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About this book
The overall aim of  the Energy book is to provide a cohesive, concise 
and	practical	guide	to	help	field	practitioners	(such	as	Engineers	
Without Borders placement volunteers) maximise the positive 
impact of  energy-related projects. To do this, the book will:

1. Provide an overview of  the importance of  access to energy for 
development.

2. Outline a standard engineering design process with which it is 
possible to identify appropriate pathways to achieve energy access 
in a development context.

3. Give detailed descriptions of  the most common energy resources 
and conversion technologies appropriate in a development context, 
and practical guides on how to implement these technologies.

4. Outline pitfalls and caveats that often occur in energy related 
development projects and partnerships. This will be complemented 
with tips from practitioners on how they can be avoided. 

5. Provide case studies as real-world examples of  energy projects 
for development. 

6. Provide a list of  useful resources and contacts for more in-depth 
information on each topic.

While the aim of  the book is to assist the development process, we 
strongly advise all readers to consult an expert and local champion 
before making crucial decisions about their project. 
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1 Introduction
1.1 The importance of access to energy    
 services
Energy is a vital component of  development, necessary to power 
the appropriate technology that can improve quality of  life for the 
world’s poorest. Access to energy services can enable women to 
cook	without	inhaling	smoke	filled	with	harmful	chemicals;	it	can	
allow life-saving vaccines to be kept cool even in tropical climates 
and can empower farmers by allowing them to grow in the dry 
season with pumped irrigation systems. Perhaps most importantly, 
it reduces the opportunity cost of  chores, such as collecting water 
and	firewood,	allowing	more	time,	primarily,	for	education.	Access	
to energy services occupies a central role in achieving all of  the 
UN’s Millennium Development Goals (MDGs). Recognising this, 
the UN Secretary-General launched the Sustainable Energy for All 
(SE4ALL) initiative, with the aim of  providing universal access to 
modern energy services by 2030.

Currently, 1 in 5 people (1.4 billion) have no access to electricity, 
and 2 in 5 (3 billion) have no access to modern fuels, despite the 
availability of  technical solutions (UNDP and WHO, 2009; Practical 
Action, 2010). Poverty is often the key factor preventing people 
from gaining access to energy; however lack of  energy access is one 
of  the main contributing factors to poverty. Breaking free from this 
vicious	circle	is	difficult,	as	it	is	embedded	within	a	variety	of 	multi-
scaled social, economic and political systems and will therefore 
require a concerted global effort if  any progress is to be made. 

It is essential to recognise the multi-dimensional nature of  energy 
access – for example, the services needed heavily depend upon 
the socio-economic status of  the end-users. A family cooking over 
a	three-stone	fire	will	need	an	efficient	cookstove	sooner	than	a	
connection to the electricity grid. A farmer might have to start with a 
mechanical	pump	to	irrigate	his	crops	and	generate	a	significant	profit	
before he can afford modern fuels to serve the same purpose. Energy 
is a means to an end – the services it provides, in ways that matter to 
people,	are	the	real	benefits.
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This section on energy access draws heavily from Practical 
Action’s highly relevant publications, the Poor People’s Energy Outlook 
(PPEO) 2010, 2012 and 2013, to which the reader is referred 
if  they wish to learn more about the issues surrounding energy 
poverty. The aim here is to outline the aspects most relevant 
to a potential EWB-UK placement volunteer, and to guide the 
reader in identifying the needs of  households, small enterprises or 
communities, where engineers on placement can have an impact.

1.2 What necessary services does energy   
 bring? 
Access to energy itself  is not what is needed – it is access to the 
services that energy provides, on a human scale, that matters. What 
are the real needs that people have? In the PPEO, Practical Action 
argues that although a lot of  energy services overlap in terms of  
source and usage, one can summarise six key energy services that all 
people need, want and have a right to: lighting, cooking and water 
heating, space heating, cooling, information and communication 
systems, and earning a living. 
For	the	first	5	of 	these	needs,	it	is	useful	to	determine	absolute	

minimum	standards	which	define	whether	or	not	a	household	has	
access to energy services. Practical Action’s ‘Total Energy Access’ 
(TEA) standards are an example of  such a set of  indicators. At the 
household level, Table 1 provides this list of  indicators, which may 
be used by a placement volunteer as a reference point to assess the 
level of  access to energy for a particular household.
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Energy service Minimum standard
Lighting 1.1 300 lumens for a minimum of  4 hours per night 

at household level.

Cooking and 
water heating

2.1 1kg wood fuel or 0.3 kg charcoal or 0.04 kg 
LPG or 0.2 litres of  kerosene or biofuel per person 
per day, taking less than 30 minutes per household 
per day to obtain.

2.2	Minimum	efficiency	of 	improved	solid	fuel	
stoves	to	be	40%	greater	than	a	three-stone	fire	in	
terms of  fuel use.

2.3 Annual mean concentrations of  particulate 
matter	(PM2.5)	<	10	μg/m3 in households, with 
interim	goals	of 	15	μg/m3,	25	μg/m3	and	35	μg/m3.

Space heating 3.1 Minimum daytime indoor air temperature of  
18°C

Cooling 4.1 Households can extend life of  perishable 
products by a minimum of  50% over that allowed 
by ambient storage.

4.2 Maximum apparent indoor air temperature of  
30°C.

Information and 
communications

5.1 People can communicate electronic information 
from their household

5.2 People can access electronic media relevant to 
their lives and livelihoods in their household.

Table 1 – Total Energy Access minimum standards at household level. Source: Adapted from 
Practical Action (2012).
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Note that this set of  indicators is multi-dimensional. For example, 
it is not only 1 kg of  wood fuel that is needed for cooking and 
water heating, it is 1 kg of  wood fuel taking less than 30 minutes 
per household per day to obtain. This takes into account the 
opportunity costs associated with obtaining energy supplies. These 
opportunity costs are often in the form of  time wasted to obtain 
something which could be considerably reduced by appropriate 
access to energy supplies. This time could instead be used for 
education and socialising, amongst other crucial elements to 
development.

Another form of  multi-dimensionality to consider is the fact that 
these basic needs are not only necessary at the household level, but 
also in enterprises (usually in the form of  micro and small enterprises, 
such as a barber shop or a corn mill) and at the community level 
(for schools, health centres, public institutions and infrastructure 
services).	A	huge	amount	of 	work	goes	into	developing	specific	
indicators for these various dimensions, but none are perfect. The 
reader is referred to the relevant PPEO publications, as illustrated in 
Figure 1.

Figure 1 – The various dimensions of  total energy access with relevant references for the reader.  
Source: Practical Action (2012) (left) and Practical Action (2013) (right).
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Figure 2 – Graph showing number of  countries with access to information on electricity, modern 
fuels, improved cooking stoves and mechanical power in Sub-Saharan Africa (SSA), Arab States, 
East Asia Pacific (EAP), South Asia and Latin American Countries (LAC). Note that no data 
on mechanical power is available. Data source: UNDP and WHO (2009). Graph inspired from 
Bazilian et al. (2010).

1.3 Data availability, indicators and    
 identifying needs
It is useful to introduce different vectors of  energy access – that is, 
different forms of  energy supply which can be converted using 
appliances to provide energy services. Various categories have been 
defined,	however	in	this	book	we	will	be	using	electricity,	fuels	and	
mechanical power. 

Major international organisations such as the International 
Energy Agency (IEA), the United Nations (UN), the World Health 
Organization (WHO) and the World Bank are continuously trying 
to gather data on access to energy, and can provide global statistics 
such as the number of  people with or without access to a particular 
form of  energy. Figure 2 shows data collected from the WHO and 
UN Development Programme (UNDP) outlining the proportion 
of  countries which have data availability on access to various energy 
forms as well as improved cookstoves. Almost all countries have 
data on access to electricity and modern fuels, approximately half  
on cookstoves, and none on mechanical power.
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Although most countries have data on access to electricity and 
modern fuels, it is misleading to think that this data is comprehensive. 
For example, data on electricity often means data on how many 
people have access to grid connections, in a simple yes or no 
format. It often does not take into account whether or not these 
people can afford to pay for the initial connection and if  they could, 
whether they can afford the monthly payments. In addition to this, 
the grid connection may be extremely unreliable, leading to regular 
black- and brownouts.

In contrast, the indicators discussed in this section provide a 
textured picture of  whether or not people have access to the energy 
services that they need and are therefore a much more accurate 
description of  their level of  energy access. However, this data is 
extremely	difficult	to	obtain	on	national	scales.	The	best	way	to	obtain	
such data is to conduct surveys in situ, and as a result, collecting 
this data is best done through crowd-sourcing. Gathering such data 
can be one of  the largest impacts EWB-UK placement volunteers 
(as a group) can have, as it is crucial for developing national and 
international policies

For this purpose the reader is referred to the Total Energy Wiki 
(https://energypedia.info/wiki/Total_Energy_Wiki), an internet-
based	resource	where	anyone	can	fill	in	data	on	access	to	energy.	A	
simple	questionnaire	can	be	downloaded	and	filled	in,	which	attempts	
to explore the relevant dimensions of  energy access on a human scale 
and is based upon both the TEA standards from Table 1 and the 
Energy Supply Indices (ESI) outlined below in Table 2. All EWB-UK 
placement volunteers, especially those undertaking energy-related 
placements,	are	strongly	encouraged	to	fill	in	the	questionnaire.	It	
can	act	as	a	guide	to	conduct	field	surveys,	showing	what	the	‘right	
questions’	to	ask	are,	as	they	are	formulated	by	experts	in	the	field.	
Specifically,	it	forms	a	very	thorough	and	systematic	approach	to	
identifying	people’s	needs	–	the	first	and	most	important	step	in	any	
international development work. More information on assessing 
energy demand can be found in Part II, section 2.1: Assessing energy 
demand.
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Energy supply Level Quality of supply

Household fuels 0 Using non-standard solid fuels such as 
plastics.

1 Using	solid	fuel	in	an	open/three-stone	fire.
2 Using solid fuel in an improved stove.
3 Using solid fuel in an improved stove with 

smoke extraction/chimney.
4 Mainly using a liquid or gas fuel or 

electricity, and associated stove.
5 Using only a liquid or gas fuel or electricity, 

and associated stove.

Electricity 0 No access to electricity at all.
1 Access to third party battery charging only.
2 Access to stand-alone electrical appliance 

(e.g. solar lantern, solar phone charger).
3 Own limited power access for multiple 

home applications (e.g. solar home systems 
or power-limited off-grid).

4 Poor quality and/or intermittent AC 
connection.

5 Reliable AC connection available for all uses.

Mechanical 
Power

0 No household access to tools or mechanical 
advantages.

1 Hand tools available for household tasks.
2 Mechanical advantage devices available to 

magnify human/animal effort for most 
household tasks.

3 Powered mechanical devices available for 
some household tasks.

4 Powered mechanical devices available for 
most household tasks.

5 Mainly purchasing mechanically processed 
goods and services.

Table 2 – The Energy Supply Indices (ESI), a simple scoring mechanism that provides a more 
realistic and textured picture of  access to energy services than national scale statistics give.  
Source: Adapted from Practical Action (2012).
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Such scoring systems can be applied to household, enterprise or 
community level (with adapted indicators), and should ultimately 
lead	to	comprehensive	datasets	which	can	inform	and	influence	
worldwide policies and form a framework for action, from major 
multilateral organisations such as the UN or World Bank, down to 
community-based organisations (CBOs) and individuals. 

Although such questionnaires and indicators may be used to 
identify people’s energy needs, one must always make sure that 
chosen	solutions	are	also	culturally	appropriate.	This	is	difficult	to	
achieve and may only be ascertained by directly talking to the end-
users and involving them in the decision-making process (see case 
study 1). This is explored in more detail in the Pre-departure book 
from the Engineers Without Borders: Engineering in Development series.
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Case study 1: The pedal-powered washing machine

Jon Sumanik-Leary, Guatemala, 2009

Maya Pedal is a Guatemalan NGO based in the rural town of  
San Andrés Itzapa and is one of  the world’s leading centres 
for bicitecnología (bicycle technology). Unwanted bicycles are 
collected by co-operatives in North America to be sent down to 
Central America by shipping container. The best are refurbished 
and sold as bicycles, whilst the rest are stripped down ready to 
begin a new life as a bicycle machine.

 

Maya Pedal produces 
a range of  bicimáquinas 
(bicycle machines) to cater 
to the needs of  the rural 
population that do not have 
access to electricity. One of  
their most popular machines 
is the bicilicuadora (bicycle 
powered blender), designed 
to speed up the time-
consuming and monotonous 
task of  chopping up organic 
matter (see Figure A).

Washing clothes by hand is another time-consuming 
and, without doubt, monotonous task faced by many rural 
Guatemalans. Maya Pedal saw this as an opportunity to develop 
a new bicycle machine, the bicilavadora. The rider would pedal 
for half  an hour or so to spin a plastic drum with clothes, soap 
and hot water inside. The machine worked brilliantly and was 
frequently used by Maya Pedal’s staff, however only a few of  them 
were ever sold. 

The problem was that going to wash clothes in Itzapa meant 
a lot more than simply doing laundry. In rural Guatemala it is 
almost exclusively women who wash the family’s clothes and in 
virtually every town will be a communal washing area consisting 
of  a pool of  water surrounded by cement washboards. When 

Figure A – Two women from a local cooperative 
using a bicilicuadora to blend aloe vera for organic 
shampoo production. Photo courtesy of  Maya Pedal.
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asked informally why they were not interested in Maya Pedal’s 
new machine, many of  the women said that they would actually 
look forward to doing the laundry because this was their chance 
to	catch	up	with	friends.	Time	flies	when	you’re	having	fun,	so	for	
these ladies, laundry was not even seen as a chore. That is to say, 
except for when you had to do it alone in your own home with 
only a machine for company!

About the author: Jon received an EWB-UK bursary to spend 
four months working with Maya Pedal on the design of  the 
bicibomba móvil (mobile bicycle powered water pump) that he 
began as a Master’s level research project at the University of  
Sheffield.

About the organisation: Maya Pedal is operated as a small 
business, with Carlos Marroquín and son designing, manufacturing 
and installing over 10,000 bicimáquinas. International volunteers 
bring their skills and ideas to Maya Pedal and assist them with the 
refurbishing of  bicycles or with their bicitecnología. Maya Pedal 
have produced thousands of  bicycle machines and the bicibomba 
móvil is now part of  their portfolio (with over 100 already sold), 
offering many local farmers without access to electricity the ability 
to irrigate their land.
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1.4 Energy access for earning a living
Eradicating	extreme	poverty	and	hunger	is	the	first	Millennium	
Development Goal. It is important to recognise the potential of  
access to energy for generating income and lifting people out of  
poverty. The basic connections between access to energy and 
earning a living are multiple. Having access to energy can create 
new opportunities, as well as improve existing earning activities (by 
increasing productivity and quality), and as mentioned previously, 
reduce opportunity costs. Figure 3 illustrates these ideas showing 
how the provision of  energy services can generate income and lift 
people out of  poverty.

Figure 3 – Schematic representation of  how the provision of  energy services specifically tailored to 
earning a living can lift communities out of  poverty.

With 45% of  the developing world’s population living in households 
that depend primarily on agriculture for their livelihoods, perhaps one 
of 	the	best	examples	to	use	here	is	how	energy	access	can	influence	the	
agricultural sector. This is represented in Figure 4 – every step of  the 
agricultural value chain requires energy inputs if  it is to be productive.
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Figure 4 – The role of  energy access in the agricultural value chain. Source: Practical Action (2012).

1.5 Capacity building and the role of    
 community involvement

 “Give a man a fish, feed him for a day. Teach a man to fish, 
feed him for a lifetime.” 

Confucius

The primary role of  an EWB-UK placement volunteer is to 
empower. During a 3-month EWB-UK placement, it may be 
possible to install a small micro-hydro system. Perhaps you could 
install two in 6 months and four in 12 months. However, if  during 
that time you train three members of  the organisation you are 
working with to do the installation, think how many more they will 
be able to install throughout the rest of  their careers.

In fact, it is unlikely that you would be able to install any micro-
hydro systems if  it weren’t for the help of  the community, as a large 
amount of  civil works are needed and a lot of  heavy equipment must 
be carried to the site. Involving the community as much as possible 
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•	The majority of  communities without electricity are in remote 
regions	and	as	a	result,	sending	an	engineer	there	to	fix	the	system	
every time it breaks is impractical. A far better solution is to train 
community members to operate and maintain their own energy 
system. 

•	Participation in installation of  the technology by the community 
is a direct way of  transferring knowledge to those who will be 
operating and maintaining the system. It can often reduce the 
cost of  the system as the labour is essentially free and allows 
communities that may not necessarily be able to afford to 
contribute	much	financially	to	give	what	they	can	in	the	form	of 	
‘sweat equity’. This ensures that the community has something 
invested in the new technology and the resulting increase in sense 
of  ownership greatly raises the likelihood of  the scheme succeeding 
in the long-term. If  possible, those who will be operating and 
maintaining the system should also be given the opportunity to 
manufacture the technology themselves, or at least participate in 
its	manufacture	in	some	way,	to	further	enhance	the	benefits	listed	
above,	but	specifically	to	further	knowledge	transfer.

•	End-users	must	be	aware	of 	the	possible	benefits	of 	the	technology	
in order to be able to take full advantage of  the new energy system. 
To expect a community that has had little to no experience with 
electricity before to suddenly become aware of  the huge range of  
available electrical appliances without any assistance is unrealistic. 
It is also important for them to be aware of  the limitations of  the 
system, for example plugging a toaster into a solar home system will 
surely result in more than just burnt toast! Case study 2 highlights 
the importance of  knowing what a technology can offer.

from the initial consultation to the installation and beyond makes 
sense on many levels:
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Case study 2: Ujaalo

Sam Williamson, Nepal, 2011

I have a question for you: do you need energy? I would say no. 
What you actually need are the services that energy can provide, 
such as light, heat, or power for communication devices. Access 
to modern energy services such as electricity or clean fuels allows 
time to be saved and has the potential to improve our lives.

Not only is it important to appropriately select the technology 
to provide the service, it is also important to teach about the 
improvements the technology can offer.

Smokeless stoves are well known to improve health and reduce 
firewood	consumption	through	more	efficient	fuel	combustion.	
In one Nepali household I visited, someone had built a smokeless 
stove for them. However, they continued to use their ordinary 
open-fire	stove	that	produced	eye	watering,	cough	inducing	
smoke. I asked them why? The smoke from the normal stove 
kept	the	flies	away	I	was	told.	The	smokeless	stove	was	built	in	
an awkward place, so they found it harder to cook there. So they 
didn’t use it and reverted back to their old stove. A more complete 

Figure A – Lighting: a vital service provided by energy.
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understanding of  what the stove could 
offer the family, such as improved air 
quality in their home and using less 
wood, as well as discussing its location 
and convenience would have made sure 
that this technology – and money – was 
not wasted.

Being able to understand the 
different services that a technology 
could provide and matching them to 
the needs of  the community is vital 
in ensuring the technology you install 
has a positive impact on people’s lives. 
A school in Bhanbhane, western Nepal, used the electricity from 
a pico-hydro plant to power a PA system so they could talk to all 
the classes at the same time, making administration and school 
assemblies much easier. With the introduction of  micro-hydro 
and the extensive mobile network that has built up in Nepal, 
people have started cybers – internet cafés – where they can talk to 
people all over the world from their village, able to pass on ideas, 
knowledge, news and talk with family working abroad. 

I visited a village in an eastern district of  Nepal just before 
a micro-hydro project was installed, then returned a year later 
to see what the changes had been. I asked an old lady what 
improvements she thought there had been since the micro-hydro 
was installed. She thought for a bit and then looked at me with a 
smile and said one word, ujaalo, brightness. That brightness gave 
her security, comfort and time.

About the author: Sam took a year-long sabbatical from his 
work in an engineering consultancy to volunteer in Nepal, where 
he worked in a small energy NGO which introduced him to 
community pico-hydropower. He now researches pico-hydro 
systems with EWB-UK support.

About the organisation: The University of  Bristol, supported by 
Renishaw and EPSRC, has been carrying out research into low-
head pico-hydro systems since 2009.

Figure B – PA system in a school 
in Bhanbhane, Nepal.
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1.6 Thinking holistically
EWB-UK takes a holistic approach to engineering. This requires 
systems level thinking, i.e. considering the impact of  a particular 
solution not just technically, but socially, economically, 
environmentally and politically. There is no way to provide an 
exhaustive list of  all of  the different aspects that one must consider, 
as	these	are	specific	to	the	particular	project	and	the	context	in	
which it is undertaken. Some general considerations may be the 
costs incurred in achieving universal energy access, the potential 
effects on the local and global environment (including air pollution 
and climate change), and the impact on jobs.

In the concerted effort to achieve universal energy access by 
2030, one must consider what the impact of  this could be on world 
resources and climate change. With dwindling reserves of  fossil 
fuels and increasing levels of  climate change, one may worry about 
the potential effects that bringing 3–4 billion people out of  energy 
poverty may have. However, studies have shown that if  universal 
access to the most basic energy services outlined in the TEA was 
to be achieved purely through fossil-fuel based technologies, an 
increase of  1.6% in global CO2 emissions would result. This striking 
figure	is	a	rather	stark	statement	of 	where	climate	change	mitigation	
should take place (i.e. in the developed world), and that climate 
change	considerations	should	not	be	the	first	concern	in	achieving	
basic universal energy access.

In terms of  economics, it has been estimated by the IEA and the 
UN Advisory Group on Energy and Climate Change (AGECC) that 
to achieve universal energy access would require a global investment 
of  $48 billion/year. To give an idea of  scale, the UK alone spends 
approximately $60 billion/year on its defence budget. The US, $680 
billion/year! More relevantly, from 2007 to 2010, global subsidies 
for fossil fuels were over $300 billion/year (The Guardian, 2012). 
Only a fraction of  that would need to be used towards the goal of  
universal energy access.

Nevertheless, renewable energy technologies are inherently 
suited to development, as energy resources such as the sun and 
wind are naturally distributed – if  all renewable energy resources 
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are	considered,	it	would	be	difficult	to	find	a	single	spot	on	Earth	
where no renewable energy can be harnessed. By contrast, fossil 
fuel	resources	are	concentrated	in	certain	spots	and	are	difficult	and	
expensive	to	extract,	requiring	centralised	extraction	and	refinery	
systems, and therefore distribution of  fuel to the point of  use. This 
is costly, and often impractical for many remote communities for 
whom decentralised energy systems are the only feasible option, as 
extending the electricity grid so far would be extremely expensive. 
The dependence of  these remote communities on fuels such as 
diesel for small scale generators leaves them vulnerable not only to 
local fuel distribution problems, but also to the global volatility of  
oil prices, over which they have no control. For centralised systems 
such	as	coal-fired	power	stations,	the	distribution	of 	the	electricity	
produced to all rural areas is prohibitively expensive.  In these 
places,	renewable	energy	technologies	are	economically	justified	(see	
Figure 5) and can empower rural communities to harness their local 
resources and spark development by taking control of  their energy 
supply.

Figure 5 – Cost comparison of  power generation technologies at a variety of  scales. Taken from 
Leary et al. (2012). Data source: ESMAP (2007).
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Unfortunately a number of  barriers stand in the way of  the 
widespread dissemination of  renewable technologies, which must 
be addressed by any EWB-UK placement volunteer hoping to 
introduce them. They include: 
•	The initial purchase costs of  renewable power systems are often 

many times higher than that of  a diesel equivalent. Although 
the ongoing fuel costs often raise the life cycle costs well above 
a renewable system, the fact that these do not have to be paid 
upfront can make diesel generators much more attractive in the 
short-term. However, it is a false economy as this simply traps 
people in poverty by draining their income each month with high 
fuel	prices.	Access	to	capital	through	micro-financing	or	similar	
schemes can allow communities to pay back the high upfront 
costs of  renewable technologies over time (see Part I, section 1.8: 
Access	to	finance,	with	monthly	payments	equal	to	or	less	than	
they were paying for diesel, kerosene, batteries and/or candles.

•	Supply chains for conventional fuels and the associated equipment 
and spare parts are already in place, but must be created for any 
newly introduced renewable technologies.

•	Assessing the resource is often complex and costly and always 
involves an element of  risk. The daily, seasonal and inter-annual 
variation in the resource must also be taken into account when 
planning	any	specific	applications	for	the	energy	produced	by	the	
system.

•	Using the example of  electric power production, Table 3 shows 
that	each	renewable	energy	technology	has	specific	advantages	
and disadvantages. Each local context is different and as a result, 
deciding	which	technology	is	most	appropriate	for	each	specific	
project is quite a challenge in itself.
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Wind Solar PV Micro-hydro Diesel/petrol

Battery Battery Direct AC Direct AC

Availability of 
prefabricated 
technology in 
remote locations

Low Average Average High

Potential 
for local 
manufacture

High Low High Low

Upfront capital 
($/W)

Medium High 1 Low Low

Resource 
assessment

Complex Simple Average None

Confidence 
in power 
prediction

Low High Medium High

Global 
compatibility of 
resource with 
settlements

Poor 2 Good 3 Poor 4 Transportable fuel

Local 
compatibility of 
resource with 
settlements

Poor 5 Good 6 Poor 7 Transportable fuel

Modularity Average High Low Average

24h generation No No Yes Yes

Longest possible 
duration with 
negligible 
resource

<1 week <1 day 1 season Dispatchable

table continued over ...
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Wind Solar PV Micro-hydro Diesel/petrol

Battery Battery Direct AC Direct AC

Complexity of 
electrical system

Average Simple Complex Average

Inverter 
required for AC?

Yes Yes No No

Civil works Average Simple Complex None
Transporting 
materials to site

Difficult Easy Difficult Easy

Susceptibility to 
environmental 
hazards

High 8 Low Low Low

O&M training 
requirement

High Low High Average

O&M costs ($/W) High Low Medium Medium
Fuel costs None None None High
Visibility 
(for spotting 
failures)

High Average Low Average

Table 3 – Comparison of  the main electricity producing small scale renewable energy technologies 
with the conventional alternative (diesel/petrol generators). Adapted from Sumanik-Leary (2013), 
Mapoux (2011).

1. Falling rapidly.
2. Most places in the world do not have a viable wind resource – see Figure 16.
3. Everywhere has at least some solar resource.
4. Both elevation drop and sufficient precipitation necessary, so most regions do not have a viable hydro 
resource.
5. Most buildings are in areas of  low wind resource, i.e. forested valleys rather than bare hilltops.
6. Solar resource very evenly distributed within any given region.
7. Most buildings are not near a suitable water course.
8.  Turbulence, corrosive (hot, humid, highly saline) environments, sand/dust and lightning strikes all cause 
significant damage.

Aside from these considerations, access to improved energy 
services often reduces the impact on the environment – for example, 
three-stone	fires	use	fuel	very	inefficiently	and	produce	large	amounts	
of  pollutants. Access to improved cookstoves would reduce the 
demand	for	firewood	or	charcoal,	reducing	deforestation,	whilst	also	
reducing pollution.
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Energy services Example energy 
transitions

Earning 
opportunities (in 
fuel, equipment, 
and/or appliance 
provision)

Earning risks/
transitions

Lighting Candles/kerosene to 
electric lighting

Marketing and sale 
of  solar lanterns and 
grid-based systems. 
Maintenance of  
electric lighting 
systems

Reduced revenues 
for kerosene and 
candle suppliers

Cooking and 
water heating

3-stone wood to 
improved cookstove 
and ventilation (e.g. 
smoke hoods)

Manufacture and 
sale of  improved 
stoves and smoke 
hoods

Moderately reduced 
demand for wood 
fuel/ charcoal 
suppliers

Switch to a 
biofuelled cookstove 
or LPG cookstove

Manufacture and 
sale of  stoves and 
fuel

Reduced demand for 
wood fuel/charcoal 
(see household fuels 
below)

Heating Insulation of  houses Installation of  
building insulation

Reduced demand 
for heating fuel

Use of  purpose 
made or multi-
purpose heating 
stoves

New stove 
production and 
supply chains

Reduced demand 
for fuel

Cooling Installation of  
ceiling fans

Distribution and 
marketing of  ceiling 
fans

None

Use of  refrigerators Distribution and 
marketing of  
refrigerators

None

ICTs Increased access to 
mobile phones

Earning in mobile 
phones sector, 
top-up card sales, 
system maintenance, 
charging

Reduced need for 
courier and postal 
services

Increased access to 
the internet

Running internet 
cafés, producing 
local content for 
internet

Reduced need for 
postal services

Finally, it is important to consider the social impact of  acquiring 
access to energy on employment. The associated opportunities and 
risks are outlined in Table 4 and an example is given in case study 3.

table continued over ...
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Energy

Electricity No electricity to 
household supply 
e.g. solar home 
system

Marketing, sales, 
financing	and	
installation of  SHS, 
maintenance

Reduced demand 
for kerosene for 
lighting and battery 
charging

No electricity to 
mini-grid supply 
(e.g. hydropower or 
biomass	fired)

Installation of  
system, operation 
and management 
of  system, tariff  
collection and 
accounting

Reduced demand for 
SHS, kerosene and 
battery charging

No electricity to 
grid-based supply

Growth in jobs for 
utility locally

As above

Household fuels Switch from wood 
fuel/ charcoal to 
biofuel (e.g. ethanol)

In agricultural 
production of  
biofuel; Manufacture 
and sale of  stoves; 
Participation in new 
fuel supply chain

Reduced demand for 
wood fuel/charcoal 
and for mud/clay 
improved stoves

Switch from wood 
fuel/ charcoal to 
LPG

Expanding LPG 
distribution system

As above

Mechanical power Create availability 
of  community 
mechanical services 
(e.g. milling with 
multi-functional 
platform)

In running the 
MFP/mill services; 
In supplying fuel to 
MFP/mill

Reduced manual 
labour required in 
grinding	flour	by	
hand (if  paid)

Table 4 – Earning opportunities and risks from supplying energy. Source: Practical Action, 2012.
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Case study 3: Drying in humid climates

Lincoln Smith, Karnataka, South India, 2010

The incubations lab of  SELCO Solar is based in a small rural 
village called Ujire, about 2 hours from the city of  Mangalore. The 
high humidity and high rainfall during the wet season make life 
difficult	for	the	poor	people	living	in	these	areas.	It	can	take	days	
to hang-dry clothes, and causes food to spoil rapidly.

The drying of  fruits and vegetables was conceived as a method 
of  food preservation and a potential extra source of  income for 
farmers and community groups living in the area. A single device 
for drying using the sun’s energy during the dry season and wood 
burning in the wet season, was designed, built and tested. 

The design was based on an indirect solar dryer, consisting of  
a solar collector and hot-box where food was stored. This had the 
benefit	of 	improving	drying	times	and	preventing	direct	contact	
of  food with the sun, giving a better quality product. During the 
day the sun would heat up air on the collector creating convection 
currents.	This	caused	air	to	flow	past	the	food	being	dried,	and	out	
the top of  the hot-box. Adapting the design to work during the

Figure A – Food dryer design, with a solar collector connected to a hot box where the food is stored.
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monsoon season simply required facilitating heat transfer between 
a heat source such as the burning wood, and the hot-box itself. 

Challenges
Technical design challenges faced included: 
•	maximising heat transfer between the burning biomass and the 

drying box

•	achieving	efficient	combustion	whilst	maintaining	optimum	
temperature control in the drying box

•	sealing the drying box to prevent smoke and insect ingress.

Upon consultation with farmers it was discovered that despite 
being a desirable product, dried fruits were not eaten by the local 
population. The only way to create a sustainable enterprise would 
be to package and sell them to richer urban populations; however 
this would have entailed additional costs of  distribution and 
marketing.

Lessons learned
Although the solar drying aspect of  the design worked successfully, 
further work was needed to reduce production costs through 
appropriate material selection. Drying fruits with biomass is not very 
desirable or workable in most situations as many communities are 
already biomass poor, and what they do have is required for cooking. 
Upon returning to the UK, I came across a company called 
Tropical Wholefoods Ltd. This company purchased dried fruit 
from fair trade sellers in Uganda, who sun-dry vegetables in 
direct type solar dryers. In this case, drying fruit with biomass was 
shown to be an unsustainable venture, however this highlights 
the	importance	of 	finding	and	analysing	case	studies	of 	similar	
schemes before pursuing a particular solution.

For future projects it is important to take a systems level 
approach to design, taking into account the market for the 
product produced by the machine as well as the mechanics of  the 
production	process.	In	particular,	the	local	context	and	financial	
situation need to be taken into account when conceiving new ideas 
and projects. 
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About the author: Lincoln spent 11 weeks in Southern India in 
2010 working on the redevelopment of  a solar and biomass dryer. 
He was offered the placement between his second and third years 
at Birmingham University. He later took up other roles within 
EWB-UK, including training co-ordinator. You can read about his 
placement experience on his blog at: lincoln-selcoindia.blogspot.
co.uk

About the organisation: SELCO is a social enterprise which 
provides sustainable energy solutions to under-served households 
and businesses. The Incubations lab was set up to develop new 
products based on end-user needs, and bring them to market. 
The lab is based near the Hindu pilgrim town of  Dharmastala. 
With over 10,000 visitors per day, it is the perfect place to conduct 
market research with people from across India. 
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1.7 Reaching scale
With 3–4 billion people suffering from energy poverty globally, the 
scale of  the problem is enormous and rather daunting. Achieving 
universal energy access by 2030 is only possible if  the successful 
solutions can be adopted beyond the communities in which they are 
piloted. Unfortunately a considerable number of  barriers arise when 
attempting to provide universal energy access. These are mostly 
due to the inadequacy of  the market structure responsible for 
developing and implementing energy technologies in less developed 
countries.	Lack	of 	access	to	finance,	government	corruption,	poor	
institutional frameworks, lack of  domestic technical skills and the 
reluctance of  private sector involvement on the basis of  poor 
financial	returns	and	guarantees	are	just	a	few	of 	the	recurrent	
barriers to universal energy access. 

The variety in scales of  projects is enormous. Building MW- to 
GW-scale centralised power stations requires a completely different 
market	structure	than	an	efficient	cookstove	programme	based	
on local manufacture. The former will require vast amounts of  
financial	mobilisation,	as	well	as	international	technical	expertise	
for construction, operation and maintenance; whilst the latter can 
easily be led by a local non-governmental organisation (NGO) or a 
community-based organisation (CBO) using local resources, including 
recycled materials and assisted by the technical expertise of  an EWB-
UK placement volunteer. Figure 6 outlines this problem for rural and 
urban areas and their respective income levels. There is no simple 
solution to the energy problem – a wide range of  options must be 
available for end-users who have different needs and budgets. 

Figure 6 – Energy 
enterprise framework for 
rural and urban areas, 
with the key actors required 
to provide energy solutions 
in each context. SME 
stands for small and 
medium enterprises. Source: 
Brew-Hammond (2010).
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The range of  scales and types of  energy services required mean 
that a wide variety of  energy resources and technologies with which 
to convert them into useful energy are needed. Implementing each 
of 	these	technologies	requires	specific	technical	expertise	and	
financial	mobilisation,	as	well	as	policy	frameworks	providing	the	
necessary incentives.  This results in a need for a large variety of  
actors to be involved in the energy market.

The reader is here referred to a model developed by Practical 
Action Consulting called the ‘Energy Access Ecosystem’ model 
(developed	in	the	PPEO	2012	and	refined	in	the	PPEO	2013),	
which explores how these various actors are interrelated 
(summarised in Figure 7 for the example of  Small Wind Turbines) 
and how the market structures need to develop in order to achieve 
the urgently needed goals set out in the SE4ALL initiative. 

Figure 7 – Graphical representation of  the many factors that influence the sustainability of  small 
wind rural electrification initiatives. Adapted from: Practical Action (2012) by Sumanik-Leary 
(2013).
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1.8 Access to finance
The	economics	and	financing	of 	an	energy	supply	system	are	of 	
great importance to the initial and long-term success of  a project.  
The following information is a very basic introduction to current 
financing	models.	This	sector	is	rapidly	changing	at	the	moment	
with many new (both appropriate and less-appropriate) options 
appearing. It is neither exhaustive nor very detailed. Please consult 
the references and experts for more information.

There are two main costs for an energy supply system:

1. Capital (upfront costs)

◊	 Buying the physical energy conversion equipment (e.g. diesel 
generator, cables, power house).

◊	 Civil works (such as water diversion for hydro systems).

◊	 Other initial costs, such as resource assessment, system design, 
transporting equipment to the site and installation.

2. Operation and Maintenance (ongoing costs)

◊	 Fuel (if  required).

◊	 Wages for an operator (if  required).

◊	 Replacement parts/repairs.

In order to cover these costs a successful project must carefully 
consider	long-term	financing.	This	means	asking	questions	such	as:
◊	 Do	the	end-users	have	sufficient	income	to	cover	the	ongoing	

costs? 

◊	 How much are they willing to they pay for the ongoing costs? 

◊	 Who will collect payment?

1.8.1 Funding types

There are three main types of  funding:

1. Grants and subsidies.

2. Tariffs.

3. Savings and credit.
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1.8.1.1 Grants and subsidies

Grants for the capital costs of  a project and subsidies on fuel or 
electricity tariffs have been traditionally used for development 
projects. Grants generally come from governments, larger aid 
agencies and development funds (e.g. United States Agency for 
International Development (USAID) and the United Nations 
Development Programme (UNDP)), although the recent 
development of  crowd-source funding platforms allow individuals 
to	club	together	to	fund	specific	projects.

A grant will often cover the full capital cost of  an energy 
infrastructure project, although the funding may only be available 
in stages, subject to the successful completion of  previous stages. A 
full grant will usually be aimed at the poorest people, who have no 
additional income to pay for or invest in energy services.

Subsidies on initial purchase costs can also help low-income 
groups gain access to energy services, however they are usually 
more short-lived and linked to political objectives. They can also 
undermine the ability of  the private sector to provide such services 
on the free market, limiting consumer choice and preventing the 
development of  local industry. The best subsidies are carefully 
targeted	to	remove	a	specific	barrier,	e.g.	subsidised	training	for	
operation and maintenance.

Research grants can help to develop a particular technology or 
service and build local capacity for manufacture and innovation.

However, there are a number of  issues with grants and subsidies:
•	Lack of  ownership or ‘buy-in’ to the system by the users/

community. Hence there is no economic incentive to operate and 
maintain equipment.

•	No long-term money for operation and maintenance, hence 
additional	finance	may	be	required.

•	No incentive to be conservative with the energy service, which can 
lead to corruption.

•	Generally guided by political goals (e.g. ticking boxes to say that a 
certain	percentage	of 	the	population	is	‘electrified’).
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1.8.1.2 Tariffs

In the tariff  model, the consumer pays for the energy service by 
making monthly payments (or equivalent). The upfront capital is 
provided	by	a	business,	which	hopes	to	generate	a	profit	after	a	
number of  years through the tariff  collected from the users. Tariffs 
must be carefully set to encourage income generating activities 
(which often consume more energy than domestic applications), 
whilst	at	the	same	time	encouraging	the	efficient	use	of 	energy.

According to the World Bank (2012), only 41% of  the adult 
population within developing economies have a bank account, 
which limits the options for the payment of  the tariff. However, 
innovative banking solutions, such as the M-Pesa system in Kenya 
that	allows	users	to	access	financial	services	through	their	mobile	
phone, are working around this problem. As the technology to 
record and pay for energy use improves, many innovative models 
are beginning to appear, including leasing, pay-as-you-go and pre-
pay models. With these models the users pays off  a certain amount 
of  the capital every time the system is used. When the initial capital 
costs have been paid off  (and the investors have made a return on 
their investment), the equipment is owned outright by the user (see 
case study 4).
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Case study 4: Pay-as-you-go solar lighting in Rwanda

Chris Emmott, Rwanda, 2012

Much of  the developing world 
relies on expensive, dangerous, 
and unhealthy kerosene lanterns 
to provide poor quality lighting 
after dark. Solar photovoltaics 
offer a possible solution by 
providing clean, bright and low 
cost lighting; however, the high 
upfront cost (usually around £50–
£100 for lighting for 2–3 rooms) 
creates	a	significant	barrier	to	
their uptake. The Izuba.Box 
(pictured) is a solar lighting kit 
which is also capable of  charging 
phones and powering a radio. The 
product has a locking mechanism 
whereby it only functions when a period of  credit is purchased 
through a mobile payment system. At a cost of  around £3 a 
month, the full cost of  the Izuba.Box is repaid after around 18 
months.	Such	a	solution	aims	to	avoid	the	difficulties	and	expense	
of 	establishing	micro-finance	schemes	and	collecting	debts.

The project aimed to distribute 75 of  these boxes in the Minazi 
sector in the north of  Rwanda as a trial to assess the effectiveness 
of  this delivery model. A huge amount of  local interest was 
observed	during	the	first	few	weeks	whilst	an	initial	5	boxes	were	
being tested by customers, with around 200 names being noted 
of  people willing and able to pay the initial £15 down-payment to 
receive a box. This represents around one month’s salary for an 
average rural Rwandan (although Minazi is a relatively wealthy rural 
region), but further trials were necessary to determine whether 
customers were able to afford the monthly fee and whether this 
delivery model could provide the sense of  ownership required for 
customers to take proper care of  their Izuba.Box.

Figure A – The Izuba.Box, a pay-as-you-
go solar lighting and charging device.
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When	the	product	finally	launched,	uptake	was	far	lower	than	
expected – high interest in the new product didn’t necessarily 
mean everyone wanted to buy one. Instead, it was found that it 
simply showed that, as in many rural communities, the actions of  
any foreigner in the village would be of  great interest. The whole 
community wanted to put their name down for the chance to 
receive a box in order to avoid feeling left out of  the excitement, 
and ensure that they did not miss out on something purely because 
they did not show enough interest. However, wariness of  new 
technology and the high down-payment being asked ensured the 
vast majority of  people did not take up the offer of  the Izuba.
Box. Although the pay-as-you-go model aimed to emulate the 
small regular payments of  current expenditure on kerosene, the 
high down-payment (despite being  much lower than required to 
purchase a conventional solar lighting kit) was not in-line with 
what people usual spent on energy services.

As a result of  this initial excitement, advertising for the product 
was limited to only the immediate area surrounding the village, in 
order to ensure that not too many people were disappointed by not 
being able to buy an Izuba.Box. It had been envisioned that all 75 
boxes would be distributed at a product launch event, however, at 
this event only around 30 people were present who could actually 
afford the product and were willing to pay, with a further dozen 
purchasing Izuba.Boxes over the following few days. Distribution 
was thus much slower than expected, greatly affecting the success 
of  the trial, at least in gathering initial results. This experience 
showed that determining what is affordable for a community is 
much	more	difficult	than	simply	asking	the	question.
About the author: Chris Emmott is a PhD student at Imperial 
College London, studying the potential impacts that emerging 
solar energy technologies may have on reducing greenhouse gas 
emissions. He travelled to Rwanda in August 2012 to commence 
the	trial	of 	the	first	Izuba.Box	prototypes.
About the organisation: e.quinox is an open-source, humanitarian, 
student organisation based within Imperial College London. It aims 
to develop cost-effective, sustainable and scalable delivery models 
for providing renewable energy to developing countries.
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1.8.1.3 Savings and credit

One problem with conventional banking is that, to reduce risk, banks 
need to be sure of  collateral before providing a loan (e.g. the house, 
when a mortgage is taken out). The world’s poorest do not have any 
collateral and hence cannot start to invest in energy services which 
might help them out of  poverty.
The	term	‘microcredit’	covers	a	wide	range	of 	financial	services,	

but the general concept is that small loans are given to people 
without any collateral. The small size of  the loan means that the bank 
does not take a large risk, but repayments are expected. Generally, 
microcredit services should be offered locally in low income areas, 
where	the	financial	services	offered	are	appropriate	to	local	conditions	
(e.g. repayments are affordable for most of  the population).

An interesting and successful example of  this is the Grameen 
Bank in India. They removed the need for collateral and rely upon 
mutual	trust	and	accountability.	They	bring	financial	services	within	
the reach of  the poorest people by providing very small loans, 
without collateral. These loans can be used for services which help 
increase income and hence facilitate repayment of  the loan. For 
example, the ‘pay-for-use’ mobile phone involves one person (the 
entrepreneur) investing in a mobile phone using a microcredit loan. 
Phone calls (the use of  the phone) are then sold to other people in 
the local area (the customers) to raise income to pay back the loan, as 
well as generating an income for the phone owner (the entrepreneur). 
The Grameen Bank mainly supplies microcredit to women (97% of  
the borrowers are women) and they have a 96% loan recovery rate.

In fact, there are many initiatives and schemes in operation 
across the world, however, some are more replicable than others. 
For example, in India, even poor families often have gold jewellery 
of  some kind, which was used as collateral against loans to good 
effect. However, this does not translate directly to many other parts 
of 	the	world.	In	contrast,	the	group	micro-finance	model	has	been	
successfully	employed	in	a	number	of 	different	contexts:	the	first	
member of  a small group (4 to 8 people, usually women) is given 
a loan, but the next group member does not receive their loan 
until	the	first	recipient	has	repaid	all	(or	a	significant	proportion)	
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of  their individual debt. The third group member is dependent on 
repayment by the second, and so on. In short, peer pressure is used 
as the formal collateral, as a single person is responsible for the 
group’s credit (even though it has been reported that the money is 
often shared within the group throughout the process).
For	more	information	on	access	to	finance,	please	see	the	

dedicated section in chapter 4: Further reading.

1.9 How to use this book – the energy    
 systems design process
1.9.1 Introducing energy pathways

This introduction has given an overview of  the range of  services 
needed by end-users, which can be provided only if  they have access 
to energy. However, there are a wide range of  services required and 
a multitude of  ways in which to provide them. Furthermore, every 
local context is different, for example: 
•	In some projects, vaccine refrigeration at the health centre may be 

valued higher than electric light for the school (or vice versa).

•	An electrical appliance that delivers the required energy service 
may already be available in a particular place, however electricity 
may not be available there yet.

•	In some regions solar PV is already widely available, in others a 
new supply chain may have to be established to import it.

•	Some places are windy, whilst others are sunny (and some are even 
both).

The incredible number of  variables in each particular context makes 
it necessary to break down the problem into its component parts. 
These components can be reassembled in many different ways 
(illustrated by the many different lines connecting energy demand 
with energy resources in Figure 8) – designing an energy system 
involves selecting the most appropriate assemblage (pathway) for a 
particular situation.

This book takes a systems level approach to improving standards 
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of  living with energy technologies. Figure 8 introduces the concept 
of  energy pathways, which can guide the reader through the process 
of  determining the energy services most relevant to the people they 
are working with (energy demand), the forms in which energy 
could be supplied to them (energy vectors) and the resources 
from which it could be generated (energy resources). Conversion 
technologies link energy resources to energy vectors by generating 
specific	types	of 	energy,	for	example	photovoltaic	panels	to	
generate electricity from solar radiation or anaerobic digesters to 
generate biogas (a fuel) from organic waste. Appliances link energy 
vectors	with	energy	demand	by	utilising	specific	forms	of 	energy	
to provide a given energy service, such as a light bulb creating 
light from electricity or a gas stove to cook food using biogas. In 
fact, some products encompass both conversion technologies and 
appliances, such as the solar lantern, which generates electricity 
from solar radiation and produces light from electricity.
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Figure 8 – Energy pathway diagram showing the range of  technological options capable of  delivering the 
basic energy services required to enable development. Please note that this is by no means an exhaustive 
list and simply serves to illustrate the concept, whilst providing examples of  the most common pathways. 
Image adapted from Practical Action’s iRET (2011a).

* Both a conversion technology and an appliance.
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The components shown on Figure 8 act like stepping stones on the 
energy pathway from one side to the other. As a result, selecting the 
most appropriate energy pathway requires knowledge of  each of  the 
possible components.  This chapter contains detailed information 
on the components with which EWB-UK has most experience. 
However, the Engineering in Development project is an ongoing 
process of  acquiring knowledge from across the membership – as the 
organisation acquires experience with more of  these components, 
information will be added to the next edition of  this book. As a 
result, the reader is referred to the following sources, as they can 
provide information on the ‘missing links’:
•	Appropedia: Appropriate technology wiki with a comprehensive 

energy section.

•	Energypedia: Development focussed renewable energy wiki.

•	Practical Action’s Development Bookshop: over 50 energy related 
books published by the well-respected Practical Action Publishing, 
e.g. A Handbook of  Small-scale Energy Technologies, edited by Neil 
Noble, Practical Action Publishing, (2012)

•	Practical Answers: free online resource provided by Practical 
Action that gives the basic facts on a range of  technologies from 
solar PV to mud stoves in Kenya.

•	Practical Action’s Interactive Renewable Energy Toolkit (iRET): 
freely available interactive multimedia renewable energy toolkit.

In fact, the energy pathway diagram (Figure 8) lists just a few of  
the many possible components and pathways between them, as it 
is	simply	not	possible	to	include	all	of 	the	possible	configurations.	
For example, it does not contain uranium or nuclear reactors as 
pathways for creating electricity. The components listed are those that 
the authors considered most relevant to the EWB-UK placement 
volunteer, however the reader is encouraged to use this methodology 
as a starting point and to add in other components that may be more 
viable	in	their	specific	local	context	(e.g.	river	current	turbines	in	the	
Amazon) or as new technological options become available (e.g. the 
Score stove developed at Nottingham University to burn fuel more 
efficiently	and	produce	a	small	amount	of 	electricity).
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1.9.2 Choosing an energy pathway

Figure 9 –  (across both pages) The energy system design process.

In the following section, bracketed numbers are used as a guide to 
refer the reader to the different steps shown on Figure 9. Figure 9 
describes the process by which the system designer can narrow 
down	this	multitude	of 	options	to	find	the	energy	pathway	that	is	
most appropriate for the problem at hand. It is a highly iterative 
process that requires the system designer to regularly re-evaluate 
their current system designs, together with the end-users and other 
relevant stakeholders in order to determine their suitability for the 
local context and their ability to meet the needs of  the end-users. 
Indeed, the needs and wants of  the end-users themselves may need 
to be re-evaluated many times throughout the process (2g, 3e, 4c), 
as the energy resources and conversion technologies/appliances 
that are available in that particular location may dictate what is 

ENERGY BOOK PRESS.indb   38 02/09/2014   14:55:10



Energy Part I chapter 1 – Introduction

– 39 –

technically and/or economically feasible for that particular project.
Firstly, a baseline must be established (1a), as every household/

business/community will already have access to energy in some 
form.	For	example,	a	three	stone	fire	may	be	used	to	cook	food	
or dry cell batteries may be used to power a portable radio (1b). 
Determining the baseline will allow any gaps in energy access to be 
identified	and	an	energy	access	project	designed	to	improve	quality	
of  life to be targeted accordingly. Any proposed solutions must 
always be compared back to the baseline to determine the potential 
improvements they may bring, as well as the potential costs (1c). If  
the	costs	outweigh	the	benefits	(for	example	if 	people	must	carry	
heavy batteries a long way to a charging centre only to be able to 
gain a few hours of  light in the evening), then it is very likely that 
the project will fail.
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For each component (small wind turbine, solar resource, etc.), the 
information given in this book is split into ‘the basics’ (2) and ‘the 
details’ (3):
•	‘The basics’ (2) refers to the information that you would need to 

make a preliminary assessment of  both energy demand (2a) and 
the available resources (2b) using simple, ‘back-of  the envelope’ 
calculations to decide which particular components are even 
remotely viable in a particular local context. This would allow 
the elimination of  many energy pathways that are simply not 
appropriate in that particular situation (2c).

With this information, the system designer will then be able to 
draw up a number of  basic system designs (2d). Through dialogue 
with the end-users and other relevant stakeholders (2e), these can 
be assessed and either selected or discarded (2f). If  none of  these 
options are found to be viable, the needs of  the end-users may 
require reassessment.
•	‘The details’ (3) refers to a more in-depth level of  analysis, where 

detailed surveys are conducted at the household/business/
community itself  on energy demand (3a), energy resources (3b), 
local capacity, existing supply chains etc. Quotes for materials/
components are also acquired from suppliers. Factors that are 
relevant to the long-term viability of  the project, such as safety and 
operation and maintenance are introduced.

With a number of  detailed system designs (3c), the reader can 
again consult with the end-users and relevant stakeholders to discuss 
issues such as the community’s ability and willingness to perform 
operation and maintenance, the availability of  key components in 
the local area and the cultural acceptability of  each of  the proposed 
energy solutions (3d).

The number of  energy pathways from Figure 8 can therefore 
be	systematically	reduced	to	find	the	most	viable	solution	for	that	
particular	problem.	Once	a	final	energy	pathway	has	been	selected	
(3f), a full system design must be drawn up (4a). This will feature 
exact details of  what is to be installed, where the materials are to be 
purchased from, how each component will be constructed/installed, 
who will be responsible for operation and maintenance etc. 
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At this stage, the reader is also referred to a range of  specialist 
sources,	as	it	is	not	possible	to	include	sufficient	detail	on	every	
possible	component	and	system	design	in	this	book.	The	final	
design must again be discussed and agreed upon with the end-users 
and relevant stakeholders (4b) before the system design can be 
finalised	(4d)	and	any	construction/installation	can	begin.

One point that must be emphasised is that engagement with the 
end-users and other relevant stakeholders is absolutely fundamental 
in the design of  any energy system. It is of  the utmost importance 
that	the	needs	and	wants	of 	the	end-users	are	clearly	identified	
and	understood	before	any	further	undertakings.	Specific	points	
where engagement is essential are highlighted on Figure 9 (2e, 3d, 
4b), however it is important to understand that the end-users are 
the most important stakeholders, and therefore that they must 
participate as much as possible (and often lead) in the process of  
selecting, planning and delivering an energy solution. In identifying 
strategic points for the highest impact of  a technology, it is often 
useful to consider where and how it can be most effectively used to 
earn a living. 

Frequent consultation ensures that:
•	The resulting energy system will be able to meet the needs of  

the end-users, i.e. the energy access project is targeting the most 
relevant needs in the most effective way.

•	End-users	have	or	can	acquire	sufficient	technical	knowledge	and	
organisational capacity with which to be able to operate, maintain 
and administer the system in the long-term.

•	A sense of  ownership is developed by the end-users, as they must 
also have the motivation to look after the equipment installed in 
their household/business/community.

•	The energy system will be culturally appropriate in that particular 
location, e.g. case study 1.

•	The community’s knowledge of  their local environment is used to 
its full potential. For example, women may well know the windiest 
and sunniest places in their community as they may hang their 
washing there.
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•	The end-users and other relevant stakeholders are fully in support 
of  the project. Any energy access project that does not have the 
full support of  all the relevant stakeholders is likely to run into 
problems later down the line, even if  it is just one person who is 
not content. The earlier in the design process these concerns are 
voiced, the easier it is to adapt the energy access project to take 
account of  them.

•	Local knowledge of  the construction materials, appliances and 
equipment that are already available in a particular region should 
be taken into account, as creating new supply chains requires 
additional planning. Using local construction techniques can also 
reduce costs and enhance sustainability, as systems are much more 
likely to be maintained successfully if  repairs can be made by local 
tradesmen and spare parts sourced from local suppliers.

•	The energy access project does not accentuate existing social 
divides (or even create new ones), e.g. case study 5.
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Case study 5: Pay-as-you-go solar lighting in Rwanda 
(part 2)

Chris Emmott, Rwanda, 2012

In much of  the developing world, access to electricity is extremely 
unreliable or more often, non-existent. The East African country 
of  Rwanda has a population of  12 million, 85% of  whom live 
without any access to electricity. This means that lighting is often 
provided by kerosene lamps which cost £2–3 a month to provide 
extremely	poor	quality	lighting.	The	open	flame	is	also	dangerous	
and their smoke negatively affects long-term health. E.quinox aims 
to develop solutions to allow communities in Rwanda access to 
clean, safe and affordable lighting.

Figure A – The Izuba.Box, a pay-as-you-go solar lighting and charging device.

This project aimed trial the Izuba.Box, a pay-as-you-go solar 
lighting system, which aims to remove the initial cost barrier to 
small scale solar power through allowing for monthly payments. 
Seventy	five	boxes	were	distributed	in	Minazi	sector	in	the	north	
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of  Rwanda as a trial to assess the effectiveness of  this delivery 
model. In order to cater for a variety of  needs, two models of  the 
Izuba.Box were made: a small product (pictured above) designed 
for domestic use, and a larger system capable of  powering 
appliances that are often used for commercial activity, such as 
electric hair trimmers, and stereos which are very popular for local 
restaurants or bars. 

The theory was that people who could make money from 
having more electricity would be willing to buy a larger system and 
pay a higher monthly fee for this, whilst those who were likely to 
only use lighting and mobile phone charging, would be happy to 
pay a lower fee to receive a smaller sized system. As such, only 10 
larger systems were produced compared with 65 smaller systems. 
However, what was found was that as soon as the option for a 
larger system was revealed, the smaller system became entirely 
uninteresting for a large number of  people. The disparity between 
the system sizes created tension between the customers, with larger 
systems being seen as a status symbol, and a sign of  wealth. This 
therefore left many feeling that being told they were unable to 
receive a larger system (due to the small number being distributed 
in the trial), was a slight to their status; obviously an unfortunate 
result.

The supply of  additional services to a community can often 
act towards accentuating the social divides already present, and 
electricity is a perfect example of  this. Trying to accommodate 
a variety of  consumer groups led to many customers simply 
demanding	the	most	expensive	product,	despite	the	poor	fit	of 	such	
a product to that customer’s needs. Attempting to target consumers 
with commercial needs resulted in many customers ending up with 
unnecessarily	high	monthly	payments	for	little	added	benefit,	
whilst leaving others with nothing when in fact there was a 
product	available	which	could	have	provided	real	benefits	to	their	
livelihood. The key lesson learned from this experience is that 
the consequences of  any energy intervention must be carefully 
considered for each local context; in particular the potential 
impacts on existing social hierarchies within the target community/
region. The impacts can be both positive, for example the 
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empowerment of  women through the provision of  electric light 
making household chores in the evening or early morning easier, 
or negative, as illustrated here.

About the author: Chris Emmott is a PhD student at Imperial 
College London, studying the potential impacts that emerging 
solar energy technologies may have on reducing greenhouse gas 
emissions. He travelled to Rwanda in August 2012 to commence 
the	trial	of 	the	first	Izuba.Box	prototypes.

