing 

specialization, interdependence, complexity, uncertainty and information-intensity of 

economic and social activities has challenged both the market mechanism and 

organizational hierarchies, the dominant organizational arrangements of the industrial 

era (Boisot 1994; Hämäläinen 2003; Doz & Kosonen 2007). “Wicked problems” - such 

as climate change, structural unemployment, persistent fiscal deficits and life style 

related diseases - have become urgent policy problems. These problems require new 

governance solutions that work well in highly complex and uncertain environments. 

The new governance solutions cannot anymore build on the “atomistic ontology” of 

modern science since the essence of complex systems - such as organizations, 

economies and societies – cannot be found in their individual parts. Instead, it lies in 

the system and its relationships as a whole (Hollingsworth & Muller 2008). The more 

complex and uncertain world requires a “connectionist ontology” that focuses on 

systemic relationships and collective learning processes (Boisot & Cox 1999; Boisot & 

McKelvey 2010). In addition, the new governance arrangements must build on a more 

realistic view of human beings than the traditional rational “homo economicus”. The 

highly interdependent, uncertain and information-intensive environment emphasizes 

the “bounded rationality” and social character of human beings (Helbing 2013). Above 

all, the new organizational solutions must be able to deal with higher levels cognitive 

and relational complexity 1  than their industrial era counterparts, which were 

developed for more stable and less complex environments. Besides material resources 

and energy, the new solutions need to economize on the limited mental capacity of 

human beings (Boisot 1994; Hämäläinen 2014). Without such new solutions we are 

likely to see a growing number of governance failures and systemic crises as the 

adaptive tension between the ever-more complex and uncertain operating 

environments and the strategic variety (degrees of freedom) available to decision 

makers and organizations grows too big (Ashby 1958; Laszlo 1987; Casti 2012; Taleb 

& Treverton 2015).  

This paper examines the governance solutions for highly complex and uncertain socio-

economic systems and wicked policy problems. The first section analyzes the nature 

and evolution of wicked policy problems and traces them to the widening “complexity 

gap” between the growing complexity of socio-economic systems and the limited 

governance capacities of the established organizational arrangements. The second 

                                                           
1 Cognitive complexity refers to the density and variability (quality) of interactions that take place among 
interdependent agents. Relational complexity, in turn, refers to the number (quantity) of parts in the 
system and links between them (Boisot & Child 1999). 
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section focuses on this complexity gap and suggests two different governance 

strategies for dealing with it. The third section discusses the ways in which 

governments can support governance solutions that narrow the complexity gap and 

foster the adaptation and development of highly complex and uncertain social 

systems. The fourth section will test the validity of theoretical framework developed 

in the previous sections with an important type of wicked policy problem - i.e. industrial 

renewal. We analyze the case study of the emergence and growth of the Danish wind 

turbine industry. The fifth section discusses how the participatory governance 

solutions of the Danish wind turbine ecosystem addressed the three underlying 

reasons for wicked problems, i.e. systemic uncertainty, complexity and path-

dependency. The sixth section draws the policy conclusions by presenting a novel, 

evolutionary policy approach that is particularly appropriate for highly complex and 

uncertain environments. The seventh, and final, section concludes the paper by 

highlighting its main contributions and limitations and suggesting some future 

research directions. 

 

2. Evolution of wicked policy problems 

The new governance challenges are epitomized by “wicked problems” which have 

become an important part of public policy discourse in recent years. Unlike “tame” 

problems, which can be solved by established professions and experts in a routine 

way, the characteristics of wicked problems make them very difficult to solve for 

traditional public hierarchies (Rittel & Webber 1973; Grint 2005; Berkes 2007; Ho 

2012): 

 Wicked problems involve multiple stakeholders, each with their own cognitive 

frames, values, norms and interests. 

 There are no definitive definitions for wicked problems; each definition 

depends on the perspective taken. The preferred solution is linked to the 

chosen perspective and definition. 

 There are no optimum or correct solutions for wicked problems; only good, 

satisfactory or bad ones. 

 Wicked problems have no “stopping rule”. There are no criteria for a sufficient 

understanding of wicked problems or the length of their causal chains in an 

open system.  

 Wicked problems tend to involve “threshold effects”. Passing the threshold can 

cause a regime shift. 

 Wicked problems involve fundamental uncertainty and unpredictability. They 

cannot be solved without collective learning and reframing processes that 

reduce this uncertainty to a manageable level. 
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 Every wicked problem is essentially unique. They require customized solutions. 

Moreover, there is no natural level at which a wicked problem should be 

analyzed or solved. 

 There are no immediate or ultimate tests of the solutions to wicked problems. 

The full consequences of a solution cannot be appraised until all repercussions 

have completely run out, and no one knows when they have. 

 Every attempt to solve a wicked problem has significant consequences. In 

addition, these attempts tend to have unintended consequences. 

Despite their widely acknowledged importance, the discourse on wicked policy 

problems has so far been more descriptive than analytical. Their nature and evolution 

have received scant theoretical attention. In the following, we will address the 

theoretical void by sketching an evolutionary theory of wicked problems that will yield 

some generic policy implications.  

There are three basic reasons for why wicked policy problems have become more 

prominent in recent decades (Figure 1). Two of them have increased the cognitive 

and relational complexity of individual, organizational and policy making 

environments, while the third one has limited the decision makers’ capacity to adapt 

to this increased complexity. The wicked problems result from this growing “adaptive 

tension” or “complexity gap” (Boisot & McKelvey 2010; Casti 2012).   

First, the improved communication technologies, globalization of markets and long-

term economic growth have facilitated a growing specialization and division of labor 

in production systems. This has led to an increasing geographical and functional 

interdependence of economic activities (Wallis & North 1986; Hämäläinen & 

Schienstock 2001; Geyer & Rihani 2010). The more numerous and tightly-

interdependent economic activities, in turn, have created growing relational 

complexity and coordination problems in industrialized societies. At the same time, 

these societies have become culturally and cognitively more differentiated, 

individualistic and complex.  

Second, the rapid techno-economic change of recent decades and the current socio-

institutional transformation of industrialized societies have created fundamental 

economic uncertainty and cognitive complexity (Freeman & Louca 2002; Perez 2002; 

Hämäläinen 2003). The established socio-economic arrangements and institutions are 

changing in unpredictable ways which makes long-term planning extremely difficult. 

This uncertainty does not so much stem from the lack of data, the availability of which 

has exploded in recent decades, but from the insufficiency of the established cognitive 

frames, theories and routines with which decision makers try to make sense of all the 

incoming data (Beer 1973; Spender 1989; Boisot 1994). The “big data revolution” or 

narrow “evidence-based policy making” does not help decision makers struggling with 



5 
 

this sense making problem. Moreover, reactive and unpredictable policy making only 

adds to the systemic uncertainty.  

Third, the long-term evolution and specialization of socio-economic systems tends to 

create various cognitive, economic and social rigidities and coordination problems that 

reduce the number of behavioral and strategic options available to decision makers 

(Olson 1982; Hämäläinen 2007a; Weber & Rochracher 2012; Fukuyama 2014). These 

systemic failures and rigidities produce path-dependent behavior and resource lock-

ins which make structural changes difficult and increase the adaptive tension between 

the system and its increasingly complex environment.   

As a result of these three factors, the established governance arrangements in 

industrialized societies suffer from a growing “complexity gap” (Casti 2012) or 

“adaptive tension” (Boisot & McKelvey 2010) – i.e. a mismatch between the ever-

more-complex systems and the limited capacity of the existing governance 

arrangements to deal with this complexity (Ashby 1958; Geyer & Rihani 2010; IBM 

2010; Ho 2012).2 This complexity gap can be found at all levels of the society: 

individuals suffer from growing life management problems (Schwartz 2005; 

Hämäläinen 2014), corporations and governments struggle with the rigidities of large 

bureaucracies (Hamel 2007; Doz & Kosonen 2007, 2014; Fukuyama 2014), and multi-

lateral institutions cannot find sustainable solutions to global wicked problems.  

 

                                                           
2 Taleb and Treverton (2015) suggest that the socio-economic fragility of countries depends on five 

principal factors: a centralized governing system, an undiversified economy, excessive debt and 
leverage, a lack of political variability, and no history of surviving past shocks. All five of these factors 

can be related to the society’s limited degrees of freedom (variety) in the face of unexpected shocks. 

The experience of past crises creates cognitive variety which will be discussed in the next section. 
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Figure 1. Evolution and governance of wicked problems 

 

3. Strategies for closing the complexity gap 

The strategies for dealing with adaptive tensions and complexity gaps can be analyzed 

with Ashby’s Law of Requisite Variety (Ashby 1958). According to this Law, the 

adaptability of a biological or social system requires that the variety of its internal 

order must match the variety imposed by the external environment. Here, variety can 

be treated as a proxy for complexity. Boisot and McKelvey (2010) have developed the 

following Ashby Space to analyze the different strategies for closing the complexity 

gap (Figure 2). The vertical axis measures the variety of external stimuli facing the 

decision maker or organization; the horizontal axis measures the variety of responses 

generated by them. The diagonal indicates a match between the variety of incoming 

stimuli and responses, which makes the system adaptive. Above the diagonal, the 

system gets out of control and becomes chaotic; below it, the available variety of 



7 
 

responses is excessive relative to the need and wastes resources. At the diagonal, the 

system is “at the edge of chaos” and most adaptive. 

  

 

Figure 2. Strategies for closing the complexity gap 

Source: Boisot & McKelvey (2010) 

 

Figure two suggests two principal strategies for dealing with excessive environmental 

complexity, i.e. complexity reduction (A -> B) and complexity absorption (A -> C). 

The first strategy focuses on the reduction of variety in incoming stimuli. This strategy 

may sub-divided into cognitive and relational components. The cognitive part uses 

codification and abstraction to simplify and convert the incoming data into meaningful 

information. This can be achieved by applying existing theories, models, accounting 

ratios, decision rules, etc. to the data. The relational part of this strategy involves the 

simplification of environmental complexity by reducing the number of interacting 

elements and the number of specific links between them. Large bureaucratic 

organizations have used both cognitive and relational strategies to reduce their 

environmental complexity. Their cognitive strategies have involved i.a. sophisticated 

planning models, accounting procedures and decision rules; while the relational 

strategies have included clear division of labor, objectives, performance measures and 

accountability relationships (Chandler 1962; McCraw 1988). Modularization and 

standardization of interfaces represent the same complexity reduction strategy in new 

high tech industries (Baldwin & Clark 1997).    
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The second strategy involves increasing the variety of responses available to the 

system by enhancing its cognitive diversity and increasing the number of its strategic 

options. The cognitive sub-strategy focuses on diversifying the cognitive frames of 

decision makers. This can be achieved through, for example, strategic intelligence 

activities (foresight, benchmarking, evaluation studies), experimentation, cross-

disciplinary training, collective visioning, strategy and learning processes as well as 

participatory decision making processes. The relational sub-strategy, in turn, increases 

the number of system’s participants and their interdependencies. This can involve 

collaborative partnerships and networking, open innovation, co-design and co-

production with customers, matrix structures, public-private-people partnerships or 

cross-disciplinary hybrid organizations in universities. Indeed, it is remarkable how 

recent organizational trends seem to move governance structures towards increasing 

variety and degrees of freedom.3 

The feasibility of different strategic alternatives may be restricted by contextual 

variables and systemic rigidities. For example, Western societies have been more 

conducive to the first type of “uncertainty reduction” strategies (A -> B); whereas the 

East Asian and Chinese cultures have been more prone to the second type of 

“uncertainty absorption” strategies (A -> C; Boisot & Child 1999). The relative 

importance of these two strategic alternatives may also change over time as the 

system undergoes different phases of development. More stable periods of 

evolutionary development tend to favor uncertainty reduction strategies; whereas 

periods of rapid systemic change and transformation are more conducive to complexity 

absorption strategies. Hence, the increased complexity and uncertainty in the 

industrialized societies suggests that uncertainty absorption strategies should become 

more important also in the West – as, indeed, they have.4  

Rigid collective frames, vested interests or strong social ties that bind can also prevent 

the development and diffusion of new governance solutions. Thus, major systemic 

changes tend to require strong political support and the willingness of policy makers 

to customize and adapt their policies and regulations to the emerging solutions (Sabel 

& Zeitlin 2012). In addition, the new governance experiments may need a safe 

                                                           
3 It is interesting to note that recent advances in the management of natural ecosystems emphasize 

similar two risk-management strategies depending on the predictability of the risk and the amount of 

knowledge about appropriate measures (Seidl 2014). If the predictability is considered to be high and 
the knowledge about the necessary measures sufficient, “anticipatory strategies” of risk identification, 

analysis and mitigation should work. However, in situations of high uncertainty with regard to both risks 

and necessary measures, “resilience strategies” that involve small perturbations, increased diversity 
and bottom-up self-organization are likely to produce better outcomes. With the management of 

particular natural ecosystems, both strategies are likely to be needed. 
4 Lester and Piore (2006) argue that there is an over-emphasis on “analysis” in the U.S. economy 

compared to “interpretation” (sense making), which corresponds to Boisot et al.’s “uncertainty 

absorption” strategy.  
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development “niche” to show their potential without the interference of established 

interests or market pressures (Geels & Raven 2006).  

