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Abstract

There is a plethora of fuel cell technologies, many of which hold great promise in terms of their decarbonization potential,
which this paper aims to explore. In fact, this paper discusses the only two existing technologies on the market, Polymer
Exchange Membrane Fuel Cells (PEMFCs) and Solid Oxide Fuel Cells (SOFCs). Unfortunately, these commercial systems
mainly use natural gas as primary fuel due to its cost and practicality (easy transport and storage, existing infrastructures,
etc.). Using Belgium as a case study, this paper shows that their GHG mitigation potential remains rather insignificant
compared to the average individual carbon footprint if their fuel is not decarbonised. Even so, their mitigation potential would
still be far from sufficient, and other measures, including behavioural changes, would still need to be implemented.
Nevertheless, some emerging fuel cell technologies, such as Direct Carbon Solid Oxide Fuel Cells (DC-SOFCs) or Direct
Formic Acid Fuel Cells (DFAFCs), offer the possibility of facilitating pure CO, capture at their anode outlet, thus allowing
for potential negative emissions. Using a case study of the electricity demand of an average Belgian home (with two adults)
supplied by an efficient biomass-fuelled DC-SOFC, this paper shows that these negative emissions could be up to about 4
tCOqeqfyear. By comparison, the IPCC's Sixth Assessment Report estimated the emissions footprint that could never be
mitigated, even with future net-zero CO; emissions, to be 1 tCOxq/year per capita, implying that climate neutrality will
require similar levels of carbon sequestration. In populous Western countries, natural carbon sinks are unlikely to be
sufficient, and the potential negative emissions of emerging fuel cell technologies will be welcome.
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1. Introduction

In its Sixth Assessment Report (ARG6), the Intergovernmental Panel on Climate Change (IPCC) established the remaining
carbon budget that humanity can emit from 1 January 2020, with a 67% probability of limiting global warming to +2°C
above pre-industrial levels, at 890 GtCO, [1].

One recognised difficulty is the allocation of this carbon budget among countries [2] (and individuals [3]). Two well-
known approaches are the "grandfathering” principle (measures of "inertia") and the "equity" principle [4]. The
"grandfathering"” principle maintains that the carbon budget should be distributed among countries in accordance with their
existing emission levels. In contrast, the "equity" principle asserts that the budget should be allocated in proportion to their
population levels, i.e. that every human being has the same "right to pollute". The "grandfathering” principle is the subject of
considerable criticism, primarily on the grounds that it favors "the perpetuation of an unfair allocation of rights on the basis of
the previous unfair allocation of the same rights" [5]. This means that it is already unfair enough that historical per capita
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emissions were not equal across countries, so they should not be used as a basis for further (inequitable) carbon budget
allocations. Consequently, if countries integrate carbon budgets into their climate strategies (as they should [6]), they usually
adhere to the principle of "equity" [3]. This is exemplified by France and Wallonia [7], one of the three Belgian regions that
serve as the case study in this paper.

As a final individual target, it is often considered that the 2050 carbon footprint should be capped between 1 and 2
tCOqeqfyear per capita [8]. For instance, a target of 2 tCOxeq/year per capita is commonly adopted by online carbon footprint
calculators [9]. However, it was recently underscored that, in order to achieve GHG (Greenhouse Gasses) neutrality in
regions/nations such as France and Wallonia (or, by extension, Belgium), it is preferable to reduce the individual carbon
footprint target to approximately 1 tCOqq/year per capita [3]. Indeed, that final GHG footprint will have to be absorbed
territorially to meet the climate-neutral targets (such as those implied by the European Green Deal [10]). This could either be
performed through nature-based, i.e. natural sinks [11], or technological methods [12]. However, the latter are still immature:
they can be considered too risky [7] and ethically questionable [13] for climate policies to fully rely on them, although their
development is still highly needed in the context of risk mitigation. Therefore, it has been demonstrated that, in densely
populated regions/nations such as Belgium and France, reaching such a threshold of 1 tCOxeq/year per capita with the
capacities of natural carbon sinks will be challenging enough (to ensure GHG neutrality) [3]. In fact, the aforementioned
study [3] posited that an increase in natural sinks of at least +300% above current levels would be necessary to achieve the
desired outcome. This would entail maximising carbon uptake across all territorial areas through deep land use change
considerations (implementation of intensive urban vegetation, alternative agricultural techniques, etc).

Moreover, at net-zero CO emissions (assumed in 2050 for the case study selected in this study, based on the European
Green Deal [10]), the IPCC has indicated that all GHG could not be completely mitigated as efficiently as CO,. An 8 GtCOzq
yearly footprint would indeed remain for humanity [1]. In accordance with the “equity” principle and considering a projected
2050 global population of 7.735 billion people [14], this also leads to an individual unmitigated 2050 footprint of
approximately 1 tCOzq/year per capita. Consequently; the 2050 final GHG footprint target will thus be represented solely by
non-CO; GHG pollutants.

It is regrettable that current GHG emissions remain significantly above the target level. For illustrative purposes,
consumption-based CO»-only emissions (exclusive of the full carbon footprint) have been reported for the year 2021 at
respectively 7.2 tCO,/year and 7.0 tCO,/year per capita for the European Union and China (excluding emissions from land
use, land-use change, and forestry emissions) [15]. Individual carbon footprint figures (including all GHG) are however more
difficult to aggregate. Nevertheless, the average individual carbon footprint for Europe was reported to be 9.0 tCOzeq/year for
the year 2015 [16], while for China it was 8.1 tCOzq/year for the year 2012 [17].

With regard to the selected case study of Belgium, the average individual carbon footprint has remained relatively stable
over time and has been established to 16.5 tCOzeq/year per capita for the year 2001 [18], 16 tCOxeq/year per capita for the year
2007 [19], and more recently, to 15.4 tCOqqf/year per capita for the year 2011 [20]. According to an open-access web
application available since 2024 [21], which allows for visualizing countries’ and regions’ carbon footprints using Sankey
diagrams and which is documented in detail in several publications [22-24], those order of magnitudes are confirmed. It is
noteworthy that the same reference [21] reports a carbon footprint only slightly lower for the year 2019 (latest available data),
i.e. of 15.2 COqeqfyear per capita (considering a consumption-based accounting method).

At the residential scale, micro-cogeneration fuel cell technologies are regarded as a promising area of development,
particularly in their three main markets, which are Japan, Europe, and South Korea, due the implementation of ad hoc-aimed
subsidies and programs [25-27]. The approximate doubling of the market on an annual basis (at least up to around 2012)
[26], is illustrated in Figure 1. It is notable that South Korea still has extremely ambitious targets for power generation fuel
cells: 2.1 GWe to achieve by 2040 for “fuel cell for domestic buildings” in general and 15 GWy for utility fuel cell power
plants, including exports. These figures represent a significant increase from the 7.1 and 370 MW, reported in 2019,
respectively [28-30].

Similarly, Japan has set an ambitious target of installing 5.3 million fuel cell micro-CHP (micro Combined Heat and
Power) systems by 2030, which it hopes will provide heat and electricity to10% of Japanese homes [31]. At last, it has been
reported that Europe aims to reach a capacity of 10 000 systems per year by 2021 [31,32], with the objective of achieving
(and stabilising), in its “expected scenario”, a capacity of approximately 3 million micro-CHP installations in the residential
sector in 2030 [33]. The majority of micro-CHPs would be represented by fuel cells, with the objective of meeting the
“European Union Energy Goals 2030 [34]. This would correspond to a cumulative amount of approximately 15 million
installations by 2030 [33].

In fact, the objective of this study is to quantify the current and expected carbon footprint mitigation potential of residential
fuel cell micro-CHP systems in comparison to the average individual carbon footprint. Belgium is employed as a case study,
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utilising its average current dwelling as a representative example. A key objective of this research is to include in the study
some emerging fuel cell technologies, such as Direct Carbon Solid Oxide Fuel Cells (DC-SOFCs) and Direct Formic Acid
Fuel Cells (DFAFCs), that offer the capability of facilitating pure CO, capture at their anode exhaust, thereby potentially
enabling negative emissions.

Indeed, technologies exhibiting high CO; purity streams represent a significant opportunity, particularly in light of recent
reports indicating that more than 80% of the other technological carbon absorption projects currently fail [35]. This is
particularly pertinent to the selected case study of Belgium (and neighbouring countries/regions), where the high individual
carbon footprint is coupled with limited natural carbon sink capacities [3].

Consequently, this research makes a direct contribution to four Sustainable Development Goals (SDGs) [36]: sustainable
and modern energy for all (SDG7), sustainable cities and communities (SDG11), sustainable production (and consumption)
patterns (SDG12), and climate action (SDG13).
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Figure 1. Cumulative number of residential fuel cell micro-CHP systems installed (solid lines) and near-term projections
(dotted lines) reported in 2015. Reproduced and adapted from reference [37] with 2020 data for Japan and Europe [27] and
2019 data for Korea [29,30].

2. Materials and Methods

2.1. Review of fuel cell types

The number of existing fuel cell technologies and fuel cell acronyms is considerable. Such differences may be observed
with regard to the electrolyte, the temperature of the stack, the fuel, etc. Even the same fuel cell acronym can be related to
different fuel cell types. To illustrate Direct Carbon Fuel Cells (DCFCs), which utilise solid carbon as fuel, can exist with a
variety of electrolytes, including oxide ceramics (DC-SOFC), alkaline solutions, or molten carbonate ceramics [38]. Each one
of those DCFCs involves different electrochemical redox reactions, which constitute the core of the fuel cell working
principle, thereby defining the reactants and their flows on the electrodes and through the electrolyte [38].

In light of the considerable diversity of emerging technologies, it has been observed that classifying fuel cells primarily
according to their charge carrier more accurately represents the electrochemical redox reactions involved than the
conventional classifications that rely on the fuel or the electrolyte [38]. In fact, the majority of fuel cell types can indeed be
classified according to four categories of charge carriers : H" (protons), OH™, O*~ and C03~ [38].

Firstly, PEMFC (Proton Exchange Membrane Fuel Cell) [39], PAFC (Phosphoric Acid Fuel Cell) [39], MFC (Microbial
Fuel Cell) [40], EFC (Enzymatic Fuel Cell) [41], the main type of DAFC (Direct Alcohol Fuel Cell) [42], DFAFC (Direct
Formic Acid Fuel Cell) [43] and SOFC+ [44], also known as SOFC-H [45] (Solid Oxide Fuel Cells with Proton Conduction),
SOFC(H+) [46], H-SOFC [47], PCFC (Protonic Ceramic Fuel Cell) [48], PC-SOFC [49], P-SOFC [50] or H+-SOFC [51], all
utilise hydrogen ions (protons) as charge carriers, despite the differing nature of their fuel and electrolyte.

Secondly, the anion O~ is employed primarily in Solid Oxide Fuel Cells with Oxygen-ion conduction (SOFC-O), but also
in (SO-)DCFC (Solid Oxide Direct Carbon Fuel Cell, equivalent to DC-SOFC) [52]. Thirdly, MCFCs (Molten-Carbonate
Fuel Cells) [43], also referred to as (MC-)DCFCs (Molten-Carbonate Direct Carbon Fuel Cells) [52], employ carbonate
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anions (CO%™) as charge carriers. Lastly, (MH-)DCFCs (Molten-Hydroxide Direct Carbon Fuel Cells) [52] and AFCs
(Alkaline Fuel Cells) [39], which encompass several fuel cell subtypes including the other main type of DAFCs (Direct
Alcohol Fuel Cells) [42], utilise hydroxide anions (OH-) as charge carriers.

2.2. Available fuels for commercial fuel cell micro-CHPs

Regarding the fuel type, hydrocarbons, particularly natural gas, have become the most viable energy source for fuel cell
micro-CHP systems, owing to their capability to be converted into hydrogen on-site (if necessary) [53]. For instance, in
contrast to SOFCs for which the elevated operating temperatures of the stack may permit internal reforming [54], external
reforming is required with PEMFC systems [55], which is generally incorporated into the embodiment of commercialised
systems [56].

Natural gas is distinguished from other fuels by its cost-effectiveness and availability [57]. This is further evidenced by its
substantial reserves, which, as of 2015, were projected to sustain (2015) extraction rates for 55 years [57]. Furthermore, its
distribution network is well established in numerous regions globally [57]. It is the author's understanding that all
commercially available fuel cell micro-CHP systems utilise natural gas, with the exception of some in Asia, where LPG
(Liquefied Petroleum Gas) and kerosene have been reported to have been employed [57]. It is notable that some commercial
systems are also reported as “hydrogen-ready”, particularly for applications where green hydrogen might be available [58].

2.3. Commercial micro-cogeneration fuel cell technologies

To date, only five fuel cell technologies have been considered for micro-CHP applications: Low and High Temperature
Polymer Electrolyte Membrane Fuel Cells (LT-PEMFC and HT-PEMFC), Oxygen-ion Solid Oxide Fuel Cells (SOFC-0),
Phosphoric Acid Fuel Cells (PAFC), and Alkaline Fuel Cells (AFC) [59,60]. Proton-conducting SOFCs (SOFC-H), which are
typically considered as a subset of IT-SOFCs (Intermediate Temperature Solid Oxide Fuel Cells) [61], along with IT-SOFCs
themselves, are still under study [38] and not regarded in this work as mature CHP technologies. Indeed, their electrolyte,
anode, and cathode materials still need to be developed to achieve a sufficient power density and ensure the viability of their
commercialisation [61]. Their commercialisation is in fact particularly limited by their cathode, which has traditionally
exhibited poor activity or high thermal expansion [62]. Furthermore, SOFCs-H have been reported to have high
manufacturing costs and scaling-up difficulties, which also impede their commercialisation [63].

