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Abstract

:

The United States Air Force has implemented a dispersed air base strategy to enhance mission effectiveness for near-peer conflicts. Asset dispersal places many smaller bases across a wide geographic area, which increases resupply requirements and logistical complexity. Hybrid energy systems reduce resupply requirements through sustainable, off-grid energy production. This paper presents a novel hybrid energy renewable delivery system (HERDS) model capable of (1) selecting the optimal hybrid energy system design that meets demand at the lowest net present cost and (2) optimizing the delivery of the selected system using existing Air Force cargo aircraft. The novelty of the model’s capabilities is displayed using Clark Air Base, Philippines as a case study. The HERDS model selected an optimal configuration consisting of a 676-kW photovoltaic array, an 1846-kWh battery system, and a 200-kW generator. This hybrid energy system predicts a 54% reduction in cost and an 88% reduction in fuel usage, as compared to the baseline Air Force system. The HERDS model is expected to support planners in their ongoing efforts to construct cost-effective sites that minimize the transport and logistic requirements associated with remote installations. Additionally, the results of this paper may be appropriate for broader civilian applications.
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1. Introduction


After nearly two decades of counterterrorism and counterinsurgency, the Unites States (US) Department of Defense (DoD) 2018 National Defense Strategy (NDS) has shifted its primary focus to near-peer conflict [1]. In an armed conflict with near-peer adversaries, air superiority will be contested; therefore, forces may need to be on constant alert within the contested airspace. To mitigate risk in a near-peer conflict, the RAND Corporation proposed that the Air Force employ a dispersed air base concept that involves conducting operations from many smaller air bases [2]. This strategy will allow the Air Force to set up and operate in one location and rapidly move operations before the base is targeted for attack. However, conducting operations from a large number of bases inherently increases the fuel, munitions, food, and water resupply logistical complexity and its exposure to disruptions by adversaries [3].



The RAND report focused on the possibility of a conflict in the area surrounding the South China Sea, and it identified that a mixture of different types of bases is required to achieve military objectives in a contested battlespace—“stay-and-fight” may have an indefinite duration, “drop-in” may last days to weeks, and “fighter forward arming and refueling point (FARP)” may be established for less than a day. Stay-and-fight bases have a larger footprint, operate on the edge of the contested battlespace, and have more permanent infrastructure, including grid-tied power and large-scale fuel storage. One the other end of the spectrum, fighter FARP bases are conceptualized as austere airfields, where everything needed to conduct operations would be flown in on cargo aircraft and only used for short periods. This paper focuses on drop-in bases, which are similar to the forward operating post concept the US employed in Afghanistan and Iraq. These bases will primarily use expeditionary equipment and fabric shelter facilities.



Since the drop-in bases would not be connected to any source of local prime power, all electricity would be produced from liquid fuel generators, which have a demand of approximately 2270 L per day [4,5]. Alternative methods of energy generation would reduce the high logistics requirement for fuel and, also, lower the site’s reliance on fuel and resupply, which, in turn, increases its energy resiliency.



Investing in energy systems such as solar photovoltaics and wind turbines allows for alternative methods of energy production. These systems can be combined with energy-storage platforms and existing generator capabilities to provide energy resilience and sustain operations, thereby reducing fuel resupply frequency. Individual energy system components can be integrated into a hybrid energy system (HES), which is defined as any system that combines energy-generation technologies to create a more robust power infrastructure. The majority of HES include solar photovoltaic panels, which are connected to a battery backup system that supplements a diesel generator [6]. These systems can intelligently supply power from different sources, depending on the current demand and external conditions. Having a diversified portfolio of energy-generation sources allows for the limited availability of fuel to be prioritized for flight operations.



