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a b s t r a c t 

Anthropogenically caused climate change is amongst the main problems that society faces today. To limit the 
increase in average global surface temperature, several countries have developed targets (e.g., goals of the Paris 
agreement) that seek to reduce their greenhouse gas emissions levels, particularly from the energy and transport 
sectors. The installation of large renewable generating capacities creates new challenges. Particularly, their high 
variability creates uncertainties to the energy system regulators and operators to guarantee the security of supply 
at affordable prices. Therefore, new approaches must be considered to help reduce the uncetainty associated 
with variable renewable energy. Power-to-X and demand response technologies, which provide a high degree of 
flexibility to energy systems, could be in fact a viable solution. 

This research compares two methods of planning the development of energy system. The developed soft- 
ware H2RES is being compared to the existing commercial energy system’s configuration optimization program 

PLEXOS. The research compares these models in terms of endogenous capacity expansion of renewable sources 
and flexibility options Additionally, H2RES is extended to account for endogenous capacity investment decisions 
in power and energy storage technologies. The two models are compared on the case of the Croatian Energy 
system. Results show that Power-to-X technologies provide the required flexibility in order to successfully inte- 
grate new generating capacities of variable renewable sources, reaching economically optimal and low carbon 
energy systems. Newly developed software H2RES is shown to be capable in providing energy system simulations, 
optimization and investment planning. Displayed functionalities in some aspects have shown to be even more 
capable than in established software PLEXOS to which it is compared. There is as well high amount of room for 
improvements due to its open-source nature. 
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The world faces an emerging new crisis in a form of climate change
nd consequent effects on all aspects of human activity. Intergovern-
ental Panel on climate change (IPCC) has published a summary of

ecent advances in understanding the effects and feedback loops that
ome into effect, as a consequence of rising greenhouse gas (GHG) con-
entrations in Earth’s atmosphere [ 1 , 2 ]. Findings of the IPCC indicate
he necessity to implement more strict goals and limitations on GHG
missions. IPCC has examined carbon emissions in different scenarios
epresenting a wide range of activity levels to address the crisis. The
eport states that to avoid the worst of the consequences, it is manda-
ory for the global temperatures not to increase by more than 2 °C or
.5 °C which is the preferred target. To achieve this goal, total global
missions must reach net-zero between 2055 and 2080. If net zero is not
eached in this window, extensive atmospheric carbon removal and se-
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uestration techniques may be required to stay below 2 °C of warming.
o provide the means to facilitate the implementation of required ac-
ions, the Paris Climate Agreement [3] has been signed in 2015 by 196
arties that promised to implement measures to help tackle the crisis. 

The energy sector is one of the biggest contributors to rising GHG
evels so there is a big emphasis on energy transition and the use of
lean energy sources to reduce emissions [ 4 , 5 ]. Clean energy genera-
ion, most notably variable renewable energy sources (VRES) cannot
fficiently solve this problem on its own. Their operation is variable
nd thus not all of the available energy generation can be utilized. The
bility of a system to integrate VRES is dictated by the available in-
talled capacities of power plants. Typically, a system is only able to
ntegrate a small percentage of VRES without encountering the prob-
ems with grid stability or necessity for VRES curtailment. The excep-
ion to this rule is present in systems with high installed capacities in
ydropower generation such as the Norwegian energy system [6] . To
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void curtailments, and achieve high penetration of renewable energy,
nergy system balancing, and flexibility options must be implemented.
n the other hand, in systems without already implemented balanc-

ng technologies such as hydropower, it is necessary to implement de-
and response and flexibility options [7] . Balancing becomes even more

f a problem if an unbalanced mix of VRES is being used such as if
arge capacities of wind with no or little photo-voltaic (PV) capacity is
sed. 

Electrification of the energy demand sectors allows for a complete
ransition towards renewable energy. The key point in this concept is
he introduction of sector coupling measures. Sector coupling is shown
o being able to facilitate the high shares of VRES as in the example from
he Nordic and Baltic regions of Europe [8] . Examination of technolo-
ies such as power to heat (P2H) and vehicle to grid (V2G) has been
erformed in [9] with a conclusion on measurable benefits of includ-
ng these technologies into the electricity grid. Benefits reflect through
he increased ability of VRES integration, lower emissions, and lower
otal system costs. Similar conclusions have been obtained with the use
f software used as well in this research, PLEXOS which has demon-
trated the effectiveness of integration of electrified transport on en-
bling the integration of VRES [10] . Additional benefit of considering
2H is relatively easy technical complexity since most of the heating
ystem already are or can easily be adapted for flexible operation [11] .
ransition of heating in the realm of district heating systems towards
ustainable operation is challenging when considering environmental
spects of overreliance on biomass. Therefore, one of the solutions may
ay with higher degree of utilization of renewable energy potential. Most
otably, with electricity itself of synthetic fuels when they are more ap-
licable [12] . Although wind and solar energy sources are amongst the
heapest energy sources available [13] , there is a negative side effect of
he installation of large generating capacities of wind and solar energy
s demonstrated by Meha et al. [14] . One of the possible problems is the
urtailment of VRES. This problem would occur as a side-effect of the
ctions taken by the grid operator to preserve electricity grid stability
nder the influence of variable generation from VRES. The ability of an
nergy system to integrate VRES depends on the composition of differ-
nt subsectors of the energy system. For example, if large capacities of
eneration units consist of inflexible thermal power plants, there may
ot be adequate reserve available to balance out the variations from
RES generation. An additional problem occurs when an inflexible gen-
rating unit is expected to cover the load when generation from VRES
s reduced, for example, solar power plants in the late afternoon. If a
ower plant is unable to perform a fast start-up procedure, the operator
ay opt to keep it powered on even if it is not required in the system
uring most of the day. This type of energy system operation implies
hat VRES will be curtailed [15] . The solution of VRES curtailment is in
he application of flexibility options as well as the power-to-X technolo-
ies. These technologies also support sector coupling. Sector coupling is
efined as “a strategy to provide greater flexibility to the energy system
o that decarbonisation can be achieved in a more cost-effective way ”
16] . Therefore, the goal is to integrate big polluters and energy use
ectors into one interconnected energy sector. These include heating,
ransport, and industry sectors [17] . Installation of flexibility options in
ine with VRES generation has been demonstrated to be able to provide
equired flexibility [18] . Examined flexibility options include intercon-
ections with the heating and transport sector. The flexibility of a system
s even more important when dealing with small systems with limited
r no possibility to balance out the variations from VRES through inter-
onnections. Examples of such systems are island-based isolated systems
19] . Similar problem can be mitigated with the use of hydrogen energy
torage [20] . The significant effort required to reach a 100% renewable
nergy system is reflected through the necessity of synthetic fuels [21] .
hen considering socio-economic aspect, the systems with high shares

f renewable energy are more tailorable as well which is additional
easoning for implementation of higher shares of renewable energy
22] . 
2 
odelling tools 

The development of an energy system can best be managed by con-
ucting a series of simulations to project and test possible development
athways. These pathways must be followed up as closely as possible
o ensure a transition to renewable energy and to guarantee that the
eduction of emissions is achieved economically and efficiently. 

