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Abstract

In this Thesisare presented the results of an experimental analysis of the dynamic
response of a low pressure proton exchange membrane (PEM) fuel cell stack to step changes
in load, which are characteristic of both hydrogen stationary power systems and automotive
applications.

The analysis and experiment are based on a low pressure 5 kW proton exchange
membrane fuel cell (PEMFC) stack and the model tested was a GenCore® 5B48 Fuel Cell
System.

This researchmain aim is to acquire a better understanding of thkectrical and
electrochemical processes when accounting for the characteristic cell voltage response during
transientsaand establish the overall efficiencies

The most important features of the GenCore 5B48 fuel cell system are illustrated in this
thesis by analysing the obtained results from the experimentation, features siebtris
characteristicspverall efficiency, fuel usageand in general the operation performance of the

fuel cell under load conditions.
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Nomenclature

Symbol Explanation & Unit
A Area cm
ASR Areas peci fi c resistance q L
E Electron charge 1.6 x 10
E Thermodynamically ideal voltage V
F Faraday constant 96.485 C/mol
G Gibbs free energy J/mol
H Enthalpy of reaction J
I Current A
N Avogadrodés nummbler 6.02 x 10
p Pressure bar, atm, Pa
P Power W
Ru Ideal gas constant 8.314 J/mol-C
R Resistance q
S Entropy J/K
T Temperature K
U Internal energy J
Vv Voltage V
V Volume L, cn3
w Work J
U Transfercoefficient Dimensionless
U Efficiency Dimensionless
Oact Activation losses V
conc Concentration losses V
d
ohmic Ohmic losses V
d
Qtuel Fuel flow rate SIm

u Conductivity S/cm
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1 Introduction

The demand for renewable energy power and renewable energy commercial applications

is taking dominant place in the minds of people and gufdemarkets.

Large corporations and small developers of renewable applications are flooding the

markets with plenty of products based on renewable energy technology.

The majority of these applications either for portable or stationary appficatire based
on the sector of the fuel cells. There are different types for different uses with dominant place
on the market and not only the proton exchange membranes fuel cells (PEM FC) and the

solid oxide fuel cells (SOFC).

Because of this varig of fuel cells and the claimed performances of them from the

different manufacturers rises the need of evaluating and confirming their claims.

In the following sections is presented the PEM fuel cell technology and explained briefly
its operationThen it is performed an analysis of the performance for a specific PEM fuel cell

product, the GenCore 5B48 PEM fuel cell system.

In additionon the appendixes is included a brief history of the fuel cells, the different fuel

cell types and the applittans suitable for, plus a comparison table illustrating their features.
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2 Principles of fuel cells

2.1 General concept

A fuel cell (FC) is a device that produces electricity by electrochemical reaction of a fuel
and an oxidant. lthe mostHydrogeni Oxygen fuel cellthe oxidant iOxygenand the fuel

is Hydrogen

Oxidant Exhaust + Heat

Fuel Cell

Fuel Electricity
W

Figure 2.1 General concept of fuel cell

The R, Ozfuel cell releases pure water2B), electricity and heat which is treated as a
waste in most cases but thereisalwayspossi bi l ity of HAharvesting
increase the efficiency of the FC system. The general idea of the operation of a FC as is

presented in figure 2.1 above.

2.2 Advantages and disadvantages

The claimed operational advantages frahe PEM FC manufacturers amdenty and
significant All of theseclaimsneed to benvestigated further in order to be verified because
noneof the PEM F.C. types that exish the marketre yet cheap arat reliable enough to
widely replace traditionalvays of generating power, such as internal combuskon.this
reasorthis research is focussed in investigating the efficiency of a PEM F.C.
The main fuel cell advantages are:

a) Production of electricity as long as they are supplied with fuel;

b) Productionof electricity directly from chemical energy;

c) Potential for very high effiency;

d) High energy density and ability for quick recharging by refuelling;

e) Simple, no moving parts, silent;

f) Potential for high reliability and lontasting systems;
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g) Environmentallyfriendly - undesirable products such as NOx, SOx, and particulate

h) Emissions are virtually zero;

i) Flexiblei allow easy independent scaling between power and capacity.

Even though the fuel cell technology is thriving and numerous studies have been
conducted and this technology is under investigation and development; it has some
significant disadvantages. The main disadvantages are:

a) High costi the main barrier to fuedell implementation;

b) Limitations in power density;

c) Fuel availability and storagehydrogen fuel has a low volumetric energy denaity

is difficult to store, alternative fuels are difficult to use directly and usually

d) Require reforming;

e) Temperature congtibility;

f) Susceptibility to environmental poisoris some materials used, especially in low

temperature fuel cells, are quite vulnerable to reactant contaminations;

g) Durability issues
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3 PEM Fuel Cell

3.1 PEM FC Structure and operation

The nodernPEM fuel cells consist of three main parts: anode, electrolyte and cathode.
They aremanufactured in the form of three different layers connected to each other. Each of
themhas high influence on t he ProtenlEkchangeper f or mar
MembraneFuel Cell (PEMFC) is shown in Figure 2.3.1 below.

|

'_@l
Lo
QJ

Qe .
<
<

d 2 .
N | =— | T T
L |5 <k @
"o B . o
X T H20O
si—j -4

Figure 3.1 Theoretical concept of a proton exchange fuel cell

Hydrogen (H2) molecules are supplied to the anode. The Anode catalyzes the hydrogen
molecule decomposition infarotons and the electrons are released. It is possible because the
next part of a FC is the electrolyte, which does not conduct electrons but allows protons to get
through to the cathode side. The cathode catalyzes oxygen decomposition to let it heact wit
the protons incoming through the electrolyte to form water. The electrons do the work (the
light bulb lights) because of the electronic potential difference between cathode and anode,
which actually pulls electrons through the light bulb. Besides waigreectric power the
by-product of a FC is heat, which comes mainly fromséssin activation, transport of

protons and electrons fic losses) and transport of the reactants.

The chemical reactions which occur in the process of generating cdegqiawer are

derived to be

Anode: 2H, - 4H" +4¢

Cathode: O,+4H" +4e - 2H,0
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Net reaction: 2H,+0, - 2H,0
3.2 Commercial Applications for PEM FC

Beside the society demand to turn to environmental frietetignology and renewable
sources, the need of adapting other energy sources for economic reasons have made the PEM
fuel cell technology as one of the most attractive power source influencing a number of areas

like stationary power supply and smsatlaleportable applications and transportation.

