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Abstract: Hydrogen is increasingly considered as an environmentally friendly energy source as it
stores a large amount of chemical energy per unit mass (142 MJ·kg−1) that can be released without
the emission of combustion by-products. The presented research is based on simulation modeling
of biohydrogen production projects from agricultural waste. Based on the probability theory and
mathematical statistics, the models of the variable market value of biohydrogen and natural gas are
substantiated. The results of the research indicate that in 2019, projects regarding the production of
biohydrogen from agricultural raw materials were mostly unprofitable for the investors. However,
starting in 2030, the forecasted return on investment in biohydrogen production projects from
agricultural raw materials indicates that such projects will be profitable for investors, and the number
and scale of such projects will significantly increase worldwide.

Keywords: biohydrogen; hydrogen; decarbonization; market value

1. Introduction

By 2050, the “New Green Deal” document will cover all definitions of CO2 reduction
in Europe for the so-called ETS sector, which is obliged to purchase CO2 emission rights,
as well as the so-called non-ETS sectors, e.g., transport and agriculture. They are not
part of the system but are also required by law to reduce CO2 emissions. The main aim
of #EUGreenDeal [1] is decarbonization, i.e., reducing the use of coal and coal products,
as well as natural gas and crude oil [2–8]. For this purpose, new activities, financial
instruments, and legal acts are being introduced. In transport and industry, the most
profitable solutions include the use of biomethane, i.e., purified biogas, and biohydrogen,
i.e., hydrogen derived from biomass or other renewable energy sources [9–14].

Currently, the industry uses hydrogen derived from coal or natural gas. However,
the use of biohydrogen should soon become a priority for the national goals of the EU
Member States [15]. On 14 March 2020, the European Commission announced the Clean
Hydrogen Alliance—a code of conduct that requires the largest companies in Europe, such
as refineries or gas operators, to implement the largest projects in the field of decarboniza-
tion in the gas or industrial products market. The second area of work is the development
of hydrogen technologies in transport, primarily in public transport. Currently, Sweden
and Norway operate the largest number of hydrogen filling stations. In 2019, Germany has
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also adopted the Hydrogen Strategy to create a hydrogen refueling infrastructure for cars
or technical vehicles, but above all, to use the current gas infrastructure for mixing natural
gas with hydrogen. This trend is the most cost-effective due to the technical simplicity of
mixing both gases (Figure 1).
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Figure 1. Global demand for pure hydrogen, 1975–2018. Source: https://www.iea.org [3].

The preliminary analysis allows identifying at least four areas that demonstrate the
greatest potential for the use of hydrogen, and where it can contribute to the successful
decarbonization and global energy transformation in Europe: power and heat production,
transport, and industry (Figure 2).
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Figure 2. Current policy support for hydrogen deployment, 2018. Source: https://www.iea.org [3].

According to Hydrogen Europe [4], the largest industry organization that unites the
largest producers of biohydrogen for the industrial and transport sectors, the key document,
Hydrogen in the EU Green Deal COM (2019), includes the most important postulates on
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hydrogen that will allow EU governments and sectors to effectively implement new policies
on this key technology towards decarbonization of the economy [1,5–7].

2. Analysis of Literature Data and Problem Statement

Quantitative risk assessment of components of projects in various application areas is
one of the important project management processes. These processes are regulated in inter-
national project management standards [16,17]. Moreover, many scientific works [18,19]
are devoted to risk assessment of projects dealing with certain applied areas. At the same
time, both these standards and the known scientific works offer no details of the process of
production of biohydrogen from agricultural raw materials. This disqualifies these works
from use in forecasting the quantitative indicators of the investor’ s profit risk in projects
dedicated to the production of biohydrogen from agricultural raw materials.

The available scientific works [19,20] dedicated to the challenges of risk management
in production projects and the changing project environment demonstrate the importance
of calculating risk when forecasting the effectiveness and value of projects for stakeholders.
Some papers that are related to risk forecasting in agricultural production projects [21–26]
have also been identified. The above literature is however inadequate to fully predict
the quantitative indicators of the investor’s profit risk in biohydrogen production from
agricultural raw materials. On the other hand, widely recognized scientific papers do not
consider the impact of changing market conditions on forecasting the investors’ profits in
biohydrogen production from agricultural raw materials. However, the project environ-
ment significantly affects the quality of forecasting the quantitative indicators of profit risk
in the said projects [27,28].

