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Abstract 

This thesis investigates how and to what extent the flexibility of the Swiss industry can contribute to 

security of electricity supply in a winter shortage scenario in 2030. A mixed methods approach is 

used to bring an individualistic company perspective and the systemic perspective together and to 

give a broad overview of the topic. Evidence from a literature review, anecdotal evidence from semi-

structured interviews with industry stakeholders and a system modelling analysis with the Nexus-e 

platform produce a wide spectrum of insights: Defining industry flexibility is complex and the 

realizable potential may be small. Industry companies and other stakeholders name many limitations 

to leveraging more flexibility potential, either technical or socio-economic. Lastly, the Nexus-e 

analysis indicates that industry flexibility may contribute to security of supply winter shortage 

situations via load shedding, but never to the extent that additional generation capacities (gas power 

plants) can be fully replaced. According to these findings, this thesis concludes that electricity 

flexibility from industry consumers is unfortunately no panacea for a winter scenario with a 

structural electricity deficit over longer periods of time. Flexibility can only be part of a mix of 

measures that increases seasonal resilience of the Swiss electricity system. To foster industry 

flexibility measures and to find its optimal role in the electricity system of the future, further 

research and policy action is advisable. 
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1. Introduction 

1.1 Motivation 

Historically, electrification in Switzerland has been closely linked to the development of industry sites 

and industrial production. In its infancy, the Swiss electricity system, meaning power plants and grids, 

was in large parts built by private sector companies.[1] In many cases, these companies were not 

mainly electricity companies or utilities, but rather large industry consumers who aimed to secure 

their own energy supply. There are numerous interesting examples of this: In the canton of Wallis, 

the chemical company Lonza started operating in 1897 after it received the usage rights to build 

hydro power plants in order to satiate the energy hunger of its carbide production.1 Over decades, 

the abundance of cheap, secure electricity helped Lonza to grow into an international corporation. 

The company ultimately built and owned a large portion of the electricity production and distribution 

in the canton of Wallis. Beginning in the Eighties and Nineties of the 20th century, these assets were 

gradually sold to the public sector and foreign investors, as electricity was no longer a scarce and 

expensive production factor, but had become a relatively cheap, internationally traded 

commodity.[2][3] In a similar fashion, the electrical engineering company Brown Boveri & CIE (later 

ABB) helped to finance and build a large hydro power plant on the river Limmat before establishing 

its main production facilities in Baden in 1891.[5] 

As these anecdotes indicate, access to electricity was once a key success factor for the development 

of the industrial sector in Switzerland. With structural changes in the economy during the 20th 

century, most notably the commoditization of electricity and the integration of the European grid, 

but also the slow decline of primary industries in Europe and the emergence of the service sector, 

manufacturing companies in Switzerland became less and less worried about the availability and 

price of their electricity. It was only after the energy crises in the 1970s that demand-side measures 

for grid and system stability and energy efficiency became relevant considerations.[6][7] The issue of 

decarbonization and the transition towards clean energy later emphasized the focus on these topics. 

In addition, it became clear that the volatility of production in a carbon-free electricity system 

without a reliable base load would require a great deal of demand-side measures.2 The implications 

for the industrial sector in Switzerland today are twofold: On the one hand, the future electricity 

supply will no longer unilaterally serve demand, but demand will also have to contribute to system 

and grid stability. This will likely make prices and availability more volatile and raise questions about 

how manufacturing companies can secure their supply as well as control their energy costs. On the 

other hand, the uncertainties may also open up new opportunities. Industry sites and other large and 

small consumers may offer demand flexibility on the market and thus contribute to both system and 

 
 
2 For example, Moura & de Almeida (2010) [8] explain this for market integration of wind power. 



5 
 

grid stability. This, in turn, could result in far-reaching implications for production set ups and 

business models in the industry sector. Ultimately, from the perspective of Swiss companies, 

electricity at the beginning of the 21st century seems to be back to what it was for the industry in the 

19th century: Not a minor consideration or a commodity, but rather a key concern for site selection 

and business continuity. 

1.2 Relevance of electricity flexibility 

With the increasing deployment of renewable energy sources and the shift towards a carbon-free 

energy consumption, demand side integration and especially demand response become increasingly 

important tools to address the resulting challenges for electricity systems and grids. The 

International Renewable Energy Agency IRENA “suggests that by 2050, globally around 61% of 

electricity could be supplied by variable renewable energy sources like solar and wind power.”[9] 

Moreover, the International Energy Agency IEA estimates, that in a Net Zero Emissions by 2050 

scenario, 15% of average annual electricity demand will have to be shiftable and that therefore, 

demand side integration, demand side management and demand response become crucial.[10]  

In the literature, flexible loads are mentioned as an important demand side resource.[11] Flexibility is 

defined in different ways, depending on the perspective. From a systemic viewpoint, demand side 

flexibility “refers to the portion of demand in the system (including via electrified heat and transport) 

that can be reduced, increased or shifted within a specific duration”[9], meaning that it includes 

power capacities (portion of demand) as well as an amount electricity (duration). Fattahi Meyabadi & 

Deihimi (2017) [57] mention flexibility in their general framework of demand side management. They 

make the neat distinction between strategic electricity load management, which aims to avoid 

electricity shortages, and dynamic electricity load management, which aims to deal with peak load 

and even out consumption. From the perspective of the individual consumers, energy flexibility 

means something different. One source describes it as “the deviation to the planned consumption, 

generation and use of storage, in response to price signals or instruction, on residential, commercial 

or industrial sites”[12]. More specifically for the industry sector – the relevant viewpoint in the 

context of this thesis - flexibility can be defined as “the ability of a production system to adapt quickly 

and in a process-efficient way to changes in the energy market”[13]. So, in addition to the technical 

factors (what and how much demand can be shifted, increased or reduced), industry consumers care 

about the security of energy supply, adaptability to market conditions and business continuity when 

thinking about flexibility. This thesis will address both views, the systemic one and the individualistic 

one (companies) as they are not mutually exclusive and tend to have a certain overlap. 
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Figure 1: Two perspectives on flexibility of industry electricity demand. 

From the systemic viewpoint, flexibility and other demand side resources ultimately serve the 

purpose of maintaining grid stability, meaning the balancing between consumption and generation 

as indicated by the grid frequency and the power flows.[14] In this regard, flexibility contributes to 

system adequacy, i.e. “the ability of a power system to supply the load in all the steady states in 

which the power system may exist considering standards conditions.”[15] With the imperative of 

decarbonization and more volatile generation patterns from Renewables, system adequacy is 

increasingly becoming a challenge.  

When it comes to flexibility, there are also different timescales to consider. Peak load can occur 

during milliseconds, seconds or minutes while electricity shortages may happen over hours, days, 

weeks, months or even years. Time scales up to 15 minutes are covered by ancillary services of the 

grid operators (primary, secondary and tertiary stages).[16] These short timeframes are important 

but are not the main focus of this thesis. Instead, this thesis will focus on longer durations, which is 

less about peak load and more about providing enough electricity to avoid lasting shortages, a 

particularly important consideration for the future of the Swiss electricity system: balancing between 

day and night and more importantly between summer and winter season. Such scenarios imply load 

shifting or shedding over hours, days, weeks, months or years.  

The 2050+ energy perspectives, published by SFOE, estimate that electricity production from 

photovoltaics may increase to 33.6 TWh per year by 2050 (more than half of an estimated yearly 

consumption of 62.2 TWh).[17] These capacities will be subject to considerable seasonal volatility. 

During the winter months, the volatility will have to be compensated with hydro power generation or 

other base load generation capacities, complemented by seasonal storage such as hydrogen, with 

increased energy efficiency and last but not least with flexibility options. This thesis will distinguish 
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flexibility options from industry consumers for short durations and for longer durations and will focus 

on the latter. There are however interdependencies between the two and the transition is not clear-

cut. 

Distinction between time horizons for flexible industry electricity demand in this thesis 

Short durations Longer durations 

▪ Cause: Peak Load 

▪ Durations: Up to 15 minutes 

▪ Instruments: Ancillary services to stabilize the grid 

▪ Cause: electricity shortages 

▪ Durations: hours, days, months, years 

▪ Instruments: Load shifting or shedding to reduce 

demand 

Figure 2: Distinction between time horizons for flexible industry electricity demand in this thesis. 

Historically, Switzerland is a net exporter of electricity. In the winter season however, it has imported 

an average of about 4.5 TWh over the past years with a peak 9.7 TWh in the winter of 

2016/2017.[18] A lack of sufficient generation capacities, political woes with the EU and insufficient 

export capabilities in our neighboring countries may become a serious threat to Switzerland in future 

winters. This was shown in a recent system adequacy study conducted by the Federal Electricity 

Commission (ElCom) and Swissgrid.[19] Moreover, SFOE, in an addendum the 2050+ energy 

perspectives, argue that the Swiss import deficit in winter could amount to as much as 16 TWh until 

2035 under unfavorable conditions.[20] Flexibility options will play an important role in dealing with 

these future challenges. 

 

Figure 3: Swiss net imports (GWh) per year and Swiss net imports (GWh) per winter semester, based on [18]. 
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1.3 Swiss industry demand 

The electricity demand of the Swiss industry sector is assessed differently in different sources. 

According to the main energy and electricity statistics by SFOE, in 2021, the industry and 

manufacturing sector was responsible for 19.4% of final energy consumption (153’430 TJ) and 30% 

(16.7 TWh) of electricity consumption in Switzerland.[18][21] Other sources estimate electricity 

consumption of the industry sector at 13.4 TWh.3 While these shares are still significant, they have 

slowly declined over the past decades, as the following graph shows for electricity: 

 

Figure 4: Shares of total electricity consumption in Switzerland per sector, based on [18]. 

