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ABSTRACT: The sustainable management of energy production and consumption is one of the main chal-

lenges of the 215 century. This results from the threats to the natural environment, including the

negative impact of the energy sector on the climate, the limited resources of fossil fuels, as well as

the unstability of renewable energy sources — despite the development of technologies for obtaining

energy from the: sun, wind, water, etc. In this situation, the efficiency of energy management, both

on the micro (dispersed energy) and macro (power system) scale, may be improved by innovative

technological solutions enabling energy storage. Their effective implementation enables energy

storage during periods of overproduction and its use in the case of energy shortages.

These challenges cannot be overestimated. Modern science needs to solve various technological

issues in the field of storage, organizational problems of enterprises producing electricity and heat,

or issues related to the functioning of energy markets.

The article presents the specificity of the operation of a combined heat and power plant with

a heat accumulator in the electricity market while taking the parameters affected by uncertainty

into account. It was pointed out that the analysis of the risk associated with energy prices and

weather conditions is an important element of the decision-making process and management

of a heat and power plant equipped with a cold water heat accumulator. The complexity of the

issues and the number of variables to be analyzed at a given time are the reason for the use of

advanced forecasting methods. The stochastic modeling methods are considered as interesting
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tools that allow forecasting the operation of an installation with a heat accumulator while taking
the influence of numerous variables into account. The analysis has shown that the combined use
of Monte Carlo simulations and forecasting using the geometric Brownian motion enables the
quantification of the risk of the CHP plant’s operation and the impact of using the energy store on
solving uncertainties. The applied methodology can be used at the design stage of systems with
energy storage and enables carrying out the risk analysis in the already existing systems; this will
allow their efficiency to be improved. The introduction of additional parameters of the planned
investments to the analysis will allow the maximum use of energy storage systems in both indu-
strial and dispersed power generation.

KEYWORDS: energy production, energy storage, consumption forecasting, Monte Carlo simulation

Introduction

Global economic growth and technological development are the reasons for an increased
demand for energy — both electricity and heat. While increasing energy production is limited by
the depletion of fossil fuel resources, the production based on these fuels results in irreversible
ecological consequences. The consequence of actions taken is the adoption of system solutions
aimed at the reasonable and sustainable management of fossil fuels, reducing the negative im-
pact of the energy industry on the environment, and the rational energy economy; this can also
be obtained by reducing consumption. The development of modern production technologies,
including, among others, renewable energy sources, has a significant impact on the situation
on the energy market. However, they have a significant disadvantage — the mentioned sources,
despite increasing the efficiency of the installation, are characterized by unstable operation. The
production of energy from RES largely depends on atmospheric conditions, which can contri-
bute to both excess electricity produced and shortages in times of increased energy demand.
Therefore, the energy industry is still based on conventional sources including fossil fuels and
on nuclear power plants, despite the fact that some developed countries (e.g. Germany) have
abandoned their nuclear programs after the Fukushima Daiichi nuclear disaster in 2011. The
depleting resources of fossil fuels and the unstability of renewable energy sources, including
the changing energy demand depending on atmospheric conditions or industry demand, have
resulted in a large-scale studies of the possibilities of storing excess energy produced and using
it during periods of increased demand (Graus et al. 2011).
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1. Energy storage

Energy production involves the use of fossil fuels, renewable sources, or nuclear fuels and
their conversion into kinetic, potential, electrical, and heat energy (Fig. 1). This energy can be
stored in storage systems including, among others, flywheels, pumped storage power plants,
batteries, reversible fuel cells, or heat or cold storage tanks (Wojciechowski 2017).

Energy sources:
FOSSIL FUELS
NUCLEAR FUELS
RENEWABLE ENERGY SOURCES

Energy type
ELECTRICTY
HEAT
COLD
KINETIC ENERGY
POTENTIAL ENERGY

Energy storage
BATTERIES
REVERSIBLE FUEL CELLS
HEAT OR COLD STORAGE TANKS
FLYWHEELS
PUMPED STORAGE POWER STATIONS

Fig. 1. Primary energy sources, energy conversion and storage (Wojciechowski 2017)

Rys. 1. Zrodia energii pierwotnej, ich konwersja i magazynowanie

Almost 50% of energy consumed in Poland is heat energy (Central Statistical Office of Po-
land 2017). At the same time, it is the main type of energy consumed in households — over 80%
of the energy is used for heating and hot tap water.

