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A B S T R A C T

To phase out fossil fuels, energy systems must shift to renewable electricity as the main source of primary
energy. In this paper, we analyze how electrification can support the integration of fluctuating renewables, like
wind and PV, and mitigate the need for storage and thermal backup plants. Using a cost-minimizing model for
system planning, we find substantial benefits of electricity demand in heating, transport, and industry adapting
to supply. In Germany, flexible demand halves the residual peak load and the residual demand and reduces
excess generation by 80%. Flexible operation of electrolyzers has the most significant impact accounting for
42% of the reduction in residual peak load and 59% in residual demand. District heating networks and BEVs
also provide substantial flexibility, while the contribution of space and process heating is negligible. The results
are robust to restrictions on the expansion of the transmission grid.
1. Introduction

International governments are pursuing different strategies to com-
bat climate change and keep global warming ‘‘well below 2 degrees
[...] compared to pre-industrial levels’’, as stated in the Paris Climate
Agreement [1]. Yet, policies have two common denominators: First,
expanding electricity generation from wind or photovoltaic (PV), and
second, utilizing more electricity in the heating, transport, or industry
sector.

Electricity generation from wind and PV is for instance at the
heart of the European Union’s energy policy [2], part of the Inflation
Reduction Act by the US government [3], and a key element of the
Chinese energy strategy [4]. Wind and solar offer a great technical
potential, exceeding global primary consumption at least three times,
and declined in levelized costs by 70% and 90% over the past ten
years, respectively [5,6]. In some countries, wind and PV already
constitute a major share of net power generation, for instance, 62%
in Denmark or 33% in Germany in 2022 [7,8]. Since these numbers
include surplus generation exported to neighboring countries, the share
of net consumption can be even higher, for example amounting to 35%
for Germany in 2022 [8]. However, further increasing these shares and
completely phasing out fossil fuels, planned in Germany until 2035,
remains a challenge, because wind and PV power are weather depen-
dent and fluctuate over time and location [9]. As a result, higher shares
require complementary technologies that can flexibly secure supply,

∗ Corresponding author at: Energy and Process Systems Engineering, Department of Mechanical and Process Engineering, ETH Zurich, Tannenstrasse 3, Zurich
8092, Switzerland.

E-mail address: lgo@wip.tu-berlin.de (L. Göke).

like storage systems, carbon-neutral thermal plants, or transmission
infrastructure [10,11].

The utilization of electricity as a primary source of energy can take
two different paths, either consume electricity directly or deploy elec-
tricity to produce synthetic fuels. The starting point for fuel production
is the electrolysis of hydrogen, which can then be processed into other
derivatives by adding carbon. While direct electrification is generally
more efficient than the production of synthetic fuels, the latter has
two advantages: First, the fuels can be stored comparatively easily, and
second, they are highly versatile and can be used where direct electri-
fication is difficult. In residential heating, most policies encourage a
shift to electric heat pumps; in transport, to battery electric vehicles
(BEVs) and to some extent power fuels [2,3,12,13]. In the industry,
the strategy is to either electrify suitable processes directly or utilize
synthetic fuels [14]. Energy policy promotes electrification, because it
is already cost competitive in a lot of cases, for instance in heating or
transport, and non-emitting alternatives are scares [15]. Biomass only
has a limited sustainable potential between 100 and 300 EJ, far from
sufficient to satisfy global demand [5]. Carbon capturing, if available,
will most likely be limited to industrial applications.

Overall, electrification decisively shapes the demand renewable
wind and solar must supply. It impacts the total level, the pattern,
and the elasticity of electricity demand—and therefore, to what extent
vailable online 20 May 2023
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Nomenclature

Abbreviations

BEV battery electric vehicle
CC combined cycle
CHP combined heat and power
HVAC high-voltage alternating current
HVDC high-voltage direct current
NTC net-transfer capacity
PtX power-to-x
PV photovoltaic
OC open cycle

Parameter

𝑣𝑣𝑎𝑟𝑡,𝑟,𝑖,𝑐 variable costs of generation
𝑣𝑓𝑖𝑥𝑡,𝑟,𝑖,𝑐 fixed costs of storage or generation capacity
𝑣𝑓𝑖𝑥𝑟,𝑟′ ,𝑐 fixed costs of transmission capacity
𝑑𝑡,𝑟,𝑐 demand
𝛼𝑡,𝑟,𝑖 capacity factor
𝜂𝑡,𝑟,𝑖 conversion efficiency
𝛿𝑡,𝑟,𝑖 self-discharge rate
𝜌𝑡,𝑟,𝑖 charging efficiency
𝑝 peak demand

Sets

𝑡 time-steps
𝑟 regions
𝑖 technologies
𝑐 energy carriers

Variables

𝐾𝑔𝑒𝑛
𝑟,𝑖 generation capacity

𝐾𝑠𝑡
𝑟,𝑖 storage power capacity

𝐾 𝑙𝑣𝑙
𝑟,𝑖 storage energy capacity

𝐾𝑒𝑥𝑐
𝑟,𝑟′ ,𝑖 transmission capacity

𝐺𝑡,𝑟,𝑖,𝑐 generation quantity
𝑈𝑡,𝑟,𝑖,𝑐 use quantity
𝑆𝑖𝑛
𝑡,𝑟,𝑖,𝑐 charged quantity

𝑆𝑜𝑢𝑡
𝑡,𝑟,𝑖,𝑐 discharged quantity

𝑆𝑙𝑣𝑙
𝑡,𝑟,𝑖 storage level

𝐸𝑡,𝑟,𝑟′ ,𝑖 exchange quantity

flexible technologies, for instance storage, must complement renew-
ables [16]. As a result, different options for electrification set different
requirements for electricity supply. Heat pumps for example have a
temperature-dependent efficiency that drives up consumption in winter
when PV generation is lowest [17]. Therefore, they require seasonal
storage or more investment in wind generation that peaks in winter
as well [18]. Heating with synthetic fuels on the other hand mitigates
flexibility needs, but its low efficiency increases the total electricity
demand.

