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Introduction

Why is the adoption of renewable energies important?

* Research question: Is innovation determining the adoption of renewable energies?

* Approach:

Use reduced form input demand function derived from classical profit maximization problem

Demand for renewable energy depends on price of electricity, cost per KW from solar or wind, price of fuel (with and
without taxes), 1990-2015

But because of the commodity price super cycle, metal inputs for solar or wind capital goods are correlated with price of
tuel, and therefore the cost per KW from solar or wind is also correlated with the price of fuel

We develop a two stage approach to isolate the effect of innovation on adoption:

1) Renewable energy innovation: cost per KW from solar or wind depends on stock of knowledge for solar or wind (patents)
2) Demand for renewable energy: Demand for renewable energy depends on predicted cost per KW from solar or wind

based on technological change only and price of fuel




Introduction

Why is the adoption of renewable energies important?

e Results:

¢ Innovation induces renewable energy adoption

*  Fuel price and fuel taxes are either non-significant or influence at a smaller scale adoption

*  We should expect adoption to continue even if fuel prices decline, and strengthen when fuel prices increase

e Discussion

*  Broad evidence that induced technological change is observed, including energy markets

* Evidence of induced technological change in renewable energy markets just starting to stack up: Fuel prices and taxes induced
technological change in renewables energy (Aghion et al 2012; Noailly and Smeets 2015; Calel and Dechezleprétre 2016)

*  But we did not know if innovation (renewable energy cost reduction) led to adoption of renewable energy.

* And indeed, we find evidence that technical change led to renewable energy production cost reduction and induced its adoption

. Further research

*  What is driving technological change: technological opportunity or fuel prices?




Introduction

Why is the adoption of renewable energies important?

Pollution

*  Between 1960-2010 the CO2 (kt) emissions increased 282% (Nasa, 2018).

Energy production efficiency

* Efficiency of solar panels to convert energy into electrical power was 6% in 1970, while nowadays it is 32% (NREL, 2018).

Climate change

*  The rise of global temperature negatively impacts biodiversity, ecosystems, the sea level, among others (IPPC, 2018).

Nonrenewable natural resource exploitation

*  Between 2006-2015 oil, coal and gas production has increased 11%, 22% and 23% respectively (British Petroleum, 2018).

Energy consumption preferences

*  Between 1990-2014 the wotld’s energy consumption mean of renewable energies increased 10.5% (Wotld Bank, 2018)
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Data

Sources

* Energy generation:

* Electricity and heat generation database from the IEA (2017)
* Resource Factor Endowment Distributions:

* The Global Solar Atlas (2017).

* The IRENA Global Atlas for Renewable Energy (2017).

* Energy prices:

* Electricity output prices: Energy Prices and Taxes database of the IEA (2017).

* Fossil fuel prices: Energy Prices and Taxes database of the IEA (2017).

* Solar PV module prices: Berkley Electricity Markets & Policy Group (2017; Galen and Darghouth, 2016).
* Wind turbines prices: Berkley Electricity Markets & Policy Group (2017; Wiser and Bolinger, 2017).

®* Fuel taxes:

* Energy Prices and Taxes database of the IEA (2017).

* Knowledge stocks and spillovers:

*  World Intellectual Property Organization (2017).




Data

Cost per KW from solar or wind energy

Cost of producing renewable energy

R/
0’0

Cost of capital goods in efficiency terms = cost per KW from solar or wind
Cost of renewable resource = 0
But we have to account for differences across countries in availability of renewable resource

US efficiency prices for solar PV modules and wind turbines by the relative resource availability of solar irradiance and

wind speed.

a InKP; o InKP; ,
Sit — Solar RRA.;’ Wit © Wind RRA.;

; K
Wind Speed; (%) Solar Irradiance d; (m—‘;’)

Relative resource availability (RRA): -
v ) Max(Wind Speed(%)) " Max(Solar Irradiance (%))




First Stage

Predicted cost per KW from solar or wind

Solar prediction pt/Endowment distribution Wind prediction pt/Endowment distribution

Uk and the Netheriands share the same trajectory because both have the same wind speed distribution.
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Commodities Super-Cycle

Commodity price indexes, annual

US$ constant, 2010=100
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Data

Knowledge Stocks

Cumulative Patents

Solar Knowledge Stocks
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Data from the World Intellectual Property Rights (2017)

% Knowledge stocks calculation: KS;; = (1 — 8) * KS;;_1 + Py

“* Where KS;; are the country’s knowledge stocks, § is the depreciation rate (15%) of knowledge and Pj; are the
current period patents (Aghion et al, 2012; Hall and Mairesse, 1995; Park and Park 2006; Bointner; 2014) .
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First Stage

Time series OLS

(1 )
Solar Total Installation Wind Total Installation
VR Efficiency Pt Efficiency Pt
Lag In(US Solar Knowledge Stocks) -0.1930*** 3
(0.039)
Lag In(Metals and Minerals Commodity pt) 0.1197 0.4765***
(0.145) (0.053) o
Lag In(US Wind Knowledge Stocks) -0.1395***
(0.020)
Constant 4.1205*** 2.2121%**
(0.618) (0.217)
Observations 24 25
R-squared 0.871 0.635
Country usS usS

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

All coefficients have expected signs.

