CHALMERS

UNIVERSITY OF TECHNOLOGY

Natural resource endowment is not a strong driver of wind or PV
development

Downloaded from: https://research.chalmers.se, 2024-07-01 06:52 UTC

Citation for the original published paper (version of record):

Gosens, J. (2017). Natural resource endowment is not a strong driver of wind or PV development.
Renewable Energy, 113: 1007-1018. http://dx.doi.org/10.1016/j.renene.2017.06.062

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology.
It covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004.
research.chalmers.se is administrated and maintained by Chalmers Library

(article starts on next page)



Renewable Energy 113 (2017) 1007—1018

journal homepage: www.elsevier.com/locate/renene

Contents lists available at ScienceDirect
Renewable Energy

AN INTERNATIONAL JOURNAL

Renewable Energy

Natural resource endowment is not a strong driver of wind or PV

development

Jorrit Gosens

@ CrossMark

Department of Technology Management and Economics, Division of Environmental Systems Analysis, Chalmers University of Technology, SE-41296,

Goteborg, Sweden

ARTICLE INFO

ABSTRACT

Article history:

Received 4 February 2017
Received in revised form

4 May 2017

Accepted 18 June 2017
Available online 21 June 2017

Keywords:

Natural resource endowment
Wind power

PV

Panel data analysis

Natural resources have previously been included in analyses explaining differences between renewable
energy deployment across countries or subnational regions. Most previous analyses used resource vol-
umes, or rough proxies for these, and results have been inconclusive. This study uses panel data analysis,
with indicators of both the quality and quantity of natural resources, and analyses effects on wind and PV
development by comparing countries of the world, and provinces or states of China, Germany, and the
US. Either measure of natural resources has limited explanatory power on differences in wind or PV
development between countries. Resource quality, not quantity, has a more consistent, positive effect
when comparing states or provinces of China, Germany and the US. Still, plenty of countries, states or
provinces with relatively poor quality natural resources have managed relatively high levels of wind or
PV development, and vice versa. The only exceptions are the US wind power market and the Chinese PV
market, where development is more strongly correlated with natural resources. The conclusion is that
natural resources are a small part in a larger set of drivers, and that low quality natural resources do not
preclude developing relatively high market shares of wind or PV power.

© 2017 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Much research has been devoted to the preconditions and
drivers of renewable energy development. One of the factors
considered is natural resource endowment. This refers to the
abundance and/or quality of natural resources required for the
generation of renewable energy; rivers, biomass, wind or solar
irradiation. Unlike fossil energy resources, these cannot be trans-
ported, and countries or states/provinces are therefore limited to
the utilization of locally available resources [1] (with the exception
of biofuels and solid biomass [2]).

There is a voluminous body of literature that has sought to
assess the abundance of such natural resources. Such assessments
translate e.g., prevailing wind speeds or solar irradiance into an
upper limit, or maximum potential, of MW of installations or MWh
of power generation form these sources. Such assessments fall into
different categories depending on the restrictions of the resources
that are included. The widest scope of assessment, which is referred
to as the resource potential or theoretical potential, reflects the
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total energy content of e.g., the wind within the area of study. Other
categories narrow this scope, and exclude resources e.g., in areas
with difficult terrain conditions for construction, or areas where
natural resources are too low for economically viable deployment
of wind or PV power, etc. [3,4]. Each additional exclusion results in a
smaller potential; see Fig. 1. Studies of the maximum potential for
different renewable energy technologies have been done at the
global level, national level, as well as subnational divisions [e.g.,
[3,5-7]1.

Other studies have focused on the quality, rather than the
abundance, of natural resources. Natural resource quality is, for
example, a key point in feasibility or economic performance
studies of e.g., wind or PV projects in specific locations or areas
[8—10]. Projects at sites with resources with higher energy den-
sity, i.e., stronger wind speeds or solar irradiation, result in a
higher productivity. Such projects result in more electricity
generated, with the same equipment, than would have been the
case in an area with lesser quality natural resources (see e.g.,
Fig. 2). This increases revenue and therefore the economic value,
measured for instance as Net Present Value, of the project. Such
feasibility studies consider a list of further items, including costs
for land, grid connection and access roads, but the quality of the
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Fig. 1. Categories of natural resource potential and assumptions with which they are derived.
Source: reproduced from [3].
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Fig. 2. Wind resource quality and resulting Net Present Value of wind farm development: map of the state of New York.
Reproduced from [8].



J. Gosens / Renewable Energy 113 (2017) 1007—1018

local natural resources is the single most important item in
determining a project's profitability [8].

Third, and the focus of this paper, differences in natural
resource endowment have been considered in explaining the
large variation in the use of different renewable energy technol-
ogies between countries, or between states or provinces within
countries. One common approach for explaining such variation is
with panel data analysis, in which a selection of variables is tested
for their relationship with the use of renewable energy [e.g.,
[1,11—20]]. The number of this type of analyses that includes
reference to natural resource endowment is still limited, however,
and results so far have been mixed. Different studies have iden-
tified either positive, negative, or insignificant effects from natural
resource endowment on different indicators of renewable energy
development, with little consistency in the sign of effects for
comparable outcome variables or technologies (see a sample in
Table 1). One of the few consistencies is that a number of studies
reported negative effects from wind resource endowment. Carley
[1] offers an explanation, arguing that US states with good wind
resources may feel less need for adopting support policies, whilst
in reality, both resources and policy incentives are needed to
ensure wind power development. This contracts with results from
Delmas and Montes-Sancho [21], who find that US states with
good wind or PV resources were actually more likely to adopt RES
incentive policies, but who find no effect on installed RES capacity,
and conclude that the relationship is a complex mix of natural and
institutional factors.