Despite contextual and historical differences in relative importance, the complexity 

reduction and absorption strategies are likely to co-exist and feed into each other as 

the practical activities and experiments produce context-specific and tacit knowledge 

which is gradually codified into more abstract information that diffuses from the 

original context and is applied and absorbed in new contexts (Nonaka & Takeuchi 

1995; Boisot & Cox 1999; Sabel & Zeitlin 2012). Thus, decision makers need to find 

an appropriate balance between these two strategies for each particular governance 

challenge and situation.  

 

4. Stewardship role of government 

The governance of complex systems and wicked problems has been studied by 

scholars in cybernetics (Beer 1973; Espejo 2003), resilience studies (Berkes 2007; Ho 

2012), organizational management (Heifetz & Laurie 1997; Grint 2005; Lester & Piore 

2006; Hagel, Brown, Samoylova & Arkenberg 2013) and social innovation research 

(Kania & Kramer 2011; Hanleybrown, Kania & Kramer 2012; Kania & Kramer 2013; 

Senge, Hamilton & Kania 2015). The policy implications from their research are 

consistent with our analysis. They suggest that governments should adopt a new 

stewardship role towards these problems in which they support (see Figure 2):  

 close interaction and cooperation among key stakeholders, 

 collective learning processes that produce a shared mental frame and action 

agenda,  

 coordination by mutual adjustment and a clear overall direction,  

 increasing diversity and experimentation in the governance approach, and  

 effective measures to overcome systemic rigidities and bottlenecks. 

The solution of wicked problems demands the participation and contribution of 

multiple stakeholders who initially have their own specific worldviews, values, goals 

and interests. These differences among stakeholders make the process fragile in the 

beginning when trust and common language have not yet been developed. The 

participants need to build that trust, shared language and a more holistic 

understanding of the problem before a satisfactory and sustainable solution can 

emerge. Early practical gains help to sustain the participants’ motivation. The 

interaction and cooperation of key stakeholders can be facilitated by creating specific 

spaces, platforms and processes that bring them together for shared dialogues and 

co-development activities (Lester & Piore 2006; Berkes 2007; Klijn 2008; Senge, 

Hamilton & Kania 2015). The open and participatory approach as well as the resulting 
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broader shared frame increase the relational and cognitive variety, and hence the 

adaptability, of the governance arrangement. 

Collective learning processes require deep dialogue among the key stakeholders that 

supports the development of new shared understandings, language and trust. Ho 

(2012) describes the experience of the Singaporean government: 

“Developing policies and plans to deal with…wicked problems requires the 

integration of diverse insights, experience and expertise. People from different 

organizations, both from within and outside of government, have to come 

together and pool their knowledge in order to discover potential solutions. 

Cooperative mechanisms need to be set up to enable the sharing of information 

and to strengthen collective action.” 

Collective learning processes can be catalyzed by creating cognitive dissonance in the 

minds of the participants (Festinger 1956; Heifetz & Laurie 1997; Hämäläinen 2007b). 

Useful policy tools for this purpose are, for example, small scale experiments, strategic 

intelligence activities (foresight, benchmarking, evaluation), critical research as well 

as effective measurement and feedback systems which challenge the established 

truths and mental models (Heifetz & Laurie 1997; Hämäläinen 2007b; Hagel et al. 

2013).  

Successful collective learning processes tend to require delicate adaptive or system 

leadership in which the leader (Heifetz & Laurie 1997; Grint 2005; Lester & Piore 2006; 

Senge, Hamilton & Kania 2015):  

 understands the true “wickedness” and scope of the problem, 

 arranges a safe ‘niche’ or ‘interpretive space’ for long-term interaction and 

reflection, 

 builds trust and shared language among the participants, 

 facilitates, motivates and participates in the collective learning process, 

 provides ‘boundary objects’ or key problems that focus the collaborative 

activities,  

 protects dissident voices from lower levels of the organizations, 

 exposes conflicts and ambiguity, viewing them as engines of creativity and 

learning, 

 manages the rate of change to protect the participants from excessive 

(paralyzing) uncertainty,  

 challenges unproductive norms and orients people to new behavior and roles, 

 uses the “soft power” of persuasion, ideological legitimacy and attractive 

values rather than command and control, and 
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 when necessary, refreshes the dialogue with new information and participants 

or energizes the collaboration by highlighting the tension between the shared 

goals and the current state of affairs. 

Friedrich Hayek (1945) once argued that the key governance problem in complex 

economies is: how to effectively utilize the dispersed local knowledge of economic 

actors while, at the same time, facilitating their efficient coordination? His answer was 

a decentralized “spontaneous order” that was coordinated by shared rules and visions 

(Hayek 1945, 1983). A more recent organizational analysis has shown that the 

coordination of highly complex and uncertain systems of interdependent actors 

requires both mutual adjustment and a shared direction to guide decentralized 

decision making (Hämäläinen and Schienstock 2001).  

Collective learning and mutual adjustment can be facilitated with the same policy 

tools: open and rich communication, dialogue and knowledge diffusion as well as 

cross-functional teams. Mutual adjustment can also be supported with multi-purpose 

resources, decentralized decision making, and liberal or flexible regulatory 

environments. These governance solutions support the cognitive and relational variety 

in the system. In addition, mutual adjustment can be facilitated by standardizing key 

interfaces among value-adding activities, which reduces relational complexity (Baldwin 

& Clark 1997).  

The overall direction for the system can be provided by a shared mission, vision, 

strategies, goals, values, norms, rules and regulations, standards and routines (Hayek 

1983; North 1990; Sull & Eisenhardt 2015; Nelson & Winter 1982). It can be further 

reinforced by key performance indicators, administrative guidance and “multilevel 

partnerships” that link actors at different levels of the system (Espejo 2003; Berkes 

2007; Klijn 2008; Kania & Kramer 2011; Mazzucato 2015). These organizational 

mechanisms reduce the cognitive complexity of environmental stimuli by focusing 

decision makers’ attention to relevant issues.  

The mission-oriented command in the military provides a good example of how 

decentralized mutual adaptation and systemic coordination can successfully be 

combined in highly complex and uncertain environments. In the German military 

during the Second World War, even the most junior officers were empowered to make 

decisions on the spot because they knew the intent of the whole mission and had a 

better understanding of the situation on the ground. Peter Ho (2012) draws the lesson 

for public policy making:  

“[the governance of complex systems] depends critically on people at all levels 

understanding how their roles fit in with the larger national aims and objectives. 

Agencies must have a strong sense and a shared understanding of the 

challenges that the nation faces, and the underlying principles to guide 

responses. Then, it depends on the good sense of each agency to ensure that 
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its own plans and policies are aligned with the national imperatives, to the point 

that they instinctively react to threats and opportunities as they arise, knowing 

that what they do will advance the larger national interests”.5 

As suggested above, the complexity gap can be reduced by increasing the degrees of 

freedom and adaptability of the governance structures by adding new elements (and 

capabilities) to the governance system or by the increasing the interaction and 

variability of these elements. Practical examples of this include experimentation, 

whole-of-government approach, decentralization and devolution of decision making, 

collaborative networking as well as task forces and other “contingent organizations” 

that are formed “on-demand” (Heifetz & Laurie 1997; Espejo 2003; Berkes 2007; Ho 

2012; Hagel et al. 2013).  

Finally, wicked problems can rarely be solved without strong government support in 

overcoming systemic rigidities and bottlenecks. Government interventions are often 

needed for encouraging the reallocation of productive resources towards new 

solutions, provision of appropriate incentives and necessary public goods and services, 

and for flexible rule-making and standardization of system interfaces (Weber & 

Rochracher 2012).  

 

5. Development of the Danish wind-turbine industry 

The emergence and development of Danish wind turbine industry provides an 

interesting case for studying the governance of highly complex and uncertain systems. 

First, the multiple actors, fundamental uncertainty, systemic interdependencies and 

coordination challenges, various rigidities and development bottlenecks and the long 

time-horizon make industrial upgrading a truly wicked problem. Second, most of the 

key activities in the development of this industry took place outside of government in 

the private and civic sectors. The Danish government played only a facilitating, 

supporting and steering role which continuously adapted to the industry’s evolving 

needs. Third, the wind turbine case illustrates the key governance challenges of 

advanced societies, i.e. uncertainty, complexity and path-dependence, and how they 

can be overcome with collective learning, systemic coordination and mobilization of 

productive resources. Finally, it is an important case of successful industrial renewal 

                                                           
5 This governance approach is not restricted to the public sector. Sull and Eisenhardt (2015, 122) have 

found a similar approach in successful firms that use “simple rules” to guide their decentralized decision 
making processes: ”A strategy of simple rules provides flexibility to seize opportunities, produce good 

decisions when data and time are scarce, and help the various parts of an organization coordinate their 
activities to achieve common objectives.” Kania and Kramer (2011, 40) discuss a similar governance 

arrangement in a successful social innovation initiative. In that case, the key facilitating organization 
did not prescribe what practices each of the participating organizations should pursue. Each 

organization and network was free to chart its own course consistent with the common agenda, and 

informed by the shared measurement of results. 
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and diversification which is the most important economic policy challenge of 

industrialized societies in the current transformation.  

Early experimentation phase 

The Danish wind turbine industry has a long history. Entrepreneurial innovators N.J. 

Poulsen and Christian Sørensen were developing different types of “wind motors” for 

industrial production already 1870s and 1880s. They were used for water pumping 

and as a power source for brick-yards, spinning mills and wood workshops 

(Christensen 2009).  

In 1891, Poul la Cour, collaborating with Poulsen and Sørensen, began to experiment 

with wind turbines in electricity generation. He was motivated by a societal vision of 

rural electricity generation. The Danish government provided financial support to la 

Cour’s early experiments (Quistgaard 2009). La Cour also trained the first “rural 

electricians” in the Test Mill of the Askov high school, who then played an important 

role in the diffusion of windpower throughout Denmark during the first decades of the 

20th century. Poul la Cour was instrumental in the setting up of the Danish Wind Energy 

Association (DVES) in October 1903. Until 1915, the DVES consulted the planning of 

132 small power plants for villages, factories, private farms and workshops. By 1918, 

there were already 250 electricity-producing wind turbines in Denmark. One-third of 

all power plants in the rural areas supplemented their electricity production with wind 

power (Thorndahl 2009).  