This is in line with two well-known trends: On the one hand, industry consumers are becoming more 

and more energy efficient. Over the past years, energy consumption per GDP has continually 

decreased and the energy intensity of the Swiss economy is generally significantly lower than the 

OECD-average.[23] On the other hand, the overall economic contribution of the industry sector has 

decreased in favor of the tertiary sector (services). This development is in line with the long-term 

structural changes that can be observed in almost all developed economies. Emerging countries such 

as China or India on the other hand still have significantly higher energy intensity because of their 

higher share of (heavy) industry.[24] Low energy intensity and low output share of industry are 

properties of the Swiss economy will be relevant for the following analysis because they have direct 

implications on the electricity flexibility potential. 

 
3 SFOE uses two different methodologies for assessing overall industry demand. The numbers used in this 
thesis are based on a representative sample of 13’000 companies and production facilities which are 
extrapolated for 19 subsectors of industry and services. This approach does not fully consider self-produced 
electricity from other energy sources.[22] It is however more practical for the purpose of this thesis, because it 
allows a look at specific subsectors. The second approach (as used in [21]) is based on data from several 
hundred utilities. It therefore represents the view of the energy suppliers more than that of the consumers. 
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This thesis builds on the classification of the industry sector into twelve subsectors used by SFOE.[22] 

Figures 5 to 7 show the total energy consumption of these subsectors in Terajoules as well as the 

electricity-share of their energy consumption in percent. The chemical and pharmaceutical industry is 

evidently the biggest energy consumer in the Swiss industry sector, but it also has one of the lower 

shares of electricity consumption. The subsectors with relatively high overall energy demand and 

high shares of electricity demand are basic metals, fabricated metal products and machines & 

equipment. 

 

Figure 5: Final energy consumption (TJ 2020) per industry subsector, based on [22]. 
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Figure 6: Shares of subsectors of total industry energy consumption (TJ 2020), based on [22]. 

 

Figure 7: Electricity share of industry subsector consumption (%), based on [22]. 

1.4 Current policy discussion 

The current baseline of the Swiss energy policy is set by the 2050 energy strategy, which has been in 

place since 2018. The strategy aims to decarbonize Swiss energy production and replace nuclear 

power plants by 2050, which, as of 2021, provide 28.9% of total Swiss electricity generation.[18] So 

far, the strategy has relied on increasing energy efficiency, increasing the share of Renewables 

(mainly photovoltaics and wind) and investing in electricity grids.[25] 
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Switzerland has had a structural electricity generation deficit during winter for many years. To this 

day, the 2050 energy strategy has not changed this situation, all the while the import capabilities of 

Switzerland have worsened due to the complicated bilateral relations with the EU. SFOE has stated 

that without a bilateral agreement on electricity market, Switzerland will not be able to further 

develop Flow Based Market Coupling (FBMC) with the EU and Redispatch cost will increase 

significantly. By 2025, when 70% of European grid capacity will be reserved to the EU single market 

participants, this could lead to severe issues with security of supply.[26] Recently, ElCom has also 

reinforced its standpoint, that security of supply is structurally jeopardized and that an insufficient 

electricity supply in the winter of 2022/2023 is not unlikely.[27] SFOE has also  argued that the high 

production deficit in winter will persist past 2040, especially if the runtime of the remaining nuclear 

power plants in Switzerland is not maximized to 60 years or other options are leveraged very 

fast.[20] This last analysis also touches on demand side flexibility options as a mitigation strategy, but 

does not investigate it any further. 

Security of electricity supply is a big strategic energy risk for Switzerland. The Federal Office for Civil 

Protection even claims that electricity shortages are the most likely and potentially most damaging 

risk scenario for Switzerland overall.[28] In reaction to this structural problem and the aftermath of 

the Russian attack on Ukraine, the Federal Council on February 17 2022 has activated Art. 9 of the 

electricity supply act, which allows the Federal Council to take enhanced measures to secure the 

Swiss electricity supply (increases in energy efficiency, procurement of electricity, further investment 

in generation capacities and grids).[29] The Federal Council implemented a strategic hydro power 

reserve for the coming winter and, based on a concept created by ElCom, has advocated the 

construction of two to three gas power plants (1000 MW in total) to mitigate possible shortages in 

winter until 2025.[30][31] From the Federal Council’s perspective, this seems to be the most feasible 

approach to tackle the winter issue. It is however highly controversial, since gas power plants are 

considered by many to be an unsustainable, unreliable option because of the current crisis situation 

(and possible future crises). 

Flexibility from industry consumers as a lever to mitigate structural production deficits in winter has, 

as of yet, played a small role in policy discussions. If they did, the focus is mostly on short flexibility 

durations (integration into ancillary services).4 Recently, there has been a more vivid discussion in 

policy making surrounding the role of industry for addressing possible winter shortages. In 

parliament, a motion calls for the implementation of an auction mechanism to utilize industry loads 

in shortage situations.[33] The idea is that the state demands a certain amount of shiftable or 

reducible demand for extraordinary situations. Companies can then voluntarily offer up their 

 
4 According to media coverage, intermediary companies have started to pool industry loads (mostly positive 
control energy) and sell them to Swissgrid around 2015.[32] 
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flexibility and receive a compensation. The motion also claims that this option would be cheaper 

than building gas power plants. Moreover, the Federal Council has proposed new drafts for the 

energy act and the electricity supply act late in 2020. The revision for the electricity supply act 

includes a new article regarding strategic energy reserve for critical supply situations (Art. 8a E-

StromVG). This mechanism is supposed to come into effect in situations, where the overall Swiss 

balance leaves demand not served after markets close. These are shortages that go beyond the 

short- and mid-term in volatility that is addressed with ancillary services. Thus, the measure is “in the 

middle” between a functioning market solution and a mandated rationing of electricity.[34] The draft 

explicitly states that industry loads are welcome to participate in the tenders for this strategic 

reserve. Therefore, this thesis will focus on such a scenario. The following graph contextualizes the 

different scopes of measures: 

 

Figure 8: Instruments against electricity shortages, based on [35]. The focus of this thesis is marked red. 

ElCom, in the above-mentioned concept for gas power plants, has considered load shedding and 

interruptible loads as alternatives for said power plants and concluded, that the potential for 

additional contractual load shedding in Switzerland is negligible.[35] The analysis was however 

superficial. It was not substantiated with data or a modeling analysis. Problem statement and 

research questions 

The observations made so far show a growing interest in the topic of a flexible industry electricity 

demand. There is some research on this topic, but predominantly for shorter time horizons (i.e. not 

focused on seasonal security of supply issues) and mostly from abroad. For security of supply in 

Switzerland, there have not yet been any substantial inquiries into whether industry flexibility can 
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substitute additional generation capacities for the winter season, such as gas power plants. 

Therefore, this thesis aims to give an overview of the current discussion and contribute to a better 

understanding of the nature and driving factors of electricity flexibility over longer periods of time in 

the Swiss industry. The overarching research question is: If there is an electricity deficit in winter, 

how and to what extent can the flexibility of the Swiss industry contribute to security of electricity 

supply? Flexibility meaning load shifting and shedding of industry electricity consumers over longer 

periods of time (at least days, up to months). By addressing this issue, the thesis should ideally 

motivate further research and hopefully contribute to ongoing policy discussions.  

2. Methodology 

This thesis uses mixed methods approach to produce a wide spectrum of results: Insights from the 

current literature on industry flexibility, anecdotal evidence from semi-structured interviews with 

different stakeholders and quantitative evidence from a system modelling analysis using the 

Interconnected Energy Systems Modelling Platform Nexus-e by ETH Zürich. The following section 

describes the methodology used in the latter two parts. 

2.1 Interviews 
Overall, I conducted 16 semi-structured interviews with industry associations, individual companies 

as well as regulators and grid operators. In the category of industry associations this included 

statements from the utility sector, the mechanical, electrical and metal industry and from a cross-

sectoral association representing energy-intensive companies. In the category of regulators and grid 

operators, all relevant perspectives were covered (transmission grid, distribution grid, market 

supervision, regulatory authority). The companies interviewed cover 8 out of the 12 industry 

subsectors mentioned in section 1.3 (see figure 9). The interviews were intended as a reality check 

and as a tool to identify sub-topics that merit further investigation. The goal was to generate 

anecdotal evidence from the conversations to improve my understanding of the individualistic 

business perspective on flexibility and the connections to the systemic perspective. In such an 

explorative approach, the interviews do not follow a strict set of questions but instead a set of pre-

defined topics that allow for an open conversation. A list of these topics can be found in appendix 1. 
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Representatives from the following organizations were interviewed: 

Industry Associations Companies Regulators & grid operators 

▪ Verband der Schweizerischen 

Elektrizitätswirtschaft VSE 

▪ Verband der Schweizerischen 

Maschinen-, Elektro- und 

Metallindustrie Swissmem 

▪ Gruppe Grosser Stromkunden 

GGS 

▪ Migros Genossenschaftsbund 

(Food products) 

▪ Lonza AG (Chemicals / 

pharmaceuticals) 

▪ E. Schellenberg Textildruck AG 

(Textiles) 

▪ Holcim AG (Cement) 

▪ Steeltec Group AG (Basic metals) 

▪ MAN Energy Solutions AG 

(Machines & equipment) 

▪ ABB AG (Other Industries) 

▪ Perlen Papier AG (Paper 

products) 

▪ Swiss Federal Office for Energy 

SFOE 

▪ Swiss Electricity Commission 

ElCom 

▪ Swissgrid AG 

▪ BKW AG 

Figure 9: List of interviewed organizations, own representation. 