Biased technological change has been significant to
reduce the efficiency prices of solar PV modules and
wind turbines (less important).




Second Stage

Solar Energy Adoption

@ ) ©) 4 ©) (6) () ®)
Solar Solar Solar Solar Solar Solar Solar Solar
VARIABLES Electricity Electricity Electricity Electricity Electricity Electricity Electricity Electricity
% of Total % of Total % of Total % of Total % of Total % of Total % of Total % of Total
Inspt -0.5101*** -0.5026*** -0.4446*** -0.4595**
(0.084)  (0.072)  (0.091) (0.173)
Ineindex22 0.2379 0.3285 0.4389* 0.3261 0.1223 0.1325
(0.229)  (0.250)  (0.225)  (0.259) (0.188)  (0.183) _ . S _
Inavg33 01302  0.1658*  0.1308 00930 -0033 * Evidence suggests that technological change is inducing
(0131)  (00%2)  (0.128) (0.002)  (0.079) solar energy adoption although fuel price decreases..
Inavgll 0.2988***  -0.0126 -0.1687**
(0.055)  (0.108) (0.062) : :
L.Inspt -0,4968%** * Robustness checks in Columns 6, 7 and 8 suggest that (1)
(0.090) coefficients in Column 3 are robust, (ii) Columns 7 and 8
L.Ineindex22 0.2966 SR !
(0.242) show the effects of the endogeneity implied by the effect
L.Inavg33 0.1370 of the commodity super cycle (metals and mineral prices
(0.132) effect).
Inspt2 -0.8109*** -0.9713***
(0/127), 2 H(0:137)
Constant 2.3279%**  1.1758 -0.1447  -4.2328***  -0.0097 0.2131  4.0146%** 5 2057***
_ (0.362) (1.053) (1.857) (1.341) (2.622) (1.748) (1.303) (1.289) Inspt  Prediction of solar PV pt/endowment dist.
Observations 826 726 651 678 651 624 678 678 Ineindex22 Electricity output pt
R-squared 0.317 0.347 0.367 0.344 0.367 0.391 0.524 0.535 | 33 Fuelt AR
Number of unit_id 34 30 27 27 27 26 27 27 L N s
FE YES YES YES YES YES YES YES YES Inavgll  Fuel pt

Robust standard errors in parentheses Inspt2  Original solar PV pt/endowment dist.

% n<0.01, ** p<0.05, * p<0.1




Second Stage

Wind Energy Adoption

@ ) ©) 4 ©) (6) @ 8)
Wind Wind Wind Wind Wind Wind Wind Wind
VARIABLES Electricity Electricity Electricity Electricity Electricity Electricity Electricity Electricity
% of Total % of Total % of Total % of Total % of Total % of Total % of Total % of Total
Inwpt -2.2656*** -2,3011*** -2.3906*** -1.0330***
(0276)  (0.320)  (0.363) (0.333)
Ineindex22 0.4005 0.3279 0.2070 0.1572 0.6908 0.2343
(0331) - (0362) - (0.382)  (0.377) (0.469)  (0.3%98) o  Eyidence suggests that technological change is inducing
Inavg33 0.0952 0.3112*** 0.0638 1.3564***  0.2704** 3 ; ;
(0.146) (0.084) (0.126) (0.280) (0.098) wind energy adoption although fuel price decreases.
Inavgll 0.9689***  0.7066*** 0.9864***
(e Qe o) (0.127) '« Robustness checks in Columns 6, 7 and 8 suggest that (i)
L. Inwpt -2.5463%** . . 3
(0.39) coefficients in Column 3 are robust, (ii) Columns 7 and 8
L.Ineindex22 0.2456 show the effects of the endogeneity implied by the effect
(0.378) of the commodity super cycle (metals and mineral prices
L.Inavg33 0.0534 fF,
(0.145) cttect).
Inwpt2 0.3755** -0.0981
(0.136)  (0.111)
Constant 5.6691%%*  3.9502%  4.0216* -6.7635*** -16180  5.0253** -11.2236%** -6.3279%**
TR (0;;3:1') (1'7%25) (2'7229) (1'7‘:)23) (1'72524) (2('527957) (1'7%(;7) (1'7%620) Inwpt  Prediction of wind turbine pt/endowment dist.
R-squared 0.541 0.586 0.623 0.664 0.680 0.635 0.467 0.664 Ineindex22 Electricity output pt
Number of unit_id 34 30 27 27 27 27 27 27 Inavg33  Fuel taxes
FE YES YES YES YES YES YES YES YES Inavgll Fuel pt

