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Featured Application: This work can contribute to more accurate modeling of dynamic
simulations, used for important strategic decisions about the performance of buildings equipped
with new technologies or for simulating buildings based on innovative building concepts.

Abstract: When creating a simulation model to assess the performance of buildings, there is usually
a lack of feedback information. Only in the case of measurements of a real building is a direct
comparison of the measured values and simulated results possible. Parameter data related to users’
behavior or other events can also be obtained. Their evaluated frequency, magnitude and duration,
along with boundary conditions, are crucial for the results. It is clear that none of them can be
predicted very accurately. Most of them, however, are needed for computer modeling. In this paper
we analyzed the well-defined TRNSYS simulation model of offices equipped with radiant ceiling
panels for heating and cooling. The model was based on real case offices and was validated based
on measurements for 1 year. The analysis included simulations in order to define what effect the
parameters related mainly to users have on the energy use and the indoor air temperatures. The study
confirmed that specific human activities influence the annual energy use to a relatively small degree
and that their effects often counteract. It also confirmed the even more important fact that although
small, these activities can influence the thermal comfort of users. It is believed that despite the fact
that this research was based on an analysis of offices equipped with radiant ceiling panels, most of
the results could be applied generally.
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1. Introduction

The energy efficiency of buildings is the foremost characteristic of a sustainable built environment,
and one that can also affect the thermal comfort of users. In order to improve buildings in this respect,
various analyses can be carried out. The importance of the analyses is particularly evident in the
introduction of new technologies that need to be evaluated for their general performance and energy
efficiency in different integration concepts. Such technical assessments can be achieved by performing
different kinds of tests and measurements. The latter are particularly successful when combined with
real-case demonstrations [1-3]. On the other hand, modeling by means of various mathematical tools
is also a powerful technique for evaluating the impact of new technologies on thermal comfort and
energy use [4,5]. However, the most effective method is certainly to combine the two approaches in
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a so-called empirical validation, since this enables the calibration of the model and the validation
procedure [6-9], and consequently enables improvements in technology and design.

Building analyses are often implemented through dynamic simulation programs that model
parts or all of a building. However, creating a reliable simulation model equipped with relevant
data is essential for the results. Additionally, occupants” activities and other events can influence
the indoor temperature, and thus can have an important influence on the operation of heating and
cooling systems and consequently the energy use. Actually, one of the most relevant gaps that was
identified by researchers was the difference between the real energy performance in a building and
the performance predicted at the design stage, which is mainly due to occupant behavior [10]. But,
what levels of frequency, intensity and duration for such events are crucial for the system, and should
they be included in the model? While it is clear that none of these events can be predicted with great
accuracy, some of them can be among the causes of the huge discrepancy between the predicted and
the real energy use in buildings.

One of the powerful tools for performing dynamic simulations is TRNSYS [11], which is a
commonly used software for analyzing the energy efficiency and thermal comfort of large models, e.g.,
buildings or building elements [4,6] under unsteady-state conditions. The program can also be used
for dynamic simulations of buildings equipped with radiant systems [3,12]. In a few older studies
involving TRNSYS computer simulations of a typical office floor equipped with a radiant cooling
system, it has already been established that occupant behavior can have an important influence on the
cooling needs and the thermal comfort [3]. Similar conclusions have been made in investigations of
the possible influence of occupant behavior on a building’s performance and the thermal comfort in
conventionally heated buildings: compared to the design strategy used in the model, the measured
energy demand can be twice as high and the thermal comfort much lower [13]. By means of simulations
on the model, which was calibrated using measured in-situ data, Tian [14] demonstrated that certain
limitations of the measured data can contribute significantly to the observed discrepancies between
the measured and simulated results. In a case study, research on the German net-zero-energy-building
Ascione [15] demonstrated a performance gap between the expected and the measured electrical energy
performance, especially for heating, lighting, ventilation, auxiliaries and equipment. According to his
research, the reasons for that are related to the pattern of use of the buildings and to the occupants’
behaviors. In fact, a much higher energy demand, 2.7 times the expected request, has been found for
heating (including DHW production, which has a very low impact), while those for ventilation, lighting
and equipment are much lower, about —36%, —33% and —14%. According to D’Oca [16], energy-usage
simulations in models of dwellings in which the occupants” window opening and heating set-point
adjustments are set by probabilistic functions (inferred from field measurements), were up to 61%
higher than when the control system was simulated in a deterministic way using fixed schedules.

