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Due to the high potential of tourism in Iran and the high utilization of tourist buildings in Iran, as well as the high energy consumption in the buildings sector, this study aims to provide a feasible model for designing a renewable energy supply system for a tourist building in different climates of Iran. According to the country’s climate, 5 cities of Ahvaz, Bandar Abbas, Rasht, Mashhad, and Yazd were selected as the cities under study. The hybrid system also consists of photovoltaic panels, wind turbine, battery, and converter for power supply and boilers with natural gas fuel and geothermal heat pump to provide building thermal load. The heat pump is used to supply the load needed to preheat the building’s hot water. The system is connected to the electricity grid, so by selling excess electricity, the net project costs (NPC) will be reduced and the system can provide part of its need from the grid. The scenarios which were studied are of two categories. In the first category, all the thermal load is supplied by the boiler. After selecting the best economic scenario by Homer software in this category, the heat pump is added to the system by calculating the thermal load required to preheat the hot water. The scenarios used two types of wind turbines with a capacity of 10 and 50 kW and two types of 25-W panels with different efficiencies of 15.3% and 18%. Finally, a top-down scenario was chosen for each city. The best city to run the project on economic criteria is Mashhad with an NPC of $ 195,745 and a renewable fraction of $ 50.5. Using a heat pump to preheat the hot water, would also save 7% on fuel consumption and reduce CO2 production by 639,000 kg per year.
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1 INTRODUCTION
The energy crisis and global warming are among the main concerns of humans in different countries. These two problems are related; taking measures to solve one contributes to solving the other one. Sustainable development practices in different energy consumption areas are among the strategies governments adopt to cope with climate change. The public knowledge of environmental problems has grown in recent years. This has led governments to pursue practices to minimize environmental destruction (Apoorv, 2010).
Considering that buildings account for a large portion of energy consumption and pollutant and waste production in societies, it is essential to modify their functions in this respect. For example, the production of building materials, such as tiles, glass, and cement, accounts for a much larger portion of carbon dioxide emissions than industry and transportation do in societies. Buildings stand for 40%–50% of the consumption of water, energy, and raw materials. Also, the building industry accounts for 40%–50% of water pollution, air pollution, greenhouse gas emission, and CFC production (UNEP, 2009). The use of buildings with optimal energy consumption reduces energy consumption by up to 40%. This will also considerably decrease energy consumption-related costs (Roufechaei et al., 2014). The research has shown that taking measures to optimize buildings’ energy consumption will reduce greenhouse gas emissions by 142 and 294 mega tones by 2020 and 2030, respectively (Marszal et al., 2011).
The construction and development of green buildings is a method used to optimize the energy consumption of buildings. According to definition, Green building means saving resources, protecting the environment, reducing pollution during the whole life cycle of the building, providing people with healthy, comfortable, and efficient use of space to the greatest extent, and achieving harmonious symbiosis with nature (Zhang et al., 2021). Green buildings offer many advantages, including reduced energy (fossil fuel) consumption, reduced greenhouse and pollutant emissions, reduced energy cost, and the generation and selling of clean power to the network. Numerous researchers and organizations have shown that the acceptance and use of green buildings can make a significant contribution to the building industry in achieving sustainable development.
A Net-zero energy building (NZEB) is another concept used for such buildings. These buildings generate their required energy through by different renewable methods, such as wind energy, solar energy, and geothermal energy within or near the building (Marszal et al., 2011). Net-zero energy buildings are one of the promising decarbonization attempts due to their potential of decreasing the use of energy and increasing the total share of renewable energy. To achieve a net-zero energy building, it is necessary to decrease the energy demand by applying efficiency enhancement measures and using renewable energy sources (Ahmed et al., 2022). As a result, the net energy consumption of the building becomes zero during a given period. Moreover, when energy generation exceeds energy consumption, the additional energy is sold to the network and brings income.
The present study selects five Iranian cities as representatives of different climates. Then, a tourism building with a medium size is employed as the case study, modeling its electrical and thermal loads. A portion of the energy requirement is supplied by renewable energy resources, such as solar, wind, and geothermal energy. Then, by designing different scenarios with the mentioned resources along with a boiler, a battery, and a powerful network, the economically optimal scenario is determined. Thus, a suitable model will be obtained for tourism buildings in different climates in Iran.
Finally, the effects of some important variables on the economic parameters will be evaluated by performing the sensitivity analysis on the optimal scenario.
1.1 Hybrid renewable energy systems (HRESs)
Hybrid systems are a combination of renewable resources, fossil energy resources, and energy storage mechanisms to supply the required power in two casnon-network-connected, and non-network connected (standalone). Considering the presence of energy storage systems and the occasional use of fossil resources, the safety factor of such systems is larger than that of individual renewable resources in supplying energy. Also, such systems can sell additional power to the power network and be more cost-effective. Wind and solar resources are the main renewable resources used in hybrid renewable energy systems (HRESs).
