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Abstract

Developed country pledges to provide finance to developing countries for their mitigation
actions and adaptation needs sit at the heart of international climate cooperation. Present
commitments are deficient both in terms of their quantity and their distribution among
developing countries. Using wind and solar energy financing data we highlight the unequal
distribution of international climate finance among developing countries and identify the
determinants of investment suitability that drives the flows of non-aid climate finance more
generally. Economic capabilities, business environment, climate policy environment and
electricity access levels are significant drivers of private finance flows, whereas public finance
is driven chiefly by domestic climate policy ambition since the Paris Agreement. Climate-
vulnerable countries however struggle to access finance, with path dependency in investment
flows further reinforcing existing inequalities. Forthcoming deliberations on quantifying long-
term finance targets should thus incorporate mechanisms to distribute finance more equitably

to meet country-specific needs and priorities.

Main

The pledge to mobilise $100 billion a year by 2020 to support climate change mitigation and
adaptation actions (‘climate finance’) in developing countries, made as part of the
Copenhagen Accord in 2009, was a landmark moment in international climate cooperation’.
The 2015 Paris Agreement confirms the pledge and extends the collective mobilisation goal
to 20252. This commitment, built on the principle of equity, recognizes the common but
differentiated responsibility of countries to address climate change, given their different track
records on historical emissions and economic development, and the varying capacities to
adapt to uneven climate impacts?. It has formed the basis for international climate cooperation
and the participation of developing countries in decarbonising their growing economies to

mitigate climate change.



This pledge has not been honoured. The recent plan to deliver climate finance to developing
countries forecasts that financial flows will reach the promised levels only in 2023*. Meanwhile
there are disagreements on the accounting of funds delivered towards the $100 billion target®
arising from the stated pledge to source finance “from a wide variety of sources, instruments
and channels™. Inconsistent reporting by countries due to the lack of internationally agreed
standards and discord over the equivalence of funds provided, such as through grants, loans,
export credits and guarantees, have hindered the measurement of climate finance provided
to developing countries®. Beyond the amount of climate finance, there is also a significant
divergence from the collectively agreed principles stated in Article 9 of the Paris Agreement
that describe the intended nature of such flows. These disparities concern, for instance, the
rebranding of existing developmental aid as climate finance, the climate-centricity of funding
as opposed to climate co-benefits, the imbalance of funds targeting climate change mitigation
and adaptation, and the support of country-driven strategies, local priorities, and needs-based

financing over profit seeking investments?® .

While annual flows of $100 billion are indeed insufficient’”- 8 to meet the needs of developing
countries, the distributive aspect of these flows is largely unexamined. The current institutional
structure for channelling finance is hugely disparate. Only a small amount of funds are directed
by centralised UN institutions such as the Green Climate Fund®, whereby developing
countries’ representation ensures that funding is aligned with countries’ priorities and is
distributed more equitably®. In contrast, developing countries have limited agency over
bilateral, multilateral and private finance flows'. As a result, the quantity and direction of flows
remains both inadequate and unpredictable for developing countries to account for in their
domestic climate plans. Within the current architecture of climate finance', it is thus important
to understand what drives these flows and how investments can be channelled more equitably
than at present - the majority of climate finance flows are directed towards middle-income
countries, while low-income and vulnerable countries are under-served'?. Furthermore, private
finance is expected to play a major role in funding climate change mitigation and adaptation
actions; analysis from COP26 estimates that 70% of global mitigation financing can be
provided by the private sector'®'°. Private finance hence represents a large pool of resources
and there is limited possibility of controlling its direction purely through institutional
mechanisms at the international level® '6. It is therefore crucial that countries identify how best

to attract these funds.

This study examines the case of wind and solar energy finance to understand the distribution
and determinants of international public and private investment. Mitigation finance currently

dominates the landscape of global climate finance and specifically these two renewable



energy technologies attract over 50% of international finance flows'”. In addition, these flows
are dominated by private sector investments and commercial loans, making them a good
representation of mitigation finance in general where 54% of finance is sourced from private
sources. Even in the case of adaptation financing, only 21% of financing comes from grants,
and the majority of finance is sourced as market-rate debt from public finance institutions. Our
dataset, composed of both public and private flows, thus adequately represents the bulk of
non-aid climate finance flows globally, both at present and possibly in the future, given recent
commitments'® '8 ° We examine the distributional dimension of these flows, in terms of
capacity additions, across upper middle income (UMI), lower middle income (LMI), and low
income (LI) countries?® and use dynamic network models to identify the factors that best
explain their destinations. In addition, we examine these flows before and after the Paris
agreement, since it resulted in stronger domestic climate policies supporting nationally
determined contributions (NDC), new emphasis upon aligning finance with climate goals and

clear policy signals to the investment community.

