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Abstract
The purpose of this study is to develop a natural gas simulation model for costs optimization. The main focus of the 
model is on the transmission system since its imbalance leads to the penalties which must be paid by the suppliers. The 
total nominated amount of natural gas (the gas injected into the transmission system) must be consumed (withdrawn 
from the system) in order for the system to be in balance. In practice, this is not the case since it is very hard to accurately 
predict the future hourly consumption (in order to make a nomination) and certain deviations appear which leads to 
the imbalance. However, this problem could be solved by introducing a special electromotor valve which would be 
placed at the beginning of the distribution system and control the accumulation of the system. To test this solution, a 
simulation model was created using Arena Simulation tool. Data for the simulation model are collected by the natural 
gas distributor and consist of natural gas consumption and nomination values for one measuring-reduction station on 
the hourly basis. Thus, the final dataset includes 8.754 records. The separate As-Is and To-Be models for seven (summer) 
months were made and the results were compared. The simulation experiment shows that the positive rebalancing 
energy would be reduced by 32%, and the negative one by 34%. The created model can serve as a good initial step 
for the analysis of the justification of investment in the implementation of a technical solution that would manage the 
accumulation of the distribution system.

Keywords Computer simulation · Energy · Arena Simulation · Natural gas

1 Introduction

Supply chains are formal or informal creations of relation-
ships and activities between business subjects who, in 
their interactions, bring a product and/or a service to the 
end customer. The natural gas supply chain, in the physical 
sense, is a complex energetic system in which five basic 
participants can be identified—the natural gas producer, 
natural gas transporter, along with gas storage, natural gas 
distributer and the consumer of natural gas. With the aim 
of liberalizing and de-monopolizing (separating the physi-
cal infrastructure from the market) the energy market, and 

the natural gas market along with it, special companies 
dealing with energy were introduced. These companies 
perform the job of traders and suppliers of individual mar-
ket categories with the usage of the aforementioned tech-
nological infrastructure. In such conditions, it is necessary 
to define special rules of behavior for all the participants 
in the energy, i.e., natural gas sector. The participants of 
the entire supply chain in the natural gas sector are organ-
ized into so-called balance groups in order to synchronize 
the system according to the mater of material, energetic, 
financial, information flows and the flows of legal conduct. 
The rules of the organization of the natural gas market 
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[19] define the balance group as an “interest association 
of participants in the natural gas market, organized on a 
commercial basis, primarily for the purpose of balancing 
and optimizing the balancing costs, for which the leader 
of the balance group is responsible.”

Figure 1 shows the natural gas supply chain, its physical 
flow from production to the end-customer, as well as the 
main participants on the Croatian gas market.

The current system of natural gas supply in the 
Republic of Croatia (which acquired its regulatory legacy 
from the European Union) functions on the balancing 
principle. The main task of the balance group leader is to 
ensure that the total nominated amount of gas injected 
into the transmission system (from own production, 
import or underground gas storage) is extracted by 
the distributor. However, seeing as how it is relatively 

difficult to precisely estimate the total amount of natural 
gas needed for the following gas day, an imbalance of 
the transmission system emerges, whether it is because 
of a surplus of the nominated amount which was not 
withdrawn, or a deficit of the nominated amount com-
pared to the one withdrawn from the system. Because 
of the imbalance of the transmission system, the bal-
ance group leaders are penalized, since they are the ones 
who caused the imbalance above the limits allowed. The 
balance group leaders will charge that amount to the 
suppliers who withdrawn more or less natural gas from 
the nominated amount. Šebalj et al. [20] have, based on 
the data on household consumption and the nomina-
tions given by the Croatian supplier/distributor of nat-
ural gas, showed the difference between the nomina-
tions and real consumption in various time frames. They 

Fig. 1  Natural gas supply chain in Croatia (made by authors)
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concluded that the difference is increased by narrowing 
the timeframe.

