Lucia Venturelli 
  
Paolo E Santangelo 
email: paoloemilio.santangelo@unimore.it
  
Paolo Tartarini 
  
FUEL CELL SYSTEMS AND TRADITIONAL TECHNOLOGIES. PART II: EXPERIMENTAL STUDY ON DYNAMIC BEHAVIOR OF PEMFC IN STATIONARY POWER GENERATION (Abbreviated title: ANALYSIS ON DYNAMIC BEHAVIOR OF PEMFC)

Keywords: stationary generation, fuel cells, PEMFC, dynamic behavior, efficiency

The present work is focused on electric generation for stationary applications. The dynamic behavior of a PEMFC-based system has been investigated at both constant and variable load conditions from an experimental point of view. An analysis of efficiency as a function of time has been proposed to summarize the dynamic performance; moreover, current intensity and voltage have been considered as main parameters of interest from the electric point of view. In addition, other energetic and thermodynamic parameters have been studied in this work.

The experimental campaign has been carried out over four test typologies: constant load; increasing and decreasing load; random load. These tests have been planned to challenge the system with a variety of load-based cycles, in frame of a thorough simulation of real load conditions.

Introduction

Fuel cells are now commonly considered a promising alternative to traditional systems in energy generation. These devices have gained a strong market appeal both for stationary (residential and industrial) and for mobile (automotive and aerospace vehicles) applications. Although the occurring physical and chemical phenomena have been strongly investigated, many researches are still conducted to understand their functioning, especially from an engineering point of view. This work is set in the broad field of heat and power generation for stationary application. Among the numerous review papers in this area, it is worthwhile to mention the one by Onovwiona and

Ugursal [START_REF] Onovwiona | Residential cogeneration systems: review of the current technology[END_REF], that describes fuel cell based systems for residential cogeneration. Likewise Wu and Wang [START_REF] Wu | Combined cooling, heating and power: A review[END_REF] have included fuel cells among the prime movers in combined cooling, heating and power, as well as turbines, internal combustion engines and Stirling engines. Many works have been also carried out with particular countries as a setting. Aki et al. [START_REF] Aki | Fuel cells and energy networks of electricity, heat, and hydrogen in residential areas[END_REF] have focused their work on residential hydrogen networks for energy generation in Japan: fuel cells obviously represent the core of such a system.

Brown et al. [START_REF] Brown | An emerging market in fuel cells? Residential combined heat and power in four countries[END_REF] have studied fuel cell market in the residential field through a comparison over four countries (Japan, Germany, USA and UK). Zabalza et al. [START_REF] Zabalza | Feasibility analysis of fuel cells for combined heat and power systems in the tertiary sector[END_REF] have performed a feasibility analysis of a fuel cell based cogeneration system, strongly referring to Spain.

The present work is related to Proton Exchange Membrane Fuel Cells (PEMFC), which are an attractive type of fuel cells because of their reliability and robustness.

PEMFC are interesting both for practical applications and for academic researches:

Hamada et al. [START_REF] Hamada | Operating results and simulations on a fuel cell for residential energy systems[END_REF] have employed a PEMFC device to run an experimental campaign about energy generation for residential units, while Chu et al. [START_REF] Chu | The development of a small PEMFC combined heat and power system[END_REF] have focused their study on the design of a PEMFC-based combined heat and power system. On the other hand, other types of fuel cells (e.g.: SOFC) have inspired similar works: among the others, it is worthwhile to mention Santangelo and Tartarini [START_REF] Santangelo | Fuel cell systems and traditional technologies. Part I: Experimental CHP approach[END_REF] and Zink et al. [START_REF] Zink | A solid oxide fuel cell system for buildings[END_REF]. In particular, the contribution by Santangelo and Tartarini [START_REF] Santangelo | Fuel cell systems and traditional technologies. Part I: Experimental CHP approach[END_REF] can be considered as an introductory work to the present paper. It dealt with the project of an experimental setup which was focused on testing high-temperature Solid Oxide Fuel Cells (SOFC).

