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ABSTRACT

Comprehensive studies of detailed dynamic building models, which take into consideration both the
envelope and the connected systems, yield more precise results compared with simplified ones, but at
considerable computational expense. Aside from classical approaches that work on the model itself to
accelerate the simulation process such as model reduction or metamodels, this paper focuses on the
concept of applying reduced simulation sequences directly to detailed models to calculate annual
results. The objective is to quickly and precisely reproduce the integrated annual profiles of predefined
criteria of a computationally expensive reference model. After presenting and analyzing methods used
in the literature to reduce weather data, we categorize the methods based on the type of data used and
the nature of the process for selecting the typical days. Analysis of these methods led to the
development of a new iterative approach with an embedded grouping algorithm. The method creates
and iteratively enhances a short simulation sequence of typical days based on data reflecting the
integrated annual profiles calculated using the detailed model. The reduced sequence led to much
faster simulations while achieving profiles highly correlated with the reference integrated annual
profiles. In addition, the last annual value, i.e., final annual sum, of each criterion extrapolated from a
typical 12-day simulation differs little from the reference values (errors less than 1%). Moreover, the
method was compared to two other clustering methods based on different types of selection data and
an iterative method used in the literature. The results show that the classical method of day selection
based only on weather data, typically used to generate Short Reference Years (SRY5s), is in fact unable
to accurately reproduce the annual reference profiles. Finally, the approach was also efficient when
generalized, demonstrating its applicability to future optimization studies.

Keywords: Buildings, energy systems, short sequence, computation time reduction, optimization.

1 Introduction

Since the beginning of the 20" century, building energy demand has risen to the levels of transport and
industry due to economic growth and increasing population. It currently accounts for about 40% of
total energy consumption [1].

However, the building sector offers significant potential for improved energy efficiency with high-
performing envelopes and energy-efficient systems. Yet, comprehensive studies which consider both
the envelope and the systems result in complex models, especially when enlarging the scale to districts
and heat networks, leading to high computational expense. Moreover, other approaches such as
statistical analysis, life cycle assessment and optimization studies require repetitive simulations, taking
even more time to perform. Simplifying complex models, such as by using analogical RC models [2]-
[4] raises concerns about the accuracy of results due to the absence of a detailed reference model. On
the other hand, more advanced approaches such as reduced order models [5]-[7] or metamodels (e.g.,
neural networks, kriging models) consider reference models and are therefore more precise but are
sometimes difficult to apply, due to nonlinearity and control-command issues in the former or limited
input parameters for the latter. Moreover, these approaches, which work on the model itself, are also
less generalizable as each case study requires its own simplified twin model and therefore needs to be
reapplied if the model undergoes modifications. There are several examples from the literature that
work on simplifying the complex models such as the work of Eisenhower et al. [8] who used
metamodels to study the thermal comfort and consumption of a two story building. Another is that of
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Mancarella [9] who used spatial aggregation to reduce the number of nodes in an energy system
network study, while Milan et al. [10] reduced nonlinearities and discontinuities to avoid non-
convexity of the program.

On the other hand, there is another approach based on the reduction of input data profiles rather than
the model itself. The objective is to quickly and precisely reproduce the annual dynamic of a complex
model by executing it with reduced data files. This trend started in the 1970s with the development of
methodologies for generating Typical Meteorological Years (TMYs), the term used in the USA, or
Test Reference Years (TRYs), the term mainly used in Europe. Subsequently, computer time
limitations led to the development of methodologies referred to as Short Reference Years (SRYs) to
quickly reproduce the annual dynamic of a model.

The concept behind this approach is that the thermal performance of buildings and of other solar
thermal and photovoltaic systems, depend on several meteorological parameters like diffuse horizontal
solar radiation, relative humidity and wind velocity. A TRY provides a standard for meteorological
parameters (hourly data) for a period of one year, therefore representing typical climatic conditions
over a long time period by a single year. Most of the methodologies reported in the literature promote
the idea of using sequences of real, measured data to compose a TRY, for example the Sandia National
Laboratories method [11]-[17], the TMY?2 method [18], the Danish method [19], [20] and the Festa-
Ratto method [21]. Others such as the Design Reference Year method [22] employ adjusted data to
give a monthly cumulative distribution similar to the cumulative distribution of the corresponding
months in the original multi-year data set.

In contrast, SRYs include meteorological data covering only typical days of the year [20], [23], [24].
The approach evaluates monthly, seasonal, or annual performance starting from a short simulation
sequence of typical days. Therefore, instead of simplifying the models and using TRYSs, short
sequences are used to reduce the computational expenses of a detailed fully dynamic simulation.

This work focuses on the concept of model simulation using short simulation sequences due to their
applicability to dynamic simulations in different fields and scales. The main approaches for the
selection of typical days are introduced, classified based on the type of data or process used in day
selection and analyzed. We present a new approach which is then tested on a solar combisystem model
and compared to other approaches used in the field of building performance analysis. Finally, a
generalization study is implemented to evaluate the flexibility of the approach and its ability to be
extended to other fields such as optimization which requires a stable level of accuracy despite the
parametric modifications the model undergoes through the study.

2 Reducing the simulation period using short simulation sequences
2.1 Approaches to typical day selection

Several approaches are used in the literature for day selection based on weather data only, the outputs
of a reference simulated model or both.