Simulation of energy systems can be carried out in two possible path-
ays. The first one allows for basic modelling to take place and it is

ocused on the optimization of power plant scheduling. Some models
lso offer which regulations strategy to apply. For example, to optimize
or CO 2 emissions or total system costs. EnergyPLAN [23] is one of the
ost recognized software in this category. It deals with simulating an

nergy system on an hourly level for one year. The capacities of power
lants and energy demand of various sectors do not change during a
imulation. This means that the system in EnergyPLAN is simulated in
 configuration set up by the modeller. The program is in that case con-
gured with simulation goals which may dictate when and if some of
he technologies are used. An additional step forward in comparison to
rograms like EnergyPLAN is the inclusion of a longer planning horizon
nd the possibility of capacity investment or decommissioning. Such op-
ions are implemented in the models that are compared in this research.

ith the inclusion of these options, it is possible to model the devel-
pment of an energy system during a set of years. Models offering this
unctionality are generally more complex and thus are developed for
ommercial purposes. Some of the modelling schematics are taken from
nergyPLAN and implemented in H2RES such as modelling of electric
ehicles in transport sector. 

Other energy system simulation tools are displayed in Table 1 . These
odels are recognized in the field of energy system modelling and devel-

pment. As it can be seen, some of them are only defined as simulation
ools, while others serve to optimize the energy system operations as
ell as the capacity investments. 

Abbreviations used in the table: Purpose: IDS –Investment Deci-
ion Support, ODS –Operation Decision Support, S – Scenario, PSAT –
ower System Analysis Tool, A –Analysis; Approach: BU –Bottom-up,
D –Top-down, H –Hybrid; Methodology: S –Simulation, LP –Linear
rogramming, MIP –Mixed Integer Programming, PE –Partial Equilib-
ium, A- Accounting, ABS –Agent-based Simulation, MIQCP –Mixed In-
eger Quadratically Constrained Programming, CGE –Computable Gen-
ral Equilibrium, E –Equilibrium, CMA-ES –Covariance Matrix Adapta-
ion Evolution Strategy, HO –Heuristic Optimisation, ECE –Economic
omputable Equilibrium, SDDP –Stochastic Dual Dynamic Program-
ing; Temporal Resolution/Modelling Horizon/Geographical Coverage:
D –user-defined, NL –No limitations. The explanations of the abbrevi-
tions are shown in Table 13 . 

ontribution and novelty 

The new developed H2RES model [25] is comparable to the OSe-
OSYS model [26] . OSeMOSYS has been developed to provide open

ccess energy modelling software and replicates the functionalities of
oftware such as MARKAL [27] . It also allows for capacity expansion
nd energy system optimization. OSeMOSYS uses an approach in mod-
lling an energy system only by modelling time slices (subset of days in
 year) which it deems to be characteristic days. Another open-source
oftware is EnergyScope [28] . It optimises both the capacity investment
nd operation. Energy, heating, and transport systems are included in
ts scope. Only the industry sector is not modelled. EnergyScope model
lso uses time slices. It models the typical days in hourly resolution and
onsiders the optimization of a whole energy system on performance
n a couple of characteristic days spread out through the year. The use
f time-sets allows the program to handle complex tasks but sacrifices
ccuracy. PLEXOS, as well as H2RES do posses the ability of modelling
he system without the use of time-slices. Therefore, it was chosen for
omparison. The model is also available for download at GitHub [29] . 
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Table 1 

List of other recognized energy system simulation and optimization tools [24] . 

Model Purpose Approach Method Resolution Timespan Geographical coverage 
Dispa-SET ODS, S, PSAT BU MILP 15 min UD (50 + years) Single project → Global 
EnergyPlan S, IDS BU S Hourly 1 year Local → Continental 
energyPro I & ODS BU AO 

c Minutes Max 40 years Local → Regional 
HOMER I & ODS BU S & O Minutes Multi-Year Local 
LEAP S H S & LP Yearly Usually 20–50 years Local → Global 
MARKAL S BU LP/MIP, PE Multiple years (UD time-slices within a year) Long-term (UD) Local → Regional 
OSeMOSYS IDS BU LP UD (intra-annual) UD (10–100 y) Community → Continental 
PLEXOS I & ODS, S,PSAT BU f UD up to 1 min (Usually hourly) UD (1 day to 50 + years) Single project → Global 
RETScreen IDS, S H S Monthly/Yearly/Daily Max 100 years Single-system → Global 
TIMES I & ODS H/BU LP/MIP, PE Multiple years - with UD time-slices within a year Long-term (UD) Local - Global 
TRNSYS18 PSAT BU S & L/NLP 0.01 s to 1 h Multiple years Single Project → Local 

Table 13 

Legend of notation in Table 1 [24] . 

Category Abbreviation Meaning 
Purpose IDS Investment Decision Support 

ODS Operation Decision Support 
S Scenario 
PSAT Power System Analysis Tool 
A Analysis 

Approach BU Bottom-up 
TD Top-down 
H Hybrid 

Methodology S Simulation 
LP Linear Programming 
MIP Mixed Integer Programming 
PE Partial Equilibrium 

A Accounting 
ABS Agent-based Simulation 
MIQCP Mixed Integer Quadratically Constrained Programming 
CGE Computable General Equilibrium 

E Equilibrium 

GERDS General equilibrium recursive-dynamic simulation 
CMA-ES Covariance Matrix Adaptation Evolution Strategy 
HO Heuristic Optimisation 
ITO Inter temporal optimization 
ECE Economic Computable Equilibrium 

RDS Recursive dynamic solution method 
SDDP Stochastic Dual Dynamic Programming 

Temporal Resolution, Modelling Horizon UD User-defined 
NL No limitations 

Geographical Coverage UD User-defined 
NL No limitations 
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The motivation for performing a comparison between PLEXOS and
2RES is to validate the performance of H2RES as a new energy sys-

em modelling software. PLEXOS is an established and well-known en-
rgy modelling, optimization, and system development software. There-
ore, it can be used as a benchmark when establishing the capabilities of
ew software. Another key point for carrying out the comparison with
LEXOS is the ability of PLEXOS and H2RES to develop analyses using
ull hourly resolution scale for a complete year or a time horizon of in-
erest, hence, without using time slices. The differences in the abilities
f both models are displayed in Table 2 . The table depicts some impor-
ant differences. For example, PLEXOS does not offer a way to model
HP technologies, while it is indeed integrated into the H2RES model.
here is also the problem of the necessity to acquire both the “elec-
ricity ” and “gas ” modules of PLEXOS. Both modules are required to
odel systems such as the power to gas options. H2RES is open source
hich means that anyone can develop it for their purposes. Open-source

oftware spur development communities. When the community spurs
round open-source software, new developments can happen quickly.
he quick development of modelling software is a highly wanted char-
cteristic when dealing with a significant task as is the development of
nergy systems. An additional benefit in using open-source software is
hat the model is not considered a “black box ”. All equations used in the
odel are available to all parties and they can be verified and modified.
T  

3 
The novelty gained by the creation of H2RES can be summarized in
he following points: 

- H2RES offers much of the same functionalities as PLEXOS but is an
open-source software. Therefore, modellers can modify the base soft-
ware to better suit their needs. 

- When compared with other models, such as OSeMOSYS, H2RES of-
fers greater flexibility in modelling. The key aspect comes from the
ability to model the virtually unlimited complexity of an energy sys-
tem. Another keynote is the ability to use actual chronology in com-
parison to time-slices used in OSeMOSYS. Using actual chronology is
beneficial especially when examining energy storage options. For ex-
ample, dammed hydropower plants may optimize for storage levels
over longer periods of time, especially when variations in precipita-
tion are considered. 

