
REGIONAL RENEWABLE ENERGY - AFRICA (D ARENT AND N LEE, SECTION EDITORS)

Developments in Variable Renewable Energy and Implications
for Developing Countries

Channing Arndt1 & Faaiqa Hartley2 & Gregory Ireland2
& Kristi Mahrt1 & Bruno Merven2

& Jarrad Wright3

Published online: 31 October 2018
# The Author(s) 2018

Abstract
Purpose of Review Significant and mainly unpredicted advances in variable renewable energy technologies are resulting in
structural shifts in energy systems globally causing an energy revolution. This review focuses on the implications for developing
countries including the water-energy nexus.
Recent Findings Developing countries typically feature promising endowments in renewable resources, rapidly growing de-
mand, and a relative lack of legacy generation systems. With the costs of wind and solar dipping below their non-renewable
competitors, developing countries are potentially positioned for rapid uptake of variable renewable energy systems. The South
African case provides an example of strong renewable energy endowments, illustrates the benefits of detailed energy analysis for
exploitation of these endowments, and shows that this combination can lead to high variable renewable energy penetration in the
least cost energy mix. The energy-water nexus is highly likely to be strongly influenced by this energy revolution. For example,
hydropower has the capability to play an important role in load balancing; however, it is not clear that the necessary transmission
infrastructure, institutions, and international cooperation will emerge of this potential role of hydro and adjudicate across
competing demands for water. Decisions in the traditional water and energy sectors are still often taken in isolation.
Summary Overall, the technological advances provide a valuable opportunity for enhancing growth and development prospects
in developing countries while meeting environmental objectives at global and local scales. The implications for the energy-water
nexus are frequently unclear, as planning decisions around energy and water investments are traditionally taken without using an
integrated approach. Accelerated research efforts and fresh thinking to integrate modeling and planning around the supply of
water and energy are key to realizing the potentials inherent in the ongoing energy revolution.

Keywords Variable renewable energy . System integration . Hydropower . Developing countries . South Africa . Water-energy
nexus

Introduction

The global energy landscape has changed dramatically in
recent years. The International Energy Agency’s (IEA)

most recent report, Renewables 2017, indicates that glob-
ally in 2016, renewables accounted for nearly two-thirds
of new electricity capacity additions [1]. Solar photovol-
taic (PV) capacity increased by 50% in 2016 and for the
first time, solar PV additions increased faster than any
other fuel.

The shift toward renewables has been driven by rapidly
declining costs of variable renewable energy (VRE—a collec-
tive term for solar and wind energy) generation, which have
now become cost competitive with conventional fossil fuel
technologies in many contexts. The International Renewable
Energy Agency (IRENA) estimates that between 2010 and
2016, average solar prices fell by a factor of about five, while
the unitized capital cost of lithium-ion batteries (per kWh) fell
by 50% between 2014 and 2016 [2, 3]. Wind generation costs
have also decreased over the past 5 years with wind auction
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prices falling by a factor of about two [4]. Continued cost
declines are widely expected [4–6].

This review seeks to synthesize a wide variety of work
assessing the state of VRE and its potential for enhancing
growth and development prospects in developing countries
including implications for the energy-water nexus. The
“Unexpected—Global VRE Costs and Capacity Additions”
section briefly summarizes global VRE trends, including
comparisons to projections highlighting the unexpected nature
of the cost declines (by major agencies) and associated failure
to predict capacity changes. The “Barriers to Adopting
Renewable Energy” section discusses barriers to substantial
reliance on VRE in developing countries’ generation mixes
and the potential role of hydropower in meeting this chal-
lenge. The “Renewable Energy Potential and System
Integration in South Africa” section provides a case study of
South Africa. The “Discussion Including Implications for the
Energy-Water-Food Nexus” section highlights key questions
and related analytical needs and discusses the energy-water
nexus.

