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Abstract: The agricultural biogas sector is now facing the opportunity to become a significant actor
in the new energy deal as a low-carbon source of electricity. Given the current prospects for rapid
growth in the industry, the authors developed an economic model of a medium-sized agricultural
biogas plant to assess the rate of return on such an investment. The analysis comprises energy prices,
substrates, and other costs reported by the plants already in operation, as well as the electricity
sales support system, the actual biogas and electricity yield from the substrates, and the digestate
utilisation. It shows that a biogas plant capable of delivering ca. 2000 MWe generates a profit in
a much shorter timeframe than 20 years, even under quite uncertain economic conditions. In the
model scenario, the breakeven point is reached at slightly below 5000 MWh of power output or at
ca. 5800 MWh including financing costs, with a planned annual output of approx. 8000 MWh. The
profitability of the model biogas plant was also demonstrated by calculations made for other scenarios
which differ in substrate composition and financing structure. The parameters of the econometric
model are based on the data collected from a group of 41 units that use only organic plant matter for
biogas production.

Keywords: biogas; green energy; biogas plant

1. Introduction

Accelerating climate change and global warming are increasing the pressure for the
energy transition to renewable energy sources [1]. Agricultural biogas can play an impor-
tant role in the process, especially in the context of a projected nearly 50% increase in world
energy consumption between 2018 and 2050 [2]. Considering the soaring energy prices
in late 2021 and Poland’s untapped biogas production potential, prompt and significant
investment in this sector is economically justified and should be considered a major priority.
The motivation for this article is to provide an up-to-date analysis of the investment options
in biogas plants under the current economic and political conditions in Poland, whereas
the main aim is to encourage one of the more promising local options for energy transition.

This paper is organised as follows. Section 2 reviews Poland’s economic and legal
framework. Section 3 discusses the key operating factors, such as investment costs, the
electricity sales support system, and the econometric model for energy yield vs. substrate
demand. Section 4 presents the empirical findings as simulated profitability scenarios
depending on the financing structure adopted, while Section 5 contains the conclusions.

The literature review shows that there are a number of ways of constructing a prof-
itability assessment model to determine whether biogas power plants can constitute a
significant part of the new Polish energy deal [3]. The original model proposed in this pa-
per covers both the technical and economic aspects of biogas plant operation over a 20-year
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time horizon. The technical side is captured by an econometric model that estimates the
amount of electricity obtained from a range of substrates. Such an approach better reflects
the reality of how biogas plants function as it includes all the sector-specific factors that
affect biogas yield. The economic model of a medium-sized agricultural biogas plant that
can deliver approx. 1 MWe is then used to analyse a variety of economic scenarios that differ
in terms of sales mechanisms, operating costs, substrate acquisition, and investment costs.

The development of agricultural biogas plants complies with both the new Polish
socio-economic programme and the new European one [4]. Given Poland’s relatively
low population density, sufficient agricultural land resources could be deployed for the
cultivation of energy crops [5,6]. Biogas plants are environmentally sustainable [7,8],
produce eco-friendly renewable energy [9], and can also reduce the demand for electricity
storage infrastructure, which can be costly due to the rising prices of the rare metals used
for battery production [10]. Likewise, researchers increasingly recognise the benefits of
such plants as sustainable and cost-effective biodegradable waste utilisers with favourable
perspectives for the development of the biogas market in Poland and elsewhere [11–13].

The literature on the Polish biogas industry is sparse. In 2012, 24 operating plants were
described by Igliński et al. [14] and an article on the optimisation of the agricultural biogas
installations was published by Budzianowski [15]. Papers describing the impact of a variety
of raw materials on the economic performance of this sector appeared in the subsequent
years [16,17]. Sector-specific studies include the publication on the anticipated costs of
investment in agricultural biogas plants with an installed electrical capacity of 1 Mwe in the
Polish economic conditions [18]. Later papers reveal a growing interest in biogas in Poland
in terms of both the location possibilities and the profitability of investing in new plants [19],
prospective biomethane production [20,21], and biomass management options [22]; there
are also analyses concerning the disposal of digestate from the local agricultural biogas
plants. Biogas yield models were considered, e.g., by Dandikas et al. [23], whereas certain
financial aspects of plant operation were studied by Zabolotnyy and Melnyk [24]. Igliński
et al. [25] summarise 15 years of Poland’s experience with biogas plants. Usually, however,
the available biogas production models differ widely in the optimal substrate composition,
which results in up to a 60% variability of findings [26]. Moreover, they fail to take into
account the economic side of biogas plant operation by disregarding a range of impacts on
profitability, such as labour and service costs, substrate collection, and digestate disposal. It
should also be mentioned that energy crops used for biogas production can be successfully
grown on degraded land, and their biomethane potential and specific energy yield are
no different from crops grown on arable land, which opens up new opportunities for the
former [27]. Biogas plants are treated as important elements of the bottom-up development
of the second tier administrative units [13,28]. As was confirmed by calculations made for
the Warmia-Mazury Province (northern Poland), biogas plants are an important component
of the energy self-sufficiency of the studied area due to the easy availability of biomass as
well as the achievable high efficiency of generators and heat recovery (ca. 40% and 50%,
respectively) [13].

