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Abstract: The operation of the electricity grid can be heavily affected by unexpected meteorological
phenomena which generate emergency situations that cause extensive outages. This often has to
do with weather-related events. In several places in the world, an electricity network operator is
responsible for fairly compensating end-users. In Finland, there are areas where these weather-
related impacts are significantly harsher than those in other areas. Based on this and historic data, the
applicability and viability of a high-temperature proton-exchange membrane fuel cell (HT-PEMFC)
backup power system was studied in order to assess the opportunity for its installation in the affected
municipalities and regions. When implemented on a larger scale, from both technoeconomic and
social perspectives, such systems have the potential to yield significant benefits. Compared to a diesel
generator, the HT-PEMFC produced nearly half of the volume of CO2 and its fuel costs were six times
smaller; however, it remains inapplicable to individual detached households.
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1. Introduction

Power systems in Finland have been undergoing significant changes since the early
1980s due to privatization [1]. With increases in adverse weather events that have produced
long outages [2], the electricity grid has taken severe damage and blackouts have affected
large numbers of the population, and to improve this situation, the Finnish government
has issued legislation that makes the Distribute System Operators (DSO) compensate end-
users if the outages-per-year reach certain thresholds. Electricity companies in Finland
have contingency power plans in place for failures and outages in order to minimize their
impacts; however, they still occur and often take a significant amount of time to be resolved.
The compensatory pay from energy companies has increased, with nearly EUR 7,000,000
being paid to end-users by companies in 2017 [1]. In addition to the financial cost, the
humanitarian cost for individuals is high, with power outages leaving people in vulnerable
positions without power [3], and DSOs are being reproached by their customers for not
providing good services. Such systems are intended to provide power, and resolving these
outage scenarios could reduce the social impacts of these outages.

Finland experiences weather events ranging from heavy snowfall in the winter to
thunderstorms in the summer. These events can result in major failures and power outages,
especially when the events cause catastrophic damage to power lines. In addition, pro-
longed periods of cold weather can also lead to increased demands for heating, which can
strain the power grid. The adverse weather events in Finland, especially in the region of
the lakes [4], have hit the country particularly hard, with resultant increases in maintenance
costs and an expansion of the current network [1]. Lowering the customer interruption
cost (CIC) is an important goal for DSOs. Houses and essential services have been affected
by these outages as well, leaving thousands of homes without access to electricity for long
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periods of time [5], and there have been previous instances where vulnerable individuals
have required relocation to protect them from harsh cold temperatures [6].

To find a solution that aligns with the goals of the Finnish government’s goals for
sustainability [7], this research investigated the use of a high-temperature proton-exchange
membrane (HT-PEM) fuel cell as a possible technology to reduce the impacts of power
outages [8]. The objective of this research was to examine the cases where an HT-PEM
system could reduce the impacts of power outages, and more specifically:

• the objective of this research was to investigate if an HT-PEM system would be able
to provide a cost-effective measure for providing basic electricity needs and lower
compensation costs for DSOs; and

• this research intended to gain insight into the reasons why a similar solution to the
proposed one has not been implemented yet.

Fuel cells are used to generate clean energy via electrochemical conversion based on a
chemical reaction between a fuel and an oxidant. Fuel cells work by converting chemical
energy, i.e., hydrogen or natural gas, to electrical energy. The known types of such fuel
cells include:

- Proton-exchange membrane (PEM) fuel cells: PEMs are considered the most promising
type of fuel cell for transportation applications due to their quick response time and
their high-power density. They typically require a source of hydrogen as fuel and use
a proton-conducting polymer membrane as the electrolyte.

- Phosphoric acid fuel cells (PAFCs): PAFCs have a high tolerance for impurities in the
fuel (much higher compared to PEMs) and can use several different fuels, such as
natural gas or methanol. One of their disadvantages is that they are relatively heavy
and occupy a lot of space, making them not suitable for transportation.

- Solid oxide fuel cells (SOFCs): SOFCs are high-efficiency and can operate even at very
high temperatures, making them well-suited for power generation.

- Molten carbonate fuel cells (MCFCs): MCFCs are high-efficiency and can operate at
very high temperatures, similar to SOFCs. Furthermore, they can use a variety of
different fuels, including natural gas or even biomass.

