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Abstract
While climate and energy policy targets require fundamental changes and expan-
sions in the energy infrastructure, hydropower systems across Europe remain essen-
tial for low-carbon energy systems. With renewable fuel import prices being sub-
ject to large uncertainties, this work aims to substantiate the relationship between 
these fuel import prices and multireservoir hydropower systems in a climate-neutral 
energy system. To that end, three green hydrogen import price scenarios are com-
bined with two aggregated modelling approaches for pan-European hydropower 
assets. Using the integrated energy system model SCOPE SD, the analysis shows 
that import prices for green hydrogen have a significant impact on European elec-
tricity generation (+  595  GW

el
 and +  650  TWh

el
/yr), domestic hydrogen produc-

tion (+ 396 TWh
th

/yr), and water values of European hydropower assets (+ 33 % of 
average value in Norway). The results further indicate that the different aggregation 
methods only have a minor impact, suggesting that the computationally more effi-
cient approach with up to 90% reductions in solution time provides suitable approxi-
mations of hydropower generation and flexibility in future analyses.
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1 Introduction

With the European Green Deal, Europe aims to reduce its net greenhouse gas 
(GHG) emissions by at least 55% until 2030 and 100% until 2050 compared to 
the reference year 1990 [1]. Therefore, the European Commission has set several 
goals in its energy system integration strategy, including deep electrification of 
consumption based on renewable electricity and renewable and low-carbon fuels 
in existing and new application areas across the economic sectors [2].

Alongside large contributions of variable renewable power generation from 
wind and solar photovoltaics (solar PV), hydropower systems across Europe 
remain essential components of low-carbon electricity systems. With its ability to 
be dispatched, hydropower offers unique features and a backup production option, 
especially when capturing the flexibility potential of multireservoir systems. 
Another key technology to reach climate neutrality is green hydrogen, which 
can be produced domestically in Europe or imported from global fuel markets. 
It has been shown that hybrid power consumer technology combinations (e.g. 
dual-fuel boilers or hybrid heat pumps) and electrolysers may impact wholesale 
prices in future power markets, which are also affected by fuel imports [3]. Thus, 
future green hydrogen import prices could impact the use and operation of hydro-
power assets across Europe depending on individual hydropower characteristics 
and individual bidding zones’ attractiveness to invest in domestic electrolyser 
production.

In the current literature, two noteworthy streams concerning this study can be 
identified: On the one hand, there are many contributions addressing planning 
models for integrated energy systems, where hydropower usually only assumes 
a minor role despite its non-trivial contributions to flexibility. On the other hand, 
many studies are on modelling complex hydropower units at large system scales 
and their related aggregation methods. Nevertheless, the role of hydropower 
assets in climate-neutral energy system configurations and the repercussions of 
the system transformations on those hydropower assets require additional atten-
tion. Especially the impact of different renewable fuel import price scenarios on 
hydropower scheduling remains a knowledge gap.

Since there is still uncertainty about future renewable fuel import prices and 
quantities, this work aims to assess and substantiate the relationship between 
green hydrogen import prices and multireservoir hydropower systems across 
Europe in a climate-neutral energy system.

By using a pan-European capacity expansion planning model for integrated 
energy systems, this study investigates the influence of different green hydrogen 
and renewable fuel import prices on the use and scheduling of hydropower in 
long-term scenarios. As modelling hydropower is not straightforward in large-
scale integrated energy system models, the study also quantifies the impacts of 
modelling hydropower with two different aggregation methods, i.e. equivalent 
and clustered-equivalent, based on the methodology presented in [4, 5].

The remainder of this article is organised as follows. Section  2 presents the 
current state of the literature on hydropower modelling and green hydrogen 
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import prices. Section  3 introduces the conceptual approach built on the inte-
grated energy system modelling and optimisation framework SCOPE Scenario 
Development (SCOPE SD), including the aggregated hydropower modelling 
approaches, which are necessary to reach the objective of this work. Afterwards, 
Sect. 4 describes the case study with its six different model runs and the chosen 
import prices for green hydrogen. The results are then shown, summarised, and 
discussed in Sect. 5, followed by Sect. 6, which draws relevant conclusions.

2  Previous work

Modelling complex hydropower units at large system scales is a challenge, espe-
cially in the context of analysing integrated energy systems and the transition pro-
cesses to attain them. Such systems are strongly coupled in both time and space 
due to their large energy storage potential and cascaded topology. Planning models 
for integrated energy systems involve high-dimensional optimisation problems and 
incorporating detailed hydropower modelling approaches quickly becomes compu-
tationally intractable. Aggregation methods which develop auxiliary models with 
reduced complexity but still providing acceptable approximations to represent a very 
large number of reservoirs and plants can thus be instrumental in practice. To that 
end, many aggregated modelling approaches for multireservoir hydropower sys-
tems use equivalent model formulations, which are also known as “single- or multi-
station equivalents” or “composite or one-dam representations” [4]. Early work of 
building equivalent representations of multireservoir hydropower systems goes back 
at least to [6]. More recently, various techniques have been presented using linear 
multi-scenario equivalent models [7], implementing a particle swarm optimisation-
algorithm  [8], using a probabilistic model for hydropower generation  [9], as well 
as building multi-station equivalents based on a bi-level optimisation approach [10, 
11].

In integrated energy system models focusing their analysis on coupled markets 
and infrastructure, i.e. in the electricity, building, industry, and transport sectors, 
hydropower usually only assumes a minor role. For example, the focus in [12] is 
on capacity factors of wind and solar PV and the associated costs for the overall 
energy system, while for hydropower, only the resulting larger storage demands due 
to an increased share of solar PV in certain simulations are addressed. The work in 
[13] stands out with its analysis of future operation of hydropower reservoirs in the 
European energy system. Also, a global analysis of the impact of climate change on 
hydropower is carried out in [14].

Analyses of the role of hydrogen in future European energy systems have 
emerged in large numbers in recent years. In most of these studies, there is 
agreement that hydrogen will be primarily used in the industry and transport 
sectors [15], that hydrogen production will predominantly occur in regions with 
cheaper electricity costs [16], and that a fully decarbonised European power sys-
tem can benefit from hydrogen with regard to the achievement of strategic policy 
targets and in terms of overall system costs [17]. When determining hydrogen 
costs and prices, the focus can be on both domestic European production and 
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imports from outside Europe. An example of the former analysis is [18] which 
investigates the time-resolved cost of hydrogen in a future climate-neutral elec-
tricity system that uses hydrogen in the industry and transport sectors. A key 
finding here is that flexibility in the hydrogen demand can reduce the production 
costs significantly. Analyses of the impact of different hydrogen prices on the 
energy system can be found in [19] and [20]. The former work calculates two 
price sensitivities for the European energy system with green hydrogen imports 
from outside Europe, namely 79  EUR2017/MWhth and 94 EUR2017/MWhth . The 
latter calculates a cost optimised climate-neutral energy system in Germany with 
a varying hydrogen import price from 1.25 EUR/kg to 5 EUR/kg, which is the 
equivalent of a range from 37.5 EUR/MWhth to 150 EUR/MWhth . Further coun-
try-specific analyses of the use of hydrogen in the respective energy systems can 
be found in [21] with its decarbonisation pathway for Norway and [22] which 
examines hydrogen in different scenarios in order to support the German hydro-
gen strategy development.

There are scattered articles in the literature on combining electrolysers for 
hydrogen production with hydropower plants. One of the first articles of this 
kind is [23], which proposes electrolysers to be located near the hydropower 
plant. Further examples are [24] describing a rather technical approach for 
cogeneration of green hydrogen in a cascade hydropower plant, [25] with its 
study on the prospect of hydropower to hydrogen in Nepal, and [26] assessing 
the feasibility of producing green hydrogen from solar, wind, and hydropower 
resources. Nevertheless, to the authors’ best knowledge, no existing literature 
addresses the impact of (hydrogen) import prices on hydropower scheduling and 
values, especially at a pan-European level.

