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Abstract 13 
 14 

In developing countries energy is recognized to be essential for promoting equitable growth, to foster 15 

social inclusion and to preserve the environment. Nevertheless, the current state of the energy sectors of 16 

developing countries still represents a major hindrance to the fulfillment of this goal. In this frame, electrical 17 

energy storage may allow a cost-effective exploitation of renewable sources in order to cope with the 18 

improvement of the power supply service via local national grids, but mainly it may become a building block 19 

of rural electrification through integration within off-grid systems. This paper focuses on electrical energy 20 

storage in sub-Saharan Africa providing an overview of the main aspects of this theme. Indeed, the specific 21 

features of the power sector in sub-Saharan Africa are analyzed with regards to the framework of application 22 

of electrical energy storage. The typical technologies implemented in this context and the status of the 23 

market as well as of the economic models to support the diffusion of storage together with renewable energy 24 

technologies are highlighted. Moreover, an overview of technical aspects such as storage capacity sizing and 25 

interface converters for integration with renewables are described. Finally, an experimental application of a 26 

hybrid micro-grid in rural Tanzania is presented. With this paper, our aim is to provide an overall view, 27 

within the main technical and non-technical aspects, of electrical energy storage in a context – sub-Saharan 28 

Africa – which has a huge potential, both in market terms, but also with regards to the possibility to develop 29 

and implement alternative technical solutions which may be integrated in the high income countries power 30 

systems as well. 31 
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1. Sub-Saharan Africa energy scenario 37 
 38 

Energy demand in sub-Saharan Africa (SSA) has grown by 45% from 2000 to 2012, but access to modern 39 

energy services, though increasing, remains limited [1]. Per capita average electricity consumption is 40 

comparable to the amount consumed by a 50W light bulb operating on a continuous base. This amount is 41 

hardly enough to cover the daily basic need of single households and it cannot meet community as well as 42 

productive energy needs. The power sector is not adequate, nor reliable in the majority of the SSA countries: 43 

frequent power shortages are threatening the development of the productive sector, while the losses in poorly 44 

maintained transmission and distribution networks are often twice the World average and they contribute to 45 

increase the overall primary energy consumption [1]. Moreover, electricity tariffs are high and due to the poor 46 

quality and quantity of the supply, the use of back-up and emergency petrol/diesel generators increases the 47 

final electricity costs and has environmental consequences. 48 

Besides, according to the New Policy Scenarios (NPS) of IEA, the SSA grid-based generation capacity 49 

(currently 90GW) will grow four times to 2040 [2]. Renewable energy technologies (RET) are expected to 50 

play a major role in this growth: hydropower has large technical potential and additional capacity might 51 

contribute in mitigating the average electricity costs and phasing out oil-fired power, PV and wind markets are 52 

expanding while attention to geothermal source is also growing [1]. Again in the NPS, off-grid solutions (like 53 

home/community based systems or micro-grid) will provide electricity to 70% of those gaining access in rural 54 
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areas. In particular two third of off-grid systems in rural areas are expected to be powered by PV, small 55 

hydropower or wind. 56 

Many governments of SSA are becoming aware of these changes and are promoting reforms to remove 57 

regulatory and political barriers to enable RET penetration into the power sector. Nevertheless despite this 58 

positive trend, even in the most favorable scenario, a significant gap in the distribution of resources will remain 59 

across SSA with special reference to the urban-rural disparity [3]. This means that especially at rural level the 60 

strategy for scaling up access to electricity need to be redesigned, overcoming the dichotomy between 61 

centralized and off-grid electrification approaches and probably aiming at integrating small-scale RET in local 62 

micro-grids or connecting them to the national grid. In this a frame, electrical energy storage (EES) can play a 63 

relevant role. 64 

In this regard, with this paper we provide an overview of the main aspects of application of EES in SSA 65 

with particular reference to the context of rural areas. In particular we pose attention both to technical and 66 

non-technical issues underlying the key factors that differ from SSA and high income countries. In Section 2 67 

two typical electrification approaches (top-down and bottom-up) are introduced, an overview of the different 68 

frameworks of applications of EES within these approaches is provided and the typical EES technologies 69 

solutions are discussed. In Section 3, an overview of the market situation and economic models to properly 70 

support RET and EES in rural areas is provided. In Section 4 the focus is on technical aspects; specifically 71 

the classical approaches for EES capacity sizing are describe together with basic models for dynamic 72 

analyses as well as typical architectures of interface converters for EES integration with RET. Finally in 73 

Section 5 the Energy4Growing project and the related experimental application of a hybrid micro-grid 74 

integrating RET and EES in a rural school of Tanzania is presented. 75 

 76 

2. Overview of EES applications in Sub-Saharan Africa 77 
 78 

Two different approaches can be recognized as regards the process of electrification in SSA with 79 

reference to the urban-rural dichotomy: namely top-down and bottom-up approaches. Accordingly EES can 80 

play different role. 81 

 82 

2.1. Top-down and bottom-up electrification approaches 83 

 84 

Figure 1 SSA countries representation according to rates in urban and rural electrification (2012) [2,4] 85 
 86 

A key element to understand the situation of electric power systems in SSA lies in the different 87 

conditions of urban and rural areas. In this regards, considering the electrification rates of these two areas the 88 

situation of SSA countries is presented in Figure 1. The graph shows that on average, SSA countries have 89 

about 72% and 15% electrification rates for urban and rural areas respectively. Moreover, four groups can be 90 

recognized. 91 

a) A number of countries report the poorest conditions – namely South Sudan, Central African Republic, 92 

Chad and Liberia – they are also tail-end in the Human Development Index ranking [5] and, despite very 93 

low values (urban and rural rates below 20% and 10% respectively), they show a urban-rural disparity. 94 

b) The majority of SSA countries lie in the range of 35-80% urban electrification rates and below 25% in 95 

rural ones. Hence it is clear the trend in SSA to first address urban areas while secondly coping with 96 

rural electrification. 97 

c) A number of countries report urban electrification rates above 80%: some have rural electrification 98 

below 20%, while others reaching up to 50%. In this latter case countries with medium Human 99 

Development Index such as Ghana, Gabon, Equatorial Guinea, and Cabo Verde are reported. 100 
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d) South Africa, exceptional in SSA as for income level, reports the highest electrification rates; 101 

nevertheless also in this case a disparity between urban and rural areas can be recognized. 102 

Lastly, the conditions of Northern Africa countries that report 100% electrification both in urban and 103 

rural contexts are highlighted. It is worthwhile to notice that these figures results from data employed by 104 

international institutions and retrieved by local statistical offices and/or governmental bodies. Accuracy of 105 

these data, mainly for rural areas, may be questionable. Indeed, while for urban areas data reflects the 106 

connections to the local national grids (i.e. users are registered for bill payments), in rural areas 107 

electrification related to small isolated systems are probably not considered. Nevertheless, these data reflect 108 

the general different conditions between urban and rural areas and lead to highlight two different technical 109 

approaches to provide electric power: top-down and bottom-up. 110 

We refer to the top-down approach as regards the electrification process which has been historically 111 

followed in SSA as well as in high income countries based on the paradigm of centralized electrical systems 112 

[6–8]: large hydropower or fossil fuelled plants interconnected by a transmission grid which supplies power 113 

to consumers through radial distribution grids. Nevertheless, while high income countries reached 100% 114 

electrification rates with this approach, SSA countries are still facing considerable difficulties in increasing 115 

electrification rates. In particular, rural areas are the most afflicted by this situation, since governments paid 116 

more attention to urban areas where economic activities are more significant. Moreover, rural electrification 117 

has generally the highest costs within the top-down approach being not balanced by a local market (low load 118 

factors and low affordability for local people). Therefore utilities are reluctant to extend the service to rural 119 

areas. A second main element that characterizes power systems in SSA is the low reliability: load shedding is 120 

common as well as supply interruptions (according to [9] 8.3 outages with duration of 4.3 hours occur on 121 

average in a month in SSA). 122 

We refer to the bottom-up approach in relation to the electric energy supply in rural areas by means of 123 

systems which operate separately from the grid (i.e. off-grid) feeding nearby consumers. Historically small-124 

scale petrol/diesel generators (from few kW to tens of kW) have been employed by private consumers or 125 

local services (schools, clinics, NGOs, churches, etc.) [10–12]. Off-grid small generators have been 126 

employed also as multi-functional platforms at village level to provide electric as well as mechanical power 127 

[13]. Currently, also in areas covered by the grid, small back-up generators are becoming quite common 128 

since they are employed by local enterprises to compensate grid outages. Indeed, in SSA 48% of firms own 129 

or share a generator [9]. Also larger diesel generators (from hundreds of kW to few MW) are employed in 130 

off-grid configurations to supply power through a local distribution grid in remote towns [14] or to act as 131 

emergency power source for sections of the existing distribution grids [15]. 132 

Beside petrol/diesel generators, RET are also employed in rural areas to supply power with a bottom-up 133 

approach. Traditionally these are small hydropower systems, but thanks to the decrease of costs and the 134 

increased availability of suppliers, other RET have appeared in the past two decades. Moreover there is 135 

potential also for systems coupling PV–EES–diesel generators, both with regards to new installations, but 136 

also for diesel generator retrofitting [14,16]. 137 

 138 

2.2. EES in top-down and bottom-up electrification approaches 139 

 140 

EES can play a key role both in top-down and bottom-up electrification approaches. 141 

