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Abstract

:

In this study, we developed a new hybrid mathematical model that combines wind-speed range with the log law to derive the wind energy potential for wind-generated hydrogen production in Pakistan. In addition, we electrolyzed wind-generated power in order to assess the generation capacity of wind-generated renewable hydrogen. The advantage of the Weibull model is that it more accurately reflects power generation potential (i.e., the capacity factor). When applied to selected sites, we have found commercially viable hydrogen production capacity in all locations. All sites considered had the potential to produce an excess amount of wind-generated renewable hydrogen. If the total national capacity of wind-generated was used, Pakistan could conceivably produce 51,917,000.39 kg per day of renewable hydrogen. Based on our results, we suggest that cars and other forms of transport could be fueled with hydrogen to conserve oil and gas resources, which can reduce the energy shortfall and contribute to the fight against climate change and global warming. Also, hydrogen could be used to supplement urban energy needs (e.g., for Sindh province Pakistan), again reducing energy shortage effects and supporting green city programs.
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1. Introduction


In Pakistan, the boreal summer is extremely hot. Sometimes the maximum temperature reaches 54 °C, such as in the summer in 2016 (21 May 2016 in the District of Larkana, Sindh province) [1]. Heatstroke and other heat-related medical conditions can result in human fatalities, particularly when power shortages occur in urban areas (e.g., Sindh province Pakistan). In June 2015, a heat wave was responsible for 1200 fatalities in Karachi, along with 67,000 patients admitted to hospital with heatstroke. Meanwhile, the summer season in Pakistan has suffered energy shortages also, which has resulted in significant national energy crises in recent years [2]. As a result, frequent power cuts will also create new problems in the form of reduced natural gas supplies, breaking off most industrial and commercial processes as well as interrupting logistics, home cooking and cooling. Pakistan is now facing more energy challenges than it did a decade ago. From the winter of 2015 to the present, the country’s natural gas supply and electricity have suffered considerable breakdowns [3].



In recent years, due to the energy crisis, researchers have started to explore all the resources of energy which can be harnessed technically. Along with the requirements of exploring new energy sources, there is also a need to generate climate-friendly energy sources. Similarly, Pakistan is one several regional economies facing difficulty due to climate change-induced shifts in weather patterns. The results of flooding and drought have affected economic growth and agricultural output [4]. With respect to the ongoing energy crisis, renewable hydrogen energy can play a vital role in the future and also minimize the effect of harmful greenhouse gasses (GHGs) that are not only damaging to Pakistan but to the whole world. Hydrogen as a transportation fuel has an auspicious potential to reduce GHG emissions and urban pollution significantly, and its fuel cell technologies have the potential for the end-user applications that are entirely more sustainable and advanced than commercial models [5]. The invention of hybrid vehicles in Pakistan have introduced a new era of non-fossil fuel-based applications. Furthermore, the power-to-gas concept in the advanced countries is near realization.



Fuel cell power-driven applications have been developed but remain expensive presently. However, as these technologies are likely to approach a cost-effective range with further research and development. It is expected that hydrogen fuel-cell appliances will take possession of the existing petroleum vehicles as fossil fuels reach an exhaustion stage.



Hydrogen production can be achieved using different renewable energy sources including wind energy, solar energy, geothermal energy, palm oil, and biomass [6]. However, hydrogen production via wind-generated electricity is considered to be the simplest and cleanest approach. Currently, hydrogen production by the use of wind energy in the electrolysis process is considered to produce the lowest GHG emissions of all hydrogen production sources. Furthermore, wind-generated electricity has the lowest cost per kWh among all renewable resources of electricity generation [7]. Numerous studies have been conducted in the literature on hydrogen production using wind-generated electricity in different countries [8,9,10,11,12].



In Pakistan, greater emphasis should apply to renewable sources of energy in order to decrease dependency on fossil fuels and to help address issues related to climate change. Different authors have identified that wind, solar [13], and biomass [14,15] are the three most important renewable sources for hydrogen production with good prospects in Pakistan. Various studies have determined the potential of sites and considered wind-generated hydrogen production from the estimation of capacity factor using the Weibull distribution function over the wind. For example, Farfan et al. tested the potential of hydrogen generation by applying a multi-criteria assessment through a gas turbine, a photovoltaic system, and wind energy to find that when energy activity is slow, an integrated heated pump, hydrogen storage systems and a wind turbine can provide a continual supply of energy [16]. Sacramento et al. conducted a study in the state of Ceara, Brazil, to evaluate the production of electrolytic hydrogen, where the per capita gross internal product and energy consumption of the region would be increased [17]. Bhattacharyya et al. suggested that hydrogen produced by electrolyzed water and renewable wind energy do not produce carbon dioxide or other dangerous gases, and can be used as part of an optimal energy mix to reduce dependency on fossil fuels [18]. Aiche-Hamane et al. assessed the feasibility of hydrogen production by using wind energy for Ghardaia state, Algeria, and found that at 30 m altitude, 3250 m3 of hydrogen could be produced by a wind turbine, while at 60 m altitude 4200 m3 of hydrogen could be produced by a wind turbine [19]. Sigal et al. assessed the hydrogen production potential in Argentina through wind energy and found that, from renewable sources, Argentina can produce 1 billion metric tons of hydrogen per year [20]. Rahmouni et al. analyzed the potential for hydrogen production from renewable resources in Algeria using statistical and graphical methods to find that hydrogen from renewable sources can play a vital role in the energy transition [21]. Finally, Sarrias-Mena et al. considered wind turbines coupled with an electrolyzer for four different models under different conditions [22]. In addition, many other studies have considered renewable hydrogen production using sources of wind-generated energy; some focused on off-grid applications and some on grid-connected applications of hydrogen energy [21,23].



