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Abstract

:

Significant research efforts are directed towards finding new ways to reduce the cost, increase efficiency, and decrease the environmental impact of power-generation systems. The poly-generation concept is a promising strategy that enables the development of a sustainable power system. Over the past few years, the Proton Exchange Membrane Fuel Cell-based Poly-Generation Systems (PEMFC-PGSs) have received accelerated developments due to the low-temperature operation, high efficiency, and low environmental impact. This paper provides a comprehensive review of the main PEMFC-PGSs, including Combined Heat and Power (CHP) co-generation systems, Combined Cooling and Power (CCP) co-generation systems, Combined Cooling, Heat, and Power (CCHP) tri-generation systems, and Combined Water and Power (CWP) co-generation systems. First, the main technologies used in PEMFC-PGSs, such as those related to hydrogen production, energy storage, and Waste Heat Recovery (WHR), etc., are detailed. Then, the research progresses on the economic, energy, and environmental performance of the different PEMFC-PGSs are presented. Also, the recent commercialization activities on these systems are highlighted focusing on the leading countries in this field. Furthermore, the remaining economic and technical obstacles of these systems along with the future research directions to mitigate them are discussed. The review reveals the potential of the PEMFC-PGS in securing a sustainable future of the power systems. However, many economic and technical issues, particularly those related to high cost and degradation rate, still need to be addressed before unlocking the full benefits of such systems.
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1. Introduction


The demand for economic and environmental-friendly power systems continues to increase globally due to rapid population growth as well as the depletion of fossil fuel resources and their environmental pollution impact [1]. Increasing the efficiency of the power system, reducing its cost, and minimizing its harmful greenhouse gases (GHG) emissions are attracting noteworthy efforts from both industry and research communities. Utilizing renewable energy sources (RESs), such as solar and wind, and poly-generation technologies are among the solutions to secure a sustainable energy future. Due to the intermittent nature of the RESs, the renewable power systems are not independent and need to be coupled with energy-storage devices, such as batteries and fuel cells, to secure a continuous supply of power to the end-users [2]. Poly-generation is an emerging type of technology in which electrical power is generated onsite in combination with capturing and utilizing the by-product heat, i.e., waste heat, of the power system to produce other media, mainly useful heat, or cooling, allowing the simultaneous production of electricity, heat, and cooling from one source of fuel, i.e., input energy, as shown in Figure 1. The poly-generation system (PGS) can be classified into CHP system producing heat and power, CCP system producing cooling and power, CWP producing freshwater and power, and CCHP system producing cooling, heat, and power.



PGS has the potential to yield energy efficiency and environmental benefits leading to satisfying a number of social and energy policy aims [3]. Additionally, the poly-generation concept is central for the development of Distributed/District/Decentralized Energy Generation (DEG) [4]. Compared to Centralized Energy Generation (CEG), DEG provides several advantages, such as reduced transmission and distribution losses, reduced primary energy demands, improved system efficiency, improved energy security, less environmental impact and CO2 emissions, and lower operating costs [3,5,6]. The most promising application of the PGSs is in the buildings sector, including residential, commercial, and industrial buildings, because they can reduce the high energy demand of these activities for electricity, hot water, and space heating or cooling [5,7,8]. As an example of the high energy demands for building applications, the thermal and electrical energy demands of the domestic facilities in the UK form around 45% of the total energy consumption [9]. Therefore, PGSs can be considered as one of the technology-led strategies for the countries to achieve low-carbon goals. They are currently undergoing rapid developments and receiving increased market activities in the different regions of the world due to their promising prospects [3]. For example, the total number of installed CHP systems in the US is around 4654 with a total power of 80,695.2 MW (as of 31 December 2019) [10]. In 2018, the CHP systems provided 6.9% of all electricity generated in the UK [11]. The market of PGSs is mainly driven by the growing governmental focus towards protecting the environment and reducing the carbon footprints of the energy sector. For example, in June 2019, secondary legislation on ‘The Climate Change Act 2008’ was approved in the UK which committed the country to achieve a 100% reduction in carbon emissions relative to the 1990 baseline by 2050 [12]. In September 2020, the European Union (EU) raised their 2030 target of reducing GHG emissions to at least 55% compared to 1990 levels [13]. The EU is aiming to become a climate-neutral society with net-zero GHG emissions by 2050 [14]. In September 2020, China pledged to become carbon-neutral by 2060 [15]. The US has set a goal to achieve CO2-free electricity by 2035 and net-zero emissions economy-wide by no later than 2050 [16]. Many other countries have approved laws formally establishing net-zero carbon targets, including, Sweden (by 2045), New Zealand, France, and Denmark (by 2050) [17].



The main prime-mover technologies for PGSs are Stirling Engines (SE), micro Gas Turbine (mGT), Internal Combustion Engine (ICE), Steam Turbine (ST), Photovoltaic Cell (PVC), and the different Fuel Cell (FC) technologies, including PEMFC, Solid Oxide Fuel Cell (SOFC), Phosphoric Acid Fuel Cell (PACF), Molten Carbonate Fuel Cell (MCFC), and Alkaline Fuel Cell (AFC) [18]. The prime-mover technologies can be deployed individually or in combination, creating the so-called hybrid power systems. Among the different prime movers, the FC, if hydrogen (H2) is produced using a clean route, is the key option to maximise the environmental benefits of the PGS. Arandian et al. [19] compared the different CHP systems, including FC, mGT, and ICE ones, in terms of environmental impact and economic profits. It was shown that FC-CHP exhibits a favourable performance compared to other CHP technologies. Fuel cell-based poly-generation systems (FC-PGSs) are very promising in the move toward more environmental and lower-energy consumption buildings [20]. Such systems can reduce the primary energy consumption for covering the electrical and thermal demands of domestic users [21,22].



The different FC technologies were proposed for the CHP systems, including SOFC [23,24], PACF [25], MCFC [26], and AFC [27,28]. Similarly, many investigations on CCHP systems adopted PACF [29,30], MCFC [31], SOFC [32], and PEMFC [33] as prime mover.



Among the different FC technologies, PEMFC is the most attractive option for FC-PGSs due to their low-temperature operation, quick start-up (around 30 s), high electrical efficiency (around 55%), high energy density, fast response to dynamic loads, good heat output, and long operational life cycle (around 40,000–50,000 h) [1,5,34,35,36,37]. PEMFC has already been recognised as promising energy conversion and powering technology in portable devices [38], transportation [39,40,41,42], and energy storage systems [43]. Additionally, PEMFC is one of the technology solutions that can be used to back up the seasonally intermittent electricity supply from the RESs, ensuring secure supply to all consumers and increasing the share of RESs in the global energy market. Furthermore, PEMFC can be used as a reactor for selective hydrogenation of unsaturated organic compounds, such as nitrobenzene and phenol [44].



Due to the potential role of the PEMFC-PGSs in mitigating GHG emissions, reducing global warming, and enabling the transition into a clean-energy future, this paper aims to provide an overview of the different types of PEMFC-PGS as well as highlighting their advantages, limitations, prospects, and commercial developments. The paper is structured as follows; first, the principle technologies used in PEMFC-PGS are described and explained. Second, the studies focusing on evaluating the energy, economic, and environmental performance of the different types of PEMFC-PGS are reviewed. Third, the recent commercial activities on PEMFC-PGS are summarized. Finally, the merits and remaining challenges of these systems are discussed.




2. PEMFC-PGS Units and Technologies


The PEMFC-PGS is composed of several units, including the PEMFC stack which is responsible for generating the electrical power of the system, fuel processor which is responsible for converting the hydrocarbon fuel into hydrogen required for the operation of the PEMFC stack, waste-heat recovery unit to capture the heat generated from the PEMFC stack, energy storage units, and other electrical and electronic units, as shown in Figure 2. This section provides an overview of the main technologies used for the different units of PEMFC-PGS.



2.1. PEMFC


PEMFC is an electrochemical device converting the chemical energy of the reactants, i.e., hydrogen and oxygen, into electricity, heat, and water. The main parts of a single PEMFC are a Proton Exchange Membrane (PEM) sandwiched between two Catalyst Layers (CLs), two Gas Diffusion Layers (GDLs), and two bipolar plates containing flow channels to deliver the reactants into the electrochemical reaction sites. During the operation, the hydrogen steam is delivered into the anode flow channels where its molecules get oxidized, with the help of a catalyst, producing hydrogen protons, which permeate through the membrane into the cathode side, and electrons, which travel through an external circuit to the cathode side producing the electrical current of the cell. The oxygen is provided in the cathode flow channel where its molecules combine with the protons and electrons coming from the anode to form water. In addition to the electricity and water, heat is also generated within the PEMFC due to the exothermic electrochemical reactions, the condensation of water vapour, and the Ohmic resistance of the membrane [45]. The working principle of the PEMFC is presented in Figure 3. According to operating temperature (T), the PEMFC can be classified into low-temperature PEMFC (LTPEMFC) operating at a temperature of 60–80 °C, and high-temperature PEMFC (HTPEMFC) working at a higher temperature of approximately 120–200 °C [46]. Perfluorosulfonic acid (PFSA), such as Nafion, is typically used as a membrane in LTPEMFC while phosphoric acid (PA) doped poly-benzimidazole (PBI) is commonly employed as a membrane in HTPEMFC [46,47,48]. Nafion has outstanding proton conductivity and good mechanical and chemical stability at high relative humidity (RH) and low temperatures [49]. However, its performance drops significantly with decreasing RH or increasing T [49]. Therefore, many studies have suggested using fillers, such as CeO2-ACNTs, CeO2-TiC, and SO3H-UGNF, to modify the Nafion matrix and improve its electrochemical and mechanical properties [49,50,51]. In addition to Nafion, sulfonated polyether ether ketone (SPEEK) has attracted increased attention for PEMFC and DMFC membrane applications [52]. SPEEK membranes have many advantages compared to PFSA such as less water-dependency, lower cost, and lower methanol permeation [53]. However, the proton conductivity and material durability of SPEEK are less than those of PFSA as its non-sulfonated phenyl ether aromatic rings are susceptible to hydroxyl radicals attacks during PEMFC operation [54].