In this paper, we analyze how electrification can support the in-
tegration of fluctuating renewables and mitigate the need for storage
and thermal backup plants. For this purpose, we apply a comprehensive
yet highly detailed energy system planning model. It applies an hourly
temporal and sub-national spatial resolution to accurately capture fluc-
tuations of renewables. To investigate how demand from direct and
indirect electrification can adapt to these fluctuations, capacity in the
heat, transport, and industry sectors is endogenous to the model and
2

operational restrictions in these sectors are represented in detail. As
a result, the model determines a cost-efficient equilibrium between
supply- and demand-side options for flexibility. For example, load
peaks of electric heat pumps can either be covered by grid batteries
and thermal plants or mitigated by pairing heat pumps with local
heat storage or even switching to other heating systems, like hydrogen
boilers or district heating.

Thanks to this methodology, our study represents the first compre-
hensive analysis of flexibility in renewable energy systems that accu-
rately captures the fluctuations of wind and solar while also considering
all relevant options to balance them.

Most previous research excludes relevant options creating a positive
bias toward the considered alternatives. For instance, several studies on
renewable integration are limited to supply-side options and exclude
transmission or electrification, potentially overestimating the need for
storage and firm capacity [19–22].

In the next step, analyses do consider electrification—but only in a
single sector. For instance, some studies exclusively consider synergies
between renewable electricity and the generation of synthetic fuels,
most importantly hydrogen [23–25]. Other studies analyze how electric
mobility benefits renewable integration [26–28], or solely focus on
flexibility from residential and district heating [29–32]. Finally, there
are studies that do cover several sectors but limit the analysis to a single
region not considering transmission infrastructure [32–34].

Compared to the few studies that consider storage, electrification,
and transmission, our analysis fully addresses the challenges of integrat-
ing fluctuating wind and solar into the system. To capture fluctuations,
we leverage 96 clusters and an hourly resolution, providing greater
spatio-temporal detail than previous analyses. In addition, we introduce
novel methods to model operational constraints on the consumer level
in the heating and transportation sector. On this basis, we can visualize
and quantify the contribution of each sector to the system’s flexibility,
offering new insights into the synergies of supply and demand in
renewable energy systems.

The remainder of this paper is structured as follows: The next
Section 2 describes the general methodology and introduces several
innovations to represent operational restrictions and flexibility related
to electrification. Afterwards, Section 3 presents the specific case study,
a fully renewable European energy system, that the model is applied
to. Section 4 presents the results of the model including an in-depth
analysis of system flexibility based on residual load curves. Section 5
concludes by discussing policy implications and giving an outlook on
future work. Finally, the appendix provides additional details on the
deployed model and its results.

2. Methodology

For the analysis, we apply a linear optimization model that decides
on the expansion and operation of technologies to satisfy final energy
demand. The model’s objective is to minimize total system costs con-
sisting of annualized expansion and operational costs for technologies
and costs of energy imports from outside the system. Expansion and
operation in the model cover both technologies for the generation,
conversion, or storage of energy carriers and grid infrastructure to
exchange energy between different regions.

The model deploys a graph-based formulation specifically devel-
oped to model high shares of fluctuating renewables and sector in-
tegration, which is capable to vary temporal and spatial resolution
within a model [35]. Thanks to this feature, high resolutions can be
applied where the system is sensitive to small imbalances of supply and
demand—for instance, in the power sector, while more inert parts, like
transmission of gas or hydrogen, are modeled at a coarser resolution.
This method does not only reduce computational complexity but can
also capture inherent flexibility in the energy system, for instance in

the gas grid.



Energy 278 (2023) 127832L. Göke et al.
Eq. (1) to (3c) provide a stylized formulation of the underlying
optimization problem. In all equations, variables are written in upper-
and parameters in lower-case letters. Regarding expansion, the model
decides on capacities 𝐾 for generation, storage, and exchange; with
regard to operation on quantities for generation 𝐺, use 𝑈 , storage 𝑆,
and exchange 𝐸. The problem’s objective in Eq. (1) minimizes the sum
of fixed costs depending on capacities, and variable costs depending
on generation. Specific fixed costs 𝑣𝑓𝑖𝑥 include annualized but not
discounted investment costs plus fixed operational costs. To compute
total costs, components are summed over all time-steps 𝑇 , regions 𝑅,
technologies 𝐼 , and carriers 𝐶.

min
𝐾,𝐺,𝑈, 𝑆, 𝐸

∑

𝑟∈𝑅,𝑖∈𝐼
𝐾𝑔𝑒𝑛∕𝑠𝑡∕𝑙𝑣𝑙

𝑟,𝑖 ⋅ 𝑣𝑓𝑖𝑥𝑟,𝑖 +
∑

𝑟∈𝑅,𝑟′∈𝑅,𝑐∈𝐶
𝐾𝑒𝑥𝑐

𝑟,𝑟′ ,𝑐 ⋅ 𝑣
𝑓𝑖𝑥
𝑟,𝑟′ ,𝑐

+
∑

𝑡∈𝑇 ,𝑟∈𝑅,𝑖∈𝐼,𝑐∈𝐶
𝐺𝑡,𝑟,𝑖,𝑐 ⋅ 𝑣

𝑣𝑎𝑟
𝑡,𝑟,𝑖,𝑐 (1)

Eq. (2a) to (2d) list the capacity restrictions that constrain the
operational variables by connecting them to capacities. Eq. (2a) limits
the generation 𝐺 to the installed capacity 𝐾𝑔𝑒𝑛 corrected with the
capacity factor 𝛼 that reflects the share of capacity currently available.
Analogously, Eq. (2b) restricts the storage in- and outflow, 𝑆𝑖𝑛 and
𝑆𝑜𝑢𝑡, to the storage power capacity 𝐾𝑠𝑡; Eq. (2c) restricts the storage
level 𝑆𝑙𝑣𝑙 to the energy capacity 𝐾 𝑙𝑣𝑙. In Eq. (2d) the capacity of the
transmission infrastructure 𝐾𝑒𝑥𝑐 limits the exchange of energy 𝐸 where
the first subscript 𝑟 refers to the exporting and the second subscript 𝑟′
to the importing region.

