

  Exergetic Aspects of Hydrogen Energy Systems—The Case Study of a Fuel Cell Bus




Exergetic Aspects of Hydrogen Energy Systems—The Case Study of a Fuel Cell Bus







Sustainability 2017, 9(2), 276; doi:10.3390/su9020276




Article



Exergetic Aspects of Hydrogen Energy Systems—The Case Study of a Fuel Cell Bus



Evanthia A. Nanaki * and Christopher J. Koroneos





Department of Mechanical Engineering, University of Western Macedonia, Bakola and Salviera, Kozani 50100, Greece









*



Correspondence:







Academic Editor: Arnulf Jäger-Waldau



Received: 1 October 2016 / Accepted: 10 February 2017 / Published: 15 February 2017



Abstract:



Electrifying transportation is a promising approach to alleviate climate change issues arising from increased emissions. This study examines a system for the production of hydrogen using renewable energy sources as well as its use in buses. The electricity requirements for the production of hydrogen through the electrolysis of water, are covered by renewable energy sources. Fuel cells are being used to utilize hydrogen to power the bus. Exergy analysis for the system is carried out. Based on a steady-state model of the processes, exergy efficiencies are calculated for all subsystems. The subsystems with the highest proportion of irreversibility are identified and compared. It is shown that PV panel has exergetic efficiency of 12.74%, wind turbine of 45%, electrolysis of 67%, and fuel cells of 40%.
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1. Introduction


Road transport energy supply mainly depends on fossil fuels, the use of which is responsible for climate change emissions, such as CO2, SO2, NOx, and other particulate matters. To be more specific, the transportation sector accounts for approximately one-fifth of global primary energy use and one quarter of all energy relates carbon dioxide (CO2) emissions with nearly half of those emissions originating from passenger vehicles [1]. Improving road transport requires taking into consideration not only the environmental issues, but also the economic challenges that may arise due to possible oil price hikes and supply disruptions. In this direction, various efforts are being undertaken in order to achieve a decarbonized, energy secured road transport system. The introduction of alternative transport fuels and vehicles can be a viable solution for a low-carbon transportation system. In this study, the alternative powertrain technology of hydrogen is considered capable of delivering a sustainable road transport system with near-zero emissions [2]. It has been shown that electric vehicles have less air pollution cost and human health impacts compared to conventional gasoline vehicles. The economic cost of emissions and human health impact reduction potential can be up to 45% and 35%, respectively, if electric vehicles are charged through solar charging stations.



The use of hydrogen constitutes an attractive alternative to fossil fuels as it can be produced both from renewable (hydro, wind, solar, biomass, geothermal) and non-renewable (coal, natural gas, nuclear) energy sources. Hydrogen can then be utilized in high-efficiency power generation systems, including fuel cells, for both vehicular transportation and distributed electricity generation. At present, electrolysis is the technology of choice for converting renewable electricity into hydrogen. Furthermore, the usage of hydrogen can not only play a significant role in the reduction of energy-related CO2 emissions, but also it can contribute to limiting global temperature rise to 2 °C [3]. In this direction, a large number of countries are setting specific targets for the deployment of fuel cell and hydrogen technologies in the transportation sector. For instance, the European roadmap for the development and deployment of hydrogen and fuel cell technologies has set a target of 0.4–1.8 million hydrogen vehicles sold per year by 2020 [4]. A shift towards a low carbon transportation system, taking into consideration issues such as energy security and emissions reduction, is placed on the agenda of many European cities and regions, which have committed to initiate change in their public transport systems [5,6].



The environmental burdens—in terms of CO2, CO, HC, PM, NOx emissions—have been calculated for the diesel and CNG bus fleets of nine European cities [7]. The results of this study indicate that in order for public transportation to reach zero local emissions the deployment of electric powertrains is necessary. The use of hydrogen in the public transportation sector, when produced from 100% renewable energy sources, results in the operation of public transportation vehicles, with zero CO2 emissions along the entire hydrogen value chain [8,9]. The environmental benefits of fuel cell technology [10] indicate that a long-term transition strategy to a hydrogen economy can decrease costs and improve performance of fuel cell buses.