Historically EES have been rarely implemented in top-down approach. Indeed, as well known, power 142 

systems integrate technical solutions to face congestions, security issues, events unpredictability, and power 143 

quality problems (i.e. voltage and frequency control) without the exploitation of EES. Nevertheless, 144 

nowadays these challenges are more prominent due to the increasing penetration of RET. In this frame, EES 145 

are considered a solution offering flexibility to the system and addressing most of the mentioned issues. In 146 

particular, potential applications of ESS in top-down systems are [17–21]: load levelling/peak-shaving, RET 147 

integration, spinning reserve, customer-side peak shaving, primary frequency regulation, voltage control in 148 

distribution network, investment deferral, arbitrage/energy trading. 149 

As a matter of fact, nowadays the application of EES within the top-down electrification approach is a 150 

prerogative of high income countries where the involved actors (i.e. Transmission System Operators (TSO), 151 

regulatory authorities and producers) have the technical and economic capabilities to develop new 152 

regulations and set up pilot projects [22]. On the contrary, despite the national grids of SSA would benefit 153 

from the integration of EES (also in combination with distributed RET generation), little or no actions have 154 

been taken so far mainly because of the lack of economic capabilities. Only few pilot projects run by private 155 

companies can be found in South Africa [23]. 156 
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Within the bottom-up approach and particularly in the context of SSA, EES (namely electrochemical 157 

batteries), apart for petrol/diesel generators and hydropower plants are mandatory to exploit the potential of 158 

RET. Indeed off-grid systems benefit from the use of EES to mitigate both short-term fluctuations (to ensure 159 

the instantaneous power balance) and intermediate-term energy deficiency which are typical consequences of 160 

unpredictability of RET. In this regard, we distinguish four typical applications of EES (Table 1). 161 

 162 
Table 1 Typical off-grid applications for electrochemical-batteries and key features 163 

 
Application type Storage capacity range 

Power source size 

range 

Typical power source 

Typical architecture 

(1) 
Solar Home 

Systems 

from few Wh up to 

about 10kWh 

from few to 

hundreds of W 

PV 

Stand-alone, dc 

(2) 
Mid-size off-grid 

PV systems 

from tens to 

hundreds of kWh 

from few to 

hundreds of kW 

PV 

Stand-alone, ac 

(3) Micro-grids 
from tens to 

hundreds of kWh 

from tens to 

hundreds of kW 

Micro hydropower – Integrated 

PV, small wind, diesel/petrol 

generators 

Isolated grid, ac 

(4) 
Grid-tied back-up 

systems 
from tens of kWh  

from few to 

hundreds of kW 
# 

 164 

(1) The first application type is solar home systems (SHS). We mainly refer to SHS as systems typically 165 

employed to provide basic power service to single households and composed of PV modules, electro-166 

chemical batteries, charger and end-use appliances. The smallest SHS are solar lantern, which are portable 167 

devices comprising a PV module up to about 10W, a single battery with capacity ranging from few to tens 168 

Wh and a charge controller. These are dc systems with voltage ranging from 2.4 to 12V often integrating 169 

battery, charger and a led lamp in a single case [24]. Besides, a socket for mobile charging is also often 170 

implemented. Mid-size SHS are typically 12V dc systems which employ a PV module of tens of W together 171 

with a battery of few kWh. Still they can be portable: the case integrating the battery and the charger can be 172 

disconnected from the PV module (portable as well) and from the wirings of electrical devices. End-use 173 

appliances are mainly lamps, but often one or more external sockets are provided to supply power to other 174 

devices. The largest SHS reach up to hundreds of W for PV module(s) and several (tens) kWh battery 175 

capacity. When these sizes are employed, systems can be either dc or ac. In the first case 12-24V systems 176 

can be adopted, while in the second one an off-grid inverter is required. 177 

Off-grid systems ranging in the sizes of SHS are also employed for telecom systems, small schools, 178 

clinics, and small commercial activities. Moreover, SHS systems also find application as back-up system of 179 

the grid for urban areas users. In this case, consumers are willing to have a further power source coupled 180 

with EES in order to compensate the outages of the grid. Back-up SHS typically supply power to the devices 181 

connected to the grid thanks to an off-grid inverter and a manual switch which allows selecting the power 182 

source. 183 

(2) The second application type is mid-size off-grid PV systems. These are represented by isolated plants 184 

based on PV power source which supply power to an ac system. In this case, PV installations range from few 185 

to hundreds of kW with some larger cases reaching up to 1MW, while EES capacity ranges from tens to 186 

hundreds of kWh. The demand for these systems comes from large households, but mainly from public 187 

institutions, schools, health centers, hospitals, small productive initiatives and site specific activities such as 188 

mines, touristic resorts, and telecommunication. The basic scheme of these systems is composed by PV 189 

modules and batteries strings which are connected on a dc bus via solar controller / battery charger. Then ac 190 

power is supplied to the loads by means of an off-grid inverter. The voltage of the dc bus is defined by the 191 

inverter and typically increases with the rated power. 192 

Mid-size off-grid PV systems give rise to interest also for substituting or integrating with petrol/diesel 193 

generators. Nevertheless this proves to be a difficult task since several different aspects need to be 194 

considered. According to the share of installed PV power, different architectures can be considered with 195 

specific battery chargers, inverters, and control systems [25]. Besides, energy efficiency and energy 196 

management actions need also to be introduced. Indeed, in rural area applications, it often occurs that the 197 

generator is operated for few hours a day and all appliances are left on all the time and they are switched off 198 

by shutting down the generator. In these conditions there is a limited need of efficiency since the marginal 199 

running costs are negligible. Moreover, the generator capacity is usually much higher than the baseload and 200 
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it is useful to keep the loads at least some 50% of rated capacity for a better generator performance. When 201 

substituting or integrating with PV and EES that offers 24h services, energy efficiency becomes essential, 202 

and all technologies, appliances and habits need to be changed. In the absence of these actions the batteries 203 

are easily exposed to deep discharges and long period without full charge thus reducing their lifetime. 204 

Finally, mid-size off-grid PV systems are also employed by consumers as a back-up system of the grid 205 

typically in urban areas. They can be sized in order to supply a share of the average daily requirement (i.e. 206 

the supply power to specific loads for few hours) and they are operated with off-grid inverter(s) by a manual 207 

switch which allows selecting the power source.  208 

(3) The third application type is represented by application of RET in ac micro-grids which address the 209 

power supply for remote villages, large school campuses, and hospitals. Traditionally hydropower systems 210 

(from few to hundreds of kW) have been the main renewable source for micro-grids in case of proper water 211 

streams availability [26–28]. These systems are typically designed as run-off-river (i.e. no upstream water 212 

basin is available) and they often employ electronic load controllers based on dump resistors to provide 213 

frequency regulation. Despite this solution goes to the detriment of efficiency (i.e. dump resistors dissipate 214 

energy on air or water), it allows having free-maintenance, low-cost and reliable system control. Beside 215 

hydropower systems, other RET are appearing in rural areas of SSA thanks to the decrease of costs, the 216 

development of technological solutions (mainly for the system control aspects) and the increased policy 217 

efforts and availability of suppliers. Indeed, micro-grids integrating different energy sources (PV, small 218 

wind, petrol/diesel generators) are still rare, but feasible as for the technological state of the art [29–33]. The 219 

power size of these systems for rural electrification can range from tens to hundreds of kW while the storage 220 

ranges from tens to hundreds of kWh. 221 

Two typical architectures are considered for integrating energy sources in a micro-grid: series- and 222 

parallel-functioning. The series-functioning approach (Figure 2) requires that all generators, including all the 223 

rotating machines are connected in parallel via a dc bus which is further connected also to the battery pack. 224 

This approach allows simple management logics, but integrating several power sources brings about 225 

complexity as regards power electronics interfaces and the dc bus. Indeed, the ac network is generated by 226 

means of a grid-forming inverter while rectifiers are needed to interface the power sources with the dc bus. 227 

This requires a data bus to integrate the rectifiers and define the active and reactive power set points of each 228 

power sources in order to control the dc voltage. Moreover, applying this architecture in SSA, the nominal 229 

power of the inverter sets the maximum power of the energy sources thus limiting the micro-grid expansion. 230 

The parallel-functioning approach (Figure 3) requires that the generators can be connected in parallel by 231 

means of the ac bus. Obviously, in this case trade-off solutions can be implemented, e.g. the rotating 232 

machines (i.e. traditional generators and hydro turbines) can be connected to the ac bus, while PV, wind 233 

turbine, and batteries are connected to the dc bus. The ac grid can be generated by means of a rotating 234 

machines connected to the ac bus, thus leading the other power sources and the bi-directional inverter to 235 

work in grid-following mode. On the ac side, if several generators are available they can be managed 236 

according to the typical control approaches of meshed grids; this allows avoiding the data bus and results in 237 

easier integration of further power sources thus expanding the micro-grid. On the contrary, more adequate 238 

management logics (e.g. to share the power among several different power sources, to control frequency and 239 

voltage) as well as more sophisticated inverters are required. 240 

In both architectures, according to the load profile and load types, to the features of available of 241 

renewable sources, and to the dynamic capabilities of the rotating machines and power electronics, the 242 

battery pack can be required to predominantly provide power service, thus addressing short-term power 243 

fluctuations, energy service, thus addressing intermediate-term energy deficiency (i.e. day/night cycle), or 244 

both of them. This affects the selection of the proper electro-chemical battery technology, the total capacity 245 

and the logics to manage the dispatchable resources (i.e. diesel generators and hydropower).  246 

