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Abstract
The purpose of this research is to analyse the behaviour of a Direct Methanol Fuel Cell (DMFC)
under different operating conditions through the implementation of a test bench simulating
various cell feedings and outcomes. The first phase of the project involves the development of
a LabVIEW model able to control the entire system, managing inputs provided by the tester.
In addition, before carrying out any assessment, the plan includes an equipment calibration
and a cross check of software and hardware communications that ensure a correct analysis
and reliable results. In this sense, the last step of the work is to realize and compare different
parameters related with the cell operation, optimizing its power and efficiency curves, trying to
maintain a low methanol crossover during the process. Finally, the conclusions of these
evaluations are aimed to give an accurate outline of many possible working environments,
easing any future choice to be taken on the basis of them.
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1. Glossary
Cm

Molar concentration [mol/L]

Cmet,a

Molar concentration, anode side [mol/m3]

Cmet,c

Molar concentration, cathode side [mol/m3]

Dmet

Methanol diffusion coefficient [m2/s]

E0

Ideal potential in standard conditions [V]

F

Faraday’s constant, 96485 [C/mol]

G0

Gibbs free energy in standard conditions [J]

H

Enthalpy [J]

i

Current density [A/m2]

Jmet

Methanol mass flux per surface unit [kg/s cm2]

k

Permeability of porous medium [m2]

Wel

Electric Work [J]

LHV

Lower Heating Value [J/kg]

ṁ

Mass flow rate [kg/s]

ṅ

Molar flow rate [mol/s]

p

Pressure [Pa]

Pel

Electrical Power [W]

ppart

Partial Pressure [Pa]

q

Volumetric flow rate [L/min]

R

Gas constant [J/mol K]

T

Temperature [K]
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tm

Membrane thickness [m]

Uf

Utilization factor

Vc

Cell Voltage [V]

Vrev,0

Reversible voltage in standard conditions [V]

Vrev

Reversible voltage [V]

Vsol

Volume of solution [L]

xmet,a

Methanol molar fraction at anode side

z

Number of equivalent moles of electrons

μ

Dynamic viscosity [Pa·s]

δ

Drag coefficient for water

Ηfc

Fuel cell efficiency
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2. Preface
The research conducted for this thesis is part of an international collaboration, led by Professor
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described in Chapter 5 and 6 is owned by the DIMA (Dipartimento di Ingegneria Meccanica e
Aerospaziale) and it has been set up at the beginning of this work. The data collection and
analysis have been performed with the assistance of G. G. Gagliardi and supervised by the
Professor Domenico Borello during the most affecting procedures. Finally this manuscript has
been revised by Professor J. Llorca and accepted by the International Office advisor.
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3. Introduction
During the last 100 years the world average temperature has increased by almost 0.8°C [1],
becoming one of the most crucial issues affecting the environment. Even though there are
many different factors held accountable, actual greatest concerns are focused on greenhouse
gases emissions due to daily human activities that are critically linked to the energy production
and use. In this sense, governments worldwide are acting to take measures to revise their
energy mix by reducing fossil fuels usage and promoting alternative sources. European Union,
with the objectives set in the 20-20-20 pack, put forward common strict targets to be reached
before 2020: 20% reduction of greenhouse gases, 20% primary energy production from
renewables and 10% of biofuels burned in transportation [2]. Moreover, it has recently been
agreed a medium-long term strategy stating that the european energy efficiency should be
improved by 27% and the renewables should increase up to the 27% of the toal share before
2030 [3].

Figure 1 - EU's climate and energy targets for 2020 and 2030 [3]

Within this overall framework, it is becoming increasingly important the research and
development of new technologies that could allow a various and strong energy mix in addition
to a faster goals achievement. In this context it is placed the hydrogen implementation as a
clean fuel to store energy in an ecological and efficient way.
Hydrogen is an energy vector that presents an energy density around three times the oil’s one
(120 MJ/kg against 42 MJ/kg) and has water as only reaction product [4]. There are many
possible implementations in order to exploit its energetic potential, from the basic engine
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feeding to the newest promising devices. In this sense, fuel cells are a progressing technology
for use as a source of heat and electricity for buildings and as an electrical power source for
electric vehicles. Although these applications would ideally run off pure hydrogen, in the near
term they are likely to be fuelled with natural gas, methanol, or even gasoline. Reforming these
fuels to create hydrogen will allow the use of much of the current energy infrastructure (gas
stations, natural gas pipelines, etc.) while fuel cells are phased in. This clearly would result in
a critical cost reduction in terms of fuel production, storage and transport, which are three of
the greatest barriers in hydrogen operations.

3.1. Goal of the project
The actual trend, especially for small applications, shows how the methanol is considered as
one of the most hopeful alternatives as feeding fuel. In addition to low CO2 emissions, Direct
Methanol Fuel Cells (DMFCs) offer operating advantages as low temperature procedures and
easy fuel treatment and storage, being it liquid in natural state. The research is focused on the
study of these particular devices, analysing their behaviour under various operating conditions
that affect energy delivering, losses occurred and different electrical parameters. Once the
results are obtained, it is performed a comparison between them, giving an accurate
assessment on the best option in terms of power and efficiency. This last step is conducted
with an aim to provide input to the strategic decision-making process for future energy policy,
and to identify key areas of interest for further technology research and development.
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4. Fuel cells
A fuel cell is an electrochemical device that converts the chemical energy of a fuel directly into
electrical energy. The one-step (from chemical to electrical energy) nature of this process, in
comparison to the multi-step (e.g. from chemical to thermal to mechanical to electrical energy)
processes involved in combustion-based heat engines, offers several unique advantages. For
instance, the current combustion-based energy generation technologies are very harmful to
the environment and are predominantly contributing to many global concerns, such as climate
change, ozone layer depletion, acidic rains, and thus, the consistent reduction in the vegetation
cover. Furthermore, these technologies depend on the finite and dwindling world supplies of
fossil fuels.
Fuel cells, on the other hand, provide an efficient and clean mechanism for energy conversion.
Additionally, fuel cells are compatible with renewable sources and modern energy carriers (i.e.
hydrogen) for sustainable development and energy security. As a result, they are regarded as
the energy conversion devices of the future. The static nature of fuel cells also means quiet
operation without noise or vibration, while their inherent modularity allows for simple
construction and a diverse range of applications in portable, stationary, and transportation
power generation. In short, fuel cells provide a cleaner, more efficient, and possibly the most
flexible chemical-to-electrical energy conversion.
Polymer electrolyte membrane, also proton exchange membrane fuel cells (PEMFC) in
particular are one of the most promising types already in the early commercialization stage.
Nonetheless, further development and research are required in order to reduce their costs,
enhance their durability, and further optimize and improve their performance.
A proper understanding of the principles of fuel cell operation combined with a current outlook
of the fuel cell industry are vital for overcoming current obstacles and the general advancement
of fuel cell technology. Nevertheless, fuel cells are an interdisciplinary science in which
electrochemistry, thermodynamics, engineering economics, material science and electrical
engineering all combine; making this a difficult task.

