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Abstract: Fuel cell technologies have several applications in stationary power production, such as
units for primary power generation, grid stabilization, systems adopted to generate backup power,
and combined-heat-and-power configurations (CHP). The main sectors where stationary fuel cells
have been employed are (a) micro-CHP, (b) large stationary applications, (c) UPS, and IPS. The fuel
cell size for stationary applications is strongly related to the power needed from the load. Since
this sector ranges from simple backup systems to large facilities, the stationary fuel cell market
includes few kWs and less (micro-generation) to larger sizes of MWs. The design parameters for
the stationary fuel cell system differ for fuel cell technology (PEM, AFC, PAFC, MCFC, and SOFC),
as well as the fuel type and supply. This paper aims to present a comprehensive review of two
main trends of research on fuel-cell-based poly-generation systems: tracking the market trends
and performance analysis. In deeper detail, the present review will list a potential breakdown of
the current costs of PEM/SOFC production for building applications over a range of production
scales and at representative specifications, as well as broken down by component/material. Inherent
to the technical performance, a concise estimation of FC system durability, efficiency, production,
maintenance, and capital cost will be presented.

Keywords: fuel cell; market trends; energy performance; durability and cost breakdown; world-
wide installations

1. Introduction

Climate emergency and the unhealthfulness caused by air pollution are serious chal-
lenges being addressed by governments, industry, and the whole scientific community.
Actions aiming to improve energy efficiency are surely key drivers for achieving climate
mitigation goals and sustainable development targets [1]. Among the United Nations
Sustainable Development Goals (SDGs), energy and climate actions are treated as key
targets [2]. It is, therefore, necessary to change the energy model followed so far, to find
an alternative and less aggressive environmental impact way for energy generation and
reduce energy waste by using available resources more efficiently.

Among the several options that the scientific community is recognizing as key ele-
ments to address climate changes [3] and fossil fuel dependence [4], fuel cell (FC) technolo-
gies are worldwide recognized as the best options to decarbonize the stationary power
production sectors [5], including primary power generation units, backup power systems,
and combined-heat-and-power configurations (CHP) [6].

Fuel cell technologies are capable of providing very high efficiency, minimum pol-
lution, and high reliability [7,8]. The technology is applied in industries ranging from
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a distributed generation for power companies [9–11], to residential and industrial co-
generation [12], portable generation [13], and vehicles [14]. The fuel cells are receiving
considerable attention as they constitute, thanks to their ability to optimally use hydro-
gen [15], the key technology for the development of this energy carrier [16,17]. The design
parameters for the stationary fuel cell system differ for fuel cell technology (PEM, AFC,
PAFC, MCFC, and SOFC), as well as the fuel choice and supply [18].

The main sectors where stationary fuel cells have been employed are (a) micro-CHP,
(b) large stationary applications, (c) uninterruptible power supply (UPS), and integrated
power supply (IPS). The fuel cell size for stationary applications is strongly related to
the power needed from the load. Since this sector ranges from simple backup systems to
large facilities, the stationary fuel cell market includes few kWs and even fewer (micro-
generation) and larger sizes of MWs.

Several aspects of fuel cell technology are widely investigated in the literature, in
terms of system integration with hybrid systems, improved materials, or actions to foster
the performance of such units. However, given the important pace of installations and
the existence of an early market for this technology, it is indeed important to track and
investigate the performance of such systems, providing and reporting some interesting data
on the state of the art of the performance, as well as on some forecasts in the upcoming years.

As a novelty, to address this research gap, the present paper aims to provide a compre-
hensive review of fuel cell technology, analyzing the technical performance of stationary
fuel cells, both for micro-CHP and for large applications, as well as the financial state of
the art and the 2030 forecast.

A specific focus is given to the investigation of country-level data on current sales
and stock of stationary fuel cells, both for micro-CHP and for large applications, as well as
their performance, focusing on literature and state-of-the-art investigation on the actual
know-how inherent in the development of new systems based on fuel cell technology
and the use of small and medium-sized plants with low environmental impact for the
production of electricity and heat.

2. The Key Role of Fuel Cell Technology

Hydrogen, intended as an energy carrier, can provide and release energy via different
methods and through several systems:

• Hydrogen injection and burned via direct combustion;
• Hydrogen oxidation via catalytic combustion, with no-flame production;
• Production of water as steam, when pure hydrogen is combined with oxygen at

high temperature;
• Hydrogen as reactant gas in a fuel cell operation.

In terms of flexibility of applications, potentials, and integration with several energy
systems, hydrogen adopted as reactant and reductant gas in fuel-cell-based energy systems
is generally the most efficient and cleanest technology for releasing energy from hydro-
gen [19]. In a fuel cell, gaseous hydrogen and gaseous oxygen are combined in a catalyzed
electrochemical reaction, producing electricity, water, and heat. This process can achieve
higher efficiencies, both electrical and thermal, than those of internal combustion engines
while being pollution-free [20].

In more detail, a fuel cell is an electrochemical device that uses hydrogen as chemical
input and reductant, reacting with an oxidant to produce electrons, protons, heat, and
water [21]. Fuel cell operation is based upon the redox reaction, shown in Equation (1),
where both reduction (at the cathode) and oxidation (at the anode) takes place, producing
an ideal electromagnetic force, in standard condition, of 1.229 V [22].

2H2 + O2 → 2H2O (1)

The system provides then electricity via an electrical circuit with a DC load. Problems
arise when fuel cells are manufactured. More in detail, the electrochemical reaction needs
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a consistent area of contact, while normally fuel cells have a very small area of contact
between the electrolyte, the sites of the electrode, and the flows of reactant gases [23,24].
Moreover, the geometric distances between the electrodes introduce resistances in the
fuel cell operation, reducing the production of electricity. Therefore, to address these
problems, fuel cells have been manufactured with improved design and new approaches
to tackle these issues [25–27]. Among the common solutions, there is the adoption of
porous electrodes and a thin electrolyte, to reduce the electrical resistances [28]. The porous
structure allows interaction among gas, ions, and electrolyte molecules to occur more
effectively, improving the electrochemistry of the cell [29]. In this way, the contact area is
maximized, guaranteeing better performance, efficiency, and current production [30].

By considering a hydrogen/oxygen fuel cell operation, hydrogen flows and reacts
at the anode (negative electrode), while oxygen flows and reacts at the cathode (positive
electrode). Through an electrochemical reaction, hydrogen is split into an electron and a
proton [31], producing electricity for a given load, and generating the harmless byproduct
of water.