Another explanation for the inconclusive results may be the
measure of natural resource endowment used. Most studies have
used measures of the maximum technical potential, i.e., the total
volume of natural resources. To illustrate why this may be a
problem, consider that the NREL has estimated the maximum
technical potential in the US to be 32.7 PWh for onshore wind, and

Table 1

1009

283 PWh for PV [3]. Actual generation in 2015 was 191 TWh from
wind, or 0.9% of the maximum potential, and 21.3 TWh from PV, or
less than 0.01% of the maximum potential [22]. As these resources
are still so very far from exhausted, it is not very clear why it
should be expected that their (lack of) availability should have an
effect on current development of wind or PV power. A further
issue is that a number of studies have used rather indirect mea-
sures of the maximum potential, particularly in earlier studies on
wind power. Some have used total surface area (km?) of windy
areas (typically including areas in wind classes 3 or above)
[1,17,21], or even total surface area [13], as a proxy for generation
potential. Such rough proxies may have made it more difficult to
identify a, potentially limited, causal relationship with renewable
energy deployment.

There is a much clearer causal relationship between natural
resource quality, i.e., the energy density of the local wind or PV
resources, and subsequent deployment of these technologies. As
the studies on economic performance of renewable energy projects
clarify, developers consider multiple locations in an effort to
identify the location which will yield the best return on investment.
There is no reason to assume that, ceteris paribus, they would not
cross state lines in order to utilize better quality natural resources
there. Similarly, in countries with high quality wind or PV re-
sources, these technologies would yield better returns, making
these, ceteris paribus, more financially competitive alternatives.
This may be expected to drive stronger growth of RES deployment
in countries with better quality natural resources. Such measures of
natural resource quality have been used, but only in a more limited
number of comparative studies, focused on comparisons of RES
development between states of the US [16,19,21,23] (See also
Table 1).

Lastly, earlier analysis have regularly used outcome variables
that combined all RES technologies. Some studies, for example,

Sample of studies on effects of natural resource endowment on renewable energy development.

Study Geography Outcome variable

Measure of natural resource endowment

Result

[13] EU countries Contribution of all RES (%) to total

power consumption

Total surface area of each country (km?)

Positive or negative depending on estimation
method

[17]

(21]

(1]

[16]

(24]

(20]

(19]

(23]

EU, OECD &
BRICS countries
US states

US states

US states

US states

US states

US states

US states

Contribution of all RES (%) to total
power consumption

1) Likelihood of RES support policy
adoption;

2) Market size (MW), all RES
combined

1) Logged share of RES in total
power consumption

2) Total MWh from RES

Total number of RES support
policies adopted

Likelihood of adoption of 4 different
RES support policies

1) Market size (MW of wind
power);

2) Market growth (MW increase
over X yrs);

3) No. of large wind power projects
1) Likelihood of having any wind
turbine installations;

2) Log of annual additions (MW of
wind power)

Total number of solar support
policies

Wind areas (km?) class 3—7 at 50 m;

Solar resources in total MWh per year;

Land available in windy areas (km?), all wind
power classes, some geographic exclusions;
Solar potential as average daily total radiation®

Available land area (km?) in wind class 3 or
higher, excluding land with zoning restrictions;
Solar potential in total volume of MWh
Percentage of U.S. electricity consumption that
could be produced by state wind generation
("high-quality wind' at '25% efficiency")

Solar potential as average radiation (kWh/m?-d)*

Percent of electricity sales that can be provided
from renewable sources

Availability of high quality wind resources.
Exclusion for land use limitations and proximity of
transmission lines

State average wind power class

Annual average sunny days

Negative for wind resources;

Positive for solar resources

Positive effect on policy adoption from both
wind and solar resources;

No effect on market size from either wind or
solar resources

Negative effect for wind resources;

Positive effect for solar resources;

No effect of either wind or solar resources

No effect on adoption of any of the 4 policy
categories
Positive effect on all three indicators

Marginally significant positive effect on
likelihood (p < 0.10);
Positive effect on annual additions

Positive effect

Note: a number of studies also included reference to biomass resources; the overview presented here is focused on wind and PV.
2 From the description it is not entirely clear whether this referred to total volume of potential, calculated on the basis of kWh/m?-day, or intensity of solar irradiation as
kWh/m?-day.
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have used the sum of electricity produced by all RES technologies as
the outcome variable, and included wind, solar, and biomass gen-
eration potentials as explanatory variables in a single regression,
rather than using separate regressions to find effects of wind power
potential on wind power development, or PV potential on PV
development in different states or countries [1,13,16,17,21,24]. In
some cases, the outcome variable was a sum of all RES, including
hydropower, whilst hydropower resources were not included as an
explanatory variable [13,17], further reducing the potential causal
relationship. Admittedly, many of these studies include this
resource potential as a control variable, with the analysts indicating
the limits of the (operationalization of the) variable themselves
[e.g., [13,17]]. The quality of the operationalization of the natural
resource variable in earlier work is of course strongly tied to the
quality of the data available at the time, but improved measures are
currently available.