Geothermal energy, particularly heat pumps, is also employed to supply the entire or a portion of a building’s heat requirement. According to studies, approximately 70% of geothermal heat pumps’ energy is supplied by geothermal renewable resources (Chua et al., 2010). The main advantage of heat pumps is their high energy consumption efficiency. They reduce not only energy costs but also greenhouse gas emissions (Lim et al., 2016). Conducted a study in Britain and reported that users that replaced their common gas-fuel heating systems with a ground-source heat pump (GSHP) saved £410–595 per year (Xie et al., 2017).
Overall, the advantages of HRESs can be said to be increased renewable energy source contribution to energy generation, reduced energy cost, reduced greenhouse gas emission, and providing rural populations with access to power. These, in turn, lead to the three objectives of sustainable development, including economic, environmental, and social aspects. Asian countries such as Iran have a high potential for use renewable energy resources.
It is essential to optimize different components of hybrid systems, including the number of wind turbines, the capacity of photovoltaic panels, and the capacity of batteries and converters. Numerous studies investigated this problem from different points of view.
Shivarama et al. (Shivarama Krishna and Sathish Kumar, 2015) resented a comprehensive review of hybrid renewable energy systems. They considered modeling, analysis, optimal sizing, energy, management, and control aspects of the HRES. In 2017, Hongyang Zou did a technical and economic analysis of large-scale PV power generation in China. That study has been performed to fulfill the residential load of five different cities, and both grid-connected and off-grid PV system scenarios have been considered (Zou et al., 2017). Zabalaga et al. (Jimenez Zabalaga et al., 2020) resented the performance analysis of the HRES including photovoltaic (PV), biomass Stirling engine and battery system. They compared the HRES with the PV/diesel engine/battery hybrid system and performed the analysis in terms of energy efficiency, environmental sustainability, and economic feasibility. Their results revealed that the HRES performed better in terms of each indicator in the analysis. In a study by Shebaz A. et al. (Memon et al., 2021) optimizing the size components of HRES for a remote rural region was studied. The case study had both standalone and grid-connected modes. The methodology used validated using HOMER software by comparing its results with HOMER results for the cases considered. Upadhyay and Sharma (Upadhyay and Sharma, 2014) and Shivarama and Sathish (Shivarama Krishna and Sathish Kumar, 2015) evaluated energy management, optimization methods, design criteria, and other problems of different HRES function modes—i.e., network-connected and non-network connected.
1.2 Simulating HREs in HOMER software
Shahzad et al. (2017) designed a hybrid system that used biomass and solar resources to supply the required power for an agricultural farm and a residential community in Pakistan. They treated Sun radiation information and biomass potential in the case study region as inputs and proposed an optimal system by optimizing the power generation price. Results then were refined further by performing sensitivity analysis on biomass potential, biomass price, solar irradiance, and variations in loads. Mehrpooya et al. (2018) designed a hybrid system to supply the power of a laboratory at the University of Tehran, Iran, using the Homer Software. They employed batteries and fuel cells to store energy. Four scenarios were included: a diesel generator scenario, a solar panel-generator-battery scenario, a solar panel-battery scenario, and solar panel-fuel cell scenario. Finally, the solar panel-generator-battery scenario was proposed to be the most economically optimal choice. Samir M. Dawoud (Dawoud, 2021) studied developing different hybrid renewable sources of residential loads as a reliable method to realize energy sustainability in Egypt. A combination of four different hybrid renewable sources of SPV, wind turbines, diesel engines, and storage batteries is considered for residential systems. The simulation results, optimization, and modeling procedures are completed with the use of HOMER software. Results show that the SPV-wind-diesel-battery source has a minimum value of the cost of the energy annually 0.275$/kWh and the.
SPV-diesel source has a higher value of the cost of the energy with 0.36 $/kWh.
In a study by Mokhtara et al. (2020) an optimal design of an off-grid HRES for arid climates is suggested and a techno-economic feasibility study of a hybrid PV-wind-battery-diesel energy system is done by HOMER. It is found that PV-Li-ion represents the best configuration, with TNPC of $23,427 and cost of energy (COE) of 0.23 $/kWh.
Olatomiwa et al. (2016) investigated different hybrid scenarios by HOMER to supply the required electrical load of a rural health clinic. The clinic was planned to be constructed in one of six regions in Nigeria. The candidate regions’ potential for using renewable resources was investigated. It was found that the potential of the wind energy resource is higher than other choices in the two regions. The regions, however, had almost the same potential for solar energy. Finally, it was found that the hybrid solar panel-diesel-battery system was the most optimal choice for regions that had no access to the power network, while the wind-solar-diesel-battery system was the most optimal choice for other regions.
