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Abstract

This study examines the causes and implications of the unprecedented electricity consump-
tion observed in Croatia during an intense heatwave in July 2024. On the evening of 17 July
2024, power demand reached an all-time high of 3381 MW, significantly surpassing the av-
erage demand of around 2000 MW. More concerningly, during these peak hours, 35% of the
electricity had to be imported due to insufficient domestic generation capacity. As a result,
average monthly electricity prices for July and August 2024 exceeded 250 EUR/MWh in the
evening hours. Looking ahead, Croatia and Southern Europe are expected to face increas-
ingly hotter summers, pushing power systems to accommodate even higher peak loads.
As the energy transition progresses toward a greater reliance on intermittent renewable
energy, enhancing power grid flexibility will become essential. Flexible power generation
will play a critical role in bridging gaps in renewable energy output. Solutions such as
pumped hydro storage and battery systems can store excess renewable energy and release
it during peak demand periods. Additionally, demand response strategies—encouraging
the shift of electricity usage to times of higher wind and solar availability—offer another
effective way to adapt to the intermittent nature of renewable energy sources.

Keywords: peak load; wind energy; solar PV; grid flexibility; pumped hydro storage;
demand response

1. Introduction
Over the past decade, Croatia has taken decisive steps to expand and diversify its

renewable energy portfolio in response to climate change, rising electricity prices, and
growing concerns about energy supply security. Currently, Croatia’s wind power capac-
ity stands at 1.15 GW [1], with projections indicating an increase to 2 GW by 2030 [2].
Solar PV, while starting from a modest base, has experienced rapid growth, offering so-
lutions for meeting summer peak loads. In 2020, Croatia’s solar PV capacity was just
100 MW [3]. However, increased investments and streamlined policies have driven its
expansion to 700 MW today [4,5]. By 2030, solar PV capacity is expected to reach approxi-
mately 2 GW [6], potentially surpassing wind power capacity.

In 2023, wind contributed 12.8% while solar PV only 2.0% to the electricity mix in
Croatia, as illustrated in Figure 1. By 2024, wind energy accounted for 14.9%, while
solar PV reached 3.5%. This increase can be attributed to both the commissioning of new
installations and a decrease in overall electricity generation compared to the previous

Eng. Proc. 2025, 87, 90 https://doi.org/10.3390/engproc2025087090

https://doi.org/10.3390/engproc2025087090
https://doi.org/10.3390/engproc2025087090
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/engproc
https://www.mdpi.com
https://orcid.org/0000-0002-9678-3833
https://orcid.org/0000-0002-0937-6659
https://orcid.org/0000-0001-5011-7344
https://orcid.org/0000-0002-8720-9549
https://sciforum.net/event/ASEC2024
https://doi.org/10.3390/engproc2025087090
https://www.mdpi.com/article/10.3390/engproc2025087090?type=check_update&version=1


Eng. Proc. 2025, 87, 90 2 of 11

year. The delayed growth of the solar PV market in Croatia was caused by lengthy and
complicated permitting processes and due to the underdeveloped grid at the transmission
system level. Simplified permitting and faster grid connection procedures, which have
been recently implemented in Croatia, should lead to accelerated development of the solar
PV market in the following years. At the end of 2022, the total solar PV capacity in Croatia
was 220 MW; then it expanded to 460 MW at the end of 2023 and to 700 MW at the end
of 2024.

Figure 1. Share of wind and solar PV in the electricity generation of EU countries, data for 2023.

In response to changing climates, rising electricity consumption, and increasing energy
prices, Croatia has intensified efforts to diversify and expand its renewable energy portfolio.
The updated National Energy and Climate Plan (NECP) sets ambitious targets, aiming
to achieve 1 GW of solar PV capacity and 2.5 GW of onshore wind capacity by 2030 [2].
Notably, the solar PV target is expected to be met as early as the end of 2026 [7]. Croatia’s
growing solar PV market reflects a broader global trend, where solar PV has surpassed
onshore wind to become the most competitive renewable energy technology.

