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Abstract

:

The world is warming, and the demand for cooling is increasing. Developing a future green hydrogen economy will also increase the demand for cooling for hydrogen liquefaction. This increase in cooling demand will happen mainly in tropical and developing countries due to their increase in population, improvements in quality of life, and the export of their renewable potential with liquid hydrogen. To solve this increase in demand for cooling, this paper proposes the use of ammonia airship cooling (AAC). AAC extracts cold from the tropopause (−80 °C) with airships and ammonia refrigeration cycles. The liquid ammonia is then transported back to the surface to provide low temperature cooling services (−33 °C). This cooling service is particularly interesting for lowering the electricity consumption in hydrogen liquefaction plants. If all the technological challenges mentioned in the paper are addressed, it is estimated that the cost of cooling with the technology is 8.25 USD/MWht and that AAC could reduce the electricity demand for hydrogen liquefaction by 30%. AAC is an innovative renewable cooling technology that has the potential to complement other renewable energy sources in a sustainable future.
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1. Introduction


There is a global shift towards transforming the energy sector to reduce CO2 emissions and combat climate change [1]. The primary focus is expanding the adoption of renewable energy sources [2], enhancing energy efficiency [3,4], electrifying transportation [5] and heating systems [6,7], and implementing energy storage solutions [8]. A crucial sustainable option in this transition is the development of the hydrogen economy, which plays a significant role in decarbonizing transportation, heating, and energy storage [9]. Recent events such as the COVID epidemic and the crisis in Ukraine have sparked increased interest among European and Western countries to invest in hydrogen as a viable alternative to fossil fuels [10]. By diversifying future energy providers, hydrogen also addresses geopolitical concerns [11]. Moreover, hydrogen offers the advantage of being a flexible power source that can utilize existing natural gas infrastructure, making it an appealing replacement for natural gas [12].



Due to hydrogen’s low volumetric energy density, it is necessary to liquefy it for long-distance transportation. However, the liquefaction process consumes a significant amount of energy. Existing hydrogen liquefaction reactors typically require around 13 kWh of power per kilogram of hydrogen, which accounts for approximately 30% of the energy content in hydrogen gas [13]. The theoretical minimum energy requirement for hydrogen liquefaction (from 298 K to 20 K at 1 bar) is 3.7 kWh of electricity per kilogram of hydrogen, corresponding to 9.3% of the energy content in hydrogen [13]. Exciting developments in magnetic refrigeration techniques can reduce energy consumption to 6 kWh of electricity per kilogram of hydrogen, achieving Carnot cycle efficiencies of 50% [14]. One possible design for a magnetic refrigeration system for hydrogen liquefaction is the active magnetic regenerator (AMR) system. This system typically utilizes a packed bed of particles cycling through a series of magnetic fields to generate the cooling effect. The AMR system has demonstrated impressive cooling power and efficiency, making it a promising method for hydrogen liquefaction [15]. Significant gains in efficiency can also be achieved through scaling up the liquefaction process. For instance, increasing the hydrogen liquefaction capacity from 100 to 1000 tons per day can reduce liquefaction costs from 2 to 1 USD/kg of hydrogen [13].



The use of hydrogen in airships and balloons has historically been associated with risks, as demonstrated by the Hindenburg disaster in 1937 [16]. This catastrophic event played a significant role in the discontinuation of hydrogen airships [17]. The majority of recorded incidents involving hydrogen airships, around 90%, have been related to fire, often resulting in fatalities [18]. While helium could be an alternative gas for buoyancy, its high cost limits its viability, particularly when compared to the cheaper and more abundant hydrogen [19,20,21]. Additionally, helium is predominantly produced as a by-product of the oil and gas industry. As the industry is being phased out, the availability of helium is expected to decline further, making it an even scarcer resource [22,23]. A few airships used a thin, airtight aluminum metal envelope instead of the usual plastic fabric envelope and were named metal-clad airships [24,25]. For example, the ZMC-2 flew 752 flights in 1929 and was scrapped in 1941 [26]. They were discontinued due to their fragility. The system proposed in this paper could be considered a hybrid fabric envelope with hydrogen, and the ammonia tubes can be regarded as a metal-clad airship filled with ammonia.