- Another novelty in using H2RES is the flexibility of a time scale itself.
Models are defined by the inserted data. Therefore, one can model
an energy system with consideration of only a few hours to a couple
of decades if required. All of the calculations are performed on an
hourly basis. 

omparison of abilities of PLEXOS and H2RES 

The main differences between PLEXOS and H2RES are displayed in
able 2 . They both have the same basic abilities regarding power plant
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Table 2 

Differences between PLEXOS and H2RES. 

Category Name PLEXOS H2RES 
District 
heating 

CHP Not available Available 
Modelling of each individual system Available Available 

Industry Total demand Modelled as a heating node Modelled with logit approach 
Application of P2G Available only if “gas ” module is included Available 

Transport Electric vehicles Available – predefined demand Available – predefined demand 
Hydrogen fuel cell vehicles Not available Available – predefined demand 
Internal combustion vehicles Not available Not implemented 
Transport demand 1 Not implemented Not implemented 
V2G Implemented Implemented 
Capacity expansion Not implemented Not implemented 

Heating sector Capacity expansion Implemented Implemented 
Electricity generation Capacity expansion Implemented Implemented 
Network congestion Implemented Not implemented 

1 Transport sector is modelled only with required distance travelled and the ability of a software to sub divide travel distance into 
multiple available fuel sources. Fuel source can range from fossil fuels, hydrogen, electricity, biofuels and synthetic fuels. 
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espatch optimization, capacity investment, and adherence to limita-
ions (for example carbon emissions). 

ethod 

The same energy system is modelled using the commercial energy
odelling and optimization software PLEXOS as well as in the open-

ource software H2RES developed at the University of Zagreb, Faculty
f Mechanical Engineering and Naval Architecture. This section presents
 general overview of modelling each part of the energy system with re-
pect to modelling software. Differences in approach towards modelling
he same problem is presented. 

PLEXOS [30] is a commercial software intended for scheduling op-
imization and investment planning for an energy system. It deals with
he electricity and natural gas sector. For the purposes of this research,
he distribution with electricity package is used. The software optimizes
he energy system with the use of Mixed-Integer, Linear and Non-Linear
rogramming, or Partial Equilibrium method [24] . There is no limit on
he geographical aspect of the model meaning it can model anything
anging from a small local energy system all the way to a global en-
rgy system. Interconnection between the systems and congestion can
lso be considered by modelling all the transmission lines. Timescale is
efined from the side of the user, but it can go down to a one-minute
cale. The simulation planning horizon is also set by the user and it can
ange from minutes to multiple decades. It is also possible to use time
lices as well as full year to model energy system. Example of the use
f PLEXOS include capacity expansion in the power sector [31] , which
s the same module considered in this paper, and its integration with
atural gas systems [32] , amongst other areas. The objective function
f PLEXOS considers the optimization (minimize) total discounted cost,
ncluding both capital and variable (operational) costs of the different
echnologies. 

The new H2RES model is a linear optimization program presented
or the first time in this study. The model uses Gurobi solver [33] . The
olver GUROBI is an optimization software of free use for academic re-
earch. GUROBI provides a set of different algorithms that are used to
olve large scale optimization problems efficiently, including Barrier,
IMPLEX and DUAL-SIMPLEX algorithms. H2RES is written in python
nd uses GUROBI as the main optimization solver. 

H2RES consists of three main sets of decisions variables. First, capac-
ty expansion on yearly basis is considered for each of the technologies.
he next set of decision variables consists of hourly scale modelling, and

n this level, additions or retirements made in the previous step are con-
idered. The third set of variables includes technologies such as energy
torage technologies. These include pumped hydro storage, heat, H 2 ,
lectricity storage in stationary batteries and EV batteries. Storage lev-
ls for each of the mentioned technologies are also modelled in hourly
esolution for each year on the horizon. Storage capacities in the indi-
4 
idual heating systems, and hydrogen storage and stationary electricity
torage are optimized. In comparison, storage capacities of heat storage
n district heating, and storage in electric vehicles are fixed during a cer-
ain predefined period. Given these main decisions, the main objective,
nd constraints of H2RES are described below. 

The objective of H2RES is to minimize the (discounted) yearly oper-
tion and system costs. Since the model is intended for the development
f future energy systems, all the future costs are brought to net present
alue. H2RES considers operation, investment, fuel, generator ramping,
nergy import and CO 2 emissions cost. Eq. (1) displays a general repre-
entation of the objective function with all of the parameters included.

𝑦 

∑

𝑝 

∑

𝑡 

𝑑 𝑓 𝑦 
[
𝐶 𝑡,𝑝,𝑦 𝐷 𝑡,𝑝,𝑦 + 𝑇 𝐶 𝑡,𝑦 𝐾 𝑡 𝐼𝑛 𝑣 𝑡,𝑦 + 𝑅 𝑡,𝑝,𝑦 𝑅𝑎𝑚 𝑝 𝑡,𝑝,𝑦 + 𝐼 𝑝,𝑦 𝐼𝑚 𝑝 𝑝,𝑦 + 𝐶 𝑂 2 𝑃 𝑟𝑖𝑐 𝑒 𝑦 𝐶 𝑂 2 𝐿𝑒𝑣𝑒𝑙 𝑠 𝑡,𝑝,𝑦

(1) 

here: 

- 𝐶 𝑡,𝑝,𝑦 𝐷 𝑡,𝑝,𝑦 – variable cost for dispatching a technology t, in period p,
in year y 

- 𝑇 𝐶 𝑡,𝑦 𝐾 𝑡 𝐼𝑛 𝑣 𝑡,𝑦 – annualized capital cost ( 𝐾 𝑡 ) of technology t 
- 𝑅 𝑡,𝑝,𝑦 𝑅𝑎𝑚 𝑝 𝑡,𝑝,𝑦 – ramp up/down cost 
- 𝐼 𝑝,𝑦 𝐼𝑚 𝑝 𝑝,𝑦 – import cost 
- 𝐶 𝑂 2 𝑃 𝑟𝑖𝑐 𝑒 𝑦 𝐶 𝑂 2 𝐿𝑒𝑣𝑒𝑙 𝑠 𝑡,𝑝,𝑦 – cost per unit of CO 2 emissions for each

of the technologies 

In order to model a realistic energy system, constraints (restrictions
n decision variables) must be included. H2RES uses constraints that
an be divided into 4 categories: 

- despatch and technical constraints: generators, as well as energy
storage systems, are constrained by their maximum operating capac-
ity, minimum operating capacity, ramping up/down rate and avail-
ability factors. Availability factors are very important since they set
the differences between dispatchable and non-dispatchable power
plants such as VRES. Also, maximum installed capacities for each
of the technology are considered here. Total available capacities are
also modified from year to year since total capacity is subject to in-
vestment into new capacity as well as decommissioning. 

