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The great majority of Hungarian electricity generating system's capacity is obsolete and needs to be
replaced. Current production is dominated by nuclear power and coal, whilst depending heavily on
imported electricity to cover demand. Official plans for the future envisage scenarios also greatly
dependent on fossil fuels and/or imported electricity. Currently, there are no specific plans for the large-
scale introduction of renewable energy sources or energy independence. This paper shows that it is

possible — with no significant change in structure — to develop an electricity power system for the
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scenarios.

country using a significant amount (25—30%) of renewable sources, which is less dependent on non-
domestic sources for generation and which is more environment friendly than the official, forecast

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Hungary is facing major challenges over the next decades if it
wishes to supply its own electricity needs in a secure, economical
and environment friendly way. Due to the fact that practically all of
its large! (>50 MW (megawatt)) power plants are to be retired
within 15 years, there will inevitably be major changes in the
country's system.

The Hungarian TSO (Transmission System Operator) analyses
the situation on a yearly basis and publishes the results. The two
basic scenarios they have built for the next decades could have
significant dangers both environmentally and in terms of energy
security. The proposed proportion of renewable sources is
extremely low compared to most other European Union countries,
and the scenarios are heavily reliant on non-domestic sources.

The current study aims to prove that the country is in a situation
where a secure and environment friendly electric power system
can be developed in future decades without having to significantly
restructure the electric power system, and that the implementation
of such a system is economically comparable to other scenarios. It
will do so by simulating and comparing the different paths for the
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! Throughout the paper, the units with a capacity >50 MW will be referred to as
large power plants and units with a capacity <50 MW as small power plants.
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Hungarian system over the coming years.

The method generally used for evaluating different paths for
energy systems is scenario based modelling. Major publications
which incorporate electric power, heating/cooling and trans-
portation into their respective country-size energy system models
include Lund and Mathiesen who explored the possibility of a 100%
renewable energy system (including electricity, heat and trans-
portation) in Denmark by 2050 with an intermediate step (50%
renewable by 2030) in between [1]. Cosi¢ et al. conducted a similar
research for Macedonia with the same time frame (2030 and 2050)
and renewable energy penetration (50% and 100%) [2]. Some
country-size analyses focus on the effect of one particular energy
source within the energy system. Novosel et al. recently published
an article researching the possibilities for reverse osmosis desali-
nation for Jordan [3]. The effects of a nuclear reduction strategy
were researched by Gota et al. for Romania [4].

Some models lay down the foundation for a detailed analysis of
a country's energy system. Connolly et al. [5] develop a simulation
model of the current (2007) system of Ireland for the purpose of
serving as a base for future analysis. Safian [6] conducted a similar
research for the 2009 energy system of Hungary, which is a sound
initial step and a stimulus for further analysis. The current study
takes the idea one step further and creates specific future state
scenarios.

Publications — similarly to the current study - focusing solely on
the electric power system of a country include the research of
Mason et al. on the possibility of reducing the fossil-fuelled
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electricity generation of New Zealand and replacing it with
renewable sources, such as wind and geothermal heat [7]. Krajacic
et al. created a model with a similar goal for Portugal, where they
researched the possibilities to replace the high proportion of im-
ported oil and gas within the country's energy system with
renewable sources [8]. Elliston et al. conducted a research for
Australia, where they explored the technological options for the
transition to a 100% renewable based electricity supply [9]. A recent
study — published by Cho and Kim - discusses the feasibility and
potential impact of establishing a renewable source based elec-
tricity supply system for Korea [10].

As the short literature review shows, the transition from tradi-
tional, dominantly fossil-fuel based electricity generation to a more
renewable and flexibly based system is a very timely question. Due
to the fact that Hungary is looking at a major transition in its
electric power system, developing a model in line with the leading
literature and detailed analysis seems essential.

2. The scope of the article

The primary goal of the article is to develop a model for the
electricity system of Hungary, which is capable of analysing future
scenarios. The developed model is used to simulate the current
plans of Hungary regarding the future of their electric power sys-
tem and an alternative system developed by the authors, which
seeks to model a conservative, realistically possible scheme inclu-
sion of renewable energy sources.

The results are evaluated and compared in terms of the security
of electricity supply, their effect on the environment, and their
economic feasibility. The security of supply will be evaluated by the
amount of domestic versus foreign sources for electricity produc-
tion and the renewable energy share within the system. Their effect
on the environment will be compared by their respective emission
intensity (gCO2 eq./kWh-e) and a detailed evaluation discussing
investment; operation and fuel costs of the scenarios will provide
the basis for comparison in terms of economic feasibility. A sensi-
tivity analysis will be conducted in relation to changes in electricity
demand and CO2 prices.

The study would like to show that it is possible to include a
significant amount of domestic and renewable energy sources in
the Hungarian electric power system without performing major
changes within the structure of the system - and also that this
would improve the energy security of the country, have a lower
negative impact on the environment, and would be comparable to
other (fossil fuel-based) scenarios financially.