This study uses indicators of both the quality and quantity of
natural resources, and analyses their effects on the deployment of
wind and PV. Separate analyses compare wind and PV development
between countries of the world, and between provinces or states of
China, Germany, and the US.

2. Method and data

There are a number of different ways that natural resource
endowment might spur wind power or solar PV deployment.
Three different relationships will be considered here, corre-
sponding to different lines of inquiry found in earlier literature
(see also Table 1). First, countries (or provinces or states within a
country) with good natural resources may be more likely to
deploy wind power or solar PV. Second, they may tend to have
higher levels of deployment of either technology. Third, they may
tend to see more rapid deployment. The latter is not exactly the
same thing as having higher levels of deployment. Different
countries (or provinces, states) have started to use wind or PV
technologies at different moments in time. It has long been
established that renewable energy technologies tend to follow
logistic growth patterns, with increasingly rapid growth of
deployment at higher levels of deployment [25—27]. Regarding
growth speeds rather than absolute levels of deployment may
correct for bias with regard to the maturity of the sector between
individual countries.

There are also several different measures of natural resource
endowment that might matter. First, a high density of wind or solar
resources might better enable deployment of wind and PV, as high
wind speeds or solar irradiation levels yield high capacity factors,
and therefore higher profitability, for wind or PV projects. Second,
high total volumes of generation potential might better enable the
deployment of wind or PV, as these imply less of a restriction on the
total amount of wind or PV projects that may be deployed.
Although most countries are likely very far removed from
exhausting their total wind or PV potential (as argued in the
introduction), this measure of natural resources is included here
because many previous analyses have used such measures
(Table 1). Third, high per capita volumes of generation potential
might matter, in particular when the outcome variable regards
market shares of wind or PV. Such outcome variables correct for
country size (roughly speaking), and it therefore makes sense to do
the same with the explanatory variables.

2.1. National level comparison
The national level dataset includes all countries of the world.

Limitations on data availability for a number of control variables
restricted the number of countries included in regression analyses

to 132. The time period covered is 1980—2014.

2.1.1. Outcome variables

This study will analyse effects of natural resource endowment
on 1) likelihood of a country installing wind or PV; 2) wind and PV's
market share; and 3) the speed with which this market share
grows. The first variable is a binary outcome; the country has or
does not have any wind or PV. Market share is defined as wind or
PV power production (MWh), as a percentage of power consump-
tion from all sources. Market growth speed is defined as annual
increases in market share (i.e., market share.-market share_1). The
latter two variables are natural log transformed. As implied by the
logistic growth of new energy technologies, the original values of
market size and annual growth were highly skewed (and hetero-
skedastic, with larger variation at larger values).

Data on power generation from wind and PV was collected from
Eurostat for EU countries, UN data for the rest of the world, and
from BP's statistical review of world energy for countries or from
the Earth Policy Institute where these sources had more complete
time-series [28—31].

2.1.2. Natural resource endowment variables

Data on natural resources is from datasets from the National
Renewable Energy Laboratory [6,7]. For every country, these data-
sets provide 1) the total area in each class of wind or solar re-
sources, and 2) the resulting production potential (MWh) for the
area in each of those classes. This is calculated using a model wind
turbine (class IEC II), or a model PV panel (10% conversion effi-
ciency). The calculation for wind power output builds on mea-
surements of hourly wind velocities in 40 km grids, and further
considers outages and wake losses for individual turbines in a
model farm setup. The calculation for PV uses the average annual
solar irradiation; further details are provided in the datasets
themselves [6,7]. Terrain types unsuited for building wind or PV
farms are excluded in these datasets (see also Table 2). In this study,
only the potential in wind classes 3 or higher are included, in line
with previous analyses [1,17,21]. This is equivalent to a capacity
factor of 22% or above [7]. Offshore resources are also excluded, as
are areas more than 100 km from large electrical load centres. For
PV, fewer studies have specified a threshold in minimal resource
quality. This study follows He and Kammen [32], who suggest
average irradiance of 160 Wh/m?- hour, roughly equivalent to solar
class 7 and above (>3.5 kWh/m?-day) in NREL's database (each
class is an 0.5 kWh/m?-day in this database). The NREL dataset for
solar resources does not separate by distance to load centres, and
simply assumes 1.5% of all surface area is available for PV
deployment.

These selection criteria (summarized in Table 2) help create a
variable of readily available, or relatively high quality, natural re-
sources (somewhere between technical and economic potential in
Fig. 1). This potential is closer to the amount that could practically
be harvested for electricity generation, and prevents bias against
countries with vast areas with low quality resources and/or are
sparsely populated, or have long coastlines (offshore wind makes
up a fraction of global installations, whilst resources are
substantial).