Even if several factors led to modify that project to the present analysis of lowtemperature PEMFC, that paper can still be regarded as a Part I of a thorough study on technical and economical perspectives of fuel cells in the frame of worldwide energy problems.

A noteworthy study has been performed by Auld et al. [START_REF] Auld | Applications of one-cycle control to improve the interconnection of a solid oxide fuel cell and electric power system with a dynamic load[END_REF], who modeled a SOFCbased power system to satisfy the dynamic load of a commercial building, facing both steady state and transient conditions. Chaisantikulwat et al. [START_REF] Chaisantikulwat | Dynamic modelling and control of planar anode-supported solid oxide fuel cell[END_REF] have extensively discussed dynamic responses of SOFC systems, proposing a complete model to determine electric performance from classic thermodynamic relations.

An experimental analysis has been conducted focusing on the characterization of a PEMFC system facing different load conditions. From a practical point of view, the ultimate goal of the experimental campaign was determining how this system follows the user's electric need and how its efficiency varies thereby. Torchio et al. [START_REF] Torchio | Experimental analysis of the CHP performance of a PEMFC stack by a 2 4 factorial design[END_REF] have pursued the same aim through a statistical methodology applied to a PEMFC stack for combined heat and power. Selamo ullari et al. [START_REF] Selamo Ullari | A systems approach for sizing a stand-alone residential PEMFC power system[END_REF] have collected experimental data about response-to-load in order to propose a stochastic methodology for sizing a residential PEMFC-based power system. Entchev and Yang [START_REF] Entchev | Application of adaptive neuro-fuzzy inference system techniques and artificial neural networks to predict solid oxide fuel cell performance in residential microgeneration installation[END_REF] have followed a similar procedure to validate an adaptive model for SOFC in residential microgeneration.

The dynamic behavior of the fuel cell device has been investigated along a load-based series of tests. Different load cycles have been imposed to simulate a realistic variety of working conditions for a residential energy system. This approach has been employed in many researches, especially to determine the dynamic trend of electric parameters, like current intensity and voltage. El-Sharkh et al. [START_REF] El-Sharkh | A dynamic model for a stand-alone PEM fuel cell power plant for residential applications[END_REF] have developed a theoretical electrochemical model to predict the response capability of a PEMFC power plant for residential applications. Santarelli and Torchio [START_REF] Santarelli | Experimental analysis of the effects of the operating variables on the performance of a single PEMFC[END_REF] have conducted an experimental analysis to investigate the electric performance of a single PEMFC as a function of some thermodynamic variables. Uzunoglu et al. [START_REF] Uzunoglu | Dynamic behavior of PEM FCPPs under various load conditions and voltage stability analysis for stand-alone residential applications[END_REF] have carried both an experimental campaign and a theoretical analysis about voltage stability under different load conditions in PEMFC power plants. Chen and Zhou [START_REF] Chen | Diagnosis of PEM fuel cell stack dynamic behaviors[END_REF] have focused their work on steady-state and dynamic behavior of PEMFC at various current conditions, particularly referring to the relation between stack voltage and cathode/anode pressure drop. De Bernardinis et al. [START_REF] Bernardinis | Fuel cells multi-stack power architectures and experimental validation of 1 kW parallel twin stack PEFC generator based on high frequency magnetic coupling dedicated to on board power unit[END_REF] have developed a dynamic model for PEMFC at high perturbation frequencies; however, this model is aimed to support a multi-stack fuel cell architecture for vehicle units. Moreover, a theoretical approach to predict dynamic properties of fuel cells has been proposed in many works [START_REF] Huo | Nonlinear dynamic modeling for a SOFC stack by using a Hammerstein model[END_REF][START_REF] Mckay | Parametrization and prediction of temporal fuel cell voltage behavior during flooding and drying conditions[END_REF][START_REF] Zhi-Dan | Adaptive maximum power point tracking control of fuel cell power plants[END_REF]. It is worthwhile also to mention a numerical study about transient behavior of PEMFC at high temperature carried out by Peng et al. [START_REF] Peng | Transient response of high temperature PEM fuel cell[END_REF].

