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A proton exchange membrane fuel cell (PEMFC) cogeneration system that provides high-quality elec-
tricity and hot water has been developed. A specially designed thermal management system together
with a microcontroller embedded with appropriate control algorithm is integrated into a PEM fuel cell
system. The thermal management system does not only control the fuel cell operation temperature but

also recover the heat dissipated by FC stack. The dynamic behaviors of thermal and electrical character-
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istics are presented to verify the stability of the fuel cell cogeneration system. In addition, the reliability
of the fuel cell cogeneration system is proved by one-day demonstration that deals with the daily power
demand in a typical family. Finally, the effects of external loads on the efficiencies of the fuel cell cogener-
ation system are examined. Results reveal that the maximum system efficiency was as high as 81% when
combining heat and power.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

From the viewpoints of energy saving and reduction in green-
house gas emission, the fuel cell has been drawing attention as the
next-generation power source [1-4]. In recent years, automobile
manufacturers have been vigorously developing proton exchange
membrane (PEM) fuel cells as propulsion sources of electric vehi-
cles on account of its good start-up performance due to a relatively
low operating temperature and its high power density [5,6]. PEM
fuel cellis also promising for residential cogeneration systems since
itis very efficient in converting fuel gas into useful energy by recov-
ering the waste heat from the electricity generation, which is used
to heat domestic hot water and/or for central heating of the home
[7-15]. In addition, the electricity is generated in the home and
hence there is no transmission loss associated with central power
generation.

The present paper relates to a fuel cell cogeneration system
generating electric power and hot water. It is an extension of
the author’s previous work about the fuel cell system for vehicle
propulsion [5]. In the previous work, the heat generated by the
chemical reaction of fuel cells is dissipated to the atmosphere by
using a radiator together with a cooling fan. In contrast, the present
fuel cell cogeneration system recoveries the waste heat from the
fuel cell as useful hot water. This recovered heat is initially stored
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in a storage tank, and then is used as a hot water supply or for room
heating.

The objective of the present study is to design, fabricate, and
demonstrate a fuel cell cogeneration system. First, subsystems of
the fuel cell cogeneration system, including hydrogen delivery sub-
system, air delivery subsystem, power management subsystem and
regeneration subsystem, are assembled and tested. Then, a single-
chip microcontroller embedded with smart algorithm is developed
that integrates the above subsystems and a commercial 5-kW PEM
fuel cell stack [5] into a fuel cell cogeneration system. Subsequently,
the stability of the fuel cell cogeneration system is verified by
checking the electrical and thermal dynamic behaviors under con-
stant loads. Its reliability and durability is further demonstrated
by supporting the daily power demands of a typical family. Oper-
ation strategies for stand-alone and grid-connected applications
of the fuel cell cogeneration system are proposed and compared
thereafter. Finally, the effect of external loads on the system effi-
ciencies, including electrical efficiency, heat recovery efficiency,
and combined heat and power efficiency, is examined and dis-
cussed.

2. Experiments

A schematic drawing of the PEM fuel cell cogeneration sys-
tem is shown in Fig. 1. It consists a PEM fuel cell stack, an air
delivery subsystem (green circuit), a hydrogen delivery subsystem
(blue circuit), a power management subsystem (black circuit), and
a regeneration subsystem. (For interpretation of the references to
color in this sentence, the reader is referred to the web version of
the article.) Except for the regeneration subsystem, the fabrication
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Fig. 1. Block diagram of the fuel cell cogeneration system.

of the other subsystems has been described in detail elsewhere [5].
Only some important features are stressed below.

2.1. Air delivery subsystem

The air delivery subsystem provides filtered, conditioned air to
the fuel cell stack. The major components are the cathode air filter,
cathode air blower and humidifier. The cathode air filter removes
particulate and chemical contaminates from the airstream. The
cathode air blower controls the airflow rate to the stack. The speed
of the blower is variable thatis a function of DC output of the fuel cell
stack. The humidifier transfers heat and humidity from the stack

outlet gases to the inlet airstream. It has no moving parts and uses
membrane material to exchange heat and moisture between the
incoming and outgoing airstreams.

