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Glossary
Behind-the-meter (BTM): storage installed on the customer side of a utility meter, to serve both commercial and
industrial (C&I BTM) or residential customers (residential BTM).
CAES: compressed air energy storage.
Cycle frequency: the number of full cycles a storage system can provide in one day (cycles/day).
Cycle life: The number of (equivalent) full cycles (charging and discharging) that can be delivered by a storage system
until its end of life. This can be affected by conditions in which the battery is kept and operated, such as temperature
rate or rate and depth of charge and discharge.
Energy density: the maximum energy a storage system can deliver, divided by its volume (volumetric energy density,
measured in kWh/L) or mass (specific energy density, measured in kWh/kg).
Grid scale: storage systems which are connected to the grid network and provide services to it (used interchangeably
with utility scale).
Depth of discharge: the proportion of maximum energy capacity (kWh) that is supplied when discharging energy (kWh).
Efficiency: the ratio of energy output (kWh) to energy input (kWh) of a storage system during one cycle.
Energy storage: a device that captures energy for later use, with categories of storage including electrochemical,
electrical, mechanical, and thermal forms of storage.
Electrical storage: storage of energy in electrical fields e.g. supercapacitor.
Electrochemical storage (batteries): storage of chemical potential energy e.g. lithium-ion batteries.
Frequency response: correct a change in the frequency of the alternating current of electricity on the grid.
Hydrogen storage: where electricity is used to produce hydrogen that can be transported/stored and used in a fuel cell
to reproduce electricity.
Levelised cost of energy (LCOE): cost per unit of electric energy provided over a specified period (such as the lifetime of
a system).
Lifetime: The shelf life of a battery system under given conditions, stated in years.
Mechanical storage: storage of mechanical potential energy e.g. pumped hydropower.
Mini-grid: includes energy systems between 300 W to 100 kW, which can serve both residential customers (entire
villages from 5 to 500 households) and industries operating in off-grid areas (such as telecommunication towers and
mines).
Mobile: energy storage providing services for a mobile application with no fixed geographical location, such as storage
systems for transport (as opposed to stationary storage).
Off-grid: Households or businesses that do not have access to an electricity connection to the national grid. These
households lack Tier 1 access to electricity according to the World Bank’s Multi-Tier energy access framework, unless
they have access to alternative sources of electricity such as off-grid technologies.
Overbuilt: where battery capacity is oversized relative to the maximum power need of an application utilising storage.
A common reason to overbuild a battery can be to increase cycle life and cycles per day. To some degree the installed
capacity of a battery is often overbuilt due to depth of discharge below 100%.
Pay-as-you-go (PAYGo): refers to a business model that allows users to pay for their product via embedded consumer
financing. A PAYGo company will typically offer a solar product (predominantly solar home systems and multi-light pico
devices) for which a customer makes a down payment, followed by regular payments for a term ranging from six
months to one or two years (up to eight years at the high end). Payments are usually made via mobile money.

Pico: small off-grid appliances, such as electric fans and lights, with power rating of 0-10 Watts.
Power costs: costs per power installed (USD/kW).
Power density: the maximum available power per unit volume (kW/L).
PHS: pumped hydro storage.
Response time: the time it takes for a generation or storage device to reach full power after a period of being idle.
Revenue stacking: when storage provides multiple services or serves more than one consumer, increasing both its
utilisation (cycles per day) and its revenue streams.
Self-discharge: unintended discharge of stored electricity that happens whilst a storage system is idle.
Services: the range of features that storage systems can provide to a use-case, including voltage support and electricity
time shift.
Solar home systems (SHS): systems utilising solar energy to power several lights as well as energy-efficient appliances,
such as radios, fans, and TVs, and enabling full Tier 1 or higher electricity access for a household. For the purpose of the
report, the SHS use-case reflects demand for SHS with power of 11-250 Wh. On average, the systems are charged and
discharged once a day.
Stationary: energy storage providing services for a fixed geographical location (as opposed to mobile storage for
transport).
Thermal storage: Thermal storage technologies store energy as heat (or cold) for later use, either directly or to
generate electricity. The heat/cold stored can be waste heat/cold or can be produced using electricity. If produced
using electricity and subsequently used to generate electricity (as in pumped heat electricity storage) then the storage
system can be compared on a like-for-like basis with batteries, pumped hydro etc. In all cases the heat/cold store can
be sensible (e.g. water, gravel), latent (e.g. water to ice, phase change materials), or thermo-chemical (e.g. zeolites).
Use-case: the application and/or user which has a demand for storage (specifically as a result of the services that
storage can provide).
Utility scale: storage systems which are connected to the grid network and provide services to this network (used
interchangeably with grid scale).
Weak-grid: households or businesses that have an unreliable or poor-quality connection to the national electric grid.
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Executive summary

Energy storage can play a vital role in improving access to reliable electricity in developing countries and is
crucial to meet the Sustainable Development Goals (SDGs). Over 800 million people still lack access to
electricity, and those with a grid-connection often suffer from an unreliable supply. Energy storage globally
supports integration of renewable generation but in developing countries it’s role is amplified: it enables
energy access to off-grid households when combined with solar home systems (SHS) or mini-grids; and
improved the reliability of power for households and businesses facing regular power outages, providing an
alternative to a backup diesel generators. Continued reliance on these generators is a challenge to
sustainable development, annually resulting in up to USD 50 billion spending on fuel and 100Mt of CO2
emissions (IFC, 2019).
As the costs of technologies fall, the scale of commercial opportunities in developing countries is expected to
increase. Costs of energy storage have fallen in recent years (80% since 2010 for lithium-ion batteries)
mirroring the sharp falls in the cost of solar (80% since 2009) (International Renewable Energy Agency
2017).1 As a result batteries used for micro grids in remote locations can now deliver fuel savings which
outweigh the initial installation costs within two years (IFC 2017). The IFC estimate that stationary storage in
emerging markets will represent a $25 billion market in 2025 (IFC 2017).
However, the technological and market conditions to unlock these markets remain under-researched. This
rapid market assessment analyses the opportunities for the deployment of energy storage technologies,
with a focus in weak and off-grid contexts in developing countries. The unique contribution of the study is to:
1. Analyse and raise awareness of market opportunities through estimates of demand to 2030, based
on existing literature, which can help target detailed market projections in future work.
2. Assist in identifying and prioritising areas where research institutions can assist, based on a mapping
of technologies to key market segments and assessment of technical challenges.
3. Recommend priorities for the commercialisation and deployment of more mature technologies
based on as assessment of market barriers.
Market opportunities
Although the global market for storage will be driven by the demand from electric mobility, stationary
storage represents an opportunity in developing countries. A synthesis of forecasts suggests that around 300
GW of stationary storage will be installed cumulatively to 2030 in developing countries.
A range of electrochemical (battery) technologies and thermal storage are likely to face highest demand to
2030, due to widespread applicability across storage use-cases and geographies. A technical assessment of a
range of early-stage commercial and mature technologies (
Table 1) demonstrates that each technology has uses-cases to which it is well suited (Figure 10). In weak and
off-grid use-cases, the need for energy balancing and back-up power services and the decentralised nature
of demand imply that technologies which only provide power services (flywheels/supercaps/SMEs) or are
less geographically flexible (pumped hydro and compressed air energy storage) will play a smaller role.
Batteries and thermal storage are best suited to these use-cases, benefitting from their ability to provide
multiple storage services (from frequency response to energy time shift in the case of batteries), modularity
and geographical flexibility.
If energy storage can displace or complement diesel generators in weak and off-grid contexts, it has the
potential to unlock an even greater market, up to 560 GW in developing countries to 2030. In many cases,
energy storage technologies, whether charged by the grid, coupled with renewable energy or as part of a
hybrid solution can offer lower costs of energy over their lifetime than reliance solely on diesel generation.

Solar-battery-genset1 hybrids are 28%-36% cheaper on a USD/kWh basis in countries with high diesel
generator capacity, such as Nigeria, Kenya, and India (BNEF, 2017b).
Recommendation 1: Conduct a detailed market assessment of the costs and prospects for storage
technologies to out-compete diesel generation in a range of developing country contexts. The study could
focus on countries with high use of diesel generators and set out the business case for storage options in
different applications (alongside diesel, in combination with solar or connected to weak grids) and
compared to other potential competitors for those markets.
Priorities for research institutions
Despite falls in cost, and competitiveness in some contexts, further falls in cost are required to unlock
greater uptake. Emerging technologies provide possibilities for lowers cost, less sensitivity to extreme
temperature and higher recyclability. For more mature storage types, continued cost reductions are possible
through materials and efficiency improvements.
Two technological characteristics are particularly important in developing country contexts include recycling
and reliability. In developing contexts, public institutions which ensure safe disposal and recycling may be
weaker and economies may not have well developed markets for recycling and repair. Therefore, there is a
need for public and development institutions to target research in this area.
Recommendation 2: Research into emerging battery chemistries that have the potential to significantly
lower power costs (USD/kW) – zinc-air, lithium-sulphur, and sodium-ion – but face application challenges.
Each technology has specific challenges, which need to be overcome before they can compete in mass
markets and against other storage technologies (see section 5 for more detail).
Recommendation 3: For more mature storage types, research could target low-cost materials to reduce
upfront costs, including inexpensive cathode and electrolyte material for lithium-ion and redox flow, and
improvements in efficiency that can unlock system cost reductions, for instance through improved cell
architecture of batteries and energy density of heat storage materials
Recommendation 4: Research should target improvements in recyclability, reuse, reliability and
robustness of technologies, particularly through the reduction in toxic materials.
Priorities for commercialisation and improving the investment environment
Even in circumstances where storage is cost effective, high upfront (capital) costs can still place them at a
disadvantage in economies with limited access to finance, high interest rates and higher levels of political
and economic uncertainty. Improvements in the underlying technologies will assist, but on their own will be
insufficient if they are not supported by market incentives and a supportive enabling environment.
Recommendation 5: Investment in pilot and demonstration projects to highlight the technical viability,
robustness and reliability of new technologies; improve awareness; and, improve technology availability
through investments in distribution and maintenance and supply chains.
Recommendation 6: to improve the enabling environment policymakers and development agencies
should work to improve access to finance for households and businesses to invest in energy storage,
support new business models (such as pay-as-you-go energy access), remove diesel subsidies and finally
developing capacity necessary to operate and maintain energy storage.

