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Abstract 
To date, the use of wind power for rural electrification has been limited. 

However the fact that micro wind turbines can be manufactured using only 

basic workshop tools, techniques and materials, and therefore can be 

produced locally is often overlooked. Local manufacture has the potential to 

boost the local economy, build local capacity, reduce costs, and produce 

resilient and flexible energy systems. However, locally manufactured 

technology must be seen as socially embedded due to the variety of local 

knowledge, skills, equipment and materials needed to construct and maintain 

such systems, as well as the organisational structures needed to ensure their 

long term sustainability. Evidence from successful initiatives suggests that 

stable institutional support from intermediaries such as the local/national 

government or NGOs is necessary to foster the development of a wind 

power industry based on local manufacture. The roles of these 

intermediaries include identifying and targeting windy areas with favourable 

environmental conditions, conducting research and development, collecting 

feedback from end users, creating supply chains for new parts and materials, 

and developing relevant knowledge and skills. In this paper, three case 

studies of specific initiatives are analysed to draw out the social, economic 

and technical factors that could facilitate its wider adoption. 
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1 Introduction 

Globally, 1.4 billion people have no access to electricity, 85% of whom live in 

rural areas (UN AGECC, 2010 and IEA, 2010). Electricity is the most 

versatile energy carrier and the link between electricity use and human 

development is clear. Figure 1 demonstrates that the first few kilowatt-hours 

(kWhs) of electricity have the biggest impact on quality of life; this fact alone 

can justify the increased cost of bringing electricity to remote areas. Among 

the many benefits of electrification, the most prevalent is electric lighting 
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(Practical Action, 2010). Open flame kerosene lamps are widely used 

throughout the developing world due to their availability and low initial 

purchase cost (Foster, Tre et al., 2000), however not only are they 

dangerous (Peck, Gerebreg et al., 2008), but also costly per unit of light 

output (Foster, Tre et al., 2000) and inefficient (Practical Action, 2010). 

 

Figure 1 – Relationship between annual per capita electricity consumption and quality of life, as 
measured by the Human Development Index (HDI) (Source: UNDP (2006)) 

Whilst electricity supply networks will continue to expand, there is growing 

interest in improving electricity access in remote regions of the developing 

world via decentralised renewable energy systems (Wilkins, 2002; GNESD, 

2006 and Developing Renewables, 2008). Such systems are capable of 

providing a flexible, locally controllable and consistent supply of electricity 

that will allow for future expansion in energy use as quality of life increases 

(GNESD, 2006). On a global scale, the possibility of a low-carbon 

development pathway adds further weight to the argument. There is a 

multitude of different technologies on offer, however the three most widely 
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available renewable energy resources are the sun, the wind and flowing 

rivers. As a result, decentralised energy technologies can offer many rural 

communities the potential to take control of their own energy supply. Of 

course, these resources also exist in urban areas, however higher population 

densities mean that as long as suitable infrastructure exists, the most 

economical method for urban electricity distribution is generally via a central 

grid (represented by a 500MW coal-fired plant in Figure 2). This is not the 

case in remote areas, where it is often impractical for governments and 

unprofitable for private energy companies to build long, expensive and 

inefficient transmission lines to connect the many scattered and 

impoverished communities. Here, decentralised generation is the only 

practical option. 

As a result, diesel generators are often used in stand-alone power systems 

because of their low initial purchase costs, modularity and ease of 

installation. However the ongoing need for fuel distribution, rising fossil fuel 

prices, environmental contamination and the associated health risks mean 

that they are not the most economically, socially or ecologically sustainable 

option. The Energy Sector Management Assistance Program (ESMAP, 

2007) estimated the levelised cost of energy for various power generation 

technologies using a standard methodology that compares the total costs 

(initial capital, operation and maintenance and where applicable, fuel, 

transmission and distribution) to the total energy generated over the 

predicted lifetime of the technology. All costs are discounted to the base 

year, and the resulting figure is the value at which electricity would have to 
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be sold at in order to break even. The results of the analysis seen in Figure 2 

show that economically, renewables are undoubtedly the best option for 

small-scale distributed power generation (World Bank, 2008).  

 

Figure 2 – Cost comparison of power generation technologies (Source: ESMAP (2007)) 

The use of micro-hydro and photovoltaics (PVs) for rural electrification is 

already well established (Wilkins, 2002); however these technologies are not 

appropriate in all local contexts. For example, a suitable watercourse is not 

always available and although prices continue to fall, PVs are often still 

prohibitively expensive. As will be discussed later, the successful 

dissemination of wind power technology in Inner Mongolia has shown that 

where a reasonable wind resource is available, wind power can provide a 

cost-effective solution to rural electrification (Batchelor, Scott et al., 1999). 

Moreover, as will be demonstrated below, the opportunity to locally 

manufacture micro wind turbines brings a number of additional benefits. 
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2 Local Manufacture of Micro Wind Turbines 

Khennas, Dunnett et al. (2008) state that manufacturing micro 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-users that 

is necessary to make productive use of the energy and to ensure reliable 

operation through the carrying out of proper operation and maintenance 

procedures. 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 availability of raw and reclaimed 

materials of a consistent quality can also significantly weaken the supply 

chain and hinder both manufacture and maintenance operations. The 

alternative is to import prefabricated technology from abroad and further 

research is needed to compare the long-term social, economic and 

environmental sustainability of the two methods. 
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2.1 The Development of Locally Manufacturable Wind Power 

Technology 

Piggott (2009)’s open-source design for a 3-bladed horizontal axis rotor 

coupled to an axial flux generator describes a simple yet robust machine. It 

can be built to low tolerances in basic workshops almost entirely from widely 

available reclaimed and low-cost materials, yet when looked after carefully it 

has also been known to operate reliably for over 15 years in harsh, remote 

environments. Hugh Piggott has over 30 years experience with locally 

manufactured micro wind turbines and is rightly recognised as a “trusted 

independent expert” by the commercial small wind industry (Sharman, 2009). 

