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Abstract

:

The ship-mounted photovoltaic (PV) system was an approach to solve the problem of pollution caused by excessive energy consumption during navigation. However, PV systems used on ships faced problems such as small installation areas, which prevented PV power generation from being utilized on a large scale. This article proposes a space-saving photovoltaic double-skin façade (PV-DSF) window system, which could be used in conjunction with ships to address the insufficient ship-mounted photovoltaics. In this paper, we propose a space-saving photovoltaic double-skinned façade (PV-DSF) window system that could be used in conjunction with a ship to solve the problem of insufficient space for onboard photovoltaics. According to the working principle of the system, we established a mathematical model corresponding to the actual heat transfer process and, at the same time built up a corresponding experimental test rig for thermoelectric performance measurement, and verified the accuracy of the proposed mathematical model based on the experimental results. Finally, the effect of different parameters on the performance of the system and the energy performance of the system on board the ship was discussed using a mathematical model. The simulation data showed that the increase of solar radiation intensity, wind speed, and PV coverage had a positive effect on the system’s power generation, while the ambient temperature had a negative effect. The system, in combination with a passenger ship, was able to provide 53.2 kWh of annual electricity generation and reduced CO2 emissions by 17 kg.
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1. Introduction


When ships were sailing or moored on the water for long periods of time, the hull and superstructure were exposed to direct sunlight for long periods of time, while the ship’s power electromechanical equipment and personnel were also generating a lot of heat, leading to an increase in the internal temperature of the ship. Therefore, the ship’s HVAC (Heating, ventilation, and air conditioning) equipment was an important part of its infrastructure. However, the energy consumption of HVAC equipment was huge, and about 30% of the total electricity consumption of large cruise ships was from HVAC [1]. At present, ships are mainly supplied with energy from fossil fuels [2], which could consume fuels dramatically, increase economic costs, and pollute the environment. According to the International Maritime Organization (IMO), more than 27,000 transport vessels worldwide consumed more than 200 million tons of fuel, and total shipping emissions were about 1 billion tons of CO2 per year, which was contrary to its initial strategy to reduce greenhouse gas emissions from ships [3]. Due to the increasingly serious problem of ship emissions, energy-efficient emission reduction technologies for the shipping industry have attracted great attention from the international community [4], and the search for new alternative energy sources has become a pressing issue. Solar radiation, as a clean new energy with huge reserves [5], does not pollute the environment and has the advantage of being inexhaustible and renewable compared to conventional fuel. Hence, if the advantages brought by solar radiation energy could be utilized, it would help ships accomplish the goal of energy-saving navigation and contribute to the fight against environmental pollution [6].



The emergence of photovoltaic cells that could convert collected solar radiation into usable electrical energy [7] and installing PV systems on ships had proved to be a viable means to share some of the power generation tasks of ship engines and reduce energy consumption and pollutant emissions of ships [8], which had a broad research prospect. For example, Lan et al. [9] studied a hydroelectric power system. A method was proposed that enabled the optimum sizing of PV/diesel/battery in hydroelectric power systems, effectively reducing total costs and pollutant emissions. Tang [10] combined ocean-going ships with large-scale PV systems and proposed a new ship power system structure and controlling methods. The result showed that the proposed structure and methods could operate safely and effectively under complex environmental conditions. Zhang et al. [11] focused on some relevant marine environmental factors affecting photovoltaic cells. The results showed that salt spray had an unfavorable effect on photovoltaic cells and reduced their power generation, while seawater would affect the opposite result. Ghenai et al. [12] simulated and optimized a three-in-one (including photovoltaic) energy power system and studied its system performance at a deeper level. It was found that the system provided a 13.83% renewable energy penetration and a 9.84% reduction in pollutant gas and related emissions compared to a diesel engine system. Kurniawan et al. [13] conducted an in-depth study on the placement angle of photovoltaic cells on ships. It was found that the placement angle of PV cells had a relevant influence on their efficiency, and the optimal angle for different sailing cycles was calculated. Karatug et al. [14] designed a PV system for a large ship to provide a portion of the energy supply and conducted a comparative study with a ship without PV. The results showed that ships with PV systems used 7.38% less fuel, which was a significant effect. Wen et al. [15] used mathematical calculations to model and calculate the whole ship photovoltaic system. The optimal coupling of different parts was obtained using numerical simulation to obtain the best efficiency.



