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Abstract:



It is thought that there are 14 million standardised sea containers out of order, equal to 23.3 million twenty-foot equivalent unit (TEU), which could be devoted for other purposes. The COR-TEN®steel containers are the best, due to the features of the materials, to be used in applications intended for the accommodation of people. One of the uses is framed in the area of humanitarian help, as service modules in areas of social emergency. Moreover, the deployment of these kinds of modules is quite simple, as the Army is generally able to transport containers in its units. In this project we have selected three typologies of service modules and we have designed modules based on sea containers which can fit into these typologies. The container chosen to be recycled is the 1 TEU, to which the closings and divisions are defined, which must reflect the different typologies of the service modules chosen. Afterwards, a study of thermal charges is carried out on three different settings of service modules located in five locations spread in different climate areas. Throughout a thermal simulation in Trnsys® (V17, Thermal Energy System Specialists, LLC, Madison, WI, USA), the consumption and maximum demand of heat and cold are analysed. Based on these results, the best equipment to cover the energy demand of the modules analysed in this study could be chosen. Moreover, the results can be used to estimate the operational costs of the deployment of the modules.
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1. Introduction


The reuse of sea containers as structures for construction seems to be an alternative from economic and design points of view [1,2,3]. The transformation of a transportation box into an inhabitable space requires technical and social development. Most of the sea containers are made of COR-TEN® [4] steel, which guarantees a high freight capacity and resistance to corrosion. Sea containers are very stable (they can be piled up to eight levels), cheap and very abundant. One and a half trillion containers are considered obsolete annually and are taken out of circulation [4,5].



The field of modular construction reuse and fitting sea freight containers opened—some years ago—a new market that has not stopped growing until recently. It is an attractive option, due to the low cost of the constructive elements and process, the building speed, the possibility of moving the containers using several means, and the high design versatility of designing modules which are independent energetically. Nowadays, there is a large market that makes use of these techniques, and with them, there are solutions ranging from single family homes to blocks of flats or offices.



What we should ask ourselves is if there are any other opportunities of taking advantage of the use of these containers in the sphere of the Armed Forces. The answer to this question can be guessed, as for some time, some companies have used the design of sea containers as a base for building modules as field hospitals, munitions warehouses, toilets, and even as water-treatment plants for the Army.



On the other hand, the Navy, unlike other units inside the Armed Forces, has the possibility of a prolonged projection over time, which requires the ships to provide a prolonged presence for long periods of time in remote places with no need of external support. It offers a capability which can not be compared to any non-governmental organisation (NGO) for the transportation of large volumes (humanitarian aid, medicine, infrastructures, etc.), in relatively short periods of time, to places where there have been natural disasters, the destruction of inhabited areas in times of war, or simply areas in a state of emergency for any reason. The Navy has demonstrated this capability on several occasions, for instance, after the earthquake in Haiti in 2010.



The Navy is, therefore, an interesting option for the transportation, building, and even maintenance and operation of facilities with similar features to the ones of the Army, which cannot transport so faraway through its own means, or doing so is more expensive. Indeed, the new ships of the Navy (Figure 1) have been designed bearing in mind the possibility of harbouring a large quantity of containers with a standard size of 1 twenty-foot equivalent unit (TEU).


Figure 1. Freight configuration of containers in the ship Juan Carlos I of the Spanish Navy [6].



[image: Energies 10 00820 g001]






The transportation of these kinds of modules is better via maritime means. In this sense, the Navy has an important capacity for the transportation of humanitarian aid to areas where there have been natural disasters or are at war.



It is important to carry out a thermal analysis of the service modules recycled as maritime containers. There are several articles in the literature which establish methodologies to carry out this analysis. Ulloa et al. [7,8] carried out a thermal analysis of the behaviour of caravans and leisure ships using similar methodologies.



Based on the above, we believe it is relevant to carry out a study of thermal demands in Trnsys® (V17, Thermal Energy System Specialists, LLC, Madison, WI, USA), which will offer two readings: on the one hand, it will belong to a latter project or projects that will assess the cost and viability of the refurbishment of maritime containers reused as service modules, and, similarly, it may belong to a more extensive study regarding the cost of acquisition of service modules to specialised companies. Therefore, this article involves the development of a methodology for thermal analysis first applied to service modules using a transient system simulation tool (Trnsys®).




