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Abstract

:

An uninterrupted chain of energy supplies is the core of every activity, without exception for the operations of the North Atlantic Treaty Organization. A robust and efficient energy supply is fundamental for the success of missions and a guarantee of soldier safety. However, organizing a battlefield energy supply chain is particularly challenging because the risks and threats are particularly high. Moreover, the energy supply chain is expected to be flexible according to mission needs and able to be moved quickly if necessary. In line with ongoing technological changes, the growing popularity of hydrogen is undeniable and has been noticed by NATO as well. Hydrogen is characterised by a much higher energy density per unit mass than other fuels, which means that hydrogen fuel can increase the range of military vehicles. Consequently, hydrogen could eliminate the need for risky refuelling stops during missions as well as the number of fatalities associated with fuel delivery in combat areas. Our research shows that a promising prospect lies in the mobile technologies based on hydrogen in combination with use of the nuclear microreactors. Nuclear microreactors are small enough to be easily transported to their destinations on heavy trucks. Depending on the design, nuclear microreactors can produce 1–20 MW of thermal energy that could be used directly as heat or converted to electric power or for non-electric applications such as hydrogen fuel production. The aim of the article is to identify a model of nuclear-hydrogen synergy for use in NATO operations. We identify opportunities and threats related to mobile energy generation with nuclear-hydrogen synergy in NATO operations. The research presented in this paper identifies the best method of producing hydrogen using a nuclear microreactor. A popular and environmentally “clean” solution is electrolysis due to the simplicity of the process. However, this is less efficient than chemical processes based on, for example, the sulphur-iodine cycle. The results of the research presented in this paper show which of the methods and which cycle is the most attractive for the production of hydrogen with the use of mini-reactors. The verification criteria include: the efficiency of the process, its complexity and the residues generated as a result of the process (waste)—all taking into account usage for military purposes.
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1. Introduction


We will increase the readiness of our forces and improve our ability to reinforce each other within Europe and across the Atlantic [1].



The strategic objectives of the North Atlantic Treaty Organisation (NATO, hereafter: the Alliance) include increasing the resilience of energy security by strengthening existing infrastructure, using it more efficiently, and acquiring alternative energy sources [2]. These objectives relate to the Alliance’s activities before, during and after a crisis, including its participation in providing collective security beyond the borders of the organisation’s member states [3]. These demonstrations of NATO’s commitment imply the development of operational, stationary and mobile capabilities that enhance the resilience of member states and their armed forces [4]. A reliable and efficient energy supply is essential for mission success and for guaranteeing the safety of soldiers. This involves the proper selection of tools (both military and non-military) and procedures for their use, which will result in much greater efficiency and effectiveness compared to current, traditional methods of ensuring energy security [5].



In this paper we introduce a previously unpresented approach to fuel production for NATO operations, suggesting the possibility of using mobile high-temperature nuclear reactors (HTR) to produce hydrogen (  H 2  ) as fuel. The use of nuclear-hydrogen synergy will make it possible to dispense with the supply of fossil fuels for North Atlantic Alliance operations, as the needed fuel will be produced locally, during the mission. The search for new, alternative fuel sources is particularly important at a time of transition away from fossil fuels and uncertainty about the continuity of their supply.



The purpose of this article is to identify a model of nuclear-hydrogen synergy for use during NATO operations. We have identified opportunities and threats for mobile power generation using nuclear-hydrogen synergy in NATO operations. Our research indicates the best method for hydrogen production by electrolysis using a nuclear microreactor. Electrolysis is an environmentally ’clean’ solution and a popular choice due to the simplicity of the process. However, it is less efficient than chemical processes based, for example, on the iodine-sulphur cycle. In this paper, we present the results of a study that indicates which method and which cycle is most suitable for hydrogen production using mini-reactors in North Atlantic Treaty Organisation operations. Verification criteria include process efficiency, complexity and residues generated by the process (waste) in the context of military applications.




