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Flexibility from industrial
demand-side management in
net-zero sector-coupled
national energy systems

Patricia Mayer, Mario Heer, David Yang Shu, Nik Zielonka,
Ludger Leenders, Florian Joseph Baader and André Bardow*

Energy and Process Systems Engineering, ETH Zurich, Zurich, Switzerland

National energy systems require flexibility to accommodate increasing amounts
of variable renewable energy. This flexibility can be provided by demand-side
management (DSM) from industry. However, the flexibility potential depends
on the characteristics of each industrial process. The enormous diversity of
industrial processes makes it challenging to evaluate the total flexibility provision
from industry to sector-coupled energy systems. In this work, we quantify
the maximum cost reductions due to industrial DSM in the net-zero sector-
coupled Swiss energy system, and the relationship between cost reductions
and various industrial process characteristics. We analyze the flexibility of
industrial processes using a generic, process-agnostic model. Our results show
that industrial DSM can reduce total energy system costs by up to 4.4%,
corresponding to 20% of industry-related energy costs. The value of flexibility
from industrial DSM depends not only on the process characteristics but also on
the system'’s flexibility alternatives, particularly for flexibility over seasonal time
horizons. As one specific option for industrial DSM, we find that thermal energy
storage (TES) technologies available today could realize between 28% and 61%
of the maximum cost reductions from industrial DSM, making TES a promising
DSM solution and showing that industrial DSM is an accessible and cost-effective
flexibility option.

KEYWORDS

demand response, flexibility, sector-coupling, net-zero, industry, Switzerland, thermal
energy storage, optimization

1 Introduction

Countries are increasingly setting net-zero emissions targets to address climate change
(United Nations, 2023). Meeting this target requires rapid decarbonization across sectors,
mainly by replacing fossil fuels with renewable energy sources. Renewable energy can
be extracted as electricity from natural resources, for example, through photovoltaics
and wind turbines for harnessing sun and wind energy, respectively. However, sun
and wind energy are subject to intermittency, making the associated electricity volatile
(Ramsebner et al., 2021).

As non-power energy sectors transition, electrification becomes increasingly
important as the medium for integrating renewables. For example, the heating sector
can be electrified by heat pumps and the transportation sector can be electrified
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by battery electric vehicles (Sternberg and Bardow, 2015). The
resulting reliance of all energy sectors on electricity leads
to sector-coupling, where the electricity sector becomes the
central pillar for the overall energy system (Bardow et al., 2023).
However, systems with a high share of volatile renewable
electricity require flexibility to ensure matching of electricity
supply and demand at every point in time. Flexibility refers
to an energy system’s ability to cope with the variability and
unpredictability that variable renewable energy introduces on
different time scales, while reliably supplying all the demanded
energy to end users (Bardow et al., 2023). The need for flexibility
increases rapidly for a share of renewable energy above 80%
(Shaner et al., 2018).

Flexibility can be provided from the supply side through
imports and exports, dispatchable production, and energy storage.
However, each of these options has limitations: Electricity
and fossil fuel imports are subject to availability abroad and
geopolitics. Dispatchable carbon-neutral generation from fossil
fuels requires carbon capture and storage (CCS), which is not
widely accepted and can be difficult to implement at scale due
to both social and physical constraints (Budinisetal., 2018).
Other renewable forms of dispatchable generation, through
hydropower, geothermal, or bio-based power plants are limited
by resource availability. Regarding storage technologies, batteries
for electricity storage are expensive and not suitable for long-
duration applications due to their self-discharge characteristic
(Albertus et al., 2020; Gabrielli et al., 2020; Sepulveda et al., 2021).
Power-to-hydrogen is a storage option that is stable over long
time horizons, but has a low round-trip efficiency (Pellow et al.,
2015; Gabrielli et al., 2020).
efficient, is subject to high capital costs, topographic limitations,

Pumped hydro storage, while

and environmental concerns regarding surrounding areas
(Koohi-Fayegh and Rosen, 2020).

Flexibility can also be provided in the form of thermal
energy storage (TES), where heating or cooling is stored for
later use either directly as thermal energy or reconversion into
electricity. While TES has a low round-trip efficiency back to
electricity (Viswanathan etal, 2022), TES can have round-trip
efficiencies greater than 95% for heat recovery (Murakoshi and
Fushimi, 2022). Additionally, TES technologies are significantly
cheaper than batteries (Victoria et al., 2019; IRENA, 2020), making
TES particularly promising for industrial applications with a
substantial heat demand (IRENA, 2020). However, as heat transport
over long distances is limited (Hammond and Norman, 2014),
TES for heat recovery should be employed on-site where the
heat is consumed.

Limitations of the flexibility options described above can
be alleviated by demand-side management (DSM). Demand-
side management refers to the shifting of energy consumption
patters to obtain a desired energy consumption profile (Meyabadi
and Deihimi, 2017). Kachirayil etal. (2022) identify DSM as
one of the most impactful flexibility levers for sector-coupled
energy systems reliant on volatile renewable electricity. A good
candidate for demand-side management is the industry sector
due to its large energy demand in the form of both electricity
and thermal energy, its potential for storing products over
long time horizons, its already-existing metering infrastructure,

and the avoidance of behavior change from individual end
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consumers (Zhang and Grossmann, 2016; Williams et al., 2023).
Industrial DSM can be implemented through production
flexibility, where production schedules shift to follow the
availability of renewable electricity. For instance, an industrial
process can over-produce during the daytime hours to take
advantage of low prices caused by photovoltaic availability.
The overproduction is stored and the process under-produces
during night-time hours such that the overall production
stays the same. Promising example processes for industrial
DSM have been identified with high electricity demands
for load shifting (Arnold and
Janssen, 2018). These processes include: aluminum electrolysis

and technical possibilities

(Bao et al., 2020; Golmohamadi, 2022), cement and raw mills
(Bohlayer et al., 20205 2022), air
(Casparietal,, 2019; Zhang and Pinto, 2022), electric arc

Golmohamadi, separation
furnace (Manana et al., 2021; Wachs et al., 2023), pulp and paper
(Helin et al., 2017), and copper production (Roben etal., 2022;
Wang et al., 2024).