(4) The forth application is represented by grid-tied back-up systems for customers already connected to 247 

the grid. Similarly to back-up systems based on SHS or mid-size off-grid PV systems, grid-tied back-up 248 

systems are implemented to assure continuity and quality of the supply where interruptions and severe 249 

voltage fluctuations recur. Nevertheless in this case, a charger system is employed to charge the battery pack 250 

by taking power from the grid, then, when outages occur, an off-grid inverter supplies power to the user 251 

electrical devices. PV modules are rarely implemented to reduce the cost of purchasing power from the grid, 252 

since, in this view, the simple option in SSA, is to implement an off-grid system which does not interact with 253 

the grid. This aspect brings about the issue of lack of regulations and experiences in SSA countries (as well 254 

as in the developing world) as regards the implementations of grid-tied distributed systems capable to 255 

exchange energy in both directions with the national grid (i.e. to absorb and supply). 256 
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Figure 2 Micro-grid with series-functioning architecture 257 
 258 

Figure 3 Micro-grid with parallel-functioning architecture 259 
 260 

2.3. Considerations as regards EES technologies 261 

 262 

With regards to the technologies for EES, we highlight that electric energy can be stored in many 263 

different forms such as direct electric, electrochemical, and mechanical [19,34]. Hence there is a wide range 264 

of EES technologies currently available with different strengths and weaknesses [17,19,20,35–42]. 265 

Nevertheless, as well known, there is no one-fits-all solution for EES, and one should choose the most 266 

suitable technology after carefully considering the specific application. This consideration is even more 267 

important in SSA, due to the limited economic availabilities of these applications. 268 

For application of EES within the top-down electrification approach and for energy intensive 269 

applications (e.g. load levelling, renewable integration) EES with low power/capacity ratio are preferable, for 270 

instance sodium-sulphur or lead-acid batteries. Otherwise, in power intensive applications (e.g. primary 271 

frequency regulation, customer-side peak-shaving) high power/capacity is advisable, such as ZEBRA or 272 

lithium-ion batteries [22]. 273 

For application of EES within the bottom-up electrification approach in SSA, selecting the best 274 

technology in terms of performance and durability is not the top priority; bur cost and availability on site 275 

play a relevant role in the final decision. Therefore the battery technology choice is usually defined by the 276 

economic capacity of the donor or investor. Thus, lead-acid batteries, which have benefited of years of 277 

development with inevitably cost reduction and global spread, represent the most appropriate choice for all 278 

the applications (SHS, mid-size PV systems, micro-grid, and grid-ties back-up systems) leaving small 279 

chances to competing technologies [43–45]. In particular lead–acid maintenance-free batteries (AGM or gel 280 

sealed batteries) are mostly seen in those applications. In larger and well financed installations, especially in 281 

the telecommunication sector, the 2V tubular and larger-surface positive plate batteries, offering a higher 282 

number of cycles even in hot areas, are often used. In order to reduce sulphuration of the negative plates, 283 

which is typically induced by long period without full charge and reduces the life-time, gel type lead-acid 284 

batteries can be employed. Sometimes batteries employed in SHS are modified car batteries. The main 285 

modification is to make the positive plate thicker to allow more and deeper cycles [46]. 286 

As regards lithium batteries, they are rarely seen in SSA applications despite leveraged kWh costs of 287 

lithium are comparable to lead-acid batteries (when considering the potential depth of discharge and the 288 
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number of cycles) [17]. Indeed, the initial investment cost is a barrier both for investors and donor agencies. 289 

Moreover inverters need to be configured to run with lithium batteries and this is not always possible with 290 

the limited technology options with local suppliers. LiFePO4 are the only lithium technology that may have a 291 

share in SSA market in the next future. They are well-suited for cycle-charging application when high 292 

power/capacity ratio is required. Moreover, four cells of LiFePO4 in series produce a similar voltage to six 293 

lead-acid cells in series. For this reasons, they are often used in solar lantern or to replace lead-acid batteries 294 

in portable power systems applications. 295 

Finally in the smallest applications of SHS, nickel-cadmium stationary batteries are sometimes 296 

implemented since they allow avoiding the charge controller. Nevertheless they suffer from nonsynchronous 297 

behavior of the battery stack and have the important disadvantage of high toxicity of cadmium which is even 298 

more relevant in SSA. Indeed in most rural areas there are no recycling systems, and most of the used 299 

batteries will end up in the soil so that there is a high chance that cadmium gets into the food chain [46]. 300 

 301 

3. Overview of economic models and regulatory frameworks 302 
 303 

Each of the above applications of EES responds to different economic models, market growth patterns, 304 

policies and regulations. Despite the lack, fragmentation and inconsistency of information and data across 305 

SSA, it is possible to depict a framework for each application thanks to recent international agencies efforts, 306 

field experiences and indirect sources. 307 

With regards to SHS, the market is estimated with a figure of 5-10 million worldwide [16]. Leading 308 

African countries are Kenya (320,000), South Africa (150,000), Zimbabwe (113,000) and Tanzania (65,000) 309 

[16]. Data are most likely underestimated, the market is developing fast and the reduced cost of PV makes 310 

them accessible by private individuals outside incentive policies and international funds. A 2015 survey run 311 

in 5 Tanzanian regions sponsored by GDF showed that PV penetration in rural area can be estimated at some 312 

5% of households thus bringing in 300.000-350.000 a rough estimation of SHS installations in rural 313 

Tanzania. SHS are usually paid upfront by final users, the retail cost of a reliable SHS can be estimated in 314 

some 3-4.5 €/W for an ac system with a PV/battery ratio of 1:1.5. The system design is usually kept as 315 

simple as possible, in order to reduce installation cost and prevent system outbreaks. The choice of the 316 

equipment is mainly done on a cost basis often at detriment of system reliability. The cost of the battery 317 

accounts for some 30% of overall cost when a lead low maintenance leisure battery is chosen, and up to 50% 318 

with a maintenance free gel AGM battery. On local markets it is possible to find a huge variety of battery 319 

brands without quality control and adequate labelling. Access to retailers is limited and so it is product 320 

choice. Often installations are done with second hand products or automotive batteries. 321 

To overcome quality and credit access barriers, in many SSA countries, a number of providers are 322 

offering SHS services in the form of leasing. Those systems are commonly known as “pay-as-you-go” 323 

solutions [47]. Customers do not need to pay the full investment cost, but pay fixed monthly electricity bills 324 

according to their installation size. The providers own the system until it is fully paid back by the customers. 325 

Their technicians do the installation and assure long term maintenance. Remote monitoring tracks SHS 326 

functioning data to prevent outbreaks. In most cases the providers take care of wiring inside the buildings 327 

and provide led lights and other electrical appliances to final users, in order to control system loads and 328 

consumption. Pay-as-you-go companies are offering a new and effective business model for the 329 

dissemination of SHS. Nevertheless the establishment of a commercial, financial and technical network to 330 

run the business is a costly activity and dispersed village do not represent a profitable market area. In 331 

Tanzania alone pay-as-you-go companies are targeting more than 200,000 installations by the end of 2015 332 

and this is consistent with the national target of 1 million SHS by 2017 [48]. M-kopa, a pay-as-you-go 333 

company in East Africa, alone has recently announced to have reached the 250,000 installation in Uganda, 334 

Kenya and Tanzania [49]. 335 

Mid-size off grid PV systems demand is still limited by the competition with petrol/diesel generator and 336 

aid resources are the main driver of the sector. Indeed institutional customers usually do not have the capital 337 

capacity to pay for the systems and the private sector still perceives the installation of EES as too risky. 338 

Despite a RET based-system would be paid back in a short time, in marginal areas petrol/diesel generators 339 

are still the most viable option: the technology is well known and there is no need of selecting and trust a 340 

technician, on the contrary RET-ESS need to be carefully sized and this implies to precisely know future 341 

electricity consumption, the investment may suddenly become redundant in the event of national grid 342 

extension, and the introduction of RET need to be complemented by energy efficiency measures. With 343 

petrol/diesel no matter how expensive running costs are, the investment is limited and the fuel cost will be 344 
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covered if the economic activity is running well. Moreover, when the installation of PV systems is sponsored 345 

by donors, the long term economic sustainability of the project may be at risk as beneficiaries will hardly 346 

have the economic capacity to replace the battery once exhausted. On the other hand, no companies or 347 

financial institutions offer leasing services for the installation of off-grid PV systems, as it is in the SHS. The 348 

investment risk and the scattered distribution of larger customers make the activity too risky. 349 