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

Inwpt2  Original wind turbines pt/endowment dist.
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Conclusions

Principal Results

Evidence suggests that innovation induces renewable energy adoption of solar and wind energies.
Results are consistent with patterns of adoption observed in the last 10 years.
We should expect adoption to continue even if fuel prices decline, and strengthen when fuel prices increase.

Finally, this study fills a gap in the literature studying if innovation is inducing the adoption of solar and wind
energies by using an input demand function.

Further Research

What is driving technological change: technological opportunity or fuel prices? Where:
We suggest a three stage regression analysis: < Artgg, Cityr, Ope g, PPDe,g mean articles,
citations, other patents, past patents,

respectively.

* First stage: Patents, g (Artt,R, City g, OPe g, Ppt,R)
“» Re(Solar, Wind)

3 Seeond ST anPt’R S e anSt’R ny lthlSt Rt <% KS are the US knowledge stocks calculated

with the patents prediction estimated in the




References

Acemoglu, D. (2002). Directed Technical Change. The Review of Economic Studies, 781-809.

Acemoglu, D., Aghion, P, Bursztyn, L., & Hemous, D. (2012). The Environment and Directed Technical Change. American Economic Review.
Agency, I. E. (2017). OECD library. Retrieved from OECD library database: https://www-oecd-ilibrary-org.virtual.anu.edu.au/energy/data/ica-energy-
prices-and-taxes-statistics_eneprice-data-en

Agency, L. E., & OECD. (2001). Competition in Elecriticy Markets. IEA & OECD.

Aghion, P, Dechezleprétre, A., Hémous, D., Martin, R., & Reenen, J. V. (2016). Carbon Taxes, Path Dependency, and Directed Technical Change:
Evidence from the Auto Industry. Journal of Political Economy.

Analysis, T. B. (2017). The Bureau of Economic Analysis. Retrieved from Fixed Assets: https://www.bea.gov/iTable/index_FA.cfm

Baffes, J., & Cosi¢, D. (2013). Commodity Markets Outlook. Development Prospects Group, The World Bank.

Bank, W. (2017). The World Bank. Retrieved from World Development Indicators: http://databank.wotldbank.org/data/reports.aspxrsource=world-
development-indicators

Barbose, G. L., & Darghouth, N. R. (2016). Tracking the Sun IX: The Installed Price of Residential and Non-Residential Photovoltaic Systems in the
United States. Lawrence Berkeley National Laboratory.

Baudry, M., & Bonnet, C. (2017). Demand pull isntruments and the development of wind power in Europe: A counter-factual analysis. Working Papers
1705, Chaire Economie du climat.

Bloomberg. (2017). New Energy Outlook . Bloomberg New Energy Finance.

Bointner, R. (2014). Innovation in the energy sector: Lessons learnt from R&D expenditures and patents in selected IEA countries. Energy Policy.
Bun, M. J., & Sarafidis, V. (2013). Dynamic Panel Data Models. In B. H. Baltagi, Oxford Handbook on Panel Data. Oxford University Press.

Cai, J., Li, N., & Santacreu, A. M. (2017). Knowledge Diffusion, Trade and Innovation Across Countries and Sectors. Working Papers, Federal Reserve
Bank.

Calel, R., & Dechezleprétre, A. (2016). Environmental Policy and Directed Technological Change: Evidence from the European Carbon Market. The
Review of Economics and Statistics.




References

Comin, D., & Hobijn, B. (2010). An Exploration of Technology Diffusion. American Economic Review .

D.Uri, N. (1978). The demand for fossil fuels by electric utilities in the United States. Energy Conversion.

Duran, X. (2013). The First U.S. Transcontinental Railroad: Expected Profits and Government Intervention. The Journal of Economic History.
Duran, X., & Bucheli, M. (2017). Holding Up the Empire: Colombia, American Oil Interests, and the 1921 Urrutia-Thomson Treaty. The Journal of
Economic History.

E.Bopp, A., & DavidCostello. (1990). The economics of fuel choice at US electric utilities. Energy Economics.

Found, I. M. (2018). International Monetary Found. Retrieved from IMF Primary Commodity Prices:

http:/ /www.imf.org/external/np/res/commod/index.aspx

Garrone, P, Piscitello, L., & Wang, Y. (2014). Innovation Performance and International Knowledge Spillovers: Evidence from the Renewable Energy
Sector in OECD Counttries. Industry and Innovation .

