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Abstract

:

Thermal energy storage using the latent heat of phase change materials (PCMs) is a promising technique to solve the time mismatch between the availability and usage of flue gas heat in distributed generation systems (DGSs). A diesel-engine-powered DGS integrated with two-stage tube-type PCM modules for exhaust gas heat recovery was developed and studied. Energy and exergy analysis for the PCM storage unit was carried out to verify the effectiveness of the PCM modules for heat recovery and to highlight the merits of the cascaded configuration through a practical engineering case. Furthermore, the performance of the DGS was evaluated to study the contribution of PCM storage to improving system efficiency. The results showed that 56.4% energy and 48.3% exergy of the input flue gas were stored by the two-stage storage unit. Additional integration of the low-temperature PCM module to the high-temperature module improved the average storage efficiency from 33.6% to 62.3% for energy and 33.1% to 50.8% for exergy. By utilizing the stored energy for heating water, the thermal efficiency of the diesel engine was increased from the original 35.8% to 41.9%, while the exergy efficiency was improved from 29.5% to 29.7%.
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1. Introduction


Distributed generation systems (DGSs) with an internal combustion engine as the prime mover are recognized as an effective way to utilize fuel energy and reduce greenhouse gas emissions [1,2]. In addition to electricity generation, the exhaust gas heat from the engine can be recovered by various techniques such as the Rankine cycle [3,4,5], heat exchangers [6,7,8], thermoelectric generators [9,10], and so forth. However, the availability and usage of waste heat are often unsynchronized in time, and such a mismatch will reduce the overall efficiency of heat recovery and fuel utilization. The key to solving the problem is to detach the time of heat generation and consumption by integrating an energy buffer between supply and demand, that is, introducing thermal storage to DGSs [11].



Using the latent heat of phase change materials (PCMs) is a proven efficient thermal energy storage method [12]. Compared with sensible energy storage, the latent scenario has high storage density with relatively stable energy storage/release temperatures. Hence, many studies have been conducted using PCM storage for temperature regulation of buildings [13,14], solar energy recycling [15,16], and thermal management of electric vehicles [17] and electronic chips [18]. To improve the performance of a latent thermal storage system, cascaded storage arranged in series according to the melting temperatures of PCMs has been further studied. A numerical investigation of a molten-salt packed-bed PCM system was carried out and indicated that the multi-PCM unit achieved a considerably higher heat transfer rate than the single configuration by maintaining the temperature difference between the heat transfer fluid (HTF) and PCM [19]. The same conclusion was obtained and proved by an experimental study where a two-stage PCM tank with hydroquinone and d-mannitol was tested [20]. An increase by a factor of 4 was achieved in the average heat transfer rate by the implementation of multiple PCM configurations. Solomon and Oztekin [21] and Shamsi et al. [22] observed better thermal performance in the cascade system over that of a single-PCM case by simulation analysis. Compared with the single-PCM system equipped with encapsulated NaNO3, more energy could be stored and released by the cascaded system by integrating NaNO2 and ZnCl2 storage units, respectively. Yuan et al. [23] established an experimental cascaded system equipped with K2CO3, Li2CO3, and Na2CO3. The operation result verified that the overall heat storage and release quantities of the cascaded system were higher than those of the noncascaded system by 39.51% and 35.74% at most. For the optimal use of the multi-PCM storage system, Aldoss and Rahman [24] investigated the effect of the stage number of the PCM unit on system performance. The results indicated that although the performance of the storage system improved as the number of stages increased, using more than three stages did not add a significant improvement. Xu et al. [25] and Xu and Zhao [26] further simulated and discussed the influence of the inlet temperature of HTF and the number of heat transfer units (NTUs) on storage system efficiency. With an increase in inlet HTF temperature and NTU, improvements in both energy and exergy efficiencies of the storage system could be achieved.



Considering the advantages of cascaded PCM storage, integration of multi-PCM modules to manage the exhaust gas heat in DGSs is beneficial to maintain the balance between the user demand and system output, and it ultimately optimizes the usage of fossil fuels. In order to fill the gap between practical demonstrations and theoretical attempts regarding this concept, in the present work, a DGS integrating two-stage PCM thermal storage was developed in a manufacturing plant in China. A tube-type structure characterized by good heat transfer performance, in consideration of both the compactness factor and thermal resistance, was adopted by the PCM modules [27,28]. The waste heat recovery of the flue gas from a diesel engine was implemented according to a typical production scheme of the plant. The energy and exergy analysis of the storage unit was carried out to demonstrate the merits of the cascaded PCM configuration. In addition, an overall efficiency investigation for the DGS was conducted to emphasize the contribution of latent heat storage to improving system performance.