Ammonia has been widely used as a refrigerant gas and has been proposed for district cooling [27]. However, this paper is the first to propose a new method that uses airships and ammonia refrigeration cycles to extract cold from the tropopause, where temperatures can reach as low as −88 °C at 0.1 bar. The liquid ammonia is then transported to the surface and utilized to provide cooling services at low temperatures, reaching as low as −33 °C. This cooling service significantly reduces the electricity consumption of hydrogen liquefaction plants. This is the first time in the literature that harnessing the cold temperatures of the tropopause is proposed. This paper is divided into five sections. The methods used in this paper are presented in Section 2. The results are presented in Section 3. The outcomes of this investigation are discussed in Section 4. The paper is concluded in Section 5.




2. Materials and Methods


Figure 1 presents the methodological framework applied in the paper. It is divided into three stages. Stage 1 consists of the AAC concept and components. It presents the hydrogen airship in the tropopause, the ammonia refrigeration cycle, the liquid ammonia gravity electricity generation, and the cooling plant on the surface. Stage 2 consists of the design of the AAC plant. It presents the theoretical equations applied in the paper, the design of the ammonia gas pipeline, the ammonia heat exchanger in the tropopause, and the liquid ammonia gravity electricity generation. Stage 3 consists of estimating the potential for AAC plants. It calculates the cooling capacity, the energy savings in hydrogen liquefaction processes, and the cooling costs of a AAC plant, and estimates the global potential for the technology.



Ammonia Airship Cooling—AAC


Figure 2 presents the proposed full-scale ammonia airship cooling (AAC) process. It involves raising an airship with hydrogen carrying aluminum tubes filled with ammonia. The hydrogen and the ammonia gases provide buoyancy to maintain the airship floating in the tropopause. The airship must be at around 12 to 15 km altitude in the tropopause, where ambient temperature varies between −70 and −80 °C (Figure 2a). At this height, pressure, and temperature, the aluminum tubes lose heat to the tropopause, and part of the ammonia inside the tubes liquefies (Figure 2b). The liquefaction of ammonia reduces the pressure in the tubes, which sucks more ammonia gas from the surface. The hydrogen airship provides a barrier to solar irradiation, preventing the heating of the ammonia tubes. It also funnels the wind to exchange more heat with the ammonia tubes. The liquid ammonia on the bottom of the tubes is loaded into a vessel attached to a cable transportation system that transports the vessels filled with ammonia to the surface, generating electricity (Figure 2c). At the same time, empty vessels move from the surface back to the airship. Liquid ammonia is used to provide cooling services on the surface.



Figure 3a describes the connection between the airship and the pipe and cable system. Figure 3b presents the temperature and pressure required to liquefy ammonia in the tropopause. The pressure of the ammonia regasification must be high enough for the ammonia gas to return to the ammonia airship in the tropopause, and to reduce the diameter of the ammonia gas pipeline. The pressure must be higher than the atmospheric pressure to avoid the pipeline collapsing, and the refrigeration temperature should be the lowest possible to optimize cooling systems. Thus, a pressure of 1.02 bar and a corresponding ammonia evaporation temperature of −33.7 °C were selected (Figure 3a). This allows cooling down of hydrogen or another stream to −27 °C on the surface. The ammonia gas should then be heated as much as possible to return to the airship at higher speeds (Figure 3c). An interesting process that could apply ammonia airship cooling is hydrogen liquefaction, which demands a lot of energy to cool down hydrogen to 20 K. Table 1 summarizes of components of the AAC plant and their main roles in the system.



Equation (1) presents a simplified equation to estimate the heat exchange between the ammonia gas inside the ammonia aluminum tubes in the airship and the atmospheric air. In the equation,   E   is the thermal energy transferred to the tropopause (in W),   U   is the overall heat transfer coefficient, estimated to be 34 W/m2·K,   A   is the superficial area of the heat exchanger (in m2),     T   i n , N H 3     and     T   o u t , N H 3     are the phase change temperature of ammonia inside the pipeline at ground level and tropopause (in K), respectively,     T   i n , a i r     is the air temperature at ground level and     T   o u t , a i r     is the air temperature in the tropopause (in K), respectively. Radiation heat transfer consideration is not included in the estimation due to the low temperatures. Thus,     T   s     = surface 71 K—phase change ammonia. Tout = Tin + 3. In Equation (1), which derives from the first law of thermodynamics,     H   i n     and     H   o u t     are the enthalpies of ammonia at ground level, at the entrance to the pipeline, and in the tropopause, at the airship level (in J/kg), and     m  ˙    is the ammonia mass flow rate (in kg/s).


