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Abstract

:

Iran is situated in a wind belt. However, the installed wind capacity in Iran is around 300 MW, which is minuscule compared with the global 651 GW capacity as of 2021. Using novel data from wind trackers across Iran, the paper’s findings show immense potential for wind energy in Iran from a technical perspective. While attractive policies are already in place to incentivize wind energy development in Iran, the feed-in tariff (FiT) for wind energy has dropped to around 3 cents per kWh because of the sharp depreciation of the Iranian rial between 2018 and 2020. This paper shows that there is no economic justification for the development of wind farms in Iran at such low FiTs. A minimum FiT of 12 cents per kWh is required to reinvigorate Iran’s wind energy industry investments. Given the extremely tight fiscal space of the Iranian government due to the sanctions and consequently reduced oil exports, the paper argues that a mere 2.14% of Iran’s wasteful fossil fuel subsidies are sufficient to provide a FiT of 12 cents per kWh for wind energy to meet 5% of the country’s total electricity demand.
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1. Introduction


The installed wind capacity in Iran is around 300 MW, which is minuscule compared with the global 651 GW capacity as of 2021 (http://windea.org/information-2/information/, accessed on 10 October 2021). Iran is situated in a wind belt and has a relatively good potential for wind energy compared to other countries in the Middle East. However, wind power constitutes an insignificant share in Iran’s 80 GW power sector. This is mainly due to a limited number of wind power companies, highlighting the inadequate investment in this sector. In general, this is true for the renewable industry, which accounts for less than one percent of Iran’s total power generation capacity (https://www.tehrantimes.com/news/429697/Iran-s-power-generation-capacity-rises-1000-MW-since-March, accessed on 17 April 2021). However, important incentives for developing wind energy in Iran, such as 20 years power purchase agreements (PPAs), have been implemented in recent years. Considering the possibility of reducing or removing sanctions against Iran in a Biden administration, these incentives for developing renewable and wind energy could provide favorable opportunities for foreign investors compared to other countries in the Middle East or globally. In addition to the 20-year PPAs, the Iranian authority (SATBA) encourages domestic production of wind turbines and accessories by providing an additional 30% bonus if wind farms use Iranian turbines and components. Such a bonus could play an important role in promoting domestic R&D and production in the Iranian wind industry. It should also be noted that there is evidence for the mutually supportive role of increased R&D and capacity installation in making the wind industry more efficient and profitable in the long run [1,2].



Considering the intermittent nature of wind energy, including the diurnal and seasonal variation of wind power, it is important to assess the impact of this intermittent power on the Iranian grid. There should be a regional and national plan to build synergy between intermittent and dispatchable resources connected to the grid through strategies such as wind assessment, interconnection, integration, and efficient market design [3]. Among them, the assessment of wind power has noticeable importance [4].



While the literature does include a few studies on wind power assessment in Iran, the majority of such studies focus on only a specific region of the country: the city of Tehran [5], the province of Semnan [6], the city of Shahrbabak [7], the city of Zahedan [8], the province of Yazd [9], the city of Zarrineh [10], the cities of Tabriz and Ardabil [11], the region of Binalood [12], the province of Sistan and Balouchestan [11], the province of Bushehr [13], and the city of Aligoodarz [14]. More importantly, the literature lacks a detailed investigation of wind energy’s spatial and temporal variation across the country. A study for the Mah-Shahr region has conducted an economic feasibility analysis and assessed the wind resources in a specific region [15].



While region-specific studies are valuable, considering the significant potential but minimal development of wind power in Iran, it is important to conduct a country-level examination of wind energy from technical angles and financial and policy perspectives. This is important because the current studies are conducted at different times and employ varying assumptions, making it difficult for policymakers to have a uniform country-wide perspective. The unique contribution of this study is that it provides a comprehensive country-wide technical analysis using hourly data of wind meters in all provinces of Iran. Moreover, this study provides a novel country-level financial analysis of wind power in Iran and suggests potential sources of financing wind energy in Iran sustainably. Such country-level analyses are especially crucial at this juncture as the U.S. sanctions of the Iranian oil industry and exports have created a new technological, regulatory, and investment environment for the wind industry in Iran.



Some recent papers analyze the capacity and requirements for solar energy development in Iran [16,17], but there is no comprehensive research investigating technical, financial, and policy aspects of wind power in Iran. There are two main objectives for this paper. First, using novel data collected from wind trackers across Iran will present a comprehensive assessment of the temporal and spatial variation of wind energy in Iran and develop a high-level picture of its potential role in Iran’s electricity industry. Second, it will conduct an economic feasibility analysis and identify potential sources of revenue to finance the minimum FiT required for the continuous development of the Iranian wind industry. The rest of the paper is organized as follows to accomplish these objectives. Section 2 provides a brief background on wind energy in Iran. The geography and intermittency of wind power in Iran will be described in Section 3. Policy, technical, and economic assessments are conducted in Section 4, whereas Section 5 concludes the discussion.




