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H I G H L I G H T S

� Climate and electrification targets increase the capital required for investments.
� Required low-cost capital might not be available in developing countries.
� Paper presents capital-constrained scenarios on electricity generation in Africa.
� The cost of capital affects technology choice and emission levels considerably.
� Climate policy effectiveness is dependent on the availability of low-cost capital.
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a b s t r a c t

In this paper, we discuss the implications of financing constraints for future energy and climate scenarios.
Aspirations to improve energy access and electrification rates in developing countries, while simulta-
neously reducing greenhouse gas emissions, can be seriously hindered by the availability of low-cost
capital for the necessary investments. We first provide a brief description of the theoretical foundations
for financing constraints in the energy sector. Then, using a broad range of alternate assumptions we
introduce capital supply curves to an energy system model for Sub-Saharan Africa, with a specific focus
on the power sector. Our results portray the effect of capital cost on technology selection in electricity
generation, specifically how limited capital supply decreases investments to capital-intensive zero-
emission technologies. As a direct consequence, the emission price required to meet given emission
targets is considerably increased when compared to case that disregards the capital constraints. Finally,
we discuss possible policy instruments for resolving the constraints.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Affordable, accessible and reliable energy supply is essential for
economic growth and poverty reduction in developing countries. In
addition, because a global approach is required to mitigate climate
change, investment into renewable energy sources is necessary also in
developing countries, thus adding to the investment need. Yet,
necessary capital for the investments might not be available at
reasonable cost, and the situation can be particularly dire in Sub-
Saharan Africa. In this paper we aim to analyse whether and how
financial constraints1 in the power sector would affect energy-climate

scenarios that aim at improved energy access and greenhouse gas
emission reductions in Sub-Saharan Africa.

Financial constraints are a pertinent feature of the energy industry.
Energy projects are typically capital-intensive, large, lumpy, and with
long pay-back periods and their financing is a delicate task. If not
enough capital is mobilized toward these projects, under-investment
will lead to adverse consequences such as low supply capacity, poor
access, unreliable supply, sub-optimal technology portfolio, high
energy prices and adverse environmental effects. Under-investment
can exist at the entire energy sector level or be related to particular
sub-sectors or technologies. As an example of the latter case, certain
high-profit low-risk sectors (such as upstream oil and gas) may attract
a large amount of funds, while other sectors (such as electricity
generation) may face under-investment. This creates an imbalance
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literature. It refers to the situation in which an agent has limitations in accessing
“low cost” funds. However, financial constraints does not necessarily imply a hard

(footnote continued)
constraint on the total supply of capital as the agent can move to another step and
obtain further (potentially highly expensive) funds by paying extra premium.
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Majluf (1984)) or incentive problems inherent in project selection
(Jensen and Meckling, 1976). Moreover, government regulations on
product markets (e.g. output price controls) could lower returns to
capital in certain sectors and create barriers for capital flow to those
sectors. As a result, funds are not invested in the socially most
beneficial projects. Table 1 summarizes different forms of under-
investment.

2.2. The cost of capital

Standard finance theory suggests that due to the risk-aversion
of agents, investors take systematic (non-diversifiable) risks only if
the risk-taking is rewarded with expected returns that are higher
than from lower-risk investments. To avoid the misuse of the
concept, enough attention should be given to the definition of risk
in this context. The risks which come with a reward should be the
systematic one, meaning that investors are not be able to eliminate
them using diversification or hedging.7 The Capital Asset Pricing
Model (CAPM) (Lintner, 1965), an essential model in modern
finance, suggests that investors receive extra premium only to
the extent that their return is co-moving with the market return.8

This model implies that if firms issue equity in order to finance
their projects, the expected return to pay to buyers (financiers)
should be proportional to the co-movement of firm's cash-flow
with the market returns. As a result, firms which produce goods
and services the demand of which moves strongly with business
cycles (high beta firms) have to sell their shares at lower prices
compared to those firms which produce counter-cyclical products
and services.

A general structure for the cost of capital comprises the
following elements.

1) Risk-free rate: This is the base rate that investors demand for
accepting any investment project.

2) Market price risk: When projects are risky, investors demand a
higher compensation to bear the risk. The market price of risk
is the extra premium to pay for every unit of systematic risk,
and measured with the firm's beta: the co-movement between
firm's pay-off and the market returns.

3) In addition, firms may have to pay extra transaction costs (like
brokerage fee or bank fee) to issue securities or receive a loan. If
a country has a more active financial market, these elements
would be lower in general. Hail and Leuz (2006) find that
firms in countries with more extensive security regulations and
better law enforcement pay a lower cost of capital. Estache and
Pinglo (2004) find that the cost of capital has a negative
relationship with the economic development. Their estima-
tions, using the data for the cost of equity and debt for a large

number of infrastructure projects, suggest that these projects
has the highest cost of capital in Africa and Middle-East (14%)
and the lowest in South Asia and Pacific (8.5%).9

Theoretically, estimating the cost of capital for a given sub-
sector should be straightforward. The standard procedure is to
regress a company's stock returns on the market returns to
produce the beta of the company as a measure for the cost of
capital. For mature industries, this is usually done using stock
market data. Unfortunately, risk and return data for a sufficient
empirical estimation are not readily available for most of the new
technologies, such as renewable energy technologies; or the
energy sector of least developing countries.

Despite of its theoretical attractiveness, CAPM shows a poor
performance in various empirical tests, implying the possibility of
other “priced” risk factors in addition to the market return risk.
Fama-French (1993) among others, have suggested candidates for
these missing risk factors. In the Fama-French model, the differ-
ence between the returns of High versus Low book-to-market
firms (aka HML factor) and Small versus Big firms (aka SMB factor)
are extra factors which should be considered in a cost of capital
estimation.

Moreover, using stock market data for this purpose is not free of
its own problems. A financial modeller is interested in the expected
returns. However, it is not possible to observe the ex-ante expecta-
tions and one needs to use rational expectations hypothesis and ex-
post data to estimate the ex-ante values. Realized stock returns (ex-
post data) contain information on the expected returns (ex-ante
measures) as well as realized shocks to the cash-flow of the firm.

2.3. Financing frictions

Throughout this study, we take as a given that some financing
frictions exist in the economy and highlight two distinct channels
of that phenomenon. The first channel is limitations of the
aggregate investment in the entire energy sector. This effect, once
binding, shifts the energy portfolio toward less capital intensive
technologies. The second effect comes through differences in risk
premium among various energy technologies. There are several
mechanisms creating such difference.

First, the correlation between pay-offs and business cycles varies
between technologies, affecting the systematic risk of technologies.
In electricity generation the correlation is determined by how the
difference in input and output prices varies between booms and
recessions. For fuel-based technologies (e.g. gas and coal) both
factors correlate, whereas for renewables and nuclear – for which
fuel plays minor role in generation costs – the correlation arises
from the electricity price variability only. The correlation in pay-offs
might generally thus be higher for renewables, which would
associate with a higher CAPM type risk premium.

Table 1
Summary of different types of under-investment.

Type of under-investment Underlying reasons Solutions

Low aggreagate investment Low saving rates, poor financial sector, macroeconomic
uncertainty

Interest rate policies, improving property
rights, promoting FDI

Low investment in the energy sector Inefficient energy regulations, higher transaction costs
of energy investment

Higher investment incentives

Low investment in particular energy technologies High technology-specific risk premium Specialized finance

7 In the literature of energy finance, sometimes authors do not differentiate
between systematic and idiosyncratic risks and point out to all types of risks (such
as technical failure) as source of risk premium, which is not always correct.