Ayodele et al. (2019) employed a hybrid wind-solar-diesel-battery system to provide the electrical load of a small bank in a remote village in Nigeria. The optimal HOMER-selected system yielded a net present cost (NPC) and a cost of energy (COE) of $469000 and 0.667 UDS/kWh, respectively. Also, the system reduced environmental pollutant generation by 50%.
Türkay and Telli. (2011) employed HOMER to obtain an HRES including a wind turbine and photovoltaic panels with a hydrogen storage system to supply the required power for Faculty of Electricity, Istanbul University. The cost of energy (COE) was found to be 0.307 UDS/kWh.
Boussetta et al. (2017) studied the feasibility of a micro-grid hybrid wind-solar system by HOMER to supply the electrical load of public infrastructures in different Moroccan cities with different geographical parameters. Their results indicated that the proposed micro-grid system was an optimal choice, except for regions where the mean annual wind speed was low.
Fazelpour et al. (2014) implemented a network-independent hybrid system using solar and wind resources to supply the power of a small hotel with 125 rooms on Kish Island, Iran. The economic analysis was performed on the proposed system in HOMER. The effects of factors such as wind speed, solar radiation, and fuel price were evaluated by performing the sensitivity analysis. Finally, the hybrid wind-diesel-battery system was selected as the optimal scenario to supply the hotel’s power.
Aagreh and Al-Ghzawi. (2013) employed HOMER to select a hybrid system that used wind and solar resources to supply the power of a small hotel in a city in the north of Jordan. A system with a wind turbine connected to the power network was selected as the optimal scenario by investigating the NPC, RF, and investment return time. The system could supply 62% of the power requirement of the hotel with wind energy, and the surplus power would be sold to the network.
Güler et al. (2013) evaluated different scenarios with wind turbines, solar panels, and batteries to supply the power requirement of a hotel in Turkey. Different network connections, network independence, and power sale cases were studied by HOMER. It was found that batteries and converters were needed only when the surplus power was sold to the network and the entire required power of the hotel was supplied by renewable resources. As a result, the initial cost of the system would be higher than that of the case in which a portion of the power was purchased from the network.
Dalton et al. (2008) analyzed different standalone and grid-connected scenarios to supply the power of a hotel with a capacity of more than 100 at the Queensland beach, Australia, by HOMER. According to the results, a hybrid grid-connected system would be able to supply 73% of the required power of the hotel through renewable resources. Also, its investment return time was found to be 14 years, reducing 65% of greenhouse gas emissions. It was also observed that the use of wind turbines was more cost-effective than the use of solar panels for the hotel.
Hence, case studies were conducted to propose hybrid models to supply the required energy of tourist buildings. However, no studies incorporated the entire climate. Also, geothermal energy was not employed along with wind and solar resources to supply the energy of tourist buildings. Thus, the present study supplies some portions of the heat requirements of hotels in different climates in a country by using heat pumps.
2 MATERIALS AND METHODS
This study aims to select the best scenario among several scenarios based on technical, economic, and environmental criteria. The first group of scenarios employs only boilers to supply the heat requirement. In the last scenario, the hot water requirement is supplied by heat pumps, while the remaining heat load is supplied by a boiler.
2.1 Select the cities
A representative was selected from each climate to cover the entire climate of Iran. Alijani and Heydari (Alijani and Heydari, 1999) classified Iranian cities into five groups by using multivariable statistical techniques and investigating 49 climatic variables in 43 stations. Considering that the incorporated building was a tourist building, the main cities of each climate with more tourist attractions and a higher number of tourists were selected as the representatives of the climates, as shown in Table 1.
TABLE 1 | Iran’s climatic divisions and representative cities.
[image: Table 1]2.2 Building specifications
Considering the high tourism capacity of Iran and the ever-increasing need for residential complexes and hotels, a tourist building was selected as the case study. An apartment hotel with four floors and a medium-size was used as the base building since the study was aimed at investigating five cities and be used as a reference for other cities. An advantage of this selection was that there were a large number of apartment hotels in different Iranian cities, and no high investment was required for construction. Table 2 shows the specification of the hotel.
TABLE 2 | Specifications of the hotel’s rooms.
[image: Table 2]The hotel had 45 rooms, with a maximum total capacity of 110 people. This information will be used to calculate hot water consumption and heat load.
2.3 Mathematical model
2.3.1 Heat pump
The function of a geothermal heat pump depends on the heat exchanger design. The tube length, which is dependent on the climatic characteristics, soil, and technical heat pump specifications, is an essential parameter of heat exchangers.
