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A B S T R A C T

Simplification of building energy models is one of the most common approaches for efficiently estimating the
energy performance of buildings over a whole city. In city-scale models, the abstraction of a building into an
information model and the division of the model into representative thermal zones cannot be building-specific
but must be generic and applicable to many buildings. Considering the limited research on the performance
of such methods, in this study, a comprehensive evaluation of the most relevant assumptions on zoning
configurations and levels of detail is conducted in three building energy simulation tools IDA ICE, TRNSYS,
and EnergyPlus. The findings from the evaluation of zoning configuration on building level and its comparison
with the measured energy performance of buildings suggest that a single-zone model of a residential building
gives a very similar result to a multi-zone model with one core zone and perimeter zones for every floor of the
building. For the single-zone model, IDA ICE overestimates and EnergyPlus underestimates the energy demand
compared to the more complex models by approximately the same amount, but EnergyPlus is preferred due to
the shorter simulation time. It is also proven that higher levels of detail in building models can increase the
accuracy of the results by approximately 6% annually. When extending the scope of the study from building
level to district level analysis where a somewhat lesser degree of accuracy can be allowed on the individual
building, the simplified models give acceptable results.
1. Introduction

With a growing interest in urban and regional energy planning [1–
3], during the last decade the field of building energy modeling
(BEM) has been shifting focus from individual buildings to urban-
scale studies [4]. Among the various methods available for develop-
ing urban-scale energy models of buildings, bottom-up engineering
(physics-based) models, referred to as "urban building energy models"
(UBEMs) [4], follow the same approach as in BEM [5]. Using well-
established BEM methods, in most UBEMs the aim is to extend the
scale of the study from one building to hundreds or thousands of
buildings [6]. However, considering technical and methodological bar-
riers [7], e.g., lack of comprehensive data and high computing power,
modeling a large number of buildings with the same level of complexity
as in individual building energy modeling seems unattainable. To deal
with this issue, simplification of the building models and narrowing
down the range of included details have been considered as suitable
solutions for the development of most existing UBEMs [8,9].

When an UBEM is developed based on tailor-made algorithms, the
simplification methods target the algorithms and their solvers. For
instance, Kämpf and Robinson [8] and Perez et al. [10] suggested

∗ Corresponding author.
E-mail address: fatemeh.johari@angstrom.uu.se (F. Johari).

simplified resistance–capacitance (R–C) network models with fewer
resistance and capacitance nodes. The model is suggested for single-
zone buildings, however, it can also be used for multi-zone models.
Kim et al. [11] and Lauster et al. [12] adapted R–C network models
which underwent additional physical simplifications and model order
reductions. Frayssinet et al. [13] focused on a set of so-called adap-
tive solutions, i.e., simplification methods for conductive heat transfer
functions, zoning, allocation of transmitted solar flux, etc., which could
benefit the UBEMs with higher temporal resolutions.

Although such simplification methods based on tailoring the algo-
rithms can improve the performance of UBEMs, they are not applicable
for a wide range of UBEMs in which the model is developed around
a BEM software. The efficiency and accuracy of the algorithms of
commercialized BEM software have already been proven. Therefore,
when a BEM software is used as the main simulation core of an UBEM,
the focus is not on adjusting the algorithms. Instead, model developers
typically focus on translating the building blocks into models which
include the main components of a building but limit the details.

In urban building energy modeling (UBEM), one of the most com-
mon simplification methods for modeling a building is to decrease
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the number of thermal zones and define a building in one or a few
zones. According to the definitions found in the literature [14,15], a
thermal zone is a portion of a building in which the demand for heating,
ventilation, and air conditioning (HVAC) is sufficiently similar and can
be maintained by a single controlling unit or sensor, e.g., a thermostat.
In most BEM studies, following the ASHRAE guidelines for envelope
settings and zoning configurations [15], each building is divided into a
sufficient number of thermal zones, e.g., one zone for every separated
space. However, this detailed thermal zoning requires building-specific
information which is most likely unavailable when an urban-scale study
is carried out. On the other hand, assigning many thermal zones to one
building leads to high modeling complexity and increases the compu-
tational power and time which may not be advantageous for UBEMs.
Therefore, unlike in BEM, generalized thermal zoning methods with a
predefined number of zones are commonly used in UBEMs [6,16,17].

Single-zone building modeling, i.e., assigning one thermal zone to
the whole building, is the most straightforward approach in existing
UBEMs and can be found in many studies [18–20]. On the other hand,
multi-zone modeling, with all of its variations, is another widespread
method for defining adequate numbers of thermal zones for urban-
scale energy modeling of buildings. In multi-zone models, a building
is divided into more than one thermal zone. In an UBEM developed
by Nageler et al. [16], thermal zoning is dependent on how the en-
ergy demand varies within the building. In this approach, multi-use
buildings are divided into up to three vertical zones where the ground,
middle, or upper floors can be represented by different thermal zones.
Furthermore, Wang et al. [21] and Cerezo Davila et al. [6] applied one
thermal zone per each floor of the buildings while Chen et al. [17,22]
and Dogan et al. [23] proposed novel auto-zoning algorithms that
set multiple perimeter zones and one core zone to each floor of the
buildings as specified by ASHRAE 90.1 Appendix G [15].

In addition to thermal zoning, level of detail (LoD) is another
important concept in the development of UBEMs. LoD is the definition
that is given to the degree of abstraction of real-world objects, in par-
ticular buildings, in 3D city modeling [24]. According to the CityGML
standards [25], five LoDs can be used to represent a building. With
respect to the level of information and availability of detailed floor
plans on the individual building level, for conceptualizing the building
a higher LoD is used in most BEMs. However, the approach to UBEMs
is different, since gathering the same amount of information as in BEM
for all buildings of a city would be impractical in most cases [4,26].
Thus, simplified shoe-box models of buildings, corresponding to LoD1,
have been used in many UBEMs [6,27], and only a few models have
used LoDs higher than one (LoD1+) [20,28].

1.1. Research gaps and scientific contributions

To a large extent, multi-zone models with higher LoDs can bet-
ter handle the variable boundary conditions in a building, such as
differences in the exposure to the ambient, energy use profile, and
occupancy, as well as changes in the HVAC system and schedule [14].
However, as has been discussed by Shin and Haberl [29], there is no
evidence proving that the prevalent zoning configurations, in particular
multi-zone core and perimeter method, lead to higher accuracy or
reliability of the results. Moreover, a survey of the existing UBEMs
shows that in most of the models, the choice of zoning configuration
is done arbitrarily. Except for the study done by Chen and Hong [22]
and Dogan et al. [23], there is no analytical justification or proper
motivation behind the chosen zoning configurations in existing UBEMs.
Thus, to decide on the proper thermal zoning configuration, it is
necessary to analyze the impact of the number of thermal zones not
only on the accuracy of the simulation results but also on the reliability
of the modeling and simulation procedure.

Regarding the LoD, according to Nouvel et al. [30], on aggregated
levels, impacts of the roof shape and deviations of the results of LoD1
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from the LoD2 building models can be neglected. With a shoe-box
model, i.e., a LoD1 building model, in addition to the roof shape, many
details on the external elements of a building, including balconies,
overhangs, or vertical fins, are excluded from the model. Although
these elements of a building do not directly contribute to the heat
performance of a building, they can considerably obstruct the incoming
solar radiation and, therefore, influence the heating or cooling demand
of a building indirectly. This means that focusing on the roof shape is
not sufficient to determine the impact of the LoD of a building model.
This highlights the need for a more comprehensive analysis of different
LoDs and their impact on the accuracy of the building models intended
for UBEMs.

