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ABSTRACT 

This research proposes a new long-term energy planning model with endogenous capacity 

investment and energy dispatch with consideration of Power-to-X and demand response 

technologies. The model represents an energy system and minimizes the total capacity 

investment cost, across all technologies, and the operational cost incurred in satisfying demand 

levels. Different demand sectors and their links are also modeled. Particularly, we explicitly 

consider the links between the electricity, heat, and electro-fuels (Hydrogen), and V2G. The 

model is used to analyse the Croatian energy system under different policies of RES levels and 

CO2 reduction targets. We show that Power-to-X indeed provides the required flexibility to the 

new capacity additions of variable renewable sources, reaching systems with lower levels of 

critical excess of energy production. Battery storage and Power-to-heat strategies are largely 

adopted for renewable shares and CO2 savings around 80% while below such values their 

adoption is limited. Also, power-to-heat technologies become predominant  when a limit on 

CO2 emissions of the heating sector is required and particularly when the renewable share in 

electricity reaches a value of 60%. 
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INTRODUCTION 

Climate change and global warming are among the main problems that society faces nowadays. 

It is well known that carbon dioxide (CO2) and other green gas house (GHG) emissions play a 

major role in this context. To limit the increase in temperature, several countries have developed 

targets (e.g., NDC goals of the Paris agreement) to reduce their emissions levels, particularly 

from the energy and transport sectors [1,2]. To achieve these targets, energy systems are being 

transformed with significantly increased shares of variable renewable energy, such as solar and 

wind, which could in fact result in large curtailment or excess of energy. Such large 

deployments of renewable sources also introduce challenges related to high variability. To 

adequately balance supply and demand in energy systems and avoid large curtailments,  new 

approaches and technologies must be introduced [3]. Power-to-X and demand response 

technologies, which provide high degree of flexibility to energy systems, could be in fact a 

viable solution [4].  

 

In previous research, several Power-to-X and demand response technologies were pick-pointed as 

the most relevant to use the synergies between sectors of electricity production and various sectors 

of demand to decarbonize them using locally available renewable energy [5–7]. Such synergies 

are obtained by providing electricity grid balancing services owing to flexible operation and long-

term storage abilities. For instance, using all available heat pumps in smart grids would achieve a 

significant flexibility of the grid [5]. Heat pumps are an alternative option to transfer electrical 

energy to heating or cooling energy, which can then be stored using thermal storage tanks. In this 

context, the study presented in [8] demonstrated that air conditioning heat pump powered by 

photovoltaic panels and the grid could reduce non-prima energy consumption to a 26%. Authors 

in [9] investigated how different balancing groups integrate solar and storage units. They also 

concluded that power-to-heat technologies offer an option for reduction of balancing issues for 

such combination of technologies. In the same context, the role and flexibility of district heating 

was investigated in connection to energy efficiency measures in Pavičević et. al. [10] and with 

waste management and heat markets as factors of synergy in Tomić et. al. [11]. Another 

opportunity for flexibility is provided by the integration of the power and transport sectors. A study 

by Atia et. al. [12] shows how Vehicle-to-grid (V2G) operation can significantly affect renewable 

energy sources (RES) sizing, in particular for micro-grids, demonstrating that V2G will take a very 

relevant position in integration of variable renewable sources. Dorotić et al. [13] analysed the 

economically optimal mix of solar and wind power, supported by V2G with minimal import and 

export of electricity. In Dominković et al. [14], it was demonstrated that in some cases, for small 

islands and integrated planning case, smart charging can reach similar effect as V2G in a 

simulation. 

 

Most of the studies discussed above have been done in short-to-medium time horizon, where the 

behaviour or dispatch of technologies was studied, rather than the optimal size of such. However, 

there is a need to understand the role and required sizes of Power-to-X technologies in evolving 

environments towards low carbon economies. In this context, Dominković et. al. [7] studied, 

through scenario analysis with EnergyPLAN model [15], the possibility to reach 100% renewable 

energy systems in 2050 for the European South East region. They showed that this goal can be 

achieved with various demand response and storage technologies, such as full electrification of 

light road transport with 85% of transport on smart charging, and with solar-thermal for space 

heating with additional storage, among other measures. Although simulation is a feasible approach 

to study different configurations of energy systems, it does not guarantee that the best solution, 

given a criterion, is achieved. Therefore, a different set of models, based on optimization 

algorithms, have also been proposed for planning and analysis of energy systems.  For instance, 

the Dispa-SET tool [16], an hourly level unit commitment model, has been used to study the 
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European Union power sector under high shares of renewable sources. The model obtains the 

hourly dispatch for each technology, given pre-defined capacities for such technologies, that result 

in the minimum yearly operational cost. However, the current version of the model does not 

optimize the size of the existing or new technologies and hence does not allow to endogenously 

optimize (long-term) energy systems.  

 

Model that address long-term capacity planning and operation-dispatch include, among others, 

PLEXOS [17,18], OSeMOSYS  [19,20], and the LUT Energy System Transition model [21,22]. 