From this data, three different indicators of natural resource
endowment are derived. First, a resource quality indicator; calcu-
lated as total generation potential (no thresholds), divided by total
surface area. The resulting value is in GWh/km?, indicating the
national average wind or solar resource density. Second, the total
volume of high quality resources; as total generation potential
(GWh; with minimum quality thresholds as listed in Table 2). Third,
a per capita volume of high quality resources (GWh/capita; with
thresholds).
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Table 2
Natural resource endowment: exclusions and thresholds used in this study.
Tech Used to compare Exclusions Quality threshold Source
Used in national level analysis
Wind Countries of the world ‘Protected, urban, and high-elevation areas are fully excluded, and certain Classes c3 and up, ‘distance to [7]
land cover types are fractionally excluded’. Onshore only. nearest large load’ of <100 km
PV Countries of the world ‘5% of land available for PV installation, of which 30% could be covered with Class 7 or up, i.e., more than 3.5 [6]
panels’ kWh/m?-day
Used in sub-national level analysis (separate regressions for each country)
Wind Provinces of China Elevation >3000 m, slopes >20%; forestry, cropland, wetland, urban built- Wind speeds exceeding 6 m/s [33]
up, water, snow and glacial, and protected lands
States of Germany Areas in forests, protected areas, national parks, nature reserves, built-up At least 1600 full-load hours [34]
areas, water bodies, glaciers and permanently snow covered areas
States of the US Urban areas, federally protected lands, water bodies, areas with slopes Modelled capacity factor exceeding [35]
greater than 20% 25.5% (net)
PV Provinces of China Elevation >3500 m; slopes >3%; forestry, cropland, wetland, water, snow At least /m?-h Global Horizontal [32]
and glacial, and protected lands; separate assumptions for rooftop PV in Irradiance
urban areas
States of Germany Unclear, separate assessments of rooftop and utility PV Undefined minimum yield value [36]
States of the US Water, wetlands, forests and national parks, areas with slopes >3%; separate None, or not specified [35]

land use exclusions for urban and rural utility scale, and for rooftop PV.

2.1.3. Further explanatory and control variables

Higher levels of per capita GDP result in a better ability to afford
modern renewables, which are relatively costly alternatives in early
development phases in particular [e.g., [11—15,37]]. High income
countries also have better technological capabilities to develop and
deploy modern renewables [18,38].

The development of the global industry is expected to accelerate
renewable energy development in individual countries. This is
measured in cumulative MW of installations (natural log), as is
usual in analyses of technological experience curves [24,25].

In analyses with outcome variable ‘market growth speed’, the
market share of wind or PV in the previous year is included. The
logistic growth curve implies that such higher market shares
enable greater annual market share increases [25—27].

A further minimal list of control variables is included, with its
selection following earlier analyses using panel data techniques to
identify factors that affect the development of renewable energies.

High levels of per capita electricity consumption, or total na-
tional volumes of electricity consumption, may make it more
difficult to attain large market shares of renewables, as there may
be limiting factors to the pace of growth of the industries required
to deploy renewables [39,40]. Growing power demand may create a
larger market for additions with wind or PV installations, although
Pfeiffer and Mulder [41] hold that countries with rapidly growing
power demand tend to concentrate efforts on the construction of
fossil and hydropower plants, rather than renewables.

Individual market shares of electricity generation are included
for most important alternative technologies (coal, hydro, and nu-
clear), following e.g., [11—14,37]. These different energy types may
affect the drive for renewables as they may make it easier or more
difficult to integrate substantial shares of renewables into the
electricity mix [42]. They may also affect energy import de-
pendency [41]; this is controlled for separately with energy imports
as a percentage of primary energy consumption. Concern over local
air pollution from electricity generation is further controlled for
with per capita emissions of SO,.

Data for control variables is mostly collected from the World
Bank's World development indicators [43]. Details on operation-
alization and sources for all variables are provided in Table A.1.

2.2. Sub-national level comparison

China, Germany and the US were selected for the subnational

analyses. Each has substantial markets for both wind and PV, is
large enough to expect considerable variation in natural resource
endowment between provinces or states, and has relatively easily
accessible statistics at province or state level. The three make for an
interesting selection as they have strikingly different economic and
political systems, including in the way that authority (in energy
policy making) is distributed between national and provincial or
state levels [cf. [44—47]].

2.2.1. Outcome variables

It was not possible to accurately determine market shares of
electricity generation from wind or PV (as in the national com-
parison; section 2.1.1), because of a lack of provincial/state level
data on electricity generation from these technologies. This could
have been estimated using data on installed capacity and capacity
factors (from natural resource assessments, section 2.2.2). This
would create strong endogeneity in our model, however, as this
capacity factor is also included in the set of explanatory variables.

As an approximation of market share, the dependent variables
will be Watt of installations of wind or PV, divided by MWh of
electricity consumption from all sources. This is still an indication of
whether or not development of wind or PV is more concentrated in
certain provincial or state level markets.

The range of data is 2001—2015. The exception is PV in China; for
which provincial level installation data was available only for years
2012—-2015. Data was collected from national statistics bureaus;
details on operationalization and data sources are provided in
Table A.2.

2.2.2. Natural resource endowment variables

Data on provincial or state level natural resource endowment is
derived from different sources for each country [32—36]. As in the
national comparison, these sources exclude areas unsuited to
construction of wind or PV projects, and have thresholds for min-
imal resource quality (Table 2). It was not possible to determine
resource volumes at exactly the same threshold and exclusion
levels for all three countries; these are determined by the authors of
the assessment studies, and differ somewhat over different sources.
The sub-national analyses for China, Germany and the US are done
in three separate regressions, however, so individual regressions
will not mix measures of resource quality with different threshold
and exclusion levels. Comparing the size of coefficients for resource
quality found in these separate regressions could be debatable
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because of the differences in measurement, but that will not be
attempted here. The analysis will focus on whether or not the co-
efficient in each separate regressions is significantly different from
zero.