While many studies focus on new sources of flexibility in integrated energy 
systems (e.g. temporal shifting in battery, thermal energy, or gas storage sys-
tems; or flexibility from fuel conversion by electrolysers or multi-fuel use of 
hybrid technology combinations to supply various end-use demands), the supply 
of low-carbon electricity and flexibility by multireservoir hydropower assets is 
less explored. From the literature, it can thus be concluded that little is known 
about the role and impact of hydropower assets in climate-neutral energy system 
configurations which are likely to be subject to future import prices for carbon-
neutral gaseous and liquid fuels from global markets. These relationships are 
not as well studied, probably not least because of the necessary data and appro-
priate hydropower modelling approaches. To address the knowledge gap, this 
work focuses on the impact of different renewable fuel import price scenarios 
on the use of hydropower in the European energy system. The impact is quanti-
fied by hydropower-specific indicators describing the produced energy, storage 
level trajectories, and resulting water values. While the hydropower modelling 
approaches were developed and validated in previous work on a pan-European 
energy system with relevant cross-sectoral interactions, climate neutrality para-
digms have increased the interactions in the systems, calling for a new applica-
tion and assessment of those aggregation methods. Moreover, we use updated 
data sets, which have also been extended to more market areas.
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3  Methodology

After outlining the conceptual approach for the underlying analysis in Sect.  3.1, 
Sect. 3.2 introduces the integrated energy system analysis framework SCOPE SD. 
Section 3.3 presents the data coverage of hydropower assets in Europe, the aggrega-
tion of which is implemented in Sect. 3.4 depending on the scenario.

3.1  Conceptual approach

To address the outlined objectives, this work analyses three hydrogen import price 
scenarios, i.e. low, medium, and high (see Sect.  4.2), in combination with two 
aggregation methods, i.e. equivalent (EQ) and clustered-equivalent (CLEQ) (see 
Sect.  3.4), for pan-European hydropower assets in a long-term, climate-neutral 
energy system scenario setting. To that end, the case study performs six individual 
model runs (see Sect. 4) with the pan-European cross-sectoral capacity expansion 
planning framework SCOPE SD. The results of the case study for the European 
energy system focus on the electricity production capacities and quantities, domestic 
generation by electrolysers as well as hydrogen imports from outside Europe. With 
regard to the individual hydropower systems in Europe, net hydropower production, 
reservoir filling levels, and water values are analysed.

3.2  SCOPE Scenario Development framework

The pan-European cross-sectoral capacity expansion planning framework SCOPE 
SD is a bottom-up techno-economic partial equilibrium model. Figure 1 illustrates 
the structure, components, and typical in- and output data of SCOPE SD (upper sec-
tion) including the interactions of technology options (lower section) in the corre-
sponding markets or policy instruments (middle section).

Fig. 1  Schematic overview of the pan-European cross-sectoral capacity expansion planning framework 
SCOPE SD, own illustration. Note that the different dot colours of the technology options indicate the 
(multi-fold) participation of technology options in the corresponding markets or policy instruments
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The modelling and optimisation framework develops coherent long-term low-
carbon energy system scenarios for Europe for a given target scenario year in the 
future. By minimising the generation, storage, and cross-sectoral consumer technol-
ogy investment and system operation cost, this large-scale linear programming (LP) 
approach has representations for the traditional power system as well as for all rel-
evant bi- and multivalent technology combinations at the sectoral interfaces with the 
building, industry, and transport sectors.

Each market area, i.e. every country in Europe, is represented by one node. All 
units (generation, storage, and cross-sectoral demand technology options), their 
most important parameters (costs, potentials, and operational characteristics), and 
their relevant interactions between each other are modelled in hourly resolution. 
By explicitly modelling national and pan-European fuel markets, it is possible to 
distinguish between the use of fossil fuels, on the one hand, and synthetic renewa-
bles, on the other hand, which are either imported from outside Europe or produced 
domestically. In order to account for climate neutrality in future scenarios, national 
and international GHG emission budgets are implemented as a driving force behind 
investments in low-carbon technologies.

Recent mathematical formulations and applications of SCOPE SD can be found 
in [3, 19, 27–29]. The following parts provide formulations of the objective function 
and the key constraints of the underlying optimisation model. A detailed mathemati-
cal formulation of SCOPE SD’s sets and indices, decision variables, parameters, 
system-wide constraints, and technology constraints can be found in the appendix 
(see Appendix A).

The objective function of SCOPE SD minimises total costs for investment (INV) 
and system operation (SYSOP) decisions, including a broad range of power gen-
eration technologies, storage technologies, and cross-sectoral demand technologies 
from the industry, building, and transport sectors. The objective function of the LP 
is therefore written as

where (x, y, q, s, z) is the tuple of all decision variables and D its polyhedral feasi-
ble set defined by all system-wide and technology-dependent unit constraints. The 
objective function components for investment decisions are defined as

where Γ is the superset of all power generation (GEN) technologies, Θ is the super-
set of all power consumption (CON) technologies, and A is the set of all electric-
ity storage system units (subtracted to avoid double counting). xGEN

�
 and xCON

�
 are 

the capacity expansion variables representing investment decisions, for which the 
parameters CINV

�
 and CINV

�
 capture the fixed operation costs and the corresponding 

specific annuitised investment costs.
The objective function components for system operation decisions in every con-

sidered time step t ∈ T  are defined as

(1)min
(x,y,q,s,z)∈D

f = f INV + f SYSOP,

(2)f INV =
∑

�∈Γ

CINV

�
x
GEN

�
+

∑

�∈Θ⧵A

CINV

�
x
CON

�
,
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where CVP
�

 and CVP

�
 are the variable production (VP) costs, for which xGEN

� ,t
 and xCON

�,t
 

are the corresponding dispatch decision variables for electricity generation and con-
sumption technologies, respectively. In order to avoid unrealistic cycling and ramp-
ing behaviour of generation and consumption units, load change (LC) costs CLC

�
 and 

CLC

�
 are implemented to penalise the positive and negative dispatch deviations of 

generation xLC,+∕−� ,t  and consumption units xLC,+∕−
�,t

 between time steps. Costs for con-
ventional boilers (CBs) CCB

(.)
 are incurred for their corresponding fuel consumption 

decision yCB
(.),t

 for hybrid boiler units ( b ∈ B ), hybrid heat pump units ( h ∈ H ), and 
multivalent combined heat and power (CHP) systems ( g ∈ GCHP ⊆ G ). The latter 
incur additional costs CCHP

g
 when the extraction condensing units are operated in 

cogeneration mode, for example when the CHP units supply heat qCHP
g,t

 . For renewa-
ble generators like wind turbines and solar PV ( r ∈ R ), curtailment (CU) costs (or 
benefits) CCU

r
 can be imposed for CU decisions xCU

r,t
 . Internal combustion engines 

(ICEs) of (hybrid) vehicles also cause costs CICE
v

 for their fuel consumption yCON
v,t

 . 
The decision variables yFI

m
 and yRI

m
 represent fossil fuel import (FI) or renewable fuel 

import (RI) volumes from outside the considered system boundary for every fuel 
market m ∈ MFUEL . Each of them can be valued with exogenous import prices CFI

m
 or 

CRI
m

 , respectively.
As already indicated, the system-wide constraints covering the clearing of whole-

sale electricity markets, heat market segments, cooling market segments, road transport 
market segments, GHG emission markets and fuel markets can be seen in Fig. 1 and in 
[28]. Given the relevance of hydrogen sourcing strategies in this case study, the clear-
ing of a fuel market (m) is formulated as

(3)

f SYSOP =
∑

t∈T

(

∑

�∈Γ

(

CVP

�
xGEN
� ,t

+ CLC

�

(

xLC,+
� ,t

+ xLC,−
� ,t

)

)