∑

𝑐∈𝐶
𝐺𝑡,𝑟,𝑖,𝑐 ≤ 𝛼𝑡,𝑟,𝑖 ⋅𝐾

𝑔𝑒𝑛
𝑟,𝑖 ∀𝑡 ∈ 𝑇 , 𝑟 ∈ 𝑅, 𝑖 ∈ 𝐼𝑡𝑒 (2a)

∑

𝑐∈𝐶
𝑆𝑖𝑛
𝑡,𝑟,𝑖,𝑐 + 𝑆𝑜𝑢𝑡

𝑡,𝑟,𝑖,𝑐 ≤ 𝐾𝑠𝑡
𝑟,𝑖 ∀𝑡 ∈ 𝑇 , 𝑟 ∈ 𝑅, 𝑖 ∈ 𝐼𝑠𝑡 (2b)

𝑆𝑙𝑣𝑙
𝑡,𝑟,𝑖 ≤ 𝐾 𝑙𝑣𝑙

𝑟,𝑖 ∀𝑡 ∈ 𝑇 , 𝑟 ∈ 𝑅, 𝑖 ∈ 𝐼𝑠𝑡 (2c)

𝐸𝑡,𝑟,𝑟′ ,𝑐 + 𝐸𝑡,𝑟′ ,𝑟,𝑐 ≤ 𝐾𝑒𝑥𝑐
𝑟,𝑟′ ,𝑐 ∀𝑡 ∈ 𝑇 , 𝑟 ∈ 𝑅, 𝑟′ ∈ 𝑅, 𝑐 ∈ 𝐶 (2d)

Finally, the balances in Eq. (3a) to (3c) restrict the operational
variables. First, the energy balance in Eq. (3a) ensures that supply
meets the demand 𝑑 at all times, in each region, and for each energy
carrier. Eq. (3b) controls how technologies convert energy carriers
setting the amount of generated energy 𝐺 to the product of utilized
energy 𝑈 and the efficiency 𝜂. The storage balance in Eq. (3c) tracks the
storage level 𝑆𝑙𝑣𝑙 which connects the storage balance in the previous
period 𝑡−1 plus in- and minus outflows. The parameters 𝛿 and 𝜌 reflect
self-discharge and charging losses, respectively.
∑

𝑖∈𝐼
(𝐺𝑡,𝑟,𝑖,𝑐 − 𝑈𝑡,𝑟,𝑖,𝑐 + 𝑆𝑜𝑢𝑡

𝑡,𝑟,𝑖,𝑐 − 𝑆𝑖𝑛
𝑡,𝑟,𝑖,𝑐) +

∑

𝑟∈𝑅′
(𝐸𝑡,𝑟,𝑟′ ,𝑐 − 𝐸𝑡,𝑟′ ,𝑟,𝑐 )

= 𝑑𝑡,𝑟,𝑐 ∀𝑡 ∈ 𝑇 , 𝑟 ∈ 𝑅, 𝑐 ∈ 𝐶 (3a)
∑

𝑐∈𝐶
𝜂𝑡,𝑟,𝑖 ⋅ 𝑈𝑡,𝑟,𝑖,𝑐 =

∑

𝑐∈𝐶
𝐺𝑡,𝑟,𝑖,𝑐 ∀𝑡 ∈ 𝑇 , 𝑟 ∈ 𝑅, 𝑖 ∈ 𝐼 (3b)

𝛿𝑡,𝑟,𝑖 ⋅ 𝑆
𝑙𝑣𝑙
𝑡−1,𝑟,𝑖 +

∑

𝑐∈𝐶
𝜌𝑡,𝑟,𝑖 ⋅ 𝑆

𝑖𝑛
𝑡,𝑟,𝑖,𝑐 − 𝑆𝑜𝑢𝑡

𝑡,𝑟,𝑖,𝑐 = 𝑆𝑙𝑣𝑙
𝑡,𝑟,𝑖 ∀𝑡 ∈ 𝑇 , 𝑟 ∈ 𝑅, 𝑖 ∈ 𝐼𝑠𝑡

(3c)

To achieve high detail and comprehensive scope, the model makes
several simplifying assumptions that are common in the literature and
found not to impose a significant bias on results. First, the model does
not consider operational restrictions of individual power plants, like
ramping rates or start-up times, and the need for ancillary services,
like balancing reserves. Previous studies agree that such operational
detail has little impact on results if models include options for short-
term flexibility, like batteries or demand-side response, and conclude
modeling of renewable systems should rather prioritize temporal and
spatial detail [36–39]. This is especially true in the analyzed case
of a fully renewable energy system that excludes large-scale thermal
power plants, as these are subject to the most significant operational
restrictions. Second, the model uses a transport instead of a power
3

flow formulation to represent grid operation. Previous research found
this simplification to be sufficiently accurate [40]. In addition, model
parameterization uses net-transfer capacities (NTCs) already reflecting
power flow restrictions instead of physical grid capacities, as detailed
in Section 3.