- Storage constraints: the level of storage is modelled on an hourly
basis for each year in the model horizon. Technologies with stor-
age constraints include hydro-dam units, which have a natural in-
put level, while the others are filled and discharged in accordance
with the model. Therefore, they must be completely optimized by
the model. Each storage unit has a minimum and a maximum state
of charge that must be guaranteed for each hour in the time horizon.
H2RES also considers technologies with given capacities (stationary
electric batteries and EV batteries) and others with variable (opti-
mized) storage capacity, such as H 2 storage and heat (heat pump
and electric boilers) 
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- Demand constraints: this set of constraints ensures that the demand
for electricity, heat, transport, hydrogen in industry and other sec-
tors are satisfied at every hour and year in the time horizon. 

- Policy constraints: H2RES considers three main different policy di-
mensions, which can be used independently or together. These are
the level of critical excess of energy production (CEEP) allowed dur-
ing a given year. The second possible requirement is the targeted
share of renewable energy. The final possible requirement tackles
the level of yearly CO 2 emissions which can also be set upon for
each of the years. 

The current version of H2RES can model power generators located
t different geographical locations. This is accomplished with the use of
ifferent availability factor curves representing generation from VRES
t different locations. In comparison to PLEXOS, it does not provide
etwork congestion ability. 

onstraints 

The model uses constraints in order to obtain results with certain
arameters. Most notably, constraints are used in order to limit emis-
ions as well as to set up a goal on the share of RES in each of the years.
he model can work with the constraints turned off as well. Also, other
onstraints such as minimum share of hydrogen in industry are used in
rder not to end up with the unrealistic results displaying complete elec-
rification of industrial processes. Since H2RES does have the ability to
mplement constrains on share of RES, the expression “[0.4, 0.5, 0.60,
.7, 0.8, 0.9, 1] ” has been implemented where each sequential num-
er presents the minimum share of RES in the year starting from 2020.
lso, CEEP is limited to the maximum of 5% in relation to the total
lectricity demand which besides the basic demand, includes the addi-
ional demand for electrified transport, hydrogen generation, electricity
n industry and electrically driven heating solutions. 

lectricity demand 

Electricity demand encompasses the basic (baseload) electricity de-
and excluding additional demand generated by the addition of elec-

ric heating, H 2 generation via electrolysis, and transport electrifica-
ion. H2RES model uses time slices with a duration of one year ev-
ry five years to simulate the energy system in this case. On the other
and, PLEXOS model uses full chronology from 2018 till 2050. Thought,
2RES can use full chronology as well if required. The reason for using

ime slices in H2RES is a reduction of computational time. 

eating demand 

Heat demand is divided in both models into the part supplied by indi-
idual heating systems and district heating systems. PLEXOS focuses on
lectricity generation and system optimization but does not offer exten-
ive support for the heating sector. It has an option of heat demand and
eneration systems including different kinds of heat sources described
y the used fuel, efficiencies and flexibility characteristics. This allows
odellers the option to model different types of boilers or heat pumps

hat can have efficiencies dependant upon the ambient temperatures in
rder to reflect real-life scenarios. The disadvantage of the heat module
n PLEXOS is the lack of support towards the district heating systems
upplied from cogeneration power plants – CHP. Due to this restriction,
HP is represented with the boilers in PLEXOS. It should be noted that

t is possible to model cogeneration in PLEXOS, but the option is not
vailable in native configuration [34] . 

H2RES on the other hand supports the heating sector on the individ-
al and district level. Cogeneration plants are modelled and can supply
oth electricity and heat. District heating systems and individual heating
re modelled separately. Each of the district heating systems has its de-
and curve, assigned generators and CHP units. Also, a list of available
nits for expansion is available. Each of the units has defined charac-
eristics such as capacity, efficiency, fuel type, investment cost, lifetime
5 
nd maximum capacity investment levels. As well as in PLEXOS, mul-
iple regions and heat demand nodes can be used in H2RES. Initially
nstalled generating capacities as well as other characteristics such as
eat storage capacity are defined before starting the simulations, and
hen optimized for future periods. Optimization includes both despatch
nd capacity investment. 

ndustry sector 

The industry sector is also modelled differently in PLEXOS and
2RES. PLEXOS model uses the methodology of modelling adopted from
nergyPLAN [23] where final energy demand is defined to an industry
ector as a whole. Existing capacities of heat-generating systems such
s boilers are defined as well as available capacities for expansion of
eat-generating capacity. The model, therefore, decides which of the
vailable energy sources to use or invest into additional generating ca-
acities. This approach is displayed in Fig. 1 . 

A different approach is used in H2RES. Demand is supplied from
ources such as coal, natural gas, oil, biomass, electricity and hydrogen
s depicted in Fig. 2 . Additionally, a logit function is used to determine
he shares of fuels in the model. 

The Logit function is displayed in Eq. (2) 

 𝑖 = 

𝛼𝑖 exp 
(
𝛽𝑝 𝑖 

)

∑𝑁 
𝑗=1 𝛼𝑗 exp 

(
𝛽𝑝 𝑗 

) (2) 

Where: 

- 𝑠 𝑖 – factor determining the maximum share of choice alternative 
- 𝛼𝑖 – share weight - used to calibrate the model to observed historical

values as well as 
- also used for new technologies to be phased in/out gradually. 
- 𝑝 𝑖 – price of choice alternative 
- 𝛽- logit coefficient - It determines how large a cost difference is

needed to produce a given difference in market share. 

ransport sector 

The transport sector can be divided with respect to the energy
ources or fuel used. It can be divided into 5 groups: electric vehicles,
uel cell hydrogen vehicles, vehicles that use fossil fuel, biofuel or syn-
hetic fuels. This sector is not fully modelled in both models. 

PLEXOS allows modelling of electric vehicles as well as their interac-
ion with the electricity grid through charging and discharging services
r “smart charge ” and “vehicle to grid – V2G ”. Both models use the
ame methodology of modelling electric vehicles. The distribution for
he demand and maximum available charging, discharging and storage
apacities are defined. Also, limitations on the battery state of charge
re implemented. Electric vehicles in PLEXOS are modelled based on
ravel demand distribution expressed in kilometres travelled each hour.
he model then determines the availability of electric vehicles for charg-

ng/discharging based on the travel demand. This procedure allows for
imulation of a load of EV’s on the electricity grid and examination of
harging/discharging techniques. The problem with this methodology
s that it does not offer an insight into the process of transition towards
he low emission transport sector since the total influence of emission
eduction and sector coupling is not considered. 

H2RES also models electric vehicles and uses them as energy stor-
ge. Smart charge and V2G are utilized. Modelling of these two systems
eflects the methodology used in EnergyPLAN. Therefore, the availabil-
ty of vehicles to participate in charging or discharging is determined by
he energy demand for travelling itself. Available charging/discharging
apacity and storage capacity are calculated by H2RES based on the
umber of vehicles, average charging/discharging capacity per vehicle,
verage storage capacity and share of electrification in each of the years.

The part of the transport sector with influence on energy system man-
gement is encompassed using electric vehicles and hydrogen fuel cell
ehicles. Both systems can provide balancing and flexibility to the en-
rgy system with a high share of VRES. Electric vehicles provide this
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Fig. 1. Industry energy demand in the PLEXOS model. 