In recent years, significant progress has been made in reducing the cost of fuel cells
and optimizing their overall performance. For instance, researchers have been working
with focus on new materials in order to improve the efficiency of fuel cells [9].

There are many options for providing auxiliary power during outages, but the technol-
ogy to be further explored must be in line with Finland’s green objectives while also being
capable of meeting the energy requirements that are essential for minimizing the impacts
of outages [9]. Of the presented different fuel cell types, proton-exchange membrane fuel
cells (PEMFC) provide the amount of power needed to cover housing and small company
power outages, and they have the flexibility needed for a system that needs to be deployed
in the field. Such systems have already been widely used worldwide [10,11]. PEMFCs
have several advantages over other types of fuel cells. PEMFCs are relatively lightweight
and compact, making them well-suited for transportation applications. They also have a
relatively fast response time and can operate at relatively low temperatures, which makes
them more efficient and easier to control than other types of fuel cells. A high-temperature
PEMFC (HT-PEMFC) is a PEMFC variation that is capable of operating at temperatures
between 120 ◦C and 180 ◦C, without external humidification, and HT-PEMFCs provide
significant benefits over other low-temperature PEMFCs [12]. This technology has been
further improved in the Blue World Technologies version of a system that included a
methanol reformer that allowed for the use of renewable methanol as a fuel source, which,
when utilized, provided for a carbon-neutral operation, from a well-to-wheel perspective.
There are many different types of auxiliary power systems that can assist during power
outages. Different types of batteries are used for this reason, especially in isolated areas,
including intelligent energy systems and smart loads. Other times, these solutions may
come from connections with different power systems, such as wind farms or solar parks
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with hydropower. However, little is known about HT-PEMFCs and how they can be used
as a basis for a back-up system during a power outage.

The objective of this study was to determine the financial viability of using HT-PEMFCs
as auxiliary power systems to minimize the costs resulting from power outages. The study
area used in this case was the Etelä-Savo region in Finland.

2. Materials and Methods

For a calculations-based analysis that would follow a Distribution System Operator
(DSO), a private company, a detached house, and a care center were examined in order
to evaluate if such a system could be improved with respect to CO2 emissions and to
determine if the proposed system would be a viable investment. The cases were carefully
described, including the methods used to perform the calculations, assumptions, and
approximations. The analysis was based on the existing legislation, extracting specific
numbers from both the literature and the legislative framework in place, and providing
the necessary background information to allow readers to understand the context and the
significance of this work.

We performed a quantitative-based research analysis since it would include data
related to compensation, costs, and CO2 emissions. Regarding the data collection methods,
these included literature-collected data and data from the Electricity Market act records
in Finland. We note that since these are publicly accessible websites and databases, there
were no ethical considerations related to the case studies.

3. Analysis and Results
3.1. The Case for DSOs in Etelä-Savo, Finland

The residents of Southern Savonia (Etelä-Savo), which is also part of the lake district
area, have been experiencing more adverse weather phenomena over recent years. Storms
have occurred in this region, with at least two resultant severe clusters of power outages,
as illustrated in Figure 1.
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Figure 1. Power outage map for the Etelä-Savo region’s municipalities [4].

Both businesses and residential customers were equally affected by these storms,
and the consequences of these outages were substantial. As a result, the government
had to enact legislation that increased the accountability of DSOs regarding network
reliability [13]. More frequent and severe storms can increase the risk of power outages.
Extreme temperatures, rising sea levels, and decreasing water availability can further
impact the ability of the electric grid to supply power consistently. It is important for power
companies to take steps to prepare for storms and other potential threats to the grid, as a
widespread outage could have significant consequences for communities and individuals.

According to the Electricity Market Act of 2003, costs are imposed on Distribution
System Operators (DSOs) [14] based on the total duration of a power supply interruption
experienced by individual customers. The corresponding rates can be found in Table 1.
After the Market Act of 2013, the table of compensation was expanded to include power
cuts beyond 192 h, with a maximum fine of EUR 2000 [15].
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Table 1. Standard customer compensation rates in Finland according to the Electricity Market Act of
2013 [15].

