
Accelerating the clean energy transition – on the co-evolution of policy and technology
C-PREE lunchtime seminar, Princeton University
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EPG analyzes the role and interactions of policy and technological change in the 
energy sector

EPG’s research framework

Policy
Techno-
logical 
Change

Policy 
DynamicsPolitics

Feedback

• Primarily electricity generation, storage, and grid
• Also: transport, energy efficiency in buildingsSectors/Technologies

• Global: OECD and non-OECD countriesRegions

• Confirmatory and exploratory designs
• Modelling; quantitative & qualitative empirical analysesResearch design and methods

Policy 
Effects

Interdisciplinary framework 
=> interdisciplinary team 
(engineers, economists, 

political scientists)

Natural 
environ-

ment
Tech. 

Impacts
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Improving our understanding of technological change in order to derive better 
policy recommendations

Aims • Improve our understanding of TC 
• Derive policy recommendations to increase policy effect on TC (“tech-smart” policies)

Complications/ 
interesting aspects

• Non-linearity of TC
• Various learning mechanisms, knowledge recombination and spillovers
• Technology differences

Theory/ literature • Evolutionary innovation studies

Methods
• Qualitative methods (Interviews, case studies)
• Statistical analyses (e.g., using patent data)
• Mixed methods

Policy

Technological 
Change
- Invention
- Innovation
- Diffusion

Policy 
DynamicsPolitics

Policy 
Effects

Nat. 
Environ-

ment
Tech. 

Impacts

Feedback

Exemplary papers
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Why do the effects of the same 
innovation/industrial policy differ so 

much between targeted technologies? 

e.g., China’s attempt to catch up in renewable 
energy manufacturing (highly successful and fast 

in PV, less so in Wind)
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How do technologies’ learning patterns differ? What does this imply for policy?

<<<<<<<<<<<<<

Technologies differ in terms of patenting foci

Sources: 
• Huenteler, J., Schmidt, T.S., Ossenbrink, J. and Hoffmann, V.H., 2016. Technological Forecasting and Social Change 

http://dx.doi.org/10.1016/j.techfore.2015.09.022
• Schmidt, T.S. and Huenteler, J., Global Environmental Change, 2016 http://dx.doi.org/10.1016/j.gloenvcha.2016.02.005
• Malhotra, Huenteler, Schmidt, 2019, Technological Forecasting and Social Change, 2019

https://doi.org/10.1016/j.techfore.2019.04.018

<<<<<<<<<<<<<

Solar PV Wind Li-ion All

Primary suppy chain activities

Manufacturing

Production 
equipment

Material supply
System integration/ 

Project 
development

Components* End Use,
O&M

Logistics and 
installation services 

Technologies differ in terms of inter-sectoral learning 

=> How can these differences be explained?

http://dx.doi.org/10.1016/j.techfore.2015.09.022
http://dx.doi.org/10.1016/j.gloenvcha.2016.02.005
https://doi.org/10.1016/j.techfore.2019.04.018
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A framework to categorize technologies along two types of complexities

Complexity of 
design

HighLow

High

Low

Complex, design-intensive 
technologies

Simple technologies Manufacturing-intensive 
technologies

Design- and 
manufacturing-
intensive technologies

Complexity of manufacturing process

Wind 

Geothermal power

Concentrated solar power

Large hydropower.

…

Small wind

Small biogas

Solar cook stoves

Solar heating (flat plate collector)

Bicycles

…

Solar PV

Solar heating (vacuum collectors)

Energy-efficient lighting

Heat pumps

…

Grid-scale battery storage

Trains

(Electric) vehicles

…

9

SOURCES: adapted from Schmidt, T. S., & Huenteler, J. 
Global Environmental Change, 2016 
http://dx.doi.org/10.1016/j.gloenvcha.2016.02.005
And: Huenteler, Schmidt, Ossenbrink, Hoffmann: 
Technological Forecasting and Social Change 
http://dx.doi.org/10.1016/j.techfore.2015.09.022

Complexity of design 
refers to the number of 
design elements in a 
product and the extent to 
which they interact with 
each other (cf. McNerny
et al. 2011, PNAS)

Complexity of 
manufacturing process 
refers to the number of 
manufacturing steps 
and the extent to 
which they interact 
with each other

http://dx.doi.org/10.1016/j.gloenvcha.2016.02.005
http://dx.doi.org/10.1016/j.techfore.2015.09.022
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HighLow

