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Chapter 1

Model description

The Swiss Energyscope - ETH (SES-ETH) model was developed at ETH Zurich based on the original
model by Stefano Moret from EPFL (Moret, 2017). SES is a linear optimization model of the energy
system. It determines the investment and operation strategies that minimize the total annual cost,
given the end-use energy demand; the efficiency and costs of the conversion technologies; and the
availability and costs of the energy resources.

SES represents the main energy demands: electricity, heating and mobility. SES is a snapshot model,
that is, it models the energy system in a target year and it does not make any statements on the tra-
jectory to reach this future state. To model this target year, the original SES (Moret, 2017) included
multiple periods that could capture seasonality and energy storage options. We have further devel-
oped the model to include an hourly resolution that allows us to represent the intra-day variations of
the energy demand and resource availability.

SES is a simple representation of the energy system, it largely neglects all aspects of spatial resolu-
tion, and it reduces the temporal resolution by choosing typical days and clustering hours within a
day. These simplifications do not hinder the ability of the SES-ETH model to make inferences; on the
contrary, by reducing the dimensionality, we are able to analyze large sets of scenarios considering
uncertainty of modelling inputs. What we lose in granularity we gain in model tractability and the
ability to identify technologies that are very likely part of the future mix and to derive policy recom-
mendations for today.

Figure 1.1 illustrates the SES-ETH structure. Imported and domestic resources (Chapter 2) can be
converted with energy conversion technologies (Chapter 4) to satisfy end-use demand in energy ser-
vices: electricity, low and high temperature heat (LTH and HTH), and mobility (passenger and freight)
(Chapter 3). The model represents the energy conversion processes and determines the optimal tech-
nology mix for a certain emissions target by minimizing the total system costs. In the following sec-
tions we describe the different components of SES-ETH: First, the objective function; second, we de-
scribe how we model the conversion processes through balancing inputs and outputs in every layer
(Section 1.2; third, we describe the representation of CO» streams; fourth, we present the modelling of
seasonal and intra-day variations through typical days and intra-day clusters (Section 1.4); and finally
we show some additional constraints that we use in the model.
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SES-ETH
End-use
| (Ié(;:ls;)u;crezs) ‘ Domestic Electric.ity Electricity Electricity Efficiency demands |
: p : Resources production || ———>e storage o m(f}asugesl . (Chapter 3) :
' Hydropower ! Hydropower Hydropower Dams ections 3.1.5, ‘ —
| Sol : > Solar Solar PV | Batteries 3.3.1and 3.4.1) | Electricity !
\ olar ! . | |
| ! Wind Wind Natural gas Electricity: ! !
| Wind | Biomass Geothermal ° i dustriaﬁ ! Space heat |
momass | [Cecar ot
| — e < - Hot water |
! Imports | Imports " Biomass Liquids Hydrogen Space heat: ! !
I of gas, oil, ! o . ° storage residen- 'p heat !
' biofuels and’ Electricity |» | |lconversion -~ > tial and \ Process heat,
! Natural gas > ; I I
i hydrogen | > & S commercial | —
e banh g, - 0il > Hydr.ogcn Natural gas | Mobility: !
| Passenger !
Hydrogen > storage Process heat ! and Freight |
R > >  and Freight |
Hydrogen S “Demands
> Electrolysis 7Passenger | Electricity
*M HTH Gasoli Space heat
asoline
Low Temp. Heat i Diesel Hot water
> Natural Gas | Process heat
Boiler > Hvbrid ———> Passenger
> Solar > oIl Freight
> Electric —_—
> thermal
Hydrogen
> Heat pump
Trolley
Elec. heater Train
Geothermal
Freight
High Temp. Heat . Diesel
> Ind. Boiler /| Electric
 Elec. heater > Hydrogen
Geothermal Train

Figure 1.1: SES-ETH structure. LTH: Low temperature heat, HTH: High temperature heat.

1.1 Objective function

The objective function of the SES-ETH model is the miminization of the discounted total system
costs. These costs include investment and operating costs for technologies, Cr, and extraction (or
import) costs for resources, Cr, thus,

1
min—n(CT+CR), (1.1)

(1+p)

where p is the discount rate and 7 is the number of years between today and the target year.

The first term in Equation 1.1 corresponds to the costs of investing in and using certain technologies
for both energy production and storage, thus,

Cr= Y (invi+om))F;  +)_ (invi+omy))_Si; +multfac-)_ (inv; +om;))_S;,
ieTechnologies ieHourly leLayers ieSeasonal leLayers
storage tech. storage tech.

where inv; and om; are the specific investment and operating cost (in CHF/MW) of the ith-technology,
respectively; F; is the installed capacity of the ith-technology; S; ; is the installed storage capacity of
layer [ using the ith-technology. In SES-ETH, we assume that the year consists only of 74;cq typi-

cal days. Hence, we need to upscale the level of installed capacity of seasonal storage by multfac =

360/ nypicar (Section 1.4.2).
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The second term in Equation 1.1 represents the costs of using certain resources, thus,

Cr = multfac-)_rsc; Y _Fi,,

i€Resources reperiods

where rsc; is the import or extraction cost of the ith-resource (in CHEF/kWh); F; ; is the use of the i-th
resource in period t; and multfacis the correction factor for the use of typical days (Section 1.4.2).

1.2 Layers

Layers are resources and end-use demands. Inputs and outputs from and to technologies (conversion
and resource extraction technologies) need to be balanced in each period. Resource technologies are
extraction of domestic resources or imports; while conversion technologies represent processes that
transform energy carriers into other energy carriers or end-use demands.

Table 1.1: Example of matrix f that relates technologies to

layers
Layers
Gas Wood Electricity HTH LTH
Resource technologies
Gas import 1 0 0 0 0
Wood harvest 0 1 0 0 0

Conversion technologies

Gas turbine -1.59 0 1 0 0
Wood power plant 0 -4.17 1 0 0
Wood Gasification 1 -1.74 0 0 0
Gas industrial burner -1.08 0 0 1 0
Wood industrial burner 0 -1.33 0 1 0
Gas boiler -1.11 0 0 0 1
Wood boiler 0 -1.43 0 0 1

We balance the layers using the matrix f that relates technologies to layers. Every row in f represents
atechnology that produces and uses different elements in the layers. For example, imagine the simple
energy system with the matrix f in Table 1.1. This system has five layers: two resources (gas and wood)
and three end-use demands (electricity and high and low temperature heat). The rows correspond to
the following technologies:

» Resource technologies: One unit of imported gas produces one unit of gas in the system. In the
same way, one unit of harvested wood corresponds to one unit of wood in the system. There
are no efficiency losses.

+ Conversion technologies:
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1. A gas turbine, for instance, requires 1.59 units of gas to produce 1 unit of electricity, which
means an efficiency of 63%.

2. A wood power plant, requires 4.17 units of wood to produce 1 unit of electricity, which
means an efficiency of 24%.

3. At the same time, wood can be used by a gasifier to produce gas with an efficiency of
1/1.74 = 57%.

4. Gas and wood industrial burners produce high temperature heat (HTH) with efficiencies:
1/1.08 =92.5% and 1/1.23 = 81%, respectively.

5. Finally, wood and gas boilers produce low temperature heat (LTH) with efficiencies: 1/1.11 =
90% and 1/1.43 = 70%, respectively.

Besides resources and conversion technologies, we include seasonal and hourly storage technologies,
like hot water storage in a house. Storage technologies allow storage across seasons or days. The
storage is modeled as a “tank” whose level (S;) in period ¢ is equal to the level at the end of the previous
period plus the input to the storage (Sin) minus the output (Sout) in ¢, thus,

Sout; ;¢

out
i,

Sii1t=Si1-1+h né’}Sini,l,t - Vi e Storage technologies, ! € Layers, (1.2)

out
il
hours in period ¢ (Section 1.4.1). Sout is the amount of energy the system receives, hence, the amount

where ni’; and n?%Y* are the efficiencies for input and output, respectively; and & is the number of

of energy withdrawn from the reservoir is larger and corresponds to Sout divided by the efficiency
out

Mg
The model determines the energy production, F; ;, of the i-th technology in every period ¢ by balanc-
ing resource and conversion technologies, demand and storage of every layer, hence,

demand
Zﬂ,lpi,t + Z(SOUti,l,t_Sini,l,z) = —l’[

ieResources ieStorage tech.
+Technologies

VieLl , 1.3
multfac & Layers (1.3)

where f;; is the element in the matrix f that relates the i-th technology to the [-th layer; F; ; is the
production in period ¢ of the i-th technology; Sin; ; ; and Sout; ; ; are the input from and output to
the i-th reservoir; demand, ; is the system demand of the [/-th layer in period ¢ (zero in the case of
resources); and multfac is the correction factor for the use of typical days (Section 1.4.2).

The total production in each period ¢ of the i-th technology (F; ;) is limited by the maximum produc-
tion of the technology, i.e. the installed capacity, multiplied by the time dependent capacity factor
(cf), thus,

Fit<Fi-cf;, Vi € Technologies.

The capacity factor allows us to control the output of technologies such as photovoltaics or wind. It
is one for those technologies that can be dispatched freely. In the same way, the storage level in each
period ¢ of the i-th storage technology is limited by the maximum storage level of the technology, i.e.
the installed storage capacity, thus,

Si1r<Si Vi € Technologies, [ € Layers.
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1.3 CO, streams

Table 1.2: Example of matrix f for CO; layers

Layers

Latent Flue gas Pure To atmosphere
Resource technologies
Gas import 0.2 0 0 0
Wood harvest 0.36 0 0 0
Technologies
Gas turbine -1.59x0.2 1.59 x 0.2 0 0
Wood power plant —4.17 % 0.36 4.17 x 0.36 0 0
Wood Gasification —1.74x0.36 +0.2 0 1.74 x0.36 — 0.2 0
Gas industrial burner —1.08 x0.2 0 0 1.08 x 0.2
Wood industrial burner -1.33x0.36 0 0 1.33 x 0.36
Gas boiler -1.11x0.2 0 0 1.11x0.2
Wood boiler —1.43x0.36 0 0 1.43 x 0.36
CO2 separation 0 -1.11 1 0.11

Any physical energy stream such as gas or wood carries a corresponding CO, stream that is released
when the energy stream undergoes a chemical transformation such as combustion or gasification.
We consider four types of CO, streams:

o Latent COy, i.e. the CO» that is inherent to a physical energy carrier;

e COg in a flue gas, i.e. a mixture of air (mostly nitrogen) and CO; that results normally from
combustion. In the flue gas, CO, can, in principle, be captured by separation;

e COg that is directly released to the atmosphere and cannot be captured, for instance from a
vehicle or a domestic boiler;

e Pure CO; that either results directly from a process such as autothermal gasification or from the
separation from a flue gas.

We represent these four types of CO, streams as layers that are balanced with the layers balancing
equation (Equation 1.3). Table 1.2 presents the matrix f for the CO; layers in the simple energy system
described in Section 1.2:

1. One unit of gas contains 0.2 kg, /kWh, which goes to the latent CO; layer, i.e. it is inherent to
the resource. One unit of wood, contains 0.36 kg, /kWh.

2. A gas turbine extracts 1.59 x 0.2 kg-,/kWh to produce one unit of electricity, given the effi-
ciency of 1/1.59 represented by the f matrix in Table 1.1.
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3. A special case is wood gasification to gas. This technology removes CO; from the latent stream
by consuming wood (with an efficiency of 1/1.74) but it also adds to the latent stream in the
form of gas (+0.2 kgyg,/kWh). The resulting balance ends up in the pure stream (assuming a
hypothetical autothermal reforming process).