No specific policies or regulations are found affecting this market sector, off-grid installations for auto-350 

consumption it is an unregulated activity. In some cases the principle is defined in primary legislation [50], 351 

in other cases a threshold is defined and under a given capacity, such as 1MW, no license is needed and no 352 

regulations apply [51].  353 

Referring to micro-grids, estimates report some 150,000-250,000 systems operating worldwide [16], 354 

while a number of successful installations are documented [52–56]. However, not all rural settlements far 355 

from the grid represent a good potential for micro-grids. Very often households in rural villages are dispersed 356 

and even villages with a high population density may not fit with feasible micro-grid projects. Micro-grids 357 

may be owned by national electricity companies, private companies, local cooperatives or municipalities. 358 

The cost of EES makes the integration of RET a difficult option for micro-grids. When diesel micro-grids are 359 

operated by the national electricity companies, the capital cost to convert them in RET is often excessive 360 

when compared to other investment priorities in the electricity sector. In Tanzania this has pushed the 361 

regulator to introduce a different feed-in tariff with a premium for RET connecting to the nationally owned 362 

micro-grids [57]. Indeed, most RET based micro-grid experiences come from cooperation projects. Usually 363 

when micro-grids are nationally owned, customers’ electricity costs are equalized within the national 364 

electricity tariff, whereas when the projects are run by independent bodies a local tariff is introduced and 365 

project sustainability is more at risk. 366 

The recent development of hybrid micro-grid to supply a number of customers outside the framework of 367 

national electricity companies has often seen the project implementer to seek consultation with national 368 

regulatory authority to approve proposed service tariff. In Cape Verde the regulatory authority has been 369 

involved in tariff setting for 39kW PV mini-grid system [52]. In Guinea Bissau the regulatory authority is 370 

involved in tariff approval of 1MW hybrid diesel-PV mini-grid [54]. 371 

With regards to grid-ties EES for already connected customers, introduction of net-metering like options 372 

is still confined to national legislation initiative and little support is found from international cooperation 373 

efforts [58]. Some experiences may be found in Cape Verde and Gambia [59,60]. In some other African 374 

countries the introduction of net metering is under evaluation, e.g. Kenya [61]. 375 

 376 

4. Overview of technical aspects for EES off-grid applications 377 
 378 

4.1. Elements of EES capacity sizing 379 

 380 

One of the important steps in the design process of off-grid systems is the sizing of power sources ratings 381 

and EES capacity. In literature, a common approach to carry out this employs steady-state numerical 382 

simulation methods [62–67]. These methods can be considered as steady-state since they are based on the 383 

solution of the energy balance between energy sources, EES and consumer loads for a given time step 384 

(usually one hour). No dynamic interactions between the different system components are taken into 385 

account. The energy balance is solved for a whole year and key techno-economic parameters are computed 386 

for a given system life-time (i.e. loss of load probability and net present cost). These parameters are 387 

employed to identify the optimum system sizing by comparing different configurations (i.e. a number of 388 

systems having different power sources ratings and storage capacities) [68–71]. As a matter of fact, this is a 389 

simulation-based trial and error process. 390 

Regarding EES modelling in steady-state approaches, ideal battery model is typically employed. 391 

Attention is given to the energy aspect of capacity sizing (i.e. kWh) and, for instance, the influence of 392 

temperature variations on performances, the variability of EES capacity according to operating current, and 393 

the electrical circuitry are not considered. Ideal battery models estimate the amount of energy that flows 394 

through the battery and the change in the battery state of charge (SOC). Specifically, for each time-step of 395 

the simulation, the difference between the power source output EG(t) and user load EL(t) net of interface-396 

converter efficiency is calculated: 397 

 398 
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 ∆𝐸 = 𝐸𝐺(𝑡) −
𝐸𝐿(𝑡)

 𝜂𝐼𝐶

= {
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 , ∆𝐸 < 0

𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 , ∆𝐸 ≥ 0
 (1) 

 399 

Then the battery energy content (i.e. the battery SOC) is updated based on the previous energy status EB(t-1) 400 

and taking into account battery efficiencies (charge ηB
+ and discharge ηB

-): 401 

 402 

 𝐸𝐵(𝑡) = {

 𝐸𝐵(𝑡 − 1) + ∆𝐸 𝜂𝐵
+, ∆𝐸 > 0

𝐸𝐵(𝑡 − 1) +
∆𝐸

𝜂𝐵
− , ∆𝐸 < 0

 (2) 

 𝑆𝑂𝐶(𝑡) =
𝐸𝐵(𝑡)

𝐸𝐵
∗  𝑤𝑖𝑡ℎ 𝐸𝐵

∗ =  𝐶𝐵
∗𝑉𝐵

∗ 
(3) 

 403 

where EB
* is the rated capacity of the battery related to nominal capacity CB

* [Ah] and rated voltage VB
*. 404 

During simulation, the battery is normally subjected to some constraints: 405 

 406 

 𝐸𝐵
𝑚𝑖𝑛 < 𝐸𝐵𝑎𝑡(𝑡) <  𝐸𝐵

𝑚𝑎𝑥  (4) 

 𝐸𝐵
𝑚𝑖𝑛 =  𝐸𝐵

∗  𝑆𝑂𝐶min (5) 

 407 

where EB
max is the maximum allowable energy level which is normally equal to the rated energy of the 408 

battery, and EB
min is the minimum allowable energy level for lifetime preservation purpose. This is normally 409 

linked to a minimum SOC (or maximum depth of discharge). 410 

An advanced model for steady-state analyses is the kinetic battery model [72,73]. This model treats the 411 

battery as a two tanks system: part of the battery’s energy storage capacity is immediately available for 412 

charging or discharging, but the rest is chemically bound. At high discharge rates, the available tank empties 413 

quickly, and very little of the bound energy can be converted to available energy before the available tank is 414 

empty. At slower discharge rates, more bound energy can be converted to available energy before the 415 

available tank empties, so the apparent capacity increases. Moreover, this approach considers that the 416 

battery’s ability to charge and discharge depends not only on its current state of charge, but also on its recent 417 

charge and discharge history. 418 

Given a mathematical model of the battery and the steady-state simulation, the optimization is typically 419 

performed based on the loss of load probability (LLP) [67] which is the percentage of the user load that 420 

remains not satisfied at the end of the simulation. The LLP, over a period of N time-steps, is computed as 421 

follows (LL(t) is the lost load at time step t): 422 

 423 

 LLP =  
∑ LL(t)N

t=1

EL(t)
 (6) 

 LL(𝑡) = {

𝐸𝐿(𝑡)

 𝜂𝐼𝑛𝑣

− (𝐸𝐺(𝑡) + 𝐸𝐵(𝑡 − 1) − 𝐸𝐵
𝑚𝑖𝑛), 𝑆𝑂𝐶(𝑡) < 𝑆𝑂𝐶𝑚𝑖𝑛

0, 𝑆𝑂𝐶(𝑡) ≥ 𝑆𝑂𝐶𝑚𝑖𝑛

 (7) 

 424 

Beside the LLP, typical optimization parameter is the net present cost (NPC) that is computed as follows: 425 

 426 

 𝑁𝑃𝐶 = 𝐶𝐺𝑒𝑛 + 𝐶𝐵𝑎𝑡𝑡 + 𝐶𝑂𝑡ℎ𝑒𝑟𝑠 + ∑
𝐶𝐹𝑖

(1 + 𝑟)𝑖

𝐿𝐶

𝑖=1

    [€] (8) 

 427 

Where CGen and CBatt are the investment cost of power sources and batteries, and CFi  is the cash flows 428 

(i.e. replacement and O&M costs) generator during the ith year respectively. 429 
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As expressed in Eq. 8, the NPC also depends by the number of replaced batteries during the life cycle. 430 

Therefore, estimating the lifetime of a battery becomes fundamental. Thus, it is necessary to understand how 431 

the different operational modes influence the charge capacity and hence the ageing of the batteries. In this 432 

regards, some mathematical models have been developed in order to take into account the life-time of 433 

batteries in steady-state sizing analyses. In the following the most common ageing models are reported [74]: 434 

 equivalent full cycles to failure: this method defines the end of a battery lifetime when a specified 435 

number of full charge-discharge cycles are reached. The estimation of the lifetime consists of adding the 436 

cycles I by the battery and updating the number of full cycles as follows: 437 

 438 

 𝑓𝐵,𝐿𝑇(𝑡) = 𝑓𝐵,𝐿𝑇(𝑡 − 1) +
𝐼(𝑡)∆𝑡

𝐶𝐵
∗  (9) 

 439 

the battery will reach the end of lifetime when the number of cycles to failure declared by the 440 

manufacturer is reached. 441 

 “Rainflow” cycles counting: this method is based on Downing’s algorithm [75]. It counts the 442 

charge/discharge cycles Zi that correspond to each SOC range (split in m intervals) for a year. For each 443 

interval there is a number of Cycles to Failure (CFi). Accordingly battery duration, in years, can be 444 

calculated as follows: 445 

 446 

 𝐿𝑖𝑓𝑒𝐵𝑎𝑡 =
1

∑
𝑧𝑖

𝐶𝐹𝑖

𝑚
𝑖=1

   [𝑦𝑒𝑎𝑟𝑠] (10) 

 447 

 the weighted ageing model: lifetime data by manufacturers are based on well-defined test conditions. 448 