Figure3.2 Ovonic H2 Prius Showcases Solid Hydrogen Storage Technology & Hydrogen Powered Municipal Vehicle

Besides the limitations of the PEM fuel cell technology especially when compared with
other type of fuel cells, their advantages superposes them and makes them as the most
suitable alternative power supply for use in transportation, power back up applications and

small portable appliances lie cell phones and laptop computers

More specific the PEM fuel cell technology stands a the most adamant of all fuel cell
technologies as it provides higher power densities (0.5W/cm”2 [13] or higher) which means
reasonable analogy between poweadvolume which in resulset them more attrtige for

plenty commercial purposes
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4 Fuel Cell characterisation

Fuel cell characterisation is a process that permits the comparison of fuel cell of the same
type. Thee are different techniques faomparing same type fuel celghich focuses on
specific properties of the fuel cells. The most imporfeatures of these techniqua®:

a) Current interrupt

b) AC impedance

c) Pressure drop

d) Polarization curve hysteresis
e) Comparative polarization curves
f) Current density mapping

g) Temperature mapng

h) Flow visualization

i) Neutron imaging

j) Postmortem analyses PR

k) Internal process structure

[) Lifetime and reliability

All of the aboveprovides different information on the performance of the fuel cell and

can assist i n undfenctet anding the fuel cell 6s
4.1 Fuel Cell Characterisationmethodologies

In order to proceed with the characterization of the PEM fuel cell it is essential to define
the properties whiclwould be usedn order to carry out this investigatioelated to the
electrical performance of the fuel cell and the heat processes that occur within the device and
select an appropriate methodology to analyse them. Therdtare methods were
acknowledgedvhich could be used tdistinguishthe overall elecical performance of the
fuel cell:

1. Polarization curves

2. CurrentVoltage Measuremetit-V)
3. Current Interrupt Measurement
4

. Electrochemical Impedance Spectroscopy
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4.2 Fuel cell voltage

The calculation of the reversible fuel cell voltage tloe oxidation reaction of hydrogen

in the presence afxygenis given by the Nernst equation:

RT : . % .05
D _¥111EPH3 (Po, 3 ]

This electrochemical reaction equation describesvtiitage sources in the equivalent
electrical circuitmodel which is a function of the temperature as aethe partial pressures
of hydrogen and oxygen. Thispresents the cell voltage for a reversible energy conversion
for a zero internal resistance. This approximatesopen circuit operation with no current.
Normal operating conditions have activatidbhmicresistance, and concentration losses

which reducehe cell voltage:
V-:f'_' i Ece]l N Ijac’r_-:d_ T F ohmeell I{:-}m.c-ﬂl

The following section describes the voltage drop due to these resistances.

4 3.1 Polarization curves

One of the simplest but more effective methods for characterisatiarfugl cell is the
use of polarization curves-¥). With the FV curves a researcher carride the profile of the
steady state variatn of current against voltage and bigtaining thisprofile; derivations

regarding theell average performancan be btained

Eoc Activation :

region

Ohmic
regian
ass
transport
region

Fuel cell Voltage ()

fuel cell current (A)

Figure 4.3.1 FC ideal polarization curve
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A typical polarization curve is illustrated on thbovefigure 5. The horizontakegions of
the curve indicat¢he internal losses of the fuel cell and where each is most influerttial.
combined contributions of these sources of overvoltage cause the cell voltage output to
decrease with increasing current density thus dbeve of the electrical profile slopes

downwards as a rek of the losses and increasetioé currentdensity
There arefour losses affecting theV profile curve which are:

1. Activation Losses Activation losses arise predominantly due to the kinetics at the
electrodes. The effects of these losses are most pronounced at low current dehdiies
100 mA/cm2).Examples include sluggish oxygen reduction kinetics at the cathodes of
polymer electrolyte and phosphoric acid fuel cells and sluggish methanol oxidation
kinetics at the anode of a direct methanol fuel cell. In genleesl areobserved atow
current durng the activation of the fuel cell arlde loss is due to the work performed to
drive the chemical axtion in a specific directioand the resultant over potentidlhe
activation voltage drop can be described ey Thafel equation:

RT I
= ]'ﬂ[_
azlF i )

= T[a + blﬂ[fj] = I:lr:,crl 2.5 Va:ﬂ

The activation poteial can be separated into two partise firstas a function of the

temperature anthe seconés a function of the current:
V. gy =lk+a(T —298)]
V. _,=Tbln(I)

2. Ohmic Losses This type oflossesarises due to the resistive losses in the electrolyte and
in the electrodes. The effects of these losses are perhaps most pronounced at intermediate
current densities (~100 to 500 mA/cm@hmic losses are the result of the resistance to
electron transfer in thgraphite collector plates and graphite electrodes and also accounts
for the resistance of the membrane to proton transfer. Thus, the Ohmic resistance in the
cell consists of the polymer membrane resistance, the conduction resistance between the

membrane rgd the electrodes, and the resistances of the electrodes themselves:

4 — + ¥ =1
J olm ohm anode / ohm menhrane : > Vu]‘.mu:aﬂ:-nde I"R{:ul:l.m

The main effect of the Ohmic losses is that of heat loss and power loss in fuel cells.
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3. Concentration voltage drop due toMass Transport LossesThe nmass transpoibsses
occurdue to norreacting diffusion in the gadiffusion layer and to reacting diffusion in
the electrode layers. The effects of these losses are most pcedoah high current
densities ¥500 mA/cm2).In other words they are tresult of over loadingf the fuel
cell. This occurswhen athigh loads; the reactants cannot mowvapidly enough to
complete the chemicadrocess with the increase powequirementsAlso these losses
are take placéue to thdimited surface area of the electrodes tiatimited in contrast
with the loads that increas@he concentration over potential occurs when a voltage drop
occurs due to concentration gradients at the cell surface due to limited mass transfer rates.
Especially at high current densities, the slow reactant toaingp and from the reaction
sites in the gas diffusion layer limits the performance of the PEM fuel cells. The
concentration over potential is defined as:

T x‘ll

Vo=~ &
S i

o

WhereCsis the surface concentration andi€the bulk concentratiofi].

43.2 Current-Voltage (I-V) Measurement

Thecurrent densityoltage (-V) measuremeris a commonly used technique in fuel cell
characterization investigations aitdl result is the primary value that is used for comparing

same type fuel cells.