In addition, an urban-scale energy model developed around BEM
simulation tools is considered a large-scale problem which requires a
great extent of computational resources. With more detailed zoning
configuration and higher LoD, the scale of the problem increases,
which can exhaust memory space and computational power and, thus,
significantly increase the computational time [31]. The computational
time and its efficiency have become more significant with the recent
development and application of optimization and machine learning
techniques in building and urban-scale energy modeling where an
algorithm automatically performs hundreds of thousands of simulation
runs to identify an optimal solution [32,33].

With an increasing need for more time-efficient and yet accurate
urban-scale energy models, this study aims to explore the acceptable
levels of simplification in terms of zoning configuration and LoD of
the building models in UBEM. For this aim, the study quantifies the
impact of successive simplification of building models (in terms of
zoning configuration and LoD) on the computational time and sim-
ulated energy use and compares their outcome with the measured
energy performance of buildings. Due to the significance of measured
energy performance data for validating the acceptable levels of model
simplification and lack of such data for the majority of single-family
residential buildings as well as new buildings in Sweden, the study
is mainly focused on the performance of existing multifamily resi-
dential buildings built in 1970s. Hence, different types of multifamily
residential buildings have been modeled and analyzed in the most
popular and widespread BEM simulation tools, i.e., IDA ICE, TRNSYS,
and EnergyPlus. Finally, to justify the findings from the building level
analysis, the spatial scale of the study has been extended from the
building level to the district level and an UBEM of a district consisting
of 30 multifamily residential buildings in Uppsala, Sweden, has been
developed and analyzed comprehensively.

1.2. Overview

The paper is structured as follows. In Section 2, the methodology for
comparison of zoning complexity and level of detail in building models
is introduced, including which building models, zoning configurations
and LoDs are studied. As a basis for analyzing variations in simulated
energy use between the three simulation tools (IDA ICE, TRNSYS, and
EnergyPlus) this section also outlines how their approaches to building
heat balance calculation differ. In Section 3, the results of the study
are presented. Section 4 further elaborates on the results and discusses
them in more detail. Finally, Section 5 presents the overall conclusions
on a suitable level of complexity of building models for future UBEMs.

2. Methodology

A district area with 30 multifamily residential buildings in Uppsala,
Sweden, was initially selected for analysis (see Fig. 1). The residential
buildings were then divided into different types based on their prop-
erties, e.g. type, year of construction and systems. Fig. 1 presents a
3D overview of the area, with buildings color-coded based on their
types (A, B and C). For the building-level analysis, energy models of
three example buildings were developed based on pre-defined zoning

configurations commonly used in existing UBEMs and were compared.
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Fig. 1. Overview of the methodology.

The simulated results were then compared with the measured energy
performance of each building. In addition to the zoning methods, the
LoD and its impact on the reliability of individual building energy
models were also evaluated. To extend the findings of the building-
level analysis to the whole district and to elaborate on the accuracy
and efficiency of the suggested levels of simplifications on larger scales
than a single building, an automated UBEM of the district was also
developed and evaluated. Fig. 1 shows a simplified flowchart of the
analysis process.

The building models in this part of the study were developed in
three established BEM tools, IDA ICE 4.8, TRNSYS 18, and EnergyPlus
9.1. The choice of software was made primarily based on their capa-
bilities in generating accurate models and reliable results. In order to
make a relevant comparison between the models developed in each
tool, the fundamental differences in terms of simulated energy demand,
the equations that form the basis for building heat balance calculation,
and how they differ between the tools, were reviewed and outlined in
this study.

All the computations in this study were performed on a Windows
machine with a Core-i7-8650U CPU @ 1.90 GHz 2.11 GHz processor
and 16 GB RAM.

2.1. Data

2.1.1. Case study buildings
Three buildings representing typical district-heated Swedish resi-

dential buildings constructed during the 1970s were chosen for the
study. The choice of case study buildings was made based on two main
reasons. Firstly, these buildings represent a major share of the building
stock in Sweden. Secondly, the extent of available information about
buildings’ system, construction and material is considerable, both from
the literature and the housing association company, Uppsalahem [34].
Illustrations of these building types are presented in Fig. 2.

• Building A: Multifamily building with 2 floors.
Building type A is a residential multifamily building with 2 floors
and a 699 m2 heated floor area. According to the latest energy
performance certificate (EPC), total energy performance (includ-
ing the energy used for space heating, domestic hot water, and
3

Table 1
Overall properties of the case study buildings.

Building specifications Building A Building B Building C

Heated floor area 699 m2 1498 m2 5197 m2

Total floor area 884 m2 1584 m2 6072 m2

Window to wall ratio 25%a 29%a 25%
Number of floors 2 3 8b

Number of apartments 6 18 70
Energy performance 157 kWh/m2y 157 kWh/m2y 173 kWh/m2y

Thermal properties (W/m2K) Building A Building B Building C

External wall 0.54 0.54 2.42
External roof 0.22 0.22 0.22
External floor 1.54 1.54 1.73
Internal wall 3.78 3.78 3.87
Internal floor/ceiling 2.91 2.91 0.75
Window 1.96 1.96 1.96

aOn long walls only.
b8 heated floors and an unheated basement.

operational electricity) in this building is 109 780 kWh/y or 157
kWh∕m2y.

• Building B: Multifamily building with 3 floors.
As previously mentioned, building type B is also a district-heated
multifamily building constructed in 1972. This building has 3
heated floors and a 1498 m2 heated floor area. Similarly, the
overall energy performance of the building is calculated to be
235 209 kWh/y or 157 kWh/m2y.

• Building C: Multifamily building with 8 floors.
In addition to low-rise multifamily buildings, in this study, a high-
rise building with 8 heated floors and an unheated basement
is also analyzed. The energy performance for this building is
reported to be 896 738 kWh/y which equals 173 kWh/m2y. The
total heated floor area is 5197 m2.

According to the EPC, each building has 5%–15% non-heated areas.
However, for this study it was assumed that the whole building area is
heated up by the heating system. Detailed characteristics, assumptions,
and thermal properties of these buildings are given in Table 1.

2.1.2. Occupancy and schedule
In order to determine the occupants’ related energy use and their

respective contribution to the heat performance of a building, the
given values and conversion factors from the Swedish standards for the
calculation of energy performance of Swedish buildings (Sveby) [35]
are used. Accordingly, for residential multifamily buildings, the contri-
bution of building occupants to the energy performance of a building
through metabolic rate, household and operational electricity, lighting,
and domestic hot water can be generalized as follows, all based on
Ref. [35].

• The average heat gain from occupants with different activity
levels is equal to 80 W per person for 14 h a day.

• The use of electricity for household appliances and lighting is 30
kWh/m2y of heated floor area, 70% of which is converted to heat.

• The electricity use for running auxiliary equipment such as pumps,
fans, etc., referred to as operational electricity, is 15 kWh/m2y of
heated floor area. Similarly, 70% of this can be converted to heat
and added to the heat balance of a building.

• The amount of energy for domestic hot water use in a building is
25 kWh/m2y of heated floor area.

To encompass the effects of occupancy and schedule in the energy
performance of a building, the given values are distributed over a year
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Fig. 2. Overview of the case study buildings from blueprints.
using deterministic user profiles. The obtained profiles are later added
or subtracted from the simulated heat demand in buildings as in

𝐸𝑃 = 𝑄𝑠𝑖𝑚 +𝑄𝐷𝐻𝑊 + 𝐸𝑒𝑙,ℎ + 𝐸𝑒𝑙,𝑜𝑝 −𝑄𝑜𝑐𝑐 −𝑄𝑒𝑙,ℎ −𝑄𝑒𝑙,𝑜𝑝, (1)

where 𝐸𝑃 is the calculated energy performance of the building, 𝑄𝑠𝑖𝑚
is the simulated heat demand, 𝑄𝐷𝐻𝑊 is the use of domestic hot water,
𝐸𝑒𝑙,ℎ and 𝑄𝑒𝑙,ℎ are the household electricity use and its respective heat
gain, 𝐸𝑒𝑙,𝑜𝑝 and 𝑄𝑒𝑙,𝑜𝑝 are the operational electricity use and its related
heat gain.

