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ABSTRACT

Local and regional energy systems are becoming increasingly entangled. Therefore, models for optimizing
these energy systems are becoming more and more complex and the required computing resources (run-time
and random access memory usage) are increasing rapidly. The computational requirements can basically be
reduced solver-based (mathematical optimization of the solving process) or model-based (simplification of
the real-world problem in the model). This paper deals with identifying how the required computational
requirements for solving optimization models of multi-energy systems with high spatial resolution change
with increasing model complexity and which model-based approaches enable to reduce the requirements with
the lowest possible model deviations.

A total of 12 temporal model reductions (reduction of the number of modeled time steps), nine techno-
spatial model reductions (reduction of possible solutions), and five combined reduction schemes were
theoretically analyzed and practically applied to a test case. The improvement in reducing the usage of
computational resources and the impact on the quality of the results were quantified by comparing the results
with a non-simplified reference case.

The results show, that the run-time to solve a model increases quadratically and memory usage increases
linearly with increasing model complexity. The application of various model adaption methods have enabled
a reduction of the run-time by over 99% and the memory usage by up to 88%. At the same time, however,
some of the methods led to significant deviations of the model results. Other methods require a profound prior
knowledge and understanding of the investigated energy systems to be applied.

In order to reduce the run-time and memory requirements for investment optimization, while maintaining
good quality results, we recommend the application of (1) a pre-model that is used to (la) perform
technological pre-selection and (1b) define reasonable technological boundaries, (2) spatial sub-modeling along
network nodes, and 3) temporal simplification by only modeling every nth day (temporal slicing), where at least
20% of the original time steps are modeled. Further simplifications such as spatial clustering or larger temporal
simplification can further reduce the computational effort, but also result in significant model deviations.

1. Introduction

holistic planning [2]. This is the only way to fully exploit the potential
for achieving various transformation goals of integrated energy systems

A total restructuring of energy systems are required as response
to radical reduction of greenhouse gas emissions [1]. Thereby, local
and regional energy systems are becoming more complex due to the
introduction of renewable energies with hardly predictable and volatile
production, of energy storage systems, as well as due to sector coupling
and sectors with increasing relevance such as the e-mobility and the
hydrogen fuel sectors. Traditionally, individual parts of energy systems,
e.g., individual consumption sectors, energy sectors, or spatial regions,
are individually planned [2]. The increasing entanglement and com-
plexity of overall energy systems [3] make it necessary to carry out

[4]. Tools that utilize the multi-energy system (MES) approach [4] are
suitable instruments for investment and dispatch optimization [5,6],
as they take into account the complexity and interaction of different
energy sectors.

The increase in system complexity leads to a rapid increase of
required computing resources for energy system models. This applies
in particular to the run-time and the required random access memory
(RAM, hereafter referred to as memory) for solving the model. Conse-
quently, modelers must compromise between the computational effort
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on the one hand and the accuracy of the results on the other hand by
creating simplified models [7,8].

This paper deals with the challenge on reducing the computing
resources required to solve high-spatial-resolution models of mixed-use
MES without significant loss of quality of the results. Such reductions
can basically be achieved by solver-based or by model-based meth-
ods [9]. While solver-based approaches deal with the mathematical
optimization of the solving algorithm, model-based approaches are
concerned with simplifying the real-world problem in the model [9].

Improving solvers which are tailored to be applicable to a wide
variety of models from different domains is often out of the expertise
of modelers. Instead, modelers should make use of their deep under-
standing of the structure of energy systems when modeling a real-world
scenario. At this point, model-based adaptations can be incorporated in
order to minimize the run-time on a given computer. This contribution
investigates such model-based approaches.

Some research has been made on model-based run-time and mem-
ory reduction methods for energy system models. Several publications
provide an overview of existing approaches to model adaptation [9-12]
or focus on simplifying certain types of energy systems, e.g., power
systems [13]. Temporal model adaptions are addressed by some pub-
lications in general [14-16] or for specific use cases, e.g., storage
planning [17,18] or long time series of wind power and photovoltaic
(pv) systems [19]. Others deal with specific methods, such as temporal
clustering [7,20-22], heuristic selection [23-29], multiple time grids [30],
averaging [29], or variable time steps [31]. Similarly, some articles deal
with techno-spatial model adaptions more generally [32] and others are
related to specific methods, such as spatial clustering [33], or specific
use cases, such as urban energy systems [34].

However, most of the literature focuses on either temporal model
adaptions (e.g., [14,15]) or techno-spatial model adaptions (e.g., [32,
33]), but does not compare the two. Further, most studies either deal
with only one energy sector (electricity, e.g., [17,19,28], or heat, e.g.,
[24]) or with very large-scale spatial energy systems and correspond-
ingly low spatial and technological resolutions (e.g., [9,29]). Since
model results are affected by different effects depending on the energy
sectors considered and on the spatial and technological resolutions
(e.g., by the interaction of individual buildings), we suspect that model
reduction methods may also affect different types of energy system
models differently. For the case of spatially high-resolution multi-
energy system models, it is therefore necessary to find out which
parameters have a particularly large influence on the computing re-
quirements. These can be, for example, the number of simulated time
steps or the number of (binary) investment decisions. Furthermore,
suitable methods of model reduction must be identified and their
influence on the quality of results quantified. This paper aims to fill
this gap. Several approaches are evaluated and categorized in Section 2,
and new ones will be proposed. Subsequently, suitable approaches will
be implemented in practice and examined using a practical example.

2. Overview of run-time and memory reduction methods

Run-time and memory usage reduction methods may be grouped
in various categories as shown in Fig. 1. The categories of solver and
model-based approaches, as mentioned above, can be subdivided into
further categories.

Model-based methods aim at reducing the size of the system of
equations to be solved by the solver. They can be divided into temporal
model adaptions as well as technological and spatial model adaptions.
Technological and spatial measures cannot always be clearly separated
from each other and are combined in the category of techno-spatial
model adaptions. Within those sub-categories further distinctions be-
tween model reduction methods (systematic reduction of the model
complexity [10]) and decomposition methods (breaking up of the
model and subsequent solving and coupling of the sub-models’ results

Applied Energy 334 (2023) 120574

[10]) can be made [9]. In model reduction, the overall model is re-
duced in size, which reduces run-time and memory requirements. With
decomposition, the overall size of the model can be retained, but the
sub-models may have lower individual memory requirements. Further
run-time improvements can be enabled by solving the individual sub-
models in parallel. However, parallelization techniques are not the
focus of this study.

Whether the individual model adaption methods can be transferred
to a model without coding effort depends strongly on the modeling
tool used. In some tools, e.g., downsampling can be applied by simply
adjusting the models temporal resolution, whereas in others it is not
possible. Also, clustering approaches (temporal or techno-spatial) can
be implemented by adjusting the input data; on the other hand, auto-
mated adjustment of the input data requires coding effort or the use of
external clustering tools.

2.1. Temporal model adaptions

Temporal model simplifications can be realized through model re-
ductions or through decomposition. Model reductions include sampling
(“reducing number of time steps by aggregating consecutive steps or
by defining typical [periods]” [13]) and the adaption of the model
structure (e.g., temporal resolution or time horizon). When using sam-
pling methods, the applied modeling methodology must either be able
to model specific time slices or time periods. Alternatively, the sample
periods can be combined to a new shorter time series. In this case, as
with the use of averaging, the modeling methodology must allow the
use of a shorter time horizon.

Temporal model adaptions may lead to inaccuracies due to concur-
rency and continuity problems [19]. Concurrency arises when events
that meet or overlap in reality are not adequately represented by
the simplification in the model [19]. To avoid concurrency problems,
reduced time series should be self-consistent and include all important
events of the analyzed time series [19]. Continuity problems arise when
the temporal change (e.g., the state of charge of a storage) cannot be
adequately modeled because of the adapted time series [19]. This can
involve intra-day, intra-week, and seasonal balancing [18]. To avoid
continuity problems several consecutive days (e.g., weeks) rather than
single days should be used when selecting suitable sample periods
[19,25].

random sampling: In random sampling, a predetermined number of
random periods (e.g., days or weeks) are selected and used as repre-
sentative time periods [14].

averaging: In averaging, successive time periods (e.g., two consecutive
days) are averaged and combined into one segment [14].

slicing: 1In slicing, every nth period is selected (e.g., every second day
[14]) and subsequently recombined to a reduced time series.

k-clustering: The k-clustering algorithm divides a time series into a
given number of k clusters so that the squared deviation of the cluster
centers of gravity is minimal. The procedure is well described by Green
et al. [7]. They also recommend using the time vector of a whole
day (e.g., the temperature trend) as cluster criterion. Representative
time periods can be extracted from the individual clusters by either
calculating the mean cluster-vector or by selecting the medians or
medoids of the cluster elements [20]. For energy system model time
series simplification, the k-clustering algorithm is mostly carried out
using mean values [18]. However, Helisto et al. rated k-medoids to be
more suitable than k-means [20].
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Fig. 1. Overview of model-based run-time and memory usage reduction methods discussed in this study.

