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Abstract 

Malawi is a country that has set high targets for itself in terms of development as elaborated in 

the Malawi vision 2063. Key to the development is sustainable energy supply. One of the 

sources is wind energy which is growing at a rapid rate worldwide. Research has been done in 

Malawi that has identified six suitable sites (in five districts) for wind turbine installation. This 

study then used this knowledge to understand how three turbines: 1.25 MW, 2.5 MW and 3.5 

MW downscaled from the NREL 5 MW reference turbine would perform in these sites at 

different hub heights of 50 m, 80 m, and 100 m. 

QBlade software which uses the Blade Element Momentum Theory (BEMT) was used for 

analysis. It was found that, out of the three turbines, two turbines had capacity factors which 

were not significantly different from the global onshore wind turbine capacity factor range of 

21-52 percent: 2.5 and 3.5 MW turbines with capacity factors of 21 and 19.7 percent 

respectively. These were achieved at a hub height of 100 m in Mzimba district indicating that 

Mzimba is a very good location for further wind turbine technology exploration. The highest 

annual energy produced (AEP) was also in Mzimba at 100 m with the 3.5 MW turbine 

producing an AEP of 6.68 GWh. This annual energy produced would serve 719 urban buildings 

and 1845 rural buildings which is well short of the findings by Chisale & Lee (2024) [1]. The 

discrepancies call for further analyses and that they should be focused on turbines with low 

specific power due to the low wind speeds in Malawi. 
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1.0 Introduction 

 Background 

Demand for energy is growing in Africa and globally with advancements in technology 

and improvement of lifestyle. However, despite the ample resources at its disposal, 

Africa’s modern energy use per capita is still very low with just 6 percent of global 

energy use. As a result, it contributes to only less than 3 percent of the world’s carbon 

dioxide (CO2) emissions [2]. This statistic implies that there is a lot of untapped energy 

in Africa that needs exploration so that the number of 600 million people without 

access to electricity in the continent can be reduced sooner rather than later.  

In line with the African Development Goals (ADGs), efforts are being made in terms 

of finances so much so that it is expected that by 2030, energy spending in Africa will 

be more than double with more than two thirds of the energy being clean energy. 

Therefore, many countries in Africa including Malawi have embarked on various 

research systematically tailored to the achievement of the ADGs including increase in 

energy access and reducing greenhouse gas (GHG) emissions [2], [3], [4]. 

Malawi, a landlocked country in south-eastern Africa, relies heavily on hydroelectric 

power to meet its energy demands. Hydropower accounts for over 90 percent of the 

country's grid electricity generation [5], primarily sourced from the Shire river. This 

heavy dependence on a single energy source has left Malawi vulnerable to significant 

energy supply challenges. Periodic droughts and changing climatic conditions have 

led to inconsistent water levels, directly impacting the country's ability to generate 

sufficient electricity [6]. As a result, Malawi experiences frequent load shedding, 

adversely affecting its socio-economic development [7]. 

 Introduction to the Problem 

The persistent issue of load shedding in Malawi underlines the urgent need for a more 

diversified and resilient energy mix. While hydropower remains a vital component of 

the country's energy strategy [8], exploring alternative renewable energy sources is of 

vital importance to ensure a stable and sustainable electricity supply going forward.  

Among the various renewable energy options, wind energy presents a promising yet 

underexplored opportunity in Malawi. The little research that has been done on wind 

energy in Malawi has focused more on the demand without delving deep into how the 

turbines would really perform. There has been minimal research on identifying the 
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most suitable wind turbine designs for the country's specific conditions. This gap in 

knowledge hinders the effective harnessing of the wind energy and limits the overall 

energy diversification efforts which the country endeavours for. It is therefore high 

time this area is studied and researched on to reduce Malawi’s dependence on 

hydropower and achieve a more sustainable power supply. 

 Overall Aim 

This research’s aim is to design and evaluate the performance of three wind turbines 

in QBlade scaled down from the standard National Renewable Energy Laboratory 

(NREL) 5 MW turbine at different hub heights in favourable locations for wind energy 

exploration in Malawi to then see which turbine is the most effective turbine design 

for harnessing wind power in Malawi. 

 Specific Objectives 

The specific objectives of this report are:  

• To conduct a comprehensive assessment of wind energy potential across 

Malawi, identifying suitable sites based on wind patterns, terrain, and available 

resources for wind turbine installations. 

• To scale down the NREL 5 MW turbine to 3.5, 2.5, and 1.25 MW turbines for 

analysis in QBlade. 

• To incorporate site-specific data into QBlade to get power curves for AEP 

analysis. 

 Thesis Structure 

The thesis begins with a review of literature that includes a summary on Malawi’s 

energy profile, and also wind resource assessments as regards to the country. This is 

followed by a review on wind turbine technology and the blade element momentum 

theory (BEMT) which is the theory used by QBlade software to analyse the turbines. 

Then the report delves into the methodology part where site considerations parameters, 

scaling and the QBlade inputs are explained.  

Finally, the study discusses the findings which is then followed by the conclusion and 

recommendations for further work as far as wind energy projects in Malawi are 

concerned. 
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2.0 Literature Review 

 Malawi’s Energy Situation 

 Hydropower 

Currently, hydropower constitutes about 70 percent of Malawi’s energy mix [5] and 

over 85 percent is renewable energy (Figure 1).  

 

Figure 1: Malawi’s Installed Electricity Capacity in 2022 [5] 

Looking at these figures, one would conclude that Malawi is on the right path in as far 

as sustainability is concerned however while that may be true to some extent, with an 

electrification rate of 18 percent [5] there is need for more reliable power supply if 

Malawi is to make significant strides towards economic development. It is worth 

pointing out that hydro power is responsible for 98 percent of electrical grid electricity 

[9] which renders the country prone to consistent power outages when there are 

problems at the generation plants. This necessitates the need for the diversification of 

the energy mix by exploring other sources of energy, in particular renewable energy 

sources, because the world is going towards renewable to try to mitigate the effects of 

climate change. 

 Biomass 

Biomass energy in Malawi is derived from organic materials such as agricultural 

residues and wood. It plays a crucial role in the country's energy mix by providing a 

renewable source of power – mainly for cooking and heating – particularly in rural 

areas. Wood and charcoal, which are mostly sourced unsustainably as well [10], are in 

fact used by over 86 percent of Malawians [11]. This increases the rates of 
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deforestation and forest degradation in Malawi which contribute to the country’s 

vulnerability to climate shocks [6]. 

However, when it comes to electricity generation, Malawi only has one biomass power 

plant with a maximum capacity of 10 MW [12]. The overall electricity installed has 

since increased in Malawi to 441.6 MW [13] which has resulted to the percentage of 

the biomass plant to drop to 2.3 percent from 3.3 percent in 2021 (Fig. 1). 

 Solar PV 

Solar photovoltaic (PV) systems convert sunlight directly into electricity. Malawi has 

seen an increase in solar PV installations, contributing to the diversification of its 

energy mix. Currently there is 102.3 MW worth of electricity from solar plants with 

more projects proposed by independent power producers (IPPs) in the pipeline [11]. 

Solar energy is widely available and can be deployed at various scales, from small 

residential systems to large utility-scale plants. However, solar power generation is 

intermittent, requiring storage solutions e.g., batteries or complementary systems to 

ensure a consistent power supply which increase the costs associated with the 

technology. Despite this, the global cost of solar PV technology is decreasing [14] 

which makes it an attractive option for expanding renewable energy capacity in 

Malawi. 