For this reason, heat storage systems, the classification of which is shown in Fig. 3, are
currently widely used in the micro scale in distributed (Basecq et al. 2013) and individual instal-
lations, households (Nuytten et al. 2013) collective heating systems, and the municipal sector
(Parra et al. 2017). The growing energy consumption and the volatility of the market situation
were the reasons behind the interest of the industrial power sector in heat accumulators (Droste-
-Franke et al. 2012). The use of heat accumulators is particularly effective, due to the ability to
operate in cogeneration plants, in the case of CHP plants.
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Fig. 2. Classification of energy storage systems in terms of physical parameters (Fisch et al. 1992)

Rys. 2. Klasyfikacja magazynow ciepta w zalezno$ci od parametrow fizycznych

2. Energy production in CHP plants

Heat is generated as a result of the chemical conversion of fuel in a steam boiler, where it
serves to heat and evaporate the water and to superheat the generated steam, the energy of which
is transformed in the turbine into mechanical energy and passed, through the drive shaft, to the
electricity generator. The production of electricity in a traditional condensing power plant is
characterized by low generation efficiency (below 40%) due to the generation of waste heat that
is not used (Szramka 2001). Thanks to the use of modern technologies, this efficiency can be
raised to around 55%.

A higher efficiency of energy production (over 75%) is obtained by cogeneration units, me-
aning combined heat and power (CHP) plants. The efficiency of energy production in cogenera-
tion systems is shown in Fig. 3. In the above mentioned plants, waste heat, which is irretrievably
lost in the case of conventional power plants, can be used for heating. It is used to increase the
temperature of water in district heating systems or for the heating of utility water. In addition, the
steam expanded in the turbine can also be used as a technological medium.

Cogeneration or combined heat and power (CHP) is therefore the production of electricity
and heat in a single process using the same fuel for two different uses. From the point of view
of economics, the combined heat and power generation is a transformation of the stream of
investment outlays and operating costs into the stream of revenues from the sale of electricity
and heat.
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Fig. 3. The efficiency of energy production in cogeneration units (Paska 2005)

Rys. 3. Efektywno$¢ produkcji energii w kogeneracji

3. The operation of combined heat and power plants
in the energy market

Due to the specificity of energy production in cogeneration systems, i.e. the production of
both electricity and heat, combined heat and power plants operate in two energy markets and
thus under different conditions at the same time.

Heat production and trading is a regulated market and subject to statutory restrictions. The
Energy Law act obliged, among others, the producers of heat to ensure the continuity of supply;
at the same time district heating tariffs are regulated by the President of the Energy Regulatory
Office. Therefore, companies cannot set heat prices and are obliged to ensure adequate pro-
duction regardless of market conditions. In turn, the energy demand is dependent on weather
conditions, such as outdoor temperature, insolation, or wind speed. These conditions are subject
to uncertainty, which could be a risk in the operation of CHP plants. Furthermore, back pressure
turbine cogeneration systems (such a system is more efficient compared to a condensing turbine)
are associated with operational restrictions related to the simultaneous production of electric
energy and heat.

CHP plants are interested in producing as much electricity as possible while giving priority
to heat generation. The question of electricity production is particularly important when a combi-
ned heat and power plant can sell it with a profit in the balancing market. The price of electricity
on the balancing market is difficult to predict.

Favorable prices in the balancing market allow additional electricity sales from CHP plants.
It should be noted that the production of additional electricity is not always possible due to limi-
tations resulting from:
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4 The heat market (obligation to ensure heat supply),

4 Production technology (in the case of reduced heat demand, heat and power plants need to
reduce electricity production).
The technological solution in the situation of imbalance in the production of electricity and
heat in a CHP plant is the use of heat accumulators, which can:

4 Store the excess heat produced in cogeneration systems that cannot be transferred to district
heating,

4 Use the energy stored in the accumulator in the case of energy shortage.

4. The simulation of the use of a heat accumulator in combined
heat and power plants
4.1. The model of the CHP plant’s production control system

As mentioned above, the operation of the combined heat and power plant as a system (Fig. 4)
is subject to constant disturbances.

