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The recovery of waste heat from Proton Exchange Membrane (PEM) Fuel cell is sin qua non to the development
of organic Rankin cycle units. Despite the appreciable increase in the sale of PEM fuel cell units in 2021, the
waste heat from some of these fuel cell units is typified by large fluctuations in mass flow rate as well as tem-
perature which is more likely to affect the overall performance of an organic Rankine cycle (ORC) unit when
coupled to a fuel cell. It is therefore imperative that the dynamic modelling of the Proton Exchange Membrane
Fuel cell and organic Rankine cycle integrated system is developed to analyse the performance of the integrated
system. This also involves the development of an appropriate control strategy for guaranteeing safer and opti-
mum performance of the integrated system. The developed Proportional, Integral, Derivative (PID) control unit is
able to maintain the thermal efficiency of the ORC system at 10% subject to the mass flow rate of the waste heat
as well as the working fluid and also ensure safe operation of the integrated system. There is a 0.9% increase in
the output power of the PEMFC after 2000 seconds of operation clearly highlighting the contribution of the

integrated system in improving the overall output power being harnessed.

1 Introduction

As the world continue to strive for environmentally friendly medium
of harnessing energy [1], renewable energy is however projected as
suitable replacement for fossil-based commodities [2-4]. Proton ex-
change membrane fuel cells (PEMFC) remains promising due to their
higher performance. PEMFC'’s are environmentally friendly and exhibit
a fast start up time unlike other energy converting devices [5]. Due to its
peculiar benefits for vehicle applications, such as high energy conver-
sion efficiency, low start-up temperature, and no moving components,
the proton exchange membrane fuel cell (PEMFC) has become one of the
most attractive alternative power sources [6]. Many parameters,
including operational temperature, pressure, and reactant concentra-
tion, restrict the maximum output voltage of a single cell PEMFC [7]. In
order to meet the requirement for automotive applications, PEMFCs
must be connected in series to create a fuel cell stack.

The reactant concentration as well as pressure in various cells of a
fuel cell stack usually vary, resulting in differences in cell temperature,
reactant humidity, or water distribution. Furthermore, practical cell
operating conditions such as frequent thermal cycling, humidity cycling,
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wet-dry cycling, and vibrations can significantly degrade cell perfor-
mance coupled with durability [8,9]. As a result, an effective energy
management system for PEMFC is becoming more important. The per-
formance of a PEMFC system is highly dependent on its design and
operational conditions. Due to its speed, efficiency, and cost, numerical
modelling has been used by many researchers to study various design
and operating factors. Baschuk and Li [10] developed a mathematical
model of a PEMFC stack that uses hydraulic network analysis to predict
the pressure and mass flow rate distributions for the reaction gases.
They discovered that homogeneous reactant redistribution is crucial
to stack efficiency, and strategies to improve mass flow homogeneity
were developed. The reactant and coolant channel design [11], pressure
[12], temperature [13], and even co-poisoning [14] impacts are all
examined using comparable fuel cell stack modelling methodologies.
The PEMFC system for automobiles additionally comprises of a
hydrogen system, an air system, and various ancillary systems in addi-
tion to the stack. On the anodic electrode, the hydrogen pressure can be
adjusted to vary the flow conditions at the high-pressure hydrogen
tank’s exit, as well as the extra hydrogen after the fuel cell stack can be
recycled using mechanical pumps, compressors, and even ejectors [15,
16]. On the oxygen side, an air compressor is required to compress the
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Nomenclature

Parameters

A Area (m?)

A, cross-sectional area of valve (m?)
Cp Heat capacity at constant pressure (J K
Cq Discharge coefficient (-)

CS(t) Control signal (-)

CV Control variable (-)

h Specific enthalpy (J kg™1)

Keq Stodolas constant (-)

m Mass flow rate (kg s

n No. of control volumes (-)

ORC Organic Rankine Cycle (-)

P Pressure (bar)

PI Proportional integral (-)

PID Proportional integral derivative (-)
PV Process variable (-)

Q Heat flow rate (W)

Sp Set point (-)

T Temperature (K)

t Time (sec)

U Internal energy (J)

v Volume (m3)

v Specific volume (m® kg™1)
w Power (W)

X Pump capacity faction (-)
Greek symbols

p Specific density (kg m~>)
n Efficiency (%)

¢ compressibility coefficient (-)
Y Heat capacity ratio (-)
Subscripts and superscripts

hs Heat source

w Wall

wf Working fluid

pp Pump

exp expander

i In

0 out

cv Valve

air to provide correct flow and pressure into the stack, and good
matching of the PEMFC stack and air compressor may increase overall
system efficiency [12]. Humidification is also important for PEMFC ef-
ficiency, and alternative techniques can be used to obtain the right hu-
midification threshold of reactant gases, with the membrane
humidification method being the most preferable option for vehicular
applications due to its simple structure as well as fairly decent efficiency.