Croatia’s renewable energy initiatives align with the broader European REPowerEU
plan [8,9], introduced in 2022, which aims to diversify Europe’s energy sources and reduce
reliance on energy imports. A central objective of the plan is to accelerate the deployment of
renewable energy technologies. Solar PV capacity, currently at 260 GW, is projected to triple
by 2030, while wind power, currently at 225 GW, is expected to double within the same
timeframe. The REPowerEU plan also focuses on expanding the production and use of
clean hydrogen, targeting an increase from the current 0.1 million tonnes per year (MTPA)
to 10 MTPA by 2030, with an additional 10 MTPA to be imported. This initiative aims to
foster a hydrogen-based economy capable of replacing fossil fuels in hard-to-abate sectors.
Furthermore, the plan emphasizes the need to upgrade power systems by enhancing grid
flexibility, expanding energy storage capacity, and improving cross-border interconnections.
Battery energy storage systems (BESS) are expected to grow from the current 36 GWh to
260 GWh by 2030. Similarly, biomethane production is targeted to rise from 5 billion cubic
meters (bcm) per year to 35 bcm by 2030.
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The shift towards renewable energy, and especially solar PV and onshore wind gener-
ations, is accelerated by the decreasing costs and shorter payback times. Figure 2 compares
the total installation costs (TIC) and the levelized cost of electricity (LCOE) for various
renewable energy technologies from 2010 to 2023. Since 2010, solar PV has experienced
a dramatic decline in both manufacturing and installation costs. Today, utility-scale solar
PV is the most cost-effective power generation option, with a global average LCOE that is
50% lower than the cheapest fossil fuel alternative. For newly commissioned utility-scale
solar PV projects, the LCOE dropped from 460 USD/MWh in 2010 to just 44 US$/MWh in
2023—an impressive 90% decline [10].

Figure 2. Change in total installation costs (TIC) and levelized cost of electricity (LCOE) by renewable
energy technology between 2010 and 2023.

Maintaining stability in the power grid will become increasingly difficult as extreme
weather events become more frequent due to climate change [11]. Intermittent renewable
energy, such as wind and solar PV, adds variability to the power supply, making advanced
grid management and energy storage critical during weather extremes [12]. Wind power
generation is more erratic than solar PV; however, it avoids the sharp morning and evening
fluctuations typical of solar PV [13]. The combined use of wind and solar PV, along with
dispatchable hydropower, can boost renewable energy integration while maintaining grid
stability. Recent blackouts across the European continent highlight these challenges. On
21 June 2024, parts of the Balkans experienced outages due to overloaded lines during a
heatwave [14]. On 28 April 2025, Spain and Portugal faced a blackout potentially linked to
a sudden spike in wind generation that disrupted grid synchronization [15]. Both incidents
underscore the need for improved grid stabilization strategies and stronger cross-border
interconnections [16].

Summer heatwaves can cause high-pressure stability, lowering wind speeds and
reducing onshore wind generation significantly. European heatwaves suppress daily wind
output by 10–20%, with larger drops during afternoon peak demands [17]. However, coastal
wind turbines can achieve increased performance at night during heatwaves due to stronger
sea-land breezes, increasing output by 15–25% [18]. However, this rarely offsets broader
daytime wind losses. Solar PV generation generally increases during heatwaves due to
higher irradiance (often 10–20% above normal). However, PV module efficiency decreases
by up to −0.5% per ◦C above 25 ◦C, reducing potential output by 5–15% during extreme
heatwaves [19]. Heatwaves dramatically increase electricity demand for air conditioning
(A/C), driving record peak loads. Climate change is projected to increase US peak electricity
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load by up to 18% by 2100 due to A/C and triple global electricity demand for cooling by
2050, intensifying grid stress during heat events [20,21].

In Europe, improved grid integration between northern and southern regions can help
balance the variability of solar and wind energy [22]. Hybrid systems combining hydro,
wind, solar, and battery storage are seen as effective for managing weather extremes [23].
Using excess solar and wind power to produce clean hydrogen can also support grid
stability [24]. Climate models project a 5.2–12.5% rise in power outages by 2030 and
7.4–20.3% by 2050 [25], driven by more frequent and intense heatwaves, which also increase
electricity demand and emissions from the power sector [26].

This article discusses the possible mitigation strategies for the increasing electricity
demand under extreme heatwaves and the effects of the planned wind and solar PV
expansion on the power grid stability and electricity prices in Croatia. The article layout is
as follows: Section 2 discusses the relationship between heatwaves and power peaks in
Croatia, Section 3 suggests mitigation strategies for the summer power peaks, and Section 4
reports the concluding remarks while also pointing out the main limitations of the present
research and offering guidelines for future research.