PLEXOS is a commercial software that models unit commitment and capacity planning of energy 

systems. PLEXOS has been used to study capacity expansion in the power sector [23] and its 

integration with natural gas systems [24], among other areas. The Open Source Energy Modelling 

System (OSeMOSYS) model is an open source and free software. OSeMOSYS provides the 

lowest net present cost of an energy system that must satisfy a set of given demands. The cost 

considers both operating and investment cost, emissions cost, and a salvage value. Unlike 

PLEXOS, OSeMOSYS does not model the unit commitment problem, but rather the dispatch of 

different technologies considering constraints for supply-demand balance, minimum-maximum 

per year-total investment of technologies, minimum stable operation levels, and emissions 

considerations (penalties and limits) [20,25]. To guarantee computational flexibility, OSeMOSYS, 

as many other energy planning models, applies time slices for each year or period that is 

considered. For instance, the study presented in [20] considers one representative day for each 

season within a year period (hence, 4 time slices per year), while the study in [19] considered 

twelve time slices per year. A detailed comparison of the above mention models (PLEXOS and 

OSeMOSYS, and other models) can be found in [19] and [26]. The LUT Energy System Model 

(LUTESM) has been used to study energy system transitions in regional contexts, such as in 

Bolivia [22] and Kazakhstan [27], and for global analysis [21]. The model is formulated as a long-

term capacity optimization model with hourly energy dispatch while minimizing of the total annual 

cost of the integrated (power, heat, industry, and transport sectors) system. The LUTESM also has 

the ability to consider different regions and the underling transmission grid connecting such 

regions. Given the detail of the model, units have been mainly grouped in terms of technology or 

fuel usage.  

 

Based on the literature, this paper seeks to study the optimal mix between different power-to-x and 

demand response technologies in market coupling environment, to provide comprehensive 

knowledge about these technologies and their opportunities on emerging markets. The role of these 

technologies is assessed in a new developed version of the H2RES model [28–30]. H2RES model 

was originally designed for balancing between hourly time series of water, electricity, heat and 

hydrogen demand, appropriate storages and supply (wind, solar, hydro, geothermal, biomass, 

fossil fuels), with a main focus on energy planning of islands and isolated regions. The new version 

considers the planning of energy system in short-to-long planning horizons (user defined) with 

capacity (size) investments performed for all technologies, including renewable and Power-to-X 

technologies. Additionally, the model considers hourly scale resolutions for energy dispatch 

(unlike models that use simpler time slices within a time period). The specific details of the model 

are presented later in the methods section. We used the new version of H2RES to particularly 

assess the role that Power-to-X technologies might play in the transformation of the Croatian 

energy system.  

 

The rest of the manuscript is organized as follows. We proceed with the methodology section, 

where details of the H2RES model are presented. Thereafter, we describe the Croatian energy 

system and the main data used for the analysis. The paper continues with the results section and 

concludes with final remarks.   



4 
 

METHODOLOGY 

This section describes the main characteristics of the enhanced H2RES model. The main sectors 

and the links among them are depicted in Figure 1. H2RES first considers two set of units in 

the power sector: dispatchable units (DU) and non-dispatchable units (NDU). The NDU mainly 

consider solar, wind, and hydro-river (HROR) technologies. The flexible structure of the model 

allows to model different solar/wind/HROR zones, each of them characterized by different 

hourly-level availability profiles, capital cost, and installed and maximum capacity levels 

(technology potential by zone). Given the information regarding these technologies and zones, 

H2RES optimizes the capacity investments in each zone and in each period (long-term 

planning) while guaranteeing that the yearly Critical Excess of Energy Production (CEEP) does 

not surpasses a defined level (e.g., 5% of total yearly demand). The second set of units are the 

DU. Figure 1. shows units aggregated based on primary fuel consumption, however, each power 

plant (PP) can be individually modelled and optimize. The set of DU consider coal, oil/diesel, 

natural gas, biomass, nuclear, and hydro units. Hydro based units are furtherer differentiated by 

hydro-dam (HDAM) and hydro-pump (HPHS) systems. As for the set of fossil-fuel PP, H2RES 

is able to optimize dispatch and seasonal storage for each of the HDAM and HPHS unit in a 

region, independently.  

 

The power and heat sectors are linked through different technologies, depending on the heat 

demand to be satisfied. H2RES considers two main different heat demand types: District 

Heating (DH) and general-heat-demand (GHD). The current version of H2RES allows to model 

different DH demand markets. Each of the DH demand can be supplied by an attached combine 

heat-and-power (CHP), traditional fuel-based boilers, and electric heat-pumps and boilers. The 

GHD markets can only be supplied by either traditional or electric boilers and electric heat-

pumps. Hence, the power and heat sectors are linked either by CHP units or electric heating 

systems. It is important to note that both, CHP and electric heating systems, serve as Power-to-

X technologies as they provide high degree of flexibility with their storage capacities. 

Additionally, H2RES has the ability to model different technologies within the CHP, traditional 

fuel boilers, and electric heat systems. This allows to consider Power-to-X technologies that 

provide the same service, but with different technical characteristics capacity potential, and cost 

structure (e.g., air, water, or ground heat pump technologies).  

 

Similarly, to the heat demand, H2RES considers hourly profiles of hydrogen (H2) demand. 

Demands for H2 are distributed across the transport, building, industry and other final demand 

sectors. In order to satisfy demand levels, electrolyzer and H2 storage are optimized. H2RES 

provides the optimal generation and storage levels at hourly levels, and investments in capacity 

for each year in the planning horizon. Similarly, H2RES optimizes (dispatch and sizes) for fuel-

cell technologies. As in the case of the heat sector, H2RES allows to model different 

electrolyzer and fuel-cell technologies, which distinct technical and cost characteristics. 

Another flexibility option is provided by electric storage, either through electric vehicles (EVs) 

or stationary storage. For the case of EVs, H2RES considers that EVs can act as storage and 

provide vehicle-to-grid (V2G) services. The level of V2G is subject to required exogenous EV 

demand profiles and minimum battery level requirement, similar to the assumptions in the 

EnergyPLAN model [31,32].       
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Figure 1: Representation of the H2RES model 

Mathematical structure: Objective and main constraints of the enhanced H2RES 

 

The H2RES model is formulated as a large-scale linear program. There are three main set of 

decisions variables. First, we consider yearly investment capacities choices for each of the 

technologies (dispatch and storage size). H2RES assumes that if a capacity addition is made for a 

given technology, then this addition becomes available at the beginning of the year. Secondly, we 

consider dispatch variables for all technologies. Dispatch is modelled at an hourly resolution for 

each of the years in the modelling horizon. The choice of hourly resolution, instead of the standard 

time-slice approach, significantly increases computational time. However, this allows to better 

represent the relation between variable renewable sources and Power-to-X technologies.  Third set 

of variables corresponds to storage levels (hydro, heat, H2, electricity-EV-Stationary). Storage 

levels for each of unit or technology, when available, are also modelled in hourly resolution for 

each year in the horizon. Given these main decisions, we next describe the main objective and 

constraints of H2RES. 

