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Abstract: Most of the R&D on fuel cells for portable applications concentrates on increasing
efficiencies and energy densities to compete with other energy storage devices, especially
batteries. To improve the efficiency of direct methanol fuel cell (DMFC) systems, several
modifications to system layouts and operating strategies are considered in this paper, rather
than modifications to the fuel cell itself. Two modified DMFC systems are presented,
one with an additional inline mixer and a further modification of it with a separate tank
to recover condensed water. The set point for methanol concentration control in the
solution is determined by fuel efficiency and varies with the current and other process
variables. Feedforward concentration control enables variable concentration for dynamic
loads. Simulation results were validated experimentally with fuel cell systems.
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1. Introduction

Fuel cell systems are already commercialized for certain applications: for larger applications, solid
oxide fuel cells, molten carbonate fuel cells and phosphoric acid fuel cells are used as small power
plants or residential combined heat and power generators. Polymer electrolyte fuel cells are utilized in
fuel cell-powered electric vehicles or for portable uses [1,2]. Among polymer electrolyte fuel cells, direct
methanol fuel cells are considered to be the most appropriate for portable electric generation, because of
their small size and the high energy density of methanol [3]. The basic reactions in the direct methanol
fuel cell (DMFC) are the anodic and cathodic reactions:

CH3OH + H2O −−→ CO2 ↑ + 6 H+ + 6 e− (Anode) (1)

6 H+ + 6 e− + 3
2

O2 −−→ 3 H2O (Cathode) (2)

Much research on membrane electrode assemblies [4], gas diffusion layers [5], other components [6]
or stacks [7] has been carried out on the optimization of the design parameters to improve efficiencies.
Fuzzy logic techniques can optimize fuel cell efficiencies with multiple objectives [8]. The basic
background of this study is based on the research of Arisetty et al. [9], which shows that in a DMFC, there
is an optimal methanol concentration, at which the efficiency of the fuel cell reaches a maximum. To
quantify the implications of this finding on the design of autonomously-operating systems, we developed
and compared three different DMFC system designs.

A reference system where each component serves only one function (Figure 1) has already been
investigated by Zenith and Krewer [10]. In that system, the recycled solution from the degasser and
the recycled water from the condenser are collected and are joined with neat methanol in a relatively
large mixer to mitigate concentration fluctuation. The well-blended solution from this mixer is then
supplied to the DMFC’s anode inlet. Since the dynamics of methanol concentration in the anodic loop
is stable, it is possible to control it without measurement or feedback; this concept has been validated in
experiments without feedback control of the concentration [11]: the reference system was shown to be
able to maintain a constant concentration during operation. However, the reference system cannot change
the concentration rapidly, because of the slow concentration transients in the large mixer; in particular,
it cannot promptly adapt the concentration to the stack current. In this study, we investigated two
different system designs able to control concentration more rapidly and thereby attain greater efficiency
in accordance with the findings of Arisetty et al. [9]. Mathematical models of these systems, including
peripheral devices, were implemented in a dynamic simulation and validated.

2. Systems

The reference system has one mixer to blend three flows of different compositions: the solution
from the degasser has methanol concentrations ranging from 0.1 M to 2 M according to the operating
conditions; the liquid from the condenser is neat water; and the liquid from the methanol tank is neat
methanol. To join these different concentrations into a well-blended solution, the reference system is
equipped with a mixer [10]. However, this system is not able to instantaneously adjust the concentration
of the solution entering the anode, because the large size of the mixer works as a buffer to mitigate
concentration changes. In the first modification to the reference system, neat methanol is added in
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an inline mixer to the flow coming from the mixer tank, as illustrated in Figure 2. In this two-mixer
system, recycled methanol solution and condensed water are first blended in the large tank mixer; the
diluted solution is subsequently concentrated by neat methanol in an inline mixer with negligible holdup
to increase the anode inlet concentration to its optimal value. This feedforward concentration control
enables responding promptly to sudden changes in the electric load.
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Figure 1. The process layout of the reference system [10].
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Figure 2. The process layout of the two-mixer system.

