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ABSTRACT

Under the current urgent global demand for clean
energy and energy security, proton exchange membrane
fuel cell (PEMFC) cogeneration systems have attracted
much attention and research. The purpose of this paper
is to provide a comprehensive overview of the various
aspects of fuel cell cogeneration systems, including the
composition of the system, the thermal management
technology, the composition of the waste heat recovery
system, the control strategy, and the form of integration
with other energy systems. Through an in-depth analysis
of the system components and operation principles, the
role and potential of fuel cell cogeneration systems in the
energy transition can be better understood.

Keywords: proton exchange membrane fuel cells,
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recovery

1. INTRODUCTION

The current global energy transition is in the
spotlight, aiming to promote the transformation of
energy production and utilization towards low-carbon,
clean and renewable directions to address the challenges
of climate change, environmental pollution and energy
security. In this context, proton exchange membrane fuel
cells (PEMFCs) have attracted much attention as an
efficient and clean energy conversion technology,
especially in the fields of transportation, industrial and
home energy systems, etc. [1]. In order to fully utilize the
potential of fuel cells, cogeneration technology has
gradually become the focus of research and practice.
Utilizing the electricity and waste heat generated from
fuel cell power generation, this technology aims to
improve energy utilization efficiency and reduce carbon
emissions, bringing a wide range of application
potentials in fields such as industrial production, energy
infrastructure and urban energy networks [2]. Fuel cell

cogeneration technology is not only widely used in
industrial production, but also plays an important role in
energy infrastructure and urban energy networks. In
summary, fuel cell cogeneration technology has
important economic and environmental benefits, and is
of great significance in promoting energy transition and
realizing sustainable development [3][4][5]. Figure 1
shows the structure of this review.
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Fig. 1 Structure of this review

2. PEMFC POWER SYSTEM

Under the global energy crisis, improving energy
utilization efficiency and reducing carbon emissions have
become a major trend. As a result, major energy systems
are developing in the direction of combined heat and
power (CHP). Fuel cell power generation technology is
gradually applied to major power generation scenarios
due to its advantages of high efficiency and cleanliness.
It is not only more efficient than traditional heat engine
power generation, but also reduces pollutant emissions,
with the main products being water and heat, which has
a significant effect on improving air quality and reducing
greenhouse gas emissions. In addition, the low noise
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level makes it suitable for noise-sensitive environments
and enhances the user experience. Flexibility, the
application can be designed according to the demand,
used alone or combined with other energy technologies
to improve the stability and reliability of the system.
Modular design makes the system easy to expand and

upgrade to meet different needs. Proton exchange
membrane fuel cells are usually co-generated with other
technologies to improve efficiency, reliability and
environmental friendliness [6][7]. Table 1 shows the
comparison between fuel cell powered systems and
other power generation technologies.

Table 1 Comparison of fuel cell power systems and other power generation technologies

Reciprocating  Turbine

Photovoltaic

engine: diesel generator

Wind Coal-fired Gas-fired Oil-fired Fuel

turbine generation generation generation cells

Capacity 500 kW- 500 kW- 1KW-
range 50 MW 5 MW 1MW
Efficiency 35% 29-42% 6—-19%
Investment
1000-3000 800-2000  1000-3000
cost ($/kW)
O & M costs
30-70 20-50 5-20
($/kW/year)

Tens of KW
Tens to
10KW- 100MW- to 200kW-
hundreds
1MW 1000MW hundreds 2MW
of MW
of MW

25% 33-45% 30-40% 25-35% 40-60%

1500- 2000-
1000-3000 500-2000  800-2500

3000 5000

15-40 20-50 30-80 30-70 30-60

3. INTEGRATION WITH OTHER ENERGY SYSTEMS
3.1 Combined with photovoltaics

With the increasing global emphasis on renewable
energy and environmentally friendly technologies, the
combination of solar photovoltaic (PV) technology and
proton exchange membrane fuel cell (PEMFC) systems
has become a hot research topic in the energy field.This
integrated power generation provides a sustainable and
environmentally friendly power solution for a variety of
application scenarios, and is particularly suitable for
situations where a stable power supply needs to be
maintained under varying light conditions [8-11].Soni et
al [12] provided insights into the performance, economic
viability, and environmental impacts of Al technology by
evaluating its application in a grid-connected solar PV-
fuel cell hybrid power system. While Kasaeian et al [13]
provided a comprehensive review of modeling,
simulation, experimentation and control optimization
for the integration of solid oxide fuel cells and solar
systems. The integration of proton exchange membrane
fuel cells with solar energy systems has attracted much
attention, and a large number of studies have been
carried out for this purpose in terms of simulation,
experimental validation and performance optimization