4. Gas and wood boiler burners and boilers move CO; from the latent stream directly to the atmo-
sphere, here no CO; capture is foreseen.

5. Finally, all CO; in the flue gas stream can be captured by a CO, separation technology (last row
in Table 1.2). We assume a capture rate of 90% for this technology. Hence, it takes 1.11 units of
CO; from the flue gas and supplies 1 unit of CO, to the pure stream and 0.11 units to the the
atmosphere stream.

1.4 Periods: seasonal and intra-day variation

The original version of Swiss Energyscope (Moret, 2017) had a monthly time resolution. This allowed
us to model seasonal variations but neglected the intra-day variation. The alternative to go for a full
resolution of 8760 hours per year is not possible, especially since we use SES-ETH mainly for Monte
Carlo analyses that require thousands of evaluations. Therefore, to represent seasonal and intra-day
variation while limiting computation time we used two approaches: (i) an intra-day clustering, and
(ii) modelling of typical days.

1.4.1 Intra-day clustering

We use intra-day clustering to reduce the complexity of the model while capturing intra-day varia-
tions. We cluster together a number / of hours of the day and treat them as a single time step. We
assume that the largest size of the clusters is £=8 hours, which allow us to represent the fact that
photovoltaic generation is available in the middle of the day and not during the early morning, the
evening and the night. Other clustering schemes are 8 clusters of #=3 hours and 24 clusters of h=1
hour, i.e. no clustering.

With the inta-day clustering the periods in SES-ETH correspond to blocks of # hours in the typical
days. Therefore, we need to apply a correction factor to all variables that are defined at the hour scale,
i.e. we multiply by h.

1.4.2 Typical days

We use typical days to represent the seasonal variation in the energy system. Our procedure consists
in: (1) defining a number of typical days (Neypical); (2) dividing the year into Rtypical clusters of days;
and (3) determining the day that better represents all days inside the cluster. In contrast to other
typical day approaches, we assume that the year consists of the number of typical days (7picq:) only,
e.g. 12, 24 or 36 days. Therefore, the periods in SES-ETH correspond to blocks of hours in typical days.
For example, blocks of 8 hours (k) in 12 typical days (nspica)) imply Rperiods = Peypical 274 =36.
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Procedure to find the typical days

Full 8760 hour time series are available for the different demands and renewable potentials, e.g. space
heating and photovoltaics. We simplify the split into typical days by reducing the year to 8640 hours

or 360 days. We define first the number of typical days, npicq. We split the 360 days into ngpica

8640
slices with dgjice = ———— days. For instance, if we have ;¢ = 24, each contains dg;c, =15 days.

24 - Ny
typical
Within each one of the slices, one of the dg;.. days is selected as the typical day according to two

criteria: (i) minimum distance to the average of the slice, and (ii) minimum error in the total duration
curve. The duration curve plots the variable (demand or resource availability) versus the hours of the
year, arranging the hours in descending order, so that the peak value of the year appears in the left of
the plot. These two criteria allow us to choose the day that better represents the variation during the
day, the seasons and the peak values.

We solve the problem is two steps. First, for each slide s, we find the set of “best days” among the d;c,
days of the slice, BD; = {d;,1,ds2,...ds n,,,}. These days are those with the minimum distance to the
hourly average of the slice, given by,

xa,, — Xl Vsell... nypicalt,

where x4 ; is demand of the d; ;-th day and X; is the average hourly demand of the slice s.

Once we have the set of “best days”, we find the combination of days that minimizes the error in the
total duration curve.

rréin ldca,, —dclVs e {l... nypicatt,
where dcy , is the duration curve replacing all days in slice s with d; ; and dc is the original duration
curve of the data.

Corrections due to the use of typical days

In our approach we assume that the year consists of the number of typical days only. This simplifi-
cation requires some corrections in the model. Any resource that is supplied to the model, e.g. the
total amount of available wood is scaled down by a factor multfac = 360/ npicq. All the results that
are calculated over a year, such as the yearly electricity production, are scaled up by the same factor.
Seasonal storage of a given volume needs to be scaled down. As an example, the Swiss storage vol-
ume of the hydro reservoirs is 8.8 TWh. In a 24 typical days setting, this is scaled down by a factor of
360/24. Finally, to avoid energy transfers between typical days (leak from one typical day to another),
we force the level of the hourly storage in the last hour of each typical day to be the same level as in
the first hour of the day.

Validation of typical days

Using this approach we can split the year into any number of typical days. As an example, we calculate
24 typical days for space heating demand (single family houses, old, the original time series in shown
in Figure 1.2a). To validate the choice of the typical days, we first compare the typical days to the
average profile of the corresponding days in Figure 1.2b and we see that the chosen typical days are
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close to the average. Third, we compare the duration curve of the original data and the typical days in
Figure 1.2c. Finally, we calculate a seasonal curve that corresponds to the average over the 24 hours

and 15 days (see 1.2d). Overall, the main features of the intra-day and seasonal variation are preserved
when using the 24-typical days.
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Figure 1.2: Validation plots of typical days for space heating in old single family houses

Appendix A.1 discusses the effect of the choice of the number of typical days and intra-day cluster on
the results.

1.5 Yearly Constraints

1.5.1 Resource availability
The yearly use of the i-th resource is limited by its yearly availability (avail;), thus,

avail;

Fit-h=
; bt multfac

Vi € Resources,
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where F; ; is the use of the i-th resource in period ¢; h is the number of hours in period ¢ (Sec-
tion 1.4.1); and multfac is the correction factor for the use of typical days (Section 1.4.2). Since avail;
is the yearly availability, we use both h and multfac to correct for both the intra-day clustering and
the typical days.

1.5.2 Minimum and maximum capacities

Upper and lower limits to the total installed capacity of each technology are set by fmax and fimin,
respectively, thus,

fmin; < F; < fmax; Vi € Technologies
fmin; < multfac-S; ;| < fmax; Vi € Seasonal Storage Technologies
fmin; < S;; < fmax; Vi € Hourly Storage Technologies,

where F; is the installed capacity of the i-th technology; S; ; is the installed storage capacity of layer
I using the ith-technology; and mult f ac is the correction factor due to the use of typical days (Sec-
tion 1.4.2).
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Resources

This chapter describes the exogenous assumptions on resources in the SES-ETH. Zooming-in Figure

1.1, we refer to the left part of the structure of the model (Figure 2.1).
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Figure 2.1: SES-ETH structure: Resources

2.1 Biomass and waste potentials

Biomass and waste are important resources to the future Swiss Energy System. ETH and Biosweet

estimated the potentials of the different biomass resources and waste for the use in the energy system
(Guidati et al., 2020) (see Table 2.1).

Table 2.1: Energy potential of biomass and waste categories in the reference variant in PJ

Energy Potential (PJ)
Category Feedstock 2015 2020 2025 2030 2035 2040 2045 2050 2055 2060
(A) Wood Forest wood
Scenario (1) 17.1 20.1 23.0 26.0 26.0 26.0 26.0 26.0 26.0 26.0
Scenario (2) 17.1 222 272 323 323 323 323 323 323 323
Scenario (3) 17.1 245 319 394 394 394 394 394 394 394

10
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Table 2.1: Energy potential of biomass and waste categories in the reference variant in PJ (continued)

Energy Potential (PJ)
Category Feedstock 2015 2020 2025 2030 2035 2040 2045 2050 2055 2060
Wood from landscape 23 32 40 48 48 48 48 48 48 438
Wood residues 74 75 76 77 77 77 17 17 17017
Waste wood 9.1 11.1 13.2 153 159 163 16.6 17.0 173 17.6
(B) Manure Animal manure (dry) 25 105 184 263 263 263 263 263 263 263
(C) Greenwaste  Collected organicwaste 3.3 39 46 54 62 71 81 91 101 11.2
Agricultural byproducts 0.1 09 18 26 26 26 26 26 26 26
(D) Sewage sludge Fresh sewage sludge (dry) 49 51 53 55 57 58 60 6.1 62 6.3
(E) Mixed fossil/  Imports 42 28 14 00 00 00 00 00 00 0.0
organic waste Export 59 33 17 00 00 00 00 00 00 0.0
Other waste fraction 228 247 273 298 316 33.1 345 359 37.1 385
Municipal waste 314 309 314 319 321 321 319 31.7 313 309
including green waste 28 25 24 22 2 1.7 1.5 1.2 09 06

I Data available at https://data.sccer-jasm.ch/biomass- potentials/

The potentials estimated in Guidati et al. (2020) include three different wood potential scenarios de-

pending on economic restrictions and the management policy. Figure 2.2 depicts the potentials in

the reference variant for the three wood scenarios. Total potentials of biomass excluding mixed waste

are in the range of 98.3-120.2 PJ in 2060. Waste potentials are projected to be 70 PJ by 2060.
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Figure 2.2: Biomass and waste potentials for the reference variant

2.2 Hydropower

Hydropower is the backbone of the Swiss electricity system, supplying around 60% of today’s elec-

tricity. Roughly half of it is produced with run-of-river power stations and the other half with storage

lakes. While run-of-river (RoR) power plants are not dispatchable, storage plants are highly flexible at

time scales ranging from hours to days and even months.
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2.2.1 Expected annual production

SCCER-SoE (2020) estimates a long term hydropower production in 2050 of 36 TWh/a. This amount
considers already that the production during the last years was higher due to an absolute reduction
of glacier volume. The analysis by SCCER-SoE (2020) also studied the effect of different factors on
the hydropower potential, including increased residual flows, protection to fish migration, refurbish-
ment of existing plants, and construction of new plants. Table 2.2 shows that these factors lead to
a large uncertainty of roughly +/- 10%. As shown in the next section, climate change does impact
the monthly distribution of inflows to RoR plants and storage lakes. The analysis shows also that the
absolute numbers are not significantly impacted at least during the first middle of the century. Only
towards the end of the 21st century there will likely be a reduction in available hydropower, especially
for the most impacting RCP 8.5 climate scenario.

Table 2.2: Impact of various factors on annual hydropower production
in 2050 (SCCER-S0E, 2020)

Change in TWh/a
Impact category Pessimistic Medium Optimistic
Increased residual flows -3.6 -2.3 -1.9
Measures to protect fish migration -1.0 -0.4 -0.2
Refurbishment of existing plants +0.4 +0.8 +2.0
New plants +1.1 +2.3 +3.1
Total -3.1 +0.4 +3.0

2.2.2 Monthly distribution and impacts of climate change

Monthly statistics for hydropower production can be found at SFOE (BFE, 2017a, 2019a). The avail-
able data includes the production of storage and RoR plants, the consumption of pump storage
plants, and the level of storage lakes, all expressed in energy units (TWh). The inflow data is ex-
ogenous in the sense that it cannot be influenced by the operator (similar to the solar irradiation for
photovoltaics).

We model RoR plants and storage lakes. In the case of RoR plants, the production is proportional to
the inflow coming from the rivers and the operator has little control. Therefore, we can use directly
the time series of the historical production. In the case of storage plants, the operator has greater in-
fluence in production choices. Thus, the production time series is a result of the inflow to the storage
lakes and the operation concept of the operator (that is limited by the volume of the storage lakes).
Since we want to analyze possible future changes to the operation of the power plants, we need the
inflow to the storage lakes as input to the model. This quantity cannot be found usually in the SFOE
statistics. We can, however, reconstruct the inflow to the storage lakes Pk i, by making an energy
balance for the storage lakes:

AElake
AT

= Plake, in— Plake + Ppump N pump, 2.1)

where Ailf’” is the change in the level of the storage lakes in one period, P, is the production of
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the storage lakes; and Py, and 1) pymp are the production and efficiency of the pumped hydropower
plants.