About the organisation: e.quinox is an open-source, humanitarian, 
student organisation based within Imperial College London. It 
aims to develop cost-effective, sustainable and scalable delivery 
models for providing renewable energy to developing countries.

ENERGY BOOK PRESS.indb   45 02/09/2014   14:55:13



Energy Part I chapter 1 – Introduction

– 46 –

1.9.3 Worked example

The following section takes the reader through a full worked 
example, using the energy systems design process described in 
section 1.9 and summarised in Figures 8 and 9.

1.9.3.1 Baseline (1)

The leader of  a community in the Peruvian Andes approaches a 
Community Based Organisation (CBO) that has implemented a 
number of  energy access projects in the region and asks if  it would 
be possible to implement a similar project in his community. The 
CBO responds positively and visits the community to conduct 
a baseline assessment (1a). The EWB-UK volunteer, who is on 
placement with the CBO visits each of  the village’s 38 houses, 
as well as the health centre and uses the TEA questionnaire (see 
section 2.1: Assessing energy demand) to categorise the current 
level	of 	energy	access	at	each	place.	She	finds	that	most	households	
are already using biogas digesters with gas stoves for cooking, as 
there has already been a successful government-sponsored biogas 
programme in the region. However, the only electricity access in 
the village is via dry cell batteries for torches/portable radios and 
almost	everybody	is	using	open	flame	kerosene	lamps	(1b).

1.9.3.2 Basic system design (2)

The	CBO	visits	the	community	and	holds	a	meeting	to	find	out	
which needs the community prioritises (2a). The community agree 
that electric light is most important to them, as one of  the houses 
recently	burnt	down	due	to	an	open	flame	lamp	tipping	over.		Two	
young mothers have also died in the last few years during childbirth 
due to anaemia that was not diagnosed in time because of  the 
lack of  medical facilities at the village health centre. Most people 
have mobile phones, however there is nowhere to charge them in 
the village, so they must take them to the nearest town (2 hours 
walk) and pay to charge them. Finally, the community leader has 
a large TV that was given to him by his son who is working in the 
US, however he has never been able to use it due to the lack of  
electricity in the village.

The EWB-UK placement volunteer conducts a basic resource 
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assessment (2b) by obtaining values for the solar and wind resources 
using online databases. Both look promising, however when she 
asks the community leader if  there are any streams nearby, he answers 
no, meaning that hydro power is not an option. He also says 
that neighbouring communities that have bought generators use 
them only very occasionally due to the high price of  diesel in the 
region. She notices that there are no bicycles in the area due to the 
mountainous terrain, which means that pedal generators would be 
difficult	to	maintain.	As	a	result,	under	the	guidance	of 	the	CBO,	
the EWB-UK placement volunteer draws up a number of  basic 
system designs (2d):

1. Solar Home Systems (50 W) installed at each household.

2. Small Wind Turbines (100 W) installed at each household.

3. A small wind turbine (1 kW) installed at the health centre with a 
mini-grid extending to the closest houses.

4. A wind/solar hybrid system (1 kW) installed at the health centre 
with a battery charging station.

A meeting is held in the community to decide which, if  any, 
of  these basic system designs are viable (2f). After hearing about 
the amount of  maintenance that wind turbines require, the whole 
community agree that option 2 should be dropped.

1.9.3.3 Detailed system design (3)

With the assistance of  the CBO, the EWB-UK volunteer conducts 
a detailed resource assessment (3b) by installing an anemometer at 
the health centre, which the community had agreed was the windiest 
point	in	the	village.		However,	the	first	few	months	of 	data	are	
disappointing, leaving solar PV as the only viable power source. 
She also carries out a detailed needs assessment (3a) by asking each 
household (and the health centre) how many appliances they would 
like to use and for how many hours per day. Most households say 
that they would like a fridge, a freezer, an iron, a kettle, 10 CFL 
lights, 2 mobile phones, a widescreen TV and a radio. The EWB-
UK placement volunteer explains that it would be very expensive 
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to provide that amount of  energy from solar PV, so they agree 
that 3 CFL lights, a mobile phone, a small TV and a radio would 
be more realistic (3e). Unfortunately the community leader is very 
disappointed that they still won’t be able to use their widescreen TV 
and the EWB-UK placement volunteer remembers the importance 
of  managing expectations and regrets not making this clear earlier. 
The health centre also asks for a centrifuge (for diagnosing anaemia) 
and electric light.

With this information, detailed system designs (3c) are drawn up 
for to following options:

1. Solar Home Systems (50 W) installed at each household.

2. A solar array (10 kW) installed at the health centre with a mini-
grid extending to the closest houses.

3. A solar array (10 kW) installed at the health centre with a battery 
charging station.

Another meeting is held in the community to discuss the detailed 
designs (3d). The meeting is a disaster, as it becomes apparent that 
nobody in the community has enough money to afford any of  the 
proposed options. Fortunately the community leader is aware of  a 
grant that the local municipality offers that will cover the cost of  
providing electricity to health centres. As a result, the EWB-UK 
placement volunteer uses the demand assessment for the health 
centre (3e) to design a much simpler and cheaper system to meet 
this reduced demand (3c):

1. A solar array (100W) installed at the health centre.

This new design is again discussed in a meeting with the 
community	(3d),	however	many	people	are	still	dissatisfied	with	the	
fact that they have to walk so far to charge their mobile phone and 
they won’t have electric light in their homes. As a result, the demand 
assessment at the health centre is adjusted to include 10 mobile 
phone charges per day (3e) and the PV capacity is increased to 
150W (3c). The EWB-UK placement volunteer mentions that solar 
lanterns are available in the nearest city, however many people are 
sceptical as they have never seen a solar lantern before. The EWB-
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UK placement volunteer carefully assesses the quality and price 
of  the solar lanterns to ensure they are appropriate for meeting 
the needs of  the community members and brings one along to the 
next meeting for demonstration (3d). Everyone is very impressed 
by its simplicity and portability, however, although the lanterns do 
not cost much, only a few people can afford them. Fortunately the 
EWB-UK placement volunteer has found out about a revolving 
fund set up by a separate CBO to offer microcredit to groups of  
five	women	to	allow	them	to	purchase	solar	lanterns.

1.9.3.4 Full system design (4)

All agree that this is an acceptable solution (3f) and a full system 
design is drawn up for the health centre (4b). The EWB-UK 
placement volunteer consults the specialist literature on PV system 
design that has been recommended in this book in order to gain 
sufficient	knowledge	to	be	able	to	design	a	safe	and	reliable	system.	
The full design is checked and approved by a PV specialist that has 
been working for the CBO for many years.

When this design was shared with the community (4b), the only 
amendment was in the positioning of  the battery bank (the nurse 
was unhappy with the batteries, as the location that the EWB-UK 
placement volunteer had chosen was blocking the store cupboard). 
With	the	final	system	design	now	confirmed,	under	the	supervision	
of  the CBO, the EWB-UK placement volunteer coordinated the 
installation of  the following system (4d):

1. A solar array (150W) installed at the health centre and solar 
lanterns for each home.
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1.9.4 Structure of the book

This book is structured according to the energy system design 
process described in this section. The subjects covered by this 
chapter are categorised according to the energy pathway diagram 
shown in Figure 8:
•	Energy demand (including appliances)

•	Practical system design (focussed on the electrical energy vector)

•	Conversion technologies

•	Energy resources

For each of  these subjects, the information is divided according to 
the stages outlined in the energy system design process shown in 
Figure 9: 
•	‘The basics’ (2) give a broad overview of  the main issues 

concerning a particular subject and enables the reader to draw up 
a	number	of 	basic	system	designs.	‘The	basics’	are	presented	first,	
so that the reader only needs to delve into ‘the details’ of  that 
particular subject if  a detailed system design using that particular 
component is required. 

•	‘The details’ (3) offer greater depth in each of  these subjects so 
that the reader can develop the most viable basic system designs 
into detailed system designs.

•	Further	reading	lists	(4)	point	the	reader	to	subject	specific	
literature	and	specific	points	where	an	expert	and/or	local	
champion should be consulted are highlighted. The reader can 
then	gain	sufficient	depth	to	be	able	to	design	a	full	system	that	is	
ready for implementation.
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1.10 Final remarks

This introduction has given an overview of  the range of  services 
needed by end-users, which can be provided only if  they have access 
to energy. It is of  utmost importance that the needs and wants 
of 	the	end-users	are	clearly	identified	and	understood	before	any	
further undertakings. It is also important to understand that the 
end-users are the most important stakeholders, and therefore that 
they must constantly be involved (and often lead) in the process 
of  planning and delivering. In identifying strategic points for the 
highest impact of  a technology, it is often useful to consider where 
and how it can be most effectively used to earn a living. 

A methodology for designing energy systems that are shaped by 
the needs of  the end-users and the resources available to them has 
been presented. This methodology dictates the structure of  this 
book and will guide the reader in determining the most appropriate 
pathway/s to providing these energy services to the end-user.
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2 The basics
This chapter presents an overview of  the main points relating to 
energy demand, energy resources, conversion technologies and 
practical system design. It is designed to allow the reader to select 
potential energy pathways (see Figure 8) that are relevant to the 
particular	context	in	which	they	are	working.	Sufficient	information	
is given to create some basic system designs for these energy 
pathways using back of  the envelope calculations. These calculations 
will prove whether or not each potential energy pathway could be 
feasible in that particular context. These potential pathways can be 
discussed with the end-users and other relevant stakeholders and 
if  they are approved, then a detailed system design can be created. 
Each section within this chapter is accompanied by a corresponding 
section in the following chapter, 'the details', where the reader 
can	find	further	information	on	each	topic.	However,	as	has	been	
emphasised throughout this book, frequent consultation with an 
expert and local champion at all stages of  the design process is 
essential	to	ensure	that	the	proposed	solutions	are	safe,	efficient	and	
appropriate.

2.1 Assessing energy demand – the basics
The	following	section	aims	to	guide	the	reader	through	the	first	
stages of  the process of  assessing energy demand, as outlined in 
Figure 9:
•	A baseline assessment (1a)

•	A basic demand assessment (2a)

Information on detailed demand assessments (3a) can be found in 
chapter 3, section 3.1: Assessing energy demand – the details.

2.1.1 Baseline and basic demand assessments

The	first	step	towards	achieving	access	to	modern	energy	services	
is to thoroughly identify the needs and wants of  the end-user. As a 
starting point, we recommend using Practical Action’s 'Total Energy 
Access' (TEA) questionnaire, which can be downloaded from 
Energypedia at: https://energypedia.info/wiki/Total_Energy_Wiki.
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The website allows you to download and print ready to use 
questionnaires	that	can	be	taken	to	the	field,	as	well	as	an	Excel	
sheet for results that can be uploaded to a central database. 

As an example, Figure 11 below shows a set of  questions aimed 
at	finding	out	the	lighting	needs	and	wants	of 	a	specific	end-user.	
The	first	two	questions,	L1	and	L2,	are	directly	related	to	the	TEA	
minimum standards described in the introduction (Table 1). They 
are	aimed	at	finding	out	whether	or	not	the	minimum	lighting	
standards at household levels, what one might identify as a need, 
have been achieved. The further questions, L3–L6, are aimed at 
understanding the level of  access to lighting and how it can be 
improved,	often	identifiable	as	wants.	The	TEA	questionnaire	
provides similar sets of  questions for cooking, water heating, space 
heating, cooling and information and communication technologies; 
this should help to build up a clear picture of  the current state 
(baseline), needs and wants of  a household in terms of  access to 
energy services.

Figure 11 – Sample of  the ready to use Total Energy Access questionnaires that are available for 
download from Energypedia.
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2.1.2 More information

This section has introduced the basic concepts in the assessment of  
energy demand. For further information, please see chapter 3, section 
3.1: Assessing energy demand – the details', or chapter 4, Further 
reading.

2.2 Energy resources – the basics
2.2.1 Resource assessment

Unlike fossil fuels, renewable resources are not available ‘on tap’ – 
they are a variable resource. As a result, conducting an accurate 
resource assessment is absolutely vital in designing a system that 
will	be	capable	of 	meeting	the	needs	of 	end-users,	as	identified	in	
the previous section. Whilst a 100 Wp (Watt-peak) solar panel in 
the Sahara may be able to power twenty CFL bulbs for a few hours 
every night, it would struggle to light just one in a Siberian winter.

The following section describes how to assess the three most 
common renewable energy resources: the sun, the wind and water. 
This information will allow the reader to calculate how much 
energy each conversion technology is able to generate throughout 
the year in your location and therefore design the most appropriate 
energy system for that particular place. Referring back to the energy 
systems design process described in Figure 9, it will guide the reader 
through the process of  conducting a basic resource assessment 
(2b), with the accompanying section later in chapter 3, section 3.2: 
Energy resources – the details, able to assist with detailed resource 
assessments (3b).

Grid-connected and off-grid systems use different methods for 
estimating energy generation for a particular location. This is 
because grid-connected systems are designed for maximum annual 
energy generation, while off-grid systems are typically designed to 
ensure they operate during the month with the lowest renewable 
resource availability, e.g. winter for solar outside the tropics or the 
dry season for hydro. However, there are exceptions:
•	If  energy demand also peaks in the same season as the renewable 

resource, e.g. an irrigation system could be designed to work at full 
capacity only during the dry season, when it is sunniest.
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•	Hybrid systems can also be designed to exploit another renewable 
energy resource that peaks in the low season, e.g. wind-solar 
hybrids in the UK.

2.2.2 Solar resource – the basics

2.2.2.1 Grid-connect systems and annual insolation

Grid-connect system generation potential is calculated using a kWh/
m²/year	figure.	This	describes	the	average	cumulative	intensity	of 	
sunlight for that location over a year. For example, when broken 
down,	a	figure	of 	1,500	kWh/m2/year may be obtained from 
1,000 kWh/m2 from the 5 sunniest months and almost nothing 
from the winter months. If  an off-grid system were ‘sized’ against 
these	figures,	it	would	be	very	disappointing	in	the	winter	months.
Irradiation	figures	are	published	by	a	number	of 	organisations	

including NASA and regional environmental bodies. There are also 
a whole range of  software programmes that incorporate insolation 
and other important design data.

Figure 12 – Annual average solar irradiation in East Africa. Source: PVGIS © European 
Communities, 2001–2008 and HelioClim-1 © MINES ParisTech, Centre Energetique et 
Procedes, 2001–2008; Huld et al. (2005).
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2.2.2.2 Off-grid systems and sun hours

Off-grid systems are typically designed to operate in the worst 
sunlight conditions of  the year, leaving surplus potential for the rest 
of  the year. To assess the sunlight energy at a particular location 
over a day, the unit of  ‘sun hours’ is used.

‘Full sun’ for 1 hour is 1 sun hour. Full Sun is an irradiance level 
of  1000W/m² (as used in PV standard test conditions) and is the 
value at which PV technology is rated (their Watts-peak, Wp, value) 
and produces maximum output. This is roughly equivalent to the 
sun at midday at locations near the equator with no cloud cover with 
the PV panel directly facing the sun without any shading. 

Sun hours are the sum total energy content of  daylight hours. 
There will always be fewer sun hours than daylight hours. Figure 13 
illustrates the cumulative nature of  the sun-hour unit.

Obviously, all PV panels spend just a fraction of  their life operating 
under these conditions (many never even see them at all), however the 
‘sun hour’ unit is used to standardize the quoted performance of  PV 
technology	rather	than	offer	a	specification	of 	real	life	performance	
(just like the Amp-hour (Ah) capacity rating of  a battery, which varies 
with discharge rate, temperature and other factors).

Figure 13 – Graphical comparison of  the actual solar irradiance throughout a typical day with the 
equivalent sun-hours. In this example we see just over 12 daylight hours producing around 5 sun-
hours. Courtesy of  Matt Little.
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Sun hours are particularly important for portable and consumer 
goods. These products are sold over a wide geographical area, 
though are typically designed to work in areas with strong sun – 
‘high sun hour’ locations. This is a key reason why so few of  these 
products work correctly. In addition the performance of  these 
products will vary throughout the year as sunlight changes. This is 
particularly true at high latitude locations. 

Generally, the further from the equator, the greater the difference 
in sun hours between winter and summer months – for example, 
Table 6 shows that sun hours in London range from <1 in winter 
to 5 in the summer. However, clouds can also have a big effect, as 
shown by the fact that Delhi’s peak sun hours occur in May, whilst 
the longest daylight hours occur in June, after the monsoon arrives.

Location Sun Hours Daylight hours

Peak Month 
of  Peak

Low Month 
of  Low

Longest 
month

Shortest 
month

London 5.0 July 0.6 Dec 16.4 June 8.3 Dec

Hong Kong 5.0 July 3.0 Feb 13.4 June 10.8 Dec

Nairobi (equator) 6.7 Feb 4.7 July 12.0 12.0

Johannesburg 6.8 Jan 4.2 June 13.7 Dec 10.5 June

Delhi 6.4 May 3.5 Dec 14.0 June 10.3 Dec

Table 5 – Maximum and minimum solar resources for a variety of  locations. Source: NASA. 
https://eosweb.larc.nasa.gov

With an appreciation of  sunlight energy, an initial approximation 
of  the potential solar energy resource for a location can be made. 
Figure 14 illustrates sun energy distribution around the world. 
Regional	maps	are	also	available	(e.g.	Figure	12),	as	are	figures	for	
specific	locations.	
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Figure 14 – Global insolation map showing minimum average sun hours (Daily Sum) and Annual 
Sum (for grid-connect) across the world. Source: SolarGIS © 2014 GeoModel Solar

Sunlight energy can be predicted with a high degree of  reliability. 
As a result, there are a number of  websites that provide daily, 
monthly and annual data that can be used to accurately predict the 
solar resource at a particular location.

NASA data resource

•	Data taken from satellite based measurements over the past 20 
years.

•	This site is not colourful or particularly user friendly but the raw 
data is very good. It will take a while to learn how to use but each 
field	has	‘parameter	definition’	notes	on	what	the	numbers	and	
various options mean.

•	http://eosweb.larc.nasa.gov/cgi-bin/sse/grid.cgi

Animation of  net radiation

•	http://earthobservatory.nasa.gov/GlobalMaps/view.
php?d1=CERES_NETFLUX_M

Earth observatory maps

•	http://earthobservatory.nasa.gov/GlobalMaps/
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EC JRC maps and resources

•	Highly recommended solar insolation map of  Africa: http://re.jrc.
ec.europa.eu/pvgis/.

•	The interactive maps are useful for thinking about how the 
software is calculating the summarised values (click ‘stand-alone 
PV’ top right of  the page): http://re.jrc.ec.europa.eu/pvgis/apps4/
pvest.php?map=africa.

2.2.2.3 More information

This section has introduced the basic concepts relating to the solar 
resource. For further information, please see chapter 3, section 
3.2.1: Solar resource – the details, or chapter 4, Further reading.

2.2.3 Wind resource – the basics

The wind is a highly variable resource. In the time domain, there 
are gusts acting over seconds, calm periods lasting for days, seasonal 
patterns	across	the	year	and	climatic	influences	leading	to	inter-
annual variation. In the spatial domain, trees cause very localised 
shelter effects, gentle hills can funnel the wind smoothly around 
them and continental land masses slow down the winds that whip 
across the ocean. Consequently, assessing the wind resource is not 
easy.

The power available in the wind is derived from the kinetic energy 
available in a stream tube passing through a given area (Gipe, 2004). 
The most important part of  wind resource assessment is the fact 
that the available power is proportional to the cube of  the wind 
speed:

P = power available (W) 
ρ = density of  air (kg/m3: approx. 1.2kg/m3 at sea level & 
15°C)
A = swept area of  wind energy conversion device (m2:	=	πr2 for 
conventional horizontal axis rotors)
V = wind velocity (m/s)

P = ½ρAV3
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This cubic relationship is the single most important point relating 
to the assessment of  the wind resource, as a doubling of  the wind 
speed yields an eight-fold increase in power! As a result, an accurate 
assessment of  the wind resource at each proposed site is absolutely 
vital (much more so than for solar, where the power produced is 
linearly proportional to the resource), as even a relatively small 
difference in the resource can make or break a project.

However, a full resource assessment can cost tens of  thousands 
of  pounds and take at least one year, which often only makes 
economic sense for utility scale wind farms. The following step-
by-step guide will take you through the process of  assessing the 
wind resource at a given site using a variety of  methodologies, from 
simplest and cheapest through to the most accurate and reliable. 
Table 6 gives an idea of  how much wind is needed in order to 
extract a useful amount of  power. Figure 15 shows the key steps 
in conducting a basic wind resource assessment. If  the result of  
this process is positive, it can then be extended to a detailed wind 
resource assessment using the process shown in Figure 57.

Annual mean wind 
speed

Wind energy viability

3m/s Not viable (only in special circumstances).
3-4m/s Possibly viable for wind pumps.

Usually not viable for wind turbines.
4-5m/s Wind pumps become competitive with diesel 

pumps.
Wind turbines may be viable.

5-6m/s Both wind pumps and turbines viable.
>6m/s Excellent conditions for wind pumps and 

turbines.

Table 6 – Viability of  wind energy in various conditions. Please note that these are not the only 
conditions for viability and should be used only as a guide. Adapted from Practical Action’s iRET 
(2011a).
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Figure 15 – Overview of  the basic wind resource assessment process (see Figure 57 for detailed process).

2.2.3.1 Previous operating experience

The methodology described in this section is for assessing the 
wind resource in a new location. If  there is already a small wind 
turbine operating at a neighbouring building and there are no 
major differences between the two sites (in terms of  topography, 
vegetation, buildings or other obstacles that may funnel the wind 
or shelter the site), then recording actual energy yields from the 
original turbine is the easiest way of  obtaining a reliable wind 
resource assessment. If  the same model of  turbine is to be used, 
it can even be more accurate than using an anemometer and data 
logger, as many factors such as wind shear 1 and turbulence 2 can 
affect actual energy yields. 

 1. Vertical wind speed profiles that result from complex topography or obstacles.

 2. Fluctuations in wind speed in the time domain.
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2.2.3.2 Interpreting wind maps

Wind maps are often coloured by ‘wind power classes’ instead of  
mean annual wind speeds. It is important to know that the wind 
speeds that these relate to depend on the reference height: Table 8 
shows	the	definitions	of 	wind	power	classes	for	10	m	and	30	m	hub	
heights.

10 m (33 ft) 30 m (164 ft)

Rating Wind 
Power 
Class*

Wind 
Power 
Density 
(W/m2)

Speed(b) 
m/s (mph)

Wind 
Power 
Density 
(W/m2)

Speed(b) 
m/s 
(mph)

0 0 0 0

Poor 1

100 4.4 (9.8) 160 5.1 (11.4)

Marginal 2

150 5.1 (11.5) 240 5.8 (12.8)

Fair 3

200 5.6 (12.5) 320 6.5 (14.6)

Good 4

250 6.0 (13.4) 400 7.0 (15.7)

Excellent 5

300 6.4 (14.3) 480 7.4 (16.6)

Outstanding 6

400 7.0 (15.7) 640 8.2 (18.3)

Superb 7

Table 7 – Wind power class definitions. Mean wind speeds are based on the Rayleigh speed 
distribution 1 of  equivalent wind power density at standard sea-level conditions (NREL, 1986).

 1. The Rayleigh wind speed distribution is the industry standard assumption, however due to the 
unpredictability of  the wind resource, it is never actually exactly replicated in real life. See The Danish Wind 
Energy Association (2014) for more details.

ENERGY BOOK PRESS.indb   63 02/09/2014   14:55:17



Energy Part II chapter 2 – The basics

– 64 –

For	on	the	fly	calculations,	it	is	important	to	know:
1m/s	≈	2mph		 	 (2.237mph)
1m/s = 3.6km/h

The	global	wind	map	shown	in	Figure	16	should	help	you	first	
of  all decide whether your potential site has any wind resource at 
all; for example, if  you are in the Amazon, Democratic Republic of  
Congo or Borneo, wind is obviously not the right technology.

Figure 16 – Global wind map at 80m hub height produced from Numerical Weather Prediction 
(NWP) software. © 3Tier (2011).

Wind speed increases with height above ground and as the wind 
map in Figure 16 refers to wind speeds at altitudes of  80 m (much 
higher than typical hub heights 1 of  a small wind energy conversion 
device, which are typically 6–30 m), the values shown need to be 
adjusted using the following equation (Suvire, 2011):

 1. Wind turbine heights are usually specified by the height of  the hub above ground level, i.e. the centre of  
the blades.

Vh = Vo(h / ho)α 

Vh
= wind speed at hub height, h (m/s)

Vo
= wind speed at a reference height, ho (m/s)

h = hub height of  wind energy conversion device (m)

ho
= reference height (m)

α = friction	coefficient
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Figure 17 shows that buildings and trees slow the wind at ground 
level	down	much	more	than	open	water	or	flat	ground.	The	friction	
coefficient,	α,	is	used	to	model	this	effect:

Landscape type Friction coefficient, α
Lakes, ocean and smooth hard ground 0.10
Grasslands (ground level) 0.15
Tall crops, hedges and shrubs 0.20
Heavily forested land 0.25
Small town with some trees and shrubs 0.30
City areas with high rise buildings 0.40

Figure 17 – The effect of  different landscapes types (different surface roughness) on the wind velocity 
near the ground.

As a general rule of  thumb, any sites with an annual mean wind 
speed below 4 m/s are unlikely to be economic for small scale 
power	generation.	Therefore,	as	a	rough	estimation	(assuming	α	=	
0.2 and a very high 30 m tower) any regions shown in Figure 18 with 
an annual mean wind speed of  5 m/s or lower are generally poor 
candidates for wind energy conversion technologies. 

Various companies, such as 3Tier (2011) and New Roots Energy 
(2013) offer the ability to use a GPS coordinate to pinpoint 
your exact location in their global datasets and receive detailed 
predictions of  the wind resource. However, it is important to realize 
that these are just predictions. They do not take account of  shelter 
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effects from trees, nearby buildings etc. and often provide inaccurate 
data for more remote areas.

National and even regional wind maps, such as the Peruvian wind 
atlas shown in Figure 18 are also often available and offer much 
higher resolution than the global wind map in Figure 16. Again, they 
must be used with caution as wind maps are produced by measuring 
wind	speeds	at	specific	locations	with	an	anemometer/data	logger	
and using computer modelling (sometimes supplemented by satellite 
data that tracks cloud movements) to join up the dots by inter- and 
extrapolation. The accuracy of  the resulting wind map is dependent 
on the number of  locations at which the wind was measured, the 
quality and duration of  the measurements and the effectiveness of  
the computer algorithm used to tie it all together.

Figure 18 – 80 m wind map of  Peru, with detail of  the municipality of  Cajamarca. Image adapted 
from Ferrer-Martí et al., (2010), original data from Meteosim Truewind S.L. Latin Bridge 
Business S.A., (2008).

As a result, each wind map is slightly different and none is 
100% correct, so it is important to draw from as many sources as 
possible. The International Renewable Energy Agency (IRENA) 
has created an extremely useful freely available tool, which overlays 
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many of  the best global wind maps (together with solar resource, 
population density, electricity grids and much more) onto Google 
Maps (IRENA, 2013). This enables you to easily compare between 
the different wind maps that are available in your location. If  they all 
agree that there is good wind in a particular place, then it gives you 
much	more	confidence	that	there	will	be	good	sites	in	that	region.

2.2.3.3 More information

This section has introduced the basic concepts relating to the wind 
resource. For further information, please see chapter 3, section 3.2.2: 
Wind resource – the details, or chapter 4, Further reading.

2.2.4 Hydro resource – the basics

The power available from a water resource is dependent on the 
potential energy. This is proportional to the height through which 
the	water	falls,	head,	and	the	mass	flow	of 	water	(water	density	x	
volume	flow	rate).

The equation to calculate input power (in watts) to a hydro 
scheme is: 

Pwater
 = ρgHQ

ρ (constant) = density of  water (1000 kg/m3)

g (constant) = gravitational constant (9.81 m/s2)

H (variable) = head (m)

Q	(variable)	=	volume	flow	rate	(m3/s) 1

 1. For micro-hydro, most flows are <1 m3/s, so flow rates are often stated in litre/s (1000 litre = 1 m3).
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Figure 19 – Definition of  head in pico- and micro-hydro systems.

2.2.4.1 More information

This section has introduced the basic concepts relating to the hydro 
resource. For further information, please see chapter 3, section 
3.2.3: Hydro resource – the details, or chapter 4, Further reading.

2.2.5 Biomass resource for cooking – the basics

The cleanest energy vectors for cooking and heating are modern 
fuels	(such	as	natural	gas,	liquefied	petroleum	gas,	ethanol	etc.)	and	
electricity. However these are mostly unsuitable for low-income 
and/or rural households due to the inadequacy of  the supply chain, 
as well as the high cost of  the resource (Practical Action, 2010). A 
reliable and affordable supply for cooking is essential for daily life 
and therefore the focus here is on biomass.

Biomass as a fuel source includes wood, dung and agricultural 
residues, as well as biomass-derived products such as charcoal. Wood 
is, in many cases, the primary resource, as it is often widely available, 
cheap	and	has	a	relatively	high	calorific	content.	Agricultural	residues	
compressed into briquettes are gaining attention as potential for using 
a waste product as a compact fuel source (see case study 6). Charcoal 
is	mostly	used	in	urban	and	peri-urban	areas	as	it	is	calorifically	dense	
(high energy content per unit volume) and can be transported and 
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stored easily, but as it is a processed product it is more expensive 
than wood. Charcoal production methods are often highly 
polluting	and	inefficient.	Dung,	although	often	used	in	low-income	
households,	is	highly	discouraged	due	to	its	low	calorific	content	and	
high health-risks associated with handling and burning it. 

As will be discussed in more detail in the improved cookstoves 
(ICS) section (2.3.4), there are cookstove technologies for all of  
these potential fuel sources. In principle, a resource assessment on 
biomass availability (e.g. proximity, size and long-term sustainability 
of 	forests,	calorific	value	of 	wood	etc.)	may	be	conducted,	but	it	is	
likely that such an assessment is unnecessary – ICS interventions 
are	generally	meant	to	improve	the	efficiency/reduce	smoke	
pollution from a resource that is already in use. This will reduce 
the amount of  resource required to achieve the same result (a hot 
meal), reducing the strain on that resource and therefore increasing 
its availability. There may of  course be cases where switching fuel 
source can make sense (see case study 6). However for wide scale 
uptake of  a different fuel source, a thorough and specialized resource 
assessment must be conducted, which is beyond the scope of  this 
section. Encouraging people to switch fuel source for cooking, which 
is vital and quotidian, would be a high-risk endeavour, as people can 
end	up	worse	off 	if 	the	reliability	of 	supply	is	not	properly	identified	
and soon becomes scarce. We recommend that a local specialist 
with a good sense of  how sustainable a local resource would be (e.g. 
a forestry expert) should be consulted for any in-depth resource 
assessment.
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Case study 6: Investigating fuel briquettes made from 
sugar cane waste

Chesta Tiwari, India, 2011

Biomass (such as wood, animal dung and crop residue) is the 
primary cooking fuel for the vast majority of  the poorest in both 
rural and urban areas in the developing world. In some parts of  
the world wood fuel resources are becoming scarcer, and this 
provides an opportunity to develop technologies which utilize 
other more accessible and affordable sources of  energy.

Prakti Design is a social enterprise based in Tamil Nadu. Prakti 
designs, manufactures and distributes ICS technology. To help 
address deforestation through unsustainable wood-fuel usage, they 
designed	the	'Orka'	–	a	hybrid	stove	that	efficiently	uses	both	wood	
and	briquettes.	The	aim	was	to	find	residues	to	briquette	for	use	in	
the Orka. 

Figure A – An example fuel briquette made from sugarcane residue.

Crop residue, left after the main crop is harvested, could be a 
cheap, local, renewable fuel-source for a rural community. Sugar cane 
residue was chosen as it is a high biomass yielding annual crop, and a 
principal Indian crop, so large quantities are available.
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Briquetting	is	the	densification	of 	biomass	for	fuel-increasing	
net	calorific	value	per	unit	volume,	facilitating	biomass	storage	
beyond its season and subsequently reducing relative cost.

Key factors to determine the briquetting potential of  
residues: 

•	Residue composition

◊	 Calorific	Value	(higher is better)

◊	 Moisture Content (lower is better for combustion)

◊	 Particle Size (smaller is better) 

•	Alternative uses

All existing and potential uses were investigated, as these would 
affect cost, availability and the value-added. Any edible crop 
residues were avoided. 

Key factors in briquette production: 

•	Press Design (simple mechanical press up to industrial 
production – affects density) 

•	Composition (adding binding agents e.g. clay ) 

•	Area to Volume Ratio (higher is better)

•	Homogeneity 

Crop residues are susceptible to variability: 

•	Season to season, year to year 

◊	 Quantity varies depending on weather conditions, pests and other 
factors out of  farmer’s control.

◊	 Quality varies depending on moisture content and particle size. 
More pre-processing (drying, reducing particle size) necessary 
would add cost and complexity to the process.
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•	Storage is key

◊	 Optimal conditions can reduce the pre-processing needed. 
India’s monsoon season is a challenge for dry storage.

◊	 Sugar cane attracts pests – ants infested one batch of  residue 
which had to be thrown away!

Potential application:
Sugar cane plantations are the epicentre of  some Indian villages 
with schools on site for workers’ children. Briquettes could be used 
to cook the school lunches for a cheap, readily available source of  
fuel with low transportation and storage costs. 

Sugar cane is a relatively water and nutrient-demanding crop, 
yet, desirable for its monetary return. The Indian Government 
allows only 5% to be converted to ethanol, so when produced in 
excess, sugar prices are kept low. If  residue from less demanding, 
traditional yet viable crops was successfully briquetted, this could 
encourage farmers to switch crops, reducing resource-demand. 

'The Legacy Foundation' has developed simple presses used 
world-wide which could be used in community-run briquetting 
social enterprises. Agro-briquette workshops could be run to teach 
production technique whilst educating about deforestation.

About the author: Chesta has an interest in environmentally 
sustainable development and valorising products considered as 
'waste'. She came across Prakti Design whilst looking for technical 
support for an EWB-UK placement she project managed. Later, 
she	arranged	fieldwork	then	chose	a	title	to	research	with	them	for	
her Mechanical Engineering and French MEng dissertation.

About the organisation: Prakti Design is an award-winning social 
enterprise based in Tamil Nadu, India. They specialise in designing 
affordable ICS technology for communities world-wide. Their 
designs are tested by local women cooking local food traditionally 
and with little interference, ensuring they are both adapted to and 
approved by the end-users.

ENERGY BOOK PRESS.indb   72 02/09/2014   14:55:20



Energy Part II chapter 2 – The basics

– 73 –

2.2.5.1 More information

This section has introduced the basic concepts related to biomass 
resource for cooking. For further information, please see chapter 4, 
Further reading.

2.3 Conversion technologies – the basics
2.3.1 Solar PV – the basics

In mainstream society the term ‘solar’ is used to describe one of  
two energy technologies: solar thermal, and Photovoltaics (PV). 
These	technologies	are	sufficiently	different	that	confusion	is	
usually avoided; but it is worth mentioning at the beginning of  a 
conversation nonetheless.

2.3.1.1 Basic theory

The smallest PV component is a PV cell, which generates a relatively 
low voltage and current. PV modules incorporate a number of  cells 
to form higher, more useful electrical capacities. PV modules are the 
commodity item that can be purchased and utilised. To complete the 
terminology, a PV array is a collection of  two or more PV modules.

Figure 20a – Illustration of  the series connection arrangement for crystalline cells in a module (left). 
Cells are used to make modules; more than two modules are known as an array (right).
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The operation of  PV cells (and therefore modules) is known as 
the photoelectric effect, and is a function of  the materials used. 
When exposed to light, PV materials generate electrical charge. If  
connected	to	an	electrical	system	then	electricity	will	flow.	Operation	
is fully automatic and there are no moving parts. In fact there are no 
visual signs of  operation, no emissions of  any kind and no sound is 
produced – not even a hum.

PV modules are useless on their own – just like batteries and 
engines. They need to be incorporated into a system to provide any 
value. PV systems are collections of  discrete electrical components 
(one of  which is the PV module) – that draw and condition the PV-
generated energy into one of  two forms of  usable electricity – either 
for powering common ‘mains’ equipment or for charging batteries. 

These two generic types of  PV system are known as grid-
connected and off-grid. The word ‘grid’ refers to the mains or utility 
electricity network of  a country or region. For the purposes of  
this document, we will focus on off-grid systems.

Advantages Disadvantages
•	High reliability (no moving 

parts)
•	High initial cost

◊	 Though often the lowest total life cycle 
cost

•	Can be almost any size •	Cannot be manufactured locally

◊	 Dependent on imports
•	No fuel required •	Systems require careful design
•	Silent in operation •	Usually dependent upon batteries for 

energy storage
•	Very low maintenance
•	Environmentally friendly
•	Easy to use
•	Easy to install
•	Expandable
•	Solar resource is easy to assess

Table 8 – General advantages and disadvantages of  solar PV.
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Typical applications
There are numerous off-grid PV applications and a multitude of  
solution sizes. The following are examples of  those most relevant to 
the developing world:

Portable and consumer products: torches, LED lanterns, calculators, 
Solar Home Systems (domestic energy services), radios, battery 
chargers (AA, AAA, D cells), mobile phone charging, fans, 
refrigeration.

Regional (mid-sized) solutions: electric fencing, water pumping, Wi-
Fi hubs, street lights, navigation lights, professional outdoor and a 
whole range of  monitoring devices, emergency shelters, tents.

Larger (purpose-built) systems: water management and irrigation, 
container systems (with multiple functionality), site security and a 
range of  remote building and community electricity supplies – often 
called ‘mini-grids’ because they are used as an alternative to the 
utility grid. 

PV Modules – the commodity
PV modules come in a wide range of  physical sizes, with different 
operating voltages and currents, and using one of  a number of  
different materials. However they all function the same way. 
The	Internet	and	industry	publications	alike	are	filled	with	

analysis of  different PV technologies – real and theoretical – of  
efficiencies,	material	attributes,	costs,	etc.	But	there	are	actually	very	
few commercially available formats for off-grid.

From one PV product to another there are subtle differences in 
functionality and value for a given application or climate. But these 
differences can be misleading if  not properly understood. This 
document could include several pages explaining how to select 
the	ideal	technology	for	a	specific	application,	but	it	could	be	that	
only one type of  PV module is available in the location required, 
so is probable that only one of  three basic formats can actually be 
employed.

There are a number of  technologies, but nearly all fall into one of  
the following categories.
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Within each category there are variations, but the functionality 
and value are all basically the same. Other technologies include 
Space cells and cells for concentrated PV – both of  which are 
referred	to	as	‘high	efficiency’,	‘III-V	cells’	or	‘high	concentration’	
cells.	These	cells	can	have	over	40%	conversion	efficiencies,	but	they	
typically operate at higher levels of  sunlight than found naturally on 
Earth.

Figure 20b – Crystalline Silicon (top left), Thin-Film glass (top right), Thin-Film flexible (above).

2.3.1.2 Economics

The	cost	of 	PV	systems	is	difficult	to	state	in	general	terms	
because there are so many variables within the sizing, design and 
implementation processes. As an absolute minimum, any cost 
estimates should be accompanied by a statement of  assumptions 
for sunlight intensity, orientation, shading, system energy capacity 
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and reliability factor, battery autonomy, design life and any pertinent 
information regarding the installation site.

If  an appropriate statement is not present, it should be assumed 
that the costs are absolute best-case scenarios – and probably not 
achievable.

PV module costs
The cost of  the PV was historically representative of  the system 
cost, but this is less so today due to the huge fall in PV prices over 
the last three years (since 2011). There are also now great price 
variations between PV sizes and where they are purchased.

The international trading value of  PV is quoted in $/Wp (US 
dollars	per	peak	Watt).	This	figure	is	for	the	lowest	price	from	the	
top manufacturers. Even one of  these manufacturers may only have 
one of  their module sizes at this price (the one produced in the 
highest volumes), the other products in the range can be over twice 
the cost.

So if  the quotable market price for PV is, say, $1/Wp, this will be 
for something like a 170Wp grid-connect (high voltage) module. By 
comparison, a 50Wp off-grid module could be $3/Wp. That module 
delivered to central Africa (through one or two distributors) can be 
over $6/Wp.

At the time of  writing, a 60Wp product bought in a UK retail 
outlet (Maplin Electronics) is selling for £250, which is around $480 
and so $8/Wp.
This	same	variation	can	be	found	in	batteries,	though	the	specific	

type of  battery tends to be the cause of  the price discrepancy rather 
than the size per se. An automotive battery will likely be far cheaper 
than a (high cycle) PV battery, but the former is wholly unsuitable, 
whilst the latter may not be available anyway. A compromise 
will need to be reached between cost, quality (life) and cost of  
replacement.

Cost breakdowns
As mentioned above, consumer products such as small lights and 
Solar home systems (SHS) vary enormously in cost – and of  course 
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quality. A reading light can be bought for $5 but it is probable that 
$15 is a more realistic expectation for something of  quality. 
SHS	can	be	used	for	applications	outside	of 	the	home,	but	fitness	

for purpose should be analysed carefully. The same goes for off-the-
shelf  solutions such as solar water pumps and solar refrigeration 
– it may well be that building a system from components is actually 
cheaper and/or more appropriate for the needs of  the project.

The charts below offer a guide to costing regional and bespoke 
systems when procuring discrete components. There is of  course a 
list of  the obligatory disclaimers and assumptions.

Category General Description
PV PV modules.
Battery Battery	(flooded	Lead	acid	type),	connectors,	enclosure	and	

safety equipment.
Array mounting Metalwork to arrange module together, plus framework for 

ground mounting or roof  connections.
Control system Charge controller, protection, switching and user interface
BOS Cables,	connectors,	junction	boxes,	enclosures,	fixings,	etc.
Installation Foundations and site preparation (ground mount) or 

structural assessment, routing of  cables and location of  
equipment (buildings).

Not Included: Buildings, racking or custom enclosures for batteries or 
control equipment.
No load distribution - a single load is assumed.
No AC equipment is included.

Figure 21 – Charts to show the approximate percentage costs of  various components within a 
regional solution (left) or a bespoke system (right). Note that a system designed for anywhere within a 
region has a much larger percentage cost for the PV modules.
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2.3.1.3 Operation and maintenance

The main value of  off-grid PV systems is that most maintenance 
should be very low and unskilled. If  the system is designed correctly, 
maintenance is largely about keeping the PV panels clean.

Even if  dust is not visible on the surface, it is good practice to 
clean the PV once per month. For installations subject to high dust 
or dirt – particularly where birds nest locally or industrial debris is 
produced – cleaning once per week may be required.

Figure 22 – (left) If  personnel are 
on site, they can easily clean the array 
(if  it is easily accessible). Below: an 
array located in the dessert. Cleaning 
is obviously infrequent and so the dust 
accumulation has to be taken into 
account when sizing the PV array.

Additional maintenance is concerned with the integrity of  cable 
and connections – particularly to the battery and the physical 
condition of  any structures.
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2.3.1.4 Safety

Electrically, PV modules can be short-circuited or open circuited 
without self-damage. They are also voltage independent (from a 
safety perspective) – a 12V PV panel can be connected to a 6V battery 
and neither will suffer (within appropriate current ratings) – the PV 
will	simply	not	function	efficiently.

The main safety hazard for PV is from the combination of  
improper mounting and high winds that can lift a panel into the air 
like a sail. Please see 2.4: Practical system design – the basics, for 
details of  the safety hazards involved with the other components in 
an off-grid PV system.

2.3.1.5 More information

This section has introduced the basic concepts relating to solar PV. 
For further information, please see chapter 3, section 3.3.1: Solar 
PV – the details, or chapter 4, Further reading.

2.3.2 Small Wind Turbines (SWTs) – the basics

The wind is a highly unpredictable resource (see section 2.2.3: Wind 
resource – the basics) and Small Wind Turbines (SWTs) are 
remarkably troublesome pieces of  equipment. If  you have a suitable 
hydro resource or if  your budget allows you to obtain enough PV 
panels to comfortably meet demand throughout the year, then these 
will almost certainly provide a more reliable, simpler and/or cheaper 
energy solution. If  not, then wind can offer a third option for rural 
electrification.

However, it is important to mention that the combination of  wind 
and solar in a hybrid system is much greater than the sum of  the 
parts, as the diversity in power generation sources reduces dependence 
on battery storage. In addition to this, the main advantage that SWTs 
offer is the ability to manufacture locally. In a development context, 
import taxes and international shipping are often very costly and local 
job creation is highly valued. What is more, mechanical technologies 
such	as	wind	turbines,	require	significant	amounts	of 	maintenance	
and by building local capacity to manufacture, local capacity to operate 
and maintain can also be created.
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As Table 9 and Figure 23 suggest, the success of  SWTs depends 
much more on the context in which they are installed than solar PV. 
As a result, the decision tree shown in Figure 23 has been designed 
to guide the reader when deciding whether SWTs are appropriate 
for the particular local context in which they are working.

Advantages
Potentially lower life cycle costs ($/kWh) than solar PV on a good wind site 
(>5m/s).

◊	 Hybrid systems can reduce dependence on battery storage and lower life 
cycle costs when resources are complementary.

◊	 Life cycle costs spread more evenly over lifetime than solar PV.
Can be manufactured locally.1

Easy for end-users to observe and spot problems before failures occur.

Table 9 – General advantages and disadvantages of  Small Wind Turbines.

1. Apart from some specialist components, such as neodymium magnets for the generator, which must be 
imported.

Disadvantages
Highly unpredictable resource.

◊	 Larger battery bank than solar PV generally required if  using SWTs alone.

◊	 Difficult	to	assess	resource.

◊	 High spatial variation of  resource.

◊	 Significant	power	reductions	with		altitude.

◊	 Statistically rare extreme wind speeds can destroy the turbine and/or tower, 
so long-term wind data collection is needed for safe design.

Poor reliability.

◊	 Access to spare parts, tools & technical knowledge essential.

◊	 Remote	sites	can	increase	maintenance	costs	significantly.
Difficult	to	transport.
Difficult	to	install.
Higher life cycle costs ($/kWh) than hydro.
Highly vulnerable to environmental hazards (e.g. lightning strikes, humidity, heat, 
salinity, dust, sand).
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Figure 23 – Decision support tree for the identification of  viable regions for SWTs (Sumanik-
Leary, 2013). Further explanation for each of  these points is given throughout the course of  this 
section.

ENERGY BOOK PRESS.indb   82 02/09/2014   14:55:27



Energy Part II chapter 2 – The basics

– 83 –

2.3.2.1 Typical Applications

Due to the variability in the wind resource, in off-grid applications 
SWTs are almost always used to charge batteries 1. Small systems 
can be used to supply electricity to a home, but are much more 
complicated than a typical solar home system. Solar PV is extremely 
modular (1 kWh from a 50 W solar panel is not that much more 
expensive than 1 kWh from a 5 kW solar array), making it ideal for 
dispersed communities, where each household has a very low power 
demand and interconnection is not an appropriate solution. In 
contrast, a 5 kW wind turbine will produce much cheaper power than 
a 50 W wind turbine. In a development context, where the ability 
to pay is low, this makes wind more appropriate for higher power 
applications such as agriculture (irrigation, agricultural processing 
equipment), small businesses (power tools, fridges/freezers), 
community services (lighting and computers for schools or health 
centres, water pumping, etc.) or a micro-grid to supply multiple 
households (see Figure 24). 

 1. Although variable loads such as water pumping and grain milling can be used without batteries, as water 
tanks and buckets of  flour can be used as storage in place of  batteries.

Figure 24 – Raising the tower of  1 kW locally manufactured small wind turbine in the 
village of  Cuajinicuil, Nicaragua. Together with a 500 W solar array, the turbine was 
designed to supply a micro-grid that powers 14 households, a water pump for irrigation and 
water distribution and a food processor for a small business based on fruit preservation.
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Wind turbines are normally installed in a hybrid system. Often 
they are used with diesel/petrol generators because of  their 
dependability, however they can work well with solar PV if  the two 
resources are complementary, i.e. when calm days are often sunny 
days,	the	nights	are	windy,	and	daily	solar	generation	can	fill	in	for	
wind during longer calm spells (see Figure 25). In locations such 
as north-west Scotland (see Figure 26), the two resources peak 
in opposite seasons, making a PV-wind hybrid more capable of  
keeping the batteries full throughout the year than either power 
source alone. Sumanik-Leary (2013) modelled a household in 
north-west Scotland and found that a PV-wind hybrid was capable 
of  meeting demand with a net present cost 22% lower than a wind 
only system and 53% lower than a PV only system). However, in 
other places, such as many tropical countries with 'trade winds' 
that are in sync with solar energy on a daily and seasonal basis, the 
benefits	of 	hybrid	systems	are	greatly	reduced.

Figure 25 – Simulated power output during a typical year from a 628W PV array (above) and the 
locally manufactured Piggott 3N wind turbine (power curve shown in Figure 52) throughout the day 
(y-axis) and across the seasons (x-axis) given the renewable resources shown in Figure 26 (Sumanik-
Leary et al., 2013).
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Figure 26 – Wind and solar resource availability at a household in north-west Scotland (Sumanik-
Leary et al., 2013).

The	performance	of 	a	wind	turbine	is	very	difficult	to	predict	
and is highly dependent on the site on which it is installed. In 
particular, turbulence and shelter from nearby obstructions, the 
sensitivity of  the furling system designed to protect the machine in 
high winds, cable length and diameter, tower height, seasonal and 
inter-annual variation in wind resource and air density changes due 
to altitude (see section 2.2.3: Wind resource – the basics) can all 
have	a	major	influence	on	energy	yields.	In	fact,	Khennas,	Dunnett	
et al. (2008) suggest that "the best approach may be to make an informed 
guess and then refine this in light of  practical experience."

As a result, due to the high number of  variables involved, it is 
important to check the suitability of  a particular site and any energy 
yield predictions with a wind power expert.

The EWB-UK placement volunteer is likely to encounter 
SWTs that range in size from 1–5 m rotor diameter. Any larger than 
this and the logistics of  transporting the equipment to a remote 
community (in particular the tall tower and heavy generator), then 
installing it (digging anchors, lifting the tower/turbine etc.) and 
performing maintenance (taking it down around once a year) become 
difficult.	The	rated	power	of 	such	machines	is	likely	to	range	from	
100W–2.5 kW and Figure 27 shows that energy yields can vary widely, 
from 2–430 kWh, depending on the size of  the machine and quality 
of  the wind resource at that particular site (the power available in 
the wind varies with the cube of  the wind speed, which means that 
the	site	on	which	a	turbine	is	installed	has	a	huge	influence	on	power	
production).
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Comparing	different	turbines	is	difficult,	as	many	factors	affect	
performance. The most commonly used is the rated power, however 
this can be misleading. The simplest (and often most effective) 
method is to use the rotor diameter, but if  available, standardised 
predictions of  energy yields are the most useful (please see 3.3.2: 
Small Wind Turbines (SWTs) – the details for more information).

Figure 27 – Estimated monthly energy yields for Small Wind Turbines of  up to 5m rotor diameter 
in varying wind conditions. Data source: Khennas et al., (2008).

2.3.2.2 Towers

The effect of  trees, bushes and other obstacles make the wind 
resource near the ground turbulent and too low for power 
production. Typical tower heights range from 6 m (for sites in 
open areas with good wind resource) to 30 m (for sites with many 
trees and buildings nearby and poor wind resource). The quality 
of  the wind resource continues to increase with height above 
ground level: on an open site, doubling tower height typically yields 
a 40% increase in energy yield 1. However, increasing tower height 
also increases the cost of  the tower and the complexity of  the 
installation.

 1. In fact, the increase in energy yield can be much higher on a wooded site if  the tower lifts the SWT above 
the tree line.
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Guyed towers have more failure points and a larger footprint, but 
are much cheaper than either lattice or monopole towers. They are 
also much easier to raise and lower, requiring either a team of  people 
or a rope winch, as opposed to a specialist crane. As a result, they 
have become the standard for development projects, where cost, 
transportability and maintainability take priority over aesthetics and 
land use. As a result, only tilt-up guyed towers are discussed in this 
book. Piggott’s (2013) A Wind Turbine Recipe Book gives a step-by-
step guide to building such a tower, whilst Piggott’s (2000) Windpower 
Workshop gives a more in-depth discussion on designing tilt-up guyed 
towers.

Figure 28 – A lattice tower in Nicaragua (above left), a monopole tower in France (above right) and 
a guyed tower in Peru (above). Lattice tower photo courtesy of  Jay Hudnall.
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2.3.2.3 Economics

The economics of  wind power depend primarily on four things:

1. The size of  the turbine.

2. The wind resource.

3. Where and how it is manufactured, assembled and installed.

4. How it is maintained.

Figure 29 shows that bigger turbines generate cheaper power 
and that imported turbines are generally much more expensive than 
locally manufactured machines. However it is the wind resource 
itself  that has the most dramatic effect on the unit cost of  electricity 
produced by an SWT due to the cubic relationship between power 
production and wind speed.

Figure 29 – Influence of  turbine size, manufacturing type and wind resource on the unit cost of  
electricity in Nicaragua in 2012 1 (Sumanik-Leary, 2013). Values should not be used as an 
absolute reference, as every local context is different.

 1. This analysis includes transportation to Nicaragua (10%) and import taxes (10%) for the commercial 
turbine and a ‘commercial scenario’ for the locally manufactured turbine, where labour at all stages during 
the technology life cycle is assigned a fair value. Overheads of  30-50% were added to all items and a system 
lifetime of  15 years was assumed. O&M was assumed to have been conducted by a community technician 
(supported by the manufacturer for serious failures) and the installation site was assumed to have been 3 hours 
by bus from the manufacturer.
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Figure 30 gives a rough approximation of  the cost breakdown 
of  the initial purchase costs of  a typical small wind power system, 
showing that the wind turbine itself  is actually only a small fraction 
of  the total cost. Please note that this does not include operation 
and maintenance costs, which are very high for SWTs (see Figure 
111) and depend on a multitude of  different factors, including level 
of  training offered to end-users, supply chain length for spare parts 
and the prevalence of  environmental hazards (e.g. lightning).

Figure 30 – Approximate cost breakdown for the initial capital costs of  a wind power system. A 
further breakdown of  the costs relating to the wind turbine is shown in Figure 111.

2.3.2.4 More information

This section has introduced the basic concepts relating to SWTs. 
For further information, please see chapter 3, section 3.3.2: Small 
Wind Turbines (SWTs) – the details, or chapter 4, Further reading.

2.3.3 Pico- and micro-hydro – the basics

Water has been used as a power source for pumping and grain 
milling over many centuries in Asia, Latin America and Europe. 
It was one of  the key power sources at the start of  the Industrial 
Revolution and is therefore easily adapted for small-scale electricity 
generation. Remote locations in hilly or mountainous terrains 
are expensive to supply with grid electricity and are likely to have 
suitable water resources. In these communities, off-grid electricity 
from micro-hydropower is often a cost-effective alternative.
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2.3.3.1 Overview of pico- and micro-hydropower    
 Systems

Pico- and micro-hydropower (referred to as micro-hydro from here 
on) is generally used in off-grid systems, where access to the national 
power network is unavailable or not economically viable. These 
micro-hydro systems are normally stand-alone, with no other power 
source on the network, and are installed as run-of-river systems, so 
do not have a large amount of  water storage which minimises the 
environmental impact. A typical layout is shown in Figure 31.

1 Dam/Weir Site

2 Intake Canal

3 Forebay Tank

4 Penstock

5 Power House

6 Distribution Area

Figure 31 – Layout for typical micro-hydro system. Photos courtesy of  Sam Williamson.
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At the weir site, some of  the water from the river is diverted into 
an	intake	canal.	The	weir	is	used	to	keep	the	flow	to	the	turbine	
constant,	extracting	water	during	both	high	and	low	flow	periods.	
The water then follows a path along an intake canal, which leads 
to the forebay tank. The forebay tank provides a small amount of  
water storage for the system, and has the inlet to the penstock (pipe 
leading from the tank to the turbine) built into it. In some very small 
schemes a forebay tank may not be needed, if  the pipe intake can be 
located in a pool in the stream.

Depending on the steepness of  the stream or river, there are 
different options for the canal and penstock. If  the stream is steep, 
it makes sense to have a short canal to enable the forebay tank to 
be	located	away	from	where	it	could	be	damaged	by	flooding.	From	
there, the penstock falls parallel to the stream to a point where the 
power house can be located. In other cases, it makes sense to have a 
longer canal, running almost along the contour to a point at which 
the forebay is sited above the power house. The penstock can be 
taken down the shortest slope to the power house. In some low 
head sites, a penstock may not be required due to the design of  the 
turbine.

At the forebay, a trash rack is used to remove any larger pieces 
of 	flotsam	from	the	water	before	it	enters	the	penstock.	The	water	
flows	down	the	penstock	to	the	powerhouse,	where	the	turbine,	
generator and electrical equipment is located, and then exits the 
powerhouse through the tailrace. The power from the generator 
is then transmitted through power lines to the transmission area, 
where it is connected to the consumers.

2.3.3.2 Advantages and disadvantages of micro-   
 hydropower

In comparison to other energy generation options, hydropower 
tends to be lower cost over the life of  the project because the main 
parts of  the system have a long lifetime and the capacity factor can 
be quite good. The capacity factor, i.e. the average output power 
as a percentage of  the full output, is typically 35% for small hydro, 
whereas small wind generators have a capacity factor of  20–25%, 
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and solar power can sometimes have even lower values.
However, each site has different characteristics, so requires 

individual design including the correct selection of  the turbine type 
and basic dimensions. This, and the fact that very small (< 1 kW) 
schemes	have	relatively	poor	efficiency,	means	that	it	is	usually	better	
to connect to several households to create a reasonable demand for 
the power. 

Typically, hydro systems will generate mains voltage alternating 
current supply. This presents some additional challenges in terms of  
the distribution of  the power, but enables the power to travel longer 
distances and to be used with standard mains-voltage light bulbs 
and appliances, which are likely to be cheaper and more widely 
available than special low-voltage ones.