Considering that the groundwater level was high in Rasht and Bandar Abbas and that the soil was hard in Mashhad, a heat pump with horizontal pipes was employed since deeper excavation would be required to install vertical pipes.
The heat transfer from the Earth to the fluid in a heat pump with horizontal pipes is calculated as (Khan, 2017):
[image: image]
Where Q is the heat transfer from soil into the refrigerant or vice versa (W), L is the length of the tube (m) and R is the heat resistance, which is equal to:
[image: image]
Where S is shaping Factor which is:
[image: image]
Where d is the depth of pipe underground the surface (m), [image: image] are the inner and outer diameter of pipe respectively (m), [image: image] is the convective heat transfer coefficient, [image: image] are thermal conductivity of pipe and soil respectively (w/m.K). [image: image] is the logarithmic mean temperature difference which is calculated as:
[image: image]
Where [image: image] are the temperature of inside and outside of the pipe and [image: image] is the pipe wall temperature that is assumed to be equal to the temperature of the soil next to the pipe.
The temperature of the soil is a function of time and depth which is calculated as (Kusuda and Achenbach, 1965):
[image: image]
Where [image: image] (°C) is the temperature of the soil in depth d (m) and time t (day), d is depth (cm), t is the number of days passed from the year, [image: image] (days) is a day in the year in which the surface ground temperature is minimum, [image: image] (°C) is mean annual air temperature, [image: image] ([image: image] is thermal diffusivity coefficient of soil and [image: image] shows the variation range of the surface temperature which is calculated as:
[image: image]
2.3.2 Photovoltaic panels
The output power of a panel is calculated as (Hassan et al., 2018):
[image: image]
Where [image: image] is the output power of PV module in real conditions (W), [image: image] is the rated output generated by the module under standard test conditions (W), G is the solar irradiance of operating point (W/[image: image]), [image: image] is solar irradiance in standard conditions (1000 W/m2), [image: image] is the power temperature coefficient for the maximum power [image: image]; [image: image] is the reference temperature (25°C) (Bahramara et al., 2016). [image: image] can be calculated using the following expression (Jahangir et al., 2021a):
[image: image]
Where [image: image] is the ambient temperature (°C), G is the global solar radiation incident on a horizontal plane (kW/[image: image]) and NOCT is the Normal Operating Cell Temperature, which is approximately 48 [image: image].
2.3.3 Wind turbines
The electric energy generation of a wind turbine is dependent on the wind speed and the energy received by the turbine from the wind. It is calculated as:
[image: image]
Where V is the wind velocity (m/s), A the area of air which is encompassed by the blades of the turbine (m2) and [image: image] (kg/[image: image]) is actual air density.
A turbine’s power generation is calculated as (Baneshi and Hadianfard, 2016):
[image: image]
Where [image: image] (kg/[image: image]) is the air density at standard pressure and temperature, and [image: image] (kW) is the output of wind turbine under standard temperature and pressure conditions calculated using the turbine’s power curve.
2.3.4 Economic parameters
According to the Central Bank of the Islamic Republic of Iran, the interest rate and inflation were considered as 15% and 10%. The lifetime of the project was considered to be 25 years, considering the reported lifetimes of the selected equipment, including the panels and turbines.
The net present cost (NPC) is the criterion of HOMER to select the highest scenario. Thus, a scenario’s initial cost might be the largest, while its total estimated cost of 25 years would be the lowest, being selected as the highest scenario. This parameter and the cost of electricity (COE) are calculated as (Dalton et al., 2008):
[image: image]
Where [image: image] is the total annualized cost of the system ($/year) and [image: image] is the total electrical load served (kWh/year).
[image: image]
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Where [image: image] is the total annualized cost of the system ($/year) and [image: image] is a function of capital recovery factor. I is the real interest rate and N is the number of years.
2.4 Simulation tool: HOMER
Homer is a simulation software program whose main task is to design and propose different power generation systems in standalone and network-connected modes. It was introduced by the National Renewable Energy Laboratory (NREL) in 1993, primarily aiming to meet the requirement of the renewable energy industry for system analysis and optimization (Lau et al., 2010).
2.5 Inputs
2.5.1 Electrical load
The data available in HOMER for a small hotel with four floors were used to obtain the electric power required by the hotel. HOMER proposes the required electrical load of a hotel separately for each city.
2.5.2 Power network
To improve the system’s reliability and prevent the initial cost rise of the power supply system, the portion of the building’s required power that was not supplied by renewable sources was purchased from the power network by connecting the network to the power distribution network. Also, the hotel’s costs would be saved by selling the surplus power to the network. According to the prices determined by the government for purchasing renewable sources’ power, the electricity price was selected to be $0.07 per kWh.