 Diesel 

Malawi has 7 stations with diesel generators installed used in an “emergency or 

standby power supply”. They are also used to meet peak demand [15].  

While diesel is a reliable source of electricity, it is also the most polluting and 

expensive in terms of fuel costs and maintenance. This was evident in 2022 when the 

government of Malawi spent one hundred and seventeen billion Malawi kwacha (K117 

billion) which prompted the nation to reflect on how best to use its already slim budget 

[16]. It is therefore best to transition away from diesel to cleaner and more sustainable 

energy sources. This will not only reduce GHGs, but also save on the stretched national 

budget. 

 Wind Energy 

Although wind energy is not yet part of Malawi's energy mix (Fig. 1), it presents a 

promising opportunity for diversification. Globally it is ever growing with 2023 being 
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a record year (Fig. 2) [17]. This growth means that prices will continue to drop and 

drop making the technology more economically viable. 

 

Figure 2: Wind Power Capacity Worldwide [17] 

Wind turbines convert kinetic energy from wind into electricity, offering a renewable 

and low-carbon energy source [18]. Wind power can be variable and site-specific, 

necessitating careful site selection and grid integration strategies. Developing wind 

energy infrastructure could complement Malawi's existing hydropower and the 

expanding solar PV systems, enhancing the nation’s overall energy resilience and 

sustainability. 

 Wind Energy Potential in Malawi 

Previous studies on wind energy in Malawi have identified several regions with 

promising wind resources. Wind speed data has been recorded by the Malawi 

department of climate change and meteorological services (MET) at 2 m and 10 m 

above ground level (AGL) over the years with its fair share of problems such as 

inconsistencies and data missing as found from one of the initial feasibility studies on 

wind energy resource assessment in Malawi by the University of Strathclyde in 2012 

[19]. 

Based on the same ‘unreliable’ data from MET, Malunga (2019) found that turbines 

with a cumulative rating of 30 MW could be installed at certain ‘favourable sites’ (high 

wind speed areas). The number of turbines that could be installed depended on the land 

available at the favourable sites. For instance, he states that four turbines of 2 MW 

rating could be erected at the favourable sites in Lilongwe and Mzimba, five turbines 
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in Blantyre, and two turbines in Mzuzu [20]. Installing turbines based on this data 

would not be very practical because of the inconsistencies in the recorded data and 

some missing values, plus wind speeds at AGLs close to the ground are heavily 

influenced by load sheltering and surface roughness effects [1]. 

In view of this, Chisale & Lee (2024) [1] did a study where they analysed the wind 

speeds at 80 m and 100 m hub heights. They utilised the open-source Weather 

Research & Forecasting (WRF) model which uses the ERA5 reanalysis data and 

validated it against the MERRA-2 dataset – which were in agreement – to get high 

resolution wind speed data with accuracy levels of up to 98 percent achieved in Brazil 

[21], and similar percentages in Chile [22]. Despite the model being too complex since 

it has to be integrated with the geographic information system (GIS) and fuzzy analytic 

hierarchy process (AHP) [1], it gives more precise and reliable wind farm location 

data. The model gave six favourable sites in Dedza, Kasungu, Ntchisi, Mzimba (2 

sites), and Chitipa with annual average wind speeds of between 6.99-8.72 m/s and a 

corresponding power density range of 170-331.37 W/m2 at 80 m, and wind speeds of 

between 7.04-8.76 m/s and power density range of 174.30-336.65 m/s at 100 m. 

More research has been done on wind in Malawi but with little success. For instance, 

research was done by Zalengera (2015) on a micro grid consisting of wind, solar and 

generator for Likoma Island. For wind energy, a 10 kW wind turbine with 3 m/s cut-

in speed was chosen and analysed from numbers 0 to 175 at varying heights: 10 m, 25 

m, 40 m and 50 m. 40 m was concluded to be the optimum with average speeds from 

3.58 m/s to 5.14 m/s [23]. However, currently electricity on the island is only provided 

by solar PVs and generators [24]. 

The government of Malawi has also conducted a feasibility study where it was found 

that twenty-nine Vestas V126-3.6MW turbines could be installed at a hub height of 

117 meters to give an annual energy production of 510 GWh [25]. A report on this 

study is not available but the capacity factor is about 56 percent which is a pretty high 

number considering the wind speed data in the district and the results found in this 

research, further underlining the need for more detailed assessments. 

 Wind Turbine Technology 

There are several components that make up a wind turbine including blades, rotor, 

nacelle, gearbox, generator and the tower (Fig. 3).  
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Figure 3: Wind turbine components [26] 

These components make it possible for the turbine to convert kinetic energy to 

electricity. For instance, the blades capture wind energy and then convert it into 

rotational motion which is then transferred through the rotor and gearbox to the 

generator producing electricity. The nacelle houses all of these components and is 

mounted on top of the tower which is the pillar for the turbine [26]. 

Turbines are classified into three types based on how large they are and production 

capacity: utility scale, industrial/commercial scale, and residential scale [26] (Tab. 1). 

Table 1: Wind Turbine Classifications [26] 

Classification  Energy 

Production 

(per Turbine)  

Applications 

Utility-Scale 

(Large Turbines)  
1 MW – 10 MW • Typically installed in “wind energy” 

projects. 

Generate bulk energy for sale in power 

markets. 

• Can be installed in small quantities on 

distribution lines (distributed 

generation). 
Industrial-Scale 

(Medium-Sized 

Turbines) 

50 kW – 250 kW • Typically used in light 

commercial/industrial and village power 

applications. 

• Intended for remote grid production, 

often in conjunction with diesel 

generation or load side generation (on the 

customer’s side of the meter) to reduce 

consumption of higher cost grid power 

and reduce peak loads. 



 

9 
 

• Direct sale of energy to local utility may 

be allowed, depending on state law or 

utility regulations. 
Residential-

Scale 

(Small-Scale or 

Micro Turbines) 

400 watts – 50 kW • Used by small businesses, farms, and 

individual homes. 

• Intended for remote power, battery 

charging, or net metering (utilities have 

to give credits to customers if they 

generate more power than they get from 

the grid). 

• Small turbines can be used with solar 

photovoltaics, batteries, and inverters to 

provide constant power at remote 

locations where installation of a 

distribution line is more expensive or not 

feasible 

 

Utility scale turbines are large turbines of not less than 1 MW rated power output which 

are usually installed with the aim of feeding the grid electricity for bulk electric power 

sales. Industrial scale are medium sized turbines that are usually between 50 kW to 

250 kW of rated output. They can be used to feed the grid and also, like the residential 

small-scale turbines, for remote power where grid connection is not possible or too 

expensive. It therefore depends on the need and the finances available on which turbine 

to install. For this research, utility scale turbines were designed for analysis because 

Malawi plans to develop a 150 MW wind farm [27] – currently in the dormant state – 

and a 50 MW wind farm which has recently been supported, in form of a grant, by the 

US Trade and Development Agency (USTDA) [28]. Therefore, research on how utility 

scale turbines would perform in the country can aid the developers of these intended 

wind farms. 