2. Analysis of NATO’s Energy Needs


Evolutions in equipment and the use of technological innovations in the military have contributed to the increased mission criticality of fuel supply. The energy intensity of warfighting increased 16-fold and the oil intensity of a single soldier increased by 2.6% per year between 1970 and 2010 [6]. During World War II, the United States used about 5 litres of fuel per soldier per day, whereas during the 1990-91 Gulf War, it used about 15 litres of fuel per soldier per day. In 2006, during operations in Iraq and Afghanistan, the U.S. burned an average of about 60 litres of fuel per soldier per day [6]. The modern battlefield requires about 75 litres of fuel per soldier per day. High-tech combat equipment weighs up to 40 kg, of which batteries alone take up to 20% of the total weight. This affects the mobility of soldiers and their tactical advantage (Figure 1) [7]. Furthermore, it implicates access to the refuelling capabilities during the logistics of NATO’s operations.



The latest report on operational energy published by US Department of Defence shows that annual energy demand fluctuates between 80 and 100 million barrels (2013–2019) [9]. Most fuel was purchased close to the point of use in order to deliver it as quickly as possible and reduce the risks associated with transportation [9]. The most energy-intensive is the air force, followed by the navy (Figure 2).



NATO’s energy consumption is created by two types of needs: energy for fixed installations and operational energy in the field. Military installations house critical systems that must operate continually 24 h a day. Therefore, the ability to access and supply reliable sources of energy to meet needs in both dimensions is critical.



Operational energy costs are significantly higher than those of fixed military installations due to the unpredictability of combat operations and fuel consumption levels, combined with the logistical costs of transporting and protecting fuel convoys. Additionally, the army’s energy needs are constantly increasing, not only due to technological development of equipment, but also because NATO’s national military bases have expanded their role from training troops to supporting frontline operations, crisis response and humanitarian assistance [7]. NATO ENSEC COE defines operational energy security in terms of




uninterrupted access to reliable supplies of energy resources, capability to employ alternative energy sources in an operational environment, efficient and environmentally friendly use of energy resources and the ability to protect and safely deliver sufficient energy resources to meet operational needs without limiting combat capability.



[8]





Forward Operating Bases (FOBs) play a key role in supporting expeditionary and campaign capabilities of NATO’s operations because they must be able to provide basic services. Fuel and energy shortages can disable operations and disrupt critical support functions. At the same time, the transportation of fuel alone represents the lion’s share of FOB energy costs. Fuel convoys are susceptible to theft, damage from improvised explosive devices, insurgent attacks, or the enemy’s regular and irregular actions. Estimates from operations in Afghanistan show that there is one fatality for every 46 convoys. In 2007, one American soldier or contractor was wounded or killed for every 24 fuel convoys. NATO supplied about half of the fuel consumed by international forces in Afghanistan. Fuel consumption increased from 23 million litres per year in 2004 to 1 billion litres per year in 2010. At the peak of the operation, there were some 5396 trucks supplying US forces daily in Afghanistan, as well as ca. 1306 energy fuel trucks of NATO and Defence Logistics Agency [7].



Regardless of technological improvements, the military’s need for fuel may experience spikes. Such a surge in jet fuel purchases occurred in 1999 in the wake of NATO’s 78-day air war in Kosovo, in which the U.S. committed more than 500 aircraft. The 78-day NATO air war in Kosovo (1999) reflects well the unpredictability of combat operations [10]. Another example is Operation Iraqi Freedom (2003), when the coalition air forces numbered 1801 aircraft, 863 of which were U.S. Air Force. In the first six weeks, coalition air forces flew more than 41,000 sorties. The Air Force tankers disbursed more than 376 million pounds of fuel [11]. For comparison, it is worth citing figures for peacekeeping missions, sixteen of which are overseen by the United Nations. In the budget period 2015/16, fuel was provided for 32,600 vehicles, 239 aircraft, 8670 generators and other fuel-consuming equipment, with a consumption of approximately 340 million litres [12].



From the above facts, we can conclude that sourcing fuel locally can save a lot of money. For example, flying 120,000 litres of fuel to Afghanistan costs $300,000. It is therefore preferable to buy fuel locally [13]. The integration of nuclear-hydrogen synergy energy production into operational theatres would enable Allies’ militaries to generate their own energy on-site. This would decrease the demand for fossil fuel at FOBs and lessen the need for costly and dangerous fuel convoys [7].