To obtain a further degree of freedom to control the concentration, a system with separated solution
tanks is also suggested (Figure 3), employing separate reservoirs for spent solution and condensed
water. In this layout variation, the methanol concentration can be not only increased, as in the previous
two-mixer layout, but also decreased by adding neat water. When the required concentration is smaller
than that of the recycled solution, both the reference and the two-mixer system need to wait until the
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excess methanol is consumed in the fuel cell. In contrast, the separate tank system can immediately
decrease the concentration with the additional water tank.
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Figure 3. The process layout of the separate tank system.

The two new suggested systems are modeled in the declarative and object-oriented programming
language Modelica 3.0, programmed with Dymola 7.4. The simulations have then been validated with
laboratory experiments. The detailed models are explained in the next section.

3. Methods

3.1. Modeling

The fundamental model equations of the fuel-cell system are identical to those given by Zenith and
Krewer [10]. The main features of the model will be recapitulated in this section.

3.1.1. Cell Model

Methanol is consumed in the cell with reactions in Equation (1) at the anode and Equation (2)
at the cathode, respectively. In addition, some methanol diffuses through the membrane and reacts
instantaneously and completely at the cathode by the overall reaction:

CH3OH + 3
2
O2 → CO2 + 2H2O (3)

The amount of crossover methanol is related to current I and methanol concentration can in the anode
channels, yielding a linear dependency on both variables [10,12]:

ṅx = N

(
aA can − b

6F
I

)
(4)

where N is the number of cells and a and b are cell parameters, which can be affected by
temperature [13].
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The relationship between voltage, U , and current is simplified in this simulation and is assumed to be
a Thévenin equivalent circuit:

U = U0 −RI (5)

where R is the overall stack resistance, including electrode losses. Stack parameters U0, open circuit
voltage and R are experimentally calibrated at 60 ◦C with 1 M methanol solution.

The balance equations (T1.1 and T1.2) for the stack are reused from the reference system as shown in
Table 1. Water drag by electro-osmosis is assumed (T1.3 and T1.4). In this model, the stack is considered
as the only component with heat capacity.

The heat capacity of the stack is estimated to be 3000 J/K for the stack used in experimental validation.

Table 1. Model equations and parameters of the reference model [10].

Components Stack

Component mass balance ṅj,out = ṅj,in + νj
N ·I
F + ξjṅx (T1.1)

Energy balance Cstack
p

dT stack

dt =
∑
j,s

hj(T
s
in)ṅs

j,in −
∑
j,s

hj(T
stack)ṅs

j,out − UI (T1.2)

Electro-osmotic water drag ṅd = N · kd I
F (T1.3)

Electro-osmotic drag
kd =

(
4.2 + T stack−303.15K

40K

)
(T1.4)

coefficient

Index j : CH3OH,H2O,O2,CO2,N2

νan
j = {−1/6,−1/6− kd, 0, 1/6, 0}

νcath
j = {0, 1/2 + kd,−1/4, 0, 0}

ξan
j = {−1, 0, 0, 0, 0}

ξcath
j = {0, 2,−3/2, 1, 0}

Components Separators

Component mass balance
ṅgas,j = ṅin,j , j ∈ {O2,CO2,N2} (T.15)

ṅgas,j = ṅin,j
βKj

1+β(Kj−1) , j ∈ {CH3OH,H2O} (T1.6)

ṅliq,j = ṅin,j − ṅgas,j ∀j (T1.7)

Energy balance ḣliq =
∑
j
hj × ṅliq,j (T1.8)

Components Mixer

Component mass balance
dnmix

j

dt =
∑

flows
ṅflows,j (T1.9)

Energy balance dEmix

dt =
∑

flows
ḣflows (T1.10)
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3.1.2. Peripheral Devices

Coolers are assumed to be internally cascade-controlled and able to set a given outlet temperature [10].
The degasser and the condenser only separate liquid from gas, which are at perfect equilibrium when
leaving the separator (T1.5–T1.7). Energy balance is the summation of each enthalpy of the components
(T1.8). The methanol loss by evaporation in the degasser of the reference system is negligible compared
to the electrochemical reaction and crossover and can be omitted [14]. The only component that can
accumulate materials is the mixer in the system (T1.9). Energy is also dependent on accumulated
components (T1.10)

3.2. Controller Synthesis

In the reference system, five decoupled SISO (single-input, single-output) controllers govern each
control variable, using each manipulated variable; this is summarized in Table 2. Of the five controllers
in the reference system, three (oxygen mole fraction yO2 , condenser temperature T cond and stack
temperature T stack) will be maintained unchanged in this study, whereas the concentration controller
and the controller for anode excess ratio, λan, will be modified for the two-mixer and the separate tank
systems. In addition, the new degree of freedom introduced by the separate tank system, which has the
levels of two tanks instead of a single solution tank, will require an extra controller.

