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Abstract: The EU’s energy targets are to achieve at least 32% renewables in the energy mix by 2030. Part of the
solution is strengthening consumer rights by empowering individuals to generate their own electricity. The
aim of the study was to identify the most suitable energy system for electricity generation of up to 50 kW in
the EU residential sector. The Multi-Criteria Decision Analysis was used to compare four systems: proton
exchange membrane fuel cell with photovoltaic panels, photovoltaic panels, biomass powered Stirling engine,
and solar powered Stirling engine. Based on the results, the most beneficial system for household electricity
generation is the Biomass-fueled Stirling engine system due to its affordability, reliability, and low
environmental impact. Governments and businesses can use these findings to improve information for the
residential sector and enable the transition to renewable energy.

Keywords: fuel cell; Multi-Criteria Decision Analysis (MCDA); renewable energy systems; sensitivity analysis;
small scale systems; stirling engine

1. Introduction

The European Union's (EU) energy targets for 2030 are to reach at least 32% of renewables in the
EU's energy mix and to reduce greenhouse gas (GHG) emissions by 40% in the energy sector [1]. One
of the ways to achieve these goals is to strengthen consumer rights, giving individuals more power
to generate their own electricity and store it or sell it back to the grid. The buildings sector is estimated
to account for 40% of energy consumption and 36% of GHG emissions in the EU, thus being the
largest energy consumer [1]. Currently, this consumption mainly consists of heating, cooling,
ventilation, and hot water. However, in the upcoming years, various new needs, such as installing
charging stations for electric vehicles in buildings, will significantly increase the energy demand in
this sector [2].

The motivation for individuals to produce their own energy is diverse. They are driven by
economic benefits, environmental awareness, a sense of community, reduced dependence on energy
suppliers, and are even willing to pay extra to become more resilient [2]. Overall, small-scale
household solutions could help the energy sector transition faster to renewable energy [3]. A common
method of decentralized electricity production is using electricity generators powered by fossil fuels,
particularly diesel [4]. However, photovoltaic (PV) panels have recently gained popularity due to
price reductions [2]. Therefore, the topic of self-sufficient and renewable energy systems has become
relevant.

Several studies have looked at particular small-scale systems [2,5,6] or compared how different
approaches could be adapted to them [7,8]. M. A. Khan and H. G. Darabkhani conducted a study
comparing four micro-cogeneration systems for households [9]. The microturbine, gas engine,
Stirling engine, and fuel cell systems were evaluated and compared using political, economic, social,
technological, legal, and environmental risk analysis and Multi-Criteria Decision Analysis (MCDA).
The result showed that fuel cells are the most environmentally friendly and, although they are
expensive and have a long start-up time, they are one of the best technological options. However,
Stirling engines are most suitable for households as they are a cheaper option. These types of
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evaluations are based on time-varying indicators, so results can change over time. A study by D.
Streimikiené and T. BalZents supports this [10]. It is a 2013 study comparing the same technologies
as the study discussed above and using MCDA and similar criteria. However, the results are the
opposite: microturbines scored best while reciprocating engines were the second-best technology.

Based on the findings of the reviewed study [9], this study focuses on two key technologies —
fuel cell and Stirling engine. Fuel cells are an energy conversion technology that directly transforms
chemical energy from various fuels into electrical power with higher efficiency than traditional
sources of power generation [11]. Fuel cells have several benefits, including their small size, quiet
operation, and low environmental impact. Additionally, this technology can be utilized in a vast
range of applications, with capacity ranging from a few watts to several gigawatts.

Stirling engine is an external combustion engine well-suited for residential energy generation. It
offers several advantages, including low emissions in the operating stage, minimal maintenance,
reduced noise and vibration, high theoretical efficiency, and the ability to utilize different fuel sources
[12]. The engine converts external heat energy into mechanical energy. Stirling engines can be used
for heating, cooling, power generation, and mechanical propulsion, such as electric vehicles and
marine engines [13].