There are two main types of wind turbines: Horizontal Axis Wind Turbines (HAWTs) 

and Vertical Axis Wind Turbines (VAWTs) (Fig. 4).  
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Figure 4: Wind turbine configurations (a) VAWT, (b) HAWT [29], [30] 

HAWTs are the most common and efficient type, featuring a rotor with blades that 

rotate around a horizontal axis. VAWTs have blades that rotate around a vertical axis 

and can capture wind from any direction. HAWTs however usually operate in the 

upwind design where the blades are in front of the nacelle. The design must also have 

a yaw mechanism so that the rotor is always facing in the direction of the wind. 

Downwind designs are also possible but the mostly used in industry are the upward 

machines [26], [30]. 

Recent research in wind turbine design has focused on increasing efficiency, reducing 

costs, and enhancing reliability. These advancements include larger rotor diameters 

and taller towers (Fig. 5), and improved blade aerodynamics [31]. 

Furthermore, the use of advanced materials, such as carbon fibre composites, has led 

to lighter – 25 percent blade mass reduction – and stronger blades. Additionally, “the 

new textile-based carbon fibre material used for spar caps cost 40 percent less than 

commercial carbon fibre potentially enabling the broader adoption of carbon fibre 

materials in wind turbine blade design with the potential to reduce system costs” [32], 

[33]. Also, innovations in control systems and predictive maintenance technologies are 

improving the performance and longevity of wind turbines [34]. That is why turbines 

continue to increase in size and height as the years pass. 
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Figure 5: The Development Path and Growth of Wind Turbines [35] 

Figure 5 shows how much the wind turbine sizes have increased with time. Research 

shows that the larger the turbine size, the larger the capacity because the swept area is 

large as well. 

 Design Considerations for Wind Turbine 

Several factors influence wind turbine design, including wind speed, turbulence, 

environmental conditions, and site-specific characteristics such as closeness to road 

network, grid connection etc. These then influence the choice of rotor diameter, hub 

height, and blade materials which directly impact energy capture and overall 

efficiency. 

 Aerodynamic Theory 

The aerodynamic design of wind turbine blades is crucial for maximizing energy 

capture because it regulates the movement of the wind around the blades [36]. Blades 

are designed to have an optimal airfoil shape that generates lift and minimizes drag. 

Computational tools, such as Blade Element Momentum Theory (BEMT) and 

Computational Fluid Dynamics (CFD), are used to simulate and optimize blade 

performance under various wind conditions [37]. 

 Blade Element Momentum Theory (BEMT) 

The blade element momentum theory (BEMT) is heavily applied in the design and 

analysis of wind turbines. It combines the principles of two theories; blade element 



 

12 
 

theory and momentum theory, to predict the aerodynamic performance of turbine 

blades.  

i. Blade element theory 

“Blade element theory assumes that blades can be divided into small elements that act 

independently of surrounding elements and operate aerodynamically as two-

dimensional airfoils whose aerodynamic forces can be calculated based on the local 

flow conditions” [38]. The total forces and moments exerted on the blade can then be 

calculated using coefficients of lifts and drag, Cl and Cd, along with the respective 

angle of attack summed up for each element along the entire blade [38], [39], [40], 

[41]. The differential forms of lift and drag forces of the element are shown in 

Equations 1 and 2: 

dL = 0.5ρ𝑉𝐸
2.c.Cl.dr     Equation 1 

dD = 0.5ρ𝑉𝐸
2.c.Cd.dr     Equation 2 

Where 𝜌 is the density of the wind (air), 𝑉E is the velocity of the airflow 

approaching the element as shown in Figure 6, 𝑐 is the chord length of the 

element, and the coefficients of lift and drag of the element airfoil are given as 

Cl and Cd [41], [42]. 

 

Figure 6: Definition of forces, angles, and velocity for the propeller blade [42]. 

From equations 1 and 2, differential thrust and torque can then be calculated as: 

Differential thrust: 

𝑑𝑇 = 𝑑𝐿𝑐𝑜𝑠(𝜙 + 𝛼i) − 𝑑𝐷𝑠𝑖𝑛(𝜙 + 𝛼i)    Equation 3 
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Differential torque: 

𝑑𝑄 = r. dFQ= 𝑟[𝑑𝐿𝑠𝑖𝑛(𝜙 + 𝛼i) − 𝑑𝐷𝑐𝑜𝑠(𝜙 + 𝛼i)]   Equation 4 

And therefore, differential power as: 

𝑑P = Ωr. dFQ= Ω𝑟[𝑑𝐿𝑠𝑖𝑛(𝜙 + 𝛼i) − 𝑑𝐷𝑐𝑜𝑠(𝜙 + 𝛼i)]   Equation 5 

where FQ is force. 

ii. Momentum theory 

The momentum theory also known as the actuator disk theory “assumes that the loss 

of pressure or momentum in the rotor plane is caused by the work done by the airflow 

passing through the rotor plane on the blade elements” [38]. 

The theory can be used to estimate propeller thrust by allowing the airspeed inside the 

propeller stream tube to be estimated (the so-called propeller-induced velocity). 

 

Figure 7: Idealized Flow Model for the (Froude-Rankine) Momentum Theory [42], [43] 

The results however are generally optimistic because the theory comes with seven 

assumptions including: frictionless flow, ideal incompressible fluid at steady flow, 

pressure entering and leaving are equal and zero wake on the system [42]. 

These assumptions allow the Bernoulli’s principle to apply where P2 and P3 can then 

be calculated using the known unperturbed pressure conditions on plane 1 and plane 4 

from Figure 7 respectively [42]. As the wind flows through the disk, pressure decreases 

due to the loss in energy of the wind stream – because the disk exerts a retarding force 

on the stream and extracts energy from it – and then approaches the initial pressure as 

the wind moves close to the end of the control volume at plane 4 [38], [41]. Therefore, 

the pressure difference between P2 and P3 can be calculated using: 
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P2 – P3 = 
1

2
𝜌(𝑈1

2 − 𝑈4
2)   Equation 6 

After several derivations, it can be deduced that the power P that the rotor extracts is: 

P = 
1

2
𝜌𝐴𝑈3     Equation 7 

Where ρ is the air density, A is the circular area swept by the rotor blades and 

U is the wind speed. 

Not all the energy from the wind is extracted. There is a theoretic limit that the rotor 

can harness energy from the wind stream. This is called the Betz limit sometimes 

referred to as the power coefficient Cp.  

After further derivations from the momentum theory above, Cp is found by: 

Cp = 
𝑃𝑜𝑢𝑡
1

2
𝜌𝐴𝑈3

 = 4a(1-a)2   Equation 8  

which reaches a maximum a = 1/3 after equating the first derivative dCp/da to zero, 

leading to: 

Cpmax = 
𝑃𝑚𝑎𝑥
1

2
𝜌𝐴𝑈3

 = 
16

27
 = 0.593   Equation 9 

Considering this limit, Eqn. 7 can then be written as:  

P = Cp.
1

2
𝜌𝐴𝑈3    Equation 10 

Knowing that the area swept by the rotor is that of a circle, Eqn. 10 can be written as: 

P = Cp.
1

2
𝜌𝑈3π.r2    Equation 11 

Where r is the radius of the rotor, ρ is the air density, U is the wind speed, Cp 

is power coefficient. 

BEMT therefore, divides the blade into small elements and calculates the forces and 

moments acting on each element to determine the overall performance [37], [44].  

While it is fairly accurate, it was not the case in previous years because BEMT is not 

advanced enough to handle complex three-dimensional flows due to the blade system’s 

rotation [37]. However, research has been done by several scientists including 

Mikkelsen and Madsen to improve this theory.  

