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ABSTRACT 

This report presents modeling for energy flow of a distributed renewable energy system based on 

an integrated wind power and hydrogen production system supplying a local electric load connected 

to an electric grid. The system consists of a 200kW wind generator, an Electrolyzer with a maximum 

production capacity of 5kg of hydrogen per 24h and a 3.5kW peak electric load. There is an external 

connection to the electric grid, assumed large enough to serve as a back-up supply, and whose 

electricity source of the system is unknown. 

The main objective of this research was to simulate optimal control strategies that regulate the flow 

of power from the wind generators to the grid at wind power peaks and from the grid to the 

Electrolyzer at low wind speeds thereby enabling production of 4-5kg of electrolytic hydrogen for 

transportation and stationary applications using a renewable resource.  

The system inputs are hourly wind speed, hourly load demand, and hourly hydrogen demand. The 

wind generator is modeled as an energy conversion device, which follows the cubic law with cut-in 

and a maximum speed of 25m/s.  The Electrolyzer and compressor are modeled as energy 

consuming units. The system fully exhausts the wind generator power to meet hydrogen production 

and electric load requirements per day. The excess power is supplied to the grid while shortages are 

sourced from the grid. The system outputs are hydrogen production per hour and the power 

exported to and imported from the grid. The controller thus monitors energy flows from the system 

and optimizes utilization of the renewable energy source. A computer program using MATLAB for 

this integrated system is developed, where Energy and hydrogen flow are balanced at each time 

step depending on the specified strategy. An economic assessment was done to get the annualized 

costs and the cost of electricity from wind energy in comparison with the electric grid. The system 

is experimented with hypothetical wind speed data and then validated using wind speed data from 

two towns in Uganda, Kampala and Tororo Towns. 

The validation of the model was carried out using wind speeds for Kampala City and Tororo Town in 

Uganda; the monthly average wind speed were sourced from the RETScreen software with 

embedded NASA data measured/estimated at 10m above the ground. The Weibull distribution was 

then used to simulate random hourly data for 24 hours in a day for each particular month of the 

year as required by the Matlab program. The smart grid application of this model in the production 

of hydrogen has been investigated and found feasible. The model monitors hydrogen flow within 

storage and optimizes the flow of power to meet the hydrogen demand for the day. The economic 

assessment done showed that the cost of electricity from the wind generator was not competitive 

with the commercial electricity production within the country though there is an environmental 

benefit in using the wind energy in production of hydrogen, as there are more than 140,000 kg of 

CO2 emissions saved. Therefore, the results obtained here confirm that such an integrated system 

has the potential to support remote investments in the production of electrolytic hydrogen from a 

non-polluting source. 

KEY WORDS: hybrid wind/hydrogen system; Matlab Simulation; control strategies; Smart grid. 
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SAMMANFATTNING 

Denna rapport presenterar modeller för energiflödet i ett distribuerat system för förnybar energi baserad 

på ett system med integrerad vindkraft och vätgasproduktion som levererar en lokal elektrisk last är och 
är ansluten till elnätet. Systemet består av en 200 kW vindgenerator, en elektrolysör med 

en maximal produktionskapacitet på 5 kg väte per 24 h och en 3,5 kW elektrisk belastning. Det finns en 

extern anslutning till elnätet, som antas tillräckligt stor för att fungera som en back-up-tillförsel, 

och vars energikälla är okänd. 

Huvudsyftet med denna undersökning var att simulera optimala kontrollstrategier som reglerar flödet av 

ström från vindgeneratorer till elnätet vid vindkrafttoppar och från nätet till elektrolysören 

vid låga vindhastigheter och därmed möjliggör produktion av 4-5kg av elektrolytisk vätgas för 

transport och stationära applikationer med hjälp av en förnybar resurs. 

Systemsimuleringen baseras på vindhastighet, belastningsbehovet, och efterfrågan på väte varje timme. 

Vindgeneratorn modelleras som en energiomvandlingsanordning, vars effekt ökar kubiskt med 
vindhastigheten, med cut-in och en maximal hastighet på 25 m / s. Elektrolysören och kompressorn 

modelleras som energiförbrukande enheter. Systemet uttömmer helt vindgeneratorkraft för att 

möta produktionen av väte och elektriska belastningskraven per dag. Överskottet ger strömförsörjning 

till nätet medan brist hämtas från nätet. Simuleringens resultat är väte produktionen per timme och 

effekten som exporteras till och importeras från nätet. Styrenheten övervakar således energiflöden 

från systemet och optimerar användningen av förnybar energikälla. Ett datorprogram med hjälp av 

MATLAB för detta integrerade system utvecklas, där energi och väteflödet balanseras vid varje tidssteg 

beroende på den angivna strategin. En ekonomisk bedömning gjordes för att få de årliga kostnaderna 

och kostnaderna för el från vindkraft jämfört med elnätet. Systemet har testats med hypotetiska 

vindhastighetsdata och sedan validerats med vindhastighets uppgifter från två städer i Uganda, Kampala 

och Tororo. 

Det månatliga genomsnittet för vindhastigheten kom från RETScreens programvara med inbyggda 

NASA uppgifter mätt / beräknad 10m över marken. Weibull-fördelningen användes sedan för att simulera 

slumpmässiga timvisa uppgifter under 24 timmar i en dag för varje enskild månad under året i enlighet 

med Matlab-programmet. Smarta elnät med tillämpning av denna modell i produktion av vätgas har 

undersökts och befunnits genomförbart. Modellen övervakar vätgasflöde till lagring och optimerar 

kraftflödet för att möta efterfrågan av väte för dagen. Den ekonomiska analysen visade att 

kostnaden för el från vindgeneratorn kan inte konkurrera med den kommersiella elproduktionen inom 

landet även om det finns en miljöfördel i att använda vindkraft i produktion av vätgas, eftersom det ger 

mer än 140.000 kg CO2 sparade utsläpp per år. De erhållna resultaten här bekräftar att ett sådant 

integrerat system har potential att stödja avlägset belägna investeringar i produktion av elektrolytisk 

vätgas från en icke förorenande källa. 

NYCKELORD: hybrid vind / vätgassystem; Matlab simulering; kontrollstrategier; 

Smarta elnät. 

Note: Google translator has generated this Swedish abstract. 
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Nomenclature  

 

PELY, min (kW) The minimum electrolyser power 

SPCe (kWh/kg) The specific power consumption of the electrolyser 

dH2 (kg/h) The average hourly H2 demand 

PC, min (kW) The minimum electrolyser power 

SPCC (kWh/kg) The specific power consumption of the compressor 

 The power converter efficiency  

Pely The electrolyser power 

P grid The power exported/ imported to the main grid 

Pr The rated power of the turbine 

P dump The stored wind power 

P load the local load 

 The Electrolyzer maximum capacity 

 
The Electrolyzer minimum capacity 

mh (kg) The mass of stored H2 

h, fill (kg/h) The flow rate of H2 from the pressure vessels to the filling 

station 

h, load The H2 load 

h, def  
The amount of H2 not supplied 

ρ The air density  (kg/m3), 

A The swept area of the rotor (m2) 

V The  wind speed (m/s) 

CP The efficiency  of the wind turbine 

EffAD The efficiency of the AC/DC converter 

Vci The cut in speed of the wind turbine 

Vco The cut-out speed of the wind turbine 

Vr The rated speed of the wind turbine 
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CHAPTER ONE: INTRODUCTION 

1.1 Background 

Electrolytic hydrogen produced by water electrolysis is a clean source of energy, provided that the 

supplied electricity is generated from non-polluting sources. Although conventional thermal power 

plants can supply the required electrical energy at relatively cheap costs, their impact on the 

environment is a setback. Therefore, emission-free renewable sources such as wind energy can be 

used to provide the required electricity without any negative impact to the environment. 

In addition, to secure the energy supplies in countries which are fully dependant and net importers 

of fossil fuels, Renewable Energy Sources (RES) are identified as alternatives in the reduction in the 

emission of greenhouse gases (Zhou & Francois 2009) in the production of hydrogen. Wind energy 

conversions systems (WECS) are used to satisfy the energy demand. This has been made possible 

due to the advanced wind power technologies in the distributed generation systems. This then 

requires use of a Hybrid Power System (HyPS) which uses storage subsystems and energy 

management strategies to solve this challenge. 

 

Wind energy (WE), in particular, is a promising technology for power generation suitable for 

residential applications, particularly in remote locations such as islands, oasis and isolated villages in 

forests and mountains. It is an abundant, widely distributed renewable energy source with no 

greenhouse gas emissions and can be harnessed by wind farms. The wind turbine technology has 

gone through tremendous development the last decade with commercial products in the capacity 

range from few hundred Watts up to 5 MW(Singh 2011).  Energy storage facilities would be 

integrated with the Wind turbine to store excess of electricity generated during off-load periods for 

use in times of no wind or of low cut-in speed. One form to store electrical energy is to convert it 

into hydrogen by water electrolysis. 

According to Zoulias & Varkaraki , the justification of using water electrolysis in the production of 

hydrogen using a renewable energy source is more environmentally friendly than use of fossil fuels 

as a primary source of electricity. There is abundance of renewable energy sources and water and 

that hydrogen oxidation in the production of electrical energy (in fuel cells) only produces recyclable 

water (2004) which has no effect on the environment. 

Since WE is intermittent in nature, due to the variability in wind capacity and speed, the electrolytic 

process will be running under transient conditions With grid connected system, it is expected that 

electrical current will flow from wind turbine generators to the grid at wind power peaks and from 

http://en.wikipedia.org/wiki/Greenhouse_gas_emissions
http://en.wikipedia.org/wiki/Greenhouse_gas_emissions
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the grid to the electrolyzer at low wind speeds. This would require the implementation of efficient 

control strategies to regulate the flow of electricity in either direction. Therefore, the objective of 

this project was to assess various supervisory control algorithms that can ensure the flexibility and 

reliability of grid connected operation. The system consisted of a wind turbine, an electrolyser, 

hydrogen compressor and storage subsystems. The wind turbine has a nominal capacity of 200 kW 

and electrolytic hydrogen is generated at the rate of 4-5 kg/ day.  

 

In this research, the researcher combines the wind generator and grid connection to the Electrolyzer 

acting as a constant hydrogen supplier to meet the daily hydrogen requirement; here data collection 

enables the control strategy to balance the wind generator, the electrical requirements of the 

electrolyser, and required inflow and outflow of electricity from the electric grid.  In low wind 

speeds, electricity is then got from the grid to the Electrolyzer for the production of electrolytic 

hydrogen for transportation and stationary applications.  

Mostly the strategies that can be used to control the connecting interface between the storage and 

the wind turbine are investigated here. This research was aimed at assessing the feasibility of 

coupling the wind generators to the electric grid for production of cost effective electrolytic 

hydrogen for transportation and stationary applications.  

1.2 Problem Statement 

The security of energy supplies in most countries is met by use of imported fossil fuels that come 

from geopolitically sensitive areas. Therefore, there is need to sustainably increase energy supply 

with accompanied reduction of greenhouse gas (GHG) emissions. These GHGs are due to emissions 

from mostly utility generation plants and millions of transport vehicles brought in with old 

technology in Africa. Therefore, there is need to come up with transportation and stationery 

activities energy alternatives like hydrogen. Emission free energy sources such as wind energy (WE) 

are to provide the required Hydrogen as an alternative to the fossil fuels. Since WE is intermittent 

in nature due to its variability in wind speed, hydrogen cannot be produced as required on demand 

using wind generated power. Therefore energy storage facilities –in this case the electric grid, can 

be integrated with the wind turbine generator to store excess of electricity generated when the 

hydrogen demand has been met for use in no wind or/ low cut in speed in addition to supplying the 

electric load.  

This requires implementation of efficient control strategies that regulate the flow of energy from 

the wind generator to the electric grid at wind power peaks when hydrogen demand is met and 

from the grid to the Electrolyzer at low wind speeds to produce between 4-5kg of hydrogen per day. 



3 
 

This project therefore investigated the various supervisory control algorithms using Matlab software 

that ensures the flexibility and reliability of grid connected operation for the production of hydrogen 

and supply of electricity to the load. 

1.3 Objectives 

1.3.1 Main Objective 

The main objective of this research was to investigate optimal control strategies to produce 4-5kg 

of electrolytic hydrogen using a wind turbine generators connected to the Electrolyzer and electric 

grid for transportation and stationary applications. 

1.3.2 Specific objectives 

The specific objectives were; 

(i) To identify the model characteristics of hybrid wind hydrogen systems 

(ii) To describe/ define the relationship between the variables representing the optional control 

strategies. 

(iii) To simulate using Matlab the various control strategies to given specified inputs to produce 

4-5kg of hydrogen. 

(iv) To assess the applicability of the formulated model/ control strategy to smart grid 

applications in the production of electrolytic hydrogen. 

1.4 Justification 

 

Renewable energy sources and in particular wind energy are being fronted as substitutes to the 

existing use of fossil fuels since there are no emission of GHG associated with them. Hydrogen as an 

alternative for transport fuels is produced with wind power supplying the electrolyser.  The 

challenge with this system though is the intermittence of the wind resource which is variable and 

cannot be relied on to provide a sustainable flow of energy.  Hybrid power control systems have 

been proposed to overcome these challenges.  But having such a system in place requires storage 

subsystems and energy management strategies(Zhou & Francois 2009). Therefore there was a need 

to study the relationship between the different system components in the provision of 4-5 kg of 

hydrogen required per day using control strategies. 

 

Other reasons for this study are that the transport sector is found as the largest contributor to GHG 

emissions (Teshima & Beach 2013). The improving engine technology that has enabled a reduction 

in the specific emissions, has not stopped the use of fossil fuels from keeping these emissions at 
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lower levels,(Greiner et al. 2007). Accordingly, ‘’changing to H2 as an alternative energy carrier is a 

promising way of reducing local emissions from vehicles’’,(Greiner et al. 2007)and this is the basis 

for this project. 

1.5 Scope of the Study  

This research project was restricted to defining a hypothetical structure of a hybrid wind hydrogen 

system. This involved identifying the characteristics of variables of hybrid hydrogen systems, 

defining the relationship between the variables representing the control strategies. Then modelling 

the different components within that system, simulating the various supervisory control and/or 

dynamic controller algorithms that can ensure the flexibility and reliability of such a system using 

Matlab software. The system is tested with a hypothetical wind speed data, hypothetical household 

electric load in order to produce hydrogen in the capacities of 4-5kg per day. In the validation of the 

model, two areas in Uganda including Kampala and Tororo are selected and outcomes of the model 

assessed.  This project did not look into the energy sources supplying the grid, but at avenues of 

production of electrolytic hydrogen using a clean energy sources.. 
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CHAPTER TWO: LITERATURE REVIEW 

2.1 Wind Energy History 

According to the wind energy foundation, wind is a result of unequal heating of the earth’s surface 

by the sun thus producing air masses of differing temperature and density (reflected in the 

barometric pressure) that produces air movements over the earth’s surface and the surrounding. 

The air movements result in forces on any surface in the path of airflow. Tornados and hurricanes 

represent the extreme capabilities of sunlight to be transformed into wind forces. Such forces can 

be a source of energy though the challenge is how to use this wind since it is widely variable by 

location and in time. 

The use of wind energy dates back to when sailing vessels were powered by wind. Windmills 

invented in China were used in Persia as early as 200 BC though the improved Dutch windmill design 

was used extensively in Europe from the 12th through the 18th centuries. Pumping water and milling 

grain were the main functions of these windmills.  Directly running mechanical pumps with windmills 

is still practical where relatively low power is needed. Multi-bladed units as in Figure 1 convert wind 

energy to rotary motion to drive a piston pump. With this type of system, the water tank acts as a 

low-cost reservoir during calm periods. These systems have a rather low efficiency, below 10% 

where as low cost and high equipment reliability is the main advantages (Energy & Electricity 2004) 

2.2 wind machines 

The purpose of a wind power conversion system is to extract energy from the wind and convert it 

into electrical energy. This conversion usually occurs in steps. The first step is the wind turbine, made 

up of the components and controls that convert the kinetic energy of the wind into useful 

mechanical energy. The turbine generally consists of a system of aerodynamic blades, a mechanical 

power transmission, and various controls. The rotary motion (mechanical energy) can then be used 

to drive a generator to produce electrical energy. 

 

Two basic configurations of wind turbines are shown in Figure 2. For electrical power generation the 

horizontal type whose blades rotating around a horizontal axis are used having two to four blades. 

While the less commonly used is the vertical axis type having the blades rotating around a vertical 

axis. 
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Figure 1: Multi-blade wind turbine for water pumping (source: Gustafson ET el, 2004) 

The horizontal-axis type of machine is well known for use in farms but its rotational speed is usually 

very low, this makes it less practical for electrical power generation. Understanding the principles 

behind conversion of wind energy, as well as understanding the wind resource, is critical in 

evaluating wind energy potential (Energy & Electricity 2004). 

 

 
Figure 2: Basic wind machines (source: Gustafson ET el, 2004) 

2.3 Theory of wind power 

Power available from the wind can be calculated based on the energy that can be extracted as the 

air passes through the swept area of the wind machine blades. The swept area is the cross-sectional 

area the blades sweep in one revolution. Assuming an air density of 1.22 kg/m3, all of the power in 

the motion of the wind can be calculated based on the kinetic energy of air as in equation 2.1.  
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𝑃𝑤𝑖𝑛𝑑 = 0.612𝐴𝑉3(Watts)                 (2.1) 

Where A = cross-sectional area of the flow (swept area), m2 

            V = air velocity, m/s                          

Since the air cannot be totally stopped, it must pass through the wind machine. Thus not all the 

energy in the flow can be extracted. The maximum fraction of the power that can be obtained, called 

the Betz Coefficient, is 59.3% (Energy & Electricity 2004). This represents the maximum possible 

efficiency of a wind turbine. Therefore, the collectable energy from the wind machine is as in 

equation 2.2. 

𝑃𝐶𝑜𝑙 = 𝐸𝑓𝑓𝑥𝑃𝑤𝑖𝑛𝑑                  (2.2) 

                                  Where Eff = Efficiency, with a maximum of 0.593 

It should be noted that ordinary wind machines extract a still smaller fraction of the energy in the 

wind. Depending on size and design, actual efficiencies in the range of 30% to 40% (Energy & 

Electricity 2004) can be obtained. Figure 3 shows how wind energy per unit area of the turbine varies 

with both wind velocity and the efficiency of the machine; this is the basis for the modelling of the 

wind generators. Note the effect of wind power being proportional to the velocity to the third power 

is clearly evident in the plot. 

 

Figure 3: Wind energy Vs. Wind speed (source:(Energy & Electricity 2004)) 

2.4 Wind turbine power production 

Although wind turbines are commonly classified by their rated power at a particular rated wind 

speed, Gustafson et al within  (Energy & Electricity 2004) argues that the annual energy output is 

actually an important tool for evaluating a wind turbine’s value at a given site than the rated power. 