This method allows the researchers to gquantitative assessment die fuel cell
performance, and the data obtdnfrom running the PEM fuel cell are usedbiald the
power density curvef the device. The power density curgtescribes the power per area
output of the system rative to the current supplied.

43.3 Current Interrupt Measurement

In order to obtain more accurate resutte Current Interrupt Measurementtlie more
suitable With this methodology it is achieved the separatibtihe voltage losses intdhmic
and norOhmic losses. Hencthe Ohmic losses of the fuel cell can logiantified, as well as
producing a currealependant value for the summation of concentration and activation
losses.Another main feature of this methodoYog that results can be obtained very quickly

and testing can be undertaken at the same time &3/theeasurements.
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43.4 Electrochemical Impedance Spectroscopy (EIS)

Fuel cells, in common with otheglectrochemical cells, exhibit complampedance
characteristics thatesult in a nodinear voltage/currentelationship. In order to measure
electrochemical impedance an AQrrent is applied to the cell and thesulting voltage is
measured. Theesponse is an AC voltage sigiiaét is outof phase with the applieclurrent.
To ensur e tespanse istpbeadmeara smallgout signal is used that constrains
the output range to the linear portioh the curve.The analysis of the response requires
frequency and phase componentdbé&extracted. This is commoniyndertaken using Fast
Fourier Transforms or a Lockn Amplifier and is displayed with Nyquist Plot&lS
measurements requigpecialized test equipmetitat isof high cost and limited ichannel

count.

Figure 4.3.4FCT-50S and FCF150S Fuel Cell Test Station for PEMFC

Hencewas decided that undertaking the EIS method would not be straightforward within
the limitations ofthe fuel cell laboratory of the NA.ME at time beindlever the lesstiis
recommended, that Electrochemical Impedance Spectroscopy wakrted ouin the future

with a moreadequatand sife fuel cell laboratory.
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5 Fuel cell laboratory

5.1 Laboratory set up and monitoring equipment

The fuel cell laboratory is located in the building Henry Dyer of the NA.ME department
and it is recently being buildhe equipment needed for this research includ€senCore®
5B48 Fuel Cell Systeyra computer with the operating/monitoring softwarettioss PEM fuel
cell system, a hydrogen pipeline infrastructure, the required for safety reasons air extractor

and a load bank panel for implementation of electrical loads.

Figure 5.1.a theGenCore® 5B48 Fuel Cell System

The GenCore® 5B48 Fuel deBystemdescription is tyen belowincludingsome of the
specifications for the fuel cell power systarhich among others include$8 cell stack with
a humidification, temperature management, reactiproduct managemendand electrical
control. The main features of théenCore® 5B48 Fuel Cell Systesme demonstrated on the

following table.



Performance Rated Net Output 0to 5,000 W
Adjustable Voltage 46 to 56 Vdc
Operating Voltage Range 42 to 60 Vdc
Operating Current Range (net) 0to 109 Amps
Fuel Gaseous Hydrogen 99.95% Dry
Supply Pressure 5.5+/- 1.1 bar
Fuel Consumption 40 slm at 3,000W
75 sIm at 5,000W
Operation Ambient Temperature nnnc/ 02
Relative Humidity 0% to 95% Non condensin
Altitude -60 m to 1829m
Physical Dimensions 112cm x 66cm x 61cm
Weight 227 kg
Safety Certifications CE
FCC Class A
UL ANSI listed to 221.83
Emissions Water Maximum 1.75 liters per hoy
CO, CO2, NOx, SO2 <lppm
Audible Noise 60 dBA @ 1m

The GenCore® 5B48 Fuel Cell Systemas controlled and monitored by a remote

computer with installed th&senCore® software. The computer and the fuel cell are

Table 1 Main features of GenCore 5B48

connected through &S-232C Serial cable connection

Figure 5.1.b the computer with the monitoring software

21
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The monitoring and operation software is to a certain extent user frieaullly the

operation of it quite straight forward tutorial of this software is included in the appendixes.

& Plug Power GenCore - GCSTBO0000032S
Fil= Wiess Commands Tooks  Help

= == o

HOTEMDTT
Haalker
Comrezction Fan
SOL14ME HZ Inkt
|zclation Solencids 1 Extmusi WMOT1
— - Cathods
o i o P> P A ¥ 4 31 Blonems
@‘: Fion
WOT4 =
EGR ] O i,
-7 T R
O
= MOTS
i Tenp2 ‘l.fer;;‘alm
Piess 1 Piess 3 Cabaral
Benk 1 HZ  Bank 2H2 Tenperze |3 To
Pressurs 5 Prasure 5 “EAcC —=- ,-i': — -
186040 PS| | 225198 PS) - bt
[ oEm= v | On Feedack
Dsle | Typ= [Code | Meczege Mors Everks [--| W ajes | Mirar | Low -
BANA0E 102505 A EVENT 1002 Statup Evenl Bz Encble — S| bttt JE R
[ Epstem un fina: [ Stack o ima: | S pdamy Shahe:
54735 0525 |  FurmiegLom Bus

Figure 5.1.c Software interface

Event logging and data storinggsrformed by the program and stored as Excel files on a
predefined directory of the monitoring comput@n this Excel file can be found the required
parameters to understand the performance of each component and the performance of the
whole system such #ise converter out voltage & load, the stack temperatmiéage,

current & power, the cabinet temperature, the system efficiency, etc.

 Gencore software [Compatiblity Mode] = Microsaft Excel

Home Insert Page Layout Formulas Data Review View @ - 3 X

| AK22 -@ £ 42 3

D F Q u W X AA AB AC AD AE AF AG AK AL AM AN AO B
Temp1 Stack  Temp2 Converter Converter Converter Converter  Temp3 - Electical ~ Electrical
Coolant Inlet ~ Cabinet Sun?ri!tinn ASS"LEI E?ﬁf;? H2 Usage In/Ultracap \iug:‘:rr;; S};‘;:t Out Qut Current EESM Vsﬂt‘f:: 2:3 S;ﬁk power from  power from

1 | Temperature Temperature ¥ Voltage Voltage ~ Current Load | Temperature 9 converter stack