Investments are distributed unequally across countries

Using the Bloomberg New Energy Finance (BNEF) database we construct a project-level
dataset of wind and solar capacity additions made between 2010 and 2019 in which finance
flowed across borders into a developing country of the Global South. Finance flows prior to
the Copenhagen Accord of 2009 were negligible, with annual capacity additions totalling less
than half a GW (Fig. S1). Our analysis covers 1,156 projects comprising 46 GW of renewable
capacity installed in 76 countries using international public and private finance. Although the
coverage of wind and solar projects is not exhaustive, BNEF is considered the most
comprehensive database for renewable assets. China and India are excluded from the
analysis due to the atypical size of their renewables markets?'; they accounted for over 80%
of added solar and wind capacity in the last decade and would obscure investment trends in

the rest of the developing world.

In terms of overall investment, the period following the Paris agreement saw an almost two-
fold increase in wind and solar installations using international finance, growing from 16.1 GW
in the pre-Paris era (2010-2015) to 30.1 GW in the post-Paris era (2016-2019) (Table 1).
Private finance dominated financial flows across both periods, delivering 65% of capacity
additions pre-Paris and 60% post-Paris. However, the distribution of financial flows across
income groups is highly unequal. 94% of capacity additions by the public sector were received
by UMI and LMI countries pre-Paris with only 6% going to LI countries, who represent 18% of

all countries receiving funds. In the post-Paris era, their share of public finance improves only



marginally, in spite of the fact that new finance channels were opened into 8 low-income
African nations (Mali, Uganda, Burundi, Mozambique, Niger, Eritrea, Madagascar and
Gambia). Private sector financial flows are distributed even more unequally with just 0.1% of
finance reaching LI countries pre-Paris and 2.3% post-Paris, while LI countries represent 9%
(pre-Paris) and 20% (post-Paris) of all countries receiving private finance. Furthermore, UMI
and LMI countries receive relatively equal shares of public finance, while the private sector

provides almost twice as much finance to UMI countries (Table 1).

Pre-Paris (2010-2015) Post-Paris (2016-2020)

Capacity =~ Capacity Countries Countries Capacity = Capacity Countries  Countries
(GW) (% of total)  (Count) (% oftotal) (GW) (% of total) (Count) (% of total)

Public
UMl 247 44.3 14 35.9 5.95 48.3 17 32.7
LMl 2.79 50.1 18 46.2 5.61 45.6 22 42.3
LI 031 5.6 7 17.9 0.75 6.1 13 25.0
Total  5.57 39 12.31 52
Private
UMl 7.29 69.4 19 43.2 11.19 63.3 20 38.5
LMl 3.21 30.5 21 47.7 6.08 34.4 21 40.4
LI 0.01 0.1 4 9.1 0.41 23 11 21.2
Total  10.51 44 17.68 52

I 1
Table 1. Capacity additions from public and private sources across income groups pre- and post-Paris.

Table summarises total wind and solar capacity additions from public and private international sources made in
a pre-Paris (2010-2016) and post-Paris (2016-2019) period, grouping 76 developing countries of the global
South into income groups; upper middle income (UMI), lower middle income (LMI) and low income (LI).