In the interwar years and after the Second World War, the expanding national 

electricity grid and cheap fossil fuels posed a formidable challenge to wind power 

(Jones & Bouamane 2011). In the 1950s and 1960s, the Danish government and 

industry saw nuclear power as the key energy source for the future. Wind turbines 

were considered to be a backward and unattractive technology (Maegaard 2009; 

Karnøe & Buchhorn 2010). Despite the unsupportive policy environment, small scale 

experimentation with wind turbine technologies continued through these decades and 

important technological improvements were made. Particularly the Gedster design of 

Johannes Juul proved to be important for the development of the modern wind turbine 

industry in Denmark (Karnøe & Garud 2012).  

First oil crisis activates multiple stakeholders 

The first oil crisis of 1973/74 changed the development prospects of wind energy 

completely. As a result of the crisis, Juul’s invention was taken up for active 

development by new entrepreneurs such as Riisager, Jorgensen and others. Several 

startup firms were experimenting with wind turbines. Besides energy security, many 

of the entrepreneurs were motivated by growing environmental concerns. Most of the 

early entrepreneurs were located close to each other and their customers in Jutland 

(Maegaard 2009; Jones & Bouamane 2011; Karnøe & Garud 2012).  
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The oil crisis created a strong political support for energy saving programs and the 

reduction of national dependence on fossil fuels (Madsen 2009). New initiatives for 

alternative energy sources were supported in the Energy Information Campaign 

(Karnøe & Garud 2012). New taxes on electricity were imposed in the mid-1970s, and 

their proceeds were used to support R&D for renewable energy (IRENA-GWED 2013).  

Social movements also became increasingly vocal against the development of nuclear 

power. The Organization for Information about Atomic Power (OOA) was established 

in 1974. Besides informing the public about the problems of nuclear power, it 

promoted an alternative Schumacherian “small is beautiful” vision of the society 

(Schumacher 1974). In this vision, people should be able to participate in shaping 

their energy systems locally. Next year a subgroup of the OOA formed the 

Organization for Renewable Energy (OVE) to inform people about realistic alternatives 

to nuclear power.6 Another important NGO was NOAH, Friends of the Earth Denmark, 

whose activists facilitated public participation in the fight against nuclear power and 

for renewable energy (Nielsen & Heymann 2012). These NGOs had an important 

influence on the Danish energy policies through their participation in official energy 

committees and information campaigns. These movements and their practical 

experiments with wind turbines were supported by volunteers throughout the country 

(Karnøe & Buchhorn 2010).  

In 1975 and 1976, the Wind Committee of the Academy of Technical Sciences (ATV) 

published two reports which concluded that effective research and development 

efforts could establish profitable wind power plants in locations with strong winds 

(Karnøe & Buchhorn 2010; Botta 2013). In 1976, the entrepreneurial experimentation 

with wind turbines was further encouraged by the national Price and Tariff Committee 

that published rules for connecting wind turbines to the electricity grid. The new 

earning opportunities of wind turbine owners soon gained wide publicity in the press 

which increased the public interest in wind power. The early owners of wind turbines 

were mostly farmers’ cooperatives (Karnøe & Garud 2012; IRENA-GWEC 2013). 

These early experiments with wind power did not represent the mainstream of the 

Danish energy policy, however. They were resisted by the established industrial 

interests, local utilities and municipalities. Moreover, there was no industrial policy to 

support the small enterprises of the emerging industry and the wind power was not 

part of the government’s energy policy plan of 1976, which promoted coal, natural 

gas, and nuclear power. Combined with some turbine failures, the unsupportive policy 

environment constrained the growth of the Danish wind turbine market, it was less 

than 150 wind turbines between 1976 and 1978 (Karnøe 1999; Andersen & Kristensen 

1999; Karnøe & Buchhorn 2010; Karnøe & Garud 2012).  

                                                           
6 In 1975, the OVE published the first edition of a small guide to renewable energy systems available 

on the Danish market. Altogether four editions were published, the last in 1980 (Nielsen 2016). 
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The government’s energy plan sparked heated debates about the future of Denmark’s 

energy system. As a response to it, the OOA and OVE, together with some prominent 

Danish researchers, published an Alternative Energy Plan in the same year. Besides 

suggesting improvements in energy efficiency, it envisioned wind power parks that 

could contribute to 12 percent of domestic energy production by 1995. The Alternative 

Plan became a serious and prominent counter-argument to the government’s official 

energy policy. It gave the social movements factual arguments beyond their more 

normative claims (Karnøe & Buchhorn 2010).  

The publication of the Alternative Plan and the public debates resulted in a policy 

change in the Fall of 1976. Two government-funded research and development 

programs were established: one focusing on smaller wind turbines and the other on 

larger ones. The R&D program on smaller wind turbines was seen as a ‘bottom-up’ 

service to the blossoming market for small-scale wind turbines (Nielsen & Heymann 

2012). At the same time, a 30 m$ Wind Power Program was set up to study the 

possibilities with large scale wind power. The research funding was allocated to the 

RISO National Laboratory and the Technical University of Denmark. The program was 

run by the Ministry of Trade and Industry and the Danish Electrical Utilities’ research 

unit. The government also pressured the electric utilities to begin experimenting with 

wind power in 1977. Although their large demonstration turbines were not 

economically or technically successful, they helped the utilities to develop new 

technological capabilities. (Karnøe & Buchhorn 2010, Karnøe & Garud 2012; Botta 

2013).  

In 1978, a Test and Research Center (TRC) for smaller wind turbines was set up to 

assist manufacturers with technology transfer, assess the quality of wind turbines 

eligible for state subsidy, advise public authorities, and to develop industry regulation 

(Andersen 1992; Nielsen & Heymann 2012). The RTC became a key facilitator of the 

new industry’s collective learning and innovation processes. 

In August 1979, the Ministry of Environment sent a letter to all municipalities and 

counties in Denmark with a following message: 

“The government has decided to support wind turbine installation by private 

people, and it is recommended the local authorities treat all applications for a 

permit with a positive approach and do not create unnecessary obstacles for 

the access of wind turbines in their local planning activities” (Madsen 2009, 53). 

According to Madsen, the utilities were also told by the ministry to give small wind 

turbines access to the grid and try to make a fair deal with the wind turbine owners 

and to pay them a decent amount for their electricity. 
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By the early 1980s, a few hundred wind turbines had been installed. The varied 

environmental conditions of these installations provided important feedback 

information for the industry’s learning processes: 

“The presence of many dispersed installations functioning under different 

conditions of use created multiple learning opportunities. Geographical 

proximity to wind turbines offered producers an opportunity to rapidly learn 

about problems and to keep turbines in operation” (Garud & Karnøe 2003, 288). 

An important addition to the industry’s knowledge base came from the meteorologists 

at the Riso nuclear center. In 1981, they invented a reliable Wind Atlas method for 

calculating the wind speed given the landscape-type ruggedness. This became an 

important tool for reducing the uncertainty associated with the local siting of wind 

turbines (Karnøe & Garud 2012; Nielsen 2016).7 The use of Wind Atlas brought 

together meteorologists, government agencies, wind turbine owners and 

manufacturers (Nielsen & Heymann 2012). 

The legitimacy of wind power was also improved by the national Energy Plan of 1981 

which foresaw that 10000 wind turbines could be installed by 2000 and they could 

contribute ten percent of the Danish electricity supply. Ambitious and growing long-

term goals for wind energy were also an important part of the subsequent Danish 

energy plans (Karnøe & Garud 2012; Botta 2013). 

Interaction platforms 

The emerging Danish wind turbine industry had various platforms that facilitated the 

close interaction and coordination of key stakeholders, their individual experimentation 

and collective learning processes as well as policy and regulatory adaptation. These 

platforms played a crucial role in the development of the new industry’s knowledge 

base and framework conditions.  

The Organization for Renewable Energy, founded in 1975, organized “wind meetings” 

that became an important collective forum for mutual knowledge sharing and 

collective learning among producers, users, researchers, regulators and utilities 

(Kamp, Smits & Andriesse 2004; Nielsen 2016). Both technical and regulatory 

problems were discussed in these meetings which were initially arranged four to eight 

times a year (later in the 1980s twice a year).  

“One cannot point to a single invention, institute, company or person as the 

key for this industrial breakthrough…All new knowledge and experience was 

shared and generously made available for anyone that might find a practical 

                                                           
7 Wind Atlas meteorologists estimated that their methodology would be able to estimate the expected 

wind electricity production for any given wind turbine model at any given site within a margin of +/- 

five percent (Nielsen 2016). 
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use for it whether it was home-builders, SMEs or regular industrial companies” 

(Maegaard 2009, 47).   

This interaction culminated in the formation of the Danish Windmill Owners Association 

(WOA) in 1978 and the Windmill Manufacturers Association (WMA) in 1981. The close 

geographical proximity and interaction between the producers and users of wind 

turbines provided important feedback and direction for the early entrepreneurs (Garud 

& Karnøe 2003; Karnøe & Garud 2012; Madsen 2015). For example, the double brakes 

and other safety systems that would protect the owners’ investments were developed 

with their help (Maegaard 2009). The WOA also created a rudimentary tool for 

collecting, sharing and processing information about the output and efficiency of its 

members’ wind turbines, the so called “member statistics” (Nielsen 2016). 

Since 1979, the wind turbine owners published a monthly bulletin Naturlig Energi 

(Natural Energy) which reported about the operational performance of specific types 

of wind turbines and analyzed the political, legal, technological and economic debates 

surrounding wind energy. The detailed information about different wind turbines 

provided in the bulletin served as a medium for exchanging information and opinions 

among wind turbine owners, which stimulated collective learning processes in the 

emerging industry (Karnøe and Buchhorn 2010, Karnøe & Garud 2012; Botta 2013; 

Nielsen 2016). The improved information also created transparency in the emerging 

Danish home market for wind turbines and put pressure on manufacturers (Kamp, 

Smits & Andriesse 2004; Nielsen & Heymann 2012). 

 

 

Figure 3. Key actors in the Danish wind turbine industry  

Adapted from: Garud & Karnøe (2003) 
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The WOA promoted the windmill owners’ interests with key stakeholder groups. Six of 

them were especially targeted (Madsen 2009; Karnøe & Garud 2012):  

 politicians to create a better regulatory framework, 

 wind turbine producers to make design improvements, 

 electrical utilities association to establish payments and conditions for grid 

connection, 

 insurance companies to cover component failures, 

 consultants to assist individuals and cooperatives in wind turbine investments, 

and  

 the government to provide support and regulations for local siting of wind 

turbines. 

The WMA, in turn, lobbied politicians in matters related to manufacturing, exports and 

employment. These specialized Danish associations were more politically influential 

than their foreign counterparts whose membership included a more diverse group of 

stakeholders (Madsen 2015). 

The emergence of the Danish wind turbine industry was also supported by “contact-

group” meetings. The contact group included many of the industry’s key stakeholders: 

the Windmill Owners Association, Organization for Renewable Energy, key ministries, 

electric utilities, and the Test and Research Center (TRC). The contact group served 

as an important forum for collaborative shaping of policies that influenced the 

emerging technologies and industry. It was also a good example of the participatory 

style of Danish policy making (Garud & Karnøe 2003).  