Mikkelsen carried out a study to verify the assumptions inherent BEMT and found that 

the maximum resulting error was 3 percent [40] which is not very significant. Madsen 

found that BEMT was short in accuracy when compared to the complex Navier-Stokes 
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CFD solution in terms of the blade root and blade tip losses [44]. But, after accounting 

for the Prandtl, tip, and hub loss corrections, it was concluded that BEMT may be used 

as an accurate performance prediction approach [37]. Therefore, BEMT remains a 

valuable tool for preliminary design and analysis of wind turbine blades. 

In this research BEMT which is part of the QBlade software was used in the analysis 

of the turbines. 

 QBlade Software Review 

QBlade is a free, relatively easy to use open-source software tool used for the 

development, prototyping, and simulation of airfoils or wind turbines [45]. It can be 

used to study horizontal, vertical axis wind turbines, and multi rotor turbines. It goes 

further to simulate how the turbines would operate in a wind farm enabling one to 

study the wake interaction effects [45], [46], [47].  

The software employs various simulation methods, including: BEMT as stated earlier, 

the Double Multiple Stream Tube (DMST) model which was used in the study done 

by Altmini et. Al (2021) [46], and the Lifting Line Theory (LLT) where each element 

is modelled as a bound vortex and predicts lift using 3D geometry [41]. 

QBlade is frequently used in academic and research settings for wind turbine studies 

[46], [47], [48]. From the studies done by Zahariea et. Al (2019) and Koc & Gunel 

(2016), QBlade software demonstrated a positive agreement (within 3 percent) with 

Computational Fluid Dynamics (CFD) simulations [49], [50]. Therefore, QBlade 

software was used for the design and analysis of the wind turbines in this research. 

 The 5 MW NREL Reference Turbine 

The NREL 5 MW turbine [51], [52] was chosen as the reference turbine for this 

study. The specifications of this turbine are shown in Table 2: 

Table 2: 5 MW NREL Reference Turbine Specifications [52] 

Rating (MW) 5 

Rotor Orientation, Configuration  Upwind, 3 Blades 

Control  Variable Speed, Collective Pitch 

Drivetrain  High Speed, Multiple-Stage Gearbox 

Rotor Diameter (m) 126 

Hub Diameter (m) 3 

Hub Height (m) 90 

Blade Length (m) 61.5 
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Cut-In Wind Speed (m/s) 3 

Rated Wind Speed (m/s) 11.4 

Cut-Out Wind Speed (m/s) 25 

Cut-In Rotor Speed (rpm) 6.9 

Cut-In Rotor Speed (rad/s) 0.7 

Rated Rotor Speed (rpm) 12.1 

Rated Rotor Speed (rad/s) 1.3 

Rated Tip Speed (m/s) 80 

Overhang (m) 5 

Shaft Tilt (°) 5 

Precone (°) 2.5 

Rotor Mass (kg) 110,000 

Nacelle Mass (kg) 240,000 

Tower Mass (kg) 347,460 

Coordinate Location of Overall CM (m)  (-0.2, 0.0, 64.0) 

Tip speed ratio (TSR) at cut-in 15.2 

Tip speed ratio (TSR) at rated 7.0 

 

This turbine was chosen because of how prominent it is used in research worldwide, 

and because of the extensiveness of the work that was done to develop this turbine 

where the authors used models from WindPACT, RECOFF, and DOWEC projects 

[52]. In addition, the airfoil profiles are available for free online which can then be 

input in QBlade for various analyses. 

The airfoils incorporated in the turbine are shown in Table 3: 

Table 3: Distributed Blade Aerodynamic Properties [52] 

Node 

(-) RNode (m) 

AeroTwst 

(º) 

DRNodes 

(m) 

Chord 

(m) Airfoil Table (-) 

1 2.8667 13.308 2.7333 3.542 Cylinder1.dat 

2 5.6 13.308 2.7333 3.854 Cylinder1.dat 

3 8.3333 13.308 2.7333 4.167 Cylinder2.dat 

4 11.75 13.308 4.1 4.557 DU40_A17.dat 

5 15.85 11.48 4.1 4.652 DU35_A17.dat 

6 19.95 10.162 4.1 4.458 DU35_A17.dat 

7 24.05 9.011 4.1 4.249 DU30_A17.dat 

8 28.15 7.795 4.1 4.007 DU25_A17.dat 

9 32.25 6.544 4.1 3.748 DU25_A17.dat 

10 36.35 5.361 4.1 3.502 DU21_A17.dat 

11 40.45 4.188 4.1 3.256 DU21_A17.dat 

12 44.55 3.125 4.1 3.01 NACA64_A17.dat 

13 48.65 2.319 4.1 2.764 NACA64_A17.dat 

14 52.75 1.526 4.1 2.518 NACA64_A17.dat 

15 56.1667 0.863 2.7333 2.313 NACA64_A17.dat 

16 58.9 0.37 2.7333 2.086 NACA64_A17.dat 

17 61.6333 0.106 2.7333 1.419 NACA64_A17.dat 
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The first two airfoils – Cylinder1 and Cylinder2 – are circular foils. The other six 

airfoils were created by making corrections in the lift and drag coefficients for 

rotational stall delay using the Selig and Eggars method, and the Viterna method 

both for 0° to 90° angles of attack for an aspect ratio of 17. Then the Beddoes-

Leishman dynamic-stall hysteresis parameters were estimated with no corrections to 

the DOWEC-supplied pitching-moment coefficients. The “DU” and “NACA” in the 

six airfoils refers to Delft University and the National Advisory Committee for 

Aeronautics respectively [51], [52]. 
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3.0 Methodology 

This section details the steps that were taken to address the objectives of this research. 

For the first objective, a comprehensive study was recently done by Chisale & Lee 

(2024) [1] and so results were synthesised from their research. 

The second part will constitute the steps taken to scale down the reference NREL 5 

MW turbine to the utility turbines in question: 3.5 MW, 2.5 MW, and 1.25 MW.  

Finally, the stages that were done in QBlade to unravel the third objective will be 

explained. 

 Favourable Sites Considerations 

The decision of where to install wind turbines depends on many factors. Although 

wind speed is usually the most determining factor, other factors such as slope of the 

area, closeness to habitats, road networks, and indeed distance to the electricity grid 

all play vital roles in the choice of site. It is in view of this that a comprehensive study 

was done by Chisale & Lee (2024) to identify the areas that would be most appropriate 

for the installation of wind turbines in Malawi [1]. They used GIS and AHP to identify 

optimal wind sites in Malawi. The integration of GIS-AHP in the spatial and land use 

analysis has yielded good results in countries such as Nigeria, Turkey, Sudan, Saudi 

Arabia, and China [53], [54], [55], [56], [57], [58]. 

The study used the WRF model version 4.4.1 with ERA5 reanalysis data utilized as 

the initial and lateral boundary conditions. A 1:3 nesting ratio was applied as is custom 

[1], [59] over a resolution of 4 km. Simulations on microphysics, planetary boundary 

layer (PBL), land surface physics and cumulus schemes were conducted over a 

duration of 8 days (January 15th to 23rd, 2022) similar to Shi et al. (2024) [60] who 

conducted their research over a 6-day period [1]. 

