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Abstract 

Access to clean and affordable energy is a prerequisite for human development. In order to 

achieve access to sustainable energy for all innovation in rural electrification is needed. 

Decentralized renewable energy technologies in form of Solar Home Systems and Mini-grids 

possess the potential of electrifying a large number of rural households which cannot be 

connected to the national grid with local available energy sources. However, the deployment 

of Mini-grids is facing barriers such as a lack of private investments. By building on already 

existing SHSs swarm grids can enable households to trade electricity and use their excess 

electricity to supply additional loads. Swarm grids as an evolutionary bottom-up approach to 

electrification can overcome some of the obstacles regular Mini-grids face and play a vital role 

in improving electricity access. 

As part of this thesis a model has been developed which allows for simulating the electricity 

flow including line losses in swarm grids of any size on an hourly basis. The model facilitates 

the gaining of a better understanding for the impact global parameters (e.g. distance between 

households) have on the feasibility of swarm grids. A field trip to Bangladesh has been 

undertaken in order to obtain input data for simulating different cases in the model created. 

The simulations performed indicate that in a swarm grid the generated excess energy of SHSs 

which so far is wasted can supply the demand of households without SHS as well as 

commercial loads such as irrigation pumps. Overall the results point towards swarm grids being 

an innovation with the potential of improving rural electricity access by building on existing 

infrastructure.  

 

 

Key words: Swarm grids, Rural electrification, Innovation in energy access, Modelling, 

Bangladesh, SHS, Mini-grids, PV 

 

  

  



iv 
 

Acknowledgments 

A number of great people have in one way or another supported me in turning my Master 

thesis in an incredible learning experience.  

I would like to thank Professor Mark Howells and Francesco Fuso Nerini, doctoral student at 

the KTH Energy Systems Department, for their supervision and encouragement along the way.  

I would like to express my appreciation for the support and freedom that Sweco has given me 

throughout the thesis. Especially I want to thank Mikael Andersson for taking the time for many 

long discussion which paved the way to this thesis. 

I am grateful to the amazing opportunity that Sebastian Groh and Hannes Kirchhoff have given 

me by offering the collaboration with SOLshare. Without the field trip to Bangladesh, the many 

insights they provided me with and the knowledge they shared, this Master thesis would not 

have the high reference to reality it now has. In addition I want to thank the local SOLshare 

engineering team in Dhaka, Mominul Hasan and Palal Syed, not only for sharing their technical 

knowledge but also for taking care of me during the field trip performed. 

A special thank you also goes to the ÅForsk Foundation for providing me with a travel grant 

which funded the field trip to Bangladesh. 

Finally, I want to thank everyone, who on a professional or personal level has supported me in 

writing this Master thesis. 

  



v 
 

Table of Content 

Abstract ................................................................................................................................. iii 

Acknowledgments ................................................................................................................. iv 

Table of Content ..................................................................................................................... v 

List of Figures ...................................................................................................................... viii 

List of Tables .......................................................................................................................... x 

List of Equations and Functions ............................................................................................. xi 

List of Acronyms ................................................................................................................... xii 

List of Abbreviations and Symbols ........................................................................................ xv 

1 Introduction .................................................................................................................... 1 

2 Rural electrification in developing countries .................................................................... 6 

2.1 The importance of access to modern energy services ............................................. 6 

2.2 Access to electricity ................................................................................................. 8 

2.2.1 Distribution of electricity access........................................................................ 9 

2.3 Rural electrification .................................................................................................11 

2.3.1 Africa ...............................................................................................................11 

2.3.2 Asia .................................................................................................................11 

2.3.3 Consequence of low electrification rate in rural areas......................................12 

2.4 Conclusion .............................................................................................................12 

3 State-of-the-art approaches to rural electrification .........................................................14 

3.1 Centralized Approach .............................................................................................14 

3.1.1 History of centralized electrification .................................................................15 

3.1.2 Reverse salient of centralized grid extension ..................................................16 

3.1.3 Case study: Grid extension in Bangladesh ......................................................16 

3.2 Decentralized Approach .........................................................................................17 

3.2.1 Introduction .....................................................................................................17 

3.2.2 Stand-alone power systems ............................................................................19 

3.2.3 Case study: Dissemination of SHS in Bangladesh ..........................................22 

3.2.4 Grid-connected power systems: Mini-grids ......................................................24 

3.2.5 Case study: Dissemination of Mini-grids in Bangladesh ..................................30 

3.3 Summary ................................................................................................................31 

3.4 Conclusion .............................................................................................................32 

4 Evolutionary approach ...................................................................................................33 

4.1.1 Concept ...........................................................................................................33 

4.1.2 Phase 1: Pre-electrification..............................................................................34 

4.1.3 Phase 2: Swarm electrification ........................................................................34 



vi 
 

4.1.4 Phase 3: Grid interconnection .........................................................................35 

5 Model ............................................................................................................................38 

5.1 Introduction ............................................................................................................38 

5.1.1 Motivation & Objective .....................................................................................38 

5.2 User interface .........................................................................................................39 

5.2.1 Input parameters .............................................................................................39 

5.2.2 Output parameters ..........................................................................................41 

5.2.3 Sensitivity analysis ..........................................................................................42 

5.3 Procedures .............................................................................................................44 

5.3.1 Surplus and deficit ...........................................................................................44 

5.3.2 Hierarchy for trade ..........................................................................................47 

5.3.3 Determining the in- and outflow of each household .........................................50 

5.4 Assumptions...........................................................................................................59 

6 Field trip to Bangladesh .................................................................................................61 

6.1 Background information .........................................................................................61 

6.1.1 Geography ......................................................................................................61 

6.1.2 Climate ............................................................................................................62 

6.1.3 Economy .........................................................................................................62 

6.1.4 Energy access .................................................................................................63 

6.1.5 SOLshare ........................................................................................................64 

6.2 Data collection process ..........................................................................................64 

6.3 Data obtained .........................................................................................................65 

6.3.1 Load curves ....................................................................................................66 

6.3.2 PV output ........................................................................................................67 

7 Simulation .....................................................................................................................69 

7.1 Basic input parameters ...........................................................................................69 

7.1.1 PV module ......................................................................................................69 

7.1.2 Battery.............................................................................................................70 

7.1.3 Conductor .......................................................................................................70 

7.1.4 Others .............................................................................................................70 

7.2 Overview Cases modelled ......................................................................................71 

7.3 Case 1: Yearly surplus of SHSs .............................................................................71 

7.3.1 Introduction .....................................................................................................71 

7.3.2 Input ................................................................................................................71 

7.3.3 Results ............................................................................................................73 

7.3.4 Conclusion ......................................................................................................74 



vii 
 

7.4 Case 2: 5 SHSs swarm grid ...................................................................................74 

7.4.1 Introduction .....................................................................................................74 

7.4.2 Input ................................................................................................................74 

7.4.3 Results ............................................................................................................75 

7.4.4 Conclusion ......................................................................................................77 

7.5 Case 3: 4 SHSs swarm grid ...................................................................................78 

7.5.1 Introduction .....................................................................................................78 

7.5.2 Input ................................................................................................................78 

7.5.3 Results ............................................................................................................79 

7.5.4 Conclusion ......................................................................................................82 

7.6 Case 4: Sensitivity analysis ....................................................................................82 

7.6.1 Introduction .....................................................................................................82 

7.6.2 Input ................................................................................................................82 

7.6.3 Results ............................................................................................................82 

7.6.4 Conclusion ......................................................................................................85 

7.7 Case 5: Swarm grid with water pump .....................................................................85 

7.7.1 Introduction .....................................................................................................85 

7.7.2 Input ................................................................................................................86 

7.7.3 Results ............................................................................................................88 

7.7.4 Conclusion ......................................................................................................91 

7.8 Conclusion and outlook ..........................................................................................92 

7.8.1 Summary .........................................................................................................92 

7.8.2 Benefit .............................................................................................................93 

7.8.3 Limitations and outlook for model ....................................................................93 

7.8.4 Future research ...............................................................................................94 

8 Conclusion & Outlook ....................................................................................................95 

9 Bibliography ..................................................................................................................97 

APPENDIX A: Rural electrification in developing countries ................................................. 105 

APPENDIX B: The Large Technical System approach ....................................................... 106 

APPENDIX C: Case studies Bangladesh............................................................................ 107 

APPENDIX D: Mini-grid design AC vs. DC ......................................................................... 109 

APPENDIX E: Load curves ................................................................................................ 110 

APPENDIX F: Model input parameters ............................................................................... 111 

APPENDIX G: Simulations ................................................................................................. 113 

 



viii 
 

List of Figures 

Figure 1: Electricity access and HDI (Alstone, Gershenson, & Kammen, 2015)..................... 7 

Figure 2: Electricity access and MDGs (Alstone, Gershenson, & Kammen, 2015) ................. 7 

Figure 3: Electricity access (ECOWAS, 2014) ....................................................................... 9 

Figure 4: Electrification rates in Africa (Jochem, 2013) .........................................................10 

Figure 5: Electricity Access Rates in ECOWAS Member States ...........................................11 

Figure 6: Overview rural electrification concepts ...................................................................14 

Figure 7: PicoPV System (PPS) (IED, 2013) ........................................................................20 

Figure 8: DC SHS (IED, 2013) ..............................................................................................21 

Figure 9: SHS growth rate in Bangladesh (ME SOLshare, 2014) .........................................23 

Figure 10: Annual investments required in the Energy for All Case (IEA, 2011, p. 22) ..........26 

Figure 11: Mini-grid policy framework (Deshmukh, Carvallo, & Gambhir, 2013, p. 5) ...........29 

Figure 12: Evolutionary approach to electrification ...............................................................34 

Figure 13: Model overview ...................................................................................................39 

Figure 14: Screenshot Model - Input worksheet....................................................................41 

Figure 15: Screenshot Model - Sensitivity analysis 2 worksheet ...........................................43 

Figure 16: Flowchart - Determination of surplus and deficit ..................................................46 

Figure 17: Hierarchy in the swarm grid model ......................................................................49 

Figure 18: Swarm grid design ...............................................................................................50 

Figure 19: Flow chart - FlowSG1 ..........................................................................................53 

Figure 20: FlowSG1 - Determination line and hub parameter ...............................................54 

Figure 21: FlowSG1 - Determination of supply and demand at hub and maximum current ...55 

Figure 22: Flow chart - Determination of Inflow.....................................................................56 

Figure 23: Flow chart - Determination of Outflow ..................................................................57 

Figure 24: Flow chart - Determination of flow at hub, line losses, surplus and deficit ............58 

Figure 25: Battery charge efficiency .....................................................................................60 

Figure 26: Bangladesh map..................................................................................................61 

Figure 27: Map of the region visited for data logging ............................................................62 

Figure 28: Monthly average temperature and precipitation (climate-data.org, n.d.) ...............62 

Figure 29: Monthly average daily global tilted solar radiation (GTI).......................................63 

Figure 30: Tea shop with SHS in Bangladesh ......................................................................64 

Figure 31: Charge controller with PCB for data logging (front and rear view) ........................65 

Figure 32: Load curves for tailor shop (HH1) ........................................................................66 

Figure 33: Load curves [Wh] for shop (HH2) ........................................................................67 

Figure 34: PV output for different SHS, Bangladesh June 20th ............................................67 

Figure 35: PV output for different SHS, Bangladesh June 24th ............................................68 



ix 
 

Figure 36: SHS PV output HH4 compared to monthly average .............................................68 

Figure 37: Yearly supply, demand, surplus and SOC on a daily basis for HH2 .....................74 

Figure 38: 5 SHS swarm input parameters with starting SOC of 60% ...................................75 

Figure 39: Case 2.1: Left households net flow, SOC of each household ..............................76 

Figure 40: Case 2.2: Results ................................................................................................77 

Figure 41: Case 3.1: Daily supply, demand and flow ............................................................79 

Figure 42: Case 3.4: Daily supply, demand and flow ............................................................80 

Figure 43: Case 3.5: Results ................................................................................................81 

Figure 44: Case 4.1: Impact of sensitivity variables ..............................................................83 

Figure 45: Case 4.2: Comparison 60 Ah at 60 m with battery to without battery ...................85 

Figure 46: Case 5: Supply, demand and flows .....................................................................88 

Figure 47: Case 5: Comparison SHS and SG .......................................................................89 

Figure 48: Case 5.2: Results irrigation pump (80% preferred charge level) ..........................90 

Figure 49: Case 5.2: Results irrigation pump (60% preferred charge level) ..........................91 

Figure 50: Obstacles for businesses in SSA (Gershenson, et al., 2015) ............................. 105 

Figure 51: IDCOL SHS Program structure (Haque, 2012, p. 19) ........................................ 107 

Figure 52: Comparison of costs (ARE, 2011, p. 13) ............................................................ 108 

Figure 53: IDCOL MG project structure (Chowdhury, Aziz, & Groh , 2015) ......................... 108 

Figure 54: Electricity generation coupled at DC bus bars (Rolland & Glania, 2011 a) ......... 109 

Figure 55: Electricity generation coupled at AC bus bars (Rolland & Glania, 2011 a) ......... 109 

Figure 56: Load curves for household 1 (HH3) ................................................................... 110 

Figure 57: Load curves for household 1 (HH3) ................................................................... 110 

Figure 58: Load curves for household (HH4) July ............................................................... 110 

Figure 59: Site parameters for field trip location.................................................................. 112 

Figure 60: Case 1: HH1 ...................................................................................................... 113 

Figure 61: Case 1: HH2 ...................................................................................................... 113 

Figure 62: Case 1: HH3 ...................................................................................................... 114 

Figure 63: Case 2: Yearly simulation based on logged data ............................................... 114 

Figure 64: Case 2: Yearly simulation based on assumed data ........................................... 115 

Figure 65: IDCOL Solar Irrigation Project goal (Rahman F. , 2015) .................................... 115 

 

  



x 
 

List of Tables 

Table 1: New Policies Scenario - Number of people without electricity access (IEA, 2014 b) 9 

Table 2: Challenges and Mitigation strategies MG adopted from (Islam, 2014, p. 21)...........30 

Table 3: Advantages & disadvantages of electrification options ............................................31 

Table 4: Tariff structure ........................................................................................................47 

Table 5: Characteristics of SHSs logged ..............................................................................66 

Table 6: Performance and derate factor ...............................................................................69 

Table 7: Battery parameters .................................................................................................70 

Table 8: Conductor parameters ............................................................................................70 

Table 9: Scenarios ...............................................................................................................71 

Table 10: Input parameters yearly surplus simulation ...........................................................72 

Table 11: Yearly simulation results based on the logged consumption data .........................73 

Table 12: Case 2: Overview .................................................................................................74 

Table 13: Case 2: Daily demand or demand variation ..........................................................75 

Table 14: Case 2.1 and 2.2: Results .....................................................................................76 

Table 15: Case 2.4 and 2.5: Results .....................................................................................77 

Table 16: Case 3: Input parameters HH5 .............................................................................78 

Table 17: Case 3.5: Combined results ..................................................................................81 

Table 18: Case 4.1: Results .................................................................................................83 

Table 19: Case 4.2: Results sensitivity analysis ...................................................................84 

Table 20: IDCOL Solar Irrigation Projects business models (GPOBA, 2015, p. 10) ..............86 

Table 21: Case 5.1 and 5.2: Input parameters ......................................................................87 

Table 22: Financing structure of a 50 Wp SHS (Haque, 2012, p. 12) .................................. 107 

Table 23: Distribution of SHSs by capacity sold on credit (Asaduzzaman, et al., 2013) ...... 107 

Table 24: Monthly average hourly global tilted solar radiation field trip location .................. 112 

 

 

  



xi 
 

List of Equations and Functions 

Equation 1: Demand .............................................................................................................44 

Equation 2: Hourly supply per household .............................................................................44 

Equation 3: Battery charge losses ........................................................................................45 

Equation 4: Hub voltage .......................................................................................................54 

Equation 5: Maximum line current ........................................................................................54 

Equation 6: Line resistance ..................................................................................................55 

Equation 7: Power ................................................................................................................55 

Equation 8: Power supply at hub ..........................................................................................56 

Equation 9: Operating cell temperature (Honsberg & Bowden, n.d.) ................................... 111 

 

Function 1: OutflrealHH – Determination of outflow at household .........................................58 

Function 2: InflrealHH – Determination of inflow at household ..............................................59 

 

  



xii 
 

List of Acronyms 

Acronyms for organizations 

Acronym Description 

ADB Asian Development Bank 

ARE Alliance for Rural Electrification 

BBC British Broadcasting Company 

BPDB Bangladesh Power Development Board 

ECA Economic Consulting Associates 

ECOWAS Economic Community Of West African States  

FAO Food and Agriculture Organization of the United Nations 

FSEC Florida Solar Energy Center 

GEF Global Environmental Facility 

GGBP Green Growth Best Practice 

GIZ German Technical Corporation 

GOB Government of Bangladesh 

GPOBA Global Partnership on Output-Based Aid 

GVEP Global Village Energy Partnership 

IDB Islamic Development Bank 

IDCOL Infrastructure Development Company limited 

IEA International Energy Agency 

IED Innovation Energie Dévelopement 

IFAD International Fund for Agricultural Development 

IRENA International Renewable Energy Agency 

JICA Japan International Cooperation Agency 

KFW Kreditanstalt für Wiederaufbau 

NRECA National Rural Electric Cooperative Association  

NREL National Renewable Energy Laboratory 

OECD Organisation for Economic Co-operation and Development 

PO IDCOL partner organization 

REB Rural Electrification Board  

SAPA-AFP South African Press Association 

SAPP Southern African Power Pool  

SE4All  Sustainable Energy for All 

UN United Nations 

UNDP United Nations Development Programme 

USAID United States Agency for International Development 

WB World Bank 

 

 

 



xiii 
 

 

 

 

Technical and scientific acronyms 

Acronym Description 

AC Alternating current 

DC Direct current 

Ah Ampere hour 

DOD Depth of Discharge 

GTI Global tilted irradiation 

K Clearness index 

kWh Kilowatt 

kWh Kilowatt-hour 

kWp Kilowatt-peak 

LED Light-emitting diode 

m Meter 

MG Mini-grid 

mm Millimeter 

MW Megawatt 

PCB Printed circuit board 

PPS Pico-PV systems 

PR Performance ratio 

PV Photovoltaic 

SG Swarm grid 

SHS Solar Home System 

SOC State of Charge 

SRS Solar Residential Systems  

V Volt 

Wp Watt peak 

 

  

https://en.wikipedia.org/wiki/Light-emitting_diode


xiv 
 

 

Other acronyms 

Acronym Description 

BDT Bangladesh taka 

DRC Democratic Rebulic of Congo 

GDP Gross Domestic Product 

GNI Gross National Income 

HDI Human Development Index 

HH Household 

LCOE Levelized Costs of Electricity 

LTS Large Technical Systems 

MDGs Millennium Development Goals 

NGO Non-Governmental Organization 

O&M Operations & Maintenance 

POs Partners Organizations 

RE Renewable Energies 

SG Sustainable Development Goals 

SSA Sub-Saharan Africa 

VBA Visual Basics Application 

WTP Willingness to Pay 

  



xv 
 

 

List of Abbreviations and Symbols 

Model 

Abbreviation Meaning Additional Explanation 

t Index for hour  

k Index for household  

Imaxt,k Maximum line current  Defined by maximal voltage drop and 

resistance of each household 

Uhub Hub voltage Defined by nominal feed-in and feed-out 

voltage 

Rk Resistance of each 

households’ conductor to the 

hub  

 

FlowXSG Name for procedure  In total 5 procedure exists (Flow1SG – 

Fow5SG) 

Isupk Line current of household 

with supply 

 

PsupHUBk Power a household can 

provide at the hub 

Defined by surplus and line losses or 

maximum line current and hub voltage 

Idemk Line current of household 

with demand 

 

PdemHUBk Power a household demands 

at the hub 

Defined by demand and line losses or 

maximum line current and hub voltage 

Pavloopt Sum of power households 

can provide in each loop 

 

nHHdem Number of households with 

demand 

 

InFlmaxHUBt Maximum inflow from hub to 

household at the hub 

Defined by the amount of power 

supplied to the hub and the number of 

households with a demand  

InflHUBloopk Flow to the households with 

demand at the hub in each 

loop 

Defined by the maximum inflow from the 

hub to the household or by the 

household demand at the hub 

InflHUBk The sum of loop inflows for 

each household in each hour 

at the hub 

 



xvi 
 

InFlSGt The sum of all loop inflows in 

each hour at the hub 

 

OutFlmaxHUBt The maximum outflow from a 

household to the hub at the 

hub  

Defined by the amount of power flowing 

to the households and the number of 

households with supply 

OutflHUBloopk Flow from  households with 

supply at the hub in each 

loop 

 

OutflHUBk

  

The sum of loop outflows for 

each household in each hour 

at the hub 

 

OutFlSGt The sum of all loop outflows 

in each hour at the hub 

 

OutflHHk Outflow from a household to 

the hub at the household for 

each hour 

Defined by the outflow from the 

household to the hub at the hub and line 

losses 

InflHHk Inflow from the hub to a 

household at the household 

for each hour 

Defined by the inflow from the hub to the 

household at the hub and line losses 

Llossk Line losses  

Irealk Line current for each 

household 

Defined by in- or outflow at the 

household and feed-in or feed-out 

voltage 

Uoutk Feed-in voltage  

Uink Feed-out voltage  

 



1 
 

1 Introduction 

Human-driven climate change and energy poverty are two of the biggest global challenges the 

global community faces today (Alstone, Gershenson, & Kammen, 2015). Without a paradigm 

shift in the current electricity system design neither of these two interlinked problems can be 

solved. 

The focus on a centralized electricity network has allowed billions of people to enjoy affordable 

energy services and enabled economies to grow. This apparent success has manifested grid 

extension linked with carbon-intensive electricity generation as the predominate design in 

providing energy access, in which most economies are today locked-in.  

Despite the knowledge on human-driven climate change the world struggles decoupling 

economic growth from carbon emissions. At the same time 1.1 billion people today have no 

access to electricity (SE4All, 2015). Not only can they not participate in the global economy 

but they are one of the first to suffer from the climate change impacts.  

The twofold challenge of reaching universal affordable energy access and at the same time 

mitigating climate change can only be overcome by a paradigm shift from a centralized grid 

based system design towards a decentralized energy system which utilizes locally available 

renewable energy sources.   

“Conventional energy technologies and deployment approaches cannot be relied upon to 

eliminate energy poverty in Africa. Innovations in energy access are necessary.” 

 (Agbemabiese, Nkomo, & Sokona, 2012) 

Past technical innovations resulted in the existence of renewable energy technologies such as 

photovoltaic, micro hydro power, biomass gasification and wind power. These technologies 

are mature and often possess lower levelized costs of electricity than fossil fuel based system 

such as diesel generators. Hence the challenge today is not to find ways of generating 

electricity in an environmentally acceptable manner but how to disseminate and operate these 

technologies in a financially sustainable way in rural areas in developing countries. Thus 

Agbemabiese et al. point out that not only new energy technologies but deployment 

approaches are required to reach the goal of universal energy access.      

Between today and 2050 the population’s size of the African continent is projected to double. 

Already today the continent has the lowest rural electrification rate worldwide and lacks behind 

in reaching the Millennium Development Goals. The New policies scenario of the IEA estimates 

that the increase in electrified households in Africa will be outpaced by population growth, 

making it the only region with an increasing number of un-electrified households until 2030. 

Without new policies, funding and innovations, by 2030 1 billion people will be without access 

to electricity, most of which will live on the African continent (IEA, 2014 b). 

Innovation in the energy field and dissemination of new technologies are taking place in 

developing countries today. Small stand-alone systems such as PicoPV and Solar Home 

Systems (SHS) are successfully distributed in a financially sustainable way. The IDCOL SHS 

program of Bangladesh is an impressive example of how innovation in energy technology 

deployment approaches can rapidly scale-up the number of households with at least a low 

level of electricity access. PicoPV systems and SHSs however have their limitations as they 

can only provide a small amount of power. Mini-grids are another decentralized approach 

having the advantage of providing a larger output and thus the possibility of supplying 
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commercial loads such as machines for milling corn. In the Energy for All case the IEA 

prospects that 65% of the people that cannot be electrified cost-effectively by grid extension in 

2030 will be supplied by such Mini-grids (IEA, 2011, p. 21). Yet until today the deployment of 

MGs has not yet proven to be a success story, mainly due to a lack of private investments. 

All currently existing approaches – small stand-alone systems, Mini-grids and national grid 

expansion – have their advantages and limitations. This is where the evolutionary approach 

and swarm grids come into play. The evolutionary approach builds on the idea of not building 

a static system but a system which can grow with the customers’ electricity demand. A 

household can start with an SHS, then be part of a Mini-grid and later on, when an appropriate 

demand level has been reached, get connected to the national grid. Swarm electrification 

allows for implementing such an evolving system. Swarm grids turn the common top-down 

approach of supplying electricity upside down empowering individual households to generate 

electricity themselves and engage in local energy trade. It builds on existing SHS and allows 

households to share their electricity by interlinking them. The benefits are a reduction of wasted 

excess energy, the possibility of powering productive loads and the opportunity for households 

to trade electricity and thereby earn an income. Swarm electrification has the potential of being 

one of the innovations needed for reaching universal energy access. However, the 

development is still at a very early stage and a lot of questions regarding its feasibility and 

viability as well detailed design exist.  

By developing a model which can simulate the electricity flow between households a 

quantitative research approach has been chosen with the aim of validating some of the 

assumptions the swarm electrification builds on, answering existing research questions and 

creating a first prototype of a tool that can support the scale-up of swarm grids. The model 

allows for simulating the electricity in a swarm grid of arbitrary size on an hourly basis, taking 

into account different households demand patterns, different distances between households 

as well as local solar radiation. In order to obtain data for the model, to gain insights into the 

challenges of rural electrification in developing countries and to learn about the successful 

IDCOL SHS program a field trip to Bangladesh took place.  

The thesis is divided into three main parts: 

Part A: Need for innovation in rural electricity access 

Chapter describes the necessity of electrification access and provides an overview on 

the current electrification status worldwide.    

Part B: Approaches to rural electrification  

Chapter 3 looks into the currently implemented approaches to rural electrification. Here 

the history and motivation for shifting from a centralized electricity provision paradigm to 

a decentralized approach is described. Alongside some of the most important energy 

technologies and systems are presented. The chapter is concluded with a comparison 

of the advantages and disadvantages of the state-of-the art electrification concepts. 

Chapter 4 describes the rational of the evolutionary approach and the role of swarm grids 

in realizing this concept.   

Part C: Quantifying the potential and benefit of swarm electrification 

This part begins with the description of the model and the core procedures (chapter 5). 

In chapter 6 insights into the field trip to Bangladesh are provided and the data obtained 

are introduced. The final chapter presents the simulation results obtained from the model 
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based on the data collected in Bangladesh. The simulation results allow for answering 

some of the existing research questions and present the functionality of the developed 

model.  