2.2. Hydrogen delivery subsystem

The fuel cell cogeneration system is fueled by hydrogen at the
inlet pressure range of 4.0-7.0 atm. A normally closed hydrogen
inlet solenoid valve allows hydrogen flow into the system, which
is actuated by 24VDC solenoid coil. The pressure regulator reduces
incoming hydrogen pressure (i.e., 4.0-7.0 atm) to 1.02 atm. A recir-
culating pump circulates unused hydrogen from the anode exit to
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Fig. 2. Schematic drawing of the heat recovery unit.
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the anode inlet. The hydrogen pipeline in the present system is
designed as a dead end. The anode hydrogen pressure decreases
gradually due to the hydrogen oxidation reaction (HOR). The feed-
ing of hydrogen in the anode depends on the anode hydrogen
pressure. That is when the anode pressure is lower than a predeter-
mined value, e.g., 1.01 atm, the inlet solenoid valve opens to feed
the anode with fresh hydrogen that increases the hydrogen pres-
sure. When the hydrogen pressure increases to a predetermined
value, e.g., 1.02 atm, the inlet solenoid value is closed. Then, the
anode pressure decreases again due to HOR. As a result, the anode
hydrogen pressure always keeps in the range of 1.01-1.02 atm by
switching the inlet solenoid valves on/off again and again.

2.3. Power management subsystem

The power management subsystem manages the output power
to the external load as well as the auxiliary power for the system. It
is composed of a battery bank, DC/DC converters and DC/AC invert-
ers. Two DC/DC converters condition the stack output to provide
positive 24VDC and 48VDC for auxiliary power and external load,
respectively. The 48VDC is then converted to110VAC (alternating
current) by the inverter and subsequently supplied to external
loads.

2.4. Regeneration subsystem

The regeneration subsystem has two fluid circuits, i.e., stack
coolant circuit (orange) and secondary-fluid circuit (light blue).
The stack coolant circuit is filled with a nonconductive heat trans-
fer fluid, uninhibited propylene glycol/DI water mixture (55%/45%).
During normal operation, the stack coolant pump circulates coolant
at constant speeds through the fuel cell stack to remove the heat
dissipated by the fuel cell stack. The stack coolant pump is a com-
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Fig. 3. Single-chip microcontroller of the fuel cell cogeneration system.

bination of a 24VDC motor with magnetic-drive seal-less head and
ceramic impellers. It operates when the fuel cell system is oper-
ating. A thermostat controls the coolant flow through the heat
exchanger while maintaining constant flow through the stack. The
excess heat in coolant is then transferred to the secondary fluid
that is circulated by a variable speed pump to control heat transfer.
The secondary fluid used here is tap water. A temperature sensor
[16] monitors the coolant temperature and provides to feedback
to control the speed of the secondary-fluid pump. In the present
work, the stack coolant inlet temperature (SCIT) is controlled to
57 °C that ensures the fuel cell operation temperature around 80 °C.
Note that the simulation results revealed that the temperature dif-
ference between the reaction site and the coolant contact boundary
in a PEM fuel cell can be up to 20°C [17-19].
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Fig. 4. View of the man-machine interface of the fuel cell cogeneration system.
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Fig. 5. Photo of the present fuel cell cogeneration system.

The heat dissipated by the fuel cell is recovered into useful
energy in the heat recovery unit (dashed block). The details of the
heat recovery unit are given in Fig. 2. The water temperature in the
buffer tank gradually increases during operation. When it reaches
a predetermined value (known as heat-recovery temperature), say
50°C, the water pump begins impelling the hot water from the
buffer tank to a hot-water reservoir. Simultaneously, tap water is
poured into the buffer tank to keep the water level of the buffer
tank. It stops impelling the hot water when the water temperature
in the buffer tank reduces to a predetermined value, e.g., 48 °C. As a
result, the hot-water reservoir receives 48-50 °C tap water from the
buffer tank now and then. If the water temperature in the hot-water
reservoir decreases to a predetermined value, e.g., 48 °C due to the
heat loss, the microcontroller issues a command signal to the fuel
cell to supply electric power to the electric heater installed inside
the hot-water reservoir. Thus, the fuel cell cogeneration system can
always provide hot water of temperature 48-50 °C to end-users.