Through correct design and matching of the aforesaid sub-systems,
system efficiency may be further increased by lowering energy usage.
A group of researchers used empirical and semi-empirical models based
on artificial neural networks and semi-empirical equations to probe into
the operational improvement of a PEMFC system, and they discovered
that the efficiency gaps between the worst and best operation conditions
of the system could reach 1.2-5.5 percent [17]. The research and
application progress of PEMFC waste heat recovery is far behind the
research and application progress of key components and system control
owing to its poor grade. Some academics have been interested in PEMFC
waste heat recovery in recent years, and have proposed some waste heat
recovery solutions [18,19]. However, similar studies [20] are only
restricted to theoretical concepts, and their practical application is
limited due to the overly complicated system structure. As a result,
testing a simple and efficient waste heat recovery strategy for
low-temperature PEMFC is critical. The organic Rankine cycle (ORC),
which is a closed energy harvesting power cycle that uses an organic
fluid with a low boiling point [21], has been widely investigated as a
promising energy harvesting technique for recovering thermal energy
from low-grade thermal sources such as geothermal sources [22], solar
energy, and internal combustion engine exhaust gases. Due to its low
evaporation and condensation temperatures, high power production
efficiency, simple equipment, and environmentally benign operation,
the ORC approach is ideal for thermal energy harvesting [23]. Hung
et al. [24] explored several organic fluids for ORC systems below 80°C,
and their findings showed that wet fluids with extremely steep-saturated
vapour curves in the T-s diagram outperformed dry fluids. Wang et al.
[25] used a thermodynamic model to analyse the physical and chemical
characteristics of nine different kinds of organic working fluids in order
to determine the impact of their physical and chemical qualities on the
ORC system efficiency for engine waste heat recovery. Their findings
imply that R11, R141b, R113, and R123 are more efficient than others,
whereas R245fa and R245ca are more environmentally friendly.

Ebrahimi and Moradpoor [26] studied the influence of 10 design factors
on the cycle performance, which included solid oxide fuel cells,
micro-gas turbines, and organic Rankine cycles. The integrated system is
shown to cut fuel consumption by 45 percent and achieve over 65
percent energy conversion efficiency under ideal design parameters.
Meanwhile, they said it would be better if it was combined with modern
thermally actuated cooling systems. To collect thermal energy from an
internal combustion engine, Shu et al. [27] integrated the thermoelec-
tric generator (TEG) and ORC based on R123 as the working liquid. The
combined TEG-ORC system seems to enhance the effectiveness of col-
lecting waste heat from engines, according to the findings. Wang et al.
[28] presented a low-temperature solar Rankine system using R245fa as
the circulatory system’s working fluid. According to the findings,
depending on the operating circumstances, conversion efficiency may
reach 4.2 percent or 3.2 percent. Chang et al. [29] investigated a
solar-energy and high-temperature PEMFC-based CCHP system, as well
as a high-temperature PEMFC-based CCHP system that didn’t use solar
energy. With the addition of solar energy, the pollutant emission
reduction rates (ERRs) of the system may be raised by roughly 8.4
percent -23.5 percent, according to the findings. Chang et al. [30] looked
into a hybrid PEMFC-solar energy CCPH system based on the ORC cycle
and vapour compression cycle and discovered that the system’s average
efficiency is 75.4 percent in the summer and 85.0 percent in the winter.
The energy harvesting based on ORC has been researched for many
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Fig. 1. Diagram for the proton exchange membrane fuel cell and the organic
Rankine cycle unit.
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Fig. 3. Diagram for the ORC units used in the investigation.