Unexpected—Global VRE Costs and Capacity
Additions

For many years, the US Energy Information Agency’s (EIA)
and the International Energy Agency’s (IEA) projected con-
tributions of wind and solar to the electric power sector have
greatly missed the mark. Both agencies have been subject to
criticism for their inability to anticipate falling costs as well as
mounting political and social momentum which have bol-
stered growth in solar andwind [7–12]. Over the past 10 years,
each agency’s annual reports have repeatedly failed to predict
the extent of solar and wind growth.

This phenomenon is illustrated in Fig. 1, which displays
actual and projected utility-scale solar PV levelized cost of
energy (LCOE) estimates.1 The EIA line displays the projec-
tions for the labeled year, which are reported on the horizontal
axis. For example, there are two points on the solid black line
labeled 2016. The first point reflects the EIA projected LCOE
for 2016 in 2010 while the second point reflects the 2011
projection. EIA projected LCOEs are reported alongside
Lazard, IEA, and IRENA current year estimates to illustrate

trends in expected costs relative to the current cost environ-
ment. Projections into the near future have been roughly in
line with current costs but projected LCOEs have been con-
sistently and substantially above realized levels. In this con-
text, it is noteworthy that the most recent projections to 2022
once again posit no further declines from observed cost levels.

In line with cost declines and attainment of cost levels
competitive in many contexts with traditional generation
sources, installed PV capacity has increased significantly
since 2005. These rapid increases in PV capacity have been,
until very recently, consistently under-captured in projections
by the EIA and the IEA (see [13] for a comprehensive com-
parison). The EIA and IEA are not the only organizations who
have fallen short in their forecasts. According to REN21, even
the solar industry’s own early projections have been surpassed
by the actual uptake [14].

Two points are worth highlighting. First, the degree of pro-
jection error has been large. For example, actual utility-scale
solar installations in 2016 exceeded projected installations for
2030 made in the Annual Energy Outlook 2015 (AEO 2015).
Second, these lower costs are spilling over to developing
countries. This is illustrated by the South African experience.
Since 2011, 6328 MW of renewable capacity has been pro-
cured through South Africa’s Renewable Energy Independent
Power Producer Procurement Programme (REIPPPP) with
construction underway for a large proportion of this capacity
[15]. While South Africa’s prices were relatively high at the
start of the REIPPPP, prices fell dramatically over the compet-
itive bid rounds, particularly for solar PV in line with interna-
tional technology trends. The cost of solar PV decreased by
more than 80% between 2011 and 2015 while the cost of wind
decreased by almost 60% [13]. As will be seen, these ad-
vances have resulted in renewable technologies being cost
competitive with new coal independent power producers
(IPPs) as well as new builds [13].

At this moment in time, there is a high potential for renew-
able energy systems to move rapidly into developing country
settings. As will be discussed in detail below for South Africa,
developing countries are often well endowed with renewable
resources. Many also feature rapidly growing energy demand
combined with a relative lack of legacy energy systems.
Nevertheless, taking advantage of low-cost VRE systems is
not simple, particularly for centralized generation at scale to
meet demand in metropolitan areas. These barriers to adoption
are described further in the next section.

Barriers to Adopting Renewable Energy

The greatest barriers to adopting VRE at scale are no longer
modular costs but the technical, institutional, policy, and mar-
ket adjustments required to incorporate renewable energy, and
particularly VRE, cost-effectively into an electricity system.

1 LCOE estimates the average total cost per total energy output of constructing
and operating an electricity generating facility over its lifetime. For the pur-
poses of this study, LCOE provides a useful means of comparing the relative
cost of different generating technologies. However, it is important to note that
LCOE is not always the most accurate tool for comparing technologies with
very different characteristics. To fully understand the implications of the ad-
vances in energy technologies on future electricity generation, a fully integrat-
ed energy systems assessment is required. LCOE values also reflect numerous
parameter choices and assumptions across various technologies. As such,
these levels are not strictly comparable between studies, but nonetheless pro-
vide a tool for assessing patterns and trends.
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These challenges are collectively referred to as system inte-
gration. Among the most prominent of these challenges is the
variable and not fully predictable nature of VRE coupled with
the need to balance electricity supply and consumption at all
times.