hierarchical clustering: In hierarchical clustering, similar time periods
(e.g., days or weeks) are grouped into clusters as well. In compari-
son to k-clustering, the number of periods per cluster varies, so that
only similar periods are in a cluster. An appropriately representative
period is then selected and weighted according to the cluster size [25].
Thus, the application of this method requires a modeling methodology
allowing the weighting of single time steps or periods. Hierarchical
clustering is more precise than k-clustering, but also involves more
effort [7]. In addition, a weight must be assigned to the representative
time periods, which cannot be easily implemented in every modeling
approach. The exact procedure of hierarchical clustering is described
in detail by Nahmacher et al. [25].

heuristic selection: In heuristic selection, representative time periods
of a time series are selected from certain selection criteria [19]. For
example, Poncelet et al. [23] propose a scheme to select between
two and 24 reference periods from a year. The selection is based on
seasons as well as extreme and average values of electricity demand,
wind power feed-in and pv feed-in. Time periods which have not been
selected are removed [19].

time horizon reduction: Depending on the length of the modeled time
horizon, it should be examined whether a shorter model period would
produce similar results, e.g., by modeling a single year instead of
several years.

downsampling: The temporal resolution of an entire time series is
changed. For example, the resolution can be changed from a 1-hourly
to a 3-hourly temporal resolution [19]. For application, the modeling
methodology used must allow the temporal resolution to be adjusted.

variable time steps: The variable time steps method defines critical time
periods (as with heuristic selection) that are particularly important for
the design of the investigated energy system. For these critical periods
a high temporal resolution (e.g., hours) is used, for less important
ones a coarser [31]. This method can enable more realistic modeling,
especially with regard to energy storages [31]. For the application the

applied modeling methodology must be able to use varying time steps
within one model.

rolling horizon: Rolling horizon is a decomposition method in which
the time series is divided into shorter intervals. Thus, several reduced
sub-models are obtained, which are solved one after the other [9].
Rolling horizons come with the disadvantage that each sub-model is
updated and coupled by a previous sub-model, so that parallelization
of the process is not possible [9].

temporal zooming: To overcome the problem of the rolling horizon
method to be incompatible with parallel solving, Cao et al. propose the
method of temporal zooming [9], which is a decomposition method as
well. Thereby, a model run with a reduced time series using downsam-
pling is carried out. Afterwards, as with the rolling horizon method,
several time periods are defined. Time-linking information between
those periods are obtained from the first model run, so that the individ-
ual time periods can be modeled simultaneously. In contrast to rolling
horizon, an additional run is necessary, but run-time can be saved by
parallelizing the remaining runs [9].

multiple time grids: With the decomposition method of multiple time
grids, the temporal resolution is varied for different model compo-
nents and modeled in separate time systems [14]. Therefore, the ap-
plied modeling methodology must allow the application of varying
time steps. Kotzur et al. [18] propose, e.g., a two-layer system when
modeling seasonal storages. In the first layer, intra-day relationships
(e.g., volatile production) are considered, while in the second, intra-
season relationships (e.g., seasonal storage) are considered [14].

2.2 Techno-spatial model adaptions

Techno-spatial methods aim at reducing the number of possible
combinations of investment decisions. Technological and spatial resolu-
tion are strongly related and they are often reduced together. Although
the different methods described in the following usually have a tech-
nological or spatial focus (as the name often suggests), they may
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Fig. 2. Possible modeling error caused by spatial clustering. The fictional clustering of two sub-systems (A and B) with internal electricity production (e.g., by a pv system) and
demands (e.g., electricity) of different load profiles. By clustering the profiles, the sub-systems balance each other out, resulting in an incorrect balance of imports and exports.
With different system parameters (costs, emissions, ...) for import and export, this leads to an overestimation of the share of own consumption and can lead to errors in investment

decisions.

also influence the other aspect in each case. For example, a coarser
sometimes unifies technologies with different technological parame-
ters (e.g., differently oriented pv systems or heating systems with
different efficiencies), while technological aggregation might combine
technologies with a location focus (e.g., pv systems with different
spatial references), in technological interactions between sub-systems
are neglected (e.g., exchange of energy between subsystems), and in
spatial parameters may be used for technological distinctions (e.g., spa-
tial location of heating networks). Therefore, the reduction of both is
combined in one category.

Techno-spatial model adaptions can be carried out by model reduc-
tion or decomposition (see Section 2). Model reduction can furthermore
be divided into the limitation of investment decisions (i.e., reduc-
tion of the decisions to be included within the solved model) and
adaptions of the model structure (e.g., coarsening of the spatial reso-
lution or adjustment of the mathematical approach by avoiding binary
decisions).

technological pre-selection: With the help of preliminary studies (e.g., so-
lar potential, geothermal cadastres, or pre-models) or with the modelers
deeper understanding of the investigated systems, non-profitable tech-
nologies can be identified with regard to the optimization criterion,
which will certainly not be considered in the optimized energy system
scenario. These technologies can be excluded from the model to reduce
the number of investment decisions. If technologies are removed from
the model due to of inaccurate or false assumptions, this automatically
leads to model errors.

technological aggregation: If there are model components that differ
only slightly from each other, they can be grouped together to reduce
the number of investment decisions. For example, pv systems that
supply for the same energy demand but have minor orientation (tilt
and azimuth angles) differences may be grouped together.

spatial clustering: If there are repetitive or highly similar functional
units in an energy system, the same investment and operational de-
cisions are being made multiple times by the model. Comparable units
(e.g., similar building types) may be clustered and aggregated into a
grouped unit. For urban energy systems, Zhang et al. [33] recommend
building clusters with a spatial diameter between 100 m and 1 km. If
sub-systems are clustered which have insufficiently similar load pro-
files, this can lead to significantly varying model outputs. Fig. 2 shows,
as an example, the fictional clustering of two sub-systems. To avoid this
error, only similar sub-systems should be aggregated. Suitable cluster
variables should be used [34], such as the year of construction, usage
type, renewable energy potential (e.g., solar power potential), energy
demand, and load characteristics [33,34].

linearization: As soon as an energy system model contains binary de-
cisions, it is a so-called non-convex model. Such systems are generally
harder to solve [35]. Therefore, modelers should aim to “stay convex
where possible” [10], by avoiding non-linearities [13]. This can be
done by “assuming linear relations or discrete steps” [13].

Linearizations can be applied to various aspects of the model, such
as cost structures and modes of operation. Fig. 3 shows an exemplary
linearization of binary investment decision between different pipe di-
ameters of a district heating output with non-linear cost progression
(black bars). Depending on which costs/pipe diameters are used as
reference points (dots), significantly different linearized cost functions
(red lines) may occur.

7—

N\

binary intervals
® reference points
linearizations

Fig. 3. Linearization of binary investment decisions: The choice of various reference
points for linearization can lead to significantly deviating results.

technological boundaries: In order to limit the solution space to be
investigated by the solver, boundaries (e.g., limits of possible plant
capacities) should be set as tightly as possible [36]. This includes, for
example, limiting the investment decision and not allowing any unre-
alistic investment decisions. This can improve the numerical behavior,
as well as the solving time [36]. Technological boundaries can be
defined based on preliminary studies, on pre-models or on the deeper
understanding of the investigated system. If investment boundaries are
defined to tight based on inaccurate or false assumptions, this may lead
to modeling errors or even non-solvability of a model.

spatial resolution: By adjusting the spatial resolution, the number of
sub-systems to be modeled can be reduced, just as with spatial clus-
tering. In contrast to spatial clustering, however, the approach is less
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structured and sub-systems are aggregated solely according to their spa-
tial location. Due to the spatial clustering error described above (Fig. 2),
the structured approach of spatial clustering is therefore preferable over
the simple adjustment of spatial resolution.

geographical coverage: Similar to the choice of the time horizon reduc-
tion, the geographical coverage of the model should be just as large as
necessary for the research question. For example, it is not necessary
to model an entire country for the design of a single building energy
system. Possibly, it can be useful to divide the spatial area into several
sub-models (see ).

spatial sub-modeling: If there are completely independent investment
decisions in the model, decomposition can be used to create spatial
sub-models that are easier to solve. This may be the case, for example,
if there is no technological connection between two spatial sub-areas.
Sub-models can be solved in parallel.

technological case distinction: If there are central binary decisions which
cannot be linearized, decomposition can be used to create technological
sub-models that are easier to solve. This can, for example, be applied for
the differentiation between centralized and decentralized heat supply.
Case distinctions can be particularly useful if the individual model runs
can be performed in a parallelized computing environment.

