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Abstract--This paper addresses the role of public policy in 
influencing technological innovation and diffusion in the energy-
intensive process industries (e.g., pulp and paper, iron and steel 
etc.). We highlight in particular technologies that either reduce 
the industry’s energy use or imply lower process emissions of 
carbon dioxide. This research scope is motivated due both to its 
societal relevance and the fact that it raises a number of impor-
tant scientific challenges and controversies. Specifically, the paper 
discusses the role of two different theoretical perspectives for 
orienting the analysis of issues in technology policy: the neo-
classical and the evolutionary approaches. The overall objectives 
of the paper are to: (a) provide a conceptual comparison of these 
theoretical approaches and their implications for the role and the 
design of policy intervention; and (b) discuss some relevant impli-
cations for spurring innovation processes by examining the 
experiences of two existing policies and one future technological 
challenge (CCS) in the Swedish process industries.

Index Terms—environmental economics; global warming; 
innovation management; manufacturing industries; research and 
development management; sustainable development; technical 
innovation. 

I.  NOMENCLATURE

CCS: carbon capture and storage

PFE: Program for energy efficiency in Swedish industry

R&D: research and development

II.  INTRODUCTION

HE promotion of innovation and technology diffusion in 

the energy and environmental field concerns not only 

technical challenges, but it is also largely a matter of economic 

forces, policy incentives and institutional obstacles. This paper

addresses the issue of how to design public policy to stimulate 

technological innovation as well as the diffusion of carbon-free 

and energy efficient technology in process industries. Empiri-

cally we pay particular attention to the Swedish process 

industry.

An important starting point for the analysis is that the scien-
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tific literature offers little overall empirical and theoretical 

consensus when it comes to the choice of specific technology 

policy instruments [12]. For this reason we highlight the 

implications drawn from two theoretical frameworks: neo-

classical economic theory and the institutional or evolutionary 

approach to technology policy. The former primarily views 

innovation policy as dealing with the free market’s inability to 

allocate innovation resources efficiently [23], while the latter 

sees appropriate innovation policy primarily as building or 

maintaining effective innovation systems [20]. Thus, these two 

approaches rely on different perspectives about (not the least) 

the context within which innovation activities take place, and 

they therefore sometimes result in diverging lessons for policy 

implementation and design.

In the paper we apply the Schumpeterian trichotomy and 

view innovation as the phase in which technical inventions are 

made available on the market. Hence, organizational and/or 

institutional innovations are not considered here. Technology 

diffusion refers to the phase of the technological change pro-

cess in which the technology becomes widely available for use 

[3]. In the paper we address both the innovation and the 

diffusion phase, while the invention phase is left out. 

An important challenge for technology policy is therefore to 

determine under which circumstances the government ought to 

intervene and promote certain technologies [19]. The neo-

classical perspective emphasizes the need for framework con-

ditions (i.e., to address market failures) rather than targeting 

specific sectors or technologies, while an essential component 

of the evolutionary approach is to review and redesign the 

interrelations between the different components of the innova-

tion system. In the latter case, therefore, failures may extend 

beyond those identified in the neoclassical analysis to subsume 

failures of institutions to coordinate, link or address various 

needs [14].

In the next section we provide a more in-depth conceptual 

analysis and a comparison of the role of technology policy as 

outlined in the neoclassical economics field and the innovation 

system literature, respectively. Section IV applies these analy-

tical perspectives to discuss two empirical experiences of po-

licy compliance and innovation in Swedish process industries: 

(a) the voluntary energy efficiency program PFE; and (b) the 

environmental permitting system. In section V we briefly dis-

cuss some lessons for the introduction of the CCS technology 
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in the industrial sector, while section VI concludes the paper. 

III.  THE ROLE OF TECHNOLOGY POLICY: TWO PARADIGMS

Below we compare the above theoretical frameworks for 

orienting analysis of issues in technology policy. Our compari-

son identifies and analyzes a set of important differences, 

including tentatively the respective conceptions of: (a) the 

context for economic behavior and the concept of rationality; 

(b) the way to address the institutional complexity of a specific 

sector or the entire economy; and (c) how efficient economic 

performance (including innovation activity) is defined and 

evaluated. These differences also imply diverging views on the 

role and the scope of technology policy in the environmental 

and energy field [21].