Hydrogen gas, like other natural sources gas and oil, does not exist as a natural source. Therefore, hydrogen can be extracted from a natural resource, especially from water [23], biomass, coal [24], methane and biological sources [25]. In order to extract hydrogen from these existing sources, the energy spent must be available in an excess quantity and with continuous availability. The purpose of this study is to focus on the techno-economic assessment of renewable hydrogen generation through the use of wind energy in different windy sites situated in the Sindh province of Pakistan. Unlike other studies, the potential of renewable hydrogen generation through wind energy is analyzed by modified mathematical modeling tools, e.g., combining Weibull and log law together. Also, the Levelized cost of wind energy was calculated to measure the hydrogen production cost. A comprehensive policy framework is also considered and, based on these results, we considered possible policy initiatives that could reduce the energy shortfall in Pakistan and ensure a sustainable power supply. The study provides valuable information for policy and decision makers.



The rest of the paper is organized as follows. Section 2 describes the wind power potential and its application in Pakistan. In Section 3, methodology related to the wind-hydro system is described, and in Section 4, the results are presented. Conclusions are drawn in Section 5.




2. Background and Wind Power Potential in Pakistan


Pakistan is positioned in South Asia with an area of 796,095 km2. However, the total land area without water area is 770,875 km2. Many areas of the Pakistan experience near constant wind-speed, and windy area percentage is calculated using the total land area. In order to evaluate the potential of wind power, it is estimated by conventional estimates that the total installed capacity per square kilometer of wind power area is 5 MW [26]. The overall potential of wind resource assessment in numerical terms is presented in Table 1. It can also be noted that about 3.5 % of the area has a wind power class 4 or greater, which is the requirement for cost effective wind energy production [27].



Pakistan has an enormous amount of wind energy potential for the generation of power. As expressed in Table 1, over 9% land in Pakistan is appropriate for most utility-scale wind turbine applications. Hence the total potential of wind energy production capacity in this respect is around 349 GW [28].



In addition to the potential of onshore wind energy, Pakistan also has favorable offshore wind power resources, and its utilization can achieve a considerable share of electricity generation. Moreover, harnessing offshore sources can combat the air pollution in Pakistan [30]. Hydrogen is found to be a significant and most abundant chemical element in the world, constituting about 75% of the elemental mass of the earth [31]. Neither the vision of hydrogen nor the use of hydrogen as an energy vector in the economy is new, while the hydrogen economy is based on a sustainable hydrogen supply. Fossil fuels remain the existing method of hydrogen generation, although they are considered to be infeasible as a sustainable substitute for fossil economies. In this case, hydrogen production must rely on substances other than fossil fuel feedstocks, such as renewable energy (wind, solar) resources, which are the most viable alternatives for sustainable hydrogen production [32]. Renewable resource-based hydrogen can be generated in many ways; one of the fundamental diagrams representing hydrogen production through wind energy is shown in Figure 1.



Hydrogen itself is not an energy source, it is an energy carrier. The benefits of hydrogen as an energy carrier include the fact it has little impact on the environment and diverse applications. Possible disadvantages may be the high necessity of sealing the container and pipelines required to prevent leakage [33]. The use of hydrogen produced by clean sources offers a variety of benefits such as a clean energy carrier. Hydrogen is emission-free at the point of final use. Consequently, hydrogen evades the transport induced both CO2 emissions and air pollutants. Further, hydrogen can be used as a storage medium for electric power from alternating renewable energy sources such as wind energy.



Hydrogen is not readily available in nature, unlike fossil fuels. However, it can be produced from any primary energy source and then it can be used as the fuel either for direct combustion in an internal fuel cell or burning engine [34]. However, it must be emphasized that the hydrogen itself is not an energy source, it is a secondary “energy carrier” like electricity. It is similar to electricity in terms of greenhouse gas emissions or supply security. Any advantage of hydrogen used as a fuel depends on the method of hydrogen generation. If it is produced from coal, it enhances the security of supply but causes much higher CO2 emissions, except the CO2 is captured and stored. If hydrogen is produced using a nuclear or renewable method, it reduces CO2 emissions and enhances the efficiency and security of supply.