This work is concluded with a summary of the development in rural electrification and the 

simulations results obtained and an outlook on the role swarm electrification can play in 

achieving the goal of universal energy access.  
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Part A: Need for innovation in rural 
electrification 

 

“Conventional energy technologies and deployment approaches 

cannot be relied upon to eliminate energy poverty in Africa. 

Innovations in energy access are necessary.” 

(Agbemabiese, Nkomo, & Sokona, 2012) 
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2 Rural electrification in developing countries 

As the quote by Agbemabiese et al. presented on the previous page points out innovation in 

energy access is required in order to eliminate the energy poverty not only in Africa but also in 

other parts of the world. By describing the relevance of energy access for human development 

chapter 2.1 motivates the efforts in providing access to clean and affordable energy for all. 

Following in chapter 2.2 the current level and projections of electricity access in developing 

countries are presented. Chapter 2.3 then specifically focuses on rural electrification and 

describes the discrepancy in energy access between urban and rural areas.   

2.1 The importance of access to modern energy services 
The access to energy itself is not of value, but the resulting energy services such as lighting, 

cooling or heating. These energy services allow for satisfying basic needs such as health 

safety, food preservation and access to save drinking water. At the same time energy access 

can power commercial loads (e.g. mills and water pumps) and thereby provides a foundation 

for economic development. Many household appliances, e.g. lights, fans and machines for 

income generating activities, run on electricity. This is why this work focuses on innovation for 

scaling up electrification as one form of access to clean modern energy. However, the fact that 

more than 4 million people die prematurely from illness attributed to air pollution from cooking 

with solid fuels (WHO, 2014) clearly points out the need for innovation in all forms of energy 

access. 

The relevance of electricity access becomes obvious when correlating it to indicators for 

human development. Alstone et al. analyzed the correlation of the fraction of people with 

electricity access with the achievement of the Millennium Development Goals (MDGs) as well 

as with the ranking on the Human Development Index (HDI)1. Figure 1 presents the relation 

between the HDI and electricity access. It is notable that most of the countries located in the 

lower left corner are countries in Sub-Saharan Africa. This region has not the lowest electricity 

access ratio. Also out of 25 nations at the lower end of the HDI 24 are on the African continent 

(SAPA-AFP, 2013). 

                                                
1 The HDI is a composition of average achievements in key dimensions of human development. It 
combines life expectancy at birth, education (years of schooling) and gross national income per capita 
(UNDP, 2015). 
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Figure 1: Electricity access and HDI (Alstone, Gershenson, & Kammen, 2015) 

More in-depth insights into the relation of electricity access and human development can be 

found by correlating electricity access and the MDGs (see Figure 2).  

 

Figure 2: Electricity access and MDGs (Alstone, Gershenson, & Kammen, 2015) 

The upper left graph in Figure 2 represents the correlation between gender parity in tertiary 

education and electricity access. The more people have access to electricity the higher the 

percentage of women enrolled in higher education institutions. Electricity access relieves 
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women of fuel and water collection tasks (ADB, 2015) and thus allows them for example to 

reach a higher education. Hence energy access supports reaching the third MDG, which is the 

promotion of gender equality and empowerment of women (Millennium Project, 2006). 

Electrification access also supports achieving the second MDG of universal primary education 

by providing light and communication tools (upper right graph of Figure 2). By enabling 

increased productivity and food preservation, electricity access decreases poverty and hunger 

(MDG 1) and by powering modern medical equipment and refrigeration of medicine also 

reduces the maternal mortality ratio (MDG 5). These examples show why a strong consensus 

exists for energy access being vital in attaining the MDGs, even though clean and affordable 

energy services are not explicitly mentioned in the MDGs (Bawakyillenuo, 2011). However, 

this changes for the successor of the MDGs, the Sustainable Development Goals (SDGs). The 

SDGs include Goal number 7 which is to “Ensure access to affordable, reliable, sustainable 

and modern energy for all” (UN, 2015 d).  

Motivated by the relevance of modern energy service access for sustainable development in 

2011 the Sustainable Energy for All (SE4All) initiative was launched by UN Secretary-General 

Ban Ki-moon with the vision of making sustainable energy a reality for all by 20302 (SE4All, 

2013). The importance of the SE4ALL initiative becomes obvious by looking at the current rural 

electrification rate in developing countries which is analyzed in the following chapter.   

2.2 Access to electricity   
According to the SE4All Global Tracking Framework report 2015 a deficit of 1.1 billion people 

exists today (SE4All, 2015). Although an additional 1.7 billion people will obtain access to 

electricity in the next 15 years, these gains will be partially off-set by population growth. 

According to the New Policy Scenario3 of the World Energy Outlook 2013 1 billion people will 

still be without access to electricity by 2030 (IEA, 2014 b).   

                                                
2 The SE4All initiative has three core objectives: 1) providing universal access to modern energy 
services; 2) doubling the global rate of improvement in energy efficiency; and 3) doubling the share of 
renewable energy in the global energy mix (SE4All, 2013). 
3 The New Policies Scenario takes countries policy commitments and plans into account including 
pledges to reduce GHG emissions and phase out fossil-energy subsidies (OECD/IEA, 2015). 
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2.2.1 Distribution of electricity access 

 

Figure 3: Electricity access (ECOWAS, 2014) 

When looking at where most of the people without access to electricity live it becomes apparent 

that Sub-Saharan Africa and Developing Asia are the two regions lacking behind most (see 

Figure 3). According to the World Energy Outlook almost 97% of people without electricity 

access live in those two regions (IEA, 2015).   

The IEA New Polices Scenario predicts that in Developing Asia the situation will improve by 

2030 almost cutting the number of people without access to electricity in halve, whereas in 

Sub-Saharan Africa the number of households with electricity access will increase but is 

outpaced by population growth and therefore resulting in an overall higher number of people 

without electricity access (see Table 1).   

Table 1: New Policies Scenario - Number of people without electricity access (IEA, 2014 b) 

 Without access to electricity [in 

Mio.] 

 2011 2030 

Developing countries 1257 969 

Africa 600 645 

Sub-Saharan Africa 599 645 

Developing Asia 615 324 

Latin America 24 0 

Middle East 19 0 

World 1258 969 
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2.2.1.1 Access to electricity in Africa 

Today almost half of those without electricity access live in Sub-Saharan Africa (SSA) (see 

Figure 3). The overall national electrification rate in Africa is 43% and in SSA it is 32% (IEA, 

2015). Figure 4 reveals that the electrification rate in most SSA countries is below 30%.  

 

 

Figure 4: Electrification rates in Africa (Jochem, 2013) 

The lack of power availability on the continent is revealed when comparing it to other 

developing countries and when analyzing which services the current system can provide. The 

per capita power consumption per year is at 124 kilowatt hours and falling, which is a tenth 

elsewhere in the developing world and allows only for powering one 100-watt light bulb per 

person for three hours a day (WB, 2013).  

As already described above, according to the New Policy Scenario by the IEA the energy 

poverty in SSA will further increase. The reason for this can be found in the population 

increase. According to the UN World Population Prospects Revision 2015 report the population 

increase in Africa outreaches the global average by far. In the next 35 years the population on 

the African continent is expected to grow by more than 40%. The electrification cannot keep 

up with this development thus it is expected that by 2030 the amount of people living in SSA 

without access to electricity will increase to 645 million (see Table 1), making it the only region 

in the world in which the access to electricity deteriorates (IEA, 2014 b).  

2.2.1.2 Access to electricity in Developing Asia  

Compared to Sub-Saharan Africa the electrification rate in Developing Asia is with a 

percentage of 83 much higher (IEA, 2015). Yet, when looking more closely large differences 

can be found among the countries. Whereas China has reached a national electrification rate 

of almost 100% and India of 75%, countries like Cambodia (34%), Myanmar (32%) and DPR 

Korea (26%) are lacking behind (IEA, 2015). And despite the relatively high electrification rate 

of India (75%) and Bangladesh (60%) (IEA, 2015), due to their large population size, more 

than half of the people worldwide without access to electricity live in those countries (366 

million).  
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2.3 Rural electrification 
Wide disparities in electricity access do not only exist across regions but in rural versus urban 

areas as well (ECOWAS, 2014, p. 21). The large majority (85%) of people without access to 

electricity live in rural areas (Pauser, Fuente, & Djerma, 2015, p. 1). Grid-extension used to be 

the pre-dominate electrification approach (see chapter 3.1 for detailed description). However 

due to the distance to grid lines and the low consumption of the households in rural areas grid 

extension is in many cases not cost-effective. Therefore, not surprisingly, many of the 260 

million unserved rural households reside in isolated communities far from the national 

electrification network (WB, 2008, p. 3).  

Typically grid electricity extends to households within 70 m of the existing grid, unless the 

households themselves are able to pay for the conductor and for the poles (Sweco, 2009, p. 

46). Therefore a “significant proportion of potential consumers do not get access to electricity 

even in “electrified” areas” (Sweco, 2009, p. 46). As a result, the number of unserved rural 

communities might even be undercounted as in some countries a community is regarded as 

electrified once a low-voltage line passes through connecting a minimum number of 

households to the national grid. In the Philippines, for example, a community is categorized as 

“electrified” regardless of the number of households when 25 connections exist (WB, 2008, p. 

3). 

2.3.1 Africa 

With a rural electrification of 14.2% SSA is the most energy poor rural area in the world 

(Pauser, Fuente, & Djerma, 2015, p. 1). Out of 50 countries in SSA 24 have a rural 

electrification rate of below 10%. The lowest rates can be found in Burkina Faso (2%), Central 

African Republic (1%), Chad (0%), DR Congo (1%), Gambia (2%), Guinea (3%), Liberia (0%), 

Mauretania (2%), Sierra Leone (1%) and South Sudan (0%).  

Figure 5 presents the electricity access rates in the ECOWAS member states, clearly showing 

the large differences in electricity access within countries.  

 

Figure 5: Electricity Access Rates in ECOWAS Member States 

2.3.2 Asia 

Developing Asia also has a wide disparity between urban and rural electrification rates. The 

urban electrification rate amounts to 95% whereas the rural electrification rate is at 74%. A few 
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countries with a rural electrification of below 20% rate exist: Cambodia (18%), DPR Korea 

(11%) and Myanmar (18%). 

2.3.3 Consequence of low electrification rate in rural areas 

As described in chapter 2.1 the access to energy services has a profound impact on the 

economic and human development. The low electrification rate in vast rural areas in developing 

countries therefore goes hand in hand with a low level of human development. For instance, 

in rural areas the child mortality is 1.7 times higher than in urban areas (UN, 2015 b, p. 34), 

people are less likely to have access to improved water and sanitation facilities (UN, 2015 b, 

p. 59) and the average out-of-school rate in rural areas was twice as high between 2008 and 

2012 (UN, 2015 b, p. 26).  

The lack of electricity access also limits the ability to derive higher returns from agriculture as 

many irrigation systems and value-adding processing equipment require electricity 

(Gershenson, et al., 2015, p. 12). In addition, businesses are unlikely to settle in rural areas as 

they identify electricity and finance access as the biggest obstacles and both are poor in rural 

areas (see Figure 51 in Appendix A). This barrier to economic development limits the 

disposable income for investments into modern energy access resulting in a vicious circle 

where households are trapped in poverty. The energy disparity between countries or regions 

and the resulting disparity in development leads to problems such as rural exodus (ARE, 2011, 

p. 5) further harming economic development.  

2.4 Conclusion 
Chapter 2.1 has described the importance of modern energy access for human development. 

In chapter 2.2 the electrification rate in developing countries and especially Sub-Saharan Africa 

and South-East Asia has been examined. The low electrification rate in rural regions in 

developing countries is one of the major barriers hindering human development represented 

by the low score of the HDI.  

The United Nations targets through the SE4All initiative to achieve universal access to 

electricity by 2030. The investment estimations for reaching this goal are estimated to be nearly 

US$1 trillion or on average US$48 billion per year (IEA, 2012, p. 529). At the SE4All Forum 

the UN Secretary-General’s Special Representative and SE4All chief, Kandeh Yumkella said: 

“How do we convert commitments to kilowatt hours for real people? […] This is not about 

charity. This is about markets and investments.” This quote points out the two main questions 

that need to be answered for reaching universal energy access:  

 How to cost-effectively provide access to clean, secure and affordable energy, mainly 

electricity?    

 From what source can the dissemination of the required energy technology be funded 
(e.g., private investors)? 
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Part B: State-of the art approaches 
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“How do we convert commitments to kilowatt hours for real 

people?” 

(Kandeh Yumkella, UN Secretary-General’s Special Representative and SE4All chief) 
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3 State-of-the-art approaches to rural electrification 

This chapter presents different approaches for providing “real people” living in rural areas with 

(kilo-) watt hours. Figure 6 presents an overview on rural electrification concepts. Generally 

speaking there are two main options of providing electricity access: the centralized and the 

decentralized approach (UNDP, 2010, p. 1). The centralized concept follows a top-down 

approach undertaken by few stakeholders such as governmental entities (e.g., state-owned 

utilities monopolists or rural electrification and energy agencies (Tenenbaum, Greacen, 

Siyambalapitiya, & Knuckles, 2014, p. 1)). In a centralized approach customers play a passive 

role (Van der Straeten, Friederici, & Groh, 2014, p. 141). The decentralized electrification 

concept can be divided into a top-down and a bottom-up approach. Grid connected solutions 

such as Mini-grids are usually implemented top-down whereas stand-alone system and the 

concept of swarm electrification introduced in chapter 4 can be considered to be a bottom-up 

approach in which the consuming households play an active role, they become “prosumers”.  

 

Figure 6: Overview rural electrification concepts 

In order to overcome the low level of electrification especially in rural areas national 

electrification strategies have been developed by most governments in Sub-Saharan Africa 

including a recommendation for a two-track approach to grid-based electrification access 

(Tenenbaum, Greacen, Siyambalapitiya, & Knuckles, 2014, p. 1). The idea is to simultaneously 

pursue a centralized track and a decentralized one that promotes isolated Mini-grids 

(Tenenbaum, Greacen, Siyambalapitiya, & Knuckles, 2014, p. 285). Both tracks are presented 

in the following paragraphs. Chapter 3.1 describes the history of the centralized approach and 

the barriers grid extension faces whereas chapter 3.2 presents options for decentralized 

electrification. 

3.1 Centralized Approach  
The centralized approach to electrification has and still is in many countries the dominant 

design that has been manifested into a paradigm over decades. As Van der Straeten et al. 

state the conception of grid-based energy infrastructure follows the “Western perspective of a 
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centralized, supply-driven approach [in which] state-owned monopolists or a few big utilities 

provide ubiquitous infrastructure services” (Van der Straeten, Friederici, & Groh, 2014, p. 141).  

The central grid development followed the evolution of a Large Technical System (LTS), which, 

in case to much momentum has built up is in a locked-in situation and unable to overcome 

barriers (reverse salient) for further expansion. The LTS concept, momentum and reverse 

salient that are used in the following to describe the central grid paradigm are explained in the 

Appendix B. To understand why the grid extension has been and in many countries still is the 

dominant design the history of centralized electrification is shortly introduced in the following.  

3.1.1 History of centralized electrification 

Thomas Edison not only invented a commercially viable incandescent light in 1879 which 

proved to be practical and affordable for home illumination4, but also demonstrated the 

feasibility of distributing electricity from a centrally located generator, developed the first 

commercially power utility, Pearl Street generating station, and the first electric meter 

(Energy.gov, 2013). He did not only create an improved appliance but designed the entire 

system required to power the appliance. Edison’s inventions where based on direct current 

suitable for realizing his vision of a distributed infrastructure with a number of small power-

generation plants. However the increasing demand for electricity to power streetlights, cable 

cars and factories allowed for economies of scale in case of centralized electricity generation 

(Chameides, 2009). With such a centralized generation strategy came along the challenge of 

efficiently transmitting electricity over longer distances. The alternating current (AC) system 

developed by Nicola Tesla allowed for an easy conversion to higher or lower voltages in order 

to reduce loses in transmission using transformers.5 The development of large-scale 

generation capacity such as steam turbines, and the introduction of transformers and high 

voltage lines further manifested the dominance of the centralized power generation approach 

in the last century (GVEP, 2011, p. 1). As the centralized system grew it gained momentum. 

Every transmission line and every centralized generation plant as well as all utilities, 

employees, and advanced knowledge added to the mass of the system ensuring its steady 

growth and maintaining its direction.  

After the system had grown the last stage of the LTS development took place: the technology 

transfer in which the system is exported to different environments (van der Vleuten, 2009, p. 

219). Not long after the technology to produce and distribute electricity had been developed in 

Europe and North-America as part of the colonization it came to Africa (Marwah, 2013, p. 7). 

The establishment of infrastructure in the colonies was a prerequisite for the colonists’ 

ambitions of economic growth. It is not surprising that by the end of the colonial period in Africa, 

hardly any electricity access outside of major cities existed. The colonial governments had 

mainly invested in generation facilities in colonial settler communities and in a few places in 

large power facilities to supply the demand for mines and industrial plants (Marwah, 2013, p. 

8). Still today some of these investments play an essential role. The backbone of the Southern 

African Power Pool (SAPP) grid for example was developed by colonial powers in countries 

with significant mining and industrial activities such as South Africa, Zambia, and DRC (ECA, 

2009, p. 6).  

                                                
4 By improving the light’s filament Edison was able to allow a lifetime of the lamps of up to 1200 hours. 
5 In 1886 George Westinghouse founded Westinghouse Electric in order to utilize Tesla’s alternating 
current (AC) technology and with his centralized electrification approach directly compete with Edison’s 
vision of a decentralized infrastructure (IUPUI Department of Physics, 1998). 
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After WW2 the paradigm of centralized grid extension was further adapted in developing 

countries (GVEP, 2011). The idea of rural electrification being a catalyst for rural development 

dominated development economics of the 1950s to the 1970s. This idea in combination with 

apparent foreign experiences showing that “supply of power creates its own demand” 

(Hirschman, 1967, p. 69) motivated the adoption of the centralized electrification approach and 

implementation of a building ahead of demand strategy. In an effort to replicate the experiences 

made in western societies, massive extension of infrastructure in Africa such as electricity and 

railroad networks took place in order to open up rural areas.  

3.1.2 Reverse salient of centralized grid extension 

The push for a massive grid extension and building ahead of demand strategy overlooked or 

ignored local conditions such as dispersed rural population, a low purchasing power and limited 

load growth (Kirubi, Jacobson, Kammen, & Mills, 2008, p. 1209).  

The household density in rural areas is by definition lower than in urban areas. Lower density 

means larger distance between the households and thus fewer households existing to pay for 

each kilometer of grid to be built. On average the population density per square kilometer in 

SSA is 29 persons which is only one-tenth of that in South Asia (WB, 2007, p. 55). The low 

level of electrification rate in Sub-Saharan Africa compared with other developing countries, is 

at least partially caused by SSA’s relatively low population density.  

In addition to the lower household density a rural-urban income gap exists. Of the 1.4 billion 

people who live in extreme poverty6 two thirds reside in rural areas of developing countries 

(IFAD, 2010, p. 9). For 70% of people living in rural areas agriculture is the main source of 

employment (WB, 2015 a) often resulting in a low and irregular income.  

As many of the rural households have a low level of income they have a small energy demand. 

Many might just power a light or radio. For a grid extension to be viable a critical demand is 

needed to keep the costs per kilowatt hours of grid extension at a reasonable level which is 

affordable for the customer (ARE, 2011, p. 5).  

The large distance to the next grid line is another factor for low electrification as it results in 

higher investment costs and transmission losses. Difficult terrains such as rivers, forest areas 

or mountains add to the complexity of grid extensions and further increase the investment 

costs (ARE, 2011, p. 5). 

A low household density in combination with low and irregular income flow and small energy 

demand makes it extremely difficult to recover investments made into infrastructure. These 

“characteristics [are] economically unattractive to potential private-sector energy providers or 

even government electrification programs that must prioritize the allocation of scarce 

resources” (WB, 2008). The described conditions constitute reverse salient in the electricity 

system hindering its further expansion. Due to these barriers and despite great efforts the 

progress of grid expansion has remained slow yet the built up momentum manifests the top-

down centralized approach paradigm.  

3.1.3 Case study: Grid extension in Bangladesh 

Bangladesh gained independence from Pakistan in 1971 and had to establish a completely 

new set of public institutions. From an early beginning on the new government of Bangladesh 

(GOB) emphasized the importance of providing rural electrification “so as progressively to 

remove the disparity in the standard of living between the urban and rural areas”. With the help 

                                                
6 Less than US$1.25 a day (IFAD, 2010, p. 9) 
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of donor organizations such as USAID the GOB established the National Rural Electric 

Cooperative Association (NRECA) in 1977 which created a master plan for providing all rural 

inhabitants with electric power by establishing a central transmission grid. Since 1977 when 

less than 10% of Bangladesh was electrified the Rural Electrification Board (REB) constructed 

a grid system with more than 200,000 km of lines (Waddle, 2007). Today the national 

electrification rate is at more than 60% (50% due to grid extension and 10.5% due to SHS) 

(GPOBA, 2015). However, a wide disparity exists: In urban areas 90% have access to 

electricity and in rural areas only 42% (WB, 2014 b, p. 2). Due to the dispersed nature of the 

rural settlements, the many rivers as well as the hilly regions the further grid extension is 

difficult and complex (WB, 2014 a). The extension has also been slowed down by fuel 

constraints and generation capacity shortages (GPOBA, 2015). According to Asaduzzaman 

this lack of generation has thwarted the efforts at reaching electricity to rural areas through the 

REB (Asaduzzaman, et al., 2013). However, not only the grid extension is lacking behind but 

also the grid performance as load shedding takes place on a regular basis. In 2013, the 

generation capacity of 6500 MW was significantly short of the peak demand of roughly 8350 

MW (WB, 2014 b, p. 2). 85% of the electricity is generated using natural gas and despite an 

increased gas production of 100% between 1998 and 2008 the country faces gas shortages 

(ADB, 2015, p. 7).  Out of 144 countries Bangladesh is ranked 134th on quality of electricity 

supply, which has been identified in the Global Competitiveness Survey as the most 

problematic factor for doing business in Bangladesh followed by corruption and access to 

financing (WB, 2015 b, p. 1). 

The Government of Bangladesh set up the goal of providing reliable, quality access to 

electricity at an affordable price to all by 2020. At the same time its Renewable Energy Policy 

states the goal of achieving 5% of total energy production from RE by 2015 and 10% by 2020 

(BPDB, 2011). Both goals cannot be achieved with the fossil fuel based centralized approach, 

but requires a decentralized electricity generation strategy.   

3.2 Decentralized Approach  

3.2.1 Introduction 

The decentralized electricity production is the counterpart of the centralized approach 

described in the previous chapter. Instead of generating electricity in large central power 

stations such as fossil fuel condensing plants, nuclear power plants or large hydro power 

stations the electricity production is distributed using mostly locally available renewable energy 

sources. Decentralized power systems generate power to supply local energy needs. The 

following quote by Kuntoadij illustrates this shift: “Renewable energy is a powerful tool to 

reconnect the community with local resources. But to do this, we need a paradigm shift from 

centralised power generation to decentralised power generation.” (IRENA, 2015, p. 21). These 

decentralized systems can be categorized as grid-connected or independent island systems 

as well as based on their type of energy resources utilized, renewable or non-renewable 

(Kaundinya, Ravindranath, & Balachandra, 2009). Renewable energy technology such as PV, 

micro hydro turbines and wind turbines play a major role in the transition from centralized to 

decentralized power production.  

This work focuses mainly on PV. PV has seen a great reduction in costs and has therefore 

become a widely available and affordable energy technology. Additional advantages are its 

expandability and variety in size. Households can easily start with one PV module and add a 

second one later on once the demand has increased. Nevertheless in general the combination 



18 
 

of different forms of renewable energy sources has the advantage of increasing the supply 

security and should especially in Mini-grids be considered.  

In contrast to the national grid extension the decentralized approach is mainly implemented by 

nongovernmental entities such as cooperatives, communities, and private entrepreneurs 

(Tenenbaum, Greacen, Siyambalapitiya, & Knuckles, 2014, p. 1). As Kuntoadij said 

transitioning from a top-down centralized towards a bottom-up decentralized approach can be 

considered as a paradigm shift in rural electrification. Such a shift requires enough outside 

forces to break the path dependency built in the large technical system of centralized electricity 

production.  

3.2.1.1 Motivation 

The interest in decentralized electricity generation has grown over the last twenty years 

(GVEP, 2011) motivated by an increase in knowledge as well as market development:  

 Since the 1980s studies have shown that electricity access itself cannot bring rural 

development (GVEP, 2011). The centralized grid extension approach has the possible 

advantage of supplying an almost unlimited amount of electricity and when not 

considering blackouts ensures a high reliability. However, this high level of service 

comes at high costs, which in case the economic development lags behind risks cost 

recovery. Therefore often the building ahead of demand strategy failed and resulted in 

excess capacity (Hirschman, 1967, pp. 68 - 69). 

 The reverse salient of low and irregular income as well as a low demand level has been 

identified in paragraph 3.1.2. It therefore can be concluded that for grid extension to be 

viable often a large industrial consumer is required (Sweco, 2009, p. 7). Yet especially 

in rural areas such large industrial consumers are scarce and thus grid extension is not 

viable. On the contrary without grid extension and therefore relatively secure supply of 

electricity these large industrial consumers will not establish. 

 Due to technical developments and mass production, prices for small stand-alone 

systems have declined in the last years. Some SHS are even affordable for a full cash 

payment for middle and low-income groups in developing countries (ARE, 2011, p. 12). 

 The energy efficiency of basic household appliances has significantly increased. The 

luminous efficacy7 has developed greatly over the last 150 years. Today white LEDs 

allow 150 lumen per Watt. Prices of LED lights in developing countries are still high but 

decreasing. This development is crucial as light is one of the most essential energy 

services. Thanks to the high efficacy of LEDs lighting can be powered by PV panels 

with a couple of watts power instead of 20 to 30 watts systems needed when only 

incandescent lightbulbs were affordable (Bullis, 2012). The fuel cost savings when 

switching from petroleum lights to LEDs quickly pay for the investment costs of the 

LED. According to the UN the payback period in most countries is less than a year (UN, 

2013). 

 Climate change: The centralized approach builds mainly on large fossil fuel power 

plants. These power plants have high investment costs which once they have been 

made add to the previous described LTS momentum creating a carbon lock-in. A 

decentralized energy system if built on renewable energy technology can lead to green 

                                                
7 The luminous efficacy of a light source is defined as the light source’ lumen value against energy 

consumption (Glamox Luxo Lighting Ltd). 
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growth in developing countries decoupling greenhouse gas emissions from economic 

development, which is the prerequisite for climate change mitigation.  

3.2.1.2 History 

Just as DC has existed from a very early stage on, decentralized energy systems have co-

existed alongside the grids for half a century. According to Lysen one of the earliest PV 

systems in a rural setting has been installed in Chile in 1960 (Lysen, 2013, p. 7). Another 

example is the Rural Energy Demonstration Centre in the Sri Lankan village of Pattiyapola 

which has been initiated by the UNEP in 1975 with PV, wind turbines and a biogas system 

(Gunaratne, 2002).  