In general, Ryan [17] claims that although building energy models have improved over the years,
there have been no major improvements in the methods used to model occupants” behavior and that
these methods require detailed monitoring of the building’s occupants. According to Carlander [18],
however, two more things are needed, i.e., time diaries and interviews, which together with logged
measurements can be great tools to detect behavior that affects energy use in buildings. They can also
be used to create detailed schedules and behavioral models for building energy-simulation models so
that they are better at predicting actual energy use [18]. As regards the influence of building-occupant
behavior on energy efficiency, Paone [19] stated that introducing energy-conservation measures without
taking into account user satisfaction can often be counter-productive, because users are likely to try
to adapt their environment to have comfortable conditions. These kinds of actions can include some
key changes, such as opening windows, shading maneuvers and adjusting the air temperature, which
need to be anticipated. In this sense, a number of studies have recently been conducted dealing
with occupants’ behavior and factors influencing occupants’ behavior and models [20-23]. In his
comprehensive study, Hong [20] highlighted the ten most important issues regarding energy-related
occupant-behavior research and applications in buildings. According to the research of Fabi [22], more
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accurate, reliable and realistic occupant-behavior models still need to be developed. One of them was
developed by Hong [23], i.e., a framework of occupant behavior with the aim to allow the incorporation
of more accurate behavioral models into building-simulation tools to provide comparable metrics and
results on: (1) the behavioral factors that impact building energy performance; (2) the potential energy
savings from improved occupant behavior in buildings; and (3) the design of robust building operation
scenarios, technologies, systems and retrofit strategies. IEA EBC Annex 66 is dealing specifically
with the definition and simulation of building-occupant behavior. According to Annex experts, the
occupant-behavior models developed by different researchers are often inconsistent, with a lack of
consensus in common language, good experimental design and modeling methodologies [24]. In his
work, Yan [25] highlighted the key research issues, methods and outcomes contained in Annex 66.
One important finding was that the methods for collecting data, which are fundamental to the modeling
of occupant behavior, are evolving rapidly and simultaneously with sensors and ICT.

Studies of the impact of real occupant behavior in buildings at the detailed level are scarce.
In addition, as Tam [10] found in his review, further analyses of the interactions between technological
improvement and behavioral change are needed to influence the energy effect of occupant behavior, to
better understand occupant behavior driven by feedback and anticipate actual building performance.
Nevertheless, since occupant behavior is unpredictable, a variety of techniques are nowadays used
in behavior-related modeling; for instance, agent-based modeling (ABM) and multi-agent systems
(MASs), which have a clear record of success, and other predictive techniques, such as fuzzy modeling,
neural networks and Markov chains. However, a review by Rafsanjani [26] indicated that further
research is needed on how these new techniques can be integrated into current energy-simulation
software or developed as new software.

To calculate the impact of different parameters on the system or to define the sensitivity of the
system, the variations in the building or user-related parameters are included in the building simulation
models [27-29]. In some cases, even the meteorological parameters are involved [30]. To analyze such
systems a very complex sensitivity analyses can be used, usually in combination with uncertainty
techniques. The sensitivity analyses can also be applied to understand the relationships between the
input and output variables in a model. In his work on a nearly-zero-energy building (NZEB), Sun [28]
systematically investigated the impact of three sets of macro parameters using differential sensitivity
analyses (DSA), and then linked the results to the costs. He found that all the building system sizes and
the overall initial investment costs in an NZEB are most sensitive to the indoor temperature set-point.
Similarly, a very extensive analysis was performed by Pacheco-Torresa [31], who, using sensitivity
analyses on selected buildings, investigated whether the same set of parameters was relevant to the
user. In the case of many input variables, it is advisable to first perform sensitivity analyses and then
uncertainty analyses. Namely, sensitivity analyses can significantly reduce the computational costs by
selecting key factors that affect the energy performance of a building [32]. In highly complex systems,
it is often necessary to perform comprehensive sensitivity analyses, which may also be multi-stage
sensitivity analyses with design optimization [27]. In our case, the number of variables was limited to
the measured data related to specific events in real offices, such as window opening, use of internal
blinds and adjustments of temperature setting. This somehow simplified the parameter-impact study,
but on the other hand, these measured data can represent valuable information about selected details
that were investigated in the study.