3. Hungary's current electric power system

Most of the large power plants operating in Hungary are basi-
cally at least forty years old, the majority having been built in the
1960s and 1970s. There are, nevertheless, a few new, relatively
modern blocks installed at various existing plants, and some
peaking power plants are relatively new (post-2000). Please refer
to Table 1 for the details of the country's production capacities. The
data are from the latest year for which data were available (2013).

According to the Hungarian TSO [11] there were only two power
plants where the yearly capacity factor exceeded 63.8% and could
be considered to be a base load power plant. The two power plants
were the nuclear power plant in Paks and a coal fired power plant
in the Matra Hills. Although the share of the total capacity of natural
gas fired plants in the country is around 60%, these capacities are
rarely used and their use is continuously decreasing. In 2014 only

2 Hungarian threshold for base load power plants.

6.7% [12] of the total electricity consumed in Hungary was pro-
duced by domestic plants using natural gas, and most of that was
produced by CHP (Combined Heat and Power) plants which pri-
marily serve a district heating demand. The severity of the situation
for natural gas-fired plants is shown in Fig. 1, where it is clear that
their production is gradually being substituted by imported elec-
tricity. Even the newly (2011) built 433 MW power plant in Gony -
which theoretically could reach a 59% efficiency [13] - was being
operated on a low, 7.4%, capacity factor in 2014 [11].

The main reason for this trend lies is the nature of the European
Network of Transmission System Operators for electricity (ENTSO):
It seems that natural gas fired plants are currently not competitive
economically. This is not a Hungarian phenomenon, and the
decreasing involvement of natural gas fired plants for electricity
production is visible in the whole of the ENTSO system. The total
share of natural gas in the system has dropped from 16.0% in 2010
to 11.0% in 2014 [12]. The fact which makes Hungary's case special,
is that around 60% of the country's capacities are natural gas-fired
plants, and if they cannot be economically powered, the country
turns to imports, which, consequently, supplied more than one
third (33.9%) of the countries consumption in 2014 [12]. This puts
Hungary 4th on the list of net importers compared to total con-
sumption in the ENTSO system. Only Luxembourg (75.7%),
Lithuania (71.5%) and the Former Yugoslav Republic of Macedonia
(34.7%) have a bigger share of their consumption of electricity
originating abroad [12]. Although relying greatly on imported
electricity is not necessarily a problem, the fact that Hungary has a
total electricity generating capacity which is more than 140% of the
maximum load for the country (9127 MW to 6419 MW in 2014
[11]), it raises questions.

The answer lies in the structure of the 9127 MW capacity. Most
of the large power plants are obsolete, and gradually being
demoted into the tertiary reserve capacities and ultimately being
retired. Most of this will happen in the next 15 years, which could
result in the need to build a significant new capacities in order to
comply with capacity regulations.

3.1. The case of Paks and Paks Il nuclear plants

Paks in a small city located in the central area of the country, on
the banks of the Danube. It is best known for having the sole nu-
clear power plant in the country, operating four reactors with a
total capacity of 2000 MW. The power plant - in operation from
1982 - was always a major contributor to the domestic power
system and is now responsible for approximately 50—55% of the
total domestic electricity production. It recently had its operating
license extended until 2035. Hungary, however, will not lack a
nuclear power plant after that date, since the country has signed an
inter-governmental agreement to build new blocks for the nuclear
power plant, named Paks II., which will consists of two 1200 MW
reactors for a combined capacity of 2400 MW. Their commercial
operation is planned to be started around 2025 [14]. Although this
date might easily be delayed, it is possible that Hungary will
operate a total of 4400 MW of nuclear capacity for a couple of years.
It is very difficult to predict the potential length of the overlap
period, and so our research focuses on the time period (starting
from approximately 2030) when there is to be only one nuclear
power plant in operation.

4. Future plans

This chapter analyses the current plans of Hungary regarding
their electric power system for the next decades, and the analysis
considers both the demand and the supply sides using the plans
developed by the national TSO, the National Energy Strategy [15],
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Table 1
List of Power Plants and their electricity production characteristics. 2013 [11].
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Name of PP Capacity MW Capacity factor Input % of electircity produced Commissioned and on-stream
Paks 2000 87.7% Nuclear 50.7% 1986
Dunamenti (CHP) 1069 10.1% N.gas 3.1% 1976
Matra (CHP) 950 74.0% Coal 20.3% 1973
Tisza IL. 900 0.0% N. gas 0.0% 1979
Vértes Erémii (CHP) 240 38.5% Coal 2.7% 1960
Pécs (CHP) 120 46.6% Biomass 1.6% 1966
Bakonyi Erémt (CHP) 102 2.2% Coal, Biomass 0.1% 1962
Csepel II. (CHP) 410 26.5% N.gas 3.1% 2000
Gonyl 433 7.4% N.gas 0.9% 2011
Budapesti (CHP) 406 27.8% N.gas 3.3% 1972
Debrecen (CHP) 95 10.8% N.gas 0.3% 2000
BVMT 116 1.0% N.gas 0.0% 2011
Open Cycle Gas Turbines 410 0.3% N.gas 0.0% 1998-2000
ISD Power (CHP) 65 15.8% N.gas 0.3% 1953
Borsodi 137 0.0% Biomass 0.0% 1957
Tiszapalkonyai 200 0.0% Coal 0.0% 1959
Total large PP's 7653 - - 86.3%

