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Abstract: Energy consumption calculations and thermal comfort conditions assessment are crucial
issues in building simulations when using Building Energy Performance Simulation (BEPS) tools. The
available software has been separately validated under different boundaries and operating conditions.
Consequently, the predicted output of the same building simulated with two separate software can
disagree. This issue is relevant not only for research purposes but also for professionals who need to
compare the energy performance of the same building with different simulation engines. This work
aims at contributing to the field in two ways. Above all, it clarifies the preparation of the building
model and the correct definition of input data and boundary conditions when different software are
used (IDA ICE and Design Builder/Energy Plus). In addition, it compares the output (energy and
indoor temperatures) of two BEPS for the same building (in different configurations) exposed to the
same weather conditions. The study shows that the two most significant differences are represented
by the temperature values, while the energy predictions agree.

Keywords: energy rate; thermal comfort; building energy performance simulation; BEPS;
decarbonization

1. Introduction
1.1. State of Art

The scientific and industrial revolutions and the subsequent technological progress
broke the balance between man and nature, resulting in climatic changes—whose effects
are starting to be irreversible [1]. With buildings responsible for about one-third of global
energy consumption and a quarter of carbon dioxide emissions [2], specific policies [3]
and solutions are necessary to save energy in buildings [4,5]. Hence, the use of Building
Energy Performance Simulation (BEPS) to help develop sustainable energy designs [6]
for new and existing buildings that are consistent with Nearly Zero-Energy Buildings
and Indoor Environmental Quality requirements [7,8]. As recently reviewed by Santos-
Herrero et al. [9], BEPS tools can be used during the design phase [10] and during the
entire life cycle of a building because they enable the optimisation of energy consumption,
especially in retrofitting [11]. In addition, they are extensively used in Urban Building
Energy Modelling [12,13].

Among the different simulation tools developed by the researchers in the building
energy efficiency scientific community, Energy Plus [14] with its Design Builder graphical
interface [15] and IDA Indoor Climate Energy—IDA ICE [16]—are the most used.

IDA ICE allows the combined investigation of the indoor climate and energy con-
sumption in buildings, and it is commonly used in European countries for research and
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consulting purposes. It is based on a modular platform provided with a graphical mod-
eller and an engine calculation, thereby allowing the creation of additional components
through the Neutral Model Format (NMF) and Modelica language. IDA ICE is validated
with ASHRAE 140-2014 [17], EN 15255-2007 [18], EN 15265-2007 [19], and EN 13791 [20]
Standards. IDA ICE works with three user levels: Wizard (for beginners), Standard, and
Advanced (for experts who can define specific additional components).

Energy Plus is one of the most known energy simulation tools. It is an open-source
building simulation software mainly focused on the analysis of the thermal demand of
buildings. The code consists of a modular structure based on the most popular features and
capabilities of BLAST and DOE-2. It is a simulation engine only working with input and
output text files; this implies the need for an additional graphical interface, such as Design
Builder [15], to easily create the building model. Energy Plus provides a user manual with
detailed documentation describing the algorithms. This is not the case with IDA ICE, which
merely provides an instruction manual.

One of the most investigated issues about BEPS tools is their validation [20–22]. More
specifically, even when the validation process is consistent with Standard recommen-
dations [17], several publications report significant deviations between simulations and
measurements, known as a performance gap [22–25]. This phenomenon is mainly due
to building features (e.g., the presence of phase change materials), weather, and human
factors [21,22]. In addition, it is essential to understand that BEPS tools are generally
validated on energy consumption rather than indoor microclimatic conditions, as observed
by Huerto Cardenas et al. [26].

Other investigations in the field include comparisons of simulation tools mainly
focused on the differences related to their main features [27], their capabilities for calculating
a significant number of variables [28], and the heat transfer between the envelope and
the indoor and outdoor environment [29]. On the contrary, few studies integrate the
comparisons of the heating demand with the operative temperature predictions required
in the thermal comfort assessment [30]. More precisely, while the difference in the annual
space heating demand among the different simulation tools (e.g., VIP Energy, Energy
Plus, TRNSYS, IDA ICE) seems to be acceptable and does not exceed 14–16% [30], the
operative temperature estimation of IDA ICE overestimates the operative temperature
of the living area by 1.6 ◦C (1.0 ◦C) when compared with TRNSYS (Energy Plus). This
is probably due to the different definitions of the building zone and equations for the
heat transfer by convection that are used [30]. Nonetheless, beyond specific results, these
investigations demonstrate that the greater the complexity of the software, the greater the
experience required.

1.2. Objectives

Although several studies compared IDA ICE and Design Builder (Energy Plus) [27–33],
there are no detailed investigations focused on the modelling procedure with the iden-
tification of input data, which is a necessary precondition for reliable simulations [34];
moreover, there are no investigations about the ability of the different software in predict-
ing the indoor thermo-hygrometric conditions, which represent a crucial point in long-term
evaluations—as indicated by EN 16798-2 Standard [8]. In a nutshell, this investigation
is not only aimed at comparing the results from the different software under the same
boundary conditions, but also at identifying the different input data for the modelling that
often require a different approach depending on the used tool.

To compare IDA ICE and Design Builder, a reference building model will be built
working in the same boundary and operating conditions. More specifically, two different
meteorological conditions (Copenhagen, Denmark, and Palermo, Italy) and two different
architectural scenarios characterized by a different percentage of transparent walls will be
considered. Due to the different settings of the two software, in some boundary conditions,
it is not possible to directly input identical data. Therefore, a specific solution will be
identified to better define the same model in the two software. As default input data for
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thermal comfort and ventilation, the values recommended by Annex B of Standard EN
16798-1 [7] will be used. They are informative values but commonly used as a reference in
European countries.