4.1. Fuel cell basics
A fuel cell is composed of three active components: two separate electrodes (anode for fuel
oxidation and cathode for oxygen reduction) and an electrolyte sandwiched between them.
The electrodes consist of a porous material that is covered with a layer of catalyst (often
platinum in PEMFCs). Figure 2 illustrates the basic operational processes within a typical
PEMFC [5]. Molecular hydrogen (H2) is delivered from a gas-flow stream to the anode where
it reacts electrochemically. The hydrogen is oxidized to produce hydrogen ions and electrons,

14

as shown in Figure 2, per the following reaction (Equation 1):
Equation 1 - Hydrogen oxidation

H2 → 2H+ + 2eThe hydrogen ions migrate through the acidic electrolyte while the electrons are forced through
an external circuit all the way to the cathode. At the cathode, the electrons and the hydrogen
ions react with the oxygen supplied from an external gas-flow stream to form water, as shown
in Figure 2, per the Equation 2:
Equation 2 - Oxygen reduction

1/2O2 + 2H+ + 2e- → H2O
The overall reaction in the fuel cell produces water, heat, and electrical work as follows in
Equation 3:
Equation 3 - Overall reaction

H2 + 1/2O2 → H2O + Wel + Qheat
The heat and water by-products must be continuously removed in order to maintain continuous
isothermal operation for ideal electric power generation. Hence, water and thermal
management are key areas in the efficient design and operation of fuel cells.

Figure 2 - Fuel cell basic operation [6]

Influence of operating conditions in Direct Methanol Fuel Cell (DMFC)

4.1.1.

15

Thermodynamic and electrochemical general principles

4.1.1.1. Polarization Curve
The electrical work obtainable from a fuel cell is calculated as the difference between the Gibbs
energy of products and reagents within the overall reaction.
At standard condition (T=25°C and p=1.013 bar), according to the first law of thermodynamics
and taking into consideration the definition of the electrical work, it is possible to write Equation
4 [7].
Equation 4 - Fuel cell electrical work [7]

∆𝐺0 = −𝑧 ∙ 𝐹 ∙ 𝐸0 = 𝑊𝑒𝑙
Reordering the previous equation, it is possible to explicit the calculation of the standard
reversible potential, which is the maximum ideal voltage achievable at the two electrodes
strands at standard conditions and with null electrical current flow (Equation 5).
Equation 5 - Standard reversible potential

𝑉𝑟𝑒𝑣,0 = 𝐸0 =

∆𝐺0
𝑧∙𝐹

In the case of no-standard conditions, the reversible potential Vrev can be expressed with the
Nernst equation depending on the temperature and the partial pressures of products and
reagents (Equation 6, Figure 3) [8].
Equation 6 - Reversible potential in no-standard condition
𝑟

𝑉𝑟𝑒𝑣

𝑅𝑇 ∏(𝑝𝑝𝑎𝑟𝑡_𝑟𝑒𝑎𝑐 )
= 𝑉𝑟𝑒𝑣,0 +
ln
𝑧𝐹 ∏(𝑝𝑝𝑎𝑟𝑡_𝑝𝑟𝑜𝑑 )𝑝

Figure 3 - Reversible potential depending on temperature [8]
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In addition to the varying conditions, it is evident how in real operation there are many other
factors affecting the result. The real voltage obtained is in fact much lower than the theoretical
one, mainly due to losses phenomena proportional with the current density required. The
overall potential trend is finally reflected in the fuel cell polarization curve reported in Figure 4,
which shows the behaviour of the device under its operating conditions.

Figure 4 - Fuel cell polarization curve [9]

As it is possible to observe in Figure 4, there are three main operating regions with different
losses behaviour in the system:
I. Activation losses zone: this sector is characterized by a fast drop of the fuel cell voltage
accountable to the double electric layer on the electrodes surfaces. The electrons loss from
the anode produces a positive charged layer on itself, attracting negative ions from the
electrolyte. On the other hand, the cathode receives electrons, producing a negative layer on
itself that attracts positive ions from the electrolyte. This activity leads makes necessary to use
a fraction of available voltage to overcome the resistance and trigger the reactions, leading to
a loss quantified with the Tafel’s equation (Equation 7, [10]).
Equation 7 - Activation losses

∆𝐸𝑎𝑐𝑡 =

𝑅𝑇
𝑖
ln( )
𝑧𝐹𝛽 𝑖0

where:
β = 0:1; it is the charge transfer coefficient and it depends on the electrode material
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and the specific reactions;
i0 is the exchange current density, which is the current where the voltage drop begins
to be different from zero.
Rising the operating temperature and pressure is a possible strategy to reduce this kind of
effect, in addition to the opportunity to use a higher reagent concentration and to implement a
better catalyst.
II. Ohmic losses zone: this region is identified by losses due to the presence of significant
electric resistances across the electric current path. Typical examples are electrodes,
connections and electrolytic membrane resistance to ions transfer. In this segment the voltage
trend in function of the current density can be approximated as linear, with its slope depending
on the above mentioned resistances as described in Equation 8.
Equation 8 - Ohmic losses

∆𝐸𝑜ℎ𝑚 = 𝑟 ∙ 𝑖
III. Concentration losses zone: high current densities generate very fast redox reactions,
consuming a large quantity of reagents. This results in concentration gradients caused by an
insufficient mass transport of the reagent species to the electrodes. Equation 9 translates this
behaviour in numerical terms:
Equation 9 - Concentration losses

∆𝐸𝑐𝑜𝑛𝑐 =

𝑅𝑇
𝑖
ln (1 −
)
𝑧𝐹
𝑖𝑙𝑖𝑚

Where ilim is the maximum current density available in certain reagent concentration conditions.
Finally, the real maximum voltage achievable from the cell is obtained by subtracting these
losses from the ideal potential, as described in Equation 10.
Equation 10 - Real maximum cell voltage

𝑉𝑐 = 𝑉𝑟𝑒𝑣,0 − ∆𝐸𝑎𝑐𝑡 − ∆𝐸𝑜ℎ𝑚 − ∆𝐸𝑐𝑜𝑛𝑐
4.1.1.2. Cell efficiencies
The evaluation of the cell energy yield is performed by comparing the electrical work produced
with the total available thermal energy of the fuel. In terms of power, Equation 11 represents
this concept:
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Equation 11 - Fuel cell efficiency in power terms

𝜂𝑓𝑐 =

𝑃𝑒𝑙
𝑉𝑐 ∙ 𝑖
=
𝑚̇𝑓𝑢𝑒𝑙 ∙ 𝐿𝐻𝑉 𝑛̇ 𝑓𝑢𝑒𝑙 ∙ 𝐿𝐻𝑉𝑚𝑜𝑙

From this formulation, it is possible to express the current value in term of the proportional fuel
actually reacted (Equation 12), arriving to Equation 13.
Equation 12 - Current intensity depending on reacted fuel

𝑖 = 𝐹 ∙ 𝑧 ∙ 𝑛̇ 𝑓𝑢𝑒𝑙,𝑟𝑒𝑎𝑐
Equation 13 - Fuel cell efficiency

𝐹 ∙ 𝑧 𝑛̇ 𝑓𝑢𝑒𝑙,𝑟𝑒𝑎𝑐 𝑉𝑟𝑒𝑣
∙
∙
𝐿𝐻𝑉𝑚𝑜𝑙
𝑛̇ 𝑓𝑢𝑒𝑙
𝑉𝑟𝑒𝑣

𝜂𝑓𝑐 = 𝑉𝑐 ∙

Simplifying the expression and introducing the parameters reported in Equation 14 and
Equation 15 , it is finally achievable the Equation 16.
Equation 14 - Thermodynamic voltage