Despite being developed earlier than PEMFCs and SOFCs, PAFCs and AFCs have not attracted substantial commercial
interest due to the high manufacturing costs and low lifetimes respectively, inherent to these technologies [25]. Despite the
absence of notable products that have been developed for the domestic CHP market utilising these technologies, they exhibit
a multitude of desirable characteristics, at times even surpassing the performance of PEMFC CHP systems [64]. Previous
studies have demonstrated or modelled these technologies at the 1-10 kW, scale as CHP units, employing hydrogen directly
as fuel [64,65]. It is noteworthy that PAFCs have been installed in large commercial and industrial applications for decades
[27,66,67]. For instance, one commercial example has an electrical power output in the 100-400 kW¢ range [66]. However,
this is not the case for AFCs [27,67], likely due to their CO, intolerance and the necessity of a pure oxygen feed [38,68].
Nevertheless, CO, cost-effective removal apparatus could be conceived and has been developed [67]. In addition, similarly to
LT-PEMFCs, there is a need to humidify the electrolyte through the inlet gasses for AFC technologies [69-71].

These limitations have been reported to predominantly confine PAFCs and AFCs to large-scale CHP applications (around
200 kW) and space vehicle uses, respectively [72], which is why these technologies are not further considered in this work
for micro-CHP systems. In fact, to the best of the author’s knowledge, there is currently no HT-PEMFC system available on
the market for residential micro-CHP applications. Furthermore, only a limited number of these systems have ever been (or
are close to being) commercialised, as it has been reported in Table 1. For the sake of clarity, as indicated by their acronyms,
it should be noted that HT-PEMFCs differ from LT-PEMFCs mainly through the higher temperature capability of their
electrolyte [38].

Indeed, it has been recently reported that micro-CHP HT-PEMFC systems may only become commercially available in the
near future, with their relatively short lifetime currently representing a significant obstacle to their widespread adoption [73].
In fact, a number of the remaining challenges that hinder HT-PEMFC commercialisation have been detailed in another recent
publication, including the thermal instability of the catalyst [74].

Therefore, the only fuel cell technologies currently commercialised as micro-CHPs are (LT-)PEMFC and SOFC(-0),
which have been compared in Table 2, especially in terms of LHV (Low Heating Value) electrical efficiency.

It is noteworthy that SOFC-PEMFC hybrid cogeneration systems have been studied approximately since 2000, initially
based on the LT-PEMFC technology [75,76]. In such SOFC-PEMFC hybrid systems, owing to the internal reforming ability
of the SOFC, this latter is used for both electricity generation and fuel reforming. Indeed, it can exhibit a reformate gas at its
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anode exhaust and subsequently fuel a downstream PEMFC, which allows for eliminating the need for a reformer upstream
of the PEMFC [75,76]. A flowsheet of one example of an SOFC-PEMFC hybrid system is depicted in the following section
in Figure 5. SOFC-PEMFC hybrid systems may be designed with the intention of combining some of the advantages of the
two underlying fuel cell technologies, such as a higher energy efficiency (mainly by having removed the reformer of the
PEMFC) while exhibiting a fast startup and a high stability [77]. However, until very recently, with the potential upcoming of
the HT-PEMFC technology (if it ever becomes sufficiently mature, as inferred by Table 1), those hybrid systems have been
reported impractical due to complicated post internal SOFC reforming components that are needed to reduce the CO levels at
the fuel inlet conditions required by a LT-PEMFC [75]. Nevertheless, in a modelling study, the hybridisation of a SOFC and
a HT-PEMFC at the micro-CHP scale has been recently investigated in 2024, showing promising results compared to
standalone systems in terms of efficiency, emissions, and lifecycle cost [75].

2.4. Current and expected performance of micro-CHP systems based on a PEMFC or a SOFC

Back in 2010, the U.S. Department of Energy Hydrogen and Fuel Cells Program established the expected performance of
micro-CHP systems in accordance with fuel cell types [78]. The maximum LHYV electrical efficiencies reported attainable for
LT-PEMFCs, HT-PEMFCs, and SOFCs(-0) fed by natural gas were, respectively, established at 40%, 45%, and 60% [78].

Actually, numerous studies have reported a maximum LHV electrical efficiency of approximately 45%for HT-PEMFC
micro-CHP systems fed by natural gas, [37,73,78-80], thereby corroborating the aforementioned figure [78].

It is noteworthy that LT-PEMFC and SOFC(-O) commercial micro-CHP systems are already approaching those respective
aforementioned efficiency figures [81,82].

Despite some studies [73,83,84] indicating that the LHV electrical efficiency of LT-PEMFC micro-CHPs could reach up
to 45% (owing to significant technical improvements in the fuel reforming processor), it is usually assumed that it is probable
that electrical LHV efficiency targets of 45% (or more) can be achieved with HT-PEMFCs and SOFCs, but unlikely to be
achieved by LT-PEMFCs [37].

Table 1. List of HT-PEMFCs commercialised micro-CHP products and their current availability status.

HT-PEMFC CHP

commercial Current status of the product or its manufacturing company
attempts
Enerfuel by Enerfuel Websites not available (even the one of the manufacturing company).
[85-89] It also seems that the Enerfuel company focuses on the transportation sector [86,89-91].

The Elcore company declared bankruptcy in 2017 [94]. The Freudenberg company, which has taken over
Elcore by Elcore [94], stopped the commercialisation of HT-PEMFC CHP products to focus on fuel cell drive systems for
[87,92,93] heavy-duty vehicles [95] (probably because many flows have been reported on the Internet about the product
[96]).
The ClearEdge company declared bankruptcy in 2013 [97]. The Doosan company, which has taken over [97],
PureCell by seems to have stopped the commercialisation of the HT-PEMFC CHP products. They have mainly taken over
ClearEdge the ClearEdge company for their industrial-scale Phosphoric Acid Fuel Cell (PAFC) catalog, such as the
[37,89,90] “PureCell Model 400” (400 kW¢) [98]. It was yet reported that HT-PEMFC micro-CHP systems are still
under development at the Doosan company [99].

Gensys Blue by Plug

Power Only field trials were operated and the product never made it to the market [91,100,103]. Indeed, Plug Power
[37,87,90,91,100- gave a “No-Go” on the project back in 2012 [100].
104]

In fact, only fuel cell stack modules were developed. Indeed, they were not commercialised directly as CHP
units and had to be integrated with other features, such as a fuel processor, since PEMFC systems require a
high-purity hydrogen fuel [71] and since they are simply air cooled (no dedicated heat recovery feature)
Serenus by [91,105]. Furthermore, those fuel cell modules were mostly used in transportation applications [91]. It seems
Serenergy [90] that the company (now named “Advent Technologies” [106]) no longer commercialises those systems but
currently sells methanol-fed fuel cell systems with high temperature stacks. Those methanol fuel cells are
DAFCs (Direct Alcohol Fuel Cells) [42] not designed for CHP but for transportation or backup power
applications [89,107].



https://doi.org/10.1088/2516-1083/ada109

Prog. Energy 7 (2025) 022005 N Paulus

Similarly, both Europe and the International Energy Agency have set the 2030 LHV electrical efficiency target for micro-
CHP fuel cells (fed by natural gas or biogas) at up to 65% [108,109]. This target seems to be achievable only with SOFC
technologies [27,110-113]. It is worth mentioning that the “Bloom Energy” company, based in the U.S., has already been
marketing a SOFC-based CHP unit, fed by natural gas (or biogas), since 2023 [114]. This unit has a power output of 330
kW, ,which is higher than the micro-CHP range [59], and a net LHV electrical efficiency (AC) of 65% [114-116], which is
higher than the efficiency targets set by the European Union and the International Energy Agency for 2030 [108,109].

In fact, the theoretical LHV electrical efficiency of an SOFC is close to 100% for the electrochemical direct oxidation of
dry methane without consideration of parasitic losses, thus exhibiting no Carnot limit [117]. This is comparable to the
findings reported for carbon-fuelled SOFCs (DC-SOFCs) [118]. With hydrogen or carbon monoxide, the theoretical
efficiency of SOFCs is still approximately70% (LHV) [117]. This high 70% figure is, in fact, sometimes already reported as
the current upper electrical efficiency limit for SOFCs with internal reforming [119,120].

In other recent developments within the (SOFC) industry, “Ceres Power” (United Kingdom) has announced a 65% LHV
electrical efficiency for a 5 kW, stack operating on methane (gross DC efficiency) [117,125]. Lately, the “Robert Bosch”
company (Germany) has announced a 10 kWe demonstrator with a gross LHV DC electrical efficiency of 70% [126]. Finally,
both those companies have announced that they increased this gross DC efficiency to 72.4%, based on the LHV of methane,
for a 150 W¢ stack, developed within the framework of a collaboration [127]. Similarly, the “Elcogen” company (Estonia) is
commercializing SOFC stacks for micro-CHP OEMSs (Original Equipment Manufacturers) with an announced gross DC LHV
electrical efficiency of 72% [128], which has also been reported at 74% in 2021 [115,129]. It is notable that it has been
reported that a 74% DC LHYV efficiency performance was also already achieved back in 2013 by the “SolidPower” company
(founded in Italy and recently renamed “SolydEra”) [129,130].

Table 2. Comparison between the two sole commercial micro-CHP fuel cell technologies, i.e. the (LT-)PEMFC and the SOFC(-O)
systems. Reproduced and adapted from references [43,131].

Fuel cell

type & Typical Major Stack operating . Specific LH\./
. temperature Specific advantages . Electrical
Charge electrolyte contaminants o disadvantages -
. (°C) efficiency (%)
carrier
Comptlﬁzrvr;/]:tler and 40-60
6080 Highly mogiulgr for most management> (with Hy)
onlv low- applications Low-arade heat Currently
. Carbon monoxide y High power density -ow-grade f limited to 38.5
PEMFC Solid temperature High sensitivity to .
. (CO)? Compact structure . with CH,4 as
& Nafion®, a . PEMFC are . contaminants 2
Hydrogen sulfide Rapid startup due to low . some fuel needs
H+ polymer currently . Expensive catalyst
(H2S)® L temperature operation . to be burned to
commercialised Excellent dynamic Expensive rovide heat to
[121] y Nafion® P
response a methane
membrane [122] reformer [123]
Low fuel flexibility
High electrical
efficiencies Slow startup
Solid yttria- contaminants requirements Currently
SOFC stabilised Possibility of internal High thermal limited to 60%-
& zirconia, i.e. Sulfides 800-1000 reforming stresses 65% with CH4
o YSZ, a Fuel flexibility Sealing issues [114,121], i.e.
ceramic Inexpensive catalyst Durability issues  still high thanks
costs

work at a perfect drying
state [124]

2 Contaminants, thermal, and water management of PEMFC stacks have been discussed more deeply in another work [71].
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It is noteworthy that this (still significant) discrepancy between gross DC and net AC efficiency may be attributed to the
fact that DC gross electrical efficiency does not account for the parasitic power losses (in the current collection), the DC-AC
power conversion losses, and the consumption of auxiliaries, such as the air blower power consumption (oxidizing agent
supply at the cathode) [132]. Nevertheless, the aforementioned gross efficiency figures are so promising that it is not
implausible to anticipate the advent of SOFC-based commercialised micro-CHP systems with LHV electrical efficiencies of
70%-80% or even higher in the foreseeable future. This is at least the assumption that will be considered in this work.

For information, for natural gas (and biogas) appliances (including fuel cells), HHV (High Heating Value) efficiencies can
be obtained from the LHV efficiency figures thanks to the natural gas HHV to LHV ratio, which has been reported to be
about 1.1094 [133], and which is extremely dependent of its chemical composition [134].

2.5. Negative emissions fuel cell technologies

It is this author's understanding that only two emerging fuel cell technologies offer the capability of facilitating pure CO,
capture at their anode exhaust, thereby potentially enabling neutral (or even negative) CO, emissions [38].

Firstly, the DFAFC (Direct Formic Acid Fuel Cell), which is quite similar to an LT-PEMFC (especially in terms of
electrolyte, charge carrier, contaminants, efficiency, or operating temperature [38]), can decompose the formic acid fuel into
CO; and protons at the anode [135]. Its working principle is depicted in the bottom part of Figure 2, which presents a
simplified (neutral) life cycle of CO; through an electroreduction unit and a DFAFC. This neutral CO- cycle, in which formic
acid qualifies as an electrofuel, that is to say a liquid hydrocarbon derived from (renewable) electricity as the primary source
of energy [136], has the advantage of being “short” as it does not rely on (slowly growing) biomass. The illustrated capture of
COy, its conversion into formic acid, and the subsequent utilisation in the DFAFC constitute a CCU technology (Carbon
Capture and Utilisation) [137]. It is noteworthy that formic acid fuel could be produced from biomass [135,138], which, if
associated with CO;, sequestration (of the off-anode gasses), could enable negative emissions (the electroreduction would thus
not be needed). This would thus constitute a (BE)CCS technology, i.e. (Bioenergy) with Carton Capture and Storage [137].

v /
8
Renewable
source

Formic acid
HCOOH

Figure 2. Simplified (neutral) “short™ life cycle of CO2 through an electroreduction unit and a DFAFC. Reproduced and adapted from
references [135,139]. Copyright 2020 and 2023, American Chemical Society.

Secondly, the DC-SOFC (Direct Carbon Solid Oxide Fuel Cell), which is quite similar to a SOFC-O fed with
hydrocarbons such as natural gas or biogas (especially in terms of electrolyte, charge carrier, sulfur contamination, efficiency,
or operating temperature [38]) also exhibits an almost pure CO; stream at the anode exhaust [140]. Its working principle is
depicted in the right part of Figure 3, which presents a simplified (neutral) life cycle of CO, through a methanation unit, a
SOFC, and a (SO-)DCFC. The illustrated capture of COy, its conversion into biogas, and the subsequent utilisation in the
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SOFC constitute a CCU technology (Carbon Capture and Utilisation) [137]. Negative emissions would trivially be obtained
with a biomass-fed (SO-)DCFC if the high-purity CO; fuel cell exhaust stream was to be directly sequestrated instead of
being converted into biogas, which would thus constitute a (BE)CCS technology, i.e. (Bioenergy) with Carton Capture and
Storage [137].

Carbon
(biomass)
A
{ CO, sinks (nature-based) /
Injection of direct
CO, carbon sources
Solid Oxide AirlO,
Fuel Cell
BioT as g i }V\J\ o
(Cfl ¥ Methanation '—i’,"gh'p“mycob%x Waste heat

Anode Electrolyte Cathode

\Direct Carbon Fuel Cell

Figure 3. Simplified (neutral) “long” life cycle of CO2 through a methanation unit, a SOFC, and a (SO-)DCFC. The DCFC working
principle has been reproduced and adapted from reference [140] while the rest of the cycle has been established by the author of this paper.