2. The Agricultural Biogas Sector in Poland

The biogas sector is subject to several regulations, of which the most important strate-
gic document setting the policy framework is the Energy Policy of Poland until 2040
(PEP2040) [29], adopted by the Council of Ministers in February 2021. The analysis of the
document in terms of adequacy, effectiveness, efficiency, utility, and sustainability and
taking into account the framing theory, leads to the conclusion that it provides a solid basis
for increasing the renewable energy share in the power industry and that it expands on the
current policy of supporting the agricultural biogas sector [30]. Our analysis draws on the
methodology proposed in a similar study conducted for Finland [31].

Poland’s new energy deal, intended to address climate change, will be very costly [32].
According to PEP2040, the share of renewable energy sources in the gross final energy
consumption in 2030 is expected to reach at least 23%, whereas GHG emissions are to be
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reduced by ca. 30% (compared to 1990) [33]. The plan also provides for the construction of
offshore wind farms with a capacity of approx. 5.9 GW (ca. 11 GW by 2040) and for the com-
missioning of Poland’s first nuclear power plant in 2033. Detailed provisions emphasise the
use of biomass, biogas, and geothermal energy for heating purposes; however, no specific
declarations are made regarding their planned share in the total electricity generation. Even
though agricultural biogas plants do not have the sufficient potential to replace the energy
previously obtained from coal, they can still enhance energy flexibility by becoming part of
power clusters. The fully bio-based sectors, such as the food and agriculture sectors, have
a higher potential to induce knock-on effects in the economy than the mixed bio-based
sectors [34].

The PEP2040 also provides for the increasing of the share of bio-waste in electricity
production, which reflects the tenets of a circular economy and meets the present social
and economic trends. National targets are formulated in cautious and general terms,
which is appropriate for this kind of document. For example, the concept of on-site
(distributed) energy generation based on renewable energy sources will be developed in
the coming years. To this end, it is necessary to adapt the grid infrastructure and develop
the market [33]. The expansion of the gas transmission network, including the construction
of biomethane facilities, has already begun. Poland’s gas production is estimated to amount
to 92.8 million m3, mostly in densely populated regions, such as Silesia, Lesser Poland,
Mazovia, and Greater Poland [20].

According to PEP2040, the biogas sector will be playing an important part in increasing
the flexibility of the new system as a means of gas storage, thereby increasing Poland’s
energy security:

In order to further increase energy security, it is advisable to expand underground gas
storage facilities to a level of min. 4 billion m3 (a 1/3 capacity increase) and increase the
current maximum gas offtake capacity from 53.5 million m3/day to min. 60 million m3/day
(approx. a 1/6 capacity increase) by winter 2030/2031 [33].

The sustainability analysis of the energy policy, i.e., “the continuity of the effects of
a given public programme in the medium and long term” [30] leads to the conclusion
that PEP2040 recognises a wide range of technological and social changes to a much
greater extent than before, while upholding the national targets. The clearly stated goal
to expand the gas pipeline capacity by 2030 (a mix containing about 10% of gases other
than natural gas) will make it possible to increase the yield and the use of agricultural
biogas. Investments in biogas yield and transmission are expected to contribute to real
biogas production growth, which provides an opportunity to achieve a continuity of effects
in terms of support for agricultural biogas producers. The new document “The Roadmap
for the Development of Poland” targets the technological and social changes concerning
Poland’s development possibilities in a more relevant and flexible way [35]. It is supposed
to encourage relevant solutions and take advantage of current development trends more
effectively than the long-term national development strategy. These directions of change
emphasise opportunities inherent in the use of renewable energy sources, which means
that the legislation seems to be more relevant and provides greater chances for a more
effective pro-development policy in the field of energy transition in Poland.

