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To achieve the goal of a carbon-neutral EU by 2050 and accelerate the transition to a sustainable energy
system, synergies need to be achieved between renewable energy production, energy efficiency improvement,
technology development and widespread electrification. This work presents a synthesis of sustainable
renewable energy supply networks to achieve the transition to a 100 % renewable energy system in the EU by
2050, focusing on heat and power end users in various sectors to achieve more synergies between sectors and
thus increase the overall efficiency of the energy system. The generation and supply of renewable electricity,
heat, first, second and third generation biofuel, hydrogen and bioproducts from different renewable energy
sources are considered together with storage technologies. A dynamic mixed-integer linear programming
model is formulated with the maximization of the composite criterion Sustainability Net Present Value as the
objective, optimizing all sustainability pillars simultaneously. The results show the impact of electrifying the
residential sector, services and transport sector to accelerate the transition to a sustainable energy future. Heat
pumps powered by renewable electricity seems to be a key technology for meeting heating demand in residential
and service sector, accounting for 55 % and 61 % of final consumption. The results also reveal the role of
biomass cogeneration systems, whose heat recovery could meet 33 % of the heat demand from renewable
energy sources in the residential sector and 28 % in the services. The share of electricity in final energy
consumption in the transport sector is projected to reach 52 %. The residential, services and transport sectors
together are expected to almost double the current electricity demand by 2050.

1. Introduction

The increasing global demand for energy and the associated impact on the environment and humankind require
an accelerated transformation of the energy system and further developments towards more efficient energy
production, supply and use. Reducing primary energy consumption and dependence on energy imports is of
increasing importance for improving of the energy supply security of European Union (European Commission,
2018). To accelerate the transition to a sustainable energy future, synergies between renewable energy
generation, energy savings and improvements in technological efficiency need to be exploited (Lu et al., 2020).
The share of energy from renewable energy sources in the EU remains low, especially in the transport and
heating and cooling sectors, where it accounts for 8.9 % and 22.1 % (Eurostat, 2020). There is also a large
untapped potential for energy efficiency improvements, especially in buildings, with improving linkages between
electricity and heating systems and the use of waste heat (European Commission, 2016). A combination of
renewable energy deployment, energy efficiency improvements, use of storage technologies and electrification
of end-uses is key to achieving the goal of a carbon-neutral EU by 2050 (Zhao and You, 2020), which is in line
with global climate action to achieve the below 2 °C target in the Paris Agreement. Together with the reduction
of greenhouse gas emissions and air pollution, the energy transition would enable faster economic growth, the
creation of additional jobs and, ultimately, an improvement in overall welfare.

The transition to a 100 % renewable energy (RE) system has been studied extensively over the last decade for
countries (Hansen et al., 2019b), regions (Potr¢ et al., 2020a), continents (Child et al., 2019) and globally (Ram
etal., 2017), with the importance of applying a cross-sectoral approach to synthesizing the RE system increasing
significantly in recent years (Hansen et al., 2019a). The coupling of different sectors enables to obtain more
synergies between sectors (Dominkovi¢ et al., 2016) and also to integrate a high level of intermittent renewable
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energy sources (RES) (Lund et al., 2015), which allows a better management of variable RE generation (Doroti¢
et al., 2019). The aim of this work is to synthesize renewable energy supply networks to achieve an optimal
transition to a renewable energy system within the European Union (EU-27) by 2050, focusing on the synergistic
exploitation between heat and power supply network to increase the efficiency of the entire energy system. It
has already been shown that the optimization of renewable energy supply networks at larger geographical
scales explores more synergies (Potr¢ et al., 2021), so the novelty of this study is to exploit positive synergistic
effects between heat and power supply network systems by considering co-generation and heat pump options.
Moreover, by separating the energy demand into heat and power demand, a more detailed technology selection
and optimization could be achieved.

2. Methodology

The methodology for the synthesis of renewable energy supply networks, considering heat and power demand
and the technologies linking the supply systems of both sectors, was based on the four-layer supply network
superstructure, first proposed by Cugek et al. (2010). EU was divided into 47 zones according to regional
specifications (RES availability) and energy demand, with each Member State represented by at least one zone
(Potr¢ et al., 2020b). The first layer considers the availability of different RES in each zone, and the second layer
includes different pre-treatment technologies (biomass pre-treatment, algae oil extraction, etc.), storage
facilities, and generation of electricity from intermittent sources and geothermal energy. The third layer includes
other electricity and heat generation technologies (those requiring feedstock pre-treatment) and biorefineries,
while the fourth layer includes the demand for electricity, heat and biofuels from RES in different sectors,
including logistics within and between the different layers.