thermal sources, as can be observed from the above study. However, its
viability and advantages for low-temperature PEMFC energy recovery
have yet to be examined in detail. As a result, the goal of this research is
to create a theoretical model that uses the ORC system to collect
low-grade heat energy from a PEMFC cooling system, as well as to
thoroughly analyse the elements that impact the combined system’s
efficiency. For the existing PEMFC-ORC system, a comparison of several
kinds of working fluid (R134a and R245fa) is undertaken. To attain
optimal performance, a parametric analysis is conducted for the inte-
grated system. This PEMFC-ORC system and associated research dis-
coveries have increased relevance for future practical use due to its
simplicity and practicability. Section 2 of the study presents the meth-
odology adopted in the present study with some specific assumptions
discussed. This is then followed by Section 3 where the developed ORC
model is presented and explained. Section 4 captures the control unit for
the ORC system whiles the result and discussion for the study is pre-
sented in Section 5. Section 6 presents a brief summary of outcome of the
study with some future research directions enumerated.

2. Formulation of approach

To improve the efficiency of a proton exchange membrane fuel cell,
an organic Rankine cycle unit is attached to recoup dissipated heat via
the cooling water in a fuel cell cooling system. An evaporator is utilised
as replacement for a fuel cell cooling unit as highlighted in Fig. 1. The
primary source of heat for the organic Rankine cycle unit originates from
the high temperature cooling water instead of the heat being dissipated

Table 1
Design point for the ORC unit for the recovery of waste heat from PEMFC.

Heat source Working fluid

Mass Temperature Evaporation Condensation Degree of Mass
flow X temperature temperature superheat flow
rate (K) (K) (K) rate
(kg/s) (kg/s)
0.348 80 75 313 2.5 0.142
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Fig. 5. One dimensional model for the heat exchanger [33].

into the atmosphere. Heat is absorbed from the working fluid at high
pressure within the evaporator. This is then transformed from a liquid
state to a saturated vapour state. The high pressure coupled with the
high temperature vapor is then utilised in driving the high efficiency
turbine leading to the production of electricity. The combined PEMFC-
ORC unit is developed in this study based on a single fuel cell model;
stack model coupled with an organic Rankine cycle model.

To make the system analysis simplified, the following assumptions
are factored into the study. Firstly, all of the system’s components are in
a constant state, and heat and pressure losses are negligible. Secondly,
the temperature outside is 20°C, and the pressure is 101 kPa. Further-
more, the chemical process reaches a point of equilibrium. Again, the
fuel cell gas flow pathways have constant and equal pressures. More-
over, the gas temperature at the PEMFC stack’s output is constant and
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equal to the stack’s operating temperature. To examine the influence of
running current, temperature, and pressure on cycle/system efficiency,
the aforementioned model may be created and executed in Simulink.
The model’s perculia explanation is provided in the following sub-
sections.

2.1. Single proton exchange membrane fuel cell model

For a single cell proton exchange membrane fuel cells, the voltage at
the output is determined based on the losses within the cell and this is
deduced from Eq. (1) [31].

Eep = Ere = Vo= Vo= Ve (€8]

The output voltage is denoted as E..; whiles the activation losses is
represented as V,. Losses due to the material composition of the mem-
brane which is often referred to as the ohmic losses is represented as V,
and that of the concentration losses is V.. Eq. (2) which is the next
voltage is another method that can be utilised in the determination of
the reversible voltage [31].

L
AG RT | (Cu\([Co,\
— —1In 2
2F 2F c;;’;’ c’of{

AS
+ 55 (T= Ty) +

E. = 2
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The Gibbs free energy is AG whiles the Fraday’s constant is captured
as F. The entropy is AS and the cell operating temperate is T. The
reference temperature is T, whiles the universal constant is R. The fuel
concentration is denoted as Cy, whiles that of the reductant is Co,. The
concentration for both the reductant and fuel at the reactive site is
captured as C:,ef and C‘;Z respectively from Eq. (2).

Electrochemical kinetics and electron and proton adsorption in both
the anode and cathode catalyst layers create the activation overpotential
Vg [32]. The circuit resistance owing to proton and electron migration
causes the ohmic overpotential V,.. The mass transport restrictions cause
the concentration overpotential V.. Vg, V,, and V. values alter as the
stack load varies [32].