Due to elevated temperature in HTPEMFC, the stack is featured with improved water management, easier heat rejection, and less pressure drag within the reactants flow field [46,55]. Furthermore, HTPEMFC has higher tolerance towards fuel impurity, such as CO, than LTPEMFC and, therefore, its fuel processor is simpler than the one used for the LTPEMFC [46,56]. These benefits of HTPEMFC have resulted in deploying them for various commercial applications in transportation and stationary sectors [57,58,59]. However, the HTPEMFC exhibits greater activation over potential losses at both cathode and anode which reduces its efficiency compared to LTPEMFC [36]. Also, the various components of HTPEMFC, such as membrane, gas diffusion electrode, seals, gaskets, and bipolar plates, experience mechanical and chemical degradation at high temperatures which affect the performance of the HTPEMFC [60].



In addition to T, hydrogen pressure (PH2), air pressure (Pair), the relative humidity (RH), cathode and anode stoichiometric flow ratios (   ξ c  ,  ξ a   ), and the current density (i) are considered as key parameters of the PEMFC as they massively influence its performance [61,62]. Besides the aforementioned operating parameters, the reactants’ flow field configuration was found to have an influence on the performance of the fuel cell and it has been investigated in many studies [63].




2.2. Hydrogen Production Technologies


A hydrogen production facility is needed in the PEMFC-PGS to produce the hydrogen required for the operation of the prime mover, i.e., PEMFC. Such facility can be in the form of a fuel processing system extracting hydrogen from hydrocarbon fuels, such as natural gas (NG), or in the form of renewable energy-powered electrolyser for on-site generation of hydrogen from water. Producing hydrogen from hydrocarbons takes place in four main stages. In the first stage, the hydrocarbon is converted into hydrogen-rich syngas which can be achieved through either steam reforming (SR), autothermal reforming (ATR), or partial oxidation (PO), [64]. All reforming and partial oxidation processes take place in the presence of suitable catalysts, such as noble and transition metals, to improve the kinetics and decrease the temperature required for the reactions. Normally, a sulphur removal unit is used in the NG conversion system before starting the reforming or oxidation processes [65].



For SR, the fuel reacts with high-temperature steam producing hydrogen-rich syngas composed of hydrogen, carbon monoxide (CO), and small quantities of carbon dioxide. SR is an endothermic reaction requiring an external input of heat and it is favoured by high temperatures (normally above 800 °C) and high steam content (steam to carbon (S/C) ratio around 3.5) [64,65]. In the PO, the fuel partially oxidizes through reacting with small amounts of oxygen to generate mainly hydrogen, carbon monoxide, and heat [66]. ATR combines the SR and PO reactions into one single compact reactor; thereby the exothermic PO reaction generates the heat required for the SR process resulting in a net reaction enthalpy of zero [67,68]. ATR is attractive for small-scale production of hydrogen and provides many advantages over PO and SR. It yields a higher hydrogen production rate and efficiency compared to PO and it also shows higher energy efficiency, faster start-up and response times compared to SR [69]. Following the production of syngas, a water–gas shift (WGS) reaction is used in which CO reacts with the steam generating CO2 and more hydrogen. WGS is an exothermic reaction that typically takes place over two stages, including high-temperature shift at around 400 °C and low-temperature shift at around 200 °C, separated by a cooling step. WGS reduces the CO levels to less than 1 vol% and also enhances the hydrogen concentration within the mixture [65,70,71]. After the WGS process, a Preferential Oxidation (PrOx) reactor can be used to burn the remaining unconverted CO reducing the CO content in the fuel stream to less than 10 ppm [65]. The final stage of converting the hydrocarbon into hydrogen is a purification process, called Pressure-Swing Adsorption (PSA), which involves removing the carbon dioxide and other impurities, using beds of solid adsorbent, from the gas stream yielding pure hydrogen [72]. If a Carbon Capture and Storage (CCS) technology was used to capture and store the generated CO2, then the produced hydrogen is identified as blue hydrogen. If no CCS technology was utilized, the produced hydrogen is called grey or black hydrogen. The main stages of producing hydrogen from hydrocarbon feed are summarized in Figure 4.



The conventional hydrocarbons fuel processor is characterised by significant exergy losses due to the need for five reactors (one for syngas production, two for WGS, one for PrOx, and one for PSA) [65]. Membrane Reactor (MR) technology, which uses a hydrogen-selective membrane, such as palladium-silver (Pd-Ag) membrane, to simultaneously convert the hydrocarbon into syngas and separate high purity hydrogen, is beneficial to overcome the disadvantages of the conventional fuel processor. MR uses one reactor for the fuel conversion process which significantly increases the system efficiency [65]. Also, MR generates a fuel stream with extremely low impurities, i.e., CO, resulting in less degradation rates of the PEMFC and a longer lifetime of the PEMFC-PGS system.



In addition to hydrocarbons, hydrogen can be produced from other feedstock, such as water and biomass. In particular, producing hydrogen from water through electrolysis technology, such as Proton Exchange Membrane Electrolyser (PEMEL), Alkaline Electrolyser (AEL), and Solid Oxide Electrolyser (SOEL), is receiving a lot of interest due to its role in energy-storage applications and future renewable-energy systems [73]. The electrolysis process utilizes electrical power to split water into hydrogen and oxygen, as seen in Equation (1).


   H 2  O  →   Electricity       1 2   O 2  +  H 2   



(1)







If a Renewable Energy Source (RES), such as solar, wind, and geothermal, is used to generate the electrical power required for the electrolyser, the resulted hydrogen is called green hydrogen.



Biomass, such as agricultural residues and wastes of industries and households, is another rich source of hydrogen [74]. Producing hydrogen from biomass can be achieved through thermochemical and biochemical processes. Thermochemical processes, such as pyrolysis and gasification, are energy-demanding processes with higher efficiency and lower cost compared to biochemical [75,76]. The biochemical process, such as dark fermentation, utilizes micro-organisms to convert the organic materials, within the biomass, into hydrogen and other compounds [77].



Within the context of PEMFC-PGS, SR is the most commonly used technique to produce H2.




2.3. PEMFC Waste-Heat Recovery (PEMFC-WHR) System


In addition to the electrical power, PEMFC generates significant amounts of heat, as part of the energy conversion process, which is normally dissipated using a heat-management system, i.e., cooling circuit. Recently, various WHR techniques were proposed to capture the generated heat and enhance the energy-conversion efficiency of the PEMFC. The waste heat of the PEMFC can be considered as low-grade heat for both LTPEMF, operating at a temperature level of 60–80 °C, and HTPEMF, operating at a temperature level of 120–200 °C [45,46,78]. The PEMFC-WHR can be in the form of heat-to-heat through employing heat exchangers to recycle the heat into useful utilization, such as preheating the reactants or driving sorption chillers, or heat-to-power converting the heat into additional electricity using various thermodynamic cycles, such as an Organic Rankine Cycle (ORC), or direct heat-to-power technology, such as a Thermoelectricity Generator (TEG) [79,80,81]. A comprehensive overview of all PEMFC-WHR pathways was introduced in [45,82]. Within the context of PEMFC-PGS, the main aim of the WHR system is to convert the wasted heat of PEMFC into useful heating or cooling within the system. Heat-exchanger, absorption chiller, and chemical heat pump are the main technologies used for these purposes.



2.3.1. Heat Exchanger


The PEMFC-PGS utilizes many heat-exchangers that enable absorbing the heat from one part and transferring it into another part within the power station. Such heat-exchangers allow for the thermal integration between the hot and cold streams within the system, reducing the need for an external heat source and increasing the system efficiency.



For example, multiple heat-exchangers are normally used between the different reactors of the fuel processor to cool down the syngas before entering the PEMFC to avoid damage, degradation, and reduced performance of the stack [1]. An air stream is normally used as a coolant within these heat-exchangers and then the air is directed to be used within the combustor. Liquid–liquid, mostly water–water, heat-exchangers are also used to provide the heating load in the simple PEMFC-CHP through capturing the waste heat from the PEMFC and then transferring it into the system responsible for space heating or producing domestic hot water.