The reviewed study [9] compared systems that mainly use fossil fuels. Hence, the aim of this
study is to compare renewable energy systems that could be used to generate energy in EU
households. Systems that include technologies such as the fuel cell and the Stirling engine will be
selected. The MCDA method will be used to compare the systems. The study's novelty is the
summarized data about the systems and the results obtained from MCDA and Sensitivity analysis.

2. Methods

This study used two methods: literature review and MCDA. The literature review was based on
scientific literature. MCDA was chosen because the reviewed study [9] showed that it is a suitable
method for comparing energy systems according to different criteria, covering not only technical but
also environmental aspects. The MCDA results give a ranking of the studied alternatives. To achieve
the desired outcome, the following six steps were performed, shown in Figure 1. These steps are
explained in the following sections.

Literature review of
alternatives and

criteria

4. TOPSIS
calculations.
5. Sensitivity
analysis

6. Information for
residential sector
and policymakers

1. Selection of
technological
alternatives.
2. Selection of
criteria

3. Data collection

Figure 1. Steps of the methodology.

2.1. Literature Review

Initially, decisions were made on which renewable electricity generation systems ought to be
compared. Four systems were selected: proton-exchange membrane fuel cell with photovoltaic
panels (PEMFC/PV), photovoltaic panels (PV), biomass-fueled Stirling engine (SE/BM), and solar
dish Stirling engine (SE/SD). As previously mentioned, the main objective was to compare fuel cell
and Stirling engine technologies. The whole systems with these technologies, rather than just stand-
alone technologies, were chosen to be able to analyze specific data rather than intervals of data.
MCDA also included the PV system as it is the most widely used form of renewable energy in
households [14]. It acts as a baseline scenario to assess the other systems better.

There are several fuel cell types: proton exchange membrane fuel cells (PEMFC), alkaline fuel
cells, phosphoric acid fuel cells, molten carbonate fuel cells, and solid oxide fuel cells [11]. PEMFC
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was chosen because it is suitable for small-scale power generation, has a relatively high efficiency,
and can produce electricity using renewable energy. These fuel cells are state-of-the-art and
commercially accessible [2]. PEMFCs operate at 60-160 °C and have an electrical efficiency of around
50%. These cells operate on a pure hydrogen [9]. The origin of the hydrogen determines whether the
electricity generated by the system is renewable. Hydrogen can be produced from fossil fuels or by
electrolysis. Hydrogen from natural gas is the most common, accounting for more than 48% of the
total hydrogen produced, followed by oil reforming (30%), coal gasification (18%), and just 4% of
hydrogen is produced by other technologies [15]. Hydrogen can be produced by electrolysis from
renewable resources such as sun, wind, or water. The system considered in this study uses solar
energy as it is the most suitable at the household level.

Stirling engines are generally fossil fuel-powered [7]. However, Stirling engines have the
potential to use renewable energy sources with high efficiency. Over the years, hundreds of Stirling
engine designs have been developed applying the basic principles of thermodynamics. They can be
classified according to cylinder arrangement, operation mode, or piston coupling [13]. Stirling
engines are most commonly classified by cylinder arrangement: alpha, beta, and gamma. A.
Abuelyamen and R. Ben-Mansour [16] compared the energy efficiency of all three types at the same
conditions and found that the alpha Stirling engine has the lowest output (0.9 W) and the lowest
thermal efficiency (1.8%). The beta Stirling engine follows with output power and thermal efficiency
of 8.7 W and 7.5%, respectively. The gamma Stirling engine had the highest output power and
thermal efficiency — 9,22 W and 9,8 %. No specific Stirling engine type was defined for the systems
considered in this study. Based on the reviewed research [7], two Stirling engine systems were
selected for the MCDA: a biomass-fueled system and a solar dish system. All selected systems are
shown in Figure 2.
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Electrolyzer Stirling engine ] Solar tracking system

Stirling engine

PEMFC
l

[
[
[ hostorase
[

v

o)

Load

Figure 2. Schemes of the systems covered in the present study.