Reduced sequences determined from weather data only is the classical approach used with SRYs and
simply calculates averages at each hour based on weather data. Although good results might be
obtained with such a reference year in predicting building energy demands, the selection procedure is
considered to be rather arbitrary [25]. This is true even with more advanced approaches using only
weather data and is discussed in section 4.2.5. An example of employing only weather data to predict
system performance is found in Petri et al. [26]. They predicted the monthly average useful energy
gain of a collector and the delivered energy load of a solar energy system by replacing a specific
month with a 5- to 10-day sequence that best represents the average monthly dry bulb temperature,
wind speed and solar radiation. The daily solar radiation values are then broken down into hourly
values using the method developed by Liu and Jordan [27]. A linear interpolation is performed on the
maximum and minimum temperatures between their time of occurrence, and the average wind
velocities are output at a constant velocity over a twenty-four hour period. After simulating the hourly
recorded set of days, the reduced values are extrapolated to compare them with the reference months
by applying a calendar adjustment factor (CAF). If a 6-day sequence is used to represent a 30-day



month, the CAF is 30/6 =5. The number is then multiplied by the simulation output to obtain the
system performance for the month.

On the other hand, a reduced sequence determined from the outputs of the model simulation is adapted
to the building. This works better than previous methods based only on fixed boundary conditions
because it also works for several configurations of a building. This trend has been observed in the
literature with the most recent papers using the second type of selection data (model outputs) while
earlier studies were based on weather data only.

In addition to selection data, the approaches can be grouped in several categories based on the adopted
selection process. The main approaches are stochastic, heuristic, iterative, and grouping algorithms.

Heuristic Approaches Heuristic methods are practical methods that directly select a set of typical days
and are greatly influenced by the personal expertise or experience of the developer. The selection is
quick but not guaranteed to be optimal. Belderbos and Delarue [28] and Haller et al. [29] used a
simple heuristic approach to select a number of periods with different load and/or meteorological
conditions to capture a variety of different events. Fripp [30] worked with investment periods
optimized based on 12 days of sampled data: two for each even-numbered month. Hart and Jacobson
[31] reduced energy generation data with variable renewables by selecting eight specific days
containing hours with extreme meteorological/load events and 20 random days to characterize typical
system behavior.

Stochastic Approaches To generate hourly sequences of weather data several statistical methods are
presented in the literature. Autoregressive moving average (ARMA) and Markov probability transition
matrix (MPTM) modeling are widely used black box methods. They are used for reducing specific
weather data (most commonly solar radiation) or predicting the energy performance of building
models. The ARMA model consists of a linear transfer function where a random distribution with a
normal probability distribution function is applied. The method was used by Brinkworth [32] and
Mustacchi et al. [33] to generate reduced insolation sequences from annual ones. On the other hand,
the MPTM method is based in its simplest form on a transition function describing the probability of
the occurrence of two consecutive hours, such as in Poggi et al. [34]. Other methods which have been
applied to building energy simulation include the selection of real sequences of weather data. For
example Hall et al. [35] based the selection on the deviation of the interval averages from the monthly
averages of climate variables. They predicted the monthly averages of heating and cooling loads using
the average of four day intervals for each month, i.e., 12 sets of four days each. The choice of the best
combination of intervals was based on an empirical score that minimizes four weighted variables:
deviation of dry bulb temperature, cloudy weather, wind speed-dry bulb temperature product and
moisture ratio. Several assumptions were made in the empirical equation the key being that heating
and cooling demands for a month are approximately a linear function of the monthly averages of
certain weather statistics.

Iterative Approaches The iterative approach searches for the best solution after repeating the same
action several times and comparing the quality of results in each iteration. There are many examples in
the literature that use this approach for day selection, either directly by implementing iterations or
indirectly through algorithms based on repetitive iterations. Ortiga et al. [36] used a graphical method
of iteration while studying the optimization of cogeneration and tri-generation models for buildings.
The results showed very good coherence between original and predicted cumulative energy demand
profiles. In addition, they concluded that for optimization, a larger time sequence does not lead to
better results. The French Atomic and Alternative Energies Commission (CEA) has developed an
iterative approach for testing and characterizing solar combisystems that reduces a whole year to
twelve days[37]. The test is called the Short Cycle System Performance Test (SCSPT) and selects a
short sequence using empirical equations based on weather data, monthly backup energy values,
energy stored in the tank and internal room temperature.

Grouping Algorithms More advanced approaches to select a representative set of historical periods
employ grouping algorithms. Days with similar attributes are grouped into clusters followed by day
selection of each group. Most of the studies relying on the clustering approach use k-means clustering



as their favored approach. Fazlollahi et al.[38] [39] used k-means clustering to perform a multi-
objective optimization of district energy systems. Dominguez et al. [40] used the k-means approach
while optimizing a CHP system. Kotzur et al. [41] tested the efficiency of hierarchical clustering in
estimating and optimizing the performance of a residential energy supply system and compared it to
other partitional clustering approaches. Menegon et al. [42] developed a new dynamic test procedure
for laboratory characterization of energy systems using a k-means clustering algorithm. In his PhD
thesis on multi-criteria optimization methods for urban densification projects, Ribault [43] divided the
year into 14 clusters by k-means after which he started reducing each cluster using an iterative
algorithm that deletes repetitive days with an aggregate weight function approach. Since this method
yielded 83 days, the execution time was reduced but remained lengthy, so he recommended additional
improvements.

In addition to clustering algorithms, discriminant analysis was used by Blachandra and Chandru [44]
to reclassify days of the year comparing the monthly average load curves of electricity demand to the
daily ones. The first days of the month found to be misclassified were grouped with the previous group
(month) while those of the last days were grouped with the next, and the stray middle days were
ignored.