HES are inherently resilient, and resilient infrastructure integration is a focus area within the 2018 NDS [1]. Studies have shown how HES can be used to reduce isolated communities’ reliance on fossil fuel power generation, which increases their resilience to logistics disruptions [6,7]. Energy storage is a vital contributor to resilience; it allows for a generator to operate at peak efficiency, and it provides the user the ability to turn off the generator, either for silent operations or regular maintenance [8]. To illustrate this concept, Gildea et al. (2011) demonstrated an 80% fuel savings using an 80-kWh battery connected to a 15-kW generator [9]. Solar photovoltaics are another critical component of a HES. Connecting a solar array to an energy-storage system allows excess energy produced during peak hours to be captured and discharged during periods of darkness, further reducing the fuel consumed by the generator [10]. Several military studies have also demonstrated the feasibility of connecting photovoltaic (PV) panels to soft-walled shelters to reduce the overall power demand [4,11,12,13,14,15]. Additionally, tents with integrated PV cells have proven effective in meeting the electricity needs of a displaced refugee population [16,17].



Wind turbines are another potential HES component—as wind can be prevalent all hours of the day, it is a well-suited complement to photovoltaics. Several studies have also analyzed case studies using the combination of wind, PV, and diesel generation to show the benefits of integration [18,19]. There are a few drawbacks to these systems, however. First, these systems are complex and may be challenging to operate in contingency environments. Since wind turbines involve moving parts, these systems require more maintenance and repairs than passive solar arrays. Second, as mobility and ease of shipping are essential in these circumstances, few locations in the world might justify the weight and cost of such a system [8].



A number of research studies have presented HES optimization models for remote, isolated, or stand-alone locations. These models primarily focus on the economic tradeoff between the costs associated with purchasing a HES and the energy savings that are received from the system [20,21,22]. A common theme among the articles is the specificity attached to a case study and how each system had to be tailored specifically to the location being analyzed, all of which resulted in some form of economic payback or increase in power quality as a result of incorporating the proposed system. In addition to technoeconomic analyses, studies have considered other objectives, including weather-based reliability [23], social criteria [24], and energy-storage lifespan [25]. Using the commercially available Hybrid Optimization Model for Multiple Energy Resources (HOMER) software to optimize the microgrid system is a common method, because it greatly simplifies the process of developing a system specific to the identified region [26,27,28]. By comparing the economic and environmental benefits of different types of HES, HOMER is able to rapidly optimize an HES using the selected location’s climate data and load profile.



Despite the significant contributions of the aforementioned research studies and demonstrations, there was no reported research that focused on: (1) computing the energy demand of a fabric shelter camp based on local weather data, (2) minimizing the transportation logistics involved in airlifting an optimized HES, and (3) generating optimal tradeoffs between fuel consumption savings of a HES with the fuel cost incurred during transportation.



This paper seeks to address these limitations by computing optimal system configurations for different operational locations using the newly developed hybrid energy renewable delivery system (HERDS) model. HERDS is a MATLAB-based model that incorporates outputs from HOMER and an aircraft selection model (ASM) [29,30]. The ASM is used to optimize the use of mobility aircraft, such as the C-130J-30, C-17A, and the C-5A, to transport expeditionary equipment from prepositioned theater storage sites to drop locations [2,30]. The result is a model that enables the identification of the most cost-effective HES for a fabric shelter base at any geographic location.



The remainder of this paper is structured as follows: Section 2 defines the parameters used in the HOMER and ASM models and details how they integrate with the overall cost model, while Section 3 demonstrates the unique capabilities of the HERDS model to minimize the transportation and operational cost of the HES by analyzing a case study set in the Philippines. Finally, Section 4 provides a summary of the study and concluding thoughts.




2. Materials and Methods


The hybrid energy renewable delivery system (HERDS) model was constructed to optimize a HES system to increase the energy resiliency of a base and to reduce the amount of fuel it consumes by generating power. The HERDS model is formulated in the three distinct stages shown in Figure 1: the data inputs needed to run the model, the calculations performed from the input parameters, and the resulting output values and configurations. In the input stage, the site location and number of personnel stationed at the base are needed, in addition to the physical, performance, and cost attributes of the different components in the HES. During the calculations stage, an electric load profile is generated and used to compute the optimal HES combinations that can then be airlifted with a select combination of aircraft. The final outputs of the model are the configurations of the HES, the airframes needed for system transportation, and a total cost in present dollar terms that can be used to compare alternative courses of action.