After choosing the alternatives to compare, the next step was to select the criteria. The criteria
were determined based on their relevance to the study's objective and available data. Six criteria were
identified from environmental, technical, and economic standpoints to evaluate energy generation
systems. Table 1 shows the selected criteria. Ideal values (required further for MCDA) are indicated

by "+" or "-", with a plus symbol for maximal and a minus symbol for minimal value.
Table 1. Criteria for Multi-Criteria Decision Analysis.
Criteria category Criteria Ideal value
Economic aspect LCOE - levelized cost of energy of the system (€/kWh) -
Efficiency — electrical efficiency of the system (%) +
Technical aspect Reliability — full-load working hours of the system

+

(h/year)
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. GWP - global warming potential of the system
Environmental -
(kgCO2eq/kWh)
aspect

Lifetime — technical lifetime of the technology (years) +

Levelized Cost of Energy (LCOE) is a comparative indicator used to evaluate policy decisions
related to renewable electricity generation [17]. The LCOE indicator provides an estimate of the
energy unit cost over the system's entire lifetime, including capital, operating, and financing costs.
More specifically, it usually consists of initial investment, installation costs, operation and
maintenance costs, feed-in rates, discount rates, technical lifetime, and depreciation [7]. In this study
it reflects the economic aspect of the system and includes several economic indicators in one. The
LCOE values will be taken from the literature, where it has been calculated using the equation (1) [8].

n
CxQFPY XD oy

LCOE = — -1 7 (1)

EO ’

where IC is installation cost, OM is operation and maintenance cost, EO is total annual energy output,
p is discount rate, and n is system lifetime.

Two technical parameters were selected — electrical efficiency and full-load operating hours. The
system's electrical efficiency indicates which system is more efficient in producing the required
electricity. Operating hours indicate the system's reliability — how well it will meet demand and
whether backup power will be needed.

When comparing renewable energy systems, it is essential to include environmental indicators,
as they have different environmental impacts during their life cycle. Of all the parameters analyzed
in the life cycle analysis (LCA), global warming potential (GWP) was chosen for MCDA as it is one
of the critical indicators and policy drivers for reducing net greenhouse gas emissions in the EU [15].
The second indicator, technical lifetime, reflects how long it takes until the new equipment is no
longer useful. If a technology has a shorter lifetime, new equipment will have to be produced more
frequently, and existing one will become waste. Additionally, if household convenience is
considered, the owner will need to put in more effort to maintain the system.

2.2. Multi-Criteria Decision Analysis

MCDA is a method for comparing different alternatives based on relevant criteria. There are
several MCDA methods, which have their own limitations and give different outcomes [18]. The
method chosen for this study was the Technique of Order Preference Similarity to the Ideal Solution
(TOPSIS). In this method, the final result is the proximity of the alternative to the ideal solution. This
means that the closer the result is to "1", the closer this alternative is to the ideal solution. The
calculation steps were taken from Zlaugotne B. et al. study [18]. All criteria were assumed to have the
same importance, so equal weights were applied. MS Excel was used for all calculations.

The TOPSIS method has five calculation steps [18]. Initially, the decision matrix needs to be
normalized. This is done according to the equation (2)

X
R=+= @
where R is the normalized matrix value, and X is the criterion value.
V=wXR, @)

where V is the weighted value, and w is the weight of the criterion. As already mentioned, in this
study, the weight of the criteria is equal, so it is one divided by the number of criteria, giving a weight
of 0.20.

The next step is to identify ideal and anti-ideal values. If the ideal value is the maximum value,
then V*is the highest of the weighted values, and V~is the lowest value. If the criterion conditions
are reversed, the ideal value is the minimum value, then V*is the smallest value of the weighted
values, and V~is the highest.
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The closeness to the ideal and anti-ideal value is then calculated. This can be done using
equations (4) and (5).

di = JyE(V+-V)?, 4)

where d} is closeness to the ideal value and V7 is ideal value.

dy = V2V~ -V)?, ©)

where dj is closeness to the anti-ideal value and V™ is anti-ideal value.
The end result is a relative closeness to the ideal solution. It is calculated according to equation
(6)-

__da
a — d;—d;, (6)

where C, is the relative proximity to the ideal solution. This value is obtained for each alternative
and can be used to rank them.