Fuel cell (FC) buses are built on a conventional chassis and contain a fuel cell system and an electric battery which form the heart of the powertrain. Fueled by hydrogen, they emit only water vapor. A fuel cell system typically consists of auxiliary components (humidifier, pumps, valves, etc., grouped together as the balance of the plant) and a fuel cell stack which is made up of bipolar plates and membrane electrode assemblies. Hydrogen buses are electric buses that feature a longer lifetime and lower maintenance costs than diesel buses in the long-term, as abrasion is expected to be lower. Different technical solutions exist for the main architecture of the FC bus powertrain. It can comprise fuel cell stacks as a direct energy source for propulsion in combination with super-capacitors and different sizes of batteries as energy storage.



The production of hydrogen from renewable energy sources has been studied in the literature by various authors. Lodhi [11] has analyzed the high temperature water dissociation, thermochemical water splitting, water electrolysis, and photolysis. Lodhi [12] also classified solar, sea/ocean, hydro, wind, and nuclear energy as green primary sources to produce hydrogen. Lemus and Duart [13] assessed the cost and distribution of hydrogen production and transportation. Alstrum-Acevedo et al. [14] presented the production of hydrogen by mimicking photosynthesis reactions. Tanksale et al. [15] reviewed the catalytic production methods of hydrogen from biomass (i.e., gasification, pyrolysis, and sugar conversion).



The tool of exergy analysis is used in the present study to evaluate the energetic performance of an energy system for the production of hydrogen and its use in buses. The use of the exergy analysis can overcome the limitations of a simple energy analysis as it allows the evaluation of the thermodynamic performance of the energy system under study and the determination of the energy quality disintegration during energy transfer and conversion [16]. In addition, exergy constitutes a more easily understood thermodynamic property—compared to entropy—to represent irreversibilities in complex systems [17]. Exergy, which is derived from the second law of thermodynamics, can help identify the irreversibilities associated with the energy flow and its conversion. The exergy analysis allows the evaluation of the maximum available work in terms of quality and quantity for a critical assessment of the thermodynamic performance of any energy producing system; it has been widely used in the design, simulation, and performance evaluation of energy systems [18,19,20]. The method of exergy analysis has been accepted as a sound method for the interpretation of the axiomatic role of the second law in the design and optimization of energy systems in terms of both efficiency and cost, and as a supplementary tool to aid in decision-making about the parameters and criteria that may lead to optimality in terms of the impact of engineering systems to the environment [21,22,23,24]. Finally, given the qualitative relationship between exergy and sustainability [25], exergy can be a useful tool in handling energy planning and decision-making for sustainable development.



The main goal of this paper is to discuss the role of hydrogen and fuel cell systems for a sustainable future, and present a case study on the exergy analysis of fuel cell vehicles from energy, and sustainability points of views. The role of exergy in performance assessment and sustainability achievement is also discussed. The focus of this study is to investigate the use of clean technology features for public transportation, with the aim to reduce greenhouse gas emissions (GHG) and also improve vehicle performance. The objective of this paper is to elaborate the proposed renewable energy system for fueling different types of vehicles in geographical locations with a Mediterranean climate (or islands). The paper is structured as follows: Section 2 and Section 3 describe the system configuration, data, variables, and methodology used. Section 4 presents the main results. Finally, Sections 5 includes the conclusions.




2. Materials and Methods


Exergy is defined as the amount of work available from an energy source. Exergy is the useful energy that can be exploited from an energy resource or a material, which is subjected in an approximately reversible procedure, from an initial situation until balance with the natural environment is restored. Exergy is dependent on the relative situation of a system and its ambient conditions, as they are determined by a sum of parameters, which can be equal to zero (in a balanced situation with the environment) [21]. Exergy is a measurement of how far a certain system deviates from a state of equilibrium with its environment. The exergy concept incorporates both the quantitative and qualitative properties of energy. Every irreversible phenomenon causes exergy losses leading to exergy destruction of the process, or to an increased consumption of energy from whatever source the energy was derived.