Further information on these priorities and the methods behind our assessments are included in this report
and technical appendices.
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These hybrid energy systems consist of solar panels, a battery and a diesel generator
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Introduction

2.1

Context

Lack of access to reliable power constrains economic growth and impacts livelihoods in developing
countries. 840 million people across the world have no access to electricity, nearly 70% of whom live in SubSaharan Africa (IEA, IRENA, UN, WB, 2019). The costs to African economies amounts to 1%-2% of their gross
domestic product (GDP), with 60% of African businesses stating access to reliable power is a constraint on
their growth (World Bank, 2019). Many communities rely on dirty and expensive fuels, such as diesel, to
maintain power and support businesses and livelihoods.
Energy storage is crucial for improving access to modern, reliable energy, supporting development
objectives and emissions reduction targets simultaneously (IEA, IRENA, UN, WB, 2019; IFC, 2017). Energy
storage is a cornerstone of deep decarbonisation efforts: it enables the integration of intermittent
renewable energy on to the grid by balancing the supply and demand for electricity, and supports the shift to
electric vehicles (Few, Schmidt, & Gambhir, 2016; IRENA, 2017). In developing countries, its role is amplified:
storage enables energy access to off-grid households when combined with solar home systems (SHS) or
mini- and micro-grids; it also improves the reliability of power for households and businesses facing regular
power outages, providing an alternative to a backup diesel generator.
DFID and BEIS have allocated an initial GBP 20 million to create the Faraday ODA Energy Storage Challenge,
building on the foundation created by the ISCF Faraday Battery Challenge. GBP 17 million of the total will
support industry led innovations via Energy Catalyst Round 7, while an initial GBP 3 million will be allocated
to earlier stage research via the Faraday Institution.

2.2

Objectives

The Faraday Institution have commissioned this rapid market assessment to scope the opportunities for
energy storage, their scale, and the key enabling factors for market growth. The report provides high-level
market estimates for different types of energy storage in developing countries to 2030. It highlights the
attractiveness of these markets from public policy and industry perspectives. Based on a synthesis of existing
literature, our market sizing provides the foundations for more granular projections of demand and
highlights where key gaps in knowledge and data continue to exist.
The market assessment also reviews the technical needs for energy storage in developing countries, with the
aim of ensuring evidence-based prioritisation of investment and research towards technologies. The report
provides an assessment of the applicability of storage technologies to different use-cases, the barriers they
face, and key research priorities. These findings will help to prioritise ODA funding by the Faraday Institution
and Innovate UK’s Energy Catalyst. They also help international policymakers, industry, and research
institutions who wish to tailor their efforts towards developing markets.
By facilitating international collaboration on these issues, the report is one element of the UK’s contribution
to the global Energy Storage Partnership (ESP). The ESP was set up by the World Bank in 2018, in recognition
of the fact that the unique needs of storage in developing countries are typically under-explored. Given the
long lead-in time associated with research and innovation this is an urgent challenge that cannot be tackled
by isolated actors. Greater international collaboration is essential to coordinate efforts and accelerate the
rate of progress (Few et al., 2016). Multiple UK institutions are dedicated to this goal as partners of the ESP,
including the Faraday Institution, UK Low Carbon Energy for Development Network (LCEDN), the Department
for Business, Energy and Industrial Strategy (BEIS), DfID and the National Physical Laboratory (The World
Bank Group, 2019).

2.3

Approach

Our work adopts a use-case perspective to consider the different sets of market barriers and technological
requirements storage typically faces. Use-cases are defined by the application and/or user that requires
storage (Figure 1). Each use-case faces a different set of technical requirements and market barriers, though
the energy services they require (see Appendix) may be similar. Size and modularity affect off-grid users, for
example, whilst high power capabilities are typically more important for utility scale applications.
The report sets out to provide recommendations which focus on use-cases in weak and off-grid contexts in
developing countries. The report provides demand estimates to 2030 for all use-cases. However, the
assessment of technological needs focuses on use-cases serving households and industries without a strong,
or any, grid connection. With storage demand in these use-cases helping to address the energy access deficit
felt by households and businesses, these market segments are not only interesting for investors seeking to
provide storage solutions but also national governments addressing the challenges of development.
Figure 1

Note:
Source:

Our analysis focuses on use-cases for storage in weak and off-grid contexts

BTM = Behind-the-meter; SHS = Solar home systems; ICE = Internal combustion engines; PHS = pumped
hydro storage.
Vivid Economics

As a rapid market assessment, estimates of demand are based on a triangulation between existing sources,
supplemented with the construction of high-level estimates where a gap in data exists. Estimates of demand
are based on a synthesis of existing literature and consultations with industry, policy and technology experts.
A detailed method for each use-case is set out below and with further detail in Table 3, Appendix.
Expert interviews have been essential at every stage of the analysis, to validate demand estimates, assess
technology characteristics, and inform research priorities. Interviews were carried out with off-grid energy
providers, energy storage companies, and academics (with technical expertise ranging from electrochemical
materials to mechanical engineering). During these interviews, experts were asked about the demand from
different use-cases; the drivers of growth to 2030; the barriers facing storage technologies in developing
countries; and the characteristics and suitability of different technologies.

Figure 2

Source:

Findings are based on synthesis of literature, expert consultation, and in-house modelling

Vivid Economics
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Market assessment

In this section we highlight the scale of demand for storage in developing countries, between 2020 and
2030, for a range of off-grid, weak-grid, and mobility use-cases (illustrated in Figure 1). Forecasts of market
demand are based upon a triangulation across existing literature and elicitation with experts, set out in
Figure 2 and detailed in Table 3, Appendix. The rapid market assessment’s key findings include:
•
•
•
•
•
•

3.1

electric mobility drives storage demand in developing countries, but stationary storage remains
significant at nearly 300 GW to 2030.
stationary storage markets witness demand from off-grid and weak-grid use-cases exceeding the
forecast additions to the grid.
off-grid storage accounts for nearly one third of the total stationary storage market (96 GW), driven
by the scale of demand from micro-grids.
industrial and commercial users are estimated to contribute to 40% of market sales in weak and offgrid use-cases, but the technological and market barriers they face are often under-researched.
storage that complements or displaces diesel generators, though often overlooked in market
estimates, presents a large opportunity, which could unlock 560 GW of further storage demand.
Nigeria (Box 2) and India (Box 3) present some of the largest opportunities for storage, with a large
number of households currently in weak or off-grid areas. Market demand will however depend on a
wider set of enabling factors, such as access to finance and presence of PAYGo businesses.

Electric mobility

The largest sources of demand for storage, in GW, will be electric vehicles, which will account for 70% of
additional storage demand between 2020 and 2030.
Figure 3

Note:
Source:

Electric vehicles and potential displacement of diesel generator are the largest markets in GW to 2030

Stationary storage forecast demand includes expected sales of storage for utility scale, BTM residential,
BTM commercial and industrial (C&I), micro, mini-grids, SHS, and pico systems.
Vivid Economics; methodology and sources set out in Appendix

India and China will account for 60% of demand from developing countries. Across all vehicle markets, China
is a key consumer and producer. It accounts for nearly half of storage demand for passenger vehicles to
2030, with uptake of two wheelers and electric buses growing at the fastest rate in the world (International
Energy Association, 2019). India’s market, whilst significantly smaller at 12% of global demand, is the second
largest amongst non-Organisation for Economic Co-operation and Development (OECD) economies. China
and India together reflect nearly 70% of the global market. Policy commitments are supportive compared

with many other developing countries, ranging from ambitious target setting, public procurements,
subsidies, and investments in charging infrastructure. This is necessary to overcome the higher cost of
electric vehicles in all but the two-and-three-wheeler market.
Sales of two- and three-wheelers and electric buses continue to grow but will only account for 15% of
additional storage demand to 2030. Globally, two- and three-wheelers will continue to be the largest market
by number of units, 50% more than light-duty vehicles (the second largest market) to 2030. Two- and threewheelers account for a disproportionate number of sales in developing countries thanks to their low cost.
However, their lower energy requirements mean their contribution to energy storage needs is dwarfed by
passenger vehicles (International Energy Association, 2019).2 Mandates to promote electrification of public
transport will, meanwhile, drive the uptake of electric buses, which witnessed a 25% increase in sales in
2018. Outside of China, Santiago de Chile leads the way: with the deployment of 200 electric buses in 2018
and a commitment to make 80% of their fleet electric by 2022. Technologies with high energy to power
density and fast charging capabilities, assessed in
Table 1, are required in electric mobility markets.
Box 1

Measuring forecast storage additions – GW or GWh?

Storage is required to provide a range of services across the use-cases examined in this report. In many usecases, it will need to fulfil multiple services. At the highest level, these services can be categorised into two
groups:
● power services: such as frequency and voltage response, which involve the rapid delivery of
electrical energy. The demand for these services is commonly reported in GW, although other
metrics are possible.; and,
● energy services: such as daily or seasonal energy, which involve the delivery of energy at to
balance supply and demand, commonly reported in GWh (Few et al., 2016).
Throughout this report, our forecasts represent storage demand in GW and provide an easy conversion
into GWh. As a result of the multiple services that storage often fulfils, market forecasts diverge in
whether they use power (GW) or energy (GWh) measurements, but we would recommend reporting
both.
Forecasts can be converted to reflect the energy demand for storage, in GWh. Conversion between power
and energy measurements requires an assessment of the hours of storage expected, which itself requires
detailed modelling. In lieu of such modelling, stylised assumptions about the hours of use can be gained
from the literature to provide a ready conversion from GW to GWh. For example:
● pumped hydro: estimates vary from 8 to 16 hours (Bizzarri, Brambilla, Gruosso, & Gajani, 2013), so
a central estimate of 12 hours of storage at rated capacity can be assumed
● batteries: around three hours is a suitable estimate across most battery technologies (Bizzarri et
al., 2013). Using this assumption, we can approximate 90 GW sales of batteries are equivalent to
270 GWh demand for storage, for example.
Ideally, analysis is conducted at the grid level, and modelling is required for an accurate assessment of the
demand for both power and energy.
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Two-wheelers use batteries at least eight times smaller than light duty vehicles, 3 to 4 kWh versus 30 to 70 kWh respectively (International Energy
Association, 2019). The smaller battery requirements are one reason why two and three wheelers can be cost competitive with their internal
combustion counterparts.

3.2

Stationary storage: utility scale

Over 130 GW of utility scale capacity is expected to be installed between 2020 and 2030 in developing
countries, driven by increasing renewable integration. Forecasts expect between 50 to 70% of all renewable
capacity additions in the next ten years will come from non-OECD countries (IEA, 2018; OECD/IEA, 2017;
Shell, 2019).3 Ensuring these can be successfully integrated into the grid will require a greater level of
ancillary services (frequency, voltage), load management, and resource optimisation (reducing curtailment
of solar and wind). As populations and peak demand grows, storage can also help the grid meet demand.
Investments in storage can be a cost-effective alternative to replacing grid infrastructure, including old
transmission and distribution networks.
Over half of stationary storage demand to 2030 is forecast to come from additions outside of the centralised
grid, however. Despite the scale of forecast additions to the grid, estimates of demand from solar home
systems, micro-grids and BTM applications show their large combined contribution to storage needs in
developing countries. The split between demand across stationary storage markets is illustrated in Figure 4.
Figure 4 Over half of stationary storage demand to 2030 will come from additions outside of the centralised grid

Source:

Vivid Economics. Methodology and sources are set out in the Appendix.