Small CHP's (aggr) 986 31.4% N.gas 8.9% -
Small Bioth. PP's (aggr) 149 33.7% Biomass 1.5% —
Primer Renew. 409 26.5% RES 3.1% -
Total small PP's 1544 — — 13.7%

Total Hungarian system 9197 100.00%
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Fig. 1. Energy sources of electricity consumption of Hungary, 2009—2014, own edition, based on [12].

Table 2
Net electricity demand growth rate scenarios [17].
Scenario
A B C
Growth rate up to 2020 1.3% 0.9% 1.4%
Growth rate after 2020 1.0% 0.7% 1.2%

and the country's National Renewable Energy Action Plan (NREAP
[16]).

4.1. Demand side

The total demand and the maximum load that needs to be
supplied are difficult to forecast decades in advance. The Hungarian
TSO has devoted an individual publication to the issue of future
demand characteristics [17], where it develops three different
scenarios (Scenarios A-C) of the growth rate of the total net elec-
tricity demand® within the Hungarian electric power system
(Table 2). The calculations behind the projected values are based on

3 Power plants' own use and distribution losses are not included.

historical data which suggest that there is a high, positive corre-
lation between the GDP of Hungary and its net electricity use [17].
Scenario A predicts a steady growth due to the projected economic
growth and the moderately effective implementation of efficiency
measures in the system. Scenario B predicts a slower growth due to
wide implementation of efficiency measures in the electric power
system, while Scenario C forecasts a higher growth in the net
electricity use.

Based on the calculations using the forecast growth rate laid
down in the scenarios, the projected total net electricity demand is
expected to be between 44.7 TWh and 48.4 TWh in 2030 compared
to the current (2014) 39.5 TWh. Simultaneously, the maximum
peak demand is forecast to grow by around 70 MW/year, resulting
in an approximate value of 7500 MW by 2030 [17]. Please refer to
Fig. 2. The study of the TSO also acknowledges the importance of
active demand side management in the power system, but, due to
the high level of uncertainty surrounding forecasting by these
methods, it chooses to exclude them from its calculations.

4.2. Supply side

According to the analysis of the Hungarian TSO, only 4665 MW
of the currently operating capacity is going to be available by 2030,
which would mean that in order to be able to supply the maximum
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Fig. 2. Projected electricity use and peak load, Hungary. Own edition, data based on [17].

load and to comply with supply safety regulations, approximately
7300 MW of new capacity needs to be built [11]. Their study ana-
lyses two scenarios for the potential construction of this large
amount of capacity. One is where each currently proposed new
power plant is included (Version A), and one where only those
power plants are included which the experts at the TSO feel are
realistic, taking into account the current trend of the vast under-
utilization of natural gas fired plants (Version B). The proposed
plans for the two scenarios are listed in detail in Table 3.

It is important to note that the list of plants in Table 3 is merely a
projection, and there is no publicly available data of any specific
steps that have been taken apart from the proposed construction of
the Paks II. nuclear power plant. Scenario A lists a total of 3385 MW
of new, large natural gas fired plants, 180 MW of new, small natural
gas fired plants and a relatively modest amount of renewable en-
ergy based energy conversion units, out of which the use of
different kinds of biofuels and new wind turbines are dominant.
Scenario B takes into account the unlikely appearance of new large
natural gas fired plant construction and only calculates a modest
amount (1100 MW) of new OCGT's (Open Cycle Gas Turbines)
which are likely to be used as peaking power plants. Also Scenario B
predicts that by 2030 only one of the blocks of the new nuclear
power plant will be in operation, but the other block is to be built
soon afterwards. In terms of small plants Scenario B is identical to
Scenario A.

Table 3
List of planned new capacities by 2030, Hungary [11].
Capacity, MW Input
Version A Version B
Paks II. 2400 1200 Nuclear
Csepel IIL. 450 - N. gas
Tisza Il 1215 — N. gas
Szeged 920 — N. gas
Almasfiizité 800 - N. gas
OCGT 700 1100 N. gas
Small N.gas fired units 180 180 N. gas
Biomass and waste 671 671 RES
Wind turbines 600 600 RES
Hydro 20 20 RES
PV panels 70 70 RES
Geothermal plants 65 65 RES
Total: 8091 3906

The Hungarian Ministry of National Development has accepted
and published a National Energy Strategy [15] which proposes
several different scenarios for the supply side of the national
electric power system. Determined to be the most realistic is a so
called “nuclear-coal-green” scenario, which proposes the installa-
tion of a new nuclear power plant, the installation of a new coal
fired power plant (preferably with clean coal technology) and a
very modest increase in renewable energy utilization. Since the
publication date, the new nuclear power plant has been agreed on,
but there are no publically available data on specific steps taken for
the construction of the new coal-fired plant. The possible increase
of renewable energy utilization is analysed in the country's Na-
tional Renewable Energy Action Plan [16]. However, the plan only
contains plans until 2020, and only includes extremely modest
amounts of renewable sources.