Wind turbines cannot convert all of the available wind energy to power output. Figure 4 shows an 

idealized power curve for a wind turbine.  At low wind speeds, below the cut-in wind speed, no 
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power is output. As wind speed increases above the cut-in speed, the power curve follows the cubic 

relation up to at least the rated speed. The rated speed is defined as the wind speed at which the 

wind generator has achieved its maximum as set by the manufacturer. In many systems, at a cut-

out wind speed above the rated wind speed, the power output is maintained at a constant level 

allowing for a more stable system control and less likelihood of damage to the system. This is the 

basis for modelling the wind generator power 

 
Figure 4: idealized power curve for a wind turbine (source:(Energy & Electricity 2004)) 

The energy output in a year can be calculated when the capacity factor of wind turbines for an 

average annual wind speed is known. “The capacity factor here is defined as the wind turbine’s 

actual energy output for the year divided by the energy output of the machine at its rated power 

output for that entire year’’, chambers A, 2004. A reasonable capacity factor is between 0.25 and 

0.30, though a good capacity that brings out the energy output should be 0.4. 

2.5 Evaluating wind energy potential 

Wind resource evaluation is a critical factor in estimating energy that could possibly be collected at 

a given site. Although at a specific site variations in wind speed on an hourly or daily basis may be 

important, information for longer-term averages and wind power density can be helpful in 

understanding wind energy availability, this is possible through use of weather data from airports 

and meteorological stations in enabling to obtain the averages of the weather data to help in the 

evaluations for the site (Siraj A, 2011).  

2.6 Wind to electrical energy conversions 

Many researchers have come up with different options for generating electrical energy in a wind 

system configuration but options that can be selected depend on the size of the system and the 



9 
 

energy needs of the user. Large scale wind farm systems are increasingly predominant in areas with 

high wind resources with a number of wind turbines connected together. Due to the fact that wind 

is intermittent yet there is need for dependable and uninterrupted flow of energy, there is need for 

interconnection either for an energy storage, or supplementation by other systems to have such 

systems perform well. It is pertinent that such Linkages with existing utilities require the wind system 

output to be at the same frequency, usually 60 or 50Hz, and synchronized with the utility system. 

For large-scale wind farms intertie is done directly to the utility without interconnection to a specific 

user. If energy can be used in a DC form, wind systems can be stand-alone units. Such units may 

supply direct heating or charging of a battery storage system as in Figure 5. However, batteries have 

limited life and are expensive, thus may not be a good alternative for use.  

 

Figure 5:  wind hybrid hydrogen system (source: "WHL ENERGY LIMITED (WHL)") 

Wind Energy is now a promising technology for power generation and mostly suitable for Residential 

areas in isolated villages and hard to reach areas like islands yet it has no greenhouse gas emissions 

associated with it. ‘’However, the design, control, and optimization of such systems are usually very 

complex tasks’’ (Bernal. A.J.L and Dufo R.L, 2009). 

2.7 Hydrogen as an energy storage medium 

According to M. Korpas & Greiner, H2 is a promising energy carrier for renewable energy sources 

that is always produced when the power output exceeds the load within the isolated power system 

cases. The produced hydrogen gas is then compressed and stored in pressurized storage for use as 

required (2007). 

In this research hydrogen is to be stored in compressed and pressurized storage but hydrogen 

production is the focus, the extra energy after H2 production will be transferred to the load and the 

electric grid. There are numerous means that are used to store energy which are more competitive 

than hydrogen like storage in lithium ion batteries, super capacitors, flow batteries and compressed 
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air energy systems. However, these sources do not have the various applications in this market like 

hydrogen does (M. Korpas & Greiner, 2007) and in mostly the stationary and transportation 

activities.  

 

According to Renewable Energy website on Wind Power, 2008, hydrogen has been found to have 

characteristics that give it various opportunities for diversification, these include the fact that you 

can use a fuel cell to produce electricity, use it as an energy carrier during peak production times, 

use it as energy transportation due to its low losses and having a higher energy density than other 

energy carriers, or sold as a gas for various stationary activities. 

The storage density of hydrogen (123MJ/kg) is higher as compared to Gasoline (47.2MJ/kg) and 

diesel (45.4MJ/kg) as can be seen in Table 1 (Raju. M, 2012, Alcock, 2001 and Fischer, 1986).   

That notwithstanding, hydrogen requires an effective storage within the hybrid system for an 

efficient power generation. This also depends on the scale of production at hand, for example in 

small applications the use of compressed hydrogen storage is simple due to a few infrastructure 

components used as compared to large applications that may require more equipment like in the 

use of metal hydride/chemical hydride and cryo-adsorption as a storage medium. 

 

The pressure at which the storage tank operates determines the choice of the compressor at use 

having in mind safety considerations (Renewable energy, wind power, 2008). This is the basis for 

use of compressed storage of hydrogen in this research. 

In selecting the process that can be used in the production of hydrogen, an electrolyser is used since 

it uses electricity as input for the generation of hydrogen as in equation 2.3;   

 

𝐻2𝑂 + 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 =  𝐻2 +
1

2
𝑂2                       (2.3) 

 

According to Manuel R, 2008, five percent (5%) of hydrogen is produced using electrolysis but this 

small percentage does not stop its production. The fact that it uses electricity that is produced in 

the wind generators, just like this research, makes it a viable process for use.  In addition, Levene J. 

et al, suggest that it requires 39kWh of electricity to produce a kilogram of H2 at 25 OC.  
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Table 1: Properties of hydrogen and their comparison 

 

    Sources: Alcock, 2001: Fischer, 1986  

2.7.1 Water Electrolysis 

Water electrolysis can be defined as a process of splitting water into H2 and O2 using electrical 

energy, as seen in equation 2.3. The total energy needed for water electrolysis increases slightly 

with temperature yet according to the US Department of energy, 2012 a high-temperature 

electrolysis is preferred using waste heat from other processes with relatively low efficiencies and 

thus making the combined process more cost efficient (Yatish. T.S, 2014).  The US Department of 

Energy, 2012 presents in Figure 6, the likely costs for electrolytic hydrogen that show that 

production cost of hydrogen will be reduce in future.  

 
                          

 

 
Figure 6: Future potential costs of electrolytic hydrogen (SOURCE; US Doe, 2012) 

In this research, we are considering temperature ranging from 250c and 500c, without preheating it 

on assumption that it has no effect on the energy used. 
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2.7.2 Wind electrolysis technology 

 

Wind electrolysis technology is where a wind turbine is coupled with a high –pressure electrolyser 

like the one shown in Figure 7. The hydrogen produced can then be transformed depending on the 

required use in a combustion engine, fuel cell or any other energy production system. According to 

Gupta and Leishman (2005), wind turbines are good avenues in the production of hydrogen since 

the excess can be stored in a shaft of the turbine for later use. In addition Fingersh, 2003, notes that 

wind electrolysis is a better improvement over other wind-electricity production stations if strong 

building materials are used in the construction and a provision of another source of hydrogen is 

made for other uses required.  

Other researchers like De Battista et al (2006) and Gazey et al. 2006, agree that the low cost of 

electricity produced from wind technology is growing and that wind electrolysis is the best option in 

the production of hydrogen using a renewable source. 

There are examples of wind hydrogen system that have been implemented on a small scale, these 

include Unst Technologies Ltd in Scotland which has two 15 kW wind generators an electrolyser 

connected to a fuel cell. This project provides energy and heat to five businesses on an island in the 

North Sea (Gazey et al. 2006). 

Another example is by Miland et al where a fuzzy logic control system using an electrolyser as storage 

for a long term basis yet as a load controller on a short term basis.  

 

 
Figure 7: Wind-Electrolysis flow diagram for hydrogen generation and storage system (source: Yang et al, 2001) 
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2.7.3 Hydrogen storage 

H2 can be stored in various methods as compressed gas (the most preferred), as cryogenic liquid, in 

solids like use carbon materials and metal hydrides, and in chemicals which are liquid Hydrogen 

carriers (like methanol, ammonia), M. Korpas and Greiner, 2007.  

M. Korpas and Greiner, indicates that electricity consumption of the compressors depends on the 

pressure ratio that needs to be achieved and not absolute pressure difference (2007), this is 

therefore the basis for use of a pressurized Electrolyzer instead of a combination of the compressor 

and the electrolyser. This then reduces the electricity consumption related to mechanical H2 

compression. 

According to Carpetis, 1988, M. Korpas, and Greiner, 2007, there are hydrogen storage methods 

that are targeted to volumes of 0.05-50m3 up to 15000m3and with spherical cylinders with pressures 

ranges above 200 bars to 12-16 bars.  

2.8 Hydrogen use in isolated power systems 

This section lays out clearly the opportunities that can be achieved using hybrid systems that have 

been proposed by different researchers. The author is then able to choose among the different 

opportunities which best suits this research, indicating the gaps that can be filled up. 

2.8.1 Electricity supply 

This is where the system is meant for electricity generation only. According to Ulleberg, 2002, to 

consider H2 storage for electricity production in isolated power systems, there is need for separate 

systems that are wind energy driven and those driven by other energy sources but supplied partly 

by the wind generators. For example using a diesel generator to ensure power balance and stability 

of the electric grid. He concludes that Hybrid systems comprising of wind turbines coupled with 

diesel generators and a battery storage have been tested and are considered as mature technology. 

However, there are upcoming and critical issues that need to be addressed to enable the stand-

alone power systems using wind as primary energy source sustainably.  

These issues include; the start/stop operation of the electrolyser which requires backup generation 

for smooth system operation. This requires that the electrolyser is either set to ‘’stand-by mode or 

run at minimum power for periods with low wind speed’’, Korpas M, 2004. This then requires that 

H2 is produced all times to keep the electrolyser functional.  

Therefore in analysis of a site, considerations should be put in mind for the power output  at that 

site from one season to another  and the annual variations present ‘’and the possibility for long and 

unpredicted periods with low wind’’ (Ulleberg, 2002) speeds. 
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2.8.2 Hydrogen used as Vehicle fuel 

This is where wind power is simply used for production of H2 as a replacement for other energy 

sources.  This is done in areas with no electrical infrastructure to transport the electricity or where 

electricity consumption is not available. A good example may be in connecting the system to a filling 

station or use in H2-fuelled vehicles. This is the solution to areas where grid connection of the wind 

generator is not economically or technically viable (Steinberger, 2005).   

2.8.3 Hydrogen used for both Electricity and vehicle fuel  

This is where wind energy is generated for both electricity and H2 fuel for vehicles. This represents 

possibilities for wind energy use in areas with sufficient wind speeds that supply the wind generator 

to meet the energy needs for both the stationary (electricity) and transportation (vehicle) energy 

demand (M. Korpas, 2004) in future.  M. Korpas further asserts that the operation of such a systems 

is complicated where H2 storage is coupled to both a hydrogen filling station and an electricity 

producing fuel cell in fulfilling the electricity generation and transport energy demands. But in cases 

where there is a battery storing excess energy and an electrolyser then H2 serves one purpose i.e. 

transportation energy demand. Therefore control strategies are made to prioritize for such a system 

in times of no wind speeds and when the amounts of hydrogen are low at a very critical time of 

demand (2004).  

2.9 Hydrogen use in distribution grids 

Here we consider the connection of the wind power generator and electrolyser for the production 

of hydrogen in distribution grids. The purpose for having H2 production and storage unlike for the 

previous section in 2.8 is that the connection must balance the power generation and its energy use 

in real time. This is a section that is more appropriate for this research. 

2.9.1 Electricity supply in distribution grids 

This is where the H2 -electricity subsystem consists of a fuel cells and batteries. According M. Korpas 

& Greiner CJ, 2007, H2-electricity subsystem are more suitable for energy-efficient storage 

technologies than production of H2 and this is due to the fact that long term storage is not required 

like in isolated systems. The storage of hydrogen would be more applicable in areas of high wind 

speeds at a low load demand and in weak distribution grids. The problem with this idea is that 

hydrogen is not produced at times of low wind speeds and a higher electric load, (M. Korpas & 

Greiner CJ, 2007), since the electricity, supply would just be enough to supply the grid. 

2.9.2 Electricity and vehicle fuel supply in distribution grids 

This is where the grid capacity is made more efficient by having an electrolysis plant connected to 

the wind generator, and having the electrolyser operate with energy from the wind. Here hydrogen 
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is produced from excess wind power and in case more hydrogen is required, more wind turbines 

can be installed. The set back of this system comes at the time when the required demand of 

hydrogen is not met, since only excess wind energy is used for hydrogen production, (M. Korpas & 

Greiner, 2007). However in this research, we are interested in production of hydrogen as the primary 

fuel as demanded per day, the excess energy from the wind generator at the time of meeting the 

hydrogen load per hour is then sent to the load and the electric grid. This is where the control 

strategies come in handy to balance the demand of hydrogen with the available wind power energy 

and the electric grid. 

2.10 Transition from grid connected system to a smart grid 

According to International Energy Agency, 2011, a smart grid is defined as electricity network using 

digital and other advanced technologies to monitor and manage the flow of electricity from all 

generation sources to the various electricity demands of end-users (2011). Smart grids balance the 

needs and capabilities of all generators, operators, users and electricity market stakeholders to 

operate the system as efficiently as possible, this is done to minimize costs and the associated 

environmental impacts to maximize system reliability, resilience and stability. 

 

The world’s electricity delivery system was built when energy was relatively inexpensive. Though 

minor upgrades are being made to meet the increasing demand, the grid still operates the way it 

did almost 100 years ago where energy flows from central power plants to consumers, and where 

reliability is ensured by maintaining excess capacity (IEA, 2011). ‘’The result is an inefficient and 

environmentally wasteful system that is a major emitter of greenhouse gases, consumer of fossil 

fuels, and not well suited to distributed, renewable solar and wind energy sources’’ (Wes. F, 2008), 

yet in most cases in the developing world, the grid does not have the capacity to meet connected 

demand. 

According to Wes. F, a better intelligent electric system is required which uses information 

technology (IT) to significantly improve the electricity generation process as delivered, and as 

consumed. This grid can provide consumers with near-real-time information to manage the 

electrical grid as an integrated system, which does sensing and respond accordingly to changes in 

power demand, supply, costs, and emissions with use of energy sources like rooftop solar panels on 

homes, to remote wind farms that supply energy-intensive factories (2008). 

‘’A Smart Grid is a major advance from today, where utility companies have only basic information 

about how the grid is operating, with much of that information arriving too late to prevent a major 

power failure or blackout’’,(IEA, 2011). This research is therefore trying to incorporate the smart 
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grid phenomena in the wind hydrogen system through coming up with control strategies that use IT 

to predict the user requirement in both the hydrogen production and electricity distribution. 

2.11 Research work done on wind hydrogen system and how it relates to this project 

Numerous studies have developed control strategies applicable to hybrid systems. The following 

cases represent the applicability of the control strategies; these studies also help to come up with 

the relationships between the variables representing the control strategies that are being studied. 

2.11.1 Case 1  

A paper on the production of hydrogen by Greiner C.J et al, 2006 

In this case, the discussion is about options of increasing the efficiency of a wind hydrogen system 

in isolated areas through production of both electricity and electrolytic hydrogen. Greiner simulated 

the wind/hydrogen plant system for a particular small island in Norway with two system 

configurations i.e. the grid connection and another, which is isolated. Greiner C.J et al, 2006 

concentrated only on the grid connection as in Figure 8 since it looked at the same principles being 

investigated in this present work. 

 

 

Figure 8: Grid connected system with remote wind H2 system (SOURCE: Greiner C.J et al 2006) 

The system as shown in Figure 8 is connected to an electric grid that can exchange power at any 

time. The grid has a capacity that provides the maximum electric load when there is less wind speeds 

to fulfil the demand.  The simulation model developed for the assessment of the system had a 
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control strategy objective of maximising the use of available wind energy and minimising the amount 

of H2 not supplied. 

In Greiner C.J et al, 2006 study; the dimensioning of the system is based on the constant daily H2 

demand. The methodology takes into account total availability of the system components sensing 

that increasing un-availabilities of such components would increase their sizes beyond the systems 

costs.  

In this case, dimensioning of the grid connected system was done through ‘’reducing the component 

sizes to a minimum without exceeding the maximum value for H2 not supplied’’ Greiner C.J et al, 

2006. This therefore reduced the system cost and the production cost of H2.  

The Minimum electrolyser power was found in equation 2.4. 

 

𝑃𝐸𝐿𝑌,𝑚𝑖𝑛 = 𝑆𝑃𝐶𝑒𝑥𝑑𝐻2                         (2.4) 

The electrolyser was dimensioned the same way as the compressor as in equation 2.5. 

 

𝑃𝐶,𝑚𝑖𝑛 = 𝑆𝑃𝐶𝐶𝑥𝑑𝐻2                             (2.5) 

The power converter in this concept was combined for the electrolyser and compressor and 

considered when in 100% operation as in equation 2.6; 

 

𝑃𝑃𝐶,𝑚𝑖𝑛 =
𝑃𝐸𝐿𝑌+𝑃𝐶

ɳ𝑃𝐶
                                              (2.6) 

 

To dimension the storage tank, four steps were conducted as in Greiner CJ et al, 2006; and this 

method was adopted in this research. 

1. The minimum tank storage level is defined; this enables to calculate the minimum 

electrolyser power, and this cannot be zero because it will lead to electrolyser failure as 

mentioned above. 

2. The minimum supply security limit of the tank in kg of H2 is calculated to prevent the tank 

from falling below the minimum level- a level that will lead to electrolyser failure. This 

accounts for the additional hourly H2 produced.  

3. Carrying out the system simulations that includes the supply security limit and choosing the 

minimum volume of the tank that does not violate the maximum volume of H2 not supplied. 

Greiner CJ et al, 2006 came up with a process of dimensioning a wind turbine in five steps this 

process is not necessary in the present work since the turbine was selected before as a 200kW.  
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2.11.2 Case 2 

A paper on production of hydrogen with connection to an electric grid by M. Korpas and C.J. Greiner, 

2007 

This paper presents a logistical simulation of wind-H2 plants in weak grids. This is where excess wind 

power is used in the production H2 for vehicles as a control load within the system. The grid is merely 

used as a backup for hydrogen storage and smoothening the operation of the electrolyser, (M. 

Korpas and Greiner, 2007). 

The paper analysed two scenarios in the use of wind energy, the scenario for entirely electricity 

supply and another for production of both electricity and fuel supply. 

 In the entire electricity supply scenario, the H2 is used for electricity storage just like in as 

batteries and fuel cells.  This is not the best system as it’s not very efficient as other storage 

technologies since there is no need for long term storage it being a distributed network, M. 

Korpas and Greiner, 2007. This scenario is more applicable in areas of high wind speeds and 

a weak grid.  

 The scenario for both electricity and vehicle fuel supply, the authors find it very interesting since 

there are avenues of using the hydrogen for transportation activities in vehicles and also be able 

to produce electricity within the distribution system. 

 

The logistical simulation model used for this system   

The simulation model represents the strategy described above in scenario two, here H2 is produced 

from the wind power as in Figure 9,  when the generated wind power, exceeds the set capacity of 

the grid in connection with a load as a control to  absorb the excess wind power (M. Korpas and 

Greiner,2007)

 

Figure 9: the simulation model for the system 

 The power balance at time step t is as seen in equation 2.7. 