Table 2. Summary of the controllers for the reference system [10].

Controlled variable Manipulated inputs Disturbance Measured outputs Controller type

can
in V̇ fuel I , T deg I Feedforward
λan V̇ an

in I I Feedforward
yO2

V̇ cath
in I I Feedforward

V mix T̄ cond T cond, V̇ cath V mix Feedback
T stack T̄ deg I , can

out T stack P feedback

3.2.1. Concentration Set-Point

The main feature of the two newly-presented layouts (two-mixer and separate tank) is the ability to
change the anodic inlet concentration rapidly; it is therefore necessary to present a criterion by which to
choose the concentration set-point. The criterion considered in this study is the maximization of the fuel
cells’ efficiency η.

There are three components of efficiency to consider:

• Faradaic efficiency ϕ,
• Electrochemical efficiency ε and,
• Thermodynamic efficiency ηth.

The product of these is the overall system efficiency:

η = ϕεηth (6)
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Faradaic efficiencyϕ is the ratio of how much methanol is used in the anodic reaction in Equation (1)
out of the total that enters the anodic loop, and at the steady state, it is expressed by:

ϕ = N
I

6F

1

ṅfuel (7)

Electrochemical efficiency ε is instead the efficiency of the conversion from chemical to electrical
energy for the combined reactions in Equations (1) and (2); it can be directly inferred from stack voltage:

ε =
U

N Erev (8)

where Erev = ∆gr/6F is the reversible cell potential. Finally:

ηth =
∆gr

∆hr
(9)

where ∆hr is the enthalpy of reactions in Equations (1) and (2).
This study will focus on faradaic efficiency ϕ, since it is the most amenable to study with a system

model. The electrochemical efficiency ε has been previously studied [9], establishing that there is an
optimal concentration at which voltage is maximum: higher concentrations promote more crossover
(increasing the cathodic overvoltage), and lower concentrations increase anodic overvoltage because of
reactant starvation.

Neglecting losses in the degasser, which are relatively small [10], the faradaic efficiency can be
approximated with the ratio of methanol consumed in the anodic reaction in Equation (1) to all of the
methanol reacted in the fuel cell, including crossover:

ϕ ≈ I/6F

I/6F + ṅx/N
(10)

Inserting yields the expression for crossover flow in Equation (4) and solving for anodic concentration:

c̄an
out =

I

6F

(
1

ϕ̄
+ b̃− 1

)
1

ãA
(11)

where ϕ̄ is the target faradaic efficiency and ã and b̃ are estimates of the crossover parameters.
It is not realistic to simply set the target ϕ̄ = 1, which would imply no crossover: this would mean

that the methanol concentration at the anodic catalyst layer would be zero, which would result in reactant
starvation and high anodic overvoltage: ϕ→ 1 implies ε→ 0, bringing total efficiency η also to zero.

An exact target faradaic efficiency can be obtained optimizing η, which in general requires a detailed
electrochemical model to calculate ε as a function of current and methanol concentration; for simplicity,
in this study, we will assume a constant target of ϕ̄ = 65 % to prevent experimentally-observed fuel
deficiency at the anode catalyst layer due to low inlet concentration.

We approximate then that the anode outlet concentration (which is the one that determines crossover
in our model) is related to λan and inlet concentration c̄an

in in the following way:

(λan − 1)c̄an
in ≈ λanc̃an

out (12)
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Combining Equations (11) and (12) yields:

c̄an
in =

I

6F

(
1

ϕ̄
+ b̃− 1

)
1

ã A

λan

λan − 1
(13)

3.2.2. Concentration Estimate

In the two newly-proposed layouts, it is necessary to have an estimate c̃mix of the concentration in the
mixer or tank where it is stored. Concentration is calculated by the estimated amount of methanol ñmix

and by a measured or estimated solution volume V mix:

c̃mix =
ñmix
CH3OH

V mix (14)

In turn, the amount of methanol is estimated by integrating the estimated rate of
methanol accumulation:

d ñmix
CH3OH

d t
=
ρCH3OH

MCH3OH

V̇ fuel −N

[
I

6F
(1− b̃) + ã A c̃an

out

]
(15)

where the estimated crossover parameters ã and b̃ are experimentally determined at 60 ◦C.