2.3.2. Absorption Chiller


Absorption Chiller (AC) is one of the thermally-driven sorption refrigeration technologies normally used in CCP and CCHP systems to produce cooling via the waste heat of the prime mover. AC is an environment-friendly cooling technology with less electrical consumption, noise, vibration, and negative environmental impact compared to conventional vapour-compression chillers. AC can be powered by a low-temperature heat source (80–200 °C) making them an ideal technology to be used for low-grade WHR, such as that in PEMFC [83,84,85]. Lithium bromide–water (LiBr–H2O) and water–ammonia (H2O–NH3) mixtures are commonly utilized as operation solutions, i.e., absorbent–refrigerant pairs, in AC chillers. The absorption–refrigeration system consists of absorber, generator, evaporator, and condenser, as shown in Figure 5. In the absorber, the refrigerant vapour, from the evaporator, gets absorbed by the weak solution forming the strong solution. The formed strong solution passes through the solution heat-exchanger where its temperature gets raised before entering the generator. In the generator, the PEMFC waste heat is used as a heat source to boil the strong solution separating the weak solution from the absorbed vapour. The weak solution flows back to the absorber while the vapour goes through the rest of the refrigeration cycle exchanging heat in the condenser and evaporator and producing the cooling effects. AC can be classified into single-effect or double-effect, depending on the number of generators and solution heat-exchangers. The double-effect chiller normally generates a higher Coefficient of Performance (COP) compared to a single-effect one. For example, the COP of the double-effect H2O-NH3 chiller is around 1.2 while it became 0.5–0.7 in a single-effect chiller [34].




2.3.3. Chemical Heat Pump


The chemical heat pump is another technology that can be used for low-grade waste-heat recovery through a reversible endothermic/exothermic reaction between chemicals without generating new substances or consuming the reaction’s substances [85]. Similar to the sorption refrigeration technologies, a chemical heat pump consists of a condenser, an evaporator and reactors where the chemical reaction takes place [86]. The chemical heat pump can be classified into either a liquid–gas absorption system or a solid–gas adsorption one. In fact, the absorption chiller is a gas–liquid absorption chemical heat pump. Different working pairs can be used for the absorption/adsorption chemical heat pumps such as chloride salts–ammonia, zeolite–water, and carbon–ammonia for adsorption systems; and magnesium oxide–water, and acetone/hydrogen/2-propanol for absorption systems [86].



Among the different chemical heat pump systems, the one employing the acetone/hydrogen/2-propanol has been proposed for PEMFC-WHR since the endothermic reaction takes place at 80–90 °C. This heat pump is a liquid–gas absorption with two reactors, one for the endothermic dehydrogenation reaction of the isopropanol and the second reactor for the exothermic hydrogenation reaction of acetone [87,88].





2.4. Energy Storage


Thermal and electrical energy storage facilities are essential parts of the PEMFC-PGS and other renewable-energy systems. They increase the flexibility and overall efficiency of the system by removing the mismatch between supply and demand and enhance the system’s ability to meet the high demand on thermal/electrical energy during the peak time [89,90]. Energy storage is critical to improve energy utilisation and reduce the economic losses within the poly-generation system [91].



Thermal Energy Storage (TES) can be either Sensible Heat Storage (SHS) or Latent Heat Storage (LHS). LHS employs phase change material (PCM), such as paraffin wax, molten salt, and water–ice, as a storage medium to store/release thermal energy (heat) as a result of a phase transition occurring at a constant temperature within such materials [92]. On the other side, SHS is achieved by changing the temperature, i.e., heating or cooling, of the storage material that can be either solid or liquid such as ceramic, water, or oil [93]. In SHS, the storage medium does not experience any change in its phase during charging or discharging. The well-insulated hot-water tank (HWT) is the most commonly used SHS facility in residential and industrial applications [94]. Most studies on PEMFC-PGS reviewed in this paper have considered hot-water tanks as TES systems.



Electrical Energy Storage (EES) technologies enable storing the electricity when produced in excess, during off-peak hours, for use during peak demand periods [95]. EES provides several advantages for the power system, such as meeting high demands on electricity, managing power generation, regulating supply and demand, enhancing power trustworthiness, minimizing the need for power import, and reducing the grid dependence of the system [96,97]. EES can be mechanical, such as flywheels and compressed air energy storage, electrochemical, such as batteries and flow batteries, and electromagnetic, such as capacitors and supercapacitors [98]. The various battery technologies are ideally suited for EES. Lithium-Ion Battery (LIB) with its high energy density is the most widespread battery technology as EES system, particularly for electric vehicles (EVs). However, LIB exhibits some fire and explosive safety risks due to the flammability of the electrolyte and the high activity of the electrodes [99,100]. The flow battery technologies, such as Redox Flow Battery (RFB), are preferred for stationary large-scale EES applications because their feeds, i.e., the two electrolytes, can store large quantities of energy and they also have independent power and capacity [101,102,103]. RFBs have lower cost, higher safety, and lower power density compared to LIBs. The solid-state battery, which uses a solid electrolyte, is another promising candidate for next-generation EES systems. Compared to other batteries, the solid-state battery may offer many gains such as better safety, higher energy and power densities, longer life, and a wider range of operation temperature [104,105,106].



For PEMFC-PGS, LIB is adopted in many investigations as EES system [107].




2.5. Other Subsystems


In addition to the aforementioned technologies, PEMFC-PGS contain some other subsystems including the following:




	
Electrical and electronic subsystem: the PEMFC stack generates low-voltage DC which is not suitable for domestic applications. Therefore, electronic conversion devices are normally used to control, adjust, and transform the electrical output of the PEMFC. For example, an inverter is normally used in the PEMFC-PGS to convert the low-voltage DC of the PEMFC to AC compatible with domestic electrical equipment. Also, for integrating the PEMFC-PGS with the national electricity grid, additional pieces of equipment are required to provide frequency synchronisation, control, and other power conditioning to enhance the exportability of the generated power as well as satisfying the quality that is required by the national grid;



	
Balance of Plant (BoP) components such as pumps, compressors, humidifiers, valves, pipework, sensors, etc.;



	
Auxiliary devices, such as a secondary boiler, providing additional thermal power when the heating generated by the PEMFC-PGS is not sufficient; and



	
User-friendly monitoring and control systems, such as smart-meter, LCD touch-screen, and remote control, allowing the customer to interact with the system easily and efficiently.










3. Performance of PEMFC-PGS


Many indicators can be used to assess the performance of the PEMFC-PGSs. The most common energy, exergy, and economic performance metrics that were presented in the literature are the gross electrical efficiency    (   η  el  (  gross  )     )   , net electrical efficiency (   η  el  (  net  )    )  , the thermal efficiency (   η  th   )  , the cooling efficiency (   η c  )   the system overall energy efficiency    (   η  CHP   ,      η    CCHP    )   , the electrical exergy efficiency    (   ψ  el    )   , the thermal exergy efficiency    (   ψ  th    )   , the cooling exergy efficiency    (   ψ c   )   , the system overall exergy efficiency    (   ψ  CHP   ,      ψ    CCHP    )   , the primary energy saving (PES) index, the levelized cost (LCOE), and the mean annual cost (    Co   med    ). The full definitions and equations of these metrics are summarized in Table 1.



3.1. CHP


3.1.1. PEMFC-CHP


The energy performance of PEMFC-CHP system was analysed in many studies. Gigliucci et al. [8] assessed the responses of PEMFC-CHP system that converts NG into electricity and heat for small residential applications in Italy. The system is made up of five main sections, including the fuel processor, PEMFC stack, the power conditioning system converting the DC into AC, liquid-to-liquid heat-exchanger as WHR system, and set of batteries responsible for allowing peak power and system load tracking. The measured electric and thermal efficiencies of the system at nominal conditions were 18% and 30%, respectively. The system performance under different operating conditions was assessed experimentally and mathematically. The obtained results proved that the system behaved as expected and the model provided satisfactory prediction for the system performance. Radulescu et al. [115] investigated experimentally the performance of PEMFC-CHP co-generation system fed by NG. Despite that the fuel cell performance was satisfactory, the co-generation system exhibited poor electrical and thermal performance. The system yielded global mean electrical and thermal efficiencies of 9.2% and 29%, respectively. The low electrical efficiency of the system was due to the electrical losses, caused by the complex electric architecture of the system, and the fuel reforming process which required significant energy input. Briguglio et al. [116] conducted an experimental analysis to evaluate the thermal and electrical performance of a 5 kW PEMFC-CHP system for residential applications. The system showed satisfactory performance with an overall efficiency of 80%. It was reported that reducing the convective heat losses of the PEMFC stack, through good insulation, can improve the co-generation efficiency. Barelli et al. [117] analysed the performance of PEMFC-based residential CHP system in terms of efficiency, fuel consumption, hot-water production, and response time using a Matlab® Simulink dynamic model. The considered system is composed of PEMFC, fuel processor, heat-exchangers, humidifier, and auxiliary hot-water boiler. The hydrogen required for PEMFC was obtained from methane using a fuel processor. The influence of the air relative humidity in the PEMFC on the system’s overall efficiency was explored. It was found that a higher humidity rate improves the PEMFC efficiency resulting in reduced consumption of methane. However, the best operating conditions of the CHP plant were obtained for a relative humidity of 50%. Xie and Wang [118] reported on the performance of a PEMFC-CHP prototype consisting of a natural gas steam reforming (NG-SR) unit, CO cleaning unit, PEMFC stack, WHR unit, and auxiliary unit. It was shown that the system can produce 200 W electrical power and 530 W thermal power with electrical and thermal efficiencies of 15.4% and 40.9%, respectively. Minutillo and Perna [119] conducted energy analysis, using a numerical model, for a residential PEMFC-CHP system composed of two PEMFC stacks, a NG-SR unit, a WHR unit, batteries, DC-AC converters, and auxiliary components such as compressors and pumps. It was pointed out that the CHP system provides significant energy savings compared to the separate generation of heat and electricity from conventional gas-fired boilers and centralized power plants. The CHP system can generate 2.5 kW thermal power and 2.2 kW electrical power with electrical and CHP efficiencies of 40% and 88%, respectively. Chang et al. [107] conducted a performance analysis, using Mathlab, on a 2 kW residential PEMFC-CHP with a LIB. It was found that using batteries can increase the average total efficiency of the system by 11.02% and reduce the daily hydrogen consumption by 14.47%. The average total efficiency of the system with a battery is 81.24%. Gandiglio et al. [120] explored the potential of PEMFC-CHP system for residential space heating via a floor heating system. It was found that the global efficiency of PEMFC-CHP coupled with floor heating is 80% and it is greater than the traditional system with radiators network where the global efficiency of such a system is about 43%. The reason for the better performance in the case of a floor heating system is that this system operates at a temperature of 35–45 °C which is less than the system based on wall-mounted radiators (normally operate at 60–80 °C) and, therefore, the floor heating is better suited for the low-grade waste-heat recovery of PEMFC.