For the wind speed data, data was sourced from various wind stations in Malawi over 

a period between 2021-22. However, as elaborated previously, data was measured at 

2 m and some of it was missing [1], [19], [61]. But for the model the wind speeds were 

adjusted to 10 m using the power law: 

𝑣1

𝑣2
 =(

ℎ1

ℎ2
)
𝛼

     Equation 12 
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where v1 and v2 are the wind speeds at hub height 1 h1 and hub height 2 h2 

respectively, and α is the wind shear coefficient sometimes called the Hellman 

exponent with a typical value of 1/7. 

By knowing the wind speed at a certain reference hub height, one can extrapolate using 

the power law to get the wind speeds at different hub heights at the same geographic 

location. 

However, α is empirically derived and varies with atmospheric stability [62], wind 

speed, height interval [63], and terrain roughness [64], therefore the global 

generalisation of α = 1/7 was uncertain so much so that Yang et al. (2024) [65] 

conducted a country specific analysis of the coefficient. For Malawi it was found to be 

0.206. This value was used in the research. 

For the wind farm site selection criteria, six parameters were considered: proximity to 

settlement, road and grid, land surface slope, wind speed and the elevation which were 

then weighted according to the AHP: 19.3, 11.4, 11.7, 7.2, 44.3, and 6.1 percent 

respectively. 

It was then found that six sites were suitable for wind turbine installations in Malawi. 

These sites were: site A at coordinates of (− 9.69635, 33.37491) in Chitipa, two sites 

in Mzimba: site B situated at coordinates of (− 11.8212, 33.74586) and C at 

coordinates of (− 11.9879, 33.57918), site D at coordinates of (− 13.3101, 33.8348) in 

Ntchisi, site G at coordinates of (− 14.1175, 34.18039) in Dedza, and site H at 

coordinates of (− 12.8531, 33.7712) in Kasungu [1]. 

For this study, wind patterns which were used for analysis of the 3 scaled down 

turbines were sourced from these areas. 

 Scaling Study 

This section details how the scaling down of the reference 5 MW NREL turbine to the 

turbines of choice of 3.5 MW, 2.5 MW, and 1.25 MW was done. Several studies have 

been done on the effects of scaling including Burmester et al. (2016) [66] which 

produced encouraging results while adhering to the assumptions laid out in the books 

by Manwell & Rogers (2004) [67] and Gasch & Twele (2012) [68]. The assumptions 

include: same tip speed ratio (TSR), same number of blades, airfoils, and blade 

material, and making proportional adjustments to all dimensions i.e., radius, profile 

chord, spar size to preserve geometric similarity as much as possible. 
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 Rotor Diameter 

To begin the scaling process, the rotor diameter was considered since it affects the 

swept area by the turbine. As one would expect therefore, the smaller the turbine’s 

power rating, the smaller the diameter. Equation 13 – adapted from the book by 

Professor Gasch [68] – was used to calculate the diameters of the scaled down turbines 

with respect to the 5 MW turbine. 

𝑃2

𝑃1
=

𝑅2
2

𝑅1
2     Equation 13 

where P is the power rating and R is the rotor diameter. Subscripts 2 and 1 

represent the scaled down turbine and the reference 5 MW turbine respectively. 

 Rotor Speed 

After the scaling down of the blade, came the rotor speed calculations. One of the 

assumptions under Section 3.2 is that the TSR must be kept constant in the scaled down 

blades. This means that the rotor speed must change in inverse proportion to the change 

in blade length (power and thrust are proportional to radius squared while torque to 

radius cubed). TSR is crucial in the design and operation of the wind turbine because, 

on the one hand, a very low TSR leads to most of the wind to pass through the gap 

between the blades reducing the effect of the lift force to aid in the rotation of the rotor. 

On the other hand, a too high TSR blurs the blades hindering the wind to a great extent 

reducing the efficiency of the turbine, and of course the greater tip speed greatly 

contributes to noise pollution [69]. Therefore, the following procedure was taken to 

make sure that the TSRs of the scaled down turbines were optimal in relation to the 

reference turbine. 

Firstly, the TSR of the 5 MW refence turbine was calculated using Equation 14, then 

the equation is rearranged to Equation 15, allowing the rotation speeds for the other 

turbines to be calculated. 

λ = ω
𝑅

𝑣
     Equation 14 

ω = λ
𝑣

𝑅
     Equation 15 

where λ is the tip speed ratio, R is the rotor radius, v is the wind speed at given 

hub height and ω is the rotational speed/angular velocity. 
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 Chord Length 

After the calculations of the rotational speed, the chord length scaling was done. Again, 

from the assumptions stated under Section 3.2 where it is stated that the profile chord 

should be proportionally adjusted to maintain geometric similarity as much as 

possible, Equation 16 was used to achieve this: 

𝑐2

𝑐1
=

𝑃2

𝑃1
     Equation 16 

where c is chord length, and P is the power rating of; 2, the scaled down turbine 

and 1, the reference 5 MW turbine. 

The chord profile for the blades of the downscaled turbines was scaled uniformly for 

each airfoil chord of the reference 5 MW turbine (Tab. 3). 

 Rotor Nacelle Assembly Mass 

Finally, the masses of the rotor nacelle assemblies (RNA) were considered. The masses 

are an important factor when doing structural and financial analyses for the scaled 

down turbines. But due to limited time, these analyses were not conducted. Equations 

17-19 from the NREL technical studies by Smith (2001) [70] and Fingersh et al. (2006) 

[71] and were used for the RNA components i.e., rotor blade, nacelle, hub, and tower: 

Rotor Blade Mass = 0.1 * D2.63   Equation 17 

Nacelle Mass = 2.6 * D2.4    Equation 18 

Hub Mass = 0.24 * D2.58    Equation 19 

Tower mass = 0.3973 * A * h – 1414   Equation 20 

where D is the diameter of the rotor, A is the swept area, and h is the hub 

height. 

 QBlade 

After the scaling was completed, the profiles of the scaled down were input into 

QBlade software for analysis. There was a problem with the circular airfoils: Cylinder 

1 and Cylinder 2 where the 360 polar was not possible to simulate therefore, a new 

circular foil was generated. The new circular foil was along the same path as Cylinder1 

and Cylinder2 airfoils from the original foils but differed in the axial turbine (at) 

percentage and the number of points (Fig. 8).  
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Figure 8: QBlade airfoil design module 

 Wind Speed Data 

In QBlade, to get the BEMT results, wind speed data is required. Since this research 

was for the favourable sites Malawi, wind speed data in those sites were required. Due 

to the heavily disrupted wind measurement data at 2 m height by MET in Malawi [1], 

[19], it was better to source wind speed data from elsewhere considering also the fact 

that this data would need to be extrapolated to heights of 50 m, 80 m and 100 m using 

the power law.  

ERA5 reanalysis data was considered to be the next best source. However, challenges 

were met to get access to this data earlier. By the time access was granted at [72], it 

was a little too late to re-do the analyses. Therefore, only one site was redone with 

ERA5 reanalysis data for comparison, and consequently this was also a sensitivity 

analysis for the data that was actually used for this research: global wind atlas data 

[73]. 

The challenge with global wind atlas data was that data specific to a point on the map 

was not possible to be obtained rather only data for the entire district that contains that 

geographic point could be obtained. Therefore, instead of having six areas for analysis, 

data for 5 areas/districts was available because the district of Mzimba had two sites 

that were deemed suitable in the GIS-AHP findings [1]. 