This neutral CO; cycle has the disadvantage of being “long” as it relies on the slow growth of biomass. However, it offers
the opportunity, for the same amount of biomass fuel, of combining the electrical production of two of the most efficient fuel
cell technologies [38], which indeed exhibit theoretical electrochemical direct oxidation efficiencies that can be considered
equal to 100% [117,118].

Similar other (COz-neutral) cycles involving CCU with (SO-)DCFCs have been reported in the literature, such as the one
exhibited in Figure 4 [141], which illustrates a way of converting methane fuel into methanol and/or Dimethyl Ether (DME)
while producing (green) electricity. Slightly different cycles have been reported by the same author in another paper [142]. In
Figure 4, “Turquoise” hydrogen refers to hydrogen produced via pyrolysis of fossil fuels, where the buy-product is solid
carbon (that can be stored or utilised, hence exhibiting a lower carbon footprint) [143]. A methanation unit could replace the
CO; hydrogenation unit to produce methane instead of methanol and/or DME, allowing for completely closing the cycle and
preventing the extraction of fossil methane. It is noteworthy that both methanol and DME are well-known as versatile
alternative fuels potentially useful in many applications, such as for the transportation and the power sector [144].

DME Methanol

Concentrated
Sl Foe | Hydrogen Storage
e gl«h':i:e Hydrogen Fuel Co,
Y racking Cell Hydrogenation

Direct Carbon
“—» (Carbon — Carbon Storage Fuel Cell ———o» (O;

Figure 4. CO2-neutral conversion of methane into methanol and/or Dimethyl Ether (DME) while providing (green) electricity, which
constitutes a CCU technology via a (SO-)DCFC. Reused from reference [141].
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Configuration possibilities based on Figure 3 and Figure 4 are endless but leave the scope of this research.

It should however be stated that, as mentioned in the paper used as reference and inferred by Figure 2 [135], DFAFCs are
mainly attractive for small portable applications and promising for automotive applications (rather than for cogeneration).
This is attributable to the intrinsic similarities between their characteristics and those of LT-PEMFCs. In fact, this is mainly
due to their low electrical efficiency in conjunction with their high power density, their straightforward fuel storage, and
convenient fuel delivery [38]. Actually, in light of the aforementioned lower anticipated efficiency figure of the PEMFC
technology in comparison to (DC-)SOFCs, it has been reported that historical PEMFC manufacturers have reached the
conclusion that the future of fuel cells in domestic built environment applications lies with SOFCs, and have therefore ceased
PEMFC development [104]. Therefore, in this paper, lower efficiency fuel cell technologies such as the PEMFC and the
DFAFC technologies they derive from will no longer be considered from here onwards to focus solely on (DC-)SOFC

systems.

It is noteworthy that a SOFC-PEMFC hybrid system may also present negative emissions without complex sorbent-based
carbon capture processes [145]. A typical biogas-fed SOFC can exhibit off-anode exhaust gasses containing several species
that can be separated through well-known processes, such as CO,, CO, H,O (and, without off-anode recirculation, an excess
of Hy) [38,146]. CO can be transformed into CO; and H, through a water gas shift reactor and if necessary, for the remaining
CO, transformed into CO, with oxygen through a preferential oxidation catalyst [71,145]. The remaining H is processed
through a PEMFC (that contributes to the electrical production), leaving only the CO, with water (in a vapor state) [145]. It
can be pointed out that using a HT-PEMFC instead of a LT-PEMFC would allow for not having to use the selective oxidation
catalyst (and the supplied oxygen), as HT-PEMFCs are tolerant to the small quantity of CO that could remain in the flue
gasses after the water gas shift reactor [38,71,75]. At the PEMFC anode exhaust, water can simply be liquified and separated
from the CO, through several cooling and compression stages (through a carbon separation unit) [145]. The resulting CO; of
high purity can then be liquified and sequestrated, to enable the negative CO emissions potential of the whole system [145].
This SOFC-PEMFC hybrid system has been schematised in a CO-neutral cycle on Figure 5. The illustrated capture of CO,,
its conversion into biogas, and the subsequent utilisation in the SOFC constitute a CCU technology (Carbon Capture and
Utilisation) [137]. Negative emissions would trivially be obtained if the high-purity CO, fuel cell exhaust stream of the
carbon separation unit were to be directly sequestrated instead of being converted into biogas, which would thus constitute a
CCS technology (Carton Capture and Storage) [137]. It is noteworthy that another way of separating H-O, H, and CO,
species effectively from a SOFC exhaust is through pressure swing adsorption processes [145].

anode

CO;+H,0(v)

Carbon separation unit
(several compression
and cooling stages)

H,0/C0, |+—

Biogas | Solid Oxide g SR ) }-’ Water gas —v{ H,0/(CO)/CO,/ H,
(CHY) "|  Fuel Cell shift
A
Methanation « (e;{?;:f:r)gzgt':f;:q
Cooling water
A !
Preferential
oxidation
(not necessary for
HT-PEMFCs)
=’_CO

Y

Proton Exchange Membrane

Fuel Cell —

H,0/C0,/Hs

(LT-PEMFC or HT-PEMFC)

Figure 5. Simplified (neutral) cycle of CO2 through a methanation unit, a SOFC, and a PEMFC. Simplified and adapted from reference

[145].
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2.6. Carbon footprint calculators

It has been chosen to use simple online carbon footprint calculators to illustrate the decarbonization potentials of the
considered fuel cell micro-CHP technologies. In fact, for the purposes of demonstration, the selected individual carbon
footprint calculator, which was first initiated back in 2014 [147], is that developed by AWAC, i.e. the Climate and Air
Walloon Agency [148]. The primary reason for this selection is that it was developed by an official local agency. However, it
should be noted that each carbon footprint calculator has its own specific accuracy, advantages, and limitations. Typically, the
more complex and lengthy the associated survey is, the more accurate the results will be. However, this could present a
significant barrier to accessibility for many individuals.

For example, the calculator in question does not take into account the impact of pet animals or of freshwater consumption.
Similarly, the impact of “public services”, i.e. the carbon footprint of collective public infrastructure and services (that, are
equivalently shared for all citizens of a given country/region), is also not accounted for by the selected calculator. It is
noteworthy that this “public services” footprint is the sole category that is not directly related to the individuals and that they
are thus unable to directly influence. The responsibility for mitigating this category of emissions is therefore borne solely by
the administration and its political choices.

It is therefore recommended that individuals utilise a number of carbon footprint calculators to better evaluate their
sensitivity. Thus, for information and potential comparison purposes, a list of other well-known individual carbon footprint
calculators has been provided in Appendix A.

It is of the utmost importance for users to be aware of the provenance of the calculators they are utilising, as the underlying
assumptions may be contingent upon geographical factors (such as the emission factors of grid electricity, for example).
Similarly, the tool should preferably have been recently created or updated. Also, even if most calculators express the carbon
footprint per capita in terms of all-GHG emissions (COzy), it is important to note that it is not always the case (some
calculators may express their results in CO,-only, for example).

It must also be remembered that such calculators only offer indicators and not accurate measured values. Indeed, the
absolute value that results from those calculators is not really as important as its order of magnitude and trend over time.

In other words, the primary objective of such calculators is to provide a rough order of magnitudes of an individual's
carbon footprint, and more importantly, to direct users towards the most impactful GHG mitigation actions they can
implement at their individual levels. In fact, it is well-established that solving the climate crisis relies on changing human
behaviour [149] and, to achieve it without redhibitory resistance, it is essential that applied policies and economics meet
people where they are, utilising “audience-specific messaging and framing™ [150]. Using individual carbon footprint targets,
such as the 2050 1 tCOxq/year per capita considered in this paper, along with providing people with simple carbon footprint
calculators for self-evaluation and action planning, is therefore highly pertinent in this context.

Even though methods of calculating carbon footprint are far from a global consensus [151], “raising awareness” by
regularly monitoring one’s carbon footprint is indeed often considered the first step towards behavioural change and carbon
footprint mitigation actions [152]. As a similar example, it has indeed been demonstrated that energy motoring, performed
regularly by the occupants of a dwelling, allows for a significant reduction in the energy consumption of that dwelling
through behavioural change [153].

2.7. Individual carbon footprint example without dwelling energy uses

Individual consumption habits are always considered in carbon footprint calculators but they greatly differ from one
person to another, and it is not within the scope of this paper to establish “average” habits of a given population. Furthermore,
as the decarbonization potential of fuel cell micro-CHP systems is mainly associated with the dwelling’s energy
consumption, the assumptions pertaining to other domains of the individual carbon footprint are deemed inconsequential for
the purposes of this study. Consequently, it has been decided to compute a single, realistic exemplar of an individual carbon
footprint through the selected carbon footprint calculator. The assumptions implemented in the selected carbon footprint
calculator are detailed in Appendix B for the purpose of reproduction.

Those assumptions may still be regarded as representative of the typical case, in the sense that they are not describing
extremely unrepresentative cases, such as a fully vegan diet coupled with only light-mobility uses or a fully red-meat diet
accompanied by extensive travel in a heavy diesel vehicle.

The resulting carbon footprint simulation example (excluding energy use of the dwelling) is shown in Figure 6 and is
approximately 10 tCO2e4/year—significantly above the 2050 target of 1 tCOzq/year per capita required for climate neutrality
(based upon the unmitigable GHG emissions reported by the IPCC [1] and projected global population [14] considered in this
study). This illustrates that even if dwellings achieve zero emissions from energy use, changes in behaviour and consumption
choices remain essential.
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Although it has been mentioned that the related assumptions (detailed in Appendix B) were not intended to represent the
case of the average Belgian or European citizen, the resulting carbon footprint reported in Figure 6 (10 tCOq/year per capita
without dwelling energy uses) is consistent with the 15.2 tCOqeq/year per capita (complete footprint) established for Belgium
for the year 2019 [21-24].

It is worth mentioning that the remaining CO..q emissions still reported for the dwelling in Figure 6 are mostly related to
the GHG emissions embodied in its construction (and that are vented onto the building’s operational lifespan).

Up to this point, no consideration has been given to the energy uses of the dwelling (gas/electricity consumption).
Consequently, the resulting individual carbon footprint (of 10 tCO,eq/year per capita for the example given in Figure 6), is not
related to the choice of the space heating appliance or the utilisation of any cogeneration system, whether fuel cell-based or
otherwise.

In other words, it can already be stated with certainty that implementing fuel cell micro-CHPs, even when operating at
100% efficiency and fed by 100% biogas (or other climate-neutral fuels) represents an insufficient solution. Further action is
required, including behavioural and consumption choice changes. It can also be acknowledged that negative emissions
technologies, such as DC-SOFC micro-CHP systems, which are the subject of this investigation, can also provide significant
benefits in this regard.

2.8. Individual carbon footprint example with energy uses

Additionally, this paper employs the average Belgian dwelling as a case study to illustrate the decarbonization potentials of
fuel cell micro-CHP technologies. According to the Belgian regulator [154], it corresponds in 2023 to 17 000 kWh of natural
gas consumption and 3500 kWhe of electrical consumption per year. Those figures have been reported in Table 3.

Emission factors for gas and electricity consumption (mainly applicable to Belgium) have been extensively documented in
a prior study [155]. Two LCA (Life Cycle Assessment) emission factor datasets, namely the dataset “A” and the dataset “D1”
from the aforementioned research [155] have been replicated in Table 3 and employed in this study.

Dataset “A” was initially provided for the purpose of establishing CO.¢q savings from CHP units when compared to
“reference systems”, which consist of a gas condensing boiler of 90% of average LHV efficiency for heat production and in a
CCGT (Combined Cycle Gas Turbine) of 55% of average LHV efficiency for electrical consumption [156]. This is not only
relevant to Belgium but also to all regions/nations that regularly utilise CCGTs on their grids. It basically assumes that the
decentralised CHP electrical production (e.g. of fuel cells) is replacing the electrical production of CCGTs not equipped with
heat recuperation, which would generally require a district heating connection due to the size of the CCGT plants [157].
While this is a promising approach in the context of the energy transition, current CCGTS are not generally connected to
district heating networks [158].

/ Vehicle construction

Private
travels
1049.63 kg
Holiday
travels
1309 kg
Transport & packaging
Professional
travels Waste
Numeric
Construction Food Household appliances
) Textiles
Savings
2409 .68 kg 1416.67 kg 1411.36 kg 1000 kg
81 kg 1855.68 kg 1685.72 kg 1000 kg 548.1 kg

Figure 6. Chosen example of individual carbon footprint, without any energy uses considered for the dwelling (gas/electricity
consumptions).
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Dataset “D1” considers the Belgian statistical average electrical consumption emission factor between the population of
unweighted hourly emission factors provided by Electricity Maps [159] for the whole year 2021. It therefore better
corresponds to the average (Belgian) electrical mix than the dataset “A”.

However, none of the considered emission factors (neither dataset “A” nor dataset “D1”) take into account the electrical
transportation and distribution losses (which can reach about 6-7% in the European Union [160]) that are avoided with
decentralised electrical production systems, such as (micro-)CHP.

Table 3. Chosen emission factors (from a previous study [155]) for the energy uses of the average Belgian residential dwelling, which is

represented by its current average energy demands (reported in 2023) [154]. The subsequent carbon footprints of the average Belgian
dwelling’s energy uses are also established accordingly.