However in the early development stage these systems performed unreliably because of poor 

design, high maintenance requirements and were more or less forced upon the village 

inhabitants (Lysen, 2013, p. 7). Later in the 1980’s individual solar PV systems for rural 

applications were introduced in the Philippines, the Dominican Republic and Indonesia but also 

in Africa. In Latin America the systems were introduced by donors and NGO’s and were usually 

properly engineered. In Africa on the other hand the first systems sold for cash on the market 

(Lysen, 2013, p. 7). 

The price development of PV systems has pushed decentralized systems in a position where 

they cannot only provide electricity in remote areas but achieve grid parity. For example over 

a period of 23 years the net-price regression of PV rooftop-systems in Germany amount to 

89%. In 1990 a kWp costed 14,000 Euros which in 2013 had reduced to 1350 Euros. This cost 

reduction resulted mainly from economies of scale and progress in research (Fraunhofer ISE, 

2014, p. 9). The price decrease makes decentralized systems based on PV more and more 

economically viable for rural electrification purposes.   

3.2.2 Stand-alone power systems 

3.2.2.1 Definition 

As the name suggests a stand-alone power system is an off-grid8 autonomous or hybrid system 

(USA Department of Energy). The load can be supplied by renewable energy technologies 

(e.g.,micro-wind turbine, PV module, micro-hydro power plants) or from a diesel generator. In 

the following chapters only PV powered systems are presented. According to their power 

dimensions the solar systems can be grouped in PicoPV systems (PPS), classical Solar Home 

Systems (SHS) and Solar Residential Systems (SRS) (ARE, 2011, p. 9). In the following the 

different systems are described in detail. 

3.2.2.2 PicoPV systems (PPS) 

Design 

With a PV panel capacity of usually 0.3 to 10 Wp (Lysen, 2013) PicoPV systems are the 

smallest of the PV stand-alone systems. As presented in Figure 7 the systems are powered 

by a PV module and are equipped with a rechargeable battery and a charge controller (Lysen, 

2013).   

                                                
8 Off-grid means not connected to the national grid or a Mini-grid. 
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Figure 7: PicoPV System (PPS) (IED, 2013) 

According to Lysen each Wp of a fixed PV panel system can, under ideal circumstances and 

in sunny areas, produce up to 5 Wh per day (Lysen, 2013, p. 19). Portable PicoPV systems 

have a lower output ratio because their panel might not be in an optimal position or shaded. 

Therefore an output of about 3Wh per day9 seems to be realistic (Lysen, 2013, p. 19).  

Costs 

The costs of the smallest systems range from US$10 to US$50, which is in reach for a growing 

part of population living in remote areas (Lysen, 2013). The costs of SHS are much higher and 

therefore requiring more complicated business models (Lysen, 2013). Due to a substantial cost 

decrease for photovoltaic and battery systems as well as energy saving LED-lamps, Pico-PV 

kits have become affordable bridging technologies (Grimm, Munyehirwe, Peters, & Sievert, 

2014, p. 2). An additional benefit is expandability, which allows for adding additional capacity 

when the demand increases (Lysen, 2013). In difference to SHSs the consumers have little 

fear of being left out for grid connection if they install PicoPV systems (Reiche, Grüner, Attigah, 

Hellpap, & Brüderle, 2010, p. 5).  

Benefit 

Due to their low capacity PicoPV systems can only provide very limited energy services, either 

light or small additional services such as powering a radio and charging a mobile phone. 

Because of the limited output power PicoPV systems but also the bigger SHS are sometimes 

defined as pre-electrification (Reiche, Grüner, Attigah, Hellpap, & Brüderle, 2010). Yet PicoPV 

systems play an essential role in enhancing the development in rural areas. According to 

Reiche et al. “the welfare gain from electrification at household level is arguably largest after 

stepping from flame-based lighting to efficient electric lights.” (Reiche, Grüner, Attigah, 

Hellpap, & Brüderle, 2010).  

The economic benefit of switching from kerosene lamps, candles and battery-run torches, 

which are still the most common light sources used in non-electrified areas, to efficient 

fluorescent lamps is tremendous as the running costs of low-efficiency kerosene wick lamp 

and candle use is up to 150 times higher than for modern types of lighting (Reiche, Grüner, 

Attigah, Hellpap, & Brüderle, 2010, p. 6). 

                                                
9 When assuming a battery efficiency of 80% and that the electricity is consumed in the evening or night 

the available energy is roughly 2.5 Wh/day per Wp (Lysen, 2013, p. 19). A system with a maximum PV 

panel capacity of 10 Wp can provide a maximum yearly outcome of 9.125 kWh.   
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A fast market adoption has been driven by technical development and the simplicity of the 

system making it an over-the-counter consumer product, which does not need specific 

knowledge for installation (Plug & Play) or operations and maintenance (O&M) (Reiche, 

Grüner, Attigah, Hellpap, & Brüderle, 2010, p. 5). 

3.2.2.3 Solar Home Systems (SHS)  

Design 

The SHSs have a higher power output than PicoPV systems of up to 250 Wp (Rolland, 2011 

b, p. 10). Therefore they can power large loads, both DC and AC when an inverter is used. In 

a SHS the charge controller is the central component and responsible for the overall energy 

management. The charge controller manages the flow of electricity between the PV module, 

battery and load, ensuring that the Depth of Discharge (DOD) is not exceeded. The DOD 

determines the fraction of power that can be safely withdrawn from the battery (Bowden & 

Honsber, 2015). If the DOD is being exceeded this can damage the battery and decrease its 

lifetime.   

 

Figure 8: DC SHS (IED, 2013) 

Due to their higher power output SHSs can supply more and bigger loads than PivoPV 

systems. Common loads are lights (1 -3 W), TVs (12 V DC), fans.  

The common design principal for a PV system is to size it for the worst case scenario to ensure 

it is not failing at any time of the year. This means that the highest load and the month of lowest 

radiation should be used to determine the required PV size (Solanki, 2015, p. 439). The varying 

solar radiation during a year results in a different amount of available electricity and can lead 

to a considerable amount of surplus electricity that is wasted.     

Costs 

With a larger power output comes along a larger surface area and thus higher costs. Reiche 

et al. point out the large price varieties of SHS, which is caused by differences in market 

efficiencies and logistic expenses. The higher populated the area is the lower the SHS price. 

In areas with low population density a retailer might only reach a customer a day. The result is 

that a 50 Wp SHS incl. installation varies from US$400 to US$1000. The low end prices can 

be found in some Asian countries (e.g., US$440 in Bangladesh for a 50 Wp SHS (ARE, 2011, 

p. 12)) whereas the high end can be spotted in SSA (Reiche, Grüner, Attigah, Hellpap, & 

Brüderle, 2010, p. 5). 
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Benefit 

Thanks to its higher power output a SHS can supply besides lights additional appliances such 

as DC TVs and DC fridges. When powering DC loads instead of AC consumers with a SHS 

high energy efficiency can be reached as losses from DC/AC and AC/DC are eliminated.   

3.2.2.4 Solar residential systems (SRS) 

At the upper end of the stand-alone power systems Solar Residential Systems (SRS) can be 

found. SRS are large stand-alone PV systems which usually provide electricity to large 

individual installations such as public buildings (e.g., hospitals and schools) and commercial 

buildings (e.g., factories and hostels) (ARE, 2011, p. 10). The output power ranges from 500 

to 4000 W and in combination with a DC/AC inverter allows to power larger AC loads as well.   

3.2.3 Case study: Dissemination of SHS in Bangladesh 

Thanks to its IDCOL SHS program Bangladesh is a success story in rural electrification using 

PV (Sharif & Mithila, 2013, p. 345). In 1997 the Infrastructure Development Company limited 

(IDCOL) was established by the Government of Bangladesh as a government-owned financial 

institution with a mandate to foster private sector financing in the RE sector and infrastructure 

(Sharif & Mithila, 2013, p. 347) (IDCOL, 2014 a). In 2003 IDCOL initiated the SHS program 

which supplements the governments’ vision of reaching electricity access to all by 2021. The 

program receives financial support from the World Bank, GIZ, ADB and USAID among others 

(IDCOL, 2014 b). 

The structure of the program is presented in Figure 52 in Appendix C. The program is 

implemented through so called Partner Organizations (PO) of which 47 exist today. IDCOL 

provides refinancing and grant support and in addition technical assistance to the POs (IDCOL, 

2014 b). The before mentioned donors provide long-term zero interest loans which IDCOL then 

passes on to the POs at shorter terms and higher rates (GGBP, 2014). The IDCOL grants 

allow reducing the SHS costs for the individual households. IDCOL is also responsible for 

monitoring the implementation of the program, for which different committees exist. These 

committees select the POs and determine technical standards (Haque, 2012, p. 10). 

The POs provide the SHS systems to the households, are in charge of installation and 

maintenance and are collecting the monthly instalments. Table 22 in the Appendix C provides 

an example of the former financing structure of a 50 Wp SHS, which today only applies for 20 

Wp SHS. The buy-down grant provided to the households by IDCOL reduces the capital costs 

of the SHS. The amount of the buy-down grant has declined from US$70 in 2003 to US$20 

(for smaller systems only) in 2014. On the remaining unit costs the household has to make a 

down payment of 10 to 15%, the rest is covered by a loan provided by the POs. This loan is 

payable to the PO over three years at an interest rate of 6 to 12% (Khandker, et al., 2014, p. 

88). In the example presented in Table 22 this amounts to a monthly instalment of US$8.5.  

The IDCOL SHS program has resulted in a tremendous increase in SHS dissemination since 

2003 (see Figure 9). By May 2015 more than 3.7 million systems have been installed in 

Bangladesh (IDCOL, 2015). About 98% of the present SHSs have come through IDCOL 

(Khandker, et al., 2014, p. 88). Currently every month an additional 70,000 SHSs are being 

installed. The target is to have 6 million SHSs in place by 2016 (Islam, 2014, p. 6).  
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Figure 9: SHS growth rate in Bangladesh (ME SOLshare, 2014) 

In 2013 the most common SHS was the 50 to 55 Wp system, which had a total market share 

of 31%. However the number of smaller 20 Wp systems increased being the second most sold 

systems (detailed numbers can be found in Table 23 in Appendix C). This reduction in size 

partially is caused by an increasing efficiency of appliances such as lights.     

The IDCOL SHS program has successfully met major challenges in the scale-up of SHSs 

dissemination by combining a range of mitigation strategies.  

 The lack of awareness as a major barrier for the adoption of new technology has been 

overcome by using the extensive network of the POs, which also carry out education 

and communication.  

 The lack of quality assurance and the risk of maintenance and performance has been 

lowered by a technical standard committee, quality controls by IDCOL as well as linking 

the POs micro-credit payments, after-sales service and product warranties. The IDCOL 

website provides a list of approved SHS equipment as well as technical specifications 

for the system hardware defining for example the minimum cycle life of the battery and 

PV warranty (IDCOL, 2014 c).  

 The IDCOL SHS program has successfully increased the affordability of the SHS by a 

combination of capital buy-down grant and concessionary credits. These subsidies are 

declining as unite prices are due to increasing PO competition and advances in solar 

panel technology. It is worth mentioning that the subsidy has declined at a higher rate 

than the unit price (Khandker, et al., 2014, p. 88).  

3.2.3.1 Subsidies 

For most rural households investment costs are a major barrier for adopting new technologies 

even if they pay off in the long run. Figure 52 in Appendix C for example presents the average 

expenses of Grameen Shakti customers before and after acquiring a SHS. After less than 5 

years the households start saving a considerable amount of money. Despite the long-term cost 

benefit rural households often cannot pay for the investment costs of SHS without subsidies 

as their credit worthiness is low due to an irregular income and little collaterals. The IDCOL 

program demonstrates the important role of microfinance as a useful tool for making the market 

less price-sensitive and allowing for an emphasis on high-quality products that might have 

higher investment costs, but last longer (ARE, 2011, p. 12). “Bangladesh did not create a new 

technology to build this industry; rather, it has succeeded because it was the first place to find 
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a mechanism (microfinance) for putting the technology (solar PV) into the hands of the rural 

poor (Siegel & Rahman, 2011, p. 35). 

The challenge with determining the level of subsidies and allocating them lies in ensuring the 

positive impact described before and avoiding negative possible consequences of market 

distortion. As described in 3.1.3 also the grid extension in Bangladesh depends on financial 

aid from donor organizations such as USAID. Subsidies for SHSs and Mini-grids thus “level 

the playing field” and help overcome market imperfections. However, the risk exists that 

subsidies for selected technologies shift the market in their favor and delay the introduction of 

better alternatives.  

The IDCOL program follows the notion that a well-tailored microfinance scheme is adapted to 

the current expenses of the end-users but also to the loss of value of the system over time. In 

Bangladesh SHSs are standardized and a large second-hand market exists. The 15% down 

payment therefore reflects the costs of installation and de-installation (in case of payment 

failure) and the loss of value of the system directly after installation (ARE, 2011, p. 12). 

According to Khandker et al. household wealth, education of household members (especially 

of women) and pricing are the key drivers of SHS adoption. Therefore, it is not surprising that 

only 10% of households with low-to-medium landholdings adopted SHS whereas the rate was 

much higher for large landholders (Khandker, et al., 2014, p. 89). As described before 

subsidies are decreasing which in general is a good indicator for market development. 

However, the risk is that the poorer households will not be able to afford the market price 

(Khandker, et al., 2014, p. 90). Thus the subsidies must be designed in a way that allows for 

market efficiency but ensure poorer households are not excluded from the SHS adoption.  

3.2.3.2 Challenges 

Despite the existing IDCOL quality control according to Khandker et al. “the highly competitive 

nature of the environment in which the POs operate” results in a need to  

 ensure technical quality of installations,  

 enforce regulations on standards and specifications for hardware components, 

 improve after-sales service and training, 

 take action based on consumer feedback (Khandker, et al., 2014, p. 90). 

The most recent report on the World Bank Rural Electrification and Renewable Energy 

Development project P131263 which supports the SHS program of installing an additional 

1 million SHSs from 2012 until 2018 pointed out some currently existing challenges. The 

installation rate dropped from 50,000 per month to currently 45,000 and also the collection 

efficiency of the POs dropped from 96% of customers to 88% (WB, 2015 c).  

3.2.4 Grid-connected power systems: Mini-grids  

3.2.4.1 Definition 

For the term Mini-grid several definitions can be found. A differentiation to Micro-grids cannot 

clearly be made (Lilienthal, 2013). Building on several definitions Mini-grids can be described 

in the following way: 

A Mini-grid (MG) is a village-scale electricity distribution system, which is powered by local 

generation units both of renewable (e.g., PV, hydro and wind) and conventional nature (diesel).  

The system can provide a limited number of customers both households as well as businesses 

which require the electricity for productive use. Both, stand-alone mode as well as 

interconnected to the central grid when available are possible operation modes. The system 
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control is locally and the size can range from 1 kW to several hundred kW (Berkeley Lab, 2015) 

(Harper, 2013, p. 1) (Deshmukh, Carvallo, & Gambhir, 2013, p. 2). 

3.2.4.2 Benefit 

The major advantage of Mini-grids to SHS systems is their higher power output. The power 

can be used for energy-intensive hardware (e.g., mills) required for income generating 

activities as well as healthcare centers and telecommunication infrastructure. Thus they offer 

the prerequisite for economic development.   

Mini-grids can potentially be more cost-effective than SHS because of a benefit from 

economies of scales (Bhattacharyya & Palit, Introduction, 2014, p. 4).  

Not only can Mini-grids provide more power at potentially lower costs than SHS but also at a 

higher reliability. By combining the utilization of different energy sources generation 

redundancy can be created which leads to a higher service reliability.   

Mini-grids also provide more demand-side flexibility. Whereas in the SHS case the maximum 

amount of available energy is fixed in case of Mini-grids it can shift. During the day for example 

the Mini-grid can provide a mill or a health center with electricity and in the evening households. 

In case of a special event at one household, e.g., a wedding this household can use the 

electricity that usually would be used by its neighbors.  

3.2.4.3 Design of Mini-grids 

Energy source 

Mini-grids are very flexible in utilizing various energy sources. In the past they have built on 

diesel generators and mini-hydropower generators as a source of power. The high fuel 

availability, low upfront costs as well as the past perception of RE as unproven and prohibitively 

expensive technologies (Gershenson, et al., 2015, p. 15) led to the reality “that while there are 

a number of diesel based mini-grids […] there are extremely few Green Mini-Grids” (IED, 2013, 

p. 7).  

However increasing improvements in the cost and efficiency of renewable energy technologies 

paired with an increase in diesel prices shifts the Mini-grid design towards an increased use of 

micro-hydro, solar, wind, and biomass technologies (Gershenson, et al., 2015, p. 15). Already 

today despite high fuel subsidies in developing countries10 renewable energies present 

numerous competitive advantages. Most of the African countries have lower levelized costs of 

electricity (LCOE) for PV than diesel generators (Jochem, 2013). A further decrease in costs 

for RE technologies will make green Mini-grid systems more economically attractive and 

reduce the subsidies required (GVEP, 2011, p. 3) so that by 2040 two-thirds of the Mini-grid 

and off-grid systems in rural areas are expected to be powered by solar photovoltaics, small 

hydropower or wind (IEA, 2014 a, p. 14). 

Electricity distribution  

Usually in Mini-grids electricity is distributed on a low voltage level. This is sufficient as long as 

peak load does not exceed 60 kW (ESMAP, 2007, s. 42).  Depending on the grid topology the 

low level voltage line can be complemented by a medium voltage backbone in order to reduce 

transmission losses over some kilometers (Franz, Peterschmidt, Rohrer, & Kondev, 2014, p. 

124). A comparison of AC and DC technologies for Mini-grids can be found in Appendix D. 

                                                
10  e.g., half of all African countries subsidized fossil fuels in 2010-11 (WB, 2012) 
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3.2.4.4 Dissemination of Mini-grids 

The penetration rate of Mini-grids in most developing countries is low. China has, with 60,000 

schemes, seen the most progressive development followed by South Asia countries such as 

India, Nepal, Vietnam and Sri Lanka with 100 to 1000 Mini-grids each. The majority of these 

grids run on diesel or use hydro power generation and are operated by the government 

(Energypedia, 2015 b). Despite the currently low market penetration of Mini-grids the IEA 

expects them to play a major role in achieving universal electrification. In the Energy for All 

case11  the IEA estimates grid extension to be the most suitable option for all urban zones and 

30% of the rural areas. In the remaining 70% of the rural areas a combination of Mini-grids 

(65%) and stand-alone off-grid solutions (35%) is the most cost effective way of providing 

electricity (IEA, 2011, p. 21).  

Figure 10 provides an overview on the additional investment required to achieve the Energy 

for All case relative to the New Policies Scenario. In the Energy for All case Mini-grid 

electrification requires additional annual investments of US$12 billion per year (IEA, 2011, p. 

31). 

 

Figure 10: Annual investments required in the Energy for All Case (IEA, 2011, p. 22) 

3.2.4.5 Barriers to overcome in the scale-up of Mini-grids  

In order to reach the high number of Mini-grids expected in the Energy for All case major 

barriers must be overcome. The main hurdles for Mini-grid implementation and operation at 

present are not of technical nature but related to socio-economic, policy, regulatory, economics 

and financing issues (Franz, Peterschmidt, Rohrer, & Kondev, 2014, p. 8). A selection of these 

barriers is described below. 

System sizing  

When a Mini-grid is planned and implemented as a static system demand assessment is key 

to proper system sizing and recovery of investment costs. Such demand prediction is 

especially challenging when people do not have any personal experience with electricity 

(Franz, Peterschmidt, Rohrer, & Kondev, 2014, p. 38). When a system is designed the future 

demand projections play an essential role in ensuring that the system can cope with growing 

consumption. Such projections especially in rural areas in developing countries are very 

challenging. It is expected that once electricity has been introduced the consumption will 

                                                
11 The Energy for All case examines the required trajectory to achieve the universal access to modern 
clean energy (IEA, 2014 b)  
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increase. This increase can be caused by an improvement of living conditions and the local 

economy which allows users to purchase more appliances and creates the opportunity for new 

enterprises to open (Rolland & Glania, 2011 a, p. 58). The villages themselves can also grow 

especially when neighboring villages are non-electrified and therefore the number of users 

increases (IED, 2013, p. 75). Despite knowing about a likely growth in demand the actual 

forecasting is challenging and “frequently underestimate[s] the growth in consumption once 

electricity is introduced in a community” (Gershenson, et al., 2015, p. 15). Inherent to 

forecasting is the risk of over- and underestimation. Oversizing of generation capacity 

increases the investment costs which already is one of the main barriers in the implementation 

of Mini-grids as well as produces surplus electricity which is not used (Rolland & Glania, 2011 

a, p. 58). Under-size capacity however, can lead to high stress on the components (Rolland & 

Glania, 2011 a, p. 58) and results in customer dissatisfaction thereby negatively impacting the 

payment discipline.  

One way of reducing the issue of system sizing is to choose a flexible system design which 

can adapt to the load. This reduces the risk of errors in demand predictions and avoids wastage 

in investments (IED, 2013, p. 12). Solar Mini-grids offer such flexibility by allowing for a scale 

up of generation capacity according to demand. In this case some components such as wiring 

and converters are oversized by 30% to allow for easy future expansion of the Mini-grid 

(Rolland & Glania, 2011 a, p. 60). 

Capital investment 

Availability of capital is considered as one of the principal barriers in growing the rural 

electrification sector (Gershenson, et al., 2015, p. 9). Because of limited public funding private 

capital is required. However Mini-grids are perceived as high-risk and low-return investments 

(Franz, Peterschmidt, Rohrer, & Kondev, 2014, p. 9). Gershenson et al. divide these 

investment risks into: development phase risk, construction phase risk, operation phase risk 

and cross-phase risk.  

Development phase risks: 

 Development phase risks can be further split into risks associated with permitting and 

licensing, design quality, supply and demand assessments and incumbent 

infrastructure (Gershenson, et al., 2015, p. 15). The permitting and licensing risk is 

present in all emerging markets with poor regulatory frameworks and evolving 

institutions. The risk of design quality issues due to lack of standards and policy 

frameworks is discussed in the following paragraph on regulations. The demand 

assessment has been introduced in the previous chapter.  

 An additional development phase risk is the financing risk investors have as it is difficult 

to secure loans on a non-recourse12 basis especially when an off-take risk exists 

(Georg, 2014, p. 19). 

Construction phase risks: 

 A construction risk from an investor’s perspective is the small numbers of developers 

with a track record and difficult logistics (Georg, 2014, p. 19). Less than in large 

infrastructure projects but still present are cash lock-ups in the construction phase 

bearing additional risks on the investors (Georg, 2014, p. 19).  

                                                
12 For loans on a recourse basis the bank is only entitled to repayments from profits of the project funded 
by the loan and not from other assets of the loan-taker (Investopedia, 2015). 
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Operation phase risk 

 The distributed nature of Mini-grids increases the complexity and bears the potential 

for risks around operations, long-term maintenance and security (Georg, 2014, p. 19). 

Such operation risks can be customer default risks. In order to keep this risk at an 

appropriate level the costs for service must be in the range of the customers’ 

willingness to pay (WTP). There are different ways of getting feedback on the WTP for 

example by directly asking potential customers, assessing the customers current 

energy consumption and energy expenditure or based on unbinding take-or-pay 

contracts. However even when the WTP has been well estimated it is subject to change 

depending on the quality of service provided or available alternatives (Franz, 

Peterschmidt, Rohrer, & Kondev, 2014, p. 40).  

 Related to the before mentioned demand and supply assessment risk is the off-take 

risk. For isolated Mini-grids no other potential customers exist than the users the grid 

has been designed for. No buyer exists for the excess power. The investments in 

infrastructure are sunk costs, thus recovering costs from oversized capacity is almost 

impossible. Non-technical losses such as theft, poor metering and poor tariff collection 

is another operational risk to be considered.  

Cross phase risks: 

 The cross phase risk of grid extension be illustrated by an incident that took place last 

year in India. In July 2014 Greenpeace installed a 100 kW PV Mini-grid in Dharnai, 

India which had not been electrified for 30 years (Greenpeace, 2015). Within weeks 

however the government utility without announcement connected the households to 

the grid and provided cheap subsidized electricity (Pearson, 2014). This is not a 

onetime case but happened to dozens of ventures across India (Pearson, 2014). Such 

uncertainty in possible future central grid-extension bears an unacceptable risk for 

investors both NGOs and private companies. The problem is that regulatory 

frameworks for Mini-grid in many countries are underdeveloped and grid-extension is 

priority over off-grid solutions (Georg, 2014, p. 9). 

Off-grid communities are usually small scale and dispersed and consist of low income 

households (WB, 2008, p. 3). Poor households have a high willingness to pay for a few kWh 

per month (WB, 2010, p. 36), but is not sufficient to meet the above described risks with an 

expected return on investment. According to Franz et al. rural electrification investment in 

developing countries will not be able to rely only on revenues from clients and therefore needs 

subsidies. Such subsidies are actually not developing country specific but have been also the 

case in OECD countries during their initial rural electrification roll-outs (Franz, Peterschmidt, 

Rohrer, & Kondev, 2014, p. 9).  

Governments cannot only support with the provision of adequate subsidies but by policy-

making which increases the trust and creates adequate risk-return profiles for investments. 

Regulations 

Regulations, policies and standards play an essential role in scaling up the number of Mini-

grids (Deshmukh, Carvallo, & Gambhir, 2013, p. 3).  A set of regulations and policies which 

fosters private investments in Mini-grids among others needs to consist of  

 reliable and long-lasting tariff schemes,  

 transparent main grid extension planning or demand guarantees, 

 power-purchasing agreements in case of interconnection with the national-grid,  
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 track records for project developers,  

 leveraging existing instruments, contributions and expertise from relevant 

stakeholders, 

 dependable generation- and distribution license policies (Franz, Peterschmidt, Rohrer, 

& Kondev, 2014, p. 9). 

A lack of standards and regulations does not only result in a high-risk perception that 

discourages private investments but decreases the demand for electrification provided by Mini-

grids due to  uncertainty about the quality of service, accurate billing, and safety (Clean Energy 

Ministerial, 2013, p. 21). 

Deshmukh et al. propose a policy framework consisting of three main categories: institutional 

structure and governance, technical standards and surveys, and financial incentives, financing 

and tariffs (see Figure 12). This proposed policy regulation targets most of the abovementioned 

risks.  

 

Figure 11: Mini-grid policy framework (Deshmukh, Carvallo, & Gambhir, 2013, p. 5) 

Institutional structure and governance such as well-defined roles for stakeholders (e.g. 

communities, government and private developers) in terms of ownership, development, 

operation and maintenance can reduce the complexity of Mini-grid planning and development. 

It also ensures that local conditions and community needs are met. At the same time improved 

institutional structures and well defined roles can improve the communication among the 

stakeholders in order to avoid system redundancy as in case of the Greenpeace MG in India. 

When roles in case of future grid-interconnection are defined before MG development 

uncertainties are greatly reduced.  