4.3. Energy utilization potential

The following section will analyse the renewable energy utili-
zation potential for the country and introduce the plans for a
Pumped Hydroelectric Storage facility.

4.3.1. Solar energy potential

Currently Hungary has 22.6 MW of photovoltaic capacity
installed [18]. This is a 3.9 Watt per inhabitant installed capacity,
which is the 6th smallest value in the European Union [18]. Ac-
cording to [19] the amount of annual global horizontal irradiation
for Hungary is between 1100 and 1350 kWh/m? (depending on the
geographical location), which makes the country a relatively good
site for installing photovoltaic panels.

4.3.2. Wind energy potential

Hungary currently has 330 MW of installed wind capacity which
is responsible for around 2% of the total electricity production of the
country [11]. The volume of installed capacity makes up only 0.3%
of the total EU wind capacity [20], has not changed since 2011 and
there are currently no specific plans to increase it. According to the
analysis conducted by Ernst and Young audit firm [21], this is
because of insufficient grid capacity, high connection costs and a
very difficult permission-granting process. The European Wind
Energy Association (EWEA) came to a similar conclusion in ana-
lysing the case, but still stated that the country has a medium term
wind energy potential of 1.8 GW [22].
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The current research uses this 1.8 GW potential as a base
number for conducting the analysis. The wind speeds in Hungary
generally do not exceed 5 m/s. The mountain ranges and the north
western regions are considered the best possible locations (winds
exceeding 7 m/s) for the installation of wind capacities. Most cur-
rent wind farms are located in the latter region.

4.3.3. Geothermal energy potential

According to Geothermal Finance and Awareness in European
Regions (GEOFAR), Hungary has a unique geological position
astride the Pannonian Basin, where a few high-enthalpy resources
have been discovered [23]. The Geothermal gradient in Hungary is
50°C/100 m as an average (reciprocal geothermal step 20 m/°C),
which is about one and a half times the world average [24].

4.3.4. Biomass potential

The utilization of biomass in our case is twofold. We calculate on
the basis of the sustainable yield of forests and the secondary
agricultural by-products of the country. In both cases only the by-
products of sustainable cultivation are taken into consideration.
Currently, 22% of the country's area is covered by forests [25]. The
yearly yield is 13 million m?, of which 7 million is already utilized.
The remaining 6 million m> has the energy content of roughly
18.2 MWh (calculating with 0.76 g/cm® and 4 MWh/tonne). This
enables the operation of 759 MW of capacity with a 31% electric
efficiency and an 85% load factor. These capacities would be capable
of cogeneration in order to maximise the utilization of the input.

According to the Hungarian Central Statistical Office, there is
agricultural cultivation on more than 5.3 million hectares
(53 000 km?). The secondary agricultural by-products generally
yield 0.05—2 W/m?[26], so utilizing 10% of the potential amount
would enable the operation of 250 MW of additional capacity.

4.3.5. Pumped hydroelectric storage facility

In 2007, an impact study was constructed for the development
of a Pumped Hydroelectric Storage facility in the North-Eastern part
of Hungary [27]. The proposed facility had an electricity generating
capacity of 600 MW and a head of 220 m. Although the plan was not
implemented, the plans still remain valid. This energy storage fa-
cility is used as an essential factor of the proposed energy system.

5. Modelling the scenarios

The following section introduces the used method and the
software, followed by the specific details connected to the model
building process and the rules of simulation.

5.1. EnergyPRO

The tool used for the detailed analysis of the scenarios is ener-
gyPRO. EnergyPRO is a deterministic input/output tool able to
analyse energy systems in detail. The software was initially devel-
oped by Henrik Lund in the 1980s and later made commercial in
collaboration with EMD (Energy and Environmental Data) [28]. It is
capable of modelling electricity and heating/cooling related pro-
jects with a wide range of built-in technologies. It is highly cus-
tomizable, with access to databases for ambient conditions (NCAR,
CFSR(2)*), which enables the realistic modelling of intermittent
renewable sources such as solar- and wind power. The software is
used for a wide variety energy system modelling projects. The
research of Sorknaes et al. analyse how combined heat and power