From the above research into the use of PV cells in combination with ships, a number of drawbacks have been identified with current PV ship systems. Firstly, most ships were compact and had limited deck space, while the installation of PV cells required more space [16], which resulted in ships not being able to provide enough space for the installation of PV cells, and with the average nominal power of modern crystalline silicon solar cells today typically ranging from 150 W to 300 W, the limited deck space posed a constraint on the total amount of PV power generated with today’s lower PV efficiencies. Secondly, when the ship was at sea, it was affected by the marine climate, such as salt spray, which resulted in low solar irradiation, which meant that the PV cells had low power generation performance and could not be used as a primary energy source, but only treated as a secondary energy source. Therefore, we needed to find a new technology for ships and combine it with photovoltaics to solve these problems.



Photovoltaic (PV) modules, in combination with conventional glass windows, are receiving increasing attention from scholars as a new way of utilizing solar energy, capable of controlling radiant heat transfer and converting solar radiation hitting the surface of the window into electrical energy [17]. Meanwhile, double skin façade (DSF) can also be used as an energy-saving building design [18]. There is no doubt that utilizing the PV modules in combination with the DSF (PV-DSF) will bring better results. Han et al. [19] conducted an experimental study on conventional glass windows and new photovoltaic double-ventilated windows. The study shows that under the same environment, photovoltaic double ventilated window has obvious advantages over traditional glass windows and can effectively reduce the indoor temperature, with a difference of 5 °C between the two. Yoon et al. [20] specifically investigated the thermal performance of different double-pane windows. Based on the results of the year-round experiments, it was found that both in summer and winter, thanks to the thermal radiation performance of double-paned PV windows, they had better temperature performance than double-paned regular windows, which could lead to better thermal comfort. Olivieri et al. [21,22] used mathematical simulations to investigate different factors affecting the efficiency of PV windows in combination with the use of buildings, such as window-to-wall ratio and light transmission ratios. Chae et al. [23] investigated the difference between photovoltaic windows and ordinary windows under various environmental conditions. According to the simulation results, the PV system performed better, with good energy saving and emission reduction regardless of which environment it was in. Peng et al. [24] modeled the performance of ventilated double-skin PV windows in mathematical computing software for a specific climate. The calculation results showed that the ventilated double-skin PV window had a good energy-saving effect compared with double-skin ordinary glass windows and could bear 50% of the electricity consumption of the building. Elarga et al. [25] discussed the combined use of PV systems and DSF buildings and used TRNSYS 16.1 software for dynamic numerical simulation. The simulation calculated that a ventilated double PV façade could effectively reduce the electricity use of a building during the hot and dry European summer due to the power generation effect of the PV modules. Wang et al. [26] employed a novel CdTe cell used in conjunction with a double-layer ventilated window, and its actual performance was measured using experimental and simulation means. It was obtained that the system had good electrical performance in both winter and summer and was able to provide the building with 205.76 and 333.09 kWh of electricity, respectively.



In light of the above discussions, the PV-DSF system had promising application prospects and could realize energy saving and emission reduction to a certain extent. In such a way as to address the issue of excessive energy consumption during navigation, we proposed a PV-DSF window system that combined with ships. Firstly, the energy balance equation was established based on the system’s actual heat transfer process. Then, a simple test rig was set up to replace the PV-DSF system and utilized in conjunction with the ship to measure the specific thermo-electric performance of the system in the external environment, and then the experimental results were used to validate the previous mathematical equations. Finally, based on the previous step, different factors affecting the thermoelectric performance of the PV-DSF system were investigated using simulations, and the possibility of PV-DSF application on ships was discussed. We provided guidance for achieving truly green and energy-efficient navigation for ships.