Pico- and micro-hydro equipment is capable of  being 
manufactured using basic workshop facilities and does not need 
to	be	imported.	Pelton,	Crossflow	and	some	axial	turbines	can	be	
fabricated from sheet metal and simple castings, whilst an electronic 
load controller (ELC) or induction generator controller (IGC) can 
be can be assembled without the need for specialist equipment. This 
can have advantages, not just because of  cost, but also because local 
manufacture implies local expertise in repair and maintenance and 
allows systems to be easily customised for the wide variety of  sites. 
Although not always appropriate, the concept of  developing local 
skills meets the overall philosophy of  EWB-UK as discussed in case 
study 7.
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Case study 7: Pico-hydro turbine development

Ryan Dunne & Alasdair Grainger, Sri Lanka, 2007

This project was part of  an on-going collaboration between 
Practical Action and EWB-UK in Sri Lanka. The partnership had 
focused on the research and development of  pico-hydro turbines 
built and used in the hill country of  Sri Lanka. These are the 
smallest and simplest type of  hydro turbine, built in local welding 
shops out of  recycled components and typically offering just 
10–100 W of  electrical power output. They are bought and used 
by local villagers to power radios and light bulbs, not only offering 
entry level access to electricity but also supporting a local industry 
of  affordable turbine production.

A project carried out the year before had sought to test and 
document the performance of  existing pico-hydro turbines, 
concluding	that	efficiencies	were	very	low.	The	2007	project	was	
the	next	step,	to	try	and	improve	these	efficiencies	through	design	
changes to the turbines, while still using locally sourced and 
manufactured components. 

We experimented on both the electrical and mechanical designs. 
Trials were carried out in a remote rural community, with mechanical 
components (principally turbine runners) manufactured in the 
nearest welding shop and electrical components (light bulbs, 
capacitors, old motorbike alternators, etc.) purchased in a regional 
town. Further testing and research was carried out in a government 
test facility near the capital. 

The results were positive, design variations of  the turbine 
runner	found	efficiency	improvements	of 	12%	could	be	made	
on	the	prevailing	design	without	significant	additional	complexity.	
Local manufacturing was a crucial part of  the Practical Action 
philosophy,	aiming	to	develop	self-sufficient	communities,	but	was	
also	the	limitation	to	reaching	the	higher	mechanical	efficiencies	
achieved with precision manufacturing. 
The	findings	of 	the	electrical	work	were	that	the	use	of 	capacitors	

to	improve	the	power	factor	of 	the	generator	was	beneficial	–	
though	the	improvement	varied	significantly.	
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While working in remote locations it is really important to be 
able to communicate clearly; we were restricted by this when in 
the	field.	While	working	on	the	project	is	was	clear	that	there	was	
significant	technical	skill	in	country.	We	met	with	students	from	
one of  the technical universities who would be able to continue the 
work and would not suffer the impacts of  the language barrier.

Local knowledge is to be valued and respected. We were 
impressed by the practical, technical and academic knowledge 
of  the local NGO and certainly spent more time learning then 
teaching. We were useful because we had the time and interest to 
focus very carefully on one project in a way that the local staff  did 
not have the time to do.  

About the authors: Alasdair and Ryan worked together in Sri 
Lanka over a three month period in 2007. Both subsequently 
moved to London to start work, Ryan is now Senior Engineer with 
Arup and Alasdair is Deputy Head of  the Commercial Team in the 
Department for Energy and Climate Change.

About the organisation: Practical Action is an international 
NGO founded by British radical economist Dr E. F. Schumacher 
in 1966 with the aim to improve the lives of  poor people through 
the	use	of 	appropriate	technology.	The	South	Asia	head	office	
was formed in 1989 in Colombo, and is staffed by local engineers, 
academics and researchers.

Figure A – Testing a pico-hydro site in Sri Lanka.

ENERGY BOOK PRESS.indb   94 02/09/2014   14:55:33



Energy Part II chapter 2 – The basics

– 95 –

2.3.3.3 Basic micro-hydropower theory

As explained in the Resources section, the power available from a 
water	resource	is	dependent	on	the	head	and	flow.	Figure	32	shows	
how the same power can be obtained from a higher head with a 
lower	flow	rate,	or	a	lower	head	with	a	higher	flow	rate.	Hydropower	
sites vary a lot and are normally categorised into high, medium and 
low head. Each of  these categories will require a different type of  
turbine and has different challenges, particularly for design of  the civil 
engineering aspects. 100 kW is normally taken as the upper limit for 
micro-hydro; pico-hydro is the term used for schemes with outputs 
up to 5 kW.

Figure 32 – Head-flow characteristics for pico- and micro-hydro, with typical power outputs.

Note that as power increases, the range of  head increases, as well 
as	the	flow	rate	increasing.	This	means	that	the	term	high	head	for	
a pico-hydro scheme is in the range 30–100 m, whereas for a larger 
micro-hydro scheme, high head refers to 50–300 m.

Keep in mind that the choice of  head is a compromise between 
achieving enough input power for the scheme and limiting the length 
of  channel and/or pipe from intake to power house.
The	output	power	of 	the	turbine	system	depends	on	the	efficiency,	

such that: Psystem = ŋPwater = ŋρgHQ
where ŋ is	the	system	efficiency.	The	typical	total	system	

efficiency	is	between	50%	for	pico-scale	systems	and	up	to	70%	for	
larger micro-hydro systems (Khadka & Maskey, 2012).
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2.3.3.4 Economics of micro-hydro systems

As with other renewable energy technologies, the main cost of  micro-
hydro comes from the equipment and installation costs. There are no 
fuel costs and maintenance costs tend to be relatively low – but not 
so	low	that	they	can	be	ignored	when	calculating	overall	finances	of 	
a project 1. In order to achieve low installation cost per unit power 
output, and hence low energy costs, it is necessary to select the 
components	of 	the	scheme	to	reduce	cost	and	increase	efficiency.	
The overall aim is to achieve an optimal cost per kilowatt of  power 
output. To help achieve this, basic design guidelines are available for 
the most expensive components, e.g. Harvey (1993). For example 
to design the penstock pipe diameter the optimum design will have 
5–10% head loss and for the distribution cables, around 10% 
voltage drop should be allowed at the furthest point from the power 
house.	Since	installations	are	site	specific,	the	relative	costs	of 	the	
different components will vary. However, the chart in Figure 33 
gives typical cost breakdowns for a 5 kW project.

 1. The IPCC SRREN Full Report estimates annual 0&M costs at 2.5% of  installed capital costs for 
small-scale hydro projects (<5 MW).

Figure 33 – Typical cost breakdown 
for 5 kW project at (a) low head and 
(b) high head sites, based on sites in 
Nepal and Kenya.
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In Vietnam, pico-hydro turbines can be bought in the free market 
as a cash purchase. In contrast, the plants in Nepal are larger so 
they are often bought with a loan. The Agricultural Development 
Bank of  Nepal has branches throughout the country, even in remote 
districts, and has a favourable policy towards such investments, 
which is also subsided by the Government of  Nepal through their 
Alternative Energy Promotion Centre. This is an important factor 
that has enabled the spread of  micro-hydro throughout Nepal.

Typical costs of  micro-hydro are around US $3000 per installed 
kW, but the range of  costs is large, as shown in Figure 34. Costs 
depend mainly on the site but also on the local cost levels. Schemes 
in the 5–100 kW range have similar costs per kW. The division of  
costs between the scheme components is particularly dependent on 
the	scheme.	Low	head	schemes	use	a	large	flow,	so	tend	to	have	larger	
civil works, whereas high head schemes need a long penstock pipe.

Figure 34 – Cost per kW for pico-hydro schemes, collated from various sources. Courtesy of  Arthur 
Williams.

2.3.3.5 More information

This section has introduced the basic concepts relating to pico- and 
micro-hydropower. For further information, please see chapter 3, 
section 3.3.3: Pico- and micro-hydropower – the details, or chapter 4, 
Further reading.
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2.3.4 Improved cookstoves – the basics

There is a wealth of  information already available on the internet 
and in print describing several cookstove technologies, often 
accompanied by practical construction manuals. This section acts 
as a summary of  the key points regarding the necessity, variety and 
implementation of  improved cookstoves, highlighting personal 
experiences from EWB-UK volunteers. The following references 
are a selection of  recommended starting points for engineers 
working on cookstove technology for development:

HEDON Household Energy Network (www.hedon.info)

Aprochevo Research Centre (www.aprovecho.org)

GIZ (German Society for International Cooperation) 
(www.giz.de)

Practical Action (practicalaction.org)

Global alliance for clean cookstoves (www.cleancookstoves.
org)

GIZ HERA Cooking Energy Compendium – a 
practical guidebook for implementers of  cooking energy 
interventions (https://energypedia.info/index.php/GIZ_
HERA_Cooking_Energy_Compendium)

2.3.4.1 Background

Around 3 billion people rely on biomass or charcoal as a fuel 
source for cooking and heating (both water and space), the 
vast majority being in the developing world. Over 70% cook 
on	open	fires	or	highly	inefficient	stoves	(Figure	35).	Several	
problems are associated with this practice:
•	Health: it has been estimated that nearly 2 million people die 

every year from indoor smoke pollution (see Figure 36) caused 
primarily by such cooking and heating practices which release 
toxic particulates and gases (including carbon monoxide) from 
incomplete biomass combustion.
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•	Gender inequality: women and children are disproportionately 
affected as they are generally those close to the cooking source and 
inside the room whilst cooking. Furthermore, women are most 
often responsible for collecting the fuel.

•	Opportunity	costs:	collecting	fuel	is	a	difficult,	dangerous	and	
time-consuming task for many people living in energy poverty. It 
has been shown that families sometimes spend up to 8 hours per 
day collecting the necessary wood for cooking and heating (WRI, 
2004).

•	Deforestation	and	climate	change:	inefficient	combustion	means	
a low mass-to-useful-heat conversion. This leads to large amounts 
of  biomass required for cooking and heating, which is a cause of  
deforestation.	Furthermore,	emissions	from	inefficient	combustion	
such as soot have a large global warming potential.

Figure 35 – Traditional household three-stone fires potentially create large amounts of  smoke 
indoors, creating significant health risks. Photos courtesy of  EWB-UK (left), SCINet (middle), 
Practical Action (right).

Improving	the	efficiency	of 	combustion	and	heat	transfer	through	
the use of  ICS provides a partial solution to many of  these problems, 
mainly by reducing fuel consumption and harmful emissions from 
biomass combustion. It is therefore understandable that ICS are 
gaining momentum and an increasing amount of  development 
organisations are implementing programmes to facilitate their 
widespread diffusion.

ENERGY BOOK PRESS.indb   99 02/09/2014   14:55:34



Energy Part II chapter 2 – The basics

– 100 –

Figure 36 – Nineteen leading causes of  death globally. Indoor smoke from solid fuels is 10th and 
mostly affects low-income families. Source: WHO (2009).

2.3.4.2 Types and principles of improved cookstoves

There are many types of  ICS technology: HEDON has over 400 
entries listed in their stoves database, and counting (http://www.
hedon.info/Databases). They can be broadly categorised according 
to the following factors:
•	fixed	(with	or	without	chimney)	vs.	portable	stoves

•	fuel type

•	commercial vs. local production

•	institutional (schools, hospitals, catering establishments, refugee 
camps ...) vs. household

•	cooking only or cooking + heating (space and water).

The latter factor is important to consider. Cooking on a traditional 
3-stone	fire	is	inefficient	mainly	for	two	reasons:	
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1. The combustion of  the biomass is incomplete, releasing harmful 
smoke which could otherwise be combusted, releasing more heat 
per unit biomass.

2. Poor thermal transfer to pots, because the heat is not directed 
to the cooking pot or pan and not designed for optimal thermal 
transfer. Heat is lost to the surroundings. 

Although the second point may be seen as wasteful, in places 
where	space	heating	is	also	needed,	the	fire	serves	for	both	cooking	
and	heating	(and	sometimes	lighting)	purposes.	If 	3-stone	fires	are	
replaced	with	cookstove	technologies	which	more	efficiently	direct	
heat	to	the	cooking	pot	but	do	not	improve	combustion	efficiency,	a	
negative consequence may occur in cold climates, whereby another 
stove may be needed for heating, and emissions may not have 
been reduced (indeed – they may even have increased). Improving 
combustion	efficiency	is	desirable	in	general,	as	it	will	also	heat	
the space more effectively per unit biomass, and results in cleaner 
combustion. 

There are two crucial components to improving combustion 
efficiencies:	insulating	the	combustion	chamber	to	drive	up	the	
temperature so that more gases are combusted, and improving the 
oxygen-fuel mix by creating air inlets and stack effects to increase 
air-flow	to	the	combustion	chamber	(see	Figure	37,	the	'fire	
triangle').	Even	if 	the	combustion	efficiency	is	high,	almost	all	ICS	
still emit plenty of  particulates. Carbon Monoxide (CO) is especially 
difficult	to	get	rid	of,	and	being	exposed	to	large	amounts	of 	CO	
in	confined	spaces	has	serious	health	consequences.	Note	that	CO,	
amongst other possible incomplete biomass combustion emissions, 
is	colourless	and	odourless.	If 	the	stove	is	fixed,	chimneys	are	highly	
recommended in order to drive the smoke outdoors (Figure 37 right).
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Figure 37 – (Left) the 'fire triangle', showing the basic requirements for combustion: oxygen (usually 
from air), heat and fuel. Driving up the temperature by insulating the combustion chamber can 
increase the energy transfer to the air and fuel which increases combustion efficiencies. Similarly, a 
better air/fuel ratio can increase combustion efficiencies. Even with highly efficient ICS, emissions of  
toxic gases and particulates still occur – chimneys are therefore highly recommended to draw smoke 
outdoors and avoid health risks associated with indoor smoke pollution (right). Photo courtesy of  
EWB-UK.

With the factors listed above in mind, it is relatively simple to 
identify which stoves are appropriate using the recommended 
HEDON stoves database (or the less searchable GIZ, bioenergylist 
or Approchevo databases). Most stoves which are not commercial 
products have construction manuals attached or links to websites 
where	you	will	be	able	to	find	the	manuals.	The	stoves	that	are	
commonly used by major development organisations such as 
Practical Action or GIZ are (GTZ, 2010):
•	The	rocket	stove	(Figure	38):	highly	efficient	combustion,	almost	

entirely smoke-free (though not emission-free). Saves up to 60% 
fuel compared to traditional stoves. Clay or metal can be used for 
construction. Main fuel source is wood. Highly versatile as it can be 
used	by	households	or	institutions,	portable	or	fixed.	Household	
stoves cost between £3 and £15.

•	The Upesi stove (Figure 39a): very simple, portable and low-cost 
(<£1) clay stove designed mainly for household use. Saves up to 
40% fuel for cooking. Main fuel source is wood. Great for local 
manufacture and launching small-scale businesses. 
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•	The Jiko stove (Figure 39b): clay and metal stove for charcoal 
burning. Mostly used in Kenya but adopted in other countries 
too. Saves up to 40% fuel for cooking, although potentially little 
reduction in CO emissions which are particularly high for charcoal 
stoves, and therefore potentially lethal in unventilated spaces. Costs 
between £2 and £8. 

•	Food warmer (Figure 39c): these include hay boxes or other 
baskets	filled	with	insulation	material	to	keep	food	cooking	at	
a low temperature after initial heating on a standard stove, not 
needing any more fuel input. 

•	Solar cookstoves (Figure 40): here the resource is different – solar 
influx	is	concentrated	to	generate	enough	heat	to	cook	food	
(please see 2.2.2: Solar resource – the basics). This is only usable 
in places where cooking outside is acceptable, and is only effective 
during daytime (unless heat storage materials are used). 

Figure 38 – The rocket stove is an excellent example of  how simple design considerations can 
radically improve combustion efficiencies and reduce harmful smoke emissions. The insulated 
L-shaped combustion chamber is the main characteristic. The rising hot air in the chamber creates a 
stack effect, drawing air from outside, facilitated by the fuel shelf  which leaves a gap under the fuel 
inlet. Only the end of  the wood sticks burn, creating a grating and allowing good air/fuel mixing in 
the combustion chamber, which can reach temperatures > 1000°C, aided by the insulation which 
reduces heat loss. The picture (right) shows an example rocket stove built from two recycled 20L 
vegetable oil tins, a stainless steel combustion chamber and vermiculite insulation for a cost of  £12 in 
the UK. Photos courtesy of  NokoBunva (left), MD/EWB-UK (right).
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Figure 39a (top left) –  The Upesi and Lira 
stoves, 39b (bottom left) the metal/ceramic Jiko 
stove,  39c (top right) an example food warmer. 
Photos courtesy of  M. Ezzati.

Figure 40 – Solar cookers: (left) a 'Fun-Panel' cooker, easily made from cardboard, aluminium 
foil, string, tape and glue. Construction manuals are available at http://sunnycooker.webs.com/
funpanelcookerplan.htm. Photo courtesy of  Teong H. Tan. Right: solar cooking at the Iridimi 
Refugee Camp. Photo courtesy of  SCInet.

The primary materials used in most ICS construction are:
•	Clay, sand or other soils (such as anthill soil) for the main body.

•	Stainless steel or other heat-resistant and durable metals, sometimes 
for the main body instead of  clay, or sometimes as structural 
reinforcement.

•	Insulation material such as sawdust, grass, hay, stalk, banana leaf  or 
ash to mix in the clay around the combustion chamber. With steel 
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bodies, sand or vermiculite are sometimes used as insulation, but 
this depends a lot on the stove design.

•	Bricks	are	sometimes	used	as	structural	reinforcement	for	fixed	
designs.

When looking for appropriate ICS technology, keep in mind 
what local materials are available and how certain designs can be 
modified	to	adapt	to	such	materials.	Using	local	materials	not	only	has	
the potential to reduce material costs, but also reduces the need for 
retraining local craftsmen to work with new materials and increases 
the likelihood that repairs will be able to be made later on. However, 
use of  local materials needs to be balanced with performance and 
longevity of  the stoves; sometimes imported designs may present 
an overall better value proposition to users than locally-sourced 
designs. A vast majority of  ICS for low-income and rural areas 
use clay. There are many guides on how to prepare clay for this 
type of  construction, including the highly recommended illustrated 
GVEP DEEP fact sheet on improved cookstove production and the 
Practical Action Sudan manual for clay-based technologies:

www.gvepinternational.org/sites/default/files/factsheet_ics_web_
final.pdf

www.practicalaction.org/docs/region_sudan/clay-based-
technologies.pdf

2.3.4.3 More information

This section has introduced the basic concepts relating to improved 
cookstoves. For further information, please see chapter 3, section 
3.3.4: Improved cookstoves – the details, or chapter 4, Further 
reading.
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2.4 Practical system design – the basics
2.4.1 Practical considerations for working in the field

Energy-poor regions present challenges above and beyond those 
experienced in the UK and similar societies. The range of  climate 
and environmental factors is a challenge in itself. But we must also 
accept that the global diversity of  people living in these regions means 
there are often no common languages, a low level of  literacy and a 
wide range of  technology awareness.

This section aims to convey appreciation for some of  the more 
general challenges that will be faced, and the safety considerations 
required to ensure a lasting positive impact from the project.

2.4.1.1 Managing expectations

With all energy projects, it is always better to be cautious about 
stating the available resources, likely power output and scheme costs. 
If  expectations are built up that cannot be achieved in practice 
this	leads	to	conflicts	between	stakeholders	that	could	have	been	
avoided.

2.4.1.2 Innovation

For the EWB-UK placement volunteer, unusual, innovative 
solutions are unlikely to better than tried and tested methods. Case 
study 8 shows that reinventing the wheel is often more trouble than 
it's worth, as simply adapting existing products to the task at hand 
can often provide a cheaper, simpler, more sustainable solution. 
Existing products will have gone through a lengthy process of  
research and development, during which all of  the little design 
flaws	that	would	have	rendered	the	product	unusable	are	ironed	
out. Support for existing products is widely available in the form of  
technical assistance and spare parts, whilst new products are often 
reliant on a single supplier – the organisation you are working with. 
Innovation is a great thing, however it is important to ask yourself  
whether your innovation is really the best solution for the people 
you are working with in the long-term.
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Case study 8: Reinventing the wheel

Jon Sumanik-Leary, Guatemala, 2009

Maya Pedal is a Guatemalan NGO based in the rural town of  
San Andrés Itzapa and is one of  the world’s leading centres 
for bicitecnología (bicycle technology). Unwanted bicycles are 
collected by co-operatives in North America to be sent down to 
Central America by shipping container. The best are refurbished 
and sold as bicycles, whilst the rest are stripped down ready to 
begin a new life as a bicycle machine.

Figure A – CAD model of  the bicibomba móvil, highlighting the off-the-shelf  components.
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Maya Pedal produces a range of  bicimáquinas (bicycle 
machines) to cater to the needs of  the rural population that do 
not have access to electricity. Their most popular machines are 
the bicilicuadora (bicycle powered blender), bicibomba móvil 
(mobile bicycle powered water pump) and the bicidesgranador 
(bicycle powered corn de-grainer). Each machine allows the user to 
complete a previously time-consuming and monotonous task in a 
fraction of  the time.

One of  the key factors that has led to the success of  Maya 
Pedal’s bicycle machines is their use of  standard, off-the-shelf  
components. It is not only the bicycles that are re-manufactured, 
as in fact Maya Pedal manufacture very few components from 
scratch. Instead they wisely choose to re-manufacture existing 
products	by	adapting	them	for	pedal	power,	significantly	reducing	
the cost of  their machines.

Each of  the three machines mentioned above is an example of  
re-manufacturing of  machines designed for other power sources 
into pedal-powered machines:

The bicilicuadora (£40) consists of  a jug and stand from a 
regular electric blender (~£15), with the blade driven by friction 
from the front wheel of  a bicycle instead of  an electric motor.

The bicibomba móvil (£115, pictured) is essentially a standard 
300W electric centrifugal pump (~£40) with the electric motor 
removed and the pump axle driven by friction from the back wheel 
of  a bicycle.

The bicidesgranador (£150) adapts a hand-cranked corn de-
grainer (~£30) to be driven by the feet at much higher speed using 
a bicycle drivetrain.

Using these off-the-shelf  components that are already available 
from hardware stores in the local area speeds up production time 
as there are fewer parts to build from scratch. It also increases the 
usability of  the product as users are often already familiar with the 
original product and therefore only need to learn how to use the 
pedal power part of  the machine. The off-the-shelf  components 
generally have a longer life expectancy than their custom made 
counterparts,	as	significant	research	and	development	has	gone	
into designing a reliable product before entering mass-production.  
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In addition to this, if  a failure does occur, then spare parts can be 
sourced from a variety of  retailers that stock the original product. 
This last point becomes particularly important when bicycle 
machines are installed in remote regions far away from Maya 
Pedal’s workshop.

About the author: Jon received an EWB-UK bursary to spend 
four months working with Maya Pedal on the design of  the 
bicibomba móvil (mobile bicycle powered water pump) that he 
began as a Master’s level research project at the University of  
Sheffield.

About the organisation: Maya Pedal is operated as a small 
business, with Carlos Marroquín and son designing, manufacturing 
and installing over 10,000 bicimáquinas. International volunteers 
bring their skills and ideas to Maya Pedal and assist them with the 
refurbishing of  bicycles or with their bicitecnología.

Maya Pedal have produced thousands of  bicycle machines and 
the bicibomba móvil is now part of  their portfolio (with over 
100 already sold), offering  many local farmers without access to 
electricity the ability to irrigate their land.
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2.4.1.3 Safety

It is not possible to protect against every eventuality, but it is 
important to appreciate that many communities will not appreciate 
risk in the same way a typical UK national does. Equally, when 
considering aspects such as extremes of  climate, a UK national will 
not	have	sufficient	appreciation	compared	to	a	local.	There	is	no	
such	thing	as	‘common	sense’	–	one	person’s	definition	of 	‘safe’	will	
differ from the next.
It	is	not	fire,	rotating	equipment	and	other	naturally	intimidating	

hazards that are of  most concern, but the subtle and silent hazards, 
such as electricity and chemicals (e.g. battery acids) that pose the 
greatest risk.

It is unwise to make assumptions regarding recognition of  
hazards.	Where	risk	is	present,	restriction	rather	than	notification	
is	advised,	as	warning	signs	are	not	sufficient	on	their	own.	They	
can be removed or damaged, but they may not be understood even 
when new. Instead, dangerous equipment should be inaccessible to 
anyone other than trained personnel.

Where risk of  electrical shock and other hazards exist (terminals, 
switchgear and moving parts) enclosures or barriers should not only 
be employed to prevent access, they should prevent close proximity 
to a dangerous area.

Where user interaction is required (for example on small solar 
lights) it should not be possible for small parts to come away from 
the product (that may represent a choking hazard). There should 
be no access to internal parts and in the event of  physical damage, 
internal parts should be naturally contained. 

Toxicity is a serious concern. As with other hazards it is not 
necessarily the obvious culprits that cause harm. Battery acid for 
example is (or should be) clearly labelled and is supplied in extremely 
rugged containers that cannot be opened by children. Some locally 
available paints can contain lead, and some cleaning agents would 
not be legal in the UK. Always check the labels. Any toxic or 
environmentally hazardous materials or components must be clearly 
identified	with	symbols,	not	just	writing.	
Where	factors	specific	to	the	location	need	to	be	quantified,	local	
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partners and community members should be consulted. Extreme 
weather conditions – wind, temperature and rain – can pose serious 
design challenges above and beyond what would normally be 
acceptable.	For	example,	flooding,	is	obviously	a	concern	for	hydro	
systems (and is addressed in the appropriate sections of  this text) 
but it is also an issue for the location of  electrical equipment for 
other technologies.

Where extreme climate conditions are a potential risk, specialist 
advice should be sought from local champions and technical experts.

2.4.1.4 Transportation and logistics

Compared to typical use in the industrialised world, equipment 
and components will likely suffer excessive knocks, vibration and 
unusually harsh physical treatment. Below are some potential 
challenges that should be considered.

Any international transportation of  materials will likely be by 
sea freight and conform to standard practices. However once the 
container or package commences its journey from the port (or 
airport), damage can occur if  suitable measures are not taken.

For local ground transport (from port), equipment will be driven 
over harsh roads, in vehicles with poor suspension, and lifting 
equipment will likely not be available at the destination. This means 
that the handling of  goods is by people, and there are natural limits 
to the weight and volume that can be managed both practically and 
safely.

For example, the cheapest solar panel (relative to power output) 
may be over 1 square meter in area and weigh in excess of  15 kg. 
Two people can handle a unit of  this size, but if  a stack of, say, 10 
are	laid	flat	on	the	back	of 	a	vehicle,	it	is	highly	likely	some	will	
break (they contain large sheets of  glass.) Conversely, a battery of  
even modest capacity – 200 Ah for example, is easily transported by 
vehicle but will weigh over 50 kg – which is a serious safety risk for 
two people trying to lift it off  a vehicle. If  the battery is dropped 
from even a metre high, it will likely sustain internal damage that 
will	significantly	affect	performance	and	operational	life.

The message is to consider the realities of  local logistics and 
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choose equipment accordingly. Packaging can reduce the adverse 
effects of  transportation, but it should not be relied upon. Products 
need to be manageable by hand and resilient to the environment 
they will be used in – including the people that will handle them.

2.4.1.5 People and everyday use 

It should be assumed that the user has no prior experience with 
the equipment being installed or provided. This is especially 
important where user interaction is required. The operator could 
have	sweaty	hands	and	fingers,	possibly	covered	with	oily	substances,	
and therefore moisture protection for controls is an important 
consideration. And to add to these issues, greater force and pressure 
than usual will be applied to all user controls.

Electrical failure due to repetitive operation is a common issue 
with user equipment. Rugged switches and controls should be 
included for all user interfaces, as a simple on/off  switch on a solar 
light may be used over 3000 times in just two years – even under 
modest use.

Theft is also a major consideration. We should not assume 
everyone is a criminal, but it is realistic to consider the security of  
certain components and equipment. Anti-theft screws and bolts are 
available, and enclosures are usually available with locks. Discussion 
with local partners and assessment of  risk for the location and 
community should be conducted to determine the appropriate 
course of  action for each project.

2.4.1.6 Climate

The distinction between indoor and outdoor locations is far less 
defined	than	in	most	industrialised	nations.	Buildings	provide	shelter	
from rain and direct sunlight but indoor temperatures can be the 
same as outdoor ambient values. The same applies to humidity levels.

Extremes of  temperature and especially large variations in 
temperature are serious concerns for equipment. Add humidity to 
these conditions and materials, components and systems can and do 
regularly fail.

It is important to research the climate of  the country being 
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visited.	Once	in	country	it	is	then	necessary	to	talk	specifically	about	
environmental conditions with local organisations and people, 
because they will have valuable experience above and beyond what 
the simple temperature and humidity numbers may suggest.
Specific	considerations	for	equipment	are	included	within	this	

text at the appropriate places (for example, the effect of  high 
temperatures on batteries are addressed in 3.4.2.5.4: Battery safety). 
Keeping equipment shaded from direct sunlight (apart from solar 
panels of  course!) is also addressed in the main text, however items 
such as cables and connectors are often overlooked when considering 
the damaging effects of  temperature and particularly UV exposure.

Below are examples of  other more general considerations to keep 
in mind when assessing the requirements for a given project:

Materials
In very hot or very cold regions plastics can become soft or brittle 
and lose structural integrity – this includes cable ties, insulation 
washers, junction boxes and enclosures. 

Large variations in temperature – on a daily basis or seasonal 
variations – can cause cracking of  plastics and even metals through 
repeated expansion and contraction.

Wood is particularly susceptible to temperature and humidity, and 
the strength of  soft woods is seriously compromised by water.

Degradation levels for a given material will not be the same when 
exposed to extreme humidity, compared to when it is exposed to 
damp, cold conditions that are typical of  the UK.

Whilst choosing robust materials that are designed to withstand 
environmental exposure for extended periods of  time is preferable, 
it may often not be possible, as they are more expensive than 
‘standard’ items (if  they are even available). However, whenever 
possible,	stainless	steel	should	be	used	for	fixings,	UV	resistant	
cables should be used if  they are not housed or buried, and UV 
resistant plastics should be used for safety guards and enclosures 
where security is important.
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Design guidance
The Ingress Protection (IP) system is used to give information about 
the effects of  moisture and particulates on electrical equipment. This 
system	comprises	two	numbers;	the	first	specifying	the	protection	
from solid objects and the second specifying protection from 
moisture.

1st 
Digit

Protection from Solid 
Objects

2nd 
Digit

Protection from Moisture

0 Not protected 0 Not protected

1 Protection against solid 
objects >50mm

1 Protected against dripping water

2 Protection against solid 
objects >12mm

2 Protected against dripping water 
when tilted 15 degrees

3 Protection against solid 
objects >2.5mm

3 Protected against spraying water

4 Protection against solid 
objects >1mm

4 Protected against splashing water

5 Dust protected 5 Protected against water jets

6 Dust tight 6 Protected against heavy seas

7 Protected against immersion <1m

8 Protected against immersion >1m

A minimum Ingress Protection rating of  IP54 is required (IP65 
preferable; IP68 aspirational). This includes any cable entry points.

When considering temperature, standard electrical equipment 
typically has an operational range of  0 °C to 70 °C (sometimes 
−10	°C	to	70	°C).	However	it	should	be	noted	that	equipment	in	
direct sunlight will experience temperatures some 20 °C to 30 °C 
above ambient, so the 70 °C upper limit is not as safe as it might 
initially seem.

On the cold end of  the range, northern England and certainly 
Scotland can experience temperatures well below 0 °C. Locations of  
high elevations are especially vulnerable to excessive cold in winter – 
particularly from wind-chill effects.

Although more expensive, industrial grade equipment may, in rare 
circumstances,	be	justified.	These	items	are	designed	to	operate	
from	−40	°C	to	85	°C	(sometimes	−25	°C	to	85	°C).

Ingress Protection (IP) ratings. Source: ISO 20653,2013
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2.4.1.7 Environmental impact

The environmental impact of  the installation should be explicitly 
discussed with the local partner organisation. Agreement must be 
reached to ensure, among other things, the responsible disposal of  
any components that could pose a hazard to the environment, such 
as lead acid batteries (see 3.4.2.5: Batteries).

2.4.1.8 International standards

All materials, components and equipment should conform to relevant 
local standards and, where possible, international standards (e.g. 
IEC – International Electrotechnical Commission, EN – European 
Standards, BS – British Standards, UL – Underwriters Laboratories). 
If  local standards are not available, BS/EN/UL should be the default 
alternative.	In	the	event	of 	a	conflict	between	standards,	European	
harmonised (BS EN) or US (UL) standards should be used.

2.4.2 Electrical systems

This section covers aspects of  electrical design for remote power 
supply systems. It will cover practical and theoretical aspects of  
integrating renewable energy into stand-alone power supply systems.
It	has	been	written	for	‘in	the	field’	engineers	working	on	remote	

electrification	using	small	(up	to	10	kW)	renewable	energy	power	
supply systems with lead-acid battery storage, although items 
covered within this section are relevant to the electrical systems of  
all stand-alone power supply systems in all locations.

Designing robust and reliable stand-alone power supply systems 
is	a	highly	specialist	field.	This	guide	is	a	starting	point	only	–	always	
consult relevant specialists.

We are looking to install a system which will provide reliable 
power for many years to come. We must ensure that every aspect is 
covered and that all potential points of  failure have been addressed. 
Failures within remote power supply systems are often due to low 
quality electrical design and implementation. 

Note: This section does not replace any local statutory or non-
statutory electrical installation regulations. Always check with a local 
qualified	electrician	before	installing	any	equipment.	
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2.4.2.1 Power supply systems  

There are two generic types of  electrical system: grid-connected and 
stand-alone. The economics of  the two systems are very different. 
Grid-connected systems are principally driven by the cost of  utility 
electricity. For stand-alone systems (sometimes called ‘off-grid’) it 
is the value of  the application being powered and the cost of  the 
alternative energy solutions (if  any) that are capable of  delivering  
the desired energy service at the same location that is relevant.

Although globally over 90% of  PV systems and the majority of  
renewable energy systems in general are grid-connected, EWB-UK 
placement engineers are most likely to implement or work with off-
grid systems as they are often the only practical option for the most 
remote	(and	often	the	poorest)	rural	electrification.

Type of 
electrical 
system

Electricity 
grid-
connection?

Energy 
storage?

Market Typical 
applications

Grid-connected  
(Grid-tied)

Yes No Urban areas and 
rural buildings 
with grid-
connections

Homes,	offices,	
commercial 
buildings, solar 
farms

Grid backup 
(Stand-alone 
grid-tied)

Yes Yes Large 
uninterruptible 
power supplies

Critical 
applications 
such as medical 
facilities in 
areas with an 
unreliable grid

Off-grid  
(Stand-alone 
with storage)

No Yes Remote 
areas or low 
energy urban 
applications

Numerous. 
Consumer 
products, 
remote 
homes, small 
businesses, etc.

Off-grid 
without storage 
(Stand-alone 
without storage)

No No Remote 
location only 
needing energy 
during daylight 
hours

Water pumping, 
greenhouse 
ventilation

Table 10 – Note the term ‘remote’ is with reference to the mains electricity grid. Remote systems are 
a sufficient distance from the grid or of  sufficiently low energy requirement to make it uneconomical to 
extend or make a dedicated connection.
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Grid-connect
Within most industrialised nations, energy is supplied to homes and 
industry via a national grid – a network of  generators, supply cables 
and infrastructure. This is a top-down system where very large 
power stations are run to provide the electrical requirements of  a 
nation. This model requires a huge investment into infrastructure 
and large generation plants, along with a national body to control 
the system. 

Stand-alone power supply systems
The alternative to a large electrical grid is to use a stand-alone network 
to supply electricity to local consumers from locally installed 
generation capacity. Such stand-alone power supplies (SAPS) are 
sometimes called ‘off-grid’ as they do not link with any national 
electrical grid. Depending upon the size of  load and the distance 
to the national grid, there is a point at which a stand-alone system 
can become economic. It could also be that a national transmission 
system does not exist, such as on an island. Transmission distances 
within a stand-alone power supply system are much shorter; hence 
much lower voltages are used.

Figure 40 – A typical industrialised country grid power supply. Courtesy of  Matt Little.
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Figure 41 – A typical stand-alone (off-grid) power supply. Courtesy of  Matt Little.

For example, if a telecoms transmitter needs to be located 
on top of a mountain, it could be hundreds of thousands 
of dollars to install a mains grid supply. It is not likely that a 
diesel generator could be refuelled regularly enough, and so 
a remote power supply system based upon renewable energy 
becomes the most valuable solution. This is exactly how 
the (terrestrial) PV industry was established (the telecoms 
transmitters were installed in Oman in the 1970s).

This electrical design section will only cover smaller stand-alone 
power supply systems, in the region of  a few watts up to several 
kilowatts of  capacity.

Diesel generators
The majority of  stand-alone power systems rely upon diesel 
generators. They require a ready supply of  diesel fuel and are run 
whenever	power	is	required,	or	sometimes	according	to	a	pre-defined	
time schedule. They are generally sized to supply at least the peak 
load on the system and are commonly available with power outputs 
from a couple to hundreds of  kilowatts. They are used extensively 
as they provide acceptable reliability at very low initial cost. Diesel-
based systems typically use an AC interconnection.
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Problems with diesel generators
Problems with the use of  diesel generators include:
•	cost of  fuel and its transportation 

•	local environmental effects, such as the reduction of  local air 
quality 

•	global environmental effects, such as climate change 

•	security of  fuel supply 

•	inefficient	when	partially	loaded	

•	start-up response time

•	noise 

•	high maintenance requirements.

Diesel generator systems can have lower investment costs, due to 
the reduced infrastructure requirements, but will prove expensive in 
the long-term due to fuel and maintenance costs.

Note: For more information on selecting, operating and 
maintaining a diesel generator please see Practical Action’s 'Diesel 
Generator' worksheet:
◊	 http://practicalaction.org/diesel-engines

◊	 http://practicalaction.org/diesel-engine-repair-maintenance.

2.4.2.2 Renewable energy

Why use renewable energy for these systems?

Generic	benefits	of 	using	renewable	energy:	

 Distributed: Renewable energy resources are inherently 
distributed and usually some form is locally available (wind, 
solar, hydro or biomass).

 Any size: a renewable energy solution can be almost any 
size, from personal to utility scale. From calculators to 
power stations.
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Variability of  loads
The various loads on the system will be switched on and off  as 
required throughout the day, month and year. Loads such as lighting 
will be used at night. Loads such as refrigeration will be used more 
during the day. Some loads will vary with the seasons, such as 
increased lighting use during the winter. For more information on 
this subject please refer to chapter 3, section 1.2: Load spreadsheets.

 No fuel required: there is no on-going fuel requirement 
from the owner or user. The fuel – sunlight, wind or rain – 
is free, abundant and potentially very predictable.

 Buffer from fuel prices: Using renewable energy will 
buffer the community against the increasing cost of  fossil 
fuels.

 Economic: In the long-term, this can make economic 
sense, as the higher capital cost will be compensated for by 
the reduction, or even absence, of  expenditure on fuel.

 Transportation: Fuel does not need to be transported. In 
remote locations fuel can cost up to ten times the price of  
fuel within a city, mainly due to transportation costs.

 Reduced local air pollution: No local diesel fumes.

 Reduced global pollution: Reduction in greenhouse 
gasses.

 Anywhere: PV works almost anywhere and can therefore 
be used in urban and rural locations.

In this section we are dealing with electrical supply systems, 
hence the renewable energy sources discussed here are those which 
generate electricity:

•	Solar Photovoltaics •	Wind turbines

•	Hydro power •	Biofuel based generators

Problems with integrating renewable energy
There are a number of  problems with integrating renewable energy 
into a stand-alone system.
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Figure 42 – A graph to show various loads throughout a day. Courtesy of  Jon Sumanik-Leary.

Variability of  supply
Renewable energy sources are inherently variable (apart from, 
perhaps, biofuels which can run a generator until the fuel tank is 
empty). The sun will shine during the day, but clouds may block it 
out. Wind will blow unpredictably throughout the day and night. 
The rainfall for a hydro system will vary with the seasons.

Figure 43 – The typical available wind and solar resource. Courtesy of  Matt Little.
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Storage requirement
The variability of  both supply and demand leads to the requirement 
for some form of  energy storage, typically in some form of  electro-
chemical battery bank. This will be discussed in further detail in the 
battery section.

2.4.2.3 Initial system design

It is relatively easy to make a renewable energy power system. It 
is	very	difficult	to	design	a	highly	reliable	one	with	a	lifetime	in	
years. This section – and indeed the whole document – should be 
considered a guide, not an instruction manual for implementation. 
The assistance of  relevant experts should be sought throughout the 
design and implementation processes to ensure the resulting energy 
system	is	safe,	efficient,	cost-effective,	sustainable,	appropriate	to	the	
context and able to meet the needs and wants of  the end-users.

The design is very complicated (where high reliability and long life 
are required) due to, among other things, real-life renewable energy 

Excess	and	deficit
There	will	be	times	when	we	have	either	an	excess	or	deficit	of 	
energy. With renewable energy supplies there will usually be a 
mismatch between the supply and demand.

Figure 44 – The mismatch between supply and demand. Courtesy of  Matt Little.
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technology and battery performance – which can be drastically 
different	to	their	specified	ratings.	Overall	system	performance	in	
real	life	is	difficult	to	accurately	determine	due	to	weather/resource	
predictions, cable and connector losses, component ageing, accuracy 
of  control, vandalism/poor maintenance, etc.

Even for the most professional system designs, their exact 
performance cannot be predicted because the fuel – sunlight, 
wind or rain – is highly variable due to local micro-climates, inter-
annual variations, modelling methods etc. It is also not possible 
to accurately predict battery life due to a host of  inter-dependent 
factors such as varying charge current, temperature effects, ageing, 
charge and discharge rates.
There	is	no	correct	solution.	The	final	deliverables	should	

be the best compromise between cost, complexity, reliability 
and expected lifetime (among other considerations).

System design process
Building a stand-alone power supply system starts with talking to the 
people who are going to use the system. There is more information 
about this in the system design process chapter:

•	What loads do they require?

•	Why do they require them?

•	What is the budget?

Using a stand-alone power supply system is a more involved and 
complex process than just plugging into a national grid. 

Typical systems are small and the input and output energy is 
variable, hence the community which will be utilizing the supply 
must be willing to learn the system and adjust their use according to 
the available energy.

It also requires well trained, knowledgeable operators to operate 
and maintain the system. The social aspects of  development 
projects will be covered in other chapters. Here we will look at the 
physical design of  these systems.

The cost and physical size (among other aspects) of  a stand-alone 
system are dependent upon:
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Figure 45 – A simplified system design flow diagram. Courtesy of  Matt Little.

•	The daily energy requirement.

•	The renewable resource.

We also need to ensure: 

•	The system is safe for operators and users.

•	The energy into the system is equal to or greater than the energy 
out	of 	the	system,	including	the	system	efficiency.

•	There	is	enough	storage	to	buffer	times	of 	deficit	and	excess.

•	Energy is reliably supplied to the loads for the lifetime of  the 
project.

•	It is safe for operation in the local environment – temperature, 
patterns of  use, moisture, etc.

•	Highly	efficient	loads	–	this	will	reduce	the	daily	energy	requirement.

The initial system design is an iterative process. Generally these 
systems are limited by the funding available.
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Typically the initial system design is over-budget. We must then 
review	the	loads	and	look	to	installing	more	efficient	appliances	or	
reducing the load through user interaction.

The system design process must be repeated until a viable (both 
technically and economically) design has been reached.

Load assessment
Performed as shown in the Energy Demand section.

The load assessment will yield:
•	daily energy required for the loads (Eloads)

•	maximum load demand for loads (Pload_ _max)

•	is an inverter required? (Do some of  the loads require an AC 
supply?)

Example: A health care centre is being set-up in a remote area 
of  Northern Peru. This centre requires the following loads:

Health centre requires:

Lighting 10W x 4 for 6 hours per day = 240Whrs
Communications phone charging 5W x 4 x 3hours per day 
= 60Whrs
Centrifuge 200W (Only AC device available) x 0.5 hours per day 
= 100Whrs

Total daily load requirement = 400Whrs/day

From this we can state that:
•	Εloads = 400Whrs/day

•	Ρload_ _max = (10W x 4) + (5W x 4) + 200W = 260W is the 
maximum power draw

•	An inverter is required to power the 200W centrifuge.
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Figure 46 –The 20 year average solar resource for an area in Peru. Courtesy of  Matt Little.

Calculating renewable generation capacity
We typically take the lowest resource value (for example: the least 
windy or sunny month) to calculate how much generation capacity 
would be required. Please see 2.2: Energy resources – the basics 
and 2.3: Conversion technologies – the basics, for information on 
how	to	make	energy	yield	predictions	for	specific	technologies	in	
different contexts.

In the case of  solar PV, we can use the average daily number of  
hours of  sun and we multiply it by our solar PV array wattage.

Resource assessment
Please refer to the energy resources section for more information 
on resource assessment.

The resource assessment should yield:
•	The available resource from the renewable energy supply.

Example: This area of  Peru (Figure 46) has the following solar 
PV resource available. Wind and hydro are not deemed suitable 
as there is no river nearby and the community is in a valley, and 
hence has a low average wind speed.

ENERGY BOOK PRESS.indb   126 02/09/2014   14:55:44



Energy Part II chapter 2 – The basics

– 127 –

Example: We need to calculate the minimum size solar PV array 
to supply this load throughout the year. Hence we choose the 
month of  lowest solar irradiance, March, with 4.8 sun-hours per 
day.

Please refer to the solar resource section for information on 
sun-hours and energy generated by solar PV.

If  we were to have a solar PV module with a rating of  100Wp 
and we used it in our site in Peru with 4.74 sun-hours, then we 
would generate 100Wp x 4.74hrs = 474Wh per day.

Energy balance
Next, we need to size the amount of  renewable energy generation 
required to supply the loads. This must include any system 
inefficiencies	(please	see	3.4:	Practical	system	design	–	the	details	for	
more information on each component).
Typical	rule-of-thumb	inefficiencies	are:

•	Battery storage (ηbatt)≈	80%

This	is	the	approximate	average	efficiency	of 	putting	energy	into	
and bringing it out of  the battery.
•	Charge	controller	overall	efficiency	(ηcontrol)	≈	75%

A	charge	controller	is	a	relatively	efficient	piece	of 	power	
electronics, only consuming less than 1% of  the total power to 
function.

There are times when, if  the battery is full and there is no load 
on the system, the charge controller must regulate the power in 
order to ensure the batteries are not over-charged. This is a normal 
function of  the charge controller, but it does mean that some of  the 
available resource must be controlled and hence not stored as useful 
energy. For this reason around 25% of  the available energy cannot 
be utilised, hence we must factor this into our energy generation 
calculations.
•	Inverter, if  used, (ηinv) ≈ 70%
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Example: In our Peru example system we have 300Whs of  DC 
load (Edc_load) and 100Whrs of  AC load (Edc_load). So we need to 
generate:

((100 / 0.9) + 300) / (0.75 x 0.8) = 685Wh per day

As	you	can	see,	these	inefficiencies	build	up	to	add	quite	an	
additional load onto the system.

In this region of  Peru we would need:
685Wh / 4.74 sun-hour = a 145Wp solar array

This could be in the form of  a single (large) 150Wp module or a 
number of  smaller PV modules (such as 3 x50Wp modules). This 
design depends upon local availability and cost of  modules and 
on transportation costs.

Economic analysis
Once a basic system design has been calculated we must perform a 
basic economic analysis. As funding is generally scarce, the cost of  
the system will normally be the limiting factor.

Ensure that all the aspects of  the renewable energy system are 
taken into account including:
•	batteries for storage

•	mounting systems for PV modules

•	towers for wind turbines

Calculating required power
When	we	include	the	inefficiencies	of 	the	electrical	system,	the	daily	
energy which must be supplied to the load is:

(Eacload/ηinv) + (Edcload) 
Eload(ηcontrol.ηbatt)

=

This	is	the	efficiency	of 	converting	DC	into	AC,	taking	into	account	
the lower utilization factor of  an inverter (i.e. a 100W inverter 
running just 50W).
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•	civil works for hydro sites

•	transportation of  equipment to site

•	cables – including thickness and length.

Transportation costs can also be high, especially to remote 
locations.

If  this basic economic analysis shows the system to be too 
expensive, then the load analysis must be altered (perhaps using 
more	efficient	devices	or	reducing	the	use	of 	some	items)	and	the	
resource and economic analysis re-done. This is an iterative process.

Eventually a compromise will be reached and a realistic design 
will be produced, which can be implemented.

Considerations for system design
Things to consider when designing SAPS:
•	Be conservative (better to overestimate at the beginning and have 

the system performing better than expected rather than having a 
system which never performs as intended).

•	Get the best data you can to help perform both a load and 
resource assessment. Sometimes this is not easy and ‘guestimates’ 
have to be made.

•	Ensure the mechanical, civil and electrical design is thought 
through at an early stage. 

•	Ensure all calculations are checked and re-checked by an expert.

•	Ensure energy demand calculations take into account any future 
community growth. People often do not realize how much energy 
they use. Also energy use patterns often change as after the 
implementation of  a new energy access project, so ensure the 
system is designed to incorporate that.

•	Ensure there is a contingency added to the costs as there will 
nearly always be additional costs.

•	How much maintenance will the system require and who is going 
to do it?
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•	Is the equipment you are specifying available locally? If  not, how 
will it be purchased and how will spare parts be obtained?

Please see chapter 4, Further reading for more information on 
stand-alone power supply systems and computer simulation tools

Note: Never rely upon a computer simulation – always 
perform the basic design calculations and ensure that 
every factor has been included. There are many social and 
technological factors which should be included by the system 
designer, but might not be included within the computer 
model.

2.4.2.4 More information

This section has introduced the basic concepts relating to practical 
system design. For further information, please see chapter 3, section 
3.4: Practical system design – the details, or chapter 4, Further 
reading.
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3 The details
This chapter provides in-depth information on each of  the topics 
described previously and should be used like an appendix, i.e. 
referred	to	when	specific	detailed	information	on	a	particular	topic	
is required. Referring back to the energy systems design process 
in Figure 9, this chapter can guide the reader through the process 
of  detailed system design (3), however, the advice of  a relevant 
specialist and local champion should be sought when necessary. 
Each topic in the following chapter is also accompanied by a list of  
resources (both online and in print) that can offer the reader enough 
information to be able to complete a full system design (4).

3.1 Assessing energy demand – the details
This section focuses on conducting a detailed load assessment for 
electrical systems, however many of  the concepts are transferable to 
mechanical or thermal systems. The starting point for the design of  
any energy system is to identify the loads and their patterns of  use. 
Loads are appliances, i.e. the technologies that convert energy into 
useful	services	for	the	end-user.	This	will	allow	us	to	find	the	daily	
energy requirement and the maximum power requirement, which 
can be calculated using a load analysis table (see below).

First we need to be sure that we understand the differences 
between power and energy. Power is the instantaneous rate of  doing 
work. Energy is the total work done. For example: one person might 
cycle 20 miles in one hour, whereas another person might cycle 20 
miles in 2 hours. They have both gone the same distance (their total 
energy	is	the	same)	but	the	first	was	more	powerful,	as	they	only	took	
one hour. Power is measured in Watts (W), energy in Joules (J). 

1W = 1 Joule per second (J/s). 
Similarly, 1 Watt hour (Wh) = 1J/s x 3600 seconds = 3600J.

Before	even	thinking	about	the	specific	components	of 	a	system,	
the overall requirements of  the user and the operating conditions 
should be fully understood:
•	The user is interested in their equipment – light, mobile phones, 

radio, refrigerator, etc.
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•	The user wants reliable power – peace of  mind.

With this in mind, consider the following:

1. What is the service required by the user? 
(Lighting, communication, refrigeration etc.)

2. What	is	the	most	appropriate	appliance	to	fulfil	user	needs? 
(Torch	or	floodlight,	phone	or	computer,	fridge	or	freezer	etc.)

3. What is the environment within which the system will operate? 
(Temperature – limits and variations– moisture, humidity etc.) 

4. How long does the equipment need to last? 
(Who will operate, maintain and replace the equipment when it 
fails?)

These are just a few of  the many considerations that need to be 
taken into account. Remember to always involve the end-user in 
discussions about their needs and wants and to keep in mind that 
system design is always an iterative process – if  something cannot 
be economically or technically achieved, discuss and reassess and 
prioritise the needs and wants with the end-users themselves. 

3.1.1 Example: lighting

If  after conducting a basic demand assessment, an EWB-UK 
placement volunteer decides that providing a household with lighting 
is the best course of  action, how can they decide what type of  light 
bulb should be used? In general, it is desirable to choose lighting 
that is durable, affordable, locally available and that can offer high-
quality	lighting	efficiently	(i.e.	with	minimal	loading	requirements).	
Table	11	shows	that	in	terms	of 	lighting	efficiency,	LEDs	are	best,	

as they add a smaller load to an energy system to achieve the same 
lighting capacity. Similarly, they have the longest estimated lifetimes 
and therefore will seldom need replacements. However the upfront 
costs may be prohibitively expensive and in many countries they 
are	simply	not	available	–	in	which	case,	compact	fluorescent	lights	
(CFLs)	or	fluorescent	tubes	might	be	more	desirable.	Incandescent	
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lights	are	highly	inefficient	–	they	are	heating	devices	rather	than	
lights! Although the upfront costs may seem attractive, they will 
place unnecessarily large load requirements on your energy system, 
and are therefore highly discouraged as the total system cost will be 
much	higher.	LED	costs	are	predicted	to	reduce	significantly	in	the	
next	decade	and	are	therefore	likely	to	become	the	first	choice	for	
lighting.

Type of bulb Incandescent Fluorescent Compact 
Fluorescent 
(CFL)

LED

Typical power rating 
range (W)

40-100 30-40 15-30 3-30

Lighting	efficiency	
(Lumen/Watt)

12-20 70-100 50-80 80-150

Average power 
requirements/day 
in Wh to achieve 
minimum TEA 
standard (300 lumens 
for 4 hours)

75 14 18 10

Life time (hours) 1000 15000 6000 25000

Availability in less 
developed countries

High Moderate Moderate Low

Table 11 – Typical technological options for lighting. Figures are average values based on Khan 
& Abas (2011), Aman et al. (2013) and Noble (2012), whilst the structure is adapted from 
Louineau (2008).
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3.1.2 Load spreadsheets

Building a load spreadsheet is a simple and effective way of  
performing a load analysis. Power consumption information can be 
found on the load rating label of  many appliances (e.g. Figure 47), 
or alternatively online resources can be used to estimate it. 

Figure 47 – Load rating label on the back of  a 15W DVD player.

To calculate energy consumption, we must use an average power 
rating, rather than a maximum power rating.

Example: A refrigerator has a maximum power rating of 
150 W, but the compressor only runs for 20 mins in every 
hour (60 mins), so the average power consumption is 150 W x 
20 mins / 60 mins = 50 Waverage.

The number of  hours of  use will come from discussions with the 
user about how they envisage a typical day and will involve estimates 
as each day is different. This could also vary annually (e.g. lights on 
more	in	the	winter),	so	we	generally	use	the	largest	figures	to	come	
up	with	conservative	estimates.	We	add	up	all	the	energy	figures	to	
give us the total daily energy requirement.

Take a look at the following example sheet:
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Item Number Average 
Power (W)

Hours use 
per day 
(hrs)

Total energy per day 
(Whrs)

Lights
Fluorescent

5 15 3 (Summer) 
5 (Winter)

375

Radio 1 5 5 25

Refrigerator 1 50 24 1200

Total 1600 Watt hours

So, in our example, our total average daily energy requirement 
(Eloads) is 1600 Watt hours. We can easily see in this list that the 
refrigerator consumes by far the most energy. If  this was the case, 
then	it	would	be	important	to	review	any	more	efficient	options	now.

3.1.2.1 Maximum power requirement

It is also important to calculate the maximum power requirement, 
as this will determine the size of  the cables, fuses and inverters (if  
using AC power). More detail on these components can be found in 
chapter 3, section 3.4: Practical system design – the details. 

To calculate this we take the maximum power drawn by the loads 
if  they were all switched on at the same time. 

Example: The maximum power from the table above is:

Lighting: 5 x 15 W = 75 W

Radio: 1 x 5 W =  5 W

Refrigerator: 1 x 150 W = 150 W

Total: 230 Wmax

In this example, the maximum load demand (Pload_max) is 230 W.

If  we are certain that all the loads will not be switched on at 
the same time then we can adjust our calculations and reduce this 
power level. This is usually called ‘electrical diversity’ and detailed 
discussion of  this is outside the scope of  this chapter. More details 
can usually be found in local electrical installation regulations (such 
as the BS7671 wiring regulations in the UK).
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3.1.3 Energy efficiency

Energy	efficiency	is	as	much	about	people	as	it	is	about	equipment.	
We	can	supply	energy	efficient	appliances	but	they	are	often	only	
effective if  used correctly. Although we should try to educate and 
inform	users	of 	the	value	of 	energy	efficiency	wherever	possible,	
we have to accept human nature to some extent.

People will turn a vehicle engine off  even when stopping for just 
a few minutes because they know it saves (expensive) fuel. But those 
same individuals will leave a fridge door open and chat away because 
they don’t understand the implications.

Cold drinks are of  course not the most critical application for 
remote energy, but drinks fridges are a good example of  how 
effective appliance selection can drastically reduce energy demand – 
both through design and by mitigating wasteful use.

Vertical fridges literally spill cool air out every time the door 
is opened. Even if  the user understands the direct relationship 
between energy consumption and the amount of  time the door is 
open,	the	appliance	will	still	consume	significant	energy	re-cooling	the	
interior. If  the door is left open for any period of  time, the fridge 
has to cool the entire compartment from ambient temperature.
A	chest	style	fridge	is	vastly	more	efficient	simply	because	the	

cool air (that naturally sinks) is mostly contained when the top 
lid is opened. When these formats are also designed to be energy 
efficient,	the	savings	can	be	significant.

Figure 48 shows a standard ‘Primus’ 
beer fridge common in Rwanda, 
and	an	energy	efficient	version	with	
around ¾ of  the internal volume 
– but capable of  holding the same 
number of  beer bottles. Primus 
wanted to use solar (PV) power fridges 
for remote locations. After testing 
energy consumption for a week and 
regularly removing beer, consumption 
figures	were	used	to	make	PV	system	
proposals. The standard version costs Figure 48 – Vertical v.s. chest fridge.
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around US$45,000 to power reliably for 5 years (in a shaded but not 
internal location) and the chest style costs around US$4000!