Test and Research Center 

The Danish wind turbine Test and Research Center (TRC) played a key role in the 

industry’s collective learning and technological innovation processes. It was 

established in 1978 by a group of engineers who knew each other from grassroots 

work with wind turbines. The TRC was located at the Danish Nuclear Research Center 

at RISO. In the beginning, it received a three-year grant of one million dollars from 

the Danish Energy Agency to test different wind turbine designs and assist the 

emerging wind turbine industry in developing improved designs. Since the grant was 

only for a limited time and the TRC engineers recognized that the core knowledge was 

embedded in the practical community of wind turbine developers and users they 

decided to focus on serving and learning from the industry. In the beginning, they had 

to work very hard to establish good contacts, communications and trust with the firms 

which were initially not very enthusiastic about the idea of letting the TRC to look into 

their specific products and designs. However, during the second oil crisis in 1979, the 

collaboration between the TRC and the wind turbine industry was greatly encouraged 

by the government’s decision to grant a 30 percent subsidy to wind turbine 

investments. The subsidy, which created the first market stimulation program for wind 
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energy in the world, was made conditional on the quality approval of the TRC. The 

government did not want the subsidy to be wasted on poor designs. The certification 

process supported market development by increasing the investors’ trust on the 

quality of the Danish wind turbines. The investment subsidies were soon raised to 50 

percent when the initial rate proved ineffective (Karnøe 1999; Madsen 2009; Jones & 

Bouamane 2011; Neij & Andersen 2012; Karnøe & Garud 2012; Botta 2013; Nielsen 

2016).   

“From 1979 to 1981, the Test Station carried out system assessments based on 

very simple engineering principles. From 1981 onwards, a more formal and 

comprehensive system approval scheme was being enacted. The engineers of 

the Test Station were cautious not to impose strict rules on the manufacturers; 

at the same time, they wanted to use the quality control scheme to learn about 

the engineering problems faced by manufacturers” (Nielsen & Heymann 2012). 

Over time, the TRC researchers were accepted by the industry as the center’s positive 

influence on the emerging ecosystem became evident. The full-scale experiments and 

measurements of the TRC provided important data for the industry’s learning 

processes. Its practical approach and close contacts with the industry became a 

valuable source of collective learning and knowledge-sharing. The activities of the TRC 

gave the designers an “understanding of the nature of wind turbines in terms of basic 

design problems and trade-offs in the design process” that could serve as a practical 

guideline to their work. Although there were two sub-cultures among both 

manufacturers and the RTC engineers – a practice-oriented one and a more analytical 

and research-oriented one – practical and formal knowledge creation processes were 

difficult to separate. Individual TRC employees had both practical and research tasks, 

which required “holistic knowledge” (Andersen 1992). 8 The collective learning and 

sense making activities in the TRC network were based on effective informal and 

formal communication that combined both practical (tacit and contextual) industry 

knowledge and the more formal (explicit) research and scientific knowledge. Firms got 

rich, informal feedback info from the TRC; while the TRC got information about the 

problems and accidents which could lead to regulatory changes. The center tried to 

bridge different knowledge communities in order to develop shared frames of 

understanding. Thus, its early reports included as much qualitative stories and 

metaphors as precise mathematical formulations (Andersen 1992; Karnøe 1999; 

Garud & Karnøe 2003; Kamp, Smits & Andriesse 2004; Karnøe & Gardud 2012; Nielsen 

& Heymann 2012).  

                                                           
8 In 1981, the TRC was split into R&D and approval sections due to some early criticisms of its double 

role. Despite formal division, the test station maintained its physical unity which provided a fertile 

ground for combining practical, experimental knowledge and more formal, research-based knowledge 

(Nielsen 2016).  
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As the knowledge base of the industry accumulated, the wind turbine design and the 

RTC approval process gradually became more formal and R&D-based. A growing 

number of technical rules guided the manufacturers’ development activities. These 

rules reduced the complexity and uncertainty of the developers’ work by making it 

easier to calculate and document constructions. At the same time, the increasingly 

demanding regulation pushed the wind turbine developers to continuously upgrade 

their competences (Andersen 1992).  

By 1985, the TRC’s approval practice had developed into a more general design basis 

- so called “load paradigm” - which defined the general design for a typical three-

bladed wind turbine with a rotor diameter between five and twenty meters. Based on 

the combined knowledge of manufacturers and the TRC, the load paradigm was a 

semi-empirical method of calculating structural loads which reduced the need for more 

complex and risky design calculations. However, the load requirements of the 

paradigm were not indispensable. If the designer could prove that his design did not 

need to withstand certain specified loads, the design might be licensed for a different 

set of loads. This regulatory adaptability allowed for experimentation with new designs 

that did not fit within the prevailing paradigm. Over time, this led to a gradual evolution 

of load paradigm, approval practices and wind turbine designs. 9  By 1989, one 

dominant design had emerged; it had three-blades, mechanical brakes and the rotor 

in an up-wind position on the tower. This “Danish Design” became an international 

model for wind turbine design. In 1992, after years of preparation, a new engineering 

code of practice for loads and safety was established (Nielsen & Heymann 2012; 

Nielsen 2016).  

Complex technologies and related diversification 

The nature of wind turbine technologies and the required knowledge bases had an 

important impact on the organization of the emerging industry. A modern wind turbine 

is a highly complex and interdependent system of technologies. It involves various 

components and materials such as hot and cold mechanical components, electronics, 

software, hydraulics and advanced materials. Moreover, these components and 

materials can be combined in number of different ways: two or three blades, different 

weights, sizes, materials, power controls, etc. The components and subsystems of a 

wind turbine must be carefully designed and tightly integrated in order to perform well 

and last long in extreme weather conditions. They require various types of knowledge 

that no single producer can usually have. In the early stage of the industry 

development, the technological knowledge about wind turbines was poor, which made 

the development activities highly uncertain and exploratory (Karnøe 1999; Andersen 

                                                           
9 The number of specific wind turbine regulations increased from 7 pages in 1981-85 to over 300 

pages in 1991. At the same time, the documentation required from producers increased from a few 

pages to 4 to 9 binders (Andersen 1992).  
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2006). This type of governance challenge calls for a “clan”-based collective sense 

making and learning approach (Boisot & Child 1999; Lester & Piore 2006). 

The early entrepreneurs had to build their supplier networks from scratch by activating 

SMEs with appropriate capabilities from related industries in the local industrial district. 

The broad practical skill base of these SMEs facilitated their entry into the wind turbine 

industry. Some components, such as gears and generators, which were not available 

in Denmark, were sourced from suppliers in Sweden, Finland and Germany. The wind 

turbine manufacturers collaborated closely with their suppliers to design their own 

special components. For new turbine designs, the producers could send their own 

engineers for months to work with their suppliers’ organizations. A strong sense of 

community and trust among firms facilitated open and rich communication and rapid 

learning (Karnøe & Gardud 2012).  

The growing markets of the late 1970s attracted many firms from related industries 

to diversify into wind turbines. For example, Vestas, Nordtank, Danregn (Bonus) and 

Micon entered the industry with licensed technologies. Vestas diversified from 

agricultural machinery, Nordtank from tank vehicles and Danregn from irrigation 

machines (Madsen 2009). These companies could build on their existing skills and 

competences for product design and manufacturing from their traditional lines of 

business.10 In 1980, there were already ten firms selling wind turbines in Denmark 

(Karnøe & Garud 2012).  

Over time, the firms in the network became highly specialized in different technologies 

and capabilities required for wind turbines. The Danish Blacksmiths Association (DS), 

which represented 2000 SMEs, collaborated with the North-Western Jutland Institute 

for Renewable Energy (NIVE) to establish early industry standards which facilitated 

the structural break-up of a wind turbine into a number of main components. This was 

an innovation that, in the following years, gave Denmark a decisive competitive 

advantage in wind turbine manufacturing (Maegaard 2009, 50-51): 

“By 1979, Denmark already had an independent supply chain of blades and 

several other sub-suppliers of specialized components that were able to deliver 

to all future wind turbine producers” (p. 51)… It was far more manageable and 

cheaper to buy compatible components than to develop and produce all the 

parts… [By] applying the component concept, some years later, around 1984, 

20-30 small enterprises could deliver state-of-the-art wind technology for the 

flourishing US market” (p. 50).11  

                                                           
10 A similar diversification from related industries into wind power had also took place in the 1890s as 

agricultural machinery producers and iron foundries entered the emerging “wind motor” business 
(Christensen 2009). 
11 Maegaard (2009, 51) provides another example of emerging industry standards. Several serious 

windmill breakdowns in 1978 led the industry participants to establish the Committee for Windmill 
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As a result, the emerging wind turbine ecosystem reduced the cognitive and relational 

complexity faced by the participating firms while, at the same time, providing them 

external economies and risk-sharing opportunities (Andersen & Drejer 2009; Karnøe 

& Garud 2012; Botta 2013). 

California “Gold Rush” 

The emerging Danish wind turbine industry was well placed to take advantage of 

growing international markets for renewable energy as the United States Federal 

government reacted strongly to the two oil crises. The U.S. government spent 380 m$ 

on wind turbine development between 1973 and 1988. The comparative spending by 

the German and Danish governments during the same years was 78m$ and 15m$, 

respectively. The U.S. Federal funding was allocated to R&D on large wind turbines 

and investment tax credits for residential and business buyers of wind turbines. More 

importantly, the Public Utility Regulatory Policies Act (PURPA) of 1978 opened 

competition in the electricity supply by requiring utilities to buy electricity from 

independent producers, including renewable power plants. In California, the PURPA 

regulation was implemented aggressively. In addition, the Federal policies were 

augmented by generous State subsidies for wind power investments and production. 

The State of California also banned oil as a fuel for electricity generation and stopped 

the construction of coal-fired power plants due to concerns about air pollution. These 

Federal and State policies made the Californian wind power market very lucrative for 

wind turbine investors (Jones & Bouamane 2011). 

The Danish Wind Turbine Manufacturers Association funded a report on the Californian 

market in the Spring of 1982. The big market opportunity attracted all major Danish 

wind turbine manufacturers to California. Their entry to the market was aided by the 

Danish TRC certifications which showed that their designs were more reliable than 

those of their U.S. competitors (Madsen 2009; Jones & Bouamane 2011). Karnøe and 

Garud (2012) describe this “gold rush” to California: 

“The number of Danish wind turbines exported annually increased from 30 to 

2000…between 1982 and 1985. Industry employment grew from 300 to 2500, 

making the “ugly duckling” (i.e. wind turbine) famous in Denmark. The Danish 

market share in California increased from 0% in 1981 to 65% in 1985, while 

the market expanded from 71 to 1250 MW in California. Although the large 

weight of the Danish wind turbines created a legitimacy problem in the home 

market, the designs outperformed their lightweight American counterparts 

(Stoddard 1986). Also the strong dollar favoured Danish exports and profits”.   

                                                           
Security in one “wind meeting”. The Committee involved no official authorities. It published “decisive 

principles” for wind turbine security in 1979 which the blade and turbine manufacturers soon adopted. 
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Besides growth opportunities, the Californian gold rush posed many challenges to the 

small Danish SMEs. They had to scale up their production capabilities, start selling 

wind farms to developers, give product guarantees, create long-term service and 

repair capabilities, as well as develop their sourcing and shipping logistics. Moreover, 

insurance and certification companies required more explicit design knowledge about 

their wind turbines. Here, again, the TRC researchers proved helpful (Karnøe 1999; 

Karnøe & Garud 2012). 

The Californian gold rush ended as abruptly as it had begun when the Federal and 

State subsidies dried up in the mid-1980s. As a result, the U.S. market for wind 

turbines collapsed and the Danish manufacturers Vestas and Nordtank went bankrupt. 

However, Vestas made a comeback later after a major restructuring as Vestas Wind 

Systems A/S (Madsen 2009; Jones & Bouamane 2011). 

Stewardship role of government 

In the early 1980s, wind power was seriously contested by the nuclear power interests. 