Demand-side flexibility can also stem from the energy
demands of industrial processes. As discussed above, thermal
energy can be stored on-site with round-trip eficiencies
greater than 95%. If heat production is electrified, such on-
site. TES enables the shifting of electricity consumption to
follow the temporal availability of renewables without modifying
2013). Thus,
industrial TES is a promising DSM option that can be applied

the actual process operation (Arteconietal,

to a wide range of processes. According to Williams etal.
(2023), industries with large thermal energy storage are well-
suited for DSM applications. Cirocco etal. (2022) demonstrate
significant cost savings via thermal energy storage on-
site an industrial food processing plant as a demand-side
management measure.

The extent of flexibility achievable from industrial DSM depends
on the characteristics of the production processes (Arnold and

Janssen, 2018; Schifer et al., 2020; Bielefeld et al., 2023):

e Load-varying potential: The power load that can vary up or
down at a time.

e Storage potential: The amount of product that can be stored
at a time, and the duration over which products can remain
in storage.

e DSM losses:
management, such as efficiency losses from off-design

The losses associated with demand-side

operation and storage losses.

These process characteristics influence the potential value
DSM for the overall
candidates can Dbe
of these
can be

from industrial system. Promising
identified via favorable
Additionally,

investments, e.g.,

industrial

combinations characteristics. some

characteristics influenced via

the installation of larger storage capacities. Therefore,
understanding the characteristics’ effects on industrial DSM
can help to find promising processes and guide financial
incentives.

Industrial DSM can affect the costs and environmental
impacts of individual industrial sites, as shown for example,
by (Klaucke etal., 2017; Schiéfer et al., 2020; Torabi et al., 2020).
However, these works measure the DSM contributions to the

sites rather than to the overall energy system. Other studies
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consider the contributions of industrial DSM from a power-system
perspective, rather than from an industrial site perspective (Paulus
and Borggrefe, 2011; Papadaskalopoulos et al., 2018; Maraidn-
Ledesma and Tomasgard, 2019; Luetal., 2021; Heetal., 2023).
However, the non-power energy sectors that require electricity
also contribute to the energy system’s flexibility needs. Thus,
an investigation of industrial DSM within a sector-coupled
energy system is needed to capture the full flexibility potential.
Still, within sector-coupled energy systems, only a subset of
the industrial flexibility has been considered so far: Nebel et al.
(2020) consider the flexibility provision from DSM of aluminum
electrolysis to the German sector-coupled energy system. Cruz et al.
(2023) consider the flexibility provision from DSM of industrial
electricity demands for Sweden. However, as these works
only consider a subset of industrial energy demands for their
respective analyses, they do not resolve the total potential
flexibility provision from industrial DSM. Additionally, a general
understanding of the relationships between industrial process
characteristics and the resulting potential flexibility provision
is still missing. Thus far, to the best of the authors’ knowledge,
no study has quantified the total potential contributions of
industrial DSM to a net-zero sector-coupled national energy
system, resolving the impact of varying industrial process
characteristics.

In the present study, we evaluate how varying degrees of
industrial DSM affect the costs and the needs for other flexibility
options of the Swiss net-zero sector-coupled energy system.
Varying degrees of industrial DSM are modelled by varying the
industrial process characteristics listed above. We model the
Swiss sector-coupled energy system using our in-house linear
optimization framework SecMOD (Reinert et al., 2022), and employ
a snapshot approach for the year 2050. That is, we constrain
the energy system to net-zero emissions, and determine the
system’s cost-optimal investments and operation for varying
degrees of industrial DSM. To determine an upper bound on the
potential cost reductions, we do not consider costs associated
with industrial DSM. However, we include a sensitivity analysis
that evaluates thermal energy storage (TES) as a concrete DSM
measure while accounting for TES-related costs. We consider
three scenarios varying the availability and operating costs of
new dispatchable power plants to compare the contributions
from industrial DSM across systems with varying flexibility
alternatives. To represent industry, we create a generic, process-
agnostic model comprised of the Swiss industry’s electricity
and thermal energy requirements. Emissions associated with
industrial production therefore arise from the energy system’s
electricity and thermal energy supply. This set-up allows us
to vary industrial process characteristics without the need to
model specific industries and processes. Our approach allows
us to quantify the maximum potential of industrial DSM
as a flexibility provider to net-zero sector-coupled national
energy systems. Furthermore, we can assess the extent to which
the maximum potential can be harnessed through thermal
energy storage.

In Section 2, we briefly introduce the energy system model and
discuss the modeling of industrial DSM in detail. In Section 3, we
present the results of the study and in Section 4 we highlight the key
takeaways.
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2 Modeling industrial DSM in
sector-coupled energy systems

As the focus of this study is industrial DSM, we only
briefly summarize the Swiss energy system model in Section 2.1.
Further details, including all modelling assumptions and techno-
economic parameters of the included technologies, are provided
in detail in the Supplementary Material. We describe the modeling
of industry and the industrial DSM characteristics in detail
in Section 2.2. Section 2.3 introduces our three scenarios and
associated sensitivities.

2.1 Swiss sector-coupled energy system

The Swiss sector-coupled energy system is modelled with our
in-house open-source linear optimization framework SecMOD
(Reinert et al.,, 2022), designed for flexible modelling of multi-
sector energy systems. We consider the sectors: non-industrial
electricity, industry, residential heat, and private transportation. We
also consider storage technologies, power-to-X technologies, and
carbon capture and storage (CCS) via direct air capture (DAC).
We do not consider waste heat recovery from our power-to-X
technologies as a conservative assumption in line with our aim of
quantifying the maximum cost reductions from industrial DSM.
However, we do not expect our results to be highly impacted
by this assumption as power-to-X is mainly used for seasonal
flexibility, maximizing production during the summer months
when heat demand is low and when renewables availability is
high for direct electrified heat production. We focus on the
year 2050, adding an exogenous net-zero operational emissions
constraint in line with Swiss policy targets (The Federal Council,
2019). For the industry sector, we consider the industrial electricity
demand together with heat demands at three temperature levels
(Section 2.2).