To eliminate disadvantages of the known models and problem-solving methods in
forecasting the effectiveness of the projects dedicated to the production of biohydrogen
from agricultural raw materials, and its profitability for the stakeholders in various applied
fields, it is suggested to use the approach presented in the scientific work [20,21]. The au-
thors of this work suggest using simulation modeling of the project works to determine
their implementation cost, taking into account the changing project environment. This
approach allows eliminating the above-described disadvantages of existing models and
problem-solving methods in predicting project effectiveness and value. The market value
of agricultural raw materials used for the production of biohydrogen can be predicted
based on official statistical data and mathematical statistics methods, as well as probability
theory. This approach will take into account the changing market value of raw materials
for the production of biohydrogen [11,29,30].

3. The Aim and Objectives of the Research

The study aims to substantiate the approach to forecasting the quantitative risk indi-
cators in projects related to biohydrogen production from agricultural raw materials.

To achieve the objective, the following tasks should be performed:

- to propose an approach to forecasting the value of projects dedicated to biohydrogen
production from agricultural raw materials;

- to perform forecasting and establish trends in quantitative indicators of the investor’s
profit risk in projects dedicated to biohydrogen production from agricultural raw
materials using the proposed approach.

4. Materials and Methods

The performed studies are based on simulation modeling of projects dedicated to the
production of biohydrogen from agricultural waste [18,31,32]. It provides high-quality
forecasting of investments in biohydrogen production, taking into account the existing
global trends in terms of cost and volume used. The stochastic market value of biohydrogen
and natural gas is estimated based on statistical and forecasted data of countries where
large biohydrogen production projects are implemented. Models of the variable market
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value of biohydrogen and natural gas are substantiated according to the known methods
of probability theory and mathematical statistics [24,33].

A set of studies in this area was conducted in the educational and scientific labora-
tory “DAK GPS” at the Institute of Energy of State Agrarian and Engineering University
in Podilya [12,13,22]. For high-quality and accelerated risk assessment of biohydrogen
production profits, the software written in “Python” technology, developed at the Depart-
ment of Information Systems and Technologies of Lviv National Agrarian University was
used [20].

5. Results

Based on the statistical data analysis [20] and relevant calculations, the authors es-
timated the stochastic characteristics of the market value of biohydrogen and natural
gas (Table 1). It was adopted that the biohydrogen will be produced from agricultural
waste. The biomass gasification based on the hydrogen production system has the energy
and exergy efficiency of 53.6% and 49.8%, respectively, at the hydrogen production rate
of 106.9 g/s. [27,34]. Thus far, it is one of the most prospective methods of obtaining
biohydrogen available in Ukraine [35].

Table 1. Characteristics of the market value of biohydrogen from agricultural waste and natural
gas, $·kg−1.

Indicator
Period

2019 2030 2050

Mathematical expectation of the market value of biohydrogen 3.55 1.95 1.15
The standard deviation of the market value of biohydrogen 1.05 0.75 0.45
Mathematical expectation of the market value of natural gas 2.4 2.4 2.15

The standard deviation of the market value of natural gas 1 1 0.85

Considering the results of research [8,22] which state that the global market value
of energy resources is described by the normal law distribution, we have constructed the
market value distributions for biohydrogen from agricultural waste and natural gas.

In particular, based on the analysis of the obtained data (Table 1) and their visualiza-
tion in the Python 3.8 (Corporation for National Research Initiatives, Reston, VA, USA)
programming language using Matplotlib, Numpy, and Scipy libraries, the market value dis-
tributions of biohydrogen and natural gas for the previous year (2019), as well as forecasts
for the years 2030 and 2050 are constructed (Figure 3).

The obtained densities and functions of the market value distributions of biohydrogen
from agricultural waste and natural gas are the foundations for assessing the profit risk in
biohydrogen production projects.

For high-quality and accelerated profit risk assessment in biohydrogen production
projects, the application software written in Python, developed at the Department of
Information Systems and Technologies of Lviv National Agrarian University, was used [18].