A. The Context for Economic Behavior and Rationality

The evolutionary literature explicitly acknowledges the dy-
namic evolution of the economy with constant innovation 
activities taking place (in large inspired by Schumpeter [22]), 
while the neoclassical approach is more static and builds on a 
view of the economy as an equilibrium configuration under-
going well-anticipated change over time. Thus, in the latter 
case economic actors essentially understand fully the context 
within which they operate and are able to choose among all
available options, while the evolutionary approach pays more 
attention to the potential bounded rationality of, for instance,
firms. Bounded rationality implies that individuals within firms 
will economize on scarce cognitive resources by utilizing 
routines and rules of thumb and will tend to make satisfactory 
decisions rather than expend time and effort searching for the 
optimum decision [5].

This has implications for the ways in which the two para-
digms approach the process of technological change. In the 
neoclassical case the focus is on the long-run equilibrium and 
thus on the presence of decreasing returns to scale. In contrast, 
the evolutionary paradigm emphasizes the presence of increa-
sing returns to scale and the mechanisms that create such 
returns, including learning economies, adaptive expectations, 
and network economies. An important implication of this is 
that inferior technical designs can become locked-in through a 
path-dependent process. Unlike an efficient market with fully 
informed and rational actors that select the optimal technology, 
the superior technology does not necessarily win out in such a 
framework. Thus, within the evolutionary paradigm it is argu-
ed that the logic of a dominant design can be so pervasive that 
it becomes imprinted in the firm’s organizational structure. 
Therefore, within these organizational silos ‘rules of thumb’ or 
standard operating procedures emerge [13]. Such ‘behavioural 
failures’ have been shown to explain the industry’s limited 
attention to cost-effective energy efficiency measures [26]

B. Institutional Complexity and Efficient Performance

In the case of how the two different paradigms address the 
institutional complexity of the economy, it is worth noting that 
in the neoclassical case the role for technology policy is seen 
as a response to the presence of ‘market failures’ in the 
production and commercialization of new knowledge. These 
failures include, for instance, the positive externalities (spill-

overs) that characterize R&D and learning activities [10], but 
also problems of asymmetric information and network externa-
lities. Within this approach an explicit distinction is therefore
made between market and non-market behaviour (e.g., private 
R&D efforts). The neoclassical framework prescribes an im-
portant role for public policy only in those cases where the 
market ‘fails,’ and thus offers distorted incentives which are 
inconsistent with economically efficient outcomes. In the evo-
lutionary approach, though, it is emphasized that the distinc-
tion between market and non-market outcomes is much more 
blurred, and one must instead address the complex and varied 
set of actors and institutional arrangements that affect the pace 
and the pattern of technological innovation [21]. This implies, 
for instance, that public R&D and technology policies form 
part of the innovation system, and any new policy measure or 
alteration of existing policies should, it is argued, address the 
policy’s appropriate role in this system. 

Evolutionary theorists do typically not regard innovation 
and diffusion as separate activities; instead they are perceived 
to be inseparable. Diffusion will affect future innovations (the 
re-development of a technology) through learning and vice 
versa. This is why the evolutionary paradigm tends to highlight 
that technology policy needs to build upon insights drawn from
specific contexts, and best-practice can thus typically not be 
translated from one innovation system to another [19]. Unlike 
in the neoclassical case it is important not only to protect the 
suppliers of knowledge (e.g., through patents), but to pay equal
attention to other types of actors and to important linkages 
between these. According to this view, policy is subjectively 
designed and may not necessarily be founded on superior 
knowledge. Hence, just as a given technological strategy may 
fail, policies may fail as well. 

The above implies thus that the rationale for government 
intervention differs between these two paradigms. According 
to the evolutionary approach there is an inbuilt restlessness in 
the economy, and this is the result of the process of continued 
learning and application of knowledge into new situations in 
search for profit opportunities. In this setting, it is argued, 
information has to be asymmetrically distributed if opportuni-
ties for supernormal profits are to exist. In contrast, within the 
neoclassical paradigm asymmetries in information and know-
ledge give rise to inefficiencies, e.g., they result in parallel 
R&D efforts, while in the evolutionary approach this is an ef-
fective way of exploring technological opportunities [11].