Despite the high efficiency of the PEMFC, the PEMFC-CHP systems with conventional fuel processors, such as SR and ATR, exhibited somewhat low efficiency due to the multiple steps required to process the fuel and the associated energy losses. Therefore, many studies have investigated alternative fuel processors, such as MR [121,122], for PEMFC-CHP applications. Marcoberardino and Manzolini [123] assessed the techno-economic performance of a 5 kW micro CHP system using PEMFC along with MR to produce hydrogen. Two reactor configurations, including sweep gas and vacuum pump, were explored to reduce the surface area of the membrane. The system with sweep gas configuration showed a net electric efficiency of 41.21% which is greater than that for vacuum pump configuration. A similar investigation has been conducted by Foresti and Manzolini [124], who also evaluated the performance of PEMFC-CHP co-generation system using auto-thermal fluidized-bed MR for converting bio-ethanol to hydrogen. It was found that the net electric efficiency of the system is higher than 40% in the sweep-gas layout while it is less than 39% in the vacuum pump layout. However, the sweep-gas system requires a greater membrane area compared to the area of membrane needed for vacuum pump configuration. Foresti et al. [125] have expanded the previous work by investigating the impact of impurities (CO, N2, CO2, and CH4) in the feeding stream on the performance of PEMFC-CHP system using MR for hydrogen production. It was found that the influence of impurities depends on the operation mode of the anode in the PEMFC stack. The study investigated two operation modes of the anode including dead-end mode, which doesn’t require hydrogen recirculation, and the flow-through mode. In the dead-end anode, small amounts of impurities (around 0.5%) in the feeding stream can cause fast voltage drop and, therefore, purges are frequently needed to remove them and recover the voltage. For the flow-through operation, the cell voltage of the PEMFC was insensitive to the impurities.



The use PEMFC-CHP system was not limited to the domestic buildings but they were also proposed for other applications. For example, Guizzi and Manno [126] assessed the economic and energy performance of a PEMFC-CHP system used to cover the energy needs of an information and communication technology (ICT) centre. The co-generation system consists of a NG reforming unit to produce hydrogen, PEMFC to produce electrical power, and a heat-exchanger as a WHR system recovering heat from both the steam reformer and the PEMFC to cover the thermal energy requirements of an office building close to ICT. The electrical power generated by the PEMFC is used to cover the electrical loads of the ICT centre including those required for uninterruptible power supply (UPS), the transformer and the lighting equipment, HVAC auxiliaries, and a vapour-compression chiller unit. It was reported that this CHP system can provide significant energy, cost, and emission savings in the operation of ICT centres where it can reduce the annual energy costs by around 47%.



In addition to assessing the energy performance, the exergy behaviour of the PEMFC-CHP systems was also evaluated in many investigations [127]. Exergy analysis considers the losses and the internal irreversible reactions within the energy system to identify the energy degradation and the useful work utilized by the system [128]. Generally, enhanced exergy of the system can be achieved by increasing the operating temperature, pressure, and relative humidity of the PEMFC while decreasing its membrane’s thickness [127]. Obara and Tanno [129] investigated the exergy performance of a micro PEMFC-CHP power system operating via city-gas. The system consists of a city-gas reformer, a 3 kW PEMFC, and auxiliary components including a backed boiler, heat-storage tank, an inverter, a DC–AC converter, and a high-speed changeover switch. The proposed system yielded a total energy efficiency of 72% and total exergy efficiency of 40%. Preheating the city-gas, air, and water provided to the system using the exhaust heat were proposed as a possible solution to enhance the exergy efficiency of the system. Xie et al. [111] analysed the energy and exergy performance of a residential micro co-generation system consisting of a fuel-processing unit, PEMFC as a power-generation unit, and WHR system to produce hot water. For a typical operation, the system generates 3868 kJ h−1 of electricity and 6605 kJ h−1 of thermal energy with an energy efficiency of 68.4% and exergy efficiency of 30.7%. It was stated that the energy carried by the off-gas from PEMFC and other unuseful streams cause the majority of the energy loss within the system. Among the different system’s components, the PEMFC showed the lowest energy and exergy efficiencies. Barelli et al. [130] evaluated the energy and exergy performance of a micro CHP energy system using PEMFC as a prime mover for distributed residential power generation applications. The system is characterized by a set of four heat-exchangers responsible for cooling and waste-heat recovery of PEMFC. The captured heat is used for preheating the reactants of the PEMFC and also for producing hot water for the user. A model was established for the CHP system, using Aspen Plus, and employed to simulate the system’s responses at different operating conditions. The optimal operating conditions of the PEMFC for maximizing the energy and exergy efficiency were determined. It was found that the system has overall energy and exergy efficiencies of 92% and 58%, respectively.



Using green hydrogen, produced via RES-powered electrolyser, can improve the environmental performance of the PEMFC-CHP. Herrmann et al. [131] compared the PEMFC-CHP system supplied with green hydrogen, produced via electrolysis powered by wind power plants, to alternative heating technologies such as NG boiler, Wood pellet-fired boiler, a combination of NG boiler and a solar thermal collector, heat pump connected with a ground collector, PEMFC-CHP supplied with NG, and PEMFC-CHP supplied with hydrogen from centralized SR plants. It was found that the green hydrogen PEMFC-CHP produces the lowest CO2 emissions but it has the highest total costs.




3.1.2. HTPEMFC-CHP


In addition to LTPEMFC, HTPEMFC was also used in the PGSs. Despite that the lower efficiency and higher performance degradation rate of the HTPEMFC compared to LTPEMFC, HTPEMFC showed some advantages upon using in the PGSs as they allow simplifying the design of all system’s components, including fuel processor, fuel cell stack, and the heat-recovery system [36]. Zuliani and Taccani [36] compared the performance of HTPEMFC-CHP co-generation system with its LTPEMFC counterpart and reported that HTPEMFC system has less complicated and more reliable BoP while yielding electrical efficiency comparable to the LTPEMFC system. Najafi et al. [108] used HTPEMFC in place of LTPEMFC in the CHP system. The HTPEMFC-CHP system showed better performance compared to its LTPEMFC counterpart. The HTPEMFC-CHP system yielded electrical efficiency and primary energy savings index of 29.21% and 17.5%, respectively, while the LTPEMFC-CHP systems exhibited electrical efficiency of 21.18% and primary energy savings index of 6.07%. Nomnqa et al. [132] modelled a 1 KWe residential HTPEMFC-CHP system and evaluated its energy outputs. It was shown that electrical, thermal, and co-generation efficiencies of 42.8%, 47.2% and 90% can be obtained. Taccani et al. [37] modelled a HTPEMFC-CHP system considering the degradation of the stack in order to evaluate the system performance over one year of operation. The system’s performance in terms of electrical and thermal energy production, energy savings, and import/export of electricity from/to the grid was evaluated for four different configurations with and without battery storage. It was found the CHP systems with battery storage provide higher primary-energy savings compared to the system without battery storage. The system performance over one year of operation was affected negatively by the degradation of the PEMFC stack. It was reported that increasing the size of the stack could mitigate the detrimental effects of the stack degradation but will increase the cost of the system. The influence of the stack’s degradation on the electrical and thermal power of HTPEMFC-CHP system was also investigated by Mamaghani et al. [20]. The authors incorporated the system’s degradation within the model of the power system and used a multi-objective optimization approach to identify the optimal operating parameters of the system within the first 15,000 h of operation. The results of this work revealed that a steady decrease in the system performance through the time of operation confirming the adverse effects of the degradation on the long-term performance of HTPFMFC system. The degradation caused the highest net electrical efficiency to drop from 32.75% at the beginning of the operation to 29.51% at 15,000 h of operation. Budak and Devrim [133] demonstrated the feasibility a HTPEMFC-CHP system employing Polybenzimidazole/Graphene Oxide (PBI/GO) composite as a membrane in the fuel cell. The CHP system with stack using PBI/GO membrane performed better than that with PBI membrane yielding thermal efficiency of 47% and a maximum power of 546 W. Marcoberardino et al. [9] compared the performance of three different PEMFC-CHPs solutions for residential power generation. Different types of fuel processors and fuel cells were considered to produce three main configurations of the cogeneration systems. The first configuration employed either SR or ATR for hydrogen production along with LTPEMFC. In the second configuration, the LTPEMFC was replaced with HTPEMFC. The third configuration utilized MR for hydrogen production and LTPEMFC for power generation. It was found that the co-generation system with membrane reactor yields the highest electrical efficiency while the system with HTPEMFC provides the best thermal efficiency. The economic analysis revealed that the third configuration requires the maximum investment cost but it can achieve the highest annual economic saving.