The initial data for calculation of the investors’ profit in biohydrogen production from
agricultural raw materials include market value distribution of biohydrogen and natural
gas. Based on the obtained data, presented in Table 1, distributions of investor profit from
the individual projects for the previous year (2019) and the forecasted years 2030 and 2050
are calculated (Figure 4).

Based on the obtained distributions of profits in biohydrogen production from agri-
cultural raw materials (Figure 3), integrated with profit (Pr) and loss curves (Pl) under the
set investor requirements—the minimum profit Ps, are constructed in Figure 5.
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The conducted computer experiments allowed forecasting the quantitative indicators
of the profit risk in global projects dedicated to the production of biohydrogen from
agricultural raw materials (Table 2).

Table 2. The results of forecasting the quantitative profit risk indicators R(Ps) in projects dedicated to the production of
biohydrogen from agricultural raw materials 1.

Indicator
Options for the Implementation of the Biohydrogen Production Project

1 2 3 4 5 6 7 8 9 10

Minimum profit from
biohydrogen production, $/kg 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

2019

Probability of profit in a
biohydrogen production project 0.1 0.09 0.08 0.07 0.05 0.03 0.0 0.0 0.0 0.0

Probability of loss in a
biohydrogen production project 0.9 0.91 0.92 0.93 0.95 0.97 1.0 1.0 1.0 1.0

Profit risk in a biohydrogen
production project critical critical critical critical critical critical critical critical critical critical

2030

Probability of profit in a
biohydrogen production project 0.78 0.73 0.57 0.53 0.51 0.44 0.4 0.3 0.26 0.23

Probability of loss in a
biohydrogen production project 0.22 0.27 0.43 0.47 0.49 0.56 0.6 0.7 0.74 0.77

Profit risk in a biohydrogen
production project admissible admissible average average average high high high critical critical

2050

Probability of profit in a
biohydrogen production project 0.97 0.93 0.89 0.85 0.8 0.78 0.7 0.64 0.62 0.57

Probability of loss in a
biohydrogen production project 0.03 0.07 0.11 0.15 0.2 0.22 0.3 0.36 0.38 0.43

Profit risk in a biohydrogen
production project minimal minimal admissible admissible admissible admissible admissible average average average

1 Options for the implementation of projects dedicated to the production of biohydrogen differ in the minimum set profit of their
investors, $/kg.

Based on the obtained results of forecasting the quantitative indicators of the profit risk
R(Ps) in the projects dedicated to biohydrogen production from agricultural raw materials,
it is established that the profit risk is critical in 2019 for all project options at the minimal
profit requirement of 0.1–1.0 $/kg of obtained biohydrogen.

At the same time, the forecasted increase in the scale of biohydrogen production projects,
and the level of technologies used, will reduce its production cost and increase the investor
profits. It is predicted, that in 2030, at the requested minimal profit of 0.1–0.2 $/kg of obtained
biohydrogen, the production risk will be admissible within 0.3–0.5 $/kg—average, within
0.6–0.8 $/kg—high, and more 0.9 $/kg—critical. At the same time, it is established that
in 2050 for changes in the minimal profit within 0.1–1.0 $/kg of obtained biohydrogen,
the forecasted profit risk will change from minimal to average.

The results of the research indicate that in 2019, the projects of biohydrogen production
from agricultural raw materials were mostly unprofitable and had no value for their
investors. At the same time, starting from 2030, the forecasted profit risk indicators in
projects dedicated to the production of biohydrogen and agricultural raw materials indicate
that such projects will be valuable for investors and their number will significantly increase
globally.

Further research should be conducted to substantiate the planning and implementa-
tion of projects dedicated to the production of biohydrogen from agricultural raw materials,
taking into account the characteristics of production conditions in individual regions and
the risk change tendencies in the investment value of the individual projects.
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6. Discussion of Research Results

The main scientific result of the research is a sound approach to forecasting the investor
risk in biohydrogen production from agricultural raw materials. The research has identified
trends in quantitative investment risk indicators in these projects, taking into account the
forecasted trends in market conditions.