The optimization framework determines the cost-optimal
investment and operation decisions to reach the net-zero emissions
target, while ensuring that exogenous demands are met (Figure 1).
Demands for non-industrial electricity, residential heat, and
private transportation are provided separately (details in the
Supplementary Material), while demands for industrial electricity
and heat are provided in an aggregated fashion to represent Swiss
industrial demands. We only consider operational emissions for
the net-zero target corresponding to current accounting practice
(Rypdal et al., 2006). To focus the analysis on the flexibility needs of
a sector-coupled energy system with maximal renewable electricity
penetration, we exclusively consider electrified technology
options for the residential heat and private transportation
sectors. The technology options included in the model are
specified in Table 1.

The energy system is modelled as a 1-node system. By excluding
spatial resolution in our system setup, we may underestimate the
energy systems flexibility needs (Pfenninger et al., 2014). However,
as the contributions from industrial DSM can either increase
or decrease depending on the spatial distribution of industry
vs. the systems’ flexibility needs, we believe that our one-node
representation provides a balanced approximation of the upper
bound contributions from industrial DSM. Hourly time series are
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System boundaries, energy system setup, and simplified optimization formulation for the sector-coupled energy system model for Switzerland. The full
optimization problem formulation can be found in Reinert et al. (2022). Dashed lines represent connections that exist for specific scenarios or
sensitivities (Section 2.3). Not all technologies are depicted, see Table 1 for a comprehensive list of the technologies included in each sector. TAC: total
annualized costs; CCS: carbon capture and storage; BEV: battery electric vehicle; TES: thermal energy storage; H,: hydrogen.

provided and aggregated with a temporal resolution of 25 typical
days. The number of typical days was selected by running a
sensitivity analysis, investigating how the number of typical days
affects the total annualized system costs. We selected 25 typical days
as the lowest number of typical days for which the total cost stabilizes
(Supplementary Figure S4 in the Supplementary Material) to keep
the computation time as low as possible (Supplementary Figure S5).
To allow for seasonal storage, the typical days are interlinked
using the method developed by Kotzur et al. (Kotzur et al., 2018).
Note that Switzerland today has 8.8 TWh of seasonal storage
from hydro reservoirs (Swiss Federal Office of Energy (SFOE),
2020a), which is substantial considering that it comprises 14%
of the overall electricity demand in 2019 (Swissgrid, Feb. 2020).
Modeling details of the Swiss sector-coupled energy system can be
found in the Supplementary Material.

2.2 Implementation of industrial
demand-side management

In this section, we discuss the representation of the industrial
sector. We also discuss how industrial DSM is modelled using the
three characteristics discussed in Section 1. The hourly electricity
and heat demands of Swiss industry are aggregated into a generic
industrial process. This aggregated process produces 1 “good/hour”,
while consuming the hourly industrial energy demands for

Frontiers in Energy Research 04

Switzerland. We use an industrial electricity demand of 6 TWh
(Swiss Federal Office of Energy (SFOE), 2020b) and a heat demand
of 20 TWh (Marcucci et al., 2021) projected in 2050. The heat
demand refers to process heat and is split into three temperature
levels (Table 2) (Swiss Federal Office of Energy (SFOE), 2020b).
The demands in Table 2 represent the base industrial energy
di’ﬂjﬁgy, from which the benefits of industrial DSM are

explored. Industrial production is assumed constant throughout the

or dbase
goods

introduced. Thus, without industrial DSM, the hourly electricity and

demands,

year, such that an exogenous demand of 1 good/hour, , is
heat demands of Swiss industry must be supplied for every hour of
the year. This assumption introduces a basis from which to measure
the benefits from industrial DSM.

The contributions from industrial DSM are evaluated by
performing a parameterized study of the industrial process
characteristics introduced in Section 1. An industrial goods storage
tank is introduced to serve as a buffer for industrial over- and
under-production (Figure 2). In order to obtain an upper-bound on
cost reductions from industrial DSM, no investment or operating
costs are associated with the industrial sector, including costs
for production and storage of industrial goods. Still, the total
amount of goods to be produced and the corresponding energy
demands are fixed, limiting the overall potential of industrial
DSM. The resulting upper-bound cost reductions can then be
compared to the real costs associated with DSM measures,
such as additional production and storage capacities. Such a

frontiersin.org
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TABLE 1 Technology options provided for modeling the Swiss
sector-coupled energy system. Further details are
provided in the Supplementary Material.

Electricity ‘ Residential heat  Transportation

photovoltaics thermal insulation battery electric vehicle

onshore wind electrode boiler

gas combined cycle* heat pump

hydrogen-to-power

run-of-river

large dam hydro
(pure/hybrid)

geothermal

biogas

Low-T heat ’ Medium-T heat High-T heat

electrode boiler

electrode boiler gas boiler

heat pump gas boiler

Storage Negative Power-to-X
Emission

Technologies

Technologies

Li-ion batteries direct air capture power-to-hydrogen

pumped hydro storage
(pure/hybrid)

and storage power-to-methane

hydrogen lined rock
caverns

gas storage tanks

thermal energy storage®

*Only New Low-Cost Dispatch and New High-Cost Dispatch scenarios (Section 2.3.1).
®One concrete DSM option in an additional sensitivity analysis (Section 2.3.2).

base
denergy'

for the

TABLE 2 Base energy demands of Swiss industry,
production of 1

good (dbase ).

hour goods
Input/Output Temperature range
[°C]
electricity - 685
low temperature heat <200 750
medium temperature heat 200-800 907
high temperature heat > 800 571

comparison is conducted explicitly for thermal energy storage
in Section 2.3.2.
The three modelled process characteristics are described below:

e Load-varying potential (iflex): The load-varying potential,
referred to as iflex, represents the fraction of the base load,
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dbase
energy’
similar to (Papadaskalopoulos et al., 2018), where T is the set

that can be shifted up or down ata given time step, t € 7,

of all time steps. The load-varying potential can take any value
between 0 and 1, as shown in Eq. 1:

0<iflex<1 (1)

An iflex value of 0 corresponds to no varying of the base load
and an iflex of 1 corresponds to the ability to shift 100% of the base
load at a given time step, ranging from a complete shutdown to the
doubling of base production.