  E =   m  ˙  .     H   o u t   −   H   i n     = U . A .         T   s   −   T   o u t , a i r     −     T   s   −   T   i n , a i r       l n         T   s   −   T   o u t , a i r           T   s   −   T   i n , a i r              



(1)







Equation (2) calculates the overall heat transfer coefficient of the ammonia aluminum tubes in the airship. In the equation,     h   o     is the mean convection heat transfer coefficient for air at the tropopause, assuming an air speed of 15 m/s and 40 W/m2·K [29],     r   i     and     r   o     are, respectively, the pipeline inner and outer radius, assuming that the diameter is 10 m and the thickness is 3 mm,     r   i     =     r   o    , making the thermal resistance of the wall negligible. We decided on a 10 m diameter tube because the pressure inside and outside the tube are the same, and ammonia has a density around 41% smaller than air. Thus, the heat exchanger itself will contribute to the airship’s buoyancy.   k   is the thermal conductivity of the aluminum pipeline, assumed to be 237 W/m2·K [30],     h   i     is the mean convection heat transfer coefficient for ammonia inside the aluminum pipeline, assumed to be 200 W/m2·K [31], and   L   is the length of the heat exchanger horizontal tubes in the airship.


    1   U   =   1     h   i     2 . π .   r   i   . L     +   l n       r   o       r   i         2 . π . k . L   +   1     h   o     2 . π .   r   o   . L      



(2)







Equation (3) presents Bernoulli’s equation applied to estimate the pressure drop along the vertical pipeline that transports ammonia gas from the cooling plant to the airship in the tropopause [32]. This equation is applied assuming that the pressure inside the vertical pipeline is always the same as the outside atmospheric pressure. This allows the vertical pipeline to be very light. The velocity of the ammonia and the diameter of the pipeline will vary with altitude according to the available pressure drop to maintain the same pressure in the pipeline the as the ambient pressure. In the equation,   s   and   t   are the conditions of the ammonia gas in the surface (ground level) and the ammonia pressure in the aluminum tubes in the airship, respectively. The equations are performed in steps of 1000 m.   P   is the pressure (in Pa),   Z   is the elevation (in m),   ρ   (in kg/m3) and   V   (in m/s) are, respectively, the density and the velocity of the ammonia gas,   g   is the acceleration of gravity assumed to be 9.81 m/s2, and   Δ P   is the pressure loss in the gas pipeline (in Pa).


  Δ P =   ∑  s = 0   t      Z   s   +     P   s       ρ   s     +     V   s   2     2 g     −   Z   t   −     P   t       ρ   t     −     V   t   2     2 g    



(3)







To calculate the pressure drop in the ammonia gas pipeline, the Darcy-Weisbach equation (Equation (4)) can be used [33]. In the equation,   f   is the Darcy friction factor,     d   i     is the pipeline’s inner diameter (in m). Thus,


  Δ P =   f L   V   2   ρ   2   d   i      



(4)







The friction factor depends on the Reynolds number, which is presented in Equation (5) [34]. In this equation,   R e   is the Reynolds number, μ is the dynamic viscosity of ammonia.


  R e =   ρ V   d   i     μ    



(5)







For turbulent flow in a rough pipeline, the Colebrook Equation (6) can be used to estimate the friction factor [35]. In the equation, ε is the roughness of the ammonia pipeline. Future work will include further details on the refrigeration cycle, including a pressure vs. enthalpy state diagram.


  f =   1       − 2   l o g   10       ε   3.7   d   i     +   2.51   R e  f          2      



(6)







Equation (7) calculates the electricity generated by lowering the liquid ammonia from the tropopause to the surface. In the equation,   G   is the gravitational electricity generated in the system (in W),   m   is the mass flow of liquid ammonia lowered from the tropopause (in kg/s),   g   is the gravitational acceleration,   H   is the altitude difference between the tropopause and the surface (in m),   H =   Z   t   −   Z   s    , and   e   is the efficiency of the electricity generation system, assumed to be 70%. The efficiency is low because the storage vessels have to move up and down. Thus,


  G = m · g · H · e  



(7)