2. Materials and Methods
2.1. Location and Meteorological Data

The simulations have been carried out in two different locations. Their choice is based
on the Köppen e Geiger climate classification [35], which is Csa (warm and temperate
climate) for Napoli and Cfb (Marine West Coast climate) for Copenhagen, respectively. The
source of the weather data was IWEC (The IWEC (International Weather for Energy Calcu-
lations) is the result of ASHRAE Research Project 1015 by Numerical Logics and Bodycote
Materials Testing Canada for ASHRAE Technical Committee 4.2 Weather Information. The
IWEC data files are ‘typical’ weather files suitable for use with building energy simulation
programs for 227 locations outside the USA and Canada. All 227 locations in the IWEC data
set are available for download in Energy Plus weather format) for Copenhagen and IGDG
(The IGDG (Italian Climatic data collection “Gianni De Giorgio”) is a weather data source
developed for use in simulating renewable energy technologies, this set of 66 weather
files is based on a 1951-1970 period of record) for Napoli, respectively. The input file to
be used is different: IDA ICE uses the .prn format, while Design Builder uses the .epw
format [36]. Unfortunately, direct conversion is impossible. For this reason, starting from
the .prn file, the values of each weather parameter were post-processed with Elements [37],
a free software tool for creating and editing custom weather files. The evaluation of the
input value of the external pressure required a particular procedure. Specifically, while
Design Builder uses a pressure value from the weather data file, IDA ICE calculates this
quantity through pressure coefficients (depending on the façade and the wind direction) on
each surface according to Equation (1).

Pw = Cw (ρ v2)/2 (1)

where:

Pw—is the wind pressure, Pa;
Cw—is the pressure coefficient, 1;
ρ—is the air density, kg m−3;
v—is the wind speed at roof height of building, m s−1.

Given this, and with the aim of using the same values in the two tools, the pressure
values calculated according to Equation (1) have been used as input data in Design Builder.

The hourly wind data in IDA ICE (.prn file) are the components (catheters) of the
wind vector (hypotenuse) on the x-axis (East–West) and y-axis (North–South). In Design
Builder (.epw file), the input value is the wind speed. Given this, the wind speed w has
been calculated considering its components, wx and wy, as follows:

w = (wx
2 + wy

2)1/2 (2)

2.2. Geometric Model and Building Components

The building model, originally developed by Olesen and Dossi [38], is the central
module of an office building consisting of two offices separated by a corridor (Figure 1).

The offices and the corridor are treated as two separate zones. The offices have a floor
area of 19.8 m2 (5.5 m × 3.6 m), and the corridor has a floor area of 8.6 m2. The external
walls are provided with a window with a frame whose area is 4.9 m2 (1.65 m × 3 m).
A second scenario (scenario 2) was also considered by increasing the window area from
4.9 m2 to 7.4 m2 (e.g., +50%).

All the internal walls of the building model are assumed adiabatic, except for the
walls between the corridor and the offices. The value used for air infiltrations in the offices
(corridor) is 0.3 h−1 (0 h−1) [38].
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Figure 1. Longitudinal section of the model (roomwidth = 3.8 m) with dimensions in meters
(scenario 1).

As far as the transparent components of walls are concerned, some parameters, such
as the Solar Heat Gain Coefficient (SHCG), the solar transmittance, and the visible transmit-
tance, are directly inserted in IDA ICE. On the contrary, Design Builder requires additional
software as WINDOW (WINDOW is a state-of-the-art computer program developed at the
Lawrence Berkeley National Laboratory (LBNL) for use by manufacturers, engineers, edu-
cators, students, architects, and others to determine the thermal and solar optical properties
of glazing and window systems (https://windows.lbl.gov/software/window accessed on
7 January 2023)).

The U-value of the window frames depends on the thermo-physical properties of
the materials and the weather conditions (e.g., the indoor–outdoor temperature difference
and the wind speed). Given this, they have been modelled in WINDOW [39] to calculate
the thermal and solar optical properties. Then, the obtained values were imported into
Design Builder. The default value used by WINDOW for estimating the overall U-factor of
a fenestration unit is based on the NFRC (The National Fenestration Rating Council (NFRC)
is an organization that administers a window certification program in the United States)
methodology, which assumes the following conditions [39]:

- wind speed: 5.5 m s−1;
- indoor air temperature: 21 ◦C;
- outdoor air temperature: −18 ◦C.

The thermo-physical characteristics of the building components are assigned according
to Kolarik et al.’s model [40].

2.3. Boundary System Conditions

The boundary conditions defined for the characterization of HVAC systems are sum-
marized below.

2.3.1. Heat Pumps

Each office is provided with an air-based heating and cooling system connected to
a heat pump with a capacity of 2 kW. The HVAC setpoint is consistent with EN 16798-1
Standard [8] and it operates when there are occupants. The daily operation time is 8:30 a.m.
to 4:00 p.m. for both offices, while the yearly operation is 01/10–30/04 (01/12–31/03) for
heating and 01/05–30/09 (01/04–30/11) for cooling in Copenhagen (Palermo). The heating
season for Palermo is consistent with Italian law [41], while for Copenhagen it is based on
the most common period of operation for the heating system (Danish laws/standards do
not specify this information).