[14-17]. For example, Zhang et al [18] found that current
density and effective area have a significant effect on the
PEMFC electric stack by investigating the effect of
current density and effective area on the performance of
a solar proton exchange membrane fuel cell (PEMFC)
cogeneration system. Combining solar energy and
PEMFC can increase the tank temperature and keep the
indoor heating temperature within the comfort range in
winter, while the maximum efficiency of the system can
reach 83%.Adhami and Hozhabr [19] proposed a
miniature tri-generation system based on a combined
proton exchange membrane fuel cell, photovoltaic (PV),
and photovoltaic/cogeneration motor, and compared it
seasonally with other power generation systems, and the
experimental performance metrics such as consumption,
system weight, total efficiency, and power were
evaluated. Fig.2 shows the basic combination of fuel cell
and solar power generation form.
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Fig.2 Basic Combination of Fuel Cells and Solar Power
Generation

3.2 Combined with wind power technologies

Wind power, as a zero-emission, renewable and
clean energy source, shows great potential for
development. With the continuous advancement of
technology, the efficiency and capacity of wind power
generation equipment are constantly improving,
providing a broad prospect for its application in the
energy system. Combining wind power with proton
exchange membrane fuel cells can realize stable power
supply, thus playing an important role in energy
transition. Fuel cells as a backup power source can make
up for the lack of wind resources [20-25], improve the
reliability of the system, and reduce the dependence on
traditional energy sources. This combination form is
feasible and is expected to be widely used in the future.
Relevant studies have shown that the coordinated
scheduling of a proton exchange membrane fuel cell
cogeneration system with wind turbines and
photovoltaic (PV) units in a microgrid [26] can effectively
address the challenges posed by uncertainties in the
power market price, wind speed and solar irradiance.
Meanwhile, through the optimal design of hybrid energy
systems, multiple objectives such as economics,
environmental benefits, and grid interactions can be
considered simultaneously [27-29], which provides
important support for the stable operation and
sustainable development of energy systems.

3.3 Combined with energy storage systems

The integration of fuel cell systems with energy
storage systems is one of the important technological
measures targeting energy transition and renewable

energy integration. With the continuous development of
clean energy and the increasing share of renewable
energy in the energy mix, the importance of energy
storage technology has become increasingly prominent.
However, the intermittent and fluctuating nature of
renewable energy brings challenges to energy supply and
system operation, and an effective way is needed to
balance the supply and demand of energy and ensure
stable system operation.

Integrating the fuel cell system with the energy
storage system can realize the storage and regulation of
electric energy, thus improving the energy utilization
efficiency and system stability. The fuel cell system can
be utilized for charging during low power demand hours,
while releasing electrical energy during peak hours
[30][31][32]. In the commercial vehicle sector, it is
common practice to combine fuel cells with energy
storage systems such as batteries [33][34]. Researchers
have also explored different combinations, such as
combining proton exchange membrane fuel cells with
supercells [35] and implementing reinforcement learning
energy management strategies to improve efficiency. It
has also been shown that combining fuel cell stacks with
lithium-ion batteries [36] can provide high efficiency,
high speed and significant range. Civilian fuel cell power
systems have also been used to regulate power demand
through energy storage systems such as batteries and
supercapacitors [37][38]. Researchers have also
proposed various novel integrated systems, such as
biomass gasification integrated systems [40], and
control-based hybrid energy storage systems designed to
improve the efficiency of renewable energy sources, and
validation tests have been conducted to ensure the
validity of the models. Figure 3 shows a common energy
storage system for fuel cells.
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Fig.3 Energy storage systems commonly coupled with fuel
cells