3.1.3. Performance under Varying Loads


The flexibility of the power system in covering a wide range of loads is essential in the framework of smart grid applications. Good operation under partial load means that the power system does not show a significant drop in its nominal efficiency when the load decreases [134]. The electrical and thermal loads in residential applications are not constant and vary during the day and seasons [123]. Therefore, it is important to analyse the performance of PEMFC-CHP systems under partial loading to understand their capability to cope with intermittent electrical and thermal load profiles. Najafi et al. [135] compared three different strategies for partial load operation of the HTPEMFC-CHP including fuel partialization, power to heat shifting, and combined strategy. For the fuel partialization strategy, it was found that decreasing the provided fuel to 50% of its initial value can increase the electrical efficiency by 4.3% while decreasing the thermal efficiency by 5.4%. For the power to heat shifting strategy, the anodic stoichiometric ratio was increased which resulted in decreasing the electrical generation of the system while boosting the thermal generation. In the final approach, the aforementioned strategies were combined which resulted in a wide range of thermal and electrical production. Gandiglio and Santarelli [21] evaluated the behaviour of a PEMFC-CHP system that uses different modulation strategies to adjust the current and power outputs of the PEMFC according to users’ load profiles. Such modulation strategies can reduce primary energy consumption from the grid. Four modulation schemes, including operation without load modulation, operation with day–night modulation, operation with segmented modulation, and operation with load-following, were compared. It was found that the load-following operating mode is the most effective scheme minimizing the systems’ dependence on the grid.




3.1.4. Optimization of PEMFC-CHP Systems


Optimizing the performance of the PEMFC-CHP through utilizing different mathematical optimization algorithms has been also reported in many investigations. Yang et al. [136] employed a multi-objective optimization technique, known as Improved Collective Animal Behaviour (ICAB) algorithm, to find the optimal design parameters of HTPEMFC-CHP taking into account the degradation of the stack. The auxiliary to process fuel ratio, anodic stoichiometric ratio, steam to carbon ratio, and fuel patriotization level were selected as design parameters while net electrical efficiency and electrical generation were chosen as objective functions. It was shown that the optimized system can produce higher electrical power than the system operating at normal conditions. The cumulative difference in the power generation between the optimized system and the normal one is 3.03 kW. Mamaghani et al. [55] conducted multi-objective optimization of HTPEMFC-CHP system, shown in Figure 6, aimed at maximizing the system’s performance and minimizing its total capital cost. The system performance was evaluated for the steady-state operation and long-term operation with the consideration of the stack’s degradation. Genetic algorithm (GA) was used as an optimization algorithm with steam to carbon ratio, current density, burner outlet temperature and auxiliary to process fuel ratio as design parameters to identify. The study showed a conflicting relationship between the cost and the efficiency objectives where the capital cost increases as the efficiency increases. Maximum electrical efficiency of 29.96% can be achieved in a system costing €115,711.



In another study, Mamaghani et al. [56] found the optimal operating parameters of a HTPEMFC-CHP co-generation system at full and partial loading using multi-objective GA. The auxiliary to process fuel ratio, steam to carbon ratio, burner-outlet temperature, and anodic stoichiometric ratio were set as optimization parameters. The study performed two different optimization procedures with one of them considering the electrical and thermal power generation as objective functions while the second set the thermal and electrical efficiencies as objective functions. Additionally, the primary energy saving (PES) index, which combines the thermal and electrical performance of the system, was used to determine the best optimal solution among the different candidates obtained from the optimization. It was shown that the net electrical efficiency of 32.3% and thermal efficiency of 61.1% can be attained through optimization. Arsalis et al. [137] employed GA optimization methodology and Mixed Integer Nonlinear Programming (MINLP) problem formulation to find the optimum operating parameters of a residential HTPEMFC-CHP system with maximum net electrical efficiency and minimum heat exchange network (HEN) annual cost. The optimized system yielded net electrical efficiency of 35.2%, total system efficiency of 91.1%, and a total HEN annual cost of 8147 $/year. Kwan et al. [138] performed multi-objective optimization of a PEMFC-CHP hybrid system that uses heat pumps to cooperatively produce the required heating power of the system. Different types of heat pumps including the Peltier device, trans-critical R744 cycle, and vapour compression cycle (VCC) were considered. Minimising the combined capital and yearly maintenance costs and maximising the hydrogen energy consumption efficiency were selected as the optimisation objectives. The optimal parameters were determined using the Non-Sorted Genetic Algorithm II (NSGA-II) algorithm. It was found that the PEMFC-CHP system using VCC heat pump is the best performing system as it consumes the least power and yield the highest COP compared to other systems.





3.2. CCP


The energy consumption required for cooling applications forms a major energy concern for countries with hot weather all year round, such as countries situated in the Gulf region. For example, the air-conditioning systems consume around 60% of the total power produced in the Gulf region [139]. Therefore, PEMFC-CCP has the potential to reduce the power required for cooling. Pilatowsky et al. [33] numerically evaluated the performance of a PEMFC-CCP system composed of a 1 kW PEMFC integrated with AC which uses monomethylamine–water solution as a working fluid. The co-generation efficiency of the system was found to be almost independent of the PEMFC electrical power. The system yielded the highest COP of 0.57 at generation and evaporation temperatures of 60 °C and 10 °C, respectively. Ratlamwala et al. [139] conducted a performance assessment of a PEMFC-CCP using parallel flow triple-effect absorption as a cooling system. This system is composed of a PEMFC, three generators, four heat-exchangers, two expansion valves, a condenser, an evaporator, an absorber, and a pump. Both the PEMFC power and heat are completely used to run the cooling system with no power driven for any other use. The influences of the different operating conditions including current density and temperature of PEMFC, membrane thickness, and the molar flow rate on the system’s performance metrics, including PEMFC efficiency, energetic and exergetic COPs, and the system’s overall utilisation factor were explored. It was found that increasing the operating temperature of the PEMFC enhances its efficiency but decreases both the energetic and exergetic COPs. On the other side, it was observed that increasing the thickness of the PEMFC membrane decreases its efficiency but increases the COPs. For the influence of the current density, it was noticed that increasing the current density results in decreasing the COPs and the overall utilisation factor.




3.3. CCHP


Açıkkalp and Ahmadi [140] analysed the performance of a PEMFC-CCHP tri-generation system that uses AC for producing cooling and a chemical heat pump for generating heating. The maximum energy efficiencies of the system were 0.525 at 100 °C and 0.527 at 90 °C. Chahartaghi and Kharkeshi [141] conducted thermodynamic performance analysis of a PEMFC-CCHP system composed of a PEMFC, a single effect AC, a compressor, a pump, and a heat storage tank. The waste heat of the PEMFC was used for cooling, via the AC, and for heating, via the heat storage tank. The CCHP system was simulated under steady-state using EES software; and the system responses in terms of energy, exergy, and Fuel Energy Saving Ratio (FESR) were evaluated. It was found that the proposed system can yield energy and exergy efficiencies; and FESR of 81.55%, 54.5%, and 45%, respectively. It was also stated that system performance is a function of the current density and the size (number of cells) of the PEMFC where the energy efficiency increases and the exergy efficiency decreases as the stack’s size increases and current density increases. Authayanun and Hacker [109] conducted energy and exergy analyses of a HTPEMFC-CCHP system consisting of 5 kW HTPEMFC, a biogas fuel processor with SMR and WGS reactors, and AC using Li-Br as a working mixture. Parametric analysis was performed to assess the influence of operating parameters, including operating pressure and cathode stoichiometric ratio, on the performance of the system. It was observed that the energy efficiency of the system increases by increasing the operating pressure and decreasing the cathode stoichiometric ratio. The maximum system’s efficiency was reported to be 74% at operating pressure of 3 atm and cathode stoichiometric ratio of 2. The exergy efficiency of the system was found to be less than its energy efficiency. Najaf et al. [142] evaluated the performance of a PEMFC-CCHP system under full and partial loading conditions using a detailed and validated mathematical model. The system is responsible to cover the thermal loads of a building and consists of a fuel processor, PEMFC stack, a PEMFC-WHR system in the form of thermal recovery circuits accumulating the heat in high temperature (HT) and low temperature (LT) storage tanks, a vapour compression chiller, a Desiccant Evaporative Cooling (DEC) air handling unit, and an auxiliary boiler to provide extra thermal power when PEMFC waste heat is not enough for DEC, as can be seen in Figure 7. The electrical loads of the chillers and DEC system are covered by the PEMFC but the system is also connected to the grid to meet the electrical demands of these systems when the PEMFC produced power is not enough. The electrical efficiency of the system under partial loads was found to be almost the same as that when the system operates under full loads. The electrical efficiency of the system can be increased from 21% to 27% by adopting two modifications including preheating the air fed to the burner and replacing some components of the plant with optimised ones.