In this study, the model was extended by defining heat and electricity demand separately for all sectors,
considering the cogeneration option, heat pumps, and the possibility of converting currently operating coal-fired
power plants into biomass cogeneration plants, as well as the use of biowaste in waste-to-energy plants.
Therefore, the superstructure contains all options as follows. Technologies considered for electricity generation
are solar photovoltaic (PV), wind farms and geothermal power plants, while for renewable heat generation
biomass boilers, geothermal systems and heat pumps using electricity generated from RES are taken into
account, together with combined heat and power (CHP) plants using biomass as feedstock and waste-to-energy
plants using the biowaste fraction of municipal solid waste as feedstock. The superstructure includes the
possibility of converting currently operating coal-fired power plants into biomass cogeneration plants. However,
cogeneration is reasonable only when heat can be utilized on the spot. For this purpose, an overview of existing
thermal power plants has been made to identify those that are close enough to the demand sites to be used for
district heating. The excess electricity and heat generated could be stored using pumped hydro storage (PHS)
and sensible thermal energy storage (TES). For the production of diesel and gasoline substitutes (biodiesel, FT-
diesel, bioethanol and “green” gasoline) and hydrogen, the following technologies are considered: i) gasification
and further both, catalytic synthesis or syngas fermentation, ii) gasification and lignocellulosic hydrogen
generation, iii) FT-synthesis and iv) biodiesel production from algae oil and waste cooking oil (Martin and
Grossmann, 2012).

The optimization of renewable electricity, heat and fuel production and supply by 2050 was carried out using a
mixed-integer linear programming (MILP) model, where the variable availability of wind and solar, heat and
electricity demand were modeled on an hourly basis, while monthly periods were used for biomass and waste
availability and biofuel production. In order to reduce the computational time, four periods per day and two
periods per week are used for electricity and heat generation and demand and intermittent RES availability.
The model includes data on RES availability for each zone and time period, area of zones, investment costs,
operating and maintenance costs for each technology, transportation costs, conversion factors, eco-cost
coefficients for raw materials, technologies, transportation, energy and products, average salaries in each
country for construction and operation workers, and demand for renewable heat, electricity and biofuels in each
sector over the years. The constraints are the minimum and maximum capacities of technologies, the maximum
allowable distances for transporting raw materials and energy, and the maximum emissions released to achieve
a carbon-neutral target by 2050.

A dynamic mixed-integer linear programming model was formulated with maximization of the composite criterion
Sustainability Net Present Value (Zore et al., 2018) as the objective, where all sustainability pillars are optimized
simultaneously, as described in Eq(1).
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The economic net present value (NPVEcomic) js the sum of the discounted annual net cash flows at the discount
rate rq over the years (t = 1,...,T). The environmental net present value (NPVEvironmental) s calculated as the
difference between environmental benefits (EBt) and environmental costs (ECt), taking into account the
unburdening and burdening effects of raw materials, technologies, transport, products and energy in year t using
eco-cost coefficients. The social net present value (NPVS°®@) is the sum of the social unburdening effect (SUx)
due to the creation of additional jobs and the social security contributions paid by employers and employees
(SSt), reduced by the social costs (SCy).

For the gradual transition to a renewable energy system over the next 30 y the following assumptions were
considered: i) the expected reduction in technology costs according to (IRENA, 2016), and ii) energy efficiency
improvements according to the energy efficiency scenario in Energy Roadmap 2050 (European Union, 2012),
which foresees a 41 % reduction in energy demand compared to the 2005 peak, implying energy savings of
0.8 % per year from 2020 to 2050.

The model for the synthesis of renewable energy system separately considering heat and power demand
consists of about 2.6 M single equations, 102 M single variables, and 45,000 discrete variables and is formulated
in the modelling system GAMS. The solutions are obtained using the solver Gurobi after 72 h of solving time on
the HPC server DL580 G9 CTO (4 processors — 32 core, Intel® Xeon® CPU E5-4627 v2 @ 3.30 GHz, 768 GB
RAM).