2. Background


All wind farms in Iran, totaling about 300 MW installed capacity, are privately owned (Table 1). Despite having a high wind power potential, wind power plants in Iran have not developed according to what one would expect [18]. Studies concerning Iran’s wind power show an economic potential of about 18 GW of wind power in Iran (SATBA, satba.gov.ir, accessed on 14 May 2020). Until two years ago, there were around 50 MW of publicly owned installed wind capacity. However, because of sharp drops in oil exports owing to the U.S. imposed sanctions, the Iranian government has experienced significant budget deficits in 2018, 2019, and 2020. As a result, the government has stopped investing in renewable energy. It has transferred the ownership of government-owned wind farms to the private sector, leaving the private sector to develop this industry further. As electricity price is set centrally by the government, no market could be established based on the equilibrium between supply and demand through the price mechanism. Electricity generation cost is always higher than the retail price, and the government covers the difference in subsidies. Considering that there is no wholesale market for electricity in Iran, SATBA is the single buyer of wind-generated electricity, creating a monopsony market structure with some nuances for the electricity generated through wind and other renewable sources inside Iran.



Although guaranteed feed-in tariffs (FiT) in power purchase agreements (PPA) are subsidized by the government and are higher than the retail price of electricity (In November 2020, FIT for wind power in Iran is about 10 times the average retail price for residential consumption.), substantial investments in the renewable sector are yet to happen. This is mainly due to high-interest rates in Iran’s banking system, the absence of venture capital, and difficulties attracting foreign investments because of the decade-old financial sanctions.



In addition to the financing challenges, this industry faces severe technical challenges. In the grid, the supply and demand of electricity should be balanced. From a predictability and planning point of view, the amount of wind power generated at a certain point in time or year is highly unpredictable compared to conventional generation systems. As a result, the level of predictability is an important criterion and a deciding factor for investment in wind farms [19]. The main features of wind power that result in unpredictability are cross-spatial imbalances and inter-temporal variations, which need to be analyzed and forecasted. A study discusses the pros and cons of different forecasting methods such as numerical prediction from global to local scales, ensemble forecasting with upscaling and downscaling processes, statistical and machine learning approaches, and benchmarking techniques [20]. The models by which such variations are analyzed can significantly affect the project’s market value [21]. Benchmarking techniques and uncertainty checks are used to universally validate models’ total fit and forecast actual function and application. Hence, sophisticated parameterizations often provide a relatively accurate big picture and medium-term and long-term planning. On the other hand, recent statistical and machine learning innovations have resulted in efficient forecasting on short-term and local scales. Therefore, a combination of the long-term and short-term models is required for a comprehensive solution.



The cost of integrating wind power into the grid is another important factor. If the portion of wind power in total consumed power increases, integration costs increase because system reliability becomes more dependent on wind, an intermittent energy source. There is a need to deliberately calculate the capacity factor of wind power, measuring the average energy delivered compared to install capacity, varying in countries/regions according to geographical characteristics and policy settings. From a cost–benefit point of view, in addition to practical forecasting tools, wider geographical dispersion of wind turbines or transmission possibilities to neighboring areas must be heeded to, all of which increases the cost of wind energy as its share in the energy mix increases [22].




3. Wind Resource Assessment


This study is based on wind speed data collected from more than 160 wind data loggers across Iran, installed and operated by SATBA. The geographical distribution of data loggers provides widespread coverage and an accurate understanding of wind power sources in Iran. We have at least two years of data for most data loggers. Their year of operations varies from 2006 to 2015. Moreover, to have a higher number of data logging stations in our sample, we use the available data at the height of 40 m. The following map (Figure 1) shows the geographical distribution of the wind data loggers across the country, mainly concentrated on northwestern and western mountainous regions of Iran.



The spatial and temporal variation in wind power in Iran affects the availability, dispatchability, and reliability of the electricity generated from wind. To better interpret such variation, all provinces of Iran are compared (Figure 2a–e), both for diurnal and seasonal variation. A significant and similar pattern for diurnal variation in all provinces shows that wind power peaks in the noon or the afternoon. This expected intermittency forces grid companies to rely on wind power generation at specific times during the day and year. Given the relatively high standard deviation of wind power during peak concerning mean (=3.6052 and mean = 4.8283 m/s), grid companies need to install technologies that can deal with such intermittency. Among others, such technologies are pumped hydropower, compressed air energy storage, electrical batteries, supercapacitors, and thermal energy storage stations. There is no unique pattern in terms of seasonal variation; therefore, regional grid companies in each province must further investigate appropriate technologies and seasonal generation plans.



To better understand, it is best to focus the analysis on provinces with larger wind power capacity or average annual wind speed of greater than 5 m/s (5 m/s is the minimum wind speed required for a utility-scale wind power plant). (Figure 3) ranks all provinces based on their average wind speed. Based on this figure, provinces of Qazvin, East Azerbaijan, Alborz, South Khorasan, Ardabil, Sistan Baluchestan, Qom, Razavi Khorasan, Semnan, and Khuzestan all register average annual wind speeds larger than 5 m/s. Figure 4 provides an overview and comparison of these provinces in detail. As can be seen, diurnal variation has the same pattern as before, with wind speed increasing and reaching its peak in the afternoon hours. There is also a seasonal variation in a few provinces. There are noticeable increases in wind speeds between May and October (with a peak in July) for South Khorasan, Razavi Khorasan, Qazvin, Semnan, and Sistan Baluchestan provinces.