Figure 1 and Table 3 represent the power tariffs during a year in Iran.
[image: Figure 1]FIGURE 1 | Power tariffs during a year in Iran (“Iran Ministry of Energy—Tariffs” n. d.).
TABLE 3 | Power tariffs in Iran (Firozjaei et al., 2020).
[image: Table 3]Iranian power plants mostly consume fossil fuels, particularly natural gas, to generate power. Thus, the pollution produced by such power plans is an essential and costly challenge of the government in the health sector. Table 4 provides the pollution data of Iranian power plants and the determined penalties based on the Iranian Energy Balance Sheet.
TABLE 4 | Emissions of Iranian power plants and the determined penalties (Gruber et al., 2015; Hanafizadeh et al., 2016).
[image: Table 4]Several factors cause a power outage and reduce the power distribution network’s reliability, including worn-out power distribution systems, increased power consumption at peak hours, and network defects. Although these are less likely in large cities than in villages and outlying regions, they are possible, particularly in summer and at peak hours. Thus, according to the mean power outage data reported by the Ministry of Energy, the power outage time of large cities was assumed to be 60 h. Also, the mean time required to fix the power outage was considered as 4 h (Jahangir et al., 2021b).
2.5.3 Thermal load
A large portion of a hotel’s heat load consists of the hot water supply, heating, and cooking. Two major methods are investigated to supply this portion of the hotel’s required energy. In the first group of scenarios, only a typical boiler that consumed natural gas was employed to supply the heat requirement. In the next scenario, the hot water supply was considered a responsibility of a heat pump, with the remaining heat load being supplied by the boiler.
The heat requirement of the building was assumed to be 1.5 times as high as its electric requirement to calculate the building’s heat load. Then, the ratio was changed to obtain results at other rates by performing a sensitivity analysis on the selected scenario of each city.
2.5.4 Solar panels
Figure 2 represents the Sun radiation and wind speed diagram of Mashhad during the year.
[image: Figure 2]FIGURE 2 | Sun radiation and average wind speed diagram of Mashhad during a year from HOMER.
Table 5 shows panels that were used in scenarios.
TABLE 5 | Specifications of the panels used in this study (Mandal et al., 2018).
[image: Table 5]It should be noted that the installation of solar panels encountered space limitations. The total area of each floor was 400 m2, some portion of which was used for the installations, such as the cooling system and wind turbine. Thus, a maximum of 70% of the root area (i.e., 280 m2) could be employed to install solar panels.
According to the dimensions of the panels and the space limitation, Table 6 provides the maximum power generation capacity of the solar panels.
TABLE 6 | Specifications of the turbines used in this study (Zahariea et al., 2018).
[image: Table 6]According to Table 6, the maximum load of the selected panels was considered to be 50 and 60 kW.
2.5.5 Wind turbine
Not only the initial turbine cost but also the availability of turbines in the domestic market is an essential factor in selecting turbines. Furthermore, considering the power curves of turbines, which are developed based on wind speed, the selected turbines should function at the mean velocities of cities. The mean wind speed in the five selected cities are 6.56 m/s for Yazd, 5.24 m/s for Ahvaz, 5.53 m/s for Bandar Abbas, 5.48 m/s for Mashhad and, 6.58 m/s for Rasht respectively based on HOMER data.
Table 6 shows the turbines employed for the scenarios.
Given that it was required to install wind turbines near the hotel building, the required installation area had to be estimated to obtain a more accurate estimate of the project cost, adding the cost of the land to the total cost of the project. Thus, no constraints were applied to the number of wind turbines.
2.5.6 Converter
A generic converter with a capacity, initial cost, lifetime, replacement cost, and maintenance cost of 1 kW, 600 USD, 15 years, 600 USD, and 30 USD/year, respectively, were used to convert the DC output of the panels into the AC. The efficiency of the inverter was considered to be 90% (Mohammadi et al., 2018).
2.5.7 Battery
A battery was employed to store power to make maximum use of renewable power generation and reduce the dependence on the power distribution network. According to Ref. (Chan et al., 2009), a Surrette 4 KS 25 P battery with a capacity, initial cost, replacement cost, lifetime, and maintenance cost of 7.55 kW h, 1259 USD, 1100 USD, 12.5 years, and 5 USD/year, respectively, was used.
2.5.8 Boiler

A generic natural gas-fuel boiler was employed to supply the heat load of the building—the entire and a part of the load in the first and second scenarios, respectively. The efficiency of the boiler was 85%. The gas price was considered to be 0.03 USD/m2 (Tanaka et al., 2008).