High

Low

• Increasing role of experimentation to improve 
understanding and inform R&D

• Experimentation with full-scale product
• Tacit knowledge in design

• Experimentation with full-scale production
• Tacit knowledge in manufacturing equipment

10

Complexity of 
design

Complexity of manufacturing processSOURCES: adapted from Schmidt, T. S., & Huenteler, J. 
Global Environmental Change, 2016 
http://dx.doi.org/10.1016/j.gloenvcha.2016.02.005
And: Huenteler, Schmidt, Ossenbrink, Hoffmann: 
Technological Forecasting and Social Change 
http://dx.doi.org/10.1016/j.techfore.2015.09.022

A framework to categorize technologies along two types of complexities

http://dx.doi.org/10.1016/j.gloenvcha.2016.02.005
http://dx.doi.org/10.1016/j.techfore.2015.09.022
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Policy implications 

HighLow

High

Low

• User-feedback: geographical proximity to market is important for innovation
=> home market advantage

• Stable (home) markets more important than large markets for learning 
(think: Denmark and wind)

• Transfer of tacit knowledge necessary for industry localization (e.g., transfer of people; 
as e.g., Korea did for batteries)

• Finance: reduce cost of capital of project owners (e.g., through project finance de-
risking; see e.g., Germany’s FiT)

• Large and increasing (global) market scale is important for cost reductions
• Policy should incentivize continuous cost-reductions (reduced subsidies)
• Unrestricted transfer of capital goods (which often embodies tacit knowledge) across global 

markets is necessary for industry localization
• Finance: reduce cost of capital of OEMs (e.g., through corporate loan programs, see e.g., 

China’s PV finance policy)

11

Complexity of 
design

Complexity of manufacturing process

SOURCES: adapted from Schmidt, T. S., & Huenteler, J. 
Global Environmental Change, 2016 
http://dx.doi.org/10.1016/j.gloenvcha.2016.02.005
And: Huenteler, Schmidt, Ossenbrink, Hoffmann: 
Technological Forecasting and Social Change 
http://dx.doi.org/10.1016/j.techfore.2015.09.022

POLICY MESSAGE: Innovation policy should consider technology-inherent differences and be designed in “technology-smart” designs

• Deployment policy needed as part of innovation policy 
package

http://dx.doi.org/10.1016/j.gloenvcha.2016.02.005
http://dx.doi.org/10.1016/j.techfore.2015.09.022
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Improving our understanding of the finance-dimension of the energy transition

Aims
• Understand which policy interventions enable catalyzing private climate 

finance and at which cost
• Provide policy recommendations on design of interventions

Complications/ 
interesting aspects

• Role of policy design, instrument mix
• Role of public banks (MDB/SIB)
• Path dependency in financial sector

Theory/ literature
• Finance literature
• Efficient vs adaptive capital market hypothesis
• Evolutionary innovation studies

Methods

• Interviews, case studies
• Techno-economic and financial modelling
• Regression analysis
• Mixed methods

Financial 
Policy

Techno-
logical 
Change 

• financing of 
new assets

Policy 
DynamicsPolitics

Policy 
Effects

Environ-
ment

Tech. 
Impacts

Feedback

Exemplary papers/reports
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Who finances our energy system and how?
• Corporate (balance sheet) finance
• Project finance (SPV) 
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A dynamic analysis of renewable energy financing conditions

Source: Egli, Steffen, Schmidt, Nature Energy, 2018
https://doi.org/10.1038/s41560-018-0277-y
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CoCf debt

Solar PV Wind onshore

1 • 133 representative utility-scale photovoltaic and onshore wind projects in Germany over the last 18 years
• project data are provided by leading renewable energy investors, responsible for 85% of the solar PV and 80% of the 

wind onshore investment sums between 2000 and 2017

 How and why did solar PV and 
wind onshore financing conditions 
change over time?

 What is the effect of these changes 
on electricity generation costs?

RESEARCH QUESTIONS

Focus on one of most experienced 
markets: Germany

1. Descriptive: Elicitation and 
mapping of project finance data

2. Qualitative: Grounded theory to 
identify drivers

3. Quantitative: Regression analysis 
(experience effect)

4. Model-based: Technology cost 
effect (LCOE)

APPROACH

1

2

3

4

https://doi.org/10.1038/s41560-018-0277-y
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A dynamic analysis of renewable energy financing conditions

 How and why did solar PV and 
wind onshore financing 
conditions change over time?