As seen above, ten Iranian provinces have annual average wind speeds larger than 5 m/s at the height of 40 m, making them attractive regions to harvest wind energy. To complement the above discussion, Figure 5 shows the wind map of Iran, confirming that large areas of Iran register wind speed larger than 5 m/s, which is highlighted by green, yellow, orange, and red, dark purple colors. However, the wind share in the Iran electricity mix has always been less than 0.5%, while the share of fossil fuel in the country’s installed capacity has remained well above 90%, followed by hydro of around 6% (https://www.eia.gov/international/analysis/country/IRN, accessed on 15 December 2020). Regulatory and economic hurdles play a major role in the minute share of renewable energy, specifically wind, energy in Iran.




4. Technical, Economic, and Regulatory Assessments


4.1. Technical Assessment


As of now, most of Iran’s wind turbines are installed in Qazvin and Razavi Khorasan provinces. However, wind power has good potential in other provinces such as East Azerbaijan, Ardabil, South Khorasan, and Sistan Baluchestan. These six provinces are home to wind trackers in the top quartile in terms of wind speeds (Figure 6 and Table 2). The data confirm that the peak wind speed in these provinces happens between May and September, which matches the peak electricity load and the average temperature in Iran (Figure 7). In recent years, policymakers have had a major concern to address the summer electricity peak demand economically feasible and technically reliable, as summer blackouts have become more commonplace across the country. The positive correlation between peak electricity demand and peak wind speeds in these provinces and several others, such as Semnan and Markazi provinces, has made wind an important piece of the puzzle in the proposed solutions for this increasing challenge.



The average wind speed data for the above six provinces are presented in Table 2. Based on the energy recovery potential of the most commonly utilized Vestas V47 wind turbines in Iran and applying a capacity factor (Cp) of 50% and Betz limit of 59%, the average monthly electricity that can be generated is presented in Table 3.




4.2. Economic Assessment


As seen in Table 4, for wind energy to meet 5% (The logic behind choosing 5% is because the share of wind in world’s total electricity generation is about 5.9%. Hence, given the current economic and policy environment in the country, 5% would be the maximum possible share of wind in Iran’s electricity industry in the foreseable future. See bp Statistical Review of World Energy July 2021 (http://www.bp.com/statisticalreview, accessed on 17 November 2021) for more) of the total electricity demand in the above six provinces, it is necessary to build wind farms with a total capacity of about 1616 MW which will require an initial investment (CapEx) of USD 1.89 billion. It should be note that the total demand estimation has been done using the previous studies conducted for the case of Iran [23,24,25]. As discussed earlier, although wind energy is technically an attractive and viable option in the above six provinces, the main factor discouraging investments in this sector is the extremely low FiT for electricity generated from wind farms. As seen in Table 4, the current FiT of 3.5 cents per kWh results in a large negative IRR of about −10.2%, which is not acceptable.



Massive depreciation of Iranian rial in the past three years and lack of subsequent adjustments to FiT have made the purchase price of electricity from wind drop from about 12.5 cents in 2017 to 3.5 cents per kWh in 2020. As a result, utility-scale investments in the Iranian wind sector have halted in the past three years, making adjustments to FiT a necessary policy requirement to reinvigorate investments in Iran’s wind energy industry. IRRs and NPVs associated with a few FiT scenarios are considered in Table 5:




	
Scenario 1 is based on the current FiT of 3.5 cents per kWh.



	
Scenario 2 refers to the 2010–2019 average FiT for wind energy in 26 OECD countries with such available data.



	
Scenario 3 refers to the 2010–2019 average FiT for wind energy in 45 OECD and non-OECD countries worldwide with such available data.



	
Scenario 4 is Switzerland’s 2010–2019 average FiT for wind, the highest figure among the 26 OECD countries.



	
Scenario 5 is the 2010–2019 average FiT for wind in the Dominican Republic, the highest figure among the 45 OECD and non-OECD countries worldwide (Please see Appendix B for available data on FiT for all countries between 2010 and 2019).








As suggested in Table 5 and Figure 8, for Iranian wind farms in these six provinces to provide a minimum positive IRR, a FiT of at least 8.1 cents per kWh is required for the next 20 years. However, to make investments in wind farms competitive in these provinces, a FiT of at least 12 cents per kWh is needed, equal to the global average FiT for wind energy. In other words, with a FiT that is at least equal to the world average, establishing wind farms in these six Iranian provinces would be economically feasible and attractive projects to invest in. As a result, the success of the Iranian wind energy industry depends heavily on the ability of the Iranian government to commit to a FiT that is equal to or larger than 12 cents per kWh in the long run.



At first look, the Iranian government seems to lack the ability to commit to such a FiT for 20 years. Severe and prolonged economic and financial sanctions and rapid depreciation of the Iranian rial have significantly impacted the government’s fiscal position, leaving no room for the government to provide and commit to economically suitable FiTs for wind and other renewable energy sources. However, reviewing the energy policies of the Iranian government in the past decades reveals the grim reality that fossil fuel subsidies have ranged somewhere between 20% and 30% of Iran’s GDP, year after year. For example, a 2019 IMF working paper estimates that Iran’s post-tax energy subsidies (including all kinds of fossil fuel, electricity, and water) were about USD 111 billion or around 30% of the country’s GDP in 2015 (Coady et al., 2019). In 2018, fossil fuel subsidies were reduced to USD 69 billion, 15.3% of the country’s GDP, and 16% of total global energy subsidies (https://financialtribune.com/articles/domestic-economy/98959/iran-largest-fuel-subsidizer-in-2018, accessed on 13 February 2020). However, energy subsidies have increased to about USD 110 billion because of the continuous depreciation of rial vis à vis significant currencies in the past three years.