Countries with particularly ambitious renewables targets are also likely to be the largest markets for utility
scale storage. For instance, India and China account for 38% and 12% of projected utility scale additions in
developing countries to 2030. In contrast, Sub-Saharan Africa is expected to account for just 5%, as shown in
Figure 5.

3

The range of forecasts analysed consider both

Figure 5 Nearly half of utility scale storage demand to 2030 will come from China and India

Note:
Source:

‘South East Asia – excl. China’ figure excludes China, Australia, Taiwan, Japan, and South Korea.
Vivid Economics, IFC 2017. Methodology and sources are set out in the Appendix.

The barriers to greater deployment of utility scale storage include high upfront costs, national policies that
limit renewable uptake, such as fossil fuel subsidies, and constrained public finances. These include:
● Financial barriers: high upfront costs of storage systems and constrained public finances reduce
ability to pay for utility scale storage systems, particularly in countries that have not liberalised their
electricity market;
● Policy barriers: regulations which fail to value the grid support services provided by storage or
prevent storage from competing in energy, ancillary service, and capacity markets reduce the
profitability of storage business models, particularly those relying on ‘stacking’ revenue streams. Flat
price tariffs, which do not discriminate between peak and off-peak consumption, preclude the
opportunity for electricity arbitrage.
● Technical and social barriers: lack of familiarity and experience with storage technologies in many
developing country markets, amongst utility companies, policymakers and regulators, and investors,
and the need for qualified professionals to effectively manage systems, can increase the risks
associated with deployment (IFC, 2017). This can lead to a continued preference for mature forms of
storage, such as pumped hydro, despite the merits of other technologies, assessed further in
● Table 1.
A technology’s costs (upfront and LCOE), cycles per day (which influence the number of services that a
technology is able to provide), predictability, and deployment status (see

Table 1), influences relative uptake in this context.

3.3

Stationary storage: off-grid

Markets for energy storage in off-grid areas will continue to see rapid growth, with an additional 96 GW of
off-grid storage expected by 2030. In 2017, off-grid solar provided electricity to 360 million individuals, with
market growth driven by cost reductions and new PAYGo business models (Dalberg Global Development
Advisors, 2018; IRENA, 2017). These will continue to drive the growth of off-grid appliances to 2030, with
150 million solar home systems and 470 million pico systems projected. This will support rises in disposable
incomes, with an estimated USD 5.2 billion already saved by households switching from fuels such as
kerosene to GOGLA (the global association for the off-grid solar energy industry) certified appliances
(Dalberg Global Development Advisors, 2018). Although many developing countries have ambitious targets
for centralised grid expansion, 110 million individuals are expected to gain access to energy through minigrids as a cost-competitive alternative (IEA, 2017a). These households represent additional mini-grid sales.

While industrial and commercial uses of storage are estimated to account for at least 40% of future off-grid
growth, there is a gap in understanding their technological needs and market challenges. Most of the
literature on off-grid energy demand focuses on residential users graduating up the energy ladder,
overlooking storage needs of mini-grids serving industries and businesses, including off-grid mines, telecom
stations, and hospitals.4 A high-level estimate of demand from industrial mini-grids in off-grid regions
projects 32 GW of cumulative capacity added to 2030. The market segments which these mini-grids will
serve, and the specific barriers that industrial applications of storage face, require more attention by
industry, however, to catalyse greater uptake. Consultation with experts signals that relative technology
uptake will be influenced by a technology’s predictability, low maintenance requirements and ability to
operate in a wide temperature range, assessed in

Table 1.
India and Nigeria present the largest potential markets for off-grid energy, but the degree to which they will
drive growth depends on the interaction between latent demand and other market enabling factors, such as
level of financial inclusion. The geographical distribution of households without a reliable electricity
connection, as shown in Figure 6, shows where demand for off-grid energy services is concentrated.
However, as Box 2 details, achieving the rapid growth in off-grid energy witnessed in East African countries,
who continue to account for over 70% of the PAYGo energy market, will require a supportive supply-side
environment and wider enabling factors, such as the prevalence of mobile money in East Africa (GOGLA,
2018).
Figure 6

Source:

Number of households off-grid or facing weak or unreliable grid

Vivid Economics; Dalberg 2018

Box 2 CASE STUDY: PAYGo energy business models are ready to take off in Nigeria, but policy support is
required to help grow the market for off-grid energy services
Nigeria’s off-grid solar market has experience rapid growth in recent years as a result of buoyant market demand,
serving over 1.7 million households. Nigeria represents a very large potential market for off-grid solar (OGS)
products. The population is large in absolute terms, at nearly 200 million people, but just 40% is connected to the
main electricity grid. Of those who do have grid access, 56% report their connection as unreliable. Nonetheless,
current market penetration of PAYGo solar is low, at 4% of the potential market (Vivid Economics, 2019).
An unsupportive policy environment, low and unequal access to financial services, and poor mobile connectivity,
make Nigeria less attractive than Kenya and Indonesia for off-grid energy providers. Nigeria is ranked 9th out of 24
countries across Sub-Saharan Africa and Asia for PAYGo market attractiveness. This reflects the limited targeted
policy support for renewable energy and the challenges created by poor access to credit (Vivid Economics, 2019).
4

Exact estimates are unavailable due to a lack of information on the current levels of consumption for off-grid diesel consumption.

Less than 40% of the population have bank accounts and only 6% have mobile money accounts (US AID, 2018). In
this cash-orientated culture, PAYGo companies report having to educate potential customers on how a creditfinanced off-grid solar system can support their development needs.
Figure 7

Source:

Nigeria ranks 9th in terms of PAYGo market attractiveness

Vivid Economics; Lighting Global

To help close the energy gap in Nigeria will require efforts to improve the climate for off-grid energy companies,
which can also help to achieve other government objectives for emissions reduction and financial inclusion.
Recommendations include:
•

Offering fiscal incentives for solar energy providers – tariffs on solar panels have recently been increased, in
addition to existing duties on solar powered generators (5%) and batteries (20%).

•

Providing sub-regional population and economic data to aid business strategy development.

•

Clear regulation to promote entrepreneurial approaches, for instance allowing interoperable mobile money
network and quality assurance standard for energy equipment.

•

Improving access to finance, both through support to commercial banks to provide local currency loans
earmarked for PAYGo businesses, and building capacity amongst providers to raise funds through special
purpose investment vehicles (Vivid Economics, 2019).

3.4

Storage complementing or replacing diesel generators

At minimum, 300 to 500 GW of diesel generation capacity is in operation in developing countries, with
demand expected to rise in weak grid areas to 2030 (IFC, 2019). Diesel generators are the dominant
technology in many BTM applications (as a backup to unreliable grid supply), critical infrastructure and minigrids (as the primary source of electricity generation) (IRENA, 2015). Recent estimates suggest that 75% of
these units are in weak-grid contexts, driven by the frequency and severity of power outages and population
growth (IFC, 2019). Generator capacity has even outpaced utility scale capacity additions in some countries,
such as the Philippines, South Africa and Nigeria, (BNEF, 2017b). Nigeria’s diesel generator capacity is at least
twice the installed capacity of grid-connected power plants (IFC, 2019). In India, the cumulative capacity of
diesel generators accounts for one-third of total grid-connected capacity (Centre for Science and
Environment, 2017). Market estimates are likely to under-report generator capacity, given the scale of
unreported and domestically assembled units (IFC, 2019).
The continued reliance on these generators poses a significant challenge to sustainable development. Costs
of diesel generators include the high and volatile costs of fuels borne by households and businesses,

estimated at USD 30 to 50 billion annually, and the large fiscal burden the diesel consumption and subsidies
place on the government budgets of developing countries, estimated at $1.1–2.1 billion in 2016. In Nigeria
alone, at least USD 5 billion is spent on fuel annually (IFC, 2019). Generators also place a burden on the
environment and health of local populations, through the emissions of carbon dioxide (CO2) 100Mt annually,
particulate matter (PM2.5), sulphur dioxide (SO2) and nitrous oxides (NOx) (IFC, 2019; IRENA, 2015).
Stationary storage opportunities could be far higher than currently forecast, up to 560 GW,5 if the
opportunities to complement or displace diesel generators can be exploited. Storage systems – whether as a
standalone, grid-charged backup behind-the-meter, coupled with renewable energy, or as part of a
renewable energy-battery-genset hybrid – can deliver some of the services that generators provide today.
For instance, storage solutions can provide energy and power during grid blackouts, either by storing energy
from the grid or by allowing for energy time shift from distributed solar. By allowing for the greater
utilisation of intermittent renewable generation, they can also decrease the runtime of generators in off-grid
use-cases, such as mini-grids. Existing market forecasts do not typically consider the degree to which energy
storage solutions may displace the high utilisation of generators, and as a result underestimate the potential
scale of demand, illustrated in Figure 8.
The increasing cost competitiveness of solar and storage already make them a viable option in markets
reliant on generators today. Numerous studies have shown that energy storage systems, alongside solar and
sometimes diesel, can offer substantial savings compared to pure diesel generation. The IFC estimate that a
range of solar powered batteries could produce cost savings, when replacing diesel in remote areas, with a
payback period of less than two years (IFC, 2017). Electricity cost modelling in Nigeria and the Philippines
shows the LCOE from solar-battery-genset hybrids is 60-80% that of pure diesel generators (Oviroh & Jen,
2018). Results are context specific, influenced by the volatile price of diesel and the existence of national
subsidies,6 but highlight the viability of storage as a replacement or complementary technology that can
decrease utilisation of generators.
Figure 8

Note:
Source:

BTM applications and mini-grids are likely to face the largest demand

The allocation of diesel generator demand across use-cases ought to be treated with uncertainty,
particularly due to lack of information on diesel generator capacity in off-grid regions.
Vivid Economics. Methodology and sources are set out in the Appendix.

