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Swarm electrification: A comprehensive literature review 

Steve Sheridan *, Keith Sunderland, Jane Courtney 
School of Electrical and Electronic Engineering, Technological University Dublin, Dublin, Ireland   

A R T I C L E  I N F O   
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A B S T R A C T   

Swarm Electrification (SE) is a relatively new concept, gaining considerable attention as a tool to provide last- 
mile electrification. A swarm grid is like a micro-grid, but rather than a planned network, it is assembled in 
an ad-hoc manner, connecting available equipment and growing organically as more resources become available 
mitigating the capital expenditure required for a community grid. SE also allows owners of small solar home 
systems (SHS) to sell excess energy whilst enabling others to gain an electricity connection, generating income 
for the prosumer and helping others to get on the electrification ladder. SE is an opportunity to reduce energy 
poverty, utilizing existing equipment. 

As the proliferation of SHSs increases, SE is set to become an important tool to maximise the benefits of this 
solar revolution utilizing existing equipment and delivering least cost energy connections. This review was 
performed to assess the state of the art and determine the next steps for SE, also what challenges must be 
addressed for it to flourish. The literature has been collected, presented, and organized into social and technical 
aspects, then examined through key sub-topics and the tools employed in the research. The results of the review 
and the future of swarm electrification are discussed. The benefits and motivation for SE are detailed and 
contrasted with the disadvantages and potential hazards. Key challenges remain such as improved modelling to 
better examine the swarm behaviour, scalability, and stability of swarm grids along with improved battery 
maintenance strategies and new business models to encourage investment.   

1. Introduction 

In the global North, the need to decarbonize power generation is well 
documented and the challenges faced are endemic to the design of the 
electrical grids. With networks relying on centralized generation, it can 
be difficult to replace fossil-fuel power plants with renewable energy 
sources as generation may be intermittent causing grid instability when 
there is no ‘spinning reserve’ [1]. In parts of the global south, however, 
many under-electrified nations have high levels of solar irradiance. This, 
combined with falling prices for solar panels, is allowing for alternative 
paths to electrification from costly grid extensions and has resulted in 
grids built from the bottom up [2]. These grids can vary considerably in 
scale and capacity, dubbed micro-grids, nano-grids, and pico-grids. They 
can utilize AC, DC, or both and generally have either a centralized or 
distributed topology where each design has specific advantages and 
disadvantages [3]. Bangladesh has seen an unprecedented proliferation 
of small solar home systems. After performing a case study Groh et al. 
[4] discovered much of the generated electricity was not being utilized. 

They proposed that by interconnecting the existing SHSs, owners could 
become prosumers, enabling them to sell excess energy to their neigh-
bours (consumers). This gave the consumers an electrical connection 
without the capital expenditure of a SHS while providing the prosumer 
with an income, creating an energy market. This nascent technology is 
now gaining considerable attention as ME SOLshare (SE’s key propo-
nent) recently announced the installation of their 90th swarm grid in 
Bangladesh.1 (see Fig. 4) 

The terms mini, micro, nano and pico-grids are not universally 
defined. While some standards exist for the larger mini and micro grids 
[5] the structure of nano and pico-grids remains ambiguous [6]. 
Mini-grids can refer to islanded portions of larger grids or small grids 
developed to support a region or commercial entity and can be built 
using distributed energy resources. Micro-grids are typically designed to 
serve a specific load such as a village. Nano-grids are those created by 
interconnecting SHSs and this is the typical structure of swarm grids 
created by Solshare. Pico-grids are created by connecting solar lanterns, 
this can also be described as swarm electrification but has more limited 
potential. The topologies of these different grids also vary. Mini-grids 

* Corresponding author. 
E-mail address: Steve.sheridan@tudublin.ie (S. Sheridan).   

1 Announced via Me SOLshare Twitter feed 31 Oct 2021. 
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can have centralized or heavily distributed generation and storage, 
micro-grids commonly have centralized generation and storage coupled 
with a star distribution network. Nano and pico-grids have a completely 
distributed network of generation and storage. 

A categorisation framework for distributed grids is proposed by 
IRENA (Table 1) that tries to define the scale and complexity of these 
different approaches to electrification (see Table 2). 

The proliferation of SHSs in Bangladesh has been driven by Infra-
structure Development Company Limited (IDCOL), a government insti-
tution that finances renewable energy projects. An overview of energy 
access and Bangladesh’s energy requirements is considered by Taher-
uzzaman and Janik [7]. 

The swarm electrification concept is detailed in Fig. 1. The example 
consists of three homes, two of these have SHSs while one has no source 
of electrification. A controller is installed in each home and inter-
connected via cables, enabling power sharing. The power flows are 
monitored by the controllers and energy is paid for using mobile money. 
In the third image, one prosumer has added additional storage, raising 
the capacity of the grid. It is envisioned that these grids might grow to 
support small industrial appliances encouraging local commercial 
development. 

To quantify the benefits of last-mile electrification and SE, several 
papers reference the multi-tier framework (MTF) [8] for energy access 
developed by The Energy Sector Management Assistance Program 
(ESMAP). ESMAP is a technical assistance program, managed by the 
World Bank to help achieve universal energy access. Rather than just 

state if a person has access to electricity, the MTF uses capacity, avail-
ability, and quality categories to rate access. This framework may be 
used as a metric to describe the benefits of swarm electrification as it can 
typically be utilized to elevate people from tier 0 to tier 1, and poten-
tially higher tiers as the grid grows. While the MTF provides a better 
metric for energy access than the traditional binary approach (i.e. a does 
or does not have access consideration), some believe it still leaves room 
for improvement. Groh et al. [8] assess the MTF using data acquired 
from households in Bangladesh. The authors support the MTFas a 
component to measure progress in providing sustainable energy for all 
however they make a few recommendations to improve it such as having 
a more complex affordability matrix and focusing more on the services 
each tier may ultimately provide. 

While the MTF may be a useful metric to assess progress, feasibility, 
etc. It only provides a generalized view of energy poverty for an area. 
Contrasting with this, Khanna et al. [9] derive a comprehensive energy 
poverty index specific to south and southeast Asia. This study looks at 
village-level access to energy using several case studies and proposes 
solutions to reduce or eradicate energy poverty in the region. 

An estimated 759 million people lack access to electricity [10], this 
provides challenges, but also opportunities for companies developing 
business models enabling people to buy into microgeneration [11–13], 
or for companies developing low power appliances [14]. This so-called 
Bottom of the Pyramid market is attracting multinational companies as 
an emerging market to sell low-cost devices [15]. Therefore, much of the 
research in this area has been performed by commercial entities that has 
not produced academic outputs. 

The largest proponent of SE (by number of grids installed) is ME 
Solshare, founded by Dr. Sebastian Groh in 2014. The key technology 
developed was the IoT-based SolBox, which enabled peer-to-peer energy 
trading and controlled the power flows within the system. Their soft-
ware SolBazaar then allows people to make or receive payments using 
mobile money. Solshare has now developed the next generation of 
SolBox to allow higher power throughput for larger appliances and 
higher voltage for distribution over larger distances. It will also leverage 
AWS artificial intelligence and sell energy using dynamic pricing. The 
company has connections with the Microenergy Systems Research 
Group in TU Berlin, as both Groh and Kirchhoff (ME Solshare chief 
technical officer) were involved in this group and have contributed to 
several publications by other members [12,16–21]. Though they do not 
all fit within the scope of this review, they discuss supporting areas such 
as micro-finance. Groh continues to publish as Associate Professor at 
BRAC University, Dhaka, Bangladesh. 

Power-Blox produce an all-in-one device for building swarm grids 
[22]. Their PBX-200 unit can supply both DC and AC (230 V) and can be 
interconnected to build a 10 kW system with a storage capacity of 60 
kWh. They have been advancing their technology, including using ma-
chine learning to design and optimise micro-grids for areas based on 
satellite imagery [23]. 