In 2019, the Renewable Energy Sources Act was amended to include the concept
of energy cooperatives in order to decentralise the energy supply system and to better
fulfil the needs of local consumers. In this respect, the Ministry of Agriculture designated
agricultural biogas plants as versatile energy sources (in that they are capable of producing
electricity, heat, and gaseous fuels) capable of adjusting the amount of electricity produced
to meet demand on an ongoing basis. The Ministry also considers them one of the main
components in planning the activities of the future energy cooperatives, with a view
to reducing Poland’s energy dependence on external sources (in 2018, Poland imported
13.8 TWh and, a year later, 17.8 TWh) and improving its air quality. Poland remains one of
the largest hard coal producers and the second largest lignite producer in the EU, generating
about 80% of its electricity from these fossil fuels [36,37]. According to the World Energy
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Council, Poland needs to reduce its dependence on energy imported from Russia and
on fossil fuels in general [38]. For these reasons, biogas plants should be acknowledged
as a significant element of Poland’s energy transition. The typical biogas plant in the
Polish system is capable of delivering approx. 1 MW of electric capacity and a similar heat
capacity, which justifies the choice of these parameters for our model biogas plant (see
Figure 1). At 346 TJ, the total domestic biogas consumption per capita in Poland is more
than 10 times lower than in Germany (3830 TJ in 2020). Compared with other Central and
Eastern European countries, biogas consumption per capita in Poland is also significantly
lower than, e.g., in Latvia, where it amounts to 1768 TJ, or in Slovakia (990 TJ) and even
in Hungary (388 TJ). However, it should also be noted that Poland’s total domestic biogas
consumption has significantly increased in recent years compared with that of other Eastern
European countries and was estimated to total 13,147 TJ in 2020, which puts Poland in third
place in Europe (after Germany and the Czech Republic) [39].
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3. A Biogas Plant Operation Model

The proposed model for assessing the economic performance of agricultural biogas
plants takes into account all the key aspects of their operation, namely investment costs,
the electricity sales system, and the estimated amounts of necessary substrates based on
the available data. The issue of technology availability has been omitted owing to the
existence of specialised biogas plant construction companies. The location and availability
of skilled workers are not problematic in Poland, while other social aspects exceed the
scope of this paper.

3.1. The National Biogas Electricity Sales Support System

The current electricity sales systems available for agricultural biogas plants take into
account whether the production process actually complies with the guidelines applicable
to renewable energy sources. Biogas plants built or commissioned after 2016 can use: (a) an
auction system or (b) the feed-in tariff (FIT) or the feed-in premium (FIP) systems. Under
the auction system, energy is sold at preferential prices for its producers, as provided
by the President of the Energy Regulatory Office. The prices are different for each of
the participants, and the winners are guaranteed that the energy produced by them will
be collected at a fixed rate for a period of several to over a dozen years. However, the
most popular solution is currently (b): the feed-in tariff (for small and micro facilities)
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and the feed-in premium systems, where green energy is sold under contracts with an
obligated recipient, which could be a prosumer, an energy cooperative, or an obligated
operator. In this system, renewable energy producers may seek to cover the negative
balance when selling energy to an unobligated operator by up to 90% of the reference price.
This instrument applies to renewable energy sources capable of delivering no less than
500 kWe and no more than 1 MWe and is known as the feed-in premium. This mechanism
balances the selling price of energy in the competitive market with the price set under the
feed-in tariff scheme. The fixed price in the FIT and FIP tariffs (pursuant to Article 70e
paragraph 1 of the Renewable Energy Sources Act) is equivalent to 90% of the reference
price set for a given calendar year. The entitlement to have the negative balance covered
arises as of the first day on which the produced energy has been fed into the grid and
remains valid for 15 years or until 31 December 2035.

3.2. The Cost and Revenue Structure of an Agricultural Biogas Plant

In order to assess the economic performance of a biogas plant and the returns on
the investment, the costs and revenues recorded in a given year should be categorised
as follows.

3.2.1. Operating Costs

The substrate and material costs depend on the composition of the inputs used in
a given biogas plant and as such are usually difficult to calculate. All substrates usually
comprise a mix of waste substances and agricultural products, such as, e.g., maize silage,
bought at market prices. Waste substrates are often priced based on, among other things,
transport costs, and as waste to be disposed of, it can also generate revenue for the plant.
The necessary materials used are valued at their actual cost.

• Costs of on-site energy consumption: estimated at 10% of the amount generated.
Electricity can also be purchased at a lower price than the sale price of renewable
energy from an external supplier. For the purposes of the analysis, a flat rate of EUR
54 (PLN 240) per 1 MWh was adopted.