Even though technical systems for production, storage, 
transmission and distribution are usually firmly defined 
and standardized systems, due to the dynamic of their 
functioning, they still have a limited possibility of adapta-
tion which can be used for balancing. The first such pos-
sibility is the limited flexibility of the transmission system 
which can endure relatively high loads in relation to the 
foreseen stable states (pressure of 50, or 75 bar). The sec-
ond possibility is the eventual flexibility of the distribution 
system. Given that the owners of distribution systems are 
responsible for the development and maintenance of the 
distribution network, their current under-capacity running 
can also be seen from the data of the usage of capacities 
of the larger distributors, which enables them to consider 
using the reserves in regard to the acceptance of errors 
in the over-nominated gas amounts. Such a possibility 
is particularly interesting to vertically integrated energy 
companies (which are owners of distribution systems and 
function as suppliers on the natural gas market).

A technical solution, in the form of a special electro-
motor valve, which could achieve the synchronization of 
the transmission system, would be set at the entry of the 
distribution system and would control the accumulation 
in it. Such a solution primarily has the aim of compensat-
ing for errors in nominations when they are a result of 
hard-to-predict (suddenly changing) variables of natural 
gas consumption and should be applied in a short time 
span. Good prognosis models for natural gas consumption 
(for instance, various machine learning methods or other 
mathematical and statistical models) and their consistent 
application still remain the primary demand made to the 
suppliers, i.e., balance group leaders. The overview of such 
methods can be found in the research conducted by Šebalj 
et al. [21]. In this paper, that potential technical solution 
will be tested by a computer simulation, more precisely by 
combination of discrete and continuous simulation.

The main research question is—can a technical solu-
tion, within the limits of allowable solutions in distribu-
tion system, compensate for the errors in nominations and 
minimize the balancing costs of the balance group?

The literature in which various simulation models were 
used, especially those which are discrete or continuous, 
and in the area of the transmission and distribution system 
of natural gas, is very limited. There are only a few papers 
relating to this method of analysis and testing of the natu-
ral gas supply chain. Even if there are papers related to 
the transmission system, they only relate to some part of 
it. The most complete simulation model, for the purpose 
of creating a program solution for decision-making in the 
natural gas business, was created by Romo et al. [17]. In 
their research, they showed the process of developing 

and using a tool for decision-making during natural gas 
transmission, called GassOpt, used by the main Norwegian 
operator of the StatoilHydro transmission system, and it 
serves to optimize the transmission network. The basic 
variables used in this program solution are the total flow 
of gas, the flow of gas between different knots where the 
gas lines connect and the entry and exit pressure of each 
gas pipeline. Using the GassOpt application, the transmis-
sion system operator can control the flow of natural gas 
in the transmission system, make eventual reallocations of 
capacities, enable the reservations of transport capacities, 
long-term planning and investments, etc. An encompass-
ing model of the gas pipeline system was developed also 
by Nimmanonda et al. [13]. They developed a computer 
simulation model of the gas transmission system which 
included natural gas properties, energy balance and the 
mass balance. The user can use the presented model to 
create a system of a natural gas pipelines, by choosing the 
properties of natural gas, pipe diameter and compressor 
capacity. Given that the consumption of natural gas varies 
in time, the dynamic simulation model was created also 
in order to show key variables of the gas pipeline system 
and give guidelines to users on how to manage the system 
in a correct way. Matko et al. [11] presented three differ-
ent models of the natural gas system and, based on them, 
performed a simulation in order to see the deviation of 
those models from a real system. Eparu et al. [6] analyzed 
the dynamic flows transpiring in the natural gas transmis-
sion system in Romania. In order to gain the best possi-
ble insight into the processes, they created a simulation 
of the transmission system in the Simone simulator, the 
best-known numerical simulator used by the majority of 
European and Asian countries to manage the natural gas 
transmission network. They included pipelines, valves, reg-
ulators, compressor stations, gas sources, and consumers 
into their simulation. They concluded that the hourly, daily, 
and yearly household consumption, as well as the fluctua-
tions in the industrial consumer supplying, are what influ-
ences gas flow dynamics the most. Several papers were 
also noted in which the combinations of discrete and con-
tinuous simulations were used. For instance, Kbah et al. [8], 
using a combination of a discrete and continuous simula-
tion, created a model of an oil and natural gas supply chain 
in their paper. After setting the model and its validation 
in order to confirm concurrence with a real oil and natural 
gas supply chain, the “what-if” scenarios were analyzed. 
Lately, studies related to the natural gas supply chain mod-
els deals with different optimization models. For example, 
Becerra-Fernandez et al. [3, 4] used system dynamics mod-
eling to present the natural gas supply chain in Colombia. 
The results allow them to compare the behavior of produc-
tion and transport levels on the one side, and the behavior 
of the demand on the other side. That comparison helps 
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to identify capacity levels to be developed taking into 
account implementation times and percentage of the 
coverage in the supply. The research conducted by Dara 
et al. [5] focuses on the optimization analysis of the natural 
gas supply chain performed on a Middle Eastern country. 
They have built the model which aims at maximizing the 
net profit of the gas network through optimum allocation 
of gas across the supply chain components. Zarei et al. 
[24] presented a mixed integer linear programming (MILP) 
model which minimizes total cost and optimizes gas flow 
between supply chain nodes through pipelines, location 
of facilities and pipeline routes. The model was applied 
to a real case study from Iran’s natural gas supply chain. 
A multi-simulation MILP model was developed by Zhang 
et al. [26]. Their model is based on Monte Carlo sampling 
and captures four seasons, three states of natural gas and 
four transport options. Arya and Honwad [1] researched 
another problem. For very long distances, natural gas is 
transported by the pipelines since they are the most eco-
nomic and safe type of gas transportation. While flowing 
through the pipeline, gas pressure and energy are lost 
due to friction and elevation so the compressor stations 
must be installed. Their task is to maintain the pressure 
and flow of gas. The energy required for running compres-
sors is obtained by a portion of the natural gas flowing 
through the station. Authors estimated that 3–5% of the 
transported gas is consumed by the compressors. So they 
developed a steady-state model which includes gas flow 
dynamics, compressor station characteristics and mass 
balance to minimize fuel consumption.