2.3.2. Ventilation System

The ventilation system exhibits a pressure increase of 150 Pa, a Specific Fan Power
(SFP) of 0.21 kW s m−3, and a fan power efficiency of 70%. The ventilation rate values agree
with EN 16798-1 Standard for category II of indoor environmental quality [8].

https://windows.lbl.gov/software/window
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The supplied air is at outdoor temperature and the system provides heating/cooling
when the operative temperature is below/above the desired temperature setpoint.

Equation (3) allows the calculation of the total ventilation rate for the breathing zone
by combining the ventilation required for people and building emissions [8]:

qtot = a·qp + AR·qB (3)

where:

qtot—is the total ventilation rate for the breathing zone, L s−1;
a—is the design value for the number of persons in the room, 1;
qp —is the ventilation rate for occupancy per person, L s−1 person−1;
AR —is the floor area, m2;
qB —is the ventilation rate for emissions from building, L s−1 m−2.

2.3.3. Auxiliary Devices

Another relevant difference between IDA ICE and Design Builder is the calculation
of the energy required by auxiliary devices. IDA ICE requires the input data of the two
fans in terms of pressure rise, efficiency, and specific fan power—SFP (see above)—and
the features of the two pumps used for heating and cooling in terms of pressure rise and
efficiency (in this case study, 30 kPa and 50%, respectively). On the contrary, Design Builder
calculates the energy used by pumps and fans separately. Particularly, in the section HVAC,
it is possible to establish the values of the ∆p (Pa) and the efficiency (%) of the fans and the
power density of the pumps (W m−2).

The values of the energy consumption of pumps can be found in the Design Builder
Result Viewer [42,43]. The total energy consumption for each zone is displayed in the
Simulation results in the Electric Equipment Section for each room (north office, corridor, office
south). Design Builder considers the energy of the fans on the basis of the fan pressure
increase and the efficiency values, as defined in mechanical ventilation. The values of
the fan energy used are displayed in Simulation results, and they depend on the actual
mechanical ventilation flow rates applied in the simulation [43]. Given this, to compare the
contribution of auxiliary devices, the characteristics of the fans and the values of power
density for the pumps calculated by IDA ICE were used as input values in Design Builder.

2.4. Internal Heat Gains, Lighting, and Air Velocity

The internal loads are due to people, appliances, and lighting. The occupancy hours,
the lighting, and the appliances were based on the schedules defined in Annex C of EN
16798-1 [17] for a single office. Occupants are only present during weekdays from 09:00 to
12:00 and from 13:00 to 16:00.

Each office hosts two occupants with a metabolic rate (M) value of 70 W m−2 (1.2 met),
as specified by the Standard ISO 8996 [44]. Given this, if a body surface of an adult person
equal to 1.8 m2 [45] is assumed, the metabolic rate value is 126 W per person.

According to EN 16798-1 Standard [8], the thermal load due to appliances for each
office was 12 W m−2, corresponding to 237.6 W, and the clothing insulation value (Icl) was
0.5 clo (1.0 clo) for the cooling (heating) season, respectively [46].

Each software calculates the fraction of the heat from lights emitted to the zone air,
which is defined as follows:

Convection fraction = 1.0 − (Return Air Fraction + Fraction Radiant + Fraction Visible) (4)

where:

Return Air Fraction—is the fraction of the heat from lights that is transported out of the
room and into the zone return air, 1;
Fraction Radiant—is the fraction of heat from light that goes into the zone as long-wave
radiation, 1;
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Fraction Visible—is the fraction of heat from lights that goes into the zone as visible (short-
wave) radiation [14,47], 1.

Using a Fraction Radiant of 0.5 and a Fraction Visible of 0.2 and assuming 50 W
installed in offices and 100 W for suspended lights in the corridor, Equation (5) shows the
resulting convection fraction:

Convection fraction = 1.0 − (0.0 + 0.5 + 0.2) = 0.3 (5)

2.5. Output Comparisons

The analysis of the outputs will be focused on the relative differences between the two
scenarios (simulated with the same tool) and the absolute differences (temperature and
energy use) between IDA ICE and Design Builder.

2.5.1. Temperatures
Relative Differences

The evaluation of the predicted thermal comfort conditions has been expressed
in terms of the percentage of time with operative temperature values, which is consis-
tent with the minimum (winter) and maximum (summer) thermal comfort criteria pre-
scribed by EN 16798-1 for office buildings [8]. These quantities have been calculated with
Equations (6) and (7) for winter and summer, respectively:

Timeto ≥ 20 ◦C, north = (100 CPH1winter)/912 (6)

Timeto ≤ 26 ◦C, north = (100 CPH1summer)/654 (7)

where:

CPH1winter—is the overall number of hours for Copenhagen with to ≥ 20 ◦C, 1;
CPH1summer—is the overall number of hours for Copenhagen with to ≤ 26 ◦C, 1.

Similar equations have been used for Palermo.

Absolute Differences

To quantify the agreement between the two simulation tools in evaluating the thermo-
hygrometric conditions, the percentage of the time that the temperature difference ∆t pre-
dicted by the two software falls into a specific condition (e.g., ∆t ≤ 0.5 ◦C,
0.5 ◦C < ∆t ≤ 1.0 ◦C; 1.0 ◦C < ∆t ≤ 2.0 ◦C and ∆t > 2.0 ◦C) has been calculated. To
this aim, only the occupied hours (1566) have been considered.