What makes such massive subsidies even more unjustifiable is that more than 82% of such subsidies end up in the pockets of the Iranian households in the top income decile. Moreover, smuggling gasoline and diesel outside Iran has been commonplace, amounting to more than 8 million liters per day in 2019, declining from 2018’s 12 million per day figure (https://www.magiran.com/article/3962335, accessed on 13 February 2021). Fuel smuggling only benefits the smugglers and economies of the destination countries at the massive cost of the Iranian economy. The difference in the price of gasoline between Iran and its land neighbors ranges from 35 (Azerbaijan) to 81 (Turkey) cents per little. At 8 million liters per day and assuming that the smuggled fuel is divided equally between Iran’s land neighbors, the cost of fuel smuggling to Iran’s economy is about USD 1.5 billion a year. This amount is sufficient to cover a FiT of 12 cents per kWh for wind energy to meet 5% of Iran’s total electricity demand for the next 20 years (Table 6).



Considering the inequitable, inefficient, and ineffective nature of fossil fuel subsidies in Iran and its immense pressure on the government’s finances, it only makes sense to reduce or remove them altogether (https://www.mei.edu/publications/deja-vu-all-over-again-three-gasoline-subsidies-and-social-unrest-iran, accessed on 3 March 2022). As seen in Table 6, to meet 5% of Iran’s estimated total electricity demand through wind energy, the annual costs for FiTs of 12, 21.5, and 53 cents per kWh are USD 1.5, USD 2.69, and USD 6.63 billion. Based on a very conservative estimate of explicit (and not hidden) fossil fuel subsidies of USD 70 billion a year, these FiTs would be about 2.14%, 3.84%, 9.46% of the fossil fuel subsidies in Iran, respectively. Moreover, the capital needed to develop and maintain the wind farms hosting 16,500 of 660 kilowatt Vestas V47 wind turbines will be around USD 12.86 billion or just 18% of the total cost of fossil fuels subsidies in one year. These funds can be dispensed in zero-interest loans to develop and operate wind farms needed to meet 5% of Iran’s total electricity demand. Again, these estimates are based on very conservative fossil fuel subsidies of USD 70 billion per year. The case for subsidizing wind energy through reducing fossil fuel subsidies gets much more attractive if we consider the USD 111 billion energy subsidies figure mentioned in IMF’s 2019 working paper cited above. In a nutshell, even in the face of the harshest financial and economic sanctions, reducing fossil fuel subsidies in Iran even by small amounts (It must be noted that while reducing energy subsidies will automatically reduce fuel smuggling, as long as there is a gasoline price difference between Iran and its neighbors, the motivation for fuel smuggling will remain), could provide ample fiscal space for the Iranian government to provide the necessary FiT and initial capital investment to promote the development of wind and other renewable energy in Iran.



The case of fossil fuel to clean energy “subsidy swaps” is well established in the literature. A 2019 report completed by International Institute for Sustainable Development (IISD) and Global Subsidies Initiative (GSI) shows that such swaps, as well as promoting the use of clean energy over fossil fuel, could also lead to substantial net gains in several fronts: creating permanent jobs, improving public health outcomes, enhancing gender equity, promoting innovation, and expanding the fiscal space of the government. The report argues that just 10% of fossil fuel subsidies worldwide could make the transition to clean energy a reality, where renewables would be the primary source of energy consumption. This is because “almost everywhere, renewables are so close to being competitive that (a 10–30% subsidy swap) tips the balance, and turns them from a technology that is slowly growing to one that is instantly the most viable and can replace substantial amounts of generation”, said Richard Bridle of the IISD (https://www.theguardian.com/environment/2019/aug/01/fossil-fuel-subsidy-cash-pay-green-energy-transition, accessed on 3 February 2022). While policymakers and economists worldwide agree on the economics and social gains of such swap, the political economy remains the main obstacle for them to materialize. Nevertheless, the study refers to a few successful case studies from India, Indonesia, and Morocco, where such swaps have been successfully introduced, albeit at a small level and gradual. Indeed, there are valuable lessons for Iran in the experience of these countries.




4.3. Policy Assessment


The Iranian government has introduced attractive incentives to develop and maintain wind farms in the recent decade to increase the share of wind energy in Iran and reduce the country’s dependence on fossil fuels. Following the 1994 construction of Iran’s first wind power plant in Manjil in the Gilan province, the government’s policy has been to increase the participation of the private sector in the development of wind energy in the country. Most of Iran’s wind power plants have been constructed over the last decade. The main incentive for developing these plants is the power purchase agreements (PPAs) and attractive investment facilities provided by the Iranian government. Some of the supporting and enabling policies are as follows:




	(1)

	
Announcement of guaranteed electricity purchase prices from renewable energy plants by SATBA in 2016 (Satba.gov.ir, accessed on 3 February 2022).




	(2)

	
The possibility of exporting electricity from renewable energy plants in 2018.




	(3)

	
Assigning 8% of total electricity sales to invest in rural electrification and construction of renewable farms in the annual budget of 2013 and afterward.