3. Results and discussion

In order to achieve the transition from the current energy system to a renewable one in the EU-27 by 2050, the
following strategy is explored: i) in 2030, 50 % of electricity and heat demand should be satisfied by RES, while
in the transport sector a 30 % share of renewable energy should be achieved; ii) by 2040, a 75 % share of
renewable electricity and heat, and a 65 % share of RES in the transport sector should be achieved; and iii) a
complete transition to RES in all sectors should be achieved by 2050. The current share of RES in each sector
has been considered and the optimization focuses on the demand difference in each sector in each year
between the targeted demand and the current share of renewable energy generated by existing technologies,
so that the results represent the quantities of RE that need to be produced in each sector after 2020.

Figure 1 represents renewable electricity and heat consumption in the residential sector according to the
technology used for generation. By 2030, the additional renewable electricity is expected to be generated mainly
by wind turbines, which will provide 58,590 GWh/y of renewable electricity, followed by biomass CHP, solar PV
and geothermal power plants, which together will contribute 60,705 GWh/y of renewable -electricity.
20,441 GWhly of electricity can be generated by biomass cogeneration plants, where the cogeneration plants
are only those that were converted from currently operating coal-fired thermal power plants (TPPs). This was
typically selected in Poland and Germany, as the investment costs are lower compared to building additional
CHP plants. The non-converted TPPs are assumed to be shut down. Moreover, the optimization shows that all
selected thermal power plants should be converted into biomass CHP by 2030 to reach the set targets. The
generation of electricity and heat using TPP to CHP will remain constant from 2030 to 2050. This also goes
hand-in-hand with the climate action of phasing out coal by 2030, leading to a significant reduction in emissions.
By 2040, wind farms should remain the driving force for electricity generation from RES as they are expected to
generate 137,296 GWh/y of electricity for the residential sector. In addition, solar PV, biomass CHP and
geothermal power plants are expected to generate 99,234 GWh/y, 51,150 GWh/y and 39,088 GWhly electricity,
respectively. Solar PVs are expected to overtake wind turbines in electricity generation from RES by 2050,
providing 40.5 % of electricity demand in the residential sector, while wind turbines are expected to contribute
29.4 %, biomass CHP 20.8 % (4 % from thermal power plants converted into biomass CHP and 16.8 % from
additional CHP plants) and geothermal power plants 9.3 %.

Figure 1b shows the consumption of heat generated by different technologies in the residential sector until 2050.
It can be seen that most of the demand for renewable heat in the residential sector by 2030 is expected to be
met by heat pumps, which can generate 390,832 GWh/y of heat, representing 69 % of the additional renewable
heat generated between 2020 and 2030.
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Figure 1: Final consumption of a) renewable electricity and b) renewable heat generated by different
technologies to achieve the transition to 100 % renewable energy in the residential sector by 2050

Smaller amounts of heat are expected to be provided by biomass CHP and geothermal heat, 19 % (13 % of
newly built CHP and 6 % by thermal power plants converted into biomass CHP) and 7 % respectively. It is also
expected that the biowaste fraction of municipal solid waste will be used to generate about 5 % of the renewable
heat demand, with this share remaining constant over the years. The amount of heat generated by heat pumps
and biomass CHP will continue to increase until 2050. Heat pumps are expected to meet 55 % and biomass
CHP 33 % of the heat demand in the residential sector. Electricity demand in the residential sector is expected
to increase by an additional 78,166 GWh/y by 2030, 123,606 GWh/y by 2040, and 135,779 GWh/y by 2050,
due to electricity consumption by heat pumps, enabling utilization of low potential heat. The increased electricity
consumption is expected even though energy efficiency improvements of buildings have been considered in the
optimisation. Most of the additional electricity needed to satisfy heat demand is expected to be generated by
biomass CHP, followed by solar PV and wind farms. In the residential sector, the heat demand is about twice
as high as the electricity demand, while the heat and electricity demand in the service sector is very similar, as
shown in Figure 2.

The renewable electricity demand in the service sector is expected to be mainly satisfied through the use of
solar PV and wind turbines by 2050, which are expected to meet 79 % of the renewable electricity demand.
Biomass CHP, together with the conversion of TPP to CHP, will contribute another 14 % of electricity demand,
and the remaining 7 % will be met by geothermal power plant. The share of solar photovoltaics in both sectors,
residential and services, is expected to increase in the last years, especially due to the energy efficiency
improvements of solar panels and the reduction of investment costs over the years.
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Figure 2: Final consumption of a) renewable electricity and b) renewable heat generated by different
technologies to achieve the transition to 100 % renewable energy in the service sector by 2050

In terms of the heat demand from RES in services, heat pumps are expected to generate 61 % of the renewable
heat required by 2050, and biomass CHP additional 28 %, of which 6 % can be generated by converting thermal
power plants into biomass CHP. The remaining 11 % of demand is expected to be satisfied by geothermal heat
and biowaste. Electricity consumption by heat pumps to meet service sector heating demand is projected to
increase by 31,953 GWh/y by 2030, and 58,793 GWh/y by 2040, and electricity demand by heat pumps for
service sector heating is projected to be 73,563 GWh/y in 2050.