The downloaded data from global wind atlas was available at 100 m and 50 m. For the 

80 m wind speeds, the power law (Eqn. 12) was used to calculate this taking the wind 

shear coefficient to be 0.206 for Malawi [1], [64], [65]. 
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After getting the wind speeds, the frequency of occurrence for each individual wind 

speed value from the data from global wind atlas was calculated in Microsoft excel. 

Due to the large number of wind speeds, an average was calculated in intervals of 0.5 

m/s to get a reasonable representation and easier to work with sample of wind speeds 

over the entire year.  

The drawback with global wind atlas data however is that it does not provide very low 

wind speeds of usually not greater than 4 m/s since its purpose is more to aid policy 

makers to identify areas of high wind speeds that are suitable for energy production 

[74]. As a result, although the data is averaged over a span of 10 years, it is usually 

over estimated because the wind speed data, with the high values, still gives a 

cumulative frequency of equal to 100 percent as if the winds were that strong 

throughout the years. 

Regardless of this limitation, for any wind turbine to be installed, wind speed data has 

to be recorded on site to get the real time speeds at that location. In addition, even if 

the low wind speeds are available, it is less likely that the change in the overall energy 

yield from the turbine is much due to the expected low probabilities and capacities of 

the low speeds from the Weibull distribution curve (Fig. 10). So, data from global wind 

atlas is still a good, informative source as echoed by the findings in the research by 

Bagder et al. (2023) [74]. 

The data that was used in this study from ERA5 covered a duration of 2 years similar 

to the study done by Chisale et al. (2024). It was sourced for the site in Mzimba with 

coordinates (− 11.9879, 33.57918). This data then was processed using the same 

procedure described in the above paragraphs on this section for the global wind atlas 

data. The results were then compared against each other. 

The averaged wind speeds were then used to get the corresponding power from the 

power curves generated in QBlade. 

 Power Curve 

The output power of a wind turbine is commonly represented in form of a characteristic 

curve known as the power curve. The power curve is a relation between power output 

usually on the y-axis, and the wind speed usually on the x-axis (Fig. 9). It can be 

divided into four segments as shown on Figure 9.  
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Figure 9: Generic Power Curve of a Wind Turbine 

• Segment 1 is a region from wind speed 0 to cut-in speed. In this region, as can 

be inferred from the graph, there is no power output from the turbine because 

the low wind speeds are not able to generate enough torque to overcome the 

inertial and frictional resistive forces of the turbine [43]. 

• Segment 2 is a region where the turbine starts to generate some power at its 

cut-in speed and increases to its maximum possible power output at the rated 

speed. 

• Segment 3 is a region between the rated speed and cut-out speed where the 

turbine generates the maximum power it can produce regardless of an increase 

in speed. This is achieved by controlling the pitch to limit the effects of the 

increasing wind speeds. 

• Segment 4 is a region after the cut-out speed where the turbine is switched off 

to prevent mechanical damage to the turbine due to the excessive stress that 

high speeds can impose. 

Power curves were generated in QBlade bearing in mind of the 4 percent loss factor 

associated with the ‘expected performance’ of each turbine [75], [76]. 

 Annual Energy Production (AEP) 

The energy yield of a wind turbine is calculated with the help of the power curve or 

the power formula. It is usually calculated annually because of the seasonal variability 

of wind. The formula used to get the annual energy production (AEP) is as follows: 

AEP = ∑ 8760𝑣=∞
𝑣=0 .fv.Pv   Equation 21 

Segment 1 

Segment 2 
Segment 3 Segment 4 
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where fv is the frequency or the probability of occurrence of wind speed v, Pv 

is the power output at speed v, 8760 is the number of hours in a year, Σ is the 

summation from wind speed of zero to infinity.  

By multiplying every frequency of a particular wind speed value with its 

corresponding power and multiply it with 8760 hours, we get the energy yield in 

megawatt hours per year. 

For this study, the corresponding power of the averaged wind speed classes were 

deduced from the power curves in QBlade (Fig. 12). Then the values were multiplied 

by the corresponding frequencies of occurrence and the number of hours in a year. 

This resulted to the values for AEP. 

Frequency of occurrence of wind speeds fv is an important factor because from the 

power output equations (Eqn. 10 & 11), it can be seen that P varies with the cube of 

the wind speed. Therefore, the incorporation of fv in the formula allows for a more 

accurate estimation of the total energy produced per year [77]. Figure 10 shows three 

typical curves for turbines of three classes (I, II, III) of frequency of occurrence against 

wind speed. The curves are the international standard for wind turbine design 

published by the International Electrotechnical Commission (IEC) [78], [79]. 

 

 

Figure 10: Wind Speed-Frequency Weibull Distribution Curve [78] 
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The graphs play a crucial role in the implementation of wind turbines because a wrong 

class of turbines should not be installed at a location where the frequency distribution 

is in fact for another class [78]. This is possible where the real wind speed data 

measured on site is different from the data used in the design process. As a result, the 

turbine from the design would not perform as intended that is why detailed site-specific 

load assessments are necessary on the design process as well. 

 Capacity Factor (Cf) 

Another parameter that’s used to compare the performance of wind turbines is the 

capacity factor Cf. It is the ratio of the amount of energy produced by a turbine over a 

period of time, usually one year, to the amount of energy the wind turbine would 

produce if it would run at its rated power throughout the duration of operation. In 

equation form, Cf is calculated as follows: 

Cf = 
𝑃𝑎

𝑃𝑟
     Equation 22 

where Pa is the actual power output over the period of time, and Pr is the 

maximum (rated) power output over the course of the duration. 

The capacity factor is not a conclusive factor in the decision of whether a turbine 

produces more power or not. A turbine that is producing more power annually can 

have a lower capacity factor than another turbine which has a lower annual energy 

production.  

 

Figure 11: Power Curves for Cf Explanation [80] 
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Consider Figure 11 where four different power curves have been shown. Suppose the 

mean wind speeds in the year is 11 m/s. This would imply that the turbines responsible 

for the purple and green curves would have a capacity factor of 100 percent each 

because the turbines would operate within their rated power throughout the year. The 

turbines responsible for the red and blue curves would not have a capacity factor of 

100 because the 11 m/s is not greater than the rated speeds of the turbines.  

In terms of energy produced, the top two turbines would most likely have higher 

energy produced over the year than the bottom two. Nevertheless, the capacity factor 

is still a good indicator of the viability of a wind turbine.  
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4.0 Results and Discussion 

This section details the results and discusses them.  

 Rotor Dimensions 

Table 4 shows the magnitudes of the turbines after scaling down using Equation 13. 

The blade length was found by diving the difference between the rotor diameter and 

hub diameter by 2. 

Table 4: Rotor Dimensions 

Rating (MW) 5 3.5 2.5 1.25 

Rotor Diameter (m) 126 105 89 63 

Hub Diameter (m) 3 3 2 1.5 

Blade Length (m) 61.5 51.5 43.5 30.8 

 

The dimensions are within acceptable ranges when compared to similar turbine 

dimensions of existing turbines. For instance, the 63 m rotor diameter of the 1.25 MW 

turbine compares well with the 62.3 m rotor diameter of DeWind manufacturer [81]. 