PPAs are the main incentives for the development of renewable energy in Iran. What makes these contracts extremely attractive is their 20 years terms. Additionally, the prices offered for renewable sources are about 6 to 8 times larger than the price of electricity purchased from thermal power plants. However, as we will see below, given the minimal fiscal space of the government because of sanctions, price adjustments have not happened in the aftermath of the 2017–2020 rapid depreciation of the Iranian rial, halting investment in the wind industry. Nevertheless, some PPAs’ terms and associated purchase prices from the wind farms are highlighted in Table 7. As a result of these supporting and enabling policies, Iran’s wind capacity grew by more than 10 folds between 2000 and 2018 (Figure 9).



Moreover, the temporal (seasonal and hourly) and spatial variation of wind energy, along with the lack of experience in distributed generation in Iran, calls for an appropriate strategy. As an important step, establishing new technologies to address such intermittency requires effective and comprehensive regulations. It is a well-known fact that effective regulation can influence innovation and appropriate choice of technology. The regulatory process has many stakeholders who interact in feedback loops. Such loops generally connect the consumers to producers. Therefore, it is important to identify how regulation affects consumers’ and producers’ behavior and decision-making process. R&D subsidies and demand-side regulation affect innovation activities [26]. In addition, programs for sharing fixed costs may lead to more R&D investment, increasing performance efficiency and consumers’ utility [27].



The subsidies and technical regulations can be combined with other tools to shape a framework for a real competition or a kind of artificial competition. Opening up the access of new firms to competitive markets levers up multifactor productivity and increases investment for new products [28]. For instance, if renewable power generators could sell electricity to consumers using the grid without any price restrictions, some activities such as cryptocurrency mining could be legally and transparently performed. Currently, this industry is forbidden to access electricity power centrally set and heavily subsidized electricity tariffs.



Regulations for inducing innovation can target four distinctive aims depending on the situation of firms and the market [29]. First, they can reduce the cost of production, either in the form of capital cost or operating cost. Second, they can target higher efficiency in new processes and products or promote firms to replace the low-efficiency plants with higher-efficiency ones. Third, they can focus on the quality of services provided by enforcing higher standards. Finally, they could be firm-specific policies that focus on selected firms to decrease their cost, upturn their efficiency, or improve their quality of service. This form of regulation should be adopted very carefully because asymmetric regulation that does not apply to all firms can often result in corruption and office capture, yielding sub-optimal results [30]. U.K.’s OFGEM RIIO-2 is a good example for all the regulatory areas highlighted above, with specific application to the first and second areas (https://www.ofgem.gov.uk/system/files/docs/2020/07/riio-2_draft_determinations_overview.pdf, accessed on 3 February 2022).





5. Conclusions


To conclude, from a purely technical perspective, the wind industry in Iran has excellent potential as Iran is situated in a wind-belt area. Heeding to this fact, the government has enabled policies to tap into this great potential. However, the collapse of the Iranian rial has reduced the FiT from 12.5 cents in 2017 to 3.5 cents per kWh in 2020, resulting in a significant negative IRR of −10.2% and consequently halting investments in this sector in the past three years. As a result, the primary missing piece of the puzzle in revitalizing the growth of the Iranian wind power industry is restoring the FiT to the 2017 minimum levels of 12.5 cents per kWh, a figure which happens to be equivalent to the world average in the past decade.



Reducing current wasteful and socially unjust fossil fuel subsidies by only 20% in the first year and 2.14% per year afterward can provide the necessary initial capital in the form of government grants to the private sector and the FiT necessary for the government to commit for 20 years to revitalize Iran’s wind energy industry. In addition to reducing dependency on fossil fuels, the development of the wind industry in Iran can also create tens of thousands of green jobs in Iran’s labor market, suffering from high unemployment rates, especially among the educated youth. International Renewable Energy Agency estimates that 1.2 million people are employed globally in the 651 GW wind energy industry (https://www.irena.org/Statistics, accessed on 3 February 2022). Meeting 5% of Iran’s electricity demand through wind energy would require around 11 GW of installed wind capacity, translating to more than 20,000 green jobs.



Iran Vice-Presidency of Science and Technology has recently set a specific mission on renewable energy to promote related technologies and support start-up firms to develop new products and technologies. Hence, the wind industry can act as a leading high-tech sector in Iran’s long-term plan to transform into a knowledge-based economy by supporting small and medium-sized firms. It would develop innovative products and solutions, with many positive externalities and spillover effects.



Moreover, according to estimates provided by American Wind Energy Association, 11 GW of installed wind capacity can reduce CO2 emission by around 18.5 million metric tons per year, an amount that is equivalent to CO2 emitted by 4.6 million cars or 27% of Iran’s transportation fleet. It can also reduce water consumption at Iran’s existing thermal plants by about 18.5 billion liters per year and result in more than USD 160 million savings in public health outcomes (https://www.awea.org/wind-101/benefits-of-wind/environmental-benefits, accessed on 3 January 2022). Although these estimates are small in comparison to the serious unemployment, ambient air pollution, and water scarcity challenges facing the Iranian economy and environment, they nevertheless highlight the fact that by tapping into its immense wind energy potential, not only can Iran reduce its dependence on fossil fuel as a source of energy in the long run, it can also take steps, albeit small, in making dents in other challenges facing the country.
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Table A1. 660 KW Vestas V47 Specifications.






Table A1. 660 KW Vestas V47 Specifications.