8 CAPM model assumes that by investing in large number of uncorrelated
assets, one can eliminate the asset-specific risks. Therefore, in equilibrium no extra
premium is required for those risks.

9 For comparison, Cambini and Rondi (2010) reported the cost of capital for
utilities in five European countries to average at 7%.
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between upstream and downstream supply capacities. Due to this,
financial constraints should be considered separately for sectors that
are internally homogeneous, and this paper focuses primarily on the
electricity generation sector.

In an ideal environment in which markets are complete2

and competitive, all positive and negative externalities are
priced,3 and no information asymmetry exists,4 investments will
be at a socially optimal level. However, various frictions in the
energy sector, government regulations, and financial markets may
lead to under-investment—the level of investment being lower
than the economically efficient level. Thus, addressing this pro-
blem is an important public policy issue both at developed and
developing regions. In this paper, we focus on these frictions and
elaborate their causes and effects both conceptually and
quantitatively.

The adverse impact of financing constraints on energy supply,
as well as on the demand side, has been recognized and discussed
by academicians and policy institutions. Examples include IEA
(2003), Fritz-Morgenthal et al. (2009), and Mukherjee and Pratap
(2011). Most of them discuss the immediate impacts of a negative
capital supply shock on short-term energy goals. However, only
few studies have attempted to quantify implications of financing
limitations at a national or regional level for a long horizon
scenario. Awerbuch (1993) notices this effect and mentions that
in the energy planning systems, considering the effect of risk
premium may change the optimal energy portfolio.

In order to fill this gap and to portray the specific effect of
financial constraints on electricity generation and emissions, we
introduce capital supply curves into a linear cost-minimizing
energy scenario model. The model is calibrated to energy scenarios
for Sub-Saharan Africa reported in the Global Energy Assessment
(GEA) (Riahi et al., 2012), assessing pathways to reduce green-
house gas emissions and to improve energy access in developing
countries between 2020 and 2050. Then, scenarios with capital
constraints on electricity investments are used to explore how the
cost of capital affects technology selection, the monetary level
of investments and greenhouse gas emissions in the scenarios.
As it is challenging to estimate how the investment capacity will
develop during the coming decades, we calculate capital-
constrained energy scenarios for Sub-Saharan Africa with multiple
capital supply curves, with parameter ranges estimated from
historical performance of the energy investment in the region.
Our final consideration deals with the relationship between capital
costs and emission pricing necessary to meet emission targets,
and how global climate policy might be employed to alleviate the
capital scarcity problem.

The paper is organized as follows. First, we describe the basic
concepts of investment in the energy sector. The following chapter
focuses on the context of our study, discusses the investment
scenarios for Sub-Saharan Africa and the capacity of the region to
finance energy projects. Section four introduces the modelling

strategy and our approach to include financing constraints in the
energy planning system. Finally, we report the results from
running the model and discuss possible policy options.

2. Energy financing

In this Section we introduce briefly the theoretical foundations of
investment and financial constraints in the energy sector. The goal is
to elaborate the multi-faceted nature of investment problems and
provide a clear and consistent treatment to be used in energy models.
Our consideration of financial constraints focuses primarily on the
supply side of finance and the costs of financing, although the capacity
of the energy sector to absorb the financing and carry out the
associated physical investment can also be constraining factors.

2.1. Framework for investment

Energy firms can finance their projects through three major
channels: internal cash-flow, equity markets, and debt markets.
Internal cash-flow is a function of market structure as well as
government regulations regarding input and output markets. Equity
and debt are mainly channelled through financial markets and
institutions, including commercial banks, stock market, investment
banks, private equity investors and large institutional investors such as
pension funds.

A higher level of financial development implies that these
institutions are more efficient, innovative, and better capable of
serving the financing needs of energy projects (e.g. Levine, 1997;
Love, 2003). Energy projects in countries with lower level of
financial development may face further challenges and barriers
in accessing external financing. This would limit the ability of
public and private sector to implement socially beneficial
projects.5

Under-investment can result from certain frictions. In an ideal
world, the social planner will choose the optimal path of invest-
ment in each sector (including the energy sector) in a way that the
marginal benefits of each unit of capital becomes equal to the
marginal costs of investment.6 In this framework, under-
investment does not exist because the marginal utility of con-
sumption (i.e. output prices) as well as saving rates will adjust to
supply an optimal level of capital for the most socially beneficial
sectors. Also, at the corporate level, the Modigliani and Miller
(1958) theorem postulates that financial structure (i.e. the choice
of debt versus equity) should not matter since debt and equity will
be perfect substitutes in a perfect market.

In reality, however, various frictions can prevent socially-
optimal resource allocation, both at aggregate (macro) and project
(micro) levels. At the macro level, factors such as poor property
rights and weak contract enforcement (La Porta et al., 1998; Clague
et al., 1999), improper regulations of financial markets (Galindo
et al., 2007), inefficient financial intermediary sector (Bencivenga
and Smith, 1991), high inflation and macroeconomic instability
(Servén, 2003), and tax policies (Bernheim, 2002) can lead to low
aggregate saving rates and low capital formation.

On the other hand, project-level financing constraints can still exist
even if the aggregate national savings and capital formation are high.
Underlying reasons for this include information asymmetries between
financiers and entrepreneurs (Stiglitz and Weiss, 1981; Myers and

2 Market completeness means that there are traded contracts for every
possible contingency in future and there is a price for them. This allows having a
unique price for any risky production technology. Obviously, reality is far from this
assumption.

3 Externalities exist when the negative or positive effects of an activity affects
other agents in the economy without being reflected in its private price. As an
example of positive externality, one can refer to climate effects of renewable
technologies. If positive externalities are not included in the price, agents will
under-invest in that technology.

4 There are two main types of informational asymmetries in the financing
practice. Adverse-selection refers to a situation in which a financier cannot
distinguish between high quality and low quality investment projects. Moral-
hazard happens when the entrepreneurs who has received some external financing
behaves in a way to maximize her benefits and not necessarily the benefits of the
financier. In aggregate level, both types results in lower provision of funds to
investment projects.

5 Unless there is a substantial non-priced negative externality associated with
firms’ activities (e.g. damaging environment), implementing a positive-NPV project
by a commercial corporation will improve social welfare.

6 Marginal cost of investment may include the cost of capital goods, rental
price of capital, adjustment costs, fixed cost of installing new capital, and finally the
cost of forgone waiting options.
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Majluf (1984)) or incentive problems inherent in project selection
(Jensen and Meckling, 1976). Moreover, government regulations on
product markets (e.g. output price controls) could lower returns to
capital in certain sectors and create barriers for capital flow to those
sectors. As a result, funds are not invested in the socially most
beneficial projects. Table 1 summarizes different forms of under-
investment.

2.2. The cost of capital

Standard finance theory suggests that due to the risk-aversion
of agents, investors take systematic (non-diversifiable) risks only if
the risk-taking is rewarded with expected returns that are higher
than from lower-risk investments. To avoid the misuse of the
concept, enough attention should be given to the definition of risk
in this context. The risks which come with a reward should be the
systematic one, meaning that investors are not be able to eliminate
them using diversification or hedging.7 The Capital Asset Pricing
Model (CAPM) (Lintner, 1965), an essential model in modern
finance, suggests that investors receive extra premium only to
the extent that their return is co-moving with the market return.8

This model implies that if firms issue equity in order to finance
their projects, the expected return to pay to buyers (financiers)
should be proportional to the co-movement of firm's cash-flow
with the market returns. As a result, firms which produce goods
and services the demand of which moves strongly with business
cycles (high beta firms) have to sell their shares at lower prices
compared to those firms which produce counter-cyclical products
and services.