2.2 Analysis of existing approaches

A detailed study by Sayegh et al. [45] analyzed and compared the performance of heuristic, iterative
and grouping methods. There was a noticeable preference for clustering algorithms over other
approaches, with a special focus in the k-means approach due to its good performance. In terms of
flexibility, i.e., the ability to select specific predefined days, the heuristic approach is preferable.
Moreover, heuristics are the simplest way of reducing algorithms and no difficult coding is required.
However, expecting precise results from a heuristic method requires considerable experience on the
part of the operator in quickly choosing an efficient sequence. This is in contrast to stochastic,
clustering, and iterative cases where it is left to the computer to perform all the trials and ultimately
select the sequence, with greater precision, and more quickly.

On the other hand, typical days are selected directly from previously calculated monthly, seasonal, or
annual averaged/integrated data in most cases and therefore the dynamic behavior of the system is not
taken into consideration during the selection process. Thus, the reduced profiles do not really generate
the dynamic of the reference performances but rather their sums or averages. In addition, days are
selected based on the outputs of a specific case study with fixed parametric configuration and
boundary conditions and therefore the identified sequence is not effectively able to predict the model’s
performance after parametric modifications. This calls into question the reliability of the referenced
studies whether optimization, characterization or other. Therefore, this paper presents a new approach
termed the Typical Short Sequence (TypSS) Algorithm which takes into consideration the dynamic
behavior of the model during the day selection process and which is adapted to work simultaneously
on several cases within the same model to cover the possible parametric modifications it might
undergo in subsequent studies.

3 Typical Short Sequence (TypSS) algorithm

The approach entails an iterative aspect with an embedded k-medoids grouping algorithm. It uses
defined selection criteria chosen by the user to select the typical days. The TypSS approach employs
averaged and cumulative values of selection criteria chosen by the user to evaluate both periodic
values and annual sums as a complete simulation. The aim is to regenerate the annual integrated
profiles of the system and its annual sums which are values used in characterization or optimization
studies. There is no direct condition for choosing the type of criteria. However, it depends on the case
study to be performed as discussed in the previous section. The algorithm is based on two functions,
which work iteratively and separately. The first function divides the year into periods of different sizes
enabling greater focus on periods with more changes in performance. The second function enhances
the sequence found in the first by searching for days which are more representative of each period.
The TypSS algorithm is described in Figure 1.
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Figure 1. Scheme of the Typical Short Sequence (TypSS) Algorithm.

3.1.1 Preparation stage

The annual sequence is run once on the detailed model and the results are saved to serve as the
reference selection criteria. These values are used within the algorithm itself. Running the detailed
model fully is a very important step and gives the algorithm the ability, in every iteration, to decide
whether the tested reduced sequence is suitable or needs to be modified in the following iteration. The
length of the final reduced sequence, denoted N_days_STOP, is also specified manually before
running the algorithm.

3.1.2 Initialization stage

The algorithm starts by generating an initial reduced sequence with a small number of typical days,
dividing the year in equal parts. This initial number of typical days, denoted N_days_ini, can be
changed. For example, if taken N_days_ini = 4, the first sequence roughly represents the four seasons
as the starting point of the algorithm. It then searches for a representative day for each of the periods
using k-medoids clustering. It uses the Euclidean distance between the value of a specific criterion
recorded in a day and the value of the same criterion for all the other days in the same period and
retains the day with minimal sum of Euclidean distances. An initial reduced sequence of N_days_ini
days is thus generated.

3.1.3 Dynamic simulation and extrapolation of results

The detailed model is run on the reduced sequence. In order to initialize the values of the different
components of the model (i.e. initial temperature of the storage tank, initial internal room
temperature...), the simulation starts with the data from the last day of the sequence. The full reduced
sequence is then considered and only the model performance of those days are retained for the
following analysis. For example, if a sequence of N_days is considered, the simulation is applied on a
sequence of N_days+1 days where the last day is duplicated and the simulation starts with it. The
values of this duplicated initial day are not considered for the following steps. The periodic values are



then predicted by extrapolating the criteria values of the selected days from the reduced simulation by
the number of represented days in each period, i.e., the weight of the period.

3.1.4 Comparison with reference values

The extrapolated values are normalized and compared to their normalized values corresponding to the
reference annual simulation using the same normalization parameters (min/max values) from the
reference profiles. The aim of normalizing the values is to achieve global evaluation when considering
several selection criteria of different scales. For example, if the selection criteria considered are
internal room temperature and energy stored in the tank, the values of the two criteria are normalized
by the algorithm to evaluate their influence simultaneously and equally.

3.1.5 Function 1: Dividing the worst performing period

After comparison with the reference values, the worst period showing the greatest difference in
selection criteria prediction is detected. The algorithm divides this period into two equal parts and
replaces the previously selected day of this period with two new ones representing the two new halves
as previously explained in section 3.1.2, using k-medoids approach. Therefore, the initial sequence is
now one day longer. The process is then repeated iteratively until finishing with a sequence of days,
denoted N_days, equal to N_days_STOP as specified by the user.

3.1.6 Function 2: Replacing the selected typical days

Function 1 does not take into consideration global performance and influence of the periods on each
other. For this, Function 2 is added which considers the entire performance of the sequence using two
global values:

- The global coefficient of determination RZ;,,q; (eq. 1), the multiple of the coefficient of
determination RZ of the selection criteria x (eq. 2), and
- The global annual sum error Egiopa (€q. 3), the sum of the criteria annual sum errors E, (eq. 4).