3 Materials and methods
3.1 Test case

The majority of the model simplifications described in Section 2
were applied to the test case area shown in Fig. 4. It is a real-
world system (except COM2, which was added so that at least two
non-residential are part of the system) which was selected to comply
with the structure of larger urban areas. It therefore contains different
buildings types (single-/two-family buildings, multi-family buildings,
commercial buildings, buildings without energy demand) and roof
orientations. Furthermore, the reference case of this system (model
without simplification methods) is solvable with the computing re-
sources available for this study with a run-time below 24 h and memory
usage below 64 GB.

This test case area has already been used in previous studies [37-40]
and has proven to be suitable for urban energy system modeling.

The modeled test case thus included a total of three semi-detached
buildings, two multi-family buildings, two commercial buildings, and
two garages. Only buildings that have an energy demand themselves
or have at least one roof surface with pv potential (regarding to [41])
are considered. The garages have pv system potential but no energy
demand of their own. All other buildings have both electricity and
heating demands. The goal of the applied model was to optimize the
financial costs of the systems’ energy supply. For this purpose, an
investment and dispatch optimization in different technologies of sector
coupled electricity and heat supply was performed.

3.2 Model description

The “Spreadsheet Energy System Model Generator” (SESMG) [42]
was utilized. The underlying “Open Energy Modeling Framework”
(oemof) and its sub-modules have been widely validated [43,44]. The
gurobi solver [45] was used.

A bottom-up analytical approach and the mathematical approach of
(mixed-integer) linear programming ((MI)LP) were applied. Methods
of simulation as well as dispatch and investment optimization were
carried out. For the reference case, an hourly temporal resolution, a
temporal horizon of one year, and a building-sharp spatial resolution
were applied. A perfect foresight model is assumed, using weather data
from the nearest station (ID 1078) of the German Weather Service
(DWD) [46]. The year 2012 was considered, which was an average
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Fig. 4. Test case area to which the model simplification methods were applied.

solar year [47]. The minimization of financial costs were applied
as optimization criterion. Therefore, the energy system configuration
which enables the lowest system costs, was to be identified for the test
case area.

The model included 79 linear and 20 binary investment decisions
(see Appendix A). As long as there was no technological limitation for
linear investment decisions, e.g., by available space, the model was
allowed to design energy-converting technologies (e.g., heat pumps and
gas heating systems) between 0 and 999 kW and storage technologies
between 0 and 9999 kWh. Binary decisions could either be made with
the predefined capacity or not at all.

There is area competition for the investment in pv and solar ther-
mal systems on building roofs. This was considered within the model
by using competition constraints. These allow investment in only pv
systems, only solar thermal systems, or proportionately, e.g., half and
half, yet no double investment for a specific area is allowed.

The investment costs for district heating pipes (—40%) and battery
storages (—65%) were artificially reduced. Otherwise their investments
would not have been considered in the reference case. This was neces-
sary in order to study the influence of the various model simplifications
on the use of these technologies in the model.

Furthermore, it is worth mentioning that the model included the
possibility to exchange electricity between the individual buildings in
exchange for grid fees and the like.

A complete description of the model, including the component
structure, as well as all used model parameters is given in Appendix B.
A Linux-operated computing cluster was used. The models were per-
formed on an isolated computing node with 24 physical cores (2.5 GHz)
and 64 GB of RAM. In this way, interactions with other processes on
the computer cluster were avoided.

3.3 Run-time reduction
First, a reference model-run without any adaptions was carried out

followed by several model simplifications. The results of these runs
were then compared with the reference case. The time required to
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solve the model, the required memory, the determined target value
(system costs) and the investment decisions made were compared as
benchmarks. For the run-time and the memory usage we focus on the
pure solving process, without pre-processing and post-processing, as the
processing part is usually the bottleneck of large energy system models

[9].

3.3.1 Temporal model adaptions

The methods described in Section 2.1 were applied to the test case.
For sampling methods, days (e.g., recommended by [26]) and weeks
(e.g., recommended by [27]) are tested for suitability as sampling
periods. The number of modeled time steps was reduced with each
method (as far as possible) reduced to 50%, 20%, 10%, 1.9% (only
for reference weeks, equals to one week), and 0.8% (only for reference
days, equals to one day) of the original time steps. The results were
evaluated in terms of which methods show a converging behavior to the
reference case with increasing number of time steps. For methods show-
ing converging behavior, more accurate results with increasing number
of modeled time steps can be expected. In contrast, for methods with
results varying around the reference case depending on the number
of time steps modeled, only certain configurations allow results with
certain quality.

random sampling: Random sampling was carried out using random
days, as well as weeks as reference periods. The“random”-library [48]
was utilized for that purpose. To ensure reproducibility, a “seed” was
defined, so that with each run the same random period is selected. A
random time series of, e.g., ten periods therefore automatically makes
up ten periods of a random time series of, e.g., 20 periods.

averaging: According to the above described degrees of reduction of
time steps numbers of consecutive days and weeks were averaged.

slicing: Slicing of several numbers of days and weeks was carried out
and applied. For the above described degrees of time step reduction,
every nth sample period (reduction of the time series by more than
50%) was included in the modeling. In addition, the number of time
steps modeled was reduced by only 25% by removing every fourth
sample period from the time series.

k-clustering: k-means-clustering as well as k-medoids-clustering were
carried out using the “scikit-learn” [49] and “scikit-learn-extra”-libraries
[50]. Three different data types, for which the largest model influence
was assumed (1. temperature, 2. solar radiation, 3. electricity demand)
were applied as cluster criteria. The vectors of entire days, respectively
weeks, were applied as cluster-vectors. The air temperature impacts the
heat demand and investment decisions of the entire heat sector and thus
exerts a great impact on the overall system. The solar irradiation has
a strong impact on the performance of pv systems and the electricity
demand. By taking electricity demand into account, deviations in the
courses of the week and year can be mapped. Days and weeks were
tested as sample periods. The number of time steps was reduced in
each case by the degrees described above, with an exception for the k-
medoids algorithm. Since at least three sample periods were contained
in a cluster to form a medoid, the number was reduced by 67% instead
of 50%.

heuristic selection: Based on the approach of Poncelet et al. [23], a
heuristic selection scheme was carried out (see Table 1) considering
different numbers n of reference periods. However, since they used
this approach for simplifying time series of renewable electric feed-
in, the selection criteria chosen there (1. total load, 2. wind load, 3.
pv load) were replaced by criteria more suitable for the context of
this study. Again, the criteria of 1. air temperature, 2. solar radiation
and 3. electricity demand were applied. Days and weeks were used as
reference periods. The number of time steps modeled differs from the

above mentioned degrees of reduction due to the chosen schemes.
time horizon reduction: The time horizon was shortened and several

time horizons (1/2 year, 1/4 year, 1/8 year) were applied.
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Table 1
Heuristic selection scheme with up to three different selection criteria, based on
Poncelet et al. [23] (adapted).

n Season(s) Criterion 1 Criterion 2 Criterion 3
2 Year hp, Iv - -

4 Year hp, v ha, la -

8 Summer, winter hp, v ha, la -

16 Winter, spring, summer, fall hp, Iv ha, la -

24 Winter, spring, summer, fall hp, v ha, la ha, la

Acronyms: hp = highest peak, Iv = lowest valley, ha = highest average, la = lowest
average.

downsampling: Different multiples of the original 1-hour resolution
were applied and the number of modeled time steps reduced by the
degrees described above.

For the applied temporal model adaptions, the model needed to be
adjusted with respect to its temporal structure. To ensure the correct
relationship between variable and periodical (annual) costs in the case
of shortened time series, variable costs were multiplied by the variable
cost factor:

original number of time steps

@

variable cost factor =

new number of time steps

Furthermore, the modeled time series was shortened under certain
conditions. For a time series’ adjustment, the simplification factor
should ideally be divisible by the length of the given time series without
remainder. For example, out of 365 days, every fifth day can be selected
via slicing without any problems (365/5 = 73), but every tenth day
results in a remainder (365/10 = 36.5). In order to simplify the time
series correctly in such cases, the given time series was shortened
to the end, so that the calculation became executable error-free. For
example, for slicing with every tenth day the time series would have
been shortened to 360 days (360/10 = 36). In sampling methods (see
Fig. 1), the selected periods were strung together and merged into a
new time series. The individual sample periods were partially assigned
new time stamps.

The methods of multiple time grids and variable time steps were not
tested, because the applied modeling methodology does not allow the
application of varying temporal resolutions within a single model run.
Furthermore, hierarchical clustering was not applied, because in the
model structure chosen, it is not possible to assign different weightings
to individual time steps.

Within the rolling horizon method, investments are carried out based
on only a part of the time horizon. Since we assume a perfect foresight
model (see Section 3.2) this leads to continuity and competition prob-
lems. For other model types such as dispatch optimization models (see,
e.g., [51-54]) and models that do not assume perfect foresight, rolling
horizon can be useful.