In addition to modeling the natural gas supply chain, 
the use of discrete-event simulations has also been 
reported in papers related to other supply chains, such as 
bioenergy or electrical energy. For example, a somewhat 
similar simulation model, which has been developed in this 
paper, was made by Paulista et al. [14], but from the field of 
electrical energy. Using simulation software Ururau they 
analyzed the behavior of the consumption and generation 
of electrical energy in conjunction with other variables of 
the process. There were several papers in which simulation 
models from the wood industry were used. Prinz et al. [16] 
used discrete-event simulations to investigate how new 
vehicle types would affect the cost and energy efficiency 
of the entire wood chip supply chain. Mobini et al. [12] 
developed a discrete-event simulation model to evaluate 
the cost of delivered forest biomass in Canada. Pinho et al. 
[15] modeled a biomass supply chain using discrete-event 
simulation by the computer platform SIMEVENTS in order 
to predict future system behavior scenarios. Forest bio-
mass supply chains in Finland and Germany have been the 
subject of research in paper written by Windisch et al. [22]. 
They used mapping to clarify the business processes in the 
supply chain and then discrete-event simulation approach 

to estimate work time expenditure for organizational and 
managerial tasks. Windisch et al. [23] also used discrete-
event simulation to measure the effects on wood supply 
chain productivity. They show that the information-based 
approach increased the productivity in terms of energy 
output of the supply chain. Zhang et al. [25] developed a 
simulation model, using Arena Simulation software, as a 
tool for supply chain management, especially for selection 
of the optimal biofuel facility location, logistics design and 
inventory management. Their model includes several sup-
ply chain activities, such as biomass harvesting/process-
ing, transportation and storage.

The main goal of this research was to suggest a simula-
tion model of the natural gas supply chain which will rep-
resent the basis for a technical solution in the distribution 
system that would compensate for the errors in natural 
gas nominations.

The paper is organized as follows: in Sect. 2 method-
ology is described, Sect. 3 represents the results of the 
simulation experiment, and Sect. 4 gives a conclusion and 
states the limitations of the research, as well as the sugges-
tions for further research.

2  Methodology

The method of simulation was used to conduct this 
research. The simulation is an imitation of the operation 
of a real-world process or system over time [2]. It encom-
passes a collection of methods and applications to mimic 
the behavior of a real system, usually on a computer using 
appropriate software [9]. This research presented a com-
puter simulation, i.e., the process of shaping and creating 
a computer model of a real or suggested system for the 
purpose of conducting numerical experiments for the bet-
ter understanding of system behavior for the given set of 
conditions [9]. The same authors recommend precisely 
the computer simulations to study and analyze complex 
systems. According to Rossetti [18], the most important 
advantage of such modeling is that it possesses the ability 
to model the entire system and its complex inner relations 
and enables lower costs of conducting experiments on a 
model with the aim of making conclusions on how a real 
system might behave.

