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Abstract

:

This study aimed to investigate a techno-economic evaluation of the photovoltaic system, along with a diesel generator as a backup supply, to ensure a continuous twenty-four hours power supply per day, no matter the status of the weather. Healthcare centers in Bangladesh play a vital role in the health issues of the residents of rural areas. In this regard, a healthcare center in Baliadangi—Lahiri Hat Rd, Baliadangi, Thakurgaon, Bangladesh, was selected to be electrically empowered. The simulation software Hybrid Optimisation Model for Electric Renewables (HOMER) and the HOMER Powering Health tool were used to analyze and optimize the renewable energy required by the healthcare center. It was found that the healthcare center required a 24.3 kW solar PV system with a net current cost of $28,705.2; the levelized cost of electricity (LCOE) was $0.02728 per kW-hours, where renewable energy would provide 98% of the system’s total power requirements. The generator would provide 1% and the grid would supply the remaining 1%. The load analysis revealed that the hybrid PV system might be superior to other power sources for providing electricity for both the normal function and the emergencies that arise in healthcare’s day-to-day life. The outcome of the study is expected to be beneficial for both government and other stakeholders in decision-making.
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1. Introduction


Health is a basic human requirement, which is widely viewed as a measure of human progress. However, there are some difficulties in providing proper health facilities in developing countries, such as Bangladesh, since the majority of people live in rural areas [1,2] where healthcare centers are the main source of obtaining health-related services. In rural areas of Bangladesh, the Upazila health centers provide various primary healthcare services, such as in-patient treatment, out-patient treatment, family planning, and other basic healthcare facilities for rural people [3,4]. To provide these facilities, the Upazila health centers need a continuous power supply. However, the energy crisis, particularly in the Upazila healthcare centers of Bangladesh, is one of the most significant difficulties concerning the country’s future [5,6].



Every day a substantial quantity of load shedding is caused by a lack of power generation. It has been reported that health facilities without electricity serve an estimated 1 billion people worldwide [7]. Medical instruments, such as ultrasound, autoclave, centrifuge, and x-ray machines could not be utilized in such locations due to this deficiency. Surgical procedures are sometimes aided by natural light from windows or hurricane lamps used at night [8]. According to reports, the death of women occurs every day around the world during pregnancy and childbirth, due to a lack of competent medical treatment, and providing minimal illumination and operable equipment would cut mortality rates by 70% [9]. To address all of these issues, numerous countries, throughout the world, have expanded the use of photovoltaic energy to include healthcare services in rural and remote places [10,11].



Al-Karaghouli et al. [12] evaluated the requirement for a Photovoltaic solar panel to provide electricity to health centers in isolated areas in southern Iraq. The scholars utilized HOMER software to assess the most cost-effective method. They presented a scheme with a daily load of 31.6 kW-hours that consists of 6-kW photovoltaic panels, a 3-kilowatt inverter, and 80 batteries. The system’s total initial cost was 50,700 US dollars, the net current cost was 60,375 US dollars, and the electricity production cost per unit was 0.238 US dollars. Santosh et al. [13] analyzed the delivery of energy to the entire hospital building at the Gauri maternity home in Ramkrishna Puram Kota Rajasthan, India. They proposed a system of 10.6 kW that consists of a total of 32 solar panels. The net present cost was approximately 6.5 lakhs Indian Rupees. Ajao K et al. [14] suggested a system that included a (0.05–0.4 kW) PV panel, a (0.1–1.5 kilowatt) converter, a (200 Ah/12 V) battery, and a (0.4 kilowatt DC) FD series wind turbine. The authors’ optimization result showed that the primary capital cost and an annual operating cost were 3455 USD, and 69 USD, respectively. The NPC was 4251 USD, with a cost of energy (COE) of 1.74 USD per kilowatt-hour. The hybrid system, according to the authors, had a pay-back period of around 33 years at the present cost. Maliha et al. [15] studied the best off-grid energy system for satisfying the load demand of a rural Bangladeshi community. The levelized cost of this system was 0.21 USD and the total net present cost was 4.8 million USD. Muyiwa et al. [16] studied the PV and biodiesel generator-based hybrid energy system for fulfilling the domestic electricity, as well as the water of rural people in Ghana. They observed that, through this system, the beneficiaries had to pay almost double, i.e., it was not cost-effective. In that case, to get a cost-effective system, more research has to be performed. The aforesaid researchers were focused on the best design and planning of on-grid or off-grid solar photovoltaic systems [17,18,19]. For the on-grid solar system, one of the disadvantages is that during a blackout, this system is unable to generate electricity. It cannot generate solar energy at night or when there is no sunlight [20,21]. For the systems with off-grid solar modules, some disadvantages occur; this is off-grid systems necessitate the purchase of a backup battery, which can be expensive and complex, and solar battery systems must be maintained regularly. [22].