Cycle lifetime is simply determined by discharging the battery with a constant current to a certain depth 449 

of discharge and a subsequent full charge with a given charging regime. However, in real application, the 450 

operating conditions typically deviate from these standard operating conditions and the Ah throughput of 451 

the battery may vary. The weighted Ah ageing model [76] takes these deviations into account by using 452 

specific weights and makes the assumption that the battery is at the end of its lifetime once the weighted 453 

Ah throughput has exceeded the expected one. 454 

It is worthwhile to mention that these models are quite simple when compared with the advanced ones 455 

employed to analyse battery ageing for applications in high income countries scenario (whether in electric 456 

supply service or electric vehicles) [77–82]. Nevertheless, their basic approach fits well with the applications 457 

in rural areas of developing countries where high uncertainty and lack of input data are typical in the design 458 

process of off-grid systems, and are hardly to adapt with more advanced and sophisticated methods. 459 

 460 

4.2. Elements of EES dynamics and interface converters 461 

 462 

A good understanding of EES dynamics performances can aid in improving the reliability of the system. 463 

Accordingly, appropriate dynamic analyses are essential to verify the proper functioning of each single 464 

component and the interactions among them [83–86]. Such analyses are typically carried out for short 465 

intervals (from few to tens of seconds) in order to study the monitored electrical quantities (voltage and 466 

frequency) and to verify the proper system functioning under particular circumstances. They are based on 467 

circuit models of the components and on the solving of the related equations within the continuous time-468 

domain. 469 

For instance, in [87] a model based on the equivalent circuit is presented (Figure 4). This model can be 470 

simulated in power system analysis software (PSCAD, Matlab Simulink, etc.) to study the electromagnetic 471 

transients and dynamics of the EES. Another example of a simplified linearized battery model for small-472 

scale dynamic studies is reported in [88] (Figure 5). Where Pb* and Pb are the reference power and actual 473 

output power for the battery respectively, Eb is the state of energy, Pmax and Pmin are the maximum and 474 

minimum charging power, and Tb is the time constant for the battery. This model can be utilized to study the 475 

small signal stability, e.g. frequency deviations in any power system. 476 
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Figure 4 Second order Randle model 477 
 478 

Figure 5 First order battery energy storage model 479 
 480 

Considering the specific applications in off-grid systems, EES need additional equipment to adapt their 481 

output voltage and current to the requirements of the grid to which they are connected (voltage level and 482 

synchronization). According to system configuration, the dc output of batteries needs to be adapted to the ac 483 

or dc voltage level of the grid and a power converter is usually applied for this purpose. Therefore, for grid 484 

interaction studies, the complete model of battery and converter needs to be represented. 485 

Depending on the storage technology and the application, the power converter will enable the connection 486 

between two different dc voltage levels (for a dc micro-grids), or between a dc voltage bus and an ac voltage 487 

bus (for ac micro-grids). For this reason, the most suitable topology used for the power converter will always 488 

depend on the particular application. In general, power converters applied to batteries must have the 489 

following features: ability to control bidirectional energy flow for regulating charging and discharging 490 

process of the battery bank; high efficiency; fast response (frequency regulation applications). 491 

Figure 6 shows a generalized interface for coupling batteries to a single-phase ac micro-grid. When the 492 

voltage level of the battery system is sufficient, the connection can be directly made via the single-phase 493 

bidirectional converter module. When connecting the batteries to a dc micro-grid, the most popularly used 494 

topology is the bidirectional boost converter (Figure 7 a, b). These two topologies enable connections to a 495 

higher and lower voltage buses and can operate properly against voltage fluctuations coming from the 496 

batteries [89,90]. 497 

 498 

Figure 6 Generalized interface for coupling batteries to a 1-phase ac micro-grid 499 
 500 

Figure 7 Buck-boost dc-dc converters 501 
 502 

In case of high voltage ratio or when isolation is needed between the batteries and the rest of the system, 503 

a dc/high frequency ac/dc stage with a transformer in the intermediate high frequency ac-stage is used 504 

(Figure 8), resulting in significant space and weight reduction compared to a conventional line-frequency 505 

transformer. The transformer will electrically decouple the two sides and the converters will provide 506 

bidirectional control [91]. 507 
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 508 

Figure 8 Isolated dc-dc converter with medium high frequency transformer 509 
 510 

To connect batteries to an ac grid, motor or generator, an inverter (three phase two level) is usually used 511 

(Figure 9) [92,93]. Modular energy storage can be built-in by several strings, and these strings can be 512 

connected in parallel to a common dc bus by step-up dc–dc converters. Then, the dc bus is connected to the 513 

ac grid by an inverter. This topology is shown in Figure 10, where conventional dc–dc boost converters and 514 

conventional three-phase two-level dc–ac inverter are used as coupling and power conditioning system [94]. 515 

 516 

Figure 9 Conventional ac-dc converter (3 phases) 517 
 518 

Figure 10 Modular ac-dc converter with built-in energy storage (1 and 3 phases) 519 
 520 

Finally, in off-grid operation, special attention needs to be put on the synchronization aspect: the passive 521 

filter on the ac side, and the potential interaction between the converter operation and the passive elements of 522 

the electrical grid. A detailed electromagnetic model with switching action, modulation and control is 523 

expected to reveal potential interactions between the battery converter and any other converter or component 524 

in the system (transformer, electrical machines, etc.). Such a detailed model can be simulated in 525 

EMTDC/PSCAD and Matlab Simulink [87,95]. 526 

 527 

5. The Energy4Growing project: an experimental application in rural Tanzania 528 
 529 

The project Energy4Growing (E4G) [33] (www.facebook.com/energy4growing2014) aims at studying, 530 

developing and implementing an off-grid power system to supply electricity to the school of Ngarenanyuki, a 531 

rural village in northern Tanzania. The targeted school is attended by about 460 students, 85% of them are 532 

resident in the institution facilities which include classrooms, offices, dormitories, library, kitchen, teachers’ 533 

houses, etc. 534 

The school, since 2009, has been equipped with a run-off-river hydropower system based on a 3.2 kW 535 

Banki turbine coupled with 1-phase synchronous generator. In this system, the turbine always works at full 536 
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capacity according to the stream flow and the frequency regulation is based on a 4 kW dump load which 537 

dissipates the excess power on air. The turbine water flow is diverted from a stream which is managed by 538 

local farmers; therefore water availability is highly variable during the day and according to the season. 539 

Accordingly an operator manually regulates the turbine distributor in order to keep proper pressure in the 540 

penstock. Owing to the unpredictability of the available water and hence to the discontinuity of the power 541 

supply, the school also installed a 5 kW petrol generator which is manually operated according to the needs. 542 

A toggle switch permits choosing the power source to be used, while a group of breakers permits to 543 

connect/disconnect specific loads. The operator manages the system checking the proper working conditions 544 

of the hydro turbine, selecting the power source to be employed and operating the loads. Despite the school 545 

staff had a fair practical experience as regards the system functioning, the system management was far from 546 

being effective and efficient, and hence several blackouts occurred. 547 

In such a framework, the E4G project, started in 2013, has addressed the improvement of the power 548 

supply service of the school by increasing the generating capacity and by adopting an energy management 549 

system (EMS) capable of integrating different power sources effectively and efficiently. Specifically, the 550 

project has implemented a hybrid micro-grid architecture suitable to exploit RET and EES in the most 551 

reliable way while exploiting advanced regulations and control techniques. 552 

The initial project activities were related to the installation of an electric meter to reliably quantify the 553 

school consumptions. Six month of measures highlighted that a key element to be taken into account in the 554 

micro-grid design is the very high rate of growth in consumption. Moreover, another key element deeply 555 

affecting the micro-grid development was that just after one year the project start the Tanzanian transmission 556 

system operator (TSO) planned a grid extension involving the areas of Ngarenanyuki. To date the school is 557 

still not connected to the grid, nevertheless the E4G micro-grid design had to be updated in order to fit with 558 

this new external bound. 559 

Besides these specific elements that influenced the system design, Ngarenanyuki pilot project can be 560 

considered as a significant case study for SSA scenario since it embraces the typical conditions of bottom-up 561 

implementations via micro-grids: (i) RET may be already in place as well as petrol/diesel generator for back-562 

up and/or peak consumption management, (ii) high rate of growth in consumption is expected, (iii) possible 563 

future connection to the national grid can occur. 564 

With respect to the two electrification approaches, the Ngarenanyuki application initially could have 565 

been classified as a bottom-up approach, but considering the national grid extension plan, the design has 566 

been reviewed order to comply with the TSO top-down grid control. In the end, it is a significant 567 

demonstration of micro-grid architecture able to work properly in both configurations. In accordance with 568 

this aim, the micro-grid combines the power systems already available on-site with new installations (PV 569 

panels and lead-acid batteries) by means of an interface converter (IC) with specific control units. Figure 11 570 

shows the architecture of the micro-grid which comprises a dc energy sources aggregation (Q1 board) and an 571 

ac double bus-bar system (Q2 board). In particular, Q1 is a dc/ac control board connecting PV panels and the 572 

lead-acid battery pack to the IC. The loads, the hydro turbine and petrol generator are connected to the ac 573 

double bus-bar board (i.e. Q2). Finally, an industrial PLC measures and controls the micro-grid, acting on the 574 

switchers of each line while calculating proper power set points for the IC. 575 

Different operation modes have been implemented: manual mode, automatic mode, and grid-connected. 576 