Technical standards ensure that the quality of service provided is adequate and the Mini-grid 

components are suitable for later grid-interconnection. Standard procedures supporting 

resource surveys and side studies help reduce the risk of under- or oversizing the system.  

The IDCOL SHS program in Bangladesh has proved financial instruments such as subsides 

play an important role in enabling access for rural households. Government organization can 

also support MG developers with loans and grants. Important both for the MG owner as well 

as customers are clear policies on the tariff structure. It must be ensured that investments can 

be recovered but the electricity access at the same time needs to be affordable for rural 

households.   
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3.2.5 Case study: Dissemination of Mini-grids in Bangladesh 

With their IDCOL Mini-grid program Bangladesh provides an example of supporting the 

dissemination of Mini-grids.  

In order to overcome the limitations of SHSs with regards to powering productive use and 

because the tendency of rural people to live in household clusters of high density exists, IDCOL 

finances a solar-diesel hybrid Mini-grid system for rural electrification program (Chowdhury, 

Aziz, & Groh , 2015, p. 65). 

Similar to the SHS program the Mini-grid program is financed by loans and grants from donor 

organizations such as World Bank, USAID, KfW and ADB. This money is than channeled to 

developers of solar Mini-Grid projects (see Figure 54 in the appendix). As the design of MGs 

is more complex than of SHS the project developers are supported by consultants in load 

assessment and design of the hybrid system. Once the bill of materials has been prepared and 

suppliers have been chosen IDCOL approves the project (Chowdhury, Aziz, & Groh , 2015, p. 

67). 

The financial structure of the MG project is the following: 30% debt at an interest rate of 6% 

p.a. and a tenor of 10 years with a 2 year grace period, 20% equity from the developer and 

50% grant (Islam, 2014, p. 18). Until now IDCOL has financed one 100 kWp in Sandwip island 

which is supplying 250 shops, 5 health centers and 5 schools. An additional 4 projects with a 

capacity range of 100 to 159 kWh have been approved. By 2017 IDCOL targets to finance 50 

solar Mini-grid projects (IDCOL, 2014 d).  

IDCOL identified three main challenges for the MG project implementation and scale-up. Table 

2 presents these three challenges which overlap with the ones described above and the 

corresponding mitigation strategies.  

By offering the collaboration with the Power Division a direct communication is set up which 

allows for the identification of potential MG areas and reduces the risk for replicating the 

Greenpeace experience described above. By providing a purchasing power agreement the 

risk of grid arrival is limited. The government agrees to buy electricity from the MG at a tariff 

designed to ensure economic viability.   

Table 2: Challenges and Mitigation strategies MG adopted from (Islam, 2014, p. 21) 

Challenges Mitigation strategy 

Selection of right site for 

Mini-grid in off-grid areas 

Collaboration with Power Division to identify potential area for 

Mini-grid project that are not in the priority list of GoB for grid 

expansion 

The risk of grid expansion 

earlier than expected 

Government’s mechanism to address the risk of grid arrival in 

a Mini-grid project area consists of purchasing power from the 

project by government/utilities after 5 years at a preferential 

tariff 

High Mini-grid tariff of 

BDT13 30/kWh compared 

to grid tariff of BDT 6/kWh 

Use of advanced and cost effective technologies. 

In off-grid areas MG electricity is still cost competitive with 

diesel run generators (BDT 63/kWh).  

 

                                                
13 Bangladesh Taka (BDT): US$ 1 = 77,9 BDT (August 28th 2015)  
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3.3 Summary 
Table 3 provides an overview and summary on the advantages and disadvantage of SHS, MG 

and grid extension as the three main electrification options for rural areas based on (Graillot, 

2009) (Kebir, 2013) (Kirchhoff, 2013). 

Table 3: Advantages & disadvantages of electrification options  

 Advantages Disadvantages 

Stand-

alone 

systems 

 Fast to scale “pre-electrification” 

 Blackouts affect just one user 

 Can easily be moved to a new 

location 

 Serve only basic needs 

 No demand flexibility 

 Productive use is limited 

 Excess generation dumped 

 Maintenance and repair service 

complex to organize in rural areas 

MG  Less expensive than central grid 

extension (lower capital costs) 

 Lower transmission and 

distribution costs than grid (shorter 

distance) 

 More reliable than SHS and grid 

(generation redundancy)  

 MG developers have access 

capital beyond traditional power 

sector 

 Quicker access to electricity (less 

bureaucratic hurdles) 

 Supplies commercial loads 

 Strong incentives to pursue DSM14 

to keep capital costs down 

 Creates local jobs (development 

and operation) 

 Lack of private investment (high 

perceived risk) 

 Sizing issues due to hard to predict 

load forecasting 

 Unable to recover capital costs 

 Capacity quite inflexible 

 High risk for investors 

 If system fails everyone connected is 

cut off 

 Local management required 

Grid  Theoretically unlimited supply 

 Flexible supply 

 Costs of grid extension beyond 

certain distances are prohibitive 

 Blackouts and load shedding can 

occur quite frequently 

 Large amount of capital required  

 

SHSs provide a fast to scale and with the right subsidies in place an affordable pre-

electrification option for rural households with a low energy demand. Especially PicoPV 

systems can be easily disseminated and quickly provide an economic benefit to households 

by avoiding fuel costs for kerosene lamps. Stand-alone systems can have a great positive 

impact in sparsely populated areas with weak demand. However, their power output is very 

limited and due to radiation variations during a year these systems generate excess electricity 

that is often wasted. 

                                                
14 Demand side management 
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Mini-grids can partially solve the issue of low power output. Usually MGs can power at least 

some commercial loads. The thereby enabled productive use of electricity is crucial for 

economic development. Mini-grids have lower capital costs than grid-extension and less 

transmission losses. In theory MGs can not only be more cost-effective but also create local 

jobs, achieve a higher efficiency due to a higher motivation for Demand Side Management 

(DSM) and can be disseminated quicker due to less bureaucratic hurdles. The biggest 

disadvantage; the high perceived risk; has been covered in the previous chapter. Additional 

advantages can be the need for a local manager and social rules which divide the limited 

supply. Despite their advantages governments in the past have focused on implementing 

electricity access through traditional utilities based on the centralized approach (Deshmukh, 

Carvallo, & Gambhir, 2013, p. 3). Mini-grid deployment  has  often  been  left  to private 

developers and non-governmental organizations with possibly some 

government  support  limited  to  the  provision  of  capital  subsidy (Deshmukh, Carvallo, & 

Gambhir, 2013, p. 3). However, strongly needed policies, regulations and standards are 

lacking in most countries. Mini-grid and off-grid electricity systems are therefor in their total 

generation capacity still marginal on the global scale (Van der Straeten, Friederici, & Groh, 

2014, p. 136). 

3.4 Conclusion 
Chapter 3 discussed the paradigm shift from centralized to decentralized rural electrification. 

The limitations of grid extension have been discussed and new technologies such as PicoPV 

systems, SHSs and Mini-grids have been introduced. Yet, also these decentralized 

approaches have their limitations and barriers to overcome. Bangladesh has proven that with 

the right micro financing scheme the dissemination of SHS can take place rapidly and might 

provide learnings for other regions in the world. Yet, because of their limited power output the 

IEA predicts Mini-grids to be the driving force in rural electrification in the future. However, 

today the deployment of MGs is low and the scale-up is slow. Different barriers for increased 

private investments into Mini-grids have been identified and some governments of developing 

countries work on regulations reducing the investment risks. Nevertheless, new approaches 

which can overcome barriers in the deployment of renewable energy technologies are needed 

in order to increase the rural electrification ratio and keep up with the population increase 

especially in SSA.  
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4 Evolutionary approach  

So far two approaches for rural electrification have be presented, centralized and 

decentralized, which can be considered the state-of-the-art in rural electrification. Chapter 3 

has pointed out advantages and limitations of stand-alone systems, Mini-grids and national 

grid extension. Each of these technologies can provide a valuable service when the right 

conditions are met. PicoPV systems and SHSs can enable rapidly pre-electrification, whereas 

MGs have the potential of enabling productive use of electricity and a grid connection can in 

theory reliably provide an almost unlimited supply of electricity (from a household perspective). 

Just like PicoPV systems are not adequate for supplying large loads such as fridges or water 

pumps, grid extension is not adequate when the household load mainly consists of two lights. 

Therefore looking at the advantages and limitations of each technology the question arises 

whether only the advantages of each of these concepts could be used by choosing the 

appropriate one for providing the level of service required in each development phase. Such 

an approach could be considered an evolutionary approach as the system evolves and grows 

with the customers demand and thereby provides the required electricity in the most efficient 

and cost-effective way. 

4.1.1 Concept 

The evolutionary approach is a bottom-up approach which can address the major problems 

faced both by Mini-grid deployments and extensions of central grid connections to remote 

areas which above all is the inability to recover associated capital costs (Van der Straeten, 

Friederici, & Groh, 2014, p. 141). The evolutionary approach is not an alternative to either grid 

extension or a decentralized system but combines both these concepts to ensure the energy 

provision actually required by the customer.   

The evolutionary approach can be considered as a stepwise development with three main 

phases illustrated in Figure 12. By using small scale stand-alone systems – PicoPV or SHS - 

households can reach a pre-electrification level of energy access. With a growing demand and 

need to power appliances such as agriculture mills or water pumps the system will transition 

towards a Mini-grid. In the last phase the Mini-grid is interconnected with the national electricity 

grid.  

In order to implement this evolutionary approach in the form of an evolving system it must be 

possible to use previous installed components in the next stage reducing redundancy and 

external investments. By using the already existing SHSs to form a Mini-grid the investments 

in the SHSs are not becoming obsolete. The same holds true when the swarm of SHSs is 

interconnected to the national grid once the grid arrives.  

The evolutionary approach is a paradigm shift from the idea of a final solution at the starting 

point, which has been and still is common practice, towards an evolving solution (Energypedia, 

2015). Such an approach can be considered more appropriate because it allows rural and peri-

urban households and other consumers such as institutions and private firms to have at any 

point in time the “access to solutions that fit their needs and their wallets of that moment” 

(Energypedia, 2015).  

The centralized approach of grid-extension encountered reverse salient because local 

conditions were not taken into account sufficiently. The evolutionary bottom-up approach 

however allows for a more user-centric energy system development, which possibly can lead 

to a better system performance (Groh & Koepke, 2014, p. 285). User-centric means taking the 

customers’ needs and environment into account but also creating a system that does not 
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depend on one single entity or agent to run. Thereby it does not only empower the local 

households producing and consuming electricity but possibly increases the systems 

robustness (Groh & Koepke, 2014, p. 286).  

 
Figure 12: Evolutionary approach to electrification 

4.1.2 Phase 1: Pre-electrification 

In the first phase stand-alone systems such as PicoPV and SHSs pre-electrify the households. 

As described in chapter 3.2.2 these systems can provide an initial level of services. According 

to Lysen households with this initial level of service especially when only provided from a 

PicoPV system should still be considered non-electrified in order to avoid the so-called solar 

trap15 (Lysen, 2013). The advantages of small-scale energy system is their low complexity and 

thus their dissemination to rural households can take place more rapidly and affordably when 

combined with end-user micro-financing (Van der Straeten, Friederici, & Groh, 2014, p. 141). 

It is important that long-term locally available technical service is provided in order to ensure 

that the systems’ condition allows for a transition to then next phase.  

4.1.3 Phase 2: Swarm electrification  

In the second phase the individual household systems are connected which allows sharing the 

“swarm of generation capacity from all individual systems” (Van der Straeten, Friederici, & 

Groh, 2014, p. 141). As indicated in Figure 12 this evolution allows for a higher level of energy 

consumption as well as an increased power availability.   

The transition from SHSs to swarm connected SHSs does not need to take place for all 

households in a village at once. Step by step more and more households can be 

interconnected. This allows for early adopters with a high demand or supply to interconnect 

first and gives the leggars the time to slowely gain trust in the new system. Siegel and Rahman 

analyzed the importance of word of mouth in the success of the Bangladesh SHS program. 

                                                
15 The solar trap is a term to describe the additional waiting time for villages to get a grid connection 
when they are pre-electrified with small solar systems (Lysen, 2013).  



35 
 

They reached the conclusion that word of mouth was the key driver in knowledge dissemination 

and sales growth. 93% of SHS owners learned about SHS from their neighbours (Siegel & 

Rahman, 2011, p. 39).  

Initally, instead of increasing the generation capacity in a village the swarm grid makes use of 

the inherent surplus production of SHSs and increasingly efficient appliances (e.g., LED lights). 

Once the generation capacity needs to be increased because the households’ energy demand 

increased the opportunity for local entrepreneurs is created to invest into additional PV 

modules and earn an income from the electricity sold to their neighbours. In this way the 

amount of external funding required is minimized. Additionally, the electrity trade allows 

decoupeling investments in appliances from investments into PV modules. A household can 

decide to buy a fridge but at the same time does not need to invest into additional generation 

capacity as it is the case for pure SHS. Instead a neighbour can invest in PV modules and sell 

electrity to the household with the new fridge. Households which cannot afford a SHS 

themselves can now invest into a cable connecting their household with the swarm grid and at 

least power a light for a couple of hours each day. Finaly the interconnection of SHS can 

provide the power required to run machines or water pumps required for income generating 

activities especially during the day when surplus electricity is created.   

The swarm grid can not only grow from a single SHS to a village based micro-grid but extend 

to other villages and thereby create bottom-up regional or even countrywide energy networks 

(Medici, 2015). In order to further improve the energy reliability the swarm grid can be extended 

by non-PV generation capacity such as hydro and wind turbines, micro-biogas turbines or 

diesel generators.   

By implementing different tariffs (excess, day and night) demand side management is fostered 

which can not only increase energy availability but also enhance power stability because it 

equalizes the power variations between swarm members (Medici, 2015)..  

The swarm approach empowers local communities by giving them the opportunity to decide 

themselves when to increase their energy availability. They are no longer dependent on 

politicians who base their decisions for grid extension on short term gain in political power but 

can create the system that suits them best.  

4.1.4 Phase 3: Grid interconnection 

The third and final phase is the interconnection with the national electricity grid. Assuming no 

blackouts or load shading the transition to this phase results in an unlimited supply of electricity 

(from a household perspective) and full certainty of supply. In this case the construction of 

transmission lines is practically risk-free because the consumers with the required demand 

level and local distribution infrastructure including meters are already existing (Sweco, 2009, 

p. 13). However when looking at the low quality of service many grids in developing countries 

provide today, because production generation has not kept up with grid extension, it is 

questionable whether the connection to the grid increases the level of service sufficiently 

enough to motivate investment in poles, conductors and step up converters. Taking also the 

improvements and price reductions of decentralized generation technologies into account a 

grid-based solution not necessarily has to be the final and most modern solution (Energypedia, 

2015). Instead the local swarm grids might connect with community grids in neighboring 

villages and thereby continue to follow the bottom-up approach in creating a growing grid. In 

case the swarm grid is connected to an unreliable national grid depending on the regulations 

for islanding the households connected to the swarm grid have back-up capacity, making them 

energy independent (Medici, 2015).  
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5 Model 

5.1 Introduction 
The swarm grid concept is at an early development stage where many research questions 

exist and more are likely to come up in the future. In order to assist with answering some of 

these questions a quantitative research approach has been chosen for which a model capable 

of simulating a swarm grid has been developed. The goal in developing this model was not 

only to find answers to present questions but to create a first prototype of a tool that can assist 

in the planning of actual swarm grids. Therefore it has been decided to use MS Excel as a 

widely known and available software and to provide an interface that allows users with a non-

engineering background to make use of the model. The requirements set for the model were 

a high degree of freedom for the modelled locations and number of households included in the 

swarm grid. Additionally, a range of key parameters (e.g., solar radiation, cable length, etc.) 

are required to be changeable by the user. Therefore the model has been developed with a 

high degree of flexibility. 

5.1.1 Motivation & Objective 

In order to validate the viability of the swarm electrification approach and assist in the future 

planning of swarm grids a model that can simulate the electricity trade between households 

on an hourly basis was developed. Building on this core functionality the model can be used 

to answer various questions, such as  

 By how much is the surplus and deficit reduced when households are interconnected? 

 What are the main parameters influencing the viability of a swarm grid? 

 Are seasonal variations of solar radiation a barrier for swarm electrification? 

 What is the potential income for participating household? 

 To which degree is the distance between households influencing the technical 

feasibility and business viability of the swarm approach? 

 Does the swarm approach provide opportunities for local entrepreneurs? 

 Can the swarm grid be used to power productive loads? 

The first prototype of the model which has been developed as part of this master thesis allows 

for answering some of these questions and provides additional insights (see chapter 7).  
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5.2 User interface 

5.2.1 Input parameters 

 

Figure 13: Model overview 
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Figure 13 presents an overview of the input parameters and model output. The first set of input 

parameters are household specific such as hourly load curve patterns and daily energy 

demands. The load curve pattern can be either chosen from pre-defined ones or customized 

for each household in order to simulate different loads, e.g., a water pump or workshop.  

In order to calculate the electricity supply provided by each SHS the global hourly solar 

radiation on a tilted surface needs to be known. The solar radiation data worksheet allows the 

user to enter average hourly tilted global radiation data for each month. Alternatively hourly 

data for an entire year can be entered out of which the model creates average hourly radiation 

data for each month. This allows the user of the tool to run simulations for any month of the 

year. For the simulations performed hourly global tilted irradiation (GTI) data for one year was 

exported from the software PVsyst16. Based on either the entered nominal power or area of 

the households’ PV modules, efficiency and performance ratio the hourly PV module output is 

calculated (see Equation 2). Alternatively, in case the power output of PV systems has been 

measured for specific households (see case study chapter 6) the supply data can directly be 

used for calculations in the model.  

If existing, the battery of each system is modelled as well. Therefore the number of batteries 

for each household, the system voltage and battery capacity need to be defined by the user. 

The user can also set a Maximum battery discharge level (e.g., 50%), Preferred battery charge 

level, Maximum battery discharge for trade and a Starting battery charge level for the day.  

In order to reach a more realistic result besides battery charge losses, line losses are included 

in the simulation as well. This requires the user to input Nominal feed-in and feed-out line 

voltages, the Length of the conductor from each household to a common hub, the Cable cross 

section as well as the Conductivity of the cable used. Based on these parameters the line 

resistance is calculated and once the in- and outflows have been determined the line losses 

can be estimated.   

The final input parameters are a set of tariffs for the electricity trade. A three-tariff structure is 

implemented in the model:  

 Excess tariff: Surplus17 exists and batteries are fully charged 

 Day tariff: Surplus exists and batteries are not fully charged 

 Night tariff: No surplus exists and all demand needs to be supplied by the batteries  

For each tariff a different buy price can be set. The sell price is than calculated taking the 

entered margin for the swarm grid owner/operator into account. 

Figure 14 is a screenshot of the actual input sheet. All the green fields can be changed by the 

user. By clicking the button Add HH additional households are created and by clicking Delete 

HH they can removed. The actual demand pattern and hourly solar radiation for each month 

of the year can be changed on a separate worksheet. On the input sheet the demand pattern 

and the month can then be selected from a drop-down menu. For each of the input parameters 

except for Daily demand, Demand curve character, Nominal power/ PV area, Month, Number 

of batteries and Distance from HH to default input variables exist which can be entered by 

clicking the button Select default input variables. The default input parameters and the drop-

down menus allow for an easy use of the model also for users without engineering background. 

                                                
16 PVsyst is a software which provides simulation and data analysis for complete PV systems. It can be 
used to obtain radiation data for any location and any tilt angle on an hourly basis. 
17 Defined as supply > demand  
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Figure 14: Screenshot Model - Input worksheet 

5.2.2 Output parameters 

The worksheet Case comparison allows comparing the system’s performance of the SHS and 

swarm grid at one glace. For each parameter the total daily system values as well as the 

household specific results are presented. The demand and supply for both cases are the same. 

The surplus and deficit vary due to in- and outflows. Based on the entered tariffs the monetary 

value of the in- and outflows is calculated. The net flow of each household represents the 

income earned or costs that need to be paid. When the inflow in Wh is greater than the outflow 

the net flow in Wh is positive, but the monetary flow is negative representing costs. In order to 

avoid biased results the comparison of the available energy in the batteries is essential. 

Additionally both losses from battery charge as well as line losses are presented. As this 

overview might not provide enough detailed information for the user of the model both hourly 

results from an overall system perspective and single households’ point of view exist. The 

system overview presents on an hourly basis the most important parameters for each 

household as well as for the overall system. For example, the total deficit and surplus in the 

system as well as in- and outflows for each hour of the day are compared. When adding a new 

household on the input worksheet an additional household specific worksheet is created which 

shows all the parameters for the household. For example the amount of in- and outflows for 

each of the three tariffs in Wh and US$ as well as the line losses and battery charge losses for 

each hour and after each in- and outflow.  
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5.2.3 Sensitivity analysis 

In order to understand how key parameters (e.g., distance between households, SOC) impact 

the technical feasibility and business viability of swarm grids two forms of sensitivity analyses 

can be performed.  

5.2.3.1 Sensitivity analysis 1: Swarm grid vs. SHS 

The first sensitivity analysis focuses on the comparison of the swarm grid with the SHS. The 

user can select the input variable to be analyzed, the corresponding household and the 

different values which will be assigned to the chosen sensitivity variable. Lastly, the user can 

select the output variables from a drop-down menu, which are the ones to be found on the 

case comparison sheet. The model than runs the simulation for each of the sensitivity values 

and stores the values in the table next to the input. For each of the tables diagrams can be 

created for an easier analysis of the results.  

5.2.3.2 Sensitivity analysis 2: Two input parameters 

The second sensitivity analysis that can be performed with the model allows for two separate 

input variables to be analyzed. The focus here is on better understanding how the input 

parameters influence each other. The screenshot presented in Figure 15 shows two columns. 

One for each sensitivity variable and its values. In the presented case for example the starting 

battery charge as well as the PV area has been chosen. The simulation is run with the 

sensitivity values listed underneath each variable. For each of the selected output parameters 

a matrix presents the results and a surface chart is created.   
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Figure 15: Screenshot Model - Sensitivity analysis 2 worksheet 
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5.3 Procedures 
The model has been programmed using Visual Basics for Applications (VBA). In the following, 

a selection of the most important procedures, functions and equations are described.  

5.3.1 Surplus and deficit 

First of all the supply and demand need to be calculated for each household in each hour. 

Following, the resulting deficit and surplus can be determined. Figure 16 presents the structure 

of the function returnbcharge which is used in the model to estimate the deficit, surplus as well 

as the battery charge after supplying the demand or storing the surplus of each hour.  

The hourly demand for each household is determined based on an hourly load curve and a 

daily demand, both need to be defined by the user. The total daily demand is multiplied with 

the load percentage of each hour (Equation 1). The tool provides some predefined load curves 

based on the load curves logged during a field trip in Bangladesh (see chapter 6). 

𝑫𝒆𝒎𝒂𝒏𝒅𝒕,𝒌 = 𝒅𝒆𝒎𝒅𝒂𝒚𝒌 ∗ 𝒅𝒆𝒎𝒑𝒆𝒓𝒄𝒌 ∗ 𝟏𝟎𝟎𝟎 [𝑾𝒉] 

𝑑𝑒𝑚𝑑𝑎𝑦𝑘: 𝑑𝑎𝑖𝑙𝑦 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑 𝑑𝑒𝑚𝑎𝑛𝑑 [𝑘𝑊ℎ] 

𝑑𝑒𝑚𝑝𝑒𝑟𝑐𝑘: ℎ𝑜𝑢𝑟𝑙𝑦 𝑠ℎ𝑎𝑟𝑒 𝑜𝑓 𝑑𝑎𝑖𝑙𝑦 𝑑𝑒𝑚𝑎𝑛𝑑 [%] 

Equation 1: Demand 

The supply is calculated using Equation 2 based on the tilted hourly solar radiation at the 

location of interest, the performance ratio of the PV system, the PV efficiency and the surface 

area of the PV panel. In case the PV size has been set in the form of nominal power the 

corresponding PV size in square meters is calculated using the PV panel efficiency and 

Standard test conditions (STC)18. Alternatively, PV output curves can directly be entered in the 

Solar radiation worksheet and then selected from the drop-down menu in the Input worksheet 

of the tool. 

𝑺𝒖𝒑𝒑𝒍𝒚𝒕,𝒌 = 𝑮𝑻𝑰𝒕 ∗ 𝑨 ∗ 𝜼 ∗ 𝑷𝑹 ∗ 𝟏𝟎𝟎𝟎 [𝑾𝒉] 

𝐺𝑇𝐼𝑡 =  𝐺𝑙𝑜𝑏𝑎𝑙 𝑇𝑖𝑙𝑡𝑒𝑑 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 [
𝑘𝑊ℎ

𝑚2
] 

𝐴 = 𝑃𝑉 𝑎𝑟𝑒𝑎 [𝑚2] 

𝜂 = 𝑃𝑉 𝑚𝑜𝑑𝑢𝑙𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 

𝑃𝑅 = 𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑟𝑎𝑡𝑖𝑜 

Equation 2: Hourly supply per household 

When both, the demand and supply have been established for all households the deficit and 

surplus in each hour of the day need to be determined for both, the SHS and the swarm grid 

(SG). Both follow the procedure presented in Figure 16 except that in case of an existing 

surplus and a SOC below 100% in the isolated SHS case all the excess energy is used to 

charge the battery whereas in the swarm grid the battery charging at this stage is limited to the 

preferred charging level (right bottom part of the flow chart). However, in case no supply deficit 

exists in the SG the remaining surplus will be used to charge all batteries in the system to the 

                                                
18 1.) Irradiance intensity of 1000 W/m2 2.) AM1.5 standard reference spectrum 3.) cell or module 

temperature of 25 ± 2 degrees C (FSEC, 2010) 
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preferred charging level and possibly beyond (see Flow3SG, Flow4SG and Flow5SG in 

chapter 5.3.2).  

At t=4 which corresponds to the first hour of the day the battery charge is set to the starting 

SOC set by the user of the tool in the Input worksheet. A starting battery charge of 50% for a 

1200 Ah battery will result in a battery charge at the beginning of the first hour of the day of 

600 Ah. In all other hours the battery charge at the beginning of a new hour equals the battery 

charge at the end of the previous hour.   

Each household in each hour can either have a surplus or a deficit or none of both. In case of 

no surplus or deficit the battery charge will not be effected unless for the supply of a 

neighboring household (see Flow3SG in chapter 5.3.2).  

In case of a deficit (deft,k + surpt,k < 0) and a battery SOC greater than the minimum level 

(Bcharge0t,k  > Bmint,k ) the households own battery power is used to supply the deficit before 

the household potentially receives an inflow from the grid. It might be that the energy from the 

battery of the household with a deficit is sufficient to cover the deficit; if this is not the case the 

deficit will only be reduced. In order to reduce the complexity of the model and because of a 

relatively constant discharge efficiency of the batteries the discharge efficiency has been 

assumed to be 100% (see chapter 5.4 on further assumptions). The charging losses are 

determined using Equation 3. The origin of the battery charge efficiency function Beffcharge is 

explained in chapter 5.4.1.3. 