4 NCAR: National Centre for Atmospheric Research, CFSR(2): Climate Forecast
System Reanalysis.

Table 4
List of total available capacities by fuel, 2030.
Capacity, MW BAU1 BAU2 ALT
Nuclear 2400 2400 2400
Natural Gas (CHP) 1746 1350 1350
Natural Gas (electricity) 5452 2057 2857
Newly built base load PP 3385 0 500
Pre-2015 PP 2067 2057 1257
Newly built peaking PP 0 0 1100
Biomass (CHP) 858 845 1074
Wind turbines 600 600 1800
PV panels 70 70 1400
Hydro 20 20 20
Geothermal plants 65 65 200
Clean Coal 0 0 600
Total 11211 7407 11 701
Hydro pumping station 0 0 500

(CHP) units can be economically feasible by providing balancing
services to the electricity system [29]. Wang et al. use it to model
the solar heat production in their CHP district heating system [30]
and to calculate the solar thermal output and the heat storage level
in their optimization model of smart hybrid energy systems [31].
Fragaki et al. explore the economic sizing of gas engines and ther-
mal storage for CHP and power plants [32], while Fragaki and
Andersen use the software to investigate whether CHP plants with
thermal stores could be suitable for sustainable energy production
[33]. Lund et al. used energyPro to investigate the possible strate-
gies for small CHP-plants in Lithuania [28], while @stergaard ana-
lysed the impacts of electricity, heat and biogas storage on
renewable energy integration [34].

5.2. Building the scenarios

In order to evaluate the electric power system of Hungary for
2030 and onwards, a similar simulation model needs to be built as
in the leading literature. The research develops and simulates three
different scenarios, Business As Usual 1 (BAU1) and Business As
Usual 2 (BAU2) and an Alternative scenario (ALT). The BAU1 and
BAU2 models are based on the Version A and Version B’ predictions
(please refer to the Future plans section), while the ALT model is the
representation of the results of the authors' research done on the
possibilities of the country regarding the improvement of its elec-
tric power system with regard to energy security, economic feasi-
bility and environmental consciousness. Please refer to Table 4 for
the summary of the installed capacities.

5.2.1. Modelling renewable sources

Modelling intermittent renewable sources is a more compli-
cated procedure than the modelling of conventional energy con-
version units. In the BAU1 and BAU2 scenarios the relatively small
number of PV panels and wind turbines are centralized on their
respective best location(s). In the ALT scenario, the photovoltaic
panels are installed mostly in households throughout the country.
The number of individual households in the country is 4.1 million
[35]. If 20% of these install a relatively small photovoltaic system of
1.7 kKW, the country would have a 1.4 GW of aggregated capacity.
The installation of photovoltaic power stations would also help
reach this level, which would result in a 142 Watt per inhabitant
installed capacity, which would still be under the current average
(171.5 [18]) in the European Union. The model uses this

5 With the exception of the new Nuclear power plant. It is assumed to be working
on full capacity by 2030.
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conservative amount of 1.4 GW of installed photovoltaic panels.

Since the amount of solar energy coming in at different locations
in the country can differ significantly at discrete points in time, the
study built a separate, small scale model simulating smaller
amounts of photovoltaic capacity installed at 32 separate locations
in Hungary and ran with data for three different years (2012—14).
The solar radiation and ambient temperatures for each hour and
each location are determined with the help of the CFSR(2) database
available through the energyPRO software. The approach to the
virtual installation of the 1.8 GW of wind capacity was similar to the
installation for the PV panels. A separate model was built with data
from 7 of the windiest locations in the country, and simulated with
data from three separate years (2012—14). The principle behind the
decentralized locations for both the solar panels and the wind
turbines is that the relative intermittency is lower than if the ca-
pacities were installed at centralized locations, thus decreasing the
volume of sudden changes in production. Please refer to Fig. 3 for
the graphical layout of solar panels and wind turbines.

In order to accommodate the amount of intermittent renewable
energy coming into the system, the previously discussed 500 MW
(60 GWh storage capacity) pumped hydroelectric storage was built
into the model. The storage is primarily used by the intermittent
resources, but can be accessed by other operating capacities if
needed. Please refer to Fig. 4 for the graphical representation of this
sub-system and Fig. 5 for graphical layout of the ALT model.

Regarding the biomass use, using only the sustainable yield of
forests and the secondary agricultural by-products would make it
possible to install roughly 1000 MW of CHP capacity. In order to
ensure that the scenario remains feasible, only 800 MWs of ca-
pacity is built into the system.

For the utilization of the geothermal potential, a conservative
value of 200 MWe of installed capacity was used. One of the best
locations for the installation of a geothermal plant is the south-
western part of the country, where a specific impact study was
made for the utilization of the 130 °C water [36]. A geothermal well
with a moderate yield (100—120 1/s) allows for the operation of a
250—-500 kW(e) ORC (Organic Rankine Cycle) plant. The cost of the
installation of such plants is relatively high (Table 8). For this
reason, the current research only calculates on a moderate amount
of 200 MW(e) capacity.

