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1Abstract - High Altitude Airships (HAA) provide affordable, 
long duration, loitering platforms for communication and 
surveillance in both military and civilian markets. HAAs offer a 
potentially lower cost alternative to current unmanned aerial 
vehicles (UAV) and satellites.  The objective of the HAA is to 
loiter above a given point at flight level (FL) 650 for a one year 
period before descending back to base for maintenance. To 
achieve the loitering mission requirements, the airship needs a 
reliable, low-weight, renewable power generation system.  

This analysis is focused on solar power to satisfy these 
requirements. Analysis includes the following solar power 
technologies: photovoltaic flat panels, thin film photovoltaic 
panels, trough solar concentrators, Stirling dish solar 
concentrators, and luminescent solar concentrators (LSC).  

An analysis using an aerodynamic model of the HAA showed 
a non-linear increase in power consumption required to 
overcome incremental weight and drag. Evaluating the trade-
offs of the cost against the power consumption, efficiency, and 
reliability for each alternative yielded that the benefits of the 
highly efficient concentrator options are outweighed by their 
excessive drag. Flat solar technologies (i.e. thin film, LSC, and 
flat panel PV) are ranked the highest. 
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I. INTRODUCTION 

NMANNED aerial vehicles (UAVs) are a valuable new 
technology used by the military and civilian markets. 

Typical UAVs are similar to airplanes and can be equipped 
with sensors and weapons capable of sustaining flight for a 
period of hours or days. They are useful tools that perform 
tasks too dangerous or monotonous for pilots.  

Unmanned Airships are a new generation UAV that are 
lighter-than-air propelled vehicles with steering capabilities 
[1]. Airships are currently being developed to provide an 
extended loiter period of months to years.  

Lockheed Martin is designing an airship, referred to as the 
High Altitude Airship (HAA). It has the potential to hover at 
flight level (FL) 650, approximately 65,000 ft above sea 
level, for extensive periods of time [2]. The initial goal for 
the new design is one year of continuous loitering over a 
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fixed point of interest. The HAA will be configured as a 
versatile platform that can provide functions such as 
communications, surveillance, traffic and satellite 
broadcasting for both the military and civilian markets [2].  

Airships can be brought to base for necessary repairs and 
maintenance, unlike satellites, which are a comparable 
technology in terms of functionality. The cost of carrying a 
payload for airships is potentially lower than satellites and 
UAVs because of long loiter periods, high payload capacity, 
and reparability [2]. 

A power generation subsystem is needed for the airship. 
The technology considered in this paper is solar power. The 
system must generate enough power to run the airship’s 
propulsion system, overhead and payload functions, as well 
as charge the power storage system with excess energy for 
night hours when solar energy is not available. 

II. HIGH ALTITUDE AIRSHIP 

A. Concept of Operations 
The HAA launches when helium is released into ballonets 

inside the hull of the airship. The airship becomes lighter 
than air and rises to FL 650. The ballonets then release 
excess helium until the buoyancy force lift equals the weight 
of the airship [1]. The HAA is designed to loiter above a 
designated area, nose pointing into the wind. Propellers 
create directional control and thrust. The airship has a 
maximum velocity of 75 knots, but has a cruise velocity of 
60 knots. The HAA loiters continuously for a period of one 
year. To descend, the ballonets slowly release the helium gas 
bringing the airship down through the atmosphere to the 
ground. The HAA design goal is a five year lifetime. 

During daylight hours of flight, the solar regenerative 
power subsystem converts solar energy into power. The 
power management system regulates the converted power 
output, which runs the propulsion, payload, and overhead 
functions of the airship and charges the power storage 
system as well. At night, the power storage system sends the 
stored energy through the power management system to run 
the propulsion, payload, and overhead functions. Figure 1 
shows a decomposition of the power system. The “scope” 
line shows the technology included in the trade-off analysis. 

 
Fig. 1. Power System Decomposition and Flow Diagram 
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B. Airship Environment 
The atmospheric layer at FL 650 is the lower 

stratosphere. There is little weather activity or water vapor in 
the stratosphere [4]. The average wind velocity is 10-20 
knots, and strong wind gusts can reach up to 75 knots [3].  

 FL 650 Sea level  
Density of air [3] 0.09 g/l 1.29 g/l 
Density of Helium [3] 0.0125 g/l 0.179 g/l 
Average temperature [4] -69°F (-56°C) 59°F (15°C) 
Table 1. Comparison of air density, helium density and air temperature at 

FL 650 and sea level. 

FL 650 is at the top of an isothermal layer, where the 
temperature of the atmosphere does not change. Air density, 
helium density, and air temperature data are shown in Table 
1. FL 650 is above polar and subtropical jet streams. There 
are only horizontal winds under fair conditions [4]. 