2. Demonstration Study


As shown in Figure 1, the demonstration system located in a manufacturing plant in Southern China was mainly composed of a diesel engine and a two-stage PCM storage module. Referring to the daily production scheme of the plant shown in Figure 2, by the end of the preparation process, the diesel engine started to run at a stable load from the warm-up state to drive the production line. After 5.5 h, the production ended and the generator ceased serving. The heat demand from the workers for washing and cleaning emerged about 0.5 h later and lasted 3 h. Referring to Figure 1, during the charging process, the flue gas exhausted by the engine entered the high-temperature storage module (HTM) and the low-temperature storage module (LTM) in sequence induced by the draft fan installed at the gas outlet of the LTM. Cascaded heat storage was performed according to the temperature gradient. During the discharging process, by the blower located at the air inlet of the LTM, ambient-temperature air flowed into the opposite direction and absorbed the heat stored in the two modules to supply thermal energy for heating water. The fan and blower operating under the rated power could ensure the smooth circulation of the HTF, and the corresponding consumed power and the influence of pressure drop caused by the flow resistance on the system efficiency evaluation were neglected in the current case study.



2.1. System Components


(1) Power generation unit: a diesel generator (maximum power output = 200 kW) consumed fuel to generate electrical power with stable voltage and frequency. Table 1 shows the temperature and flow rate of the discharged gas, as well as the fuel consumption of the diesel engine measured at steady state under various loads. About 12–27% of the thermal energy from the fuel combustion was exhausted by the flue gas when the load changed from 16 to 192 kW. Recovering this part of abandoned energy is essential to improve the efficiency of the diesel engine. According to the calculation results using Equation (1) shown in Figure 3, the operation efficiency of the diesel engine improved as the load increased and could maintain a relatively high value when the load was close to the rated condition. In this case study, the power output of the engine was set as 176 kW for driving the production process composed of 11 loads, where each load was 16 kW.


ηdieselther=Pdiesel/ϕVfuel⋅ρfuel⋅LHV=ηdieselelecϕ



(1)




where ηdieselther and ηdieselelec denote the thermal and electric efficiency of the diesel engine, respectively; Pdiesel and Vfuel denote the power output and fuel flow consumption of the engine; ρfuel = 8.5 × 102 kg m−3 and LHV = 43.4 × 103 kJ kg−1 denote the density and lower heating value of fuel, respectively; and φ = 85% is the efficiency of the generator.



The exergy input of the fuel (diesel oil) to the DGS can be approximately obtained by [29,30]


Exfuel=1.0338Vfuel⋅ρfuel⋅LHV



(2)




and the exergy efficiency of the diesel engine can be calculated by


ηdieselexergy=PdieselExfuel.



(3)







(2) Cascaded PCM storage unit: transferring gas heat to a tube-type PCM exchanger via convection is an effective approach applied in latent storage systems [27,28,31,32,33]. Good transfer performance can be achieved considering both the compactness factor and the thermal resistance in this configuration. Referring to Figure 4, a dual-channel module based on the structure of the double tube exchanger was designed to separate the channels of charging and discharging in order to obtain a clean HTF for residential usage. Composite PCMs were synthesized using carbonate and nitrate and equipped in the space between the inner and outer wall of the tubes to form HTM and LTM, respectively. The main physical properties of the PCMs are shown in Table 2. A swirl plate was installed at the waste gas inlet of the module to produce a uniform flow for heat transfer. When the flue gas entered the module, the convection heat transfer was dominant between the gas and outer wall of the steel tubes, which were arranged in a staggered manner. Then, the heat was transmitted to the PCMs by conduction. The release channel was located in the center of the tube and the stored thermal energy could be discharged by the heat transfer between the ambient air and the inner wall of the tubes. The released thermal energy was used to heat water to 315 K by the air–water heat exchanger, the efficiency of which could reach 98.5%. The pipes for the HTF transmission and the outer casings of the modules were insulated to reduce heat loss to the surroundings.



Based on the standard size of the seamless tube and the produced PCM shape, the PCM tube, the outer and inner diameters of which were Φ88 × 4 and Φ30 × 3, respectively, was manufactured to form the storage modules. The mass of PCMs and steel used in an individual tube was 7.46 and 12.34 kg for HTM and 10.37 and 15.43 kg for LTM. The heat stored in the steel cannot be ignored when evaluating the performance of the storage unit. Therefore, the PCMs and steel tubes were considered as the main storage component of the module in the current study. Referring to Table 1, the stable temperature of the exhaust flue gas at a load of 176 kW reached 883 K. Assuming that the average difference between the inlet and outlet gas temperatures of the module in the storage process was 250 K after the stabilization process (approx. 1 h), the number of tubes in the module could be estimated by the following equation when the heat transfer efficiency γ was set as 60%:


N=mgascgas|12(Tgasin+Tgasout)ΔTgasγmpcm(cpcmΔTmod+Hpcmψ)+mtubectubeΔTmod⋅Nr



(4)




where mgas and cgas denote the mass and specific heat capacity of the flue gas, respectively; Tgasin and Tgasout denote the inlet and outlet gas temperature of the module, respectively; ΔTgas denotes the temperature difference of the gas which was assumed as 250 K; mpcm and mtube denote the mass of the PCMs and steel tube, respectively; cpcm and ctube denote the specific heat capacity of the PCMs and steel tube, respectively; ΔTmod denotes the temperature increase of the module, which was set as 300 and 100 K for the HTM and LTM, respectively; ψ = 70% denotes the usage rate of the latent heat; and Nr = 1.1 denotes the redundant factor. Details of the storage modules are listed in Table 3.



A data acquisition platform based on the National Instrument (NI) hardware was designed for the storage modules and the arrangement of the measurement points are shown in Figure 5. For each module, nine K-type thermocouples, namely, Front (A–C), Middle (A–C), and Back (A–C) were placed in the axial geometric center of the tubes for monitoring the temperature variation of the PCMs. The additional three points, Passage (A–C), were placed in the vertical center plane of the module chamber to study the profile of the flue gas temperature.




2.2. Methodology


Based on energy conservation, the following equation could be obtained for the assumed period of time during the heat charging and discharging processes:


{charging:Qgasin−Qgasout=Qmodsto+Qgassto+Qlossdischarging:Qairout−Qairin=Qmodrel+Qgasrel−Qloss



(5)




where Qgasin denotes the input gas heat to the module; Qgasout denotes the gas heat flowing out of the module; Qmodsto and Qgassto denote the thermal energy stored by the PCM tubes and the gas inside the module, respectively; Qairout denotes the air heat flowing out of the module; Qairin denotes the input air heat to the module; Qmodrel and Qgasrel denote the thermal energy released by the PCM tubes and the gas inside the module, respectively; and Qloss denotes the heat dissipated into the surroundings. Among these, the energy stored or released by the modules and HTF for a certain duration could be obtained simply according to their initial and end temperature data by avoiding the consideration of the complex heat transfer process and heat loss assessment in the system-level apparatus. Similarly, for the energy quality analysis, although there was exergy deterioration caused by the temperature difference, the evaluation of the total exergy possessed by the modules and the available exergy for the user could be carried out using the measured temperature status. The modeling approach has been recognized as an appropriate method to conduct total energy and exergy analysis for a latent storage system [34,35].



2.2.1. Charging Process


Referring to Figure 6, the following aspects should be considered for the initial stage of the charging process when the temperature of the module is close to the ambient temperature:




	
Part of the input heat will be transferred to the internal gas in the module because of the relatively small thermal resistance compared with the convective resistance between the HTF and tubes.



	
Due to the temperature gradient of the inlet gas in the axial direction, there are differences in the thermal energy flow passing through the radial planes (i.e., Planes A and B).



	
The resistance of heat conduction inside the tube exists and the temperature uniformity of the tube takes time to reach.








Therefore, it is not suitable to evaluate the overall heat storage state of the tubes by the PCM temperature at the axial center of the tube due to the uneven temperature distribution in this direction.



Considering the relatively low temperature of the module in the initial storage process, the heat that dissipated into the surroundings from the module was assumed to be zero under the function of the outer casing insulation, and the following equation is given to characterize the thermal storage status:


Qmodsto=∑j=1X(Qgasin-j−Qgasout-j−Qgassto-j)



(6)




where X denotes the total number of measurement period j during charging, and Qgassto can be evaluated using the HTF temperature at the measurement points (average temperature of Passages A–C).



When the temperature distribution in the tube reached a uniform state (the temperatures of the PCMs and steel were considered to be equal in each tube), the total energy and exergy stored in an individual tube could be calculated by Equations (7) and (8):


Qstoi={(mpcmicpcms+mtubeictube)(Tpcm−Tpcm0)|Tpcm<Tspcstart_mpcmicpcms(Tspcstart−Tpcm0)+mtubeictube(Tpcm−Tpcm0)++mpcmiHpcm((Tpcm−Tspcstart)/(Tspcend−Tspcstart))|Tspcstart≤Tpcm≤Tspcend_mpcmicpcms(Tspcstart−Tpcm0)+mtubeictube(Tpcm−Tpcm0)++mpcmiHpcm+mpcmicpcml(Tpcm−Tspcend)|Tpcm>Tspcend_



(7)