3.1.3.1 Efficient appliances

Energy	efficient	equipment	is	usually	marked	prominently	with	its	
low rating. The sales literature is often based around how much 
lower the equipment consumption is compared to the standard 
versions – and how much money can be saved over the lifetime of  
the equipment.

Think of  how LED light bulbs are marketed (and CFL versions 
before them): ‘11 W = equivalent to 60 W standard bulb and lasts 
ten times as long!’ Of  course the upfront cost won’t usually be 
emphasised,	as	energy	efficient	appliances	can	be	far	more	expensive	
than	‘standard’	versions.	Conversely,	the	most	inefficient	equipment	
is likely to be marketed primarily on its low upfront cost. That low 
cost has been achieved by compromising a whole range of  aspects – 
including	energy	consumption.	The	additional	cost	of 	the	efficient	
equipment	will	likely	be	justified	against	the	energy	savings	made	
when considering the life cycle costs of  the entire energy system.

3.1.3.2 Optimising the equipment

Even	on	inefficient	equipment,	a	user	can	significantly	reduce	
power consumptions. For example, on many TVs and computers, 
turning the screen brightness down by, say, 10% might save 25% 
of  the power consumption. Where possible, equipment should be 
appropriately sized – a small motor running at 65–100% load factor 
should	operate	more	efficiently	than	an	oversized	motor	operating	
at part load.

Many portable devices such as smartphones, laptop computers 
and	media	equipment	have	specific	settings	that	reduce	power	
consumption. Aspects such as screen brightness, Wi-Fi and 
Bluetooth	operation	can	have	significant	consumption	implications.	
More complex equipment such as motors will require greater 
insight	into	the	specifics	of 	their	operation	in	order	to	reduce	their	
consumption. This may not be straightforward, but if  at all possible 
it is worth reviewing the characteristics of  the equipment to see if  
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there are any opportunities for optimising performance. See for 
example the US Department of  Energy freely-available fact sheet 
‘Determining	Electric	Motor	Load	and	Efficiency’.	

3.1.3.3 Location, location, location

High temperatures are generally a bad thing for electrical technology; 
even	solar	PV	reduces	in	efficiency	when	it	is	in	the	hot	sun.	
However, simple mitigation measures can make a huge difference.

Again, fridges are an obvious example. If  you place a fridge in a 
location that receives direct sunlight – even for only part of  the day 
– it will consume more energy.

For any systems that include batteries, temperature and shading 
are important. A useful technique for increasing the life of  lead acid 
batteries in rural locations in warm climates is to locate them in the 
ground. This can reduce the average ambient temperature by over 
10 degrees and lessen the effects of  temperature swings between 
night and day. Putting batteries in the ground in warm climates can 
double the life cycle of  a lead-acid battery.

Simple shading of  a 
computer from the sun – even 
just a piece of  cardboard 
fashioned to sit above the 
appliance – leads to the cooling 
fan running for less time, 
reducing energy consumption. 
The same is true for ventilation; 
just sitting a computer on 
something	to	allow	air	to	flow	
underneath it will keep the 
computer cooler, allowing the 
processor to run faster and 
smoother with less consumption 
associated with the cooling fan. 
Shading and ventilation will also 
reduce the effects of  stress from 
expansion and contraction. 

Figure 49 – Recharging a laptop directly from 
a solar module. Photo courtesy of  Martin 
Bellamy.
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3.1.3.4 Selecting the correct equipment

In electrical systems, the cost of  an energy solution is often directly 
proportional to the load requirement. It is not just the reduced 
energy consumption of  the user equipment that is important; 
removing	electrical	conversions	and	other	inefficiencies	within	the	
solution	design	has	significant	benefit.

A typical request may be ‘I need a solar power solution for a 1 kW 
water	pump.’	A	1	kW	water	pump	will	require	significant	AC	power;	
so an inverter must be used to convert DC power from batteries. 
Any	conversion	device	has	inefficiencies	associated	with	it;	this	
means that more power needs to be generated, potentially also 
compromising reliability as inverters are electronic devices which 
introduce additional complexity and more potential fault points. 
However there are often additional factors to consider. Our AC 
water	pump	may	have	a	start-up	current	significantly	higher	than	its	
running requirement. This means the inverter will have to be sized 
for the maximum (start-up) current yet operate most of  the time at 
a	much	lower	–	and	likely	lower	efficiency	–	level.

For example, our water pump could require 10 Amps for 30 
seconds when starting, then run steadily at 2 Amps. Inverters can 
be	over	90%	efficient,	but	usually	only	at	the	upper	end	of 	their	
operating range. The inverter – which must be capable of  supplying 
10	Amps,	will	do	so	at	around	90%	efficiency	as	1	Amp	is	lost	in	the	
conversion from AC to DC. However, when the current requirement 
falls	to	2	Amps,	the	efficiency	is	67%,	as	1	Amp	is	still	lost	in	the	
conversion. This means approximately 11 Amps is drawn from the 
battery	for	the	first	30	seconds,	then	the	current	requirement	falls	to	
a steady 3 Amps – 50% more than it needs to be. The battery and 
PV are also therefore 50% bigger – and 50% more expensive than 
necessary!

But what the end-user actually wants is to move a volume of  
water from one location to another in a given time under certain 
conditions.	This	can	be	achieved	with	a	simpler,	highly	efficient	and	
reliable water pump with a soft-start and designed to work with solar 
and on a DC system. Thus selecting the most appropriate (energy 
efficient)	equipment	for	the	service	that	the	end-user	requires	is	
crucial.
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The following analysis highlights the implications of  including an 
inverter in an off-grid PV solution.

Figure 50a – Typical AC solution with inverter.

Figure 50b – DC solution with energy efficient user equipment.
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Assuming the appliance (a water pump, refrigerator, light, etc.) 
is	70%	efficient,	only	44%	of 	the	PV	electricity	is	actually	used	to	
perform a service (water moved, goods kept cool, light provided 
etc.) in an AC system with an inverter. However, if  DC appliances 
are	used,	there	is	no	efficiency	loss	between	the	battery	and	the	
appliances,	so	assuming	a	90%	appliance	efficiency,	80%	of 	the	PV	
electricity is actually used to perform a useful service. Additional 
system	inefficiencies	often	arise	on	days	when	it	is	very	sunny	and	
the batteries are already full.

For the AC solution both the inverter and the equipment are 
assumed	to	have	average	operating	efficiencies	of 	70%.	This	may	
be	low	compared	to	some	quality	equipment,	however	a	figure	far	
lower	should	actually	be	used	for	the	low	cost,	inefficient	inverters	
and appliances commonly found in energy-poor regions.
Although	it	is	quite	common	to	have	highly	efficient	DC	

equipment (because it is designed to run from disposable batteries), 
it	could	be	argued	that	assuming	a	90%	efficiency	makes	an	unfair	
comparison with the AC system. However the proportions are 
appropriate: removing inverters from system designs is highly 
likely to halve the size – and therefore the cost – of  the majority 
of  ‘typical’ solutions.  EWB-UK placement volunteers should 
thoroughly investigate the local availability of  DC appliances and 
if  it is possible to obtain the required items then a DC system is 
recommended.
The	advantages	of 	energy	efficiency	apply	to	all	energy	systems.	

Unfortunately they are not yet widely practiced.
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Example: A rural school in central Africa. 
(Note	all	figures	are	illustrative	only.)

What typically happens:
20 lowest cost PCs are purchased for, say, US$2,000.
Then the project operators look for a power supply 
solution.
They choose solar for reliability, low maintenance, etc.
But they need to use inverters and AC equipment.
The PV system to power the AC computers will cost 
~US$40,000.
Total solution cost = $42,000
Operation without maintenance ~6 months.

What should happen:
20 energy efficient PCs are purchased for, say, 
US$6,000.
The project is designed specifically to be solar-
powered.
The whole system is DC and solid state – including the 
PCs (no fans).
The PV system to power the computers will cost 
~US$8,000.
Total solution cost = $14,000
Operation without maintenance ~5 years.

Not	only	is	an	efficient	equipment	approach	cheaper,	they	are	
usually more reliable and last longer. However, it is of  the utmost 
importance that care is taken to ensure that a suitable supply 
chain	is	in	place	if 	new	energy	efficient	equipment	is	
introduced, i.e. if  it is imported from abroad, how will the 
users	be	able	to	replace	the	energy	efficient	equipment	if 	it	
breaks?
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3.1.3.5 Large area or high energy requirements

Where energy is needed over a wide area (more than a few tens of  
metres), or where high levels of  energy are required in one location 
(e.g. a hospital or large building), it is worth considering the use of  
several smaller systems in place of  a single large system. In such 
cases, it is sensible to identify large independent requirements, such 
as refrigerators, water pumps and air-conditioning, as these can be 
served by dedicated stand-alone solutions.

For example, a single large PV system may be the most cost 
effective solution for a given project, but it will also be the most 
complicated and require skilled maintenance. Logistics can also be a 
limiting factor for large components, such as batteries, in particularly 
remote areas. Choosing multiple smaller solutions over a large central 
PV power station reduces dependency on individual components, 
allows greater user involvement and will drastically reduce technical 
complexity and management issues. In some cases, e.g. vaccine 
refrigeration, redundancy of  energy supply is particularly desirable 
(i.e. more than one system provides energy to the appliance). 
Smaller systems can be implemented in phases and can serve as 
learning platforms prior to larger, more disruptive equipment being 
implemented.

3.1.4 Summary

The	first	and	most	important	step	in	the	energy	system	design	
process is to discuss and identify the needs and wants of  the end-
users. Using a questionnaire such as Practical Action’s ‘Total Energy 
Access’ (TEA) questionnaire may help achieve this task. This allows 
quick	and	easy	identification	of 	how	the	end-users	are	currently	
using energy and therefore how best to target an energy access 
project to address their needs and wants through the provision of  
energy services.

The next stage involves choosing appropriate appliances to provide 
these energy services and quantifying the resulting load requirements 
in order to determine the size and type of  energy system needed. This 
section has focussed on electrical systems, however many of  the 
concepts are transferable to mechanical or thermal systems.
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Energy	efficient	equipment	may	be	more	expensive	to	purchase,	
however	it	is	likely	to	significantly	reduce	total	system	costs	as	far	
less power generation and storage will be needed. It is important to 
consider	the	supply	chain	for	any	new	energy	efficient	equipment	
introduced in much the same way as the power generation technology 
itself, as if  it cannot be repaired or replaced then the system will 
soon become useless as it will not be powerful enough to run the 
standard energy intensive equipment that is already widely available. 

Removing electrical conversions reduces costs even further (often 
by half  or more) and a completely DC solution is likely to be safer 
and more reliable than one with an additional AC component. In 
general, reducing system complexity makes things cheaper, more 
reliable	and	more	efficient.	

Remember that the end-user is only really interested in the energy 
services that a power generation system can provide – how it provides 
them is up to the system designer. A good system designer will be 
able	to	create	an	efficient,	safe	and	reliable	system	that	is	capable	
of  providing the energy services desired by the end-user when they 
want them, whilst minimising life cycle costs (although operation 
and maintenance, noise, visual intrusion and instilling a sense of  
ownership of  the system are also important design considerations).

3.1.4.1 More information

Although this section has given more detailed information on 
the assessment of  energy demand, the reader should refer to the 
additional information contained in chapter 4, Further reading and 
consult both an expert and a local champion before implementing 
any potential solutions.

3.2 Energy resources – the details
3.2.1 Solar resource – the details

3.2.1.1 Solar energy vocabulary

BS	EN	ISO	9488	is	an	International	Standard	that	defines	the	basic	
terms relating to solar energy (in English, French and German). 
Here	we	explain	specific	terms	which	are	used	for	discussion	of 	
solar resource.
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There are two main solar resource concepts: 
•	Irradiance (G) - The rate at which radiant energy is incident on a 
surface	i.e.	the	radiant	flux	incident	on	the	surface	divided	by	the	
area. Its units are W.m-2. The total irradiance is comprised of  two 
components:

◊	 Direct (beam) solar irradiance (Gb) – This is irradiance from a 
direct line with the sun. 

◊	 Diffuse	solar	irradiance	(Gd)	–	This	is	reflected	irradiance	
from buildings and clouds.

•	Irradiation (H) – The total amount of  incident energy on a surface 
which	is	calculated	by	integrating	the	irradiance	over	a	specified	
time interval. Units are MJ.m-2/time or, more commonly, Wh/m-2.

3.2.1.2 Solar geometry

Solar	geometry	is	defined	using	a	horizontal	system	with	the	
observer in the centre, as shown in the following diagram.

Figure 51 – Solar geometry system, with Azimuth, Zenith and Inclination. Observer is stood in the 
centre.
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•	Solar	Azimuth	(φs)	–	The	projected	angle	between	a	straight	line	
from the apparent position of  the sun and due south (in the 
northern hemisphere) (i.e. the ‘compass’ angle). This is measured 
clockwise in the northern hemisphere. 

•	Solar	Zenith	angle	(θz)	–	Angular	distance	of 	the	sun	from	the	
vertical (not shown on diagram).

•	Inclination or Solar Altitude Angle (h) – The complement of  the 
solar	zenith	angle	h	=	90°-θz.	

•	Angle of  Incidence (u) – This is the angle of  the direct solar 
radiation onto a surface (not shown on diagram). 

3.2.1.3 Sun-path diagrams

Sun-path diagrams can be used to investigate shading issues at a 
particular site. They show the sun’s position through the sky for 
different moths of  the year.

Obstacles can be measured and mapped onto the sun-path diagram 
to see how their shading would affect the system. 
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Sun-path diagrams require the location’s longitude and latitude. 
These can be entered into on-line sun-path diagram programs.(The 
diagram here, Figure 52, was drawn using http://solardat.uoregon.
edu/SunChartProgram.html).

The path of  the sun through the sky for the year can be shown, 
with each path marked by a different month. December through to 
June can be seen on this diagram, as July to November would just 
repeat these lines.

The sun is lowest in the sky in December and highest in June (as 
you would expect for the location).

With a compass and an inclinometer, readings of  various obstacles 
can be taken. A building which would shade the array has been 
mapped onto the diagram here. It can be seen that between 
December and late February the building would totally shade the 
site between the hours of  9 a.m. until 1 p.m. 

Whether this affects the design of  the system depends upon 
what the system will be used for. If  it is used for providing power 
to lights through the winter evenings, then this would not be 
acceptable and a better site should be found. If  the system is 
designed to power an irrigation pump through the summer months 
(when there is no rainfall), then this site might be suitable.
Specific	instruments	that	capture	a	digital	image	of 	shading	and	

print it onto a sun-path diagram can be obtained, such as the Solar 
Pathfinder	(http://www.solarpathfinder.com), but these are only 
really useful if  numerous site assessments are being performed.

3.2.1.4 Shading

Please see 3.3.1: Solar PV – the details, for more information on 
shading.

3.2.1.5 More information

Although this section has given more detailed information on the 
solar resource, the reader should refer to the additional information 
contained in chapter 4, Further reading and consult both an expert 
and a local champion before implementing any potential solutions.
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3.2.2 Wind resource – the details

Whilst wind maps offer an overview of  where good wind resources 
are likely to be located, an individual site assessment of  some form is 
always necessary. Figure 53a shows a wind map of  El Alumbre, the 
Peruvian community highlighted in Figure 17. Whilst Figure 17 seems 
to suggest that the wind resource in El Alumbre is a fairly constant 
2.64–3.96 m/s (converted from the 4–6 m/s at 80 m from Figure 17 
to the 10 m reference height of  Figure 53), Figure 53b shows that 
it actually varies much more, from 1.26–8.24 m/s. Even small hills 
can	funnel	the	wind	between	them	and	significantly	alter	the	spatial	
distribution of  the resource, so the fact that El Alumbre is perched on 
top of  the Andes makes this wide variation unsurprising.

Figure 53a (left) – Topographical 1 map of  El Alumbre, a rural community in the Peruvian Andes 
(Ferrer-Martí et al., 2012). 
Figure 53b (right) – wind resource map 2 of  El Alumbre, a rural community in the Peruvian Andes 
(Ferrer-Martí et al., 2012).

 1. Shows elevation as height above sea level.

 2. Shows wind speeds at 10m above ground level, i.e. for wind turbines with a 10m hub height.
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Figure 55 – Wind energy conversion devices must be carefully sited near obstacles with regard to the 
prevailing wind direction. Courtesy of  Practical Action, 2011b.

Figure 54 – A small wind turbine in front of  the 4000 m Andean peaks 
around El Alumbre, Peru. Courtesy of  Soluciones Practicas, 2013.

In	fact,	if 	you	were	to	‘zoom	in’	even	further,	you	would	find	
that the wind resource varies even more as trees, houses and other 
smaller obstacles have similarly drastic effects. What is more, they 
will	produce	turbulence	–	short-term	fluctuations	in	wind	speed	and	
direction which reduce power generation and accelerate wear due to 
the continually varying loading exerted by the wind. Figure 55 gives 
advice on avoiding the low and turbulent winds found downwind of  
obstacles such as houses, trees or cliffs.
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Unfortunately	publicly	available	wind	maps	rarely	have	sufficient	
resolution to be able to see anywhere near the level of  detail shown 
in Figure 53, so it is important to collect as many clues as possible 
about the suitability of  a particular site from the topography, 
vegetation and knowledge of  the community. Figure 56 shows the 
ideal topography for wind energy conversion devices – clear ground 
and a gentle hill funnelling the wind onto the rotor. Sites like this 
have the potential to double energy yields, as due to the cubic 
relation between power and wind speed, just a 26% increase in wind 
speed can double the power available in the wind.

Figure 56 – Acceleration of  wind over a smooth ridge, producing a good site for wind energy 
conversion devices. Sharp terrain features such as cliffs or boulders will produce turbulence and are 
undesirable. Courtesy of  Practical Action, 2011b.

If  the basic resource assessment process outlined in Figure 15 
has yielded positive results, then the process shown in Figure 57 can 
be used to conduct a detailed wind resource assessment.
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Figure 57 – Overview of  the detailed wind resource assessment process.
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In addition to the wind’s velocity, the equation in 2.2.3 shows 
that the density of  the air also critically affects the available power. 
Temperature, humidity and barometric pressure changes due to local 
weather patterns can all have an effect, but it is small compared to 
that of  altitude, which can reduce the available power by 33% at 
4000 m above sea level (see Figure 58).

Figure 58 – Variation in air density and corresponding reduction in available power with altitude 1.

 1. Air density values also include a temperature drop of  -6.5°C per 1000 m in accordance with International 
Standard Atmosphere data.

3.2.2.1 Anecdotal evidence

It may be possible to determine if  a particular community is generally 
windier than others, locate the windiest spot in a community and 
estimate seasonal patterns simply by asking the residents. However, 
it is unwise to make any energy yield predictions on the basis of  
anecdotal evidence (Khennas et al., 2008). Figure 59 shows just how 
important seasonal patterns are when conducting a wind resource 
assessment, as due to the cubic relationship between power and 
wind speed, the energy available in September 2007 was 117 W/m2 
whilst in December 2009 it was just 11 W/m2. Seasonal patterns can 
be cross-checked with data from nearby airports or online databases, 
such as: NASA’s Atmospheric Science Data Centre.
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Figure 59 – Monthly variation in wind resource measured at El Alumbre, Peru (Ranaboldo et al., 
2013).

Figure 60 – Estimating mean wind speeds from vegetation (Practical Action, 2011b).

3.2.2.2 Observation 

Figure 60 shows how local vegetation can sometimes provide clues 
about long-term wind speed and direction. It should be noted that 
this effect only occurs if  the wind usually comes from one direction 
and should also not be confused with the natural tendency of  
vegetation to grow towards the sun, which is most evident far from 
the equator (Khennas et al., 2008).

It is also important to remember that trees grow. What may be a 
good wind site now may not be in 10 years’ time if  newly planted 
trees grow or a new building is put up. In much the same way, a tree 
that is completely carpeted may now be on a bad wind site if  the 
shelter only appeared recently.
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Table 12 details the Beaufort scale, which can be used to record 
wind patterns over a long period without the need for measurement 
equipment, by taking daily/hourly etc. observations.

Implications 
for power 
generation

Beaufort 
number

Description Wind 
Speed 
(m/s)

Observations

Useless 0 Calm 0 Tree leaves do not move; 
smoke rises vertically

1 Light Air 1-1.5 Tree leaves do not move; 
smoke drifts slowly

2 Slight 
Breeze

2-3 Tree	leaves	rustle;	flags	wave	
slightly

Useful 3 Gentle 
Breeze

3-5.5 Leaves and twigs in constant 
motion;	light	flags	extended

4 Moderate 
Breeze

6-8 Small	branches	move;	flags	
flap

5 Fresh 
Breeze

8.5-10 Small	trees	sway;	flags	flap	
and ripple

Over-speed 
protection 
system in 
operation

6 Strong 
Breeze

11-14 Large	branches	sway;	flags	
beat and pop

7 Moderate 
Gale

14.5-17 Whole trees sway

8 Fresh Gale 17.5-20 Twigs break off  trees

9 Strong Gale 21-24 Branches break off  trees; 
shingles blown from roof

Damage 
possible

10 Whole Gale 24.5-28 Some trees blown down; 
damage to buildings

11 Storm 29-32 Widespread damage to trees 
and buildings

Damage likely 12 Hurricane 33+ Severe and extensive 
damage

Table 12 – The Beaufort scale for observational wind measurements (Khennas et al., 2008).
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3.2.2.3 Data logging

This is the most costly and time consuming part of  a wind resource 
assessment, but of  course it is also the most accurate. To accurately 
measure the wind resource, you need an anemometer to measure 
the wind speed (essential), a wind vane to measure its direction 
(desirable) and a data logger to store this information (essential). 
Fortunately, the price of  wind measurement equipment has come 
down	significantly	in	recent	years	and	complete	solutions,	such	
as the Logic Energy Wind Tracker shown in Figure 61 are now 
available for under £200.

Figure 61 – A simple anemometer and data logger package for 
recording wind speeds at a potential site.

As has been repeatedly stated, the highly variable nature of  the 
wind resource means that the instrumentation must be mounted 
as close to the potential site of  the turbine as possible. To do so, 
you will also need a mast to raise the instruments up to the height 
that you plan to mount the turbine at. If  there are few obstacles 
(buildings, trees, terrain features etc.) around, then it may be 
acceptable to mount the instruments at a lower height to save on 
tower costs and use equation (2) to extrapolate upwards. However, 
as shown in Figure 55, the zone of  turbulence created by an obstacle 
extends up to two times its height above it and up to 20 times its 
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length downwind. If  the anemometer is located in this zone of  
turbulence, the readings for both wind speed and direction will be 
misleading. For this reason, mounting the instrumentation on a 
building is not advised under any circumstances.

A mast to mount the instrumentation on can be constructed 
using the same method as the tower for a wind turbine (see 3.3.2: 
Small Wind Turbines (SWTs) – the details). However, as the sensors 
and data logger weigh very little, it is possible to use much lighter, 
locally available materials to save on cost and reduce the need for 
transportation. For example, Figure 62 shows the erection of  a 
mast made from wood that was traditionally used in the village 
for construction and polypropylene rope that was bought in the 
nearest town. Purpose built telescopic masts can also be obtained 
for £300–500 from wind measurement equipment suppliers such 
as Logic Energy (2013) or Power Predictor (2013), or from amateur 
radio suppliers.

Please note that whilst it may be possible to construct lightweight 
guyed towers very cheaply, a high level of  skill is still required to put 
them up and to ensure they stay up. The same safety procedures as 
described in 3.3.2: Small Wind Turbines (SWTs) – the details, should 
also be followed.

Figure 62 – Installing an anemometer and data logger on a locally sourced wooden pole with 
polypropylene rope guys at Dorze High School, Ethiopia.
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The shape of  the frequency distribution diagram shown in 
Figure 63a affects the extractable power. For example, Figure 64 
shows that two sites with annual mean wind speeds of  5m/s could 
either have 5m/s as the most common wind speed (blue) or could 
have a much greater spread (red). The former offers a much more 
predictable supply of  energy, whilst the latter offers greater total 
energy yields. For more information, Paul Gipe’s wind power 
textbooks are recommended:

Due to its highly variable nature, statistical measures are needed 
to characterise the wind resource in a particular location. In addition 
to the mean wind speed at a particular site, Figure 63 shows two 
standard plots that help to characterise the wind resource at that 
location. Figure 63 shows the distribution of  hourly average wind 
speeds throughout the monitoring period, the average of  which is 
4.97 m/s. The winds below 3 m/s carry no useful energy for power 
generation, whilst those above 10 m/s carry too much and can 
damage a wind energy conversion device if  not adequately protected. 
Figure 63 shows the direction that these winds came from and tells 
us that although the prevailing wind direction is NE (indicated by the 
long NE and ENE bars), strong winds often blow in from the SSW 
(indicated by the green strips at the end of  the SW and SSW bars).

Figure 63 – Wind frequency plot and wind rose compiled from 4 months of  data logged in Scotland.
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Figure 64 – Comparing two wind regimes with identical annual mean wind speeds. Adapted from 
Gipe (2004).

3.2.2.4 More information

Although this section has given more detailed information on the 
wind resource, the reader should refer to the additional information 
contained in chapter 4, Further reading, and consult both an expert 
and a local champion before implementing any potential solutions.

•	Gipe, P. (2004) – Wind Power: Renewable Energy for Home Farm and 
Business, Chelsea Green Publishing Company.

•	Gipe, P. (1999). Wind Energy Basics. A Guide to Small and Micro Wind 
Systems, Chelsea Green Publishing Company.
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3.2.3 Hydro resource – the details

Hydro	power	is	a	combination	of 	head	and	flow	rate	(see	section	
2.2.4). This section describes various techniques for measuring (or 
at	least	estimating)	the	head	and	flow	rate	at	a	potential	site.	For	
more information on the techniques described in this section, please 
refer to:
•	Harvey’s (1993) Micro-hydro Design Manual.

3.2.3.1 Measuring head

There are several different methods to measure head. The simplest 
are summarised below.
•	GPS: using a GPS altimeter, the altitude at the proposed intake, 

forebay and powerhouse can be measured to determine the total 
head available.

•	Sighting meter: sighting meters can be used to measure the 
inclination	angle	(α)	of 	a	slope,	with	the	linear	distance	(L)	
measured	with	either	a	tape	or	through	a	range	finder.	Using	
trigonometry,	the	head	can	be	found	(H	=	L	x	sin	α).

•	Map: maps can be used to determine head for high head schemes, 
but requires an accurate map for the area, and there is a possibility 
that the incorrect sites are 
identified.

•	Spirit level and tape measure: 
for lower heads, a spirit level, 
plank and tape measure can be 
used. The spirit level is strapped 
to the plank, which is extended 
level down the slope and the 
head at each portion can be 
measured. For very low heads 
in simple sites, such as terraced 
fields,	a	tape	measure	can	be	used	
to measure the height of  the 
terracing, as shown in Figure 65.

Figure 65 – Measuring terrace height 
using a tape measure.
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3.2.3.2 Measuring flow rate

Wherever possible, it is best to make actual measurements of  the 
flow	in	a	stream	or	river	over	a	range	of 	conditions.	Particularly	
useful	are	flow	measurements	in	drought	conditions,	during	typical	
low	flow	conditions	and	typical	rainy	season	conditions.	It	is	also	
important	to	observe	possible	maximum	flood	conditions,	in	order	
to decide on the width of  weir structure required and the position 
of  the forebay tank and power house. Local people will usually be 
able	to	describe		the	extent	of 	flooding	that	has	occurred	within	
their lifetime.
Suitable	methods	for	measurement	of 	flow	include:

•	the bucket method (for small streams)

•	the use of  measurement weirs

•	velocity x cross-section measurement

•	salt gulp (conductivity measurement).

Bucket method 
The	stream	flow	is	diverted	
at a suitable point into a 
container,	and	the	filling	of 	
the container measured using 
a stopwatch. The volume 
of  the container can be 
measured	by	filling	it	from	a	
smaller container (e.g. 5 litre 
container) of  known volume. 
Sometimes there is leakage 
which must be estimated and 
added	to	the	measured	flow.

Figure 66 – Timed-volume flow measurement. 
Photo courtesy of  Phil Maher, Pico Energy.

Weir
It is normally necessary to install a semi-permanent structure to 
force	the	water	over	a	weir	with	a	fixed	width.	The	height	of 	the	
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water	relative	to	the	top	of 	the	weir	is	used	to	measure	the	flow	rate.	
The weir must be horizontal across the stream, so that the depth is 
the same at all points along the section. The weir may use a sharp 
crest (e.g. when made from sheet metal) or a broad crest (when 
made from masonry or concrete). Note that in each case the height 
of  the water, h, is taken as the height of  the water surface upstream 
of  the weir above the point at which the surface reduces due to the 
effect of  the velocity increasing as it reaches the weir. There are two 
equations	relating	flow	to	h for weirs with a rectangular section and 
width b:

Sharp-crested weir: Q=1.8bh1.5

Broad-crested weir: Q=1.7bh1.5

A V-notch weir can also be used, which gives fairly accurate 
measurements	over	a	wider	range	of 	flows,	but	needs	a	greater	depth	
for	the	same	flow.	The	simplest	version	has	a	notch	with	a	90˚	angle	
at the bottom. Again h is measured from the bottom of  the notch to 
the upstream water level.

V-notch weir: Q=1.39h2.5

Figure 67 – A rectangular measurement weir fitted into a temporary dam. Photo courtesy 
Jack Giles.
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Velocity x cross-section
One	method	often	used	on	larger	rivers	is	to	measure	the	flow	
velocity at various points across the stream using a propeller gauge 
and multiply the mean velocity by the cross-sectional area.  It is also 
possible	to	make	a	reasonable	flow	estimate	by	measuring	the	velocity	
of  the water surface – by measuring the speed of  a stick or other 
floating	object	–	and	multiplying	by	the	cross-sectional	area.	It	must	
be	taken	where	water	flows	in	a	regular	channel.	A	factor	of 	0.7	is	
typically used to take account of  the reduction in velocity at depth 
relative to the surface. This method is not accurate for uneven 
channels	with	rough	stream	bed	and	turbulent	flow.

Figure 68 – The velocity x cross section method of  estimating flow rate.

Salt gulp (conductivity method)
This	is	another	method	for	measuring	stream	flow,	which	can	be	
carried out if  you have access to an appropriate conductivity meter. 
Readings of  conductivity are taken downstream at suitable time 
intervals after a measured volume of  salt is mixed into the stream 
water. It is useful because it requires no structure to be built, but 
takes some practice in use of  the equipment.
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How	to	estimate	mean	flow	from	catchment	area
One	way	to	check	the	likely	flow	rate	in	a	stream	is	to	use	catchment	
area, but this relies on having a contour map, or some other method 
to measure area (GPS, perhaps), and a knowledge of  the rainfall and 
evaporation at the location. 

Figure 69 shows some hilly terrain with many small streams with 
contours every 10 m. If  we want to plan a micro-hydro scheme 
using the one labelled ‘Stream’ in the middle of  the map, we can 
draw on the boundaries of  the catchment area (the watersheds) in this 
case	using	red	lines.	The	first	line	to	be	drawn	follows	the	ridge	above	
the source of  the stream. Next, the boundaries of  the catchment 
along either side of  the stream are drawn, again following the ridges.

The position of  the intake has been chosen at the top of  the 
steepest fall in the stream, as this will give a reasonable head with 
a relatively short penstock pipe. The dashed lines complete the 
catchment boundary, based on the assumption that below these lines 
any rainfall will drain into the stream downstream of  the intake. The 
intake is on the 250 m contour, so there is a gross head of  100 m 
down to the junction with the larger stream. This point at 150 m 
(circled on the map) might be a suitable location for the power house.

Figure 69 – Contour map used to estimate catchment area. Base map from East View 
Geospatial.
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The catchment area can be estimated by taking it as roughly 
equivalent to a rectangle 0.5 km x 0.8 km and a triangle down to the 
intake location, with base 0.5 km and height also 0.5 km. The total 
area is therefore 0.4 km2 + 0.25 km2 = 0.65 km2. 

The amount of  water draining into the stream from the 
catchment depends on the annual rainfall and evaporation. The 
rainfall data needs local information that can usually be obtained 
from	the	local	meteorological	office,	but	may	need	adjustment	for	
altitude or rain-shadow effects. Evaporation data should also be 
available but tends to be constant over a much wider area. Value 
from locations up to 200 km distance should be usable, if  a local 
value is not available. 

At this site, the annual rainfall is 1200 mm and the evaporation is 
600	mm,	so	the	net	amount	of 	water	flowing	into	the	stream	each	
year should be 0.65 x 106 x (1.2 - 0.6) = 0.39 x 106 m3. This can be 
converted	to	a	mean	flow	rate	in	m3/s by dividing by the number 
of  seconds in a year (approx. 31.5 x 106): 0.39/31.5 = 0.012 m3/s or 
12 l/s. Assuming a net head 1 of  90 m, equation 1 gives:

Pwater = ρgHQ = 1,000 x 9.81 x 90 x 0.012 = 10,595 W = 10.6 kW

However,	it	would	be	unwise	to	base	the	project	on	mean	flow,	as	
much	of 	the	time	the	turbine	will	then	be	running	inefficiently.	The	
design	flow	rate	should	be	much	less	than	this,	depending	on	the	
variation	of 	flow	during	the	year.	6	l/s	might	be	a	more	reasonable	
estimate	for	the	design	flow,	which	would	reduce	the	power	available	
to 5.3 kW.

 1. Gross head is the height difference; net head is that difference less the head loss in the penstock, etc. i.e. net 
head is the head actually driving the turbine.

How	to	use	your	flow	measurements
Ideally,	daily	flow	measurements,	rainfall	and	evaporation	data	over	
several years would be available for your micro-hydro scheme to give 
an accurate hydrograph. However, in reality for pico- and micro-
hydro sites these are not available. Using the estimates from the 
catchment	area	method,	along	with	verified	site	measurements,	an	
estimate	of 	the	flow	rate	can	be	found.
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Figure	70	shows	the	typical	variation	in	mean	flow	rate	over	a	
year for a small Himalayan river. At the height of  the rainy season in 
August,	the	river	flow	rate	is	over	25	times	the	minimum	mean	flow	
in the dry season. The micro-hydro system will require a constant 
flow	rate,	so	should	operate	around	the	minimum	flow	rate,	less	
any water that is required to stay in the river. This can be estimated 
by using the calculated hydrology, alongside discussion with local 
people and knowledge of  the weather patterns in the area to 
determine	the	minimum	flow	rate.

Figure 70 – Typical variation in mean flow rate for a Himalayan river. Courtesy of  Sam Williamson.

Sometimes	it	is	possible	to	get	detailed	flow	data	(as	shown	in	
Figure 70) for a larger stream or river in the same district. In this 
case,	the	flow	values	can	be	scaled	in	proportion	to	the	catchment	
areas, assuming that the rainfall patterns are the same. Note however, 
that	smaller	catchments	will	tend	to	have	more	widely	varying	flow	
rates than larger ones (unless mainly spring fed).
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Design	options	for	streams	with	low	dry	season	flow
If 	dry	season	flows	are	lower	than	the	normal	flow	required	to	meet	
local electricity demand, then there are two sensible ways forward. 
One option (especially for low head schemes) is to choose a turbine 
with	high	part-load	efficiency,	so	that	even	in	dry	season	the	output	
is reasonable. Another option is to incorporate a water storage tank 
at	the	forebay	that	is	big	enough	to	store	a	few	hours	of 	flow.	If 	the	
turbine is turned off  during times of  low electricity demand, the 
storage	tank	can	refill	to	allow	full	output	when	needed	(typically	in	
the evening).
For	example,	in	the	high	head	scheme	with	a	6	l/s	flow	rate	

described above,  the tank size needed for 3 hours full operation 
would be:

6 l/s x 3,600 s/h x 3 h = 60,480l = 60.5 m3

It	may	not	be	difficult	to	construct	such	a	tank	from	masonry	
and/or cement.

Figure 71 – A small storage tank for dry season daily storage. (Kathamba, Kenya – Phil Maher, 
Pico Energy).
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3.2.3.3 More information

Although this section has given more detailed information on the 
hydro resource, the reader should refer to the additional information 
contained in chapter 4, Further reading, and consult both an expert 
and a local champion before implementing any potential solutions.

3.3 Conversion technologies – the details
3.3.1 Solar PV – the details

3.3.1.1 Commercially available PV

The format of  crystalline modules has changed little for over 50 
years: fragile silicon wafers behind a piece of  glass with a rear 
moisture protection barrier. Typically with a metal frame to prevent 
damage.
Thin-film	modules	are	almost	the	same,	except	the	cells	are	

deposited as a gas directly onto the glass substrate – then the rear 
moisture protection barrier and frame are applied.

Confusion about Crystalline
Polycrystalline and monocrystalline both use the same raw material 
and function the same way. However there is often confusion 
regarding	the	relative	efficiency	of 	the	two	variants.	When	made	to	
the	same	standards,	the	CELLS	have	different	efficiencies,	but	the	
MODULES – the commercial product that is actually used – are 
very similar. This is due to the way cells are made and assembled 
into a module.

Figure 72 – (left) Comparison of  polycrystalline (left of  image) and monocrystalline (right of  image; 
(right) PV modules together to form an array.
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Figure 73 – (left) A polycrystalline cell, note it is rectangular. (middle) Due to monocrystalline cell 
manufacture, modules have blank spaces. This reduces the overall module efficiency. (right) The white 
area on this array does not produce any power and hence the array efficiency is lower than the cell 
efficiency.

Polycrystalline is produced from square ingots. Mono is produced 
from round ingots.

Monocrystalline cells are cut into ‘pseudo squares’ but leave 
inactive ‘diamond’ areas.
Polycrystalline	is	usually	1%	to	3%	less	efficient	than	

monocrystalline.	However,	polycrystalline	cells	fit	tightly	within	a	
module and so there is little inactive area.
So	even	though	mono	cells	have	slightly	higher	efficiency,	poly	

and	mono	MODULES	are	roughly	the	same	efficiency.	Typical	
commercial	crystalline	modules	will	have	efficiencies	of 	around	
14%–18%.

The Thin-Film Trio
There are only 3 commercially available Thin-Film technologies:
•	a-Si = amorphous silicon (several production variations)

•	CdTe = Cadmium Telluride

•	CIGS = Copper Indium Gallium Selenium

The physics of  how these cells operate differs, but the basic 
construction is the same. A thin layer of  active material is deposited 
onto a substrate – nearly always glass. The commercial products – 
the modules – all work the same way.

There are dozens of  commercial producers and hundreds of  
millions of  dollars being invested into each of  the Thin-Film 
formats above – and many more besides. They have different costs, 
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efficiencies,	future	advantages	and	present	limitations,	but	for	the	
purposes of  this text it is acceptable to simple treat them all as 
‘Thin-Film’ – especially with respect to off-grid applications, our 
prime	focus.	CIGS	offers	efficiencies	over	14%,	but	are	very	limited	
in	commercial	availability.	CdTe	has	slighting	lower	efficiency	–	in	
the region or 11% – but there are only a handful of  manufacturers 
(and	no	‘off-grid’	modules).	A-si	has	the	lowest	efficiency	(5%	to	
9%) but they are widely available and have been in use for decades.

The main differences between the Thin-Film formats are in their 
conversion	efficiency	and	their	cost.	But	cost	comparisons	are	only	
meaningful when comparing products of  similar suitability for the 
given application, and this is generally not possible for off-grid.  For 
example, CdTe is generally the cheapest but the smallest modules 
are around 70Wp and there are only a handful of  available sizes. 
On	the	other	hand,	a-Si	(despite	its	lower	efficiency)	is	available	in	
almost any voltage and power combination likely to be required for 
mainstream off-grid.

Thin-Film PV – glass
Nearly all commercially viable Thin-Film is glass (over 98%.). All 
the technologies have a sleek and uniform appearance. Note some 
modules are supplied without frames. This is to reduce costs and is 
not	advised	for	EWB-UK	as	these	modules	are	far	more	difficult	to	
handle and install.

Thin-Film	PV	–	flexible
Flexible PV technology 
has	significant	value	for	
the developing world, and 
in the years ahead it will 
demonstrate how PV solutions 
can be lightweight, rugged, 
personalized and incorporated 
into a whole host of  products. 
However, it will likely be near 
the end of  this decade before 
they can meet the broad 

Figure 74 – Thin-Film PV (flexible). 
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requirements of  off-grid (or compete commercially with glass 
modules).

There are hundreds of  articles and product designs and there 
have been dozens of  companies who have actually produced 
flexible	PV,	however	the	technology	has	repeatedly	failed	to	live	
up to promises, let alone expectations. Flexible products have been 
unreliable, have short lifetimes (1 to 2 years), are expensive and 
most importantly, have actually been quite susceptible to mechanical 
failures	–	often	caused	by	flexing	the	module.
The	few	flexible	PV	products	on	the	market	remain	expensive	

and vulnerable to the environment – especially compared with their 
glass counterparts.

3.3.1.2 Site selection and installation

The physical installation of  PV falls into one of  four categories: 
•	Building Integrated (BIPV)

•	Building mounted

•	Ground mounted 

•	Purpose built structure.

Bespoke structures can be anything from wooden or metal 
frameworks through to structures such as carports. The installation 
type refers to the PV modules themselves rather than the electrical 
equipment – which can take a number of  installation formats.

Building Integrated (BIPV)
BIPV modules and installations are simply too expensive and 
complicated to justify widespread use in the industrialised world, let 
alone less developed countries. Existing BIPV installations are usually 
the result of  architectural statements and aesthetic appeal rather 
than commercial viability.

Building mounted
For off-grid, nearly all installations in the industrialised world are 
ground mounted, but in the developing world they tend to be an 
even split between building and ground installed.
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PV capacities up to approximately 100 W do not present 
significant	mounting	issues	for	a	building.	However	capacities	
above this are not recommended for EWB-UK solutions due to the 
implications of  the PV weight on the building roof  and structure, 
retaining the environmental protection of  the building (roof  or 
sides), the wind-loading effect and electrical integration of  the PV 
system into the existing building wiring.

There are occasions when a large building mounted solution is 
required – sometimes at the request of  the owner who wants the PV 
on the building for security reasons or to save cost on the ground 
mounted structure. In such circumstances it is essential a competent 
structural engineer assesses the integrity of  the building. Typical crystalline PV 
panels weigh approximately 15 kg/m2 or 15 kg/100 W – excluding 
the	metalwork	that	holds	them	to	the	roof 	–	and	they	exert	significant	
force (in all directions) during windy conditions. Other considerations 
are	how	the	PV	is	fixed	to	the	building,	routing	of 	cables	from	
outside to inside and access for installation and maintenance/cleaning. 
All of  this must be achieved without compromising the weather 
defences of  the building.

Figure 75 – Small modules can 
be mounted easily, as long as the 
weatherproof  nature of  the roof  is 
maintained. However, large arrays 
require a high number of  fixings 
(through the roof  membrane), will 
catch the wind and are very heavy.
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The shaded area under the PV can be useful for growing crops 
that would otherwise be damaged from direct sunlight all day long.

The area can also be used for resting livestock out of  direct 
sunlight; but the structure should be secure enough to resist the 
animal’s weight and all cables should be protected against being 
chewed or trodden on.

The undersides of  PV panels are fairly fragile so either keep the 
PV	sufficiently	high	or	protect	them.

Figures 76 – Examples of  ground 
mounted array structures.

Ground mounted
Installing a metal frame on the ground to hold the PV array is the 
most robust installation method for PV systems in rural areas.  
Mounting solutions are available from a number of  suppliers, but 
in many cases the mounting structure can be built from appropriate 
metal sections, such as scaffolding poles or angle steel.

Major design considerations include wind-loading forces, security 
and shading (from trees, plants, buildings and other structures.) 
Environmental corrosion and galvanic corrosion should also be 
considered	for	the	structure	material	and	fixings.

Concrete foundations are preferred for all installations, but are 
essential when several large modules are employed (> ~200Wp). 
A	qualified	civil	engineer	must	be	consulted	regarding	
the appropriate depth of  foundations for the local ground 
conditions	and	for	the	specific	concrete	composition.

ENERGY BOOK PRESS.indb   173 02/09/2014   14:56:16



Energy Part III chapter 3 – The details

– 174 –

Purpose built structures
These can be anything from scaffolding 
poles to wooden crates. However some will 
obviously last longer than others.

Safety is a particular concern with many 
‘DIY’ structures. Wind effects are typically 
the downfall of  pole structures as the array 
acts as a sail in the wind and the forces on 
the foundations are severe.

Scaffolding poles and connectors are 
particularly useful and very strong. The 
downside	is	that	they	can	be	difficult	to	take	
down after extended periods (years) and 
may need to be cut. Wood is not generally 
recommended because it can be severely 
compromised by moisture, heat, wind forces and even insects. 
Bamboo structures are surprisingly strong and effective – but only 
when assembled correctly. Seek guidance from an experienced user 
(as there are few technical guides on how to effectively use bamboo).

Figure 78 – Purpose built structures come in all shapes and sizes. Some are more secure than others.

3.3.1.3 Handling PV

PV panels can crack easily if  they experience a heavy and/or 
concentrated impact on the front glass. In fact, they are far more 
vulnerable on the rear surface and cracked cells are often not visible; 
they may only become evident after installation.

PV modules are often broken during installation because they can 

Figure 77 – Commercial 
scaffold pole mounting system 
with adjustable tilt feature.
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Figure 79 –  (left) A large crystalline module that 
simply fell forward and (above) a small module 
accidentally dropped from waist height – both onto 
concrete.

3.3.1.4 Orientation and shading

Non-ideal orientation and/or shading of  any kind reduces energy 
generation and must be accounted for in the design.

In this document – as in most guides of  this kind – it is assumed 
that the PV faces the equator, is tilted at the appropriate angle 
(approximately equal to the latitude of  the location) and is not 
shaded at any time of  the day at any point during the year. If  this is 
not the case, the PV capacity will need to be increased to compensate 
for the reduced sunlight energy reaching the actual PV compared to 
optimal conditions. Further information on tracking the movement 
of  the sun can be found in 3.2.1 Solar resource – the details.

Whatever the installation type, avoid shading of  the PV modules. 
Shading not only reduces the amount of  light-energy reaching the 
shaded	PV	cells,	it	also	interferes	with	the	efficient	operation	of 	the	
module as a whole. PV cells in a typical module are connected in 
series, conducting energy as well as generating it, and their resistance 
increases as shading becomes more severe. 

Shading takes many forms: from the slight reduction of  incident 
light caused by leaves on a distant tree to the near total blockage 

catch the wind unexpectedly and are surprisingly heavy. The golden 
rule: never rest a module on its corner – this exerts several forces on 
the glass and causes shattering.
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caused by heavy dirt on the PV surface. Many refer to these 
different types of  shading as ‘soft’ and ‘hard’:
•	Soft shading – generally from surrounding objects such as trees, 

buildings and items such as railings – reduces energy generation 
but allows the module to operate normally. 

•	Hard shading – from objects on the surface glass of  the PV 
module such as bird droppings, leaves, dirt and debris – causes 
localised resistance in some PV cells and leads to severe reduction 
in energy generation and possible electrical damage to the PV 
module.

Quantifying shading effects
Shading	is	an	important	consideration,	but	is	difficult	to	predict	
because the relative position of  the sun to the PV panel varies 
throughout the day and the year.

Total Power Loss

For some PV modules, the above hard shading would reduce 
power output to zero. Typical causes would be dirt collecting on 
the (tilted) module and leaves or bird droppings shading several 
complete cells.
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50% Power Loss

Linear shading – often from close mounting structures, other 
modules or the building itself  – can reduce PV generation by over 
50%. This is also true when a single complete cell is hard shaded.

Soft Shading

Each of  the above examples could reduce PV output by up to 
50%. However the severity of  daily energy loss depends on how 
long the shading remains as the sun moves across the sky.
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Physical installation

Figure 80 – Top left image shows how it 
should be done: lots of  space between arrays to 
ensure no shading.
Top right image is the opposite: ridiculous 
‘aesthetic statement’ causing severe shading.
Bottom left image shows shading from the 
railing onto the lower modules. (Note the 
customer added the railings after PV system 
commissioning – in the Oman desert.)

Soft shading

Figure 81 – Here we see some soft-shading from a 
nearby tree. When installing PV systems we must 
ensure we take into account potential plant growth. 
Also leaf  growth will vary through the seasons, 
which might mean leaf  shading is missed if  the 
system is checked, say, in winter. 

Dirt and bird mess
The most severe energy reduction 
will be from the right array 
(Figure 82) with bird droppings and 
dust on. 

The second most severe is 
Figure 83 (left). This is a telecoms 
power system in Oman – located 
next	to	a	land-fill	site	which	
attracted lots of  birds.

Figure 82 – Shading from dust and 
bird droppings will cause severe energy 
reduction.
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Figure 83 (right)	shows	oil	on	the	surface	of 	a	thin-film	module	
(note	how	difficult	it	is	to	see).	In	this	case	the	shading	effect	will	be	
very low, but the same oil mark shading a high percentage of  a cell 
in	a	small	crystalline	module	could	have	significant	effects.

Figure 83 – (left) Cleaning heavily-soiled PV modules. This is mainly bird-mess due to the site location. 
(right) Oil shading the surface of  a Thin-Film module. Thin-Film-modules are more resistant to 
shading – the same small mark could have greatly affected the output from a crystalline module.

3.3.1.4.5 Dust accumulation

Figure 84 – (left) Typical dust accumulation 
compared to clean PV: the left module was 
generating 10% less energy than the right-hand 
one.
(right) A Thin-Film module with a severe 
layer of  dust: energy reduction was around 
25% in this case. This was an unusually high 
reduction caused by construction work nearby.
(bottom left) Streaks of  dust can form as a 
result of  rainfall in hot environments (where 
the panel dries very quickly). The module 
output increased 10% after cleaning.
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3.3.1.5 Off-grid sectors for PV

Unlike grid-connect, the different sectors have very different 
challenges and value propositions. There are three primary 
categories.

Bespoke systems
These	systems	are	usually	designed	for	a	specific	installation	site	
(and	therefore	climate),	a	defined	electrical	load	requirement	and	
an agreed level of  reliability. These systems can be thought of  as 
‘one design for a single location’. They are nearly always designed to 
provide energy 24 hours per day, everyday, for multiple years.

Applications include satellites, telecommunication towers, off-
shore oil and gas platforms, pipeline protection, water pumping and 
irrigation, remote research stations, container systems (with multiple 
functionality), boats, safety systems, site security and a range of  
remote building and community electricity supplies – often called 
‘mini-grids’ because they are used as an alternative to the utility grid.

Figure 85 – (above and right) Bespoke systems come 
is a range of  sizes and formats, and power a diverse 
range of  applications.

Fixed location bespoke systems are the largest stand-alone 
PV formats (although tiny compared to grid-connect). The PV 
requirement is in the range of  a few hundred Watts to twenty or 
thirty kWs.
Large	bespoke	formats	are	the	most	difficult	off-grid	PV	
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systems to design, but the most valuable. Their high reliability, long 
operational life and low maintenance requirement enables them to 
be used in hard (or costly) to reach locations that may also require 
dependable energy. For such applications, it is the cost of  the 
alternative	energy	solution	(if 	there	is	one)	that	defines	the	value	of 	
bespoke PV systems (rather than the cost of  the PV system itself).

When designed correctly bespoke off-grid PV systems are 
the most reliable form of  electricity available.

Bespoke systems should be designed for an operational life of  at 
least	15	years	with	batteries	lasting	5	to	10	years.	However	significant	
design knowledge is required to produce very reliable systems. 
Unfortunately it is relatively easy to build a simple one – so the 
reliability and life of  bespoke off-grid has been severely undermined 
over recent years by unreliable and poorly built systems.

Regional solutions
Regional solutions can be thought of  
as ‘one design for multiple locations’. 
These designs are produced in modest 
volumes (compared to portable and 
consumer products) and often deployed 
as a ‘solution in a box’. Discrete PV 
modules can be used or the PV can 
be incorporated into the product. The 
battery and the load equipment may also 
be integrated or discrete.

Solutions include street furniture (bus 
shelter and bus stop lighting, parking 
meters, emergency phones, etc.), electric 
fencing, refrigeration, television, water 
pumping, Wi-Fi hubs, domestic solar 
home systems, street lights, navigation 
lights,	all	sorts	of 	‘rural	electrification’,	
professional outdoor solutions, emergency shelters, tents and a 
whole range of  monitoring devices.

Figure 86 – A remote weather-
monitoring station powered by 
PV. This solution is designed to be 
installed in a variety of  locations.
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Figure 87 – There are numerous regional solution formats. Modules often look similar 
to grid-connect versions but their voltages are usually lower (12V or sometimes 24V). 
Left image shows a bus shelter system in London for illumination and powering the ticket 
machine. Right image is an emergency phone in Australia – 100 km from the next road 
services.

The user device or appliance is typically supplied with the 
system, so the electrical load is known, but the degree of  use can 
vary	enormously.	However,	in	general	the	performance	is	defined	
by the location in which they are installed (climate conditions) 
and the quality of  the installation (amount of  shading on the PV, 
orientation, dirt, etc.)

Because these systems are (or should be) designed for assumed 
levels	of 	sunlight,	they	should	only	be	sold	into	defined	geographical	
regions. Unfortunately this is often not the case. For example, 
‘Europe’ is a single commercial market, but there is a big difference in 
sunlight between Scotland and Greece. To accommodate the different 
climates around the world, one central design may be supplied in a 
range of  sizes – with smaller PV and battery for very sunny locations, 
higher capacities of  both for cooler climates.

The value of  these solutions is usually found in the offset cost 
of  the alternative. They are often designed for 24 hour per day 
energy supply (or available supply) and when designed and installed 
correctly, they can perform reliably for many years without 
maintenance. With many other mechanical technologies (hydro, wind, 
petrol, etc.), the cost of  regularly returning to an installation to service 
it can quickly add up to more than what was saved on initial costs 
compared to a PV system.

The PV requirement is not only small in terms of  power – a 
few Watts to a few hundred Watts – but the PV also needs to have 
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lower voltage than ‘standard’ modules. This has two important 
implications. Firstly, none of  the major PV manufacturers make 
low power/physically small modules; so third-party versions have 
to be used. Secondly, PV companies do not generally design these 
solutions,	which	results	in	a	broad	range	of 	quality	in	the	final	
products.

Personal and consumer products
These are where the PV and battery are typically embedded into the 
product, and the load equipment – the bit actually consuming the 
energy – is usually either incorporated or attached by wires.

Products include: watches, calculators, garden lights of  all kinds, 
radios, toys, water fountains, battery chargers, bags (with various 
functions), keyboards, headphones, mobile phones, torches, pathway 
markers, LED lanterns and fans.

Figure 88 – Above are a selection of  portable and consumer products. Some are gimmicks (moving 
toys), some useful (calculators). Some work well (keyboard), some are not worth the money (torches).

There are hundreds, maybe thousands of  these products. Very 
few	work	effectively	because	of 	two	main	reasons.	The	first	is	that	
performance is absolutely dependent on the user – both in terms 
of  how much daylight energy the PV is exposed to and how much 
energy is drawn from the battery (and how). The second is simple 
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economics:	the	cost	of 	the	product	is	heavily	influenced	by	how	
much PV is used. So less PV means a cheaper product but of  
course less energy generation and therefore lower performance. The 
PV content is only a few mWs to tens of  Watts – and is often in the 
form of  off-cut cells, often scrap, from larger manufacturers.

These products cannot have predictable performance in real 
life conditions; they can only be supplied with guidelines of  
potential performance. 

Portable and consumer products are sold throughout the world, 
even though they are often only designed to work effectively in 
good, sunny locations. Despite this, they are regularly promoted 
in terms of  their best possible performance, rather than setting 
expectations appropriately. A further casualty of  consumer market 
is pressure to produce the product for as little as possible.

Summary of  off-grid system types
As described above, off-grid systems nearly always fall into one of  
three categories:

1. Bespoke	Systems	–	fixed	locations	with	known	loads.

•	The system is designed for the location, orientation and a 
specific	(maximum)	load. 
Examples: schools, hospitals, large homes, telecoms, mini-grids.

2. Distributed	solutions	–	multiple	fixed	locations.	

•	Varying charge current levels, where load is known.

•	A single design will be used in multiple locations, where system 
operation	can	vary	significantly. 
Examples: Street lighting, small homes, Wi-Fi hubs, TV and 
media, static monitoring.

•	Personal and consumer goods – small and portable.

•	Little idea of  sunlight levels, maybe even an unknown load. 
Examples: Personal lights, calculators, watches, consumer 
battery chargers, mobile phone chargers, chargers for 
automotive use, outdoors/back-packers/hiking/expeditions, 
reactive monitoring.
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3.3.1.6 Example off-grid solutions

As mentioned earlier, there are hundreds of  applications and 
thousands of  solution sizes. Below are some of  the more widely 
used	applications	for	solar,	along	with	pertinent	information.	The	first	
two – small scale lighting and Solar Home Systems – are products 
that can be bought through retail channels. They require careful 
selection against the requirements of  the project and its people, 
but system design is not required. All other applications require 
project management that will include PV system sizing, design and 
implementation.

Personal and small scale lighting (solar lanterns)
This category refers to torches, small personal reading lights, lights for 
craft work and for illuminating small rooms or areas. Traditionally 
the most common solar lights were called solar lanterns in an 
attempt to more easily make the connection to the Kerosene lamps 
they seek to replace. The lantern reference is less common now, 
partly due to the huge demand for mobile phone charging – which 
most are now capable of.

Since around 2008 the uptake of  small solar lighting products 
has massively increased. The need to charge mobile phones, the 
significant	improvement	in	LED	and	battery	technology	and	a	need	
within	the	PV	industry	to	find	new	markets	have	all	been	contributing	
factors. There are now hundreds of  small solar powered LED lighting 
devices including torches, lanterns for direct replacement of  Kerosene 
lamps,	room	lights,	fishing	lanterns,	remote	control	home	systems	
and many more. The market has grown so much that it has taken on a 
new name: ‘pico solar’.

Whilst the growth in the small solar light sector is welcome, 
it has resulted in some very low quality products. Great care 
should therefore be taken if  solar lights are to be purchased or 
recommended.

The following are basic requirements for any product.
•	Light	intensity	sufficient	for	reading	a	typical	book	with	the	light	

1 m from the paper.
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•	Light coverage of  1 m diameter from 1 m away.