• Taxes and fees: these include property tax on land and buildings, insurance, and
third-party liability for outages. After analysing the financial statements of the existing
plants, the annual cost was set at EUR 22.5 thousand (PLN 100,000).

• Payroll: 2–3 employees are needed to supervise the technological process and an extra
2 to perform maintenance duties. The average gross salary of each was assumed to be
EUR 1800 (PLN 8000), which adds up to EUR 86.3–108 thousand (PLN 384,000–480,000)
per year.

• External services: these may be considered separately or together with remuneration,
depending on the adopted business model. In our model, we assume that the biogas
plant takes advantage of some form of outsourcing, and the external services cost EUR
225 thousand (PLN 1,000,000) annually, which is slightly less than what the empirical
data suggest.

• Financial costs: these are closely related to the financial structure of the investment
and operating activities (e.g., interest due).

• Depreciation: annual depreciation rates are set separately for each asset component in
accordance with the applicable regulations. On average, for the sake of simplification,
the annual depreciation rate was set at 5% for the entire biogas plant.

3.2.2. Sales Revenue

The primary source of revenue is the feed-in tariff system. According to the Ordinance
of the Minister of Climate of 24 April 2020, the reference price for the energy produced by
a facility with an installed capacity of over 1 Mwe, using agricultural biogas to generate
electricity in high-efficiency cogeneration, was EUR 151 (as per the average exchange rate
in 2020) (PLN 670) per MWh [40]. Therefore, the fixed FIP tariff was EUR 135.8 (603 PLN),
unadjusted for inflation. This mechanism cannot be used for more than 20 years, which is
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long enough to achieve an adequate rate of return on the investment. Additional sources
of revenue may include surplus heat, digestate, and waste disposal services [41]. Other
non-core revenues are not considered. It was assumed that the biogas plant will consume
on-site approximately 30% of the heat it produces.

3.3. Investment Costs Structure

The main investment costs include the power generating system, complete with di-
gesters and a cogeneration unit (which accounts for approx. 40% of the total investment
value), the land purchase and development, the local taxes and fees, the land use permits,
and the labour. Optionally, grid adaptation costs may also be considered. According
to the available information, the net investment costs of each of the four 1 MWe bio-
gas plants under consideration, which were built in 2019–2020, were as follows: Plant
1–EUR 3355 million (PLN 14,916 million); Plant 2–EUR 3.43 million (PLN 15,253 mil-
lion); Plant 3–EUR 3.34 million (PLN 14.85 million); and Plant 4–EUR 3.44 million (PLN
15,030 million) [42]. For comparison, the projects co-financed by the European Regional
Development Fund estimate the costs at EUR 4 million (PLN 17.8 million) gross, whereas
the calculations made for 2016 by the Institute of Renewable Energy give the amount of
EUR 3.4–3.6 million (PLN 15–16 million) [18].

In our proposed model, we assumed that the net investment cost was EUR 3.6 million
(PLN 16 million) at the average exchange rate [43]. The investment costs should also take
into account the purchase of land necessary for the construction of the plant as well as
the possible infrastructure development costs. As the calculations made by the Institute
of Renewable Energy show, a biogas plant with an installed capacity of 0.86 MWe needs
4 ha of land. This reflects the fact that digestate is stored in lagoons, which cover approx.
2.3 ha [43]. A 1 MWe biogas plant needs a similar area. The land purchase cost was
calculated using the average price of 1 ha of arable land in Poland, as reported by Statistics
Poland, which in Q2 2020 was EUR 10.8 thousand (PLN 48,096) [37].

According to the information available on the website of the Ministry of Funds and
Regional Policy, the average contribution of the Regional Operational Programmes to biogas
plant investment was approx. 20–50% in the 2014–2020 perspective. It is assumed that
in the upcoming financial perspective of the European Regional Development Fund, this
share will be similar; hence, we applied it to our simulated biogas plant operation scenarios.
For the purposes of the breakeven analysis, it was assumed that the fixed costs, i.e., those
independent of production volume, include depreciation and facility maintenance and
necessary repairs, whereas the variable costs include the labour, material, and electricity
costs directly related to the energy production. It was assumed that the operating costs
constitute a certain proportion of the investment costs. In the available financial statements
of Polish biogas plants, this proportion ranges from 40 to 50%.