2.2 Energy System Optimization 

To get a better understanding of the systemic relevance of industry flexibility, I develop and run 

scenarios for 2030 to identify conditions under which utilizing industry load shedding becomes more 

cost-effective to address a supply deficit than building new gas-fired power plants. To run the 

scenarios, I use Nexus-e, an integrated energy system modeling platform. 

2.2.1 Overview Nexus-e 
Nexus-e represents the entire Swiss energy-economic system via multiple, interconnected models 

and allows for a comprehensive analysis of Swiss energy policy and market developments. In this 

thesis, I use two models of this platform – CentIv [60] a model for the centralized part of the power 

system, and DistAB [61], a model for the decentralized part - and simulate the expansion path under 

lowest cost. The CentIv model co-optimizes generation investment and operational decisions on the 

transmission system level. The module contains a grid-constrained generation expansion planning 

and includes system flexibility requirements. DistAB is an agent-based model and simulates the 

diffusion of solar photovoltaic and battery storage systems. It represents the decision making of 

individual, heterogeneous households to invest in these technologies.  

The platform has an hourly resolution and the load flows resulting from electricity production and 

demand are calculated on transmission grid level (298 power lines, 165 transformers). Neighboring 

countries are considered in an aggregated fashion (electricity demand and production at one 

transformer, one power line to Switzerland and between each neighboring country). Electricity trade 

with neighboring countries is constrained by "Net Transfer Capacities" [MW]. The input parameters 

for the model include techno-economic factors, such as demand, generation, cost, etc., as well as 



15 
 

special scenario parameters. The main output parameters include installed capacity, installed gas 

units and used industry load shedding.[62] Figure 10 gives an overview of the model and the main 

input and output parameters.  

 

Figure 10: Overview of the model used in this thesis 

The two models go through the following steps for the scenario years 2020 (reference year) and 

2030: First, CentIv calculates the optimal addition of centralized power generation and storage 

(nuclear, wind, hydro, gas, battery storage) to meet electricity demand, taking into account existing 

infrastructure and developments in power generation and demand in neighboring countries that are 

important for electricity trading. Subsequently, the resulting electricity market price is passed on to 

DistAB. DistAB the simulates the decision making of households whether to invest into solar PV and 

battery storage investments. In their decision making, each household considers the profitability of 

the investment (which is affected by electricity market prices) and social factors such as 

neighborhood effects. The annual deployment of solar PV and battery storage subsequently flows 

back into CentIv, which adjusts the optimization of the entire power system accordingly. 

2.3 Data on industry load profiles 
To assess industry flexibility with Nexus-e, I created a novel data set for industry demand in 

Switzerland with a nodal and hourly resolution. In a first step, I collected load profiles for all twelve 

subsectors used in the analysis by SFOE [22] (see section 1.3). Seven of the load profiles were 

provided by the interviewed stakeholders and represent the actual load data of the interviewed 

companies. For three sectors, anonymized but real company profiles were used.5 For the two 

industry subsectors I was not able to collect real-life load data, I used the standardized proxies by the 

German “Bundesverband der Energie- und Wasserwirtschaft”[39]. Subsequently, I normalized the 

 
5 These were not provided by interviewees, but by “Energieagentur der Wirtschaft” EnAW. 
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load profiles and thus received a comparable view on the demand structure in each industry 

subsector. 

In a second step, I used an existing data set of about 3000 anonymized Swiss companies including 

their electricity demand in 2021, the address of each company, and their General Classification of 

Economic Activities (NOGA) [41][42]. The data was provided by “Energieagentur der Wirtschaft” 

(EnAW)[40]. The sample includes a considerable share Swiss companies with an electricity 

consumption of more than 100 MWh.6 Each listed company, I assigned to one of the twelve industry 

subsectors using the provided NOGA code and to one of the transmission grid nodes using the 

companies’ addresses. This provided us with an accurate picture of the electricity demand per 

industry subsector and per node in Switzerland. Figure 11 compares the electricity generation per 

industry subsector from the EnAW dataset with the SFOE data.[22]7 While the EnAW dataset is a 

fairly accurate representation of the SFOE data, it deviates from the latter by 3.8 TWh (29.3% of total 

industry load). This is electricity demand from companies that are not EnAW customers. To account 

for this missing industry load, I distributed the total equally per industry subsector across all 

transmission grid nodes.  

In a third step, I combined the datasets on hourly load profiles (first step) and on industry load and 

location (second step) to obtain hourly demand profiles per transmission grid node for the industry 

sector.  

 

Figure 11: Electricity consumption by industry subsector, comparison of the two datasets used, based on [22] and [40]. 

 
6 EnAW works with companies that participate in emission reduction and energy efficiency schemes under the 
Swiss CO2 act, the Swiss energy act and the energy legislation of the cantons that targets large energy 
consumers.[40] 
7 Figure 11 is stylized to ensure confidentiality of the EnAW data. 

Electricity consumption by industry subsector

EnAW data SFOE data
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2.4  Scenarios 

In this thesis, I develop scenarios to identify conditions under which utilizing industry load shedding 

becomes more cost-effective than building new gas-fired power plants to address a supply deficit. To 

do so, I first develop a Baseline scenario that outlines an “optimized” expansion path for the Swiss 

electricity system by 2030 leading to the lowest total cost of power supply. This scenario builds upon 

input on the current (or announced) regulatory framework and on expected development of 

technology costs. Based on the Baseline scenario, I identify a number of deficit scenarios by adjusting 

the available Net Transfer Capacities8 (NTC) but “freezing” the technology mix from the Baseline 

scenario. A scenario has a “deficit” when part of the electricity demand cannot be served with 

domestic generation and imports in any month of any year. For each of the identified deficit 

scenarios, I then allow the model to address the deficit by investing in new gas-fired power plants 

and utilize industry electricity demand for load shedding. In these “trade-off” scenarios, I then vary 

the available potential for industrial load shedding and its costs.  

Scenario (#) Technology 
mix 

NTC  Cost of 
industry load 
shedding 
[CHF/MWh] 

Share of 
industry load 
shedding [%] 

Number Gas 
candidate 
units [#] 

Capacity 
gas 
candidate 
units [GW] 

Baseline 
Scenario (1)  

Technology 
mix is 
optimized to 
serve 
domestic 
demand with 
lowest costs, 
no gas units 
considered  

 Current NTCs; 
assumed to be 
constant until 
2030 

- 0 0  0  

Deficit Scenarios 
(2)  

Similar to 
Baseline 
scenario 

30-0% of NTCs in 
baseline scenario, 
in steps of 5% 

-  0 0  0  

Trade-off 
scenarios (24) 

Similar to 
Baseline 
scenario 

For each 
identified deficit 
scenario 

steps: 500, 
1000, 1500, 
2000, 2500, 
5000, 7500, 
10000  

0-25% of total 
industry load, 
in steps of 5% 

11 5.5GW 

Figure 12: Scenario overview. 

2.4.1 Baseline scenarios 
The Baseline scenario outlines an expansion path for the Swiss electricity system by 2030 that leads 

to the lowest total cost of power supply. The system costs comprise investment, maintenance, CO2-

emissions, and fuel costs. The optimization considers learning effects (decreasing prices of the 

 
8 Low NTC or unavailable imports from neighbouring countries can cause insufficient electricity supply in the 
scenarios and also under real circumstances. 

https://doi.org/10.3929/ethz-b-000474810
https://doi.org/10.3929/ethz-b-000474810
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technologies over time) and current subsidies (for example, return tariffs and one-time payments for 

photovoltaic systems). The included technical potential of photovoltaics for rooftop installations is 53 

GW by 2050 (not all potential is installed in the cost-optimal expansion path). The expansion of wind 

power is limited to 2 GW due to permits and financing, and biomass to 0.4 GW. Electricity generation 

from run-of-river power and pumped storage power plants remain at today's levels. The scenario 

assumes a general phase-out of nuclear power after 50 years, except for already confirmed lifetime 

extensions. Beznau 1 and Gösgen are therefore phase-out before 2030, while Beznau 2 and Leibstad 

are included in the 2030 technology mix. The scenario excludes geothermal power for electricity 

generation and ground-mounted photovoltaic plants e.g. in the alpine region. Electricity demand 

assumptions follow the "Zero Basis" scenario of Energy Perspectives 2050+, which considers 

increasing electricity demand mainly due to the electrification of the transportation and heating 

sectors with electric vehicles and heat pumps. The development of the electricity generation 

capacities in the neighboring countries is based on the ENTSO-E TYNDP “Global Ambition” 

scenario.[63] The Net Transfer Capacities (NTC) for 2030 are based on the latest ENTSO-E ERAA (i.e., 

FR: 3700MW, DE: 3800 MW, IT: 1910 MW, AT: 1200 MW) and are assumed to identical for both 

directions (e.g., CH-FR, FR-CH).[64] 

2.4.2 Deficit Scenarios 
Deficits are created by reducing the Net Transfer Capacities9 (NTC) but keeping installed electricity 

generation and storage units similar to the Baseline scenario. This is to ensure that the model does 

not re-optimize the system to build more generation capacities to avoid a deficit situation. Reducing 

NTCs can cause deficits as it limits the potential to import electricity from the neighboring countries. 