•	Duration of  at least 6 hours (when fully charged).

•	Brighter light option (with reduced operational time).

•	Design life of  5 years.

•	Warranty of  2 years (with clear evidence of  how a customer can 
utilise it).

•	Mobile phone and USB device charging capability.

•	Clear user instructions and supplier support (even the best product 
will not work if  the user does not understand how to operate it).

Cost
A small solar torch or ‘reading’ light can be purchased for just a few 
US dollars, however they are not worth the money. They provide 
insufficient	light,	break	easily	and	do	not	operate	for	more	than	a	
few weeks; if  that. But there are a lot of  low quality and low cost 
products around.
A	product	fit	for	purpose	will	almost	certainly	not	be	the	

cheapest, but it may even seem expensive if  only compared to the 
competition. A product that meets the above requirements will 
likely be over $15 dollars and could be over $30 – depending on the 
supply chain and location. 

It is tempting to select the cheapest ‘acceptable’ solar lamp 
when supplying them for free – to the poorest of  the poor for 
example. This is false economics. The poorest are the ones that 
need dependable performance from a product the most. Sometimes 
valuable features such as rugged construction, waterproof  
construction,	remote	control	and	others	provide	significant	value	
for just a few dollars above the base-level product.

A thorough comparison of  product features – value – should 
always be made before looking at the purchase cost.
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Figure 89 – A selection of  solar lights. All use 
LEDs as the light source, but the units employ 
different battery technology. All the units shown are 
sold into at least one developing nation.

Solar home systems (SHS)
These systems almost always comprise a central unit that houses 
battery and control electronics, packaged with a PV panel and 
various cables to enable devices to be connected. Most products 
include 2 to 4 lights (but are often capable of  powering more).

As the name suggests, these systems are primarily for domestic 
applications such as mobile phone charging, fans, radio, TV, 
refrigeration and (notebook) computers.

As with the small lights, there is a wide range of  product options, 
not to mention quality differences. 

In addition to the requirements listed for small lights (above) 
these systems should also offer the following features.
•	USB charging facility.

•	User interface/display (showing remaining battery charge or 
duration).

•	Unique connections (to prevent incorrect assembly and potential 
damage).

•	Method of  mounting PV module.
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•	Design life of  5 years.

•	Warranty of  2 years (with clear evidence of  how a customer can 
utilise it).

•	Clear installation and operation instructions and supplier support.

Cost
As with the solar lights, there are some very cheap products, but 
these are to be avoided. A good, reliable system, with useful features 
(such	as	a	user	display),	rugged	construction	and	general	fitness	for	
purpose is likely to be over $100, maybe twice that depending on 
location.

Selecting the correct product will involve assessing needs 
carefully,	then	noting	the	specifics	of 	the	environment	and	then,	
lastly looking at cost options.

Figure 90 – Top left and bottom left: two typical SHS products. Top right and bottom right: the 
types of  buildings that can benefit from simple light. Top right is a dormitory in a orphanage in 
Uganda.
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Micro-enterprise
There are more small business ventures than is realistic to try and 
list. The major ones tend to be sales outlets for small goods such as 
drinks, cigarettes, phone top-up, Internet access, banking, printing, 
batteries (charging and sale) and of  course food.

Small commercial operations can often be served by a good 
quality SHS (one that allows multiple devices to be powered and 
carries a good warranty and supplier support). However, reliability 
and predictability can be critical in these applications. A larger, 
regional solution may be more appropriate than a SHS in some 
cases. The larger the energy requirement, the more likely a bespoke 
system will be appropriate.

Figure 91 – Typical micro-enterprise outlets. 
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Outdoor lighting
There is an important reality to outdoors lighting: the higher the 
light source is positioned, the more powerful it needs to be. This 
may sound obvious, but because traditional street lighting is over 
7 metres high, many solar lights are designed as direct replacements. 
It is usually far more effective (better lighting and cheaper) to have a 

Electric fencing
High voltage but low current is supplied through an exposed wire 
that runs the perimeter of  small compounds, large enclosures or 
boundaries. Fencing can be anything from a few meters to 20 or 
30	km.	The	larger	the	distance	to	be	electrified,	the	more	likely	it	is	
to employ multiple smaller systems instead of  a single large one.

Historically used almost exclusively for keeping wildlife in or 
out of  a particular area, it is now also used for keeping animals and 
people away from buildings, nature reserves, beaches, cliffs, political 
designations	and	even	minefields.

This is an ideal application for solar because it uses relatively 
small amounts of  energy per unit area, needs to be very reliable and 
is typically located in a rural or hard to reach place.

Fencing kits can be purchased as complete solutions ‘in a box’ or 
ordered	against	specific	requirements	–	which	are	more	common	
for the bigger systems.

Figure 92 – Electric fencing for controlling animals can run many tens of  kilometres. Electric 
security and safety can also be used on buildings.
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Figure 93 – Outdoor lighting is valuable as a 
gathering location.

Figure 94 – It is also valuable as a security 
measure.

few lower (3 to 4 m high) lights than a single high one. These lower 
lights are often described as amenity lights.

Many Solar Home Systems are suitable for amenity lighting, 
though security is a concern, which prevents them from being 
permanently installed. There are many complete solar lighting 
systems on the market, but they are not necessarily any better than 
assembling a system from standard components.

Great care should be taken in selecting the light source: light 
intensity, energy consumption, angle of  dispersion, environmental 
resilience, operating temperature and physical security should all be 
assessed	carefully	against	the	specifics	of 	the	application.

Care should be taken with foundations, as a PV panel at the top 
of 	a	pole	will	catch	the	wind	and	transfer	significant	force	(in	all	
directions) to the ground. The battery should ideally be placed in the 
ground because it will be kept cooler, but if  this is not practical it 
should be immediately behind the PV panel. It may be necessary to 
prevent theft of  the PV, battery or the entire lighting assembly.

Outdoor lighting can be a good deterrent against thieves when 
positioned strategically around buildings.
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Computers
Computers and associated 
equipment such as scanners, 
printers, webcams, projectors, 
etc. are widely available. However 
it is essential to select the 
equipment carefully in terms of  
energy	efficiency	and	fitness	for	
environment.

Netbooks and tablet PCs are 
very	energy	efficient	and	easy	
to power individually from PV. 
Suits of  desktop tower PCs can 
be energy hungry but many feel 
a classroom environment is important for students. PV systems for 
whole classrooms are common, and when user interfaces and other 
energy	efficiency	measures	are	employed,	can	be	cost	effective.

For individual computer solutions, a battery should be used with 
the PV rather than trying to power (or charge) the device directly. 
This prevents the need to have the device in the hot outdoors and 
also provides better quality charging.

Groundwater pumping
The original application for PV back in the 1970s, solar water 
pumping	is	now	a	fairly	mature	sector.	High	efficiency	DC	water	
pumps are produced by a number of  companies, many of  which 
also supply complete PV systems for them and provide long 
guarantees for their products. 

Water is pumped for irrigation, for animals and wildlife, for storage 
and of  course for people.

It is a great shame that so many organisations focussed on water 
provision do not adequately understand solar, or in fact electrical 
pumping. AC water pumps are unsuitable for solar, primarily because 
there	will	be	a	DC	pump	available	that	will	require	significantly	
less energy and therefore a smaller, cheaper and more reliable solar 
solution. 

Figure 95 – Not all solar computing systems 
are elegant – or even appropriate. The system 
shown was one of  1000 deployed to Rwanda 
in 2005. The ‘aid’ programme in question was 
not a success.
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Figure 96 – Two water containers on a tower in Rwanda (left) were found to be open – without 
their access caps fitted (centre top). The water inside (used for drinking) was green with various insects 
swimming in it (centre bottom). Right: water tanks can be extremely heavy. This tower is bending 
under the weight of  1000 litres. Note the use of  the PV to shade the water tank.

Toilets and Sanitation
Solar is used for lighting, pest 
control, ventilation and security. 
It is important to carefully locate 
the PV control equipment and 
battery	system:	the	specific	caveat	
for these systems is to locate them 
where they will remain ‘clean’.

Water pumping is one of  the few PV applications that do not 
always require a battery. The water needs of  the particular location 
can be met by pumping groundwater up into a storage vessel only 
during sunlight hours.

It would be remiss not to make reference to water quality. Water 
should not be moved through corrodible materials and must only 
be stored in specially designed containers (that are properly sealed 
from the environment) otherwise bringing water to a community 
becomes a damaging act.

Figure 97 – A remote toilet in Australia with 
ventilation and light enabled by solar.
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Refrigeration and cooling
Cooling devices are available is a wide range of  sizes, formats and 
functionality. It is very important to select the correct equipment 
for	the	application.	From	the	PV	perspective,	energy	efficiency	is	of 	
course paramount, but this is concerned with the operation of  the 
cooler, not just its energy draw.

Personal vaccine (or insulin) coolers can be the size of  a small 
shoebox, whilst cool-chain storage centres have walk-in cool rooms. 
Vaccine fridges often have safety features to prevent opening the 
unit if  the power is not present. Commercial fridges on the other 
hand often assume regular opening of  the unit and so run the 
cooling	system	far	more	frequently	–	and	therefore	use	significantly	
more energy.
Chest	style	units	usually	have	significantly	lower	energy	

requirement than the vertical, front opening type. But ice-cream 
chest freezers can be an exception. These are often designed to 
channel the coldest air upwards so that the top layer of  product – 
the one most convenient – is kept cool (whilst the layers below are 
far colder than they need to be).

Figure 98 – The energy requirements of  coolers and refrigerators vary massively. Energy efficient 
medical fridge (right) can use less than 5% of  the energy of  a commercial ice-cream freezer (left).

Container systems
Shipping containers are excellent structures for PV. Modules can 
easily	be	fixed	on	top	of 	the	containers	with	all	electrical	systems	
and of  course the battery housed inside. Containers are secure and 
easily transported.
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PV capacities of  several kW can be accommodated, which allows 
sufficient	energy	for	functions	such	as	medical	stations,	classrooms,	
communication hubs, business centres, security depots, etc.

Temperature is the biggest issue. PV should be used to shade the 
container on top and on the (sun-facing) side. It is often sensible to 
use the shaded area outside the container instead of  the inside if  the 
temperature is too high. Using air conditioners to cool the internal 
space is demanding, expensive and compromises the otherwise high 
reliability of  the PV solution.

Container systems can be used as ‘Mobile Power Stations’ – a 
direct	alternative	to	a	diesel	generator.	The	benefits	being	clean,	
silent, generation with no moving parts, no fuel requirement, no 
regular skilled maintenance and of  course no emissions.

Figure 99 –Actual shipping containers are excellent apparatus for delivering and installing solar 
power systems.

Mobile phone charging points
These units have grown in popularity due to the prominence of  
mains-powered mobile phone charging ‘services’ – which are often 
just a person with a single mains point with sometimes dozens of  
chargers plugged into extension blocks.
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Telephones
Fixed telephone installations are far 
less common than even a few years 
ago due to the mammoth growth 
in mobile phone use. However they 
are still used for emergency call 
points, pay-as-you-go outlets and 
sponsored telephone services.

Figure 101 – (right) A more modern emergency 
phone at a beach in Australia.

The most important aspect from an energy perspective is the 
efficiencies	of 	the	charger	devices.	DC,	or	in-car	chargers,	particularly	
the ‘universal’ types with multiple adaptor plugs, can be very 
inefficient.	However	they	may	still	be	a	better	option	than	having	to	
employ an inverter so that the manufacturer’s standard charger can 
be used. 

Figure 100 – (left) A charging station 
where one of  each major connector type 
is available for use. Right is the rear of  
a PV module that can charge multiple 
phones directly. Note neither include 
security features so the user will have to 
wait with their phone.
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3.3.1.7 More information

Although this section has given more detailed information on solar 
PV, the reader should refer to the additional information contained 
in chapter 4, Further reading, and consult both an expert and a local 
champion before implementing any potential solutions.

Communications infrastructure
The	first	commercial	(terrestrial)	application	of 	solar	was	in	high-
reliability communication networks or ‘backbones’. Solar is still 
the most reliable form of  remote power for telecoms repeaters/
transmitters, but it is more common to utilise smaller, networked 
systems today.

Applications include Wi-Fi (private, community, regional or 
national) networks, mobile cell towers, radio and TV boosters and 
networks for pipelines, road and rail communications.

Of  critical importance is the estimated energy requirement 
used for the PV system design – because this is based on expected 
utilisation.

Figure 102 – One of  the first commercial (terrestrial) applications of  solar was 
to enable communications infrastructure in Oman. Note the electricity pylon in the 
distance. It is usually cheaper to use solar than connect to high voltage utility lines 
(and often more reliable).
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3.3.2 Small Wind Turbines (SWTs) – the details
3.3.2.1 Key terminology

The following key terms are often used when describing wind 
turbine performance:

Power curve: A graph of  power vs. wind speed that indicates how much 
power the wind turbine will produce over a range of  wind 
conditions (e.g. Figure 103). A standard curve produced 
to	international	specifications	should	be	available	for	most	
commercial machines, however, the actual power curve 
of  any particular machine after installation on a real site is 
likely to be different.

Rated power: The power produced by the wind turbine at its rated wind 
speed.	The	Small	Wind	Certification	Council	(SWCC)	
suggest 11 m/s as a standard speed to rate turbines at, 
however	it	is	often	defined	by	the	manufacturer	in	marketing	
literature as simply the highest point on the power curve. 
On the power curve shown in Figure 103, the Piggott 3N, 
which is rated at 800 W never actually achieves this power 
output, as the over-speed protection system has been set 
conservatively to limit power output in high winds and 
therefore increase reliability. In contrast, the commercial 
Bergey XL.1 actually exceeds its rated power of  1 kW1.

Cut in speed: The point on the power curve where the wind turbine 
begins to produce power. Figure 103 shows that the Piggott 
3N cuts in at 2 m/s, whilst the Bergey XL.1 cuts in at 3 m/s.

AEY or AEO or 
AEP (Annual 
Energy Yield 
/Output/
Production):

Estimation of  the total energy produced during one year 
by a particular turbine on a site with a given mean wind 
speed. Requires a power curve and wind speed frequency 
distribution (e.g. Figure 63).

RAEY or RAEO 
or RAEP (Rated 
Annual Energy 
Yield/Output/
Production):

Estimated annual energy yield on a standard site 
(represented by a Rayleigh wind speed frequency 
distribution) with a 5 m/s annual mean wind speed, 
according to the SWCC standard. This is a much more 
reliable and comparable measure of  performance than the 
rated power, however it relies upon the accuracy of  each 
machine’s power curve.

1. Please note that instantaneous peak power is likely to be much higher than the highest point on the power 
curve, which is produced using data averaged over 1 or 10 minutes.
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Figure 103 – Power curves of  the locally manufactured Piggott 3N and commercial Bergey XL.1.

PDC = DC electrical power delivered to the batteries (W)

Pwind = power available in the wind (W)

I = current (A)

V = voltage (V)

ρ = density of  air (kg/m3)

A = swept area of  wind turbine (m2)

V = wind velocity (m/s)

Where: Efficiency = Pwind

PDC

½ρAV3

IV
=

Efficiency: There	are	many	different	ways	of 	defining	efficiency	in	a	
wind	power	system	(blade	efficiency,	mechanical	efficiency,	
AC/DC	conversion	efficiency,	etc.),	however	it	is	usually	
defined	as	follows:
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For more on the theory of  wind power, see:
•	Paul Gipe’s (1999 and 2014) text books, which can be found on his 

free online resource, WindWorks.org.

•	The Danish Wind Energy Association’s (2014) guide to wind 
power, Wind Know-How.

3.3.2.2 Local manufacture vs. importation

One of  the biggest decisions to be made after choosing wind power 
is whether to import a wind turbine or whether to manufacture 
one locally. In the following section the terms ‘imported’ and 
‘commercial’ SWT are used interchangeably to refer to a mass-
produced machine from a high-tech factory that is sold on the free 
market. Whilst such manufacturing facilities have been successfully 
employed to manufacture SWTs in emerging economies such 
as India, China and Argentina, they are rarely available in less 
developed countries. As a result, there is normally a choice between 
importing such technology or starting to manufacture it locally.

Piggott’s (2013) A Wind Turbine Recipe Book gives a step by step 
guide for manufacturing a range of  SWTs from 1.2–4.2 m rotor 
diameter using only basic tools and techniques and readily available 
materials. Blades are carved from wood, the main bearing is the 
wheel hub of  a scrap car and much of  the steelwork can be made 
using scrap pieces of  metal. Piggott designed the machines to 
provide power for his home community of  Scoraig in Scotland 
and	over	the	last	30	years,	he	has	continually	refined	the	design	to	
improve reliability, lower costs and create a machine that is well 
respected across the globe for its durability, simplicity and adaptability. 
As a result, the design is now used in development projects in over 
20 countries around the world, such as the Clean Energy Initiative in 
Mozambique shown in Figure 104.

WindEmpowerment (www.WindEmpowerment.org) is an 
association of  many of  the organisations and individuals across the 
globe that are working with locally manufactured technology. It is 
an active community that can offer assistance for new projects and 
the free online library contains both technical (e.g. design guides for 
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fibreglass	blade	manufacture)	and	socio-economic	information	(e.g.	
case	studies	of 	successful	financing	mechanisms	for	SWTs).	

Figure 104 – (above and below) Grinding a mounting frame, welding a tail 
and carving blades at the Clean Energy Initiative in Mozambique. Photos 
courtesy of  The Clean Energy Initiative.
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Figure 105 shows an exploded view of  the main components and 
sub-systems that make up a locally manufactured wind turbine. The 
major components would be similar for the majority of  imported 
machines.

Figure 105 – Exploded view of  a 1.2 m diameter SWT suitable for local manufacture (the smallest 
machine described in Piggott’s (2013) A Wind Turbine Recipe Book). Image courtesy of  Roland 
Beile & Tripalium.
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When importing SWTs, you certainly get what you pay for, as 
very cheap machines will often have lifetimes in weeks rather than 
years (Sumanik-Leary, 2013). In contrast, the best quality imported 
SWTs	are	likely	to	be	more	efficient,	more	reliable	and	have	a	longer	
lifespan than locally manufactured SWTs. However, a failure will 
eventually occur and the following key issues will then arise: 
•	Will	there	be	sufficient	local	technical	knowledge	to	perform	the	

repair?

•	How long will it take/how much will it cost to send a spare part 
from overseas?

Imported technology will most likely be subject to import taxes 1 
of  10–20% and shipping charges of  a similar amount, pushing up 
an already high initial purchase cost even further. What is more, 
Figure 103 shows that commercial technology is often optimised 
for best performance at rated power (which is more marketable) 
rather than in low winds (which is more useful for battery charging 
systems, as calm periods can last up to a week and the batteries are 
often	filled	quickly	during	periods	of 	high	winds).

Figure 106 shows that whilst the commercial machine (Bergey 
XL.1) produces much more energy in the windiest month, 
November, it is actually the locally manufactured SWT (Piggott 3N) 
that produces more in the least windy month, September, i.e. when 
the power is needed most.

 1. Although many less developed countries now offer tax exemptions for renewable energy products and 
components, they are often restricted to solar PV or certified products. However, regardless of  the cost, clearing 
goods through customs often involves significant bureaucracy and requires a lot of  patience.

ENERGY BOOK PRESS.indb   203 02/09/2014   14:58:02



Energy Part III chapter 3 – The details

– 204 –

Figure 106 – Monthly energy yields for a 628 W PV array, 800 W locally manufactured SWT 
(Piggott 3N) and comparable imported SWT (Bergey XL.1) on a site in Northwest Scotland. Solar 
and wind resources on this site are shown in Figure 26.

Sumanik-Leary, Piggott et al. (2013) modelled two hybrid PV-
wind household energy systems: one using a locally manufactured 
SWT (Piggott 3N) and the other using an imported SWT (Bergey 
XL.1). Table 14 shows the key variables in this analysis, which found 
that	whilst	the	ability	of 	the	two	systems	to	fill	the	batteries	and	
meet demand was similar, the Piggott 3N was able to offer a lower 
cost	solution	than	the	Bergey	XL.1.	Providing	that	sufficient	local	
technical knowledge and access to the relevant tools and spare parts 
are available, then locally manufactured technology has the potential 
to offer savings of  over 20% during the lifespan of  the system. 
What is more, Figure 107 shows that the majority of  the costs of  
locally manufactured technology are distributed throughout the 
lifespan of  the energy system, lowering the barrier of  high upfront 
capital costs that often inhibits the uptake of  renewable energy 
technologies.
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Physical Size Rotor diameter 3 m 2.5 m

Tower height 11 m 11 m

Upfront costs Wind turbine1 $1,080 $4,595

Tower $368 $368

PV (628 W) $1,644 $1,644

Electrical system (batteries, 
controller, inverter, cables etc.)

$3,263 $3,263

Delivery 0% 10% ($460)

Import tax 0% Not included

Operation & 
maintenance 
(O&M)2

O&M costs (per year as % of  
capital costs)

15% ($367) 5% ($321)

Lifespan 10 years 15 years

Energy 
Production

Rated power 800 W 1,000 W

RAEY (5 m/s mean) 1,739 kWh/yr 1,935 kWh/yr

AEP with wind resource shown in 
Figure 24 (5.53 m/s mean)

1,989 kWh/yr 2,375 kWh/yr

Excess electricity 553 kWh/yr 943 kWh/yr

Unmet electric load 60 kWh/yr 70 kWh/yr

Life cycle costs Levelised Generating Cost 
(electricity produced by SWT)

0.39 $/kWh 0.49 $/kWh

Levelised Cost of  Energy (meeting 
demand with PV/wind hybrid)

0.95 $/kWh 1.23 $/kWh

Net Present Cost (PV/wind hybrid 
energy system)

$11,702 $14,755

1. Please note that this turbine was produced as part of  a wind turbine construction course and was sold at the 
price of  the materials, i.e. labour and overheads not included. However, they are included in Figures 29, 30 and 111.

2.  Please note that O&M costs are highly dependent on the severity of  environmental hazards in the local 
area and the availability of  local technical knowledge, tools and spare parts (which in turn is governed by the 
remoteness of  the installation site, the level of  training given to end-users, the existence of  a service network, etc.).

Table 13 – Comparison of  the Piggott 3N with the Bergey XL.1, as modelled in HOMER 
(Sumanik-Leary et al., 2013).

Piggott 3N Bergey XL.1
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Figure 107 – Cash flow for the locally manufactured Piggott 3N compared to the imported Bergey 
XL.1 across a 15 year energy system lifespan.

Khennas, Dunnett et al. (2008) state that manufacturing Small 
Wind Turbines locally not only has the potential to boost the 
local economy and build local capacity, but it can also help create 
a resilient energy system through the creation of  a strong supply 
chain for spare parts (accompanied by trained local tradesmen to 
perform repairs). In addition, by involving community members 
in the construction and installation phases, local manufacture can 
increase the likelihood of  successful knowledge transfer to the 
end-user. This is necessary to make productive use of  the energy 
and to ensure reliable operation through the carrying out of  proper 
operation and maintenance procedures (Sumanik-Leary, 2013). 
However, the greatest advantage of  local manufacture is often 
the	flexibility	to	adapt	the	technology	to	the	local	context	and	
provide an appropriate energy solution based on factors such as the 
local availability of  skills and materials, wind resource and energy 
demand.

Unfortunately, the risk with local manufacture is that lack of  
skills, knowledge and quality standards will result in the production 
of  unreliable, low quality equipment that will fail to meet the 
expectations of  the end-user and undermine the reputation of  the 
technology as a whole. The unpredictable availability of  raw and 
reclaimed	materials	of 	a	consistent	quality	can	also	significantly	
weaken the supply chain and hinder both manufacturing and 
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maintenance	operations.	There	is	also	a	significant	hurdle	to	
overcome	in	terms	of 	scale,	as	it	is	difficult	to	achieve	the	necessary	
quality standards and offer the required maintenance services 
when producing just a few machines. Not only are poor quality or 
poorly maintained machines potentially dangerous, they can create 
a negative perception of  the technology and inhibit future growth 
in the market, as occurred in both Nicaragua (Marandin et al., 2013) 
and Kenya (Vanheule, 2012).

Ultimately, the decision as to whether to manufacture SWTs 
locally or to import must be made independently for each local 
context	as	there	are	many	place-specific	factors	that	influence	the	
decision, for example:
•	The availability of  maintenance services for imported technology 

in that particular country and more importantly, that particular 
region.

•	The import taxes in that particular country.

•	The shipping costs to get the equipment into that particular 
country and then into that particular region.

•	The value placed on local job creation , as local manufacture shifts 
a	significant	portion	of 	the	value	chain	into	the	country	and	can	
even shift it into rural areas.

•	The wind regime in that particular region – locally manufactured 
technology can be better adapted to low wind regions (4–5 m/s 
annual mean wind speed).

•	The planned scale of  manufacture – at low volume, costs are 
high	and	it	is	difficult	to	ensure	the	necessary	quality	with	local	
manufacture.

•	The external environment – corrosive environments (heat, 
humidity, salinity etc.) push up the cost of  locally manufactured 
technology (metal parts may need to be galvanized, stainless 
steel bolts used instead of  cheaper mild steel etc.), whereas 
some	commercial	turbines	are	designed	specifically	for	marine	
environments and have these features as standard. Lightning, 
sand/dust and other hazards can have similar effects.

ENERGY BOOK PRESS.indb   207 02/09/2014   14:58:04



Energy Part III chapter 3 – The details

– 208 –

•	The capacity and willingness of  communities to perform 
maintenance – locally manufactured machines require more 
preventative maintenance (greasing bearings, repainting blades etc.) 
and regularly sending engineers out to remote communities quickly 
becomes expensive.

3.3.2.3 Vertical axis (VAWTs), rooftop mounting and   
  shrouded turbines

Fortunately the decision between HAWTs (horizontal axis wind 
turbines) and VAWTs (vertical axis wind turbines) is much clearer 
cut,	with	HAWTs	more	efficient,	more	reliable,	cheaper	and	better	
understood than VAWTs. 

Rooftop turbines are subject to high levels of  turbulence and a 
diminished wind resource. They are more likely to annoy/endanger 
the occupants and cause structural damage (either through vibration 
or	falling	parts)	and	are	less	likely	to	be	maintained	if 	it	is	difficult	to	
access them.

Shrouded turbines add extra weight to a tower and ‘cheat’ the 
theoretical limit for power production by forcing air onto the 
blades,	artificially	raising	the	efficiency.	Simply	building	a	turbine	
with slightly larger blades is a safer, easier and more cost effective 
solution.  

For more information, see Paul Gipe’s free online resource, Wind-
Works.org.

3.3.2.4 Site selection and installation

Installing	an	SWT	is	difficult	and	potentially	dangerous	and	should	
not be undertaken without reading either Piggott’s (2013) Wind 
Turbine Recipe Book, Piggott’s (2000) Windpower Workshop,  Little 
and Corbyn’s (2008) EWB/SIBAT Technical Guides and/or the 
installation instructions of  the commercial machine you have 
purchased. The following section outlines the main steps in the site 
selection and installation of  a Piggott turbine, but is likely to be very 
similar for commercial/imported machines:
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1. Site selection – section 2.2.3: Wind resource – the basics, describes 
the	procedure	for	finding	a	site	with	a	good	wind	resource	and	
then estimating its magnitude. Selecting a site for an SWT is 
a balancing act between selecting the site with the best wind 
resource to maximise energy yield, selecting the site with the best 
potential for anchoring and selecting the site closest to the end-
user to minimise power cable length 1.

2. Transportation – Getting the components to the installation site 
is often very challenging, as many components are bulky and/or 
heavy. Towers are usually designed to be dismantled into sections 
of  around 6 m and the tail and individual blades should detach 
from the generator. However, the logistics of  transporting these 
components is still challenging, especially if  they have to be 
carried	long	distances	by	hand	over	difficult	terrain.

3. Foundations – As shown in Figure 109, the base of  the tower, 
four guy anchors and a lifting anchor will need to be secured to 
the ground. On rocky ground, these points can simply be bolted 
to the rock, otherwise an anchor/base must be created using 
concrete or deadmen (heavy items buried in the ground).

4. Electrical	installation	–	An	armoured	power	cable	(or	flexible	
cable protected by conduit) runs from the base of  the tower 
to the battery bank. The wind turbine will require a charge 
controller capable of  operating in diversion load control mode, 
as when the batteries are full, the turbine must not be left to 
run free, as it would reach dangerously high rotational speeds. A 
brake switch is also required to stop the turbine when raising/
lowering the tower, in high winds or when a fault has occurred. 
An electrical brake switch is the simplest and most reliable 
method, as it simply shorts the power cables and stops the wind 
turbine by maximising current (and therefore braking torque). 
A lightning protection system is also recommended in locations 
with frequent lightning strikes (see Figure 176).

 1. Minimising power cable length not only lowers initial purchase costs due to the high price of  copper, but also 
increases the energy yield delivered to the batteries, as some power is always lost in the cable. As a result, SWT 
power cables are rarely longer than 100 m.
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Figure 108 – Basic components in a wind turbine electrical installation (see Figure 132 for more 
details). Courtesy of  Matt Little. 

5. Assembly - After the foundations have been built, the tower and 
guys should be assembled and erected without the heavy turbine 
on top in order to adjust the guys to the correct length and 
verify that everything is working as expected. Then the turbine 
can be reassembled and placed on top of  the tower. Next, the 
power cable can be threaded down the centre of  the tower and 
connected to the underground cable running to the powerhouse. 
After the brake has been switched on, the tower can then be 
raised using the procedure shown in Figure 109.

Figure 109a – The necessary anchor points and the ‘danger zone’ on a tilt-up tower. Courtesy of  
Matt Little.
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Figure 109b – Procedure for raising/lowering an SWT on a tilt-up tower. Courtesy of  Matt Little.

Operation and maintenance (O&M)

Figure 110 – Tower failure of  a 3 m Piggott turbine in Northwest Scotland. Courtesy of  Hugh 
Piggott.
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Wind turbines are troublesome pieces of  machinery and are likely 
to face a major problem at least once per year. It is not a question 
of  whether or not they will break, but more of  who is able to 
put them back together when they do. As a result, the technology 
can only work successfully if  access to the relevant maintenance 
services are available (in much the same way that cars and bicycles 
could not be successful without garages/repair shops). This 
maintenance infrastructure must be planned for at the beginning of  
any development project using SWTs: end-users or a community 
technician must either be trained to perform maintenance 
themselves or be made aware of  somewhere in their local area 
where they can get access to maintenance services. In most places 
around the world, these maintenance services are not available, in 
which case, a service centre near to the installation sites will need 
to be established. The more remote the installation site, the more 
important it becomes to have technical knowledge, spare parts and 
tools available in the community itself, else the cost of  travelling 
(in terms of  both time and money) each time there is a failure will 
make the technology prohibitively expensive.

Sumanik-Leary et al. (2013) estimated annual O&M costs for 
locally manufactured SWTs at around 15% of  the initial capital 
costs. However, this is highly dependent on the price of  labour 
(community technicians cost less per hour than engineers from 
the city) and the distance that the person has to travel to reach the 
installation site and/or obtain spare parts (if  community technicians 
already have spare parts on hand, these costs are zero, however if  an 
engineer from the city has to obtain the spare part from elsewhere 
and then travel to the community, costs will be very high). The 
better established the technology is at the local level, the lower 
O&M costs will be, the quicker repairs will happen and the less 
likely	failures	are	to	occur	in	the	first	place 1. Figure 111 shows that 
the net present cost of  operating and maintaining an SWT is likely 
to exceed the initial capital cost, even when an effective community 
training program has been implemented.

 1. Due to the increased likelihood of  appropriate operation and preventative maintenance procedures being 
carried out.
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Figure 111 – Breakdown of  the Net Present Costs (NPCs) of  the 1 kW SWT installed in the 
rural Nicaraguan community of  Cuajinicuil (Sumanik-Leary, 2013).

Figure 112 shows the community technicians in the Nicaraguan 
village of  Cuajinicuil inspecting the turbine after hearing a rubbing 
noise when the turbine was spinning. The noise was found to 
originate from the rotor rubbing on the stator and a simple 
adjustment of  the spacing between the two prevented the potentially 
costly failure of  both components. The organisations responsible 
for installing this wind turbine, blueEnergy and AsoFenix, invested 
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Figure 112 – The capable technicians in the Nicaraguan village of  Cuajinicuil inspect their 1 kW 
locally manufactured wind turbine.

significant	time	and	effort	into	transferring	knowledge	to	these	
community technicians by running specialist training courses and 
inviting them to participate in not just the installation of  the wind 
turbine, but also in its manufacture. The local manufacture of  
SWTs offers the opportunity for community members to take part 
in the construction of  the machine that will be installed in their 
community. This not only increases the sense of  ownership of  
the resulting technology, but also greatly improves the transfer of  
knowledge to the community technicians. This practical, rather than 
theoretical approach to learning is much more likely to succeed with 
people who may have had little formal education, but have highly 
developed practical abilities, such as subsistence farmers (Sumanik-
Leary, 2013).
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Task Description Frequency Time 
commitment

Expertise Tools & 
consumables

Visual/
audial 
inspection

Watching & 
listening to 
the turbine 
in operation.

Daily <1 minute Well 
trained 
end-user or 
community 
technician

None

Protection 
from 
extreme 
winds1

Lowering 
the tower

Very high 
winds

4 hours to 
lower and raise 
tower2

Well 
trained 
end-user or 
community 
technician

Rope winch/
pulley & rope 
if  lowering

Lightning 
protection

Apply brake 
during 
lightning 
storms to 
electrically 
disconnect 
turbine from 
electronics

Lightning 
storms

<1 minute Well 
trained 
end-user or 
community 
technician

Well trained 
end-user or 
community 
technician

Table 14 – The actions required to successfully operate a Piggott turbine. For battery and electrical 
systems operation requirements, please see section 3.4: Practical system design – the details.

1. Such as hurricanes, typhoons, etc.
2. Based on 4.2 m Piggott turbine without rope winch, i.e. using 10 strong people to raise and lower tower using 
pulleys.

Operating an SWT requires daily checks and a constant awareness 
of  the weather conditions (see Table 14). 

Maintenance can be divided into two key categories:

1. Preventative maintenance

For Piggott turbines, the regular maintenance detailed in Table 15 
should be carried out regularly in order to minimise the risk of  
failure. 
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Task Description Frequency Time 
commitment

Expertise Tools & 
consumables

Wind 
turbine 
service

Lower 
tower, 
inspect 
turbine 
& repaint 
blades/
tighten 
bolts/grease 
bearings etc. 
as required

Every 6-12 
months

2 days Community 
technician 

Spanners/
wrenches, 
screwdrivers, 
paintbrush, 
paint, grease, 
rope winch/
pulley & rope

Table 15 – Preventative maintenance routine to ensure reliable operation of  Piggott turbines. For 
battery and electrical systems maintenance requirements, please see section 3.4: Practical system design 
– the details.

Figure 113 – Hugh Piggott greasing the yaw bearing (preventative maintenance) of  a 3.6 m Piggott 
turbine in Northwest Scotland after repairing a twisted pendant cable (corrective maintenance). 

2. Corrective maintenance
It is only a matter of  time before a failure occurs. Table 16 lists the 
most common failures of  Piggott turbines and their consequences.
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3.3.2.5 Safety

Wind turbines are certainly dangerous, however so are many other 
technologies that are in common use across society today. The car 
is a great example, as many people are killed in car crashes, however 
people live with the risks because driving a car is so much quicker 
than walking. If  people understand the risks and take appropriate 
action to minimise them, then the technology can be safely 
employed. For example just as people avoid crossing roads when the 
cars are going very fast, people can avoid going near wind turbines 
during high winds. Taking the following precautions can minimise 
the risks associated with SWTs:
•	Never climb the tower to inspect the turbine. The wind turbine 

should always be lowered to the ground to perform maintenance.

•	Keep people away from the area directly under the wind turbine at 
all times. If  possible, fence off  an area with radius 1.5 x the height 
of  the tower as a ‘drop zone’.

•	Beware of  the strong magnets used in the generator. When 
disassembled the two rotor disks should be kept separate and 
away from any steel items, as they will be strongly attracted to the 
surface.

•	Always apply the electrical brake when performing maintenance to 
minimize risk of  electric shock.

•	Only raise and lower the wind turbine in times of  low wind, 
with the electrical brake on. Ensure that everybody involved in 
the raising and lowering process is fully aware of  their role and 
what they need to do if  something starts to go wrong. Ensure all 
spectators are kept out of  the ‘danger zone’ shown in Figure 109a.

•	Carry heavy components such as the generator and tower sections 
in teams.

•	Avoid lightning prone areas, or install a lightning protection 
system and ensure both the turbine and electrical system are well 
grounded (see Wind turbine lightning protection system).
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Please see section 3.4: Practical system design – the details, for 
details of  the safety hazards involved with other wind power system 
components, such as batteries and inverters.

3.3.2.6 More information

Although this section has given more detailed information on SWTs, 
the reader should refer to the additional information contained in 
chapter 4, Further reading, and consult both an expert and a local 
champion before implementing any potential solutions.

3.3.3 Pico- and micro-hydropower – the details

3.3.3.1 Designing a micro-hydro project

Good design of  a complete pico- or micro-hydro project requires 
skills in civil, mechanical and electrical engineering. Sometimes 
engineers who specialize in one of  these three disciplines believe 
that the other issues are unimportant or trivial, but in fact there 
needs to be a balance between them. It is always worthwhile to get 
additional advice if  a project requires skills outside the volunteer 
team’s area of  expertise. Detailed guidance on micro-hydro systems 
design can be found in the following recommended resources:
•	Maher and Smith’s (2001) freely available Pico-hydro for village power.

•	Harvey’s (1993) comprehensive textbook, Micro-hydro design manual.

As with other energy projects it is important to assess the 
likely demand as well as the energy resource and the cost of  
implementation. For a micro-hydro scheme good design will begin 
with the choice of  intake powerhouse location and the method for 
conveying water from one to the other. Often the length and cost 
of  pipe can be minimised by using a channel running nearly along 
the contour to a point where a small tank can be built on the slope 
above the power house. The best choice of  power house location 
may be a compromise between the need to make use of  as much 
head as possible and the need to be close to the users, so that cable 
costs are not excessive.
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The overall aim of  the design is to capture enough energy as 
needed (as opposed to as much as is physically possible), to have 
a	good	overall	efficiency	and	to	install	a	reliable	system	within	the	
project budget. The pipe and the cable are often the most expensive 
parts of  a hydro project. It is worthwhile to check that appropriate 
sizes are used to achieve relatively low power loss (usually 5–10 %) 
without high cost. More information is given in the section on 
economics. The selection of  suitable turbine and generator for 
the site will depend on local availability of  equipment but will also 
require	assessment	of 	efficiency	over	the	range	of 	flows	available	
during	the	year.	Consider	in	the	first	place	the	minimum	power	
required at the driest time of  the year.

The basic design should consist of  the main materials and 
components and preliminary costs for each. Micro-hydropower 
is a well-established technology with a range of  tested designs 
available. For the project volunteer, unusual, innovative solutions are 
unlikely to be better than tried and tested methods, however some 
improvements in engineering materials and electrical technologies, 
such as permanent magnet generators, may bring scope for new 
technical solutions.
The	flow	chart	in	Figure	114	outlines	the	major	steps	in	the	

design process for a micro-hydro system. 
Unfortunately, many proposed pico/micro-hydro projects are 

not	successful	because	of 	issues	such	as	lack	of 	finance,	lack	of 	
accountability,	conflicting	interests	amongst	stakeholders	–	e.g.	
between different parts of  a community with different priorities, 
between funders and equipment suppliers or scheme designer(s), 
lack of  access to equipment, poor management of  the scheme, 
or poor maintenance. These issues require non-technical skills to 
resolve, whereas poor design or installation may be a contributory 
factor in an unsuccessful scheme, which can be avoided by applying 
technical skills.
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Figure 114 – Flow chart for the design of  a micro-hydro system.
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Case study 9 (a): A participatory approach to rural 
electrification through micro-hydro power

Andrew Carr, Malaysian Borneo, 2011

TONIBUNG	is	a	non-profit	community-based	organisation	
which aims to reduce poverty in rural indigenous communities in 
Malaysia.	Their	focus	is	rural	electrification	(RE)	through	micro-
hydropower (MHP) schemes. The schemes serve ‘Kampungs’ 
(villages) with populations typically ranging from 50–200, and 
provide 1–10 kW of  power. Two EWB-UK volunteers were placed 
with the organisation in 2011 to complete funding applications and 
undertake feasibility, design, inspection and maintenance work.
The	organisation	has	recently	undertaken	a	rural	electrification	

programme in the remote Pensiangan district of  Sabah. They have 
successfully	implemented	MHP	schemes	in	five	communities	in	
the region, a challenging undertaking, as the communities are only 
accessible by longboat. Behind their success is a distinct approach 
informed by lessons learnt from past experiences, a thorough 
understanding of  local indigenous community life, and knowledge 
shared by fellow RE practitioners abroad.

As with any form of  development assistance, there are complex 
social issues to overcome. One such issue has been community 
ownership. Problems associated with lack of  ownership were seen 
during inspections undertaken at one of  the organisation’s earliest 
schemes. For example, stream intakes had not been maintained; 
the silt trap put in place had not been serviced for some time. The 
headrace pipe leaked in several locations, and the intake reservoir 
embankment was close to failure. The powerhouse building was 
also showing signs of  neglect. 

These issues are expensive to resolve and mobilisation costs for 
the organisation to undertake work in a remote community are 
very high. Donors are less inclined to provide funds for work that 
could have been avoided or minimised, and it also invalidates the 
underlying economic assessment used to obtain donor funding 
initially;	expensive	maintenance	work	significantly	lengthens	the	
payback period of  a scheme.
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Consequently, the organisation has developed methods to 
encourage community ownership. Central to the organisation’s 
approach is a traditional practice in the region, known locally as 
‘gotong-royong’. Loosely translated as mutual aid, in this context 
it involves communities assisting one another. The obvious 
advantage of  this practice is the pooling of  community resources. 
But	there	are	more	subtle	benefits	too:	it	provides	excellent	on-
the-job learning to potential operators. By assisting neighbouring 
communities, they are exposed to different projects, which allow 
them to consolidate their knowledge, learn more from others, and 
potentially	concentrate	on	certain	scheme	components	that	reflect	
their particular interests and capabilities.

The organisation supplements the gotong-royong approach 
with additional education, through delivering workshops after 
scheme completion. This also helps educate those not directly 
involved in construction. Whilst not necessarily responsible for 
operating the scheme, they need some form of  training to ensure 
they understand the appropriate and safe use of  electricity.

Figure A – Workshop being given by Tonibung to a community in the Pensiangan region of  Sabah.
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The success of  this approach was seen when visiting the 
Pensiangan region. At one community, volunteers accompanied 
two local youths who had been trained to operate and maintain 
the system. The operators undertook thorough maintenance of  
the	system,	flushing	silt	from	the	intake	and	forebay	tanks,	and	
checking the penstock pipe, the turbine and distribution board.

The organisation intends to continue improving community 
ownership by developing a training programme at a newly 
established training centre. The intention is to school willing 
community members through a series of  structured training 
modules. The hope is these community reps will not only maintain 
their own schemes, but assist in developing new schemes in their 
home regions.

About the author: Andrew spent 4 months in Malaysian Borneo 
on an EWB-UK placement with TONIBUNG, carrying out 
feasibility studies for potential micro-hydro schemes across 
Malaysia.	Whilst	on	placement,	he	gained	first-hand	experience	in	
the design, construction and impacts of  micro-hydro in remote 
indigenous communities.

About the organisation: TONIBUNG was formed in 1993 as a 
non-profit,	community-based	organisation	based	in	Sabah.	Their	
main	focus	is	rural	electrification	(RE)	through	micro	hydro,	and	
to a lesser extent solar. They have also been involved in rural 
computer centres, resource management planning, community 
mapping with GPS and GIS, and micro-enterprises.
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In many countries, rural energy has been developed on a 
piecemeal basis, because there is there is no effective link between 
any national policy and organisations working at the local level 
(Ahlborg & Hammer, 2011). Several micro- and pico-hydro case 
studies in Nepal and Kenya are discussed in a report by Gitonga 
& Clemens (2006) in the context of  expanding access to modern 
energy services. They identify the technology as having good 
potential	because	of 	relatively	low	capital	costs	and	flexible	power	
production for electrical and/or mechanical equipment. The design 
of  these schemes is based on the Pico Power Pack or pump as 
turbine, which have demonstrated reliable energy production over 
a number of  years. They recommend the involvement of  NGOs 
who	have	experience	in	micro-hydro	to	tap	into	financial	support	
and technical expertise. Otherwise, even the most enthusiastic 
local	entrepreneurs	will	have	difficulty	in	implementing	successful	
rural	projects.	Case	studies	9	(a	and	b)	illustrate	the	significance	of 	
involving local organisations and of  setting up resilient management 
of  schemes at a local level. One successful model for management 
of  village power schemes has been developed from experience in 
Peru of  NGO Soluciones Practicas (Practical Action), which has 
been published by Sanchez (2006). This model allows community 
ownership of  the project, but uses entrepreneurs within the 
community to act as a ‘management company’ with clear contracts 
to set out responsibilities and rewards.

3.3.3.2 Turbines

There are many different micro-hydro turbines available, each 
matching	different	flow	and	head	conditions.	The	turbines	can	be	
classified	as	impulse	or	reaction	type	turbines;	impulse	turbines	use	
all	the	kinetic	energy	from	the	flow	to	form	a	jet	which	impacts	the	
turbine runner, whilst reaction turbines use pressure differences 
across the turbine blades.
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Case study 9(b): Muhingy pico-hydropower project

Stephanie Hirmer, Uganda, 2008

In 2008, I and three other 2nd year Engineering Students from 
the University of  Warwick travelled to Uganda to implement a 
self-initiated pico-hydropower project in Bihondo Village in the 
Rwenzori Mountains. The aim was to provide electricity to a 
community to improve rural livelihood by electrifying the local 
trading	centre.	Today,	five	years	down	the	line,	the	project	has	
shown some success with: 
•	the growth of  the trading centre (local cinema and hairdressers)

•	the extended opening hours of  the market and shops to cater for a 
wider customer range; and 

•	the connection to the local school. 

However, the project is far from perfect and some problems 
remained.

At the time of  project initiation, we knew little of  the problems 
that the community/committee would encounter after the 
project was handed over to them. Packed with a Turgo Turbine, 
a few hydrology manuals, and next to no experience we arrived 
in Uganda to scout for a site that would meet the turbine 
requirements. Our initial contact, a self-proclaimed ‘hydropower 
expert’,	assisted	us	in	this	process.	Given	the	site	criteria	(flow,	
head, and distance to trading centre) it took us approximately three 
weeks	to	find	a	suitable	location.	
Once	the	village	of 	Bihondo	was	identified,	implementation	

had to start immediately. We undertook project design, planning 
and sourcing of  materials. For the labour intensive tasks, we hired 
the villagers to assist (e.g. carrying materials, digging a trench, and 
other intensive labour). The project took approximately one month 
to complete and ownership was handed over to the community 
post completion. The scheme provided the village centre with 
lights and a mobile phone charging station in order to generate 
revenue for paying maintenance and operations costs.
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We travelled to Kampala where we had a meeting with an energy 
expert who was involved in advising the Ministry of  Energy and 
Mineral Development (MEMD) on hydropower developments and 
who had heard of  our initiative. Unfortunately he did not share 
the same enthusiasm for the project as us, and we were informed 
that ‘Africa is not a playground’. At the time, we did not want 
to understand what he was referring to as we were so proud of  
our achievement of  implementing a ‘helpful’ project with limited 
knowledge, resources and time. However, after seeing the project 
fail over and over again, the following has become clear:
•	The community was lacking ownership. We intruded into this 

village to implement a project and had never even asked the 
community if  they wanted such a development. We employed 
the community to undertake the work, as opposed to asking for 
contributions in labour and kind. 

•	Lack of  responsibility and accountability. We set up a bank 
account to allow locals to accumulate savings for operation and 
maintenance costs. However, it soon came to light that money was 
never credited, as no one was checking or even understood where 
the money should go in the system. 

Figure A – A group of  Warwick University students and a local community member carrying 
materials for a micro-hydro system up a steep hill in Uganda.
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•	Lack of  maintenance. We left a community (with limited educational 
background) to operate and maintain a project involving complex 
technology, and we expected that if  the hydropower equipment 
broke	down	they	would	be	able	to	fix	it	based	on	a	small	manual	
we had provided.

… and the list goes on. To date, some problems have still not 
abated. However, over time the community has taken the initiative 
to gather funds to repair the project, although still requiring help 
with technical tasks. From this project and my work in Uganda I 
learnt that simply providing a technical solution to a project is not 
enough and the success of  a project depends on a wide array of  
factors many of  which are of  a social nature.

About the author: Stephi is a PhD student at the University 
of  Cambridge. Stephi’s research is looking at the end-users’ 
perspective	on	the	value	of 	rural	electrification	initiatives.	Prior	to	
coming to Cambridge she was working in Uganda for the German 
Development Agency (GIZ) on the design and implementation of  
rural	electrification	projects.

About the organisation: Following the 2008 pico-hydropower 
project, each year students from the University of  Warwick return 
to Uganda to implement further projects or improve the existing 
installations.
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Choosing the right turbine
There are many different things to consider when choosing a 
turbine	for	a	site.	Once	the	flow	and	the	head	at	the	site	are	known	
(see 3.2.3: Hydro resource – the details), then the turbine type can 
be chosen using the application domain chart shown in Figure 115, 
or from looking at commercial turbines which generally slot into the 
categories	shown	in	Table	17.	It	is	always	good	to	try	and	find	either	
local manufacturers or experts to help you with choosing the right 
turbine for your site, as choosing the wrong turbine can increase 
costs	and	significantly	reduce	efficiency	to	the	point	that	little	to	no	
power is generated.

Figure 115 – Application range chart for different turbine types (Williamson, 2013).

High head Medium head Low head

Pelton
Turgo

Crossflow
Multiple-Jet Pelton/Turgo
Radial

Radial
Axial
Waterwheels

Table 17 – Turbine choices for different heads.
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Case study 10: Choosing the right turbine

Arthur Williams, Peru

Like many rural communities situated in the Andean foothills in 
northern Peru, the village of  Magdalena has potential to produce 
some of  its own electricity from hydropower. However, because 
the	terrain	here	is	flatter,	the	commonly	used	options	of 	Pelton	or	
crossflow	turbine	were	not	appropriate.	An	NGO	with	extensive	
experience in micro-hydro installed a scheme using a small 
propeller turbine, suitable for the available head of  4 m. A turbine 
was manufactured in Peru using basic engineering equipment, with 
the runner made of  steel sheet, cut, bent and welded to a hub at 
the required angles. When tested on site, the forebay tank was 
emptying,	indicating	that	the	flow	rate	was	not	enough	to	match	
the turbine operating conditions. In fact, power output was hardly 
enough to overcome losses in the belt drive and generator as 
information supplied by the villagers had been too optimistic when 
estimating	the	available	flow.	

A small university team in the UK got involved with the project 
at this stage and were able to show that the current turbine design 
was	optimised	for	a	flow	rate	of 	over	250	l/s.	A	graduate	engineer	
from Peru was working as a volunteer with the NGO to gain 
work	experience	and	was	able	to	measure	a	flow	rate	at	the	site	of 	
around	160	l/s.	At	this	stage	the	project	became	a	field	trial	for	a	
wider project investigating small propeller turbine design funded by 
the Leverhulme Trust.
Using	computational	fluid	dynamics	(CFD),	the	research	team	

was	able	to	confirm	the	mismatch	between	the	turbine	design	
and	the	available	flow.	A	decision	had	to	be	made	as	to	whether	
a complete redesign of  the turbine was required, or whether it 
would be possible simply to change the runner. A new runner was 
designed of  the same diameter, but with revised blade angles. CFD 
was used to check this design and to predict that the new runner 
within the same casing could achieve close to the original intended 
turbine	efficiency	of 	75%	at	a	flow	rate	of 	160		l/s.	This	provided	
a suitable solution without a large additional cost.
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Meanwhile, improved measurement facilities were installed at the 
site,	including	a	venturi	flume,	designed	by	the	engineers	in	Peru.	
The new runner design was sent from the UK to be manufactured 
at a small turbine workshop in the capital, Lima. Much of  the 
work on site was carried out by the Peruvian graduate volunteer, 
including the design and installation of  the measurement 
equipment, and then assisting with the installation and testing of  
the	improved	turbine.	Site	tests	confirmed	an	electrical	output	of 	
nearly 4 kW – meeting the predictions of  the design team.

Figure A – CFD simulations, checked against test data, were 
used to improve the turbine design.

Figure B – Field testing of  the turbine using a torque brake. Photo 
courtesy of  Robert Simpson.
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Two lessons learned: 

1. For	this	type	of 	turbine,	as	with	many	others,	high	efficiency	is	
only	possible	for	a	limited	range	of 	flow,	so	it	is	important	not	to	
overestimate the resource available.

2. Sophisticated engineering methods, such as CFD, can be 
applied to developing country problems. This work led to the 
development of  a detailed method published as an Open Source 
guide to design of  small propeller turbines: 
http://www.eee.nottingham.ac.uk/picohydro/documents.
html#manuals

About the author: Arthur Williams has over 25 years of  
experience	working	in	the	field	of 	small-scale	renewable	energy.	
He completed a PhD in micro-hydropower in 1992 and worked 
on various projects to develop and disseminate cost-effective 
technologies	for	rural	electrification.	In	2000	he	was	invited	to	
Peru by Practical Action, which led to this project to develop 
a reliable design procedure for low-head turbines, funded by 
Leverhulme Trust. Most of  the detailed technical work was carried 
out by his colleague at Nottingham Trent University, Dr Robert 
Simpson, who now works as a renewable energy consultant back in 
Australia.
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Other methods, such as using the Nomogram in Harvey’s (1993) 
Micro-Hydro Design Manual	are	able	to	use	the	specific	speed	equation	
to match the site conditions and the generator requirements to 
suggest the suitable type of  turbine.
The	measured	flow	may	not	be	constant	across	the	year,	and	it	

important to realise that some turbines are better adapted at running 
in	part-flow	conditions,	as	shown	in	Figure	116.	Pelton	and	Turgo	
turbines	have	a	much	better	part-flow	efficiency	than	radial	and	
axial turbines, as they can be easily adapted by changing the nozzle 
diameter	either	through	a	spear	valve	or	replacing	the	nozzle	fitting	
itself. It is also possible to have a dry season and wet season runner 
for an axial or radial turbine system.

Figure 116 – Part-flow efficiency characteristics for different turbine types.

Another important point to consider is the rotational speed 
of  the output shaft of  the turbine. Normally, the generator is 
connected directly to the distribution system (see Electrical Layout), 
and so the rotational speed of  the turbine needs to be able to 
provide a 50/60 Hz speed for a generator. Typical induction 
machines are 4 pole, meaning they need to rotate at 1500 r.p.m. for 
50 Hz (1800 r.p.m. for 60 Hz). If  the turbine speed does not match 
the required speed then belt drives, or similar arrangements, can be 
used to alter the speed at the generator to the required amount. The 
specific	speed	can	be	used	to	calculate	the	rotational	speed	of 	the	
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turbine against a known example.
Other factors such as the size and cost of  the system, whether 

it can be manufactured locally or the turbine required can be easily 
imported, environmental regulations, reliability and the ease of  
maintenance and servicing also play a part in turbine selection.

Specific	speed
Turbines	can	be	classified	by	a	parameter	called	the	specific	speed,	Cω:

Cω
ωP½

ρ½(gH)5/4
=

where	ω is the rotational speed in rad/s.

The	specific	speed	can	be	used	to	predict	the	performance	of 	a	
turbine based on the results from a geometrically similar turbine. 
The	specific	speed	can	also	define	the	shape	of 	the	turbine,	relating	
the	geometry	and	the	flow	state.	Therefore,	if 	the	head	is	known,	
along with the required power output and rotational speed, then 
the	type	of 	turbine	can	be	chosen	using	the	specific	speed.	The	
rotational speed required is dependent on the type of  generator and 
drive arrangement, as discussed later. The typical operating ranges 
are shown in the table below. Note that some text books use r.p.m. 
for	speed	and	kW	for	power,	but	the	figures	below	are	for	the	truly	
dimensionless	specific	speed	with	ω	in	rad/s	and	P	in	W.

Turbine Type Specific Speed

Pelton < 0.2

Multiple-Jet Pelton 0.1 – 0.6

Turgo 0.1 – 0.6

Crossflow 0.2 – 1.3

Radial 0.3 – 2.9

Axial > 2.2

Table 18 – Typical specific speeds of  different turbines.
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The	type	of 	turbine	can	also	be	determined	from	the	specific	
speed for known site conditions. As an example, if  a turbine is to 
generate	1	kW	at	3.5	m	and	using	the	mid-ranges	of 	the	specific	
speeds, the Pelton wheel would turn at only 80 r.p.m., whilst an axial 
turbine would turn at 2000 r.p.m. Therefore, a Pelton wheel would 
be rotating very slowly compared to an axial turbine. Also, as the 
output power is the product of  the rotational speed and the turbine 
torque, with a slower rotational speed the torque would need to 
increase for a constant power. This would mean either an increase 
in the moment arm (bigger blade radius) or a larger force (more 
water), both of  which would result in a physically larger machine.

Turbine types

Pelton and Turgo turbines
Pelton and Turgo turbines are impulse turbines. In a Pelton 
turbine,	a	jet	is	fired	at		a	set	of 	buckets,	which	are	attached	to	
the circumference of  a wheel. The buckets split the water jet with 
a central ridge, as can be seen in Figure 117a. The shape of  the 
buckets causes the split jet to turn around 165° and exit through the 
side of  the bucket. This force required to reverse the momentum of  
the water exerts an equal and opposite force on the buckets, causing 
the wheel to spin. A Pelton turbine wheel is shown in Figure 118.

Figure 117 – Diagram of  (a) Pelton and (b) Turgo turbine operating principles.
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For a Turgo turbine (Figure 119), the jet enters the wheel at 
an inclined angle, as shown in Figure 117b. The jet impinges on a 
set of  cups which direct the water to exit on the opposite side of  
the wheel. Generally, Turgo turbines can be smaller than Pelton 
turbines, as there is not as much interference between the incoming 
and exiting jet.  The fact that the nozzle can be placed closer to the 
rotor	also	improves	the	efficiency,	compensating	for	the	reduced	
flow	angle	reversal	and	making	the	overall	efficiency	roughly	
equivalent to Pelton turbines.