NATO forces are heavily dependent on fossil fuels, resulting in high monetary costs, security risks and casualties [7]. For these reasons, there is a shift in NATO towards military capabilities powered by electricity instead of those powered by fossil fuels. NATO has been exploring alternatives to fossil fuels for some time now, as demonstrated by declarations at recent summits in Chicago (2012), the Wales Summit (2014) and the Warsaw Summit (2016), among others. A key role is played by the Green Defence Framework approved in February 2014, which sets out three priority pillars: operational effectiveness, environmental protection, and energy efficiency. In line with this, NATO aims to meet logistical challenges, reduce risks for soldiers protecting fuel convoys and reduce NATO’s environmental footprint [14]. Furthermore, it should also be able to take responsibility for purely civilian directed actions supporting societies on different continents [15].




3. The Potential of Mobile Micro-Reactor Technologies


Military needs include the acquisition of processed energy in the combat zone, the use of which is unlimited in time and space. The only constraints stem from the possibilities of energy transmission [16]. The current concept of nuclear microreactors assumes that they can be used in a variety of ways. This is due to the optimisation of reactor size and mass, which allows them to be transported freely and to apply the plug-and-play principle. The result is the generation of electricity at the level of a few or tens of megawatts. Such technological progress is linked to the introduction of radiation safety regulations, which guarantee the safe operation of the reactor under all conditions of transport and stationary use.



The use of high-temperature reactors allows the application of nuclear-hydrogen synergy for hydrogen production [17]. Coupling nuclear energy with hydrogen production enables two synergistically linked processes: thermochemical and electrochemical. Using them to produce process heat, as well as nuclear electricity, is a zero-emission solution with no greenhouse gas emissions.



Furthermore, the combination of nuclear micro-reactor [18] and hydrogen technologies offers the possibility of local production of carbon-free fuel with high energy density. Hydrogen offers great military potential as a fuel source, but also plays an important role in the chemical, fertiliser, petrochemical and food industries. Hydrogen may be the key to the success of mobile nuclear power plants [19] because not only is it a high-energy gas, but also the electrochemical and thermochemical processes do not emit carbon dioxide, unlike the chemical processes of making hydrogen from natural gas.



The high-temperature mobile nuclear reactors operating in the United States have a core temperature of 1000 °C. This allows for cogeneration, i.e., the simultaneous generation of electricity and heat without emitting carbon dioxide. Furthermore, by using hydrogen as a source of process heat in the 700 to 950 °C output temperature range, HTR reactors can be an important part of nuclear-hydrogen synergy. Their technological advantage over other comparable solutions lies primarily in the possibility of further miniaturisation and weight reduction.



Research on micro reactors is being conducted by the US Department of Defense as part of work being undertaken in two projects: eVinci and PELE. These are not the first projects undertaken to develop mobile nuclear energy sources [20].



3.1. Project eVinci


The eVinci project is being carried out by Westinghouse in collaboration with US companies and national laboratories that play an important role in the development of nuclear technology, including Los Alamos National Laboratory (LANL) [21]. The project has developed a high-temperature, ducted nuclear reactor. The reactor is very small, mobile and consists of the latest generation of modules. Its purpose is to provide cogeneration of process heat and electricity with a capacity of 1 to 5 MW. The design is based on a compact monolithic unit with three types of channels containing fuel, moderator and coolant. The developers of the reactor intend to design and license it by 2022, so that the project can be commercialised around 2025 [22].



The eVinci reactor is fully separated from the external environment by a series of protective barriers that ensure radiological safety even if the reactor is abandoned [23]. The first barrier is the encapsulation of the TRISO fuel. The second barrier is a monolithic block with no moving mechanical parts. The reactor core is surrounded by a neutron reflector and, in addition, a shield to protect against gamma radiation. All this is enclosed in a steel cylinder, which is the final protective layer. The reactor was designed as a sub-critical one. It requires an efficient moderator-neutron reflector system to work. If either of these fails, the reactor will shut down automatically (Figure 3).