. Electricity Average gas Average electricity
Gas consumption . . . Carbon
o consumption consumption of consumption of the .
Dataset emission factor . . . footprint
(GCOz2q/kWh) emission factor the dwelling dwelling (tCOzeqlyear)
9-Dzeq (gCOzeq/kWhel) (kWh/year) (kWhalyear) 2eqly
Dataset “A” 251 456 17 000 3500 5,86
Dataset “E1” 254 167 17 000 3500 4,90

Actually, the electrical market and electrical prices (at least in the European Union) rely on the System Marginal Price
(SMP) [161], which signifies that they are defined by the latest power plants that must be activated to meet the demand.
These have typically been and, in Belgium, continue to be CCGT plants, either for reasons of flexibility and/or economic
benefit. In fact, according to the hourly data provided by Electricity Maps [159] for the year 2021 (that have been used to
compute the dataset “D1”), there was always some electrical production originating from natural gas power plants. As again
evidenced by the data provided by Electricity Maps [159], this was also the case for the year 2020. Therefore, through the
SMP principle, the Marginal Emission Factor (MEF), which “reflects the emissions intensities of the marginal generators in
the system, i.e. the last generators needed to meet demand at a given time” [162], can be regarded as consistently equivalent
to the emission factor for electricity production from natural gas power plants, as reported by the dataset “A” in Table 3.
Furthermore, this is anticipated to remain the case in Belgium for the foreseeable future, considering the fact that the
government is currently supporting the construction of new CCGTs, which are intended to (at least partially) phase out old
nuclear power plants [163,164].

For this study, and at least for Belgium, both dataset “A” (marginal emissions) and dataset “D1” (average emissions) from
Table 3 can thus indeed be considered relevant, with dataset “D1” holding even greater significance than dataset “A.”.

The average Belgian dwelling energy consumptions related to datasets “A” and “D1” respectively correspond to carbon
footprints (of energy usage) of 5.86 tCOzeq/year and 4.90 tCOzq/year, which must be be added, in proportion to the number of
occupants in the dwelling, to the individual carbon footprint established in Figure 6 (which was close to 10 tCOzq/year).
When divided by the number of adult occupants considered (i.e. two, as reported in Appendix B), those energy uses carbon
footprint figures account for only approximately 25% of the total individual carbon footprint chosen example. This example
once again emphasises the necessity for carbon footprint mitigation to extend beyond dwelling energy uses.

These constitute from here onwards the “base scenario” of this research, which will be used as a reference to illustrate the
decarbonization potential of fuel cell micro-CHP technologies. To sum up, regardless of the emission factor dataset from
Table 3 (either “A” or “D17), the reference “base scenario” does not include any (micro-)CHP system and consistently
assumes that the dwelling’s heat demands are supplied with a gas condensing boiler (of 90% of LHV efficiency).
Additionally, it assumes that the electrical demand is supplied by the grid, with the corresponding assumption regarding the
electrical emission factor.

3. Results

As it has been demonstrated that other fuel cell technologies are either not mature enough and/or not as efficient, this study
has been focusing on SOFC technologies, which specific advantages have been presented in Table 2, and on DC-SOFCs they
derive from. Consequently, Table 4 evaluates the carbon footprint of several “ideal” (DC-)SOFC micro-CHP systems that
would correspond to an electrical production that would match the electrical consumption of the average Belgian dwelling
given in Table 3 (3500 kWhg). It also establishes the carbon footprint savings permitted by those fuel cells in comparison to
the “base scenario” established in the preceding section. The thermal demand is assumed to always be equal to the 2023
average Belgian dwelling given in Table 3 (corresponding to a 17 000 kWh of gas consumption with a gas condensing boiler
averaging 90% of LHV efficiency). In all cases, it is assumed that the implementation of the fuel cell micro-CHP will reduce
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the thermal demand for the gas-condensing boiler. As the energy transition progresses, it is likely that the renovation of
buildings will result in a decrease in the thermal demand of the average dwelling. Conversely, the electrification of mobility
is likely to result in an increase in the electrical demand of the average dwelling (in comparison to the demand considered in
this study) [165]. This is however not taken into account at this point.

For the sake of simplicity, all the “ideal” cases considered in Table 4 assume that the (DC-)SOFC is fully flexible in terms
of electrical production, matching the dwelling’s electrical load profile exactly. It is not yet realistic to expect that current
SOFC systems will be able to be shut down (or modulated down to 0%) due to their long startup times [54]. Nevertheless, the
modulation range of SOFC systems currently on the market is already quite large (in the 33%-100% range [166]) and it is
reasonable to hope that it will even be extended in the future.

The efficiencies of the fuel cell systems reported in Table 4 are based on the already discussed current and expected
performance of the technology, as indicated here below :

e  First case (1): 60% and 25% LHV electrical and thermal efficiency for the current performance of commercialised micro-
CHP SOFC systems. It is noteworthy that these performances have been stated by the OEM [166] but have been verified
in laboratory investigations [54,167] and, at least for the electrical efficiency, in field-test monitoring studies [166].

e Second case (2): 75% of expected LHV electrical efficiency for the SOFC technology seems realistic, as inferred in the
previous section. It has however been assumed that this increased electrical efficiency would result in a five-percentage-
point reduction in the thermal efficiency, thus maintaining the total LHV efficiency at a realistic level as well of 95%.

e Third case (3): same SOFC as in the second case but entirely fed by biogas (with an assumed emission factor of zero).
The remaining heat demand of the dwelling is also assumed to be provided with “green energy” (with an assumed
emission factor of zero).

e  Fourth case (4): similar assumptions as in the third case, with a SOFC exhibiting slightly increased performance. In this
instance, the SOFC is however fed with solid biomass, i.e. dry biochar such as pinewood biochar (also with an assumed
emission factor of zero). It would therefore be a DC-SOFC which, as previously discussed, produces a highly pure CO;
stream at the anode exhaust, thereby enabling the capability of CO, capture (and negative emissions). It should however
be mentioned that the maturity of DC-SOFC is currently insufficient [43] to expect the introduction of such systems
within the short timeframe required for the energy transition [3]. Nevertheless, its potential for negative emissions may
still prove beneficial in the future, regardless of the timing of the emergence of the technology, as it will be demonstrated
subsequently in this section. Although the theoretical DC LHV efficiency of the electrochemical oxidation of solid
carbon is close to 100% [118], 80% LHV electrical efficiency for real DC-SOFC micro-CHP systems seems to be a more
realistic efficiency figure, which is also often considered in the reviewed literature [168]. It has again been assumed that
this increased electrical efficiency (in comparison to the third case) would result in a further reduction of the thermal
efficiency by five percentage points, in order to maintain the total LHV efficiency at a realistic level of 95%.

Thus, compared to average grid electricity, Table 4 demonstrates that the impact of fuel cells fed by natural gas (or other
fossil fuels) is detrimental when compared to the “base scenario”, as evidenced by the negative savings reported in Table 4.
Even when a comparison is made with the electrical production of CCGTs with a high emission factor of 456 gCOzeq/kWhe
(marginal emissions), and when highly efficient future natural gas flexible SOFCs are taken into account (second case), Table
4 only indicates small carbon footprint savings in comparison with the “base scenario” (positive savings reported in Table 4).
In view of the desirable reduction in the use of CCGTs, this once again emphasises the importance of flexible electrical
production for future fuel cell micro-CHP systems (at least if they are not fed with CO; neutral fuels). Fortunately, this is
already being achieved to a certain extent with some micro-CHP SOFC systems that are currently available on the market
[166].

It is in fact only the introduction of 100% biogas (or other CO; neutral fuels), as considered in the third case, that exhibits
the most substantial decarbonization potential. Indeed, as previously stated, the implementation of any (SOFC) micro-CHP
systems, regardless of their efficiency (as in the first and second cases), results in a relatively insignificant or even negative
CO; impact.

It is noteworthy that the carbon footprint savings reported in Table 4 are established in comparison to the reference “base
scenario”, considering current values of natural gas and electricity emissions factors. They have not been established in
comparison to future potential reference scenarios involving greener grid gas and greener grid electricity. The objective is to
evaluate the potential carbon footprint savings in comparison to the existing situation, i.e. to the reference “base scenario”. It
should however be noted that if CO, neutral fuels were to be available in the future for SOFCs, it is likely that they will also
be used in other space heating and/or electrical production appliances. For example, biogas can currently be readily employed
in a gas condensing boiler (or even in a CCGT power plant). Consequently, the genuine decarbonization potential of micro-
CHP systems can be attributed to negative emissions technologies, such as DC-SOFCs (as evidenced in the fourth case of
Table 4).
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Table 4. Yearly carbon footprint calculations of several SOFC micro-CHP systems energy use corresponding to an average Belgian
dwelling of 17 000 kWh and 3500 kWhei of gas and electricity consumption.

Best “future DC-
SOFC”, 80% LHV
electrical efficiency,
15% LHYV thermal

efficiency, 100%

biochar with CO2

Best “current Best “future Best “future

SOFC”, 60% SOFC”,75%  SOFC”, 75% LHV
LHV electrical LHV electrical electrical efficiency,
efficiency, 25%  efficiency, 20% 20% LHYV thermal

LHV thermal LHV thermal efficiency, 100%

Data

. a . a . a
efficiency (1) efficiency (2) biogas (3) capture (4)
Fuel cell electrical production
(KWhai/year) 3500 3500 3500 3500
Gas consumption related to the fuel cell
electrical production (kWh/year) 5833 4667 4667 0
Fuel cell heat production (kWh/year) 1458 933 933 656

Remaining heat demand, supposably
provided by a 90% LHV efficient gas 13842 14367 14367 14644
boiler (kWhy/year)

Total (fossil fuel) gas consumption, fuel

cell, and gas boiler (kWh/year) 21213 20630 0 0

Carbon footprint related to the (fossil
fuel) gas consumption - Dataset “A” 5,32 5,18 0,00 0,00
(tCOeqlyear) - marginal emissions

Carbon footprint related to the (fossil

fuel) gas consumption - Dataset “E1” 5,39 5,24 0,00 0,00
(tCOzeqlyear)
Negative carbon footprint from E:OZ N/A N/A N/A 176
capture at the anode exhaust
Carbon footprint savings - Dat_as_et A 0,54 0,68 5.86 763
(tCOzeqfyear) - marginal emissions
Carbon footprint savings - Dataset “E1 0,49 0,34 4,90 6,67

(tCOzeqfyear)

2The different cases are based on the current and expected/hoped performance of fuel cell micro-CHPs. Those calculations are related to an
average dwelling and are not expressed as “per capita”. All fuel cells are assumed to be fully flexible to meet the dwelling’s electrical demand.
b With the carbon content intensity assumption equivalent to 403 gCO2/kWhruer (resulting figures are expressed in the table in tCO2/year or
tCOzq/year in this case, as CO2 can be assumed to be the only GHG released fuel cells [133]). This carbon content intensity has been
calculated for dry pinewood biochar (HHV = LHV = 24.49 MJ/kg, 59,86% of carbon content, DC-SOFC with 80% of electrical efficiency
[168]). It is crucial to consider that detrimental positive GHG emissions related to biochar production (and transport) have been neglected for
the sake of simplicity and to be consistent with a low-carbon economic future (where, for example, the GHG emissions of the transportation
and energy sectors can be neglected and where biochar can grow without GHG-emitting fertiliser). If those detrimental emissions were to be
considered, this would straightforwardly tend to reduce the negative emissions potential of the considered DC-SOFC reported in this table.
Life cycle emissions of the fuel cell itself have also been neglected because of a lack of available data (construction, transport, disposal, etc).

The carbon footprint savings due to the implementation of the ideal fuel cell micro-CHP systems in the average Belgian
dwelling outlined in Table 4 have been reproduced graphically in Figure 7. This has been performed on the assumption that the
dwelling in question is occupied by two adult individuals, as detailed in Appendix B. Actually, in an average Belgian dwelling
such as the one represented by the energy consumptions considered in this section, there might also be some children. However,
it has been decided to report the established carbon footprint of the dwelling solely on its (two) adult occupants. The average
Belgian individual carbon footprint being close to one of Wallonia, i.e. about 15.4 tCOxq/year per capita [20], as it is one of
the three Belgian regions, those decarbonization potentials have been represented over two Walloon individual carbon footprint
pathways compatible with IPCC’s +2°C “equity” carbon budget established in a previous study [3]. Indeed, it can be seen in
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both scenarios that the blue bars, corresponding to IPCC’s remaining +2°C “equity” carbon budget, represent positive values
in the year 2050. The GHG mitigation scenario illustrated on the left even never allows for the carbon budget to be exceeded
(and reach negative values), as opposed to the right one. Only the decarbonization potentials established from marginal
emissions (and reported in Table 4) have been considered (i.e. using dataset “A” from Table 3). Indeed, dataset “D1” (in Table
3) has not been used because there are no carbon footprint savings for natural gas-fed fuel cells when average grid electricity
is considered (as exhibited in Table 4). The “O” dots correspond to the reference “base scenario”, i.e. the Belgian average
dwelling energy uses carbon footprint given in Table 3 (using the marginal emissions provided by dataset “A”). All of the dots
have been established by dividing the Belgian average dwelling energy uses carbon footprints (deduced from or directly
reported in Table 3 and Table 4) by the number of adult occupants in the dwelling (i.e. two in this case, as stated in Appendix
B), and added to the chosen example of carbon footprint without energy uses reported in Figure 6. It can again be deduced that
significant decarbonization can only occur using CO; neutral energy vectors (dots “3”), not necessarily in fuel cell systems.
However, a significant decarbonization potential of fuel cell systems still lies in technologies that exhibit a highly pure CO;
stream at their exhaust and thereby facilitate CO; capture, such as DC-SOFCs (dots “4”).
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Figure 7. Decarbonization potentials of the implementation of the four “ideal” cases of (DC-)SOFC micro-CHP systems reported in
Table 4 for an average Belgian dwelling (dots “1”, “2”, “3” and “4”). Reproduced and adapted from reference [3].

The initial carbon footprint of the reference “base scenario” (dot “O” in Figure 7, i.e. about 13 tCOzeq/year per capita) is
actually lower than the current average individual carbon footprint in Belgium. As observable in Figure 7, the individual
carbon footprint of Wallonia (or by extension, that of Belgium) shall actually reach this value at least between 2025 and
2028, depending on the mitigation scenario, i.e. Figure 7(a) or Figure 7(b). In other words, the assumptions set out in
Appendix B and implemented to the selected carbon footprint calculator (which produced Figure 6), along with the energy
use assumptions (per capita) related to the average Belgian dwelling (reported in the previous section) could actually be
regarded as a few years ahead of the current average Belgian individual carbon footprint, in light of the proposed GHG
mitigation pathways illustrated in Figure 7.