3.2.3. Two-Mixer System

This system has one single solution tank where both the degasser effluent and recovered water are
mixed. Compared to the reference system’s controllers summarized in Table 2, the two-mixer system
has a completely different, dynamic controller for concentration and a slightly different implementation
for the λ control on the anodic side.

Both anodic λan and inlet concentration are influenced by the fuel pump and the circulation
pump in Figure 4, so the controller is chosen to be a 2 × 2 MIMO (multi-input, multi-output)
feedforward controller.

Process

Feed Forward

I

mixV

solc~

Split Range

Controller

solin cc ~
>

λ,
inc

solV&

fuelV&

λ,
inc

Figure 4. The block diagram of the MIMO feedforward concentration and λ controller in
the two-mixer system.
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The controller includes an estimator for methanol concentration in the solution tank, implemented as
in Equation (15); c̃mix is therefore assumed known in the following. It is also assumed that the set-point
for inlet concentration c̄an

in is known from Equation (13).
Two equations must be solved simultaneously to determine V̇ fuel and V̇ sol for λan and inlet

concentration control.
The condition for λ control is that the total inflow of methanol into the stack is λ times the methanol

consumption in the stack due to the anodic reaction and crossover:

c̄an
in

(
V̇ fuel + V̇ sol

)
= λN

[
I

6F
(1− b̃) + ã A c̃mix

]
(16)

The condition for concentration control is conditional and depends on whether the estimated
concentration in the mixer tank, c̃mix, is higher or lower than the set-point c̄an

in : if c̃mix is higher, the
fuel flow will be set to zero, since negative values are not possible. The condition is expressed as the
methanol balance around the inline mixer:c̄an

in

(
V̇ fuel + V̇ sol

)
=

ρCH3OH

MCH3OH
V̇ fuel + c̃mix V̇ sol if c̃mix < c̄an

in

V̇ fuel = 0 otherwise
(17)

The values of V̇ fuel and V̇ sol can be found by solving the linear system of Equations (16) and (17).

3.2.4. Separate Tank System

In the separate tank system, the recovered water is gathered in its own tank instead of being mixed
with the spent solution from the stack. This allows one to blend the solution from the solution tank with
water, in order to produce an anode inlet concentration lower than the one in the solution tank: this can be
useful to reduce crossover after a sudden reduction in power output. The separate tank system presents
the additional complexity of controlling the liquid level in an additional tank, but the control rules are
inspired by the same principles as for the two-mixer system. The previous feedback level controller for
the mixer [10] is applied, unchanged, to the water tank; it is therefore the solution tank that will need a
new controller.

The three manipulated variables are the flows of neat methanol, solution and water: V̇ fuel, V̇ sol and
V̇ water. The three control objectives are λan control, controlling can

in and maintaining the level of the
solution tank. All three control variables are influenced by all three manipulated inputs, and therefore,
a 3 × 3 MIMO controller is chosen.

As for the case of the two-mixer system, the controller for the separate tank system includes
a concentration estimator (for the solution tank) and assumes that the reference inlet concentration c̄an

in

is given.
The control equations for λan and concentration control are structurally similar to the case of the

two-mixer system. For λ control, it is:

c̄an
in

(
V̇ fuel + V̇ sol + V̇ water

)
= λan N

[
I

6F
(1− b̃) + ã A c̃mix

]
(18)
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For concentration control, it is:

c̄an
in

(
V̇ fuel
c + V̇ sol + V̇ water

c

)
=
ρCH3OH

MCH3OH

V̇ fuel
c + c̃mix V̇ sol (19)

In an extension of the condition given in Equation (17), either water or fuel flow are stopped depending
on the estimated concentration in the solution tank:V̇ water

c = 0 if c̃mix < c̄an
in

V̇ fuel
c = 0 otherwise

(20)

In both Equations (19) and (20), a subscript c has been added to water and fuel flows, to indicate that
these are components of the flows that are used to control the concentration. Water and fuel flows are
also used to control the solution tank’s level, and those components are indicated with the subscript V .