Figure 118 – Pelton Turbine Wheel. Photo courtesy of  Arthur Williams. 

Figure 119 – Experimental Turgo Turbine. Photo courtesy of  
Sam Williamson.
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Both turbines use the change in momentum of  the water to exert 
a force on the wheel, which generates a torque on the output shaft 
of  the turbine. Additional nozzles can be added to allow more water 
to impact with the wheel, however low ratios between the jet and 
wheel diameter can cause interference between the multiple jets. 
With careful design, these turbines can be directly connected to the 
generator to output the required 50/60 Hz.

Pelton turbines have been successfully used in development 
contexts because it is possible to manufacture them locally, are 
easy to install and are lightweight. Manufacture of  reliable runners 
depends on having casting facilities and a good quality pattern for 
the buckets (Maher, 2000; Thake, 2001).

Crossflow	turbines
In	crossflow	turbines,	the	water	stream	passes	through	a	rectangular	
nozzle to the turbine wheel, and so is also considered an impulse 
turbine.	The	turbine	wheel	is	constructed	from	circular	profile	
blades,	as	shown	in	Figure	120.	The	water	impinges	on	the	first	set	
of 	blades	and	is	deflected	towards	the	centre	of 	the	wheel,	which	
then	passes	out	through	the	blades	again,	being	deflected	in	the	
opposite direction.

Figure 120 – Crossflow turbine operating principle.
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Crossflow	turbines	have	been	used	extensively	in	development	
environments, as they are even simpler to manufacture than Pelton 
turbines, with cutting, bending and welding processes only required 
to build the turbine. A locally made turbine is shown in Figure 121.

Figure 121 – Locally manufactured crossflow turbine in Nepal. Photo 
courtesy of  Sam Williamson.

Radial	and	axial	flow	turbines
Reaction turbines, which can be categorised into radial and axial 
flow	turbines,	operate	due	to	hydrodynamic	forces	generated	by	
pressure differences across blade sections, as shown in Figure 122. 
In	radial-flow	turbines	the	flow	passes	through	the	turbine	in	one	of 	
two ways: either entering from a radial direction and leaving axially, 
or	vice	versa.	In	axial-flow	turbines,	the	flow	passes	through	the	
turbine	section	axially.	Reaction	turbines	operate	with	a	water-filled	
casing, with the pressure at the exit of  the turbine normally below 
static air pressure, which increases the effective head at the turbine. 
Therefore	they	require	draft	tubes	to	expand	the	flow	back	to	air	
pressure. If  the water static pressure drops too much, cavitation can 
occur, where the water becomes vapour and creates little bubbles 
in	the	flow,	which	is	normally	due	to	poor	design	or	installation	of 	
the	turbine.	These	bubbles	then	collapse	causing	a	drop	in	efficiency	
and damage to the turbine. On larger systems, cavitation can occur 
when you push it too hard, however on pico and micro systems with 
fixed	geometry	blades	and	inlets,	badly	designed	and/or	installed	
turbines are usually the culprit. 
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Figure 122 –Generating hydrodynamic force in 
radial and axial turbines.

The	flow	field	at	the	
turbine entrance should 
match the turbine inlet 
angles, so that the turbine 
can operate at a maximum 
efficiency.	After	the	runner,	
the	exit	flow	should	have	
minimal swirl, so that kinetic 
energy loss is reduced. Spiral 
shaped scroll casings, inlet 
guide	vanes,	or	a	combination	of 	these,	are	used	to	direct	the	flow	to	
the required inlet velocity conditions, with the turbine hydrodynamic 
design	causing	the	flow-field	at	the	exit.	If 	the	casing	and	guide	
vanes	are	fixed,	then	the	system	will	operate	efficiently	at	one	design	
flow	and	head	for	a	given	rotational	speed,	with	the	efficiency	
reducing when either parameter drifts away from its design value. 
Therefore, on larger machines, variable inlet guide vanes are used to 
match	the	inlet	flow	field	to	the	turbine	over	a	range	of 	heads	and	
flows.	The	turbine	blades	can	also	be	designed	to	be	adjustable,	as	
on	the	Kaplan	axial-flow	turbine.	However,	on	micro-scale	turbines,	
the use of  variable vanes and blades is not common due to the 
added complexity and size requirements on the turbine.

There are some mass-manufactured Chinese propeller turbines that 
have been used to good effect in Vietnam and Laos to provide off-
grid power, but the reliability of  these systems is reported to be quite 
low. Locally made solutions are starting to be manufactured in Nepal, 
with the PT 1 series of  propeller turbines, as shown in Figure 123. 
Further information about selection and design of  propeller turbines 
can be found in publications by Williams & Simpson (2009, 2010) and 
Alexander & Giddens (2008).

 1. Range of  propeller turbines developed in Nepal by NHE/Butwal Technical Institute/United Mission to 
Nepal.
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Figure 123 – Locally made PT series propeller turbine in Nepal. Photo courtesy of  Sam 
Williamson.

Waterwheels
Waterwheels have been used for many centuries to generate power. 
There are several different types of  waterwheel in both vertical 
and horizontal arrangement. The three main arrangements of  
waterwheels, overshot, breastshot and undershot, are shown in 
Figure 124. Waterwheels do not require a large amount of  complex 
infrastructure to support them. However the wheel itself  can be 
very large (creating transportation issues) and it rotates slowly 
(typically 10–20 r.p.m.), so a gearbox is required to increase the 
speed of  the output power shaft to match that of  a generator 
(typically 1,500–1,800 r.p.m. for induction machines). Horizontal 
waterwheels have been used in many Himalayan regions as 
traditional mills, known as ghatta. There are also improved versions 
made from steel that resemble the Turgo turbines discussed 
previously. A vertical overshot waterwheel is shown in Figure 125. 
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Figure 124 – Waterwheel types (a) Overshot  
(b) Breastshot and (c) Undershot.

Figure 125 – A vertical overshot waterwheel in the UK. Photo courtesy of  
Sam Williamson.

Pump as turbine
As a low-cost, off-the-shelf  solution, pumps have been used in 
reverse	as	turbines	(Williams,	2003).	They	offer	several	benefits:	the	
turbine (pump) and motor are already integrated with bearings and 
seals;	they	are	available	in	a	wide	range	of 	heads	and	flows	with	a	
large	network	for	spare	parts	and	the	ability	to	use	standard	fittings	
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Figure 126 – A 2.5 kW pump as turbine still running after 14 years. 
Photo courtesy of  Arthur Williams.

for installation, see Figure 126. These are mainly prevalent at higher 
heads,	as	although	low-head	axial-flow	pumps	are	available,	they	are	
not	generally	found	in	small	sizes.	The	major	difficulty	is	selecting	
the correct pump for the site, and estimating its characteristics as 
a turbine. A spreadsheet to aid this process is available at www.
pumpsasturbines.org.uk .

Stream wheel 
A	stream	wheel	uses	the	velocity	of 	the	water	flow	with	a	waterwheel	
to extract energy from a river. However, to extract useful amounts of  
energy,	the	wheel	needs	to	be	very	wide	or	the	river	flow	needs	to	be	
very fast. There are other types of  device suitable for kinetic energy 
conversion	from	river	flows,	but	sites	are	limited	due	to	the	need	for	
high	flow	velocities	and	reasonable	depths.

Civil works
There are several different parts to the civil works, which are shown 
in Figure 127. For smaller pico-hydro schemes, the civil works can 
usually	fit	in	the	existing	infrastructure	using	irrigation	canals,	water	
collection tanks and so on. However, for larger micro-hydro schemes, 
new dams and channels need to be constructed to deal with the 
larger	flow	rates	or	higher	heads.	Many	of 	the	civil	structures	can	
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Figure 127 – Civil works overview for micro-hydro schemes.

be constructed by local unskilled labour, with oversight from a 
more experienced engineer. In fact, this is a great way to encourage 
community	participation	in	a	scheme,	as	although	financial	
resources may be scarce, labour is often abundant. Doing so can 
greatly increase the sense of  ownership of  a micro-hydro scheme, 
which is vital for successful operation and maintenance and 
therefore the sustainability of  the system.

When positioning and designing the civil works, thought needs to 
be	paid	to	flood	levels,	storm	drainage	and	local	geology.	Without	
knowledge of  these, the system can have issues in extreme weather. 
Further advice on design of  civil structures appropriate for larger 
micro-hydro schemes is given in the book by Rodriguez and 
Sanchez (2011).
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Weir and intake
Weirs are used to maintain the level of  the water at the intake so it 
can	extract	the	water	reliably	from	the	river	flow.	The	weir	can	be	
built from concrete, gabions or from rocks and boulders placed in 
the	river	flow.	For	low-flow	high-head	schemes,	a	small	natural	pool	
can provide the same function as a weir. Ideally the intake would 
have some natural protection to ensure the structure remains safe 
from rock transit. This could be in the form of  a large boulder, or 
alternatively, the intake could be located on a bend in the stream. 
The intake can use a sluice gate to allow the waterway to be closed 
if  required.

Intake canal
The intake canal connects the intake with the forebay. The channel 
can be made from concrete, pipe or earth and are typically rectangular 
or trapezoidal. The canal may need to be supported as an aqueduct 
where it crosses a gulley or part of  the river, as shown in Figure 128.

Figure 128 – Pipe aqueduct supported across a river.

For long intake canals, de-silting tanks are used to remove any 
sediment from the water. This sediment causes wear on the turbine, 
which	can	greatly	reduce	the	efficiency.	De-silting	tanks	are	located	
in	the	canal	with	a	larger	width	and	depth,	so	the	water	flow	is	
slower allowing the sediment particles to sink to the base of  the 
tank.	The	tank	is	able	to	be	flushed	out	through	a	sluice	valve	or	
similar, as described in case study 11.
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Case study 11: Rural electrification through micro-
hydropower: dealing with siltation

Andrew Carr, Malaysian Borneo, 2011

TONIBUNG	is	a	non-profit	community-based	organisation	
which aims to reduce poverty in rural indigenous communities. 
TONIBUNG’s	focus	is	rural	electrification	(RE)	through	micro-
hydropower (MHP) schemes, typically ranging from 1–10 kW. 
Two EWB volunteers were placed with TONIBUNG in 2011 to 
undertake feasibility work, funding applications, design work, and 
inspection and maintenance work.

MHP can offer a constant, reliable, and cost effective supply 
of  renewable energy. However, with TONIBUNG’s schemes, 
there were certain technical issues that reduced reliability and cost 
effectiveness. One of  these issues was siltation of  the system; 
causing blockage at the intake and damage to the turbine.

Good intake design and construction can stop silt entering 
the system. For example, the Coanda screen – a self-cleaning 
intake screen – traps silt sized debris (1 mm), and requires little 
maintenance. Implementing this was explored, but found to be 
unfeasible, as they are expensive (expected to increase system costs 
by around a third), not widely available, and cannot be fabricated 
easily due to the precise geometry crucial to their successful 
function. 

An effective and appropriate solution was a series of  gabions 
(essentially	a	rock-filled	cage	–	see	case	study	photograph)	forming	
a coarse weir, placed upstream of  the intake. This creates an 
upstream pool of  water, allowing mobile sediment to settle. The 
permeability	of 	the	gabions	is	not	an	issue,	as	the	flow	velocity	
is still adequately reduced. Note gabions will not remove all silt – 
therefore secondary screening is also required downstream of  the 
intake, using a forebay tank for example.

Gabions are more appropriate than concrete here, as they are 
simple	and	cheap	to	construct,	using	locally	available	rock	fill.	
The steel wire mesh that forms the cage must be obtained from 
a supplier, but is cheap, widely available, and easily transported. 
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They are also easy and cheap to replace if  damaged during extreme 
flood	events.

There were two major problems encountered with this solution. 
The	first	was	poor	stability	of 	the	gabions,	leading	to	collapse.	To	
achieve good stability, a wide range of  particle sizes are required 
to maximise gabion bulk density. Often, the community had used 
larger rocks only.

The second issue was maintenance of  the silt trap. Silt 
accumulates quickly, and therefore needs to be regularly removed. 
At Kampung Buayan, the gabion silt trap had not been maintained, 
and silt had built up to the gabion top level. Apparent reasons for 
this were:

Figure A – Gabion silt trap with silt-flushing pipe to reduce labour requirements. To operate: 
vertical section of  pipe that extends up to the crest of  the gabions is removed, flushing out all 
the silt that has settled behind the weir.
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•	Nowhere to dispose the excavated silt, with steep riverbanks 
either side of  the stream.

•	Difficult	and	dangerous	access	to	the	intake;	being	almost	2	km	
up the stream gorge, along a path rarely walked.

•	The perception in the community that it wasn’t necessary; a long 
period of  no maintenance hadn’t resulted in disruption to the 
electricity supply.

These issues can be avoided in future by appropriate education, 
and improved maintenance planning. For example, TONIBUNG’s 
more recent gabion silt trap shown in the photo incorporated a 
silt-flushing	pipe	to	reduce	labour	requirements.	The	downstream	
intake structure had also been designed so that the operator would 
be	able	to	temporarily	close	the	intake	to	stop	silt	flowing	directly	
into the intake.

About the author: Andrew spent 4 months in Malaysian Borneo 
on an EWB-UK placement with TONIBUNG, carrying out 
feasibility studies for potential micro-hydro schemes across 
Malaysia.	Whilst	on	placement,	he	gained	first-hand	experience	in	
the design, construction and impacts of  micro-hydro in remote 
indigenous communities.

About the organisation: TONIBUNG was formed in 1993 as a 
non-profit,	community-based	organisation	based	in	Penampang,	
Sabah.	Their	main	focus	is	rural	electrification	(RE)	through	
micro-hydro and solar energy, but they have also been involved 
in rural computer centres, resource management planning, 
community mapping with GPS and GIS, and micro-enterprises.
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Forebay and spillway
The forebay is the storage 
tank at the penstock intake. 
As with the de-silting tank, it 
is wider and deeper than the 
intake canal, and has a valve 
or passage that is able to be 
opened	in	order	to	flush	out	
any silt and empty the tank. 
A trash rack is located at 
the penstock intake, which 
removes any litter and debris 
from the water, an example of  which is shown in Figure 129. The 
forebay has a spillway, which allows any excess water coming into 
the forebay to be controllably returned to the river.

Figure 129 – Cleaning intake mesh and trash rack. 
Photo courtesy of  Arthur Williams.

Penstocks
As mentioned earlier, the penstock should be designed to be as 
short as practicable. It should follow the most direct route from 
forebay to powerhouse. Bends in the penstock cause additional 
pipe friction loss and also cause lateral reaction forces on the pipe, 
which will require careful support blocks to prevent movement and 
possible failure. Likewise, large step changes in diameter should also 
be avoided.

The dimensions of  the penstock pipe, bringing the water to 
the	turbine	are	site	specific	design	parameters.	Poor	design	of 	the	
penstock can unnecessarily raise the cost of  a scheme (per kW), 
either by wasting money on a pipe that is larger than required, or 
through selecting a pipe of  too small diameter in an attempt to save 
costs that results in excessive pipe friction losses. The sizing of  the 
penstock	diameter	is	critical,	as	can	be	seen	from	the	simplified	
equation for pipe head loss:

Hf =
flQ2

3d5

where f  is the friction factor, l the pipe length, Q the volume 
flow	rate	and	d	the	pipe	diameter.	Unfortunately, f  is a function of  

ENERGY BOOK PRESS.indb   248 02/09/2014   14:58:33



Energy Part III chapter 3 – The details

– 249 –

flow	velocity	and	pipe	wall	roughness,	so	this	equation	can	only	be	
solved by iteration. It is usually found using the Moody diagram. 
Other equations such as Hazen-Williams or Colebrook-White may 
be used directly.

The choice of  penstock pipe material and wall thickness will 
depend on the site head, because at the lower end of  a medium or 
high	head	scheme	the	pressure	can	be	significant.	The	pipe	needs	
to be of  the correct pressure rating, which is normally based on the 
static pressure, e.g. for a 60 m gross head, the pressure at the lower 
end of  the pipe is

p = ρgH = 1000 x 9.8 x 60 = 5.9 x 105 MPa = 5.9 bar.

The nearest pressure rating is 6 bar, which includes a safety factor 
that takes account of  typical transient pressures. Consider as well 
whether	a	flexible	pipe	material	with	fewer	joints	(such	as	HDPE)	
will be easier to install.

Some text books include an analysis of  pipe losses which 
shows that the optimum power output from a given diameter of  
pipe occurs when the head loss is one third of  the gross head. 
However, this criterion is not suitable for selecting pipe sizes for 
hydro schemes, as it results in the pipe loss being too large. The 
additional cost of  a larger diameter pipe is worthwhile as this is only 
a small part of  the total scheme cost and results in improved power 
output. For a typical scheme layout, the recommended pipe head 
loss is between 5% and 10% of  gross head (Williams & Simpson, 
2008).	Since	pipes	are	available	in	fixed	diameters,	it	is	sometimes	
cost-effective to use a larger diameter pipe for the section nearer 
to the intake, where a lower pressure rating can be employed. This 
increases the net turbine head at minimal extra cost. 

Powerhouse and tailrace
The powerhouse accommodates the turbine, generator, load 
controller, ballast load and distribution panel. A drain underneath 
the turbine allows the water discharged to exit through the tailrace 
and re-enter the river. The powerhouse should be located above the 
flooding	level	and	not	too	close	to	the	river,	with	any	water	run-off 	
ideally directed away through gullies and landscaping the ground 
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above the powerhouse. The powerhouse is typically a small building 
made from cement, stone or other local building materials. It should 
be water-tight to protect the equipment within. 

3.3.3.4 Electrical systems

For detailed information on electrical system design, please refer to 
3.4.2.8: Micro-hydro electrical systems.

3.3.3.5 Maintenance for reliability

Regular checks on micro-hydro systems are essential to ensure the 
system works reliably and cost-effectively. As the users normally 
operate the system, it is down to them to perform the regular 
unskilled maintenance. In all but the smallest schemes, a properly 
trained community technician is essential to ensure that operation 
and maintenance is properly carried out (see case study 9a). The 
most	common	problem	is	reduced	flow	due	to	a	blockage	at	the	
intake screen – as in Figure 129. 

A summary of  the main checks that should be carried out are 
given below.

Daily Weekly Monthly Annually

Weir or dam Inspect for any cracks or 
damage in the concrete, or 
movement in the boulders

x

De-silting 
tank

Flush silt out through 
spillway

x

Intake canal Inspect for cracks or 
damage in the construction

x

Clear any vegetation 
overgrowing the canal

x

Be observant for any new or 
potential landslips

x

Forebay 
tank

Clean trash rack x

Inspect for any leaks or 
cracks

x

Flush silt out x

Table 19 continued over ...
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Daily Weekly Monthly Annually

Penstock Inspect for leaks at joins 
and any other damage 
along the pipe

x

Repaint pipework (metal 
pipes only)

x

Inspect supports for 
damage

x

Valves Check for operation and 
grease as necessary

x

Turbine Grease bearings x
Check bolted connection 
to base-plate

x

Visual inspection of  
turbine runner for damage 
(silt or cavitation damage)

x

Belt drive Belts clean and free from 
contaminants

x

Correctly aligned and 
tensioned

x

Generator Bearings smooth x
Electrical connections 
secure

x

Brushes not worn x
Cooling fan operation x
Check bolted connection 
to base-plate

x

Electrical 
system

All connections are secure x

Circuit breakers operate as 
required

x

Fuses intact x
Transmission 
lines

Lines clear from 
overhanging branches

x

Inspect poles for damage x

Table 19 – (cont.) Maintenance schedule for a micro-hydro scheme.
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3.3.3.6 More information

Although this section has given more detailed information on pico- 
and micro-hydropower, the reader should refer to the additional 
information contained in chapter 4, Further reading, and consult 
both an expert and a local champion before implementing any 
potential solutions.

3.3.4 Improved cookstoves – the details

3.3.4.1 Measuring performance

Cookstove	efficiency	provides	a	measure	of 	the	heat	output	of 	a	
system	per	unit	fuel	input.	Although	efficiencies	have	been	tested	
for	some	major	stove	designs,	it	remains	difficult	to	find	accurate	
data on a vast majority of  ICS. A major problem with measuring 
stove	efficiencies	in	a	non-lab	condition	is	the	lack	of 	controlled	
thermodynamic	environment	and	the	uncertainty	in	the	calorific	
content of  various fuel sources. It is often more realistic to use 
relative performance tests which compare the amount of  time and 
fuel	needed	for	different	stoves	to	achieve	the	same	specific	tasks.	
Some	standard	ways	of 	measuring	performance	in	the	field	are	
outlined below, with links to full methodological descriptions:

•	The international standard water-boiling test may be used to 
provide	an	absolute	measure	of 	the	efficiency.	This	is	quite	
complex and requires a controlled environment – it is unlikely one 
would be able to perform this test in situ. A complete description 
of  the test can be found here: http://www.aprovecho.org/lab/
component/rubberdoc/doc/231/raw.

•	An adapted comparative water boiling test can be used to compare 
the	efficiencies	between	different	types	of 	stoves.	The	basic	principle	
is	to	find	how	much	fuel	is	needed	to	bring	a	pot	of 	water	to	the	
boil and how long a simmering temperature can be sustained with 
a given mass of  fuel. If  compared to a reference standard (a stove 
for	which	the	efficiency	is	known)	this	should	give	an	estimate	for	
the	absolute	efficiency	of 	the	ICS.	The	full	details	of 	the	test	for	
either wood or charcoal can be found in the HEDON toolkits: 
http://www.hedon.info/ComparativeWaterBoilingTest.
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•	The controlled cooking test is very similar to the comparative 
water boiling test but is more adapted to real-life usage of  the 
cookstove: instead of  boiling water the monitored process is that 
of  the end-user using the stove to cook a standard meal. The 
advantage of  this test is that it reproduces a real-life situation 
and	is	therefore	an	effective	efficiency	measure.	Full	details	can	
be found here: http://www.aprovecho.org/lab/component/
rubberdoc/doc/231/raw.

Summarised versions of  the water-boiling test and the controlled 
cooking test as well as excel data calculation spreadsheets can be 
found on the Approchevo website here: http://www.aprovecho.
org/lab/pubs/testing.

It is essential that any stoves built are rigorously tested by EWB-
UK volunteers, and the data could be reported to the databases 
mentioned	in	the	introduction	to	this	section,	helping	fill	important	
data gaps. Ideally, stoves should also be tested for safety, including 
the use of  monitoring devices (e.g. the UCB particle monitor) to 
monitor particulate matter and ambient carbon monoxide levels. 
Without such tests, it is not possible to determine whether or not 
these stoves are safe to use in households.

3.3.4.2  Implementation and final considerations

Many ICS programmes are being implemented across the world 
in low-income areas, as they can be a relatively simple yet effective 
solution to the problems of  deforestation, smoke inhalation and the 
drudgery involved in fuel collection faced by almost half  the world’s 
population. As a result there is a lot of  political will to foster such 
programmes.
A major potential of  ICS programmes is to build capacity within 
communities, for example working with women’s groups to set 
up a social enterprise to build and sell cookstoves. This creates 
business opportunities which can provide positive feedback within 
the energy access challenge (see Figure 3 in the introduction to this 
chapter). Although initial purchase costs are relatively low, they are 
still too high for many people stuck in the poverty trap and micro-
finance	loans	are	often	needed	to	overcome	this	barrier.	There	is	an	
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increasing amount of  interest in using carbon markets to provide 
financing	for	such	initiatives	(GIZ,	2011),	as	cookstoves	provide	a	
fast way to reduce greenhouse gas emissions and deforestation. Case 
studies 12 and 13 provide some insight on the opportunities and 
pitfalls of  implementing cookstove programmes.

Another important factor to consider is that cooking is part of  
everyday life and culture, with deeply-rooted traditions. Many stoves 
or cooking methods will be found unsuitable by an end-user; case 
study 2 gives an example where a family would not use a smokeless 
stove because the smoke from traditional cooking methods was 
perceived	to	keep	the	flies	away.	Similarly,	Figure	130	(left) shows 
a household in a damp and cold area of  the Philippines where 
termites and insects degrade the wooden structure of  houses if  
left unchallenged. Smoke from traditional cooking methods can 
prevent such problems. This highlights the importance of  end-
user involvement throughout the design process, and also requires 
effective	and	transparent	communication	on	the	benefits	and	
drawbacks of  the technology from both parties, as well as clear 
instructions on how to use it. 

Figure 130 – (left) A household in Ag Agama (Luzon island, Philippines) where smoke 
generated from a 3-stone fire keeps structural wood-degrading termites and insects away. Note 
in the background how the woodfuel is being kept dry by placing it on racks above the fire. 
Photo credit: Matt Little. (right) Cooking outside, if  appropriate, is a simple way to reduce 
smoke inhalation in constrained places. Photo courtesy of  EWB-UK.
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There	are	other	ways	to	improve	cooking	efficiencies	and	reduce	
harmful indoor emissions, but again these are sometimes culturally 
unsuitable or not readily adopted. Examples include (Practical 
Action, 2010):

•	Cooking outdoors (Figure 130 right).

•	Spending as little time as possible near the stove or in the room 
while cooking, and keep children away as much as possible.

•	Preparing food before cooking, such as cutting food into smaller 
pieces, grinding dried pulses or pre-soaking beans.

•	Using a pot lid.
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Case study 12: Heat retention cookers

Aoife Wilson, Uganda, September 2010 – November 2011

The process
A short time after my arrival at PEFO a group of  grandmothers 
expressed	an	interest	in	fuel	efficient	cookstoves.	They	had	
witnessed Lorena stoves being constructed by other NGOs in 
their neighbours’ homes and saw them as an attractive alternative 
to	their	traditional	method	of 	cooking;	a	three	stone	fire.

I was advised by staff  at these NGOs that the Lorena cookstove 
could reduce fuel consumption by up to 60%. There were no 
tests to support this evidence but an online search indicated 
that	this	figure	was	a	‘myth’	and	in	reality,	because	of 	their	high	
mass and the lack of  uniformity in production these stoves were 
considerably	less	efficient	than	their	counterparts,	in	some	cases	
being	even	less	efficient	than	a	three	stone	fire.
It	was	not	just	Lorena	stoves	for	which	I	found	conflicting	

reports but indeed reliable information on all models of  fuel 
efficient	cooking	technologies	and	the	surrounding	issues	was	
very	difficult	to	come	by.	Thousands	of 	models	existed	with	little	
apparent consensus on what worked best. It was a challenge to 
find	anything	in	terms	of 	uniform	testing	or	widely	used	metrics	
for direct comparison and almost everything failed on at least one 
of 	the	following	counts;	cultural	appropriateness,	efficiency	(fuel	
consumption, smoke reduction and time to bring a pot of  water 
to the boil), cost or user friendliness. The process by which many 
of  the models had been designed or introduced into communities 
was also a major cause of  their failure and where stoves had been 
subsidised	or	given	for	free	it	was	extremely	difficult	to	gauge	their	
real popularity.
It	was	decided	that	in	order	to	find	a	solution	that	best	

matched the women’s needs, we would, as a group, construct, trial, 
experiment with and explore a range of  models. Through this 
process the women would not just learn about their options, but 
also gain a more in-depth understanding of  what made a good 
stove work.
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•	Together	we	first	built	a	one	pot	mud	stove	using	a	manual	
from the Ugandan Ministry of  Energy and the Environment 
(in partnership with GTZ) which I found online. The materials 
were all available nearby for free (https://energypedia.info/
images/9/93/GTZ-HOUSEHOLD_Stoves_Construction_
Manual_June_2008.pdf).

•	We then built a Lorena stove under the guidance of  a local lady 
who had learned how to build them from another NGO. This 
way the women could prove themselves that the stove was less 
efficient	and	explore	the	reasons	why.

•	We learned how to build 6-brick rocket stoves (both a portable 
and in situ) from a man who had built these for an NGO in 
Northern Uganda. Unfortunately given the quantity of  people 
involved and our inexperience, the end results were a little 
misshapen. The women preferred the portable model but this 
required the additional purchase of  a used paint tin in which to 
house the cooker.

•	We borrowed an Okelo Kuc stove and large solar cooker for 
examination and trial. Both of  these models were outside the 
women’s budgets however, and there were additional concerns 
regarding the solar cooker.

Each model was tested using a selection of  tests from the 
Aprovecho Research Centre (http://www.aprovecho.org/lab/
pubs/testing).

Before, during and after each of  these sessions we also 
discussed many of  the surrounding issues, both technical and 
non-technical. I did some basic experiments with the women to 
demonstrate principals of  thermodynamics such as insulators V 
conductors and they taught me a lot about the properties of  local 
materials amongst other things. During the reviews, the women 
were often more interested in the social issues relating to the 
cookers over the technical. For example, the women decided to put 
a plinth beneath the one pot mud stove as they said that being able 
to sit on a stove was a sign of  the changing times and would afford 
them more respect.
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The	final	product	we	tried	was	a	heat	retention	cooker.	
Technically	this	is	a	beautifully	efficient	concept	but	it	does	require	
some changes in the behaviour of  the cook. This was however 
selected by the women as their favourite solution and they agreed 
it would be appropriate to develop a business around it.
Our	first	attempt	at	selling	the	cookers	went	very	badly.	We	

eventually gave some out in exchange for feedback and discovered 
the customers’ primary complaints were that the cookers were 
‘shabby’. 

After multiple design irritations, using every combination of  
insulation and container available (dried, plaited banana leaves, 
rice husks, coffee husks, feathers, shredded dried banana leaves, 
cardboard boxes, recycled cloth, baskets galore) I was introduced 
to	an	English	lady	who	had	come	up	with	a	very	finished	looking	
product that could be produced using cloth from the town and 
offcuts from a mattress factory as insulation. The women were 
very keen on this model and learned how to construct it quickly, 
soon after raising money to 
produce	a	first	batch.

PEFO provided business 
training and continued 
to support the women as 
their small business grew 
for a few months after my 
departure; loaning sewing 
machines, providing them 
with space in a shop in town 
etc. Today the women run 
the business themselves and 
sell the products locally.

Figure A – Heat retention cookers, using offcuts 
from a mattress factory for insulation and cloth to 
have an aesthetically pleasing final product.

Lessons learned

1. If  I were to do this again, I would spend considerably more 
time	at	the	beginning	getting	to	know	the	key	players	in	this	field	
– not just in the district, but in the whole country, particularly 
the	capital.	It	was	only	in	my	final	few	weeks	that	I	discovered	
the Centre for Research in Energy and Energy Conservation 
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(CREEC) which houses a fully equipped, internationally 
recognised stove testing centre (creec.or.ug). There are a 
number of  other successful groups and businesses who are 
doing fantastic work in the design, production and sales of  fuel 
efficient	cookstoves,	however	they	rarely	seem	to	interact.

2. I	vastly	undermined	the	significance	of 	a	product’s	aesthetics	
at	first.	It	was	only	when	our	cookers	failed	to	sell	(and	the	
grandmothers got in debt as a result) that I was made painfully 
aware	of 	its	importance.	Our	final	product,	despite	being	more	
expensive, was considerably more popular because it was an 
attractive	finished	product,	not	a	third	world	solution.

3. I	equally	significantly	underestimated	the	complications	
involved in setting up and running a small local business. The 
vast majority of  issues in this area, however, were to do with 
relationships within the group. In hindsight I would dedicate a 
lot more time to business training and planning.

4. As an engineering graduate my interest and as such my focus 
was largely on design and construction for the vast majority of  
my stay. My time may have been more wisely spent looking at 
the bigger picture and considering how a market could have 
been built for an existing product – taking advantage of  others’ 
expertise and economies of  scale, and letting the women focus 
on	selling	the	product	and	managing	the	finances.

5. Fuel consumption can be considerably reduced by just using a 
pot lid, cutting food into smaller pieces or pre-soaking beans.

Project blog http://lemonadesoldiers.wordpress.com/
Photos: http://on.fb.me/166YG3G

About the author: Aoife Wilson had recently graduated from 
Trinity College Dublin with a degree in Civil, Structural and 
Environmental Engineering when she travelled to Uganda in 
2010. Since returning to Ireland she has become very involved in 
growing EWB here.
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About the organisation: PEFO Uganda is a grassroots NGO 
who work with grandmothers and HIV positive women who have 
become the primary caregivers of  vulnerable children. PEFO work 
with them in a number of  programme areas, including health, 
education,	livelihoods,	microfinance	and	affordable	housing.	The	
grandmothers and HIV positive caregivers meet once a week in 
regional groups. Group meetings are led by the women themselves. 
The staff, who are all Ugandan, interact with the women during 
their weekly community meetings, in their homes and at the PEFO 
Farm School.
The Foundation for Sustainable Development: EWB Ireland 
did not have an overseas programme in 2010, so I arranged my 
placement through the Foundation for Sustainable Development.
FSD is an American organisation who recruit, train and place 
volunteers with grassroots organisations and local families. 
My	first	week	was	spent	with	FSD’s	in-country	team,	receiving	

training in cultural integration, concepts and best practice in 
the	field	of 	sustainable	development,	local	language,	project	
planning etc. Following this, I moved in with my host family and 
commenced work with PEFO. 

FSD require that their volunteers do not develop a project 
proposal until they have spent some time with their host 
organisation.  So, it was only after some weeks getting to know the 
organisation, the grandmothers, the scope of  their work together 
and the surrounding issues that I submitted a budget and detailed 
project plan to FSD. Once this had been reviewed and approved, 
I received a $200 stipend for the project. Additionally I submitted 
weekly progress reports to the in-country FSD team. I was 
awarded an $800 grant further on in the project.

I extended my stay following my placement with FSD and 
continued to work with PEFO as a member of  their staff.
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Case study 13: The importance of marketing for micro 
energy enterprises in East Africa

Laura Clough, Kenya, 2010/ 2011

GVEP	International	is	a	non-profit	organisation	that	works	to	
increase access to modern energy and reduce poverty in developing 
countries. GVEP helps establish and grow micro, small and medium 
sized energy enterprises in poor rural and peri-urban areas, and 
provides	business	and	technical	advice	and	access	to	financial	
services. The Developing Energy Enterprises Project (DEEP) 
which ran from 2008 to 2013 aimed to provide the crucial 
support necessary to enable the development of  a sustainable 
and widespread industry of  micro and small energy enterprises in 
Kenya, Uganda and Tanzania.
Marketing	a	product	or	service	was	identified	as	a	key	challenge	

in many enterprises supported by the DEEP project. Research 
was conducted on the current marketing strategies employed by 
energy entrepreneurs and the challenges they face to understand 
the marketing issues and dynamics on the ground and as a result 
better improve the marketing support and advice they offer to 
entrepreneurs. A total of  37 energy entrepreneurs and 22 energy 
consumers were interviewed for the study across Kenya, Uganda 
and Tanzania. 

The study found that many of  the marketing issues entrepreneurs 
face	are	specific	to	the	different	energy	technologies.	For	example,	
for an entrepreneur involved in solar phone charging, location is 
key and entrepreneurs need to be located within 5 km of  their 
customers. For an entrepreneur involved in selling briquettes, a dense 
biomass or charcoal fuel block, the quality of  the product is very 
important and price is a critical factor. Briquettes are in competition 
with	more	traditional	fuel	sources	such	as	firewood	and	charcoal	and	
must	be	shown	to	have	cost	benefits	over	them.	Although	briquettes	
are more expensive than charcoal per kg at the point of  purchase, 
they burn longer than charcoal and hence less are required – a 
message that promotional materials need to effectively communicate 
to consumers. 
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The results from the 
study	helped	influence	the	
support that GVEP offered 
to entrepreneurs through 
the DEEP program. 
Market Development 
Activities were given an 
integral role in the program 
in which entrepreneurs 
and other stakeholders 
are invited to a local 
marketplace to engage 
in promotional activities 
and sell products. These 
events not only allow entrepreneurs to increase their sales for 
that month but also provide useful linkages with new customers, 
many of  whom make orders after the event. The entrepreneurs 
take increasing responsibility in successive marketing events to 
encourage them to eventually engage in the marketing without 
assistance. 

Figure A – Entrepreneurs engaging in promotional 
activities at a market development event organised by 
the DEEP program.

It is important to note that even simple marketing techniques 
such as signboards, posters and simple branding can have a 
significant	effect.	The	study	showed	that	word	of 	mouth	was	a	
common marketing technique used and entrepreneurs can utilise 
social networks for marketing such as women’s groups, church 
groups or community meetings. The price and availability of  
a	product	are	also	factors	that	strongly	influence	consumers	
purchasing choices.

We conducted work with SCODE, an improved cookstove 
retailer in Nakuru, Kenya to encourage the use of  branding 
for their products. A series of  labels, stickers and stencils were 
provided enabling SCODE to paint their logo onto multiple stoves 
and experiment with different colours and designs. Initial results 
showed that the branded SCODE stoves sold quickly and at a 
premium price of  1000 KES compared to 720 KES for the non-
branded model. Customers were also prepared to wait for the next 
batch of  branded stoves rather than take a non-branded version.
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Further information about the study and the DEEP program 
can be found at:
•	http://www.gvepinternational.org/sites/default/files/marketing_
report_final_2_1_final_for_web.pdf

•	http://www.hedon.info/View+Article&itemId=12683.

About the author: Laura Clough completed an EWB-UK 
placement in 2010 with GVEP International and has since taken 
on a permanent role with the organisation. She has now worked 
with GVEP for 3 years based in Kenya providing technical 
support and more recently leading GVEP’s technical activities 
for biomass related businesses including those making improved 
cookstove and biomass briquettes. Laura graduated from the 
University of  Birmingham with a Master’s degree in Mathematical 
Engineering.

About the organisation: GVEP International (Global Village 
Energy Partnership) reduces poverty by increasing access to 
affordable modern energy services in developing countries, 
where state or large utilities’ interventions are slow to reach. We 
help establish and grow micro, small and medium size energy 
enterprises so that they can deliver sustainable access to clean 
energy, and in turn improve quality of  life for people in developing 
countries. Our work towards delivering improved access to clean 
and	sustainable	energy	has	a	positive	impact	in	the	fields	of 	health,	
agriculture, small businesses, households and education.

Figure B – Experiments branding energy efficient stoves and using stickers and logos as a 
form of  marketing.
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3.3.4.3 More information

Although this section has given more detailed information on 
improved cookstoves, the reader should refer to the additional 
information contained in chapter 4, Further reading, and consult 
both an expert and a local champion before implementing any 
potential solutions.

3.4 Practical system design – the details
3.4.1 Electrical system design

Once we have performed a load and resource assessment and we 
are happy that the energy balance is correct, we need to think about 
designing the full electrical system.

3.4.1.1 Typical SAPS design

A stand-alone renewable energy system is an independent power 
supply. As mentioned, the variability of  the renewable energy source 
means we require a form of  energy storage, typically batteries. In 
effect the system is an automatic battery charger. The operation 
of  the system is simple: the renewable energy source charges the 
battery and the battery supplies energy to any connected loads. 
Under normal operation there is no need for human intervention.

Figure 131 – A typical renewable energy based stand-alone power supply system. Courtesy of  Matt 
Little.
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There are four primary elements to a typical product or system:
•	Renewable energy generator(s) 

•	A charge controller – this protects the battery and loads

•	A battery (or battery bank) – to buffer the variability of  the 
renewable energy source

•	Load equipment (appliances).

The battery is the most important component of  the system and 
has	the	greatest	influence	on	operation	and	performance.	It	often	
defines	many	other	aspects	of 	the	system	design.	

3.4.1.2 Design techniques

Bespoke designs can be produced for extended operating life 
in extreme temperatures, harsh environments and for highly 
specialised applications.

In addition to providing highly reliable systems, specialist design 
techniques can be used to allow or provide the following:
•	Ease of  installation – systems can be installed and commissioned 

by third parties or the end customer. Aspects such as unique plug 
and socket connection prevent incorrect assembly.

•	Pre-failure	notification	–	larger	systems	can	send	an	alarm	if 	the	
energy is running out – whatever the cause. The alarm can be 
audible, a text message or an email message.

•	Remote monitoring – all system parameters can be accessed over a 
telecom link if  required.

•	No specialised tools required - all installation and maintenance 
performed with a basic set of  commonly available tools.

•	Security – theft and damage resistant measures for all major 
components can be incorporated.

•	Safety – electrical and mechanical protection is incorporated in 
accordance to the requirements of  the application and those using it.
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•	International compliance - all components comply with the 
appropriate international standards for safety, quality of  materials, 
environmental stability, environmental impact, etc.

3.4.2 Detailed electrical system

Although there are four main elements, the full system design is 
more complicated. We must ensure every part of  the system has 
been designed for all possible conditions. 

Figure 132 –A detailed single-line system diagram for SAPS. Courtesy of  Matt Little.

Here is a system-level design for a stand-alone power supply with 
various generators and loads attached. It shows the main electrical 
interconnections along with other equipment (called balance of  
system (BOS) components). Whether all this equipment is required 
is	context	specific.
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Item Description

Wind Turbine Depends upon resource assessment

Solar Modules Depends upon resource assessment

Backup Generator This could be a diesel generator or a connection to a grid

DC Loads As calculated in the load assessment

AC Loads As calculated in the load assessment

Battery Bank The storage buffer

Lightning Protection System To help protect the system (if  required)

Brake To electrically brake the wind turbine (if  required)

Rectifier To convert  the AC output of  the wind turbine to DC (if  
required)

Ammeter To	monitor	current	flowing

Fuse To protect against over-current and short circuit

Series Regulator To control charge from current-limited sources

Shunt Regulator To dissipate charge from generators (requires dump load)

Dump Load To dissipate charge from generators

Inverter To convert DC into AC at the correct voltage and 
frequency

Watt-Hour (Wh) meter Measures energy supplied.

Shunt To monitor current 

Ah or State Of  Charge meter To display energy stored within the battery

Voltmeter To display the battery/system voltage (as an indicator of  
state of  charge)

3.4.2.1 System voltage

To	design	the	electrical	system,	we	first	choose	a	system	voltage	
(Vsys). This will be the DC voltage of  the battery bank, the 
renewable energy generator output, any DC loads and the inverter 
input. 
The	system	voltage	affects	the	currents	flowing	through	the	

system (using Power = Voltage x Current). The current affects 
the cost of  the system, as higher currents will require thicker and 
more expensive cables. Higher currents can also mean higher cost 
regulators and DC devices. But higher voltages might require the 
use of  more specialist charge controller and inverters. 

12 V DC is a typical system voltage as it is the standard voltage 

Table 20 – The main components from Figure 132 and details of  their function.
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used in automotive electrical systems. This means there is a large 
market for 12 V devices and storage batteries. This means 12 V DC 
devices are readily obtainable. Nearly all DC systems are based upon 
multiples of  12 V.

Example: A 1000 W rated wind turbine it to be installed on a 
mast of 10m height, a distance of 20 m from a battery bank. If 
we choose a 12 V DC system, then the current will be around 
80 A (1000W/12 V = 83A). This is a high current and would 
require thick cables, of greater than 100 mm2 cross section. 
It would also require specialist, high current connectors and 
fuses.

On the other hand, if we chose 48 V DC system then the 
current would be around 20 A. The cable size would be one 
quarter of the first case, and hence at least one quarter of the 
price. The cable would be easier to transport and install, as it 
would be lighter and more flexible. The connectors and fuses 
would also be easier to obtain and much cheaper. 

We	can	look	at	the	maximum	power	flowing	in	the	system	and	
this can help us decide upon a system voltage. The maximum 
power	could	either	be	the	power	flowing	from	the	renewable	energy	
generator	or	the	power	flowing	to	the	load.	We	generally	try	to	keep	
the maximum current less than 50 A.

Figure 133 – Graph to show the approximate power levels for different system voltages. Courtesy of  
Matt Little.
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Unfortunately, deciding the system voltage is not a straightforward 
choice.	The	final	choice	of 	the	system	voltage	will	depend	upon	a	
number of  factors:
•	cost of  cable

•	availability of  components rated at the system voltage (e.g. the 
inverter)

•	voltage requirement of  the loads (e.g. are all the loads at 12 V DC?).

These factors must be weighed up by the system designer. 
It might be good to have a system voltage which is the same as 

a local ‘standard’ voltage (such as a 12 V DC system which can use 
standard automobile electrical parts). This would mean replacement 
parts are easily available locally at a low price. On the other hand, 
if  the designer is worried that the system might be used to power 
additional, potentially unauthorised, loads (such as DVDs and 
video machines) which would affect the system performance, they 
may choose to use a relatively non-standard voltage (e.g. 48 V DC). 
This would help to stop unauthorised use of  the power, but would 
mean the system is dependent upon specialised and more expensive 
replacement parts, which may not be available locally.
The	final	decision	is	usually	a	balance	between	cost	of 	the	cable	

and components against the usefulness of  the system voltage.

Example: With a maximum power requirement of 260 W, a 
system voltage of 12 V DC is chosen for our example system.

3.4.2.2 System layout

An important aspect of  system installation is a good system layout. 
This requires skill and experience from the system designer. General 
points to consider include:
•	Ensure battery bank and power house is as cool as possible and 

well ventilated.

ENERGY BOOK PRESS.indb   269 02/09/2014   14:58:39



Energy Part III chapter 3 – The details

– 270 –

•	Ensure no electrical devices are placed directly above the battery 
bank.

•	Ensure very thick cable used to join individual batteries within the 
battery bank.

•	Take the positive and negative cables from different ends of  the 
battery bank. This should ensure more even discharging of  the 
batteries.

•	Ensure high current cable runs are kept as short as possible.

•	Ensure all cables and system components are accessible and 
removable in case of  testing or repair.

•	Ensure the layout of  the meters and breakers is thought through 
to make them easy to read, but without excessive cable run 
deviations.

•	Try to ‘insect-proof ’ the various system components. Use screens 
or sealant. Use insect repellent every month if  infestations occur.

•	The use of  bus bars as a power distribution system makes it easy 
to connect the various generators and loads.

•	Ensure all cable connections are well constructed. Remember this 
should be designed for a lifetime of  20 years or more.

Build and test as much of  the system as possible before going to 
the site. Depending upon how remote the site is, it might be best 
to build and test as much as possible of  the system (such as the bus 
bars, system voltmeter and ammeters) in a workshop. This can then 
be transported to the site and installed relatively quickly and easily.

A system layout plan should be made using the correct sizes of  
equipment to help the installation when on site. 
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Figure 134 – A typical system physical wall layout. Courtesy of  Matt Little.

3.4.2.3 Electrical schematic

An electrical schematic is a wiring diagram which shows every 
electrical connection between every item. It is a reference for wiring 
up the system and, in the future, for any alterations or maintenance 
work.

An example electrical schematic is shown in Figure 135. There 
might be a number of  revisions of  the electrical schematic as items 
are adjusted.
All	cables	should	be	identified	on	the	schematic	and	(if 	possible)	

on	the	installation	as	this	will	make	fault	finding	and	changes	to	the	
system easier in the future.
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3.4.2.4 Installation practice

We must ensure good installation practice. This includes:
•	Ensure cable runs are kept as short possible and neat. 

•	Monitoring information must be easily accessible and easy to 
interpret.

•	Proper	cable	identification.

•	Full electrical circuit diagram/schematic is always required.

•	Include copies of  any manuals on the equipment installed.

•	This must be kept in case of  any maintenance required later on – 
always remember that you may not be around so ensure that it is 
understandable by another person

•	Make sure the layout is clear, as although you may understand what 
everything does and where all the wires go, you are not the one 
who will be maintaining the system. It is likely to be somebody 
with little knowledge of  electricity, so even going as far as labelling 
key components and where cables lead to can often be useful.

Figure 136b – A very clear electrical 
installation. The community struggled 
to maintain the first system, (above) 
whilst the community technician shown 
on the left was capable of  performing all 
but the most complicated maintenance 
operations. Photos courtesy of  Jon 
Sumanik-Leary.

Figure 136a – A very confusing electrical 
installation
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3.4.2.5 Batteries

The vast majority of  
renewable energy-based SAPS 
use lead-acid batteries. These 
are electro-chemical devices 
which store electrical energy 
in the form of  chemical 
energy. This is then converted 
back into electrical energy 
when required. They are used 
extensively in many devices, as 
they are relatively cheap and 
easily obtainable. Most battery 
manufacturers have a range of  batteries designed for stand-alone 
power supply applications.

The energy storage on a system can be increased through the 
addition of  extra batteries, although never mix different types or 
ages of  batteries – always replace the whole battery bank at the 
same time. This is due to the difference in internal structure of  the 
different types of  batteries (the internal resistance) which may mean 
that one battery is utilised more than the others and hence that 
battery may fail prematurely.

Figure 137 – Various lead-acid batteries awaiting 
recharge. Photo courtesy of  Matt Little.

Note: Not all systems require batteries. If the load can be 
controlled to directly match the resource then the loads 
and generator can be directly coupled, e.g. water pumping 
systems, where the pump is variable and runs only when 
there is energy available from the generator. In this case the 
pumped water is the energy store. Directly coupled systems 
must be carefully designed. The design of such systems is not 
covered in this guide, although the notes on cable sizing and 
over-current protection are still relevant. A useful guide to PV 
water pumping can be found on the Green Empowerment 
website, here: http://www.greenempowerment.org/
attachments/SolarWaterPumpingManual_jan2007.pdf.
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Types of  battery

Automotive batteries
•	Not suitable for long-term energy storage. 

DO NOT USE in an off-grid system.
•	The lead plates have a weak sponge design 

which is damaged by excessive charge-cycling.

Flooded or Wet Cells
•	Very common lead-acid battery for off-grid 

systems.
•	Ensure they are ‘leisure’ or ‘deep cycle’ types. 

High-cycle types should always be used for 
renewable energy systems, if  available.
•	Not sealed so user can check and replenish 

electrolyte.
•	Lower cost.
•	Cannot use full capacity in PV systems as 

they require an initialisation charge (typically 
48hrs continuously) – which is not possible 
with stand-alone PV, which generate nothing 
at night.

Absorbed Glass Mat (AGM)
•	AGM	batteries	use	a	fibre-glass-like	

separator to hold electrolyte in place.
•	This makes AGM spill proof  and impact 

resistant.
•	Sealed	and	cannot	be	refilled	with	

electrolyte. DO NOT OVER-CHARGE.
•	Use same voltage set-points as wet cells, 

so can be used as direct replacement for 
flooded	batteries.
•	Higher cost.
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Gel Cells
•	These use a thickening agent to immobilise 

the electrolyte.
•	Can be used in any orientation - electrolyte 

will not spill.
•	Sealed	and	cannot	be	refilled	with	electrolyte.	

DO NOT OVER-CHARGE.
•	Use different voltage recharge set-points.
•	Higher cost.

Battery ratings
Batteries have both a voltage and a capacity rating. The amount 
on energy left within a battery is called the state of  charge of  the 
battery.

Battery Voltage
A single lead-acid cell has a voltage of  around 2 V DC. These are 
built up into higher voltages and are generally built into 12 V DC 
batteries (comprising of  6 cells in series). The battery voltage will be 
the main system voltage.

Battery Capacity
Battery capacity is measured in amp-hours (Ah). This is the number 
of 	hours	a	certain	current	can	be	maintained.	To	find	the	energy	
(watt-hours or Wh) contained within the battery, multiply the 
battery capacity by its voltage.

Battery capacity depends upon the magnitude of  the current 
being drawn from the battery. 

Example: a battery might be able to supply 1 A for 120 hours 
(120 Ah at 1 A rate) but only supply 10 A for 10 hours (100 Ah 
at 10 A rate). Good quality batteries will have a number of 
capacity ratings at different currents, usually quoted as the 
capacity (C) divided by a factor. For example: a battery might 
be rated at 100 Ah at C/10 (C = 100 Ah so current is 100/10 
= 10 A), 70 Ah at C/1 (current is 70 A) and 120 Ah at C/100 
(current is 1.2 A).
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It is best to ensure the average charge current is not greater than 
the C/10 rate of  the battery, otherwise there will be greater heat 
dissipation	(and	hence	power	loss)	making	the	system	less	efficient.

Battery state of  charge
State of  charge is the total energy left in the battery as a percentage 
of  the full capacity of  the battery. 

Example: 25 Ah have been removed from a 100 Ah battery. 
This is a depth of discharge of 25%, leaving 75 Ah within 
the battery, hence the state of charge is 75 Ah/100 Ah = 
75%. The state of charge of a battery is a very useful system 
variable. Factors influencing state of charge include: age 
of battery, temperature, the number of battery cycles and 
the magnitude of current flowing. This makes accurately 
assessing the state of charge of a battery bank very difficult.

It	is	very	difficult	to	accurately	assess	how	much	energy	is	
contained within a battery. As a result batteries are generally not well 
maintained and frequently fail before other parts of  the system. 
There	are	three	main	techniques	for	finding	state	of 	charge	of 	a	
lead-acid battery:

Electrolyte	specific	gravity
The	specific	gravity	(density)	of 	the	battery	electrolyte	will	change	
depending upon the SOC. This can be tested with a battery 
hydrometer.	This	technique	only	works	with	open	vented/flooded	
lead-acid batteries with access to the electrolyte. This method can be 
very accurate.

Please use the chart and instructions which come with your 
hydrometer. You will have to make corrections for temperature, as 
the temperature will affect the density. 

Always wear acid-resistant gloves and goggles when taking 
hydrometer readings.
Figure	138	shows	the	approximate	specific	gravity,	battery	voltage	

and state of  charge of  an open-vented lead-acid battery bank.
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Figure 138 – State of  charge against battery voltage (with no connection 
and after left for >2 hours) and specific gravity. Courtesy of  Matt Little.

Voltage measurement
Measuring the voltage and knowing the current in or out of  the 
battery can allow SOC monitoring. Graphs (such as the example 
here) are available which show how the SOC versus voltage 
varies at different currents and temperatures. This method is not 
very accurate and depends on access to battery data from the 
manufacturer. The data shown in Figure 139 and Figure 140 is from 
one	type	of 	lead-acid	battery.	If 	possible	find	data	from	the	specific	
manufacturer.
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Figure 139 – State of  charge against voltage for various charge currents. Courtesy of  Matt Little.

Figure 140 – State of  charge against voltage for various discharge rates. Courtesy of  Matt Little.
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Note: Data for these charts was first published in Home 
Power Magazine #36, Aug/Sept 1993 entitled Lead-Acid 
Battery State of Charge vs Voltage, By Richard Perez. Be very 
careful when using this chart. The battery voltage (and hence 
system voltage) will indicate the state of charge of the battery 
but a number of other factors also influence this, including: 
temperature, age of battery, number of battery cycles.

Amp-hour monitoring
Amp-hour SOC monitors 
(sometimes called 
coulombic monitoring) 
measure the current (and 
hence the amp-hours) 
going into and out of  the 
battery and make some 
calculations of  the energy 
left within the battery. 
Using the voltage along 
with the amp-hours these 
monitors can accurately 
monitor the state of  charge. 
These monitors are generally quite expensive, but are the easiest to 
read and are most accurate.

Figure 141 – An example Amp-hour meter with 
LCD display. Courtesy of  Matt Little.

Battery lifetime
A well maintained battery with light use can last over 10 years, but 
typical lifetimes are 3–5 years, which can drop to 6 months if  the 
battery is not cared for. Lifetimes are dependent on a number of  
factors including: 
•	number of  charge/discharge cycles 

•	temperature

•	the depth of  discharge

•	over-charging
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•	over-discharging

•	whether any damage occurred during transportation and 
installation.

The	efficiency	with	which	energy	is	stored	and	retrieved	from	the	
battery	depends	on	the	current.	Typical	battery	efficiency	is	around	
70–80%.

Battery safety 
Batteries can be dangerous, especially if  incorrectly handled or 
installed. The higher the SOC, the more concentrated the acid inside 
is and the more potential for harm exists. Before working on a 
battery system please review these important safety measures.

When working with batteries always ensure:
•	NO SMOKING	or	flames	in	the	powerhouse.

•	Batteries generate explosive hydrogen gas when recharging. 
Ensure adequate ventilation.

•	DO NOT short circuit the battery terminals. Extremely high 
currents	can	flow	which	can	cause	large	sparks,	start	fires	and	
cause severe burns.

•	DO NOT wear jewellery or metal items while working on 
batteries. 

•	Wear acid resistant gloves.

•	Wear goggles for eye protection.

•	Batteries are heavy. Ensure correct lifting procedure.

•	Have a companion within hearing range to come to your aid in 
case of  problems.

•	Have plenty of  fresh water and soap around in case of  battery acid 
contacting skin, clothes etc. 

•	If  acid splashed onto clothes or skin wash thoroughly with soap 
and clean water.
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•	If 	acid	splashed	into	eye,	flush	with	clean	water	for	a	least	20	
minutes and immediately get medical attention (this may be 
difficult	in	remote	areas	so	always wear eye protection).

•	Neutralise any spills with a supply of  an alkaline powder (such as 
baking power).

•	Extremely	high	currents	can	flow	if 	the	battery	is	short	circuited.	
This	can	cause	burns	and	can	easily	start	fires.	Hence	over-current 
protection must be used on all cables to and from the battery 
bank.

Battery safety protection kit:
A battery safety protection kit should be included with all systems 
using open-vented lead acid batteries. It is sensible to include this kit 
with any lead-acid battery based system.

This kit should include:
◊	 Acid-resistant gloves

◊	 Goggles

◊	 Apron

◊	 Neutralising alkali (baking soda) / Electrolyte spill kit.
For much more information on batteries, including their 

maintenance and safe operation, refer to the International Energy 
Agency battery guide available free to download from: 
http://iea-pvps.org/products/rep3_06.htm.

Battery bank sizing
The system voltage has already been chosen, we must now calculate 
the required battery bank capacity. The capacity required depends 
upon two factors: the required number of  days of  autonomy and 
maximum current. A battery bank capacity can be calculated for 
both these factors and then the larger of  the two values must be 
used as the actual battery bank capacity.
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Method 1: Number of  days autonomy battery capacity
The basic calculation for the battery bank size is: how much energy 
does it need to store? 

Typically, the renewable energy input will be variable and the total 
energy	flowing	into	the	system	will	vary	from	day	to	day.	The	resource	
assessment will have shown that there is enough average daily energy, 
but	this	does	not	mean	that	every	day	this	much	energy	will	flow	into	
the system. In order to compensate for this batteries are used. 