The annual sum error is directly linked to the main goal of the test sequence i.e., can the short
sequence estimate the annual global performance of the system? However, this is not sufficient. So,
the regression coefficient is used to express how well the short sequence results describe the reference
results at each periodic time step for all criteria. Is the short sequence appropriate for each period?

2 Ncriteria 2
RGiobal = 1_[ R (1)
x=1
Where:
R? is the coefficient of determination of a selection criterion x

Nerireria 1S the number of selection criteria

365
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Where:

Xrypss; 18 the typical daily value of criterion x obtained by the short sequence
Xygar; 18 the daily value of criterion x obtained by the reference annual sequence
Xvear 1S the mean value of criterion x in the reference annual sequence
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Where:
Srypss  1s the annual sum of criterion x obtained by the short sequence
Syear  1s the annual sum of criterion x obtained by the reference annual sequence

The function starts with the sequence of N_days_STOP days generated by Function 1. The algorithm
replaces the typical days iteratively generating several N_days_STOP days sequences and calculating
for each sequence the RZ2,,pq; and the Egusa It is computationally expensive to test all possible
combinations. So, starting from the first period of the sequence, a set of potential new typical days for
period 1 while keeping the other days unmodified are tested. The set of potential days of the period are
selected by dividing the period into clusters based on the used selection criteria and selecting the
center of each cluster. The process is then repeated for the flowing periods (modifying the typical day
of a single target period while keeping the others unmodified) until completing the entire sequence
period by period. This method was adopted to reduce the number of tested sequence combinations
while prioritizing the fact that there is an influence of the previous periods on the following periods.
When all typical days are tested, the algorithm ultimately selects the sequence showing the highest
R?ci0pa and the lowest Egiopa calculated in each iteration. This is the final short sequence.

3.2 Generalization of the algorithm

As explained in the introduction, the main aim of using short simulation sequences in a complex
dynamic model is to accelerate the simulation process in studies requiring repetitive simulations
without the need to manipulate the model. Model parameters are modified in life cycle assessment,
statistical studies and optimization studies, which affects the output of the simulations. The outputs are
later used to define the best performing model. However, when it comes to sequence reduction
methods, these outputs are used as the selection criteria. Thus, a sequence which was generated based
on specific output data of a certain parametric combination, might not generate other outputs of the
same model with different parameters since the values of the initial selection criteria are different.
Therefore, for the generated sequence to be applicable in such studies, it is essential that a single short
simulation sequence is able to regenerate the performance functions of a large number of parametric
modifications so that the results are reliable throughout the entire study and in all cases. Thus, the
TypSS method was adapted to work on several cases at the same time and not just one. A case being
the same case study but with unique parametric characteristics. TypSS then generates a single short
simulation sequence for all cases.

Generating this sequence is achieved by simultaneously taking the output data of all cases and treating
them at the same time. The algorithm then finds a single typical representative day for each period that
would represent all output data for all cases. Therefore, the process is the same as a single case but this
time treating the outputs of all cases simultaneously using global values. The values considered are the
maximal total deviation sum A,,,, (eq. 6) of all data deviation sum Ar,.,; (eq. 5) in Function 1 and
the compromise between the total global coefficient of determination of all data points R?r,a (eq. 7)
and the highest individual annual sum error (eq. 8) in Function 2.

Aroral= Z?:C?teriﬂf(wpssi - f(YEARil all )
Where:
Xrypss; 1s the normalized period value obtained by the short sequence
Xygar; 1s the normalized period value obtained by the reference annual simulation
Nerieria 18 the number of selection criteria

Amax= maX(ATotal)j ] € [1' nperiod] (6)
Where:
Nperiod 18 the number of periods
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Where:
Rau? is the coefficient of determination of a selection criterion of data for all cases at the same time
Nerireria 1S the number of selection criteria



Erotal = max(Egiopa)i 1 € [1, Neriterial 3
Where:
EGiobar 1 the global annual sum error
Neriteria 18 the number of selection criteria

4 Application of the TypSS algorithm
4.1 Case study

The case study is a building connected to a combined solar and heat pump system as shown in Figure
2. The model was developed in the European MacSheep project [46]. The project aimed to develop
and evaluate compact combined renewable energy systems based on solar thermal and heat pump
technology for space heating and hot water. The energy and economic performance of several systems
were assessed and compared by means of a different model designed in Trnsys17. Most of the
components involved in these models have been validated against experimental data from prototypes
or commercial products as indicated in [47]. The reference system presented in Figure 2 was chosen to
evaluate the TypSS algorithm due to its detailed holistic nature and as it was somewhat time
consuming to evaluate in repetitive dynamic simulations (20 min for a single simulation) during
system characterization.

The envelope is a two-story building with a net floor area of 140 m? (70m? for each floor) and
insulated with a 12 cm EPS layer derived from the IEA SHC Task 44/HPP Annex 38 (T44A38) [47].
It is considered to be one common thermal zone. The internal thermal capacity of the inner air volume
and walls is taken into account. The system is made up of:

- Solar thermal collectors with a surface of 9.28 m? represented by a multimode dynamic
collector [48].

- A 0.763 m’ storage tank considered to be a one-dimensional multinode model [49].

- A 5kW air source compression heat pump represented by a semi-physical model based on a
calculation of the thermodynamic refrigerant cycle and the thermal properties of the
refrigerant used [50] to ensure heating and domestic hot water supply in the case of poor solar

supply.