Utilizing the HOMER software simplifies this process. Once a location is selected, the software downloads the appropriate solar and wind resource data from the National Renewable Energy Lab (NREL) database, as well as the National Aeronautics and Space Administration (NASA) Surface Meteorology and Solar Energy database [29]. This data is then used to predict the amount of energy produced and stored by the microgrid at a specific location. The different HES components, such as solar panels, wind turbines, energy storage, and inverters, can be added and edited individually to replicate a real-world system. Figure 2 displays a generic HES architecture that can be used within HOMER. The software also allows the user to specify the economical parameters of the model as a whole and for each HES component. This architecture is evaluated within HERDS and, also, two variations of the architecture—either without the solar array or without the wind turbine.



The electrical load requirements must be known to model a site and generate an optimally sized HES. The primary facility type used in drop-in bases are fabric shelters. The Alaska Small Shelter System, shown in Figure 3, is representative of this type of facility. It consists of hollow aluminum segments held together by rack and pin placed directly on the ground; both the floor and exterior shell consist of a fabric liner. The exterior shell material, measured as 1.6-mm-thick, is the primary barrier between the exterior environment and the air conditioned space within the shelter [32].



One load that all of these shelters share is the power required to maintain the shelter at a stable temperature—typically, 21 °C. An environmental control unit (ECU) is attached to every fabric shelter in the base. Cumulatively, shelter heating and cooling demands are responsible for the majority of the encampment’s energy consumption [32]. Data from metering demonstrations at test sites have revealed a relationship between the external ambient temperature and the load required to heat or cool the shelter [4]. The fabric shelter differs significantly from permanent construction envelopes, where internal heat gains are much more notable. The tent’s envelope is drastically thinner, resulting in conduction and convection being the driving heat transfer modes. This relationship can then be applied to heat transfer equations to determine the power needed for the ECU to maintain the desired temperature within a tent, as shown in Equation (1) [34,35].


   P  E C U      (  k W  )  =   3  A t  U  |   T o  −  T i   |   η  ×  1  1000   + 2   k W  



(1)







Equation (1). ECU power draw equation. η represents the energy efficiency ratio of the ECU (modeled as 1.69      W  h e a t / c o o l      W  e l e c     )   [36];    A t     (   m 2   )    is the exposed surface area of the tent;    T  o      ( ° C )    is the outside air temperature;      T  i      ( ° C )    is the inside air temperature; and U   (   W   m 2  · ° C    )    is the overall coefficient of heat transmission, including the air films, tent material, and insulation. Added as a base load requirement is 2 kW to run the ventilation fan. The 3 is a constant to account for additional heat transfer through radiation and air infiltration [4]. One thousand is used to convert the units from Watts to kW.



Equation (1) is used to account for the thermal resistive effects of the different layers between the exterior and the interior environment of the shelter. The U-value (Equation (2)) sums the resistive element between the ambient temperature (To) and the interior temperature (Ti) to account for the changes in the heat flow across the different materials, accounting for their thickness and thermally conductive properties. Figure 4 displays the relationship between the interior and exterior temperatures concerning heat flow across the various material layers of the tent.
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Equation (2). Cumulative heat transmission coefficient, where xi is the thickness of the physical layer, and ki is the thermal conductance of the material.



In addition to the electrical load from the ECU, the tents draw power from the system for other requirements. Some of these loads are broken down by the tent function, either a billeting tent or a mission-oriented shelter. Billeting tents are where the occupants rest, and mission-oriented shelters house the array of sensors and communication equipment used by the base and are manned 24 h per day. Metering reports from Afghanistan show that other loads occur at regular intervals during the day, such as when the lights come on in a billeting tent or when a new shift starts in the mission-oriented tents, and make up approximately 0.2% of the overall camp load [37]. The combination of all the loading factors is listed in Table 1.



Before HES-sizing can occur, HOMER requires the user to either select from a set of generic components or input the system performance data, as well as the purchase and operational costs associated with the equipment. After the microgrid architecture has been established and the annual loading requirement is defined, the software then runs simulations for every combination of components (diesel generator only, diesel generator and a battery system, PV and a battery system, etc.) and computes the optimized system for each combination using the net present cost (NPC) with an inflation rate of 2.00%. The NPC considers the equipment purchase cost, the costs for component replacements, the system maintenance cost, and generator fuel consumption cost. Costs other than the initial cost are converted to a present value, which allows for projects of different sizes, lifecycles, and geographic locations to be compared.