C.  The Diffusion of Energy Efficient Technology: Combined 
Insights 

An important starting point for our investigation of specific 

policy instruments in the energy field is that both of these 

research paradigms offer important insights into the environ-

mental innovation process, as well as into the role of techno-

logy policies.

Figure 1 attempts to provide a formal illustration of some of 

the key points using a neoclassical framework. The relation-

ship between firm output (q) and energy use (e) is described by 

a production function f(e), where f0 represents the production 

function at the time before any policy targeting energy 

efficiency is implemented [25]. A profit-maximizing firm in 
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the pre-policy period will choose to use e0 units of energy, 

resulting in a profit level at �0. If the policy imposes a limit on 

energy use, from e0 to e1, this will restrict the firm’s production 

possibilities and lead to lower profits. In Figure 1 this is 

illustrated by a move from A to C. According to the neoclas-

sical view this would be the main outcome in the absence of 

any information asymmetries or any other market failures. 

Figure 1: Energy Efficiency and Technology Policy

However, the evolutionary approach would stress that with 

the implementation of the policy two additional things may 

occur. First, if designed properly the policy could reveal 

important inefficiencies in the firm’s use of energy inputs. One 

way to illustrate this is to assume that during the pre-policy 

period the firm is not producing at the production possibility 

frontier but rather at point B (making a low profit, �2). By 

explicitly highlighting these inefficiencies (i.e., by inducing the 

firm to undertake more search activities in order to identify 

these itself), the firm could move closer to the production 

frontier and generate higher profits (e.g., �1 at point C). 

Second, the policy may also have dynamic effects in that it 

stimulates innovation and the diffusion of new and more effi-

cient production processes. Figure 1 illustrates this by outli-

ning a new production technology f1, permitting more output 

for each level of energy use. However, at the same time we 

have continuous innovation and exogenous technical change 

that make it difficult to isolate the policy-induced innovation 

from that occurring already in a baseline scenario. The new 

production function f1 is thus a result of both policy and other 

factors. The uncertain total effect on output and energy use is 

illustrated by the dashed arrows in Figure 1. This ‘restlessness’

in the economy is acknowledged by both theoretical paradigms 

but more heavily emphasized in the evolutionary approach.

The evolutionary approach emphasizes that technology 

policy has an important role to play in directing future tech-

nical change. The future innovation path is highly uncertain 

and there is a need for policy to find its appropriate role in the 

innovation system. Typically this means that technology policy 

cannot be entirely technology-neutral, and there is often a case 

for coordinating energy and environmental policies with, for 

instance, specific public R&D projects. It could also be impor-

tant to permit firms flexibility over time in complying with 

new energy efficiency or environmental targets (e.g., through 

the use of extended probation periods). The gradual diffusion 

of a certain technology can reveal areas where additional R&D 

would be most productive. While the neoclassical perspective 

will point out the presence of general knowledge externalities 

(spillovers), the information feedback from diffusion to inno-

vation – e.g., so-called learning spillovers – will often be 

important in practice. 

In section IV we discuss the impacts on technical change of 

two different – but closely related – policy instruments that 

affect the diffusion of energy efficient technology i �0n

Swedish process industries (e.g., pulp and paper, mining, iron 

and steel etc.). These include the voluntary energy efficiency 

program PFE, and the environmental permitting system under 

the so-called Environmental Code. In the latter case we also 

discuss the experiences of permitting Swedish industry in the 

past. We suggest that there is likely to be no single best policy 

instrument to foster innovation in the energy and environ-

mental field, but an important role for policy is to provide 

incentives for both supply- and demand-driven innovation.

IV.  ENERGY EFFICIENCY AND ENVIRONMENTAL 

PERFORMANCE IN THE PROCESS INDUSTRY: TWO POLICIES

The Swedish program (PFE) has provided energy-intensive 

companies the opportunity of a reduced tax on electricity use.