Each of the studies reports average capacity factor for a model
turbine or PV panel in each province or state, as well as total vol-
ume of generation potential. This average capacity factor will be
used as the resource quality indicator. Total and per capita volume
of high quality resources are determined as in the national com-
parison (section 2.1.2).

2.2.3. Control variables

The set of control variables is the same as for the national
comparison (section 2.1.3), except that it does not include energy
imports or emissions of SO,, because of limited data availability for
such indicators at the sub-national level. Details provided in
Table A.2.

2.3. Estimation method

Our data is time-series cross-sectional data. The dataset for the
national level comparison contains observations for 132 countries
for which data for all explanatory variables was available, for the
period 1980—2014. The sub-national dataset contains observations
for all states/provinces of China, Germany or the US for the period
2001-2015. Because quite a portion of the between country (or
state/province) variation is not accounted for very well with our
(limited) set of control variables, panel-data methods are more
suited than pooled OLS [48]. For the outcome variable on the
likelihood that countries (or states/provinces) have deployed any
wind turbines or PV panels, a binary logit model is used. Our
models for market share and market growth speed include
correction for (first-order) autocorrelation, which was found to be
present (Table A.3). Each estimation was a random effects model;
the use of fixed effects is excluded by the fact that our key
explanatory variable, natural resource endowment, is time-
invariant and would be dropped in such a model.

3. Results
3.1. National level comparison

Results of the regression analysis are presented in Table 3. The

Table 3

Natural resource endowment and wind and PV deployment: national level comparison.

key result is that volumes of natural resources, either as per capita
or national totals, have no relation with any of the three measures
of development of wind or PV. The three different measures of
resource endowment are collinear, as higher average resource
quality makes for larger volumes of high quality resources. This
could result in explanatory power from one of the measures being
drawn away by the inclusion of another measure [49,50]. Separate
regressions, one for each measure of resource endowment, did not
lead to different results (Table A.4).

Countries with high resource quality are more likely to have
deployed wind turbines or PV panels; this is likely due to the better
profitability of these technologies in such countries (note that
deployment here means having more than just demonstration
projects (i.e., >100 MW of installations), for more explanation see
the last paragraph of this section). Because the dataset used for this
analysis is time-series data, this result is equivalent to countries
with high quality natural resources deploying these technologies
earlier than countries with lesser quality natural resources do. This
too, matches expectations: wind and PV equipment costs have
fallen over time, and countries with higher quality natural re-
sources will get to a point where these technologies are considered
affordable enough, sooner than countries with lesser natural re-
sources will do. Graphs of this likelihood versus the quality of
natural resources reveal that this relationship, although statistically
significant, is not one of the stronger drivers of these odds (Fig. 3).
For wind, countries in the two groups with highest wind resource
quality are most likely to have deployed wind turbines, but
throughout, the graph is rather flat. For PV, the relationship is even
less obvious, suggesting that other factors are at least as important
determinants for the odds of deploying PV.

Countries with better quality wind resources also tend to have
larger shares of electricity generation from wind. This too, can be
linked to the better profitability and/or decreased cost for policy
stimulus measures. No such relationship could be identified for PV
(more on this below). Higher quality solar resources were not
linked with more rapidly growing PV market shares.

More consistently positive effects were found with global
technological experience, measured as global installed capacity. As
cumulative installations have grown over time, technological costs
have fallen [24,25], which has made these technologies more
financially competitive. This has not only made it more likely that
countries adopted the technologies, but also spurred larger, and
faster growing markets for wind and PV. Per capita GDP has a

Wind

PV

Market exceeds 100 MW  Market share

Market growth speed

Market exceeds 100 MW  Market share Market growth speed

e

Resource quality (GWh/km?) 1.917 0.1827" 0.03366 3.873" -0.2591 -0.4215
(0.000) (0.012) (0.534) (0.015) (0.464) (0.209)
Per capita volume HQ -5.107 -2.824 0.3955 4.637 1.089 -0.07722
resources (GWh/cap) (0.120) (0.153) (0.767) (0.524) (0.393) (0.950)
Total volume HQ 6.4e-09 6.0e-08 —3.4e-09 1.2e-07 1.2e-08 —3.7e-08
resources (GWh) (0.974) (0.169) (0.875) (0.617) (0.695) (0.153)
Per capita GDP (2010 USD, In)  5.423"™" 0.5583""" 0.6294"" 2.704 0.7599"" 0.8056""
(0.000) (0.000) (0.003) (0.123) (0.018) (0.021)
Global installed 7.865"" 1.007"" 0.301"" 4838 107" 0.6511"""
capacity (MW, In) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
Market share 0.3607""" 0.187"""
wind/PV (%, lag 1)* (0.000) (0.004)
Control variables Included, see Table A.5 for results Included, see Table A.5 for results
Observations 4118 534 486 3795 187 172
Groups (countries) 132 51 51 131 34 33
p-values in parentheses. p-values: “p < 0.10, “p < 0.05, *"p < 0.01.