The objective of exergy analysis is to determine the exergy losses (thermodynamic imperfections) and to evaluate, quantitatively, the causes of the thermodynamic imperfection of the process under consideration. Exergy analysis can lead to all types of thermodynamic improvement of the process under consideration [21]. It is noted that the main advantage of exergy analysis is that it connects the real output with the theoretical (ideal) one. Even if the theoretical maximum cannot be reached, it provides a point of comparison for the further possibilities of a procedure optimization. The hydrogen production system under study is assumed to operate in a steady state. For a steady state system the mass balance equation can be expressed by Equation (1):
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(1)




where, m is the mass flow rate, and the subscript in stands for inlet and out for outlet. The general energy balance is expressed by Equation (2):
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(2)




where Ein is the rate of net energy transfer in, Eout is the rate of net energy transfer out by heat, work and mass; Q = Qnet is the rate of net heat input, W = Wnet is the rate of net work output, and h is the specific enthalpy [26].




Ekin, in+Epot, in+(eventual other forms of energy)+Q+∑​minhin=Ekin, in+Epot, in+(eventual other forms of energy)+W+∑​mout,hout



(3)





Given that in the system under study the changes in kinetic and potential energy are negligible, Equation (3) can be written as follows:


Q+∑minhin=W+∑mouthout



(4)







This equation expresses that the total amount of energy input of the system is equal to the total amount of energy output. The energy efficiency of the system is expressed by Equation (5):
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(5)







The exergy of the system is expressed by the following equations:
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(6)




or


∑((1−TOTK)Qk−W)+∑min(extm,in+exch,in)−∑mout(extm,out+exch,out)=∑EXdest



(7)




with:
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(8)




where Qk is the heat transfer rate through the boundary at temperature Tk at location k, W is the work rate, extm is the thermo-mechanical flow of exergy, s is the specific entropy, and the subscript zero indicates properties at the temperature and pressure of the environment of the system considered—standard state [27]. Equation (8) can be expanded to the form of Equation (9):


[image: there is no content]



(9)







The term T0S − T0S0 represents the exergy that has been destroyed and it is presented as EXdest. The standard chemical exergy of gaseous reference species can, therefore, be expressed by the form of Equation (10) [20]:
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(10)




where, R is the specific gas constant. Different ways of formulating exergetic efficiency proposed in the literature have been given in detail elsewhere [28]. The exergetic efficiency expresses all exergy input as used exergy, and all exergy output as useful exergy. Therefore, the exergetic efficiency is expressed by Equation (11):
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(11)







The efficiency will be improved to the maximum when the exergy loss or irreversibility EXin − EXout is minimized [29]. When heat at a temperature Tt > T0 is available and the temperature of a thermodynamic system is Tt and the temperature of the environment is T0 its exergy quality can be expressed by the quality factor (Equation (12)):
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(12)







When the temperature Tt, at which the heat is available, increases, the quality factor increases, too. The irreversibility or the exergy loss of an open system in steady state is given by:
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(13)




where T is the temperature of environment, Qi it is the heat transportation rate through the system boundaries for a constant temperature Ti, Wnet is the rate of work production, m is the mass flowrate of every flow of materials that enters the system and e is the specific exergy of the flows. The specific exergy e constitutes of thermo mechanical, etm and chemical ech exergy. Exergy analysis is employed to detect and to evaluate quantitatively the causes of thermodynamic imperfection of the process under consideration. Exergy analysis indicates the possibilities of thermodynamic improvement of the process under consideration [30,31,32,33,34].




3. System Configuration


The system under study includes a hydrogen production installation—via water electrolysis—using renewable energy sources, so as to use it in a fuel cell bus (FC). Figure 1 illustrates the system configuration. The renewable PV and wind power are taken as primary energy sources. It is noted that solar PV and wind systems cannot provide a continuous supply due to the fact that those systems will generate electricity only during sunny and windy days. Hence, a combination of these two sources improves the overall energy output. A proper optimization is required to ensure having an optimal number and size of PV and WT. All of the energy systems are connected in parallel to a common DC bus line through appropriate power electronic interfacing circuits. When there is an excess solar generation available, the electrolyzer is activated to initiate the necessary hydrogen production for bus fueling, which is delivered to hydrogen storage tanks at low pressures.