A techno-economic analysis of a hybrid system that powers a school in Misurata, Libya, was provided by Glaisa et al. [23]. To assess the various configuration alternatives for supplying the electrical load, the HOMER optimization model was employed [23]. On a 23-hectare farm on Camotes Island in Cebu, Querikiol et al. evaluated the efficacy of a 1.5 kW micro-off-grid solar power generator [24]. The HOMER optimization program was used to establish the best configuration for the micro-off-grid system. The best option was a 2.63 kW all-PV system with 8 kWh of batteries [24]. Aisa et al. studied the viability of building a solar-wind hybrid power plant to supply the general hospital in Sabratha with electricity [25]. HOMER was used to optimize and simulate the proposed system.



In this study, a hybrid photovoltaic system was considered, where the diesel generator would be employed as a backup supply to minimize the initial cost and overcome the blackout problem. When the proposed system was connected to the electrical grid, the system would operate as an on-grid power system, and it would operate as an off-grid power plant for sites that were entirely isolated. If the PV generation was insufficient, the diesel generator would be employed as a backup supply.



Many papers have been published on renewable energy simulation using HOMER. However, this is the first attempt to simulate a hybrid PV system and perform a techno-economic analysis in order to find the optimum way to power the health center in the Baliadangi Upazila health facility in the Thakurgaon district in Bangladesh. The objectives of this study were to select a site and calculate its total load, simulate the best possible combinations of power supply options to satisfy the electrical loads of a healthcare institution at the lowest possible cost, and analyze the generation from a technical and financial perspective.




2. Research Methodology


2.1. Site Selection


For the techno-economic assessments, the Baliadangi Upazila health care was considered. Figure 1 depicts the location of the chosen medical facility on a Google map, showing the site’s location in Baliadangi—Lahiri Hat Rd, Baliadangi, Thakurgaon, Bangladesh [26].




2.2. System Optimization Tool


The HOMER Powering Health Tool is a free online model for creating preliminary designs of electric power systems for healthcare institutions. The tool is designed for engineers, financiers, and project managers in the energy sector to improve the implementation of such systems. Based on the supplied inputs, the tool simulates the best possible combinations of power supply options to satisfy the electrical loads of a healthcare institution at the lowest possible cost. It analyzes several configurations of solar photovoltaic (PV) [19,27], diesel, gasoline, or propane-powered generator sets, batteries (lead-acid or lithium-ion), and grid electricity. No registration or software download is required to use the model, which is online and can use an infinite number of times [28,29,30]. The National Renewable Energy Laboratory in the United States created HOMER Pro, a software application. This software application is used to develop and analyze off-grid and on-grid power systems for far, stand-alone, and distributed generation applications from a technical and financial perspective.




2.3. Design Specifications


A photovoltaic (PV) system, an inverter, a diesel generator, net metering, and the required loads all are parts of the system. A schematic diagram has been displayed in Figure 2. In this hybrid power system, the main grid and the loads are linked to the AC bus. A photovoltaic power system and an energy storage device are linked to the DC bus. For bidirectional energy transfer, a bidirectional energy converter links the DC bus with the AC bus. The DC bus does not currently supply any loads, but in the future, it might be able to supply some loads, such as the hospital’s UPSs. A photovoltaic power system, a diesel generator, a converter, a grid, and load components make up the hybrid photovoltaic system. PV modules use solar radiation to create DC electric power. PV modules are used to supply the output power. Diesel generators are used as backup energy sources when there is no access to the grid or when there is a disturbance in electrical power. A bidirectional power converter inside the system transfers energy from the AC bus to the DC bus. The converter functions as both an inverter and a rectifier, depending on the system’s requirements for energy consumption, production, and storage. The power required by the hospital complex is the only load In this design. The load’s data has been gathered from the area.