To do this, an educated guess must be taken on the number of  
days that the system can supply the load with no energy input. This 
is called the days of  autonomy. 

This value is a trade-off  between the system reliability required 
and the cost of  additional storage. Typically, a value of  between 
3 and 5 days of  autonomy is chosen. The higher the days of  
autonomy, the more reliable the system, but it will also mean a larger 
and hence more expensive battery bank. Lower values will mean 
a smaller, and hence less expensive, battery bank but it will be less 
reliable in times of  low renewable energy resource.

Note: Lead acid batteries cannot store energy for very long 
periods (months). This is due to their self-discharge (if left 
with no input, a small percentage of the charge is lost each 
day, over time this can  totally discharge the battery). This 
means that a battery bank cannot smooth out seasonal 
variations. As noted in the ‘energy balance’ section, if large 
seasonal variations are seen in the resource assessment this 
may affect the system design. Rather than using the annual 
daily average values for energy input, it would be best to 
take the month with the minimum resource and design for 
that value. This would ensure that the system will operate 
throughout any low resource period.

Another factor to take into account is the depth of  discharge of  
the battery bank. The depth of  discharge relates to the amount of  
energy	that	can	be	taken	from	the	battery.	This	has	a	significant	
effect on cycle life, and is usually shown as a percentage of  capacity 
removed.
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Example: a 100 Ah battery has a load of 5 A applied for 5 
hours. This means 5 A x 5 hrs = 25 Ah have been removed 
from a 100Ah battery. Therefore there should be 75 Ah left. 
The depth of discharge is 25 Ah out of 100 Ah = 25% (Note: 
this is a simplistic analysis as a number of other factors 
affect this value, but will work for a basic battery capacity 
calculation).

To help ensure a long battery lifetime, a maximum depth of  
discharge of  50% should be used in the calculation of  battery 
capacity.
The	calculations	required	to	find	the	battery	capacity	from	the	

‘number of  days’ autonomy’ are:
Find the average daily total load required (Eloads) in watt-hours 

(this should be calculated in the load analysis). 
Using the days autonomy required (Dautonomy) and the maximum 

depth of  discharge of  the battery (DODmax), the storage 
requirement of  the battery can be calculated (Estore). 

This, along with the system voltage (Vsys), will give the amp-hour 
capacity of  the battery (Cbat_1):

Estore =

Eloads	∙	Dautonomy	∙	100

DODmax

Example: Using the Peruvian health centre example:
The daily load requirement (from ‘energy balance’ section) is 
658 Wh. 
System voltage = 12 V
Days of autonomy = 4
Maximum depth of discharge = 50%
Estore = (658x4x100)/50 = 5264 Wh

Battery capacity (method 1) = 5264 Wh / 12 V = 438 Ah
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Method 2: Maximum current battery capacity
Due to the electro-chemical characteristics of  the battery, more 
current	into	or	out	of 	the	battery	makes	it	less	efficient.	To	ensure	a	
reasonably	efficient	battery	bank,	the	maximum	current	magnitude	
into the battery should be limited to 1/8th of  the battery bank rated 
Ah capacity:

Cbat_2 = Imax x 8

The Imax value is either the maximum current from the generators 
or the maximum current to the loads, whichever is greater.

This gives a second calculation of  the battery bank capacity, 
which	must	also	be	fulfilled.

Example: 

The maximum load is 260 W, which is 21.6 A on the 12 V 
system.
The maximum generation is 150 W, which is 12.5 A on the 12 
V system.
Using the larger value, the minimum Ah capacity of the 
battery should be:

Battery capacity (method 2) =  21.6 A x 8 = 173 Ah. 

Final battery bank capacity
Two battery bank capacities have been calculated (Cbat_1 from the 
number of  days of  autonomy method and Cbat_2 from the maximum 
current method). Both these values must be met, therefore use the 
larger value as the design value.

The battery bank will be comprised of  batteries connected in 
series (to increase the voltage) and parallel (to increase the capacity). 
Batteries are only available in certain Ah capacities. Therefore, 
multiple batteries connected in parallel may be needed to get the 
required capacity. Also, the capacity required may not be an exact 
multiple of  the available battery sizes. If  this is the case, always try 
to over-size the battery bank using the available battery capacities.
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Example:

Cbat_1 = 438 Ah, Cbat_2 = 173 Ah, therefore use Cbat = 438 Ah.

Available batteries are 12 V, 150 Ah. 

Vsys = 12 V, and each series string will be rated at 12 V and 150 Ah.

Total capacity is 438 Ah, therefore 438 Ah / 150 Ah = 2.92 
parallel strings are required. This must be rounded up to the 
nearest whole value; therefore 3 parallel strings are required.
The final design is for 3 x 12 V 150 Ah batteries. 3 parallel strings 
are required. 

The total capacity (Cbat) = 150 Ah x 3 = 450 Ah.

ENERGY BOOK PRESS.indb   286 02/09/2014   14:58:48



Energy Part III chapter 3 – The details

– 287 –

Case study 14: An interdisciplinary research study of 
off-grid solar PV systems in Rwandan Health Centres 

and Schools

Andrew Crossland, Oghenetejiri Harold Anuta,  
Bronwyn McNeil, United Kingdom, 2012

Since the government announced the ‘Vision 2020’ target for 35% 
electrification	in	Rwanda	(population	10.5	million),	the	number	
of  electricity connections have grown rapidly from 45,000 in 2001 
to 310,000 in 2012 (approximately 20% per year). However, while 
25% of  the urban population are connected to the grid, only 1.3% 
of  the rural population have access to electricity. The cost of  grid 
connection for remote communities is expensive and many rely on 
diesel generators. These are polluting, expensive to run and fuel 
delivery is often unreliable. As a result, solar photovoltaic (PV) is 
widely considered to be a viable alternative for much of  Rwanda’s 
75% rural population.

Off-grid systems 
consisting of  PV panels 
and batteries to provide 
continuous power already 
exist across Rwanda. 
However battery lifetime 
is often limited to just 2 
years, as opposed to over 
20 years for the panels. 
In most installations, the 
capital cost of  batteries 
and panels are equivalent. 
Over the 10 year life of  a 
system however, the cost 
of  replacement batteries 
far outweighs that of  the 
panels	(up	to	five	times	
the cost). Figure A – Monitoring electricity demand and 

supply from an off-grid PV system.
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This greatly reduces system viability and acceptance. As a result, 
research was conducted by students at Durham University into the 
causes and effects of  low battery lifetime in rural health centres 
and schools. A total of  thirteen geographically dispersed sites 
were surveyed in Rwanda, comprising nine health centres and two 
schools. These included sites where
•	PV systems were donated by foreign organisations.

•	PV systems were considered in the future.

•	PV systems had failed.

At each site, technical and social data were collected by 
conducting a system survey, installation of  energy monitors to 
measure electricity demand and semi-structured interviews with 
owners	and	installers.	The	main	system	benefits	were	found	to	be:	
•	Improved night-time services, especially in maternity wards.

•	Improved educational services (IT and late night working).

•	Improved mobility and safety at night.

•	Access to computers for administrative work and external 
communication.

The key factors found to reduce performance and lifetime of  
the batteries were:
•	Heavy night-time use, which reduces battery lifetime by 

discharging them more deeply.

•	Minimal operator training and consequent low understanding of  
operation and maintenance.

•	Lack of  demand management by operators, especially during 
cloudy periods.

•	Overloading due to purchasing/donation of  new equipment.

•	Perception of  solar energy as ‘free’, which leads to a more 
carefree attitude towards operation and maintenance.
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The failure of  these systems has a number of  implications, such 
as:
•	Restricted ability to provide for staff/patients/students. 

Examples include, health centres having to send blood samples 
to other centres to carry out important tests and the inability to 
store vaccines on site – both of  which waste valuable time during 
treatment.

•	Some health centres were keen to have a grid connection and 
perceived PV as second choice.

•	Reversion to the use of  the diesel generators that PV was 
supposed to replace.

Discussion/further	findings
The key lesson learned from this study is that donors, system 
designers and any organisations promoting the use of  off-grid 
PV-battery systems need to take into account the fact that the 
batteries are often the weakest link in the system. They require 
careful maintenance in order to reach their design lifespan, which 
even under ideal conditions is considerably less than the solar 

Figure B – Pole mounted PV arrays supply energy to the system.
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panels themselves.  Proper training should be given to system 
operators before or during installation and replacement batteries 
should be budgeted for in the initial planning of  the system. 
Otherwise, owners are likely to be left with the harsh decision of  
either: stumping up the cash for expensive battery replacement, 
purchasing a diesel generator and keeping it supplied with fuel or 
reducing the amount of  medical/educational equipment they run.

About the authors: Mr Crossland and Mr Anuta are PhD 
engineering students at Durham University. They study the 
benefits	of 	energy	storage	on	the	UK	grid.	Miss	McNeil	is	an	
anthropologist who gained her Master’s from the University 
of  Southampton. Dr Wade is involved with research across the 
storage industry in the UK.

About the organisation: The Durham Energy Institute is a 
leading energy research institute based at Durham University. It 
completes cross disciplinary research into the societal aspects of  
energy technology development and use.

Great Lakes Energy headed by Sam Dargan is a local company 
based in Rwanda that provide solar energy systems, and solar 
systems training and consulting services across East Africa.
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Series and parallel connections
Batteries are connected in series and parallel to give the required 
voltage and capacity. The battery bank voltage must be the required 
system voltage. This voltage can be reached by putting batteries in 
series. The capacity of  the battery bank can be increased by adding 
more batteries in parallel.

Figure 142 – Series and parallel battery bank calculations. Courtesy of  Matt Little. 

Note: The fewer batteries in parallel, the better. Try to keep 
the number of batteries in parallel to 4 or less. This can be 
done by reducing the load, and hence the required capacity, 
or by using larger capacity batteries. Adding extra batteries 
in parallel creates long paths for current to travel along and 
more connections means extra resistance. We are trying to 
ensure that all the batteries ‘wear’ evenly, but if we use a large 
number of batteries in parallel then some may be utilised 
more than others and hence may fail prematurely.
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Battery installation
We have seen the sizing of  the battery bank but there are also a 
number of  practical aspects of  battery bank design to consider. 
The battery bank is comprised of  the batteries, the wires to link the 
batteries together and some form of  battery clamp to attach the 
cables to the batteries.

If  possible, use cell 
interconnects designed for 
the	specific	battery.	However	
these can be expensive.

Figure 143 – (right and below) Battery 
interconnection photos. Photos courtesy of  
Martin Bellamy.

Alternatively, take great care 
in making strong, neat and well 
insulated interconnects.

Figure 144 – Practical battery bank wiring. Courtesy of  Matt Little.
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•	Use thick cables to link the batteries together. A minimum size of  
1/0 AWG or 50 mm2 is suggested. Cable used for arc welders is 
suitable	here	as	it	is	relatively	easy	to	find,	flexible	and	relatively	
cheap. These connections are relatively short so only a short length 
of  this cable is required.

•	Distances between battery connections should be kept as short as 
possible, to keep the resistance (and hence any voltage drop) low 
and to reduce the cost of  these thick connections.

•	If  there are parallel connections within the battery bank, ensure 
positive and negative connections are made from different ends 
of  the battery bank. This should help to ensure even charging and 
discharging of  all batteries within the battery bank, as the current 
will	flow	through	all	the	batteries.	Otherwise	one	parallel	set	of 	
batteries within the bank may be used more ‘heavily’ than the 
others, leading to its premature failure.

•	Ensure very good connections to the battery. Use a good quality 
battery cable clamp and ensure it is tightly clamped on both the 
battery terminal and to the 
thick battery cable. Types of  
battery cable clamps include 
Figure 145 opposite. These 
connections may corrode. 
Ensure they are kept clean 
and dry. One (slightly 
messy) way to do this is to 
apply petroleum jelly over 
the connection and clamp.

Figure 145 –Some battery clamp connectors. Photo 
courtesy of  Matt Little.

•	Place the batteries on an acid resistant tray. This should be able to 
hold the total volume of  battery acid held within the batteries, in 
case the batteries leak. Polypropylene is generally used for battery 
trays.

•	Ensure adequate ventilation in the power house. This is to ensure 
there is no build-up of  hydrogen gas.
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•	Ensure no equipment that could produce sparks (switches, relays 
etc.) is located directly above the battery bank.

•	Ensure battery safety signs are visible close to the battery bank.

•	Never use different types and ages of  batteries within the same 
battery bank.

•	Ensure the batteries are disposed of  properly at the end of  their 
lifetime. Batteries contain lead and sulphuric acid which are both 
toxic.

Battery cable 
This cable handles the current from the battery bank to the rest 
of  the system. It must be sized to handle the highest currents with 
a low voltage drop (see ‘cable sizing’ section for details on cable 
design calculations). This cable will carry the highest currents within 
the system so it should not be too long: ensure the system layout 
does not make this cable excessively long.

The maximum system current (Imax) is used to calculate the 
minimum size for the battery cable.

Usually, a voltage drop of  just 1% is used to calculate the size 
of  this cable. This is lower than the usual 5% as the voltage drop 
along this cable can affect the performance of  some equipment 
on the system. If  possible, use an even larger cable size to ensure 
the voltage drop is very small. This should not incur much of  an 
additional cost as this cable should be relatively short.

See the ‘DC cable sizing’ section for more information.

Battery equalisation charge
Note: an equalisation charge is only required for open-vented ‘wet’ lead acid 
batteries.

An equalisation charge is a higher voltage charge (around 15 V DC 
for a 12 V system) for the battery bank. 

It ensures that all the cells within the battery bank are brought up 
to the same state of  charge (i.e. all fully charged). This charge does 
result	in	some	lost	energy	but	is	beneficial	in	terms	of 	battery	lifetime.
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The equalisation charge should be applied until all the cells within 
the bank are ‘gassing’, where small bubbles of  gas are generated on 
the plates of  the batteries (typically around two hours when applied 
to a full battery bank). 

Ensure that the electrolyte levels are checked after an equalisation 
charge (performed by a charge controller) and any cells topped up 
with distilled water, if  required.

Battery operation
The main factors affecting the lifetime and operation of  lead-acid 
batteries are:

Temperature 
Higher operating temperatures will reduce battery capacity and 
lead to shorter lifetimes. Very low temperatures will also affect the 
performance of  the battery.

Depth of  discharge
The depth to which the battery has been discharged will affect the 
current absorbed. Lead acid batteries dislike being discharged to a 
low level and then left. Always try to recharge the battery as soon 
as possible. Precautions must be taken to ensure that the battery is 
never discharged too far. 

Lead-acid batteries must NOT be regularly discharged to below 
20% state-of-charge. This will permanently damage the battery and 
greatly impact its lifetime.

Number of  charge-discharge cycles
The number of  times a battery is cycled (discharged and then 
recharged) will gradually reduce the available capacity. If  treated well 
a battery can last for a large number of  cycles (100’s to 1000’s), but 
any abuse will greatly reduce the battery capacity. 

Depth of  discharge and cycle life
The greater the percentage of  energy drawn each discharge-charge 
cycle, the fewer total cycles the battery will sustain.

The example graph (Figure 146) shows the relationship between 
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Figure 146 – Depth of  discharge against cycle life. Courtesy of  Martin Bellamy.

Current magnitude 
As	mentioned	previously,	the	current	magnitude	(the	amps	flowing	
in or out) will affect the capacity of  the battery. If  the current 
pushed in is too great it will push up battery voltage which changes 
the chemical reaction and causes damage to the battery. If  the 
current drawn is too great then the battery voltage will drop. This 
could mean that the operation of  the attached load is adversely 
affected (i.e. it doesn’t work) or the battery could be discharged too 
deeply (which will damage the battery).

extracted capacity per cycle and the number of  cycles. (The graph is 
a best-case scenario for a high-cycle solar battery.)

If  100% of  the battery capacity is drawn per day, the battery will 
offer approximately 700 cycles.

If  approximately 20% of  the battery capacity is drawn per cycle 
(20% DOD), the battery will offer approximately 4000 cycles.
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Battery problems
The lead-acid battery is usually the weak point within a stand-alone renewable 
energy system. Even for a well maintained system the battery bank will 
have to be changed once or twice during the lifetime of  the project.
Problems with lead-acid batteries include:
•	They self-discharge at a rate of  1–5% total energy per day. This 

means they are only practical for short-term energy storage.

•	Temperature affects both capacity and lifetime (IEA, 1999, Rydh 
and Sanden, 2005). A large number of  stand-alone systems are 
installed in the developing world, where temperatures are generally 
higher. The battery lifetimes are generally lower which increases 
the associated system cost. In colder climates, the battery capacity 
is reduced.

•	Capacity is dependent upon current. Much larger stores are 
required with increasing amounts of  generation or load.

•	Lifetime is dependent upon discharge cycles and depth of  
discharge. Larger stores are required to ensure reasonable lifetimes 
and only partial use of  full nameplate capacity can be made.

•	Their storage density is approximately 30 to 40 Wh/kg. In 
comparison to diesel, with an energy density of  11600 Wh/kg (Zittel 
and Wurster, Accessed 30th August 2006), a lead-acid battery store 
will be very large.

•	A periodic equalisation charge is required (Green, 1998). This 
increases maintenance costs.

•	Lead acid batteries cost around £40 per kWh. Although this is low, 
the technology has been around for over 100 years, and there is 
little potential for cost reduction.

Often cheap car batteries with lead sponge plates are used 
rather than deep-cycle batteries especially designed for stand-alone 
operation which exacerbates these problems.

ENERGY BOOK PRESS.indb   297 02/09/2014   14:58:52



Energy Part III chapter 3 – The details

– 298 –

Simple control
The most basic control system would be an on/off  switch to 
control a load. This could also be a timer switch, perhaps to run a 
pump or lighting system for a few hours a day.

Battery disposal
The lead within a lead-acid battery is toxic. At the end of  their 
lifetime you must ensure that correct disposal procedures are 
followed. The facilities available will depend upon the location and it 
is irresponsible to install lead-acid batteries without making the user 
aware of  the facilities available in their area.

Additional battery resources
Batteries are complex electro-chemical devices. This section only 
briefly	covers	the	main	details.	Try	and	get	as	much	information	and	
data as possible from your battery supplier. Recommended 
information includes:
•	IEA Battery Guide: http://www.iea-pvps.org/products/rep3_06.

htm

•	Article on State Of  Charge monitoring from ‘Homepower’ 
Magazine: http://www.arttec.net/Solar_Mower/4_Electrical/
Battery%20Charging.pdf

•	Practical Action battery information: http://practicalaction.org/
practicalanswers/product_info.php?cPath=21&products_id=126

Control systems
All the devices on the system must be controlled to ensure stable 
operation. This includes simple control, such as a switch to control 
a load and a control system to ensure the battery is kept within its 
operational limits. The main items to control are:

•	Loads

•	Generators
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Switch ratings
Any switches in the cable must be rated for the maximum cable 
current and at the correct AC or DC voltage. 

As with the over-current protection devices, if  AC ratings are 
used then the switch must have an AC rating at least twice that of  
the DC current, or a switch with an AC rating of  maximum cable 
current can be used with both positive and negative lines switched at 
the same time (i.e. use a double pole switch).

Charge regulators
A lead-acid battery will be damaged by overcharging or over 
discharging. 

If  the battery is full and there is no load on the system, but there 
is still power coming from the wind turbine, what happens? With 
nowhere	else	to	go,	the	power	would	still	flow	into	the	battery,	the	
system voltage would rise and the battery would be over-charged 
which could severely damage the battery.

Hence we must protect against both of  those conditions.
To ensure that the battery is not over-charged we must control 

the generators to reduce their generation as the battery becomes 
full. This is called over-charge protection.

To ensure the battery is not over-discharged we must control 
the loads, reducing the load as the battery is emptied. This is called 
over-discharge protection.

These functions are performed by a charge controller. This is a 
generic term for a device which controls the charge into or out of  a 
system. Some charge controllers just protect against over-charging, 
while other implement this and protect against over-discharge.
Charge regulators can also be used as a system monitor and to 
perform more complex control, such as switching on a generator if  
the voltage drops too low.

Over-charge regulation
In order to stop the battery being over charged some form of  
charge controller is required. Such controllers either disconnect the 
generator or divert the excess power into another load when the 
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Series regulators
A series regulator is placed (unsurprisingly) in series with the 
generator. It acts as a switch to disconnect the renewable energy 
generator when the battery is full.

Figure 147 – A simplified diagram of  series regulation. Courtesy of  Matt Little.

battery is full. This could be a useful load, such as a water heater, or, 
more usually, this energy is dumped. 

The battery voltage and the state of  charge are linked (along 
with	the	current	flowing	into	or	out	of 	the	battery).	The	battery	
voltage can therefore be used to indicate when the battery is full. 
The control parameter for the charge controller is therefore just the 
battery voltage. The usual set points are:

•	14.2	V	DC	for	an	open	vented	(flooded)	lead	acid	battery.	

•	13.8 V DC for a sealed lead acid battery. 

But always refer to the manufacturer’s information for more 
specific	details.	All	set	points	should	be	temperature	compensated	in	
accordance with manufacturer data, if  the charge controller is able 
to perform this function.

The renewable energy resource is variable, as are the loads, and 
hence, when the battery is full, the excess power is also variable. The 
charge controller must be able to cope with this. 

There are a number of  types of  charge controllers:
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This type of  regulator can only be used in current limited 
generators (such as solar photovoltaic panels). 

Series regulators cannot be used to control rotating generators 
as, when disconnected there is no load to control the generator. 
The generator may then over speed which could cause a mechanical 
problem or a dangerous over-voltage.

Shunt regulators 
A shunt regulator is placed in parallel with the generator and battery. 
It is so called as it ‘shunts’ excess power into some form of  dump 
load. A shunt regulator can be used with rotating generators such as 
wind turbines and hydro turbines. 

They are typically more expensive as an additional dump load 
sized to the maximum power of  the generator is required.

Figure 148 – A simplified diagram of  shunt regulation. Courtesy of  Matt Little.

There are many different ways of  ‘shunting’ the excess energy. 
This includes:

‘Crash-bang’ regulators 
So-called as there is just one large load which is switched on when 
the voltage is too high (crash). This will quickly bring the battery 
voltage down and the load is switched off  at a lower level (bang). 
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This type of  regulator is simple (normally a good thing) but not 
particularly clever and treats the battery pretty harshly. The sudden 
changes in voltage caused by the dump load switching on and 
off  can cause sudden changes in battery voltage which may cause 
problems with the other loads and generators. 

Stepped load regulators 
A slightly more sophisticated regulator is the stepped load controller. 
This is similar to the ‘crash-bang’ regulator but with a number of  
smaller dump loads, rather than one large dump load. The switch on 
voltage for each dump load is slightly different. The excess power 
causes the battery voltage to rise and hence a varying number of  
dump loads to switch on. When the excess power drops the voltage 
drops and the dump loads switch off. 

This type of  converter is a good balance between simplicity and 
relatively smooth power regulation. The greater the number of  small 
dump loads, the smoother the regulation, but using more than four 
dump loads makes the controller excessively complex. 

Pulse width modulated regulators 
Pulse width modulated (PWM) converters usually provide the best 
shunt regulation. They control the excess power by rapidly switching 
on and off  a dump load. The technique of  pulse width modulation 
involves using a high frequency pulse train, the width of  each pulse 
is modulated anywhere from 0% (never switched on) to 100% (on 
all the time). This allows very fast control of  the dump load and 
hence very good voltage regulation. A comparator circuit is used to 
compare the actual battery voltage with the set-point battery voltage 
and hence adjust the pulse width. The frequency of  the pulse train 
is typically above human audible frequencies (from 100s Hz to 100s 
of  kHz). 
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Figure 149 – Pulse width modulated signals. Courtesy of  Matt Little.

This method of  regulation is used within most commercially 
built charge controllers. It requires a fast acting dump load, which is 
usually a MOSFET (a power electronic switch) and the excess power 
is dumped into a dump load as heat.

Dump load
The dump load is just a resistive load which will dissipate any excess 
power as heat. This is rated to be able to dissipate the full power 
from the generator.

The two important design parameters are the resistance and the 
power dissipation. 

The power dissipation is just the rated power of  the generator, 
Pgenerator.

The resistance of  the dump load can be calculated from:

Usually the resistance will be relatively low and the full load must 
be comprised of  a number of  resistive elements in parallel. Ensure 
that all the power ratings of  the resistive elements are correctly 
calculated.

Power = V x I, V= I x R, hence Power = V2 / R, 
Rearranged this to give: Rdump = Vsys

2 / Pgenerator.
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Example: A 1 kW (1000 W) 24 V wind turbine is to be 
connected to a system.

Pgenerator= 1000 W, hence Pdump = 1000 W

Vsys = 24 V, therefore Rdump = Vsys
2/Pgenerator= 242/1000	=	0.576Ω

The dump load must be rated for 1000 W power dissipation. 
Usually these loads are comprised of a number of smaller loads, 
in order to dissipate the heat more effectively.

3.4.2.7 Maximum power point tracking regulators

Maximum power point trackers are a more complex form of  charge 
controller. They are designed to extract more energy from the 
generator by following its maximum power point, rather than just 
working at the battery voltage.
For	a	solar	PV	maximum	power	point	tracker	on	a	fixed	array	

PV and battery system an additional 20–30% more energy can be 
extracted.

The dump load will get hot in use: ensure the unit is protected 
for	safety,	but	has	very	good	air	flow	through	the	elements	to	
effectively dissipate the heat.

The cable size to the dump load will be the same as that 
calculated for the charge controller.

Figure 150 – Graphs showing the additional power captured using a maximum power point tracker. 
Courtesy of  Matt Little.
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They utilise DC-to-DC conversion to supply power to the system 
at the correct voltage. They also include voltage level control to 
ensure the battery bank does not get over-charged.

These are typically used for solar PV- based SAPS.
They have additional cost and complexity, but can extract more 

energy from the renewable energy source which may make them 
economically viable.
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Case study 15: Importance of long-term sustainability

Matthew Little, Philippines, 2007

The Filipino NGO SIBAT had been invited by community leaders 
from barangay Lamag to look into the feasibility of  a small wind 
turbine for electricity supply. Lamag comprises around 120 
households and is located on the top of  a hill overlooking the Abra 
river in the Mountain Province to the north of  Luzon, the largest 
island of  the Philippines archipelago. It is approximately two hours 
hike to the nearest market village and the nearest grid connection 
is over 6 km away. Mobile phones, vital for communication, are 
regularly taken there to be recharged at a cost of  approximately 
15p per charge and, as the typical household income in the area is 
around £20 per month,  phone charging has a very high cost.

Figure A – Range of  lead-acid batteries, with two being charged by a solar PV system.
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Figure B – Inspecting the ratings on a small lead-acid battery. Note the fusebox/switch on the 
wall and charging cables hanging down. No charge controller was used in this system.

These systems had been installed as part of  a large scheme to 
provide	electrification,	using	international	development	funding.	
Indeed,	the	village	was	deemed	as	‘electrified’	by	the	government	
records. They had been installed on a community centre, a private 
building, a shop and a back-up power supply for the community 
emergency radio to recharge 12 V lead-acid batteries and had been 
installed with fuses to protect from over-current and a charge 
controller to prevent overcharging of  the batteries.

However, in every system the charge regulator had been 

When the team from SIBAT arrived, it was noted that there 
were a number of  small solar photovoltaic (PV) systems already 
installed. When informally asked for more information, it turned 
out	that	a	government	program	of 	village	level	electrification	had	
installed four relatively large solar PV systems for community 
battery charging approximately three years previously. We decided 
to visit these PV systems to understand why they were not used 
for providing electricity supply and found that of  the four systems, 
three were not functioning.
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removed. When asked why, this was to ensure ‘stronger’ recharging. 
Fuses had blown due to reverse polarity connection and due to the 
cost of  replacing the fuse (around 20p) and time taken to obtain 
a fuse (none were available in the local community or market), the 
fuses had been replaced by thick pieces of  wire. When a battery 
was connected in reverse again, there were no fuses to protect the 
expensive solar PV modules and they were permanently damaged, 
rendering the systems unusable. The only system still working was 
being looked after by someone with some electrical training.

Long-term sustainability of  development projects is not about 
providing expensive high-tech solutions and then assuming the job 
is done. It is about education and training and long-term access to 
maintenance	and	supplies.	These	systems	were	fixed	with	under	
£2 worth of  components – not a high price to pay, but these parts 
were not locally available.

SIBAT have now chosen to use re-settable fuses for their future 
installations. These have a higher upfront cost, but just need to be 
reset, rather than replaced.

Figure C – A very dangerous ‘repair’: A blown fuse has been wrapped in tin foil and used 
again. This will not blow if  there is a future fault.
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We need to ensure that projects are appropriate, give a high level 
of  training to the community and that there are adequate supply 
chains for replacement parts.

About the author: Matthew Little is an electrical engineer who 
works on the electrical integration of  renewable energy systems. 
After completing a research project on stand-alone power supply 
systems, he went on a 12 month EWB-UK  placement with SIBAT 
in the Philippines, working on Small Wind Turbines, solar PV and 
micro-hydro systems.

About the organisation: Sibol ng Agham at Teknolohiya (SIBAT) 
are a Filipino NGO that advocates and develops technologies 
using science and technology that are appropriate for community 
development for the Filipino people. They work on community-
based approaches for sustainable agriculture and renewable energy 
systems.
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3.4.2.8 Micro-hydro electrical systems

The typical electrical layout for a stand-alone micro-hydro system is 
shown in Figure 151.

The system can either be single- or three-phase. Normally single-
phase is used for smaller grids, < 5 kW, whilst three-phase is used 
on larger micro-hydro systems, when the increased complexity is 
justified	by	the	increased	efficiency.	When	three-phase	systems	are	
used, careful design is required to ensure that each phase is balanced 
with equal loads. Normally micro-hydro systems are AC, so that 
standard	fittings	and	loads	can	be	used.	If 	a	DC	system	is	required,	
then	a	rectifier	can	be	placed	across	the	generator	output,	typically	
with a voltage controller and battery which is connected to the user 
loads.

Figure 151 – Electrical layout for stand-alone micro-hydro system.

Generator
There are three main options for a generator: permanent magnet, 
induction and salient pole synchronous machines. The power range 
for each type and advantages/disadvantages are shown in Table 22.
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Generator Type Power Range Advantages Disadvantages

Permanent 
Magnet Machine

< 5 kW High	efficiency
Low speed direct 
drive

Expensive

Induction Machine 0.5 – 100 kW Robust
Low cost
Availability

Need excitation 
capacitors

Salient Pole 
Synchronous 
Machine

> 10 kW Standard technology
Medium cost

Brushes require 
regular replacement

Table 22 – Generator options for pico- and micro-hydro systems.

Permanent magnet machines
Permanent magnet machines are built into many commercially 
available turbines. They are good at pico-scale due to their high 
efficiency,	and	can	work	well	at	low	turbine	rotational	speeds	as	
they can have a large number of  pole-pairs, so are able to generate 
standard 50/60 Hz mains frequency using a direct drive.

Induction machines
Induction motors are well 
known, robust and available 
all over the world. They 
can be adapted for use as 
generators (Smith, 2008). 
However, they require 
excitation capacitors to be 
placed across the terminals 
to operate as a generator. 
Three-phase induction 
motors are more common 
than single-phase versions 
and in any case, single-phase motors cannot easily be adapted as 
generators. Using a simple arrangement of  capacitors, shown in 
Figure 152, the three-phase unit is able to be transformed to have a 
single-phase output. The single-phase rating is around 80% that of  
the three-phase machine.

Figure 152 – Connection diagram for a three-phase 
induction machine to produce a single-phase output.
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Salient pole synchronous machines typically have inbuilt 
voltage controllers, known as Automatic Voltage Regulators (AVR). 
They require excitation for the rotor, which is normally achieved 
through slip rings and brushes which need replacing during the life 
of  the machine.

Controller and ballast load
The controller is used to regulate the output of  the generator.

There are a number of  ways to control and maintain a reasonable 
power quality (voltage and frequency):

Human operator

•	Human operator monitors the power demand and controls the 
flow	valve	to	regulate	the	output	power.

•	Requires full time operator which is costly, boring and a human 
operator may not react quickly enough.

Mechanical	flow	control

•	Flow is controlled via a mechanical control to follow the load.

•	The main problem is the slow response and additional expensive 
mechanical requirements.

Electronic load control
•	Set	the	flow	rate	and	use	an	electronically	controlled	ballast	load	to	

dump excess power and follow the load

•	Fast response. 

•	Requires relatively complex power electronics.

•	Different controllers are required for synchronous machines and 
induction machines.

Unless there is a very good reason, then electronic load 
control should always be used.

The controller uses the ballast load to keep the overall load on 
the generator constant, allowing the turbine to rotate at a constant 
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Figure 153 – IGC with ballast loads. Photo courtesy of  Phil Maher, Pico Energy.

Distribution system
For a system that delivers power to a number of  consumers within 
a community, the cost of  the distribution system can represent a 
relatively high proportion of  the total costs. For small single-phase 
systems, the maximum distance to deliver power economically 
is between 1 and 2 km from the power house. Low voltage DC 
systems are not normally relevant for hydro unless the power house 
is very close to the consumers. For larger systems (>10 kW) three-
phase distribution can be used and distribution distances increased. 
Step-up transformers may be economic on 50–100 kW schemes.

To keep costs down, the design of  the distribution layout should 
be optimised and appropriate sizes for the cables selected without 
compromising the service which the consumers receive. The 

speed. An Electronic Load Controller (ELC) is used with 
synchronous machines, where the output frequency is regulated, 
whilst an Induction Generator Controller (IGC) is used with 
induction machines to regulate the output voltage, and consequently 
the frequency as well. The ballast load is normally water-heater 
elements either submerged in a water tank or in free-air, as shown in 
Figure 153.
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parameter that should be minimised is the cost of  the distribution; 
the key constraint is the voltage drop from the power house to the 
most remote consumer.  The limit for voltage drop is usually set 
at 10% relative to the generator voltage. The generator voltage can 
be set at 5% above the nominal voltage, so that all consumers are 
supplied with a voltage within +/- 5% of  the nominal. This limit 
prevents excessive losses in the cables and also ensures that lights 
and electrical equipment work effectively.

It is also important to have a system to prevent consumers 
putting large loads onto the system and overloading either cables 
or generator. One practical method is to use small load limiting 
circuits	(based	on	positive	temperature	coefficient	(PTC)	devices)	
which	are	fixed	to	the	distribution	pole,	where	they	cannot	be	easily	
bypassed. Each consumer has a power limit, e.g. 20 or 50 W, and 
their monthly tariff  is based on the rating of  their load limiter. If  
they try to exceed the load, either the voltage falls, or the limiter 
trips until the load is removed. Some devices also need resetting. 
The layout of  the distribution grid can be designed with the help of  
computer programmes such as Village Power Optimization Model for 
Renewables (ViPOR), which is available free from www.homerenergy.
com.

User loads 
The user loads on a typical micro-hydro system are lighting, 
televisions, radios, mobile phone charging and computers for 
domestic applications, as well as induction motors (used as motors) 
for income generation. Many modern domestic loads have a poor 
power	factor,	especially	compact	fluorescent	and	LED	lamps.	
Poor power factor is caused by a phase angle difference between 
voltage and current, which means that there is a greater current for 
the same power delivered. This results in additional strain on the 
generator and increased losses in the distribution system. Care must 
be also taken when installing induction motors on small systems, 
as	these	can	draw	over	five	times	the	rated	current	on	start-up.	As	
a rule of  thumb, a 10 kW generator can only start a 1 kW motor 
unless the starting torque is low, such as for driving a fan.
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Mechanical drive
Where a drive is required for food processing, it often makes sense 
to make the power house large enough to house this equipment 
and to drive it using a mechanical drive from the turbine at times 
when the electrical load is low. Generators with shaft extensions 
or additional pulleys and belt drive can be used for this purpose. 
It enables larger loads to be connected than could be driven from 
an electric motor, since motors require large starting currents, as 
explained above. Leaving the generator connected while driving the 
mechanical load has the advantage of  giving better control of  the 
turbine speed.

Safety issues
When designing and installing the system, be aware that any voltage 
above 50 V can give a severe, even fatal, shock. Electrical installation 
work should be carried out and supervised by adequately trained 
people. Figure 153 shows a couple of  common faults in wiring – 
the wires from the controller to the ballast are not attached to the 
wall, so could easily be accidentally snagged; also the terminals on 
the heater elements have not been insulated, even though they are 
within easy reach.

Basic safety procedures should be followed to prevent accidental 
shock, such as disconnecting the supply and putting a label on 
the main switch when working elsewhere. The system should be 
adequately earthed and it is good practice to install a residual current 
device (RCD) otherwise known as an earth leakage circuit breaker 
(ELCB). This will trip and protect users in case of  accidental 
connection between live parts of  equipment and earth. In many 
countries it will also be advisable to add some lightning protection 
to prevent lightning strikes from damaging equipment and causing 
fire	hazards.	Finally,	be	aware	of 	safety	issues	during	construction,	
as hydro sites often involve working on sloping ground or near 
water, and some components can be heavy.
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3.4.2.9 Low voltage disconnects

If  the battery voltage drops too far then we must protect the 
battery from over-discharge. We can do this by either increasing the 
generation or reducing the load. If  we are reliant upon renewable 
energy sources we can usually not increase the generator, hence we 
must reduce the load.

This function could be performed by the system operator who 
would monitor the system voltage and reduce the load if  it is 
dropping too low. This would need human interaction and very 
regular monitoring.

A low voltage disconnect (LVD) monitors the system voltage 
and controls the output loads. If  the voltage drops below a certain 
threshold then the load is disconnected from the battery bank until 
the voltage has risen to another threshold. This is called ‘hysteresis 
control’.

Sometimes critical loads, such as refrigeration or lighting, are not 
controlled by the LVD, but non-critical loads are. This gives the 
system operators time to adjust usage to maintain the system.

The low voltage disconnect function is often built into the 
function of  the charge controller, but they are also available as 
separate units.

The current rating of  the LVD must be equal to the total load 
placed on it.

Cables
A very important, but often overlooked, aspect of  electrical system 
design is the correct sizing of  cables. As there are many cables to 
the different components, the calculations for sizing cables will 
be repeated many times. This section shows the calculation steps 
required to correctly size a DC cable at a given voltage and power 
rating. Also the various types of  cable available and their features 
and ratings will be discussed here.

We will also look at making good cable connections.
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Voltage drop
Any	current	flowing	along	a	cable	will	cause	a	voltage	drop	along	
the cable. The copper conductor within a cable has some resistance 
and we know, from Ohms Law, that Voltage = Current x Resistance. 
Hence	any	current	flowing	through	any	resistance	(no	matter	how	
small) will have a voltage drop. 

Figure 154 – Voltage drop in cables. Courtesy of  Matt Little.

There are two main problems with this:

Power loss
Firstly, there will be an associated power loss, as Power = Amps2 x 
Resistance.	As	all	cables	have	some	resistance,	any	current	flowing	
will have an associated power loss. This is usually called copper loss 
or I2R loss. 

This is bad for a renewable energy system, where maximum use 
should be made of  the generated power. Also, the power is lost as 
heat, which can cause degradation of  the cable insulation (which in 
turn could lead to a short circuit), overheating of  equipment and, as 
a	very	worst	case	scenario,	fires.

We can ensure a low copper loss by sizing the thickness of  our 
cables to give a low resistance.
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Reduced voltage
Secondly, if  the voltage drop is too high, some system components 
will not function correctly. For example, if  the voltage drop is 2 V 
in a 12 V system, the device will only ‘see’ 10 V. This may cause the 
device to function incorrectly.

Due to the relatively low voltages used in battery-based renewable 
energy systems, coupled with quite high powers, the currents 
flowing	through	the	cables	can	be	very	high	(remember	power	
= voltage x current). This means that voltage drop can be a very 
serious problem. 

Cables should always be correctly sized to ensure a low voltage 
drop. Typically the cable should be sized to ensure a cable drop of  
less that 5%, although this must be reviewed in every situation.

Voltage drop calculation
The voltage drop can be calculated using the size and length of  the 
cable, the resistance of  copper and the current, using the equation:

Resistance = (ρ x L) / A
Where ρ is the resistivity of  copper, L is the length of  the cable run 
and A is the cross-sectional area of  the copper in the cable.

The resistivity of  copper (ρ) is a function of  temperature, hence the 
approximate ambient temperature (tambient) of  the system should also 
be known, along with a resistivity at a known temperature (tknown).

The resistivity at the ambient temperature can then be calculated 
from the equation:

ρambient = ρknown (1+((tambient - tknown) x c )),

where c is a constant which depends upon the conductor 
material. Usually copper cables are used, in which case c = 0.00323. 
Once ρambient has been calculated, it can be used for all the cable 
sizing calculations. A typical value of  ρknown = 1.724 x 10-8	Ωm at 
20ºC, hence ρambient = 1.668 x 10-8	Ωm	at	30ºC.	In	all	the	equations 
that follow, the symbol ρ is used to denote ρambient.
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Quick cable sizing
Typically we try to keep the worst-case voltage drop under 5%. The 
diagram below shows the current carrying capacity and maximum 
length of  cables to keep the voltage drop under 5%.

Use the graph in Figure 155 to quickly assess the size of  cable 
required for your system.

The voltage drop in one cable will be: 

Current x Resistance = I x ((ρ x L) / A)

This voltage drop will occur in both cables, i.e. there will be 
resistance in both the positive and negative cables supplying the 
device. Hence the total voltage drop is:

Total voltage drop, Vd

= 2 x Current x Resistance

= 2 x I x ((ρ x L) / A)

The voltage drop is usually expressed as a percentage of  the 
system voltage:

Voltage drop percentage, Vd_% = (Vd / Vsys) x 100

The above equations can be rearranged in terms of  the minimum 
required cross-sectional area, Amin:

Amin = (2 x Imax x ρ x L) / ((Vsys x Vd_%) / 100)
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Figure 155 – Graph of  cable size against cable length for different current carrying capabilities. 
Courtesy of  Matt Little.

You must decide the length of  the cable run and the current 
flowing	on	the	cable.	Use	the	graph	to	read	off 	the	approximate	
cable size. If  possible, always use a local standard size equal to or 
greater than that calculated.

Cable sizing process

1. Choose the nominal voltage of  the cable (Vsys).

2. Choose the maximum power to be transmitted along the cable 
(Pmax).

3. Calculate the maximum current, including a 25% safety factor 
(Icable = 1.25 x (Pmax/Vsys)).
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Installation Method Current De-rating Factor

Free cable 1

Cable in conduit 0.7

4. Choose the ambient temperature and hence calculate the 
resistivity of  copper at this temperature (ρ).

5. Measure the length of  the cable run (L). The actual cable required 
will be twice this length (two cables required, positive and 
negative).

6. Choose the maximum allowable voltage drop as a percentage of  
the nominal voltage (Vd_%). Typically this is 5%.

7. Use the equation: Amin = (2 x Icable x ρ x L) / ( (Vsys x Vd_%) / 100) 
to calculate the absolute minimum cross-sectional area of  the 
cable conductor (Amin).

8. Depending upon the cable installation method, there may be 
a de-rating factor required to stop the cable overheating. The 
options are:

The cable must be larger if  it is installed within conduit, as it 
will get warmer, hence divide the minimum cross-sectional area 
(Amin) by the de-rating factor to give the installed minimum cross-
sectional area, (Amin_inst).

9. This value can then be compared to lists of  standard available 
conductor sizes, both for metric and AWG (American Wire 
Gauge). Depending upon the available cables, the closest larger 
value should be chosen.

Note: Cables can also be placed in parallel to reach the 
required conductor size. This could save money if, say, just 
one size cable is ordered and the larger cables are made from 
using two pieces in parallel. If this technique is used then 
the cables should be carefully marked, securely fixed and be 
exactly the same length.
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Oversized cables 
This design process will give the minimum required cable size for 
the voltage drop. If  possible, it is best to oversize the cable. 

The advantages of  this include:
 Minimise volt-drop.
 Less overheating under fault conditions or high currents.
 Circuits can be added to without up-rating cables (as long as 
they are still large enough).
 Simplifies	ordering	(whole	drums	of 	cable	be	used	for	lots	of 	
different circuits).
Disadvantages of  oversized cables include:
x More costly.
x Can	be	more	difficult	to	run	due	to	lack	of 	flexibility.

Types of  cable
There are numerous types of  cable for use in various installations. 
The main choices to make are:
•	the number of  strands in the cable, and 

•	the type of  insulation.

10.  The cable has now been chosen. It is useful to re-check the 
maximum	voltage	drop	and	power	dissipated	by	the	final	chosen	
cable, to ensure the values look reasonable.

Number of  strands within cable
The	number	of 	strands	affects	the	flexibility	of 	the	cable.	A	single	
strand	cable	will	be	far	less	flexible	than	a	cable	with	100	strands,	
but a single strand cable will maintain its shape once installed, 
whereas a multi-strand cable will not.
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Figure 156 – Different cable types. Courtesy of  Matt Little.

Solid core cable

 Typically cheapest.
 Will maintain position when installed.
x Not	flexible,	especially	for	thick	cables.	This	makes	installation	
difficult.

Few strand cable
Typically 7–19 strands.
 Will maintain position when installed.
 Medium	flexibility	but	still	difficult	to	work	with	thick	cables.

Multiple strand cable
Typically more than 20 strands.
 Very	flexible,	even	for	thick	cables	(especially	welding	type	
cable).
x Relatively expensive.
x Sometimes	difficult	to	attach	connectors	due	to	number	of 	
strands.

Note:	Sources	of 	flexible,	high	current	(large	cross-sectional	
area) and relatively economical cable include:

•	automotive cable

•	welding cables.
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Cable insulation
The metal wire within a cable is wrapped in some form of  insulation. 
Cables are insulated to provide protection from both electric shock 
and short circuits and for mechanical protection of  the physical 
cable.

There is a huge variety of  cable with very different insulation 
materials and properties for different applications. The type of  cable 
used depends upon its application, the cost and the availability.
The main cable insulation parameters are:

UV rating
Ultra-violet light (such as sunlight) can cause damage to some plastic 
insulation. If  the cable is outside or it will be exposed to sun-light 
then you can either:
•	choose some form of  UV stable cable insulation

•	install standard cable within UV stable conduit.

Voltage rating
The insulation of  the cable will have a breakdown voltage. This 
means if  you apply a greater voltage than its breakdown voltage 
then there is the potential risk of  electric shock. 

Typically breakdown voltages are in the order of  500 or 1000 V. 
Generally this is not a problem in low-voltage stand-alone power 
systems, but for higher voltage systems this must be designed 
correctly. Any voltage over 55 V is dangerous, so check voltage ratings 
if  your system will have any section with a higher voltage than this.

Temperature rating
Heat causes plastic insulation to degrade quicker. All cables have 
a temperature rating, above which the cable insulation will start to 
degrade.	This	is	generally	an	issue	if 	there	is	a	high	current	flowing	
through the cable or the cable is installed within some form of  
conduit which does not allow heat transfer. Typical temperature 
ratings are 85°C or 105°C.

ENERGY BOOK PRESS.indb   324 02/09/2014   14:59:00



Energy Part III chapter 3 – The details

– 325 –

Double insulated
Double insulated cables have 
(unsurprisingly) two layers of  
insulation. One is to provide 
electrical protection and one 
is to provide mechanical 
protection of  the whole cable.

Most solar PV modules 
come with double insulated 
cables so they can be 
integrated into higher voltage 
DC systems.

The use of  double insulated cables or cables run within conduit 
is advised as this will provide a robust level of  protection, even if  
low voltages are used. Disadvantages of  this would be the cost of  
cable and equipment and the extra time required for installation.

Figure 157 – Double insulated solar PV cable. 
Photo courtesy of  Matt Little.

Cable connections
Numerous electrical connections will be made within the renewable 
energy system. It is very important to ensure that all these 
connections are well made, with very low resistance, high mechanical 
strength and resistance to corrosion. Weak and badly made electrical 
connections can seriously affect system performance. 

Due to the low voltages and hence relatively high currents, any 
small resistance will introduce some power loss (remember I2R 
losses?). In addition, bad connections can become corroded or 
loose and this will affect system reliability. If  a connection fails it 
may also mean that temporary repairs are made, which could cause 
other problems. 

A renewable energy system should be designed for a 15 to 20 
year lifespan – this includes all electrical connections.

There are numerous ways of  making electrical connections 
between two cables. The choice of  connector will depend upon 
locally available parts and skills. Always check local techniques and 
available equipment. A few typical types of  connector are shown 
in Figure 158. Plugs and sockets for high currents are usually very 
expensive and not standard, hence are not typically used.
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Twisted wire
This is the most basic way of  connecting two or more cables. No 
additional connectors are required, only some tape, hence this type 
of  connection is normally used as it is the cheapest and easiest. 

If  not constructed well, problems include corrosion of  wires, 
loose connections, short circuits and high resistance. Numerous 
problems with system operation have come about due to badly made 
twisted wire connections. Also if  the cable or equipment must be 
removed then this connection must usually be cut out. This results 
in a slightly shorter cable, which can lead to problems if  it must 
be done a number of  times. For these reasons, if  possible, another 
method of  wire connection should be used.

If  this system is used (sometimes it is the only connection method 
available), then ensure that the cables are well twisted together and 
that self-amalgamating rubber tape is used. It is usually best if  both 
cables are of  similar thickness. This will give a reasonably reliable 
connection. 

Figure 158 – Twisted wire connections. Avoid if  possible. Courtesy of  
Matt Little.
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Take great care to ensure a conductor is not partially cut when 
removing the insulation – as this will reduce conductivity.

Connector block
A popular connection method is the use of  a connector block. The 
connector block comprises a number of  metal connecting tubes set 
into plastic. Wires can enter the metal tubes from each side and a 
metal screw is tightened to hold the wire in place. They are designed 
mainly for higher voltage AC connections, but high current versions 
can be found. Ensure the connector block you are using is correctly 
rated for the current and voltage.

Typically the whole block is encased in tape, although, if  within 
an enclosure, this should not be necessary.

This is a simple, cheap and easily available method for cable 
connection, which also allows relatively easy disconnection. Some 
problems do occur including loose connections (a very common 
problem), broken wires (the wire sometimes bends near the entry 
point and can break at that point) and problems with corrosion. 

Also, if  more than two wires are to be connected, then the 
smaller diameter cable can sometimes fall out as the screw will only 
hold the larger cable.

The stop any potential problems, ensure that the screws are 
tightened very well and that it ‘bites’ well onto the cable, ensure 
the connector block is not ‘wiggled’ too much and that the block is 
coated with electrical or rubber self-amalgamating tape.
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Figure 159 – Connector block connections. Avoid if  possible. Photos courtesy of  Matt Little.

Bolted ring connectors
This technique provides a reliable connection which can relatively 
easily be disconnected. It is also a relatively cheap method which 
does not require too many additional parts.

The technique involves putting a good quality ring connector 
onto the end of  both cables. These ring connectors can then be 
bolted together with a standard nut and bolt, along with a spring 
washer. 
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Figure 160 – Bolted ring connections. Photos courtesy of  Matt Little.

Advantages are that numerous cables can easily be connected 
together, the cables can be relatively easily disconnected and a good 
electrical connection is made. Good quality ring connectors with a 
thick metal ring must be used. The cable must be well crimped into 
the connector (and soldered if  the facilities are available).

The whole connection must be covered in rubber, self-
amalgamating tape to provide a layer of  electrical insulation and 
some	waterproofing.	One	problem	is	that	this	tape	must	be	cut	
off  if  the cable must be disconnected, although the same problem 
occurs with most connection methods.
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Waterproof  connections
There are a number of  ways to make a fully waterproof  connection. 
One way to create a fully waterproof  connection for minimal cost is 
shown in Figure 161. The major disadvantage of  this system is that 
it is permanent. The connection must be physically cut off  to access 
the cables again. Ensure that, if  this connection is used, there is a 
point at which the cable can be accessed (perhaps where the cable 
terminates).

Figure 161 – Waterproof  wire connections. Courtesy of  Matt Little.
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Commercial solar PV connectors
Figure 162 shows a variety of  commercial solar PV connectors 
available. These are usually not readily available in remote 
locations, although they are when there is a grid-connect solar PV 
industry. They have the advantage of  having a high IP (ingress 
protection) rating, designed for outdoor use, some require a tool 
for disconnection and have good electrical connectivity. They are 
generally	expensive,	difficult	to	obtain	in	remote	locations	and	
require	specific	tooling	to	attach	to	a	cable.

Figure 162 – A selection of  bespoke solar PV connectors. Photo courtesy of  Matt Little.
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Bus bars and multi-wire connections
Another technique to connect a number of  cables together is to use 
bus bars.

These are metal bars which have a number of  threaded connection 
points where various cable lugs can be attached. 

Using bus bars is a very good way of  keeping the electrical 
system ordered and adaptable.

Generally there will be two bus bars (one positive and one 
negative) attached (via over-current protection devices) to the battery 
terminals.	These	will	be	separated	to	ensure	that	it	is	difficult	to	
short the two bars together (for example, with a dropped spanner).

As there are numerous connection points all the generators and 
loads can be connected to different terminals which makes fault 
finding	and	removal	of 	a	device	very	easy.

The bus bar should be rated for the maximum system current, 
Imax, or higher.

Place the bus bars close to, but not directly above (due to spark 
and hydrogen gas explosion risk) the battery bank.

Long distribution cables
Sometimes the generation equipment (typically wind turbines and 
hydro plant) must be sited a relatively long distances (over 100 m) 
from the load they must supply (e.g. the community). 

If  possible site the generator as close as possible to the load. This 
will minimise the cost of  the project both in terms of  cost of  the 
cables and losses.

If  it is not possible then there are a number of  techniques that 
could be used to transmit the power. The various options and their 
features are discussed here.
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Figure 163 – A number of  power distribution configurations. Courtesy of  Matt Little.
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1. Low voltage DC cable

•	The most obvious technique would be to run a long, low voltage 
(i.e. 12 to 48 V DC) cable. The powerhouse would be located close 
to the load.

•	The advantages of  this include:

◊	 Simple.

◊	 Requires no additional complex equipment.

◊	 Powerhouse close to load which is usually close to the 
community.

•	Disadvantages include:

◊	 Either very high losses within cables (this is due to the high 
currents and the resistive losses).

◊	 Or very expensive, thick cables required.

2. High voltage DC cable.

•	The voltage generated by the stator could be much higher. This 
could be adjusted by increasing the number of  turns in the 
coils within the stator. The powerhouse is located near the load. 
Depending upon the voltage of  the storage system (if  lead acid 
batteries are used) some form of  DC to DC converter might be 
required.

•	The advantages of  this include:

◊	 Higher voltage, hence thinner cheaper wires can be used.

◊	 Adjusting stator voltage at the design stage if  manufacturing 
locally has virtually zero cost.

•	Disadvantages include:

◊	 Any voltage above 55 V DC is dangerous. Additional safety 
measures would have to be in place.

◊	 Must	ensure	the	rectifier	is	suitable	for	the	voltage.
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◊	 An additional DC/DC converter may be required which may be 
non-standard, expensive and introduce more losses.

◊	 Generally smaller stand-alone power systems do not need to use 
higher voltage DC cables due to safety risks and problems with 
obtaining higher voltage DC-rate equipment.

3. Low voltage AC cable.

•	Another technique could be to send the AC output of  the stator 
from the wind turbine to the powerhouse, located close to the 
load.	The	rectifier	would	then	be	housed	within	the	powerhouse.

4. High voltage AC cable, powerhouse near load.

•	The power house is placed close to the load. The AC generated 
by the stator is stepped up to a higher AC voltage through a 
transformer. Another transformer steps down the voltage within 
the powerhouse.

•	The advantages of  this include:

◊	 High voltage, hence lower cable losses.

◊	 Less expensive, thin cables can be used.

•	Disadvantages include:

◊	 Requires a number of  additional transformers.

◊	 Transformers must deal with the variable frequency, variable 
voltage output of  the wind turbine. They may need to be 
specially designed.

5. High voltage AC cable, powerhouse near wind turbine.

•	The powerhouse is placed near the wind turbine. The DC cables 
from the wind turbine are kept short. An inverter is used within 
the powerhouse. The cable from the powerhouse to the loads 
would be at the standard output from the inverter.

•	The advantages of  this include:
◊	 higher voltage AC, hence thinner, less expensive cables.
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◊	 Standard voltages, hence standard equipment can be used. 

•	Disadvantages include:

◊	 An inverter is required.

◊	 Although may systems would require an inverter already.

◊	 Powerhouse could be far from the community which could 
make	it	difficult	for	the	operator.

◊	 If  the distance is very far then, perhaps, additional transformers 
are required to step up and step down the voltage.

3.4.2.11 Over-current protection

When short-circuited (the terminals are connected together), batteries 
can supply incredibly high currents (1000s of  amps). Some generators 
can also provide very high currents during fault conditions.
If 	there	is	a	short	circuit		then	these	very	high	currents	can	flow	

which	causes	the	cable	to	get	very	hot	and	potentially	start	a	fire,	or	
cause damage to other equipment on the system.

To protect against this some form or over-current protection 
MUST be used. 

These are simply and easily available in the form of  fuses or 
circuit breakers.

Within an electrical power system, ALL cables should be 
protected by over-current protection.

Types of  over-current protection devices include:

Figure 164 – Various fuses and circuit breakers for over-
current protection. Courtesy of  Matt Little.

Note: the range of  
different sizes and types 
is incredibly varied.

Note: Over-current 
protection devices do 
NOT protect uses or 
installers from electric 
shock; they protect the 
installation from heat 
and	fire	damage	due	to	
over-current.
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Fuses
A fuse contains a thin piece of  
metal which is designed to melt 
at	a	specific	current.	Once	the	
fuse blows then no current can 
flow	within	the	circuit.	The	fuse	
protects the cable downstream 
of  the fuse.

The current rating of  the 
fuse must be carefully chosen 
so that it will not trip in normal 
operation, but will blow reliably 
and quickly in the event of  an over-current.

Figure 165 – An automotive ‘blade’ type fuse. 
Photo courtesy of  Matt Little.

Cartridge fuses
Typically used as the main fuse for AC household supplies (shown 
here):

 Many different types and sizes available.
 Relatively cheap.
x Must be replaced when they blow.