2. Heatwaves and Power Peaks
In July 2024, Southern Europe, including Croatia, endured an intense and prolonged

heatwave. Daytime temperatures consistently exceeded 30 ◦C, and the peak tourist season
added to the demand for cooling and air conditioning. Historically, the highest power loads
were recorded in the winter months [27]. However, since 2015, summer has consistently
seen the highest peak loads, with 9 out of the last 10 years reaching their maximum demand
in this season, as shown in Table 1. This trend has only become more pronounced, with an
all-time high of 3381 MW recorded in July 2024. The annual electricity demand is steadily
rising, driven by greater cooling needs during hotter summers and the growing adoption
of heat pump systems. Over the past 15 years, Croatia’s annual electricity demand has
grown at an average rate of 0.4%.

Table 1. Annual electricity demand and peak load in the power system of Croatia.

Year Annual Electricity
Demand (GWh)

Peak Load
Value (MW)

Date and Time
of Peak Load

2010 18.870,0 3121 16 December, at 18:00
2011 18.527,6 2970 25 January, at 19:00
2012 18.186,4 3193 6 February, at 19:00
2013 17.921,6 2813 11 February, at 20:00
2014 17.506,7 2974 31 December, at 18:00
2015 18.190,4 3009 22 July, at 13:00
2016 18.349,5 2869 12 July, at 14:00
2017 18.937,2 3079 8 August, at 14:00
2018 19.019,3 3168 26 February, at 20:00
2019 18.893,3 3038 25 July, at 14:00
2020 18.024,6 2872 31 July, at 14:00
2021 19.171,4 3072 16 August, at 14:00
2022 18.838,4 3126 4 July, at 14:00
2023 19.152,1 3198 24 August, at 21:00
2024 19.197,8 3381 17 July, at 19:30

Figure 3 compares net electricity generation by energy source with the demand load
during the week of 15–21 July 2024 [28], when Croatia experienced the abovementioned
heatwave. The nighttime base load remained around 2000 MW, while the daytime peak
load exceeded 3000 MW on several consecutive days. The increase in evening peak loads
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during the summer months is driven by the rising demand for air conditioning in buildings
and the peaking tourist season.

Figure 3. Net electricity generation and system load in the week of 15–21 July 2024, in Croatia.

At 19:30 on 17 July 2024, during the record peak load, all available base load capacities
(nuclear, thermal, and hydro) were online to meet the surge in demand. Nuclear power gen-
eration contributed 340 MW, which is half of the total capacity from the Slovenian–Croatian
jointly owned Krško nuclear power plant. Hydropower generation reached 1006 MW, and
fossil thermal power accounted for 532 MW. Variable renewable energy (VRE) generation
contributed an additional 318 MW, including 202 MW from onshore wind turbines, 65 MW
from biofuels, 15 MW from solar PV, and 36 MW from other renewable sources such as
cogeneration, waste, and landfill gas. Despite all this, total electricity generation at the time
of the record peak load was only 2196 MW.

In July 2024, Croatia generated 1316 GWh of electricity, while the total demand was
1806 GWh. The import dependency was as much as 27% of the demand. Non-renewable
energy supplied 34.1%, while fossil fuels supplied 20% of the electricity demand. Nuclear
energy supplied 255 GWh, combined cycle gas turbines (CCGT) 265 GWh, and hard coal
96 GWh. Renewable energy supplied 38.8% of the electricity demand. Hydropower gener-
ated 410 GWh, onshore wind 191 GWh, and biomass 45 GWh, while solar PV generation
was only 27 GWh. The share of variable renewable energy generation (wind and solar PV)
in the demand was 12% in July 2024.

The gap between the load (represented by the black curve in Figure 3) and domestic
electricity generation (shown by the colored surfaces) reflects the import-export electricity
balance. During the record peak load, 1185 MW, which is 35% of the peak demand, had
to be imported. Of the total electricity generated, 39.2% (1324 MW out of 3381 MW) came
from renewable sources, including large hydropower.

Figure 4 compares the average daily electricity prices between the summer and winter
of 2024. For this comparison, January and February represent the winter months, while
July and August are used to represent the summer months.