The purpose of this paper is to analyze the effect of various parameters on the simulation results
from a TRNSYS model that was used to replicate real offices, as far as possible. The parameters
were mainly associated with the users’ presence and behavior when using the premises. They were
obtained from measurements made on offices that were pilot demonstrators in the EU project COST
EFFECTIVE (Resource- and Cost-Effective Integration of Renewables in Existing High-Rise Buildings,
7FP, 2008-2012) [33]. The parameters were used in a TRNSYS model that was based on the actual
technical performance of the existing offices equipped with radiant heating/cooling ceiling systems. The
TRNSYS model was validated by a comparison with the results of the measurements [1,34,35]. Our first
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objective was to compare how the particular parameters that were obtained from the measurements
influence the final values of the simulated energy use and to what extent they affect the average indoor
air temperatures of the validated numerical model. The second goal was to establish how certain
parameters related to the use of the building can be generalized and how much they affect the matching
with the results of the validated numerical model by means of a comparative analysis.

2. Materials and Methods

The numerical TRNSYS model was based on a real case geometry of four interconnected single-floor
offices, partitioned by interior walls, and the data collected from monitoring these offices. The offices
and the model itself have an area of 108 m2, with the orientation of the facade being 15° SW, and
represent a small part of the fifth floor of an office building in Ljubljana, Slovenia (46°40'N, 14°31'E).
(Figure 1a) The location has a typical mixed climate, with some continental and Mediterranean
characteristics, i.e., warm summers and moderately cold winters.
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Figure 1. (a) Office 2 of premises which were the basis for modeling; (b) schematic floor plan of the
offices with the radiation ceiling panels indicated by the brighter rectangles.

These four offices were the subject of an extensive retrofit of the building envelope, the installation of
water-filled ceiling heating/cooling panels, the installation of mechanical ventilation (with recuperation)
and the renovation of the electrical system. The ceiling panels were designed as large metal sheets
over the copper piping, covering roughly 60% of each office ceiling slab (Figure 1b) with no thermal
insulation layer. In the product specification the cooling power was 80-90 W/m? per 10 K, whereas
the heating power was 60-70 W/m? per 10 K of the temperature difference. Since the temperature
difference in the offices can reach up to 7 K in the cooling mode, and up to 14 K in the heating mode,
the power of the panels in the cooling mode can be as high as 63 W/m?, while in the heating mode it
can reach 91 W/mZ2.

The HVAC system was installed as a separate and autonomous energy system with its own
solar power supply, and as such was equipped with sensors, metering devices and other supporting
monitoring equipment. The ceiling heating/cooling panels were equipped with calorimeters to measure
the amount of energy delivered to each office and with inlet/outlet temperature sensors. Also, the
inlets and outlets of the mechanical ventilation system for transport of the tempered air in each office
were equipped with electronic volume regulators and temperature sensors.

All the office systems were designed to be managed by the newly installed building management
system (BMS). The purpose of the BMS is to collect the measured values and give commands to each
part of the system according to the measured values and logic (schedules) that are built in.

As in the real offices, the geometry of the TRNSYS model involved four main zones and an
unconditioned attic above them as a surplus fifth model zone. Each of the four office zones in the
model was subdivided into five equal horizontal layers, each containing one thermal node. A total
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of 20 air thermal nodes were implemented. The system of nodes in the simulations was harmonized
with the installation of the measurement locations of the air temperature in each of four offices, which
consisted of five vertically installed temperature sensors arranged over the height of the room. This
enabled a direct comparison between the measured and simulated air temperatures with the similarly
distributed thermal nodes in the model without any ambition to run the heating/cooling system or
evaluate the user’s thermal comfort.