3.4. Biogas Potential

We used the data on the amount of biogas obtained during digestion (yi, m3) and on
the amount of substrates used in the individual biogas plants (xi, tons) to estimate a classic
linear regression model with normal errors. The data come from the statements submitted
by these plants to the National Agricultural Support Centre. Out of 92 agricultural biogas
plants operating in Poland, 41 that use only plant substrates (maize and grass silage, straw,
fruit debris, pomace, etc.) and farm by-products (slurry, liquid manure, chicken manure,
etc.) were chosen. The digestion process utilises a mix of substrates, often waste products,
which means that it is impossible to accurately identify the individual components and
thereby apply a more disaggregated model. Admittedly, subsuming all the substrates
under a single variable is a simplification; however, it is justified by the uniqueness of
the technological process whereby all these components are put together in digesters.
The model was estimated using the Ordinary Least Squares method, which leads to the
following linear regression:

ŷi = 640, 424 + 62.7xi (1)
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One tonne of aggregated substrates yields an average of 63 m3 of biogas (with a
standard error of 6.5). The coefficient of determination R2 = 70% and the parameter
estimates are statistically significant at 0.05, which means that the model is highly accurate
and reliable. As the model was estimated on the basis of cross-sectional data, it was tested
for heteroscedasticity. Both White’s homoscedasticity test and Shapiro–Wilk’s normality test
revealed that all the crucial error properties are fulfilled. The linear relationship between
the substrates and the biogas yield was also confirmed. The resultant relationship can
be directly used to estimate the amount of biogas to be generated as long as the amount
of available substrates is known, which is an important part of a fully-fledged economic
performance model. These results reflect the actual relationship between the substrates and
the gas output rather than laboratory results.

As an alternative, the Cobb–Douglas model was estimated, which shows that a one
percent increase in substrate quantity will increase biogas yield by approx. 0.8%. From the
microeconomic point of view, this implies diminishing returns to scale; however, it should
be noted that the set of production factors was restricted to the substrates. The Cobb–
Douglas model fits the data slightly better, with R2 = 80%, and the parameter evaluations
are statistically significant at 0.05. The biogas production and feedstock consumption data
are cross-sectional; hence, it is crucial to check whether the empirical error distribution
is close to normal. For this purpose, a histogram of normalised errors, along with the
theoretical density function of standard normal distribution and the P-P plot, are shown
in Figure 2. The figure confirms that the properties of the errors in the linear regression
model justify its use in the decision-making process. In both cases, it is clear that the
empirical distribution of errors is close to normal; hence, the use of this regression model
for economic analyses is justified.
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Figure 2. Analysis of error properties from the linear model. Source: own study.

The regression can also be used to quantify the relationship between the substrate
input and the amount of electricity generated, assuming that all biogas is used to produce
it. Estimates were made for 40 observations (as one of the plants uses biogas for other
purposes). The coefficient of determination is approx. 67%, and the regression parameter
estimates are statistically significant. The model shows that an extra tonne of a typical
substrate mix used by biogas plants produces 0.1242 MWh of electric power (standard
deviation 0.014). This is slightly less than the approx. 0.15 MWh per tonne of substrates
found in the theoretical studies.

4. The Economic Efficiency Model

The economic viability of an agricultural biogas plant depends on a number of factors,
which are discussed in the following groups.

A. Technical factors and output
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The annual electricity output can be calculated using the proposed econometric model
if the amount of available substrates is known, or more arbitrarily, assuming that the
plant operates at full capacity 24 h per day every day. Thirty days are needed for mainte-
nance/servicing and possible downtime due to breakdowns and are usually subtracted
from the annual operating time [44]. For a 1 MWe biogas plant, the annual electricity
output is estimated to be approx. 8000–8030 MWh per year. The electrical efficiency of
the cogenerator is assumed to be 39%, whereas its thermal efficiency is 40%. According
to the literature, the annual production of cogenerated heat averages about 7800 MWh if
the plant has an installed capacity of 1 MWe. It is also assumed that the annual on-site
energy consumption is approx. 1380 MWh [45]. This leaves 6420 MWh available for sale
per year. According to the Energy Regulatory Office, the average price of 1 GJ (0.28 MWh)
of heat energy in 2020 was EUR 10 (PLN 46.46). In Poland, however, selling heat can be
problematic due to the shortage of distribution networks outside densely populated cities.

B. Substrate availability

The total cost of the substrates is usually difficult to determine. Substrates, such as
maize silage, are usually bought at market prices, whereas the cost of livestock and agrifood
waste often depends on transportation and preparation for fermentation. Maize silage is
the highest priced substrate (approx. EUR 22-31 (100–140 PLN) per tonne d.m.).