Within the temporal zooming method, investment decisions are made
on the basis of the first (downsampled) model-run and therefore offers
no advantage over conventional downsampling for investment deci-
sions. Due to this lack of suitability for investment optimization, rolling
horizon and temporal zooming were neglected in the following parts of
this study.

3.3.2 Techno-spatial model adaptions

The techno-spatial model adaptions described in Section 2.2 were
applied to the test case. A full list of the applied techno-spatial model
adaption schemes is listed in Appendix C.

technological pre-selection: Technologies for which no investment deci-
sion had been carried out within the reference case were removed from
the model to reduce the number of investment decisions.
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technological aggregation: Technological aggregation was used when a
building had several differently oriented roof surfaces suitable for pv
and solar thermal use. In this case, multiple investment decisions of
pv or solar thermal systems were merged. Different model parameters
(azimuth, tilt) were weight-averaged according to capacity fractions. In
the test case, this applied to SDB2 and COM1 (see. Fig. 4).

spatial clustering: Sub-systems (buildings) were clustered according to
their usage type. In different model tests, either similar building types
(semi-detached buildings, multi-family buildings, commercial buildings
and garages, as scheme C1), or similar usage types (residential build-
ings, commercial buildings, garages, C2), or all buildings of the system
were clustered. For the building clusters, component types (e.g., pv
systems, C2) and associated investment decisions were aggregated. An
exception were the insulation measures, which could not be aggregated
with the applied modeling methodology. Solar thermal and pv systems
were aggregated into 45° groups according to their azimuth angle.

linearization: Within the reference case, district heating pipes were
carried out as binary investment decisions. In total, the district heat-
ing network contained 20 possible pipe sections, each containing one
binary investment decision. In five test runs, only the house connection
pipes (as scheme D1), only the distribution pipes (D2), respectively
all pipes with different linearization reference pipes (D3 to D5) were
applied.

technological boundaries: The overwhelming share of linear investment
decisions were considered with high investment caps (see Appendix A).
In order to limit the resulting large solution space of the model, those
investment caps were tightened, based on the results of the reference
case. Unless there was a stricter restriction before (for pv systems and
solar thermal systems) the investment caps were set at 500% (as scheme
E1), 200% (E2), 150% (E3), and 100% (E4) of the value determined in
the reference case. Binary decisions remained in the model as within
the reference case.

spatial sub-modeling: The model was divided into two sub-models along
the heating network starting from the heat source. The first sub-model
(as scheme F1) included the three semi-detached buildings and garages.
The second sub-model (F2) included the multi-family buildings and
commercial buildings. The partial results were then combined. In the
aggregation of plant outputs, the two partial results were added up. The
central heat source is included in both sub-models. This was taken into
account in the final consolidation of the results.

technological case distinction: A distinction was made between a system
of centralized heat supply (G1) and a system of decentralized heat
supply (G2). The investment decisions were then taken from that model
run, for which the lower optimization value (system cost) had been
calculated.

No modification of the geographical coverage was tested. A reduction
of the spatial resolution was not reasonable due to the limited size of the
test case area.

3.4 Combined model adaptions

After individual tests, the methods with the best results, i.e., those
that allowed the best run-time/memory usage improvements with the
least result deviation, were combined. A total of five method combina-
tions were tested.
4 Results
4.1 Reference case

The reference case model with cost-based optimization resulted in

the investment decisions listed in Table 2. Solving the model took
22:12:15 h and required a maximum of 12.24 GB of memory. The
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model results show, that only decentralized battery and thermal storage
systems were designed, but no centralized storage systems. While the
buildings connected to the district heating network (MFB1, MFB2,
COM1) were completely centrally supplied with heat, all other build-
ings were supplied with decentralized heat.

Table 2

Model results for investment decisions of the reference case and the resulting system
costs. Identical technologies in different sub-systems are aggregated in the presentation
of results.

Technology Model decision Unit
Photovoltaic systems 52.31 kw
Gas heating systems 72.79 kw
Ground coupled heat pumps 12.57 kW
Air source heat pumps 1.68 kw
Combined heat and power plant 29.63 kw
Central heating plant 66.73 kw
Battery storages 3.39 kWh
Thermal storages 413.80 kWh
District heating house connection pipes 3

District heating distribution pipes 5

Wall insulation 0 m?
Window insulation 0 m?
Roof insulation 0 m?
System costs 56 634 €/a

4.2 Temporal model adaptions

Fig. 5 shows the impact of the applied temporal model adaptions
on the model run-time (left) and memory requirements (right) as a
function of the number of time steps modeled. Note that only run-time
and memory usage of the solver is shown. For the entire modeling pro-
cess increased requirements may arise, depending on the computational
resource intensity of the pre-processing and post-processing.

run-time: The quadratic regression (R? = 0.80) of the individual model
runs shows that the run-time increased quadratically with an increas-
ing number of time steps. However, the correlation cannot be gen-
eralized, individual points clearly fall above (e.g., slicing) or below
(e.g., downsampling) the regression curve.

memory usage: The relationship between memory usage and modeled
time steps can be described by a linear regression (R? = 0.99).

For the sake of clarity, the detailed results of the individual runs
are only shown in the Appendix. In Appendix D all results are shown
in tabular form. In Appendix E, the deviations of the optimized system
costs and the aggregated investment decisions for different technologies
depending on the selected temporal model simplification are plotted for
the two most promising methods.

slicing: Investment decisions and system costs tended to converge well
to the reference case with increasing temporal resolution. The choice of
days as a sampling period is preferable, since the deviations are slightly
smaller compared to the reference case than for weeks, especially as
the number of modeled time steps increases (see Appendix D). On the
other hand, in case of a very high temporal simplification (e.g., every
10th day or week), technologies that were designed in the reference
case are taken into account more quickly when reference weeks are
selected (e.g., Appendix E-5’). Useful results, i.e., no complete technol-
ogy changes within individual sub-systems and more than half of all
investment decisions with a deviation of less than 15%, occurred if at
least 20% of the reference time steps were modeled. However, note
that also in this case there are bigger deviations for some investment
decisions, e.g., for battery storages (—67%, by slicing days).

averaging: The results tended to converge to the reference case with
increasing temporal resolution. Advantages in the sample period to
be averaged cannot be generalized. If days were chosen, the results
for system costs (Appendix E-1), gas heating systems (Appendix E-3)
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Fig. 5. Run-time and memory requirements depending on the number of time steps modeled. All values are also listed in Appendix D. The memory usage can be described by a
linear regression (R? = 0.99) depending on the modeled time steps. The run-time can be described by a quadratic regression (R> = 0.80). The lower coefficient of determination

shows that the run-time is also dependent on other parameters.

and central heating plant (Appendix E-7) converged faster or more
accurately to the reference case. Weeks were more suitable for pv sys-
tems (Appendix E-2%), air source heat pumps (Appendix E-5’), and the
combined heat and power (chp) plant (Appendix E-6). Useful results,
i.e., no complete technology changes within individual sub-systems and
more than half of all investment decisions with a deviation of less than
10%, occurred whenever at least 20% of the reference time steps were
used. Note, that, also in this case, there are larger deviations for some
investment decisions, e.g., battery storages (—84%, by averaging days).

downsampling: The downsampling result curves came closer to the
reference values with increasing temporal resolution. However, the
deviations from the reference case show significant deviations for the
design of pv systems (—100% to +49%), chp plants (—31% to +376%)
and district heating pipes (—20% to +133%) and for system costs (—1%
to +1102%) and battery storages (—100% to +57 331%) even the largest
deviations of all methods examined (see Appendix D).

random sampling: With random sampling, investment decisions for
some technologies converged to the results of the reference case with
increasing number of modeled time steps (e.g., thermal storages, dis-
trict heating pipes, see Appendix D). However, other investment de-
cisions deviated steadily from the reference results or even fluctuated
around the reference values, regardless of the modeled number of time
steps, e.g., for the chp plant (—100% to +64%), central heating plant
(—100% to +119%), battery storages (—91% to +2052%), and thermal
storages (—84% to +437%).

heuristic selection: Heuristic selection allows, depending on the applied
scheme, for some investment decisions results with comparably small
deviations to the reference case even with a small number of simulated
time steps, e.g., at 192 modeled time steps for system costs (-2 %) and
gas heating systems (—25%). For the same schemes, other investment
decisions, however, had large deviations, e.g., for the case of 192
modeled timesteps heat pumps (—100%), thermal storages (+306%)
and solar thermal systems (no investment in the reference case, see
Appendix D). Overall, there are many outliers (e.g., thermal storage
capacities oversized by up to +578%) and fluctuations in the results.

k-clustering: The results of k-clustering are, overall, noisy (see Ap-
pendix D). In the k-means-clustering (temperature criterion) of days,
the investment decision of pv systems converged to the reference
case; gas heating systems were about 80% under-designed and did
not converge to the reference case. In the k-medoids clustering (solar
radiation criterion) of days, some technologies that were relevant in
the reference case were not considered at all (battery storage and
ground coupled heat pumps (gchp)). In other schemes, decisions partly
fluctuated around the reference decisions instead of converging to
them. The clustering of weeks behaved somewhat more steady than
that of days. Overall, for k-clustering no clear trend is discernible and
it is unclear under which setting a consistently converging behavior can
be expected.

time horizon reduction: Shortening the time horizon, led to large model
deviations. In particular, if the time horizon was reduced by more
than half, the ratio of winter to summer days is significantly changed,
leading to undersizing of pv systems and related components, such
as battery storages and heat pumps (all —100% for a quarter of the
reference horizon). On the other hand other components are oversized,
such as gas heating systems (+200%), thermal storage (+102%) and
the chp plant (+308%). System costs were also greatly overestimated
whenever the time horizon was shortened.