3. Data and Methodology


Data and information were acquired from the reports of the meteorological department of Pakistan. In this paper the analysis is based on three years of wind data from April 2002 to March 2005, presented along with the wind generated electric power at eight sites (Katti Bandar, Talhar, Gharo, Jamshoro, Baghan, D.H.A. Karachi, Golarchi, and Nooriabad) in Sindh province. Pakistan Metrological Department reported that to conduct an investigation, at altitudes of 10, 30 and 50 m towers were erected at mentioned sites. At different heights, two wind-speed anemometers have been installed, and to know the wind direction, wind vanes are also installed. Automatic data loggers and temperature sensors for wind record assessment have been installed. The major objective behind this data collection was the identification of windy areas, which also keeps the extra benefit of wind power sites. Furthermore, to compute the wind energy capacity and wind characteristics of the selected sites, the Metrological Department of Pakistan use Weibull distribution functions to analyze the results. Mathematical analysis has been done by MATLAB and Microsoft Excel.



3.1. The System of Wind Power Potential to Produce Hydrogen


Various density functions are used for the simulation of wind-speed data, although the Weibull distribution is the most commonly used and accepted probability distribution function, mainly because of its capability to fit an extensive input data range [35]. One of the main weaknesses of Weibull is the inability to simulate near zero or low wind-speed. However, for the commercial use of wind turbines, it does not affect the estimation of wind power potential, as low wind-speed usually produces less energy, and can be ignored [36]. For the valuation of wind characteristics, the Weibull probability distribution function, f(v) describing the wind-speed frequency is expressed as [37]:


f(v)=kc(vc)k−1exp[−(vc)k]



(1)




where v is the wind-speed ms−1; c and k represent the scale parameter and dimensionless shape parameter, respectively. The shape factor k denotes the potential of wind and the distribution peak position, while the scale factor c indicates how windy the site is under study [35].



The standard deviation (σ) and the average wind-speed v are calculated using the following relations:


σv=1N∑i=1N(v−v¯)2



(2)






v¯=1N∑i=1Nvi



(3)




where n indicates the number of hourly wind-speed values over the period considered, (vi) is the value of wind-speed, and σv represents the density of wind-speed corresponding to the month in which (vi) occurs. In this study, we use moment method suggested by [38], in which standard deviation σ and mean wind-speed v values are used to assess the Weibull distribution factors c and k.



The wind speed survey represents not only the real situation of wind potential, but also the kinetic energy and frequency distribution of wind speed are intimidated by wind energy density [39]. It is well known that winds flowing at a velocity v, sweep through the blade A and increase with the cube of its velocity. The power density is expressed as using the following equation [40].


Pw(v)=12Aρv¯3



(4)







The average air density based on the Weibull probability density function of sites can be expressed as:


P¯w=12ρv¯3(1+3/k)[(1+3/k)]3



(5)




where the value of air density (ρ) measured at sea level is 1.225 kg/m3 with pressure 1 atm and mean temperature 15 °C [41].



As the hub-height increases wind-speed also increase which reveals a relationship among height of hub and wind speed. However, the wind-speed is measured at different hub-heights on the wind turbine. In this case, the log law method is used to modify the wind-speed based on the ground height and to derive the wind potential because it provides the best wind-speed fit when increasing the altitude [42].


vvR=logln(HHo)ln(HR/Ho)



(6)




where at H height, v is wind-speed, and vR indicates the wind-speed at reference height (HR). Ho indicate the roughness length, which is related to displacement height.



One of the most important indicators to calculate the energy output of a wind turbine is the capacity factor (CF), which is the ratio of energy output and maximum output. The capacity factor is primarily dependent on the capacity of the wind turbine to generate electricity, depending on the wind-speed of the suggested site [43]. CF is presented as follows:


Cf=PoutPr



(7)




where, Pout indicates the mean power output and Pr denotes the rated power of the wind machine. Using Weibull probability density function mean power output Pout can be determined as:


Pout=∫vcivcoρvf(v)dv



(8)




where f(v) denotes the function of the wind-speed, vco and vci indicates the cut-out and cut-in wind-speed respectively, ρv is a power curve of wind turbines. Wind turbine power generation (Pr) approximates the power curve as follows:


Pr=12ρACPv3



(9)







The capacity factor can be calculated as using the values of Pout and Pr in Equation (10)


Cf=PoutPr=∫vcivcoρvf(v)dv12ρACPv3.



(10)







By using the capacity factor and nominal turbine power, the annual electricity can be measured from the following equation


Eout=8760×Cf×Pr



(11)







Depending on the availability of the wind, the level of wind is attributed to each area, so each area is classified according to its power generation potential. Table 2 lists the internationally recognized categories of wind power and their percentage of the area of Pakistan.