Westinghouse’s design priority is to deliver a design capable of easy transportation, minimal maintenance needs, instant start-up, and operating anywhere without interruption for three or more years. The reactor is intended to serve energy consumers in remote, off-grid locations (military bases, residential buildings, industrial and military infrastructure). The eVinci nuclear microreactor is envisaged to ensure transportability by trailer, rail and sea. Its design enables:




	
mounting in standard transport containers;



	
an assembly, filling, and preparation for operation in production facilities;



	
start-up in an on-site installation in less than 30 days;



	
a cogeneration of process heat and power at a level of 1–5 MWe;



	
a minimum service life of 40 years;



	
at least three years of operation between refuelling;



	
an autonomous operation, high reliability, and minimal moving parts;



	
a near-zero containment zone (in terms of nuclear safety) which guarantees the land rehabilitation into so-called "green grass" immediately after the reactor is removed from the site.









3.2. Project PELE


Another type of solution currently being tested is the microreactor developed under the PELE project by the US Department of Defence. As with the eVinci project, the PELE project adopted solutions to create a nuclear microreactor that could be used at remote operational bases of the US Armed Forces. Project participants are tasked with developing a prototype mobile high-temperature gas-cooled microreactor (HTGR). The reactor should have a generating capacity of 1–5 MW and berefuelled no more than once every three years. It must also meet the requirements of mobility, that is, the microreactor must be easily transported (both before and after operation) by truck, train, or plane. All essential reactor components must fit into a standard 40-foot-long container [24].



The high-temperature reactors (operating at temperatures exceeding 2000 °C) [25], which are being developed within the eVinci and PELE projects, have two important advantages over water-cooled reactors. The first is that the core is protected by TRISO capsules enriched to =< 19.8%, which contain the nuclear fuel [24]. The intention behind the use of this type of fuel is to guarantee radiological safety in the event of attack nd destruction of the reactor. The capsules are to ensure that there is no fuel leakage even if the reactor containment is damaged. A second advantage is that, unlike water-cooled reactors, high-temperature reactors are not prone to destruction of structural elements and melting of the fuel rods when the core temperature reaches about 1300 °C [25].





4. Nuclear-Based Hydrogen Production


Hydrogen used as a fuel can be used in many ways: burned as a stand-alone fuel, used in fuel cells, or as a feedstock for the synthesis of other fuels. Hydrogen is not only important for powering motor vehicles, but can also be used in a range of industries:




	
the petrochemical industry, in hydrocracking processes;



	
the fertiliser industry—in the production of ammonia;



	
carbon-nuclear synergy—for the production of synthetic fuels.








If we consider the global production of this compound, we find that:




	
48% of total   H 2   production is generated by steam decomposition of methane;



	
30% of total   H 2   production comes from crude oil processing at refineries;



	
18% of total   H 2   production comes from coal gasification processes;



	
4% of total   H 2   production is from water electrolysis.








The above shows that almost half of the hydrogen is produced by an environmentally unfriendly method as the result of a series of reactions represented by the following formula [26]:


   CH 4  + 2  H 2  O →  CO 2  + 4  H 2   



(1)







This means that for every tonne of hydrogen produced, 5.5 tonnes of carbon dioxide are released into the atmosphere. The other listed methods of producing hydrogen are not flawless either. Refinery gas-phase steam conversion also emits significant amounts of carbon dioxide. Besides emitting greenhouse gases, both of these methods and coal gasification also require access to raw materials that are naturally available only in limited geographical areas. One of the easiest methods of producing hydrogen is water electrolysis, which is the process of breaking down a water molecule into hydrogen and oxygen using an electric current. Acid or alkaline water solutions, or alcohol mixtures are used for water electrolysis to optimise the efficiency of this process.