The main reasons behind this method of calculation of the occu-
pancy is to limit the number of input variables to the model and keep
the focus on the building model itself.

2.1.3. Weather data
With respect to the requirements for normalization of the climate-

dependent energy performance of buildings in Sweden [36], the energy
simulation of buildings has to be conducted for a normal year for the
given place and time period. The weather data used in this study is
typical meteorological weather year (TMY), i.e., ASHRAE’s Interna-
tional Weather for Energy Calculations (IWEC), that is available from
EnergyPlus weather (EPW) data directory [37]. This dataset covers
different locations worldwide and includes at least 12 and up to 25
years of observations.

2.2. Comparative analysis of thermal models

2.2.1. Zoning configuration
Choosing a suitable zoning configuration is an important part of

UBEM development. The complexity of the model and computation
time differ considerably between a single-zone and a multi-zone ther-
mal model [10]. In BEM, the division of a building into many thermal
zones may not be as problematic as in UBEM and large-scale studies.
In the latter, a consequence of unnecessary thermal zoning is that the
computation cost and modeling effort become larger and in some cases
challenging to handle.

Overall, three main zoning configurations were identified through
a survey of existing UBEMs. The most straightforward approach is to
assign only one thermal zone per each building block (1 zone per
building) (Figs. 3(a), (d) and (g)). Although a single-zone model is a
simple representation of a building, it improves the computation cost
to a large extent. It is also possible to assume one thermal zone per each
floor (1 zone per floor) to slightly capture the contribution of internal
4

building elements, e.g., internal floors, but still run the simulation in
an acceptable time (Figs. 3(b), (e) and (h)). The other very common
method follows the ASHRAE guidelines for envelope setting and zoning
configuration, stated in ASHRAE 90.1, Appendix G [15]. Accordingly,
different thermal zones are assumed for perimeter and interior spaces
that stand at least 4.6 m away from the exterior or semi-exterior walls.
If the exterior wall glazing has different orientations, then one thermal
zone for each orientation is specified, unless the angle is less than 45◦.
It is also suggested to consider separated thermal zones for the spaces
that are adjacent to the ground or have an exposed roof surface. In
multifamily buildings, it is also recommended to have one zone per
each dwelling. However, for the scope of UBEM, this assumption is
generalized through having separate zones for every floor instead of
every apartment, as illustrated in Figs. 3(c), (f), and (i). In this study,
this is referred to as a ‘‘5 zones per floor’’ model.

This study also includes other zoning methods that have been
used specifically for high-rise buildings to reduce the complexity of
the model as well as simulation time even more. As illustrated in
Fig. 4, a high-rise building, i.e., building type C with 8 heated floors,
can be described through a three-zone model (3 zones per building),
consisting of the top and bottom floors as one zone each, and all other
intermediate floors as one big zone in between, as shown in Fig. 4(a).
Another option is to model only one of the similar intermediate floors,
and then extrapolate the results for this floor to the other intermediate
floors. This is referred to as a ‘‘1 zone per floor (abstract)’’ model, due to
the abstract nature of the intermediate floors. This zoning configuration
is shown in Fig. 4(b).

2.2.2. Level of detail in building models
In the absence of comprehensive knowledge on building construc-

tion components, UBEM developers make their assumptions based on
limited building information. Hence, in most UBEM studies, the de-
scription of the building geometry is relatively simplified and the
building construction is defined through shoe-box models correspond-
ing to Level of Detail 1 (LoD1), according to CityGML standards [25].
This level of simplification, however, may lead to less accurate results
and, therefore, further need for calibration methods to compensate for
the deviations from measured data.

To compare the performance of the most common assumptions
on the LoD of building construction and their impacts on building
energy modeling, three building models with distinct levels of detail
were defined and analyzed for the case study building type B. In
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Fig. 3. Zoning configuration in the three case study building models. Subfigures (a), (d), and (g) show models with one zone per building, subfigures (b), (e), and (h) show models
with one zone per floor, and subfigures (c), (f), and (i) show models with 5 zones per floor.
Fig. 4. Zoning configuration and simplification in high-rise building models (building C). Subfigure (a) shows a model with 3 zones per building while subfigure (b) shows a
model with 3 selected zones out of 8, where the middle floor is representative of the other 5 intermediate floors (simplification from one zone per floor model).
Fig. 5. Illustration of the analyzed levels of detail (LoD) for building type B. Subfigures (a), (b) and (c) show LoD3, LoD2⋆ and LoD1, respectively.
this study, the defined LoDs, however, are slightly different from the
defined LoDs from the CityGML standards, in particular for LoD2.
According to CityGML standards, a building with LoD2, as compared
5

to LoD1, is a simplified model with information on the shape of the
roof. As the impact of the roof shape on the performance of an UBEM
has already been discussed in [30], it has been excluded from this
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study. Instead of a CityGML LoD2, a customized LoD, referred to as
‘‘LoD2⋆’’ has been defined. Accordingly, regardless of roof construction,
oD2⋆ is a shoe-box model with a window fenestration that is clearly
ifferentiated in the building model, as shown in Fig. 5. On the other
and, the other two LoDs include almost the same information as in
he CityGML standards. The model with LoD1, as mentioned, is a shoe-
ox model of the building block with a 25% window to wall ratio
WWR), and the building model LoD3 includes building components
ith detailed features and adjacent shading elements, e.g., windows,

hading balconies, and vertical fins. Building type B was chosen for
his analysis due to the availability of detailed data, i.e., complete
onstruction blueprints and plans.

.2.3. District level analysis
To generalize the findings from the analysis of the effects of the

odel complexity in UBEM, the analysis was extended over a district
ith 30 multifamily buildings of types A, B and C. Fig. 1 presents
3D overview of the area. To systematically handle the subsequent

nergy modeling and simulation of buildings, an UBEM operating
round EnergyPlus V9-1-0 and Python 3 was established. This UBEM
eads the input information from tabular data, automatically generates
ndividual thermal energy models of all the buildings, runs consecu-
ive dynamic energy simulations and reports the simulated results on
ifferent spatiotemporal resolutions.

As suggested in [7], an UBEM of this type requires comprehensive
nformation on geometrical and non-geometrical properties of all the
uildings of the district. For the non-geometrical data, e.g., construc-
ion material and assemblies, HVAC systems, schedule and occupancy,
he information from the representative building types A, B and C
presented in Section 2.1) was used. To determine the geometry and
eo-location of the buildings in the district, the building footprints
btained from the national geodata collected by the Swedish Mapping,
adastral and Land Registration Authority (Lantmäteriet) [38] were
sed.

To determine the effects of the three zoning configurations on the
ccuracy of the results of the UBEM, the annual thermal energy needs
f the buildings were compared against the values reported in the EPC
atabase for each of these buildings.

.3. Building thermal modeling in the different simulation tools

Finding the most suitable zoning configuration and LoD depends not
nly on the scale of the study but also on the simulation tool that is
sed as the main core in the UBEM simulation engine. In this study, to
alidate the already mentioned configurations, the three different case
tudy buildings were modeled and analyzed in three simulation tools,
DA ICE, TRNSYS, and EnergyPlus.