Exstoi={(mpcmicpcms+mtubeictube)[(Tpcm−Tpcm0)−T0ln(Tpcm/Tpcm0)]|Tpcm<Tspcstart_mpcmicpcms[(Tspcstart−Tpcm0)−T0ln(Tspcstart/Tpcm0)]++mtubeictube[(Tpcm−Tpcm0)−T0ln(Tpcm/Tpcm0)]++mpcmiHpcm((Tpcm−Tspcstart)/(Tspcend−Tspcstart))(1−T0/Tpc)|Tspcstart≤Tpcm≤Tspcend_mpcmicpcms[(Tspcstart−Tpcm0)−T0ln(Tspcstart/Tpcm0)]++mtubeictube[(Tpcm−Tpcm0)−T0ln(Tpcm/Tpcm0)]++mpcmiHpcm(1−T0/Tpc)++mpcmicpcml[(Tpcm−Tspcend)−T0ln(Tpcm/Tspcend)]|Tpcm>Tspcend_



(8)




where Tpcm and Tpcm0 denote the current and initial temperature of the PCM, respectively; T0 denotes the ambient temperature taken as 293 K; Tspcstart and Tspcend denote the start and end temperatures of the solid–liquid phase change, respectively; and Hpcm and Tpc denote the phase change enthalpy and phase change temperature of the PCM, respectively. The energy and exergy stored by the whole module can be represented by


{Qmodsto=∑i=1NQstoiExmodsto=∑i=1NExstoi.



(9)




To simplify the evaluation of the quantity and quality of the thermal energy stored in the module, it was assumed that the uniform temperature inside the tube could be achieved when the Qmodsto calculated by Equations (6) and (9) were equal.



On the other hand, the input energy and exergy possessed by the HTF to the storage unit is given by Equation (10):


{Qgasin=∑j=1XρgasVgastjcgas(Tgasin-j−T0)Exgasin=∑j=1XρgasVgastjcgas[(Tgasin-j−T0)−T0ln(Tgasin-j/T0)]



(10)




where ρgas denotes the density of the flue gas, and Vgas and Tgasin denote the flow rate and temperature of gas input to the module in the charging process, respectively. The energy and exergy efficiency of the storage process can be defined by


{ηQsto=Qmodsto/QgasinηExsto=Exmodsto/Exgasin



(11)




where, for example, the energy storage efficiency ηQsto is the ratio between the total heat stored by the module and the input gas heat.




2.2.2. Discharging Process


Assuming that the heat release is carried out with a uniform temperature distribution in each tube (initial temperature of PCMs Tpcm0 > Tlpcstart), the total energy and exergy discharged from an individual tube can be represented by the following Equations (12) and (13):


Qreli={(mpcmicpcml+mtubeictube)(Tpcm0−Tpcm)|Tpcm>Tlpcstart_mpcmicpcml(Tpcm0−Tlpcstart)+mtubeictube(Tpcm0−Tpcm)++mpcmiHpcm((Tlpcstart−Tpcm)/(Tlpcstart−Tlpcend))|Tlpcend≤Tpcm≤Tlpcstart_mpcmicpcml(Tpcm0−Tlpcstart)+mtubeictube(Tpcm0−Tpcm)++mpcmiHpcm+mpcmicpcms(Tlpcend−Tpcm)|Tpcm<Tlpcend_



(12)






Exreli={(mpcmicpcml+mtubeictube)[(Tpcm0−Tpcm)−T0ln(Tpcm0/Tpcm)]|Tpcm>Tlpcstart_mpcmicpcml[(Tpcm0−Tlpcstart)−T0ln(Tpcm0/Tlpcstart)]++mtubeictube[(Tpcm0−Tpcm)−T0ln(Tpcm0/Tpcm)]++mpcmiHpcm((Tlpcstart−Tpcm)/(Tlpcstart−Tlpcend))(1−T0/Tpc)|Tlpcend≤Tpcm≤Tlpcstart_mpcmicpcml[(Tpcm0−Tlpcstart)−T0ln(Tpcm0/Tlpcstart)]++mtubeictube[(Tpcm0−Tpcm)−T0ln(Tpcm0/Tpcm)]++mpcmiHpcm(1−T0/Tpc)++mpcmicpcms[(Tlpcend−Tpcm)−T0ln(Tlpcend/Tpcm)]|Tpcm<Tlpcend_



(13)




where Tlpcstart and Tlpcend denote the start and end temperature of liquid–solid phase change, respectively.



The energy and exergy of the HTF absorbed from the module are given by Equation (14)


{Qairrel=∑k=1YρairVairtkcair(Tairout-k−Tairin)Exairrel=∑k=1YρairVairtkcair[(Tairout-k−Tairin)−T0ln(Tairout-k/Tairin)]



(14)




where Y denotes the total number of measurement period k during discharging; ρair and cair denote the density and specific heat of the air; and Vair and Tairin denote the flow rate and temperature of air input to the LTM in the discharging process. Then, the energy and exergy efficiency of the release process is defined by the following equation:


{ηQrel=Qairrel/QmodstoηExrel=Exairrel/Exmodsto



(15)




where, for example, the energy release efficiency ηQrel is the ratio between the total heat absorbed by the air from the module and the total heat stored in the module during the charging process.