Goldenberg, S., & Bengtsson, H. (2016, 03 03). Oil and gas industry has pumped millions into Republican campaigns. Retrieved from The Guardian:
https:/ /www.theguardian.com/us-news/2016/mar/03/oil-and-gas-industry-has-pumped-millions-into-republican-campaigns

Griliches, Z. (1980). Hybrid Corn Revisited: A Reply. Econometrica.

Group, T. W. (2017). Commodity Martkets Outlook. The World Bank Group.

Group, T. W. (2017). GLobal Solar Atlas. Retrieved from Global Hotizontal Irradiation: http://globalsolaratlas.info/?m=sg:ghi

H.Hall, B., & Mairesse, J. (1995). Exploring the relationship between R&D and productivity in French manufacturing firms. Journal of Econometrics.
Habakkuk, H. J. (1962). American and British Technology in the Nineteenth Century. Cambridge University Press.

Hall, B. H., & Khan, B. (n.d.). Adoption of New Technology. 2003: NBER Working Papers 9730, National Bureau of Economic Research, Inc.
Haskel, J., Clayton, T., Goodridge, P, Pesole, A., Barnett, D., Chambertlin, G,, . . . Turvey, A. (2009). Innovation, knowledge spending and productivity.
NESTA is the National Endowment for Science, Technology and the Arts.

Henisz, W. J., & Zelner, B. A. (2000). Interest Groups, Veto Points, and Electricity Infrastructure Deployment. International Organization.

Hicks, J. R. (1932). The Theory of Wages. The Economic Journal.




References

IEEFA, L f. (2018). Institute for energy economics and financial analysis. Retrieved from IEEFA China: A ‘Sea Change’ in Energy Policy:

http:/ /ieefa.org/ieefa-china-a-sea-change-in-energy-policy/

IRENA. (2017). Global Atlas for Renewable Energy. Retrieved from DTU Global Wind Atlas 1km resolution:
https://irena.masdat.ac.ae/gallery/#map/103

Johnstone, N., Has¢ic, 1., & Popp, D. (2010). Renewable Energy Policies and Technological Innovation: Evidence Based on Patent Counts. Environmental
and Resource Economics.

Lab, B. (2017). Betkley Lab. Retrieved from Electricity Markets and Policy Group: https://emp.Ibl.gov/publications

Leonard-Barton, D. (1992). Core capabiliteis and core rigidities: a paradox in managing new product development. Strategic Management Journal.
Marston, J. (2013, 04 26). Environmental Defense Fund. Retrieved from The oil and gas industry's assault on renewable energy:
https://www.edf.org/blog/2013/04/26/ oil-and-gas-industry%eE2%80%99s-assault-renewable-energy

Mian, Atif, Sufi, A., & Trebbi. (2010). The Political Economy of the US Mortgage. American Economic Review.

Mints, P. (2016, 5 8). Renewable Energy World. Retrieved from 2015 Top Ten PV Cell Manufacturers:

https:/ /www.renewableenergyworld.com/articles/2016/04/2015-top-ten-pv-cell-manufacturers.html

Moné, C., Hand, M., Bolinger, M., Rand, J., Heimiller, D., & Ho, J. (2017). 2015 Cost of Wind Energy Review. National Renewable Energy Laboratory.
Newell, R. G, Jaffe, A. B., & Stavins, R. N. (1999). The induced innovation hypothesis and energy-saving technological change. The Quarterly Journal of
Economics.

Noailly, J., & Smeets, R. (2015). Directing technical change from fossil-fuel to renewable energy innovation: An application using firm-level patent data.
Journal of Environmental Economics and Management.

Organization, T. W. (2018). The Wotld Intellectual Property Organization. Retrieved from PATENTSCOPE: http://www.wipo.int/patentscope/en/
Pargal, S., & Wheeler, D. (1996). Informal Regulation of Industrial Pollution in Developing Countries: Evidence from Indonesia. Journal of Political
Economy.

Park, G., & Park, Y. (2006). On the measurement of patent stock as knowledge indicators. Technological Forecasting and Social Change.

Peretto, P. (2009). Energy taxes and endogenous technological change. Journal of Environmental Economics and Management.




References

Popp, D. (2002). Induced Innovation and Energy Prices. AMERICAN ECONOMIC REVIEW.

Popp, D., Newell, R. G,, & Jaffe, A. B. (2010). Energy, the environment, and technological change. In B. H. Halland, & N. Rosenberg, Economics of
Innovation. Burlington: Academic Press.