2. Methodology


2.1. Container Description


The containers have been adaptedto assist the different needs which have been arising, thus resulting in ten main types [9]: Metal, Dry General-DV, High Cube-HC, Open Top-OT, Open Side-OS, Bulk-BLK, Flat-FLT, Refeer-RF, Insulating, and Tank. The average lifetime of a container ranges between seven and 14 years [10].



The selection of service modules was made based on the ones used by the Spanish Army and Royal Marines, supplied by the company ARPA [11]. To do so, the Technical Prescription Document of the Spanish Army for the purchase of several containers and modules [12] was used as a reference. This document will also be used as a reference in the cases where the product catalogue of the supplier does not include the technical data needed for the design of the model for the simulation.



Two criteria have been used for the selection of the elements of study: the usefulness and the technical interest. Three different configurations were established so that they could be useful in contingencies alike to the one lived in Haiti after the earthquake in 2010, or in Indonesia after the Sumatra-Andamán tidal wave, and, moreover, to have uses different enough among them so as to be worth studying.



Starting with these premises three configurations are selected among the offered ones in the ARPA catalogue [11], which will be used as the base to design the models to be studied: first aid module, shower module, and refrigeration module. The three of them measure the same as a 1 TEU container so as to be transported in Navy ships.



2.1.1. First Aid Module


The first aid module (Figure 2) is the most basic one in an emergency contingent. It is a space designed for first aid medical assistance. The fixed or bulky elements in this equipment are the ones that will be taken into consideration when designing the parameters for the thermal simulation.


Figure 2. (a) Twenty-foot equivalent unit (TEU) module for first aid; and (b) the inside design of the TEU module for first aid [11].
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2.1.2. Shower Module


The shower module, despite not being as useful as the previous one, can be a very important help in maintaining a minimum level of hygiene. This aspect can be essential to avoid the spreading and infection of some illnesses. The choice of this configuration as a model for study is due to the fact that it is considered interesting with respect to the analysis of the energy demand necessarey to warm the water consumed.




2.1.3. Refrigeration Module


The refrigeration module, just as the shower module, could not be inside the priority elements of an emergency contingent. Nevertheless, from a thermal point of view, the difference of the work temperature of the inner air of this container makes the results of thermal demand to be very different from the former two study cases . It is important to point out the role of this container in the supply and maintenance of perishable food in long-term deployments.



It is worth pointing out that although these elements will be used as pattern models, not all of the features, equipment, or materials which define them will be present in the modules under study.





2.2. Container Modelling


For the design of the closings, three references have been taken into account: the second-hand container used as the base [13], the container of ARPA S.A.U., and the document of conditions of the Spanish Army [12].



The selected shipping container was a standard model of 1 TEU (20 feet long, eight feet wide, and eight feet and one inch high). It has total floor area of 14.77 m2 and a volume of 36.01 m3. The container geometry was defined with the Trimble SketchUp modelling software. The whole container was defined as a thermal zone. The rate of exterior glazing was 20.1%. The three kinds of modules were different among them for the enclosure and the operational temperatures. For the selection of these temperatures UNE-EN ISO 13790 [14] is used as a norm, which regulates the operational temperatures to maintain a thermal comfort state in different facilities in Spain.



2.2.1. First Aid and Shower Modules


Table 1 shows the features of the enclosure of the simulated container model. For the lateral panels and the roof it is agreed to define a sandwich-like wall with an outer steel layer, a layer of polyurethane as an insulating material, and an inner layer of galvanized steel. The floor is made, from outer to inner, of a steel layer, a polyurethane layer, a plywood layer, and a final aluminium layer. The layer walls were defined based on container wall materials of ARPA S.A.U. and the document of conditions of the Spanish Army [12].



Table 1. Properties of each enclosure type for the first aid and shower modules.