+
∑

�∈Θ⧵A

(

CVP

�
xCON
�,t

+ CLC

�

(

x
LC,+

�,t
+ x

LC,−

�,t

)

)

+
∑

b∈B

CCB

b
yCB
b,t

+
∑

g∈GCHP

(

CCHP

g
qCHP
g,t

+ CCB

g
yCB
g,t

)

+
∑

h∈H

CCB

h
yCON
h,t

+
∑

r∈R

CCU

r
xCU
r,t

+
∑

v∈V

CICE

v
yCON
v,t

)

+
∑

m∈MFUEL

(

CRI

m
yRI
m
+ CFI

m
yFI
m

)

,

(4)

∑

t∈T

(

Dm,t +
∑

g∈Gm

yCON
g,t

+
∑

b∈Bm

yCON
b,t

+
∑

v∈Vm

yCON
v,t

)

= yFI
m
+ yRI

m
+
∑

t∈T

∑

l∈Lm

yGEN
l,t

∀m ∈ MFUEL
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where Dm,t is the exogenous fuel demand profile of fuel market m for every time 
step t. The fuel demand decision variables yg,t , yb,t , and yv,t belong to the partici-
pating thermal power plants (g), hybrid boilers (b), and hybrid vehicles v, respec-
tively. Domestic fuel productions, e.g. green hydrogen or synthetic natural fuels, are 
denoted as yGEN

l,t
 for every time step t.

3.3  Detailed hydropower model and data

A critical aspect of the modelling approach is to represent hydropower assets across 
Europe. Given the heterogeneous orography across the European continent, hydro-
power systems exist in many different structural shapes and they are subject to very 
different natural inflow patterns, e.g. multireservoir systems with branched and par-
allel connections between turbine and pump units in alpine regions and long serial 
hydropower systems extending into multiple jurisdictions and participating in differ-
ent markets at the same time.

The SCOPE SD framework uses the deterministic hydropower modelling 
approach developed in [4, 5]. Figure  2 shows its internal database containing 
hydropower plants and reservoir parameters of over 874 hydropower systems gath-
ered from public data. Alongside plant- and reservoir-specific data (e.g. minimum 
and maximum capacity of turbines, minimum and maximum capacity of pumps, 
and the maximum usable volume of reservoirs), the database includes complex 
hydraulic connections and couplings as well as information on cross-border market 
participation.

Public availability of reservoir inflow data is particularly challenging which is 
why the modelling approach employs a generic approach to generate natural inflow 
profiles of every single hydro reservoir in the considered market areas. The core 
idea is to infer natural inflows from past climatic and meteorological conditions, 
i.e. historical runoff data, in order to create reservoir-specific natural inflow profiles 
which are then adjusted to individual hydropower plant production data. For a more 
detailed description of the spatial and temporal interpolation based on the global 
atmospheric reanalysis ERA-Interim [30, 31], it is referred to [4, 5].

Figure 3 gives an overview of the detailed hydro reservoir model which features 
an operation planning tool for individual hydro plants and reservoirs based on the 
water domain. It allows for the modelling of multireservoir hydropower systems 
with parallel up- and downstream plant connections and hydraulic coupling.

While the detailed modelling approach can be used in the SCOPE SD modelling 
framework, it is important to mention that this modelling approach is computation-
ally prohibitive when analysing the integrated energy system of Europe in high spa-
tial and temporal resolution.
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3.4  Aggregated hydropower modelling approaches

To overcome computational tractability issues, the model can derive two aggregated 
modelling approaches: equivalent (EQ) and clustered-equivalent (CLEQ). These 
approaches were first presented in [4, 5]. Figure 4 provides a schematic overview of 
the involved aggregation procedure from the detailed to the equivalent (EQ) to the 

Fig. 2  Overview of explicitly covered and modelled hydropower systems across Europe (3657 hydro res-
ervoirs and 2951 hydro plants in total), own illustration based on updated data sets developed in [4]
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Fig. 3  Overview of the detailed hydro reservoir model and schematic illustration of parallel up- and 
downstream hydro plant connections, own illustration based on [4, 5]

Detailed system model
(water volume domain)

Equivalent system model (EQ)
(energy volume domain)

Clustered-equivalent system model (CLEQ)
(energy volume domain)
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equivalent systems in each market 
area (degree of regulation, storage-to-

turbine/pump ratio, inflow pattern) 

Complexity reduction via 
“one-dam“ representation of

multireservoir systems

Fig. 4  Schematic overview of the aggregation procedure from the detailed to equivalent (EQ) to clus-
tered-equivalent (CLEQ) modelling approach for three exemplary multireservoir hydropower systems, 
own illustration based on methodology in [4, 5]

Extended case
with existing pump capacity

Basic case
without pump capacity

Fig. 5  Equivalent system model types for the aggregated representation of (multi-) reservoir hydropower 
systems, own illustration based on [4, 5]. Please note that a list of all decision variables and parameters 
can be found in Appendix A
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clustered-equivalent (CLEQ) modelling approach based on the concept of an equiv-
alent one-dam representation of each hydro system [32].

For different configurations of detailed hydropower systems, slightly different 
equivalent model types can be used to represent the hydropower system character-
istics. Figure 5 summarises the different model types which differ due to available 
pumping capacity or the necessity to avoid overestimating the flexibility of pumped-
hydro storage with a potential second synthetic reservoir.

Depending on the application, the EQ hydropower system model can already 
provide a sufficient reduction of complexity and computational burden. However, 
analysing the European power and energy system requires the representation of a 
large number of hydropower systems (recall Fig. 2) making further aggregation nec-
essary. To that end, the core idea of the CLEQ hydropower system model is to har-
ness the fact that the instances of the uniforming EQ model formulations can exhibit 
very similar characteristics. By clustering and merging these equivalent hydro units 
according to their coherent features, a further aggregation can be achieved [5]. The 
indicators describing the coherent features include the degree of regulation, storage-
to-turbine design ratio, as well as inflow similarity patterns [4].

Note that the decision variables and parameters indicated in Fig. 5 correspond to 
the mathematical formulation of the SCOPE SD framework provided in Appendix 
A. More specifically, it is referred to Eqs. (15) and (18) describing the operational 
characteristics of the EQ and CLEQ hydropower model.

4  Case study description

To address the objectives of this work, the case study explores six different scenario 
variants. A detailed overview of the scenario variants including spatio-temporal 
structural and time series input data is given in Sect. 4.1. Section 4.2 explains how 
the import prices for green hydrogen and renewable fuels are determined.

The SCOPE SD model used for this case study is implemented in  MATLAB®. 
The resulting large-scale LP instances have been solved with the Barrier (interior 
point) algorithm of IBM ILOG  CPLEX® 12.9 on a medium-range HPCC node (Intel 
XEON E5-2698v3 16 Cores @ 2.30 GHz, 256 GB RAM).

4.1  Scenario overview

All scenario variants focus on the scenario year 2050 and assume that Europe 
becomes climate-neutral, implying that there are no net GHG emissions allowed in 
all considered energy-related sectors, i.e. power, transport, building, and industry. 
Note that this study only contains a pan-European GHG emission budget without 
any additional layer of country- or instrument-specific budgets. The term “Europe” 
refers to the current 27 Member States of the European Union without Malta and 
Cyprus but including Norway, Switzerland, and Great Britain (recall Fig. 1).

To consider meteorological effects and past climate conditions, the histori-
cal meteorological reference year 2012 is used to derive weather-dependent input 
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data. The choice for this year is mainly that it features a two-week “Kalte Dunkel-
flaute” period (cold dark doldrums) and is, therefore, well-suited [33] to represent 
extreme weather conditions and their implication for design choices by the model-
ling framework.