The present study focuses on both electric (current intensity, voltage) and thermodynamic (hydrogen pressure, gas temperatures) parameters. Among these latter, there is a final discussion about efficiency, that constitutes a major issue from an engineering point of view.

Experimental apparatus

The experimental campaign has been run on the Mobixane 
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The first de-compression stage reduces hydrogen pressure from 200 to 5 bar and the second from 5 to 0.3 bar. A sketch of the whole apparatus is shown in Fig. 1.

Methodology

Tests have been carried out at four nominal power values: 0.6, 1, 1.5 and 1.8 kW.

Every time the prescribed load has been applied to the system by switching a certain number of lamps on and regulating the ones provided with the dimmer. A nominal value of power is reported on the display of the device, but it does not represent the power yielded to the user. This latter has been measured by the wattmeter and shown to be lower. On the other hand, the power generated by stack can be calculated as voltage times current intensity: this value is bigger than the one reported on the display. The gap between the measured and the calculated value is discussed in the following paragraph. The results of this analysis have been obtained for both every test (Eqs. ( 1), ( 3), ( 5)) and every load value (Eqs. ( 2), ( 4), ( 6)).

The second test session has been performed at monotonic increasing and monotonic decreasing load, while the third one was characterized by random mixed load cycles.

Additional tests have been run including both the two kinds of load trend (increasing and decreasing). These tests were characterized by a certain level of regularity, unlike the mixed ones: a gradual monotonic trend has been imposed to the former, while a random load cycle has been planned for the latter. The mixed tests have been performed

to challenge the fuel-cell system with a reasonable small-scale simulation of a typical residential power request, that may be constituted by random variations of the applied load. The ultimate goal of these experiments was to understand how a PEMFC device follows the applied load and how the efficiency is affected by the load cycle.

Results

The main result of constant load session consists of the characteristic curve of the stack (Fig. 2). Mean value and percentage dispersion of current intensity and voltage are reported in Fig. 2 at each nominal load; dispersion related to current intensity is lower than 4%, while dispersion related to voltage is lower than 1%.

The PEMFC device has shown a considerably rapid response in following the applied load. The stack has been proved to respond to any load variation within the acquisition frequency (0.1 Hz). An analysis about the hydrogen volumetric flow rate at the inlet has been performed.

Fig. 4 shows the hydrogen volumetric flow rate at the inlet as a function of time at random mixed load. At non-constant time steps the hydrogen pipe system is emptied through a series of purges. Pressurized hydrogen is flown in order to drain condensed water away in the channels. Condensed water is due to humidification of hydrogen and could obstruct the ducts; therefore, purges are very common in fuel cell devices and have been extensively studied [START_REF] Corbo | Experimental analysis and management issues of a hydrogen fuel cell system for stationary and mobile application[END_REF][START_REF] Del Real | Development and experimental validation of a PEM fuel cell dynamic model[END_REF]. Purged hydrogen is diluted by the air of the cooling system; this process causes a relevant hydrogen loss.

The amount of hydrogen consumed in the stack can be prima facie evaluated through a classic electrochemical formula, that is applied to the involved reaction:

. 2F

I n = (7)
Actually, Eq. ( 7) allows to calculate the stoichiometric molar flow rate, that is effectively required to carry out the chemical reaction. The hydrogen amount consumed in the stack is slightly higher because of a certain surplus in fuel consumption. Finally, a remarkable difference arises if stoichiometric flow rate is compared with the measured flow rate: this latter is two times the former on average, because of the purges, which have been previously discussed.