2 Refers to market share of wind in the previous period in the wind model, and PV for the PV model.
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Fig. 3. Quality of natural resources versus odds of having at least 100 MW of wind (left) or PV (right) installed.

Resources as GWh/km?, national average.

similar relation with deployment. Richer nations are more likely to
have deployed wind turbines, and have larger as well as faster
growing wind power markets. This supports the notion that
wealthier nations are better capable of affording the relatively
costly renewable alternatives, and/or have higher technological
capacities in the development and deployment of these novel
technologies [18,38]. For PV, high per capita GPD enables larger and
faster growing markets, but GDP is not related with the likelihood
of having deployed more than a few demonstration projects. This
may be because the utilization of PV beyond niche markets is a
recent phenomenon in most countries; only 19 countries had
markets exceeding 100 MW of PV installations in 2010. Results
further indicate that larger markets tend to grow faster, consistent
with the logistic growth pattern with which markets for novel
technologies grow [25—27]. For effects of further control variables,
please see the Appendix, Table A.5.

The analysis for which results are listed in Table 3 exclude ob-
servations from countries and years with less than 100 MW of in-
stallations. The motivation for doing so, is that it has previously
been established that the demonstration phase is subject to very
different market mechanics than the pre-commercial and

Table 4

Wind power deployment and natural resource endowment: sub-national comparison.

supported commercial phases [51—53]. In the demonstration
phase, small individual projects are developed for e.g., testing
purposes or as lighthouse projects. Such projects are much more
stochastic events, and much less driven by market driving forces
and institutional pressure or stimulus, which are still underdevel-
oped in these early ‘nursing markets’ [53,54]. For comparison, re-
sults including all observations are provided in Table A.6. Key
differences when including all observations are 1) per capita GDP
has a significant effect on market share and growth speed for both
wind and PV with this data filter; and 2) resource quality has a
significant effect on the likelihood of having a minimal amount of
wind or PV (Table A.6).

3.2. Sub-national level comparison

Results of the regression analyses for provinces or states of
China, Germany and the US (separately for each country) are pre-
sented in (Tables 4 and 5).

Resource quality has a positive effect on wind power market
sizes in Germany and the US, and PV market sizes in China and the
US. Resource quality further has positive effects on the likelihood of

Has any wind Market size Market growth speed

China Germany® USA China Germany USA China Germany USA
Quality of natural resources 13.8 - 237.7"" 2462 3867 24.07™" 0.753 6.994 21.04™
(capacity factor, modelled) (0.679) (0.001) (0.464) (0.003) (0.002) (0.755) (0.186) (0.022)
Per capita volume of HQ natural resources (GWh/capita) —1246 — —3.903 253.6 7.064 -0.4362" -189.9 -2.175 -0.1733

(0.799) (0.360)  (0.212) (0.392) (0.072) (0.192) (0.693) (0.484)
Total volume of HQ natural resources (GWh) 0.000406"" 3.6e-06 —7.2e-06 4.0e-06 2.7e-07 8.3e-06 2.9e-06  2.0e-09

(0.014) (0.517)  (0.423) (0.383) (0.228) (0.190) (0.366) (0.993)
GDP per capita (2010 USD, In) 0.002137""" 0.000213 0.000021 1.7e-06 -0.000011 -0.000075""" —1.6e-06 -0.000025

(0.000) (0.314)  (0.264) (0.882) (0.501) (0.000) (0.892) (0.485)
Global installed capacity (MW, In) —1.479 - 8.115™" 1359""  0.5244™" 1.346"" 1.611™" -0.2746"" 0.2378

(0.638) (0.003)  (0.000) (0.000) (0.000) (0.000) (0.005) (0.439)
Market share wind (%, lag 1) - - - - - - 0.2138""" 0.549""  0.1336

(0.002) (0.000) (0.235)

Control variables Included, see Table A.10 for results Included, see Table A.10 for results Included, see Table A.10 for results
Observations® 463 — 735 301 233 474 222 203 271
Groups (provinces or states) 31 - 49 31 16 39 30 16 38

wkk

p-values in parentheses. p-values: “p < 0.10, p < 0.05, *"p
Notes:

< 0.01.

2 No results could be obtained for Germany here as all but one state of Germany had PV installations over the entire period of data (2001—-2015).

b Data period is 20012015 for all countries.



1014

having any wind or PV, and market growth speed, for both wind
and PV in the US. There are a few instances where indicators for
resource volumes have negative effects, but this is due to collin-
earity between different measures of resource endowment. When
modelled in separate regressions for each of the three measures,
effects are either insignificant or positive (Table A.7). Out of the
three indicators of natural resource endowment, resource quality,
as modelled capacity factor, is the most consistent in having sig-
nificant, positive effects. This is similar to what was found in the
comparison between countries, although the superior utility of
resource quality rather than volumes is more evident in the sub-
national comparison.