e Storage capacity (fg-): The storage capacity refers to the
maximum amount of goods in the industrial storage tank, and
limits the amount of goods that can be stored at a time. We
parameterize the storage capacity, SC, with the time interval

t¢c over which the base demand of 1 good/hour, or db”s‘; , can
goods
accumulate (Egs 2, 3)
b
SC=tge- dg‘:f);s (2)
dbese =1 good/hour (3)

goods

tsc € [12 hours,1 day,1 week,1 month,6 months]

For example, with a f¢. of 1day, the storage capacity is
constrained to a day’s worth of industrial demand. We range f¢.
from 12 h to 6 months in our parameterized study to capture the
effects ranging from intra-day to seasonal storage. Thus, we also
implicitly vary the storage duration, as, for example, a storage with a
day’s worth of storage capacity cannot be used for seasonal storage.
Throughout this text, we refer to ty- as the storage capacity.

e DSM losses (17): DSM losses refer to production lost as a result
of industrial DSM. In practice, such losses can arise from off-
design operation as well as storage leakage. To study the effect
of DSM losses, we introduce the discharge efficiency, #, that
represents the amount of goods that can be withdrawn from the
storage of industrial goods per goods stored. A lower efficiency
means that fewer goods can be withdrawn per goods stored and
therefore more goods need to be produced to meet the overall
demand. The discharge efficiency, #, can take any value from 0
to 1 as shown in Eq. 4.

0<n<l (4)

An 7 value of 0 corresponds to 100% product loss and an 7 value
of 1 corresponds to no product loss. Note that while # only represents
discharge efficiency associated with storage in our mathematical
formulation, the wide # range investigated can be interpreted as also
considering additional efficiency losses.

The relationship between the three parameters (i flex, tg, and 1),
the industrial production, and the storage can be seen schematically

in Figure 2 as well as in Eqs 5-9.
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FIGURE 2
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product stored and withdrawn, respectively, and SL(t) is the storage level.
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Schematic representation of the relationship between the parameterized industrial DSM process characteristics (i flex, ts, and #), industrial production,
and storage of industrial goods. The three parameters are shown in red. i flex corresponds to load-varying potential. ts- corresponds to the time
interval over which the base industrial demand, dg‘ms can accumulate. n corresponds to the storage discharge efficiency. LT, MT, and HT correspond
to low, medium, and high temperature heat demands for Swiss industry. P(t) is the production of industrial goods at time t. in(t) and out(t) are the

Eq. 5 constrains the production used at a given time step, P(f),
between the range defined by the iflex parameter.

dbase

base
goods d

oods vteT

~(1—iflex) < P(t) < (1 +iflex) (5)

Similar to the implementation in Schifer etal. (2020), the
circularity constraint in Eq. 6 prevents the industry storage from
acting as a source or sink for industrial product, where SL refers to
the storage level.

SL(t,) = SL(t (6)

mux)
Eq. 7 models the development of the stored product inventory

sumn:sugamn-%m

VteT, (7)
where in(t) refers to the product stored at time t and out(t) refers to
the product withdrawn.

Eq. 8 shows how the demand of industrial goods is met at every

time step with a combination of production, P(), and storage.

dlmse

goods — P(t) —in(t) + out(t)

Vte T (8)

Finally, Eq. 9 constrains the storage level with respect to the
parameterized storage capacity, fg..

VteT 9)

00ds

SL(t) < tyc- ij"“

2.3 Scenarios and sensitivities

2.3.1 Scenarios

Three scenarios represent energy systems with varying
dispatchable flexibility alternatives. As a proxy for dispatchable
flexibility, we consider gas power plants with carbon capture
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and storage (CCS). We vary the natural gas import prices and
restrictions on the utilization of gas power plants with CCS. We
expect comparable results when green fuels or electricity could be
imported for flexibility. The three scenarios are described below.

e New Low-Cost Dispatch: This scenario represents a
system configuration with an inexpensive dispatchable
flexibility option by allowing for cheap imports of natural
gas and for electricity production from gas power plants
with CCS. This scenario assumes an average natural gas
import price of 31€/MWh, representative of a stable
historical average (Trading Economics, 2023).

e New High-Cost Dispatch: This scenario represents a system
configuration with an expensive dispatchable flexibility option
by increasing the price of natural gas imports to 135
€/MWHh, representative of the average for 2022 (Trading
Economics, 2023).

o No New Dispatch: This scenario represents an extreme system
configuration with no dispatchable electricity production
options besides those already existing in Switzerland
(hydropower and biogas), and hence fewer alternative
flexibility options. Electricity can only come from renewable
energy sources and can be stored in pumped hydro storage, Li-
ion batteries, hydrogen lined rock caverns through electrolytic
hydrogen production, or gas storage tanks through synthetic
methane production. Natural gas can still be imported at the
low-end price of 31 € MWh, but only for use in gas boilers for
medium and high temperature heat.

2.3.2 Sensitivity analyses

Two sensitivity analyses were carried out for each scenario to
serve as benchmarks against which to compare the upper bound cost
reductions from industrial DSM.

e Thermal energy storage (TES) as a DSM measure: As
discussed in Section I, on-site TES is a promising DSM

frontiersin.org
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TABLE 3 Techno-economic parameters for thermal energy storage (TES) technologies included in the TES as a DSM measure sensitivity.

Technology Temperature Efficiency Invest. Cost Fixed O&M cost Lifetime
[°C] [%] [k€/MWh] [k€/MWh] [years]
water tank <200 0.9° 10° 0.15° 30°
steam accumulator <2004 0.95¢ 1144 41! 25¢
packed bed 200 - 800" 0.98 13.15° 41" 13°
molten salt 200 - 800" 0.958 10.52° 8.2f 30°
phase change material 200 - 800" 0.95 70.16° 41" 21°

a[RENA (2013).

YIRENA (2020).

“Petkov and Gabrielli (2020).
4Al Kindi et al. (2022).
¢Murakoshi and Fushimi (2022).
fGautam et al. (2022).