Automotive-type ‘blade’ fuses
Similar to cartridge type fuses but usually used in DC automotive 
applications:

 Cheap and readily available.
 Cheap for medium current ratings.
 Suitable for low voltage DC systems.
x Must be replaced when they blow.
x Typically not manufactured to a good tolerance.
x Difficult	to	find	fuse	holders	–	perhaps	try	automotive	suppliers.

Circuit breakers
Circuit breakers are electro-mechanical devices which are also 
designed to disconnect in the event of  an over-current condition. 
Circuit breakers have a set of  contacts which are opened when a 
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Figure 166 – A range of  
DC-rated resettable circuit 
breakers. Photo courtesy of  
Matt Little.

Typically used for the various circuits in a building supply:

 Available up to medium current ranges.
 Can be easily reset at no cost.
x More expensive initial cost.

Generally circuit breakers are the best type of  over-current 
protection device to install, if  the money is available. 

Over-current protection ratings
Current rating
Typically, over-current protection devices are rated for 125% of  the 
maximum	current	designed	to	flow	in	the	circuit.	There	may	be	local	
electrical installation regulations which would also give over-current 
protection ratings. Always follow local installation regulations if  they 
are available.

You must choose a device with the correct type of  current rating, 
either AC or DC. DC is harder to break due to the large spark 
generated	when	a	DC	current	flow	is	broken	and	so	requires	special	
DC-rated devices.

high	current	flows.	As	they	are	mechanical,	these	contacts	can	be	
reset when the fault has been cleared. 

This means no replacement is required and they can be reset 
many times. They can also be used as a point of  disconnection if  
work is to be carried out on a device within the system.
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Example: A load of 23 A would require a fuse of 23 A x 1.25 = 
28.75 A. The next standard size is 30 A, so a 30 A fuse would 
be used in this situation.

Voltage rating
The over-current protection device must be rated at the correct 
voltage. 

If  AC fuses (with no DC voltage rating) are used within a DC 
system, then their AC current rating must be either:
•	Twice the required DC current value (i.e. Ifuse_AC = 2 x Ifuse), or 

•	Two AC fuses, rated at the required DC current level, can be used, 
one in each line, positive and negative (i.e. two fuses or a double 
pole breaker is required). 

Note: Good sources of  low-voltage DC fuses are automotive supplies, which 
stock 12 V DC items for cars and 24 V DC items for trucks. 

Over-current protection installation
The	over-current	protection	device	should	be	fitted	as	close	to	the	
supply (in this case, the battery) as possible in order to protect the 
whole length of  the cable. 

Cable size should never be reduced unless an over-current 
protection	device	is	fitted.	The	cable	size	from	the	output	of 	the	
over-current protection device can then be reduced, as long as it is 
correctly sized for the over-current protection device rating.
If 	possible	over-current	protection	devices	should	be	fitted	in	

both the positive and negative cables, directly from the battery. 
If 	this	is	not	feasible,	over-current	protection	should	be	fitted	in	

the positive line. 

DC load branches
Often, the maximum DC load is comprised of  a number of  smaller 
DC loads. It is advisable to break the loads into small ‘branches’ 
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Example: If DC loads were just protected by a 30 A breaker 
and a 20 W (<1 A at 24 V) fluorescent light developed a fault 
then more than 30 A would have to flow before the breaker 
cuts the supply. This current could easily cause more damage 
to components and wiring within the 20 W light before the 
breaker trips. If the light was on a separate branch, protected 
by a 2 A fuse, then only 2 A would flow before the fuse trips, 
which would be unlikely to cause additional problems.

Using branching also means that smaller (and hence less expensive) 
cables can be run to individual loads. 
An	additional	benefit	comes	from	breaking	up	the	load	into	

smaller branches. If  only one breaker is used then, if  one device 
trips, all the loads will be cut off. If  numerous smaller branches 
are used then only the loads on that branch will trip out, while still 
supplying all the other loads on the other branches.

Note: There must always be ‘discrimination’ in the circuit. This means that 
fuse sizes from the supply (battery) to the load must stay the same or get smaller, 
they should never increase in rating. 

which can use smaller cables along with lower fuse ratings. The 
lower fuse ratings will also help with protection of  the various DC 
loads. 

Figure 167 – Discrimination for fuse and cable sizing . Courtesy of  Matt Little.
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Fuse problems
Generally over-current protection devices are robust and reliable. 
If  they have tripped, then always check for the reason why before 
resetting the device.

Some problems which can occur:

Incorrect replacement
It has been seen many times that, when a fuse blows and a 
replacement fuse is not available, then the fuse is bypassed in some 
way – typically with thick wire or tin foil used to short out the 
blow fuse. This is very dangerous as the fuse is there to protect the 
equipment installed. This generally leads to more serious problems. 
Case study 15 shows that the reasons for doing this usually are lack 
of  funds to buy a replacement fuse and lack of  access to the correct 
fuse (in remote areas). 

Nuisance tripping
Sometimes over-current protection devices trip during normal 
operation, this is called nuisance tripping. 

This could be due to the rating of  the over-current device being 
very close to its normal operation, in which case a slightly higher 
value fuse should be used.

It could also be due to in-rush current. This is a high peak 
current	which	flows	when	a	load	is	first	switched	on.	This	can	
sometimes be enough to trip the over-current device. 

Example: When a compressor is first switched on the in-rush 
currents can be up to ten times the normal operational current 
for a very brief period. 

Special over-current protection devices designed for high in-rush 
currents can be obtained quite easily. They are usually called ‘slow-
blow’ fuses.
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3.4.2.12 Loads

The system has been designed to supply a number of  useful loads. 
Your loads will totally depend upon the application. It could be a 
water pump, phone charger or a lighting system. Sometimes it can 
be a mixture of  loads, such as our example where we are powering 
lighting, a radio and refrigeration.

These loads can be either DC (direct current) or AC (alternating 
current).

Figure 168 – AC and DC voltages shown over time. Courtesy of  Matt Little.

National grids supply AC, as this is easy to convert from one 
voltage level to another.

Batteries and solar PV modules utilise DC.
Wind turbines and hydro generators usually supply AC, which 

can	be	quite	simply	and	easily	rectified	into	DC.
With all of  the loads we need to consider if  the load is AC or DC 

and also the operational voltage.
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DC Loads
DC loads can be run directly from the battery bank, as long as the 
voltages match. 

If  your battery voltage is lower than the load voltage then it will 
not function, or might not function as expected. 

If  your battery voltage is higher than the load voltage then you 
will almost certainly destroy your load in a puff  of  smoke.

You must ensure that the battery voltage is in the correct range 
for your load.

Most automotive equipment is designed to work at a nominal 
12 V DC, as this is a standard automotive voltage level. The battery 
voltage can vary between 10 to 15 V DC. 

There are a wide variety of  loads available which work at 12 V DC.
Other, less common, DC voltages used are generally multiples of  

12 V, including 24 V DC and 48 V DC.
As mentioned in the system voltage section: the higher the power 

requirement of  the load, the higher the corresponding system 
voltage, as this will mean lower currents and hence thinner wires. 
This results in lower system costs and lower cable power losses. 

DC to DC conversion
It is possible to convert from one DC voltage to another DC 
voltage using a power electronic DC-to-DC converter circuit.

If  possible try to avoid this:
•	It is an additional cost.

•	It	is	an	additional	inefficiency	(typically	50–90%	efficient,	
depending upon load).

•	It is an additional point of  failure.

Wiring a DC load
Connecting a DC load to the battery bank is relatively simple. An 
over-current protection device (fuse) must be used with the correct 
rating. The cable size must also be calculated and sized correctly.
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Figure 169 – Wiring DC loads. Watt-hour (Wh) meter is optional. Courtesy Matt Little.

Example: In the Peru example we have three loads: lighting, 
phone recharging and centrifuge. There are no DC centrifuges 
available, so we must use an AC unit. The DC loads are the 
lighting units and the phone charging.

We need to design the electrical systems to provide the 
lighting (4 x 10 W 12 V fluorescent light units) and the mobile 
phone chargers (4 x 5 W 12V unit):

This gives a total maximum DC load of 40 W+20 W = 60 W

As we are using a 12V system, the current flowing = 
60 W / 12 V = 5 A

AC loads
An AC supply is standard within national grid systems. This is due 
to the ease of  converting AC voltages from one to another using a 
transformer (transformers do not work with DC applied). Most 
countries utilise AC from the plug sockets within houses and 
industry. In the UK the voltage and frequency is 240 V AC at 50 Hz, 
in the USA the voltage is 120 V AC at a frequency of  60 Hz.

There are a huge range of  devices available to plug in to an AC 
outlet. These are mass produced and hence can be very cheap to 
buy (when compared to an equivalent DC device).

The AC supply to the load must be maintained within certain 
voltage and frequency parameters, or the load will not function 
correctly and might be damaged. 
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We are looking at battery bank systems which are DC. In order 
to change the battery bank DC voltage into an AC voltage and 
frequency for the load we need to use a power electronic device 
called an inverter.

Inverters
An inverter is a power electronic device that changes a DC input 
voltage into the correct AC output voltage and frequency.

Inverters are rated in terms of  their output power, input voltage, 
the output voltage and frequency and the ‘type’ of  AC output. 

Obviously the input voltage must be the same as the system 
voltage. Indeed, the availability of  a suitable inverter may have 
influenced	the	choice	of 	system	voltage	in	the	first	place.

All PV systems were off-grid in the early years of  the industry, 
but subsidies for grid-connection (among other factors) has 
drastically reduced the focus on stand-alone solutions. The value 
of  off-grid systems has not changed, but grid-connection has 
dominated to the point that even ‘PV engineers’ often have little or 
no design knowledge of  off-grid systems.

A consequence of  this is the widespread tendency to include 
inverters into off-grid systems. For a wide range of  applications they 
are not only unnecessary, but can drastically reduce reliability and 
increase	costs.	Take	care	when	researching	‘standard	configurations’	
for	system	solutions.	Please	see	3.1.3:	Energy	efficiency,	for	more	
information.

Sizing an inverter
The maximum AC load, Ploads_AC_max, comes from the load 
assessment. The inverter output power rating must be able to supply 
this maximum load hence Ploads_AC_max will determine the minimum 
output power rating. Inverters are only available in certain output 
power ratings. Hence choose the next available size up, Pinv. 

The output voltage and frequency will be determined by the 
available loads. Usually this is the same as the local grid supply 
voltage and frequency as compatible AC loads are readily available 
at low cost.
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Inverter types
There are a number of  different ‘types’ of  inverter, notably ‘square 
wave’, ‘stepped square wave’ (sometimes called ‘stepped sine wave’) 
and ‘sine wave’. The output voltage from these three types is slightly 
different.

They vary in their output waveforms, as shown in the diagrams 
below. Generally, the better the output waveform (closest to the 
pure sine wave), the higher the cost.

Figure 170 – Inverter output types. Courtesy of  Matt Little.
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Square wave

 Simplest and hence cheapest x Sometimes the attached loads do 

not work

 High power ratings available at lowest cost x Sometimes problems with over-

heating in loads (e.g. motor coils)

x Sometimes problems with high 

pitched noise from the device

x Cannot use AC meters to exactly 

measure the current

x	 Typically	low	efficiency

Stepped square wave

 Reduced heating in loads (compared to 

square wave)

x Sometimes the attached loads do 

not work

 High power ratings available at low cost x Sometimes problems with high 

pitched noise from the device

 Relatively	good	efficiency x Cannot use AC meters to exactly 

measure the current

Sine wave

 Can supply ALL types of  loads x Most expensive

 High	efficiency

 Can use ‘off  the shelf ’ AC meters

If  possible use a sine-wave inverter as this will be able to supply 
all types of  loads. If  the load is relatively simple (such as a single 
pump) a stepped square-wave inverter can be used. If  at all possible, 
do not use a square wave inverter.

Note: Some suppliers do not directly specify the inverter type and some use 
jargon to try and hide the inverter type (usually when it is a cheaper inverter 
being sold as a more expensive ‘sine wave’ type). Read the specifications and 
literature carefully.
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Wiring an inverter and AC load
When an inverter is introduced into the system we need to consider 
both the DC input side and the AC output side. Both sides require 
correct cable sizes and over-current protection.

Figure 171 – AC load and inverter wiring. Wh meter is optional. Courtesy of  Matt Little.

Manufacturers of  good quality DC to AC power inverters include 
(among others):
•	Xantrex (Trace) – http://www.xantrex.com/

•	Exeltech – http://www.exeltech.com/

•	SMA – http://www.sma.de/

•	Outback Power Systems – http://www.outbackpower.com/

•	Fronius – http://www.fronius.com/cps/rde/xchg/

The inverter may require a ground connection – please check local 
wiring regulations.
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Grounding
If  the system includes a higher voltage (e.g. 110 or 240 V) AC 
section then a system ground is required. This provides a path for 
current in the event of  a fault and ensures that any fuses within the 
system function correctly. Only one system ground is required from 
which all ground connections should be made. 

A number of  techniques can be used to create a system ground 
including:
•	Copper grounding rod hammered into the ground.

•	Metal rebar of  building foundations used to form ground.

Example: The centrifuge is an AC unit which requires a 
maximum power of 200 W. A stepped-square wave inverter 
will be used, but only 400 W units are available. We need 
to design the cable and the over-current protection for the 
maximum current which may flow in normal operation.
So, on the DC side:

 400 W / 12 V = 33.3 A
 The inverter is only 2m from the battery; hence the   
 cable can be 4 mm2

All over-current protection, connectors and switches must 
be rated for 33.3 A or higher, generally 40 A would be the 
minimum value used.
On the AC side:

 400 W / 240 V = 1.66 A

The cable run to the centrifuge is 20 m, but due to the low 
current, this cable only needs a cross-sectional area of 2.5 mm2. 
This cable is carrying a dangerous voltage; hence it must be 
double insulated.

All switch-gear, over-current protection and connectors must 
be sized for greater than 1.66 A. Typically a 2 A or 3 A fuse 
would be used.
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•	Large metal object with high surface area (e.g. car radiator) buried 
into the ground.

If  using any of  these techniques, an earth resistance test must be 
made using a special earth resistance tester (used by all electricians). 
This applies a voltage and measures the resistance to ensure that, if  
there is a fault to ground, the resistance is low enough for a current 
to	flow	and	hence	operate	any	fuses	or	breakers.	

The ground type (e.g. dry sand or wet earth) must be taken into 
account, as this will affect the earth resistance readings.
Grounding AC systems is a specialist job. The local electrical 
regulations must be followed with the installation of  any system 
grounding. For this section it is usually best to ask a local electrician.

A thick (typically 10 mm2/6 AWG – again, check the local 
electrical regulations) earth cable must be connected to the system 
ground and taken to a point where all the ground connections can 
be made. Measures should be taken to ensure that this connection is 
well made and that there will be no corrosion for the lifetime of  the 
system.

Grounding for electrical safety is not the same as grounding 
for a lightning protection system: two separate systems are 
required. Lightning protection must divert very high voltages 
(tens of  thousands of  volts) to ground as directly as possible. 
Electrical grounding provides a fault current path, typically at the 
system voltage, which helps to ensure fuses will blow under fault 
conditions.

3.4.2.13 Generators

The generators on the system supply the energy for the loads. We 
are focusing on renewable energy supplies, but this also includes 
diesel generators. Information on the various renewable energy 
generators can be found in 2.3: Conversion technologies – the 
basics. Here we do a short overview of  the main design calculations 
and installation techniques.
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Solar PV electrical system
Solar Photovoltaic (PV) modules directly convert photos (light) 
into electrons (current). They are solid-state devices which do not 
contain any moving parts. They generate direct current (DC) when 
exposed to light.

The following diagram shows an example wiring system for solar 
PV modules which use a series regulator.

Figure 172 – Series regulator and PV 
module wiring. Ammeter is optional. 
Courtesy of  Matt Little.

To size the regulator, cables and fuses we need to know some 
more information about the PV modules.

PV module label
Every PV module has been tested 
and the characteristics will be 
printed on a label on the back 
of  the module. There are some 
important factors to read from this 
label. They are:
•	Module peak power. This is 

the power output under certain, 
standardised, test conditions.

•	Open circuit Voltage (Voc). This 
is the maximum output voltage 
under standard test conditions. In 
the UK, all cables, connections, Figure 173 – A PV module label. 

Courtesy of  Brian Goss.
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switch gear and over-current protection devices should be rated 
for this voltage multiplied by 1.15, to give a safety factor. Check 
local regulations.

•	Short circuit current (Isc). This is the maximum output current 
under standard test conditions.

In the UK, all cables, connectors, switch gear and over-current 
protection devices must be rated for this current multiplied by 1.25 
to give a safety factor. Check local regulations.

PV connections and cables
Connections to the PV module are either made within a waterproof  
junction box on the back of  the module, or via waterproof  
connectors to some cables from the back of  the module. The PV 
module is left outside, so the connections must be weather proof.

When making connections to the PV module, ensure you consider:

•	Ingress protection rating for the connections.

•	Current carrying capacity – must be designed for the correct 
current.

•	Voltage rating – must be designed for the correct voltage.

•	UV resistance – sunlight will degrade many plastics.

•	Inter-connectability – if  possible, ensure the connectors of  
different polarities cannot be connected together.

•	Temperature rating.

•	Double insulation – at higher voltages, PV cables must be ‘double 
insulated’.

•	Flexibility	–	ensure	the	cable	is	flexible	enough	for	the	installation.

The list above is for best practice and connections and cables 
used will depend upon locally available suppliers. 
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Wind turbine electrical system
The wind turbine electrical system is comprised of  a number of  parts.

Figure 174 – Wind turbine electrical system diagram. Ammeter is optional. Courtesy of  Matt Little.

Wind turbine generator
There are a wide variety of  electricity generators used within Small 
Wind Turbines, although the majority use permanent magnet 
generators. Please see the Wind Technology section for more details.
A permanent magnet generator (PMG) converts the rotational shaft 
power into electrical power. 

Wind turbines: important parameters
The most important parameters relating to the electrical system 
design are:
•	Rated power

•	Maximum output power

•	Rated voltage

Wind	turbine	rectifier
The	rectifier	converts	the	AC	output	from	the	stator	into	the	DC	
output	required	for	connection	to	the	batteries.	The	rectifier	must	
be able to cope with the maximum current (Imax_WT) from the wind 
turbine at maximum power (Pmax_WT). This is calculated from:

Imax_WT = Pmax_WT / Vsys

Where Vsys is the DC system voltage. 
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Wind turbine cable sizing
The current used to size the cable should be the maximum current 
from the wind turbine,

 Imax_WT = Pmax_WT / Vsys

with a safety factor of  25% added, 

IWT_cbl_min = 1.25 x Imax_WT. 

The voltage drop in this cable is less important here for a number 
of  reasons:
•	The wind turbine can spin slightly faster to generate a higher 

voltage to ‘compensate’ for voltage drop and hence charge the 
battery.

•	The wind turbine will only produce the rated maximum power for 
relatively short periods of  time. The losses in the cable are only 
high when the wind turbine is producing at its maximum power, 
hence the energy lost due to copper loss in the wind turbine cable 
will usually be quite low.

•	The additional cost of  larger cable often does not justify the 
reduction in energy lost to copper loss. 

An acceptable voltage drop is between 10% and 30%, depending 
upon cable length.

Sometimes	the	rectifier	is	placed	at	the	top	of 	the	wind	turbine	
tower to ensure adequate cooling from the wind. Sometimes the 
rectifier	is	built	into	the	body	of 	the	wind	turbine	unit.

Wind turbine brake
For a safety measure there must be some way of  stopping the wind 
turbine rotating. This could be in the form of  a mechanical brake 
or, more usually, an electrical brake (see 3.3.2: Small Wind Turbines 
(SWTs) – the details, for more information).

A wind turbine electrical brake shorts the output from the wind 
turbine	i.e.	the	output	voltage	of 	the	rectifier	is	effectively	zero.	This	
makes	the	alternator	very	difficult	to	turn	and	effectively	limits	the	
rotational speed of  the blades. Any power developed is dissipated in 
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Figure 175 – A Change-over type 
fused switch used as a wind turbne 
brake. Photo courtesy of  Matt Little.

Wind turbine over-current protection
As mentioned previously, fuses are also required to protect the cable 
and stator in case of  a short circuit. If  possible, fuses should be 
used in both positive and negative cables. 

Wind turbine lightning protection system
A lighting protection system (LPS) attempts to limit any problems 
arising from a lightning strike. This is optional but strongly advised 
in areas where tropical storms are commonplace.

The following image shows the average annual number of  
thunderstorms across the world, where there may potentially be 
lightning.

Figure 176  – Variation 
in average thunderstorm 
days per year around the 
world (Dreyer, 2010).

the cables, although, as power = volts 
x amps and with a very low voltage, 
the power generated when the brake is 
applied is very low.

The wind turbine blades may still 
rotate even with the brake applied, 
although at greatly reduced speed. 

A very simple wind turbine electrical 
brake can be constructed from a double 
pole, double throw ‘change-over’ type 
switch. Usually an industrial change-
over switch, typically used for supplying 
motors, is used (see Figure 175).
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Within a lightning protection system, there are two main sections – 
a grounding rod and a lightning limiting system.

Grounding rod
A grounding rod is driven into the ground close to the wind turbine 
tower. A thick connecting cable, of  10mm2 or greater, is attached 
to the tower (either with a bolt and lug, or with a clamp) and to the 
grounding rod (using a grounding clamp). This is an attempt to 
provide an easy path to ground for any lightning strike in order to 
help dissipate any effects.

Lightning limiting system
The design of  lightning protection systems is relatively complex, 
but the main aim is to limit the maximum voltage onto the electrical 
system by diverting any excess to the ground and to suppress any 
current surge.

Generally a LPS uses varistors and inductors to limit voltage 
spikes and suppress current surges. A ground rod close to the base 
of  the turbine is used by the lightning protection system as a safe 
diversion.

Due to the variation in size and strike point of  lightning it is 
virtually impossible to have a fail-safe protection system and, 
unfortunately, most will not protect the system in 100% of  cases.

Further information on Lightening and surge protection can be 
obtained from Furse (a subsidiary of  Thomas&Betts):
http://www-public.tnb.com/eel/docs/furse/ESP_-_Introduction.pdf.

3.4.2.13.12 Diesel generators

Sometimes a diesel generator is added to the system. This provides 
the system with a reliable and controllable source of  energy. It 
can be used for reliable recharging of  the batteries in times of  low 
renewable input.

Both the electrical integration and the control strategy must be 
carefully thought through to ensure a reliable and robust system.
Every electrical system is different but some ideas and thoughts on 
the main concepts are included here.
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Electrical integration

Obviously the generator must be electrically connected to the system. 
Generators usually supply an AC output voltage (the voltage and 
frequency will vary depending upon the location – 240 V 50 Hz in 
the	UK,	110	V	60	Hz	in	the	US).	Some	generators	are	specifically	
designed to recharge a battery bank and they have a built in battery 
charger.

Figure 177 – Wiring in a back-up generator. Control circuitry might be required (not shown). 
Ammeter is optional. Courtesy of  Matt Little.

A generator will produce a high voltage. This MUST be installed 
by a trained electrician with knowledge of  the local electrical code. 

Correct electrical installation must be followed when integrating 
the generator into the system. Correct cable sizing procedures 
should be followed. The cable from the generator should be protected 
from	vibration	(flexible	cable	used)	and	heat	(some	additional	cable	
insulation or guard is required) and chemically resistant to fuel and 
oils. Breakers are required on both the AC and the DC cables to 
protect the relevant cable. Additionally a run-time monitor and a 
Wh energy meter could be added. This information could be used 
to review how long the generator is running for and hence adjust 
any control strategy. The run-time could also be used to indicate 
when essential maintenance should be performed.

Note: Please review the Practical Action information on diesel generators for 
more details: http://practicalaction.org/practicalanswers/product_
info.php?cPath=21_64&products_id=34.
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Sizing generators

Generators are rated in terms of  the VA (volt-amps) they can supply. 
This is the apparent power that the generator can supply, as opposed 
to the real power, measured in watts (W). Due to power factor 
(which shows that not all of  the apparent power does useful ‘real’ 
work), it is the apparent power which is the most important value 
when sizing a generator.

The generator must be sized correctly to recharge the battery 
bank. The general rule is that a battery should be charged at a 
current equal to 1/10th to 1/8th of  the battery bank Ah capacity. 

Example: If the battery capacity is 1000 Ah, then the ideal 
recharge current for the battery is between 1000/8 = 125 A 
and 1000/10 = 100 A. This must be supplied at the correct 
system voltage. If the battery bank is at 24 V then the power 
supplied to the battery must be 125 A x 24 V = 3000 W. 

If used, the power factor of the battery charger must also 
be taken into account. This would be in the region of 0.8, 
hence the generator VA rating must be able to supply the real 
power at the stated power factor. Therefore a generator sized 
around 3000 / 0.8 = 3750 VA (3.75k VA) is required.

Obviously a larger or smaller generator could be used but this 
could lead to issues. A generator which is too small might not be 
able to keep the battery charged when it is required. A generator 
that	is	too	large	would	not	be	efficient	as	it	would	be	running	at	
a low load for the majority of  the time and would consume more 
diesel	than	a	correctly	sized	unit.	This	is	due	to	the	low	efficiency	of 	
a generator at low loading levels, as shown in Figure 178.
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Figure 178 – Graph showing diesel generator efficiency for various loads (for a 3000 VA generator). 
Courtesy of  Matt Little.

Control strategies
The control of  the generator (i.e. when to turn it on and off) is one 
of  the main problems with integrating a generator. If  the control 
strategy	is	incorrect	then	it	could	mean	an	inefficient	system	with	
lots of  diesel consumed. A good control strategy would ensure full 
use of  the available renewable energy and keep diesel consumption 
to a minimum while still ensuring the loads are supplied and the 
batteries are kept in good condition.

The optimal control strategy would be to only switch on the 
generator when the battery is empty and there will be no renewable 
energy input for a length of  time. This requires knowledge of  the 
future conditions (knowing if  there will be any renewable energy 
input).	Obviously	this	is	very	difficult	to	do	as	the	renewable	
energy input is variable, even with weather forecasting. It is almost 
impossible to do with a simple control system. 

A simple, robust control strategy is required.

Operator control
This is based upon human input. The system operator is in full 
control of  the generator. It is their judgment on when to run the 
generator. This requires a very well trained and reliable system 
operator.
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The advantages of  this include:
 Very adaptable.
 Can make judgements on future system use.
 Ensures the system is fully checked before running the 
generator.
 Can respond to any problems.

Disadvantages include:
x Requires training.
x Requires an operator to regularly check the system.

Automatic control
An automatic control system can remove the need for a system 
operator, although it will still need to be checked. Based upon 
various system information (typically battery voltage and currents 
flowing),	some	form	of 	electronic	control	will	start	or	stop	the	
generator to ensure the loads are supplied and the battery is kept in 
optimum condition.

There are many ways this can be implemented including various 
levels of  intelligence. 

The best strategy is a compromise between intelligence (with 
associated complexity) and reliability (simpler systems tend to be 
more robust and hence reliable). 

Automatic control requires that the generator has an automatic 
starter.

A few types of  automatic control are explained here.

Timer control
The generator is controlled by a simple timer. The generator will 
be switched on at a set time and off  at a later time. The generator 
will then recharge the battery for this time. The generator will run 
regardless of  whether or not the battery is full. This would lead to 
increased diesel consumption. This loss can be reduced by adjusting 
the timing to work with the general trend of  the renewable energy 
supply and the loads. For example, if  the system is just based upon 
solar power and the loads are mainly used at night, it would be best 
to run the generator just after the loads have been used. This would 
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Voltage control
Voltage control involves looking at the battery bank voltage and 
using that value to control when to switch on and off  the generator. 
This could also contain some form of  timing control.

This type of  control can be implemented with various levels 
of  intelligence. The basic control would be to monitor the battery 
voltage and, at a certain value, the generator is switched on. At a 
separate voltage value the generator is switched off. Other forms 
could include monitoring the voltage over time and if  the voltage 
has been too low for a certain length of  time then switch on the 
generator.

The advantages of  this include:
 The generator ought not to run unless the battery is empty. 
 Could be relatively intelligent (but with added complexity).

Disadvantages include:
x Various levels of  complexity.
x Without clever control this could mean that the generator runs 
to the detriment of  renewable energy use (i.e. mainly diesel system 
rather than mainly renewable energy).

ensure that the generator would run at a high power level (which 
would	be	most	efficient)	as	the	battery	would	be	empty.	The	solar	
power	would	then	provide	the	final	charge	to	ensure	the	battery	is	
full. Obviously other factors could affect the run-time and it would 
be	a	learning	activity	to	find	the	length	of 	time	the	generator	must	
run for.

The advantages of  this include:
 Simple.
 Easy.

Disadvantages include:
x Generator	could	run	even	with	a	full	battery	(i.e.	inefficient	use	
of  fuel).
x Must still be monitored and adjusted by an operator.
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Energy balance control
This type of  control system would look at the energy into the 
system and the energy out of  the system and perform an energy 
balance calculation. If  the loads have consumed more energy than 
has	been	supplied	(taking	into	account	various	system	inefficiencies)	
then the generator run-time could then be calculated in proportion 
to	the	deficit.

The advantages of  this strategy include:
 Relatively intelligent.
 Should lead to reduction in diesel consumed if  correctly adjusted.

Disadvantages include:
x Very complex (hence less robust).
x Requires	accurate	monitoring	of 	power	flows	within	the	system.

Diesel generators usually need to be started periodically to 
prevent mechanical seizure and internal corrosion. Manufacturer 
information should be consulted for further details.

It is also important to consider the logistics of  fuel delivery and 
storage. It could be that a maximum of, say, 500 litres of  fuel can 
be delivered in a single vehicle (or stored on site). If  access to site is 
restricted for periods of  time – such as monsoon seasons or winter 
months – then the operational hours of  the generator should be 
carefully calculated to ensure adequate fuel is available.

3.4.3 System monitoring and involving the user

Monitoring a stand-alone power supply system is very important for 
its reliable long-term operation. The community using the system 
must be trained to check the system and have an understanding of  
the various parameters. They can report any unusual conditions to 
the group in charge of  maintenance.

Readings from the system monitors can be used, for example, 
to check if  the battery is charged, if  the wind turbine has been 
generating energy during high winds or if  a very large load has been 
connected to the system.

For every system a group of  people should be placed in charge 
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3.4.3.1 Involving the user

The user is typically the most important aspect of  an off-grid system. 
Even	for	fixed	location	solutions	requiring	no	user	intervention,	a	lack	
of  awareness by those around can result in reduced performance.

A real example of  this was a local woman in Rwanda washing her clothes 
and laying them on an array of  warm, flat and clean PV modules every 
morning.

Aside from general considerations of  the equipment – for 
safety	and	other	reasons,	if 	the	user	has	an	influence	on	energy	
consumption (or generation) it is essential they understand how the 
system operates. We need to convey the principle that the battery 
only has a limited amount of  energy – which is dependent on 
sunlight, wind or rainfall intensity and the devices connected to it.

We want the energy in the battery to become analogous to water 
in a bottle: the owner can choose how to use it. They can take true 
ownership of  their energy, every day.

For example in a domestic home with several lights, a TV, computer and a 
fridge, devices can be switched off  by the user to ensure the fridge does not run 
out of  power.

After becoming familiar with daily system operation, the user will 
likely be able to estimate the remaining battery time compared to 
how they use the appliance(s) powered by the system.

System operator
Larger systems (typically systems supplying power to more than one 
household) are generally better maintained if  they have a dedicated 
system operator.

This person or group would be responsible for daily/weekly/
monthly maintenance. Tasks include:

of  operation and maintenance. They would check the system 
monitoring equipment daily and record certain values on some form 
of 	log,	which	can	be	used	for	fault	finding	and	maintenance.

This is a very important but often-over looked area. Monitoring 
devices can add to the cost of  the system, so their purchase must be 
included within the initial budget.
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•	Checking battery voltage 

•	Checking loads current

•	Checking renewable supply current

•	Checking/maintaining generator

•	Keeping battery room clean and tidy

•	Topping up water in open-vented batteries

•	Checking for insect infestations

•	Ensuring supply of  simple spare parts

•	Reporting any issues to an engineer or the installation group

•	Recording energy generation readings

The system operator/maintainer would have to be trained and, 
if  possible, paid for their work. Typically a number of  operators 
are trained for each system. Due to the nature of  life in remote 
locations, people frequently move to cities for work. This can cause 
issues	when	the	trained	operators	move	to	find	paid	work	in	other	
locations. Sometimes the systems are then not maintained well and 
they can fail early.

One way to reduce the movement of  trained operators is to train 
up women with children or the elders in the community. This has 
a	number	of 	benefits	–	firstly	they	are	more	likely	to	stay	in	the	
location of  the system and, secondly, and,secondly, this can increase 
the social status of  women and provide some income to these 
households.

Any group installing stand-alone systems should ensure that there 
is provision for long-term engineering and maintenance support 
for these systems. This would typically be in the form of  a regional 
engineer who can perform more specialist repairs. This must be 
organised and included within the cost of  installing the system from 
the beginning. All too often this aspect is overlooked and these, very 
expensive, renewable energy systems can fail within a couple of  years.
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User displays
A user display shows the amount of  energy remaining in the battery 
at any given time. There is no effect on the energy system; it is 
simply a display, not a control device.

The display must be easy to understand by anyone – no words 
or numbers. Displaying voltages, power numbers or other written 
information will be useless in most cases. Typically these are a row 
or rows of  Red-Amber-Green LEDs, battery symbols (as used 
on mobile phones) or a combination of  both. Displays are often 
incorporated into charge controllers.

The value of  a display

•	Simple displays help increase renewable energy system value.

•	For a renewable energy system with lots of  equipment, the user is 
the most important factor.

•	Allowing the user to understand energy consumption greatly 
increases the reliability and life of  the system.

•	The display also allows the user to understand the limitations of  
the system.

Where the display can be used

•	Domestic homes – with multiple appliances such as lights, TV, 
radio, fridge, etc.

•	Classrooms – with several computers and other equipment. It can 
also be an education tool.

•	Medical facilities – with several items of  equipment. Especially 
important if  some devices are more critical than others.

•	Businesses – where some equipment is more important than 
others – computer, Internet access, lights, fans, radio, etc.
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3.4.3.2 Voltage monitoring

An accurate and easy-to-read voltmeter to measure the system 
voltage is vitally important. 

Voltmeters can either be analogue or digital, depending what is 
easily available locally. 

Figure 179 – Analogue and digital voltmeters. Photos courtesy of  Matt Little.

The voltmeter must accurately display the system voltage within a 
useful range. They must be rated for the correct voltage type (AC or 
DC) and range.

Example: If a 0–50 V voltmeter is used on a 12 V system then 
it is very difficult to view the small changes in system voltage.

The displayed range of  voltages will depend upon the system 
voltage, but as a general rule will be from 0.85 x Vsys to 1.4 x Vsys. 
For example:

System voltage Minimum voltage Maximum voltage

12 10 16

24 20 30

48 40 60

Example: For a 12 V system a voltmeter with a range from 
10 V to 16 V DC would be the most appropriate.
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The voltage reading can be used, along with the graph given in 
the battery state-of-charge section, to give an indication of  the state 
of  charge of  the battery. The system operator uses this information 
in order to make decisions on running the various loads on the 
system.

3.4.3.3 Current monitoring

Current is monitored with an ammeter. Current is a measure of  
the	flow	of 	electrons	around	a	circuit	and,	along	with	voltage,	is	an	
indication of  power (Power = Voltage x Current).

If  ammeters are used on the generators and the loads then we 
can quickly and easily check if  loads or generators are functioning 
correctly and monitor their operation.

Example: If it is sunny, but there is no current from the solar 
PV modules then they are either not functioning correctly or 
the battery is full.

The ammeter must be rated for the correct type of  current 
flowing	(AC	or	DC)	and	also	measure	the	full	range	of 	currents	
expected.

Current is usually measured using a shunt (a high-precision, 
low-value resistor). The voltage across the shunt, which is directly 
proportional to the current, is displayed. Depending upon the 
magnitude of  current to measure, the ammeter may have an internal 
(generally up to 50 A) or an external shunt (50 A or higher). An 
external shunt will be more expensive and more complicated but 
may be required if  the current is high.

Analogue or digital current displays are available.

Figure 180 – 
Analogue and 
digital ammeters. 
Photos courtesy 
of  Matt Little.
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Note: In some locations, Car battery current ammeters are low-cost, easy to 
find, but relatively inaccurate, ammeters. They give an indication that current is 
flowing which is very useful, even if  the value displayed is not very accurate.

Digital ammeters are generally more expensive and require an 
external power supply. 

Due to the prevalence of  AC systems, AC ammeters are very easy 
to	find	in	most	electrical	supply	shops	and	relatively	cheap.

3.4.3.4 Advanced monitoring

More advanced monitoring is potentially very useful, especially 
for	maintenance	and	fault	finding.	Here	we	list	the	main	types	of 	
advanced monitoring techniques.

3.4.3.5 Amp-hour or Watt-hour meters

It	is	useful	to	monitor	the	energy	flows	and	the	amount	of 	energy	
consumed by all the devices on the electrical system. This is done 
using an Amp-hour or a Watt-hour meter. These have precision 
current shunts within the device and record the current or power 
levels as a function of  time.

Example: Knowing the total energy supplied by the solar PV 
modules and the total supplied to the loads will show if the 
balance of energy into and out of the system is correct.

A 100 W load might be turned on for 1 hour every day. After 
30 days we can check the watt-hour meter to see how people 
are really using the load.

100 W at 12 V is 8.3 A. 8.3 A for 1 hour is 8.3 Ah. Over 30 days 
we would expect an energy consumption figure of near to 
249 Ah. If the reading is higher, the users must adjust reduce 
their use of the load.
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Figure 181 – A mechanical AC watt-hour 
meter. Photo courtesy of  Matt Little.

3.4.3.6 Battery state-of-charge monitor

A battery is an electro-chemical 
device. There is no easily 
visible change in the battery 
to indicate the state-of-charge 
(SOC). Lack of  knowledge 
of  SOC is one of  the main 
reasons for premature battery 
failure and hence renewable 
energy system failure.

A battery state-of-charge 
meter differs from an amp-hour 
meter as it monitors the current into and out of  the battery along with 
the battery voltage, the temperature along with historical data and uses 
algorithms to calculate the state-of-charge of  the battery. 

There are a number of  battery state-of-charge meters on the 
market, although they are relatively expensive and will add to the 
system cost. These include:

•	Comptus: Donar Amp-hour meter 
http://www.comptus.com/A35.php

Figure 182 – A battery state-of-charge monitor. 
Photo courtesy of  Matt Little.

AC Watt-hour meters are used 
on AC systems to charge for the 
electricity consumed, hence they 
are easily available.

DC Watt-hours are much more 
specialist devices and are harder 
and more expensive to obtain. 
They are generally ordered from 
specialist companies or built 
specifically	for	the	application.

For smaller DC systems, 
equipment designed for the radio controlled vehicle market is 
sometimes suitable. Including:
•	‘The Watts Up’ Meter 

http://www.rc-electronics-usa.com/ammeters/dc-amp-meter.html
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•	Victron Energy: BMV-600 
http://www.victronenergy.com/battery-monitors/bmv-600/

•	Bogart Engineering: Trimetric Battery Monitor 
http://www.bogartengineering.com/

3.4.3.7 Time run meter

Sometimes it is very interesting to know how long a device has run 
for.

Example: A water pump might need valves replacing after 
1000 hours of running time.

Using run-time data we can also make assumptions about energy 
consumption as well.

Example: The water pump is rated at 1000 W and has been 
used for 160 hours. The energy consumed by the pump is 
1000 W x 160 hours = 160 kWh.

Run-time meters are 
generally available for AC 
devices. DC devices are still 
available, but are a more 
specialist component.

Figure 183 – An hours-run counter. 
Photo courtesy of  Matt Little.

3.4.3.8 Data acquisition systems

Data acquisition systems involve automatically recording system 
data. This could be locally, to some form of  digital storage, or 
it could be sent (probably via a mobile phone network) to the 
maintainers of  the system.
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3.4.4 Tools for electrical systems

There are many tools available for electrical technicians. Here is 
a list of  the essential tools which should be in every community 
technician’s toolkit. 

Note: None of  these tools should be used without training, as testing electrical 
equipment is potentially very dangerous. If  in any doubt seek specialist help.

•	Multimeter

◊	 This should be good quality with both AC and DC voltage and 
current ranges. A continuity test range is also very useful. 

◊	 A ‘true RMS’ multimeter is useful for testing inverters and 
power electronics.

◊	 Ensure good quality and well maintained test leads.

This has quite a high additional expense, although that cost is 
coming down. 

A whole range of  system parameters can be recorded to 
allow	assessment	of 	performance	and	aid	fault-finding.	Data	can	
specifically	be	used	to:

•	Ensure the installations perform as they should.

•	Identify battery end-of-life in advance of  system failure.

•	Show proof  of  operation for promotional purposes such as future 
planning applications or as proof  of  environmental savings.

Although external or stand-alone data loggers can be used, these 
either draw energy from the PV system or have their own battery 
– which will require replacement. It is recommended that charge 
controllers with integrated data logging are used as they allow data 
to be stored for many years.

If  the power supply system is a prototype system then it would 
be	a	good	idea	to	monitor	all	energy	flows,	along	with	weather	
information, using a data acquisition unit. This information could 
be used to show how the system functions over time (this would 
help to validate any energy generation claims made and help to 
prove the suitability of  the technology). 
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•	Screwdrivers 

◊	 A range of  sizes. Insulated electricians tools should be used.
•	Cable cutters

◊	 Insulated handles for electricians.
•	Knife

•	Battery safety protection kit:

◊	Acid-resistant gloves
◊	Goggles
◊	Apron
◊	Neutralising alkali (baking soda)
•	Pliers

◊	 Insulated handles for electricians
•	Set of  Allen Keys

More specialist tools that might be useful include:
•	Hydrometer

◊	 For measuring battery electrolyte and state-of-charge.
•	Cable crimps

◊	Designed to electrically and mechanically crimp cables to 
connectors.

•	Clamp ammeter

◊	 To non-invasively measure currents. 
•	Solar Irradiance meter

◊	 For testing solar PV modules.
•	Battery terminal cleaning tool

◊	A special wire brush for cleaning battery terminals to make 
good connections.
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3.4.5 Trouble shooting and fault finding electrical   
 systems

Finding faults within complex electrical systems is a specialist 
activity. It can also be very dangerous. Please only attempt 
fault finding diagnostics if you have relevant training and are 
able to stay safe.

There are a wide range of  parts which can fail within stand-alone 
renewable	energy	systems.	Knowing	how	to	find	a	fault	comes	
with experience. Sometimes a fault will only manifest itself  when 
something else does not work. The main failures will be due to: 
•	Battery failure (generally due to over-discharging).

•	Fuse failure (generally due to short circuit resulting from moisture, 
insects or mechanical fault).

•	Connection failure (generally due to bad connections, weather or 
insect damage).

•	Power electronics failure (generally due to weather or insect 
damage).

Figure	184	shows	a	simple	fault-finding	flow	chart.	It	should	help	
find	faults,	but	it	is	very	difficult	to	cover	all	aspects.	

Some faults can lead to other parts of  the system failing. For 
example: moisture causes a short circuit from the solar PV modules. 
This blows the fuse to the PV modules. This is not noticed by 
the system operators and, as no energy is coming into the system, 
eventually the batteries fail as they are fully discharged.

Note: There are a wide range of  faults which can occur within a renewable 
energy system, for which you will often need to seek specialist advice.

ENERGY BOOK PRESS.indb   373 02/09/2014   14:59:15



Energy Part III chapter 3 – The details

– 374 –

Figure 184 – A simple fault-finding flow diagram. Courtesy of  Matt Little.

3.4.5.1 More information

Although this section has given more detailed information on 
practical system design, the reader should refer to the additional 
information contained in chapter 4, Further reading, and consult 
both an expert and a local champion before implementing any 
potential solutions.
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4 Further reading
4.1 Energy access 
4.1.1 General

Practical Action’s Poor People’s Energy Outlook series – detailed picture 
of  the importance of  energy access for development; available in 
print or at: 
http://practicalaction.org/ppeo2010 
http://practicalaction.org/ppeo2012 
http://practicalaction.org/ppeo2013

Appropedia – website on collaborative solutions in sustainability, 
appropriate technology and poverty reduction; available at: 
http://www.appropedia.org/Welcome_to_Appropedia

Energypedia – development-focused renewable energy wiki; available at: 
https://energypedia.info/wiki/Main_Page

Small is beautiful: A study of  economics as if  people mattered by E. F. 
Schumacher (1973) – collection of  essays on intermediate technology. 

Sustainable Energy for All – website set up by the United Nations with 
lots of  information on global targets and frameworks to achieve 
them with respects to universal energy access; available at: 
http://www.se4all.org/

Practical Action’s Development Bookshop – over 50 energy-related 
books; available at: 
http://developmentbookshop.com/energy.html

Practical Answers – free online resource on a range of  appropriate 
technologies from solar PV to mud stoves in Kenya; available at: 
http://practicalaction.org/practicalanswers/

Practical Action’s Interactive Renewable Energy Toolkit (iRET) – 
freely available interactive multimedia renewable energy toolkit; 
available at: 
http://practicalaction.org/iret
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4.1.2 Access to finance

The economics of  micro-finance by B. Armendáriz & J. Morduch (2005). 

Mainstreaming Microfinance: How Lending to the Poor Began, Grew and 
Came of  Age in Bolivia by E Rhyne (2001).

Women at the Center: Grameen Bank Borrowers After One Decade by H. 
Todd (1996).

Small, Short and Unsecured: Informal Rural Finance in India by F. J. A. 
Bouman (1990).

Selling Solar: The Diffusion of  Renewable Energy in Emerging Markets by 
D. Miller (2010).

4.2 Assessing energy demand

Total Energy Wiki – download Practical Action’s Total Energy Access 
questionnaire,	easy-to-fill	data	sheets	and	related	information;	
available at: 
https://energypedia.info/wiki/Total_Energy_Wiki

A Handbook of  Small-scale Energy Technologies: Practical Answers by Neil 
Noble (2012) – on the generation, delivery and use of  appropriate 
decentralized energy technologies, contains a lot of  information on 
loads.

A Practical Guide to Solar Photovoltaic Systems for Technicians by Jean-
Paul Louineau (2008) – essential manual for technicians working on 
solar PV in rural areas, contains information on loads and energy 
efficiency.

Determining Electric Motor Load and Efficiency, U.S. Department of  
Energy – can be used as a guide for sizing electric systems; available 
at: 
https://www1.eere.energy.gov/manufacturing/tech_assistance/
pdfs/10097517.pdf
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4.3.1 Solar

NASA data resource – data taken from satellite based measurements 
over the past 20 years. This site is not colourful or particularly user 
friendly but the raw data is very good. It will take a while to learn 
how	to	use	but	each	field	has	‘parameter	definition’	notes	on	what	
the numbers and various options mean; available at: 
http://eosweb.larc.nasa.gov/cgi-bin/sse/grid.cgi

Animation of  net radiation available at: 
http://earthobservatory.nasa.gov/GlobalMaps/view.
php?d1=CERES_NETFLUX_M

Earth observatory maps available at:  
http://earthobservatory.nasa.gov/GlobalMaps/

Highly recommended solar insolation map of  Africa available at: 
http://re.jrc.ec.europa.eu/pvgis/

The interactive maps are useful for thinking about how the software 
is calculating the summarised values (click ‘stand-alone PV’ top right 
of  the page); available at: 
http://re.jrc.ec.europa.eu/pvgis/apps4/pvest.php?map=africa

Solar Pathfinder – captures a digital image of  shading and prints it 
onto a sun-path diagram. Useful if  numerous site assessments are 
being performed; available at:  
http://www.solarpathfinder.com 

IRENA Global Atlas for Renewable Energy – overlays many relevant 
layers (solar/wind resource, grid lines, road network, population 
density, etc.) onto a Google Maps base layer, making assessing a new 
region’s viability for renewable power generation much quicker and 
easier;  available at:  
http://irena.masdar.ac.ae/

4.3 Energy resources and conversion    
 technologies
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4.3.2 Wind

NASA’s Atmospheric Science Data Centre – use with caution (see main 
text on wind resource); available at: 
https://eosweb.larc.nasa.gov/cgi-bin/sse/grid.cgi

Scoraig Wind – Hugh Piggott’s blog, where you can buy his books 
(Wind Power Workshop, Wind Turbine Recipe Book etc.), keep up to 
date with the world of  locally manufactured SWTs and get in touch 
with the world expert on locally manufactured SWT technology; 
available at: 
http://scoraigwind.co.uk/

Wind-Works – an online archive of  articles and commentary on 
wind and solar energy by Paul Gipe, an independent expert and 
author of  a series of  textbooks that make a great introduction to the 
theoretical and practical issues surrounding wind power; available at: 
www.windworks.org

Wind Empowerment – a global association for the development of  
locally	manufactured	SWTs	for	sustainable	rural	electrification.	
Conducts and publishes relevant research, hosts a document library, 
runs a series of  webinars, provides links to member organisations, 
hosts a discussion forum for technical queries and more; available at: 
http://windempowerment.org/

V3Power – Nottingham based DIY renewable energy co-operative 
specialising in Piggott turbine construction courses; available at: 
http://v3power.co.uk/

Stand-Alone Solar Electric Systems: the Earthscan Expert Handbook for 
Planning, Design and Installation by Mark Hankins (2010) – hands-on 
guide,	not	specific	to	development,	on	off-grid	solar	systems.	

A Practical Guide to Solar Photovoltaic Systems for Technicians by Jean-Paul 
Louineau (2008) – essential manual for technicians working on solar 
PV in rural areas.
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EWB/SIBAT Design Guides – A series of  technical guides for the 
design, manufacture and installation of  small-scale off-grid wind 
and solar hybrid systems written by Matt Little & Drew Corbyn 
during their EWB-UK placements with the Filipino NGO, SIBAT. 
Covers	everything	from	electrical	system	design	to	fibreglass	blade	
manufacture to resource assessment.

Bright Planet Education– a smaller and simpler wind turbine designed 
for local manufacture and tested in the UK by John Simnett; 
available at: 
http://bright-planet.org.uk/

The Danish Wind Energy Association’s Wind Know-how – online resource 
that offers an introduction to the basics of  wind energy; available at: 
http://www.windpower.org/en/knowledge.html

4.3.3 Hydro

Books:

Micro-hydro design manual: A guide to small-scale water power schemes, 
by Adam Harvey, Andy Brown, Priyantha Hettiarachi and Allen 
Inversin (1993) – comprehensive overview which examines every 
stage of  planning an installation.

The Micro-hydro Pelton Turbine Manual: Design, Manufacture and 
Installation for Small-scale Hydro-power, by Jeremy Thake (2000).

Pumps as Turbines: A User’s Guide, by Arthur Williams (2nd edition, 
2003) – concerns the use of  standard pump units as a low-cost 
alternative to conventional turbines to provide stand-alone electricity 
generation in remote locations.

Motors as Generators for Micro-hydro Power, by Nigel Smith (2nd 
edition, 2008) – concerns the use of  induction motors for electricity 
generation in remote locations.

Designing and Building Mini and Micro-hydro Power Schemes: A Practical 
Guide, by Luis Rodriguez & Teodoro Sanchez (2011).

ENERGY BOOK PRESS.indb   379 02/09/2014   14:59:17



Energy Part III chapter 4 – Further reading

– 380 –

Papers:

A. A. Williams and R. Simpson, Pico-hydro – Reducing technical 
risks	for	rural	electrification,	Renewable Energy, vol. 34, pp.1985–1991, 
2009.

K. V. Alexander and E. P. Giddens, Micro-hydro: Cost-effective, 
modular systems for low heads, Renewable Energy, vol. 33, pp.1379–
1391, 2008.

Documents:

The Pico Power Pack case study by Phil Maher & Nigel Smith (2000); 
available at: 
http://www.eee.nottingham.ac.uk/picohydro/documents.
html#casestudies

Five gallon bucket hydroelectric generator build manual by Sam 
Redfield;	available	at: 
http://www.five-gallon-bucket-hydroelectric.org/build-manuals/ 

Design of  propeller turbines for pico-hydro – Robert Simpson & Arthur 
Williams (2010); available at: 
http://www.eee.nottingham.ac.uk/picohydro/documents.
html#manuals

Websites:

Pico-hydro website – lots of  useful documents and guides on locally 
made	Pelton	and	axial	flow	turbines:	available	at 
www.picohydro.org.uk

Pumps as Turbines website – useful information for designing a 
pump as a turbine micro-hydro system; available at: 
 www.pumpsasturbines.org.uk

Hydromatch website – gives access to a free trial of  micro-hydro 
equipment selection software; available at: 
 www.hydromatch.com
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4.3.4 Improved cookstoves

HEDON Household Energy Network – a big repository of  useful 
information on energy technologies for households, including a 
searchable improved cookstoves database; available at: 
www.hedon.info 
For the searchable database, see http://www.hedon.info/Databases

Aprochevo Research Centre – researching, developing and 
disseminating clean cookstove technologies. Lots of  information 
including links to design manuals and stoves performance testing; 
available at: 
 www.aprovecho.org

For the performance tests, see http://www.aprovecho.org/lab/
pubs/testing

GIZ HERA Cooking Energy Compendium – a practical guidebook for 
implementers of  cooking energy interventions; available at: 
https://energypedia.info/index.php/GIZ_HERA_Cooking_
Energy_Compendium

Practical Action – contains lots of  practical information on 
cookstove implementation, including technical resource sheets; 
available at: 
http://practicalaction.org/

Global alliance for clean cookstoves – again, a large repository of  
useful information and links on improved cookstoves; available at: 
http://www.cleancookstoves.org/

BioEnergy Discussion Lists – mailing lists, discussion forums and a 
wealth of  information on improved biomass cookstoves is available 
through this website; also contains information on biochar and 
gasification;	available	at: 
http://www.bioenergylists.org/
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For guides on preparation techniques for clay-based technologies, 
see the GVEP DEEP factsheet on improved cookstoves production; 
available at: 
http://gvepinternational.org/sites/default/files/factsheet_ics_web_
final.pdf

And the Practical Action Sudan manual for clay-based technologies; 
available at: 
http://practicalaction.org/docs/region_sudan/clay-based-
technologies.pdf

Gasifiers	are	another	type	of 	improved	cookstoves	that	are	not	
talked about in the text but are relevant – see this GVEP factsheet; 
available at: 
http://www.gvepinternational.org/sites/default/files/factsheet_
gasifier_web_final.pdf?gclid=CL-3lOTNqKsCFUO_zAod7mgb1A

Design Principles for wood burning cookstoves – manual from Aprochevo 
Research Center; available at: 
http://www.bioenergylists.org/stovesdoc/Pcia/Design%20
Principles%20for%20Wood%20Burning%20Cookstoves.pdf

A Comparison of  Wood burning Cookstoves for Uganda: Testing and 
Development, GTZ (2010); available at: 
http://www.bioenergylists.org/stovesdoc/George/A%20
Comparison%20of%20Woodburning.pdf

Wonderbags – the most successful heat retention cooker product 
currently on the market (South Africa); available at: 
http://nb-wonderbag.com/

Carbon	financing	for	stoves	in	Uganda;	available	at: 
http://www.ugandacarbon.org/images/uploads/ICSEA%20
Flyer%2003.pdf
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4.4.3 Computer simulation tools

There are now a number of  computer simulation tools available to 
help produce a system design. These contain mathematical models 
to simulate how the system would perform under various weather 
conditions. Usually, meteorological data can either be downloaded 
or entered by hand.

Here is a list of  some software available:
Note: This list is not exclusive, nor is it a recommendation for any one of  these 
simulations.

4.4 Practical system design
4.4.1 Diesel generators

Practical Action’s Diesel Generator worksheets – for more 
information on selecting, operating and maintaining a diesel 
generator; available at:  
http://practicalaction.org/diesel-engines 
http://practicalaction.org/diesel-engine-repair-maintenance 
http://practicalaction.org/practicalanswers/product_info.
php?cPath=21_64&products_id=34

4.4.2 Stand-alone power supply

Here are some useful books and online resources relating to stand-
alone power supply design. Please note this list is not exhaustive and 
there are many more available:

Off  the Grid: Managing Independent Renewable Electricity Systems by 
Duncan Kerridge with David Linsley Hood, Paul Allen and Bob 
Todd (3rd edition, 2008).

Stand-Alone Solar Electric Systems: the Earthscan Expert Handbook for 
Planning, Design and Installation by Mark Hankins (2010).

A Practical Guide to Solar Photovoltaic Systems for Technicians by Jean-Paul 
Louineau (2008).
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4.4.4 Batteries

For more information on batteries, including their maintenance and 
safe operation, see:

IEA Battery Guide: http://www.iea-pvps.org/products/rep3_06.htm

Article on State Of  Charge monitoring from Homepower Magazine: 
http://www.arttec.net/Solar_Mower/4_Electrical/Battery%20
Charging.pdf

Practical Action battery information: http://practicalaction.org/
practicalanswers/product_info.php?cPath=21&products_id=126

HOMER: http://homerenergy.com/ 
Energy modelling software for Hybrid Renewable Energy Systems.

RETscreen : http://www.retscreen.net/ang/home.php 
Based upon Excel. Windows based.

TRNSYS: http://sel.me.wisc.edu/trnsys/features/features.html 
Models transient systems, such as solar PV system.

PVPlanner: http://solargis.info/doc/4 
Gives PV resource information to help system sizing

Archelios Pro: http://www.archelios.com/ 
PV simulation and design package.

PV*SOL: http://www.valentin.de/en 
Simulation package which can also model battery based systems.

PVSYST: http://www.pvsyst.com/en/ 
PV simulation package.

Note: Never rely upon a computer simulation – always perform the basic design 
calculations and ensure that every factor has been included. There are many 
social and technological factors which should be included by the system designer, 
but might not be included within the computer model.
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4.4.5 Other

A useful guide to PV water pumping can be found on the Green 
Empowerment website; available at:  
http://www.greenempowerment.org/attachments/
SolarWaterPumpingManual_jan2007.pdf

Information on Lightening and surge protection can be obtained 
from Furse (a subsidiary of  Thomas & Betts); available at: 
http://www-public.tnb.com/eel/docs/furse/ESP_-_Introduction.pdf
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