Currently, there is a lot of active research aiming to address and face several challenges
that are preventing the final commercial rollout of such technologies. Some of these
challenges are mainly related to the high initial manufacturing cost [21,32], the lack of
a reliable infrastructure to deliver fuels to the cells (fuel supply infrastructure), and the
as-yet immature perception and lack of familiarity in industrial settings [33]. A more
enhanced industrial engagement will occur over time as fuel cell technology becomes more
commonplace as a form of energy generation. In fact, fuel-cell-based systems are emerging
technologies [34,35]; thus, R&D actions in collaboration with industrial realities are key
steps to support the expected commercial rollout [36,37].

Additionally, there is the need to have several policy changes that can account for this
technology, i.e., standardization [38,39], safety codes and analysis [40–42], and regulations
and best practices for hydrogen production [43], distribution [44,45], and dispensing [46,47].

As mentioned above, the major disadvantage of the fuel cell is that the technology
currently presents a more expensive capital expenditure than other forms of power con-
version [48,49]. Once this barrier is overcome [50,51], thanks to the economy of scale
and the adoption of cost-reduction actions, it is worldwide recognized that fuel cells will
eventually become a dominant and efficient solution for energy conversion. Indeed, these
technologies have an efficient operation, almost zero acoustic emissions and, if powered
with green hydrogen, and zero polluting emissions [20]. Sound pollution is extremely
important in on-site applications [52] and mobility [53,54]. By considering the current
state of the art, fuel cells operate with an electric efficiency of about 40–50% and overall
efficiency in cogeneration assets (production of combined heat and power) of more than
80% [55,56]. Their performance is indeed higher if compared to CHP internal combustion
engines. Fuel cells have no moving parts, such as pistons, and for specific fuel cell types,
most of the components are entirely made of solids, which simplifies the manufacturing
process. Depending on the fuel cell type and the supplied fuel, the emissions can vary,
but falling below the existing standards of emissions. Generally, a fuel cell system emits
“<1 ppm of NOx, 4 ppm of CO, and <1 ppm of reactive organic gases” [57]. All of these
features make fuel cell technology an attractive and efficient solution in different energy
sectors [58].

There are several types of fuel cells, according to the technology adopted and on the
operating parameters, as shown in Figure 1, and the final application depends on the fuel
cell chosen type and configuration [59].
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Given the fuel cell feature to be modular and assembled in stacks, such technologies
can provide power in a wide range, between 1 Watt and several MWs, as shown in Figure 2.
If low-power applications are considered, fuel cells can conceptually be adopted in phones,
personal computers, or personal electronic equipment [60,61]. For high target power,
between 1 kW and 100 kW, fuel cells find application in mobility as the main component of
the vehicle power train [62,63], or as an auxiliary power unit [64]. For power generation
of about 1 MW–10 MW, fuel cells can be adopted as distributed power generators (grid
quality-AC) [65].
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One of the main end-user fuel cell installations and applications will be in residential
buildings for combined-heat-and-power production [66], and also in automotive and
sustainable mobility, above all in heavy-duty and public transportation [67]. Thanks to
their performance, modularity, and flexibility, they have a higher power-to-area ratio than
batteries, and the unit can, therefore, be smaller while generating the required target power,
allowing a more compact installation.

3. World Situation

According to market experts, such as 6Wresearch [68], the global market of stationary
fuel cells is going to achieve high levels of growth in the coming years (2025).

In 2018, the world fuel cell market was characterized by a marked growth in Fuel
Cell Shipments [69]: the overall shipment units increased to 57,500, with a total power
of 240 MW. Compared to the situation in 2017, the market registered a 5% increase in
shipments and an 8% increase in installed power. A better picture is noticeable if the 2018
market is compared to the 2012 situation: fuel cell shipments in 2012 were 125 MW, which
means in 2018 the market has lived an increase of 92% than 2012 [70].

The value of the market has been estimated to be USD 1.8 billion in 2018, and a current
study reported that such a market is projected to increase to USD 2.2 billion at the end of
2019 [70,71].

According to “Research and Market, 2019” [72,73], the stationary fuel cell market will
grow up to USD 5.08 billion by 2030, with a CAGR increase of 3.9%. The total installed
capacity is forecasted to grow from 220 to 612 MW, and the market will be led by the US in
North America and Japan (and China soon) in Asia.

As reported in the “Solid Oxide Fuel Cell-Global Market Outlook (2017–2026)” [74],
SOFC technology had an important market share in 2017, accounting for USD 389.21 million,
and it is forecasted to increase up to USD 1356.51 million by 2026, with a CAGR of 14.9%.
In North America, this expected to grow with a CARG of more than 13% by 2023, in Europe
and Asia-Pacific of 15%, 13% in South America, and MEA [75]. With a lower market
share, but with an important trend, Direct Methanol Fuel Cells has been valued at USD
137 million in 2018, expecting to grow up to USD 367 million by 2025 [76,77].

Supportive government policies, the economy of scale, and technology improvements
are the main drivers of this important growth.

Several prototypes, experimental projects, and proof-of-concept studies are being
executed and validated, allowing a deeper understanding of the technology’s performance
to be obtained in real operating conditions. The fuel cell equipment adopted and installed
up to 2018 is reported to have a rated power mostly following within the range of 0.5 kW–
400 kW [78,79].

Within these projects, related to fuel cell systems applied to stationary applications,
different configurations and end-user applications have been tested, namely as “back-up
power supplies, power generation for remote locations, stand-alone power stations for one
or more consumers, distributed generation for buildings and cogeneration” [80].

Depending on the fuel cell type, fuel cell companies are consolidated in different
countries, and depending on the size of applications, if large-scale fuel cell stationary
installations or micro-CHP fuel-cell-based installations, the predominant market, in terms
of fuel cell adoption, can differ. Most of the big players are located in Europe, Japan, and
the USA. For large-scale stationary applications, three main technologies (MCFC, SOFC,
PAFC) are manufactured and mostly adopted within the US, with a specific reference to
bigger sizes for large-scale fuel cell stationary installations. Japan and Europe have lower
installations of large-scale fuel cell stationary installations, which are commonly based
on PAFC and MCFC technology, while in South Korea, PAFC and MCFC are the most
installed technologies.