The model is run using weather data for Chambery, France located near the French Alps, which has a
moderate climate, cold winters (reaching an ambient temperature of -8°C) and relatively warm
summers (reaching 28°C with occasional showers).
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Figure 2. Case study: (Top) solar combisystem connected to a building, (bottom) envelope parts with
areas of the interior and exterior facades [47], [51].
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Three selection criteria were chosen as inputs for the time reduction algorithm TypSS: the daily-
integrated backup energy (in kWh), the daily-integrated energy stored in the tank (in kWh) and the
daily-averaged internal room temperature of the building (in °C). The backup energy is the electrical
energy consumed by the heat pump to supply heating and domestic hot water. The energy stored in the
tank provides an image of the energy content of the store based on its mean temperature. The choice of
these criteria was based on the nature of the model and the aim of subsequent optimization of energy
consumption taking into consideration the comfort of the occupants.

4.2 Algorithm output for a single case

4.2.1 Reduced sequence

Table 1 presents a 12-day short sequence in addition to the length of each period obtained by TypSS.
It shows that the algorithm chose to break the inter-seasonal periods of the year into smaller ones
therefore considering more days for these parts of the year. This is influenced by the nature of the
selection criteria used, which represent high variations during this time of the year. This result appears
in the table in periods 4,5,8 and 9 which had between 5 and 12 days only. In contrast, the seasonal
periods, or the periods with stable hot or cold weather remained large, reaching up to 91 days. This
was expected since the performance of the selection criteria during this time of the year have
somewhat consistent profiles.

Table 1. Typical short sequence of 12 days and the number of days in each period.

Period 1 2 3 4 5 6 7 8 9 10 11 12

ngyf f 91 2 23 11 12 23 9 5 6 12 23 46
From Jan April April May May June July Sep Oct Oct Oct Nov

1 1 23 16 27 8 1 30 5 11 23 15
To Mar April May May June June Sep Oct Oct Oct Nov Dec

31 22 15 26 7 30 29 4 10 22 14 31

Selected Jan April April May June June July Oct Oct Oct Oct Dec
Day 27 12 23 24 1 26 10 3 6 15 31 26

Figure 3 shows the 12-day ambient temperature and horizontal radiation profiles (Figure 3(b))
compared to the annual reference profiles (Figure 3(a)) as an example of two of the data profiles that
will be introduced to the simulation model. Figure 3(a) also shows the selected days in Table 1 as they
are distributed in the year (in orange). The values are per hour, therefore, profiles on the left show
365x24=8760 data while those to the right show 12x24=288 data. The discontinuities between the
selected days appear clearly in the reduced ambient temperature profile (right). Those discontinuities
are more noticeable around the representative days of the larger periods, i.e., periods 1, 7, 11 and 12.
The discontinuities are due to the days being taken from different parts of the year. Since the days are
distinct as shown in Table 1, some climate characteristics, including the ambient temperature, will be
discontinuous. This is not visible in the global horizontal profile in the same figure because the daily
values of this characteristic always start and end with zero no matter the position during the year. The
TypSS algorithm does not work on limiting these discontinuities but rather regenerates the
performance of the model despite their presence.
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Figure 3. The hourly ambient temperature and global horizontal radiation profiles: (a) reference
annual profile (in blue) and the 12 selected days (in orange), (b) 12 selected days profile.

4.2.2 Temporal profiles

Simulating the model on the sequence of 12 days was about 25 times faster than the annual one. It
took about 40 s for this case study while it takes 20 min for a full simulation with the complete
sequence on the same computer configuration. Figures 4 to 6 show the results obtained for each period
when simulating the model with the short sequence comparing them to the reference values obtained
when running a full year simulation.

Regarding the temporal profiles, Figures 4(a), 5(a) and 6(a)) show profiles of daily values, and
therefore the reduced simulation generates step-like profiles. Each step is the repetitive performance of
the selected day through the period it is representing. The plots show that the output of the short
simulation sequence is of the same profile as the annual profiles. The reduced backup energy curve
decreases gradually with time until it reaches its minimum during the summer period before it starts
increasing again following the same profile of the reference profile. This evolution is reversed in the
case of the other two criteria. The curves start at their minimal values before they increase gradually
through the year until reaching their maximum in summer after which they start decreasing gradually
through the year; still following the evolution of the reference profiles.
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Figure 4. Comparison between reference and extrapolated predicted backup energy: (a) temporal

daily profile, (b) integrated values per period.
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Moreover, the values recorded for the integrated and averaged values of the selection criteria per
period are presented in Figures 4(b), 5(b) and 6(b). The x_axis represents the reference values per
period while the y axis represents the extrapolated value of the typical days based on the number of
days of their corresponding period. The identity line represents the precision of the predicted results,
the closer the points are to this line the better the prediction is. The scatter points show high
correlation with the identity lines for each criterion. The figures show that for most of the periods,
values are within the 10% error limits for the energy criteria and the +2°C limits for the internal room
temperature. The statistical measure that enables this comparison to be quantified is the Coefficient of
Variation of Root-Mean Squared Error or CV(RMSE). While the Root-Mean Square Error (RMSE)
indicates the absolute fit of the model and shows how close the predicted values are to the actual data
points giving an objective representation of the predictive accuracy of the model, CV(RMSE) (eq. 9)
takes this metric one step further, by normalizing it using the average dependent variable value.
According to ASHRAE Guideline 14, a CV(RMSE) of 25% is the maximum limit for compliance with
the guideline [52]. For the periodic dataset given above, the CV(RMSE) was found to be 15.8% for

backup energy, 6.2% for energy stored in the tank and 2.2% for internal room temperature, suggesting
that the model is reliable.