Constant load tests have yielded to determine stack temperature trend as an experimental result. This parameter converges to a value close to 65 °C (Fig. 5). This is consistent with the internal air-cooling system, that keeps stack temperature below 70

°C. The aim is to prevent any degeneration for the polymer electrolyte membrane: this phenomenon occurs if the stack temperature grows beyond this limit value. Equilibrium temperature is reached after a transient time, that varies up to the applied load. Transient time is shorter at higher loads, that implies and explains stronger power losses at higher loads. The cooling system starts working earlier, dissipates more heat and needs more energy.

When a thermodynamic approach is employed to study fuel cells, the opportunity of performing CHP has to be investigated. Availability and feasibility of heat recovery has to be determined from a technical point of view. This research shows that heat recovery can be hardly realized in the present case. Water produced through the chemical reaction shows a maximum temperature of 28.5 °C occurring during tests at constant load of 1.8 kW. Moreover, its flow rate is approximately 0.8 l/h at the same value of constant load. Therefore, heat recovery appears not to be convenient, because it should be performed at such low values of temperature and flow rate. Cooling air presents a maximum temperature of 35.9 °C at constant load of 1.8 kW: for the same reason previously mentioned about the produced water, heat recovery seems not to be convenient from cooling air as well. The temperature trends for produced water and cooling air at constant load of 1.8 kW are shown in Fig. 6.

stack has been calculated as result of multiplying the instantaneous values of current intensity and voltage and final power released to user has been measured by the wattmeter. Fig. 7 shows mean value and percentage dispersion of these two parameters and of power losses, which are defined as the difference between stack power and power yielded to the user. Comparing the power generated by the stack and the one yielded to the user, a remarkable gap can be noticed. This is due to losses related to sustaining the auxiliary systems and transformation from direct to alternate current, which occurs in the inverter. Once load increases, chemical reactants are forced to increase in their concentration. Power to run the compressor, that supplies air to cathode, grows as well. Thus, heat to be dissipated is higher; therefore power to be yielded to air-refrigerating fans increases.

As far as efficiency represents the ultimate quantification of the behavior of any energy system, a discussion has been proposed about this parameter applied to PEMFC.

First of all, two kinds of instantaneous efficiency have been calculated: Instantaneous efficiency is meant as the efficiency calculated at each data acquisition.

Eq. ( 8) reports the theoretical efficiency of the system, that is a function of net power and theoretical hydrogen volume flow rate. This latter can be easily calculated from the stoichiometric molar flow rate, that is yielded by Eq. [START_REF] Chu | The development of a small PEMFC combined heat and power system[END_REF]. Eq. ( 9) presents the net efficiency, that is a function of net power and measured flow rate. Fig. 8 reports instantaneous theoretical and net efficiency at random mixed load. The former seems to vary on average along with load variations, while the latter appears to be more constant regardless of the purges.

As a conclusive quantification of the system behavior, the final efficiency has been calculated for every test:
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Fig. 9 shows both theoretical and net efficiency at constant load cycles. Eqs. ( 10) and Calculations by Eq. ( 11) have been performed for every test at constant load, at monotonic load and at mixed load. Average mean values over every kind of test (at constant, monotonic and mixed load) are reported in Table 1. Moreover, Table 2 remarks a major issue related to efficiency: it appears to be practically constant varying the applied load cycle.

Conclusions

An experimental investigation on dynamic behavior of a PEMFC-based system for stationary applications has been carried out. The device has been tested over different load conditions and four kinds of load cycle have been applied. As a first goal, the characteristic curve of the stack (Voltage vs. Current Intensity) has been reconstructed.