In China, the likelihood of a province deploying wind turbines,
appears more strongly connected with the province's available
resource volume (total GWh of potential) rather than resource
quality (average capacity factor). When using separate regressions
for each of the different resource endowment measures, the market
size of wind power is also more strongly connected with resource
volume rather than quality (Table A.7). This is likely connected to
Chinese wind power planning. For example, Chinese policy has
identified seven areas for gigawatt scale ‘wind power bases’,
located in sparsely populated Northern provinces “because of the
availability of land”, in addition to high wind resource quality [55].
Further, Chinese feed-in-tariffs are higher for areas with poorer
quality wind resources, offsetting some of the financial benefits
from wind farm development in areas with higher natural resource
quality [55].

In Germany, PV developments appear unaffected by any mea-
sure of natural resource endowment. This is likely because Ger-
many is too small to have substantial differences in solar irradiation
between different states. Modelled capacity factors range roughly
between 10 and 11.5%, far smaller than differences between Chi-
nese provinces (14—31%) or US states (10—26%). Note in particular
the difference in spread; these capacity factors cannot really be
compared across these countries, as they are derived from different
studies using different modelling methods for each country (see
section 2.1.2).

Scatter plots of resource quality versus market sizes of wind and
PV by year end 2015 are provided in Figs. 4 and 5. These plots reveal

Table 5
PV deployment and natural resource endowment: sub-national comparison.
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the presence of potentially influential data points, specifically
Mecklenburg-Vorpommern, which has the largest market size for
wind in Germany (Fig. 4), and California, which has the largest
market size for wind in the US (Fig. 5). These are not outliers, as
there is nothing to indicate there was any measurement error, and
therefore no reason to discard these from the analyses. The natural
log transformation of the outcome variable ‘market size’ further
largely reduces the issue of strong variation of these individual data
points. Still, it should be mentioned that excluding California from
the dataset results in no significant relationship between resource
quality and PV market size in the US. Effects on likelihood and
market growth speed remained (Table A.8). When excluding
Mecklenburg-Vorpommern from the analysis of German wind
market sizes, the relationship remains positive and significant
(Table A.9). Scatter plots with these exclusions can be found in
Figures A.1 & A.2.

Overall, the scatterplots in Figs. 4 and 5 reveal that resource
quality is not necessarily a strong determinant of market sizes, even
in some of the cases where a statistically significant relationship
between the two was identified. Countries, or provinces or states,
with relatively low quality natural resources regularly manage to
develop relatively large wind or PV markets, whilst countries,
provinces or states, with relatively high quality natural resources
regularly fail to develop relatively large wind or PV markets. Ex-
ceptions are the US markets for wind power and the Chinese
markets for PV, that do show a clearer trend of larger markets in
provinces or states with higher resource quality.

Within the set of control variables, there are a number of sim-
ilarities and differences with effects found in the national level
comparison. Per capita GDP did not have the driving effect on wind
or PV development, as it did in the national level comparison. This
may be a combination of two reasons. First, that variation in GPD
between provinces or states is not as large as it is between coun-
tries. Secondly, that financing for development of wind or PV farms,
and payments for renewable power generation more easily cross
province or state borders than it does national borders. The oper-
ations of power companies, too, are not as much limited by state or
provincial borders as they are by national borders. Results were not
affected when filtering observations of provinces or states with less

Has any PV Market size Market growth speed
China Germany* USA China Germany USA China Germany USA
Quality of natural resources 115.2 - 4415™" 3327 5.803 3017 0.671 0.8905 16.7"
(capacity factor, modelled) (0.739) (0.000) (0.000) (0.851) (0.009) (0.910) (0.979) (0.016)
Per capita volume of HQ natural 23.56 — —3.538"" 6.153""" 64.89 -0.07998 1.709 22.39 -0.05053
resources (GWh/capita) (0.623) (0.003) (0.008) (0.311) (0.528) (0.210) (0.750) (0.620)
Total volume of HQ natural —9.3e-07 — —6.2e-07 —2.0e-07"" —7.3e-06 —3.1e-08 —7.3e-08 —2.2e-06 1.1e-08
resources (GWh) (0.608) (0.357) (0.043) (0.802) (0.614) (0.219) (0.948) (0.768)
GDP per capita (2010 USD, In) 0.000299 — 0.00045 0.000063" -0.000025 —7.5e-06 —9.0e-06 -0.000032" 0.000019
(0.731) (0.196) (0.076) (0.114) (0.732) (0.723) (0.084) (0.455)
Global installed capacity (MW, In) ~ 36.92""" — 6.247"" 2.302"" 1.185™" 1.434™" -1.763""" -0.2626 -0.004828
(0.000) (0.019) (0.000) (0.000) (0.000) (0.008) (0.120) (0.968)
Market share PV (%, lag 1) - - - - - - 0.4993""" 0.8741""" 0.6243"""
(0.000) (0.000) (0.000)
Control variables Included, see Table A.11 for results Included, see Table A.11 for results Included, see Table A.11 for results
Observations” 462 — 750 104 239 692 70 207 516
Groups (provinces or states) 31 — 50 30 16 49 29 16 48

o

p-values in parentheses. p-values: “p < 0.10, p < 0.05,
Notes:

p < 0.01.