For the residential micro-CHP applications, Europe and Japan are leading the mar-
ket, thanks to ad hoc-aimed subsidies and programs, as shown in Table 1, and several
manufactures involved in the market, as shown in Table 2.
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Table 1. PEMFC and SOFC, micro-CHP installation.

Country/State Technology Cumulated Installed Capacity [MW] * Installations
[Thousands of Units] Price per Sale [kEUR]

Europe PEMFC/SOFC 7.5 ~10 10
Japan PEMFC/SOFC 270 ~360 7–8.8

* Calculated by considering an average installation size of 0.75 kWel.

Table 2. PEMFC and SOFC, micro-CHP Performance.

Country/State Manufacturer Technology Electrical Output [kW] Electric Efficiency [%] Total Efficiency [%]

Europe

SenerTec [81] PEMFC 0.75 38 92
Remeha [82] PEMFC 0.75 38 92
Bosch [83] SOFC 1.5 60 Up to 88

SOLIDpower [84] SOFC 1.5 Up to 57 Up to 90
Sunfire [85] SOFC 0.75 38 88

Viessmann [86] PEMFC 0.75 37 92

Japan
Panasonic [87] PEMFC 0.7 40 97

AISIN [88] SOFC 0.7 55 87
Kyocera [89] SOFC 0.4 47 80

Europe has installed more than 4100 fuel cell units for combined heat and power
applications [90], thanks to three main projects and actions [91]: Callux, PACE, and ene.field.
The three programs have been key actions for the technology rolling out. Only in the
ene.field program, 603 PEMFC micro-CHP units have been installed, and there have been
403 installations of SOFC. In Germany, an incentive program [92,93], namely KfW, is
supporting the micro-CHP early market, at different levels: 5700EUR as a fixed amount
for a new fuel cell, and other additional amount and flat-rate supplement. For every
100 watts of electrical power started, another EUR 450 are added, up to EUR 6750. When
used in CHP mode, a subsidy is paid for each kilowatt-hour of electricity produced: EUR
0.04 per kilowatt-hour for electricity that is consumed and EUR 0.08 for electricity that is
fed into the grid [94]. The program aims to provide funding for the installations of about
60,000 CHP units by 2022 [95]. The current cost of fuel cells in Europe for micro combined
heat and power production is about EUR 10,000/kW [96], with more than 2000 micro-CHP
fuel-cell-based adopted on the field, and another 2800 planned by 2021 [97]. The largest
stationary fuel cell power plant currently operating in Europe is 1.4 MW.

Japan is the main leader in fuel-cell-based micro combined heat and power unit
installations, with the ENEFARM program. They have been able to decrease the price per
sale to USD 7000/unit for PEM, and USD 8800/unit for SOFC [69]. The overall installations
can be counted for 360,000 units in 2020 [98]; almost 62% of them are PEMFCs and 38%
are SOFCs. The program supported also subsides 50% of the cost—USD 730/unit for
SOFC. However, there are no more subsidies for PEMFC, since the commercial price is now
competitive without additional financial support.

Asia has been the more active area for installing fuel cell units, above all for commercial
micro-CHP applications. This is particularly applicable to Japan in the last five years, which
has seen an increase of almost 30% in 2018 (55,500 installed units) compared to 2014.

Most of the USA market is based on SOFC (300 MW installed), with subsidies between
600 and 1200 EUR/kW (NG or Biogas), and a price per sale of 10,000 USD/kW. PEMFC
large installations in the USA are still not common (10 MW) compared to other technologies.
Europe counts 1.8 MWs of SOFC systems and 1.5 MWs of PEMFC, with EUR 34 million
available under the Horizon 2020 program for stationary fuel cells. Korea has 1.5 MWs
of the PEMFC systems installed, which may be because the Hyundai NEXO Stack is also
used in stationary applications. Subsidies for demonstration projects are helping these
innovative technologies to spread. Japan has 2.5 MW of PEMFC installed, and research
and development are considered key actions since USD 300–400 million are available for
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R&D on Stationary FC. For other fuel cell technologies, MCFC tech is the main tech applied
to large stationary applications, as shown in Table 3, whose data were retrieved from [99].

Table 3. MCFC and PAFC, Large-scale Installations.

Country/State Technology Cumulated Installed
Capacity [MW] Subsides Price per Sale [EUR]

USA MCFC 150 600–1200 EUR/kW (NG or Biogas) 8000–9000 USD/kW
Europe MCFC 13 34 M Euro, Horizon 2020 for Stationary FC NA
Korea MCFC 150 NA NA
Japan MCFC 6 300–400 M USD for R&D on Stationary FC NA
RoW MCFC NA NA NA
USA PAFC 50 NA NA

Europe PAFC 1 34 M Euro, Horizon 2020 for Stationary FC NA
Korea PAFC 130 up to 80% of the costs for demonstration projects NA
Japan PAFC 8 300–400 M USD for R&D on Stationary FC NA
RoW PAFC NA NA NA

Table 4 shows the main big players in the fuel cell industry around the world, grouped
for main geographical areas: Canada, Europe, Japan, Korea, and USA. The remaining
worldwide areas are grouped in the category Rest of the World (RoW).

Table 4. Zoom-in on important big players around the world on fuel cells.

Region Company Field of Interest FC Type

Canada Hydrogenics Hydrogen PEMFC

Europe Hexis Hydrogen, natural gas, city gas, biogas SOFC

Europe Siemens Power Generation, Inc. H2 + CO, natural gas, jet fuel, diesel fuel SOFC

Europe Nedstack Hydrogen PEMFC

Europe MTU CFU Solution Waste gas, LP gas natural gas MCFC

Europe Ansaldo Fuel Cell Waste gas, LP gas natural gas MCFC

Europe SolidPower Natural gas, bio-methane SOFC

Europe AFC Energy Direct hydrogen or cracked ammonia AFC

Europe AFC Energy Direct hydrogen or cracked ammonia AAEMFC

Europe EFOY Methanol DMFC

Europe Intelligent Energy Hydrogen PEMFC

Europe Helbio SA Natural Gas, Biogas, Propane/LPG, Ethanol PEMFC

Europe H2Planet Hydrogen PEMFC

Europe EFOY Hydrogen PEMFC

Europe Sunfire Fuel Cell LPG/Propane or natural gas, biogas SOFC

Europe CeresPower City Gas SOFC

Japan Mitsubishi Hitachi Power Systems City gas SOFC

Japan Panasonic Natural Gas PEMFC

Japan Aisin Natural Gas SOFC

Japan Kyocera utility-supplied gas or liquid petroleum (LP) gas SOFC

Japan Toshiba Petroleum gas, biogas, town gas PEMFC

Japan Ishikawajima-Harima Heavy
Industries (IHI) Ammonia SOFC

Japan Ishikawajima-Harima Heavy
Industries (IHI) Waste gas, LP gas natural gas PEMFC, MCFC

Japan Fuji Electric City gas, Biogas, Pure hydrogen PEMFC, PAFC

Rep. KOREA Posco Energy LNG, Biogas, SNG MCFC

USA Technology Management, Inc. (TMI) Natural Gas, Biogas, Propane/LPG, Ethanol SOFC

USA GenCell Waste gas, LP gas natural gas MCFC
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Table 4. Cont.