4. Discussion

As evidenced in Table 4, the DC-SOFC exhibits a negative CO, emissions potential of 1,76 tCOzq/year for the considered
current average Belgian dwelling. Although not insignificant, it may appear relatively modest in comparison to the current
individual Belgian carbon footprint, which is estimated to be 15.2 tCO..4/year per capita for the year 2019 [21-24]. This is
particularly the case, as illustrated in Figure 7, when the savings are divided by the number of (adult) occupants in the
dwelling, which is in this instance two. Furthermore, it would even be reduced if this study were to consider the detrimental
positive GHG emissions related to the fuel production (and transport), i.e. biochar in the case of the considered DC-SOFC, in
addition to the negative emissions potential of CO; at the fuel cell exhaust. Indeed, these emissions were excluded in order to
align with the assumption of a low-carbon economic future, as documented in Table 4. It is noteworthy that, as previously
stated, the life cycle emissions of the fuel cell itself have also been excluded due to a lack of available data (construction,
transportation, disposal, etc), which would further reduce this negative emissions potential.

Nevertheless, it has already been mentioned that the electrification of mobility (and of other areas of usage) is likely to
result in an increase in the average electricity demand of the average dwelling. Therefore, the electrical demand (to the DC-
SOFC reported by the fourth case of Table 4) will likely greatly exceed the 3500 kWhe considered here, thus increasing the
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potential for negative emissions. To illustrate, a 20 kWhe/100 km electric vehicle with 20 000 km annual mileage would
necessitate an additional fuel cell demand of 4000 kWhe,. In addition to the initial domestic demand of 3500 kWhe, this
would result in an annual electric demand of 7500 kWhe, for the fuel cell. Considering the DC-SOFC of the fourth case of
Table 4 (with 80% of LHV electrical efficiency), negative emissions could reach values slightly lower than 4 tCO,/year for
the dwelling (i.e. about 3.8 tCOa/year). This equates to approximately 2 tCO,/year per capita when considering the number of
adult occupants in the household. Alternatively, when the current average fertility rate in Europe of 1.6 [169] is also
considered (which increases the considered number of occupants of the dwelling to 3.6), the figure rises slightly above than 1
tCOqeqfyear per capita. Actually, in recent studies for developed countries [170], the annual distance travelled with a
passenger car is commonly assumed to be 16 000 km (in contrast to the 20 000 km considered here). However, this has a
negligible impact on the results as, when the 1.6 current average fertility rate in Europe [169] is considered (i.e. 3.6 occupants
in the dwelling), the negative CO, emissions potential of the DC-SOFC micro-CHP is only reduced to a value slightly below
1 tCOxeqlyear per capita. This approach can be intensively criticised on the grounds that it suggests that the greater electrical
consumption of the dwelling, the greater the negative emission potential of the DC-SOFC associated with it. While this has
indeed been demonstrated mathematically, it runs dangerously counter to the “energy sobriety principle”, sometimes known
as “enoughness” or “frugality”, but better known as “sufficiency” [171], as introduced in the IPCC’s Sixth Assessment
Report in 2022 [172]. Whatever the semantics, sufficiency® should always be the primary and necessary consideration in the
energy transition [172-174]. In addition, it seems highly unlikely that a significant deployment of DC-SOFCs without
sufficient measures to promote sufficiency/sobriety would be without considerable risks. For instance, critical concerns could
indeed be linked to tensions around material or biomass availability or to various environmental issues (such as unexpected
pollution levels and/or harmful impacts on biodiversity), which could exert pressure on the defined limits of planetary
boundaries [175].

Nevertheless, the potential negative emissions allowed by the electricity production from biomass-fed DC-SOFCs can still
easily be even higher than the recommended 2050 individual carbon footprint (reduced from current levels, considering the
sufficiency/sobriety principle as the first mitigation step). It has indeed been established that the latter is also estimated
around 1 tCOxeq/year per capita, based on the already discussed unmitigable GHG emissions reported by the IPCC [1] and the
projected global population [14]. It is noteworthy that the achievement of full climate neutrality implies that (natural or
technological) carbon absorption will also reach this 1 tCOzq/year per capita target by 2050. Fortunately, it has been shown
here that the potential for CO, sequestration at the anode exhaust of biomass-fuelled DC-SOFC micro-CHPs in residential
applications could be in this order of magnitude.

Actually, technical negative emissions technologies, examplified by DC-SOFCs, will assume a pivotal role in the future if
the natural territorial absorption levels are unable to be sufficiently increased. Indeed, as previously discussed, attaining such
a level of carbon absorption with natural sinks alone will prove to be a significant challenge [176], especially for densely
populated regions. According to a recent study [3], a minimum increase of +300% in carbon sinks would be necessary for
regions/nations like Belgium and France compared to their current levels.

It is important to note that these potential negative emissions would be additive to the trivial benefits obtained from the
avoided fossil fuels permitted by electrification of societal uses. For instance, in the aforementioned case of an annual
mileage of 20 000 km (with a petrol car with a fuel consumption 6.0 L/100 km and an emissions rate of 144 gCO./km [177]),
the avoided fossil fuel use represents a significant step towards GHG mitigation, amounting to approximately 2.88 tCO,/year.

It is noteworthy that the negative CO, emissions potential reported in Table 4 for the DC-SOFC will remain unaffected by
any reduction in space heating demand of the average dwelling. Indeed, this negative emissions potential (associated with the
fourth case of Table 4) represents an additional contribution to the carbon footprint savings that have already been included
with the utilisation of 100% of “green” energy vectors (included in the third case of Table 4). In fact, a transition of the
reference space heating system from gas condensing boilers (as in the “base scenario”) to heat pumps (for the thermal
demand not covered by the fuel cell micro-CHP) would result even result in an increase in the electrical demand to the DC-
SOFC, thereby also increasing its negative CO, emissions potential. It thus follows that the results of this study are not
confined to the current average (Belgian) dwelling, with an annual gas consumption of 17 000 kWh, as depicted in this work.

Regarding the limitations of this study, it is pertinent to reiterate that the electrical transportation and distribution losses
(which can reach approximately 6-7% in the European Union [160]) that are avoided through decentralised electrical
production from micro-CHP systems have not been considered in this work. It can thus be surmised that this will serve to

! The French advocacy group négaWatt, which specialises in modelling energy transition scenarios, has identified four types of sufficiency [179]: structural,
dimensional, usage and collaborative. Structural sufficiency focuses on organizing spaces and activities to reduce consumption, such as minimizing travel
distances. Dimensional sufficiency ensures equipment and facilities are scaled to their actual use, like using appropriately sized vehicles. Usage sufficiency
emphasizes efficient use of resources, such as lowering space heating temperature setpoints or extending equipment lifespans, while collaborative sufficiency
promotes sharing resources, like carpooling or shared workspaces [180,181].
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enhance the decarbonization potential outlined in Table 4 or discussed in this section. However, this effect can be assumed to
be compensated by the fact that the negative emission potentials estimated in this work have been calculated without
consideration of the entire life cycle of the fuel cells themselves. Indeed, only the negative emissions associated with the
utilisation phase of the system have been taken into account (in contrast to, for example, the emissions generated during its
construction, transportation, disposal, etc). In addition, this work has not considered the detrimental positive GHG emissions
associated with the production and transportation of the fuel, in this case biochar (supposedly grown without GHG-emitting
fertiliser). Ultimately, these deliberate omissions, which may slightly overestimate the reported negative emissions potential
of the fuel cell, are likely to be consistent with the goals of a future low carbon economy in which these very negative
emissions fuel cells could play a fundamental role, as demonstrated in this work.

In fact, the main limitations of this study lie in the uninvestigated barriers to the commercialisation of DC-SOFC systems
that enable carbon capture at their anode outlet (such as cost or technological readiness) and in the fact that the DC-SOFC
considered in this work was assumed to be fully flexible, which has yet to be demonstrated for CHP applications (although
this is already partially the case for commercialised SOFCs [166]).

Although decarbonization potentials have not been established systems other than (DC-)SOFCs (because they have been
reported in this study as the most promising micro-CHP fuel cell technologies), the methodology used in Table 4 is simple
enough to be very easily reproduced for PEMFCs or DFAFCs systems (or for any flexible CHP technology, as long as its
LHV electrical and thermal efficiencies are known).

5. Conclusions

From Table 2 it can be concluded that the main advantages of SOFC-based technologies for the decarbonization of the
residential heat and power sector lie in their high electrical efficiencies, high quality heat and simple water management. In
addition, their high tolerance to impurities, their high fuel flexibility, the possibility of internal reforming that they offer, and
their relatively simple composition of the off-anodes gasses, allow the use of carbon-neutral energy vectors, such as biogas (or,
more generally, syngas), ammonia, alcohols, which can be considered as promising alternatives because they could be
convenient to produce, store and/or transport. Furthermore, this paper has presented in Figure 7 and analysed in Table 4 the
decarbonization potential of biomass-fueled DC-SOFCs, which even allow negative CO, emissions thanks to the CO; purity of
the off-anode gasses. Conversely, the slow start-up and low power densities shown in Table 2 are disadvantages of SOFC
technologies, which are more specific to mobile applications than to stationary applications (such as CHP). Nevertheless, their
cost and durability are still ongoing challenges (as mentioned again in Table 2).

This study has shown that the GHG mitigation benefits of natural gas-fed fuel cell micro-CHPs compared to the overall
average individual carbon footprint for an average Belgian dwelling are at best rather limited, even for “ideal” future flexible
systems with high efficiencies. In fact, this work has identified carbon footprint savings of only about 0.5 tCOxeq/year for an
average dwelling. This should be compared to the current Belgian average individual carbon footprint, which is much higher,
i.e. about 15.4 tCOxq/year. These savings only occur when compared to current marginal electricity emissions (with a rather
high emission factor of 456 tCO.eq/kWhe, corresponding to CCGT power plants). Although this marginal emission factor
assumption was valid for the whole of 2020 and 2021 in Belgium, as shown by data from Electricity Maps, it is likely to be
reduced at some point in the future as the use of natural gas-fired CCGT on the grid is reduced (for the sake of the energy
transition). This would further reduce the already small carbon footprint savings potential of natural gas-fed residential fuel
cells (or, by extension, other CHPs).

In addition, this work has shown that even “ideal” fuel cell micro-CHPs (powered by fossil fuels) cannot compete
environmentally with current grid electricity. Furthermore, it should be considered that this average grid electricity should
become even greener every day with the energy transition.

It is therefore essential to implement other GHG mitigation measures. For example, 100% biogas (and/or other climate
neutral energy vectors), with the potential help of increased insulation levels, would increase the carbon footprint savings to
about 5 tCOxqfyear for the average Belgian dwelling, i.e. 10 times higher than those allowed by the implementation of the
natural gas fed “ideal” SOFC micro-CHPs reported in this work.

The electrification of personal vehicles also has significant potential, estimated at 2.88 tCOzq/year for the selected case
study, which is represented by a 20 000 km annual mileage driven by a 6.0 L/100 km petrol car (savings permitted by the
reduction of fossil fuel use). Nevertheless, this will still not be sufficient, and (non-technological) behavioural changes are
imperative. For instance, as illustrated in the carbon footprint example of Figure 6, dietary habits and savings accounts also
have a considerable impact that must be mitigated (representing approximately 2.7 tCOzq/year per capita GHG emissions).

However, certain fuel cell CHP technologies are capable of facilitating the capture of CO; at their anode exhaust. Indeed,
pure CO; is the sole fuel cell reaction product at the anode of DFAFCs (fed by formic acid, preferably CO,-neutral and
sustainable, as electrofuel and/or derived from biomass). Pure CO; is also the sole fuel cell reaction product at the anode of the
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more efficient DC-SOFCs (fed by solid carbon, preferably biomass). Consequently, negative emissions have been investigated
in this work with the example of an efficient future (flexible) DC-SOFC micro-CHP sized based upon the electric demand of
the average Belgian dwelling.

Actually, when the DC-SOFC is oversized to also accommodate expected electrification future needs, such as personal
vehicle mobility (which will necessitate increased electrical production), it has been demonstrated that its associated negative
emissions can easily reach approximately 4 tCOxeq/year for the average Belgian dwelling (including a single electric vehicle
with an annual mileage of 20 000 km). This corresponds to slightly more than 1 tCOxeq/year per capita for the considered
dwelling (assuming two adult occupants and the current European average fertility rate of 1.6). This exact level of negative
emissions per capita in fact represents the minimum required to achieve climate neutrality, as deduced from the unavoidable
GHG emissions reported by the IPCC and the projected global population.

Even if the preferred option is to rely on natural sinks rather than unproven technological solutions, exceeding the carbon
budget recommended by the IPCC is an unacceptable risk. Consequently, in light of the significant negative emissions
potential highlighted in this study, it is strategically imperative for climate policies to consider investments in DC-SOFC
technologies, recognising their potentially substantial role in achieving climate neutrality.
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Nomenclature

AFC Alkaline Fuel Cell

ARG Sixth Assessment Report (of IPCC)

AwWAC Agence wallonne de I’ Air et du Climat (Climate and Air Walloon Agency)
BECCS Bioenergy Carbon Capture and Storage

CCGT Combined Cycle Gas Turbine

CCs Carbon Capture and Storage

CCcu Carbon Capture and Utilisation

DAFC Direct Alcohol Fuel Cell

DCFC Direct Carbon Fuel Cell (DC-SOFC, also named SO-DCFC is one type of DCFC)
DC-SOFC Direct Carbon Solid Oxide Fuel Cell, equivalent to SO-DCFC
DFAFC Direct Formic Acid Fuel Cell

DME Dimethyl Ether

EFC Enzymatic Fuel Cell

GHG Greenhouse Gasses

HHV High Heating Value

HT High Temperature

IPCC Intergovernmental Panel on Climate Change

IT Intermediate Temperature

LCA Life Cycle Assessment

LHV Low Heating Value

LPG Liquefied Petroleum Gas

LT Low Temperature

MC-DCFC Molten-Carbonate Direct Carbon Fuel Cell

MCFC Molten-Carbonate Fuel Cell

MEF Marginal Emission Factor

MFC Microbial Fuel Cell

MH-DCFC Molten-Hydroxide Direct Carbon Fuel Cell

(micro-)CHP (micro) Combined Heat and Power

OEM Original Equipment Manufacturer

PAFC Phosphoric Acid Fuel Cell

PEMFC Proton Exchange Membrane Fuel Cell (or Polymer Electrolyte Membrane Fuel Cell)
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SDG Sustainable Development Goal
SMP System Marginal Price
SO-DCFC Solid Oxide Direct Carbon Fuel Cell

SOFC(-O/-H)  Solid Oxide Fuel Cell (with Oxygen-ion/Proton conduction)

Appendix A

A non-exhaustive list of well-known individual carbon footprint calculators has been reported for information and potential

comparison purposes here below. All referenced links were last accessed on November 12, 2023, at 16:00 CET.