The distribution of finance across countries is also highly skewed, with a small fraction
receiving the majority of capacity additions (Fig. 1). Between 2010 and 2019, 46% of capacity
additions from public sources go to just three countries: Mexico, Morocco and Argentina, and
the private sector similarly directs 54% of its capacity additions into Mexico, Vietnam and
South Africa. While there is a degree of correlation between flows of public and private finance,
e.g., Mexico is a top recipient from both, there are also some relevant differences. Public and
private finance channels overlap in Latin America and East Asia, but private finance flows are

weaker in the poorer nations of East and West Africa where public finance is more prominent
(Fig. 1).
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Fig. 1: Distribution of public and private international finance across the developing world and over time.
Map (top) shows countries included in the analysis color-coded according to their income group; upper middle
income (UMI), lower middle income (LMI) and low income (LI). The locations of projects developed between 2010
and 2019 are shown as circles color-coded according to whether the funding came from public sources (yellow),
private sources (red) or both (half-yellow, half-red). Charts (bottom) show cumulative wind and solar capacity
additions per country between 2010 and 2019 from international sources.

The confluence of international public and private flows into richer countries and their
divergence into the poorest, suggests an underlying set of shared and differentiated drivers.
To identify these, we develop a network model based on discrete choice theory, such that the
probability of investment by a public or private actor is driven by a set of country-specific
features (Methods). Using BNEF’s investment data we explored a number of variables (Table
S1) and identified a set of features that are significant in explaining the flows of public and

private finance. We also found that key results are technology agnostic (Table S2).



Investment suitability drives international private finance

The distribution of private finance across the developing world is shaped by four features
characterising a country’s suitability for investment: Economic fitness or capabilities?? (EF);
the business environment® (EDB); renewable energy policies** (RISE); and electricity
access? (Elec Access). Statistical significance testing (p-values) and a model accuracy score
(p), giving the correlation between simulated and empirical distribution of investments,
demonstrate that these features drive private finance flows both pre- and post-Paris (Fig. 2,
Table S3). This suggests that countries with a better macroeconomic, governance and policy
environment are perceived as relatively low risk by investors, leading to private investment.
Moreover, the Climate Vulnerability of a country (ND Vuln), representing a country’s exposure,
sensitivity and capacity to adapt to climate change impacts®, is negatively correlated with
each investment suitability feature (Fig. S2) and appears an impediment to the flow of private

finance.

The coefficient 6 (scaled to between 0 and 1) indicates the strength of the relationship
between each feature and a country’s investment suitability. A favourable policy environment
for renewable energy is a consistently strong attractor for investment both pre- and post-
Paris. However, the strength of other features changes from pre- to post-Paris, suggesting
that the impact of the adoption of the Paris agreement and the enduring technological cost
dynamics?’ have shifted investor priorities. The business environment feature increases in
strength post-Paris, while the economic fitness feature decreases. This is a potentially
important change for developing countries, suggesting that short-term policy actions to
improve the business environment for renewables can boost private investment despite
wider macroeconomic shortcomings. Moreover, access to electricity plays a greater role in
investor decision-making post-Paris (increase in model accuracy, p), highlighting the
importance of existing government programmes in developing countries to increase energy
access under SDG7 goals. However, this also means that countries with large rural
populations that struggle to achieve grid-based electrification, which many domestic energy

access programmes focus on, are disadvantaged in accessing private finance.
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Fig. 2: The drivers of public and private sector investment pre- and post- Paris. Results of the conditional
logit models based on 5 investment suitability and 3 capacity level features for public and private sector investment
activity pre-Paris (2010-2016) and post-Paris (2016-2020). Parameter estimate, 8, model accuracy score, p and p-

values are shown. *significant at p < 0.01, ** significant at p < 0.001, *** significant at p < 0.0001.

Grouping countries by income level reveals that LI countries score lowest on each investment
suitability features (Fig. 3). In addition, while UMI and LMI countries have seen their average
RISE scores jump after the Paris agreement, LI scores have failed to improve; implying they
have not prioritised renewables over other development imperatives. Meanwhile, LI countries
display the highest vulnerability to climate change impacts (Fig. 3), and this is expected to
increase in the future®. Low levels of investment suitability, further negatively influenced by
climate vulnerability, creates a perception of LI countries as high-risk destinations for
international finance. This highlights a dual tragedy for poor and vulnerable nations. Their

high-risk status for private investors creates an automatic barrier for investments and



increases the cost of capital®®; while climate change impacts will generate economic, social
and political externalities that will negatively influence sovereign risk and credit ratings®°,

leading to a ‘climate investment trap’?® of chronically insufficient private funding.