The dynamics of the solution volume is an integrator of the volumetric water and fuel flows, which
means that it requires feedback to be stabilized; it is assumed that a measurement or estimate Ṽ mix of the
solution tank volume is available.

The liquid volume in the solution tank is controlled with a proportional feedback controller (P
controller), integrated in the 3 × 3 MIMO controller. The controller attempts to maintain a set-point
volume V̄ mix by manipulating water and fuel flows. A simple P controller can be set up as follows [15]:

V̇ fuel
V + V̇ water

V =


1
τc

(
V̄ mix − Ṽ mix

)
if Ṽ mix < V̄ mix

0 otherwise
(21)

Note that, if the actual volume in the solution tank is larger than the set-point, flows are set to
zero, since they cannot be negative; over time, the volume of the solution loop will decrease due
to electro-osmotic drag in the stack. Constant τc is a design parameter corresponding to the desired
response time of the controlled process; since the open-loop dynamics of the process is fast, it can be set
to a low value, e.g., 60 s.

In addition, the fuel and water flows will need to be dosed, so that the concentration of the resulting
solution is c̄an

in , so that the solution volume controller does not interfere with the concentration controller:

c̄an
in

(
V̇ fuel
V + V̇ water

V

)
=
ρCH3OH

MCH3OH

V̇ fuel
V (22)

The concentration to the anodic inlet can obviously be increased only by the fuel flow rate, while the
subscript V indicates the flow rate components for volume control of the solution tank.

The actual fuel and water flows set by the pumps in Figure 5 are the sums of the volume control and
concentration control flow components:

V̇ fuel = V̇ fuel
V + V̇ fuel

c (23)

V̇ water = V̇ water
V + V̇ water

c (24)

Virtually splitting the flows into these components is the most straightforward way to enforce the
constraint that flows need to be larger than zero across several parts of the MIMO controller.



Energies 2015, 8 10419

Process

Feed Forward

Split Range Controller
for Concentration

I

solc~

solin cc ~,inc

sol
cV

fuel
cV ,inc

mixV
mixmix VV  fuel

VV

sol
VV

solV

fuelV

mixV

Feedback

Split Range Controller
for Solution Weight

+

-

+

+

+

+

Figure 5. The block diagram of the concentration controller in the separate tank system.

3.3. Experimental Setup

3.3.1. Equipment

The fuel cell stack (15 W DMFC stack, balticFuelCells, Schwerin, Germany is composed of 9 cells
with an active area of 31.5 cm2. Stack temperature is measured with a K-type thermocouple, 50 mm
deep inside of the middle bipolar plate. Insulated, K-type thermocouple probes are used to measure
the temperatures of the liquid to prevent corrosion from direct contact with the liquid, while R/S-type
thermocouples with the same T-shape casing reported in Zenith and Krewer [11] are employed for the gas
phase. Mass flow controllers (SmartTrak C100, Sierra, Monterey, CA, USA) supply air to the cathode
and to the anode and cathode coolers. The tubes in contact with liquid phases are Tygon 3350, whereas
the others are A-60-G Norprene. The condenser and the loop cooler, tailored for the DMFC systems by
IMM, Germany, have a heat-exchanging area of 346 cm2 and 230 cm2, respectively. To minimize heat
loss from these two stainless-steel devices, they are insulated with glass fiber and aluminum foil. The
solution flow is set by a larger peristaltic pump (MCP Standard, Ismatec, Wertheim, Germany) with an
Easy-Load pumping head; the flows from the fuel and water tank are set by smaller peristaltic pumps
(Reglo Digital, Ismatec, Wertheim, Germany). The separator and the mixer are designed in-house with
strain gauges (FSH01483, Futek, Irvine, CA, USA) to weigh the solution in the mixer, which has an
inner volume of 10 cm3 Figure 6).