Already today, Switzerland has insufficient domestic generation to cover inland demand in winter 

and depends on imports. 

2.4.3 Trade-off scenarios 
For each of the identified deficit scenarios, I then develop trade-off scenarios in which the model can 

decide to invest in additional gas-fired power plants and/or utilize industry load shedding to address 

the unserved electricity demand in the respective deficit scenario. This analysis thus only focuses on 

the negative potential of industrial demand side management (i.e. load shifting or shedding, but no 

load increases) and provides the lowest cost option to address electricity shortages in winter. 

To assess the conditions under which the model prefers industrial load shedding over building new 

gas-fired power plants, I vary the cost of industry load shedding between 0 CHF/MWh and 10’000 

CHF/MWh in steps of 2’500 CHF/MWh and the available potential for industrial load shedding 

between 0% and 25% of the total industry load, in steps of 5%. The available potential for industrial 

 
9 Unavailable NTC or unavailable nuclear power plants in Switzerland seem to be to the most likely cause for 
insufficient electricity supply in winter also under real circumstances. 

https://www.uvek-gis.admin.ch/BFE/redirect/sol.html
https://www.uvek-gis.admin.ch/BFE/redirect/sol.html
https://www.bfe.admin.ch/bfe/de/home/politik/energieperspektiven-2050-plus.html
https://tyndp.entsoe.eu/tyndp2018/
https://tyndp.entsoe.eu/tyndp2018/
https://www.entsoe.eu/outlooks/eraa/eraa-downloads/
https://www.entsoe.eu/outlooks/eraa/eraa-downloads/
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load shedding is defined for every hour and is independent of previous or future load shedding. 

Meaning that the decision to load shed in hour t has no impact on the available potential and 

decision to load shed in hour t+1.  

Instead of load shedding the model can also build new gas-fired power plants based on the included 

candidate units. We include gas-fired power plants at 7 locations of the transmission grid (based on 

the “Konzept Spitzenlast-Gaskraftwerke” by ElCom [35], with a total capacity of 5.5 GW. The gas-fired 

power plants can either be build running on natural gas and CCS (Investment cost: 135000 

EUR/MW/a, total variable cost 159.5 EUR/MWh) or running with carbon-neutral synthetic methane 

without CCS (Investment cost: 765000 EUR/MW/a, total variable cost 308.8 EUR/MWh).[65] 

 

3. Results 

3.1 Insights from the literature 

Existing literature covers the topic of industry electricity flexibility in a variety of publications. In 

many cases, flexibility is addressed as a subtopic of demand side integration., as was described in the 

introduction. Generally, literature covers two core topics, the first being the definition (e.g. 

categories, direction, etc.) of industry flexibility potential and the second being the size (power and 

amount of electricity) of industry flexibility potential. The following section will explain these 

considerations and assess a few different standpoints. It will then argue for a definition and potential 

range that best fits the scenario of industry demand shifting or shedding over longer periods of time 

as a contribution for security of supply in winter. This should give an intuition of what role industry 

flexibility can actually play for possible Swiss winter issues. 

3.1.1 Flexibility potential definition 

Different studies show that there is no universal definition of flexibility potential. For example, 

Ausfelder et al. (2018) [46] have conducted a comprehensive meta-study on industry flexibility 

potential in Germany. In the 28 studies they analyzed, they identified no less than 15 different 

concepts. Based on this, the definition was identified as one of eight critical factors that account for 

differences in potential assessments (see Appendix 3). Similarly, Steurer (2017) [6], in his detailed 

work on demand side integration, remarks that most studies use similar terminology such as 

“technical” or “economic” potential, but the underlying definitions build on very different technical, 

organizational, or economic aspects.[7] In particular, there are considerable differences between an 

electricity system perspective and the individual companies’ perspective. As the modeling part of this 

thesis takes the former, the literature review and interviews take the latter in order to cover both 

perspectives.  
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Because there are different perspectives, I decided to bring together two different approaches for 

the definition of flexibility potential: On the one hand this is the approach used by Vossebein et al. 

(2019) [7]. It is the most comprehensive and most relevant study on demand side integration and 

industry flexibility in Switzerland so far. It mainly follows the systemic logic. It does however not 

consider longer lasting demand shifting or shedding (only up to hours), which would be the most 

relevant aspect for security of supply in winter. On the other hand, the normative definition in VDI 

(2020) [13] gives an interesting complementary perspective for individual companies, that also 

considers longer periods of demand shifting or shedding (up to weeks). The following table displays 

the combined potential definition and  key flexibility drivers. 

Potential 

definition 

Combined definition after [7] and [13] Key flexibility drivers from a company-

perspective 

Theoretical 

potential 

Connected electrical load that can be shifted, increased or 

decreased. 

Electricity consumption of the company 

Technical 

potential 

Possibility of varying power requirements with the 

technological boundary conditions and according to seasonal 

availability (summer vs. winter) and daily availability (day vs. 

night) 

Production technology, machinery and 

equipment (e.g. production process and 

sequence, production cycle over short 

and long timespans) 

Practical or 

socio-technical 

potential 

Subset of technical potential that can be used within social, 

regulatory or administrative limitations 

Regulatory framework for production 

(e.g. labor laws, environmental laws, 

energy efficiency requirements, building 

codes, etc.) 

Economic 

potential 

Subset of the technical potential that can be used 

economically (benefits > costs) 

Opportunity cost of using flexibility 

options (e.g. foregone market 

opportunities) 

Realizable 

potential 

Intersection of practical /socio-technical and economic potential 

Figure 13: Flexibility potential definition, based on [7] and [13]. 

Flexibility potential is not just a matter of definition, it also is highly circumstantial for individual 

companies and their business context. This is probably best described by the following quote of 

Köberlein et al. (2022) [48]: “Ultimately, the transformation of an arbitrary factory system to an 

energy-flexible factory system is neither clear-cut nor universal. Hence, the planning and techno-

economic evaluation of energy flexibility measures for various implementation levels and time 

horizons are of great importance.” It can therefore be assumed, that there is much more variation 

and granularity in the company perspective on flexibility potential than in the systemic perspective. 

One more central learning for industry flexibility over longer durations (i.e. in winter scenarios) from 

VDI (2020) [13], is that longer durations of load shifting or shedding affect companies more deeply. 
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While flexibility options for minutes or hours usually require technical adjustments of existing 

processes on a manufacturing level, shifting or shedding over days or weeks can change fundamental 

aspects of a business, such as process flows, job sequences or energy procurement. Flexibility 

options for weeks or even moths and thus profoundly influence production and capacity planning, 

shift allocation and production set ups. This makes the assumption plausible that it is very difficult for 

companies to leverage economic and realizable flexibility potential for longer durations, because 

their opportunity cost is very high. 

The modeling approach used in this thesis focuses on the technical potential from a systemic 

perspective, since the CentIv module of Nexus-e will take an investment decision and therefore 

decide whether it is economically feasible to use flexibility in the given circumstances. The output is 

consequently the economic potential. The interviews on the other hand are meant to give insights 

into socio-technical and economic potentials for longer flexibility durations. From there, it could be 

debated in further research which regulatory framework would help to maximize potentials from 

both the systemic and the company perspective. 

3.1.2 Flexibility potential quantification 

The quantitative  literature on industry flexibility is rather thin for Switzerland and it is particularly 

thin for longer flexibility durations. Nevertheless there are some learnings to be drawn from studies 

that focus on short-term flexibility. For example, Imboden et al. (2016) [49] analyze the potential for 

industry to provide ancillary services. They conclude that certain processes are more suitable for 

flexibility, e.g. in the cement industry, where it is comparatively easy to store semi-finished products 

and optimize the production sequence for flexibility. This methodology translates quite well for 

longer flexibility durations. Understanding the intricacies of specific production processes and 

technologies helps to derive the theoretical, technical and socio-technical flexibility potential and 

assess for how long it would be available, as Vossebein et al. (2019) [7], Ausfelder et al. (2018) [46], 

Bons et al. (2020) [47] and many others10 show. Ausfelder et al.(2018) [46] analyze eight processes 

from five industries. They conclude that cement milling and Chloride-alkali electrolysis in basic 

chemistry have the highest potential for flexibility durations of up to five days.11 Similarly, Bons et al. 

(2020) [47] argue that the overall industry flexibility potential in Germany beyond durations of a few 

days is very limited, due to ensuing production cuts that cannot be compensated. Same as Ausfelder 

et al. (2018) [46], they see the highest potential for longer flexibility durations in the basic chemistry 

and cement subsectors. 

 
10 See for example Marchiori et al. (2017) [52] for steel production, Uhlig et al. (2022) [53] for heat treatment 

process chains of foundries or Golmohamadi (2022) [54] for aluminium smelting, cement production. 
11 However, in the case of cement mills, reference is made to the anyway seasonal production patterns of the 

cement industry, and in the case of chlor-alkali electrolysis, to unavoidable value-added losses in case of load 
reductions. 
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The overall flexibility potential seems to be closely linked to the economic structure of a country. 

Further evidence from abroad illustrates this: Söder et al. (2018) [50] have looked at more than 50 

studies for the Nordics and identified industry load to be quite flexible due to the high share of 

forestry and metal processing, but the range is very large depending on the specific country 

(between 0.2 and 8.5% of peak load). Countries with higher shares of heavy industry such as metal 

processing do generally have a higher theoretical and technical flexibility potential. Kirkerud et al. 