 

Objective.  H2RES minimizes yearly operation and capacity cost. Since H2RES allows to model 

long-term planning horizon, the net present value of future operation and capacity costs are 

considered. The model also considers ramp up/down and CO2 costs. A general mathematical 

representation of the model’s objective is shown in equation (1). 

 

∑ ∑ ∑ 𝑑𝑓𝑦[𝐶𝑡,𝑝,𝑦𝐷𝑡,𝑝,𝑦 + 𝑇𝐶𝑡,𝑦𝐾𝑡𝐼𝑛𝑣𝑡,𝑦 + 𝑅𝑡,𝑝,𝑦𝑅𝑎𝑚𝑝𝑡,𝑝,𝑦 + 𝐼𝑝,𝑦𝐼𝑚𝑝𝑝,𝑦 + 𝐶𝑂2𝑃𝑟𝑖𝑐𝑒𝑦𝐶𝑂2𝐿𝑒𝑣𝑒𝑙𝑠𝑡,𝑝,𝑦]

𝑡

      

𝑝

(1)

𝑦

 

 

The first term of the objective function (1) corresponds to the variable cost for dispatching a 

technology t, in period p, in year y. The variable cost Ct,p,y is a function of fuel cost and non-fuel 

cost. This allows to model cost structures for different type of technologies.  

 

𝐶𝑡,𝑝,𝑦 = [
𝐹𝑢𝑒𝑙𝐶𝑜𝑠𝑡𝑡,𝑝,𝑦

𝑒𝑓𝑓𝑡,𝑝,𝑦
 +  𝑁𝑜𝑛𝐹𝑢𝑒𝑙𝐶𝑜𝑠𝑡𝑡,𝑝,𝑦]                                                                                                                        (2)    

  

The second term of objective function (1) represents the annualised capital cost (𝐾𝑡) of technology 

t. This represent the cost incurred per-unit of additional capacity of a given technology (e.g., per 

EUR/MW). The term 𝑇𝐶𝑡,𝑦 models the technology change cost (learning curve) of a technology 

that might have reduced capital cost in the future. The third and fourth terms of the objective 

function (1) represent the ramp up/down and import cost, respectively. Note that the current 
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version of H2RES allows for electricity imports only. Finally, the model also considers the cost 

per unit of CO2 emissions for each of the technologies (normally, EUR/tCO2).    

 

Constraints. H2RES provides the size of technologies and the dispatch levels that provide the 

minimum cost as defined by the objective function (1), under a set of defined constraint that model 

technical, operational, and logical aspects of energy systems. The main set of constraints are briefly 

described next.  

 

a) Dispatch and technical constraints: Each technology’s output level has a defined upper 

bound corresponding to the installed capacity at the start of the simulation period. If 

capacity investment is allowed, the upper bound can be adjusted in future periods, given 

maximum levels of allowed investments for technologies (potential of each technology). 

If required, a minimum level can also be set for a set of technologies. Note that H2RES 

considers dispatchable and non-dispatchable units, such as wind and solar. We also 

consider technical constraints for power plants, such as ramp up and down limits. 

b) Storage constraints: For the set of technologies that have storage capacity, H2RES models 

the state of charge at an hourly resolution for each year in the model horizon. Some of 

these technologies, such as hydro-dam units, have a natural input level (inflows), while 

input for other technologies must be optimized, such as heat stored in district heating, H2 

in H2-storage, or electricity in stationary batteries. Each storage unit has a minimum and a 

maximum state of charge that must be guaranteed for each hour in the time horizon. 

c) Demand constraints: H2RES disaggregates demand levels of electricity, heat, and H2 in 

different demand sectors, including transport, industry, agriculture, and others. The main 

constraint of the H2RES model is to guarantee that each of the demand for different energy 

carriers in each demand sector is supplied at every hour and year in the time horizon. The 

demand constraint for the electricity sector is further described in equation (3). The 

constraints indicates that dispatch from all units, outputs of storage services and imports 

(if available) must equal (satisfy) the demand from all sectors, input into storage services, 

energy transform into a different carrier (e.g., power-to-heat or power-to-H2) and the CEEP 

level to account for any excess of electricity production.      

 

∑ 𝐷𝑡,𝑝,𝑦 + ∑ 𝑂𝑢𝑡𝑡,𝑝,𝑦

𝑡∈𝑆𝑡𝑜

+ 𝐼𝑚𝑝𝑝,𝑦  = ∑ 𝐷𝑒𝑚𝑑,𝑝,𝑦

𝑑 ∈ 𝐷𝑆

+ ∑ 𝐼𝑛𝑡,𝑝,𝑦

𝑡∈𝑆𝑡𝑜

+ ∑ 𝑃𝑡𝑋𝑡,𝑝,𝑦

𝑡 ∈ 𝑃𝑡𝑋

+ 𝐶𝐸𝐸𝑃𝑝,𝑦  ∀𝑦, 𝑝   (3)

𝑡 ∈ 𝑈𝑛𝑖𝑡𝑠

 

 