However, the Californian gold rush gave the Danish government good arguments to 

continue their wind power supporting policies as these policies could now be justified 

with reference to new exports and jobs. The Californian experience also legitimized 

wind farms which were given a new direct investment subsidy of 25 percent, plus an 

additional 15 percent for large-scale, privately-owned wind farm installations (Karnøe 

& Garud 2012). More importantly, in 1983, when the government started to phase out 

the original investment subsidies, it pressured the utilities to pay individual and 

cooperative wind turbine owners a price equal to 70-85 percent of the prices with 

which they sold electricity in their grid. In 1984, the organizations for utilites, owners 

and manufacturers agreed on 85 percent payment of the end user price and 

established rules for calculating grid connection costs and the reinforcement of the 

distribution grid. Combined with investment subsidies, the primitive “feed-in tariff” 

stimulated the growth of the domestic wind turbine markets at an important time 

when overseas sales had fallen (Madsen 2009; Jones & Bouamane 2011, Botta 2013). 

After the 1984 agreement, its participants continued to gather 3-4 times a year to 

discuss current problems of grid access, costs and payments for electricity, etc. 

(Madsen 2015).  

The utilities were not very enthusiastic about wind turbines. However, the chairman 

of their umbrella organization (DEF), Jacob L. Hansen, was very aware of the 

supportive political climate for wind power in the Danish parliament. Hence, if a local 

utility would not follow the agreed “voluntary regulation” Hansen told them that the 

turbine owners’ right would be consolidated by firm legislation in the parliament, and 

the utilities did not want that to happen (Madsen 2015).   

The growth of wind farm installations and industry profits were not unproblematic, 

however. The new subsidy policies allowed rich investors to operate wind farms 



24 
 

without involving local inhabitants. This reduced the legitimacy of the subsidy program 

among the public. In December 1985, the government imposed restrictions on the 

private ownership of wind turbines. A new law placed geographical limits on the 

distance between an owner’s residence and the wind turbine, and the two locations 

had to be in the same municipality. The investments in wind power were also linked 

to the investor’s own use of electricity. As a result, the private market took a nose 

dive and the industry experienced a crisis as many orders were cancelled. At the same 

time, however, the Danish government persuaded the utilities to accept an agreement 

to install 100 MWs of wind power between 1986 and 1990 in return for the restrictions 

to private investments. The new demand from utilities took a while to emerge but, in 

1988, it lifted the Danish markets as the utilities invested in the improved 180-450kW 

wind turbines (Garud & Karnøe 2003; Karnøe & Garud 2012).  

As Karnøe and Garud (2012) note, the agreement illustrates very well the hands-on 

stewardship role that the Danish government played in the development of the wind 

turbine industry: 

“The “100 MW Act” is a striking example of the emerging regulatory capacity 

to steer, intervene and nurture the emerging industry. From a regulatory angle, 

the governance regime from the 1970s was upgraded, and the Energy Agency 

monitored and ‘steered’ the cluster…In this way, the Danish governance regime 

for organizing and monitoring the regulations was an important part of the 

cluster success. It facilitated experimentation and learning and was done in 

close interaction with those involved in the emerging techno-economic network 

of the wind turbine cluster.”  

The steering role of the government could also be recognized in its feed-in tariff 

policies. In 1992, the “fair” price for wind power was set at 85 percent of the retail 

electricity rate. However, already next year, a fixed feed-in tariff for electricity 

production was introduced. This decoupled the power purchase price from existing 

electricity rates. The price paid for wind energy was 85 percent of the utility’s 

production and distribution costs. Moreover, wind projects received a refund from the 

Danish carbon tax and a partial refund on the energy tax. These refunds collectively 

doubled the payment to wind projects for the first five years of their operations 

(IRENA-GWEC 2013). 

The Danish government often supported full-scale demonstration projects to prove 

not only the financial and socio-economic viability of renewable power, but also to 

demonstrate that it works in practice. These projects proved to be more powerful in 

persuading the key stakeholders than the bureaucratic plans and calculations of policy 

makers. The offshore demonstration projects that began around 1990 were 

particularly important in promoting the international leadership of the Danish wind 

power industry (Karnøe & Buchhorn 2010). 
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The government also took an active stewardship role in the planning of new wind 

power installations (IRENA-GWEC 2013): 

“By 1992 systematic planning procedures, which included directives for local 

planners, were developed and implemented at the national level. At the same 

time, an executive order from the Minister of Environment and Energy ordered 

municipalites to find suitable sites for wind turbines throughout the country. 

The planning directives included provisions for public hearings prior to any 

actual applications for siting of turbines, which was a significant help in getting 

public acceptance for their installation (Krohn 2002)”. 

High-level political support 

The successful development of the wind turbine industry was based on long-term 

political support by the Danish governments. This support was sometimes briefly 

interrupted but never completely stopped. Quite interestingly, it was the Ministries of 

Housing and Environment that were the most important supporters of the emerging 

industry and not the Ministry of Industry, which was closer to the established industry 

and its nuclear energy interests. 

The Danish government was willing to share some of the business risks in the 

emerging industry. The R&D, investment and demand-side subsidies made the 

emerging industry able to compete with the conventional forms of energy. The 

electricity supply from wind turbines was prioritized in the power system over the 

traditional power plants (Karnøe & Buchhorn 2010). Later, public export finance 

guarantees were added to these risk-reduction measures. With these policies the 

Danish government created a viable “niche” and safe “public space” for the nascent 

industry (Geels & Raven 2006; Lester & Piore 2006). Instead of picking a particular 

company or technology as a “winner”, the Danish government fostered an emerging 

business ecosystem where Denmark had urgent national needs and entrepreneurial 

firms with a potential competitive advantage in the world markets.  

In the political spectrum, it was the “Left” (Red-Green Alliance and Socialist People’s 

Party) and “Center-Left” (Social Democratic and Social Liberal Parties) that were the 

strongest supporters of renewable energy and strong policy interventions. On the 

other hand, the “Center-Right” (Conservative and Liberal parties) and “Right” (Danish 

People’s Party) favored more market based approaches and the status quo in energy 

policy (i.e. fossil fuels and nuclear energy). However, in the early 1980s, the 

Conservative government of Paul Schlutter also supported wind power due to the 

severe economic crisis in Denmark (Madsen 2015). The Left and Center-Left provided 

relatively stable support for renewable energy from 1977 to 1991 (Karnøe & Buchhorn 

2010; Karnøe & Garud 2012).      
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Renewable energy became an accepted part of the Danish energy system in the late 

1980s. The Danish parliament rejected nuclear power with a slight margin in 1985. 

The Brundtland report in 1988 was followed by a Danish report which specified that it 

was the responsibility of the Danish Energy Authority (DEA), in collaboration with the 

Danish Environmental Protection Agency (DEPA), to establish the framework and 

instruments for sustainable energy policy. The framework integrated various economic 

and industrial policies and enabled a better coordination of environmental and energy 

policies. In 1990, the government presented a new Energy Plan 2000 where it 

demanded the installation of another 1500 MW of wind power by 2005 in order to 

reduce CO2 emissions by 20 percent compared to 1988 levels (Karnøe & Buchhorn 

2010). The “father” of this energy plan was Energy Minister Jens Bilgrav-Nielsen who 

got a strong position in Paul Schlutter’s minority government to implement the plan. 

He was also the first minister to confront and challenge the utilities “monopoly” on 

Danish energy policy (Madsen 2015). 

When Red-Green coalition lost power between 1991 and 1993, the wind power 

installations nearly halted as the new ministers for energy and environment did not 

support them and the negative visual and noise spillovers from wind turbines were 

leveraged against the wind power. However, the political winds changed again in 1993 

when the Red-Green alliance got back into power. A powerful politician, Swend Auken, 

became the new Minister for Environment. The new prime Paul Nyrup Rasmussen 

gave minister Auken his full support because he was afraid of him splitting the social 

democratic party into two. Swend Auken became the champion and persuasive 

advocate of renewable energy technologies and sustainable development during his 

whole nine year term in office (1993-2001). His strong support of renewable energy 

was important because the influential economists in the Ministry of Finance and the 

Council of Economic Advisors were strongly against the government subsidies. The 

policies of the “Auken regime” were justified by both environmental and industrial 

development arguments. During his regime, the Ministry of Energy was merged with 

the Ministry of Environment, and the role of wind energy increased dramatically, 

moving from approximately five percent to 18 percent of overall electricity production. 

Again, political steering played an important role (Karnøe & Buchhorn 2010): 

“In 1996, power companies accepted to expand their wind-power capacity by 

a further 900 MW by 2005. Once again in 1998, mild political pressure forced 

the power companies to agree to install a further 750 MW of offshore wind 

parks by 2008 as so-called demonstration projects, thus allowing for allocation 

of public funds. The ‘Auken regime’ made the [renewable energy] the primary 

weapon in the combat against global warming”. 

The energy policy changed direction again once the center-right government of 

Anders Fogh Rasmussen took power in 2001 elections. The new government started 

a strong attack on the energy and environmental policies of the Auken regime. 
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However, the Fogh Rasmussen Cabinet had to retreat in 2004 due to the pressure 

from the Left and Center-Left parties, and it entered a new political agreement to 

promote renewable energy. The construction of two offshore wind farms was 

resumed, which had been cancelled after the 2001 election (Karnøe & Buchhorn 

2010). 

In the turn of the new Millenium, the Danish wind turbine industry had developed into 

an important export and growth sector in the Danish economy. The Danish wind power 

cluster attracted foreign direct investment from Spanish, Indian, German and other 

foreign firms that wanted to tap into the local pool of world class wind power expertise 

and knowhow. More than 100000 families were involved with wind turbine 

cooperatives which had installed over 80 percent of all turbines in Denmark (IRENA-

GWEC 2013). The utility companies had developed valuable competences that they 

could leverage in the development of new businesses in the international onshore and 

offshore wind-farm markets (Karnøe & Buchhorn 2010; Karnøe & Gardud 2012).  

 

6. Discussion 

The development of the Danish wind turbine industry is an interesting case of 

industrial upgrading and the governance of a highly complex and uncertain ecosystem. 

It is also a prime example of the broader stewardship role of government in which the 

policy makers engage in close interaction and cooperation with the private and civic 

sectors in order to address systemic policy challenges. In public management 

literature, the new stewardship role represents a shift from the traditional 

“government”, in which policy action takes place mainly within the public sector, to 

the broader, more open and collaborative “governance”, or “network governance”, in 

which societal goals are pursued by multiple interdependent, but operationally 

autonomous, actors in close cooperation. The participating actors may come from 

public, private or civic sectors, including ordinary citizens (Rhodes 2012; Torfing 

2012).  

In the following discussion, we will argue that the developers of the emerging wind 

turbine ecosystem managed to create effective governance solutions for the three key 

dimensions of wicked policy problems, i.e. uncertainty, complexity, and path-

dependence. These solutions facilitated collective learning, systemic coordination, and 

resource mobilization processes which supported the industry evolution. Taken 

together, they made the emerging wind turbine industry very adaptive and resilient. 

Uncertainty and collective learning processes 

The emergence of the Danish wind turbine industry was characterized by fundamental 

uncertainty and complexity. There was great uncertainty about appropriate 
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technologies, wind conditions, grid access, markets, competitors, suppliers, skilled 

employees, legitimacy of wind power, government subsidies, regulations, and the 

price of electricity. The relational complexity of the wind turbine technologies and the 

high degree of interdependence among industry participants added to the uncertainty. 

This uncertainty was not only caused by the lack of appropriate information in the 

emerging industry. More importantly, it stemmed from insufficient cognitive frames 

(Spender 1989; Garud & Karnøe 2003). The developers of new wind turbines had to 

create new understandings and interpretive frames in order to make sense of each 

other and the emerging situations and development problems.12  

The emerging Danish wind turbine ecosystem and its various platforms for dialogue 

and sense making formed a fertile ground for collective learning processes. The 

emerging ecosystem had many characteristics of a well-functioning learning system 

described by many researchers in different contexts (Nonaka & Takeuchi 1995; Boisot 

1998; Lester and Piore 2006: Sabel & Zeitlin 2012). Such a learning system involves 

a knowledge-creation process or cycle that evolves around two types of knowledge. 