Bboxx estimate they have provided over 2 million people with clean, 
reliable energy [24], they have developed a range of solar systems and 
low-power DC devices while also providing micro-finance. Bboxx has 
supported the research of Soltowski et al. (university of Strathclyde, 
Glasgow, Scotland) who have been developing a controller to enable SE 
using Bboxx devices, they have validated their work by conducting both 
case and field studies in Rwanda [25,26]. 

Last-mile electrification faces considerable technical and social 
challenges. An extensive literature review of solar energy in South Asia 
and the challenges faced has been presented by Palit [30]. If a program is 
not well implemented it will fail to make any lasting change, therefore 
the proper policies and framework must be in place. A framework for 
better-assessing people’s needs and building better trust is proposed by 
Urmee and Md [31], while an assessment of roadmaps for energy access 
in Africa was performed by Batinge et al. [32]. A lack of planning can 
lead to poor support infrastructure and maintenance services [33]. To 
mitigate some of these issues it may be preferable to regulate the sale of 

Abbreviations: 

SE Swarm Electrification 
SHS Solar Home Systems 
IDCOL Infrastructure Development Company Limited 
MTF Multi-Tier Framework 
IoT Internet of Things 
ESMAP Energy Sector Management Assistance Program 
UNSDG7 United Nations Sustainable Energy Goal 7 
SoC State of Charge  

Table 1 
IRENA proposed grid categorisation.   

Size 
(kW) 

Capability Complexity 

Standalone 
system 

0–0.1   

Pico-grid 0–1 Single controller  
Nano-grid 0–5  • Single voltage  

• Single price  
• Controllers negotiate 

with other across 
gateways to buy or sell 
power  

• Both grid-tied and 
remote systems  

• Preference for DC 
systems  

• Typically serving 
single building or 
single load  

• Single administrator 
Micro-grid 5–100  • Manage local energy 

supply and demand  
• Provide variety of 

voltages  
• Provide variety of 

quality and reliability 
options  

• Optimise multiple- 
output energy systems  

• Incorporate 
generation  

• Varying pricing 
possible 

Mini-grid 0- 
100,000  

• Local generation 
satisfying local demand  

• Transmission limited to 
11 kV  

• Interconnected 
customers  

S. Sheridan et al.                                                                                                                                                                                                                                
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Table 2 
ESMAP multi-tier framework for energy access. 

Fig. 1. The evolution of a swarm grid; from isolated SHSs and households with no electrical connection (first image) to a network that enables prosumers to sell 
excess energy to their neighbours (second image). In the third image, more storage is added, enhancing the network, and allowing increased loads. 
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SHS’s to ensure high standards, with this in mind, regulation of 
mini-grids is examined by Bhattacharyya [34] where several levels of 
regulation are compared concluding that a light-touch approach is best. 

1.1. Related works 

Grameen Shakti have installed over 1.8 million SHS’, 25% of the 
global share [35]. SE offers a unique opportunity to maximise the ben-
efits of these devices. This review aims to determine the state of the art 
and identify challenges facing SE as no other comprehensive review was 
found. Hollberg [36] discusses the literature motivating SE and the 
supporting technologies as, this is neither comprehensive nor up to date 
as it was published in 2015. Similarly, Kirchoff et al. [17] discuss the 
motivation for SE with literature relating to the state of the art, 
micro-grids, etc. Possibly the most detailed review specific to SE to date 
was performed by Hoffmann and Ansari [37]. As part of a journal article. 

It may be easy to view solar power as the panacea to the UNSDG7 but 
it’s worth noting that there are disadvantages associated with the 
technology. A preliminary review looking at the benefits and risks of PV 
mini-grid systems was performed by Hazelton et al. [38]. While the 
benefits are well documented, the key risks are identified as incorrect 
sizing due to load uncertainty, equipment compatibility, and community 
integration. This is discussed further by Azimoh et al. [39] who use a 
case study in South Africa to illustrate poor sizing or installation can 
dramatically reduce the storage capacity, and as a result customer 
satisfaction. Though India experiences high levels of irradiance, sizing is 
an issue during the monsoon when owners can experience charging is-
sues [40], as discussed by Conevska and Urpelainen in their examination 
of the effects of weather on charging in India over twelve months [41]. 
Battery health is key to the success of solar systems and as a result key for 
the success of SE as well. In a swarm grid the prosumers and the grid 
management company have a financial interest in maintaining good 
battery health, this may encourage good practice. 

It is important to recognize that energy poverty is also an urban issue 
[42] and is not limited to the global south [43]. In the current economic 
climate (March 2022) European energy prices are at an all-time high and 
many people are having to choose between heating and food, rent, etc. 
As the EU comes under increased pressure to decarbonize the power 
networks and reduce reliance on imported fossil fuels, micro-generation 
and perhaps SE could play a role. 

The development of a comprehensive national grid has proven 
difficult in a lot of countries due to the capital expenditure required, 
geographical landscape, population density or political instability [44]. 
It is against the background of the latter that Ansari et al. [45] describe a 
solar revolution in Yemen, where the solar generation capacity has 
increased 50 fold in 3 years. Before the advent of war, the national grid 
was unreliable and reached only urban areas, now the network has 
suffered attacks and faces increasing fuel prices as blockades have dis-
rupted the transport network. Swarm electrification is considered an 
option to increase electrical connections, maximizing existing capacity 
as most solar systems there, are single systems rather than microgrids. 

SE was borne from a proliferation of SHS’ in Bangladesh challenging 
microgrids as a tool for rural and urban electrification, a comparison 
between SHS’ and microgrids including a cost breakdown was per-
formed by Nasir et al. [46]. The success of SE in Bangladesh is partly due 
to the high population density, and this is a fundamental feature to 
observe when considering a swarm grid in other regions as studied by 
Patel and Singal [47]. It was found that distribution losses dramatically 
affect the financial feasibility of SE. It is suggested the lessons learned 
from the success of IDCOL could be used to implement a similar system 
in Myanmar [48] where the stakeholder’s involvement and local 
training are noted to be critical elements, further it is recommended that 
analysis of how to utilize SHSs for productive use is required. 

2. Data collection 

Swarm grids may be referred to as mesh grids, organic microgrids, 
ad-hoc micro/pico/nano grids or bottom-up grids. The search was per-
formed using the research terms listed below. Other works by the au-
thors of any included publications were also examined as were the 
references provided in each relevant work. Overall, this produced a total 
of 483 works.   
• Swarm electrification  • Pico-grids  
• Bottom-up electrification  • Nano grids  
• Organic microgrids  • Mesh grids  
• Ad-hoc microgrids  • P2P energy trading  

This review focused purely on SE, therefore papers that did not 
specifically mention swarm electrification, or swarm grids, or describe 
an electrical network that is un-planned, ad-hoc, and/or incorporates a 
P2P energy trading framework, were excluded. The search was per-
formed in February 2022 and, thus, reflects the available body of work 
at that time. This yielded 89 papers published since 2011, where 90% of 
the work has been published since 2015 and 45% since 2019.18 works 
were published via IEEE conferences and journals, 7 via Energies 
(MDPI), 6 via Energy for Sustainable Development (ScienceDirect), 4 via 
Renewable and Sustainable Energy Reviews (Elsevier) and 4 via the 
annual MES conference hosted by Microenergy Systems Research Group, 
TU Berlin (see Table 3). 

3. Methodology 

The literature was divided into two main topics, social and technical. 
Within these, several sub-topics were identified. It was also noted that 
specific tools were prevalent in each category while case studies were 
commonly used in both. Optimization may be viewed as a tool, however 
it also formed the key focus for some of the collected publications, 
therefore it has been treated as a sub-topic in this review. Table 4 Tax-
onomy of topics covered, outlines the most common topics, sub-topics 
and key tools employed throughout the literature. 

Table 5 Topics, sub-topics, and tools by publication categorizes each 
publication in the literature according to its content and research focus, 
Fig. 2 shows the number of publications for each topic. Grid architec-
ture, control systems and financial aspects comprise the largest body of 
work. It was found to be common for case studies and financial analysis 
to be considered together (15 occurrences) and to a lesser extent control 
and modelling (9 occurrences), while 8 publications looked at system 
architecture in conjunction with a case study (see Fig. 3). 