For the purpose of modeling the natural gas supply 
chain, this research will use a combination of discrete and 
continuous simulations, given that precisely this com-
bination is recommended by several authors who used 
simulations in the area of supply chain management (for 
instance, [8, 10]). The discrete part of the simulation relates 
to the hourly consumption and nomination values, while 
the continuous part represents the flow of gas through 
the system.
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In order to create the simulation model, the Arena 
Simulation is used, a commercial software used to 
develop and execute computer simulation models, 
developed by Rockwell Software. It uses the SIMAN 
simulation language through an environment which 
enables the creation of a model portrayed by a flowchart 
[18]. The Arena possesses the ability to verify the model, 
but it also contains tools which enable result validation.

Gas pressure in the distribution system will represent 
one of the performance metrics of the model. The simu-
lation experiment will test the ability of the distribution 
system to function under certain pressure, by changing 
the amount of accumulated gas. If the system can nor-
mally function with an additional gas accumulation in 
the system itself without the gas pressure going below 
around 1.5 bar or above 3 bar of the allowed limits, it can 
be considered that the simulation experiment was suc-
cessful. The other performance metric of the model will 
be the total amounts of positive and negative balancing 
energies and the accumulated amount in the distribu-
tion system. If it is shown that after a conducted simula-
tion experiment, the total amount of balancing energy 
will be reduced in comparison with the current state, the 
model will be considered successful.

After defining the problem, and prior to the creation 
of the simulation model itself, it is necessary to create a 
conceptual model which serves as the basis for creating 
a simulation and which shows the functioning of the gas 
system after the introduction of the suggested technical 
solution. According to Rossetti [18], the aim of the con-
ceptual model is to show a more detailed description of 
the system in order to be able to translate the model into 
a form that the computer can understand. Model creation 
should start with a simple conceptual model which shows 
the basic aspects and system behavior. After that, details 
which show additional system functionalities are gradually 
added. However, it is very important that the system com-
plexity remains proportionate to the quality of available 
data and their validity needed to achieve research goals.

A conceptual model which describes the basic aspects 
and system behavior in more detail is shown below (Fig. 2).

2.1  Data

The input data needed to create a simulation model 
were received from a company performing the task of 
supplier and distributor of natural gas. The data relate to 
the household sector, for the period from January 1st to 
December 31st 2017 and encompass the information on 
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Fig. 2  Conceptual model of the simulation experiment (made by authors)
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actual consumption and nomination from all measuring-
reduction stations of this company for every gas hour of 
the year (translating into a total of 8754 records). However, 
for the purpose of this research, the simulation model was 
created for just one measuring-reduction station with the 
maximum flow of natural gas (the greatest consumption 
by a household), with a capacity of 3 million kWh/day.

2.2  Simulation model

The simulation experiment starts with every gas hour 
given that the leaders of the balance groups are obligated 
to put in the nominations on an hourly level for the fol-
lowing gas day. This means that a total of 8754 entities 
(gas hours) will go through the simulation. It was origi-
nally imagined that the simulation be done on 12 sepa-
rate models, one model per month, in order to ensure 
the highest possible accuracy of the received data. After 
the simulation starts, two attributes will be created every 
gas hour—consumption (aConsumption) and nomina-
tion (aNomination). Given that the two aforementioned 
attributes need to be simulated for every gas hour in this 
experiment, a mathematical function needs to be entered 
which will perform this task for their values. Within the 
Arena Simulation software, there is also the Input Analyzer 
tool which serves to analyze the input variables. All the 
8754 entries (8754 gas hours in 2017) on consumption and 
nominations were copied into individual text files (.txt), 
for every month individually, and then imported into the 
Input Analyzer. In the Input Analyzer tool, a normal dis-
tribution is chosen for all input data, given the fact it is 
the most similar to real distribution of nomination and 
consumption. For the months of May, June, July, August 
and September, Input Analyzer did not provide satisfac-
tory results and mathematical function values due to the 
difference distributions of hourly values of nomination 
and consumption being too low in those months. Those 
are summer months, when gas is not used for heating 
households and its consumption is significantly reduced 
in relation to the other months. Therefore, the simulation 
experiment will not be conducted for the aforementioned 
5 months.