First, experimental activities develop practical, tacit and contextual knowledge. This 

knowledge is then abstracted and codified in shared dialogues and reflections among 

practitioners, managers, researchers, policy makers and other relevant stakeholders. 

Second, the codified, generalized and more formal knowledge is then applied to 

practice in new contexts, which begins a new learning cycle. Moreover, the practical 

development activities may reveal problems and bottlenecks in the institutional 

environment. In that case an effective learning system allows the actors to circumvent 

the prevailing institutional rules in order to continue their development work – 

provided they can explain the reasons for such activities to the other participants in 

the learning community (Sabel & Zeitlin 2012). This flexibility facilitates ‘double loop’ 

or ‘second order’ learning which can lead to institutional adaptation (Argyris & Schon 

1978; Hämäläinen 2007). 

The Danish wind turbine ecosystem had all the characteristics of a second order 

learning system (Andersen 1992). Collective learning and sense making processes 

played an important role in the industry’s development process: 

“The Danish wind turbine cluster originated with sense-making that occurred 

within multiple localized action nets that led to new techno-economic projects. 

Different participants understood [the] issues differently depending upon their 

frames and action nets…[T]heir specific experiences induced them to develop 

new identities and frames of reference that allowed them to imagine new future 

                                                           
12 Lester and Piore argue that, in early stages, product development is typically characterized by ”radical 

uncertainty” that cannot be described analytically: ”In these situations the world appears so complex 

and uncertain that not even the possible outcomes are known” (Lester & Piore 2006, 42).   
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states and to re-organize their action nets by translating and enrolling others 

into these new projects” (Karnøe & Garud 2012). 

These learning processes took place at multiple levels of the emerging business 

ecosystem: 

“In the Danish case,…the coupling of different learning processes stimulated 

wind turbine improvements. Learning from multiple installation sites, in 

combination with learning on the shop floor, became the bases for design scale-

ups. Shaping this process were results of comparative tests conducted by the 

[TRC] that became the bases for a steady accumulation of valuable knowledge 

across wind turbine firms. Indeed, those crafting regulatory policies did so by 

enrolling the many actors involved, including utilities, wind mill owner-users 

and producers to develop an energy policy that kept the network in motion as 

actors co-shaped the emerging [industry] path. There were no grand plans 

shaping the emergence of the path. Rather, distributed actors offered inputs to 

generate a virtuous learning cycle to forge a viable technological path” (Garud 

& Karnøe 2003). 

Much of this collective learning and sense making took place in the daily network 

interactions of the local cluster (Neij & Andersen 2012). These interactions were 

supported by a “strong sense of communality” and “open approach to innovation” 

(Botta 2013). The industry participants formed a “community of practitioners” that 

developed a shared understanding of technological problems, solutions, and research 

agendas. For example, the engineers of the key manufacturers communicated 

informally, or “had a barter economy”, about solutions for different problems (Karnøe 

1999). The multiplicity of actors and different frames involved created interpretive 

asymmetries and tensions which required rich face-to-face communication and 

created opportunities for creative syntheses (Garud & Karnøe 2003; Hollingsworth 

2009). An important part of the success of the Danish wind turbine technology can be 

attributed to the effective communication among the various actors in the industry 

such as energy activists, engineers, manufacturers, journalists, and many others. 

There was a “common language and intensive communication across the borders of 

disciplinary, professional or social demarcations” (Nielsen & Heymann 2012). In a 

similar vein, there was a broader “culture for collaboration and interactive learning” 

with national policy makers and regulators. Gradually, the interdependent actors 

developed a meta-level understanding of the emerging ecosystem. The knowledge 

about who was doing what with wind turbines was “in the air” in the region (Karnøe 

& Garud 2012).  
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The collective learning processes were facilitated by various interaction platforms in 

which different stakeholders could engage in deep dialogue, sense making and 

networking.13    

“A special feature of the Danish regulatory set-up has been the ability to foster 

hybrid forums for a continuous dialogue among the different actors involved, 

such as users, NGOs, regulators, researchers and producers. Consequently, 

many decisions were made ‘close’ to the involved actors in concrete 

situations…Different interests, knowledge, and needs were brought together, 

and facilitated the formulation of appropriate policies” (Karnøe & Buchhorn 

2010) 

In addition, individual firms, universities and the industry association often initiated 

meetings and seminars which involved a broad range of manufacturers, suppliers, 

competitors. Some of these meetings concerned problems faced by a broad range of 

actors in the industry (Andersen & Drejer 2009). The open Danish approach to policy 

making also created important platforms for cross-sectorial interaction such as 

participatory planning processes and the Renewable Energy Committee (Karnøe 

2013). 

The early wind turbine developers engaged in practical experimentation where design 

and production improvements were guided by trial and error and simple rules of thumb 

(heuristics). They focused on solving practical (mechanical or material) problems that 

stemmed from failures or hands-on construction and reflection (Karnøe 1999; Nielsen 

& Heymann 2012). An incremental scaling-up process allowed firms to concentrate on 

solving and learning from a small number of manageable problems between 

development steps. This reduced the complexity and uncertainty of the development 

process. The collective learning process was accelerated by parallel experimentation. 

The presence of many dispersed installations in different operating environments 

created multiple learning opportunities (Garud & Karnøe 2003). 

 Initially, these practical problem-solving processes involved lots of tacit knowledge 

and relatively little scientific or codified knowledge. However, the complexity and 

uncertainty of the development work was gradually reduced by the accumulating 

feedback data about the quality and satisfaction with specific turbines which the wind 

mill owners’ association gathered and distributed from their “member statistics” and 

regular surveys.14 The WOA offered prospective wind turbine owners consultancy 

                                                           
13 Nonaka and Takeuchi (1995) call such platforms ”Ba’s”; while Lester and Piore (2006) use the term 

“shared interpretive space”. 
14 By 1990, this feedback info had already become a massive source of valuable codified information 

for the industry’s developers, customers, promoters and regulators – and their shared learning 

processes (Nielsen 2016). 
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support for making Wind Atlas assessments of annual wind power production (Nielsen 

2016).  

The practical experimentation led to gradual step-by-step improvement and scaling-

up of the Danish wind turbines and the related knowledge base. Practical knowledge 

was increasingly integrated with the more formal scientific knowledge:  

“The formal and informal patterns of communication linked, in a very productive 

way (a) industry knowledge about practical solutions; (b) experiments that had 

a research-based, practical, problem-solving focus; (c) systematic research 

developing reliable, empirically based models; and (d) more formal engineering 

science, especially later on” (Karnøe 1999, 175). 

These collective learning processes were driven by strong intrinsic motivations that 

were related to the Danish concerns about environment and energy security, positive 

visions about wind power development, common language, empathic high-trust 

relationships in the community of practitioners, and challenging learning opportunities 

provided by the new wind turbine technologies.  

The role of the Test and Research Center was extremely important in supporting the 

dialogue and collective learning processes of the industry. The TRC’s full-scale tests, 

measurements, and experiments with real wind turbines provided important guiding 

information for the industry’s learning and innovation processes. As an unintended 

consequence, the TRC’s approval procedure created a virtuous mechanism for 

knowledge sharing and mutual learning (Madsen 2009). The test station did not pick 

specific designs for approval but it established some minimum standards for 

acceptable technologies. However, the standards were also flexible and they 

continued to evolve based on the suggestions of wind turbine manufacturers and users 

(Andersen 1992). As the practical knowledge about the emerging technology 

accumulated, the Test Station gradually developed design rules and approval practices 

that were the first step toward actual codes of practice for wind turbine construction 

(Lundsaker & Jensen 1985; Kamp, Smits & Andriesse 2004).  

The collective learning efforts of the wind turbine industry were supported by the 

information of the Wind Atlas, the member statistics and surveys of wind mill owners, 

and the testing and approval activities of the TRC. These learning efforts gradually 

generalized and codified the experimental knowledge of the industry participants. The 

accumulation of codified knowledge and the emergence of the new design paradigm, 

in turn, allowed the TRC to more effectively support the industry with knowledge 

transfer and technological advice (Nielsen 2016). The technological rules were an 

appropriate instrument for the transfer of complicated knowledge to less 

technologically advanced manufacturers (Andersen 1992).  



32 
 

The TRC was a facilitator and orchestrator of a collective learning cycle that is similar 

to the SECI model of Nonaka and Takeuchi (1995), I-Space model of Boisot (1998) 

and the experimentalist governance model of Sabel and Zeitlin (2012). These models 

involve a shared learning process that circles (or spirals) between a practical, 

experimental knowledge creation phase and a more formal, codified knowledge 

development phase. These two phases are combined by reflection, abstraction and 

codification that turns experimental knowledge into codified, formal one; and 

research, development and application of the formal knowledge in new contexts and 

experiments. At the same time, the TRC supported a double loop or second order 

learning process in which existing institutions could be reassessed and changed.  

Complexity and systemic coordination 

Collaborative networks (“clans”) are often superior governance arrangements in 

highly-specialized, interdependent, complex and uncertain industries (Hämäläinen & 

Schienstock 2001; Heckscher & Adler 2006; Lester & Piore 2006). Such networks: 

 allow deeper economic specialization than hierarchies,  

 reduce transaction costs relative to markets and  

 coordination costs relative to hierarchies, as well as  

 provide a fertile ground for innovation. 

Collaborative networks can also provide the “requisite variety”, multiple strategic 

options and systemic adaptability that neither markets nor hierarchical arrangements 

have (Ashby 1958; Beer 1973; Boisot & Child 1999). Like a swarm of fish, the 

decentralized actors of a collaborative network can quickly re-organize into a well-

integrated system as new needs emerge or circumstances change.  

The Danish wind turbine industry involved highly-specialized and interdependent 

activities, fundamentally uncertain innovation and learning processes, and lots of tacit 

and context-specific knowledge spread among many different firms (Andersen & 

Drejer 2009). In the beginning, the industry architecture was tightly integrated; there 

were no industry-wide standards to facilitate modularization. The coordination of 

interdependent activities required frequent face-to-face interaction, rich 

communications, and geographical co-location (Andersen 2006; Nielsen & Heymann 

2012). By the end of the 1970s, the emerging technological principles and industry 

standards began to reduce the complexity of the new business ecosystem by breaking 

down the wind turbine into a number of compatible main components (Maegaard 

2009) 

The coordination of interdependent activities required strong coordination 

mechanisms among firms. Mutual adjustment, or “co-shaping”, processes were a 

pervasive characteristic of the industry. Garud and Karnøe describe their benefits: 
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“Such processes may be particularly valuable in situations characterized by 

complex non-linear dynamics among the actors, artifacts and rules that 

constitute a technological path. This was certainly the case with wind turbines. 

Additionally, they may be valuable in fast moving emerging environments 

where competences, preferences, evaluation routines and institutional rules are 

co-emerging (Garud & Karnøe 2003)”. 

The mutual adjustment was facilitated by the great autonomy the industry’s highly 

skilled workers. The leadership typically decided the size of the new wind mill and the 

development budget but the rest was left for the development engineers to decide 

(Andersen 1992).   

Andersen, in turn, emphasizes the intensive communications and face-to-face 

meetings required by the high degree of interdependence and co-specialization: 

“In the wind turbine cluster,…there is strong interdependence across the 

component interfaces, and the product architecture is integral rather than 

modular in nature. Consequently, proximate interactions, frequent and informal 

exchange of knowhow, physical meetings between co-specialized users and 

producers, and the exchange of skilled personnel (among component suppliers, 

producers, and even users) remain crucial for the further development of wind 

turbines and wind power facilities (Andersen 2006)”. 

The close inter-organizational cooperation and governance arrangements were also 

prominent in a study of Danish offshore wind farms: 

“[M]ost of the companies interviewed had positive experiences with 

establishing and organizing various forms of inter-firm quasi organizations for 

various technology development purposes, and had no intentions of 

withdrawing from these activities. For this reason, the organization of 

innovation activities is fluid and strongly team-oriented, where the teams only 

to a limited extent respect organizational borders (Andersen & Drejer 2009)”. 