In manual mode, the operator can manage the loads connection/disconnection and can select the power 577 

source. During this mode the PLC controls Q1 to implement grid forming operation. 578 

In the automatic mode the PLC measures voltage, current, frequency, and power and manages the system 579 

by means of four configurations: 580 

1. Q1 on-grid – following the hydropower system. In this operation mode the hydro generator manages 581 

voltage and frequency of the grid, while Q1 is controlled in following mode. The control board of Q1 582 

implements the MPPT algorithm to maximize the PV power. The PLC detects the dump-loads operating 583 

status and extracts the power (otherwise dissipated) to charge the battery pack; 584 

2. Q1 off-grid – forming mode. In this operation the PLC defines the IC voltage and frequency set-points, 585 

and it monitors battery SOC in order to properly manage its discharge limits; 586 

3. hydropower in stand-alone mode. This operation mode is activated when the batteries SOC is too low, 587 

then the PLC manages the loads connection according to hydro production and different load priorities; 588 

4. double bus-bar mode. This configuration allows the hydropower and Q1 to work together, each one on a 589 

single bus-bar and occurs in case of large power fluctuations (detected measuring both voltage and 590 

frequency). In this case and when the micro-grid is working in mode 1, the load lines are progressively 591 

switched to the second bus-bar which is managed by Q1 in forming mode. 592 
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Finally, in grid-connected mode, the national grid is connected to the ac double bus-bar board Q2 and the 593 

Ngarenanyuki electric system is managed as a single entity. The hydropower and petrol generator already in 594 

place are based on a grid forming synchronous machines that cannot operate connected to an external grid, 595 

consequently, in the future, the micro-grid configuration will have to be defined according to the available 596 

energy resources. 597 

 598 

Figure 11 Micro-grid architecture for Ngarenanyuki school 599 
 600 

Looking at the integration of the lead-acid battery pack in the micro-grid, some issues can be highlighted. 601 

In the original system (hydropower based), the dump loads kept the balance between generation and 602 

consumption while assuring stability at 50 Hz. On the other hand, the stability was preserved to the detriment 603 

of energy dissipated into the air by the dump load. Now, the new architecture can limit the dissipated energy. 604 

Indeed the PLC leaves only a small part of the hydropower to the dump load in order to carry out a fast 605 

regulation (i.e. guarantee stability control), but it takes as much energy as possible from the hydropower 606 

system to charge the battery. In other words, the battery pack is operated in order to absorb part of the power 607 

on the dump load thus minimizing the dissipated energy and increasing the system efficiency. Nevertheless, 608 

this raises issues as regards the life-time performances of the battery pack. In fact, this can increase the 609 

charge/discharge cycles of the battery pack thus decreasing its lifetime. Therefore it would be necessary to 610 

monitor and analyze the conditions of the battery pack in order to update and optimize the system control 611 

logics, with the aim of obtaining the longest life-time. 612 

With respect to the business model, as discussed in Par. 3, the CAPEX has been founded by the E4G 613 

project while the OPEX is managed by the school. This way, the school board has been directly involved in 614 

the micro-grid management, motivating them to an effective and efficient exploitation of the system. 615 

It is worth underlining how the micro-grid deployed in Ngarenanyuki requires several control actions 616 

(devoted to switching on/off the loads, the generators, to regulating the battery charge, etc.), consequently a 617 

synoptic control scheme has been developed (Figure 12). This scheme is very different in comparison to 618 

other commercial solutions and it is absolutely not common for local technicians. Therefore, as part of the 619 

project activities, 10 days on-site training program was carried out in April 2015 in order to interact with the 620 

local staff, to evaluate their needs and show how to manage the micro-grid via the control panel. Actually, 621 

the local technical staff has only a primary education and no electric system skills, but after training they 622 

acquired all the capabilities required to properly manage the system, and they have quite acted independently 623 

so far. 624 

  625 
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Figure 12 Synoptic control scheme 626 
 627 

6. Conclusions 628 
 629 

Currently, RET represent a big hope both for high income countries, in order to achieve a sustainable 630 

development, and for SSA in order to drive a social growth, with specific emphasis on rural areas. The well-631 

known bounds of renewable sources (i.e. unpredictability, undispatchability, intermittence) could be a 632 

serious problem in high income countries, with critical effects on the power quality and on the security of 633 

supply; vice versa they could be a minor factor in SSA rural areas. Indeed, in these areas, local conditions 634 

can be largely improved even with a limited and slightly irregular increase in the available amount of energy. 635 

These considerations motivate a different approach to the electrification problem, i.e. a different approach to 636 

the EES solution design and management. 637 

In this paper we have addressed these topics by describing the configurations capable of integrating EES 638 

in the local energy ecosystem, both for the case of on-grid and off-grid solutions. Two main electrification 639 

approaches have been introduced: top-down and bottom-up. The first is typically related to the national 640 

(politically driven) development of the transmission grid; the latter typically refers to rural areas where 641 

stand-alone or micro-grid systems deployment could be the only viable solution in the short-midterm 642 

scenario. We have also provided an overview of the market situation and economic models to properly 643 

support properly support RET and EES in rural areas. Finally, the case study of the micro-grid implemented 644 

in the E4G project has been presented. It shows the complexity of implementing a micro-grid system based 645 

on RET and integrating ESS. The proposed micro-grid architecture has been developed in order to properly 646 

manage the significant changes in a Tanzania secondary school’s energy needs, to integrate different types of 647 

generation sources already in place and, last but not least, to be compliant with respect to a future connection 648 

to the national electric grid. From the technical point of view, the project aims at demonstrating that top-649 

down and bottom-up electrification approaches can be successfully merged and, in our opinion, such a merge 650 

is a cornerstone in order to achieve an effective electrification of SSA. Nevertheless, to this aim, the 651 

regulatory framework is a big issue, on which a lot of work is necessary. 652 

 653 

  654 



16 

 

References 655 
 656 

[1] S. Mandelli, J. Barbieri, L. Mattarolo, E. Colombo, Sustainable energy in Africa: A comprehensive data and policies review, 657 
Renew. Sustain. Energy Rev. 37 (2014) 656–686. doi:10.1016/j.rser.2014.05.069. 658 

[2] IEA, World Energy Outlook 2014, OECD Publishing, 2014. 659 

[3] IEA, Africa Energy Outlook. A focus on energy prospects in sub-saharan Africa, 2014. 660 

[4] The World Bank, World Development Indicators 2012, World Bank Publications, 2012. 661 

[5] UNDP, Human Development Report 2013, New York, 2013. 662 

[6] W. Mostert, Review of Experiences with Rural Electrification Agencies Lessons for Africa, 2008. 663 
http://www.mostert.dk/pdf/Experiences with Rural Electrification Agencies.pdf. 664 

[7] K. Alanne, A. Saari, Distributed energy generation and sustainable development, Renew. Sustain. Energy Rev. 10 (2006) 665 
539–558. doi:10.1016/j.rser.2004.11.004. 666 

[8] J. Makansi, J. Abboud, Energy Storage: the missing link in the electricity value chain, 2002. 667 

[9] The World Bank, Enterprise Surveys, What Businesses Experience., (2012). 668 
http://www.enterprisesurveys.org/Data/ExploreTopics/infrastructure (accessed September 11, 2014). 669 

[10] The World Bank, The Welfare Impact of Rural Electrification : A Reassessment of the Costs and Benefits, Washington DC, 670 
2008. 671 

[11] A.A. Lahimer, M.A. Alghoul, F. Yousif, T.M. Razykov, N. Amin, K. Sopian, Research and development aspects on 672 
decentralized electrification options for rural household, Renew. Sustain. Energy Rev. 24 (2013) 314–324. 673 
doi:10.1016/j.rser.2013.03.057. 674 

[12] P. Cook, Infrastructure, rural electrification and development, Energy Sustain. Dev. 15 (2011) 304–313. 675 
doi:http://dx.doi.org/10.1016/j.esd.2011.07.008. 676 

[13] B.K. Sovacool, S. Clarke, K. Johnson, M. Crafton, J. Eidsness, D. Zoppo, The energy-enterprise-gender nexus: Lessons 677 
from the Multifunctional Platform (MFP) in Mali, Renew. Energy. 50 (2013) 115–125. doi:10.1016/j.renene.2012.06.024. 678 

[14] P. Bertheau, C. Cader, H. Müller, P. Blechinge, R. Seguin, C. Breyer, Energy storage potential for solar based hybridization 679 
of off-grid diesel power plants in Tanzania, Energy Procedia. 46 (2014) 287–293. doi:10.1016/j.egypro.2014.01.184. 680 

[15] A. Eberhard, V. Foster, C. Briceño-garmendia, Underpowered : The State of the Power Sector in Sub-Saharan Africa, 2008. 681 
https://openknowledge.worldbank.org/. 682 

[16] I.R. Kempener, O. Lavagne, D. Saygin, J. Skeer, S. Vinci, D. Gielen, Off-grid renewable energy systems: status and 683 
methodological issues, 2015. 684 

[17] D.O. Akinyele, R.K. Rayudu, Review of energy storage technologies for sustainable power networks, Sustain. Energy 685 
Technol. Assessments. 8 (2014) 74–91. doi:10.1016/j.seta.2014.07.004. 686 