The percentage has been evaluated as follows:

∆θ% = (100 n)/1566 (8)

where:

∆θ%—is the fraction of the time that the temperature difference values fall into a specific
range, %;
n—is the number of hours that the temperature difference values fall into a specific range, 1.

2.5.2. Energy
Relative Differences

The differences in annual energy flow for each building component compared to the
total energy delivered have been calculated as follows:

∆EF = 100 (CPH2 − CPH1)ENVELOPE/[0.5·(CPH2 + CPH1)TOT] (9)

where:

∆EF—is the difference in energy flows for each component, %;
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CPH1—are energy flows for Copenhagen in scenario 1 (small window), kWh;
CPH2—are energy flows for Copenhagen in scenario 2 (large window), kWh.

A similar equation has been used for Palermo.
The differences in energy use between the two scenarios (small and large windows)

have been calculated by Equations (10) and (11) for cooling and heating, respectively.
Similar equations were used for Palermo.

∆C = 100 (CPH2 − CPH1)C/[0.5·(CPH2 + CPH1)TOT] (10)

∆H = 100 (CPH2 − CPH1)H/[0.5·(CPH2 + CPH1)TOT] (11)

where:

∆C—is the cooling difference between the two scenarios, %;
∆H—is the heating difference between the two scenarios, %;
CPH1—is Copenhagen in scenario 1 (small window), kWh m−2;
CPH2—is Copenhagen in scenario 2 (large window), kWh m−2.

Absolute Differences

Equation (12) allows for the calculation of the differences in energy output that are
predicted by the two simulation tools.

∆EF = 100 (CPH1IDA − CPH1DB)ENVELOPE/[0.5·(CPH1IDA + CPH1DB)TOT] (12)

where:

∆EF—are the differences in energy flows for each component, %;
CPH1IDA—is Copenhagen in scenario 1 for IDA ICE, kWh;
CPH1DB—is Copenhagen in scenario 1 for Design Builder, kWh.

Finally, the percentage of difference in heating/cooling energy use per square meter
compared to the overall energy use has been calculated as follows:

∆C = 100 (CPH1IDA − CPH1DB)C/[0.5·(CPH1IDA + CPH1DB)TOT] (13)

∆H = 100 (CPH1IDA − CPH1DB)H/[0.5·(CPH1IDA + CPH1DB)TOT] (14)

where:

∆C—is the cooling difference between IDA ICE and Design Builder, %;
∆H—is the heating difference between IDA ICE and Design Builder, %;
CPH1IDA—is Copenhagen in scenario 1 for IDA ICE, kWh m−2;
CPH1DB—is Copenhagen in scenario 1 for Design Builder, kWh m−2.

3. Results and Discussion

In this section, we will discuss the absolute differences (temperature and energy use)
between the two simulation tools (Design Builder and IDA ICE) and the relative differences
between the two scenarios (with the same software).

3.1. U-Value of Building Components

The U-value depends on the thermal resistance of internal and external surfaces
whose values are prescribed by Standards. IDA ICE and Design Builder use different ap-
proaches, therefore returning different U-values. IDA ICE sets the surface resistance equal to
0.13 m2 K W−1 and 0.04 m2 K W−1 for internal and external plane surfaces, respectively [48].
These values vary during simulation according to the internal surface temperatures, ven-
tilation rate, and external wind speed and direction [49]. Design Builder uses the heat
transfer coefficients depending on the type of the building component (floor, ceiling, wall),
as defined in the guide of Energy Plus according to ASHRAE Standard 90.1 [50].
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In Table 1, the internal and external surface resistances with the resulting U-value
calculated in a static regime from each software are compared.

The higher difference (12%) occurs in the case of the floor, followed by the ceiling (6%)
and internal walls (with a reduction of 5% from Design Builder to IDA ICE). The reason
for lower U-values in Design Builder for the floor is related to the increase in the internal
resistance Rsi (which ranges from 0.11 to 0.16 m2 K W−1 in Design Builder, while it does
not change in IDA ICE).

Table 1. Comparison between U-values calculated by Design Builder and IDA ICE in static regime
according to reference Standard values of resistance for each software. Rsi: internal resistance; Rse:
external resistance, ∆: difference in U-values.

Wall

Design Builder IDA ICE
∆

(%)
Rsi Rse U-Value Rsi Rse U-Value

(m2 K W−1) (m2 K W−1) (W m2 K−1) (m2 K W−1) (m2 K W−1) (W m2 K−1)

Ceiling roof 0.11 0.08 1.7 0.13 0.04 1.8 6
Floor 0.16 0.08 1.6 0.13 0.04 1.8 12
Outside wall 0.12 0.03 0.4 0.13 0.04 0.4 0
Internal wall 0.12 0.03 2.1 0.13 0.04 2.0 −5

3.2. First Scenario vs. Second Scenario
3.2.1. Operative Temperature

According to Figures 2 and 3, the increase in glazing surfaces affects the trend of the
operative temperature.
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Figure 2. Operative temperature for Copenhagen in Design Builder (up) and IDA ICE (down).
Dashed black lines are the limits of the seasons (winter/summer) and the red lines are the limits
of the ranges of thermal comfort according to standard EN 16798-1 [8] for the heating and cooling
season. CPH 1: Copenhagen/scenario 1, CPH 2: Copenhagen/scenario 2.
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Figure 3. Operative temperature for Palermo in Design Builder (up) and IDA ICE (down). Dashed
black lines are the limits of the seasons (winter/summer) and the red lines are the limits of the ranges
of thermal comfort according to standard EN 16798-1 [8] for the heating and cooling season. PA 1:
Palermo/scenario 1, PA 2: Palermo/scenario 2.