HOMER is not able to incorporate transportation costs into its optimization calculations. To account for these costs, the optimal HES is converted into pallet position equivalents. Using the aircraft selection model, the cheapest transportation option is selected, and a total airlift cost is calculated based on the flight time between the staged material’s location and the drop-in base site [30].



Calculating pallet position equivalents is dependent on the type of resource required. Using the Air Force standard 463-L pallet constraints, the resource can be divided up either by weight or volume. The maximum weight for one pallet position is 4535 kg (10,000 lbs.), and the maximum volume for one pallet is limited to 2.74-m-high by 2.24-m-long by 2.44-m-tall [38]. The best combination of aircraft needed to airlift the HES to the base is determined using the resulting pallet equivalents. The most common types of aircraft used for airlift operations are the C-130J-30, C-17A, and the C-5A, and their basic specifications are listed in Table 2 [30].



Using the aircraft listed in Table 2, the ASM then determines the number and type of aircraft required to airlift the system. To do this, the model assumes that all aircraft are equally available for transport. First, it calculates all possible combinations of aircraft that can transport the palletized HES by weight and compares them against each aircraft’s maximum payload specifications. The model then compares the cargo requirement against the amount of pallet positions that are available within each of the proposed aircraft to determine each applicable airlift combination. Using each possible airlift combination, the model calculates the cumulative cost per flight hour. This cost is primarily derived from the fuel usage rate of each aircraft, as well as the total ownership costs, which include the cost of purchase, maintenance, and repairs for the aircraft [30]. This cost per hour is used to determine the least expensive option for transporting the HES to its destination. The total flight cost, as a function of the total flight time and cost per hour, is then added (without discounting) to the net present cost of the HES.




3. Results


To demonstrate the unique capabilities of the HERDS model, a case study was analyzed utilizing a drop-in base with 300 assigned personnel at Clark Air Base, Philippines. This size base was chosen because the personnel there will be using expeditionary equipment and will likely utilize fabric shelters [2]. Given the camp population and facility requirements, access to prepositioned fuel sources is unlikely, and leadership will have to prioritize the fuel they have available to primarily support flight line operations. These traits make a drop-in base of this size an ideal situation to integrate a HES.



Several assumptions are made to simulate the battlefield circumstances accurately. First, all required material for a HES is prepositioned at three nearby staging countries with stay-and-fight-sized bases: Japan, Guam, or Australia. Next, it is assumed that all required austere location base equipment (tents, generators, electrical equipment, etc.) are already in place and need no further material from additional airlifts. To simulate the existing power grid, a 200-kW generator was added to the model to generate any power that could not be met with PV cells or wind turbines. Since the generator capability is already assumed to be in place, the smallest allowable purchase cost was selected—$0.01/kW. The fuel price was set at $2.00 per liter, which includes the cost of the fuel and an estimate of transportation costs to the site.



Additionally, all HES equipment is assumed to be purchased without a loan. In order to represent this within HOMER’s NPC calculations, a discount rate of 0.01% was used. Finally, the HES equipment, once transported to Clark Air Base, will continue to be utilized for the duration of operations [2]. A project lifespan of 15 years was used to model the utilization of the components until failure.



Time-series data for the ambient temperature in the area was collected from NASA’s global weather data in one-hour intervals and used to generate the initial electric load of the shelters [40,41]. This temperature data is applied to Equation (1) to generate the load of the ECU connected to the tent. For this case study, the modeled shelter uses a 2.54-cm Thinsulate layer of insulation, which has an individual U-value of 1.2    (   W   m 2  · ° C    )    and a cumulative heat transmission coefficient of 0.9    (   W   m 2  · ° C    )    The calculated ECU load is then added to the other loads listed in Table 1 to generate the estimated daily load profiles for fabric shelters at Clark Air Base, Philippines. Figure 5 displays the resulting loads for one day for both a billeting and a mission tent.



Single shelter loads were then scaled to reflect the size of a drop-in base. The 300 personnel needed to operate the base were divided among 25 billeting tents and five mission tents [42]. The aggregate daily loads were translated to annual loads using HOMER, as shown in Figure 6. Next, the estimated annual load for the base was used to compute the HES optimal design points.