(2021) [51] expanded the work of Söder et al., showing that the total economic flexibility potential of 

industry consumers in the Nordics is still considerably lower than the technical potential. 

As mentioned in the introduction, the Swiss economy is considerably less energy intensive than the 

OECD-average. Subsectors like basic chemistry, basic metal production or cement are still important, 

but contribute less to the overall economic output than in Germany or the Nordics. Flexibility 

potential estimates from abroad have therefore only limited applicability. At the same time, heavy 

industries do have very similar properties across Europe, so insights for specific production processes 

do transfer well to the Swiss context. In addition to this, Switzerland does have other very 

competitive flexibility options available in the form of hydro power plants, that other countries don’t 

necessarily have. Such alternatives opportunities are however not taken into account in the studies 

reviewed, nor are they the topic of this thesis beyond the standard assumptions of Nexus-e in the 

system modelling part. 

For Switzerland, there is only one comprehensive quantitative analysis of industry flexibility potential 

so far (Vossebein et al. (2019)[7]) The following graphs show the technical and the socio-technical 

potential for different scenarios, the first focusing on the technical potential e and the second 

focusing on the socio-technical potential. The authors have not quantified the economic potential 

because of high uncertainties regarding opportunity cost for companies or how market mechanisms 

would assess the value of industry flexibility. The numbers do also consider shorter and longer 

flexibility durations (up to days), but the numbers were evened out and the study does not contain 

detailed results on this aspect. Because of this, it has to be stressed that the mentioned technical 

potential is to be viewed as a very optimistic upper bound estimate. It is very plausible that the 

actual potential for longer flexibility durations is still significantly smaller. The large gap between 

technical and socio-technical potential solidifies that impression. 
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Figure 14: Technical and socio-technical flexibility potential in the industry sector, based on [7]. 

3.2 Interviews 

The following section will reproduce, summarize and interpret the most important take-aways from 

the conversations with grid operators, regulators and industry stakeholders. 

Generally, the purpose and the value of electricity flexibility were assessed differently depending on 

the perspective of the interviewed stakeholders. Roughly, the two viewpoints described in this thesis 

so far were also expressed in the interviews: a systemic perspective and an individualistic 

perspective. The three groups of stakeholders mostly took the following positions: 

▪ Regulators: Primary interest in flexibility because of fast, efficient, and secure supply integration 

of renewable, decentralized energy generation, for which a flexible demand is a prerequisite 

(corresponds to the systemic perspective).  

▪ Grid operators: Primary interest in flexibility as a tool to increase resilience, where flexible 

demand serves as an additional resource for system stability (corresponds to the systemic 

perspective). 

▪ Companies and industry associations: Primary interest in flexibility to adapt to volatile energy 

markets and ensure cost-effective and secure electricity supply. Flexible demand serves cost 

optimization and security of supply (corresponds to the individualistic perspective). 

Based on these different interests and viewpoints, there were also differences in the interpretation 

of the nature and size of technical, socio-technical and economic flexibility potential in the industry 

sector. Overall, the opinions expressed by the company representatives were considerably more 

skeptical than those of regulators or grid operators. Implementation issues such as lacking 

technology, know-how, or investment capacities were frequently named as main drivers. Moreover, 

the potential for a flexible industry demand to contribute not just to the short-term grid and system 

stability, but also to substitute significant amounts of energy generation over longer periods of time 
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was almost unanimously dismissed. The conversations thus indicated that the flexibility potential 

quickly reaches practical limitations in many industrial processes.  

The narrow boundaries for flexibility potential seem to be determined by the following factors, as 

they were mentioned consistently throughout the different interviews: flexibility limitations in the 

production process, limitations in the preparation-time for using flexibility, trade-offs and 

opportunity cost of flexibility, contractual security and robust market mechanisms as flexibility 

enablers. These factors are described in the following sections. 

3.2.1 Flexibility limitations in the production process 

▪ The technical characteristics of many industrial processes. Although they vary considerably 

depending on the subsector and business model, most production processes were described as 

being inherently unfit for production with reduced electricity input. An example of this is 

chemical production, where starting up and shutting down processes is very energy-intensive 

and inefficient at the same time. It was mentioned that a short-term reduction of about 15% of 

energy consumption would result in production cutbacks of up to 50% over a longer period. In 

such a case, there is also little incentive to restart production to full capacity if further shortages 

are to be expected in the near future. Another example that was mentioned by several industries 

is the implications of varying levels of electricity supply on product quality. These can be severe, 

even for small reductions in electricity supply. Industries such as cement, steel or paper therefore 

depend on a guaranteed baseload, so that they can achieve the required product quality. In the 

pharmaceutical industry, where production is done in badges with biochemical processes and 

relatively long lead times, even a small reduction in electricity supply can cause fundamental 

issues. 

▪ The production planning Is another limiting factor, as it defines when and how much is produced 

in a given period of time. One key determinant in this regard seems to be the number of work 

shifts a company implements. The interviewees have stated that production sites with two shifts 

have a higher flexibility for load shifting or shedding during the day and during the week than 

sites with three or four shifts. This is intuitive since more shifts generally means less downtime. It 

is also something that is clearly visible in the exemplary load profiles analyzed for this thesis: 

companies with three or four shifts have a constant baseload, whereas companies with fewer 

shifts have more demand fluctuations during days and weeks. This correlation (worktime and 

load) is also mentioned in the documentation for standardized load profiles used in the system 

modelling part.12 

 
12 The work shift allocation is a variable in the standardized load profiles used for the modelling approach.[39] 
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▪ The inflexibility of value chains plays a crucial role, as all of the interviewed companies stated 

that their production does follow the customer needs of their respective market first and 

foremost. Of the companies interviewed, almost none reported following seasonal patterns in 

production. Unsurprisingly, customer relationships were therefore named as the biggest 

"flexibility killer". This a bit of a double-edged sword, since electricity shortages would disturb 

production more than flexibility measures. However, especially companies with low cost shares 

of electricity mentioned implementing special contingencies for this (still unlikely) case rather 

than optimizing their whole production process for more flexibility. Also, electricity procurement 

for the winter months was identified as an important lever. Especially within bigger companies it 

is optimized as much as possible (multi-supplier strategies, price- and security-optimized 

procurement, multi-year procurement contracts). This is done to hedge the market driven 

production cycle against possible shortages. In some cases, the value chain needs may even 

coincide with the seasonal availability of electricity. In the cement industry for example, 

production is slowed down in winter as construction activity is usually very low. For the cement 

industry, this synergizes with avoiding the higher electricity prices in winter. However, it is an 

isolated example and rather a “lucky coincidence” than a general proof that seasonal flexibility is 

relevant for companies. 

3.2.2 Limitations in the preparation time for using flexibility 

With almost all interviewed stakeholders, the preparation time for reducing or shifting industry loads 

seems to be a second important determinant of the flexibility potential. Generally speaking, longer 

preparation times imply a higher flexibility potential because production planning can be adjusted to 

some degree. However, in some cases even long preparation times are not enough to incentivize 

flexibility. Large or long-lasting load shifts or reductions of electricity consumption interfere 

fundamentally with most business models - No company interviewed said that under normal 

circumstances they could reduce loads for weeks or even months without it fundamentally affecting 

their business continuity. 

An interesting correlation that was hinted towards by several interviewees was that further 

economic potential for short-term load shifting or shedding is much easier to come by than 

additional potential for long-term shifting or shedding. The reasoning is that the more fundamentally 

flexibility affects a company’s business model, the higher the marginal cost are for leveraging that 

flexibility. An example which was mentioned repeatedly was labor laws and productions planning. 

While it might be technically feasible to adjust production patterns for a company with, say, fewer 

work shifts, it is very costly to implement from a social perspective. Most flexibility measures may 

have unfavorable consequences for the workforce, such as unregular worktime, working at night or 
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on weekends and so on. Thus, the marginal cost is quite high. On the other hand, technical measures, 

such as short-term digital optimization of a production system, ideally have marginal cost of zero. 

They can be deployed instantly without affecting labor too much. To summarize, longer preparation 

times seem to increase the flexibility potential, but almost exclusively via technical improvements 

that yield small demand shifts or sheds and do not fundamentally affect the production and work 

patterns. 

Lastly, some companies indicated that they are considering their own investments in electricity 

production due to increasing uncertainties in the energy markets. Some companies came upon this 

strategy “accidentally” when investing in their energy efficiency and re-using e.g. waste heat in their 

production. One company mentioned expanding an on-site biomass power plant for gas and 

electricity production, which was initially built for waste management purposes. Obstacles for such 

investments however appear to be large. The investment cycles are long and a lot of capital is 

required. Moreover, on-site power plants are seldom able to fully meet the need for readily available 

power for the entire production. One interesting alternative, that was mentioned, was Power 

Purchase Agreements with utilities. In this setup, a utility and an industry company will agree to long 

term procurement contracts at fixed rates, which give the utilities an incentive to invest in 

generation capacities and provide the industry consumer with a secured supply. 

3.2.3 Tradeoffs and opportunity costs of flexibility 

One of the main viewpoints on flexibility from the individualistic perspective revolved around trade-

offs and opportunity cost. This is not just about the inflexibility of value chains, but in a broader 

sense about the strategic decisions, that a company takes. In other words, the value of flexibility 

appears to depend on what a company could miss out on, if it were not flexible. All interviewees 

from the industry stated that meeting customer demands is still their primary concern, even with 

energy supply becoming more expensive and more uncertain. None of them feel like they miss out 

on an opportunity, when they concentrate their efforts on business continuity rather than a flexible 

electricity demand.  