Pre-Paris Post-Paris
EDB EDB
Elec Access Elec Acgéss
— UMI
— WM / EF EF
—_— LI
RISE RISE
ND Vuln ND Vuiln

Fig. 3: Average investment suitability scores per income group. Charts show Investment suitability features
averaged across income groups; upper middle income (UMI), lower middle income (LMI) and low income (LI) and
in two time periods; pre-Paris (2010-2015) and post-Paris (2016-2019). Features are scaled to lie between 0 and
1. Elec Access (% of the population with access to electricity), EDB (Ease of Doing Business), EF (Economic
Fitness), ND Vuln (vulnerability to climate change), RISE (Regulatory Indicators for Sustainable Energy).

Public finance supports local climate policy action

In contrast to private finance, international public flows are not observed to be as sensitive to
investment suitability features, reflecting the growing emphasis on international public finance
to support climate investments in developing countries®'. In the pre-Paris era, economic
fitness was the only feature to appear as a statistically significant driver of public flows.
Macroeconomic capabilities were thus a criterion for investment, possibly to ensure the
recovery of financing provided. The only statistically significant driver of public finance in the
post-Paris era is the renewables policy feature, suggesting that domestic climate policy action
was supported by public institutions. However, investment suitability features continue to exert
an influence, as confirmed by the model accuracy scores, and explain the historical skew in
financial flows (Table 1, Fig. 1). Thus the mission-oriented activity3> 33 of international public
finance increases post-Paris but still remains relatively weak, evidenced by the struggle of

climate vulnerable countries to access finance (Fig. 2).

A track record of investments creates path dependency

In addition to investment suitability, the other significant driver of financial flows has been the
track record of wind and solar investments as measured by their cumulative installed capacity.
Investment decisions are thus path dependent*. Path-dependency can be explained by

endogenous feedbacks®® within a growing renewables sector, where technological and



financial learning bring down financing and development costs®¢, signal confidence to the
market and attract further investments in a virtuous cycle. Attributing existing installed capacity
separately to public and private sector funding, we observe that path-dependency internal to
each sector is the dominant driver of flows. Therefore, countries that have historically received
greater private or public investments are more likely to receive similar funding in the future
(Fig. 4).
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Fig. 4: Inequalities in finance across income groups perpetuate over time due to path-dependency. (Top)
Maps depict finance flows to countries from public and private sources in 2015 and 2019. Size of circles represents
total wind and solar capacity installed by international public and private sources. Width of links represents installed
wind and solar capacity by sector. (Bottom) Plots of cumulative installed capacity from public and private sources
across income groups; upper middle income (UMI), lower middle income (LMI) and low income (LI).

Path-dependency in the destination of private investments further embeds inequalities in
financial flows by reinforcing the investment unsuitability of poorer countries and impeding any
systemic shift in funding patterns. It also exacerbates the tension between the role of the public
actors as market-creators in high-risk countries® % and as prudent financial institutions®'.
Path-dependency thus creates a new mechanism of the climate investment trap whereby
historical inequalities in financing are locked-in across income groups and perpetuate over

time through internal market dynamics (Fig. 4).



Escaping this lock-in particularly for international private finance is essential for developing
countries®' as increasingly public finance is deployed using structures and instruments that
induce private capital®®. Hence, we examine the empirical nature of this path-dependency to
understand the impact of cumulative installed capacity in a given country on the probability of
receiving private investment. Probabilities are calculated by assigning each country a unique
term that captures the combined effect of investment suitability and path-dependence
(Methods). We observe that in both wind and solar technologies the probability of private
investment remains low until a significant capacity base is installed. Investment probabilities
start increasing rapidly around 1GW of installed capacity (Fig. 5). Path-dependency appears
to be unrelated to the size of the power sector in a country (Fig. S3 shows no correlation
between the relative probability of private investment and the share of renewables in the
electricity mix), indicating that an investment track record depends on absolute, rather than
relative, capacity levels in line with technological learning processes more generally®.
Crucially, LI countries fall far below this threshold, highlighting the inefficiency of opening new
finance channels in poorer nations without the sustained investment which can mobilize

private finance at scale.
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Fig. 5: Empirical relationship between relative probability of private investment and installed wind and
solar capacity. Plots show the relative probability of private investment for each country against installed capacity.
Probabilities are normalised against the country with the highest probability of private investment (wind: Argentina,
solar: Mexico). Upper middle income (UMI), lower middle income (LMI) and low income (LlI).