Methanol concentration is measured on-line by a density meter (MCS, ISSYS, Ypsilanti, MI, USA)
to monitor the performance of feedforward controllers. To remove cations from the solution and to
prevent particles from damaging the sensitive density meter, an ion exchanger (Amberlyst 15, Merck
Chemicals GmbH, Darmstadt, Germany) is employed between glass filters (VitraPOR P16, ROBU,
Hattert, Germany). The whole fuel cell system is placed in a climate chamber (PL-3KPH, ESPEC,
Osaka, Japan) to control the starting temperature and the ambient temperature. Current is manipulated
and voltage is measured by an electric load (ZS512-4SV20NV, Höcherl & Hackl, Konzell, Germany).
All controllers and measurement devices communicate with real-time LabVIEW hardware (cRIO-9072,
National Instruments, Austin, TX, USA), programmed in-house.
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Figure 6. (a) The sketch of the weighing mechanism of the tank with the strain gauge; and
(b) the picture of the actual mixer attached to the strain gauge.

3.3.2. Experimental Procedure

To reduce heat loss from the reactants and products to the massive, metallic loop cooler and the
condenser, the starting temperature of the system in the climate chamber is set to the initial temperature
37 ◦C of the model simulation. In general, the stack temperature cannot reach the operating temperature
60 ◦C due to the heat losses to the environment. While warming up the system, the concentration of the
solution is stabilized in the anodic loop for about 1 h. While stabilizing the concentration, the methanol
crossover results in heating up the stack around 45 ◦C. However, before drawing the current from the
stack, the climate chamber is shut down to avoid stack cooling by convection. The current profile is
composed of stepping down the current to validate the controllers of Sections 3.2.3 and 3.2.4. In this
condition, the inlet concentration c̄an

in is calculated to be smaller than c̃mix because the inlet concentration
is proportional to the current, per Equation (13). Initially, a current of 3 A is drawn for 1 h, after which
the current is stepped down to 2 A; after maintaining at 2 A for another hour, a sinusoidal profile is added
to the current, with an amplitude of 1 A and a period of 500 s, to investigate the control performance
in presence of variable disturbances. For 3 h, the control schemes presented in the previous sections
are operated in the controlling program to validate the simulation, and data are logged via LabVIEW
software every second.

3.3.3. Error Analysis

The concentration sensor functions by measuring the density of the solution. The producer guarantees
an accuracy of ±0.30 %w in the operating range between 0 %w and 10 %w, which corresponds to about
0.1 M up to 3 M. The operating concentration of this study is between 0.5 M and 2 M, well within the
validity range.
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The accuracy of the strain gauge is 0.25% of the rated output at room temperature; if the temperature
changes, the error increases with 0.036%/K. In this study, to reduce the error from temperature variance,
the mixer is located in an additional insulated air-filled case.

The electric load has an input error range 0.02% of real values and a monitoring voltage-offset
of ±15 mV.

A K-type thermocouple has a theoretical error of ±1.5 K, while an R/S type has ±1.0 K.

4. Results and Discussion

To compare the various systems under dynamic operation, the same current profile is applied to all
systems (Figure 7a). The simulation results for all three systems are identical, because the voltage
is calculated by the Thévenin equivalent circuit and assumed to be independent of temperature and
concentration. As such, the results are expected to be derivated from the experiments. At start-up, the
experimental voltages of all three systems are lower than in the simulation, as is visible in Figure 7b.
This is attributed to the lower experimental stack temperature. In Table 3, root mean square errors are
listed for the relative comparison of the simulation and experimental results.
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Figure 7. (a) The input current profile and (b) the resulting output voltage in simulations
and experiments for all systems.

Table 3. Root mean squared absolute error between simulations and experiments of each
system for stack temperature, inlet and outlet concentration.

Parameter Reference Two-mixer Separate tanks

Stack temperature /◦C 2.47 (Figure 8a) 7.85 (Figure 8b) 5.64 (Figure 8c)
Inlet concentration /M 0.151 (Figure 9a) 0.266 (Figure 9c) 0.263 (Figure 9e)

Outlet concentration /M 0.092 (Figure 9b) 0.203 (Figure 9d) 0.175 (Figure 9f)
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4.1. Reference System

There is a certain temperature difference between the experiments and simulations for the reference
system, shown in Figure 8a. The difference is caused partly by the non-zero heat capacities of the
system elements other than the stack, which result in a slower dynamics, and by heat losses from system
elements other than the coolers, which result in a small offset at the steady state.
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Figure 8. The temperature profile of the stack in all considered systems: (a) reference
system; (b) two-mixer system; (c) separate tanks system.