𝑉𝑡ℎ =

𝐿𝐻𝑉𝑚𝑜𝑙 ∆𝐻𝑚𝑜𝑙
=
𝐹∙𝑧
𝐹∙𝑧

Equation 15 - Fuel utilization factor

𝑈𝑓 =

𝑛̇ 𝑓𝑢𝑒𝑙,𝑟𝑒𝑎𝑐
𝑛̇ 𝑓𝑢𝑒𝑙

Equation 16 - Simplified cell efficiency

𝜂𝑓𝑐 = 𝑈𝑓 ∙

𝑉𝑐 𝑉𝑟𝑒𝑣
∙
= 𝑈𝑓 ∙ 𝜂𝑐 ∙ 𝜂𝑡ℎ
𝑉𝑟𝑒𝑣 𝑉𝑡ℎ

It is consequently assessable that the real fuel cell efficiency is determined by many aspects.
In addition to the fuel utilization factor, there are two different yield that have to be taken into
account: the single cell efficiency and the thermodynamic efficiency. The first one represents
the polarization losses, while the second one indicates the fraction of available energy that has
to be spent to form the products and cannot be achieved from the reactants.
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4.2. Types of fuel cells
There are many types of fuel cells available in the market today. Fuel cells are conventionally
categorized according to their electrolyte material. They differ in their power outputs, operating
temperatures, electrical efficiencies, and typical applications.
PEMFCs have the largest range of applications as they are extremely flexible. PEMFCs are
the most promising candidates for transport applications due to their high power density, fast
start-up time, high efficiency, low operating temperature, and easy and safe handling.
However, PEMFCs are still too expensive to be competitive or economically feasible. Alkaline
Fuel Cells (AFCs) have the best performance when operating on pure hydrogen and oxygen,
yet their intolerance to impurities (especially carbon oxides) and short lifetimes hinder their role
for terrestrial applications (they are predominantly used for space exploration). Phosphoric
Acid Fuel Cells (PAFCs) are possibly the most commercially-developed fuel cells operating at
intermediate temperatures. PAFCs are used for combined-heat-and-power (CHP) applications
with high energy efficiencies. Molten Carbonate Fuel Cells (MCFCs) and Solid Oxide Fuel
Cells (SOFCs) are high-temperature fuel cells appropriate for cogeneration and combined
cycle systems. MCFCs have the highest energy efficiency attainable from methane to
electricity conversion in the size range of 250kW to 20MW, while SOFCs are best suited for
base-load utility applications operating on coal-based gases. Finally, the Direct Methanol Fuel
Cells use the same electrolyte of PMFCs but exploit methanol properties to produce energy,
avoiding the direct utilization of pure hydrogen. Table 1 summarizes the main reactions within
the most common fuel cell types available in the market or still in the development stage.
Table 1 - Main reactions for most common fuel cells [11]

The next paragraph will be focused on the DMFCs that are the centre of this research.
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4.3. Direct Methanol Fuel Cells (DMFCs)
Direct Methanol Fuel Cells (DMFCs) directly convert the chemical energy of a fuel (Figure 5),
a mixture of methanol and water, in electrical energy without introducing an intermediate
thermodynamic cycle as for example in gas turbine or internal combustion engine (ICE).
The main advantage of this conversion process is related to its high efficiency as it is not
dependent on the two characteristic extremes temperatures involved in classic thermodynamic
cycles (i.e. Carnot). In DMFCs, reactions occur at the two electrodes of the cell upon the
catalyst active area.

Figure 5 - DMFC scheme [12]

At the anode methanol oxidation occurs, whereas at the cathode oxygen reduction takes place
[13]. The electrolyte allows only one active species to pass, leading the ions to move from
anode to cathode or vice-versa, while the electrons flows through an external electric circuit.

4.3.1.

DMFCs relevance and Methanol advantages

As described above, Hydrogen is one of the key elements in the future energy framework,
allowing to store energy surplus produced by other renewable technologies [8]. However, the
use of pure molecular Hydrogen presents some critical issues from the technical and economic
perspective.
In this sense, its handling security has often been a central theme within the comparison with
conventional fossil fuels and other renewables. Actually, looking at the physical and chemical
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properties of the element in Table 2 [4], it is possible to observe that despite of its high
flammability, it would produce much less energy than other combustibles in case of explosion.
This is mainly accountable to its very low density that maintains its explosion potential eight
times below propanol and around three times below natural gas [14].
Table 2 - Hydrogen properties [4]

Density in standard condition [kg/m3]

0.0899

Flammability limits [% volume]

4.0 – 74.5

Minimum ignition energy in air [mJ]

0.017

Self-ignition temperature in 1 bar air [°C]

570

Flames temperature, air combustion [°C]

2045

LHV [MJ/kg]

120

Flames velocity, air combustion [m/s]

2.65

Flames velocity, oxygen combustion [m/s]

14.36

Anyway, the cost of the hydrogen and its challenging way to be produced, distributed and
stored, are barriers that lead to carry out researches to find possible better alternatives
improving the socio-economic appeal on the fuel cell technology.
Within this context, methanol is one of the selected option for the hydrogen replacement in
certain circumstances. The first physical advantage is the liquid natural state of this compound
that facilitates its transport, avoiding delicate compressed gas infrastructure development. In
Table 3 [15], the main chemical features are shown. It has a lower ignition temperature
comparing with gasoline and, with some basic precautions, it can be used without critical
dangers. It is a low volatility, remaining liquid for a large range of temperatures and it is almost
environmentally neutral in its degradation [15].
Table 3 - Methanol properties [15]

Name

Methanol

Chemical Formula

CH3OH

Molecular Weight [g/mol]

32.04

Chemical Composition
Carbon

37.5%

Hydrogen

12.5%

Oxygen

50%

Fusion Point [°C]

-97.6

Boiling Point [°C]

64.6

LHV [MJ/kg]

20

Energy density [MJ/L]
3

Density [kg/m ]

15
800
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Although hydrogen has a higher calorific value (120 MJ/kg) than methanol (20MJ/kg), its
density (0.09 kg/m3) is five orders of magnitude lower than methanol (800 kg/m3), requiring a
storage procedure that wastes a huge amount of energy. In addition to that, one litre of
methanol at standard conditions contains more H2 (98g) than one litre of pure hydrogen at
standard temperature and 350 bar storage pressure (35g). In Figure 6, the main storage
technology are reported and analysed in term of efficiency [16].

Figure 6 - Storage technologies for methanol and hydrogen [16]

In addition to these storage savings, production benefits are evident concerning environmental
and social impacts. Methanol can be actually produced from syngas (carbon monoxide and
hydrogen compound), allowing to primarily exploit renewable feedstocks as biomass or solid
wastes.
In the last years this idea has been widely developed in order to find a possible carbon neutral
energy cycle. The catalytic hydrogenation of carbon dioxide (CO2) allows, in this sense, to
produce a zero-emission methanol through the following reactions:
CO2 + H2O + energy → CO + 2H2 +3/2O2 → CH3OH + 3/2O2

(4)

This is the base of the methanol economy theorized by the Nobel Prize winner, George A.
Olah, taking advantage of its feature to be introduced within the actual energy framework,
avoiding new infrastructures and systems needed for the pure hydrogen.

4.3.2.

Fuel cell design levels: the unit cell, the stack and the system

The unit cell is the heart of a fuel cell system where the basic electrochemical reactions take
place. The building blocks of a single unit cell are called the membrane electrode assemblies
(MEAs). An MEA consists of the polymer membrane in-between two electrodes and two gas
diffusion layers (GDLs), also known as the porous transport layers (PTLs) and the gas diffusion
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media (GDM). By the side of the electrolyte, there are two layers (Catalyst Layers, CL)
composed by several metallic catalyst particles arranged on a supporting carbonaceous
matrix. These molecules, usually made up of Platinum and Ruthenium, facilitate the chemical
redox reactions for fuel and oxidant respectively. This microscopic catalyst electrode layer is
where the fuel cell’s electrochemical reactions take place. In this layer, the reactant gases
coming from the GDL interact electrically and ionically with the electrolyte membrane with the
help of the electro-catalyst electrodes.
In addition to the MEA section, there many other components to be assembled in the system.
Current collectors, in addition to obtain the energy, are used to adjust the regular gas reactants
flows and to drop off properly water and heat [17]. Moreover, to avoid fluid losses and
subsequent possible short circuits, the structure is sealed with isolating gaskets and subgaskets as shown in Figure 7.