3.4 Combined with biomass power

This section refers to biomass power generation as
distinguished from biomass fuel cells (BFCs), which utilize



biomass as the main feedstock and convert the chemical
energy in the biomass into electricity through
biochemical processes or thermochemical conversion
processes, whereas BFCs use biomass as a fuel, for
example, biomass wastes, organic wastes or biomass
fermentation products. Biomass power technology is
known for its renewability, reduction of greenhouse gas
emissions, waste treatment and resource utilization,
localized energy production, and diversified energy
supply. When combined with proton exchange
membrane fuel cells, it not only stabilizes the power
supply and enhances the reliability of the system, but
also reduces the dependence on traditional energy
sources and promotes energy transition and sustainable
development [41-45]. This combination demonstrates
the potential to play an important role in the clean
energy sector, contributing positively to the realization
of a cleaner and more sustainable energy future. Hoseini,
Hamed et al [46] analyzed an innovative and practical
biomass-fuel-driven fuel cell including an improved gas
turbine cycle, a supercritical CO2 cycle, a transcritical
CO2 cycle, a proton exchange membrane electrolyzer
(PEME) and a proton membrane fuel cell unit (PMCU).
Proton Membrane Fuel Cell Unit (PEMFC) multi-
generation system. Hai, Tao et al [47] utilized biomass to
drive cogeneration of hydrogen and electricity while
utilizing a cooled absorption unit to recover the waste
heat in order to improve the efficiency, reduce fossil
energy consumption, and maximize the integration of
renewable energy sources. Zhang et al [48] proposed an
innovative and practical system that considers a high
temperature Proton Exchange Membrane Fuel Cell (HT-
PEMFC) and Solid Oxide Fuel Cell (SOFC) biomass
cogeneration (CCHP) system, which utilizes a biomass
gasifier to provide fuel for the fuel cell system.

3.5 Combined with other hydrogen production systems

In addition to the combined systems mentioned
above, gas supply systems for fuel cells are often
combined with other hydrogen production technologies,
such as electrolyzers and reforming hydrogen production
technologies. Reforming technologies for hydrogen
production cover a wide range of feedstocks, including
natural gas, diesel or petroleum fuels, biomass materials,
and coal, etc. Hwang et al [49] proposed and analyzed a
mobile proton exchange membrane fuel cell diesel
power system. The system consists of a balance of self-
heating reformer, proton exchange membrane fuel cell
and plant components, and its emissions were compared
with those of an alternative system (hydrogen-fueled
proton exchange membrane fuel cell system). Chen et al

[50] investigated a hybrid power system consisting of a
proton exchange membrane fuel cell/electrolyzer hybrid
system and an auxiliary power source, as well as its
energy management strategy (EMS). The auxiliary power
source consists of photovoltaic cells and batteries. Fan et
al [51] proposed a cogeneration system based on a 50
kW class high temperature proton exchange membrane
fuel cell fueled by on-site hydrogen production, which
integrates steam methane reforming with the thermal
energy from the fuel cell. Li et al [52] proposed a novel
methanol-fueled cogeneration system based on a proton
exchange membrane fuel cell/engine for applied to the
marine sector. The system generates hydrogen through
on-line reforming of methanol to provide high calorific
value fuel for the PEM fuel cell. The cogeneration
efficiency and power generation efficiency of the
proposed cogeneration system are as high as 81.84% and
50.46%, respectively, which is 19.55% higher than that of
a single engine.

3.6 Combined Systems Summary

Proton Exchange Membrane Fuel Cells (PEMFCs)
have a wide range of integration potential in the
renewable energy sector. In addition to integrating with
equivalent power generation technologies such as
photovoltaic, wind and energy storage systems to supply
electricity, it can also be combined with front-end gas
supply systems such as electrolyzers and reforming
technologies for hydrogen production. This multifaceted
integration of individual or even multiple systems not
only improves the flexibility and reliability of the energy
system, but also helps to realize the efficient use of
energy and the reduction of carbon emissions. With the
continuous development and popularization of
renewable energy technologies, proton exchange
membrane fuel cells, as a key component of clean
energy, will play an increasingly important role in the
energy transition. Its integrated application can not only
promote the transformation and upgrading of energy
structure, but also is expected to make an important
contribution to the realization of the sustainable
development goals, thus promoting the global energy
landscape towards a cleaner and more sustainable
direction. There have been a number of studies on
systems with multiple combinations, among which,
Taghizadeh, Mahdi et al [53] proposed a new hybrid
isolated network topology that employs wind turbines
(WTs), proton exchange membrane fuel cells (PEMFCs),
photovoltaics (PVs), ultracapacitors (UCs), and battery
energy storage systems (BESSs), and a new intelligent
fuzzy controllers to handle power demand fluctuations