The breakdown of topics covered in the literature illustrates the need 
for further research in the areas of stability, electronics, environmental 
considerations and in particular, optimization. Optimization is key to 
maximizing the benefit and viability of swarm grids that will help 
encourage their proliferation while assessing the stability of ad-hoc grids 
as they grow is critical if they are to provide higher levels of energy 
access. Research has been performed by commercial entities to develop 
SE specific electronics, but it is less clear what research they have un-
dertaken in other areas. 

Table 3 
Commercial entities.  

Company Key technology developed Related academic publications 

ME Solshare SolBazaar [12,16–21,27–29] 
Power-Blox PBX-200 None found 
BBOXX Low-power, DC devices [25,26]  

S. Sheridan et al.                                                                                                                                                                                                                                
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4. Results of the review 

4.1. Social 

Studies have shown that electrification can have positive effects on 
households [125], and provides many social benefits such as improving 
comfort and living standards [126]. These benefits have led to the 
United Nations sustainable development goal number 7 (UNSDG7), 
which aims to ensure access to affordable, reliable, and sustainable 
energy for all [127]. This is the key motivation for swarm electrification, 
to lift people from energy poverty and improve their lives, possibly even 
provide them with an income. As previously mentioned, an estimated 
759 million people live without clean reliable energy, and while the 
advent of more affordable solar systems, micro-finance and mobile 
money payment systems are making a marked difference. Some people 
do not have the means to invest in such a system and could benefit from 
a connection supplied by a neighbour. It is important, therefore, to 
encourage consumers to become prosumers. 

A prime benefit of SE is that a consumer can gain an electrical 
connection without purchasing a solar system. This may only provide 
enough energy for an electric lamp, however, this change can have a 
marked effect on the quality of life. In India, it was even found to have 
the potential to empower some women by giving them more flexibility 
with their time [128]. It may also help increase children’s study time by 
41% and it was observed that girls study time increased more than boys 
[100]. After surveying approximately 500 users in Africa, Stojanovski 
et al. [81] discovered most did not power televisions, radios, or 
income-generating equipment. It was also found in Bangladesh that 
domestic SHS owners preferred a higher level of electrification than 
micro-enterprises, who tended to utilize the systems mostly for lighting 
[84]. It is believed that SE can provide the ability to support commercial 
loads if the grid is large enough, however further research is required to 
realise this goal. 

4.1.1. Drivers/barriers 
When looking at the potential for any new technology it is important 

to consider the drivers and barriers to that technology, Sharma and Palit 
[56] reviewed three Pico-grid projects and it was noted that for each use 
case a different technical, social or financial approach may be required. 
A key driver is the financial ability to obtain a solar system [94]. 
Micro-credit, therefore, plays an important role in creating prosumers. 
This may be structured to allow people to replace kerosene lamps with 
solar systems while matching the repayments to the cost of the kerosene. 
One social aspect that has been said to enhance the proliferation of 
swarm grids, is to instil a sense of ownership in the prosumers [95]. This 
can be achieved by allowing customers to pay for their system over a set 
time, after which they become the legal owners. A detailed review of the 
socioeconomic drivers and barriers to prosumerism in Bangladesh was 
performed by Khan [129]. 

Globally many projects have focused on distributing SHSs as a means 
of alleviating energy poverty. An ethnographic study using data from Sri 
Lanka recorded in 2012 and 2018 challenges this approach [103], 
stating that successfully distributing SHS’ does not ensure lasting access 
to electricity. The author’s comment that the main barriers experienced 
have been the failure of batteries and repossessions following defaulted 
payments. This is a common set of issues [130], as customer satisfaction 
tends to decrease alongside the battery capacity over time. To correct 
these problems, some key policy recommendations are made by Bhat-
tacharyya and Palit [71], including the development of a more complete 
infrastructure to support the local solar industry, while it is suggested by 
Islam et al. [131] that battery maintenance should be included in the 
service contract. This may also provide an opportunity for SE where 
ageing batteries wit 

H decreased capacity can be supported on the grid by newer units 
with excess capacity. 

Another important barrier to the proliferation of SE may be a lack of 
local knowledge and skills, it is noted by Kirchhoff and Strunz [95] that 
there is a need for the grid to operate without specialized staff where 
people with limited training are capable of training others. Discussing 
the growth of small grids, Kirchhoff et al. [17] state the options offered 
by organisations involved in this area must be explained in simple terms 
and that staff retention is also a key issue. 

SHS concentration represents another limitation, as the distance 
between nodes grows, the distribution voltage must also increase to 
offset the cable losses [26], this leads to a maximum feasible distance 
beyond which extra regulation and, safety equipment and staff training 
is required. Kirchhoff and Strunz also state the energy exchange should 
be monitored, this presents another challenge in areas with diverse to-
pographies or low population density as a robust communications layer 
is required. The energy poverty penalty caused by remoteness is dis-
cussed by Groh [20] who suggests mobile phone coverage be used as a 
proxy variable for distance. 

4.1.2. P2P markets 
Electricity sharing or P2P energy trading is a key element in SE [101] 

as it enables people to obtain access to electricity who may otherwise 
never gain that connection. This is true last-mile electrification and can 
empower rural inhabitants [46]. In simple systems, the prosumer can 
decide when to sell energy, and how much to sell. A typical metric used 
in such systems, is the battery SoC, as suggested by Prevedello and 
Werth [121] where the benefits of energy sharing are examined. Alter-
natively, an energy market can be created where those with excess en-
ergy can sell to those that require it, and the price may fluctuate 
typically according to supply and demand. The architecture supporting 
this is described in Ref. [65] that looks at using load forecasting, 
scheduling and real time dispatch in an ad-hoc microgrid with a view to 
managing demand, while Sousa et al. [101] present a comprehensive 
review of P2P and community markets as of 2019. 

Techniques used to determine the price can vary considerably, Etu-
kador et al. [109] propose a negotiating framework utilizing Rubenstein 
alternating offers protocol to automate the negotiations between buyer 
and seller, maximizing the profits of the prosumer while providing 
affordable energy to the consumer. The most expensive element in a 
swarm grid is typically battery storage. To help overcome this financial 
barrier, an energy bank is proposed by Giraneza et al. [110]. Energy is 
stored in a central location where prosumers are charged a levy for 
storage as energy is sold on to the consumers. This concept may work in 
a more distributed fashion as part of a swarm grid. Encouraging people 
to invest in battery storage could offset the declining capacity of older 
batteries in the network. 

The variables that influence the price in these markets can include 
more than just supply and demand, for example, Strawser et al. [67] 
propose P2P market based on reliability. Mahmud et al. [113] describe a 
market controlled by a neural network using past load and generation 
data. Hollberg [36] details a trading system stating the hierarchy for 

Table 4 
Taxonomy of topics covered.  

Topics 

Social Technical 

Subtopics  
• Drivers/barriers  
• P2P markets  
• Environmental  
• Financial  

• Architecture  
• Control systems  
• Communication systems  
• Electronics  
• Stability  
• Technical other  
• Optimization 

Tools  
• Case studies  
• Feasibility studies  
• Business models  

• Case studies  
• Modelling  

S. Sheridan et al.                                                                                                                                                                                                                                
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Table 5 
Topics, sub-topics, and tools by publication.    