A general structure for the cost of capital comprises the
following elements.

1) Risk-free rate: This is the base rate that investors demand for
accepting any investment project.

2) Market price risk: When projects are risky, investors demand a
higher compensation to bear the risk. The market price of risk
is the extra premium to pay for every unit of systematic risk,
and measured with the firm's beta: the co-movement between
firm's pay-off and the market returns.

3) In addition, firms may have to pay extra transaction costs (like
brokerage fee or bank fee) to issue securities or receive a loan. If
a country has a more active financial market, these elements
would be lower in general. Hail and Leuz (2006) find that
firms in countries with more extensive security regulations and
better law enforcement pay a lower cost of capital. Estache and
Pinglo (2004) find that the cost of capital has a negative
relationship with the economic development. Their estima-
tions, using the data for the cost of equity and debt for a large

number of infrastructure projects, suggest that these projects
has the highest cost of capital in Africa and Middle-East (14%)
and the lowest in South Asia and Pacific (8.5%).9

Theoretically, estimating the cost of capital for a given sub-
sector should be straightforward. The standard procedure is to
regress a company's stock returns on the market returns to
produce the beta of the company as a measure for the cost of
capital. For mature industries, this is usually done using stock
market data. Unfortunately, risk and return data for a sufficient
empirical estimation are not readily available for most of the new
technologies, such as renewable energy technologies; or the
energy sector of least developing countries.

Despite of its theoretical attractiveness, CAPM shows a poor
performance in various empirical tests, implying the possibility of
other “priced” risk factors in addition to the market return risk.
Fama-French (1993) among others, have suggested candidates for
these missing risk factors. In the Fama-French model, the differ-
ence between the returns of High versus Low book-to-market
firms (aka HML factor) and Small versus Big firms (aka SMB factor)
are extra factors which should be considered in a cost of capital
estimation.

Moreover, using stock market data for this purpose is not free of
its own problems. A financial modeller is interested in the expected
returns. However, it is not possible to observe the ex-ante expecta-
tions and one needs to use rational expectations hypothesis and ex-
post data to estimate the ex-ante values. Realized stock returns (ex-
post data) contain information on the expected returns (ex-ante
measures) as well as realized shocks to the cash-flow of the firm.

2.3. Financing frictions

Throughout this study, we take as a given that some financing
frictions exist in the economy and highlight two distinct channels
of that phenomenon. The first channel is limitations of the
aggregate investment in the entire energy sector. This effect, once
binding, shifts the energy portfolio toward less capital intensive
technologies. The second effect comes through differences in risk
premium among various energy technologies. There are several
mechanisms creating such difference.

First, the correlation between pay-offs and business cycles varies
between technologies, affecting the systematic risk of technologies.
In electricity generation the correlation is determined by how the
difference in input and output prices varies between booms and
recessions. For fuel-based technologies (e.g. gas and coal) both
factors correlate, whereas for renewables and nuclear – for which
fuel plays minor role in generation costs – the correlation arises
from the electricity price variability only. The correlation in pay-offs
might generally thus be higher for renewables, which would
associate with a higher CAPM type risk premium.

Table 1
Summary of different types of under-investment.

Type of under-investment Underlying reasons Solutions

Low aggreagate investment Low saving rates, poor financial sector, macroeconomic
uncertainty

Interest rate policies, improving property
rights, promoting FDI

Low investment in the energy sector Inefficient energy regulations, higher transaction costs
of energy investment

Higher investment incentives

Low investment in particular energy technologies High technology-specific risk premium Specialized finance

7 In the literature of energy finance, sometimes authors do not differentiate
between systematic and idiosyncratic risks and point out to all types of risks (such
as technical failure) as source of risk premium, which is not always correct.

8 CAPM model assumes that by investing in large number of uncorrelated
assets, one can eliminate the asset-specific risks. Therefore, in equilibrium no extra
premium is required for those risks.

9 For comparison, Cambini and Rondi (2010) reported the cost of capital for
utilities in five European countries to average at 7%.
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However, the electricity sector is not the only demander of
funds in the continent. The World Bank's “African Infrastructure
Country Diagnostic Study” (Foster, 2008) suggests an annual
deficit of 38 billion US$ of capital expenditure to redress region's
infrastructure, including sectors such as water, sanitation, ICT and
roads. This implies that the electricity sector should compete with
several other high-priority and potentially more attractive sectors
to attract capital.

In order to create more detailed long-term scenarios on
electricity investment, we need to assess the different sources of
capital for the sector – including their volumes and costs – and
make quantified projections for each source. In our context, the
capital needed by the electricity sector is distinguished from
capital used for other energy investments, such as upstream or
end-use, which are likely to have different abilities to provide
returns to investment and different sources of finance. Hence in
the following we consider the capital supply for the electricity
sector only.

Towards this aim, we first analyse the historical financing
patterns in Sub-Saharan Africa, and then present ranges of para-
meter values in order to quantify a number of possible capital
supply curves for electricity investment. These supply curves are
then further used in the energy scenario analysis of Section 4.

3.2. Historical trends of investment in Sub-Saharan Africa

Detailed and comprehensive data on electricity generation
investment in Sub-Saharan Africa is scarce. IEA (2003, page 365)
estimates that the level for the whole power sector has been
below 1% of GDP in the 1990s, with approximately half falling to
generation. Foster (2008) suggests that between 2001 and 2005
capital expenditure to power sector has been around 1.1% of GDP.
Of this, 40% would have been by the public sector, 12% through
official development assistance, 32% from non-OECD FDI and
16% by the private sector. We discuss the characteristics of these
financiers in detail.

3.2.1. Public sector investments
Most African electricity generators are publicly owned. Of the

45 generating companies that are members to the Union of African
Electricity Producers, Distributors and Conveyors (UPDEA), 39 are
publicly owned, although from which privatization of four com-
panies is underway. Due to this, African governments have been
the largest source for investment in the electricity sector. Briceño-
Garmendia et al. (2008) have estimated that public sector invest-
ment to the power sector between 2001 and 2005 have been at
1.1% of GDP in oil exporting countries, 0.4% in middle income
countries, 0.8% in non-fragile and negligible in fragile low income

countries. From this we may assume a range of 0.5% to 1% of GDP
as the financing capacity of the public sector in Sub-Saharan
Africa.

The public sector may finance its investments with funds from
multiple sources. On one hand, if we assume that the public sector
is risk averse, the cost of financing should reflect the marginal rate
for attracting funds, i.e. the risk-free rate or the cost of borrowing
for the government. On the other hand, a government might see
additional benefits than the direct monetary return to the elec-
tricity investment, i.e. positive externalities, and thus might
require lower returns than the borrowing cost for the investment.

Fig. 4 presents estimates on the capital costs of Sub-Saharan
Africa's public sector by the World Bank (2010). The risk-free rate
implied by lending rates of banks has been fluctuating around 10%
during the last decade. The average interest for public and publicly
guaranteed debt has, however, been very low, as for most
countries in the region the debt involves a notable grant element,
for which interest or repayment is not necessarily required. A
realistic cost of capital assumption for the public sector might thus
fall between these measures, and we use a range from 5% to 10% in
this study.