1. https://calculateurs.awac.be/ - Used in this study.

2.  https://nosgestesclimat.fr/

3.  https://www.goodplanet.org/fr/calculateurs-carbone/particulier/

4.  https://www.rtbf.be/article/mobilite-energie-conso-a-combien-selevent-vos-emissions-de-co2-faites-le-test-avec-notre-
calculateur-11074811

5. https://footprint.wwf.org.uk/ (for UK) or https://www.wwf.ch/fr/vie-durable/calculateur-d-empreinte-ecologique (for
Switzerland)

6. https://www.footprintcalculator.org/home/en

7. https://coolclimate.berkeley.edu/calculator

8. https://climate.selectra.com/fr/empreinte-carbone/calculer

9. https://neoenea.be/calculateur-simplifie/

10. https://etat.emfro.lu/s3/myimpact

11. https://www.mijnverborgenimpact.nl/en/

12. https://knowsdgs.jrc.ec.europa.eu/cfc (also evaluates impacts against the planetary boundaries and SDGs 3, 6 12, 13, 14
and 15 [178])

Appendix B

The main assumptions reported to the chosen carbon calculator footprint [148] here below. Those case-dependent

assumptions have been reported for the reproducibility of the study and to provide examples of the level of detail involved in
the chosen carbon footprint calculator.

3
.
3

Detached house of 200m2, 2 adults (children not considered)
About 2.5 average garbage bags a week, including papers and cardboard, not including organic trash
Organic trash thrown in an individual compost
One small petrol car, bought second handed in 2020 and supposably used until 2030
0 8000 km/year for professional activities
0 6000 km/year for personal activities
Distance traveled by plane:
0 7000 km for professional activities
0 7000 km for personal vacation
14 meals/week (breakfasts not included): 2 red meat-based meals, 3 white meat-based meals, 1 fish-based meal, 5
vegetarian meals, 3 bread-based meat (with cheese)
10 drinks/week (that are not tap water)
Groceries not specifically local but exhibiting bio labels, not frozen, packed (not bulk food), not specifically aligned with
the seasons
The dwelling possesses 2 computers, 2 smartphones (second-handed, changed every 24 months), 2 TVs, 1 fridge, 1
freezer, 1 dishwasher, 1 dryer, 1 washing machine
20 hours of High-Definition streaming / week
5 pieces of new clothes / year
1000 € on a generic savings account
All those assumptions and the carbon footprint calculations are related to the year 2023.

ORCID iD

Nicolas Paulus @ https://orcid.org/0000-0003-2081-3810

19


https://doi.org/10.1088/2516-1083/ada109
https://calculateurs.awac.be/
https://nosgestesclimat.fr/
https://www.goodplanet.org/fr/calculateurs-carbone/particulier/
https://www.rtbf.be/article/mobilite-energie-conso-a-combien-selevent-vos-emissions-de-co2-faites-le-test-avec-notre-calculateur-11074811
https://www.rtbf.be/article/mobilite-energie-conso-a-combien-selevent-vos-emissions-de-co2-faites-le-test-avec-notre-calculateur-11074811
https://footprint.wwf.org.uk/
https://www.wwf.ch/fr/vie-durable/calculateur-d-empreinte-ecologique
https://www.footprintcalculator.org/home/en
https://coolclimate.berkeley.edu/calculator
https://climate.selectra.com/fr/empreinte-carbone/calculer
https://neoenea.be/calculateur-simplifie/
https://etat.emfro.lu/s3/myimpact
https://knowsdgs.jrc.ec.europa.eu/cfc
https://orcid.org/0000-0003-2081-3810

Prog. Energy 7 (2025) 022005 N Paulus

Remark

This is the version of the article before peer review or editing, almost as submitted by an author to Progress in Energy. IOP
Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any version derived from it.
The Version of Record is available online at https://doi.org/10.1088/2516-1083/adal09.

Suggested citation of the Version of Record

Paulus N 2025 Decarbonization potential of fuel cell technologies in micro-cogeneration applications: spotlight on SOFCs in
a Belgian case study Progress in Energy 7 022005

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

[13]

IPCC WGIII 2022 Climate Change 2022: Mitigation of Climate Change - Summary for Policymakers IPCC -
Working Group Il Technical Support Unit

Gignac R and Matthews H D 2015 Allocating a 2 °C cumulative carbon budget to countries Environmental
Research Letters 10

Paulus N 2024 Developing individual carbon footprint reduction pathways from carbon budgets:
Examples with Wallonia and France Renewable and Sustainable Energy Reviews 198 114428

Raupach M R, Davis S J, Peters G P, Andrew R M, Canadell J G, Ciais P, Friedlingstein P, Jotzo F, Van
Vuuren D P and Le Quéré C 2014 Sharing a quota on cumulative carbon emissions Nat Clim Chang 4 873—
9

Dooley K, Holz C, Kartha S, Klinsky S, Roberts J T, Shue H, Winkler H, Athanasiou T, Caney S, Cripps E,
Dubash N K, Hall G, Harris P G, Lahn B, Moellendorf D, Miiller B, Sagar A and Singer P 2021 Ethical choices
behind quantifications of fair contributions under the Paris Agreement Nat Clim Chang 11 300-5

van der Ploeg F 2018 The safe carbon budget Clim Change 147 47-59

Paulus N 2023 Confronting Nationally Determined Contributions (NDCs) to IPPC’s +2°C carbon budgets
through the analyses of France and Wallonia climate policies Journal of Ecological Engineering 24

Fawcett T, Hvelplund F and Meyer N |1 2010 Making It Personal Generating Electricity in a Carbon-
Constrained World (Elsevier) pp 87-107

Auger C, Hilloulin B, Boisserie B, Thomas M, Guignard Q and Roziére E 2021 Open-Source Carbon
Footprint Estimator: Development and University Declination Sustainability 13

Maris G and Flouros F 2021 The Green Deal, National Energy and Climate Plans in Europe: Member
States’ Compliance and Strategies Adm Sci 11

Matthews H D, Zickfeld K, Dickau M, Maclsaac A J, Mathesius S, Nzotungicimpaye C-M and Luers A 2022
Temporary nature-based carbon removal can lower peak warming in a well-below 2 °C scenario Commun
Earth Environ 3 1-8

Batres M, Wang F M, Buck H, Kapila R, Kosar U, Licker R, Nagabhushan D, Rekhelman E and Suarez V
2021 Environmental and climate justice and technological carbon removal The Electricity Journal 34
107002

Lenzi D 2018 The ethics of negative emissions Global Sustainability 1 1-8

20


https://doi.org/10.1088/2516-1083/ada109
https://doi.org/10.1088/2516-1083/ada109

Prog. Energy 7 (2025) 022005 N Paulus

(14]

[15]

(16]

(17]

(18]

(19]

[20]

(21]

(22]

(23]

(24]

[25]

(26]

(27]

(28]

[29]

Turbat V, Gribble R and Zeng W 2022 Population, Burden of Disease, and Health Services 59-77

Zhang S, Kaikun W, Yastrubskyi M and Huang C 2023 Carbon emissions from international trade and
consumption: Assessing the role of cumulative risk for EU and Chinese economic development Energy
Strategy Reviews 50 101219

Lee J, Shigetomi Y and Kanemoto K 2023 Drivers of household carbon footprints across EU regions, from
2010 to 2015 Environmental Research Letters 18 044043

Xing Z, Jiao Z and Wang H 2022 Carbon footprint and embodied carbon transfer at city level: A nested
MRIO analysis of Central Plain urban agglomeration in China Sustain Cities Soc 83 103977

Hertwich E G and Peters G P 2009 Carbon Footprint of Nations: A Global, Trade-Linked Analysis Environ
Sci Technol 43

Hambye C, Hertveldt B and Michel B 2018 Does consistency with detailed national data matter for
calculating carbon footprints with global multi-regional input—output tables? A comparative analysis for
Belgium based on a structural decomposition J Econ Struct 7 11

Towa E, Zeller V, Merciai S, Schmidt J and Achten W M J 2022 Toward the development of subnational
hybrid input—output tables in a multiregional framework J Ind Ecol 26

Emissions per capita (available at: https://sankey.theshiftproject.org/, last accessed on December 2,
2023, at 16:00 CET)

Soédersten C-J H, Wood R and Hertwich E G 2018 Endogenizing Capital in MRIO Models: The Implications
for Consumption-Based Accounting Environ Sci Technol 52 13250-9

Stadler K, Wood R, Bulavskaya T, Sodersten C, Simas M, Schmidt S, Usubiaga A, Acosta-Fernandez J,
Kuenen J, Bruckner M, Giljum S, Lutter S, Merciai S, Schmidt J H, Theurl M C, Plutzar C, Kastner T,
Eisenmenger N, Erb K, de Koning A and Tukker A 2018 EXIOBASE 3: Developing a Time Series of Detailed
Environmentally Extended Multi-Regional Input-Output Tables J Ind Ecol 22 502-15

Andrieu B, Le Boulzec H, Delannoy L, Verzier F, Winter G, Vidal O and Stadler K 2024 An open-access web
application to visualise countries’ and regions’ carbon footprints using Sankey diagrams Commun Earth
Environ 5 236

Brett D J L, Brandon N P, Hawkes A D and Staffell | 2011 Fuel cell systems for small and micro combined
heat and power (CHP) applications Small and Micro Combined Heat and Power (CHP) Systems (Elsevier)
pp 233-61

Dodds P E, Staffell I, Hawkes A D, Li F, Griinewald P, McDowall W and Ekins P 2015 Hydrogen and fuel cell
technologies for heating: A review Int J Hydrogen Energy 40 2065—-83

Cigolotti V, Genovese M and Fragiacomo P 2021 Comprehensive Review on Fuel Cell Technology for
Stationary Applications as Sustainable and Efficient Poly-Generation Energy Systems Energies (Basel) 14
4963

Stangarone T 2021 South Korean efforts to transition to a hydrogen economy Clean Technol Environ
Policy 23 509-16

Intralink 2021 The Hydrogen Economy South Korea Market Intelligence Report

21


https://doi.org/10.1088/2516-1083/ada109

Prog. Energy 7 (2025) 022005 N Paulus

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

(43]

(44]

(45]

Park C 2020 Green Hydrogen Economy Roadmap: A Korean Perspective 37th European Photovoltaic Solar
Energy Conference and Exhibition (EU PVSEC 2020)

Nazir H, Muthuswamy N, Louis C, Jose S, Prakash J, Buan M E M, Flox C, Chavan S, Shi X, Kauranen P,
Kallio T, Maia G, Tammeveski K, Lymperopoulos N, Carcadea E, Veziroglu E, Iranzo A and M. Kannan A
2020 Is the H2 economy realizable in the foreseeable future? Part Ill: H2 usage technologies, applications,
and challenges and opportunities Int J Hydrogen Energy 45 28217-39

Bozorgmehri S, Heidary H and Salimi M 2023 Market diffusion strategies for the PEM fuel cell-based
micro-CHP systems in the residential sector: scenario analysis Int J Hydrogen Energy 48 3287-98

Code 2 - Cogeneration Observatory and Dissemination Europe 2014 Micro-CHP potential analysis
European level report Intelligent Energy Europe

Aguilo-Rullan A 2017 Fuel Cells and Hydrogen Joint Undertaking - EU policy & micro-CHP Journée Micro-
Mini Cogénérations

Abdulla A, Hanna R, Schell KR, Babacan O and Victor D G 2021 Explaining successful and failed
investments in U.S. carbon capture and storage using empirical and expert assessments Environmental
Research Letters 16 014036

Waage J, Yap C, Bell S, Levy C, Mace G, Pegram T, Unterhalter E, Dasandi N, Hudson D, Kock R, Mayhew
S, Marx C and Poole N 2015 Governing the UN Sustainable Development Goals: interactions,
infrastructures, and institutions Lancet Glob Health 3 e251-2

Ellamla H R, Staffell I, Bujlo P, Pollet B G and Pasupathi S 2015 Current status of fuel cell based combined
heat and power systems for residential sector J Power Sources 293 312-28

Paulus N 2024 Comprehensive assessment of fuel cell types: A novel fuel cell classification system
Renewable Energy (Under Review)

Mahapatra M K and Singh P 2014 Chapter 24 - Fuel Cells: Energy Conversion Technology Future Energy:
Improved, Sustainable and Clean Options for our Planet (Elsevier) pp 511-47

Hamouda R A and EI-Naggar N E A 2021 Chapter 14 - Cyanobacteria-based microbial cell factories for
production of industrial products Microbial Cell Factories Engineering for Production of Biomolecules
(Academic Press) pp 277-302

Leech D, Kavanagh P and Schuhmann W 2012 Enzymatic fuel cells: Recent progress Electrochim Acta 84
223-34

Karim N A and Kamarudin S K 2021 Introduction to direct alcohol fuel cells (DAFCs) Direct Liquid Fuel
Cells (Elsevier) pp 49-70

Sharaf O Z and Orhan M F 2014 An overview of fuel cell technology: Fundamentals and applications
Renewable and Sustainable Energy Reviews 32 810-53

Dincer | and Zamfirescu C 2014 Chapter 4 - Hydrogen and Fuel Cell Systems Advanced Power Generation
Systems (Elsevier) pp 143-98