Equation (8) provides an estimation of the energy savings in hydrogen liquefaction.   C   represents the electricity required to liquefy H2 (in kJ/kg) from a start temperature,     T   s    , to a final temperature,     T   f    .     E   T     denotes the change in enthalpy (in kJ/kg) of H2 at temperature T (in K).     T   s     corresponds to the starting temperature of the refrigeration process (in K), while     T   f     represents the concluding temperature. The coefficient of performance (COP) of the refrigeration system is determined using     T   C     and     T   H     [36].     T   C     refers to the temperature of the cold heat source, typically the temperature in the evaporator, while     T   H     represents the temperature of the hot heat source. The refrigeration system’s efficiency, denoted as   e  , assumes a mechanical refrigeration process and is assumed to be 38% of the Carnot efficiency [37].


  C =   ∑    T   s       T   f        E   T       T   C     (   T   H   −   T   C   )   e    



(8)









3. Results


In designing the airship cooling system, we set the airship at the tropopause (15 km altitude), which is the end of the troposphere and where the temperature of the atmosphere stops reducing with the increase in altitude (Figure 4a). This is because the lower the temperature of the cold source in the ammonia refrigeration cycle, the higher the Carnot efficiency of the system (Carnot efficiency = (cold heat sink temp—cold heat sink temp)/cold heat sink temp) and the most cooling power at low temperatures can be extracted from the system (Figure 4b). The difference in temperature between the surface (247 K) and the tropopause (193 K) provides the driving force for the ammonia gas to flow from the surface to the tropopause. The main drawbacks of designing the system to operate in the tropopause are the cables, ammonia gas pipeline, and the volume of the airship (Figure 4c). The increase in the dimension of the airship increases the volume of hydrogen to the power of three, increasing the gains in scale of the proposed technology. Figure 4d presents the atmospheric pressure and the pressure of ammonia gas in the pipeline. The ammonia pressure in the pipeline is slightly higher than the atmospheric pressure (1% higher), so the pipeline is light and does not collapse. Figure 4e presents the ammonia gas temperature in the pipeline. The ammonia temperature is limited by the phase change diagram. Given the steep pressure reduction along the pipeline, around 36.3% of the ammonia is liquefied in the gas pipeline (Figure 4f).



Table 2 presents the description of the vertical transport of ammonia gas from the cooling plant to the airship. The vertical ammonia gas pipeline that connects the cooling plant on the surface with the airship in the tropopause is assumed to be 15,000 m. The ammonia evaporation temperature is −33.7 °C so the ammonia pressure is slightly higher than the atmospheric pressure. This is convenient because it reduces the weight of the pipeline and avoids collapsing. The ammonia gas leaves the cooling plant at 30 °C to facilitate the ammonia transport to the airship. The higher the temperature, the better. The total pressure drop in the pipeline is 0.92 bar, and the pressure in the airship is 0.1 bar. This consists of a pressure drop ratio of 8, comparing the inlet and outlet pressure. This huge difference results in a high ammonia gas speed in the vertical pipeline. The ammonia temperature is limited by the phase change diagram. Given the step pressure reduction along the pipeline, around 36.3% of the ammonia liquefies in the gas pipeline.



Figure 5a presents the pressure drop in the pipeline as a result of gravity acceleration, i.e., the ammonia column putting pressure on the gas below. Figure 5b presents the pressure drop along the vertical pipeline due to friction. Table 3 presents more details on estimating the pressure drop from friction along the vertical pipeline. This is used to calculate the ammonia gas speed (Figure 5c) and the diameter of the pipeline (Figure 5d). Table 4 presents the values used to estimate the ammonia gas velocity and pipeline diameter estimation. As can be seen in Figure 5c,d, the velocity and pipeline diameter varies significantly with the pressure change and the amount of ammonia liquified in the pipeline. This shows that it would be very challenging to control the operation of the pipeline. To take into account these changes in velocity and diameter of the pipeline, it was proposed that the pipeline is created with a material that can stretch and compress according to the conditions of the pipeline. The ammonia gas velocity varies from 24 to 58 m/s along the pipeline as shown in Table 4. The ammonia gas mass flowrates leaving the cooling plant and arriving in the airship are 750 and 478, respectively.