	
Wall Category

	
Wall Type

	
Transmittance (W/m2 K)

	
Thickness (mm)






	
External

	
Roof

	
0.309

	
83




	
Outer facade

	
0.405

	
63




	
Boundary

	
Ground

	
0.543

	
69










These modules have a window (facing west) with an area of 0.84 m2 (1.2 m × 0.8 m) with an emission coefficient of 0.9 and an absorption coefficient of 0.6. The emissivity values were directly estimated by Trnsys®. The window materials are not relevant for the thermal simulation as the majority of the energy that will be transmitted through this surface is by radiation. Transmittance values were directly calculated in Trnsys® based on equivalent resistance models for layered walls.



In the case of the first aid modules the range of temperatures was selected as indicated in UNE-EN ISO 13790 [14] for a hospital (22 °C and 26 °C). For the shower module the same lower limit of temperature was selected (22 °C), the higher limit was not applied, as we want to avoid a thermal gap, apart from the fact that the use of domestic hot water (DHW) for showers increases the module temperature.




2.2.2. Refrigeration Module


The enclosures of the refrigeration module (Table 2) are different to the other two containers due to the working temperatures. The panels are made of a first outer steel layer, an intermediate insulating layer (three layers of polystyrene/polyurethane/polystyrene), and an inner steel layer. The refrigeration module does not have any kind of window.



Table 2. Properties of each enclosure type for the refrigeration module.







	
Wall Category

	
Wall Type

	
Transmittance (W/m2 K)

	
Thickness (mm)






	
External

	
Roof and Outer facade

	
0.275

	
98




	
Boundary

	
Ground

	
0.260

	
126










In the refrigeration module two different scenarios of thermal demands were carried out: one with a temperature of −40 °C (using the module as a freezer) and another one with 10 °C (using the module as a refrigerator).





2.3. Regions of Study


As this kind of module is going to be used in different areas, it is compulsory to carry out an analysis of the thermal needs in different scenarios. To do so, the globe devided into climate areas by Köppen-Geiger was chosen. This system divides the globe into five main regions based on thermal thresholds, limit data of temperatures and, in a general way, types of vegetation. These five regions are: Region A (tropical climate), Region B (dry climate), Region C (mild climate), Region D (continental climate), and Region E (polar climate) [15,16].



Based on the above, five locations were chosen to carry out the simulations (Figure 3):

	
Location 1. Port-au-Prince, Haiti: A city located on the Caribbean Sea (region A), it was chosen for being an area with a high probability of earthquakes and hurricanes.



	
Location 2. Yibuti, Yibuti: location in region B, in the Horn of Africa; it is a developing area, which features very extreme temperatures.



	
Location 3. Colonia, Uruguay: Located in the South American continent, it is chosen just for the fact that is a location inside the third region of Köppen-Geiger (C).



	
Location 4. Yakutsk, Russia: Located in Eastern Siberia, it is chosen for being one of the locations with the lowest temperatures in the world in winter. It corresponds to region D.



	
Location 5. Puerto Williams, Chile: Apart from being one of the few locations in region E, it is interesting for the great difference of daylight in the different seasons of the year, a fact that will affect the results of the simulations.







Figure 3. Locations of study based on the classification by Köppen-Geiger.
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The meteorological records (input in the simulation environment of Trnsys® were downloaded based on the Meteonorm data [17] in typical meteorogical year (TMY)-2 format.




2.4. Trnsys® Simulation Studio


The conditions of the simulation were defined in Trnsys®, introducing the data of thermal gain, infiltrations, and occupancy of the modules (Figure 4).


Figure 4. Block diagram for Trnsys® modelling.
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The five weather variables included in the model are: temperature outdoor (Tout), relative humidity outdoor (RHout), solar radiation (SR), pressure outdoor (Pout), and wind velocity (Wvel). The outputs of the simulation are: Q sensible and temperature inside the module (Tin).



The estimation of thermal capacitance of the module was done based on the material in which the furniture is made (Equation (1)):


[image: there is no content]



(1)




where [image: there is no content] is the capacitance of the materials of the furniture. In this case: air, aluminium, and stainless steel. These capacitances are calculated just as it appears in the Equation (2):


Ci=mi×cp,imi=Vi×ρi



(2)




where [image: there is no content] is the mass; [image: there is no content] is the specific heat; [image: there is no content] is the density of the materials; and [image: there is no content] volume of the materials.