Figure 7 - Single unit cell [17]

Finally, the following equations (Equation 17, Equation 18 and Equation 19) represent the
whole behaviour.
Equation 17 - Anode reaction - oxidation

CH3OH + H2O + 131.5 kJ/mol → CO2 + 6H+ + 6e-

Equation 18 - Cathode reaction - reduction

3/2O2 + 6H+ + 6e- → 3H2O + 857.4 kJ/mol

Equation 19 - Global reaction

CH3OH + 3/2O2 → 2H2O + CO2 + 726.4 kJ/mol
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In Figure 8, reactants and 6 ions flow are shown.

Figure 8 - Ions and reactants path in a DMFC [18]

The potential of a single unit cell is typically between 0.5 and 0.8V, which is too small for most
practical applications. Thus, several unit cells are connected in series to form what is known
as a fuel cell stack, as shown in Figure 9 [19]. A fuel cell stack is significantly more complex
than a single unit cell due to the requirements for current collection, thermal management,
water management, humidification of gases, cell and gas separation, structural support and
oxidant and fuel distribution.

Figure 9 - Fuel cell stack [5]

4.3.3.

Thermodynamic and electrochemical behaviour in DMFCs

As described before, the real efficiency of a fuel cell is much lower than the theoretical one due
to many electro-chemical and physical factors. In this sense, in addition to the other common
issues previously explained, DMFCs present evident drawbacks compared with standard
PEMFCs. In these devices, the fuel cross-over and the two-phase flow of reactants are
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predominant factors while analysing their yield, resulting in a critical reduction in terms of
outcome performance [20] [21]. Figure 10 shows [22] how the polarization curve is modified
and how the Open Circuit Voltage (OCV) decreases from 1.21V until almost 0.6V [23].

Figure 10 - DMFC polarization curve [22]

4.3.3.1. Fuel cross-over losses
The greatest losses during the operation of a DMFC system are accountable to the fuel crossover through the membrane. In this phenomenon methanol molecules that don’t take active
part within the oxidation reaction, reach the other side of the membrane passing unperturbed
across it. This behaviour develops into a critical issue when the particles manage to arrive to
the cathode and attain to be adsorbed on the catalyst becoming able to react with the oxygen
[24]. Equation 20 shows how there are three different components that lead the methanol mass
to move in the cathode direction:
Equation 20 - Methanol cross-over [24]

𝐽𝑚𝑒𝑦 = 𝐷𝑚𝑒𝑡

𝑖
(𝑐𝑚𝑒𝑡,𝑎 − 𝑐𝑚𝑒𝑡,𝑐 ) 𝑐𝑚𝑒𝑡,𝑎 𝑘∆𝑝
+
+ 𝑥𝑚𝑒𝑡,𝑎 𝛿
𝑡𝑚
𝑡𝑚 𝜇
𝐹

The first term is identified as the diffusive component, which is mainly due to the onset of a
concentration gradient between anode and cathode in proximity of the catalyst layers. This first
factor is definitely the most significant, especially in low current density conditions that mean a
drag component almost null.
The second element describes the osmotic force derived by the pressure difference between
the two charged layers. It is often very low and in most of the cases it is negligible [25].
The last part of the formulation is the drag effect that represents how some methanol moles
are transported by the H+ ions through the membrane. In order to calculate it, it is necessary
to estimate the number of ions passing and how much methanol is dragged with them. The
number of ions H+ crossing the electrolyte depends on the current density generated and the
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value of δ is related with the number of water moles transferred linked to each ion H+ and it is
usually set equal to 3 [25]. Finally, the quantity of methanol cross-over connected with them
is represented by the fuel molar fraction on the catalyst layer and expressed by xmet,a.
4.3.3.2. 2-phase flow in anode channels
The carbon dioxide generated during the methanol oxidation can further increase the
concentration losses. CO2 bubbles can actually obstruct some GDL pores, reducing the
available volume aimed to the methanol transport towards the anode catalysts [22]. The
maximum bubbles dimensions depend on the GDL rates and the GDL surface tension. Once
the maximal diameter is achieved, they detach from the GDL and start to be dragged by the
water-methanol solution [26]. When the bubbles density rises, the CO2 coalescence begins to
occlude the channels, leading to a critical decrease of the fuel residence time into the anode
that reduces the methanol mass transfer into the GDL [27].
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5. Process and Instrumentation Diagram (P & ID)
In this chapter it is shown the test bench configuration, describing the instruments involved and
their set-up operations. In addition, processes implemented in the software LabVIEW are
discussed and explained. Finally, a brief introduction to the control interface is carried out in
order to introduce the next analysis.

5.1. Test bench set-up
This step is a critical operation so that the entire hardware system runs accurately. The main
objective is to develop a framework that allows to monitor and control every instrument as a
single device or linked to the others, according to the parameters measured (flows,
temperatures, pressures, fuel concentration, fuel level, current etc.). In the following
paragraphs there are four representations of different aspects of the test bench presented in
Figure 11:
1. Fuel Cell
2. Hydraulic circuit used to feed the fuel cell;
3. Electric circuit to have the remote control of fuel cell, auxiliary systems and sensors
[12];
4. Electronic load connection.

Figure 11 - The test bench
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5.1.1.

Fuel Cell

The fuel cell used during every test described in Chapter 7 is a single Membrane Electrode
Assembly (MEA) realized in laboratory with an active surface of 49 cm2. The internal structure
is mainly composed by one Nafion 117 membrane and two Gas Diffusion Layers with different
active loads. The anode sheet is a carbon cloth charged with a 4mg/cm2 Pt-Ru, while the
cathode coat presents a 4mg/cm2 PtBlack catalyst skin (Figure 12). The overall arrangement
was commissioned to Fuel Cell Store LLC, which provides the N117 (PtRu/PtB) MEA 49cm2
as requested solution (Product Code: CL-2057).

Figure 12 - Anode (left) and Cathode (right) catalyst layers attached to the membrane

The bipolar plates used to separate the reactants and to ensure the current flow are made of
graphite that facilitates the electrons transit and the catalyst activity with its porous structure.
In Figure 13 are shown respectively the anode and the cathode plates with their different paths.

Figure 13 - Anode (left) and Cathode (right) plates
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On the other hand, the external structure is made of two steel blocking plates that contain two
gold current collectors and a sealing configuration with PFTE (Polytetrafluoroethylene) gaskets
and silicone. Finally the system is closed and pressed with M5 screws that give stability to the
cell applying a lockout torque equal to 5Nm. The final result is shown in Figure 14 and it is the
one used for the following measurements.

Figure 14 - Single Membrane Electrode Assembly (MEA)

5.1.2.

Hydraulic system

The hydraulic system (Figure 15) is mainly divided in two branches that allow the appropriate
cell operation for its anode and its cathode, from the fuel feedings to the reaction products
discharge.