Additional sensitivity analysis was carried out after the TOPSIS calculations. Sensitivity analysis
can be performed to test the influence of the criteria on the alternatives. Sensitivity analysis has three
steps. The calculation steps were taken from E. Teirumnieka et al. study [19].

In this method, the weights of the criteria are initially assumed to be equal. Equal weights are
calculated according to formula (7).

w ==, (7)

where w’ is initial weight of criteria and n is the number of criteria.

The weight of one criterion is then adjusted according to the unitary variation ratio. This variable
weight is the weight of the criterion being analyzed at that moment. Equation (8) is used to calculate
this.

Wk =B X w, (8)

where w'y is the weight of the criterion being changed and By is unitary variation ratio. Sensitivity
analysis was performed with five unitary variation ratios (0.01; 0.5; 1.5; 2; 2.5).
The weight of the remaining criteria is equal and can be calculated according to equation (9).

a-w'y
Wi = 208 9)

where W'y, is the weight of the criterion, which is not subject to change.

Once the weights required for the sensitivity analysis have been calculated, they are used to
calculate the relative proximity to the ideal solution for each criterion with every unitary variation
ratio. For this purpose, the TOPSIS calculation steps are used.

3. Results

3.1. Data Summary

Quantitative data were available for each criterion and alternative. These are listed in Table 2.
The aim was to find data compatible with the chosen system, data covering an EU region, and a small
system of less than 50 kW. In some cases, it was possible to meet all these requirements, but data
availability made this impossible in other cases, so the most appropriate data were selected. The
sources of the values in the table are given in the table and described in more detail in the following

subsections.
Table 2. Multi-Criteria Decision Analysis decision matrix.
Criteria PEMEFC/PV PV SE/BM SE/SD Sources
LCOE, €/kWh 0.50 0.13 0.11 0.17 [7,8,20]

Efficiency, % 48 18 47 31 [7,21,22]
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Reliability, h/year 1691 1314 7000 2400 [7,20,23]
GWP,
kgCOzeq/kWh 0.24 0.60 0.12 0.30 [6,15,24,25]
Lifetime, years 5 25 20 20 [7,20,26]

3.1.1. Levelized Cost of Energy

A number of studies have been carried out on the levelized cost of energy of fuel cells. Several
of them deal with systems operating on non-renewable energy sources such as natural gas and diesel
[3,5,27]. Other studies did not apply to this study as they dealt with high-capacity systems [28-30] or
different applications, such as telecommunication station [31] and greenhouse [21]. The LCOE from
these studies ranged from 0.06 to 0.66 €/kWh. C. Ceylan and Y. Devrim [21] summarized various
studies on PEMFC solar hybrid systems and found that the levelized cost of energy can reach 1.46
€/kWh. A study on a PV/PEMEFC system capable of meeting the average daily consumption of a
Turkish household (8 kW) was selected as the input data [8]. The study does not meet all input data
requirements as it considers the weather conditions in Turkey, which affect the PV energy output
and, consequently, the costs. The resulting levelized cost of energy was 0.54 $/kWh or 0.5 €/kWh for
the system using methanol electrolysis.

In the case of PV, the LCOE considered PV systems installed on residential and commercial
rooftops [20]. The installed capacity of these systems is less than 1 MW, which is higher than the
defined capacity threshold. Between 2008 and 2018, the levelized cost of energy of PV panels
decreased by almost 80%. This is due to a rapid drop in capital expenditure. In 2018, the LCOE for
rooftop PV in the EU-27 ranged from 70 to 188 €/ MWh [20]. The input value was the average of the
two values, 0.13 €/kWh.