Due to the cost minimizing approach, the model computes the ideal
system from a techno-economic perspective neglecting political con-
straints and assuming full cooperation between countries. Therefore,
results should not be interpreted as a simulation or forecast, but rather
as a study on technical feasibility and affordability of renewable energy
systems.

The following two subsections describe how the model captures op-
erational restrictions and flexibility related to electrification in heating
and transport extending the stylized model formulation above. Model
specifics beyond the mathematical formulation, like considered regions,
technologies, and sectors, will follow in Section 3. The appendix and
the linked supplementary material provide more detailed informa-
tion and the code of the underlying open-source modeling framework
AnyMOD [41].

2.1. Operation of heating systems

The different technological options to electrify the supply for pro-
cess and space heat also affect the flexibility of electricity demand
differently. Indirect electrification using synthetic fuels is generally the
most flexible. Electrolysis or other processes can easily adapt to renew-
able supply and store their products for later consumption. In contrast,
the direct use of electricity with heat pumps or electric boilers is more
energy-efficient but also more constrained. Specific constraints differ
depending on whether systems provide industry, residential, or district
heat and operate in combination with heat storage. In the following,
we describe how the model captures these different constraints.

First, applying the graph-based approach, industry, residential, and
district heat use a four-hour resolution representing their inherent flexi-
bility. This means, that while the energy balance is an hourly constraint
for electricity, for heat, supply does not have to equal demand in
each hour but over the sum of four hours. In residential heating, this
resolution captures the thermal inertia of buildings [42]; in district
heating, the inertia of the network itself [43]; and in industrial heating,
the possibility to reschedule processes.

Fig. 1 illustrates the concept comparing the electricity demand of
an electric boiler providing process heat for an hourly and four-hour
resolution. In the hourly case, the electricity demand of the boiler is
fixed according to the hourly time-series. In the four-hour case, the
demand is flexible but still subject to two constraints. The total demand
for each four-hour period must equal the sum of the hourly demand.
Consequently, in Fig. 1 areas above and below the hourly time-series
are equal in size in each four-hour period. And, even with a four-
hour resolution for heat, electricity demand is still an hourly variable
and subject to an hourly capacity constraint. This constraint’s impact
greatly depends on the total utilization within the specific time-step.
For instance, in the four-hour period from hours 36 to 40, the electric
boiler must achieve an average utilization rate of 97.5%. As a result,
the most flexible operation possible is to operate at 90% utilization in
one hour and at full capacity in the others.

Second, the model introduces a different operational concept for
industrial and residential heating systems. In contrast to the power
sector, systems for industrial or residential heating are locally bound
and do not feed generation into a transmission network. Instead, they
must directly match local demand. On this small-scale, the operation
of base- and peak load plants is not cost efficient, and so the profile of
demand directly dictates operation.

To account for this restriction, the model has two different ways to
describe the operation of technologies. Eqs. (4a) and (4b) provide the
formulation for the common case of technologies interacting within a
network. The formulation consists of an energy balance that ensures

the summed generation 𝐺 from all technologies 𝑖 equals the demand 𝑑
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Fig. 1. Exemplary electricity demand resulting from different resolutions for process heat.
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t each time-step 𝑡 and a capacity constraint that limits the output of
ach technology to the installed capacity 𝐾 in each time-step 𝑡. In the
roblem formulation above, these constraints correspond to Eqs. (2a)
nd (3a), respectively.

𝑖∈𝐼
𝐺𝑖,𝑡 = 𝑑𝑡 ∀𝑡 ∈ 𝑇 (4a)

𝐺𝑖,𝑡 ≤ 𝐾𝑖 ∀𝑡 ∈ 𝑇 , 𝑖 ∈ 𝐼 (4b)

In contrast, Eqs. (5a) and (5b) describe the case of unconnected
echnologies each operating to match local demand individually. In-
tead of an energy balance for each time-step, a single capacity balance
nsures that the installed capacity can meet peak demand 𝑝. The
econd equation fixes the operation of technologies in each time-step
ccording to the demand profile, which corresponds to the ratio of
urrent demand to peak demand. Since this formulation replaces the
nergy balances for each time-step with a single constraint on capacity
nd the inequality constraint for capacity with an equality constraint,
t also reduces the complexity of the optimization model.

𝑖∈𝐼
𝐾𝑖 = 𝑝 (5a)

𝐺𝑖,𝑡 =
𝑑𝑡
𝑝

⋅𝐾𝑖 ∀𝑡 ∈ 𝑇 , 𝑖 ∈ 𝐼 (5b)

Fig. 2 shows the operation of the same capacities for each formula-
ion to illustrate their differences. In the first case, a cost minimizing
odel will automatically operate capacities according to the merit

rder, hence the name merit-order formulation. With increasing de-
and, technologies are successively deployed in the order of their
arginal costs. In the second formulation, termed must-run, all tech-
ologies must run simultaneously with generation shares corresponding
o capacities. In industrial or residential heating, at a given capacity
he merit-order formulation will overestimate the generation share of
echnologies with low marginal costs and vice versa underestimate
he generation of technologies with high marginal costs. As a result,
mplausible investment into ‘‘peak load’’ capacities can occur. For
nstance, residential hydrogen boilers could be built to run at very low
tilization and provide additional heat when electricity for heat pumps
s scarce. However, in practice, this is implausible implying consumers
nstall two redundant heating systems in their homes.

Accordingly, in the model, technologies providing process or space
eat use the must-run formulation; technologies providing electricity,
ydrogen, and synthetic gas the merit-order formulation. District heat
ses the merit-order formulation as well to capture how the operation
f different plants within heating networks is flexible. On the other
and, substations that transfer district heat to final industrial or res-
dential consumers and determine the demand for district heating use
he must-run formulation.