2 No results could be obtained for Germany here as all but one state of Germany had PV installations over the entire period of data (2001—2015).
b Data period is 2001—2015 for all countries; differences in observations due to differences in no. of provinces/states. Exception is PV in China, for which data was available

for 2011-2015.
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Fig. 4. Natural resources quality versus market size, wind power. Panel A: market size as wind power production (MWh), as % of electricity consumption from all sources, year-end
2014; wind resource quality as GWh/km2, national average. Panels B—D: market size as wind power installations, W of installations per MWh of electricity consumption from all
sources, year-end 2015; wind resource quality as state-wide or province-wide average capacity factor. Note: lines in each panel are trend lines, shaded areas are 95% confidence

intervals (for the slope of this trend line, not for the distribution of the population).

than 100 MW of installations (as was done in the national level
comparison). This suggests experience from demonstration pro-
jects, too, crosses state or provincial borders more easily than it
does national borders. There were positive effects from the global
build-up of experience on the likelihood of deploying any wind or
PV, as well as on their market sizes (but not market growth speed),
likely due to falling equipment costs with increased cumulative
global equipment production experience. As in the national level
comparison, larger markets tended to grow faster, indicating the
logistic growth pattern repeats itself at sub-national levels.

4. Discussion

Results presented here indicate that natural resource quality
drives wind and PV development, although not as strongly or
consistently as could have been expected.

Although the measures of resource endowment used here are
arguably an improvement over those used in comparable earlier
exercises (Table 1), problems likely remain. National, and even
provincial or state level averages of resource quality may still not
be the best indicator for readily available potential. Natural re-
sources may be found in localized hotspots, or small areas where
wind farm development would generate financially superior re-
sults, compared to development in immediate surrounding areas
(see also Fig. 2). This would be less of an issue with solar resources,
however, which are less subject to such localized variation.
Further, the financial attractiveness of wind and PV farm devel-
opment sites is a more complicated mix of expected capacity

factor, distance to grid, price and availability of lands, local elec-
tricity prices, etc. [8,9].

In this study, wind and PV installations were normalized across
states or provinces by dividing by total volume of electricity con-
sumption in each state or province, as has been a usual approach in
previous work. Such normalization could also have been done on
the basis of surface area (i.e., as MW/km?), to identify whether wind
or PV installations were more geographically concentrated in areas
with superior resources quality. This, however, did not result in
substantially different conclusions. As an indication, scatterplots of
the relationship are provided in Figure A.3 and A.4.

An important factor left out of the analysis here is the policy
environment, which can spur renewables development with feed-
in-tariffs, portfolio standards, and many other mechanisms, as has
previously been studied by other analysts in more detail
[1,16,17,21,23,24,41]. For example, Hitaj [ 19] provides maps of areas
in the US, where wind farms are located just along US state lines, in
areas with poorer wind resources but better support policies.

Following [17], it was attempted to account for these with var-
iables that count the number of policies implemented, for a list of
policy categories as reported on in IEA's database for “Global
Renewable Energy Policies and Measures” [56] (results in
Table A.12). These variables were found to have little explanatory
power, as earlier analysts concluded [17]. These have been left out
of the main results presented here, because of the unconvincing
operationalization of policy numbers, which poorly reflects differ-
ences in policy effectiveness. Similarly, costs of competing energy
sources were included, using global or regional energy prices for
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Fig. 5. Natural resources quality versus market size, PV power. Panel A: market size as PV power production (MWh), as % of electricity consumption from all sources, year-end 2014;
solar resource quality as GWh/km2, national average. Panels B—D: market size as PV installations, W of installations per MWh of electricity consumption from all sources, year-end
2015; solar resource quality as state-wide or province-wide average capacity factor. Note: lines in each panel are trend lines, shaded areas are 95% confidence intervals (for the slope

of this trend line, not for the distribution of the population).

coal, oil, and natural gas, following [12,13,17]. Again with little
additional explanatory power; these had insignificant or a negative
relationship on some indicators of wind and PV deployment;
something which may be attributed to poor operationalization
rather than causal effects as well. It went beyond the scope of this
exercise to attempt to collect data sub-national level policy and
energy prices.

Individual provinces, states, or countries, may choose to coop-
erate in the national or global mission for renewable energy tran-
sitions, even if their lands aren't prime locations. This makes sense
from a (national) planning perspective, too. For example, in China,
two provinces, Inner Mongolia and Xinjiang, account for over 90%
of all high quality wind resources [33], but similar geographic
concentration of wind farms would make consumption in local
electricity markets even more problematic than is currently the
case [57,58].

5. Conclusions

Results presented here indicate that measures of natural
resource quality have more explanatory power than measures of
resource volumes, on differences in wind and PV development.
Natural resource quality was found to have a statistically signifi-
cant, positive effect on wind and PV development in a number of
markets. High natural resource quality, however, is not a necessary,
nor a sufficient condition for strong market development. Plenty of
countries, states or provinces with relatively poor quality natural
resources have managed relatively strong wind or PV development,

and vice versa. The only clear examples of natural resources being
an important driver of deployment are the wind power market in
the US and the PV market in China.

The conclusion is that natural resources are a small part in a
larger set of drivers. Renewables stimulus polices, in particular,
should be expected to play an important role. Differences in their
design across countries, or provinces or states, may well account for
differences in natural resource quality, with more generous stim-
ulus in areas with poorer natural resources. Such differences in
policy design may also be an explanation why resource quality
appears as an (important) driver of renewables development in
some markets, but not in others. An expanded set of country case
studies would help identify whether natural resource quality is a
driver of renewable energy development in a majority of markets,
or not.
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