𝑩𝒍𝒐𝒔𝒔𝒕,𝒌 =   𝑰𝒏𝒇𝒍𝒕,𝒌 ∗ (𝟏 − 𝑩𝒆𝒇𝒇𝒌)    [𝑾𝒉] 

 𝐼𝑛𝑓𝑙𝑡,𝑘 = 𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑖𝑛𝑓𝑙𝑜𝑤  [𝑊ℎ]  

𝐵𝑒𝑓𝑓 𝑘 = 𝑐ℎ𝑎𝑟𝑔𝑒  𝑜𝑟 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 [%] 

𝐵𝑒𝑓𝑓𝑐ℎ𝑎𝑟𝑔𝑒,𝑘  = −6.149 ∗  𝑆𝑂𝐶4  +  10.378 ∗ 𝑆𝑂𝐶3 −  6.0514 ∗  𝑆𝑂𝐶2  +  1.383 ∗  𝑆𝑂𝐶 

+  0.8136   

𝐵𝑒𝑓𝑓𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒,𝑘 (𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦) = 100[%] (𝐴𝑠𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛) 

Equation 3: Battery charge losses 

In case a surplus exists (deft,k + surpt,k > 0) the next step depends on the current battery charge. 

If the battery charge is above the preferred level at this point the battery is not charged. Yet if 

the SOC is below the preferred level the charge efficiency is determined using the function in 

Equation 3. In case the surplus multiplied by the charge efficiency is greater than the remaining 

storage capacity until the preferred SOC is reached, the battery is charged to the preferred 

SOC and the remaining surplus can be traded. In case the surplus multiplied by the efficiency 

is below the remaining battery capacity (until SOCpref is reached) the total surplus is used for 

charging the battery and no surplus for trading remains. When no interconnection of the SHS 

exists electricity trading is not an option and therefore the entire surplus regardless of the SOC 

is used to charge the battery. The remaining surplus in this case is wasted.  

In the SG case the calculation of the deficit and surplus is followed by the determination of the 

in- and outflows described in the following two chapters. 
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Figure 16: Flowchart - Determination of surplus and deficit 
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5.3.2 Hierarchy for trade 

Once the surplus and deficit have been calculated based on the supply, demand and available 

battery energy, the in- and outflows to and from each households need to be determined. The 

distribution of surplus follows the hierarchy presented in Figure 17. The hierarchy has been 

established with the goal of taking into account the different values energy has in the system. 

For example excess electricity that cannot be stored at the household of origin has no 

opportunity costs as it is simply wasted when not shared. Therefore the price of selling the 

excess electricity should be the lowest (see Table 4).  

When the demand of a household has been satisfied the surplus is used to charge the battery 

to a defined preferred SOC. The remaining surplus can be used to supply the deficit of a 

neighboring household, however the surplus could also be used to fully charge the households 

own battery. Thus the household with the surplus in this case has higher opportunity costs 

which need to be accounted for. In this case the day tariff applies. 

Electricity that has been stored should be considered as the most valuable for two reasons: 

First of all losses occur in the process of transforming electricity into battery stored energy. 

The same holds true for the process vice versa even though not modelled. Secondly, in a 

market when demand outreaches supply the price of the supplied good increases. The same 

applies in electricity trade: Energy from the battery is only traded in cases in which no surplus 

exists in the system but a deficit is remaining. In this case there is a clear supply shortage 

which is reflected by a price increase from day to night tariff. The three different tariffs are listed 

and described in Table 4. Column 3 describes which flows belong to which tariff. The flows are 

determined in the five steps explained in the next paragraph.   

Table 4: Tariff structure 

Tariff Applies when Traded electricity  

Excess Surplus exists and battery is non existing 

or SOC equals 100% 

In- and Outflow 1 

In- and Outflow 5 

Day Surplus exists but could be stored in 

battery 

In- and Outflow 2 

In- and Outflow 4 

Night No surplus exists, all energy must be 

provided by the battery 

In- and Outflow 3 

  

The determination of trade is divided into five steps (see Figure 17):  

FlowSG1 

First the surplus of households is traded which have no battery, a completely charged battery 

or a surplus which exceeds the remaining storage capacity of the battery (Outflow 1). In the 

isolated SHSs case this surplus would be wasted, therefore it is the one that is traded at the 

cheapest tariff, the excess tariff.  

FlowSG2 

In case the surplus defined in FlowSG1 has been used up and some households still have a 

supply shortage the surplus of households is used which have a SOC greater than their 

preferred SOC (Outflow 2). However in case this surplus is not sufficient, the surplus of all 

remaining households is used as well (also Outflow 2). Outflow 2 is traded in the day tariff.  
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FlowSG3 

Once all surplus in the system has been used up and some households still have a deficit, 

energy stored in the batteries is traded (Outflow 3). Here again first the households contribute 

which have a SOC greater than the preferred one. If this is not sufficient, battery energy from 

the other households is used as well. In order to ensure the households still have sufficient 

supply to cover their own demand in the evening, the households can set a Max. Battery 

discharge for trade level. Because of losses associated with charging and discharging the 

batteries and the scarcity of energy in the system at this point the price at which the electricity 

is traded is the night tariff.    

FlowSG4 

In some cases the total surplus exceeds the total deficit in the system. This surplus then is 

used to charge all batteries existing in the swarm grid to a level equal to the preferred SOC 

level (Outflow 4). For this inflow the day tariff accounts. Once all households have a SOC at 

their preferred level they use their remaining surplus to fully charge their own batteries.  

FlowSG5 

The last case is an exceptional one. It occurs when no deficit exists, all batteries of households 

with a surplus are fully charged and all batteries or households without surplus are charged to 

the preferred level. In this case the remaining surplus is used to further charge the batteries of 

households without surplus. In this case the surplus comes from households with a SOC of 

100% the electricity is again traded in the excess tariff. 

If any more surplus exists after satisfying all deficit and charging all batteries to a SOC of 100% 

it is wasted. In a properly designed system however this will seldom occur.      
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Figure 17: Hierarchy in the swarm grid model 
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5.3.3 Determining the in- and outflow of each household 

5.3.3.1 Basic concept 

The determination of the trading quantity in each of the five FlowxSG procedures described 

in the previous chapter follows the same structure, which is the core of the model.  

In the swarm grid electricity is traded among households. In the model the amount of electricity 

traded per hour is analyzed. The amount of electricity [Wh] traded per hour equals the power 

[W] traded in this one hour. Therefore in the description below, the surplus and demand 

households have per hour are treated as power demand and supply in each hour. For example, 

if a household has a surplus of 10 Wh in a specific hour then this amounts to 10 W which this 

household in this one hour can provide (see chapter 5.4.1.1 for limitations of this approach).    

 

Figure 18: Swarm grid design 

The following steps describe the basic concept for determining the in- and outflow to each 

household k for each hour t of the day. This logic is used for estimating the flows in each of the 

5 hierarchical steps presented in Figure 17. Figure 18 may assist in comprehending the 

definition of variables and description of the individual steps. The steps can also be found in 

the flow chart presented in Figure 19.  

1. Determine the maximum line current (Imaxt,k) and hub voltage (Uhub) based on the 

nominal line feed-in (Uoutk) and feed-out voltage (Uink) and the individual line 

resistances (Rk). 

2. Define the amount of electricity each household can provide in the current hierarchical 

stage (FlowXSG). For example, in Flow1SG the supply is the surplus of households 

which have no battery or in which the surplus exceeds the battery storage capacity.   

3. Determine the line current for the case in which households trade their entire supply 

(Isupk). 

4. Determine the actual line current of households with surplus and the maximum power 

supply of each household at the hub. If the supply line current (Isupk) is greater than 

the maximum line current (Imaxt,k) than set Isupk  to Imaxt,k. In this case the maximum 

power delivered by a household at the hub (PsupHUBk) equals the hub voltage (Uhub) 
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times Imaxt,k. In case of Isupk < Imaxt,k PsupHUBk is calculated based on the available 

surplus at the household and the corresponding line losses to the hub. 

5. Determine the actual line current of households with deficit and the maximum power 

demand of each household at the hub. If the demand line current (Idemk) is greater 

than the maximum line current (Imaxt,k) than set Idemk to Imaxt,k. In this case the 

maximum power demanded by a household at the hub (PdemHUBk) equals the hub 

voltage (Uhub) times Imaxt,k. In case of Idemk < Imaxt,k PdemHUBk is calculated based 

on the deficit at the household and the corresponding line losses to the hub. 

6. Sum the available power at the hub of each household to estimate the total available 

power (Pavloopt) at the hub. 

7. Identify nHHdem, which is the number of households with a demand (PdemHUBk > 0). 

8. Split Pavloopt by nHHdem. This defines the maximum possible inflow from the hub to the 

household from the hub perspective (InFlmaxHUBt). 

9. Choose the minimum of InFlmaxHUBt and PdemHUBk for each household to determine 

the inflow to the household in this loop InflHUBloopk. Add the InflHUBloopk to previous 

inflows in the same hour to determine total InflHUBk in this hour.  

10. Determine the new PdemHUBk by subtracting the InflHUBloopk from PdemHUBk. 

11. Determine total inflow to households from the hub in this hour by adding all 

InflHUBloopk to InFlSGt. 

12. Divide the total inflow from the hub to the households less possible previous outflows 

(InFlSGt - OutFlSGt
19) by the number of households with PsupHUBk > 0 to obtain the 

maximum outflow from a household to the hub (OutFlmaxHUBt).  

13. Choose the minimum of OutFlmaxHUBt and PsupHUBk for each household which 

defines the outflow OutflHUBloopk in this loop. Add the OutflHUBloopk to previous 

outflows in the same hour to determine total OutflHUBk in this hour.  

14. Determine the new PsupHUBk by subtracting the OutflHUBloopk from PsupHUBk. 

15. Calculate the total outflow of households with a surplus (OutFlSGt) by summing up all 

OutflHUBloopk and adding the sum to possible previous outflows in the same hour. 

16. When OutFlSGt is smaller than InFlSGt go to step 12 and repeat until OutFlSGt equals 

InFlSGt. When InFlSGt equals OutFlSGt go to step 17. In case no more demand or 

supply exists at the hub continue to step 17.  

17. Determine the outflow from the household to the hub at the household OutflHHk by 

adding line losses using Function 1.    

18. Determine the inflow from the hub to the household at the household InflHHk by using 

Function 2.     

19. Determine the line losses for each household. When a household receives an inflow 

the line losses (Llossk) equal InflHUBk - InflHHk. When a household supplies power to 

the hub Llossk equals OutflHHk - OutflHUBk.  

20. Determine new surplus and deficit at households by either subtracting the OutflHHk 

from the surplus or adding the InflHHk to the deficit.  

21. Determine the actual current Irealk by either dividing OutflHHk by Utoutk or dividing 

InflHHk by Uink. Determine the new maximal line current by subtracting Irealk from 

Imaxt,k. 

These steps are explained in greater detail with the belonging equations in chapter 5.3.3.2. 

                                                
1919 OutFlSGt is the total outflow from the households to the hub at the hub. In the first loop this parameter 
is zero. It is than calculated in step 15.  
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The available power at the hub is divided by the number of household with a deficit and the 

amount that needs to be supplied is divided by the number of households with a surplus. The 

idea behind this is to ensure that all households have an equal chance to participate in the 

trade regardless of their amount of surplus or deficit. Because of the households’ different 

amount of deficit or surplus the above described steps will be looped until equilibrium has been 

reached between in- and outflow at the hub and either no more surplus or deficit exist.  

When the amount of power available at the hub is determined the line losses need to be 

considered. Therefore the Pavloopt at the hub is lower than the total amount of surplus of the 

households. The same holds true for the inflow to the households with a deficit. Pavloopt is 

greater than the total amount of power which reaches the households with deficit.  

The Irealk is subtracted from Imaxt,k because an in- or outflow in a previous FlowXSG reduced 

the amount of current that can flow in the subsequent FlowXSG in the same hour.  

5.3.3.2 Flow1SG algorithm and equations 

On the basis of Flow1SG the individual steps and calculations to be made for determining the 

trade quantity is described. The flow chart presented in Figure 19 can be divided into five main 

parts. The first one determines the line and hub parameter (green box). The second part 

calculates the available power each household can theoretically trade at the hub or demands 

at the hub (orange box). Building on the previous estimated demand and supply at the hub the 

inflow to the households from the hub is determined (purple box). The turquoise box frames 

the following determination of the outflow. Lastly, in part five the surplus and deficit at the 

household as well as the line losses are determined (grey box). 
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Figure 19: Flow chart - FlowSG1 
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1. Determination of maximum line current and hub voltage 

 

Figure 20: FlowSG1 - Determination line and hub parameter 

The main assumption is that the voltage drop between a household and the hub is limited to 

half of the voltage difference between a fixed nominal line feed-in (U_out20) and feed-out (U_in) 

(see description on this assumption in chapter 5.4.1.4). Thus the hub voltage can be calculated 

using Equation 4. A household can in each hour either have a feed-in voltage or a feed-out 

voltage. In case of a surplus the household might provide an outflow and therefore the feed-

out applies and vice versa for households with a deficit. In case the voltage for households 

supplying power is fixed to 14.5 V (U_out) and at 12 V for receiving household (U_in), the 

corresponding hub voltage is 13.25. The feed-in and feed-out voltage is set by the user of the 

model. Knowing the maximum voltage drop and individual line resistance the maximum line 

current ImaxL can be determined (Equation 5). The resistance is calculated using Equation 6 

which requires knowledge on distance from each household to the hub, the conductivity of the 

line and the cable cross section (all defined by the user). 

𝑼𝒉𝒖𝒃𝒕
= 𝑼𝒊𝒏 +

𝑼𝒐𝒖𝒕 − 𝑼𝒊𝒏

𝟐
 

𝑈ℎ𝑢𝑏𝑡
: 𝐻𝑢𝑏 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 [𝑉] 

𝑈𝑜𝑢𝑡𝑘
: 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑓𝑒𝑒𝑑 − 𝑖𝑛 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 [𝑉] 

𝑈𝑖𝑛𝑘
: 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑓𝑒𝑒𝑑 − 𝑜𝑢𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 [𝑉] 

Equation 4: Hub voltage 

(𝟏) 𝑰𝒎𝒂𝒙𝑳𝒕,𝒌 =
∆𝑼

𝑹𝒌
=

𝑼𝒉𝒖𝒃 − 𝑼𝒊𝒏

𝑹𝒌
=

𝑼𝒐𝒖𝒕𝒌
− 𝑼𝒊𝒏𝒌

𝟐 ∗ 𝑹𝒌
 

(𝟐) 𝑰𝒎𝒂𝒙𝑳𝒕,𝒌 =
∆𝑼

𝑹𝒌
=

𝑼𝒐𝒖𝒕 − 𝑼𝒉𝒖𝒃

𝑹𝒌
 

𝑈𝑜𝑢𝑡𝑘
: 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑓𝑒𝑒𝑑 − 𝑖𝑛 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 [𝑉] 

𝑈𝑖𝑛𝑘
: 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑓𝑒𝑒𝑑 − 𝑜𝑢𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 [𝑉] 

𝑅𝑘: 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [𝛺] 
Equation 5: Maximum line current 

 

 

 

 

 

                                                
20 The feed-in voltage is called Uout because it is the voltage corresponding to the outflow from the 
household to the hub.  
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𝑹𝒌 =
𝒃 ∗ 𝑳𝒌

𝑨𝒌 ∗ 𝝈𝒌
[𝛀] 

𝐴𝑘: 𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 [𝑚𝑚2] 

𝜎𝑘: 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 [𝑆 ∗
𝑚

𝑚𝑚2
] 

𝑏 =  2: length cable factor 

𝐿𝑘: 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑎𝑏𝑙𝑒 𝑓𝑟𝑜𝑚 𝐻𝐻 𝑡𝑜 ℎ𝑢𝑏 [𝑚] 

Equation 6: Line resistance  

2. Determination of supply and demand at hub and current 

 

Figure 21: FlowSG1 - Determination of supply and demand at hub and maximum current 

As described before in Flow1MG only surplus of households with a SOC of 100%, no battery 

or surplus exceeding the amount of free battery capacity can be traded. This surplus is defined 

in step 3 in Figure 21. The surplus that can be shared at this stage is expressed in energy per 

hour which can be treated as the available power in one hour. Therefore the line current can 

be calculated with using Equation 7 (2) using the surplus or deficit of a household. For 

calculating the current of a household with surplus the voltage is the nominal feed-in line 

voltage (Uout). 

(1) 𝑷 =  𝑼 ∗ 𝑰 

(2) 𝑰 =
𝑷

𝑼
 

𝐼 =  𝑐𝑢𝑟𝑟𝑒𝑛𝑡 [𝐴] 

𝑃 =  𝑝𝑜𝑤𝑒𝑟 [𝑊] 

𝑈 =  𝑣𝑜𝑙𝑡𝑎𝑔𝑒 [𝑉] 

Equation 7: Power  

It can happen that the power and thus resulting the current to the hub (Isup) is greater than the 

limit imposed by the resistance (ImaxL). Therefore in step 5 the maximum line current is 

determined by choosing the minimum of ImaxL and Isup. In case ImaxL is smaller than Isup 

the power, which can be supplied by a household at the hub is calculated based on the hub 
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voltage and ImaxL(see Equation 7 (1)). Else the available power at the hub is calculated based 

on Equation 8. The line losses due to line resistance are determined based on the current and 

the resistance. These losses are than subtracted from the power that is available at the 

household. Step 6 and 7 repeat the same calculations for the demand. Instead of the surplus 

the household deficit is used and line losses are added to the power demand of the household 

to obtain the power demand at the hub.  

𝑷𝒔𝒖𝒑,𝑯𝒖𝒃 = 𝑷𝒔𝒖𝒑,𝑯𝑯 −  𝑷𝒍𝒐𝒔𝒔 

𝑷𝒍𝒐𝒔𝒔 = (𝑰𝒔𝒖𝒑)
𝟐

∗ 𝑹 

𝑃𝑠𝑢𝑝,𝐻𝑢𝑏 = 𝑝𝑜𝑤𝑒𝑟 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 𝑎𝑡 ℎ𝑢𝑏 

𝑃𝑠𝑢𝑝,𝐻𝐻 = 𝑝𝑜𝑤𝑒𝑟 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑎𝑡 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑 

𝑃𝑙𝑜𝑠𝑠 = 𝑝𝑜𝑤𝑒𝑟 𝑙𝑜𝑠𝑠𝑒𝑠 𝑑𝑢𝑒 𝑡𝑜 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 

𝐼𝑠𝑢𝑝 = 𝑙𝑖𝑛𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 

𝑅 = 𝑙𝑖𝑛𝑒 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 

𝐼𝑠𝑢𝑝 = 𝑙𝑖𝑛𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 

Equation 8: Power supply at hub 

3. Determination of Inflow 

 

Figure 22: Flow chart - Determination of Inflow 
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Once the maximum supply of each household at the hub is known the total maximum supply 

at the hub is calculated in step 8. In case no more supply exists at the hub the procedure jumps 

to step 21 (see Figure 19). In case supply still exists the number of households with a demand 

at the hub is determined. If this number is zero the procedure jumps to step 21, else the 

maximum inflow from the hub to the household from the hub perspective is calculated in step 

10. The actual inflow in this loop is than the minimum of the demand at the hub of a household 

and the available power. Once the InflHUBloopk is known it is added to previous inflows in the 

same hour (step 12), subtracted from the demand at the hub (step 13) and added to the total 

inflow in this hour (step 14).  

4. Determination of Outflow 

 

Figure 23: Flow chart - Determination of Outflow  

Once the total inflow is determined the outflow from each household with a surplus can be 

calculated. First the number of households with a supply (defined in step 3) is obtained in step 

15 (Figure 23). In case this number is zero the procedure will jump back to step 8. However, 

when the number of households with a surplus is zero then also the available power at the hub 

is zero and thus the algorithm will jump to step 21. In the case of nHH being greater than zero 

the maximum outflow from the hub perspective is obtained by dividing the difference of total 

inflow and total outflow by the number of households with a supply at the hub. The actual 

outflow from the household to the hub at the hub in this loop (calculated in step 17) is the 

minimum between the supply at the household and the maximum outflow (determined in step 

16). Once the loop outflow is known it is added to previous loop outflows of the same hour. 

The outflow of this loop is subtracted from the households supply at the hub (step 19) and 

added to the total outflow from the households to the hub at the hub (step 20). In case the total 

outflow is smaller than the total inflow the procedure goes back to step 15. In case of equal in- 
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and outflow the next step is number 8. This is continued until the available power or demand 

power at the hub is zero in which case the algorithm jumps to step 21.   

5. Determination of in- and outflow at the hub, line losses, surplus and deficit 

 

Figure 24: Flow chart - Determination of flow at hub, line losses, surplus and deficit 

Based on the households’ outflow which reaches the hub, the outflow leaving the household 

can be determined using Function 1. The same can be done for the inflow using Function 2. 

𝑶𝒖𝒕𝑭𝒍𝒓𝒆𝒂𝒍𝑯𝑯(𝑶𝒖𝒕𝒇𝒍𝑯𝑼𝑩𝒍𝒐𝒐𝒑𝒕,𝑯𝑯, 𝑼𝒐𝒖𝒕𝒌
, 𝑹𝒌) 

𝑺𝒐𝒍𝒗𝒆: 𝒙𝒕,𝒌 = 𝒚𝒕,𝒌 + (
𝒙𝒕,𝒌

𝑼𝒐𝒖𝒕,𝒌
)

𝟐

∗ 𝑹𝒌 

𝑥𝑡,𝑘 = 𝑂𝑢𝑡𝑓𝑙𝐻𝐻𝑙𝑜𝑜𝑝𝑡,𝑘  [𝑊ℎ] 

𝑦𝑡,𝑘 = 𝑂𝑢𝑡𝑓𝑙𝐻𝑈𝐵𝑙𝑜𝑜𝑝𝑡,𝑘 [𝑊ℎ] 

𝑈𝑜𝑢𝑡𝑘
 = 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑓𝑒𝑒𝑑𝑖𝑛 − 𝑙𝑖𝑛𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 [𝑉] 

Function 1: OutflrealHH – Determination of outflow at household 
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𝑰𝒏𝑭𝒍𝒓𝒆𝒂𝒍𝑯𝑯(𝑶𝒖𝒕𝒇𝒍𝑯𝑼𝑩𝒍𝒐𝒐𝒑𝒕,𝑯𝑯, 𝑳𝒗𝒐𝒍𝒕𝒌
, 𝑹𝒌) 

𝑺𝒐𝒍𝒗𝒆: 𝒙𝒕,𝒌 = 𝒚𝒕,𝒌 − (
𝒙𝒕,𝒌

𝑼𝒊𝒏𝒌

)
𝟐

∗ 𝑹𝒌 

𝑥𝑡,𝑘 = 𝐼𝑛𝑓𝑙𝐻𝐻𝑙𝑜𝑜𝑝𝑡,𝑘  [𝑊ℎ] 

𝑦𝑡,𝑘 = 𝐼𝑛𝑓𝑙𝐻𝑈𝐵𝑙𝑜𝑜𝑝𝑡,𝑘 [𝑊ℎ] 

𝑈𝑖𝑛𝑘
 = 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑓𝑒𝑒𝑑𝑜𝑢𝑡 − 𝑙𝑖𝑛𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 [𝑉] 

Function 2: InflrealHH – Determination of inflow at household 

Using the outflow and inflow at the household the actual current is calculated (step 24) and 

reduced surplus (step 25) and deficit (step 26) obtained. The last step is to calculate the 

remaining maximum line current in this hour (step 27). Once this step has been reached the 

next procedure in the hierarchy (Figure 17) will start.  

When all five procedures (Flow1SG to Flow5SG) have been run through the in- and outflows 

can be transformed into monetary flows using Table 4. It is important to notice that a household 

providing an outflow to the hub will only be paid for the amount of electricity which actually 

reaches the hub. The line losses therefore reduce the household’s potential income and might 

be a motivation to invest into a conductor with a larger cross section. Similarly, the households 

with a deficit receiving an inflow will be charged for the amount of electricity leaving the hub 

and not only for the amount reaching the household. Thereby again an incentive might be 

created to invest into an improved conductor to reduce the transmission losses.  

5.4 Assumptions 
A number of assumptions have been made in this model. They are explained and motivated 

in the following.  

5.4.1.1 Hourly average 

All parameters are determined on an hourly average basis. This simplification allows for 

choosing hourly values for input variables such as radiation and demand which simplifies the 

use of the model but loses accuracy in the modelling results (e.g., demand peaks taking place 

in one hour are not reflected in the model).  

5.4.1.2 Grid design 

The grid is designed in a radial way in which all households are connected to a central hub 

(see Figure 18). This might not be the most efficient and cost-effective typology, however, 

without knowing the exact location of the households the grid design cannot be optimized.  

5.4.1.3 Battery charge & discharge efficiency  

The discharge efficiency of a battery varies only slightly with a change in the SOC. For 

simplification the discharge efficiency therefore has been assumed to be 100%. The battery 

charge efficiency, however, greatly depends on the SOC. The assumed battery charge 

efficiency is based on one publication of Gergaud et al. (Gergaud, Robin, Multon, & Ahmed, 

2003) and one from Corey and Stevens. In a test performed by Corey and Stevens their results 

indicated that a battery at a SOC between zero and 84% has an average overall battery 

charging efficiency of 91%, and that the incremental battery charging efficiency from 79% to 

84% SOC is only 55%. Above 90% SOC charge efficiencies of less than 50% were measured 

(Corey & Stevens, 1996). A polynomial function with the order of four is used to describe the 

relation between SOC and battery charge efficiency (see Figure 25). 
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Figure 25: Battery charge efficiency 

Every time a battery is charged the SOC (= Bcharge/Bmax) before charging is plugged into 

the charge efficiency equation to determine the efficiency. The efficiency is not continuously 

recalculated in the charging process but stays at the value calculated using the before-charge 

SOC. For example, a battery that is charged from 80% to 90% is charged with the efficiency 

at an SOC of 80%. This result in an underestimation of the charge losses, especially when 

large battery charges occur at once.  

5.4.1.4 Fixed nominal end line voltage 

Each household can either have a feed-in or feed-out nominal end line voltage. These two 

voltages are set by the user of the model. The maximum voltage drop between the households 

and the hub is set to half of the difference between the feed-in and feed-out voltage. In order 

to ensure that the voltage level at the hub is the same for each line it is assumed that for each 

household connection a DC/DC converter exists at the hub. In reality however it is unlikely that 

a hub with individual converters for each line will exist. In this case the hub voltage will be set 

by the household voltages which vary depending on their demand and surplus and the actual 

flow will be determined by the voltage drop between households and the hub.  