However the potential of the design is greatly increased by its open-source 

nature, which enables it to draw on the global pool of expertise, from 

hobbyists to NGOs (non-governmental organisations) to universities (shown 

later in Figure 8). de Laet and Mol (2000) describe how the success of the 

Zimbabwe Bush Pump can largely be attributed to its 'fluidity' - how easily it 

is adapted to suit the task at hand. It is precisely this ‘fluidity’ that has also 

made the Piggott turbine so successful. Not only can anybody anywhere 

start from Piggott’s basic design and adapt it to their local context (see 

Figure 3), but any successful generic design modifications they may make 

can then be fed back into the open-source design, thus ensuring its continual 

development. As a result, the Piggott turbine has become the basis for the 

majority of recent wind-based rural electrification initiatives that employ 

locally manufactured technology, two case studies of which will be examined 

later on in this paper. This is in contrast to the development of similar 
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technology in Inner Mongolia that occurred in parallel (also shown in Figure 

3) and will be discussed in the first case study. 

 

Figure 3 – Timeline showing the separate developmental pathways of open-source Piggott 
derived technology and that of the IMS&TC in Inner Mongolia, China 

Another important milestone is the recent formation of WindEmpowerment, 

an international association that will provide a knowledge sharing forum for 

social, economic and technical issues relating to locally manufactured wind 

power technology for rural electrification. Hugh Piggott and the majority of 

the organisations featured in Figure 3 are founding members and their 

commitment to open information sharing will hopefully be able to further the 
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dissemination of the technology based on the pooling of their collective 

knowledge and experience. 

2.2 A Typical Wind Power System for Rural Electrification 

 

Figure 4 – Schematic of the power flow in a typical off-grid wind power system 

Figure 4 shows the key components of a typical off-grid wind power system. 

The wind turbine converts kinetic energy from the wind into electrical energy, 

the flow of which is regulated by the charge controller to prevent over-

charging of the battery by sending excess power to a diversion load. The 

battery provides the energy storage necessary to match the variable power 

supply from the wind turbine to the variable power demand of the end user. 

D.C. power can be drawn directly from the battery, whilst the use of A.C. 

power requires an inverter. Finally, electrical appliances provide the energy 

services such as lighting to the end user. Table 1 below shows the popular 
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technological options for each of the major system components and indicates 

those employed in the following case studies. 

 

Table 1 – The popular technological options for locally manufactured wind power technology 
with reference to those employed in the case studies (I – IMS&TC, Inner Mongolia; II – 
Soluciones Prácticas, Peru; III – blueEnergy, Nicaragua) to be discussed in section 3 

In order to make technological comparisons, a standard measure of 

performance is needed for micro wind turbines, as the rated output is only 

produced when the wind reaches a specific speed, often arbitrarily defined 

by the manufacturer. For example, Soluciones Prácticas’ 1.7m IT-PE-100 

(Chiroque and Dávila, 2008) is rated at 100W, but has almost identical 

performance to Piggott (2009)’s 1.8m 350W rated machine. The former is 

System 
component 

Popular 
Technological 
Options 

Case Study Comments 
I II III  

W
in

d 
Tu

rb
in

e 

Blades 

PVC    Cheap & readily available, but performance & reliability unproven, e.g. Connally and 
Connally  (2006) 

Wood   o Timber & carpentry skills widely available. KAPEG research details selection of appropriate 
local timbers by cost, availability & material properties (see Figure 3) 

Fibreglass 
(GRP)  o  Better for higher volume manufacture as repeatability increased, but mold manufacture 

required and less available skills/materials needed 
Pressed sheet 
metal  o   Cheap & simple, but prone to failure due to fatigue 

Generator 

Axial-flux 
permanent 
magnet 

 o o 
Simple to manufacture (planar components only) & low speed operation ideal for wind 
power. Ferrite magnets cheap & available, but NdFeB can increase annual energy yields by 
20% (Sánchez, Chiroque et al., 2002) 

Reclaimed 
motor    Difficult to match performance of different reclaimed motors to a standard set of blades 

Custom build 
radial flux o   Possible only for high volume manufacture due to complex geometry of components. 

 Tower 

Guyed pole o o o Can be lowered for maintenance & less material required overall, but long steel sections  
needed & larger footprint for guy ropes 

Lattice tower   o Smaller footprint, must be climbed for maintenance, shorter steel sections, but more 
complex to manufacture (Clausen, Peterson et al., 2010) 

El
ec

tr
ic

al
 S

ys
te

m
 

Energy 
storage 

Automotive 
batteries    Available, but low depth of discharge (DoD) & poor lifecycle costs due to short lifespan 

Deep-cycle 
batteries o o o Longer-life & greater DoD, but high upfront cost & less available 

Super-
capacitors     Non-toxic, low maintenance, 100% DoD, long-life & doesn’t require charge controller, but 

high upfront cost & not yet available (Schultz, Freere et al., 2010) 
Charge 

controller 
Imported  o o Difficult to manufacture locally 
Local man. o   Very simple design or electronics manufacturing industry needed 

Diversion 
load 

Reclaimed 
heater  o o Simple, cheap & available 

Local man. o   Only cheaper if manufacturing in high volumes 
Inverter 

(AC only) 
Imported  o o Difficult to manufacture locally 
Local man. o   Very simple design or electronics manufacturing industry needed 

Maximum 
Power 
Point 

Tracking 
(MPPT) 