The values of thermal capacitances of the first aid, shower and refrigeration modules were 549.35 kJ/K, 522.62 kJ/K, and 199.50 kJ/K, respectively.



Input Trnsys® Model


In the first aid module, the thermal gain was estimated as corresponding to a maximum of five, and a minimum of zero, people based on a usage timetable of 12 h. The energy supplied by each person inside the module was calculated based on the norm ISO 7730 [18], which regulates standard data according to the activity level. ISO 7730 indicates, for the degree of activity chosen for this study (equivalent to seated, light work, or typing), a metabolic rate of 150 Watts or 510 BTU/h. The parameter of infiltrations (the renewal of air in the module) was estimated as based on previous projects [7], that is, a renewal of the 100% of the air every hour.



In the shower module, apart from the increase in occupancy, it must be taken into account that the hot water in the showers generates a heat cession to the environment. Based on experimental data, a value of 0.12 kW of thermal gain was estimated in the moments when the showers of the container are being used. Moreover, the increase of humidity that the use of showers generates will increase the ventilation of air forced during the periods when they are being used. To measure this we estimated a volume of water of 84.95 m3/h for each shower which, compared to the volume of the container (36.01 m3) equals 18.9 renewals of the volume of air per hour during the time when the showers are being used [19]. It was estimated that these air renewals would take place during the following 20 min after the end of use of the showers in the module. The timetable for using the module was estimated in three shifts of 1 h each (06:00, 13:00, and 20:00). The timetable is the same for all days of the week. As the module has eight showers, the maximum occupancy is eight people (150 W per person, according to the ISO 7730). Assuming that the people inside the module spend five min in the shower and five min changing clothes, so that the showers are not vacant until each user has consumed these 10 min, this container provides service to 144 people every day.



In the refrigeration container no thermal gain was established as the light will be normally switched off and it will only be on when somebody goes in at certain moments (apart from being LED-based, as in previous cases). No electrical appliances or people are included inside which could provide some thermal gain. A value of air renewal of 5% of the total volume every hour is chosen, which equals to a renewal of the 120% of the total volume every day, which is, in turn, the approximated value of a weighted arithmetic mean on a normal day when it is only opened just once or twice a day. In this module the forced ventilation will not be taken into account and will be characterised by the enclosure, the working temperatures, the infiltrations, and thermal capacitance.






3. Results and Discussion


Here we show the results corresponding to the simulation of thermal needs of the three modules



3.1. First Aid Module


For the first aid module the demand of both heat and cold are studied, as a range of temperatures (22–26 °C) has been established (Figure 5 and Figure 6). In Table 3 the peak demand values (an important aspect for a latter selection of equipment) are shown.


Figure 5. Monthly heating demands (kWh) for the first aid module in the five locations.
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Figure 6. Monthly cooling demands (kWh) for the first aid module in the five locations.
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Table 3. Peaks heating and cooling demands for the five areas.







	
Area

	
Peak Heating Demand (W)

	
Peak Cooling Demand (W)






	
A

	
410

	
740




	
B

	
430

	
1050




	
C

	
790

	
760




	
D

	
2190

	
600




	
E

	
1010

	
340










In zone A, as it was expected, a very low value of annual heating demand was estimated (123.12 kWh) in comparison to the cold demand (3093.21 kWh). The features of zone A in the Köpen-Geiger classification regarding the temperature are effectively reflected in the data obtained as it is confirmed that the monthly average temperature is never under 18 °C. Apart from this, the closeness to the sea is noted in the low temperature range between the minimum and maximum monthly temperatures.



In zone B, the annual heat demand is 171 kWh, whereas the annual refrigeration consumption goes up to 2145.53 kWh. In this region, the highest values of heat demand correspond to the months of winter (December–February). As it can be expected, the peak refrigeration demand is located in the summertime (June–August).