The model was completed using a TRNSYS Type 56 block [11] with an identical structure of
the building elements and indoor furnishings to the real offices. The main construction material
of the building elements was concrete, with the exception of the internal walls, which were made
of a lightweight gypsum sandwich or brick. The facade and the ceiling of the unheated attic were
thermally insulated (Ugycage = 0.28 W/(m?K), Uceiling = 0.18 W/(m?K)). High-performance aluminium
window frames (Ugame = 1.60 W/(m?K) with triple glazing, argon-gas filling and low-e coatings
(Uglazing = 0.70 W/ (m?K), g = 0.3) were used for the windows. With a 15° SW exposure, the windows in
the model correspond to the exposure of windows in real offices. The modeled windows also correspond
to the actual window-to-wall ratio, which was calculated to be 46%, and to the glazing-to-wall ratio of
36%. The thermal capacitance of the interior furnishings and the radiant ceiling panels was estimated
and included in the model as well. To define the air permeability of the building envelope, on-site
measurements according to a standardized measurement procedure [36] were provided.

The model was supplemented by an existing routine defined in TRNSYS, i.e., the layer-type chilled
ceiling [11], used for the simulation of a radiant ceiling system with a radiant energy-transfer coefficient
of 8.3 W/(m?K) and a nominal water flow of 30 kg/(m?h). The regulation of the layer-type chilled ceiling
was implemented in the same way as in the real offices, i.e., via virtual room temperature regulators.
The air temperatures were set to 22 °C in the heating mode (with night-time reductions of 1 K and
weekend reductions of 2 K) and 24 °C in the cooling mode (with adjustments of +2 K). The mechanical
ventilation system in the model was simulated in the same way as the inlets and outlets of air in the
real offices and with the air inlet quantity and the temperature 23-24 °C for both the heating and
cooling modes. In reality, a surface condensation in the cooling period could cause serious problems
with the cooled panels. Therefore, to avoid the risk of surface condensation, the amount of moisture in
the ventilated air was reduced. Also, if the sensors detected a certain increase in the air-humidity rate,
the system increased the water temperature in the ceiling panels. Additionally, if a window in an office
was opened, the system stopped operating. When modeling, the same temperatures for the cooling
media were applied as were measured in the offices.

The external conditions as well as the boundary conditions of the indoor environment were taken
into account for the simulations. External conditions were applied to the facades and the roof of the
fifth zone, while internal boundary conditions were applied to all the internal building elements,
except the offices’ ceilings. With the introduction of the attic zone the influences of solar radiation on
the roof, the ambient temperature, the internal gains of the mechanical appliances and the air-change
rate of attic were incorporated into the model. The indoor attic zone parameters (internal gains,
air-change rate) were first based on estimations. However, periodic measurements of the attic’s air
temperature allowed a comparison of the measured and simulated temperatures and consequently
fine-tuning of the parameters used in the model. The data for the external conditions that were used
in the model, i.e., the one-year ambient temperatures and the solar irradiation for Ljubljana, were
provided by the Slovenian Environment Agency [37]. Solar gains through the windows of the model
were calculated automatically by the software. The regulation parameters of the solar gains by means
of venetian blinds were estimated based on monitoring of the use of the venetian blinds in all four
offices. These estimated values were used in the model and then gradually corrected and fine-tuned
via several repeated simulations based on a comparison of the measured and simulated indoor-air
temperatures. The estimated shading coefficient varied between 0.40 and 0.80, with the minimum
factor being typically applied in January and December. The shading coefficient of the internal roller
blinds, estimated to be 0.30 and ultimately serving to reduce the glare in the real offices, was employed
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in the model as well. The indoor boundary conditions of the model were defined on the basis of
measurements made in adjacent rooms and corridors.

Based on the assessment of the internal gains of real offices, the following three types of heat
gains were taken into account: office users (estimation: light work), devices and artificial lighting.
Internal gains from users amounted to 75 W per person, with only the sensible heat being taken into
account [38]. The calculation was based on the average daily values on working and non-working
days, and summarized by total values, separately for the heating and cooling periods. The average
for all the offices in the heating season amounted to 22.4 kWh/(m?), while in the cooling season the
average was 14.3 kWh/(m?).