4.3 Techno-spatial model adaptions

The results show that the run-time depends largely on the number
of binary investment decisions (Fig. 6, left) and that the memory
depends largely on the sum of all investment decisions (Fig. 6, right).
The memory requirement can be well described by a linear regression
(R? = 0.74). The attempt to form a quadratic regression for the run-
time is quite inaccurate (R> = 0.31), so that it can be stated that
other parameters than the number of (binary) investment decisions play
important roles as well.

For methods consisting of multiple model runs (spatial sub-
modeling and technological case distinction), the run-time of all runs
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was added up for the consideration as benchmark, and the highest
memory requirement of the individual model runs was taken into
account. When balancing the number of investment decisions, the
higher value of the two model runs is considered.

Detailed results for the investment decisions for all applied techno-
spatial model adaptions are shown in Appendix F.

technological pre-selection: By technological pre-selection the number
of linear investment decisions had been drastically reduced by —61%
and the number of binary decisions by —50%. This led to a run-time
reduction of —99% and lowered memory requirements of —29% without
having impact on the modeling results.

technological aggregation: By aggregating the pv systems of individual
sub-systems, investment decisions for higher capacities of pv systems
(+5%), battery storage (+3%) and gchps (+3%) compared to the ref-
erence case were carried out. This can be explained by the fact that
plants were aggregated according to their surface orientation (see
Section 3.3.2). Within these aggregations, uniform angles were used. As
a result of this change in the modeled orientation, certain pv systems for
which an investment was not profitable with the original orientation in
the reference case, probably moved above the break-even point. In turn,
battery storages and heat pumps were dimensioned larger due to higher
pv yields. However, technological aggregation led to a significant in-
crease in computing time (+68%) and only a marginal reduction in
memory requirements (—2%). Overall, technological aggregation thus
led to a deterioration in computing performance.

spatial clustering: System costs were significantly underestimated be-
tween —44% and -64% compared to the reference run, within all
clustering schemes. This is because plant capacities are shared by sub-
systems and the modeled district heating distribution pipe lengths are
shorter. Clustering of similar building types (C1) and similar usage
types resulted in a lower configuration of central heat supply. This can
be explained by the fact that buildings that were centrally supplied in
the reference case (e.g., COM1) were partially clustered with buildings
that were decentrally supplied in the reference case (e.g., COM2). In the
fully clustered case (C3) there was a strong centralization. This can also
be explained by the consideration of fewer district heating distribution

pipe lengths and thus fewer costs taken into account. Spatial clustering,
however, allowed a significant saving of run-time (up to —99%) and the
largest reduction of memory (up to —64%), of all tested techno-spatial
model adaptations.

linearization: All linearization schemes led to large model deviations
compared to the reference case. The linearization increased the prof-
itability of district heating networks by the option to partially (non-
binary) design district heating pipe capacities. This led to a significant
centralization of the heating supply and to an underestimation of
the system costs within all linearization schemes. If linearization was
applied to house connection pipes alone (D1), the underestimate was
less yet also the run-time improvement (—58%) was lower than that of
the other schemes (up to —99%). All linearizations had no effect on the
memory requirements of the model.

technological boundaries: The application of appropriate technological
boundaries allowed significant run-time improvements (up to —77%)
while maintaining the same quality of results of the reference case.
The memory was not significantly affected. Note, that the tightest
technological boundaries (E4) led to smallest run-time savings. This
may be explained by the fact that the model solution could only be
approximated from one site due to particularly tight bounds. This
resulted in fewer solution paths for the solver, which could have led
to a higher run-time. Between the results with less tight technological
boundaries (E1 and E2), there is no significant impact on the run-time.

spatial sub-modeling: The decomposition into two spatial sub-models
affected the investment decisions of the pv systems, geothermal heat
pumps, and battery storage. This can be explained by the fact that the
electricity produced in each sub-model could no longer be delivered
to all sub-systems, but only to sub-systems within the same sub-model.
As a result, more battery storage capacities were required to use the
produced electricity in an economically viable way, and gchps were less
profitable because more electricity had to be imported at a higher price
to operate them. However, this effect will probably lose significance, if
the sub-models contain more sub-systems, which can exchange energy.
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technological case distinction: Within the technological case distinction,
the case of decentralized heat supply was evaluated to be more suitable
than the case of centralized heat supply. Accordingly, central heat sup-
ply components (chp, central heating plant and district heating pipes)
were not considered at all and more decentralized system capacity
(gas heating, heat pumps, wall insulation) was designed. However, also
pv systems and battery storage were dimensioned larger than in the
reference case, probably due to the increased demand for electricity
from the heat pumps. Overall, technological aggregation thus led to
large model deviations and is therefore less suitable for the test case.
However, technological case distinction allows a reduction of both
total run-time (—99%) and memory requirements (—22%) despite the
necessity to perform two model runs.

4.4 Combined methods

A total of five schemes of combined model reduction methods were
applied (see Table 3). The following paragraphs refer to the results of
these combined runs shown in Fig. 7 and Appendix G.

The combination of technological pre-selection and technological
boundaries (X1) improved the run-time (-99.43%) and memory usage
(—29%) without causing any model deviations regarding investment
decisions and optimized system costs.

Building on scheme X1, temporal slicing of every second day (X2),
respectively spatial sub-modeling (X3) were added to the model re-
duction scheme. Compared to X1, both methods allowed significantly
greater memory usage savings (—62%, respectively —55%). X2 still
allowed a greater saving in computing time (—99.57%), X3 some-
what less (-=99.31%) due to the additionally required model run of
the sub-modeling. Both schemes mainly influenced the design of heat
pumps and battery storages. The battery storages were partly under-
sized (—38%, X2) and partly oversized (+29%, X3).

By combining the previous schemes (X4), the incorrect battery
designs partially offset each other, but beyond that, similar model
deviations occur. However, the scheme allows greater run-time savings
(—99.70%) and memory usage (—77%) than before.

With the last scheme (X5) the temporal model reduction is increased
to temporal slicing of (every fourth day). This led to further run-time
(—99.89%) and memory savings (—88%), but also to significant model
deviations for the investment decisions of pv systems, heatpumps,
central heating plant and battery storages.
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Table 3
Applied combined method schemes. For schemes consisting of several sub-models with
different values, both values are given.

Scheme Combined model adaptions inv. decisions Modeled
Linear Binary time steps

X1 Technological pre-selection 31 10 8760
Technological boundaries (E2)

X2 Technological pre-selection 31 10 4368
Technological boundaries (E2)
Temporal slicing (every second day)

X3 Technological pre-selection 16/15 0/10 8760

Technological boundaries (E2)
Spatial sub-modeling

X4 Technological pre-selection 16/15 0/10 4368
Technological boundaries (E2)
Temporal slicing (every second day)
Spatial sub-modeling

X5 Technological pre-selection 16/15 0/10 2184
Technological boundaries (E2)
Temporal slicing (every fourth day)
Spatial sub-modeling

5 Discussion

Several temporal model adaptations and techno-spatial model adap-
tations, as well as five combined method schemes were applied to
a real-world test case. The evaluation of these methods showed that
model-based adaptations can significantly reduce run-time and random
access memory (RAM) requirements of mixed-used multi-energy system
models with high spatial resolution. At the same time, however, it
became clear that some of the methods led to significant deviations
of the model results. For the application of other methods, a pro-
found prior knowledge and understanding of the energy systems under
investigation is necessary.

The model reduction methods tested in this study were applied to
a mixed-use multi-energy system optimization model with the focus on
investment optimization. The test area with a total of nine buildings
was selected to correspond to the structure of larger urban areas (see
Section 3.1). We therefore assume that the results can also be applied
to larger urban energy systems with several hundreds of buildings and
similar multi-energy systems.

Interactions of the investigated methods to solver-based methods
(this includes, for example, the choice of a different solver) were
not investigated in this study. However, we assume that a similar
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Fig. 7. Impact of the applied combined model reduction method schemes on the run-time (left) and the memory requirements (right).
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improvement will be enabled with solver-based methods applied in
parallel.