The “distributed entrepreneurship” and collaborative network of the Danish wind 

turbine ecosystem had the requisite cognitive and relational variety and strategic 

flexibility to deal with the emerging challenges of the new industry. It was a “project-

based economy” where resources and actors could be assembled for a given task and 

then dismantled again. The key role of entrepreneurs was to create value through 

reconfiguring constellations of activities. The firms’ specialization into two groups, 

“project coordinators” and “resource containers”, supported this highly adaptive 

governance structure. For individual firms, the highly-specialized collaborative network 

provided strategic options and flexibility, but also reduced the complexity of doing 

business. As a result, the Danish wind turbine industry was characterized by 
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continuous adjustment and “swiftness and complexity of action” in response to the 

volatile changes of the economy (Andersen & Kristensen 1999; Garud & Karnøe 2003).  

These firm-level coordination mechanisms still leave the highest, system-level 

coordination challenge open. The local actor networks must know where the industry 

and its supporting institutions as a whole are heading in order to adapt to the rest of 

the system in a synergistic way. This emphasizes the role of government and NGOs 

that can provide such overall direction for the industry’s development activities. The 

Danish Windmill Owners Association played such a role in the early years of the 

industry’s development. The rapid user-feedback was very important for directing the 

wind turbine development process.    

The “steering” role of the Danish government was probably even more important. 

First, it showed the direction for the future wind turbine industry development with its 

long-term energy plans and goals. Second, the public R&D, investment, and demand 

subsidies created an attractive “niche” for wind turbine entrepreneurs and buyers. 

Third, the policy makers persuaded the electric utilities to invest heavily into wind 

power when the export markets dried up. Finally, the quality standards of the TRC 

guided the innovation processes of wind turbine designers. Overall, the Danish 

government seems to have been very well in tune with the industry’s evolving needs 

and future opportunities (Garud & Karnøe 2003; Karnøe & Buchhorn 2010).  

Practical engineering heuristics as well as the emerging technological path and 

standards further constrained and guided the choices of decentralized actors:  

“A technological path emerged as each actor’s inputs progressively began 

enabling and constraining the activities of others. Users’ inputs shaped 

producers’ designs, producers’ ‘low tech’ capabilities shaped approaches 

pursued by the test station, the test station’s approval procedure shaped the 

minimum load paradigm for producers, regulators shaped policy such as placing 

restrictions on investments by private users when wind installations began to 

grow too fast. In this way, the inputs of these many actors co-shaped the 

accumulation of artifacts, tools, practices, rules and knowledge that in turn 

began shaping the actions and interactions of involved actors” (Garud & Karnøe 

2003, 283). 

The case studies of Andersen and Drejer suggest that the Danish wind turbine industry 

met the Hayekian challenge of decentralization and systemic coordination 

exceptionally well: 

“All cases displayed a complex pattern of interaction, portraying a strong 

degree of independence with regard to their technological focus, while at the 

same time revealing a high degree of holistic thinking and interdependence 

when it comes to designing and developing the specific components of the wind 
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turbine or facilitating structure making up the offshore wind farm…Rather than 

role-taking. i.e. subsuming to a role in the overall system as cogs in a complex 

machinery, actors engage in what may be entitled role-playing, that is 

processes of mutual adjustment where each actor knows the vantage point of 

the constituting elements to the wind turbine system well enough to be able to 

anticipate how activities affect the overall system…So far, the duality of having 

a systemic orientation, while focusing on the development of individual 

components has not changed as the industry has evolved (Andersen & Drejer 

2009)”. 

Path-dependency and resource mobilization  

Despite early coordination benefits, the path-dependence of industry development can 

become problematic in times of rapid environmental change. Established industries 

tend to generate various rigidities that keep them locked in traditional activities. As 

we have noted before, such rigidities may stem from cognitive constraints, economic 

interests and social ties that bind (Hämäläinen 2007a). They may also be related to 

the problems with utilizing the emerging opportunities: lack of appropriate 

infrastructure and institutional rules, poor availability of necessary resources and 

capabilities, and systemic coordination difficulties in complex and uncertain 

environments (Weber & Rohracher 2012). Hence, industrial renewal or “path-creation” 

processes are highly uncertain journeys that involve numerous challenges and 

bottlenecks. Overcoming these bottlenecks requires the contribution of many private, 

public and third sector stakeholders at different phases of a new industry’s 

development (Garud & Karnøe 2003; Rosiello, Mastroeni, Teubal & Avnimelech 2013).  

Multiple actors were involved in the development of the Danish wind turbine industry 

since the late 1970s. The public support from anti-nuclear and environmental NGOs 

and the political support from the Ministries of Housing, Energy and Environment were 

instrumental in opening the path for renewable energy and wind power development 

against the nuclear interests of the established industries and the Ministry of Industry. 

Later in the 1990s, the strong political power and support of Minister Swend Auken 

overwhelmed the opposition of the influential neoclassical economists in the Ministry 

of Finance and Council of Economic Advisors.  

The steering role of the Danish government was particularly important in mobilizing 

resources for the industry’s development. The public R&D, investment, and demand 

subsidies were crucial in attracting investments and entrepreneurship to the wind 

turbine industry. They created a niche where the new industry could develop despite 

its initial cost disadvantage vis-à-vis the established energy sources. The government 

also persuaded the electric utilities to invest into wind power which enlarged the 

domestic market and helped the industry to scale up its operations.   
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The adaptive regulation of wind turbine designs by the TRC was also important for the 

innovation practices of the new industry. The industry rules were designed to provide 

only moderate restrictions on wind turbine design and exemptions could be made if 

the manufacturers were able to make a good case for them (Nielsen 2016). This 

capacity for double-loop learning and second order change (Argyris & Schon 1978; 

Hämäläinen 2007; Sabel & Zeitlin 2012) was an important reason behind the industry’s 

innovativeness and adaptability (Andersen 1992). 

The TRC regulation of wind turbines and the Wind Atlas information are good 

examples of the public goods and services that supported the industry growth. The 

NGOs also played an important role in infrastructure development. They participated 

in public policy making committees, distributed technical and other relevant 

information, and interacted with key stakeholders to encourage the development of 

better regulation, technologies, grid access, and insurance coverage.  

Successful industrial diversification is typically based on existing local or industrial 

assets which can be leveraged in new business areas (Hausmann & Rodrik 2006; 

Rosiello, Mastroeni, Teubal & Avnimelech 2013). The early entrants to the Danish wind 

turbine industry also built on their existing knowledge from other industries. They 

moved into business areas where their skill bases and work practices could be easily 

applied. Many firms saw the opportunity for continuous learning and knowledge 

transfer across different industrial settings. “Project coordinator” and “resource 

container” firms formed collaborative networks around emerging business 

opportunities. At the same time, they tried to avoid irreversible investments and 

becoming too dependent on specific value-adding activities. In addition, the growth 

of the new industry was supported by highly dynamic and competitive labor markets 

for skilled workers (Karnøe 1999; Andersen & Kristensen 1999; Andersen & Drejer 

2009). 

In the 1980s, the development path of the Danish wind turbine industry became 

increasingly clear as the core technological solutions, ecosystem roles and the 

regulatory paradigm were established. This reduced the uncertainty and complexity 

of the wind turbine developers’ work and offered new cost savings (Andersen 1992). 

In conclusion, the Danish wind turbine industry was more successful than its more 

science-driven American, German and Dutch counterparts (Garud & Karnoe 2003; 

Nielsen & Heymann 2012; Kamp, Smits & Andriesse 2004). The success of the Danish 

industry can be explained by its superior capacity to deal with the high uncertainty 

and complexity of the emerging industry. It was an ecosystem that involved: (a) 

requisite variety and degrees of freedom, (b) effective mechanisms to reduce the 

industry’s uncertainty and complexity, and (c) a collective learning process that turned 

experimental knowledge into formal knowledge, industry standards and regulatory 

adaptations. 
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First, the Danish industry involved multiple organizational mechanisms that increased 

its cognitive and relational diversity, behavioral options and adaptability. These 

included: distributed entrepreneurship, parallel experimentation in somewhat different 

environments, intensive communication and collaboration among various types of 

actors, mutual adjustment and co-development, open and transparent innovation 

processes, collective learning processes, participatory policy-making and adaptive 

rule-making. 

Second, other organizational arrangements reduced the uncertainty and complexity 

that industry participants had to face in decision making: government steered the 

industry development, TRC codified successful technological principles and developed 

industry standards, innovation activities were guided by engineering heuristics (simple 

rules) and modular structures, codified information and best practices were 

disseminated with the industry bulletin, information campaigns, education and 

demonstration projects, open and intensive communication created transparency and 

meta-cognition for the industry participants, wind turbine owners guided development 

with rapid feedback, and incremental scale-ups reduced the technological complexity 

to more manageable proportions. The emerging technological path of the industry 

further constrained the options of the innovators (Garud and Karnøe 2003). 

Third, the Danish industry ecosystem was characterized by efficient inter-

organizational and cross-sectoral communication that combined the practical 

knowledge of development engineers and the more formal knowledge of researchers 

in a collective learning and innovation process which continuously improved the wind 

turbines technologies and the policy and regulatory environment of the industry. The 

Test and Research Center played a central role in facilitating this collective learning 

process. But there were also many interaction platforms on which the various 

stakeholders could discuss and solve the industry’s development problems. These 

collective learning efforts linked the first two strategies of dealing with high uncertainty 

and complexity - i.e. complexity absorption through practical experimentation and 

diversity and complexity reduction through abstraction, codification and generalization 

(Boisot & McKelvey 2010). As a result, the complexity absorption and reduction fed 

into each other in a way that closed the complexity gap in the Danish wind turbine 

industry and made it much more adaptable and resilient than their American, German 

and Dutch counterparts (Garud & Karnoe 2003; Kamp, Smits & Andriesse 2004; 

Nielsen & Haymann 2012).  

 

7. Policy implications 

The high complexity and uncertainty of emerging business ecosystems poses new 

challenges to industrial policy making. The dispersed, tacit and context-specific 

knowledge of various ecosystem actors cannot be effectively utilized in a traditional 



38 
 

top-down policy making process. Moreover, the numerous interdependencies among 

actors tend to produce unintended consequences, spillovers and misalignments in the 

ecosystem. These governance problems are difficult to solve with traditional policy 

approaches which focus on pre-specified market failures and direct government 

intervention (Autio & Levie 2015). However, the unaided market mechanism is often 

equally incapable of building viable business ecosystems or solving wicked policy 

problems. A new policy approach is clearly needed. 

A better informed policy making process requires “deep engagement” and 

collaboration from the key stakeholders. A more participatory approach can foster 

collective learning and sense making that create a more holistic and nuanced 

understanding of the ecosystem and its causal interdependencies. Improving the 

coordination and adaptation requires mutual adjustment and hands-on involvement 

from both policy makers and other ecosystem participants.  

Hayek’s (1945; 1983) analysis of “spontaneous order” provides an important starting 

point for the new policy approach. Like all wicked policy challenges, an emerging 

business ecosystem tends to involve various private, public and civic sector actors at 

multiple levels of the system: entrepreneurs, workers, firms, interest groups, industry 

associations, research institutions, as well as local, regional and national governments. 

These actors form a decentralized spontaneous order that develops according to the 

evolutionary principles of variation, selection and growth. Unlike most natural 

evolution, however, the evolution of social systems can be influenced by human 

interventions.  