In this study, the Cheetah HC 72 M, 400 Wp, MONO PERC HALF CELL MODULE was used. Table 1 shows the technical specifications of the chosen Photovoltaic [31] where the module efficiency was 19.88%, and the tracking system was fixed.



Table 2 shows the component size and cost considered for the analysis, where the capital cost of the PV panel, converter, and diesel generator was $590 per kilowatt, $140/kW, and $ 160/kW, respectively; the derating factor of this PV panel was 80%.





3. Results and Discussion


3.1. Estimation of Load Requirements


The overall electricity consumption by the various loads of the hospital can be used to compute the electric power demand. The load demand was calculated by conventional mathematical criteria by using Refs. [32,33]. Table 3 shows the load computation for a weekday with a higher load demand during the summer. The average power usage was roughly 67.1 kWh per day, according to the data collected from the various units of the healthcare center.




3.2. Load Profile


The Baliadangi Upazila health complex is a government healthcare center, consisting of healthcare facilities, an administrative building, and housing for health experts and support workers. The medical facilities offer both a general ward and emergency services that are available around the clock, as well as eight-hour outpatient, surgical, and analytical services. Additionally, various wings, including hospital administration, outpatient centers, surgical centers, etc., are open at 8 AM and close at 5 PM. Therefore, the greatest quantity of electric loads is ON at that time, as shown in Figure 3. Depending on the weather variation, load requirements are varied from January to December. Figure 4 illustrates the seasonal load profile variation of the healthcare’s hybrid PV system.




3.3. Solar Energy Resources


The monthly mean global solar radiation data can be obtained using HOMER software giving the longitude and latitude of the selected site. Figure 5 illustrates the horizontal solar radiation spans from 4.02 kW/m2/day to 6.27 kW/m2/day; in addition, the clearness index spans from 0.38 to 0.679, and were found for the Baliadangi area, with a scaled annual average value of 4.85 kWh/m2/day. The maximum and minimum levels of solar radiation were recorded in April and September, respectively. The levels of solar insolation at Baliadangi show the capacity for the established order of PV technology, in comparison to other relevant regions across Bangladesh.




3.4. Optimization Results


Figure 6 has depicted the optimum options (from an economical point of view) for each system architecture. This study used a PV/generator/grid combination. In the fourth-row combination, the generator is not implemented, and in other row combinations, one or two components are missing; however, in this study, selected combinations of all components have been implemented, as this was the optimal combination of sources. Based on solar radiation of 4.85 kWh/m2/day, these optimization results were obtained:



The grid, 24.3 kW PV panels, a 17 kW generator, and an 11 kW converter are the most cost-effective combination, as shown in Figure 6.



As shown in Figure 7, the initial cost of hybrid PV system elements, maintenance costs, and overall costs throughout the 25-year project have been depicted where the Autosize Genset, PV, Grid, converter, and other component costs were $2413.76, $14,349.12, $777.71, 2767.5, 8314.79, respectively.



The cash flow for the suggested system’s 25-year period of operation is shown in Figure 8. The initial investment was $26,914.32. A replacement cost of $1538.36 would be required after 15 years. The system would gain a saving of $2594.49 at the close of the 25 years.



Figure 9 shows the monthly electric production for the system, where the total energy production was 38,866 kWh/year, where the generic flat-plate PV was provided by 38,330 kWh/year, the Genset generator was provided by 309 kWh/year, and the grid purchased 227 kWh/year.



Figure 10 shows the PV power output for the optimal system for the whole year, where the rated capacity, means output, and capacity factor was 24.3 kW, 4.38 kW, and 18%, respectively. PV production began around 7 AM and ended around 5 PM.



Figure 11 shows the total energy purchased from the grid and the total energy sold to the grid, where 227 kWh per year of energy was purchased from the grid, and 7719 kWh per year of energy was sold to the grid.