Finally, the model can invest in heat storage to add flexibility. For
istrict heating, the implementation of storage is straightforward and
4

nalogous to carriers like electricity or hydrogen. For space and process
eating, viz. local technologies using the must-run formulation, the
torage is directly embedded into the specific heating technology. This
etup again prevents inconsistencies resulting from the interplay of
nconnected local technologies, like heat storage charged by hydrogen
oilers but discharging to consumers with heat pumps.

Fig. 3 describes this concept for an electric heat pump. The upper
ow illustrates how the heat pump converts electricity to heat in a ratio
qual to the coefficient of performance (COP). The vertical lines indi-
ate the capacity constraints imposed on the hourly electricity demand.
he generated heat, modeled at a four-hour resolution, can either cover
emand or be transferred to the storage system displayed in the lower
art of the figure. The level of storage investment determines the
ower and energy capacity of the storage. Storage losses depend on
he self-discharge rate, the charge, and the discharge efficiency.

Only heat leaving the system boundary, indicated by the black
ine in Fig. 3, adds to the must-run output referenced in Eq. (2b).
ischarging the storage enables the heat pump to produce less than the
urrent must-run output but requires previous charging. In this way,
torage can reduce demand when electricity is scarce at the cost of
torage losses increasing overall demand. Due to high discharge rates,
ong storage durations are not viable with local heat storage.

.2. Charging of BEVs

The flexibility of BEVs in future energy systems is still subject to un-
ertainty and depends on technological and regulatory developments.
n this study, we make a middle-ground assumption on the flexibility of
lectricity demand from BEVs. On the one hand, we assume charging
o be flexible within limits and can adapt to supply which does not
eflect current regulation in all European countries but neither requires
dditional infrastructure [44]. On the other hand, we do not assume
hat BEVs can feed electricity back to the grid, also termed bidirectional
harging or vehicle-to-grid, which requires bidirectional chargers [45].

Fig. 4 demonstrates how the model implements flexible charging
ased on an exemplary driving and charging pattern for private pas-
enger cars. First, an hourly profile restricts the charging of BEVs to
eflect the capacity of vehicles currently connected to the grid. Second,
n each day the electricity charged must match the consumption for
riving. Consequentially, areas above and below the curve for con-
umption are equal in size for each day, analogously to Fig. 1. Instead
f explicitly modeling battery levels, this approach implicitly assumes
hat on average batteries can balance charging and consumption over
ne day at least.

To implement the approach, transport services use a daily resolution
n the model. Conversely, other electricity demand for transport, for
nstance for rail transport, is inflexible and uses an hourly resolution.
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Fig. 2. Illustration of deployment concepts.
Fig. 3. Representation of residential heat pump paired with local heat storage.
Fig. 4. Exemplary electricity demand of BEVs.
e
f

3. Case study

To study the impact of electrification on renewable integration,
we apply the outlined planning model to a fully renewable European
energy system. The analysis covers all countries of the European Union,
along with the United Kingdom, Switzerland, and the Balkans at the
same time within one model. Thanks to this large spatial scope, mapped
in Fig. 5, the analysis accounts for transmission infrastructure and
the exchange of energy as one option to integrate renewables. The
spatial resolution to capture local fluctuations of renewable generation
corresponds to the 96 regions indicated by the gray lines that further
break down market zones in the power system.

Blue lines indicate where the model can invest in grid infrastructure
for hydrogen between clusters at costs of 0.4 million e per GW and km
5

r

and energy losses of 2.44% per 1000 km [46]. The distance between the
geographic center of clusters serves as an estimate for pipeline length.1
As the model does not account for transport restrictions within each
cluster, it cannot differentiate between on-site and off-site production
of hydrogen.

The representation of the power grid aggregates clusters accord-
ing to the zones of the European power market. Yellow and orange
arrows indicate pre-existing high-voltage alternating current (HVAC)

1 The model does not consider the repurposing of existing gas pipelines
xclusively for the transport of hydrogen. There is still little information on the
easibility and costs of this option and it is limited to non-academic industry
eports [47].
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Fig. 5. Pre-existing grid infrastructure (solid) and new potential connections (dashed) in the model.
Fig. 6. Exemplary capacity-cost curve for NTCs between Germany and the Netherlands.

and direct current (HVDC) connections. Arrows without a number
indicate a potential connection without pre-existing capacity. Building
on data in ENTSO-E [48], the expansion of specific connections is
subject to a capacity-cost curve. Fig. 6 exemplarily shows this curve
for the NTC between Germany and the Netherlands. In this case, the
specific investment costs of the NTC discretely increase from 200 to
3700 million e per GW and expansion is subject to an upper limit of
7.5 GW. Transmission losses amount to 5% and 3% per 1000 km for
HVAC and HVDC, respectively [40].

In addition to the grid-based transport of electricity and hydrogen,
the model allows for the exchange of biomass and liquid fuels be-
tween regions using vehicles. This type of exchange does not require
investments in infrastructure, but does incur variable costs that are
proportional to the transported distance and energy quantity.

The temporal scope of the model consists of a single year. Using
a brownfield approach, today’s transmission infrastructure and hydro
power plants are available without expansion. In total, the applied
model includes 22 distinct energy carriers that can be stored and con-
verted into one another by 120 different technologies covering heating,
transport, industry, and the production of synthetic fuels. Section A
of the appendix provides comprehensive documentation [49,50]. The
6

representation of the industry sector does not include the non-energy
demand for energy carriers as feedstock in the (petro-)chemical sector.
However, the available biomass potential discussed at the end of this
section is adjusted to account for the demand in this area.