A schematic of the TRNSYS numerical model for simulating the energy use and indoor
air temperature of the offices is presented in Figure 2. This figure shows how the measured
data were integrated into the model and that they represented a key input for the simulations.
The measured updated data of each parameter represented the values for the new input of the next
loop. Similarly, based on the analysis of the monitoring data, the process of scheduling adjustments
was gradually integrated.

CALCULATIONS W NUMERICAL INPUT NUMERICAL INPUT with
FOrR DB (measured data) deviation (measured data)
THE BUILDING - ambienttemperature
accordingto Pm PROCESSES P - solar irradiation
the settings CONDITIONS - water inlet temperature - water inlet temperature (C)
- indoor air flow

- indoor air temperature - indoor air temperature (B)
- room temp. (controller) - room tem. adjustments (F)

¥ SCHEDULED INPUT SCHEDULE adjustments
- heating / cooling setting
- room temp. system setting
* - internal gains - intensive internal gains (A)
TRNSYS - operating of windows - opening of windows (D)
multizone - settings of shadings
building Type 56 N - settings of inter. blinds - use of internal blinds (E)

h 4
RESULTS: energy needs, indoor air temperatures

Figure 2. Schematic structure of the TRNSYS numerical model for the simulations of the offices with a
basic structure of inputs, with numerical inputs having the deviation according to the measured data
(cases C, B and F, according to Table 1), and scheduled inputs with adjustments (cases A, D and E,
according to Table 1).

A more detailed description of all the building elements, the mechanical equipment and the
management data that were used in the model can be found in [1,34,35,39].

The TRNSYS model of the offices was validated based on a comparison with the measurement
results obtained from the above-mentioned real-case offices. The validation was made for each month
throughout the whole year and consisted of regular assessments of the measured and simulated indoor
air temperatures and energy use. Percentage values of the root-mean-square error (RMSE) and the
mean-bias error (MBE) for the simulated energy from the office panels and for the air temperatures
were calculated [35] according to the established protocols [40,41].

The result of the analyses showed that the simulated annual heating energy released by the ceiling
panels was 2.0% higher than the measured energy use, whereas the simulated annual cooling energy
released by the ceiling panels was 0.2% lower than the measured energy. On an annual basis, the
simulated energy use was only 0.8% higher than the measured energy that was released into the offices
through the radiant ceiling panels. Moreover, the simulated average indoor air temperatures in the
offices matched the measured indoor air temperatures very well. The average RMSE of the simulated



Appl. Sci. 2019, 9, 4609 70f 17

temperature values for all four pilot offices was +0.45 K in the heating season and +0.58 K in the
cooling season.

3. Results

3.1. Comparison Basis for Energy Use and Indoor Air Temperature

The use of energy in offices generally depends on several factors, for example, the type of building,
its energy efficiency, the energy systems, the climatic and local conditions, as well as the type of use,
i.e., the activities of the users themselves, which are changing over the course of the day, week and year.
In our case, the energy needs of the ceiling radiation system were monitored for individual premises by
the month and over the whole year. Due to the different parameters and the influences of a particular
season, the use of energy was processed on a seasonal level, i.e., separately for the heating and cooling
seasons, and finally on an annual level. The energy use was presented cumulatively for all the offices.

The second indicator that we followed was the indoor air temperature, which is usually the
target category in the indoor built environment. In addition to the surface temperatures of the rooms,
the indoor air temperature is one of the most important parameters for the user’s thermal comfort.
In general, the goal is to maintain the indoor air temperature at a certain level by providing energy to
the buildings. When effectively controlling the heating and cooling systems, the fluctuations of the
indoor air temperatures are minimized to acceptable average air temperatures during the daily and
seasonal external temperature changes. In our example, for offices in Ljubljana, the target value for the
average indoor air temperature in the heating season was 22 °C, while in the cooling season it was
24 °C. In the modeled offices, these values were calculated from the simulation results and compared
with the analyzed monitored data from the real offices.