2.5.9 Heat pump
2.5.9.1 Hot water
It was required to obtain the heat requirement of the building to calculate the heat supply of the heat pump. The mean hot water consumption of a double room for a day in different seasons are about 382.2 L/day for summer, 319.4 L/day for winter, and 356.7 L/day for spring and autumn, respectively (Tanaka et al., 2008). Also, the total hot water for each seasons are 34,398, 28,746, and 64,206 L/season. The hot water requirement of the hotel was calculated in each city and season, as shown in Table 7.
TABLE 7 | Mean hot water consumption of hotel in each season.
[image: Table 7]Assuming the water tank of the heat pump to be placed inside the building to avoid freezing in cold seasons, it can be said that the input temperature of the pump was equal to the building temperature. The desirable temperature of a residential building was considered to be 25°C and 20°C in warm and cold seasons in Ref. (Tanaka et al., 2008), respectively.
The present study’s reference for the temperature in different seasons and cities was the data of HOMER. Table 8 provides the mean temperature in different seasons.
TABLE 8 | Mean temperature in each season in 5 cities.
[image: Table 8]It should be noted that the heat pump was limited in raising the water temperature. In other words, a geothermal heat pump can only preheat since the temperature of the ground, which is the heat source in winter, is constant.
Also, the output temperature was required to be a value between the input fluid temperature and ground temperature. Since it influenced the lengths of the pump pipes as the input of the problem, it was considered to be the mean value of the soil temperature and input fluid temperature.
According to (Khan, 2017), the pipe placement depth was selected to be 5 m. The output water temperature of the heat pump was obtained by calculating the soil temperature through the equations of the previous section, as shown in Table 9.
TABLE 9 | Mean temperature of the output water of the heat pump.
[image: Table 9]Finally, the energy required to raise the water temperature to the calculated value is obtained as
[image: image]
Where [image: image] is the water density (1,000 kg/m3) V is the volume of water (m3) c is the specific heat of water (4.2 J/kg) [image: image] is the input temperature which is equal to the ambient temperature and [image: image] is the output temperature.
Table 10 reports the heat transfer of the heat pump in kWh/day. The remaining heat had to be supplied by the boiler.
TABLE 10 | Daily heat required to supply the hot water of hotel in kWh/day.
[image: Table 10]The required pipe length was then calculated in different cities and seasons based on the maximum values in the seasons, as shown in Table 11.
TABLE 11 | Pipe length of the heat pump.
[image: Table 11]As can be seen, the heat pump was mainly used in hot seasons to reduce the input water temperature in the cities with high air temperatures. Thus, the required pipe lengths were calculated higher for hot seasons than for other seasons.
The pipe lengths obtained for Mashhad, Rasht, and Yazd were common pipe lengths for heat pumps. Thus, the length size could be reduced by raising the number of fluid circulation rounds within the pipes to reduce the pipe length in Ahvaz and Bandar Abbas.
To obtain the heat load in the scenarios of the second group, it was required to subtract the values provided in Table 11 from the heat loads of the cities, remodeling the conditions.
According to Geothermal Heat Pump Costs and Heating System Installation Prices, approximately 2,500 USD/ton was required for a heat pump to receive the heat transfer of the heat pump. A ton is heat transferred by a heat pump in an hour—i.e., a ton is 12,660 kJ.
Also, the pipes required 800 USD/ton for heat transfer. Thus, it can be concluded that the cost of a heat pump with a capacity of 1 ton is approximately 4,000 USD, including the installation and maintenance costs. Furthermore, the average annual operation and maintenance cost of the heat pump is 250 USD.
Since the obtained heat transfer values for the supply of hot water were small, a heat pump with a capacity of 1 ton could be employed.
The required pump cost was added to the initial cost in the software to be included in the scenarios of the second group.
2.6 Scenarios
As mentioned, it was required to include a total of four scenarios for each city, considering that two wind turbines and two solar panels were employed. Furthermore, two cases were considered to supply the heat load (i.e., a boiler and a boiler with a heat pump), the heat pump was included in the top scenario so the performance of the top scenario with the heat pump could be investigated. Table 12 represents the scenarios. Figure 3 illustrates the schematic of the hybrid power generation system’s components.
TABLE 12 | Scenarios.
[image: Table 12][image: Figure 3]FIGURE 3 | Schematic of the hybrid power generation system’s components.
3 RESULTS AND DISCUSSION
3.1 Scenarios without heat pump in mashhad
Table 13 reports the results of the four scenarios with no heat pumps for Mashhad. As can be seen, due to its lower COE and NPC, the third scenario with eight 50-kW Hummer turbines and eight 5-kW Sharp solar panels was selected as the best scenario. The initial cost of the third scenario was also smaller than the other projects. Moreover, more than 518,000 kW of power would be sold to the power distribution network every year.
TABLE 13 | Results of the scenarios for Mashhad and the best scenario.