 

d) Policy constraints: H2RES considers three main different policy dimensions, which can be 

used independently or together. First,  H2RES allows to define different levels of critical 

excess of energy production allowed during a given year. If the model is used in a long-

term planning scenario, users can set a maximum CEEP level for each year in the time 

horizon. Secondly, H2RES considers targets for renewable energy (%-RES). The target is 

defined in terms of total power supplied by renewable sources. As in the case of the CEEP 

target, H2RES allows to model different %-RES targets for different years in the model 

horizon. Hence, the model allows to analyze systems configurations that comply with a 

transition towards low carbon economies. Lastly, H2RES also considers yearly limits for 

CO2 (or CO2eq) emissions levels.        
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DESCRIPTION OF THE CASE STUDY: CROATIAN ENERGY SYSTEM 

Croatian Power and Heat Sectors 

This research focus on the decarbonization of the Croatian energy system. The total capacity of 

all power plants in Croatia amounted to 5,211 MW at the end of 2019. In addition, Croatia is 

co-owner of the Krško Nuclear Power Plant located in Slovenia and has at its disposal 50% of 

its capacity (348 MW). Also, at the end of 2019, 10 thermal power plants with a total connected 

power of 2,019 MW, 19 hydroelectric power plants with a connected power of 2,127 MW, and 

18 wind power plants with a connected power of 671 MW were connected to the transmission 

network [33].  

Total electricity consumption in Croatia in 2019 amounted to 18,169 GWh. The majority of 

electricity consumption in 2019 (12,006 GWh, 66.1%) was covered by power plants located in 

Croatia, while the remainder was covered by physical net imports (6.163 GWh, 33.9), which is 

at the level of values from 2018. The share of households in total electricity sold to end 

consumers was 37.6%, while the share of electricity sold to non-household end consumers was 

62.4%, which is equivalent to indicators from 2018. In the last few years (with the exception of 

2018), the maximum load of the transmission system has occurred in the summer months due 

to relatively mild winters and increased consumption in the summer (air conditioning). The 

maximum load of the transmission system was reached on 25 July 2019 at a level of 3,038 MW. 

Figure 2 shows the daily production levels and consumption in Croatia during the year 2019 

[33,34]. 

 

 

Figure 2: Daily values of production and consumption of electricity in Croatia's electricity 

system in 2019. Figure obtained from [35]. 

 

Regarding Croatia’s future energy system, it is considered that the biggest number of new RES 

power plants will be solar and wind power. Slower but steady growth can be recorded for 

hydropower and gas. For hydropower plants, most dammed hydropower potential has been 

exploited, so the mentioned growth will be due to capacities from run-of-river hydropower and 

small hydropower plants. As for biomass and geothermal power plants, it is expected that they 

will grow as well, but more slowly. The production of electricity from thermal power plants is 

expected to decline. Oil-fired facilities should be shut down by 2030, and coal-fired ones by 

2040. While the Krško Nuclear Power Plant is planned to be out of operation by 2043, there are 
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ongoing tests to obtain a license to extend its operation even after that year. Electricity 

generation has a similar trend to that of the installed capacities described above. That means 

that more electricity will be produced from RES, while most conventional power plants will 

slowly go out of operation, with the exception of gas power plants. Table 1 displays the current 

technical limitations of RES in Croatia. The highest potential is in wind and solar power plants, 

while biomass can be utilized in heating sector. Thought there is up to 4250 MW of hydropower 

potential, there are environmental constrains in the realization of this option.  

Table 1: Comparison of Technical Potentials in Croatian Energy System 
 

RES Technical potential Unit 

Hydropower  3700-4250 MW 

Wind power 7000-9000 MW 

Solar power 8000 MW 

Biomass (forests) 36,2-72,21 PJ 

Agricultural leftover biomass 18,44-57,93 PJ 

Biogas and biomethane 5,83 – 11,5 PJ 

Waste 13,54 – 17,27 PJ 

Biomass from crops 5,99 – 6,08 PJ 

Energy crops 60 – 109,43 PJ 

Geothermal energy 56,5 - 67,6 up to 100 MW 

 

Regarding the heating sector in Croatia, district heating systems cover around 10% of the 

domestic heat demand. The biggest system is located in Zagreb. The systems in Zagreb, Osijek 

and Sisak are being supplied by the heat from cogeneration plants (gas CHP units), while the 

remaining systems use traditional boilers. The total heat delivered (district heating) in 2020 to 

end users accounted to approximately 1.45 TWh, where Zagreb alone delivered 1.16 TWh (80% 

of the district heating demand). Total heat demand in Croatia, driven by its declining population 

and energy efficiencies measures, is expected to decline approximately 58% from 2020 to 2050, 

reducing 26.84 TWh in 2020 to 11.29 TWh in 2050 [33,34].  

Case Study 

We applied the H2RES model to the Croatian energy system to understand the role of different 

flexibility technologies in the decarbonization of the power and heat sector. We particularly 

consider Power-to-Heat technologies (different heat pump technologies), Power-to-H2 (via 

different electrolyzer technologies), Power-to-Storage (EV and stationary storage) and H2-to-

Power with fuel cell technologies. Demand levels for electricity, heat and hydrogen are 

exogenous. Hence, the model optimizes the mix of technologies (size and dispatch) to account 

for all demand at the least cost. We assume that electricity demand grows at a rate of 1% per 

year, considering the 2020 demand levels as baseline. Heat demand is modelled considering a 

low efficiency case, where heat demand is reduced 25% between 2020 and 2050. Based on the 

study presented by [36], hydrogen demand is assumed to reach approximately 0.45 TWh in 

2030. We assume a yearly increase of 1% for hydrogen demand from 2030 towards 2050.   

We consider two different policy scenarios. The first set of scenarios considers penetration level 

of RES technologies of 90% towards 2050, limiting the CEEP levels to 5% and 10%. The 

second set of scenarios adds CO2 emissions limits to the RES penetration scenarios. We impose 

a CO2 reduction of 90% (power and heat sector) in 2050 based on 2020 levels. The RES and 

CO2 limit scenario is also considered under CEEP levels of 5% and 10%. We also consider a 

decommission of heat technologies of 10% per year after the lifetime is reached (10 years of 

lifetime). The technology data used for flexibility options in the heat sector (and other) is 

described in Table 2. We also assume that all fuel prices (coal, gas, oil, biomass, uranium) 

increase at an average rate of 1% per year in relation to historical 2020 levels. Inflows for hydro 
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units and availability factors of wind and solar are considered to remain similar to 2020 levels 

for each future year. Finally, for stationary storage, we consider a maximum potential of 4000 

MW.  