Wind speed

Balancing market
Temperature

The ordered electric The electric power

it generated
- { The energy and heat
The ordered thermal generaﬁon

power ‘ control system

Heat accumulator charge
status

The thermal power
generated

Fig. 4. The energy and heat generation control system (own study)
Rys. 4. Schemat systemu sterowania produkcja elektrocieptowni
The input signals of the subject system are:

4 The ordered (for example, by a sales company) electric capacity, which, in accordance with
the demand schedule, the CHP plant is obliged to supply to the power grid,
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4 The thermal power ordered by a heating company (the transmission system operator),

4 Heat accumulator charge status.

In turn, the output signals are:

4 The electric power generated, which is supplied to the grid,

4 The thermal power produced, which is supplied to the district heating network.

As emphasized, the system is influenced by external factors — understood as disturbances:
4 The situation on the balancing market (additional electricity production and sales in case of

an electricity shortage),

4 Atmospheric conditions (wind speed, insolation, and outside temperature), which affect the
heat consumption by the district heating network operator; wind-chill, which has a direct
impact on the level of thermal comfort and increase or decrease in heat demand, is also de-
pendent on the atmospheric conditions.

Interfering signals are stochastic and associated with a risk. Therefore, in order to ensure the
efficient operation of the CHP plant, the proper use of the accumulator, which allows for the risk
caused by a high level of interference signals related to atmospheric conditions or the situation
in the balancing market to be minimized, is required.

The objective function is defined as the maximization of electricity generation — i.e. the in-
crease in the production of additional energy to the balancing market:

fix) =max Qerb (1

The decision-making process is hindered by the following obstacles:

Qemin < Qerb < Qemax 2)
Qemax < 0,5 Qtmax 3)
QOtmin < Qtz < Qtmax 4)
QOtmin < Qto < Qtmax 5)
Where:
Qemin  — minimum electrical energy produced in cognereation,
QOemax — maximum electrical energy produced in cognereation,
QOtmax  — maximum amount of heat produced in cogeneration,
Otmin ~ — minimum amount of heat produced in cogeneration,
Otz — ordered heat,
Qto — collected heat.
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4.2. The applied methods of risk assessment

The risk assessment is usually carried out with the use of:

4 Sensitivity analysis, where the influence of a single parameter — the explanatory variable
(e.g. price changes on the balancing market) on the explained variable (the final result of the
simulation) is examined,

4 Scenario analysis, with specific levels of several key parameters are assumed for various
event variants, while their impact on the explained variable (simulation results) is exami-
ned,

4 Stochastic analyses, where statistical methods using probability distributions of the expected
value of the analyzed parameters are used to examine the behavior of the model and the sta-
tistics of the final result.

In the discussed simulation of the use of heat accumulator, the Monte Carlo simulation (Prieto
et al. 2018) and geometric Brownian motion (Deb et al. 2017), used to model prices, were used.

The main parameters of the calculation:

4 The contracted capacity (thermal power),

4 The contracted capacity (electric power),

4 The air temperature,

were introduced into the model in the form of probability distributions created on the basis of

historical data covering the period analogous to the analyzed one — i.e. hourly distribution in two

selected weeks of the year. The simulation process correlated the forecasted outdoor temperature
with the predicted thermal power received by the grid operator (the correlation coefficient of

—0.8), which results from the fact that an increase in the outside temperature (e.g. an increase in

insolation) reduces the heat demand of consumers.

At the same time, the energy price on the balancing market and the Polish Power Exchange
was modeled, as mentioned, with the use of geometric Brownian motion based on historical data
from the two weeks preceding the analyzed period.

Two variants of the CHP plant’s operation were analyzed:

1. The option without energy storage — the produced heat can be transferred only to district
heating.

2. The variant using a low temperature heat accumulator, where, depending on the accumula-
tor mode, the energy surplus / shortage can be transferred to/from the accumulator.

To estimate the results of Monte Carlo simulation, 10,000 iterations were used, which was
sufficient for the stability of the resulting distribution of values.