2. Theoretical Models


In this part, a mathematical model was developed to simulate the thermoelectric performance of the system under ideal conditions. The mathematical model incorporated the heat transfer process for each component, including the PV glass, air channel, and glass.



Considering the complexity of the mathematical model, in order to facilitate the simulation calculations, some hypotheses were made about the proposed mathematical model [26,27,28]:




	(1)

	
Only the change in temperature of each part of the vertical direction was considered.




	(2)

	
Heat transfer between the window section and the frame was ignored.




	(3)

	
None of the thermal parameters in the system varied with temperature.




	(4)

	
Solar radiation did not enter the room through the PV-DSF model.




	(5)

	
The electrical efficiency of photovoltaic cells did not decrease when the temperature rose.




	(6)

	
Physical properties were steady.









2.1. Solar Radiation


Specific data on solar radiation could be obtained from meteorological data, generally only horizontal solar radiation data, including three parts, namely beam radiation,    I b   , diffuse reflection    I d    and reflected radiation    I r   .



The solar radiation received by arbitrary angle was [29]:


  I =  I b   R b  + 0.5  I d  ( 1 + cos β ) + 0.5 ζ (  I b  +  I d  ) ( 1 − cos β )  



(1)






   R b  =   cos θ   cos  θ z     



(2)






  cos  θ z  = cos ϕ cos δ cos ω + sin ϕ sin δ  



(3)




where  β  was inclined angle,   ζ   was reflectance coefficient,  θ  was incidence angle,    θ z    was the zenith angle.




2.2. PV Glass


The main energy transfers of PV glass were: heat storage, conduction, convection and radiation with the outdoor environment, radiation with inner glass, convection with the air in the channel, absorption of solar radiation, and electrical output. The energy balance equation as followed:


     d  p v    ρ  p v    c  p v     ∂  T  p v     ∂ t     =  d  p v    λ  p v      ∂ 2   T  p v     ∂  y 2    +  h  a m b   (  T  a m b   −  T  p v   ) +  h  r a d   (  T  s k y   −  T  p v   ) +  h g  (  T g  −  T  p v   )         +  h  a i r   (  T  a i r   −  T  p v   ) + I  α  p v   − E    



(4)




where    d  p v    ,    ρ  p v    ,    c  p v     and    T  p v     were the thickness, density, specific heat and temperature of the PV glass, respectively.    λ  p v     was the thermal conductivity.  I  and    α  p v     were the solar radiation intensity and the absorptivity of PV glass.    T  a m b     and    T  s k y     were the temperature of outdoor environment and the sky respectively. And    T  s k y     was shown as [30]:


   T  s k y   = 0.0552  T  a m b   1.5    



(5)







   h  a m b    ,    h  r a d    ,    h g    and    h  a i r     were the convection and radiation heat transfer coefficient between PV glass and outdoor air, the radiative heat transfer coefficient between PV glass and glass, the convective heat transfer coefficient between PV glass and air, and defined as [29,31,32]:


   h  a m b   = 5.6 + 3.9 V  



(6)






   h  r a d   =  ε  p v   σ (    T  s k y    2  +    T  p v    2  ) (  T  s k y   +  T  p v   )  



(7)






   h g  =   σ (    T  p v    2  +    T g   2  ) (  T  p v   +  T g  )    1   ε  p v     +  1   ε g    − 1    



(8)




where  V  was the ambient wind speed.  σ  was the Stefan-Boltzmann’s constant.    ε  p v     and    ε g    were the emissivity coefficients of the PV glass and glass, respectively.



   h  a i r     was the convective heat transfer coefficient between two panes and air in the channel, which could be calculated as [32,33].



When the vents were opening,


   h  a i r   = 5.6 + 3.9  V  a i r    



(9)







When the vents were closing,


   h  a i r   =   N u ⋅  k  a i r    L   



(10)




where   N u   was the Nusselt number.    k  a i r     was the air thermal conductivity.  L  was the depth of the air channel.