Table 5 presents the heat exchanger estimates in the ammonia tubes in the airship. The heat transfer requires a capacity of 654 MWt. This is to liquefy the 478 kg/s of ammonia gas that reaches the airship, assuming a latent heat of 1369 kJ/kg and a temperature difference of 10 °C (between the temperature of ammonia liquefaction (−71 °C) and the temperature in the tropopause (−81 °C)). The proposed tube length for the ammonia tube is 400 m, the diameter of the tubes is 10 m, the number of tubes is 62 and there are three layers of tubes, as shown in Figure 3a. The proposed dimensions, length and width of the airship, are 400 and 200. The height would depend on the weight of the system and the buoyancy required to lift the airship. This paper does not estimate the weight and buoyancy requirements. However, as the pressure of the ammonia in the tubes is the same as the atmospheric pressure, and the density of ammonia is lower than the density of air, the aluminum ammonia tubes fluctuate and contribute to the buoyancy of the airship.



Table 6 presents the potential for electricity generation, cooling potential, and hydrogen liquefaction energy savings. AAC is compared with mechanical green hydrogen liquefaction technologies because hydrogen liquefaction has the potential to be an important industrial process in the future with high renewable cooling energy demand at low temperatures, and mechanical refrigeration is the current technology implemented to liquefy hydrogen. The electricity generated with the gravity electricity generation cable system by lowering liquid ammonia is 49.2 MW. This assumes a liquid ammonia mass flowrate from the airship of 478 kg/s (63.7% of the ammonia in the refrigeration cycle), a generation head of 15,000 m, and 70% efficiency. Assuming an 80% capacity factor results in 345 GWh of electricity. To calculate the total cooling capacity on the AAC plant, we assume the liquid ammonia from the airship (478 kg/s) and the ammonia that liquefies in the vertical pipeline (272 kg/s), i.e., a total liquid ammonia flow of 750 kg/s. The specific cooling capacity is 114.3 MWt, with the liquid ammonia temperature varying from −70 to −33.7 °C, assuming a specific heat of 4.2 kJ/kg K [39]. The latent cooling capacity is 1026.8 MWt at −33.7 °C, assuming a latent heat of 1369 kJ/kg. The total cooling capacity is 1141.1 MWt, assuming no heat losses in the system. This results in a yearly cooling of 8 TWth, assuming a capacity factor of 80%. The theoretical minimum energy required to liquefy hydrogen is 3.7 kWh/kg of H2. However, usually 9.3 kWh/kg of H2 is consumed with conventional technologies, which is equivalent to around 30% of the energy stored within hydrogen. Using AAC, the cold source of the refrigeration system lowers from 40 °C to −33.7 °C, and applying Equation (8) and the enthalpy variation values (Hunt et al., 2023) [40], the electricity consumption lowers to 6.5 kWh/kg of H2. In other words, the electricity requirement for liquefying hydrogen with AAC is 30% smaller than without AAC, both for directly cooling the hydrogen and providing a lower temperature (−30 °C) cold sink for the hydrogen liquefaction refrigeration system. The environmental impact of the technology is related to heating the tropopause. Future work will investigate the impact of AAC in further detail. Table 7 presents the cooling cost estimate.



Global Potential


The global potential for ammonia airship cooling was estimated using 2022 global data on average monthly atmospheric temperature at different altitudes/pressures from ERA5, ECMWF data [44]. Figure 6 compares ammonia phase change and atmospheric pressure and temperature. The temperature difference between the atmospheric temperature at 0.1 bar and the gas–liquid ammonia phase change temperature consists of the potential for ammonia airship cooling. The “Ave. Potential” in Figure 6 consists of the average climate conditions in Jeddah, Saudi Arabia, in 2022, which results in a temperature of 9.84 °C. The “Max potential” in Figure 6 consists of the best global potential for ammonia airship cooling, which results in a temperature of 16.88 °C in the Pacific Ocean close to the Papua New Guinea island.