Figure 15 - Hydraulic System
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In the following paragraphs material and information flows are explained, using the
identification numbers provided in Figure 15 as references.
5.1.2.1. Anode branch
The anode system central core is located in the mixing tank (n. 12), which contains the proper
chemical solution methanol-water. In order to maintain the pre-set fuel concentration and
volume, two dosing pumps (n. 9 and 11) pull out respectively water and methanol from two
other dedicated tanks (n. 8 and 10) and refill the mixing tank (n. 12) when needed. Starting
from here, another pump (n. 15) able to elaborate higher flow rates, leads the chemical blend
into a heat exchanger (n. 16) fed by a thermostatic bath (n. 17) in order to increase the fluid
temperature until the desired level. At the end, the fuel arrives to the cell anode (n. 20) and the
outgoing discharging products are unloaded back to the mixing tank, so that the circuit is
closed. Within this system, some sensors are used to monitor operating parameters in the
cycle as the chemical concentration (n. 14), temperatures (n. 18 and 21) and the inlet pressure
(n. 19).
5.1.2.2. Cathode branch
In the cathode system, air is aspirated from the external environment through a compressor
(n. 1) and a flowmeter (n. 2) equipped with a solenoid valve able to adjust the air rate at cathode
inlet (n. 6). Finally, a mechanical valve is placed at cathode outlet, enabling to control the
pressure difference put on the cell membrane monitored with pressure transducers (n. 5 and
n. 19).

5.1.3.

Data acquisition and electric circuit

The electric system allows to receive and send operating signals between the software
interface and the test bench components. A National Instrument chassis is the main
responsible for this task, using different exchange modules to differentiate the type of
information needed (Figure 16).
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Figure 16 - Data acquisition system and electric circuit

In this sense, the logical unit includes:
-

Module 9421: it receives a digital voltage input equal to 0 or 5 V corresponding,
respectively, to the level sensors on or off states.

-

Module 9211: it sends analogical signals in electrical current between 0 and 20 mA. It
translates the software input to the electrical load.

-

Module 9265: it continuously receives signals from every thermocouple.

-

Module 9207: it receives the whole set of analogical measures from pressure
transducers and voltmeter.

In addition to these devices, connections of hydraulic system components through serial ports
(pumps, thermostatic bath, etc.) have to be enclosed within the COM module of the logical
unit, assigning a unique name and progressing number to each one of them.

5.1.4.

Electronic Load

The electronic load (Figure 17) is the instrument used to simulate a load connected to the cell.
Its main component is a variable electrical resistance placed in parallel with the stack in order
to modify the induced current according to the needs.
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Figure 17 - Electronic Load LD300 ELECTRONIC DC LOAD and nominal data [28]

The electric connection to the cell is realized through four wires that have to put physically in
contact the variable load resistance with the stack and the electronic load with the CPU
hardware. This last link is crucial since it allows to control the device voltage output from the
LabVIEW interface.

5.2. Control and measure devices set-up
Once the test bench has been configured, each component has to be calibrated and
registered.

5.2.1.

Dosing Pumps

The dosing pumps (Figure 18) control framework is implemented using procedures provided
by their producers, which supply specific command strings to be transmitted to send different
flow rates requests.

Figure 18 - Dosing pump ISMATEC REGLO-CPF Digital and nominal data [29]
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In addition to the standard process, two supplemental controls are enabled:
1. Minimum flow rate: the instrument works at this minimum pre-set flow rate level, even
if it receives the input to elaborate a flow rate below it;
2. Zero flow rate: if the instrument receives the order to feed a null flow fate, it
instantaneously stops its procedure.
These additional parameters allow to completely control the dosing pumps from the CPU,
without any hardware operation.

5.2.2.

Recirculation Pump

The recirculation pump (Figure 19), unlike the dosing pumps, receives command strings
setting the required revolutions per minute. This kind of operation leads to introduce a direct
experimental relation between flow rates and rpms so that the pump would automatically
translate rpm inputs in flow rates outputs.

Figure 19 - Recirculation pump ISMATEC MCP-Z Standard and nominal data [30]

The implementation of this control is performed by calibrating the device through a manual
procedure applied to its own control panel. It is requested a flow rate level from the pump for
a set operational time (i.e. 300s) and it measured the real volume obtained after that frame,
entering its value in the device. With this iterating process, the pump combines the initial rpm
with the real data provided, creating a new relation scale until the requested flow corresponds
to the measured one. At the end, this practice should allow LabVIEW to receive a flow rate
input from the user and to communicate it as a rpm signal to the pump by using the resulting
mathematical function obtained as shown in Figure 20.
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Figure 20 - Recirculation pump calibration scale

5.2.3.

Refractometer

The refractometer (Figure 21) is the instrument selected to measure methanol concentrations
in the chemical solution entering in the stack.

Figure 21 - Refractometer KNAUER RI DETECTOR 2300 and nominal data [31]

The operating principle of this device is based on the refractive index variation between two
cell filled with two different fluids and crossed by the same light beam. According to the Snell’s
law (Eq. 1), during a light transfer from a medium 1 to a medium 2, the angle of incidence (α1)
and the angle of refraction (α2) are related each other depending on the chemical and physical
properties of the mediums (Figure 22). In this sense, the refractometer basically compares the
light flux motion between a reference cell filled with a known fluid and the measuring cell filled
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with the target solution.
Eq. 1 - Snell's Law

sin 𝛼1 𝑛1
=
=𝑛
sin 𝛼2 𝑛2

Figure 22 - Light beam path while passing through two different mediums [31]

In Figure 23 it is shown the light beam path within the instrument environment.

Figure 23 - Light beam path within instrument environment [31]

The light is emitted by a LED and diverted by a series of mirrors in order to cross the
measurement cell and then to arrive to two final detector diodes. These two devices record the
light angles and calculate the difference between measured refractive indexes and the
reference one set to zero.
The calibration process related to this device is extremely important to associate the Refractive
Index Unit (RIU) value with the right chemical concentrations and the following paragraphs
represent the steps performed.
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5.2.3.1. Chemical solution preparation
The molarity physical magnitude defined as number of solute moles included in a determined
quantity of solution. In the present case, the density of the water-methanol blend depends on
the temperature and the methanol concentration, so it is necessary to prepare the solution
through a mass balance instead of a volumetric one. At standard conditions (20°C, 1 bar) and
for a molarity equal to 1, the density is tabulated equal to 0.994 g/ml. Using this value, it is
realized a spreadsheet (Figure 24) that allows to calculate water and methanol masses to be
used in order to obtain a set solution volume.

Figure 24 - Solutions definition depending on the volume

For the device calibration, four different molarity are prepared (0.3, 0.6, 0.9, 1.2) with two
volumes each one (30ml and 100ml), resulting in eight separated RIU experimental
evaluations. All of them are obtained using a weight scale with a sensitivity equal to 0.1g, a
graduated glass pipette and a glass beaker (Figure 25) in order to have results as accurate as
possible. Within the mixing procedure, it is important to observe some safety measures to
avoid the contact with methanol and its possible inhalation: the use of disposable gloves and
the implementation of a chemical fume hood are mandatory in this step.