It is worth noting that the transient model of the thermal storage system should be based on the energy conservation law, so that could refer to the relationship between heat rate, enthalpy rate of flue gas, and rate of the enthalpy change of the module material and PCM material. The proposed approach may be treated as a kind simplification of this transient model.






3. Results and Discussion


Experimental investigations were performed according to the DGS operation scheme shown in Figure 2. The temperature profiles of the PCMs and HTF over time during the charging and discharging processes were mainly studied after calibrating. Then, the energy and exergy analysis for the cascaded storage unit was implemented and the efficiency evaluation of the DGS was carried out. The main factors that affected the experimental results were the possible errors in the measurement of PCM temperature (U1), HTF temperature (U2), flow rate (U3), the mass of PCMs (U4), and phase change enthalpy (U5). As shown in Table 4, the standard uncertainties presented in the measurements were determined according to the verification report of the sensors and measuring devices.



3.1. Charging Process


As shown in Figure 7, compared with the instantaneous change of power output to the steady state, the temperature of the flue gas at the engine outlet experienced a stabilization process (0–5000 s). After that, the gas temperature difference between the engine outlet and HTM inlet remained at approximately 30 K due to the heat loss during the gas transmission. On the other hand, the outlet gas temperature of HTM and LTM increased gradually with the charging procedure.



The temperature curves of the PCMs with respect to time at the measurement points are shown in Figure 8 and Figure 9. Referring to Parts I and II, a decrease in the curve slope existed in the latent process because a large portion of heat was absorbed by the solid–liquid phase change. After a fluctuation within a range in the melting process, the curve slope rapidly rose due to the absence of the phase change enthalpy in the liquid state. The slope value at the end point of fluctuation was used to represent the start and end slope of melting to approximately define the time length of the latent process for each tube:


Δt=t(slpspcend)−t(slpspcstart)



(16)




where Δt denotes the time length of the latent process, and slpspcend and slpspcstart denote the end and start slope of the PCM temperature curve in the melting process, respectively. The value of the slope at time t was defined using the following equation:


slp(t)=|Tpcm(t)−Tpcm(t−θ)θ|, t≥θ



(17)




where θ denotes the calculation period, which was set as 50 s in this study.



For the HTM, after 7740 s of the heat storage process, the PCMs in the Front tubes (A–C) started to melt in succession. Taking the case of Front tube A as an example, the slope of the temperature curve dropped from the initial value of 4 × 10−3 K s−1 to the minimum value of 0 K s−1 in the latent process. The melting processes of the tubes happened in different temperature ranges and their durations were also distinguished. The causes of the situation could be explained as follows: The uneven manufacturing level of the PCMs in engineering amplification led to the differences in density and uniformity of the materials. On the other hand, various arrangements of the tubes induced differences in the thermal energy flow passing through the tubes. For the case of LTM, the Front tubes (A–C) were processing material fusion in the period from 11,000 to 16,095 s. Similar to the HTM scenario, various temperatures and durations of the latent process were exhibited among the tubes. However, due to the relatively low phase change enthalpy, the ratio of the slope reduction in the latent curve was not as obvious as that in HTM case. For example, the slope of the Front A curve at the start point of the latent process reached 1.0 × 10−2 K s−1 and decreased to the minimum of 7.5 × 10−3 K s−1 during the melting process. The ratio of the slope reduction was 25% compared with 100% of that in the case of HTM. Apart from the six tubes mentioned above, the other measured tubes were processing the sensible storage stage.



Based on Equations (6) and (9), the uniform temperature distribution in each tube could be achieved when t = 965 s for HTM and t = 9700 s for LTM, respectively. The energy and exergy stored in the nine tubes of each module could be calculated by Equations (7) and (8), and the results are shown in Figure 10 and Figure 11. During the melting processes shown in Parts I and II, the storage capacity of the tube improved significantly. For the Front tube A in the HTM, 17% and 22.6% of the total stored energy and exergy, respectively, in the charging process were achieved during the latent process, which only occupied 8.2% of the charging time.