Based on the analysis, it was determined that the existing scientific works are im-
portant for the theory of project environment forecasting and project planning in various
subject areas. Most of these works do not take into account the character of agricultural
production projects, especially in the production of agricultural raw materials for biohy-
drogen. Since some individual works discuss agricultural production projects, which are
inherent in risk, it was determined by literature analysis that they cannot be fully used
to predict the risk of investors in biohydrogen production from agricultural raw mate-
rials. The shortcomings include not taking into account the peculiarities of the project
design environment for the production of biohydrogen from agricultural raw materials,
which makes it impossible to justify the variable indicators of the value of these projects.
Moreover, the said works do not provide forecasting indicators of the changing market
conditions. It is this component of the project environment that significantly influences the
quality of valuation for investors of biohydrogen production projects from agricultural raw
materials.

To eliminate the shortcomings of the mentioned investor risk forecasting tools in
the projects dedicated to biohydrogen production from agricultural raw materials, a pro-
prietary approach was proposed. It provides modeling simulations of project works to
determine the cost of the implementation of the said biohydrogen production projects in
terms of resources and design environment. Thus, the proposed approach eliminates the
disadvantages of existing methods.

In the approach, the market value of agricultural raw materials for biohydrogen
production is predicted based on statistical data, using probability theory and mathematical
statistics. Thus, the changing nature of the market price of biofuel raw materials is taken
into consideration. Taking into account the stochastic market and the conditions for
the production of agricultural raw materials for biohydrogen, the approach provides a
qualitative assessment of the profit risks in these projects.

To accelerate the profit risk assessment in the projects dedicated to the production
of biohydrogen from agricultural raw materials, the Department of Information Systems
and Technologies of Lviv National Agrarian University developed a suitable software,
which was then used in the research to forecast the investment risk in the said biohydrogen
production projects. The software provides calculations of quantitative indicators of risk of
investors in biohydrogen production projects from agricultural raw materials, as well as
trend visualizations.

It was determined that the increase of the scale of biohydrogen production from
agricultural raw materials, and the relevant technology level, over ten years will reduce the
cost of raw materials. At the same time, over the next ten years, biohydrogen production
from agricultural raw materials will attract more investors, as the projects will become
profitable, with acceptable risk levels.

Analyzing the trends in the quantitative indicators of investor risk of biohydrogen
production projects from agricultural raw materials (Figures 4 and 5 and Table 2), we can
say that from year to year biohydrogen production projects from agricultural raw materials
will be more relevant and attractive to investors.

The proposed approach and stages of the research are the foundation of the decision
support system for risk planning in the biohydrogen production projects, as they will
provide a qualitative and accelerated quantitative assessment of these risks. This will
significantly accelerate the decision-making processes regarding the quantitative risk
indicators of the projects as per given production conditions, as well as increase their
accuracy.
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The conducted research is useful for project managers involved in the projects ded-
icated to biohydrogen production from agricultural raw materials, as well as for the
community leaders and agricultural enterprises that plan to launch the production of
biohydrogen from agricultural raw materials.

7. Conclusions

Based on the analysis of the state of the art and practice of biohydrogen production
from agricultural raw materials, the relevance and feasibility of the relevant projects have
been established. However, the tasks of qualitatively forecasting the value of investors in
biohydrogen production projects from agricultural raw materials remain unsolved.

The proposed approach, and the applied forecasting software, are based on simulation
modeling. They take into account the stochastic market, and the production conditions of
these projects, allowing for high-quality and accelerated risk assessment in biohydrogen
production projects.

Based on the research, it is established that the forecasted increase in the biohydro-
gen production projects, and the related technologies, will reduce the total biohydrogen
production costs. Starting in 2030, 80% of biohydrogen production from agricultural raw
materials.

The profitability change tendencies in the projects dedicated to the production of bio-
hydrogen from agricultural raw materials were established, taking into account the project
requirements. In particular, in 2030, at the minimum return request of 0.1–0.2 $/kg, the risk
of obtaining biohydrogen from agricultural materials will be “acceptable”, at 0.3–0.5 $/kg—
“average”, at 0.6–0.8 $/kg—“high”, and at over 0.9 $/kg—“critical”. At the same time, in
2050, these indicators will significantly improve. Along with the changes in the minimum
return on investment in biohydrogen production at 0.1–1.0 $/kg, the projected profit risk
will change from “minimum” to “average”. This indicates that the biohydrogen production
from agricultural raw materials will be more relevant and more attractive for investors
with every year.
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