Several data sources are used to determine the various energy demands in 
the end-use sectors. The final traditional electricity demand of every country in 
Europe is based on ENTSO-E data [34]. For the countries of Northern Europe, 
i.e. Denmark, Finland, Norway, Sweden, electricity consumption was aligned 
with a recent analysis from Statnett [35] in order to reflect developments of new 
consumers, e.g. data centres. Final energy demand developments of the European 
transport and heating sectors are based on the EU Reference Scenario 2016 [36].

The SCOPE SD framework employs a transport model for cross-border electricity 
flows. The net transfer capacities (NTCs) are based on the 2040 transmission grid 
scenario “GCA 2040” of the Ten-Year Network Development Plan (TYNDP) 2018 
[37]. Although SCOPE SD is able to model endogenous transmission expansion 
planning, this option is not allowed in the model configuration of this case study.

For large thermal power plants, a distinction is made between existing or already 
planned plants and new to-be-built plants. In the former category, projections are 
made using specific lifetime assumptions for the existing and already planned 
thermal power plants from the PLATTS database [38]. Note that this only affects 
remaining nuclear production capacities in Finland (2.8  GW), France (1.75  GW), 
the Czech Republic (2.0 GW), Romania (0.7 GW), and Slovakia (0.88 GW). In addi-
tion, nuclear production capacities amounting to 3.5  GW are assumed in Sweden 
[39]. In the latter category, SCOPE SD can make investment decisions for open 
cycle gas turbines (OCGT) and combined cycle gas turbines (CCGT), both with or 
without possible cogeneration of heat and power. Note that all new to-be-built ther-
mal power plants use hydrogen as their primary source of fuel. Solutions including 
Carbon Capture and Storage (CCS) technologies are not considered.

For renewable power generation, rooftop and utility-scale solar PV as well as 
onshore and offshore wind technology potentials are based on “satellite models”, 
which combine land-use data [40] with numerical weather prediction information 
based on the historical meteorological reference year. The European onshore wind 
capacities are scaled to the capacities of the “Distributed Energy 2050” scenario of 
the TYNDP 2022 [33], while the slightly more conservative “Distributed Energy 
2040” scenario was used for the offshore wind capacities. In the countries of North-
ern Europe, i.e. Denmark, Finland, Norway, Sweden, solar PV capacities were 
adjusted to the values from the Nordic Grid Development Perspective 2021 [41]. 
It is important to note that the given capacities for offshore wind, one the one hand, 
are minimum values for the capacities, since the model would otherwise build less 
capacity endogenously due to the high costs for offshore wind. The given capaci-
ties for solar PV and onshore wind, on the other hand, are maximum values for the 
respective capacities, since SCOPE SD needs to consider the maximum potentials 
that come from its satellite models.

For the energy sources waste and biomass, the total amount of electricity pro-
duced is assumed for the scenario year and subtracted from the electricity demand of 
the respective country. This procedure is used because biomass plants in particular 
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are very decentralised and not every single plant can be included in the model. The 
amount of energy is distributed evenly over all hours of the year.

As already discussed in Sect. 3.3, the generation stack of (multireservoir) hydro-
power systems across Europe is based on publicly accessible information that was 
gathered in an extensive database [4]. Note that hydropower expansion is not con-
sidered beyond currently existing and planned hydropower development projects 
in Europe. Table 1 gives an overview of the derived and modelled equivalent and 
clustered-equivalent hydropower systems across Europe.

Detailed information on the modelling and input data of heat generation tech-
nologies including heat pumps, thermal storage, district heating, and industrial heat 
generation can be found in [19, 28], which also features a detailed overview of the 
required time series data for renewable generation, end-use demands for electricity 
and heat, and passenger transport demands. Moreover, note that the conventional 
electricity load profiles in Europe from published ENTSO-E data [42] are adjusted 
by corrections of today’s heat-dependent electricity consumption.

The assumed investment costs of different technologies in these calculations are 
based on Fraunhofer IEE’s internal database, which is under continuous develop-
ment in several research projects, and a current version can be found in [19]. Invest-
ment decisions incorporate different weighted average cost of capital ranging from 3 
to 8% depending on the type of investor. All monetary values correspond to values 
of the year 2017.

As already mentioned in previous explanations, only green hydrogen is permitted 
in the model’s hydrogen sector. Following the classification of different types and 
origins of hydrogen in [5], green hydrogen is defined as a result of GHG-neutral pro-
duction based on electrolysis powered entirely by renewable electricity from wind 
and solar PV.

In summary, six scenario variants combining different import prices (see 
Sect. 4.2) and two approaches for modelling hydropower system units (see Sect. 3.4) 
are investigated using the following naming convention:

• Low import prices / equivalent hydropower units (LowEQ)
  with low import prices for renewable fuels and equivalent hydropower units,
• Low import prices / clustered-equivalent hydropower units (LowCLEQ)
  with low import prices for renewable fuels and clustered-equivalent hydro-

power units,
• Medium import prices / equivalent hydropower units (MedEQ)
  with medium import prices for renewable fuels and equivalent hydropower 

units,
• Medium import prices / clustered-equivalent hydropower units (MedCLEQ)
  with medium import prices for renewable fuels and clustered-equivalent 

hydropower units,
• High import prices / equivalent hydropower units (HighEQ)
  with high import prices for renewable fuels and equivalent hydropower units,
• High import prices / clustered-equivalent hydropower units (HighCLEQ)
  with high import prices for renewable fuels and clustered-equivalent hydro-

power units.
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4.2  Import prices for renewable gaseous and liquid fuels

The choice of the import price for green hydrogen from potential future global fuel 
markets can have a major impact on the results for the European energy system 
because the domestic hydrogen production volumes in Europe strongly depend on 
that import price, see e.g. [19].

Table  2 gives an overview of renewable fuel prices for the considered low, 
medium, and high import price scenario variants. The range of prices results from 
various possible causes. On the one hand, there are different production sites for 
green hydrogen depending on the exporting country, which differ in their production 
costs due to different site conditions for wind and solar PV. On the other hand, there 
are various options to transport the produced green hydrogen to Europe, i.e. by ship 
(rather expensive) or by pipeline (rather cheap).

The price assumptions for green hydrogen from non-European export countries 
are based on Fraunhofer IEE’s Power-to-X (PtX) atlas [43] which contains a broad 
assessment of global production and export sites. It can be further seen in Table 2 
that not only the import prices for green hydrogen are varied, but also the import 
prices for renewable methane and renewable liquid fuels. Note that the price for 
green hydrogen from non-European export countries is subject to large uncertainty. 
Further information on the production potential of PtX fuels for all countries outside 
the European Economic Area and on the import options of these PtX products to 
Europe can be taken from [44].

As already mentioned in Sect. 3.2, SCOPE SD contains endogenous electrolyser 
investment decisions in every European market area to model domestic production 
of hydrogen. These electrolyser units do not have any additional flexibility restric-
tion on their dispatch decisions and are assumed to have a general conversion effi-
ciency of 0.71  MWhth/MWhel . However, a limit on electrolyser consumption per 
country was imposed to avoid unrealistic electrolyser deployments in small jurisdic-
tions. With this limit, the electricity consumption for domestic electrolysers must 
not exceed half of the respective country’s conventional electricity demand.

5  Case study results and discussion

The presentation of the case study findings begins with an assessment of the compu-
tational results in Sect. 5.1. In the next part of the case study analysis, key findings 
focus on the modelling results at the European energy system level in Sect. 5.2, to 

Table 2  Overview of renewable 
fuel prices in EUR

2017
/MWh

th
 

in each scenario in 2050, own 
assumptions based on [43]

Low Medium High

Green hydrogen 72.50 85.00 97.50
Renewable methane 95.43 106.33 134.50
Renewable liquid fuels 111.89 124.40 136.90
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then take a closer look at the hydropower systems in Sect. 5.3. Afterwards, Sect. 5.4 
discusses the results and points out relevant limitations of the study.

Note that the case study result data for the European energy system are avail-
able in an open-access repository at https://doi.org/10.5281/
zenodo.7692180 [45] using the nomenclature from the “openENTRANCE” 
project [46].