Fig. 2. Industry energy demand in the H2RES model. 
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ervice with the use of V2G and Smart charge. On the other hand, hydro-
en fuel cell vehicles accomplish a similar task of providing flexibility
o the grid with the use of electrolyzers and hydrogen storage. 

enerating capacities 

The addition of generating capacities and scheduling is implemented
n both models. Both models use investment, operation, and mainte-
ance costs to optimize for the least cost path while at the same time
atisfying the limitations set upon the required share of renewables or
aximum amount of CO 2 emissions. One major difference in this aspect

s how CEEP is tackled. In H2RES, the user can explicitly define a max-
mum acceptable level of CEEP, while in PLEXOS there is no option to
imit CEEP but the system just tries to reach the lowest cost configuration
hich may sometimes require curtailment of VRES and slightly higher
missions if the pathway with curtailment is cheaper than the imple-
6 
entation of flexibility options. Both models allow the use of multiple
enerator zones. Multiple generator zones for example allow for the im-
lementation of differing capacity factors of wind power or solar power
lants. Also, decommissioning of power plants is assumed. 

missions 

Not all sectors are considered in both models. This affects the CO 2 
imit which changes not only in accordance with the European Union’s
limate goals but with relation to the sectors and the share included in
he given year as well. For example, if 50% of the transport sector is
lectrified in the given year, only 50% of the original emissions amount
s considered. Therefore, the allowed emissions are determined in ac-
ordance with the predetermined rate of decrease and the amount cor-
esponding to the system in the given year. Agriculture is not part of the
nergy sector, so it is not considered in further analysis. 
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Table 3 

Hydropower plant capacities. 

Dammed hydro power plants Capacity[MW] Pumped hydro power plants Capacity[MW] Run of the river hydro power plants Capacity[MW] 
HE Zakucac 538 RHE Velebit 276 HE Varazdin 94.6 
HE Senj 216 RHE Orlovac 237 HE Dubrava 79.78 
HE Dubrovnik_HR 117 RHE Vinodol 5.4 HE Cakovec 77.44 
HEVinodol 90 HE Gojak 55.5 
HE Peruca 60 HE Kraljevac 46.4 
HE Sklope 22.5 HE Lesce 41.2 

HE Dale 40.8 
HE Rijeka 36.8 
mHE Hrvatska 27.393 
HE Miljacka 20 

Table 4 

Thermal power plant capacities in [MW]. 

Fuel source Power plant Capacity [MW] 
Biomass Bovis 1 

mTEO Jakusevac 2.036 
PZOsatina 1 
TE BiomassHR 24.6 
Bovis 1 

Coal TE Plomin1 110 
TE Plomin2 192 

Natural 

gas 

TE-TO Osijek 90 
TE-TO Zagreb 440 
EL-TO Zagreb 90 
KTE Jertovec 78 

Nuclear NPP Kr š ko 348 

Table 5 

VRES capacities. 

Variable renewable Capacity Unit 
Solar 85 MW 

Wind onshore 646 MW 
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odelling of power ‐to ‐X and energy storage options 

Both models differ in the modelling approach and availability of
ower-to-X and energy storage options. The version of PLEXOS used
n this study is the basic version of the model. That version was unable
o model power to gas systems because the “Gas ” module of PLEXOS
s not implemented in that version. Therefore, hydrogen-based energy
torage and power-to-X options are modelled as a battery storage sys-
em. Electrolyzers are combined with hydrogen storage and fuel cells as
 single unit with defined charging, discharging and storage capacities.

ase study 

This section applies both models to the Croatian case study. The goal
f both simulations is to reach a carbon neutral energy system by 2050.

odelling assumptions 

xisting generators 

Both models consider the additions of generating capacities to al-
eady existing capacities which are in turn being replaced by renewable
nergy producing capacities. Table 3 ., Table 4 . and Table 5 . display al-
eady existing capacities. The data is sourced from Dispa-SET model
atabase [35] and IRENA [36] . 

Thermal power plants are divided based on which fuel is used. 

lectricity demand 

Both models use the same assumptions in the electricity sector. Elec-
ric devices are assumed to become more energy efficient, while the use
f more electrical devices is expected at the same time. Increase of de-
and is assumed to be driven mostly by the increase of cooling demand.
asic demand is therefore assumed to increase by 1% per year from 18
7 
Wh in 2020 to 24 TWh in 2050. Upon basic electricity demand, ad-
itional demand consisting out of demand for electric vehicles, electric
eating, energy storage and hydrogen generation is added. These types
f demand are partially flexible, and they are used to displace fossil fu-
ls and to help integrate VRES. The distribution for electricity demand
s sourced from Entso-e [37] . 

eating sector 

The heating sector is divided the same in both models. It is divided
nto 4 parts, 3 of which belong to district heating systems and one be-
ongs to individual heating systems. District heating systems cover ap-
roximately 10% of heat demand. Each district heating plant has its own
nput data which consists out of generating capacities, efficiencies, and
eat demand distributions. Demand decreases each year by 1% resulting
n 26% decrease by 2050. 

ndustry sector 

Energy demand in the industry is projected to increase 1% on annual
asis totalling a 34% increase till 2050. Total industrial energy demand
n 2020 accounts for 9 TWh and it is supplied by the share of natural
as of 41%, oil at 46%, coal at 6% and biomass at 7%. Demand curve is
n aggregated demand curve generated based on the shares and typical
istributions of various industry branches. The resulting demand curve
s displayed in Figure 11 . 

ransport sector 

In both models the transport is assumed to reach an electrification
hare of 80% by 2050. Therefore, the use of V2G and smart charge tech-
ologies is assumed. The number of vehicles is assumed to remain the
ame through the years. Croatia currently has 2,312,280 registered ve-
icles [38] . The final electrification share in transport of 80% is assumed
ith an average charging/discharging capacity of 7 kW and an average
attery capacity of 50 kWh. Using these numbers, we get a maximum
harging/discharging capacity of 12,949 MW and a storage capacity of
2,5 GWh in 2050. Charging/discharging capacity and storage capaci-
ies are modelled accordingly with the share of electrification. 

llowed CO 2 emissions 

Both models have an ability to limit CO 2 emissions in a given year or
eriod. Allowable emissions of CO 2 through the years are the result of
dherence to the European Union’s climate goals. Croatia is a member
tate of European Union which means that the goals on emission reduc-
ion are valid as well for Croatia. Since both of the models model in
ull extent the electricity generation, heating demand, industry demand
nd the electrified transport, the CO 2 limit is the same in both of the
odels. Therefore, these 3 sectors are included fully in the calculation

f allowable emissions while transport sector is only included partially.
he limit is set to 8,1 Mt in 2020 and it gradually decreases towards
050 reaching 0 t [39] . It should be noted that although the goal is net
ero emissions, the limit in these cases is set at 0 since most of the resid-
al emissions are presumed to be in agriculture sector which is not a
art of this research. 
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Fig. 11. Energy demand in industry. 

Table 6 

Data on VRES generators. 

Type of a generator Maximum capacity Maximum installed in a period Total installed Unit 
Onshore wind power 9000 500 3328 MW 

Photovoltaic panels 8000 200 4980 MW 

Table 7 

Installed capacities. 

Generator Capacity factor [%] Installed capacity [MW] 
W1 23,62 1248 
W2 26,28 2080 
W3 20,2 0 
WPP 20,9 0 
PV 14,25 980 
PV_High 20,17 4000 
m_HE 37,86 575 
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the constraint of 5% CEEP. 
esults 

This section displays the results for both cases. Installation of new
lectricity generating capacities, development of the heating sector, flex-
bility options and development of transport sector are displayed. 