Wind-speed data specify that approximately 20% of the area has wind resources “fair to excellent” while 3+ wind class level is generally considered appropriate for power generation. According to Table 2, it is assumed that with the current technologies wind Class 4 is the most suitable. Also, for economical wind power generation the wind turbines respond positively to speeds above 5.5 ms−1. Wind energy helps Pakistan to meet its energy requirements, but can also help to promote the energy industry and introduce cross border electricity trade in the region [44].




3.2. Hydrogen Generation via Electrolysis


Electrolysis of water is defined as the decomposition of H2O (water) into H2 (hydrogen gas) and O2 (oxygen) due to an electric current passing through the water, which instead is performed with PEM for providing purity of the gas and greater efficiency [45]. Through electricity generation systems, renewable hydrogen can be generated in the course of water electrolysis by using the renewable wind electricity. Also, from water electrolysis, hydrogen generation is an excellent option to make full use of the surplus renewable energy. Water electrolysis using electricity from renewable sources with an efficiency of 80–90%, shows great promise in various technologies for the production of hydrogen. The renewable hydrogen production amount from the wind energy is presented in the following equation [46].


h=ηelEoutecel



(12)




where h indicates the amount of hydrogen produced, Eout denotes the wind electricity input to the electrolyzer for hydrogen production, ηel represents the electrolysis process efficiency and its efficiency varies from 80–90% [47]; ecel is the electrolyzer energy consumption and its value is usually 5–6 (KWh/Nm3). The decomposition of water (H2O) to provide H2 needs ΔH = 286 kJ mol−1 [48]. The overall water electrolysis chemical reaction can be written as:


H2O→H2+12O2



(13)







Decomposition without heating (thermal-neutral) requires at least 1.48 V (25 C, 1 atm), varying only with temperature and pressure. Thermoneutral voltage VTH is defined by the charge transfer and enthalpy change of the reaction:


VTH=ΔH2F



(14)




where F is a molar charge constant and has a value of 96,485 (C mol−1). Efficiency is the comparison of the energy flow rate between the electrical power input and the H2 output. Electrolyzer process efficiency (ηel) can be determined almost exactly by electrolyzer voltage (Vel) in comparison to VTH of n number of cells.


ηel≈1.48nVel



(15)







Overvoltage is generated by various loss mechanisms, e.g., electrical, electrochemical and transmission related, increasing with current density. The electrolyzer will operate at a range of current and power levels when connected to a wind turbine.




3.3. Role of Battery in Electrolysis Process


It can be observed that the entire cell reaction response is the sum of the two half reactions. Generally, cell emf can be the sum of two half-cell potentials, i.e., sum of the voltage of the reduction half-reaction (Eredo) and oxidation half-reaction (Eoxo).


Ecello=E(ox)o+E(red)o



(16)







It is not possible to directly calculate the potential of the separated half-cell, select a standard hydrogen half-reaction as a reference, and have assigned a standard reduction potential of exactly 0.000 V.



It is not possible to directly calculate the potential of an isolated half-cell. The standard hydrogen half-reaction has been selected as a reference and has been assigned a standard reduction potential of exactly 0.000 V


2H(1M)++2e−=H2(1atm)  (Eredo=0.00 V)



(17)







Let us look again at the Daniell cell described above. The standard half-cell potentials are:


(Anode)  Zn(s)→Zn(aq)2++2e−  (oxidation)  EZn/Zn2+o=0.76 V(Cathode)  Cu2++2e−→Cu(s)  (reduction)  ECu2+/Cu=0.34 V



(18)







Therefore,


Ecello=E(ox)o+E(red)oEcello=0.76+0.34 VEcello=1.10 V



(19)







The notation scheme that represents galvanic cell is written on the left with the anode, the double vertical line indicating the presence of a salt bridge or porous plate.




3.4. Economic Assessment


3.4.1. Investment Cost of the Wind Power Plant


An appropriate tool for the comparison of different technologies unit costs, over their economic life is known as the levelized cost of electricity (LCOE). Also, to assess the cost of different energy generation technologies, the LOCE method is used as a benchmarking tool [49]. LCOE can be calculated using energy generation annual cost divided by annual total energy generation [50]. The economic assessment of a wind energy project depends on the project’s capability to produce electricity at a low operating cost per unit of energy. The economics of wind power is based on different parameters such as total investment costs, electricity production, maintenance and operation costs, site selected, and wind turbine characteristics. The proper selection of the wind turbine site among all listed parameters is the most essential parameter for achieving economic viability. Different methods are often used to evaluate the operating cost per unit of energy produced by a wind energy conversion system. In this study, per unit cost (CW) of wind energy is measured as the ratio of accumulated net present value of total costs (PVC) to the total energy (Etot) generated by the system.