5.1  Computational results

Table 3 gives an overview of the objective function values, the number of columns 
and rows of the optimisation problem instances, the computation times, and the so-
called “ticks” (a measure of machine-independent computational effort by the solver 
 CPLEX®) for each of the different scenario model runs. The figures in brackets indi-
cate the relative reductions of the CLEQ modelling approach with respect to the cor-
responding EQ modelling approach.

The resulting objective function values and, therefore, the total costs of the consid-
ered energy system increase with higher hydrogen import prices. In contrast, cluster-
ing hydropower systems has a reducing but limited effect on the objective function 
values. The observed reductions are below 1% of the corresponding reference and 
result from pooling in clustered hydropower systems, which command greater flex-
ibility of available aggregate storage capacity. More efficient use of storage leads to a 
more efficient energy system with less electricity needing to be generated.

The number of columns and rows of the corresponding optimisation problem 
instance is independent of the hydrogen import price since only the scalar price 
parameters change. That said, clustering hydropower systems substantially reduces 
the number of columns and rows as fewer individual plants require fewer columns 
and fewer constraints imply fewer rows.

In terms of computational efforts, the scenarios with CLEQ hydropower sys-
tem models run considerably faster with up to 90% reductions in solution time than 

Table 3  Overview of computational results of the scenarios, own calculations

Low Medium High

EQ CLEQ EQ CLEQ EQ CLEQ

Objective function value
in billion EUR

466.7 465.8 (− 0.2%) 476.7 475.8 (− 0.2%) 483.0 482.1 (− 0.2%)

Number of decision variables
(matrix columns) in millions

67.4 48.3 (− 28%) 67.4 48.3 (− 28%) 67.4 48.3 (− 28%)

Number of constraints
(matrix rows) in millions

54.1 48.0 (− 11%) 54.1 48.0 (− 11%) 54.1 48.0 (− 11%)

Computing time
in hours

235 28 (− 88%) 217 31 (− 86%) 270 36 (− 87%)

CPLEX® Ticks
in millions

1143 115 (− 90%) 1046 132 (− 87%) 1311 155 (− 88%)
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the scenarios with EQ hydropower system models, which is also confirmed by the 
obtained machine-independent  CPLEX® tick metric. When considering the different 
import prices, there are notable differences between the model runs but there is no 
clear visible trend.

5.2  Climate‑neutral energy system for Europe

The case study setup investigates two hydropower modelling approaches combined 
with three hydrogen import price scenarios. Since SCOPE SD captures both invest-
ment and operation decisions of several technologies and technology combinations 
across all sectors in an endogenous manner, the observed effects result from dif-
ferent investment decisions in the system configuration. These investment deci-
sions affect renewable and thermal power generation, electricity and thermal stor-
age, direct resistive heating, heat pumps, boilers, CHP units, electrolysers, and the 
operational decisions for every technology (combination) in the electricity, building, 
industry, and transport sectors. As a result, total energy and electricity consump-
tion change depending on the hydrogen import price scenario and the hydropower 
modelling approach. Recall that all variants adopt a climate-neutral assumption for 
all model runs, implying that carbon dioxide emissions are zero from a net position 
perspective.

Given the case study setup, a key question is the origin of hydrogen or derived 
renewable fuels in the modelled market areas, i.e. the trade-off between importing 
green hydrogen from outside Europe and producing green hydrogen with domestic 
electrolysers. Figure 6a shows the annual hydrogen production and import balance 
for the considered energy system in Europe. For each scenario, the absolute figures 
in TWhth/yr are given in Fig. 6a, while Fig. 6b indicates the absolute and relative 
changes. Note that the LowEQ scenario is considered as the reference scenario, 
which all other scenarios are compared against.
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The results exhibit that the total amount of hydrogen used is highest when the 
import price is low, and vice versa, see Fig.  6a. Total import volumes of renew-
able fuels reduce with higher prices for imports. By contrast, the amount of hydro-
gen produced from domestic electrolyser operation in Europe increases as higher 
procurement prices on global markets render imports less attractive. As seen from 
the regional groups of market areas, this affects all regions of Europe but is most 
pronounced in the countries with access to good solar resources (see Fig.  6b). 
Moreover, the choice between clustered and non-clustered modelling of equivalent 
hydropower systems in Europe has little impact on the results, both in absolute and 
relative terms.

To substantiate the impacts on the European electricity system and markets, 
Fig. 7 shows the optimised (net) electricity generation balances in Europe. Again, 
for each scenario, the absolute figures in TWhel/yr are given in Fig. 7a, while Fig. 7b 
indicates the absolute and relative changes in the various scenarios compared to 
LowEQ.

First, it can be seen that the amount of electricity produced in Europe increases 
when the price of importing renewable gaseous and liquid fuels is higher, see 
Fig. 7a. The main reason is that increased domestic hydrogen production via electro-
lyser capacities leads to increased demand for electricity. As expected for a climate-
neutral setting, the electricity production primarily comes from renewable sources, 
including on- and offshore wind, solar PV, and hydropower. Furthermore, the figure 
shows that the increased expansion of renewable generation in the scenarios with 
higher import prices primarily affects solar PV installations since there are fewer 
technology potential and site restrictions for solar PV than for on- and offshore 
wind. Since there is no endogenous expansion of hydropower systems and due to the 
limitation of existing natural inflow volumes, an increase in electricity production 
from hydropower is only possible to a limited extent by better utilisation of storage 
capacities.

2539

1031

1626

469

5965

2539

1031

1615

468

5947

2598

1040

1974

470
6330

2601

1040

1970

470
6325

2616

1069

2248

472
6615

2620

1069

2242

472
6610

LowEQ

LowCLEQ
MedEQ

MedCLEQ
HighEQ

HighCLEQ
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

Eu
ro

pe
an

 e
le

ct
ric

ity
 g

en
er

at
io

n 
in

 T
W

h/
yr

Nuclear
CHP District Heating
CHP Industry
CCGT
OCGT
Hydropower
Solar PV
Wind offshore
Wind onshore

(a) Absolute values

Δ-18

Δ366

59

348

-25
-20

Δ360

62

345

-27
-23

Δ650

78

38

622

-43
-35

Δ645

82

38

616

-44
-37

LowEQ

LowCLEQ
MedEQ

MedCLEQ
HighEQ

HighCLEQ
-100

0

100

200

300

400

500

600

700

800

C
ha

ng
es

 in
 T

W
h/

yr
 c

om
pa

re
d 

to
 "

Lo
w

EQ
" Nuclear

CHP District Heating
CHP Industry
CCGT
OCGT
Hydropower
Solar PV
Wind offshore
Wind onshore
Net change

(b) Changes w.r.t. LowEQ

Fig. 7  Electricity generation balance in Europe for each import price scenario and hydropower system 
modelling approach, own illustration based on own calculations



 R. Schmitz et al.

1 3

Thermal power plants only play a minor role in the cost-optimised integrated 
energy system. The endogenous thermal capacity expansions are, to a large extent, 
new CHP units for district heating and industrial applications. These thermal power 
plants are mainly required to maintain firm capacity during a few hours of the year 
when all other flexibility options are exhausted. Recall that due to the requirements 
of climate neutrality, all OCGT and CCGT units, as well as their CHP versions, are 
fired by green hydrogen. As a result, they are used even less when the import price 
for green hydrogen is relatively high (see Fig.  7b). The electricity produced from 
remaining nuclear power plants in Europe is assumed to be CO2-neutral.

When comparing the modelling approaches for pan-European hydropower assets, 
the choice of EQ or CLEQ has small impacts on the results.

Besides the European electricity generation balance, it is also worth looking into 
the capacity expansion decisions for each scenario in Fig.  8. Again, for each sce-
nario, the absolute figures in GWel are given in Fig. 8a, while Fig. 8b indicates the 
absolute and relative changes in the various scenarios compared to LowEQ.