Hayek’s analysis suggested that policy makers and other orchestrators can play an 

important coordinating role in shaping the rules and direction of evolutionary 

processes (Hayek 1945; 1983; Mazzucato 2015).15 Indeed, management researchers 

have studied how individual firms shape the evolution of new business fields (Möller 

& Svahn 2009; Möller 2010; Gulati, Puranam & Tushman 2012); and institutional 

scholars have argued that governments could “guide” or “cultivate” socio-economic 

evolution towards socially desirable goals (Commons 1924; Vanberg 1997). In 

practice, this means that policy makers can purposefully shape the conditions and 

context of variation, selection and growth processes. The government can have both 

a participant’s and facilitator’s role in the development of new business ecosystems 

(Hayek 1983).  

The complexity and uncertainty of emerging business ecosystems favors an 

evolutionary policy approach (Avnimelech & Teubal 2008; Malerba & Nelson 2011; 

Rosiello, Mastroeni, Teubal & Avnimelech 2013). Such an approach is particularly 

appropriate for highly complex and uncertain ecosystems because it narrows the 

                                                           
15 ”[I]t is possible that an order which would still have to be described as spontaneous rests on rules 

which are entirely the result of deliberate design” (Hayek 1983, 46).   



39 
 

complexity gap in decision making by supporting both complexity absorption 

(variation) and complexity reduction (selection). Moreover, the long-term 

development process is built on collective learning activities that create new shared 

understandings and mental frames, which further reduces the cognitive complexity 

and uncertainty of the participants. In addition, the co-development process creates 

complementarities, positive feedback loops and increasing returns in the ecosystem 

(Arthur 1994).  

The evolutionary policy approach has another important benefit besides the above 

governance advantages. It minimizes the risk of government failures by:  

 making strategic policy choices at the level of potential new business areas 

rather than individual firms and technologies,  

 building on already emerging entrepreneurial activities,  

 fostering parallel experimentation with alternative designs,  

 collaborating closely with firms and the civic society, and by 

 improving the information base and orchestrating capabilities of policy makers.  

The government role in the development of the Danish wind turbine industry had 

many characteristics of evolutionary policy making. Since variation, selection and 

growth processes take place simultaneously in business ecosystems the Danish policy 

makers could facilitate all of these activities at the same time.  

In the early entrepreneurial experimentation phase, the Danish government played a 

very small role. However, the first oil crisis, emerging wind turbine entrepreneurship 

and the activities of pro-wind-power NGOs changed the situation. The Danish 

government began to support renewable energy and the nascent wind turbine industry 

in its energy policy. Unlike many other governments, which focused their support on 

incumbent energy utilities, the Danish government increased the diversity of 

innovation activities by supporting new entrepreneurs and market formation (Neij & 

Andersen 2012). The policy making process was highly adaptive as the government 

used both direct interventions (e.g. TRC, financial subsidies) and indirect steering (e.g. 

agreements with utilities, long-term wind energy targets) to overcome the systemic 

development challenges of the industry (Karnøe 2013).  

This targeted and systemic policy making process was both much more successful and 

less costly than the German and American policies during the same time period. The 

early research, development and demonstration expenditures in Denmark were 

approximately 47million euros up to 1990; whereas the equivalent expenditures in 

Germany during the same period were five times higher and in the U.S. more than 

twenty times higher (Neij & Andersen 2012).  

The Danish government played a proactive steering role that supported the synergistic 

combination of heterogeneous systemic elements such as users, electrical utilities, 
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political parties, policy makers, institutional rules, insurance companies, etc. The 

government also developed policy innovations to overcome important network and 

system failures, such as the TRC, feed-in tariff and the flexible energy system. Besides 

the Ministries of Housing, Environment and Energy (Energy Agency), the development 

activities were orchestrated by the TRC, key NGOs and the “project coordinator” firms. 

The stewardship role of the Danish government was not a heavy-handed, top-down 

one; rather, it was one of system facilitator, orchestrator and collaborator:  

“In the Danish case, a central governmental body did not control and steer this 

cluster in a bureaucratic manner. Instead, we [saw] the Energy Agency (and 

the Renewable Energy Committee) engaged in a flexible process of ‘steering 

through monitoring’ and participation in hybrid forums. This [facilitated] 

gradual change through layering, conversion and re-combination of regulatory 

instruments” (Karnøe & Garud 2012).  

The evolutionary policy making of the Danish government was carried out by broadly 

trained civil servants who had been groomed to pursue the public good and take a 

long-term view in policy making. However, the stewardship role of government often 

requires new capabilities from policy makers (Kania & Kramer 2011; Mazzucato 2015). 

The facilitation and coordination of stakeholder cooperation demands “adaptive 

leadership” skills, capacity for close horizontal collaboration across organizational and 

sectoral (public-private) boundaries as well as a sound understanding of the potential 

business areas and the relevant global value systems. These capabilities are typically 

scarce in functionally-specialized public sector organizations. Hence, the new role of 

government calls for systematic human resource development.  

The flexible and sustained long-term support of the Danish policy makers was a 

particular strength in the highly uncertain and complex environment (Neij & Andersen 

2012). During the long development process, the Danish policy makers were able to 

“synchronize” their policies with the evolving needs of the industry (Karnøe & 

Buchhorn 2010; Karnøe & Garud 2012). The collaborative and decentralized 

governance solutions of the Danish wind turbine industry had the requisite variety and 

information processing capacity to deal with the highly dynamic, complex and 

uncertain business ecosystem. 

In summary, the systemic and evolutionary policy making of the Danish government:  

 built on emerging local entrepreneurship and knowledge about wind turbines 

and created an attractive niche for further experimentation and innovation 

(variation).  

 involved strategic choices, system steering and orchestration (selection), as 

well as policy learning and adaptation at different phases of the industry 

development.  
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 supported collective learning and long-term coordination and co-development 

of activities among the industry’s multiple stakeholders (growth).  

 did not pick specific firms or technologies as winners, but facilitated a market-

friendly and cumulative co-development process for the emerging business 

ecosystem where Denmark had a potential competitive advantage.  

The evolutionary policy approach does not require a policy revolution - quite the 

contrary. It fits nicely together with existing horizontal policies. The horizontal 

“framework conditions” policies create a variety of micro-level experiments from which 

potential new business ecosystems can emerge. These experimental activities can be 

increased in potential new business areas that are related to the economy’s current 

activities or latent competitive advantages. The government should take a portfolio 

approach to the innovation activities that it supports because many of them are likely 

to fail (Mazzucato 2015). 

The evolutionary policy approach supports and leverages these firm-level policies with 

“evolutionary targeting” which identifies and selects promising new ecosystems for 

systematic long-term development (Avnimelech & Teubal 2008; Rosiello, Mastroeni, 

Avnimelech & Teubal 2013). The systemic, collaborative and multi-level approach 

improves the likelihood of individual firms’ success (Neij & ASndersen 2012). 

The evolutionary policy paradigm is emerging in various policy and research domains. 

The evolutionary approach characterizes new research in entrepreneurship 

(Saraswathy 2008; Autio & Thomas 2014), system transitions (Grin, Rotmans & Schot 

2011), public service innovation (Sabel & Zeitlin 2012; Sabel, Saxenian, Hautamäki, 

Kristensen & Miettinen 2011), regional development (Heilman 2008; Xu 2011), 

sectoral innovation systems (Malerba & Nelson 2011), open innovation (Curley & 

Salmelin 2015) and industrial upgrading (Chu 2009; Rosiello, Mastroeni, Avnimelech 

& Teubal 2013; Sabel & Jordan 2015). 

Indeed, the growing policy and research interest suggests that the evolutionary 

approach could form a more general policy paradigm for the increasingly complex and 

uncertain world. It minimizes the interference with individual choice and the 

spontaneous order but shapes the “choice architecture” towards individually and 

socially beneficial goals (Thaler & Sunstein 2008). At the same time, the government 

support for exploration, strategic choice and long-term development processes 

represents the twin strategies of complexity absorption and reduction which make the 

new ecosystems more adaptable and governable. Indeed, the evolutionary model 

could provide a more general governance paradigm with the requisite variety and 

resiliency for the ever-more complex world in the future (Laszlo 1987). 

 

 



42 
 

8. Conclusions  

The growing specialization, complexity and uncertainty of industrialized societies has 

challenged policy makers and established governance arrangements. Wicked policy 

problems, such as climate change, mass migration of refugees, growing structural 

unemployment and income inequalities - have risen to the top of national and 

international policy agendas. However, the research about them is still very scattered 

and useful policy frameworks scarce. This paper analyzed the nature and evolution of 

wicked problems and suggested a new framework for policy responses. The 

framework is particularly appropriate for analyzing the changing role of government 

in highly complex and uncertain environments. We tested the validity of the framework 

with the wicked problem of industrial upgrading, in particular, the development of the 

Danish wind turbine ecosystem.  

We traced the origins of wicked problems to the widening gap between the complexity 

and uncertainty of socio-economic systems and the limited variety (degrees of 

freedom) of the established governance arrangements. Following Boisot et al., we 

proposed two different strategies for dealing with this complexity gap. These 

complexity reduction and absorption strategies are consistent Friedrich Hayek’s vison 

of “spontaneous order” as well as many recent organizational trends, such as radical 

decentralization of decision making, modularization, vision- and value-based 

leadership, experimentation, collective learning processes, use of participatory 

methods (co-design and co-production), cooperative networks and public-private 

partnerships. Our conceptual and empirical analyses suggested a new stewardship 

role for the government. This role involves an evolutionary and systemic policy 

approach and a proactive, collaborative and facilitating government role towards the 

key stakeholders of complex policy problems.   

Building on the growing literature on new industrial policy, our analysis emphasized a 

new target and level for policy making - i.e. emerging business ecosystems. Unlike the 

traditional debate in economics about whether the government should pursue 

industrial policy or not, our analysis focused on how governments can best facilitate 

the development of new business ecosystems. In many countries, the traditional 

industrial policy approach has focused on the growth and internationalization of 

individual firms or the fostering established industry clusters. A more systemic and 

proactive policy approach is needed because firms’ success is not only based on their 

own competitive advantages but also on the quality of their operating environment 

and collaborative partners (Dunning 1993). Thus, industrial renewal and the 

development of new growth areas requires systemic collaboration across sectoral 

boundaries. Moreover, the complex interdependencies in the ecosystem make the 

firms’ competitive advantages harder to copy from outside, and thus more sustainable 

(Porter 1996).   
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There are many studies on industrial upgrading and new industrial policy in developing 

and newly industrialized economies (see e.g. World Bank 1993; Bretznitz 2011; Sabel 

et al. 2012). However, there are not many similar studies about advanced economies. 

This is problematic for policy makers in these economies since their economic renewal 

challenge is somewhat different from that of catching-up economies. Our in-depth 

case study on the Danish wind turbine cluster sheds new light on the policy challenge 

of countries at the economic frontier.   

There are some limitations to our study which need to be recognized. First, different 

types of business activities and different socio-economic contexts are likely to require 

different policy approaches (Malerba & Nelson 2011). Thus, our analysis and policy 

conclusions are not necessarily applicable to all types of business ecosystems or in all 

possible contexts. For example, more stable socio-economic environments are likely 

to require other types of governance and policy approaches. Moreover, our case study 

focuses on the very early stages of ecosystem development. The learning and 

innovation processes are likely differ in later stages of development. Indeed, the word 

‘ecosystem’ is often replaced with the word ‘cluster’ in more mature industries. Also, 

the extra-regional and international linkages tend to become more important in later 

stages of ecosystem development.  

Future research on wicked problems and industrial upgrading could test the proposed 

framework in new socio-economic contexts. For example, as Boisot and Child (1999) 

suggested, the relative importance of complexity absorption and reduction strategies 

may differ in different cultural contexts. Moreover, as business ecosystems tend to 

become increasingly global, new case studies with broader geographical networks and 

more international collaboration would generate additional insights about the 

interaction of “local buzz and global pipelines” (Bathelt, Malmberg & Maskell 2004). 
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