5.1 Temporal model adaptions

As expected in Section 1, the computing capacities required to solve
energy system optimization models increases rapidly with rising num-
ber of modeled time steps. The memory requirement increases linearly,
the run-time increases quadratically with a slightly lower coefficient
of determination of the regression (see Fig. 5). It can thus be stated
that the modeled number of time steps has a primary influence on
the computing resources. However, the application of temporal model
adaptations also causes model deviations in the investment decisions
with respect to these technologies:

« sector-coupling technologies: Particularly heat pumps are un-
dersized with decreasing number of modeled time steps.

battery storages: The investments of battery storages are partic-
ularly vulnerable to (temporal) model simplifications. There is a
rising over- or undersizing of the battery storage capacities with
decreasing number of modeled time steps.

(de)centralized heat supply: As the number of modeled time
steps decreases, technologies for decentralized heat supply (gas
heating systems, heat pumps) tend to be under-designed. Central
heat supply, conversely, increases.

Methods that do not sufficiently represent the load and weather
profiles of the entire year cause large model deviations, which do not
converge to the reference case even with an increasing number of
modeled time steps.

Further deviations may arise from the inappropriate ratio between
days below and above the heating limit temperature. If the heating day
ratio is too high, the model tends to consider investments into higher
thermal storage capacities and technologies with low variable but high
periodical costs. This must be taken into account, for example, in the
choice of heuristic selection schemes and the number of reference days
for slicing and averaging.

Overall, many deviations can thus be attributed largely to the
previously discussed problems (see Section 2.1) of continuity (such as
investment behavior for battery storages) and concurrency (e.g., shift
between (de)centralized heating supply). None of the tested methods of
temporal model reduction allowed a design without larger errors in the
investment decisions. In fact, there was always at least one technology
with major design errors of at least 10% compared to the reference
case (see Appendix D). All in all, slicing and averaging provide the
most reliable results of the tested temporal model adaptions. Slicing
and averaging converge most reliably to the reference case results as
the number of time steps modeled increases. Generally, useful results
can be expected from the consideration of every fifth day or the
averaging of a maximum of five days. Since slicing and averaging yield
different model deviations for different technologies, one of the two
methods should be selected depending on the application. Slicing is
more reliable in the heat sector and for the design of storage systems,
while averaging is more reliable for the design of sector-coupling
technologies. This is probably due to the fact that maximum values
(e.g., heat demand or pv production) are reduced in the course of
averaging. At the same time, however, averaging more reliably takes
into account combinations of energy consumption and supply that do
not occur regularly across sectors (e.g., pv production and heat demand
covered by heat pumps). In contrast to most of the other temporal
model adaptations tested, slicing also allows only a slight reduction of
the time steps (e.g., by one third). Overall, there are fewer deviations
from the reference case when applying slicing.

In some cases, the heuristic selection produces usable results even
with a very small number of days. The least useful results were obtained
by time horizon reduction and downsampling. The least useful results
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with respect to investment decisions were obtained by time horizon
reduction and downsampling.

The choice of whether reference weeks or reference days should
be selected for temporal sampling also produces different results for
different investment decisions. Reference days, for example, tend to
provide a better cost estimate. Reference weeks, on the other hand,
better reflect the design of thermal storage facilities, and are therefore
more appropriate with respect to the continuity problem. However, in
the specific case of slicing, better convergence behavior occurs when
reference days are chosen, especially in the design of gchps, pv systems,
chp plants, central heating plant, and district heating networks.

The variable cost factor applied to all temporal model adaptions (see
Section 3.3.1) takes the ratio of periodical to variable costs well into
account. For most temporal model adaptions a larger deviation of the
modeled system costs is only recorded in the case of large temporal
simplification. Only in the cases of downsampling, k-clustering (solar
radiation and electricity demand criteria), and time horizon reduction
the deviations were greater than 10%, as long as a minimum of 20%
of the original number of time steps were modeled (see Appendix D).

5.2 Techno-spatial model adaptions

The tested techno-spatial model adaptions showed that the memory
requirement is linearly related to the number of investment decisions
(see Fig. 6). The run-time depends among other things on the number
of binary investment decisions even though, the regression of this
relationship has only a low coefficient of determination.

Some of the tested methods allow a significant reduction of the
required computing resources without causing model deviations at
all. This applies to technological pre-selection and the definition of
appropriate technological boundaries (run-time only). Technological
sub-modeling allows further improvements with, besides too high bat-
tery storage investments, negligible model deviations. Since the lack
of compensation possibilities between the sub-systems mainly causes
the undersizing of the battery storages, it can be assumed that this
effect will become less important with increasing sub-system size. It is
recommended to draw reasonable boundaries between the sub-models.
For example, locations of central heat generation or grid nodes are
particularly suitable for that purpose.

Spatial clustering, linearization and technological case distinction
lead to significant model deviations. The previously, theoretically as-
sumed problems with spatial clustering (Fig. 2) and linearization
(Fig. 3) are thus confirmed. In the reference case, technological ag-
gregation led only to minor model deviations, but to an increase of
the run-time. The increase in run-time can be explained by the fact
that systems with averaged parameters are closer to the profitability
limit. For example, in the modeled reference case, the pv systems
of building SDB1 were either fully designed (pv system 1 with 244°
south-west orientation) or not designed at all (pv system 2 with 66°
north-east orientation). This “all-or-nothing” decision indicates a clear
and easily identifiable solution for the model. In the aggregated case,
the parameters of the two plants are weighted averaged (aggregated pv
system with 159° south-east orientation) and the investment decision
is only partially sized. This partial design indicates that the investment
decision is close to the profitability limit and the optimal capacity is
harder to identify for the solution algorithm. Consequently, more run-
time is required to solve the model. We therefore recommend not to
use these methods.

Technological pre-selection, technological boundaries and spatial
sub-modeling are suitable techno-spatial model adaptation methods to
substantially improve the computing resources. However, these meth-
ods require either preliminary carried out studies or a profound knowl-
edge and understanding of the energy system under investigation (see
Section 2.2). If preliminary decisions are made on the basis of inaccu-
rate or false assumptions, this will automatically lead to an inaccuracy
in the main model as well.
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5.3 Combined model adaptions

Before applying all the methods tested in this study, the conceptual
design of energy system models should always avoid to include non-
relevant system components and investment decisions that are not
relevant to the research questions. Particular focus should be put on
the avoidance of binary decisions.

A way to address lack of prior knowledge on the application of
technological pre-selection and application of technological boundaries
is the execution of a pre-model with temporal simplifications. Based on
the results of this pre-model, investment decisions that were not used at
all can be removed from the main model (technological pre-selection).
In contrast to the temporal zooming approach, the investment decisions
are thereby only limited within the pre-model, but the final decisions
(dispatch and investment) are made entirely in the main-model. To
ensure that no relevant technologies are mistakenly removed from the
model, the method for temporal simplifying the pre-model should be
chosen with care. The results of the applied case show that the short-
ening of the original time series by averaging each of ten consecutive
weeks would be very suitable. More or less the same technologies
were considered for investment decisions as in the reference case (see
Section 4.2). Although the capacities of these investment decisions do
not match those of the reference results, the decisions can be used
for technological pre-selection. In addition, the pre-results can be used
to reasonably constrain the technological investment limits. The test
case results show that setting them to about 500% of the pre-results is
appropriate. If subsequently the investment limits are fully utilized in
the main model, the values should be increased and the main model
repeated.

The application of pre-modeling with subsequent technological pre-
selection and application of technological boundaries thus corresponds
to the tested combined methods scheme X1 (see Table 3), which
enabled a significant reduction of computing resources without causing
model deviations.

The technological pre-selection considered manually in the model
could have been made on the basis of a temporally simplified pre-model
with averaging every 10th week (see Appendix D). Adding the solving
time of such a pre-model of 840 s (see Appendix D) still a total run-
time improvement of about —98% and a reduced memory requirements
of —29% (see Appendix G) can be expected compared to the reference
case.

Further savings of computing resources, especially memory usage,
are possible through further method combinations. Based on the tested
schemes, we recommend, the additional application of spatial sub-
modeling, and temporal slicing. Temporal slicing should be applied
only as much as absolutely necessary, because the model results deviate
increasingly from the reference case with decreasing number of mod-
eled time steps. Useful results with respect to the investment decisions
made can be expected if at least 20% of the original time steps are
modeled.

5.4 Evaluation of results

Although this study focuses on the specific case of reducing the
computational requirements of mixed-use multi-energy systems with
high spatial resolution through temporal and techno-spatial model
adjustments, the results can be partially compared with other studies
on run-time and memory reduction of energy system models.

Kotzur et al. [10] also recommend “a systematic reduction of the
size of the model” and that “binary variables should be avoided and
equations linearized where possible”. In addition, they also see poten-
tial in spatial clustering and draw attention to the risks of accounting
mismatches.