Fig. 7 provides an overview of technologies for electricity genera-
tion. Vertices in the graph either represent energy carriers, depicted
as colored squares, or technologies, depicted as gray circles. Entering
edges of technologies refer to input carriers; outgoing edges refer
to outputs. Extraction turbines and biomass plants can be operated
flexibly decreasing their heat-to-power ratio at the cost of reduced
total efficiency. Both reservoirs and pumped storage operate as storage,
but reservoirs are charged based on an exogenous time series while
charging of pumped storage is endogenous.

The choice of technologies and their parameterization are based on
the reports by the Danish Energy Agency [46], except for transport
where data comes from Robinius et al. [51]. For hydrogen fueled power
plants, we assume a 15% mark-up on the costs of the corresponding
natural gas technology in line with Öberg et al. [52]. Section B of the
appendix lists all technology data for the power sector.

The capacity and energy potential of PV and wind are differentiated
according to the 96 clusters displayed in Fig. 5. In addition, openspace
PV and onshore wind are further broken down into three categories
with different full load hours for each cluster to reflect different site
qualities; rooftop PV and offshore wind are broken into two further
categories. Capacity limits are scaled to comply with the overall energy
potential for each country reported in Auer et al. [53]. Time-series data
for capacity factors is, like all time-series data, based on the climatic
year 2008 [54].

BEVs for private passenger and light freight transport have a charg-
ing capacity of 5 kW; BEVs for public passenger and heavy road trans-
port of 150 kW [55]. Applying a safety margin all charging profiles are
reduced by 75%.

To estimate the technical potential of different space heating tech-
nologies, we use national Eurostat data on urbanization [56]. For
rural areas, we assume that ground- and water-source heat pumps can
cover the entire demand, but district heating is not available. Vice
versa, for cities, district heating can cover the entire demand, but
heat pumps are not available. For towns and suburbs, district heating,
ground-source, and water-source heat pumps can each cover 50% of
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Fig. 7. Subgraph for electricity supply.
the demand. To estimate the technical potential of different process
heating technologies, technology info from Danish Energy Agency [46]
on eligibility for different processes is paired with national data on
industry activity [57,58].

The use of biomass in each country is subject to an upper energy
limit that sums to 1081 TWh for the entire model. This assumption is
based on a total potential of 1658 TWh, which is reduced by 577 TWh
to account for the demand for feedstock in the industry sector [59,60].
In addition to the production and exchange of energy within Europe,
the model can import renewable hydrogen by ship at costs of 111.71e
per MWh and by pipeline from Morocco or Egypt at 76.9 and 73.56e
per MWh, respectively [61]. Imports by ship enter the system in the
coastal regions of Western Europe, while imports by pipeline are arrive
into the southernmost clusters of Spain and Italy.

4. Result

To give an impression of the resulting energy system, Section 4.1
summarizes the energy flows and balances when solving the model
for the described case study. Since these results are largely in line
with previous studies, the main purpose is to provide a context for the
subsequent Section 4.2 that closely analyses the system integration of
renewables and the contribution of flexible electrification.

4.1. Energy balances

The Sankey diagram in Fig. 8 illustrates energy flows in the solved
model. On the right side, the diagram shows the final demand for en-
ergy and transport services. Going from right to left, the diagram details
how the model deploys conversion processes, storage, and secondary
energy carriers to meet the demand from primary energy sources. To
be clear and concise, the diagram aggregates individual technologies,
like different types of BEVs, into one node. The ratio of flows entering
and leaving a node reflects the average efficiency of the underlying
technology. For instance, heat pumps have efficiencies greater than one
and the generated heat exceeds the electricity consumed, so outgoing
flows exceed incoming flows. Technologies can have multiple in- and
outputs, like alkali electrolysis, which produces hydrogen but also
provides waste heat to district heating networks. For storage, incoming
and outgoing flows relate to the same energy carrier, though outgoing
flows are smaller reflecting storage losses.
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Overall, the results show a clear emphasis on direct electrification
in the heating, transport, and industry sector. In space and district
heating, heat pumps and electric boilers provide 99.5% of the total
demand. The transport sector uses BEVs and overhead lines wherever
possible and synthetic carriers only cover the exogenous demand for
transport fuels. Although indirect electrification using hydrogen is an
option to create these fuels, the model predominantly utilizes the
available biomass potential instead. Overall, indirect electrification is
only relevant in process heating above 100◦C, which accounts for 85%
of the total hydrogen demand. This is partly due to the limited potential
of direct electrification at these temperature levels. Nevertheless, only
73% of the electrification potential is utilized suggesting that in some
cases the model deploys indirect over direct electrification despite
its inefficiency because it is more flexible. Generating and storing
hydrogen for later use is comparatively easy but there are no options
for heat storage above 100◦C and the operational flexibility in process
heating is small.

While the general prevalence of direct electrification aligns with
previous research, our results deviate in several details. First, the
endogenous share of district heating is close to the upper limit and
exceeds fixed shares in previous studies [30,62]. Our methodology
capturing how district heating is more flexible than individual heating
presumably drives these results. Second, thermal plants only provide
25.6 TWh of firm generation, much less than in previous deep decar-
bonization studies limited to the power system and a single region [19,
21]. This suggests electrification and transmission greatly contribute to
renewable integration and substitute thermal backup plants.

The results mapped in Fig. 9 highlight the importance of trans-
mission. The figure shows the net-exchange for different transmission
infrastructures and electricity generation and demand by country.

In the electricity grid, 70% of the potential grid expansion is real-
ized. NTC capacities for HVAC more than double from 109 to 275 GW
and quadruple for HVDC from 19 to 75 GW. Traded quantities increase
correspondingly, but net positions remain comparatively balanced. For
instance, Germany has net-imports of 124.5 TWh in the results com-
pared to net-exports of 17.4 TWh in 2021, but nevertheless exports
double compared to 2020 and amount to 115.2 TWh [63]. This indi-
cates that a key driver of grid expansion is to balance local fluctuations
of renewable supply.