For the larger companies interviewed, the current energy markets still offer the best chance to hedge 

their financial and availability risks, whereas smaller companies with limited market access have 

more difficulties, because they cannot procure electricity freely in the market. The current 

production process, which is customer- and quality-driven, is always the focal point. Material flows 

are planned to meet customer needs, energy flows and information flows are then optimized to 

match these material flows. This seems to be especially true for sites or subsidiaries within larger 

companies, that can hedge their electricity demand on the market or within their conglomerate. 

None of the companies are interested in running their processes on a reduced energy supply (e.g. 
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pharmaceutical industry, which requires a constant energy supply for many processes to remain 

intact or the steel industry, which prefers to shut down completely instead of producing with 

reduced power because the latter reduces the lifespan of production facilities and impedes product 

quality). On the other hand, some companies with high shares of electricity cost and large demand 

are looking into new opportunities. One such company mentioned that it was evaluating a change to 

an integrated energy management system, meaning that material and energy flows are considered 

together in business decisions and mutual dependencies are taken into account in production 

planning. While the company would still optimize for low energy cost and high security of supply, 

such a measure would also enable a more flexible demand. This changes the view on trade-offs and 

opportunity cost for a company, if an electricity shortage is on the horizon. In this particular case, 

digitalization was mentioned as the main challenge. Bringing the material flow and the energy flow 

closer together requires a reliable data flow. Measuring, interpreting, and leveraging data for an 

integrated energy management does not seem to be trivial. It requires substantial capacities for 

investment, process integration, organizational changes, and also support from grid operators and 

energy providers. Some companies have dismissed it completely, arguing that their cost-share of 

energy would never be high enough to justify such an investment. 

While the cost of energy flexibility currently seem to outweigh the benefits for almost all interviewed 

companies, there are also interesting solutions on the horizon that may shift the perspective in the 

future and increase the relative value of flexibility for industry users. One solution that was 

repeatedly mentioned was demand pooling. Solutions like virtual power plants can potentially offer 

large and small industry users the right incentives to increase their flexibility and bring it to the 

market. Virtual power plants can act as an intermediary that manages ancillary services, energy 

trading or peak-load. In some countries, there are already a few such solutions in place, some of 

them start to include industry demand.13 Once again, digitalization and a reliable data flow were 

mentioned as an issue that keeps the entry-barriers high at the moment. Another limitation for 

pooling industry loads are the specific power requirements of certain industries. For example, a steel 

production plant needs high power availability and thus would only really benefit from pooling with 

similar loads or large generation capacities. From such assessments, it can be reasonably assumed 

that pooling is more interesting for less energy-intensive production setups. 

One last topic which was addressed repeatedly was the complex relationship between energy 

efficiency and energy flexibility. Some companies expressed concerns that increasing the flexibility of 

their energy demand would counteract the gains in energy efficiency they have achieved over the 

past years. Generally, higher efficiency reduces the reserves and redundancies in a production 

 
13 See for example Next Kraftwerke GmbH in Germany.[55] 
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system (achieving the same production output with less energy input). Higher flexibility, on the other 

hand, relies on such reserves to even out fluctuations in energy supply and keep the production 

process going. A simple example would be stockpiling semi-finished products between production 

steps. This increases the capability to shift or shed loads in every production step, but it usually 

consumes additional energy (e.g. in food production where the cooling of semi-finished products is 

required). Moreover, flexibility needs can damage production equipment or reduce its lifespan as 

starting or stopping processes can cause considerable wear and tear (e.g. in the steel industry). The 

systemic need for flexibility and the simultaneous need for efficiency were viewed as contradictory 

by some interviewees. Nevertheless, both goals should be compatible in principle. One regulator 

estimated, that most companies can still increase their overall energy efficiency by 20 to 30% 

without impeding their flexibility potential.  

3.2.4 Contractual security and robust market mechanisms as flexibility enablers 

Electricity markets reflect the value of flexibility as prices are defined by matching supply and 

demand. Limited electricity supply results in higher prices which in turn makes flexibility options such 

as load reduction more attractive for the companies. All companies interviewed are large enough 

(consumption of more than 100’000 MWh per year) to choose their own electricity supplier. Most of 

them also participate in the electricity market, while only some rely exclusively on individual 

procurement contracts with local or national suppliers. Companies that participate in the market 

stated that hedging their electricity cost and supply with long-term contracts is crucial for their 

business continuity. This seems to be easier for larger companies with multiple sites since they can 

diversify more than smaller, single site companies. In addition, day-ahead and intra-day markets 

reflect the short-term value of flexibility. Generally, the industry representatives  have stated that 

the reliability of these price signals and market mechanisms is crucial for their planning. On the other 

hand, situations where electricity demand is not served in a structural way and markets break down, 

are very hard for them to assess and prepare for upfront since the usual signals and mechanisms will 

not work anymore. This statement refers to the situations “in between” a market not closing and a 

mandated rationing regime (see section 1.5), that can occur in a winter shortage scenario. 

A different approach for using energy flexibility in the industry, which is however not sufficient as a 

contribution to security of supply in winter, is the integration of industry loads into ancillary services. 

Some interviewed companies participate in tertiary balancing power and thus contribute to grid and 

system stability. However, grid operators have stated, that the potential for using industry demand in 

ancillary services is not very high. Once again, pricing and the value of flexibility seem to be critical 

aspects that make it harder to leverage additional potential.  
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There are also important considerations from the systemic perspective on flexibility. The difficulties 

in assessing the value of flexibility when the market breaks down originates partially from the design 

of the Swiss and European markets as Energy-only-markets. With the current market design, energy 

receives a price but the available capacity (either generation or load shedding) does not. This issue 

was recognized in almost all interviews, yet especially regulators were skeptical whether addressing 

it with capacity markets is a good idea. Some grid operators have publicly stated that they support 

the concept of a capacity market.[56 ]Other experts advocated a strategic reserve for extraordinary 

situations as it currently discussed in Swiss policy making. Some companies have emphasized the 

importance of a technology-neutral reserve on both sides of the market, even if the potential for 

industry participation is assumed to not be very large in the first place. If industry demand wanted to 

contribute to strategic reserves, it should be allowed to do so, according to these statements. It is 

about providing the right framework and incentives.  

Regarding market integration of flexibility, grid operators and regulators also addressed the situation 

in other countries. Italy for example has apparently had contractual industry load shedding in 

operation for some time. Industry consumers can negotiate contracts for emergency load shedding 

with the transmission grid operator. When a system inadequacy occurs, the transmission grid 

operator can apply load shedding for a fixed price of 3000 Euro/MWh. It is however limited to 

ancillary services, hence no longer timespans are considered.[59] This “market of last resort” 

contributes to system stability. Italy is a net-importer of electricity, therefore, the demand side has a 

larger role to play in grid and system stability than in Switzerland. Similarly, France has apparently 

implemented comparable load shedding mechanisms for industry consumers as a contingency 

against issues with nuclear power plants. These concepts do however not consider seasonal 

shortages. 

Overall, market integration and contractual security for industry load shedding or shifting is seen as 

an important topic. However, the maturity of market integration of industry loads is assessed as low 

by all interviewed stakeholders. Certain learnings can be drawn from other countries with higher 

maturity. However, most mechanisms to leverage industry flexibility in these countries are optimized 

to their circumstances. They depend on the energy mix, the demand structure, and the economic 

structure of these countries. They also focus on dealing with short term requirements such as peak 

load, not with structural production deficits over longer periods. 

3.3 Nexus-e 

I complement the induvial perspective from the interviews and the literature with scenario results 

from the system modelling platform Nexus-e.. In the following section, I first present the baseline 

scenario for the year 2030, which is used as a jumping-off point. Then, I developed deficit scenarios 
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by adjusting the NTCs to create deficit situations, meaning that not all inland electricity demand 

could be served   Finally, I look at specific trade-off scenarios in which the deficit can be addressed by 

either investing in gas power plants or shedding industry load (i.e. leveraging industry flexibility). 

3.3.1 Baseline scenario 
The baseline scenario represents a possible state of the Swiss energy system in the year 2030 based 

on many assumptions (see section 2.4). Most notably, the energy mix is fundamentally different in 

this scenario compared to the reference year 2020: PV generation increases from 2.65 TWh in 2020 

to 16.99 TWh in 2030, overcompensating the decline of nuclear power from 24.19 TWh to 12.23 

TWh. The total load increases from 59.69 TWh to 64.14 TWh and the yearly net exports grow from 

5.5 TWh to 9 TWh. Moreover, the annual average electricity price increases from 53.3 CHF/MWh to 

175.4 CHF/MWh. Looking at the monthly generation in the baseline scenario further indicates that 

the discrepancies between summer and winter seasons accentuate. Most notably, PV generation 

drops from 2.37 TWh in July to 0.35 TWh in December. The seasonal discrepancy is reduced by 

generation from pumped hydro that shifts to the winter months. Also biomass and wind contribute 

to generation in winter. However, the import deficit in winter still increases from 2020 to 2030. 

Another important development is that the seasonal electricity market price fluctuations intensify. In 

2020, the price peaks at 56.9 CHF/MWh in February and reaches its minimum at 51.1 CHF/MWh in 

June. In 2030, the prices fluctuates between 196.6 CHF/MWh in February and 152.4 CHF/MWh in 

May. The price surge and the changes in the energy mix are the results of endogenuous calculations 

of CentIv. One important exogenuous factor applied was the natural gas price which was assumed to 

increase from around 30 to 100 CHF/MWh from 2020 to 2030. 