 E  was the electric output power by PV cells, and it was shown as [34]:


  E = I ς τ η [ 1 − ψ (  T  p v   − 25 ) ]  



(11)




where  ς  was the PV coverage ratio.  τ  was the transmittance of the outer glass layer of PV glass.  η  was the electrical efficiency of the PV under standard conditions.  ψ  was the temperature coefficient.




2.3. Air Channel


The main energy transfers of the air channel were heat storage, convection with PV glass and glass, and airflow along the vertical direction. The energy balance equation is as follows:


  L  ρ  a i r    c  a i r     ∂  T  a i r     ∂ t   =  h  a i r   (  T  p v   −  T  a i r   ) +  h  a i r   (  T g  −  T  a i r   ) − L  ρ  a i r    V  a i r    c  a i r     ∂  T  a i r     ∂ y    



(12)




where    ρ  a i r    ,    c  a i r    , and    T  a i r     were the density, heat capacity and temperature of the air channel, respectively.    V  a i r     was the air velocity in the channel, and defined as [33,35]:


   V  a i r   =     g  β ¯  (  T  o u t   −  T  i n   ) H    C f   H D  +  C  i n     (  A   A  i n     )  2  +  C  o u t     (  A   A  o u t     )  2       



(13)




where  g  was the gravity constant.    β ¯    was the volumetric expansion coefficient of the air.    T  o u t     and    T  i n     were the air temperature of the outlet and inlet of the air channel, respectively.  H  and  D  were the height and the hydraulic diameter of the air channel, respectively.  A ,    A  i n    , and    A  o u t     were the cross-sectional areas of the air channel, the cross-sectional areas of the inlet and outlet, respectively.    C f   ,    C  i n    , and    C  o u t    were the friction factor along the channel, the loss coefficients of the inlet and the outlet, respectively.




2.4. Glass


The main energy transfers of glass were: heat storage, conduction, convection with the air in the channel, radiation with outer PV glass, convection with indoor air, and absorption of solar radiation. The energy balance equation is as follows:


     d g   ρ g   c g    ∂  T g    ∂ t     =  d g   λ g     ∂ 2   T g    ∂  y 2    +  h  a i r   (  T  a i r   −  T g  ) +  h g  (  T  p v   −  T g  ) +  h  r o o m   (  T  r o o m   −  T g  )         + I  τ  p v    α g     



(14)




where    d g   ,    ρ g   ,    c g   , and    T g    were the thickness, density, specific heat, and temperature of the glass, respectively.    λ g    was the thermal conductivity.    τ  p v     and    α g    were the transmittance of PV glass. and the absorptivity of glass.    T  r o o m     was the temperature of indoor air    h  r o o m     was the convective heat transfer coefficient between the glass and indoor air, it was shown as [36]:


   h  r o o m   = 2.03      T g  −  T  r o o m       1 / 3    



(15)









3. Experimental Setup


From outdoor to indoor, the window system consisted of PV glass, vents, air channels, and glass. Figure 1 shows the exterior view of the experimental system. The outer layer was the PV glass consisting of CdTe and ultra-white float glass, 7 mm thick. Its electrical performance parameters under STC (standard testing condition) are listed in Table 1. The inner layer of the glass was plain clear glass, 5 mm thick. A 100 mm deep air channel existed between the two layers mentioned above. Vents were provided above and below the outer layer. The thermal pressure ordered the air to enter through the lower vent and exit through the upper vent. This airflow was able to carry away a certain part of the heat generated by the PV glass, increasing the efficiency of the PV. The size of the test rig was 800 mm in length, 1800 mm in width, and 800 mm in height. The overall frame of the test rig was made of stainless steel, except for the side with the installed window, which is made of aluminum foil polyurethane insulation board and reflective film. The size of each vent was 600 mm in width and 150 mm in height.