1
CV(RMSE) = —

©))

XYEAR

— X RMSE
XYEAR

Nperiod 2
Zizl (xTYPSSL- - xYEARi)
X =
nperiod
Where:

Nperioa 18 the number of periods
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XTypss; 18 the value of criterion x obtained by the short sequence for period i
Xyear,; 18 the value of criterion x obtained by the reference annual sequence for period i

Xyear 1s the mean value of criterion x in the reference annual sequence
RMSE is Root-Mean Square Error

4.2.3 Annual sum and cumulative profiles

In addition to temporal profiles, the annual sum of the criteria studied and the cumulative profiles are
also important for any characterization or optimization study as they allow direct reading and
comparison of the system performance through the year until reaching the final annual value.
Therefore, it is important for the predicted curves to reflect the annual reference curves. Figure 7
shows the cumulative profiles of the backup energy (Figure 7(a)), the energy stored in the tank (Figure
7(b)) and the internal room temperature (Figure 7(c)) as obtained by both the reduced sequence (in
blue) and the reference case (in black).
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Figure 7. Annual and extrapolated reduced cumulative profiles of the selection criteria: (a) integrated
backup energy, (b) integrated energy stored in the tank, (c) integrated internal room temperature.

With a minor deviation between the annual and reduced sequence curves, the figure shows that the
curves have a high correlation with the reference curves; R? values for the backup energy, energy
stored in the tank and internal room temperature are 0.97, 0.99 and 0.99 respectively. In addition to the
coefficient of determination, Table 2 shows the CV(RMSE) with values recorded between 1.1 and
5.8%. Moreover, the final annual sum is estimated with an error of 0.1% for backup energy, 0.4% for
energy stored in the tank and 0.5% for the internal room temperature as shown in Table 2.

Table 2. Reference and predicted annual sum of the selection criteria.

Criteria Reference annual sum Predicted annual Error CV(RMSE)
sum
Backup energy 3017 kWh 3020 kWh 0.1% 5.8%
Energy stored in the tank 19011 kWh 19095 kWh 0.4% 1.8%
Internal room 7804 °Cd 7763 °Cd 0.5% 1.1%
temperature
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4.2.4 Impact of the number of typical days

Starting from an initial sequence of four typical days representing the four quarters of the year, seven
typical day sequences were generated by TypSS. The sequences are of different lengths ranging
between 6 and 30 typical days. The global performance values, i.e., the global R? and annual sum
errors of each of the selection criteria have been analyzed and are shown in Figure 8. The curves show
that good results are achieved even with very short sequences. However, increasing the number of
typical days will help improve performance. Regarding backup energy, global R? increased to 0.99
with a 30-day sequence in contrast to 0.88 with a 6-day sequence. The annual sum error fluctuated
between 0.02% and 2.5%. On the other hand, the performance of the other two criteria showed an
almost stable recording for the global R? of around 0.99 and a decreasing annual sum error as the
number of typical days increase. Finally, the performance of a 20-day sequence differed noticeably
and did not follow the trend of the curves, performing worse than shorter sequences. This supports
findings in the literature indicating that longer sequences do not always mean better performance. This
could be reasoned to the fact that in longer sequences, the size of periods are generally smaller,
therefore the possibility of catching specific extreme periodic instants (several consecutive days of
heat wave for example), which are more difficult to predict when considering the proposed approach,
is higher. Rather, the choice of sequence length is directly related to the case study and initial
conditions.
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Figure 8. Performance of sequences of different sizes generated by TypSS for R? and relative error:
(a) backup energy, (b) energy stored in the tank, (c) internal room temperature.

4.2.5 Comparison with other approaches

In order to compare the value of the new method with some commonly used methods in the literature
the results in Section 4 were compared with two alternative approaches and applied to the same case
study:

Clustering algorithm, K-medoids
K-medoids clustering algorithm is an exclusive algorithm which falls under the partitional clustering
approaches. It divides data segments into a predetermined number of clusters in which the elements of

13



a cluster are unique and therefore not shared by other clusters. The difference between K-means and
K-medoids clustering is that the former assigns a group center as the exact mean of the group, which
might not be an existing group element, while the latter searches for an existing element closest to the
mean and assigns it as the group center (Figure 9). This method of clustering is more realistic in the
case of searching for an actual typical representative day. In this study, the K-medoids technique was
applied twice to two different categories of attributes. The first are weather data values (more precisely
ambient temperature and horizontal solar radiation) which are boundary condition values that
influence the simulation but are independent of the model itself and the possible modifications it might
undergo. This category of attributes, i.e., boundary conditions, is usually taken into account when
developing SRYs in the literature. The second k-medoids study was applied to the performance of the
model, i.e., the output of the simulation. Such values are dependent on the structure of the model and
change upon parametric modifications. For consistency, the attributes used for the clustering algorithm
were the previous selection criteria.

K-means Clustering K-medoids Clustering
S a Observations o Observations
5 / Cluster 5 Cluster
:g [@ @ ) ‘g
Z (0 o o o0 o) Z
\g‘ ® ._/./
%
o e
( ® 09 \
e
Attribute 1 Attribute 1

Figure 9. Principles of partitional clustering, Kotzur et al. [41]

Short Cycle System Performance Test (SCSPT)

In order to build a 12-day short sequence, the iterative method SCSPT uses monthly climate data in
addition to several monthly performance criteria as attributes for the calculation of target selection
criteria using empirical equations. The algorithm then starts from a random initial 12-day sequence
and searches the typical days that would have the closest weather data characteristics to the three
target weather criteria by calculating a global error and limiting it to a threshold [53].