The results for the exchange of hydrogen are opposed and trade is
much more unilateral. Some countries, like Spain or Romania, have
a comparative advantage in producing hydrogen due to high capacity



Energy 278 (2023) 127832L. Göke et al.
Fig. 8. Sankey diagram for the solved model, in TWh/Gpkm/Gtkm.
Fig. 9. Net-exchange (in TWh), electricity generation and demand.
factors and are exclusively exporting. Other countries, like Italy, serve
as intermediaries or are exclusively importing, like Belgium. Overall,
domestic hydrogen production is cost-efficient and hydrogen imports
from outside of Europe are negligible totaling 3.2 TWh imported by
Italy and the UK.
8

4.2. Residual load curves

While the previous section only indicates how the system achieves
the integration of fluctuating renewables, this section provides a defi-
nite analysis based on residual load curves.
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Fig. 10. Residual load curves for Germany [8].
Residual load refers to the remaining demand, or load, not covered
y supply from fluctuating renewables. Accordingly, the residual load
urves show total demand minus fluctuating renewable generation
orted in descending order and depict the energy that sources other
han fluctuating renewables must supply [64]. The 𝑦-axis intercept

of the curve represents the residual peak load, which is the maxi-
mum capacity that must be met by sources other than fluctuating
renewables. The area above the 𝑥-axis represents the total energy that
non-fluctuating sources must supply. Conversely, the area below the 𝑥-
axis corresponds to the excess energy from fluctuating sources during
periods where supply exceeds demand. Visualizing the electricity bal-
ance this way provides insights into the interplay of fluctuating supply
and flexible demand in the system.

Exemplary for the entire system, the following analysis focuses
on Germany, the country with the highest demand and a relatively
small renewable potential. The curve and overall results are consistent
across most countries. The only exception are countries with a high
share of flexible generation from hydro reservoirs that are discussed
in further detail below. Fig. 10(a) compares residual load in 2021
and in the model results if demand were completely inflexible. The
inflexible demand is not a direct result of the model but computed
ex-post assuming electric heating without the flexibilities described in
Section 2.1, charging of BEVs proportional to loading profiles, and
power-to-x (PtX) processes, mostly electrolyzers, operating at constant
capacity. For illustration, Fig. 17 in appendix C provides a section on
the time-series data the residual load curves are based on.

The comparison of historic values and model results in Fig. 10(a)
shows a dramatic increase in residual load when moving to a renewable
energy system without flexible demand. Compared to 2021, residual
peak load almost triples from 62.9 to 178.2 GW and residual demand
amounts to 338.3 TWh, but fluctuating generation also exceeds demand
in 3491 h resulting in 205.5 TWh of excess generation.

Fig. 10(b) illustrates how flexible heating and charging of BEVs
reduce residual demand. To compute these curves, inflexible demand
computed ex-post is successively replaced by hourly demand from
model results; first for flexible space and process heating, then for
district heating, and finally for BEVs. This order is arbitrary and only
serves the communication of the results.

The impact of flexible space and process heating is small and only
9

reduces residual peak load by 4.3 GW and residual demand by 2.0 TWh. p
Correspondingly, the model does not invest in local heat storage.
The influence of flexible district heating is much more pronounced
reducing peak load by 29.4 GW and residual demand by 38.7 TWh. At
the same time, excess generation only decreases by 36.3 TWh because
heat pumps can shift operation to periods with higher efficiencies. To
achieve this flexibility, the model builds 40.5 TWh of thermal water
storage and combined heat and power (CHP) gas engines with 3.0 GW
heating capacity. The effect of flexible BEV charging is significant as
well. Residual peak load decreases by 18.2 GW and residual demand
by 28.7 TWh.

The flexible operation of electrolyzers displayed in Fig. 10(c) has the
greatest impact on residual demand. When electrolyzers adapt to supply
instead of operating at constant capacity, residual peak load decreases
by 37.8 GW and residual demand by 98.1 TWh. In this case, 82.8 GW
of electrical electrolyzer capacity operate at a utilization rate of 44.4%.
To match volatile hydrogen production with demand, the model invests
in 13.0 TWh of hydrogen storage in salt caverns, still only 0.1% of the
total storage potential in Germany [65].

In total, flexible electrification has a substantial effect in reducing
residual peak load from 178.2 to 88.5 GW, residual demand from
338.3 to 170.8 TWh, and excess generation from 205.5 to 41.9 TWh.
Fig. 10(d) finally shows how the system meets the residual demand.
In line with the results in the previous section, transmission covers
the major portion. At peak load, Germany imports 52.8 GW, which
corresponds to 96% of the total import capacity. Imports also cover
88.3 TWh of the residual demand and exports reduce excess generation
by 28.7 TWh.2 Thermal plants and energy storage are less important.
Thermal plants cover 25.2 GW of peak load and provide 8.8 TWh of
generation, almost equally divided between open-cycle (OC) hydrogen
turbines and gas engines. For electricity storage, the model does not
invest in batteries and only deploys the pre-existing hydro plants, which
cover 10.5 GW of peak load and 8.7 TWh of residual demand. Charging
of hydro plants reduces excess generation by 9.9 TWh resulting in only
3.3 TWh of excess generation being finally curtailed.

In the presented scenario, the power grid is the greatest source of
flexibility, both on the supply and demand side, and NTC capacities

2 These numbers are smaller than total imports and exports stated in the
revious section because they are the sum of net-positions in each hour.
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Fig. 11. Residual load curves for Germany without grid expansion.