Figure 25 - Solutions preparation equipment
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5.2.3.2. Reference cell setting
This process is performed to set double-distilled water as reference fluid so that its RIU value
will be the “zero” compared to other compounds. Since the device has only one input and one
output channel, in normal operations the liquid is pushed to flow into the measurement cell and
to be driven out at the end of the path. In order to manually inject double-distilled water inside
the reference cell, it is necessary to change the instrument mode using the FLUSH function.
While “flushing”, the device allows the user to send fluid to the reference cell through a dropper,
setting it to 0 mRIU and employing it as the base of each comparison test.
5.2.3.3. Density calculation
In literature [32] it is possible to find many tables regarding density values of methanol-water
solutions associated with different concentrations. However, as these parameters are mostly
related to 20°C measurements, it is necessary to set up a specific test bench aimed to simulate
the fuel cell operation and calculate the fuel density at temperatures between 60°C and 70°C.
The tests require an isobaric heating applied to a solution with known initial volume and
concentration, in order to measure its final volume and its variation. In this sense, it is involved
a full 500ml graduated bulb that will be observed in its volume trend at the end of the analysis.
A thermostatic bath is used to heat the beaker, controlling the water temperature through a
thermocouple connected to a multimeter.
The output voltage signal from the thermocouple is converted by the connector and directly
displayed in Celsius degrees on the multimeter screen. Finally, for each solution previously
prepared, the bulb is heated and the volume variation is registered in a table similar to Table
4.
Table 4 - Reference experimental table

20°C Results
Molarity [M]

0

0.3

0.6

0.9

1.2

Volume [ml]

500

500

500

500

500

Weight [g]

498.5

496.1

495.3

494.6

493.7

Density [g/ml]

0.997

0.992

0.990

0.989

0.987

Finally, Table 5 shows the achieved results.
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Table 5 - Density values depending on temperature and molarity

Molarity [M]

Density [g/ml]
20°C

60°C

70°C

0

0.9970

0.9832

0.9775

0.3

0.9922

0.9775

0.9756

0.6

0.9906

0.9750

0.9731

0.9

0.9892

0.9746

0.9727

1.2

0.9874

0.9738

0.9719

At the end, these results are turned in the graph represented in Figure 26 and translated in the
following linearly approximated functions:
20°C: 𝜌 = −0.0053 · 𝐶𝑀 + 0.9938
60°C: 𝜌 = −0.0039 · 𝐶𝑀 + 0.9782
70°C: 𝜌 = −0.0047 · 𝐶𝑀 + 0.9770

Figure 26 - Density vs Molarity depending on temperature
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The last step in order to validate the analysis, is a crossed comparison between results
obtained using water as test fluid and density values tabulated in literature [33]. As shown in
Table 6, outcomes are very close each other and difference is attributable to measurement
errors.
Table 6 - Preliminary density tests

Water [0 M]

Density [g/ml]
20°C

60°C

70°C

Experimental

0.9970

0.9832

0.9775

Tabulated [33]

0.9982

0.9830

0.9777

At this point, it is possible to proceed with the device calibration within the overall system.
5.2.3.4. Refractometer scale calibration
In this section it is pursued the experimental relation that links the output value expressed in
mRIU by the equipment with its related molarity value. The objective is basically to start from
solutions with known temperatures and molarities and to measure the refractometer figures
associated to them. In this way Table 7 is realized to resume the results.
Table 7 - Refractometer measurements for different concentrations

Molarity [M]

mRIU
20°C

60°C

70°C

0

0

0

0

0.3

0.263

0.25

0.233

0.6

0.467

0.46

0.447

0.9

0.70

0.682

0.676

1.2

0.938

0.93

0.925

From these values it is possible to report the linear approximation of the relation with a
graphical outcome as shown in Figure 27.
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Figure 27 - mRIU output depending on molarity

Once this combination has been achieved, it is important to associate it with the signal sent
from the device to the logic unit, which is a voltage indication in the range of 0V and 1V
proportional with the refractive index. In this regard, in order to have the instantaneous value
of the molarity on the LabVIEW interface, it is necessary to interpolate another experimental
relation between concentrations and voltages measured at the device’s ends. Table 8 shows
the obtained products.
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Table 8 - Voltage values output

Molarity [M]

mRIU
20°C

60°C

70°C

0

0

0

0

0.3

0.053

0.044

0.039

0.6

0.099

0.089

0.08

0.9

0.14

0.131

0.125

1.2

0.182

0.171

0.16

2

0.313

0.29

0.281

3

0.448

0.434

0.429

These outcomes are represented in Figure 28, which gives the linear trend relation too.

Figure 28 - Voltage output depending on molarity
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Introducing this scale into the LabVIEW interface, it is possible to keep track of every molarity
variation during the tests, allowing to analyse the behaviour of the cell in different concentration
conditions.

5.2.4.

Thermocouples

Temperature is one of the most affecting parameter among the cell operating conditions. In
order to monitor this factor within the system, three REOTEMP Instruments K-type
thermocouples (Figure 29) are installed in proximity of the crucial points of the framework: the
anode input, the anode output and the cathode input.

Figure 29 – K-type thermocouple installed [34]

The voltage analogic signal is then acquired by the software through the Nidaq module and
reported by the LabVIEW interface.
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Pressure transducers

In order to monitor the pressure differences across the anode and cathode channels, two
pressure sensors are installed and calibrated (Figure 30 and Figure 31).

Figure 30 - BARKSDALE UPA2DMP343 pressure transducer and nominal data [35]

Figure 31 - OMEGA PX482A-060GI pressure transducer and nominal data [36]

The output signal in Ampere is acquired analogically and linearly scaled to represent the
pressure magnitude in bar. This last step is performed using the producer’s indications
reported in Figure 32 and Figure 33, entered during the LabVIEW implementation.
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Figure 32 - BARKSDALE scale

Figure 33 - OMEGA scale
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Level sensing devices

Level-sensors (Figure 34) are devices aimed to check the fluid level into the mixing tank. In
this project there are three capacitive instruments that provide digital signals equal to 24V when
active or 0V when disabled.

Figure 34 - TURCK BC10-QF5.5-AP6X2 level-sensors and nominal data [37]

The first sensor is named Methanol Presence (MP) and it is placed on the branch that arrives
from the methanol refilling pump to the mixing tank. It is just a measurement of the real
methanol fed by the pump when activated and it checks that the amount is equal to the required
volume. The second device (Tank Level High – TLH) is a security measure that is set to the
maximum volume allowed in the tank. When it switches on, the software sends the order to
switch off the refilling pumps but maintaining active the recirculation circuit. In this way the
chemical reactions keep on and the solution level can slowly decrease until the medium
setpoint. On the other hand, the third tool (Tank Level Low – TLL) is settled on the lowest level
admitted in the mixing tank. If it turns on, the water refilling pump starts its operations and takes
back the mixing volume to the average. Later on, thank to the refractometer work, the methanol
pump will rise the molarity, bringing the activity to its standard again.

5.2.7.

Thermostatic bath

The thermostatic bath (Figure 35) is connected with a counter-current heat exchanger. In one
direction it is present the recirculation pump flux, while on the other one the flow is pumped up
until the inlet of the fuel cell.
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Figure 35 - LAUDA ECO SILVER thermostatic bath and nominal data [38]

The objective of this instrument is to heat the chemical solution and to keep constant its
temperature during the fuel cell operation. As previously described, to check its proper process
three thermocouples measure the condition along the system, so that the user can detect a
possible failure.

5.2.8.

Flowmeter

This tool (Figure 36) provides the amount of air needed in the cathode circuit and ensure a
constant pressure inside the cathode pipes.

Figure 36 - BRONKHORST EL-FLOW F201AV-50K-AGD flowmeter and nominal data [39]

It can be controlled from the LabVIEW interface thank to the virtual network provided by the
producer and implemented during the device installation.
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6. Software interface
This section is focused on the software side of the activity, analysing the main features of
LabVIEW (Laboratory Virtual Instrument Engineering Work) environment and their exploitation
within this project.
The primary application of this program is to develop an electronic management and data
acquisition from the installed tools, receiving their signals and evaluating their meaning. The
environment that allows this kind of programming is the “G language”, which consists in a
graphical block diagram representation of the target system.
The essential component of this framework is the Virtual Instrument (VI) and the whole domain
is composed of many of them linked to each other. A Virtual Instrument allows the interaction
between a computer and a device, providing, at the same time, a clear communication panel
to the control user. In this way, employees can communicate with every tool (Instrument)
through a structure directly sited in the software (Virtual) that represents the real composition
of the hardware scheme. This definition explains the name given to this fundamental element
in the LabVIEW context [40].