To illustrate the results, the limit value of additional energy sales in the balancing market at
a level of 100 MWh, which is approximately twofold higher than the average production of the
combined heat and power plant without the heat accumulator, was adopted.
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5. The analysis of the obtained results

As a result of the simulation, the probability of meeting the electricity demand of the balan-
cing market, with and without the heat accumulator, was determined.

Fig. 5 shows the graph of the probability density (histogram) of obtaining the expected value
of the volume of energy for the variant without a battery, while Fig. 6 shows a graph of the cu-
mulative distribution function.
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Fig. 5. The probability density (histogram) of the expected electricity production — option without the heat accumulator

Rys. 5. Gestos¢ prawdopodobienstwa wartosci oczekiwanej dla wariantu bez akumulatora
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Fig. 6. The distribution of the expected electricity production — option without the heat accumulator

Rys. 6. Dystrybuanta wartosci oczekiwanej dla wariantu bez akumulatora
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In the variant without the heat accumulator, the probability of reaching the adopted limit
value of the electricity production for the balancing market is only 2.2%, which limits the ope-
rations of the combined heat and power plant to the contract market. The attempt to act as an
active player in the energy market is associated with a high risk of failure to achieve the assumed
parameters.

A different situation occurs when a low temperature energy storage system (in the form of
water heat accumulator) is implemented in the combined heat and power plant’s production
system. Fig. 7 shows the probability density histogram of the expected value of electricity pro-
duction obtained as a result of the simulation, while Figure 8 — the distribution of the expected
distribution. It is clearly visible that the risk of not achieving the assumed energy production in
the case of variant with a heat accumulator is only 5.1%.
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Fig. 7. The probability distribution (histogram) of the expected electricity production — option with the heat
accumulator

Rys. 7. Wykres gestosci prawdopodobienstwa wartosci oczekiwanej wielko$ci produkceji energii elektrycznej dla
wariantu z zastosowanym akumulatorem ciepta

Below, Table 1 summarizes the simulation results for variants without and with the heat
accumulator.

In the case of the maximum values, the production with the use of a battery is almost six fold
higher than without the heat accumulator; for medium values it is over 10 times higher.

Taking the price of 1 MWh (as mentioned earlier, estimated in the model using geometric
Brownian motion based on historical data from the 14 day period preceding the surveyed period)
at the level of 159.65 PLN/ MWh into account, the additional revenue of the CHP plant using
the heat accumulator from energy sales in the balancing market is estimated in the range from
PLN 1.15 thousand to PLN 141.04 thousand (PLN 76.55 thousand on average). When compa-
ring the obtained values with the revenues of the CHP plant without the energy storage system,
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Fig. 8. The distribution of the expected electricity production — option with the heat accumulator

Rys. 8. Dystrybuanta wielkosci energii elektrycznej produkowanej z zastosowaniem akumulatora ciepta

TABLE 1. The results of Monte Carlo simulation of the electricity production for both options — without
and with the heat accumulator

TABELA 1. Zestawienie wynikow symulacji wielko$ci produkcji energii elektrycznej w wariancie
bez i z akumulatorem ciepta

The electricity produced [MWh] | With the heat accumulator | Without the heat accumulator
Minimum 7.25 0.00
Maximum 883.41 143.05
Mean 479.50 42.69
Standard deviation 210.01 25.93

the difference in revenues varies from PLN 1.1 thousand to PLN 69.7 thousand. Therefore, for
maximum values, the use of the accumulator increases the revenues by nearly 620%, while for
average values an increase of about 1000% can be observed.