The blade length of 43.5 m of the 2.5 MW turbine compares well with the General 

Electric’s (GE’s, one of the world’s wind turbine leading manufacturers) 2.5 MW 

turbine with a blade length of 44 m [82]. Finally, the rotor diameter of 105 m for the 

3.5 MW turbine compares well with the aerodyn SCD 3.5/100 turbine which has a 

rotor diameter of 100 m [83]. 

However, there is a significant difference in the dimensions in Table 4 and the 

dimensions of the turbines that were used for analysis in Chisale & Lee (2024) [1]: 

Vestas 3.45 MW has a rotor diameter of 136 m [84], [85], and Gamesa 2.5 MW has a 

rotor diameter of 126 m [86]. This difference is a contributing factor to the difference 

in the power outputs that were obtained from the turbines in this study and from the 

study by Chisale because from Equation 11, power output from wind turbine varies 

with the square of the radius of the rotor blade. 

 Rotational Speed 

Rotational speed is crucial to the design and operation of wind turbines as elaborated 

in Section 3.2.2. Therefore, Equations 14 and 15 were used to calculate the rotational 

speeds of the scaled down turbines. Table 5 shows the results. 
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Table 5: Rotational Speed Results 

Rating (MW) 5 3.5 2.5 1.25 

Cut-In Rotor Speed (rpm) 6.9 8.2 9.8 13.8 

Rated Rotor Speed (rpm) 12.1 14.5 17.1 24.2 

 

Similarly, the rotational range of 13.8 to 24.2 revolutions per minute (rpm) of the 1.25 

MW turbine compares well with the maximum rotational speed of 26.1 rpm for the 

DeWind manufactured 1.25 MW turbine [81].  The 2.5 MW turbine’s range of 9.8 to 

17.1 rpm falls within the range of GE’s 2.5 MW turbines of 5.5 to 16.5 rpm and a 

similar turbine SWT 2.3 MW with a rpm range of 6 to 18 rpm [82], [87]. Finally, the 

rated rotational speed of 14.5 rpm for the 3.5 MW turbine is equal to the rated 

rotational speed for the Enercon E-101 E2 3.500 [87], [88] turbine and falls within the 

range of the aerodyn SCD 3.5/100 turbine with a maximum rotational speed of 19.1 

rpm [83]. 

The Gamesa G126-2.5MW turbine has a rated rotational speed of 12.5 rpm [86] which 

also falls within the range that most 2.5 MW turbines operate in [82], but it is lower 

by 36.8 percent than the rated rotational speed of the 2.5 MW turbine from this 

research. This difference is due to the fact that the rotor diameters – and hence the radii 

– were different which is a significant factor in the calculation of the rotational speed 

(Eqns. 14 & 15). Therefore, it further affects the power output from the turbines. The 

rated rotational speed of the Vestas 136-3.45 MW turbine was not provided by the 

manufacturer, however using similar reasoning as the 2.5 MW, it should be expected 

that due to the differences in the rotor blade radii, the rotational speed of the 3.5 MW 

turbine in this research is different from the rotor speed of the Vestas V126-3.45MW 

turbine. 

 Chord Length 

The chord length was scaled using Equation 16, and the following results (Tab. 6) were 

obtained. 

Table 6: Airfoil Chord Length 

Airfoil Table 
Chord Length (m)  

5MW 3.5MW 2.5MW 1.25MW 

Circular_Foil.dat 3.542 2.479 1.771 0.886 

Circular_Foil.dat 3.854 2.698 1.927 0.964 

Circular_Foil.dat 4.167 2.917 2.084 1.042 

DU40_A17.dat 4.557 3.190 2.279 1.139 

DU35_A17.dat 4.652 3.256 2.326 1.163 
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DU35_A17.dat 4.458 3.121 2.229 1.115 

DU30_A17.dat 4.249 2.974 2.125 1.062 

DU25_A17.dat 4.007 2.805 2.004 1.002 

DU25_A17.dat 3.748 2.624 1.874 0.937 

DU21_A17.dat 3.502 2.451 1.751 0.876 

DU21_A17.dat 3.256 2.279 1.628 0.814 

NACA64_A17.dat 3.010 2.107 1.505 0.753 

NACA64_A17.dat 2.764 1.935 1.382 0.691 

NACA64_A17.dat 2.518 1.763 1.259 0.630 

NACA64_A17.dat 2.313 1.619 1.157 0.578 

NACA64_A17.dat 2.086 1.460 1.043 0.522 

NACA64_A17.dat 1.419 0.993 0.710 0.355 

 

The chord lengths of the downscaled turbines were proportionally reduced with 

regards to geometric similarity with the 2.5 MW having a total chord length of 

approximately half of the 5 MW reference turbine. These were then input into QBlade 

for analysis. 

 Rotor Nacelle Assembly 

The structural integrity of a wind turbine is largely dependent on the material used for 

the wind turbine. For scaled down turbines however the materials of the turbines are 

the same. Still, the structural integrity of the turbines is tested if operating at a height 

that’s not optimal for the turbine. Table 7 shows the masses of the RNA components 

– sometimes referred to as the primary elements of the wind turbine – for the scaled 

down turbines calculated from Equations 17-19. 

Table 7: Nacelle Assembly Mass 

Rating (MW) 5 3.5 2.5 1.25 

Blade Mass (kg) 52,220 20,906 13,431 5,398 

Nacelle Mass (kg) 240,000 186,200 124,345 54,124 

Hub Mass (kg) 56,780 39,751 25,754 10,532 

 

The tower’s mass equation (Eqn. 20) depends on hub height and the blade diameter 

just like the Equations 17, 18, and 19 which is good because the higher you go, the 

more mass you would need for the turbine to withstand the effects of greater wind 

speeds. 

These mass values, though not exhaustive, aid in the cost analysis of the turbine system 

cost. After calculating these costs plus the balance of the station costs [71], the initial 

capital cost of a wind turbine can be found (out of scope of this project). 
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 Energy Production 

The power curves of the wind turbines generated from QBlade are shown in Figure 

12.  

 

Figure 12: Power Curves of the Turbines 

The rated wind speeds for the 3.5 MW and 2.5 MW turbine are the same as the 5 MW 

turbine because for these two, the change in Reynolds number is small enough to not 

affect the aerodynamic performance [41], [89], [90]. This is not the case for the 1.25 

MW turbine where the rated speed has shifted to the right of the graph. This shift is 

due to the fact that the diameter of the 1.25 MW turbine has greatly reduced from the 

original so much so that it needs higher wind speeds to achieve its rated power due to 

the reduction in its energy capture capability. The power curves were also developed 

having in mind that there is a loss factor of 4 percent. These power curves were then 

used to calculate the energy produced per year. It is also worth pointing out that the 

rated speed of the 5 NREL turbine is not 11.4 m/s but it is now 13 m/s. But the fact 

that the rated speeds of the 3.5 and 2.5 MW turbines is the same as the 5 MW reference 

turbine, this change is attributed to the replacement of airfoil Cylinder1 and Cylinder2 

with circular foil generated in QBlade as explained under Section 3.3. 

Equation 21 was used to calculate AEP by each turbine at the favourable sites. Figure 

13 shows the AEP at the different locations. 

Key: 

▪ 5 MWref.turb 
▪ 3.5 MWturb. 
▪ 2.5 MWturb 
▪ 1.25 MWturb 
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a. b.  

c.  