Figure 1. System configuration.
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Solar and wind energy are converted to electricity via a PV non-tracking flat plate collector and a wind turbine. The study employs a Siemens PV SM 50/12 V collector and a 100 kW Lorax wind turbine. Table 1 summarizes the technical characteristics of the PV collector; whereas Table 2 shows the technical characteristics of the wind turbine. The daily demand for H2 production reaches 2390 kWh, out of which 2210 kWh covers the energy demand of electrolysis and 180 kWh the energy demand of compression. In order to achieve the 3600 psi compression, a three-phase compressor was used. Table 3 summarizes the technical specifications of the compressor.



Table 1. PV’s technical specifications [35].







	
Type

	
SIEMENS SM 50/12 V—Siemens Solar Gmbh






	
Nominal voltage

	
12 V




	
Technology

	
Multicrystalline Si POWERMAX TOPS




	
Voltage at the maximum power point (25 °C)

	
16.60 V




	
Maximum voltage (open circuit) (25 °C)

	
21.4 V




	
Current at the maximum power point

	
3.05 A




	
Maximum current (short circuit output)

	
3.4 A




	
Length/Width/Depth

	
1293 × 329 × 34 mm




	
Weight

	
5.5 Kg










Table 2. Wind turbine’s technical specifications [36].







	
Rotor Diameter

	
21 m






	
Rated power output

	
100 kW




	
Rotor’s blades

	
3 rotor blades type LM 9.7




	
Maximum wind speed

	
67.0 m/s




	
Gearbox

	
2-stage spur/planetary with a ratio of 1:33 manufacturer by Dorstener




	
Generator

	
Asynchronous type manufactured by Weier/Elin.




	
Steel tube tower

	
35/38 m; manufactured by Fuhrländer/AWN/ESTA




	
Rotor sweep

	
346 M2










Table 3. Compressor’s technical specifications.







	
Hydrogen Flow

	
2000 SCFH






	
Input pressure

	
100 psi




	
Outlet pressure

	
3600 psi




	
Number of phases

	
3




	
Weight

	
3600 kg




	
Volume

	
6000 L




	
Water cooling flow

	
20 gpm at 30 C




	
Electric power

	
20,000 W










A bus fuel cell is made up, in general, of a fuel cell stack system, an air compressor system, a hydrogen supply system and an air refrigeration system. The fuel cell stack system generates the required power for the bus (Figure 2a,b). The air compression sub-system provides the essential oxygen, through air, to the fuel cells. The system contains two compressor stages, compression and hyper-compression, which are been driven by the air of evaporation of the fuel cell, an air to air exchanger, and the filters. The hydrogen supply system provides fuel cells with H2 and it is made up of a storage tank, a hydrogen injector, the filters and the dehydrators. It should be mentioned that the fuel cell reaction does not consume all of the hydrogen provided. The unconsumed hydrogen exits the fuel cells mixed with the produced water and then it is recovered for future usage. The refrigeration system removes the produced heat of the fuel cell reaction and liquefies the air and hydrogen input. The refrigeration subsystem contains by a refrigerator, a water pump, a refrigerator fan, a deionizer filter, and a liquid collection container.


Figure 2. (a) Simple configuration of a fuel cell bus; and (b) configuration of the fuel cell system [37]. 1. Hydrogen storage; 2. fuel cell supply unit; 3. fuel cell stacks; 4. fuel cell cooling units; 5. air conditioning unit; 6. water vapor from exhausts; 7. electric motor.
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The bus considered in this study uses a fuel cell engine from XCELLSiS Fuel Cell Engines, which is a consortium of Daimler-Chrysler, Ford Motor Company and Ballard Power Systems [37]. Table 4 illustrates the technical characteristics of the engine. The hydrogen fuel cell converts hydrogen and oxygen directly into electricity, water, and waste heat, while producing none of the noxious by-products typical of the combustion processes. A single fuel cell is connected in series with other cells in a stack to provide a higher voltage. A basic hydrogen fuel cell power system is comprised of this stack together with the required ancillary components to provide the stack with the necessary reactants, as well as to remove the wastes.



Table 4. Technical characteristics of XCELLSiS fuel cell engine [37].