In return they have had to introduce and obtain certification for 

a standardized energy management system and carry out an 

energy audit. The latter has been done to identify specific ener-

gy efficiency measures to be implemented in subsequent years 

as long as these have a pay-back time of less than three years

[6]. Participation is voluntary, but the program has only been 

open for energy-intensive companies (i.e., implying that the 

cost of energy in the company amounts to at least 3 percent of 

the value of the output). 

Energy efficiency also represents one of the objectives of 

the Swedish Environmental Code, and it is part of the ‘best 

available technology’ requirement in the so-called IPPC Direc-

tive (as well as in the recently adopted industrial emissions 

Directive). Unlike PFE, the requirements under the Code may 

concern all types of energy use (and thus not only electricity). 

The Environmental Court of Appeal has in several cases 

examined and stipulated measures for energy conservation in 

major industrial facilities in Sweden. The terms are often of a 

general nature and therefore flexible, but there is often a lack 

of legal certainty. There are also sentences in which the condi-

tions are more specific, including maximum energy use values.

Industry representatives typically argue that efficient energy 

use is best promoted through technology-neutral policy instru-

ments such as PFE, rather than by the firm-specific permitting 

processes that follow with the Environmental Code [26].

A. The Voluntary Energy Efficiency Program PFE

On 1 July 2004, due to the adoption of the EU’s Energy 

Tax Directive, a tax of 0.005 SEK per kWh (EUR 0.5 per 
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MWh) on industrial process-related electricity was introduced. 

The Directive gives, however, the energy-intensive companies 

that are subject to the tax, the opportunity of reduced taxation 

on their electricity consumption if they take action to improve 

their energy efficiency. As an instrument to promote this, the 

program for improving energy efficiency (PFE) came into 

force in January 2005.

The net effect on electricity use of these types of programs 

is often uncertain. Neoclassical economic theory suggests that 

the decrease in the electricity price following the tax exemp-

tion will (ceteris paribus) lead to increased electricity use. On 

the other hand, different market failures that motivate policy 

intervention targeting increased energy efficiency could exist, 

thus stimulating measures beyond those already taking place in 

the market. For instance, the presence of asymmetric infor-

mation, implying that one actor holds information but faces too 

few incentives to transfer this to other actors although this 

would increase overall economic efficiency, may lead to an in-

efficient (and too high) electricity use [8]. One example is the 

principal-agent problem where the principal (e.g., the CEO) is 

unable to perfectly monitor the agents’ (e.g., the engineers’) 

performance and introduce strong enough incentives for these 

to pursue all profitable energy saving projects. 

Moreover, the evolutionary literature stresses that organi-

zations develop patterns of behaviour, often referred to as 

routines or set of rules, to respond to different problems as 

they arise [16]. Once a set of rules is developed it is reinforced 

by, for instance, in-house training and various incentive struc-

tures. Thus, bounded rationality can imply that a set of rules or 

problem-solving techniques within the firm will persist since 

they are costly to change but also because the system itself is 

not questioned. This may potentially motivate the use of policy 

instruments such as PFE that raise firms’ attention to energy 

use issues.  

The above implies that compared to a unit electricity tax, an 

important condition for a voluntary agreement scheme such as 

PFE inducing overall lower electricity use is that there is 

evidence of information or behavioural inefficiencies in the tax 

case leading the relevant firms to forego otherwise profitable 

investments.

Under PFE the firms have had to introduce and obtain certi-

fication for a standardized energy management system (EMS), 

and carry out an energy audit and analysis. The purpose of the 

energy audit and analysis has been to enable the firms to 

identify measures that improve the efficiency of its electricity 

use. These measures should have a pay-back time of less than 

three years. If the firms have achieved an improvement in 

electricity efficiency which, broadly speaking, is equivalent to 

the improvement which would have been achieved if the tax 

had been imposed, then the firms will have fulfilled its 

obligations under the program [27]. In other words, PFE builds

on the presumption that the attention-raising effect of the 

program on electricity use will (at least) overweigh the 

positive impacts on electricity use following the electricity tax 

exemption.