Figure 13a, b, c: Annual Energy Yield of the Turbines 

It can be seen from Figure 13 that the 3.5 MW turbine produces the most energy (6.68 

GWh) per year and at a height of 100 m in the district of Mzimba. This is expected 

because, due to its large radius and high power rating, it sweeps a large area and hence 

captures more wind energy. This translates to more power produced since area is an 

independent factor in the power equation and varies with the square of the radius. 

The power produced by all turbines increases with height because wind speeds 

increase with altitude due to a reduction in friction with the ground and obstacles. With 

power proportional to the cube of the wind speed, even small changes in wind speeds 

greatly influence the overall power output of the turbine. 

After this, the capacity factors of the turbines of the turbines were calculated (Fig. 14).  
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a. b.  

c.  

Figure 14a, b, c: Capacity Factors of the Turbines 

Similarly, the site in Mzimba district has the highest capacity factors of all the other 

sites with the highest value of 21 percent by the 3.5 MW turbine. Of all the capacity 

factor values, the 3.5 MW and 2.5 MW turbines (19.7 percent) are the only ones that 

compare well with the standard capacity factor range of 21-52 percent for onshore 

wind turbines [31], [91], [92]. 

Sometimes it is expected that the smaller turbines can have higher capacity factors 

than its larger counterpart as seen in Section 3.4.2. But this is possible when all the 

turbines are along the same path on Segment 2 (Figs. 9 & 12) which would mean that 

the smaller turbine would reach its rated power quicker on the power curve. However, 

for this research, with each downscaling, the paths that the power curves of the 

resulting turbines followed were below and had a gentler slope in Segment 2 than the 

previous turbine (see Fig. 12) [41], [68], [93], [94]. This is the reason why the capacity 
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factors decreased with a decrease in the turbine size. This is another drawback in the 

downscaling of turbines. 

The story is different however in the findings of Chisale & Lee (2024) where the 

capacity factors were 51.1 percent at 80 m for the Gamesa G114-2.5 turbine, and 49.94 

percent at 100 m for the Vestas V126-3.45 turbine. These high values in capacity 

factors were attributed to the fact that the AEP was calculated using one mean wind 

speed value at each height of 8.72 and 8.76 m/s respectively which is a much higher 

over estimation than the global wind atlas data because the average speed values are 

regarded as if those wind speeds were available every day for 365 days, 100 percent 

of the time. This therefore does not give a realistic picture of the wind turbine 

performance at the locations. In addition, the data from ERA5 analysed for this 

research for a site in Mzimba at a coordinate of (− 11.9879, 33.57918) shows even 

much less capacity factors with highest values of 12.1 and 11.2 percent for the 3.5 and 

2.5 MW turbines respectively (Fig. 15). For comparison, the same site in Chisale & 

Lee (2024) has capacity factors of 46.68 percent at 80 m for the Gamesa G114-2.5 

turbine, and 41.91 percent at 100 m for the Vestas V136-3.45 turbine which are much 

higher than the average Cf value of 35 percent [31], [92]. 

 

Figure 15: Cf Patterns for a Site in Mzimba 

The capacity factor of the Gamesa G114-2.5 MW turbine is higher than the capacity 

factor of the Vestas V136-3.45 turbine because as explained above, the legs that run 

through Segment 2 of the power curves for both turbines are along the same path as 

shown in Figure 16. This means that even though the study did not do a comparative 
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study of both turbines at the same height, the Gamesa G114-2.5MW turbine should 

have a higher capacity factor than the Vestas V136-3.45 turbine at any height. 

 

Figure 16: Power Curves of G114-2.5MW and V136-3.45 Turbines [1] 

Furthermore, the AEP calculated by Chisale & Lee was for an array of wind turbines 

in a 50 MW wind farm scenario. This meant that wake effects were in play. With the 

wake effects then, it would be expected that the capacity would be low due to the wake 

loss rate – turbulence in the wind speeds – because no matter how much careful 

consideration is put into the spacing of the wind turbines on the farm, the downstream 

wind turbines get less of the wind [95], [96]. Of course, the differences in diameter, 

rated wind speed, and the power rating of the turbines, used in this research study and 

those in the study by Chisale et al. (2024), are critical to the discrepancies in results. 

Nevertheless, the capacity factors of Chisale & Lee should not be that high and so 

different from the results found in this study. 

This is the reason why also the modelled 50 MW wind farm by Chisale et al. (2024) 

would serve 71701 rural buildings and 27957 urban buildings if fifteen V126-3.45 

turbines were installed at the Mzimba site. For comparison, at this location, the 3.5 

MW turbine would serve 719 urban buildings and 1845 rural buildings only. Even if 

one would neglect all the losses and wake effects and assume that fourteen 3.5 MW 

turbines from this study are installed on that 50 MW wind farm to give an AEP 14 * 

6.68 GWh = 93.52 GWh, only 25834 rural buildings, and 10071 urban buildings would 

be supplied for. Still falling short of the results by Chisale & Lee (2024) (The average 
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yearly energy demand by an urban building is 9286 kWh and for a rural building is 

3620 kWh [97], [98]). 
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5.0 Conclusion and Further Work 

In conclusion, wind energy is indeed a fast-growing industry where the technical 

know-how of the technology continues to expand more and more. As Malawi is on its 

path towards net zero, it needs to develop but by sustainable means. One way of doing 

this is the use of wind turbines to harness the renewable wind energy. Hence this study.  

This study has presented an overview of how utility scale wind turbines of rated 

powers of 1.5 MW, 2.5 MW, and 3.5 MW would generally perform in five suitable 

districts in Malawi. 

The trend that was observed in all the locations at all heights was similar in that the 

3.5 MW turbine was the best performing turbine in terms of both the AEP and Cf 

values followed by the 2.5 MW and 1.25 MW turbine. The best location with the 

highest AEP and Cf values is in Mzimba indicating that this district is the most 

probable area for wind farm installation in Malawi. This differs from the findings of 

Chisale & Lee (2024) who had the best site in Chitipa. This was because although 

Chitipa had the highest wind speed value of all the locations, the frequency of 

occurrence of those high wind speeds was very low. For this research, Chitipa was 

second in performance to Mzimba. 

The results from this study however do not give encouraging results of the 

performance of utility scale wind turbines in Malawi unlike in the study by Chisale & 

Lee. The discrepancy between the findings, as far as the energy produced per year and 

capacity factors are concerned, calls for further, more critical and detailed wind turbine 

performance assessments in Malawi.  

Efforts in these further assessments for the utility scale turbines, would best be directed 

to the locations in Mzimba and Chitipa. The assessments would better use turbines 

with low specific power for the analyses like the ones used by Chisale & Lee because 

they have larger rotors which in turn catch more wind. These are best suited to low 

wind speed areas like Malawi. 

Further work should include financial and detailed structural integrity assessments 

including the wake effects in a wind farm simulation. These assessments are important 

to ascertain the feasibility of the wind farm implementation. They also help in 

determining whether a turbine can operate better at a certain height without many 
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mechanical faults. It is through these analyses where one can indefinitely conclude on 

the optimum operational hub heights of the turbines. 

Also, the turbines would need to be optimised in QBlade using either the Betz or 

Schmitz to maximise the aerodynamic performance of the blades. 

Lastly, modelling of small to micro wind turbines (Tab. 1) with low specific power in 

the other suitable locations in Malawi would be a positive development. Because the 

results would likely lead to higher capacity factors making them economically feasible 

to developers due to the low overall costs associated with smaller turbines. 
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