3. Organic Rankine Cycle model

The heat dissipated from the fuel cell which would have been wasted
is obtained via a cooling system as shown in Fig. 2. A diagram for the
approach adopted in the recovery of waste heat via ORC is presented in
Fig. 3. Table 1 highlights specific design points with the working fluid
being R245fa for the organic Rankine system.

The heat source data were obtained from the cooling system during
the operation of the fuel cell. Fig. 4 captures the variation for the mass
flow rate as well as the temperature from the cooling system.

3.1. Dynamic model

Development of the dynamic model was executed in a Modelica
language. This language is also described as an object-oriented model-
ling language. The model is made up of systems obtained from the
Thermocycle library [33]. Validation of the individual components
coupled with the organic Rankine cycle unit have already been executed
from the transient and steady state investigation conducted by Desideri
etal [34] using 11 kW organic Rankine cycle unit. The net output power
was re-generated with an accuracy of 5 percent whiles that of the
expander inlet pressure was recorded as 10 percent. Computations for
the working fluid was determined with the aid of an external media li-
brary [35].

3.2. Model for the heat exchanger

The boundary layer coupled with the finite volume approach are the
two often used approach for the dynamic modelling for the heat
exchanger. The current investigation adopts the finite volume method
for modelling the heat exchanger. Flow length for the heat exchanger is
subclassified into ‘n’ even control volumes. Once that is carried out, for
each of the control volume, law of conservation of energy and mass is
then applied. Fig. 5 captures the discretized 1-dimensional model for the

I
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Fig. 7. Overall performance of the proton exchange membrane fuel cells under investigation.
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heat exchanger.

Momentum balance was assumed to be negligible. Similarly, varia-
tion of the fluid characteristics was noted to only occur in the direction
of the flow. The characteristics for the fluid was computed for the in-
dividual volume at the mean states for the 2 nodes denoted as “*” from
Fig. 5. Taking the individual cells into account, area, mass as well as
volume for the fluid is denoted by;

A \% 1
A=t vi=l oA =" 1,230 3)
n n

For the individual side for the heat exchanger the mass balance is
calculated from Eq. (4).

dp  om
AL 42" =
ot ox 0 )

— Vi

dr; gp dh dpdp| _ .. ..
di ohdi opar| ™

The energy balance is also calculated using Eq. (5).

dU,'
dt

dav;

= (i yhiy — i hy) + o) P )

oh; .. . : av;
ViﬂiE =m;_, (h[—l *hifl) -m (hi *hi) + 0 *PI

3.3. Model for the expander and pump

Due to the dynamics for the pump coupled with the turbine being fast
as well as their time constant being lower compared to heat exchangers,
lumped model centred around empirical correlations without taking
into account the dynamics is utilised for the pump as well as turbine.
Semi - empirical formulation using Stodola equation is utilised in
computing the mass flow rate for the working fluid via the turbine
indicated below.

-2
. Piex
Myf exp = Keq pi‘gxppi,exp (1 - (pl’) ) (6)
0,exp
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mwf.exp (7)

K., =
Q‘pi,exp (pi.exp - pu.exp)

85 percent was however assumed as the isentropic efficiency for the
turbine whiles the outlet enthalpy for the turbine was also deduced using
eqn. 8.

ha.exp = h[,exp - ngxp‘iy (h[n,exp - h[s,exp) (8)

Using a third order polynomial also defined as capacity fraction from
a pump flow fraction, X, the pump’s isentropic efficiency was deduced
using Eqn. 9.

Hispp = o + ailog(X,,) + azlog(XW)2 + a310g(Xp,,)3 9

The capacity fraction for the pump is defined using eqn. 10.

Vi pul,
pr _ Jipuwfpp (10)
V[n.pp,max

Power consumption coupled with the outlet temperature for the
pump is equally denoted by eqn. 11 and 12.

pr _ ﬂ (po,pp _piw) an

p ni:.pp

(1 =1,,)
Topp = Tipu + ———22—P, 12)
” " gy X Copp

3.4. Model for the liquid receiver

At all times, the liquid and vapour phases in the storage tank are
considered to be in thermodynamic equilibrium, i.e., the vapour as well
as liquid are expected to be saturated at specified pressure. Mass balance
is calculated from Eqn. 13:

dm,e {0/} dh dp d_p}

g = M = Mowys — ==V %'dﬁ_@dz

13)

3.5. Valve model

Determination of the drop in pressure across the valve is determined
based on quadratic expression with the aid of incompressible flow hy-
pothesis. In the case of incompressible flow, mass flow rate is deter-
mined using Eq. (14).