and thus maintain the balance between power
generation and consumption.Onar, O.C. et al [54]
focused on a combination of wind turbine WT),
photovoltaic PV), fuel cell (FC), and ultracapacitor (UC)
systems for grid-independent applications. The dynamic
behavior of the proposed hybrid system was tested
under various wind speed, solar radiation and load
demand conditions.Ahmed, Nabil A. et al [55] proposed
a hybrid energy system combining variable speed wind

turbine, solar PV, and fuel cell power generation systems
to provide continuous power for residential power
applications in the form of standalone loads. The wind
and photovoltaic systems are used as primary energy
sources while the fuel cell is used as a secondary or
backup energy source. Fig.4 shows the hierarchical
relationship between the proton exchange membrane
fuel cell system and each of the other systems in terms
of material and energy flow relationships.
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Fig. 4 Combined fuel cell power generation system

4, FUEL CELL STACK COOLING METHOD

The necessity of cooling the electric stack of a proton
exchange membrane fuel cell is self-evident, and a good
cooling system can improve cell efficiency, enhance
stability, and prolong the lifetime [56]. The heat
generated by the proton exchange membrane fuel cell in
the working process is unavoidable. If the heat cannot be
discharged effectively, the temperature of the electric
stack will increase, leading to a decrease in the rate of
electrochemical reaction, and in severe cases, the
structure of the electric stack may even be damaged [57].
Therefore, realizing effective cooling is crucial to
maintain the stability and performance of the battery.
Traditional cooling techniques such as direct water
cooling and indirect cooling have been widely used, while
novel techniques such as microchannel cooling and
phase change material cooling are being explored
[58][59]. Integrated intelligent control systems allow
real-time monitoring and regulation of temperature and

cooling flow rate to further optimize the system
performance. These advances will promote the
application of proton exchange membrane fuel cell
technology in various fields [60]. Figure 5 shows the
common forms of electric stack cooling for fuel cell
electric stacks. Table 2 describes the corresponding
cooling forms in comparison.

Proton exchange membrane fuel cell stack cooling method
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Table. 2 Introduction and Comparison of Common Cooling Forms for Fuel Cell Reactors

Cooling Form  Categorization

Technical

Introduction

Advantages

Disadvantages

Reference

Convection heat
transfer by air
flow;

Air flow channels
integrated into

the stack

Simple, reliable,
low cost,
compact,

lightweight.

Limited heat
dissipation capacity,
difficult
temperature
control, affected by

environment

[61][62][63][64][65].etc

Heat sinks and

plates made of

highly thermally
conductive

materials, etc.

Efficient heat
dissipation, high
stability, greater

durability.

Higher weight,
higher cost, uneven

heat transfer.

[66][67][68][69][70].etc

Working media
evaporation and
condensation,
heat convection

or heat radiation

Efficient heat
dissipation,
uniform
temperature,
compact design,
reliable and wide

application

Higher cost,
complex design,
liquid evaporation

or leakage

[71][72][73][74][75].etc

Cyclic phase

changes in water

Efficient cooling,
uniform
temperature,

wide applicability

Larger volume,
requires liquid
water
management,
additional energy

consumption

[76][77]1[78][79][80].etc

Air-cooling air flow
High thermal
conductivity

materials
Heat Heat-pipe type
Spreaders
Vapor chamber
Liquid-cooling Via water

Circulating water
flowing in cooling
plates or cooling

channels

Efficient and
flexible, stable,
energy-saving and
environmentally

friendly

System complexity,
maintenance costs,
high size and

weight

[81][82][83][84].etc




Via nanofluids

Nanoparticles
with high surface

area and thermal

High-efficiency,
excellent heat

transfer, reduced

Particle deposition,

higher cost, stable

[85][86][87](88].etc

Evaporation

volume and mass, and reliable
conductivity
energy saving
Cooling by Stable Temperature
absorption or temperature control, cooling