CW=PVCEtot



(20)








3.4.2. Electrolysis Cost of the Wind Power Plant


Many previous works have proposed an economic modeling of the electrolyzer, where the electrolyzer investment includes three main costs including capital, operating, maintenance and replacement costs. The total investment in the electrolysis cell depends on the size of the hydrogen generation capability. The capital cost of the electrolyzer depends on the required rate of hydrogen production. The estimated specific capital cost per kWh at nominal production and the effective electrolyzer efficiency is measured as.


Cele,u=MH2Kel,th8760·fηu



(21)




where (Cele,u) is the electrolyser unit cost, f is the capacity factor and Kel,th is the energy required by the electrolyser. The reference case considers the unit cost of the electrolyzer to be $368/kWh which corresponds to the target value. We assume that annual operating costs and replacement costs are equivalent to 2% and 25% of the first cell investment, respectively, and that the operating life of the electrolyzer is seven years.



In order to investigate the economic assessment of the selected sites, we need to calculate their operating costs. In previous studies, various researchers used different methods to calculate operating costs per unit ($/kWh) [51]. For selected sites, the per-unit cost ($/kWh) of wind power generation needs to be calculated. The variable includes the specifically stated power cost (C1) of the wind turbine, miscellaneous (C2), installation (C3), operation and maintenance (C4), inverter costs (C5) and battery bank (C6) [52].



Using Table 3 the variables C1–C4 can be combined into a present value cost (PVC), whereas interest rate (r), wind turbine operation and maintenance cost [53], scrap value (S), inflation rate (i), turbine investment cost (I) and turbine lifetime (L). It can be calculated as:


PVC=I+C2(1+ir−1)[1−(1+i1+r)L]−S(1+i1+r)L



(22)







The total cost of wind energy (CT) can be measured as:


CT=PVC+C5+C6



(23)







Wind turbine operation and maintenance costs are considered to be 25% of the wind turbine’s annual investment cost [8]. The value of scrap is estimated to be 10% of the annual investment cost [54]. The inflation rate and interest rate in Pakistan are taken as 12.63% and 6.9% respectively. Civil works and installation costs are to be taken 4% of the total investment cost. Battery cost, miscellaneous cost and inverter cost are estimated at 9%, 10% and 4% of the investment cost respectively [55]. Investment cost (IC) can be measured as:


Ic=CASPEC+Pr



(24)




where CASPEC is the average cost of per unit kW and Pr is the rated power cost of a wind turbine [56]. The specific cost and rated cost of different wind turbines are presented in Table 4. The wind energy per unit cost (Ccu) can then be measured as:


Ccu=Total cost/Annual average yield



(25)







The hydrogen production cost CH2 was the key economic parameter chosen for the optimization of the size of the hydrogen production devices and it is measured as:


CH2CW+CeleMH2·T



(26)




where CW and MH2 is the energy cost ($) and annual hydrogen production respectively. Cele is the capital, maintenance and operating cost of the electrolyzer. T is the lifetime of the project and considered as 20 years.






4. Results and Discussion


The mean wind-speed, shape parameter, scale parameter, capacity factor and mean power densities have been studied for electricity generation. The hydrogen is measured through the power generated from wind turbines wind and also the economic assessment of the hydrogen production from wind energy is presented.



4.1. Wind Power Potential


The monthly average wind-speeds for the particular selected locations are presented in Figure 2. For Katti Bandar wind station, the monthly average wind-speed vary amongst 4.50 ms−1 and 10.50 ms−1. The highest mean wind-speed in the month of July was 10.20 ms−1, and 4.90 ms−1 was lowest in the month of January. For Talhar wind station, the lowest and highest monthly wind-speed is 2.70 ms−1 in the month of November, while 10.30 ms−1 in June respectively. For the Gharo location, the highest wind-speed is 9.4 ms−1 in the month of May, while the lowest wind-speed is 3.8 ms−1 recorded during November. The monthly mean wind-speed ranged from 5.00 ms−1 to 14 ms−1 at Jamshoro wind location. Where the highest wind-speed is 13.9 ms−1 in July and the lowest mean wind-speed is 5 ms−1 recorded in January. For Baghan wind station, the highest monthly mean wind-speed of 8.6 ms−1 occurred in June and the lowest monthly mean wind-speed of 4.4 ms−1. For the Golarchi wind site, the monthly wind-speed data ranges among 4.5 ms−1 to 9.5 ms−1 from January to December. For Nooriabad wind station, the monthly mean wind speed is recorded 10.6 ms−1 at the peak in June, the lowest wind speed is 4.2 ms−1 in October and also the mean wind speed fluctuate between 4 ms−1 and 11 ms−1 over the period of the question. However, during the study period the highest monthly mean wind-speed occurred mostly in between May and August, which is the summer season for all of the wind stations included in the study. The lowest monthly mean wind-speed is recorded in the months of January–April and September–December. As the length of the daytime increases, the climate becomes more arid, the electricity demand increases throughout summer. Therefore, the peak demands coincide with the highest wind-speed for all the selected wind satiations.