More precisely, the operative temperature values predicted for scenario 2 (large win-
dow) are always higher than those exhibited by scenario 1 (small window), with the
maximum operative temperature differences ranging from 1.9 ◦C (3.0 ◦C) and 4.3 ◦C
(5.2 ◦C) for Design Builder (IDA ICE), as summarized in Table 2.

Table 2. Maximum value of ∆to (operative temperature difference) in ◦C between scenario 1 and
scenario 2 for each software and location.

Software Comparison Office Month ∆to

Design Builder
CPH1 vs. CPH2

North May 1.9
South April 3.5

PA1 vs. PA2
North March 2.1
South February 4.3

IDA ICE
CPH1 vs. CPH2

North April/May 3.3
South April 5.2

PA1 vs. PA2
North Aug 3.0
South Oct 5.2

In addition, this effect depends on the climatic conditions. More specifically, the
increase in transparent walls mainly affects the operative temperature trend in Palermo in
the south office (4.3 ◦C in February for Design Builder) because of the higher solar radiation.
In contrast, the phenomenon is more noticeable in Copenhagen during intermediate seasons
(3.5 ◦C for Design Builder).

The agreement between the operative temperature prediction of the two simulation
tools is only qualitative (see data in Table 2). Both tools predict higher temperature values
in the presence of large windows. However, according to other investigations [11], the max-
imum value of the operative temperature difference between the two scenarios predicted
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by IDA ICE is always greater than those exhibited by Design Builder, reaching 5.2 ◦C. This
is a crucial issue for the effects of the two simulation tools on the assessment of thermal
comfort conditions.

As far as the operation of the HVAC system is concerned, Table 3 summarizes the
percentage of the time with the operative temperature above 20 ◦C (set point for winter)
and below 26 ◦C (set point for summer).

Unfortunately, the high values reported in Table 3 do not correspond to the thermal
comfort conditions.

Table 3. Percentage of time when to is above 20 ◦C during winter and when to is below 26 ◦C
during summer, calculated with Equations (6) and (7). W: winter; S: Summer; ∆W: percentage the of
difference between scenario 1 and 2 in winter; ∆S: percentage of the difference between scenario 1
and 2 in summer, calculated considering scenario 2 as reference.

Software Simulation Office W
(%)

S
(%)

∆W
(%)

∆S
(%)

Design
Builder

CPH 1
North 100 100 0 0

South 100 100 0 −3

CPH 2
North 100 100

South 100 97

PA 1
North 100 99 0 −6

South 100 85 0 −24

PA 2
North 100 93

South 100 61

IDA ICE

CPH 1
North 100 100 0 0

South 100 98 0 −8

CPH 2
North 100 100

South 100 90

PA 1
North 100 96 0 −20

South 100 74 0 −25

PA 2
North 100 76

South 100 49

As a matter of fact, during winter, the temperature values even reach 35 ◦C in the case
of the Palermo scenario with large windows (see Table 4). This phenomenon is due to a
free-running condition that occurs when heat loads are high, and the indoor environment
reaches high-temperature values with the HVAC system switched off.

This occurrence highlights a limitation when using Design Builder with the Simple
HVAC option. In this case, the user can only define the temperature set point for the HVAC
system’s operation and cannot choose a comfort range as prescribed by EN 16798-1 [8].

During the summer, the presence of large windows worsens comfort conditions,
especially for Palermo. IDA ICE reports a more noticeable temperature variation in the
north office (20%) than in Design Builder (6%). In the case of the south office, Palermo
reaches higher percentages than those observed in the north office (e.g., 25% of reduction
of thermal comfort for IDA ICE and 24% for Design Builder).
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Table 4. Main statistic values of temperature data (in ◦C) trends reported in Figures 2 and 3. Max:
maximum operative temperature; Min: minimum operative temperature; Avg: average operative
temperature; σ: standard deviation.

Software Simulation Office
Winter Summer

Min Max Avg σ Min Max Avg σ

Design
Builder

CPH 1
North 22.5 17.4 20.4 0.4 26.0 20.4 24.2 1.4

South 26.9 18.1 20.9 1.1 26.4 22.0 25.2 0.7

CPH 2
North 25.6 17.2 20.6 0.8 26.1 22.1 25.2 0.6

South 31.9 18.3 21.8 2.3 29.1 23.5 25.6 0.6

PA 1
North 26.7 20.4 23.3 1.3 27.2 23.3 25.5 0.4

South 32.1 23.5 28.5 1.6 29.6 24.9 26.0 0.9

PA 2
North 28.8 20.9 24.7 1.6 29.7 23.7 26.0 1.0

South 35.9 25.4 31.5 1.9 33.5 25.3 27.4 2.3

IDA ICE

CPH 1
North 22.2 19.3 20.6 0.3 25.5 20.7 24.5 1.2

South 25.6 19.7 20.9 1.0 25.5 22.8 25.3 0.5

CPH 2
North 23.4 18.9 20.6 0.5 25.5 22.0 25.1 0.8

South 29.1 19.5 21.5 1.7 27.5 24.1 25.5 0.3

PA 1
North 25.0 20.5 22.2 1.1 26.4 23.0 25.4 0.4

South 29.7 21.3 26.7 1.6 27.1 25.3 25.7 0.3

PA 2
North 27.0 20.5 23.4 1.5 26.8 23.3 25.6 0.4

South 33.8 22.6 29.8 2.1 30.0 25.5 26.0 0.8

3.2.2. Energy Flows

Figures 4 and 5 show the yearly energy flow for each building component. Negative
(positive) values represent heat losses (gains). Regarding solar gains, Energy Plus distin-
guishes between the positive contributions due to solar gains and the heat losses through
windows. At the same time, IDA ICE considers the “External window and solar” as a
single contribution that can be negative or positive. Given this, to compare the output from
the two tools, the single components predicted by Energy Plus have to be added.