19 
 

𝑃𝑒𝑙𝑦(𝑡) + 𝑃𝑔𝑟𝑖𝑑(𝑡) + 𝑃𝑑𝑢𝑚𝑝(𝑡) = 𝑃𝑤𝑔𝑒𝑛(𝑡) − 𝑃𝑙𝑜𝑎𝑑(𝑡)                     (2.7) 

 

The Electrolyzer power is as given by equation. 2.8 

  𝑃𝑒𝑙𝑦(𝑡) = 𝑆𝑃𝐶𝑒𝑙𝑦ṁℎ,𝑒𝑙𝑦(𝑡)                                              (2.8) 

 

The Electrolyzer operation is limited by this restriction in equation 2.9. 

 

     Or                                             (2.9) 

 

The restriction in eqn. 2.9 States that the Electrolyzer must either be operated at the minimum 

power or switched off and this is important for electrolyser smoothening. 

Recently, depending on Electrolyzer manufacturer, the electrolyser units have a minimum operating 

point ranging from 5% to 20% of their nominal power, (M. Korpas and Greiner, 2007) 

 

The H2 storage balance is in equation 2.10. 

𝑚ℎ(𝑡) = 𝑚ℎ(𝑡 − 1) + (ṁℎ,𝑒𝑙𝑦(𝑡) − ṁℎ,𝑓𝑖𝑙𝑙(𝑡))∆𝑡                                (2.10) 

 Equation 2.11 gives the H2 production limitation due to the maximum and lowest is storage levels 

as of  

                                        (2.11) 

Equation.2.12 provides the deficit when there is not enough hydrogen stored at a given time.  

h, def (t) = h, load (t) - h, fill (t)                                                 (2.12) 

 

The control strategy used  

The objective of the control strategy was the following; 

 The utilization of the generated wind power and making sure that the required hydrogen in 

a given time t is obtained, (M. Korpas and Greiner, 2007). 

In order to achieve these objectives, the following was considered. 

1. Calculate the required electrolyser power as in equation 2.13 putting into mind the grid 

capacity, which is taken to be constant throughout the model. 

= max ( (t) - (t) - , 0)                            (2.13) 
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Similarly, the maximum allowable wind power  is a simple function of Pload and Pely at each time 

step as equation 2.14  

= Pely (t) + Pload (t) +                              (2.14) 

 

 Here, M. Korpas and Greiner, 2007, did not consider the voltage within the export power from the 

grid yet in practice this is limited by voltage quality or stability (Trinh T.C, 2008).  

According to M. Korpas, it is shown how  and    are determined for a case where steady 

state voltage rise is the limiting factor and for how much wind power that can be transferred to the 

main grid. A H2 supply security limit , for the stored H2 will be introduced in the control strategy 

in order to minimize the amount of H2 not supplied. If the stored H2 drops below this level, the 

Electrolyzer will be operated at full H2 production by drawing power from the external grid to ensure 

H2 storage in long periods with low wind speed (2004). 

This is the same idea in this research though we are producing hydrogen directly from the wind 

turbines and in cases of low wind speeds; we use the grid to power the electrolyser. The grid power 

may have been stored at times when there was excess from the wind turbine.  
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2.11.3: Case 3 

A paper written by Dr. Adel. A. Elbaset,2011 on a Design, Modelling and control strategy of PV/FC 

Hybrid power system.  

The configuration use is shown in Figure 10; 

 

Figure 10: configuration of PV/FC hybrid power generation system (A.A.Elberset, 2011) 

 

This consisted of a PV system (maximum power point trackers (MPPT)), a pressurised alkaline 

electrolyser with a DC/DC buck converter, a high pressure compressor, a storage tank for H2 storage, 

fuel cells with a DC/DC boost converter for H2 utilisation and a DC/AC inverter for load demand. 

 In order to increase the overall system efficiency, A. A. Elbaset used the DC/DC boost converter with 

MPPT to enable the PV system work at the MPP in the highly fluctuated environment. He notes that 

for an electrolyser, the H2 generation rate is proportional to the current going into the water 

electrolysis system. Due to the varying nature of the PV output, the electrolyser is designed to 

operate between the power ranges from 20% to 100% of nominal power this depends on the 

manufacturer of the equipment. For space saving and better system performance, H2 was produced 

and stored under high pressure in the storage tank. 

 

The operational control strategies used by Elbaset, A.A., 2011, are routes of energy flow within 

standalone PV/FC system, they are summarised as below; 

(1) At the time where PV power is equal to the load demand, PLoad, Route A as in Figure 11 is 

employed to transfer electricity to the load. 

(2) At the time where PV power is more than the load demand, PLoad, Route B as in Figure 11 is 

employed to transfer electricity to the load and the surplus electricity is sent for the 

production of H2. When the H2 storage tanks are full, the surplus power is sent to another 

load. 
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(3) At the time where PV power is less than the load demand, PLoad, Route C as in Figure 11 is 

employed to transfer electricity the PV system and the fuel cell at the same time. 

(4) At the time of no solar radiation, Route D as in Figure 11 is employed to transfer electricity 

from the fuel cell to the load demand. 

The summary of the operational control strategies is shown in Figure 11 and Table 2; 

 

 

Figure 11: The summary of the operational control strategies (Elbaset, A.A., 2011) 

Table 2: The summary of the operational control strategies in table format 

 

 

In this paper, A. A. Elbaset used the Loss of Power Supply Probability-LPSP technique to match 

generation with load demand in order to size the PV/FC hybrid power system. This match calculation 

strategy was used to determine the following; 
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1. Optimum number of PV modules 

2. Optimum size of electrolysers 

3. Optimum size of hydrogen tanks 

4. Optimum size of fuel cells. 

In order to ensure hydrogen production, the A. A. Elbaset came up with a control strategy to produce 

hydrogen for each hour of the year when there is surplus electrical power. He also does the 

economical assessment using the annualised cost of the system concept and the cost of electricity. 

In this system, the Elbaset, A.A., 2011, was also able to find the system efficiency of the overall 

monthly and yearly efficiency of the hydrogen system and the PV/FC hybrid power system. 

This project therefore borrows the idea of producing hydrogen for each hour to achieve the daily 

hydrogen load. This means that the electrolyser and compressor are selected depending on the 

capacity to produce the required daily hydrogen load. 

2.12 Latest hydrogen transportation systems  

There are a number of hydrogen powered transportation projects implemented mostly in Europe 

and North America. One of the projects shown in Figure 12 is the Honda Motor Company refuelling 

station in Torrance, California. Here 6kW-PV system is used to produce hydrogen within an 

electrolyser. The company joined 48 panels to obtain this. This system uses a high pressure 

electrolyser that eliminates the use of a compressor. This is made to increase the overall efficiency 

by about 25% compared to the conventional system (Honda Motor Company, 2010) 

This system also takes into account the use of a net meter for smart grid application where electrical 

power is sent to the grid during the day and then used at night during the off-peak times. 

 

 
 

Figure 12: The Solar Hydrogen Fueling System at Torrance (Source: Honda Motor Company, 2010) 

 



 
 

CHAPTER THREE: SYSTEM CONFIGURATION AND MODEL 

3.1 System layout and interconnection  

The system proposed is based on power demand for the components’ within the system.  The layout 

is as shown Figure 13 .  

 

 

Figure 13: Proposed layout of the system 

The system in Figure 13 consists of a wind turbine generator, an electrolyser generating hydrogen, hydrogen 

handling transfer system comprising of a compressor and storage subsystems. The wind turbine generator is 

connected to an AC bus that distributes power to the electrolyser, grid, and local consumption load. It is 

expected that the electrical current will flow from the wind turbine generators to the electrolyser, the load 

and grid at wind power peaks and from the grid to the electrolyser and the load at low wind speeds. The 

energy that is produced in excess of the electrolyser and load demand is stored at the grid. At low wind 

speeds or low cut in speeds the energy will flow from the grid to the electrolyser and load. 

As discussed in section 2.11.2, at each time interval, the control system is used to use wind speed 

value to calculate wind turbine power, the power exported or imported from the grid, the hydrogen 

produced and the amount of hydrogen in storage.  
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3.2 System Operation Characteristics  

Since Wind power is intermittent in nature, fluctuating from hour to hour, control strategies for 

operating the hybrid system are adopted to prevent electrolyser frequent start-ups and shut-downs 

by connecting it directly to the grid, since this would be detrimental for its functionality if not done. 

The system variables investigated in this research include the size of the electrolyser, the amount of 

hydrogen storage, the daily hydrogen load, the size of the load to be supplied and the control 

algorithm, the constant variable here is the size of wind turbines which is assumed to be known. 

The characteristics of this ideal hybrid wind/hydrogen energy system are the storage of hydrogen 

gas using the wind energy power, and for surplus energy from the wind generator, it’s transferred 

to the load demand and the rest sent to the electric grid. This is possible at higher wind speeds. This 

is a different control system setup, it’s different from what has been in literature where hydrogen is 

used as energy storage for use in a fuel cell to supply the electric load and at points where the 

electric load has been met.  

Here the focus is on production of cost effective electrolytic hydrogen in the range of 4-5kg per day 

for use in transportation and stationary activities using a non-polluting source.  The surplus is 

‘’stored’’ by the grid to be used later in case of low wind speeds. The rest of the systems in literature 

have hydrogen transformed into energy using a fuel cell or have Hydrogen produced when the 

electric loads are fulfilled to act as an energy storage, here hydrogen production is the primary 

objective. 

3.3 The wind/hydrogen system components 

In general the wind hydrogen concept consists of the following main components; 

 Wind turbine  

 The grid 

 The load 

 The electrolyser and the Compressor  

 The hydrogen storage/delivery system  

 The control Strategy/system 

3.3.1 The wind turbine  

This is the primary energy source for this system. In this study, Utility grade turbine with a size of 

200kW is considered. Different sizes of turbines are available on the market, from a capacity range 

of a few hundred watts to up to 5MW (World Bank group, 2006). With a grid tied system like the 

one being investigated, there is no minimum size for the wind turbine since the required energy can 

be got from the grid that cannot be supplied by the wind turbine. This study is then investigating 



3 
 

possibilities of using this 200kW turbine tied to a grid to produce the required quantity of hydrogen 

with this renewable energy. 

3.3.2 The electric grid 

With grid connection as of the system being studied, the wind generator is connected to the electric 

grid and can import or export power depending on the need. In this assessment, the grid is taken to 

be large enough to supply the electrolyser and the load when there is insufficient wind speeds. Wind 

power is exported to the grid when the demand for the electrolyser and the electric load have been 

met.  In case, there are low wind speeds, at the point when the hydrogen capacity of the day is not 

yet achieved; grid power is imported to the electrolyser for production of hydrogen at that time. 

This is the control strategy that enables to meet the hydrogen load. The challenge in this assessment 

is that, the source that powers the electric grid is not known. To make the project more relevant, 

the simulation must show that there is no extra import of power from the grid than what was 

exported, thereby enabling production of hydrogen with a non-polluting source. 

3.3.3 The electric load 

In this study, the electric load has been considered for simplicity of analysis using requirements of 

per hour use. The electric load was not part of the system yet an analysis of the results for smart 

grid assessment required it.  

3.3.4 The Electrolyser and the Compressor 

In this study, the high pressure electrolyser has been selected on the basis of the hydrogen required 

per hour. High–pressure electrolysers without using a compressor can reduce the energy required 

to compress hydrogen to the required storage pressure. Table 3 shows several commercially 

available electrolysers available. 

Table 3: Operating pressure and efficiency of commercial Electrolyzer 

Electrolyser  Operating pressure  Efficiency  

Stuart Energy 

(www.stuartenergy.com) 

 

25 bar  (363 psi) 

 

60% 

Norsk Hydro 

(www.hydro.com) 

 

30 bar (435 psi) 

 

73% 

ELT Electrolyse Technik 

(www.elctrolyze.com) 

 

30 bar (435 psi) 

 

65- 70% 

Source: Geer et al, 2005 
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3.3.5 The Hydrogen Storage 

In this project, it was expected to produce hydrogen ranging from 4-5kg per day, the net hydrogen 

generated is the difference between  hydrogen load and the hydrogen produced and this is the 

hydrogen storage (Geer et al, 2005), which is assumed to be lossless. Here the net hydrogen 

production is equal to the hydrogen load since the electrolyser is meant to produce at each hour of 

the day.  

3.4 The Control System 

In this system concept, H2 is produced from water electrolysis from the power coming from the wind 

turbine until the hydrogen load is met for that hour. The compressed gas is then stored in 

pressurized storage tanks.  

When wind speeds are low, power flows from the grid to the electrolyser and compressor 

combination. This means that H2 is only produced using the electric grid in periods of low wind 

speeds, with regards to the H2 storage sizing and the electrolyser. A major issue here is to match the 

production of H2 with the hydrogen demand, which definitely fluctuates. This will be considered 

constant in this analysis at two points which include; (1) when there is sufficient wind speeds to 

meet hydrogen load at that particular hour and (2) production of the minimum electricity 

requirement of the electrolyser at low wind speed. This then means that the grid will act as storage 

of power produced by the wind generators. This project does not look into the energy sources 

supplying the grid, but at avenues of production of electrolytic hydrogen using clean energy sources. 

3.5 Dimensioning of the wind–H2 system 

This is based on a constant average hourly hydrogen demand since transport and stationary 

activities run with ‘’constant running patterns every day year around’’, (Greiner C.J. et al, 2006), and 

it has been assumed that the demand is also constant within the 24 hours of the day. In addition, 

the control strategy updates the system on the mass of maximum accumulated H2 not supplied per 

day. This is close to or equal to 0% unless there are avenues of providing hydrogen from elsewhere 

on demand (for this project, there is no other source for hydrogen). Here we put into mind realistic 

components with 100% availability because including unavailability’s (down time) would increase 

component sizes leading to high costs. 

3.6 The Wind Turbine Model 

Here the average hourly wind speeds are converted to wind power. When the speed is between 

‘’the cut in and rated speed of the wind turbine, then the power generated by the wind turbine after 

the AD converter is given in equation’’ 3.1, (Nelson D. B., 2006).  
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𝑷𝒘𝒊𝒏𝒅(𝒕) =
𝟏

𝟐
𝝆𝑨𝑽𝒕𝟑𝑪𝑷𝑬𝒇𝒇𝑨𝑫            (3.1) 

A Utility grade turbine with a size of 200kW is considered for this project. The chosen wind turbine 

is the Vestas V25-200KW. Table 4 shows the characteristics of this wind turbine.  

Table 4: The wind turbine parameters 

Wind turbine Parameters  

Height of the wind turbine (m)                                                                 41.5  

Diameter of the turbine (m)                                                                     25.0 

Maximum performance coefficient                                                        0.59 

Rated speed (m/s)                                                                                  10.48 

Cut in speed(m/s)                                                                                       3.8 

Cut out speed(m/s)                                                                                     25 

Cut out turbine power (KW)                                                                      200 

Air density (kg/m3)                                                                                    1.225 

 

The power curve for the Vestas V25-200KW turbine is shown in Figure 14; the assumed air density 

is 1.23 Kg/m3 and the turbine is pitch regulated.  

 

 

Figure 14: the Power curve for the Vestas V25-200KW turbine 

 

The wind system model 
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The power generated by the wind turbine is given as in equation 3.2. (Nelson D. B., 2006) 

𝑷𝒘𝒊𝒏𝒅(𝒕) =
𝟏

𝟐
𝝆𝑨𝑽𝒕𝟑𝑪𝑷𝑬𝒇𝒇𝑨𝑫 

𝑷𝒘𝒊𝒏𝒅(𝒕) = 𝟎   𝐕 < 𝑽𝒄𝒊 , 

𝑷𝒘𝒊𝒏𝒅(𝒕) =
𝟏

𝟐
𝝆𝑨𝑽𝒕𝟑𝑪𝑷𝑬𝒇𝒇𝑨𝑫,      Vci < 𝑉 < 𝑉𝑟    , 

𝑷𝒘𝒊𝒏𝒅(𝒕) = 𝑷𝒓 ,                    Vr < 𝑉 < 𝑉𝑐𝑜  ,   

𝑷𝒘𝒊𝒏𝒅(𝒕) = 𝑷𝒓,                     V > 𝑉𝑐𝑜,                       ( 3.2) 

Therefore the following parameters are constants; 

Cp =   0.59 

A =    490.87 m2 

EffAD= 0.98 

 ρ  = 1.225 kg/m2 

3.7 The Electrolyser, Compressor and Hydrogen Storage Model 

The model proposed for the electrolyser and compressor here is the same as presented by M. 

Korpas and Greiner, 2007.  This is where the electrolyser and compressor are combined. 

The relation between the Electrolyzer power and the mass flow rate of hydrogen is as in equation 

3.3. 

  𝑷𝒆𝒍𝒚(𝒕) = 𝑺𝑷𝑪𝒆𝒍𝒚ṁ𝒉,𝒆𝒍𝒚(𝒕)         (3.3)  

The Electrolyzer operation is limited by the restriction in equation 3.4, (M. Korpas and Greiner, 2007) 

𝑷𝒆𝒍𝒚
𝒎𝒊𝒏 ≤ 𝑷𝒆𝒍𝒚(𝒕) ≤ 𝑷𝒆𝒍𝒚

𝒎𝒂𝒙(𝒕)   𝒐𝒓 𝑷𝒆𝒍𝒚(𝒕) = 𝟎     (3.4) 

The restriction in equation. 3.4 States that the Electrolyzer must either be operated above the 

minimum power or switched off. It is this minimum power that produces the minimum storage level 

and it cannot be zero since the restrictions require us to protect the electrolyser from damage when 

switched on and off.   

The H2 storage balance is as in equation 3.5 ( M. Korpas and Greiner, 2007) 

 𝒎𝒉(𝒕) = 𝒎𝒉(𝒕 − 𝟏) + (ṁ𝒉,𝒆𝒍𝒚(𝒕) − ṁ𝒉,𝒇𝒊𝒍𝒍(𝒕))∆𝒕             (3.5) 

The amount of H2 that can be stored is limited by the minimum and maximum allowable storage 

levels, (M. Korpas and Greiner, 2007). 

𝒎𝒆𝒍𝒚
𝒎𝒊𝒏 ≤ 𝒎𝒉(𝒕) ≤ 𝒎𝒉

𝒎𝒂𝒙(𝒕)             (3.6) 

The deficit of H2 at that particular hour is represented by equation.3.7, (M. Korpas and Greiner, 

2007) 

ṁ𝒉,𝒅𝒆𝒇(𝒕) = ṁ𝒉,𝒍𝒐𝒂𝒅(𝒕) − ṁ𝒉,𝒇𝒊𝒍𝒍(𝒕)       (3.7) 
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In this assessment the minimum amount of hydrogen per day is 4 kg and the maximum required 

hydrogen per day is 5 kg. 

Therefore; SPCely (kWh/kg) is taken as a summation of the individual power consumptions of the 

electrolyser and compressor. 

The minimum electrolyser power is as equation 3.8, (M. Korpas and Greiner, 2007). 

𝑷𝒆𝒍𝒚,𝒎𝒊𝒏 = 𝑺𝑷𝑪𝒆𝒙𝒅𝑯𝟐                     (3.8) 

The compressor power is found as in equation 3.9, (M. Korpas and Greiner, 2007) 

𝑷𝑪,𝒎𝒊𝒏 = 𝑺𝑷𝑪𝑪𝒙𝒅𝑯𝟐                       (3.9) 

The maximum daily Hydrogen demand is 5.0 kg/day. Considering a 24-hour day at the site this makes 

an hourly demand of hydrogen of 0.208 kg/hr. 