To simplify the evaluation of the storage status of the modules, referring to Figure 5, the HTM and LTM were divided into six and nine parts, respectively. The overall condition of the modules was described using the energy and exergy stored in the measured tubes, which were


Q(Ex)HTMsto=21×(Q(Ex)FrontAsto+Q(Ex)MiddleAsto)/2+21×(Q(Ex)FrontBsto+Q(Ex)MiddleBsto)/2+21×(Q(Ex)FrontCsto+Q(Ex)MiddleCsto)/2+20×(Q(Ex)MiddleAsto+Q(Ex)BackAsto)/2+21×(Q(Ex)MiddleBsto+Q(Ex)BackBsto)/2+20×(Q(Ex)MiddleCsto+Q(Ex)BackCsto)/2










Q(Ex)LTMsto=24×Q(Ex)FrontAsto+25×Q(Ex)FrontBsto+24×Q(Ex)BackCsto+24×Q(Ex)MiddleAsto+25×Q(Ex)MiddleBsto+24×Q(Ex)MiddleCsto+24×Q(Ex)BackAsto+25×Q(Ex)BackBsto+24×Q(Ex)BackCsto











After 19,800 s (5.5 h), the energy stored in the HTM and LTM was 802.5 and 840.5 MJ and the exergy was 325.9 and 233.6 MJ, respectively. About 56.4% energy and 48.4% exergy of the input flue gas could be stored. It is worth noting that more energy but less exergy was stored in the LTM than in the HTM due to the quality difference of thermal energy. The storage efficiency calculated by Equation (11) is shown in Figure 12. The results indicated that, compared with the single HTM scenario, two-stage cascade thermal storage could effectively increase the storage efficiency. During the time period from 11,000 to 19,800 s when the melting process occurred in both modules, the average energy storage efficiency increased from 33.6% to 62.3%, and the average exergy efficiency also rose from 33.1% to 50.8%.




3.2. Discharging Process


After 0.5 h of self-heat preservation and blower flow adjustment, ambient-temperature air entered the LTM and HTM in sequence to absorb the stored heat at a flow rate of 480 Nm3 h−1. Similar to the charging process, the value of the curve slope at the start of the rapid increase after solidification was adopted to define the time length of the liquid–solid phase change process:


Δt=t(slplpcend)−t(slplpcstart)



(18)




where slplpcend and slplpcstart denote the end and start slope of liquid–solid phase change, respectively. Referring to Part I in Figure 13 and Part II in Figure 14, the Front tubes in LTM and HTM started to experience solidification at 3495 and 350 s, respectively. Similar to the storage scenario, differences in the temperature range and duration of the latent process were observed. Additionally, the average temperature of the solidification was mostly noticed to be lower than that in the melting process. The main reason for this phenomenon can be concluded to be the supercooling of the PCMs, which is consistent with the results discussed in the literature [36,37,38].



The energy and exergy released by the tubes were calculated according to Equations (12) and (13). Referring to Figure 15 and Figure 16, the release capacity of the tubes was enhanced during the solidification process. Still considering the case of Front tube A in HTM, in 11.2% of the discharging time, about 46.3% of the energy and 47.4% of the exergy stored in the tube were discharged.



As shown in Figure 17, the ambient air was heated up to an average temperature of 500 and 640 K in sequence after absorbing the heat in the LTM and HTM. The energy and exergy absorbed by the air determined by Equation (14) are shown in Figure 18. After a 3 h release process, 413.6 and 295.4 MJ of energy and 97.5 and 128.4 MJ of exergy were released from LTM and HTM, respectively. Although LTM output more energy, the HTM could supply more exergy to the user because of the higher-temperature-level heat it had stored. The release efficiency of the storage unit defined by Equation (15) was calculated and is shown in Table 5.



The thermal energy absorbed by the water can be calculated by the following equation:


Qwater=Qairrelηuser=mwatercwater(Twater−T0)








where ηuser = 98.5% denotes the efficiency of the air–water heat exchanger, and mwater and cwater = 4.2 kJ kg−1 K−1 denote the mass and specific heat capacity of the water, respectively. About 7.6 tons of ambient water can be heated up to Twater = 315 K to meet the cleaning and washing demand. In this case, the exergy increment of the water is


Exwater=mwatercwater[(Twater−T0)−T0ln(Twater/T0)]=25 MJ.











Based on Equations (1) and (3), the thermal and exergy efficiency of the diesel engine in a daily working period can be determined as follows:


ηdieselther=Pdiesel/φ×tdiesel+QwaterVfuel⋅ρfuel⋅LHV⋅tdiesel=41.9%ηdieselexergy=Pdiesel×tdiesel+Exwater1.0338×Vfuel⋅ρfuel⋅LHV⋅tdiesel=29.7%













4. Conclusions


A demonstration DGS integrated with two-stage tube-type PCM modules for diesel engine flue gas heat recovery was developed and investigated in the current study. According to the daily production scheme of the DGS, 5.5 h of heat charging and 3 h of heat discharging were conducted. The temperature profiles of the PCMs and HTF over time were studied in detail to evaluate the energy and exergy performance of the cascaded storage unit. Furthermore, the efficiency improvement of the DGS through the recovery and management of the flue gas heat using cascaded PCM storage was investigated.