India and Nigeria are amongst some of the countries which could drive future sales of storage. The current
capacity of diesel generators is spread across developing country regions (Figure 9) with India, Nigeria, and
China driving future sales. If customers were to utilise storage instead of, or alongside their diesel generator,
demand in China is estimated to rise by 73 GW to 2030, followed by 22 GW in India and 13 GW in Nigeria.
5

Assuming 70% of current capacity and future projected sales.
The price of diesel is highly correlated to global oil prices, which over the past five years have ranged from less than $30 a barrel to over $80 a
barrel. They also vary considerably across countries, reflecting local taxes and subsidies. In September 2019 retail prices of diesel were as low as $0.09
in Sudan and as high as $1.34 per litre in Democratic Republic of Congo.
6

Country specific estimates are only an initial starting point for further research, given the potential scale of
unregulated sales or locally assembled generators (IFC, 2019).
Figure 9

Note:
Source:

Sales of diesel generators (2010-2015) are largest in Sub-Saharan Africa and South Asia

Share of capacity is based on historical sales from 2010 to 2016
Vivid Economics; Bloomberg New Energy Finance 2017

Box 3 CASE STUDY: Advisory and technical support are as important as concessional finance in
encouraging growth of India’s BTM solar market
Falling costs and policy support for distributed solar are encouraging the switch away from diesel in India, but uptake
remains slow (Bridge to India, 2019). Recent research shows that solar and storage is half as costly as diesel
generators on a levelised cost basis (Centre for Science and Environment, 2017). These savings reflect the falling
costs of photovoltaic (PV) modules, regulation allowing net metering, and the accelerated depreciation available for
solar equipment. However, only 4.4 GW of solar rooftop systems had been installed by the end of March 2019, with
over 80% of systems serving commercial and industrial (C&I) consumers who face high electricity tariffs and have
better access to finance (PwC, 2018) (Bridge to India, 2019).
In the residential market, recent uptake is explained by new models for supplying solar, via Renewable Energy
Service Companies (RESCOs).7 Risk aversion and an unwillingness to take high interest loans, together with a lack of
understanding of subsidies and approval processes, means that consumers typically prefer a RESCO power-purchase
agreement (PPA) model (Centre for Science and Environment, 2017). These have grown to 30% of distributed solar
installations (PwC, 2018).
Existing barriers need to be addressed through concessional finance, increased advisory and technical support, and
aggregator RESCO models. Concessional finance continues to be vital to make residential BTM solar competitive and
financially viable for low-income consumers (PwC, 2018). Equally important is awareness: consumers are often not
aware of the financial incentives; distribution companies have little technical knowledge of integrating excess
generation; and banks are not equipped to assess the credibility of solar proposals. These knowledge gaps reduce
consumer demand and increase the length of approval processes and the costs of commercial loans. Aggregator
RESCO models8 are a partial solution to these challenges, reducing transaction costs through creating economies of
scale. But these models need to be combined with simplified loan and project appraisal processes, capacity building
on methods for demand aggregation, and awareness campaigns targeting residential societies (PwC, 2018).

7

A PPA-based RESCO invests, installs, and maintains rooftop solar, selling electricity to households at a pre-agreed tariff. Under a capital expenditure
(CAPEX) model the individual invests and owns the solar rooftop system.
8 A third party, such as a RESCO, aggregates the demand of various consumers and installs a cumulative capacity to meet the full contracted energy
requirements. This model allows the third party energy provider to lower costs by gaining scale and allows for better risk management (PwC, 2018).

4

Stationary storage: technology suitability and
customer choice

In this section we assess the technical suitability of a range of storage technologies to each use-case (Figure
10) as well as the real-world constraints affecting customer choice. Our mapping of technologies to usecases is based on an evaluation of technology characteristics (
Table 1), the services required by a use-case and those a storage technology can, in theory, provide (Table 4
and Table 5 in Appendix). We focus on a range of promising electrochemical and thermal storage
technologies, highlighting the factors that could drive their increased uptake to 2030. Given the competition
storage often faces with the existing diesel generator market in weak and off-grid use-cases, detailed in
Section 3.4, we also assess the real-world dimensions affecting customer choice. These factors typically lead
to a continued preference for diesel generators in developing countries, despite the technical and cost
advantages of other technologies. Our analysis provides recommendations that could catalyse greater
deployment of storage considering the technology and market constraints examined.

4.1

Technology context

Energy needs have traditionally been served by a select number of technologies: pumped hydro, thermal
storage, lead acid, lithium-ion. Due to its prevalence in utility scale generation, pumped hydropower
accounted for approximately 96% of installed stationary storage capacity in 2017. Thermal and battery
storage were only 2% and 1% respectively (IRENA, 2017). Lithium-ion is the leading battery technology, both
at utility scale and in small off-grid appliances, where it is used in 95% of certified pico9 devices (Dalberg
Global Development Advisors, 2018). Lead-acid’s low upfront costs, however, continue to give it an edge in
larger off-grid solar home systems (above 150 W) and mini-grids (Dalberg Global Development Advisors,
2018; Shell Foundation, 2018). In BTM applications and mini-grids, these technologies typically compete with
(or are used alongside) diesel generators that provide backup power services (Centre for Science and
Environment, 2017).
As markets in developing countries grow, a range of storage technologies could play a role in meeting
demand. Storage technologies with the potential to meet use-case demand could include:
● Electrochemical storage technologies (batteries): lithium-ion, sodium-ion, redox flow, zinc-air, and
lithium-sulphur.
● Mechanical storage technologies: pumped hydropower, compressed air, flywheels.
● Electrical storage technologies: supercapacitors.
● Thermal storage technologies: ranging from molten salt to pumped electric heat storage.10
● Hydrogen storage.11
Technology performance is assessed in
Table 1, with further detail on technology categories in Box 4 and Table 5 in the Appendix.
●
Technologies analysed in this study were selected due to their prominence in the UK research agenda and
commercial viability to 2030. A primary aim of the study is to inform avenues of future research for UK

9

Based on an analysis of off-grid products of 0-10W, typically electric lighting.
These store energy as heat (or cold) for later use, either directly or to generate electricity.
11 Given the importance of storage as a tool to achieve energy access goals, we do not consider technologies that are unlikely to be commercialised
prior to 2030.
10

researchers. Our comparative analysis of technologies therefore focuses on technologies that are prominent
on the UK research agenda, as indicated by the Faraday Institution. Technologies that are not assessed in
Table 1 are not precluded from serving demand in weak and off-grid use-cases, however. For example,
advanced lead-carbon and sodium-sulphur batteries, and supercapacitor battery hybrids were identified
during the study as priorities for further research. Technologies that are assessed as unlikely to be
commercially available before 2030 are also excluded from our analysis despite their potential long-term
relevance, such are Solid State, Graphene, and Metal Air12 batteries.
Technology immaturity and uncertainty over future performance clouds the future technology landscape.
This assessment recognises the large uncertainties surrounding both current and future performance of
technologies, resulting from technology immaturity, lack of large-scale demonstrations, and uncertainty over
future research and commercialisation efforts (Few et al., 2016).

12

Excluding Zinc-Air
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Table 1

Technology performance evaluation
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Note:
Source:

There is a mechanical failure risk for flywheels/fire risk for supercapacitors
Vivid Economics; (WHO 2019); (International Renewable Energy Agency 2017); (Few, Schmidt, and Gambhir 2016); (BNEF 2017b); (Brandon et al. 2016)(F. Perdu, n.d.; C. Pillot, n.d.;
Arthur D. Little, n.d.; Science Communication Unit, UWE, n.d.; Energy, n.d.; Johnson Matthey Battery Systems 2015; Arup 2019; S. Sabihuddin 2015; Bušic, n.d.; c; Nina Medding 2015,
2019); (A. Golubkov et al., 2014; A. Mainar et al., 2018b, 2018a; A. Smallbone et al., 2017; Barton & Brushett, 2019; D. Bin et al., 2018; G. May et al, 2018; Green tech media, n.d.; Grey &
Tarascon, 2017; J. Peters et al, 2016; K. Smith et al., 2016; Larcher & Tarascon, 2015; Li & Lu, 2017; P. Gu et al., 2017; P. Pei et al., 2014; S. Ha et al., 2015; S. Sherman et al., 2018; X.
Zheng et al., 2018); (Aquion, n.d.; Faradion, n.d.; NantEnergy, n.d.; Nexeon, n.d.; Oxis Energy, n.d.; Redflow, n.d.; RedT, n.d.)

Box 4 Technology categories
Electrochemical storage technologies (batteries): store potential chemical energy.
Mechanical storage technologies: store mechanical potential energy.
Electrical storage technologies: store energy in electrical fields.
Hydrogen storage: where electricity is used to produce hydrogen that can be transported/stored and used in a fuel cell to reproduce electricity.
Thermal storage technologies: where energy is stored as heat (or cold) for later use, either directly or to generate electricity. The heat/cold stored can be waste
heat/cold or can be produced using electricity. In all cases the heat/cold store can be sensible (e.g. water, gravel), latent (e.g. water to ice, phase change materials), or
thermo-chemical (e.g. zeolites) (Few et al., 2016).
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4.2

Technology suitability assessment

Each technology has uses-cases to which it is well suited, given its characteristics (Figure 10). This mapping is
based on technology characteristics (
Table 1) outlined above and the services required by a use-case and those a storage technology can, in
theory, provide (Table 4 and Table 5). The key findings are:
•
•
•
•

in weak and off-grid contexts, batteries and thermal storage are likely to face higher demand due to
widespread applicability across use-cases and geographies.
batteries and thermal storage are key to serving the needs of BTM and off-grid use cases, benefiting
from their ability to provide multiple storage services (from frequency response to energy time shift
in the case of batteries), modularity and geographical flexibility.
given the decentralised nature of demand, technologies such as pumped hydro and compressed air
energy storage (CAES) will be unable to play as large a role in BTM and off-grid in serving demand.
technologies which can only provide grid support services, such as flywheels/supercaps/SMEs, will
be unable to address backup power and off-grid energy balancing needs.

Beyond their technical suitability, battery and thermal storage technologies will need to pass minimum
safety standards to witness increased uptake and compete with pure diesel generation, assessed in
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Table 1.
Figure 10 Technical suitability of technologies to use-cases

Note:

This mapping reflects the services the use-case requires and those a technology can provide but excludes
current cost consideration; the supporting rationale is provided in the Appendix. Li-n = Lithium-ion; RFB =
redox flow battery; Na-ion = Sodium-ion; Z-air= Zinc-Air; Li-S = Lithium-Sulphur; Pb = Lead acid; PHS = Pumped
hydro storage; CAES= compressed air energy storage; SMEs/supercaps/flywheels = SMES, supercapacitor and
flywheels; Li-S is only suitable to larger types of electric mobility e.g. buses, due to lower volumetric energy
density than lithium-ion; Na-ion includes both aqueous and non-aqueous technologies, BTM= behind-themeter.
Source: Vivid Economics; (Schmidt et al. 2019); (International Renewable Energy Agency 2017).