[18] R. Yokoyama, Y. Hida, S. Member, The Role of Battery Systems and Expandable Distribution Networks for Smarter Grid, 687 
(2011) 3–4. 688 

[19] H. Chen, T.N. Cong, W. Yang, C. Tan, Y. Li, Y. Ding, Progress in electrical energy storage system: A critical review, Prog. 689 
Nat. Sci. 19 (2009) 291–312. doi:10.1016/j.pnsc.2008.07.014. 690 

[20] I. Hadjipaschalis, A. Poullikkas, V. Efthimiou, Overview of current and future energy storage technologies for electric 691 
power applications, Renew. Sustain. Energy Rev. 13 (2009) 1513–1522. 692 

[21] A. Gitis, M. Leuthold, D.U.U. Sauer, Applications and Markets for Grid-Connected Storage Systems, Elsevier B.V., 2015. 693 
doi:10.1016/B978-0-444-62616-5.00004-8. 694 



17 

 

[22] Terna Storage, Stato e prospettive dei sistemi di accumulo per impieghi stazionari nella rete nazionale italiana, 2015. 695 
http://levicases.unipd.it/wp-content/uploads/2015/04/Presentazione-Uni-Padova1.pdf. 696 

[23] P. Crompton, ABB to install flywheel-based stabiliser at South African HQ, (2015) 1. http://www.bestmag.co.uk (accessed 697 
September 27, 2015). 698 

[24] energypedia, PicoPV Database, (2011). https://energypedia.info/wiki/PicoPV_Database (accessed February 12, 2014). 699 

[25] V. Salas, W. Suponthana, R. a. Salas, Overview of the off-grid photovoltaic diesel batteries systems with AC loads, Appl. 700 
Energy. 157 (2015) 195–216. doi:10.1016/j.apenergy.2015.07.073. 701 

[26] S. Murni, J. Whale, T. Urmee, J.K. Davis, D. Harries, Learning from experience: A survey of existing micro-hydropower 702 
projects in Ba’Kelalan, Malaysia, Renew. Energy. 60 (2013) 88–97. doi:10.1016/j.renene.2013.04.009. 703 

[27] O.S. Ohunakin, S.J. Ojolo, O.O. Ajayi, Small hydropower (SHP) development in Nigeria: An assessment, Renew. Sustain. 704 
Energy Rev. 15 (2011) 2006–2013. doi:10.1016/j.rser.2011.01.003. 705 

[28] C.S. Kaunda, Energy situation, potential and application status of small-scale hydropower systems in Malawi, Renew. 706 
Sustain. Energy Rev. 26 (2013) 1–19. doi:10.1016/j.rser.2013.05.034. 707 

[29] L. Mishnaevsky, P. Freere, R. Sinha, P. Acharya, R. Shrestha, P. Manandhar, Small wind turbines with timber blades for 708 
developing countries: Materials choice, development, installation and experiences, Renew. Energy. 36 (2011) 2128–2138. 709 
doi:10.1016/j.renene.2011.01.034. 710 

[30] H. Borhanazad, S. Mekhilef, R. Saidur, G. Boroumandjazi, Potential application of renewable energy for rural electrification 711 
in Malaysia, Renew. Energy. 59 (2013) 210–219. doi:10.1016/j.renene.2013.03.039. 712 

[31] L. Mariam, M. Basu, M.F. Conlon, A Review of Existing Microgrid Architectures, J. Eng. 2013 (2013) 1–8. 713 
doi:10.1155/2013/937614. 714 

[32] M. Welsch, M. Bazilian, M. Howells, D. Divan, D. Elzinga, G. Strbac, et al., Smart and Just Grids for sub-Saharan Africa: 715 
Exploring options, Renew. Sustain. Energy Rev. 20 (2013) 336–352. doi:10.1016/j.rser.2012.11.004. 716 

[33] M.S. Carmeli, M. Mauri, C. Brivio, P. Guidetti, S. Mandelli, M. Merlo, et al., Hybrid Micro-Grid Experimental Application 717 
in Tanzania, in: Proc. - 2015 Int. Conf. Clean Electr. Power, Ieee, 2015: pp. 534–541. 718 

[34] IRENA, Unleashing the wind potential in ECOWAS : Seeking areas of opportunity for grid-connected and decentralised 719 
wind energy applications, 2013. http://www.irena.org/. 720 

[35] D.Y. Goswami, F. Kreit, Energy Conversion, Taylor & Francis, 2007. doi:10.1201/9781420044324. 721 

[36] F. Report, EPRI-DOE Handbook of Energy Storage for Transmission & Distribution Applications, (2003). 722 

[37] H. Ibrahim, a. Ilinca, J. Perron, Energy storage systems-Characteristics and comparisons, Renew. Sustain. Energy Rev. 12 723 
(2008) 1221–1250. doi:10.1016/j.rser.2007.01.023. 724 

[38] I. Serban, C. Marinescu, Battery energy storage system for frequency support in microgrids and with enhanced control 725 
features for uninterruptible supply of local loads, Int. J. Electr. Power Energy Syst. 54 (2014) 432–441. 726 

[39] M.S. Whittingham, History, Evolution, and Future Status of Energy Storage, Proc. IEEE. 100 (2012) 1518–1534. 727 
doi:10.1109/JPROC.2012.2190170. 728 

[40] K.C. Divya, J. Østergaard, Battery energy storage technology for power systems—An overview, Electr. Power Syst. Res. 79 729 
(2009) 511–520. doi:10.1016/j.epsr.2008.09.017. 730 

[41] IEC, Electrical Energy Storage, Geneva, 2009. doi:10.1016/j.icrp.2009.12.007. 731 

[42] IEA, Energy Storage Technology Roadmap. Technical Annex, 2014. 732 

[43] K. Hojckova, J. Jelinek, M. Schneider, N. Spittler, I. Varju, Sustainable Energy for All - Evaluation of battery storage 733 
technologies for sustainable and rural electrification in Sub-Saharan Africa, 2014. 734 



18 

 

[44] Alliance for Rural Electrification, Using bateries to ensure clean, reliable and affordable universal electricity access, (2013) 735 
1–16. 736 

[45] EuroBAT, Battery Energy Storage for Rural Electrification Systems, (2013) 28. 737 

[46] P. Adelmann, Existing Markets for Storage Systems in Off-Grid Applications, in: Electrochem. Energy Storage Renew. 738 
Sources Grid Balanc., Elsevier B.V., 2015: pp. 53–60. doi:10.1016/B978-0-444-62616-5.00005-X. 739 

[47] WAME, Case study: “pay-as-you-go” energy services for off-grid customers, (2014). http://www.wame2015.org/case-740 
study/992/pay-as-you-go-energy-services-for-off-grid-customers (accessed January 10, 2015). 741 

[48] E. Meza, Tanzania announces one million Solar Home initiative, PV Mag. (2015). http://www.pv-magazine.com (accessed 742 
September 25, 2015). 743 

[49] m-kopa solar, A quarter of a million homes now on m-kopa, (2014). http://www.m-kopa.com/press-release/a-quarter-of-a-744 
million-homes-now-on-m-kopa/ (accessed September 22, 2015). 745 

[50] Commission de regulation du secteur de l’electricitè, Loi n° 98-29 du 14 avril 1998 relative au secteur de l’électricité, 746 
Senegal, 1998. http://www.crse.sn/upl/Loi-1998-29.pdf. 747 

[51] Parliament of the United Republic of Tanzania, The electrcity act, 2008. https://d1bst7zna2et41.cloudfront.net/Electricity 748 
Act 2008.pdf. 749 

[52] SESAM, SESAM, (2014). http://sesam-er.no.comunidades.net/index.php?pagina=1748675421 (accessed January 23, 2015). 750 

[53] WAME, WAME Database, (2014). http://www.wame2015.org/search?cat=+mini_grids#searchblock (accessed December 2, 751 
2014). 752 

[54] EU Energy Facility, ACP-EU EF Projects Database, (2013). 753 
http://database.energyfacilitymonitoring.eu/acpeu/project/4532/. 754 

[55] OpenEI, Mini-grid renewable energy systems case studies, (2014). http://en.openei.org/wiki/Mini-755 
Grid_Renewable_Energy_Systems_Case_Studies (accessed September 18, 2015). 756 

[56] The World Bank, REToolKit - Renewable Energy Case studies, (2011). http://web.worldbank.org (accessed June 8, 2014). 757 

[57] EWURA, The second generation small power framework for Tanzania, 2015. http://www.ewura.go.tz/. 758 

[58] M. Leonardi, Principles of Regulating Clean Energy in the ECOWAS Region, 2014. 759 

[59] ECREEE, ECREEE PV system promotes era of green energy in cape verde, (2012). 760 

[60] M.L. Sompo Ceesay, Net metering framework development, (2012). http://www.naruc.org/international/Documents/Net 761 
Metering Framework_NARUC.pdf. 762 

[61] G. Hille, M. Franz, Grid Connection of Solar PV Technical and Economical Assessment of Net-Metering in Kenya, 2011. 763 