In her dissertation Henriksson [27] investigates the own-

price elasticities of electricity demand in Swedish industry 

(pulp and paper as well as mining). Her results suggest fairly

low electricity using impacts following the removal of the EU 

minimum tax compared to the self-reported electricity savings 

in PFE. For instance, in the mining industry the results of the 

first program period of PFE indicated a self-reported reduction 

in electricity use by almost 12 per cent (corresponding to about

0.2 TWh). The estimated long-run own-price elasticity of 

electricity demand in this industry indicates in turn that (with 

the year 2005 used as baseline) the associated tax relief would 

only induce a corresponding increase in electricity use by 

about 4 per cent. 

Taken at face value this comparison suggests that the atten-

tion-raising effect of PFE with respect to previously unatten-

ded energy efficiency measures will dominate over the price 

effect following the tax relief. However, a number of compli-

cations make this conclusion less certain.

First, the presence of, for instance, information asymmetries 

imply that energy management system could be more effective 

in companies with a less energy-intensive production process 

due to the lack of prior experience of energy efficiency measu-

res in these firms. However, the current set-up of PFE induces 

the reverse situation, stimulating participation mainly among 

companies that have a high electricity cost share and therefore 

have faced considerable incentives in the past to lower elec-

tricity use [6].

Second, the empirical results also show that already prior to 

the implementation of PFE Swedish industrial firms have in-

vested in private R&D, and they have in this way accumulated 

knowledge that have had electricity saving impacts [28]. In 

other words, already in a baseline setting industry strategies 

include search processes that tend to result in lower electricity 

use per output produced. While PFE and similar voluntary 

energy efficiency programs may add to these types of activities 

future evaluations of the outcomes of such programs must 

increasingly recognize the already prevailing incentives to im-

prove energy efficiency in electricity-intensive industries. The 

above also highlights the importance of distinguishing between 

the incentives faced by firms in the absence versus the 

presence of specific public policy measures, as stressed in the 

neoclassical economics literature. 

Third and finally, the program’s impact on innovation may 

be limited. In industry electricity efficiency improvements are 

typically embodied in the diffusion of new capital equipment. 

A far from insignificant fraction of the efficiency measures that

have been induced by PFE may simply represent economically 

inefficient increases in capital turnover. In other words, PFE 

contributes to a ‘catch-up’ effect in that inefficient firms are 

encouraged to move closer to best-practice firms (i.e., the pro-

duction frontier). One relevant example in the pulp and paper 

industry is the substitution of more efficient electric motors for 

less efficient ones, a measure which has been undertaken at 

least in 85 cases during the program’s first period [28]. This 

will spur innovation only if there are considerable economies 

of learning associated with these investments, but empirically 

it remains unclear if this can be anticipated in the above case. 
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The above suggests that from a technology policy perspec-

tive PFE could benefit from a stronger emphasis on measures 

that spur technological progress and thus move the production 

frontier. This could possibly be achieved by granting firms 

more flexibility over time in investigating different potentially 

efficient measures, and by supporting relevant R&D projects 

that are advanced incrementally in interaction between the 

industry, the environmental authorities and research institutes.

Although this would imply a stronger emphasis on a ‘picking 

winners’ policy it could be necessary to promote innovation in 

the industry, and would provide a direct catalyst to the 

compliance process in PFE.

Still, this does not preclude the fact that important evidence 

of bounded rationality may exist. Studies of other previous 

programs of a similar kind (e.g., [7]) suggest that industrial 

firms often reject opportunities to save energy even if those 

meet reasonable rate-of-return requirements. Thus, these 

studies suggest that voluntary efficiency programs tend to 

achieve documented successes that cannot be reconciled with 

the view that energy use decisions are made in efficient 

markets. Firms may therefore be better understood as networks 

of individuals linked together by flows of information and 

materials than as profit-maximizing units. As such, the firm 

owners and senior managers remain profit-oriented but are 

unable to achieve the ideal of profit maximization given 

information asymmetries and the bounded rationality of the 

people who constitute their organization.

B. Environmental Permitting and the Environmental Code

According to the Swedish Environmental Code industrial 

facilities can only be permitted if they are in compliance with 

certain environmental requirements, and these may include 

demands for energy efficiency measures. Thus, and as was 

noted above, energy conservation is one of the objectives of 

the Code, and it is also part of the “best available technology” 

requirement in the so-called IPPC Directive. 