8Strasser and Selvam (2014).

measure that can be implemented for all processes requiring
heat at low or medium temperature levels. Thus, we
include TES for low and medium temperature heat as a
DSM option. TES can be implemented for any industrial
process that requires heat at low or medium temperature
levels. In this sensitivity analysis, TES, as one concrete
DSM measure, replaces the generic process-agnostic DSM
implementation in each scenario. We consider costs and losses
associated with TES (Table 3), as opposed to the process-
agnostic implementation of industrial DSM without specific
techno-economic data. This sensitivity analysis gives us
realistic cost reductions arising from TES as a DSM measure,
allowing us to put our upper-bound cost reductions arising
from industrial DSM into perspective.

o Industry-related energy costs: We minimize the system costs
for each scenario without considering the industrial electricity
and heat demands (Table 2). Comparing the overall system
costs with and without industrial energy demands gives us the
industry-related energy costs. Subsequently, we calculate the
cost reductions from industrial DSM relative to the industry-
related energy costs.

3 Results and discussion

The maximum system cost reductions from industrial DSM
range from 2% to 4.4% of overall system costs across the three
scenarios. These cost reductions make up between 12% and 20%
of the industry-related energy costs (Figure 3). Thus, industry has
a substantial incentive to contribute to DSM. Notably, thermal
energy storage (TES) as a DSM measure can harness between
28% and 61% of the maximum cost reductions from industrial
DSM. Overall, our study shows that industrial DSM reduces overall
system costs, and that the cost reductions comprise up to 1/5
of industry-related energy costs. Additionally, TES provides a
promising solution for flexibility provision from industry, showing
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that a large portion of the cost reduction potential from industrial
DSM is achievable.

In the New Low-Cost Dispatch scenario, industrial DSM reduces
costs by up to 2%. The maximum cost reduction remains around 2%
regardless of the industrial storage time horizon (Figure 3). In the
New High-Cost Dispatch scenario, the maximum reductions increase
from 2% to 4.4% as more storage capacity becomes available to
enable long-term flexibility. The comparison between the New Low-
Cost Dispatch and the New High-Cost Dispatch scenarios shows
that the value of long-term industrial storage depends on the
systems flexibility alternatives. More generally, our study shows that
the contributions from industrial DSM depend not only on the
industrial DSM characteristics, represented by the three parameters
(iflex, tgo, and 1) (Figure 3), but also on the system’s flexibility
alternatives, represented by the three scenarios.

Industrial DSM can lead to 6 TWh of energy equivalents stored
in the form of industrial goods for seasonal flexibility (Table 4).
This energy equivalent is substantial compared to the already-
existing seasonal flexibility options for Switzerland (8.8 TWh of
hydro storage (Swiss Federal Office of Energy (SFOE), 2020a)). This
finding indicates that the contributions from industrial DSM could
be larger for countries with fewer seasonal flexibility options or more
industry than Switzerland.

Section 3.1 discusses the system effects of industrial DSM.
Section 3.2 presents the results of implementing thermal energy
storage (TES) as a specific DSM measure. In Sections 3.3 and 3.4,
we discuss findings regarding the effect of storage capacity and DSM
losses on cost reductions from industrial DSM.

3.1 System responses to industrial DSM

Industrial DSM can decrease system costs for all scenarios
(Figure 3, top row). However, if the alternative flexibility options
are more expensive, potential for cost reductions is higher. In the
New High-Cost Dispatch scenario, increasing storage capacity, tgc,
increases the contributions from industrial DSM. Conversely, in the
New Low-Cost Dispatch scenario, increasing storage capacity has
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Top row: % cost reduction compared to a system with no industrial DSM (left axis) and compared to industry-related energy costs with no industrial
DSM (right axis) as a function of load-varying potential, iflex, for 100% discharge efficiency (r = 1). Black dashed line represents the cost reduction from
low and medium temperature thermal energy storage (TES) (details in Section 2.3.2). Bottom row: % cost reduction compared to a system with no
industrial DSM (left axis) and compared to industry-related energy costs with no industrial DSM (right axis) as a function of discharge efficiency, 5, for
100% load-varying potential (i flex = 1). The columns correspond to scenarios and the colors correspond to storage capacities, tsc. Arrows point in the
direction of increasing storage capacity.
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TABLE 4 Maximum used storage for different storage technologies and for varying storage capacities, ts;c. The Reference case corresponds to no
industrial DSM, 12 h and 6 months correspond to storage capacities. LRC stands for lined rock caverns. Sub-tables A, B, and C correspond to the
different scenarios.

A. New High-Cost Dispatch scenario

Storage technologies Unit ‘ Reference
Pumped Hydro Storage TWh 8 8 6.8
Hydrogen LRC ‘ TWh ‘ 2.6-107° 1.9-107° ‘ 0.6-107°
Industrial Energy TWh,, - 6.0-1073 14
Equivalents TWherm 19.5-107° 4.6

B. New Low-Cost Dispatch scenario

Storage technologies Unit Reference
Pumped Hydro Storage TWh 3.7 43 4.0
Hydrogen LRC TWh 0.3-107° - -
Industrial Energy TWhy, - 54107 0.8
Equivalents TWhyerm - 17.7-107° 2.6

C. No New Dispatch scenario

Storage technologies Unit Reference 6 months
Pumped Hydro Storage TWh 8 8 6.9
Hydrogen LRC TWh 3.5-107 34-107° 2.4-107
Industrial Energy TWh,, - 6.4-107 1.4
Equivalents TWherm - 20.9-107° 4.6
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New High-Cost Dispatch scenario: yearly profiles for hydrogen storage level (top row) and natural gas imports (bottom row) for varying storage
capacities (columns). The Reference case corresponds to no industrial DSM (iflex = 0). The 12-h and 6-month storage capacity plots assume 100%

load-varying potential (i flex = 1) and 100% discharge efficiency (4 = 1).

little effect on the contributions from industrial DSM. We discuss
the system responses to industrial DSM separately for each scenario
in Sections 3.1.1-3.1.3.

3.1.1 New High-Cost Dispatch scenario

We first discuss the New High-Cost Dispatch scenario, as
industrial DSM shows the highest contributions under this system
configuration. In the New High-Cost Dispatch scenario without
industrial DSM, the system does not produce any electricity
from natural gas due to the high natural gas prices. The system
produces all electricity through renewable sources and relies on
2.6 GWh of hydrogen lined rock caverns (LRCs) and 8 TWh
of pumped hydro storage for seasonal flexibility. In addition,
the system relies on natural gas imports for medium and high
temperature heat production mainly during the winter months,
when renewable electricity availability is insufficient for synthetic
methane production (Figure 4). 105 GWh of methane storage is
used on a monthly time scale and helps provide some of the winter
gas demand.