According to Levene J. et al. 2006, 39.40 kWh is required to produce 1 kg of H2 at 25 OC.  

Thus the energy required for the electrolyser is 8.20 kW.  

For the compressors the SPC is 2.2 kWh/kg of H2. Thus, the energy required for the compressor is 

0.46 kW.  

The power converter delivers the maximum amount of power combining the electrolyser and 

compressor in equation 3.10, (M. Korpas and Greiner, 2007) 

𝑷𝑷𝑪,𝒎𝒊𝒏 =
𝑷𝑬𝑳𝒀+𝑷𝑪

ɳ𝑷𝑪

                                      (3.10) 

For a maximum required amount of hydrogen of 5kg/day, the hourly hydrogen required is 0.208kg 

as calculated and thus the maximum amount of power required is 8.66 (8.20+ 0.46) kW and the 

minimum power for the combination is taken as 30% of the maximum power as 2.598 Kw. The 

efficiency of the converter is considered as 98% within the system design; this makes the maximum 

required power to be 8.84 Kw and the minimum 2.65Kw. 

The maximum and minimum hydrogen requirement per day of 5kg and 4kg respectfully are 

simulated differently.  

3.8 The hydrogen tank 

The compressed gas storage option is used ‘’for storing large quantities of hydrogen’’, (Amos, 1999). 

The hydrogen that is to be produced is meant to be used that day to run a vehicle or other stationary 

systems, and so will not be stored for long. The hydrogen tank capacity takes up a maximum of 5kg 

and a minimum of 4kg of hydrogen per day according to the requirements of this project. 
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The objective of this project was to maximise the hydrogen production from wind system but not 

production of hydrogen when there is surplus energy from the wind system as most projects in 

literature- this forms the basis for this project. 

It can also be noted that, although between 4 and 5 kg of hydrogen are produced, this project aimed 

at verifying the possibility of producing a given amount of hydrogen using a 200kW turbine. This 

project expounded to produce more amounts of hydrogen given a good wind resource area. 

3.9 The control strategy for the system 

The operational control strategies used in this project are the routes of energy flow within AN 

ELECTRIC grid connected system; the strategy is dependent on each hour of the year for production 

of hydrogen.  

These are summarised as below; 

Start the system 

 Read wind speed value at that time step, t 

 Read the hydrogen load at that time step, t 

 Calculate the wind turbine power  

1. At the point where wind electrical power is greater than the hydrogen load demand (electrolyser 

+ compressor electrical load), calculate the H2 produced and the power used by the electric load 

and the power exported to the grid. 

2. At the point where, wind electrical power is equal or less than the hydrogen load demand 

(electrolyser + compressor electrical load), then  

 calculate the hydrogen produced when wind power is equal to electrolyser + compressor 

power 

 Else calculate the hydrogen produced at the minimum combined electrolyser + 

compressor power and the electricity imported to meet the hydrogen load and the 

electric load. 

3. save the following for each of the time step 

1. Power taken to the electrolyser and compressor 

2. The surplus power transferred to the load and grid 

3. The deficit power that is to be delivered from the grid to supply the electrolyser + 

compressor and load 

4. The mass of hydrogen produced 
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5. The mass of hydrogen not produced i.e. deficit hydrogen. This determines how much 

power that can be delivered from the grid to fulfil the hydrogen requirement. 

6. The exported/imported  electricity 

The summary of the operational control strategies is shown in the flow chart in Figure 15.  
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Figure 15: The flow chart for the control strategy used 
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3.10 Modelling energy flow control strategy  

The model operates as follows; 

The system energy balance is checked at each time interval of simulation. The wind speed value is 

fed within the control program to calculate the amount of energy that can be generated by the wind 

generator. The amount of wind generated power is compared with the Electrolyzer power required 

to produce the hourly hydrogen load and to determine the amount of energy flows to the load 

demand and the electric grid.    

For this control system the objectives are to; 

1. Totally use the produced wind energy; 

2. Reduce the amount of H2 not supplied to storage and; 

3. Smoothen the operation of the electrolyser by having it operate at its minimum required 

power through importing power from the grid to meet this requirement.  This is also done 

in a way that the electric load is supplied on demand. The demand of H2 and electricity is the 

same for each hour, it might vary in real life but in this system, it is taken constant for each 

hour of the day. 

How the objectives are met;  

(i) Objective 1, is accomplished by having the control strategy adjust the electrolyser power 

appropriately when there is high wind power output. This is done to enable the excess power to 

be sent to the load and the grid. The daily energy that reaches the load and the grid varies 

according to the wind speed. For a low wind speed, the grid is more likely to power the load and 

supplement the electrolyser. 

The required Electrolyzer power   𝑃𝑒𝑙𝑦
𝑟𝑒𝑞 , can be found by balancing the restrictions in equation 3.4, 

(ii) Objective 2, is accomplished by adjusting H2 production supply security limit  𝑚ℎ
𝑙𝑖𝑚, for the stored 

H2. When the stored H2 drops below this level, then the Electrolyzer is operated at full H2 

production using external grid power, 𝑃𝑔𝑟𝑖𝑑
𝑚𝑎𝑥. This corresponds with the maximum power for the 

combination of the electrolyser and the compressor and the load combined. This is to ensure that 

H2 storage is available even with longer periods of low wind speed. 

The hydrogen storage capacity is minimized by the maximum hydrogen production during the day 

and is set by equation 3.11; 

𝑴𝑯𝟐,𝒎𝒂𝒙 = 𝟐𝟒
𝑷𝒆𝒍𝒚,𝒎𝒂𝒙

𝑺𝑷𝑪𝒆𝒍𝒚
                                  (3.11) 

It can be noted that; the system operates for 24 hours in a day.  It should however be noted that time 

for maintenance is needed now and then, but it has not been considered. It could be done on a day 

with high wind speeds, where storage of hydrogen is full before the day ends. 
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(iii) Objective 3, is accomplished by adjusting operation of the electrolyser as follows; 

1. Directing power to the electric grid when  there is excess power from the wind turbine after 

supplying the electrolyser and the load; 

2. Directing all the power from the wind turbine to the load and electric grid when the hydrogen 

supply security is reached; 

3. Getting all the electrolyser power and the load power from the electric grid when the wind 

turbine production is low or zero.  

3.11 Computer Control Algorithm  

A MATLAB program has been written to simulate the operation and control of the components 

connected including wind turbine generator, electrolyser, the load and the electric grid. The time 

interval size for updating information is chose as an average hourly data for a month. This is taken 

as such since the time interval can be adjusted for every minute or second depending on the 

availability of data. Power and hydrogen flow balances are calculated for each time step, this is based 

on model equations and control strategy objective. 

The input data of the proposed program are; 

1. Hourly wind speed, m/s; the hourly wind speed for the selected site for operation of the 

wind-hydrogen system. Figure 16 shows the hypothetical hourly wind speeds for the year 

and Figure 17 shows the wind speeds for selected months of March, April, May, July and 

August. The program used can be seen in Appendix 1: wind speed and wind power program 
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Figure 16: hypothetical hourly wind speeds for the year 

 

 

Figure 17: Hypothetical hourly wind speeds for March, April, May, July and August 
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2. Characteristics of the Wind Turbine Generators (WTGs), these form the characteristics used 

in the model.  

3. Rated power of the electrolyser in kW as in the model. 

4. Hourly electric load demand in kW; here the load demand varies monthly. Hence making 

twelve different daily load curves throughout the year as seen in Figure 18 , which shows 

the hypothetical (assumed) hourly electric load demand for March, April, May, and July. The 

Matlab program used can be seen in Appendix 2: The hypothetical Matlab load program 

 

Figure 18: the hypothetical hourly electric demand for March, April, May and July 

 

5. The grid is large enough to accommodate the power requirements. 

6. Minimum operating power of the electrolyser, 𝑃𝑒𝑙𝑦
𝑚𝑖𝑛  in kW, this has been assumed to be 

30% of the maximum power of the electrolyser. 

3.12 The MATLAB Program and Implementation  

The control algorithm strategy is implemented in a MATLAB- function as below;  

1. The Electrolyzer power set point   𝑃𝑒𝑙𝑦
𝑠𝑒𝑡    is determined;  

2. Then a function check is done to minimize the difference between the actual Electrolyzer 

power and the set point power, basing on the H2 storage system component models ;  

3.  Then, the wind power limit is checked to determine if it is necessary to operate the electric 

grid;  

4. Finally, the exported/imported power to/from the main grid is calculated and the simulated 

variables are returned from the function. 

The output of the model are as follows; 
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1. power taken to the combination of electrolyser and compressor 

2. the surplus power to the load and grid 

3. the deficit power that is to be taken from the grid to supply the electrolyser + compressor 

and load 

4. the mass of hydrogen produced and stored. 

5. the mass of hydrogen not produced at that particular hour i.e. deficit hydrogen 

6. the exported/imported  electricity 

 

From the flow chart shown in Figure 15, the following steps are followed; 

1. Read Pwg(t), PLoad (t), h,load (t), mh(t-1),  , Sum_Positive_Power(1)=0, Sum_Negative_Power(1)=0 

First if……… 

2. If Pwg (t) > , then mh(t) = mh (t-1) +( h,ely (t))▲t 

PtoElectolyzer (t) = ;% the power used by Electrolyzer at time t 

Pdiff (t) =Pwg (t) - ;   

MH2_def (t) =0; 

 

      Surp (t) = pdiff (t); % the surplus that remains from the wind power 

    

2.1 if surp (t)>= PLoad (t) 

      Ptogrid (t) =surp (t)-PLoad (t); 

Deficit (t) =0; % the power not supplied to the electrolyser to      achieve the hydrogen time load  

      Sum_Positive_Power (t) =Sum_Positive_Power (1); % power to the grid 

      Sum_Positive_Power (t) =Sum_Positive_Power (t) +Ptogrid (t); 

       

       else 

Ptogrid (t) =surp (t)-PLoad (t); % this is negative power, supplied by grid 

      Deficit (t) =0; 

Sum_Negative_Power (t) =Sum_Negative_Power (1); % power from the grid 

       Sum_Negative_Power (t) =Sum_Negative_Power (t) +PLoad (t)-surp (t); 

        

       % is the mass of the H2 met for the day 

2.2   if MH2_total (t) <20*Pelzrequired/SPCHec % total hydrogen for a day            

MH2_Production_1 (t) = PtoElectolyzer (t)/SPCHec; % hydrogen production at time t 

MH2_total (t) =MH2_total (t-1) + MH2_Production_1 (t); %total hydrogen in the tank 

      MH2_total1=MH2_total (t); updating of the hydrogen storage 

 

   Else 

       PtoElectolyzer (t) =0; % when the hydrogen tank is full 

       MH2_Production_1 (t) =0; 

       MH2_total (t) =MH2_total (t-1) + MH2_Production_1 (t); 

       Surp (t) =Pwg (t); 

Ptogrid (t) =Pwg (t)-PLoad (t); %the power to grid is the difference of the load power  

   end       

   end  %  
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   %------------------------------------------------------------------ 

    

3. else  % First  if  

 % To produce H2 We take power from grid to meet the requirement or compare to find out if the minimum 

electrolyser power is available  

   

 3.1   if Pwg (t)>= minReq_Elec_Power 

       PtoElectolyzer (t) =Pwg (t); 

       Surp (t) = 0; 

      Deficit (t) = Pelzrequired -Pwg (t); % power not supplied to meet the hydrogen load 

       Sum_Negative_Power (t) =Sum_Negative_Power (1); 

       Sum_Negative_Power (t) =Sum_Negative_Power (t) + PLoad (t); 

       Ptogrid (t) =-PLoad (t); % this is got from the grid 

       MH2_def (t) = (Pelzrequired-Pwg (t))/SPCHec; % hydrogen not supplied 

        

       if MH2_total (i,j) <=20*Pelzrequired/SPCHec% total hydrogen for a day            

                         

         MH2_Production_1 (t) = PtoElectolyzer (t)/SPCHec; 

         MH2_total (t) =MH2_total (t-1) +MH2_Production_1 (t); 

         MH2_total1=MH2_total (t); % updating of the hydrogen storage 

          

      else 

         MH2_Production_1 (t) =0; when the hydrogen tank is full 

         MH2_total (t) =MH2_total (t-1) +MH2_Production_1 (t); 

         MH2_total1=MH2_total (i, j); 

  Ptogrid (i, j) =Pwg (i, j)-PLoad (i, j) ;); %the power to grid is the difference of the load power    

       end    

            

    3.2 else   

        %if Pwg(t)< minReq_Elec_Power 

  PtoElectolyzer (t) =-minReq_Elect_Power; % power is got from the grid to supply the minimum 

electrolyser power 

        Surp (t) = 0; 

        Ptogrid (t) =-(PLoad (t) + minReq_Elect_Power -Pwg (t)); %power from grid 

        deficit (t) = minReq_Elect_Power; % 

        Sum_Negative_Power (i, j) =Sum_Negative_Power (i); 

  Sum_Negative_Power (t) =Sum_Negative_Power (1) +PLoad (t) +minReq_Elect_Power- Pwg (t) 

  MH2_def (t) = (Pelzrequired-minReq_Elect_power)/SPCHec; % hydrogen not supplied 

      if MH2_total (t) <= 20*Pelzrequired/SPCHe %total hydrogen for a day   

                         

         MH2_Production_1 (t) = -PtoElectolyzer (t)/SPCHec; 

         MH2_total (t) =MH2_total (t-1) +MH2_Production_1 (t); 

         MH2_total1=MH2_total (t); % updating hydrogen tank 

      Else 

         MH2_Production_1 (t) =0; 

         MH2_total (t) =MH2_total (t-1) +MH2_Production_1 (t); 

         MH2_total1=MH2_total (t); 

         Ptogrid (i, j) =Pwg (t)-PLoad (t); 

          

      End    

  %---------------------------------------------------------------------- 
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    End 

End 

%return the following   

Sum_Positive_Power (i) =Sum_Positive_Power (i) % summation of power to grid  

Sum_Negative_Power (i) =Sum_Negative_Power (i) % summation of power from grid 

  end % end for j 

Sum_grid=Sum_Positive_Power (i) +Sum_Negative_Power (i); %sum of Deficit power 

   end    % end for i 

 

 

Return also the following for every month connecting this to the excel sheet and making necessary plots;  

 

[Pwg(1,1:24);PLoad(1,1:24);surp(1,1:24);PtoElectolyzer(1,1:24);deficit(1,1:24);Ptogrid(1,1:24);MH2_Production_1(1,1:24

);MH2_total(1,1:24);MH2_def(1,1:24)]'/1e3; 

 

The Matlab model for the program is attached in Appendix 3: The Main Matlab program for the project. 

 

3.13 Annualized cost of components cost of electricity and reduction in C02 release. 

The formulation for cost analysis of the system is made outside the formulated Matlab program for 

running the system. The reason for this was that, the use of wind power or grid power was balanced 

by power requirements not cost. This meant that grid electricity could be used during times of low 

wind availability and that wind electricity could be sold at the current grid rate when the output of 

the wind generator exceeds Electrolyzer and electric load demand.  This section provides the 

annualized cost of the system, a cost of electricity, gain accrued out of production of hydrogen 

without use of grid electricity and a reduction in CO2 release. 

3.13.1 Annual cost of components   

In this assessment, the lifespan of the hybrid system is assumed to be 25 years. This means that the 

major components do not need to be replaced within the 25 years of operation.  Since the wind 

project is to be financed by a debt. We can annualize the capital costs using an appropriate capital 

recovery factor (CRF) which depends on the interest rate i and loan term n. The annual payments A 

on such a loan would be as in equation 3.12 as provided in (A.A Elbaset 2011) and (Nelson et al. 

2006) 

 

𝐴 = 𝑃 [
𝑖(1+𝑖)𝑛

(1+𝑖)𝑛−1
] = 𝑃. 𝐶𝑅𝐹(𝑖, 𝑛)          (3.12) 

 

Where A represents annual payments ($/yr), P is the principal borrowed ($), i is the interest rate 

(decimal fraction; e.g., 0.05 for a 5% interest rate), n is the loan term (yrs), and 𝐶𝑅𝐹(𝑖, 𝑛) is as shown 

in equation 3.13; 
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𝐶𝑅𝐹(𝑖, 𝑛) = [
𝑖(1+𝑖)𝑛

(1+𝑖)𝑛−1
]                         (3.13) 

Three economic metrics are developed to evaluate economics of Wind Hydrogen hybrid system, 

which are called Initial investment of the system (IV), Annualized Cost of System (ACS), and Cost of 

Electricity (COE).  The initial investment of the system is the sum of the products of specific 

component cost and the size of each component (Elbaset 2011). Here, the installation costs are 

included within the component costs. The main components considered here are Wind turbine, 

Electrolyzer & Compressor, combined Hydrogen tank, and the other devices. The other devices 

include the controller and inverter. The IV can be expressed in Equation 3.14;  

𝐼𝑉 = ∑ {𝑃𝑐𝑎𝑝(𝐶) ∗ 𝑆(𝐶)𝐶=𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑡𝑠 }           (3.14) 

Where,  𝑃𝑐𝑎𝑝(𝐶) – initial capital cost of each component in US$ 

              𝑆(𝐶) – Size of each component, kW 

                 C –Each of the components of the system including wind turbine, electrolyzer+ compressor 

combined, hydrogen storage tank and other devices  

The annualized cost of system (ACS) is a summation of the annualized capital cost 𝑃𝑎𝑐𝑎𝑝 and the 

annual replacement cost 𝑃𝑎𝑟𝑒𝑝  for each components. It can be expressed in Equation 3.15; 

  

𝐴𝐶𝑆 =  ∑ [𝑃𝑎𝑐𝑎𝑝(𝐶) + 𝑃𝑎𝑟𝑒𝑝(𝐶)]𝐶=𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑡     (3.15) 

 
𝑃𝑎𝑐𝑎𝑝(𝐶) = 𝑃𝑐𝑎𝑝(𝐶). 𝐶𝑅𝐹(𝑖, 𝑛). 𝑆(𝐶)   (3.15 a) 

𝑃𝑎𝑟𝑒𝑝(𝐶) = 𝑃𝑟𝑒𝑝(𝐶). 𝑆𝐹𝐹            (3.15 b) 

𝑖 =
𝑖́−𝑓

1+𝑓
   (3.15 c) 

𝑆𝐹𝐹(𝑖, 𝑛𝑟𝑒𝑝,𝑐) =  [
𝑖

(1+𝑖)𝑛𝑟𝑒𝑝,𝑐−1
]  (3.15 d) 

 

Where; 

𝑃𝑎𝑐𝑎𝑝(𝐶): Annualized capital cost of each components taking into account the installation cost 

(including wind turbines, cables, Electrolyser and hydrogen tank etc.). 

𝑃𝑎𝑟𝑒𝑝(𝐶)  : Annualized replacement cost of a system component, which is the annualized value of 

all the replacement costs occurring throughout the lifetime of the project. In the studied wind 

hydrogen hybrid system, the Electrolyser, hydrogen tank and other equipment need to be replaced 

periodically during the project lifetime. 