Region Company Field of Interest FC Type

USA Power Innovations Hydrogen PEMFC

USA Adaptive Energy Natural Gas, Propane SOFC

USA Altergy Hydrogen-Methanol PEMFC

USA Atrex Energy Natural Gas, Propane SOFC

USA Bloom Energy Natural Gas, Directed Biogas SOFC

USA Doosan Fuel Cell America Natural Gas PAFC

USA FuelCell Energy Natural Gas MCFC

USA Plug Power Hydrogen PEMFC

USA Watt Fuel Cell Natural Gas SOFC

USA Fuel Cell Technologies (FCT) Biogas, natural gas, methanol PEMFC, PAFC, DMFC

USA Ballard Power Systems Hydrogen PEMFC

USA FuelCell Energy Biogas, natural gas, methanol MCFC-SOFC

USA UTC Power Natural Gas, Hydrogen PAFC-PEMFC

USA H-Power Corp. Natural gas, hydrogen, propane PEMFC

USA IdaTech Natural gas, propane, methanol PEMFC

Emerging countries, such as China, are planning important investments in fuel cell de-
ployment [100,101]. China is supporting the rollout of a large number of fuel cell-powered
vehicles as well as hydrogen refueling stations [102,103], providing funding for an equiva-
lent amount of 5 USD billion [104]. CHP units have been recently recognized by the Chinese
“Ministry of Science and Technology (MOST)” [105] as a hydrogen end-user application
that can foster the transition towards the hydrogen economy, also accelerating the market
penetration of hydrogen fuel cell vehicles. Moreover, fuel cell technologies adopted in
stationary applications will support the Chinese industrial sector decarbonization [106,107].
Thanks to the positive role that will be played by fuel-cell-based systems in China, the
Chinese market has become very attractive; both international and national companies (see
examples listed in Table 5) have started to set the pace for fuel cell pilot projects and fuel
cell deployment.

Table 5. Fuel cell suppliers in the Chinese market. Data retrieved from [108,109].

International Supplier Chinese Supplier

Plug Power Beijing Sinohytec
Ballard Power Sunrise Power

Nikola Vision Group
HYGS Re-Fire

FuelCell Shanghai Shenli Technology
SFC Power SinoSynergy Power

Arcola Energy Foresight Energy
Bloom Energy Weichai Power

Nuvera Broad-Ocean Motor

4. Fuel Cell Installations

Figure 3 summarizes the shipments per fuel cell type [110]. While PEMFC seems to
have a steady decreasing trend until 2018, in 2019 and 2020, PEMFC installations increased,
thanks also to a new demand required by the mobility sector. The market is showing
how big efforts are ongoing to strengthen the market for SOFC, since their performance
is better and they possess high modularity and flexibility, leading to a wide range of
applications. DMFCs are used for mobile and stationary applications, while AFC and
MCFC had very few installations. However, their resulting size was bigger (MWs), as
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highlighted in Figure 4. MCFC had a high level of research interest until 2014 [111–114],
but the trend is now decreasing. MCFC installations in 2018 [69] were slightly more than
25 MWs, while in 2020, they decreased down to 8.8 MWs. Even if PEMFC installations
decreased until 2018, their size installation presents an increasing trend, a signal of their
technology maturity. AFC installations are infrequent, while Korea has the leadership on
PAFC installations. The PEM fuel cell is indeed used in several applications (both stationary
and mobile applications), and it contributes to the highest number of installations. SOFCs
(more shipments at lower size) and PAFCs (low shipments at higher size) had a slow
implementation in 2014, but their trend is increasing.
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5. Niche Applications

Other niche applications based on fuel cell technologies are BUP and UPS, as well
as hydrogen boilers using catalytic burners/hydrogen gas turbines. For the latter, few
references and available performances have been found, since the market is probably still
too small.

Hydrogen Europe [96,115] has drafted a roadmap for new hydrogen technologies and
R&D actions, since they could reveal themselves as the best options when CHP installations
are not economically viable. For UPS, in the IEA Hydrogen and Fuel Cells roadmap [78],
small uninterruptible power systems for backup power are considered key factors for
autonomous power systems for either stationary or portable off-grid applications, but few
commercial applications have been found. Larger uninterruptible power supplies have
been installed, as described in the report [79], up to around 5 MW for uninterruptible
power, in California, reflecting the importance of such installations for data centers, banks,
hospitals, and similar organizations. It is estimated that 3000 of these systems have been
deployed up to 2019 [116].

The mobile telecommunication industry is an example of a sector that needs backup
and off-grid power, with an estimated 7 million stations worldwide, increasing every year
by 100,000. For these applications, fuel cells can offer more reliable and stable operations,
given their resilience to harsh environmental conditions rather than batteries, without the
need to add extreme cooling equipment and withstand severe environmental conditions
without affecting their performance.

Recent research trends pursue the possibility of blending green hydrogen up to a
volume of 20% into natural gas pipelines. Current levels are about 5%, assuring between 32
and 58 kg of avoided carbon dioxide emissions per year and per household. In other cases,
some countries are allowing, under certain circumstances, injections of up to 9–10% in
volume [117]. In view of the 100% hydrogen scenario, pure hydrogen fuel-cell-based CHPs
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can become a competitive and viable from a financial point of view, most likely by 2030
when hydrogen cost is forecasted to drop to 1.9 USD/kg [117], with a system-specific cost
of 2700 USD per household. Another option for hydrogen feeding and application is for
hydrogen-fired combined-cycle gas turbines, already tested in Italy and Japan, providing
electricity and heat [79].