Guo et al. [143] evaluated the performance of the PEMFC-CCHP system comprising HTPEMFC and absorption cycle which can function as either an absorption heat pump for heating or an absorption refrigerator for cooling. Comparing with the stand-alone HTPEMFC power system, the proposed PEMFC-CCHP can deliver 33.41% and 19.34% greater power density when the absorption cycle operates as heat pump and absorption refrigerator, respectively. Baniasadi et al. [144] evaluated the exergy and exergoeconomic performance of a novel PEMFC-CCHP system comprising a 10 kW PEMFC, Phase Change Material (PCM) heat storage tank, AC, and a NG steam reformer. The influences of the PEMFC stack operating temperature, PEMFC pressure, PEMFC current density, and heat source temperature of AC on the performance of the system are explored. It was found that the best performance of the system is obtained using a PEMFC with current density ranging between 300 mA cm−2 and 700 mA cm−2, working pressure between 1.5 atm and 3 atm, and working temperature greater than 355 K.



The majority of PEMFC-CCHP systems have used AC to recover PEMFC waste heat for producing cooling. However, some other studies have employed other cooling technologies in the PEMFC-CCHP systems. For example, Ebrahimi and Derakhshan [110] proposed a micro-CCHP system utilizing PEMFC as the prime mover, plate heat exchanger to produce domestic hot water, and thermoelectric cooler to produce cooling. The system was able to produce 3.04 kW of heating, 2.79 kW of electricity, and 26.8 W of cooling sufficient to cover the energy demands of a single-family house. The overall energy and exergy efficiencies of the system are 76.94% and 53.86%, respectively.



Similar to PEMFC-CHP systems, many studies have been reported in the literature regarding the optimal design of PEMFC-CCHP system [145]. Sun et al. [146] used Marine Predators Optimization Algorithm (MPOA) to improve and optimize the environment, economics, and thermodynamic performance of PEMFC-CCHP system composed of 5 kW PEMFC, AC, humidifier, and gas compressor. The electricity generated by the PEMFC is used to run the compressor. The AC recovers the heat from the PEMFC to generate residential cooling. In the optimization process, the PEMFC parameters including its temperature, air pressure, hydrogen pressure, relative humidity, and current density were considered as design variables while GHG reduction, exergy and energy efficiencies, and annual cost, are taken as design responses. The optimized system exhibited exergy efficiency of 32.57% and an annual GHG reduction of 2.03 × 106 g which are greater than that of the system before optimization. Zhi et al. [114] employed a multi-objective Butterfly Optimization Algorithm (BOA) to optimize the performance of a domestic PEMFC-CCHP system composed of 5 kW PEMFC, a small AC, a humidifier, heat exchanger, hot-water tank, and a gas compressor, as shown in Figure 8. The operating parameters of the PEMFC including the current density, relative humidity (RH), inlet gas pressures at cathode and anode, and temperature were selected as the design variables. Annual GHG reduction, annual cost, exergy efficiency, and energy efficiency were chosen as the system responses of interest. The optimal system exhibited an annual GHG reduction of 2.67 × 107 g, exergy efficiency of 47.1%, and an annual cost of 3.139 × 103$.



Cao et al. [147] optimized the thermodynamic, environmental, and economic performance of a kW PEMFC-CCHP system using Improved Emperor Penguin Optimization (IEPO) algorithm. PEMFC, a heat-recovery system, AC, a gas compressor, and a humidifier were used as the components of the system. GHG reduction, annual cost, and energy and exergy efficiencies were selected as objective functions while the operation parameters of the PEMFC stack, including temperature, Pair, PH2, RH, and the current density, were selected as the independent parameters. The optimized performance obtained using IEPO was better than that obtained using other popular optimization algorithms, such as Emperor Penguin Optimization (EPO) and NSGA-II, yielding lower annual cost, higher annual GHG reduction, and higher exergy efficiency.




3.4. CWP


The use of the fuel cells waste heat was not restricted to producing heat and cooling for building applications. Some researchers proposed the integration of PEMFC with desalination plants and water purification systems for producing freshwater. The desalination technologies are energy-intensive and expensive processes consuming a considerable amount of energy [148,149]. Therefore, PEMFC-PGS for desalination applications can be considered as a solution to reduce the cost of the desalination process and to generate energy savings.



Huicochea et al. [150] analysed the performance a PEMFC-CWP system consisting of a 5 kW PEMFC and an absorption heat transformer (AHT) which is integrated to a water purification system. It was shown the proposed system yields an overall cogeneration efficiency of 0.571, which is 12.4% greater than the efficiency of a standalone PEMFC system. Lai et al. [151] proposed a novel PEMFC-CWP system for the co-generation of electric power and freshwater. A Direct Contact Membrane Distillation (DCMD) unit was integrated with PEMFC to recover its waste heat for the distillation of brine water. Parametric analysis was conducted to evaluate the influence of PEMFC current density and freshwater mass flow rate on the system performance. GA was used to find the optimal operating parameters that can maximize the energy gain within the system. The results revealed that a higher operating temperature of the PEMFC and a lower concentration of brine water are favourable for improving energy gain and the energy utilization degree of the system. The proposed hybrid system was found to increase the energy utilization degree by 266% compared to the PEMFC system working individually. In another study, a Multi Effect Desalination (MED) unit was integrated with the PEMFC-CHP system to produce freshwater alongside power and heat [152]. Fakhari et al. [152] used GA to determine the optimal operating parameters for a tri-generation system composed of a gasifier to generate syngas from biomass, PEMFC to generate electrical power, a MED unit operated via the heat recovered through cooling the syngas, and a series two-stage ORC using zeotropic mixture as working fluid to recover the waste heat of the PEMFC. It was reported that the proposed system can produce 162.86 m3/day of freshwater with an exergy efficiency of 23.43% and a total cost rate of 64.91 $/h.





4. Commercial Developments


Over the recent years, the PEMFC-PGS have seen increased market activities and commercial progress. In Japan, which is the world-leading country in deploying fuel cell-based co-generation systems, around 270,000 active FC-CHP units have been installed as of 2018 [153]. Starting in 2008, Panasonic developed a PEMFC-CHP system for home use [154]. The system features a power-generating efficiency of 39% and a lifetime of more than 10 years. In 2009, the first residential PEMFC-CHP cogeneration systems, branded as EneFarm, started to be sold commercially to customers at $33,000 with the subsidy of $14,500 from the Japanese government [155]. In 2013, Panasonic and Tokyo Gas developed a new PEMFC-CHP EneFarm product that has about 20% fewer components, 25% less cost, and 20% longer lifetime than the old model [156]. The new system also offers the highest overall efficiency of 95% [156]. As of September 2013, 31,000 units of EneFarm system were installed across Japan and they were able to cut the primary energy consumption by around 35% and CO2 emissions by approximately 49% [157]. In 2014, Tokyo Gas and Panasonic in Japan unveiled the world’s first commercial FC-CHP farm for residential apartments [158]. In June 2020, Panasonic Japan launched a new Ene-Farm PEMFC-CHP system for condominiums which is based on the EneFarm system for detached houses [159]. The system has a power of up to 700 W and has been adopted for a high-rise residential building in Yokohama. In addition to Japan, Korea has launched some projects to deploy the FC-cogeneration system. For example, the Korea institute of energy research has established a start-up company to commercialise a FC-CCHP tri-generation system for urban buildings [160]. HTPEMFC with an electrical efficiency of 54% and power of 5 kW will be used in a CCHP system generating electricity, heat, and cooling economically. In China, PEMFC-PGSs have found some interesting industrial applications. In 2016, the world’s first 2 MW PEMFC-CHP is installed in chlor–alkali plant in China [161]. This large-scale system converts the by-product hydrogen from the chlor-alkali production process into electric power, heat, and water. Such system can reduce the electricity consumption of chlor–alkali plant by around 20%.



In Europe, FC-CHP systems have gained interesting developments and received significant investments [162,163,164]. In 2008, the German federal ministry for transport, building and urban development (BMVBS) has launched a project, known as Callux project, in collaboration with nine partners from the industry which aimed to develop 800 FC-CHP units to supply power and heat for single-family houses [165,166]. The FC-CHP systems developed in Callux project used a PEMFC stack providing around 1.0 kW of electricity and 1.7 kW of heat to meet the energy requirements of single-family homes [167]. In 2009 and as part of the Callux project, a FC-CHP system has officially been put into operation on a museum sailing ship in Hamburg [168]. In 2012, a similar program, called EneField project, co-funded by industry and the European Commission’s Fuel Cells and Hydrogen Joint Undertaking (FCHJU) has launched. As part of this project, more than 1000 FC-CHP systems, including both PEMFC and SOFC, were installed across 10 European countries providing more than 5.5 million operation hours [169,170,171]. The EneField project partners identified the value of the widespread deployment of micro FC-CHP systems. It was reported that these systems are not only improving energy efficiency but can also significantly reduce CO2 emissions annually so they can deliver more than 32 million tonnes of CO2 reductions in 2030 [172]. Another project involved cooperation between Viessmann, from Germany, and Panasonic, from Japan, to develop a PEMFC-CHP co-generation system producing heat and electrical power for single-family homes in Europe [173]. The system can generate 750 W electrical power and 1 kW thermal power with an overall system efficiency of 90%. It is expected that 10,000 units of this system will be installed in Europe by 2020. PACE project (Pathway to A Competitive European fuel cell micro-cogeneration market) is another ambitious EU-funded project aiming to install around 2800 FC-CHP systems to provide power and heat for household applications across EU by 2021 [174,175]. FC-CHP systems have also seen increased demand and rapid expansion in Belgium [176]. According to PACE project, around 500 FC-CHP units have been sold in Belgium as of 2018. In the UK, the first FC-CHP unit was installed in 2005 to provide the domestic heat and electricity requirements for a four-bedroom house [177]. The co-generation system combines a natural gas reformer, to produce hydrogen, with the PEMFC producing 1.5 kW of electricity and 18 kW of heat.