4.3

Implications for the market to 2030

The falling costs of lithium-ion will continue to drive its uptake relative to other storage technologies
(Schmidt, Melchior, Hawkes, & Staffell, 2019). The cost of lithium-ion batteries has already fallen by nearly
80% since 2010, driven by the scale of battery production for electric vehicles, and are projected to fall by a
further 60% by 2030 (Few et al., 2016; IRENA, 2017). Sustained research efforts are expected to drive future
improvements in performance in cycle life and safety. Lithium-ion is likely to remain the dominant
technology for solar home systems for the next 5 to 15 years, and will increasingly be deployed in mini-grids
as part of hybrid storage solutions (Shell Foundation, 2018).
Redox flow and thermal energy storage could support lithium-ion in mini-grids and utility scale applications.
Their high cycle lives allow them to provide a lower lifetime cost of energy, due to the higher energy service
they provide in the long-term. A reference cycle life for redox flow is 13,000 cycles at 100% depth of
discharge, relative to 2,500 cycles and 90% depth of discharge for lithium-ion (IRENA, 2017). Thermal storage
similarly offers higher cycle life at 100% depth of discharge. This favours uptake in mini-grids, or amongst C&I
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BTM users requiring backup power for over 6 hours.13 Where renewable penetration is high, it also increases
demand from utility scale applications.14 Technologies are often commercialised and are ready to be scaled
up.
Where consumers prefer shorter payback periods, zinc-air, sodium-ion and lithium-sulphur may be
preferred, especially in niche markets where a smaller scale of production is not a constraint. These
technologies are based on lower-cost materials, reducing their upfront costs. For example, studies suggest
sodium-ion and zinc-air could provide the same energy capacity at between 50% and 80% of lithium-ion
costs (Minah Lee, 2017; San Francisco Chronicle 2018). In market segments where a large-scale, reliable
supply chain is essential. Technologies at an early stage of commercialisations are unlikely to win significant
market share from incumbent technologies. Nevertheless, their advantages could make them a preferred
option in niche market segments, such as heavy-duty vehicles and BTM use-cases, or as a hybrid solution
alongside lithium-ion and redox flow.
The unmonetised environmental externalities associated with storage limit the degree to which reuse, and
recyclability affect technology preferences, both today and in the future. The environmental costs of
storage, particularly batteries, are not considered by consumers or producers, unless policies impose these
environmental costs on the supply chain. Where businesses cannot recoup profits from the reuse of
batteries, technologies which have a higher recycle value will gain an advantage, although this may be
eroded to 2030 as the proportion of valuable minerals in batteries (such as cobalt in lithium-ion) decreases.
Box 5

CASE STUDY: technology choice in mini-grids across the world

Sumba Island, Indonesia: historically the island’s two electricity grids have been powered through imported diesel,
but this is changing following increasing levels of renewable generation and the installation of a 400kW flow battery.
The storage systems will help provide generation capacity when solar and wind power are unavailable and are
expected to deliver end-users cost savings of 35% due to the reduction in diesel consumption (IFC, 2017).
Oki Islands, Japan: to manage the fluctuations in renewable generation, a hybrid battery storage system has been
employed by the Chugoku Electric Power Company since 2015. The hybrid comprises of a 4.2 MW sodium-sulphur
battery to provide daily energy time shift, alongside a 2MW lithium-ion battery designed for rapid frequency
response. It was subsidised by Japan’s Ministry of Environment (Mikawa, Shimabayashi, & Sasaki, 2018).
Ban Pha Dan, Thailand: until recently this small village in Northern Thailand suffered from a lack of electricity, owing
to national regulations forbidding the construction of power lines in the surrounding wildlife reserve. To combat
these challenges, Thailand’s Ministry of Energy invested in the development of a solar powered mini-grid,
complemented by approximately 30kW of zinc-bromine flow batteries and a further 10kW of lithium-ion batteries.
Batteries were supplied by RedFlow (Financial Review, 2019).
Mount Sterling, USA: the high costs of maintaining grid connection for a telecommunication station in the
mountainous terrain of North Carolina led local utility company Duke Energy to invest in an off-grid solution. To
ensure 24/7 power, the mini-grid is supported by a 30 kW zinc-air battery storage unit, provided by Fluidic Energy.

4.4

Customer choice in weak-grid and off-grid uses

Financial constraints, the need for short payback periods, and lack of familiarity or trust in new technologies
will often dominate lifetime cost as decision drivers. There are numerous real-world factors that influence
whether technologies are chosen based on cost competitiveness, many of which particularly affect
consumers in developing countries. These include:

13

Used as a reference point by industry experts as the length of time energy is required to make redox competitive with lithium-ion.
In these circumstances, lithium-ion’s inability to cycle more than once to twice per day will lead to similar issues of overbuilding that reduce cost
competitiveness relative to redox, which has a higher cycle frequency.
14
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● constrained access to finance, which can prevent households and businesses from borrowing and
making the larger investments in energy storage, despite higher expected returns.
● short payback periods, due to uncertainty over the future economic and policy environment, can
result in high discount rates that deter investments in technologies that have longer payback periods.
● shallow and distorted markets, un-commoditised markets with unreliable supply chains for parts,
limited maintenance professionals, mean storage technologies can be a riskier investment than
ubiquitous alternatives such as diesel generators. Policies, such as fossil fuel subsidies, tariffs or local
content laws, supported by strong incumbent suppliers, can also distort incentives in favour of diesel.
● lack of familiarity and trust in newer technologies, with a lack of information and low availability of
technologies, the perceived risks of new technologies are often higher than actual risks can lead to
consumers preferring more established technologies (Shell Foundation, 2018).
This explains why diesel remains a preferred technology even when the case for alternatives is strong.
Market factors, such as consumer access to finance, paybacks, and lack of familiarity/trust often dominate
over technology cost/suitability as drivers of choice. The implication for policy makers is that tackling these
market factors is important, alongside technology research, to drive uptake of newer storage types.

4.5

Implications for policy to 2030

Whilst a range of battery and thermal storage technologies are promising, continued research and
commercialisation is required to strengthen the economic and social case in developing countries. The
market outlook, key uncertainties, and innovation priorities are set out in Table 5 in the Appendix. This
highlights the need to increase cost competitiveness and improve recyclability through continued applied
research. Equally important is investment in the commercialisation of technologies through manufacturing
scale-up, reducing costs through competitive supply chains, learning from operational experience, and
reducing the costs of financing riskier technologies through demonstration of reliable performance.
Policies aimed at changing market conditions will be key for renewable- or grid-charged storage to
effectively compete with diesel generators. Governments need to focus simultaneously on bringing down
the upfront costs of alternatives to pure diesel generation whilst removing the capital constraints which
prevent households and businesses from making investment. Building awareness and understanding of the
lifetime costs of each technology will be important in helping shift consumers towards emerging storage
technologies such as batteries. The removal of fossil fuel subsidies is critical, as the price of diesel is the key
driver of the cost of diesel-generated electricity. Better access to low-cost finance for alternative sources of
backup power, and regulatory environments which enable storage to capture multiple revenue streams (for
instance, selling energy back to the grid) will help technologies gain momentum. A change in ancillary
market procurement from weekly to daily bids has helped to encourage uptake of distributed storage
systems in Germany, for example (Asian Development Bank, 2018).
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5

Recommendations

Catalysing uptake of storage in developing countries requires a multifaceted approach, including research
programmes that lower technology costs and policies that tackle the underlying factors inhibiting the
consumption of already cost-competitive options. To reflect the different stages of technology maturity and
the multiple actors involved in taking a storage technology from lab to market, our recommendations are
targeted to both research institutions and at the commercialisation and deployment of more mature
technologies. However, our first recommendation arises due to the potential large market size in displacing
diesel generation in developing contexts.
Recommendation for further research
Storage systems – whether as a standalone, grid-charged backup behind-the-meter, coupled with renewable
energy, or as part of a renewable energy-battery-genset hybrid – can deliver some of the services that
generators provide today. However, whilst the cost competitiveness of storage has been proven in specific
contexts, a lack of data and detailed analysis on the factors that lead to a continued preference for diesel
generators prevents this commercial and development opportunity from being fully realised. Further
research is required to set out the business case for storage options in different use-cases and provide a
policy trajectory for countries looking to decrease their reliance on generators.
Recommendation 1. Conduct a detailed market assessment of the costs and prospects for storage
technologies to out-compete diesel generation in a range of developing country contexts. The study could
focus on countries with high use of diesel generators and set out the business case for storage options in
different applications (alongside diesel, in combination with solar or connected to weak grids) and
compared to other potential competitors for those markets.
Priorities for research institutions for emerging technologies
The report highlights that a range of emerging battery and thermal storage technologies are promising
options in weak and off-grid use-cases, but research is required to overcome their technical challenges and
achieve further cost reductions. To the extent that technologies can deliver services for lower capital cost
and a lower negative environmental footprint, they are prioritised.
2. Research into battery chemistries that have the potential to significantly lower power costs (USD/kW) –
zinc-air, lithium-sulphur, and sodium-ion – but face application challenges. Newer chemistries identified in
this report not only have the potential to offer significant upfront cost reductions relative to incumbent
technologies, but also improvements in certain aspects of performance, including safety, toxicity, and
robustness to high temperatures. Specific technical challenges still need to be resolved for each to
become a commercial opportunity, and tailored research programmes ought to focus on these technical
constraints. In the case of lithium-sulphur, low cycle life implies prioritising materials research including
anode protection, cathode engineering, and functional separators; for zinc-air, low rate capability will
imply prioritising research into suitable robust, low-cost catalysts; for sodium-ion, research into electrode
material, electrolytes, and additives to improve cycle life and energy density are required.
3a. Reducing cost of more mature technologies: Research into low-cost materials to lower upfront costs,
including inexpensive cathode and electrolyte material for lithium-ion and redox flow. Given the low
capital costs of diesel generators and preference for short payback periods (due to high uncertainty),
lowering upfront costs is necessary for storage to provide net benefits over a shorter-term horizon.
Research programmes ought to prioritise the costliest inputs of technologies. For redox flow, this implies
exploring electrolyte or cell stack materials, whilst for lithium-ion research into less expensive cathode
materials should be prioritised. Efforts that are underway to develop a non-vanadium electrolyte, such as
the salt-water electrolyte, and low-cost membranes ought to receive continued attention.
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3b. Reducing cost of more mature technologies: Research into improvements in efficiency that can unlock
system cost reductions, for instance through improved cell architecture of batteries and energy density of
heat storage materials. Costs of storage are not only reduced through inexpensive materials, but also
through improvements in efficiency that reduce input material requirements. To achieve these efficiency
gains, research ought to prioritise design innovations lowering thermal degradation in thermal storage
technologies; innovations in cell architecture that improve efficiency of lithium-ion and redox flow
technologies; and, materials which increase energy density and so indirectly reduce system costs. These
materials could include new latent heat storage materials; high-voltage electrolytes or silicon anodes for
lithium-ion; bi-functional air electrodes for zinc-air; and improved membranes for redox flow.
4. Targeting improvements in recyclability and reuse of technologies, particularly through the reduction in
toxic materials. Given the unmonetised environmental costs of technologies, consumers, households, and
investors are unlikely to prioritise technologies that are more environmentally beneficial over their
lifetime. There is a strong need for public sector research to rebalance incentives towards such
technologies as a result. Improving the recyclability and reuse of dominant technologies, such as lithiumion, ought to be balanced with applied research and commercialisation of alternatives that are less reliant
on the use of toxic materials, such as redox flow and zinc-air. Reducing environmental costs of batteries
can also be achieved through research into improved battery management systems, which help to
increase the battery lifetime.
Technology-specific recommendations are set out in more detail in Table 5 in the Appendix.
Priorities for commercialisation and improving the investment environment
In parallel to technology research, policymakers can increase the uptake of relatively mature technologies,
such as lithium-ion and redox flow. To catalyse commercialisation and deployment, policies must seek to
demonstrate technology viability and balance incentives in favour of storage through a combination of
regulation, financial incentives, and dissemination of information.
5. Investment in the demonstration of pilot projects and scale-up of technologies to help develop efficient
manufacturing techniques and lower risks for private investors. Some of the technologies highlighted as
important for weak and off-grid use-cases are at an early commercialisation stage in stationary storage
markets, such as lithium-ion and redox flow. To continue improving their performance, and reducing their
costs requires manufacturing scale-up and demonstration in developing countries. This not only helps to
demonstrate their financial viability and reduce the perceived risk for investors, it also ensures positive
feedback loops through operational experience. Investments backed by the public sector and
international support strengthen the supply chain most effectively when they also build the local technical
capacity required to maintain and operate systems correctly.
6a. Strengthening the economic incentives and access to finance for households and businesses. To
catalyse the switch away from diesel generators will require more than simply improving the long-term
cost competitiveness of alternative storage technologies. If consumers lack access to finance or face fossil
fuel subsidies, they will continue to choose more polluting options with lower upfront costs. As a result, a
removal of fossil fuel subsidies and improved access to finance for consumers seeking backup power are
essential. To scale up investment in mini-grids, successful incentives have ranged from performance-based
grants for mini-grid developers in Nigeria (USD 350 per connection), to government debt-based financing
for projects in Bangladesh (ESMAP, 2019).
6b. Policies to increase the financial viability of storage business models. Improvements in the profitability
of storage business models can have tangible impacts on the cost competitiveness storage offers to end
consumers. For BTM applications and off-grid mini-grids, policies should seek to increase the number of
revenue streams that storage can tap into, in recognition of the multiple services that technologies
(particularly batteries) can provide to electricity systems. Policies that allow third party ownership of
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distributed energy; allow distributed storage to compete in ancillary and capacity markets; and, increase
the profits of energy arbitrage15 and self-consumption through time-varying electricity rates are important
first steps. In Germany, greater participation of distributed battery storage systems has been catalysed by
a change in ancillary market procurement from weekly to daily bids, for example (Asian Development
Bank, 2018). Meanwhile, for off-grid use-cases, policies need to enable the growth of PAYGo business
models, as discussed in Box 2.