All temperature measurement points during the experimental measurements were made by type K thermocouples, including the ambient temperature, the temperature of each part of the window, and the room temperature. The accuracy of the thermocouple was ±0.5 °C. Daytime solar radiation intensity measurements were obtained from a pyranometer model TBQ-2, which mainly measured the visible light band from 280 to 3000 nm with a sensitivity of 10.197 µv/(W·m−2). The accuracy of the pyranometer was ±2%. Temperature measurements were exported using a K-type thermocouple connected to a LR8402-21 type data collector from HIOKI (Nagano, Japan), and data were recorded for 1 s. The power of the PV module is measured by a power meter with an accuracy of ±1%. The specific experimental measurement schematic is shown in Figure 2.



We installed the test rig in Wuhan, China (30° N, 114° E) for measurements in an outdoor environment. The test rig was placed on an empty roof in order to achieve unobstructed sunlight for better experimental purposes.




4. Model Validation


In order to solve the heat transfer energy balance equations for each of the above components, the corresponding computational programs were written in MATLAB R2019b software. The method used for the computational procedure was the finite difference method. The simulation had a time step of 1 s, which means that the corresponding time step for the weather data was also 1 s. The computational flowchart for each part of the system was shown in Figure 3.



In order to ensure that the proposed PV-DSF model had sufficient computational accuracy during the daytime, the period from 8 A.M. to 4 P.M. of the day was chosen here. Figure 4 shows the specific external environmental data on the day of our measurements. The overall trend of solar radiation during the day is to increase and then decrease, with a maximum value of around 450 W/m2. However, due to cloud cover, the solar radiation fluctuated very sharply around 12 noon. The ambient temperature rose gradually from 24 °C to 34 °C, then dropped slightly and finally stabilized.



Figure 5a–c shows the experimentally measured temperature data and the corresponding simulated data, which could clearly be seen to be close to each other without excessive differences. The temperature of the PV glass in the outer layer varied with the solar radiation, having the same trend. The temperature of the PV glass obtained from the simulation would also change significantly when there were sharp fluctuations in solar radiation near noon, but the experimentally measured PV glass temperature would only have a smaller change, not as drastic as the change in the simulation. This was because this part of the solar radiation changed too drastically in the simulation, but the actual measurement did not have too much change in temperature due to the rapid change in solar radiation, so it leads to a certain error. The temperature trends in the air channel and glass were also similar to the trend in solar radiation. The maximum experimental temperatures for PV glass, air channel, and glass were about 48 °C, 36 °C, and 39 °C, respectively. It can be seen from Figure 5d that the experimental power data and the corresponding data were obtained by simulation. It was not difficult to see that the maximum experimental power generation point appeared when the solar radiation was the largest, about 24 W. The overall trend in power is generally consistent with solar radiation, and the trend of the experimental power and the simulated power were also in general agreement.



In order to ensure the reliability of the mathematical model, the root mean square deviation (RMSD)calculation was used here for validation, which was given as [37]:


  R M S D =      ∑         x  s i m   −  x  exp     /  x  exp      2     n    × 100 %  



(16)




where    x  s i m     and    x  exp     were the simulation and experimental results and  n  was the total number of data points.



The root mean square deviation between the experimental and simulated data was 4.4% for PV glass, 2.5% for air channels, 1.5% for glass, and 7.2% for power. Therefore, based on the error results, the proposed theoretical mathematical model was sufficiently accurate to simulate the real heat transfer in the actual PV-DSF process.




5. Results and Discussion


Changes in the marine environment had a non-negligible impact on the overall performance of the system. For example, drastic changes in the surrounding environment could affect convection and radiation in the system, which could cause heat loss. In addition, parameters within the model, such as PV coverage ratio, could also have an impact. Therefore, on the basis of the previously validated mathematical models, the main factors affecting the performance of the proposed PV-DSF model, such as solar radiation intensity, ambient temperature, wind speed, and PV coverage ratio, were discussed. Finally, an energy analysis of the system in conjunction with a passenger ship was made.



5.1. Solar Radiation Intensity


Daytime solar radiation was the most important energy input to the PV-DSF model and had a substantial impact on the model’s overall performance due to its high energy density. The temperature change of the inner glass and the variations in power generation and temperature of the outer PV glass both demonstrated this role. Figure 6a,b showed the temperature and power generation of the PV-DSF model for different solar radiation densities in an environment where all other conditions were equal.