3.2.2. Domestic private sector investments
African electricity sector has experienced an increase in domestic

private investment during the past 15 years, following the privatiza-
tion of some power companies. Fig. 5 presents investments in
electricity generation and, to a smaller extent, transmission and
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Second, there is a difference between large-scale and long-term
investment projects and small-scale and short-term projects. Acem-
oglu and Zibotti (1997) suggest that because of this effect, investors
will invest on safer projects with lower return. They show when the
economy grows, further investment opportunities emerge and agents
are willing to invest a higher proportion of their savings into riskier
projects. An extra risk premium should be associated to large-scale
projects to capture some of market incompleteness effects mentioned
before such as the limited space for diversification or uninsured risks.
This issue is more pronounced in developing countries that lack a
liquid, large, and efficient financial market. However, large-scale and
pioneering projects may face financing difficulties even in the devel-
oped countries, and have to pay an extra risk premium to attract
investors.

Finally, investment in emerging and non-conventional technol-
ogies, as well as in projects which may face regulatory challenges
(e.g. nuclear power plants), is more risky due to the probability of
failure or stoppage and hence losing any expected future cash-
flow. Adding a risk-premium to the required rate of return in this
type of projects ensures that investors will have enough incentive
to enter to the project.

To attract domestic private investment the energy sector has to
compete with other sectors of the economy under consideration.
International investors can be more specialized, and the competi-
tion is more between energy sectors in different regions. Hence
the international funds for a country's power sector might
be drained by the power sector in another country that has a
more favourable investment climate. Government policies are
quite influential for this source of funding. For example,
Blackman and Wu (1999) show that in the case of China, limiting
regulations in the 1990s channeled foreign direct investments
(FDI) mainly toward small-scale projects. This may limit the
overall impact of FDI despite a large quantity of total investment.

2.4. Implications of cost of capital on energy investment

The cost of capital has implications on several levels. On the
aggregate level of the whole economy, capital acts as a factor of
production and its cost affects the equilibrium level of energy
supply and demand. On the project level, the cost of capital also
affects the balance between capital and running costs, and there-
fore affects the choice of production technology. This has impor-
tant consequences for greenhouse gas emission control, as
emission reductions are pursued mainly through shifts to cleaner
but more capital intensive technologies.

As an illustration, we approach the technology selection problem
first though a simple cost-minimization analysis. In order to supply
a unit of electricity (neglecting the system integration costs), the
producer has several technology choices with differing character-
istics. We assume that the price of supplied electricity does not
depend on the selected technology (i.e. we assume no market
power for energy firms), so that the profits of a price-taking
producer are maximized with a technology that minimizes the
levelized production costs. Using the technology characteristics and
fuel prices for Sub-Saharan Africa from the Global Energy Assess-
ment (GEA) (Riahi et al., 2012) for year 2020, Fig. 1 portrays the
cost-minimizing technologies for different capital cost and emission
price levels. The obvious shift from more to less capital intensive
technologies as the discount rate is increased is clearly presented in
the figure. In addition, an interesting feature is the steep slope
between the cost-optimality regions of the renewable and fossil
technologies. An implication from this is that with higher costs of
capital, the price of emissions that is required to make renewables
the optimal technology is increased significantly.

3. Energy investment in Sub-Saharan Africa

3.1. Future investment needs

Our analysis is based on the scenarios reported in GEA (Riahi et al.,
2012). Fig. 2 presents the monetary amount of electricity investments
relative to the projected GDP of Sub-Saharan Africa in three illustrative
GEA scenarios aiming at a 450 ppm CO2-eq greenhouse gas concen-
tration target. Although the range of investment levels is wide –

resulting from the differences in electricity demand and the avail-
ability of technologies with low capital costs to satisfy this demand –

the investments grow rapidly in the coming decades in the illustrative
Supply and Mix scenarios. This suggests that the electricity invest-
ments required for the envisioned energy transition in the GEA
scenarios may demand a significantly higher share of GDP over the
coming decades compared to the current level.

This trend does not necessarily imply that the electricity sector
would necessarily take a larger share of the total investments,
if the aggregate capital formation in the economy grows at
least with the same rate. The trend of aggregate investment in
the economy, depicted in Fig. 3, yet suggests that it might
not be growing with the pace of the electricity sector. Therefore,
the electricity sector should offer an improved return over the
next decades in order to attract a higher share of aggregate
investment.
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However, the electricity sector is not the only demander of
funds in the continent. The World Bank's “African Infrastructure
Country Diagnostic Study” (Foster, 2008) suggests an annual
deficit of 38 billion US$ of capital expenditure to redress region's
infrastructure, including sectors such as water, sanitation, ICT and
roads. This implies that the electricity sector should compete with
several other high-priority and potentially more attractive sectors
to attract capital.

In order to create more detailed long-term scenarios on
electricity investment, we need to assess the different sources of
capital for the sector – including their volumes and costs – and
make quantified projections for each source. In our context, the
capital needed by the electricity sector is distinguished from
capital used for other energy investments, such as upstream or
end-use, which are likely to have different abilities to provide
returns to investment and different sources of finance. Hence in
the following we consider the capital supply for the electricity
sector only.

Towards this aim, we first analyse the historical financing
patterns in Sub-Saharan Africa, and then present ranges of para-
meter values in order to quantify a number of possible capital
supply curves for electricity investment. These supply curves are
then further used in the energy scenario analysis of Section 4.

3.2. Historical trends of investment in Sub-Saharan Africa

Detailed and comprehensive data on electricity generation
investment in Sub-Saharan Africa is scarce. IEA (2003, page 365)
estimates that the level for the whole power sector has been
below 1% of GDP in the 1990s, with approximately half falling to
generation. Foster (2008) suggests that between 2001 and 2005
capital expenditure to power sector has been around 1.1% of GDP.
Of this, 40% would have been by the public sector, 12% through
official development assistance, 32% from non-OECD FDI and
16% by the private sector. We discuss the characteristics of these
financiers in detail.

3.2.1. Public sector investments
Most African electricity generators are publicly owned. Of the

45 generating companies that are members to the Union of African
Electricity Producers, Distributors and Conveyors (UPDEA), 39 are
publicly owned, although from which privatization of four com-
panies is underway. Due to this, African governments have been
the largest source for investment in the electricity sector. Briceño-
Garmendia et al. (2008) have estimated that public sector invest-
ment to the power sector between 2001 and 2005 have been at
1.1% of GDP in oil exporting countries, 0.4% in middle income
countries, 0.8% in non-fragile and negligible in fragile low income

countries. From this we may assume a range of 0.5% to 1% of GDP
as the financing capacity of the public sector in Sub-Saharan
Africa.

The public sector may finance its investments with funds from
multiple sources. On one hand, if we assume that the public sector
is risk averse, the cost of financing should reflect the marginal rate
for attracting funds, i.e. the risk-free rate or the cost of borrowing
for the government. On the other hand, a government might see
additional benefits than the direct monetary return to the elec-
tricity investment, i.e. positive externalities, and thus might
require lower returns than the borrowing cost for the investment.

Fig. 4 presents estimates on the capital costs of Sub-Saharan
Africa's public sector by the World Bank (2010). The risk-free rate
implied by lending rates of banks has been fluctuating around 10%
during the last decade. The average interest for public and publicly
guaranteed debt has, however, been very low, as for most
countries in the region the debt involves a notable grant element,
for which interest or repayment is not necessarily required. A
realistic cost of capital assumption for the public sector might thus
fall between these measures, and we use a range from 5% to 10% in
this study.