The electrolysis of water occurs according to the following reactions:




	
cathodic reaction (reduction)


  2  H 2  O + 2  e −  →  H 2  + 2  OH −   



(2)







	
anodic reaction (oxidation)


  2  H 2  O →  O 2  + 4  H +  + 4  e −   



(3)












In summary, the water electrolysis reaction is as follows:


  2  H 2  O → 2  H 2  +  O 2   



(4)







A high temperature reactor can be used as a source of process heat for hydrogen production. Indirect hydrogen production from water is one of the most promising high-temperature processes that could be used on a mass scale [27]. This process occurs in the sulfur-iodine (S-I) cycle according to the following scheme (Figure 4):



In this cycle, in a series of thermochemical reactions, hydrogen is produced by the breakdown of water. In this process, as in electrolysis, oxygen   O 2   is released as a by-product. The oxygen thus obtained can be separated and used in other processes.




5. Application of Nuclear-Hydrogen Synergy in NATO Operations


The effectiveness of Allied forces in peace, crisis or in conflict depends on the ability of the forces provided to operate together coherently, effectively and efficiently [28].



Joint allied operations should be prepared, planned and conducted in a manner that best utilises the strengths and capabilities of the forces offered by member states for peace, crisis and war operations. Technology is a fundamental dimension that determines the interoperability of the formations and units of the Alliance’s multinational forces. In this respect, standardisation agreements (STANAG) play a special role, enabling the adoption of the same solutions both within and outside the Organisation with partner states [28].



Forecasting the impact of the next technological revolution with the spread of 5G technology as well as the implications of autonomous devices and the Internet of Things, we anticipate that the forms of NATO’s energy acquisition, conversion and utilisation needs will be transformed. The use of the HTR as a mobile energy source offers the possibility to efficiently supply the North Atlantic Alliance’s operations with three independent sources of energy, i.e., heat, electricity and hydrogen (as fuel). This presents an opportunity to procure different forms of energy depending on the actual demand.



When considering hydrogen harvesting with portable HTRs deployed in North Atlantic Treaty Organization operations, it is important to point out the ways in which it can be used. Firstly, hydrogen is a self-contained fuel used in fuel cells. It is also a substrate for the synthesis of other fuels. Secondly, hydrogen is not only important for powering vehicles, but can be used for other applications, such as 3D printing. Thirdly, hydrogen can be freely configured in the energy value chain: generation, storage and distribution, to provide energy for infrastructure used in or for certain operations.



The coordinated use of different types of energy generated by nuclear-hydrogen synthesis in North Atlantic Treaty Organization operations could ultimately enable power supply for:




	
Infrastructure (fixed and mobile) using wired and wireless forms of connectivity. The design of such power supply depends on the solutions implemented as part of the Internet of Things, using machines and devices that perform their tasks in a diverse environment (land, air, water, and even space in the long term);



	
Mobile fabrication and reproduction of machine or equipment components using 3D printers in metallurgical or manufacturing processes that involve materials other than metals, organised through mobile workshops and logistics bases. This provides an opportunity to further expand the existing range of operations carried out by NATO in diverse climatic as well as logistical conditions;



	
Universal forms of propulsion adapted to the needs of NATO operations (land, air, water, as well as in the future placing vehicles and equipment temporarily on the Earth orbit).








The implementation of the solutions described above will allow the use of military and non-military forms of energy generation, transmission and utilisation.



In our opinion, the future physical and psychological results of NATO-led operations using nuclear-hydrogen fusion deserve attention. It concerns the creation of advantages, the improvement of operational capabilities of troops, the strengthening of the resilience of individual states and the whole Alliance on its territory and beyond. The psychological factor of NATO’s support for individual societies and states is of great importance. It manifests itself in the ways in which operations are conducted and is one of the sources of advantage determining the success of the operations undertaken. Situational awareness is also of great importance as it involves the certainty of a continuous power supply regardless of the forms of energy demand within the operation.



The use of nuclear-hydrogen synergy as an enabler of the organisation’s operations reinforces the concepts of both deterrence and collective defence. This applies to the entire territory and population, the readiness of NATO forces to operate and perform their tasks in Europe and across the Atlantic. However, this requires an appropriate mix of conventional and missile defence capabilities, cyber defence and adaptation of procedures in the NATO Command Structure. There are opportunities to apply nuclear-hydrogen synergy at every level, i.e., military-strategic, operational and tactical. Particularly important in this respect is the readiness to meet hybrid threats for mobile infrastructure using nuclear-hydrogen synergy [29]. All these elements should be analysed and included in the framework of an energy security doctrine for the North Atlantic Alliance that uses mobile nuclear-hydrogen synergy sets for power generation.