DC-DC 
converter    

Not yet standard for locally manufactured technology. Continual optimisation of 
blade/generator matching by varying rotational speed with DC-DC converter. Predicted 
annual energy yield increase of 95% (Latoufis and Kotsampopoulos, 2010) 

Inductor     Simpler, cheaper & more reliable than DC-DC converter. Predicted annual energy yield 
increase of 65% (Latoufis and Kotsampopoulos, 2010) 
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rated at 6.5 m/s, whilst the latter at 11m/s. As a result, the following notation 

incorporating three standard measures will be used throughout this paper: 

{Ø=rotor diameter m, RAE= Reference Annual Energy yield kWh/yr, 

Pmax=maximum power W} 

RAE (Reference Annual Energy yield) is calculated by the combination of a 

wind turbine’s power curve with a realistic wind regime (5m/s average wind 

speed at hub height and a standard, Rayleigh, wind distribution). It should 

also be noted that Pmax is variable depending on the altitude at which the 

turbine is installed and on the action of the furling device designed to protect 

the turbine from high wind speeds. 

3 Case Studies of Local Wind Turbine Manufacture 

One of the key elements emphasised throughout this paper is the need to 

consider locally manufactured wind power as a socially embedded 

technology. This implies that any technological decision will need to be made 

within the context of the availability of skills, knowledge and materials, as 

well as the ability to pay, needs of the community and the state of other 

existing infrastructure in a particular locality. The role of intermediaries such 

as NGOs, government and research institutions and private enterprise in 

helping to support the development of a local wind turbine industry is 

particularly important. In the following section the combination of social and 

technological factors is examined through three case-studies of local wind 

turbine production. 
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3.1 Case Study I: Inner Mongolia Science and Technology 

Commission (IMS&TC), Inner Mongolia (China) 

Batchelor, Scott et al. (1999), Xiliang, Gan et al. (1999) and Lew (2000) all 

agree that the Northern Chinese autonomous region of Inner Mongolia 

stands in a class of its own when considering the scale of use of micro wind 

turbines, known in this context as household wind generators (HWGs). 

Conditions were right, as the plains of Inner Mongolia contain not only 40% 

of China’s exploitable wind resource, but also hundreds of thousands of 

households too remote for grid connection. Local universities and research 

institutions were supported to develop over 20 models of HWG from 50W-

5kW, the most popular of which is the Shangdu Livestock Machinery 

Factory’s FD2-100 {Ø=1.5m, RAE=549kWh/yr, Pmax=185W}. Strong 

institutional support was given, in particular from the IMS&TC, and HWG 

sale/service centres were established in all counties. Successful product 

redesign based on feedback from these service centres led to the evolution 

of the HWG into a product that not only adequately meets the needs of the 

end user, but is also available on the open market for an affordable price. 

Consequently, by 1997 there were 137,000 HWGs installed in the region 

supplying 18.5MW of electricity. 

China’s strong manufacturing industry allowed production of the entire wind 

turbine system to take place within the country (Lew, 2000). The wind 

turbines were produced within Inner Mongolia itself, whilst the electrical 

system components (batteries, charge controller, inverter etc.) could be 
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sourced from within China at a fraction of the cost at which they are usually 

exported to other nations. The emphasis on local manufacture gave flexibility 

to adapt the technology to the local context and was successful in bringing 

about the aforementioned benefits to the local economy, capacity and supply 

chain. Interestingly though, Batchelor, Scott et al. (1999) found that 

electrification was not found to bring immediate economic benefit in Inner 

Mongolia, however the improvement in quality of life from lighting and 

television/radio entertainment meant that wind energy was highly valued. 

3.2 Case Study II: Soluciones Prácticas, Peru 

The approach to wind-based rural electrification in Peru, where over 67% of 

the country’s rural population do not have access to electricity (IEA, 2010), 

has been very different to the Inner Mongolian experience. Here, NGOs have 

been using Piggott-derived wind turbine technology to electrify a number of 

rural communities. The intention is for these communities to serve as 

demonstration projects for local and regional authorities to replicate and 

disseminate on a larger scale. Specifically, the electrification of El Alumbre in 

the mountainous region of Cajamarca (co-ordinated by the NGO Soluciones 

Prácticas) will be discussed in detail. Here 33 IT-PE-100s {Ø=1.7m, 

RAE=548kWh/yr, Pmax=300W} (Chiroque and Dávila, 2008) were installed for 

individual homes and 2 larger SP-500s {Ø=4m, RAE=1,807kWh/yr, 

Pmax=1,000W} (Chiroque, Sánchez et al., 2008) for the local school and 

health centre. Follow-up work by Ferrer-Martí, Garwood et al. (2010) has 

shown that the initiative has been successful in bringing about social change: 

57% of households now use electric light to weave or knit in the evenings 
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and members of neighbouring communities come to charge their mobile 

phones for a small fee. As in Inner Mongolia, household scale micro wind 

turbines have been employed, however the technology developed by 

Soluciones Prácticas is many times more expensive and the wind resource 

in the majority of El Alumbre is considerably lower (3-4m/s annual mean wind 

speed). Although Ferrer-Martí, Pastor et al. (2011) have shown that the use 

of mini-grids can reduce initial capital costs, the cost of meeting user demand 

in this way remains prohibitively expensive with the technology currently 

employed. 

3.3 Case Study III: blueEnergy, Nicaragua 

Craig (2007) describes the work of blueEnergy, an NGO based in Nicaragua 

that performs a similar role to Soluciones Prácticas in Peru. It has installed 

wind turbines in 5 communities on the country’s Caribbean coast, where 80% 

of the population does not have access to electricity and a lack of 

infrastructure means that many communities can only be reached by boat. 