For the simulation of the demand side of the electric power
system the modest growth scenario is used (Table 2, Scenario A). It

[ centralized Wind
B Decentralized Wind
QO Centralized PV
@ Decentralized PV

is important to note that the developed model is capable of simu-
lation with any demand pattern if needed.

5.3. Rules of modelling

The scenarios simulate a point in time where the currently
operating blocks of the nuclear power plant are retired, and the
newly built ones are in operation.

The used methodology by energyPRO is an hourly analysis for
the year 2030, balancing the available supply and demand with
respect to priority and availability. The results are detailed energy
balances, economic results and emissions data for all three
scenarios.

The order of priority for production is the following: Nuclear
plant, CHP plants (both natural gas and biomass fired), renewable
sources, natural gas fired plants, imports. The Pumped Hydroelec-
tric storage is primarily used by intermittent sources. The pre-2015
built natural gas fired (non CHP) plants are not used in the simu-
lation and represent a tertiary reserve. The only exception for this is
the relatively new 433 MW Gonyt Power Plant (built in 2011).

All models calculate with the respective self-consumption of
power plants stated in Ref. [11], and a transmission loss of 7% within
the electric power system. The natural gas fired CHP plants only
operate when there is a heat demand, while the biomass fired CHPs
operate with an 85% capacity factor, simulating the current practice
of using these power plants year-round, regardless of heat demand.
The CHPs respective heat to electricity ratio (system average: 1.2:1)
and efficiency (system average: 61%) are defined with the help of
the official supply side analysis of the Hungarian TSO [11].

The model is capable of dynamically changing the transmission
loss of the system. The self-consumption of power plants can also
be changed. The simulation was run with data for the intermittent
renewable sources from 2012, 2013 and 2014. Since the results
showed practically no difference on aggregate level, the data from
the latest year (2014) were used for the results.

The scenarios were run and checked for every time step (hour)
in order to verify that they work according to specification.

6. Results

The results section includes the short summary and demon-
stration of the simulation, followed by the comparison based on

Fig. 3. Location of centralized and decentralized PV panels and wind turbines for the scenarios.
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energy security, environment consciousness and economic feasi-
bility and a sensitivity analysis regarding electricity demand and
CO2 prices.

Fig. 6 demonstrates a five-day period in the ALT scenario. The
production of the same type of power plants are aggregated for
better visualization, but the modelling procedure simulates each
power plant individually. The base power plants operate at full
capacity (no scheduled maintenance in the visualized 5-day
period), while the natural gas fired CHP's operate to fulfil their
respective heat demands. The intermittent energy sources either
produce to the power grid, or — in case of overproduction — to the
pumped storage. The energy in the pumped storage in the simu-
lation is used as soon as possible, but during actual use it will be
possible to use it in the light of electricity prices. Also, in the
simulation, the production of natural gas fired plants are cut back if
there is no demand, but during actual operation, it will be possible
for them to use the pumped storage facility if it is inefficient to
operate them under a certain load.

Fig. 7 graphs the source of domestically consumed electricity
adjusted for consumption. The volume of the nuclear production is
the same for all three scenarios. The excessive use of the newly built
natural gas fired power plants BAU1 can be clearly seen. The elec-
tricity production from the biomass fired CHP plants make up the
vast majority of the renewable share in the BAU scenarios. BAU2 has
a very significant amount of imports (41.3%), due to introducing
only a very small amount of new capacity. The ALT scenario looks
well balanced and diversified with major contribution from
renewable sources other than biomass. Appendix A shows the
detailed flow (Sankey) diagram developed from the results ob-
tained from the simulation of the ALT scenario.

6.1. Energy security

Energy security is evaluated by comparing the amount of

domestic versus foreign sources for electricity and renewable en-
ergy share. Both the source of the fuel used to generate electricity
and the amount of imported electricity in the system are included.
Table 5 summarizes the results.

As Fig. 8 demonstrates, from an energy security point of view
BAU1 and BAU2 hold a risk. Since for both scenarios, only 16% of the
used electricity is produced form domestic sources, the rest is
either produced domestically, but from a foreign fuel source, or is
imported electricity. The same can be said regarding the share of
renewable sourced electricity adjusted for consumption. The
alternative model has almost 40% of electricity use generated from
domestic sources, and almost 30% of electricity use from renewable
sources.

6.2. Environment

The impact of the different scenarios on the environment are
evaluated by their respective global warming potential, measured
by gram of CO2 equivalent emission/kWh-e produced. The data is
from the latest available publication by the Intergovernmental
Panel on Climate Change [37]. In all cases, the median lifecycle
emissions are used for evaluation. This way not only the direct
emissions are taken into consideration, but all the emission con-
nected to their respective infrastructure and supply chains. Please
refer to Table 6 for specific values.