6. Breakdown of the Current Costs

The main sectors where stationary fuel cells have been employed are micro-CHP and
large stationary applications. With particular attention to the building sector, fuel cells were
suitable for micro-cogeneration: these energy systems inherently produced both electricity
and heat from only one source of fuel, which could be innovative and more efficient, even
if more expensive, such as hydrogen, but these systems can also operate by adopting
traditional fuels, such as biogas, methane and natural gas, after being properly reformed.

The design parameters for the stationary fuel cell system differ for fuel cell technology
(PEM, AFC, PAFC, MCFC, SOFC), as well as the fuel choice and supply.

For building applications and micro-cogeneration, PEMFC systems are the most
common fuel cell type used and installed, being more mature than other technologies,
and guaranteeing high efficiency, covering the peak energy demand during the day, and
also covering the energy needs at night. PEM fuel cell operation can benefit from its
low-temperature requirement, a solid membrane electrolyte installation, which strongly
reduces maintenance cost, degradation phenomena, and corrosion, and a quick start-up.
On the other hand, low temperatures lead to the adoption of expensive catalysts, since the
system is, thus, very sensitive to the presence of carbon impurities, mostly common when
these systems run with reformed fuels.

As a rising technology, SOFC systems are gaining more credit [118]. A SOFC fuel cell
can operate at higher temperatures, reducing the catalyst’s strict requirements, allowing
a greater carbon monoxide level to be tolerated, thus simplifying the system in terms of
the needed purification system at the reformer level [119]. This fuel flexibility can surely
represent a key driver to support the transition towards the hydrogen economy, also al-
lowing greater levels of efficiency to be achieved. The operation of SOFC fuel cells in a
reversible mode (SOE) has also been investigated [120,121], and is capable of producing
hydrogen when required. On the other hand, fuel cell operation with very high temper-
atures requires a longer start-up time, and a limited number of shut-down procedures;
more severe conditions are caused by the thermal stress on the stack components, which
consequently can lead to corrosion and breakdown of components in the stack itself.

It is indeed noticeable how these systems present potential solutions for cogeneration
applications for buildings and districts. Currently, the units which have been installed in
buildings provided for the energy needs of a small district system, composed of collective
houses or apartments. In order to decrease the cost and to produce systems with lower
power capacities, governments and states promoted financial programs to sustain the
transition of these technologies, from research and development, towards early market
adoption. Japan and Europe are taking the lead to provide and support applications for
FC-based micro-cogeneration units. Japan is the leader in CHP installations with the
ENEFARM program, which is responsible for the installation of more than 314,000 units.
They have been able to decrease the price per sale to USD 7000/unit for PEM, and USD
8800/unit for SOFC [69,122]. In Europe, just within the ene.field program, 603 PEMFC
micro-CHP units have been installed, and 403 SOFC.

Within these European Projects, Nielson et al. [123] investigated the reliability, per-
formance, and availability for 67 units, employing failure analysis, reporting interesting
results, as shown in Figure 5, whose data was retrieved from [90,91,123].
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The analysis showed how “45% experienced no failures in the first year of operation
and availability of 100%”, followed by 19% with one failure, with an availability of 98.2%,
and finally 24% with two failures (98.3% of availability), and 13% with more than three
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failures”. However, 86.9% were available for the overall operation. The authors have
marked how “90% of the micro-CHP systems were available for at least 95% of the time”,
claiming that most numbers of the occurred failures registered short periods of downtime.
Hence, great performance has been achieved, under the circumstance that the project
has involved the installations of such systems from 10 different companies, which have
provided components and products with different levels of readiness and maturity.

It is noticeable how most of the failures did not occur at the stack level, whose
downtime occurs for the 1% for PEMFC, and 2% for SOFC, as shown in Figure 5. The
balance of the plant presented the most sensitive operation, accounting for 64% of the total
failures for the PEMFC installations, and 55% for SOFC. The reformer systems have also
accounted for important rates.

The Battelle Memorial Institute, with the funding and support of the United States
Department of Energy (DOE) and Fuel Cell Technology-Based Office, prepared a compre-
hensive report [124] evaluating a breakdown analysis of the costs at a component level
for four different sizes of combined heat and power systems (PEMFC and SOFCS), from
1 kW to 25 kW, to define the potential and hypothetical market for these technologies,
in the absence of a commercially developed market analysis. The analysis received the
support of important companies and research centers, such as Ballard, Hydrogenics, Watt
Fuel Cell, Panasonic, and the National Renewable Energy Laboratory. Both technologies
have been analyzed by considering a natural gas adoption operation instead of a direct
hydrogen feeding.

To take into account the transition towards large-scale production, the analysis has
included the cost variations by considering from production volumes of 100 units per year
up to 50,000 units per year.

Figure 6 shows a re-arrangement of the above-mentioned analysis [124], for the PEM
stack, summarizing the breakdown only for 1000 units produced per year and 50,000 units
produced per year. Large-scale production will surely benefit the specific cost reduction:
for 1 kW size, the total stack cost can be reduced by more than 50%, dropping from
1052.34 USD/kW to 460.09 USD/kW. The economy of scale effect is more visible for lower
sizes; for 5 kW, the reduction was 27%. For every investigated scenario, the MEA presents
the highest rate and share on the overall cost. The bipolar plate rates have almost an equal
share coming from the anode and cathode sides (anode bipolar plates are slightly more
expensive), while the anode/cooling gaskets contribute more than the cathode gasket to
the overall gasket rate.

Similarly, the SOFC ceramic cell costs [124], shown in Figure 7, can be drastically
reduced with a larger production scale, from 8482.51 USD/kW for the smallest investigated
size of 1 kW, to 1183.04 USD/kW, when the annual production increases up to 50,000 units
per year. For lower production rates, glass-ceramic sealing and laser weld account for the
highest cost distribution rates, followed by the endplates and the ceramic cell itself. For
higher production volumes, the highest contribution to the overall cost is given by the
ceramic cells, while the other components and processes benefit more from the economy
of scale.