Due to the large distances between households and the low-speed 

Caribbean wind regime (typically 3-4m/s annual mean wind speed), 

blueEnergy chose to install  a single larger wind turbine beside a community 

building. For example, in Monkey Point, a PV-wind hybrid system was 

installed in a communal building and a community battery charging station 

was established initially with a bE12ft wind turbine {Ø=3.7m, 

RAE=2,062kWh/yr, Pmax=889W}  and a 100W PV panel. Domestic users 

bring their batteries to and from this central station for charging, whilst a 

number of community buildings such as a radio room and a school. Whilst 
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this may provide a more affordable supply of electricity than Soluciones 

Prácticas, again the fundamental problem of a lack of wind resource means 

that the cost of energy is still higher than the HWGs of Inner Mongolia, 

despite offering a DC battery charging service as opposed to a direct AC 

supply.  

In spite of the cost, Craig (2007) claims that blueEnergy’s installations have 

had a fundamental impact on quality of life. However, coupled with the lack 

of wind resource, further problems have meant that the majority of these 

turbines have now been uninstalled (Bennett, Gleditsch et al. , 2011). Major 

factors in this decision included: corrosion from heavy rainfall, heat and high 

salinity; lighting strikes; hurricanes; difficulties in building and sustaining 

communal energy commissions; as well as preoccupation of the 

communities with more basic issues such as territorial disputes with 

neighbouring communities. blueEnergy (2011) stated that their long-term 

goal is to identify the generic aspects critical to the success of wind-based 

rural electrification using locally manufactured technology and to create a 

model that can be used to disseminate the technology and spark 

development in other parts of the world. Despite the difficulties they have 

faced on the Caribbean coast of Nicaragua, the lessons they have learned 

and research and development they have conducted will be invaluable to 

others and will be discussed in more detail in future publications. 
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3.4 Evaluation of Case Studies 

The following section compares and contrasts the three case studies listed 

above with regards to the key socio-technical factors that influence the long-

term sustainability of wind-based rural electrification initiatives: system level 

planning, consistency of supply and stable institutional support. 

3.4.1 System Level Planning 

All three case studies demonstrate the importance of taking a system level 

view. Energy is a derived demand: it is not the wind turbine itself that people 

want, nor even the energy it produces, but the energy services that it is 

capable of providing them with. A total system package from turbine to 

appliances should therefore be offered, thereby creating an appropriate 

energy system to deliver the required energy services to the end user. For 

example, in Inner Mongolia, HWGs were quite unpopular when they were 

first introduced with the intention of providing electric lighting alone. The 

opening of the first broadcasting station in 1980 led to HWGs being sold 

together with televisions rewired to work on DC and only then did the 

technology gain widespread adoption (Batchelor, Scott et al., 1999). In 

Nicaragua, users of blueEnergy’s community battery charging stations 

purchase home electrification kits, which include a deep-cycle battery, 

storage box, low-voltage disconnect, wiring and selected low-energy 

appliances (Craig, 2007). 

Correctly sizing a wind power system can only be done by first quantifying 

demand. An evaluation survey in Inner Mongolia by Batchelor, Scott et al.  
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(1999) showed that herdsmen typically used an average of 130kWh/yr, whilst 

a standard turbine such as the FD2-100 {Ø=1.5m, RAE=549kWh/yr, 

Pmax=185W} from the Shangdu Livestock Machinery Factory, typically 

provided a household with 490kWh/yr (260kWh/yr after battery and inverter 

losses) from a typical wind resource of 4.6m/s. This also correlates well with 

the results of Ferrer-Martí, Garwood et al. (2010)’s pre-electrification socio-

economic survey of El Alumbre in Peru, which predicted 140kWh/yr for 

households and 484kWh/yr for community buildings. In the case of 

blueEnergy, demand in Monkey Point was measured as 2226kWh/yr for the 

charging station, radio room, school, community centre and a freezer in a 

local shop (Gleditsch 2011). Figure 5 illustrates these demands in relation to 

the annual energy yields of the turbines designed to meet them for each of 

the case studies and clearly shows the importance of site selection on the 

ability of a wind power system to meet demand. It should be noted that 

battery and inverter losses are not included in the illustration and further 

energy is wasted during excessively windy periods when the batteries are 

full. 
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Figure 5 – For each case study: the estimated annual energy yields of the wind turbines 
employed together with the energy demand they were designed to meet. Battery 
charge/discharge and inverter efficiencies are not included. (Sources: Batchelor, Scott et al.  
(1999); Craig, (2007); Chiroque, Sánchez et al. (2008); Ferrer-Martí, Garwood et al.  (2010); 
Ferrer-Martí, Pastor et al.  (2011)) 

An economic assessment of the technology employed in each case study 

was conducted by calculating its levelised cost of energy (equation I) from 

the data shown in  Table 2 using ESMAP (2007)’s methodology (with 

simplified input parameters): 
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 𝐿𝐶𝑜𝐸 =
∑ 𝐶𝑡+𝑀𝑡

(1+𝑟)𝑡
𝑛
𝑡=1

∑ 𝐸𝑡
(1+𝑟)𝑡

𝑛
𝑡=1

 (I) 

Where:  
 

LCoE = Levelised cost of energy (US$/kWh) 
n = System lifetime (years) 
Ct = Capital costs in year ‘t’ (US$) 
Mt = Operation and maintenance costs in year ‘t’ (US$) 
Et = Electricity generated in year ‘t’ (kWh) 
r = Discount rate (set as 10% (ESMAP, 2007)) 
 

 

 Table 2 – Economic breakdown of a typical system from each case study  

A comparison of the technology alone is represented in Figure 6 by the 

reference levelised cost of energy, which has been normalised to a realistic 

   
Case Study I 

(IMS&TC, Inner 
Mongolia) 