Industrial DSM with a 12-h storage capacity (assuming 7 =1,
iflex =1, tgc = 12 hours) can achieve up to 2% cost reduction. This
reduction is attributed to less investment and operation of hydrogen
conversion and storage technologies (56% of cost reduction),
reduced investment in Li-ion batteries (14% of cost reduction), and
in photovoltaics (30% of cost reduction). The decrease in Li-ion
battery capacity arises due to the shifting of industrial production
to daytime hours. Less photovoltaic capacity is needed due to the
decrease in hydrogen storage during summer months, reducing the
electricity losses from the low round-trip efficiency of hydrogen
storage and thus requiring less photovoltaic capacity.

Industrial DSM with a 6-month storage capacity (assuming
n=1, iflex=1, tgc = 6 months) reduces a system costs by 4.4%
relative to no industrial DSM. This cost decrease corresponds
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to 20% of industry-related energy costs. The relationship
between load-varying potential and system cost reduction
becomes increasingly non-linear for larger storage capacities,
indicating diminishing returns for increasing load-varying
potential (Figure 3). With seasonal flexibility, industrial production
shifts to the summer months. More synthetic methane is also
produced during the summer to directly cover the industrial
heat demands. This shift reduces natural gas imports by 82%
relative to no industrial DSM (Figure 4). In contrast to a 12-
h storage capacity, photovoltaic capacity increases relative to
no industrial DSM due to the need for peak photovoltaic
electricity in the summer. Most of the 4.4% system cost reduction
comes from the decrease in natural gas imports (42% of cost
reduction) in addition to a reduction in hydrogen seasonal
storage (48% of cost reduction) (Figure 4). Installed capacities
for power-to-hydrogen and hydrogen LRCs decrease by 75%
each. Thus, the 4.4% cost reduction for the New High-Cost
Dispatch scenario comes from a decrease in both forms of
alternative flexibility options: natural gas imports and hydrogen
seasonal storage.

In summary, in a scenario with expensive dispatchable
flexibility DSM, the
DSM contributions are the largest across all of our studied

alternatives to industrial industrial
scenarios, reducing system costs by up to 4.4% and industry-
related by up to 20%. Additionally, the

contributions grow with increasing flexibility provision time

energy costs

scale due to the displacement of long-duration flexibility
alternatives.

3.1.2 No New Dispatch scenario

In the No New Dispatch scenario, similar to the New High-
Cost Dispatch scenario, the system produces all electricity through
renewable sources and relies on 3.5 GWh of hydrogen lined rock
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caverns (LRCs) and 8 TWh of pumped hydro storage for seasonal
flexibility. However, contrary to the New High-Cost Dispatch
scenario, no synthetic methane is produced due to the cheaper
natural gas imports. Therefore, more renewable electricity can be
stored in the form of hydrogen throughout the summer.

Industrial DSM with a 12-h storage capacity (assuming # =
1, iflex=1, tgc=12 hours) can reduce system costs by 1.9%.
Similar to the New High-Cost Dispatch scenario, this decrease is
attributed to less investment and operation of hydrogen conversion
and storage technologies (52% of cost reduction), decreased
investment in photovoltaics (29% of cost reduction), and a smaller
Li-ion battery capacity used for intra-day storage (18% of cost
reduction).

Industrial DSM with a 6-month storage capacity (assuming
n=1, iflex=1, tgo =6 months) reduces system costs by 3.1%
relative to no industrial DSM. This decrease corresponds to
18% of industry-related energy costs. The 3.1% cost reduction
is driven by decreased investment and operation of hydrogen
seasonal storage (61% of cost reduction), and by less investment
in photovoltaics (29% of cost reduction). Because no synthetic
methane is produced in the No New Dispatch scenario, the total
yearly natural gas imports for industrial heat (Figure 5) and the
total yearly electricity for industrial production remain constant
across storage capacities regardless of the shift in industrial
production. Shifting industrial production to the summer months
requires less hydrogen storage for industrial production during
the winter period. Hence, less electricity is lost from the low
round-trip efficiency of hydrogen storage leading to a substantial
decrease in summer electricity production. This effect drives the
decrease in photovoltaic capacity. The maximum cost reduction
in the No New Dispatch scenario is, hence, mainly attributed to
industrial DSM replacing hydrogen storage as the alternative long-
duration flexibility option, in addition to decreased investment in
renewables.

In an extreme system configuration with limited dispatchable
electricity production options, the contributions from industrial
DSM grow with increasing storage capacity. Counterintuitively,
however, industrial DSM decreases the installed capacities of
renewable power generation technologies. Regardless of the amount
of flexibility from industrial DSM, natural gas imports for the
production of industrial heat remain constant, while investments in
renewables decrease.

3.1.3 New Low-Cost Dispatch scenario

In the New Low-Cost Dispatch scenario without industrial
DSM, dispatchable electricity from natural gas in combination
with carbon capture and storage (CCS) is used to balance
both the intraday and the seasonal fluctuations in renewables
availability. To help with the seasonal imbalance of PV availability,
which peaks in the summer, direct air capture (DAC) with
CCS is deployed flexibly, maximizing its CO, capture in the
summer (Supplementary Figure S6 in the Supplementary Material,
Reference). DAC capacity thus serves as a seasonal flexibility
alternative to industrial DSM. Additionally, the system invests
in a small amount, 0.33 GWh, of hydrogen storage for seasonal
flexibility.

Industrial DSM with a 12-h storage capacity (assuming # =
1, iflex=1, tgc =12 hours) can reduce system costs by 1.9%,
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corresponding to an 11% decrease of industry-related energy costs.
The cost reduction is driven by 12% fewer natural gas imports (40%
of cost reduction), translating into 12% less CO, stored. Because
of industrial DSM, less natural gas-based electricity is needed for
intraday balancing due to the shifting of industrial production to
daytime hours. Consequently, less electricity is required to run
the DAC during summer months, decreasing natural gas imports
even further (Supplementary Figures 56,12 h). The remainder of
the 1.9% cost reduction is attributed to a smaller DAC capacity
(23% of cost reduction) and to the complete removal of hydrogen
conversion and storage technologies for seasonal flexibility (24% of
cost reduction).