After the values received for consumption and nomina-
tion, the difference between these two values is calculated 
in order to make it possible to see, later on in the process, 
whether the nominated amount is larger than actual con-
sumption or vice versa.

The consumers constantly consume natural gas so it is, 
therefore, injected from the transmission system into the 
distribution system over the measuring-reduction station 
and then it goes to the place of consumption. When the 
consumption reaches the nominated amount, the elec-
tromotor valve, placed behind the MRS, closes the flow 

of gas and the remaining amount is withdrawn from the 
accumulation in the distribution system. For instance, the 
leader of a balance group has nominated an amount of 
1000 units for a gas hour. In that gas hour, households con-
sume 1200 units. After 1000 units of gas enter the trans-
mission system, the electromotor valve closes the flow and 
the remaining 200 units of gas will be withdrawn from the 
accumulation of the distribution system. However, prior 
to that, it is necessary to check whether the accumulated 
amount in the distribution system is sufficient to cover the 
difference and whether the pressure in the distribution 
system will fall below 1.5 bar after that, which is the lower 
limit until which the system can still function normally. 
If that is not the case, the electromotor valve is opened 
again and then the activation of positive balancing energy 
ensues, which will be paid, in the end, by the leaders of bal-
ance groups. In the opposite case, when the leader of the 
balance group nominated more gas than the households 
consume in an hour, the electromotor valve will open and 
inject the difference, up until the nominated amount, into 
the distribution system and, by doing so, will accumulate 
gas in the system itself and use it in cases when the con-
sumption is larger than the nomination. However, in case 
the pressure in the distribution system rises to a maximum 
allowable limit of 3 bar, the electromotor valve closes and 
the remaining gas is taken from the transmission system 
as negative balancing energy. The implementation of the 
potential technical solution leads to the fact that balance 
group leaders do not have to pay penalties because the 
transmission system will only withdraw the nominated 
amount, and the difference between that and the con-
sumed amount will be withdrawn from accumulation (if 
the amount of accumulation in the distribution system is 
sufficient).

The final appearance of the simulation model created in 
the Arena Simulation software is shown in Fig. 3.

For the stability of the model and getting the most 
accurate possible final results, the simulation experiment 
will be performed in 50 replications.

In the end, the procedure of model verification and 
validation was performed. Verification confirmed that the 
model is flawless and operates as it should. By running the 
model and tracking various parameters (consumption and 
nomination simulation, tracking the pressure in the gas 
pipeline system etc.) also meant performing the valida-
tion of the model and it was determined that the system 
faithfully represents the behavior of a real system. After 
the simulation, a comparison between the total simu-
lated nomination and consumption and the real nomina-
tion and consumption was performed (based on the data 
available from 2017). The results are shown in Table 1. It 
is visible that the difference between simulated and real 
values was between 1.6 and 7.8%, which is satisfactory.
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In order to answer the research question, it was also 
necessary to create a simulation model of the existing 
system (so-called As-Is model) and, by doing so, confirm 
whether the suggested solution can result in lower penali-
zation costs due to a less frequent balancing energy acti-
vation (positive or negative). In order for the comparison 
between these two models to be as accurate and precise 

as possible, the same mathematical function value was put 
in for the aConsumption and aNomination attributes as is 
stated in the To-Be model. Unlike that model, in case the 
consumption of natural gas in a certain gas hour is larger 
than the nomination, the difference cannot be balanced 
out by accumulation, but the positive balancing energy 
must immediately be activated. Alternatively, when the 
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Fig. 3  Simulation model (so-called To-Be model) of natural gas (made by authors)

Table 1  A comparison of simulated and real total values of nomination and consumption (made by authors)

Month Nomination (kWh) Consumption (kWh)

Simulated value Real value Difference (%) Simulated value Real value Difference (%)

January 97,453,596 95,480,130 2.1 102,056,756 100,496,129 1.6
February 66,764,685 64,042,688 4.3 64,203,821 62,197,024 3.2
March 34,415,911 31,944,243 7.7 35,173,045 33,400,273 5.3
April 21,943,760 20,928,890 4.8 22,971,483 21,557,969 6.6
October 16,418,835 15,805,007 3.9 16,791,883 15,944,603 5.3
November 40,414,355 38,912,010 3.9 40,614,391 39,364,214 3.2
December 66,697,994 61,869,819 7.8 64,735,219 63,146,851 2.5
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nomination is higher than the consumption, the negative 
balancing energy will be activated, i.e., there will be an 
overtake of extra gas from the transmission system and 
it will not be possible to accumulate it in the distribution 
system.