LEXOS 

The installation of VRES generating capacities in PLEXOS is shown in
able 6 . PLEXOS offers a limit on total installation and installation in the
iven period represented by the year. Numbers limiting total installation
re sourced from Croatian energy development strategy [40] . As can be
een in Table 7 , PLEXOS prefers the installation of power plants with
reater capacity factor. Also, aggressive installation of new capacities
an be observed which is done as a response to the optimization goal of
ystem cost reduction since VRES requires no operation cost. A possible
ay of limiting the excessive build-up of new generating capacities is the

ntroduction of stricter limitations on possible investment in the given
eriod. 

PLEXOS model performs big investment into heat generating capac-
ties as well in the first year, most notably into boilers. The only ex-
eption is industry sector which experiences a more gradual transition
onditioned by the CO 2 emission limitations. It also may be noticed that
nitial investments are primarily in biomass powered heating solutions,
hile the industry sector in later years opts for electric boilers. 

Also, the individual heating sector has an investment into biomass
oilers in the first year only. This investment, in combination with de-
lining heat demand under the influence of demographics and energy
fficiency measures, means that only this is enough to completely de-
8 
arbonize the heating sector by 2050. One flaw which may be required
o be addressed and accounted for is the perceived interconnectivity
f all parts of an individual heating sector. This is not reflected in re-
lity. This way, PLEXOS perceives existing biomass and electric boiler
eat generating capacities as being able to supply the heat to all the
arts of a sector. This problem is even more exaggerated when consid-
ring decreasing heat demand. One way of addressing this problem in
 future analysis is the introduction of sector subdivisions, each with
ts assigned capacities and heat demand. This way, the problem of ca-
acity aggregation may be limited or completely solved, depending on
he level of sector demand aggregation. Additionally, the model invests
nto biomass since it is considered carbon neutral energy source. Ewen
hought it is carbon neutral, there are some undesirable consequences.
irs of all is the danger of excessive deforestation as well as high level
f local emissions in a form of particulate matter. 

Energy storage technologies are being used, but PLEXOS chose not
o implement expansion of the capacities. Expansion is not carried out
ecause most of the necessary balancing is being provided by the electric
ehicle batteries through V2G and “Smart charge ” technologies. 

The results for demand and generation of electricity in PLEXOS are
hown in Fig. 3 . An increase of electricity demand is a subject of fixed
emand increase as in electric vehicles but is also a subject to the deci-
ions made by PLEXOS to use electricity in the industry for example. An
ncrease in industry electrification can be observed in a rapid increase
n electricity demand after 2044. Generation closely follows the demand
nd does not generate excessive amounts of CEEP. 

2RES 

H2RES can include policy constraints in a form of a minimum re-
uired share of renewable energy sources in electricity demand as well
s in the maximum amount of CO 2 emissions. For the purposes of this
esearch, both constraints are used in H2RES since PLEXOS does not
ffer a share of renewable energy constraints. CO 2 limit in the H2RES
odel is closely followed and respected. 

The results in terms of total capacity investment in renewable sys-
ems are shown in Table 8 . Total installation of solar and wind capacities
y 2050 are 9940 MW of solar and 8883 MW of wind power respectively.
his makes the total installed renewable capacity of 18,823 MW with
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Fig. 3. Resulting demand, generation and CEEP. 

Table 8 

Investment into VRES generating capacities displays in MW. 

Year HR_Solar High HR_SolarPP HR_WindPP HR_WindPP1 HR_WindPP2 HR_WindPP3 
2020 106 0 0 0 0 0 
2025 2000 0 0 0 0 0 
2030 1080 0 0 0 0 0 
2035 1774 0 0 0 651 0 
2040 0 1179 0 89 1251 0 
2045 0 1801 0 1245 0 499 
2050 0 2000 1148 2000 0 2000 
Total 4960 4980 1148 3334 1902 2499 
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The results for energy generation per fuel in each of the examined
ears is displayed in Fig. 4 . Gradual increase of renewables through the
ears is shown while generation from hydropower and biomass remains
he same. Decrease of use of fossil fuels is shown as well as retirement
f nuclear power plant. 

The hourly distribution of electricity generation through the devel-
pment of an energy system is shown in Fig. 5 . Similarly, as in Fig. 4 .,
here is an evident increase in VRES generation which displaces fos-
il fuel generation and replaces nuclear power plant after decommis-
ioning. The energy system after 2045 is supplied exclusively by hy-
ropower, wind, and solar power. 

Heating demand decreases through the years. Approximately 10% of
eating demand is in a form of district heating which is supplied by the
ombination of cogeneration plants, boilers and heat pumps. By 2050,
he share of electrically driven heating solutions in district heating in-
reases to approximately 60% while the rest is supplied by biomass.
ossil fuelled boilers are the most used technology for individual heat-
ng with a small percentage of it covered by HPs in the beginning of
he modelling horizon (2020). The situation starts changing after 2035,
hen the system starts adding heat pumps into individual heating sys-

ems. The addition of electrically driven and biomass powered heating
olutions in mandated by the requirements to reach certain carbon limit
nd share of renewable energy. In 2050, the system reaches the share of
lectrically driven heating solutions of 70% in individual heating system
hile also the remainder is supplied by biomass. 
9 
The installed capacity of each of the heat generators is shown in
able 9 . It should be noted here that the requirement for the share of
enewables only considers the share in electricity demand. Therefore, a
ransition of heating towards renewable energy is conditioned by the in-
roduction of carbon emissions limits. Therefore, only after 2035, it can
e seen a significant contribution towards installed capacities of renew-
ble heating solutions and displacement of fossil fuel powered boilers
he inclusion of electrically driven heating solutions is not only condi-
ioned by the mandated carbon emissions, but also by the requirements
or energy system flexibility. Since all heating solutions have a certain
mount of energy storage allocated to them, there is a possibility of
elivering the required heat demand and decoupling the heating ses-
ion itself from the electricity demand profile. When compared between
hemselves, air-to-water heat pumps are more widely used than geother-
al HPs. 

The addition of generating capacities into the district heating sys-
ems is shown in Table 10 . In this case, the most extensive additions
appen in 2050 with significant additions of air to water heat pumps. 

The capacities of energy storage technologies such as various elec-
rolyzers, hydrogen storage system and electricity storage in a form of
i-ion batteries are displayed in Table 11 . Results show the necessity
nly for the installation of alkaline electrolyzers and a hydrogen stor-
ge system. The reason for the lack of necessity of stationary electricity
torage is the use of other flexibility options such as electricity-based
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Fig. 4. Generation by fuel per year. 

Table 9 

New installed capacity for thermal technology per year in individual heating systems expressed in 
MW th . 

Year Biomass boilers Gas boilers Oil boilers ATW HPs Electric Boilers Geothermal HPs 
2020 0 0 0 0 0 0 
2025 3972 0 0 0 385 0 
2030 0 0 0 11 3748 0 
2035 0 0 0 3402 0 0,3 
2040 0 0 0 0 0 0 
2045 0 0 0 0 0 0 
2050 0 0 0 0 0 0 
Total 3972 0 0 3414 4134 0,3 

Table 10 

New installed capacity for thermal technology per year in district heating systems expressed in MW th . 