Discussion

During the recent COP26 climate conference, developing countries made it clear that further
climate commitments and increased cooperation will depend on the delivery of “adequate and
reliable finance” to meet current NDC targets and adaptation needs*. The present pledge of
$100 billion of annual financing for developing countries is much smaller than what they need
- Africa alone needs $3 trillion by 2030*'. Developing countries demanded a scaled-up finance
package at the COP26 that exceeds the $100 billion per year up to 2025, and set a post-2025



climate finance mobilisation goal of at least $1.3 trillion by 2030 reflecting increased climate
ambition*2. Additionally, they call for fairness, transparency, and predictability in the delivery

of finance as well as improved access to finance for poor and vulnerable nations.

In this context, our analysis provides evidence on the distribution of non-aid climate finance
across developing countries by focusing on two highly relevant and competitive renewable
energy technologies. It confirms the disparity that poorest countries have highlighted in
obtaining the necessary finance'® — LI countries receive a very small proportion of flows from
both public and private sector, while even LMI countries struggle to attract private finance.
Future commitments on climate finance thus need to consider the distributional aspects of
these flows. Beyond new quantified targets, channels of financing and institutional structures
need to be evaluated in terms of their suitability and capacity to mobilize finance to LI and LMI
countries, and to build an effective climate finance landscape that meets these countries’

needs*.

Our analysis highlights what constitutes an effective “enabling environment” for attracting long-
term capital*®. We show that investment suitability is based on macroeconomic capabilities,
business environment, climate policy environment and electricity access levels. While all these
factors play a significant role in attracting private finance, strong climate policies, such as
renewables support, and efficient business practises can deliver short-term improvements,
whilst economic development and electricity access programmes advance over the medium
to long term. International mechanisms need to mitigate any shortcomings on these aspects,
such as for countries that cannot implement strong supportive packages, to improve the risk-
reward balance in more equitable directions. The Sustainable Renewables Risk Mitigation
Initiative of the World Bank, for instance, uses a combination of public finance and mitigation
instruments to reduce risk and thereby the cost of capital**. Such programmes need a more
comprehensive remit and dedicated funding. In addition, our analysis highlights the link
between mitigation finance and adaptation efforts - building physical and economic resilience

against climate impacts improves investment prospects.

Our analysis also shows that building a track record of investments is key to mobilising private
finance at scale. Thus, public finance decisions should move beyond project-specific
inducements to support more holistic renewable roadmaps to attract sustained private finance
and unlock developmental co-benefits*®. Innovative financial and policy mechanisms should
target the evolution of the sector and build networks of relationships to initiate path-dependent
flows from private sources*. On the other hand, the ethos of the wider financial community

needs to shift; the rules of the game that determine investment suitability should incorporate



climate benefits in investment decisions to lower cost of capital and improve access for
developing countries. Achieved through economic incentives, legislation or investor pressure,
wider participation of financial actors in investing in developing countries*’ can disrupt path-

dependent processes and alter the allocation of financial capital.

Finally, the relationship between the goal of Article 2.1(c) of the Paris Agreement to align
financial flows with climate goals, and that of Article 9 to provide climate finance to developing
countries, has been a tricky one''. Developed countries hope that financial alignment with
climate goals will spur the achievement of climate finance commitments to developing
countries, particularly through private sector instruments; while developing countries hope that
the provision of climate finance will help them engage better with global finance. The
distributional issues identified in this paper highlight that neither of these processes will work
for all developing countries without supporting mechanisms at domestic and international
level. Investment unsuitability will continue to hinder a climate-aligned financial system in
poorer countries and path-dependency will perpetuate inequalities in climate finance
allocations. These considerations need adequate attention as the work on long-term climate
finance, instituted as part of the Glasgow Climate Pact*, presents its inputs at COP27. This
conference being organized in the African continent represents an opportunity to deliver
further climate finance commitments, based on the principle of equity, that meet the needs

and priorities of developing countries.