[image: Table 13]Figure 4 represent the distributions of the power sold to the grid and purchased from the power network, respectively. According to Figure 4, more power was sold to the power network in summer than in other seasons. Approximately 83% of the building’s power was supplied by wind turbines. The mean wind speed was larger in summer than in other seasons in Mashhad. Thus, the turbine power generation and then, the power sold to the power network were higher in summer.
[image: Figure 4]FIGURE 4 | Distribution of the daily power sold to the grid during a year (kW).
According to Figure 4, the color is black for most days of the year between 6:00–18:00. This suggests that the power purchase was approximately zero during this period. The Sun radiation during days and thus, solar panel power generation are an explanation for the reduced power purchase.
Figure 5 demonstrate the electric energy generation of the wind turbines and solar panels in the best scenario of Mashhad, respectively.
[image: Figure 5]FIGURE 5 | Electricity generation of the wind turbines and solar panels during a year in Mashhad (kW).
Table 14 provides the total annual shares of the energy sources.
TABLE 14 | Annual shares of different sources in electricity generation.
[image: Table 14]According to Table 14, the wind power generation was higher in summer than in other seasons due to the larger mean wind speed.
As can be seen from calculations, the cost of the project was high in the first year due to the initial costs of equipment and components. The only cost of the system was that of purchasing fuel, and the system had a constant earning in light of selling power to the power network between the second and 11th years. Considering the battery service life of 12.5 years, the battery replacement cost is shown for the 12th year. In the 15th year, it was required to replace the converter, as the converter replacement cost can be observed. The service life of the wind turbines ended, needing to be replaced in the 20th year. The twenty-fifth year was the last year of the system’s service life, after which the sellable components (i.e., the turbines and converter) would be sold, providing income. Table 15 shows the income and costs of different sections during the project life.
TABLE 15 | Costs and incomes of the best scenario for Mashhad.
[image: Table 15]Table 16 reports pollutant production. It compares the results of two cases, i.e., the case in which the entire required power of the building was supplied by the power network and the case with the best scenario.
TABLE 16 | Reduction in emissions in the best scenario for Mashhad.
[image: Table 16]3.2 Top scenario with heat pump in mashhad
A heat pump was added to the best scenario of the previous section to supply the building’s heat requirement for preheating water. Table 17 provides the results of this scenario.
TABLE 17 | Comparison of the best scenario in two cases without and with heat pump.
[image: Table 17]As can be seen, the addition of the heat pump to the energy supply system of the hotel slightly increased the COE, NPC, and initial cost by 5.2%, 2.1%, and 1%, respectively. However, the natural gas consumption of the boiler was reduced by 7%, leading to a 2% lower CO2 emission than the best scenario.
3.3 Comparing cities results
This section compares the scenario results of the cities from different viewpoints. Figure 6 compares the COE, NPC, initial cost, and RF results of different scenarios in the cities, respectively.
[image: Figure 6]FIGURE 6 | Comparison between the COE, NPC, initial cost, and RF of different scenarios in the cities.
As can be seen, the cost of each power generation unit was larger in scenarios 1 and 2 than in scenarios 3 and 4 due to the higher number of turbines in scenarios 1 and 2. The lowest COE was obtained for Mashhad, while the highest was derived for Yazd and Rasht. The project costs of scenarios 1 and 2 were significantly higher than those of scenarios 3 and 4 due to the higher number of turbines and batteries and the larger converter capacities in scenarios 1 and 2.
The lowest NPC was obtained for Mashhad, while the highest NPC was derived for Bandar Abbas. The higher electricity consumption of Bandar Abbas was an explanation for this phenomenon.
The differences in the initial costs were not as large as the differences in the COE and NPC. Among the twenty cases, the smallest initial cost was obtained for the best scenario of Rasht, while the largest initial cost was derived for the first scenario of Bandar Abbas. Also, the largest initial cost of the best scenario was calculated for Bandar Abbas.
As can been in Figure 6, the highest renewable fraction was obtained for the best scenario and scenario 4. Although the renewable fraction of scenario 4 was higher than that of the best scenario, scenario 3 was selected as the best scenario due to its economic advantages. The lower power generation of the turbines in scenarios 1 and 3 were reasons for their lower renewable fractions.
Finally, Mashhad and Ahvaz were found to be the best cities in terms of the COE and NPC for the implementation of the best scenario.
3.4 Sensitivity analysis
The sensitivity analysis identifies the effects of different parameters on the type and components of the system, including the NPC, COE, renewable fraction, and pollutant production. Such parameters can include economic and environmental parameters, such as the mean solar radiation, power sale, and purchase tariffs, and electric and heat loads.