There have also been several studies on the levelized cost of energy of the Stirling engine system.
The studies cover different Stirling engine systems with LCOEs ranging from 0.01 to 0.40 €/kWh. The
levelized cost of energy was 0.08 €/kWh for a methane-fueled gas turbine with a Stirling engine [32].
In this case, the costs were reduced by 10% when a Stirling engine was added to the system. In the
case of Morocco, the levelized cost of energy for a solar dish Stirling engine can range from 0.10 to
0.07 €/kWh [33]. LCOE depends on the production volume and the level of localization. For the
system with a concentrated parabolic dish Stirling engine and horizontal axis wind turbines, the
levelized cost of energy was between 0.12 and 0.14 €/kWh [34]. K. Pawananont ef al. compared three
technologies — the internal combustion engine, the organic Rankine cycle, and the Stirling engine —
that could be used to generate electricity from landfill gas [35]. The resulting LCOEs were 0.11, 0.28,
and 0.40 €/kWh respectively. The input data for the Stirling engine systems was based on a study
comparing the performance of a Stirling engine for two types of renewable energy sources — solar
and biomass (pellets) [7]. The resulting LCOE for a 10 kW solar dish Stirling system was 0.17 €/kWh,
and for a 25 kW biomass boiler with a Stirling engine, 0.11 €/kWh.

3.1.2. Efficiency and Reliability

The electrical efficiency of different types of fuel cells ranges from 20 to 70%. However, when
looking at the efficiency of the systems in which they operate, it can be seen that they are typically in
the range of 10 to 60% [11]. PEMFC has an electrical efficiency of between 50 and 60%, while the
system in which it operates has an efficiency of between 30 and 50%. For the greenhouse system
modeled [21], the PEMFC had an electrical efficiency of 48%, which falls within the limits defined
above and was therefore used for the analysis.

In an LCA study on the solar PEMFC system, it was estimated that a typical fuel cell operating
time of 1691 h/year [23], which was used as input data in this study. For this system, the reference
point was China, so this number would differ in EU countries as it depends on the solar radiation.
Also, it is unknown if these are full-load working hours.

The efficiency of PV panels has improved in recent years. The average efficiency in 2006 was
13% for multi-crystalline PV panels and 15% for mono-crystalline PV panels, while in 2018, it was
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17% and 18%, respectively [22]. This upward trend is projected to continue until 2030. The efficiency
of mono-crystalline PV panels was used as input data.

The capacity factor was used to calculate the full load operating hours of the PV panels. The
capacity factor represents the ratio between a power plant's actual and maximum possible electricity
generation. It is obtained by dividing the full-load running time by the number of hours per year.
The average capacity factor of rooftop PV panels in the EU-27 is 15% [20]. The capacity factor is very
country-specific. Greece and Portugal have the highest rates at 17-20%, while Germany and France
have 12-16%. In the Nordic countries, such as Poland and the Netherlands, capacity factors are below
12%. Multiplying the average capacity factor by the number of hours per year gives an average of
1314 hours per year of operation at full capacity.

For Stirling engine systems, efficiency and operating hours were taken from the levelized cost
of energy study used previously [7]. The biomass-fueled Stirling engine generated 88% more power
than solar. It produced 4.3 kW with a total efficiency of 46.7%, while the solar system generated 2.3
kW with 31.3% efficiency. The results of this study illustrate the importance of the energy source as
it has a considerable impact on the performance of the Stirling engine. The authors chose a solar
system operating time of 2400 hours, based on the number of hours of sunshine in Portugal. For the
biomass system, 7000 hours were obtained from a literature review.

3.1.3. Global Warming Potential and Lifetime

Comparing different fuel cells, PEMFC has a relatively high global warming potential - GWP
for PEMFC (2 kW) is 0.75 kgCO2eq/kWh, for solid oxide fuel cells (125 kW) is 0.52 kgCOz2eq/kWh and
for molten carbonate fuel cells (500 kW) is 0.55 kgCO2eq/kWh [11]. In this case, it is because hydrogen
is produced from fossil fuels. Hydrogen production significantly affects the environmental impact of
the fuel cell system [11]. R. Stropnik et al. conducted a cradle-to-gate LCA study of a 1 kW PEMFC
system [15]. Different hydrogen production options were compared — EU-28 hydro, EU-28 wind,
solar, and natural gas. PEMFC degradation in static and dynamic systems (automotive applications)
was also considered. The results show a global warming potential of 0.71 kgCOzeq/kWh for a static
natural gas system, 0.03 kgCOzeq/kWh for a static hydro system, 0.04 kgCOzeq/kWh for a static wind
system, and 0.24 kgCO2eq/kWh for a static solar system. For the solar fuel cell system, only 4% was
for the manufacturing and technology replacement stages. The remaining 96% was for the operation
phase, which takes hydrogen production into account. PEMFC technology has a lifetime of about five
years [26].