Methods

Data Description

Our data comes from the Bloomberg New Energy Finance (BNEF) database, which reports
financial transactions on low-carbon assets between 2000 and 2019. From this database we
selected a dataset of wind and solar project developments in which finance flowed across
borders into a developing country of the Global South. The projects included in the dataset
could be financed by multiple investors, with at least one investor being ‘international’ i.e.,
located outside of the country where the project was developed. Project information included
the date of close of the transaction, geographical location, and capacity. The dataset was
augmented by categorising each investor as either a public or private actor (see Sl for further
details). BNEF does not provide financial transaction values for all data points, we therefore
used project capacity as a measure of finance flows. The costs of wind and solar technologies
have dropped considerably over the last decade, so project capacity is not a wholly accurate
proxy for investment value but is nonetheless fit for our purpose of assessing large-scale
changes in volumes of financial flows over time and the distribution of finance across
countries. It is also an indicator of the capacity of sustainable energy created in a country and
thus the mitigation impact of financial flows. To analyse and compare public and private sector
activity, as well as the response of public and private actors to the Paris agreement, the
dataset was partitioned into 4 subsets. Firstly, between publicly and privately funded projects
and secondly into a pre-Paris period (2010-2016) and a post-Paris period (2016-2019). If a
project was funded by public and private actors it appeared in both data subsets and the
project capacity was attributed half to public sources and half to private sources, as a common-
sense approximation capturing the notion of ‘risk-sharing’ between investors. Further analysis
capturing technology-specific aspects required partitioning each data subset into wind or solar

projects.

Conditional logit model: network evolution as discrete choice

To analyse the drivers and dynamics of public and private finance flows we construct temporal
networks from the project data. The networks are directed and bipartite, comprising two
independent sets of nodes; international investors (source nodes) and the countries in which
they invested (target nodes). Where multiple investors were involved in one project they were
considered together as a single source node. The temporal evolution of the networks can be

fully defined through a list of time-stamped network edges or ‘action log’ (Table 2).

Source Source Type Target Year Sector Funding Type

KfW Public Egypt 2010 Wind Public

International Finance Corp Public Thailand 2011 Solar Public




African Development Bank Public Morocco ‘ 2012 | Solar Mixed

Table 2. Example action log. Toy data representing an action log of public investments in wind and solar assets

in the pre-Paris period (2010-2015).
We use a discrete choice framework to model network evolution*®. By separating public from
private investors in the networks we assume a primary source of investor heterogeneity is
accounted for and the investor nodes in each network can be treated as equivalent. We thus
focus on the question of which country j is chosen, rather than which investor i does the
choosing and take the conditional logit model as the most appropriate formalism. The action
log for each network represents a set of choices (J, ¢ ¢ where country j is chosen from the set
C of all possible alternatives based on the features of j at time t. C is defined as the set of all

countries that received public or private funding in the given time period (pre- or post-Paris).

In the conditional logit model, each country node j € C has an inherent utility to each investor

i which can be expressed as a linear function of its features, x;:

uije = 07 x5 (1)

for some parameter vector 8 which is fixed across countries and is time-invariant. Importantly,
the features can evolve over time and are thus indexed with a timestamp t. The conditional
logit model assumes that investors make choices by maximising the observed random utilities
U;je of countries which are composed of their inherent utility and a noise term ¢;;, such that
Uije = wije + &j¢- The probability P;(j, C,t) of i choosing j from the choice set C at time t is

given by
P;(j,C,t) = Pr (j = argmax ;ec Ujy¢ ) - (2)

It can be shown that when the ¢;;; follow the standard Type | extreme value distribution the

probability of choosing each alternative is proportional to the exponentiated inherent utility*e:

exp Bijt (3)

P(j,C,t) = —————.
iU ) Yiecexp 8 x;