3.2. Effect of Six Specific Parameters Included in the Validated Model

When modeling the thermal performance of a building, there is usually a lack of specific detailed
information. The situation in our case was the opposite, since we obtained a lot of data from the
long-term monitoring that we carried out in the offices. These data were analyzed and the known
values were used in numerical simulations to optimize and validate the numerical model, which was
complex since it included all the important elements and parameters.

The validated numerical model was then used as a basis for the analysis of the effect of six
parameters on the energy use and on the indoor air temperatures in the offices if these parameters are
excluded from the simulation. The parameters were mainly related to the user’s behavior in the offices,
with only a few of them being attributed to the consequences of technical issues. These six parameters
were as follows: intensive internal gains, additional extraction of energy with exhausted air from the
mechanical ventilation system due to temperature differences, insufficient energy supply for cooling
due to stopping the operation of the cooling system in the summer, window opening by the occupants,
use of internal roller blinds by the occupants and temperature adjustments using room controllers by
the occupants. The effect of their exclusion from the model was observed both seasonally and annually.
The simulations were made one by one so that the specific parameters were individually excluded
from the validated model (Table 1, rows A to F). Table 1 also shows the results for the validated model
with all the specific parameters included (first row) and also for the validated model from which all six
parameters are excluded (row G).

The results of the analyses, the effect of each individual specific parameter excluded from model
and the combined effect of all six of them, are presented in Figure 3 in comparison with the results
from the simulation on the validated model.
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Table 1. Specific parameters in the analysis of the validated model and their influence on the simulation
results for energy use at annual level.

A i Energy
Description of Specific Data (kWh/a)
. . Heating Cooling

Frequency Duration Location Mode Mode Total
Validated model

(all six specific data included) ) . ) 1452.3 1806.3 3259.6

A _ Validated model Once 6days (Mar)  Office 4 1486.1 1806.0 3292.1

without intensive internal gains

Validated model

B without extraction of energy with Continuously Whole year All offices 1438.2 1933.2 3371.5

exhausted air

Validated model

C without insufficient energy supply for Once 5days (Aug)  All offices 1450.1 1853.5 3303.7

cooling
D . V.ahdated mo?lel Regularly Whole year All offices 1423.0 1938.4 3361.4
without window opening by users
Validated model . X

E without use of internal roller blinds Continuously Whole year All offices 1414.0 1859.4 32734
Validated model

F without temperature adjustments at Continuously Whole year All offices 1262.5 1423.0 2685.5

regulators
G Validated model - - - 12218 17694 29912

without all six specific data

The first analyzed specific parameter was the unexpected and large internal gains in Office 4,
which occurred in March of the monitored year. The analysis of the monitored data revealed that an
extra expert was working in this office for 6 days; he was using a supplementary computer and a 3D
scanner, which caused a noticeable amount of heat gain in the office. These additional internal gains,
which were large but short term, were included in the model when optimizing it for the validation.
However, when excluded from the model, they have a relatively moderate seasonal effect on the energy
use, i.e., 2.3% in the heating season. If they had been observed with regards to the annual energy level,
their influence would have been relatively small: according to the results of the simulations, 1.0% more
energy is needed for heating per year if these additional internal gains are excluded from the model.
Also, the calculated average indoor air temperature based on the simulations showed practically the
same values for the heating season as with the validated model (Figure 3).

A very similar situation also applies to the extraction of energy from the exhausted air produced by
the mechanical ventilation due to unpredicted air-temperature differences in the offices. This parameter
was included in the optimized model based on the analysis of simple measurements of the gradient of
air temperatures in all the offices. The energy effect of the extraction of this extra heat produced by
the exhausted air flowing through the air outlets of the mechanical ventilation system in the cooling
season was significant. The simulations showed that if this parameter was excluded from the model,
7.0% more energy was used for the cooling, which confirms that the air temperatures in the upper
air layers of the rooms, close to windows, can be considerably higher than in the other locations
in an office. During the heating season, however, the above-mentioned air temperature differences
were relatively small. Consequently, the energy influence was only 1.0% and was counteracting.
Nevertheless, the simula