Figure 7a presents the yearly global potential for ammonia airship cooling at 0.1 bar. This shows that the best potential happens between the Cancer and Capricorn tropics. This is convenient, as it is the global region with the highest demand for cooling. The maximum potential yearly average for cooling is 11.14 °C in the Pacific Ocean. Figure 7b and c show that the potential for AAC does not vary significantly between the winter and summer. However, the winter in the northern hemisphere shows a slightly higher potential. The highest potential in the summer and winter in the northern hemisphere are 9.65 and 12.73 °C, respectively. Another reason that makes the equator an interesting location to install AAC systems is that it is the location with the lowest wind velocities at the tropopause.ch





4. Discussion


Even though wind speeds at the tropopause in the tropical region are significantly lower than in the jet stream [45,46], one main challenge for the AAC plant is the high wind speeds in the tropopause, which can reach up to 450 km/h [45]. To dissipate the forces exerted by high wind speeds, the airship should be built with the smallest possible front area to reduce drag and should have an aerodynamic design to gain altitude during windy periods. This gain in altitude will reduce the strain on the cables that hold the airship connected to the surface, as shown in Figure 8. Future work will clarify the limitations and challenges of the AAC system, especially regarding the strong wind speeds in the tropopause and the control of the pipeline operation.



Ammonia has a global warming potential of approximately zero, meaning it has a negligible impact on global warming over a 100-year time frame. This is because ammonia does not persist in the atmosphere for long, unlike gases like CO2, which can remain for centuries. However, it’s important to note that ammonia can indirectly contribute to climate change through complex chemical reactions in the atmosphere. When ammonia is released into the air, it can react with other compounds to form particulate matter and aerosols, which can have various environmental and health effects. The AAC system takes heat from the surface and transports it to the tropopause, which radiates it into space. If AAC is implemented on a large scale, it would contribute to a negative heat balance of the Earth, and, thus, cool the planet.




5. Conclusions


In conclusion, the world is currently facing a dual challenge of increasing global temperatures and a growing demand for cooling, particularly in tropical and developing countries. Additionally, the transition to a green hydrogen economy is set to raise the need for cooling for hydrogen liquefaction processes. In response to these challenges, this paper has presented a novel and innovative solution in the form of Ammonia Airship Cooling (AAC). AAC harnesses the extremely cold temperatures of the tropopause (−80 °C) using airships and ammonia refrigeration cycles, providing a sustainable and efficient cooling solution. The liquid ammonia, once extracted from the tropopause, can be transported back to the surface to deliver low-temperature cooling services (−33 °C). This technology holds significant promise, particularly in reducing electricity consumption in hydrogen liquefaction plants, a crucial aspect of the green hydrogen production process. Our analysis indicates that the cost of cooling with AAC is estimated at 8.25 USD per MWht, making it an economically viable alternative. Moreover, AAC has the potential to reduce the electricity demand for hydrogen liquefaction by approximately 30%. This represents a significant step towards achieving more sustainable and economically feasible green hydrogen production. It offers an efficient, cost-effective, and environmentally friendly solution that holds great potential for shaping a more sustainable and climate-resilient future. Further research and development efforts should be dedicated to describing in more detail the thermodynamic cycle of the proposed refrigeration cycle with temperature vs. enthalpy and pressure vs. enthalpy diagrams and being dedicated to realizing the full potential of AAC and integrating it into the global energy landscape.
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Figure 1. Methodological framework applied in the paper. 
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Figure 2. Ammonia airship cooling presenting (a) the whole system, (b) the airship, and (c) the ammonia gas pipeline and liquid vessel lift. 
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Figure 3. (a) Cooling plant description, and (b) ammonia phase change diagram focusing on the regasification pressure and temperature. 
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Figure 4. Characteristics of the AAC system: (a) atmospheric temperature variation with altitude, (b) Carnot efficiency variation with cold heat sink temperature, (c) airship volume, (d) atmospheric and ammonia pressure, (e) ammonia gas pipeline temperature, and (f) ammonia share liquefied in the pipeline variation with altitude. 
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Figure 5. AAC system design: (a) pressure drop as a result of the ammonia gas column, (b) pressure drop as a result of friction in the flexible vertical ammonia pipeline, (c) ammonia gas speed in the flexible vertical ammonia pipeline, and (d) flexible vertical ammonia pipeline diameter. 
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Figure 6. Comparison between the ammonia phase change diagram and atmospheric pressure and temperature. 
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Figure 7. Global potential for ammonia airship cooling with an airship at 0.1 bar: (a) yearly average, (b) summer, and (c) winter. 
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Figure 8. Proposed airship design to reduce drag and the impact of wind on the cables. 
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Table 1. Summary of components and their main role in the system.
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	Component
	Role in the System





	Hydrogen airship
	Lift the ammonia tubes to the tropopause, where the temperature liquefies the ammonia. Its shape should minimize wind drag, provide additional lift with the wind and provide shade from the Sun to the ammonia tubes.