15

Energy arbitrage refers to when energy is stored (charged) during lower-priced hours and discharging during higher-priced hours.

29

Rapid market assessment of energy storage in weak and off-grid contexts of developing countries

6

UK synergies

As part of its Clean Growth Strategy, the UK committed to building on its strengths and becoming a global
leader in the design, development, and manufacture of electric vehicle batteries through a GBP 274 million
investment into the Faraday Battery Challenge through the Industrial Strategy Challenge Fund.
The strength of the UK’s chemicals industry gives it the potential to be a global leader in new
electrochemical storage technologies. The chemicals industry is one of the largest in the UK, accounting for
GBP 12 billion in gross value added (GVA) and 99,000 direct jobs in 2016.16 In 2017, 15% of the UK’s total
exports, worth USD 58 billion, were in the chemicals sector (UN COMTRADE 2019). The area of Chemicals
and Materials is highlighted by the UK’s Industrial Strategy, having been identified as one of the prime
capabilities in the third wave of Science and Innovation Audits and a key driver of the Northern Powerhouse
following a review of research excellence and regional business clusters. Chemicals know-how and supply
chains are core to battery research, development, and manufacturing: cell materials account for
approximately 56% of the total value in lithium-ion batteries. The Innovation Committee of the Chemistry
Growth Partnership identify materials and lithium extraction for batteries as key priorities for the UK. Yet,
despite the strength of its chemicals sector, the UK has not hitherto been a major supplier of batteries to
global markets (E4tech, 2019).
There is a large opportunity for the UK to leverage its chemicals expertise in the lithium-ion supply chain,
ensuring greater competitiveness of the UK’s automotive sector. An electric transition is already underway
across the UK’s automotive industry, signalled by UK Government commitments to ban the sales of diesel
and petrol vehicles by 2040. To sustain growth of local electric vehicle manufacturing will require a costcompetitive supply of batteries. As prioritised by the Clean Growth Strategy, a domestic battery
manufacturing supply chain is critical in supporting electric vehicle manufacturing by decreasing costs and
supply risks from the import of batteries. An opportunity worth an estimated GBP 4.2 billion annually could
be created by 2030 through the supply of high-value cell components to UK manufacturers (E4tech, 2019).
To benefit from this opportunity, the UK must catch up and compete with leading innovators and low-cost
manufacturers in Asia. In 2018, the UK’s export of lithium-ion batteries was USD 155 million, 1% of global
trade, and behind China, Indonesia, South Korea, and Japan. UK patent activity in lithium-ion has, since 2000,
fallen below the global average. In comparison, South Korea’s level of patenting is nearly three times the
world average, with a 25% market share in global exports in 2018. The ability to compete with entrenched
innovators, such as South Korea, and low-cost manufacturing locations, such as China, still needs to be
proven. New technologies provide the UK with an opportunity to take a market-leading role but require the
UK to link excellence in scientific innovation and research to commercial scale-up.
To maximise the synergies with its chemicals expertise, the UK can look to strengthen its advantage in other
battery technologies such as redox flow, sodium-ion, zinc-air, and lithium-sulphur. Technologies at an early
commercialisation stage, with no dominant global producer, present an opportunity to develop a
comparative advantage. UK companies are already active in the research and commercialisation of several
types of battery technologies, as set out in Table 2.

16

https://www.parliament.uk/documents/commons-committees/Exiting-the-European-Union/17-19/Sectoral%20Analyses/7-Sectoral-AnalysesChemicals-Report.pdf
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Table 2

Research and commercialisation activities

Technology Stage of maturity

UK research and commercialisation activities

Research activities:
 automotive power applications
 compositive electrodes
 low-cost and scalable materials
Early
 sodium-nickel chloride technology
Sodium-ion
commercialisation
 Faraday Institution NEXGENNA project
Commercialisation:
 Faradion, producer of non-aqueous solution
 AGM Batteries (UK) manufacturers, who have started
programmes covering sodium-ion

Lithiumsulphur

Research activities:
 automotive applications (via EU ‘Under Horizon 2020’
funding)
Early
commercialisation
 Faraday Institution LiSTAR project
Commercialisation:
 Oxis energy

Research activities:
 lithium/redox flow hybrid technologies
 advanced redox flow batteries for stationary storage (via EU
Early
‘Under Horizon 2020’ funding)
Redox Flow
commercialisation Commercialisation:
 redT, a producer of vanadium flow batteries
 Hive Energy, CellCube, and Immersa, in consortium, to
deliver large-scale redox flow systems to the UK market

Zinc-Air

Commercialisation:
 Bryt Energy are working with Eos Energy Storage (a US
company) and Connected Energy on zinc-hybrid batteries
Early
commercialisation
 Nant Energy, producer of zinc-air batteries
 Several of the highlighted key players are not UK firms, such
as Nant Energy and Eos Energy Storage

Thermal
storage

Research activities
 Newcastle University has developed first grid-scale pumped
heat storage
 2016 BEIS report noted early research in phase change
materials and thermochemical heat storage (Loughborough
and Warwick universities).
Commercialisation
 Use of thermal storage for space heating is common
(household appliances; CHP; heating networks)
 2016 report by BEIS identified small numbers of
installations of pit thermal energy storage; borehole energy
storage; aquifer thermal energy storage.
 Same report noted Icax and IFTECH (boreholes and
aquifers); RES Beautford Court project (pit thermal);
Sunamp, Kingspan, PCM Products, IECHP, and Glen Dimplex
(phase change materials)

Various
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Note:
Source:

Vivid Economics; Faraday Institution, Cranfield, 2019

Research efforts in recycling and reuse of batteries could add value, but their commercial impact is limited.
Government-funded research targeting the improved reuse and recycling of batteries could allow the UK to
develop a foothold in the lithium-ion supply chain. The reuse of automotive batteries is both of growing
interest, to reduce environmental impacts of battery production, and growing concern, given the potential
negative environmental spillovers for developing countries who receive second-life batteries. In recognition
of these issues, the Faraday Institution has already launched the ReLib project to analyse the technological,
economic and legal conditions required to ensure the sustainable management of lithium-ion batteries.
However, the recycling and reuse of batteries in developing countries is unlikely to create a significant
commercial revenue stream for the UK without a manufacturing base to benefit from greater growth in the
overall market.
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7

Implications for the Faraday Institution’s ODA
funding

Prioritisation of the Faraday Institution’s ODA funding must be informed by an assessment of where UK
research and policy efforts will have greatest impact, delivering positive development outcomes and helping
to build the UK’s storage industry. Recommendations in Section 5 highlight opportunities to deliver positive
development outcomes based on technology and market needs. These recommendations are intended to
guide international efforts. They also fulfil the fundamental criteria for the UK’s ODA funding, to target
poverty reduction and climate change mitigation outcomes. To justify Faraday’s ODA spending beyond these
positive development impacts, these recommendations must be assessed against an additional set of
criteria, set out in Figure 11, that investigate the impact that the UK and the Faraday Institution can have
through their ODA funding.
Figure 11 Rationale for assessing Faraday’s prioritisation of ODA funding

Source:

Vivid Economics

An assessment of the UK’s strengths and supply chain confirm the role the UK could play in supporting a
range of emerging battery technologies. As Section 6 highlights, the UK has a world-leading chemicals
industry which is well-placed to supply materials to a range of emerging battery technologies, including
redox flow, sodium-ion, lithium-sulphur, and zinc-air. No single country currently has an established
dominant position in these newer battery technologies, but the UK has demonstrated leadership through
ongoing research and pioneering enterprises. There are better prospects of gaining a first-mover advantage
in technologies which can be scaled up in the future, than in displacing dominant producers in established
technologies. As a result, efforts by the Faraday Institution ought to focus on non-lithium-ion opportunities.
Reducing upfront costs is key to supporting uptake of energy storage in developing countries. Section 5 sets
out some of the opportunities for further research which can reduce upfront costs, which include new,
lower-cost cathodes and electrolyte materials for lithium and redox flow, and further research into newer
chemistries with lower-cost materials such as zinc-air, lithium-sulphur, and sodium-ion. Reducing the upfront
costs of energy storage is critical to encouraging greater take-up in developing countries where access to
finance is limited.
Technologies at an early stage of commercialisation are also a more effective use of public funding. Pumped
hydro, lead acid, and even lithium-ion are well established commercial technologies and innovation can
largely be expected to be driven by the private sector. Pre-commercialisation technologies, such as sodiumion and redox flow, remain largely untested and represent higher risks for investment in research which the

33

Rapid market assessment of energy storage in weak and off-grid contexts of developing countries

private sector may be less willing to bear. Given the potential for these technologies in developing country
markets as an alternative to diesel gensets, they should be the priorities for ODA-funded research.
The presence of large market barriers strengthens the rationale for utilising public sector funding,
particularly to address needs of sustainable technologies with fewer toxic inputs. Storage will be essential to
meet global decarbonisation efforts, and yet the unmonetised environmental costs of alternatives to
storage, such as diesel generators, means the benefits that technologies could achieve are often overlooked
by the market. Oversight on environmental costs by private actors also applies to storage technologies which
utilise toxic materials and have a poor recyclability. Considering these market barriers, the Faraday
Institution’s research funding ought to consider focusing efforts on storage technologies which have an
improved environmental footprint than incumbents, such as aqueous sodium-ion, lithium-sulphur, zinc-air,
and redox flow.
Market barriers also highlight the importance of prioritising funding towards pilot projects that can not only
help develop efficient manufacturing techniques and lower risks of private investors. In low income
environments, cost effectiveness is key, and all technologies (including lithium-ion) must demonstrate lower
lifetime costs if they are to successfully replace diesel gensets as the dominant technology. However, this is
not in itself enough. Developing countries are often characterised by limited access to finance, low risk
appetites, and poor awareness of technology options. The largest payoffs from technology research will only
be achieved if they are complemented by investment in demonstration projects for these technologies in
specific use-cases. This not only helps to demonstrate their financial viability and reduce the risk perceived
by investors, it also ensures positive feedback loops through operational experience.