release of latent

control, simplified

design and

efficiency life

insurance, periodic

[85][89][90][91].etc

greater stability

maintenance

cooling
heat during phase
Phase-change
transitions
cooling
Cooling by boiling
Boiling Cooling during phase

suitable for high

transitions

High efficiency
and stability,

power

Phase change
material selection,
[921[93][94][95].etc
design complexity,

foam plugging risk

5. FUEL CELL WASTE HEAT RECOVERY

In the field of fuel cell technology, waste heat
recovery has attracted much attention as a key
technology to improve energy utilization efficiency. As an
efficient and clean energy conversion technology,
although fuel cells can produce electricity and water
through the reaction between hydrogen and oxygen,
they also generate a large amount of waste heat during
their operation. The importance of waste heat recovery
technology lies in the effective utilization of this wasted
heat energy, thus improving the overall energy utilization
efficiency of the system [96]. This technology not only
helps to reduce the environmental impact, energy
consumption and operating costs, but also improves the
stability and reliability of the system. In the context of
the development of fuel cell technology, the research
and development of waste heat recovery technology is
of great significance in promoting the progress of fuel cell
technology and improving its competitiveness in various
applications [97]. Therefore, various forms of waste heat
recovery technologies, including heat exchangers, heat
pipes, heat pumps, etc., have been continuously and
intensively researched and applied, aiming to effectively
convert waste heat into electricity, heat or other usable
forms of energy in order to improve the energy
utilization efficiency of the system [98][99].

5.1 Type of waste heat source

Waste heat here refers to the operating waste heat
of the fuel cell system alone, excluding the rest of the
heat from other combined systems (e.g., photovoltaic,
wind, etc.), and there are three main heat sources in the
fuel cell system, the gas supply part of the heat source,
the heat produced by the operation of the electric
reactor, and the reaction gas waste heat.Luo Yang et al.
[100] investigated the temperature distribution
characteristics of the proton exchange membrane fuel
cell and the influence of the structural parameters of the
components (PEM, gas diffusion layer, microporous
layer, bipolar plate) on the heat dissipation and
temperature distribution uniformity. gas diffusion layer,
microporous layer, bipolar plate) structural parameters
on heat dissipation and temperature distribution
uniformity. For the gas supply system, in the process of
compressing the gas to the required pressure level
through the compressor, the compressor will generate
heat when compressing the gas, and this part of heat will
be transferred to the air inlet system. Therefore, the
front-end air intake part of the fuel cell has received
much attention, and a large number of studies have been
devoted to optimizing the air intake system of fuel cell
systems, especially for the air compressor part
[101][102]. The electrical efficiency of proton exchange
membrane fuel cell (PEMFC) is usually between 40% and
60% depending on factors such as operating
temperature, cell size, and reactant pressure.Ozdemir et
al [103] simulated and analyzed the thermal system of
PEMFC and investigated the thermal control under static,



and dynamic loads. The reactor exhaust gas carries away
some of the heat, and for proton exchange membrane
fuel cells, the heat in the exhaust gas is usually low
because of their relatively low operating temperatures
(usually between 80°C and 100°C), and the heat in the
exhaust gas is correspondingly low. In solid oxide fuel
cells, on the other hand, the heat in the exhaust gas is
relatively high because of their higher operating
temperatures (usually between 700°C and 1000°C),
which can usually reach higher temperature levels. The
heat in the fuel cell tail gas usually accounts for a portion
of the total heat, and the exact percentage depends on
the design and operating conditions of the fuel cell
system. In some cases, the heat in the tail gas can reach
about 10% to 20% of the total heat.