For this case study, specific components were chosen due to their market availability, performance specifications, and ability to be transported in pallets aboard aircrafts. The PV panels being modeled in this study are SunPower E20 [43]. They have a rated capacity of 327 W and an efficiency of 20.4%, which is 3–5% more efficient than most commercially available panels [44]. Panel efficiency was a prime consideration for the case study in order to minimize the area required for the array. Table 3 lists additional manufacturer specifications for the solar panel [43,45,46].



Wind turbines used in the simulation are representative of the Kingspan KW6 [45], which is rated at 6 kW, has a 15-m-tall tower, and a 5.6-m rotor diameter. Its size makes it ideal for accessing the wind above the structures of the camp, while still being small enough not to interfere with air operations [26]. The turbine’s cost data are listed in Table 3.



The energy-storage optimization process was calculated within HOMER using 1-kWh intervals in the standard Li-ion battery. This interval enabled a high level of precision in calculating the needed energy storage. The resulting energy-storage requirement is then converted to an integer number of the 210-kWh Tesla power bank system [46] in order to model the airlift requirements. A summary of the component parameters is presented in Table 3.



Using the components listed in Table 3, HOMER generated 5060 different systems. Each HES listed in Table 4 is the system with the lowest NPC over the 15-year lifespan for each unique architecture.



HES 1 and HES 2 resulted in similar-sized arrays, energy storage, and NPC. The main difference in the two systems is that HES 1 only has a combination of solar PV and battery backup, along with a generator, while HES 2 adds a single wind turbine. The addition of a wind turbine caused the NPC to increase slightly for HES 2 and resulted in using 1600-L more fuel per year. Next, the transportation costs of both HES combinations were calculated.



The following criteria were used to divide the HES into pallet equivalents. Photovoltaic panel pallets will be governed by volume due to individual panel weights of 18.6 kg [43]. Racking systems, similar to Sollega solar buckets, were included [47], as well as individual microinverters, and all needed connection equipment. Each photovoltaic panel pallet had a rating of 40 kW.



The Kingspan KW6′s 15-m tower [45] can be divided into different sections to meet the dimensional requirements of a pallet and later bolted together on-site. Due to weight requirements, one entire system was split between two aircraft pallets. One pallet contained the base and tower sections, while the other pallet contained the wind turbine and blades. Altogether, the pallet combination had a rated capacity of 6 kW [45].



Energy-storage systems are generally heavier than most other HES components. Systems such as the Tesla Powerpack can store up to 210 kWh and weigh 1622 kg; thus, only two battery banks can be transported per pallet [46]. Table 5 displays the details and contents of each pallet type.



The resulting pallets were then divided up among the different airframes listed in Table 2. The ASM was employed by using the volume (pallet positions) and weight (kg) of all cargo aircraft, then creating all possible combinations of smaller airframes and checking for the lowest cost per flight hour. Table 6 displays all combinations of aircraft capable of transporting the HES and their cost per flight hour. In the table below, HES 1 consists of 22 pallets and 57,352 kg, while HES 2 consists of 24 pallets and 64,610 kg. Each row in Table 6 is a different combination of aircraft sorties that can transport either system.



The optimal aircraft combinations for HES 1 and 2 differed primarily due to HES 2 including a 7250-kg wind turbine. The wind turbine caused the needed pallets to exceed the maximum payload of three C-130J-30s by 4900 kg. Without the turbine, HES 1 was able to fit within three C-130J-30s and result in a lower cost per flight hour.



As stated in the RAND report, all the material needed to support these bases is assumed to be prepositioned in the nearby countries of Japan, Guam, and Australia. Figure 7 shows each location in relation to Clark Air Base and the estimated flight duration between each location.



As shown in Figure 7, the closest theoretical staging point for Clark Air Base is in Japan. The total estimated flight duration of eight hours and fifty minutes was used to approximate the total transportation cost of airlifting the material to the drop-in base. Table 7 shows the final calculated costs of operating and transporting the HES.