For both simulation tools, the higher differences, calculated with Equation (9), occur in
Palermo for the south office, wherein the energy flow increases by 74% (72%) for “window
and solar” and decreases by 49% (34%) for “cooling” in Design Builder (IDA ICE).

Design Builder and IDA ICE also differ in evaluating solar radiation through windows.
IDA ICE uses a simplified model based on the overall solar radiation absorbed by the
window system [29]. In this case, the absorbed solar radiation consists of two equal
amounts on the two boundary faces. Energy Plus calculates the temperature of each
window’s glass pane with a layer-by-layer approach using WINDOW [39]. These different
approaches could explain the reason for the different operative temperature trends and the
energy flows.
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Figure 5. Energy flows for Palermo in Design Builder (up) and IDA ICE (down). PA 1: Palermo/
scenario 1, PA 2: Palermo/scenario 2.

3.2.3. Delivered Energy

Figure 6 shows the yearly values of delivered energy for heating and cooling per
square meter for each simulation. Table 5 summarizes the percentage differences in the
heating/cooling energy use calculated with Equations (10) and (11).

As expected, wider transparent walls increase the energy required for cooling and
decrease the energy for heating. The percentage differences predicted by both tools are
similar except for heating in Copenhagen (highlighted in bold in Table 5). In this case,
the percentage difference exhibited by Design Builder is almost twice that of IDA ICE
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(6% instead of 4%); however, these values are negligible. In cooling mode, the differences
remain small for Copenhagen but increase for Palermo due to the higher radiative load.
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Figure 6. Yearly heating/cooling energy use per square meter predicted by Design Builder (left)
and IDA ICE (right). CPH 1: Copenhagen/scenario 1, CPH 2: Copenhagen/scenario 2, PA 1:
Palermo/scenario 1, PA 2: Palermo/scenario 2.

Table 5. Difference percentage of annual delivered energy (∆C: cooling difference; ∆H: heating differ-
ence) between scenario 1 (small window) and 2 (large window), calculated with Equations (10) and (11),
and between Design Builder and IDA ICE, calculated with Equations (13) and (14).

Software Simulation

Comparison

Scenario 1 vs. Scenario 2 Design Builder vs. IDA ICE

∆C
(%)

∆H
(%)

∆W
(%)

∆S
(%)

Design
Builder

CPH 1
8 −6

0 −4

CPH 2 0 0

PA 1
22 0

0 0

PA 2 −4 0

IDA ICE

CPH 1
8 −4

CPH 2

PA 1
19 0

PA 2

The comparison between the operative temperature and delivered energy trends
reveals that the decrease in the energy for heating for the second scenario does not result
in significant variations in the percentage of operative temperature values higher than
20 ◦C. Similarly, the increase of cooling due to the increased solar radiation in summer
does not result in more time in operative temperatures below 26 ◦C. These phenomena
are probably due to the inability of the HVAC system to keep/control acceptable thermal
comfort conditions.

3.3. First Scenario (Small Window) Design Builder vs. IDA ICE
3.3.1. Temperatures

The agreement between the two simulation tools in evaluating the thermo-hygrometric
conditions has been expressed in terms of the percentage of the time that the temperature
difference predicted by the two software falls into a specific condition (e.g., ∆t ≤ 0.5 ◦C,
0.5 ◦C < ∆t ≤ 1.0 ◦C; 1.0 ◦C < ∆t ≤ 2.0 ◦C and ∆t > 2.0 ◦C) according to Equation (8).

Table 6 summarizes the obtained results for the operative temperature, the air temper-
ature, and the mean radiant temperature for both climates in the two offices. The behaviour
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of the two simulation tools seems to be affected by the outdoor climatic conditions. No-
tably, the operative temperature difference in Copenhagen is less than 1.0 ◦C (more than
2.0 ◦C) for more than 90% (less than 3%) of the time. The agreement for the mean radiant
temperature is slightly worse in both configurations (the time percentage with ∆t ≤ 1.0 ◦C
varies from 70 to 82%).

Table 6. Percentage of the time that the difference between the temperature values predicted by
Design Builder and IDA ICE ∆t (in ◦C) falls into a specific condition. CPH 1: Copenhagen/scenario 1,
CPH 2: Copenhagen/scenario 2, PA 1: Palermo/scenario 1, PA 2: Palermo/scenario 2.