 

Figure 15: Monthly electricity generation and consumption 2020, baseline scenario. 
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Figure 16: Monthly electricity generation and consumption 2030, baseline scenario. 

3.3.2 Deficit scenarios 
Based on the baseline scenario, I developed seven deficit scenarios by varying the NTCs from 30% to 

0% of the baseline NTC values, in steps of 5%. The aim is to create a deficit, meaning a situation in 

which part of the inland demand could not be served.  Such a deficit situation is a requirement for 

assessing the value of gas power plants and industry load shedding in the trade-off scenarios (see 

section 3.3.3).  

Overall, the deficit scenarios suggested a high resilience of the energy system in 2030. When 

reducing NTCs and thus options for electricity trading, the model reacts by shifting hydro power as 

much as possible to the winter months (given storage volume and hydro inflow) while maximizing 

storage buildup in summer. As also exports are limited, the most expensive form of electricity 

generation is getting curtailed in summer months during which inland generation is higher than 

inland demand. In this scenario nuclear power is the most expensive form of electricity generation. 

Only two scenarios (5% and 0% NTC remaining) caused a situation in which not all electricity demand 

could be served. In the NTC 0 scenario, the annual deficit amounts to 1.69 TWh, peaking in January 

with 0.35 TWh. In the NTC 5 scenario, the annual deficit amounts to 0.65 TWh, peaking also in 

January with 0.15 TWh. Figure 17 shows the deficit by the “Load shed” section of the bars. In this 

context, load shed means that there is residual demand that is not served after markets close. It does 

not represent actual reduced or shifted demand by companies or household as a contribution to the 

energy system (this is represented as “DSM” section of the bars).  
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Figure 17: Deficit scenario with 0% NTC.  

 

Figure 18: Deficit scenario with 5% NTC. 

3.3.3 Trade-off-scenarios 
Based on the deficit scenarios NTC 0 and NTC 5, which showed some level of demand not served, I 

developed 24 trade-off scenarios: For each of the two deficit scenarios, I developed five scenarios by 

varying the costs of load shedding from CHF 0,- to CHF 10’000,-/MWh in steps of CHF 2’500, and five 

scenarios by varying the potential of load shedding (percentage of total industry load that can be 

shed) from 0% to 25% in steps of 5%. Total industry load in all scenarios is 13.5 TWh. For the NTC 5 

case only, I developed four additional scenarios to assess more granular price differences from CHF 

500,- to CHF 2’500.-/MWh, in steps of CHF 500.-/MWh. 
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Table 19 shows an exemplary trade-off scenario for NTC 0. The cost of industry load shedding is CHF 

500.-/MWh and the load shedding potential is 25% of the total industry load. In this scenario, the 

model uses 1.039 TWh of industry load shedding in the year 2030. This would theoretically cover 

more than half of the 1.69 TWh deficit in NTC 0. In the NTC 5 case the industry load shedding would 

even cover 0.57 TWh of the 0.65 TWh deficit under optimal conditions. 

 

Figure 19: Comparison: deficit scenario NTC 0 (left) and trade-off scenario NTC 0, C500, P25 (right). 

Figure 20 shows the results for the NTC 0 and NTC 5 trade-off scenarios at five different levels of 

industry load shedding potential. The model uses more industry load shedding, the higher the 

potential gets. Also, the amount used under NTC 0 is higher than under NTC 5. Moreover, the share 

of used industry load shedding at NTC0 and NTC5 is almost constant when varying available load 

shedding potential. This indicates that some part of industry load (e.g. load profile, location of site) is 

more valuable to the system than others. 

Table 21 shows the results for the NTC 0 trade-off scenarios at five different cost levels for industry 

load shedding and for the NTC 5 scenarios at eight different cost levels. In the NTC 0 scenario (with a 

higher deficit than NTC 5), industry load shedding is leveraged at higher cost than at NTC 5. In the 

NTC 5 case, the contribution of industry load shedding starts at a cost level of 2’500 CHF/MWh and 

equals zero at higher cost levels. In the NTC 0 case, industry load shedding is already leveraged at 

10’000 CHF/MWh. This implies that industry flexibility could be leveraged more easily, the worse the 
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situation. Furthermore, load shedding seems to occur at prices which are higher than the market 

prices for electricity (in both NTC 0 and NTC 5 the prices are around CHF 500.-/MWh). This seems 

counter-intuitive since the cost for load shedding can be seen as opportunity cost of a company. 

From this perspective, one would assume that there is a strong correlation to electricity prices. 

Available 

industry load 

shedding 

potential [%] 

Available 

industry load 

shedding 

potential 

[TWh] 

NTC 5: Used 

industry load 

shedding trade-

off scenarios 

[TWh]] 

NTC 5: Share of 

industry load 

shedding 

potential used 

[%] 

NTC 0: Used 

industry load 

shedding trade-

off scenarios 

[TWh] 

NTC 0: Share of 

industry load 

shedding 

potential used 

[%] 

5% 0.675 0.14 20% 0.22 33% 

10% 1.35 0.27 20% 0.43 32% 

15% 2.025 0.29 14% 0.63 31% 

20% 2.7 0.46 17% 0.83 31% 

25% 3.375 0.57 17% 1.04 31% 

Figure 20: load shedding at cost of CHF 500.- / MWh for different flexibility potentials (maximum 25% of total industry load). 

Industry load 

shedding cost 

[CHF/MWh] 

Available 

industry load 

shedding 

potential [TWh] 

NTC 5: Used 

industry load 

shedding trade-off 

scenarios [TWh] 

NTC 5: Share of 

industry load 

shedding 

potential used 

[%] 

NTC 0: Used 

industry load 

shedding trade-

off scenarios 

[TWh] 

NTC 0: Share of 

industry load 

shedding 

potential used 

[%] 

500 3.38 0.57 17% 1.04 31% 

1000 3.38 0.28 8.3% - - 

1500 3.38 0.19 5.6% - - 

2000 3.38 0.11 3.2% - - 

2500 3.38 0.07 2.1% 0.39 12% 

5000 3.38 0 0% 0.23 7% 

7500 3.38 0 0% 0.15 4.4% 

10000 3.38 0 0% 0.06 1.8% 

Figure 21: Load shedding at 25% flexibility potential of total industry load  for different cost levels. 

The key observation is that the model does generally leverage quite a lot of industry load shedding 

under some assumptions. In both NTC 0 and NTC 5 scenarios, the maximum amount of load shedding 

covers a good portion of the demand not served in the two deficit scenarios.  

Therefore it is interesting that the model still focuses the bulk of investments on extra generation 

capacities. For example, the highest shares of industry load shedding are achieved in the trade-off-

scenarios with the highest flexibility potentials and the lowest load shedding cost. The overall 

maximum load shedding is reached at NTC 0, cost of CHF 500.- and a flexibility potential of 25%. In 
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this case, the model uses 1.039 TWh of industry load shedding. However, even then, the contribution 

to total generation remains marginal as the model also uses 8.1 TWh of generation from gas power 

plants to meet demand. If we look at the scenarios with cost of CHF 500.-/MWh more closely, we 

also see that the load shed grows in a linear fashion as the flexibility potential increases. Similarly, 

the share of power generation from gas plants decreases linearly, but slightly less steeply. This is 

illustrated in the following figures 22 and 23. Figures 24 and 25 illustrate the scenarios with fixed 

flexibility potential and variable cost. The curves behave similar to the figures 22 and 23, even though 

the decrease in load shedding used (figure 24) is not quite linear but a bit steeper in the beginning 

(meaning for low load shedding cost). 

 

Figure 22: Amount of industry load shedding at cost of CHF 500.-/MWh. 

 

Figure 23: generation from gas power plants at industry load shedding cost of CHF 500.-/MWh. 
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Figure 24: Industry load shedding at maximum flexibility potential (25% of industry demand) for different cost levels. 

 

Figure 25: Generation from gas power plants at maximum flexibility potential (25% of industry demand) for different cost 
levels. 
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4. Discussion 
When it comes to the question whether flexible industry loads can contribute to security of supply in 

winter, three aspects stand out consistently in the available literature, in the stakeholder interviews 

and in the system modelling results: 

1. The potential for load shedding or shifting over longer time periods in a winter scenario with 

electricity shortages appears to be very limited. This is especially consistent in the literature 

review results and the interviews. The best available estimates for Switzerland suggest a very low 

flexibility potential compared to total load, current industry load, expected winter deficits for 

Switzerland. Although the evidence is rather thin for Switzerland, this is consistent with research 

from other countries. The reservations expressed and limitations identified in almost all 

interviews fully support this rather pessimistic viewpoint. The analysis in Nexus-e suggests that 

there may be a larger contribution under optimistic assumptions (e.g. a flexibility potential of 

25% of total industry demand in the system modelling, which exceeds the more optimistic 

estimates from the literature). Still, it is plausible to conclude that flexible industry loads will not 

be able to fully substitute for additional generation capacities in a scenario of winter shortages in 

2030, as substantial investments in gas power plants can be observed in all scenarios. 

2. Trade-offs and opportunity cost for companies to leverage flexibility are significant influences. 

For individual companies, there is no universal pathway to leverage flexibility, but it’s always a 

very contextual decision depending on what their business model is and what their costumers’ 

needs are. Unfortunately, there is little to no data on these decision processes. The literature and 

the interviews however support this viewpoint. The Nexus-e analysis gives further indications in 

this direction, since industry load shedding is leveraged the most at the lowest flexibility cost (i.e. 

the lowest opportunity cost or the highest value of flexibility) and the highest flexibility potential. 