3.2.2. Domestic private sector investments
African electricity sector has experienced an increase in domestic

private investment during the past 15 years, following the privatiza-
tion of some power companies. Fig. 5 presents investments in
electricity generation and, to a smaller extent, transmission and

0

5

10

15

20

25

1975 1980 1985 1990 1995 2000 2005 2010

In
te

re
st

 [%
]

Average interest for public loans
(including grant elements)
Risk-free rate implied by lending rates

Fig. 4. Capital cost of public sector in Sub-Saharan Africa: risk-free rate implied by
lending rates of banks, and average interest for public and publicly guaranteed debt
and grants (World Bank, 2010). Note that for the grant element of debt interest
payment or repayment is not necessarily required.

0.00 %

0.05 %

0.10 %

0.15 %

0.20 %

0.25 %

0.30 %

0.35 %

0

200

400

600

800

1000

1200

1400

1600

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

Pr
iv

at
e 

el
ec

tri
ci

ty
 in

ve
st

m
en

ts
  r

el
at

iv
e 

to
 G

D
P

Pr
iv

at
e 

el
ec

tri
ci

ty
 in

ve
st

m
en

ts
 [m

illi
on

 U
S$

]

Fig. 5. Private electricity investments in Sub-Saharan Africa, in monetary terms
(bars, right scale) and relative to the GDP (line, left scale) of Sub-Saharan Africa
(World Bank, 2011).

0

5

10

15

20

25

30

1960 1970 1980 1990 2000 2010

G
ro

ss
 c

ap
ita

l f
or

m
at

io
n 

re
la

tiv
e 

to
 G

D
P 

[%
]

Fig. 3. Gross capital formation relative to GDP (World Bank, 2011).

T. Ekholm et al. / Energy Policy 59 (2013) 562–572566



IV/6 IV/7

in our estimates. Moreover, the state of the economy changes over
time and the curve has a dynamic nature. To overcome these
aspects, we define separate scenarios with different capital cost
curves, based on the combinations of parameter ranges estimated
in Section 3.2, and use one of these curves as an illustrative case.
The set of capital cost curves for Sub-Saharan Africa are presented
in Fig. 8, with the illustrative case highlighted. As the set of
parameters used for the curves is rather broad, the results from
using the whole set gives a good indication of the robustness of
the results, while the illustrative case allows for a specific
examination of one particular case.

4. African energy scenarios with capital supply

In order to quantitatively assess the effect of limited capital
supply and high required returns on electricity investment, we
present energy scenarios for Sub-Saharan Africa up to 2050 with
various assumptions on the available capital. Towards this aim, the
capital supply curves from Fig. 8 were implemented into an energy
system model.

4.1. Modeling framework

The model used here is a linear cost optimization model with
perfect foresight developed by Krey and Riahi (2009), similar to
common modelling frameworks such as MESSAGE (Messner and
Strubegger, 1995; Riahi et al., 2007), TIMES (Loulou and Labriet,
2008) and MARKAL (Loulou et al., 2004). Due to this similarity, the
technical implementation of the capital supply curve to other
models using the same solution concept is straightforward. Details
on the technical implementation of the capital supply curve are
provided in Appendix 2.

The model includes a simplified, single-region representation
of the energy system of Sub-Saharan Africa, with a focus on the
electricity sector. Given a projection for future energy demand,
available energy resources, technology specifications and costs
for resource extraction, transformation and energy end-use; the
model finds a least-cost solution to fulfil a projected energy
demand, including costs from energy supply, distribution and
demand side technologies. The model input data was calibrated
to the illustrative GEA-Mix scenario (Riahi et al., 2012). The model
is calibrated to 2010, after which the model is free to select the
optimal way of satisfying the projected energy demand.

The selected GEA scenario includes a global climate change
mitigation target, aiming at atmospheric greenhouse gas concen-
trations of 450 ppm CO2-eq by 2100, that is reached under a
globally coordinated climate policy and emission markets. The
scenario assumes a moderate pathway for demand growth and
technological development, and an efficient, globally uniform
emission pricing with a carbon value of 34$/tCO2 in 2020 and a
5% annual growth thereafter. Because of the emission pricing, coal
power is phased out rapidly by 2030 in this scenario, and replaced
by a portfolio of hydro, solar (both CSP and PV), biomass, nuclear
and wind power, including a small share of gas power with CCS
after 2030. As a result the share of renewables in the electricity
portfolio rises rapidly from 24% in 2005 to 61% in 2030, and
further to 78% in 2050.

4.2. Energy scenarios with capital supply

To quantify the effect of capital supply on energy investment,
we present both a non-capital constrained scenario with a flat 5%
discount rate and scenarios with capital supply curves parameter-
ized according to Fig. 8. Comparing the capital supply curves to the
investments in the GEA-Mix scenario in Fig. 2 suggests that if
investments were to be made as in the original scenario, costlier
capital would have to be used starting from 2020 with every
capital supply curve of Fig. 8. However, introducing a higher
marginal cost for capital to the model is likely to affect the cost-
optimal technology portfolio and thus alter the amount of invested
capital, even if electricity output is kept constant between the
scenarios.

A baseline scenario without climate policy provides a good
point of departure for the scenario analysis. Electricity investments
remain at estimated historical levels, around 0.7% of GDP, in the
baseline scenario without capital constraints. With our range of
assumptions on the capital supply, the capital constraint affects
investments only with some of the assumed capital supply curves.
Moreover, in these cases the effect of costlier capital is reduced by
introducing a larger share gas power to the technology portfolio.
The effect of capital supply is therefore only modest in the
baseline.

In the scenarios with climate policy, however, the effect of
capital constraints is much more pronounced. Fig. 1 suggested that
with a high cost of capital, cost-minimizing technology selection
favours gas power – the least capital intensive centralized gen-
eration technology – even with relatively high emission prices.
This is also observed from Fig. 9, which presents the scenario
with the illustrative supply of capital. With constrained capital
supply, gas-based electricity is the main generating technology
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distribution from the World Bank's Private Participation in Infrastruc-
ture (PPI) database (World Bank, 2011). As may be seen from Fig. 5,
there has been considerable variation in the investment levels
between the years, with average investments around 0.15% and the
peak at 0.3% of GDP between 2000 and 2010. Should more power
sector privatization and regulatory or macroeconomic reforms take
place in the future, the potential for private electricity investments
could increase. As a result, we assume a broad range from 0.15% to
0.5% of GDP as the financing capacity of the private sector until 2050.

One factor inhibiting the private sector's participation is the cost
of financing. Domestic investors should take into account three
components for the cost of financing: the risk-free rate, the risk
premium, and the spread to borrow from financial markets (transac-
tion costs). Using different definitions of risk, Collins (2006, page
489) provides estimations of equity market return for a subset of
African countries, reflected in (Appendix 1). The average African
equity premium is in the range of 4.3% to 22.4%, depending on the
risk metrics used, with an average of 12%.

For debt financing, investors need to pay an extra spread (the
difference between lending and borrowing rates) for the bank
loans to cover the operational costs and mark-ups in the banking
sector. Fig. 6 presents the trend of lending rates and risk premia for
prime customers in Sub-Saharan Africa since 1980. The average
risk premium for lending in the recent years has been around 7%,
while the lending rate has fluctuated in the range of 15% to 20%.
Combining the average of these premia to the range of risk-free
rates assumed in Section 3.2.1 gives ranges from 17% to 22% for
equity, and from 12% to 17% for borrowing.

3.2.3. Foreign direct investment (FDI) in Africa
FDI to Africa has historically accounted for only a small fraction

of GDP. However, during the last decades the conditions have
changed and the ratio of FDI to GDP has increased, with a record
level of 7.7% of GDP in 2004. Still, an important fraction of inward
FDI to Africa is allocated to upstream oil, gas and mining sectors.