Myf.er = PoyCaAo/ PinPin® 14)
The compressibility coefficient is ¢ is also calculated using eqn. 15.

_ e _6
¢7y_1<1//r—1//r)7 whereyfcv (15)

The factor, y, depends on the flow condition and is computed from
eqn. 16.

Po if Po > (—) subsonic
pi P y+1
v = (16)

2\ p, 2 \71
(—) if Po < (—) supersonic
y+1 Di y+1

K.,comprises of equivalent inlet nozzle cross section as well as discharge coefficient often referred to as Stodolas constant.

Eqn. 7 presents a mathematical expression for K,
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4. Organic Rankine Cycle Unit control

In order to operate the ORC system from the transient heat source
from the PEM fuel cell in efficient and safe manner, it is essential to
adopt robust control approach for the ORC system.

Speed of working fluid pump, expander intake pressure (through
the throttling valve), coupled with the exhaust gas mass flow rate were
selected as 3 degrees of freedom for the organic Rankine cycle system.
The time constants of these 3 degrees of freedom are quite distinct. The
set point of the superheat was maintained using a PID controller. The
derivative action is based on the error’s rate of change, resulting in a
controller that reacts quickly to changes in the heat source circum-
stances. Eqn. 17 captures the control signal for the PID controller.

1 de(t)

T, dt

CS(t) = K, |:e(t) +% /{e(t) + track(t) }dt + a7
0

The input and output response of the ORC system under active dis-
turbances of the exhaust gas parameters was developed using the dy-
namic response of the open loop organic Rankine cycle unit. The ziegler

— Nichols method was used to find the kp and ki and further validated
these values using MATLAB’s built-in PID application tool to tune the
PID controller using the input and output data from the open loop
response. The permitted spectrum of the degree of superheat for the
organic Rankine cycle unit is defined by the working fluid decomposi-
tion temperature as well as the working fluid condensation temperature.
The superheat set point at the expander inlet is set at 2.5 K.

The superheat at the expander inlet is controlled by PID controller.
The degree of superheat was chosen as a control variable, whereas pump
speed as well as opening/closing of the exhaust gas bypass valve were
chosen as process variables. When the exhaust bypass valve is opened,
less energy from the exhaust gas may be collected, lowering the system’s
overall performance. The organic Rankine cycle system’s control
method is depicted Fig. 6.

5. Result and discussion
5.1. Dynamic response of PEM fuel cell

Fig. 7 captures the overall fuel cell performance for the cell stack. It
can be deduced that there is an initial sharp decrease in voltage because
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of activation polarization within the first 5 — 10 seconds of the simula-
tion time. The sudden decrease in voltage becomes gradual after the first
10 seconds due to the effect of ohmic polarization. A reduction in
voltage leads to an appreciable increase in current. This phenomenon
occurs until the highest attainable current is reached. At the higher
current value, there is a further decrease in voltage caused by mass
concentration losses. The maximum obtainable power from the fuel cell
is also depicted in Fig. 7.

Fig. 8 highlights the power generated from the fuel cell coupled with
the power utilised for the air compressor position at the cathodic elec-
trode of the fuel cell as well as that of the coolant pump in other to
ensure an efficient mode of operation of the entire system. This therefore
explains the justification for the reduction in the total power produced
by the entire system as against that produced by the fuel cell.

Captured in Fig. 9 is the thermal performance for the cell coupled
with the rate of utilization for the reactant. The thermal performance of
the fuel cell basically summarizes fraction of the hydrogen fuel’s energy
transformed to useful work. Efficiency theoretically is projected to be 83
percent but under experimental conditions, this value goes down to 60
percent because of internal losses. At the highest current density, the
efficiency captured is below 50%.

Fig. 10 highlights the amount of hydrogen and oxygen that has gone
into reaction within the cell which is described as the reactant utiliza-
tion. Despite a higher reactant utilization ensure good usage of the
reactive substances within the cell, they tend to impact the hydrogen
and oxygen concentration negatively thus reducing the generated
voltage from the cell. From the developed model, the fuel/hydrogen that
does not go into reaction is fed back to the system to curb wastage as
well as reduce the cost in running the system. On the other hand, the
oxygen that does not go into reaction is released back into the

atmosphere. Occasionally, in order to eliminate any form of contami-
nants, the hydrogen is purged.