	
Fuel Cell Technology

	
PEM






	
Engine Model

	
XCELLSiS XCS-HY-205




	
Volume/Weight of the engine

	
5.32 m3/2170 kg




	
Power to shaft/Maximum Torsion

	
205 kW at 2100 rpm/1100 Nm at 800 rpm




	
Efficiency

	
44% to 37% (Lower Thermogenic Power)




	
Fuel

	
Air Hydrogen 3600 psig




	
Fuel restore system/Capacity

	
Restore cylinders of pressured gas/17,500 SCFH or 460.5 Nm3




	
Bus’ Autonomy

	
Approximately 225 miles




	
Air supply system/Maximum Air Flow

	
Two level compressor/600 SCFM










The production of hydrogen, for fueling the FC bus, is made by a high-pressure catalyst [38]. Table 5, summarizes the technical characteristics of the electrolyte. Daily hydrogen requirements for fueling the FC bus reach 17,500 SCF or 460.5 Nm3/day (1 Nm3 = 38 SCF). Based on data of Table 4 it is estimated that 7.7 h and 287 kW or 2210 Kwh/day are required for covering the daily hydrogen demand.



Table 5. Technical specifications of the high pressure electrolyte [39].







	
Model of Electrolyte

	
Nο 60






	
Production of Η2

	
60 (Nm3/h)




	
Outlet Pressure of Η2

	
16 (Bar)




	
Hydrogen purity

	
99.8%




	
Oxygen purity

	
99.2%




	
Power consumption

	
4.8 (kWh/Nm3 )




	
Power DC A/V

	
3000/100




	
Consumption of water during operation

	
1 L/Nm3




	
Hydrogen purity after treatment

	
99.9998%











4. Results—Exergy Analysis


Based on the analysis presented on Section 2 exergy analysis is carried out for the primary energy sources, the production system as well as for the bus fuel cell.



4.1. Exergy Analysis of Primary Energy Sources


The exergy analysis of the photovoltaic panel uses data of a sustainability analysis [40]. Based on our previous study [30] the overall exergy efficiency of the photovoltaic panel using multicrystalline Si solar cells is considered to be 12.74%. As far as the wind turbine is concerned, the kinetic energy of moving air is converted to electricity. The efficiency of the wind turbine depends on its type, on the rotor diameter, and on the wind speed. Figure 3 indicates that the ratio of the change of the produced power to the initial power not only depends on the nominal power of the turbine, but also on the wind speed change.


Figure 3. Power change to the initial power, in relation to the wind speed change.
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Table 6 indicates that the change of the ratio of the produced power to the initial power, in relation to the wind speed change, depends on the wind speed range in which the turbine works. However, if the surface of the rotor is taken into account, the results are modified in that the turbine with a larger rotor diameter shows a worse behavior as the wind speed changes. Utilization of the wind’s potential (the ratio of the produced power of the wind turbine per square meter of rotor, to the energy density of the wind per square meter) in relation to the wind speed (Figure 3) increases at low wind speed values and is almost stabilized at wind speeds greater than 7 m/s.



Table 6. Power produced (kW) by wind turbine under examination from different wind speeds.







	
Wind Speed (m/s)

	
Output (kW)






	
5

	
10




	
7

	
30




	
9

	
70




	
11

	
100




	
13

	
127










Figure 4 and Figure 5 indicate that wind turbines cannot take advantage of the total power of the wind. According to Betz’s law, wind turbines can take advantage of up to 60% of the power of the wind. Nevertheless, in practice, their efficiency is about 40% for quite high wind speeds. The rest of the energy density of the wind not obtainable is exergy loss. This exergy loss appears mainly as heat. It is attributed to the friction between the rotor shaft and the bearings, the heat that the cooling fluid abducts from the gearbox, and the heat that the cooling fluid of the generator abducts from it and the thyristors, which assist in smooth starting of the turbine and which lose 1%–2% of the energy that passes through them. Taking into consideration above data, exergy efficiency is equal to 45%.