The future trend of FDI will depend on political stability,
domestic policies, competing regions' attractiveness, and the
global economic situation (Lamech and Saeed, 2003). FDI to Africa
is a small fraction of global FDI flow; therefore, we assume that
there is, in principle, no cap on the investment capacity to the
region as long as the regulations and investment climate of the
region are favourable and the projects are offering attractive risk/
return profiles.10

The cost of capital differs between domestic and foreign private
investors. The foreign investor holds a globally diversified portfo-
lio, and investing in Africa's electricity sector can be attractive
because it contributes to further portfolio diversification. Yet,
foreign investors are also exposed to extra risks such as transfer
and currency risks. While the diversification effect reduces the
risk-premium, the transfer and currency risks increase the pre-
mium.11 Our capital costs estimate for FDI consists of a baseline
rate for foreign investors and a risk premium, which includes
equity and country premia. We choose the baseline rate close to
average global rates, e.g. 6 month LIBOR12 for dollars, which has
been fluctuating around an average of 4.5% since 1990.

To estimate the extra premium component we refer to existing
estimates. Damodaran (2011) provides country risk premia for a
group of countries based on country ratings by Moody's. Unfortu-
nately, not many African countries are present in his estimates.
However, for a basket of countries with closer characteristics
to Sub-Saharan Africa the risk premium is generally between 7%
and 14%. Additional perspective can be gained from Fig. 7, which
compares the risk premia estimates of Damodaran (2011) and
expert survey results of Fernandez et al. (2011) against the GDP
per capita of a country. For countries with GDP (PPP) per capita
similar to most countries in the region, the risk premia mainly fall
to the range from 8% to 14%. The total cost of capital would thus
range between 13% and 18%. This is roughly consistent with
Odenthal and Zimny (1999), who report the annual returns to US
FDI into Africa for 1983–1997 to range between 5.6% and 35.3%;
although the ex-ante and ex-post nature of these two ranges,
correspondingly, should be borne in mind, as noted in Section 2.2.

3.3. A multi-source capital supply curve

To formulate the limitations in access to funds, we use a
discrete multi-step capital supply curve consisting of three repre-
sentative financiers: the public sector, domestic private investors
and foreign investors.13 One key underlying assumption to moti-
vate a steeply rising capital supply costs is that the ability of a
single sector in the economy to attract funds is limited. Different
sectors in the economy are competing to attract funds but at the
margin they propose similar risk/return profiles. Since investors
are risk-averse they will diversify their investment among differ-
ent sectors. Thus, no single sector can absorb a large share of the
capital in an economy, unless it pays an extra-ordinary excess
returns, which would in turn imply a high cost for capital for that
sector. Because the electricity sector's ability to pay high returns is
likely to be different from that of e.g. the upstream energy sector
(oil and gas), our analysis separates these sectors and considers
the capital constraints in the electricity sector only.

Estimating financial constraints at a regional level is not a
straightforward task and large uncertainties are obviously present
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10 To engage in a large-scale and irreversible investment project, such as a
power plant, investors should carry a large amount of up-front fixed costs. Any
incentive which reduces the risks associated with low return to investment can

(footnote continued)
boost the tendency to enter this market. For example, long-term purchase
agreement, guaranteed fuel contracts, compensation of unused capacity, extra
payment for generating electricity from clean sources, allowing for charging higher
price in peak demand episodes, and tax exemptions can all improve the expected
rate of return of the project. Lamech and Saeed (2003) mention adequate cash flow
and rule of law among factors which international investors consider for investing
in the power sector.

11 Since the foreign investor holds a different portfolio, it is not clear a priori if
the expected risk premium for her is higher or lower than the domestic private
investor. Their relative risk premium depends on the ratio of domestic versus
international CAPM risk as well as risks imposed to foreign investors.

12 London Interbank Offered Rate (LIBOR) is a standard indicator for the rate in
which banks can lend or borrow from each other.

13 The steps in the graph are only an illustrative example for a general space of
discount rates combinations. In reality, the domestic rates can be higher or lower
than the foreign ones.
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in our estimates. Moreover, the state of the economy changes over
time and the curve has a dynamic nature. To overcome these
aspects, we define separate scenarios with different capital cost
curves, based on the combinations of parameter ranges estimated
in Section 3.2, and use one of these curves as an illustrative case.
The set of capital cost curves for Sub-Saharan Africa are presented
in Fig. 8, with the illustrative case highlighted. As the set of
parameters used for the curves is rather broad, the results from
using the whole set gives a good indication of the robustness of
the results, while the illustrative case allows for a specific
examination of one particular case.

4. African energy scenarios with capital supply

In order to quantitatively assess the effect of limited capital
supply and high required returns on electricity investment, we
present energy scenarios for Sub-Saharan Africa up to 2050 with
various assumptions on the available capital. Towards this aim, the
capital supply curves from Fig. 8 were implemented into an energy
system model.

4.1. Modeling framework

The model used here is a linear cost optimization model with
perfect foresight developed by Krey and Riahi (2009), similar to
common modelling frameworks such as MESSAGE (Messner and
Strubegger, 1995; Riahi et al., 2007), TIMES (Loulou and Labriet,
2008) and MARKAL (Loulou et al., 2004). Due to this similarity, the
technical implementation of the capital supply curve to other
models using the same solution concept is straightforward. Details
on the technical implementation of the capital supply curve are
provided in Appendix 2.

The model includes a simplified, single-region representation
of the energy system of Sub-Saharan Africa, with a focus on the
electricity sector. Given a projection for future energy demand,
available energy resources, technology specifications and costs
for resource extraction, transformation and energy end-use; the
model finds a least-cost solution to fulfil a projected energy
demand, including costs from energy supply, distribution and
demand side technologies. The model input data was calibrated
to the illustrative GEA-Mix scenario (Riahi et al., 2012). The model
is calibrated to 2010, after which the model is free to select the
optimal way of satisfying the projected energy demand.

The selected GEA scenario includes a global climate change
mitigation target, aiming at atmospheric greenhouse gas concen-
trations of 450 ppm CO2-eq by 2100, that is reached under a
globally coordinated climate policy and emission markets. The
scenario assumes a moderate pathway for demand growth and
technological development, and an efficient, globally uniform
emission pricing with a carbon value of 34$/tCO2 in 2020 and a
5% annual growth thereafter. Because of the emission pricing, coal
power is phased out rapidly by 2030 in this scenario, and replaced
by a portfolio of hydro, solar (both CSP and PV), biomass, nuclear
and wind power, including a small share of gas power with CCS
after 2030. As a result the share of renewables in the electricity
portfolio rises rapidly from 24% in 2005 to 61% in 2030, and
further to 78% in 2050.

4.2. Energy scenarios with capital supply

To quantify the effect of capital supply on energy investment,
we present both a non-capital constrained scenario with a flat 5%
discount rate and scenarios with capital supply curves parameter-
ized according to Fig. 8. Comparing the capital supply curves to the
investments in the GEA-Mix scenario in Fig. 2 suggests that if
investments were to be made as in the original scenario, costlier
capital would have to be used starting from 2020 with every
capital supply curve of Fig. 8. However, introducing a higher
marginal cost for capital to the model is likely to affect the cost-
optimal technology portfolio and thus alter the amount of invested
capital, even if electricity output is kept constant between the
scenarios.

A baseline scenario without climate policy provides a good
point of departure for the scenario analysis. Electricity investments
remain at estimated historical levels, around 0.7% of GDP, in the
baseline scenario without capital constraints. With our range of
assumptions on the capital supply, the capital constraint affects
investments only with some of the assumed capital supply curves.
Moreover, in these cases the effect of costlier capital is reduced by
introducing a larger share gas power to the technology portfolio.
The effect of capital supply is therefore only modest in the
baseline.