Case Study II 
(Soluciones Prácticas, Peru) 

Case Study III 
(BlueEnergy, 
Nicaragua) 

Data sources Batchelor, Scott et al.  
(1999) 

Chiroque, Sánchez et al. (2008); 
Ferrer-Martí (2009); Ferrer-
Martí, Pastor et al. (2011) 

Craig (2007); 
(Bennett, Gleditsch et 

al. , 2011) 

Electricity distribution strategy Direct connection Direct connection 
Direct connection & 

battery charging 
station 

Energy system Household Wind 
Generator (HWG) Household Community 

building Community 

Turbine 

Typical system FD2-100 IT-PE-100  SP-500 bE12ft + 
1,387W PV 

Diameter (m) 1.5 1.7 4 3.7 
Maximum power (W) 185 300 1,000 889+1,387 

Reference annual energy 
yield (kWh/yr@5m/s) 549 548 1,807 2,061+1,871 

Typical wind resource (m/s) 4.6 3.5 3.5 3.5 
Typical annual energy yield 

(kWh/yr) 490 194 748 1,168+1,871 

Cost (US$) 137 974 5,132 3,000+4,161 

Battery 

Capacity (Ah) 2x60 120 2x200 8x105 
Cost (US$) 2x37.5 225 2x292 8x110- 

Lifetime (yrs) 2.5 5A 5A 2.5A  
Charge/discharge efficiency 

(%) 56 85 85 90 

Controller 
Current rating (A) 30A 35 60 2x60A 

Cost (US$) 19 165 285 2x250 
Lifetime (yrs) 10 20A 20A 7A 

Inverter 
Power rating (W) 300A 300 300 -B 

Cost (US$) 81 377 377 - B 
Lifetime (yrs) 10 20A 20A - B 
Efficiency (%) 95 85 85 - B 

Demand Energy demand (kWh/yr) 130 139 484 2,226 
Lifetime System lifetime (yrs) 15 20A 20A 20 

Reference (5m/s) levelised 
cost of energy 

DC (US$/kWh) 0.15 0.49 0.30 0.35 
AC (US$/kWh) 0.20 0.67 0.39 - 

Typical levelised cost of 
energy 

DC (US$/kWh) 0.17 1.38 0.73 0.46 
AC (US$/kWh) 0.23 1.91 0.93 - 

Levelised cost of meeting 
user demand 

DC (US$/kWh) 0.36 1.63 0.96 0.56 
AC (US$/kWh) 0.45 1.92 1.04 - 

 

A estimated data 
B 1.5kW inverter in use in Monkey Point, but omitted from analysis due to insufficient data 
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site (5m/s average wind speed and a standard Rayleigh wind distribution). It 

can be seen that Inner Mongolia’s HWGs produce electricity most 

economically, even more so than the larger machines used by blueEnergy 

and Soluciones Prácticas. However, these figures must be put into context: 

both NGOs have produced less than 100 turbines, whilst there are over 

100,000 in Inner Mongolia, meaning that there are high potential cost 

reductions as further experience is gained and the design is adapted further 

to the local context. It should also be noted that providing AC power 

increases costs by around a third due to the cost and inefficiency of the 

inverter.  

  

Figure 6 – Technological comparison between the wind power technologies used in the three 
case studies. Input data, data sources and assumptions are shown in  Table 2. 
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The problem of insufficient wind resource faced by Soluciones Prácticas can 

be seen in  Table 2 by the disproportionate increase in the cost of energy for 

both cases when considering both the technology and the wind resource 

available at a typical site, represented by the typical levelised cost of energy. 

blueEnergy also suffer from a lack of wind resource, but are less affected by 

it due to their choice of a hybrid PV-wind system. For Soluciones Prácticas, 

the problem is further confounded by the fact that El Alumbre is situated at 

3,700m above sea level, which would reduce annual energy yields by a 

further 30% (not included in the above analysis). 

Unfortunately, the quantity and cost of energy available to a household do 

not present a complete picture of its access to energy. Clearly, carrying a 

heavy lead-acid battery to and from a charging station and to then only be 

able to use a limited range of DC appliances does not correspond to the 

same level of energy access as the instant availability of mains quality AC 

power. To categorise these discrepancies, Practical Action (2010) have 

devised an Energy Access Index (EAI) and with respect to electricity, have 

defined the following five levels: 

1. No access to electricity at all 

2. Access to third party battery charging only 

3. Own low-voltage DC access for home applications 

4. 110-240 V AC connection but poor quality and intermittent supply 

5. Reliable 110-240 V AC connection available for all uses 
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Further insight can be gained by relating the levelised cost of meeting user 

demand for a typical installation with the level of energy access in each of 

the case studies, as illustrated in Figure 7.  

 

Figure 7 – Levelised cost of meeting demand for the three case studies with respect to the level 
of energy access provided. Alternative electrification strategies for case study II (Soluciones 
Prácticas, Peru) proposed in this paper and by Ferrer-Martí (2009) and Ferrer-Martí, Pastor et al. 
(2011) are also shown.  