5.2 Waste heat recovery applications

Fuel cell is an efficient and clean energy conversion
technology, but its power generation process will
produce a large amount of waste heat. In order to
maximize the use of this waste heat and improve the
efficiency of energy use, fuel cell waste heat recovery
technology is widely used. Waste heat from the fuel cell
stack itself can be used for cell preheating, fuel
pretreatment, moisture and humidity control (heating or
humidification through the air intake system), which is
very important to ensure efficient and normal operation
of the fuel cell.Zhang et al. [104] modeled, validated, and
analyzed a sub-zero cold-starting fuel cell vehicle, and
with the help of the power enhancement of the external
heater, the cold-starting time was reduced by 70%,
greatly shortened the starting time. Fuel cell stack
systems can provide additional thermoelectric services in
addition to their own needs.Oh, Jinwoo et al [105]
realized a cascade utilization of waste heat for a fuel cell
system based on an organic Rankine cycle and an
absorption chiller to satisfy the dynamic energy demand
of the region.Capuano, Margherita et al [106] analyzed
the performance of a fuel cell system integrating a high
temperature Proton Exchange Membrane Fuel Cell (HT -
PEMFC) and air source heat pump technologies for
residential space heating systems.Shen, Yongting et al
[107] used thermoelectric heaters to obtain results more
than double the system's capacity to heat domestic hot
water than by directly utilizing electrochemical waste
heat. The direct utilization of thermal energy and power
conversion, the diverse waste heat utilization methods
bring different directions and possibilities for fuel cell
waste heat recovery, which is of great help in improving
the overall energy utilization efficiency and advancing
the commercialization of fuel cells [108]. Fig.6

summarizes the common uses of waste heat recovery in

power reactors.
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Fig. 6 Fuel cell waste heat recovery applications
5.3 Utilization of waste heat

The architecture of the Proton Exchange Membrane
Fuel Cell Waste Heat Recovery System (PEMFC WHC)
mainly consists of a waste heat recovery device and a
power conversion device, in which the waste heat
recovery device mainly consists of a heat exchanger, a
heat recovery cycle, and a heat pump technology, and
the power conversion device mainly involves a hot spot
conversion technology (TEG), and a mechanical device
that can use the waste heat to drive a turbine and a
piston, etc., and the utilization and conversion of the
waste heat are shown in Figure 7.
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Fig. 7 Fuel cell waste heat utilization method
5.4 Waste Heat Recovery Architecture

Waste heat recovery devices include heat
exchangers, heat recovery cycles, and heat pump
technology. Heat exchangers utilize tube, plate, or spiral
construction to maximize the heat transfer area for
efficient heat transfer [109][110]. Heat recovery cycles
such as the ORC Rankine cycle [111], Kalina cycle [112],
and supercritical CO2 cycle [113][114] utilize a workmass
circulated under different temperature and pressure
conditions to convert waste heat into mechanical or
electrical energy. Heat pump technology absorbs waste
heat generated by low-temperature fuel cells through
the process of evaporation and condensation of the work



mass and provides thermal energy for other uses. In
terms of power conversion devices, thermoelectric
conversion (TEG) technology [115][116] utilizes the
thermoelectric effect of semiconductor materials to
convert thermal energy directly into electrical
energy.TEG modules are connected in parallel or series
to achieve the desired voltage and power output. In
addition to TEG technology, other mechanical devices
can also utilize waste heat to drive mechanical devices
such as turbines or pistons [117][118] to generate
mechanical energy and convert it into electrical energy
through a generator. Heat pumps utilize the waste heat
generated by fuel cells to raise the temperature of the
working fluid by compressing and expanding it, and then
use the high-temperature thermal energy to heat water
or air [119]. The combined use of these devices can
efficiently convert waste heat generated by low-
temperature fuel cells into electrical, thermal, or
mechanical energy to improve the comprehensive
utilization and sustainability of system energy. According
to the specific needs and technology maturity, the
appropriate combination of devices is selected to

achieve the best possible waste heat recovery and
energy conversion results [120-124]. Table 3 summarizes
the form of the combined architecture of common heat
recovery devices, and Fig 8 depicts the basic architecture
in Table 3.
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6. CONTROL STRATEGIES AND ALGORITHMS FOR