5. Merits and Challenges


With their high efficiency and possible zero emissions, the PEMFC-PGSs have the right features to empower the transition into the clean-energy age. According to the final dissemination event of EU-funded EneField project, which is the largest European field trial of fuel cell micro-CHP, grid stability, system-wide efficiency, and decarbonisation benefits are among the advantages of these systems [178]. PEMFC-PGSs can improve the security, sustainability, and environmental performance of the energy supply. Also, they are one of the key players in DEG capable of enhancing the energy efficiency and lowering the levels of GHG emissions in various urban, industrial, commercial, and residential buildings [179]. For all use cases, PEMFC-PGSs produce less CO2 emission, particulate, NOx, and noise than their counterparts in the DEG.



Using hydrogen as a fuel is a major advantage for PEMFC-PGSs as hydrogen has high energy content per unit mass, has been produced and handled for several decades, and the technology and regulations for its safe storage and transportation are well-developed [74,180]. Also, since the hydrogen can be produced via NG reforming, the PEMFC-PGS can capitalize from the existing NG infrastructure in some countries such as those in Europe. Furthermore, the recent developments in producing green hydrogen, through RES-powered electrolyser [181], or blue hydrogen, through adopting CCS technologies [182,183], can maximise the environmental gains of the PEMFC-PGSs. Similarly, the other low-carbon techniques for hydrogen production from hydrocarbon sources or biodiesel by-product glycerol using MR have advanced significantly over the past few years [184,185].



The PEMFC-PGSs can be integrated with other technologies, such as heat pump (HP) [113,138], ORC [186], and TEG devices [187,188], to form a hybrid system with enhanced overall performance in terms of reducing primary energy consumption, emissions, and economic costs. The hybrid system is more flexible than the standard system and can improve the supply and demand condition of electricity and heat within the system. For example, HP technology, which utilises the combination of electric power and low-grade heat to produce higher-grade heat, can be used in PEMFC-CHP system to produce extra heat during the period of high demand on heating power [138]. On the other side, TEG and ORC can be used as WHR technology of the PEMFC to generate extra electric power within the PEMFC-CHP when the demand for electricity increases [186,187,188].



Despite the huge benefits, there are many barriers impeding the commercialisation and widespread of PEMFC-PGSs. PEMFC-PGSs have a greater capital cost compared to the other traditional technologies, such as those based on mGT, ST, or ICE [113,189]. The US Department of Energy (DoE) set a cost target of 1000 $/kW for the FC-CHP systems to be achieved by 2020 [190]. However, a holistic cost analysis showed that the Japanese government’s target of 3500 $/kW by 2020–2030 is more realistic [190]. A similar figure was estimated by a European-funded study on outlining the pathways for commercialising stationary fuel cells in distributed generation across Europe that projected a cost of 3500 EUR/kW for micro FC-CHP [191,192]. These projected costs are still higher than the current prices of the conventional CHP technologies [193]. According to DoE, the total installed cost of GT-CHP, ICT-CHP, and ST-CHP can be as low as 1300 $/kW, 1400 $/kW, 670 $/kW, respectively [194]. The high cost of the PEMFC-PGSs is the greatest commercialisation obstacle in the price-sensitive energy market making such technology less competitive for domestic applications. The main opportunities for reducing the cost of the PEMFC-PGSs are mass production and system simplification [123].



As mentioned before, green hydrogen is the most promising fuel to achieve the best environmental impact of the PEMFC-PGS. However, the cost of green hydrogen is almost three times greater than the cost of hydrogen produced traditionally via the SR process [131]. The cost of blue hydrogen ranges between 1.4 and 1.8 EUR/kg while the cost of green hydrogen is 4.1–6 EUR/kg and 3.2–5.2 EUR/kg when using PEMEL and AEL, respectively [191]. In addition to hydrogen production cost, the capital cost of the green hydrogen production system is also high where the capital cost (including installation) using AEL ranges from 1000 to 1500 EUR/kW which is half the cost required for the PEMEL system [191]. A promising electrolyser technology based on Anion Exchange Membrane (AEM) seems to be a solution to achieve low-cost and highly stable hydrogen production. Anion Exchange Membrane Electrolyser (AEMEL) uses transition metal catalysts, such as Ni, Ni-Fe, and Ni-Mo alloys, instead of noble metals, i.e., platinum, used in PEMEL. Distilled and ultrapure water, or any low concentration of an alkaline solution, can be used as an electrolyte in AEMEL. Such non-corrosive electrolyte provides many advantages for the AEMEL technology in terms of reducing the weight and size, absence of leaking, and ease of handling. However, AEMEL technology is still at the early stages of development and requires solving various issues related to low current densities and components’ degradation before large-scale introduction [195].



Besides the high cost of the PEMFC-PGS, there are several shortcomings related to the PEMFC as a prime mover in terms of high cost, high degradation rates, and short system lifetime. PEMFC uses a noble metal catalyst, specifically Platinum Group Metal (PGM) in the CL, for improving the kinetics of the electrochemical reactions and this is the mean reason for the high cost of the system as the cost of the CL forms around 40% of the total PEMFC cost [196]. Reducing the content of PGM as well as developing PGM-free catalysts without affecting the performance of the stack is the current focus of the research community to reduce the overall cost of the PEMFC. In addition to CL, reducing the cost of the other components, such as membrane, is needed to achieve the competitive prices of the technology. Despite the high performance and widespread usage, the Nafion membrane remains a costly material [47]. Partially fluorinated and non-fluorinated membranes are promising cost-effective alternatives of the Nafion and using them can lead to a genuine cost saving for the PEMFC [47]. The deterioration of the PEMFC performance is closely related to the degradation in its key components such as membrane, CL, GDL, and the flow plates. The degradation of membranes can be mechanically due to pinholes, delamination, tears, and cracks occurring at the membrane-electrode interface, thermally due to material decomposition at a high temperature, or chemically due to the formation of peroxide (HO) and hydroperoxide (HOO) radicals [82,197]. The CL degradation mechanisms are mainly the contamination of the Pt-catalyst by the impurities from reactants or other fuel cell components, Pt dissolution, Pt detachment, and Pt agglomeration, and the corrosion of the carbon catalyst support [82,197,198,199]. The degradation of the GDL layer can be caused by the increase in mass transport resistance and poor water management as well as the loss in conductivity [82]. The corrosion of flow plates, particularly when using metallic plates, is another reason for the degradation of PEMFC performance. Such corrosion increases the interfacial contact resistance and releases metal ions that can poison the catalyst, thus decreasing the proton conductivity of the membrane and reducing the power output [40,63,200,201,202]. The degradation of the PEMFC is a complex phenomenon and severely limits the lifetime and the large-scale commercial applications. The US DoE set a lifetime target of 40,000 h for the stationary PEMFC stack that can be used in poly-generation applications [82]. Therefore, maintaining the high efficiency of the PEMFC-PGS requires replacing some cells within the PEMFC stack, typically after 40,000 working hours (7–8 years), and this may significantly increase the system’s maintenance cost [189]. Therefore, technology innovation to reduce the degradation should be prioritised to increase the reliability and the lifetime of the PEMFC-PGS and reduce the need to replace the stacks or some cells of it.



It is clear from the literature reviewed in this paper that the majority of studies focused on the thermodynamic and economic performance of the PEMFC-PGSs. There are many other aspects, such as actual efficiency, safety, reliability maintainability, and degradation, that are not fully explored yet and require further investigations [203]. Enhancing the knowledge in these aspects is essential to accelerate the commercialization of PEMFC-PGSs.




6. Conclusions and Outlook


The poly-generation concept is essential for developing a sustainable energy system because it relies on the utilization of the waste heat of the power device to generate other forms of useful media. It can be used with fossil fuel or renewable-energy systems to enable the decentralised generation of power. This paper presents a comprehensive overview of the poly-generation systems using PEMFC as a prime mover. Such systems are gaining a lot of research and commercial efforts as one of the leading hydrogen technology for a sustainable future of power generation. The main technologies used in the PEMFC based co-generation and tri-generation systems, including hydrogen production, waste heat recovery, and energy storage technologies were described. Additionally, the system configuration, techno-economic properties, and performance optimization were detailed.



In summary, the PEMFC-poly generation systems, when used for decentralised energy generation and domestic built environment applications, have the potential to meet the essential objectives of sustainable power generation and low-carbon future as they yield significant emission reductions, higher energy security, lower operational cost on the consumer, and can produce real energy savings. The PEMFC co-generation systems provide many distinct advantages over the traditional combustion-based systems, such as those using ICE, SE, or GT as prime mover, in terms of higher electrical efficiency, fewer vibrations and lower noise during operation, and fuel flexibility. The PEMFC tri-generation systems have the potential to maximize energy utilisation, increase energy-conversion efficiency, and reduce the net fuel cost compared to PEMFC co-generation systems.