Standard Customer Compensation

Outage Time (h) Compensation (%)

12–24 10
24–72 25

72–120 50
120–192 100
192–288 150

>288 200

In order to calculate the overall compensation-related expenses and assess the po-
tential for a company to mitigate costs for specific private customers, the total cost of
ownership for a system could be balanced by reducing the compensatory costs incurred by
DSOs. We determined that the annual consumption of a detached household in this area
ranged, on average, from approximately 5000 kWh (without electric heating) to 19,000 kWh
(including electric heating) [16]. The average cost of electricity in Finland was taken as
EUR 0.23 per kWh [17]. Based on these estimations, the cost of electricity ranged between
EUR 1150 and EUR 4370 for rural residential houses; however, a maximum of EUR 2000 [15]
was maintained in our calculations. Table 2 illustrates the fines (compensation) that would
be imposed on a DSO in the event of an outage, and they are categorized according to
different fine brackets. These totals were calculated using Equation (1):

Fine = Annual custommer electricity price (€) ∗ Percentage o f compensation (%). (1)

Table 2. Compensation paid by a DSO in the case of an outage.

Type of
Household

Compensation

Total Annual
Energy Cost

(€)

Compensation
Cost at 10%

Compensation
Bracket (€)

Compensation
Cost at 25%

Compensation
Bracket (€)

Compensation
Cost at 50%

Compensation
Bracket (€)

Compensation
Cost at 100%

Compensation
Bracket (€)

Compensation
Cost at 150%

Compensation
Bracket (€)

Compensation
Cost at 200%

Compensation
Bracket (€)

Compensation
to a detached

household
without

electric heating

1150 115 288 575 1150 1725 2000

Compensation
to a

household with
electric heating

4370 437 1093 2000 2000 2000 2000

With most outages lasting between 12 and 72 h, the payback time would depend on the
number of outages a company is able to minimize, which we calculated using Equation (2):

Payback time in years =
Total cost o f the system

(average f ine per customer yearly ∗ number customers covered yearly)
(2)

3.2. Case for Private Companies

The private sector in the Etelä-Savo region, which is focused on forestry and manufac-
turing, is heavily affected by the power instability in the region. The specific losses incurred
have varied depending on the nature of the outage (whether it was a planned outage or one
resulting from faults). Table 3 presents the estimated customer interruption costs for peak
power (in €/kW) for a planned outage scenario, with the paper and construction industries
experiencing the highest losses.
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Table 3. Typical CIC values for industry sectors (in €/kW) for peak power for a planned outage
scenario [18].

Planned Outage

1 h 4 h 8 h

Metal 18.33 56.05 95.34
Food 9.64 21.70 71.81

Chemical 16.77 20.28 39.69
Glass 7.30 27.07 45.09
Paper 24.40 102.04 160.97

Timber 7.29 26.56 86.04
Construction 40.89 124.35 260.86

Electrical 9.07 22.76 49.57

This case revolved around minimizing losses during planned outages by focusing on
loss reduction. Companies facing these outages must modify their operations to account
for power losses. To mitigate these losses, the utilization of a fuel cell (FC) system as an
alternative power source during scheduled power outages can be considered. In order
to determine the advantages of implementing an FC system in a private company, a
comparison was made between the cost of a system and the losses incurred during a
planned outage. Additionally, other potential benefits were explored, such as utilizing
such a system during periods of high energy prices or participating in demand-response
projects [19,20].

3.2.1. Cost Estimation

The total amount of yearly hours was largely within the 12 or 24 h cuts category [1],
and therefore, this was the area in which most companies would find themselves when
these cuts occurred. Table 4 represents the power cut costs, or CICs, for planned outages
for the timber and construction industries, which were measured in €/kW.

Table 4. Power cut costs measured in €/kW for planned outages for the timber and construction
industries [18].

1 h 4 h 8 h 12 h

Timber 7.29 26.56 86.04 115.56
Construction 40.89 124.35 260.86 292.48

Most planned outages do not last longer than 12 consecutive hours [21], and with
the initial cost of the system, the loss in production would take a long time to pay back.
This is the main reason why a DSO could benefit more from such a system—they would
be able to meet the demands of many customers with one system. As an alternative
approach, companies have the option to employ such systems as the primary means of
power generation. Typically, diesel generators are widely used for power generation at
construction sites. However, an FC system can serve as a sustainable alternative, effectively
replacing conventional diesel generators.