19 
 

𝑖: The annual real interest rate which is related to the nominal interest rate 𝑖́  (the rate at which you 

could get a loan) and the annual inflation rate f. 

𝑛 : The component lifetime, year; 

𝐶𝑅𝐹 : The capital recovery factor.  

𝑃𝑟𝑒𝑝(𝐶) : The replacement cost of the component (H tank, and the Electrolyzer), US$;   

𝑛𝑟𝑒𝑝,𝑐 : The component (H tank and Electrolyzer) lifetime, year;  

SFF: The sinking fund factor. 

3.13.2 The cost of electricity, COE 

The cost of electricity, COE ($/kWh) is calculated from equation 3.16 as in  (A.A Elbaset 2011) 
 

𝐶𝑂𝐸 =
𝐴𝐶𝑆+∑ 𝐶𝑎𝑚𝑎𝑖𝑛𝑡(𝑐,𝑛𝑟𝑒𝑝,𝑐)𝑐=𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡

𝐴𝐸𝐺
    (3.16) 

 
Where; 

𝐴𝐸𝐺 : Annual energy generated form Wind generator kWh.  

  𝐶𝑎𝑚𝑎𝑖𝑛𝑡 : The system maintenance cost of the n year, including operation and maintenance, spare 

parts costs and other hidden costs etc., as in equation 3.17. Check appendix 3 (b) for the Matlab 

program made. 

𝑃𝑎𝑚𝑎𝑖𝑛𝑡 (𝐶, 1). (1 + 𝑓)𝑛𝑟𝑒𝑝,𝑐     (3.17) 

3.13.3 Amount of CO2 reduced  

Wind energy does not emit any greenhouse gases and has a good energy balance.  Most calculations 

of how much CO2 can be saved by wind energy is based on the carbon intensity of the global 

electricity sector, that is , the amount of CO2 emitted by producing one kWh of power.  Most 

countries have varying emission values, but IEA’s estimate of 600g/kWh as an average value for the 

carbondioxide reduction to be obtained from wind generation. This estimate is used in the 

calculation of carbondioxide reduced in the production of wind generated power. 

 



 
 

 CHAPTER FOUR: SIMULATION RESULTS AND DISCUSSION  

4.1 Introduction   

A computer program using MATLAB has been developed to simulate the wind energy-hydrogen and 

grid system and to test the proposed control strategy to find out if it meets the required objectives. 

This program has been tested using hypothetical inputs of wind speeds and electrical loads and then 

tested using wind speed values of two towns in Uganda which include Kampala and Tororo. The 

output of the computer program is the power generated by the wind turbine, energy supplied to 

electrolysis plant, the energy supplied to the load and energy delivered to or from the electrical grid. 

This assessment included the balancing of the power generated and used over 12 months in a year 

and the power of the integrated system in addition to each component available. The hydrogen 

produced and stored is obtained. The energy produced by the wind generators is used to supply the 

load demand during every hour of the year and to produce hydrogen via the electrolysis plant and 

the surplus if available is sent to the grid. In times of low wind speeds, the energy is delivered from 

the grid.   

4.2 The hypothetical wind power generated  

From the hypothetical input wind speed data, the wind power generated for the site can be seen in 

Figure 19, a graph generated for the wind speeds for a year, the same program in Appendix 1 was 

used but with generation of the wind power. 

 

Figure 19: The wind power curve from the hypothetical wind speeds for March, April, May, July and August for a hypothetical 
site 
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From this graphs, it is seen that there is a relationship between the wind speed and the generated 

wind power as in Figure 19. The characteristics of the wind generator are that the generated power 

does not exceed the designed turbine power, which is 200kW as can be seen in Figure 19  for May 

and this shows that the wind speed is within the range of 3.8m/s and the maximum speed of 25 m/s.  

4.3 The simulation results for hypothetical data 

4.3.1 The energy flow use 

Table 5 shows energy produced by the wind-driven generators, energy demand, electrolysis energy, 

amount of hydrogen production, and surplus and deficit energy for each average day of the month. 

Negative sign means deficiency and positive sign means surplus.   

Table 5: The Energy flow for each average day of the month in a typical year for a hypothetical site. 

  
Month of 
the year  

  
Wind 
Energy, 
kWh 

  
Electrolyzer 
energy 
demand, 
kWh 

  
Load 
Energy, 
kWh 

  
Hydrogen 
Production, 
kg 

  
 Energy to /from Grid 

Surplus, 
kWh 

Deficit, 
kWh, 

January 654.850 177.530 46.330 4.264 455.239 -24.249 

February 605.242 201.778 46.890 4.846 361.022 -4.448 

March 867.530 207.840 48.880 4.992 610.810 0.000 

April 1003.229 207.840 55.420 4.992 744.129 0.000 

May 1354.456 207.840 55.420 4.992 1091.196 0.000 

June 1411.123 207.840 56.300 4.992 1146.983 0.000 

July 1358.625 207.840 55.560 4.992 1095.225 0.000 

August 1185.293 207.840 53.630 4.992 923.823 0.000 

September 1060.993 207.840 50.770 4.992 802.383 0.000 

October 950.267 207.840 50.620 4.992 691.807 0.000 

November 980.880 207.840 50.700 4.992 722.340 0.000 

December 1390.689 207.840 56.510 4.992 1126.339 0.000 

Total 
energy  12823.178 

2457.708 627.030 59.031 9771.297 -28.697 

 

From Table 5, it can be estimated that, the total energy produced by wind generators on an average day of 

a month is equal 1068.59kWh whereas the amount of energy supplied to the Electrolyzer at the same time 

is 204.81 kWh, and the average load energy required is 52.25 kWh. This therefore leaves out a surplus of 

almost 814.27kWh with a daily hydrogen load between 4 and 5 kg as required by constraints of the study. 

Since the average monthly energy surplus to the electrical grid is equal to 814.27kwh and the average energy 

taken from the grid is equal to 2.39 kWh. This shows that the system is sustainable since the deficit is almost 

0%, thus production of electrolytic hydrogen with a non-polluting source is possible. 

4.3.2 The annual energy flow within the system for a hypothetical site 
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Figure 20: The percentage of energy flows within the system 

Figure 20, shows the percentage of the energy flows within the system. It is seen that the surplus energy is 

76% (this is the energy delivered to the grid) and the deficit energy (energy taken from the grid) is almost 

0%, this therefore means that excess energy from the wind generator can be sold or that more electrical-

loads can be added onto the system or even the required hydrogen load can be increased.   The energy 

required supplying the Electrolyzer and the load is 23% of the energy produced from the wind generator. 

The energy required for the electrolysis plant consists of energy required for the Electrolyzer, its purification 

and compression. In this present research, this has been taken as Electrolyzer energy inclusive of all 

associated losses. 

4.3.3 Average Hydrogen production per day of the month  

 

 

Figure 21: Hydrogen production for each average day of the month 

As can be seen in Figure 21, the hydrogen production per day in each month ranges from 4 to 5kg. 

It is only the months of January and February where the hydrogen production does not reach full 
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capacity because of the low wind speeds. The system has been designed in the way that when the 

wind speeds are low (lower than the cut in speed of the wind generator), the energy transferred to 

the Electrolyzer plant and the electric load is imported from the grid. In order not to import more 

energy during one day from the grid (than what has been exported from the wind generator), the 

minimum required energy for the Electrolyzer plant is supplied together with the electric load at 

that particular time.   

4.3.4 Hourly variations in energy for selected months 

The Figure 22 shows the wind power generated, electric load demand, and electrolysis plant load 

and grid power on hourly basis for a hypothetical scenario. As can be seen, the power generated by 

the wind generator is in excess of what is sent to the Electrolyzer and the electric load. In most 

hours, the surplus is sent to the grid as can be seen in the months of March, July and August and in 

the month of January (apart from the first 8 hours of the day). 

This illustrates that the system can be self-reliant in the production of hydrogen from a nonpolluting 

source, the grid here is used as a ‘’storage’’ of energy.  

 

Figure 22: Hourly variations in power for January, March, July and August for  a hypothetical site. 
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4.3.5 Economic assessment results  

From the economic assessment made, initial capital investment, replacement cost for some of the 

equipment, operation & maintenance cost in the first year and the lifetime of key components (the 

wind turbine generator, Electrolyser combined with the compressor, Hydrogen tank, and other 

devices) in this assessment are listed in Table 6. In this table, wind turbine generator cost $3000/kW 

while electrolyzer cost $600/kW and the hydrogen tank costs $600/kgH2.  

Wind hydrogen hybrid power system excluding the existing grid power system cost includes the 

following:- 

 Initial investment as in equation 3.14 of   $ 671,227.  

 The annualized cost of a component includes annualized capital cost and annualized 

replacement cost were calculated as in appendix 3 (b). The summary of which is given. 

 The capital recovery factor for the project CRF = 0.0603 

 The capital recovery factor for the electrolyzer CRF = 0.1199 

 The capital recovery factor for the hydrogen tank CRF = 0.1199 

 The capital recovery factor for the other items CRF = 0.0865 

 The annual real Interest rate i as in equation 3.15 C=   0.0345 

 The sinking fund factor for the electrolyzer as in equation 3.15d, SFF electrolyzer=0.0246 

 The sinking fund factor for the hydrogen tank as in equation 3.15d, SFF hydrogen tank= 0.0246 

 The sinking fund factor for the other devices as in equation 3.15d, SFF other devices = 0.0326 

Annual replacement cost and totals ACS by equation 3.15 for the system is shown in Table 6 

Cost of Electricity, COE   
The COE can be calculated from equation 3.16 which equal to COE = 0.2552 US $/kWh or 25.52 US cents/ 
kWh 

Table 6: the expected costs and lifetime costs for the wind hydrogen system 

equipment Interest rate  Inflatio

n rate  

Initial 

investment  

Replacement 

cost  

O & M cost in 

the first year   

Life time  

 Wind 

generator 

5% 1.5% 3000 US$/kW Null 50 US$/kW 25 years 

Electrolyzer and  

compressor 

5% 1.5% 650 US$/kW 500 US$/kW 10 US$/kW 10 years  

Hydrogen tank  5% 1.5% 600 US$/kgH2 300 US$/kgH2 5 US$/kgH2 10 years 

Others like  

controller and 

inverter 

5% 1.5% 300 US$/kW 250 US$/kW 5 US$/kgH2 15 years  
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 The Operating and maintenance annual costs of the system can be calculated using equation 

3.17, which is equal to 53,956 US $.   

 The annual costs of the system, ACS is equal to 99,798 US $, while the annual energy 

generated AEG by the hypothetical set up is equal to 391,106.93 kWh. 

From the calculations, it can be noted that the cost of electricity using this system is 25.52 US 

Cents/kWh; this is higher than the Ugandan commercial costs of energy. The commercial cost of 

Ugandan electricity is 19.12 US Cents/kWh. Here, the gain is in the environmental benefit since 40% 

of global CO2 emissions are produced by the power sector. In this hypothetical assessment, 

234,664.16 kg of CO2 emissions are saved for using wind power in the system as explained in section 

3.13.3. 

It is also known that Hydrogen gas is a viable alternative to burning polluting fossil fuels – since it 

does not emit carbon dioxide or other air pollutants. According to (Global Wind Energy Council 

2011), a wind turbine will have offset all emissions from its construction within three to six months 

of operation, running virtually carbon free for the remainder of its lifetime. 

4.4 Validation of the model with two selected sites 

In order to validate this model, two selected areas in Uganda were identified these included Kampala 

and Tororo Towns. The reason for the selection is that; both areas have a grid connection and a well-

developed transport system, and in the future hydrogen vehicles are envisaged to be used here to 

replace fossil fuel driven vehicles, which have proved to be contributors of Greenhouse gases.  

It was not possible to obtain wind speeds for these areas as the data available was for particular 

hours of the day i.e.  From 7am to 6pm. Therefore, Using RETSCREEN software version 4.1 the 

average data for wind speeds for each month and other parameters for Kampala and Tororo are 

were obtained as in Figure 23 and Figure 24 respectively. 
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Figure 23: RETScreen parameters for Kampala 

Source: RETScreen, version 4.1 
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Figure 24: RETScreen parameters for Tororo 

Source: RETScreen, version 4.1 

4.4.1 The actual Wind speed distribution 

 The Wind speed distribution of these two areas has been calculated using Weibull probability 

density function from the data got from RETScreen. This distribution is used in wind energy 

engineering since it conforms to observed long-term distribution of the average wind speeds for a 

range of sites. 

The Weibull probability density function is used here to expresses the probability p (x) for a wind 

speed x during the year, as follows (Heister and Pennell, 1981) in equation 5.1. 
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                      For k >1, x = 0, and C > 0.  (5.1) 

Here k is the shape factor that is specified by the user. It has been proved that the shape factor typically 

ranges from 1 to 3, a lower shape factor means a wider distribution of wind speed around the average yet a 

higher shape factor means narrow distribution of wind speeds around the average. A lower factor normally 
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leads to a higher energy production for a particular mean wind speed. C is the scale factor, which is calculated 

from equation 5.2. (Heister and Pennell, 1981):  For this present research, a shape factor, k= 1, was used in 

order to get a wider distribution of wind speeds.  









 1

1
/

k
xC                        (5.2) 

Where x is the average wind speed value and Γ is the gamma function as in equation 5.3 

   !1 nn                                            (5.3) 

Using MATLAB functions for R as shown below for the Weibull function, the hourly wind speeds for 

the two selected areas were achieved; this is done using a random function that leads to the 

production of 24 data points using the average daily wind speeds.  This can be seen in Figure 25, 

where wind speeds in a given day generated by the Weibull distribution are shown for a month of 

June in Kampala.  The wind speeds for the entire year for Kampala can be seen in Figure 26. 

 

Figure 25: wind speeds using Weibull distribution in a typical day of a month in June for Kampala 
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Figure 26: wind speeds for kampala-weibull estimates 

R = wblrnd (A, B, [1 24]), this results into random numbers for the Weibull distribution where A is 

the scale parameter and B the shape parameter, where [1 24] generates 24 values for a particular 

month that is sent to the excel sheet to generate data in tables in appendix 4. It can be noted that 

the speeds generated are random and do not necessarily give an average value but give a 

representative picture of the speeds. This is done to enable easy analysis with the program that has 

been made to run with daily hourly wind speeds yet the RETScreen program provides only a single 

average wind speed in a month. 

In this assessment, therefore, for every month, the scale parameters A, and shape parameter B, are 

calculated to come up with hourly distribution of wind for the year as shown in Figure 27 and Figure 

26. The wind speeds for Tororo and Kampala can be seen in appendix 4. 
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Figure 27: wind speeds for Tororo-Weibull estimates 

4.4.2 Kampala results  

The distribution of wind speeds for the Kampala area is as shown in Figure 26. These wind speeds 

are measurements at 10 meters height, and this implies that if the wind turbine is more than 10 

meters more power can be recovered. Table 7 shows the results for the simulation of the model 

using Kampala data. The Figure 28 shows the power use of the various connected items of the 

model within the selected months in Kampala showing surplus in some months that is sold to the 

grid.  Using the Mat lab program in appendix 3 (b), the Cost of electricity using wind energy to 

produce hydrogen would be 35.26 US cents per kWh and would save 169,819 kg of CO2 emissions. 

4.4.3 Tororo results  

The distribution of wind speeds for the Tororo area is shown in Figure 27, these wind speeds are generated 

using the Weibull. The Figure 29 shows the power use of the various connected items of the model 

within the selected months in Tororo showing surplus in some months that is sold to the grid.  Using 

the Mat lab program in appendix 3 (b), the Cost of electricity using wind energy to produce 

hydrogen would be 42.48 US cents per kWh and would save kg of 140,959 CO2 emissions. 
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Table 7: The results for the simulation of a Kampala site 

  

Month of 

the year  

  

Wind 

Energy, 

kWh 

  

Electrolyzer 

energy 

demand, 

kWh 

  

Load 

Energy, 

kWh 

  

Hydrogen 

Production, 

kg 

  

 Energy to /from 

Grid 

Surplus, 

kWh 

Deficit, 

kWh, 

January 
554.57 

207.60 46.33 4.99 491.45 -190.81 

February 942.13 207.60 46.89 4.99 847.63 -159.99 

March 806.33 207.60 48.88 4.99 678.37 -128.52 

April 887.32 207.60 55.42 4.99 790.11 -161.65 

May 685.39 207.60 55.42 4.99 597.50 -175.13 

June 1213.90 207.60 56.30 4.99 1095.03 -145.03 

July 867.12 207.60 55.56 4.99 766.41 -162.45 

August 282.98 207.60 53.63 4.99 228.08 -206.33 

September 617.96 207.60 50.77 4.99 511.27 -150.95 

October 762.73 207.60 50.62 4.99 676.65 -172.14 

November 766.10 207.60 50.70 4.99 660.92 -150.76 

December 893.20 207.60 56.51 4.99 782.58 -153.49 

Total 

energy  
9279.73 2491.20 627.03 59.89 8126.00 -1957.25 

 

 

Figure 28: Hourly Variations in power for January for Kampala 
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Table 8: The results for the simulation of a Tororo site 

  

Month of 

the year  

  

Wind 

Energy, 

kWh 

  

Electrolyzer 

energy 

demand, 

kWh 

  

Load 

Energy, 

kWh 

  

Hydrogen 

Production, 

kg 

  

 Energy to /from 

Grid 

Surplus, 

kWh 

Deficit, 

kWh, 

January 
516.94 

207.60 46.33 4.99 453.58 -190.57 

February 802.85 207.60 46.89 4.99 738.93 -190.57 

March 750.46 207.60 48.88 4.99 686.60 -192.62 

April 624.99 207.60 55.42 4.99 560.41 -194.28 

May 503.47 207.60 55.42 4.99 403.12 -162.67 

June 1105.47 207.60 56.30 4.99 1018.85 -177.28 

July 909.09 207.60 55.56 4.99 776.55 -130.62 

August 348.07 207.60 53.63 4.99 239.84 -153.00 

September 692.12 207.60 50.77 4.99 584.22 -150.47 

October 556.44 207.60 50.62 4.99 492.02 -193.80 

November 353.86 207.60 50.70 4.99 288.81 -193.25 

December 538.91 207.60 56.51 4.99 440.35 -165.55 

Total 

energy  
7702.68 2491.20 627.03 59.89 6683.29 -2094.68 

 

 

Figure 29: hourly variations in power for January for Tororo 
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4.4.4 Validation conclusion  

The wind speeds for Kampala and Tororo were generated from the Monthly average as obtained 

from the RETScreen software, which generates data using NASA data resource at 10m above the 

ground for each month. This does not provide the distribution of wind speeds over the day and 

therefore had to be generated using a Weibull distribution for 24 hours for every. This resource was 

very instrumental since the data generated a model, which represented a real scenario assessment. 

From what the model predicts, the following can be concluded: 

1) For a comparison of cleaner hydrogen produced in the two areas; both data for areas 

produced hydrogen from a non-pollution source. However, Kampala with a better wind 

regime can be the better place to have this model since it generates more energy than 

Tororo town with same use in an average year. 