[62] J.. Kaldellis, Optimum technoeconomic energy autonomous photovoltaic solution for remote consumers throughout Greece, 764 
Energy Convers. Manag. 45 (2004) 2745–2760. doi:10.1016/j.enconman.2003.12.007. 765 

[63] N.D. Kaushika, N.K. Gautam, K. Kaushik, Simulation model for sizing of stand-alone solar PV system with interconnected 766 
array, Sol. Energy Mater. Sol. Cells. 85 (2005) 499–519. doi:10.1016/j.solmat.2004.05.024. 767 

[64] a. Fragaki, T. Markvart, Stand-alone PV system design: Results using a new sizing approach, Renew. Energy. 33 (2008) 768 
162–167. doi:10.1016/j.renene.2007.01.016. 769 

[65] R. Posadillo, R. López Luque, Approaches for developing a sizing method for stand-alone PV systems with variable 770 
demand, Renew. Energy. 33 (2008) 1049–1055. doi:10.1016/j.renene.2007.06.003. 771 



19 

 

[66] P. Arun, R. Banerjee, S. Bandyopadhyay, Optimum sizing of photovoltaic battery systems incorporating uncertainty through 772 
design space approach, Sol. Energy. 83 (2009) 1013–1025. doi:10.1016/j.solener.2009.01.003. 773 

[67] W.X. Shen, Optimally sizing of solar array and battery in a standalone photovoltaic system in Malaysia, Renew. Energy. 34 774 
(2009) 348–352. doi:10.1016/j.renene.2008.03.015. 775 

[68] T. Khatib, A. Mohamed, K. Sopian, M. Mahmoud, A New Approach for Optimal Sizing of Standalone Photovoltaic 776 
Systems, Int. J. Photoenergy. 2012 (2012) 1–7. doi:10.1155/2012/391213. 777 

[69] M. a. Elhadidy, S.M. Shaahid, Parametric study of hybrid (wind + solar + diesel) power generating systems, Renew. Energy. 778 
21 (2000) 129–139. doi:10.1016/S0960-1481(00)00040-9. 779 

[70] S. Mandelli, E. Colombo, A. Redondi, F. Bernardi, B.B. Saanane, P. Mgaya, et al., A small-hydro plant model for feasibility 780 
analysis of electrification projects in Rural Tanzania, 2013 IEEE Glob. Humanit. Technol. Conf. (2013) 11–16. 781 
doi:10.1109/GHTC.2013.6713646. 782 

[71] E. Tedeschi, J. Sjolte, M. Molinas, M. Santos, Stochastic Rating of Storage Systems in Isolated Networks with Increasing 783 
Wave Energy Penetration, Energies. 6 (2013) 2481–2500. doi:10.3390/en6052481. 784 

[72] Manwell, McGowan, Lead Acid Battery Storage Model for Hybrid Energy Systems, (1993). 785 

[73] HOMER Energy LLC, Homer Energy, (2014). http://www.homerenergy.com/index.html. 786 

[74] R. Dufo-López, J.M. Lujano-Rojas, J.L. Bernal-Agustín, Comparison of different lead–acid battery lifetime prediction 787 
models for use in simulation of stand-alone photovoltaic systems, Appl. Energy. 115 (2014) 242–253. 788 
doi:10.1016/j.apenergy.2013.11.021. 789 

[75] S.D. Downing, D.F. Socie, Simple rainflow counting algorithms, Int. J. Fatigue. 4 (1982) 31–40. 790 
doi:http://dx.doi.org/10.1016/0142-1123(82)90018-4. 791 

[76] D.U. Sauer, H. Wenzl, Comparison of different approaches for lifetime prediction of electrochemical systems—Using lead-792 
acid batteries as example, J. Power Sources. 176 (2008) 534–546. doi:10.1016/j.jpowsour.2007.08.057. 793 

[77] P. Haessig, B. Multon, H. Ben Ahmed, S. Lascaud, L. Jamy, Aging-aware NaS battery model in a stochastic wind-storage 794 
simulation framework, 2013 IEEE Grenoble Conf. PowerTech, POWERTECH 2013. (2013) 2–7. 795 
doi:10.1109/PTC.2013.6652505. 796 

[78] Y.H. Sun, H.L. Jou, J.C. Wu, Aging estimation method for lead-acid battery, IEEE Trans. Energy Convers. 26 (2011) 264–797 
271. doi:10.1109/TEC.2010.2040478. 798 

[79] J. Lee, Y. Chon, H. Cha, Evaluating Battery Aging on Mobile Devices, in: Proc. 52nd Annu. Des. Autom. Conf., New York, 799 
2015. doi:10.1145/2744769.2744838. 800 

[80] A. Barré, B. Deguilhem, S. Grolleau, M. Gérard, F. Suard, D. Riu, A review on lithium-ion battery ageing mechanisms and 801 
estimations for automotive applications, J. Power Sources. 241 (2013) 680–689. doi:10.1016/j.jpowsour.2013.05.040 802 
Review. 803 

[81] S.F. Schuster, T. Bach, E. Fleder, J. Müller, M. Brand, G. Sextl, et al., Nonlinear aging characteristics of lithium-ion cells 804 
under different operational conditions, J. Energy Storage. 1 (2015) 44–53. doi:10.1016/j.est.2015.05.003. 805 

[82] G. Merei, S. Adler, D. Magnor, M. Leuthold, D. Sauer, Multi-physics Model for a Vanadium Redox Flow Battery, Energy 806 
Procedia. 174 (2014) 945–954. doi:10.1016/j.electacta.2015.06.046. 807 

[83] M. Amin, M.K. Zadeh, J.A. Suul, E. Tedeschi, M. Molinas, O.B. Fosso, Stability analysis of interconnected AC power 808 
systems with multi-terminal DC grids based on the Cigré DC grid test system, in: IET 3rd Renew. Power Gener. Conf., 809 
Naples, Italy, 2014. 810 

[84] J. Rocabert, A. Luna, F. Blaabjerg, P. Rodriguez, Control of Power Converters in AC Microgrids, IEEE Trans. Power 811 
Electron. 27 (2012) 4734–4749. doi:10.1109/TPEL.2012.2199334. 812 



20 

 

[85] K. De Brabandere, S. Member, B. Bolsens, J. Van Den Keybus, A. Woyte, J. Driesen, A Voltage and Frequency Droop 813 
Control Method for Parallel Inverters, 22 (2007) 1107–1115. 814 

[86] J.C. Vasquez, J.M. Guerrero, S. Member, A. Luna, P. Rodríguez, R. Teodorescu, Adaptive Droop Control Applied to 815 
Voltage-Source Inverters Operating in Grid-Connected and Islanded Modes, 56 (2009) 4088–4096. 816 

[87] R. Lasseter, M. Erickson, Integration of Battery-Based Energy Storage Element in the CERTS Microgrid, 2009. 817 
http://eetd.lbl.gov/sites/all/files/publications/integration-of-battery-based-energy-storage-element-in-the-certs-818 
microgrid_4.pdf. 819 

[88] T. Senjyu, a Uehara, a Yona, T. Funabashi, Frequency Control by Coordination Control of Wind Turbine Generator and 820 
Battery using H∞ Control, Proc. Transm. Distrib. Conf. Expo. Asia Pacific (T&D Asia). (2009). 821 

[89] J.W. Dixon, I. a N. Nakashima, F. Arcos, M. Ortúzar, Test Results in an Electric Vehicle Using a Combination of 822 
Ultracapacitors and Zebra Battery, Fuel Cell. 18650 (2006) 565–572. 823 

[90] C. Cecati, A. Dell’Aquila, M. Liserre, A novel three-phase single-stage distributed power inverter, IEEE Trans. Power 824 
Electron. 19 (2004) 1226–1233. doi:10.1109/TPEL.2004.835112. 825 

[91] N.M.L. Tan, S. Inoue, A. Kobayashi, H. Akagi, Voltage balancing of a 320-V, 12-F electric double-layer capacitor bank 826 
combined with a 10-kW bidirectional isolated DC-DC converter, IEEE Trans. Power Electron. 23 (2008) 2755–2765. 827 
doi:10.1109/TPEL.2008.2005388. 828 

[92] P.K. Goel, B. Singh, S.S. Murthy, N. Kishore, Isolated wind-hydro hybrid system using cage generators and battery storage, 829 
IEEE Trans. Ind. Electron. 58 (2011) 1141–1153. doi:10.1109/TIE.2009.2037646. 830 

[93] L. Maharjan, S. Inoue, H. Akagi, J. Asakura, State-of-Charge (SOC)-Balancing Control of a Battery Energy Storage System 831 
Based on a Cascade PWM Converter, IEEE Trans. Power Electron. 24 (2009) 1628–1636. 832 
doi:10.1109/TPEL.2009.2014868. 833 

[94] K. Mattern, A. Ellis, S.E. Williams, C. Edwards, A. Nourai, D. Porter, Application of inverter-based systems for peak 834 
shaving and reactive power management, Transm. Distrib. Expo. Conf. 2008 IEEE PES Powering Towar. Futur. PIMS 835 
2008. (2008) 1–4. doi:10.1109/TDC.2008.4517244. 836 

[95] J. Waatevik, Design of a Microgrid for a Desalination Plant in Pozo Colorado, Paraguay, NTNU, 2014.  837 

 838 