However, system integration knowhow and equipment
such as batteries and flexible resources such as distribut-
ed resource aggregators (DRA) are improving, and expe-
rience is being gained in countries like Denmark where
VRE currently approaches 50% of total generating ca-
pacity [16]. A considerable reserve of both technical
and policy best practices is emerging. For instance,
IRENA identifies key planning stages and provides
guidelines for short- and long-term planning targets for
systems aiming to scale up to high shares of VRE [17].
Capitalizing on this knowledge is essential to reduce in-
tegration costs and fully capture the advantages of wind
and solar [16–22].

The process of integrating VRE into the electricity gen-
eration mix depends on multiple factors specific to each
generation system including geography, existing infra-
structure, available technologies for generation and stor-
age, the institutional and regulatory climate, local knowl-
edge, the ability to make use of resources such as DRA,
and the capacity to operate and maintain these systems.
Challenges to integration mainly stem from not having in
place more flexible systems to accommodate the cheaper
but less predictable and variable RE resource. The chal-
lenges generally mount as the share of electricity generated
from VRE grows, especially without an enabling environ-
ment driven by the right policies and tariff mechanisms.
Ultimately, as VRE becomes a primary generation source,
integration requires a comprehensive and systematic
approach.

Integration is easiest when the availability of VRE
corresponds to demand both diurnally and seasonally.
While resources situated far from demand centers re-
quire greater transmission costs, systems spread over

large geographical areas also help mitigate issues with,
for example, cloud cover by reducing the probability
that all systems are impacted by cloud cover simulta-
neously. Larger systems—achievable through intersys-
tem and interregional cooperation—can achieve a port-
folio effect of more stable generation via greater geo-
graphical diversity.

There is also a revised role for hydropower with reser-
voirs. Within the context of traditional systems with a sub-
stantial thermal generation component and hydropower,
the typically very low marginal cost of hydropower gener-
ation implied a limited role for hydropower in load
balancing. Under a system with substantial VRE penetra-
tion, the ability to switch on and off turbines in accordance
with variations in renewable outputs becomes a critical
feature. With an ability to modulate output from the reser-
voir, the hydropower generated arrives at high value times
when outputs from VRE are low. Without an ability to
modulate hydropower output, the burden of adjustment
must be passed to other elements of the system. Analyses
in Africa indicate a high upside for integrating hydropower
and VRE [23, 24].

In addition to hydropower, flexibility of conventional fuel
technology in terms of start-up times, minimum load, and
ramping speed also facilitates greater VRE adoption. Natural
gas combustion turbines and internal combustion engines pro-
vide the most flexibility while coal and nuclear units are
among the least flexible. In addition to flexible generation,
system flexibility can also be achieved via storage, demand-
side flexibility, interregional coordination, well-coordinated
institutional arrangements, and operational practice/
technology [17, 25].

Another potential source of flexibility in water scarce re-
gions is the use of water desalination plants and balancing
loads, potentially avoiding curtailment of excess VRE power.
It is cheaper to store water than electricity, so diverting excess
power to desalination plant improves the efficiency of the
overall energy-water supply system.
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Renewable Energy Potential and System
Integration in South Africa

South Africa has undertaken some of the most detailed assess-
ments of their energy resources and system integration possi-
bilities on the African continent to date. Even though the
South African economy and electricity systems differ substan-
tially from most other African countries, South African en-
dowments and system integration considerations provide rel-
evant insights to other developing countries. Hence, we focus
on South Africa here.

South Africa possesses some of the best solar and wind
resources in the world. For example, a PV project at a typical
location in South Africa generates almost twice as much en-
ergy as the same project in Germany [13]. Vast areas of South
Africa are suitable for generating electricity at low cost from
renewable energy using solar PV, concentrated solar power
(CSP), and wind technologies [26–29].