Social Technical   

Sub-topics Tools Sub-topics Tools 

Author(s) Year Drivers/ 
barriers 

P2P 
markets 

Financial Environment Case 
studies 

Feasibility 
studies 

Architecture Control Comms Electronics Stability Optimization Modelling 

Zhu et al. [49] 2011           ↯↯   
Sarker et al. [50] 2012     ↯↯        ↯↯ 
Unger and Kazerani [51]. 2012        ↯↯  ↯↯   ↯↯ 
Brocco [54]. 2012       ↯↯ ↯↯ ↯↯  ↯↯   
Brocco [55] 2012       ↯↯       
Sharma and Palit [56] 2013 ↯↯             
Groh and Koepke [52] 2014   ↯↯  ↯↯  ↯↯       
Groh et al. [4] 2014  ↯↯   ↯↯  ↯↯       
Mohammed et al. [57] 2014 ↯↯      ↯↯       
Al Suwaidan [58] 2015         ↯↯     
Al Suwaidan et al. [59] 2015         ↯↯     
Batteiger [60] 2015    ↯↯          
Chowdhury et al. [18] 2015   ↯↯  ↯↯  ↯↯       
Giraneza and Khan [61] 2015             ↯↯ 
Groh et al. [62] 2015       ↯↯      ↯↯ 
Groh et al. [63] 2015   ↯↯           
Kirchoff et al. [64] 2015        ↯↯     ↯↯ 
Hollberg [36] 2015 ↯↯ ↯↯   ↯↯ ↯↯       ↯↯ 
Inam et al. [65] 2015       ↯↯       
Murali et al. [66] 2015 ↯↯  ↯↯           
Strawser et al. [67] 2015  ↯↯ ↯↯           
Strenge [68] 2015        ↯↯     ↯↯ 
Zeyringer et al. [69] 2015     ↯↯  ↯↯       
Belk et al. [70] 2015      ↯↯  ↯↯   ↯↯   
Bhattacharyya and Palit [71] 2016 ↯↯             
Inam et al. [72] 2016  ↯↯    ↯↯  ↯↯   ↯↯   
Kirchhoff et al. [17] 2016   ↯↯  ↯↯         
Koepke and Groh [17] 2016   ↯↯  ↯↯         
Magnasco et al. [73] 2016            ↯↯ ↯↯ 
Taheruzzaman and Janik 

[74] 
2016   ↯↯  ↯↯         

Taheruzzaman [75] 2016     ↯↯ ↯↯ ↯↯      ↯↯ 
Taheruzzaman [76] 2016   ↯↯   ↯↯      ↯↯  
Areff et al. [77] 2017             ↯↯ 
Bowes et al. [78] 2017   ↯↯           
Mishra [79] 2017 ↯↯  ↯↯  ↯↯         
Shaw et al. [53] 2017   ↯↯  ↯↯ ↯↯       ↯↯ 
Soltowski et al. [80] 2017        ↯↯    ↯↯ ↯↯ 
Stojanovski et al. [81] 2017 ↯↯    ↯↯         
Van Der Straeten et al. [21] 2017   ↯↯ ↯↯ ↯↯         
Strenge et al. [19] 2017           ↯↯   
Cavanagh et al. [82] 2018           ↯↯   
Giraneza [83] 2018       ↯↯  ↯↯ ↯↯    
Kurata et al. [84] 2018 ↯↯  ↯↯  ↯↯         
Lavado Villa [85] 2018          ↯↯    
Muceka et al. [86] 2018   ↯↯  ↯↯         
Nasir et al. [87] 2018       ↯↯ ↯↯  ↯↯    
Nasir et al. [46] 2018 ↯↯ ↯↯     ↯↯       
Numminen et al. [88] 2018     ↯↯      ↯↯   
Rahman et al. [89] 2018       ↯↯   ↯↯    

(continued on next page) 
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Table 5 (continued )   

Social Technical   

Sub-topics Tools Sub-topics Tools 

Author(s) Year Drivers/ 
barriers 

P2P 
markets 

Financial Environment Case 
studies 

Feasibility 
studies 

Architecture Control Comms Electronics Stability Optimization Modelling 

Ansari et al. [45] 2019 ↯↯    ↯↯         
Aswat et al. [90] 2019       ↯↯ ↯↯      
Correa et al. [91] 2019   ↯↯  ↯↯         
Ebrahim et al. [92] 2019       ↯↯ ↯↯  ↯↯    
Heinemann et al. [93] 2019   ↯↯  ↯↯         
Hoffmann and Ansari [37] 2019   ↯↯  ↯↯        ↯↯ 
Khan [94] 2019 ↯↯ ↯↯   ↯↯         
Kirchhoff and Strunz [95] 2019     ↯↯         
Nasir et al. [96] 2019        ↯↯     ↯↯ 
Naryan et al. [97] 2019     ↯↯ ↯↯        
Nasir et al. [98] 2019        ↯↯     ↯↯ 
Quek [99] 2019         ↯↯ ↯↯ ↯↯   
Sharma et al. [100] 2019 ↯↯   ↯↯ ↯↯         
Soltowski et al. [26] 2019     ↯↯ ↯↯       ↯↯ 
Sousa et al. [101] 2019  ↯↯            
Taheruzzaman [102] 2019              
Turner [103] 2019 ↯↯    ↯↯         
Ustun et al. [104] 2019         ↯↯     
Vazquez et al. [105] 2019       ↯↯   ↯↯    
Villa et al. [106] 2019          ↯↯   ↯↯ 
Wienand et al. [107] 2019       ↯↯    ↯↯   
Babjide and Brito [108] 2020   ↯↯          ↯↯ 
Etukudor et al. [109] 2020         ↯↯     
Giraneza et al. [110] 2020  ↯↯ ↯↯           
Hassan et al. [111] 2020     ↯↯         
Li et al. [112] 2020        ↯↯     ↯↯ 
Mahmud et al. [113] 2020   ↯↯         ↯↯  
Narayan et al. [44] 2020     ↯↯  ↯↯       
Quek et al. [114] 2020              
Quek et al. [115] 2020         ↯↯  ↯↯   
Babajide [116] 2021 ↯↯ ↯↯ ↯↯  ↯↯  ↯↯       
Dagefa et al. [117] 2021        ↯↯      
Ebrahim et al. [118] 2021       ↯↯ ↯↯  ↯↯   ↯↯ 
Hassan [119] 2021 ↯↯  ↯↯  ↯↯  ↯↯       
Narvios et al. [120] 2021         ↯↯     
Prevedello and Werth [121] 2021 ↯↯    ↯↯        ↯↯ 
Samende et al. [122] 2021        ↯↯    ↯↯  
Samende et al. [123] 2021        ↯↯     ↯↯ 
Olukan et al. [124] 2022     ↯↯        ↯↯ 
Soltowski et al. [25] 2022 ↯↯    ↯↯      ↯↯    
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trade describing the conditions where energy is stored, sold, or neither 
and a tariff structure for excess energy, day and night rates along with 
five steps for determining trade. 

In established national grids, energy trading is structured with reg-
ulations and policies in place. Swarm grids represent an opportunity to 
develop and test new market strategies and technologies that encourage 
investment and growth while lifting people from energy poverty and 
extending equipment lifetime. These can be optimised to suit regula-
tions, load profiles, irradiance levels, population density or other local 
considerations. 

4.1.3. Environmental 
The price of solar panels has seen dramatic reductions over the last 

decade [132]. The typical lifespan of a solar panel is 25 years [133], but 
this can vary subject to the quality of manufacture. PV panel end of life is 
examined by Chowdhury et al. [134] looking at material recycling and 
recommends a universal recycling strategy will be required to be in 
place by 2040. Alselma [135] performed a life cycle assessment of SHSs 
comparing their results to a kerosene lamp, the most commonly replaced 
item by SHSs. They conclude the ‘greenhouse payback time’ is 1–2 years 
depending on battery recycling. This could be enhanced by SE allowing 
more households to benefit from the same amount of equipment. Bat-
teiger [60] notes a lack of energy access and a lack of proper waste 
management go hand in hand, recommending that local battery re-
cyclers and collection services are required. An ‘electricity-for-fuel 
substitution coefficient’ is proposed by Gitelman et al. [136] to factor 
the environment into renewable energy projects, by looking at the fuel 
replaced and how eco-friendly the loads are. 

Environmentally SE is low impact as the extra equipment required to 
interconnect existing solar systems is minimal, however this still re-
quires proper end-of-life treatment. Environmental benefits may include 
reducing dependencies on fossil fuels, reducing the number of SHSs 
required and extending the useful lifespan of equipment. For SE to be 
truly of benefit to the environment there needs to be a culture of sus-
tainability where the lifespan of equipment and the end-of-life treatment 
should be prioritised by all stakeholders, the relevant framework to 
encourage and support this needs to be developed and implemented. 