The present study performed sensitivity analyses on the natural gas price, heat load/electrical load ratio, initial turbine and solar panel costs, interest, and inflation rate respectively.
It should be noted that sensitivity analyses were performed on the scenarios that did not include heat pumps since they were more affordable. In other words, sensitivity analyses were performed on the best scenario with no heat pumps.
According to Table 18, the above-mentioned parameters were determined in HOMER, carrying out sensitivity analyses on the best scenarios of Mashhad and Ahvaz.
TABLE 18 | Values of the studied parameters in the sensitivity analysis.
[image: Table 18]3.4.1 Natural gas price - Heat load/electrical load ratio
Two cases were included to determine the natural gas price: a case with the current gas price and a case without governmental subsidies. The heat load/electrical load ratio is strongly dependent on the consumption pattern. Thus, the investigation of the heat load/electrical load ratio would considerably help obtain more accurate results.
Figure 7 depicts the sensitivity analysis results of the two parameters.
[image: Figure 7]FIGURE 7 | (A) Variation of NPC in the sensitivity analysis of Natural gas price - heat load/electrical load ratio (B) Variation of NPC in the sensitivity analysis of Initial cost of wind turbines and solar panels (C) Variation of NPC in the sensitivity analysis of Interest and inflation rates.
As can be seen in Figure 7, a rise in the natural gas price predictably raised the NPC since the increased gas price increases the total project cost.
3.4.2 Initial cost of wind turbines and solar panels
It is essential to investigate the effects of price variations on the scenarios since the economic situation of Iran is not so steady. Thus, investigating the initial cost of purchasing wind turbines and solar panels, it was attempted to predict the effects of the initial cost on the total project. Also, the variations of the wind turbine and solar panel prices were assumed not to exceed 30%.
According to Figure 14, an increase in the wind turbine or solar panel price increased the NPC.
It should be noted that the variations of the NPC versus the turbine and panel prices considerably differed due to the larger initial cost of wind turbines than that of solar panels.
3.4.3 Interest and inflation rates
Also, according to Figure 7, the NPC reduced as the inflation rate increased from 10% to 20%. This suggests that the total cost of the project would be lower than its income during its lifetime.
An explanation for this phenomenon is that the salvage value of the equipment at the end of the project lifetime after 25 years becomes much higher than the cost of purchasing the equipment at the beginning of the project due to the inflation rate.
Another explanation is the increased electricity price during the project life. Considering the higher price of electricity than that of renewable sources, the growth of electricity income is higher than that of electricity purchase. Thus, the total income of the system in light of selling electricity to the power network is considerably higher than the cost of purchasing power from the power network during the project’s lifetime.
4 CONCLUSION
The present study modeled the electrical and heat requirements of an apartment hotel with four floors in five climates in Iran to propose a hybrid system consisting of solar, wind, geothermal, and battery energy sources along with a boiler for supplying the heat and electrical load of the building. The best scenarios of the cities were found based on economic criteria, comparing the economic and environmental advantages of the best scenarios to those of the other scenarios (supplying power by the power network and the entire heat by the boiler). Given the low fuel price and high inflation in Iran, sensitivity analyses were performed on important parameters to evaluate their effects on the best scenarios. The following results were obtained.
• The lowest cost of the green tourist building project was obtained for Mashhad. The COE and NPC of Mashhad were lower than those of the other cities, revealing that more than 50% of the required power could be supplied by renewable sources.
• Hummer turbines were employed in all of the best scenarios. This suggests that Hummer turbines are cost-effective due to their high capacities, despite their high initial cost.
• Sharp solar panels were included in all of the best scenarios due to their lower initial cost, considering almost the same efficiency as the two investigated panels.
• The largest power sale to the power network was obtained for Bandar Abbas. In addition, the number of wind turbines was larger in Bandar Abbas than in the other cities due to the higher electricity consumption of Bandar Abbas in light of its hot and humid climate as it is located next to the Persian Gulf.
• The power generation of wind turbines was much larger than that of solar panels and power purchases for the entire city. Wind turbines accounted for approximately 82% of the power generation on average.
• The largest reduction in fuel consumption due to the use of heat pumps was derived to be 10% in Ahvaz.
• The largest decline in CO2 emission due to the use of heat pumps was obtained to be 5% in Bandar Abbas.
• The NPC decreased as inflation enhanced. This suggested that the project incomes became exceeded the project cost as inflation increased. The major part of the project incomes arose from selling power to the power network and the salvage value of HRES components.
Future works are proposed to the following suggestions to augment the accuracy of the present work’s results.
• Implement the project in different cities
• Accurately calculate the electrical load of the building based on electricity bills
• Accurately calculate the monthly building heat load by gas bills
• Supply the required heat load for heating by heat pumps
• Investigate the use of vertical heat pumps.
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