3. There are profound discrepancies between the systemic perspective and the individualistic 

perspective on industry flexibility. Particularly the Nexus-e analysis and in part also the literature 

review gave some indications on what kind of flexibility the future energy system requires. This 

systemic perspective seems to be very dominant in most research so far. In contrast, some 

studies and especially the interviews gave a very different picture of the kind of flexibility that 

the industry sector is willing and able to provide. To achieve more meaningful results in future 

research or also in policy making, the two perspectives need to be reconciled. 

No matter the potential and the cost of industry flexibility, market opportunities and incentives are 

always required to activate individual companies. It can be argued that, with the right market design, 

an optimum of industry flexibility could be achieved, if companies received strong and positive 

incentives to invest in flexibility. It is however difficult to find the right market design. From the 
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anecdotal evidence of the interviews, it became clear that it is challenging to match the company-

specific interest in secure and cheap supply match with the socio-economic interests and system 

stability. The best strategy is therefore to avoid winter shortages at all. While the market integration 

of Renewables and the necessary demand side changes make the considerations on industry 

flexibility worthwhile, it is less complex and uncertain to invest in sufficient electricity generation, 

storage and transmission capacities to avoid issues with security of supply in the first place. 

Blind spots of this thesis need to be addressed as well at this point. For a more in-depth literature 

review, there is not yet enough research on the given topic for Switzerland. A few more studies on 

the industry flexibility potential in Switzerland and on their role for longer shortages in winter 

scenarios would go a long way to put any further analysis on a more solid foundation. Research that 

focuses on a better understanding of the technical, socio-technical and economic flexibility potential 

and particularly on flexibility potential for longer durations would be very beneficial. Moreover, 

empiric research into the considerations and decision processes of individual companies could lead 

to a better understanding of their perspective on flexibility: The interviews could be improved with a 

more structured approach that covers more stakeholders and focuses on creating data points. This 

would be a great opportunity to get more systematic insights into the preferences and choices of 

individual companies when it comes to flexibility. The accuracy and the scope of the system 

modelling could also still be improved. This thesis only used two of the five modules of Nexus-e and 

only one of three loops. Especially an analysis using the Macro Economics Module would help to 

better model and understand the decision processes (for example by considering the elasticity of 

electricity demand of industry companies or by including more seasonal effects). Equally, more real-

life load profiles would further enrich the input data. The static nature of the modules used in this 

thesis imply that investment decisions are only taken at a certain point in time and not continually as 

with a dynamic model. Also, CentIv does not consider uncertainties, meaning that investment 

decisions are made with “perfect knowledge of future demand, inflows, weather conditions, etc.”14 

These factors limit the practical relevance of the model to a certain extent. Under real conditions, the 

trade-off between investments in industry demand flexibility and additional gas power plants is 

taken continually and with considerable uncertainty. Overall, the mixed method approach yielded 

some interesting results used could still be refined. Last but not least, practical research on how to 

increase flexibility by improving certain production processes could be a fruitful collaboration effort 

between the industry sector and academic research. In Germany, such an approach has produced 

very promising results. 15 It has also helped to align business interests with systemic interests and 

 
14 [37] S. 9 
15 A prime example is the “Kopernikus-Projekt SynErgie”, a collaborative work between the German 

government, Science and industry. It defines and assesses flexibility potential and also fosters technology pilots 
to leverage flexibility.[58] 
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direct policy making towards effectively improving regulatory conditions for flexible industry loads. In 

Switzerland, the market design is being reshaped right now, which would be an ideal opportunity to 

have a more prominent discussion about the role of demand side integration and industry flexibility 

for mitigating the Swiss electricity deficit in winter. The draft for the new Swiss electricity supply act 

would enable industry loads to participate in a strategic energy reserve. This is a step in the right 

direction. Further steps, such as a full market liberalization are unfortunately not likely to be adopted 

any time soon. The contributions of such reforms to demand side integration, industry flexibility and 

ultimately system resilience is still overlooked. 

  



40 
 

5. Conclusion 
This thesis investigates how and to what extent the flexibility of the Swiss industry can contribute to 

security of electricity supply in a winter shortage scenario in 2030. First, two distinct perspectives on 

industry flexibility are identified: a systemic perspective and a individualistic perspective. The topic is 

then introduced to create an understanding of the demand structure in the Swiss industry sector and 

the significance of flexibility for the electricity system and individual companies. A mixed methods 

approach is used afterwards to bring these viewpoints together and to give a broad overview of the 

topic. Evidence from a literature review gives an indication of flexibility definitions and flexibility 

potential assessments. Anecdotal evidence from semi-structured interviews illustrates how flexibility 

options are assessed under real conditions. Also, the Nexus-e platform is used to gain quantitative 

evidence from a system modelling analysis. This produces a wide spectrum of insights: Defining 

industry flexibility is complex and the realizable potential may be small. Industry companies and 

other stakeholders name many limitations to leveraging more flexibility potential, either technical or 

socio-economic. Lastly, the Nexus-e analysis indicates that industry flexibility may contribute to 

security of supply winter shortage situations via load shedding, but never to the extent that 

additional generation capacities (gas power plants) can be fully replaced. According to these findings, 

this thesis concludes that electricity flexibility from industry consumers is unfortunately no panacea 

for a winter scenario with a structural electricity deficit over longer periods of time. Flexibility can 

only be part of a mix of measures that increases seasonal resilience of the Swiss electricity system. To 

foster industry flexibility measures and to find its optimal role in the electricity system of the future, 

further research and policy action is advisable. From a scientific perspective it is also necessary to 

better understand the individualistic viewpoint on flexibility and bring it together with the more 

established systemic viewpoint. For example, a company’s decision processes for investing in 

flexibility are still poorly understood and do not tie into system-driven research. Without a holistic 

view and a strong baseline of scientific evidence, this discussion will prove difficult. Therefore, this 

thesis hopes to motivate further research, e.g. with more structured interviews or a more refined 

system modelling analysis. 
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Appendix 

1) List of interview topics 

▪ General viewpoints on the topic of energy flexibility 

▪ For industry associations: 

o Position on the general development of the energy system 

o Position on demand side integration and incentives for industry flexibility 

▪ For companies:  

o Description of the general production set up 

o Sequence of the production process 

o Electricity use during production and overall energy management 

o Assessment of flexibility potential in their given context 

o Provision of an electricity load profile as input data for the quantitative analysis 

conducted for this thesis. 

▪ For grid operators: 

o Functionality and current state of ancillary services 

o Possible benefits of industry flexibility for grid stability 

o Limitations and challenges due to the complexity of the Swiss and the European 

power grid. 

▪ For regulators: 

o Regulation or market design which prohibits more energy flexibility in the industry 

sector, examples of successful market integration 

o Systemic benefits and limitations of industry flexibility 

o Blind spots from a conceptual or empiric point of view 

2) Definition of the twelve subsectors analyzed (based on NOGA 2008) 

 

Subsector NOGA Codes included 

Food products  10, 11, 12 

Textiles 13, 14, 15 

Paper products 17, 18 

Chemicals / pharmaceuticals 20, 21 

Cement 23.32, 23.51, 23.52 

Other non-ferric minerals 23.11-14, 23.19, 23.20, 23.31, 23.41-44, 23.49, 
23.61-65, 23.69, 23.70, 23.91, 23.99 

Basic metals 24.10, 24.20, 24.31-34, 24.51, 24.52 

Non-ferric metals 24.41-46, 24.53, 24.54 

Fabricated metal products 25.11, 25.12, 25.21, 25.29, 25.30, 25.50, 25.61, 
25.62, 25.71-73, 25.91-94, 25.99, 26, 27.11, 27.12, 
27.20, 27.31, 27.32, 27.33, 27.40, 27.90, 28.23, 29.31 

Machines & equipment 25.40, 27.51, 27.52, 28.11-15, 28.22, 28.24, 28.25, 
28.29, 28.30, 28.41, 28.49, 28.91-96, 28.99, 30.40 
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Other industries 07, 08, 09, 16, 22, 29.10, 29.20, 29.32, 30.11, 30.12, 
30.20, 30.30, 30.91, 30.92, 30.99, 31, 32 

Construction 41, 42, 43 

 

3) Eight critical factors that account for differences in potential assessments 

Issue Critical questions 

Concept of flexibility potential ▪ Are there differences in semantics for descriptions of the same 

thing? 

▪ Is the granularity of analysis similar (same amount of flexibility 

categories)? 

▪ Are identical categories calculated with different data? 

▪ Is the concept used comprehensive or does it have gaps? 

▪ How are the interdependencies of categories assessed? 

Parameters for data used in 

assessment 

▪ Which parameters are used to identify the potentials (e.g. company 

load profiles, energy cost or technical key figures)? 

Direction and timeframe of 

flexibility 

▪ Is there a differentiation between positive and negative flexibility? 

▪ Are both positive and negative flexibility included? 

▪ Are load shifts and sheds equally considered? 

▪ For how long is flexibility used? 

Static and dynamic effects ▪ Is the potential constant or does it change over time (e.g. with 

technological progress)? 

Boundaries for data collection  ▪ Are the potentials assessed for single processes, companies or 

entire industries? 
Boundaries for description of 

potentials 

Methodology for assessment of 

potential 

▪ Is data projected or extrapolated and if yes, how? 

Differentiation ▪ Are economic, temporal and local differences considered in the 

analysis? 
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