Compared to other fuel sources and power obtained from the grid [22,23], the use of
an HT-PEM with a methanol reformer can provide reductions in CO2 emissions compared
to a diesel generator. In terms of emissions, the main greenhouse gas associated with the
production of green methanol is carbon dioxide (CO2), which is absorbed by plants and
used as feedstock during growth. The CO2 emissions from green methanol production are
considered to be “carbon neutral” [24] because the CO2 that is released during the produc-
tion process is offset by the CO2 that is absorbed by plants during growth. Hence, if the
type of methanol acquired is classified as green methanol, this indicates that it was sourced
from renewable resources, and therefore, the system can provide negative emissions.
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3.2.2. Power Generation for Mobile Applications

As Finland is becoming a more environmentally friendly country [25], utilizing an FC
system may lower fuel costs as renewable fuels are not taxed in Finland [26]. Due to this,
the company Veolia is investing in a plant that will produce bio-methanol, and it will begin
production in 2023 [27]. This will establish a timeline for companies in Finland to shift
towards renewable methods of electricity generation. Moreover, the legislation guarantees
tax exemptions for biofuels, further encouraging their utilization [28].

One of the main obstacles to new power generation methods is their high initial
investment cost [29]. To understand the difference, a cost analysis was conducted to
capitalize on the affordability of renewable fuel. The cost of diesel fuel in Finland as of
9 September 2022 was EUR 2.152 per L [17], with an energy density of 9.7 kWh/L, and the
cost of renewable methanol was EUR 0.48 per L, with an energy density of 4.4 kWh/L. A
5 kWh power generator consumes 3.25 L of diesel per hour, and an HT-PEMFC consumes
2.5 L of methanol per hour [30,31]. With this, we could calculate the cost comparison and
the reductions in CO2 emissions (Table 5).

Table 5. Comparison between diesel generator and methanol FC fuel costs and emissions.

Initial
Investment (€) Fuel Cost (€/L)

Fuel
Consumption

(L/kwh)

Operating Cost
(€/h)

Fuel Emissions
(gCO2/L)

Total CO2
Emissions (g)

Diesel
Generator 3000 2.152 0.650 1.399 2984 1939.6

Methanol FC 14,000 0.480 0.550 0.264 1083 595.65

Assuming that there are no price changes in the market for both fuel types, the FC
system would require an operational duration of 2450 h to recover its initial investment.
This assumed no reduction in cost when purchased and that the technology had not
lowered its price by 2023. This case is unlikely as Finland subsidizes innovative energy
generation methods that reduce emissions [32] and, at the same time, lower the initial
cost of the system. The Finnish government provides not only financial support for the
development and deployment of “traditional” solar panels and wind turbines but also
offers funding for the research and development of new and innovative energy generation
methods. Additionally, Finland has set a goal to achieve carbon-neutral energy production
by 2035. The fuel cost of methanol could drop even lower as the fuel sold in the region
would have a tax exemption, and the total cost of production would be lowered as more
and more companies invest in the market.

Seeing that there is potential for cost reductions once the production of the fuel and
the technology are further optimized, a case scenario for the adoption of a system such
as this in 2023 has been drafted (Table 6). With the recent events that have increased the
cost of energy all over Europe, the last quarter of 2022 was expected to see the largest
peak in energy cost [33], with an average three-month price of EUR 0.50 per kWh. This
could expedite the development of other energy technologies such as biofuel to reduce
energy costs.

Table 6. Comparison of the estimated 2023 diesel generator and methanol FC fuel costs and emissions.

Initial
Investment (€) Fuel Cost (€/L)

Fuel
Consumption

(L/kwh)

Operating Cost
(€/h)

Fuel Emissions
(gCO2/L)

Total CO2
Emissions (g)

Diesel
Generator 3000 2.152 0.650 1.399 2984 1939.6

Methanol FC 7000 0.236 0.550 0.130 1083 595.65
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These cost reductions could potentially reduce the payback time to 1100 h or less than
1 year, assuming a work rate of 2500 h/year, with a reduction in emissions of 12 T of TTW
CO2 emissions, which could be reduced even further depending on the production method
of the methanol.