The intention has been to make the building models as similar as
ossible between the analyzed simulation tools. However, in addition to
ystematic differences between the three tools, the underlying methods
f calculating the equations for heat balance and the solvers differ,
ausing differences in simulation results. For this reason, an overview of
ow the heat balance is calculated in each tool is given in this section.

.3.1. Heat transfer between external surfaces and surroundings
The thermal behavior of a building can be described through equa-

ions for heat and mass transfer inside the building, through the build-
ng envelope, and between the building envelope and the surroundings.
or the heat transfer, most thermal models rely on the heat balance
n outside and inside surfaces of the building as well as the heat flux
hrough the building envelope.

Generally, and in all the simulation tools, the net heat transfer
etween an exterior surface such as a wall and the ambient at each
nstance of time is modeled as
6

𝑤𝑎𝑙𝑙,𝑜 = 𝑄𝑐𝑜𝑛𝑣,𝑜 +𝑄𝑎𝑏𝑠,𝑜 +𝑄𝑙𝑤,𝑜, (2)
where 𝑄𝑐𝑜𝑛𝑣,𝑜 is the convective heat transfer, 𝑄𝑎𝑏𝑠,𝑜 is the absorbed
solar radiation, and 𝑄𝑙𝑤,𝑜 is the long-wave radiation exchange with the
surroundings. These heat flows are treated differently in the different
tools, as outlined below.

First, the convective heat flow is calculated in all tools as

𝑄𝑐𝑜𝑛𝑣,𝑜 = ℎ𝑐𝐴(𝑇𝑎𝑖𝑟 − 𝑇𝑤𝑎𝑙𝑙,𝑜), (3)

where ℎ𝑐 is the convective heat transfer coefficient, 𝐴 is wall area,
𝑇𝑎𝑖𝑟 is the ambient air temperature and 𝑇𝑤𝑎𝑙𝑙,𝑜 is the wall outside
surface temperature. However, each software uses a different approach
for calculating the heat transfer coefficient ℎ𝑐 , which influences the
simulation results to some extent. In IDA ICE, the convective heat
transfer coefficient for external surfaces is calculated based on the heat
transfer coefficient as a factor of local wind velocity:

ℎ𝑐 = 5.678
[

𝑎 + 𝑏
( 𝑉
0.3048

)𝑛]

, (4)

where 𝑉 is the local wind velocity, and the parameters 𝑎, 𝑏 and 𝑛
are 1.09, 0.23 and 1, respectively, when the wind velocity is less
than 4.88 m/s. For wind velocity of greater than 4.88, 𝑎, 𝑏 and 𝑛 are
efined as 0, 0.53 and 0.78. EnergyPlus, however, has a very different
pproach, offering a choice between various options for modeling the
onvective heat flow. In this study this was kept at its default. As
efault, EnergyPlus applies the TARP algorithms [39], in which the
otal convective heat transfer coefficient is the sum of coefficients for
orced and natural convection:

𝑐 = ℎ𝑓 + ℎ𝑛. (5)

he heat transfer coefficient for forced convection is defined as

𝑓 = 2.537𝑊𝑓𝑅𝑓

(

𝑃𝑉𝑧
𝐴

)1∕2
, (6)

with 𝑊𝑓 being related to wind direction and equal to 1 or 0 for
windward or leeward surfaces, i.e., the hypothetical wind directions
from a reference point, 𝑅𝑓 is the roughness of the surface, 𝑃 is the
perimeter of the surface, 𝑉𝑧 is the local wind speed calculated above the
ground, and 𝐴 is the area of the surface. The heat transfer coefficient
for natural convection is calculated in relation to the temperature
difference between the air and the surface, and the tilt of the surface,
as

ℎ𝑛 =
9.482|𝛥𝑇

1
3
|

7.283 − | cos𝛴|

, (7)

where 𝛥𝑇 is the temperature gradient between the external surface of
the building and the air and 𝛴 is the surface tilt angle. TRNSYS, on the
other hand, offers the possibility of having user-defined values for both
internal and external coefficients or making use of internal calculations
for convection heat transfer. In this study, the external convective
heat transfer coefficient, ℎ𝑐 is kept as its default value, suggested by
TRNSYS. The default values for external and internal convective heat
coefficients are 64 kJ/hm2K and 11 kJ/hm2K.

The second component of the heat balance, Eq. (2), absorbed solar
radiation 𝑄𝑎𝑏𝑠,𝑜 is in general calculated as

𝑄𝑎𝑏𝑠,𝑜 = 𝛼𝐴(𝐼𝑏 + 𝐼𝑑 ), (8)

where 𝛼 is the solar absorptance of the surface, 𝐴 is the wall area, and 𝐼𝑏
and 𝐼𝑑 are beam and diffuse solar radiation components, respectively,
on the wall surface. By default, EnergyPlus relies mainly on the Perez
model [40] for estimating beam and diffuse solar radiation (𝐼𝑏 and
𝐼𝑑) from the global radiation. IDA ICE also takes full advantage of the
ASHRAE guidelines [15] in calculating beam and diffuse radiation on
building surfaces. It offers the Perez model [40] for calculating the dif-
fuse solar radiation on building surfaces. Components of solar radiation
in TRNSYS are estimated using the standard component library and the
weather data processor, Type 15-3, in which among 5 options the Hay
and Davies Model [41] was chosen in the input.
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The third heat flow component in Eq. (2), the long-wave radiation
exchange between a wall’s external surface and the surroundings, can
be generally defined as a sum of heat flows between the surface and
the sky, ground and ambient air, respectively:

𝑄𝑙𝑤,𝑜 = 𝑄𝑙𝑤,𝑠𝑘𝑦 +𝑄𝑙𝑤,𝑔𝑟𝑜𝑢𝑛𝑑 +𝑄𝑙𝑤,𝑎𝑖𝑟, (9)

where each individual heat flow can be expressed as

𝑄𝑙𝑤,𝑥 = 𝜖𝜎𝐹𝑥𝐴(𝑇 4
𝑥 − 𝑇 4

𝑤𝑎𝑙𝑙,𝑜), (10)

ith 𝜖 being the long-wave emittance of the surface, 𝜎 the Stefan–
oltzmann constant, 𝐹𝑥 the view factor between the surface and the
ky, air or ground, 𝐴 the surface area, 𝑇𝑥 the temperature of the sky,
ir or ground, and 𝑇𝑤𝑎𝑙𝑙,𝑜 the surface temperature of the wall. The simu-
ation tools differ in which components are included and how they are
alculated. In IDA ICE, only 𝑄𝑙𝑤,𝑠𝑘𝑦 and 𝑄𝑙𝑤,𝑔𝑟𝑜𝑢𝑛𝑑 are considered, while
nergyPlus includes all three components. In TRNSYS, only radiative
xchange with sky and ground are included, and with a somewhat
ifferent expression:

𝑙𝑤,𝑜 = 𝜖𝜎𝐴(𝑇 4
𝑓,𝑠𝑘𝑦 − 𝑇

4
𝑤𝑎𝑙𝑙,𝑜), (11)

here 𝑇𝑓,𝑠𝑘𝑦 is the fictive sky temperature, defined as

𝑓,𝑠𝑘𝑦 = (1 − 𝐹𝑠𝑘𝑦)𝑇𝑔𝑟𝑜𝑢𝑛𝑑 − 𝐹𝑠𝑘𝑦𝑇𝑠𝑘𝑦. (12)

.3.2. Heat transfer between internal surfaces, internal air and internal
ources

For calculating the internal heat balance on the building’s internal
urfaces, the overall heat balance can be written as

𝑤𝑎𝑙𝑙,𝑖 = 𝑄𝑐𝑜𝑛𝑣,𝑖 +𝑄𝑎𝑏𝑠,𝑖 +𝑄𝑙𝑤,𝑖, (13)

here 𝑄𝑐𝑜𝑛𝑣,𝑖 is the convective heat transfer to the zone air, 𝑄𝑎𝑏𝑠,𝑖 is
the transmitted solar radiation through windows that is absorbed by
the internal surfaces of the walls as well as the short-wave radiation
from internal sources of energy such as lighting. 𝑄𝑙𝑤,𝑖, is the long-wave
radiation exchange between the internal surfaces of the building, and
between surfaces and the internal sources of energy such as lighting,
household appliances, heating surfaces, and building occupants.