	Ρ
	1.225 kg/m3



	d
	47 m



	A
	1735 m2



	Betz limit
	59%



	Total yield losses
	50%



	Capacity factor
	50%



	Capacity
	660 KW



	Wind speed limitation
	3 m/s to 25 m/s



	Price
	USD 593,000



	Other costs (transportation, installation, and integration)
	USD 177,900 or 30% of the price of the turbine



	Annual O&M cost
	8895
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Table A2. Wind FiT (USD).






Table A2. Wind FiT (USD).



















	
	2010
	2011
	2012
	2013
	2014
	2015
	2016
	2017
	2018
	2019
	Average

2010–2019





	Algeria
	0.090
	0.090
	0.090
	0.090
	0.090
	
	
	
	
	
	0.090



	Argentina
	0.004
	0.004
	0.003
	0.003
	0.002
	0.000
	0.000
	0.000
	0.000
	0.000
	0.002



	Armenia
	0.086
	0.093
	0.087
	0.080
	0.074
	
	
	
	
	
	0.084



	Belarus
	0.000
	0.153
	0.153
	0.153
	0.153
	
	
	
	
	
	0.122



	Bosnia and Herzegovina
	0.000
	0.095
	0.088
	0.091
	0.091
	
	
	
	
	
	0.073



	Bulgaria
	0.110
	0.679
	0.628
	0.648
	0.648
	0.000
	0.000
	0.000
	0.086
	0.081
	0.288



	China
	0.083
	0.087
	0.089
	0.090
	0.091
	0.086
	0.077
	0.072
	0.069
	0.000
	0.075



	Croatia
	0.117
	0.123
	0.163
	0.167
	0.166
	0.139
	0.000
	0.000
	0.000
	0.000
	0.088



	Cyprus
	0.220
	0.231
	0.186
	0.000
	0.000
	0.000
	0.076
	0.077
	0.081
	0.000
	0.087



	Dominican Republic
	0.530
	0.530
	0.530
	0.530
	0.530
	
	
	
	
	
	0.530



	Ecuador
	0.094
	0.091
	0.091
	0.117
	0.000
	
	
	
	
	
	0.079



	India
	0.076
	0.074
	0.091
	0.087
	0.088
	0.083
	0.080
	0.000
	0.000
	0.000
	0.058



	Indonesia
	0.119
	0.123
	0.115
	0.103
	0.091
	0.081
	0.081
	0.097
	0.091
	0.091
	0.099



	Iran
	0.120
	0.116
	0.101
	0.067
	0.171
	
	
	
	
	
	0.115



	Jordan
	0.000
	0.000
	0.113
	0.113
	0.113
	
	
	
	
	
	0.068



	Kazakhstan
	0.000
	0.000
	0.000
	0.149
	0.127
	
	
	
	
	
	0.055



	Kenya
	0.120
	0.120
	0.120
	0.120
	0.120
	
	
	
	
	
	0.120



	North Macedonia
	0.118
	0.124
	0.114
	0.118
	0.118
	
	
	
	
	
	0.119



	South Africa
	0.171
	0.129
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.030



	Austria
	0.129
	0.135
	0.122
	0.125
	0.125
	0.105
	0.105
	0.101
	0.097
	0.091
	0.113



	Canada
	0.156
	0.162
	0.127
	0.113
	0.105
	0.000
	0.000
	0.000
	0.000
	0.000
	0.066



	Czech Republic
	0.117
	0.129
	0.114
	0.108
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.047



	Denmark
	0.074
	0.077
	0.072
	0.074
	0.074
	0.062
	0.062
	0.063
	0.066
	0.000
	0.062



	Estonia
	0.097
	0.102
	0.069
	0.071
	0.071
	0.060
	0.059
	0.061
	0.063
	0.060
	0.071



	Finland
	0.000
	0.146
	0.135
	0.140
	0.140
	0.116
	0.092
	0.094
	0.099
	0.094
	0.106



	France
	0.109
	0.114
	0.105
	0.109
	0.109
	0.000
	0.000
	0.000
	0.000
	0.000
	0.055



	Germany
	0.109
	0.115
	0.115
	0.117
	0.118
	0.099
	0.098
	0.095
	0.114
	0.108
	0.109



	Greece
	0.116
	0.122
	0.113
	0.117
	0.117
	0.097
	0.108
	0.000
	0.000
	0.000
	0.079



	Ireland
	0.087
	0.094
	0.089
	0.093
	0.094
	0.079
	0.000
	0.000
	0.000
	0.000
	0.054



	Israel
	0.381
	0.390
	0.242
	0.129
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.114



	Italy
	0.000
	0.000
	0.000
	0.252
	0.247
	0.172
	0.236
	0.241
	0.058
	0.056
	0.126



	Japan
	0.000
	0.000
	0.276
	0.225
	0.208
	0.182
	0.202
	0.196
	0.254
	0.252
	0.179



	Korea
	0.093
	0.097
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.019



	Latvia
	0.159
	0.167
	0.154
	0.159
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.064



	Lithuania
	0.000
	0.000
	0.000
	0.096
	0.096
	0.071
	0.000
	0.000
	0.000
	0.000
	0.026



	Luxembourg
	0.109
	0.113
	0.104
	0.106
	0.122
	0.102
	0.101
	0.103
	0.108
	0.102
	0.107



	Netherlands
	0.127
	0.186
	0.141
	0.146
	0.146
	0.153
	0.152
	0.095
	0.099
	0.078
	0.132