The three sequence reduction methods are applied to the same solar combisystem model and therefore
three sequences of 12-days are generated based on the same selection criteria used in the previous part.
These criteria are used directly by the TypSS and clustering approaches and indirectly by the SCSPT
approach through the empirical equations. The time consumed by each method to find its own
sequence varies significantly. While the clustering algorithm was the fastest, taking a couple of
minutes, it took about 2.5 hrs for the SCSPT method and 3 hrs for the TypSS algorithm to converge to
their final sequences due to the repetitive simulation by the test sequences of the model. This
significant difference in computational time will be compensated in following time-consuming studies
such as parametric analysis or optimization studies. As mentioned previously, the aim of generating
robust and generalized reduced sequences is to be used in studies with repetitive simulations that take
tens and maybe hundreds of hours. Therefore, reducing the simulation time of a single simulation will
lead to the reduction of the global time of heavy studies.

Simulating the model on the final sequences of each method gives the results in Figure 10 and detailed
in Table 3.

Criterion Backup Electrical Energy Stored in the Room Temperature
Energy Tank
Annual Sum Annual Annual
Method R? Error (%) R2 Sum Error R? Sum Error
(%) (%)
Weather data 0.51 17 0.97 1 0.99 0.6
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k-medoids

Performance 0.88 15 0.98 45 0.99 0.6
k-medoids

SCSPT 0.99 4.5 0.98 4 0.99 2.1

TypSS 0.97 0.1 0.99 0.4 0.99 0.5

Table 3. Comparison of the three time reduction method results.

Figure 10 shows that the cumulative profiles were better generated globally using the TypSS approach
compared with the other approaches. In the case of the backup energy curve (Figure 10(a)), the TypSS
curve (in blue) followed with a good correlation with the reference curve (in black), recording an R? of
0.97. At the end of the winter period, where need for electricity decreases, the curve overestimates
electricity consumption. However, this overestimation is then corrected at the beginning of the heating
season, leading to a final value close to the reference value (0.1% difference as shown in Table 3). The
SCSPT curve (in orange) showed the best cumulative profile of this criterion almost replicating the
reference curve. However, the curve deviates at the end presenting an error of 4.5% in the annual sum
estimation. This proximity in covering the variations of the relative curve is due to the length of the
periods. The winter season is represented by only one day in the TypSS case (while three in the
SCSPT case) which makes this period very sensitive to estimation error. However, these errors are
then offset since more days are used to describe inter-seasonal periods. Finally, the clustering curves
(in green and red) were the least efficient. They failed to attain the annual sum, with a 15% error for
clustering on performance and 17% for clustering on weather data, but the evolution of the curves
poorly reflected the reference curve, with R? of 0.88 and 0.51 respectively. Unlike the other two
approaches, the clustering approach does not take into consideration the simulation process and the
effect of representative days on each other when constructing the short sequence. This appears more
clearly when comparing the k-medoids studies where using performance from the annual simulation
was better than using weather data as these values were determined taking into consideration the
reference simulation process. On the other hand, the evolution of the curves was better for the four
studies for energy stored in the tank (Figure 10(b)) and internal room temperature (Figure 10(c)), with
the TypSS method performing the best in terms of annual sum errors while worse for the basic
clustering algorithm.
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Figure 10. Annual and extrapolated reduced cumulative profiles as obtained by the three methods: (a)
integrated backup energy, (b) integrated energy stored in the tank, (c) internal room temperature.

These results are encouraging and indicate that the TypSS algorithm is applicable to further studies
requiring considerable computational time and that evaluate the annual sum, such as optimization or
statistical studies. Its efficiency upon generalization is assessed in the following section.

4.3 Multiple cases

Modifying the surface of the solar collector (SSC), the volume of the storage tank (VST) of the solar
combisystem and also the thickness of the insulating material (INS) of the building in the case study
leads to different individual cases. Using Latin Hypercube Sampling (LHS), 50 individual cases of the
solar combisystem presented previously in Figure 2 were generated with the SSC ranging between
6.5-25m2, the VST ranging between 0.3-1m* and the INS ranging between 0.04-0.3m. Five distinct
individual cases were then selected out of the 50 to be run by the TypSS algorithm and generate a

single short simulation sequence. The sequence obtained appeared to be different from the sequence
obtained with a single case.

4.3.1 Simulation output

Figure 11 shows the cumulative profiles of the selection criteria as obtained by the reduced sequence
(dashed line) and the reference case (solid line). Each individual case is given a unique color for better
visualization of the results. In addition, the coefficients of determination and CV(RMSE) of each
curve are recorded in Table 4. The figure shows that despite using a single short sequence of 12 days
for simulating five different cases each having unique parametric characteristics, the generated curves
correlate very well with the reference annual curves, for all individual cases and all selection criteria.
Regarding backup energy (Figure 11(a)), the sequence generated almost identical curves for cases 1
and 2, and very close curves with minor deviations for cases 3, 4 and 5.
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Figure 11. Annual (solid) and extrapolated reduced (dashed) cumulative profiles as obtained by the
five individual cases: (a) backup energy, (b) energy stored in the tank, (c) internal room temperature.

Table 4 shows that the R? value for backup energy ranged between 0.92 and 0.97 and CV(RMSE) was
less than 15.2%. Moreover, the curves generated for the other selection criteria, energy stored in the
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tank (Figure 11(b)) and internal room temperature (Figure 11(c)), showed high correlation with the
reference curves. The former showed R? between 0.98 and 0.99 and CV(RMSE) less than 10.3% and
the latter R? equal to 0.99 and CV(RMSE) less than 3.5%, therefore leading to a global R? of 0.98 for
all selection criteria in all of the cases.