In Eq. (13), the convective heat transfer to the building (zone) air
is calculated using the same terminology as in Eq. (3), in which the
heat transfer is a factor of the internal building surface temperature, the
zone air temperature and the convective heat transfer coefficient inside
the building. Similarly, EnergyPlus offers a wide range of optional
equations in calculating the convective heat transfer while TRNSYS,
as default, relies on uniform user-defined values. In IDA ICE, the heat
convection, however, is a function of the slope of the surface, and the
temperature gradient between the zone air and the internal surfaces.

The absorbed solar radiation transmitted through windows, 𝑄𝑎𝑏𝑠,𝑖,
s estimated differently in each tool. In IDA ICE, it is assumed that the
uilding enclosure is a diffuse gray enclosure, with material properties,
iew factors, and surface areas summarized into an absorption factor,

𝑎𝑏𝑠,𝑖 = 𝜓𝑠𝑤𝐼𝑑,𝑖, (14)

here 𝜓𝑠𝑤 is the net absorption matrix and 𝐼𝑑,𝑖 is diffuse solar radiation
ransmitted through windows. In TRNSYS, the absorbed radiation is cal-
ulated from the distribution of both direct and diffuse solar radiation.
or description of the direct solar radiation entering a zone, TRNSYS
ses its auxiliary tool TRNSHD in order to calculate the solar sunlit and
istribution factors on external windows. The diffuse solar radiation in
n enclosure is estimated from

𝑎𝑏𝑠,𝑖 = −𝐴𝐺𝑇𝑑 𝐼𝑑,𝑖, (15)

here 𝐴 is the diagonal matrix describing the surface areas, 𝐺𝑇𝑑 is
he transposed Gebhart matrix for diffuse solar radiation [42] that is
alculated as a function of view factors and reflectance of the surface.
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n EnergyPlus, solar radiation absorption involves the interior solar o
adiation absorbed by opaque surfaces as well as windows. In summary,
he absorbed solar radiation can be written as

𝑎𝑏𝑠,𝑖 =
𝛼𝑗𝐴𝑗
𝛴𝛼𝑗𝐴𝑗

𝐼𝑑,𝑖, (16)

with 𝐼𝑑,𝑖 being the total diffuse short-wave radiation entering the zone,
𝐴𝑗 and 𝛼𝑗 the area and absorption coefficients of the 𝑗th internal
surfaces.

The long-wave radiation exchange in EnergyPlus is calculated based
on the radiation exchange coefficients and the general equation

𝑄𝑙𝑤,𝑖 = 𝐴𝑗𝐹𝑗,𝑘(𝑇 4
𝑗 − 𝑇 4

𝑘 ), (17)

with 𝐴𝑗 being the surface area, 𝐹𝑗,𝑘 a matrix of radiation exchange
oefficient between pairs of surfaces (known as ScriptF) and 𝑇𝑗 and 𝑇𝑘
he temperature of the surfaces. In IDA ICE, the long-wave radiation is
etermined as a function of the long-wave absorption matrix as in

𝑙𝑤,𝑖 = 𝜓𝑙𝑤𝜎𝐴𝑇
4, (18)

here 𝜓𝑙𝑤 represents the long-wave absorption matrix and 𝐴 and 𝑇 are
he area and temperature of the surface. In TRNSYS, using the detailed
ebhart model [42], the calculations of long-wave radiation exchange
re conducted accurately.

The calculations of internal short- and long-wave radiation ex-
hange from internal sources of energy are excluded from further
nalysis in this study, mainly due to the fact that the occupancy profiles
nd associated energy use are calculated externally.

.3.3. Heat transfer through the building envelope
Calculation of the heat flux through the opaque surfaces, e.g., walls,

s dominated by the conduction transfer function (CTF) method [43].
ithout knowledge of the internal temperatures of the wall, this
ethod is able to perform the calculations of the heat flux based on the

oefficients of the wall’s thermal transfer functions and hourly tempera-
ures of the wall surfaces [44]. Examples of the transfer coefficients for
ifferent walls are given in ASHRAE Handbook of Fundamentals [15].

The CTF method is the basis for the calculations in both EnergyPlus
nd TRNSYS, however the equations are solved differently. TRNSYS
akes use of a time series response factor method for estimation of the
eat transfer through a multi-layer surface, e.g., a wall, developed by
italas and Arseneault [45]. With this method, the wall is considered

s a black-box and the heat transfer is modeled using the Laplace
ransform of surface heat flux and surface temperature. In the literature
his method is commonly known as the ‘‘Direct Root Finding’’ method
or solving the CTF models [43].

In EnergyPlus, on the other hand, the basis for calculation of the
TF is a "State Space" method in which the heat flux is a linear function
f surface temperatures [37]. However, unlike in the previous method,
he surface is no longer treated as a black box, but rather discretized
nto temperature nodes that are represented by the state variables [46].

Overall, the CTF method is based on the evaluation of the CTF
eries, which are time dependent. These time series equations are eval-
ated at equal time intervals (that can be a portion of or equal to the
imulation time step). Besides, these time intervals implicitly define the
hermal mass of the walls both in TRNSYS and EnergyPlus. In TRNSYS,
he time interval is referred to as the ‘‘time-base’’ and can be defined by
he user. In EnergyPlus, on the other hand, the time intervals are equal
o the time steps of the simulation. However, by choosing a resolution
f 6 time steps per hour, i.e., 10-min time intervals, EnergyPlus gives
more realistic estimation of the heat transfer through the building

nvelope.
Considering the CTF method as the main method, IDA ICE makes

se of an optimized resistance–capacitance (R–C) wall model [47] to
epresent parts of the building envelope, for example a wall, by fewer
esistances and capacitances, mainly according to the layers of the
urface material, which if calculated accurately can result in accurate
stimations of the heat flux through the wall [48]. The basis of this
ethod is presented in a study by Akander [48], which allows the

alues for resistance and capacitance to be approximated first and

ptimized later.
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3. Results

In this section, the results from a comparative analysis of the
simplified building energy models are presented. First, in Section 3.1,
the final results from the evaluation of the zoning configuration on the
energy performance of the three case study buildings are presented. In
this section, justification of the results with respect to the underlying
methods of calculating building energy use in each simulation tool is
also presented. Then, in Section 3.2, a detailed analysis of the impact
of the LoD of a building model and its effects on the accuracy is given.
Finally, in Section 3.3, the results from the UBEM of a district with
different levels of complexity are presented.

3.1. Zoning configuration

3.1.1. Case study building A
This section presents the obtained results from energy modeling and

simulation of the case study building A. First, the results from analysis
of thermal zones in the three simulation tools are given in brief. Then,
the observed differences in the results of the three simulation tools
in relation to their different thermal modeling methods (presented in
Section 2.3) are analyzed. Finally, validation of the simulation results
against annual measurements from the energy performance of the
building is presented.

Fig. 6 illustrates the results from energy modeling of the low-
rise residential building, i.e., building type A, with different zoning
configurations in IDA ICE, TRNSYS and EnergyPlus. Figs. 6(a), (c), and
(e) show the daily average and Figs. 6(b), (d) and (f) show duration
plots of the hourly heat demand, in this building. Finally, Fig. 6(g),
shows the total annual heat demand for all simulation tools and zoning
configurations.