2) All areas used in this validation are better places for the system operation depending on data 

given. This means that to fully come up with a conclusive option of the better placement, 

more analysis needs to be done in terms of cost of grid electricity in each area, the ease of 

transporting the wind turbine in each area and other important issues. 

3) Technically, therefore, from the results obtained, an area with a high wind resource is a 

critical factor to the success of a commercial wind energy project. At minimum, the monthly 

average wind speed for a commercial wind energy project should exceed 4m/s at a height of 

10m above the ground as seen in most months of Kampala. What can be noted here is that 

although the annual wind generated power may be more in Kampala than in Tororo, this 

does not give a conclusive decision on the best area to situate this system. We need also to 

look at how many months within that year a reasonable wind generated power is obtained 

in each of the areas of study. 

4) In terms of cost of electricity, the areas of Kampala and Tororo showed that the cost of 

producing energy is higher than the commercial rates within Uganda. The benefits here are 

in terms of the saving in carbondioxide emissions.  

4.5 Smart grid application of this model 

From the hypothetical scenario, as in Table 5, it can be seen that the average surplus energy per day 

from the wind turbine generator is 814.3kWh, this means that in case an extra electric load is added 

on to the system and whose maximum demand per day does not exceed the surplus energy. The 

system can then act as a smart grid in supplying the extra electric load in real time of demand. This 

is imported from the electric grid at any one time of use. This means that the smart grid application 

of this model is feasible in many aspects; the model monitors and manages in real time the amount 
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of hydrogen in storage and then coordinates with the wind generator and the electric grid to act 

accordingly to meet the hydrogen demand for the day. At the same time the model can be able to 

monitor the needs of the electric loads added up to supply power in real time at point of use, these 

loads must not exceed the power exported to the grid.  

4.6 Discussion of the Results  

4.6.1 Model 
The basis for the control strategy for this project model is a known average hourly H2 demand due 

to the knowledge that hydrogen cars or other stationery activity utilities operate with a known 

pattern every day year around. The methodology in this assessment was based on realistic 

components with 100% availability. Including unavailability’s (down time) would have increased 

component sizes. 

In this system, energy balance is checked at each time interval of the simulation. The wind speed 

value is fed in the control program to calculate the amount of energy that can be generated by the 

wind generator. The amount of wind-generated power is compared with the Electrolyzer power 

required to produce the hourly hydrogen load, and at the same time to determine the amount of 

energy flows to the load demand and the electric grid.   For this system, the objectives of the control 

strategy were achieved in the maximum utilization of available wind energy in maximising the 

amount of H2 supplied as required by the system.  To overcome the inconvenience of the continuous 

start/stop of the electrolyser, the model ensured the operation of the electrolyser at its minimum 

required power at all time. This was done by maintaining power supply from the grid to meet the 

minimum requirement of the electrolyser and at the same time supply power to the load demand. 

The model outputs the wind generated power, the hydrogen produced per day of the month, the 

electricity exported and imported to the grid per hour. This is then compared with the range of 

hydrogen produced and it was found to conform between 4 and 5kg as required in the model 

constraint. 

4.6.2 Control strategy 

The operational control strategies used in this project were the routes of power flow from the wind 

generator, to the combination of electrolyser and compressor, and the electric load within a grid 

connected system. The strategy was dependent on the required mass of hydrogen at each hour of 

the day within the restrictions and characteristics of the components in the system. 

4.6.3 Control realization  

To realise the control strategy of the system, the researcher had to first use a hypothetical scenario 

consisting of hypothetical wind speeds data, and electric load and then compared with a real 
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scenario in areas of Kampala and Tororo in Uganda- this is done to find out if this hypothetical 

scenario can be compared to a real life scenario.  It was found that; the real scenario brought out 

the same response in fulfilling the objectives as that obtained in the hypothetical scenario. The 

comparison of these two areas was done without the change in the electric load as this would not 

change the results of the simulation but a change in the wind speeds for Kampala Town and Tororo 

Town was obtained from NASA, and using the Weibull distribution to simulate hourly wind Speeds. 

4.6.4 How the results relate to literature 

 Many control strategy studies have been made on the production of electrolytic hydrogen. The 

literature reviewed for (A.A.Elbaset 2011)and (Greiner et al. 2008), all produce hydrogen using PV 

and Wind generators respectively.  These references formed the basis on which this project was 

built. The difference between these references and what has been done is explained below; 

1. The literatures reviewed showed that hydrogen production can be a way of storing energy 

in case there is surplus of power from  the producing source be it PV or a wind generator. 

This is a challenge in situations where hydrogen is required for stationary activities as the 

required quantity may not be achieved due to the restriction imposed on the control 

strategy. This strategy only allows the production of hydrogen at surplus times only. This is 

not reliable. Therefore this project is particularly suitable in such cases where a given amount 

of hydrogen is required to be produced as can be seen in Table 5, Table 7 and Table 8 where 

4-5kg of hydrogen are produced per day. The control strategy here makes sure that 

hydrogen is produced first before the surplus can be used by the electric load or even sent 

to the grid. 

2. The literatures reviewed and most especially that of (Greiner et al. 2008), indicated that  a 

grid connected system is very beneficial in not only smoothening the operation of the 

electrolyser but also in acting as a backup in the production of hydrogen at times of low wind 

speed values. This has been proved here as can be seen in Error! Reference source not found., 

Figure 28 and Figure 29 where grid power is used in the production of hydrogen at low wind 

speeds and exported back when the wind energy is abundant. 

3. This research has shown that, there still exists surplus power from the wind generator that 

is stored within the electric grid after the hydrogen demand has been met as can be seen in 

Table 5, Table 7 and Table 8. Thus, the researcher, finds it pertinent that the use of a smart 

grid in such a set up will be possible since that extra energy that is sent to the grid can be 

used in other demand loads connected at the time of need. This therefore does not 

necessitate the introduction of more energy production centres but a smart grid control 
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strategy that checks the demand with the available energy supply to meet the requirements. 

This also shows that this research has proved the possibility of having a smart grid within 

such a set up. 

 



 
 

CHAPTER FIVE: CONCLUSIONS, RECOMMENDATIONS AND CONTRIBUTION TO KNOWLEDGE 

5.1 Conclusions 

This research was investigating the control strategies that regulate the flow of electricity from the 

wind generators to the grid at wind power peaks and from the grid to the Electrolyzer at low wind 

speeds to produce 4-5kg of electrolytic hydrogen for transportation and stationary activities from 

non-polluting source using MATLAB. The following conclusion can be deduced; 

(1) This research identified the model characteristics of the wind hydrogen systems describing 

the relationship between the variables within the system components. These variables 

formed the model characteristics and the basis used to come up with the control strategies 

for the system as in Figure 13. 

(2) A control strategy that coordinates all the system components to produce the required 

amount of hydrogen has been developed as in Figure 15. This control strategy has been 

implemented using MATLAB software which simulates the operation and control of the wind 

turbine, Electrolyzer and grid system. The program is used to calculate the power generated 

by the wind generator, the power used by the Electrolyzer to produce the required hydrogen 

quantities, the hydrogen produced, the power used by the electric load, and the power 

exported and imported to the electric grid.  

(3) The results of this simulation have shown possibilities of producing clean hydrogen in a 

hybrid wind hydrogen system of 4-5kg per day using predetermined system components 

including the 200kW wind turbine generator, and the Electrolyzer as in Table 5, Table 7 and 

Table 8. 

(4) From the calculations of the cost of electricity from wind energy, it can be seen that the cost 

is higher than the Ugandan commercial costs of energy. The commercial cost of Ugandan 

electricity is 19.12 US Cents/kWhr yet, Kampala as a site has a COE OF 35.26 US Cents/kWh 

and Tororo site ha 42.48 US Cents/kWh. Here, the gain is in the environmental benefit in 

saving 169,819 kg of CO2 and 140,959 kg of CO2 emissions respectively.  

(5) The main objective of this project was to produce hydrogen that could be used for stationary 

and transport activities, this Hydrogen gas is a viable alternative to burning polluting fossil 

fuels and since its produced by a nonpolluting source, the saving in CO2 emissions offsets the 

economic implications  of high electricity production. 

(6) The smart grid application of this model in the production of hydrogen is feasible. The model 

monitors and manages in real time the amount of hydrogen in storage and then coordinates 

with the wind generator and the electric grid to act accordingly to meet the hydrogen 
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demand for the day. Since more power from the wind turbine generator is sent to the grid, 

more electric loads can be supplied in real time at point of use, these loads must not exceed 

the power exported to the grid. This scenario therefore makes this system a smart grid. 

5.2 Recommendations 

From the conclusion, the following can be recommended; 

(1) This research was limited to the use of a 200kW turbine generator, to produce only 4-5kg of 

hydrogen per day. This model can be modified to include more wind turbines and therefore 

increase the quantity of hydrogen produced in a given area. 

(2) In the validation of the model, the electric load for all the towns was considered uniform for 

simplicity of analysis, yet in real scenarios it may not be the case. This implies that in 

modifying the model for use, the user should use the real data for the electric load or having 

no electric load in the system leading to storage of all surplus wind power to the electric grid 

after production of the required hydrogen quantity. 

(3) This simulation considered a simplified model involving the costs of buying the entire hybrid 

system with a loan. The model for costing was done outside the main program and so the 

costs of importing and exporting of electricity from the grid and the cost of production of 

hydrogen at the same time were not considered. The use of this model would be more 

feasible in areas where the costs of importing of electricity from the grid are far higher than 

the costs of producing electricity from the wind turbine. This simulation looked at the 

technical aspect and the cost of buying the entire system. Therefore, modification of the 

system should include the economic aspects like cost of importing and exporting electricity 

from the grid, and the energy source that supplies the grid in order to produce entirely clean 

hydrogen from a nonpolluting source.  The source supplying the electric grid was not 

considered in this assessment. 

(4) For this research to be more applicable in the transport and other stationary activities for 

hydrogen, the future choices in policy and market development of the different alternative 

fuel-technology combinations will have to be compatible with the emissions cut objective in 

the transport sector. The use electrolytic hydrogen would be a better choice in all aspects of 

alternative fuel if it’s produced through a non-polluting and renewable energy source. 

5.3 Contribution to knowledge 

This research has contributed to knowledge in the following ways: 

(1) The information collected in this report, the models made and the simulation can help 

individuals interested in having knowledge in the production of electrolytic hydrogen using  
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wind generator system connected to the grid and can also modify the system parameters to 

suit their objectives. 

(2) Though the source of power of the grid is not indicated, the system shows that import of 

power from the grid is minimal as compared to the export of power to the grid to supply the 

Electrolyzer and the electric load. This indicates that electrolytic hydrogen can be produced 

using a clean source of energy. 

(3) Therefore engineers other designers can use this MAT lab simulation to invest in the 

production of electrolytic hydrogen from a non-polluting source, using wind turbine system 

connected on existing electric grid.   The cost of the system was considered and the 

advantage of saving more than 140,000 kg of carbon dioxide from the production of 

electricity using a wind energy resource makes the system acceptable. 
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Appendix 1: wind speed and wind power program 

% program wind speeds and wind generator power  
% author: Godfrey Ssajja Ssali 
% Tel: +256-774126176 
%-----------------------------wind generator--------------------- 
A= 490.87; % m/s swept area of the rotor 
Cp= 0.59; % efficiency of the wind turbine 
EFF_AD = 0.98; % Efficiency of AC/DC converter 
Air_density =1.225; %air density 
%V_ci = 3.8; % m/s cut in velocity 
V_ci=3.8*ones(12,24); 
V_co = 25; % m/s cut out velocity 
V_co=25*ones(12,24); 
V_r =10.47*ones(12,24);  % m/s rated velocity 
V = [ 
3.0,3.2,2.5,3.8,3.9,4.0,4.0,3.6,4.2,4.0,5.0,4.2,5.2,6.2,7.3,6.8,8.5,8.3,7.7,5.2,5.0,4.9,4.3,3.5;  
3.5,4.2,4.5,4.3,4.2,4.4,4.2,4.8,4.2,4.5,4.5,4.2,5.3,5.4,5.5,5.6,5.6,5.7,7.0,7.0,7.1,6.1,5.4,5.0;  
5.2,5.3,5.8,5.0,5.4,5.5,5.6,5.0,5.5,5.6,5.8,5.9,6.0,6.2,5.8,6.0,6.4,6.6,7.3,7.4,7.5,5.1,5.0,5.0;  
5.5,5.5,5.1,5.5,5.8,5.8,5.9,5.4,5.8,5.9,6.1,6.3,6.4,6.5,6.3,6.5,6.9,6.9,7.5,7.7,7.7,5.4,5.3,5.3;  
5.0,5.8,5.6,5.7,5.3,5.4,5.4,5.7,6.3,6.4,6.6,6.7,6.8,6.9,6.9,7.0,8.0,8.6,10.0,9.4,8.0,5.8,5.7,5.6;  
5.0,5.9,5.7,5.8,5.4,5.5,5.6,5.8,6.5,6.6,6.7,6.8,6.9,7.0,7.0,8.0,8.5,9.3,9.6,8.0,8.6,6.0,6.0,5.0;  
5.0,5.5,5.0,5.0,5.5,5.6,5.7,5.9,6.5,6.6,6.7,6.8,6.9,7.0,6.9,7.3,7.4,7.5,9.0,9.5,8.6,8.6,5.3,5.2;  
5.2,5.4,5.5,5.2,5.3,5.2,5.1,5.2,6.3,6.5,6.4,6.3,7.6,7.7,7.8,7.3,7.1,7.2,8.3,7.4,8.0,7.0,5.0,5.5;  
5.4,5.0,5.9,5.9,5.0,5.3,5.4,5.5,5.6,5.7,5.7,5.9,5.4,5.4,5.2,5.6,6.5,6.0,9.2,9.5,8.5,7.6,5.0,5.0;  
5.5,5.4,5.3,5.6,5.6,5.6,5.6,5.6,5.6,5.5,6.4,6.3,6.4,6.5,6.4,6.6,6.6,6.4,7.1,7.5,7.6,5.1,5.3,5.0;  
5.2,5.2,5.2,5.3,5.4,5.5,5.3,5.7,5.1,5.1,6.5,7.5,7.2,7.2,7.0,6.9,6.6,6.5,7.4,7.2,6.6,5.2,5.1,5.1;  
5.2,5.3,5.0,5.2,5.7,5.8,5.9,6.3,6.9,6.9,7.0,7.5,7.5,7.3,7.3,7.5,7.8,7.9,8.5,8.9,8.9,6.5,5.1,5.5];%hypothetical wind 

speed values m/s 
for n=1:12 
   for i=1:24   
    if (V(n,i)< V_ci(n,i)) 
        Pwg(n,i)=0;   %kW 
%     elseif (V(i) <= V_r) 
%         Pwg(i)= (0.5*Air_density*A*Cp*EFF_AD*V(i).^3)/1e3; % not necessary 
    elseif (V(n,i) <= V_r(n,i)) 
        Pwg (n,i) = (0.5*Air_density*A*Cp*EFF_AD*V(n,i).^3)*1e-3; % kW 
    else 
        Pwg (n,i)=200; % kW 
    end 
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   end 
end 

  

  
n=1:24; 
subplot(2,2,1); 
plot(n,V(3,:)) 
title('Average Wind Speed curve for March'); 
ylabel('speed,m/s'); 
xlabel('TIME, hour of the day'); 

  
subplot(2,2,2); 
plot(n,V(4,:)) 
title('Average Wind Speed curve for April'); 
ylabel('speed,m/s'); 
xlabel('TIME, hour of the day  '); 

  
subplot(2,2,3); 
plot(n,V(5,:)) 
title('Average Wind Speed curve for May'); 
ylabel('speed,m/s'); 
xlabel('TIME, hour of the day'); 

  
subplot(2,2,4); 
plot(n,V(7,:)) 
title('Average Wind Speed curve for July'); 
ylabel('speed,m/s'); 
xlabel('TIME, hour of the day'); 
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Appendix 2: The hypothetical Matlab load program  

 
clear all 
PLoad=[ 
21.6,21.6,17.5,18.5,18.9,19.2,19.9,21.6,20.9,20.6,18.5,15.7,19.2,17.8,18.2,18.5,18.9,19.2,17.5,19.6,19.9,20.9,20.9,18.2;  
18.5,18.9,19.2,19.6,19.6,19.9,24.4,24.4,24.7,21.3,18.9,17.5,15.7,18.2,19.2,18.5,18.2,18.9,18.2,20.3,18.2,19.2,19.2,18.2;  
21.7,20.3,20.9,22.4,23.1,25.5,25.8,26.0,17.8,17.5,17.5,18.2,18.5,20.3,17.5,18.9,19.2,19.6,17.5,19.2,19.6,20.3,20.6,20.9;  
21.3,22.0,22.0,22.1,22.0,22.7,24.1,24.1,26.2,26.9,26.9,18.9,18.5,18.5,19.2,19.2,17.8,19.2,20.3,20.3,20.6,18.9,20.3,20.6;  
23.4,23.8,24.0,24.0,24.4,27.9,30.1,35.0,32.9,27.9,20.3,19.9,19.6,17.5,20.3,19.6,19.9,18.5,18.9,18.9,19.9,22.0,22.4,23.1;  
23.7,24.0,24.4,24.4,27.9,29.7,32.5,33.6,27.9,30.1,20.9,20.9,17.5,17.5,20.6,19.9,20.3,18.9,19.2,19.6,20.3,22.7,23.1,23.4;  
23.9,24.1,24.4,24.1,25.5,25.8,26.1,31.5,33.2,30.1,30.1,18.5,18.2,17.5,19.2,17.5,17.5,19.2,19.6,19.9,20.6,22.7,23.0,23.4;  
22.0,26.6,26.9,27.2,25.5,24.8,25.2,29.0,25.8,27.9,24.5,17.5,19.2,18.2,18.9,19.2,18.2,18.5,18.2,17.8,18.2,22.0,22.6,22.4;  
20.6,18.9,18.9,18.2,19.6,22.7,20.9,32.2,33.2,29.8,26.6,17.5,17.5,18.9,17.5,20.6,20.6,17.5,18.5,18.9,19.2,19.6,19.9,19.9;  
22.1,22.4,22.7,22.4,23.0,23.0,22.4,25.9,26.2,26.5,17.8,18.5,17.5,19.2,18.9,18.5,19.6,19.6,19.6,19.6,19.6,19.6,19.2,22.4;  
26.2,25.2,25.2,24.5,24.2,23.1,22.7,25.9,25.2,23.1,18.2,17.8,17.8,18.2,18.2,18.2,18.5,18.9,19.2,18.5,19.9,17.8,17.8,22.7;  
26.2,26.5,25.7,26.2,27.3,27.6,29.7,31.1,31.1,22.7,17.8,19.2,18.2,18.5,17.5,18.2,19.9,20.3,20.6,22.0,24.1,24.1,24.4,26.2]*1e-1; 
for n=1:12; 
    for fg=1:24 
% Eyload(fg)=trapz(n,PLoad(fg,:))   % Eyload  total Kwh generated for each month  for load 
p_load= PLoad(n,fg) 
    end  
end 
% total genrated power Etotal_Load=sum(Eyload) per year  
% Eytotal_load=sum(Eyload)*30.41666/1000 
% P_Load=[n,PLoad(fg,:)] 
n=1:24; 
subplot(2,2,1); 
plot(n,PLoad(3,:)) 
title('Load curve for March'); 
ylabel('Power,kW'); 
xlabel('TIME, hour of the day'); 
  
subplot(2,2,2); 
plot(n,PLoad(4,:)) 
title('Load curve for April'); 
ylabel('Power,kW'); 
xlabel('TIME, hour of the day  '); 
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subplot(2,2,3); 
plot(n,PLoad(5,:)) 
title('Load curve for May'); 
ylabel('Power,kW'); 
xlabel('TIME, hour of the day'); 
  
subplot(2,2,4); 
plot(n,PLoad(7,:)) 
title('Load curve for July'); 
ylabel('Power,kW'); 
xlabel('TIME, hour of the day'); 
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Appendix 3: The Main Matlab program for the project 

%---------------author information---------------------- 

1. % AUTHOR: Godfrey Ssajja Ssali 
2. % project: Energy flow in a hybrid wind/hydrogen system for kampala and tororo towns in Uganda. 
3. % Master’s Thesis project 
4. % student number: 830329_A192 
5. % Contacts: goss@kth.se 
6. % phone number: +256-774126176 
7. % --------------end------------------------------------- 

 

8. function 
[MH2_Production_1,MH2_total,Pelzrequired,PtoElectolyzer,surp,deficit,Ptogrid,MH2_def,Sum_Positive_Power,Sum_Negative_Power]=Pw_

Load_Electrolyser_grid_gss2(PLoad,Pwg) 

9. % the system wind/H2 with Grid 
10. SPCHe=39.4;% Kwh/kg   Means HHV of H2=142 MJ/kj which is Equal to 39.4kWh/kg for the electrolyser 
11. SPCHc=2.2;% Kwh/kg    for the compressor 
12. SPCHec=(SPCHe+SPCHc); % Kwh/kg    for the combined electrolyser and compressor 
13. %for an hourly hydrogen requirement of 0.208kg, the SPCH are multiplied by 
14. %0.208 to get the combined max power Pelzrequired. 
15. Pelzrequired=8.66;% kw maximum combined electrolyser and compressor power 
16. minReq_Elec_Power=0.30*Pelzrequired;% kw minimum electrolyser power since  

 

17. %......input.......load demand for the site......................... 
 