Tawalbeh M, Murtaza S Z M, Al-Othman A, Alami A H, Singh K and Olabi A G 2022 Ammonia: A versatile
candidate for the use in energy storage systems Renew Energy 194 955-77

22


https://doi.org/10.1088/2516-1083/ada109

Prog. Energy 7 (2025) 022005 N Paulus

(46]

[47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

(60]

Demin A 2002 Thermodynamic analysis of a methane fed SOFC system based on a protonic conductor
Solid State lon 152-153 55560

Liu F and Duan C 2021 Direct-Hydrocarbon Proton-Conducting Solid Oxide Fuel Cells Sustainability 13

Sumi H, Shimada H, Yamaguchi Y, Mizutani Y, Okuyama Y and Amezawa K 2021 Comparison of
electrochemical impedance spectra for electrolyte-supported solid oxide fuel cells (SOFCs) and protonic
ceramic fuel cells (PCFCs) Sci Rep 11 10622

Basbus J, Arce M, Troiani H, Su Q, Wang H, Caneiro A and Mogni L 2020 Study of BaCe0.4Zr0.4Y0.203-
6/BaCe0.8Pr0.203-6 (BCZY/BCP) bilayer membrane for Protonic Conductor Solid Oxide Fuel Cells (PC-
SOFC) Int J Hydrogen Energy 45 5481-90

Shi H, Su C, Ran R, Cao J and Shao Z 2020 Electrolyte materials for intermediate-temperature solid oxide
fuel cells Progress in Natural Science: Materials International 30 764—-74

Rashid N LR M, Samat A A, Jais A A, Somalu M R, Muchtar A, Baharuddin N A and Wan Isahak W N R
2019 Review on zirconate-cerate-based electrolytes for proton-conducting solid oxide fuel cell Ceram Int
45

Dong Y, Xing L, Li X, Gao Y, Cao Z and Liu J 2022 A membrane-less molten hydroxide direct carbon fuel
cell with fuel continuously supplied at low temperatures: A modeling and experimental study Appl Energy
324 119585

Hawkes A, Staffell I, Brett D and Brandon N 2009 Fuel cells for micro-combined heat and power
generation Energy Environ Sci 2 729

Paulus N and Lemort V 2023 Experimental investigation of a Solid Oxide Fuel Cell (SOFC) used in
residential cogeneration applications Proceedings of the 36th International Conference On Efficiency,
Cost, Optimization, Simulation and Environmental Impact of Energy Systems (ECOS2023)

Paulus N and Lemort V 2023 Field-test performance models of a residential micro-cogeneration system
based on the hybridization of a proton exchange membrane fuel cell and a gas condensing boiler Energy
Convers Manag 295

Paulus N and Lemort V 2022 Grid-impact factors of field-tested residential Proton Exchange Membrane
Fuel Cell systems Proceedings of the 14th REHVA HVAC World Congress (CLIMA2022)

Staffell I, Brett D J L, Brandon N P and Hawkes A D 2015 Domestic Microgeneration ed | Staffell, D J L
Brett, N P Brandon and A D Hawkes (Routledge)

Schuh S, Dragosits S, Seidl C and Grimm S 2021 Brennstoffzellen fiir den Endkundenbereich
Internationale Energiewirtschaftstagung an der TU-Wien (IEWT 2021)

Martinez S, Michaux G, Salagnac P and Bouvier J-L 2017 Micro-combined heat and power systems
(micro-CHP) based on renewable energy sources Energy Convers Manag 154 262—-85

Jannelli E, Minutillo M and Perna A 2013 Analyzing microcogeneration systems based on LT-PEMFC and
HT-PEMFC by energy balances Appl Energy 108 82-91

23


https://doi.org/10.1088/2516-1083/ada109

Prog. Energy 7 (2025) 022005 N Paulus

(61]

(62]

(63]

(64]

(65]

(66]

(67]

(68]

(69]

[70]

(71]

[72]

(73]

[74]

[75]

[76]

Hossain S, Abdalla A M, Jamain S N B, Zaini J H and Azad A K 2017 A review on proton conducting
electrolytes for clean energy and intermediate temperature-solid oxide fuel cells Renewable and
Sustainable Energy Reviews 79 750-64

Liu J, Jin Z, Miao L, Ding J, Tang H, Gong Z, Peng R and Liu W 2019 A novel anions and cations co-doped
strategy for developing high-performance cobalt-free cathode for intermediate-temperature proton-
conducting solid oxide fuel cells Int J Hydrogen Energy 44 11079-87

Chen X, Zhang H, Li Y, Xing J, Zhang Z, Ding X, Zhang B, Zhou J and Wang S 2021 Fabrication and
performance of anode-supported proton conducting solid oxide fuel cells based on
BaZr0.1Ce0.7Y0.1Yb0.103-6 electrolyte by multi-layer aqueous-based co-tape casting J Power Sources
506 229922

Verhaert |, Mulder G and De Paepe M 2016 Evaluation of an alkaline fuel cell system as a micro-CHP
Energy Convers Manag 126 434—-45

Ghouse M, Abaoud H and Al-Boeiz A 2000 Operational experience of a 1 kW PAFC stack App! Energy 65
303-14

Staffell  and Green R 2013 The cost of domestic fuel cell micro-CHP systems Int J Hydrogen Energy 38
1088-102

Staffell I and Ingram A 2010 Life cycle assessment of an alkaline fuel cell CHP system Int J Hydrogen
Energy 35 2491-505

Kazeroonian F K and Rahimpour M R 2023 Application of syngas in fuel cell Advances in Synthesis Gas :
Methods, Technologies and Applications (Elsevier) pp 337-67

Huo S, Deng H, Chang Y and Jiao K 2012 Water management in alkaline anion exchange membrane fuel
cell anode Int J Hydrogen Energy 37 18389-402

Ferriday T B and Middleton P H 2021 Alkaline fuel cell technology - A review Int J Hydrogen Energy 46
18489-510

Paulus N, Job N and Lemort V 2024 Investigation of degradation mechanisms and corresponding
recovery procedures of a field-tested residential cogeneration Polymer Electrolyte Membrane fuel cell To
be submitted

Sundén B 2019 Fuel cell types - overview Hydrogen, Batteries and Fuel Cells (Elsevier) pp 123-44

Arsalis A 2019 A comprehensive review of fuel cell-based micro-combined-heat-and-power systems
Renewable and Sustainable Energy Reviews 105 391-414

Meyer Q, Yang C, Cheng Y and Zhao C 2023 Overcoming the Electrode Challenges of High-Temperature
Proton Exchange Membrane Fuel Cells Electrochemical Energy Reviews 6 16

Arsalis A 2024 Design, modeling, and optimization of a novel 6 kWe hybrid solid oxide fuel cell high
temperature-proton exchange membrane fuel cell system Cleaner Energy Systems 8 100113

Dicks A L, Fellows R G, Martin Mescal C and Seymour C 2000 A study of SOFC—PEM hybrid systems J
Power Sources 86 501-6

24


https://doi.org/10.1088/2516-1083/ada109

Prog. Energy 7 (2025) 022005 N Paulus

[77] Guo X, Guo Y, Wang J, Meng X, Deng B, Wu W and Zhao P 2023 Thermodynamic analysis of a novel
combined heating and power system based on low temperature solid oxide fuel cell (LT-SOFC) and high
temperature proton exchange membrane fuel cell (HT-PEMFC) Energy 284 129227

[78]  Ruth M 2012 1-10 kW Stationary Combined Heat and Power Systems Status and Technical Potential:
Independent Review U.S. Department of Energy Hydrogen and Fuel Cells Program

[79] Korsgaard A, Nielsen M and Kaer S 2008 Part one: A novel model of HTPEM-based micro-combined heat
and power fuel cell system Int J Hydrogen Energy 33 1909-20

[80] Haider R, Wen Y, Ma Z-F, Wilkinson D P, Zhang L, Yuan X, Song S and Zhang J 2021 High temperature
proton exchange membrane fuel cells: progress in advanced materials and key technologies Chem Soc
Rev 50 1138-87

[81]  Paulus N and Lemort V 2024 Experimental investigation of a Solid Oxide Fuel Cell (SOFC) used in
residential cogeneration applications Entropy: Thermodynamics — Energy — Environment — Economy 5

[82]  DAvila C, Paulus N and Lemort V 2022 Experimental investigation of a Micro-CHP unit driven by natural
gas for residential buildings Proceedings of the 19th International Refrigeration and Air Conditioning
Conference at Purdue (Herrick 2022)

[83] Pasdag O, Kvasnicka A, Steffen M and Heinzel A 2012 Highly Integrated Steam Reforming Fuel Processor
with Condensing Burner Technology for Maximised Electrical Efficiency of CHP-PEMFC Systems Energy
Procedia 28 57-65

[84]  DiMarcoberardino G and Manzolini G 2017 Investigation of a 5 kW micro-CHP PEM fuel cell based
system integrated with membrane reactor under diverse EU natural gas quality Int J Hydrogen Energy 42
13988-4002

[85] Syah R, Isola L A, Guerrero J W G, Suksatan W, Sunarsi D, Elveny M, Alkaim A F, Thangavelu L and
Aravindhan S 2021 Optimal parameters estimation of the PEMFC using a balanced version of Water
Strider Algorithm Energy Reports 7 6876—-86

[86]  Ramakrishnan S, Ramya K and Rajalakshmi N 2022 High-temperature proton exchange membrane—an
insight PEM Fuel Cells (Elsevier) pp 22342

[87]  Gallucci F, van Sint Annaland M, Roses L and Manzolini G 2015 Using palladium membrane-based fuel
reformers for combined heat and power (CHP) plants Palladium Membrane Technology for Hydrogen
Production, Carbon Capture and Other Applications (Elsevier) pp 319-44

[88] Herdem M S, Sinaki M Y, Farhad S and Hamdullahpur F 2019 An overview of the methanol reforming
process: Comparison of fuels, catalysts, reformers, and systems Int J Energy Res 43 5076—105

[89] Lehnert W, Like L and Samsun R C 2016 High Temperature Polymer Electrolyte Fuel Cells Fuel Cells :
Data, Facts and Figures (Weinheim, Germany: Wiley-VCH Verlag GmbH & Co. KGaA.) pp 235-47

[90] Molleo M, Schmidt T J and Benicewicz B C 2013 Polybenzimidazole Fuel Cell Technology Fuel Cells (New
York, NY: Springer New York) pp 391-431

[91] McConnell V P 2009 High-temperature PEM fuel cells: Hotter, simpler, cheaper Fuel Cells Bulletin 2009
12-6

25


https://doi.org/10.1088/2516-1083/ada109

Prog. Energy 7 (2025) 022005 N Paulus

[92]

(93]

[94]

[95]
[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

Anon 2017 E.ON partners with Efficiencity to bring Elcore fuel cell systems to German residential market
Fuel Cells Bulletin 2017 1

Schenk A, Gamper S, Grimmer C, Pichler B E, Bodner M, Weinberger S and Hacker V 2016 Development
of Low Cost High-Temperature Polymer Electrolyte Fuel Cell Membrane-Electrode-Assemblies for
Combined Heat and Power Plants in Single Family Homes ECS Trans 75 435-41

Bednarek T, Davies J, Malkow T and Weidner E 2021 Historical Analysis of FCH 2 JU Stationary Fuel Cell
Projects: Progress of Key Performance Indicators against the State of the Art JRC Technical Report

Freudenberg Group 2020 2019 Annual Report
Anon 2019 BHKW Forum

Wei M, Smith S J and Sohn M D 2017 Experience curve development and cost reduction disaggregation
for fuel cell markets in Japan and the US Appl Energy 191 346-57

Doosan 2018 PureCell ® Model 400

Jo A, Oh K, Lee J, Han D, Kim D, Kim J, Kim B, Kim J, Park D, Kim M, Sohn Y-J, Kim D, Kim H and Ju H 2017
Modeling and analysis of a 5 kWe HT-PEMFC system for residential heat and power generation Int J
Hydrogen Energy 42 1698-714

Petrecky J and Ashley CJ 2014 CHP Fuel Cell Durability Demonstration - Final Report Plug Power

Pasupathi S, Calderon Gomez J C, Su H, Reddy H, Bujlo P and Sita C 2016 Stationary HT-PEMFC-Based
Systems—Combined Heat and Power Generation Recent Advances in High-Temperature PEM Fuel Cells
(Elsevier) pp 5577

Cumalioglu |1 2009 GenSys Blue: Fuel Cell Heating Appliance Plug Power

Vogel J and Marcinkoski J 2010 Highly Efficient, 5 kW CHP Fuel Cells Demonstrating Durability and
Economic Value in Residential and Light Commercial Applications DOE Hydrogen Program FY 2010 Annual
Progress Report

Elmer T, Worall M, Wu S and Riffat S B 2015 Fuel cell technology for domestic built environment
applications: State of-the-art review Renewable and Sustainable Energy Reviews 42 913-31

Serenergy Fuel Cell Stack Module - Serenus 166/390 Air C - Datasheet v2.5-0210

De Castro E S, Kaye I, Chen R and Pavlik T 2022 Compact Design of HT Pefmc Stacks with Advanced
Cooling ECS Meeting Abstracts MA2022-02 1466—-1466

Araya S 'S, Zhou F, Liso V, Sahlin S L, Vang J R, Thomas S, Gao X, Jeppesen C and Kzaer S K 2016 A
comprehensive review of PBl-based high temperature PEM fuel cells Int J Hydrogen Energy 41 2131044

Fuel Cells and Hydrogen 2 Joint Undertaking (FCH 2 JU) 2018 Addendum to the Multi - Annual Work Plan
2014 - 2020

Cigolotti V and Genovese M 2021 Stationary Fuel Cell Applications - Current and future technologies -
Cost, performances, and potential Technology Collaboration Programme by IEA

International Energy Agency 2015 Technology Roadmap Hydrogen and Fuel Cells

26


https://doi.org/10.1088/2516-1083/ada109

Prog. Energy 7 (2025) 022005 N Paulus

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

Fan L, Tu Z and Chan S H 2021 Recent development of hydrogen and fuel cell technologies: A review
Energy Reports 7 8421-46