As can be seen in Figs. 6(a), and 6(b), in IDA ICE, simulation of the
building models with 1 zone per building and 1 zone per floor (i.e., two
zones in total), result in very similar instantaneous heat demand, with
an absolute percentage error (APE) of less than 2% for annual results.
However, with the increase in the number of thermal zones to 5 zones
per each floor (and a total of 10 zones in the building), the daily
average heat demand is considerably reduced, particularly during the
cold months when more energy is needed. Investigation of the hourly
results leads to similar conclusions. However, it is also proven that
the degree of variability of the hourly heat demand profile has been
smoothed out to a large extent.

In TRNSYS, Figs. 6(c), and (d), the results for the 1 zone per floor
and 5 zones per floor models follow each other closely. However, as
in IDA ICE, for the building model with 5 zones per floor, the hourly
heat profile is more uniform as compared to the 1 zone per floor and
1 zone per building models. The results from the 1 zone per building
model tend to diverge more from the other two, particularly during the
colder periods of the year. The mean absolute percentage error (MAPE)
of the results from the model with 5 zones per floor reaches 15% and
41% for 1 zone per floor and 1 zone per building model, respectively.

Evaluation of the simulation results in EnergyPlus (Figs. 6(e) and
(f)) shows that with assigning fewer thermal zones to the building, the
heat demand slightly decreases. This is the trend that has been observed
in TRNSYS as well. The MAPE from the 5 zones per floor model is less
than 6% for the 1 zone per floor model and 10% for the 1 zone per
building model.

The differences observed in the simulated results of each software
is related to their fundamental differences in implementation of the
building models. Some of these differences are recognized to have
a higher impacts on the deviation of the results. Calculation of the
thermal mass of a building and its contribution to regulating the heat
performance of the building is one the parameters that are treated
differently in each software. IDA ICE does not assign any thermal
mass to external surfaces of a simple building model [49]. However,
8

it includes the contribution of thermal masses of the internal walls and
floors when a building with more than one thermal zone is modeled.
The increased inertia of the building model in multi-zone models works
against the temperature fluctuations in the building. The stability of
the room temperature results in lower heat use, especially when more
thermal zones are added to the model. TRNSYS uses the thermal
response factor model for multi-layer walls [45] by which the heat
transfer wall is considered as a black box. In the calculation of the
transfer function coefficients, the thermal mass of the external surfaces
is not explicitly included in the calculations. However, choosing the
right time-base for the building model (cf. Section 2.3), particularly
for heavy constructions, has an impact on the calculations. Unlike IDA
ICE and similar to TRNSYS, in EnergyPlus, incorporation of the heat
storage rate of the building envelope in the heat demand of a building
is embodied in the conduction transfer function equations. The changes
in the thermal performance of a building in EnergyPlus are therefore
unrelated to the thermal mass of the building envelope and its capacity
to regulate the heat demand.

In addition to the thermal inertia of the building, it has been
observed that in the 5 zones per floor model, contribution of solar gain
can influence the results to a large extent, particularly in the case of
IDA ICE where the sensitivity of the building model to solar radiation
is higher [50]. Investigation of the results in IDA ICE proves that the
internal walls facing external windows have a higher sensitivity to solar
radiation and, thus, higher solar gain. This energy is stored in the
internal walls and discharged into the zone later when it is needed.
By comparing the results in EnergyPlus, an increase in absorption of
solar radiation in the more complicated zoning configurations can be
also seen. However, the increased convection coefficient and therefore
increased convective heat gain on the internal surfaces leads to higher
conduction losses from the building envelope, i.e., higher heat losses
from windows and opaque surfaces. This outweighs the effects of higher
solar gains and raises the need for higher thermal energy demand in the
building.

Overall, with a more complex zoning configuration, i.e., 5 zones per
floor, all three tools tend to produce very similar results, in particular
on the annual basis where the deviation between the tools is less
than 1%. However, on higher temporal resolutions, daily and hourly,
depending on the time of the simulation year, the results can vary up
to 5 kWh/h, especially in very cold hours during the early stages of the
simulation or on warm days when no or low heating is required. When
reducing the number of thermal zones to 1 zone per floor and 1 zone
per building, the heat demand profiles start diverging from each other
to the extent that in the simplest model, i.e., 1 zone per floor, IDA ICE
gives 9% higher values compared to EnergyPlus and TRNSYS. In IDA
ICE there is a systematic tendency to overestimate the results by 5%
while EnergyPlus and TRNSYS underestimate the results by 4% when
the simpler zoning configurations are applied.

To validate the results, the estimated annual heat demand was com-
pared with the energy performance of the building as obtained from
the energy performance certification (EPC) database in Sweden [51].
Table 2 shows a comparison of the results from the simulations with
the reported energy performance (EP) of the building.

Table 2 also shows and compares the simulation time of building
A in various energy simulation tools and with respect to different
zoning configurations. As shown in Table 2, in terms of computational
time, EnergyPlus outperforms the other building energy simulation
tools, whereas TRNSYS provides the highest computational expense
(i.e., more than 239 times longer simulation time than EnergyPlus).
Table 2 also shows that the more detailed the zone modeling, the longer
it takes for the building energy simulation tools to perform a simulation
run.

3.1.2. Case study building B
Fig. 7 illustrates the results from modeling and simulation of build-

ing type B, Multifamily with three floors. As seen, IDA ICE still esti-

mates the heat use for the 1 zone per building model 6% higher than
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Fig. 6. Comparison of simulated heat demand with different zoning configurations in each simulation tool for building model type A. Subplots (a) and (b) show results for IDA
ICE, subplots (c) and (d) for TRNSYS, and subplots (e) and (f) for EnergyPlus. Subplots to the left show daily values, and subplots to the right show the duration plots for the
hourly heat demand. Finally, subplot (g) shows the annual heat demand for all different zoning configurations and all three simulation tools.
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Table 2
The simulated energy performance (SEP) and simulation time for building A.

Zoning IDA ICE TRNSYS EnergyPlus EPC

SEP Time SEP Time SEP Time EP
(kWh/m2y) (s) (kWh/m2y) (s) (kWh/m2y) (s) (kWh/m2y)

5 zones per floor 138.2 44 138.2 2146 139.3 9
1 zone per floor 142.0 17 134.6 1902 136.7 4 157
1 zone per building 144.0 12 132.4 1708 131.9 3
Table 3
The simulated energy performance (SEP) and simulation time for building B.
Zoning IDA ICE TRNSYS EnergyPlus EPC

SEP Time SEP Time SEP Time EP
(kWh/m2y) (s) (kWh/m2y) (s) (kWh/m2y) (s) (kWh/m2y)

5 zones per floor 131.9 97 126.7 2156 132.9 9
1 zone per floor 131.6 18 123.6 1925 132.1 5 157
1 zone per building 139.3 13 121.8 1753 127.1 3
the 5 zones per floor model. However, as a result of the higher number
of floors and the added thermal mass to the building in building B,
which has three floors, the MAPE between the 1 zone and 5 zones per
floor models reduces to 8%. This can be compared to building A, which
had two floors and 19% MAPE. TRNSYS and EnergyPlus show a similar
trend as in the results from building A.

The simulation results for building type B are compared to the
reported EP of the building in Table 3. Overall, there is a general trend
for all three tools to underestimate the annual heat demand for building
B. It is difficult to further analyze the reason for the deviations without
having access to hourly measurement data. In terms of computational
time, building type B yielded quite similar outcomes to building A (see
Table 3), where EnergyPlus outperformed the other energy simulation
tools and the simulation expense was increased as the zone modeling
became more detailed.