18. PLoad=[ 
19. 21.6,21.6,17.5,18.5,18.9,19.2,19.9,21.6,20.9,20.6,18.5,15.7,19.2,17.8,18.2,18.5,18.9,19.2,17.5,19.6,19.9,20.9,20.9,18.2;  
20. 18.5,18.9,19.2,19.6,19.6,19.9,24.4,24.4,24.7,21.3,18.9,17.5,15.7,18.2,19.2,18.5,18.2,18.9,18.2,20.3,18.2,19.2,19.2,18.2;  
21. 21.7,20.3,20.9,22.4,23.1,25.5,25.8,26.0,17.8,17.5,17.5,18.2,18.5,20.3,17.5,18.9,19.2,19.6,17.5,19.2,19.6,20.3,20.6,20.9;  
22. 21.3,22.0,22.0,22.1,22.0,22.7,24.1,24.1,26.2,26.9,26.9,18.9,18.5,18.5,19.2,19.2,17.8,19.2,20.3,20.3,20.6,18.9,20.3,20.6;  
23. 23.4,23.8,24.0,24.0,24.4,27.9,30.1,35.0,32.9,27.9,20.3,19.9,19.6,17.5,20.3,19.6,19.9,18.5,18.9,18.9,19.9,22.0,22.4,23.1;  
24. 23.7,24.0,24.4,24.4,27.9,29.7,32.5,33.6,27.9,30.1,20.9,20.9,17.5,17.5,20.6,19.9,20.3,18.9,19.2,19.6,20.3,22.7,23.1,23.4;  
25. 23.9,24.1,24.4,24.1,25.5,25.8,26.1,31.5,33.2,30.1,30.1,18.5,18.2,17.5,19.2,17.5,17.5,19.2,19.6,19.9,20.6,22.7,23.0,23.4;  
26. 22.0,26.6,26.9,27.2,25.5,24.8,25.2,29.0,25.8,27.9,24.5,17.5,19.2,18.2,18.9,19.2,18.2,18.5,18.2,17.8,18.2,22.0,22.6,22.4;  
27. 20.6,18.9,18.9,18.2,19.6,22.7,20.9,32.2,33.2,29.8,26.6,17.5,17.5,18.9,17.5,20.6,20.6,17.5,18.5,18.9,19.2,19.6,19.9,19.9;  
28. 22.1,22.4,22.7,22.4,23.0,23.0,22.4,25.9,26.2,26.5,17.8,18.5,17.5,19.2,18.9,18.5,19.6,19.6,19.6,19.6,19.6,19.6,19.2,22.4;  
29. 26.2,25.2,25.2,24.5,24.2,23.1,22.7,25.9,25.2,23.1,18.2,17.8,17.8,18.2,18.2,18.2,18.5,18.9,19.2,18.5,19.9,17.8,17.8,22.7;  
30. 26.2,26.5,25.7,26.2,27.3,27.6,29.7,31.1,31.1,22.7,17.8,19.2,18.2,18.5,17.5,18.2,19.9,20.3,20.6,22.0,24.1,24.1,24.4,26.2]*1e-1; 
31. n=1:24 
32. for j=1:12 
33. Eyload(j)=trapz(n,PLoad(j,:));   % Eyload  total Kwh generated for each month  for load 

 

34. %total genrated power Etotal_Load=sum(Eyload) per year  
35. %Eytotal_load=sum(Eyload)*30.41666/1000; 
36. %plot(n,PLoad(3,:),n,PLoad(4,:),n,PLoad(5,:),n,PLoad(7,:),n,PLoad(8,:)) 
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37. %,n,PLoad(6,:),n,PLoad(7,:),n,PLoad(8,:),n,PLoad(9,:),n,PLoad(10,:),n,PLoad(11,:),n,PLoad(12,:)) 
38. %title('Load curve') 
39. %ylabel('Watt') 
40. %xlabel('Hour of the day') 
41. %k=min(min(PLoad/1e3)) 
42. end 

 

43. %.........input.........wind speed and power from the wind generator....................... 
 

44. A= 490.87; % m/s swept area of the rotor 
45. Cp= 0.59; % efficiency of the wind turbine 
46. EFF_AD = 0.98; % Efficiency of AC/DC converter 
47. Air_density =1.225; %air density 
48. V_ci=3.8*ones(12,24); 
49. % V_co = 25; % m/s cut out velocity 
50. V_co=25*ones(12,24); 
51. V_r =10.47*ones(12,24);  % m/s rated velocity 

 

52. %GETTING WIND SPEEDS FROM THE GENERATED WEIBULL DISTRIBUTION EXCEL SHEET USING RETSCREEN DATA FOR KAMPALA 
53. %  V= xlsread('VALIDATION','KAMPALA','E4:P27')';this excel sheet is in appendix 4. 

 

54. %GETTING WIND SPEEDS FROM THE GENERATED WEIBULL DISTRIBUTION EXCEL SHEET USING RETSCREEN DATA FOR TORORO 
55. V= xlsread('VALIDATION','TORORO','E4:P27')'; 

 

56. %HYPOTHETICAL WIND SPEEDS 
57. % V = [ 
58. % 3.0,3.2,2.5,3.8,3.9,4.0,4.0,3.6,4.2,4.0,5.0,4.2,5.2,6.2,7.3,6.8,8.5,8.3,7.7,5.2,5.0,4.9,4.3,3.5;  
59. % 3.5,4.2,4.5,4.3,4.2,4.4,4.2,4.8,4.2,4.5,4.5,4.2,5.3,5.4,5.5,5.6,5.6,5.7,7.0,7.0,7.1,6.1,5.4,5.0;  
60. % 5.2,5.3,5.8,5.0,5.4,5.5,5.6,5.0,5.5,5.6,5.8,5.9,6.0,6.2,5.8,6.0,6.4,6.6,7.3,7.4,7.5,5.1,5.0,5.0;  
61. % 5.5,5.5,5.1,5.5,5.8,5.8,5.9,5.4,5.8,5.9,6.1,6.3,6.4,6.5,6.3,6.5,6.9,6.9,7.5,7.7,7.7,5.4,5.3,5.3;  
62. % 5.0,5.8,5.6,5.7,5.3,5.4,5.4,5.7,6.3,6.4,6.6,6.7,6.8,6.9,6.9,7.0,8.0,8.6,10.0,9.4,8.0,5.8,5.7,5.6;  
63. % 5.0,5.9,5.7,5.8,5.4,5.5,5.6,5.8,6.5,6.6,6.7,6.8,6.9,7.0,7.0,8.0,8.5,9.3,9.6,8.0,8.6,6.0,6.0,5.0;  
64. % 5.0,5.5,5.0,5.0,5.5,5.6,5.7,5.9,6.5,6.6,6.7,6.8,6.9,7.0,6.9,7.3,7.4,7.5,9.0,9.5,8.6,8.6,5.3,5.2;  
65. % 5.2,5.4,5.5,5.2,5.3,5.2,5.1,5.2,6.3,6.5,6.4,6.3,7.6,7.7,7.8,7.3,7.1,7.2,8.3,7.4,8.0,7.0,5.0,5.5;  
66. % 5.4,5.0,5.9,5.9,5.0,5.3,5.4,5.5,5.6,5.7,5.7,5.9,5.4,5.4,5.2,5.6,6.5,6.0,9.2,9.5,8.5,7.6,5.0,5.0;  
67. % 5.5,5.4,5.3,5.6,5.6,5.6,5.6,5.6,5.6,5.5,6.4,6.3,6.4,6.5,6.4,6.6,6.6,6.4,7.1,7.5,7.6,5.1,5.3,5.0;  
68. % 5.2,5.2,5.2,5.3,5.4,5.5,5.3,5.7,5.1,5.1,6.5,7.5,7.2,7.2,7.0,6.9,6.6,6.5,7.4,7.2,6.6,5.2,5.1,5.1;  
69. % 5.2,5.3,5.0,5.2,5.7,5.8,5.9,6.3,6.9,6.9,7.0,7.5,7.5,7.3,7.3,7.5,7.8,7.9,8.5,8.9,8.9,6.5,5.1,5.5];%hypothetical wind speed 

values m/s 

70. for i=1:12 
71. for j=1:24   
72. if (V(i,j)< V_ci(i,j)) 

a. Pwg(i,j)=0;   %kW 
73. %     elseif (V(i) <= V_r) 
74. %         Pwg(i)= (0.5*Air_density*A*Cp*EFF_AD*V(i).^3)/.1e3; % not necessary 
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75. elseif (V(i,j) <= V_r(i,j)) 
a. Pwg (i,j) = [0.5*Air_density*A*Cp*EFF_AD*(V(i,j).^3)]*1e-3; % kW 

76. else 
a. Pwg (i,j)=200; % kW 

77. end 
78. end 
79. end 
80. % ---------------ploting of the wind speed curves------------ 
81. % n=1:24; 
82. % subplot(2,2,1); 
83. % plot(n,V(3,:)) 
84. % title(' Wind Speed curve for March using Weibull Distribution'); 
85. % ylabel('speed,m/s'); 
86. % xlabel('TIME, hour of the day'); 
87. %  
88. % subplot(2,2,2); 
89. % plot(n,V(4,:)) 
90. % title('Wind Speed curve for April using Weibull Distribution'); 
91. % ylabel('speed,m/s'); 
92. % xlabel('TIME, hour of the day  '); 
93. %  
94. % subplot(2,2,3); 
95. % plot(n,V(5,:)) 
96. % title('Wind Speed curve for May using Weibull Distribution'); 
97. % ylabel('speed,m/s'); 
98. % xlabel('TIME, hour of the day'); 
99. %  
100. % subplot(2,2,4); 

101. % plot(n,V(7,:)) 

102. % title('Wind Speed curve for July using Weibull Distribution'); 

103. % ylabel('speed,m/s'); 

104. % xlabel('TIME, hour of the day'); 

 

105. % ------------------wind power curve---------------------- 

106. % n=1:24; 

107. % subplot(2,2,1); 

108. % plot(n,Pwg(3,:)) 

109. % title('Wind power curve for March'); 

110. % ylabel('Wind Generator power, kW'); 

111. % xlabel('TIME, hour of the day'); 

112. %  

113. % subplot(2,2,2); 

114. % plot(n,Pwg(4,:)) 

115. % title('Wind power curve for April'); 

116. % ylabel('Wind Generator power, kW'); 
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117. % xlabel('TIME, hour of the day  '); 

118. % subplot(2,2,3); 

119. % plot(n,Pwg(5,:)) 

120. % title('Wind power curve for May'); 

121. % ylabel('Wind Generator power, kW'); 

122. % xlabel('TIME, hour of the day'); 

123. %  

124. % subplot(2,2,4); 

125. % plot(n,Pwg(7,:)) 

126. % title('Wind power curve for July'); 

127. % ylabel('Wind Generator power, kW'); 

128. % xlabel('TIME, hour of the day'); 

 

129. %.....................end of inputs..................... 

130. %xt=0;pertotal=0; 

131. m=0; 

132. %     xt=0;pertotal=0; 

133. for i=1:12 

134. Sum_Positive_Power(i)=0; 

135. Sum_Negative_Power(i)=0; 

136. MH2_total1=0; 

137. for j=1:24 

138. m=m+Pwg(i,j);         % m is the total power 

139. %----------MAIN PROGRAM----------------------------------------------   

 

140. if Pwg(i,j) >= Pelzrequired  % first if 

141. PtoElectolyzer(i,j)=Pelzrequired; 

142. pdiff(i,j)=Pwg(i,j)-Pelzrequired;   

143. MH2_def(i,j)=0; 

144. MH2_Production_1(i,j)=0.208; 

145. MH2_total(i,j)= MH2_total1; 

146. %-------------------------------------------------------  

 

147. surp(i,j)= pdiff(i,j);  

148. if surp(i,j)>= PLoad(i,j) 

149. Ptogrid(i,j)=surp(i,j)-PLoad(i,j); 

150. deficit(i,j)=0; 

151. Sum_Positive_Power(i,j)=Sum_Positive_Power(i); 

152. Sum_Positive_Power(i,j)=Sum_Positive_Power(i,j)+Ptogrid(i,j); 

 

153. else 

Ptogrid(i,j)=0; 

deficit(i,j)=(PLoad(i,j)-surp(i,j)); 

Sum_Negative_Power(i,j)=Sum_Negative_Power(i); 

Sum_Negative_Power(i,j)=Sum_Negative_Power(i)-Ptogrid(i,j); 
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% is the mass of the H2 met 

154. if MH2_total(i,j) <= 24*Pelzrequired/SPCHec              

155. %       MH2_Production_1(i,j)= PtoElectolyzer(i,j)/SPCHec;  

156. MH2_total(i,j)=MH2_total(i,j)+ MH2_Production_1(i,j); 

157. MH2_total1=MH2_total(i,j);  

158. else 

PtoElectolyzer(i,j)=0; 

MH2_Production_1(i,j)=0; 

159. %        MH2_total(i,j)=MH2_total(i,j)+ MH2_Production_1(i,j); 

surp(i,j)=Pwg(i,j); 

if Pwg(i,j)>= PLoad(i,j) 

Ptogrid(i,j)=Pwg(i,j)-PLoad(i,j); 

end 

deficit(i,j)= PLoad(i,j)-Pwg(i,j); 

160. end       

161. end   

 

162. %------------------------------------------------------------------ 

 

163. else  % First  if  

164. % To produce H2 We take power from grid to meet the requirement 

165. %minReq_elec_power minimum power required  for electrolyser 

166. MH2_total(i,j)= MH2_total1; 

 

167. if Pwg(i,j)>= minReq_Elec_Power 

PtoElectolyzer(i,j)=Pwg(i,j); 

MH2_Production_1(i,j)= PtoElectolyzer(i,j)/SPCHec; 

surp(i,j)= Pwg(i,j)-minReq_Elec_Power; 

deficit(i,j)=  -(Pwg(i,j)-minReq_Elec_Power+PLoad(i,j)); 

Ptogrid(i,j)=0; 

Sum_Negative_Power(i,j)=Sum_Negative_Power(i); 

Sum_Negative_Power(i,j)=Sum_Negative_Power(i,j)+ Ptogrid(i,j); 

MH2_def(i,j)=(Pelzrequired-Pwg(i,j))/SPCHec; 

 

if MH2_total(i,j) <=24*Pelzrequired/SPCHec 

 

168. %          MH2_Production_1(i,j)= PtoElectolyzer(i,j)/SPCHec; 

MH2_total(i,j)=MH2_total(i,j)+MH2_Production_1(i,j); 

MH2_total1=MH2_total(i,j); 

 

169. else 

MH2_Production_1(i,j)=0; 

MH2_total(i,j)=MH2_total(i,j)+MH2_Production_1(i,j); 

MH2_total1=MH2_total(i,j); 
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Ptogrid(i,j)=Pwg(i,j)-PLoad(i,j); 

 

end    

 

170. else   

%if Pwg(i,j)<= minReq_Elec_Power 

PtoElectolyzer(i,j)= minReq_Elec_Power;% Minimum elect power is got from the grid 

surp(i,j)= 0; 

Ptogrid(i,j)=0; 

deficit(i,j)=-(PLoad(i,j)+ minReq_Elec_Power); 

171. %         Ptogrid(i,j)=-deficit(i,j); 

Sum_Negative_Power(i,j)=Sum_Negative_Power(i); 

Sum_Negative_Power(i,j)=Sum_Negative_Power(i)+ PLoad(i,j)+ minReq_Elec_Power-Pwg(i,j); 

MH2_def(i,j)= 0; 

172. if MH2_total(i,j)<= 24*Pelzrequired/SPCHec 

 

MH2_Production_1(i,j)= PtoElectolyzer(i,j)/SPCHec; 

MH2_total(i,j)=MH2_total(i,j)+MH2_Production_1(i,j); 

MH2_total1=MH2_total(i,j); 

173. else 

MH2_Production_1(i,j)=0; 

MH2_total(i,j)=MH2_total(i,j)+MH2_Production_1(i,j); 

MH2_total1=MH2_total(i,j); 

Ptogrid(i,j)=Pwg(i,j)-PLoad(i,j); 

 

174. end    

175. %---------------------------------------------------------------------- 

 

176. end 

177. end 

178. end % end for j 

179. end    % end for i 

 

 

180. %--------------------------VALUES SENT TO EXCEL SHEET------------------ 

 

181. filename='assessment book5.xlsx'; 

182. A={'Month','wind energy,kWh','electrolyser energy demand,kWh','load energy,kWh','hydrogen production,kg','Surplus,kWh', 

'Deficit,kWh,'; 

183. 'January',sum(Pwg(1,1:24)),sum(PtoElectolyzer(1,1:24)),sum(PLoad(1,1:24)),sum(MH2_Production_1(1,1:24)),sum(Ptogrid(1,1:

24)),sum(deficit(1,1:24)); 

184. 'February',sum(Pwg(2,1:24)),sum(PtoElectolyzer(2,1:24)),sum(PLoad(2,1:24)),sum(MH2_Production_1(2,1:24)),sum(Ptogrid(2,1