	Ammonia aluminum tubes
	Exchange heat between the tropopause and the ammonia gas to liquefy the ammonia. The pressure inside the tubes is similar to the pressure outside. The tubes are filled with ammonia, which is lighter than air and provides lift to the airship.



	Flexible pipeline
	The flexible pipeline transports ammonia gas from the cooling plant in the surface to the airship. It also provides lift as the ammonia inside the pipeline is lighter than air.



	Liquid ammonia lifts
	The lifts due to the liquid ammonia are used to transport the liquid ammonia in insolated tanks from the airship to the cooling plant in the surface. It also generates gravitational electricity with a generator in the cooling plant, similarly to how electricity is generated with Mountain Gravity Energy Storage (MGES) [28].



	Cooling plant
	The cooling plant regasifies the liquid ammonia providing refrigeration services at −30 °C, which can be used to reduce the energy consumption to liquefy hydrogen.










 





Table 2. Vertical transport of ammonia gas from the cooling plant to the airship.
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	Detail
	Value





	Ammonia gas pipeline length (m)
	15,000



	Ammonia gas pipeline inner diameter (m)
	6400–10,700



	Surface ammonia gas pressure (bar)
	1.02



	Temperature in the cooling plant (°C)
	−33.7



	Total pressure drop in the pipeline (bar)
	0.92



	Airship ammonia gas pressure (bar)
	0.10



	Surface ammonia temperature (°C)
	30



	Airship ammonia temperature (°C)
	−71.0



	Ammonia gas viscosity (μPa·s)
	7–10.3 [38]



	Roughness of interior pipe wall (mm)
	0.1



	Ammonia gas velocity (m/s)
	24–58



	Ammonia flowrate (kg/s)
	750–478



	Ammonia flowrate (m3/s)
	1075–3770










 





Table 3. Estimation of the pressure drop from friction along the vertical pipeline.
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	Altitude (km)
	Ammonia Pressure (bar)
	Ammonia Temperature (°C)
	Ammonia Density (kg/m3)
	Ammonia Gas (%)
	Horizontal Pressure Drop (bar)
	Pressure Drop from Friction (bar)





	15
	0.101
	−71.0
	0.103
	63.7
	0.606
	0.311



	14
	0.135
	−67.2
	0.134
	67.3
	0.592
	0.291



	13
	0.166
	−64.2
	0.163
	70.2
	0.576
	0.277



	12
	0.194
	−61.9
	0.189
	72.5
	0.558
	0.269



	11
	0.222
	−59.7
	0.215
	74.6
	0.537
	0.262



	10
	0.253
	−57.8
	0.242
	76.7
	0.513
	0.256



	9
	0.303
	−54.9
	0.288
	79.8
	0.485
	0.235



	8
	0.354
	−52.4
	0.333
	82.6
	0.452
	0.219



	7
	0.404
	−50.2
	0.377
	85.2
	0.415
	0.206



	6
	0.465
	−47.8
	0.429
	87.9
	0.373
	0.190



	5
	0.544
	−45.0
	0.497
	91.2
	0.324
	0.162



	4
	0.623
	−42.6
	0.565
	94.2
	0.269
	0.140



	3
	0.707
	−40.2
	0.636
	97.2
	0.207
	0.121



	2
	0.808
	−33.5
	0.706
	100.0
	0.137
	0.092



	1
	0.901
	−6.0
	0.701
	100.0
	0.068
	0.068



	0
	1.022
	30.0
	0.698
	100.0
	-
	-










 





Table 4. Ammonia gas velocity and pipeline diameter estimation.
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	Altitude (km)
	Velocity (m/s)
	Diameter (m)
	Viscosity (μPa.s)
	Reynolds Number (106)
	Friction Factor