The maximum altitude of mature thunderstorms can reach 
the airship’s altitude, threatening the safety of the HAA, 
though thunderstorms generally range from 25,000 to 45,000 
ft [5]. Turbulence above large storms should be avoided, and 
at a maximum velocity of 75 knots, the airship will be able to 
avoid major thunderstorms. 

C. Power Generation System Requirements 
The power system has to provide an average of 100 kW of 

power with 50 kW low and 150 kW high requirements, with 
100 kW maximum devoted to propulsion. The power system 
needs to produce the power requirement for at least one year. 

The power generation technology will operate at FL 650 
in temperature ranges from -130°F (-90°C) to 140°F (60°C). 
It must occupy less than 96,000 square feet, which is the 
surface area of the top half of the airship.  

III. PARAMETERS OF SOLAR TECHNOLOGY 

Five different solar power technologies were evaluated. 
As listed in the following paragraphs, parameters have been 
established for each alternative to compare and contrast in 
the power consumption model and trade-off analysis. 

A. Power Consumption 
During flight the power consumption of the propulsion 

system is a variable dependant on the weight and drag that 
the solar technology adds to the airship [6]. The increase in 
power consumption caused by each alternative while the 
airship accelerates is obtained from the Power Consumption 
Model in Section V. 

B. Reliability 
The reliability of each alternative is a percentage 

comprised of the failure rate of the modules wired in parallel, 
combined with the failure rate of additional moving parts 
that some of the alternatives contain [7]. The following 
equation was used for the flat panel PV, thin film, LSC, and 
the trough concentrator because they are attached in parallel.  

  [7]           (1)    

C. Efficiency 
Each alternative has a solar efficiency, which is the 

percentage of power that is converted from absorbed sunlight 
to electrical energy, when a solar cell is connected to an 
electrical circuit [8]. To calculate efficiency, equation 2 was 
used. Efficiencies for the trough and Stirling concentrators 
were provided by the manufacturers. 

      (2) 

Pm = Maximum power output of the cell (W) 
E = Solar irradiance (1000 W/m2) 
Ac = Area of the solar cell (m2) 

D. Cost 
The cost of each alternative is measured in three parts: 

1. Acquisition Cost  
This is the initial purchase price of each alternative. For 

alternatives that are not commercially available for purchase, 
research and price estimates provide acquisition costs. 

2.  Maintenance Cost  
This is the cost of repairing the alternatives after one year 

of continuous flight. This cost depends on the lifespan and 
durability of the different technologies. 

3. Technology Readiness Levels  
The Technology Readiness Level (TRL) is a scaled rating 

system from one to nine. Each level of TRL is a 
measurement of the maturity of an evolving technology [9]. 
It is assumed that an alternative with a lower TRL will cost 
more to develop into a mature, usable technology, and a 
higher TRL will cost less to produce for installation on the 
HAA. 

Figure 2 is a hypothesis of a potential relationship of cost 
uncertainty associated with TRL. This translates into a cost 
risk multiplication factor on a logarithmic scale. The cost 
risk for each TRL is the product of the acquisition cost and 
the logarithmic cost multiplication factor. This formulation 
substantially increases the estimated cost associated risk of 
less developed power generation systems. 

 

Fig. 2. Hypothesis of the quantitative relationship of TRL and cost 
associated risk (cost multiplication factor) 

 



 
 

IV. POWER GENERATION SYSTEM ALTERNATIVES 

A. Photovoltaic Flat Panels 
The oldest and most developed alternative is the 

Photovoltaic (PV) flat panel design. This is a commercially 
available solar power technology typically found on 
buildings, street signs and satellites. 

 
Fig. 3. Photovoltaic Flat Panel [2] 

Weight (lbs) [10] 27,000 
Coefficient of Drag  0.2 
Power Consumption  (kW) at 56 knots  53 
Reliability (%)  99 
Efficiency (%) [10] 15 
Acquisition Cost ($) [10] 600,000 
Maintenance Cost ($/year) [10] 0 
TRL [9] and Cost Multiplication Factor 9, 2 

Table 2. Photovoltaic Flat Panel Data 

B. Thin Film Photovoltaic Panels 
The solar power alternative currently being tested by 

Lockheed Martin on a prototype HAA is thin film PV 
panels [1]. Thin film is the lightest PV alternative and has 
the lowest drag of all the alternatives. 

 
Fig. 4. Thin Film Photovoltaic Panels [21] 

Weight (lbs) [11] 6,000 
Coefficient of Drag  0.15 
Power Consumption (kW) at 56 knots  37 
Reliability (%)  99 
Efficiency (%) [11] 4 
Acquisition Cost ($) [11] 4,400,000 
Maintenance Cost ($/year) [11] 0 
TRL [9] and Cost Multiplication Factor 9, 2 

Table 3. Thin Film Photovoltaic Panel Data 

C. Stirling Dish Solar Concentrators 
The Stirling dish solar concentrator using PV cells is a 

new solar technology that is not commercially available. It 
uses two axes for multi-dimensional solar tracking [12]. This 
design requires a motor to follow the sun and will most 
likely require a shield to reduce drag. 