As for the PACE/ene.field projects, the Battelle Memorial Institute has identified the
balance of plant-related components as the main contributors to the final cost. If for a
PEMFC system the stack cost ranges from 9.2 to 14.7% of the total system cost for an annual
production volume of 1000 units, the components related to the balance of plant account
for 64.5–71.8%. Among all, the fuel processing area is the most expensive component area,
with a share between 27 and 32% of the BOP cost distribution, followed by the AC and DC
power components. Fuel processing is, hence, composed of a reformer, steam generator,
and several reactors, such as the water gas shift and PrOx reactors.
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With a similar trend, SOFC BOP cost shares the highest rate (44.6–56.5%) for lower
sizes, but for bigger installations, between 10 and 25 kW, the highest rate belongs to the
CHP hardware components. Thanks to their higher temperatures and fuel flexibility, the
fuel processing-related costs for the SOFC systems were significantly lower, benefiting
from the natural process within the SOFC, the internal reforming, reducing the need
for an external over-designed reformer. The presented results are in accordance with
the more recent European Project deliverables for the micro-CHP system: “at large-scale
production, micro-CHP units can become economically competitive. The analysis found
that fuel cell micro-CHP could become competitive with competing heating technologies
at 5000–10,000 units per manufacturer, in markets with attractive energy prices” [123].

It can be concluded that the balance of plant components, reformers, and stack were
the key elements of potential failures and cost reduction.
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7. System Durability and Performance

The fuel cell size for stationary applications is strongly related to the power needed
from the load. Since this sector ranges from simple backup systems to large facilities, the
stationary fuel cell market includes few kWs and less (micro-generation) to larger sizes
of MWs.

PEMFC, above all in their high-temperature configuration up to 100 ◦C (HT-PEMFC)
and SOFC systems, are mostly used for micro-cogeneration applications, mostly related to
residential users, while SOFC, PAFC, and MCFC provide multi-energy services for large
commercial and industrial applications.

Within a demonstration project in Europe [123], small PEMFC and SOFC systems
have been installed and tested, and their performance is listed in Table 6.

Table 6. PEM and SOFC System Performance.

Technology PEMFC System SOFC System

Electric capacity (kW) 0.3–5 0.7–2.5
Thermal capacity (kW) 1.4–22 0.6–25

System efficiency (LHV) (%) 85–90 80–95
Electric efficiency (%) 35–38 35–60

It is interesting how the real-life data and the on-field operation have presented a
marked difference for SOFC systems than the optimal conditions tested in the laboratory:
the average thermal efficiency was 46% (with a standard deviation between 30 and 59%)
rather than 53%, while the electrical efficiency 37% (with a standard deviation between 28



Energies 2021, 14, 4963 16 of 28

and 47%) instead of 42%. On the other hand, the on-field operation of the PEMFC installed
systems perfectly matched the laboratory data: 57% as the average value for the thermal
efficiency (with a standard deviation between 48 and 66%) and electrical efficiency of 37%
(with a standard deviation between 28 and 39%) [90]. The values listed in Table 5 are
averaged, and they most probably differ among each other since real operating units differ
in real operating conditions, gas supply composition, and ambient and environmental
conditions, which can be controlled in a laboratory but are exposed to unpredictable
variations in real operating conditions.

A summary of the investigated references to analyze the system durability is shown
in Table 7, while the system performance is presented in Table 8.

Table 7. Fuel Cell Maintenance and Lifetime Expected.

FC Technology Lifetime Expected [h] Degradation Rate [% Per Year] Ref.

SOFC/MCFC - 0.6% reduction in power output per 1000 h
operation [125]

PAFC 40,000 - [126]

PEMFC 40,000–50,000 - [126]

MCFC 15,000 - [126]

SOFC 40,000 - [126]

SOFC 20,000–90,000 1–2.5% [80,127]

PEMFC 60,000–80,000 1% [80,127]

MCFC 20,000 1.5 [80,127]

PAFC 80,000–130,000 0.5% [80,127]

PEMFC 70,000 - [128]

AFC 5000–8000 - [78]

PEMFC 60,000 - [78]

PAFC 30,000–60,000 - [78]

MCFC 20,000–30,000 - [78]

SOFC 90,000 - [78]

Table 8. Fuel Cell Energy Performance.

FC Technology Electric Size
[kW]

Thermal
Size [kW]

Investment Cost
[EUR] Applications Electric

Efficiency [%]
CHP Efficiency

[%]

SOFC [125] - - 3500 EUR/kW Commercial - -

MCFC [125] - - 3500 EUR/kW Commercial - -

PAFC [126]
50–1000 kW

(250 kW module
typical)

- - Commercial 40–42 85–90

PEMFC [126] <1–100 kW - - Commercial 30–40.0 85–90

MCFC [126]
1–1000 kW

(250 kW module
typical)

- - Commercial 43–47 85

SOFC [126] 5–3000.0 - - Home/Commercial 50–60 90

PEMFC [129] 0.5–5 - - Home 35–45 75–90

PEMFC [129] 0.5–5 - - Home 35–45 75–90

SOFC [129] 0.5–5 - - Home 35–45 75–90

AFC [129] 0.5–5 - - Laboratory 38–44 69–77

SOFC [80,127] 0.75–250 0.75–250 - Home/Commercial 45–60% 75–95%

PEMFC [80,127] 0.75–2 0.75–2 - Home 35–39 85–90

MCFC [80,127] >300 >450 - Commercial 47 90
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Table 8. Cont.

FC Technology Electric Size
[kW]

Thermal
Size [kW]

Investment Cost
[EUR] Applications Electric

Efficiency [%]
CHP Efficiency

[%]

PAFC [80,127] 100–400 110–450 - Commercial 42 90

PEMFC [130] 500 - - Commercial 40 -

PEMFC [130] 1.00 - - Residential 34 -

PEMFC [130] 440 - - Commercial 43 -

PEMFC [130] 0.35 - 9000 Residential 33 -

PEMFC [130] 0.75 - 20,000–30,000 Residential 37–40 -

PEMFC [131] 1.5–5 Residential 34 -

PEMFC [130] 0.70 - 20,000–30,000 Residential 35 -

PEMFC [130] 0.75 - 36,000 Residential 39 -

PEMFC [130] 0.70 - 24,500–28,500 Residential - -

PEMFC [128] 0.70 - 11,800 Residential 38 95

PEMFC [128] 0.70 - - Residential 38–39 94–95

SOFC [128] 0.70 - - Residential 46.5 90

AFC [78] up to 250 - 200–700/kW Commercial 50 (HHV) -

PEMFC [78] 0.5–400 - 3000–4000/kW Commercial/Residential 32–49 (HHV) -

PAFC [78] up to 11,000 - 4000–5000/kW Commercial 30–40 (HHV) -

MCFC [78] kW to MW - 4000–6000/kW Commercial >60 (HHV) -

SOFC [78] up to 200 - 3000–4000/kW Commercial/Residential 50–70 (HHV) -

A 2015 study from the Fuel Cell and Hydrogen Joint Undertaking [131] outlined a
potential analysis for several stationary fuel cell sizes and applications in Europe, in view
of their commercialization. The main results are listed in Table 9.