C. Digestate use and disposal

A 1 MWe agricultural biogas plant produces on average 20,000 tonnes of digestate per
year (Siwocha 2015:33), which can be an effective substitute for mineral fertilisers on the
surrounding farmland. In this case, it does not represent revenue, but reduces the purchase
costs of fertilisers. Three Polish biogas plants currently sell their digestate for the following
prices: Plant 1–EUR 1 (PLN 4) per 1000 litres; Plant 2–EUR 0.225 (PLN 1) per tonne (net) or
EUR 0.4 (PLN 1.80) per tonne (on condition that it is collected by the purchaser); and Plant
3 sells it at EUR 1.12 (PLN 5) per tonne (including transportation costs).

Simulations: Breakeven Analysis

The breakeven analysis was carried out for the following scenarios:
Model scenario. Substrate composition: 80% animal waste, 20% maize silage. Breakeven

point: slightly below 5000 MWh (excluding financing costs) and approx. 6000 MWh (includ-
ing financing costs fixed at 5% of the invested equity), which means that the plant already
moves above breakeven in the first year. The difference between the installed output and
the critical one is approx. 26% of the planned capacity, which constitutes a considerable
security margin. The breakeven point was calculated only for the sale of electricity. Extra
revenues from the sale of digestate and waste disposal were not factored in, even though
they would improve the financial result. The safety zone was calculated at about 3 GWh,
which means that the difference between the assumed output and zero operating profit is
positive. The net present value (NPV) was calculated assuming that the plant operates for
20 years, and the discount rate is 5%. The residual value of the investment is not considered
at this stage, but it should be borne in mind that the facility may have a longer operating
lifetime. It is usually assumed that its replacement value at the end of the period studied is
10–30%, or over EUR 675 thousand in the model scenario. After 20 years of operation, the
cumulative cash flow exceeds EUR 3373 million, provided that an investment subsidy has
been granted.

Scenario 1. Substrate composition: the proportion of maize silage purchased at market
prices increases from 20% to 40%. In this case, the qualitative results do not change: the
breakeven point occurs below the planned output level, but the NPV decreases to EUR
2.2 million. Breakeven point: 5830 MWh (excluding profit) or 7232 MWh (including 5%
return on investment).

Scenario 2. Substrate composition: the proportion of maize silage increases further
from 40% to 60% with a concomitant decrease in the share of livestock waste. In this case,
only the breakeven point for operations equal to 7000 MWh occurs below the planned
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output, whereas the others remain well above the level. The NPV is reduced to EUR
855 thousand. Breakeven point: 7066 MWh (excluding profit) or 8765 MWh (including 5%
return on investment).

Scenario 3. Sixty per cent of the investment costs are covered by the subsidy, which
has a positive effect on the breakeven point, as does reducing the proportion of maize silage
in the substrate composition. Breakeven point: 4962 MWh (excluding profit) or 5331 MWh
(including 5% return on investment).

Scenario 4. The entire investment is financed with a bank loan. Despite its high costs,
all the breakeven points occur below the expected output. The NPV is approximately EUR
2924 million. Breakeven point: 4962 MWh (excluding profit) or 7569 MWh (including 5%
return on investment).

Scenario 5. This differs from the model scenario in that the substrate is now 100%
municipal biodegradable waste, and the plant is located close to its main source. A statistical
resident of Poland produces ca. 332 kg (2019) of municipal waste annually, of which
approx. 40–50% is organic (biodegradable) substances, such as food scraps, which are
rarely considered recyclable. However, residents are currently required to dispose of this
kind of waste separately to enable it to contribute to biogas production.

At present, this scenario poses a legal problem in that a biogas plant using municipal
waste loses its ‘agricultural’ unit status. Nevertheless, it was included in our analysis due
to its as yet untapped potential. Econometric models show that a 1 MWe biogas plant with
an annual output of 8000 MWh produces 3.4 million m3 of biogas. To that end, it requires
approx. 44,000 tonnes of a ‘typical’ substrate mix (biogas) or 53,000 tonnes (electricity), both
calculated using the proposed econometric model. For the purpose of basic calculations,
we assumed that only 10% of municipal waste can be used as substrate in a biogas plant,
which is equivalent to approx. 33 kg of organic matter per person per year (or about
0.1 kg/person/day). Hence, the minimum population size required for a biogas plant to
operate in the absence of other substrate sources ranges from 1324 to 1600. Accordingly,
there are sound economic reasons to invest in the construction of medium-sized biogas
plants, even in small towns. If we assume that a larger proportion of biodegradable waste
could be utilised, the population size could be smaller and the investment would still be
profitable as the NPV would be approx. EUR 3374 million, assuming that the price of the
substrates (mostly organic waste) is set at the minimum level or that of the transportation
costs. Moreover, biogas plants located close to municipal waste sources might also benefit
from charging waste disposal fees. In this scenario, the breakeven point is reached at
4562 MWh or at 5659 MWh including the expected return of 5% on the investment.