2.5. Microcontroller

As shown in Fig. 3, a single-chip microcontroller together with
smart algorithms is developed for controlling the fuel cell cogen-
eration system under all operation conditions. In the present fuel
cell cogeneration system, an Intel 8051 microprocessor is used to
govern the system. It is capable of monitoring the sensor signals
of voltage, current, temperature, and pressure. It also takes appro-
priate actions in order to drive the actuation devices such as the
cathode air blower, solenoid valves, water pumps, and heaters. All
data and parameters are collected and downloaded to a personal
computer through the RS232 communication port on the micro-
controller. In addition, as shown in Fig. 4, a man-machine interface
(MMI) is designed for real-time monitoring the experimental data
and operation conditions of the fuel cell cogeneration system.

2.6. System integration and assessment

Before integration of the fuel cell cogeneration system, each sen-
sor is calibrated using a laboratory-quality instrument that ensures
its accuracy and reliability over the ranges in which it is operated
[20]. Also, each actuator such as solenoid valves and relays is tested
independently in order to check its availability and performance.
Each subsystem is then assembled on a breadboard, and a series of
tests is conducted to verify these subsystems. Finally, all subsys-
tems are installed in a designed metallic box for housing the entire
system. Fig. 5 shows a photo of the present fuel cell cogeneration
system.

Safety is always a matter of concern about hydrogen-powered
systems. Before each run, regular leakage checks were conducted
for the entire hydrogen pipeline such as connections, fittings, valves

Stack Power (W) — ‘Net DC Power (W)
2500

2000

o
=]
=3

| S

Power (W)

500

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (s)

Fig. 6. Dynamic behaviors of the stack power under the external load of 1 kW.

and the fuel cell stack. The microcontroller automatically performs
a shutdown whenever it detects a parameter out of a prescribed
range. During the assembly and testing of the fuel cell cogeneration
system, no accidents, hazardous or potentially hazardous situations
occurred.

3. Results and discussion
3.1. Power and thermal dynamics

Fig. 6 shows the dynamics of the stack power (blue curve) under
a constant external load of 1kW (i.e., net DC power, red dashed
line). (For interpretation of the references to color in this sen-
tence, the reader is referred to the web version of the article.) The
stack power is higher than the net DC power by 800-1300 W. The
power gap represents the auxiliary consumptions and the trans-
mission/conversion losses in the electrical circuit. Note that the
step change in the stack-power distribution is mainly caused by
the operation of the cathode air blower. The power demand of the
air blower is dependent not only on the load operation but also
on the cell voltage. When the cell voltage decreases to an extent,
e.g., 0.4V per cell, the air blower should run in full power modes
to blow out the accumulated water inside the electrode. Therefore,
the power step is due to the action of the air blower. In addition,
the stack power goes down with time is because the power require-
ment for charging the secondary battery is reduced gradually. Due
to the space limitation, the hybridization of the fuel cell and the
secondary battery will be discussed in our future effort.

Fig. 7 shows the dynamics of the stack coolant inlet temperature
(SCIT) under the external load of 1 kW. It is seen that the SCIT keeps
in the range of 57 + 2 °C that guarantees proper operation temper-
ature of the fuel cell [17-19]. The high frequency of temperature
fluctuation in this figure is coincident with by the PWM frequency
of the secondary-fluid pump, which is also shown by little ripples
on the stack-power distribution in Fig. 6.
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Fig. 7. Dynamic behaviors of the stack coolant inlet temperature.
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Fig. 8. (a) Model of daily power demand of a typical family, and (b) dynamic
responses of the stack/system powers of the fuel cell cogeneration system.

3.2. Demonstration of a stand-alone cogeneration

The present fuel cell cogeneration system is designed for resi-
dential or commercial purposes. It can serve as a stand-alone power
supply or feed in the grid. To meet the user power demand on
a daily life, it is important to verify the reliability and stability
of the present fuel cell cogeneration on a large variation of load
encountered in real applications, e.g., system start and stop, and
step change in load. The dynamic characteristics of the present
fuel cell cogeneration system responding to simulated daily power
consumptions of a family are presented in the following discussion.

Fig. 8(a) models the daily power demands of a typical family.
From the midnight to early morning (00:00-05:00) all fami-
lies are sleeping and thus the power requirement is low that
keeps the household electronics and appliances, such as refriger-
ators and safety lighting. In the morning (05:00-07:00), at noon
(11:00-12:00), and in the early evening (17:00-18:00), more
power is required for cooking, leisure, reading, etc. From the
evening to midnight (18:00-23:00), the consumption of electric
power is considerable due to family activities.