6.1. LabVIEW model
During the creation of this project, four different LabVIEW communication windows have been
implemented, each one aimed to interact with a specific function of the system.

6.1.1.

Instrumentation settings

It is the main control interface linked to every measurement and feeding instrument. In Figure
37, it is shown the graphical aspect of this feature, representing the most important commands.
To set the correct device associated to each VI, it is crucial to introduce the proper serial port
number (COM) that gives the hardware connection between computer and device. In this way
it is possible to send any signal requested by the user and translate it as an input for the
equipment.
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Figure 37 - Instrumentation settings framework

Figure 38 represents one of the control panels in detail. There are two different regulation paths
for each instrument, allowing to select a manual or automatic management.

Figure 38 - Control panel detail

-

Manual regulation: the user select manually the required activity, basically varying
operating conditions and current density.
Automatic regulation: the software receives inputs from a pre-set file that allows to fix
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various operating times and the working parameters associated to them. In this way,
the test goes on without any intervention from the outside.

6.1.2.

System monitoring

This is the virtual graphical representation of the real test bench, including every sensors and
data acquisition instruments. In Figure 39, it is shown its main window and its three possible
operating commands: “Start Procedure”, “Writing Data” and “Stop Procedure”.

Figure 39 - System monitoring framework

-

-

-

Start Procedure: this key allows to set every instrument in automatic operations and to
initiate the procedure with the values associated to the first timeframe reported in the
input file. At the same time, it is created a datasheet that will be the output file reporting
the values during the test.
Writing Data: in manual operations, the user can choose when to generate the output
file and when stop to fill it. It is a useful control when it is needed an alternating data
acquisition, with on/off intervals.
Stop Procedure: the automatic activity stops itself with the end of the last timeframe.
Anyway, it has been chosen to include a security key to immediately stop the test in
case of failures or possible inconveniences. Every instrument is shut down and the
data record is forced to stop.

In Figure 40, is it shown the window representing the system in operation. Instruments turned
on and channels used by them are colored to check their process and their proper
communication with the interface.
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Figure 40 - System monitoring framework with system in operation

6.1.3.

Input file

The input file communication window (Figure 41) allows to select the input folder path that
include the .csv datasheet. This is a read-only file that includes the values in the form of a table
that is loaded by the software as shown in Figure 42.

Figure 41 - Input file communication window
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Figure 42 - Input file table form

Whenever a time interval ends, the parameter are modified with the next row of the table,
reporting the change in the output file as well. In Figure 42, for example, the operating condition
are left unaltered but the electronic load is modified in order to build the polarization curve with
those fixed parameters.

6.1.4.

Output file

In this window (Figure 43) it is possible to characterize the generated output file to have a clear
and fast definition of the different tests.

Figure 43 - Output file framework

The final directory is a table (Figure 44) that shows the whole operation outcomes and supports
the realization of a result comparison with parametric curves and graphs.
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Figure 44 - Output table
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7. Test development
Once the testing system has been properly set up, it is possible to start carrying on the
analyses. The aim of these procedures is to check the variations in terms of available power
and efficiency when changing the cell operating conditions.
For each analysis it has been performed a basic preparation procedure to initialize the
environment:
-

-

-

Mixing tank filling: the mixing tank is filled with a solution with known concentration that
is introduced as set point for the software and it is the one required for the exam in
progress.
Input datasheet realization: as previously described, for every different operating
process, it is necessary to generate an appropriate input file communicating the correct
parameters to LabVIEW.
Timeframes selection: in order to realize each polarization curve, the cell is tested in
open circuit (OCV) condition for 90 seconds before increasing the current value by 1A
every time interval (90s). The end of the analysis is automatically set to the point where
the cell voltage reaches 0.1V. This limit is fixed to avoid the dissolution of ruthenium
atoms on the anode electrode catalyst layer: with an excessively high electric field
these molecules would be dragged through the membrane causing a crossover and a
deposition on the cathode electrode that would result in an inevitable MEA deterioration
[41].

In order to stabilize the results, each test is repeated three times, which means to have three
different measurements for each configuration. The final data assessed in this report is an
average of the outcomes, which minimizes possible experimental mistakes.

7.1. Temperature variation
One of the most affecting parameters during the system operations is the cell temperature.
The analysis of the influence of this factor is performed by fixing the other aspects and varying
the temperature conditions during a certain timeframe. The selected environment, basing on
[42], is set to:
-

Anode Flow Rate - AFR (water-methanol solution): 50ml/min
Chemical Concentration: 1M
Cathode Flow Rate – CFR (air): 1L/min
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In this configuration, three different levels of temperatures have been proved: 50°C, 60°C and
70°C. Figure 45, Figure 46 and Figure 47 show the power density and polarization curves
associated to the cell under this arrangement.
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Figure 45 - 50°C Test
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Figure 47 - 70°C Test

0,6

60

0,5

50

0,4

40

0,3

30

0,2

20

0,1

10

0

0
0,00

0,02

0,04

0,06

0,08

0,10

0,13

0,15

0,17

0,19

0,21

Current Density [A/cm^2]
50°C

60°C

70°C

Figure 48 - Effect of operating temperature on the DMFC performance
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It can be seen from Figure 48 that the DMFC performance increases significantly with an
increase in cell temperature, while the open circuit voltages first increase then decrease. These
results agree well with those obtained by Jung et al. [43]. The highest power densities are 20.6,
36.3 and 49.7 mW/cm2 at 50, 60 and 70 °C, respectively. On the other hand, the open circuit
voltages are 0.54, 0.56 and 0.55 V at 50, 60 and 70 °C, respectively. Although high cell
temperature facilitates the methanol electro-oxidation, the more methanol that crossovers to
the cathode will be oxidized over Pt to form mixed potential, and results in lower open circuit
voltage at 70 °C.
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The enhanced DMFC performance at increasing cell temperatures can be attributed to the
following two processes [44]. On the one hand, the catalytic activities of the catalysts for
methanol electro-oxidation and oxygen reduction increase with increasing cell temperature, so
the activation polarization effect decreases. On the other hand, the ion conductivity of Nafion
membrane or Nafion ionomer in the catalyst layers decreases with an increase in cell
temperature, so the ohm polarization loss decreases. At low temperature, the methanol
electro-oxidation rate is slow, and the CO2 in the anode as well as the water in the cathode
can not be removed in time, which will block the diffusion of methanol and oxygen to the
catalyst surface.
When the cell temperature increases, the reactant diffusion and the product removal increase,
so the electrochemical reaction is faster. In addition, high cell temperature enhances the ion
conductivity of the membrane and catalyst layer, therefore the cell resistance is reduced. All
these processes contribute to the enhanced DMFC performance at high cell temperature.