Rogers, E. M. (1962). Diffusion of innovations. Free Press of Glencoe.

Rogowsky, R. A., & Laney-Cummings, K. (2009). Wind Turbines: Industry & Trade Summary. United States International Trade Commission.

Roper, S., & Hewitt-Dundas, N. (2015). Knowledge stocks, knowledge flows and innovation: Evidence from matched patents and innovation panel data.
Research Policy.

Rosenberg, N. (1972). Factors affecting the diffusion of technology. In N. Rosenberg, Explorations in Economic History. Elsevier.

Rubio-Varas, M., & Mufioz-Delgado, B. (2017). 200 years diversifying the energy mix? Diversification paths of the energy baskets of European eatly
comers vs. latecomers. Working Papers in Economic History.

Sawin, J. L., Seyboth, K., & Sverrisson, F. (2017). Renewables Global Status Report. REN21, Renewable Energy Policy Networkfor the 21st Century.
Sawin, J. L., Sverrisson, F, & Rickerson, W. (2015). Renewables Global Status Report. REN21, Renewable Energy Policy Networkfor the 21st Century.
Sawind, J. L. (2012). Renewables Global Status Report. REN21, Renewable Energy Policy Networkfor the 21st Century.

Schumpeter, J. A. (1939). Business Cycles: A Theoretical, Historical, and Statistical Analysis of the Capitalist Process. McGraw-Hill Book Company.
Snyder, J. (1991). On Buying Legislatures . Economics and Politics.

Thrane, S., Blaabjerg, S., & Moller, R. (2010). Innovative path dependence: Making sense of product and service innovation in path dependent innovation
processes. Research Policy.

Williams, H. (2013). The intellectual Property Rights and Innovation: Evidence from the Human Genome. Journal of Political Economy.

Wiser, R., & Bolinger, M. (2016). 2016 Wind Technologies Market Report. U.S. Department of Energy Office of Scientific and Technical Information.
Zuleta, H. (2008). Energy saving innovations, non-exhaustible sources of energy and long run; what would happen if we run out of oil. Revista de
Economia del Rosario, Universidad del Rosario.




Theoretical Framework

What we know about the determinants of renewable energies adoption

The reduced form model: Input demand function

* Electricity generators choose from the mix of energy sources the quantity of electricity to be produced and sell

to final consumers.

* Different energy sources are inputs for electricity production.

The rate of adoption of different energy sources 1s determined by the demand of electricity generators for each

. type of energy.

* As a result, the decision to adopt renewable energies can be modeled as an input demand function derived from
classic profit maximization (Urt, 1978; Bopp & Costello, 1990).

max (R, F) = pgR*FF — pgR — psF (1)

“* Where Re(Solar, Wind), Fe(fuel energies, fuel taxes), E: Elecricity output.




Theoretical Framework

Reduced form model

The competitive assumption is that the price of the energy (p) 1s not a function of R and I

A classic profit maximization model, where electricity is the final good, renewable energies (R)

and fossil energies (F) are inputs of production and behave like substitutes.

Therefore, the input demand function for renewable energies should be a function of the

clectricity prices and the energy input prices: R* (Dg, Prpop,)r Pf (0, 1))




Theoretical Framework
Model

Maximization Problem

* maxTI(R,F) = pgR*FF — pgR — psF

Input Demand Function for Renewable

. Energies -
e InRW(Pg, Pg, Pf) = ————Ina — ———Inf + —— InPy + —— ( InPg) + —— (InF;)

a+B—1 a+B—1 1-a-R a+B—1 a+B—1
\ Y T e g
Bo B1 B2 B3
Fhe Reduced form Model
* 1nRW(Pg, P, Pr)=Bo + B11nPs — BylnPrcp, py +B85 nPrepr)



Theoretical Framework

What do we know about the determinants of renewable energies adoption?

* Factor endowments, biased technical change and innovation:

* Solar photovoltaics (PV) and wind turbines industries have been characterized by a large market expansion,
rising demand, excess inventory, declining government support, and a significant price reduction, during the past
decade (Sawind, 2012; Sawin, Sverrisson, & Rickerson, 2015; Sawin, Seyboth, & Sverrisson, 2017; Mints, 2016).

. * Renewable energy resources like solar irradiance & wind speed are non tradable goods, and their endowment are

heterogenous aACrOSS countries.

* Differences in factor endowment and in capital goods prices are key mechanisms that induce biased

technological change which may be determining the rate of adoption of these technologies (Hicks, 1932;
Habakkuk, 1962; Acemoglu, 2002, 2012; Zuleta, 2008).