Fig. 8(b) shows the responses of the fuel cell cogeneration sys-
tem to the daily power demands in Fig. 8(a). The red curve is the net
DC power delivered by the system while the blue curve represents
the stack power. (For interpretation of the references to color in this
sentence, the reader is referred to the web version of the article.)
Again, the gap between these two curves is the power dissipations
by auxiliaries together with the transmission/conversion losses. As
shown in Fig. 8(b), the fuel cell cogeneration system works well
in all day long. There are no failures during operation. Even with
a steep variation of external loads, such as at 18:00 the external
power drops suddenly from 750 W to 200 W and immediately goes
up to 1800 W, the present fuel cell cogeneration system still works
properly and normally.

Attention is turning to the regeneration subsystem for recov-
ering the hot water. Fig. 9 shows the flow rates of hot water from
the buffer tank to the hot-water reservoir. According to the control
algorithm, the water pump in Fig. 2 begins/stops impelling the hot
water when the temperature of the hot water in the buffer tank
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Fig. 9. Hot-water flow rates from the buffer tank to the hot-water reservoir.

increases higher/reduces lower than 50°C/48 °C. This ensures that
the hot water entering the hot-water reservoir keeps at 49 +1°C.
Basically, the frequency of pumping hot water is dependent on
the electric power delivered by the fuel cell stack. It is interest-
ing to note that more hot water is produced at higher electrical
power consumption levels. The amount of hot water produced by
the cogeneration system is about 1830L on a daily basis. Previous
results [20] showed that the average daily use of hot water (50°C)
for male and female are above 50 L per person and 80 L per person,
respectively. Therefore, a 4-people family needs about 230-290L
hot water per day. Apparently, the present fuel cell cogeneration
system produces much more hot water than that for home use
based on the above operational strategy.

Fig. 10 further shows the effect of external loads on the produc-
tion rate of hot water in the present fuel cell cogeneration system.
The diamond symbols are the experiment data, whereas the dashed
line represents the curve-fitting results. It is seen from this figure
that the hot-water production rate increases with increasing the
external load. Taking an example of the external load of 1.5 kW,
it can produce about 80L hot water per hour. That is, 4-h opera-
tion of the cogeneration system can support the daily hot-water
requirement in a typical family.

3.3. Application of grid-connected cogeneration

In order to optimize the generation of electric power and the
production hot water for home use, an operation strategy of the
present fuel cell cogeneration system is proposed by considering

public utilities. Fig. 11 shows the operation strategy of the present
fuel cell cogeneration if the grid simultaneously provides the elec-
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Fig. 11. Operation strategies for the grid-connected fuel cell cogeneration system.

tric power for the family power demands (Fig. 8(a)). As shown in
Fig. 11, on the off-peak stages, the grid supplies the electric power
to the user power demand, while the fuel cell cogeneration system
keeps off. In the peak-power periods, the grid provides the base
load up to 1kW (red dashed line), and the deficiency of power is
offset by the fuel cell cogeneration system (orange shade block).
(For interpretation of the references to color in this sentence, the
reader is referred to the web version of the article.) As indicated in
Fig. 11, about 300 L hot water is produced by the fuel cell cogenera-
tion system which is enough to support the daily need for a family.
Noteworthy that the economic significance of the above applica-
tion is not only the high system efficiency by producing useful
hot water but also highly valued electric power generated in peak-
power periods. Moreover, surplus electric power produced by the
fuel cell cogeneration system could feed into the grid to relax the
pressure of high power demand in the peak periods.