Recent studies have also shown that South African wind
resources are significantly greater than previously estimated
with inland resources being even greater than the previously
known high resource sites along the coast. The Council for
Scientific and Industrial Research (CSIR) and Fraunhofer [29]
extended the existing work done by the Wind Atlas of South
Africa project [28] and showed that between 55% and 65% of
South Africa’s land area has technically recoverable wind ca-
pacity exceeding a 35% load factor (totaling ~ 3500–
4500 GW and ~ 11,500–14,500 TWh/a). The geographic
spread of the resources is a distinct advantage permitting a
generation portfolio effect across high potential sites. Once
again, this wind endowment is much better than the endow-
ment for Germany where high potential areas are offshore and
concentrated in the northeast [13].

Wind and solar PVaggregation research undertaken in [28]
characterizes wind and solar PV power profiles for South
Africa. Their findings for the grid-focused scenario show that
wind and solar PV profiles had annual capacity factors of 36%
and 20.4%, respectively [30•]. Usefully for South Africa,
combined solar and wind resources are highly complementa-
ry, with the combination of their typical daily outputs
matching the country’s electrical demand surprisingly well.
Demand coverage factors range between 0.9 and 1.1 for not
quite 50% of the year. Demand coverage rarely exceeds 1.3 or
falls below 0.7 [13]. The portfolio effect of distributing gen-
erating resources across the country contributes substantially
to this stability [29, 31].

The implications of the cost declines and system integra-
tion possibilities for the electricity generation mix to 2050 are
shown in Fig. 2. The South African TIMES Model (SATIM)
is a full energy sector where energy technologies from both
the supply sectors (power plants, refineries) and the demand
sectors (industrial processes, transport modes, etc.) are repre-
sented. The CSIR model is a power sector Plexos Model with

higher time resolution that SATIM. The NRELmodel is also a
power sector model with high time resolution but also higher
spatial resolution, incorporating some of the transmission net-
work bottlenecks that exist in the South African system. Three
separate studies [32••, 33•, 34] project VRE contributing 60 to
70% of total annual electricity generation around 2050 when
minimizing standard economic costs with no accounting for
greenhouse gas emissions or health costs related to thermal
generation. The high VRE share from 2040 onward is made
possible because of the ability to situate solar and wind gen-
eration in a manner that exploits the complementary resource
profiles discussed above combined with the use of flexible gas
generators and storage technologies in hours of low wind and
solar resource availability.

It is important to highlight that, in South Africa, the legacy
of existing power plants, combined with relatively slow
projected demand growth, significantly delays the adoption
of VRE shown in Fig. 2. VRE costs, including system inte-
gration consideration, are highly competitive with new ther-
mal generation (capital costs plus marginal cost of operation).
Therefore, in South Africa, VRE enters the mix as old thermal
plants are retired. If the costs of VRE drop below the marginal
cost of thermal generation (a possibility, see [35]), then sub-
stantial VRE would enter into the South African least cost
generation mix sooner in time.

Discussion Including Implications
for the Energy-Water-Food Nexus

Unlike South Africa, many developing countries, particularly
in Africa, do not possess a substantial fleet of existing power
plants, and power demand is projected to grow rapidly. For
example, IEA projects demand in sub-Saharan Africa to triple
by 2040 [36], though these projections are based on dated cost
assumptions. With renewable technologies broadly available,
the unexpected profusion of renewable systems that has oc-
curred over the past 5 to 10 years in many developed countries
as well as China has the potential to reproduce itself over the
next 5 to 10 years with equal or greater force in lower income
contexts such as in Africa.

Focusing on Africa, the basic building blocks of an African
energy revolution are reasonably clear. There is high solar
potential almost everywhere. Considerable wind potential also
exists. The continent is clearly big enough to obtain a substan-
tial portfolio effect in generation across space. Large untapped
hydropower potential on the Nile, Congo, and Zambezi river
basins as well as to a lesser extent on the Volta River and
elsewhere enhances potential for low-cost and low-emission
energy systems particularly if these hydropower systems play
a load balancing role. Fossil fuel endowments, notably natural
gas, are likely to be useful complements. Finally, the modular
nature of solar PV systems combined with rapidly declining
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battery costs provides unprecedented opportunities for rural
electrification as well as for independence from centralized
generation more generally.