In Inner Mongolia households are often very isolated and although family ties 

are strong, community links are not (Batchelor, Scott et al., 1999) and as a 

result, the HWG was designed for a single household. On the Caribbean 

coast of Nicaragua, blueEnergy chose to take advantage of the economies of 

scale associated with larger, centralised installations with their hybrid PV-

wind community battery charging station. The Andean communities in which 

Soluciones Prácticas operate have a more cohesive sense of community 
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than in Inner Mongolia, however individual household scale micro wind 

turbines in the same style as the HWGs of Inner Mongolia were installed as 

distances between households varied considerably. Unfortunately the 

complex mountainous terrain meant that the wind resource varied 

considerable, with the majority of the community situated in the valley, the 

area with lowest wind resource. Combined with the high cost of the 

technology employed, this resulted in not only a high levelised cost of 

meeting demand, but also failing to meet demand for a number of 

households. Recent work by Ferrer-Martí (2009) and Ferrer-Martí, Pastor et 

al. (2011) on the El Alumbre project has shown that linking a number of 

households together in the form of a mini-grid could have had significant 

benefits in terms of both the initial capital cost of the system and its ability to 

meet the needs of the users. This would have allowed the use of larger, 

more economical micro wind turbines, located at points of high wind 

resource. However, as household metering was required and for some 

isolated users the cost of the connection still outweighed the gains from 

joining the mini-grid, the optimised cost was only 20% below that of the 

lowest cost configuration of isolated household systems that was capable of 

meeting demand. This is clearly still many times higher than either of the 

other case studies.  

A variation on the previous calculations shows that, in theory, it would be 

possible to reduce their costs below those of blueEnergy if they were to 

adopt a similar community battery charging station model and provide DC 

power only. A single wind turbine {Ø=7m, RAE=5422kWh/yr, Pmax=3,000W} 
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of the type proposed by Ferrer-Martí, Pastor et al. (2011) placed at the point 

of highest wind resource (corresponding to 6m/s mean wind speed) would be 

capable of providing 6,205kWh/yr (including battery charge/discharge 

efficiency). This is enough to meet the entire community’s (33 households 

and 2 community buildings) energy demand of 5,555kWh/yr and would be 

economically comparable with the Inner Mongolian HWGs. The intention is 

for El Alumbre to serve as a demonstration project for local and regional 

authorities to replicate and disseminate on a larger scale, however as the 

cost of the turbines in this installation was paid for by international donors, 

either a significant reduction in the cost of the technology or a change in the 

electricity distribution strategy will be needed before dissemination on 

anywhere near the scale of Inner Mongolia can occur. 

3.4.2 Consistency of Supply 

Consistency of supply is critical in off-grid systems and is determined by both 

reliability (how often breakdowns occur) and resilience (the speed at which 

repairs can be made). Reliability is often cited as the biggest problem with 

micro wind turbines (Piggott, 2009), yet resilience is particularly important in 

remote areas where obtaining spare parts (and the knowledge required to 

make repairs) can be difficult unless the technology has been manufactured 

locally. Sources of unreliability can be divided into the following two 

categories: meteorological unreliability and technological unreliability. 

Meteorological unreliability 
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The inherently intermittent and geographically variable nature of the wind 

resource can be mitigated by accurate resource assessments, adaption of 

the technology to the local wind regime and/or through the use of hybrid 

systems. Increasing the capacity of energy storage devices is also possible, 

but is costly and provides short term mitigation only. 

Resource assessment should ideally be carried out at a national level, as 

occurred in the plains of Inner Mongolia which were deliberately targeted by 

the Chinese government, as not only are they windy, but the simple, flat 

terrain implies that individual site assessment is unnecessary. In complex 

terrain such as the Peruvian Andes, local resource assessment is difficult. 

Soluciones Prácticas used the computer modelling software WAsP by Risø 

DTU to predict the wind resource in and around El Alumbre from limited 

anemometry sites, topography and surface roughness data (Ferrer-Martí, 

Pastor et al., 2011). Following on from this work, Domenech (2011) 

describes open-source software that is currently under development at UPC 

(Universidad Politécnica de Catalunya), Spain to facilitate the design of 

community renewable energy systems incorporating micro-grids in complex 

terrain. On the Caribbean coast of Nicaragua, the terrain is simpler, but the 

wind resource is unfortunately consistently low. As a result, blueEnergy 

adapted their technology by re-matching the blades and generator of their 

bE12ft so that peak efficiency occurs at a lower wind speed and employing 

high towers (24m standard) to access a higher wind resource (blueEnergy, 

2011). 
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Wind power should be seen as complementary to other decentralised power 

sources, in particular PVs, as the wind and solar resources often peak at 

differing times of day and in opposite seasons. Lew, Barley et al. (1997) have 

shown that a combination of wind and PVs can be more effective in meeting 

household demand throughout the year than either a wind or PV only system 

of the same cost. This fact has been exploited to differing degrees in all three 

case studies: blueEnergy have employed PV-wind hybrids in all 5 of their 

aforementioned communities (Craig, 2007), newer Inner Mongolian systems 

tend to be hybrids (Batchelor, Scott et al., 1999) and the performance of 

hybrid systems installed by Soluciones Prácticas in Campo Alegre and Alto 

Perú are currently under investigation (Ferrer-Martí, Sempere et al., 2010). 

Technological unreliability 

The natural variations in wind speed cause wind power systems to 

experience variable cyclic loads that make them particularly susceptible to 

the effects of fatigue. This leads to the inevitable decrease in performance 

and eventual failure of vital components that put the system out of action 

until a repair can be made. Simple, robust design and the following of proper 

operation and maintenance procedures can increase technological reliability.  

Effective feedback loops such as those shown in Figure 8 are necessary for 

the technology to develop in accordance with the needs of the users. Finding 

and addressing the weakest link/s in the system is vital, whether it be 

batteries, hub bearings, appliance incompatibility etc. In fact, Batchelor, Scott 

et al. (1999) found that the evolution of the Inner Mongolian HWG into a 
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product that adequately meets the needs of the end-user (mainly herdsmen) 

was one of the greatest contributors to its success. Although early models 

were unreliable, feedback collected by service centres informed research 

institutions and manufacturers on how best to adapt and improve the product 

and consequently, reliability is now stated by herdsmen as one of their main 

reasons for choosing wind power. It was also found that it was the smaller 

companies who relied heavily on sales of HWGs (and therefore responded to 

this feedback) that thrived. Ferrer-Martí, Garwood et al. (2010) state that in 

El Alumbre, Peru, monthly visits from Soluciones Prácticas, door-to-door 

surveys, focus groups and the monitoring of electricity use through data 

loggers were all employed to collect feedback on the effectiveness of the 

technology. The resulting data has been used in evaluatory studies (e.g. 