Table 7 summarizes the specific, calculated results for all three
scenarios. It is important to point out that the emissions connected
to the imported electricity (making up 41.3% in the BAU2 scenario)
is not included due to the fact that it is practically impossible to
predict the future state of the whole ENTSO system 15 years in
advance. The lowest value for BAU2 in this case only means that
there is a large uncertainty, rather than that this is an optimal
scenario in this respect. The BAU1 and the ALT scenarios both
supply more than 97% of the demand from domestically produced
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6.3. Economic evaluation

electricity, and so their emission values can be compared. Due to
the larger volume of renewable sources — which tend to have lower
emissions than fossil fuel based energy conversion procedures —,
the total yearly emission of the ALT scenario is 35.1% lower than the
BAU1 model.

Table 8 summarizes the cost value for three different groups,
namely Capital cost, 0&M (Operations & Maintenance) and Fuel
cost, all projected to USD/MWh of produced electricity. Since the
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Table 5
Amount of fuel use (TWh).

Source Renewable Fuel input/Total Fuel input/Adj. For
consumption

BAU1 BAU2 ALT BAU1 BAU2 ALT

Nuclear Foreign  No 581 581 58.1 189 189 189

Natural gas Foreign  No 563 206 383 263 75 12.7
Coal Domestic No 0.0 0.0 11.2 0.0 0.0 5.0
Biomass Domestic Yes 198 198 302 6.6 6.6 8.1
Solar Domestic Yes n/a n/a n/fa 0.1 0.1 23
Wind Domestic Yes n/a n/a nfa 1.1 1.1 3.2
Hydro Domestic Yes n/a n/a n/a 0.2 0.2 0.2
Geothermal Domestic Yes n/a n/a n/a 0.6 0.6 1.7
Imported Foreign  n/a n/a n/a nfa 0.2 190 1.8

Total 539 539 539

scenarios simulate future states of the Hungarian electric power
system, it is also important to calculate with the potential change in
these costs. Table 8 demonstrates data from the publication of the
National Renewable Energy Laboratory of the U.S. Department of
Energy, which predicts the aforementioned costs for 2030 [38]. The
document contains predictions from a wide variety of respectable
institutions, including:

1. Energy Information Administration (EIA), model name: AEO

100% ‘ 0,3% 3,4%
80% ‘ 35,2% ‘
. ‘ ‘ ‘ ‘ ‘ 58,7%
60% ‘ 83,9% ‘ ‘ ‘ ‘
40% ‘ ‘ ‘ 49,0% ‘ |
20% | | | 37,9%
15,8% 15,8%
0%
BAU1 BAU2 ALT

Domestic = Foreign fuel

Foreign electricity

Table 6

Emission intensity (gCO2 eq./kWh-e) [37].
Nuclear 12
Gas - Combined Cycle 490
CCS Coal IGCC 200
Biomass 230
PV 41
Wind 12
Hydro 24
Geothermal 38

Table 7
Emission intensity (1000 ton/year).
BAU1 BAU2 ALT

Nuclear 227.1 2271 2271
Gas -Combined Cycle 12 891.2 3679.4 62324
CCS Coal IGCC 0.0 0.0 1009.3
Biomass 1507.9 1507.9 1860.6
PV 4.8 4.8 92.6
Wind 134 134 383
Hydro 4.2 4.2 4.2
Geothermal 21.6 21.6 64.0
Total 14 670.2 5458.4 9528.6

2. National Renewable Energy Laboratory (NREL), model name:
NREL-SEAC

3. Pacific Northwest National Laboratory (PNNL), model name:
MiniCAM

4. ICF International, model name: EPA

5. Electric Power Research Institute (EPRI), model name: MERGE

Since the predictions of these institutions do vary, we represent
our results based on each of the institutions' predictions.

Using the data from Table 8, the total cost of the three scenarios
are calculated with cost values from all five predictions. Since it is
extremely difficult to predict import prices, the scenarios calculate
with the current year ahead baseload comparison price for Hungary
which stands at 40.45 Eur/MWh (44.03 USD/MWh) [40], which was
determined by PLATTS, the leading independent provider of infor-
mation and benchmark prices for the commodities and energy
markets. Also the annual cost (capital + operation) of $2.6 million
was added to the ALT scenario, as determined in the impact study
on the hydroelectric pumping station for Hungary [27].

Table 9 shows that for all five predictions, the cost of the ALT
model is the highest. It is important to note that BAU2 is the least
expensive because it contains a large proportion of imports (35.2%).
If the relatively cheap fossil based electricity production is coming
to an end, than the BAU 2 scenario could be a highly risky one, and
in the long term, could easily prove to be the most expensive of all

3,4%

35,2%

BAU1 BAU2 ALT

B Renewable m Non-renewable Import

Fig. 8. Share of Domestic and Renewable sources.
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Table 8

Cost values [38].
$/MWh Capital cost 0&M Fuel cost
Model no. 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
Nuclear 29 38 30 38 50 12 12 11 12 28 13 13 12 13 13
Combined Cycle (N. gas) 8 9 9 9 11 3 5 4 3 8 39 42 36 41 39
Advanced Coal with CCS 20 35 22 23 35 8 9 9 8 24 17 20 18 20 20
Biomass 27 31 23 36 38 15 20 10 15 22 17 31 19 21 26
Solar — PV 182 84 155 255 319 6 3 14 6 179 0 0 0 0 0
Wind 45 38 39 66 74 8 7 8 9 36 0 0 0 0 0
Hydroelectric*[39] 71 71 71 71 71 4 4 4 4 4 7 7 7 7 7
Geothermal® 43 43 33 130 130 20 23 10 23 23 0 0 0 0 0

—_

- AEO, 2 — NREL, 3 - MiniCam, 4 - EPA, 5 - Merge.