Figure 12 shows the system inverter output and rectifier output, where the inverter output capacity, mean output, maximum output, and capacity factor were 11 kW, 3.66 kW, 11 kW, and 33.3%, respectively; it also shows that the rectifier output capacity, mean output, maximum output, and capacity factor were 11 kW, 0.0374 kW, 11 kW, and 0.341%, respectively. The electricity production cost per unit is determined by the formula below (Equation (1)):


  The   electricity   production   cost   per   unit   =    Net   present   cos t  +  (   Annualized   cos t  +  levelized   cos t   )  × 25   T o t a l     P V   p r o d u c t i o n   c o s t   i n   25   y e a r s    



(1)







Equation (1) gives the value of the electricity production cost per unit for this proposed system, as is shown below:


  =   28705.2 +  (  1041 + 0.02728  )  × 25   912158.56    











Figure 13 shows the pollutant emissions produced by the whole system operation, where the emissions of CO2, CO, SO2, unburned hydrocarbons, particulate matter, and NOx were 399 kg/year, 1.61 kg/year, 1.25 kg/year, 0.07 kg/year, 0.009 kg/year, and 1.82 kg/year, respectively.



Based on the simulation results, the total PV production in 25 years is 912,158.56 kWh, the total Net Present Cost (NPC) is 28,705.2 USD, and the Levelized Cost of Electricity (LCOE) is $0.02728 per kW-hour.




3.5. Payback Period Calculation


The cost of installing a solar system was $28,705, the 1st year of PV production was 38,866 kWh/year, and the electricity production cost per unit was $0.096 [34]. The total saving per year is determined by the formula below.


Total saving per year = 1st year of PV production × electricity production cost per year



(2)







Equation (2) gives the value of total savings per year for this proposed system, as shown below:


= 38,866 × 0.096 = $ 3731.14.











The payback period can be determined by the following equation (Equation (3)):


  Payback   period =    Installing   cos t   of   solar   system     Total   savings   per   year     



(3)







Equation (3) gives the value of the payback period for this proposed system, as shown below:


  =   28705   3731.14   = 7.7 years  













4. Conclusions


This paper presents an optimal power system design for the remotely-located healthcare center situated in Baliadangi—Lahiri Hat Rd, Baliadangi, Thakurgaon, Bangladesh, using the HOMER Powering Health Tool. HOMER Pro was used to perform the techno-economic evaluation. The outcomes have elucidated that the hybrid photovoltaic system, consisting of a grid of 24.3 kW PV panels, a 17 kW generator, a net meter, and an 11 kW converter, would be propitious; this is because the outcome of this study showed that it would be the cheapest and most sustainable option, in comparison to the existing traditional power supply in Bangladesh. This study’s major outcomes are listed as follows:




	
The grid/PV/generator system was the best combination with the lowest net present cost, because the electricity production cost of the studied system was $0.06/kWh; this was significantly lower than today’s average per-unit cost of $ 0.092 in Bangladesh. Moreover, it had a net present cost of $28,705 and a levelized cost of electricity per kWh of $0.02738.



	
In this system, the total electricity production of the hybrid PV system was 912,158.56 kWh in 25 years, whereas the selected health care center might need 612,287.5 kWh in 25 years. The excess power resulting from the system might be sold to the national grid.



	
The most significant outcome was the reduction in carbon dioxide emissions, which would have been 16,150 kg/year on the grid but only 399 kg/year with the installation of the system. This means that the installation of this system will significantly aid a reduction in CO2 emissions, which is currently the most important concern for the environment.



	
According to the HOMER analysis used in this system, investment expenses will be recovered in 7.7 years.









5. Directions for Further Research


Since PV generation correlates with a lower per-unit cost [30], the collection of electric load-based data for different large-scale private hospitals, in order to analyze the per-unit cost, is in progress. Seepana et al. [35] studied PV system-based hydrogen production and electric vehicle charging stations. In their study, they found that it was possible to reduce CO2 by almost 20,744.04 metric tons. Therefore, in future work, the environmental impact assessment could be studied with the help of Ref. [36] and Seepana et al. [37]. Furthermore, future work could compare and confirm the obtained calculation on a real installation; this will also incorporate the analysis of the economics of a project when using solar modules with an extended service life of up to 40–50 years [38].
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Figure 1. Site location of Baliadangi Upazila health complex. 
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Figure 2. Schematic diagram for the proposed system. 
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Figure 3. Daily load profile. 
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Figure 4. Seasonal load profile. 
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Figure 5. Monthly average horizontal global solar irradiation. 
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Figure 6. Optimization results. 
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Figure 7. The cost summary for the optimal system. 
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Figure 8. Cash flow order for the proposed system. 
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Figure 9. Monthly electric production for the proposed system. 
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Figure 10. PV power output. 
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Figure 11. Grid for the system. 