4.1.4. Financial 
A study in Kenya showed that even in a country where that adoption 

of SHSs is widespread, ownership remains limited to those with a high 
income [137]. It is shown that the high cost of rural electrification can 

Fig. 2. Number of publications by topic.  

Fig. 3. Control schemes.  

Fig. 4. Case studies by location.  
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be met through the increased value of locally produced products, and 
cross-subsidization can take place to decrease the cost of household 
electrification [138]. 

Electrifying the last mile in the global south requires considerable 
funding, the World Bank and the Asian Development Bank have been 
providing micro-finance to support government and NGO-led in-
centives. They published ‘Financing Clean Energy In Developing Asia’ 
[139] in 2021. IDCOL has been driving the solar revolution in 
Bangladesh, Heinemann et al. [93] provide a critical review of the 
success of this project, recommending SE as a tool to maximise the 
progress made. 

A common metric used to compare generation strategies used 
throughout the literature is the levelized cost of energy. This is a net 
present cost of electricity generated over the equipment lifetime. 
Incorrectly sized equipment leads to poor financial optimization, this is 
discussed by Mandelli et al. [140] leading to the proposition of a new 
metric, the Levelized cost of supplied and lost energy. This estimates the 
value of lost energy and this data, in turn, helps determine the loss of 
load probability. 

In Nigeria where grid reliability can be poor, it is common to own a 
diesel generator. Nigerian businesses view the regular power outages as 
a major constraint to economic growth [108]. Diesel generators are 
cheap to purchase but the cost of fuel over the lifetime of the unit can be 
considerable. Solar in comparison has a higher upfront cost but little to 
no running costs. It is suggested in Ref. [86] that a small solar system can 
offset the cost of diesel, as excess energy can be sold and this money can 
be re-invested to expand the solar system to eventually replace the 
generator. Correa et al. [91] break down the costs of the SE approach 
from the consumer’s point of view. They consider distribution costs, 
levelized cost of energy for varying payback times, etc., concluding that 
this approach could yield three times the number of connected 
households. 

Groh et al. [52] take a business model approach to assess the feasi-
bility of the SE concept in Bangladesh while Shaw looks at a more spe-
cific case assessing the financial aspects in providing energy for a grain 
mill and comparing an ac microgrid to a swarm grid. Hoffman and 
Ansari [37] compare the levelized cost of energy of SE with that of in-
dividual systems and a centralized microgrid as tools for providing tier 
1, 2, and 3 access to energy. Their study shows that SE shows benefits for 
providing lower-tier electrification but for tier 4 a centralized microgrid 
may be the better option. 

Ownership was discussed as a key driver for SE, this is stated by 
Kirchoff et al. [17] where comparisons are drawn between community 
microgrids in the global south and in Germany that shows ownership 
and participation are common factors that encourage proliferation. This 
is supported by Smit et al. [141] who state that community empower-
ment and representation are key to preventing resistance to new tech-
nological solutions. The key advantage of SE here is the lower cost of 
entry. Prosumerism and its effects both positive and negative are dis-
cussed by Khan [94], and the role of the prosumer is examined. Taher-
uzzaman and Janik [74] provide an overview of energy access in 
Bangladesh and draw a link between energy access and financial growth, 
where there has been a sharp increase in electrification, the GDP has 
similarly grown. 

Solar lighting systems in India are evaluated by Borah et al. [142] 
who look at AC mini-grids, DC micro-grids, solar charging stations, and 
SHSs, examining both technical and financial aspects. They find 
commercial-based business models are more successful for the deploy-
ment and sustainability of the programs compared with subsidy-based 
models. This contrasts with Glemarec [143] who states that in most 
cases public money is still required to make these systems affordable. 

The economic dispatch of energy is typically managed by a central-
ized system, Liang et al. [144] examine decentralized economic dispatch 
where decision-making is performed by each node. A competent busi-
ness strategy is also required for these projects to be successful and 
lasting. This is illustrated by Ghana’s solar project where a sustainable 

market has been created for solar systems [145]. Naturally, there are 
several approaches to this problem, some of which are addressed by 
Muchunku et al. [146] where the authors compare PAYGO with con-
sumer financing and fee for service models. They conclude that the 
PAYGO model is most likely to be successful with the caveat that it is 
most suited to delivering the lower tiers of energy access. 

4.1.5. Feasibility studies 
A feasibility study can be a useful way to inform further research, in 

the literature these are often completed as part of a case study. The 
feasibility of using SE to power a productive energy use appliance is 
examined in Shaw’s thesis [53]. This details a case study performed in 
India, gathered user data, and a model of the proposed grid to ascertain 
if a grain milling machine can be supported by a swarm grid. It was 
found that this would cause the SoC of the batteries to drop, shortening 
their lifespan and effecting the cost of ownership over the lifetime of the 
SHS. In Rwanda, a study utilizing data provided by BBOXX showed that 
connecting the existing SHSs to form a swarm grid may require 35% 
fewer solar panels to provide the same energy, and level of reliability as 
non-connected standalone SHSs [26]. Similar results were found by 
Narayan et al. [97] who looked at the feasibility of using the swarm grid 
to supply tier 4 and 5 loads while maintaining the loss of load probability 
and improving on the necessary battery sizing. 

Taheruzzaman [75] looks at the feasibility of an energy-sharing 
micro-grid in Bangladesh and includes solar irradiance and the effect 
temperature has on the efficiency of the solar panels in their modelling 
along with a decentralized control strategy. In a related paper [76] the 
authors assess the technical and economic feasibility, and optimization 
of four configurations of wind, PV, and bio-mass hybrid-grids for pro-
ductive use. While the general structure of a swarm grid is built on small 
solar systems, swarm electrification as a concept could include any form 
of generation or storage, and may well be suited to hybridisation. In this 
case the author looks at using a biomass-fuelled generator as the primary 
source of power, supported by a small wind turbine and a network of 
interconnected SHSs. 

The feasibility of a stable grid relies heavily on the control system 
that manages the individual building blocks, and as stated by Inam et al. 
[72] the feasibility and existence of an equilibrium point is one of the 
key components of system stability. This is utilized in a subsequent 
paper by Belk et al. [70] looking at controlling the power flows in an 
ad-hoc grid that does not have the network configuration restraints that 
were applied in previously cited studies. In SE line losses are a critical 
issue, this is examined by Hollberg [36] using sensitivity analysis to 
assess the effect distance has on the technical feasibility and financial 
viability of swarm grids. 

4.2. Technical 

SE is a relatively new concept, and it is evident in Table 5 that there is 
a limited body of work directly relating to the topic. In related tech-
nologies such as micro-grids however, a considerable amount of 
research has been performed that can be applied to swarm grids. The key 
technical differences between SE and other electrification strategies are 
the structure of the grid itself, and the advent of P2P in energy trading. It 
is unsurprising, therefore, that the majority of research in this area has 
been performed under the sub-topics of grid architecture and control 
systems, followed by P2P trading. Further to this, some of the technol-
ogy employed in swarm grids has been leveraged from other areas such 
as communications systems from IoT/smart grids. This could explain 
why there is less SE specific research in this sub-topic. 

The potential applications for SE, as will be discussed in the 
following section, are very diverse and SE is proving to be an extremely 
flexible tool for last-mile electrification. However, the ad-hoc nature, 
and the fact that this is an emerging technology, mean that considerable 
technical challenges remain. A key observation drawn from this review 
is that there is little known about how swarm grids will behave as they 
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grow. This raises important questions regarding stability, capacity etc. I 
addition, the lack of formal regulation on the structure, size and to a 
large extent, the equipment/systems that make up a swarm grid presents 
exciting opportunities for researchers in this field. 

4.2.1. Architecture 
The architecture of a swarm grid is ad-hoc in nature, and this is key to 

its flexibility and diverse opportunities for its deployment. An ad-hoc 
microgrid structure was proposed by Brocco [54] as a solution to 
disaster response. This network is described as distributed, adaptive, and 
scalable to keep planning requirements to a minimum. The architecture 
was further explored in a subsequent paper [55] that looked at routing 
power through the network. 