Scenario 6. The same as Scenario 5, but the plant sells 70% of the cogenerated heat
to the district heating operator (the remaining 30% is used on site). The plant’s location
close to residential areas ensures stable access to biodegradable waste, makes it easier to
connect the facility to the heating network, and increases the profitability of the operation
and the energy security of the consumers. In this scenario, the NPV rises to over EUR
5 million, which is much more favourable than in Scenario 3, where 60% of the investment
was covered by a subsidy (compared to 30% in Scenario 6). The PEP2040 gives priority to
energy cogeneration; hence, such a scenario seems relevant, although, as was said before,
legally speaking, it does not describe an agricultural biogas plant. Summary of the main
scenario-projection data contains Table 1.

As shown in Figure 3, the NPV becomes positive at the earliest in Scenario 6, which
stipulates the sale of cogenerated heat. The investment generates a positive cash flow
approx. between its sixth and seventh year of operation. From the NPV point of view, the
least interesting are Scenarios 1 and 2, where the plant uses market-priced substrates, such
as maize silage. On the other hand, the most economically viable scenarios involve local
organic waste utilisation.
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Table 1. Summary of the main scenario-projection data.

Animal
Waste/Maize

Silage

Investment
Funding

Sale of
Heat

Breakeven
Point MWh

NPV (EUR
Thousand)

Model
scenario 80%/20% 100% own capital No 4962 3373

Scenario 1 60%/40% 100% own capital No 5830 2200

Scenario 2 40%/60% 100% own capital No 7066 855

Scenario 3 80%/20% 60% subsidy No 4962 4152

Scenario 4 80%/20% 100% bank credit No 4962 2924

Scenario 5 100% waste 100% own capital No 4562 3374

Scenario 6 100% waste 100% own capital Yes 4562 3396
Source: own study.
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5. Conclusions

There are currently 100 agricultural biogas plants in Poland, but the total exceeds 300
if plants operating at landfills and sewage treatment facilities are included. These figures
are significantly lower than, e.g., in Germany, where the number of such plants is approx.
10,000 (or 45 times more per person). It is no wonder then that Poland produces much less
biomethane per person than most developed countries. These data clearly show that biogas
plants can deliver much more electricity and heat, especially given Poland’s abundant
land resources and improving waste-utilisation possibilities. The present economic context
favours biogas plants due to the global pressure to increase the share of renewable sources
in electricity production and the rising organic waste disposal costs. The strategy for the
development of renewable energy is included in the provisions of the Energy Policy of
Poland; the sales support system functions efficiently, the legal framework is in place, and
the biogas plants currently becoming operational will be able to benefit from preferential
sales regimes until 2035. No mechanisms to support the sale of green energy have been
envisaged for the subsequent years. It is worth noting, however, that in the scenarios
analysed in this paper, the NPV of biogas plants becomes positive after about 10 years at
the latest. Dramatic increases in energy and fossil fuel prices, combined with the instability
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of natural gas supplies from Russia to European countries, not only make biogas plants
more profitable but also more attractive as energy system stabilisers.

The model proposed by the authors makes it possible to choose a range of economic
parameters, including the analysis of sensitivity to changes in the sales mechanism, the
simulation of various paths of biogas production expansion, and the evaluation of the
effectiveness of investment in biogas plants and the revenues from the sale of cogenerated
heat. The legal and technical conditions for direct biomethane off-take by gas grid operators
are also currently being developed. The model scenario estimates that the breakeven point
occurs slightly below 5000 MWh or about 5800 MWh if the financing costs are included.
The difference between the assumed output and the critical one is approx. 26%, which
constitutes a considerable safety margin. It means that biogas plants breakeven in their
first year of operation, both in terms of operating costs and after taking financing costs
into account. The amount of substrates needed to produce a given amount of biogas and
electricity can be determined using an econometric model developed for the data obtained
from 41 Polish agricultural biogas plants. The calculations performed using the reported
data show that one extra tonne of input (expressed in tonnes of a typical substrate mix)
generates an extra 63 m3 of gas or 0.1242 MWh of electric energy. These results may differ
from the laboratory ones as they refer to values obtained during the actual operation of a
biogas plant under specific environmental conditions.