Application of the feedforward controller to the reference system leads to deviation in the
concentration of the simulation and experiments within ±0.1 M from Table 3 at the anodic outlet
(Figure 9b). The concentration overshoot at the beginning of the simulation does not appear in the
experimental results of Figure 9 because of the presence of liquid in all system elements and the
associated transients, which give a slower dynamics than in the simulations. Furthermore, at low
temperatures, crossover is overestimated, since the crossover parameters ã and b̃ are calibrated at
the target stack temperature of 60 ◦C: therefore, concentrations are slightly higher for the first hour
of simulation.
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Figure 9. Stack inlet and outlet concentrations for all systems: (a) reference, inlet;
(b) reference, outlet; (c) two-mixer, inlet; (d) two-mixer, outlet; (e) separate tanks, inlet;
and (f) separate tanks, outlet.
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4.2. Two-Mixer System

In contrast to the reference system, the stack temperature of the two-mixer system cannot reach
60 ◦C during the whole period of the experiment, as can be seen in Figure 8b and Table 3. The
experimentally-observed low temperature of the stack results from the heat loss from the stack surface,
which was not considered in the model. The heat loss is not significant in the reference system, because
excessive heat is generated by the large amount of methanol oxidation of the methanol crossover, which
is minimized in the two-mixer system to achieve high fuel efficiency. Due to the low stack temperature
in the experiment, as shown in Figure 8b, methanol crossover occurs less than in the simulation [13].
However, the fuel flow controller, which is only calibrated at 60 ◦C with parameters a and b, supplies
more methanol to the system than the estimated amount in the simulation. This excessive fuel supply
results in a higher concentration in the experiment than that in the simulation, as shown in Figure 9c,d.
In real systems, therefore, either a and b need to be given as temperature dependent or the system needs
to be better insulated.

4.3. Separate Tank System

The solution volume in the solution tank of the separate tank system is lower than the set value owing
to the volumetric offset of the P controller (Figure 10c). According to Equation (21), when the solution
volume V mix in the mixer is smaller than the set volume V̄ mix, the water flow rate V̇ water

V and the fuel
flow rate V̇ fuel

V are positive. This abundant fuel flow V̇ fuel
V for the volume control, besides the fuel flow

V̇ fuel
c for the concentration control, makes the summated flow rate V̇ fuel larger than that in the two-mixer

system. The excessive fuel flow in the separate tank system heated up the stack hotter than that in the
two-mixer system, as shown in Figure 8c and Table 3. In the separate tank system, the concentration
profiles of the experimental results (Figure 9e,f) are closer to those of the simulation results than those
in the two-mixer system in Table 3, because in the separate tank system, the outlet concentration is more
precisely estimated using the additional water flow rate V̇ water

V than that in the two-mixer system.
The high-frequency noise in the concentration visible in the separate tank system is due to the volume

controller for the solution tank: the strain gauge for the solution weight measurement is sensitive to the
presence of liquid droplets from the condenser and the degasser, which induce noisy sensor readings and
an equally noisy control action. This noise may be easily removed with a low-pass filter in a further
refinement of the control system.
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Figure 10. Solution weight during the operation of the mixer in the various systems and
the weight of the water tank in the separate tank system. (a) Reference; (b) two-mixer;
(c) separate tanks, solution; (d) separate tanks, water.

4.4. Faradaic Efficiencies

As shown in Figure 11a, the efficiency of the two-mixer system is marginally higher than that of
the separate tank system, while both are significantly higher than the reference system, especially at
low currents.
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Figure 11. Faradaic efficiencies of the various systems in simulations and experiments.
(a) Simulations; (b) experiments.
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This is due to the higher concentration maintained by the reference system, which results in higher
crossover and reduced efficiency. The simulations are validated by experimental results, as shown in
Figure 11b; the noise for the experimental results of the separate tank system is due to the noisy weight
measurement, as explained above.

Additionally, supplied fuel flow (V̇ fuel
V ) for volume control is consumed and lowers the fuel efficiency

below the aforementioned set fuel efficiency 65% in Section 3.2.1.