20,321 19,659 42 5 0 0 0 0 0 0 0 0 0 42 2 0 0
3l 20,323 19,659 42 5 0 0 499 035 042 48,82 0.38 155 17,62 42 4 18.5516 1,764
4 20,326 19,659 42 5 0 0 499 0,35 042 48,82 0,37 1,58 17,62 42 6 18,0634 1,764
5 20,323 19,659 42 5 0 0 499 035 042 48,82 0.37 155 17,62 42 8 18,0634 1,764
6 20323 19,659 42 5 0 0 499 0.35 043 48,82 0.37 1.58 17.62 4.2 10 18.0634 1.806
T 20,314 19,744 42 5 0 0 499 0,35 042 48,82 0,37 1,58 17,62 42 12 18,0634 1,764
8 20,316 19744 42 5 0 0 499 035 043 48,82 037 155 17,62 42 14 18,0634 1,806
9 20,325 19.83 42 5 0 0 499 0,35 042 48,82 0,37 1,58 17,62 42 16 18,0634 1,764
0 20,33 19.83 42 5 0 0 499 034 041 45,62 0,37 1,55 17,62 42 18 18,0634 1,722
1 20,328 19,744 42 5 0 0 499 035 042 48,82 037 154 17.62 42 20 18,0634 1,764
12 20,314 19.83 42 5 0 0 499 0,35 042 45,82 0,38 1,56 17,62 42 22 18,5516 1,764
13 20,308 19.744 42 5 0 0 49,64 -2.81 0.6 48,69 -2.89 -3.74 17.62 42 24 -140,7141 252
14 20,304 19.83 42 5 0 0 4898 -10,76 1.2 478 -11.23 -17.89 17,62 42 26 636,794 5.04
i 20,293 19.83 42 5 0 0 48,98 -10,76 1,25 47,65 -11.26 18,01 17,62 42 28 -636,539 525
16 20 406 19.83 42 5 0 0 4897 1101 1,66 4744 -1156 1887 17.62 42 30 -548.4064 6,972
17 206 19,915 42 5 0 0 4897 1097 1,67 474 -11.54 1886 17,62 42 32 -546.996 7.014
18 20,901 19,915 42 5 0 0 48,97 11,04 1.6 47,33 -11.62 18,97 17,62 42 M4 -549,9746 6,72
1a 2 RO7 10015 Ao 3 n n ARG7  A10a 168 AT A1RR Adand 47 R2 A2 2R LRRD ROTA R RIR

Figure 5.1.d TheExcel log file for the data of the experimentation



23

In order to test th&senCore® 5B48 FueCell Systemin load conditions, a bank load
panel developed by the Mechanical engineering department is being applied. It is connected
to the fuel cell by two electric cables and the electrical loads are operated manualtly (on
switches) Each resistivéoad has value of 10 Ohm and they are connected in series as also in

parallel.

Figure 5.1.eThe load bank panel

In the future is going to béntroducel a more sophisticated equipment like Tl
Electronic Load Bankvhich will allow more advance control and testing likgmnamicload
high quality, Low Voltage Measurementagcuracy+ .25% FS for med/high ranges,50%
FS for low rangeAccuracy: £ 3% FS for all rangesid betteResolution: .25% of full scale
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6 SYSTEM TESTS

6.1 General concept

In this sectionis presented the adopted testing methodology and the evaluattbe of
overallperformance of the GenCore 5B48 unit. The tests included sstaidymeasurements
of primary system properties, fuel consumption, efficiency analysis, coldugtéehaviour
andtransient analysidHere has to be mentionduat the tested system ideav years old and

this can have some negative influence on its overall performance.

6.2 Target and objectives

The maintargetof these tests wae establistthe overallsystem performance, suchthe
electrical efficiency, the fuel consumptionand fuel utilization efficiency. Investigate the
system responsguring startup, normal mode and shut dowhhusexplore thesuitability of
the fuel cell system for usen mobile and stationary applicatian&nd finally examinethe
GenCore® 5B48 Fuel Cell Systamdiability.

6.3 Measurements methodology

The measurementsatiodology includedao parts:

Steadystatesystem response during load switching from 0% td®4.00 available
load. With these testwas sufficient to analyze the performance of the whole
systemas well as the fuel cell stack, including such parametsrsgeneral
characteristicsfficiency,andfuel consumption

Il. System transition analysis. It consisted thie response time testing during
switching from the stndby operation into fulbperation, and vice versa. All data

was captured by the softwgreovided by the manufacturer
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6.4 Resultsand discussion

The data gathered from tlaetualtesting sessiom comparisonwith previously findings
allowed for a number of results to be produced regarding the operation and performance of
the GenCore 5B48 fuel cellThe characteristic polarization curve was creamddch enable

us to characterize the overall performance oRRE& fuel cellunit.

6.4.1 Performance Curves

With the data outcome of the tests, modelling the performance curves was at hand. It can
be seen in the following diagram that the voltage decreases and the power increases with

current, which is normal operation for theef cell stack.

GenCore 5B48 Polarization Curve

Power (W) 2500 - - 60 Voltage (V)

- 50

2000 -
_ - 40

1500 - =f=Stack Power (W)

- 30 Stack Voltage

1000 -
r 20

- 10

Stack 0 10 20 30 40 50
current

Figure 6.4.1GenCore5B48 Polarization curves

The reversible voltage of the stack under these conditiaas established at 48.7V. The
obtained voltageurrent curve is almost all linear. The recognition of which parts are
responsible for activation voltage losses it is not possible at this stage, especially without the
required EIS equipment. In order to have solid results this measurement will be conducted a

few times in order to ensure that the same will occur.
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The activation losses are very small. The ohmic losses are clearly visible and increase
with current. Unfortunately it was not possible to record if considerable concentration losses

will occur due to the equipment limitation.

6.4.2 Stack Current & Voltage

The current isot oftensteady in the stadk starting moddout as soorthe stack attains
operational temperature the currdmcomesfairly steadywith value depending othe
connected load. The smafariation of the current occurs dueitdernal operationsof the
fuel cell, especially when the coolirmystemstarts in ordeto maintain the optimum stack

temperature.

Figure 2.4.2.aVoltages of particular cells under 0,20kW of stack power

The voltage of the stadhowed an wteady state at tHeeginning of the experimebiut

the voltage remains stable as long as the connected load does not alter.

60 - Stack Voltage
40 -
Stack Voltage
20 -
0 T T T T T T T T T T T T T T T T T T T T 1
Stack cOrrentl0 20 30 40 50

Figure 6.4.2.b Stackvoltage

6.4.3Stack Temperature

The operational temperature dhe GenCore 5B48 fuel cell iaround 52°C. At

operational modéhe stack requireabout16 minutes to reach this working temperattoe
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any load, as shown in Figu®4.3 Of course, the required time to reach its working

temperature depends on the Whea conditions and ambient temperature.