The total inflow P;,, is the sum of the inflow to RoR power plants Ppyp ;, and the inflow to the storage
lakes Pjge,in, thus,
Piy = PRoR,in +Plake,in (2.2)

We need to add an important caveat to this analysis. The water that is available to the RoR plants
is partly coming from the storage lakes, i.e. in reality the two technologies and the respective pro-
duction time series are not independent of each other. Whenever a storage power plant produces
electricity, the water is discharged downstream and will eventually also pass through a run-of-river
plant. However, power generation per cubic meter is much higher for a storage plant due to higher
head. Therefore, we model RoR and storage power plants as two separated entities. RoR plants trans-
form the water flow into electricity at the moment the water inflow arrives (or curtailed like PV and
wind). Storage plants, on the other hand, accumulate water in the storage lakes. This water can be
turned into electricity at any time, considering of course the limitations of the storage lake itself.
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Figure 2.3: Monthly generation in Swiss hydropower system 2000-2018 (TWh) (BFE, 2019b)

Typical generation patterns of today are shown in Figure 2.3 (showing the median and 25/75 per-
centiles for the years 2000 to 2018). Run-of-river power stations have a production peak in summer.
Storage power stations accumulate water during spring and early summer and produce throughout
the year by properly managing the level of the storage lake.
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Savelsberg et al. (2018) modelled the impact of climate change on the Swiss hydropower generation
using the Swissmod model, which features a very detailed representation of 96% of the hydropower
stations. More recently, the University of Basel calculated the changes in hydro inflows for the three
RCP scenarios in CH2018 (2018) (see Marcucci et al. (2020) for a description of their calculation and
results). They calculate the changes in the inflow for RoR, dams and pumped hydropower plants
for the periods 2010-2039, 2040-2069 and 2070-2099. With these data we estimate the changes in
the inflow from the average of the historical monthly generation pattern shown in Figure 2.3. Figure
2.4 presents the inflow for RoR and dams. The results show an important decrease in the inflow in
the summer months (July, August and September) and an increase in winter (January, February and
March) relative to the historical values.
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Figure 2.4: Hydropower monthly profile for the three RCP scenarios

I Data available at https://data.sccer-jasm.ch/climate_hydro_inflows/

2.3 Photovoltaics

Photovoltaic (PV) electricity generation is expected to have the largest share of new renewables in the
future Swiss electricity system. It has the obvious advantage of being less visually intrusive than wind
generation. In order to properly understand the role that PV can play we need reasonable answers on
the following three questions: (1) what is a realistic load factor for PV in Switzerland, i.e. what yearly
output can be expected from a certain installed capacity? (Section 2.3.1), (2) How much PV capacity
can be installed? (Section 2.3.2) (3) what is the yearly distribution of the solar irradiation? (Section
2.3.3)


https://data.sccer-jasm.ch/climate_hydro_inflows/
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2.3.1 Fullload hours for solar photovoltaics in Switzerland

A PV installation consists of at least 2 parts: a module that delivers direct current (DC) power and an
inverter that converts DC power into alternating current (AC) power that can be used directly or fed
into the electricity grid.

When purchasing a PV installation, the first quantity of interest is the nameplate installed capacity,
measured in kW, pc. This is the DC power that the module produces under Standard Test Condi-
tions (STC), i.e. an irradiation of 1000 Wm ™2, a module temperature of 25 °C, and an air mass of 1.5,
conditions that are unlikely to be encountered in real operation. The ratio of DC power under STC
conditions and the total irradiation onto the module (1000 Wm ™2 times the module surface) is the
module efficiency at STC conditions. Today, a typical value for standard crystalline silicon modules is
15%. The specific investment costs are the ratio of investment costs and DC power, today in the range
0f 1000-2000 CHF/kWy,,. In order to estimate the useful output, i.e. the AC power, a number of further
effects have to be considered.

First of all, the DC power depends strongly on the module temperature (and to a lesser degree on the
irradiation level). A module temperature of 25 °C is unlikely to be reached except in cold winter days.
Every PV module comes with a Nominal Operating Cell Temperature (NOCT). The module reaches
the NOCT under the following conditions: 800 Wm ™2, 20 °C ambient temperature (Tympiens, 1 ms™"
wind speed and a mounting with an open back side. A typical value for NOCT is 48-50 °C. The real
module temperature (T,0447.) Under other conditions can be estimated with this simple formula:

NOCT- 20[

T =T : +—1, 2.3
module ambient 800 ( )

where I is the insolation level in mWcm 2.

As a rule of thumb the loss in DC power is 0.4-0.5% for each degree that the module temperature is
higher than the 25°C STC conditions. For a typical summer day at noon the ambient temperature
may be 30°C, the module temperature can reach 58°C which results in a DC power loss of 13-16%.

Second, a number of losses occur before the DC power even reaches the inverter, e.g. soiling, shad-
ing, wiring, etc. The PVWatts(R) calculator uses a typical value of 14% (National Renewable Energy
Laboratory).

The last element in the chain is the inverter itself. Two effects need to be considered: (1) the inverter
may actually be undersized in capacity compared to the PV module itself. The reason is simply that
the peak power production of the module is unlikely to occur often during the year, the inverter would
therefore not be used efficiently. During maximum production, the PV module is therefore derated
to not exceed the inverter power. This results in so-called clipping losses. The PV-to-inverter sizing
ratio is typically 1.2-1.5. (2) The inverter itself has typical losses of 2—4%.

The cumulative AC output over the year (in kWhuc) depends on the orientation of the PV installa-
tion and all loss mechanisms described above. The ratio of cumulative AC output to the installed
nameplate DC capacity is measured in kWhac/kWp pc. The dimension of this ratio is hours and it
represents the number of full load hours (FLH), i.e. the number of hours that the PV installation de-
livers the installed DC capacity. Using the PVWatts® calculator for the location of Geneva (National
Renewable Energy Laboratory), we evaluated the FLH for six variants, combining two tilt angles (35
deg for a typical residential house and 10 deg for a PV module mounted on a flat roof, see Table 2.3)
and three azimuth directions from south to west (there is little difference between east and west facing
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modules). As the table shows a typical value for the FLH in Switzerland is 900-1000 kWhac/kW), pc.
The table shows also the capacity factor (1)¢4p), which results from dividing the FLH by 8760 h. Typical
values in Switzerland will be 174, = 10 — 11%.

Table 2.3: Full load hours in Geneva

Tilt (°C) 35 10
Direction S S/W w S S/W W
Fullload hours (kWhac/kWppe) 1051 997 850 998 980 932
Capacity factor (Ucapv%) 12.0 11.4 9.7 114 11.2 10.6
Summer/winter ratio (—) 3.37 3.59 441 427 437 475

We use these FLH for the characterization of PV in the model. These numbers are confirmed by the
latest statistics by SFOE (BFE, 2017b, SwissSolar, 2019, p. 52) (Table 2.4).

Table 2.4: Statistics 2014-2019 solar production in Switzerland (BFE, 2017b,
SwissSolar, 2019, p. 52)

2014 2015 2016 2017 2018 2019

Year-end installed capacity MWppc) 1060 1393 1664 1906 2173 2498

Yearly production (GWh/a) 841 1118 1333 1683 1945 2177
Full load hours (kVVhAC/kWp,DC) 995 965 905 970 980 960
Capacity factor (Mcap, %) 11.4 11.0 10.3 11.1 11.2 11.0

2.3.2 PV potential in Switzerland

To model the possible contribution of PV to the future Swiss energy system we need to know the
potential yearly generation (TWh/a) and its temporal distribution, especially the seasonal variation.

Walch et al. (2019) did an assessment of different studies to estimate rooftop PV potentials. They
include the 6 studies in Table 2.5.

The BFE publised in April, 2019 (BFE, 2019c) a maximum potential for roof and facades in Switzerland
of 67 TWh. We considered a maximum potential, slightly more conservative, of 50 TWh from Bauer
etal. (2019).

2.3.3 Hourly profiles of solar irradiation in Switzerland

As discussed in the previous section, the temporal distribution of the solar energy is an important
input to modelling the energy system. We represent the summer/winter ratios with the yearly hourly
profiles of the solar radiation from the Institute for Solar Technology - HSR (Iturralde et al., 2019) (see
Fig. 2.5).
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Table 2.5: Solar potentials estimates from different studies, data from Walch
etal. (2019, Table 2)

Study Roof coverage (%) Capacity factor (%) Potential (TWh)
1EA (2002) 55% 10 15.0
Assouline et al. (2017) 60.5% 13.6 17.9
Assouline et al. (2018) 60.5% 13.6 16.3
Klauser (2016) 72.2% 13.6 53.1
Buffat et al. (2018) 70.1% 10.3 41.3
Walch et al. (2020) 56.4% 13.8% 25
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Figure 2.5: Hourly profile for solar irradiation (normalized)

I Data available at https://data.sccer-jasm.ch/renewable-hourly- profile-ses-eth/

2.4 Wind potential

Wind power could contribute to the future energy system as a complement to solar power, especially
in those hours without sunshine. However, it has challenges for public acceptance given its impacts
on landscape and noise. Table 2.6 summarizes the potentials calculated in different studies.

Our conservative potential is 1.7 TWh/a. It is based on the lower range of the potentials estimated
by Cattin et al. (2012) that account for limits due to public acceptance and noise. Our progressive
potential is 4.3 TWh/a based on the New Swiss wind energy concept (ARE, 2017). This potential is
consistent with the assumptions in the Prognos (2012) Swiss Energy Strategy.


https://data.sccer-jasm.ch/renewable-hourly-profile-ses-eth/
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Table 2.6: Wind potentials estimates from different studies

Potential (TWh)
Study 2035 2050
Prognos (2012, Table 6-14) 1.7 4.2
Prognos (2012, Table 6-14) - Variant C 0.7 1.4
VSE (2012) 0.7-1.5 2-4
Cattin et al. (2012, p. 21)
. Variants 1A and 2A (with noise restrictions) - 2745
. Variants 1B and 2B (with restrictions of noise and public acceptance) - 1722
ARE (2017) - 4.3

2.4.1 Hourly profile for wind production in Switzerland

The temporal distribution of the wind energy is an important input to modelling the energy system.
We represent the hourly distribution of the wind availability using the yearly hourly profiles of the
wind speed from the original version of SES (Moret, 2017) (see Fig. 2.6).
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Figure 2.6: Hourly profile for wind (normalized)

Data available at https://data.sccer-jasm.ch/renewable-hourly-profile-ses-eth/

From this hourly profile we get a number of full load hours of 2010 h/a, which corresponds to a load
factor of 2100/8760 = 23%. Therefore, our wind potential corresponds to an installed capacity of if we
assume an average capacity per turbine of 3 MW and an average yearly load hours of 2000 h/a, the
conservative potential requires around 315-380 wind turbines while the progressive potential 800-


https://data.sccer-jasm.ch/renewable-hourly-profile-ses-eth/
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2.5 Imports of energy carriers

SES-ETH models the import of gas, oil, biofuels and hydrogen. We use the imports prices from the
JASM project (Marcucci et al., 2020) (Table 2.7).