	15
	57.9
	9.1
	7.11
	9.9
	0.039



	14
	45.9
	9.5
	7.19
	9.8
	0.039



	13
	35.6
	10.2
	7.25
	9.4
	0.038



	12
	30.1
	10.5
	7.31
	9.3
	0.037



	11
	26.5
	10.7
	7.37
	9.3
	0.037



	10
	38.4
	8.3
	7.45
	12.3
	0.040



	9
	32.4
	8.6
	7.52
	12.3
	0.040



	8
	27.1
	8.9
	7.58
	12.0
	0.039



	7
	28.4
	8.3
	7.65
	13.2
	0.040



	6
	31.5
	7.5
	7.73
	15.1
	0.042



	5
	26.6
	7.7
	7.8
	14.9
	0.041



	4
	24.0
	7.8
	7.86
	15.2
	0.041



	3
	26.3
	7.2
	8.08
	16.5
	0.043



	2
	24.5
	7.5
	8.99
	14.3
	0.042



	1
	33.1
	6.4
	10.3
	14.4
	0.044










 





Table 5. Heat exchange in the ammonia tubes in the airship.
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	Details
	Values





	Heat transfer in the exchanger (MWt)
	654.4



	Temperature difference for heat transfer (°C)
	10



	Tube length (m)
	400



	Tube diameter (m)
	10



	Number of tubes
	62



	Number of tube layers
	3



	Airship dimensions (m × m × m)
	400 × 200 × 400










 





Table 6. Electricity generation, cooling potential, and hydrogen liquefaction energy savings.
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	Details
	Values





	Gravity electricity generation (MW)
	49.2



	Specific heat cooling potential (MWt)
	114.3



	Latent heat cooling potential (MWt)
	1026.8



	Total cooling capacity (MWt)
	1141.1



	Yearly cooling service (TWth)
	8.0



	Hydrogen liquefaction cold energy requirement (kWht/kg H2)
	3.7



	Hydrogen liquefaction electricity requirement (kWh/kg H2)
	9.3



	Hydrogen liquefaction electricity requirement with AAC (kWh/kg H2)
	6.5










 





Table 7. Cooling cost estimate.
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Details

	
Values

	
Description






	
Capital costs




	
Hydrogen airship envelope

	
8,400,000

	
The cost of the airship is mainly the envelope cost. The envelope proposed for the airship is ultra-high molecular weight polyethylene (UHMWPE) fabric. Assuming a 400 × 200 × 400 m dimension, the airship envelope area is 400,000 m2 for 21 USD/m2 [41].




	
Flexible ammonia gas vertical pipeline envelope

	
9,000,000

	
The ammonia gas vertical pipeline has a length of 15 km and an average diameter of 9 m, which results in an area of 430,000 m2. The pipeline is also made of envelope fabric at a cost of 21 USD/m2 [41].




	
Ammonia tubes

	
18,500,000

	
62 aluminum tubes 400 m long, 10 m diameter, 3 mm thickness, 2640 kg/m3 density, and cost of 3 USD/kg [42].




	
Gravity electricity generation system and anchor.

	
98,400,000

	
The cost for a gravity electricity generation system can be assumed to be 2000 USD/kW (Hunt et al., 2020; Hunt et al., 2023) [28,43], assuming an installed capacity of 49.2 MW. Apart from generating electricity with liquid ammonia, the system anchors the airship. It was assumed that the electricity generated is used to supply the electricity requirements by the AAC system.




	
Cooling plant

	
20,000,000

	
The cooling plant consists of a heat exchanger capable of exchanging 1141 MWt of cold with an average heat exchange temperature of 5 °C.




	
Total capital costs

	
154,300,000

	
-




	
Operation and maintenance costs




	
Airship hydrogen

	
200,000

	
The hydrogen volume in the airship is 16,000,000 m3 at a pressure of 0.1 and density of 0.01245 kg/m3, equivalent to 200,000. It needs to be refueled every year due to hydrogen leakage. Assuming a future cost of hydrogen of 1 USD/kg. The ammonia leakage is neglected.




	
Operation cost

	
15,430,000

	
The operation cost is low as most of the system will be automated, and it is assumed to be 10% of capital costs.




	
Maintenance cost

	
30,860,000

	
Due to the harsh operational conditions, the maintenance cost is assumed to be high and equal to 20% of the investment cost per year.




	
Cost parameters




	
Lifetime (years)

	
10

	
-




	
Levelized costs of AAC cooling (USD/MWht)

	
8.25

	
Assuming an interest rate of 5% per year, a 7.9 discount factor,




	
Levelized costs of mechanical cooling (USD/kWht)

	
15

	
Assuming the cooling provided at −30 °C, a hot source of 40 °C, a COP of 1, an electricity cost of 15 USD/MWh, and a negligible investment cost.
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