PEMFC COGENERATION SYSTEMS

Extensive research has been done in the field of
controlling the performance and state of the fuel cell
itself.Kumar et al [125] classified, summarized and
compared the different controllers used in fuel cells. In
terms of the control of the fuel cell inlet section, Qin et
al [126] used adaptive sliding membrane control
technology for the proton exchange membrane fuel cell
inlet system, which realized the dynamic control of the
oxygen excess ratio, hydrogen excess ratio and
differential pressure on both sides of the membrane with
strong chatter suppression, which is conducive to the
efficient and stable operation of the system. Meanwhile,
Zhang et al [127] also studied the control strategy of the
air intake system to coordinate the control of air flow and
pressure to ensure that the PEMFC stack provides
appropriate pressure and flow. In terms of the main body
of the electrostack, studies have focused on cell cathode
and anode pressure control, differential pressure,
voltage and temperature, and membrane humidity [128-
132]. In addition, other researchers have summarized
and reviewed in detail various control strategies for
proton exchange membrane fuel cell systems [133][134].

As the development of fuel cell cogeneration waste
heat recovery system is getting more and more
attention, the experiments on control strategies and
algorithms for cogeneration system are also being
carried out in a deeper and deeper way. Figure 9 shows
the structural relationship of the cogeneration control
system for proton exchange membrane fuel cells.
Common control strategies and algorithms include
Model Predictive Control (MPC), Proportional Integral
Derivative (PID), Fuzzy Logic Control (FLC) and Artificial
Neural Network Control (ANN). Control (Artificial Neural

Network Control, ANN Control), Dynamic Linear
Programming, Load-based scheduling algorithms,
Reinforcement  learning, etc  [135-138]. The

corresponding control subsystem of the fuel cell
cogeneration system consists of electrical system,
thermal system, cooling system, user and grid
coordination, etc. Asensio, F.J et al. [139] proposed a
control model based on the combination of artificial
neural network (ANN) with nonlinear autoregressive
configurations and a three-dimensional look-up table
(LUT) for the cogeneration system of a polymer
electrolyte membrane fuel cell (PEMFC) with cooling
system. control model for the cooling system.Yoshida,
Akira et al [140] proposed a home energy management
system (HEMS) to manipulate electricity consumption
with a large number of HMES as a networked control

10

system.A networked supervisory control system was
constructed based on the fundamental study of
distributed structured control algorithms, which used a
stochastic model predictive control scheme to analyze
the impact of primary energy consumption on the The
sensitivity of the energy demand prediction update
interval and operation strategy is analyzed.Wang,
Xianlian et al [141] considered the energy management
of a sustainable residential cogeneration system
consisting of a fuel cell, a battery bank, photovoltaic (PV),
a thermal energy system (TES), and a heat pump, and a
stochastic dynamic programming (SDP) algorithm is used
to minimize the system operation cost.The simulation
results show that the control strategy derived at each
stage of the process is more efficient in the fuel cell and
heat pump. control strategies are energy efficient in
managing the power output of the fuel cell and heat

pump.

Adaptive control Predictive control PID control

Fuzzy logic control Switching control Optimized control

control algorithm Other power

Stand-alone generation systems
operation of the
stack PEMFC
operating mode combined generation
Energy storage system

ation

Grid-connected controllsystem

operation of

Hydrogen
power stacks yareg

divided into subsystems "
production system

Intake system
The stack itself

Waste heat recovery system

Fig. 9 PEMFC cogeneration control system

7. CONCLUSIONS

This review examines the cogeneration waste heat
recovery system for proton exchange membrane fuel
cells, dividing it into two key components: heat and
electricity. The operation of the power stack generates
electrical energy while also releasing heat energy, which
needs to be cooled. We connect these cogeneration
systems in series and explore the different forms of the
power supply system, including the way in which the
proton exchange membrane fuel cell can supply power
alone and in combination with other systems to generate
electricity, as well as the relationship of energy and
material flow between them. In the thermal energy
section, we summarize and classify the heat sources for
waste heat recovery from power reactors, the uses of the
recovery, and the technologies and system architectures
for the recovery. Finally, we introduce common control
strategies and algorithms for cogeneration systems, but
unfortunately, we do not provide a more detailed
elaboration of the system's control system, or a better



generalization of the components, requirements, and
functional hierarchical relationships of the control
subsystems, as well as more detailed and clearer
explanations of the strategies, algorithms, strengths,
weaknesses, and possible solutions adopted by each
subsystem, and the progress of the research. It is hoped
that this paper can bring some help to the subsequent
related research.
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