	Portugal
	0.099
	0.104
	0.096
	0.099
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.040



	Slovak Republic
	0.107
	0.113
	0.104
	0.093
	0.093
	0.078
	0.078
	0.050
	0.052
	0.000
	0.077



	Slovenia
	0.121
	0.127
	0.117
	0.121
	0.121
	0.101
	0.101
	0.103
	0.000
	0.000
	0.091



	Spain
	0.103
	0.108
	0.100
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.031



	Switzerland
	0.122
	0.225
	0.229
	0.232
	0.235
	0.223
	0.218
	0.218
	0.220
	0.231
	0.215



	Turkey
	0.728
	0.727
	0.073
	0.073
	0.073
	0.073
	0.073
	0.073
	0.073
	0.073
	0.204



	United Kingdom
	0.084
	0.087
	0.086
	0.078
	0.246
	0.164
	0.069
	0.063
	0.061
	0.056
	0.099



	United States
	0.085
	0.072
	0.064
	0.060
	0.011
	0.004
	0.003
	0.002
	0.011
	..
	0.035







Source: https://stats.oecd.org/Index.aspx?DataSetCode=RE_FIT, accessed on 22 February 2022.
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Figure 1. Geographical locations of SATBA wind data loggers. Source: SATBA. 






Figure 1. Geographical locations of SATBA wind data loggers. Source: SATBA.



[image: Energies 15 03230 g001]







[image: Energies 15 03230 g002a 550][image: Energies 15 03230 g002b 550] 





Figure 2. (a–e) Diurnal and seasonal variation of wind speed in Iranian provinces. 
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Figure 3. Average annual wind speed in Iranian provinces. 
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Figure 4. Diurnal and seasonal wind speed variation for Iranian provinces with average annual wind speed larger than 5 m/s. 
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Figure 5. Wind atlas of Iran at height 50 m. Source: https://globalwindatlas.info/area/Islamic%20Republic%20of%20Iran, accessed on 22 September 2020. 
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Figure 6. Seasonal variation of wind speed, selected provinces of Iran with annual average wind speeds of larger than 5 m/s. 
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Figure 7. Electricity load and average temperature for Iran. 
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Figure 8. IRR for each give FiT. FiTs larger than 8.1 cents provide a positive IRR. 






Figure 8. IRR for each give FiT. FiTs larger than 8.1 cents provide a positive IRR.



[image: Energies 15 03230 g008]







[image: Energies 15 03230 g009 550] 





Figure 9. Development of wind capacity in Iran, 2000–2018. Source: Tavanir, detailed statistics of Iran electric power generation, 2018. 
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Table 1. Wind farms in Iran.
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	Name
	City
	Province
	Installed

Capacity
	Year

Developed





	Mahbad
	SiaahPoush
	Ghazvin
	61.2
	2017



	Mapna
	Aghkand
	Azerbaijan Sharghi
	50
	2017



	Mapna
	Kahak
	Ghazvin
	55
	2015



	Atrin
	Khaaf
	Khorasan Razavi
	2.5
	2016



	Behin
	Khaaf
	Khorasan Razavi
	1.5
	2013



	Binalood
	Binalod
	Khorasan Razavi
	28.5
	2010



	Dizbad
	Neyshabour
	Khorasan Razavi
	4
	2015



	Manjil
	Manjil
	Gilan
	92.5
	1994



	Ben Ali
	Tbariz
	Azarbayjan Sharghi
	2
	2009







Source: SATBA.
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Table 2. Average monthly wind speed at the height of 40 m for six high wind provinces, m/s.
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	Qazvin
	Razavi

Khorasan
	East

Azerbaijan
	Sistan

Baluchestan
	Ardabil
	South

Khorasan





	January
	5.3
	5.3
	11.3
	4.9
	15.2
	3.4



	February
	5.9
	6.5
	8.1
	5.7
	6.1
	4.6



	March
	6.7
	8.7
	7.6
	5.8
	9.2
	4.8



	April
	6.4
	12.4
	8.6
	6.3
	6.4
	5.0



	May
	6.5
	8.9
	4.0
	7.9
	6.5
	6.7



	June
	8.4
	8.1
	4.5
	10.5
	4.4
	7.7



	July
	9.9
	11.7
	6.9
	13.2
	5.1
	9.7



	August
	9.7
	10.3
	5.4
	11.0
	4.4
	9.0



	September
	7.5
	11.0
	5.3
	8.7
	5.7
	7.7



	October
	5.9
	8.7
	4.8
	6.3
	7.6
	6.0



	November
	5.3
	5.9
	7.3
	4.8
	9.0
	5.0



	December
	5.1
	4.9
	10.1
	4.9
	12.0
	4.7
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Table 3. Average monthly electricity generated by one Vestas V47 turbine, kWh (Most of the installed turbines in the Iran are Vestas V47 660 KW turbines. See Appendix A, for detailed technical specifications and pricing of this turbine).
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	Qazvin
	Razavi