Condition Scenario North
Office

South
Office Scenario North

Office
South
Office

CPH 1

Operative temperature

PA 1

Operative temperature

∆t ≤ 0.5 82 83 67 53

0.5 < ∆t ≤ 1.0 11 11 12 10

1.0 < ∆t ≤ 2.0 7 6 19 21

∆t > 2.0 0 0 2 16

Mean radiant temperature Mean radiant temperature

∆t ≤ 0.5 34 50 66 47

0.5 < ∆t ≤ 1.0 36 32 10 22

1.0 < ∆t ≤ 2.0 30 18 21 19

∆t > 2.0 0 0 3 12

Air temperature Air temperature

∆t ≤ 0.5 32 47 59 39

0.5 < ∆t ≤ 1.0 28 29 20 18

1.0 < ∆t ≤ 2.0 38 23 19 23

∆t > 2.0 2 1 2 20

CPH 2

Operative temperature

PA 2

Operative temperature

∆t ≤ 0.5 91 78 53 38

0.5 < ∆t ≤ 1.0 4 10 11 10

1.0 < ∆t ≤ 2.0 4 9 29 18

∆t > 2.0 1 3 7 34

Mean radiant temperature Mean radiant temperature

∆t ≤ 0.5 47 47 51 31

0.5 < ∆t ≤ 1.0 22 33 18 21

1.0 < ∆t ≤ 2.0 30 17 26 23

∆t > 2.0 1 3 5 25

Air temperature Air temperature

∆t ≤ 0.5 43 42 45 22

0.5 < ∆t ≤ 1.0 19 28 17 16

1.0 < ∆t ≤ 2.0 35 25 26 21

∆t > 2.0 3 5 12 41

Due to the higher solar load, the temperature values predicted for Palermo by the
investigated tools are farther away. More specifically, ∆t values less than 0.5 ◦C occur
in less than 67% (53%) of the time for the north (south) office in the case of scenario 1.
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In addition, time percentages with ∆t values higher than 2.0 ◦C occur in 16% (20%) of
operative temperatures (air temperature) in the worst case (south office).

3.3.2. Energy Flows

The comparison between Design Builder and IDA ICE in terms of energy flows for
each building component has been carried out on a seasonal basis. Figures 7 and 8 report
the thermal energy flows predicted in the first scenario during the two seasons.
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Figure 7. Energy flows for Copenhagen (up) and Palermo (down) in scenario 1 during the
heating season.

The differences in energy flows, calculated with Equation (12), are generally negligible
during winter and do not exceed 10%. During summer, the differences are 38% (16%)
for “window and solar” in Copenhagen (Palermo) in the south office and 17% (12%) and
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40% (11%) for “cooling” in Copenhagen (Palermo) for the north office and south office,
respectively. Such an increase in summer finds a plausible explanation in the different
approaches to modelling the radiation absorbed by the window system.
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Figure 8. Energy flows for Copenhagen (up) and Palermo (down) in scenario 1 during the
cooling season.
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During summer, Copenhagen shows a high difference in percentages in the case
of the components “internal walls and masses” (15% for the north office and 20% for
the south office) and “envelope” (21% for the north office and 18% for the south office).
This occurrence could be due to the calculation method of the U-value used by the two
simulation tools.

However, to confirm this hypothesis, more investigations are required.

3.3.3. Delivered Energy

Table 5 shows the percentage of difference of the annual heating/cooling energy
use per square meter compared to the overall energy use and calculated with
Equations (13) and (14). The obtained results demonstrate a good agreement between
the predicted overall energy use for heating and cooling with negligible differences (less
than 4%). This behaviour also agrees with previous investigations [11], which revealed less
than 14–16% difference between values.

3.4. Second Scenario (Large Windows) Design Builder vs. IDA ICE
3.4.1. Temperatures

The data in Table 6 prove that the agreement between the two simulation engines
worsens for climatic conditions characterized by high solar loads. More specifically, as far as
the operative temperature is concerned, the percentage of time with ∆t ≤ 0.5 ◦C decreases
from 67% to 53% (from 53 to 38%) for the north (south) office in Palermo. In addition, the
percentage of time with ∆t > 2.0 ◦C increases from 2% to 7% (from 16 to 34%) for the north
(south) office. The air temperature (from 20 to 41%) and the mean radiant temperature
(from 12 to 25%) also exhibit similar trends in the south office for the percentage of time
with ∆t > 2.0 ◦C.

Consequently, meaningful differences can occur when evaluating the thermal comfort
conditions through the PMV. This is because the measurement errors are consistent with
the required accuracy recommended by ISO 7726 [51] (e.g., ±0.5 ◦C for air temperature
and ±2.0 ◦C for mean radiant temperature) and result in PMV errors of above two decimal
points [52–56]).

3.4.2. Energy Flows

Figures 9 and 10 show the thermal energy flows predicted in the second scenario
during the two seasons.

As for scenario 1, there are no significant differences in the predicted energy values
during winter. The highest value (around 11%) occurred for the “internal walls and masses”
component. As observed above, a plausible explanation could be the different ways for
calculating the U-value. The difference found for the “window and solar” contributions
(17% and 11% for Copenhagen and Palermo, respectively) in the south office could be due
to the different ways that solar radiation through windows is dealt with.

3.4.3. Delivered Energy

Table 5 shows the percentage of difference in the annual heating/cooling energy use
per square meter calculated with Equations (13) and (14). As observed above, the obtained
results reveal a good agreement between Design Builder and IDA ICE, with overall energy
use for heating and cooling being very close to each other, and with a maximum difference
percentage equal to 4%.
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Figure 9. Energy flows for Copenhagen (up) and Palermo (down) in scenario 2 during the
heating season.
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Figure 10. Energy flows for Copenhagen (up) and Palermo (down) in scenario 2 during the
cooling season.

4. Conclusions

Building Energy Performance Simulation tools with specific modular structures, such
as Design Builder and IDA ICE, are irreplaceable instruments for energy calculations and
the evaluation of thermal comfort. However, a reliable prediction of the building behaviour
requires an in-depth analysis of the input data that is used for the modelling that often
require a different approach (and different level of experience) depending on the tool used.