The following conclusions can be drawn based on the demonstration results:



(1) In 5.5 h of the heat charging process, about 56.4% of the energy and 48.4% of the exergy of the input flue gas can be stored by the two-stage modules. Compared with the single HTM unit, additional integration of the LTM can increase the average storage efficiency from 33.6% to 62.3% for energy and 33.1% to 50.8% for exergy.



(2) In 3 h of the heat discharging process, about 49.2% of the energy and 41.8% of the exergy stored in LTM and 36.8% of the energy and 39.4% of the exergy stored in HTM were released from the storage unit. The ambient air can be heated up to the average temperature of 500 and 640 K in sequence by absorbing the heat in the LTM and HTM.



(3) By storing and shifting the flue gas heat using cascaded PCM storage, about 7.6 tons of ambient water can be heated up to 315 K to meet the cleaning and washing load of the workers. In this case, 25 MJ of additional exergy can be obtained from the DGS daily operation. The thermal efficiency of the diesel engine can be increased from the original 35.8% to 41.9%, and the exergy efficiency can also be improved from 29.5% to 29.7%. It should be noted that, in the current application study, the high-quality heat released from the storage unit was used to provide civil-use hot water, which led to the low degree of exergy improvement for the DGS. High exergy efficiency of the diesel engine could be achieved when the stored energy was used to generate power using techniques such as the steam turbine, air expander, and so forth.



This paper presented a practical application case to demonstrate that cascaded PCM thermal storage could provide an effective solution against the time mismatch between thermal energy availability and demand as well as improve the working efficiency of the DGS. The outcome of this investigation could provide theoretical support and guidance for the engineering application of cascaded PCM storage for DGSs.
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Nomenclature




	
c

	
specific heat capacity (kJ kg−1 K−1)




	
d

	
inner diameter (m)




	
D

	
outer diameter (m)




	
Ex

	
exergy




	
H

	
height (m)




	
H

	
phase change enthalpy (kJ kg−1)




	
j

	
jth measurement period during charging




	
k

	
kth measurement period during discharging




	
L

	
length (m)




	
LHV

	
lower heating value (kJ kg−1)




	
m

	
mass (kg)




	
N

	
number of tubes




	
Nr

	
redundant factor




	
P

	
power (kW)




	
Q

	
heat (KJ)




	
s

	
second




	
slp

	
slope (K s−1)




	
ST

	
center distance between the adjacent tubes in the vertical gas flow direction (m)




	
SL

	
center distance between the adjacent tubes in the parallel gas flow direction (m)




	
t

	
time (s)




	
T

	
temperature (K)




	
T0

	
ambient temperature (K)




	
U

	
uncertainty (°C, %)




	
V

	
flow rate (Nm3 h−1)




	
W

	
width (m)




	
X

	
total number of measurement periods during charging




	
Y

	
total number of measurement periods during discharging




	
Greek symbols




	
γ

	
heat transfer efficiency (%)




	
Δt

	
time length of the latent process (s)




	
ΔT

	
temperature difference (K)




	
η

	
efficiency (%)




	
θ

	
slope calculation period (s)




	
λ

	
thermal conductivity (w m−1 K−1)




	
ρ

	
density (kg m−3)




	
φ

	
generator efficiency (%)




	
ψ

	
usage rate of the latent heat (%)




	
Superscripts




	
elec

	
electricity




	
end

	
end




	
exergy

	
exergy




	
i

	
ith tube




	
in

	
in




	
l

	
liquid




	
max

	
maximum




	
rel

	
release




	
s

	
solid




	
start

	
start




	
sto

	
storage




	
ther

	
thermal




	
out

	
out




	
Subscripts




	
air

	
air




	
diesel

	
diesel




	
fuel

	
fuel




	
gas

	
gas




	
lpc

	
liquid–solid phase change




	
loss

	
loss




	
mod

	
module




	
pc

	
phase change




	
pcm

	
phase change material




	
spc

	
solid–liquid phase change




	
tube

	
tube




	
user

	
user




	
water

	
water




	
Abbreviations




	
DGS

	
distributed generation system




	
HTF

	
heat transfer fluid




	
HTM

	
high-temperature module




	
LTM

	
low-temperature module




	
PCM

	
phase change material
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Figure 1. Demonstration system of cascaded phase change material (PCM) thermal storage for diesel engine flue gas heat recovery. 
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Figure 2. Gantt chart for the distributed generation system (DGS) operation. 
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Figure 3. Operation efficiency of the diesel engine. 
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Figure 4. Schematic diagram of the PCM thermal storage module. 
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Figure 5. Diagram of measurement point arrangement for thermal storage modules. 
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Figure 6. Initial heat charging process of the PCM thermal module. 
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Figure 7. Temperature variation of the flue gas in the charging process. 
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Figure 8. Temperature variation of PCMs with time in HTM during the charging process: (a) PCM temperature; (b) Part I. 
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Figure 9. Temperature variation of PCMs with time in LTM during the charging process: (a) PCM temperature; (b) Part II. 