5.4.1.5 Line loss calculations 

In each hierarchical step the line losses are calculated at the end. However, due to the non-

linearity of conductor losses adding the line losses of each hierarchical step can lead to an 

underestimation of the total distribution losses. In cases of low trade volume this 

underestimation impacts the result less than in cases of great in- and outflows.  
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6 Field trip to Bangladesh 

6.1 Background information  
As described in chapter 3.2.3 the IDCOL SHS program has successfully scaled up the number 

of SHS in Bangladesh to more than 3.7 million systems in 2014 (IDCOL, 2015). The large 

number of existing SHS makes Bangladesh a predominant place for testing out the swarm grid 

concept. A case study has been conducted in rural Bangladesh in order to get insights from 

the field on the impact low-level electrification can have on living conditions, witness the 

dissemination of SHS and obtain first-hand information on load curves and PV output for the 

model. 

6.1.1 Geography 

Bangladesh is located in the Ganges Delta in Southern Asia (see Figure 26). It is with a 

population of 158.5 million living on roughly 150,000 square kilometers one of the most densely 

populated countries worldwide (WB, 2015 b). 25% of the country is less than 1 m above the 

sea level. During snowmelt in the Himalaya and the monsoon rain the water level raises in the 

three main rivers - Ganges, Brahmaputra and Meghna – and large parts of the country are 

flooded. The seasonal flooding on the one hand provide water for rice production and keep the 

soil fertile (BBC, 2014) on the other hand they pose an increasing risk for human lives. The 

low level of the country makes it extremely sensitive to climate change impacts especially to 

the increase in sea level. 

    

Figure 26: Bangladesh map 

For the case study a village in a sub-unit of the Patuakhali District in the south of Bangladesh 

(see red pin in Figure 26) has been visited. The village is located on a remote island and is 

therefore extremely difficult to access (see Figure 27). The quickest and most convenient way 

of traveling to the village is by boat over night to Galachipa north of the village followed by a 

motorbike ride, taking a small ship and again a motorbike ride.  
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Figure 27: Map of the region visited for data logging 

6.1.2 Climate 

Bangladesh has a tropical monsoon climate which is characterized by significant variations in 

rainfall and temperature. The year can be split into four main seasons (FAO, 2012, p. 169):  

 Pre-monsoon (March-May): Highest temperatures and maximum intensity of cyclonic 

storms  

 Monsoon (June-September): Bulk of rainfall (80% of rainfall) 

 Post-monsoon (October-November): Similar to the pre-monsoon season, marked by 

tropical cyclones on the coast 

 Dry season (December-February): Cool and sunny weather 

Figure 28 presents the average temperature and precipitation in the region visited.  

 

Figure 28: Monthly average temperature and precipitation (climate-data.org, n.d.) 

6.1.3 Economy 

The GNI per capita in 2014 has been US$1,080 making it a lower middle income country (WB, 

2015 b) with an average GDP per capita growth rate of 6% since 2004 (WB, 2014 b, p. 1). 

30% of the population lives in urban areas. For the majority of people living in the rural areas 

agriculture is the main source of employment and income (UN, 2014 b, p. 18). Country wide 

rice cultivation is the single and most important economic activity and is grown on 75% of the 
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total cultivated land (Qureshi , Ahmed, & Krupnik, 2015, p. 10). For almost half of the population 

in the region visited for the data logging agriculture is the main source of income followed by 

17% commerce and 9% services. Rice mills, cold storage and welding factories are the only 

manufacturing complemented by cottage industry such as weaving, blacksmith and wood 

work.  

6.1.4 Energy access 

In 2013, 62% of the population in Bangladesh had access to electricity, however, with a wide 

disparity: In urban areas 90% have access and in rural areas only 42%. Even when grid access 

exists the supply reliability is low and load shedding takes place on a regular basis (see chapter 

3.1.3). Out of 144 countries Bangladesh is ranked 134th on quality of electricity supply, which 

has been identified in the Global Competitiveness Survey as the most problematic factor for 

doing business followed by corruption and access to  financing (WB, 2015 b, p. 1). In reaching 

the goal set by the Government of Bangladesh of providing reliable, quality access to electricity 

at an affordable price to all by 2020 solar power plays a crucial role. 

Due to its location Bangladesh is a good recipient of solar energy with radiation values ranging 

from 6350 to 6820 MJ/m² per year. However the radiation varies significantly across the year. 

Figure 29 presents the global tilted radiation (GTI) for the location visited. For obtaining the 

GTI the clearness index (Kt) is used, which is the ratio of measured irradiation to the 

extraterrestrial one. A low index value corresponds with high cloud cover (Mermoud, 2013). 

For this location the clearness index varies between 0,594 and 0,565 in the dry winter season 

and between 0,355 and 0,422 in the monsoon season (see Figure 59 in Appendix F). Hand in 

hand with a low clearness index goes a low GTI (see Figure 29). 

 

Figure 29: Monthly average daily global tilted solar radiation (GTI)21 

According to GIZ by June 2014 more than 150,000 SHS have been installed through IDCOL 

in the Patuakhali district. With SHS coverage of 45% (systems per household) the Patuakhali 

district has the second highest SHS coverage in percentage in Bangladesh. In the sub-region 

visited for the data logging more than 32% of the dwelling households have access to electricity 

(Banglapedia, 2015). 

                                                
21 Tilt angle 30°, Data obtained from PVsyst simulation 
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Figure 30: Tea shop with SHS in Bangladesh 

6.1.4.1 Potential for swarm electrification 

When considering the evolutionary approach described in chapter 4 and the SHS 

dissemination up until today and in the near future, Bangladesh turns out to have great 

potential for the swarm electrification as a way of increasing the energy availability building on 

existing infrastructure. This potential and interest in swarm electrification is revealed in a 

presentation by Monirul Islam, IDCOL Chief Financial Officer and Head of Operations, in which 

he raised the question “Is Grid integration of SHS technically feasible?” (Islam, 2014, p. 22). 

6.1.5 SOLshare 

The field trip has been performed in collaboration with SOLshare which is a start-up founded 

in 2014 in Bangladesh. SOLshare is convinced that grid integration of SHS is feasible and 

works on proofing swarm electrification can also be economically viable. SOLshare is an 

affiliate of the German consultancy MicroEnergy International. With an office and lab in Dhaka, 

a team of local engineers and partnering with donor organizations such as ADB and GIZ as 

well as POs such as UBOMOUS, SOLshare is working on implementing the first swarm grid 

worldwide. By interconnecting the existing SHS in Bangladesh SOLshare wants to enable the 

bottom-up evolutionary approach to electrification. SOLshare’s core activities are the design 

of the hardware required as well as the front- and back-end data management which is 

essential for the control and management of the swarm grids and communication with the 

customers. Key to the successful implementation of swarm grids is customized IT which 

supports an efficient management of all processes such as billing, operations and 

maintenance.  

6.2 Data collection process 
In collaboration with SOLshare, Hannes Kirchhoff, doctoral candidate at the TU Berlin 

Mircroenergy Systems Department, Steffen Eyhorn, Head of R&D at SOLshare, UBOMOUS 

and the local SOLshare engineering team, the field trip was used to install customized charge 

controllers capable of data logging in a number of selected households and shops. All these 

households and shops are customers of UBOMOUS, which is one of the POs proving SHS. 

These customers have already been part of the research performed by Kirchhoff. The 

households are scattered whereas the shops are closely aligned on the main roads.  
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The data logging unit consists of a standard charge controller connected to a circuit board 

(PCB) hosting the required hardware for data collection and storage (see Figure 31). In order 

to also collect data from households and shops which have a special SHS set-up (e.g., a diesel 

generator or additional PV modules) additional components for metering are connected to the 

data logger (e.g., hal sensors and clamp meters). The data is stored on microSD Cards and 

needs to be uploaded to the cloud with a smart phone by one of UBOMOUS’ local employees. 

The collected data consists of information on PV current, load current and SOC among others. 

The logging frequency is roughly 10 seconds.    

 

Figure 31: Charge controller with PCB for data logging (front and rear view) 

When the data loggers were installed in the selected households and shops it became evident 

that a number of users bypass their charge controller in order to discharge their battery beyond 

a DOD of 50%. The low electricity generation during monsoon time due to cloud coverage 

motivates for bypassing the charge controller despite the knowledge for the consequences 

over-discharging can have on the battery lifetime. Due to the high number of POs and 

competition among them the SHS market has characteristics of a buyer market in which the 

purchaser has an advantage over the seller. This results in POs’ customers having little 

obstacles for bypassing the charge controller and sometimes is even supported by the POs’ 

local technicians.  

6.3 Data obtained 
The data obtained only covers a couple of days of the months June and July. They only show 

a small section of the big picture but allow for some more realistic assumptions regarding load 

pattern, daily demand and electricity production. Table 5 provides an overview on the system 

design of the shops and households that are used for the simulations in chapter 7. 
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Table 5: Characteristics of SHSs logged 

 Tailor shop 

(HH1) 

Shop (HH2) Household 

1 (HH3) 

Household 

2 (HH4) 

Nominal PV power [Wp]: 50 50 + 40 30 50 

Battery capacity [Ah]: 80 80 20 50 

Connected loads: 8 lights (3 W 
each) 

5 lights (3 W 
each), fan 
(12 W), TV 

(15 W) 

3 lights (3 W 
each), 
mobile 
phone 

charger 

2 tube lights, 
2 lights (3 W) 

Daily load variation [Wh]: 99 – 239 29 – 44 9 – 27 14 – 73 

Daily load average [Wh]: 150 31 13 29 

Number of days logged: 4 4 23 7 

6.3.1 Load curves 

Actual load curves often differ from theoretical curves from feasibility studies (IED, 2013, p. 

24). Therefore real data on the demand pattern is vital for the swarm grid simulation. Lighting 

is among the first and most value creating energy services provided by electricity. The load 

curves that can be found in the literature therefore follow the pattern found in the data obtained. 

The large majority of the loads presented in Table 5 are lights. As they are mostly used in the 

evening the peak consumption takes place between 18:00 and 22:00. Figure 32 shows the 

load curves of four consecutive days for a tailor shop. The shops main loads are 8 LEDs with 

three watt each. The load curves evening peak corresponds well with the use of these lights. 

During the day some low level energy consumption can be witnessed. Households and shop 

owners from time to time use fans to bear with the heat and humidity. The small demand 

increases during the low level of consumption during the day can be explained with the 

irregular use of such fans.  

 

Figure 32: Load curves for tailor shop (HH1)  
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Wp) but he already shares electricity with his neighbor. One of the two lights listed in Table 5 

is installed in the neighboring house.  

 

Figure 33: Load curves [Wh] for shop (HH2) 

The load patterns for both households can be found in Appendix E. The actual demand in the 

few days logged is for some of the households and shops well below the expected one. 

Especially the shop sticks out with its low consumption despite owning a TV and fan.  

6.3.2 PV output 

Figure 34 and Figure 35 present PV output curves for the four households and shops logged. 

The curves show the simultaneously appearing peaks and valleys which is a strong indicator 

for heavy cloud coverage. The curves have a different height due to the different PV panel 

sizes.  

 

Figure 34: PV output for different SHS, Bangladesh June 20th 
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Figure 35: PV output for different SHS, Bangladesh June 24th 

When comparing the real PV output with the average monthly hourly radiation (dark blue curve 

in Figure 36) the large variations in the real electricity generation becomes apparent caused 

by shading, etc. Yet, because of the little data obtained the ideal PV output curve for each 

month is used in the modelling.  

 

Figure 36: SHS PV output HH4 compared to monthly average 
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7 Simulation 

7.1 Basic input parameters 
All cases built on the load curves, which were obtained from the Patuakhali field trip. Other 

parameters have the value listed below unless otherwise mentioned in the specific case 

description. 

7.1.1 PV module 

Efficiency:  

Different publications assume the efficiency of PV for SHS in Bangladesh to be 10% (Rahman 

& Khan, 2010, p. 163). 

PV derate factor:  

The PV derate factor is the product of the derate factors of the PV system components.  Based 

on the list of derate factors used by NREL’s PVWatts Calculator the relevant factors were 

chosen with the values proposed by NREL or by Khan and Khan (see Table 6) (Khan & Khan, 

2002, p. 210). The resulting performance factor of 66.5% has been used for all simulations 

performed. 

Table 6: Performance and derate factor 

Derate factor  Description Value Source 

PV module nameplate 

DC rating:  

Accuracy of the 

manufacturer's nameplate 

rating 

0.95 (NREL) 

Mismatch:  

 

Manufacturing tolerances 

yielding PV modules with 

slightly different current-

voltage characteristics 

0.98 (NREL) 

Diodes and 

connections:  

 095 (Khan & Khan, 2002, p. 

210) 

DC wiring: 

 

 0.975 (Khan & Khan, 2002, p. 

210) 

Soiling: 

 

Accounts for dirt or other 

foreign matter on the front 

surface of the PV module 

0.90 (NREL) 

System availability:  0.98 (NREL) 

Temperature derate:  Loss due to increased cell 

temperature 

0.93 (The derivation can be 

found in paragraph 

9.8.1.) 

Combined PV derate factor: 0.7  

Charge controller 

efficiency: 

 0.95 (Khan & Khan, 2002, p. 

210) 

Performance factor: 0.665  



70 
 

7.1.2 Battery 

The DOD is limited to 50% and the battery voltage is 12V. The starting battery charge, which 

defines the SOC in the beginning of the first hour of the day, the preferred SOC, which plays 

a role in the hierarchy described in Figure 17, and the maximum battery discharge for trade, 

which defines the level to which a household allows its battery to be discharged for supplying 

neighbours’ deficit, can be chosen by the user.  

Table 7: Battery parameters 

Parameter Value 

Depth of Discharge (DOD): 50% 

Battery voltage: 12V 

 

7.1.3 Conductor 

The conductor is assumed to be made out of copper. The cable cross section and nominal end 

line voltage can be set by the user. For the simulation of the swarm grid without productive use 

a feed-in voltage of 12 V and feed-out voltage of 14.5 V where assumed with a cable cross 

section of 15 mm². For the swarm grid with a water pump a 48 V/ 58 V system with a 1.5 mm² 

cable cross section was assumed.   

Table 8: Conductor parameters 

Parameter Value Source 

Nominal end line voltage: Feed-in: 14.5 V (58V) 

Feed-out: 12 V (48V) 

 

Conductivity (copper): 

 

56 
S ∗ m

mm2
 

(Marinescu & Winter, 

2007, p. 14). 

Cable cross section: 12 V/ 14.5 V: 2.5 mm² 

48 V/ 58 V: 1.5 mm² 

 

7.1.4 Others 

System voltage 

Appliances in Bangladesh are designed for 12 V operation thus the SHS operate at 12 V direct 

current (Khandker, et al., 2014, p. 11). 

Solar radiation 

Using the software PVSyst the hourly global tilted radiation (tilt angel 30°) for the village visited 

was obtained. The data was aggregated for hourly average radiation for each month. Table 24 

in Appendix F presents the average daily radiation for each month.  
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7.2 Overview Cases modelled 
Table 9 provides an overview on questions to be answered and corresponding cases modelled. 

Table 9: Scenarios  

Cases modelled Questions to be answered 

Case 1: Yearly surplus SHS  Does surplus exist that can be shared?  

 How does the monthly varying radiation influence the 
amount of surplus available? 

Case 2: 5 SHS swarm grid 

 

 How much trade takes place when 5 households and 
shops with similar load curves are interconnected?  

 Is surplus and deficit reduced? 

 Is the varying solar radiation a barrier for swarm 
electrification? 

 Can a household earn an income by selling electricity?  

Case 3: 4 SHS swarm grid (5 

households) 

 Can a fifth household without SHS be powered by four 
SHS using their excess electricity?  

 Is the varying solar radiation a barrier for swarm 
electrification? 

 What are the costs for the household without SHS? 

Case 5: Sensitivity analysis  How critical is the distance between households and the 
hub for ensuring technical feasibility and economic 
viability?  

 What options exist in overcoming barriers related to the 
conductor length?  

Case 4: 20 households & 1 

water pump 

 Can the swarm grid power an irrigation pump? 

 What are the costs for running the pump? 

 Can the integration of a PV powered pump result in a 
mutual benefit for the pump owner and the households?  

 Can the PV water pump owner earn an income? 

7.3 Case 1: Yearly surplus of SHSs 

7.3.1 Introduction 

One of the assumptions that support the swarm grid approach is that in SHSs a considerable 

amount of excess electricity is wasted which is inherent to the SHS design (see chapter 

3.2.2.3).  

Kirchhoff simulated, based on synthetic load curves, that a 65 Wp SHS with a 100 Ah battery 

located in Bangladesh produces more than 30% of electricity which is not being used 

(Kirchhoff, 2015, p. 23). The goal of the first simulation is to support the claim of existing 

sufficient excess energy, which motivates the implementation of swarm grids. Not only is the 

question whether or not a considerable amount of surplus exists that can be shared but also 

in which way the monthly varying radiation influences the amount of surplus available. 

In order to come up with a possible answer to these questions the model was adapted to be 

able to run the excel code 365 times in order to simulate the SHSs performance over the time 

of one year.  

7.3.2 Input 

Comparing the logged low level of electricity consumption with the existing appliances in the 

shops and households raises the questions whether the days in which the data was obtained 

can be used as a representation for the entire year or whether they had an exceptionally low 
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level of demand. Therefore two different sets of input parameters have been used. In case 1.1 

the observed range of total daily demand is used whereas for case 1.2 a total daily demand is 

derived from the appliances installed in the households. The starting SOC for all SHSs is set 

to 80%. The subsequent days use the SOC at the end of the previous day as their starting 

SOC. For each day the code randomly picks one of the observed demand curves. 

Case 1.1: Logged data 

For each day a function randomly sets the total daily demand to a level in the range observed 

(see Table 10). Khan and Brown suggest that in the summer time the household load is 3 times 

higher the load in winter, which is due to the use of fans in the hot summer months (Khan & 

Brown, 2014). During the field trip performed the use of fans has been witnessed but only 

sporadically. Of the four households/ shops presented in Table 5 only one owns a fan. 

Additionally no data logged in the winter months exist yet which could support the assumption 

from Khan and Brown. Therefore seasonal demand variations are not considered in this 

simulation.  

Case 1.2: Derived total demand 

In the second case the total power of the appliances existing is accumulated (see Table 10). 

For shops six full load hours are assumed, for households only five hours. The total daily load 

is calculated based on the full load hours and the full load. It is assumed that the daily loads 

vary by 20% above and below the calculated daily demand. The resulting input values can be 

found in Table 10. 

Table 10: Input parameters yearly surplus simulation 

  Parameters Tailor shop 

(HH1) 

Shop (HH2) Household 1 

(HH3) 

Household 2  

(HH4) 

Nominal PV 

power [Wp]: 

50 50 + 40 30 50 

Battery 

capacity [Ah]: 

80 80 20 50 

Connected 

loads: 

8 lights (3 W 

each) 

5 lights (3 W 

each), fan 

(12 W), TV 

(15 W) 

3 lights (3 W 

each), mobile 

phone 

charger (2,6 

W) 

2 tube lights, 

2 lights (3 W) 

Case  

1.1 

Daily load 

variation [Wh]: 

99 – 239 29 – 44 9 – 27 14 – 73 

Case 

1.2 

Full load [W]: 24 42 11.6 12 

Full load hours 

per day: 

6 6 5 5 

Total daily load 

(+/- 20%) [Wh]: 

144 

(115 – 173) 

252 

(202 – 302) 

58 

(46 – 70) 

60 

(48 – 72) 



73 
 

7.3.3 Results 

Case 1.1 

The low demand level of the shops and households results in the generation of up to 80% of 

excess electricity which is wasted (Table 11). Only the tailor shop produces no excess and 

actually experiences a deficit across the year. The high average SOC does not only result in a 

significant generation of excess electricity but due to low battery charge efficiencies at high 

SOC causes a considerable amount of charge losses, which could possibly be reduced by 

sharing electricity.  

Table 11: Yearly simulation results based on the logged consumption data 

 Tailor shop 

(HH1) 

Shop (HH2) Household 1 

(HH3) 

Household 2  

(HH4) 

Case 1.1 1.2 1.1 1.2 1.1 1.2 1.1 1.2 

Total Supply 

[kWh]: 

59.6 107.3 35.7 59.6 

Total demand 

[kWh]: 

62.6 

(105%) 

52.7 

(88%) 

13.3 

(12%) 

92.1 

(86%) 

6.4 

(18%) 

20.8 

(58%) 

16.2 

(27%) 

21.9 

(37%) 

Total demand 

[Wh/day]: 

172 144  36 252  18 57  44 60 

Total deficit 

[kWh]: 

7.8 

(13%) 

2.6 

(4%) 

0.0 

 

4.4 

(4%) 

0.0 

 

0.0 0.0 

 

0.0 

Total battery 

losses [kWh]: 

5.1 

(9%) 

9.4 

(16%) 

14.6 

(14%) 

19.2 

(18%) 

4.6 

(8%) 

7.9 

(22%) 

11.2 

(19%) 

13.9 

(23%) 

Total excess 

[kWh]: 

0.0 

 

0.0  79.3 

(74%) 

0.6 

(1%) 

48.6 

(82%) 

7.1 

(20%) 

32.3 

(54%) 

23.8 

(40%) 

 

Case 1.2 

In case 1.2 a considerably higher daily demand is assumed for the shop and both households 

(see Table 10). Therefore the surplus of these three SHSs is significantly lower. The shop, 

which has the largest increase in demand compared to case 1.1, reduced the excess from 

74% to only 0.6% and now actually has a deficit across the year. The tailor shop has a lower 

demand than in the first case and thus reduces its deficit from 13 to 4%. Both households have 

a higher demand but still produce a considerable amount of surplus of 20% (household 1) and 

40% (household 2). 

Figure 37 presents a graph of the yearly demand, supply, surplus, deficit and SOC of 

household 2 in case 1.2. The seasonal variation in the supply and thus the amount of surplus 

produced becomes apparent. In the months of June and July the wasted excess partially drops 

to zero. Yet the amount of electricity generated is sufficient to keep the battery at a very high 
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SOC of above 90% across the entire year resulting in total battery charge losses of almost 

23% of the total supply. 

 

Figure 37: Yearly supply, demand, surplus and SOC on a daily basis for HH2 

7.3.4 Conclusion 

Both cases are built on assumptions yet they show that for some households the installed SHS 

does provide considerable excess electricity which is currently wasted. On the other hand 

households exist which could benefit from an inflow of electricity from their neighbors as they 

seem to have reached the capacity limit of their SHS (HH2). All systems show large battery 

charge losses. Therefore simply increasing the PV module size in the isolated SHS case will 

not be sufficient but the installation of additional battery will probably be required, which 

increases the costs. A swarm grid could be a more efficient and cost effective solution.  

7.4 Case 2: 5 SHSs swarm grid  

7.4.1 Introduction 

In order to better understand which parameters impact the electricity trade on the community 

level a small swarm grid consisting of 5 households and shops is modelled.  

7.4.2 Input 

Table 12 provides an overview on the cases modelled.  

Table 12: Case 2: Overview 

Case Daily demand Modelling period Starting SOC 

2.1 Logged  1 day November 60% 

2.2 Logged 1 day July 60% 

2.3 Logged 1 day November 75% 

2.4 Logged 1 year 60% 

2.5 Assumed 1 year 60% 
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For case 2.1 to 2.3 the logged daily demand data presented in Table 13 is used for HH1 to 

HH4. The additional household (HH5) uses one of the logged demand curves and common 

system parameters (see Figure 38). The daily demand of HH5 for the daily simulation is 75Wh 

and for the yearly one varies between 50Wh and 100 Wh per day (see Table 13). In case 2.1 

the simulation is performed for November, in case 2.2 for July in order to account for 

differences in radiation. These two base scenarios are afterwards in case 2.3 modified with an 

increase in the starting SOC in order to get additional insights into the impact of parameters 

on the trade quantity and overall system performance. Finally two yearly simulations are 

performed one based on the logged daily demand (case 2.4) and one using the derived daily 

demand (case 2.5). All system parameters can be found in Figure 38 which is a screenshot of 

the actual input sheet for case 2.1.   

Table 13: Case 2: Daily demand or demand variation 

Case Tailor shop 

(HH1) 

Shop (HH2) Household 1 

(HH3) 

Household 2  

(HH4) 

Household 3 

(HH5) 

2.1, 2.2, 

2.3 

150 Wh 30 Wh 13 Wh 29 Wh 75 Wh 

2.4 99 – 239 Wh 29 – 44 Wh 9 – 27 Wh 14 – 73 Wh 50 – 100 Wh 

2.5 115 – 173 Wh 202 – 302 Wh 46 – 70 Wh 48 – 72 Wh 50 – 100 Wh 

 

 

Figure 38: 5 SHS swarm input parameters with starting SOC of 60% 

7.4.3 Results 

Case 2.1 and 2.2 

In both scenarios modelled (July and November) no deficit or excess electricity exists for the 

isolated SHS case and SG case. It is interesting to note that trade takes place anyways (see 

left side Figure 39). The procedures Flow4SG und Flow5SG described in chapter 5.3.2 

distribute surplus of households and shops that have a battery charge level above a defined 

preferred one (in this case 70%). The outflows from HH 2, 3 and 4 and inflows to HH 1 and 5 

(left side Figure 39) result in a more balanced SOC at the end of the day (right graph in in 

Figure 39). Battery charge losses are non-linear and therefore the higher the SOC, the lower 
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the charge efficiency. Charging the neighbors battery instead of the households own one can 

result in overall lower charge losses.  

   

Figure 39: Case 2.1: Left households net flow, SOC of each household 

In November this led to increased battery charge availability at the end of the day compared 

to the isolated SHS case (see Table 14). However, in July the decreased charge losses were 

offset by line losses which resulted in overall slightly lower battery charge availability. 

Table 14: Case 2.1 and 2.2: Results 

 1 day in July 1 day in November 

SHS SG SHS SG 

Excess [Wh]: 0.0 0.0 0.0 0.0 

Deficit [Wh]: 0.0 0.0 0.0 0.0 

Total flow at hub [Wh]: - 63.3 - 31.94 

Total available battery charge 

at the end of the day [Wh]: 

606.6 603.2 938.2 942.3 

Battery charge losses [Wh]: 56.9 54.1 130.3 127.4 

Line losses [Wh]: - 6.2 - 2.01 

 

Case 2.3 

For the isolated SHS case the increased starting SOC results in excess electricity. The battery 

capacity of HH3 is not sufficient to store the surplus so that 28 Wh are wasted. However in the 

SG case this excess flows to the other 4 households and shops (left graph in Figure 40) where 

it increases the overall battery charge (right graph in Figure 40) and avoids the wasting of the 

excess electricity. Of the 28 Wh excess electricity 1.3 Wh are lost due to line resistance and 

an additional 12 Wh to battery charge losses compared to the isolated SHS case. The resulting 

net energy savings are 14.7 Wh. 
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Figure 40: Case 2.2: Results 

Case 2.4 and 2.5 

The yearly simulation in case 2.4 and 2.5 clearly shows the benefit of the interconnection for 

the SHSs. In both cases a large decrease in surplus and deficit across the year can be 

witnessed (see Table 15). The battery charge losses for the SG case increase because more 

electricity is stored in the battery compared to the isolated SHS case.  