Fixed-effects models: determining the drivers of investment

To determine the drivers of public and private investment pre- and post-Paris, a number of

different features, x;; , were tested as measures of a country’s utility, analogous to ‘fixed-

effects’ in econometric analyses. Of all the features tested (Table S2), 7 were found to be



significant drivers of investment activity across the networks (Fig. 2). These features can be
divided into two classes: those relating to a country’s suitability for investment (EF, EDB, RISE
and Elec Access) and those relating to a country’s level of installed capacity (LogCap Pub,
LogCap Pri and LogCap Tot). The investment suitability features were taken from public
sources and scaled for each network to fall between 0 and 1, so that coefficients are
comparable. The capacity level features were constructed from the BNEF data, for example,
the value of LogCap Pub, was calculated as the logarithm of the cumulative installed capacity
in country j from public sources between 2000 and the year ¢t - 1. Taking the logarithm of the
cumulative installed capacity connects the three conditional logit models based on capacity
level features to the popular preferential attachment model of network growth*®, which is itself
a special case of the conditional logit model where the utility u;; = a log d; with d; is the
degree of node j. The capacity level features thus capture the same ‘rich-get-richer
phenomenon that preferential attachment describes, in which attachment probability is
proportional to a power-law function of node degree. Modelling the wind and solar data
together (see main text) and separately (Table S2) gave similar key results with private sector
activity driven by the investment suitability features and capacity level features and public

sector activity driven mainly by the latter.

Randome-effects model: estimating country-specific investment probabilities

To explore the relationship between the level of installed wind (solar) capacity and the
probability of a wind (solar) investment on a country-by-country basis (Fig. 5), we also
developed a set of ‘random-effects’ models in which a unique time-invariant parameter 6; was
assigned as each country’s utility such that w;; = 6;. The random-effect term captures the
combined effect of the investment suitability features and the capacity level features, which
may include idiosyncratic interaction terms and non-linearities, as well as other relevant
features that were not tested in our study. These ‘random-effect’ models could then be used

to precisely capture technology-specific investment probabilities for each country using

G0t = 520 @
PG.C0) = Yiecexpb;’

Parameter estimation
We used a maximum likelihood approach to estimate the model parameters. For the fixed-
effect models the log-likelihood of the choice data D conditional on 8 is given by,
exp 6 x; 4
log PO Xjt _ (4)
Z(l,C,t)e’D exp 0x;

L(8;D) =
(,C.HED



This log-likelihood function is convex with respect to the parameter 8 and can be efficiently

maximised using the gradient-based BFGS algorithm®.

For estimation of the country-specific utilities in the random-effect models in which u;; = 6;,,
we make the connection between our discrete choice framework and the ‘fitness’ model of
network growth in which attachment probability is proportional to an inherent node fitness p;; ~
A; by making the equivalence A; = exp 8; . Following the work of Pham et al.%% in which the

fitness parameters are drawn from a Gamma distribution we add a regularization term S =
2i.coep —logl'(k) —klogt + (k—1)log 6; — %9]- to the log-likelihood, equivalent to placing

a Bayesian gamma prior with shape parameter k and scale parameter t onto the likelihood
function. The log-likelihood is thus given by,

exp 0;
2(L,c,t)eD €Xp 0,

+S ®)

L(8;D) = 2 log
(j,C,t)eED

The standard deviation of parameter estimates is calculated by inverting the variance-

covariance (Hessian) matrix of the log-likelihood function.

Model evaluation
To assess the statistical significance of each feature in the fixed-effects models we used the
likelihood-ratio test, comparing the likelihood of the estimated model L, against the likelihood
of the equivalent null model L, with the parameter 6 set to 0. The likelihood ratio A = L,/L4,
under some regularity conditions, is asymptotically distributed*® as

—2log A ~xi (6)
and p-values can be found using this likelihood-ratio chi-square statistic.

As an additional metric of feature significance, we assessed model accuracy by simulating
network evolution and using Spearman’s correlation coefficient to compare the empirical
distribution of investments across countries and the average of 20 simulated distributions. A
coefficient of 1 thus indicates a given feature perfectly captures the investment activity, while
a coefficient of 0 indicates a feature does not perform better than the null model. Accuracy
scores were also used to assess the random-effects models; scores of 0.6 and above were
sought by optimising the scale and rate parameters of the regularization term S (Table S4) to

obtain estimates from country-specific utilities (Table S5).



Data availability

The results data, figure data and publicly sourced data are provided with this paper and the

supplementary materials. The project-level dataset used to generate the results is proprietary

to BNEF and cannot be made publicly available. On obtaining access to the data, the protocols

detailed in the Supplementary Information can be used to reproduce the results of this study.

Code availability

All model code used to generate results for this article is archived and freely available at
https://github.com/LINKS-ERC/The_Unequal_Distribution_of Climate_Finance.
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