While there exists a comprehensive body of work on hybrid grids, 
there is little research on hybrid generation as an element of SE. The 
drivers, benefits, issues, and structure of hybrid grids are explored by 
Mohammed et al. [57] and a comprehensive review of hybrid grid 
technology including sizing, energy management, and control strategies 
was performed by Krishna and Kumar [147]. Further, a review on 
planning, configuration, modelling, and optimization techniques is 
presented by Siddaiah and Saini [148]. 

The idea of an Intermediate Low Voltage DC is proposed by Giraneza 
and Khan [61] as a step to connect swarm grids to a national grid. The 
concept of connecting a nano-grid to a national grid is also investigated 
by Vazquez et al. [105] where a bidirectional architecture is explored. 
This grid operates as a typical nano-grid when normal household loads 
are connected but draws from the main grid when a larger load is con-
nected. To help enable a plug-and-play approach to this design, a power 
management unit is proposed by Inam et al. [65]. They further look at 
possible grid architectures considering component sizing and comparing 
AC to DC. Another DC nano-grid connection strategy, the open energy 
distribution network is described by Ebrahim et al. [118] where one 
nano-grid may be connected to the AC grid whilst also being connected 
to a cluster of other nano-grids. This design allows power flows from one 
grid to another depending on the level of excess generation at each node. 

The basic topology of a swarm grid is introduced by Groh et al. [62] 
and Narayan et al. [97] and is described as the missing link in present 
electrification pathways by Narayan et al. [44] where the technique of 
interconnecting mini-grids is compared to grid extension, mini-grids, 
and SHSs. A direct comparison between a swarm-grid and a grid 
extension was not found, however, standalone PV systems are compared 
with a grid extension in Kenya by Zeyringer et al. [69], stating the 
former could reach 17% more of the population. The topology of an 
electrical network can take varous forms but can broadly be divided into 
centralized and decentralized. A comparison matrix is developed by 
Nasir et al. [46] to compare centralized and decentralized architectures 
with grid extension, diesel generators, and standalone systems. 

SE is compared to other electrification strategies by Koepke and Groh 
[149] in the context of small island developing states. The concept of a 
personal consumer grid is outlined by Aswat et al. [90]. Such a grid is 
built from three types of blocks: generation, storage, and loads. It is 
designed to be scalable and leverages 12 V appliances designed for 
camping. The effect of different network topologies on stability is 
explored by Wienand et al. [107]. The study found that stability 
decreased with an increase in neighbouring nodes as the controllers had 
a tendency to overcompensate to correct perturbations. 

The ad-hoc nature of SE allows it to be very flexible meaning that the 
architecture and topology of the grid can be adjusted to suit quite 
diverse situations utilizing whatever equipment may be at hand. This 
flexibility means that swarm grids can reach people, that more struc-
tured networks cannot. In areas with reduced irradiance or where there 
is an abundance of other generation methods such as wind or micro- 
hydro, a hybrid swarm grid may offer a path to more sustainable en-
ergy and freedom from rising fossil fuel costs. While ad-hoc in nature, 
the physical structure of a swarm grid can have a direct effect on its 
efficiency and stability and thus should still be considered to optimise 

the network. 

4.2.2. Control systems 
Control systems are a critical element for any type of network. These 

can be centralized, using communications networks and IoT based sys-
tems [117,122] or decentralized where each node monitors the voltage, 
current or other system parameters to control the power flows in the 
network [51,54,64,68,70,72,77,87,90,92,96,98,112,118,123]. One 
publication describes a controller that can be used in both centralized 
and decentralized networks [72]. There are also a variety of hybrid 
control schemes as detailed by Kirchhoff et al. [64], while a more 
complete review of control strategies used in microgrids with distributed 
storage was performed by Morstyn et al. [150]. Battery state of charge 
(SoC) is a common variable used to decide when to share energy. A 
control system for SE should take this into account but should also 
maintain the system voltage and current levels. Further to this, it is 
desirable to have the ability to monitor power flows to enable P2P en-
ergy trading. A control system based on SoC is proposed by Unger et al. 
[51] that also includes system size in the algorithm. The system uses PI 
controllers where the gain and time constant values have been tuned to 
allow smooth control of common bus voltage from all nodes giving good 
stability. 

Decentralized control can enable energy sharing without a commu-
nications layer. Typically, this is achieved by monitoring system volt-
ages and creating buck/boost converters to control power flows in the 
grid. Utilizing this approach Li et al. [112] describe a design based on 
power units (self-contained generation, storage, and control units). 
These are interconnected using a decentralized, communication-less 
control system. It is hierarchical as it has numerous layers with 
differing voltage levels such as a 48 V local bus and a 200–400 Vdc 
public bus. This approach aims to combine the benefits of a micro-grid 
and a swarm grid, namely low capital expenditure, high reliability, 
low levelized cost of energy, support for various loads, and enable easy 
expansion of the network. A dual-loop control system is tested in 
Ref. [98] that monitors the voltage and current to determine SoC, the 
controller was designed to reduce the complexity and cost of the system. 
To reduce transmission losses in a network [123] proposes using droop 
control and mid-point voltage control. This design uses two buck-boost 
converters and monitors the voltage at the midpoint of the transmission 
line, this allows each cluster to have a different bus voltage which in turn 
can be adjusted to control power flows. The system also allows for a state 
of zero power flow. 

Centralized control is common in commercially available systems 
such as Solshares’ SolBox. These systems monitor the network and use 
mobile communications to send data to a central system. A centralized 
controller can be built from off-the-shelf components as proposed by 
Narvios et al. [120], this system uses BLYNK software to build a user 
interface to monitor the network, the power flows are recorded, allow-
ing for P2P energy trading. An energy market can be established with 
prices fluctuating according to supply and demand, an automated 
negotiation protocol is proposed by Etukudor et al. [109], while Mah-
mud et al. [113] propose using load forecasting to determine the unit 
price of energy. Numminen et al. [151] take a look at dynamic energy 
pricing in micro-grids, using pricing variations to protect the batteries 
from over-discharge. It was found in their study however that this 
approach did not improve the performance of the system or customer 
satisfaction due to customers simply limiting their energy consumption 
at all times in reaction to the price fluctuations. Overall it is most likely 
that centralized control will remain the dominant strategy for SE as IoT 
technology has become more abundant and affordable along with mo-
bile communication networks and mobile money payment systems. 
However decentralized control schemes may still have a place in very 
remote regions or areas affected by disaster where the communications 
networks are not available. 
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4.2.3. Communication systems 
Mobile communications and IoT technology have been widely 

employed in SE projects to date. This allows data to be sent to a central 
location in areas that do not have fixed-line communication systems. 
This also enables the use of mobile money to pay for equipment or en-
ergy, and for prosumers to receive payments. Ad-hoc communications 
networks can be leveraged to create more resilient PAYGO systems ac-
cording to Kulkarni et al. [152]. Brocco [54] describes a communica-
tions layer that can utilize either wired or wireless existing technology. 
It is noted that two nodes must still be able to communicate with each 
other regardless of whether power is flowing between the nodes. Quek 
et al. Using IoT technology to categorize loads and monitor anomalies in 
the system to predict load failure is investigated by Narvios et al. [120]. 
A simple IoT infrastructure is also employed by Narvios et al. [120] to 
develop a swarm solar household system. In modern communications 
systems and IoT networks, security is an important consideration, 
established power grids have been slow to embrace smart-grid tech-
nology stating this as an impediment [153]. A possible solution to this, 
within the context of a swarm grid, could be the secure energy routing 
mechanism proposed by Zhu et al. [49] which can detect internal attacks 
including spoofed route signalling and fabricated routing messages. 

Removing the need for mobile communications, power line 
communication is explored by Al Suwaidan [58] where a decentralized 
communications system is proposed as a solution to developing 
self-organized ad-hoc microgrids. It is also suggested this framework 
may be utilized to restore power quickly in areas affected by disasters 
[59], mitigating the need for grid planning. 