Moreover, the device has shown a notably rapid response to load variations in terms of current intensity and voltage. Stack temperature as a transient has been analyzed: it converges more rapidly as applied load increases. Temperature trends of produced water and cooling air have been measured to investigate availability and feasibility of heat recovery. This opportunity appears to be hardly applicable because of the low values of these two parameters. The difference between stack and net power has been stressed out as a key point to evaluate electrical losses. This analysis has shown that power losses tend to increase as nominal load increases. A final analysis about efficiency has been performed as the ultimate aim of this work. A thermodynamic approach has been employed and the difference between theoretical and net efficiency has been reported for every load value. Hydrogen purges have been investigated and their influence on net efficiency has been detected through a comparison with stoichiometric fuel consumption. An optimization of purges appears to be recommended in order to improve net efficiency, especially at low values of the imposed load because their effect at these conditions is greater than at high load values. Final net efficiency appears to be practically constant varying the load typology: this represents one of the main results of the present study. All the data gained from this experimental activity have been processed through an uncertainty analysis.

As a final comment, this work has been performed in the frame of a comprehensive research on fuel cells applied to stationary power generation. A reliable collection of new experimental data is here reported as a useful contribution to the full work, that is supposed to represent a reference for comparisons between fuel-cell systems and traditional technologies especially in terms of efficiency. 
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  produced by Axane Fuel Cell Systems. It is a PEMFC-based electrical generator, that has shown the capability of releasing power between 0.5 and 1.8 kW. Below 0.5 kW, the stack cannot produce the minimum quantity of water vapor to obtain a sufficient humidification of the internal membrane. The upper limit of 1.8 kW is governed by the internal safety system: once this value is overtaken, the device stops working. An internal data acquisition system is provided for this device. Every 10 seconds the values of the following parameters of interest are recorded: stack current intensity, stack voltage, volumetric flow rate of the supplied hydrogen, hydrogen pressure and stack temperature. The power effectively released to the user has been measured by a wattmeter. Starting from the already mentioned values, other parameters have been a posteriori calculated: power released by the stack, losses, stack efficiency and final efficiency.This device is structured in modules, so it follows the applied load by generating only the requested power. During the experimental campaign two kinds of lamps have been employed as a load: 200 W with dimmer and 500 W. Thermocouples have been used to measure temperature of cooling air and water produced by the stack. The system is fueled by pure hydrogen. The fuel supply is constituted by a storage facility, that is placed outside the test chamber. This structure contains 8 tanks (10 Nm 3 each), has a decompression system and is connected to the fuel cell system by a stainless steel pipeline.

  The first experimental session has been conducted at constant load, in order to characterize the device and to check repeatability of tests and trends of parameters as functions of time. As a matter of fact, the characteristic curve of the stack can be obtained from constant load data and held as valid for any load cycle. In addition, these tests have proved the capability of the device to have an on average constant behavior over a prescribed time. In particular, three tests have been run at every nominal load.Many parameters related to constant load test (current intensity, voltage, stack power, net power and instantaneous efficiency) have been processed through a data analysis, aimed to stress out mean value, standard deviation and percentage dispersion. These three mathematical operators are defined as follows:

Fig. 3

 3 is related to a random mixed load cycle and shows how current intensity and voltage follow its variations. Current intensity and voltage are basically mirror image: the former has the same trend as the applied load, while the latter has the opposite trend. This result is consistent to the already mentioned characteristic curve.

( 11 )

 11 allow to perform the required calculations. Each presented value is the average of efficiency over all the tests conducted at the same load value. The reported trends are very similar: they are almost constant over the considered operative range, even if efficiency appears to be slightly lower at low values of applied load. The difference between the two presented curves emphasizes the hydrogen losses primarily due to purges and to hydrogen surplus too. Both the efficiencies take electrical losses into account, but the comparison enlightens the waste of energy due to a non-stoichiometric fuel consumption.
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 89 Fig. 8 -Mixed Random Applied Load, Theoretical and Net Efficiency vs. Time. Fig. 9 -Theoretical and Net Final Efficiency vs. Nominal Load.

Table 2 :

 2 Final net efficiency for every typology of load cycle.

	Test Typology	final,net
	Constant Load	0.400
	Monotonic Load	0.400
	Mixed Load	0.411
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