Including transportation costs, HES 1 and 2 could avoid $4.7 or $4.6 million of system lifecycle costs over a 15-year lifespan, respectively. When compared to the generator-only solution, HES 1 saves 54.4% in cost and reduces the fuel consumption by 88%. For reference, the generator-only solution (HES 5, Table 4) possessed an NPC of $9.8 million and used 269,477 L of fuel per year.



To account for future climate uncertainty, a sensitivity analysis was conducted to show HES designs and costs using climate-informed loading extremes. This was accomplished by applying the maximum and minimum hourly electrical loads imposed on the system and projecting those loads across the entire day. The resulting systems would identify the possible sizes and cost variations of future systems. The annual load profiles for each case are shown in Figure 8. The maximum electrical load profile had an average of 3148 kWh/day, which is 21% higher than the actual annual load profile from Figure 6. The minimum profile resulted in 2104 kWh/day averaged across the year, which is 19% lower than actual data. The resulting systems size and cost are displayed in Table 8.



The sensitivity analysis demonstrates that the system size and cost are closely related to the average daily load. Both the size of the PV array and the NPC were within three percentage points when compared to the change in average kWh produced per day. At the extremes of the sensitivity range, only small total annual load deviations were observed in comparison to the base case. From a system design perspective, the small deviations generated battery size changes that corresponded with the load increases or decreases. These changes are a result of the system meeting the peak level power throughout the evening hours when supply cannot be supplemented with solar energy. The sensitivity analysis illustrates that a HES can be scaled proportionally to account for anticipated changes in the climate over the duration of a project.



An additional sensitivity analysis was performed for fuel price and base duration to explore the model variability. The base duration is referred to as the project lifecycle in this section. Fuel price was hypothesized to be important to the HES optimization model, and the fuel price was varied from $1–10/L to determine if the optimal solution favored an increased reliance on renewable energy components. As shown in Figure 9, the optimal HES system size increased with the fuel costs; additional fuel savings made it cost-effective to have a larger HES. Additionally, the project lifecycle was varied from one to five years to test the solution sensitivity. Figure 9 also shows the size of the photovoltaic (PV) array and the energy storage (ES) component for the optimal system at each interval in the sensitivity analysis.



The results of the analysis showed an increasingly linear relationship over time with an increasing fuel price to an increase in size and cost of the HES. This near-linear relationship between the NPC and lifecycle time can be demonstrated by the top-left graph in Figure 9. Each system NPC for every fuel cost iteration was divided by the project duration, resulting in the same increasing rate of cost for every project lifespan. In all cases, the optimal architecture was a combination of solar panels, a backup battery system, and a generator. This result only reinforces the conclusion that the system configuration HES 1 from Table 4 is the best HES combination for Clark Air Base.



One other aspect that became apparent during the sensitivity analysis is that the components’ salvage value was artificially deflating the results. Salvage value refers to the amount of money that could be received for selling a component at the end of the project lifecycle. A large portion of the overall NPC was due to the salvage value and did not accurately reflect the system’s lifecycle cost. As an example, a 2-MW solar array costing $2.8 M has an expected lifespan of 25 years. If the overall project has a lifespan of two years, the PV panels will have only lost 2/25ths of their initial value and can be sold to recoup costs; this is reflected by an NPC that is significantly lower than the $2.8 M initial cost. The salvage value term within the NPC calculation does not reflect how the military handles its assets. Once purchased, the military will continue to use the components until they are upgraded or no longer functioning. The final project duration was set to 15 years to mitigate this term. This point in time is when the first component (Li-ion battery pack) within the HES architecture is due to be replaced. By ending the project after 15 years, any salvage value incurred will be offset by the replacement cost of the battery pack.




4. Conclusions


This paper presented the innovative HERDS model to design a hybrid energy system in support of an expeditionary base in a contested environment. The HERDS model is capable of minimizing the transportation and lifecycle costs of a HES, based on a specific climate of the base. A case study was evaluated to highlight the significance and demonstrate the HERDS model’s unique capabilities to (1) predict the power requirements of a camp using fabric shelters, (2) design an optimal HES to meet the required load at a minimal operating cost, and (3) account for airlift requirements and costs and assimilate those values into a single cost to be compared against other projects.