The next sector that was investigated is the road transport sector, where the share of renewable energy is still
very low and therefore lags behind in the transition to a renewable energy future. Figure 3 shows the
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consumption of different biofuels and electricity in the road transport sector until 2050. By 2030, most of the
renewable energy is already expected to be achieved through electricity, which requires the generation of an
additional 471,546 GWh/y (40,545 ktoely) of electricity from RES, followed by fossil diesel substitutes, for which
only the consumption of biodiesel (27,194 ktoely) is proposed by 2030, the production of FT-diesel was not
selected. The consumption of bioethanol and hydrogen is projected to be 11,683 ktoe/y and 13,971 ktoely,
respectively. The share of hydrogen is not expected to change significantly by 2050 (16,369 ktoely), while the
share of bioethanol and green gasoline in final consumption is expected to rise to 27,271 ktoe/y. On the other
hand, the consumption of electricity as well as biodiesel and FT-diesel is expected to increase steadily until
2050. In the final year, 1,571,810 GWh/y (135,151 ktoely) of electricity will be needed to achieve the transition
in the transport sector, representing 52 % of final consumption. Biodiesel and FT-diesel are expected to satisfy
32 % of demand, with biodiesel preferred over FT-diesel (68,048 ktoe/y and 17,745 ktoely, respectively).
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Figure 3: Final energy consumption by source to achieve the transition to 100 % renewable energy in road
transport by 2050

From the results it could be observed that electrification of transport and the use of low potential heat via heat
pumps in buildings are key to the transition to a renewable energy system. The share of electricity in the end-
use sectors studied is expected to almost double by 2050, due to the additional electricity consumption of
1,781,152 GWhly by heat pumps installed in the residential sector and services, and for the electrification of the
transport sector, despite energy efficiency improvements in buildings.

4. Conclusions

This paper presents the synthesis of renewable energy supply networks to achieve the gradual transition to a
renewable energy system with the goal to achieve a carbon-neutral European Union by 2050. Emphasis has
been placed on satisfying both heat and power demand, linked via heat pump and cogeneration, to achieve
more positive synergies between energy sectors and in this way increase the efficiency of the entire energy
system. A dynamic multi-period mixed-integer linear programming model was developed, including different
renewable energy sources and technologies for generation of renewable heat, electricity and biofuels to meet
the demand for renewable energy in the residential sector, services and transport sector. The optimization was
performed using the Sustainability Net Present value as the objective, optimizing all the three pillars of
sustainability simultaneously.

The most promising solution to meet renewable heat demand in the EU is the utilization of heat pumps, which
are expected to meet 55 % of the renewable heat demand in the residential sector and 61 % in the service
sector. The additional utilization of electricity in both sectors will increase the demand for renewable electricity
by 209,342 GWh/y by 2050, despite energy efficiency improvements in buildings. It is also very important to
include biomass CHP systems in order to improve the efficiency of the energy system. The share of biomass
CHP is expected to increase over the years, covering 33 % of the heat demand in the residential sector and
28 % in the services in 2050. The model also includes the possibility of converting currently operating coal-fired
power plants into biomass cogeneration plants; in this way, a 6 % increase in share of renewable energy is
expected to be covered. The remaining demand for heat is expected to be met by geothermal energy and the
biowaste fraction of municipal solid waste using waste-to-energy plants. In the transport sector, the electricity
demand will increase to 1,571,810 GWh/y by 2050, satisfying 52 % of the transport sector's demand. Regarding
electricity demand, wind turbines have proven to be the most effective technology in the early years, while solar
PV is expected to overtake wind turbines by 2050 due to energy efficiency improvements and expected cost
reductions. However, in order to meet almost double demand for electricity, it is necessary to facilitate the
integration of intermittent energy sources through the use of storage technologies.
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The industrial sector has not been investigated in this study due to the complexity of the system, which requires
a more detailed analysis, and will therefore be included in future research, together with the detailed study on
the reduction of greenhouse gas emissions in each sector in order to achieve the goal of a carbon-neutral EU
by 2050.
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