Figure 4. Utilization of the wind’s potential in relation to the wind speed.
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Figure 5. Exergy losses for the different components of the wind turbine.
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4.2. Exergy Analysis of the Production System


Electrolysis is a hydrogen production process that can be described through the following catalytic reaction:


2H2O → 2H2 + O2 (R1)











Power is provided by electricity produced from the photovoltaic panel. The total energy requirements for electrolysis are the heat produced by the hydrogen combustion and the electricity from the Gibbs free energy change. In an ideal case, additional heat is added in order to counterbalance the minimal electric energy and the total energy requirements. In practice, due to irreversibilities in the cell, there is enough heat produced to overlap the difference. Exergy analysis of the production system includes the following:

	
Electrolysis of water, including the cleaning and the pumping of water. The temperature and the pressure of the outlet gases of the electrolysis are 359 K and 0.101 MPa, respectively.



	
Cleaning of hydrogen. The flow of hydrogen is at 308 K and the condensed humidity is recycled.



	
Cleaning of oxygen, same as hydrogen.



	
Compression of hydrogen. The hydrogen is compressed to 24 MPa through a three-stage compressor at 308 K. The condensed humidity is recycled.








The electrolysis system flowchart is presented in Figure 6 and the data of the system in Table 7. The analysis uses formal data of thermodynamic attributes and values of basic enthalpy and chemical exergy. Basic enthalpy equals the difference of the generation enthalpy of a substance and the components’ enthalpy at a given temperature.


Figure 6. Electrolysis system flowchart. The flows of mass appear with straight line, the electric flows with dotted lines, and the flows of heat with interrupting lines [41].
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Table 7. Data referring to the flows of Figure 2 [41].







	
a/a

	
Mass Flow (kg/s)

	
Temperature (K)

	
Pressure (MPa)

	
Energy Flow (MW)




	
H2O

	
H2

	
O2






	
Mass Flow




	
1

	
61.1

	
0

	
0

	
298

	
0.101

	
-




	
2

	
11.6

	
0

	
53

	
359

	
0.101

	
-




	
3

	
1.7

	
0

	
53

	
308

	
0.101

	
-




	
4

	
33.2

	
6.69

	
0

	
359

	
0.101

	
-




	
5

	
3.5

	
6.69

	
0

	
308

	
0.101

	
-




	
6

	
0.025

	
6.69

	
0

	
308

	
22

	
-




	
7

	
48.1

	
0

	
0

	
298

	
0.101

	
-




	
Electricity and Heat Flow




	
8

	

	

	

	

	

	
60




	
9

	

	

	

	
315

	

	
56




	
10

	

	

	

	
315

	

	
113




	
11

	

	

	

	
315

	

	
22










Table 8 summarizes the results of exergy analysis; whereas Figure 7 illustrates the exergy losses throughout the electrolysis system. Energy (and exergy) efficiency values (Table 7) for the overall considered process (Figure 6) are determined by dividing the energy (exergy) output in the products by the total energy (exergy) input, and multiplying by 100%. The flow values of energy and exergy have been normalized by dividing the value with the total energy input and multiplying it by 100. Thus, the normalized values are the values that we would calculate if, in the entry, we had energy equivalent to 100 (in corresponding units). The ratio of the inlet to the outlet of energy or exergy of the system is the energy or exergy efficiency. In this case the energy efficiency is 77% and the exergy efficiency is 67%.


Figure 7. Exergy losses throughout the electrolysis system.
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Table 8. Energy and exergy efficiency throughout the stages of the system (from [41]).







	
Stage

	
Energy Efficiency

	
Exergy Efficiency






	
Hydrogen Cleaning

	
91.6

	
98.9




	
Hydrogen Compression

	
93.2

	
97.5




	
Electrolysis

	
100

	
72.5




	
Oxygen Cleaning

	
25

	
54.5











4.3. Exergy Analysis of the Fuel Cell System


The fuel cell system consists of the fuel cell stacks and several subsystems that manage the fuel (hydrogen), oxidant (oxygen), water, power, heat, and other factors that affect the performance of the fuel cell stack (i.e., air compressor, hydrogen injector, as well as the refrigerator). Each subsystem supports the vital functions of the fuel cell stack, such as the fuel delivery, air supply, water and thermal management, and power conditioning. The assumptions and conditions of the model used in the exergy analysis are listed as follows:

	
The fuel cell system functions at a constant temperature of 75 °C.