Year Biomass boilers Gas boilers Oil boilers ATW HPs Electric boilers Geothermal HPs 
2020 28 0 0 0 0 0 
2025 0 0 0 0 0 0 
2030 0 0 0 0 0 0 
2035 0 0 0 0 0 0 
2040 0 0 0 156 44 0 
2045 0 0 0 25 92 0 
2050 0 0 0 0 12 0 
Total 28 0 0 181 148 0 
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eating solutions as well as the large implementation of V2G technol-
gy. 

The use of excess electricity can be observed in Fig. 6 . The figure
isplays power-to-X options. As discussed before, electric vehicles, hy-
rogen generation and heating represent the bulk of power-to-X options
n this case. 

omparison of the models 

The comparison of PLEXOS and H2RES is displayed in Table 12 . It
ay be noted that both models installed significant capacities of VRES.
oth models use cost-based optimization, and the transition is mandated
y introduction of CO 2 emission limits. H2RES model in comparison
o the PLEXOS did install smaller capacities in biomass power plants.
lso, different schemes of heating sector transition are evident. PLEXOS
voids much of the decommissioning by using existing boilers for a
onger time period. It differs economical and technical lifetime. It does
10 
ot decommission capacities if not explicitly stated that certain installed
apacities would need to be decommissioned by a certain year. Here the
roblem of aggregation of capacities in the “individual ” section of the
eating sector is emphasised. By aggregation of generating capacities as
ell as decreasing demand, PLEXOS opts to use existing capacities. This
ay not physically be possible since a portion of generating capacities

s not able to deliver the required heat to the location where it is re-
uired. This notion is not considered when aggregating the demand and
enerating capacities of interconnected heating systems, which are geo-
raphically distant. The next notable difference in the results is present
n the results of installed capacities for industrial heat demand. PLEXOS
odel considers the whole industry sector. Therefore, in the final years

f the modelling horizon, the industry is covered with the combination
f existing biomass boilers, electric boilers, and newly installed electric
oilers. H2RES model uses logit approach to determine the shares of
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Fig. 5. Electricity generation. 

Table 11 

Installed capacity for hydrogen related technologies and Li-ion batteries per year. 

Year AlkalineELY(MW) PEMELY(MW) SOEC(MW) PEMFC(MW) SOFC(MW) H2 storage(MWh) Li-ionbatteries(MWh) 
2020 0 0 0 0 0 45 0 
2025 67 0 0 0 0 157 0 
2030 88 0 0 0 0 325 0 
2035 14 0 0 0 0 0 0 
2040 135 0 0 0 0 763 0 
2045 140 0 0 0 0 849 0 
2050 259 0 0 0 0 9184 0 
Total 703 0 0 0 0 11,322 0 
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arious energy sources including coal, oil, natural gas, biomass, electric-
ty and hydrogen. Differences in the application of energy storage and
ower-to-X options are also present. Both models had the same flexi-
ility options available. The approach in modelling is different due to
imitations in PLEXOS. Due to the inability to fully model the power to
as system, H2RES managed to achieve optimization with the use of the
aid system. On the other hand, due to the inflexibility of the approach
n PLEXOS, the model opted to rather use electric boilers as a flexibil-
ty source on the demand side whereas H2RES decided to use storage
11 
n electric vehicles, hydrogen storage and heat storage. On the genera-
ion side, PLEXOS chose to invest into big dispatchable biomass capac-
ty as a means of delivering zero emission electricity, and balancing out
he variable generation from VRES. Also, there is notable difference in
ower plant and heat generating unit decommission. PLEXOS did not
onsider decommission while it is considered in H2RES. Also, H2RES
ses a curve for determining the residual capacities of the units. The
urve is determined by the factors such as the year when decommission
tarts, equipment lifetime and residual value at the end of lifetime. 
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Fig. 6. Power-to-X options. 
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Capacity investment in both models is displayed in Fig. 7 . One key
ifference to observe here is different capacity investment schemes per-
ormed by the models. PLEXOS chose to invest in VRES right at the start
f the planning horizon. These investments are not mandated by CO 2 
imits, but by the low capital and operating cost of VRES. On the other
and, H2RES starts investing later and it even increases the average in-
estment capacities throughout the years. This is opposite to PLEXOS
hich does not have new capacity investments after 2037. Due to the
ifferent decommission techniques, installations in the H2RES model
re higher. 

The main drawback of PLEXOS are limitations in modelling the
hole energy system. For example, there is no clear cut-way of mod-

lling cogeneration power plants in district heating systems although
here are methods to avoid these limitations of the software and im-
lement it anyway as shown in [34] . This method would require “gas ”
odule which was not used for the purposes of this paper. It may be
oted that full version of PLEXOS does poses this ability, but that ver-
ion was not used for the purposes of this research. Another drawback
s an inability to model industrial energy demand which can consist out
f various used fuels and processes. Some of the processes can be elec-
rified, but not all. An additional problem is the inability to use power
o gas options in the “power system ” PLEXOS module. Therefore, the
ndustry sector is modelled as a heat demand node with various types of
12 
oilers supplying the required heat demand. Power to gas options have
een simulated as an energy storage system with defined efficiencies,
apacities, storage size, flexibility, and financial data. Also, in the in-
ustry sector as well as in district heating grids, no CHP is available to
upply heat or steam to industrial consumers. The transport sector is also
odelled in a limited aspect in the model. PLEXOS offers a high level of
etail in modelling electric vehicle-based transport by the inputs such
s distribution of travelling distances, charging capacities and storage
apacities. It offers V2G and smart charge functionality to balance the
nergy grid. The drawback of modelling the transport sector is that only
lectric vehicles are modelled. The rest of the vehicles are not modelled
nd there is no way to leave it up to the software to adjust the ratios
f different types of vehicles. An additional drawback of PLEXOS which
ay become of greater significance in the realm of high VRES energy

ystems is the lack of CEEP limits which H2RES does possess. 
Comparison of results for CEEP generation is displayed in Fig. 8 . The

gure displays both generation of CEEP expressed as an energy [TWh]
s well as a percentage of total electricity demand. The results for H2RES
isplay verry low CEEP generation until 2045 where it starts to rise to
aximum value of 4% for the year 2050. Because of different investment

trategy, PLEXOS model displays high CEEP at the beginning which re-
uces as the demand increases and makes it possible to use excess elec-
ricity. In PLEXOS model CEEP stays under 5% for all the years in the
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Table 12 

Comparison between PLEXOS and H2RES newly installed capacities. 