Conclusions

The operation of the combined heat and power plant is associated with the risk resulting from
the situation on the energy market and the uncertainty caused by atmospheric conditions that
affect the heat demand. Wind, temperature, insolation, and electricity prices have a direct impact
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on the profitability of energy production. The effective management of the operation of a plant
producing both electricity and heat requires an analysis of the market situation. Risks associated
with fluctuations in electricity demand, while operating in a regulated heat market, can be mini-
mized by using energy storage systems. Accumulators allow for storing excess energy produced
and using it during periods of increased demand. At the same time, they allow for maximizing
the electricity production in the case of an insufficient demand for heat when generated in coge-
neration systems (back pressure turbines), which in turn allows revenues from electricity sales to
be increased. It is also worth noting that the use of energy storage allows for the more efficient
use of fossil and renewable energy sources, which, in turn, reduces environmental impacts of
the power sector. The use of stochastic methods for assessing the operational risk of a combined
heat and power plant enables designing operation parameters and a real-time analysis of the
situation. The use of Monte Carlo simulation in modeling the operation of a combined heat and
power plant allows the market situation to be analyzed while taking the dynamically changing
input data and thus, the current risk assessment, into account. The Monte Carlo simulation used
in forecasting the operation of heat accumulators allows for planning and optimizing the capacity
of heat storage systems already at the installation design stage.
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Pawel JASTRZEBSKI, Piotr W. SALUGA

Symulacja wykorzystania akumulatora ciepta w elektrocieptowni

Streszczenie

Zrownowazone zarzadzanie produkcja i zuzyciem energii stanowi jedno z naczelnych wyzwan XXI wie-
ku. Wigze si¢ ono z zagrozeniami stanu $rodowiska przyrodniczego m.in. wskutek negatywnego wplywu
energetyki na klimat, ograniczonosci zasobow paliw kopalnych, a takze niestabilnosci produkcji energii z wy-
korzystaniem zrodet odnawialnych — pomimo rozwijajacych si¢ technologii pozyskania energii ze stonca,
wiatru, wody, itp. W takiej sytuacji jednym ze sposobdw poprawy efektywnos$ci gospodarki energetycznej —
zardéwno w skali mikro (energetyka rozproszona), jak i makro (system elektroenergetyczny), moga by¢ inno-
wacyjne rozwigzania technologiczne umozliwiajace magazynowanie energii. Ich skuteczna implementacja
pozwoli na jej gromadzenie w okresach nadprodukcji i wykorzystanie w sytuacjach niedoboru.

Wyzwania te sg nie do przecenienia — przed wspotczesna nauka staje konieczno$¢ rozwigzywania r6znego
rodzaju zagadnien technologicznych w zakresie magazynowania, problemow organizacyjnych przedsigbiorstw
wytwarzajacych energi¢ elektryczng i ciepto, czy kwestii dotyczacych funkcjonowania rynkéw energii.

W artykule przedstawiono specyfike funkcjonowania elektrocieptowni z magazynem ciepta na rynku
energii elektrycznej w odniesieniu do zwigzanych z tym parametrow obarczonych niepewnoscia. Zwrd-
cono uwage, ze istotnym elementem procesu decyzyjnego i sterowania elektrocieptownia wyposazo-
ng w niskotemperaturowy wodny akumulator ciepta — jako systemem — jest analiza ryzyka zwigzanego
z cenami energii oraz warunkami atmosferycznymi. Ztozono$¢ zagadnien, liczba zmiennych, jakie na-
lezy przeanalizowa¢ w danym czasie sktania do zastosowania zaawansowanych metod prognozowania.
Uznano, ze interesujacymi narz¢dziami, ktore pozwalaja na prognozowanie pracy instalacji z magazynem
energii z uwzglednieniem wplywu wielu zmiennych moga by¢ stochastyczne metody modelowania. W wy-
niku zrealizowanych badaf pokazano, ze laczne wykorzystanie symulacji Monte Carlo i prognozowania
z wykorzystaniem geometrycznego ruchu Browna umozliwia kwantyfikacje ryzyka dziatalnosci elektro-
cieptowni i wplyw zastosowania magazynu energii na rozwigzywanie niepewnosci. Zastosowana meto-
dyka moze zosta¢ wykorzystana zarowno na etapie projektowania systemow z magazynami energii, jak
tez umozliwi¢ biezacg analiz¢ ryzyka w systemach juz funkcjonujacych; pozwoli to na poprawe efektyw-
nosci ich funkcjonowania. Wprowadzenie do analizy dodatkowych parametréw planowanych inwestycji
otworzy perspektywy maksymalnego wykorzystania wielko$ci magazynow energii zarbwno w energetyce
zawodowej, jak i rozproszonej.

SLOWA KLUCZOWE: produkcja energii, magazynowanie energii, prognozowanie zuzycia, symulacja Monte
Carlo
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