Table 2.7: Import price of energy carriers (CHF2019/GJ): JASM variants (Marcucci et al., 2020)

2017 2020 2030 2040 2050 2060 2020-2060 Reference
0il
Reference 9.6 8.8 185 207 228 247 261%p.a.  Reference Technology Scenario (IEA, 2017)
High 9.6 8.8 26 30.7 35.3 393 3.82% p.a. JASM
Low 9.6 8.8 11 10.7 10.3 10 0.32% p.a. Beyond 2DS Scenario (IEA, 2017)
Gas
Reference 6.2 3.1 9.3 10.4 11 11.3 3.3% p.a. Reference Technology Scenario (IEA, 2017)
High 6.2 3.1 11.2 13.8 15.5 16.5 4.27%p.a. JASM
Low 6.2 3.1 7.4 6.9 6.5 6.2 1.76% p.a.  Beyond 2DS Scenario (IEA, 2017)
Biodiesel
Reference 43.4 42.7 49.7 52.4 55 57.1 0.73% p.a. FAO (2019) and Modern Jazz Scenario (WEC, 2019)
High 43.4 427 564 657 70.8 72 1.31% p.a.  Unfinsihed Symphony Scenario (WEC, 2019)
Low 43.4 42.7 414 40.1 40.1 40.1 -0.16% p.a. JASM
Ethanol
Reference 29.7 30.4 394 419 443 463 1.06% p.a.  FAO (2019), WEC (2019) and Brown et al. (2020)
High 29.7 304 482 592 641 674 2.01%p.a. Unfinsihed Symphony Scenario (WEC, 2019)
Low 29.7 30.4 30.6 24.6 24.6 252 -0.46%p.a. JASM
Hydrogen
Reference 0 26.9 40.1 42.7 44.7 46.1 1.35% p.a.  1EA (2019)
High 0 26.9 41.6 444 52.1 59.8 2.02% p.a. IEA (2019)
Low 0 26.9 38.5 41.1 37.3 32.3 0.46% p.a. JASM

I Data available at https://data.sccer-jasm.ch/import-prices/
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Chapter 3

Demand

This chapter describes the exogenous assumptions on end-use demands and the endogenous mod-
elling of energy efficiency measures in the SES-ETH. Zooming-in Figure 1.1, we refer to the right part
of the structure of the model (Figure 3.1).

SES-ETH
Efficiency End-use
measures |_demands |
| |
Electricity: 1 Electricity |
industrial | :
| |
I Space heat !
Space heat: | |
residential 'and < ‘ Hot water |
commercial ! !
| Process heat
Process heat I I
| |
| Mobility: |
 Passenger
- i and Freight |
~— > Electricity 2 !
Space heat
Hot water
Process heat
—>  Passenger
Freight

Figure 3.1: SES-ETH structure: Demand

In SES-ETH we modelled exogenous yearly demands for electricity, space heat, hot water, process
heat and mobility. These demands are expressed in end-use demand. It is important to differentiate
end-use demand from final energy consumption that is often used in energy statistics!. Final energy
consumption is the amount of fuel needed to supply the end-use demand. For example, in the case
of an oil boiler, final energy consumption is the amount of oil consumed by the boiler and end-use
demand is the amount of heat produced by the boiler. Using end-use demands for our demand pro-
jections allow us to exclude the efficiency of the technology and to obtain the actual service demand.

Historically, space heating (mainly in the residential sector) and mobility are the end-uses with the
largest share in the Swiss final energy demand (see Figure 3.2). In Swiss Energy Scope (SES) we con-
sider demand for low temperature heat including space heating and warm water; high temperature
process heat; electricity including lighting, cooling, cooking, appliances, information and communi-

I The yearly statistics of the BFE are all in units of final energy.
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cations technologies (ICT) and motors; and mobility services for passengers and freight.
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Figure 3.2: Historical Final Energy Demand. I: Industrial, R: Residential, C (or Com): Commercial
(BFE, 2018, Tables 1, 15, 21 and 24)

SES-ETH uses time series (by year and hour) for all these demand categories. Each time series is
decomposed in two parts: the total yearly demand and the hourly load profile. The two components
are then multiplied to obtain the properly scaled time series.

The yearly demand for different energy services is known for the past and extrapolated into the future
using the drivers presented in Table 3.1. We assume that each demand is proportional to one of
the major drivers described in Marcucci et al. (2020): population, gross domestic product (GDP) or
sectoral gross value added (GVA). However, the proportionality factor may not be constant over time.
For example, estimating the demand for space heating depends on the energy reference area (ERA),
the effective heated surface of the building that grows with either population or GVA, depending on
the sector. In the same way, the demand for transport services —given in terms of person kilometers
or ton kilometers— depends on GDP, population, and behaviour.

Table 3.1: Drivers of energy demands

Energy service Sector
Residential Commercial Industrial Transport
Space heating ERAres = f(Pop) ERAcom = f(Pop) ERA;j,q = f(GDP)
Warm water Population Population GDP
Process heat GDP GDP
Lighting, cooling, Population GDP GDP

cooking, appliances,
ICT and motors

Mobility GDB population
(based on ARE
scenarios)
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In SES-ETH we calculate the end-use demand for three different variants of the drivers: reference,
low and high based on the assumptions in the JASM project (Marcucci et al., 2020). Table 3.2 presents
the population and GDP.

Table 3.2: Macro-economic drivers: JASM Variants (Marcucci et al., 2020)

2010 2020 2030 2040 2050 2060 2010-2060 Reference

Population (Million)

Reference  7.86 8.68 9.42 10 10.43 10.79 0.63% p.a.  A-00-2020 (BEFS, 2020)
High 7.86 8.68 9.63 1053 11.34 12.12  0.87%p.a.  B-00-2020 (BFS, 2020)
Low 7.86 8.67 9.2 9.48 9.53 9.5 0.38% p.a. C-00-2020 (BFS, 2020)
GDP (BCHF2q10)

Reference 608.8 725.3 820.3 922.1 10229 11214 1.23%p.a. SECO (2018)

High 608.8 7253 850.5 984.5 1123.3 1268.9 1.48% p.a. SECO (2018)

Low 608.8 7253 7949 867.7 9314 984.6  0.97%p.a. SECO (2018)

I Data available at https://data.sccer-jasm.ch/macroeconomic-drivers/

3.1 Space heating demand

3.1.1 Energy Reference Area

The energy reference area (ERA) is the effective heated surface of a building. In SES-ETH, the histor-
ical ERA for the residential sector was calculated by Schluck et al. (2019). Schluck et al. (2019) used
a comprehensive data set of the Swiss buildings stock with about 30,000 buildings and 23 descrip-
tive features including construction period, building type, typology and canton. Table 3.3 presents
the ERA in the residential, commercial and industrial sectors. Consistently with the Energy Statistics
from the BFE (2018, p. 13), the ERA of the second homes and holiday houses is added to the commer-
cial sector®. The occupancy factor (excluding second homes and holiday houses® from the total ERA)
is 0.95, slightly higher than the 90% assumed by Jakob et al. (2016).

The ERA for the residential sector has been steadily growing over the past decades. This growth is
linked to the increase in population but also to other trends such as smaller families and growing
income. In the same way, the ERA for the commercial and industrial sectors has grown mainly due to
economic growth. To extrapolate the residential ERA to the future, we assume an increasing ERA with
population with a logarithmic function. This represents both limited space for living in Switzerland
and decreasing marginal ERA to population. Figure 3.3 shows the ERA in the residential sector relative
to population and the projected 2050 values in the reference, high and low variants. We use the same
methodology for the commercial sector. In the industrial sector we use the GDP as the explanatory
variable. The resulting ERA are shown in Table B.1. Figure B.1 shows the ERA per GDP, ERA per capita
and total ERA for the three variants.

2All second homes are treated as holiday houses.
37weit- und Ferienwohnungen
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Table 3.3: Historical Sectoral Energy Reference Area (Mm?2)

2000 2005 2010 2011 2012 2013 2014 2015 2016 2017

Residential sector

BFE (2018, Tables 9 and 17)

. With temporarily used buildings® 416 448 486 494 501 509 516 524 532 540
. Without temporarily used buildings 386 413 444 450 455 462 469 476 482 488
JASM from Schluck et al. (2019)

. With temporarily used buildings 505
. Without temporarily used buildings 482
Commiercial sector

BFE (2018, Tables 9 and 17)?

. Commercial sector 140 146 152 153 155 156 158 159 161 162
. Temporarily used buildings 31 34 43 44 46 47 48 49 50 52
. Total 170 180 194 197 201 203 205 208 211 214
Industrial sector

BFE (2018, Table 9)b 83 84 87 88 88 89 90 91 91 92

“Second homes and holiday houses (Zweit- und Ferienwohnungen)
bBased on Wiiest Partner (2019)
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Figure 3.3: Historical and Projected (in red) residential ERA vs. Population
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3.1.2 Building stock

The demand for space heating depends on development of the building stock. Starting from today’s
building stock we estimate the future building stock for single, multi family houses and commercial
buildings.

Current building stock: Residential sector

We start with the building stock in 2017 (Schluck et al., 2019). Figure 3.4 shows the distribution of the
ERA and the end-use demand by construction period and type. Houses built before 1945 account for
25% of the total ERA and 30% of the end-use demand. While those buildings built after 2001, account
for 19% of the ERA and 11% of the demand. This is due to the significantly higher specific energy
consumption of old buildings (Table 3.4).
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Figure 3.4: 2017 building stock by age and type: Single family houses (S), multi-family houses (M),
hospitals (H), offices (O), schools (S), shops (Sh), rest of commercial buildings (R) and temporarily
used buildings (T)

Current building stock: Commercial sector

In the commercial sector, we start with the ERA by building type published by Wiiest Partner (2019).
We then use the distribution by age classes from Jakob et al. (2019, p. 68). The specific demand by
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age and building type was calculated by EMPA with the CESAR model (Streicher et al., 2020a). We
added the temporarily used buildings, whose ERA we know from the BFE (2018), we assume that
the distribution into age classes corresponds to that in the residential sector (see previous section).
Finally, we also assume the total space heating demand for the temporarily used building from the
BFE (2018) to be 8 PJ*. Figure 3.4 shows the distribution of the ERA and the end-use energy demand
by construction period and type.

Future building stock

Following Miiller (2006), Sandberg et al. (2016) and Sartori et al. (2016) we assume that the survival
rate of the buildings follows a Weibull distribution. Hence the percentage of remaining buildings at
time ¢ follows the cumulative distribution function of the Weibull distribution, thus,

t—1g \¥
r(t) = exp_(T) ,
where 1 and « are the parameters that determine the kurtosis and skewness of the distribution (OECD,
2001). We use a «¥ > 1 to guarantee an S-shape. We use historical data and the share of historical
buildings to estimate the parameter A. The resulting survival rates for single, multi family houses and
commercial buildings are shown in Figure 3.5. With the survival rates we can calculate the ERA by
age category (Figure B.2 and Table B.2). Since the current building stock is the same for all marker
scenarios, the only difference between them is for the buildings built after 2017.
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Figure 3.5: Survival rate by age in the residential and commercial building stock

Specific energy demand

From Schluck et al. (2019) and Streicher et al. (2020a) we have the specific energy demands for the
current building stock (without any renovation). For the future building stock we assume that the
buildings will comply with current minenergie standards® with a specific energy demand that de-
creases with time as shown in Table 3.4.