Variable PLEXOS H2RES Units 
Onshore wind installed capacity 3328 8883 MW 

PV installed capacity 4980 9940 MW 

Run of the river installed capacity 575 0 MW 

Biomass power plant installed capacity 2400 0 MW 

Transport electrification 80 80 % 

Hydrogen fuel cell vehicles 0 0,2 % 

Electric boilers installed capacity in individual heating systems 0 4134 MW 

Air to water heat pumps installed capacity in individual heating systems 0 3414 MW 

Geothermal heat pumps installed capacity in individual heating systems 0 0,3 MW 

Biomass boilers installed capacity in individual heating systems 3068 3972 MW 

Natural gas boilers installed capacity in individual heating systems 0 0 MW 

Oil boilers installed capacity in individual heating systems 0 0 MW 

Electric boilers installed capacity in district heating systems 0 148 MW 

Air to water heat pumps installed capacity in district heating systems 0 181 MW 

Geothermal heat pumps installed capacity in district heating systems 0 0 MW 

Biomass boilers installed capacity in district heating systems 450 28 MW 

Natural gas boilers installed capacity in district heating systems 0 0 MW 

Oil boilers installed capacity in district heating systems 0 0 MW 

Electric boilers installed capacity in industry 2833 MW Share – 43% 

Air to water heat pumps installed capacity in industry 0 MW Share – 0% 

Geothermal heat pumps installed capacity in industry 0 MW Share – 0% 

Biomass boilers installed capacity in industry 0 MW Share – 27% 

Natural gas boilers installed capacity in industry 0 MW Share – 0% 

Hydrogen in industry 0 MW Share – 30% 

Oil boilers installed capacity in industry 0 MW Share – 0% 

Installed PEM electrolyser capacity 0 0 MW 

Installed Alkaline electrolyser capacity 0 703 MW 

Installed SOEC electrolyser capacity 0 0 MW 

Installed hydrogen storage capacity 0 11,322 MWh 

Fig. 7. Comparison of capacity investment. 
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lanning horizon except for 2023 where it reaches 5,17%. Generation
f CEEP is not limited in PLEXOS. PLEXOS can achieve lower genera-
ion of CEEP due to large investments into dispatchable biomass power
lants, whereas H2RES uses hydrogen generation and storage systems,
specially in industry sector to balance out the variations in energy gen-
ration. Both models use as well electric vehicles with technologies such
s smart charge and V2G for balancing purposes. 

Investments into heating systems in both models are displayed in
ig. 9 . Here as well is visible different investment strategy. In the fig-
re, investments in PLEXOS model are aggregated into 5-year steps for
raphing purposes. PLEXOS makes most of the investments at the be-
inning, except for the investments into boilers in industry. Contrary,
13 
2RES rather opts to use existing boilers until they are decommissioned
nd then it invests into carbon neutral technologies such as biomass boil-
rs, electric boilers, and heat pumps. 

H2RES does not as well as PLEXOS offer full functionality in mod-
lling transport sector. It is possible to model modes of transport that
se energy derived from electricity. This can be battery electric vehi-
les themselves or fuel cell hydrogen-electric vehicles. Both are mod-
lled based on preconfigured travel demand hourly distributions. Same
s in PLEXOS, there is no option to have users shift from internal com-
ustion engine (ICE) towards EV’s for example. Electric vehicle module
lso allows for energy system balancing with the use of V2G and “Smart
harge ”. 
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Fig. 8. CEEP in H2RES and PLEXOS. 

Fig. 9. Investment in boilers and heating systems. 
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Both models managed to adhere to CO 2 emission limits. PLEXOS
estricted the use of fossil fuel even more than mandated by the CO 2 
imit. Only after 2044., actual emissions and the CO 2 limit come close
ogether as displayed in Fig. 10 . The case with H2RES as well generates
ower emissions than stated in the model. Emissions match only in the
eginning and the end year. 

onclusion 

This research compared two energy modelling software, PLEXOS and
2RES. Both examined models offer significant insight into energy sys-

em development and operation. They differ in capabilities and available
ptions, but it is possible to model and simulate the development of a
omplex energy system in both models. 

PLEXOS is commercial software with long development history and
 number of ever more capable releases. The focus is on the electricity
rid and the system itself. Consideration of other sectors such as heat-
ng systems is possible but with some of the limitations as it was not
ntended to be used to model the whole energy system. 
14 
H2RES is open source, therefore a lot of the problems noted here can
e accounted for in the later development of the software. On the case of
roatia, the output of generating capacities is different in the examined
odels. One major difference which has conditioned differing numbers

f RES generation capacities is the inclusion of the possibility of con-
tructing new run of the river hydropower plants and biomass powered
hermal plants in the PLEXOS case. Both are absent in H2RES results as
 side effect of more adept use of flexibility options, for example, with
ower-to-X options. 

In conclusion, a significant advantage of PLEXOS is the sheer number
f available options to include and detailly model the workings of each
ndividual generator. On the other hand, H2RES allows for the imple-
entation of virtually all mentioned options available only in PLEXOS

nd that is its greatest advantage. Modelling an energy system with
2RES may take a longer time since the modellers may encounter a

ange of problems when presenting the model with a new configura-
ion. With that said, H2RES offers practically unlimited potential for
unctionality expansion since it is an open-source program. The only
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Fig. 10. CO 2 emissions. 
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imitation is the necessity to adhere to linear programming structure
uidelines in order for the problem to have feasible solutions by using
he Gurobi solver [33] . The new long-term planning model H2RES is
hown to be capable of following a majority of PLEXOS functionalities.
ts functionalities will be refined in future work and will be expanded
n other energy demand sectors. 

Further research and development of the H2RES model will take into
ccount improvements of transport module in order to be able to in-
lude other types of vehicles except EVs as well as other modalities of
ransport. This would enable the modellers to model multiple modes of
ransport separately. Therefore, specific restrictions such as difficulties
n electrification of trucking and aviation can be considered. Addition-
lly, portion of the demand would be able to be shifted between different
ransport modalities such as shift of goods transported by trucks on the
ailways with associated efficiency gains. Also, at this stage of the de-
elopment, salvage costs have not been considered, but they plan to be
mplemented in further model development. 
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ppendix 

eating 

The distribution of heat demand is modelled with an hour-degree
ethod. The method requires hourly distribution of the temperatures on

he location of modelled heating system, required indoor temperature,
mbient temperature bellow which the heating system starts working.
lso, the time schedule at which hours during the day system is consid-
red to not work. The only difference between district heating systems
nd individual heating is that individual heating system can provide
eating even outside normally considered heating season if the ambient
emperatures are sufficiently low. On the other side, the district heating
ystem only works in a predetermined time span of the heating season.

Assumptions: 

- Heating season starts 15th of September and lasts till 15th of May
[41] [42] ,. 

- Heating does not work if ambient temperature is higher than 15 ◦C 

- Heating system works only between 6:00 and 23:00 
- Specially, if ambient temperatures drop below − 15 ◦C during the

time when system normally does not work, an exception is made
15 
and the system works during these hours 

𝑄 𝑡 = 

𝐻𝐷 ⋅𝑄 𝑦𝑒𝑎𝑟 

∑8760 
1 𝐻𝐷 

(2a) 

Where is: 

- Q t – hourly heat demand [MWh] 
- Q year – total heat demand [MWh] 
- HD – hour-degree [ ◦C] is defined as a difference of targeted and

ambient temperature. Targeted temperature is 21 ◦C. 

𝐻𝐷 = 𝑇 𝑡𝑎𝑟𝑔𝑒𝑡 − 𝑇 𝑎𝑚𝑏𝑖𝑒𝑛𝑡 (3)

Demand for domestic hot water is determined on the basis of typical
aily domestic hot water demand distribution [43] . 

 𝐷𝐻𝑊 = 

𝑄 𝐷𝐻𝑊 𝑦𝑒𝑎𝑟 ⋅ 𝜇

365 ⋅ 100 
(4) 

Where is: 

- 𝑄 𝐷𝐻𝑊 – hourly domestic hot water demand [MWh] 
- 𝜇 – load factor 
- 𝑄 𝐷𝐻𝑊 𝑦𝑒𝑎𝑟 – total domestic hot water demand [MWh] 
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