34

Rapid market assessment of energy storage in weak and off-grid contexts of developing countries

Appendix
1.

Energy storage services

Use-cases will often require different storage services depending on their location relative to the grid and user, as shown in Figure 12.
Figure 12 Use-cases have a diverse range of energy and power needs, related to grid proximity and user

Source:

Vivid Economics

The storage services that use-cases may require include:
● Energy time shifts: balancing daily differences in demand and supply of renewable power, thereby increasing consumption via solar home systems and 100%
renewable mini-grids; and, providing daily and seasonal energy time shifts for electricity grids.
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● Backup energy for households and businesses facing unreliable grid connections: providing energy during grid outages, thereby replacing the role of
polluting diesel generators.
● Improved grid reliability and minimised infrastructure investment: by supporting aging grids to meet rising peak demand, storage can help to defer
investments in strengthening grid infrastructure.
● Resilience following natural disasters: supplying backup power for countries with weak-grid infrastructure prone to disruption from natural disasters.
● Grid and mini-grid support: helping to maintain the quality of electricity through frequency response, voltage support, load following, and reserve capacity. A
growing need as intermittent renewable power is integrated into electricity networks.
● BTM self-consumption for households and businesses: allowing grid-connected populations to increase consumption from decentralised renewable power
and avoid peak-time electricity charges.
● Electric mobility: essential for the growing fleet of electric cars, buses, and two-wheelers.

2.

Market estimation

Table 3

Summary of methodology

Segment

Primary method - market estimate to 2030

Triangulation

Key sources (full bibliography in annex)

In the absence of storage estimates for the offgrid energy market, we forecast demand by
multiplying forecast sales of pico systems by
average storage capacity.

Pico systems

Sales are estimated to 2030 based on Dalberg’s
forecast sales, which consider potential
market, product affordability, and product
duration. We forecast beyond 2022 to 2030,
assuming all sales in this period are
replacement for existing owners, dependent
on product duration. This is a lower-bound
estimate as it does not consider change in
affordability which could see higher
penetration of the potential market.

Compare unit sales with IEA (2018) estimates
of households gaining access via off-grid
solutions.
Corroborate storage capacity estimates with
Dalberg (2019) and Shell Foundation (2018)
observations of energy demand from pico
systems.

(Dalberg Global Development Advisors, 2018)
(Shell Foundation, 2018)
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Storage capacity is assumed to be 20 W, based
on interviews with off-grid storage businesses,
such as Solaris Offgrid and Acceleron.

In the absence of storage estimates for the offgrid energy market, we forecast demand by
multiplying forecast sales of solar home
systems by average storage capacity.
Solar home systems

Sales are estimated to 2030 using the method
we apply for pico systems.
Storage capacity is assumed to be 80 W, based
on interviews with off-grid storage businesses,
such as Solaris Offgrid and Acceleron.

Compare unit sales with IEA (2018) estimates
of households gaining access via off-grid
solutions.
Corroborate storage capacity estimates with
Dalberg (2019) and Shell Foundation (2018)
observations of energy demand from solar
home systems.

(Dalberg Global Development Advisors, 2018)
(Shell Foundation, 2018)

In the absence of storage estimates for the
mini-grid market, we forecast demand for both
residential and industrial mini-grids separately.

Mini-grids

Residential demand for mini-grids is based on
estimates of the number of households gaining
energy access through mini-grids to 2030,
taken from the IEA’s New Policies Scenario
(IEA, 2017b). We assume that all new minigrids will be 100% renewable powered. We
assume households gaining energy access via
mini-grids have an average electricity
consumption equivalent to grid-connected
households in Sub-Saharan Africa and South
Asia, to calculate energy capacity (GW).
Industrial demand for mini-grids is calculated
by assuming it will be 83% of total off-grid
energy needs to 2030. This is based on the
finding that 83% of current off-grid capacity is
“dedicated for industrial (e.g., co-generation),
commercial (e.g., powering telecommunication
infrastructure) and public end-uses (e.g., street
lighting, water pumping)”. (IRENA, 2018).

Compare number of households gaining access
to energy with mini-grids with other estimates
by IEA and Energy Sector Management
Assistance Program (ESMAP). Our estimate is a
lower-bound relative to other studies which
calculate demand based on commitments to
achieve energy access, such as ESMAP (ESMAP,
2019).

(IEA, 2017b).
(IRENA, 2018).
(Pfenninger, 2015)
(de Boer & van Vuuren, 2017)

Compare conversion factors between storage
and generation capacity for utility scale
systems. These range from factors of 0.1 GW
storage for 1 GW of power (Pfenninger, 2015)
to 0.25 GW of storage (de Boer & van Vuuren,
2017). The higher conversion factor applied for
mini-grids is reflective of the assumption of
100% renewable power and consistent with
case studies of mini-grids.
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Storage forecasts are constructed by assuming
a conversion factor of 0.45 GW storage for
each GW power of a mini-grid. The factor is
based on models optimising the size of storage
systems for solar-powered mini-grid capacity in
remote islands (Sufyan et al 2019).
Forecasts of demand to 2030 based on IFC
projections of commercial and industrial
behind-the-meter storage demand to 2025.
These are extrapolated to 2030, assuming on
average a lower growth rate than IFC’s growth
projections and are based on triangulation with
other market estimates of total BTM demand.
Commercial and Industrial behind-the-meter
There will be some overlap between BTM
demand estimates and forecasts of off-grid
solar home systems, as the latter includes
weak-grid (behind-the-meter) households. To
reduce this double-counting we utilise a lowerbound estimate of off-grid solar home system
demand.

Compare IFC projections of total behind-themeter additions with estimates of global
rooftop solar storage additions by IRENA and
global behind-the-meter demand by
Bloomberg. Comparisons factor in differences
in geographical coverage. High uncertainty on
the evolution of BTM demand is reflected by
the large differences in estimates between
different sources. IFC projections take an
optimistic view of demand, which we
compensate for by lowering our growth
projections.

Forecasts of demand to 2030 based on IFC
projections of residential behind-the-meter
storage demand to 2025. These are
extrapolated to 2030, assuming on average a
lower growth rate than IFC, and are based on
triangulation with other market estimates of
total BTM demand.
Residential behind-the-meter

See above.

Forecasts of demand to 2030 based on IFC
projections of utility scale storage demand to

(International Renewable Energy Agency 2017)
(BNEF, 2019a)

(IFC, 2017)

There is some overlap between BTM demand
estimates and forecasts of off-grid solar home
systems, as the latter includes weak-grid
(behind-the-meter) households. To reduce this
double-counting we utilise a lower-bound
estimate of off-grid solar home system
demand.
Utility scale storage

(IFC, 2017)

(International Renewable Energy Agency 2017)
(BNEF, 2019a)

Compare with IRENA, IEA, and BNEF
projections of utility scale storage demand.

(IFC, 2017)
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2025. These are extrapolated to 2030,
assuming on average a lower growth rate than
IFC, and are based on triangulation with other
market estimates.

Electric mobility

Utilises Bloomberg projections for lithium-ion
battery demand for passenger electric vehicles
(BNEF, 2019b). Forecasts demand for each
market segment -light duty, two- and threewheeler, and electric bus demand – by
combining BNEF total projections with IEA’s
expected market in 2030 (International Energy
Association, 2019).
Firstly, we calculate the potential market for
diesel generators that storage could displace.
Existing diesel generator capacity and forecast
sales are taken from IRENA and market
research respectively (IRENA, 2015). We
assume these diesel generators compete with
storage in three use-cases: BTM residential,
BTM C&I, and mini-grids, based on a review of
literature. We assume that only 70% of these
generators can be replaced by storage when
estimating replacement needs.

Diesel generator replacement
Secondly, we calculate the renewable power
(GW) required to replace diesel generators. We
assume the average hour of daily operation (8
hours) and load factor of 50%. Storage
requirements of this additional renewable
capacity is then calculated based on the minigrid use-case example.

Accounting for differences in geographical and
technological coverage (we include all forms of
storage, including pumped hydro), our final
estimates are found to be in line with other
projections. A large range between projections
is noted, given different assumptions in storage
requirements per GW power and degree of
renewable integration.

Compare Bloomberg and IEA projections, both
under the New Policies Scenario and EV30@30
scenario. In the more ambitious IEA scenario,
electric vehicles (EVs) are assumed to achieve a
30% market share in all modes by 2030.

Existing capacity ought to be treated with high
uncertainty given inconsistencies in estimates
across documents and limited information on
the varying size of the market segments.

(International Renewable Energy Agency 2017)
(IEA, 2019)

(BNEF, 2019b)
(International Energy Association, 2019)

(IRENA, 2015)
(Power Technology, 2018)

The share of the market that relates to BTM
residential use-case is calculated based on the
proportion of diesel consumption by the
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residential sector, on average, in Sub-Saharan
Africa and non-OECD Asia economies.
The share of the market that relates to off-grid
vs BTM industrial users is calculated based on
the share of forecast industrial demand from
each use-case.

Source:

Vivid Economics; all other sources in table
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3.

Technology assessments

Table 4 Technical suitability to use-cases

Technology

Use-case

Rationale

Pumped hydropower

Utility scale, mini-grids

Useful for energy shift, both daily and seasonal, due to low discharge rates at idle. Size constrains its application in
many BTM or off-grid use-cases, however. Unsuitable for grid support services requiring high power dynamics.

Compressed Air
Energy storage

Utility scale, mini-grids

Like pumped hydropower in its applications. Useful for energy shift, both daily and seasonal, due to low discharge
rates at idle. Size constrains its application in many BTM or off-grid use-cases. Unsuitable for grid support services
requiring high power dynamics.

SMEs/Supercapacitors
/flywheels

Utility scale, mini-grids

Fast response times, but high self-discharge at idle limits applications to a range of grid support services.