Data from the Croatian power exchange (CROPEX) [29] show that electricity prices
typically range between 50 and 100 EUR/MWh. However, during the summer months,
prices can spike several times higher between 18:00 and 23:00. In the winter months, prices
remain within the same range, with slight increases during the morning (8:00–11:00) and
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evening (17:00–20:00) hours. The sharp evening price spikes in the summer (19:00–22:00)
are driven by a significant mismatch between demand and supply, as shown in Figure 4.

Figure 4. Average prices of electricity in the summer and winter months of 2024 in Croatia.

Figure 5 illustrates the cross-border physical flow of electricity between Croatia and
its neighboring countries during the week of 15–21 July 2024 [30]. Croatia imported
electricity from Slovenia and Hungary, then exported part of it to Serbia and Bosnia and
Herzegovina. Overall, Croatia was a net importer of electricity during the observed period.
Net imports were highest during the daytime (9:00–18:00) and lowest at night and in the
early morning hours.

Figure 5. Cross-border physical flow between Croatia and neighboring countries, 15–21 July 2024.
Positive values indicate electricity imports, while negative values indicate electricity exports.

3. Mitigation of Summer Power Peaks
Austria, Switzerland, and Italy experienced high levels of hydropower generation

and reservoir storage during the winter of 2024, following above-average precipitation in
the autumn of 2023. Austria’s total installed hydropower capacity is 11.8 GW, comprising
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5.8 GW from run-of-river power plants, 3.5 GW from pumped hydro storage (PHS), and
2.5 GW from hydropower reservoirs [31]. To further leverage its abundant water resources
and mountainous terrain, Austria is developing additional PHS projects.

Although the summer of 2024 was notably dry, Austria maintained its position as an
electricity exporter thanks to its significant solar PV and PHS capacities [32]. By the end of
2023, Austria had installed 6.4 GW of solar photovoltaic (PV) capacity, with approximately
2.6 GW added during that year. In the first nine months of 2024, an additional 1.4 GW of
PV was installed, bringing the total to 7.8 GW by the end of September 2024 [33].

Figure 6 illustrates how Austria capitalized on the conditions in the summer of
2024 [34]. During sunny summer days, surplus solar PV energy was stored in PHS facilities
and later converted back to electricity during evening peak demand and nighttime hours.
In addition to its own solar PV production, Austria imported low-cost solar electricity
from Germany during the day. This imported energy was stored in PHS systems and
subsequently converted back to electricity to meet evening and nighttime demand. The
stored energy not only supported Austria’s domestic consumption but also enabled surplus
electricity to be exported to Germany at higher prices. In Figure 6, positive values in Aus-
tria’s import-export balance with Germany indicate imports, while negative values indicate
exports. The integration of solar PV and PHS proved highly effective in mitigating evening
electricity price spikes. During the week of 15–21 July 2024, Austria’s average day-ahead
electricity price was 68 EUR/MWh. While price spikes exceeding 100 EUR/MWh occurred
during morning and evening peak loads, they remained far below the extreme peaks
of over 400 EUR/MWh seen in Croatia. The lowest electricity prices were consistently
recorded between 9:00 and 17:00, when the power system was saturated with low-cost
solar PV electricity. Notably, negative electricity prices occurred during the afternoon of
21 July 2024.

Figure 6. Coupling of solar PV and pumped hydro storage (PHS) in Austria.

The example of Austria shows how intermittent renewable energy sources can ef-
fectively balance power grid demands. By integrating solar power with hydroelectric
resources during the summer, Austria has created a system resembling a virtual power
plant. Solar PV reliably met a substantial portion of electricity demand during sunny hours,
while elevated water reservoir levels allowed PHS units to generate power during periods
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without solar energy. The ability to store excess solar power in PHS facilities during the
day and deploy it during evening peaks provided an efficient energy storage solution. This
synergy helped stabilize electricity prices and reduce dependency on energy imports from
neighboring countries. In winter, however, solar PV is replaced by gas-fired power plants,
with PHS consumption primarily supported by wind turbines.