The first part of the present investigation has focused on this issue. Then, the paper
compared the energy use and thermal comfort conditions predicted by the two engines in
different climates and building scenarios.

The main results can be summarized as follows.
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• Creating the same building model using different tools requires significant effort to
define input data. Most notably, we have shown that using the same input data set
is not always possible. Consequently, it is impossible to evaluate how any slight
variation of the input data can affect the output for the same building model. For
instance, the U-values obtained by the two tools can differ above 12% for the same
building typology (e.g., used materials, thicknesses values).

• In agreement with previous investigations that focused on the energy use predicted
by different simulation tools, Design Builder and IDA ICE do not exhibit significant
differences (<4%) in the yearly energy use of the building. Some differences (>10%)
occur for the energy flows related to specific components (e.g., internal walls and
masses, windows, and solar components during summer). A plausible explanation
could be the different ways to calculate the U-value and consider the solar radiation
absorbed by the glazing walls.

• The most significant differences when using the two tools are related to the operative
temperatures rather than the energy delivered for the identical building model.

• IDA ICE exhibits a more noticeable temperature variation that affects the overall
energy used for cooling. Consequently, cooling is sometimes required in winter to
have better thermal comfort conditions. The effects are most significant for a warmer
climate (Palermo) and in the presence of wide glazing walls. In this case, the operative
temperature differences obtained by the two tools exceed 2.0 ◦C one-third of the time.
A plausible explanation could be the different ways of evaluating the U-values and the
solar radiation through the windows. However, the differences in evaluating thermal
comfort conditions through the PMV require further investigation.

• Using a simple HVAC system in Design Builder does not allow the user to define
a range of thermal comfort, but it only gives the option to define the set point tem-
perature for the heating and cooling system. Given this, the HVAC system provides
heating/cooling when the operative temperature is below/above the desired tem-
perature set point. When this does not happen, the reason could be an insufficient
capacity/control of the system plant or a free-running condition, as occurred in simu-
lations for Palermo. The differences in the results could be relevant in terms of design
choices or a tender offer.

The obtained results show how necessary the knowledge of these tools is to maximize
their potentialities and reduce the impact of their limitations. On the one hand, BEPS
software is a powerful tool that is able to perform the energy design and evaluate the indoor
climate at a detailed time step. On the other hand, it can deviate from the real behaviour of
the building if users (e.g., designers and researchers) need to be more skilled in dealing with
boundary conditions and the different algorithms at the base of the calculation. In a nutshell,
it is necessary to correctly manage the multiple input data and have a critical approach to
the analyses of results, thereby not exclusively relying on the software outcomes.

To highlight further critical issues in data preparation, we will extend the analysis to
different building typologies and architectural layouts. In addition, we will investigate
the different ways to deal with heat transfer by radiation. Finally, numerical outputs
from the present research will be validated by monitoring the indoor thermo-hygrometric
parameters in a reference building.
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Symbols and Abbreviations

a design value for the number of persons in the room, 1
AR floor area, m2

c specific heat, W h kg−1 K−1

Cw pressure coefficient, 1
CPH 1 Copenhagen in the scenario 1 (small window)
CPH 2 Copenhagen in the scenario 2 (large window)
CPH1IDA Copenhagen in the scenario 1 for IDA ICE
CPH1DB Copenhagen in the scenario 1 for Design Builder
CPH1winter overall number of hours with to ≥ 20 ◦C, 1
CPH1summer overall number of hours with to ≤ 26 ◦C, 1
PA 1 Palermo in the scenario 1 (small window)
PA 2 Palermo in the scenario 2 (large window)
HVAC Heating, Ventilation & Air Conditioning
Icl basic clothing thermal insulation, m2 K W−1 (or clo)
IGDG Italian Climatic data collection Gianni De Giorgio
IWEC International Weather for Energy Calculations
NFRC National Fenestration Rating Council
M Metabolic rate, W m−2 (or met)
n number of hours that the temperature difference values fall into a specific range, 1
Pw wind pressure, Pa
qB ventilation rate for emissions from building, L s−1 m−2

qp ventilation rate for occupancy per person, L s−1 person−1

qtot total ventilation rate for breathing zone, L s−1

Rse external resistance, m2 K W−1

Rsi internal resistance, m2 K W−1

s thickness, mm
SFP Specific Fan Power, kW s m−3

SHCG Solar Heat Gain Coefficient

Timeto ≥ 20 ◦C
percentage of the time with operative temperature values consistent with
minimum (winter) thermal comfort criteria, %

Timeto ≤ 26 ◦C
percentage of the time with operative temperature values consistent with
maximum (summer) thermal comfort criteria, %

S summer
t temperature, ◦C
to operative temperature, ◦C
U-value transmittance, W m−2 K−1

v wind speed, at roof height of building, m s−1

va air velocity, m s−1

w wind speed, m s−1

W winter
wx component of wind vector on the x-axis, m s−1

wy component of wind vector on the y-axis, m s−1

Greek letters
∆C cooling difference between two scenarios/software, %
∆EF differences in terms of energy flows for each component, %
∆H heating difference between two scenarios/software, %
∆P pressure rise, Pa
∆S summer difference between two scenarios, %
∆t difference of temperature, ◦C
∆W winter difference between two scenarios, %
∆θ% fraction of the time that the temperature difference values fall into a specific range, %
ε emissivity, 1
λ thermal conductivity, W m−1 K−1

ρ density, kg m−3
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