4“Die Gesamtmenge, die vom Haushaltsbereich in den Dienstleistungssektor “verschoben” wird, liegt im Mittel der Jahre

2000 bis 2015 bei rund 14 PJ, davon sind rund 5.5 PJ Strom.”
5Norm SIA 380/1
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Table 3.4: Specific end-use energy demand by construction period (kWh/m?2)

Construction period SFH  MFH and commercial

<1920 92.9 77.3
1920-1945 104.3 81.3
1946-1960 110.1 73
1961-1970 109.1 78.4
1971-1980 89.7 72.9
1981-1990 76.1 72.4
1991-2000 75.2 60.2
2001-2010 62.5 47.3
2011-2017 44.4 294
>2017

. 2020 40 35
. 2030 35 30
. 2040 30 25
. 2050 25 20
. 2060 20 15

I Data available at https://data.sccer-jasm.ch/building-stock/

3.1.3 Climate correction

To determine the impact of the climate on the heating demand we use the change in Heating Degree
Days (HDDs). We use the most common definition HDD 20/12: For every day at which the average
temperature is below the heating limit 7; = 12 °C we compute the difference of that temperature to
an assumed building interior temperature T; = 20 °C. Berger and Worlitschek (2019) calculated the
future HDDs of the three climate scenarios in CH2018 (2018) using a GIS-based approach combining
the spatial distribution of temperature (and therefore HDDs) and population. Figure 3.6 presents the
median and the first and third quartiles of the HDD calculated by Berger and Worlitschek (2019).

We, therefore, compare the changes from the historical HDD to the projected values to estimate the
correction factor for the demand. We use the average heating demand and HDD in the years 2014-
2018 as starting baseline and correct the heating demand (that assumes a constant weather) with the
corresponding projected HDD.

3.1.4 Demand before energy efficiency measures

Figure B.3 and Table B.3 present the evolution of the total space heating demand for a theoretical
constant climate case and the three RCPs scenarios: RCP 2.6, RCP 4.5 and RCP 8.5 (Marcucci et al.,
2020).
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Figure 3.7: Population weighted heating degree days in RCP 8.5, RCP 4.5 and RCP 2.6 (Berger and
Worlitschek, 2019)

I Data available at https://data.sccer-jasm.ch/climate-data/

3.1.5 Energy efficiency measures

The amount of energy required to achieve the desired indoor temperature depends on the outside
temperature, the energy reference area and also the insulation of the house. This includes, walls, win-
dows, roof, and other parts of the building envelope. We use the results from Streicher et al. (2020a)
and Marcucci et al. (2020, Chapter 4) to determine the energy efficiency curves in the SES-ETH model.
For the residential sector, Streicher et al. (2020a) calculated the energy efficiency curves for 2016 using
three different approaches of estimating the investment costs of the renovation measures. The first
approach (full) includes all investment costs (related and not-related to energy efficiency improve-
ments). The second approach (depreciation) accounts for the costs of the energy efficiency improve-
ments plus a residual value to each building element. The third approach (improvement) accounts
only for the cost of energy efficiency improvements. For the commercial sector, Streicher et al. (2020a)
determine the energy efficiency curve for 2013. Since the estimations done by Streicher et al. (2020b)
are for the residential building stock of 2016 and the commercial building stock of 2013, we need to
estimate the energy efficiency curves for the future energy system. For that, we use the development
of the building stock calculated in Section 3.1.2. To estimate the changes in the savings potentials we
assume a constant specific energy saving (in kWh per m?), so that when the ERA is reduced by 20%
also the savings are reduced by 20%. Using the ERA by age category in Table B.1, we then obtained
the following time dependent curves (Fig 3.8). These curves work just for a snapshot model and they
represent the cumulative investments that need to be done from today until the corresponding year.

To use the energy efficiency curves in the SES-ETH we do a piecewise-linearization. We then use cor-
responding slopes as the specific costs in CHF/kWh (Figure 3.9). For the residential sector, we use
the depreciation scenario since it discounts those costs not related to the energy system. The integra-
tion of these results into the SES-ETH model requires one last step: we model renovation measures
as a virtual heat supply technology. This allows the model to choose the renovation level in compe-
tition with all the other supply technologies. We assume that the time series during the year of this
technology corresponds to the difference between the time series of the non-retrofited and the fully
retrofitted building. As described in Section 1.1, the investment costs for technologies are given in
CHF/kW and not CHF/kWh. To calculate the investment costs from the specific costs in CHF/KWh,
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Figure 3.8: Projected Energy efficiency curves for different cost estimation scenarios. Based on Stre-
icher et al. (2020b)

we need the number of full load hours for the virtual heat saving technology;, i.e. the ratio of the to-
tal saved energy to the peak of the saving during the year. We assume a typical number of full load
hours from middle Europe of 2000 full load hours per year; therefore, the 3.6 CHF/kWh in Figure 3.9
translate into 7200 CHF/kW.

3.2 Warm water

The drivers for the projection of warm water demand are population for the residential and commer-
cial sectors and GDP for the industrial sector. Table B.4 and Figure B.4 present the resulting demand
for the drivers in Table 3.2.

3.3 Process heat

Process heat is thermal energy supplied at a level higher than space heating of warm water. It is
mostly used in specific industrial sectors with a small contribution in the commercial sector. We
relate process heat demand to GDP. Table B.5 and Figure B.5 present the resulting demand for the
drivers in Table 3.2.
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Figure 3.9: Linearized energy efficiency curves in 2060

3.3.1 Energy efficiency in industrial process heat demand

Zuberi et al. (2020) (based on Zuberi and Patel (2019), Zuberi et al. (2018, 2017), Zuberi and Patel
(2017)) calculated energy potential savings and costs for improving energy efficiency in the produc-
tion of process heat in the Swiss industry. The measures include various heat recovery options. Figure
3.10 presents the energy efficiency curves for process heat.
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Figure 3.10: Energy efficiency cost curve for process heat. From Zuberi et al. (2020)

I Data available at https://data.sccer-jasm.ch/energy-efficiency-industry/
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3.4 Electricity: Electric appliances

In the electricity demand we include cooking, lighting, ICT, climate, processes (refrigerators, dish-
washers, etc), electric motors, and air conditioning (A/C). The drivers used for the projections are
population in the residential and commercial sectors and GDP in the commercial and industrial sec-
tors. Table B.6 and Figure B.6 present the resulting demand for the drivers in Table 3.2.

3.4.1 Energy efficiency in industrial electricity demand

Zuberi et al. (2020) (based on Zuberi and Patel (2019), Zuberi et al. (2018, 2017), Zuberi and Patel
(2017)) calculated energy potential savings and costs for electric motor systems in the Swiss industry.
Figure 3.11 presents the energy efficiency curves for the use of electricity in the industrial sector.
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Figure 3.11: Energy efficiency cost curve for electricity in the industrial sector (Zuberi et al., 2020)

I Data available at https://data.sccer-jasm.ch/energy-efficiency-industry/

3.5 Transportdemand

The transport demand in SES-ETH is based on the Transport Outlook 2040 (ARE, 2016). These sce-
narios in this report include:

1. areference scenario that extrapolates past developments of spatial planning and transport poli-
cies using medium projections of population and GDP;

2. scenarios assuming higher and lower population and GDP growth;

3. and scenarios with alternative spatial planning and transport policies:

» Balance: integrates aspects of sustainability (e. g. densification) and prioritizes public
transport.

¢ Sprawl: more pronounced urban sprawl and gives precedence to individual mobility.

o Focus: differentiates more sharply between urban and rural areas, with an emphasis on
urbanization. Transport growth occurs mainly in and between cities.

To calculate the three variants of the transport demand in SES-ETH, we use the historical data from
the BES (2019b,c,a) and the ARE growth rates in the reference, high and low variants. The Balance,
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Sprawl and Focus scenarios are within the range of high and low population. For the projections after
2040, we assume a decreasing growth rate in the demand per capita and the demand per GDP for the
passenger and freight demand, respectively.

Figure B.7 and Tables B.8 and B.7 present the passenger and freight transport projections from the
different scenarios.

3.6 Hourly profiles

The original version of Swiss Energyscope (Moret, 2017) had a monthly time resolution. This allowed
us to model the seasonal effects but neglects the intra-day variation. SES-ETH models the demand
with a time series (by year and hour) for all the demand categories in Table 3.1. Each time series is
decomposed in two parts: the total yearly demand (described in the previous sections) and the hourly
load profile. The two components are then multiplied to obtain a properly scaled time series.

3.6.1 Space heat

The demand for space heating is rarely measured on an hourly scale, we therefore rely on simulation
results. These have been done for multi- and single-family houses, both for old and new buildings
(see Iturralde et al. (2019)). The resulting hourly time series represent the instantaneous power of
the heat delivery system, e.g. a radiant floor delivered for actual buildings. Figure 3.12 depicts the
normalized hourly profiles for the four archetypes (single and multi family houses, old and new).

3.6.2 Warm water

Yilmaz et al. (2020) calculated the hourly profile in Figure 3.13. We depict only the first day of each
month because the seasonal changes are less relevant than the daily ones.

3.6.3 Process heat

The hourly profiles for process heat are based on the typical days from PSI®. The data distinguishes
weekdays and weekends, as well as winter, intermediate and summer seasons. We mapped those
typical days to hour yearly profile in Figure 3.14.

3.6.4 Electricity

Yilmaz et al. (2020) calculated the hourly profile for the electricity demand shown in Figure 3.15.

3.6.5 Cooling

Yilmaz et al. (2020) used the CESAR model to calculate the hourly profile for cooling demand shown
in Figure 3.16.

6Data available at https://data.sccer-jasm.ch/demand-hourly-profile/
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Figure 3.12: Hourly profile space heating (normalized)

I Data available at https://data.sccer-jasm.ch/demand-hourly-profile-hsr/
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Figure 3.13: Hourly profile warm water for selected days

I Data available at https://data.sccer-jasm.ch/demand-hourly-profile- retrofits-cesar/
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Figure 3.14: Hourly profile process heat for selected days

I Data available at https://data.sccer-jasm.ch/demand-hourly-profile/
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Figure 3.15: Hourly profile electricity for selected days

I Data available at https://data.sccer-jasm.ch/household- daily-load-curves/
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Figure 3.16: Hourly profile cooling

I Data available at https://data.sccer-jasm.ch/demand-hourly- profile-retrofits-cesar/
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Chapter 4

Technologies

This chapter describes the technologies included in the SES-ETH. Zooming in Figure 1.1, we refer to
the middle part of the structure of the model (Figure 4.1).
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Figure 4.1: SES-ETH structure: Technologies

4.1 Technologies for electricity, heat and hydrogen production

In SES-ETH we include technologies for electricity production, heat production, combined heat and
power and hydrogen production. We include technologies using renewable resources, fossil fuels gas

35
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and hydrogen. Table 4.1 shows the different technologies, their investments costs and efficiency.