Potential NATO adversaries may use energy aspects in their foreign policy, e.g., as tools in hybrid activities [30]. The use of nuclear-hydrogen synthesis in NATO operations could allow potential threats to be countered by:




	
ensuring a stable and reliable energy supply to designated customers within and outside the alliance area;



	
diversification of ways of acquiring, distributing, and supplying energy to various types of infrastructure;



	
connectivity to resilient local energy networks.








The result of the approach outlined above will be greater operational flexibility for the North Atlantic Treaty Organization. The prerequisite for this, however, is strengthening NATO’s resilience in cyberspace to ensure that allied forces have access at all times to energy resources as well as energy generation, distribution and ultimately energy use for ongoing operations.




6. Discussion


The extraction of heat, electricity and hydrogen from mobile nuclear reactors is essential to the operations of the North Atlantic Treaty Organization. Energy efficiency and effectiveness are fundamental to mobile nuclear technology. This also applies to all of the mentioned forms of energy.



In the production of hydrogen by electrolytic methods, the initial stage is important in order to assess the benefits obtained in the thermal energy—hydrogen relationship. The efficiency of the electrolysis process is calculated as the production efficiency in proportion to the electrical energy supplied. The same applies to high-temperature electrolysis, in respect of the electrical and thermal energy supplied.



The Solid Oxide Electrolysis Cell method is considered to be the most efficient method of electrolytic hydrogen production. Under the most optimal conditions, the efficiency of hydrogen production exceeds 90%. However, given the need to supply heat in the process, the actual efficiency (electrical + thermal) exceeds 75% [31]. This level of efficiency in the electricity generation process appears to be the most technologically desirable. Nonetheless, this efficiency is calculated for the supplied electricity and in this case does not consider the cost of of its generation. Electricity in this case is primarily generated by converting heat energy.



In conventional power plants, heat converts the propellant from liquid to gas, which is then directed to turbines that convert the resulting mechanical energy into electricity. When considering the efficiency of hydrogen production, we must realise that different values are obtained depending on the method adopted. In making a solid analysis, we should adopt the same assumptions for each case under consideration. Therefore, the efficiency of hydrogen production by electrolytic methods, where electricity is needed, should not be directly compared with thermochemical methods based on heat energy. Electricity does not arise on its own; it has to be generated. The generation of this energy is also subject to a certain degree of efficiency, which directly affects the assessment of the efficiency of the entire hydrogen production process.



While conventional nuclear power plants achieve efficiencies of the order of 30–33%, coal-fired plants achieve efficiencies of up to 45–48%, as do HTR reactors. By comparison, the most advanced gas-fired power plants in operation today achieve efficiencies in excess of 55% [32].



In the thermochemical process of hydrogen production, and in particular in the process based on the sulfur-iodine method, this efficiency is 78% [33]. We must emphasise that the efficiency value is inversely proportional to the energy supplied to the process, which depends on the sum of heat flows. In order to comprehensively determine the nature of hydrogen production processes, we must refer to efficiencies determined not by heat flows but by mass. In this case, the actual efficiency is 71% [34]. This is despite the fact that hydrogen production by thermochemical methods is more efficient.




7. Conclusions


In line with technological developments, the increasing functionality of hydrogen is undeniable and has also been recognised by NATO. Hydrogen has a much higher energy density per unit mass than other fuels [35], which means that hydrogen fuel can increase the range of military vehicles. Consequently, hydrogen could eliminate the need for risky refuelling stops during missions, as well as the number of fatalities associated with fuel delivery in combat areas. Its use would increase the operational capabilities of the Alliance’s troops and also help with energy storage.