The Code does include provisions for the weighting be-

tween different interests, but these are however vaguely for-

mulated, and therefore provide substantial scope for different 

interpretations regarding the legal application. Industry repre-

sentatives therefore frequently state that the individual permit 

conditions are uncertain and may differ a lot across similar 

types of industrial facilities. 

The relationship between the Environmental Code and PFE 

is controversial. Legally PFE is often seen as a complement to 

the permit conditions. The Code allows, however, demands for 

other types of – as well as more far-reaching – energy efficien-

cy measures, and EU law does not permit PFE to replace the 

case-by-case assessment according the Environmental Code. 

In an earlier report [26] we show that the Environmental 

Code and PFE in combination imply a form of dual control of 

energy conservation behavior in Swedish industry; there exists 

therefore a need to “streamline” these two instruments. The 

Environmental Code can constitute the main regulation for 

determining the conditions for the operation of existing and 

new industrial facilities. It permits flexibility in terms of 

adjusting conditions to meet the specific situations that face 

each industrial plant, and also provides scope for initiating 

important technology search activities at the plant level. 

The industry’s criticism of the Code should however be 

taken seriously. A number of revisions could make the envi-

ronmental permitting process more efficient, such as: (a) the 

development of specific guidelines for how assessments should 

be performed in preparation for permits; and (b) the estab-

lishment of a forum for more constructive dialogue between 

regulators and industry representatives. On the latter point the 

regulating authorities need to overcome the often significant 

information asymmetries. An efficient individual permitting 

process builds heavily on a common understanding of the 

problems, opportunities, and the challenges that exist in each 

case, but this is often lacking today. As stressed in the evolu-

tionary paradigm it is useful for policy to identify its role in the 

innovation system. 

As in the case of PFE, the permitting conditions according

to the Environmental Code may only stimulate the diffusion of 

incremental improvements in the production processes and 

thus have limited innovation impacts. Interestingly this is in 

sharp contrast to the environmental permitting process during 

the 1970s and the 1980s in Sweden. During this period the 

emissions of a large number of hazardous substances (e.g., 

sulphur dioxide, COD, heavy metals etc.) decreased signifi-

cantly in Swedish industry (e.g., in the pulp and paper and in 

metal smelting sectors). The Swedish regulatory approach 

relied heavily on the use of performance standards, a long-term

strategy on environmental innovation, as well as on close firm-

regulator negotiations making use of both decentralized know-

ledge and jointly funded research programs [24]. During this 

period Sweden adopted a slower but at the same time more 

cooperative and long-term pollution control strategy compared 

to, for instance, USA and Canada [18].

Specifically: (a) the regulations built heavily on performan-

ce standards thus granting substantial flexibility to industrial 

plants in terms of selecting the appropriate compliance measu-

res; and (b) joint public-private R&D efforts to develop and 

improve pollution abatement technologies. The environmental 

authorities granted firms probation periods during which 

industry was given the opportunity to develop and test new 

solutions. This was typically done in close cooperation with 

other firms, research organizations, consultants and suppliers 

within the realms of large jointly funded R&D projects [2].

The flexibility granted in terms of compliance and time strate-

gies provided scope for identifying solutions that were deemed 

to be attractive over the long-run, and it also enabled the 

companies to coordinate pollution abatement measures with 

productive investments. 

In many cases it also led to important technological break-

throughs at the firm level. For instance, the Swedish metal 

smelter Rönnskär (owned by Boliden) became a world leader 

in mercury and arsenic abatement technology as well as in the 

abatement of heavy metals from water. Some of the perfor-

mance standards were genuinely ‘technology-forcing’ in that 

they built on assessments of technologies not yet fully deve-
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loped. For instance, in the pulp and paper industry this was

evident in the chlorine question [24].

Thus, new knowledge was advanced incrementally within 

the system in close interaction with the environmental authori-

ties, and the industry, and industry-wide R&D projects were 

often already in full swing or planned for as new technology 

were suggested by government authorities in connection to 

individual licensing processes. Moreover, the use of probation 

periods also likely increased the regulatory system’s legiti-

macy. 