Andersson M and Froitzheim J 2019 Technology review - Solid Oxide Cells 2019 Energiforsk

Wachsman E D, Marlowe C A and Lee K T 2012 Role of solid oxide fuel cells in a balanced energy strategy
Energy Environ. Sci. 5 5498-509

Bloom Energy 2023 The Bloom Energy Server 5.5 Data Sheet

Mendonca C, Ferreira A and Santos D M F 2021 Towards the Commercialization of Solid Oxide Fuel Cells:
Recent Advances in Materials and Integration Strategies Fuels 2 393-419

LiuJ, Tang Q, Su Y, Li T, Wang Y and Zhu M 2021 Economic Analysis of Solid Oxide Fuel Cell and Its Role in
Carbon Peak, Carbon Neutralization Process 4th International Conference on Energy, Electrical and Power
Engineering (CEEPE 2021) (IEEE) pp 115-9

Boldrin P and Brandon N P 2019 Progress and outlook for solid oxide fuel cells for transportation
applications Nat Catal 2 571-7

Li X, Zhu Z, De Marco R, Bradley J and Dicks A 2010 Modification of Coal as a Fuel for the Direct Carbon
Fuel Cell J Phys Chem A 114 3855-62

Stambouli A B and Traversa E 2002 Solid oxide fuel cells (SOFCs): a review of an environmentally clean
and efficient source of energy Renewable and Sustainable Energy Reviews 6 433-55

Zeng Z, Qian Y, Zhang Y, Hao C, Dan D and Zhuge W 2020 A review of heat transfer and thermal
management methods for temperature gradient reduction in solid oxide fuel cell (SOFC) stacks App/
Energy 280 115899

Element Energy 2021 D1.7 - Summary report on specifications for newest model deployment in PACE
PACE - Pathway to a Competitive European Fuel Cell micro-CHP Market

Park J O and Hong S-G 2016 Design and Optimization of HT-PEMFC MEAs High Temperature Polymer
Electrolyte Membrane Fuel Cells (Cham: Springer International Publishing) pp 331-52

Perna A and Minutillo M 2020 Residential cogeneration and trigeneration with fuel cells Current Trends
and Future Developments on (Bio-) Membranes (Elsevier) pp 197-239

Wen T 2002 Material research for planar SOFC stack Solid State lon 148 513-9

Leah RT, Bone A, Hammer E, Selcuk A, Rahman M, Clare A, Rees L, Lawrence N, Ballard A, Domanski T,
Mukerjee S and Selby M 2017 Development of High Efficiency Steel Cell Technology for Multiple
Applications ECS Trans 78 2005-14

Weeber K, Horstmann P and Miersch J 2018 Changes in Power Generation and Distribution and the role
of SOFC Proceedings of the 13th European SOFC & SOE Forum (EFCF 2018)

Leah R T, Bone A, Selcuk A, Rahman M, Clare A, Lankin M, Felix F, Mukerjee S and Selby M 2019 Latest
Results and Commercialization of the Ceres Power SteelCell® Technology Platform ECS Trans 91 51-61

Noponen M, G66s J, Torri P, Chade D, Vaha-Piikkio H and Hallanoro P 2016 Performance Characteristics
of Elcogen Solid Oxide Fuel Cell Stacks Proceedings of the 12th European SOFC & SOE Forum (EFCF 2016)

27


https://doi.org/10.1088/2516-1083/ada109

Prog. Energy 7 (2025) 022005 N Paulus

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

Beale S B, Andersson M, Boigues-Mufioz C, Frandsen H L, Lin Z, McPhail S J, Ni M, Sundén B, Weber A and
Weber A Z 2021 Continuum scale modelling and complementary experimentation of solid oxide cells Prog
Energy Combust Sci 85 100902

Bertoldi M, Bucheli O and Ravagni A V. 2014 Development and Manufacturing of SOFC-Based Products at
SOFCpower SpA Proceedings of the 11th European SOFC & SOE Forum (EFCF 2014)

Paulus N and Lemort V 2023 Pollutant testing (NOx, SO2 and CO) of commercialized micro-combined
heat and power (mCHP) fuel cells Proceedings of the 36th International Conference On Efficiency, Cost,
Optimization, Simulation and Environmental Impact of Energy Systems (ECOS2023)

Halinen M, Rautanen M, Saarinen J, Pennanen J, Pohjoranta A, Kiviaho J, Pastula M, Nuttall B, Rankin C
and Borglum B 2011 Performance of a 10 kW SOFC Demonstration Unit ECS Trans 35 113-20

Paulus N and Lemort V 2024 Experimental assessment of pollutant emissions from residential fuel cells
and comparative benchmark analysis J Environ Manage 359 121017

Paulus N and Lemort V 2023 Establishing the energy content of natural gas residential consumption :
example with Belgian field-test applications IOP Conf Ser Earth Environ Sci 1185 012013

Ma Z, Legrand U, Pahija E, Tavares J R and Boffito D C 2021 From CO2 to Formic Acid Fuel Cells Ind Eng
Chem Res 60 803-15

Sundén B 2019 Hydrogen Hydrogen, Batteries and Fuel Cells (Elsevier) pp 37-55

Dziejarski B, Krzyzyriska R and Andersson K 2023 Current status of carbon capture, utilization, and
storage technologies in the global economy: A survey of technical assessment Fuel 342 127776

Chen X, Liu Y and Wu J 2020 Sustainable production of formic acid from biomass and carbon dioxide
Molecular Catalysis 483 110716

Fernandez-Caso K, Diaz-Sainz G, Alvarez-Guerra M and Irabien A 2023 Electroreduction of CO2 :
Advances in the Continuous Production of Formic Acid and Formate ACS Energy Lett 8 1992—-2024

JuH, Eom J, Lee J K, Choi H, Lee S, Song R-H and Lee J 2013 The Activity of Ash-free Coal in Direct Carbon
Fuel Cells ECS Trans 50 71-9

Banu A and Bicer Y 2022 Integration of methane cracking and direct carbon fuel cell with CO2 capture for
hydrogen carrier production Int J Hydrogen Energy 47 19502-16

Banu A, Midilli A and Bicer Y 2023 Exergetic sustainability comparison of turquoise hydrogen conversion
to low-carbon fuels J Clean Prod 384 135473

Ajanovic A, Sayer M and Haas R 2022 The economics and the environmental benignity of different colors
of hydrogen Int J Hydrogen Energy 47 24136-54

Semelsberger T A, Borup R L and Greene H L 2006 Dimethyl ether (DME) as an alternative fuel J Power
Sources 156 497-511

Kim HR, Seo M H, Ahn J H and Kim T S 2023 Thermodynamic design and analysis of SOFC/PEMFC hybrid
systems with cascade effects: A perspective on complete carbon dioxide capture and high efficiency
Energy Reports 9 233547

28


https://doi.org/10.1088/2516-1083/ada109

Prog. Energy 7 (2025) 022005 N Paulus

[146] Chen KK, HanY, Tong Z, Gasda M and Ho W S W 2021 Membrane processes for CO2 removal and fuel
utilization enhancement for solid oxide fuel cells  Memb Sci 620 118846

[147] AwAC 2014 Guide pour réaliser un bilan des émissions de Gaz a Effet de Serre en Wallonie et pour
utiliser le calculateur de 'AWAC

[148] AwAC Calculateur Carbone Agence Wallonne de I'air & du climat (available at:
https://calculateurs.awac.be, last accessed on November 12, 2023, at 16:00 CET)

[149] Semenza ) C, Hall D E, Wilson D J, Bontempo B D, Sailor D J and George L A 2008 Public Perception of
Climate Change: Voluntary Mitigation and Barriers to Behavior Change Am J Prev Med 35 479-87

[150] Moser S C 2010 Communicating climate change: history, challenges, process and future directions Wiley
Interdiscip Rev Clim Change 1 31-53

[151] Pandey D, Agrawal M and Pandey J S 2010 Carbon footprint: current methods of estimation Environ
Monit Assess 178

[152] Bigrn-Hansen A, Katzeff C and Eriksson E 2022 Exploring the Use of a Carbon Footprint Calculator
Challenging Everyday Habits Nordic Human-Computer Interaction Conference (New York, NY, USA: ACM)
pp 1-10

[153] van Dam S, Bakker C A and van Hal J D M 2010 Home energy monitors: impact over the medium-term
Building Research & Information 38 458—69

[154] CREG 2023 Analyse semestrielle de I’évolution des prix de I'énergie — 2éme semestre 2023

[155] Paulus N, Ddvila C and Lemort V 2022 Field-test economic and ecological performance of Proton
Exchange Membrane Fuel Cells (PEMFC) used in micro-combined heat and power residential applications
(micro-CHP) Proceedings of the 35th International Conference On Efficiency, Cost, Optimization,
Simulation and Environmental Impact of Energy Systems (EC0S2022)

[156] CWaPE 2005 Décision CD-5j18-CWaPE relative a “la définition des rendements annuels d’exploitation des
installations modernes de référence, ...”

[157] Noussan M, Jarre M, Roberto R and Russolillo D 2018 Combined vs separate heat and power production
— Primary energy comparison in high renewable share contexts App/ Energy 213 1-10

[158] Jimenez-Navarro J-P, Kavvadias K, Filippidou F, Pavic¢evi¢ M and Quoilin S 2020 Coupling the heating and
power sectors: The role of centralised combined heat and power plants and district heat in a European
decarbonised power system Appl Energy 270 115134

[159] Electricity Maps (available at: https://www.electricitymaps.com ; last accessed on November 19, 2023)

[160] Psomopoulos CS, Skoula I, Karras C, Chatzimpiros A and Chionidis M 2010 Electricity savings and CO2
emissions reduction in buildings sector: How important the network losses are in the calculation? Energy
35 485-90

[161] ChaeY, Kim M and Yoo S H 2012 Does natural gas fuel price cause system marginal price, vice-versa, or
neither? A causality analysis Energy 47 199-204

[162] Siler-Evans K, Azevedo | L and Morgan M G 2012 Marginal Emissions Factors for the U.S. Electricity
System Environ Sci Technol 46 4742—8

29


https://doi.org/10.1088/2516-1083/ada109

Prog. Energy 7 (2025) 022005 N Paulus

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

ELIA 2023 Grid constraints backbone Antwerp & Liege region

Larsen E and van Ackere A 2023 Importing from? Capacity adequacy in a European context The Electricity
Journal 36 107236

Li X, Lepour D, Heymann F and Maréchal F 2023 Electrification and digitalization effects on sectoral
energy demand and consumption: A prospective study towards 2050 Energy 279 127992

Paulus N and Lemort V 2022 Field-test performance of Solid Oxide Fuel Cells (SOFC) for residential
cogeneration applications Proceedings of the 7th International High Performance Buildings Conference at
Purdue (Herrick 2022)

Paulus N and Lemort V 2023 Simplified test bench for experimental investigations of space heating
appliances IOP Conf Ser Earth Environ Sci 1185 012014

Jafri N, Wong W'Y, Doshi V, Yoon L W and Cheah K H 2018 A review on production and characterization
of biochars for application in direct carbon fuel cells Process Safety and Environmental Protection 118
152-66

Leridon H 2020 Population mondiale : vers une explosion ou une implosion ? Population & Sociétés N°
573 14

Amatuni L, Ottelin J, Steubing B and Mogollén J M 2020 Does car sharing reduce greenhouse gas
emissions? Assessing the modal shift and lifetime shift rebound effects from a life cycle perspective J
Clean Prod 266 121869

Oliveira Pandao M J N 2024 Energy ratings as drivers of energy sufficiency in residential buildings: A
comprehensive review and future directions Energy Build 320 114583

Ness D A 2023 Technological efficiency limitations to climate mitigation: why sufficiency is necessary
Buildings and Cities 4 139-57

Campos | and Marin-Gonzdlez E 2020 People in transitions: Energy citizenship, prosumerism and social
movements in Europe Energy Res Soc Sci 69 101718

Wiese F, Taillard N, Balembois E, Best B, Bourgeois S, Campos J, Cordroch L, Djelali M, Gabert A, Jacob A,
Johnson E, Meyer S, Munkdcsy B, Pagliano L, Quoilin S, Roscetti A, Thema J, Thiran P, Toledano A, Vogel B,
Zell-Ziegler C and Marignac Y 2024 The key role of sufficiency for low demand-based carbon neutrality
and energy security across Europe Nat Commun 15 9043

Rockstrom J, Steffen W, Noone K, Persson A, Chapin F S|, Lambin E, Lenton T M, Scheffer M, Folke C,
Schellnhuber H J, Nykvist B, de Wit C A, Hughes T, van der Leeuw S, Rodhe H, Sorlin S, Snyder P K,
Costanza R, Svedin U, Falkenmark M, Karlberg L, Corell R W, Fabry V J, Hansen J, Walker B, Liverman D,
Richardson K, Crutzen P and Foley J 2009 Planetary Boundaries: Exploring the Safe Operating Space for
Humanity Ecology and Society 14 art32

Dooley K, Christiansen K L, Lund J F, Carton W and Self A 2024 Over-reliance on land for carbon dioxide
removal in net-zero climate pledges Nat Commun 15 9118

Pinto G and Oliver-Hoyo M T 2008 Using the Relationship between Vehicle Fuel Consumption and CO2
Emissions To lllustrate Chemical Principles J Chem Educ 85 218

30


https://doi.org/10.1088/2516-1083/ada109

Prog. Energy 7 (2025) 022005 N Paulus

[178] Sala S, De Laurentiis V, Barbero Vignola G, Marelli L and Sanye Mengual E 2022 The Consumer Footprint
Calculator, EUR 31089 EN Publications Office of the European Union JRC129382

[179] Chatelin S 2016 Qu’est-ce que la sobriété ? Fil d’argent

[180] Falque-Masset M-L, Charles A and Bauquet N 2023 La sobriété énergétique, élément clé des stratégies
bas carbone ed AREC (Paris: Institut Paris Region)

[181] Ménascé D and Levy | 2024 The social and economic challenges of sufficiency Field Actions Sci Rep

31


https://doi.org/10.1088/2516-1083/ada109