Table 2: Technology data for H2RES 

 

Technology Units INV 2020 

(M€/unit) 

INV 2030 

(M€/unit) 

INV 2040 

(M€/unit) 

INV 2050 

(M€/unit) 

Efficiency Source 

Large scale 

PV 

MW 0.53 0.38 0.33 0.3 - [37] 

0.83 0.69 - 0.56 - [15] 

Residential 

PV 

MW 1.13 0.87 - 0.59 - [37] 

1.25 1 - 0.85 - [15] 

Wind MW 1.12 1.04 0.98 0.96 - [37] 

PEMFC CHP MW 1.3 1.1 - 0.8 50% [37] 

SOFC CHP MW 3.3 2 - 0.8 60% [37] 

Alkaline 

Electrolyzer 

MW 0.65 0.45 0.3 0.25 66.5-78 [38] 

SOEC 

Electrolyzer 

MW 4.5 1.9 1.3 0.78 77-83.5% [38] 

PEM 

Electrolyzer 

MW 0.92 0.65 0.45 0.4 58-70.5% [38] 

H2 storage 

(tanks) 

MWh 0.057 0.045 0.027 0.021 - [39] 

Li-ion Battery MWh 1.042 0.622 0.394 0.255 92% 

(charge/discharge) 

[39] 

biomass boiler MWth 0.47 0.447 0.425 0.404 79-85% [40] 

gas boiler MWth 0.278 0.265 0.252 0.24 99% [40] 

air-to-water 

HPs 

MWth 1.2 1.076 1.016 0.956 3.282 (SCOP 

evaluated) 

[40] 

geothermal 

HP 

MWth 1.932 1.836 1.74 1.566 4.621 (SCOP 

evaluated) 

[40] 

Electric 

boilers 

MWth 0.89 0.85 0.81 0.77 100% [40] 

 

RESULTS AND DISCUSSION 

This section presents the results of the study. The results will be exposed depending on the 

constraints; thus, at first, the scenarios with RPS limit will be shown and the difference caused 

by the different CEEP limit will be identified and discussed; then, the scenarios with RPS and 

CO2 limits will be analyzed and compared. In the end, a comparison between the two 

approaches (with and without CO2 limit) will be developed. 

Renewable Portfolio Standard constraint only 

In these scenarios, as previously explained, only a constraint in RPS is adopted. In Table 3. the 

CO2 emissions in the power and the heating sector are shown for the two scenarios. By looking 

at the CEEP values in the different years, it is reasonable to expect different results from these 

scenarios mainly in 2045 and 2050. Indeed, in all the previous years the optimal solution is 

always found with a CEEP lower than 5%. Regarding the heating sector, not many differences 

will be found since the RPS limit concerns uniquely the power sector.  
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Table 3: Installed capacity for thermal technology per year expressed in MWth 

 

Year CEEP limit 

(%) 

CO2 

power 

sector 

CO2 

heating 

sector 

CEEP 

(%) 

2020 
5 3261.9 1491.9 0 

10 3261.9 1491.9 0 

2025 
5 3259.5 2492.2 0 

10 3259.5 2492.2 0 

2030 
5 2789.3 3331.6 0.03 

10 2789.3 3331.6 0.03 

2035 
5 1947.3 3762.3 1.95 

10 1958.9 3762.1 1.93 

2040 
5 1136.5 3318.3 4.24 

10 1139.6 3317.9 4.23 

2045 
5 699.75 2349.6 5 

10 691 2349.5 8.25 

2050 
5 157.2 822.7 5 

10 146.2 823.4 10 

 

In Figure 3, the results in terms of total capacity investment in renewable systems are shown. 

 
Figure 3: Investment in renewable plants per year with a 5% CEEP constraint 

 

As expected, the different CEEP constraint does not modify the optimal capacities very much. 

Indeed, the total solar and wind capacities installed by 2050 are 3686.31 MW and 5410.69 MW, 

respectively in the scenario with 5% CEEP allowed; while in the scenario with 10% CEEP they 

are 2050 are 3739.5 MW and 5398.6 MW, respectively. As expected, the main difference is 

found in 2045, where about 46 MW more are installed in the 10% CEEP scenario. The total 

renewable capacity installed is equal to 9097 MW and 9138.1 MW respectively for 5% and 

10% CEEP constraint. 

The generation per fuel in each year is shown in Figure 4. Only the case with a 5% CEEP 

constraint is shown since there are no visible differences with the 10% CEEP scenario. 
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Figure 4: Generation by fuel per year with a 5% CEEP constraint 

 

It is visible how the generation from renewable plants (i.e. solar and wind) is increased 

throughout the years while biomass and hydro remain constant. Meanwhile, coal, gas and 

nuclear tend to slowly disappear towards 2050 as an effect of multiple factors concerning 

emission constrains, expanses and planed decommissioning 

Power-to-X solutions are not very much exploited until 2045 thus until a RPS of 80% is 

required. Low usage of Power-to-X in the region below 80% RPS may be due to relatively high 

transmission capacity with the neighboring systems. 

As far as the heating sector is concerned, Figure 5 shows that fossil fueled boilers are the most 

used technology for individual heating with a small percentage of it covered by HPs while CHP 

and fossil fuel boilers share the supply of DHNs with a 50-50 share. 