In line with our results, Hoffmann et al. [14] came to the conclusion
that “temporal aggregation methods are always based on the complex-
ity reduction of not perfectly redundant input data and thus introduce
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deviations from fully resolved models" and that these should only be
used if absolutely necessary.

Alimou et al. [28] analyzed a combination of heuristic selection and
downsampling to select seven typical days, which are divided into six
hourly time steps afterwards. Consistent with our results for heuristic
selection and downsampling, they arrived at the conclusion that this
procedure “tends to reduce the high variability of [...] wind and solar”,
as well as to overestimate “the maximum load that must be supplied
by [...] thermal power plants”.

Cao et al. [9] as well as Shirizadeh and Quirion [29] came to
results regarding the downsampling method for the cases of nation scale
models, which strongly differ from our results. They both identified
downsampling to be the “most efficient speed-up approach” [9] of the
time series simplification methods tested for their cases. The differences
in the results can be attributed to the differences in the spatial scale and
the technological and spatial resolution. We analyzed a comparatively
small area with high spatial and technological resolution. In such
areas, small-scale interactions between individual components and sub-
systems as well as the volatility of individual renewable energy plants
are highly relevant. These points are not well represented by downsam-
pling. However, these effects are less relevant for large energy system
models with lower spatial and technological resolution (Shirizadeh
and Quirion used only a single node). Accordingly, the weaknesses of
the downsampling method have less influence on the results of such
models. However, the different results underline how important it is
to use appropriate methods of time series reduction depending on the
application.

The methods considered in this study were applied to a real-world
energy system with a total of nine buildings. However, we assume that
the results can also be applied to other energy system models. The test
area was selected to correspond to the structure of larger urban energy
systems. We therefore assume that the results are transferable to urban
areas with several hundred buildings.

We further assume that the results are particularly applicable to
energy system models with a high level of technological detail and
high spatial resolution. For spatially very large models (e.g., national
scale) with low technological and spatial resolution, the results are not
transferable without further ado.

The results for temporal model adaptations are particularly charac-
terized by model deviations in the design of sector-coupling technolo-
gies, battery storage and the decision of (de)centralized heat supply (see
Section 5.1). The results are therefore especially transferable to models
that include such kind of technologies and decisions. For mono-sectoral
models, the transferability has to be confirmed first. Furthermore,
mainly short-term storages were considered within the test case, so that
we cannot state the influence of the different temporal simplifications
on long-term storages, which, e.g., have been described by Kotzur et al.
[18].

The recommended techno-spatial methods of technological pre-
selection and technological boundaries are expected to be highly trans-
ferable to most other types of energy systems, especially models with
a high number of binary decisions. Rather, the uncertainties of these
methods depend on the quality of the underlying preliminary investi-
gations.

Lastly, the results are transferable for models where the solving
process is the bottleneck of the whole modeling process. For models,
where pre-processing or post-processing may be predominant, other ap-
proaches, which are not in the focus of this study, should be conducted.

6 Conclusion

The model runs performed in this study have shown that the com-
putational requirements of run-time and (random access) memory us-
age to solve a model are influenced differently by increasing model
complexity. The run-time increases quadratically with increasing
model complexity. A correlation of the relationship with the number
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of time steps modeled proved to be particularly clear for the models
used in this study, showing a coefficient of determination of R? = 0.80.
Furthermore, in particularly the number of binary investment decisions
had quadratic influence on the run-time, although this relationship
showed up to be less clear (R*> = 0.31). In turn, the memory re-
quirement increases linearly with increasing model complexity.
Again, the correlation to the number of modeled time steps was found
to be particularly clear (R*> = 0.99). Furthermore, the number of all
investment decisions also had linear impact (R? = 0.74) on the memory
requirement.

The application of model adaption methods can therefore signifi-
cantly reduce computing resources. In the investigated test case, the
run-time could be reduced by more than —99 % and the memory usage
by up to —88 %, by using a combination of technological pre-selection,
technological boundaries, temporal slicing (every fourth day), and
spatial sub-modeling (scheme X5, see Table 3).

Based on our analysis, we recommend the following general proce-
dure for the reduction of computing resources for multi-energy system
investment optimizations models. The proposed steps are sequential. To
avoid model inaccuracies, only as many steps as absolutely necessary
should be applied:

1. keeping the model as simple as possible: All system compo-
nents that are not relevant for the purpose of the study should be
removed from the model. This applies in particular to (binary)
investment decisions.

2. pre-modeling: With the help of a time-simplified model (slic-
ing/averaging of every 10th week is recommended), preliminary
results can be obtained and incorporated into the main-model
(scheme X1, see Table 3):

(a) technological pre-selection: Technologies not consid-
ered within in the pre-modeling should be removed from
the main-model.

technological boundaries: Investment limits can be rea-
sonably limited based on the pre-model results. We rec-
ommend technological boundaries of 500% of the pre-
model result investment values. If the investment lim-
its are fully used in the main-model, the technological
boundaries should be enlarged.

(b)

3. spatial sub-modeling: The model can be decomposed and the
results subsequently aggregated. The boundaries of sub-models
should be strategically aligned, for example at network nodes.
Especially for models without interaction between sub-systems
(i.e., without local energy markets or bi-directional heat net-
works), only small model deviations are to be expected (scheme
X3, see Table 3).

4. temporal simplification: We recommend temporal slicing, us-
ing days as sample periods. The degree of slicing should be as
low as necessary, with a maximum of every fifth day (scheme
X4 and X5, see Table 3).

5. further simplifications: If further model simplifications are
necessary, we recommend spatial clustering of sub-systems. The
clusters should be kept as small as possible.
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Note that none of the tested methods of temporal model reduction
allowed simplifications without model deviations. In fact, there was
always at least one technology with major design errors of at least
10% compared to the reference case (see Appendix D). Due to large
model deviations, we especially recommend avoiding the use of tem-
poral downsampling, time horizon reduction, linearization and holistic
spatial clustering, if possible.

The proposed procedure was tested for an urban area with a total of
nine buildings. The test area was chosen to correspond to the structure
of larger urban areas. Therefore, we presume that the procedure is
also applicable to larger multi-energy systems, for example, of urban
districts with several hundreds of buildings. However, the transferabil-
ity still has to be finally confirmed in future research. In addition, we
recommend the development of concrete instructions for solver-based
methods and parallelization. In this way, the required computational
resources can be further reduced or the possible model complexity can
be increased while maintaining the same run-time and memory usage
requirements.
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Appendix A. Methods: Investment decision

A list of the investment decisions carried out in the test case is shown in Table 4.

Table 4
Investment decisions within the test case area. Unless otherwise indicated, the decisions are linear and the value to be determined can be between zero and the listed value.
Unit cent. SDB1 SDB2 SDB3 MFB1 MFB2 COM1 COM2 GAR1 GAR2

Central heating plant kw 999 - - - - - - - - -
Gas heating systems kw - 999 999 999 999 999 999 999 - -
Chp plant kw 999 - - - - - - - - -
gchp - 27.8 18.4 21.6 21.5 30.1 - - - -
Ashp kw 999 999 999 999 999 999 999 999 - -
Pv systems kw - 6.75 13.50% 7.02 14.04 7.29 14.96* 9.32 2.70 2.16
Battery storage kWh 9999 9999 9999 9999 9999 9999 9999 9999 - -
solar th. collectors kw - 27.71 55.42% 28.82 57.64 29.93 61.41% 38.27 - -
Thermal storage kWh 9999 9999 9999 9999 9999 9999 9999 9999 - -
Roof insulation m? - 163 162 125 297 138 527 323 - -
Wall insulation m? - 364 365 338 402 194 340 523 - -
Window insulation m? - 60 59 47 103 48 211 131 - -

Dh network 20 pipe sections, each with a binary decisions of DN25 (max. 87 kW) for house connection pipes and DN35 (max. 165 kW) for

distribution network pipes.

Acronyms: ashp = air source heat pump, cent. = central, chp = combined heat and power, dh = district heat, gchp = ground coupled heat pump, ng = natural gas, pv =

photovoltaic, th. = thermal.

aAggregated capacity of two partial plants.

Appendix B. Methods: Model parameters

All parameters used for the modeling including sources and derivations are stored in the following directories:

» SESMG scenario-files: https://doi.org/10.5281/zenod0.6997372
» Model and parameter documentation: https://doi.org/10.5281/zenodo.6997547

Appendix C. Methods: Techno-spatial model adaptions

A list of the applied techno-spatial model adaptions is shown in Table 5.

Table 5

Applied techno-spatial adaptions.