To mitigate summer peak loads, both supply-side and demand-side strategies are
necessary. On the supply side, Croatia must accelerate its renewable energy transition by
expanding solar PV and wind power capacities. The Croatian Energy Market Operator
(HROTE) has recently launched a public bid to allocate 350 MW for utility-scale solar PV
projects and another 100 MW of solar PV for small and medium enterprises. The solar PV
capacity is expected to reach 2 GW and possibly surpass wind capacity by 2030 in Croatia.
Croatia’s wind power capacity is 1.2 GW, but with only 47 MW of newly commissioned
wind turbines in 2024. The Wind Europe report [35] foresees 2 GW of onshore wind power,
while the updated National Energy and Climate Plan (NECP) sets a more ambitious target
of 2.5 GW by 2030 in Croatia. A new pumped hydroelectric storage power plant is being
planned in Croatia, the PHS Blaca. It will feature a generating capacity of 498 MW and
a pumping capacity of 489 MW, operating eight hours in pumping mode and six hours
in turbine mode per day [36,37]. PHS Blaca is expected to store 1290 GWh annually in
pumping mode and generate 986 GWh of electricity in turbine mode [38]. Similar PHS
projects are being developed throughout the region to enhance grid flexibility in power
systems increasingly reliant on intermittent renewable energy sources [39].

Baseload generation could be further increased with new CCGT power plants or small
modular nuclear reactors (SMRs). Hydropower has been largely exhausted in Croatia and
Slovenia, and a future expansion of the Krško nuclear power plant seems reasonable [40].
Although investment costs are estimated at 9000 EUR/kW, nuclear energy is considered
a strategic decision in both countries, which could reduce the exposure to volatile fossil
fuel prices, ensure long-term power supply, and promote decarbonization in the power
sector [41].

Upgrading existing grid infrastructure will be critical for handling higher loads and
efficiently integrating renewables. Strengthening cross-border interconnections with neigh-
boring countries will also facilitate electricity transport and help balance load fluctuations.
On the demand side, demand response programs can encourage consumers to reduce
air conditioning use during peak hours and shift energy-intensive activities—like using
water heaters, dryers, washing machines, or cooking—to off-peak periods. Utilities could
incentivize such behavior with financial discounts or rewards. Smart grid technologies
offer another solution by enabling real-time monitoring and control of the electricity dis-
tribution network, allowing utilities to dynamically manage demand by automatically
shifting or reducing loads during peak times. Furthermore, improving the energy efficiency
of buildings and air-conditioning systems, as well as adopting cool roofs and green roofs,
can significantly reduce summer peak loads.

4. Conclusions
This study underscores the challenges extreme weather events pose to Croatia’s

power system, focusing on the record-breaking electricity consumption of July 2024. Over
the past decade, Croatia’s annual maximum power load has been recorded during the
summer in 9 out of 10 years. Hotter summers, the expansion of tourism accommodations,
and increasing air-conditioning use in buildings are the primary drivers. Peak demand
consistently occurs during the evening hours of hot summer days when solar PV ceases
production, forcing conventional power plants to take over at significantly higher costs.
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Currently, the per capita electricity generation from wind and solar PV in Croatia is
only half the EU average. Consequently, Croatia imports about one-third of the required
power load during periods of high demand in the summer. This dependency exacerbates
electricity price spikes, particularly in the evenings when prices can exceed 250 EUR/MWh.
Expanding solar and wind power capacity, coupled with new pumped hydro storage
projects, is urgently needed to mitigate summer peak loads and reduce price volatility.

The results underscore the importance of accelerating the deployment of flexible
energy generators, such as pumped hydro storage and battery energy storage systems,
to enhance grid resilience and price stability. Future research should focus on modeling
heatwave impacts on electricity supply and demand and incorporate data from climate
projections, renewable variability, and socio-economic trends. Additionally, more specific
studies on demand response potential and real-time grid optimization using smart technolo-
gies will be essential for high-performing power systems against climate change stressors.

Future power systems must effectively integrate intermittent energy sources by adopt-
ing advanced real-time energy management through smart grid technologies. These
systems can optimize the storage of excess energy during peak production for use during
high-demand periods. Enhanced forecasting tools will be essential to predict renewable
generation and demand patterns, maximizing the synergy between variable energy sources
and storage solutions. Additionally, strengthened regional interconnections and flexible
market mechanisms will complement pumped hydro storage by balancing grid fluctuations
and promoting efficient energy trading.
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BESS Battery energy storage systems
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HEP Hrvatska Elektroprivreda (Croatian national power company)
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PHS Pumped hydro storage
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