Figure 9. Temperature variation of PCMs with time in LTM during the charging process: (a) PCM temperature; (b) Part II.



[image: Energies 12 02121 g009]







[image: Energies 12 02121 g010 550]





Figure 10. Energy and exergy stored in the tubes of HTM: (a) energy and (b) exergy. 






Figure 10. Energy and exergy stored in the tubes of HTM: (a) energy and (b) exergy.



[image: Energies 12 02121 g010]







[image: Energies 12 02121 g011 550]





Figure 11. Energy and exergy stored in the tubes of LTM: (a) energy and (b) exergy. 
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Figure 12. Comparison of the energy and exergy storage efficiencies between single-stage and two-stage storage. 
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Figure 13. Temperature variation of PCMs with time in LTM during the discharging process: (a) PCM temperature; (b) Part I. 
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Figure 14. Temperature variation of PCMs with time in HTM during the discharging process: (a) PCM temperature; (b) Part II. 
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Figure 15. Energy and exergy stored in the tubes of LTM: (a) energy and (b) exergy. 
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Figure 16. Energy and exergy stored in the tubes of HTM: (a) energy and (b) exergy. 
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Figure 17. Variation of the air temperature in the release process. 
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Figure 18. Energy and exergy released from the PCM storage modules. 
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Table 1. Experimental parameters of diesel engine operation.
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	Electric Load (kW)
	Gas Temperature (K)
	Gas Flow Rate (Nm3 h−1)
	Fuel Consumption (10−3 Nm3 h−1)





	192
	925
	582
	61.40



	176
	883
	580
	56.39



	160
	841
	562
	54.94



	144
	796
	552
	50.78



	128
	761
	524
	47.23



	112
	725
	503
	37.02



	96
	681
	480
	40.19



	80
	640
	474
	37.02



	64
	593
	452
	35.15



	48
	558
	441
	31.46



	32
	517
	429
	29.21



	16
	475
	412
	25.78
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Table 2. Physical properties of the PCMs (tested in the lab).
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	Parameters
	Carbonate PCMs
	Nitrate PCMs





	Tpc (K)
	760
	560



	λ (W m−1 K−1)
	4
	2.5



	cpcms (kJ kg−1 K−1)
	1.1
	1.0



	cpcml (kJ kg−1 K−1)
	1.2
	1.1



	Hpcm (kJ kg−1)
	190
	103
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Table 3. Parameters of thermal storage modules.
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(a) High-temperature module (HTM: Carbonate PCMs)




	
Parameters

	
Value

	
Parameters

	
Value




	
Tpcmmax (K)

	
870

	
Tgasmax (K)

	
930




	
mpcmi (kg)

	
7.46

	
mtubei (kg)

	
12.34




	
ctube (kJ kg−1 K−1)

	
0.5

	
Dtube (×10−3 m)

	
Φ88 × 4




	
dtube (×10−3 m)

	
Φ30 × 3

	
Ltube (×10−3 m)

	
1200




	
ST (×10−3 m)

	
140

	
SL (×10−3 m)

	
70




	
L × W × H (×10−3 m)

	
1400 × 980 × 1200

	
N

	
124




	
(b) Low-temperature module (LTM: Nitrate PCMs)




	
Parameters

	
Value

	
Parameters

	
Value




	
Tpcmmax (K)

	
660

	
Tgasmax (K)

	
660




	
mpcmi (kg)

	
10.37

	
mtubei (kg)

	
15.43




	
ctube (kJ kg−1 K−1)

	
0.5

	
Dtube (×10−3 m)

	
Φ88 × 4




	
dtube (×10−3 m)

	
Φ30 × 3

	
Ltube (×10−3 m)

	
1500




	
ST (×10−3 m)

	
140

	
SL (×10−3 m)

	
70




	
L × W × H (×10−3 m)

	
1680 × 1400 × 1500

	
N

	
219
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Table 4. Standard uncertainties for the components.
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	U1 (°C)
	U2 (°C)
	U3 (%)
	U4 (%)
	U5 (%)





	0.5
	1
	0.5
	0.8
	0.9
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Table 5. Efficiency of the release process.
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	LTM
	HTM
	System





	ηQrel = 49.2%
	ηExrel = 36.8%
	ηQrel = 43.2%



	ηExrel = 41.8%
	ηExrel = 39.4%
	ηExrel = 40.4%











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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