Table 4.1: Electricity, heat and hydrogen technologies

Inv. cost (CHF/kW) Efficiency (%)
Technology Fuel Reference
Ref Low High Ele HTH MTH ITH Hp

Electricity production (cost per kWe)

Solar PV 1000 500 1500 Bauer et al. (2017, 10kW, p.
47)

Wind 2000 Bauer et al. (2017, p. 294)

Hydro Dams 6000 Bauer et al. (2017, Hydro
general, p. 44)

Hydro Run of River 6800 Bauer et al. (2017, p. 45)

Geothermal 10000 Bauer et al. (2017, 5.5 MW
including plant and well,
p. 469)

Gas combined cycle CH4 900 60 Bauer et al. (2017, p. 650)

. With CCS 1509 54 Bauer et al. (2017, p. 651)

Hydrogen combined cycle Hydrogen 900 63 JASM assumption: same
cost as CCGT

Waste combined cycle Waste 6000 5000 7000 33 Bauer et al. (2017, Existing
KVA in Switzerland, p. 444
- last column)

. With CCS 7800 6800 8800 25 SES-ETH assumption

Wood combined cycle Wood 6000 5000 7000 33 Bauer et al. (2017, p. 444 -
last column)

. With CCS 8160 7160 9160 24 SES-ETH assumption

Combined heat and power (cost per kWth)

Gas industrial CHP CH4 765 44 42 Bauer et al. (2017, IMW, p.
653)

Gas medium size CHP CH4 1260 40 47 Bauer et al. (2017, 0.1MW,
p- 653)

Hydrogen industrial CHP Hydrogen 765 44 42 SES-ETH assumption:
same cost as gas

Hydrogen medium size CHP  Hydrogen 1260 40 47 SES-ETH assumption:
same cost as gas

Sewage sludge CHP Sewage 2143 1600 2600 20 56 SES-ETH assumption:

sludge same cost as waste

Biogas medium size CHP (In-  Manure 6000 12 19

cluding biogas production

from Manure with eff. 37%)

Wood industrial CHP Wood 900 500 1300 26 54 Keppo and Savola (2007)

Wood medium size CHP Wood 1158 24 56
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Table 4.1: Electricity, heat and hydrogen technologies (continued)

Inv. cost (CHE/KW) Efficiency (%)
Technology Fuel Reference
Ref Low High Ele HTH MTH LTH H;

Waste industrial CHP Waste 2069 1600 2600 20 58 Bauer et al. (2017, Existing
KVA in Switzerland, p. 444
- last column)

Waste medium size CHP Waste 2069 20 58 Bauer et al. (2017, Existing
KVA in Switzerland, p. 444
- last column)

. With CCS 3093 17 40

Heat production (cost per kWth)

Gas industrial boiler CH4 90 70 Radov et al. (2009, p. 91)

Gas medium size boiler CH4 150 80 Radov et al. (2009, p. 91)

Gas decentralized boiler CH4 1000 80 SES-ETH assumption

Oil industrial boiler Oil 80 70 SES-ETH assumption:
90% of gas cost

Oil medium size boiler 0Oil 130 80 SES-ETH assumption:
90% of gas cost

Oil decentralized boiler 0Oil 900 80 SES-ETH assumption:
90% of gas cost

Hydrogen industrial boiler Hydrogen 90 70 SES-ETH assumption:
same cost as gas

Hydrogen medium size Hydrogen 150 80 SES-ETH assumption:

boiler same cost as gas

Wood industrial boiler Wood 650 500 800 80 Radov et al. (2009, p. 83)

Wood medium size boiler Wood 950 80 Radov et al. (2009, p. 83)

Wood decentralized boiler Wood 2000 80 Radov et al. (2009, p. 83)

Waste industrial boiler Waste 650 500 800 75 SES-ETH assumption:
same cost as wood

Sewage sludge industrial Sewage 800 600 1000 70

boiler sludge

Electric industrial boiler Electricity 275 95 95 Radov et al. (2009, p. 93)

Electric medium size boiler Electricity = 325 95 Radov et al. (2009, p. 93)

Electric decentralized boiler Electricity 650 95 Radov et al. (2009, p. 93)

Water source heat pump - Electricity 2000 400

Medium size

Water source heat pump - Electricity 2300 1300 3300 400

Decentralized

Ground source heat pump - Electricity 2600 1700 3600 400 Radov et al. (2009, p. 79)

Decentralized

Air source heat pump Electricity 2100 1200 3000 300 Radov et al. (2009, p. 75)

Solar thermal medium size 600 500 750
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Table 4.1: Electricity, heat and hydrogen technologies (continued)

Inv. cost (CHE/KW) Efficiency (%)
Technology Fuel Reference

Ref Low High Ele HTH MTH ILTH H

Solar thermal decentralized 1500 1200 1700
Deep geothermal industrial 3000 2000 4000
Deep geothermal medium 3000 2000 4000

size

Hydrogen production (cost per kW Hy)

Electrolysis Electricity 1000 600 1500 70  Christensen (2020), IEA
(2019)
Steam methane reforming Natural 1500 1000 2000 77  1EA (2019, Reforming with
(with CCS) Gas CCS, Assumptions, p. 3)
Autothermal reforming Natural 1500 1000 2000 77 JASM assumption: Same
Gas as steam reforming

I Data available at https://data.sccer-jasm.ch/energy-conversion-technologies-ses-eth

4.2 Biomass conversion routes

Biomass is a special resource that can be used for the production of electricity, heat, and other fuels
including methane, hydrogen and liquid biofuels. Therefore, we model in detail some of the most
relevant conversion routes in SES-ETH. Figure 4.2 presents the different technology pathways for
biomass (based on the JASM-Biosweet (Guidati et al., 2020)). It shows the routes that are currently
implemented in the model, which excludes those that are less likely to be realized from the entire set
of conversion pathways described in Guidati et al. (2020).

Wood can be used in direct combustion (7a) and gasification (5a). Wood combustion (7a) produces
heat at different temperatures. Low temperature heat can be used for domestic uses and high tem-
peratures for industrial purposes. Wood can also be combusted to drive a power cycle producing
electricity and heat (7b). An alternative route is wood gasification (5a). Here the basic constituents of
wood (carbon, hydrogen and oxygen) are recombined in the presence of an oxidant (air or oxygen) to
produce a syngas composed of carbon monoxide, hydrogen, CO, and other species. This syngas can
be subsequently processed to synthetic natural gas (via a methanation reaction, 5b and 5g) or hydro-
gen (via a water gas shift reaction, 5d). Alternatively, the syngas may be combusted in a gas motor or
a gas turbine combined cycle to produce electricity and heat (5d).

Manure can be used in anaerobic digestion (6a) that produce raw biogas, a mixture that usually con-
tains around 40-60% methane and the rest is mostly CO,. Today, in Switzerland, the biogas produced
from anerobic digestion is used mostly in small internal combustion engines to produce electricity
and heat. The latter is used on-site as much as needed and the rest is discarded. A future energy
system may profit from another route, namely an upgrading of the raw biogas (6b) to biomethane
(by separating CO, and other species), which can then be injected into the natural gas grid. This gas
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Figure 4.2: Mapping of Biomass Technologies and Resources

may then be used for a variety of processes, including seasonal storage in neighboring countries such
as Germany or France. The separated CO, may be further combined with hydrogen from electrol-
ysis to produce additional methane via a Methanation (Sabatier) reaction (6¢). Such an alternative
route is hindered by the fact that the average farm size in Switzerland is very small. As shown in the
report by WSL (Thees et al., 2017), even a reasonable amount of electricity production via the first
route requires already a collection of manure within a 1 km range. All subsequent steps such as bio-
gas cleaning, electrolysis or methanation would require an even larger size to be technically feasible
and profitable.

Green waste can be used in central anerobic digestors (6e) and combustion plants (7b) and (7c).

Concerning sewage sludge, current Swiss regulations enforce the energetic use of sewage sludge from
waste water treatment plants (WW, Abwasser-Reinigungsanlagen) with a cascade utilization (Thees
et al., 2017, p. 279ff). The fresh sewage sludge undergoes goes first to an anaerobic digestor (6f)
that produces biogas, which can be used on-site or injected into the gas grid after gas cleaning. The
residual sludge is then combusted in waste incineration plants, specialized sludge incinerators and
cement plants.

The detailed description of the different conversion processes can be found in the JASM-Biosweet
report (Guidati et al., 2020).

Table 4.2 presents the characteristics of some of the technologies in Figure 4.2 (we include the char-
acteristics of all technologies using biomass resources for the production of electricity in Table 4.1).
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Table 4.2: Biomass and hydrogen technologies (Guidati et al., 2020)

Inv. cost (CHF/kW) Eff Elec. use

Technology Feedstock Product %) (MWhel/ Reference
Ref Low High MWh)
4) Pyrolysis Wood Liquid 2600 67 0 Brown et al. (2020)
biofuel
(5a) + Gasification + Wood Methane 2900 2300 3500 63 0 Schildhauer (2018)
(5b)  methanation
(5a) + Gasification to H2 Wood Hydrogen 2000 1500 2500 62 0.11  NREL (2011)
(5e) (dual fluidized bed)
. With CCS Wood Hydrogen 2300 1800 2800 62 0.21
(5a) + Gasification to H2 Wood Hydrogen 2000 1500 2500 71 0.18 NREL (2011)
(5e)  (sorption enhanced
reforming)
. With CCS Wood Hydrogen 2300 1800 2800 71 0.28
(5a) + Gasification to H2 Wood Hydrogen 2000 1500 2500 66  -0.11 NREL(2011)
(5e) (entrained flow)
. With CCS Wood Hydrogen 2300 1800 2800 66 0.03
(6a) + Anaerobic digestion Manure Methane 1200 37 0 Ro et al. (2007)
(6b)  (rural)
(6e) + Anaerobic digestion Green waste Methane 1200 37 0 Ro et al. (2007)
(6b)  (central)
(6f) + Anaerobic digestion Sewage sludge Methane 1200 54 0 Ro et al. (2007)
(6b)  (waste water
treatment)
(6c)  Methanation Biogas (55% Methane 900 800 1000 83 0.01  Witte etal. (2018)
(Sabatier) CH4, 45%

CO2) + H2

Data available at https://data.sccer-jasm.ch/biomass- conversion-technologies/ and
https://data.sccer-jasm.ch/energy-conversion-technologies-ses-eth
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Chapter 5

Uncertainty analysis

We consider external factors that are not as sensitive to domestic policies or individual behavior
change changes (such as population and economic growth, global climate change, and technology
characteristics) independent from the scenario definition and analyze them as uncertain factors with
probability distributions.

Our approach is distinct from other modeling and scenario efforts in that we create envelopes of ro-
bust results. The results will reveal trends and drivers we face in optimizing the Swiss energy system
under different policy regimes. These trends and drivers are more informative than point-estimates
alone: In comparing the set of results, we can identify the developments in the energy system that
are more or less fixed—that are common to all the scenario results—and those that vary significantly.
For instance, given the recent price developments of solar panels, our models will likely select them
to be part of the future energy system while other technologies with less favorable economics, such
as hydrogen or domestic liquid biofuels, might only be selected in special cases where they are com-
petitive.

5.1 Approach

We model our exogenous assumptions about the state-of-the-world as uncertain independent pa-
rameters with different probability distributions. These assumptions include: (1) Population and
GDP (GDP is calculated based on the population projection); (2) global climate change; and (3) tech-
nology characteristics.

We construct our set of scenarios using a Quasi-Monte Carlo method with a Sobol sequence!. The
set of n scenarios of dimension, d, (Population, climate and technology costs) is defined with a d x n-
Sobol sequence. The sequence gives us n tuples of dimension d. Each dimension has a uniform
distribution U(0, 1) of realizations (e.g., future populations) that we then transform into the distribu-
tion of the corresponding variable. The result is a set of n tuples of the form: (pop;, climate;, costy,
.oy Y1,d) ».--» (PODPy, climatey, costy, ..., ¥, 4). Each tuple corresponds to the exogenous assumption
in one of our scenarios (Fig. 5.1).