Figure 3 illustrates the annual mean wind-speed for the eight selected sites. The average annual wind-speed of selected locations Katti Bandar, Talhar, Gharo, Jamshoro, Baghan, DHA Karachi, Golarchi and Nooriabad are 7, 6.24, 6.6, 8.5, 6.3, 5.9, 6.3, and 7 ms−1 respectively. Based on the wind-speed classification as mentioned in Table 2, Nooriabad wind site can be classified as an excellent to ideal location for wind potential, while Jamshoro site is classified as good and the other locations Talhar, Katti Bandar, Gharo, Baghan, Golarchi and DHA Karachi are classified as moderate, as they are considered to have relatively limited wind resources.



The annual Weibull scale parameter (c) and shape parameters (k) results are presented in Table 5 for the selected wind locations. Selecting the most proper distribution for a given location depends on the situation of wind regimes. The annual mean Weibull shape parameter of Katti Bandar, Talhar, Gharo, Jamshoro, Baghan, DHA Karachi, Golarchi and Nooriabad are 1.8, 1.5, 1.9, 1.9, 2.1, 2.0, 2.1 and 1.7 whereas, the annual scale parameters are 7.0, 6.2, 6.6, 8.5, 6.3, 5.9, 6.3 and 9.8 ms−1 respectively. The values of shape parameters (k) and scale parameters (c) fluctuate in the ranges of 1.5 to 2.1 and 6.71 to 9.61 ms−1 amongst all the locations, respectively. Moreover, it is obviously clear that the shape parameter (k) has a much smaller variation than the scale parameter (c).



The power densities of locations Katti Bandar, Talhar, Gharo, Jamshoro, Baghan, DHA Karachi, Golarchi and Nooriabad are 595.9, 545.4, 359.5, 647.5, 575.9, 540.5, 382.01, and 754.20 W/m2, respectively, as presented in Table 5, while the annual renewable energy production with a GW-109/2500 KW wind turbine is 21,009,552, 16,388,043, 16,977,724, 22,379,630, 20,705,733, 20,448,179, 19,199,308 and 304,660,119 kWh/year, respectively. Additionally, compared to the other sites Nooriabad has highest annual average power density value (754.20 W/m2) with capacity factor 0.50 among all the selected sites, which is internationally accepted for wind power project installation. Also, according to wind power density classification as presented in Table 5, the monthly mean wind power density of Nooriabad and Jamshoro is higher than 600 W/m2. Katti Bandar, Talhar and Baghan wind sites have substantial resources of wind energy in the months of May, June, July, and August respectively, while the mean power density of DHA Karachi and Gharo is higher than 400 W/m2 in the months of May, June, July and August, which are also suitable for wind energy generation. Hence, we can draw the conclusion that all the selected locations are suitable to generate the wind power.




4.2. Hydrogen Production


In this study, we used electrolyzer with an energy consumption of 5 (kWh/Nm3) and a rectifier with 90% efficiency. One kilogram of produced hydrogen equals to 11.13 (Nm3) [47], which can be used to convert hydrogen produced by normal cubic meters into kilograms. The annual renewable energy generation of the GW-109/2500 wind turbines is calculated based on Weibull data. Table 6 lists the results of the analysis of the annual production of hydrogen at eight selected sites.



The capacity factor, annual renewable energy and the annual hydrogen production of wind sites Katti Bandar, Talhar, Gharo, Jamshoro, Baghan, DHA Karachi, Golarchi and Nooriabad are presented in Table 6



The range of capacity factor varies 0.25 to 0.50 and the annual renewable energy production varies from 16,388,043 kWh/year to 304,660,119 kWh/year. While the range of annual hydrogen production varies from 570,524 kg/year to 306,892 kg/year. Table 6 summarizes that the most hydrogen is produced from Nooriabad and Jamshoro with values of 570,524.7 kg/year, 419,094.2 kg/year, while the lowest amounts of hydrogen productions can be observed in wind sites DHA Karachi, Golarchi, Baghan, Talhar and Gharo with values 382,924.7 kg/year, 359,537.6 kg/year, 387,747.8 kg/year, 306,892.2 kg/year and 319,934.9 kg/year respectively.



Excessive wind flow is necessary to generate electricity, which is required to produce hydrogen. Approximately 97 kg of hydrogen is required per car annually [58]. By using the GW-109/2500 model of wind turbine, the hydrogen produced through wind energy from eight proposed locations in Sindh province of Pakistan can fuel 3,138,089 kg/97 kg = 32,351.43 vehicles per year. Further, hydrogen has an atomic weight of 1, making it a light element, but the density of hydrogen in its liquid form is 0.04 (g/cm3). Comparing the two energy sources of hydrogen and gasoline, we observed that 9.5 kg of hydrogen are equal to 25 kg of gasoline. A 14 kg tank can store 25 kg of hydrogen, but 25 kg of hydrogen storage requires a tank of 145 kg mass [59]. The reason is that the volume of gasoline fuel is four times smaller than that of hydrogen fuel. We conclude that hydrogen fuel efficiency is 1.33 better than gasoline fuel for cars.