Table 15: Case 2.4 and 2.5: Results 

 Logged data Assumed data 

SHS SG SHS SG 

Supply [kWh]: 322.0 

Demand [kWh]: 123.3 213.3 

Excess [kWh]: 153.9 113.0 47.8 20.1 

Deficit [kWh]: 6.0 0.0 6.4 0.4 

Total flow at hub [kWh]: - 56.7 - 41.0 

Total available battery 

charge at the end of the 

day [kWh]: 

417.3 529.3 335.2 383.0 

Battery charge losses 

[kWh]: 

50.5  78.0 67.0 84.5 

Line losses [kWh]: - 7.1 - 4.3 

 

7.4.4 Conclusion 

The modelling of a 5 SHS swarm grid with similar load curves reveals that trade takes place 

also when no surplus or deficit exist. This trade results in a more balanced SOC among the 

batteries and reduces the overall charge losses. The more balanced out SOC can have 

positive impacts on the lifetime of the battery. The lifetime of a battery depends on the depth 

of discharge (DOD). The lower the battery’s average DOD the higher its lifetime (Wade, 2008, 

p. 8). Case 2.1 has shown how the interconnection of the SHSs can result in a more balanced 
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SOC across the battery by charging first the batteries that are below a preferred level. Thus 

the average DOD is reduced, possibly improving the battery lifetime. The frequent replacement 

of batteries in SHSs makes it one of the most expensive components in the system (Lindner, 

2011). The potential benefit of the trade on the battery lifetime should therefore be further 

analyzed. In 2.1 case for November these charge loss reductions result in an increase of the 

energy stored in the batteries. However for July the battery charge savings are more than 

offset by line losses and reduce the energy availability at the end of the day. This example 

shows that the electricity flow needs to be carefully controlled and take both the battery charge 

losses and line losses into account in order to maximize the overall swarm grid system 

performance. The case of increased starting SOC (case 2.2) presented the benefit swarm grids 

can provide by sharing electricity which in the isolated SHS case would have been wasted. 

Half of the otherwise wasted electricity is stored in batteries, ready to be used the following 

day. The yearly simulations both clearly shows the benefit of reduced excess electricity and 

deficit.  

7.5 Case 3: 4 SHSs swarm grid  

7.5.1 Introduction 

Case 3 analyses whether a swarm of 5 households of which 4 have a SHS can supply the total 

demand in both winter and summer time.   

7.5.2 Input 

In case 3 compared to case 2 only a few parameters for HH5 are altered. In this case HH5 

does not own a SHS and therefore depends on inflows from the swarm grid.  This scenario is 

analyzed for a number of different cases presented in Table 16.  

Case 3.1 and 3.2 have the same system parameters only the month is changed resulting in a 

difference in solar radiation. In case 3.3 the distance between HH5 and the hub is reduced 

from 45 to 20 meters. In case 3.4 HH5 has a small 30 Ah battery. Case 3.5 finally runs case 

3.4 for an entire year. For the yearly simulations the model picks a random total demand and 

one of the demand curves logged for each household. In the first yearly simulation the logged 

daily demand range is used as it has been done in case 1.1. In the second yearly simulation 

the assumed daily demand from case 1.2 is used with the same range of +/- 20%. 

Table 16: Case 3: Input parameters HH5 

 HH5 

Demand 

[Wh] 

HH5 PV 

capacity 

[Wp] 

HH5 Battery 

capacity 

[Ah] 

HH5 

Distance to 

hub [m] 

Month 

Case 3.1 75 0 0 45 July 

Case 3.2 75 0 0 45 November 

Case 3.3 75 0 0 20 July 

Case 3.4 75 0 30 (starting 

SOC 50%) 

45 July 

Case 3.5 Randomly 
chosen 

between 50 - 
100 

0 30 (starting 

SOC 50%) 

45 Year 
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7.5.3 Results 

Case 3.1 and 3.2 

Figure 41 presents the total swarm supply and demand and well as the total Flow 1 and 222 in 

July (case 3.1). Because the households and shops have a similar load curve with a peak in 

the evening the combined load curve also peaks in the evening. Two forms of flows can be 

witnessed. When the supply peak is reached at noon all the demand is satisfied. In order to 

distribute the surplus produced a battery inflow (yellow curve in Figure 41) to HH1 (tailor shop) 

takes place. In the evening Flow 1 (grey curve) exists which occurs whenever a deficit needs 

to be supplied and either surplus or available battery charge exists. This flow is able to reduce 

the deficit of household 5 to 28 Wh instead of 75 Wh, yet a deficit remains. When looking in 

the same system set up in the month of November (case 3.2) the same amount of deficit can 

be observed. Case 3.1 and 3.2 have a difference in radiation yet the deficit for HH5 remains 

the same. This hints to a limitation of the inflow not by available power but by conductor 

resistance. 

 

Figure 41: Case 3.1: Daily supply, demand and flow 

Case 3.3 

In case 3.3 the line length of HH5 to the hub is shortened from 45 to 20 meter resulting in a 

reduced resistance per connection (back and forth) of 0.48 Ohm instead of 1.07 Ohm. In this 

case the demand can be completely supplied.  

Case 3.4 

Another option to eliminate the deficit is to outfit HH5 with a small battery of 30 Ah (case 3.4). 

In doing so the demand can be completely supplied at a distance of 45 meters between HH5 

and the hub. Figure 42 presents the flow in case 3.4. It can be noticed that the inflow to HH5 

in the evening is reduced (Flow 1 grey line) as now an inflow can take place during the day 

which charges the battery (Flow 2 yellow line). The battery then supplies the demand in the 

evening which reduces the inflow at that time of the day. The extra battery in HH5 reduces the 

overall battery charge losses slightly (from 44 Wh to 41.7 Wh) because the other batteries are 

charged less which lowers the SOC and thus increases the charge efficiency. Additionally the 

cost per kWh for HH5 is lower in case 3.4. The reason is that in case 3.1 the inflow took place 

                                                
22 Flow 1 takes place when a deficit exists, which can be reduced by the swarm surplus or battery 
charge. Flow 2 takes place when a surplus exists but no deficit. In this case the surplus is stored in the 
swarm batteries.  
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in the evening and thus the night tariff applied. In case 3.4 however the inflow takes place 

during the day (day tariff) and thus the kWh price drops from US$2.1523 to US$1.76.  

 

Figure 42: Case 3.4: Daily supply, demand and flow 

Case 3.5 

In case the neighboring households and shops show the same daily demand range across the 

year as the one logged, HH5 without SHS but with a 30 Ah battery can be completely supplied 

by the swarm grid inflow (see Table 17 column logged demand). Table 17 clearly shows the 

reduction of the overall deficit and surplus in both the logged demand and assumed demand 

case. In case the neighboring households and shops have the daily demand assumed (case 

1.2) not the entire deficit can be eliminated. Yet for 3 out of the households and shops which 

have a deficit, the deficit can be significantly decreased. Only household 1 (HH3) shows a 

slight increase in deficit. This increase in deficit for HH3 in the SG case compared with the 

isolated SHS case is explained by the outflow from the household. The outflow of a household 

to the grid can reduce the SOC below the level it has in the isolated SHS case. If the 

households demand later in the day exceeds the remaining battery charge and no inflow from 

the grid can be provided, the households demand cannot be met. In order to reduce this risk, 

the model provides the option of setting a threshold (Max. Battery discharge for trade) for 

battery energy to be shared. For example a household can decide that it is only willing to 

engage in a trade when its SOC is above 70%. In this way it secures 20% for personal 

consumption later in the day. In the modelled case the threshold has been set to 60% for all 

households and shops. For HH3 especially in the summer months this threshold needs to be 

increased to avoid any deficit. Setting this threshold, however, can be challenging as it requires 

information on the future demand and supply.  

In case 3.5 with an assumed demand the total inflow from the grid to HH5 of 27.06 kWh costs 

US$40.8 when the three folded tariff structure applies (see Table 4).  

 

 

 

 

                                                
23 The kWh price is higher than the highest tariff (US$2.00/ kWh), because the household receiving an 
inflow has to pay for the line losses between the hub and the household.  
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Table 17: Case 3.5: Combined results 

 Logged demand Assumed demand 

 Insulated 

SHS 

SG Insulated 

SHS 

SG 

Supply [kWh]: 262.4 

Demand [kWh]: 123.3 213.4 

Surplus [kWh]: 137.6 63.5 31.4 0.6 

Deficit [kWh]: 33.2 0.0 33.8 7.4 

Tailor shop (HH1): 5.9 0.0 2.1 0.9 

Shop (HH2): 0.0 0.0 4.3 3.6 

Household 1 (HH3): 0.0 0.0 0.0 0.3 

Household 2 (HH4): 0.0 0.0 0.0 0.0 

Additional (HH5): 27.8 0.0 27.4 2.6 

Battery charge losses 

[kWh]: 

34.9 65.0 51.4 50.6 

Inflow [kWh]  73.1  46.4 

Line losses [kWh]  9.1  4.4 

 

When increasing the battery of HH5 to 50 Ah instead of 30Ah the overall yearly deficit 

decreases only by 40 Wh. This points out to an overall lack of electricity. Figure 43 shows the 

overall surplus existing in the isolated SHS case. The surplus generation decreases in the 

summer months and so does the amount of flow in the swarm grid. Thus the deficit in the 

swarm is caused by a lack of generation capacity.  

 

Figure 43: Case 3.5: Results 

0,0

50,0

100,0

150,0

200,0

250,0

1

1
1

2
1

3
1

4
1

5
1

6
1

7
1

8
1

9
1

1
0
1

1
1
1

1
2
1

1
3
1

1
4
1

1
5
1

1
6
1

1
7
1

1
8
1

1
9
1

2
0
1

2
1
1

2
2
1

2
3
1

2
4
1

2
5
1

2
6
1

2
7
1

2
8
1

2
9
1

3
0
1

3
1
1

3
2
1

3
3
1

3
4
1

3
5
1

3
6
1

[W
h

]

days

Surplus SHS Total Total flow at hub [Wh] Deficit SG Total



82 
 

7.5.4 Conclusion 

Case 3.1 and 3.2 have the same amount of deficit despite a difference in solar radiation. The 

deficit is constant because of conductor current limitations. When the distance between HH5 

and the hub is reduced (case 3.3) the resistance decreases allowing more current to flow which 

eliminates the deficit. The current limitations existing for a distance of 45 m can be overcome 

by including an additional battery for HH5 (case 3.4). Now a flow is not only taking place in the 

evening when the demand exists at HH5 but during the day. The time of inflow is decoupled 

from the actual time of demand. This inflow during the day is sufficient to eliminate the deficit 

and also results in a lower kWh price as now the day instead of the night tariff applies. Case 

3.5 supports these findings for the yearly simulation based on the logged daily demand. 

However, when the assumed daily demand values are used a combined yearly deficit of 7.4 

kWh remains of which 2.6 kWh belong to HH5. Nevertheless, the overall deficit and surplus 

also in this case can significantly be reduced. The increase of deficit for HH3 points out the 

necessity of setting a threshold for energy to be shared from the battery. Yet, setting the right 

level requires a smart control taking into account future demand and PV output (e.g., 

depending on weather forecast).   

7.6 Case 4: Sensitivity analysis 

7.6.1 Introduction 

In order to better understand the limitations of the conductor resistance and benefit of a battery 

at a household with no SHS two sensitivity analysis are performed. For each combination of 

sensitivity variables the model is run.  

7.6.2 Input 

The input parameters are the same as in case 3.1. In case 4.1 HH5 which has no SHS owns 

no battery. In case 4.2 a battery with a capacity of 30 Ah is included for HH5.  

7.6.3 Results 

Case 4.1 

The matrix below (Table 18) presents the results for the sensitivity analysis in which both the 

distance from HH5 to the hub and the daily demand of this household is varied. It can be 

observed that the inflow increases with an increase in demand, however, it decreases with an 

increase in the distance to the hub. The increase of inflow with an increase in demand shows 

that not the supply is limiting the inflow with an increase in distance. The decreases of the 

inflow with an increase of distance can be explained with the increasing resistance which 

reduces the maximum current. The question then arises: Why does the household receive a 

higher inflow at the same distance with an increase in the daily demand? For example at 300 

m and 50 Wh daily demand the household receives only 13.2 Wh whereas in the case of 500 

Wh it receives 16.8 Wh. Both are not enough to supply the demand, but why does the HH5 not 

receive always at least 16.8 Wh? 
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Table 18: Case 4.1: Results 

HH 5 daily 
inflow 

Input 1: Daily demand [Wh] 

50 100 150 200 250 300 350 400 450 500 

In
p

u
t 

2
: 

D
is

ta
n

c
e

 f
ro

m
 H

H
 t

o
 

h
u

b
 [

m
] 

30 50.0 67.5 80.0 92.7 105.5 116.0 122.5 127.1 129.9 132.6 

60 33.6 46.1 57.6 63.5 66.3 68.9 69.9 70.8 71.8 72.7 

90 26.6 38.4 43.2 45.8 46.7 47.7 48.6 49.6 50.5 51.5 

120 23.1 31.7 34.3 35.3 36.2 37.2 38.1 39.1 39.6 39.9 

150 21.0 26.4 28.0 29.0 29.9 30.9 31.6 31.9 32.2 32.5 

180 19.2 22.9 23.8 24.8 25.7 26.4 26.7 27.0 27.3 27.6 

210 17.4 19.9 20.8 21.8 22.6 22.9 23.2 23.5 23.8 24.0 

240 15.8 17.6 18.6 19.5 19.9 20.2 20.5 20.9 21.0 21.0 

270 14.4 15.9 16.8 17.6 17.9 18.2 18.5 18.7 18.7 18.7 

300 13.2 14.5 15.4 15.9 16.3 16.6 16.8 16.8 16.8 16.8 

 

The answer can be found when looking separately at the impact of the sensitivity variables. 

The left graph of Figure 44 presents the inflow to HH5 at 60 m and 180 m with a daily demand 

of 100 Wh. At 60 m the deficit can, except for the peak in the evening, be eliminated. Here the 

orange line indicating the inflow at 60 m overlaps with the demand (blue line) except for the 

evening hours. At 180 m the maximum inflow reduces from 105 W (60m) to 3.5 W because of 

a tripling of the resistance. In this case the inflow (grey curve) is not sufficient to eliminate the 

deficit during the day or in the evening. When looking at the right graph of Figure 45 the impact 

of a varying daily demand can be observed at a fixed distance to the hub of 60 m. The orange 

curve which represents the inflow at the demand of 100 Wh overlaps with the blue demand 

curve at 100 Wh except for a few hours in the evening. The yellow curve representing the 

inflow at 300 Wh only partially overlaps with the grey demand curve at 300 Wh. Nevertheless 

for most of the times it is at a higher level than the red curve. Therefore, it can be concluded 

that the inflow is not only limited by the line resistance but by the demand curve itself.   

  

Figure 44: Case 4.1: Impact of sensitivity variables 

0

2

4

6

8

10

12

14

16

18

[W
h

]

Demand Inflow 60 m

Inflow 180 m

0

10

20

30

40

50

60

[W
h

]

Demand 100 Wh Inflow100 Wh

Demand 300 Wh Inflow 300 Wh



84 
 

Case 4.2 

In case 4.2 HH5 which has a daily demand of 150 Wh still is not equipped with a PV module 

but with a small battery. The goal of this analysis is to observe to which extend a battery can 

decouple the inflow from the actual time of demand and thus increase the inflow to HH5. Table 

19 compares the daily inflow to HH5 at different distances with varying battery capacity. The 

result is clear: Already the implementation of a 10 Ah can greatly increase the inflow to HH5. 

A battery capacity of 30 Ah allows at a household distance to the hub of 30 m the elimination 

of the entire household’s deficit. At the same distance from a capacity of 70 Ah onwards the 

result is identical for all battery capacities. Here the conductor limitations limit the total inflow. 

Hence the larger the distance between the household and the hub the smaller the difference 

a battery size greater 10 Ah can make.  

Table 19: Case 4.2: Results sensitivity analysis 

HH 5 daily 
inflow 

Input 1: Distance from HH to hub [m] 

30 60 90 120 150 180 210 

In
p

u
t 

2
: 

B
a

tt
e
ry

 c
a
p

a
c
it

y
 [

A
h

] 

0 79.7 57.6 43.2 34.3 28.0 23.8 20.9 

10 133.5 115.1 87.1 68.3 55.1 46.0 39.5 

20 158.1 120.9 89.1 68.0 55.1 46.0 39.5 

30 164.4 120.9 89.1 68.0 55.1 46.0 39.5 

40 165.3 120.7 89.1 68.0 55.1 46.0 39.5 

50 169.6 120.7 89.1 68.0 55.1 46.0 39.5 

60 181.6 120.7 89.1 68.0 55.1 46.0 39.5 

70 194.3 120.7 89.1 68.0 55.1 46.0 39.5 

80 194.3 120.7 89.1 68.0 55.1 46.0 39.5 

90 194.3 120.7 89.1 68.0 55.1 46.0 39.5 

 

More detailed insights are revealed when comparing HH5 at a distance of 60 m to the hub with 

and without battery on an hourly basis. In case no battery exists the inflow (orange curve in 

Figure 45) into HH5 is capable of supplying the demand until 18:00 from where on the inflow 

is limited by the conductor to 10.5 Wh per hour (before it was limited by the load curve (blue) 

itself). In the case of a 60 Ah battery the inflow (green curve) takes place in the morning when 

the first surplus in the system exists. This inflow until 18:00 is used to charge the battery. From 

there on the battery is discharged (light blue curve) until it reaches the minimum SOC of 50%. 

The received inflow from 19:00 on (yellow) again is limited to 10.5 Wh per hour by the 

conductor so that a deficit remains. As it can be taken from Table 19 a larger battery does not 

increase the flow which until 10:00 is limited by the amount of surplus existing in the grid and 

from there on by the conductor limitations.   
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 Figure 45: Case 4.2: Comparison 60 Ah at 60 m with battery to without battery  

7.6.4 Conclusion 

The distance between the household and the hub is a major limitation of the amount of 

electricity that can be traded insight the swarm grid. Ways of overcoming these limitations are 

increasing the voltage level or the conductor cross section in order to reduce the resistance. 

However, another approach in case a household does not have a SHS and needs to be 

supplied by the grid is to outfit the household with a small battery. This allows for decoupling 

the flow from the actual time of demand and thus can increase the inflow and decrease the 

deficit. This option can be less expensive than the before mentioned ones.  

7.7 Case 5: Swarm grid with water pump  

7.7.1 Introduction 

In chapter 6.1.3 the important role of agriculture and especially rice production for the economy 

in Bangladesh has been described. The crop production requires a lot of irrigation which is 

performed by roughly 1.7 million pumps24 (Qureshi , Ahmed, & Krupnik, 2015). The large 

majority of them (more than 90%) are run by diesel engines whereas the rest is powered by 

electricity. The energy consumption of the fuel powered irrigation pumps amounts to 1 million 

tons per year of subsidized diesel (GPOBA, 2015). Due to a list of reasons (e.g., frequent 

technical problems, high maintenance costs, increasing cost of diesel, supply disruptions, 

environmental pollution, etc.) Bangladesh has the goal of replacing the large number of diesel 

irrigation pumps (GPOBA, 2015). According to the FAO the goal is not only the replacement 

of existing pumps but expansion of small-scale integration which is a vital component of the 

Government’s agriculture strategy (FAO, 2012, p. 8). The constraint with grid electricity supply 

makes shifting to grid connected electricity run pumps not feasible. Therefore the goal is to 

introduce a large number of PV powered pumps. The implementation is organized by IDCOL 

which follows a similar structure as the SHS program of supporting the financing of the pumps 

(GPOBA, 2015). The aim is to have 50,000 water pumps installed by 2025 with an increasing 

                                                
24 1.5 Million shallow tube wells, 35,000 deep tube wells and 170,000 low lift pumps 
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number installed each year (see Figure 65 in Appendix F). So far 108 pumps have been 

installed.  

Depending on the pump and PV capacity IDCOL implements two different business models. 

For pumps with a pump capacity of 7 kWp and a PV capacity of 11 kWp a fee for service model 

is implemented in which farmers pay to a water pump sponsor who is provided with a grant 

and loan by IDCOL. In the second business model which targets smaller capacity pumps the 

farmer owns the pump which is sold by POs receiving IDCOL grants and loans on credit to the 

farmer who has to pay instalments (Rahman F. , 2015). Table 20 provides an overview on the 

IDCOL business models and corresponding water pumps.   

Table 20: IDCOL Solar Irrigation Projects business models (GPOBA, 2015, p. 10) 

 Fee for Service Model Ownership Mode 

PV capacity: 11 kWp 4 kWp 

Pump capacity: 7 kWp 2.5 kWp  

Flow rate: 900,000 liter/day 250,000 liter/ day 

Total head: 10 – 14 meters 

Land coverage: Rice: 17 acre 

Others: 28 acre 

Rice: 5 acre 

Others: 8 acre 

 

In their paper on DC Nanogrids in Bangladesh Khan and Brown suggest a 1.9 kWp PV Nano-

grid with a 480 Ah battery which can supply 10 households and run a 1.1 kWp irrigation pump. 

The pump runs from 10:30 to 14:00 and is supplied with 800 – 1000 W (Khan & Brown, 2014, 

p. 81). The difference in precipitation between the season results in higher daily pumping rate 

in dry season (Shahid, 2010, p. 433) which is also the season with higher solar radiation. Khan 

and Brown assume no irrigation is needed during the rainy season (June to September).  

Motivated by the government’s aim of increasing the number of PV powered irrigation pumps 

and the work performed by Khan and Brown in the following two swarm grids including a water 

pump are modelled. 

7.7.2 Input 

Two scenarios are simulated. Case 5.1 models a swarm in which an irrigation pump is powered 

by the SHSs. The swarm grid consists of 20 SHSs and one irrigation pump which is assumed 

to run at full load for 4 hours each day. Case 5.1 is modelled for November which is one of the 

months in which irrigation is most needed.  

Case 5.2 models a swarm grid with a water pump which is equipped with its own PV module. 

In this case the water pump has a capacity of 2.5 kWp and a PV capacity of 4 kWp (see Table 

21). In difference to case 5.1 now only 15 out of the 20 households have their own SHS system. 

The other households will potentially be supplied by the excess electricity provided by the 

water pump. Case 5.2 is both simulated for the rain season (July) and dry winter season 

(November). In the rain season it is assumed that the irrigation pump will run only 2 hours per 

day at full load whereas in the winter season the pump will run for 6 hours. The pump is outfitted 

with its own battery which is required to supply the large amount of energy of 2.5 kWh per 

hour. The conductor characteristics and lengths remain the same as in case 5.1. 
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In case 5.1 a smaller pump is used because the power outflow of 20 SHS is not sufficient to 

power an irrigation pump of 2.5 kWp. In case 5.2 however the larger pump is chosen because 

it fits the IDCOL Solar Irrigation project described above (see Table 20).  In case 5.1 the goal 

is to understand whether surplus of SHSs can be used to power a small irrigation pump. In 

case 5.2 the aim is to analyze whether surplus power from the PV powered irrigation pump 

can be used by the households in the swarm grid. In this case the owner of the pump could 

not only earn money by selling water but also the excess electricity generated. In both cases 

the nominal voltage is set to 48 V/ 58 V because of the large current flow required. Table 21 

provides all relevant input parameters. 

Table 21: Case 5.1 and 5.2: Input parameters 

 Parameter Values for case 5.1 Values for case 5.2 

Ir
ri

g
a
ti

o
n

 p
u

m
p

 

Power [Wp]:  600 2,500 

Full load hours 

Winter: 

Summer: 

 

4 (from 10:00 to 14:00) 

 

6 (from 9:00 to 15:00) 

2 (from 11:00 to 13:00) 

Total daily demand [Wh] 

Winter: 

Summer: 

 

2,400 

0 

 

15,000 

5,000 

PV capacity [kWp]: 0  4 

Battery capacity [Ah]: 0 460 

S
H

S
 

Number of SHS: 20 15 

PV capacity range [Wp]: 40 – 120 (average 71) 40 – 120 (average 65) 

Combined PV capacity [kWp]: 1.24 0.97 

Battery capacity range [Ah]: 20 – 80 (average: 71) 20 – 80 (average: 63 ) 

Combined battery capacity 

[Ah]: 

1350 940 

Daily demand range [Wh]: 40 – 200 (average 104) 

Total daily demand [Wh]: 2025 

C
o

n
d

u
c

to
r 

Distance irrigation pump to hub 

[m]:  

80 

Household to hub distance 

range [m]:  

10 to 70 (average 42.25) 

Total length [m]: 925 

Cross section households 

cable [mm²]: 

2.5 

Cross section pump cable 

[mm²]: 

7.5  

Feed in voltage [V]: 58 
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Feed out voltage [V]: 48 

Max voltage drop to hub [V]: 5 

7.7.3 Results 

Case 5.1 

Figure 46 presents the combined supply and demand curve as well as Flow 1 and 2. The 

irrigation demand curve was chosen to fit the peak supply. The large cross section and higher 

voltage compared to case 2 and 3 allow for enough current to flow and thus the total demand 

of the water pump can be supplied.  

 

Figure 46: Case 5: Supply, demand and flows 

The amount of electricity generated is the same in the isolated SHS case and SG case. 

Therefore, the 2400 Wh which flow from the households to the hub to power the water pump 

in the isolated SHS case must be used differently. Figure 47 shows a comparison of key 

parameters for both the swarm grid and the Solar Home Systems. In the isolated SHS case 

550 Wh are wasted as excess energy and 1660 Wh more than in the swarm grid are stored in 

the batteries25. This battery charging is accompanied by 340 Wh higher battery charge losses 

compared to the swarm grid. Line losses of 150 Wh reduce these savings yet still the SG has 

made use of 740 Wh more electricity.  

In the swarm the battery charge at the end of the day increases only by 370 Wh (2030 in the 

SHS). The battery charge increase in the swarm is lower than in the isolated SHS case but 

more balanced. Whereas in the SHS the SOCs range from 60% to 97% in the swarm the 

battery charge range is only from 55 to 74%. In case of similar radiation and load the excess 

produced by the SHS in the subsequent day will further increase, in the swarm grid however 

the deficit and surplus will still be non-existing. 

                                                
25 For a fair comparison this case needs to be modelled for an entire year.  
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Figure 47: Case 5: Comparison SHS and SG 

Applying the threefold tariff structure described in Table 4 results in costs for powering the 

irrigation pump of US$4.61 per day. When assuming a motor efficiency of 33%, diesel price of 

US$0.6 per liter (Bhattacharyya, 2014, p. 750) the kWh electricity costs US$0.18 and thus the 

total fuel costs for the water pump would be half a dollar26. This cost comparison can only be 

considered indicative and a proper business viability study needs to be performed in order to 

compare the cost competiveness. Nevertheless, when including a large load the three-stage 

tariff might need to be extended by a lower commercial tariff in order to reach a cost 

competitiveness of the swarm grid.  

Case 5.2 

This case clearly shows the mutual benefit of including a PV powered irrigation pump in the 

swarm grid. In the swarm the irrigation pump can be fully supplied by the PV module and a 

460 Ah battery. All excess electricity is used by the grid. In the isolated SHS case, however, a 

battery of at least 550 Ah is required to eliminate the wastage of excess electricity and deficit. 