The study on the environmental impact assessment of PV rooftop panels in Europe was used to
determine the global warming potential of PV panels [24]. Typical 4 kW PV systems in different
European countries were considered. A total of 79 sites were covered in 26 countries. GWP ranged
from 0.02 to 1.19 kgCO2eq/kWh. The lowest impact was found in countries such as Iceland and
Norway, while the highest was in Poland and Greece. The average GWP in the countries considered
was 0.60 kgCO2eq/kWh. The lifetime of rooftop solar PV systems is 25 years [20].

As well as cost, the environmental impact of Stirling engine systems depends on the fuel type.
For the solar powered system, a study on a grid-connected dish Stirling solar concentrator (33 kW)
located on the Palermo University campus in Italy was chosen [25]. The resulting global warming
potential is 30.15 kgCO2eq/MWh with system boundaries from cradle to gate. The key emission
contributors were the electronic components (16%) and the steel used in the construction (37%). For
the biomass-fueled Stirling engine system, an LCA study of four micro-scale (100 kW) cogeneration
plants fueled by softwood forest residues was chosen [6]. This system has a capacity higher than the
limit set in this study, but no suitable studies on this type of system were found. The system consists
of direct biomass combustion and a Stirling engine. The resulting GWP was 0.12 kgCOz2eq/kWh. The
distribution of heat and electricity has the most significant impact on the total life cycle emissions.
Both systems use a Stirling engine, which has a lifetime estimate of 20 years [7].

3.2. TOPSIS

doi:10.20944/preprints202312.0443.v1
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After the data was compiled, TOPSIS calculations were performed. The results are shown
graphically in Figure 3. The analysis revealed that biomass-fueled Stirling engine has the highest
relative closeness to the ideal solution, which makes it the best alternative. The rest of the systems
showed significantly less satisfactory outcomes. The fuel cell solar system showed the poorest
performance. The sequence between the best and worst systems can be predicted if the input data is
examined. As can be seen in Table 2., the biomass-fueled Stirling engine system has the highest
number of ideal values and no anti-ideals.
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0.44
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Relative proximity to the ideal
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PEMFC/PV PV SE/BM SE/SD

Alternatives

Figure 3. Results from Technique of Order Preference Similarity to the Ideal Solution analysis.

3.3. Sensitivity Analysis

Sensitivity analysis shows that the biomass-fueled Stirling engine score remains relatively stable
even when altering the criteria weights, except for the lifetime criterion, which shows a slight drop
in score. See Figure 4 for details. Nonetheless, this system still appears as the best alternative. The
analysis indicates that the biomass-fueled Stirling engine system is not sensitive to weight changes
and would still be the best alternative if the criteria weights were not equal.
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e PEMFC/PV e P\/ e SE/BM SE/SD

Figure 4. Results of sensitivity analysis of lifetime criteria.

Other alternatives are more sensitive to weight changes. The relative proximity to the ideal
solution and the distribution of the rankings changes noticeably as the criteria weights change.
Reliability is the only criterion that maintains a constant order as the weight of the criterion changes,
as shown in Figure 5.
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Figure 5. Results of sensitivity analysis of reliability criteria.

In all cases where the criterion has a reduced impact, meaning a unitary variation ratio is 0.01,
the solar powered Stirling engine remains the second-best alternative. In such a case, PV and fuel cell
systems swap places in the LCOE and lifetime criteria analysis, i.e., PV drops to last, and PEMFC/PV
moves to third place. The results of the LCOE criterion analysis are shown in Figure 6.