Fig. 12. Residual load curves for Norway with grid expansion.

almost triple. But grid expansion frequently faces public opposition and
under extreme weather conditions total generation can be insufficient
to balance out local shortages. To check the robustness of our results
against this background, we solve the model for an additional scenario
without any grid expansion. General results without grid expansion do
not differ substantially from the reference scenario. Annualized costs of
the energy system increase by 5.8% from 278.1 to 294.3 billion e and
most notably the exchange and use of hydrogen increase to substitute
the power grid. Analogously to section 4.1, appendix C provides a
Sankey diagram and map with detailed scenario results.

With regard to renewable integration, Fig. 11 shows the residual
load curves for the scenario without grid expansion. Results on the
demand side are similar to the reference scenario and flexible elec-
trification reduces the residual peak load from 173.9 to 91.4 GW and
the residual demand from 317.7 to 110.0 TWh. The only substantial
difference is a greater contribution from flexible PtX that decreases
residual demand by 139.4 instead of 98.1 TW in the previous scenario.
Correspondingly, hydrogen production increases by 10.0 TWh and uti-
lization of electrolyzers drops by 3.4% compared to the reference
scenario.

On the supply side, differences between scenarios are more pro-
nounced and thermal plants largely substitute imports. Compared to
the reference scenario, thermal plants cover 78.9 instead of 25.2 GW
of the residual peak load, while imports drop from 52.8 to 8.9 GW.
Total contribution to residual demand changes accordingly increasing
from 8.8 to 36.2 TWh for thermal plants but decreasing from 153.2
to 43.0 TWh for imports. Similar to the reference scenario, thermal
generation is almost equally divided between hydrogen turbines and
gas engines.

As a contrast to Germany, Fig. 12 shows residual load curves for
Norway. Due to the exceptional Norwegian hydro resources, fluctuating
renewables only supply 37.9% of electricity, compared to 99.2% in
Germany. The model represents hydro reservoirs as storage systems
with an exogenous inflow resulting in the large positive area in Fig. 12.
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Due to its hydro reservoirs, Norway has a surplus of flexible gener-
ation and is even capable to export when residual demand is high. For
the same reason, the country does not depend on flexible demand and
its consideration hardly changes the residual load curve. Accordingly,
Norway does not invest in heat or hydrogen storage, unlike Germany,
and operates electrolyzers less flexible at a utilization rate of 84.4%,
greatly above the 44.4% in Germany and close to the technical limit
of 94.2%. Residual load curves for other countries without exceptional
hydro resources are similar to Germany and are provided in Fig. 20
in appendix C. The only country with results comparable to Norway is
Switzerland, which has exceptional hydro resources as well.

5. Conclusion

In this paper, we analyze flexible electrification in energy systems
that rely on wind and solar as the main source of primary energy.
Using a cost minimizing system model, we find substantial benefits of
secondary demand from heating, transport, and industry adapting to
fluctuating supply. In Germany, flexible demand halves the residual
peak load, halves the residual demand, and reduces excess generation
by 80%. Flexible operation of electrolyzers has the greatest impact and
accounts for 42% of the reduction in residual peak load and 59% in
residual demand. District heating networks and BEVs provide substan-
tial flexibility as well; the contribution of space and process heating
is negligible. Leveraging this flexibility is cost-efficient but requires
additional investments into systems for the storage and generation of
hydrogen and heat.

To what extent flexible electrification is beneficial to reduce the
residual load also depends on the availability of supply-side options to
cover the residual load. Our analysis considers thermal plants, electric-
ity storage, and the transmission grid. In the reference case, the latter
is greatly expanded and covers most of the residual demand. Without
grid expansion, the model deploys more thermal plants but does not
substantially increase investment in demand-side flexibility. In case the
supply-side already has a surplus of flexibility, there is no investment
into demand-side flexibility at all. For instance, in Norway storage for
hydrogen or heat is dispensable thanks to the large hydro reservoirs.

The purpose of our techno-economic analysis is not to assess the
level of flexibility conceivable under current policy and market con-
ditions. Instead, we identify where efforts to leverage the flexibility
potential promise the greatest benefits. In light of our results, policy
should prioritize the integration of electricity and hydrogen markets.
Only if hydrogen production is sensitive to electricity prices, operators
of electrolyzers have an incentive to adapt to renewable supply. The
next priority is integrating district heating, followed by incentives
for flexible charging of BEVs. Additional flexibility on the consumer
level not only faces practical obstacles concerning privacy, automated
control, and commercial aggregators but also has the smallest benefit
on the system level.

For our analysis, it was key to consider a broad range of flexibility
options and apply a high level of detail to spatio-temporal fluctuations
of renewables. Nevertheless, future research can expand these qualities.
Regarding flexibility, geothermal energy is a dispatchable technology
to consider but excluded in this study due to a lack of data on regional
potentials [66,67]. Similarly, there is interest in carbon capture, uti-
lization, and storage from a flexibility perspective [68]. With regards
to a more detailed analysis of carbon utilization, modeling should
also explicitly consider the non-energy demand for feedstock in the
(petro-)chemical industry. Regarding detail, extending the analysis to
cover multiple climatic years and include extreme weather conditions
could improve the robustness of the results. The same applies to the
representation of power grid constraints within market zones.
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Appendix A. Supplementary data

Supplementary material related to this article can be found on-
line at https://doi.org/10.1016/j.energy.2023.127832. The model data
and script is available on GitHub: https://github.com/leonardgoeke/
EuSysMod/releases/tag/flexibleElectrificationWorkingPaper.

The applied version of the AnyMOD.jl modeling framework is avail-
able here: https://github.com/leonardgoeke/AnyMOD.jl/releases/tag/
flexibleElectrificationWorkingPaper

All files used to derive the model’s quantitative inputs are shared
on Zenodo [69]: https://doi.org/10.5281/zenodo.6481534
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