	
The amount of hydrogen used is double the theoretical amount needed, while the O2 use is 1.75 times more than the theoretical amount needed.



	
Environment pressure is at 1Atm, environment temperature is 298.15 K and air is made up of 79% N and 21% O2.



	
The storage tank of hydrogen has steady pressure of 205 Atm and temperature of 298 K conditions.



	
There is heat exchange between the environment and the fuel cells, the refrigerator, and the compressor. Twenty percent of the produced heat is considered as thermal loss, while the rest is removed by the refrigerator.



	
The heat exchange between the refrigerator and the environment reachs 60 °C and the temperature of the heat exchange is the temperature of the compressor.



	
The pressure of the fuel cells is in a linear junction with the electric current density—from 1.3 Atm at 0.11 amp/cm2 until 3 Atm at 1.08 amp/cm2.








The simulation of the fuel cell stack used in this work is a Ballard fuel cell with an active surface of 232 cm2 and a membrane developed by DuPont. The total voltage produced by the fuel cell stack results by multiplying the voltage of one fuel cell with the number of the fuel cells in the stack. In the current application the stack is made up of 40 fuel cells. The modelling of the system takes into account each element, the thermodynamic, and chemical relations, while the isentropic efficiency is based on empiric data provided by Ballard Co.



Energy analysis provides the loads of all the various elements of the system, “parasitic loads”, such as the air compressor load, the pump load, and the fan load. The power of the system is equal to the stack power (Wgross − iv) minus the sum of “parasitic loads” (Equation (14)):
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(14)







Taken into consideration is the fact that the exergy of the air is zero and the chemical exergy of the hydrogen is 235.2 kJ/mol; the exergy efficiency of the system is expressed as:
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(15)







Based on Equation (13) and the above assumptions the irreversibility of the fuel cell as well as of the air compressor are calculated. The irreversibility of the super-compressor is calculated considering that the heat exchange between the super-compressor and the environment is zero. Furthermore, the irreversibility of the air to air heat exchanger, of hydrogen injector—for minimum heat exchange—as well as the irreversibility of the refrigerator are calculated.



The results indicate that the exergy efficiencies for this system vary from 32.3% to 53% at the current density of 0.054 to 1.29 amp/cm2, respectively. The exergy efficiency of the fuel cell as a function of the current density is illustrated in Figure 8. It is noted that the exergy efficiency decreases with increasing current density. This can be attributed to the reactants’ flow rates and hydrogen pressure. The reactants’ flow rates increase depending on the increasing load. However, hydrogen pressure decreases when output current increases. In addition, it is noticed that below a current density of 0.054 Amp/cm2 exergy efficiency drops rapidly to zero as the fuel cell is unable to provide the energy required to drive the ancillary components. Thus, at very low current densities, the efficiencies are driven downward by the parasitic load of the ancillary components, while at high current densities, they are gradually reduced by Ohmic losses in the fuel cell. Based on the above the overall exergy efficiency is calculated as 40%—assuming that the bus operates with constant speed and the fuel cells produces constant electric current density.


Figure 8. Exergy efficiency of fuel cell system.
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5. Discussion and Conclusions


Taking into consideration the fact that hydrogen and fuel cells can be considered as a significant alternative energy source for future sustainable transportation systems, the development of hydrogen production and fuel cell technologies is going to play a significant role in creating a sustainable transportation energy future. A hydrogen energy system, suitable for transportation, has been examined in this study. The hydrogen required to drive the fuel cell stack is produced by renewable energy sources (wind and solar energy).



An exergy analysis for the abovementioned system has been carried out in order to evaluate the system’s exergy efficiency. The exergy losses are attributed to the irreversibilities of the system under examination. From the results, it can be seen that some of the subsystems appear to have high efficiencies (Figure 9). In other cases, like the conversion of solar energy to electricity, the efficiencies are lower, in order to meet the electricity needs of the system. Exergy analysis indicated that there should be a decrease of the internal losses. It is noted that the exhaust heat has very small exergy content; for example, the exergy content of the exhaust heat from the engine of bus, does not have the essential exergy for the heating of its cabin. The refrigeration water is responsible for a small percent of the exergy losses, which are basically caused by the electrolysis process itself. It should also be noted that as the PV modules employed in this study, do not reflect the state of the art, significant improvement in the efficiency of the PV system should be expected—given that best in class modules today are well above 20% conversion efficiency.