This simulation model is shown in Fig. 4.
The parameters which will be noted in the simulation 

experiment are different for the As-Is and To-Be models. In 
the As-Is model, those will be the total amounts of positive 
and negative balancing energy, while for the To-Be model, 
the total amount of gas injected into the distribution sys-
tem as accumulation will be taken as a parameter as well. 
That way, one can see whether the To-Be model will have 
an amount of activated balancing energy lower than the 
one in the As-Is model.

After defining the simulation model, a preliminary 
simulation run is performed. For both types of models 
(As-Is and To-Be), all 7 simulation models were initiated 
(for 7 months) in 50 replications per model and the pre-
defined statistical indicators of the simulation were noted. 
In Tables 2 and 3, the results gained by simulation experi-
ments are shown. In the results of the simulation experi-
ment, for every value there is also the so-called half-width 
value shown.

The comparison of the results of this simulation experi-
ment will be clarified in the following section.

3  Results and discussion

The research shown in this paper relates to the creation of 
a simulation model of the natural gas supply chain which 
would imitate a real system after the introduction of a sug-
gested technical solution which would compensate for 
errors in nominations. Due to the nature of the research 
problem, the simulation combined discrete and continu-
ous processes. The discrete processes represented the 
hourly consumption and nominations, while the continu-
ous processes were tied to a flow of gas into the system 
or out of it. The simulation model was created gradually, 
starting from a declaration of key variables needed for the 
model to function (nomination and consumption) right up 
until adding the process modules and making decisions in 
places where there are branches in the process. After the 
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Fig. 4  Simulation model (so-called As-Is model) of natural gas (made by authors)

Table 2  Simulation experiment results for the As-Is model (made by 
authors)

Month As-Is model

Positive balancing energy 
(kWh)

Negative balancing 
energy (kWh)

January 7,815,924 ± 630,201 5,429,429 ± 455,429
February 5,954,654 ± 495,670 6,686,413 ± 558,853
March 4,402,902 ± 500,233 3,860,564 ± 450,380
April 2,541,481 ± 344,141 2,094,868 ± 284,350
October 1,641,947 ± 238,212 1,522,438 ± 222,455
November 4,013,866 ± 390,083 3,761,979 ± 366,012
December 6,172,089 ± 516,318 6,852,806 ± 589,491
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end, the model was restarted and changed many times 
because the initial models did not faithfully represent the 
functioning of a real system. Therefore, the simulation 
model was upgraded until it satisfied validation. Valida-
tion was checked so that the difference between the total 
actual and total simulated amount of nominated and con-
sumed gas was under 10% (between 1.6 and 7.8%).

After the simulation was performed, it was possible to 
make a comparison between the As-Is and To-Be model 
presented in Table 4.

It is visible from Table 4 that even with the introduc-
tion of the presented technical solution, deviations would 
still be present and the balancing energy would not be 
completely removed, but it would be drastically reduced. 
The greatest reduction would be present in October—70% 
lower positive balancing energy and more than 73% lower 
negative balancing energy. Looking at the total values of 
all observed models, the positive balancing energy would 
be reduced by almost 32%, and the negative balancing 
energy by 34%. The reason for such a large reduction in 
deviations lies precisely in the fact that the distribution 
system, by accumulating gas, should withstand that dif-
ference, while its pressure would be within the allowable 
limits. Table 3 shows also the average pressure of the distri-
bution system after the simulation was performed. It was 
visible that the pressure was, on average, from 2.19 bars 
in January to 2.25 in February and December, which is a 

very small deviation from the 3 bars of pressure which is 
currently the maximum allowable pressure in the distribu-
tion system of the observed company.

This comparison shows that a technical solution can 
actually compensate for the errors that the leaders of bal-
ance groups make during nominations.