Coolant Temperatures vs. Time
=== Coolant temperature [deg. C]

60
50
40
30

20

Temperature [deg. C]

10

0 ] 10 15 20 25 30

Time [min]

Figure 6.4.3Stack temperature variation during testing

With one hydrogen cylinder of 50 litres, under compression up to 200 baGeti@ore
5B48 fuel cellcan operate continuousfgr nine hours atonstant load of 1kW and on the

maximum capacity of the system it can last about two hours, always according the

manufacturer.

Because not all of théuel provided to the GenCore 5B48 contributiesthe electrochemical
reaction it is required to imbduce tre fuel utilization efficiencyand this is shown irthe figure
6.4.5.

6.44 Fuel consumption and fuel utilization efficiency

In order to determine the stack efficiency and in general the overall efficiency of the
GenCore 5B48 fuel cell st the fuel consumption and the fuel utilization efficiency are

the key components in order to do so.
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The manufacturer company of the PEM fuel cell, Plug Power, provides data of fuel
consumption for specific power outguat 3kW the fuel consumption of the GenCore 5B48
fuel cell system according the manufacturer consumes 70slm and about 40sIm at full capacity
of 5kW.

In this experimenthte measured fuel consumptiovas at of13simat 1kW andof 1.8sIm of
hydrogen at..5kWand this is illustrated in the following figufe4.4.a.

Fuel Consumption vs. Output Power

sim 25

20

13
=== Fuel Consumption [sim]

10

0 200 400 600 800 1000 1200 1400 1600 1800

Output Power [W]

Figure 6.4.4.aFuel Consumption

The electrochemical reaction taking place on the fuel cells can be quantified by the fuel
utilization efficiency taking into account that the majority of the fuel cells will contribute
with the conversion of energy. This was taken under consideration afiguoe 6.4.4b

revealsthe fuel consumption and efficiency as a functiotheffuel cell stack current.
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H2 Flow Rate and Fuel Efficiency vs. Stack Current

120 25

100 20
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15 = = H2Flow Rate

60 Fuel Efficiency [3%]
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H2 Fuel Efficiency [%]
[wis] afesn zH

40

20

4] 10 20 30 40 50
Stack Current [A]

Figure 6.4.4.b Hydrogenflow rate and fuel efficiencyvs. stack current

On theabove figure we canbserve that the hydrogeonsumption is directly related to
the power which can be yielded from the stack, tadthis relationship is lineaAlso the
measureduel eficiency measured indicates thatist very high and on avage achieves
about 99%. In other words shows thia PEM uses the full energy potential of the fldle
fuel provided to theGenCore 5B48uel cell systemis constant, where thBow rate is

expressedh standarditres per minute (slm).

The amount offuel used by the sti& to generate electricurrent is calculated witthe

eqguation:

. I _.
Vel flow = H'-‘

Where - | the electric current
n the number of moles of electrons transferred
F Faraday’s constant QMSi-i

maol
M the number of cell's

Here has to be mentioned that thet of theabove equation is mol/sec, hence in order to

calculatethe fuel utilization efficiency, theacquired dataneedto be converted from sim to
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mol/sec.Thus he idehgas law wasadoptedn orderto transformapproximatelythe results
to common units:

Where - WV waolume
n the number of moles

R, the ideal gas constant 8314 !

K -mol

T the temperature

P the pressure

Vuel flow
Pfuel = 3 _
fuel supplied

The results of this transformation were almost identical #ighvalues calculated using
thefuel flow rate equation.

Thus the approximation of tHeel efficieng/ of the fuel cell stack was calculated as the
ratio of the fuel used by the stack to generate electric cuverstus the total fuel provided to
the fuel cell staclas follows

_ Viuel flow
Dfinel = v _
fuel supplied

6.4.5 Overall fuel cell stack efficiency

The overall fuel cell stack efficiencig defined as the ratio of the electrical energy
produced by a stack, consuming a certain amount of hydrogen to the theoretical energy
content of the same amount of hydrogewl it is expressed as follows:

IV
ARy Qe

Where : \ the stack voltage
Qg the fuel flow rate

H the enthalpy for liquid water 235.33-£
maol

As it is observed on théigure 6.4.5 the stack efficiencydecrease while the current

increases. Also on the same figure we can seedhdkW and 1.KW of stack output power,
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the efficiencies are abod.7% and 43% in that orderand that at low stackower, the

stack efficiency exceeahore than 50%

Stack Efficiency

335
a0
45

=== Stack Efficiency

40

Stack Efficiency [%)]

35

30
0 10 20 30 40 50

Stack Current [A]

Figure 6.4.5Stack efficiencyvs. stack current

6.4.6 GenCore 5B48 overall electrical efficiency

The GenCore 5B48 overall electrical efficiensydefined as the ratio of the electrical
powerproduced by the converter atite available energy for electrochemical conversaod

it is expressed as follows

PI:-Dﬂ‘.'EﬂIEI

NGenCore SB48 = E -100

energy.avail for electochemical conversion

At low powerthe overall system efficiency increassexd after exceedingughly 1kW it
starts to demy as expected. The corresponding efficiency for each power output is
demonstrated on thiggure 6.4.6.awith more significant th@verall efficiency of 27.1%for
0.25%kW, of 35.8% forlkW andfor 1.5kW correspongkfficiency 0f34.9%.
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GenCore 5B48 overall electrical efficiency
60
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30

s System Efficiency [%]

20

System and Stack Efficiency [%]
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0 200 400 600 800 1000 1200 1400 1600

Output Power [W]
Figure 6.4.6.a GenCore 5B48 overall electrical efficiency

On the figures.4.6b it is shown that for small power output the system is inefficient and

this is due to the rest of the equipment power losses.