Overall, African countries have the potential to encounter
high shares of VRE in their generation mix in short time
frames. But, a great deal remains to be done to operationalize
these basic building blocks such that the benefits of low cost
renewables are realized and the barriers discussed in the
“Barriers to Adopting Renewable Energy” section are over-
come. A partial “to do” list includes the following:

& Mapping of renewable energy potential to arrive at com-
plementary power mixes that meet expected demand pro-
files. As noted above, South Africa, where renewable re-
source data quality is relatively good, has very recently
reassessed wind power potential to be more favorable.

& Consideration of the balance between centralized genera-
tion and independent mini-grids. Utility-scale solar and
very large wind turbines are efficient in terms of genera-
tion, but centralized generation requires functional institu-
tions for transmission, distribution, and load balancing.

& A revised institutional and regulatory environment. Like
many other countries, African institutions and regulations
are designed to meet the exigencies of central (often main-
ly thermal) generation. New institutional arrangements are
required.

& Consideration of potential complementarities between
centralized generation and rural electrification. For exam-
ple, inWest Africa, greater solar potential broadly exists in
Savannah and Sahelian zones while population is concen-
trated to the South along the coast (where cloud cover is
frequent). Generation in the North with transmission to the
South may (or may not) simultaneously provide reliable
power at low cost to the urban zones in the South while
offering cheap electrification to towns and small cities,
particularly along the transmission path, in the North.

& A renewed emphasis on power pools. While the African
continent is vast, it is divided into more than 50 countries.
In many parts of the continent, efficient diversification of
generation resources would take place across countries
implying an even greater role for regional power pools.

& More integrated modeling of water and energy systems in
planning to account for competing requirements and op-
portunities offered, as done in [37–39].

We finish with reflections on implications for the energy-
water nexus. For some elements of this nexus, the very broad
implications of the global energy revolution are relatively
clear. For example, inexpensive and distributed electricity im-
plies enhanced ability to pump and treat water, where avail-
able. This lays the foundation for lower cost irrigation, water
purification, wastewater treatment, and desalinization. This in
turn would improve the economics of agriculture and improve
access to safe drinking water and sanitation, with large socio-
economic benefits. It is useful to point out that these processes
can be engineered to run flexibly in time; hence, they have the
potential to contribute to load balancing [23, 24].
Alternatively, they can operate relatively independently func-
tioning when power is being generated and dormant other-
wise. On the negative side, unbridled pumping from rivers
and aquifers may quickly encounter resource constraints or
cause tensions with downstream users.

In other domains, even broad implications are unclear. For
example, it is not clear that the transmission infrastructure,
institutions, and international cooperation will emerge to take
advantage of the hydropower resources on the continent. The
role of large-scale hydropower will have implications for
large-scale irrigation potentials; the need for which in turn
depends on the level of success of the more distributed irriga-
tion systems discussed in the preceding paragraph. The future
of bioenergy is also in doubt, depending, for example, on the
pace of electrification of the global transport fleet
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(electrification of transport is a second realm where transfor-
mation is proceeding at rates vastly exceeding expectations).

In sum, the renewable energy revolution provides valuable
tools to enhance growth and development prospects in devel-
oping countries, both within Africa and beyond, and meets
environmental objectives at global and local scales. Even
though water and energy are intertwined, in that one depends
on the availability of the other, decision-making in both those
sectors is taken in silos. In order to take advantage of the
opportunities offered by this energy bonanza, new modeling
and planning approaches are required where both energy and
water considerations, both on supply and demand, are evalu-
ated within a common framework as done in [37–39].

Accelerated research efforts in that direction and fresh
thinking are key inputs to realizing these potentials.
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