Figure 11. Grid for the system.



[image: Sustainability 15 01362 g011]







[image: Sustainability 15 01362 g012 550] 





Figure 12. System converter for the system. 
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Figure 13. Emission per annum for the system. 
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Table 1. Technical specification of the solar panel.






Table 1. Technical specification of the solar panel.





	Parameters
	Specification





	Maximum Power
	400 Wp



	Maximum power voltage
	41.7 V



	Maximum power current
	9.60 A



	Open circuit voltage
	49.8 V



	Short circuit current
	10.36 A



	Module Efficiency STC (%)
	19.88%



	Operating Temperature
	−40 °C~+85 °C



	Nominal Operating Cell Temperature (NOCT)
	45 ± 2 °C



	Dimensions
	2008 × 1002 × 40 mm



	Warranty
	25 years



	Tracking system
	Fixed
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Table 2. List of system component sizes and costs considered for the analysis.
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	Component
	PV Panel
	Converter
	Diesel Generator





	Size/Type
	24 kW
	11 kW
	17 kW



	Capital Cost ($)
	590/kW
	140/kW
	160/kW



	Replacement Cost ($)
	531/kW
	140/kW
	128



	O&M Cost ($)
	0.01/Year
	0
	0.010



	Lifetime
	25.00 Years
	15 Years
	15,000.00 h



	Derating factor (%)
	80.00
	-
	-
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Table 3. Healthcare load analysis.






Table 3. Healthcare load analysis.





	
Load Description

	
Q

	
P

	
X = Q × P

	
Y

	
E = (X × Y)/1000




	
Quantity

	
Power (W)

	
Total Power (W)

	
On-Time (h/d)

	
Total Energy (kWh/Day)






	
Vaccine Refrigerator

	
5

	
60

	
300

	
24

	
7.2




	
Light

	
128

	
20

	
2560

	
6

	
15.3




	
Sterilization Equipment

	
3

	
1400

	
4200

	
0.5

	
2.1




	
Suction

	
5

	
80

	
400

	
0.5

	
0.2




	
Water Heater

	
1

	
1000

	
1000

	
0.5

	
0.5




	
Ceiling Fan

	
32

	
50

	
1600

	
6

	
9.6




	
Incubator

	
1

	
200

	
200

	
2

	
0.4




	
TV

	
2

	
70

	
140

	
5

	
0.7




	
Refrigerator

	
3

	
100

	
300

	
24

	
7.2




	
Centrifuge

	
2

	
40

	
80

	
0.5

	
0.1




	
Microscopes

	
4

	
30

	
120

	
2

	
0.1




	
Laptop

	
2

	
60

	
120

	
4

	
0.5




	
Hematology Analyzer

	
3

	
60

	
180

	
3

	
0.5




	
Computer Desktop

	
11

	
100

	
1100

	
3

	
3.3




	
Printer

	
8

	
100

	
800

	
2

	
1.6




	
Exhaust Fan

	
2

	
40

	
80

	
7

	
0.5




	
Air Conditioner

	
2

	
1000

	
2000

	
3

	
6




	
Surgery Spotlight

	
3

	
150

	
450

	
3

	
1.3




	
Ventilator

	
1

	
150

	
150

	
3

	
0.4




	
Anaesthetic machine

	
1

	
100

	
100

	
3

	
0.3




	
Genexpert

	
1

	
190

	
190

	
2

	
0.3




	
Cautery Diathermy

	
1

	
100

	
100

	
2

	
0.2




	
Pulse Oximeter

	
3

	
30

	
90

	
3

	
0.1




	
X-ray Machine

	
1

	
1500

	
1000

	
2

	
2




	
Water Pump

	
1

	
2238

	
2238

	
3

	
6.7




	
Total

	

	

	
19,372

	

	
67.1
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