The temperature distribution for various sections within the fuel cell
unit is presented in Fig. 11. The cell operating temperature was kept
constant at 80°C via the cooling system. The hydrogen gas going to the
anode was heated by a recirculated flow whiles the oxygen was heated
using a compressor. The cooling system was however operated with the
aid of controlling the pump flow rate. Fig. 11 equally highlights the
coolant temperature once heat is absorbed from the fuel cell as well as
when the heat is rejected from the radiator. Figs. 12 and 13 captures the
fuel tank pressure as well as the amount of hydrogen consumed during
the investigation. Fig. 14 captures the amount of hydrogen consumed
and its correlated electrical energy generated.

5.2. Dynamic performance of the ORC

The dynamic model results of the ORC system are presented in
Figs. 15 and 16. The Fig. 15 shows the variation of the mass flow rate of
the working fluid in the ORC system over the 14,000 seconds. The
variation in the mass flow rate of R245fa shows a similar trend as the
quantity of the waste heat from the PEMFC. At the higher amount of the
waste heat from PEMFC, the mass flow rate of the R245fa is higher.

The Fig. 16 shows the power output of the ORC system, and it can be
observed that the highest power produced by the ORC system is around
2.8kW at 2250 seconds. The higher the waste heat, the higher the power
output of the ORC system was observed. However, at certain intervals
where the mass flow rate of the waste heat from the PEMFC is negligible,
the power output of the ORC becomes zero too.

In order to ensure the safe operation, PID controller was implement.
The controller was able to maintain the ORC system as the optimum
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Fig. 18. Percentage increment in power output of the PEMFC for the integrated system.

thermal efficiency of the ORC system, which is 10% in this case (Fig. 17).
However, when the ORC system has lower waste heat input, the
controller bypasses the working fluid, therefore the power output and
thermal efficiency of the ORC system becomes zero.

The dynamic performance of the integrated system is captured in
Fig. 18. It can be deduced that there is approximately 0.9% increase in
the output power of the fuel cell after 2000 seconds. The margin of
increment in terms of power for the combine ORC and PEMFC is subject
to the flowrate of the absorbed heat from the heat source. Where there
was an appreciable gain in flow rate, there was an appreciable increase
in the power being harnessed as well. For scenarios where the flow rate
was zero, there percentage increase in power for the PEMFC also pre-
sented a sudden drop in terms of the performance of the integrated
system.

6. Conclusion

The main goal for the current study was to explore the development
of a suitable but ideal proportional integral derivative controller for an
ORC unit for the recovery of waste heat from a proton exchange mem-
brane fuel cell unit. The waste heat from the fuel cell was obtained from
a cooling unit. Using the object — oriented language (Modelica), a dy-
namic model was built. Analysis of the dynamic behaviour for the ORC
system for open loop process was evaluated in order to obtain data for
the input as well as output purposely for tuning the controller. The
following conclusions were therefore deduced from the study.

e When the heat source is being operated under transient conditions,
variation for the mass flow rate for the working fluid, expander inlet

pressure coupled with the degree of superheat tend to have a direct
correlation to the exhaust gas mass flowrate.

e Secondly, superheat at the expander inlet can be kept constant via
the speed for the working fluid pump as well as partially through the
release of exhaust gas into the atmosphere with the aid of an exhaust
gas bypass valve.

Due to the present investigation not considering the optimization of
the controller, future studies should however explore the development
of a predictive model that is ideal for nonlinear scenarios. The present
study will serve as basis for information for future studies in the appli-
cation of proton exchange membrane fuel cells for the marine and
automotive industry where heat generated by the cells usually go to
waste through their dissipation to the atmosphere. For stationary ap-
plications, the present investigation has been able to prove the feasi-
bility in generating more power from the fuel cell in order to improve
the overall performance of the integrated system. Similarly, the incor-
poration of the PID ensured a constant thermal efficiency performance
for the ORC system was maintained at 10%. Again, the developed
controller is able to quickly respond and monitor effectively the waste
heat entering the ORC system and bypass the working fluid by producing
zero power output and thermal efficiency for scenarios where the waste
heat entering the ORC unit is low.
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