 
Figure 5: Generation by fuel per year with a 5% CEEP constraint 

 

Precisely, Table 4 shows the capacity installed for each thermal technology in each year. As 

expected, since the RPS constraint considers only the penetration in the electricity sector, there 

are no relevant differences in the results concerning the thermal sector. Nevertheless, it is 

noteworthy that power-to-heat technologies start to be convenient in 2035, thus with a 60% 

RPS. Also, it should be pointed out that electric boilers are preferred to the two analyzed HP 
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technologies. Between the ATW and Geothermal HPs, ATW are slightly more used. Regarding 

traditional boilers, biomass boilers start replacing gas and oil boilers starting from 2035 when 

the price of biomass boilers drops to 0.436 M€/MWth (the cost of all fuels is increased by the 

same ratio equal to 1% each year). 

Table 4: Installed capacity for thermal technology per year expressed in MWth 

 

Year CEEP limit 

(%) 

Biomass 

boilers 

Gas+Oil 

boilers 

ATW 

HPs 

Electric 

boilers 

Geothermal 

HPs 

2020 
5 0 27.85 0 0 0 

10 0 27.85 0 0 0 

2025 
5 0 3775.85 0 0 0 

10 0 3775.85 0 0 0 

2030 
5 0 3799.9 0 0 0 

10 0 3799.93 0 0 0 

2035 
5 454 3027.22 0.82 47.35 0.72 

10 453.99 3026.96 0.81 47.47 0.72 

2040 
5 183.14 608.08 0.18 2.67 0 

10 183.63 607.85 0.18 2.55 0 

2045 
5 1145 820.1 0.29 49.98 0 

10 1139.02 820.6 0.25 49.98 0 

2050 
5 2548.8 0 0 19.39 0.3 

10 2550.58 0 0 19.44 0.3 

 

As expected, since the RPS constraint considers only the penetration in the electricity sector, 

there are no relevant differences in the results concerning the thermal sector. Nevertheless, it is 

noteworthy that power-to-heat technologies start to be convenient in 2035, thus with a 60% 

RPS. Also, it should be pointed out that electric boilers are preferred to the two analyzed HP 

technologies. Between the ATW and Geothermal HPs, ATW are slightly more used. Regarding 

traditional boilers, biomass boilers start replacing gas and oil boilers starting from 2035 when 

the price of biomass boilers drops to 0.436 M€/MWth (the cost of all fuels is increased by the 

same ratio equal to 1% each year). 

Nevertheless, analyzing the power-to-H2 technologies as well as battery storage will reveal an 

interesting result. Table 5 shows the installed capacity for hydrogen technologies (i.e. H2 

storage tank, electrolysers and fuel cells) and Li-ion batteries per year. 

 

Table 5: Installed capacity for hydrogen related technologies and Li-ion batteries per year. 

 
Year CEEP limit 

(%) 

Alkaline 

ELY 

(MW) 

PEM 

ELY 

(MW) 

SOEC 

(MW) 

PEMFC 

(MW) 

SOFC 

(MW) 

H2 storage 

(MWh) 

Li-ion 

batteries 

(MWh) 

2020 
5 0 0 0 0 0 14.76 0 

10 0 0 0 0 0 14.76 0 

2025 
5 4.67 0 0 0 0 154.37 0 

10 4.67 0 0 0 0 154.37 0 

2030 
5 43.88 0 0 0 0 262.28 0 

10 43.88 0 0 0 0 262.28 0 

2035 
5 13.57 0 0 0 0 97.63 0 

10 13.29 0 0 0 0 97.69 0 

2040 
5 50.27 0 0 0 0 180.85 209.31 

10 49.98 0 0 0 0 181.43 208.18 

2045 
5 31.51 0 0 3.04 0 121.57 344.22 

10 25.67 0 0 0 0 36.5 322.67 

2050 
5 27.56 0 0 0 4.39 169.31 1479.89 

10 31.87 0 0 0 6.52 224.2 1467.84 
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TOT 
5 171.46 0 0 3.04 4.39 1000.77 2033.42 

10 169.36 0 0 0 6.52 971.23 1998.69 

The only difference between the two scenarios is represented by the size of the two storage 

technologies that are slightly reduced in the case where 10% CEEP is allowed. By matching 

these results with the ones obtained in the heating sector we can conclude that if the emissions 

of the heating sector are not considered, electricity storage and power-to-hydrogen solutions 

are preferred to power-to-heat. It should be noted that the thermal storage size for individual 

heating is not optimized; nevertheless, an initial capacity of 1000 MWh has been assigned to 

every HPs (and electric boiler) technologies thus it is plausible to think that the thermal storage 

size is not limiting the installed HPs capacities. 

 

Renewable Portfolio Standard and Carbon Emission constraints 

In these scenarios, as previously explained, only a constraint in RPS is adopted. In Table 6 the 

CO2 emissions in the power and the heating sector are shown for the two scenarios. 

Table 6: Installed capacity for thermal technology per year expressed in MWth 

 

Year CEEP limit 

(%) 

CO2 

power 

sector 

CO2 

heating 

sector 

CEEP 

(%) 

2020 
5 1748.2 1491.3 0 

10 1748.2 1491.3 0 

2025 
5 307.8 2283.8 0 

10 307.8 2283.8 0 

2030 
5 228.9 1714.8 0.02 

10 229.8 1713.9 0.02 

2035 
5 157.4 1138.4 0.88 

10 158.4 1137.4 0.87 

2040 
5 136 835.8 4 

10 136.5 835.3 4.25 

2045 
5 73.9 574 5 

10 74.9 573 5.76 

2050 
5 27.6 296.3 5 

10 27.9 296 8.21 

 

The CEEP values in the different years suggest that significant differences can be found from 

2040 onwards. Another interesting information is that the maximum CEEP is reached only in 

2040 and 2050 in the case of 5% limit while it is never obtained in the case of 10% threshold 

thus suggesting that an 8.21% CEEP is the absolute optimal solution in this scenario. 