2 The costs of the Hydroelectric plant were not covered in the base document used [38], the similar publication of the U.S. Energy Information Administration is used [39].
b The Electric Power Research Institute does not list values for geothermal energy conversion (No. 5 — MERGE model). The largest values of the other 4 predictions are used.

Table 9
Total cost (million$/year) and average cost ($/MWh), 2030.
AEO NREL MiniCam EPA Merge
Total Average Total Average Total Average Total Average Total Average
BAU 1 2768 514 3215 59.6 2655 49.3 3167 58.8 3970 73.7
BAU 2 2585 48.0 2919 54.2 2491 46.2 2928 543 3636 67.5
ALT 3057 56.7 3325 61.7 2892 53.7 3769 69.9 5247 97.4
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Fig. 9. Cost components for the three scenarios.

three scenarios. From this perspective BAU1 and the ALT scenario
are worth comparing, since their proportion of imported electricity
is very low (0.3% and 3.4% respectively). The total cost for the ALT
scenario is on average 14.8% higher than that of the also self-
supplying BAU1 scenario, with values ranging from 3.4% (NREL)
to 32.3% (MERGE). Fig. 9 demonstrates the distribution of the total
cost between the cost elements. The higher cost in all cases is
primarily due to the relatively high capital cost of the needed new
renewable energy based capacities for the ALT scenario.

There is a trade-off between energy security and low environ-
mental impact and low cost, which has to be evaluated by the de-
cision makers.

6.4. Sensitivity analysis regarding electricity demand and CO2
prices

A sensitivity analysis regarding demand has been conducted
with Scenario B and Scenario C (slow and high growth rate
respectively, discussed in Section 4.1). The results indicate that
changes in demand do not cause any structural changes within the
operation of the system. The model responds to changes primarily
by adjusting the amount of electricity produced by the natural gas-
fired peaking power plants, and so the only major difference which
the volume of demand causes is in the use of natural gas. The
amount of renewable sources used within the system does not
change, since their use enjoys priority. The cost and emission in-
tensity varies directly with the amount of natural gas used, but the
order of the three scenarios by total cost and emission intensity
stays the same.
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The EU Emissions Trading System (EU ETS) limits the amount of
CO2 which the Power and Heat generation industry is allowed to
emit [41], and allowances must be bought for every tonne of CO2
emitted. The price has fluctuated between US$2.64 and US$9.69°
[42] in the last three years. The model was re-run with prices of
US$10, US$20 and US$50 for each tonne of CO2 emitted and added
to the total cost of the scenarios presented in Section 6.3. The re-
sults indicate that the rankings of the three scenarios by total cost
do not change, even with the significant price increase to US$50 per
tonne of CO2.

The results of the sensitivity analysis indicate that the model is
robust, the ranking of the scenarios (BAU1, BAU2, ALT) for the main
result indicators - energy security, emission intensity and economic
factors — do not change with the change in electricity demand or a
realistic increase in CO2 prices.

7. Conclusion

The paper developed a model capable of simulating the elec-
tricity system of Hungary. It was used to simulate three possible
scenarios for the electric power system for 2030. Two scenarios
simulated the two possible paths determined by the Hungarian
TSO, and the third simulated a possible state developed by the
authors of the paper. The study used the developed model to
compare the three scenarios based on energy security, environ-
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mental effect, and economic considerations.

The results show that developing the changes proposed in the
scenario of the authors, the country of Hungary would operate an
electric power system which is diversified with respect to fuel
input, has double the renewable energy share than the business as

5 The allowances are traded in Euros. The values are converted to USD for con-
sistency within the paper.

Em-
Electricity: 5 TWh - 4

usual scenarios, and uses 38% domestic sources to cover its elec-
tricity demand, compared to 15.8% for the business as usual sce-
narios. Also, its emission intensity would be 35% less than the
business as usual scenario where the current centralized, fossil fuel
based production strategy would continue.

This much more secure and environment friendly electric power
system would not be unaffordable, as it was shown that the
development and the operation of such a system could be 3.4%—
32.3% more expensive to build and operate. However, this costs
could be outweighed by the tremendous advantages in energy
security and environmental impact.
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Appendix A

Sankey diagram for the Alternative (ALT) model. (created with
Esankey, www.esankey.com).
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