1A Sobol sequence is a quasirandom, or low discrepancy, sequence that samples the input space in a more uniform way
than a random sequence (Niederreiter, 1992). This has the advantage of covering the entire space with fewer scenarios than
arandom sampling method would.
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GDP
Sobol sequence Sce;  Sce; Sce; EEnergy reference area
X1,1 X12 .- X1,n | X1 ~U@,1) pop,  pop, pop,, | Population Energy services demands
X211 X22 ... X200 | Xo~U(0,1) temp, temp, ... temp,, | Temperature Heating degree day
ECooling degree day
Hydropower
| Fat¥o |

Xd1 Xd2 --- Xdn | Xg~U(0,1) Fy(Xg) Yd1  Vd2 Yd,n | Dimension d

Figure 5.1: Input assumptions from Sobol Sequence

5.2 Stochastic variables

5.2.1 Population

We use the three variants from the JASM drivers and assume the population is uniformly distributed
between the low and high variants (Table 3.2). The first dimension from the Sobol sequence give us a
uniform distribution ~ U(0, 1) that we then scale with the minimum and maximum.

For the following variables we use the population as the driver to determine their future evolution:

1. Gross domestic product: The GDP projections depend on the population projections. We use
the same methodology used by the SECO (2018) to estimate GDP for each of our population
variants.

2. Biomass and waste resources: We estimate the potential for some of the biomass and waste
categories based on either population of GDP growth, following the methodology described in
the JASM-Biosweet report (Guidati et al., 2020). These biomass categories are:

Category Driver

Waste wood Population
Sewage sludge Population
Municipal waste Population

Other waste fraction (construction, special waste) ~ GDP

3. Energy demands: We estimate all end-use demands using either population or GDP as drivers
(as shown in Table 3.1).

5.2.2 Global climate change

Future climate change is an uncertain variable that depends on global economic development and
mitigation actions. We use a discrete distribution of the three RCP scenarios (CH2018, 2018) as three
possible realizations of the future temperature increase. Based on the climate change scenario we
calculate: (1) The climate correction for heating and cooling demands as described in section 3.1.3;
and (2) The yearly distribution of available hydro inflow for hydropower plants as shown in section
2.2.2.
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5.2.3 Investment costs of technologies and fuel costs

We consider the investment costs of certain technologies including solar PV, heat pumps, geothermal,
electric vehicles, sabatier reactors, gasifiers and storage technologies stochastic in the mode (this is a
summary of the investment costs in Table 4.1). We use the same approach for some fuel costs.

Technology Cost

Electricity production (CHF/kWe)

Solar PV 500-1500
Waste combined cycle Waste 5000-7000
. With CCS 6800-8800
Wood combined cycle 5000-7000
. With CCS 7160-9160
Combined heat and power (CHF/kWth)

Sewage sludge CHP 1600-2600
Wood industrial CHP 500-1300
Waste industrial CHP 1600-2600
Heat production (CHF/kWth)

Wood industrial boiler 500-800
Waste industrial boiler 500-800
Sewage sludge industrial boiler 600-1000

Water source heat pump - Decentralized 1300-3300
Ground source heat pump - Decentralized  1700-3600

Air source heat pump 1200-3000
Solar thermal - medium size 500-750
Solar thermal decentralized 1200-1700
Deep geothermal industrial 2000-4000
Deep geothermal medium size 2000-4000
Hydrogen production (CHF/kWH2)

Electrolysis Electricity 600-1500
Steam methane reforming (with CCS) 1000-2000
Autothermal reforming 1000-2000
Biomass conversion (CHF/kW)

Wood gasification + methanation 2300-3500
Wood gasification to H2 1500-2500
. with CCS 1800-2800
Methanation (sabatier) 800-1000
Fuel prices (CHF/kWh)

Gas import 5 0.03-0.04
Biogas imports 0.1-0.2
Hydrogen imports 0.1-0.2
Domestic wood 0.04-0.08

5.3 Typical results from the uncertainty analysis

Using the uncertainty analysis, we can analyze different scenarios of the future Swiss energy system.
Figure 5.2 shows typical results of this approach. The Monte Carlo variation of uncertain drivers is
represented by showing the median (the white dash), the interquartile range (the colored box) and
the minimum and maximum (the lines above and below the box). In this particular example, we
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evaluated different targets for energy-related CO, emissions (x-axis) and different scenarios on tech-
nology availability (represented by different colors). Furthermore, we analyze the effect on the results
of a particular example of the number of typical days and intraday clusters (Appendix A.2) and the
length of the Sobol sequence (Appendix A.3).
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Figure 5.2: Typical model results for selected variables at different CO, targets in four scenarios
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Appendix A

Model results

A.1 Effect of number of typical days and intra-day clusters

Figure A.1 shows the time series for electricity supply and consumption for 12, 24 and 36 days at
full 24-hour resolution. The basic seasonality of PV generation in summer and higher hydro power
generation + imports in winter is visible in all variants. Also the typical pattern of the storage level
in the hydro reservoirs is well reproduced. The storage level for pumped hydro shows the expected
daily variation which is comparable for the three typical day cases, the pattern repeats simply more
often for 36 typical days. The small black dots mark the storage level at midnight which is forced
to be identical for all days. Figures A.2a and A.2b show the same electricity time series for 12 and
24 typical days, respectively, now varying the clustering. Despite the crude approximation by three
8-hour clusters, the basic daily pattern is still visible.

10000 Storage level reservoirs (GWh)

7500
5000
2500

Storage level pumped hydro (GWh)

A o

Power (GW)

Figure A.1: Electricity supply and demand for 12 (left), 24 (mid) and 36 (right) typical days, full 24

hour resolution: photovoltaics [N 5L thermal power [INZleR 0L
base demand|
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Figure A.2: Electricity supply and demand for different number of typical days and 3 (left), 8 (mid)
and 24 (right) intra-day clusters: photovoltaics jsitiaalslcleNayialiorsitalc thermal power

heat pumpsjllelectric heaters



A.2. EFFECT OF THE CHOICE OF TYPICAL DAYS AND INTRA-DAY CLUSTERS ON THE UNCERTAINTY ANALYSIS

A.2 Effect of the choice of typical days and intra-day clusters on the un-
certainty analysis

We carried out a Monte Carlo analysis to evaluate the impact of the choice of the number of typical
days and the intra-day clusters on the aforementioned statistical quantities. We simulate one scenario
variant for a CO, target of 0, -5 and -10 MtCO,/a for 12, 24 and 36 typical days and 3, 8 and 24 intra-
day clusters. Figure A.3 shows the results for different model variables. Each group of results contains
9 box-plots, from left to right these are 3/8/24 intra-day clusters for 12 typical days, then 3/8/24 for
24 typical days and finally 3/8/24 for 36 typical days. The boxplot marked in black is a strategy with 8
intra-day clusters and 24 typical days.

For many variables, the basic statistical parameters such as median and inter-quartile range are rather
stable towards the temporal resolution. We can see some differences for the lowest resolution of 12
typical days and 3 or 8 intra-day cluster for hydrogen production and industrial electrical heaters. We
found the largest scatter for the storage output of pumped hydro and especially thermal storage. This
is not surprising since the clustering of hours within a day is effectively a low pass filter that mimics a
storage of several hours. Therefore, less real thermal storage is required for those cases. The general
increase of total system costs with time resolution is also related to this fact: clustering reduces the
peaks and leads therefore to an under-sizing of certain assets such as heat pumps.

The number of periods from the lowest to the highest resolution varies from 36 (12 typical days x 3
clusters) to 864 (36x24), which implies a factor of 24-fold. However, this factor translates into an even
larger difference in computing time, since normally it scales higher than the number of unknowns.
Therefore, we chose, as a practical compromise, the combination of 24 typical days and 8 clusters of
3 hours (the black boxplots).

A.3 Effect of Sobol sequence length

A further aspect that strongly influences the required computation time is the length of a Sobol se-
quence. It has to be chosen such that the fundamental statistical parameters such as the median,
quartile ranges and minimum/maximum of any quantity can be properly evaluated. Figure A.4 shows
the statistics for the same indicators as before, varying the Sobol sequence length from 10, 20, 50, 100,
200, 500 and 1000. We can see that the shortest sequences differ strongly from the longer ones. From
a length of 100 (shown in black) the basic statistical parameters are stable. Therefore, we choose a
sequence length of 100.
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Appendix B

Demands

This appendix presents the demands calculated using the drivers in Marcucci et al. (2020) (Table 3.2).
The historical data is from the BFE (2018), Analysis of energy consumption 2000—2017 by specific use
(Analyse des schweizerischen Energieverbrauchs 2000-2017 nach Verwendungszwecken), assuming the
following sectoral efficiencies to convert from final to useful energy demand: (1) Space heating: 86%
from Streicher et al. (2020b); (2) Warm water: 80%; and (3) Process heat: 70%.

B.1 Space Heating
B.1.1 Energy reference area

Table B.1: Projected Sectoral Energy Reference Area (Mm?2)

Variant 2010 2018 2020 2030 2040 2050 2060 2010-2060

Residential (Mmz2)

Reference 443.7 4946 507.6 562.2 602.3 630 652.7 0.77% p.a.
High 443.7 494.6 508 577.3 636.6 686 730.5 1%p.a.
Low 443.7 4946 507.1 546.8 566.3 570.1 567.8 0.49% p.a.
Commercial (Mm2)

Reference 194.3 216.5 2194 240.5 256 266.7 2754 0.7% p.a.

High 1943 2165 2195 2463 269.2 2883 3055 0.91%p.a.
Low 1943 216.5 219.2 2345 2421 2435 2426 0.45%p.a.
Industry (Mm2)

Reference  87.4 92.8 94.1 98.8 103.4 107.4 111 0.48% p.a.
High 87.4 92.8 94.2 100.4 106.1 111.2 1159 0.57% p.a.
Low 87.4 92.8 93.9 97.4 100.8 103.6 105.7 0.38% p.a.

I Data available at https://data.sccer-jasm.ch/era/
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Figure B.1: Sectoral Energy reference area

Table B.2: Residential Energy Reference Area by age (Mm?2)

Age 2016 2020 2030 2040 2050 2060

2020-2060

Single family houses

<1920 42 414 39.6
1920-1945 22.2 21.8 20.6
1946-1960 21 20.6 19.9
1961-1970 189 18.7 18.2
1971-1980 25 249 243
1981-1990 27.7 27.6 27.2
1991-2000 24.5 24.5 24.2
2001-2010 23.8 23.7 23.5
2011-2017 10.8 13.6 13.6
>2017

Reference 0 5.6 20.8
High 0 58 246
Low 0 55 16.9
Multi family houses

<1920 375 37.7 375
1920-1945 21.8 21.8 21.7

373

18.8
17.3
23.5
26.5
23.7
23.1
13.4

33.3
41.9
243

37.2

21.6

34.6
17
17.3
16.2
22.2
25.4
22.7
22.1
13.1

44.4
58.4
29.4

36.6

21.4

31.5
14.6
15.3
14.6
20.3
23.6

20.7
12.4

57.7
77.1
36.5

354

20.9

-0.69% p.a.
-0.98% p.a.
-0.74% p.a.
-0.62% p.a.
-0.51% p.a.
-0.39% p.a.
-0.37% p.a.
-0.34% p.a.
-0.23% p.a.

5.99% p.a.
6.71% p.a.
4.83% p.a.

-0.16% p.a.
-0.1% p.a.
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Table B.2: Residential Energy Reference Area by age (Mm2) (continued)

Age 2016 2020 2030 2040 2050 2060 2020-2060

1946-1960 28 279 27.8 273 255 20.8 -0.73% p.a.
1961-1970 37.6 37.8 378 37.5 363 322 -0.4%p.a.
1971-1980 33.8 34.1 34.1 34 335 314 -0.21%p.a.
1981-1990 27.3 27.6 27.6 27.6 274 26.5 -0.1%p.a.
1991-2000 25.5 25.7 25.7 257 25.6 25.2 -0.05% p.a.
2001-2010 30.2 30.3 30.3 30.3 30.3 30.2 -0.01%p.a.
2011-2017 24.4 253 253 253 253 253 0%p.a.
>2017

Reference 0 169 62.4 999 133.2 173 5.99% p.a.
High 0 17.3 73.7 125.6 175.2 231.3 6.71% p.a.
Low 0 16.6 50.8 729 88.3 109.4 4.83% p.a.
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B.1.2 Space heating demand

Table B.3: Projected space heating demand (Useful energy in TWh)

Variant Climate 2010 2018 2020 2030 2040 2050 2060 2010-2060

Residential (TWh)
Reference  Constant 46 34.7 373 38.7 39.2 38.8 37.2 -0.42% p.a.