Ferrer-Martí, Pastor et al. (2011)) that have influenced the design of the 

energy systems used the subsequent electrification projects in Alto Perú and 

Campo Alegre (Ferrer-Martí, Sempere et al., 2010). 

 

Figure 8 – Diagram showing the role of the various intermediaries involved in the feedback 
loops  
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Successful knowledge transfer on correct operation and maintenance 

procedures via training or printed instructions is as important as the quality of 

the equipment itself in ensuring technological reliability. Both wind energy 

training courses and printed instructions were in employed Inner Mongolia 

(Batchelor, Scott et al., 1999) and Peru (Chiroque, 2008). In Nicaragua, 

blueEnergy introduced a 5 year operator training and service agreement 

(Craig, 2007) and which included printed instructions and training courses, 

however resource constraints within blueEnergy, migration of trained 

operators to better paid jobs elsewhere and preoccupation of the 

communities in the aforementioned land rights issues left the majority of 

communities unable to maintain their wind power systems. Combined with 

the harsh environment in which they were installed (coastal, hot and humid), 

they frequently fell into disrepair and the high cost of the boat journey for 

blueEnergy technical staff to the communities lead to significant downtime 

(Bennett, Gleditsch et al. ).  

Involvement with and a sense of ownership of the technology is also 

necessary if correct operation and maintenance procedures are to be 

followed and is especially important to address on the community scale. In 

Peru, local participation in the El Alumbre project was encouraged by actively 

involving every member of the community during the installation of the 

machines (Ferrer-Martí, Garwood et al., 2010). In a collaborative project with 

AsoFenix, blueEnergy have now installed a wind turbine in Cuajinicuil in 

which members of the community actively participated in the construction of 

the turbine. So far, the project has proved much more successful, with 
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community members performing all but the most complex maintenance tasks 

themselves (Bennett, Gleditsch et al. ). 

Resilience 

As previously mentioned, the resilience of the energy system can be 

increased by the creation of a strong supply chain to ensure the availability of 

affordable spare parts and the accompanying skills and knowledge to 

perform repairs. An ideal example is the network of HWG service centres in 

Inner Mongolia. Also, feedback through these service centres ensured that 

the main source of failures (blades and bearings) on the redesigned models 

could be repaired by the user, therefore drastically reducing downtime 

(Batchelor, Scott et al., 1999). In community based systems, an 

operator/administrator from the local community is needed to ensure the 

smooth running of the system on a day-to-day basis. This was accomplished 

in Peru through the creation of a micro-enterprise to provide local technical 

support for minor breakdowns. The selected operator/administrator would 

take part in a formal training program at the renewable energy demonstration 

centre, CEDECAP (Centro de Demonstración y Capacitación) (Ferrer-Martí, 

Garwood et al., 2010). Although local operators were also trained in 

Nicaragua, the extreme environment in which the turbines were installed 

meant that many key components had to be replaced, which in turn lead to 

many expensive boat trips from blueEnergy’s headquarters in Bluefields. 

This drastically increased maintenance costs and left the communities 

without electricity for long periods of time (Bennett, Gleditsch et al. ). 
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3.4.3 Stable Institutional Support 

The stability provided by the Chinese government and the IMS&TC was 

invaluable during the development and dissemination of wind power 

technology in Inner Mongolia (Batchelor, Scott et al., 1999 and Xiliang, Gan 

et al., 1999). A similar role is being played by the NGOs in Peru and 

Nicaragua where it is hoped that their respective regional/national 

governments or NGOs in other areas of the world will follow their example 

and promote the technology on a larger scale. In all three cases the role of 

these intermediaries is clear: identifying and targeting windy areas, 

conducting research and development, collecting feedback from the end 

users, creating supply chains for new parts and materials and developing 

knowledge and skills relevant to wind power technologies. Whilst NGO’s can 

certainly help start the process of technology adoption, the consistent 

support of regional/national governments over the long-term is the only way 

that a sustainable wind power industry based on local manufacture can hope 

to establish itself as it has done in Inner Mongolia. 

Public acceptance of a new technology can be aided through its official 

endorsement by respected local, regional and national authorities. To 

achieve this, technology demonstration is necessary to introduce the product 

to potential users, as well as to highlight design problems. In addition to this, 

subsidies can not only provide financial assistance to purchasers, but also 

reassurance in the form of government endorsement. In Inner Mongolia, the 

IMS&TC ran demonstration programmes throughout the early 1980s and the 

government subsidised 15-20% of the initial purchase cost. In Peru, 
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respected authorities within the community were used as the main point of 

contact between the NGO (Soluciones Prácticas) and the local population 

and the management model was created based on existing hierarchies 

(Ferrer-Martí, Garwood et al., 2010). In addition to this, the renewable energy 

demonstration centre, CEDECAP, was set up to demonstrate the technology 

to regional and national authorities. In Nicaragua, INATEC’s (Instituto 

Nacional Tecnológico) Bluefields branch was used for the same purpose. 