* Knowledge stocks and spillovers facilitates technical contributions on a new technology improving its quality

and reducing its cost (Rosenberg, 1972; Popp et al, 2010; Hall & Khan, 2003; Aghion, 2012; Acemoglu; 2012;
Dechezlepreétre, 2014; Pargal & Wheeler, 1996; Poop, 2002, 2006;. Rosenberg, 1972; Hall & Khan, 2003).




Theoretical Framework

What we know about the determinants of renewable energies adoption

* Policy instruments and lobby:

* 'The rate of innovation and adoption of a technology can be positively or negatively affected by political
decisions influenced by lobbies (Comin and Hobijn, 2010).

* Environmental policies have induced clean patenting & innovation. In particular, optimal policy in renewable

energy adoption involves both “carbon taxes” and research subsidies (Acemoglu, 2012; Peretto, 2007; Newell et al,
1999; Aghion et al 2012; Calel & Dechezleprétre, 2014).

* 'The interaction between political institutions and interest groups (lobbies) will produce a political equilibrium

that will accelerate or slow down the adoption of a these technologies (Hall & Khan, 2003; Comin and Hobijn, 2010;
Heiniz & Zelner, 2006; Pargal & Wheeler, 1996).

* Government interventions in technology markets can incentivize or block the adoption of a technology by

changing the relative cost of production between competing technologies (Comin and Hobijn, 2010; Acemoglu et al,
2012; Peretto, 2009; Pargal & Wheeler, 1996; Aghion et al, 2012; Heiniz & Zelner, 2006; Duran, 2013; Duran and Buchel,
2017; Newell et al, 1999; Bointner, 2014; Calel & Dechezleprétre, 2014).




Data

Dependent Variable Descriptive Statistics

Variable Obs Mean |Std.Dev.| Min Max
Full sample
Wind Energy as % of total 918 @ 476 | o000 | 4882 * ltaly is leading the adoption of solar
Solar Energy as % of total 893 0.3 1.05 0.00 8.11 SRR
\ : .
Fossil Fuels Energy as % of total 909 | s507 | 30724 | o001 | 100.00 Denmark leads the adoption of wind
1990 energy: .
: * Adoption heterogeneity of both
Wind Energy as % of total 34 0.08 0.40 0.00 2.35 TR .
S SO - S TR R technologies is important across counttries.
olar energy as 7 ot tota .00 B . k \
Solar cv=312%; wind cv=237%.
Fossil Fuels Energy as % of total 35 56.02 32.24 0.07 100.00 J )
* Adoption rates have increased more than 2
2015 ; . .
orders of magnitude during the period.

Wind Energy as % of total 34 7.07 9.44 0.01 48.82

Solar Energy as % of total 33 1.88 2.10 0.00 8.11
Fossil Fuels Energy as % of total 34 48.3 29.19 0.02 97.85

Data from the International Energy Agency (2017)




Data

Independent Variables Descriptive Statistics

Variables Obs Mean |Std. Dev| Min Max p25 p50 p75

Blectricity Output Prices USDIndex | 280 10020 2065 5601 [EEMEEE 0110 10232 120.39

1990=100

Average solar irradiance (Kw/m"2) 910  1259.39 397.99 225.00 215450 1022.00 1168.00 1533.50
Average Wind speed (m/s) 910 6.44 1.33 3.75 9.00 5.50 7.00 7.50
Average solar irradiance Distribution 910 0.58 0.18 0.10 1.00 0.47 0.54 0.71
Average Wind speed Distribution 910 0.72 0.15 0.42 1.00 0.61 0.78 0.83

e s e | 702 17057 8935 4541 44508 9968 13632 23288

Averagefuck e JSDPPPIr | 702 10349 10718 4945 71393 11903 16021 23589
Private Solar Knowledge Stock 875 8.28 55.03 0.00 777.65 0.00 0.00 0.00
Private Wind Knowledge Stock 875 7.04 25.10 0.00 236.25 0.00 0.00 1.85

Public Solar Spillover Stock 875 281.58 407.24 0.00 1262.25 9.65 44,45  430.55

Public Wind Spillover Stock 875 239.40 306.72 0.00 05225 1445 82.05 374.35

Data from: the International Energy Agency (2017), the World Bank (2017), the Global Solar Atlas (2017),
the Global Atlas for Renewable Energy (2017), the Electricity Market & Policy Group (2017) and the World

Intellectual Property Rights (2017).

Factor endowment of solar irradiance (cv=32%) and wind
speed (cv=20%) is heterogenous across counttries.

Fuel prices increased significantly more than electricity
prices.

Differentials in fuel taxes are generating diverse incentives
to adopt renewable energies across countries (cv=55%).

However, the 75% of the fuel taxes distribution is only
21% above the mean.

Average knowledge stocks increased around 4 times during
the period (in 2015 solar=36; wind=27).