The case study was able to quantify the benefits of implementing a HES designed by the model. The standard case of powering a base with a generator had an NPC of $9.81 million, while the best alternative HES had an NPC of $4.99 million, which was 51% of the baseline cost. These savings directly reflect the 237,441 L of fuel saved a year by the HES. An additional savings of $165,000 was also identified by transporting the HES with three C-130J-30s instead of a single C-5 from its staging area to the base’s location.



While useful in the design of off-the-grid systems, the HERDS model does possess limitations that could be the subject of future research. The model was developed with military applications in mind. Consequently, the model was tailored to only account for fabric shelters and the primary heat transfer modes by which they are affected. Internal heat and solar gains were determined to be insignificant based on the research and demonstrations that were examined in the literature review. The ASM is currently limited to United States Air Force aircraft and assumes the same speed of flight between the different airframes. The economic model used also differs from civilian acquisition models, because it assumes that the equipment will be purchased upfront and not have a loan to pay back during the lifecycle of the project.



These distinctive capabilities of the HERDS model accurately and efficiently evaluate all feasible design configurations in order to select the optimal HES that minimizes the transportation and lifecycle costs. This model will enable base planners to construct cost-effective, energy-resilient bases, all while reducing the exposed logistical tail.
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Figure 1. An overview of the input parameters, calculations performed, and outputs of the hybrid energy renewable delivery system (HERDS) model [31]. HES: hybrid energy system and NPC: net present cost. 
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Figure 2. Architecture of a generic HES. 
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Figure 3. Alaska Small Shelter System exterior and interior. Representative of the fabric shelters being used in the HERDS model [33]. 
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Figure 4. Visualization of the resistance to heat flow. To and Ti represent the exterior ambient temperature and interior temperature, respectively. 
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Figure 5. Individual billeting (left) and mission tent (right) power loads. On the right chart, Shift 1 and Shift 2 show the estimated power loads due to mission-essential functions. ECU: environmental control unit. 
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Figure 6. Detailed annual electrical load profile for a site near Clark Air Base, Philippines. 
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Figure 7. Estimated flight duration to Clark Air Base from three possible staging areas around the South China Sea [48]. 
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Figure 8. Maximal (top) and minimal (bottom) annual electric load profiles. 
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Figure 9. Sensitivity analysis of the HES optimization. The top-left chart shows the net present cost sensitivity for one-year (NPC1) through a five-year (NPC5) project life. The remaining charts show the dependence of the optimal photovoltaic (PV) array size and energy storage (ES) size for fuel prices varied between $1–10/L and project lifecycles varied from 1–5 years. 
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Table 1. Typical fabric shelter power load parameters. ECU: environmental control unit.
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Tent Type

	
Load Type

	
Load Value (W)

	
Time of Day






	
Billeting

	
Lights

	
80

	
06:00–20:00




	
Charging Electronics

	
100

	
16:00–20:00




	
ECU

	
2000–6000 (Equation (1))

	
00:00–23:59




	
Mission

	
Sensors and Communications

	
2200

	
00:00–23:59




	
Shift 1 Variable Load

	
500

	
05:00–10:00




	
Shift 2 Variable Load

	
500

	
16:00–21:00




	
ECU

	
2000–6000 (Equation (1))

	
00:00–23:59
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Table 2. US Air Force cargo aircraft specifications [39].
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	Specification
	C-130J-30
	C-17A
	C-5A





	Cruise Speed

(true airspeed)
	660 km/h
	724 km/h
	834 km/h



	Max Payload
	19,900 kg
	77,500 kg
	122,400 kg



	Range
	3890 km
	4440 km
	8055 km



	Max Pallet Positions
	8
	18
	36



	Cost per Flight Hour
	$5741
	$16,379
	$35,899
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Table 3. HES (hybrid energy system) model component specifications and HOMER (Hybrid Optimization Model for Multiple Energy Resources) system inputs [43,45,46].
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Component