ID Method Specification Investment decisions
Linear Binary

Ref. Reference case 79 20
Al Technological pre-selection 31 10
Bl Technological aggregation 75 20
Cl Spatial clustering Similar building types (4 clusters) 50 14
Cc2 Spatial clustering Similar usage types (3 clusters) 43 12
C3 Spatial clustering All buildings of the system (1 cluster) 37 8
D1 Linearization House connection pipes, reference value: DN25 86 13
D2 Linearization Distribution pipes, reference value: DN32 92 7
D3 Linearization All pipes, reference value: DN25 99 0
D4 Linearization All pipes, reference value: DN32 99 0
D5 Linearization All pipes, reference value: DN25 & DN32 99 0
El Technological boundaries 500% reference investments 79 20
E2 Technological boundaries 200% of reference investments 79 20
E3 Technological boundaries 150% of reference investments 79 20
E4 Technological boundaries 100% of reference investments 79 20
F1 Sub-modeling Sub-model 1 (SDB1-3, GAR1-2) 39 8
F2 Sub-modeling Sub-model 2 (MFB1-2, COM 1-2) 45 13
Gl Technological case distinction Centralized heat supply 43 20
G2 Technological case distinction Decentralized heat supply 75 0
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Appendix D. Results: Temporal model adaptions

Deviations of temporal simplified models from the reference case are shown in Table 6.

Table 6

Deviations of temporal simplified models from the reference case. Green cells indicate a model improvement, respectively low model errors, red cells indicate negative deviations from the reference case, blue positive deviations.
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Averaging (days) 72

Averaging (days) 864

Averaging (days) 4368 —75.64% —48%

Averaging (days) 1752 -77%

Averaging (weeks) 840

Averaging (weeks) 4368 —80.63% —49%

Averaging (weeks) 168

Averaging (weeks) 1680

Downsampling (days) 88

Downsampling (days) 876

Downsampling (days) 4380

Downsampling (days) 1752

Downsampling (days) 2920

Downsampling (days) 2190

Heuristic selection (days) 48

Heuristic selection (days) 96

Heuristic selection (days) 192

Heuristic selection (days) 384

Heuristic selection (days) 576

Heuristic selection (weeks) 336

Heuristic selection (weeks) 672

Heuristic selection (weeks) 1344

Heuristic selection (weeks) 2688

Heuristic selection (weeks) 4032 —76.84%

k-means clustering (solar radiation) (days) 72

k-means clustering (solar radiation) (days) 864

k-means clustering (solar radiation) (days) 4368 —43.08%

k-means clustering (solar radiation) (days) 1752

k-means clustering (electricity demand) (days) 72

k-means clustering (electricity demand) (days) 864

k-means clustering (electricity demand) (days) 4368

k-means clustering (electricity demand) (days) 1752

k-means clustering (temperature) (days) 72

k-means clustering (temperature) (days) 864

k-means clustering (temperature) (days) 4368 —58.50%

k-means clustering (temperature) (days) 1752

k-means clustering (solar radiation) (weeks) 840

k-means clustering (solar radiation) (weeks) 4368 —72.69%

k-means clustering (solar radiation) (weeks) 168

k-means clustering (solar radiation) (weeks) 1680

k-means clustering (electricity demand) (weeks) 4368

k-means clustering (electricity demand) (weeks) 168

k-means clustering (electricity demand) (weeks) 1680

k-means clustering (temperature) (weeks) 840

k-means clustering (temperature) (weeks) 4368 —75.52%

k-means clustering (temperature) (weeks) 168

k-means clustering (temperature) (weeks) 1680

k-medoids clustering (solar radiation) (days) 72

k-medoids clustering (solar radiation) (days) 864

k-medoids clustering (solar radiation) (days) 2904

k-medoids clustering (solar radiation) (days) 1752

k-medoids clustering (electricity demand) (days) 72

(continued on next page)
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Table 6 (continued).

k-medoids clustering (electricity demand) (days)
k-medoids clustering (electricity demand) (days)
k-medoids clustering (electricity demand) (days)
-medoids clustering (temp ure) (days)

k-medoids clustering (temp ure) (days)
k-medoids clustering (i ure) (days)
k-medoids clustering (i ure) (days)

k-medoids clustering (solar radiation) (weeks)
k-medoids clustering (solar radiation) (weeks)
k-medoids clustering (solar radiation) (weeks)
k-medoids clustering (electricity demand) (weeks)
k-medoids clustering (electricity demand) (weeks)
k-medoids clustering (electricity demand) (weeks)
k-medoids clustering (temperature) (weeks)
k-medoids clustering (temp ure) (weeks)
k-medoids clustering (temp ure) (weeks)
Random sampling (days)

Random sampling (days)

Random sampling (days)

Random sampling (days)

Random sampling (weeks)

Random sampling (weeks)

Random sampling (weeks)

Random sampling (weeks)

Slicing (days)

Slicing (days)

Slicing (days)

Slicing (days)

Slicing (days)

Slicing (days)

Slicing (weeks)

Slicing (weeks)

Slicing (weeks)

Slicing (weeks)

Slicing (weeks)

Time horizon reduction

Time horizon reduction

Time horizon reduction

864
2904
1752

72

864
2904
1752
2856

168
1680
2856

168
1680
2856

168
1680
4368

864

1752
1680
168
4368
840

864
4368
1752
5808
6552

840
4368

168
1680
6552
1095
2190
4380

-40.19%

35%

+18.81%
-13.71%

+22.48%

—48%

2In the simplified model, an investment has taken place which was not taken into account in the reference case.
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Appendix E. Results: Temporal model adaptions (Plots)

Deviations of investment decisions of slicing and averaging from the reference case are shown in Figs. 8-10. Investment decisions that did not
prove suitable for system optimization neither in the reference case nor in the simplified model runs for system optimization (wall, window and

roof insulation) are not shown.
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Fig. 8. Investment decision deviations of temporal simplified models from the reference case. Methods with sample days are shown on the left, sample weeks on the right. Modeled

values are shown as full symbols.
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ground coupled heat pumps
deviation in %

air source heat pumps
deviation in %

combined heat and power plant
deviation in %

central heating plant
deviation in %

Fig. 9. Investment decision deviations of temporal simplified models from the reference case. Methods with sample days are shown on the left, sample weeks on the right. Modeled

values are shown as full symbols.
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thermal storages battery storages
deviation in %

dh house connection pipes

dh distribution pipes

deviation in %
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Fig. 10. Investment decision deviations of temporal simplified models from the reference case. Methods with sample days are shown on the left, sample weeks on the right.
Modeled values are shown as full symbols.
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Appendix F. Results: Techno-spatial model adaptions
Deviations of techno-spatial simplified models from the reference case are shown in Table 7.

Table 7
Deviations of techno-spatial simplified models from the reference case. Green cells indicate a model improvement, respectively low model errors, red cells indicate negative
deviations from the reference case, blue positive deviations.

Memory usage

System costs

pv systems

Gas heating systems
Central heating plant
Battery storages
Thermal storages
House connection pipes
Distribution pipes
Roof insulation

Wall insulation
Window insulation
Solar thermal systems

gchp
ashp

inear investment decisions
Binary investment decisions
chp

Run-time

Method

—29%
—2%
—44%
—54%
—64%
0%
0%
0%

Al: technological pre-selection 31 10
B1: technological aggregation 75 20
C1: spatial clustering 50 14
C2: spatial clustering 43 12
C3: spatial clustering 37 8
D1: linearization 86 13

D2: linearization 92 7

D3: linearization 99 0

D4: linearization 99 0 0%

D5: linearization 99 0 0%

E1: technological boundaries 79 20 -76.79% 0%
E2: technological boundaries 79 20 -75.96% 0%
E3: technological boundaries 79 20 -59.71% +1%
E4: technological boundaries 79 20 -49.47% +1%
F: sub-modeling 39/45 8/13 -67.84% —-39%
G: case-distinction 43/75 20/0. -98.56% @ —22%

2In the simplified model, an investment has taken place which was not taken into account in the reference case.

Appendix G. Results: Combined methods
Deviations of simplified models using combined methods from the reference case are shown in Table 8 and Fig. 11.

Table 8
Deviations of models with combined methods from the reference case. Green cells indicate a model improvement, respectively low model errors, red cells indicate
negative deviations from the reference case, blue positive deviations.

2 2
5 g
] ] 2
5 g - 2 @
< < E El & - £
o - 3 g
g g s a @ g 8 S B
g 2 @ 8 k 2 @
£ E g ) ® g o g & § 5 = 2
i 8 g 2 3 ES £ 8 g s E k] 2
14 4 8 2 2 ki g 8 E g g 5 g g E
g 5 o =1 =) < 7 - ] 2 E E g

@ - £ - % 3 = £l < 2 4 2 z k=l

g 5 [ | s g 2 k] o £ ) £ 2 £ - = g 5

3 g £ g g 2 o 2 £ £ o g g g 2 & ] = g k]

3 3 a & = & a ] Y 4 Gl (&) 2 & = a & = = @

X1 31 10 —29%

X2 31 10

X3 16/15 0/10

X4 16/15 0/10

X5 16/15 0/10

In the simplified model, an investment has taken place which was not taken into account in the reference case.
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Fig. 11. Investment decision deviations of the applied combined model reduction method schemes from the reference case results.
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