However, the Swedish approach of the 1970s and the 1980s 

was at the same time demanding in that it relied on high regu-

latory competence and intensive information-sharing between 

the involved parties. This implies that the extent of firm-regu-

lator information asymmetries was relatively limited, and new 

knowledge, e.g., developed in research programs, was effect-

tively used by the authorities in upcoming licensing processes.

It may be noted that in the 1970s the Swedish Environmental 

Protection Agency, a key actor in the permitting process,

hosted an entire research department focusing solely on 

addressing pollution problems from process industries. During 

2011 the same authority had only one full-time employee sole-

ly responsible for inspecting the entire pulp and paper industry 

in the country. This is likely to reduce the regulator’s current 

opportunities for achieving deep emissions reductions and 

radical energy efficiency improvements. 

The experiences from the Swedish case illustrate that key 

implications from the neoclassical environmental economics 

literature (e.g., flexibility in compliance measures, strategies to 

reduce firm-regulator information asymmetries etc.) are useful 

for understanding how environmental compliance and innova-

tion can be promoted in an efficient manner. However, these 

experiences also illustrate that there is typically no simple, 

one-directional (stimulus-response) link between the regulator 

and the regulated firms, and compliance and innovation are 

typically affected by multiple policies within a complex 

network of actors (see also [9]). This observation is well in 

line with the evolutionary approach to technology policy. 

In addition, in practice there is not necessarily any clear 

view on what is meant by efficient outcomes since the regula-

tory process involves important trade-offs. Most notably, 

pollution control and energy efficiency policies need to main-

tain strong, continuous incentives for compliance and innova-

tion while at the same time taking into account the risk of 

excessive compliance costs for those affected by the policies. 

V.  THE DIFFUSION OF CARBON CAPTURE AND STORAGE

The discussion so far has focused on achieving improved 

energy efficiency in existing process industries. In this section, 

though, we address the challenges involved in introducing an 

entirely new techno-logy in the industrial sector, namely so-

called carbon capture an storage (CCS). As argued below, this 

is a technology that will require specific policy attention, and 

where thus technology-neutral policies – such as carbon 

pricing – may only constitute one component of a rather 

comprehensive policy portfolio. 

CCS has been acknowledged as an important option to 

mitigate carbon dioxide emissions and reach climate targets. 

So far, the focus of the political CCS discussion has been set 

on the power sector. However, for some carbon-intensive 

industries CCS could be a valuable solution as for the time 

being a significant amount of emissions from industry is pro-

cess related and is difficult to mitigate. Industries account for 

about 22 per cent of the carbon dioxide emissions of the 

European Union; globally industrial carbon dioxide emissions

are much higher with about 40 per cent. Still, the introduction 

of CCS will not come without complications, and therefore 

raises a number of important technology policy issues. 

Previous work (e.g., [1]) has evaluated and compared CCS 

deployments in different countries, including USA, Canada, 

Norway, the Netherlands and Australia. This research indicates 

that large amounts of CCS-related knowledge, accumulated in 

networks of actors, remain unutilized and is not employed by 

entrepreneurs to investigate different market potentials for 

CCS. For this reason the CCS innovation system may have 

entered a critical phase; in order to move the development 

forward and towards a broad-scale implementation of the tech-

nology a number of different policy efforts are needed. Direct 

policy initiatives targeted against weak innovation system 

functions, such as entrepreneurial activities, market creation 

and mobilization of resources are likely to be necessary. Some 

countries also need to provide more regulatory guidance and 

improve the overall legitimacy of the technology. 

The central problem is that new technologies, such as CCS, 

often remain unable to negotiate the various market and in-

stitutional barriers that confront them. For this reason substan-

tial investments in technological R&D will not necessarily lead 

to successful innovations. A successful deployment strategy 

needs, among other things, a clear legislation regarding site 

selection, safety standards, monitoring, ownership etc. to gain 

public trust. Open communication with stakeholders, media 

and the general public concerning benefits, risks etc should 

therefore also be included in every CCS-project plan.