	
Specification

	
Value






	
SunPower E20

	
Cell Type

	
Mono-crystalline




	
Dimensions

	
1558 × 1046 × 46 mm




	
Weight

	
18.6 kg




	
Rated Capacity

	
327 W




	
Temperature Coefficient

	
−0.35%




	
Operating Temperature

	
45 °C




	
Efficiency

	
20.4%




	
SunPower E-20 327

	
$3000/kW




	
Operations and Maintenance

	
$45/kW/year




	
Kingspan KW6

	
Rated Capacity

	
6 kW




	
Rotor Diameter

	
5.6 m




	
Hub Height

	
15 m




	
Purchase Cost

	
$49,150/unit




	
Operations and Maintenance

	
$2500/unit/year




	
Weight

	
7094 kg




	
Standard 1-kWh Li-ion

	
Capacity

	
1 kWh




	
Nominal Voltage

	
6 V




	
Round Trip Efficiency

	
90%




	
Maximum Depth of Discharge

	
100%




	
Weight (210-kWh battery)

	
1622 kg




	
Weight (200-kVA Inverter)

	
1202 kg




	
Purchase Cost

	
$445/kWh




	
Operations and Maintenance

	
$10/kWh/year




	
In-place Generator

	
Rating

	
200 kW




	
Fuel Consumption Rate

	
52.4 L/h




	
Initial Capital

	
$2.00




	
Operations and Maintenance

	
$0.01/kWh




	
Fuel Price

	
$2.00/L
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Table 4. Resulting HOMER optimal combinations of components. PV: photovoltaic and NPC: net present cost.
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	HES Number
	PV

(kW)
	Wind (unit)
	Gen

(kW)
	Battery (kWh)
	NPC

($K)
	Initial Capital ($K)
	Fuel/Year (L)





	1
	676
	
	200
	1846
	4990
	2960
	32,036



	2
	666
	1
	200
	1756
	5040
	2940
	33,635



	3
	
	1
	200
	4
	9820
	51
	267,511



	4
	
	
	200
	11
	9810
	5
	269,475



	5
	
	
	200
	
	9810
	0.002
	269,477
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Table 5. HES component pallet divisions for airlift.
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Pallet Type (Rating)

	
Pallet Weight (kg)

	
Item

	
Number Per Pallet






	
Photovoltaic (40 kW)

	
2826

	
Solar Panel (327 W)

	
122




	
Racking System

	
160




	
Micro Inverters

	
130




	
Wind 1 of 2 (6 kW)

	
4373

	
Tower and Base

	
1




	
Wind 2 of 2

	
2885

	
Turbine, Blades, and Parts

	
1




	
Energy Storage (420 kWh)

	
4446

	
Battery (210 kWh)

	
2




	
Inverter

	
1
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Table 6. All possible airlift combinations for HES 1 and 2 [39].
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	System
	C-5A
	C-17A
	C-130J-30
	Cost per Flight Hour ($)





	HES 1
	1
	
	
	35,899



	
	
	2
	
	32,758



	
	
	1
	1
	22,120



	
	
	
	3
	17,223



	HES 2
	1
	
	
	35,899



	
	
	2
	
	32,758



	
	
	1
	1
	22,120



	
	
	
	4
	22,964
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Table 7. The purchase and airlift total cost of HES 1 and 2 to Clark Air Base.
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	System
	System NPC ($)
	Cost Per Flight Hour ($/h)
	Flight Duration
	Transportation Costs ($)
	Total Cost ($)





	HES 1
	4,990,000
	17,223
	8 h 50 min
	152,136
	5,142,136



	HES 2
	5,040,000
	22,120
	8 h 50 min
	195,393
	5,235,393
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Table 8. Sensitivity analysis of climate loading extremes, including percent difference (Δ) from optimal HES
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	HES

Number
	PV

(kW)
	∆ (%)
	Wind

(Unit)
	Battery

(kWh)
	∆ (%)
	NPC

($K)
	∆ (%)





	1 max
	810
	20
	
	2465
	34
	6050
	21



	1
	676
	
	
	1846
	
	4990
	



	1 min
	545
	(19)
	
	1596
	(14)
	4130
	(17)



	2 max
	804
	21
	1
	2443
	39
	6090
	21



	2
	666
	
	1
	1756
	
	5040
	



	2 min
	558
	(16)
	1
	1578
	(10)
	4170
	(17)
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