 
Fig. 5. Stirling Dish Solar Concentrator [24] 

Weight (lbs) [12] 4,000 
Coefficient of Drag  0.5 
Power Consumption  (kW) at 56 knots 97 
Reliability (%) 90 
Efficiency (%) [12] 20 

Acquisition Cost ($) [12] 1,600,000 
Maintenance Cost ($/year) [11] 100 
TRL [9] and Cost Multiplication Factor 7, 5 

Table 4. Stirling Dish Solar Concentrator Data 

D. Trough Solar Concentrators 

The trough solar concentrator is the most proven solar 
thermal electric technology. It uses a single axis for one-
dimensional solar tracking [18]. This design requires a motor 
to follow the sun and would most likely require a shield to 
reduce drag.  

 
Fig. 6. Trough Solar Concentrator [22] 

Weight (lbs) [13] 13,000 
Coefficient of Drag  0.4 
Power Consumption  (kW) at 56 knots 83 
Reliability (%)  90 
Efficiency (%) [20] 38 
Acquisition Cost ($) [14] 900,000 
Maintenance Cost ($/year)  [18] 40 
TRL [9] and Cost Multiplication Factor 8, 3 

Table 5. Trough Solar Concentrator Data 

E. Luminescent Solar Concentrators (LSC) 
The LSC is a less developed solar technology that is not 

commercially available. A plastic or glass material holds a 
dye that refracts the sunlight and concentrates the photons 
onto one photovoltaic cell strip. 

 
Fig. 7. Luminescent Solar Concentrator [23] 

Weight (lbs) [15] 4,000 
Coefficient of Drag  0.2 
Power Consumption  (kW) at 56 knots 45 
Reliability (%)  99 
Efficiency (%) [15] 28 
Acquisition Cost ($) [16] 7,500,000 
Maintenance Cost ($/year)  0 
TRL [9] and Cost Multiplication Factor 4, 23 

Table 6. Luminescent Solar Concentrator Data 

V. POWER CONSUMPTION MODEL 
Modeling the power consumption provides quantitative 

data that estimates the effect of the weight and drag of each 
power generation alternative. The power consumption of 
each alternative is an important input of the trade-off 
analysis utility function. 

A. Constant Velocity 

To obtain the power consumption while the airship travels 
at a constant velocity, a block diagram was constructed of all 
the forces on the airship, Figure 9 in the next section, 



 
 

excluding acceleration. Because the airship is assumed to be 
flying horizontally only, the vertical components cancel out. 
The drag equation is: 

 (3) 
Cd = coefficient of drag 
ρ = density of air (kg/m3) 
v = velocity (m/s) 
A = frontal area of the airship (m2) 

To obtain power consumption, the equation is: 

  (4) 

Using equation 3 and equation 4 creates the power 
consumption equation:  

   (5) 

 
Fig. 8. Velocity (knots) vs. Power (kW) Excel plot 

The relationship between Velocity and Power is cubic, as 
seen in Figure 8. The model outputs a 2D plot of the 
airship’s power consumption as velocity increases. Each line 
in the plot represents the coefficient of drag for the different 
power generation system alternatives considered. The larger 
the coefficient of drag, the more power is consumed during 
flight. Drag is a critical element of the design at maximum 
speed.  

B. Acceleration 
The second part of the model treats the forces on the 

airship power consumption while accelerating.  
 

 
Fig. 9. Forces on the HAA during acceleration 

The equation for the force of the accelerating airship is 

    (6) 

m = mass (kg)  
a = acceleration (m/s2)  
FB = buoyant force (N) 
α = angle of attack (degrees)  
W = weight (kg*m/s2) 

The model considers horizontal forces cancelling out 
vertical forces such as the weight and buoyant force. The 
equation can be rewritten as: 

      (7) 

Using equation 7 in the power equation: 

      (8) 

The power function during acceleration is: 

    (9) 

Figure 10 shows power consumption estimated by the 
drag and weight of the power generation system plotted as 
the airship accelerates from 30 knots to 75 knots. 

 
Fig. 10. Acceleration plot: Effect of velocity as a function of increasing 

coefficients of drag and increasing weight on power consumption  

The model derives the power consumption of each 
alternative solar power technology. Because approximately 
100 kW of the HAA’s power would be devoted to 
propulsion, even when at a constant velocity the Stirling dish 
and Trough concentrators are above this power threshold. 
This shows that if these alternatives were used on the HAA, 
the maximum speed of the airship would be compromised. 