For the proposed PV-DSF window model, it was observed from Figure 6a that as the solar radiation intensity increased sequentially from 0 to 1000 W/m2, the temperature of the inner and outer layers and the PV power generation would also increase accordingly. The PV power generation had the largest upward trend, and the upward trend of the outer layer temperature was greater than the inner layer temperature. Specifically, the temperature of the outer PV glass increased from about 27 to 53 °C, the inner glass increased from about 27 to 35 °C, and the PV glass power generation increased from about 0 to 52 W.



The reason for this was that when solar radiation hits the outer glass, most of the energy would be absorbed by the outer layer due to the absorbent nature of the photovoltaic glass, with a small percentage passing through the outer layer to the inner layer. From the above results, it could be concluded that the solar radiation intensity as the main energy input had a great influence on the temperature and power generation of the whole system.




5.2. Ambient Temperature


For the PV-DSF system that was exposed to the external environment for a long time, the ambient temperature would be one of the most important performance influences that could not be ignored. A rise or fall in ambient temperature would inevitably cause changes in the heat exchange with the system. Figure 7a,b show the temperature and power generation of the PV-DSF model for different outside ambient temperatures in an otherwise identical environment.



From the simulation results in Figure 7a, it could be clearly observed that there was a positive correlation between the temperature of the inner and outer glass layers and the ambient temperature. As the ambient temperature gradually increased, the heat exchange between the outer PV glass and the atmosphere increased significantly, and the temperature of the PV glass also rose. Meanwhile, the temperature of the inner glass rises as the temperature of the outer PV glass rises due to the heat transfer within the system. Then, the power generation is shown in Figure 7b. Specifically, the ambient temperature rises from 7 to 57 °C, the temperature of the outer glass rises from about 18 to 67 °C, the temperature of the inner glass rises from about 10 to 60 °C, and the power generation from about 22.5 to 20W.




5.3. Wind Speed


The convective heat transfer coefficient between the outer glass and the external environment was mostly influenced by wind speed in the PV-DSF model, and there was a positive correlation between the two. As a result, it was essential to research how the model would function at various wind speeds. Figure 8a,b shows the temperature and power generation of the PV-DSF model for different wind speeds in the exact same environment.



According to the results in Figure 8a, the increasing outside wind speed had a negative effect on the temperature of both the inner and outer glass. For the outer PV glass, the temperature change is greater as the wind speed increases from 0 to 14 m/s, changing from about 43 to 30 °C. For the inner glass, the temperature changed little during the wind speed change from 0 to 14 m/s, from about 31 to 29 °C. The reason for this was that the ambient wind speed had a direct effect on the outer glass, and therefore, the temperature of the outer glass varied more. The inner glass temperature was affected by the outer glass temperature, so only a slight change occurred. Due to the relatively small temperature coefficient of the PV cell, the change in power generation is small. The trend of change in power generation was shown in Figure 8b and was consistent with the trend of change in temperature of the outer glass, with a range of about 21.4 to 22 W.




5.4. PV Coverage Ratio


For the PV-DSF model, the PV coverage ratio had an important relationship to power generation, with PV module power increasing as PV coverage increased. Consequently, it was necessary to study the performance of the system under different PV coverage ratios. Figure 9a,b shows the temperature and power generation of the PV-DSF model for different PV coverage ratios in the exact same environment.



It was clear from Figure 9a that the temperature of both the inner and outer glass increases as the PV coverage increases. The difference here was that the temperature of the outer PV glass rose significantly, from about 29 to 40 °C, while the inner glass temperature changed slightly, from about 31 to 30 °C. The reason for this was that the absorption rate of the outer PV glass was much greater than that of the inner glass. When the PV coverage was very small, most of the solar radiation shone through the outer glass to the inner glass, but only a small part was absorbed by the inner glass, and when the PV coverage was large, the solar radiation shone through the outer glass and was mostly absorbed. The trend in power generation is shown in Figure 9b, with a clear increase in power as PV coverage rose, ranging from about 3 to 24 W.