Table 4. The global and individual coefficient of determination of the three selection criteria.

Criteria Backup Energy Energy Stored in the Internal Room
Tank Temperature
Cases R? CVRMSE R2 CVRMSE R? CVRMSE

1 0.97 10.2 0.99 6.4 0.99 2.5

2 0.96 8.4 0.99 4.2 0.99 2.4

3 0.91 15.2 0.98 6.8 0.99 33

4 0.94 133 0.99 6.1 0.99 2.7

5 0.92 11.4 0.99 10.3 0.99 3.5

Global RZ  0.98

Additionally, Table 5 shows that the annual sums of selection criteria were estimated with good
precision and relative error not exceeding 2% for backup energy and internal room temperature, and
8% for energy stored in the tank between the reference values (AN) and the predicted values (TS).

Table 5. The reference and predicted annual sums and their relative errors of the selection criteria per
case.

Criteria Backup Energy Energy Stored in the Internal Room Temperature
Tank
Cases AN TS Error AN TS Error AN TS Error
(kWh) (kWh) (%) (kWh) (kWh) (%) (°Cd) (°Cd) (%)
1 5142 5052 1.7 6748 6414 4.9 7676 7633 1
2 4586 4518 1.5 14361 13746 4.3 7697 7648 1
3 2504 2486 1 17988 16685 7.2 7903 7770 1.6
4 3461 3520 1.7 24423 23824 24 7745 7676 1
5 1822 1793 1.6 30251 29085 3.9 7931 7785 1.8

4.3.2 Evaluation upon generalization

To assess its generalization quality, this sequence based on five cases is used for simulation of the 50
cases. The results appear in Figure 12 in comparison with the single case-based sequence. The curves
show that while the relative errors did not exceed 10% for all selection criteria in the case of the five
initial cases sequence, the backup energy was poorly estimated for most of the 50 cases when using
the single initial case sequence recording up to a 45% error. On the other hand, while the influence of
the number of initial cases did not seem to be noticeable in the case of energy stored in the tank, the
performance of a single initial case was slightly better than that of five in the case of internal room
temperature, with a minor difference up to 1%. Conversely, considering more initial cases in the day
selection process would definitely increase the computational time taken by TypSS to converge.
TypSS is a simulation-based algorithm so when considering more cases, more simulations are
considered in each iteration which will lead to a higher simulation time. However, this time is offset
when using the reduced sequence in intensive studies such as optimization, which would be faster due
to considering a 12-day sequence instead of data for 365 days.

17



Backup energy

'_ - w\/ \A
o \/\\ \ / ’\/\’\A/\L(/\A/?Z}\

Error (%)

Energy stored in the tank

Error (9

Error

Figure 12. The relative percentage errors of the selection criteria of all 50 cases after simulation with
the typical day sequences obtained with one initial case (orange) and five initial cases (blue).

S Conclusions and perspectives

A new approach to building performance simulation was developed and tested in this work. The
approach is iterative with an embedded grouping algorithm. It employs averaged and integrated values
of selection criteria chosen by the user to generate reduced sequences used in detailed model studies.
The sequence is obtained in a way to take into consideration the annual dynamic behavior of the
system and possible parametric modifications the case might undergo in future studies.

Applied on a building model with a solar combisystem, several sequences of different lengths were
generated. Recorded global performance values were very good even for very short sequences. The
simulation of a sequence of 12 days was about 25 times faster than the annual one using the same
computer configuration. In addition to the saved simulation time, results show that the periodic
performance of the short simulation sequence are of high correlation with the reference ones recording
coefficients of correlation R? superior to 0.97 in addition to final annual sum errors of each criterion
not exceeding 1%.The analysis of the influence of the number of days on the reduced sequence
showed that while increasing the number of days in the reduced sequence helps decrease annual sum
errors, a longer sequence does not necessarily mean better results. The curves also showed that the
choice of a 12-day sequence in this study is the best choice compared with longer or shorter
sequences. The results were also compared with two approaches used in the literature and showed the
best performance while the worst performance was for a method commonly used to generate Short
Reference Years (SRY5s).

Despite using a single short sequence of 12 days for simultaneously simulating five different solar
combisystem cases each having a unique parametric configuration, the generated curves correlate well
with the reference annual curves for all cases and all selection criteria. Moreover, the annual sums of
the energy selection criteria were estimated with a high degree of precision and a relative error not
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exceeding 2% for backup energy and internal room temperature and 8% for energy stored in the tank.
The same sequence was then tested on 45 other cases not taken into consideration by the algorithm.
The curves show that the sequence succeeded in predicting the annual performance of all selection
criteria with relative errors not exceeding 10%. The curves also show that generating a sequence on
more than a single case improves the quality of the results. This in turn supports the aim of developing
a generalized sequence applicable to a wide parametric range.

In perspectives, the algorithm’s sensitivity to input conditions such as number of initial periods,
number of cases or number and type of selection criteria is currently being tested to evaluate the
impact of their modification on the quality of the results. In addition, optimization studies will be
implemented directly with complex models without simplification but using the short simulation
sequence to assess its efficiency regarding both optimal solutions and computational time expenses. It
is at this level of applications where the value of the proposed approach appears since despite the time
it requires to generate the reduced sequence, once it is found and implemented to detailed models
studies, it will speed up significantly each iteration and therefore the optimization process as a whole.
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