InFigure 6, the results in terms of total capacity investment in renewable systems are shown. 

As expected, the different CEEP constraint does not modify the optimal capacities very much. 

Indeed, the total solar and wind capacities installed by 2050 are 4398.5 MW and 6027 MW, 

respectively in the scenario with 5% CEEP allowed; while in the scenario with 10% CEEP they 

are 2050 are 4443.5 MW and 6020.61 MW, respectively. The total renewable capacity installed 

is equal to 10425.5 MW and 10464.11 MW respectively for 5% and 10% CEEP constraint. 
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Figure 6: Investment in renewable plants per year with a 5% CEEP constraint 

 

 

The generation per fuel in each year is shown in Figure 7. Only the case with a 5% CEEP 

constraint is shown since there are no visible differences with the 10% CEEP scenario. 

 
Figure 7: Generation by fuel per year with a 5% CEEP constraint 

 

It is visible how the generation from renewable plants (i.e. solar and wind) is increased 

throughout the years while biomass and hydro remain constant. Meanwhile, coal, gas and 

nuclear tend to slowly disappear towards 2050. 

As far as the heating sector is concerned, Figure 8 shows that fossil fueled boilers tend to 

decrease in both the individual heating and the DHNs. CHPs continue supplying part of the 

heating demand of DHNs reducing their contribution each year. Differently from the scenarios 
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without CO2 limit, the HPs slowly become the most important technology in the heating sector 

both for individual demand and DHNs. 

 

 
Figure 8: Generation by fuel per year with a 5% CEEP constraint 

 

The installed capacities of each thermal technology in each year are shown in Table 7. 

 

Table 7: Installed capacity for thermal technology per year expressed in MWth 

 

Year CEEP limit 

(%) 

Biomass 

boilers 

Gas+Oil 

boilers 

ATW 

HPs 

Electric 

boilers 

Geothermal 

HPs 

2020 
5 0 27.85 0 0 0 

10 0.01 27.84 0 0 0 

2025 
5 212.95 3583.49 0 0 0 

10 212.97 3583.47 0 0 0 

2030 
5 2126.92 1612.51 55.82 0 0 

10 2118.3 1606.38 62.41 0 0 

2035 
5 1845.46 1425.35 85.33 100 0.72 

10 1854.54 1429.53 78.74 100 0.72 

2040 
5 233.71 505.8 58.85 5.91 0 

10 233.23 508.89 58.85 3.58 0 

2045 
5 0 683.37 1173.54 113.74 61.78 

10 0 677.86 1174.87 112.55 61.78 

2050 
5 0 542.17 1856.65 0 28.44 

10 0 543.88 1856.22 0 28.44 

 

Differently from the scenarios without the CO2 emission constraint, the HP technologies are 

used more than electric boilers, especially ATW. As far as traditional boilers are concerned, 

biomass and gas boilers share the heating supply until 2045 when 1.35 MWth of power-to-heat 

technologies are installed and only new gas boilers are installed to cover the peak demand. 

Indeed, gas boilers remain the cheapest solution to install while biomass represent the cheapest 

fuel thus a more feasible solution for supplying the baseload that is now covered by HPs. As 

expected, there are no relevant differences in the results with different CEEP constraint 

concerning the thermal sector. 
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Analyzing the power-to-H2 technologies as well as battery storage will reveal an interesting 

result. Table 8 shows the installed capacity for hydrogen technologies (i.e. H2 storage tank, 

electrolysers and fuel cells) and Li-ion batteries per year.  

 

Table 8: Installed capacity for hydrogen related technologies and Li-ion batteries per year. 

 

Year CEEP limit 

(%) 

Alkaline 

ELY 

(MW) 

PEM 

ELY 

(MW) 

SOEC 

(MW) 

PEMFC 

(MW) 

SOFC 

(MW) 

H2 storage 

(MWh) 

Li-ion 

batteries 

(MWh) 

2020 
5 0 0 0 0 0 2.11 0 

10 0 0 0 0 0 2.12 0 

2025 
5 6.38 0 0 0 0 148.13 0 

10 6.38 0 0 0 0 148.13 0 

2030 
5 30.98 0 0 0 0 219.62 0 

10 30.98 0 0 0 0 219.67 0 

2035 
5 18.39 0 0 0 0 71.3 0 

10 18.11 0 0 0 0 72.1 0 

2040 
5 27.6 0 0 0 0 109.1 13 

10 25.6 0 0 0 0 93.22 5.94 

2045 
5 52.62 0 0 0 0 347.24 407.84 

10 50.39 0 0 0 0 305.75 402.18 

2050 
5 51.73 0 0 0 16.94 927.88 2559.48 

10 48.16 0 0 0 13.32 832.96 2565.28 

TOT 
5 187.7 0 0 0 16.94 1825.38 2980.32 

10 179.62 0 0 0 13.32 1673.95 2973.4 

 

The only difference between the two scenarios is represented by the size of the two storage 

technologies that are slightly reduced in the case where 10% CEEP is allowed.  

Renewable Portfolio Standard constraint versus Renewable Portfolio Standard + 

Carbon Emission constraints 

In this section the scenarios with and without the CO2 constraint are compared and analyzed. 

For the sake of clarity, only the scenarios with a 5% CEEP limit are considered since the 

difference with the relative 10% CEEP limit ones are not relevant. 

Table 9 shows the installed capacity of PV and Wind Turbine Generators in each year. As it 

can be seen the CO2 constraint translate into a slightly faster installation of renewables into the 

system with a particular increase in 2045 and 2050 in order to get to an 80% and 90% CO2 

emission reduction, respectively. This is mainly due to the higher electricity demand form the 

heating sector. Indeed, the CO2 constraint mainly induces a higher use of power-to-heat 

technologies.  