5.5. Energy Analysis


In the previous section, we analyzed the effects of the environmental factors on the water surface and the system parameters on the performance of the PV-DSF system. In order to better investigate the performance of the system in combination with the ship, in this section, we will investigate the integration of the system on board a passenger ship named “Wind Solar Show” by our university. Figure 10 reflects the exterior view of the passenger ship.



There were four locations in the ship’s cabin where the PV-DSF system could be installed, namely the front, rear, right, and left windows, but the system was not fitted to the front window in view of the fact that they would adversely affect the transparency required for driving. Table 2 shows the size of the PV-DSF system area in each part of the ship. The orientation of this PV-DSF system at different positions was as follows: right window facing west with 90° azimuth and 90° inclination, left window facing east with −90° azimuth and 90° inclination, and rear window facing north with 180° azimuth and 90° inclination. Figure 11 shows the monthly solar radiation and monthly mean temperature data obtained from the Meteonorm 8 software for different location orientations. The total amount of solar radiation received by the left and right windows are similar, while the rear window received the least amount of solar radiation due to its north orientation.



The magnitude of the electrical power generated by the PV-DSF system in three directions, the right window, the left window, and the rear window, is shown in Figure 12. As could be seen from the data in the figure, the rear window generated the least amount of electricity compared to the right and left windows due to the fact that this part of the rear window had the smallest area of the PV-DSF system installed, as well as the fact that it received the least amount of total solar radiation, as mentioned earlier. The maximum power generation of the system at all three locations occurred in July. The total annual power generation from the right, left, and rear windows was about 23.3 kwh, 22.9 kwh, and 7 kwh, respectively, and the total power generation from the PV-DSF system integrated into the whole passenger ship was 53.2 kwh. Based on the standard coal equivalent conversion, the total annual power generation of the system was able to replace the electricity generated by 6.5 kg of coal, which reduced the CO2 pollution emission by about 17 kg.





6. Conclusions


In summary, we used photovoltaic windows to replace traditional windows, utilizing daylight through photovoltaic power generation technology. At the same time, it could also save part of the energy during ship navigation. Subsequently, we established a mathematical model of the system based on the actual heat transfer process and discussed the various factors affecting the system performance as well as the related energy analysis in conjunction with the experiments. The specific conclusions were as follows:




	(1)

	
Solar radiation intensity, as the main input energy source, played a decisive role in the thermoelectric performance of the whole PV-DSF model. This was manifested by the positive correlation trend between solar radiation intensity and temperature and power generation.




	(2)

	
Ambient temperature was an important influence on the heat exchange between the system and its surroundings. When the ambient temperature increased, the overall temperature of the PV-DSF model also increased significantly because of the heat exchange. However, as the temperature of the PV glass increased, the power generation tended to decrease, from about 22.5 W to 20 W, which was a decrease of 11%.




	(3)

	
Wind speed had a negatively correlated effect on the thermal performance of the PV-DSF model. The wind speed had a strong effect on the temperature of the outer glass, while it had little effect on the inner glass. As wind speed continued to increase, the model’s power generation increased slightly, from about 21.4 W to 22 W, an increase of about 3%. It was worth noting that there would be an upper limit to the effect of wind speed on the overall performance of the model, as evidenced by the fact that the performance of the system changed less and less as the wind speed continued to increase.




	(4)

	
There was a direct link between the PV coverage and the electrical performance of the PV-DSF model. As the PV coverage increased, the power generation also increased from about 3 W to 24 W, an increase of 700%. The thermal impact on the outer glass layer was much greater than the inner glass layer due to PV light absorption.




	(5)

	
The PV-DSF system was installed in the ship’s right, left and rear windows to provide a total of 53.2 kwh of annual electricity generation and a reduction of 17 kg of CO2 emissions.