Industrial DSM with a 6-month storage capacity (assuming 1 =
1, iflex = 1, tgc = 6 months) reduces costs by an additional 0.1% vs
a 12-h storage capacity. The maximum savings under this system
configuration are 2% of system costs, comprising 12% of industry-
related energy costs. The additional 0.1% decrease mainly comes
from smaller installed capacities of gas combined cycle for electricity
production, since less electricity is needed during the winter months
due to the shifting of industrial production to the summer.

In a scenario with inexpensive dispatchable flexibility
alternatives, contributions from industrial DSM are the smallest
across all of our studied scenarios, reducing system costs by up to
2% and industry-related energy costs by up to 12%. The maximum
contributions from industrial DSM are obtained with flexibility
provision at a daily time scale and the contributions do not increase
when flexibility is provided over longer time horizons.

In summary, our findings across all three scenarios show that the
magnitude of the cost reduction from industrial DSM depends on the
system’s alternative flexibility options, particularly over time horizons
longer than 12 h. Industrial DSM contributes most in systems with
expensive long-duration flexibility alternatives. Across our studied
scenarios, the maximum system cost reduction is 4.4%. This cost
reduction represents an upper bound on contributions from industrial
DSM since it considers no costs, losses, or technical constraints
regarding DSM implementation. When considering cost reductions
relative to industry-related energy costs, the maximum cost reduction
ranges between 12% and 20%, indicating high incentives for industrial
DSM implementation from an industry perspective. Moreover, the
system cost reduction from industrial DSM might be higher in
countries with higher shares of industrial energy demands than in
Switzerland. The upper-bound system cost reductions relative to no
industrial DSM may differ depending on actual industrial energy
demand profiles, which we assume constant, and on the spatial
distribution of energy supply and demand throughout Switzerland,
which we aggregate for the purposes of our study.

3.2 Thermal energy storage as a DSM
measure

The previous analysis assumes a generic industrial process to
establish the maximal potential of industrial DSM. To explore
whether this potential can be reached in practice, we study a concrete
industrial DSM option: thermal energy storage (TES) for low and
medium temperature heat (Section 2.3). As a process-independent
DSM measure, TES can already harness between 28% and 61% of
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FIGURE 5
No New Dispatch scenario: yearly profiles for hydrogen storage level (top row) and natural gas imports (bottom row) for varying storage capacities
(columns). The Reference case corresponds to no industrial DSM (i flex = 0). The 12-h and 6-month storage capacity plots assume 100% load-varying
potential (i flex = 1) and 100% discharge efficiency (n =1).

the maximum cost reductions from industrial DSM depending on
the scenario (Figure 3). These findings are substantial considering
that the cost reductions from TES take into account realistic costs
and losses, as opposed to the upper-bound cost reductions from
the generic industrial DSM implementation without costs, losses,
or technical limitations. All three scenarios implement only TES for
low temperature heat via water tanks, which is the cheapest among
all TES options (Table 3).

In the New Low-Cost Dispatch scenario, TES harnesses 61%
of the upper bound cost reductions from industrial DSM. The
system invests in 38 GWh storage capacity for low temperature
(LT) heat and nearly 5 times more capacity for electrified LT heat
production than in the reference case without DSM. Similar to the
results of the generic DSM implementation (Section 3.1.3), natural
gas imports decrease by 12%, driving 40% of the cost reduction
compared to no DSM.

In the New High-Cost Dispatch and No New Dispatch scenarios,
the cost reductions arising from TES correspond to 28% and 35%
of the maximum cost reductions from industrial DSM, respectively.
The systems invest in 48 GWh and 35 GWh storage capacity for
low temperature heat while also installing nearly 5 times more
capacity for electrified LT heat production. While the savings from
TES in these two scenarios realize less of the upper bound DSM
potential than in the New Low-Cost Dispatch scenario, the cost
reductions from TES are comparable to the upper bound savings
under a 20% load-varying potential (7 = 1) and under 60% efficiency
(iflex=1) (Figure 3). These characteristic values represent industrial
processes with DSM limitations. The comparable cost reductions
given these process characteristics indicate that TES provides a good
way to harness the flexibility potential of industrial processes with
limited DSM capabilities.
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Our implementation of TES as a concrete DSM measure,
considering today’s costs and losses, shows that TES can harness
between 28% and 61% of the upper bound cost reductions from
industrial DSM. TES provides a promising and process-independent
industrial DSM measure, showing that the potential benefits of
industrial DSM are obtainable.

3.3 Storage capacity of industrial goods

As the effect of
capacity on cost reductions from industrial DSM differs
between scenarios and depends on whether industrial DSM

discussed in Section 3.1, storage

provides a preferred alternative for long-duration flexibility.
In the following, we analyze the storage capacity actually
show that all exhibit
useful storage capacity beyond which cost reductions from

used and scenarios a  maximum
industrial DSM stagnate.

In the New Low-Cost Dispatch scenario, which is characterized
by inexpensive dispatchable flexibility alternatives, cost reductions
already stagnate ata 12-h storage capacity (Section 3.1.3). In the New
High-Cost Dispatch and No New Dispatch scenarios, representative
of systems with expensive or missing dispatchable flexibility
alternatives, costs decrease for increasing storage capacities beyond
1 month (Sections 3.1.1, 3.1.2). However, given a storage capacity
availability of 6 months, both of these system configurations
only use up to 3 months-worth of storage capacity. Hence,
even systems that benefit from long-duration flexibility from
industrial DSM reach a storage capacity beyond which cost
reductions plateau.