Figure 48 presents the November case in which the outflow from the water pump to the swarm 

grid is used to charge the households batteries. If the irrigation pump with a 460 Ah battery is 

not connected to a swarm grid 300 Wh of excess energy are wasted. From 11:00 on the 

irrigation pump is receiving an inflow to charge its battery which is used to charge the water 

pump’s battery by making use of the 350 Wh of excess electricity generated by the SHS in the 

swarm grid.    

                                                
26 LHV: 42,791 MJ, Diesel density 0,832 kg/l 
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Figure 48: Case 5.2: Results irrigation pump (80% preferred charge level) 

Before the irrigation pump runs the PV module of the pump supplies its surplus to the grid 

(negative Flow 2). When the pump is running the produced PV output is not sufficient and the 

pump’s battery is discharged. It is interesting to note that in the inflow from the grid to the 

irrigation pump is used to increase the battery charge (positive Flow 2). The algorithm is 

designed in a way where each household, shop or water pump tries to supply its own demand 

by its own PV output or battery charge first. In case 5.2 the preferred charge level is set to 

80%. The water pump tries to supply its demand with the help of its battery, which thereby is 

discharged. However because of the preferred charge level set, the battery receives at the 

same time an inflow from the grid to charge the battery.  
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Figure 49: Case 5.2: Results irrigation pump (60% preferred charge level) 

In case the preferred charge level is reduced to only 60% the battery receives a reduced inflow 

from the grid (Flow 2 in Figure 49) so that the battery charge is not sufficient to supply the 

demand of the water pump anymore. However, now the water pump receives an Inflow 1 

(surplus used to supply a deficit) to supply its demand (see grey curve Figure 49). So instead 

of charging the battery with an inflow from the grid and then discharging it again to supply the 

load the inflow is directly used to supply the load. The effect is that the battery charge of the 

water pump at the end of the day is at 70% instead of 80% but battery losses of the pump are 

reduced from 460 Wh to 280 Wh (the battery charge losses of the other batteries increases as 

they are now at a higher SOC, yet, still total charge losses are reduced). The lower preferred 

charge level also results in an increase of the outflow to the grid by 300 Wh and reduced 

inflows from the grid by 460 Wh which reduced the line losses for the water pump by 20 Wh.  

In case of the preferred charge level at 80% the water pump owner has costs of US$1.03 per 

day whereas in the 60% preferred batter charge level case the pump owner can make a small 

income of US$0.09 per day.  

In case 5.2 for July more surplus generated by the PV modules of the water pump can be trade 

in the swarm grid resulting in an income of US$2.33 for the pump owner.  

7.7.4 Conclusion 

Case 5 presented the benefit of integrating a water pump either as only a load or as a load 

and power source in case of a PV powered pump. In both cases a more detailed analysis of 

the actual operating hours of a water pump is required. A detailed economic analysis is 

necessary to validate a potential cost competiveness of the grid tied water pump compared to 

a diesel powered one.  

Case 5.2 pointed out the mutual benefit of connecting PV powered irrigation pumps such as 

the ones proposed by IDCOL. The altering of the preferred battery charge level provided an 

example for the complexity of the system and need for optimization in order to achieve the 

optimal system performance. However, this is not only a technical question, but depends on 
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the customers preferences such as their desired SOC at the end of the day. Such decisions 

require some form of load and supply forecasting.  

Case 5.2 supported the assumption that the pump owner can earn an income by selling excess 

electricity to the grid.  

By including a water tank the time of irrigation and time of pumping could be decoupled making 

it possible to run the pump only at time of excess electricity in the grid. Depending on the costs 

for water tanks this strategy could reduce the costs for the electricity in case 5.1 and maximize 

the swarm grid performance.  

7.8 Conclusion and outlook 
The simulations performed allow for insights into the benefit swarm grids can provide and 

answer some of the existing research questions. At the same time the simulations point out 

some limitations of the model and raise new questions that need to be answered. 

7.8.1 Summary 

The simulations performed are only covering a fraction of scenarios that can be modelled with 

the tool developed. All cases modelled built on data obtained from the field trip to Bangladesh. 

The obtained data is a small screenshot of reality and thus a number of assumptions have to 

be made in order to simulate different scenarios. Ideally these assumptions will be validated in 

the next steps and the results will be compared to real power flows once the first swarm grid 

has been installed. Despite these limitations the simulations provide an estimate of the quantity 

traded in different setups including battery and line losses and the resulting benefit.  

Case 1 supports the claim that some SHSs generate a considerable amount of excess 

electricity. However, this is not uniform across all households and shops. Two data sets are 

used as a modelling basis. The first one uses the range of daily demand logged whereas for 

the other set a daily demand derived from the combined power of the appliances installed is 

assumed. In the case which uses the logged demand data household 1 generates a yearly 

excess of electricity of 80%. For the simulation built on the derived daily demand the same 

household’s excess generation drops to 20%. In this case household 2 generates the highest 

amount of excess which amounts to 40%. On the other hand the tailor shop modelled in the 

scenario is not able to supply its full demand. Clearly here exists an opportunity for trading 

excess electricity.  

Case 2 analyzes the reduction of surplus and deficit in a swarm grid compared to the isolated 

SHS case as a benchmark. The daily simulation reveals that electricity trade takes place even 

when no demand deficit exists. The trade is caused by the algorithm which distributes surplus 

electricity to batteries with a SOC below the preferred level before fully charging the battery of 

the households with surplus. This balancing can result in an increased battery lifetime and thus 

reduction of costs for replacing batteries. The yearly simulations in case 5 clearly show the 

reduction of excess and deficit in a 5 SHSs swarm grid.    

Case 3 examines the possibility of supplying a household without SHS with the excess 

electricity produced by 4 SHSs. Two limitations for supplying the total demand of the additional 

household can be identified. The first one is a lack of generation capacity, which can only be 

solved by increasing the PV module size. However, the second limitation spotted is a limitation 

of the line current due to line resistance which increases with the distance of the household to 

the hub. Instead of increasing the cable cross section or the voltage level to overcome this 

limitation, another feasible and less costly solution is the installation of a small battery at the 

household without SHS. This allows for decoupling the time of inflow from the time of demand 
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and thus can greatly decrease the household’s deficit. In the case which uses the logged data 

from the field trip as daily demand values for the entire year an additional household with an 

average daily demand of 75 Wh can be completely supplied by the swarm grid.   

The final case modelled clearly presents the mutual benefit of integrating an irrigation pump 

with operation hours at peak PV output in the swarm grid. Two options for integrating a water 

pump exist. Either the pump is powered by excess electricity from the grid or the pump has its 

own panel and provides its excess electricity to the grid. The first option can possibly 

depending on the diesel fuel costs and tariff structure implemented in the swarm grid reduce 

the costs for powering the pump. The second option results in the case modelled in an 

additional income for the PV pump owner by powering households without SHSs. It addition 

the required battery size of the PV powered pump can be reduced. 

7.8.2 Benefit 

The simulations performed show that a swarm grid can provide the following benefits: 

 Reduction of excess electricity generation and deficit, 

 Supply of electricity to households without SHS, 

 Balanced SOC and thus increased charge efficiency and possibly prolonged battery 

lifetime, 

 Integration of commercial loads such as water pumps.  

7.8.3 Limitations and outlook for model 

The model is a first prototype and thus is based on a number of assumptions and possesses 

limitations which can be overcome by developing the model further. In the following a number 

of limitations are listed: 

 Battery aging: The model does not take a reduced battery capacity due to battery aging 

into account. Including the aging in this isolated SHS case can result in an increased 

excess generation and deficit.  

 Grid typology: The assumption of the model is that all households regardless of their 

position are connected to a common hub. A meshed grid typology instead of the 

assumed radial one can possibly reduce the line distance and thus the line losses. 

Based on the households’ location an optimized grid design can be created.  

 Other generation technologies: So far only the PV modules of SHSs and water pumps 

have been considered as sources. However, some villages might already possess a 

diesel generator or have good wind and hydro potential for powering additional RE 

technologies. The integration of various different energy sources can improve the 

energy availability and therefore should be included in the next model. 

 No optimization: The model does not include an optimizer yet, which could improve the 

swarm grid system performance as line losses can be reduced. Instead of giving all 

households with a surplus the equal chance to participate in the trade at the hub, the 

households could be ranked depending on their distance or line resistance to the hub. 

In this case the households closest to the hub would supply their surplus first. 

Households could also invest in a larger conductor size to reduce their line losses and 

be ranked higher.  

 Grid integration: So far no interconnection to the national grid has been considered. A 

next step could be to include such a connection to the national grid or possibly other 

swarm grids.  
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 Economic analysis: No costs of the swarm grid have been considered yet and thus no 

cost comparison for the kWh in the isolated SHS case and swarm grid can be made. 

In order to validate the business viability and estimate the possible income earned for 

the swarm grid operator information on costs need to be included and the LCOE needs 

to be calculated.   

 Real world verification: Alongside adding more details to the model the core of the 

program must be validated by comparing the system performance of a real swarm grid 

with the modelling results.  

7.8.4 Future research 

 The simulations performed are based on a number of assumptions for the input 

parameters. The max. battery discharge for trade for example is assumed to be 60%. 

However, more information on the users preferences is needed, e.g., what degree of 

consumption flexibility is desired. If a household wants to have a high degree of 

freedom in the demand the maximum discharge level must be set higher.  

 The simulations have shown a more balanced SOC of the batteries in the swarm. The 

assumption is that this can result in a prolonged lifetime of the batteries. However 

further analyses are required to verify this assumption.  

 Once the technical feasibility and business viability have been proven in the field, an 

approach for scaling up the number of swarm grids is needed. This requires efficient 

processes for site selection and swarm grid design. Here, the model developed can 

play an important role by providing preliminary results on the feasibility based on main 

input parameters such as the households’ daily demand and distances to each other.  

 The simulations did not show an equalization of the power variations between swarm 

members, which is one of the assumed benefits of swarm grids (see 4.1.3). The 

resulting research question therefore is in which way demand side management for 

example based on the proposed three-stage tariff structure can encourage the 

households to shift their demand curves in order to best fit the swarm grids energy 

availability and thus increase the system performance.   
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8 Conclusion & Outlook 

When looking at the current rural electrification rate in SSA and Developing Asia, the expected 

population increase especially on the African continent and knowledge of the importance of 

energy access for human development the need for innovation in rural electrification becomes 

apparent. The MDGs and a better ranking on the HDI can only be reached with improved 

access to affordable and clean energy access, which is now an explicit goal of the SDGs. 

However, the question remains how this commitment can be converted into kWh for “real 

people”. Different approaches for electrification exist, which can be grouped into decentralized 

and centralized ones. The paradigm of centralized grid extension is now slowly being 

overcome and decentralized renewable energy technologies are considered as a viable and 

necessary option for providing electricity access in rural areas. This is due to their decrease in 

decrease and increase in technical maturity. SHSs are already deployed today in an increasing 

number in Developing Asia and East Africa. The Bangladesh success story of the IDCOL SHS 

program provides valuable learnings regarding the role of micro-financing for a rapid scale up.  

Small stand-alone systems such as SHSs and PicoPV play an important role in pre-

electrification and especially in switching from petroleum lights to electric lighting, which results 

in economic and health benefits. Yet, the question of what comes after SHSs and PicoPV once 

the demand increases and commercial loads need to be powered must be asked. The IEA 

expects Mini-grids to play a major role in rural electrification because of their ability to not only 

provide electricity to households but power commercial loads such as irrigation pumps, which 

are required for economic development. Despite their potential the deployment of Mini-grids is 

facing a number of non-technical barriers. A lack of regulations and standards increase the 

inherent risk of infrastructure projects in developing countries. Because of low and irregular 

income, the risk cannot be met with an adequate return on investment. This results in a lack 

of private investments. Governments do work on regulations such as power purchasing 

agreements for once the national grid arrives to reduce the uncertainty for investors, yet 

challenges such as load forecasting for proper system sizing remain.  

The common paradigm is the set-up of a static system which is oversized to account for future 

load increase. This approach increases the initial capital investments required. However, 

enabled by small scale electricity generation technologies a different path can be pursed – an 

evolutionary approach. Instead of a static system, one that evolves with and adapts to the 

users’ demand is needed. By adding for example PV modules or a diesel generator only when 

the appropriate demand level has been reached, initial investment costs can be minimized. In 

this way the system can evolve from stand-alone systems to a Mini-grid to a national grid 

interconnection ensuring financial sustainability. In this approach swarm electrification plays a 

crucial role as the link between SHSs and possible future grid interconnection. A swarm grid 

builds on already existing SHSs and by interconnecting those, it enables local electricity trade. 

When the overall demand increases, individuals can invest into additional PV modules or a 

diesel generator and earn an income by selling electricity to the grid.   

In order to quantify the electricity trade in a swarm grid on an hourly basis a model has been 

programmed in VBA using MS Excel. The model allows for high flexibility by creating a swarm 

grid of any size with household specific demand curves. The simulations performed, using the 

model and data obtained from a field trip to Bangladesh point out a number of benefits a swarm 

grid can provide. Compared to isolated SHS a swarm grid can reduce the deficit and excess 

electricity wasted. First, it can supply households which have no SHSs with the excess 

generated from neighboring SHSs. Secondly, commercial loads such as irrigation pumps can 
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be powered with excess electricity as well. Third, households can earn a small income by 

selling their excess electricity and can possibly reduce their costs for replacing batteries by 

increasing their lifetime due to a more balanced SOC.  

The distance between households and a common hub is a potential barrier. Especially in SSA 

where the average household density is lower than in Developing Asia ways of reducing the 

limitations caused by the line resistance are needed to ensure the feasibility of swarm grids. 

Yet, the simulations have shown that installing small batteries at households without SHS can 

reduce limitations of the conductor by decoupling the time of demand from the time of inflow 

so that the swarm can provide a larger supply to the household distributed across the day. 

Additionally, there is also always the option to choose a larger conductor cross section or to 

increase the voltage level as it has been done in the irrigation pump scenario. Ultimately, the 

deployment of swarm grids outside Bangladesh will not be a question of technical feasibility 

but of business viability. By quantifying the trade in a swarm grid, the model provides the basis 

for in depth economic analyses on the cost competiveness of swarm grids with SHSs or regular 

Mini-grids. In a next step input data from different locations in East Africa could be used to gain 

insights in the swarm grids potential in this region of the world.  

Besides financial sustainability, the swarm electrification approach faces a number of other 

barriers and open questions. For example low voltage levels allow for stealing electricity from 

the grid by easily bypassing the control units. Another challenge can be the community 

receptivity. In order to ensure the adaption and proper use of swarm grids, a clear 

communication of the benefits of swarm electrification must take place. The successful 

dissemination of SHS in Bangladesh built on peer-to-peer communication, which required 

satisfied users and customers. Thus, not only a techno-economic analysis is needed but also 

in depth studies on the users’ experience and behavior in swarm grids.  

Ultimately, the goal must be to deploy swarm grids outside Bangladesh. Currently Bangladesh 

provides a good development and test environment due to its large number of SHSs. Once 

more of the open questions have been answered and the first swarm grids are successfully 

operating, learnings can be used to export the swarm electrification approach. The IDCOL 

SHS program’s success provides learnings that can be used and adapted for setting up 

successful SHS disseminations systems for example in Africa. In the same manner learnings 

from first swarm grid projects can be exported with the goal of spreading innovation and thus 

improving access to electricity.  

Swarm grids are still at an early development stage and many open questions remain. Some 

of them have been at least partially answered in this Master thesis. The simulations performed 

also clearly point out the potential swarm grids have not only for increasing the number of 

electrified households but also for enabling the communities to power commercial loads and 

increase their energy consumption.  

In order to achieve the goal of universal energy access many technical and business 

innovations are required. One of these innovations are swarm grids. Swarm electrification can 

play a vital role in enabling human development by providing improved electricity access 

building on existing infrastructure. But it can do more. Swarm electrification can empower local 

communities by pursuing a bottom-up evolutionary approach to electrification, in which people 

are less dependent on external stakeholders such as governments or utilities. This 

empowerment puts people in the driver seat for their own evolution - a personal responsibility 

and a great opportunity.  
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APPENDIX A: Rural electrification in developing countries 

 

 

Figure 50: Obstacles for businesses in SSA (Gershenson, et al., 2015) 

  



106 
 

APPENDIX B: The Large Technical System approach 

In 1983 Thomas P. Hughes published his book “Networks of Power, Electrification in Western 

Societies (1880-1930)” in which he analyzed the historic evolution of the emergence of electric 

systems in the USA and Europe (Hughes, 1983). By analyzing the social and technical forces 

shaping the evolution of a system he created the LTS approach. The Large technical systems 

(LTS) theory is an approach that allows describing large technical infrastructure and production 

system (van der Vleuten, 2009) as a system not only of technologies, but also of people, firms, 

contracts and legislations (Geels, 2005, p. 29). The development of LTS consists of five phases 

- invention, development, innovation, growth, technology transfer – which overlap and 

backtrack (Geels, 2005, p. 29). When the LTS undergoes these steps two phenomena are 

likely to occur: reverse salient and momentum. 

In the growth phase the system expands and reverse salient are created, which are parts of 

the system that have fallen behind due to an uneven growth. “When a reverse salient cannot 

be corrected within the context of an existing system, the problem becomes a radical one, the 

solution of which may bring a new competing system.” (Hughes, 2012, p. 69)  

Growth results in an increase in mass leads to what Hughes calls momentum. The mass 

consists of the technical components such as machines and other “physical artefacts” in which 

significant capital investment have been made. The momentum is also created by people 

involved with their professional skills, business concerns, government agencies and 

educational institutions (Hughes, 1983, p. 15). The “mass of technical, organizational, and 

attitudinal components [of massive systems] tends to maintain their steady growth and 

direction” (Hughes, 1989, 2004, p. 460). The system therefore tends to continue along a given 

path - it is locked-in.  
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APPENDIX C: Case studies Bangladesh 

 

 

Figure 51: IDCOL SHS Program structure (Haque, 2012, p. 19) 

 

Table 22: Financing structure of a 50 Wp SHS (Haque, 2012, p. 12) 

(a) Market Price of 50 Wp SHS US $400 

(b) Buy- down Grant (Grant A) US $25 

(c) System Price for Household [(b)-(a)] US $375 

(d) Down Payment from Household to PO [15% of (c)] US $56 

(e) Loan Payable from Household to PO [(c)-(d)] US $319 

Loan Tenor 3 years 

Interest Rate 12% p.a. 

Monthly Instalment Amount US $8.5 

(f) IDCOL Refinance [80% of (e)] US $255 

(g) PO Contribution [20% of (e)] US $64 

 

Table 23: Distribution of SHSs by capacity sold on credit (Asaduzzaman, et al., 2013) 

Wp Total Last 12 months Last 1 month 

20 23.9 % 33.4 % 40 % 

40/45 21.2 % 22.4 % 21.2 % 

50/55 30.9 % 24 % 21.3 % 

60/65 13 % 10.5 % 8.9 % 

70/75 2 % 1.7 % 1.5 % 

80/85 9 % 8 % 7.1 % 

Number 91122 28973 2927 
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Figure 52: Comparison of costs (ARE, 2011, p. 13) 

 

Figure 53: IDCOL MG project structure (Chowdhury, Aziz, & Groh , 2015) 
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APPENDIX D: Mini-grid design AC vs. DC 

Mini-grids can be either designed with DC or AC coupling. The selection of the bus bar27 mainly 

depends on the technologies used in the systems (Rolland & Glania, 2011 a, p. 56). PV and 

batteries run on DC, therefore a purely PV powered Mini-grid should be design with a DC bus 

bar in order to avoid inverter losses. Electro-mechanical technologies such as diesel 

generators, small wind and hydro turbines normally provide AC-power. In case of a DC bus 

bar an AC/DC converter is required for coupling (see Figure 54).In a system in which most of 

the loads are AC and in which the power is provided by electro-mechanical technologies an 

AC bus bar is more appropriate because the AC generating components may be directly 

connected or with an AC/AC converter not requiring an AC/DC converter (see Figure 55).  

 

 

 

Figure 54: Electricity generation coupled at 
DC bus bars (Rolland & Glania, 2011 a) 

Figure 55: Electricity generation coupled at 
AC bus bars (Rolland & Glania, 2011 a) 

 

So far village mini-grids often rely on an AC bus bar because of higher efficiency and higher 

expansion flexibility (e.g., adding additional AC generators) (Rolland & Glania, 2011 a, p. 56). 

Also many electrical devices are designed for AC current (e.g., refrigerators, pumps, TVs) 

(Huneke, Henkel, Gonzales, & Erdmann, 2012, p. 2). Systems can also combine AC and DC 

coupled configuration. This configuration can be used in order to power an AC load such as a 

water pump by DC power source (PV) (Phrakonkham, Le Chenadec, Diallo, Remy, & 

Marchand, 2010, s. 22). 

 

  

                                                
27 A busbar is a conductor or an assembly of conductors which is used for collecting electric currents 
and distributing them to outgoing feeders (Merriam-Webster, 2015) 
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APPENDIX E: Load curves 

 

 

Figure 56: Load curves for household 1 (HH3) 

 

Figure 57: Load curves for household 1 (HH3) 

 

 

Figure 58: Load curves for household (HH4) July 
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APPENDIX F: Model input parameters 

Temperature derate factor calculation 

The average cell temperature between 6 am and 6 pm for each month is calculated using 

Equation 9. The nominal operating temperature is assumed to be 45  °C (Kyocera). For the 

ambient temperature the average monthly value is used (Figure 28). The hourly GTI is used 

for the insulation S. The average monthly cell temperature is than multiplied with the Pmax 

temperature coefficient of – 0.46 %/°C to obtain the performance losses due to the cell 

temperature. The resulting yearly derate factor for the cell temperature amounts to 93%. This 

value corresponds to the correction factor of 0.94 used by Khan and Khan to account for the 

reduction in PV output power in Bangladesh (Khan & Khan, 2002, p. 209).  

𝑇𝑐𝑒𝑙𝑙 = 𝑇𝑎𝑖𝑟 +
𝑁𝑂𝐶𝑇 − 20

80
∗ 𝑆  

𝑇𝑎𝑖𝑟: 𝑎𝑚𝑏𝑖𝑒𝑛𝑡 𝑎𝑖𝑟 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 [°C] 

𝑁𝑂𝐶𝑇: 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐶𝑒𝑙𝑙 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  

𝑆: 𝐼𝑛𝑠𝑜𝑙𝑎𝑡𝑖𝑜𝑛 [
𝑚𝑊

𝑐𝑚2
] 

Equation 9: Operating cell temperature (Honsberg & Bowden, n.d.) 

The below table and calculations serve as an example for the month of January. The average 

ambient temperature is 19.4 °C. 

 GTI 
[kW/m2] 

GTI 
[MW/cm2] 

 

Tcell 

06:00 - 07:00 0,001 0,068 0,022 19,4 

07:00 - 08:00 0,166 16,621 5,194 24,6 

08:00 - 09:00 0,375 37,528 11,727 31,1 

09:00 - 10:00 0,576 57,568 17,990 37,4 

10:00 - 11:00 0,713 71,330 22,291 41,7 

11:00 - 12:00 0,779 77,9117 24,347 43,7 

12:00 - 13:00 0,762 76,181 23,806 43,2 

13:00 - 14:00 0,708 70,819 22,131 41,5 

14:00 - 15:00 0,585 58,540 18,294 37,7 

15:00 - 16:00 0,419 41,927 13,102 32,5 

16:00 - 17:00 0,194 19,390 6,0593 25,5 

17:00 - 18:00 0,004 0,4225 0,1320 19,5 

Average Tcell    33.16 

 

𝐷𝑒𝑟𝑎𝑡𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 =  100% – (33,16 − 25) ∗ 0,46 [
%

°𝐶
] = 96,25% 
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Clearness index 

The data presented in Table 26 is obtained from PVsyst. 

 

Figure 59: Site parameters for field trip location 

Global titled solar radiation 

Table 24: Monthly average hourly global tilted solar radiation field trip location 

GTI [kW/m²] Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Yearly 

00:00 - 01:00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

01:00 - 02:00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

02:00 - 03:00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

03:00 - 04:00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

04:00 - 05:00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

05:00 - 06:00 0,00 0,00 0,00 0,00 0,01 0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

06:00 - 07:00 0,00 0,00 0,02 0,07 0,09 0,08 0,06 0,06 0,07 0,07 0,01 0,00 0,04 

07:00 - 08:00 0,17 0,16 0,22 0,22 0,24 0,19 0,15 0,18 0,21 0,23 0,25 0,20 0,20 

08:00 - 09:00 0,38 0,37 0,45 0,40 0,40 0,31 0,26 0,31 0,36 0,41 0,49 0,44 0,38 

09:00 - 10:00 0,58 0,55 0,62 0,54 0,53 0,41 0,34 0,42 0,49 0,54 0,67 0,63 0,53 

10:00 - 11:00 0,71 0,70 0,73 0,65 0,63 0,50 0,42 0,51 0,55 0,64 0,80 0,77 0,63 

11:00 - 12:00 0,78 0,80 0,80 0,73 0,66 0,52 0,45 0,54 0,54 0,71 0,85 0,84 0,69 

12:00 - 13:00 0,76 0,80 0,82 0,75 0,65 0,53 0,46 0,53 0,56 0,69 0,82 0,82 0,68 

13:00 - 14:00 0,71 0,79 0,75 0,71 0,59 0,49 0,43 0,47 0,52 0,66 0,73 0,74 0,63 

14:00 - 15:00 0,59 0,68 0,62 0,59 0,49 0,41 0,37 0,38 0,42 0,53 0,57 0,60 0,52 

15:00 - 16:00 0,42 0,49 0,45 0,43 0,36 0,31 0,27 0,29 0,31 0,36 0,37 0,40 0,37 

16:00 - 17:00 0,19 0,26 0,25 0,24 0,21 0,19 0,18 0,18 0,17 0,16 0,16 0,17 0,20 

17:00 - 18:00 0,00 0,02 0,07 0,07 0,07 0,07 0,07 0,06 0,03 0,00 0,00 0,00 0,04 

18:00 - 19:00 0,00 0,00 0,00 0,00 0,00 0,01 0,01 0,00 0,00 0,00 0,00 0,00 0,00 

19:00 - 20:00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

20:00 - 21:00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

21:00 - 22:00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

22:00 - 23:00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

23:00 - 00:00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Total 5,28 5,63 5,78 5,41 4,91 4,02 3,48 3,94 4,22 5,00 5,73 5,61 4,92 



113 
 

APPENDIX G: Simulations 

Case 1: Yearly supply, demand, deficit and surplus 

 

Figure 60: Case 1: HH1 

 

Figure 61: Case 1: HH2 
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Figure 62: Case 1: HH3 

Case 2: Yearly simulation of 5 SHS swarm grid 

 

Figure 63: Case 2: Yearly simulation based on logged data 
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Figure 64: Case 2: Yearly simulation based on assumed data 

 

Case 5: Background information 

 

Figure 65: IDCOL Solar Irrigation Project goal (Rahman F. , 2015) 
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