With the continuous international focus on the environmental strategy and net-zero emissions objectives, the global market of the PEMFC-PGSs is expected to grow rapidly. Their applications are projected to be extended beyond the residential sector to include medium-to-large size industrial facilities particularly those where hydrogen is generated as a by-product such as chlor–alkali, ethylene, and styrene industries. Additionally, major initiatives and investments in green hydrogen are currently under way in many countries around the world, such as Germany, France, UK, Saudi Arabia, UAE, and China, to name a few, and this will boost the demand for PEMFC-PGS as a leading technology for utilizing such hydrogen for power applications. Furthermore, it is foreseen that the hybridization of PEMFC-PGSs with RESs will receive more commercial applications as a means to enable the energy transition and achieving the United Nations’ (UN) sustainable development goals.



However, there are several issues related to the high capital cost, and low durability and reliability of the PEMFC that still need to be solved. Mass production, low-cost and large-scale hydrogen infrastructures, for both production and storage, can accelerate the commercialisation and society acceptance of such systems leading to a growing market and reduced costs.
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	Alkaline Electrolyser



	AEM
	Anion Exchange Membrane



	ATR
	Autothermal Reforming



	BoP
	Balance of Plant



	BOA
	Butterfly Optimization Algorithm
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	Carbon Capture and Storage



	CEG
	Centralized Energy Generation



	CCP
	Combined Cooling and Power



	CCHP
	Combined Cooling, Heat, and Power



	CHP
	Combined Heat and Power
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	Combined Water and Power



	DCMD
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	DEG
	Distributed Energy Generation
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	Electrical Energy Storage
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	Emperor Penguin Optimization



	FESR
	Fuel Energy Saving Ratio



	GA
	Genetic Algorithm



	GHG
	Greenhouse Gases



	HP
	Heat Pump



	HWT
	Hot-Water Tank



	ICAB
	Improved Collective Animal Behaviour



	IEPO
	Improved Emperor Penguin Optimization



	LHS
	Latent Heat Storage



	LIB
	Lithium Ion Battery



	MPOA
	Marine Predators Optimization Algorithm



	MR
	Membrane Reactor



	MINLP
	Mixed Integer Nonlinear Programming



	NG
	Natural Gas



	NSGA-II
	Non-Sorted Genetic Algorithm II



	ORC
	Organic Rankine Cycle



	PCM
	Phase Change Material



	PGS
	Poly-Generation System



	PrOx
	Preferential Oxidation



	PSA
	Pressure-Swing Adsorption



	PEMEL
	Proton Exchange Membrane Electrolyser



	PEMFC
	Proton Exchange Membrane Fuel Cell



	RES
	Renewable Energy Source



	SHS
	Sensible Heat Storage



	SOEL
	Solid Oxide Electrolyser



	SR
	Steam Reforming



	TES
	Thermal Energy Storage



	TEG
	Thermoelectricity Generator



	WHR
	Waste-Heat Recovery



	WGS
	Water–fGas Shift
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Figure 1. Independent and poly-generation concepts. 
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Figure 2. The main units of the PEMFC-PGS. 
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Figure 3. Working principle of PEMFC. 
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Figure 4. Producing hydrogen from a hydrocarbon feed. 
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Figure 5. Absorption chiller refrigeration cycle. 
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Figure 6. Schematic representation of the HTPEMFC system [55]. 
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Figure 7. PEMFC-CCHP system studied in [142]. 
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Figure 8. The layout of PEMFC-CCHP used in [114]. 
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Table 1. Performance metrics of an energy system.






Table 1. Performance metrics of an energy system.










	Metric
	Equation
	Ref





	The gross electrical efficiency

   (   η  e l  (  g r o s s  )     )   
	   The   gross   electrical   efficiency  =    The   electrical   power   of   the   PEMFC   stack     The   input   power     (   chemical   energy   of   the   fuel   )     

   η  e l  (  g r o s s  )    =    P  e l  (  P E M F C  )       Q   (  f u e l  )      =    P  e l  (  P E M F C  )        m ˙    (  f u e l  )    × L H  V   (  f u e l  )       

where

    m ˙    (  f u e l  )     : mass flow rate of the input fuel [kg/s]

LHV: higher heating value of the fuel [kJ/kg]
	[108]



	The net electrical efficiency

  (  η  e l  (  n e t  )    )  
	   The   net   electrical   efficiency  =    Net   electrical   power   output     The   input   power     

   η  e l  (  n e t  )    =    P  e l    (  n e t  )       Q   (  f u e l  )      =    P  e l    (  n e t  )        m ˙    (  f u e l  )    × L H  V   (  f u e l  )       

where

   P  e l    (  n e t  )    =  P  e l  (  P E M F C  )    −  P   (  A S  )     

   P   (  A S  )     : The power consumed to operate the auxiliary services,

such as pump and compressor, within the power plant.
	[108]



	The thermal efficiency

  (  η  t h   )  
	    The   thermal   efficiency  =    The   recovered   heating   power   from   the   stack     The   input   power        

    η  t h   =    Q  t h      Q   (  f u e l  )      =    Q  t h       m ˙    (  f u e l  )    × L H  V   (  f u e l  )        
	[108]



	The cooling efficiency

  (  η c  )  
	    The   cooling   efficiency  =    The   cooling   power     The   input   power        

    η  t h   =    Q c     Q   (  f u e l  )      =    Q c      m ˙    (  f u e l  )    × L H  V   (  f u e l  )        
	



	The system energy efficiency

   (   η  C H P   ,    η  C C H P    )   
	    The   overall   polg  −  generation   energy   efficiency    

   =    Net   output   power     (   electrical   power  +    heating   power  +  cooling   power   )     The   input   energy      

	
For CHP system







    η  C H P   =    P  e l    (  n e t  )    +  Q  t h      Q   (  f u e l  )      =    P  e l    (  n e t  )    +  Q  t h       m ˙    (  f u e l  )    × L H  V   (  f u e l  )        

	
For CCHP







    η  C C H P   =    P  e l    (  n e t  )    +  Q  t h   +  Q c     Q   (  f u e l  )      =    P  e l    (  n e t  )    +  Q  t h   +  Q c      m ˙    (  f u e l  )    × L H  V   (  f u e l  )        
	[108]



	   The   electrical   exergy   efficiency    (   ψ  e l    )    
	    The   electrical   exergy   efficiency  =    Net   electrical   power   output       Input   exergy   of   fuel      

    ψ  e l   =    P  e l    (  n e t  )      E  x   (  f u e l  )        
	[109]



	   The   thermal   exergy   efficiency    (   ψ  t h    )    
	   The   thermal   exergy   efficiency  =    The   heating   exergy       Input   exergy   of   fuel     

   ψ  t h   =    e  t h     E  x   (  f u e l  )      =    Q  t h    (  1 −    T o     T  H W      )    E  x   (  f u e l  )       

where:

   T o    is the reference environment temperature

   T  H W     is the hot-water temperature
	[109]



	   The   cooling   exergy   efficiency    (   ψ c   )    
	   The   cooling   exergy   efficiency  =    The   cooling   exergy     Input   exergy   of   fuel     

   ψ c  =    e c    E  x   (  f u e l  )      =    Q c   (  1 −    T o     T  e v a p      )    E  x   (  f u e l  )       

where:

   T  e v a p     is the temperature of the evaporator.
	[109]



	   The   system   exergy   efficiency    (   ψ  C H P   ,    ψ  C C H P    )    
	    The   system   exergy   efficiency    

   =    Net   output   exergy     (   electrical   exergy  +    heating   exergy  +  cooling   exergy   )       Input   exergy   of   fuel      

    ψ  C H P   =    e  e l     +  e  t h     E  x   (  f u e l  )        

    ψ  C C H P   =    P  e l     +  e  t h   +  e c    E  x   (  f u e l  )        
	[110,111]



	Primary Energy Saving index

(PES)
	  P E S = 1 − 1 /  [     η  e l − n e t  (  c o g e n  )       η  e l − n e t    (  r e f  )      +    η  t h  (  c o g e n  )       η  t h  (  r e f  )       ]  × 100  

where

   η  e l − n e t    (  r e f  )    ,  η  t h  (  r e f  )      are the reference efficiencies which refer to the

efficiencies for the separate production of electricity and heat, respectively.
	[108,112]



	Levelized Cost Of Energy (LCOE)
	   The   levelized   cost   of   energy     

  =   T o t a l   l i f e   c y c l e   c o s t   i n c l u d i n g   i n s t a l l a t i o n ,   o p e r a t i o n ,   a n d   m a i n t a i n c e   c o s t    ( $ )     The   average   annual   energy   output   from   the   poly  −  generation   system     (  KW  h  year    )     

=   LCOE    =   C  o  i n v   × C R F + C  o  m a i n   + C  o  f u e l     EO    

where

CRF: capital recovery factor

  C  o  i n v    : installation cost (capital cost)

  C  o  m a i n   + C  o  f u e l    : operation and maintenance costs
	[113]



	  Mean   Annual   Cost   ( C  o  m e d    )
	  C  o  m e d   =   C  o  t o t a l      T  r p     =   C  o  m a i n   + C  o  i n v   + C  o  f u e l      T  r p      

  C  o  m a i n    : the maintenance cost

  C  o  i n v    : the initial system investment

  C  o  f u e l    : the total fuel cost

   T  r p    : the total running period
	[114]
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