Potential users of the technology require access to the capital required in 

order to be able to purchase the equipment. In this respect, Inner Mongolian 

herdsmen had a significant advantage: sheep and goats provided them with 

readily exchangeable assets with which to purchase HWGs (Batchelor, Scott 

et al., 1999). This is in contrast to both Peru and Nicaragua, where 

international donors provide the capital for both Soluciones Prácticas and 

blueEnergy to install their wind power systems. Once up and running, micro-

enterprises controlled the collection of fees for the energy service of 

US$3/month in Peru (Ferrer-Martí, Garwood et al., 2010) and US$2/charge 

in Nicaragua (Craig, 2007)), although in neither case was this enough to 

cover maintenance costs. If the technology is to be taken up on the scale of 

Inner Mongolia, the initial capital costs will either have to be provided by the 

local government, loaned by financial institutions or a combination of the two. 

4 Conclusion 

The aim of this paper has been to examine the potential contribution of wind 

power to meet the needs of remote communities with limited or no access to 
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electricity using locally manufactured technology. The central argument is 

that access to electricity is an essential element of development and that 

decentralised renewable solutions are required on technical, economic, 

social and ecological grounds. The paper has identified the key generic 

elements of an effective locally manufactured wind power system, but has 

also emphasised the need to see wind power as a socially embedded 

technology.  

The three case-studies were used to identify the key issues in disseminating 

locally manufactured wind power technology. Table 3 gives a comparison of 

the key factors for each case study. It was found that continuity of supply 

must be guaranteed by addressing both technological and meteorological 

reliability and by increasing resilience through the creation of a strong supply 

chain. Significant feedback resulting in appropriate design modifications is 

needed to iteratively improve the technology and continue adapting it to the 

local context before it can be disseminated on the scale seen in Inner 

Mongolia. It was also evident that the stability in the institutional framework 

provided by the Chinese government through the IMS&TC allowed HWGs to 

grow from a research project to widespread use over the course of 20 years. 

This was only done by taking a holistic, system level view to providing the 

required energy services to the end-user - the herdsman. Finally, one of the 

most fundamental problems in Nicaragua was found to be the lack of wind 

resource, whilst in Peru it was its variability that made its exploitation difficult. 

Assessment of wind potential should take place primarily on a national (or 

even international) basis in order to effectively target wind-based rural 
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electrification initiatives to areas with a sufficient wind resource that do not 

require local resource assessment, such as Inner Mongolia. If working in 

complex terrain, local resource assessments must be conducted and larger 

wind turbines should be located at the points of highest wind resource. In 

addition, the external environment should be taken into account – hot, wet, 

high salinity coastal environments with frequent thunderstorms are likely to 

increase the cost of wind power dramatically and regularly leave 

communities without power. Finally, the community’s willingness to maintain 

the system must be accurately assessed, i.e. are they financially able to do 

so and is the energy that the system provides valuable enough to them to 

make it worthwhile? 

 
Case Study I  

(IMS&TC, Inner 
Mongolia) 

Case Study II 
(Soluciones Prácticas, 

Peru) 

Case Study II 
(blueEnergy, 
Nicaragua) 

Community building 
electricity distribution 

strategy 
n/a Direct connection Direct connection 

Domestic Electricity 
distribution strategy Direct connection Direct connection Battery charging station 

EAI (Energy Access Index) 4/5 4/5 2/5 (domestic users) 
4/5 (community buildings) 

Wind resource High & evenly distributed Highly variable Evenly distributed, but 
low 

Resource assessment Not necessary on local 
level 

Anemometry and 
computer modelling 

Anemometry after 
installation 

Hybrid systems Newer systems only Latest projects PV-wind 
hybrid 

All projects PV-wind 
hybrid 

Cost of meeting user 
demand (US$/kWh) Domestic: 0.36 Domestic: 1.63 

Community building: 0.96 Community: 0.56 

Resilience 

End-users perform most 
repairs, network of 
service centres for 
serious problems 

Operators perform most 
repairs, regional office for 

serious problems 

Operators perform simple 
repairs only 

Knowledge transfer to end 
users 

Printed instructions, 
formal training, 

demonstration centres,  
installation performed by 

end-users 

Printed instructions, 
formal training, 

demonstration centre, 
participation in installation 

Printed instructions, 
formal training, 

demonstration centre, 
participation in 

installation, participation 
in construction 

(Cuajinicuil only) 
Capital provided by End users International donors International donors 

External environment Desert, inland Mountainous, inland 
Tropical, coastal, 

frequent lightning strikes 
& hurricanes 

Technology demonstration Multiple centres for 
demonstration & training 

CEDECAP for 
demonstration & training 

Demonstration models in 
Bluefields 

Feedback Service centres & formal Service centres, formal Maintenance visits and 
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evaluatory studies evaluatory studies, 
maintenance visits & 
open-source Piggott 

design 

open-source Piggott 
design 

No. turbines installed >100,000 <100 <10 
Wind power successful in 

this local context? Yes Potentially No 

 
Table 3 – Comparison table for the three case studies 

To conclude, it is not argued that locally manufactured wind power systems 

are the answer to improving energy access in all remote areas. Quite the 

contrary, the locations in which they should be employed must be carefully 

chosen with among others, the following place-specific factors in mind: the 

viability of other power generation technologies and of conventionally 

manufactured wind power equipment, the wind resource, the external 

environment, the needs of the community and their ability to pay for energy 

services. However, it is suggested that the local manufacture of wind power 

technology has a much greater potential than the limited circumstances in 

which it is currently employed. This paper is an initial exploration and if this is 

to be achieved, further work is required to follow up the key issues: (a) 

understanding wind power as a socially embedded technology by identifying 

the generic and place specific elements; (b) understanding what is possible 

in different places, including the role of intermediaries in facilitating change; 

(c) finding appropriate technical solutions; and (d) finding ways of making 

information and knowledge available to targeted areas. 
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