Khorasan
	East

Azerbaijan
	Sistan

Baluchestan
	Ardabil
	South

Khorasan





	January
	17,072
	17,538
	169,522
	14,062
	407,164
	4611



	February
	22,005
	29,639
	57,260
	19,717
	24,856
	10,629



	March
	35,716
	75,601
	51,642
	23,160
	90,960
	12,670



	April
	29,529
	216,775
	71,146
	27,585
	29,340
	13,726



	May
	31,684
	82,854
	7252
	57,623
	31,327
	35,433



	June
	66,053
	59,881
	10,187
	132,512
	9765
	52,239



	July
	113,289
	188,679
	38,660
	266,267
	15,564
	106,974



	August
	106,207
	128,529
	17,939
	155,427
	9909
	85,191



	September
	46,924
	148,562
	17,211
	73,955
	20,939
	51,595



	October
	23,843
	77,313
	12,507
	29,242
	52,174
	24,771



	November
	16,763
	22,700
	43,743
	12,145
	81,883
	13,803



	December
	15,185
	13,725
	120,923
	14,018
	202,177
	11,944



	Total
	524,270
	1,061,795
	617,992
	825,714
	976,058
	423,588
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Table 4. Financial analysis of wind power for provinces with high wind potentials for a PPA of 20 years and a FiT of 3.5 cents per kWh.
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	Qazvin
	Razavi

Khorasan
	East

Azerbaijan
	Sistan

Baluchestan
	Ardabil
	South

Khorasan
	Total





	Estimated total demand (GWh)
	4675.82
	15,164.50
	7958.68
	5733.72
	1854.55
	1710.99
	37,098.26



	Number of turbines needed to meet 5% of the estimated demand
	446
	714
	644
	347
	95
	202
	2448



	Farm capacity (MW)
	294.32
	471.30
	424.98
	229.15
	62.70
	133.30
	1615.75



	CapEx (million USD)
	343.77
	550.50
	496.39
	267.65
	73.24
	155.69
	1887.25



	OpEx (million USD)
	3.97
	6.35
	5.73
	3.09
	0.85
	1.80
	21.78



	Annual revenue (million USD)
	8.18
	26.54
	13.93
	10.03
	3.25
	2.99
	64.92



	IRR
	−17.2%
	−4.8%
	−10.7%
	−7.5%
	−5.7%
	−15.4%
	−10.2%



	NPV (million USD)
	−296.05
	−153.13
	−338.12
	−131.83
	−26.07
	−133.54
	−1078.74







Note: The IRR and NPV are based on a discount rate of 2% and an average annual growth rate of 3% for O&M costs. Power Purchase agreement (PPA) of 20 years is assumed. Capex is based on Vestas general info, the turbine that is mostly installed in Iran (Appendix A: 660 KW Vestas V47 Specifications). Opex is based on Iran Engineering and Construction Companies Association (http://ecca-opi.com/, accessed on 13 January 2021), which is miuscule in comparison to Capex.
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Table 5. Financial analysis of wind power to meet 5% of total electricity demand in six provinces with high wind potentials for PPA of 20 years and different FiT scenarios.
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	Scenario 1

Fit = 3.5 Cents

per kWh
	Scenario 2

Fit = 9 Cents

per kWh
	Scenario 3

Fit = 12 Cents

per kWh
	Scenario 4

Fit = 21.5 Cents

per kWh
	Scenario 5

Fit = 53 Cents

per kWh





	Annual revenue (million USD)
	64.92
	166.94
	222.59
	398.81
	983.10



	IRR
	−10.2%
	1.4%
	5.5%
	15.9%
	46.0%



	NPV (million USD)
	−1078.74
	910.63
	1995.74
	5431.92
	16,825.56







Note: The IRR and NPV are based on a discount rate of 2% and an average annual growth rate of 3% for O&M costs. Power Purchase agreement (PPA) of 20 years is assumed. These estimates are based on meeting 5% of the estiamted total demand, as shown in the last column of Table 4.
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Table 6. Estimated cost of FiT and capital expenditures for the wind to meet 5% of Iran’s estimated total electricity demand.
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	FiT = 12 Cents per kWh
	FiT = 21.5 Cents per kWh
	FiT = 53 Cents per kWh





	Estimated total electricity demand for Iran (TWh)
	250
	250
	250



	5% of the estimated total electricity demand (TWh)
	12.5
	12.5
	12.5



	Number of turbines needed to meet 5% of demand
	16,497
	16,497
	16,497



	CapEx & OpEx (million USD)
	12,865
	12,865
	12,865



	CapEx & OpEx as a percentage of a conservative figure of USD 70 billion fossil fuel subsidies (%)
	18%
	18%
	18%



	Total cost of the FiT for the Government (million USD)
	1500
	2688
	6625



	Cost of FiT as a percentage of a conservative figure of USD70 billion fossil fuel subsidies (%)
	2.14%
	3.84%
	9.46%
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Table 7. Terms of power purchase agreements offered by SATBA.
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PPA Terms




	
Issue

	
Term






	
Term

	
20 years, the developer can sell the electricity produced to the open market.




	
Completion Due Date

	
There is a grace period between the signing of the contract and the actual generation of electricity. This period varies on the source of energy.




	
Payment Currency

	
Iranian rials




	
Taxation

	
The developer will be subject to Iranian corporate and VAT taxes but will receive tax credits for investing in less developed regions of Iran.




	
Land Cost

	
To be covered by the developer.




	
Guarantee purchase tariff rates




	

	
Installed Capacity

	
Feed-in-Tariff (cents per kWh)




	
Wind Farm

	
50 MW and less

	
3.5




	
1 MW and less

	
4.75
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