Table 9. Fuel cell system financial indicators.

Micro-CHP
(PEMFC, SOFC)

Mini-CHP
(SOFC)

Commercial
CHP (SOFC)

Prime Power 1.0 MW
(SOFC, PEMFC)

CHP for Natural
Gas (MCFC, SOFC,

AFC)

CHP Biogas for
Industrial Applications

(MCFC, SOFC)

OPEX [kEUR] 0.5 0.85 6 60 800 30

CAPEX [kEUR/kW] 34 18.4 16.5 4.36 4028 5187

Installation, Control,
Auxiliary [kEUR] 6.15 12.7 70.3 1200 1000 700

Added system [kEUR] 13.5 48.5 290 2500 2200 500

Stack [kEUR] 11.5 43.9 535.1 1500 2400 900

Maintenance [kEUR] 0.5 0.8 6 60 800 30

Stack Replacement [kEUR] 6.7 24 135.5 850 2150 790

According to the different applications, the fuel cell systems have been categorized
in different sizes. A micro-CHP system, as already discussed, is mostly installed by
adopting PEMFCs or SOFCs, fed by natural gas, biogas, or pure hydrogen. The installed
capacity is usually 1 kWel by contemporary producing 1.45 kWth of thermal power. These
applications can reach 88% (36% of electrical efficiency and 52% of thermal efficiency),
growing with increasing development to 95% (42% electrical and 53% thermal), by being
set both with a generic operating strategy and heat-driven operation. The capital cost
reaches EUR 34,000 per installed kW capacity, and the stack replacement will account for
operational cost up to 20% of the CAPEX cost, considering 10 years of life span with two
replacements, improving to 15 years without replacement.

Similarly, mini-CHP (5 kWel and 4 kWth) and commercial CHP (50 kWel and 40 kWth)
systems usually operate by adopting the SOFC system, with a CAPEX cost, respectively, of
18.4 and 16.5 kEUR/kW. Prime power applications, up to 1 MWel, operate in power-driven



Energies 2021, 14, 4963 18 of 28

or load-following mode, achieving an electrical efficiency of up to 48% growing to 51%
with increasing development over the years. The other two categories can be derived as
follows: CHP for Natural Gas (up to 4 MWel and 1.1 MWth) and CHP Biogas for industrial
applications (up to 400 kWel and 315 kWth).

These aforementioned data refer to 2015–2016. During the same period, in its Technol-
ogy Roadmap Hydrogen and Fuel Cells [79], the International Energy Agency, provided
similar data on fuel cell micro-CHP systems, considering commercial systems (up to 25 kW)
with a cost slightly less than 10,000 USD/kW for the stack, and an electrical efficiency
around 42%, and about 18,000–19,000 per kW for home systems. The reported lifetime
ranged between 60,000 and 90,000 h.

In June 2018, in the addendum to the Multi-Annual Work Plan, for 2014–2020 [96],
the Fuel Cell and Hydrogen Joint Undertaking provided more data on CHP applications
with fuel cell technologies. According to their analysis on the state of the art for residential
micro-CHP for single-family homes and small buildings (0.3–5 kW), the 2017 CAPEX was
13,000 EUR/kW, decreasing since 2012, whose value was 16,000 EUR/kW. Maintenance
costs drastically decreased, from 40 to 20 EURCt/kWh, as well as the installation volume
per unit, from 330 L/kW to 240 L/kW. Hydrogen Europe, in their draft of the Strategic
Research & Innovation Agenda [97], re-elaborated those data and other forecasts up to
2030, for capital expenditure and maintenance costs, as shown in Figures 8 and 9.
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Micro-CHP systems, up to 5 kW, will decrease their investment cost, dropping to
3500 EUR /kW in 2030 and increasing the lifetime, in terms of years of operation, from
12 to 15, as well as the stack durability, from 40,000 h to 80,000 h. The availability of the
plant is high in current situations, up to 97%, and it will increase to 98% in the future.
The system’s reliability will be strengthened even more, from 30,000 h up to 100,000, also
decreasing maintenance costs, which will drop to 2.5 EUR Ct/kWh in 2030. Electrical
and thermal efficiency will be improved; several programs are aiming to the performance
improvements in terms of efficiency; according to the prevision, electrical efficiencies will
raise to 65%, with a specific reference to SOFC technology, and 39% for PEMFC, while the
thermal efficiency will maintain the upper bound (55%) and increase the lower bound from
25 to 35%.

For PEM fuel cells, the focus is on disruptive solutions, through ‘game-changer’ MEA
and stack. The balance of plant components, reformer, and stacks was the key element of
potential failures; thus, research on them is a key enabler for cost reduction, followed by
the improvement for higher power density and stack tightness [132–134].

The other technology for deeply decarbonizing the stationary sector is represented
by the SOFC systems. Being more flexible in the fuel feeding than the PEM fuel cell, the
main issues here occur within the system operation, start-up and shut-down operations,
high-temperature corrosion, materials degradation, better temperature distribution, and
homogeneity during the transition phases. Feeding with biogas or low-quality biomass
could also enable faster market penetration and cost reduction at the operation level.

The possibility of reverse mode (SOFC/SOE) and co-electrolysis operation repre-
sent also incredible potential for a carbon-free energy sector, even if the TRL of these
technologies is still too low, and applied research actions are recommended.

The DOE, in the United States, is also pushing forward the scaling-up process, with
the Programme H2@Scale, and important achievements have been reached in the fuel cell
sector [135]. More research activities can be found in one of the latest volumes of the Fuel
Cells Bulletin Journal [136].