3.3. Case for Residential Use

Private households in the area could benefit from an alternative method for powering
their houses as power outages, in these cases, can have dangerous consequences where
some households utilize alternative methods to provide heat. With areas that, in the past,
have experienced “normal” outages lasting over 17 h [34], the proposed HT-PEM could
be a way to reduce the risk of freezing in rural areas. The frequency of power outages is
increasing in the rural areas of the region, and as a result of these outages, such as the one
that happened on 12 December 2021 (Figure 2) [24], many households in remote areas are
at risk of temperatures becoming too cold and may need to be evacuated.
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Cases such as the one above will be minimized once the grid becomes more reliable
as companies invest in infrastructure [35]; however, an investment in a such a system for
a single household may not be worth the investment risk. This is why a cost comparison
between a fuel cell system and the energy grid cost was made (Table 7). Table 7 compares
the cost per hour of utilizing energy from the grid (FI) [36] to the cost per hour of using an
HT-PEMFC system (FC).

Table 7. Cost comparison in relation to Finnish grid costs.

FC Opex 5 kW

FC vs. FI 2020 FC vs. FI 2019 FC vs. FI 2018

Hours where the FC
cost is lower 1 h 26 h 35 h

The combination of the energy prices in Finland and the low annual usage of such a
system creates a general obstacle for these systems to be financially advantageous invest-
ments for individual detached households. This is despite the social benefit of maintaining
an uninterrupted power supply during unfavorable weather conditions.
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The Energy Independence Case for Rural Residential Customers

The previously mentioned incentives for private customers are based on what the
cost of energy and outages have been until now. While the latter is expected to be reduced
with infrastructure investment, there are regions and houses where the infrastructure will
take many years to become resilient and reliable enough for it to be completely stable
year-round.

“In Finland, the most challenging situation in terms of the supply norm set in the
Regulation would be a situation in which the procurement of gas from Russia to
Finland is completely interrupted for a longer period of time” [37].

Hence, a more economically stable and reliable energy source can fulfill the energy
requirements of remote areas. This would also greatly increase the energy independence
of these customers and communities, making them more resilient to external factors that
could affect the general energy supply and price. Achieving general energy independence
via diversifying energy sources would mean relying less on external factors that could
affect the general energy supply and price, and it would make a residential end-user more
resilient to potential disruptions. The use of autonomous systems in this context would
need to be implemented carefully to ensure their safety, security, and reliability.

3.4. Case for Use by Social Services

The final selected case focused on social services or “essential” services provided by
government or private institutions. These services aim to deliver social services that are
deemed vital to their communities. This case focused on the value that an emergency FC
system could offer. The case examined two different scenarios: assisted living facilities
and hospitals.

3.4.1. Assisted Living Facilities

Power interruptions to assisted living facilities in the municipalities in the Etelä-Savo
region can have devastating effects on the residents. In 2020, a total of 60,000 households
experienced prolonged electricity outages for several days, placing vulnerable individuals
residing in assisted living facilities at risk due to severe cold temperatures. Additionally,
there was a potential threat where medical devices, such as ventilators or medicine refriger-
ators, could have been compromised. Nursing homes that lost power in the area of Florida
after a natural disaster found a higher rate of mortality [38]. During a previous power
outage incident in 2015, there was a need to evacuate homes, particularly for individuals
with special needs [6]. This situation also posed a potential risk to other essential services,
including larger healthcare facilities, which could have been impacted by the same power
outage. Implementing power outage measures and infrastructure upgrades can provide
benefits to people in need of special care [39]. Taking into account that Finland will require
more healthcare workers in the near future [40], the importance of securing electricity
without power cuts is clearly understood. These impacts and reductions on the effects of
outages on people in need raise the following questions: why is an outage system not in
place already, or why aren’t outage systems mandatory in nursing homes? There is no
legislation that enforces this, and despite that some may have their own small UPS for
computers and other essential medical equipment such as respirators, limited information
is accessible regarding the reasons why safety systems of this nature are not invested in by
these facilities.