Equipment power losses (W) & GenCore 548 overall efficiency

40 1800
15 1600
—_ 1400
£ 30 —-
- =
g 1200
_n_c.. 25 E == Equipment power losses (W)
:.""% 1000 ‘2_ =l Systemn Efficiency [%6]
w
g 20 %
2 go =
& 15 Z
600 E
E
10 400
5 200
0 0

[u] 200 400 600 800 1000 1200 1400 1600 1800 2000
Stack Power [W]

Figure 6.4.6.bEquipment power losses and overall stem efficiency
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6.4.7Transition analysis

This test aims te@valuate the performance of the fuel cell stack and the whefCore

5B48 fuel cellsystem duringpperation modgor predefined operational loads

The loads were applied as step loads. This was accomplished by turning off the power to
the DC Bus and at the same time applying the loads. The system at each step needed around
ten seconds of operation on the batteries, then the fuel cell stacktbegperate and take
over the load. The required time for the system to stabilise was near a minute. Within that
required time for stabilization it was witnessed an increase in power demand which was due
to the fact that other auxiliary components startesdrtoperation such as the cooling pump
and the heater fun. The system wasned off manuallyafter operating under load for

approximately two minutes for each load.

There werapplied four loadsof 200W, 250W, 1kW and 1.5k\té the fuel cell stackand
the resulting diagram of these loads and the data obtain can be Sgepmen6.4.7.a.

Transient load - stack current & voltage, ——— Stack Current [A]
coolant temperature —Stack Voltage [V]
= CoOlant Temperature [°C]
70 B e Converter Out Voltage [V]
60
50
40 o
30
20
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0 Ln e

0
20 3
40
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100
120
140
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420
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Figure 6.4.7.a Stack parameters over time during the test

Also onfigure 6.4.7.at is witnessed a sudden increase on the stack current which is result
of thebeginning of operation of the fuel cell stack. Then it is almost immediately followed by
sudden drop o€urrentdue tothe introduction of each load and aftemanute of operation
followed by an increase of power due to the initiation of operation &f #uxiliary
components which draws the same instant current from the btaaddition on each step the

power demand is covered for few seconds from the batteries and then the fuel cell stack is set
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to take over and this also contributes in creating the peaks on the stack current while applying

each load.

Stack & converter power — system efficiency

2500 1 — Stack electrical power r 80

—— Converter Electrical power
System Efficien

V! cy L 70

2000 4

1300 +

Electrical power
=]
=
L]

Efficiency (%)

wn
=
=

-500 4

Time (sec)

-1000 - L -0

Figure 6.4.7.b Stack &converter power and system efficiency

The resultant power generated from the fuel cell stack and internal conasgtehown in
Figure 6.4.7.b aboveThe variations of the power values are the outcome of the stack
supplying power to the GenCore Control Card (GCC), through the auxiliary converter.
Subsequently the power values demonstrated in the graph are not rafatge of the
applied resistive loads as supplementary energpriredt o power t he syster

processes.

Also in the same figure are illustrated the measured system efficiencies Ggrti@ore
monitoring software for each load; and they higher than thecalculatedoverall system
efficiencies. As can be noticed on figure 6.4.7.b the averages of the measured efficiencies for
each corresponding load5@W, 250W, 1.0kW & 1.5kW) are: 60.2%883%, %.6% and
50.4%. Whilethe overall systerefficiencies were27.1% for 0.25kW, of 35.8% for 1kW and
for 1.5kW correspond efficiency of 34.9%.
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7 Conclusiors

The most important features of the GenCore 5B48 fuel cell system are illustrated in this
thesis by analysing the obtained resuttsrf the experimentatigrfeatures such aslectric
characteristicspverall efficiency, fuel usageand in general the operation performance of the

fuel cell under load conditions.

Neverthelessn turnto completelycharacterize th&enCore 5B48ystem moretestsare
required in ordeto establish the operational limasd investigate problems that occur during
the operation, plus a reliability study thfe systemSuch research could inclutkrger loads
that the system can support, work unadserpressure, cold start up with varying load

demand, etc.

The results obtained from the experimentation on this fuel cell system in general can be
used for characterization of PEM fuel cells, but cedyoughly characteristics and not taken

asaxiomfor all of these type fuel cells.

The testing results and their interpretatiodicates firm response to different loads, good
average efficiencies and all of that including the alluring rations of their efficiency with the
volume/weight plus thahe PEM technology improves continuously reducing their costs set

them as the most attractit@vards the other fuel cell types for merchandized applications.



36

References

[1] Wang C, Nehrir M,Shaw S. Dynamic models and model validation for PEM fuel cells
using electrical circuitdEEE Transactions on Energy Conversi@005,20(2): 442451

[2] Feitelberg, Alan S., Jim Stathopoulos, Zhigang Qi, Christopher Smith, and John F. Elter.
"Reliability of Plug Power GenSys fuel cell systendstirnal of Power Source2005:203
207.

[3] C. Marr, X. Li, An engineering model of proton exchange membriust cell
performance, ARI 50 (1998) 19R00.

[4] Analysis and design of PEM fuel cells Wishra, F. Yang, R. PitchumaniAdvanced
Materials and Technologies Laboratory, Department of Mechanical Engineering, University
of Connecticut, Storrs, CT 0626239, USA www.science.direct.com(assessed on
13/06/2010)

[5] Experimental analysis and management issues of a hydrogercdliesystem for
stationary and mobile applicatioRPasquale Corhd-ortunato Migliardini, Ottorino Veneri
Istituto Motori of Italian National Research Council, Via Marconi 8, 8Napoli, Italy

www.sciencedirect.cortassessed on 12/06/2010)

[6] Development and characterization of a miniature PEMdaklstack with carbon bipolar
plates Po-Chang Lin 1, Benjamin Y. Park Marc J. MadouDepartment of Mechanical &
Aerospace Engineering, 420Bngineering Gateway BuildingUniversity of California,
Irvine, CA 92697, USAvww.sciencedirect.corfassessed on 12/06/2010)

[7]1J . Baschuk anerd foodwlatidnifor a niathemgteREMf u e | cel | mo d
Journal of Power Sourcesol. 142, nol-2, pp. 134 153, 2005.

[8] A simplified electrical model of small PEM fuel céindrea, E. Manana, M. Ortiz, A.
Renedo, C . Eqguél uz, Delgado, ; F. htkp#wwev zcrepq.c®m/icrepg06/416

andrea.pdfassessed on 14/06/2010).

[9] Efficiency and economics of proton exchange membrane (PEM) fuelFceBarbir and
T. Gémez.Energy Partners, Inc., 1501 Northpoint Parkway, #102, West Palm Beach, FL
33407, USA www.sciencedirect.corfassessed on 10/06/201L0



http://www.science.direct.com/
http://www.sciencedirect.com/
http://www.sciencedirect.com/
http://www.icrepq.com/icrepq06/416-andrea.pdf
http://www.icrepq.com/icrepq06/416-andrea.pdf
http://www.sciencedirect.com/

37

[10] ME6203 MassTransport Considerations in PEM Fuel Cell ModelingProf. PAS.
Mujumdar, ME, NUS Mr. Poh Hee Joo, IHPC 13 March 2009
http://serve.me.nus.edu.sg/arun/file/teaching/ME6203%20Mass%20Trakspb@ell-
Modelling-Part01.pdf(assessedn 20/06/2010Q.