Apart from the model scenario, the breakeven points were also calculated for other
scenarios differing in substrate composition and the amount of subsidy received vs. a bank
loan. In almost all the cases, investing in a biogas plant turns out to be profitable even if a
5% profit is assumed (in the latter case, the project becomes unprofitable only when the
proportion of market-priced maize silage in substrate composition exceeds 60%). The last
scenario analyses a biogas plant located close to a town with a population of approximately
2000, which uses organic municipal waste and sells the generated electricity and heat
to local residents. This scenario is the most profitable as the investment already starts
generating a positive cash flow after approx. 6 years, which makes it the most interesting of
all the cases studied. Currently, about 40% of households in Poland have access to district
heating, especially in densely populated cities, but thanks to the new legal framework
for the biogas sector and energy cluster pilot schemes, consumers will be more actively
involved in electricity generation. The biogas plant economic performance estimation
presented in this paper may constitute part of a larger energy cluster model by providing
tools for analyses involving a range of economic and technical factors. The capacity to
build and evaluate the economic performance of energy clusters is an issue to be addressed
by further research.

The expansion of the biogas system, accompanied by geographically dispersed eco-
nomic growth as a substitute for the transfer of resources to imported fuels, also contributes
to national energy security. The investment incentives for new biogas plants mean that
the economic and social gains, including the creation of dispersed and stable jobs, the
health benefits of reducing low emissions from coal combustion, and combating climate
change far outweigh the disadvantages. However, even without taking into account these
non-neutral externalities, in purely economic terms the study discussed here shows that
investing in biogas plants in Poland is profitable.

The present study has shown that agricultural biogas plants can become a significant
component of Poland’s new energy deal, provided that a favourable electricity sales system
is maintained, the transmission and sale of cogenerated heat is expanded, and the new
facilities are located in places with easier access to substrates, including all kinds of usable
waste. Moreover, an analysis of the socio-economic environment suggests that it is necessary
to standardise regulations and create long-term support mechanisms for the sale of energy
generated from agricultural biogas to encourage potential investors. Finally, in order to
make Poland’s biogas system more effective, it is recommended to increase the use of
thermal energy in biogas production. Based on consultations with representatives of this
sector, efforts should be made to better adjust the regulations and support systems to their
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needs. Locating agricultural biogas plants in energy cluster systems should be promoted to
a greater extent as a way of ensuring energy flexibility in the event of shortages of wind or
solar power.
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14. Igliński, B.; Buczkowski, R.; Iglińska, A.; Cichosz, M.; Piechota, G.; Kujawski, W. Agricultural biogas plants in Poland: Investment
process, economical and environmental aspects, biogas potential. Renew. Sustain. Energy Rev. 2012, 16, 4890–4900. [CrossRef]

15. Budzianowski, W.M. Sustainable biogas energy in Poland: Prospects and challenges. Renew. Sustain. Energy Rev. 2012, 16, 342–349.
[CrossRef]
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19. Kowalczyk-Juśko, A.; Listosz, A.; Flisiak, M. Spatial and social conditions for the location of agricultural biogas plants in Poland
(case study). E3S Web Conf. 2019, 86, 00036. [CrossRef]
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28. Szymańska, D.; Lewandowska, A. Biogas Power Plants in Poland—Structure, Capacity, and Spatial Distribution. Sustainability
2015, 7, 16801–16819. [CrossRef]

29. Polish Council of Ministers. Energy Policy of Poland Until 2040/ 2021. Available online: https://webcache.googleusercontent.
com/search?q=cache:mhkuiUHjbAMJ:https://www.gov.pl/attachment/62a054de-0a3d-444d-a969-90a89502df94+&cd=4&
hl=pl&ct=clnk&gl=pl (accessed on 20 December 2021).

30. Olejniczak, K. Monitoring i ewaluacja. Zarządzanie strategiczne rozwojem. In Monitoring i ewaluacja. we współpracy z Karol
Olejniczak; Ministerstwo Rozwoju Regionalnego: Warsaw, Poland, 2012.

31. Winquist, E.; Rikkonen, P.; Pyysiäinen, J.; Varho, V. Is biogas an energy or a sustainability product?-Business opportunities in the
Finnish biogas branch. J. Clean. Prod. 2019, 233, 1344–1354. [CrossRef]
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