In zone C the maximum power value (790 W) is obtained in the months of July and August. It is not a very high peak in comparison to the rest of the central months of the year. Nevertheless, regarding consumption data there is a large difference between the central months of the year and the hottest months. This location is located in the southern hemisphere and the season of summer is during December, January, and February. The annual heating consumption is 1412.23 kWh, whereas the annual refrigeration demand is 545.25 kWh, a third of the heating consumption. Despite both systems being subdued to similar peak values, the consumption varies greatly. The cold and heat demand data match with what could be expected in the Köppen-Geiger zone C, corresponding to a mild climate similar to Spain. It is confirmed that the results obtained for heat demand match with the annual average of a home in Spain (taking into account the difference of the area and the operational temperature) [20].



In zone D, the peak value of heat demand goes up to 2190 W, due to the extreme temperatures reached in the cold months. There is a large variation of the peak demands between the hot and cold months. This result is the one that could be expected from an area in zone D of the Köppen-Geiger classificaiton. Moreover, in this case, as it is a region is Siberia, the average temperatures in the cold months drop much more than what is usual in other locations in the same zone. The annual heating demand is 7421.67 kWh, whereas the annual refrigeration demand is 140 kWh. The demand for cold is produced in the central months (May to August).



The location of Puerto Williams (zone E) makes this city the most southern in the world and the closest to the Antarctic continent, which explains the peak values of demand (Table 3). The consumption of the annual cooling system is virtually negligible (7 kWh annually). That is, based on the results we can infer that the refrigeration system is not going to be needed in this location.



Of the data obtained, it can be deduced that the heating demand increases in the locations of colder climates, although the temperatures in summertime are higher than the one in region E.



As it could be expected, the results of demand of maximum cold power increase when the climate is hotter. The peak demand value of refrigeration power appears in the location of region B. In this region there are higher temperatures than in other regions.




3.2. Shower Module


In the case of the shower module only the heat demand is taken into consideration as a high temperature limit was not established (Figure 7).


Figure 7. Monthly heating demands (kWh) for the shower module in the five locations.
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The annual consumption in zone A is 42.75 kWh, a value according to the temperature data recorded in the area (the minimum temperature value in the whole year is 18.85 °C). As it could be expected, in zone B the annual consumption is just 60.42 kWh.



In location C, with a similar climate to the Iberian Peninsula, the peak in heating demand is recorded in July. The annual consumption for this location is 1840.97 kWh, a value slightly higher than the one obtained for the same location in the simulation of the first aid module. This is due to the increase of the air renewal.



Regarding the location in Siberia (zone D), as it could be expected, the demand data increases. The maximum is recorded in January with a value of 4000 W (Table 4). It is confirmed that the difference of temperature throughout the year is going to require that the equipment chosen to cover the demand must be very powerful, although most of the months it will be used under its capacity. The total annual consumption is 10.2 MWh.



Table 4. Peak demands for the five areas for the shower module and the refrigeration module.







	
Area

	
Shower Module Peak Heating Demand (W)

	
Refrigeration Module Peak Cooling Demand (W)






	
A

	
400

	
1650




	
B

	
470

	
1790




	
C

	
1100

	
1570




	
D

	
4000

	
1560




	
E

	
1500

	
1310










The heat demand in Puerto Williams (zone E) is virtually steady throughout the year. The demand peak is 1500 W (in July), whereas the maximum demand in the hottest month (January) is 970 W. The total annual consumption is estimated at 5406.73 kWh.



As in the first aid module, the heating demand increases in the locations with colder climates. Despite what could be assumed at first, it can be deduced from the data obtained that, even though they have more thermal gain than the first aid container, they are not enough to compensate for the forced renewal of air produced by the fan installed in this module. These renewals cause, in the coldest locations—where the exterior temperatures are lower—the power demand to increase. This is due to the fact that the fan introduces exterior air at a very low temperature inside the module. In the hotter locations, in which the air introduced inside the container has a higher temperature, this effect decreases, and even, in region A, is slightly inverted.




3.3. Refrigeration Module


3.3.1. Results with an Operational Temperature of −40 °C


In zone A the consumption goes up to the 11.4 MWh annually. In zone B there is very little variation between the monthly demands (Figure 8), resulting in an estimated annual consumption of 11.8 MWh.