These notions are supported by the results from other

studies, including Wustenhagen, Wolsink and Burer [17] who 

accentuate the need for policy makers and other stakeholders) 

to clarify who decides about what in the technology diffusion 

process. Thus, instead of primarily focusing on energy- and 

climate-related R&D the processes by which the fruits of the 

research are deployed and the diffusion of new technologies 

takes place are also critical. If not, the result is an imperfect 

understanding of the institutional relationships that maintain 

the development, alternation and diffusion of energy tech-

nologies [15]. This in turn would hamper the development of 

appropriate policies to guide the system to meet new 

challenges.

Finally, though, the neoclassical emphasis on environmen-

tal externalities is a key also for the CCS technology. Tech-

nology policy is most effective – indeed only useful – if the 

emissions of carbon dioxide emissions carry a positive price 

(e.g., through a carbon tax or emissions trading). Such a policy 

creates a demand for carbon-free technology. Still, while 
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carbon pricing must be the engine for reaching climate policy 

goals; technology policy can help that engine run faster and 

more efficiently, but it only helps if the engine is running [4].

In this sense an active technology policy is a complement, and 

not a substitute, to technology-neutral market-based instru-

ments. CCS will require technology-specific policy attention, 

but the underlying demand for it will be low if carbon dioxide 

is not priced efficiently. 

In Sweden the iron and steel industry has so far (along with 

the electric power sector) paid most attention to CCS. The 

Swedish steel industry is an active partner in the EU-wide 

research project Ulcos, which involves recirculation of carbon 

monoxide into the blast furnace and separating the carbon 

dioxide. The process is now being fine-tuned and the goal is to 

demonstrate a 70 per cent reduction of the carbon dioxide in 

steel production. Still, the necessary institutional set up (e.g., 

legislation, supporting research, organizational networks, in-

formal norms etc.) needed to introduce the CCS technology on 

grander scale is still undeveloped in the country. Moreover, so 

far the European Emissions Trading System still provides rela-

tively meagre incentives to increase demand for these techno-

logies, and thus create incentives to invest in substantial R&D 

efforts. 

VI.  CONCLUDING REMARKS

The diffusion of new energy-efficient and carbon-free tech-

nology in process industries is a key policy goal. In this paper 

we have introduced two theoretical perspectives on the process 

of technological change, paradigms that offer partly contradic-

ting but overall complementing lessons for the design of 

technology policy. 

By examining two existing policies and one future techno-

logical challenge in the Swedish process industries, we concur 

that the neoclassical and the evolutionary approach can – used 

in combination – provide increased understanding of under 

which circumstances different public policies in the energy and 

environment field can have innovation-promoting impacts. 

For instance, technological progress requires both R&D and 

learning and for this reason R&D programs should typically 

not be designed in isolation from practical application. In 

addition, the gradual diffusion of a certain technology can 

reveal areas where additional R&D would be most productive.

In the case of the environmental permitting system during the 

1970s the cooperative approach of sharing information implied 

that new knowledge was advanced jointly and incrementally in 

close interaction between the company, the environmental 

authorities and the research institutions before the final permit

was issued. In the Swedish pulp and paper case jointly funded 

R&D projects were often in full swing or planned for as new 

technology were brought up in connection to individual 

licensing processes. In this way research activities provided a 

direct catalyst to the policy process. 

In practice thus the entire set up of the regulatory system 

(including informal norms, knowledge accumulation, and 

transfer of knowledge etc.) is decisive for the outcomes of 

environmental policies, and process industries are part of large 

networks whose interdependencies also may create deviations 

from perfectly efficient decision-making.

The Swedish experiences of the voluntary energy efficiency 

program PFE reveals some amount of evidence of behavioral 

failures (bounded rationality) on the part of individual firms, 

but it also displays a weak effect on technological innovation. 

In alternative institutional settings PFE (or similar programs) 

could possibly be combined with jointly (industry-state) fun-

ded R&D projects that are advanced incrementally in inter-

action between the industry, the environmental authorities and 

relevant research institutes.

The innovation paths of the future are highly uncertain, but 

if these paths are explored jointly through coordinated public 

and private efforts (R&D, learning etc.) to address societal 

concerns the resources allocated to the innovation processes 

can possibly be employed more efficiently. It is also important 

to acknowledge that innovation takes time, and for this reason 

extended compliance periods permit industrial firms to avoid 

errors and to mitigate diminishing returns of additional re-

search and engineering manpower. 
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