Table 9: Installed capacity for renewable generators per year expressed in MW 

 

Scenario Technology 2020 2025 2030 2035 2040 2045 2050 TOT 

Without 

CO2 

constraint 

PV 0 623.94 700 636.85 514.98 510.54 700 3686.31 

Wind 0 0 184.13 334.94 1203.94 1687.68 2000 5410.69 

With CO2 

constraint 

PV 0 700 700 562.04 411.24 700 1325.24 4398.52 

Wind 0 0 140.54 450.01 1436.49 2000 2000 6027.04 

Without TOT 0 623.94 884.13 971.79 1718.92 2198.22 2700 9097 

With TOT 0 700 840.54 1012.05 1847.73 2700 3325.24 10425.56 
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Table 10 shows the production from HPs and electric boilers in the two scenarios. As expected, 

the request to decarbonize the heating sector connected to the constraint of RPS in the power 

sector pushes the electrification of the heating sector and the use of power-to-heat strategies. 

Table 10: Energy production from power-to-heat technologies (i.e. HPs and electric boilers) 

 

Scenario Unit 2020 2025 2030 2035 2040 2045 2050 

Without 

CO2 

constraint 

GWh 707.88 471.66 267.58 145.56 186.04 425.95 473.33 

With CO2 

constraint 

GWh 560.13 777.58 514.91 1003.12 1434.34 6281.67 11687.08 

Without % over 

total 

heating 

production 

2.63 1.81 1.06 0.61 0.84 1.97 2.29 

With 2.08 2.96 2 4.09 6.26 28.28 56.18 

 

The differences in terms of hydrogen technologies and storage are shown in Table 11. As shown 

in the previous tables, the preferred technology for electrolysis is Alkaline electrolysers that is 

the only solution installed throughout the whole-time horizon for all the analyzed scenarios. 

There is not a significant difference between the scenarios with and without CO2 constraint. 

This is mainly because the electrolyser are used to supply the hydrogen demand that is an 

exogenous input. Indeed, in all scenarios FC are not installed before 2045. Specifically, SOFC 

are generally preferred to PEMFC but in the scenario without CO2 limit a capacity comparable 

to the SOFC one is installed in 2045, year in which this technology still has a lower investment 

cost. The overall installed capacity of FCs is slightly higher in the scenario with a CO2 

constraint in order to respect the CEEP constraint of 5% with a higher RES production. In terms 

of storages, H2 storage is installed earlier than Li-ion batteries but only to allow the optimal use 

of electrolysers to supply the hydrogen demand. Indeed, when higher RPS percentages are 

required (i.e. 80% in 2045 and 90% in 2050) the preferred technologies is Li-ion batteries that 

in 2050 have an overall installed capacity of 2980.32 MWh against 1825.38 MWh of H2 storage. 

Table 11: Installed capacity of electrolysers, FCs, H2 storage and battery storage per year 

 

Scenario Technology 2020 2025 2030 2035 2040 2045 2050 TOT 

Without 

CO2 

constraint 

Alkalyne 

ELY 

0 4.67 43.88 13.57 50.27 31.51 27.56 171.46 

FCs 0 0 0 0 0 3.04 4.39 7.43 

H2 storage 14.76 154.37 262.28 97.63 180.85 121.57 169.31 1000.77 

Battery 

storage 

0 0 0 0 209.31 344.22 1479.89 2033.42 

With CO2 

constraint 

Alkalyne 

ELY 

0 6.38 30.98 18.39 27.6 52.62 51.73 187.7 

FCs 0 0 0 0 0 0 16.94 16.94 

H2 storage 2.11 148.13 219.62 71.3 109.1 347.24 927.88 1825.38 

Battery 

storage 

0 0 0 0 13 407.84 2559.48 2980.32 
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CONCLUSIONS 

This paper presents a new version of the H2RES model, formulated as a long-term energy planning 

and operational model. H2RES considers endogenous capacity investment decisions for all 

technologies that provide flexibility in energy systems, particularly Power-to-Heat, Power-to-

Storage, Power-to-H2 and H2-to-power. Additionally, we consider investment in different 

technologies in the power sector. The H2RES model simultaneously and endogenously optimizes 

such capacities and the dispatch, at a hourly level, for the time horizon of the analysis. In particular, 

this paper explores the role of Power-to-X technologies to decarbonize the Croatian Energy sector. 

We develop two set of policy scenarios. First, we analyze the role of Power-to-X in response to 

targets of renewable electricity generation (RPS). Secondly, we study the role of these technologies 

when CO2 limits are further imposed (along with RPS technologies). The analysis is carried out 

in a time horizon of 30 years, considering hourly dispatch of technologies from 2020 towards 2050, 

with five-year time intervals. Result indicates that the RPS alone scenarios can decarbonize the 

power sector, reaching renewable shares of 90% by the year 2050. However, the heat sector 

remains dominated by fossil-fueled technologies, primarily natural gas CHP units and traditional 

biomass/gas boilers. Additionally, it was also observed that renewables shares below 80% do not 

impose high stress and hence Power-to-X technologies are not highly deployed. When CO2 limits 

are imposed (10% by 2050 based on 2020 levels), along with RPS, emissions from both the power 

and the heat sectors are significantly reduced, particularly by the electrification of district heating 

and individual demand. We also observed that most of the required electricity from the heating 

sector is utilized from either the power sector directly, from H2-to-power (fuel cell), or from 

significantly use of stationary batteries. In fact, we observe almost 30% more deployment of 

stationary batteries with CO2 limits are imposed along with RPS levels of at least 70-80%. This 

result in significant transformations of the energy sector not before the year 2035.  
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