The US and Japan have the lion’s share innovative activity
for solar panels while Germany and the US are the major
knowledge producers for wind turbines.

Overall innovation activities in both technologies are very
significant. Spillovers are almost two orders of magnitude

higher than knowledge stocks.




Data

US Variables Descriptive Statistics

Variables Obs Mean |Std. Dev| Min Max p25 p50 p75

Solar panel efficiency prices USD/Kw
1990=100
Wind turbines efficiency price
USD/Kw 1990=100
Metals & minerals commodity index
USD 1990=100

Private Solar Knowledge Stock 25 51.21 78.23 0.00 238.20 0.85 5.40 70.70

26 76.20 21.94 32.14 100.00 66.66 84.06 94.05

26 62.84 13.99 4362 100.00 52.15 60.07 73.56

26 14474 T71.77 71.08 30959 8224 101.21 221.53

Private Wind Knowledge Stock 25 59.11 69.85 0.00 216.70 6.80 30.25 80.75

Data from: the Electricity Market & Policy Group (2017) and the World Intellectual Property Rights (2017).

* Solar PV modules and wind turbines efficiency prices experienced reductions of 57% and
68% respectively.

* The metals and minerals commodity prices grew 309% because of the commodities super-
cycle.

* The US solar and wind knowledge stocks increased 3 orders of magnitude during the period
studied.




Data

Issues

* J.ack of data:

* Solar PV modules and wind turbines are only for the US.
* Metals and minerals prices are not for country-level.
* Silicon prices would be a more accurate input to explain changes in solar PV modules prices.

* Solar and wind subsidies may be important to understand the effect of induced technological change over solar and

wind technologies prices.
* Endogeneity:
* Commodity prices are highly correlated between 2000 and 2010 because of a commodity prices super-cycle.

* Therefore, the input prices (metals and minerals, and silicon) for solar PV modules and wind turbines are highly

correlated with fuel prices.




Empirical Strategy

Basic Model

To examine if biased technological change, policy instruments and fuel prices are determining the adoption of

solar and wind energies, I use a two-stage regression analysis.

In the first stage, I use a OLS time series regression to test if the total installation efficiency prices of solar panels

and wind turbines are affected by technological change and their input prices.

To estimate the effect of biased technological change in the second stage, I calculate the predictions of these
regressions using the coefficient that measures the effect of technological change and avoid the effect of the input

prices.

In the second stage, I use a fixed effect model to test if the variables implied in the input demand function for

renewable energies are significant to induce the adoption of solar and wind energies:

* Energy prices. * Fuel taxes. * Electricity output prices.




Empirical Strategy

Addressing the Specification Problems

Problems Solutions
. * Spurious relationship > ® Theory & Cointegration test -
* Endogeneity * Panel data and lag variables
* Unobserved heterogeneity * Robust standard errors




Empirical Strategy

First Stage

* In equation (6) and (7), t is the time index, KP; and KP,, are the US solar and wind total installation efficiency prices, KSg and

KS,, are the US knowledge stocks of solar and wind energies, Mtls are the metals and minerals commodity prices, € is the error

term, @ is the constant of the regression and @y @, are the variable coefficients.

InKP; s = ag + a;InKS; ¢ + aInMtls, + & (6)

InKP;,, = ap + a1InKS; , + ayInMtls, + & (7)

* To approximate for the cost heterogeneity implied by the factor endowment distribution across countries, I divide the
technological predictions of the US efficiency prices for solar PV modules and wind turbines by the endowment of solar

irradiance and wind speed.

B InKP; ¢ p InK P,
Sit = Solar Irradiance Dist.;’ Wit = Wind Speed Dist.;
i l
% m 3 Kw.
Wind Speed; (?) Solar Irradiance d; (W)

R/ a 5 R
*%* where the resource distributions are:

Max(Wind Speed(%)) ’ Max(Solar Irradiance (%))




Empirical Strategy

First Stage

InPt
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Solar prediction pt/Endowment distribution

Wind prediction pt/Endowment distribution
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Uk and the Netherlands share the same trajectory because both have the same wind speed distribution.




Empirical Strategy

Second Stage

* Using a fixed effects methodology I estimate the log of the input demand function for renewable energies, derived from a

profit maximization of a Cobb-Douglas electricity production function.