3.1.3. Case study building C
As above, this section includes main findings on the energy simu-

lation of building type C using pre-defined zoning configurations, the
reasoning on the impacts of the modeling strategies with different tools,
and the validation of the results with measured data.

In Fig. 8, the results from modeling and simulation of a multi-
family with 8 floors, building C, are presented using the same zoning
configurations as for the previous two building types. As shown in
Fig. 8(a) and 8(b), in IDA ICE the number of thermal zones plays
a significant role in estimating the thermal energy performance of
the building during warmer seasons. Representing the building with a
larger number of zones results in higher thermal capacities and thus less
fluctuation in the heat use profile. In TRNSYS and EnergyPlus, using
different configurations of thermal zones bring no major discrepancies
in the results of the 5 zones and 1 zone per floor models. However, a
comparison of the annual results, in Fig. 8(g), shows that EnergyPlus
estimates a 7% lower heat demand as compared to TRNSYS and IDA
ICE. This gap between the results is due to the ground coupling and
the calculation of heat transfer from the building to the ground. As
mentioned, in EnergyPlus, using detailed calculations on conduction
heat transfer to the ground from its auxiliary Basement tool, makes the
results for building C with an unheated basement different from the
other two tools.

In addition, considering the complexity of this building model and
the computation time associated with a large number of thermal zones
in high-rise buildings, the two types of 3-zone models (3 zones per
building) are also examined. When assigning three thermal zones to
the building, i.e., 2 zones representing the top, bottom floor and one
zone including all the intermediate floors, it can be seen that the results
are almost similar to the results for the 1 zone per building model.
However, in mixed-use buildings where the lower floors are more likely
to have use profiles different from those of the upper floors, this method
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can be more suitable than a 1 zone per building model. As mentioned
in Section 2.2.1, an alternative to modeling each floor individually is
modeling the top and bottom floors as well as one of the intermediate
floors which is thought to be representative of the rest, i.e., the 1 zone
per floor (abstract) model. The result show that the deviation of the
simplified model (1 zone per floor (abstract)) from the complete model
(1 zone per floor) including all the floors is less than 1%, which can
be ignored completely. Thus, it is concluded that this simplification
strategy is deemed to be accurate enough to be used in further UBEM
studies.

The simulated energy performance of building C with all of the
previously mentioned zoning configurations are presented in Table 4.

As mentioned, the results from EnergyPlus are considerably lower
than TRNSYS and IDA ICE. This overall difference in the results is
mainly related to the calculations of the heat flux through the ground-
coupled floor (external floor). To model the heat transfer from the
building to the ground below the slab or the basement in IDA ICE, it is
sufficient to determine the average annual ground temperature as well
as slab and soil properties. According to ISO 13370 [52], IDA ICE calcu-
lates the heat resistance of layers below the building construction and,
accordingly, the heat transfer through them. In TRNSYS the procedure
is not as effortless as in IDA ICE. For this purpose, the external slab com-
ponents from the TRNSYS library should be connected to the building
model. In this study, the slab component (Type 49) is used to model
the case study buildings A and B. However, for modeling building type
C, with an unheated basement, no proper ground coupling component
is available in the TRNSYS standard library, and, thus, Type 49 is still
used for calculating the heat flux through the basement envelope. In
contrast, in EnergyPlus, the two associated auxiliary tools for Basement
and Slab modeling give an accurate estimation of the heat exchange
with the ground and make the modeling as accurate as possible. In
terms of simulation time, the results for building type C were similar
to those of the other building types, with EnergyPlus having the fastest
simulations and the simulation time increasing as zoning became more
detailed (see Table 4).

3.2. Level of detail in building models

Fig. 9 shows monthly as well as hourly variations in the simulated
heat demand for the case study building B with three different levels
of detail, namely, LoD3, LoD2⋆, and LoD1, in IDA ICE, TRNSYS and
EnergyPlus.

The simulation results obtained from IDA ICE show the sensitivity
of the model to the levels of detail, in particular during the months
when the solar heat gain is higher. During winter, when the solar gain
is lower, the LoDs play a negligible role in estimating the heat used in
the building. On the contrary, during the warmer months of the year
the deviation between the results reaches its maximum, particularly in
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Fig. 7. Comparison of simulated heat demand with different zoning configurations in each simulation tool for building model type B. Subplots (a) and (b) show results for IDA
ICE, subplots (c) and (d) for TRNSYS, and subplots (e) and (f) for EnergyPlus. Subplots to the left show daily values, and subplots to the right show the duration plots for the
hourly heat demand. Finally, subplot (g) shows the annual heat demand for all different zoning configurations and all three simulation tools.
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Fig. 8. Comparison of simulated heat demand with different zoning configurations in each simulation tool for building model type C. Subplots (a) and (b) show results for IDA
ICE, subplots (c) and (d) for TRNSYS, and subplots (e) and (f) for EnergyPlus. Subplots to the left show daily values, and subplots to the right show the duration plots for the
hourly heat demand. Finally, subplot (g) shows the annual heat demand for all different zoning configurations and all three simulation tools.
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Table 4
The simulated energy performance (SEP) and simulation time for building C.
Zoning IDA ICE TRNSYS EnergyPlus EPC

SEP Time SEP Time SEP Time EP
(kWh/m2y) (s) (kWh/m2y) (s) (kWh/m2y) (s) (kWh/m2y)

5 zones per floor 186.8 283 187.8 2182 174.2 61
1731 zone per floor 185.6 94 184.8 2041 172.4 28

1 zone per building 194.1 20 180.6 1836 161.5 5

3 zone per building 193.9 36 182.8 1993 165.3 9 1731 zone per floor (abstract) 185.3 36 184.4 1956 171.0 8
Fig. 9. Comparison of level of detail in building model simulated in different tools. Subplot (a), (b) and (c) represent the monthly heat demand in IDA ICE, TRSNYS, and
EnergyPlus. Subplots (d), (e) and (f) show the corresponding duration plots for the hourly results.
April when the monthly heat demand for LoD2⋆ and LoD1 is calculated
to be 18% and 13% lower than for LoD3. This is also seen in the
duration plots, where the peak demand is not at all affected. Although
LoD2⋆ includes more details than LoD1, the differences from LoD3 are
higher. EnergyPlus gives similar results to IDA ICE. Among the three
simulation tools, TRNSYS proves to be less influenced by the changes
in LoD and shading obstacles adjacent to the building, e.g., overhangs,
fins, and shading balconies. The MAPE of the results from a building
model with LoD1 and LoD2⋆ from LoD3 in TRNSYS is roughly 3%,
while it can reach above 10% and 15%, respectively, in EnergyPlus.

3.3. District level analysis

Analysis of the annual results from urban building energy modeling
of the area shows that while on the building-level the mean absolute
percentage error (MAPE) and the mean absolute error (MAE) (on
average for the three zoning configurations) reach 14.1% and 20.6
kWh/m2y respectively on the district level, these numbers can decrease
by roughly 75% and fall below 9% and 13 kWh/m2y. This means that
in general, regardless of the zoning method, there is a considerable
improvement in the accuracy of the results of an UBEM when evaluated
on aggregated levels.
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The calculated MAPE and MAE of the three zoning configurations,
namely, 5 zones per floor, 1 zone per floor and 1 zone per building, are
presented in Table 5. These values indicate that despite having more
complexities in the 5 zones per floor model, as compared to the other
simpler configurations, it does not bring additional advantages to the
results.