The Pakistani government has a better chance to overcome the power shortage by installing a wind-hydrogen project, especially during the summer. Additionally, Pakistan’s total capacity of electricity generated through wind is 119,410 MW that can annually produce 51,917.39 × 103 kg of hydrogen. Hydrogen energy is an economical, secure and clean way to fuel the cars and other vehicles. Also, the consumption of transportation oil can be used to produce electricity to decrease power shortage.




4.3. Economic Analysis


The capacity factor, total energy output and unit cost of electricity are calculated using the Equations (13), (14) and (27). The economic analysis is carried out using certain assumptions such as that 25% of wind turbine annual investment is maintenance and operating cost, and the life of the wind turbine is considered to be 20 years [56]. While 5% is the installation cost, 10 % is the cost of investment, the current inflation and interest rate of Pakistan are 6.9 and 12.50, battery and inverter cost is 9% and 4% of wind turbine investment cost. Additionally, the capital expenditures related to hydrogen generation are $410 and annual capital expenses are $36.8/year, the total annual cost of raw material and operation for the maintenance of a hydrogen conversion system are $275,000 and $720,000 respectively.



The capacity factor at locations Jamshoro, Baghan, DHA Karachi and Golarchi is 0.45, 0.43, 0.42 and 0.40 respectively, while the highest capacity factor at Nooriabad is 50, and the remaining three sites Katti Bandar, Talhar and Gharo are 0.29, 0.25 and 0.27 respectively. The per unit cost of electricity generation fluctuates between $0.080/kWh to $0.086/kWh. Although, tariffs and per unit price are different from province to province. So, overall price changes with respect to the purpose of consumption at the final supply stage with the given proposed sites.



Here, for 1 kg of renewable hydrogen generation, the electricity and water requirements are 53.4 kWh and 10.6 kg respectively. Further considerations assumed that the renewable hydrogen generation capital cost includes direct, indirect and the operating cost is $0.027/kg. The leveled water supplying cost for the ease of calculation is assumed about $4.1/ton of water [60]. In order to repay the cost of capital, Pakistan’s interest rate is supposed to be 10 percent and the estimated project life is 25 years. Consequently, the capital charging factor of the electrolysis system is among 0.10 to 0.115.



Further, the cost structure breakdown is as, 87% is the cost of capital of electricity production, 8% is the cost of hydrogen generation, 6% is the cost of hydrogen storage, while 50% is the operating and maintenance cost of the turbine, 5% is the cost of gasification. Although the cost of electrolysis, water supply, operation and raw material is 2%, 20%, 10% and 10% respectively [59]. The total cost of capital could be reduced due to a decrease in configuration cost of the turbine or a decrease in the raw material cost for the electrolysis process, because it is the second highest cost contribution in the whole process.



Finally, the complete calculation shows the renewable hydrogen production cost of the efficient and optimal system is $4.02/kg-H2 to $4.310/kg-H2. Nooriabad site has the lowest hydrogen price $4.02/kg-H2 due to the highest capacity factor, while the Talhar has the highest hydrogen price $4.310/kg-H2 due to the lowest capacity factors as presented in Table 7. Annualized capital cost is the primary factor of the supply cost of renewable hydrogen against annual expenses like raw material purchase cost and facility operating costs. The literature provides evidence about the renewable energy system that the economic saddle by enormous capital expenditure is a serious obstruction to establish a development of a renewable energy system. Also, a realistic strategy for planning the excess electricity by adjusting, selling, planning, timing and extending markets and demand can improve the economics of renewable energy development. Our primary goal is to recognize the mainly cost-efficient approach for the generation of renewable hydrogen from electricity generated from wind sources. Hydrogen’s economic integration shows that the hydrogen’s cost of supply fluctuates between $4.9–$5.1/kg. The production of hydrogen and the cost of supplying hydrogen are contingent on the configuration of the wind turbine and the quality of the alkaline electrolyzer. The process of electrolysis efficiency fluctuates between 56–75% and the electricity required for the production per kilogram of hydrogen ranges between 52.5–53.4 kWh, for the production of 1000 kg/day. A total of 2.3 MW or 20 GWh electricity is required annually. At each site certain amounts of hydrogen energy can be produced with wind generated electricity.