From the above conclusions, it could be obtained that the system had the potential to generate electricity in some ocean special environments (high wind speed), and the energy analysis could also determine that the system had some emission reduction capability. Therefore, our proposed PV-DSF system could be applied to ships. Our future work will focus on experiments with the system installed on real ships to investigate the actual energy-saving and emission-reduction effects of the system.
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Nomenclature




	
Symbol




	
  I  

	
Solar radiation, W/m2




	
  β  

	
Inclined angle, °




	
   ζ   

	
Reflectance coefficient




	
  θ  

	
Incidence angle, °




	
    θ z    

	
Zenith angle, °




	
  d  

	
Thickness, m




	
  ρ  

	
Density, kg/m3




	
  c  

	
  Heat   capacity ,   J / kg ⋅  K




	
  λ  

	
  Heat   conductivity ,   W / m ⋅  K




	
  T  

	
Temperature, °C




	
  α  

	
Absorptivity




	
  h  

	
  Convection ,   W /  m 2  ⋅  K




	
  V  

	
Wind speed, m/s




	
  ε  

	
Emissivity




	
  σ  

	
  Stefan - Boltzmann ’ s   constant ,   W /  m 2  ⋅  K4




	
   N u   

	
Nusselt number




	
  k  

	
  Conduction ,   W / m ⋅  K




	
  L  

	
Depth, m




	
  ς  

	
PV coverage ratio




	
  τ  

	
Transmittance




	
  η  

	
Electrical efficiency




	
  η  

	
Electrical efficiency




	
  ψ  

	
Temperature coefficient




	
  g  

	
Gravity constant, m/s2




	
    β ¯    

	
Volumetric expansion coefficient




	
  H  

	
Height, m




	
  D  

	
Hydraulic diameter, m




	
  A  

	
Area, m2




	
  C  

	
Loss coefficient




	
Subscripts




	
  b  

	
Beam radiation




	
  d  

	
Diffuse reflection




	
  r  

	
Reflected radiation




	
   p v   

	
PV glass




	
   a m b   

	
Outdoor air




	
   r a d   

	
Radiation




	
  g  

	
Clear glass




	
   a i r   

	
Air in the channel




	
   o u t   

	
Outlet of the air channel




	
   i n   

	
Inlet of the air channel




	
  f  

	
Air channel




	
   r o o m   

	
Indoor air
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Figure 1. The exterior view of the experiment system. 






Figure 1. The exterior view of the experiment system.
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Figure 2. The specific experimental measurement schematic. 
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Figure 3. The computational flowchart of the system. 






Figure 3. The computational flowchart of the system.



[image: Sustainability 16 03724 g003]







[image: Sustainability 16 03724 g004] 





Figure 4. The ambient temperature and solar radiation during the experiment. 
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Figure 5. Experimental and simulated comparisons of temperature and power of each part of the system. 
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Figure 6. Temperature and power of the PV-DSF model at different solar radiation intensities. 
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Figure 7. Temperature and power of the PV-DSF model at different ambient temperatures. 
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Figure 8. Temperature and power of the PV-DSF model at different wind speeds. 
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Figure 9. Temperature and power of PV-DSF models at different PV coverage ratios. 
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Figure 10. Exterior view of the passenger ship “Wind Solar Show”. 
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Figure 11. Total monthly solar radiation received by different parts of the system and average temperatures. 
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Figure 12. The power output of the system at different positions. 
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Table 1. Electrical parameters of CdTe PV module.






Table 1. Electrical parameters of CdTe PV module.





	Parameters
	Values





	Maximum power (Em)
	76 (W)



	Open circuit voltage (Voc)
	122.5 (V)



	Short circuit current (Isc)
	0.98 (A)



	Voltage at maximum power point (Vmp)
	89.7 (V)



	Current at maximum power point (Imp)
	0.85 (A)



	PV module efficiency
	10.56%



	Temperature coefficient of Voc
	−0.321%/°C



	Temperature coefficient of Isc
	0.060%/°C



	Temperature coefficient of Em
	−0.214%/°C



	PV coverage ratio
	80%










 





Table 2. Area of PV-DSF system installed in each section.






Table 2. Area of PV-DSF system installed in each section.





	Position
	Values





	Right window
	0.45 (m2)



	Left window
	0.45 (m2)



	Rear window
	0.2 (m2)
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