Thermal storage

SHS/pico systems,
mini-grids, utility scale,
C&I BTM

Covers a wide range of technologies which are suitable for energy time shift and grid support services (in indirect
thermal technologies where heat is stored in batteries). Energy density varies widely. Suitable for diesel generator
replacement.

Hydrogen

Grid, electric mobility

Particularly suited to seasonal storage applications due to ability to provide a low-cost storage of gas.

Lead acid

SHS/pico systems,
utility scale, residential
BTM, C&I BTM

Fast response and energy density (like other electrochemical technologies) makes lead acid suited for a range of
grid support and energy shift services. It performs less well than lithium-ion batteries due to maintenance, safety
(gassing), and installation complications, as well as higher costs. Suitable for diesel generator replacement.

Lithium-ion

SHS/pico systems,
utility scale, residential
BTM, C&I BTM, electric
mobility*

Fast response and energy density (like other electrochemical technologies) makes lithium-ion suited for a range of
grid support and energy shift services. Depth of discharge is lower than for redox flow and comes at expense of
lowering cycle life, but this has been overcome by increasing capacity ‘oversizing’ the battery. Suitable for diesel
generator replacement.

Redox Flow

Mini-grids, utility scale,
C&I BTM

Fast response times and design flexibility (ability to decouple power and energy) makes redox flow suitable for
both energy time shift services and grid support services (though inherent inertia makes it less suited to fast
response services than other batteries). Relatively low energy density constrains their use in residential
applications. Suitable for diesel generator replacement.

Sodium-ion

SHS/pico systems,
mini-grids, utility scale,

Fast response and energy density (like other electrochemical technologies) makes sodium-ion suited for a range of
grid support and energy shift services. Suitable for diesel generator replacement.
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residential BTM, C&I
BTM, electric mobility*

Lithium-Sulphur

SHS/pico systems,
mini-grids, utility scale,
residential BTM, C&I
BTM, Electric mobility*

Fast response and energy density (like other electrochemical technologies) make them suited for a range of grid
support and energy shift services. Suitable for diesel generator replacement.

Zinc-air

SHS/pico systems,
mini-grids, utility scale,
residential BTM, C&I
BTM

Fast response and energy density (like other electrochemical technologies) make them suited for a range of grid
support and energy shift services. Suitable for diesel generator replacement.

Note:

This mapping reflects the services the use-case requires and those a technology can provide, but excludes current cost consideration; *Li-S is only suitable to larger types
of electric mobility, e.g. buses, due to lower volumetric energy density than lithium-ion; BTM= behind-the-meter
Source[Click here to enter Source]: Vivid Economics, IRENA 2019; Imperial College London 2019
Table 5

Technologies suited to serve weak-grid and off-grid use-cases: market outlook, uncertainties, and innovation priorities

Technology

Lithium-ion

Outlook to 2030

Key uncertainties

Innovation priorities

Faces demand in markets which benefit from the
technology’s high energy to power density ratio,
and modularity, including solar home systems and
electric mobility. Falling costs and an ability to
supply both energy and power services can make it
optimal for grid-scale and mini-grid storage so long
as the technology does not need to be cycled
multiple times per day. As renewable penetration
increases and businesses look to ‘stack’ multiple
revenue streams through storage, the limited cycle
frequency of lithium-ion could constrain its
application, however.

Degree to which a concentrated materials supply chain
could put production at risk. For instance, nearly 65% of
cobalt is produced in the Democratic Republic of the
Congo and is a vital part of the battery supply chain. This
risk could be mitigated by developments in lower cobalt
chemistries.

Recyclability: reducing the use of
toxic elements and costs of
recycling.
Second-life batteries:
comprehensive battery
manufacturing design and battery
pack diagnostics to minimise the
costs of reusing EV batteries in 2nd
life applications.
Extension of cycle life: including
efforts to develop advanced battery
management systems.
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Redox Flow

Sodium-ion

Lithiumsulphur

Particularly cost-competitive in larger energy
applications, whenever storage is required for a
significant duration of the day, either as backup
power or to provide services for a local community
or grid.17 High cycle life and the ability to cycle
multiple times per day increases its attractiveness
in markets with a longer time horizon and where
businesses’ profitability is tied to provision of
multiple services. Less applicable in BTM residential
and off-grid SHS use-cases, where energy density is
a constraint.

Degree to which regulatory environments will allow
storage to gain revenue through supplying multiple
services, for instance acting as a grid asset as well as
supplying back-up power to behind the meter
consumers. The ability of storage to do this is commonly
known as ‘revenue stacking’. Businesses which take
advantage of revenue stacking are likely to prefer
technologies which can cycle multiple times per day,
such as redox.

Reducing costs of materials (e.g.
active redox materials, electrolyte
or cell stack materials).

Non-aqueous technologies have the potential to be
a low-cost competitor to lithium-ion. Relatively high
energy and power density improved thermal
stability relative to lithium-ion, and quick response
times make them appropriate for both energy time
shift and grid support services across stationary
storage markets. Aqueous technologies,
meanwhile, offer further cost reductions, higher
recyclability, can operate at a higher temperature
range than lithium-ion. They remain a more
environmentally friendly option relative to lithiumion in static storage markets where their low energy
density is not a constraint.

Extent to which the market will be able to scale up
technology whilst achieving cost reductions. Even if cost
reductions are achieved, the ability to compete with
lithium-ion in markets where it has a first-mover
advantage and established supply chains remains
uncertain.

Cost reductions through continued
research and commercialisation
which target improvements in
efficiency.

An early stage battery technology with the potential As a newer technology there are large uncertainties on
to compete with lithium-ion based on lower costs
its ability to realise possible improvements in
due to use of inexpensive materials, high energy
performance.
density, improved safety, and ease of recycling.

Increasing efficiency and power
output by improving the
architecture of the cell stack.
Increasing energy density by
improving membrane conductivity.

Increasing energy density, cycle life
and depth of discharge through
continued materials research.

Extending cycle life.
Reducing high rates of selfdischarge.

17

Analysis focuses on Vanadium Redox Flow Batteries where the ability to decouple power and energy allow a fall in USD/kWh as capacity is scaled up. Not all types of redox flow will witness a fall in costs as capacity is
increased.
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Lower volumetric energy density limits its
application in small passenger vehicles.

Zinc-air

An early stage battery technology in stationary
storage markets, which has the potential to
compete with both lithium-ion and redox flow
across weak and off-grid use-cases. Higher energy
density, low costs due to use of inexpensive
materials, improved safety, and ease of recyclability
all offer advantages to lithium-ion. Despite a low
cycle life, lower power costs could imply it
outcompetes redox flow in markets preferring a
shorter payback period.

Degree to which its low capital cost can overcome its
lower cycle life and compete with other battery
technologies on LCOE.

Improve cycle life through materials
research (e.g. strategies to prevent
zinc dendrite growth).

The degree to which it can improve its power rate
capability to be used as a sole technology rather than in
hybrid applications.

Improve efficiencies and increase
rate capability through
identification of suitable robust,
low-cost catalysts.

As a newer technology there are large uncertainties over
its ability to realise possible improvements in
performance.

A low power capability makes it unsuitable for grid
support services, where it is more likely to be
coupled with lithium-ion.

Thermal
storage

Covers a wide range of technologies that typically
benefit from low-cost materials, high cycle life, and
high recyclability. Technologies will, in general, face
demand in markets requiring energy shift services.
Where excess heat from industrial applications is
available as a heat source, thermal storage can be
particularly cost-effective. Less applicable in
markets where energy density is a constraint.

Degree to which thermal storage can be costcompetitive where excess heat is not available,
competing more directly with batteries.

Improve energy and power density
through improved performance of
bi-functional air-electrodes.

Novel latent heat and thermochemical storage materials
(informed by better understanding
of degradation mechanisms and
development of rapid screening
methods), to increase energy and
power density and reduce
footprint, response time, and cost.
Novel designs of components and
devices to reduce degradation of
thermal energy and improve
efficiency.
Low-cost manufacturing of latent
heat and thermochemical energy
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store materials, components, and
devices.
[Click here to enter Source]Source: Vivid Economics; IRENA 2019; Imperial College London 2019

7.2

Considerations on the cost competitiveness of lithium-ion versus diesel generators

Battery supported renewable generation and renewable-genset hybrids technologies are already cost competitive compared to pure diesel generators based on
lifetime costs in many countries. A conventional diesel generator will typically cost about USD 650/kW, in comparison to USD 3,000/kW for a distributed energy
storage solution (IFC, 2017). However, despite high upfront costs, alternative energy storage solutions tend to perform more favourably over the lifetime of a
technology due to the high operating (fuel) costs of diesel,18 as Figure 13 illustrates. Hybrid systems, which combine renewable power, diesel generation and
storage, are already cost-competitive in countries with high diesel generator capacity and high frequency and duration of grid-blackouts: 28%-36% cheaper on a USD
/kWh basis in Nigeria, Kenya, and India (BNEF, 2017b). These cost comparisons are highly sensitive to the price of diesel, which can vary dramatically over time and
between countries, but can account for upwards of two-thirds of the cost of diesel generated electricity.
As alternative battery technologies witness cost reductions, lithium-ion’s relative cost competitiveness could be eroded in use-cases requiring delivery of large
quantities of energy or high cycle frequency, however. Although lithium-ion typically has a lower cost per kWh than other battery technologies today, it suffers from
a lower depth of discharge that is increased at the expense of lower cycle life. These factors reduce the useable capacity of the battery, both day-to-day and over its
lifetime. They also increase capital costs. Where high cycle frequency is required, lithium-ion batteries will typically be overbuilt to provide the same energy service
as alternatives. A lower cost per kW has, to date, compensated for this, helping to maintain lower capital costs on balance.19 However, with competing technologies
expected to achieve large reductions in costs per kW, this balance could soon be unsettled. For instance, the cost of redox flow batteries is expected to fall by nearly
70% to 2030 (IRENA, 2017).

18

These diesel costs will vary depending on domestic availability, extent of subsidies, distance to markets, and incidence of fuel theft.
Capital cost (USD)= Power costs (USD/kW) * kW. Higher kW requirements can be balanced by a low cost per kW, as in the case of lithium-ion today. Equally, if a technology can provide energy services at a lower kW then this
could result in a lower overall cost despite higher USD/kW. The factors affecting kW requirements will include power requirements of the application storage serves (kW), depth of discharge (a lower depth of discharge
increases kW required), and cycle frequency for technologies where energy and power are coupled (with higher cycles per day increasing the kW required for lithium-ion batteries).
19
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Figure 13 LCOE comparison between lithium-ion batteries and diesel generators, for BTM applications

Note:
Source:

The figure is indicative and does not represent actual costs of either technology. It highlights the cost dynamics between the two technologies when competing in
BTM applications and micro-grids, and does not consider cost competition in either utility-scale or off-grid pico applications.
Vivid Economics
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