The communications systems being utilized in low power distribu-
tion systems are becoming more advanced, with companies now 
leveraging systems such as Amazon Web Services. These IoT systems can 
collect a huge amount of data that is useful for research and improving 
swarm grids etc. Ustun et al. [104] propose to standardize this data to 
allow for cross-platform research where it is noted that this data is more 
critical in developing countries as there is no legacy data to draw from. 
Standardizing the communication systems from SHSs and smart meters 
to the AC grid according to the IEC 61850 standard is suggested by 
Hussain et al. [154]. 

4.2.4. Power electronics 
Power electronics are at the heart of any modern grid, and they 

control the power flows, battery charging, and all other operations. As a 
consequence, the IEEE has identified the availability of an ultra-low-cost 
control layer as a critical roadblock to providing energy for all [155]. 
With this in mind Villa et al. [106] propose a low-cost power converter 
to control power flow based on observing the average current through 
an inductor, while Villa [85] also describes using modular electronics to 
enable the interconnection of solar systems and overcome the energy 
lock-in effect. It is suggested by Strawser et al. [67] that the cost of 
microcontrollers be kept below $3 and this can be aided by keeping the 
algorithms lightweight. Regarding the design of electronic components 
and devices, several publications include circuit diagrams [92,106,118] 
such as buck and/or boost converters to control power flows, inverters, 
and devices for controlling battery charging. 

4.2.5. Stability and reliability 
The stability of a swarm grid may be enhanced by its distributed 

nature; however, the unpredictable structure of the grid can have the 
converse effect. To mitigate the this, both [70,72] have designed suit-
able control strategies to maintain stability for systems with limited 
constraints. Cavanagh et al. [82] look at the restrictions that are 
required for a system to remain stable using Brayton-Moser potential 
theory (a method of modelling non-linear networks, such as LRC circuits 
[156]). 

As mentioned above, the network topology can affect the stability of 
the grid. This is examined by Wienand et al. [107] where the modelled 
system uses the Dirac Delta to simulate disturbances. The resulting 

system response is observed, and some recommendations are made on 
how to improve the stability of a DC grid using ‘survivability’ as a 
metric. Preventative maintenance is an important tool to ensure reli-
ability, and to aid this the loads should be classified. To that end, load 
disaggregation for Extra-Low Voltage DC grids is examined by Quek 
et al. [114]. Using deep learning techniques, loads within both a dumb 
and a smart pico-grid are classified and identified to a high level of ac-
curacy. Further to this Quek et al. [115] look at predicting the necessity 
for maintenance on equipment using anomaly detection. The waveform 
in the power distribution network is analysed to classify the loads and 
predict when one is likely to fail. Within the scope of SE, stability and 
reliability are areas that require significant further research. While 
studies exist for micro-grids etc. From which some comparisons may be 
drawn, according to Strenge et al. [157] the literature in this area is 
predominantly focused on 240 V and above, rather than low voltage 
networks. 

4.2.6. Optimization 
Drawing from Table 5 it is apparent that this topic would benefit 

from further research. Optimization is a key challenge in any grid and is 
particularly pertinent in relation to SE as the structure of the grid is not 
constant. Within the broader area of grid optimization, several sub-areas 
have been examined in the literature. For example, a controller is 
developed by Malysz et al. [158] to optimise battery management and 
optimization strategies are employed by Samende et al. [122] to mini-
mize the losses in transmission, charging/discharging and conversion. 
Operational flexibility is proposed as a solution to optimal system sizing 
by Watson et al. [159] where historical weather data is used to scale 
generation and loads but also to schedule the loads to maximise the 
efficiency of the system. Optimizing the energy market, predictive 
scheduling for the dispatch of energy is treated as an optimization 
problem by Moretti et al. [160] with a view to providing day ahead 
scheduling to reduce costs. 

While performing this review, several optimization strategies were 
noted in related fields that did not apply specifically to SE. These opti-
mization problems and techniques could however be applied to a swarm 
grid and may provide options for future research. For example, Montoya 
et al. [161] look at optimizing power flows within a DC grid, while 
optimizing battery depth of discharge is examined by Hlal et al. [162]. It 
was also noted that there was considerable research relating to hybrid 
grids and their optimization. Commonly this involved optimizing the 
size of the system where the hybrid grid can take many forms such as 
solar-wind-diesel [163,164], PV-wind-fuel cells [165], or even 
solar-hydrogen [166]. The location of the grid is critical to the design of 
the grid. An assessment of hybrid grid options in Venezuela found that 
PV-Wind was the best option as the solar provided a base load while the 
wind helped with providing energy for peak usage times [167]. 

4.2.7. Modelling 
Building a software model to run simulations is a common method to 

test hypotheses and validate theories. In the literature, it was used to 
assess control algorithms, simulate hardware designs such as DC to DC 
converters or just to test the feasibility of a system design. A modelling 
strategy is proposed by Magnasco et al. [73] to optimise a swarm grid for 
efficiency, assess if extra storage or generation is required and to esti-
mate the potential cost savings of an optimised swarm grid. It is stated 
that optimization could reduce distribution losses by 50% and identified 
surplus generation capacity that could be utilized to supply further 
loads. 

To relate simulations to the real world it is desirable to build a model 
that use real-world data as in Ref. [26] where user data obtained from 
BBOXX was used to simulate a swarm grid. Magnasco et al. [73] use 
similar logged data from a nano-grid in Bangladesh is used to build a 
data analysis tool for optimizing a network by identifying areas with 
energy surplus or deficit. To further enhance the accuracy and validity of 
models, a hardware-in-the-loop approach can be adopted. Nasir et al. 
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[96] use MATLAB™ in conjunction with a physical test rig to simulate a 
swarm grid and validate their design for a decentralized control scheme. 

A simulation tool was developed by Solshare, and used by Shaw [53], 
to look at the power flows in a swarm grid. The thesis states that this 
software is open and available from Solshares GitHub page, however it 
could not be found at the time of writing. Areff et al. [77] propose a 
model using netlists to simulate a swarm grid. This is intended to be used 
for testing scalability, control schemes etc. And facilitate Monte Carlo 
analysis to identify where the grid topology can be varied. No subse-
quent publications were found that employed this model for further 
analysis. 

Most studies employ a static grid design, and the swarm nature of SE 
is not modelled as an organically expanding network. Such a model 
applying swarm behaviour would allow a better understanding of the 
scalability of SE and allow for analysis of the stability of larger grids. 
Furthermore the distributed nature of SE could be examined in more 
detail looking at separating the generation and storage and comparing 
distributed storage with more centralized schemes such as that 
described by Giraneza et al. [110]. 

4.2.8. Case studies 
A case study is a useful tool to examine the effectiveness of new 

technology in the real world and explore its potential or limitations. SE 
case studies have been performed in quite diverse locations, such as 
Bangladesh [4,4,52,84,168], India [53,88,97], Namibia [17], 
Philippines [121], Sri Lanka [103], Germany [17] Yemen [26], Rwanda 
[26] and Nigeria [86,108,111,116]. The majority of studies have been 
performed in the global south where most potential lies for SE and last 
mile electrification. This however ranges from densely populated re-
gions like Bangladesh to less dense areas in Africa and regions where the 
grid has failed due to war, such as Yemen. One outlier is a case study that 
contrasts the different approaches employed in Germany and the global 
south, noting that both areas can learn from each other [17]. Zeyringer 
et al. [69] use a case study in Kenya to compare the options of grid 
extension and standalone solar systems, showing that the latter is the 
most cost effective option. This affordability is leading to a proliferation 
of SHSs and growing opportunities for SE. 

Researchers in TU Berlin, working with ME Solshare, have produced 
a number of case studies as part of their work in Bangladesh [52,93,95]. 
A business model has been developed that allows users to become pro-
sumers and sell their excess generated energy, this empowers people, 
generates income, and encourages development of the grid [52]. 
Bangladesh is a special case where dense population, and a huge amount 
of small solar home systems mean it is well suited to swarm electrifi-
cation. There are an estimated 4 million solar-home systems now 
installed as a result of government-led subsidies and affordable loans 
[93]. 