The model shown in this research would reduce the 
balancing of the transmission system by introducing 
the potential technical solution by over 30%. When talk-
ing about balancing, i.e., positive or negative balancing 
energy, in this case what is meant is the amount of gas 
necessary to take over/inject in order for that balancing to 
happen. Croatian Energy Market Operator (HROTE) uses its 
website to regularly publish monthly reports on trades on 
the trading platform, i.e., the sum of activated positive and 
negative balancing energy, which is the same as the mul-
tiplication of the amount of gas and the unit price of the 
balancing energy for every gas day in the month. Table 5 
shows the data on the total amount of activated balancing 
energy and the total costs for 2017.

From Table 5, it is visible that the transmission system 
operator in 2017, for the purpose of balancing the trans-
mission system, had to purchase gas for the value of over 
28 million HRK (around 3.7 million euros) and, for the 
same reason, sell gas worth over 40 million HRK (around 
5.3 million euros) on the trade platform. This means that 
the balance group leaders traded with the transmission 

Table 3  Simulation experiment 
results for the To-Be model 
(made by authors)

Month Positive balancing 
energy (kWh)

Negative balancing 
energy (kWh)

Accumulation (kWh) Average 
pressure in DS 
(bar)

January 6,334,114 ± 384,407 3,871,172 ± 270,861 1,861,297 ± 109,911 2.19
February 4,479,583 ± 337,089 5,290,064 ± 399,100 1,612,613 ± 123,441 2.25
March 2,833,030 ± 235,969 2,271,122 ± 205,739 1,989,918 ± 165,134 2.24
April 1,185,276 ± 126,235 737,951 ± 81,526 1,658,594 ± 170,628 2.21
October 490,253 ± 70,517 405,156 ± 5,880 1,294,878 ± 163,175 2.21
November 2,206,736 ± 198,030 1,977,972 ± 173,236 1,906,446 ± 170,457 2.22
December 4,620,952 ± 271,049 5,367,701 ± 324,416 1,949,287 ± 115,780 2.25

Table 4  A comparison 
between the As-Is and To-Be 
models (made by authors)

Month Positive balancing energy (kWh) Negative balancing energy (kWh)

As-Is To-Be Difference (%) As-Is To-Be Difference (%)

January 7,815,924 6,334,114 − 19.0 5,429,429 3,871,172 − 28.7
February 5,954,654 4,479,583 − 24.8 6,686,413 5,290,064 − 20.9
March 4,402,902 2,833,030 − 35.7 3,860,564 2,271,122 − 41.2
April 2,541,481 1,185,276 − 53.4 2,094,868 737,951 − 64.8
October 1,641,947 490,253 − 70.1 1,522,438 405,156 − 73.4
November 4,013,866 2,206,736 − 45.0 3,761,979 1,977,972 − 47.4
December 6,172,089 4,620,952 − 25.1 6,852,806 5,367,701 − 21.7
Total 32,542,863 22,149,944 − 31.9 30,208,497 19,921,138 − 34.1
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system operator on the trade platform and bought gas for 
a value of over 40 million HRK because of the surplus of 
gas in the transmission system. On the other hand, due to 
a deficit of nominated gas, they sold 28 million HRK worth 
of gas to the transmission system operator. Given that the 
negative balancing energy sum is larger than the positive 
one, the balance group leaders, in 2017, had to pay HROTE 
the stated difference of 12 million HRK (around 1.6 million 
euros). The largest amount of balancing energy was, as 
is expected, activated in the winter months, especially in 
February and March, due to less stable consumption and 
harder predictions.

4  Conclusion and policy implications

The basic purpose of this paper was to create a natural gas 
simulation model in order to test a solution which would 
compensate for the mistakes in nominations, i.e., predic-
tions of natural gas consumption. The transmission system 
must be in balance, which means that the amount of gas 
injected into the system (nominated gas) and the amount 
of gas withdrawn from the system (consumed gas) must 
be the same. Since it is very hard to accurately predict the 
nominated amount, the transmission system is often in 
imbalance and the cost of this imbalance is paid by the 
suppliers. This problem could be solved by the special 
electromotor valve that would be placed at the begin-
ning of the distribution system and would control the 
accumulation in the system. In case there is a surplus in 
the transmission system (because the amount nominated 
is larger than the one consumed), that surplus would accu-
mulate in the distribution system. In the other case, if the 

consumption would be larger than nomination, in case 
the distribution system has the sufficient amount accumu-
lated, the difference would be extracted precisely from it. 
In order to test this type of solution, the computer simula-
tion was conducted.