7.2. Methanol concentration variation
The methanol molarity expresses the number of methanol moles present in the solution,
representing a measure of the quantity of fuel available for a determined compound flow.
Isolating the variation of this factor, keeping the others unchanged, allows to analyse the
behaviour of the cell related to it. In this case the operating conditions are set to:
-

Anode Flow Rate – AFR (water-methanol solution): 50ml/min
Temperature: 70°C
Cathode Flow Rate – CFR (air): 1L/min

In this arrangement, three different levels of concentration have been proved: 0.5M, 1M and
1.5M. Figure 49, Figure 50 and Figure 51 show the power density and polarization curves
associated to the cell under this configuration.
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Figure 49 - 0.5M Test
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Figure 50 - 1M Test
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Figure 51 - 1.5M Test
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Figure 52 - Effect of methanol concentration on the DMFC performance

Power Density [mW/cm^2]

Figure 52 shows that a molarity variation leads to well designed deviation in the achieved
results. High methanol concentration enhances the reaction rate in the anode, but at the same
time increases the methanol crossover to the cathode. The methanol in the cathode will be
oxidized over Pt catalyst to produce mixed potential, thus decrease the DMFC performance
[45].
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The open circuit voltages for the methanol concentration of 0.5, 1.0 and 1.5M are 0.6, 0.55
and 0.53V, respectively. The open circuit voltages decrease with the increase of methanol
concentration, because the methanol crossover also increases with increasing methanol
concentration, which will result in higher crossover current and hence lower the open circuit
voltage. When the methanol concentration is 0.5 M, the performance is good at the lower
loading current densities because of the less methanol crossover. But at the high loading
current densities (>80 mA/cm2), the DMFC performance decreases rapidly, and the highest
power density is only 42.1 mW/cm2. The lower performance is due to the concentration
polarization effect. The DMFC performance decreases at the high loading current density
region because the concentration of methanol solution of 0.5 M is too low. When the methanol
concentration increases to 1.0 M, there is still concentration polarization effect when the
loading current density is larger than 190 mA/cm2, but the highest power density is 49.7
mW/cm2. When the methanol concentration increases to 1.5 M, performance does not
increase apparently. Although higher methanol concentrations facilitate the anode reaction,
the methanol crossover also deteriorates. In this study, the appropriate range of methanol
concentration is 1-1.1M.

7.3. Anode Flow Rate (AFR) variation
The influencing factors of methanol flow rate to the DMFC performance are mass transport of
methanol, methanol crossover, the removal of product CO2 as well as the heat exchange
between the methanol solution and the catalyst layer [46]. The other operating conditions are
fixed to:
-

Cathode Flow Rate - CFR (air): 1L/min
Temperature: 70°C
Chemical Concentration: 1M

With this design, three different AFRs have been proved: 30mL/min, 40mL/min and 50mL/min.
Figure 53, Figure 54 and Figure 55 show the power density and polarization curves associated
to the cell under this disposition.
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Figure 53 - 30mL/min Test
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Figure 55 - 50mL/min Test
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Figure 56 shows how The DMFC performance first increases but then decreases with
increasing anode flow rates. The highest power densities are 50.6, 52.5 and 49.7 mW/cm2
when the methanol flow rates are 30, 40 and 50 and mL/min, respectively.
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Figure 56 - Effect of Anode Flow Rate (AFR) on the DMFC performance

When the methanol flow rate is 30 mL/min and the loading current increases to 150 mA/cm2,
the DMFC performance begins to decrease due to the concentration polarization effect, and

62

the highest power density is 50.6 mW/cm2. The optimal DMFC performance is achieved at the
methanol flow rate of 40 mL/min, followed by a rapid decrease in the terms of power when the
methanol flow rate further increases to 50 mL/min. This is because although high methanol
flow rate can facilitate the mass transport of methanol and the removal of CO2, it also results
in more methanol crossover. In addition, the methanol solution at high flow rate would cool
down the temperature of catalyst surface, and hence decrease the activity of the Pt-Ru
catalyst. In this study, the appropriate range of methanol flow rate is 35-40 mL/min.

7.4. Cathode Flow Rate (CFR) variation
The influencing factors of air flow rate to the DMFC performance are mass transport of oxygen
and the water removal [45]. The work environment is now set to:
-

Anode Flow Rate - AFR (water-methanol solution): 40mL/min
Temperature: 70°C
Chemical Concentration: 1M

With this structure, three different CFRs have been proved: 0.5L/min, 0.75L/min and 1L/min.
Figure 57, Figure 58 and Figure 59 show the power density and polarization curves associated
to the cell under these conditions.
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Figure 58 - 0.75L/min Test
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Figure 59 - 1L/min Test

For low air flow rates, the DMFC performance collapses and the results are not even
comparable with other configurations. This may be ascribed to the low mass transport of
oxygen as well as the water flood effect. Since there is not enough air to blow away the water
in the cathode, the produced water obstructs the mass transfer of oxygen or covers some of
the reaction sites at the cathode.
Figure 60 shows that the highest power density is 46.7 mW/cm2 at the air flow rate of 0.5L/min.
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When the air flow rate increases to 0.75 L/ min, the DMFC performance starts to rise, reaching
its best working point at 53.6 mW/cm2. However, the DMFC performance shows a little
decrease when the air flow rate further increases to 1 L/min, attaining at 52.5 mW/cm2.
Although higher air flow rates can increase the mass transport of oxygen and enhance the
activity of oxygen reduction reaction, the more air will dry up the Nafion membrane and result
in decreased proton transport ability. In the present investigation, the appropriate range of air
flow rate is 0.7–0.8 L/min.
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Figure 60 - Effect of Cathode Flow Rate (CFR) on the DMFC performance

7.5. Stack analysis
One of the greatest limitations accountable to this project is the relative low useful power for
the single MEA that has been tested. In this sense, it has been bought a new Nafion 117
membrane with the same characteristics, in order to analyse the system behaviour when
increasing its available power. The main feature that it is necessary to check it is the multiplicity
of power associated to two MEAs, so that its value would be the double of a single unit.
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The system is assembled in the same way of a single MEA, adding a third bipolar plate at its
core that would be the connection between the two membranes. In Figure 61 it is represented
the final device used for this particular test.

Figure 61 - Stack configuration

The operating conditions are set at the best power density points of the previous studies, just
doubling the obtained values to feed the stack:
-

Cathode Flow Rate – CFR (air): 1.5L/min
Anode Flow Rate - AFR (water-methanol solution): 80mL/min
Temperature: 70°C
Chemical Concentration: 1M

With a setpoint fixed to an half of this characteristics overall, the result for one membrane is
shown in Figure 62.
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Figure 62 - Best parameters configuration for one MEA
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Figure 63 - Two membranes stack results
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However, even if the outcomes related to a configuration including two MEAs are greatly
increased (Figure 63), they don’t reach the double of a single membrane system. This kind of
return confirms that it is not possible to accurately compare results for a small testing
framework with a greater one since it doesn’t present any scale behaviour.
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Conclusions and recommendations
The effect of operating conditions on the performance of a DMFC with a 49cm2 active area
has been investigated and the following features have been highlighted:
1. The results are comparable with figures presented by other studies and they are coherent
with them. It is assessable that the small difference in terms of OCV is due to the precedent
use of the first membrane that could have reduced its potential during the activation
procedure.
2. As shown in Figure 64, the greatest DMFC performance increment is attributable to an
increase in cell temperature, which can be ascribed to the enhancement of the catalytic
activities as well as the ion conductivity in the MEA.
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Figure 64 - Temperature variation results

3. Concerning the molarity variation and the electrodes feeding flows, it is important to remark
that there is not an unidirectional trend and it is necessary to find an optimal working point.
In this sense, as shown in Figure 65, Figure 66 and Figure 67, the appropriate operating
conditions of the target DMFC are 1.0–1.1M methanol at the flow rate of 35-40 mL/min,
and air at the flow rate of 0.75-0.8 L/min.
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Figure 65 - Concentration variation results
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Figure 66 - AFR variation results
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Figure 67 - CFR variation results

4. The main limitation of the study is accountable to the size of the testing system that
presents a small device and a low power available. In order to mitigate this issue, it has
been tested the scalability of the analyses, although resulting in an inaccurate multiplicity
in terms of voltage and power density as represented in Figure 68 and Figure 69.
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Figure 68 - Voltage scalability in stack
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Figure 69 - Power density scalability in stack

5. Taking these all considerations, the next steps to improve this work and to strengthen the
results achieved is to carry-over the tests in a bigger system. In this way, it should be
possible to find the proper scale factor that could put in relation the outcomes in a
standardized approach.
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