Figure 8. Monthly cooling demands (kWh) for the refrigeration module with an operational temperature of −40 °C (working as a freezer) in the five locations.
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In zone C, just as in zone B, there is not much difference between the peak values of each month (Figure 8). The annual consumption in the unlikely case of the steady use of the container at −40 °C would be of 11.8 MWh.



In the case of Yakutsk (Russia, zone D), where we have already confirmed that the temperatures suffer large drops, the demand really shows notable difference in comparison to the ones obtained previously. The peak of maximum demand at −40 °C is recorded in July with a value of 1560 W (Table 4). In this region there is a large difference between the values in the different months (Figure 8). The annual demand is 985.02 kWh, virtually half of the previous locations.



As it can be observed in the Figure 9, the values of monthly demand in the zone E are very similar among them as it can be expected based on the features of this climate zone. The annual consumption in this zone is 8067.66 kWh.


Figure 9. Monthly cooling demands (kWh) for the refrigeration module with an operational temperature of 10 °C in the five locations.
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3.3.2. Results with an Operational Temperature of 10 °C


The record of the maximum demand in this case is not interesting with respect to evaluating the equipment, which uses the maximum recorded power peak for the minimum working temperature.



In zone A the annual consumption inside is 2591.1 kWh. This record would correspond to a use of the container as a refrigerator and not as a freezer. This reflects, therefore, the minimum consumption for this location. The consumption produced in a mixed use (−15 °C) would be around 7000 kWh. It is deduced that, for this location, the needed equipment to satisfy the demand requires high power and it will also generate high consumption (Figure 9).



In the zone B the annual consumption with an operational temperature at 10 °C goes up to 2989 kWh. The combined consumption at an inside average temperature of −15 °C is estimated in 7394.5 kWh. It is confirmed that in this location it would also be expensive to keep refrigerating equipment that would maintain the allocated temperatures (Figure 9).



In zone C a large range in the consumption of the refrigerator at 10 °C can be noticed, reaching an annual consumption of 1193.53 kWh. The annual mixed consumption is estimated around 6496 kWh. The maximum record of cold demand at 10 °C is 480 W. This result is almost double of the smallest peak value recorded in the month of July.



In zone D it was observed that, to maintain a temperature of 10 °C inside, there was no need to switch on the equipment for more than half of the year (Figure 9). The annual demand of refrigeration in this case is estimated at 340.64 kWh. The mixed consumption would be 3162.83 kWh. Based on the results obtained, it can be deduced that in such a cold location it is not going to be expensive to operate a container like this. Therefore, sending a refrigeration module to a location in zone D in the case of catastrophe is not going to be a priority.



In zone E, the annual consumption at an operational temperature of 10 °C would be 98.36 kWh, whereas the mixed consumption at −15 °C would be around 4080 kWh. These results indicate that keeping a refrigerated container in this location would not be expensive (Figure 9). Nevertheless, its deployment would not be as useful as in the first locations (A, B, and C).



Just as in the analysis of refrigeration demand for the first aid module, it is observed that the demand increases in the regions with hotter climates. Nevertheless, when the module is used as a refrigerator the difference is not so large. This is due to the fact that the temperature inside the module is extremely low (−40 °C), which creates a large temperature gap and, therefore, the difference of these gaps among the regions is smaller.






4. Conclusions


A methodology to recycle sea containers into service modules has been established. Three typologies of service modules have been analysed and the corresponding modules have been designed based on sea containers made of COR-TEN® steel.



A thermal analysis of the design proposals has been carried out, analysing the energetic demands in very dissimilar places among them. The annual demands of cold and heat have been obtained for each location, and also the corresponding power peaks.



The results offer a previous vision of the viability and maintenance costs of such modules in different locations. The power peaks make choosing the refrigeration and heating equipment capable of coping with the thermal requirements easier. The annual consumption allows us to know the operative costs of such equipment working in the corresponding modules. Moreover, this methodology allows the Army to know the operational costs of sending this type of module to different locations.



As a future line of research, the results of this project could be used for the selection of the most suitable equipment. Nevertheless, other criteria would have to be taken into account in this selection. Probably, the techniques that help to make a decision are the best tool to carry out this future study.
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