* In Equations (7) and (8), i, t are the country-time indexes, RS and RW are the solar and wind electricity measure of

adoption (electricity production shares), pg is the electricity market price, ps and p,, are the cost of solar and wind and

energies, pr and T are the fuel prices and taxes, @; is the individual effect, B 4 are the variable coefficients and u; ; is the

error term:

InRS;¢ = ag + p1InPg,, — B> ln13sl.’t +B3 Py, + BalnTy ¢ + uy (7)

InRW;; = ag + B1InPg,, — p> lnﬁwi,t +B3 Py, + PalnTy,  + uy (8)




Empirical Strategy

Estimation Issues

* A three-stage regression analysis should be incorporated to study the determinants of technological innovation
(technological opportunity) of solar PV module and wind turbines industries (Aghion et al, 2012; Calel & Dechezlepretre,
2014).

* A dynamic panel estimation should be considered to control for possible endogeneity. The inclusion of lags of the

dependent variable seems to provide an adequate characterization of many economic dynamic adjustment processes (Bun

& Sarafidis, 2013).

* The substitutability between solar and wind energy production should to be better explored. Although evidence may
indicate that both energy sources are substitutes, seasonal, location, diurnal and infrastructure complementarities may

produce that wind and solar energies behave like complements (Wu et all, 2015; NREL, 2016).

* Finally, it seems that fuel prices are affecting the innovation process of solar PV modules and, consequently, generating a
endogenous relation between fuel prices and solar energy prices. However, this effect is complex and difficult to identify

because of the structure of the solar PV module industry (Sawin, J. L. et al, 2012; 2015; 2017) .
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Data

Fuel Taxes
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Data

Energy Production

Solar energy as % of Total Wind energy as % of Total ;
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Data

Solar PV Modules and Wind Turbines Prices }
|

Total Efficiency Installation Pt

USD/Kw
=
ST .
N T e * I reconstruct the solar photovoltaic (PV) installation

8 - Ny e prices between 1990 and 1998 due to incomplete data.
S Lo // DN * Using the wind and solar capital goods index from the
g% AN - N ; :
= NN / — BEA (2017), I predict the solar prices.

DN
¥ * Then, I compute the prediction growth rate and project
- only the missing years.
1990 1995 2000 2005 2010 2015 P,_; = P, x (1 — Prediction growth rate;)
Year
--------- Solar PV module — — — Turbines
Source: the Berkley Electricity & Policy Group (2017) < OLS regression: By = 17737; B, = —105.9; R2 = 0.89.




Data

Resource Factor Endowments Relationship

Wind vs Solar Average Endowments
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* Solar irradiance distribution (0,1) — Fitted values

Source: Global Solar Atlas (2017) and the IRENA Atlas for Renewable Energy (2017)




Second Stage

Principal, Elasticities

Elasticities | Technological change | Fuel prices
Solar -0.44 -
Wind -2.39 -
Wind -1.03 0.7

An increase of 1% in the prediction of solar PV modules prices
reduces the adoption of solar energy in 0,44%.

An increase of 1% in the prediction of wind turbines prices, when
tuel prices are not included, decreases the adoption of wind energy in
2O

A rise of 1% in the prediction of wind turbines prices, when fuel
prices are included, decreases the adoption of wind energy in 1,03%,
whereas an increase of 1% in fuel prices augments the adoption of
wind energy in 0,7%.




Introduction

Why is the adoption of renewable energies important?

Results:

¢ Innovation induces renewable energy adoption
*  Fuel price and fuel taxes are either non-significant or influence at a smaller scale adoption

*  We should expect adoption to continue even if fuel prices decline, and strengthen when fuel prices increase

Discussion
* Broad evidence of induced technological change
* Input prices and taxes induced technological change in renewables energy (Aghion et al 2012; Noailly and Smeets 2015; Calel
and Dechezleprétre 2010)
*  But we did not know if innovation (renewable energy cost reduction) led to adoption of renewable energy

*  We find evidence that technical change induced energy cost reduction and in fact led to adoption of renewable energy

Further research

*  What is driving technological change: technological opportunity or fuel prices?




Conclusions

Further Research

* As mentioned before, understanding the determinants of technological innovation is essential to understand the process of
adoption of solar and wind technologies for energy generation.

Therefore, the next step of this analysis is to incorporate a tree stage regression analysis where we can explore the role of

technological opportunity (articles, scientific publications, citations, other technologies patents and older patents) over the
production of new patents for solar and wind technologies.

Whetre:

* Specifically what we suggest is:

% Artyg, Cite g, Ope g, PPt g mean articles,
citations, other patents, past patents,

* First stage: Patents; g (Artt’R, Cite g, OPe g, Ppt,R) respectively.
*  Second stage: INKPpp = ag + a1InKS; g + ayInMtls, + & % Re(Solar, Wind)

* Third stage: IRy = @ + ByInPy,, — BoInKPg,, +f3 InPs,, + fulnTr,; +uy | % KS are the US knowledge stocks calculated
: ’ ' with the patents prediction estimated in the
first stage.

[,t are country and time subindexes.