3.4. Efficiencies of the cogeneration system

The electrical efficiency of the fuel cell cogeneration system can
be determined by accounting for the stack power, auxiliary power
consumption and power conversion/transmission loss. Table 1 lists
the electric features of the major auxiliary components in the fuel
cell cogeneration system. The present work, however, does not
use this approach since it is difficult to accurately determine the
efficiency of each power conversion device and the power con-
sumption of supported components. For example, it is hard to catch
the real power dissipation by the temperature-dependent pump,
which fluctuates by the speed-up and the slow-down of the motor
during the operation. The efficiency is herein defined as the ratio of
the net power delivered to external load from the fuel cell cogen-
eration system to the enthalpy flow (lower heating value) of the
consumed hydrogen, i.e.,

P, IxV
EE = 72 = m (1)
where Py is the net power output to the external load from the fuel
cell that is a direct measure of voltage (V) across the external load
and the current (I) passing through the circuit. As for Py,, it is hard
to directly measure the hydrogen consumption rate (ny,) in the

Table 1
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Fig.12. Effect ofexternalload on the efficiencies of the fuel cell cogeneration system.

fuel cell anode. An alternative method to determine the hydrogen
consumption rate is given below. The hydrogen oxidation reaction
in the anode of a fuel cell is:

Hy — 2HT +2e- 2)

Therefore, the hydrogen consumption rate is proportional to the
protons (also current) through the fuel cell during reaction. That is
the current passing through the fuel cell can represent the hydrogen
consumption rate:

IxV
T 05xIxNxCxAh (3)

where N is the number of the cells in the stack and C is a transfer
coefficient between the hydrogen consumption rate and current,
i.e.,0.6267 mgH, A~ min—!. The heat recovery efficiency is defined
as the ratio of heat recovered by the secondary fluid (tap water) to
the hydrogen energy consumption. That is,

EE

_ My, 0CH,0 AT (4)
T 0.5I xN xCx Ah

Pyater
Er = P
H

2

where my,o (kg s~ 1) is the mass flow rate of hot water, CH,0, the
specific heat of water (k] kg~! K1), and AT, the water temperature
difference (K).

The combined heat and power (CHP) efficiency in the present
cogeneration is:

EcHP = €T + &E (5)

Fig. 12 shows the efficiencies of the fuel cell cogeneration system
as a function of the external load. The general trend of the electrical
efficiency is an increase of ¢ with increasing external load. It com-
pares well to test results from other researches made on fuel cell
systems [21] and the author’s previous work [5]. It is interesting to
note that the commercial non-cogeneration FC system, Plug Power
GenCore, shows an electrical efficiency above 35% (HHV) for most
of the power demand. The difference of the electrical efficiency
between the present cogeneration FC unit and the standard FC unit

Typical power consumption/conversion efficiency of the major components/devices of the fuel cell cogeneration system.

Maximum power consumption Conversion efficiency

Components Quantity Electric specification
Cathode air blower 1 24VDC/20A
Solenoid valves 5 24VDC/0.12A

Water pump 2 24VDC/1.6 A
Coolant pump 1 24VDC[2 A
Microcontroller 1 24VDC/1.6 A
Converter I 1 FCV-24VDC
Converter Il 1 FCV-48VDC

480 W -
6W -
40W -
48 W
40w -
- 95%
- 95%
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may be attributed to the difference in the BOP employed in the
systems, e.g., the secondary-fluid pump in the present FC cogener-
ation system and the radiator fan in the GenCore unit. In addition,
the electric heater in the hot-water reservoir should dissipate some
electrical power to keep its temperature in the range of 49+1°C
that reduces the electrical efficiency of the FC cogeneration system.
The heat recovery efficiency keeps in the range of 42 + 6% when the
external loads vary from 300 W to 3000 W. It further shows that
the CHP efficiency of the FC cogeneration system increases with an
increase of the external loads. The maximum CHP efficiency is about
81%.

4. Conclusions

The present work has successfully developed and demonstrated
a PEM fuel cell cogeneration that provides high-quality electric-
ity and hot water. Informative outcomes and experiences obtained
from the design, fabrication and test of this prototype. In addition,
control schemes proposed by this work have managed the cogen-
eration system properly. The major conclusions are drawn below.
First, the stability of the fuel cell cogeneration has been proven
by the rational dynamic behaviors of electrical and thermal-fluid
properties under constant loads. Moreover, one-day demonstration
of the fuel cell cogeneration that copes with real power demands
in daily life shows reliable operation without any failure. Finally,
the efficiency measurements reveal that the electrical efficiency
increases with increasing the external load, while the heat recov-
ery efficiency is not so sensitive to the variation of external load. The
maximum efficiencies in electricity, heat recovery, and combined
heat and power are up to 40%, 48%, and 81%, respectively.
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