The software Arena Simulation was used to make the 
simulation model and the input data which served to set 
various mathematical functions was the data on consump-
tion and nominations given by a company which is a sup-
plier and distributor of natural gas. The data show informa-
tion for the household sector in 2017, and the simulation 
itself was done on the example of one measuring-reduc-
tion station with the greatest gas consumption. Thus, the 
dataset consisted of 8754 records. In order to be able to 
compare the simulation experiment results, the seven sep-
arate As-Is and To-Be models were created and the infor-
mation about the positive and negative balancing energy 
activated was noted, as well as the total accumulation of 
the distribution system for individual months. The results 
showed that by introducing the suggested solution, the 
positive balancing energy would be reduced by 32%, and 
the negative one by 34%, while the average pressure in the 
distribution system would be a satisfying 2.23 bar.

Given that the simulation model was created based 
on the available data from 2017 for the household sec-
tor, for the purpose of future research it is planned to 
acquire the data for the commercial sector as well and, 
by doing so, expand the model. Also, the model can be 
expanded to other measuring-reduction stations which 
the observed company has in its jurisdiction. That way, 
there would be an encompassing model for the entire 
distribution area and a comparison of results could be 
done for every exit from the transmission system. Also, 

Table 5  The sum of activated 
balancing energy in 2017 [7]

Month Positive balancing energy Negative balancing energy

Amount (MWh) Average 
price (HRK/
MWh)

Sum (HRK) Amount (MWh) Average 
price (HRK/
MWh)

Sum (HRK)

January 44,640 250.05 11,162,021 28,800 153.56 4,422,499
February 14,400 256.12 3,688,109 49,440 151.92 7,510,872
March 1920 213.33 409,584 59,520 120.89 7,195,397
April 19,989 227.01 4,537,802 12,449 95.02 1,182,846
May 10,545 232.83 2,455,237 15,211 106.19 1,615,223
June – – – 13,542 125.33 1,697,265
July – – – 4564 129.79 592,341
August – – – 4496 132.76 596,900
September 5134 206.01 1,057,652 4375 120.69 528,022
October 14,364 219.98 3,159,814 19,931 141.56 2,821,463
November 2316 204.90 474,545 40,426 132.50 5,356,580
December 5061 209.41 1,059,821 45,737 149.94 6,857,879
Total 118,369 28,004,584 298,491 40,377,286
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the assumption is that distribution areas in the Republic 
of Croatia differ by their characteristics and the charac-
teristics of their consumers. Therefore, it is planned to 
gather the data from other suppliers and/or distribu-
tors and see whether the introduction of this technical 
solution in those distribution systems would also sig-
nificantly reduce the activation of the balancing energy.

The benefits of implementing such a technical solu-
tion can be manifold. Since this solution, in combina-
tion with advanced methods of predicting future con-
sumption (e.g., using machine learning methods), would 
increase the accuracy of nominations, the need to acti-
vate balancing energy would be reduced and the trans-
port and distribution system would be more in balance. 
The result is lower amounts of penalties currently paid 
by suppliers due to incorrect predictions of nominated 
natural gas quantities. The simulation model developed 
in this paper showed that distribution system can accu-
mulate this additional amount of gas and withstand the 
potential pressure increase since it is currently under 
capacitated. This simulation model can serve as a good 
initial step to analyze the justification of an investment 
into the implementation of the technical solution. Cur-
rently, the largest limitation of this suggested solution 
is in the legal framework which does not allow interven-
tions of this type on the gas system. However, there is 
another potential problem. The accumulation of gas in 
the distribution system will only be accepted by those 
distributers who are, at the same time, suppliers. Why 
would a distributor accept to accumulate gas in his own 
system for some other supplier (who is in his own dis-
tribution area)? The only benefit here would be had by 
the supplier because, in case of error, he would not have 
to pay for balancing, but the distributor would have to 
invest further action to take care of the implemented 
technical solution, track the system functions, etc.

As was already stated, for the final implementation of 
the suggested solution, it is necessary to, first and fore-
most, create the legal framework. The greatest benefit 
will be had by the companies who are both distributors 
and suppliers of natural gas. Assuming, of course, they 
can pay for the investment into the solution in the first 
place.
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