3.4.2. Hospitals or Health Clinics

Nowadays, hospitals provide critical medical services to patients, including life sup-
port, emergency incidents handling, operating rooms, etc. To this end, it is essential to
be able to deliver these services constantly, meaning that possible electric power outages
should be drastically countered. There are cases where hospital and medical center units
still use diesel generators as backup power systems, which presents several disadvantages,
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including hazardous emissions, operational noise, high maintenance costs, and failure
incidents. FCs have no moving parts, and thus, maintenance services are minimal. The
generation of electrical energy is based on an electrochemical reaction, and compared to
conventional generators, for FCs, operating emissions, which are comprised of air pollu-
tants and greenhouse gases (GHG), are minimized or even eliminated depending on the
fuel used (i.e., natural gas or hydrogen).

One of the primary challenges lies in the fact that hospitals have substantial energy
requirements, necessitating appropriately sized and well-maintained backup generation
methods. Moreover, these systems require trained staff to operate them effectively [41].
Given the aforementioned priority placed on acquiring healthcare personnel, hospitals
tend to prioritize securing the necessary healthcare staff over operational staff, further
complicating the implementation of backup generation systems. An FC system could
present an advantage in comparison to standard alternative power generation methods, but
the system requirements for hospitals are much higher than the current system can provide.

4. Discussion and Conclusions

The adoption of alternative solutions based on renewable energy sources in modern
grids is crucial and more profound than ever before [42]. The research shows that despite
power outages being a clear threat to many Finnish lives in the form of a loss of power
to their houses or businesses, there is still very low interest from DSOs in making rapid
changes, despite the fact that compared to diesel generators, HT-PEMFCs produce approxi-
mately half the CO2 emissions, and their fuel costs are six times smaller. DSOs could utilize
a system to reduce power outage times, but the low penalty costs and inequalities the
system could create do not create a business emergency for DSOs, despite that doing so
would make financial sense. Private companies could take advantage of such a system, but
with many customers’ compensatory pay and insurance covering the cost of losses, the
financial incentive is not great enough to entice the investment, although there is reason to
believe that as the technology develops, it could become even more cost-effective. Private
households in rural areas could reduce their risk of planned and unplanned power outages,
but with the energy costs being eventually lower and the comparatively low amount of
hours this system would need to be utilized, the financial investment for it would have
no business meaning, aside from the human benefit it could provide. If the system could
provide lower energy costs, the transition to using these systems as the main form of
energy production could be made [43]. In our study, the social impact was mentioned,
but externalities were not calculated, and these could be part of a future study. Therefore,
such investments have not been made since the current policy does not require them. With
energy prices growing, and with the energy insecurities of the 2022–2023 winter season [44],
a system that can provide stable power functionality could become a valuable alternative
for businesses and residential customers alike, especially in remote areas where energy
access is already affected during the winter months, with their severe weather.

5. Insight into Future Applications

The research suggests that despite the benefits of utilizing an HT-PEMFC as a source of
energy to reduce power outages, there is low interest from DSOs to introduce such systems
on a large scale and make drastic changes. However, there is room for private companies.
Private companies could take advantage of this technology to reduce power outage times
and offer services to the grid, with compensation pay and insurance covering the losses,
despite the fact that the financial incentives may not be enough to an entice investment.
This would include the option for enterprises to join efforts and support networking with
relevant public players, such as DSOs or general grid service providers, with a view to
fostering public–private partnerships (PPPs) in the energy sector [45]. Fostering PPPs
within the electricity transmission ecosystem by promoting encounters between public
bodies and participating SMEs, considering territorial needs, could remove the burden
from the (often) state-owned DSOs.
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As the technology develops, it could become even more cost-effective, which may
change the situation. Such applications can operate in parallel to projects such as the
German storage-as-transmission project, the 250 MW Grid Booster (Netzbooster), which
will improve energy security and support the country’s green transition commitment
(Figure 3).
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Similar to the Grid Booster project and at a large scale, in the future, HT-PEMFCs can
operate beyond being simply sources of energy to reduce power outages, but rather, they
can operate as peer-to-peer storage-as-transmission solutions.

Future studies on this subject could include calculating externalities, which could be
part of future investments. Therefore, the impact of the use of HT-PEMFC systems on
electricity grids and energy infrastructure could be significant in reducing power outage
times and costs, but further incentives may be necessary to encourage rapid adoption by
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