 What is the effect of these 
changes on technology costs?

RESEARCH QUESTIONS

Focus on one of most 
experienced markets: Germany

1. Descriptive: Elicitation and 
mapping of project finance 
data

2. Qualitative: Grounded theory 
to identify drivers

3. Quantitative: Regression 
analysis (experience effect)

4. Model-based: Technology cost 
effect (LCOE)

APPROACH

2

1

2

3

4

Source: Egli, Steffen, Schmidt, Nature Energy, 2018
https://doi.org/10.1038/s41560-018-0277-y

https://doi.org/10.1038/s41560-018-0277-y
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A dynamic analysis of renewable energy financing conditions

 How and why did solar PV 
and wind onshore financing 
conditions change over time?

 What is the effect of these 
changes on technology costs?

RESEARCH QUESTIONS

1. Descriptive: Elicitation and 
mapping of project finance 
data

2. Qualitative: Grounded theory 
to identify drivers

3. Quantitative: Regression 
analysis (experience effect)

4. Model-based: Technology 
cost effect (LCOE)

APPROACH

3

4

1

2

3

4

Source: Egli, Steffen, Schmidt, Nature Energy, 2018
https://doi.org/10.1038/s41560-018-0277-y

POLICY MESSAGE: Financial sector learns => 
climate change mitigation cost may become lower

https://doi.org/10.1038/s41560-018-0277-y
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What happens if general IR rises?

Source: Schmidt, Steffen, Egli, Pahle, Tietjen, Edenhofer Nature Energy, 2019 
https://doi.org/10.1038/s41560-018-0280-3

POLICY MESSAGE: Do not rely on wholesale market and Eu ETS 
alone => keep auctions alive (they are self-regulated); or introduce 
minimum price in ETS

https://doi.org/10.1038/s41560-018-0280-3
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The roles of green public banks in crowding in private sector capital

What are the roles of “green” 
state investment banks in the 
clean energy transition?

RESEARCH QUESTIONS

SCOPE

56 interviews with investors, 
project developers, lead 
arrangers

METHODS & DATA

POLICY MESSAGE: If well designed (equipped with the right mandates), “green” SIBs can crowd-in while avoiding to crowd-out private investments

Geddes, A., Schmidt, T.S., Steffen, B. Energy Policy 2018
https://doi.org/10.1016/j.enpol.2018.01.009

A. Capital Provision and 
De-risking Roles
 Direct funding for crucial gaps, 

concessional or commercial terms
 De-risking instruments 

(e.g., guarantees)

D. Signaling Role
 SIB reputation crowding-in private 

equity and debt
 “SIB participation signal” with 

effect on financing cost

B. Educational Role
 Specialist internal expertise 

(e.g. accurately assessing risks)
 Financial innovation 

and standardization

C. First or Early Mover
 Early movers with respect to new 

technologies (in the country), new 
deal structures, 
new manufacturers 
and developers

https://doi.org/10.1016/j.enpol.2018.01.009
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Improving our understanding of what explains policy change

Aims
• Improve understanding of drivers of policy change 

(especially policy feedback from TC)
• Provide recommendations of how to overcome policy lock-ins

Complications/ 
interesting aspects

• Path dependency of policy
• Role of actors
• Feedback from technological change

Theory/ literature • Literature on policy change (ACF, PE, PF etc.)
• Evolutionary innovation studies

Methods

• Qualitative methods: interviews, process tracing, historical case studies
• Quantitative methods: Ex-post analyses using statistics
• [QCA]
• [Advanced modelling (e.g., ABM)]
• Mixed methods

Policy
Techno-
logical 
Change

Policy 
DynamicsPolitics

Policy 
Effects

Environ-
ment

Tech. 
Impacts

Feedback

Exemplary papers
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How to increase policy ambition?
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Example: An analysis of policy goals driving German energy policy 

 What is the relative centrality of these 
arguments in the political discourse on 
future energy systems?

 How does it change over time?

 How partisan are these dimensions?