_ 1.00

©

o

Ee] 0.80

o

k=

o 0.60 /
c

Z 9

E E 0.40

X 0O

o v 0.20 —

a

2 0.00

% 0.01 0.5 1 1.5 2 2.5

@

Unitary variation ratio

e PEMIFC/PV e P\ e SE/BM SE/SD

Figure 6. Results of sensitivity analysis of levelized costs of energy criteria.

When the criterion is given a high impact (unitary variation ratio is 2.5), all alternatives except
the biomass-fueled Stirling engine have a changing rank. The PEMFC/PV alternative improves from
fourth to second place in sensitivity analysis for the efficiency and GWP criteria. PV is ranked fourth
for the same criteria. At a unitary variation ratio of 2.5, the solar powered stirling engine comes in
third place for the three analyzed criteria — efficiency, GWP, and lifetime.

4. Discussion

In the literature review, data for each energy system was summarized. Five criteria were selected
for TOPSIS, considering environmental, economic, and technical aspects. The results show that the
biomass-fueled Stirling engine system is the most favorable for household electricity generation
(0.91). This is mainly because it is the cheapest, most reliable, and has a low environmental impact.
The sensitivity analysis revealed that this system is not affected by weight changes and would remain
the best alternative if the criteria weights were not the same.

TOPSIS was used in this study, although other MCDA methods were also applicable. Each
method gives different results, and the ranking of alternatives may also differ [18]. The TOPSIS
method was chosen because it has no consistency limitations, MS Excel can be used for calculations,
and the input data can be both qualitative and quantitative [18]. An additional advantage is that the
results range from 0 to 1, and the best alternative has the highest score so that the findings can be
easily illustrated and understood. The results obtained by TOPSIS depend mainly on the criteria
selected, the availability of data, and the chosen weight of the criteria. The reliability of the results is
increased if the criteria are chosen appropriately and do not overlap, if the data collected are as
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precise as possible, and if the chosen weights of the criteria are validated and adjusted according to
the aim of analysis.

The reviewed research [9] suggests that the fuel cell is the best technological solution for small-
scale heat and power generation, while the Stirling engine is more suitable for households because it
is cheaper. Their study concludes that the fuel cell has the lowest environmental impact, but it takes
into account direct emissions instead of whole life cycle environmental impact. The present study
confirms that the Stirling engine is the best alternative for households. However, the fuel cell is the
least favorable since it is the most expensive, has a short lifetime, and does not have the lowest
environmental impact regarding life-cycle emissions.

These results can be used to improve existing information provided by governments and
enterprises for the residential sector. It can also help policymakers to make decisions in the country's
transition to green energy. However, more in-depth research on the Stirling engine coupled with
biomass boiler is necessary before the study results can be used in practice, as this study uses data
from different countries and for various system capacities. The data summarized in the study for each
system, the results of the MCDA, and the sensitivity analysis are valuable for further research as they
were previously not present in the scientific literature.

5. Conclusions

Transition to renewable energy in the EU will include small-scale household energy production
solutions. Therefore, this study compared four renewable energy systems using MCDA: proton-
exchange membrane fuel cell with photovoltaic panels, photovoltaic panels, biomass-fueled Stirling
engine, and solar powered Stirling engine. The aim was to identify the most suitable energy system
for household electricity generation in the EU, up to 50 kW.

A comparison of the systems using the TOPSIS method showed that the Stirling engine system
powered by biomass is the best choice for household electricity generation. It is cost-effective, reliable,
and environmentally friendly. These findings could be useful for governments and businesses to
inform the private housing sector and promote the transition to renewable energy.
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Nomenclature

Abbreviations Meaning

EU European Union

GHG greenhouse gas

GWP global warming potential

LCA life cycle analysis

LCOE levelized cost of energy

MCDA Multi-Criteria Decision Analysis

PEMFC proton exchange membrane fuel cells
proton-exchange membrane fuel cell with

PEMFC/PV .
photovoltaic panels

PV photovoltaic panels

SE/BM biomass-fueled Stirling engine

SE/SD solar dish Stirling engine
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TOPSIS Technique .of Order Preference Similarity to the
Ideal Solution
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