Figure 9. Exergy efficiencies of different subsystems of hydrogen energy system.
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All of the input energy and exergy to the process is associated with the driving input for each case. The byproduct oxygen contains small quantities of energy and exergy. Most of the output energy is associated with used cooling water and hydrogen, and most of the output exergy with the hydrogen. From the abovementioned it can be suggested that exergy analyses indicate that the products are more valuable. Additionally, in order to reduce losses, exergy analyses indicate that internal consumptions must be reduced.



In this direction, the results suggest that substantial improvements can be made in the performance of the fuel cell system. The irreversibilities noticed in the fuel cell, could be reduced primarily by reducing the activation and Ohmic overpotentials. This study points out the importance of the exergy analysis of hydrogen energy systems that are used in transportation. All of the input energy and exergy to the process is associated with the driving input for each case. The byproduct oxygen contains small quantities of energy and exergy. Most of the output energy is associated with used cooling water and hydrogen, and most of the output exergy with the hydrogen. This observation can often be generalized to other fuel-production processes. That is, products of fuel-production processes often have high energy and exergy contents, and wastes often have high energy and low exergy contents. Thus, energy analyses often indicate that wastes are more valuable than products, while exergy analyses indicate that products are more valuable. Additionally, to reduce losses, energy analyses often indicate that quantities of waste effluents must be reduced, while exergy analyses indicate that internal consumptions must be reduced.



Exergy analysis is an effective method using the conservation of mass and conservation of energy principles together with the second law of thermodynamics, which can be employed for the design and analysis of hydrogen energy systems. It is an efficient technique revealing whether or not, and by how much, it is possible to design more efficient energy systems by reducing the inefficiencies in existing systems.



Figure 10 illustrates system’s exergy losses. The exergy losses represent the exergy destructed not the available exergy in the system. The exergy losses analysis shows that 37% of the exergy destruction takes place in PV panel, 23% in wind turbine, 14% in electrolysis, and 26% in fuel cell. A significant advantage from the usage of renewable energy systems in hydrogen energy systems is that they are environmentally friendly, since they emit very few dangerous pollutants. On the other hand, their main disadvantage lies in their incapability to take advantage of a large part of the available energy. This is balanced by the fact that RES are inexhaustible. Compared to the results of Rosen [41], who thermodynamically compared hydrocarbon-based processes, such as steam methane reforming and coal gasification, non-hydrocarbon-based and integrated SMR linked to the non-hydrocarbon-based process, it is seen that exergy efficiency in hydrocarbon-based processes changes from 19% to 83%, whereas in the system under study exergy efficiencies are between 12.74%–67%.


Figure 10. Exergy destruction as a percentage of the total exergy destroyed for different systems of the hydrogen energy system under examination.
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Finally, in regards to the cost of a fuel cell electric bus, it is noted that the capital pricing has significantly decreased since the first deployments in the 1990s. Since the first deployments in the 1990s, purchasing costs for fuel cell electric buses have fallen significantly by more than 75% [42]. Additionally, many funding opportunities enable the deployment of fuel cell buses on a larger scale. As per Ballard’s estimations [43], the price of a 12-m fuel cell electric bus—without subsidy—could be below €500,000 by 2020. Further analysis is required in order to assess the economic, as well as the environmental, aspects of this system.
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Abbreviations




	Q
	Heat transfer rate (kW)



	m
	Mass flow rates (kg/s)



	h
	Specific enthalpy (kJ/kg)



	COP
	Coefficient of Performance



	Ex
	Exergy Rate (Kw)



	T
	Temperature (K)



	s
	Specific entropy (kJ/kgK)



	w
	Specific work (kJ/kg)



	R
	Specific gas constant (kJ/kgK)



	CP
	Specific Heat Value (kJ/kgK)



	η
	Efficiency (%)



	I
	Exergy loss (kW)
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