:24)),sum(deficit(2,1:24)); 

185. 'March',sum(Pwg(3,1:24)),sum(PtoElectolyzer(3,1:24)),sum(PLoad(3,1:24)),sum(MH2_Production_1(3,1:24)),sum(Ptogrid(3,1:24

)),sum(deficit(3,1:24)); 
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186. 'April',sum(Pwg(4,1:24)),sum(PtoElectolyzer(4,1:24)),sum(PLoad(5,1:24)),sum(MH2_Production_1(4,1:24)),sum(Ptogrid(4,1:24

)),sum(deficit(4,1:24)); 

187. 'May',sum(Pwg(5,1:24)),sum(PtoElectolyzer(5,1:24)),sum(PLoad(5,1:24)),sum(MH2_Production_1(5,1:24)),sum(Ptogrid(5,1:24))

,sum(deficit(5,1:24)); 

188. 'June',sum(Pwg(6,1:24)),sum(PtoElectolyzer(6,1:24)),sum(PLoad(6,1:24)),sum(MH2_Production_1(6,1:24)),sum(Ptogrid(6,1:24)

),sum(deficit(6,1:24)); 

189. 'July',sum(Pwg(7,1:24)),sum(PtoElectolyzer(7,1:24)),sum(PLoad(7,1:24)),sum(MH2_Production_1(7,1:24)),sum(Ptogrid(7,1:24)

),sum(deficit(7,1:24)); 

190. 'August',sum(Pwg(8,1:24)),sum(PtoElectolyzer(8,1:24)),sum(PLoad(8,1:24)),sum(MH2_Production_1(8,1:24)),sum(Ptogrid(8,1:2

4)),sum(deficit(8,1:24)); 

191. 'September',sum(Pwg(9,1:24)),sum(PtoElectolyzer(9,1:24)),sum(PLoad(9,1:24)),sum(MH2_Production_1(9,1:24)),sum(Ptogrid(9,

1:24)),sum(deficit(9,1:24)); 

192. 'October',sum(Pwg(10,1:24)),sum(PtoElectolyzer(10,1:24)),sum(PLoad(10,1:24)),sum(MH2_Production_1(10,1:24)),sum(Ptogrid(

10,1:24)),sum(deficit(10,1:24)); 

193. 'November',sum(Pwg(11,1:24)),sum(PtoElectolyzer(11,1:24)),sum(PLoad(11,1:24)),sum(MH2_Production_1(11,1:24)),sum(Ptogrid

(11,1:24)),sum(deficit(11,1:24)); 

194. 'December',sum(Pwg(12,1:24)),sum(PtoElectolyzer(12,1:24)),sum(PLoad(12,1:24)),sum(MH2_Production_1(12,1:24)),sum(Ptogrid

(12,1:24)),sum(deficit(12,1:24));}; 

195. sheet=1; 

196. xlRange='D5'; 

197. xlswrite(filename, A,sheet,xlRange) 

 

198. %-------------PLOT FOR MONTHLY HOURLY VARIATIONS-----------CHANGE ACCORDINGLY-----------  

199. k=1:24; 

200. subplot(2,2,1); 

201. plot(k,Pwg(1,1:24),'k',k,PLoad(1,1:24),'m',k,PtoElectolyzer(1,1:24),'b',k,Ptogrid(1,1:24),'b'); 

202. hold on  

203. xlabel('Time,hr'); 

204. ylabel('Power,kW'); 

205. title('Hourly Power Variations for January'); 

206. subplot(2,2,2); 

207. plot(k,Pwg(3,1:24),'k',k,PLoad(3,1:24),'m',k,PtoElectolyzer(3,1:24),'b',k,Ptogrid(3,1:24),'b'); 

208. hold on  

209. xlabel('Time,hr'); 

210. ylabel('Power,kW'); title('Hourly Power Variations for March'); 

211. %  

212. subplot(2,2,3); 

213. plot(k,Pwg(7,1:24),'k',k,PLoad(7,1:24),'m',k,PtoElectolyzer(7,1:24),'b',k,Ptogrid(7,1:24),'b'); 

214. hold on  

215. xlabel('Time,hr'); 

216. ylabel('Power,kW'); 

217. title('Hourly Power Variations for July'); 

218. %  

219. subplot(2,2,4); 

220. plot(k,Pwg(3,1:24),'k',k,PLoad(3,1:24),'m',k,PtoElectolyzer(3,1:24),'b',k,Ptogrid(3,1:24),'b'); 
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221. hold on  

222. xlabel('Time,hr'); 

223. ylabel('Power,kW'); 

224. title('Hourly Power Variations for August'); 

 

225. %---------------plot for hydrogen production for every month----- 

 

226. % bar(k,MH2_Production_1(1,1:24),'k'); 

227. % hold on  

228. % bar(k,MH2_Production_1(2,1:24),'b'); 

229. % ,k,MH2_Production_1(2,1:24),'b'); 

230. % k,MH2_Production_1(3,1:24),k,MH2_Production_1(4,1:24),k,MH2_Production_1(5,1:24),k,MH2_Production_1(6,1:24)); 

231. % 

k,MH2_Production_1(7,1:24),k,MH2_Production_1(8,1:24),k,MH2_Production_1(9,1:24),k,MH2_Production_1(10,1:24),k,MH2_Production_1

(11,1:24),k,MH2_Production_1(12,1:24)) 

232. %-----------other project outputs---------------------------- 

 

233. %[Pwg(1,1:24);PLoad(1,1:24);surp(1,1:24);PtoElectolyzer(1,1:24);deficit(1,1:24);Ptogrid(1,1:24);MH2_Production_1(1,1:24)

;MH2_total(1,1:24);MH2_def(1,1:24)]'/1e3; 

234. % 

[Pwg(2,1:24);PLoad(2,1:24);surp(2,1:24);PtoElectolyzer(2,1:24);deficit(2,1:24);Ptogrid(2,1:24);MH2_Production_1(2,1:24);MH2_tot

al(2,1:24)]'/1e3 

 

235. %----------------end of program----------------------- 

 

 

 
 

Appendix 3(b): The economic assessment program  

 

clc 
clear all 
% renewable_and_efficient_electric_power_systems.pdf Page 372 
% Ir interest rate;  inf : Inflation Rate 
Ir=0.05;inf=0.015; 
% Projct Life n for wind turbine System  
n=25; 
% % Projct Life nrep  for  electrolyser  
nrepe=10; 
% % Projct Life nrep  for  H2 Tank System   
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nrept=10; 
% % Projct Life nrep  for  other items   
nrepo=15; 
Ir1=(Ir-inf)/(1+inf) 
% CRF The capital recovery factor for project  
CRF=Ir1*(1+Ir1)^n/(((1+Ir1)^n)-1) 
% CRF The capital recovery factor for electrolyser 
CRF_Ele=Ir1*(1+Ir1)^nrepe/(((1+Ir1)^nrepe)-1) 
% CRF The capital recovery factor for hydrogen tank 
CRF_H2T=Ir1*(1+Ir1)^nrept/(((1+Ir1)^nrept)-1) 
% CRF The capital recovery factor for other items 
CRF_Others=Ir1*(1+Ir1)^nrepo/(((1+Ir1)^nrepo)-1) 
% Ccap  initial capital cost of each component  in $ 
Pcap_Pw=3000;     % Initial  Cost of Wind turbine  $/kW 
Pcap_Ele=650;     % Initial  Cost of Electrolyzer+compressor $/kW 
Pcap_H2T=600;     % Initial  Cost of H2 storage tank $/kg 
Pcap_others=300;     % Initial  Cost of other components  $/kW 

  

  
Pw_Rated=200;     % Rated Power of Pw in Kw\ 
Ele_Rated=8.66;     % Rated Power of Ele in Kw\ 
H2T_Rated=5;         % in kg 
Other_Rated=(200+8.66); %including  controller and inverter 
%% ------------------------------------------------------------- 
% Calculate Annualized Capital cost for system 
% Total_Ccap_Pw  Total capital Cost for PW 
% Total_Ccap_Ele  Total capital Cost for Electrolyzer and Compressor 
% Total_Ccap_H2T  Total capital Cost for Hydrogen tank 
Total_Pcap_Pw=Pcap_Pw*Pw_Rated; 
Total_Pcap_Ele=Pcap_Ele*Ele_Rated; 
Total_Pcap_H2T=Pcap_H2T*H2T_Rated; 
Total_Pcap_others=Pcap_others*Other_Rated; 
IV=[Total_Pcap_Pw;Total_Pcap_Ele;Total_Pcap_H2T;Total_Pcap_others]' 

  
Pacap_PW=Total_Pcap_Pw*CRF; 
Pacap_Ele=Total_Pcap_Ele*CRF_Ele; 
Pacap_H2T=Total_Pcap_H2T*CRF_H2T; 
Pacap_others=Total_Pcap_others*CRF_Others; 
IV_k=[Pacap_PW;Pacap_Ele;Pacap_H2T;Pacap_others]' 
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%% ------------------------------------------------------------- 
% Operation and Maintenace Costs for the system 
% Camaint_PW(1) Initial capital cost, replacement cost, maintenance cost for PW in the first year 
% Camaint_Ele(1) Initial capital cost, replacement cost, maintenance cost for Eelctrolyzer+ Compressor in the first year 
% Camaint_Other(1) Initial capital cost, replacement cost, maintenance cost for other components in the first year 
Camaint_PW(1)=50*Pw_Rated; 
Camaint_Ele(1)=10*Ele_Rated; 
Camaint_H2T(1)=5*H2T_Rated; 
Camaint_others(1)=5*Pacap_others;  

  
Camaint_PW=Camaint_PW(1)*(1+inf)^n; 
Camaint_Ele=Camaint_Ele(1)*(1+inf)^n; 
Camaint_H2T=Camaint_H2T(1)*(1+inf)^n; 
Camaint_others=Camaint_others(1)*(1+inf)^n; 

  
Maint_k=[Camaint_PW;Camaint_Ele;Camaint_H2T;Camaint_others]' 

  

  
%% ------------------------------------------------------------- 
%% The annualized replacement cost 
%nrep_Comp  :The component of Compressor lifetime, year 
%nrep_fc    :The component of fuel cell  lifetime, year 
%nrep_HT    :The component of H2 tank  lifetime, year 
nrep_Ele=10; 
nrep_H2T=10; 
nrep_others=15; 

  
n_rep_Ele=n/nrep_Ele;    % Total number of Replacement here is 2 times 
n_rep_H2T=n/nrep_H2T;    % Total number of Replacement here is 2 times 
nrep_others=n/nrep_others;    % Total number of Replacement here is 2 times 

  

  
SFF_Ele=Ir1/((1+Ir1)^nrep_Ele) 
SFF_H2T=Ir1/((1+Ir1)^nrep_H2T) 
SFF_others=Ir1/((1+Ir1)^nrep_others) 

  
%Prep_H2T   :The replacement cost of the H2T US $; 
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Prep_Ele=500; 
Prep_H2T=300; 
Prep_others=250; 
% Parep_Comp : The annualized replacement cost of a Compressor  
% Parep_H2T : The annualized replacement cost of a H2 Storage Tank  
% Parep_FC  : The annualized replacement cost of a Fuel cell  
Parep_Ele=n_rep_Ele*Prep_Ele*SFF_Ele*Ele_Rated; 
Parep_H2T=n_rep_H2T*Prep_H2T*SFF_H2T*H2T_Rated; 
Parep_others=nrep_others*Prep_others*SFF_others*Other_Rated; 

  
Rep_k=[0;Parep_Ele;Parep_H2T;Parep_others]' 

  
% Calculate ACS_FC  annualized cost of FC 
% ACS_PW  annualized cost of PW 
% ACS_Ele  annualized cost of Electrolyzer 
% ACS_H2T  annualized cost of H2 storage Tank 
% ACS_others  annualized cost of other components 
ACS_PW=Pacap_PW; 
ACS_Ele=Pacap_Ele+Parep_Ele; 
ACS_H2T=Pacap_H2T+Parep_H2T; 
ACS_others=Pacap_others+Parep_others; 

  

  
% Total ACS for all Components 
ACS_Pw_t=ACS_PW+Camaint_PW; 
ACS_Ele_t=ACS_Ele+Camaint_Ele; 
ACS_H2T_t=ACS_H2T+Camaint_H2T; 
ACS_others_t=ACS_others+Camaint_others; 

  
ACS=[ACS_PW;ACS_Ele;ACS_H2T;ACS_others]' 
ACS_t=[ACS_Pw_t;ACS_Ele_t;ACS_H2T_t;ACS_others_t]' 
%% Total ACS 
total1=[IV;IV_k;ACS_t;Maint_k;Rep_k;ACS]' 

  
IV_total=sum(IV) 
ACS_total=sum(ACS_t) 
maint_costs=sum(Maint_k) 
Electricity_Genrated=234931.74;   % in kW 
COE=ACS_total/Electricity_Genrated 
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Appendix 4: Tororo and Kampala wind speeds as generated by the Weibull distribution 

  
Tororo data (using a Weibull distribution ) 

Hours/months January February March April May June July August September October November December 

1 2.32 0.49 12.15 1.57 0.90 0.30 1.64 0.78 7.42 1.13 2.98 2.73 

2 1.17 11.42 2.21 1.28 4.17 6.80 9.03 4.95 1.72 2.75 7.65 5.11 

3 0.15 0.08 3.58 1.21 1.15 3.75 9.08 1.73 4.17 10.41 0.96 0.47 

4 6.78 2.11 1.18 0.36 6.28 0.37 6.78 7.43 6.15 3.81 3.42 1.61 

5 0.81 0.67 5.01 10.05 6.48 2.36 0.81 2.25 24.17 0.69 0.54 2.95 

6 1.51 0.73 1.45 0.53 5.13 1.65 8.10 0.60 4.16 3.29 3.07 4.52 

7 2.56 0.40 1.32 1.88 5.97 1.83 4.88 0.28 1.97 7.70 0.58 4.56 

8 0.23 7.14 1.34 1.01 1.66 1.22 4.80 2.37 0.46 2.08 5.38 1.95 

9 2.94 2.43 2.35 5.04 8.10 12.00 7.67 4.36 10.44 3.11 6.34 2.51 

10 6.31 1.32 14.00 1.79 0.61 2.17 0.52 1.45 0.33 0.94 0.40 0.90 

11 1.20 0.12 1.86 0.98 1.01 11.70 1.22 0.29 6.71 2.00 9.68 7.96 

12 1.25 0.39 2.71 0.10 0.24 0.65 1.05 2.29 0.60 0.67 1.17 0.50 

13 3.67 0.21 8.43 2.46 2.19 3.67 1.46 0.09 0.73 0.63 0.96 1.16 

14 0.48 1.53 2.26 8.43 1.31 0.57 2.25 5.52 0.28 5.16 2.57 5.97 

15 0.00 1.53 2.33 9.96 0.36 4.77 3.81 7.47 6.55 6.48 3.00 0.46 

16 0.02 0.33 1.62 1.32 1.92 1.84 1.40 4.12 2.26 0.61 0.06 4.83 

17 7.91 14.99 0.46 0.60 3.92 0.22 7.28 3.15 2.98 1.39 2.85 1.50 

18 5.14 0.24 0.85 1.03 0.08 10.34 6.50 2.94 5.78 12.80 2.54 1.83 

19 16.67 2.88 0.26 3.32 10.27 9.93 13.34 3.97 1.83 0.34 5.74 5.45 

20 1.34 14.75 12.00 0.12 3.47 13.20 0.12 1.24 1.65 2.05 3.47 15.53 

21 8.57 0.71 5.21 1.93 0.08 1.30 0.10 8.12 5.08 1.88 3.59 0.78 

22 2.80 7.19 2.26 0.10 3.12 1.74 7.10 3.10 2.16 1.55 0.35 0.80 

23 0.23 7.55 0.06 9.00 3.64 7.38 2.59 4.15 0.04 0.85 4.33 2.59 

24 1.69 1.39 0.51 5.13 6.55 0.77 1.43 4.02 2.35 0.48 3.62 8.60 



24 
 

Kampala Wind Speeds(using a weibull distribution) 

Hours/months January  February  March April May June July August September October November December 

1 2.84 0.82 1.39 3.08 3.06 5.85 0.42 1.58 1.54 1.99 2.86 13.29 

2 0.20 7.85 0.74 2.50 0.74 2.11 4.05 2.34 3.88 9.61 8.87 10.23 

3 9.44 0.51 13.43 11.56 3.10 3.01 8.26 1.24 1.84 0.32 2.12 6.86 

4 4.84 9.40 1.11 1.72 3.62 0.44 2.20 2.53 5.65 11.41 6.20 0.39 

5 3.06 4.17 0.18 0.48 2.82 0.28 0.52 2.65 2.24 2.50 2.34 2.67 

6 2.02 2.09 4.28 9.06 8.51 0.82 4.11 2.58 0.07 8.31 3.83 2.02 

7 0.50 2.14 1.80 3.39 8.29 1.41 12.37 0.24 0.65 3.77 4.28 2.47 

8 2.88 1.62 4.28 5.22 0.57 1.22 7.60 3.49 5.04 0.81 1.18 9.42 

9 3.14 1.74 6.12 0.06 2.07 0.43 10.02 7.93 1.53 5.50 2.45 0.38 

10 1.11 3.34 0.96 2.04 5.44 11.19 1.17 5.27 4.11 0.48 0.87 4.35 

11 2.89 7.87 1.30 5.62 0.60 4.47 3.06 1.40 0.05 1.32 5.87 4.60 

12 0.57 1.14 5.11 8.28 11.67 22.31 1.57 0.65 9.91 3.79 1.44 1.82 

13 2.90 5.68 2.16 2.49 3.20 0.77 1.40 0.11 5.54 5.42 10.90 2.60 

14 2.65 1.72 3.46 0.77 1.33 2.78 2.18 5.68 0.84 5.36 0.82 3.50 

15 2.73 0.62 9.54 0.73 4.44 4.12 1.81 1.01 9.89 1.03 1.43 1.48 

16 5.59 9.89 14.91 0.75 3.74 6.09 0.51 1.99 2.53 11.69 0.21 0.22 

17 9.34 0.11 2.84 6.52 2.63 2.57 1.61 3.36 0.89 1.47 8.85 1.67 

18 10.25 13.84 5.12 2.49 0.46 5.08 0.52 2.49 1.21 1.86 0.36 4.42 

19 0.45 0.72 4.32 0.55 1.03 11.00 2.97 2.60 7.82 1.14 2.49 5.54 

20 5.53 0.72 4.99 8.66 10.94 10.11 7.63 1.59 3.30 0.09 1.80 2.88 

21 0.57 11.99 7.07 0.64 5.24 11.00 10.48 1.10 4.19 3.73 4.26 12.61 

22 1.29 2.42 3.67 0.43 3.97 3.66 1.31 4.43 2.95 5.25 9.46 0.46 

23 0.52 0.23 1.44 6.25 0.60 8.58 4.59 8.93 2.13 0.51 0.60 1.73 

24 0.24 4.54 6.36 10.51 3.56 3.34 1.56 0.71 7.70 0.84 7.16 5.57 

 