Our research analysis in this article shows that mobile hydrogen-based technologies combined with the use of nuclear microreactors are a promising prospect. Nuclear microreactors are small enough to be easily transported to their destination by heavy trucks. Depending on their design, nuclear microreactors are capable of generating 1–20 MW of thermal energythat can be used directly as heat or converted to electricity or for non-electrical applications such as hydrogen fuel production.



Although thermochemical methods are characterised by greater efficiency, especially when using nuclear-hydrogen synergy, they can potentially be used only in industrial conditions due to the need for highly corrosive substances and the potential to generate environmentally harmful chemical waste. Therefore, we recommend that mobile solutions for the military not use these technologies.



While thermochemical methods have higher efficiencies, especially when using nuclear-hydrogen synergy, they can potentially only be used in industrial settings due to the need for highly corrosive substances and the potential to generate environmentally harmful chemical waste. Therefore, we recommend that mobile solutions not use these technologies.



The electrolytic methods for hydrogen generation combined with nuclear microreactors appears to be the best for implementation in mobile applications. However, they are less efficient than thermochemical methods. On the other hand, electrolytic methods are easier to implement and simpler to operate. They generate less potentially hazardous waste and are safer to use. Simplicity of design is also a significant advantage (Table 1).



Given the North Atlantic Treaty Organization’s commitment to environmental protection, this form of energy generation and use of hydrogen should be considered as being of interest but not of potential use. For the specified mobile energy, heat and hydrogen extraction methods, preference should be given to electrolytic or high temperature electrolytic methods. This is because water electrolysis is a simpler process and therefore easier to use in field conditions. Moreover, it is environmentally friendly and does not leave a significant carbon footprint.



Given the North Atlantic Treaty Organization’s commitment to environmental protection, this form of energy generation and hydrogen use should be considered interesting, but not necessarily useful. For specified methods of mobile energy, heat and hydrogen generation, preference should be given to electrolytic or high temperature electrolytic methods. This is because water electrolysis is a simpler process and therefore easier to apply in field conditions. Moreover, it is environmentally friendly and does not leave a significant carbon footprint.



Considering the conclusions of the analysis of opportunities and risks associated with the use of hydrogen, we can see that hydrogen can be used in particular as a fuel source for transport. Its properties confirm that hydrogen as a fuel will find application mainly in the area of heavy transport, which is specific to the armed forces. At the same time, bearing in mind NATO’s energy and climate priorities, there is no doubt that hydrogen represents an opportunity for the modernization of the Alliance’s armed forces. Given the current early stage of hydrogen technology deployment, consideration should be given to introducing solutions across the whole of the North Atlantic Treaty Organization and partner states that would standardize the use, distribution, and operation of hydrogen according to the needs of the Organization.
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The following abbreviations are used in this manuscript:



	  H 2  
	hydrogen



	HTGR
	High-Temperature Gas-Cooled Reactor



	HTR
	High-Temperature Teactor



	  O 2  
	oxygen



	NATO
	the North Atlantic Treaty Organization



	NATO ENSEC COE
	NATO Energy Security Centre of Excellence



	MW
	megawatt



	STANAG
	Standardisation Agreements
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Figure 1. Average equipment of a soldier. Source: [8]. 
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Figure 2. DoD operational energy demand by service, source: [9]. 
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Figure 3. eVinci micro-reactor cutaway. Source: [6]. 
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Figure 4. Diagram of the sulphur-iodine cycle (S-I). Source: Author’s own research. 
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Table 1. Comparison of hydrogen production with electrolytic and thermochemical methods* in mobile use.
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	Hydrogen Production Methods
	Real Efficiency
	Simplicity of Design
	Use of Corrosive Substances
	Possibility of Harmful Waste
	Easy to Repair
	Mounting in Standard Transport Containers
	Installation Production Cost





	Electrolytic
	36%
	Low
	No
	None
	High
	Easy
	Low



	Thermochemical
	71%
	High
	Yes
	Small
	Low
	Possible
	High







Source: Author’s own research. The efficiency value of the electrolytic method is calculated by the combination of the efficiency of electricity production in an HTR reactor and the efficiency of hydrogen production by the electrolytic method.
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