To put the storage of industrial goods into perspective, we
compare the magnitude of the energy stored across storage
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cost reduction for the respective storage size, when considering iflex = 1. Contour plots for the storage capacity time intervals between 1 day and 1
month are shown in the Supplementary Material along with the contour plots for the No New Dispatch scenario.

technologies (Table 4): in the New High-Cost Dispatch scenario with
no industrial DSM, 8 TWh are stored in pumped hydro storage
and 2.6 GWh are stored in hydrogen lined rock caverns. With
maximum industrial DSM implementation, the 3 months-worth
storage of industrial goods (assuming # = 1, i flex = 1) translates to
1.4 TWh, and 4.6 TWh (splits in Table 2). Thus, the energy
equivalents stored in the form of industrial goods are in the same
order of magnitude as the hydro storage capabilities already existing

therm

in Switzerland, serving as inexpensive seasonal flexibility. We
expect even larger contributions from industrial DSM in countries
with fewer flexibility options or a higher share of industry than
Switzerland.

Our findings indicate that there is a maximum useful storage
capacity for industrial goods, above-which no additional industrial
DSM flexibility provision is obtained. Hence, depending on the
system configuration, small storage capacities can be sufficient to
harvest the maximum benefits from industrial DSM. Additionally,
the contributions from industrial DSM can be greater in countries
with fewer seasonal flexibility options and a higher share of industry
than Switzerland.
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3.4 DSM losses

The discussion in the previous sections focuses on industrial
DSM  without efficiency losses. However, losses reduce the
industrial DSM. The DSM
efficiency, n (Eq. 4), must be above a certain threshold to obtain
benefits from industrial DSM. This threshold efficiency varies
depending on the scenario and on the storage capacity. For the

achievable cost reductions from

sake of comparison, we focus the following discussion on an i flex
value of 1 and define a threshold efficiency as the efficiency at which
20% of the maximum cost reductions for the respective storage sizes
are reached (Figure 6, red lines).

In the New Low-Cost Dispatch scenario, the threshold efficiency
is 58% for a storage capacity of 12h and 55% for a storage
capacity of 6 months. The small change in threshold efficiency
across storage capacities reemphasizes the small influence of
flexibility time horizon on cost reductions (Section 3.1.3), even
when considering DSM losses. Nonetheless, efficiencies as low as
55% can yield 1/5 of the 2% maximum savings for this system
configuration.
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In the New High-Cost Dispatch scenario, the threshold
efficiency decreases from 73% to 54% as storage capacity
increases from 12h to 6 months (Figure 6), emphasizing the
benefits from longer storage duration. In the No New Dispatch
scenario, the threshold efficiency decreases from 69% to 52%
(Supplementary Figure S7 in the Supplementary Material). As
shown for both scenarios, increasing storage capacity decreases
the threshold efficiency. Therefore, when considering losses,
larger storage capacities may be needed to harness the potential
contributions from industrial DSM. However, under these system
configurations, the value of long-duration flexibility from industrial
DSM is so large that even DSM efficiencies around 50%-55% can
provide 1/5 of the maximum cost reduction.

Our results show that while DSM efficiencies need to be above
a certain threshold for industrial DSM to reduce system costs, the
threshold can be as low as 52% to still obtain 1/5 of the savings.
Particularly for system configurations with expensive or missing
dispatchable flexibility options, more DSM losses are tolerated for
larger industrial storage capacities due to the high value of long-
duration flexibility from industrial DSM.

4 Conclusion

In this study, we investigate the potential of industrial demand-
side management (DSM) as a flexibility provider for the Swiss sector-
coupled energy system. We find that industrial DSM reduces costs
for all three of our considered system configurations, with maximum
system cost reductions ranging from 2% to 4.4%. These savings
comprise between 12% and 20% of industry-related energy costs.
Industrial DSM can lead to 6 TWh of energy equivalents stored in
the form of industrial goods for seasonal flexibility, and thus reach a
similar importance to hydro storage.

The magnitude of the cost reduction depends on the system’s
alternative flexibility options and is greatest for systems with expensive
or limited dispatchable flexibility alternatives. Under these system
configurations, savings increase for longer flexibility provision time
horizons due to the displacement of alternative long-duration
flexibility options. This effect becomes magnified when considering
DSM losses, in which case larger storage capacities are needed as losses
increase in order to obtain the benefits of industrial DSM.

The maximum system cost reductions from industrial DSM
represent an upper bound on the potential savings since they
consider 100% over-sizing of industrial processes, no costs or
losses associated with industrial DSM, and no technical constraints
regarding DSM implementation. Still, as a concrete DSM option,
thermal energy storage (TES) can harness between 28% and 61%
of the upper bound industrial DSM savings while considering the
associated costs and losses. Thus, TES provides a promising and
process-independent DSM measure.

Overall, the maximum cost reductions from industrial DSM
depend on both industrial process characteristics and on the
system’s characteristics. Therefore, the value of industrial DSM
must be evaluated within the context of the overall energy system.
Particularly, industrial DSM is most beneficial when industrial
products can be stored seasonally and long-duration flexibility
options are expensive or missing. Additionally, we find large
incentives for industrial DSM implementation from an industry
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perspective. Finally, we show that thermal energy storage can
harness a large portion of the potential contributions from industrial
DSM, making it a promising DSM measure and showing that
economic benefits from industrial DSM are obtainable. Note that
while we asses the value of industrial DSM from an economic
perspective, industrial DSM might have additional benefits on
power grid stability (Santecchia et al., 2022; Wang and Milanovic,
2022) and environmental impacts (Yang et al., 2022; Nilges et al.,
2024), potentially compounding the contributions from industrial
DSM. Additionally, given the large energy equivalents stored in the
form of industrial goods, we expect even larger contributions from
industrial DSM in countries with fewer flexibility options or a higher
share of industry than Switzerland.
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Nomenclature

Abbreviations

BEV battery electric vehicle

CCSs carbon capture & storage

DSM demand-side management

H, hydrogen

HT high temperature

LRC lined rock cavern

LT low temperature

MT medium temperature

TAC total annualized costs

TES thermal energy storage

Parameters

dszds base demand for industrial production

df,‘ijigy base energy demand associated with base industrial
production

iflex load-varying potential

tse storage capacity defined as time over which base demand can
accumulate

n demand-side management losses

sC storage capacity

ty initial time step

[ final time step

Variables

SL(t) storage level at time ¢

P(t) production at time ¢

in(t) storage deposit at time ¢

out(t) storage withdrawal at time ¢

Subscripts

el electric

therm thermal
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