For medium-size CHP systems, between 5 and 20 kW, little progress was made
between 2012 and 2017: the CAPEX cost dropped from 6000–10,000 to 4500–8500 EUR/kW.
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More improvements are expected; in 2030, the specific investment cost is expected to be
within the range of 1500–4000 EUR/kW. The lifetime of these systems will surely increase,
from a minimum of 6 years to 20 years, with a stack-durability more than doubled (from
30,000 h to 80,000 h). As for the micro-CHP systems, mid-size fuel cell systems’ reliability
will be strengthened even more, up to 80,000 h, also decreasing the maintenance costs,
which will drop to 1.2 EUR Ct/kWh in 2030. The tolerated hydrogen content in natural
gas volume percentage is also expected to grow up to 100%, reducing the cost of the
components involved in the balance of plant, such as the reformer. The land use and the
footprint are expected to decrease in 2030, from 0.15–0.08 square meters per kW of installed
capacity to 0.06.

Concerning the large-scale fuel cell systems, converting hydrogen and renewable
methane into power in various applications (0.4–30 MW), data belonging to 2012 showed a
capital expenditure cost of 3000–4000 EUR/kW, while it decreased to 3000–3500 EUR/kW
in 2017. The current picture presents a value between 2000 and 3500 EUR/kW, and the
economy of scale is expected to make the cost drop to 1200–1750 EUR/kW. Research
and development actions are aiming to bring down the maintenance costs, too, from 5 to
2 EURCt/kWh, with reliability up to 75,000 h and a stack durability of 60,000 h. Since most
of these systems are adopting high-temperature fuel cells, the current start-up phase and
shut-down characteristics are close to 4 h for a ramp of 0–100%. An improvement is also
expected in this aspect, with the aim being to achieve 100% start-up phase and shut-down
characteristics in 1 min.

Recently, Hydrogen Europe released the Strategic Research and Innovation Agenda [96],
also including fuel cell stationary applications. PEMFC and SOFC systems are identified as
the most mature technologies that will find a prominent role in the future, with a drastic
reduction in capital expenditure costs and an important increase in nominal efficiency.
The retrieved trends are shown in Figure 10. Particularly, Figure 10a presents the CAPEX
forecasts by considering the state of the art for PEMFCs powered by hydrogen, high-
temperature (HT) PEMFCs powered by hydrogen, and SOFCs powered by methane (CH4),
for sizes less than 5 kWel, and thus applicable for micro-CHP systems. Micro- and mini-
SOFCs have a higher CAPEX than low-temperature fuel cell systems, but also present
a higher efficiency value, up to 55% instead of 52% of the PEMFC expected nominal
efficiency. The efficiency values are reported by considering the nominal operation at the
beginning of life (BOL). HT-PEMFCs, considering the state of the art, present the highest
capital investment per kWel, but in view of 2030, thanks to the related research actions
aiming to improve the system efficiency, HT-PEMFCs are expected to have the highest
electrical efficiency.

For higher sizes, Figure 10b,c show the CAPEX levels and the efficiency values for
sizes between 5and 50 kWel, and 50 and 500 kWel, by conserving the state of the art, and
the forecasts for 2024, 2027, and 2030. For these sizes, HT-PEMFCs are not considered,
since they are mostly used only for mini- and micro-CHP systems. Besides, the forecasted
performance of SOFC systems is very prominent and attractive, achieving very high values
up to 62% for 5–50 kW and up to 65% for 50–500 kW of installed sizes. PEMFCs are also
expected to have higher performance and lower capital expenditures.
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8. Conclusions

The present paper analyzed the country-level data on current sales and stock of
stationary fuel cells, both for micro-CHP and for large-scale applications.

The analysis highlighted how PEMFC and SOFC fuel cells share the most predominant
rates in the market. For the micro-CHP market, Japan and Europe are leading the market
and the R&D activities, thanks to ad hoc subsidies and programs. For larger stationary
applications, the USA is leading the pictures, with a cumulated installed capacity of 500 MW.
MCFCs present a high share in the American fuel cell markets among the operating multi-
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MWs fuel cell plants. PAFCs are most predominant in Korea since it is the home country of
most of the PAFC manufacturers.

The paper has also analyzed the technical performance of stationary fuel cells, both
for micro-CHP and for large applications, as well as the financial state of the art and the
2030 forecast. The analysis of the micro-CHP systems, adopting PEMFC and SOFC, has
shown how the balance of plant presented the most sensitive operation, accounting for
64% of the total failures for the PEMFC installations, and 55% for SOFC.

Micro-CHP systems, up to 5 kW, will decrease their investment cost, dropping to
3500 EUR/kW in 2030 and increasing the lifetime, in terms of years of operation, from 12
to 15, as well as the stack durability, from 40,000 h to 80,000 h.

Bigger sizes have also been investigated. Mini-CHP (5 kWel and 4 kWth) and commer-
cial CHP (50 kWel and 40 kWth) systems usually operate by adopting the SOFC system,
with a CAPEX cost, respectively, of 18.4 and 16.5 kEUR/kW.

Prime power applications, up to 1 MWel, operate in power-driven or load-following
mode, achieving an electrical efficiency of up to 48% growing to 51% with increasing
development. The current picture presents a value between 2000 and 3500 EUR/kW, and
the economy of scale is expected to make the cost drop to 1200–1750 EUR/kW.

Finally, some potential for cost reductions and durability improvements have been
presented, showing how cost reduction can be achieved with the economy of scale, but
research and prototyping are still needed for bigger sizes (MW) to guarantee robustness
and manufacturability for the next-generation fuel cells, to build a valuable supply chain
and to increase the technology maturity and readiness level.
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Nomenclature

AFC Alkaline Fuel Cell
APU Auxiliary Power Unit
BOP Balance of Plant
BUP Back-Up Power
CAPEX Capital Expenditure
CH4 Methane
CHP Combined Heat and Power
DMFC Direct Methanol Fuel Cell
DOE Department of Energy
H2 Hydrogen
HT-PEMFC High Temperature Polymeric Membrane Fuel Cell
IEA International Energy Agency
IPS Integrated Power Supply
MCFC Molten Carbonate Fuel Cell
MEA Membrane Electrode Assembly
MW MegaWatt
OPEX Operational Expenditure
PAFC Phosphoric Acid Fuel Cell
PEM Polymeric Membrane Fuel Cell
R&D Research and Development
RoW Rest of the World
SDG United Nations Sustainable Development Goal
SOFC Solid Oxide Fuel Cell
TSC Total Stack Cost
UPS Uninterruptible Power Supply
USA United States of America
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4. Kilkiş, B.; Kilkiş, Ş. Hydrogen economy model for nearly net-zero cities with exergy rationale and energy-water nexus. Energies
2018, 11, 1226. [CrossRef]
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