[11] R. Savinell, E. Yeager, D. Tryk, U. LandauWainright, D. Weng, K. Lux, M. Litt, and
C.Rogers, J. Electrochem. Soc. 141, L46 (1994).

[12] A. B. LaConti, M. Hamdan, and RC. McDonald, Handbook of Fuel Cells
Fundamentals, Technology and Applicatiods). 3, W. Vielstich, H. A. Gasteiger, anal
Lamm, Editors, p. 647, John Wiley 8ons (2003).

[13] Proton Exchange Membran&uel Cell Charaerization for Electric Vehicle
Applications. DH. Swan. B.E. Dickinson. M. P. Arikara. Reprint. UCTC No. 257
http://www.uctc.net/papers/257.pfssessed on 17/06/2010 ).

[14] Hybrid Energy Sources for Electric and Fuel Cékhicle PropulsionN. &hofield
(MIEE), H. T. Yap (MEE) and C. M. Bingham (MIEEE)
http://eprints.lincoln.ac.uk/2580/1/schofield_1.paésessed on 28/06/2010 ).

[15] Characterisation and modelling of a S5KWNEM FC for transportation applicationd.
Candussoa, F. Harela,A. De Bernardinisa, X. Francoisb, M.C. Pérab, D. Hiss8lthottc,
G. Coquerya, M. Kauffmannb www.sciencedirect.corfassessed on 02/06/2010 ).

[16] Charaterisation and modelling of a 5 kW PEMREQr transportation applications.
Candussoa. Harelé. De Bernardinisa, X. Francoisb, M.Bérab, D. Hisselb, P. Schot(,

Coquerya 3M. Kauffmannb www.sciencedirectom (assessed on 02/06/2010 ).

[17] Modeling and Experimental Study of PEM Fuel Cell Transient Response for Automotive
Applications HUA Jianfeng, XU Liangfei, LIN Xinfan, LU Languang, OUYANG Minggao

www.sciencedect.com(assessed on 02/06/2010 ).

[18] Kordesch K, Simader G. Fuel Cells and Their ApplicatiM@iH Ed. 1996, p. 783.

[19] Unravelling Fuel Cell ElectricaMeasurements. James Niemann, Keithley Instruments,
Inc. www.keithley.com/data?asset=502&8sessed on 12/06/2010 ).

[21] GENCORE®5 FUEL CELL SYSTEM  System Fundamentals
http://www.smartgrup.ro/pditindamentials.pdfassessed on 04/06/2010 ).



http://serve.me.nus.edu.sg/arun/file/teaching/ME6203%20Mass%20Transport-Fuel-Cell-Modelling-Part-01.pdf
http://serve.me.nus.edu.sg/arun/file/teaching/ME6203%20Mass%20Transport-Fuel-Cell-Modelling-Part-01.pdf
http://www.uctc.net/papers/257.pdf
http://eprints.lincoln.ac.uk/2580/1/schofield_1.pdf
http://www.sciencedirect.com/
http://www.sciencedirect.com/
http://www.sciencedirect.com/
http://www.keithley.com/data?asset=50279
http://www.smartgrup.ro/pdf/fundamentials.pdf

38

Appendixes

Appendix A GenCore 5B48 System Specification
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Appendix B Discovery of the fuel Cell

William Robert Grove was one of the first to understand the mechanism of electrolysis
and how it could be used in both ways, how to use this phenomenon to produce hydrogen and
oxygen and vice versa to produce electricity with the products of theodystcs. Thus in the
year 1839 he manufactured the first Fuel Cell. The apparatus he assembled could electrolyze

water without any electricity source.

Figure 2.2 first Fuel Cell build by William Robert Grove

His device (see Figure 2 above) worked in such a way that hydrogen (Hy) and oxygen
(Ox) gases were in the teastbes above the four lower beakers. These gases reacted in a
sulphuric acid solution and formed H20. During this electrochemical reatonléctrons
were released and they electrolyzed water in the upper reservoir to O2 and H2 using a

catalyst metal as the electrodes.
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Appendix C Fuel Cell Types & Features

There are several kinds of hydrogen fuel cell technology available or in development, and
each operates slightly differently. In general terms, hydrogen atoms enter a fuel cell at the
anode where a chemical reaction strips them of their electronshyldregen atoms are
ionised and therefore carry a positive electrical charge. The negatively charged electrons
provide the current that pass through wires to do work. Hydrogen fuel cell types can be
grouped as followa) Proton Exchange Membrane (PEN) Solid Oxide Fuel Cell (SOFC);
¢) Phosphoric Acid FueCell (PAFC); d)Molten Carbonate Fuel Cell (MCFC); A)kaline
Fuel Cell (AFC).

In some fuel cell types Oxygen (or air) enters the fuel cell at the cathode where it
combines with electrons retung from the electrical circuit and hydrogen ions that have
travelled through the electrolyte from the anode.

In other cell types the oxygen picks up electrons and then travels through the electrolyte
to the anode, where it combines with hydrogen.ions

The electrolyte used in each fuel cell technology type performs a very important role as it
must permit only the appropriate ions to pass between the anode and cathode. If free electrons
or other substances could travel through the electrolytg, woaild disrupt the chemical

reaction, and in the worst case cause an explosion or fire.
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Appendix D Comparison of main fuel cell types & features

The main futures of each type of Fuel Cell as fuel type, efficiencies, operatioar pow
range, temperatures, technology statues and the application suitable for are presented in the

following table:

PEM SOFC PAFC MCFC AFC
Polymer lon Ceramic | PhosphoricAcid ~ Molten Potassium
Electrolyte _
Carbonate Sal{  Hydroxide
noa A YRSy 170-2 7 150-2
6 SYLENT G 0oC/SU)/u 1§06+ 1000 0-200 600-700 50-200
il H2 [ Reformate | H2CO2/CH4| H2/Reformate|  H2ICO/ | H2 Reformate
uels
Reformate Reformate
Oxidant O2Air O2/Air O2/Air CO202/Air O2Air
Conductive lon Ht 0- H+ CO3- OH
Electrical efficiency (HHY)  40-50% 45-55% 40-50% 50-60% 40-50%
Power range (kW) 1-250 1-900 50-200 1-2MW 0.6-12
Commercialised Commercialise .. |Commercialise .
. .| Commercialise . |Commercialised
Developmentstage | (Production | (Production (Production
(Mature Tech) (Mature Tech)
Prototypes) | Prototypes) Prototypes)
. 1500-3000 3000-6000 65000 N/A 1500-3000
Average Life (h)
uick start Solid  |High tolerance t
.Q p. g. .. |High efficiency {High
Advantages  |High power densit| electrolyte |  impurities
, e . |Fuelflexibility |performance
Solid electrolyte | High efficiency| High efficiency
Expensive catalyq Breakdownof|  Large size | Breakdown of | Sensitive to CO
Disadvantages Sensitivity to cells Heavy cells Corrosive
impurities | Slowstartup| Expensive | Slowstatup |  material
Small Stationary, .
. - : Stationary, : . Space,
Suitable Applications |  Automotive, a|on§ry Large StationaryLarge Stationary i .
orate Automotive Automotive

Table 2 Features of main fuel types



43

Appendix E General Issues regarding the GenCore 5B4& the F.C.

laboratory

Now regarding the specific PEM fuel cell system that was used for this investigation there are
some problems that arise during operation that requires immediate concern and action to be

taken.

One major issue that that affect directly the proper operation of the GenCore 5B48 fuel
system is the fact that the system is quite old thus needs appropriate maintenance by a

specialized technician.

The necessity of maintenance was more thawionis when the PEM fuel cell was on
operation mode. The batteries when running on load (i.e. with hydrogen) should get
recharged by the same system and that was not taking place. Also problem occurred during
operation without load (i.e. without use of hgden) with symptom the fast loss of voltage
with result to get small time span in order to proceed with the experimentation. A solution but
not permanent on this is to be applied a D.C. charge of 50 Volts for direct use on the
GenCore 5B48 fuel cell systein order to operate without load and/or to charge the batteries
at the end of every session. A permanent and strongly recommended solution is the batteries
to be replaced by new ones.

Other issues that occurred during the test runs of the PEMcélielere the loss of
communication between the software and the GenCore system which indicates that the
RS485 connection between GCC and converter may be bad; the MAIN LED was green and
the SYS LED was slowly blinking red which implies bad operation efdbnverter; and
finally after a period of time the batteries could not support the stack. Some of the faults as
they appeared during the tests are illustrated on the following figure 7.0 as it shows when the

system was operating properly.

WATCHDOG/
ENABLE

Figure E Operation and fault indication LED panel
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According with the GenCore operation manual the PEM needs to be maintained by a
specialized technician, preferably a compan:

worn parts.

Regarding the fuetell laboratory, the needs are demanding. As mentioned in previous
chapters some equipment will be bought in the future like computerized load bank equipment
for better control and/or load management, EIS equipment for enhanced monitoring of the
PEM systemand better understanding of the GenCore function and the internal operations

that take place during its operation.

Finally the laboratory should get a better hydrogen supply system (distribution manifold
has been suggested and can be seen a driafbefthe appendix 2), plus a secure storage
system cause at the moment only one pressurized hydrogen cylinder can be connected and

stored, but it is exposed on the weather elements.

Never the less this project besides mishaps and delays thechesesr completed on
time and shows that this type of fuel cell is suitable for applications mobile and/or stationary
with power demands varying from 0 to 5kW giving good overall system efficiencies,

depending always the applied loads.
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Appendix F  Hydrogen distribution manifold

Hydrogen: to install a 1x6 wall mounted manual manifold BOC part No 19309379, with
cylinder connecting arms, single stag&®bar adjustable pressure regulator conforming to
BS EN 7291, with safety relief valve, Flag&ack arrestor, purge and isolation valve, this

would be connected to existing pipework system
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Appendix G Tutorial of GenCore software

Main Screen Layout

splugpawer

The main screen is a graphical representation of a GenCore Fuel Cell System.
The screen auto-configures based on the type of GenCore you are connected to.

M The screen shows the status of components and system values in real-time.
Menu Bar
Click a page name at left to view details about that section, or click the Next

Tool Bar button to advance.
Analog Controls »‘l(ruuuuuuuunu:w

51 | 13-
Digital Controls
Low Bus Start
Hydrogen Supply
Status Indicators
Event Viewer
Cell Voltages il
Other Devices
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Main Screen  wig|mal: fwjm
Menu Bar - —————
The Tool Bar icons provide quick access to the most-used features:
Tool Bar 5| Setpoints: DC Bus setpoints, hydrogen source, conditioning cycle setup
Analog Controls 5| Settings: PC Setup options, Data Logging options, S colors and appearance
7| Statistics: View GenCore lifetime statistics, change hours on stack
Digital Controls 11| Event Log: Save and view the most recent event log
Low Bus Start | Data Graph: An option that will be available in future versions
Hy dre ogen Supply | Cell Voltages: View an interactive graph showing real-time cell voltages
1| Parameters: View a listing of every parameter read or calculated by the GCC
Status Indicators | Control Algorithms: An option that will be available in future versions (Expert Mode)
Event Viewer Start: Click this button to start the GenCore system (runs at nominal Bus voltage)
Stop: Click this button to stop the system if it is running
Cell Voltages i=| Manual: Click this button to enter Manual mode to turn components on and off
Other Devices & Reinitialize System: Click this button to reinitialize the system

| Conditioning Cycle: Click this button to force a conditioning cycle
12| Low Bus Start: Click this button to enable Low Bus Start

Click a page name to view details, or click the Next button to advance
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The Menu Bar provides access to all options available in the
Service Interface.

View - setup and configuration options
Commands - command the system to startup or shutdown
Tools - additional options and settings

Click a page name to view details, or click the Next button to advance
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Main Screen
Menu Bar Analt.)g compf)nents will show in grzzr when
\ running and in red when off. e
Fon
Tool Bar e
Analog Controls A text box associated with a component shows
Digital Controls the current voltage applied to the device.
Low Bus Start In Manual Mode, the speed of the device can
Hydrogen Supply be controlled by clicking the up or down arrows
Status Indicators or typing the desired voltage in the text box. AQQ:JWL
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Click a page name to view details, or click the Next button to advance
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