5. Conclusions


Pakistan suffers from severe energy shortages and natural catastrophes due to environmental degradation that is particularly acute during the hot summer months. In this study, we investigated the wind characteristics and wind energy production potential of eight sites in Sindh province. Wind energy potential was examined using a Weibull distribution function that incorporated log law. The results show that most of the sites are capable of producing renewable electricity and that windy areas have enough potential to produce wind-generated renewable hydrogen. Also, the results show that the proposed sites have a total hydrogen production (via wind energy) potential of 8598 kg/day. Furthermore, the economic analysis shows that the wind generated renewable hydrogen is economically viable for light-duty vehicles to replace fossil fuel and other imported carbonized energy carriers. Wind generated renewable hydrogen can be produced $4.02–4.310/kg-H2 depending upon the amount of wind available for power production. Thus, the total wind generated electricity potential for Pakistan is 119,410 MW, which could theoretically produce ~5200 × 103 kg/day of hydrogen annually. Renewable wind-generated hydrogen represents a potential fuel source for the industrial, domestic and transportation sectors and could significantly contribute to reducing the electricity shortage in Pakistan.
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Figure 1. Hydrogen production through different ways. 
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Figure 2. Monthly mean wind speed (m/s). 
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Figure 3. Annual mean wind-speed ms−1. 
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Table 1. Wind resource assessment of Pakistan at 50 m height [29].
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	Wind Class
	Resource Potential
	Wind Area (km2)
	(%) of Total Area
	Installable Capacity (MW)





	3
	Moderate
	43,265
	5.61
	216,325



	4
	Good
	18,219
	2.36
	91,095



	5
	Excellent
	5320
	0.69
	26,600



	6
	Excellent
	2514
	0.33
	12,570



	7
	Excellent
	545
	0.07
	2725



	Total
	
	69,863
	9.06
	349,315
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Table 2. Wind class and electricity capacity at the height of 50 m [3].
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	Wind Class
	Wind Resource
	Wind-Power (W/m2)
	Wind-Speed (ms−1)





	6
	Excellent
	600–800
	<8.6



	5
	Good
	500–600
	7.8–8.6



	4
	Marginal
	400–500
	6.9–7.4



	3
	Moderate
	300–400
	6.2–6.9
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Table 3. Nominal rated power specific costs per kW of wind turbine.
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	Pt(kW)
	Caspec ($/kW)
	Average (CASPEC) ($/kW)





	>200
	1150
	700–1600



	20–200
	1250–2300
	1775



	<20
	2600
	2200–3000
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Table 4. Selected wind turbine specifications [57].
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	Wind Turbine Model
	Rated Power (KW)
	Hub Height (m)
	Cut in Speed (m/s)
	Cut Out Speed (m/s)
	Rotor Diameter (m)
	Swept Area (m2)





	GW-109/2500
	2500
	50
	3
	25
	109
	9516
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Table 5. Annual mean Weibull parameters, wind power density and energy for eight locations.
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	Sites
	V
	C
	K
	P/A (W/m2)
	C.F
	RE kWh/year





	Katti Bandar
	7.0
	7.9
	1.8
	595.9
	0.29
	21,009,552



	Talhar
	6.2
	7.1
	1.5
	545.4
	0.25
	16,388,043



	Gharo
	6.6
	7.5
	1.9
	359.5
	0.27
	16,977,724



	Jamshoro
	8.5
	9.6
	1.9
	647.5
	0.45
	22,379,630



	Baghan
	6.3
	7.1
	2.1
	575.9
	0.43
	20,705,733



	DHA Karachi
	5.9
	6.7
	2.0
	540.5
	0.42
	20,448,179



	Golarchi
	6.3
	7.1
	2.1
	382.01
	0.40
	19,199,308



	Nooriabad
	9.8
	10.9
	1.7
	754.20
	0.50
	304,660,119
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Table 6. Capacity factor, renewable energy and hydrogen production.
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	Sites
	C.F
	RE/kWh
	H2-kg





	Katti Bandar
	0.29
	21,009,552
	393,437



	Talhar
	0.25
	16,388,043
	306,892



	Gharo
	0.27
	16,977,724
	317,934



	Jamshoro
	0.45
	22,379,630
	419,094



	Baghan
	0.43
	20,705,733
	387,747



	DHA Karachi
	0.42
	20,448,179
	382,924



	Golarchi
	0.40
	19,199,308
	359,537



	Nooriabad
	0.50
	304,660,119
	570,524
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Table 7. Cost of electricity and Renewable hydrogen.
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	Sites
	C.F
	Electricity ($/kWh)
	H2 Price/kg-H2





	Katti Bandar
	0.29
	0.084
	4.304



	Talhar
	0.25
	0.086
	4.315



	Gharo
	0.27
	0.085
	4.310



	Jamshoro
	0.45
	0.081
	4.221



	Baghan
	0.43
	0.081
	4.221



	DHA Karachi
	0.42
	0.082
	4.221



	Golarchi
	0.40
	0.082
	4.221



	Nooriabad
	0.50
	0.080
	4.002
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