4.5. Liquid Holdup in Solution Tanks

The solution weight control was able to stabilize the amount of solution and water level (separate tank
system only) in all system designs and operating conditions; however, the measured weights fluctuated
strongly in experiments.

This is due to the aforementioned sensitivity of the strain gauge to discontinuous two-phase flow: the
carbon dioxide produced by the anodic reaction in Equation (1) leaves the degasser discontinuously in
Figure 10a–c, while the water tank is independent of the degasser and fluctuates less (Figure 10d).

The rising solution weights at the beginning in Figure 10a,b are attributed to the initially low stack
temperature, which allows more water to condense.

In the last hour of the experiments, the weight of the solution tanks oscillates much more than
predicted by the simulations; these oscillations are in phase with the current’s. This increased amplitude
is due to the effect of the varying gas fraction in the stack’s anode channels and the tube leading from the
anode outlet to the degasser, since CO2 production on the anode is directly proportional to the current,
according to Equation (1): as the current increases, more gas is present in the channels, and liquid is
displaced to the solution tanks. This effect is not present in simulations, since their model neglects
holdup in the stack and tubes.

5. Conclusions

Using a dynamically-set inlet concentration in DMFC systems instead of a constant concentration has
been demonstrated to significantly improve faradaic efficiency under variable load conditions.

Both of the proposed layouts, two-mixer and separate tank system, have similar time constants for
transients in concentration control. The separate tank system is able to track the set concentration with
slightly better precision, since part of the anode inlet flow is blended from two reservoirs of known
concentration (fuel and water).

The separate tank system has been shown to be subject to oscillations in anode inlet concentration
originating from sensor noise propagating through a P controller; a low-pass filter should however be
sufficient to ameliorate the issue in a future further development.

All systems, including the original reference system, present significant oscillations in liquid holdup
under variable current conditions compared to simulations, due to different rates of CO2 production in
the anode and consequent liquid displacement by gas.

In the experiments, the reduced crossover resulted in less heat generation, so that the stack could not
reach the set-point temperature of 60 ◦C in either of the new proposed systems; as a result, crossover
was further reduced by the lower temperature, and the measured concentrations were higher than in
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simulations. This effect is due to the heat losses inherent in a laboratory setup with large exposed areas
and should not be an issue in mass-produced, integrated systems.

The two-mixer system is in general preferable, in particular for portable applications, as it comprises
fewer components, while featuring essentially the same advantages as the separate tank system.

An avenue for future work is simplifying the two-mixer system with process integration, as was
previously done with the reference system [14].
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Latin Symbols

a Crossover parameter (= 1.6748 ×10−6 m/s)
A Active area (= 0.003 m2)
b Crossover parameter (= 0.173)
c Concentration (mol/m3)
E Internal energy (J)
Cstack

p Stack heat capacity (= 3000 J/K)
i Current density (A/cm2)
I Current (A)
F Faraday constant (= 96485 C/mol)
∆gr Reaction Gibbs free energy (= −702 kJ/mol)
h Molar enthalpy (J/mol)
∆hr Reaction enthalpy (= −726 kJ/mol)
kd Electro-osmotic drag coefficient (-)
M Molar mass (kg/mol)
N Number of cells (= 9)
n Amount of substance (mol)
R Resistance (= 0.4 Ω)
U Voltage (V)
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U0 Open-circuit voltage (V)
V Volume (m3)
W Weight (g)
y Mole fraction (-)

Greek Symbols

β Vapor molar fraction (-)
η Overall efficiency (-)
ϕ Faradaic efficiency (-)
ε Electrochemical efficiency (-)
λ Excess ratio (-)
ν Current stoichiometric coefficient (-)
ξ Crossover stoichiometric coefficient (-)
ρ Density (kg/m3)
τ Time constant (s)

Superscripts

an Anode
cath Cathode
cond Condenser
deg Degasser
fuel Fuel
gas Gas
water Water
liq Liquid
mix Mixer or solution tank
s Side of anode or cathode
sol Solution
stack Stack

Subscripts

flows Flows to the mixer from condenser, degasser or fuel reservoir
in Inlet
j Species
out Outlet
x Crossover

Diacritics

◦̃ estimate
◦̄ set point
◦̇ flow (s−1)
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