While the obtained capacity expansion results generally correspond to the elec-
tricity production figures from Fig. 7, there are some noteworthy aspects. For higher 
import prices, the most significant changes in installed capacity correspond to solar 
PV installations, while on- and offshore wind exhibit smaller build-outs in compari-
son. The remaining thermal generation stack shows a heterogeneous picture. While 
CCGT and industry CHP units exhibit reduced electricity outputs for high import 
prices in Fig. 7b, these reductions do not translate into decreased capacity deploy-
ments in Fig. 8b. The main reasons for this are that the underlying multivalent flex-
ible CHP systems, see e.g. [29], are still essential to supply the heating demands 
and that the CCGT units remain competitive in some market areas to provide firm 
capacity. By contrast, OCGT units show only limited reductions in electricity output 
for high import prices but substantial relative changes in Fig. 8b. Similar to the pre-
vious observations, the choice of hydropower modelling approach has only marginal 
effects on the capacity expansion decisions.
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5.3  Impacts on pan‑European hydropower assets

The analysis focuses on several aspects to better understand the impacts of both the 
import price scenarios and the hydropower modelling approaches on pan-European 
hydropower assets. First, it illustrates the country-specific annual hydropower pro-
duction and consumption balances. Second, a comparison of electricity consumption 
from hydropower pump units with battery storage and electrolyser units substanti-
ates the role of flexibility provided by hydropower. Third, the analysis shows the 
obtained storage level trajectories and their changes throughout the modelled plan-
ning horizon. Finally, an analysis of aggregated water value trajectories throughout 
the considered year shows how the scenario variants impact the attractiveness of 
flexibility provided by pan-European hydropower assets.
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Figure 9 shows the annual hydropower generation and consumption for the mar-
ket areas across Europe that feature relevant hydropower systems and generation 
capacity.

Recalling the results from Fig. 7, the overall (net) hydropower production is sta-
ble across all considered scenarios, which the country-specific results in the figure 
above confirm. In market areas with substantial hydropower pumping capacity, i.e. 
Austria, Switzerland, Spain, Italy, and France, hydropower pumps’ electricity con-
sumption decreases with increasing hydrogen import prices, thereby slightly increas-
ing the net generation from hydropower. Only Portugal shows a slight decrease in 
net production due to increased pumping. Comparing the EQ with CLEQ modelling 
approaches, the results show that the stronger aggregation of the CLEQ can lead to 
more pronounced effects introduced by the hydrogen import prices.

To further investigate the role of hydropower pumping, Fig.  10 compares the 
annual electricity consumption from hydropower pump units with the consumption 
of battery storage and electrolyser units for those market areas across Europe that 
feature relevant hydropower systems and pump capacity.

When comparing hydropower pump units to flexible battery storage and electro-
lyser units, the results expose the dominant role of electrolysers in the resulting sys-
tem configurations. With higher import prices for renewable fuels, there is a larger 
need and business case for domestic electrolysers producing hydrogen from local 
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low-carbon electricity (recall Sect. 5.2). While the model cannot invest in additional 
but instead use the available hydropower pump capacity, hydropower pumps com-
pete with flexible electrolysers and more efficient battery storage systems. In almost 
all market areas, annual pumping volumes decrease or remain at similar levels com-
pared to the low import price scenarios. Pumping losses are avoided with the com-
bined availability of electrolyser flexibility and high hydrogen demand in the system.

Figure 11 shows the optimised storage level trajectories for those market areas 
across Europe that feature relevant hydropower systems and generation capacity. 
Figure  12 contains the respective change in these storage level trajectories with 
respect to LowEQ. Note that the storage level trajectories are aggregate figures 
derived from the individual hydropower system model instances resulting from the 
EQ and CLEQ approaches and that the weekly means are derived from hourly dis-
patch decisions.
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First, the resulting storage trajectories reflect the country-specific nature of the 
different (multireservoir) hydropower system stacks, i.e. the heterogeneous storage 
level trajectory throughout the considered planning horizon of a full year in hourly 
resolution and the active equivalent storage capacity. Norway and Sweden have 
by far the largest total equivalent storage capacity, followed by Spain, Italy, Swit-
zerland, and France (recall Table  1). While many trajectories show the impact of 
a strong inflow period in the spring season, the storage operation depends on the 
composition of their national energy systems and their cross-border exchange possi-
bilities. Second, for the most part, the influence of renewable fuel import prices and 
the aggregated modelling approach is limited. In countries with substantial conven-
tional hydropower storage systems, e.g. Sweden and Spain, higher hydrogen import 
prices cause higher filling levels in the summer to the winter season (see Fig. 12). 
In countries with high relative shares of (pure) pumped-hydro storage systems, e.g. 
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Germany and Great Britain, aggregate storage trajectories are more volatile and, 
therefore, more exposed to higher fuel prices and implied opportunity costs. The 
CLEQ approach correlates well with the EQ approach. However, more significant 
deviations between the two modelling approaches are visible for Spain, Italy, and 
Germany.

Figure  13 shows the observed water value trajectories inferred from the dual 
variable information of the storage continuity constraints. The water value trajec-
tories are aggregate figures derived from the individual hydropower system model 
instances resulting from the EQ and CLEQ approaches. Moreover, the water value 
information is shown in weekly mean average figures for better readability and 
comparability.
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In contrast to the storage level trajectories, the water value trajectories show 
larger differences among the considered renewable fuel import price scenarios and 
the aggregated modelling approaches. Except for Romania, higher import prices 
generally translate into higher water values. While hydropower storage reservoirs 
in the Nordics exhibit the lowest values in comparison, market areas in continen-
tal Europe feature the highest market-clearing prices, which also propagate through 
their hydropower storage reservoirs. Moreover, large reservoir volumes in the Nor-
dics show different value levels for the import price scenario variants. However, they 
exhibit only limited time-dependent variations throughout the year, especially for 
the more aggregated CLEQ modelling approach. Market areas in continental Europe 
show more exposure to electricity prices in their water value trajectories. The mod-
elling results show a drop in water values following the spring inflow season, which 
climb back to higher values during storage depletion in the remainder of the year.

As seen from the solid and dashed lines, the water value differences indicate a 
drawback of the CLEQ modelling approach. The more aggregated CLEQ modelling 
approach relaxes some of the local and temporal operational constraints of the EQ 
approach, allowing for better allocation and use of resources and storage capacities. 
However, while the CLEQ approach sometimes fails to match the EQ water value 
trajectories, the CLEQ approach still shows similar trends and differences between 
the investigated import price scenarios.

5.4  Summary and discussion of the results

The case study analysis and its results explore the impacts of different renew-
able fuel import prices and two aggregated modelling approaches on multireser-
voir hydropower systems across Europe in a climate-neutral scenario setting. The 
observed effects offer several insights, which are summarised below.

First, there are large computational savings of up to 90% with only limited effects 
on modelling accuracy (about 0.2% of the objective value) when using a clustered-
equivalent (CLEQ) modelling approach for European hydropower systems. Second, 
the import prices for green hydrogen and renewable fuels have a notable impact 
on European electricity generation capacities (+ 595 GWel ) and electricity genera-
tion volumes (+ 650 TWhel/yr). Third, with domestic electrolyser production rang-
ing from 458 to 854 TWhth/yr and hydrogen import volumes ranging from 939 to 
289  TWhth/yr, import prices for renewable gaseous and liquid fuels are sensitive 
parameters with a strong impact on the design and operation of an integrated Euro-
pean energy system in the future. Fourth, the results focusing on hydropower sug-
gest only minor impacts on future storage level trajectories. In contrast, the resulting 
water values are subject to larger variations caused by both the import price sce-
nario and the modelling approach. For instance, the largest aggregated hydropower 
storage capacity located in Norway exhibits an increase of 33% in its average water 
value. In other words, a higher import price for green hydrogen, acting as an oppor-
tunity cost in the system, typically increases the water value throughout the consid-
ered year. The water values are also more sensitive to the less aggregated model-
ling approaches as they can better represent the local constraints for using the hydro 
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resources and the flexibility offered to the markets. As a last insight, hydropower 
aggregation impacts are more prominent than import price variations for some mar-
ket areas, indicating improvement potential for the modelling approach, e.g. with an 
increased number of clustered systems per market area.