In the scenarios with climate policy, however, the effect of
capital constraints is much more pronounced. Fig. 1 suggested that
with a high cost of capital, cost-minimizing technology selection
favours gas power – the least capital intensive centralized gen-
eration technology – even with relatively high emission prices.
This is also observed from Fig. 9, which presents the scenario
with the illustrative supply of capital. With constrained capital
supply, gas-based electricity is the main generating technology
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developed ones. Past effort sharing studies (e.g. den Elzen et al., 2005,
2008; Persson et al., 2006; Ekholm et al., 2010) have suggested the
trade flows for Africa between 2020 and 2050 might range from 0.1%
to 4.9% of Africa's GDP. Should this revenue from selling emission
allowances be available in part for electricity investments, the
problem of capital constraints might be alleviated.

There are, however, some obstacles for this. First, it depends on
the how climate policy is formulated—specifically who initially
owns the African emission allowances and whether the owner is
willing to use the emission trading revenues for electricity invest-
ments. This could be in principle solved by allocating the allowances
to the government, and earmarking the revenues for investment,
although the outcome might not be the most socially beneficial.

Second, emission reductions are prerequisite for the emission
trading income. Hence the reductions – and investment to clean
technologies – have to precede the trade revenues. Yet, in order to
use the trade revenue for investment a contrary course of action
would be required. If the energy producers are cash constrained,
as we here assume to be, they might be unable to carry out the
initial investments and realize the revenues from emission trading.
In such a case the initial investment would have to come from
some other source, e.g. from official development assistance,
climate funds (e.g. Carraro and Massetti, 2012) or a global institu-
tion purchasing emission allowances (Bradford, 2004). If the
obstacles of the first investments are cleared, the future revenues
from emission trading and savings from fuel costs could be used
for subsequent investments.

As a quantitative example, if the difference in emission levels
between the capital constrained and non-constrained case, pre-
sented in Fig. 13, is valued with the emission price projection used,
the monetary value amounts on average to 0.28% of Sub-Saharan
Africa's GDP between 2020 and 2050, with the highest value of

0.6% in 2030—the year with the highest investment gap. Having
this capital available for electricity investments the problem of
constrained capital would almost be lifted, and the non-capital
constrained scenario might be followed. This can, however, be a
two-edged solution. Although emission trading could bring addi-
tional revenue, it also creates an additional source of uncertainty
regarding the price of emissions. Therefore the applicability of
using emission trading revenues to supply capital for investments
might rest on the predictability of climate policy and stability of
emission prices.

5. Summary and conclusions

In this paper we have analysed the effect of capital supply
constraints on energy scenarios and implemented the concept in
an energy system model for Sub-Saharan Africa. We first discussed
conceptually the causes for and effects from capital supply and
capital costs, and provided estimates for available capital and
required rates of return for different financiers. Reflecting on the
energy scenarios of Global Energy Assessment (Riahi et al., 2012),
it seems that relatively costly capital would have to be used should
a global climate policy and emission pricing affect the region. For
analysing this explicitly, we calculated scenarios of electricity
generation for Sub-Saharan Africa that take the scarceness of
capital into account.

A wide range of possible capital cost curves were introduced
into an energy system model for Sub-Saharan Africa, and the
resulting scenarios differed notably from a non-capital constrained
case. With higher cost of capital, the selection of cost minimizing
technologies favours less capital-intensive production methods. In
the scenarios this meant that electricity will be produced primarily
with gas power plants up to 2030, instead of renewables, despite
the carbon prices. Consequentially, the investments in monetary
terms were considerably lower, and CO2 emissions higher, than
in the non-constrained scenario. Yet, due to the flexibility arising
from technology selection, the marginal production costs of
electricity were increased only slightly. All these findings proved
to be very robust, as a number of different capital supply curves
were used in the model.

From the viewpoint of climate policy, an important implication
of these results is that, keeping other factors fixed, the emission
reductions induced by a given emission price are decreased with
a high cost for capital. Conversely, for a quantity-based control
of emissions, higher cost of capital increases considerably the
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until 2030.14 and the introduction of renewables is delayed by
more than ten years. This effect occurs consistently with all
assumed capital cost curves, as can be seen from Fig. 10.

Consistent with a lower capital intensity of generating capacity,
the monetary amount of electricity investments is also smaller in
the capital constrained cases, as Fig. 11 presents. Although the
electric power output capacities are nearly equal across scenarios,
investments in monetary terms are roughly halved between 2020
and 2030 in all of the scenarios with higher cost of capital.

An interesting feature is that the change in the marginal price
of electricity is far less dramatic, as can be observed from Fig. 12.
This stems from technology substitution, through which the model
is able to compensate the higher cost of capital by selecting less
capital-intensive technologies. If demand price elasticity were
considered, the change in demand would therefore be only minor.

The delayed introduction of non-fossil electricity technologies
leads obviously to higher emission levels. As Fig. 13 presents,
costlier capital renders the pricing of emission – equal in all
presented scenarios – less effective, delaying the emission reduc-
tions and leaving the cumulative energy-based CO2 emissions
between 2020 and 2050 of Sub-Saharan Africa 43% higher in the
illustrative case than in the case without capital constraints.

4.3. Capital supply and climate policy

An underlying assumption in the scenarios was a single, global
price for emissions, implemented either through harmonized emission
taxes or a global emission market in which Sub-Saharan Africa acts as
a price taker. Both options lead effectively to a price-based emission
control in Sub-Saharan Africa. As higher capital costs diminish the
impact of a price-based control of emissions, the differences in capital
costs across countries needs to be taken into account when planning
or analysing global climate policy. Assuming a too high investment
capacity, or equivalently a too low discount rate, one overstates the
amount of realized emission reductions with a price based control
(emission tax), or understates the resulting market price of emissions
with a quantity based control (cap-and-trade).

To portray the above proposition in our modelling setting,
Fig. 14 presents how much the price of emissions would have to be
increased in the capital constrained scenario in order to reach the
cumulative emission level between 2020 and 2050 of the non-
capital constrained case. In all scenarios, the presented emission
price is set for the year 2020, and is assumed to increase annually
by 5% thereafter. In the modelled case of Sub-Saharan Africa with

the illustrative capital supply curve, the price of emissions would
have to be increased by roughly 60%, from 34$/tCO2 to 54$/tCO2,
to reach the cumulative emission level of the non-capital con-
strained scenario. Looking from another perspective, without
capital constraints the higher 54$/tCO2 emission price would
reach emission levels that are cumulatively 30% lower than with
the lower 34$/tCO2 price.

Global climate policy might, however, also help in reducing
the capital scarcity in developing countries. If climate policy is
pursued effectively through a global cap-and-trade framework (or
harmonized emission taxes with transfers), an equitable effort
sharing – i.e. the allocation of emission allowances (or the amount
of transfers) to countries – has been projected to involve large trade
flows of emission allowances from developing countries to the
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14 Capital constraints for gas pipeline investments were not considered in this
study, although capital scarcity similar to that of electricity generation might
inhibit investments to gas distribution.
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developed ones. Past effort sharing studies (e.g. den Elzen et al., 2005,
2008; Persson et al., 2006; Ekholm et al., 2010) have suggested the
trade flows for Africa between 2020 and 2050 might range from 0.1%
to 4.9% of Africa's GDP. Should this revenue from selling emission
allowances be available in part for electricity investments, the
problem of capital constraints might be alleviated.