VI. TRADE-OFF ANALYSIS RESULTS  
A. Value Hierarchy 

The value hierarchy was developed to determine the most 
important objectives for the power generation subsystem. 
The three parameters identified for the power generation 
subsystem are efficiency, reliability, and power 
consumption, where power consumption is the result of the 
acceleration model described in Section V. The Analytical 
Hierarchal Process (AHP) was used to assign a relative 
weight to each criterion based on its importance within the 
node to which it belongs [17]. The sum of all the criteria in 
the same level must equal 1. The value hierarchy shown in 
Figure 11 was obtained.  

 
Fig. 11 Value Hierarchy of the three parameters and their weights 



 
 

B. Utility Function 
From the value hierarchy, the following utility function 

was obtained, where PC represents power consumption.  

  (11) 

The design alternatives were ranked based upon the utility 
given when put into the utility function. The utility is 
compared to the cost risk of each alternative in Figure 12. 

C. Cost  
The base cost of the power generation system alternatives 

is the summation of the acquisition cost and the maintenance 
cost for one year. The TRL of each of the power generation 
system alternatives is also influenced by the cost 
magnification factor. The cost risk is the product of the base 
cost and the cost multiplication factor and is described in 
Section III. The error bars in Figure 12 are the result of the 
cost risk. 

 
D. Results 

Efficiency, power consumption), and reliability values 
were normalized on a 0-1 scale. Best and worst case values 
were assigned, shown in Table 6 The values for power 
consumption, efficiency and reliability obtained for each 
technology were multiplied by each parameter weight and 
added together.  Figure 12 shows a comparison of the utility 
to the cost risk of each technology. 

 
 
 
 
 
 
 

 

 

  
Fig. 12. Plot of Utility against the logarithmic cost with error bars for cost 

risk 

VII. SENSITIVITY ANALYSIS 
To evaluate the robustness of the analysis given bottom-up 

reliability data, a sensitivity analysis was conducted. 
Reliability values from 85% to 99% were considered. 
Reliability for the flat panel PV, thin film PV, LSC, and 
trough concentrator was calculated using equation 1. 
Choosing any value from the range above gives a reliability 
of 99% because of the large number of panels or 
concentrators used.  The Stirling dish design consists of only 
one concentrator, so only the reliability of the tracking 
system is considered. 

After inputting different values into the trade-off analysis 
for the reliability, it was determined that any value from the 
range used does not change the ranking of the alternatives. 

By setting the weight of the power consumption parameter 
to 53% (from 80%), the trough concentrator ranks second; if 
the weight is set below 28% the trough ranks the highest and 
thin film ranks 4th.  If the power consumption weight is 
increased to 83% then thin film ranks 1st. Since power 
consumption is a major factor, it must have a high weight. 
The analysis shows that changing the weight for power 
consumption by 3% determines whether LSC or thin film 
ranks first. This can be accounted for the fact that their utility 
values are close. By setting the efficiency of thin film to 8%, 
thin film ranks the highest. 
 

 
 

Alternatives Efficiency PC Reliability Utility 
1 LSC 

Ranking 
0.55 0.70 1.00 0.72 1 

2 Thin Film 0.06 0.75 1.00 071 2 
3 Flat Panel PV 0.29 0.65 1.00 0.65 3 
4 Trough  0.76 0.45 1.00 0.53 4 
5 Stirling dish  0.39 0.35 0.69 0.39 5 

Power Consumption (KW) Min 0 
Max 150 

Reliability (%) Min 70 
Max 99 

Efficiency (%) Min 1 
Max 50 

Table 7 Best and worst case data ranges for normalized values on a 0-1 scale 

Alternatives Cost TRL 
LSC 

Cost Error 
$7,500,000 4 $172,000,000 

Thin Film $4,400,000 9 $8,800,000 
Flat Panel PV $600,000 9 $1,240,000 
Trough  $900,000 8 $3,000,000 
Stirling dish  $1,600,000 7 $8,500,000 

Table 8 The initial cost with the TRL levels and their associated cost risk 

Table 9 The utility values and rankings for each alternative 

1 2 
3 

4 

5 



 
 

VIII. CONCLUSION 

Based on the utility function, the luminescent solar 
concentrator ranks the highest. However, it is much less 
developed and much more expensive than any other option. 

 The LSC’s utility is marginally better than the thin film, 
which is ranked second in utility. Thin film is the second 
most expensive option, but the high TRL causes the cost 
error to be low.  

The Stirling dish and trough concentrator alternatives are 
high in drag and therefore limit the HAA’s maximum 
velocity, making them undesirable options. Lockheed Martin 
should use thin film photovoltaic panels as the HAA’s power 
generation subsystem. 
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