The SCOPE SD framework makes simplifying assumptions to be able to take 
a holistic perspective of integrated energy systems. As already outlined in [28], 
SCOPE SD is always based on specific assumptions regarding the representation 
of technologies, markets, and policies. Furthermore, all actors in the different 
sectors behave under perfect competition with total transparency, perfect mar-
ket efficiency, and rational behaviour, whereas market power exertion effects are 
not part of the SCOPE SD framework. Concerning the participants in the vari-
ous sectors, it should be mentioned that SCOPE SD does not address sequential 
and strategic decisions that market equilibrium models typically capture. Moreo-
ver, for computational tractability, the model does not account for market split-
ting procedures implemented in some market areas, e.g. Norway or Italy, which 
impact on the obtained results for individual market areas.

Furthermore, there are several uncertainties in determining renewable fuel 
import prices. Recalling Sect. 4.2, these include but are not limited to the site 
conditions, exporting countries, or transport options influencing future fuel 
(export) prices. Moreover, the SCOPE SD framework considers the import of 
renewable fuels from a market perspective, i.e. without any restrictions in the 
hydrogen transmission network and storage infrastructure in Europe. Explicitly 
modelling hydrogen infrastructure and storage potentially impacts (seasonal) 
hydropower operations across Europe as hydrogen storage assets could act as 
competitors of hydropower systems in Europe. A first step in this direction could 
be to couple SCOPE SD to the IMAGINE modelling framework for hydrogen 
and methane gas markets and infrastructure [47].

Another limitation is that the hydropower modelling comparison needs to 
look at the detailed model. However, the previous results in [4] indicate that 
equivalent model formulations can be used to approximate the effects at an 
acceptable level while still incorporating the multi-fold interactions in an inte-
grated energy system.

6  Conclusion

The presented analysis uses the pan-European cross-sectoral capacity expansion 
planning framework SCOPE SD to gain insights into Europe’s future climate-
neutral energy system with a particular focus on hydropower. It substantiates the 
relationship between three green hydrogen and renewable fuel import price sce-
narios and two aggregated modelling approaches for multireservoir hydropower 
systems across Europe. The results demonstrate that import prices for green 
hydrogen significantly impact the sector-wide demand for hydrogen, domestic 
hydrogen production, hydrogen import volumes, European electricity generation 
capacities and production volumes, and water values of European hydropower 
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assets. Moreover, the results show considerable computational savings with lim-
ited effects on modelling accuracy, rendering the clustered-equivalent approach 
a fair and efficient trade-off for future analyses at the European level.

On a general note, the obtained results expose strong influences by multi-fuel 
flexibility and the interactions that are endogenous decisions in the integrated 
energy system model. For short- to long-term hydropower planning frameworks 
developed as power-sector-focused tools, it is important to incorporate those 
effects as they will influence the observed clearing prices and operational deci-
sions in the modelling frameworks.

Appendix A: Model formulation of SCOPE SD

Based on the model formulation in [19], the following sections provide a concise 
nomenclature and formulation of the modelling and optimisation framework SCOPE 
SD.

Sets and indices

The sets and indices of SCOPE SD are defined as follows: 

t ∈ T:  Index and set of time periods,
i ∈ I:  Index and set of nodes (countries),
j ∈ Ji:  Index and set of nodes connected to node i,
m ∈ MEL:  Index and set of electricity markets,
m ∈ MHEAT:  Index and set of heat markets,
m ∈ MCOOL:  Index and set of cooling markets,
m ∈ MFUEL:  Index and set of fuel markets (e.g. hydrogen),
m ∈ MROAD:  Index and set of road transport markets,
m ∈ MGHG:  Index and set of GHG emission markets,
g ∈ G:  Index and set of conventional generation units,
g ∈ GCHP:  Index and set of CHP system units 

(

GCHP ⊆ G
)

,
r ∈ R:  Index and set of (variable) renewable generation units,
u ∈ U:  Index and set of (equivalent) hydropower system units,
a ∈ A:  Index and set of stationary (battery) storage system units,
h ∈ H:  Index and set of heat pump system units,
b ∈ B:  Index and set of (hybrid) boiler system units,
v ∈ V:  Index and set of electric vehicle units,
o ∈ O:  Index and set of cooling system units,
l ∈ L:  Index and set of power-to-fuel (e.g. hydrogen, liquid) units,
� ∈ Γ:  Index and set of power producing units, i.e. Γ = G ∪ R ∪ U ∪ A,
� ∈ Θ:  Index and set of power consuming units i.e. 

Θ = GCHP ∪ H ∪ U ∪ A ∪ B ∪ V ∪ O ∪ L,
(⋅)i:  Index and subset of (⋅) belonging to node i (e.g. Gi,Γi,Θi),
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(⋅)m:  Index and subset of (⋅) belonging to market m (e.g. Hm,Γm,Θm).

Decision variables

The continuous non-negative decision variables of SCOPE SD are defined as 
follows: 

xGEN
(⋅),t

:  Power generation for unit (⋅) (e.g. g) and time period t (MWel),
x
GEN

(⋅)
:  Power generation capacity for unit (⋅) (e.g. g) (MWel),

xCON
(⋅),t

:  Power consumption for unit (⋅) (e.g. h) and time period t (MWel),
x
CON

(⋅)
:  Power consumption capacity for unit (⋅) (e.g. h) (MWel),

x
LC+∕−

(⋅),t
:  Positive/negative load change for unit (⋅) (e.g. g) and time period t (MWel),

xCU
r,t

:  Power curtailment for renewable generation unit r and time period t 
(MWel),

x
GEN,T

u,t :  Turbine generation for unit u and time period t (MWel),
x
GEN,PT

u,t :  Pumped-turbine generation for unit u and time period t (MWel),
xS
u,t

:  Conventional reservoir storage level for unit u and time period t (MWhel),
x
S,P

u,t :  Pumped reservoir storage level for unit u and time period t (MWhel),
xSP
u,t

:  Conventional reservoir spillage for unit u and time period t (MWel),
x
SP,P

u,t :  Pumped reservoir spillage for unit u and time period t (MWel),
x
CON,HP

h,t
:  Heat pump power consumption for heat pump system unit h and time 

period t (MWel),
x
CON,BU

h,t
:  Backup power consumption for heat pump system unit h and time period 

t (MWel),
xS
a,t

:  Electricity storage level for unit a and time period t (MWhel),
xIN
a,t

:  Electricity storage input for unit a and time period t (MWel),
xOUT
a,t

:  Electricity storage output for unit a and time period t (MWel),
yGEN
l,t

:  Fuel generation for unit l and time period t (MWth),
yCON
l,t

:  Fuel consumption for unit l and time period t (MWth),
yCON
(⋅),t

:  (Total) fuel consumption for unit (⋅) (e.g. g) and time period t (MWth),
yCB
(⋅),t

:  Condensing boiler fuel consumption for unit g, b and time period t (MWth),

�(⋅):  Market share for unit (⋅) (e.g. h) (1),
qCHP
g,t

:  CHP heat generation for unit g and time period t (MWth),
qS
(⋅),t

:  Thermal storage level for unit g, o and time period t (MWhth),
qIN
(⋅),t

:  Thermal storage input for unit g, o and time period t (MWth),
qOUT
(⋅),t

:  Thermal storage output for unit g, o and time period t (MWth),
yFI
m

:  Fossil fuel procurement/import for fuel market m (MWhth),
yRI
m

:  Renewable fuel procurement/import for fuel market m (MWhth),
zICE
v,t

:  Distance driven by internal combustion engine of vehicle unit v (km/h),
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zEL
v,t

:  Distance driven by electric drive of vehicle unit v (km/h).