While case studies prove useful, a subsequent field trial to verify the 
findings of the study is the next logical step towards implementation. 
Soltowski et al. followed this path with a case study in Rwanda to assess 
the feasibility of implementing a swarm grid [26]. This was supported 
by Bboxx who provided access to load profiles and consumption data, 
users were then interviewed regarding their desires and expectations 
regarding electrification. This was followed by a field trial, again in 
Rwanda, where a number of Bboxx SHS units were interconnected to 
form a grid [25]. It was found that the formation of a swarm grid 
increased economic activity and helped people to obtain an electrical 
connection without the up-front cost of buying a SHS. 

The case studies demonstrate the unique flexibility of SE as an 
electrification strategy that can be deployed in very diverse locations 
and situations. Possibly the greatest strength of SE is that it utilises pre- 
existing hardware, the subsequent investment required to build a grid in 
areas such as Bangladesh is therefore minimal. The case studies also 
detail some of the key challenges facing SE such as scalability and 
providing dependable energy as demand, and loads, grow over time 
along with the goal of building grids that can support productive energy 

use devices. 

5. Conclusion and future work 

This review contributes to the knowledge by collecting, examining 
and presenting the literature available relating to swarm electrification, 
discussing the state of the art for the technology involved and collating 
the opportunities for future research and development. This provides a 
point of reference for researchers and commercial interests to assess SE 
as a commercial or an environmental opportunity, or simply as a tool to 
help achieve UNSDG7. 

Swarm electrification is changing lives by providing last-mile elec-
trification with the lowest possible initial investment, to people that may 
never afford it otherwise. The unique low cost of entry and ability to 
maximise the benefits of pre-existing equipment is driving the devel-
opment of SE as an answer to UNSDG7. It is an exciting new tool with 
vast potential and, as highlighted by this review, it offers impressive 
flexibility. There are however considerable technical and social chal-
lenges that remain before it becomes a mainstream electrification 
strategy. The key challenges and suggested future work have been 
identified and presented in Table 6 illustrates the level of development 
and potential for further research in terms of the salient SE issues 
identified in this review. 

The social aspects of SE have been examined in detail and it is clear 
that there is a shortage of local knowledge to manage these grids. This 
creates opportunities to develop simplified systems that allow untrained 
people to use the technology and troubleshoot it. Educational pro-
grammes should also be developed to create more local agents. Further, 
a better support infrastructure should be created that ensures customer 
satisfaction and helps promote awareness of SE. 

P2P markets are a hot topic, and as a result there is a large body of 
work in relation to micro and mini-grids [101]. Specific to SE, however, 
there is an opportunity to test these methods and develop new tech-
niques and protocols. Developed markets should be adaptable as the grid 
changes over time. Advanced technology such as machine learning 
should also be leveraged, to forecast loads and generation for example. 
To further the development of p2P markets in swarm grids, real world 
testing is required as the behaviour of the consumers will ultimately 
determine their success. 

While some policy exists to ensure SHSs sold are of a suitable stan-
dard [169], more robust systems must be put in place to mitigate the 
negative environmental impacts of ageing or failed SHSs. Perhaps a 
system similar to the WEEE in the European union where a fee is 
imposed on all electrical appliances to fund their disposal could be 
developed. Better policy measures are required to foster a culture of 
sustainability that will ultimately enhance SE and protect the 
environment. 

New business models, specific to SE, aimed at attracting commercial 
investment could pave the way to grids that support productive energy 
use devices, potentially lifting areas from poverty by enabling new 
businesses, products and services. This may also reduce the reliance on 
NGO subsidization. Financial studies of existing grids are needed to 
inform this development, while increased microfinance is needed to 
drive the growth of swarm grids. 

There is an opportunity to integrate swarm grids as part of a hybrid 
grid. This might provide a way to switch from diesel to solar in a step-
wise fashion, mitigating the large capital costs involved in such a 
change. A hybrid diesel/swarm grid would provide redundancy when 
irradiance is low and would reduce fuel consumption when it is high. It 
may be advantageous to encourage some prosumers to invest in just 
solar panels or storage, rather than complete SHS systems to help bal-
ance the grid, the potential benefits of this should also be investigated. It 
is also recommended that methods to incentivise investment in battery 
storage are developed, to both increase capacity and upgrade older lead 
acid cells for newer lithium technology. 

More open research is required in the area of centralized control. 
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This would empower small agents to develop their own networks and 
help democratise energy. Decentralized control is covered well in the 
literature but there is a lack of real-world testing involving swarm grids. 
A decentralized controller that enables P2P energy trading could foster 
the development of a true plug and play ad-hoc grid where consumers 
can buy a controller off the shelf and simply join the grid. Controllers 
also need to be developed and tested for suitability in expanding grids, 
and grids supporting larger loads. Further research is also needed to 
develop communications systems for decentralized controllers and for 
areas where there is no access to a mobile network. 

The electronics developed by the commercial entities discussed are 
typically proprietary, which can lead to the energy lock-in effect [111]. 
To overcome this, open standards and technologies should be developed 
(or adopted). This would also help democratise energy, enabling small 

businesses to build controllers and implement their own networks, while 
still allowing for future interconnection. 

Safety in relation to SE was not found to be discussed in any detail, 
looking at mini-grids Wagemann and Manetsgruber [170] suggest this 
may also be an issue in that field, recommending risk management tools 
should be employed. As swarm grids proliferate, and reach for higher 
tiers of energy access, the system voltage will also likely increase, as a 
result this is an area that deserves attention. Regulation in swarm grids 
should also be examined, there is little regulation in place as the voltage 
levels are low. At some point these grids will grow to a stage where 
regulation is necessary, identifying this point and recommending 
guidelines would be of great benefit to distribution system operators or 
regulatory bodies. 

There is considerable scope for research in the area of stability and 

Table 6 
Challenges and future work [171,172]. 
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reliability of swarm grids. Very little is understood regarding how these 
grids will behave as they expand and begin to power larger loads. 
Studies to date also fail to consider the effects of ageing equipment, in 
particular lead acid batteries that have a decreased lifespan if not 
maintained correctly. The optimization of swarm grids is another area 
representing considerable opportunities for future work. The structure, 
control systems, power flows and all other elements of these networks 
would benefit from research in this area. To address these issues 
improved modelling of swarm grids is required to better understand, 
analyse and develop the technology, and to further appreciate the 
organic growth and ad-hoc nature of SE. 
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[161] Montoya OD, Gil-González W, Holguín M. Optimal power flow studies in direct 
current grids: an application of the bio-inspired elephant swarm water search 
algorithm. J Phys Conf Nov. 2019;1403(1):12010. https://doi.org/10.1088/ 
1742-6596/1403/1/012010. 

[162] Hlal MI, Ramachandaramurthy VK, Sarhan A, Pouryekta A, Subramaniam U. 
Optimum battery depth of discharge for off-grid solar PV/battery system. 
J Energy Storage Dec. 2019;26:100999. https://doi.org/10.1016/j. 
est.2019.100999. 

[163] Ashagire AA, Adjallah KH, Bekele G. Optimal sizing of hybrid energy sources by 
using genetic algorithm and particle swarm optimization algorithms considering 
life cycle cost. In: 2021 international conference on electrical, computer, 
communications and mechatronics engineering (ICECCME); Oct. 2021. p. 1–6. 
https://doi.org/10.1109/ICECCME52200.2021.9590952. 

[164] Trazouei SL, Tarazouei Farid Lotfi, Ghiamy Mohammad. Optimal design of a 
hybrid solar-wind-diesel power system for rural electrification using imperialist 
competitive algorithm. Int J Renew Energy Resour May 2013;3(2). 

[165] Samy MM, Barakat S, Ramadan HS. Techno-economic analysis for rustic 
electrification in Egypt using multi-source renewable energy based on PV/wind/ 
FC. Int J Hydrogen Energy Apr. 2020;45(20):11471–83. https://doi.org/ 
10.1016/j.ijhydene.2019.04.038. 
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