There are, however, some obstacles for this. First, it depends on
the how climate policy is formulated—specifically who initially
owns the African emission allowances and whether the owner is
willing to use the emission trading revenues for electricity invest-
ments. This could be in principle solved by allocating the allowances
to the government, and earmarking the revenues for investment,
although the outcome might not be the most socially beneficial.

Second, emission reductions are prerequisite for the emission
trading income. Hence the reductions – and investment to clean
technologies – have to precede the trade revenues. Yet, in order to
use the trade revenue for investment a contrary course of action
would be required. If the energy producers are cash constrained,
as we here assume to be, they might be unable to carry out the
initial investments and realize the revenues from emission trading.
In such a case the initial investment would have to come from
some other source, e.g. from official development assistance,
climate funds (e.g. Carraro and Massetti, 2012) or a global institu-
tion purchasing emission allowances (Bradford, 2004). If the
obstacles of the first investments are cleared, the future revenues
from emission trading and savings from fuel costs could be used
for subsequent investments.

As a quantitative example, if the difference in emission levels
between the capital constrained and non-constrained case, pre-
sented in Fig. 13, is valued with the emission price projection used,
the monetary value amounts on average to 0.28% of Sub-Saharan
Africa's GDP between 2020 and 2050, with the highest value of

0.6% in 2030—the year with the highest investment gap. Having
this capital available for electricity investments the problem of
constrained capital would almost be lifted, and the non-capital
constrained scenario might be followed. This can, however, be a
two-edged solution. Although emission trading could bring addi-
tional revenue, it also creates an additional source of uncertainty
regarding the price of emissions. Therefore the applicability of
using emission trading revenues to supply capital for investments
might rest on the predictability of climate policy and stability of
emission prices.

5. Summary and conclusions

In this paper we have analysed the effect of capital supply
constraints on energy scenarios and implemented the concept in
an energy system model for Sub-Saharan Africa. We first discussed
conceptually the causes for and effects from capital supply and
capital costs, and provided estimates for available capital and
required rates of return for different financiers. Reflecting on the
energy scenarios of Global Energy Assessment (Riahi et al., 2012),
it seems that relatively costly capital would have to be used should
a global climate policy and emission pricing affect the region. For
analysing this explicitly, we calculated scenarios of electricity
generation for Sub-Saharan Africa that take the scarceness of
capital into account.

A wide range of possible capital cost curves were introduced
into an energy system model for Sub-Saharan Africa, and the
resulting scenarios differed notably from a non-capital constrained
case. With higher cost of capital, the selection of cost minimizing
technologies favours less capital-intensive production methods. In
the scenarios this meant that electricity will be produced primarily
with gas power plants up to 2030, instead of renewables, despite
the carbon prices. Consequentially, the investments in monetary
terms were considerably lower, and CO2 emissions higher, than
in the non-constrained scenario. Yet, due to the flexibility arising
from technology selection, the marginal production costs of
electricity were increased only slightly. All these findings proved
to be very robust, as a number of different capital supply curves
were used in the model.

From the viewpoint of climate policy, an important implication
of these results is that, keeping other factors fixed, the emission
reductions induced by a given emission price are decreased with
a high cost for capital. Conversely, for a quantity-based control
of emissions, higher cost of capital increases considerably the
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emission price required to reach an emission target. In our
scenarios of Sub-Saharan Africa, the price level had to be increased
by 60% in the capital constrained scenario in order to reach the
emission levels of the non-constrained case. This has important
implications for both policy and modelling, because disregarding
this effect would lead to either a considerable overestimation of
emission reduction potentials that a given price incentive could
achieve, or an underestimation of economic consequences a
quantity target might inflict. Models and scenarios should either
take the capital constraints or higher risk premia into account; or
to allow non-uniform emission prices between regions in order to
reach the desired regional emission levels.

To solve the capital constraint problem, and thus be able to
follow a more efficient climate scenario, governments’ financial
capacities to invest should be increased, or the investment risks of
the private sector should be hedged. Climate funding, e.g. revenue
from selling emission allowances on a global emission market, has
been suggested as a solution to the former. However, in the case
of electricity generation this would not be a complete solution
as the investment capital is required prior to the emission
reductions, and then subsequent emission trading with the
unused allowances. Therefore, another source of capital should
be used for the first investments, while the emission trading
revenue and savings from fuel costs could be used to fund
subsequent investments.

Although we looked at the African electricity sector only, we think
that similar capital constraints – and their implications – can affect
also other regions and sectors, though not necessarily to the same
extent. In future studies, the work might be extended e.g. by looking
at the problem from a general equilibrium framework. Also, having
better grounded estimates of the present and future capital supply
curves would be an important improvement, although our findings
proved to be robust for a large range of capital supply curves.
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Appendix 1. Africa's equity risk premium

See Table A1.

Appendix 2. Specifying required rates of return in cost-
optimization models

A prerequisite for a successful and profitable investment is that
the returns to investment are higher than the cost of capital used.
Modelling the returns to investment with a cost-minimizing linear
programming (LP) tool (such as MESSAGE, TIMES, MARKAL or our
model used here) is however not directly possible, as prices are
not endogenous variables in the model, but extracted from the
marginal values from the optimization problem. In addition, the
models discount all costs that are to be minimized using a single
discount rate, while multiple rates would be necessary to imple-
ment the capital cost curves of Fig. 8. Due to these impediments,
an approximation has to be used. This appendix describes the
method used in the paper to implement a capital cost curve into a
cost-minimizing LP model.

The internal rate of return (IRR) from an investment I with a
lifetime of T is

IRR¼ rj−I þ ∑
T

t ¼ 1
ð1þ rÞ−tπt ¼ 0

� �
ðA2:1Þ

where πt is the profit less capital costs from the investment in year
t. The profits may obviously fluctuate, but let us simplify this with
an ex-ante assumption that they increase or decrease with a
constant factor ρ, i.e. πt¼(1+ρ) πt−1, and insert this into Eq. (A2.1).

We wish to approximate a given cost of capital, or more
accurately a required rate of return, r in a model that uses a general
discount rate rM. We do this by modifying the investment cost into
I2, which is to be used with in the linear cost-minimization model
with the discount rate rM. For the approximation to be accurate, the
linear model should produce the same prices, and therefore also the
profit schedule {πt}, than a case what would take place if the true
rate of return r would have been used. Therefore we may write an
IRR equation for the approximation, using also the assumption
πt¼(1+ρ)πt−1, resulting in

−I2 þ π1 ∑
T

t ¼ 1

1þ ρ

1þ rM

� �t

¼ 0 ðA2:2Þ

Solving for Eqs. (A2.1) and (A2.2) then yields

γ ¼ I2
I
¼ ðρ−rÞððð1þ ρÞ=ð1þ rMÞÞT−1Þ

ðρ−rMÞððð1þ ρÞ=ð1þ rÞÞT−1Þ
The coefficient γ, with which the investment costs in the linear

model have to be modified, still depends on ρ, the rate of change of
profits. Two natural options for choosing a value of ρ to be used
include zero and the model discount rate rM, often at 5%. As γ
is increasing in ρ, a too high value of ρ exaggerates the effect of
capital costs, and vice versa. Seeking to avoid over-exaggerating
the results, in this study we have chosen a constant ρ¼0 as a
conservative estimate. This gives a more simple formula

γ ¼ I2
I
¼ rð1−ð1þ rMÞ−T Þ

rMð1−ð1þ rÞ−T Þ
with which all investment costs that are executed with the cost of
capital r are inflated.
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