RESEARCH 
QUESTIONS

CASE  Parliamentary debates on future energy 
systems in Germany (1983-2013)

 Discourse network analysis

 In total 808 pages of transcripts

METHOD 
AND DATA

„Energy 
trilemma“ Environ-

mental 
burden ↓

Cost ↓

Security ↑ + 

Jobs/GDP/Exports 
of energy resources and technology ↑

Arguments about renewable energy technologies

Source: Schmidt, Schmid, Sewerin, Climate Policy, 2018 https://doi.org/10.1080/14693062.2019.1594667

1998-20021983-1987 2009-2013

https://doi.org/10.1080/14693062.2019.1594667
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Changing political coalitions around technologies

 How and why do political coalitions around technologies change?RESEARCH 
QUESTIONS

CASE  Public debate in Germany (1983-2013) as covered by daily newspaper 
(Frankfurter Allgemeine Zeitung)

 Parliamentary debates on future energy systems in Germany (1983-2013)

 Discourse network analysis

 Process tracing of feedback mechansism

 3900 coded statements made by 288 actors, plus 808 pages of parliamentary 
debate

METHOD 
AND DATA

Positive resource feedback mechanism:
• Jobs and GDP in new technology supply chains
• Re-distribution to politically powerful constituents (e.g., farmers)

Positive interpretative feedback mechanism:
• RE cost reductions much higher than expected
• Co-benefits of renewables become more obvious
• Less integration issues than expected (no blackouts despite high RE shares)

Diminishing negative effects:
• Nuclear and fossil fuel-based industry in decline

RESULTS: 
MECHA-

NISMS

Source: Schmid, Sewerin, Schmidt, Policy Studies Journal, 2019. doi: 10.1111/psj.12365
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How to avoid backlash?
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Political feedbacks from technology decline: the case of coal mining and the US 
presidential elections

 How does technology decline feedback into politics?

 Was Hillary Clinton right in calling her statement her 
biggest regret of the campaign? 

RESEARCH 
QUESTIONS

CASE  US coal decline from 2011 onwards

 Effect on US presidential elections

 Difference-in-differences analysis on county levelMETHOD 
AND DATA

Source: Egli, Schmid, Schmidt (under review)

“We are going to put 
a lot of coal miners 
and coal companies 
out of business […]”

Partisanship 
around coal

Preliminary results
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Political feedbacks from technology decline: the case of coal mining and the US 
presidential elections

Parallel trend in presidential
election vote shares from 1992 to
2016

Location of treated and
control counties; treated
counties are in red
(N=163), control counties
in gray (N=163).

 How does technology decline feedback 
into politics?

 Was Hillary Clinton right in 

RESEARCH 
QUESTIONS

CASE  US coal decline from 2011 onwards

 Effect on US presidential elections

 Difference-in-differences analysis on 
county level

METHOD 
AND DATA

Preliminary results
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Political feedbacks from technology decline: the case of coal mining and the US 
presidential elections

 How does technology decline 
feedback into politics?

 Was Hillary Clinton right in 

RESEARCH 
QUESTIONS

CASE  US coal decline from 2011 onwards

 Effect on US presidential elections

 Difference-in-differences analysis 
on county level

METHOD 
AND DATA

Effect size for strongly and weakly affected counties 
(demarked by median decline in coal jobs) 

Summary & implications
• The shift in votes exceeds the coal jobs lost
• It extends beyond affected voters and into neighboring 

counties unaffected by coal decline
⇒Simply looking at numbers of jobs lost not enough
⇒Need to better understand role of economic  AND 

cultural effects of coal decline

Effect size for presidential elections from 2004 to 2016

Effect size for counties with coal job losses and counties 
in a 50 km, 100 km, and 150 km perimeter around those 
counties in US presidential elections from 2004 to 2016

Preliminary results
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3 simple policy messages (and examples of how we try to communicate them)

From our research on Technological change:

Technologies have inherent differences, which should be considered in 
“technology-smart” policy design.

From our research on energy finance:

Public finance can help bridge the financial “valley of death” 
faced by many new technologies and crowd-in private capital

From our research on the politics of energy and climate policy: 

To overcome opposition to climate change mitigation, consider 
industrial policy arguments and develop long-term policy strategies 
(induce some tech change that creates positive feedback)

Beuse, Schmidt Wood, Science 2018

Egli, Steffen, Schmidt, Nature Energy – Policy Brief 2019

Schmidt, open-ed in Tagesanzeiger (Swiss newspaper) 2017

Preliminary results
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Thanks for your attention!
More information can be found on our website: www.epg.ethz.ch

Follow us on twitter: @ETH_EPG 

Big thanks to my team, our international collaborators, and funders!

This research was supported by
• The European Commission’s Horizon 2020 program, funded through the Swiss SBFI
• The Swiss National Science Foundation
• ETH Foundation
• Innosuisse – the Swiss innovation agency

http://www.epg.ethz.ch/
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