Fig. 10 allows a closer look into the deviation of the simulated
results from the values given in the EPC of the buildings. As seen in
Fig. 10(a), in buildings with 5 zones and 1 zone per floor models, the
distribution of absolute percentage error (APE) is wider. The measure of
variability, the standard deviation (STD), for these two models over the
whole population is equal to 8.5 kWh/m2y and 5.2 kWh/m2y. However,
for the 1 zone per building model, the STD is calculated to be 6.5
kWh/m2y.

Furthermore, Fig. 10(b) indicates that for buildings with simpler
structural shapes, e.g., building types A and B, the UBEM is more
reliable. For complex structures, as building type C, the simulated
energy need of the buildings is less correlated to their EPCs. Apparently,
for more complex buildings, the 1 zone per building model can generate
more accurate results as compared to the 5 zones and 1 zone per floor
models. This is particularly pronounced in one of the most complex
building constructions (marked in the figure) where the building has a
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Fig. 10. Analysis of the energy performance of buildings on the district level. (a) Distribution of the APE of the simulated energy use vs EPC, (b) Correlations between simulated
energy use vs EPC for the buildings as well as the district.
Table 5
Accuracy of the various zoning configurations on building and aggregated levels.
Zoning configuration Total energy demand Total energy demand MAPE (%) MAE (kWh/m2y) Time (s)

(MWh/y) (kWh/m2y) Building District Building District

5 zones per floor 10872 155 15.2 9.1 21.8 12.9 866
1 zone per floor 10525 150 14.1 5.6 20.4 8.0 327
1 zone per building 9955 142 13.1 0.1 19.6 0.1 170

EPC 8800 142
complex shape and many external surfaces exposed to the ambient. This
leads to higher heat losses through the building envelope and therefore
a higher heat demand. Evaluation of the aggregated energy demand of
the district also reveals that the 1 zone per building model results in
the highest correlations between the measured and simulated energy
use (Fig. 10(b)).

Regarding the computation cost of the UBEM with different levels
of complexity, shown in Table 5, it takes 866 s to simulate the 5 zones
per building thermal models and complete the simulation over the
whole area. However, this process takes only 327 s and 170 s for the
1 zone per floor and 1 zone per building configurations, respectively.
Considering the simulation time, choosing the 1 zone per building
model can considerably improve the computation time of the UBEMs.

4. Discussion

In UBEM, development of reasonably accurate building models
with a sufficient amount of details is one of the main challenges in
existing research. Besides abstracting buildings into a limited number
of archetypes [7], simplification of building models and reduction of
the number of thermal zones are two common methods used in UBEM
development.

As found in the building-level analysis, by accepting a ± 5% de-
viation from the most complex building models studied here, the
UBEM could be based on single-zone models (1 zone per building).
The simulation tools IDA ICE and EnergyPlus seem to offer different
possibilities that make them interesting for UBEMs and large-scale
analysis. However, as seen, the major discrepancy in the results for
IDA ICE is presumably due to exclusion of the thermal mass of the
external surfaces in the model. Including additional internal thermal
mass in the single-zone model might slightly improve the results, yet
this assumption is lacking proper justification and analysis. In the
case of TRNSYS, in addition to computation time, the complicated
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procedure in modeling and simulation of a building using a detailed
building model (Type 56) and its limitation in properly determining the
effects of the shading both from building components and neighboring
buildings make it less suitable for UBEMs.

In an UBEM, the amount of details of a building model (LoD) is
derived from a 3D city model and underlying methods of determining
the urban context. In order for a 3D city model to result in higher
levels of details (LoD2+), more advanced modeling techniques should
be used. However, higher accuracy of the input data, e.g., LiDAR,
is equally important. In the absence of, for example, high-resolution
LiDAR data or in case of other limitations in generating detailed 3D
city models, the results of this study show that LoD1 can still result
in an acceptable output from the model. As seen, during the heating
seasons, when the heating demand is at its highest, LoD1 does not
deviate from LoD3. However, during certain periods of the year when
the solar radiation is higher, the differences in the results increase.
Using proper correction factors for compensation of the lower LoD, and
calibration techniques, the deviation of LoD1 from higher LoDs should
be possible to reduce to some extent. It should be noted, though, that
these results might not be relevant for warmer climates, particularly
where a higher heating demand and a sufficient gain through solar
radiation might coincide.

When extending the results from the building-level analysis to the
district-level, the single zone model outperforms the other two models,
particularly at lower temporal resolutions, i.e., month or year. The
simplified models leave a wider margin for uncertainties or discrep-
ancies of the model from reality. The increased levels of uncertainty
might escalate the fluctuations of the energy use profile of a building
at high temporal resolutions. However, when aggregating the results
for individual buildings to the district level, the deviations between
aggregated modeled and actual energy demand become even smaller
as differences between buildings are averaged out. This means that by
accepting some degrees of deviations on the individual building level,
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the large-scale results based on simplified building models could stay
within an acceptable accuracy range. This may open up opportunities
for making use of the simplified building models in future UBEMs and
improving the computation cost of the UBEM even further.

Concerning the computation cost of the district level analysis using
EnergyPlus, while it takes almost 15 min to compute the 5 zones per
floor models, it decreases to 3 min for the 1 zone per building models
(almost 5 times faster). This means that in urban-scale studies, the
computation time can decrease considerably. The computation time is
repeatedly reported to be of significant importance where an algorithm
automatically performs hundreds or thousands of simulation runs in
order to find an optimal solution [6,33].

This study has analyzed model complexity of residential buildings
on building- as well as district-level, in a heating dominated climate.
However, to generalize the findings of this study to various cases
worldwide, the future outlook is to apply the method to temperate
or cooling dominated climates as well. Further research should also
investigate not only simplified building models but also to what extent
the thermal simulation procedures can be simplified in order to reduce
the computational complexity and simulation time. Furthermore, al-
though the results confirm the use of single-zone models for residential
buildings, in modeling multi-use and non-residential buildings, it is still
suggested to divide the model into more thermal zones corresponding
to different user profiles in the building.

5. Conclusion

This study has analyzed the impact that successive simplification of
the zoning configuration and reduction of the level of detail of building
models has on the simulated energy use of different types of residen-
tial multifamily buildings. The results show considerable differences
between the studied building simulation tools (IDA ICE, TRNSYS, and
EnergyPlus) in terms of their response to model simplification. The
general pattern is that the simulation results are very similar between
the tools for the most complex zoning configurations and the highest
levels of detail, but that they diverge with increasing simplification.

In general, although for the simplified single-zone model as com-
pared to the complex multi-zone model, EnergyPlus underestimates
while IDA ICE overestimates the heat demand, the relative difference
did not go beyond ± 5%. The analysis of the level of detail showed
that in the heating seasons the level of detail plays a negligible role,
whereas it has a significant impact over the whole year; the deviation
between the shoe-box model (LoD1) and the most detailed model
(LoD3) reached up to 9%.

By extending the methodology over a residential district with a
few buildings, it can be concluded that regarding model complexity, a
zoning configuration of 1 zone per building combined with LoD1 would
be sufficient for UBEMs. These simplified models considerably reduce
the computation cost of UBEMs of residential buildings while offering
equally accurate results as more complex models. The findings of this
study prove that the accuracy of UBEMs increases when validation is
done for lower spatial and temporal resolutions.

Based on the findings in this study, the building simulation tools
that are recommended for UBEM simulations with simplified building
models are EnergyPlus or IDA ICE depending on whether the risk for
underestimating or overestimating is worse. Yet, in terms of computa-
tion time, EnergyPlus is more advantageous. Furthermore, for multi-use
buildings, it is suggested to increase the number of thermal zones to
be equivalent to the number of distinct energy use patterns in the
building. Finally, as this study is limited to residential buildings in a
heating-dominated climate, further research should extend the analysis
presented here to other climates and building types.
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