RCP 2.6 46 34.7 38.7 39.5 39.4 38.6 36.8 -0.45% p.a.

RCP 4.5 46 34.7 39.2 39.6 38.9 37.5 35.1 -0.54% p.a.

RCP 8.5 46 34.7 38.5 38.8 37.9 35.7 32.8 -0.67% p.a.
High Constant 46 34.7 37.4 39.2 40.2 40.3 391  -0.32%p.a.
Low Constant 46 34.7 37.3 38.2 38.2 37.2 35.2 -0.53% p.a.
Commercial (TWh)

Reference  Constant 18.6 14.1 15.5 16.1 16.4 16.4 16.2 -0.27% p.a.
RCP 2.6 18.6 14.1 16 16.4 16.5 16.4 16.1  -0.29% p.a.
RCP 4.5 18.6 14.1 16.2 16.5 16.3 15.9 153  -0.39% p.a.
RCP 8.5 18.6 14.1 15.9 16.1 15.9 15.1 143  -0.52%p.a.

High Constant 18.6 14.1 15.5 16.3 16.9 17.1 17.1 -0.17% p.a.

Low Constant 18.6 14.1 15.4 15.9 16 15.7 15.3 -0.39% p.a.

Industrial (TWh)

Reference  Constant 5.5 3.5 3.5 3.3 3.2 3 29 -1.29% p.a.
RCP 2.6 5.5 3.5 3.6 3.4 3.2 3 2.9 -1.31% p.a.
RCP 4.5 5.5 3.5 3.7 34 3.1 2.9 2.7 -1.4% p.a.
RCP 8.5 5.5 3.5 3.6 3.3 3.1 2.8 2.5 -1.53% p.a.

High Constant 5.5 3.5 3.5 3.4 3.3 3.1 3 -1.2% p.a.

Low Constant 5.5 3.5 3.5 3.3 3.1 2.9 2.7 -1.38% p.a.

“We calculate useful energy demand from the final energy statistics (BFE, 2018), assuming an

efficiency of 86%.

I Data available at https://data.sccer-jasm.ch/end-use-energy-demand-ses/
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B.2 Warm water
Table B.4: Warm water demand (Useful energy in TWh)
Variant 20104 2018 2020 2030 2040 2050 2060  2010-2060
Residential (TWh)
Reference 7.2 7.1 7.1 7.4 7.6 7.7 7.9 0.2% p.a.
High 7.2 7.1 7.1 7.6 8 8.4 89  0.44%p.a.
Low 7.2 7.1 7.1 7.2 7.2 7.1 7 -0.05% p.a.
Commercial (TWh)
Reference 2.36 2.44 2.46 2.57 2.65 2.71 2.77 0.32% p.a.
High 236 244 246 263 279 294 312  0.55%Dpa.
Low 236 244 246 251 251 247 244  0.06%p.a.
Industrial (TWh)
Reference 0.86 0.55 0.55 0.56 0.59 0.62 0.66 -0.53% p.a.
High 086 055 055 059 063 068 075 -0.27%p.a.
Low 086 055 055 054 055 056 058 -0.8%p.a.
%We calculate useful energy demand from the final energy statistics (BFE,
2018), assuming an efficiency of 80%.
I Data available at https://data.sccer-jasm.ch/end-use-energy-demand-ses/
— 2 .06 2
c c —
2 2 T
15 g o115
=
= = =
= M = \'@“e‘e-ee—e-e—e_o o |
= 5 o
S © 0.2 O]
20.5 o =05
© © )
) 9] T
T 9 T o9 0
2000 2020 2040 2060 2000 2020 2040 2060 2000 2020 2040 2060
(a) Residential demand per capita (b) Commercial demand per capita (c) Industrial demand per GDP
12 4 1.5
=10 = =
= =3 =
=8 gy 0—0—0-0-0-0-070 = W <
o | o} o}
s 6 m 2 =
2 2 2
g 4 £ g0.5
& 51 &
= 2 = =
0 0 0
2000 2020 2040 2060 2000 2020 2040 2060 2000 2020 2040 2060

(d) Residential total demand

(e) Commercial total demand

(f) Industrial total demand

Figure B.4: Warm water demand (useful energy)
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B.3 Process heat

Table B.5: Process heat demand (Useful energy in TWh)

Variant 20104 2018 2020 2030 2040 2050 2060 2010-2060
Commercial (TWh)

Reference 0.5 0.42 0.42 0.37 0.34 0.31 0.3 -1.04% p.a.
High 0.5 0.42 0.42 0.39 0.36 0.35 0.34 -0.78% p.a.
Low 0.5 0.42 0.41 0.36 0.32 0.28 0.26 -1.3% p.a.
Industrial (TWh)?

Reference 19.2 18.7 18.8 18.9 19.3 19.6 20 0.08% p.a.
High 19.2 18.7 18.9 19.7 20.7 21.6 22.8 0.34% p.a.
Low 19.2 18.7 18.7 18.3 18.1 17.8 17.5 -0.19% p.a.

2018), assuming an efficiency of 70%.

I Data available at https://data.sccer-jasm.ch/end-use-energy-demand-ses/
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B.4 Electricity: Electric appliances

Table B.6: Electricity demand (Useful energy in TWh)

Variant 2010 2018 2020 2030 2040 2050 2060 2010-2060

Residential (TWh)

Reference 12.7 12.4 12.4 12.5 12.3 12 11.7 -0.17% p.a.
High 12.7 12.4 12.4 12.8 13 13.1 13.1 0.06% p.a.
Low 12.7 12.4 12.4 12.2 11.7 11 10.3 -0.43% p.a.
Commercial (TWh)

Reference 15.5 15.1 15.1 14.9 14.5 14 134  -03%p.a.

High 15.5 15.1 15.2 15.5 15.6 15.5 15.2  -0.04% p.a.
Low 15.5 15.1 15 14.3 13.6 12.7 11.7 -0.56% p.a.
Industrial (TWh)

Reference 12.9 11.5 11.5 11.4 11.6 12.2 13.1 0.03% p.a.
High 12.9 11.5 11.5 11.8 12,5 13.4 14.9 0.29% p.a.
Low 12.9 11.5 11.4 11 10.9 11 11.4 -0.23% p.a.

I Data available at https://data.sccer-jasm.ch/end-use-energy-demand-ses/
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Figure B.6: Electricity demand
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Table B.7: Passenger transport demand (Billion pkm) based on ARE (2016)

Mode 2010 2020 2030 2040 2050¢ 20604 2010-2060
Reference

Personal cars 8593 975 103.87 108.83 112.17 114.63 0.58% p.a.
Motorcycles 2.3 2.04 2.17 2.27 2.34 2.39 0.08% p.a.
Mopeds and fast e-bikes ~ 0.13 0.18 0.19 0.2 0.21 0.21 0.94% p.a.
Other private 2.5 2.95 3.15 3.3 3.4 3.47 0.66% p.a.
Bikes 2.12 2.56 2.85 3.1 3.29 3.45 0.98% p.a.
On foot 5.47 5.69 6.29 6.75 7.09 7.35 0.59% p.a.
Trams 0.98 1.22 1.36 1.47 1.56 1.63 1.03% p.a.
Trolleybuses 0.52 0.55 0.61 0.67 0.71 0.74 0.72% p.a.
Buses 2.49 291 3.23 35 3.71 3.89 0.89% p.a.
Passenger rail 19.59 219 24.32 26.34 27.95 29.25  0.81% p.a.
High

Personal cars 8593 97.57 106.24 114.58 121.97 128.86 0.81% p.a.
Motorcycles 2.3 2.04 2.22 2.39 2.55 2.69 0.32% p.a.
Mopeds and fast e-bikes  0.13 0.18 0.2 0.21 0.22 0.24 1.17% p.a.
Other private 2.5 2.96 3.22 3.47 3.7 3.91 0.9% p.a.
Bikes 2.12 2.56 2.92 3.26 3.58 3.89 1.22% p.a.
On foot 5.47 5.7 6.44 7.11 7.71 8.25 0.83% p.a.
Trams 0.98 1.22 1.39 1.55 1.7 1.84 1.27% p.a.
Trolleybuses 0.52 0.55 0.63 0.7 0.77 0.83 0.96% p.a.
Buses 2.49 291 33 3.68 4.04 4.38 1.13% p.a.
Passenger rail 19.59 21.92  24.88 27.74 30.41 32.94 1.04% p.a.
Low

Personal cars 8593 9744 10148 103.12 103.41 103.51 0.37% p.a.
Motorcycles 2.3 2.03 2.12 2.15 2.16 2.16 -0.12% p.a.

Mopeds and fast e-bikes ~ 0.13 0.18 0.19 0.19 0.19 0.19 0.73% p.a.

Other private 2.5 2.95 3.08 3.12 3.13 3.14 0.46% p.a.
Bikes 2.12 2.55 2.79 2.93 3.02 3.07 0.75% p.a.
On foot 5.47 5.69 6.15 6.4 6.52 6.58 0.37% p.a.
Trams 0.98 1.22 1.33 1.39 1.43 1.46 0.8% p.a.
Trolleybuses 0.52 0.55 0.6 0.63 0.65 0.66 0.49% p.a.
Buses 2.49 291 3.16 3.32 3.41 3.46 0.66% p.a.
Passenger rail 19.59 21.89  23.77 24.96 25.64 26.05 0.57% p.a.

“ARE projections go to 2040, we assume a trend that follows our population and GDP projec-
tions.

I Data available at https://data.sccer-jasm.ch/end-use-energy-demand-ses/
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Table B.8: Freight transport demand (Billion tkm) based on ARE (2016)

Scenario 2010 2020 2030 2040 2050¢ 20609 2010-2060
Reference
Trucks 16.01 17.24 18.92 20.81 22.82 24.99 0.89% p.a.

Light Duty Vehicles 0.9 0.97 1.07 1.17 1.28 1.41 0.9% p.a.

Freight rail 9.81 10.55 12.08 13.57 15.08 16.54 1.05% p.a.
High
Trucks 16.01 17.33 19.71 2232  25.07 27.98 1.12% p.a.

Light Duty Vehicles 0.9 0.98 1.11 1.26 1.41 1.58 1.13% p.a.

Freight rail 9.81 10.6 12.58 14.56 16.58 18.56 1.28% p.a.
Low
Trucks 16.01 17.17 18.25 19.49 20.8 22.2 0.66% p.a.

Light Duty Vehicles 0.9 0.97 1.03 1.1 1.17 1.25 0.66% p.a.
Freight rail 9.81 10.5 11.65 12.72 13.74 14.68 0.81% p.a.

“ARE projections go to 2040, we assume a trend that follows our population and
GDP projections.

I Data available at https://data.sccer-jasm.ch/end-use-energy-demand-ses/
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B.6 Summary

Summarizing the results of the previous sections, Figure B.8 shows the total demand for electricity,
space heat, warm water and process heat, summed up over the three sectors.
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