Parameters

The input parameters of SCOPE SD are defined as follows: 

AV(⋅),t:  Availability for unit (⋅) and time period t (% of installed capacity),
CINV

(⋅)
:  Investment (annuitised) and fixed operation cost for unit (⋅) (EUR/

MWel/th∕a),
CVP

(⋅)
:  Variable production cost for unit (⋅) (EUR/MWhel),

CLC

(⋅)
:  Load change cost for unit (⋅) (EUR/MWel),

CCU
r

:  Curtailment cost for unit r (EUR/MWhel),
CCB

(⋅)
:  Variable boiler production cost for unit b, g, h (EUR/MWhth),

CICE
v

:  Variable internal combustion engine cost for vehicle unit v (EUR/
MWhth),

COPh,t:  Coefficient of performance for heat pump unit h and time period t (e.g. 
MWhth/MWhel),

Dm,t:  Demand for market type m and time period t (e.g. MWhel/h, MWhth/h),
ECv:  Distance-specific electricity consumption of vehicle unit v (MWhel/km),
E(⋅):  Fuel-specific GHG emission factor of unit (⋅) (kgCO2-eq./MWhth),
Em:  Emission budget of GHG emission market m (kgCO2-eq./a),
FCv:  Distance-specific fuel consumption of vehicle unit v (MWhth/km),
FSv:  Flexible charging share for vehicle unit v (1),
NVm:  Market size of road market segment m ∈ MROAD (No. of vehicles),
PFl:  Power-to-fuel conversion factor for unit l (MWhth/MWhel),
PHg:  Power-to-heat ratio (backpressure limit) factor for unit g ∈ GCHP (MWhel

/MWhth),
PLg:  Power loss factor for unit g ∈ GCHP (MWhel/MWhth),
ST(⋅),t:  Solar thermal contribution factor of unit (⋅) (1),
TLi,j:  Linear power transmission loss factor for power exchange between nodes 

i and j (1),
XGEN

(⋅),t
:  Min. power generation limit for unit (⋅) (e.g. g) and time period t (MWel),

XCON

(⋅),t
:  Min. power consumption limit for unit (⋅) (e.g. h) and time period t 

(MWel),
X
GEN

(⋅)
:  Power generation capacity potential for unit (⋅) (e.g. g) (MWel),

X
CON

(⋅)
:  Power consumption capacity potential for unit (⋅) (e.g. h) (MWel),

XN
u,t

:  Equivalent natural energy inflow into main reservoir for unit u and time 
period t (MWel),

X
N,P

u,t :  Equivalent natural energy inflow into pumped reservoir for unit u and 
time period t (MWel),

X
GEN,T

u,t
:  Max. turbine generation for unit u and time period t (MWel),

X
GEN,PT

u,t
:  Max. pumped-turbine generation for unit u and time period t (MWel),
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X
S

u,t
:  Max. conventional reservoir storage level for unit u and time period t 

(MWhel),
X
S,P

u,t
:  Max. pumped reservoir storage level for unit u and time period t 

(MWhel),
XS

v,t
:  Min. state-of-charge profile of vehicle unit v and time period t (MWhel),

X
S

v,t
:  Max. state-of-charge profile of vehicle unit v and time period t (MWhel),

X
CON,IC

v,t :  Inflexible (fixed) charging profile of vehicle unit v and time period t 
(MWhel/h),

X
CON,FC

v,t
:  Max. flexible charging profile of vehicle unit v and time period t (MWhel

/h),
Z
EL

v,t
:  Max. distance driven by electric drive of vehicle unit v and time period t 

(km/h),
�(⋅):  Linear heating network transmission loss factor for unit (⋅) (1),
�S
(⋅)

:  Linear thermal or electricity storage loss factor for unit (⋅) (e.g. g, a) (1),
ΛS

(⋅)
:  Linear thermal or electricity storage self-discharge factor for unit (⋅) (e.g. 

g, a) (1),
�CON
(⋅)

:  Condensing boiler efficiency for unit g, b (1),
�CB
(⋅)

:  Condensing boiler efficiency for unit g, b, h (1),
�CH
v

:  Charging efficiency for vehicle unit v (1),
�CON
(⋅)

:  Electric heating/cooling efficiency for unit g, b, h, o (MWhth/MWhel),
�IN
(⋅)

:  Storage input efficiency for unit (⋅) (e.g. g, a) (1),
�OUT
(⋅)

:  Storage output efficiency for unit (⋅) (e.g. g, a) (1),
�P
u
:  Pump efficiency factor for unit u (1),

Φ
(⋅)

:  Lower market share bound of unit (⋅) (1),
Φ(⋅):  Upper market share bound of unit (⋅) (1),
ΠCHP

g
:  Design factor of maximum CHP output for CHP unit g (1),

ΠBU

(⋅)
:  Design factor of maximum thermal backup boiler output for units g and 

b (1),
ΠCON

g
:  Design factor of maximum electric backup boiler output for CHP unit g 

(1),
ΠCON

h
:  Design factor of the maximum share of heat demand covered for heat 

pump unit g (1),
ΠCON

v
:  Power rating of single vehicle for vehicle unit v (MWel/vehicle),

Ξh:  Simultaneity factor correcting aggregation errors for (decentralised) heat 
pump unit h (1).

Objective function

The objective function of SCOPE SD minimises total costs for investment (INV) and 
system operation (SYSOP) decisions, including a broad range of power generation 
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technologies, storage technologies, and cross-sectoral demand technologies from the 
industry, building, and transport sectors, recall Eqs. (1) to (3) in Sect. 3.2.

System‑wide constraints

The system-wide constraints comprise the clearing of wholesale electricity markets 
in Eq. (5), heat market segments in Eq. (6), cooling market segments in Eq. (7), road 
transport market segments in Eq. (8), and GHG emission markets in Eq. (9). The con-
straint for clearing of a fuel market was already shown in Eq. (4) in Eq. (3.2).

Technology constraints

The concise formulation of the technology constraints includes the general limits of 
power generation and consumption units in Eqs. (10) and (12), the general load change 
definitions in Eqs. (11) and (13), the renewable generation limits including curtail-
ment in Eq. (14), the storage continuity of main hydropower reservoirs in Eq. (15) and 
pumped-hydropower reservoirs in Eq. (16), the hydropower generation limits in Eq. 
(17), see also [4], the hydropower storage limits in Eq. (18), the characteristic CHP 
diagram in Eqs. (19) and (20), the specific load change definition in Eq. (21), the CHP 
system design restrictions of condensing boilers, backup electrical heaters, and CHP 
heat extraction in Eqs. (22) to (24), respectively, the heat demand balance of CHP sys-
tems in Eq. (25), the operating and design limits of hybrid boiler systems in Eq. (26) 
and their heat demand balance in Eq. (27), the operating and design limits of heat pump 
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systems in Eqs. (29) and (31), the maximum storage restriction in Eq. (32), the heat 
pump system heat demand balance in Eq. (33), the cooling demand balance in Eq. (34), 
the thermal storage continuity of CHP, hybrid boiler, heat pump, and cooling systems 
in Eq. (35), the storage continuity of electricity storage (e.g. stationary batteries) in Eq. 
(36), the transport demand balance in Eq. (37), the electric and conventional driving 
limits in Eqs. (38) and (39), the vehicle state-of-charge limits in Eq. (40), the vehicle 
storage continuity in Eq. (41), the electric vehicle design limit in Eq. (42), see [27], the 
fuel consumption of thermal generation units in Eqs. (43) and (44), the fuel consump-
tion of vehicle units in Eq. (45), the fuel generation of power-to-fuel units in Eq. (46), 
and the upper and lower market share bounds in Eq. (47).
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